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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 i-> 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-lUe con¬

cept had already been previously used for chain transfer to polvmer, 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 NF is carried out by comparing to the results of a

detailed model. It is shown thai 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 arc 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 combinai ion is present. Approximate models neglecting this

peculiar feature of compartmentalization mav lead to large errors in the prediction of the

polymer polydispcrsity. 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 compartment alization is to delay this polydispcrsity increase and

gel formation. This is due to the segregation of branched radicals in the particles, which

prevents them from combining to loi m veiv large «gel) molecules

The model is applied to desciibe literature molcculai weight data horn 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, abcwc 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'originalita del modello risiede nel fatto che esso tienc

conto dclla compartimentalizzazione delle catene attive e di qualsiasi mcccanismo di ra-

mificazione nel contcmpo. Delia compartimenializzazionc delle catene attive si ficne

conto facendo uso del concetto cli distiibuzione delle 'particellc cloppiamente distinte".

Quest'ultima rappresenia la distribuzionc delle lunghezze delle coppie di catene contemUe

nella stessa particella. I meccanismi di ramificazioue sono dcscritti usando il concetto cli

'vita pregrcssa', che rappresenta la hmghezza di una catena attiva data da quelle imita

monomeriche aggiunte per propagazione in periodi di crescita preccdcnti. II concetto di

vita pregrcssa 6 stato usato in preccdenza per la reazione di trasferimento a polimero,

ma viene qui esteso a descrivere il diverso mcccanismo di crescita discontinua dato dalle

rcazioni di 'crosslinking' e di propagazione a cloppio legame teimmale. La dimensione del

problema non viene cosi amnentata.

Le equazioni di bilancio di popolazionc che derivano dalla descrizione della distribuzionc

di peso molecolare sono state risolie utilizzando la tccnica di 'frazionamento numerico'.

Un'analisi delle prestazioni di questa tccnica c stata condotta paragonando i risultati a

quelli di un modello dettagliato. Si mostra che in alcuni casi il frazionamento numerico da,

origine alla comparsa di spalle fittizic nella coda ad alti pesi tnolecolari della distribuzionc

di peso molecolare. In questi casi, frazionarc il polimero seconde) il numéro cli rami permet¬

te di offenere soluzioni molto accurate con nno sforzo numeiico lidotlo. Un proceclimento

rapido viene proposto per determinare il numéro cli rami appropriate.

La natura della compartimentalizzazione dei radicali attivi c i suoi effetti sulfa di-

stribuzione di peso molecolare sono stati investigati. Si é trovato che la compartimenta¬

lizzazione ha come risultato la eorrelazione a coppie delle lunghezze delle catene attive

appartencnti ad una stessa particella per valori del numéro medio di radicali per par¬

ticella tipici di una polimerizzazione in emulsione. Di questa eorrelazione é necessario

tcnerc conto nella modellaziono dei pesi molecolaii qualora sia présente la, terminazione

per combiiiazione. Modelli approssimati che ignorant) questa caratteristica spccifica della

compartimentalizzazione possono dare grandi errori nella predizione della polidispersita

del polimero, specialmente quando la ramificazioue e la combinazione costituiscono un

mcccanismo che puö portare alia formazione di grosse catene ramificate (e inline di gel).

Si mostra che la compartimentalizzazione ha l'effetto di ritardare questo incremento di

polidispersita e la formazione del gel. Cid é dovuio alla segregazione dei radicali ramillcati



nolle particelle, di modo tale che la loro combmazione a ibtmare molecole molto grandi

(evcntualmente di gel) viene impedita.

II modello é stato utilizzato per iuterpretare dati di Ictteratura di polimerizzazioni in

emulsione di cloruro di vinile e di acetato di vinile. In entrambi i casi esso fornisce una

comprensione phi approlondita dei meccanismi che stanno alia base cli questo reazioni di

polimerizzazione.

Tnfinc, si sono analizzate reazioni di polimeiizzazione in emulsione di acrilato di butile.

Questo monomero, polimerizzalo in massa, da ti[)icamente foitnazione cli gel a conversioni

molto basse. AI contrario, si é trovato che il gel si forma in emulsione solo ad alto conver¬

sioni, sopra il 70-80%. Cid fornisce un valiclo supporto alla corrctlczza delle predizioni del

modello.
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Chapter 1

Introduction

1.1 Emulsion Polymers and Modeling of their Molecular

Properties

Emulsion polymerization is a process of significant, economical importance. Of the ovei

fO8 tonnes of polymers produced per year in the Western countiies 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 enconnteied among commentai emulsion pohinu-,

Typical examples are vinyl-divinvl systems such as butadiene homo 01 copolytueis. poK

chloroprenc and branched polymers such as polyvmylacctato 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 polvmer synthesis strongly affects the prop¬

erties of the final product. This is true not onlv due to the lmpmities, rnamlv einulsihei

and buffer agent, which may be included m the polymei and which may constitute a

drawback of the process, but also and especially because ot 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 micros tr neu re, 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 ol these pioperties, though

often relation to average pioperties is sought for the sake o( 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 docs 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 microstructurc of the chains and of the eventual

presence of gel on the properties of practical interest of the polymer, it is aimaient that

models including the calculation of the characteristics of (he polymer on the nucioscalo

represent valuable tools for process development and optimization, lu the fiame of omul

sion polymerization, a general model including branching mechanisms and gel fonnation

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 woiks

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 papei

by Lichti et ah [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 L.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 substantiallv equivalent to that, of Lichti et ah, 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 coefficients depending on chain length.

With reference to branched and crosslinkcd 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 woiks by Flory [10, LI, 12) and Stockmayer

[13, 14], several statistical models appeared in the literature. More recently, greater eifort

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 equal ions ( PBEs), permit s bot h the calculation of molecular

weights [15, 16, 17] and the prediction of gelation [181 in the presence of various branching
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mechanisms.

The case of nonlinear polymers produced in emulsion is 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, ah [22, 23] developed a

model which accounts for different rates of reaction in particles containing a diffei ont num¬

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') ol 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 io manage very complex processes

(such as the emulsion polymerization of nonlinear chains, accounting also for chain length

dependent coefficients 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 foi the tonnai ion ol nonlmeai

chains through the various possible blanching mechanisms As a mattci of fact, a proper

kinetic model existed only for lineal chains 7<, Moreovei, it is thought, that the mechanism

through which compartmentalization acts on the final MWD of the polymer requires bet ter

understanding, especially in the case of branched polvmers,

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),
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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 are considered. In particular, inclusion of the

crosslinking and propagation to terminal double bond (TUB) reactions is accomplished

through a specific procedure, developed in this work, which takes advantage of the same

description parameters already introduced for chain transfer l,o 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 comparison 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 reliability 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 compaiing with

a simplified model, the nature of radical compartmcutalization. This is shown to con¬

sist in the presence in the polymerization locus of two radical populations with (Liferent,

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 properlv 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 liases for the development, ol 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 polyvinyl

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, wafer 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 foi med where1 the c ont muons

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 Harlans [32]:

Interval I

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 fail inwards As the micelles

arc very small and numerous, thus presenting a verv high siuface 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 Ihe 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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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 bom ie( [I]).

After some time the micelles disappear completely, both because some are transformed

into polymer particles and because an increasing amount of f he emulsificr 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 miccllar nucleation, which has been described here above, new particles mav

be formed through other mechanisms. For instance, il water dissolved monomei 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 emulsificr 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 II

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 concluions, and this implies a constant concern-



7

Interval Micelles Monomer concentration Particle numbei Particle size

I present constant increasing increasing

II absent, constant constant increasing

III absent decreasing constant slightly decreasing

Table 1.1: Classification describing the lime evolution of an emulsion polymeu/alion

tration of monomer inside all phases, included the polvmei particles (actually, this is the

case also in interval I). Deviations from a constant value of the1 monomer concentration in

the particle phase are due to particle size [4] and crosslinking density [33] effects. As the

polymerization proceeds, the monomer droplels decrease in size and eventually disappear.

At this point also interval II is over.

Interval III

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 1 and II, where polymer particles grow in size because of the

continuous migration of monomer from the droplets, in interval ffl 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 l.l summaiizes 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. f .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 polymei chains

produced compared to other polymei izat ion piocesses, such as solution oi suspension

Actually, it often happens that the polymei paiiicles aie k) small that foi most of the

time no more than one radical grows m each particle This prevents the active chains

from coming together and terminating bimoleculaily. due 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.
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chains are said to be 'compartmentalized' or segregated. This reduction of the termination

rate has two main consequences: a high rate of the polynrerization 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 homopolymcr are-

its molecular weight, distribution and its branching or crosslinking distribution in the case

of nonlinear polymers. The distribution of specific encbgioups 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 in 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 distiibution of an

end-group with a specific functionality is required. ^ 1S enough to introduce a paiamelei

representing the number of end-groups of this kind m the molecule. The number ol

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.

tn the present, chapter the main concern is to show7 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:

• radical entry in the particles frequency

7?» JjL\ /?• n

propagation

• chain transfer to monomer

R'n + M *H Pn(TDD) + /?5 kjmGm

» monomolccular termination (desorption and burial)

• bimolecular termination by combination

/?• _L }}» A'gv P ,

ktC

• bimolecular termination by disproportional ion

i?« + /?', ^> P„(TDB) + Pm ^- = cd

2K vvr
C'
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• chain transfer to polymer

• crosslinking

• propagation to terminal double bond

, *( rn/i)

H^ + P^TDB) "-> /?,•,.,„ A;;(77)/?)7,(„n,rJ)/)„

Here Pm(TDB) represents a dead polymer chain of length m wit h a terminal double bond,

generated either by a chain transfer to monomer or bv 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

arc 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 jm, 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 (k* = 0), none of

these double bonds are consumed and parameler "•)„, assumes the integer value fv - 1. with

/„ the functionality of the reacting monomer, i.e., the number of uusaturations it contains.

If crosslinking is active. 7m decreases during the reaction from its initial value fv — i, 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 yvt = o (which varies during the reaction)

can be considered a good approximation. The calculai ion of parameter 7 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 Pm multiplied by the average number 7^ of TDBs per

terminated chain. Compared to 7m, 7m might be more strongly dependent on chain

length even at, low polymerization degrees. However, in this work this dependence has

been ignored and accordingly a single paiameter ^X[ nB> has been intioduccd. the1 value

of which again may change during the polvmoiization 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 ß 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 polymei ization

of vinyl chloride in the first case and of vinyl acetate and allvl monomers m 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 arc present,

the mechanism involving the transfer of a /3-atom cannot possibly lead to chains having

more than one TDB each, while chains with two TDBs (bifunctional macromolceules)

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 ^CIDV) 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 chains with more than one TUB should be considered

with special attention. This can happen, for instance, in the already mentioned case of

chain transfer to monomer through atom abstraction or in the case of chain transfer to

monomer through a /J-atom transfer coupled to chain transfer to polymer, fn 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, multiraclical activity on single polymer

chains and intramolecular reactions (particularly cvclization) are ignored. The degree of

polymerization of radicals enfeiing from the wafei phase is < on-udei ed negligible < ompaied

to that successively reached in the particles Moieovei, the tale constants for the various



reactions arc assumed chain length independent and equal for the sol and the gel phase.

Finally, the bimolecular termination rate constants cc and c(i and the desorption frequency

k(i are considered, at a given reaction time te, 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 !?,'(£, £',n')

containing i active chains, one of which, branched, was born at time I, and is still growing

at time t 4-1'. This chain is the 'distinguishing chain'. The parameter /;,', called 'pro-life',

accounts for the length of the chain which is not clue1 to the monomer units added by prop¬

agation in the last period of activity (following time /). Chain pre-life may be given bv 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 tieatod dif¬

ferently, since the first, causes a growing radical chain to terminate and a new one1 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 ?i' undergoes chain transfer to polvmer, a new radical hav¬

ing pre-life n' and current, lifetime f' = 0 is born. Instead, when an active chain having

pre-life v! and current lifetime t' gives a ciosshnkmg (or propagation to TDB) reaction ou

a dead chain of length n/, its pre1-lite becomes n' — /»/' and iK cuiient lifetime /' icmains

unchanged.

Tt is clear that a distinguishing chain with pre-life /;' 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-Iifc. These last are represented bv the distribution X'(1,1'), 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 Z?'(i, £', n') and A/]'(f, i') the CLD of the active polymer is readily

calculated, since the length of the distinguishing chain is given by n = n' h at', where

a = kpCm is the frequency of the propagation reaction. This holds true (under the

assumption of long chain) since kp and Cm 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"

» linear chains

^= pNU - [p + ikd + i(i - l)c + kjmCm + kfpa^ + k;ja^)N;

+ikdN'i+l + (? + l)icNU2 ,
i = 2,..., JV - 2 (2.1)

» branched chains

Ê^LÙJÛ^pB'^ -\p Hkd f 7(/~ L)c- khnCm l-ki^ + k^a^B';

+ihB't+l + (i + l)ieBlu2 + /" /,•;->B%t\n! - m)m!D(L,m)cIm
J 0

+k;yN'l{t, t')n'lD{t,ri) ,
/ - 2,...,N - 2 (2.2)

where D(t,n) is the CLD of the dead polymer at time I, As it, is usual for balances of this

kind [24], minor modifications arise for ? -- I. ? - AT - 1 and ? =• /V, where N represents

the maximum number of radicals in the same particle

Eqs (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 stale / (i.e.. a

particle containing i 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 —k'l'ycr^N' and - kl^a^B, in eqs (2.1) and (2.2), respectively,

account for the consumption of the distinguishing chain clue to its reaction with a double

bond on a dead chain. The quantity (A1') represents the /f/,-order moment, of the dead

polymer, expressed as a molar concentration referred to the particle volume. When I -- 1

these terms represent the crosslinking reaction, since the rate of reaction is first, order
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with respect to the concentration of the monomer units bound to the dead polymer, while

when I = 0 they represent TDB propagation, the rate of which is first order with respect

to the concentration of the dead chains (with k^ = kp
^' and 7 — y(7 Dli)). When both

mechanisms are present, two terms of this type should appear m 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) clue 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 foi the crosslinking (or prop¬

agation to TDB) reaction of active chains of current lifetime /' with dead chains of lengt h

such that the resulting chains have pro-life equal to ??'. The reacting radicals mav be linear

or branched. Here again, I = 1 for the crosslinking reaction and I — 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 incorpoiating 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 ,V' and B[ are:

Nl(t,i' --- 0) = pN, i(t) 4 krirCnpNJt) (2.3)

B,'(M' = 0, n') -r kfpIXt(t)n!D(f, n') (2.4)

where D(t,n') is the chain length distribution of the dead polvmer (so that, D{i,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 i 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:

*^A(0N-<M'> (2.5,

dB'(t,t\n>)
, , ,., , ,.

- = A(/)B'(/.f\??') (2.6)Of

+ / ^7B'(/.^.?!' - >in)mlD(Bm)dm 4 k^N!(t,t')n'lD(i,n')



18

where N'(£,t') and B'(t,t',n') are column vectors containing the N-(t,t') and 13[{t,t',n')

distributions respectively, and A(t) is the band matrix arising from the coefficients of

eq. (2.1) when i = 1, N.

2.3.2 Doubly Distinguished Particles

In order to account for polymer chains terminated bv 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 différent 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 aie branched, the distribu¬

tion B"(t,t',t,",n\n") is defined (/, > 2), representing the fraction of particles containing

i active chains, one of which was born at time t and was still giowing at time / + /', when

a second chain was born. Both chains, called distinguishing chains, are still growing and

arc branched at time t + t' + t". Parameters ?;' 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: 0'1'(Li'J".irl) when onlv Hie first-born ('oldei') chain

is branched, Y"(t, //, t", n") when only the second-born ('younger') chain is branched and

N''(l,t',t") when both chains are linear. In the following, only the PBE for N''(t,t',t")

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

N'/(t, t', t") is given by:

r) N"

^-=piV,"1-|p-1 jAj-M,- HM 2A/,,(\,, + 2/1„/t<1N 2A,V]<\,"

+ (/ - l)kdN',', t f i(i - l)c/V/'„2 / - 1.
,
-V - 2 (2 7)

As usual, minor modifications are requhed for ? =- 2, ? -- AT - 1 and / = N

As for the singly distinguished particles with linear distinguished chain, besides the

terms accounting for entry, dcvsorpiion, chain transfer and bimolecular terminai ion, only

a consumption term appears due to crosslinking, since a lineai chain can pist disappear

as a result of its reaction with a double bond

Eq. (2.7) can be written in matux loi m as follows
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both chains linear

dN"(t,t/,t"
dt„

=a(*)N"(i,t',n (2.8)

where N"(i, £', t") is a column vector containing the N''(t, /', t") distributions and D(t) the

(N — f) x (N ~ 1) band matrix arising from the coefficients of eq (2.7) when ? — 2, N

Since an active chain having pro-life »' — 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'l(t, t', l'\ n'), Y''(L, t'. /", ?r") and B't'(t, /'. /", ?i', n") are given by:

» older chain branched

BO"(t /' t" n')^K^llLlIll
,=

D(f)0"(/, /', /", n')
dt„ =v ,_ v

+ / ^Q"(M'/"./i' - m)vill)(l,m)dm (2.9)

hA^N^M',/")»"/>(/.'//)

where 0"(£,t',t,",n') is the column vecfor of the Oj(t,t'.t",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 pro-life »' (the younger chain being linear):

• younger chain branched

rn"
+ / k*jY"(i, //,t". n" - m)m'D(l, m)dm (2.10)

+k;JN:,(t)t'.t")n"lD(t,n")

where Y"(U\ /",r>") is the column vecfor of the Y,"(i. /'./", n") distributions The last

two terms on the right-hand side account for the the ciosshnking reaction of the youngei

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);

• both cliams branched

<9B"(£ t! t" n' n")
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+ / k*~fB"(t, /', t"pnf - m, ri')m'D(t, m)dm
Jo
i-n"

+ kl^B"{Lt'j'\n',n" -~ m)m!D(tpm)dm (2.11)

+k;jY!'(tt\t"pn")n'lD(tpn')

+k-*n>Q"(tj'pt",n')n"lD(tpn")

where B"(t,t',t",n'pn") is the column vecfoi of the B"(t. /'. /". /?;.'/(") distributions The

last four terms on the right hand side account foi the crosslinking reaction of a < ham (linear

or branched) of a pre-existing distinguishing pair, in order to give a branched chain of (he

pre-life under examination (being the other chain already branched and ol (he dosnecl

pro-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):

N'/iLt'j" = 0) - pW; ,(l. t') -I- kfmCm(> - n/V((/,//)

0''{t,t,t" =0.7i')= pB'^^t.l'.n1) \ klwCm(i -l)A'(MV)

Yl'itjj" = 0,«") = kfp(i - l)Ni(L i')n"D(Ui")

Bï(t, t', t" = 0,77,', 77,") = kfp(i - l)B',(k f', ?7')n"D(i, n")

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, aller the length of the active chain experiencing it, and another portion

terminated by combination, The former termination mechanisms include, in adchtiorr 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 arc 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 N. For the sake of brevity,

all these mechanisms will be referred to as monomolecular terminations in the following.

The polymer terminated bv such monomoleculai mechanisms can be further subdi¬

vided into two parts, the first linear and the other branched, represented respectively by

distributions SM(te,t') and G'U[ic.t',n'). These are the cumulative distributions at time

te of the polymer chains terminated monomolccularly at any reaction time and which had

current lifetime t' (and pre-life n! for branched chains) the moment they died. Accordingly,

their length is n — n' + at',

(2 12)

(2 13)

(2.14)

(2.15)
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The PBE describing the time evolution of distributions SM(tP, t') and GM(tc,t',n') in

a batch reactor is given by:

d\vPSM(te)l')}
dte {(kd + klmGm , kh>aW)Y,MUie- O')

^K(te - *', t') + 2cd Y,(i " Wttte - I', t') (246)
N

1—2

-V A

d.[vPGA1(teJ,n')}
V

dte {(Av/4 kfmGm+knMV>)Y,ß'Mc -l'.l'pn')

\-fTB'N(te~t'pt',n') + 2edY,(i " W(te - t'\t',n') (2.17)
N

1-2

-[kfpin' + alf) 4 A^(n'W)^'(ff/y)n}^
where vp is the volume of a polymer particle and n is the average number of free radicals

per particle.

Note that the two equations are identical, except that in the equation for SM(l,e,t')

no pre-life n' appears, ancf Ar;'(/(, - £',£') is used instead of B[(te — £',£', 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 chains are

formed through this reaction. Il 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 PBFs for the distributions of the polvmer termi¬

nated by combination can be cleiived. Fom distributions are considered, Sc'{lP.t'j"),

Vc(te,t'j",ri). W('{te.f'j",n") and Gc(tcJ'j",n\n"), representing the dead polymer

chains coming from pairs belonging to the A"(/c - /' - t". /'. /"), 0"{lP - /' - /", /', /", ;/'),

Y''(te -t' - t"j.', 1", n") or B''(te - t' - t".. f, /". n<, n") distribution, respectively.
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The relevant PBEs are:

dte '-—'

iii\h
-[kfp(ot' + 2at") + A;7(o/' J-

2at"Y] (2 18)

A 1

-[Ayp(777 + at' 4 2of") + k^{n' + at' + 2al")l\ (2 19)

.Vc(P,t'.t",n')ü}^

4^'p^o<!^]^{2Qy:i,,(,t _,,_,,,,,,,,,,,,,
gu<>

^—'

-[A'/P(r)" + «A' 4 2of") + A;7(?î" t of' + 2of")/] (2 20)

Wc(te,t',t".r,")n}^
A l

Jtd^f^ __ {2Q y s»(,f _^ ,' _ ^ t',t",n',n")
dlc ~^

-[kfpin' 4- 77" + at' 4 2a/") 4 k*j(n' 4 77" + at' + 2at")'}

Gc(1cj'j".n',n")n}~- (2 21)
A i

The positive production term on the light-hand side ol 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 oi the dead chains through chain iranslei to

polymer and crosslinking (or TDB propagation). In the case of chain transfer to polymer

and crosslinking, since the rale of reaction is proportional to the number of monomer

units in the dead polvmei chains, each distribution is multiplied by the con espondmg

chain length. Fot piopagation to 1 DB tlm dependence umpires since / - 0

2.3.5 Evaluation of the Double Bonds in the Polymer Chains

Some detail must, be given about the calculation of quantities -) and ^rD}^ which appeal

in most equations derived in this section. Their evaluation can be peiformed from then

definition:

'v =-
D-P- ^iTDB) ^

TBB
(2 22^

wdrere ])p and Tpp are the total moles m the reaction locus of double bonds along the

polymer chains and of TDBs, respectively, while 0 and it] are the total moles ol polymer¬

ized monomer units and of polymer chains, icspectneh
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Quantities Dß and Tub 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

dt

dTDB

dt
"

kpCmifu-i) -ApV'l»" (2-23)
NLVU,
Y

.

N

cd^(,^l)N,-n>-jmGmn ~^rDBh(TDD)^ îM»
(224)

A*';

All symbols are defined in the Notation.

Quantities 0 and tit can be evaluated similarly from overall balances, accounting for

the rate of polymerization for 6 and of all the termination reactions and of the reactions

reactivating dead chains for nq\

2.3.6 Numerical Solution of the Model

All the equations derived above for the live and dead polvmei 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 bv fractionating the heteiogeneous pobinei chain

population into subsets or 'generations', each < oust it rued bv chains more unifoim m 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 accounled for in agreement with the clevelepment set forth in rcfs [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. H involves

preferably short chains, which have a greater compatibility with the water phase and
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diffuse more easily out of the particles, and docs not have as a dhect, 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 ihat 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 ohgorucne 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 monomcric 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 hneai 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 coeificent k.d is introduced. This is the ordinary desorption parameter which appears

in the Smith-Ewart, equations, kdi representing the frequency of desorption of radicals

from particles with i radicals, and kdnNp (where Np is the total particle concentration)

the overall rate of desorption. Coeificent, kd must then be related to the elemental rates

of the reactions involving the desorbing species, i.e., the monoineric 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 i\ (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 monomcric radical) with a probability ß. Probabilities P, and ß are obviously related

to the rates of all the possible evenfs the radical may undergo in each of the two phases.

Since the overall rate of desorption is given, according to the definition of coefficient, /„>/,

by kdriNp, the frequency of re-entry (per particle) is given by pre — kdn{\ — /J), i.e., by

the frequency of desorption times the probability of re-absorption. Shortly, oue has to

consider that:

» a monoineric radical produced by chain transfer to monomer may desorb with prob¬

ability P, from a particle in state r,
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• a desorbed monomeric radical may re-enter with probability (1 - ß),

• a re-entered monomcric radical may re-desorb with probability P, from a particle in

state j.

In terms of frequencies:

• monoineric radicals produced by chain transfer to monomer desorb with a frequency

kjmCmiPi from particles in state /,

• desorbed monomeric radicals re-enter with a frequency pie - kdfi(l - (f);

• re-entered monomeric radicals re-desorb with a frequency piePt from particles m

state i.

Considering these frequencies in the singly and doubly clistinguinshed particle equations,

one can write the correct balances. However, to understand how to proceed, we rather

re-derive the Smith-Ewait equations fust. Namelv. what we mean to do, is to obtain the

ordinary expression for the Smith-Ewart equations, involving the lumping coefficient, k(p

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 PBE:

dN
-~i- = (p-p.rWN, ,-[(/) />„/,.,) ! A,,„C„iP,H ci{i- i)]N,
dt

+Aim6'm(H l)P,~,V,.i I c(i r2)p | f)A/H? (2 25)

where the entry frequency p can be decomposed info a eontiibution coining from the

decomposition of the initiator and one from the re-entry of desorbed radicals: p = pi +pjj.

Note that pp, differs from pr, since it includes also the radicals which have propagated in

the water phase after desorption. However, it can be computed analogously to p,,

The various terms in oq. (2 2d) can be explained a^ follows \ paitule villi / ladrcaL

is produced:

• by entry in a particle in state (/ - 1). as long as the ladical docs not ro-desotb (note

that entry of initiator-derived and oligomcric radicals is considered lo be irreversible):

term (p - prcPßN, L;
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• by chain transfer in a particle in state (i + 1) followed by exit: term kfmCm{i +

l)P1l+iNl+[;

» by combination in a particle in state (/ + 2): term c{i +- 2)(?, + l)N,+?.

A particle with i radicals is consumed by the same events occuring to the particle itself,

which yields the term: [(p — prcPi j-i) 4- kfmCmiPl + ci(i — i)]N, .

To obtain the ordinary Smith-Ewart equations, one has to consider that the overall

desorption rate from state i particles, given by definition by kdiN, can be calculated from

the rate of the radicals desorbing for the first time after a chain transfer event, plus the

rate of the radicals re-desorbing after re-entry:

kfmCmiP,N, -1 prcPtN,-1 = kdiN, (2.26)

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

—l-
= pNt.i ~~ [p + kdi+a(i- I) A'r, +kd(i+l)Nl+]

dt

+r(i-1 2)0-f).\,(, (2 27)

which is the ordinary Smith-Ewart, equation.

This kind of derivation of the Smith-Ewart equations shows (sec eq. (2.26)) (hat the

term —kdi,Ni accounts for the particles in state / disappearing by a chain transfer followed

by a desorption but also for those i state particles which do not form from (?, - I) state

IDarticles because of re-desorption after re-entry, and which have instead been counted in

the pN-\ 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 prc = A;,j?7(l —/i)). to obtain an expiossion for A,/ 128]. If one assumes P, — P\ V?,,

this expression reduces to [28]:

kd -
r^iT^Tm (2-28)

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

i one can write:

dN'ßtß1)
Of

(P ~ PrePi)^',. L
^ \{P ~ PiePi* l) V kJmCm{l - \)P, + kfmCm

+ri(i - Ï)}N: + A7mam/PmA/;fJ + <•(/ + l)iN'lh2 (2.29)
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This equation can be understood by considering that a singly distinguished state i particle

is formed:

• by entry in an N!-_ , particle, as long as the radical does not re-desorb: tenu (p -

PrcPßNl^;

• by chain transfer followed by desorption of one of the ; non-distinguishing radicals

of an Ag]+S particle: term kfmCmiPl.¥\.Nf1+i;

• by combination of two of the (i + 1) non-distinguishing radicals of an N'+2 particle:

term c{i + l)iiV,'+2

and that it, disappears:

• by entry in the N't particle, but not, if the entered radical ro~desorbs: form — (p —

PreP,)K,

• by chain transfer followed by desorption of one of the (i — 1) non-distinguishing

radicals of the A' particle: term —kfmCm(i — l)P,N';

» by chain transfer of the distinguishing radical: term ~kfmC)riN' (note that if is not

necessary that the formed monomeric radical undergoes desorption as in the previous

item):

» by combination of two of the i radicals of the A*' particle: term —ci(i -- l)N'r

The initial condition for eq. (2.29) is given by:

N',(t,t' = 0) = (p - preP,)X,.! 4 kfmCrni(i - 1])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 JV,_i particle, as long as the entered chairr does not, re-desorb, and bv a chain

transfer to monomer in an Ar, particle, as long as the formed monomeric radical does trot

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 kd. To this purpose one can consider the

desorption rate of non-dislinguishing chains from an N'ßt. f) particle: this is given bv the

frequency of desorption of (? — 1) radicals. kd(i — 1), times the fraction of particles where

the distinguishing chain is present, given by the quantity Y'(t.t') 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:

[kfmCm(i - l)JV; + PreN'^P, = kd(i - 1)JV; (2.31 )

As a check, note that integration of eq. (2.31) on f from 0 to oo, recalling that /'0°° N'(l.i')df

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, + f) in eq. (2.29) yields, after some manipulation:

dNl(t,t')
Of

= PN^ - [p + kd(i. - 1) + kjmCm 4 Ci(i - ])]N[

YkdlN;+l+c{i + l)i.N;y2 (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 (/ — 1) factor instead of / multiplying the coeflrcent kd

in the consumption term for the N'r This accounts for the fact that a chain transfer event,

is enough to lose the distinguished chain (term —kf„tCm), with no need for the formed

monomeric radical to desorb. Since the kd parameter accounts also for the chain transfer

to monomer, multiplying if by i instead of (i — 1) would lead to count this event twice.

Moreover, it must, not be forgotten that the kd 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 monoineric 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

N'ßt,i' = 0) = pA< M + (kfmGm - kd)iNt (2.33)

Subtracting the kd coefficient from kjmGm 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

t^kjnCm-h,, (2.34)

one can write the balance and initial conditions for the1 singly distinguished particles as:

ON'(t /')

-~^FLl - pnu - [p4- kdi t / 4 c,(, - d\x; -j- kdix;+l 4 c(i + i)iw;+2 (2.35)

N!(Ll' = 0) --=,;.Y,_, - fiX (2 36)

These equations are the same as those given in Section 2 3 m the case of lineai < hams bid

for a correction to the (Lain transfer to monomer team (coefficient, / instead ot A/,„Cm).
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Eqs (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, / docs not account only for the transfer

events that, do not result, in desorption (as stated in ref. [39]) but also for re-dcsorption 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 f t")

^YhLl = (p-piePl)N'l'_l-[(p-pieP»L) +

kfmGmO -- 2)P, + 2kfmCm 4- n(i - 1)1 Ag" +

kfmcm(i - t)p,„ la,4 , + c7(7 - m;'+2 (2.37)

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

ticles in state i is considered:

[kJmCm(i - 2)N" + Pn XI,]P, =-- kd[i - 2) Ni' (2 38)

As a check for this equation, note that integration of eq. (2 38) on t' and /" from 0 to oo,

recalling that fp°° /0°°N;'(t,f,t")dfdt" -= Hi l)A,(/)/2. yields eq (2 26)

Substituting eq. (2.38) in (2.37) gives

ON"(i f t")
' l ' "

2
= pA^i - [p + kd(i - 2) + 2klmC'„, + n(i - 1)]<

Ot

j-Z- .!,
-

HA7'
+kd(i-L)NÏ+l+a(i- 1)A4"; (2 39)

This equation coincides with eq. (2.7) save for the fact that an (/ — 2) factor appears instead

of 7 next lo the coefficent A,/ in the consumption term for the A'" Similar arguments hold

as for the case of the singly distinguished particles

Passing on to the initial conditions, these aie given Infa

<(/,/'. t" = 0) - (p - p,,P,)A,'- , h kJnirn (i - l)(l - PAN', (2.40)

Taking avantage of eq. (2.31). this equation becomes:

N'/lft'.t" = 0) - pX', { + (kMlCm - kd)(i - \)X: (2.41)
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Finally, by using parameter / defined by eq (2 34), tLie PBEs and initial conditions

for the doubly distinguished particles become

oW;'(f 1'J")
pX i ~fp I A p h 2/ \-a(i l)]<

ut

lAdO-DVii+nv? 1)A,"|2 (242)

JV;'(f /',c" - 0) = p\r; ,4 /•(/ - L)/Y/ (2 J3)

These equations aie the same as those given in Section (2 î) m the case of Imeai chains but

foi a collection to Hie chain tiansiei to monomei term (coefficient / msteid of / / G )

Eqs (2 42) and (2 13) coincide with those du ich repotted by luhti et d |39| With

respect to this, the same considet rtions hold is lor the < ise ol the singly distinguished

pai i ides

2.4.4 Terminated Chains

While in the previous tieaiment (see the Kmetic Scheme m Section 2 2) desoiption wis

considered a fiist-oidei tcimmation mechanism it is rctually not a termination mech

amsm, and must theieioie no! appeu rs such m the (animated polymei cqurfions

Eq (2 17) foi the polymer fummatcd monoruoleeul uh must thetciore be ic will fen with¬

out the leim îelated to desoiption In the c isc ot hue n cli uns

Î^XXhXl. {kf,„c„,±N;{tr-1 o i tH-K(K -07)
i i

A

+2r^E^ 0\U-''O} (2 44)

1=2

Introducing paiametei / defined b\ eq (2 34) the eepnhon vbove becomes

d\V[ S^l(t, /')]
, , ,v V"^ -, /, II, P »W / / 1:Ai__LL_^1

_|(Arf < /)J]\'(/ /'/'), L^(/( -/'/')

-t-^rf^O-OJV^-r',/')} (2 45)

ie
,
as foi the live chain eqrntions the equrtron results identical to that given in Sec¬

tion 2 3 but foi paiamefei / mste id ol the first order r rtc coefficient foi (ham ti tnsfci to

polymei, kfmGm

2.5 Model Results: Instantaneous Properties

Befoie considering the model lesults in teims of instantaneous piopeitres, it is woith dis¬

cussing then actual physical meaning m the ease wheie mechanisms icactivatmg 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 lime 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 ot TDB

propagation, eqs (2.16)-(2.17) and (2.18)-(2.2i) do not have in this case a clear physical

meaning. They describe the production at a givem 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.i7) and (2 I8)-(2.21) do not provide the charac¬

teristics of the polymer produced instantaneously. Nevertheless, when the instantaneous

molecular weight properties are defined, just as in the case of linear chains, through the

following equations:

• instantaneous number average chain length

• instantaneous weight average chain length

d{vpo{--')

d{vPX

instantaneous polydispcrsity ratio

K - ^n (2-47)

P!, - Tspr (2/18)

it can be shown that the relations linking these properties to the corresponding cumulated

ones are independent of the polymer being branched or linear (sec Appendix B). This

means that, in the case of branched edrairrs, the analysis of the instantaneous properties is

still as significant with respect to the average values (iW„ and Mw) and broadness (Pd) 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 (he model heie 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
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Paiametei Value

Gm 5 7 10 3 mol cm"'1

kd 1 3 KT1 s^L

}>fm 10 < m3 mol '
s

l

}'fP 0 em5 mol-1 s
L

hp 2 6 10 cm5 mol 1
s

l

I* 0 — 5 c nP mol-1 s
'

, + (7 DR)
0 2 6 10 cm! mol '

s

hi 1 16 10q cnL mol '
s

'

hd L 16 10
' eriL mol-1 s

l

Up 1 21 10 lû (m!

7

7(/iiö)
1

0 317

o-(o) 2 38 10 mol cm
'

a0) 122 KT1 mol cm
s

a« 10'd 3 mol cm
^

Table 2 L Numeiical values of the model puameteis used for the calculatron ol instan¬

taneous piopeities The moments a^ of the dead polvmer are referred to the partrcle
volume

to as a 'non-compaitmentahzed' model and is simply obtained by foicmg the moment

equations denved loi homogeneous poly menz thons reported m Appendix C, to descubo

the helciogeneous emulsion system The eompnisou bctvten the two models has been

pefoimed by rmposmg the same tctive chain conecnir lirons (n - WN\vp where n rs

the average number of radicals per paihcle tnd R* the radrcal concentration m the non-

compaitmentahzed case)

The numeiieal values of the paiameteis used foi these calculations, corresponding lo

a typical hee-iadical polymeiization aie summaiizecl m Table 2 t

2.5.1 Crosslinking Reaction

The crosslinking reaction hts been hist consult led Its effect on the moleeuhi weiHit

piopeities has been mth/ed by cilerihtmh the mstmtrneous poly chspc i spy mho md

weight average chain length rs a timet ion ot /? tt incre ism^ v ihres ol the < loss linking

kmetic constant lepicscntccl bv the drracusronless paitmetct (f h^a !V<4 bcniw, a
1^

the fust oidei moment of the overall dead polymei CI D and c = ec 4- cd the pseudo-fust

oidci tale constant foi bnnoleculai tanimation in Hie pnticles These results have been

generated by letting the lachcal cntiv ptnmttci p on and solving numeiicrilv [10 the

Simih-Ewatt equations in oidci to obi im the tctive chmi hstnbulnn in t'u p lv ma

pai tides N,, which is then used for com puling both the tu l ige number ol i rdie ris n is

well as the instantaneous moleeultr y eight piopeities
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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 sanre value of the parameter c 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 Hie physical meaning of

these results, it, should be noted that, for very low ?I values monomolecular terminations

prevail, while as n increases bimolecular termination (by combination in this case) be¬

comes more relevant and eventually dominant at n values as large as about 2-3. The case

of a non-compartmentalized system, represented bv the dashed curves in Fig. 2.1, is first,

considered, fn the case of linear chains, i a. if = 0. it can be seen from Fig. 2.1 (a) that the

instantaneous polydispcrsity decreases wit h it hour 2 to 1 r), winch aie (he typical instant a

neons polydispersity values corresponding to monomolecular termination and hrmoleculai

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 (q* > 0), the polydispcrsity 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 causirrg a further increase in

their length which makes the chain population mon1 wide Accordingly, at, a given value

of n, the polydispcrsity ratio is higher the higher the value of q*. Observing ihe shape of

the dashed Pj versus n curves at increasing q' 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 q* values). Such a maximum

is the result of two counteracting tendencies. The first, is a polydispersity increase caused

by crosslinking for increasing n values. The second effect is the decrease in polydispersity

related to the presence of termination bv combination, which has already been discussed

for linear chains; this effect is stronger at higher n values, where combination is dominant.

The first of the two mentioned effects, absent in the case ol lineai 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 P values are needed (compared to a non-compartmentalized sys¬

tem) for these to prevail ewer monomolecular terminations. This explains, in Fig. 2.1(a),
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Figure 2.1: Polydispersity ratio (a) and weight average chain length (b) as a function

of the average number of active (drains per paiticle, //, in the presence of bimolecular

termination by combination. Parameter values as in Table 2,1 but with kfd --- kdß1 v,r>
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and three different values of q¥ (— A7jpcA!)/V). - : compartmentalized model; --- :
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the almost horizontal portion of the continuous curves at low n values, which is similar to

that discussed earlier in the context of long-chain branching [24]. A second eff'eei of com¬

partmentalization is the modification it induces in the polydispersity behavior in a small

range of ft 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 ft, values due to radical com¬

partmentalization. At, increasing it 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 Pd versus h behavior in the compartmentalized system can be explairred on

the same basis as for Hie non-compartmentalized case, bur, 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 n

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 n. This is an expecied

result, since, at both extremes, the effect, related to active chain compartmentalization

vanishes. This is because at, high n values the number of radicals in all particles is so large

that these behave as mini-bulks, while at very low ft 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 Ft, (i.e., around // = 0.5, which is a typical value for many emulsion

reactions): significant differences arise m the polydispersity ratio, and the weight, average

chain length can be underestimated bv 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), if, appears that, in the case of linear chains {q* - 0) the instan¬

taneous polydispersity (Fig. 2.2(a)) remains constant and equal to 2 at all ft values, i e

both when monomolecular and bimolecular laminations aie dominant. 4 iris is clue lo the

already discussed nature of the disproportionation mechanism, which maintains the length

of the active chain upon termination. Since, as discussed above, polydispcrsity tends to

increase at, increasing ft, values in the presence of crosslinking. monotonically increasing

curves arc obtained for q* > 0.
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The effect of comparmentalization is best illustrated by comparing the solid to the

dashed curves in Fig. 2.2. In the case of linear chains, it, can be seen that disproportionation

causes an enhancement in polydispcrsity (Fig. 2.2(a)) which leads to a maximum located

at about 77, = 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 polvdispersity values as large

as four [7]. The maximum in Fig. 2.2(a) for c/1 — 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, q* > 0) enhances the polydispersity values at all n

values. However, this effect appears to be stronger around n = 0.5 and the maxima are

even more pronounced than in the linear case.

As for the case of termination by combination, the pi at tirai importance of a con et t

description of compartmentalization (at least in the interval 0 < n < 2). bol h when

considering polydispersity and average chain length, appears from the differences fret ween

the solid and the dashed curves in Fig. 2.2.

Filially, 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 (hat the crosslinking reaction is nioie effective

in increasing polydispersity and weight average1 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 lo TDB reaction on the instantaneous

molecular weight properties of polymers produced in compartmentalized systems, the poly¬

dispersity ratio has been calculated as a fund ion of ft for increasing values of the rate

of propagation to TDB. This is represented by the dirnensionless parameter qdr])13) =

kp 'xl D,iV^ü'/c, where co°) is (no /croth 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), wIkmt all conditions are the same except for the

branching mechanism, i.e., crosslinking instead of TDB propagation, leads to some imme-



48

2.8

g

CO

w

Q.
W

TJ

o
o.

2.4-

1.6-

1

i r
—

i i i
-''

i i

/^\^___ q*(TDB)=0.04
"

"

- i

1

^-^______ q*(mB)=0.02

r i \

0.04

^*^_^ q*(TDB)_.Q

.1 —1— —J 1———, 1 1 ———

0 12 3 4

Average number of free radicals per particle, n

Figure 2.3: Polydispersity ratio as a frmction of the average number of active chains

per particle, n, in the presence of bimolecular termination by combination. Parame¬

ter values as in Table 2.1 but with ktd = A4, — 0 and three different, values of q^(TDB)

(= k;(TDB\(TD^a^/cA.
model.

compartmentalized model; — : non-compartmentalized

cf

6

n3

"w

o
Q.
«

O

Q.

q*(TDB)=0.04

0 12 3

Average number of free radicals per particle, n

Figure 2.4: Polydispersity ratio as a function of the average number of active chains per

particle, ?p in the presence of bimoleculai termination by disproportionation Parame¬

ter values as in Table 2.1 but with kl( - A' — 0 and three thllerent values ol (pi1 "'0

(=kfrDB)XTDT3)(r((Vc).
model.

compaitmentalized model. non-coinpanmontalizenl



39

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

reaction rates, i.e., q* — q*(TDB\ This is because, although the two mechanisms are

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 stehe effects and diffusive limitations). Accordingly, the crosslinking re¬

action involves preferably the longer dead chains and increases further their length. This

obviously makes the polvmer 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 aire! dispro¬

portionation, is similar to that observed earlier in the context, 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 n 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 représentai ive of real syslcms. For instance, the value

q*(TDB) __ 004, which leads to a remarkable polydispersity increase (more than 50%

compared to linear chains at high ?l), results from assuming the TDB as reactive as the

monomer (A?* = kp) and y(TDB) = 0 517, i a, 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 q — A/pCT1-1'/«' - 0.04). in order to illustrate the interaction

between the two branching mechanisms. The obtained polydispersity versus /?, 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. dite role of the propagation to TDB mechanism rs qualitatively the same as in

the case discussed above, where it is the only brandling mechanism operative. Flowevei, 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 bv chain 11 aristo

to polymer [24], using a model neglecting conipartmentalizahon for calculating the MWD

in an emulsion polymerization system can introduce significant inaccuracies, particularly

in the range of values 0 < n < 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, aie the cumulative ones There¬

fore, the model described above for calculating the instantaneous MWD has been coupled

to another model [11] 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, tins trine with

reference to the cumulative properties of (he 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 subclistributions 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 lo the gel point, and gel weight fraction for a seeded

polymerization. It is seen that for increasing NO 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 quantifies used
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in these calculations are reported in Table 2.2, with the only exception of kP which

has been taken equal to zero, so that crosslinking is the only source of nonlinearity foi the

macromolecules.

Once the optimal NG value is selected as the nimnnum at which convergence is ac4neved

(i.e., NG=7 in the case shown in Fdg. 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 calculaied number and weight average

chain lengths of the sol, Mn and Mw 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 ot gel formation duo to the simultaneous presence

of chaiu transfer to polymer and bimolecular combinai ion ITovevoi, crosslinking is much

more efficient in chiving the system to gelation, and m lad gelation is reached at much

lower conversions even for lower rates of the branching' mechanism. Moreover, in this case

bimolecular termination by combinat ion is not necessary for the occurrence of gelation,

since the mechanism coimecting polymer molecules, thus ensuring a geometrical growth

in the size of the chains which is needed for a verv large size to be reached, is already

provided by the crosslinking reaction In other woids ciosshnking on ils own is sufficient
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Ttommsdoiff effect paiametei [41]
Tiommsdoiff effect parameter [41]
monomei wata concentration at sat m a hon

Ttommsdoiff effect parameter [41]
cntiy rate constant

chain tiansld to monomer tale constant

(ham transfei to polymei rate eons!aril

rnihafoi decomposition täte constant

piopagation îate constant

aosshnking rate constanl

TDB piopagation tale constant

teinnnation by combination rate constant

teinnnation by drspiopoitionation rate constant

initial molar concentration ol initiator

seed number-average dram length
seed paiticle conccntiation

send polychspeisity latio

monomer molecular weight
total volume of charged monomer

initial particle volume

total volume ol charged water

initiator efficiency

paiticle monomer volume h action at sat m anon

monomer density

polvmei density

Table 2.2. Numerical values cd the model paiameteis used foi the illushahvc calculations

of cumulative piopeities

lo yield chains of any generation orelei In the same frguie (he chain length ivei rges are

also reported m the absente ol the eios-dmknrg react ion îe foi lincai chains (clashed

lines), so as to highlight bv compairson the tfleet of the aosshnking mechanism

The entire weight GLD of the poh ma c alculaled at 10% conversion a few pet cartages

before gelation, is shown m Fig 2 9 (solid line) This has been obtained by reconstruct¬

ing the weight CLD of each generation horn its fiist three moments (using the Schultz

distribution [42]) and by then summing these up each weighted on the ratio between

the first oidci moment of the genei thou tnd the ova til hist oida moment In Tig 2 9

these contiibuhons are shown by the clashed auves it Last for the more tepic sentative

generations ft can be seen that the aosshnking retetion produces a signifie ml poh ion

of polymei chains with very Luge degree ot polvmerr/ahorr (branched generations q -- 1

and q = 2 m the figure) which, bv fmthei giowth and connection, rapidly lead to the

formation of huge polymei networks, r 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 arc 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 Eig. 2.10. The solid curve refers to the ease where TDB propagation is present,

the dashed curve to that where it is absent (linear chains), dire parameters used in the

simulations are summarized in Table 2.2, except for the crosslinking kinetic constant, Ad

which is taken equal to zero. Note that the effect of TDB propagation is quite significant,

and cannot be neglected. The same maiked effect 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 [13],

In Fig. 2.11, the weight, CLD of the polvmer 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 e hains

(generations g = 1 and g
— 2). However, the» highest molecular weights produced are much

smaller, cwen at, far larger conversions, than those obtained in the case of crosslinking (see

Fig. 2.9). Accordingly, no gel formation is predicted hi 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 docs not increase with their si/e On the1 c ontrarv. m the case of aosshnking.

the larger a chain, the greater its expectancy for being involved m Im then e rosslinkmg. i e
,

for increasing further its size and complexity. This feature obviously tavors the loimahon

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 Flory'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 arc 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 are produced

According to the numerical fractionation technique, the critical size and complexity aie

given by the model itself, without, any external assignment,. On the other hand. Flory'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 crosslinkecl than others, but the1 same1 aosshnking

density is assumed for all chains, i.e., the polymer is supposed to be randomly ciosshnked.

This has a consequence also on the calculated CLD. Flory's criterion states that a gel

appears when the following relation is verified:

r = p*Ml =- i (2.49)

where p" is the average crosslinking densitv and Aly, the weight, average cdiain length of the

primary chains, defined as the linear chains which would be obtained if all ctosslinkages

were cut. The gel weight fraction. u)q, is given by the following equation:

w<;-l-5Zwn(l-pV(/)" (2.50)
11-1

where u)n 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 [11]. Accordingly, the quantifies

Mw and u>n 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 eep (2.49).
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In order to solve eq. (2.50), the distribution cor, has been expressed as a function of its

moments through the approximation suggested by Hulburt and Kafz [45]. If only the first,

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

m - ir-P(X) i'^-) *(0) (2.51)
Mn \Mn/

where Mn and a^ are the number average chain length and the zeroth order moment of

the distribution, respectively. The quantity A and the function p1^ are given bv

A=, 1_ (2 52)
d/ -

l

p(x\z)=. :we V(A--l)" (2 53)

where Pd is the polydispersity of the distribution.

If the continuous form of eq. (2.50) is used:

/ u)(n){l-p*u,\j)ndn (2.54)

observing that

1 -

,/o

u){n) --- it t (n) Xx "

and substituting the resulting analytic expression of cd») (which coincides with lire Schultz

distribution) in eq. (2.54), one finally obtains:

Wq = i _ _ . . (2.55)

l-^lnll-^w,,)]
which is the implicit expression for (oa used in the following calculations. Of coirrse, in

this last equation not, only M/,' but also A refers to the primary chain distribution.

'The average crosslinking density /T appearing in eqs (2 49) and (2.55) is calculated as

p* — vj()) where v and 6 are the moles of crosslinkecl and ot total polymerized units in the

system, respectively. The quantity v is calculated through Hie following overall balance

which counts all the crosslinking events:

%-*-,>-%- PS«)
dt '

VpA \

All symbols are defined in the Notation. The coefficient 2 accounts for the fact that two

crosslinkecl units are involved in eveiy erosslinkage.

In Fig, 2.12 the gel weight fraction calculated by the two models is shown for various

values of the crosslinking kinetic constant k*. '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



49

g

1 0.6

D)

'd)

0)

CD

40 60

Conversion %

100

Figure 2.12: Gel weight, fraction as a function of conversion at four different values of the
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model: — : Flory's statistical theory.

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 ecp (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 aird of the gel

weight fraction is found. If is important lo note thai 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, i.e., all chains equally crosslinkecl.

The kmetic 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

is the reason for the existence of a crosslinking density distribution among the pi unary

chains [44] is accounted for in a correct manner by the use ot the pro-life parameter. This

justifies the earlier gelation predicted bv the kinetic model in all cases.

Finally, it is worth noting that both models predict a small fraction of polvmer 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 crosslinkecl 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 compaiison with the results of a model

neglecting compartmentalization ('non-compartmentalized' model), that, significant errors

in the prediction of the molecular weight properties of polvmers 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

arc 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 mtiltiradical chains can be neglected. Although iir this chapter

we have focused mainly ou 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 rcpohed 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 ft, 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 n = 0.5, clue to the formation of verv 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 arc
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achieved around n = 0 5 for intermediate branching tales also m the case of brnrolecular

termination by combination. The presence of these maxima is however not to be attributed

primarily to compaitmentahzation, but to two counteracting tendencies an increase m

polydispcisity at giowmg radical concent i thons relittd lo the presence ol (he hi inchua

mechanism, and a decrease clue to the onset of tcimmthon 1)) combination which by

chain coupling, tends to make the distribution more înirov Compaitmcntah/ahon be

sides enhancing these maxima has mamlv the effect (once more related to the delay m

the onset of brmoleculai teinnnation) of shilling them from very low n values to n
~- 0 5

Seveial simulations have been discussed m oidei to illustrate the role of aosshnking

and TDB piopagation on the polymer CLD and on the possible occurrence ol gelation ft

has been found that, although not always considered m polvmeii/atron reaction studies

the piopagation to TDB reaction can have i sgiufic ml e fleet on 1 lie CLD Tins is c \pcc te cl

lo be the case of some important emulsion poh men/it ion systems, such as vim I tec t it<

The model dcweloped has been compared with I lory s statistical model m tarns ot

gel point (i e
,
the conversion at which a gel phase appeals) and amount of gel ptoduced

as a function of conveision These quantities aie computed in Floiy's model without

describing the kinetics of blanching in the system but analyzing only the distribution

of the so-called pnmaiy chains (which is equiv tient to studying a lmeai polymcii/ahon)

and deriving the chaiactenstics of the ge 1 horn t st rustic tl relation 1 he eood agree me ni

observed between the obtained results in spite of the different nature ol (he two models

provides a significant support to the lehrbihtv oi both

Finally, it is worth noting thai despite the conceptual difficulties, which make the

derivation of the i élevant PBEs a bit complex the final loi m of the model equations to

be solved is latliei simple In pai he ulai the character is he s of the active chtm population

are given by the solution of lmeai systems ol equations The evaluation ol the cumulative

polymei propeihos involves mstetd lire mtcgt Uion of r u httveh small system of ordrntiy

differential equations
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Chapter 3

Fractionation Techniques for the

olution ot Molecular Weight

Distribution Equations

3.1 Introduction

For the solution of the MWD model for emulsion polymerization developed in this weak a

numerical method was chosen (see Chap. 2), namely numeiical fractionation (NF), which

is based on the partitioning of the polvmer 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 the1 subdivision ol 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 straight forward calculation of Hie 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 svsteru. This is clone because the

equations for such a system are simpler. and accurate relei ence solutions are obtained more

easily. Nevertheless, the similar peculiar aspects exhibited bv the approximate solrrtioir

methods based on polymer fractionation in homogeneous |30l and segregated |2 t| systems

assure that, the conclusions readied 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 expiations 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 kiuctic mechanisms

and the kinetic constant values, the feed composition and all the other operating conditions

of the reactor, and typically ranges from 103 to 105 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 oilier methods of weighted residuals (including

discrete weighted Galerkin [50] and discrete collocation methods [51]). Appioaehes of

statistical nature, based on the mathematics ol the Markov chains and on Monte-Cailo

simulation [52], have also been used.

Of the methods above, some involve simplifying assumptions or reduction of lite 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-si ate 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 (o

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-methocl [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, ft has been shown in the previous chapter

that in such systems more internal coordinates than simply the chain length arc required

to describe completely the distribution of lite 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 evcrv variable becomes

rather heavy, fn this case less acciirale 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 the1 format ion of chains of untrcat ably

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.
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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 lo 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 appcarence 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 whdher these shouldeis are produced in reality by the

branching mechanism or arc 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:

• initiator decomposition rate

I ^>2R> r, -Ad

• propagation
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chain transfer to monomer

k

B'n X M ^X B, 4 E'0 rrm = kfmMIi^

chain transfer to modifier

k,
n /)•H„ + T -^ P„ + «J rrt = kfiTP^

• chain transfer to polymer

I?,- + Pm % Pn X /?', rfp = kfpmPmR;

» bimolecular terminal ion by combination

/?* + /?*, --^ P„ _,„ ?vc - kfJï^R*,

m bimolecular lerminatiou by disproportionation

B'n + R'm^ IX + Pm rtd = kld R*m E*

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 cdiain lengths of the macromolectilar species tinder examination. Finally, in lite

kinetic scheme above it is assumed that the polymer chains can have at most one active

centre (monoradical assumption).

For the calculation of the concentrai ions of the active and ferniinafed chains in a bated

reactor, the following PBEs apply.

^ -= kpMRn ,
- [kPM + khvM 4- knT -i- (A,, -. /,V(/)A0 + A//7//L]d*

XkfpXonl), + d o[(kJmM + kftT)X g R,} (3.1)

dP I
"

-— = (kfmM X kftT)Rn + ~ktc 22 R*mK m
X kfdX{)R*,

yn-0

4-fc/p/i! Z?* - kfpX)nl\ (3.2)

where Ao = Ylm-o ^m ls tR0 /eroth-ordei moment of the disti ibntion of the active chains

(i.e., the overall radical concentration). //]
- X^'1 ",jD"i 1S ^]° fust-order moment of

the distribution of the terminated drains (i.e.. the overall concentration of polymerized
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monomer), önß is the Kronecker index and IZi is the initiation rate (TZj = 2nkjl, 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 nrethod 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 Hie reliability of the approximate

solutions provided by the other numerical techniques.

3.3.1 Detailed Solution

The rigorous solution of svstem (3.l)-(3.2) to obtain the CLD would require integration

for all values of the chain length n up to values corresponding to negligible polymei chain

concentrations. A simpler but equally accurate method can be1 developed by applvmg 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* -

kPMK -i + kfiMnl\ X 8nß[{kjmM X kftT)X0 X Rj]
^

kpM + kfmM X kftT +- (A>( + kußXo X kfpp,i
dP 1 —a

IL — (kjmM | A'f/T)Z?* + oA/( 2^ P'n^n m
+ drAo/t*

+k;jppiRn - kfpXonJ\ (3 4)

From system (3.3)-(3.4) it is seen that, as long as the moments Ao and u-[ are known

independently, the concent ration of chains of length n depends only on that of chains of

the same length or shorter. Accordingly, the CLD calculation can be truncaled at, any

value of n, no matter how low, without introducing any error. 'The equations for the

moments Ao and p.\ 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 indcypendent evaluation of the moments Aq and //|. whieh can

then be used lo solve system (3.3)-(3.4).

It is worth noting thai 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 Pn 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 thai the adopted number of

nodes was sufficient.

3.3.2 Overall 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, ils moments are the same

as those calculated. The AJ/,-order moments of the active1 and terminated chain distribu¬

tions, A/,. = X^on*'^* anc^ l'k ; Xj\-f=o 7]/l Pn- respectively can be calculated bv applying

the moment operator X^7=o nk *'° C(4S (3. l)-(3.2). When this is done, however, the resulting

moment equations are not in closed form since, clue to the presence of the chain transfer to

polymer terms, the moments of order A: of both the active and terminated chains depend

on the moment, of order A; + 1 of the terminated polymer. If the QSSA assumption is

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

MA)'2
f///°

= (kfmM X kJtT)X0 X {l-kic -I- ktd)Xl (3.6)
dt

and for A; > 1:

kpMT,kj-o ( kj jX + kjp^oPk+i
\ _. \__^ / /o ij\

kfniM X kft'T -p (Ayr T Av,/)A() 4- kfpp{

^ = vE(,)*- + ^E(-)m*-, m

Note that, though the moment of order k of the active chains depends on the moment of

order At -f L of the terminated chains, the latter depends only on lower order moments of

the active chains. This implies that, given a maximum moment order kmar, lire system

which calculates the moments up to pi 10
for the terminated chains and up to X}..mni j_ 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 coirrse, in the limit of the QSSA).

Here, the distribution selected for the reconstruction of the CLD from its moments is a

re-scaled F-dishibution perturbed to the unknown distribution by a polynomial expansion

in terms of associated Laguerre polynomials orthogonal to the F-dishibution weighting

function [45].
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dt

dt

3.3.3 Partitioning According to the Number of Branches (PANB)

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

but also by the number of branches it bears. The following PBEs result:

dK
hn'6

= kpMR'n^b - [kpM X kfmM + k„T -L (k!c X AM)An 4- kfpp{}R^ h

+kfpX0inPn,b-i X Sr, oôM[(kfmM h A7, T)A0 + 7£r] (3.9)

D J
b "

y^ = (kjmM X kjßlßRl b X :-kic ]P ]T K, kK~ m b -a X ktdXoR^b
k-0 m-0

XkfpPiH'hb - kjpXonP,, h (3.10)

where I?*
b
and Pr,j, represent, the concentration of active1 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 lite CLDs of

the polymer chains for each number of branches b. Then, these arc summed up over all

possible branch numbers to obtain the desired quantity: Pr, = X^o ^n,6-

The distributions P1hb are obtained by reducing eq. (3.9) for the radical species by

means of the QSSA and by applying the moment operator X^7-0 "l ^° ^uc resulting system,

in order to obtain the first three CLD moments for each number of blanches (zeroth-, first-

arid second-order moments). The formulae aird passages required to derive these moment

equations are the same as those reported in Appendix D in (he frame of the overall method

of moments. From the first, three moments, each distribution is reconstructed using a re-

scaled F-distribution as model distribution [45]. With respect to this, the previous finding

[55, 56] that the polymer fractions constituted by chains with a given number of branches

follow a F-dishibuhoii 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 be1 eliminated. Accordingly, a closur-e

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:

^•-/'lül
(31i)Ad /; -"- l'2b 9.

fib do

This closure formula is in agreement with the1 model distribution (re-scaled r-drstubuhon)

which has been chosen for the reconstruction of each CLD from ils fust three moments

3.3.4 Numerical Fractionation

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

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

the transition of chains from one class lo the1 other: these rules should assure that each

class is made up by chains similar in size. The geonrelileal growth obtained passing from

one generation to the following one provides an original insight into lire physical process

which leads 1o the formation of a gel. However, when regarding this fractionation strategy

in the frame of a numerical method for accurate MWD evaluation, it, probablv results to

be too coarse. This can be understood, for instance, by considering that, a chain can keep

adding branches within a certain genet a tion without being transferred lo 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 polymerizat ion by Arzameiidi and Astia [23]. The

polymer is still subdivided into linear and branched chains, but the latter are subdivided as

follows: each of the first nb generations is const if utcel by chains having the same number

of branches (coinciding with the generation index q). while foi the generations m, 4 1

and higher the original rules allowing a geonrel heal giowth m the chain dimensions aie

adopted. In other words, not only the lineai chains but also chains with rrp lo nb blanches

are described separately, before introducing the fractionation developed by Teymoui arrd

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 tire next

nb branched generations, transfer occurs either bv (dam transfer to polymer (to the next

higher generation) or by combination (to the geneiation corresponding to the1 numboi ot

branches of the resulting chain or to geneiation m, 1 1 it the ntrnrbea ol biane lies exceeds

nb). From generation nb 4 1 onwards, transfer to the next higher generation occurs when

two chains of the same generation couple together through termination by combination

This generation transfer scheme is summarized in Table 3 L In this table, R^0 and P„

represent an active and a terminated chain, respectively, of length rt and belonging to

gênerai ion g. The parameter nq indicates the number of branched generations in the sol

phase. Accordingly, generation n0-L 1 conesponds to lite gel phase (or behei 'pseudo-gob

phase, where this term indicates eveivthmg 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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0 < gl < nb , Vg2

p(<?l) , rj»(<?2) _^R o*f9l+1) p(<72)
r n ~r -Cin ? i\ n ~r J n
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d <7i ^ d d d>

if 9t f- 92 ~> X)
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—

<72
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Table 3,1: Reactions giving transfer between generations.

which is instead lumped 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 ol (hams between generations The re¬

sulting 'fractionated equations' are repoited m Appendix E. Note that, when nb - 0

these equations reduce to those corresponding to Tevniom arrcl 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 NF'. Instead, when ng = ttb and the equation for g = ng + 1 is neglected, the

fractionation method considered reduces to the partitioning of lite polymer based on the

number of branches described in the previous Section 3 3 3. which docs not account foi

the geometrical growth m size of the chains approaching gelation typical of the classical

NF.

To solve the fractionated PBEs (cf. Appendix E). as lor tire 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 geneiation to calculate the thircl-ordei moment as

a frmction of Hie lower-order momenls. Tins closure lot inula results front the re-scaled

p»P/i) ,,•(<;>)

>P?i <o

ppg>-
-

Brli

„ pd - 0

p'iV^ i_
JZ>*(li)

I
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F-distribrition 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 polvmer molecule is identified as belonging to the

gel phase when its dimensions are so large thai 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, fer¬

tile 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 dimensiou.

above which the polymer molecules are assumed to belong to the gel and arc 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. [301).

In the ease of the detailed solution method, it has been showrr 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 n/w value. Instead, for a corrcci evaluation of the amount of gel, the value of

iîm 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 cdiain length. This can be verified by

examining the calculated weight CLD of the sol phase The amount of gel pf is then

obtained by sublrading fronr the oveiall polvmer p\ the amount, ol' polymer irr the sol

phase, given by p\ot = X^!od!jD"- Thus, the gel is considered to be made up ol chains

with a, length greater thai rp\[.

In the case of the PANB method, a number of branches b^i can be selected, above

which the polymer chain is considered to belong to the gel phase. The parameter dij must

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

Kinetic parameters

77^ 9.07- j o^nfrataT77^1

kIp 5-f0~' lmol-ls_l

ki 1.L8 • 10
G s-1

kp 5d02 1 molds'1

kfc 0-=-5.97-106 linorls-1

ktd 0-:-5.97-106 lmol l s~l

d 1

Initial concentrât ions

fo f i"(f~i -:- t. nrT mofd r

A/0 8 43 mol 1 !

74 [L11!?!1^

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

negligible. The amount, of gel can be calculated as //(' — //1 — X^l'o Ah,&> wncrc P\fi is Hie

amount of polymer constituted by chains with h 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 7tq has to be used to describe

the sol phase, Teymour and Campbell suggest to iheik convergence of all quantities

predicted by the model, and in paiticular the gel point, fo 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 p\e —

/u -

Solo Ah '
wner0 P\ is fhe amount of polvmer belonging fo geneiation q

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 if occurs by contbirrahon In all cases ediarn

transfer to polymer is present as a branching mechanism \i eoi dmgly. m I he sa onel t ase

the formation of a gel phase is possible, while in the fust one the absence ol a mechanism

connecting chains together prevents the foimation of the huge-sized molecules constituting

such a phase. Within each case study, two différent reaction rates, given by 1vvo 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 kdc 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 concentrai ions 1„ = i • 10" 3 mol 1~' and I0 = 1 • LO '

mol 1 "J.

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 described

above. In the case of NF, it is first, calculated with n/, -- 0, i.e., using the fractionation rules

by Teymour and Campbell (classical NF). 'This is done because1 the classical method often

predicts, in the presence of the mechanisms under consideration (chain transfer fo polymer

and disproportionation) a pronounced shoulder in the high molecular weight portion of

the MWD or cwen 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). It 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 first blanched 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 drain population [23] discussed

in Section 3.3.4.

Note that, when cdiain 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 general ions 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 fo polymer,

where the branching mechanism is not a chain coupling mechanism. This is also suggested

by the fact that the dishibrrtions calctdated 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 (sec Chap. 2 and

ref. [43]).
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Figure 3d: Chain length distribution at, 65% conversion in the case of terminât ion by

disproportionation and low initiator coiicenlratioit. (a) - classical NF, — reforenco

solution calculated by the detailed method; (b) classical NT7 with the contiibnhon ol the

individual generations.
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x10"

Figure 3.2: Chain length distribution at 65% conversion calculated by the overall method of

moments for an increasing number of moments (kmaJ = 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 rs used as a term of e omparison foi the solution obtained

by the overall method of moments at an increasing number of moments (from k,mu — 2 to

kmar ~ 35, where A-mQT is the maximum order- of the moments rrsed 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 Hie obtained solution, which is in anv case very

far from the 'true' solution. Increasing further the numbei of moments, severe oscillations

begin to appear, in agreement with previous results u pen ted m the btoialure using ha

guerre polynomials [57. 58]. Therefore, when the1 full MWD is required the oveiall method

of moments fails to provide a satisfactory solution to the problem, ai least with the model

distribution chosen (perturbed T-distribrrtron)

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 rising NF with

Increasing nb values, The results are shown in Fig. 3.3(a). where values of'??/, front 5 fo 40

have been used (note that the value of nt<
- n„ is irrelevant to I he result since with the

considered reaction mechanisms I he maximum geneiation which can be reached is /?;,-[ 1).

It, can be observed that for increasing n>> values the high molecular weight, maximum is
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Figure 3.3: Chain length distiibrrtion al 65% conversion m the case of termination by
disproportionation and low initiator coiicenhation. (a) Refined NF for increasing nb values;
(b) refined NF (with nb = 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 nb 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 tire

case of nb
— 40. It is evident that,, for increasing ??;, values, the quantity of chains with

more than nb 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 6. This suggests the more appropriate description

to be given by the PANB method, as long as a large1 enough number of branches d\/ is

chosen. In fact, subdividing the chains according to the number of branches and selecting

increasing 1)m 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 6/p

values (Fig. 3.4(a)) and at convergence to the correct solution (Idg. 3.4(b)). Therefore, in

this case the PANB method results optimal when a detailed MWD profile is required.

If the number bu 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 tact, the concentration of polymer

chains with a given number of branches b is provided bv the zeroth-ordcr moment //(),&

This quantity is reported in Fig. 3.5(a) for the case unclei examination.

Another quantity of interest for a complete description of the branching properties of

a polymer is the average number bn of branches per chain in chains of a given length n.

This is given by:

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 estimât e the number of branches needed

to cover the whole polymer CLD without, seeking convergence on the CLD profile, fn

fact, from Fig. 3d, it, can be seen that, though yielding an incorrectly shaped CLD, the

classical NF1 is able to predict correctly the maximum chain length reached in the system.

Accordingly, the CLD can be first computed through lite classical NF. which usually

requires short, computational times. Once the maximum chain length is known, and once

the slope of the bn vs. n line is obtained by plotting eq. (3.12) with a low 6,y/ value,

extrapolation of this line to the maximum chain length gives an estimate of the 6,y; value

required for 1he 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 brv[

values; (b) — : PANB method with b\i — 1 15; --- : reference solution calculated bv the

detailed method.
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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 2d05 (sec 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 initial or concentration (I0 — 1 10 "' mol 1~L). The CLD obtained in

this case by the classical NF1 is reported in Fig. 3.6 af 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 if, 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 /o/- = 80), as in Hie case of a slow

reaction rate previously examined.

'The solution provided by the overall method of momenls has also been analysed for

comparison, in Fig. 3.7 it can be seem that, this solution is nearer to the correct solution

than in the case of low initiator concentrai ion, This can be ascribed to the fact that tire

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, fn both cases the classical NF has been shown to give an improved MWD solution

compared lo the overall method of momenls. However, it has also been shown that there

exist, situations where the classical NF gives birth to bimodalitics or pronounced shouldeis

which do not, appear in the true MWD, In this case, the refined NF technique proposed by

Arzamcndi and Asua [23] can be used as a quick way to verify whether the shoulders arc

an artifact, of the NF solution method, ft is enough to repeat the MWD calculation with

a small nb value, but greater than zero, and observe if the roarlt changes. However, this

technique does not remove the basic problem of the classical NF which, with the kinetic

mechanisms considered, consists of the accumulation in the last generation (nb-\ 1) of the

chains with more than nb branches. For a correct calculation of the MWD, the optimal

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

3.5,3 Bimolecular Termination by Combination

For these calculations, the value of ktd has been set to zero, i e., bimolecular Lermination

is assumed to occur only bv combination. Two reaction rates have again been examined,
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corresponding to 10 — 1 • 10"1 mol 1_1 and I0 = 1 • ÎO-"* mol I-1. 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 geh phase. In both cases examined gelation is in fact, predicted by all foui

solution methods. In the case of the overall method ol moments, lite gel point rs 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 rale (lower initial or 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 XF (with m, = 0. i e .
classical NF). Note that up to

the gel point (vertical clotted line), which is predicted to be the same by lite 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 1 he complete CLD, 1 he solution obtained from the oveiall

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 is completely unsatisfactory. Moreover, increasing the maximum order

of moments, oscillations already start to appear at kmar = 3.

In Fig. 3.10(a) the solution given by the classical NF1 (solid curve) is compared to

the correct, solution (dashed curve) at 65% conversion. The improvement, in comparison

to the overall method of moments is apparent. However, as m 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 lire true CLD. From

Fdg. 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 firs! 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 combinat ion event with another' branched

chain. This problem can therefore be solved, as for the case of bimolecular termination by
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Figure 3.10: Chairr length distribution at 65% conversion m the case ol termination by
combination aire! low initiator concentration, (a) — classical XF; --- : reference solu¬

tion calculated by the detailed method: (b) classical NF with the contribution of some

individual generations.
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technique for increasing rp, values (??;, = 5 to 40) in the case of termination by combination

and low initiator concentration.

disproportionation, by operating a finer subdivision ol the less branched chains according

to the number of branches.

When this kind of partitioning is adopted, the mai keel shoulder actually (ends to be

reduced. This is shown in Fig, 3.11, where the CLD calculated for increasing ??,/, values is

reported (with nq
—

nb, i.e., the Toymour and Campbell generations, fixed and equal to 6).

Since for increasing nb values, the polymer present in generation nbX 1 (which is responsible

for the shoulder) tends to disappear, and the same happens t o the polymer belonging to the

higher 'Teymour and Campbell generations, the description of these generations becomes

redundant, and one can more appropriately pass to the PANB solution method

Idle solution given by the1 PANB method with b\i - 160 F reported in Fig. 3.12 (solid

curve) and can be seen to be practically coincident with the correct sold ion (dashed

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. The1 number of brandies b\[ — 160 required lo cover the whole MWD has

been obtained through the extrapolation method discussed earlier in Section 3.5 2. It can

be seen in fact from Fig. 3.10(a) that the classical NF provides a corrcci, indication of the
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Figure; 3.12: Chain length distribution at 65% conversion calculated by the PANB method

with b/y[ = 160 in the case of termination by combination and low initialoi concent,! at ion,

— : reference solution calculated by the detailed melhod,

maximum chain length in the system and it can be verified that the average number of

branches vs. cdiain 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 bv the various methods after t he

gel point. Of course, no solution can be obtained bv the overall method ol moments, since

the second- and higher-order moments diverge at, lire gel point. The detailed melhod 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 n\i. This is true for all conversions, no matter if a gel phase

has formed or not. Therefore, the detailed solution melhod 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 coirrse to be fulfilled,

In Fig. 3.13 the solution provided bv 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 Xd;< solution presents a shoulder 1 hat 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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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 Fig. 3.14

the solution obtained by the classical NF1 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 lioin being satisfactory. Once more,

it can be shown that by adopting a finer subdivision ol the polymer drain population, the

solution can be further improved. A sohition indistinguishable from the rigorous one can

be obtained through the PANB method with %? - 180

As for the case of termination by disproportionation, two different situations have been

examined, corresponding to two cliiferent reaction rates. In the ease of higher reaction

rates, the classical NF provides an acceptable solution. However, in the other case, where

both the pre- and posl-gel reaction periods have been investigated, a marked shoulder

appears which is an artifact of (he 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 (recording to the number of branches (provided that a

sufficiently large number of branches is considered). This approach also has the advantage

78

2 3 4

log(n)



1.4

^>1.2

i

o

£0.8
o

10.6
es

u.

0.2

Figure 3.14: Chain length distribution at 50/7 conveision m the case cd tetrnmahon bv

combination and high initiator concentration; — ; classical NF: — : reference solution

calculated by Hie detailed method.

of providing a straightforward desciiption ol the poh met 111 tarns of blanching properties

3.6 Conclusions

Several numerical methods have been developed in the literature to calculate the MWD m

free-radical polymerizations where the occurrence of chain branching leads to rathei 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 lo calculate the eoitec t MWD Using tins method

it, was possible to cheek the reliability of previously proposed appioxnnate techniques

which, based on some subdivision ol the unknown pohmei dram population, provide an

estimate of the MWD m reasonable computational tunes These teehnrques are helpful

especially when dealing with systems where several internal coordinates appear in the

relevant PBEs. e.g. segregated systems. In paitieular NF was used in the previous Chap. 2

lo solve the proposed emulsion polymerization MWD model equations

The NF method as proposed by Tevmour and Campbell [301 was found fo consti¬

tute a significant impiovement eonrpared to the classical melhod of moments, lequnmg
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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 shorrldcrs 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 branedied generation. This problem is only ini¬

tially removed by the refined fractionation technique1 proposed by Aizamendi 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 Hamielee [541.

This usually requires integration of a rather large number of ODEs, let's say, ten times

as many as classical 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 roule 1o 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 Hie case, NF provides the correct solution (at least if the adopted

closure equation is valid) and is not limited to the prc-gcl 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" Hie maximum chain length achieved in the system is first,

estimated. Then, the number of branches corresponding lo 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 rising Hie 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.e., a model

ignoring active chain compartmentalizahou. is employed. In the literature several models

can however be found (e.g. [6, 22, 231) 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 ct, ah [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 bv 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 (err an equivalent distribution) are required. 'The same

authors [39] examined a particular case (zero-one-two system controlled by termination by

combination) to show t hat the instantaneous polvdisperehv would bo inc orrec i h c dculatod

by ignoring this specific requirement of compartmenlah/atiou.

In the present chapter an extensive analysis is performed of the role of compartmen¬

talization in determining the MWD characteristics in the presence of lermination 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 lit erahne models [6, 22, 23] Such an analysis has

been carried out both in terms of instantaneous piopeities. which cart 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 winch comparlmcntalizatioii acts is

helpful for the selection of proper conditions for desired molecular weights. Moreover, rl

permits to develop simplified models which, while accounting cor redly for the eompah-

mcntalization effects, allow an easiei inclusion of secondary effects, such as chant-length

dependent reaction rates, uon-steady-state conditions, and so on Taking advantage on

the understanding achieved in the first part of the chaptei, 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 modtd. w Inch recounts foi the length disliibnhon ol the paire

of chains belonging to the same pai hole (doublv distinguished particle dishrbution) arc1

those reported m 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 ol the chains terminated by combination,

an approximate version of the model is developed m this section ('approximate model')

The equations are written following the formalism used ioi the correct model (re .
the

distinguished particle approach) to make the compaiison bohveen the two models straight

forward. Despite the different form, the approximate rrrodel is conceptually équivalent to

thai developed in ref. [6].

The main idea underlying this model is to evaluate lire rate of production of chains ol

length n due to the combination reaction m pai tides with / radicals by multiplying the

rate of combinat ion of chains etf length / m particles ol the same type by the probability

that the coupling chain has a length ?? -/. and summing over all / values from 0 lo r? The

key assumption is that this piobability rs independent ol the fact that a chain with the

length of the first chosen dram is already present rrr the particle and can be consequently
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evaluated from the CLD of the active polymer in state ? pai tides, without mtioducing a

CLD for the pairs of chains As discussed also m ref [6], this assumption is certainly valid

if each paiticle contains a statistical itumbei of growing chains, foi a smallei number of

growing chains pel paiticle (say less than 10) this v thchty is less obvious It is ichnlly

Hie validity of this assumption tint wi ne dise tissure hoc

In the approach winch ivploit-dhe concepts f clishn uishcd p uhc It s this lssumpli n

leads to the signifie nit simplifie mon ol tgnnmg the distribution of the doublv dishn

gmshed partrcles In the ease ol line ti chains the r rtc of cortrbmthon in st rtc ? ptihcles

of two radicals, one of anient lifetime t' and the othei of anient lifetime /" is given by

Hie rate of combination ol radicals with hletime /' 2t (; - 1) Y'(r t'), times (he piobtbihty

that the coupling chain has a hlehme t" X'(t t")/iY (when this piobtbihty is rssurru d

independent of t') Tu the eise ol hi inched clnms it is c rioudt to intiodue e I he pie lives

of one oi both chains

Accordingly m compaiison lo the correct model the tquihons foi c ilailitin_, the

doubly distinguished parhele distributions (eqs (2 8) (2 11)) tic omitted and equttrons

(2 18)-(2 21) are substituted by the following

^pSJß' ^--{2<,E\o-i)v'(r f t')^v n^

(A,„ f / d(af 4 of')s( (/ / d)n}Ni (11)

(A /•;, 4 k;y)(X ho/' af'ß t[t p tn X)n}Y {i2)

idXX^^lXxJl^ ^ {2ccE" >(> W(t( - t> t> n^Mî-j-LJLJ ,

-(hp + Kx)(n' + »" i-at> + <*t")Gc(tt f f",r?W}^ (4 ))

Here, distributions S( (t( t',t") I c (tt, f t" X) md G( (I f t" X ??") are the chstrrbu

trons at tune t, of the de id poh me i formed bv combuntion it tnv icietiou time bom

active chants of given anient life times I' and /
'
md in the < ist pit lives X tnd n" I he

length ol the resulting ctnm is ^ivtn bv n - X - i
' c\(f X) (with X oi n" equal to

zeio, il lire coiiespondmg chain is linear)

Noie that, chfleientlv horn the eise of the coned model three distributions only

are required Sc(tPß' t")t Ve (rf /' t" X) and GL (f, f t" X n") Moie spécifie ally,

distnbutions Vc(t(ß' t",nr) and Wc(tf f t" n") ol the coirect model are replaced by

a single chshibtihon Ve (/ /' t" n') This lnppens bee tuse the rppioxrmth model doe s

not take into account which oi the two chains ol the pur is first born (or re bom) and

accoielmgly saying that one ol the two eh uns is br tire heel indthc othei line tr is enough 1o
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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). Prom 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 melhod of moments, sec Appendix A)

and requires an equivalent computational dibit

4.3 Illustrative 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 cleai

when dealing with branching systems, the compaiison remains significant, and illustrates

interesting features of the two approaches.

fn 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 fo a model able to account for the evolution

during the emulsion polymerization of all those quantités which influence the MWD of

the product, for instance particle size, monomer concentration in the particles and so on.

In particular, the model proposent by Storti et al. [41] has been used; main assumptions

are particle size mono dispersion and thermodyrramic equilibrium conditions for the phase

partitioning of the monomer.

4.3.1 Instantaneous Properties

The numerical values of the model parameters rrsed for the calculation of the instanta¬

neous properties are summarized in Table1 4.1. Each of these values applies when the

corresponding reaction mechanism is considered to be operative; if not, it is set equal 1o

zero.

In all eases the instantaneous polydispersity ratio, P7 is shown as a function of the

average number of active chains per particle, ft. The variation off? has been obtained

by changing the value of the entry rate of the active radicals front lire aqueous phase

to the particles, p. Note that while low ft values are1 typical of emulsion polymerization

systems, at increasing values of the number of active chains per partie le the bediavior of
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Parameter Value

Gm 5.7 • 10"
3

mol cm
3

kd 1.3 f0~3 s-1

hfm 10 cm3 mol ~l
s

1

kjp 10 cm* mol" 's"'

kp 2.6- KT cm' mol l
s

l

h* 5 cm3 mod l
s

" '

kn 1.16 dO9 cn^mol^s-1

kfd 0 cm4 mod1 s
"'

Up 1 21 MO
n nn!

0(X 2 38 10 '* mol cm
3

a(X 3.22-10"'* mol cm
]

ao 105 3 mol cm
s

Table 4.1: Numerical values of the model parameters used for the calculations ol instan¬

taneous properties. The moments a^ of the dead polymer are referred to the partrcle

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. kjp arret kp are set to

zero.

In Fig. 4.1 combination has been considered the only operating termination mechanism,

and both chain transfer to monomei and desorption from the particles have been neglected,

i.e., kfm -= kd =- 0.

By inspection of the calculated curves (continuous curve for the correct model and

broken curve for the approximate model) it appeals that the same number aveiage degree

of polymerization (Fig. 4 1(a)) is predicted, since the two c unes are in lad supeinuposed

Howevci, the different behavioi ol the polychspeisitv ratio predicted by the two models

(Fig. 4.1(b)) proves the need for taking into account chain compartmentalization through

the doubly distinguished paiticle distributions.

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

PJi — 2 at n — 0.5 and P\ approaching 1 5 at large n values At large ft values, /-*) — 1 5

corresponds to the value foi bulk polvmeiizairon with dominant bintoleculai teinnnation

by combinai ion. This result is physically sound since in this situation the partie les can be

regarded as mini-bulks. At n - 0 5, instead, the situation rs that oi chants niamly giowmg

undisturbed in state one particles to veiy great lengths (see fig 1 1(a)) This rs due to

very low entry frequencies. When a new radreal arters the particle, bimolecular termina¬

tion by combination occurs rapidly [c \> p), so that the units added to the 1wo chains

between the entry and the termiirahon are negligible compared to the final length of the
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1e+9

1e+2

12 3 4 5

Average number of free radicals per particle, n

Figure 4.1: (a) Number-average1 chain length and (b) polydispersity ratio as a frmction of

the average number of active chains per particle, m Parameter values as in Table 4.1 but

with kd = kfm = kfp — kp = 0, — : correct model; — : approximate model.
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chain. The termination mechanism can thus be compared to a monomolccular termination

mechanism, because it preserves the length of the growing drain. This doesn't necessarily

mean that bimolecular termination is 'instantaneous' upon entry, in the sense that it is

faster than propagation, but just that, the length of the drain is delerminod bv the outiy

frequency rather than bv that of combination, "litis termination mechanism corresponds

to a polydispersity value of 2, which is indeed typical of monomolecular termination.

The situation examined here above at ??
— 0.5 (p X c) 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. 12(a), This figure1 shows a population

of state one particles containing chains growing alone trp to high lengths, corresponding

to characteristic times tp 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 drain 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 c and corresponds to the

characteristic time rc = l/2e. As p X c. r( <C rp. Accordingly, two very different chain

populations are present in the state two particles. The fit si cdiain population has a long

characteristic lifetime tp, while the second has a short characteristic lifetime if. This is il¬

lustrated in Fig. 4.2(b), where these two components of the Xf distribuhon (distribution of

the active chains in state two particles) are eiuahbafively shown. In all particles containing

two chains, one chain belongs to the distribution with r
-

tv, (broken curve in Fig. 4.2(b))

and the other to the distribution with r = tc (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* cd these two different chairr populations through the idea of first¬

born and last-born chain. Given the distribution X[,(L if t"). the lime t! during which the

first-born chain grows alone is related to characteristic time tp. vyltile the time /" during

which the two chains grow together is related to characteristic lime rc. If this kind of

description is not adopted, as in the approximate moded. coupling of two chains belonging

to the same component, of distribuhon N'-2 (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 polvdispersitv ratio calculated by the

approximate rrrodel at, ft — 0.5. as shown bv the broken curve in Fig. 4 1(b). On the

other hand, it has been shown in Fig. 4,L(a) thai the number-average chain length M'n is

calculated correctly by the approximate model. This is due to the fact, that it, is just the
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(a)

1/p Tr= 1 /2C

State one particles,

N,

State tu o particles.

(b)

Nd

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 corrrponcnis of the

chain length distribution in state 2 particles, with different characteristic lifetimes. — :

tc = l/2e; --- : rp =- 1/p.



8 h

way in which the active chains couple which is incorrect ly described by this model, while

the length of these chains and the number of the coupling events is computed correct ly.

The physical considerations above can be confirmed analytically by willing 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 paihcles result'

ON'ßtX')
Of

0N'2(t.t')
~~Öt'

--pA| (/./') (ii)

---pN[(1.t')~ (p + 2c)N'2(t.f) (4 5)

with initial conditions:

N{(l.t' = 0)=pN0(t) (4.6)

Nißft'^O) = pY|(/) (4 7)

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

(4.4)-(4.5), accounting for the fact thai p X c. vields:

N[(U') = pN0L-<«' (4 8)

jV((Mh = 4^',('i P^d
2cl'

(4 9)
2c

with JYo ~ Ao ~ 0.5
. Observing the expression of N'2> it, can be seen that, this is

constituted by two exponential terms with different characteristic decay time's, as depicted

in Fig. 4.2(b). However, from expression (4.9) it is still not clear whether two drains

belonging to the same particle can eonhibiite to the same exponential term or not.

The rale of production at time t of terminated chains of a given length at is calculated

by the approximate model as:

Sc-ßt.t)=-r\ ft2cNlßt.t~f)^%^llt' (ILO)
2 ,/o 24v->

This implies multiplication of distribution .Y' bv it sell, with the appear ence ol terms ar lsmg

fronr the multiplication of each exponential coutiibution c~pt and c
"2,/ bv itself These

Hams physically represent the short-short and long-long dram terminations which are m

practice prevented by compartmentalization, and which cause an erroneous urn ease m the

calculated polydispersity. Integral (4.10) can be carried oui analytically, using eq. (1.9)

for NS,(t.f). This gives:

Sc'ßtj)^r{pNß( ?lf-\ piA-°/c "
»
p2N° \, i'J -«-'""U (1 11)

^ 4< - It I
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What, is interesting in this expression is the appcarence of the two terms of the form te~al\

typical of a bimolecular termination by combination mechanism. These terms are precisely

those which arise from the combination of chains within each of the (wo distributions

constituting the Nk\ distribution, the impossibility of which has been discussed above.

A correct analytical solid ion can be obtained by use of the doubly distinguished particle

distribution. Assuming again a negligible amount of particles containing more than two

radicals, Hie balance for N"(t. /', t") is given by

ON"(t f ff

^^f^ - -{p+W!(l.t'j") (4 12)

with initial conditions:

Nf(tX'X" = Q)=pN'l(t.t') (4 13)

This yields (/)«c):

N'j(1>t'.t") = p2NQe<>t'c-2d" (4 14)

In a different form, it appears again thai the chains belonging to state two paihelcs can

be subdivided into Iwo families, lire first with characteristic lifetime in
— 1/p and the

second with characteristic lifetime r(
— J/2c Howevei, this tune it appears thai 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 t of terminated chains of

length at as:

ri/2

SCd(1.i)' / 2cN's'(t.t~2l" l")dt" X 15)

By substitution of eq (4 14) m integral (4 15) it uppoarethat t>nly coupling ol c h uus with

different characteristic times is admitted The analytical solution of mtegial ( M5) \ ic Ids

Sc'\Lf)--p2N0(c-ot <-r') (116)

This time the terms of the form ic~at do not appear The bimolecular nature of the

lermination event under consideration appears front the fact that SCc,(iX — 0) 0

However, at lifetimes t -- t, ,
i e very shoh i ompared to there uhievcd on in wer 1a1

Sc d(t. t) ~ p2X(]C pt, i e
,
the dbuibuhon has the form ol that given In a monomoloe ulai

teinnnation mec4ianism, implying P, - 2

The analysis above shows that situations exist where the lengths ot the two colliding

chains are1 correlated, so that Hie assumption of independence1 of the iwo lengths (sec

Section 4.2.2) fails. In these cases, the appioxnnate model is rro longer valid. The nature

of this correlation is analysed in detail in Section 4 1 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 n 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. LI (b),

it, can be seen that the answers of the two models (correct and approximate) aie very dose

already at n values (e.g. it — 3) which are much smallei I hau there required for all pai tic les

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,

ft, — 0.5, where the pairwise correlation between the chain lengths was explained on the

basis of the fact that, p <d c, suggests that this correlation disappears when p d c, i.e.,

much before all particles contain a statistical number of aclive chains. In Fig. 4.1(b). we

have in fact p/c -> 0 as n -> 0.5, p/c = 1 at n — 0.9 and pic - 16 at, ft - 3. This point,

will be better clarified in Section 1.4 thiongh statistical aigmnents.

A similar analysis can be made in the presence of both chain transfer to monomer and

desorption, with the results shown in Fig. 1.3. Due to the desorption mechanism, in this

case the minimum value of ??, is zero. The value P't — 2 calculated at ft. —> 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 n, - 0.5, where the approximate

model overestimates again the broadness of the MWD. Instead, the same M'n is predicted

by the two models at all n 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, (kp — 0). Fig. 4.4 shows that lire two

models predict, significantly different polydispersity ratios. In particular, the approximate

model calculates, as for the case of linear chains, larger Pr) 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 4/,', is predicted by the iwo models.

Similar results are obtained in the case of nonlinear chains produced by the crosslinking

reaction (sec Fig. 4.5). For the calculations reported in this figrrre the numerical values

of Table 4.1 have been used but kfp — 0. fn this case, the (qualitative behavior of the
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12 3 4 5 6

Average number of free radicals per particle, ri

Figure 4.3: Polydispersity ratio as a function of the average number of active chains per

particle, n. Parameter values as in Table 4.1 but with kjp — k* =0. — : correct model;

— : approximate model.

12 3 4 5

Average number of free radicals per particle, "ri

Figure 4.4: Polydispersity ratio as a function of the average ninnbet of active < hains per

particle, n. Parameter value's as in 'Table \ I but with k', = 0 (otreet model, --

•

approximate model.
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Average number of free radicals per particle, ri

Figure 4.5: Polydispersity ratio as a function of the average number of active chains per

particle, ft. Parameter values as in Table 4.1 but with kfp = 0. - : correct model; — :

approximate model.

polydispersity curves predicted by the two models is the same, exhibiting a maximum m

both cases. However, significant discrepancies anse aiouncl n values typical of an emulsion

polymerizat ion system.

The analysis cairied out in tins section m fen ms ot 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 Hie

polydispersity ratio, especially in the range 0.4 < ft < 2, which is typical of many emulsion

systems.

However, if may be questioned how significant hits enoi o\i the instantaneous pioper¬

ties is when 1 hoy are integiated ova the entire pioc ess i e w hen the c timulahve piopoi ties

of the polymer are calculated Consequent h, m the following sec hon a compaiison of the

two models is carried etui m temits ol cumulative piopemcs

4.3.2 Cumulative Properties

To permit the calculation of cumulative quantités, the equations illustralecl above lor the

MWD calculation have been coupled to a model ill rble to account foi the evolution

during the polymerization process ot all those quantités which ddeimme the paiameteis
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Parameter Value Meaning
B 0.939 Trommsdorff effect parameter [41]
C 3.875 Trommsdorff effect parameter [41J

3.68 10-6 mol cm"
3

monomer water concentration at saturation

D -0.494 Trommsdorff effect parameter [41)
ke 2 • 10-13 cm3 s-1 entry rate constant

kfm 9.07 cm3 mol ~x
s

~l chain transfer 1o monomer rate constant

kfP 30 cm3 mol "l
s

"l chain transfer lo polvmer rate constant

ki 1.18 • ICT6 s"L initiator decomposition rate constant

lvp 2.59 MO5 cm3 mod1 s^1 propagation rate constant,

Kp 3 cm3 mod1 s-1 crosslinking rate constant

ktc 5.97- 109 cm3 mod1 s'
l termination by combination rate constant,

hd 0 cm3 mol""1 s"1 termination by disproportionation rate constant,

mi 2.13 -10-6 mol nu-'1 initial molar concentration of initiator

Mseed 1.8 MO4 seed number-average chain length

NP 1 H)14 cm"3 seed particle concentration
nseed
1
â

2 seed polydispersity ratio

Mm 104.2 g mod1 monomer molecular weight

vm 113.8 cm3 total volume of charged monomer

dto 5- L0"18 cm* initial paiticle volume

v«. 1012.3 cm3 total volume ot chaiged walei

V 1 initiator (die lency

<ifn 0.68 paiticle monomer volume fiaction at saturation

Pm 0.878 g cm"3 monomer density

Pp L.05 g cm""3 polymer density

Table 4.2: Numerical values of the model parameters used for (ire calculations of cumula¬

tive properties.

appearing in the MWD equations.

The simulation results discussed here below refer lo seeded baf eh reactions. The numer¬

ical values of the model parameters together with the seed characteristics are summarized

in Tabic 4.2.

The case of linear chains has first been considered (kjp — k* = 0). In Fig. 4.6(a) the

number- and weight-average chain lengths are reported in logarithmic scale as a function

etf conversion. The solid line red'ers to the correct model and the dashed line to the

approximate model. As expected, the same number-average chain length M„ is pi edict ed

by the two models over the entire conversion range, while the weight-average chain laigth

Mw is overestimated by the approximate model (bv about lOdd. 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 n 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 compartmentaiization is actually expected to plav a significant
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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. Parameler values

as in Table 4.2, but with kIp = lXp - 0. —- : correct model: --- : approximate model.
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role (see Section 4.3-1).

When the presence of chain transfer to polymer (kf r=30 cm3 mod1 s_1, k*=0) is con¬

sidered, the results shown in Fig. 4.7 arc obtained In Pig 1 7(a) I he aveiage e ham lengt lis

of the sol polymer fraction are plotted as a function of conversion, while in Fig 1 7(b)

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 lo

polymer as the sole branching mechanism This happens because one of the requirements

for the formation of gel is the presence oi a mechanism connecting the chains logdher, and

this is provided by 1he combination reaction in the present case. An incorrect, evaluation

of the way in which combination joins together the polymer chains, which is relied eel by

incorrect, instantaneous polydispersity values calculated by the approximate model, results

in gel formation predicted to occur ai much lower conversions. Considering that the ri vs.

conversion profile coincides with that reported for linear chains in Fig. 4.6(b) (all possible

influences of the presence of branching on hie n evolution have been neglected), it is in¬

teresting to note that the approximate model predicts gelation in a region where ft — 0.5,

i.e., the main mode of termination is combination with very shod 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 1o be excluded that, the

short, incoming radicals transfer Iheir activity to the dead polymer before the combination

event, since c SX kfpa^1' (i.e., the frequency of combination is much greater than that, of

chain transfer lo polymer) up to over 709c conversion. The approximate model permits

instead the combination of branched chains (although they belong to different pai t iclcs)

also in these highly eompaitmeiitali/ed conditions because it admits a certain amount of

long-long chain coupling, as discussed in detail wrth regard 10 Figs 4.1 and 4 2 Therefore,

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 formel when lermination

by combination is no more an essential requirement for gel formation This can be scat m

Fig. 4.8, where the case of aosshnking as (he1 onh muho1 ol (ham Inane lung is considered

(fc*=3 cm! mol Js LA/,, -0) In this ease the mec hanisin of < ham ( ouphng is ponded by

crosslinking itself, which alone1 is able te) lead to the tonnai ion ol a gel phase Ac coidmgly,

the wrong evaluation of the combination mechanism through the approximate model does
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not induce huge inaccuracies in the evaluation of the1 MWD piopohies and of I he gel point.

Finally, note that both in the case of chain transfer to polymer and of crosslinking,

the same number-average chain length Mn 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 Mn of the1 sol phase which is being calculai eel, and this is

influenced by lite amount of polymer belonging to the gel phase, which is different 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 appioach leading to the approximate model considers

the length of the two live chains independent one of each other. In other words, giveir an

active chain of current, lifetime f the probability that another chant growing m the1 same

particle has lifetime tdj is simply given bv the number of chains of lifetime ir, divieied by

Hie overall number of chains (in particles of the same type):

Vp(t2 = tL\h - t) = 77, (d - 1L) - ^^TTT^ ^4'17)

where Pf(t2 — iz,|d = t) represents lire conditional probability (according to the approx¬

imate model) of finding a chain of lifetime tf, in a particle of state i conditioned on the

fact thai a chain of lifetime t is growing in the same paiticle. while P.,(d — dj is the

probability of finding a chain of lifetime d, hiespeclive of the hletime of the other chains.

Note that here we are referring to linear chains only for simplicity.

The distribution 'Pf(d = // \i \ — 0 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 r.

00

(V;(d-dd/)c/d-oV!(d) (4.18)

Nette thai the integration can be earned orrt to nifinrly. instead of te, since I he times

of decay of distribution AT,\ coriespondmg to the giowth tunes of polymer chains m the

system, are usually much smaller than experimental lime tr. This also admits the approx¬

imation N1(t( —tiJi) ~ N'ßtpJr) in Hie solution of integral (4.18) and in the calculation

of probability (4.17).

The correctness etf eq. (4.17), which contains the assumption of independence of the

two chain lengths, can be checked bv comparing probability 7,u(d tr h - d to that

;
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calculated by the correct model, which will be indicated by 'Pf(/g = d,|h - i)-

This last conditional probability can be calculated through the following statistical

relation:

TKX = M2 = U) - ^o i = i) 7, (i2 - <d|h = 0 (449)

which states that the probability of extracting a pair of chains from state % particles, the

first of which of lifetime t and the second of lifetime 11, is given by the probability of

finding a chain of lifetime / times the conditional probability of finding a second chain of

length tp.

The probability Vc(t[ = t.i2 = d) 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 / particles,

and again divided by two since the order of extraction of the two chains of each length

must be the given one. Accordingly:

u'-i)dd) L ^

Vl(h^i,t2 = h) = { (4.20)
^--TßJllJ) [br tl > i

V I I \)\ (t, ' '

where the former or the latter relation holds according to whether the chain of lifetime I

is the older or lire younger of the parr, respectively.

The probability Vi(t\ — t) is instead simply calculated as the number of chains of

lifetime I divided by the overall number of chains in particles of type •?':

ni^X^X
Substituting eqs (4.20) and (4.21) in oci (1.19) one obtains:

( v' ' -;r-'c '"] t , -,

Pf(d-d|h = /")-< (I 22)

1-TT^Trif7r (Old/, -<

The distribution Pt(t2 = djd = î) is normalized to one, since integration over all

possible lifetimes ti of the pairs of chains, one of which of lifetime tp and the other of

lifetime 7, must result, in the total number of chains which make pair with a chain of

lifetime t:

"F
dv

N''{te-tJ-tLJ,)d1Ll X'/d, ~tL,f] -lt)dtr (i - IbVy'td - IT) (4 23)
o .//

As mentioned above, comparison of probability Pf(d ~ h Ih - t) (which assumes

independency of the active chain lengths) to probability Pt(t'2 — djd = 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 // m a state 2 pai he le, given anothoi

radical of lifetime 7 in the same parti« le multiplied bv d Bnnoleculai feinunuhon by

combination frequency c — 0 8 s"
'
and enhy dequeue y /> -- 0 0l s

! (n -^ 0 5)

correct model; — : approximate model

As an example, let's go back fo 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 V" au(l '^f can be compared at values of h approaching 0 5,

where the difference between the approximate and the con eel model is most significant in

terms of instantaneous polydispeisitv, and at laiger f? values, where this dificrence tends

to reduce.

Fig. 4.9 shows the quantities trPj and t/ P2 (i.e., in state 2 particles) as a function

of tp in the case of h —> 0.5, obtained assuming the freciuency of entry of radicals from

the water phase p = 0.01 s '. The other parameters correspond to those used in Fig. 4 1

(which give c - 0.8 s "'). A logarithmic representation on the id-axis has been chosen

due to Hie very different time-scales ol the vanous entres, while multiplication of the

probability densities by // assures that the normalization ol the areas benealh the cmves

to one is maintained. Note that this kind ot representation makes the plots in Fig. 4.9

conceptually equivalent to weight CLDs. 'The piobabilitv P2 depends upon the value of t.

Accordingly, various curves are reported at different } values (solid curves). On the other

hand, P% is independent off and a single curve results (dashed curve).
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The probabilities P2 and V2 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

<iy(t)
-^X-By(t) 124)
dt ='L

(where B is independent, of /,) with initial conditions

y(f - 0) — y (4 25)

its analytical solution is given by:

yW = EMidy0>v C'i-26)

Here, r and 1 are the right, and led't eigenvectors of the matrix B of system (4.2 I) corre¬

sponding to eigenvalue Xr

Going back to Fig. 4.9, Hie strong dependence of probability 7d on I is shown bv the

marked change of the solid curves at increasing f values. An asymptotic curve is reached

at high t values (i > 8 in the figure). The evolution of the curves shows that a shod,

chain has a high probability of making pair with a long one, and vice versa. Chains

of intermediate lengths (e.g. i = 3) have instead a substantially equivalent probability

of being in the presence of shorter (left-hand side1 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 wiih long chains. The Iwo peaks of the clashed 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 similar analysis can be carried out for the probabilities Pf and Vf in state i particles

with i > 2. Similar results are obtained, in Hie sense that, P'~ is significantly dependent

on the value of t. This indicates a strong correlation bei ween the lengths of two chains

belonging to the same particle.

The same calculations have been repeated at increasing n values. lu Fig. 4 10, t pV"

and l\SV2 arc reported as a function of ln(fp) for a value of p = 5 s~L corresponding to

n = 2. It can be seen that the dependence of V2 on t 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 verv similar

at, all chain lengths, and not far from that calculated bv the approximate model (dashed

curve). Note that the clashed curve does not piesent a bmudahtv as m the1 previously
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T 1 1 1 r~— i 1 1 r

Figure 4.10: Probability of finding a radical of lifetime t r in a state 2 particle, given another

radical of lifetime 7 in 1he same particle, multiplied by tp. Bimolecular termination by
combination frequency c = 0.8 s""1 and entry frequency p -- 5 s

[
(a -2). — : correct

model; — : approximate model.

examined case. This shows that, at increasing values of lire entry frequency p compared

to the combination frequency c, the distribuhon of the active chains is represented by a

single component, (differently from the case p << c). All that has been discussed here above

for state two particles is true also for paiticles containing / "^ 2 radicals and is reflected in

smaller errors, in comparison to the case of lower n values, when the approximate model

is used for the calculation of lite polvdispersitv ratio (ci Fig 11).

The ease of a higher ft value (?? = i. given by p = 25 s L), has also been examined, 'This

yields the results presented in Fig. 1.11, which are substantially equivalent to those shown

in Fig. 4.10, but still interesting because convergence of the P\ curves (solid cinves) to the

V2 curve (clashed curve) rs seen to be appioached. i c1 P tends to botome independent

of the value of t and equal to P" at all d values Again this holds tine also (ol / ~^ 2

The assumption of independence oi the chain lengths m a pan is thus vcrrfied boh er and

better at, increasing ft values.

What is most, interesting is that this independence, being related to the relative value

of the entry frequency compared lo the bimolecular termination frequency, is achieved

not only hr particles containing a high number of radicals (which lend to be the most
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Figure 4.11: Probability of finding a radical of lifetime ip in a state 2 particle, given another

radical of lifetime t in the same particle, multiplied bv tp. Bimolecular termination by
combination frequency c = 0.8 s~x and entry frequency p

— 25 s
'

(ri — 4). — : correct

model; — : approximate model.

numerous at high ft values and thus those mainly contributing to the polymer produced in

the whole system) but also in particles containing few radicals, / — 2 in lire limit Thus, in

these conditions, the1 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* slates.

4.5 Case Studies

Three polymerization systems, namely, styrene, methyl niethacrvlatc and vinyl acetate,

have been studied at 50°C The instantaneous MWD avetagos have boon analysed is a

function of particle radius to establish the ranges, lor cent am reat tion conditions (tempei

attire, initiator concentration, etc), where the use of the approximate model is unsahs

factory. Particle radii from 5 nm up to 100 mn have been considered, rc
,
from mrcellar

size to typical dimensions of final latexes. The equations and the parameters lot the sys¬

tems examined have been taken from Rawlings and Pay [59, 60], with the exception of

the entry constant kmp, which has been assumed kmp ~~ 6 • lO1"5 cm/mol/s for all systems.

The radical concentration irr lire water phase has been taken constant and equal to 10
m
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mol cm"
.

In ail cases the polymer particles have been considered monomer saturated

(Smith-Ewart, intervals I and II). The Trommsdorff effect has been accounted for through

the empirical correlations reported by Friis and Uamielec [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 particle1 n on particle radius rp is shown in

Fig. 4.12(a). Due to the low desorption freeiuencies, the system is bound for a wide range

of radius values to n — 0.5 (Smith-Ewart case 2. dotted line in the figure). In this larrge

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 polydispcrsity of 15% up to over 20% is

made by the approximate; model for particle radii ranging from 10 to 60 nm. At paiticle

radii approaching 100 nm, this error tends to disappeai. far before readung 'pseudo-bulk

conditions. This is hi accordance1 with the discussion m Se< lions 1 3 and 1 I

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 Trommsdorff

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 itr tin1 polydispersity calculation

never exceeds 7% for all partiede radii (Fig. 4.43(b)). Discrepancies of t Iris magnitude

would be hardly detectable by any analytical tec4rnic|iie, 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 lermination 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 mav be expeded

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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Figure 4.12: (a) Average number of radicals per particle (•
• Smith-Ewart case 2, ft - 0.5)

and (b) polydispersity ratio as a function of particle tachrrs for stvrene polymei ization. -—

: correct model; --- : approximate model
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way, the worst possible conditions arc chosen in terms of agreement of the approximate

model with the correct one. A value of cp = kfp/kp = 3.96 • 10~~4 [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 Mr, = 104 and a polydispersity

Pd = 4.

In Fig. 4.14(a), the average number' of radicals per particle is reported. Verv high

desorption frequencies for this syslem keep the1 average number of radicals per particle far'

below 0.5 for low radius values. Thus, only at, 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 rales are very high, the discrepancy

on the calculated polydispersity reaches values of 20%. Moreover, this discrepancy is a,

function of the polydispcrsity Pd of the dead polymer upon which fire branching mecha¬

nism is operative. At increasing Pd values, the two modeis move metre and mote apait

Accordingly, limited differences in instantaneous polydipersihes initially calculated bv 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 combinai ion as the dominant, bimolecular terminal ion.

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 évaluaie correctly the molecular

weight, distribution of a polvmer produced in typical emulsion reaction conditions when

bimolecular termination by combination is active m the system dins is a peearhai feature

of compartmentalization which arises (in the absence ot aha met hamsms) when the entry

frequency p is much smaller than the bimolecular termination frequency c, so that, two

types of active chains appear in the system: the first have a characteristic lifetime tp

related to the entry rate (rp = l/p) and the second a characteristic lifetime r(, related

to the bimolecular termination rate (tc - l/2c). In this case it never happens that

two radicals belonging lo the same distribution combine, because combinai ion occurs

practically exclusively in particles with two unheals, one of whie h is always of -type p' and
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the other of 'type c'.

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 bel ween

those of entry and of bimolecular termination, two kinds ol active chains can slid be

detected within particles containing more than one radical the first kind, the lifetime ol

which is determined by the transfer reaction, is given by drains 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 the1 fact that not any combination

between them is allowed, it, is necessary, as already often noted, to describe tire length

distribution of the pairs of active chains belonging 1o the same particle. In the distin¬

guished particle approach this is given by the doubly distinguished particle distribuhon.

This distribution corresponds to the distribuhon 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 worrld require covering a bidhncnsional

domain in terms of chain lengths, which worrld result very heavy front the point of view of

computational times. On the other hand, it is of interest to reduce the problem to a form

which can be treated by use of commercial calculation codes for polyrcaction distributions,

e.g. the code PREDICT ©. Accordingly, it is of interest to look for a formulai ion 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 titan in

terms of a single two-dimensional chain length distribution.

To develop such a model (the ease of linear chains is treated to provide a starting

point), a suggestion comes from the existence of two different, active CTDs 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 fo 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 X c 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 thai their length is related to the frequency

of entry) and all other chains (which we will call 'c-ehains" since their length is related fo

the frequency of bimolecular terminal ion).

Once this distinction has been made, to properly consider the combination events

between active chains it, must be imposed thai 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 e-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) are1 of course allowed.

To develop proper equations for lire calculation of the p- and c-chain distributions, the

events creating a p- and c-chain, respectively, of a givem length, must be considered

With respect to the desorption (exit) reaction, lire classical assumption is here made

that the only radical species able to desorb are the shod (monomeric) radicals created by

(drain 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 Nßp'(tj'). Quantity X1^'''(f t')dt' represents the fraction of paiticles in

state i (i.e., containing / chains), one of which (distinguishing chain) is of type p. was bom

at, time / and is still growing at a lime between f — /' and / -t /' > di' V sniulai dtstnbu-

tion can be defined for the c-chains- distribution ,YV (/ /') is equivalent to distribution

TV, PJ(/,r), 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 I particles represents a special case and must be considered separately.

A N[[p)(iß') particle

» appears:

f) with f = 0 (initial condition):

a) entry in an empty particle;

b) transfer lo monomer or CTA (not, resulting in desorption) in a state one

particle;

2) with t! > 0:

a) Iransfer-dosorphon of the non-distinguishmg chain fronr a A4 (/./') par¬

ticle;

b) transfer-desorpfion of the non-distinguishing chain from a A4, (f,/') pai¬

ticle;

c) bimolecular termination of the two non-dist inguishing chains in a /V^ (ft1)

particle;

d) bimolecular termina tion of the two non-distinguishing chains ma Is {' 4/, /')

particle;

» 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 lb) appear only for >
- 1, since end y in a paiticle1 which is

not, empty or cdiain transfer in a particle containing more than one radical yields a new

chain which is of type c, not, of type p.

Moreover, terms 2b) and 2d) appear becarrse when a c-chain remains alone in a paxticle

it, becomes by dedinition of type p. litis terms relates lire Ar, (/yf) distribution to the

N'i (tßd) distribution and does nett appear for i > 1.

According to the scheme described here above, the balance for the Nppßt,ß/) distribu¬

tion can be written as:
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AP),

^J^ = -[p+/ + fc^W(i,0 + Äd^W(i,0+^(°(^0
o,,at'(p)i, +r\ , o,,vdc)

with initial condition:

+2cN£p> (t, t') X 2cN'à(c) (tX1) (4 27)

A!(/J\/d/-0)-/)Aö(f)-f t\pl)

Here above, N,(i) is the frachoir of particles containing i radicals (given by the Smith-

Ewart equations), and parameter / is defined as:

/ = kfmGm X kjtC't — kd

and takes account of all transfer to small mo lee tile ewents. save (hose1 vdue h tes tili m dam

desorption.

To write the balance fett Nß'ßft') with ; ^ I, the1 events causing the appearance and

the disappearance of a p-ehain of a given lifetime in a particle containing 1 a l radicals

must be considered,

A N'ip)(tß') particle (i > 1)

• appears:

1) willt /' — 0 (initial condition)-

a) never:

2) with t1 > 0:

a) entry in a N^fßff) particle;

b) transfer-desorption of a lion-dist ingtiishing chain from a N'_f{ (t, l') particle;

c) bimolecular termination oi two non-distinguishing chains m a N'pßßtJd)

particle;

» disappears:

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

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

c) 1 ransferedesorptiou of a non-distinguishing chain from lite particle under

consideration:
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d) bimolecular termination between any two chains m the particle under con¬

sideration.

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

for distribution A^(p) (i,//) (i > 1):

Ê^Ml = pN^l(t.f) - ip- /' + d(/-= ,[, - Dc)N'}p)(fX)
Ol

+ ,kdN'Xi(Ll') \-,0+i)cX;{f>(lßß (4,28)

N'^ßß,' = ())-()

Passing to the balance for the c-chains, a Nßc'(t,t') particle (with % > 1, N'^'(tß') — 0

by definition)

• appears:

L) with r = 0 (initial condition):

a) entry in a particle containing t - 1 laelicals:

b) transfer fo monomer or CTA (not resulting in desorption) in a particle in

state i;

2) with f > 0:

a) entry in a N^ß'ßt.t1) particle;

b) transfer-desorption of a non-distinguishing chain front a Nt_[j(t, !.') particle:

c) bimolecular termination of two non-distinguishing chains in a TV" S'ßftß

particle:

• disappears:

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

b) transfer to monomer or CTA ol' the distinguished drain,

c) 1 ransfcr-dcsorplion of a non-distinguishmg diam horn the pai tie lo under

considérai ion;

d) bimolecular termination between any two chains in the paiticle under con¬

sideration.

The equation and initial conditions for clislributictn N'J)(tß;') corresponding to the

scheme above are (i > 1):
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^s^ = p^:\W) - \p+f+*kd+i{* - i)cit<W(m')

+ ,kdN'X\(t. t') 4 i(t -I DcA^(/„ /') (4.29)

N'W(t,l' = 0)=pN,. ßl)xfN(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 TV

particle results in immediate lermination between the new entered radical and a pre¬

existing radical, which gives a state Ar — 1 particle.

Note that, summation of the ecprations and initial conditions for the p- and the c-chains

yields the classical singly distinguished particle equations. It, must of course be so, since

N?p)(t,ï) + N'1{c)(t,1,) = Nl(t,t').

Moreover, it is worth noting that the portion of the system given by eqs (4.29) with

i = 2,TV" 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)1

and the other [ecps (4.27)-(4.28)] with a non-homogeneous pah given by the solution of

the previous system (4.29) [tenus relating the p-chain to the c-chain distribuhon m eq

(4.27)]. dims, the two subsystems can be solved in sequence.

For simplicity we will rewrite them in matrix form:

^--yP^ = Ii(f)N'^ (/, t') + c(f t') (-1.30)

and

0N'[()(t r)
^y-f^' -Ç(r)N'-< .pif (131)

Oi —

where R(/) and C(/) are the matrices of the coefficients of (he homogeneous parts ol

systems (4.27)-(4.28) for the p-chains and (4.29) for the c-chains, respectively, while c(lß')

represents the non-homogeneous part of system ( l.27)-(4.28). Matrix R has dimensions

Ar x TV while matrix C has dimensions (N — I) x (X - 1).

fn order to calculate the CLD of the terminated chains, one must distinguish between

the chains which died 'monomolecularlv' (or bender by any mechanism which préservas the

length of the chain upon termination) and by combination.

The contribution cd' the chains which died monomolecularlv 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 Nßt, t') can be calculated by summing up

N^*(t,t') and N^c)(tß/), 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 propotly 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 iwo c-thams

(when i > 2). Instead, in a particle containing no p-l\pe 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-

chahi and how many do not. Therefore, we must subdivide the N; particles calculated

through the Smith-Ewart equations into A)l/'' and A;1', The former, TV, , represents (he1

fraction of particles containing i radicals, one of which of tvpe p. The latter, TV, ,
is

instead the fraction of pari ides containing / radicals none of which of type p.

In the first kind of particles, combination occurs between a p-chain and a c-chain

with freciuency 2cc(i — 1) (in a state i particle) while it, occurs between two c-chains with

frequency cc(i — l)(i — 2), where cc is the contribution of combination to c. In the TV

particles, combination occurs between two c-chains with froquenev cß(i — 1).

Given a certain particle state /,, the probability thai at a given read ion time tc the

p-chain involved in the combination event, is of a, given lifetime1 /', is calculated as the ratio

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

in the same kind of particle:

'
l V' '

I
„~-,

.

_;OV>
,

Similarly for lire c-chains:

/7A,/(p)(d -fj')dt'

x![i)(ie -iff')
p^ßp = /') - -_J2J_

r^(d-f, /oc//'

Combining the frequencies of combinai ion 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-ehain distributions permits lo consider the latter probabilities

independent), one can finally write the equation for the polymer terminated by combina¬

tion:

d±iii^'JDï . J2[2c({l x)PipHt'ypir)(t")N^
''

r-2
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+cc(? - 1)(/ - 2)p\cßl')PX(t")N^ (4 i2)

+cc^~l)V{;)(t')Plc)(t'')N^)1^
where distribution S (teß',t") is the chstrrbution at tune t( ot the ieimmated polynia

loi med at any reaction hme hom the conibmthon ol two a< live chains of life time s /' tnd

t" (length of the resulting fciimnitcel dam n
- of/' t l"f

Besides the knowledge ol the p tnd t dum distributions eq (I )2) icquucs Hie

calculation of the hachons ol partie les SX/1 tnd A containing and not cont imiu^

respectively, a chain of type p These quantities aie stiaightforwaid to calculate, since

every Nt particle contains one p-tvpe chain Aceorelmgly

V;(p)- r N'{l)(t( - /' i')dl' (133)

Are' can be calculai cd by diltaence as A \ l/

4.6.3 Equation Solution in Terms of Moments

The equations foi the p- and e-chain distributions and loi the teimmated polymer distn-

bution can be solved m terms of moments to evaluate the aveiages of these distributions

The following moments aie defined

X'^ = r(af)kA'[p](1 I' I'W (I 54)
o

A'^- r (ai'^N'^if ~f' f)dl' (135)
/o

pÇ = [* I *[a(i' X i")]KSl (t, l' i")dt'dt" (4 36)
/o /o

Paiametei a
— kpGm is the frequency ol piopagation so that by mriltrphrrtg by Ihe

hletime, one obtains the chain length

Applying the moment opeiatoi 1o systems (4 10) tncl (I 51) one obtains aftei inte¬

gration by pails of Hie left-hand side the following line ti systems for the moments of the

p- and c-cham distributions

p-chtms

k - 0

A > I

5A'0(/,) _ -N'^(1, f'=0)- /Xc(ff l')dl'

R \[' oA \ / or/ c / / le//'

'

1 37)

5Si
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with

and

N't{p)(teß' = 0)
pNQ(te)XfNßtc) for ,= I

for i > 2

(at')KcßtPX')df

dX a.... re\'(0
'i kkdX2lS X 2eA;V foi i — I

for /
^ 2

(4 39)

(4 40)

( -chains

A =0

ÇAj,{t) = -N'W(f( f'-0) (141)

A > t

C\JJ° cvAY^, (I 12)

with

TV;(f)(Ae,i -0)-pA, ](f()4 /A((fc) (, >2) (4 13)

Passing to the teimmated polymei distribution, application ot Hie moment operator to

equation (4 32) yields, aftci algtbiaic manipulation (and icmembeimg Uta! /V

and thai TV(t)
- V, - A/"(/>)), the following chile r euh il e qutl ion

(/»

(If
c E

; 2

Y—*,

0

1(1 i)

(t IH/-2)\'W*
/A

[Va)]2
re? 0 I

i 0 -sr^

i o

)< k j i i

Xf k

xy
/(e) 2 J—J

0 0
w

PX y'(
^ _1

Vi

A'

'(/)

t 1

4.6.4 Results

In older to check the results ot the sm^lv distinguished puhele (SDP) model here de

veloped the instantaneous avaages (pohdispeisit) and number average (ham length) tie

cakulaled and compaied to those predicted by the coned model (doubly distinguished

paiticle model) Moieovu the values predicted by the appntximate model considered m

the flist pait ot this chaptei aie repotted in oidcr to show the improvements given bv the

present model
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The analysis is first made in the case of a real system (styieue) and the aveiage chain

length values are calculated as a function of particle radius. The parameters and cqrratrons

used for the calculation of entry, exit and combinat ion are the same rrsed lor slvrenc in

Section 1.5, i.e., they are taken from rcfs [59] and [60] As in Section 4 5, the radical

concent ration in the aqueous phase1 is considered constant (equal to fO ~10 mol cm ß 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 huge latex pat tie le)

The evolution of the average number of free-iaehe ah peu parti« le n w rth part ic le i adius

rp is of course independent of the moleculai weighl model sdeded (ft is calculated hom

the Smilh-Ewart equations) and is the same as that shown m Fig I 12(a)

In Fig. 4.15(a) the numbei-average chain length calculated as a hmcfion of partit le

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) Hie polydispersity is represented as a function ol partrcle radius The

solid line is predicted by the correct model and is thus ihe reference solution 44k dashed

line is given by the SDP model while the dotted hue is the result of the appiemirate

model. The SDP model is seen to represent a significant nnpiovernent with respect to the1

approximate model. Especially, Hie coned limiting polydispeisitv values (1 5 and 2) aie

calculated at high and low radius values and the discicpancy hom the corrcci model is

small and limited to a narrow interval of radius values.

lite same conclusions can be drawn by observation of Fig. 4 16, where the polydis¬

persity is reported as a function of the average numbei ol Irec-iadicals per partide It is

interesting to observe thai, at high values ol the aveiage minibci oi radicals, per paiticle,

the dashed curve (SDP model) moves to the limit nm value of 1 5 with a behavior which

superimposes to thai of the approximate model tins is becarrse m these conditions the

contiibnhon of the p-chains vanishes and the model reduces to a singly distinguished pai¬

ticle model involving a single active chain distribuhon. just as in the approximate model.

The polydispersity is seen to be slightly underestimated bv the SDP model aiouncl n — 1

The same calculations are repeated loi an imaginary system bv imposing /,;,„ 0

(which also implies A,/ - 0). This is done to show the behavior of the model m the1 sim¬

plest case> possible, when no monomolecular reaction superimposes to the reactions which

are determining the effects of eornpai hired ahzahon (entry and bnnoleculai lamination).

Here in fact, at ft, —> 0.5 (limiting n value) the system is in the situation where it contains

truly p-chains (the length of which is detcimmed purely by entry) and c-chams (length

determined by bimolecular termination)
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Particle radius [nm]

Figure 4.15: (a) Number-average chain length and (b) polydispersity ratio as a furrction

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 styrene polymei ization. - - : correct model: —
.
SDP model; ••• : approximate model.

The results are reported in Figs 117 and 1 18 m analogy fo Figs 4 15 and 1 16 The

same comments apply. It is worth noting that the SDP model piovides the correct poly¬

dispersity value of 2 at n -a- 0.5 (small rp 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-chains, is able to account piopeily for the features of

radical compartmentalization. Therefore, it constitutes a valid basis loi lire apphe ihon ol

detailed techniques for solving the MWD calculation problem in emulsion polvmen/ation.

which might be useful, for instance, when chain-length dependent täte coefficients must

be included. The SDP model only slightly nndcaestrniates the polvdispeisity it » values

around t and it predicts the coned polvdispeisity values at the two limits of high n and

n -> 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 ol this chaptei,

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- Polvdispeisity iatio as a hme tion ol the aveiage1 ntimbei ot radicals per

paiticle for an imagmaiy system with entiv and combination only coirect 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 polychspeisity

ratio of a polymei produced in emulsron m the piescnee of terminal ion by coutbmatiorr

if the distribution of the lengths of the pans ol chains belonging to the same particle is

not taken mto consideration. This distiibrihon is aecounted toi through the concept of

'doubly distinguished pai tides' in the coirect model.

An analysis of the instantaneous MWD properties as a function of the average number

of free radicals per particle n has shown that these errors are greater in an interval of ft

values, typical of emulsion polymer ization, ranging horn 0 I to about 2 At high ;; values,

instead, when the entiy frequency becomes much greatet than the bmioleculai lamination

frequency, the effects of compaitmentahzation tend lo vanish and the two models grve the

same results. No difference is obseived m Hie number-aver age chain length on the entire

range of n values.

An analysis of the cumulative properties shows similar inaccuracies when neglecting

the doubly distinguished paiticle distiibutions. In paihcnlar, very large errors are made
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when the termination by combination mechanism 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 t he-

case of methyl mcthacrylate, limited differences aie found at, all rp values, due to the

small combination/disproportionatioii 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 ads 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 eciuation 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 oilier hand, if, has a great, influ¬

ence on the molecular weight development in the case of V.Ac. In both cases, application of

the model lo the data provides a great, insight into the mechanisms underlying Ihe 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 ewahration at all reaction times of all the parameters and quantités

appearing in the molecular weight equations (Chap. 2). These are primarily the entry,

desorption and termination rate coefficients, the dish but ion of radicals in the particles,

the average number- of radicals per particle and the monomer concei drat ion m the pai-

ticles. These quantities are also those which determine the kinetic behavior and will be

calculated, for the theoretical deeription of the experimental svtents considered, bv 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.
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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 emphical law is used, slating that the rate of entry r( (mol

cm~~3 s-1) is proportional through a const ant Ar to the radical concentration R°„ and the

particle density Np:

re = keirirNP

The frequency of entry of radicals in a polvmer particle is therefore given by:

p----r(NGXP--krXßir (5.1)

where Ny\ 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 transfer if present) 4Tie desorption of chains

longer than one unit, is considered to be negligible, due to Ihe deciease in diflnsivity

and sohibility of these spetcies compared to the monomelic radical [291. 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 kd is derived

[28] (where kdhNp/N \ is the rate of desorption from all particles in mol cm
~3

s ~l):

d/ "r kfmGm-~ - (5.2)

with k„ the rate of diffusion of the nionomeric radical out ol'a particle and ß its probability

of reacting in the water phase. Coefficient kn was calculated by Nomura as |27|:

d3

where rp is the swollen particle radius and DPff is an effective diffusion coefficient, defined

as:
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with Dv and Dw monomer diffusion coefficients in the pai he les and in watet, respectively,

and md an cquilibium constant defining the partitioning of the monomer between particle

and aqueous phase (md = (Cm/Cm}W)Pq). Probability ß is given by [28]:

n "t.Ullfo ~C "P," d»,!(> /r „\

P ~~~

T. 7ü TT X
'

rid"7\F~ re-d
t-piL t\w -r kp u L-,,, w ï hrPtvp

where A-^,„ and kPjW are the bimolecular lermination and propagation tale constants ni (he

acqucous phase, A?*, and Gm „,
the concentrations of i die ils and ol inouomei m the same

phase, and kre is the rate constant foi the ie-enhv of monomelic radicals mto polymei

particles.

Finally, the bimolecular termination frequency is related to the bimolecular termination

rate constant, hd by:

c =
A_

(5 6)
2A p-p

(where kf is defined so that the late of termination m a bulk i^ invcn by // — kiR*2. with

R* overall radical concentration).

To calculate the entry and desorption frequencies, the ladical concentration m the

water phase /?', is required. This can be calculated from the following material balance:

^ = 0 = 2A-, ,,[/]„. - kt,u RI2 - k, NPirw X ^1 (5.7)

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 m the aque¬

ous phase due to initiator decomposition and the second term the consumption due to

bimolecular termination, while the third and fourth (cams 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, Ap is the initiator décomposition rate

constant, n an efficiency parameter and [7]„, the concentration of initiator in the water-

phase.

The average number of radicals per particle /? appearing in eq. (5 7) can be calculated

by solving the classical Smith-Kwait equations [47] m the steadv stale

dN

di,
0 = pN, !-[p+ kdi X n(i- l)].V i- kd(i + L)Ar, M 1 c(i X 2)(; + l)N,y> (5.8)

where Nt represents the fraction of particles containing / radicals. Note that, this quantity

appears in the initial conditions (2.3) and (2.1) for the singly distinguished particles, and

is therefore required for the molecular weight calcnlation. Eqs (5.8) (for ? — 0, I,...) can

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

N

n
—

i--0

E?,jV' (5-°)

Note that eqs (5.7) and (5.8) are coupled, since the frequencies of entry and desorp¬

tion in eq. (5.8) depend on 7?*; (see eqs (5.1) and (5.5). respectively), while the overall

desorption rate in eq. (5.7) depends on ??. Accordingly, these equations must, be solved

simultaneously. This can be done by assigning a first-guess value to ft, and iterating until

convergence on this (piantity is achieved. Since n varies with continuity during the reac¬

tion, its value at the previous integration step (when considering the whole read ion) is a

very good initial guess and convergence is reached rapidly.

Summarizing, eqs (5!)-(5.9) permit to calculate the entry, desorption and bimolecular

termination frequencies, p, kd and c, respectively, the radical distribution in the particles

N ami 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 were1 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 Cm.

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 polvmer part ides which occurs through the

water phase during the first two stages of an emulsion polvmci ization [37] is considered

not, to be rate determining.

The monomer is present in three phases: the water, the particles and lite droplets

(when existing). The following relevant material balances and partition equations can be

written:

dn,n

dt \ i

v a 'd 1;',
.,

1 >
,. 1 ,.

'd; - dd mu t ;-
-— (

,„
—-

15 I I)
X ,'mlpp ]„,

dmar/c m.u
~" fru/'Sm l^-fd

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 n and of 7?*„, the equations for which arc given hi Ihe previous Section 5.2.1.

Vw represents the volume of the watei phase.

The second eq. (5. LI) simply stales that Ihe- oveiall moles of monomei ??,„ are pai-

titioned between the different phases, m the older, watei, pai tides and droplets Here,

lip represents the total moles of polymerizccl monomer m the system, Mm the moleculai

weight, of Hie monomer, ßm the volume fraction of monomer in the particles, pp lite density

of the pure polymer, Vd the volume of the droplet phase and V" the molai volume of the

pure liquid monomer. Quantity np can be expressed as r?^, -

nm, where n% are the moles

of monomer initially charged.

Eq. (5.12) is a linear eepiation for the partihon of the monomer between the walei and

particle phases. It is a simple empnical law winch has however piovcd efficient foi several

systems, in particular for monomers with low watei solubility [65, 66]. In this relation,

C^w and (/)*„ are the values of Gm u
and c/tm at saturation. Dining the first, reaction period,

the so-called Smith-Ewart's intervals I and II, both the left-hand side and the light-haltd

side of eq. (5.12) are equal to unity, clue to the presence of monomer droplets

Assuming that the radical com entiat ions are known svheurd 10) (5 12) < an bo solve1!

in Smith-Blwait's intervals I and II ol lite polvincii'/atan to obtain \d In tins interval

concentration Gm is simply given b\ its saturation value

ri /is
__

dd »< fx i o\
C' — Cy

Mm

where pm is the density of the pure monomer-. In interval III, Vd = 0 (the particles are

depleted) and the monomer concentrations (including G,n) arc obtained from (5.10)-(5 12)

5.2.3 Rate of Reaction

The rate ol the polymerization reaction, defined as the lime derivative ol the monomer

conversion Xi (>au t)e calculated hom¬

ed A.ddpiVpV,
V _ e '" '_ i ( r. i a \

dt~ <N,
{0ii}

where r?0, are the initial moles of monomer in t he react oi The calculât ion of 1 he quant ities

ft and Gm is described in the previous Sections 5 2 1 and 5 2 2 The number of pah ides

Np is constant m a seeded reaction where no secondai \ nucleation occ ins For an ab initio

reaction, proper equations must be developed to describe the variation of paihde number

during the nucleation stage (interval 1)
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Parameter Value

cfp 5 • 10~~5

1.9 • 10~4 mol cm

Dp 1- 1(T6 cm2 s~l

±JW 1 10""r> cnr s
'

kfm 1.1 • 101 cm' moT

ki 1.7- 10" 6
s

!

kP l • 107 cm5 mol '

k'td 3 HO10 end mol

</>m Od

Pm 0.85 g errh^

Pp 1.40 g cm"
3

Reference

[72]

[69]
[73]
(70)
[71]

[601

169]

[601

[69]
[691

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

5.3 Vinyl Chloride Polymerization

5.3.1 Parameters

The model (including the equations for the kinetics del ailed here above and those for

molecular weight described in Chap, 2) was applied lo represent reaction rate and molecu¬

lar weight, data of VC cmrrlsion polymerization. Data front the literature were considered

[67, 68]. All parameter values except for the entry parameter Av were taken from the litera¬

ture and are listed in Table 5.1. The parameter for re-entrv ku in eq. (5.5) was considered

equal to k,c and the rate constants for the aqueous phase read ions were assumed equal to

those for the particle phase. In Table 5.1, Cfp Is the ratio bel ween 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 concentrai ions arrcl a con¬

stant particle number are shown to fit well to the model with Ay — 1.4- I0_!,i cm3 s '. The

model predicts correctly the concave shape of the rate of reaction and the quantitative

effect of increasing initiator concentrai ions.

In Fig. 5.2 the molecular weight distribution of PVC piodticed at 55°C is reported

for two different, conversions and compared to the prediction of the model. A rescaled

V-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,

and the other assuming a value of 5 • 10 ° [69] for the chain transfer to polymer parameter

Cfp. In the case of cfp ß 0, numerical fractionation was used adopting a rescaled Y-

distribution for each generation. In the representation chosen, where the molecular weight,
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Figure 5.2: MWD of PVC produced at 55°C for two different conversiorrs Model- - :

5.7 % conversion and — - - : 92 5 ["
conversion experimental o 5 7 % conversion and
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Parameter Value Td? ference

Dp t f0~6 cm2 s
'

[75]
JLJ />d

1.86-KT5 cm2 s_l [76]

ffm 2.5-10-" [77]

cfp 3.96 • 10 "4
[63]

ri*

C/m 8.95 • 10 ~3 med cm
3

[76]
ri* 0.33 10""3 mol cm"3 [76]
kr 1.7-ur6 s^1 [71]
bP 6.68 106 cm3 mol '

s
l

[78]
ki 9.37 • 1010 cm' mol '

s
l

[75]

Table 5.2: Parameters for VAc emulsion polymei ization at 50°C

is scaled according to its number-average, both experimental and theoretical distiibutions

do not change significantly with conversion. This is especially true hi the branched case,

where the two curves at different conversions are almost completely superimposed. How¬

ever, the curves with no branching are in better agreerrrent with experiment, which would

indicate that cjp < 5- I0~d 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 1C3, 74].

The values of the parameters used m the model are repotted in 47tble 5 ? (oedha with

their source. The dirncmsiorrless paiameteis c /,„ and c ,„ represent the1 talios between the

rate constants for chain transfer to monomer (A/,„) and (ham transfer to polymer (klp).

respectively, and the rate constant for propagation (kp) V eoircchoit factor was applied

to the diffusivity of the monomer in the particles Dp to account foi the viscosity change

in the particles with conversion, according fo Friis and Nvhagen [75]. The parameters a

and ß appearing in the equation bv these authors were chosen as a — 0.60 and ß - 4 68.

The bimolecular termination rate constant ki used also accounts lor Ihe viscosity change

('gel' effect) in the particle^ according to the equation and parameter values tr.iven by the

same authors [75].

With respect lo bimolecular termination, whether it oceure by combination ot 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 occmrencc of
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transfer events, which are extremely important m VAc polymei ization These pioblems

were addiessed by Bamfoid et al [62] who used the gelation technique to show that the

predominant lachcal-iadical termination mechanism is combination at 25°C 1 he contre-

butrou ol dispiopoitionafion at hrglrei temperatures < tu however be significant lit any

case the emulsion polymei ization ol VV< exhibits \civ low aveiage number of r idt< als per

paiticle, so that the nature of the bimolccrrlai teinnnation mechanisms has no influence

on the resulting polymer pioduced as will be discussed m the next Section 5 4 2

In order to account foi the effect ot the viscosity change m the pai tic les on the TDB

propagation laie constant k* |6u the following i el thon w is use el

tß-hpßh I l,(Xp vd)4 I (\, \ > I l\ Y )1 GXß

where Ax - 0 566, A2 - -0 0595 4j -0 504 red 1, 0 120 \„ is flic ippncnt

fractional eonveision m the pai tides and \* - 0 208 is the value ot \?, when Ihe svskur is

satuiatcd m monomer, r e m intervals 1 and ft

The value of the eritiy late constant Ae m eq (5 1) was chosen as A, - 1 2 10 '[ cnß

s
: The same value was taken loi the re entre paitme ta k

,
m eq (5 5)

Finally the late constants loi the iqucous phise re u lions \u u issumed cqu d to ihose

foi the paiticle phase

5.4.2 Results

The model has first been used to desciibe conversion vs time data oi VAc emulsion

polymerizations taken hom ref [69] Ihe paiameteis wInch vaiy hom one teac tion to the

other are the initiator concent i at ion and the latex paiticle number, while the tempeiatiuc

is the same foi all tuns (50°C) In Fig 5 3 the calcudfed eonveision curves tic shown

togcthci with the experimental el if t lire results ol the model which does not mc hide the

descuption of the nucleation stage aie shown horn 5 eonveision on where the system

leaches experimentally a constant number ol ptihdes id] and can therefore be c onsidcie d

as a seeded system The model clescubes iauly well the effect of initiator concentration

and paiticle itumbei on reaction late

Molcculai weight data hom Vic emulsion polvmeiizations earned out at 50°C have

also been desenbed by the model Ihe cvpirrmint d edit have been ttken hom ref [61]

and aie shown m I ig 5 1 together with the theoretic tl results lite data were obtained

tiom reactions at cliffci cut nutiatoi cone cut rat ions tnd paiticle numbeis and can be seen

to be insensitive to these vanables This is also prêche ted b> the rrrodcl, since a single c mvc

results m all cases This mseiisitivity can be explained by the fact that the system is at
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Figure 5.3: Conversion histories of VAc emulsion polvmer ization at 50°C for different

initiator concentrations [Î] and différer if particle numbers Ap- (a) Ab> — A- 10'1 cm~\
(b) Np = 8.6 • It)1'1 cur3 and (c) A> - 15 • L0n cm

s
-

. theoretical; experimental;
: [I]=L.9 • 10"~4 g cm"

3 and o : [1]-3.S dO }
g cm 7 The experimental data are taken

from ref. [69].
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very low average number of radicals per particle (calculated always m ( he range 0 002-0 J 5,

below 0.02 up to at least 70% conversion in all cases) and is characterized by high chain

transfer to monomer rates, so Ihat the contribution of bimolecular termination reactions to

molecular weight development is negligible [63]. The system is characterized by increasing

molecular weight s (both number- and weight-averages) and increasing polydispersities with

conversion, which can be ascribed to the presence of blanching mechanisms

In order to point out the effect ot Ihe two different biandung mechanisms (chain

transfer to polymer and TUB piopagation) the moleculoi weight vs. conversion cuivcs

were re-calculated assuming only TDB propagation (kjp --- 0). only chain hansfei lo

polymer (kp = 0) and no blanching (kfp — kp = 0). respectively The results are repotted

in Fig. 5.5, where the solid curve refers to the case of both blanching mechanisms present

(real case), the dashed curve lo the case of chain transfer to polymer only, the clotted

curve to the case of TDB piopagation only and the daslted-clottcd curve to the case1 of

no branching (linear chains) In Fig 5 5(a), wine h diow-, (he1 number tvereun modi ulai

weight, the clotted curve is supeiimposed on the solid (.live while the dashed cutvc is

superimposed on the clashed-dotteel ciuve (lmeai e reo) This means that the me i ease1 m

numbei-average molecular weight is ehre exelirervelv to the TDB propagation This is easily

understood, since the chain transfer to polymei mechanism changes neithci 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 itumbei-average molcculai weight

On the other hand, TDB piopagation pans the chants together, thus decreasing thou

number and increasing the number-average molecular wendit compared to line u (hams

The contribution ol each mechanism to the increase m weight-average molee ulai weight

cannot be sepaiated as simply This is apparent when Fig 5 5(b) is observed While the

increase in weight-average molecular weight (both with eonveision and compaied fo linear

chains) is moderate when either of Hie 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 cine to each of Hie two branching reactions In other wouK

the two branching mechanisms interact s\riergicalh to pioduee Ihe mai Led me iease in

weight-aveiage moleculai weight observed expernnentallv

The same icmaiks can be made1 obseivino, the evolution ol the polydispersrty mdex

shown in Fig. 5.5(c). While the increase oi the polvdispeisity mdex clue to each oi the two

mechanisms alone is quite moderate, it is very strong when the two mechanisms are present

together. This is understood bv considering that the TDB propagation connects together

branched polymer chains, where the branches are mainly produced by the chain hausier
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Figure 5.5: Predicted molecular weights for VAc emulsion polymerization at, 50°C. (a)

Number-average molecular weight, (b) weight-average moleailai weight and (c) polydis¬

persity ratio. Solid curve: real case; dashed curve: only chain transfer to polymer (A4 = 0);
dotted curve: only TDB propagation (kjp = 0); clashed-dottod curve: no blanching
(kfp = k* = 0). In (a) the dotted curve is superimposed on the solid one, while the

dashed curve is superimposed on the dashecl-dotted one.
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Figure 5.6: Predicted evolution of the average number of branches per chain for VAc

emulsion polymerization at 50°C. Solid curve: overall number of branches; dashed curve:

branches produced by chain transfer fo polymer; dotted curve: branches produced by
TDB propagation.

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 lite TDB propagation has

the effect, of coimecting these chains together. With respect to this, it must be noted

that bimolecular termination by combination (even when il is assumed significant at 50°C

compared to disproportionation) cannot, play a role in connecting the chains, since lite

high segregation of the radicals in the polymer particles prevents this mechanism from

taking place and causes it to be of no importance. 4litis, one of the two steps leading

to the buildup of the very large branc-hed chains which increase polydispersity to such a

great extent as observed experimentally would be missing if either of the (wo branching

reactions was not, present.

A further proof of the negligible role of the bnnoleculai lamination reactions, besides

the inscrtsitivify of the molecular weights to imttator coiicenhation and par tide number, is

obtained by comparing the molecular weights calculated bv the model assuming bhnolecu-



i39

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 5.1.1) 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). ft is seen that at lite conversion values at,

which combination starts playing a role (i.e., at which differences can be seen supposing

cither combination or disproportionation). the chain transfer to polymer frequency is high

compared to the combination frequency This implies that, when a radical enters a part icle

where another radical is present, it transfers to polvunei rather than combinatmg ilus

transfer event causes the two active chains to lose any correlation in length, which makes

the approximate model équivalent to the con cet 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 \ Y< In t his system,

while the increase in number-average molecular weight with conversion is clue exclusively

to the TDB propagation reaction, Ihe very stretng increase of the polydisper itv index can

be ascribed to the interaction of this mechanism with chain transfer to polynia. 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 Hie formation of the1 very large molecules which are responsible

for the high weight-average molecular weights (and polydispersities). Fioni the viewpoint,

of the numerical fractionation technique. TDB propagation allows Ihe passage ol 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 fad

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 terminât ion 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 vinvl 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 the1 kinetics described in

Chap. 5. While in vinyl chloride branching was shown to be of scarce significance, in \ my]

acetate polymerization the system exhibits high dam iranslei to monomer rates whuh.

combined with a relatively high water solubility ol the monomer, result in so low num¬

bers of radicals per particle that bimoleculai 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 lo be1 the gioatosl (Chap I. sec

Fig. 4.7 and discussion). The selection of such a system needs several requirements to be

satisfied: (a) branching must occur through chain translet to polymer- (b) contbirrahon

must be the operative bimolecular termination (i.e.. u 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 awav from pseudo-bulk conditions (where any compartmentalization

effect vanishes). Conditions (c) and (d) imply the average number of radicals per part it le

to have values around 0.5. Condition (c) 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 (HA) has a solubility which is comparable fo that, of styrene (i.e., 'low'). More¬

over, a considerable amount of woik on ihe polymerization of this monomer is repot led m

tire literature, so that, reliable values of the pai anders îequued loi a kind a dose i ipt mn ol

this system can be found. Finally, gel formation has Iron lepoded toi BA polymerization

(e.g. [79]). It is therefore expected that this system shows (he 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 B A 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 rale 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 polvmer- was determined by

ultracentr ifligation [3]. ft, must, be noted that when talkiug about "geh in emulsion poly¬

merization, we are actually referring 10 huge chains (compared to ordinary soluble chains

produced in emulsion), but not infinite' in size, since the chains are growing inside (he

latex particles and cannot reach sizes greater than that of the particles. These very large

chains of colloidal size are belter referred to as "microger rather than 'gel'. As a matter of

fact, all techniques appropriate for "macrogeh 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, soxhlei, extraction and extraction in a

glass vessel with periodic renewal of the solvent.

Many examples can be found in the literature of microgcl 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 microgcl con¬

tent analysis, including ultrafiltration, nitracentrifrigahon. size1 exclusion chromatography,

static light scattering, field flow fractionation (all reviewed in [31) and analytical ultraccn-

trifugatiou [81, 82], All works focus on the analysis of final crosslinked polvmer samples,

except for one [83] which examines through size exclusion chromatography the evolution

of the microgcl content with conversion in copolymerizatioiis involving acrylonitrile as

comonomer. The quantitative determination of microgcl is however discredited by the

fact that poly (acrylonitrile) is insoluble1 in the1 mobile phase used (aeetouihile) and acry¬

lonitrile rich polymer may therefore be included in the insoluble polvmer identified as graft,

polymer (microgcl).
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In this chapter, data on the microgcl content evolution with conversion aie icpoited

for the BA experiments performed. As mentioned above, these data were obtained bv

ultracentrifugation. Significant fiactions 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 polymei ization

(for a system giving gel foimation through chain transfer to polvmei rind combinai ion) Ivy

the compartmentalization of the branched radicals m the polymei particles

6.2 The RCl Reaction Calorimeter

6.2.1 The Instrument

The Mcttler RCl reaction calorimeter is a commercial laboratory scale calorimeter, the

working principles of which have been described in the liteiature [84, 85, 80]. The instru¬

ment permits to run experiments m one ol the following four operating modes ( 1) teacfor

temperature (Tß) mode, where the temperature ol Hie leacfor contents T, is controlled, (2)

jacket temperatuie (Tß mode, where the temperature oi the jacket fluid T7 is controlled,

(3) distillation mode, where the tetnpciatnie difference L1 — T, between the jacket and

the reactor is controlled and (4) adiabatic mode, where the temperature difference 1) — T,

between the jacket, and the reader is controlled and kept equal to zero. Note that the

adiabatic mode is a special case of the distillation mode with 7'7 — T, = 0. These diffeicnl

possible operating modes permit to run experiments in any ol the fluce classical methods

used for polymerization leaehon caloiimetiv [86] ( L) isothermal, where T, is kept at a

constant value and there is no heat accumulation in the leactoi. (2) isopciibolic, wheie 7',

is kept at a constant value and the i evict ion temper at rue follows the icactioii piofile, (3)

adiabatic, where 7) — 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 RCl system is comprised of the adual RCL Reaction Calorimeter (with

thermostat, stirrer motor and cabinet lor Ihe electronic c ont i ol and momtoimg svstem) a

chemical react or (glass oi metal, ambient oi hah passim md i personal compute i Up te)

three contiolleis (RD10) can be added to the svstem foi ic (position of rdchhonal me ism cd

values and for pump and valve eontiol die computer seaes as an mteilace between Ihe

user and the reaction calorimeter, since if displays and stoics Hie data aequned bv the

RCl and RD10 during the experiments and it hansfcrs the set points and the safety and

control parameters to the RCl 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. 7). T7, stirred speed, etc.) arc 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 dl) /dt, etc., which are also displayed and stored.

A schematic diagram of the RCl 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 read or has to be considered (Fig. 6 2) Neglecting the kinetic

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

Qr X Qc X Q,tn - Qj - Qa 4 Q, \ Qdos I 4a s + Qc„nd (6. 1)

where

Qr : heat generation of the chemical or physical process

Qc : power from the calibration heater

Qstir ' power dissipated from the stirring

Qf : heat flow through the reactor wall to (he jacket

Qtt : heat accumulation in the react ion mass

Q, : heat accumulation m the reactor inserts

Qdos ' heat irrprrt due to dosing of process components

Qlois ' heat flow through the reactor head assembly

Qiond ' keat flow through the condenser wall

An estimation of all heat flow terms (or their constancy, which permits them fo be in¬

cluded in the baseline) allows the evaluation of the heat generation Qr. In the case of a

homopolymerization. i.e., of a single chemical reaction. Q.. is related fo Hie rate ol reaction

rP by:

Q, ^{- Xilp),pY,ol (6.2)

where A17P is the molar reaction heat and \~roi 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 Qr, Qf and, if the reaction is very exothermic so that the system

cannot be maintained in isothermal conditions, Q(l.

The heat, flow to the jacket, Qf is estimated as

Qf = UA(Tr - Tj) (6.3)

where U is a heat exchange coefficient and A is the heat exchange area,. A correction

for Tj is implemented in the RCl software to account, for non-stationary conditions. The

heat ctxchange coefficient U is measured througli a calibration procedure which is detailed

below.

The heat, accumulation in the reaction mass Qa is calculated as:

dSP.
Qa = cp

— (6.4)

where m is the reaction mass. cp the specific heat of the reactor contents and dTr/d,t the

rate of change of the reactor temperature. The heat capacity cp can be either assigned or

calculated from a température ramp, as explained below.

The accumulation term Qj can be calculated similarly to Qa if the heat capacity of

the reactor inserts Cpj at a given immersion depth is known:
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The term Qdo<, related to the dosing of components to the 1 evict01 can be calculated as

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

Qdos = fridoscPtdos(Tr - rTdoß (6.6)

where mdos is the instantaneously dosed mass. cp>dos its specific heat, and Tdos its temper¬

ature. If the component is adder! at the temperature of the reactor this term is zeio.

The loss term QiÙSh can be calculated by assuming il propoitioual to the difference m

temperature between the reactor and the ambient (or the temperature of the titermosiahng

fluid if the head of the reactor is thcrmostated). In bol h cases a heat, exchange codlicicrtl

is required. However, if the loss term can be confidently considered constant, throughout

the reaction (which may be true especially if operating isothcrmally), it may be neglected

in the energy balance and included in the baseline.

The heat Qeovd 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 the1 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 flowratc. The heat term

Qcond is then given by:

Qcond = X,Xp,c(Tout - -dn) (6,7)

where ihc is the flowratc of the cooling medium, cP)C its specific heat, and Tm,t and Tm the

temperatures at the outlet, and at, the inlet, respectively.

The heat term Qr is the power given in fo the system through an electrical heater

for calibration purposes (see below) and cart be calculated from cm-rent and voltage (it is

displayed as known in the RCL software).

Finally, the heat input, Qspr by the si irrer- 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 (he reactor contents does not change significantly,

this heat term can be considered constant and me hided m the baseline

Calibration (lS determination)

In order to determine the heat exchange coefficient d, a calibration is per formed, dins

operation consists in activating an electrical heater which is placed in the reactor while

holding constant the reaction temperature. The energy balance (6.1) reduces to:
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wheie Qtfir, Qloii and Q(cmd aie consideied constant over the calibration time and aie

included m the baseline, while all other heat How teims aie zeio Recalling expression

(6 3) foi Qf one obtains

Qc UA(1) -T}) (69)

Since Qc is given and (T, — Tß is measrued, the product DA is obtained By calculating

A hom the icvtction volume (which can be lead on the giacluated leactoi wall), the heat

exchange coefficient thiough the reactor wall U rs Inrallv obtained

Temperature ramp (cp determination)

In order to determine the specific heat coefficient cp of the icadoi contents, a tempeiatme

ramp is performed This is done by lequnmg the icactoi tempeiature to move between

two temperatures m a long enough time, so that a constant derivative d'Tr/dt can be

maintained. During such a lamp, the energy balance (6 1) ieduces to

0- Q< 1 Qad Q (6 10)

which, by tee ailing the expiession for the vanous heat tains c m be leanangod is

„,di". ß o'J

rnXt

litis equation permits to evaluate c^ at the beginning and at the end of a tempeiatme

ramp if the (I coefficients at the beginning and at the end of the lamp aie known (i e
,

measuied by two cahbiations) An acerrrate value ol the cp at the reaction terupeiahue is

essential foi the evaluation of (A on h rl the leachon pioc ce ds m non isot he i nul conditions

6.3 Experimental

Ab initio and seeded batch emulsion polymerizations ol 13 V were earned out in the Met tier

RCl lead ion caloiunetei m the lsotheimal mode at 50°C and ambient pi essuie

Foi the ab initio leactions the îecipes lepoifed m Table 6 1 were used Reactions BA2,

BA3 and BA6 involve three different initiator levels leaetion B V5 a diffeient monomer

to water îatio and BA1 is identic il fo reaction B V1 but toi a uduecd amount of all

component s

The seeded i cachons were performed using the lecrpos icpoited in Table 6 2 The

seed was constituted by a latex with 9 öd solids content and paificles 121 mu m diameter

(measrued by photon eoiielahon spectroscopy PCS) I his ccDiiesponcls to a partrcle con¬

centration of f It)11 cm-5 (icleiied to the water phase1) Seed piepaiation is dcsciibecl
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Reaction Monomer (8) Water (g) Emulsificr (6) Initiator (g)
BA2 300 1000 5 û Id

BA3 300 1000 5.0 0.0

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). Emulsificr SLS.

initiator: KPS

Reaction Seed latex (g) Monomei (6) Watei (g) Emulsificr

0 22

(g) Initial oi (g)
BAsL 109.5 31 9 900 I 297

BAs2 711.9 205 5 - 1 42 0 505

BAs3 711.9 203 7 - 1 12 0 181

BAs4 711.8 203 3 - 1 12 0 065

BAs5 109.6 31 3 900 0 22 1 602

BAs6 109.5 31 3 900 0 22 1 602

BAs7 109.5 31 3 900 0 22 0 278

BAs8 109.5 31 3 900 0 22 10 028

BAs9 109.5 75 5 900 0.22 0 27S

Table 6.2: Recipes for the seeded BA emulsion polymerizations (50°C). Seed latex: 9 5%

solids content and Nj> — 1 • 101'1 cm-1 Emulsificr- SES. initiator- KPS

below. The recipes in Table 6.2 involve two different initial particle concentrations and

several initial initiator e-oncentrations. These are icported m Tabic 6 3. Note (hat 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 (ah initio and seeded) the monomer (Fluka >99%) was purified from

the stabilizer (hydroquinone monoinethvl ether) by adsorption on a, column packed with

inhibitor remetval material (Aldrich) Distilled-deionized (DDI) water was used The

remaining materials were used as received. Sodium larud sulfate (SLS, Fluka >99%) was

used as emulsifier and potassium perstiliate (KPS, Fluka a99%) 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 alt initio runs and 400 rpnt for all

seeded runs. Bailies were introduced in the reactor to avoid vortex forming.

The following procedure was adopted for all experiments. The DDT water and the

emulsificr were charged to the reactor and Ihe stirring stalled A small amount of water,

depending on the amount of initiator to be charged, was spaiecl lor preparing the initiator

solution. After the SLS had dissolved, the monomei was chaiged. At this point Ihe seed

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



Reaction Particle concentration Initiator concentration

xlQ-13 (cm-3) xf03(gcm~3)
BAsl 1 12297

BAs2 10 0,775

BAs3 10 0 278

BAs4 10 0 100

BAsB t 3 602

BAs6 I 3 602

BAs7 I 0.278

BAs8 L 10.028

BAs9 I
|

0d278

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

for about four hours at, ambient temperature. This step is of (-ourse skipped in the ab

initio reactions. The emulsion was then shipped with a lively nitrogen flow for one hour,

during which the temperature was gradually raised fo 15°C. The nitrogen flow was passed

through a condenser before disclrarge to minimize reaetant losses. When the temperature

reached 45°C, the stripping was stopped, brrt 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 calculai ion of the heat exchange coefficient Ü across (he

reactor wall) was made, then the reactor temperature1 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, tit (he

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 read ion has started (in the

case there is any inhibition period), how the réaction evolves and when it, is over. Every

emulsion sample was subdivided in two (seeded rrms) 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 oi emulsion were1 pul m faied rdas vessels

with a known amount of inhibitor solution toi eemvoision elder tarnation bv gravunofry,

(c) from 3 to 10 ml about (larger amounts at lower conversions) of emulsion were put in
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glass vessels containing inhibitor solution for microgcl 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 température was taken to 55°C in LO rnin

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, f9 g emulsificr and 2.6 g inititor. The reaction was over in

about, f6 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 eoagnlrmi formed in this stage was

separated by ceittrifugation. The latex was then shipped 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 I fO11 cm"-3 (referred to the water phase).

This seed latex was used without further treat ment for the seeded runs BAsl to BAs9.

Particle size measurement

The emulsion samples for particle size measiueinent, wen1 diluted and then stripped from

the monomer by using a stream of nitrogen, in order to measure lire srze 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 déterminai ion ol conversion were dried m a vacuum 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 Hie

emulsion. The resulting precipitate was repeatedly washed in water and then cut, into

small pieces before1 drying under vacuum at ambient temperature. About 0.2 g of the
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dry samples were dissolved in 40 ml acetone stirring loi 48 h lite 40 ml solutions were

ultracentrifuged for one hour at, 20,000 rpm in tared steel tubes in a Konfron Hermle

Ceiihieon H-401 ultracentrifuge. The supernatant solution was carefully poured in tared

glass vessels, while the gel precipitate was led in the ultracentrifuge tube1. Both the solute

and the microgcl precipitate were dried in a vacuum oven at 90°C for at least 24 h until

a const ant weight was reached. The microgcl content was then determined both directly

from the precipitate to sample weight latio and indirectly from the solute to sample weight

ratio.

6.4 Data Evaluation

6.4.1 Conversion by Calorimetry

In a batch polymerization reactor, the1 material balance for flic total moles of monomer,

nm, present in the system is:

Wr>.„
dnm

di

where rp is the polymerization rate and Vpo/ is the oveiall volume ol the1 phase where1 the

reaction takes place

Defining the conversion \ as

x^J-^f Md
"
m

where nm are the initial moles of monomer, the material balance (6.12) can be rewritten

as:

nid^-rpVT0, (6 11)

Since the rate of reaction can i elated to the heat released by- eq (6 2). eq (6 11) becomes

<J\ _Q> sc -, m

dt dAidP)n»,
(bL°j

If the reaction is isothermal. Allp is constant in time. Thus, integration of eq. (615)

gives:

oar47d;5 (cm

where Q, (t) — fQ Q1 (t)dt is the heat leleased bv the réaction horn rts start to (une / Since

the dependence of AH/> from temperature is generally not too strong, relation (6.16)

is appioximaiely valid also in non-isothcrmal conditions, provided that the change m

temperature is not too relevant. Eq. (6 16) is the eciuation requned for the calornnctric

evaluation of the conversion vs. time profile.
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The evaluation of the heat released by the reaction Û, was performed by considering

only the flux and accumulation terms in eq. (6.1);

Qi=QyQa-^Q <bX)

The terms Qbtn and Q/0ss were considered constant and included m the baseline, while the

term Qdos is zero because the initiator sohition was predicated to the reaction tempera) nie

before dosing fo the reactor (Tf/os — 7',), Finally, the lernt Q((md was checked to be

absohrtely negligible in the experimental conditions adopt ed It s évaluai ion was pet formed

through eep (6.7), where the tempérât m e difference \T0lti T,„) was determined by a

differential temperature measurement and tip regulated by a flow eonhoiler

For the calculation of the fletw and accumulation team, the heat exchange coefficient U

and the specific heat, cp were considered to vaiy lineailv duiing 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 bv taking samples from the

reaction mixture and analysing then solid content. While m a (non-seeded) bulk system

the solid weight fraction coincides with the fractional eonveision (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

XU) =

Mo
(W X AT' + Ë + I + V + 5) -^ ~ (EXIX S) (6.18)

where

A/0 = mass of charged monomer

W — mass of charged wat er

E — mass of charged emulsificr

Z = mass of charged initiator

V = mass of charged volatile additive

S —- mass of charged non-volatile additive (including an eventual polymer seed)

u\ =- weight of the sample withdrawn at time t

(j)d - weight of the dried sample
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Eq (6 18) can be easily understood by considering that loi the solid weight fraction Lod/co^

the following equality holds

ud
_

P X E X I r S
_

M° M\-E\-T+S

w7
"

WTJTTVxrxfTp y aa; iTr i/°- r > / ^eT^
((l iq

wheie M and 75 aie the masses etf monomei and of polymei fexc hiding flic seed it pie sent)

lespechvely m the icactoi at the instant of simphng Note tint il the volatile tdchhve

is me hided mto the polymei duiing the teaehon it will not cvapoiate m the diving and

rt wrll contribute to the solids Theiefore, rts conversion needs to be known However,

compounds ot this kind (eg, volatile chain Hans lei agents) aie usually used m such

small amounts that the quantity V m eq (6 18) can be stfelv neglected In the present

polymerization reactions no volatile addrtrves were rrsed so 1 is ngoiously zero

The amount of solid inhibitor rrsed m each gltss vessel to stop lire réaction iflei

sampling was so small that if could be safely neglee tccl when weighing the cli y sample

6.4.3 Polymer Particle Concentration

Fiom polymer paiticle size and monomei eonveision the polymei paiticle coneenhation

was deteimined as

Yp V (6 2(^
PXp o

wheie M° is the mass of chaiged monomei ( pd the diy (imswollen) volrrme of one paiticle

(calculated hom the aveiage chamctei dpd miasuiccl bv PCS) pp the polymer density and

Vw the volume ol water in the icactoi Eq (6 20) assumes the pat tides to be moitoclispeise

m size This assumption needs to be checked

6.4.4 Average Number of Fiee Radicals per Particle

The overall y oluitie of the pai fide phase ic the phtsewhcic the poly rneiizrhon h tc lion

takes place is given by

\joi d X,\ (621)

while the late of ictdion can be expressed m teims of the iva tge number ol i tdic id pa

polymei paiticle n as

"=*'HvTI\d (52i)

wheie kp is the piopagation late constant Gn the monomer concent i thon m the ptih

cles and V\_ Avogachos number dote tint (he tain bitween br i<kds ( rnspinds 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:

n =
yjavadv v ( \WX (6'23)

hvGml\p\'u\-t±Up)

which is the equation used to determine the average nuinber of radicals per particle from

the measured heat Q, and from the particle concentration Np given by eq. (6.20).

Monomer concentration in the particles

To obtain values for n from eq, (6.23), the monomer concentration in the particles Cm

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 Gm in the particles depends upon whet hen the read ion is in intervals LIT

(the system is monomer saturated) or in interval 111.

In intervals I and 11 the monomer concentration in ihe particle is fixed and given by:

Gm =^ (6.24)

where pm is the monomer density, ßm — ßß ls the volrrme fraction of monomer in the

particles at saturation and Mm is the monomer molecular weight.

In interval III, Gm is still given by red a I ion (6 21). but t he volume frae I ion of monomer

in the particles ßm is no more at its saturation value dßu Instead, if the monomer is

scarcely water soluble so that the amount in the aqueous phase can be neglected, it, is

given by:

Om a c (6.25)
PmX + PpX

- V)

where pv is the polymer derrsity.

The conversion xn~>ili d, which inteival II is oven is obtained bv imposing d„ = eß

in ecp (6.25) (i.e., all of (he monomer is in the particles - neglecting that m the aqueous

phase - but the system is still monomer saturated). Solving for \it->iii gives:

(t — (pß)pp
Xii->iii = — 771 fX\— (6-26)

Xmpm X(\ ~4>m)Pp

Summarizing, ecrs (6.2-l)-(6.26) permit to calculate G,n at all conversions if the system

can be assumed at thermodynamic equilibrium with respect, to monomer partitioning.

Given a conversion value y, this conversion is compared to \ii-+m to establish whether
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Parameter Value Reference

kp 2.7 • fO7 cm3 mod1 s""1 [87]
Mm 128.2 g mod1

AHp 18.6 kcal mol-1 (88, 89]
<l>m 0.66 [90]

Pm 0.87 g am3 [91]

Pp 1.03 g cm
-3

[91]

Table 6.4: Parameters for the evaluation of experimental data ot BA emulsion polymer¬

ization at, 50°C.

the reaction is in intervals l-ll or in interval III. In ihe former ease, eq (6.24) is used with

4>m = ßm, else (bm is given by erp (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

to the equations reported in Seelions 6.4.1-6.1.1 are reported m 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 ealorimctry for the five reactions whose

recipes are reported in Table 6.1 arc 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 oider to have a c-aloiimeuio signal as undisturbed

as possible. For all réactions three final gravimediies were performed at, the same reaction

time to check the accuracy of the gravimetric measurement, at, least, at high conversion.

Tt, can be seen that the accuracy is excellent.

Comparing the calorimctric and gravimetric techniques, these arc always in good agree¬

ment, which confirms that the approximations involved in the calorimctric evaluation of

conversion (terms neglected or assumed constant in the heat How balance. U and cp co¬

efficients assumed to vary linearly dining the reaction) introduce negligible errors. With

respect, to the assumption of (J and c„ coefficients varying linearly in time, the error

introduced is small independently of the correctness of this assumption because the U

coefficient 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 BA6.

the Cp coefficient, almost constant (it never varied more than 8% across the reaction), the

accumulation term resulted small in all cases (alwavs less than 0.5% of the flow term).

While the gravimetric technique does not involve1 such assumptions and if requires a verv

simple instrumentation, it, vields far less detailed information compared to ealorimiiry. In

fact, calorimetry, besides giving a virtually continuous measurement, does not provide lire

conversion versus time curve but, rather its derivative (cf. eq. (615)), 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 -Tyrone, this constant, tale period is not soon if the

rate of reaction is observed directly through ealorimofn This clearly makes a great dif¬

ference in the interpretation of the kinetics of the system In the ease 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 frmction of conversion for reactions

BA3-BA6. The signal front reaction BA2 was very disturbed bv the sampling and is not

reported. All reactions exhibit a sharp peak at the beginning. This peak mav be due
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Conversion %

Figure 6.8: Reaction heat as a function of conversion for reactions BA3-BA6.

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 the1 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

II 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 BA6 as given

by eq. (6.20) is shown iir Fig 6.9 as a function of conversion (determined by gravi met iv). All

reactions exhibit a, growing particle concentration m the1 first reaction period, after which

the concentration increases so slightly that it can be considered practically constant. No

monotonie relation is found in reactions BA2, BA3 and BA6 between initiator and final

particle concentration, which indicates that the change in initiator concent ration is too

small among these three reactions to overcome experimental error.

The evolution of the average number of radicals per particle n as a function of convcr-
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Figure 6.9: Particle concentration as a function of conversion; A : BA2, U : BA3, t : BA5

and O ; BA6.

sion is reported in Fig 6.10 for reactions BA3. BA5 and BA6 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 kp 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 n.

In all cases, very small values of flic average nuinber of radicals per particle are obtained

(always smaller than 0.13), which implies a significant lole of the desorption mechanism,

and n, decreases almost linearly (especially for reactions BA5 and BA6) with conversion.

The reasons for such small values of n and its decrease with conversion are not obvious.

With respect to the small values, BA is a poorly water-soluble monomer (comparable, foi-

instance, to styrene [1]) and therefore expected not to give significant, desorption. Willi re¬

spect, to the decrease with c-onversion, increasing particle volume (up to the end of mteival

11, in interval 111 the volrrme undergoes a dight conduction) and increasing mhapaihclo

viscosity (in interval 111), imply decreasing bnnolec ulai termination and description he-

queircies. This would let one expect increasing values ol n with conversion. Other effects

must therefore be invoked to explain the decreasing bediavior. The use of a mathematical
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model is helpful in interpreting these unexpected ronld and is considered m Section 6.6.

6.5.2 Ab Initio Reactions - Gel Formation

The microgcl weight fraction separated by ultraccntrifugation is reported for reactions

BA2, BA3, BA5 and BA6 in Pigs 611-6.14. 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 icaction 13A5) and

shows good reproducibility. For all reactions a significant amount, of gel is nevci measured

before 70% conversion. All meastirenients 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 corrld be1 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 have1

to be most probably interpreted as zero gel. The founation and fast growth of significant

amounts of gel apparently occurs after 70% conversion, so lirai 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 BA5, in all cases certainly after 55%).

6.5.3 Seeded Reactions - Kinetics

The conversion vs. time curves for two seeded read ions (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, lo check for initial and final conversion.

Two samples were taken at, the end and tire accuracy of the measurement is seen to be

very good. Moreover, the final conversion measured by gravimetry is in good agi cement

with the calorimctric value. Compared to the alt initio rend ions, the temperature control

was even better (maximum offset 1.5dl) and the variation of lite 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 reactfoil 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 ah 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 arc

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 late is next to being constant, I hough never ltgorously

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 fronr interval TI to

III should theoretically occur (vertical dotted line), litis could be explained by some sec¬

ondary nucleation occurring at higher initiator concentrations. Observing the TEM graphs

of the final samples, a high polydispersitv of the particle diameters is act ually found, which

could include the effect of secondary nucleation. However, the presence ol two distinct

populations is not, detect ed, so that the amount of {eventual) secondary nucleation is not

straightforward to calculate1. To have an estimate ol the mciease m 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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Figure 6.17: Reaction heat as a funchon of coitversioir for reactions at Np dO cm and

different, initiator concentrations.
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Reaction Concentration increase (%)
OxVS i.

BAs2

BAs3

BAs4

BAs5

BAs6

BAs7

BAs8

JßAus9

Table 6.5: Increase per cent in particle concentrai ion 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 arc de¬

tected by TEM, that secondary nucleation is not very significant. No monotonie r-elation

is observed between particle or initiator concentration and increase in particle number.

Another hypothesis which can be put forth to justify (he shift in maximum reaction

rate in Fig. 6.17, is that the reaction is limited in rate by the difiirsion of the monomer

from the droplets to the particles, ff this is true, the conversion at, which the monomer

droplets disappear is delayed at, increasing initiator concentrât ions, and this could result

in a, delay of Hie point, where the reaction rate1 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 fo have a higher

theoretical conversion at which the droplets disappear (xir^in — 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 xn-^rn
~ 30% (vertical dotted line in the ligute) If

is interesting to note that the1 reaction heat at the plateau a virtually equal to the heal,

at, the maximum in reaction BAs7 (approx. 18 \Y). even though the monomei (barged 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 lopiesodahve of

25.0

19.1

8.7

8.9

S.6

23.2

27.2

27.2

29 I
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Figure 6.19: Reaction heat as a funchon of conversion tor réaction 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 Ugelslael et al (92]

Following those authors, n is represented as a function of llnee dmicnsionfos^ paiauiciers.

n = n(etr,m, Yl, with;

A% Ad
a j =

m =

Y

Npc

e

kt.u-c

(6.27)

(6.28)

(6.29)
IßNpN,

Parameter err is the ratio between the rare of tactical geneiation m the watei phase (per

particle) and the frequency ofbirnolecular termination, while tit is I he latio beiween Ihe

desorption and bimolecular lermination froepiencies. Parameter Y accounts for the impor¬

tance of water phase termination. It is zero if Ay,,,, = 0. Note that expression (6.29) for Y

results only if the entry rate p is given by eq. (5.1). More generally:

kpu <-d?*,A%
Y -

pXNp
(6.30)
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The average number of radicals per particle1 11 can be represented as a function of 07.

considering m and Y as parameters. In this case, logarithmic diagrams are obtained

where n increases with 07. 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 in. What is most relevant is that, if a platerr or art inflection

point are observed, these correspond always to ft — 0.5.

If the n values calculated using the maximum reaction rate are plotted as a function of

07 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 ri, .- 0.5. The data can be

considered to be at a virtually constant value of no 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

[93] that, n is independent of I7 (which is a function of particle concentration) on the left

of the plateau or of the infiection point, if this is present. The data, the reproducibility

of which is quite good, suggest therefore that the values of n obtained experimentally arc

systematically underestimated, This must be clue fo 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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[71]

[87]
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[90]
[91]
[91]

Table 6.6: Parameters for BA emulsion polymerization al, 50°C.

quantities is reported in Section 6.6.2, where a quantitative analysis of (he n 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 soin ce. Some remarks ought to

be made about the values of these parameters.

Considering reaction rate coefficients, the chain transfer constant, Cfm (ratio beiween

the chain transfer to monomer- rate constant kfm and the propagation rate constant, kp)

reported in Table 6.6 was measured by Maedor 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 rrsed

to avoid having chain transfer to polvmer. The value reported bv those authors seems to

be more reliable than those reported by Benennaun et al, !95] and by Devon and Rndin

[96]. Bcucrmamt et al. re [Dort a value c/m — 1.3 • 10 f However, these authors observe

no temperature dependence of the Cfm 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 cym = 2.5 10" [
at 60°C reported by Devon and Rudin,

which differs significantly from c/m = 7-10" '

report ed by Maecler and Gilbert at the same

temperature, was inferred by modeling copolvmerization reactions with styrene where1 the

highest, mole fraction of BA was i p \
- 0 (dö and neglectinc, biane hua, m the data analysts.

A value egm = 5. 1 • 10 7 verv similai to that lepoited by Maedor and Gilbert (or 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 • fO5 cm3 mol""1 s""1 [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 kv repoited in Table 6 6 results

from Arrhenius constants obtained by pulsed laser polymerization reactions carried orrt,

between -7°C and -45°C [87]. Data obtained between o°C and 30°C through 1 he same

technique yield a value kp = 2.1 ltfo cm3 mod1 s""1 at 50°C [95], while the combined use

of the two sets of data in the different temperature ranges yields a value kp — 2.8 • lo*7 cm1

mod1 s""1 at, 50°C [95], which is vary near to the value given in [87].

In the absence of specific data, the propagation rate constant in the water phase kPtW

has been assumed to be the same as that in the particle phase A\,.

Considering monomer concentrations, a value of t he concent rat ion of monomei in water

at saturation G*uw — 6. t • ltd6 mol cm" A i.e., very similar to that, reported in Table 6.6,

is reported by Capek et ah [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 4- 5 • LO" 3 mol end3 [1, 90, 91, 97]. The

value of the monomer volume fraction in the particles at, saturation ßß — 0.66 given in

Table 6.6 corresponds to a value Cß — 15 • 10 3 mol cm-1 dtken from [90].

Considering diffusion coefficients, the value of the diffusion coefficient, foi a monomelic

species in the particle phase Dp given in Table 6 6 was calculated as in [941 from the

experimentally determined relationship for butyl methacrylate oligomers as a funchon of

polymer weight, fraction:

, w , !
1.69 • 10" 3

- 15 • 10
~

V» + 3.72 • 10 Xtß

flf(Wp)/cm3s
l
= ßfYSXTIxaßß

*

(6 31)

where i are the units in the oligomer and tep is the polymer yveight fraction The value

Pip — 5.2 fO ~() cm2 s
' in the table corresponds to ? -- 1 and wv 0 38. i o

,
the polvmer

weight fraction in the particles at saturation (calculated hom Hie (f-ßv. pm and p„ values

given in Table 6.6).

The diffusion coefficient for a monomelic species in watei Dw in Fable 6.6 was calcu¬

lated from the VVilke and Chang equation [73] for liquid in liquid diffusion, rather than

taking the value repored for styrene (/)„, = 10
fi cm2 s ') as it was clone elsewhere [91, 97].

To calculate the ratio ct between the bimolecular termination rate coefficient kt and

the propagation rate coefficient kp. the relation given bv llubaek and Degener 1)8] was
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used:

ct = kt/kP = cRD([ - wp) (6.32)

with crd = 1500 ± 300 and wp polymer weight fraction in the reaction locus (conversion

in a bulk). Note that A,y in eq. (6.32) is defined so that the rate of termination in a bulk is

ft = 2kfR*2. Therefore, c = kf/N\up. 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 wp -- 0.1. Data up lo ;r„ -08 were available. The linear

dependence of q on conversion in eq. (6.32) follows hom the fact, (hat, the1 lermination

reaction is reaction (propagation) diffusion com rolled already above 10% conversion [98].

It has of course to be considered whether the rrse of relation 6.32, obtained in a bulk

system, can be extended to emulsion polymerization, ft may in fact, be expeded 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 bv Maedcr and Gilbert A 1] have

shown that at unswollcri particle diameters larger than 60 nm already the probability of

an incoming radical of propagating significantly (e.g. to 50 units) rattier than terminating

with a pre-existing radical is very high. As the length of the radical grows, its diffiisivity

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 be1 rate deferniiuing) can be estimated at,

the different polymer weight fractions. For instance, at a>p —- 0.38 (saturation conditions),

eq. (6.32) yields kd — 2.5 • 1010 cm5 mol 's1. The saute value is obtained from a

diffusion-controlled (Smoluchowski) expression for /p 191]:

kIt = AiTD,aN{p (6.33)

when Dj = 1.9dO"8 cm2 s"1. in eq. (6.33). i is the length of the oligomer (the mate radical

is assumed long"), and if has been taken a
- 7 mn and p — 0 25 [94]. From eq. (6 31)

with Wp
— 0.38, a length / •= 50 is estimai ed corresponding to this 77, value. Since the

probability of propagating to this length is very high already at small particle sizes, fire use

of ecp (6.32) even at low conversions is justified (consider for instance that an imswollen

particle diameter dp<d = 87 nm was measured in reaction BA3 at 9% conversion).

While the propagation rate constant irr the aqueous phase has been assumed to be the

same as in Ihe particle phase, this worrld not be correct, for the bimolecular termination

rate constant. In fact, it, has hern shown that the aqueous phase termination of oligomeric
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radicals in the wafer phase is diffusion limited [1], Therefore, the diffusion-controlled value

kt,iu = 3.7 1012 cm3 mod1 s~L [64] has been taken.

With respect to the mechanism of bimolecular termination, it is believed I hat PBA,

like other poly (alkyl acrylates), terminates predominantly by combination [36], This is

also supported by the ease with which a gel phase is 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 bv NMR spectroscopy have been presented by

Lovell ct, ah for PBA produced both in emulsion 99' ami solution [100], Red i 1001 < ontams

extensive branching data at different, conversions ami initial monomer concent rations 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 brandring 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 Hie system. Rather than

trying to describe the cumulative history represent ed bv the conversion profiles, it was

checked whether the1 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 n (Section 5.2) could describe

the experimental values at different conversions (Frg 6.10). given conversion and particle

number. Tit Fig. 6.21 the comparison between theoretical and experimental points is shown

for reaction BAG. A value of flic1 entry parameter k, - 4 10 ll cm3 s~"l in eq. (5.1) was

taken. The same value was taken for the re-entry parameter kre 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 Dp — 5.2 fO"'6 cm2 s""1

was considered. The slight decrease of initiator concentration with time was included,

and the effect, of the moderate deviation front the1 set point of 50°C on k,„ was verified

to be negligible. Though the k, value was appropiiatelv chosen to have quantitative

agreement at intermediate conversions, it is clear that the predicted behavior ofdi 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 Fig. 6.9, and not in the model), the slight decrease of the calculated values
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clue mainly to the contraction of particle y-olume in interval Iff is far from describing

the strong decrease observed experimentally. Therefore, smcc the very slight decrease in

particle size in interval III cannot justify marked increases in the frequency of desorption

kd or of termination o, the reason for the decreasing behavior of n 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 kd and c at increasing conversions

and worsen the agreement between model and experiment.

A possible mechanism to explain entry rates decreasing with conversion, is fo assume

that, the process of entry is rate limited by propagation in the aqueous phase !fdj. Namely,

if, is assumed that, a radical produced from the water-soluble initiatoi. ionic in natiue. must,

acid a few monomer units in the aqueous phase before its entry in the paiticle phase is

favored. This propagation step is considered to be rate determining for the process. At,

increasing conversions (if in interval ffl) 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 foi termination of the oligomers in the

water phase (compared to propagation and subsequent enhv) and in lower entty rates.

A quantitative treatment of this effect can be made conducting Ihe equation given by
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Maxwell et ai. [64] for propagation limited entry:

pr = 2Ä;[Z]H>^(-^Ä- + l)
"

16.34)
Np \kp)UX'm.w )

where pi 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 freciuency p is obtained adding to the entry

pr of initiator-derived radicals the entry pp of desoibed 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):

pn = hdn(l-Pp) (6 35)

where

PR = ;—è#-v- (6-36)
ki u h„ \ k,, A p

is the probability of termination in the water phase If the ie-erihv of the non-icnic

desorbed radicals is considered diffusion limited. /,», is giuri by

kre - I;; /)„ /•/- (6 37)

where rp 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

values of the critical length for entry z (z - 3 and c - 6) Note that a value of 2-3 for

z is estimated by Gilbert [1] for BA. The model overestimates the n values by a factor 4

at, the lowest, conversion and bv a factor 18 (for z -- 3) at the highest. Higher values of z

improve the quantitative1 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 n val¬

ues for BA has already been reported by Maeder and Gilbert 7)47 These1 authors peiloriued

seeded BA emulsion polymerizations with a small-sized polystyrene seed (30 nm imswollen

diameter). The comparison was made for only one value of n. which was the steady state
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value of one reaction. The experimental value was ft — 0.0012 while the calculated value

was n = 0.033, i.e., 28 times as large. A zero-one model was employed (after checking

the zero-one assumption) rising 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 mottodis-

persc (it, showed a mean radius of 15 nm and a standard deviation of 6 nm). Takirrg this in

account, a theoretical value n — 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 Ihe calculai ed h due

to the presence of bimolecular terminations. No quantitative check of the results obtained

under this hypothesis was however performed. With respert lo 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 complete1 model, including intermediate kinetic situations, should be employed.

Though the parameters in Table1 6,6 are thought to be reliable, if, has been checked

whether different values could explain the experimentally observed n values and behavior.
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Figure 6.23: Average number of radicals as function of eonveision for reaction BA6; O

experimental, A : model. Parameters as m Table 6 6 eacept foi Dl0 — Dp — 10"^ cm2 s~

and cfm
= 2.8 • Kd3. Critical length for entry z — 3

The calculated ft. can of course be lowered by enhancing the desorption rate. Assuming

Dw = Dp — 10"5 cm2 s""1 (which is a reasonable upper bound value for liquid in liquid

diffusion) and Cfm 50 times as large as the literature value reported in Table 6.6, the

result reported in Fig. 6.23 is obtained. Evan using such an imreasoiiable value of the

chain transfer to monomer parameter the agreement is veiy poor, and the n arc still

overestimated at high conversions

The elfect, of varying the propagation rale constant kp is more significant,, especially

because the experimental ft values are inversely proportional to kp (see eq. (6.23)). More¬

over, since the propagation rate constant in the water phase kppü is assumed to be the

same as kp, a decrease in its value increases the died of the monomer depletion in the

water phase on the entry late. The results obtained rising d, d, a,
- 7 3 10" un1 mod !

-,- i
(which is almost 4 times as small as the1 literatim1 valued aie shown m Fn; 6 24 (oi

z = 3 and z = 5. It is seen thai foi *

- 3 the values from the model are not too lai

from the experimental ones, but the behavior is clcailv different, the theoretical values

showing concavity downwards. For r - 5 the agreement is much belter- above 40% con¬

version, since the effect of the monomer depletion is strong from the beginning of interval

III. However, the theoretical values are still concave downwards more markedly than the
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- 3. 53 • model with = 5 Paiameteis as m Table 6 6

except, for kp = kp,1r = 7.3 106 em3 mol ]
s d

experimental values. With respect to this, note front Pig 6 10 that the cxpeiiniental

behavior is not, completely clear. Reaction BA5 shows a virtually linear bchavioi with

conversion, reaction BA6 exhibits a slight concavity downwards, which gets more maikecl

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 bade to Fig 6 2 I if, must be noted

that if the agreement reached between tnoeld and experimental data ffoi = "^ may be1

judged satisfactory above 10% conversion, this is not tine at lower conversion nut aval

II). It, must, therefore be concluded that even using a modified kp value (fai outside the

confidence limits reported in [95]) and a high critical length " the model is unable lo

describe the experimental data.

The effect of modifying other parameters in the model (also outside leasonable ranges)

was checked in a similar way, but no satisfactory agieeinent was found between model and

experiment, the best fit obtained being that icpoited m Fig 6 21 foi ? --- 5.

Since the qualitative behavior ot the experimental ft data is m contrast not only with

the model predictions but also with the basic physical mtmhon legaicluig the piocesses

regulating this quantity, and since the values are far too low compaied to what would be

expected for a scarcely water soluble monomer srrch as BA, it is reasonable to make some

i

o

!

-

A ê A

-

D
e

A

- O

A

D

o
A

i i 1

9



182

hypotheses about possible mechanisms which could lead to underestimated experimental

ft, values (i.e., cakulaled through eq. (6.23)). Values of ft, 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 bv chain

transfer to polymer, which would require the syst em lo move away from the very low n

values reported (where the bimolecular termination tales are negligible). An alternative

explanation could be that the branched chains are1 joined by a terminal dorrble bond

propagation reaction to form a gel phase. In this case low n values could be admitted and

the presence of a gel is therefore not, conclusive.

Since the heat of reaction Q, and the particle density Np can be measured with a cer¬

tain reliability, and since the molar heat of polymerization NHp taken from the literatme

is proved to be correct by the agreement between the eonveision curves obtained ealoiimet

rically and gravimetrically (Figs 6.3-6,7), to justify an eiroi in the experimental evaluation

of n through eq. (6.23) it, is reasonable to turn the attention to the two remaining variables:

the concentration of monomer in the particles Cm and the propagation rate constant kp.

With respect to Np, it, is worth saying that a virtually conslant number of particles was

measured after the first reaction period (see Fig. 6.9), which is expected according to the

classical theory of emulsiorr polymerization 37], and the decreasing behavior of n 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 (7*„, lying in the range 3 -:- 5 10~3 mol

ctrr^'3 [I, 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 ri, values. Moreover, different C*} values imply different, monomer con¬

centrations in the particles at saturation conditions and different conversion elegiacs at

which the droplets disappear, but not different monomer concentrations after this instant,

which occurs between 30% ad 60% conversion (corresponding to the Gß range reported,

see eq. (6.26)). Therefore, all the n data above this conversion arc 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 n values is diffusion limitation during the transport, of

the monomer from the droplet to the particle phase1, This limitation would invalidate

Hie assumption of equilibrium conditions which has boon 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 ft 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 n 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 read ion, in which case the1 effect would be present at all tunes

To clear this point, a quantitative analysis ed" the role oi monomer mass hansfc m the

system has been performed. From this analysis, whiclds topohed m ApponddP. it mav bo

concluded that, monomer transfer limitatioirs 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 eciuilibrium conditions (see Fig, F.l, curve labelled hd). 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 coneeuhations during the whole reaction are

not so far from the eciuilibrium values as to justify the discrepancy between experimental

and calculated n 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 variable1 which has a strong influence on the ex¬

perimental value of ?1, namely kp, some suppositions can be put, forth about mechanisms

which can make kp 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 h). Glass transition effects are to be excluded clue fo the very low glass

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 kp is given by;

kpf( )n kbb -!- kfpo~i
kp — kpp- — —-—h kpp —— —— - (6.38)

k'bb + fßpl7[ + S'ptUm do + kfpO\ -f KpfL m

where kpp and kpt are the propagation rate constants for primary and tertiary radicals,

respectively, kbb is the frequency of back-biting and a\ 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 mechanism was already investigated to

explain orders of reaction greater than one with respect to monomer concentration in (he
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sohition polymerization of BA [101]. The explanation involving stable tcihary radicals is

however doubtful for (wo main reasons. First, so high rates of the branching reactions

should be admitted in order to get, kp values decreasing significantly not only at very

high conversions, that, the branching densities would be overestimated by far compaied

to experimental data available [100]. Secondly, it has been shown in laser initiated bulk

polymerization of BA that the kp is constant up to 80% conversion [98], which should

reasonably hold also for the chemically initialed radicals withm the polymer pari ides.

Moreover, the backbiting mechanism was ado shown to be unable to justify the high

monomer reaction orders in BA solution polymerizat ions 1101].

Another possible explanation for Ihe decrease in kP 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 kp would be a linear function of monomei concentration:

kp = kpn, -i- 2kpdKdGm (6.39)

where kpm and kpd are the propagation rate constants to the monomer and to the dimer,

respectively, and Kd 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 const ant kp value measured experiment ally bv Bubaek and Degenei

[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 if gives significant chain tiansfei fo polymer

and termination by combination, which easily leads to gd formation m a bulk. Therefore,

if, was thought to be a good system to test caperunoutalh the theoietual fmdmgs on ihe

delay in gel formation winch is caused by the compattineniah/ahon of brain heel radicals,

as shown in Chap. 4. Indeed, tor all t cad ions considered, significant h actions ol gel

were found only at verv high conversion, which gives a strong qualitative suppôtt lo

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 appropriaiely the kinetics of the system. Namely, verv low values (d 0.13) and
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a decreasing behavior with conversion of the average number of radicals per particle n

were found experimentally, which exnild not, be explained by any mechanism, employing

reasonable values of the model parameters. Irr 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 basis.

Besides a very low water solubility of the monomer, support for the hypothesis that

the experimental h values are underestimated is given by a kinetic analysis performed

through seeded runs at different, initiator and particle concentrâtions, and by the fact that,

a gel phase is formed.

The parameters which determine the experimentally obtained value of tj were therefore

taken in exam, with particular attention to the monomer concentration in tire particles

Gm and the propagation rate constant kp. 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 coiicenhation. hie uncertainly in the value1 ot the saturation

value and the role of monomer- mass transfer limitations were examined Willi icsped lo

the propagation rate constant kp, branching leac tiens and propagation fo the chiner were

considered as possible effects which decrease the kp at low monomer concentrations, None

of these mechanisms was able to explain the low h values measured experimentally and

their decrease with conversion.
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Conclusions

In this woik a kinetic model foi the molecular weight cale illation of polymers produced

in emulsion is developed. Compared to other models pteviorisly proposed in the litera¬

ture, the main achievement of the present model is the coirect description of active chain

compartmentalization while taking into account also all blanching mechanisms. Models

accounting correctly for active chain eomparhnentalizahon existed for lineal chains, and

many models describing the formation of brant heel chains during polymei iza lion were also

available, but these two features weie uevei pi osent togelhei m the same model

In the molecular weight model hcic piescnted, active chain compartmentalization is

accounted for by taking advantage of the doubly distinguished paiticle' dishibution, which

is conceptually equivalent, to the length distribution of the paiis 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 monômet units

which were added by propagation during previous giowth per rods. The pie-hle cone opt had

already been pieviously used fcti the description ol chain tiansfei to polymer, but it is heie

extended to describe the very different step-growth rnechaursni related to crosslinking and

TDB propagation reactions. The dimensionality of the pioblem rs therefore not enhanced.

The PBEs which result fronr the desciiption of the1 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 integio-differential PBEs to

sets of algebraic linear systems for the momenls of the ae five e hams and DDEs lor the

moments of the terminated chains The major problem is shown to consist m the recon

stiuctietn of the overall MWD hom the moments An analysis ot the petfoimanees of NF

was cariied out by compaiison with the lesulls of a delailed model. It rs shown that in

some cases NF predicts the appealance etf fictitious shoulcleis m the high molecular werglrt

tail of the MWD. hi these cases, winch sometimes ocetn when chain flauster to polvmer

is present as a branching mechanism, partitioning the polvmei aeeorcling fo Ihe number

of branches gives very ace mate solutions with limited nummnil ellor I '\ last pioeedmo

is proposed to deter mine the number ot blanches to bo 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 compai intent alization 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 compart ment alization lead t o errors in the prediction of t he; polymer

weight, average molecular weight and polydispersity. These errors may be very large in the

presence of branching, especially when combinat.ion represents a route to the formation

of large branched chains (and eventually to gel). For instance, gel points occurring as

early as 10% conversion are1 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. due1 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 viuvl acetate, instead, the strong increase of

weight average molecular weight and of polvdispersitv with conversion is caplarned as a

result of the synergic interaction between the two brandling mechanisms present, namely,

chain transfer to polymer and TOB propagation, fn this system, bimolecular termination

is completely prevented by high compartment alization, i.e.. extremely low values of (he

average number of radicals per particle. Therefore, even a model not correctly accounting

for pairwise chain length correlation in the1 calculation of combination provides correct

results.

Finally, butyl acrylate emulsion polymerizations expeiimenis me reported. This mono¬

mer system is known to easily give gel formation m bulk polymerization by chain h an s for

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 compartment alization. Indeed, gel was measured only at high conversions,

typically above 70-80% conversion, while polymer produced irr bulk often results fo be

insoluble at conversions even lower- than 10%, This provides a strong qualitative validation



189

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 uumber of radicals per particle were measured which could neither

be explained theoretically, nor proven false by analysing the parameters which apitear 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

B'l distribution of the doubly distinguished pat tides, branched

B" column vector for the B'J distribution

B'.
n,

fractionated distribution of the singly distinguished particles

Bd column vector for the B[ , distribution

B''i u fractionated distribution of the doubly distinguished particles

B'A ./, column vector for the B'/ , „„ distiibution

b number of branches in a chain

bj\[ total number of branches used in the PAXB method

bn average number of branches in chains of lengt h n

e — (cc X c,/). overall bimolecular termination frequency

c, termination by combination frequency

cd termination by disproportionation frequency

Cfm ratio bctweeen chain transfer to monomer and propagation rate constants

Cfp ratio bctweeen chain transfer to polymer and propagation rate constants

Gm monomer concentration in the particles

Cß monomer concentration in the particles at saturation

Cm w monomer concent i at ion m the watei phase

Gß u,
monomer concentration m the water phase at salutation

Cp specific heat, of the reaction mass

32 matrix of the coefficients for the doubly distinguished particles
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D CLD of the dead polymer

Dp total moles of internal double bonds in the system

Dg CLD of the dead polymer of generation g

dp swollen particle diameter

dptd imswollen (dry) particle diameter

/ pseudo-first-order rate constant for the transfer

events which do not result in desorption

fu functionality of the monomer

,17' generation of the older distinguishing chain

g" generation of the younger distinguishing chain

GG distribution of the polymer terminated by combination

coming from a pair of distinguishing chains, both branched

Gc distribution of the polymer terminated bv combination

coming from a pair of dislinguishing chains, both branched,

as calculated by the approximate model

G*f, ,1 fractionated distribution of the polymer terminated by combination

GM distribution of the polymer terminated bv monomolecular

mechanisms, branched

GhJ fractionated distribution of the polvmer tcrmmated by monomolecular

mechanisms

i number of radicals in a particle

7 (concentration of) initiator molecules

[I]w concentration of initiator in the water phase

I identity matrix

k moment order

kd radical desorption fivciuemcv

Ay rate constant for radical entry



kfm rate constant, for chain iranslei to monomer

kfm,w l"Xo constant for chain transfer to monomer in wafer

kfp rate constant for chain hansfet to polymer

kft rate constant for drain tiansfer fo CTA

kj rate constant for initiator decom post lion

kmaT maximum moment order in the1 method of moments

kp rate constant foi chain propagation

kpdU rate constant foi chain propagation m water

A-* rate constant for crosslinking

kp rate constant for propagation to TDB

kr( rate constant for monomelic radical re-entry

kf rate constant for bimoloeulai t animation

kfC rate constant foi termination bv combination

kfd i'atc constant for termination by dispioporfionation

kt>w rate constant for bimolecular termination in water

M (concentration of) monomer- molecules

Mm monomer molecrrlai weight

Mn number-average chain length

MS, instantaneous number-ay orage chain length

Mw weight-average chain length

M^ instantaneous weight-average chain length

/? chain length

X pre-life of the older distinguishing chain

rt" pre-life of the vounger distinguishing chain



n average number of free radicals per particle

N maximum numbei office radicals in a paiticle

Afo Avogadro's number

rp, number- of branched generations whoso mdex coincides with Ihe

number of chain branches m the refined NF technique

ng,NG total number of branched generations used in NF

Nt distribution of the particles containing i radicals

A7?' distribution of the singly distinguished pai lidos lineal

N' column vcctoi for Ihe X( dishibution

A77 distribuhon of the doubly distinguished pai tides, linear

N" column vector for the TV'' distribution

??„, overall moles of monomer irr the reactor

r?0, initial moles of monomer charged

Dm maximum chain length in Ihe detailed solution method for the bulk

Np water phase concentration of the polymer pai tides

np total moles of polymer chains in the system

G'/ distribution of the doubly distinguished particles
with the older distinguishing chain branched

O" column vector for the 0" distribution

Pd polydispersity latio

Pd instantaneous polvdispeisity ratio

P probability of desorption from a paiticle in state /

P„ (concentration of) terminated chains of length n

Pn (concentraiion of) terminated chains of length rt belonging to

generation q
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dead polymer chain of length n, bearing a TDB

(concentration of) terminal ed chains of length n with b branedtes

ratio between chairr transfer to polymer and bimolecular

termination frequency

ratio between crosslinking and bimolecular termination frequency

ratio between TOB propagation and bimolecular

termination frequency

instantaneous heat of reaction

probability of occurrence of event, x\

probability of occurrence of event 7p followed by event, ,r?

probability of occurrence of ewvnt 72 conditioned on event ,f|

rate of initiation

swollen particle radius

(concentrât ion of) active chains of length n

(concentration of) active chains of length n belonging to

generation c;

(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 bv the approximate model

distribuhon of the polymer terminated bv monomoleiulai

mechanisms, linear

birth time of the (older) distinguishing drain

current life! hue

current lifetime of the younger distinguishing chain of a pair

(concentration of) chain transfer agent molecules
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t,e experimental time

Tj)p total moles of TDBs in the system

I) jacket, temperature

77 reactor temperature

U heat exchange coefficient through the reactor wall

Ve distribution of the polymer terminated by combination

coming from a pair of distinguishing chains,

(lie older of which branched and hie younger linear

Ve 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 approximate1 model

up swollen particle volume

vpjd imswollen (diy) paiticle volume

Vd volrrme of Ihe droplet phase

Vm molar volrrme of pure monomer

V„, volume of the water phase

Wc distribution of the polymer terminated by combination

coming from a parr of distinguishing chains,
the older of which linear and the vounger branched

Y/' distribution of the doubly distinguished particles
with the younger distinguishing chain branched

Y" column vector for the Yt" distribution

z critical length for entry

Greek letters

a propagation freciuency

ß probability of reaction by propagation or termination

in the water phase for a desorbed monomcric radical



7 iatîo between internal double bonds mcl

polymeiized monomer units m a chain

qC2 DB>
average itumbei of TDBs per chain

v total moles of ctosslmkecl monomei units m the system

p hequency oi radical entiy

pp frequencv of ie-entiy oi desoibed unheals

p'^ ,
Af/,-oidei moment of distribution B'

;

Pig' a"
Af/!-oidei moment of dishibution B'/

pm puie monomei density

pp pine polymei density

p,, hequency of io-cmhv< of desoibed monomelic radicals

<fim monomei volume* haction m the putielcs

cj)m monomei volume h act ion m the putielcs tl saturation

(jd) kih-oidcx moment of the CLD ol the dead polvmer

AM A^'-oidei moment of the CLD of the dead polymei

belonging to generation q

a-\i kth-oidei moment of the CLD ol the polymer framed by

monomererulu teinnnation. belonging to geneiation q

Oq A -oidei moment of the CLD of the polymei toi med bv

combination belonging to generation q

a 7,!,
,j,

/„"'-older moment of distiibtihon (7$
„

o q y q q

I „II

6 total moles ol polvnieirzed monomei units m the system

t), ,
Kioneckei s mdex

p nutialion edlic icncv

A/, 7 "'-order moment of the Cl D of the active1 polvmer (bulk)
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ü.fc At^'-order moment, of the CLD of the terminated polymer (bulk)

Pk,b kth-order moment of the1 CLD of the terminated polymer with

b branches (bulk)

I pi1' kth-oxx\ov moment of the CLD el lire1 terminated polymer of

generation g (bulk)

rc characteristic time for combination

tp characteristic time for entry

X fractional conversion

AIIp molar heat of polymerization
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Abbreviations

BA Butyl acrylate

CLD Chain length distribution

KPS Potassium pcrsulfate

MWD Molecular weight dishibution

NF Numerical fractionation

PANB Partitioning according to the number of branches

PBA Poly(butyl acrylate)

PBE Population balança equation

PCS Photon correlation spectroscopy

PVAc Poly(vinyl acetate)

PVC Poly(vinyl chloride)

QSSA Quasi-steadv-state asstimption

SLS Sodium laurvl sulfate

TDB Terminal double bond

TEM Transmission electron microscopy

VAc Viuyl acetate

VC Vinyl chloride
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Appendix A

Model Solution

A.l Numerical Fractionation

The numerical procedure adopted for the solution of the model is based on the fiacf foliation

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 AG+ 2 of generations, each consisting of individuals similar in length and degree

of branching. The first, generation is constituted of lineai chains, the following NG inchrde

the branched chains belonging to the sol polymei fi act ion and flic last one is the polymer

gel. The definition of the rules governing the passage hour one generalîou to another

permits lo 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 a. a geometric growth

of the chain size. The coupling between two chains belonging to different generations

yields a chain of the higher geneiation of the two All mechanisms not involving drain

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 is still linear, and no generation transition occurs in litis case.

When a chain is sufficiently large and blanched, i a. it belongs to a geneiation higher

than the highest sol gerter.ition NG. it is considered lo be pah of the gel. However, no

arbitrary condition on the value oi NG must be introduced This has simply fo be taken

large enough, so that a further increase would not affect the results of Ihe model, i.e.,

convergence has been achieved (see for instance Fig. 2.7). The amount, of gel formed is



212

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 geneiation of polymei chains are derived. These result,

from the application of the NF technique to the case etf emulsion polymeiization. In

order to identify the generation which lite chain belongs to, a subscript, g' is added to

the distributions of the singly distinguished particles aucl of the polymer terminated by

monomolecular combination. When the chains under examination are two, i.e., in the case

of doubly distinguished particles and chants terminated by combination, two indices g' and

g" are needed. Index g = 0 implies that the chain is linear: m 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 flic1 overall distributions. Considering that a live

chain of generation g' is formed when a crosslinking reaction occurs between (wo chains

both of generation g' - 1 or one of generation g' and the other ot a lower generation, the

following equations can be deiived:

•g' -- 0

dB'ßt.f)
Of

= A(OB[,(r-0 (A.t)

•9'

OB'ßtjfn')
-A(/)B',(/d/./(') - / A>B','/ Git' nßnt'fßßfrXdn,

'nàf

XkXBd(]ß.l')X'\P)u(t,X) I Dßftt'V (A 2)

/>2

c'TB'df f n') /»
-=^nr!—L = A(t)B!q,(1j'.>i') f / kXBß ßt.i'.X -in)rn'D(li ßl.rrßdm

ot -

p,

7-1 /
rr \

XY [I kßyB^ßflfX nßtßDßftrßdm) (A.3)
1 -o \-/o /

AEÏf'aBr.oo-..,,,,,,/»,,,-..),/,,,)
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+A;;7B'0(t,t')n"i7^(i,n')

where Dg> (t, nl) is the CLD of the dead polymer of generation g' and A is the same band

matrix used in eq. (2.5). Note that the distribution vector B'0(d t') coincides with N'(t, tl)

appearing in eq. (2.5). In matrix A. the moment cd'^ appearing in the diagonal terms must

account for the overall dead polymer, i.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 I = 1 for the crosslinking reaction and 1, = 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. I)

to (A.3):

..</ = 0 Bßßf II - 0) - pN, ßl) -i kpXßpNßl) (A X.

•g' = 1 Bißt, t' = 0, n') = kfpiN,(t)n'(Dßt, n') + D0(7, n')] (A.5)

•g'>2 B'ici,(ff ~X.),n')--kfpiX,(f)XD0i(t,n') (A.G)

where 1 < i < 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:

• both chains linear

OB'XßcfX")
„ , „

---DfOB^d/dA) (A.7)
no o v

'ßJX

where P_ is the same band matrix used in eq. (2.8) and B/ßß^tß',t") coincides with

N"(i,t',t") in the same equation.

• older chain branched

"XXßßXX^,^,.,,,,.,,,,,,
ot' —
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7-0
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+ V / B;'0(^./'./".//- m)m'D0ßfm)dm S B'^ßSßß',t")Xll)c,i(I,C)
1 -1
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Note thai I his equation is foi ma llv cou ed only wheia/ d -' Wherie/' =- 1 (hehist integial

term on the right-hand side must beieplaced bv the term B[)0 (/,/'. /")»''Do (/,??'), since the

linear active chain yielding Hie chain of the first generation has no pre-life. Accordingly,

the length of the dead chain undergoing the ciosslinking reaction is fixed to rt' and no

integration is required.

» younger chain branched

OBSi0nßX'ß",Xß
__^g,, (M,)f,,V)

OP

+A-!7
p

|_./o
a" -1
V L

I'll

B'o.d- i(M'r," - m)iiilDq„^(t,rr,)drr

+ J2 I B!ö<f(ft',iß>i"-~-m)nt!Dßt,m)dm (A.9)

+ X) / B^U^'V'-mW/VL' '?>>/?» I Boo^/',/")n'"/V('-"")

r-=0

e/'-l /in,

;=-!
0

As for eq. (A.8), this eciuation is collect when q" d 2 When g" - 1, the first integral

term on the light-hand side must be replaced by the term B'0'0(f ,1', t")n"lDo(t. it").

» both chains branched

OB/',ai,(t,f,t",nfn")
-<)',q"

XlXp

Ot"
-D(/)Bd., (t,t',t",X,n")

Bd 1()"(A/'d"a7 - m n"WD,, .\(t m)dm
a

1- / Bd „ ßt.fxXrXrß-nßtXllp-AfiißdmX
0

]T / B/,, gl,(tN',tXX ~ m. n")mlDßt, m)dm
1 -0

•'°

?" t ,„»

+ zZ I Sj q>(t.l'.t'\n'.n" -nt)m'Dt(Lm)dm + (A. 10)



Y] I Tg n(l,t',t",n' - m,n")mlDg,(t irßdm
, i

/o

X i
rn"

XJ2 B",
i
(tC' I", »'di" - trßm'Dg, (fm)dm \

B'0')(/, (t, i', t", n")n"l)g, (t, n') + B'7 0(f. t', t". i,')n'" Dq„ (t, n")

This eciuation is coned when both g' ß 2 and q" ^ 2 When g' — 1 ot o" - 1, some

integral terms must be modified similarly to what shown foi eqs (A 8) and (A 91

The form oi the initial conditions depends upon the value of the generation index q"

.g" = Q B':g,0(t,t',t"^0,n') --pB', „lql(t t'.X)

+kfmGm(i-l)B(q,(t,t',n') (A Li)

>q" = l B,/qißt,f.t"-0,ri'X')- k fp(i l)B{ q,(t l',n')n"

[Ißßt Xßl Dßt,n")\ (A 12)

»c?" > 2 B'/g, (f(f t'j" = 0 id n") I h,(i - S)B'h0,(t,t', n')n"

D,fßt,tß) (A.13)

where 2 < ? < N and 0 < q' < NG (with X •= 0 when q' = 0)

Polymer Formed by Monomolecular Termination

The struct me of the equations describing the dishibnhons Gß of the petlyma belonging

to generation q' which has toimed bv ntonomolee ulai terminât ion does not depend on

index c/' and coincides with that of eq (2 17) lot the corresponding overall dishibution

This is because monomolecular terminations newer lead to a geneiation tiansfei of the

active chains Thus, foi 0 < g' < NG

d(vpGAJ(ß f X)
— --'u^ //, exx ß o )Vzd( (/, -

dt,

t ~B\„,(t( f ,' X) f 2(t/> ( GB'l{f f f n

A

ykjpn + k;Vf)Gs)Htt,f,n')p] x (AU)
) 1
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where n is the length of the dead chain, given by n = ni X at' in the case where e/ > 1.

When g' = 0, tire piv-lifc of the active chain producing the dead polymer chain is zero.

Accordingly, the dependence on X must be eliminated in eq. (All) (Gçj/f — GS)'ßtcß'))

and the chain length is n = all.

Polymer Formed by Combination

As for the case of the polymer formed by monomolecular termination, also the eciuation

describing the time evolution of distribution Gß „ of the polvmer terminated by combi¬

nation is identical in strricture to that correspondiitg to the oveiall dishibution, given by

eq. (2.21):

d{vpG<;;Ql,(ie,t',f',X,n")} \

df
^['2e<Y^PÏp,p(G^yx",tl,t",nl,n")

-(kfpn X k;ynl)GlQw>(t«f< '"> »', ">]^ (A-15)

Here rt is the length of the dead chain, calculated as » - nl 1 n" A a(t' X 2/") Eq (A 15)

holds for 0 < qf g" < NG. However, when ß — 0 oi q" 0. the dependence on /;' oi n".

respectively, drops out.

A.3 Fractionated Moment Equations

Equations (A. 1-1) 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 inlcgiafmg over all possible

current lifetimes and pro-lives I2Y<

The equations for the momenls of the polvmer toi med b\ mononioleoulai fei initiation

and by combination, ffy fl,
and Ff^ , (i„ respectively, can be obtained horn eqs (A El) and

(A. 15) by applying the moment dednition to both sides, If must be observed that, moment

o~c , n accounts for both generations of the active chains which produced Hie dead chain.

The moment a^ of the polymer of generation q terminated by combination arc obtained

—Ik )
from the quantities crß', „ by properly applying the rules which govern the tiansitions

between generations caused bv termination bv combination

•9-0 <Ào-4n>o (A.16)

>g = l 4]=-4i0+^cL (A-17)
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"»--> ddEKfaddl+dd,,,-, (ad«
7-=0

The equations for the moments of the dead polymer of generation q formed through

any termination mechanism, a\ ,
are obtained by summing up the moment equations of

the pctlymer formed by monomolecular lerniiirat ietn and by combirralion. The resnlhng

equations are reported in Table A. I, and inchrde the quantities fi'S
Q,

and p l7
, .

wine h rep¬

resent the Alii order moments of the singly and cloublv distinguished partie le chshibul ions.

respectively.

In Table A.l a closure equation is also given. This is required by the chain transfer

to polymer and the crosslinking reactions (not the propagation to TDB), whfoh imply

that each dead polymer moment depends on the next higher flic reported eciuation

results from the model distribution selected for the roconstiuction of the1 CLDs and is

reliable when three moments are sufficient for an accurate description of the CLE of each

generation [45]. If this is not the case, the same procedure (-an 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)-(A10) for the doubly distinguished particles) and integrating by parts, as

shown hi detail in ref. [24], The additional integral terms due to crosslinking can be

handled using the following general formula:

/•oo pn p.x> poo

/ dn F(T)G(ri-r)d.T= P(n)dn G(n)dn (A.19)

Integration of the PBEs and subsequent rearrangement of the terms leads to equations

for the A^'-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 doers 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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moments ot the dead polymer

~Q-Ö\

®fëJ = [(k + kfmcm hA^a^Eitdï ^{Aklx2cd^2ß

^cE;2p;i)^(^^rn-^d? v^

)p(k)

9=1

Xh

*^ = [(h + kfmcmi hf^z^täU iiïh^ziA- i)P;

+2hE?_2(p;'K+p:?î) (hA^^h'V^i

(/r
i

+*<*e^o d^1+y e? , (E?-i(^ htCq]) i c\

yifp4k"l)xk;,ar!))n}^

q 1

clofaiue equation

a(3)
_

2(£^}' I, -
}

°9 —• ^
(1)

Table A 1 Iladionated moment tquthons of the dead pohmcr / — t for the ciosslinking
icaetion md I = 0 foi the pioptgttion to IDB ie action
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moments of the singly distinguished particles

e/ = 0

»A; = Q

»A; > 1

APo0) = -Bi(fd'-0)

g' > i

(4+fc;.Eto ^]i)Pf]- - irym'qßtx' -o.»')^'-^- °

^k / A; \ ,(fc-;) (;H) j.W iva- f k \ ni(k-3)ji+i)

2-^=0 \ j ) tV-t 9'-i
' Ave 0 2^t-[7-i l j / £d

a-

V(/-r yrfc
a0l

* V"'^0

where (i -= l,...,Al:

»e/ = I f(<n')kB'lA(t.t' = 0.n')c/d - A/phV,dfK) dcrf + l)]

•<?' > 2 j(^(7t')kB')q,(t, /' = 0. d)c/A = kfpi AV(^H)

Table A.2: Practionated moment equations of the singly distinguished partit le distribu¬

tions. I — 1 for the crosslinking reaction and / — 0 loi the propagation to TDB i (action
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moments of the doubly distinguished particles

g> = o, q" = 0

Bp?? - -2afrp$ 1}
- ^(at'YBßoiG '', <"' "- 0)rff

where (? = 2,... ,7V)-

(A)
0

e/>l,c/'-0

d iJ')T\ w'A)

S+A57E? (>ri p
'

v- ^p'q 0 d 10

-Ki

"{k~u /x ' v >•' - n/')'B'0', (,(/,/',/" 0 ,')f//'J

2-/y-0 (
;

jPg'-n Od/'
1 ^2-w-0 dj I I

„
I

k f M "(A ;) (;+0 V9' ! ^ M "(A d (7+/)

,
jPg'-lOaq'

I + 2-W--0
d3

l(
,

j P_g> 0 <T>

+ zd, 0 -L,^0 I I /d 0 A,'

where (i - 2, , TV)-

f0oof0>'io/')^7;y0(/,/' c ^ri')dxyzl!!/_', L
i /.„(%./ -i)P;'dAj

c7' = 0,C/"> 1

s+^7 e? .ol A) pS = -2«*ä"l) - r /„>"+«/')^V' (*» f/> '" ^ °» "")f/f ,rfn"

^7
y^a /i \ AA D <>+n yV I w /

A

A
A, u ( , j /\i„ id -i

f d> o L, il j

A

A,
a/ _,) (,h/)

d) e
' "'

W' I W

Od ; -0 Zj ,

"(A ;) v; f-/

o \
,

; if i A,

where (/ — 2,

•9" = 1

,7V)-

IT /o>" + °'')* P'/o i(P t'-f" = 0, n")c/7'c/d

i^--i)E(.û(
A Vi 'vr} -(/N)

ey" ^ 2 /^ /^d" | at')kB(\ ß f i" - 0 n'fdfdn

ii n v-U / ^ \ 'A ;) (/Id

Table A 3. Practionated moment equations of the dorrbly distinguished particle distiibu¬

tions. I — 1 foi the ciosslinking icaction and / = 0 foi the piopagation to TDB reaction.
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moments of the doubly distinguished particles

l)\ t! "iAi m k i )

g' ßxßg'' > 11

nAA;7(EtoL^0 + Ef'o^rji| ^7,,-- w,;:;.

-rriüV + n'' I at')kB;itq,(Ltft" - 0, nf Xßdi'dii'di,'

-Ki
k \ "(A- ;) daO

, y-A /' A A „(*. 7) (7 /)V'-" '

n"^~ <>
X'~l>

r

2X,=0
, Pq'-\.(,"(Jq'-\

"+"
O 0 Pf/,q" id;" L

„f/ r „A ( k \ ,i(k ,) ipi) yV 1 ya
/ A A

f dr-0 1^1 I
;

IPe/.y» ^ + 2^-0 2^=-! I
;

I Pcv',9» (A

.rt'-iv' J
^

1 "7-dan ya" id f J'\ ''(A-i)dlO
"tLr=0 LF0l , I Pj-,9" d/ ~rAw0 O^-td y J Pq!,, °

q"

where (/ = 2,..., A):

•g" = 1 ITItrio00^' + n" + af')AI?;;(/M (A, /'. /" - 0, n',n")dt'dn'cln"

=*/p(/-i)Eîof !V:(;r'W-,i)^iHl)]

.9" > 2 j;,00/^ /,;>' d n" + af)k B'/ql ^(A, P. I" -- 0, ?7, tt")di'dXdr

A A a Pdh 0
= M'- OEÎ-at f

;- Jrf!' ('d

Table A.4: fractionated moment ecinations of the doubly distinguished particle distribu¬

tions, with gfg" > L. I ~ 1 for the crosslinking reachorr and / = 0 for the propagation to

TUB reaction.
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Appendix B

Relation Between Cumulated and

Instantaneous Properties

In this Appendix the i dations between the cumulated md Ihe nisi tntanoous avc tage chant

length pioperties aie derived

Number-average chain length

The cumulated number-aver age chain length is defined as

crO)
"» -

„m
(K 0

whete a"' is the /"'-order moment of the poh me i ( ID <\pi(^s(d is moles pe i pnlid

volume. Derivation of eci (B 1) with icspeet to cvpannont rl tune yields

PM»
_

_1 cl(vpX] )
_

vpgPÏ d(vpa^)
~dtt

~

vpXX df (vpXXy dte

1 el(upX^)
t pXG dtt

d(vpcT^) (dA

d(vpX°ß XX

which, using the definition of the instantaneous nuinber aveiage chain length (2 40) le

duces to

df tPaX df
L v

Weight-average chain length

The cumulated weight-aver age chain length is defined as

T(2
\1 -

-- (B 1)
n\ I

Derivation with icspeet to evpirnneniai nine yields



~uùl±

d,Mv

-,(t0)VpO

d(vP^P)
dp

dßjpaGi) 0-G)

dßopXX) "XX

which, using the delmition of the instantaneous weight aveiage chain length (2 17) ic duces

fo

dM

7p7

i

1 (7

d(i Pix1-

~dlt
M M }

Polydispersity ratio

The cumulated polydispeisity is defined as

M XXa
o)

Mr, (A1

Dciivation with icspeet to txpciuncntal time yields

IB I)

(B ß

dPd t pX[)> d(t pa ) i pa
}

dßper
''

If" (upafß2 dt7~
f

(Tpo77")' d~

(upa^)(vPX^) d(ipXG)

1

(vpa^y

el(ipa(P)
vpaW dp

df

ß!f! P(X <y])aß ! a^) d(upcrG))
XA)

~

~d(^(l)y d(vPcrW)

(B 6)

a^(0) d^l d(ipa°) }ofßrX
+

[crXß a
d (i(ui a

[ )
"

[ad

which, by use of the definitions (2 10) (2 fb) of the mstantancoiis molecnlai weights and

polydispeisity leads to

1

dt, vpa^

d(ipa^)
^777

1/' M

^rl,X ^^ (B7)
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Appendix C

Non-compartmentalized Model

In ordei to highlight the impoitance of a correc I desciiphon ot active chain compaitmen¬

tahzation, in section 2.5 the instantaneous molecular vs eight piopeities calculated by the

model developed in this woik have been compaied to those calculated by a model which

neglects radical segregation in the polymei paitides (non-compaitmentahzed model) In

the non-compartmentalized case, the1 radical concentration R* has been imposed the same

as in the compartmentalized one Enough the iclation IP - n/N \vp, where it is obtained

from lite Smith-Ewait equations dire equations ot the non-compaitmentahzed model aie

the following:

(h
_

[l + r + /9 + cf ^)g(D + (Cp.rt>(2)] (o)
P

[T + ß + cpX0}
P

d[upa^}
dt

djupa^}
dt

- MW(0) (r + f - rf )oW-<y^vP

^kpGmp(0Hl f r X3)up (Cf)

#Àdda!di
_ i. r n(°) 1 + r r J + 2(f + ef ^a<" h e^)^ ^ ß (^

D

Vp

where cxd') and p(P are the y"!-oidei moments of the dead and active polvmer lespeclively

(note that p7A — ]{•) Hie patametei d Iß-ßd t ) mounts loi the aossluiknu

, *(l DB) , *( I DB'\ 11 nm,, i n , i , i i-,, * , , , , , ,

icaction, c/ = kß i
'lb

ßk,X t lor piopagihon (o 1 OB rude - A ,, ßß ( ',,)

for chain hairslei lo polvnicr Paiameteis / and S ace omit (ot monomolee ulai and bi¬

molecular termination, respectively In paiticulai, r accounts also for radical desorption

and entry, which are peculiar of cmrrlsion polymerization.
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r =
kfmCm X A-Wp(°) 1 A: + pNN/n

h/A ;?)

/? = hxiil
kp^m



Appendix D

Derivation of the Overall Moment

Equations for a Bulk System

Applying the moment, operator ß2//S o
l]k t0 ^d^hons ( 1 fd( ) 21 and mailing I ho defini¬

tion of the A'"l-order moment of the active and terminated ehana (i o
, Ay, - Eddn d /?*

and pk = E^ro"A,p«). w0 obtain (A > I)-

nd
°° A

11 — 1 7)—0

oo

fA7pAo][y ,]7>, (D1^

n-0
"

n=0m-(t

-^j>AoX)nUJp» (D2)
77=-0

In the previous eeiuations some summations can be recognized to be the definitions of

A^ and pi\\. The remaining summations (fust summation in eciuation (1) f) and the

double summation in equation (D 2)) can be calculated through the two following general

formulae:

(a \ b)k Y,( K V'''*"' P-3)
;=0

^ '

x1 n xx

iL, Yl a»)'d~m = Yl °n YL bm (^}Ä"1
n-()m~l.) n -0 in 0

Accordingly, the first summation in equation (D 1) leads to (setting n — m X I)

in-0 > 0
^ '

/) -0 /- 0
^
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while the double summation in equation (D.2) is given by:

oo n k / . \ co n

n=Om=0 i- 0
x '

o-n m~o

A-
/ i \ rxy °° A

*)E""T.E-*- w*

y=-0
x /

») -0 oi 0

Substituting expressions (D.5) and (D.G) m expiations (1) J) and (D.2), lespechvelv. we

obtain:

'-—
= kpME ( ' ) X - [kpM +• kfmM + *7f'r + (A'fr + A7rf)Ao + PfPP\}h

y=0
X ' '

XkfpXoPk-ui (D.7)

cif
-= (kfmM + kJtT X kldXo -r klppßXk i -^kh E (

*

) A"^->

-kjpXopi,^ (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 /;*.

The derivation of equations (3.5) and (3.6) for the zerotlt-orcler moments requires

similar but simpler* algebraic handling of eciuations (3.1)-(3 2) after application of the

moment operator- with A; — Ü.
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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 fiactionated PBEs for the calculation of the

polymer CED result:

• 0<- g < nb

jr>*(q)
-Ad-

= kpMir;}9] - [kpM A kfmSM r kjPP X (k,c 1 ktd)X0 X kjppfßPrY

+kfpX0nPlV,-V X Sn oög o[(kjmM I kJtP)X0 X Rß (E. 1)

-^T = (kfn M X kfßT) E<") 4 ±kteE E K\h) KKh) + hdXoK
/i-0 m-0

XkfpPtR^ -kfpX0nPW (E2)

* 9 ~- 'Pi h 1

rmdd

—^- = kpA[R'rßi\~\kpM-M,fii,I\l + hnr (A, - Aw)Ao | A/p//,^

XkfpX0,t[Pß' P+lf''} (E3)

/)-I i nb I 1 h m-Q

r>i, n

+ Ä'"E EH"/i)/?"-» J ^cVt/?*19 ^ CxßP'^-GnXoiX^' (E I)
' 0 M

» nb -I f a q ^ /q(

«ci?j
, „ , *->»(<;)

cd
ApAl/?7'( -''„A/ I ktwM i A,,/1 i (Ay, * A,„)\o r A/p/iil/?*/^

r-A-jpAoJdl19' ^E5)

,;p(d 1
»

,

9-1 n

^- ^ (fc/mm x kjtT)R^ x IktL E n$ "K{îml) x kp E E WK{gl
m 0 h-0 m 0

XktdX{)R^ + kfpplRp"] ktpX0nlßP (EG)
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Note that moments Ao and pi aitpearing in the previous equations are moments of the

whole itolymer CLD, including both the sol and the gel phase. They can be calculated by

means of the overall moment equations icported in sec tion 3 3 2



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 4Dlra.se, 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 partie le-wafer interface. Moreover, the concentrations at

the interface of two faces arc assumed to be at thermodynamic eciuilibrium. The total

molar monomer flux Jiad from the droplet to the paiticle phase can thus be expressed as:

Jin H — IXdwGd —:-
- Cm,w (Ed)

V rn J

where Kdw is the overall interphase transport coefficient, Ad the total area between the two

phases, C„ljd the monomer concentration in the bulk of the droplets, CmAU the monomer

concentration in the bulk of the water phase and m an equilibrium coefficient, which defines

the ratio between G„hd and Gnpw at equilibrium: m — (Cm dIGm lL)cn. The coefficient, Kdw

is related to the layer mass transport coefficients for (he layer inside (Ay/,) and outside (A:f/0)

the droplets by:
ill
7--1 d ,-- (172)
'dec kd,m kdo

Analogously, the total molar monomer flux Pmp front the wafer fo the particle phase

is given by:

J„,p — KpwAp I („,,„< — -—p j (E.3)

where Ap is the total area, between the two phases, G„, the monomer concentration in the

bulk of fhe particles and >n' = (Gm/Gm u)tq. The coefficient Kpu. is related fo the layer-

mass transport coefficients for the layer inside (kpi) and outside (A,)0) the particles by:

111
, N

Ppir kp,nt kpo
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Assuming negligible the accumulation and the consumption oi monomei in the watei

phase, which is justified by its low water solubility, one can wiite:

Pmd -~

•'nip
'

'in
'

' '

Therclore, coiisidering the expressions (E 1) and (F 3) for 7„,/ and ,/,„,,-

PC... ., \ i

J
m
— EdwAd (^-Cmtt^kpuAp(cm„ ^) (F6)

Expressing G„hW from the equality above as a function ol C„,j and Cm and substituting

in any of the two expressions for ,/m gives:

hdhp l (mß

with

jm^TPNJN _r Cß (F,7)
hd

t- hp rX \ in

hd hduAd (VS)

and

hp = KpuAp (E9)

Considering the meaning of m and m', m'/in defines the îafio between Cm and Gm d at

eciuilibrium. Therefore:

'cmd---C:n (E10)

and

Jm =.- -ML-l7(6Vn -Cm) (Ell)
hd i- hp nr

where Gß is the concentration of monomer in the paiticles at equilibrium with the

monomer in the droplet phase. Relation (F.U) expresses the flux of monomer in terms

of the difference between the actual concentratron of monomer and its saturation value m

the particles. Foi the calculation ol Jm according to ex; (1 11), quantities },n and /?,, must

be évaluât eel. Tlu\se involve the calculation ot the tianspoh coefficients Kd>l, and /v;„„ and

of the areas Ad and Ap

Transport coefficients

Since it reasonable to assume that the laver mass tianspoh coefftcents A^,, Ar/0 and kr„,

kp0 are of the same order- of magnitude, and since the monomer has a low water solubility

(m,m' P> 1), eqs (F 2) and (F 4) iodine to

A ^kd( IF 12)

A7( ~ d)o i F 13)
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The layer mass transport coefiicents kdo and kpo 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:

Sh = t^ßßl -. 2 + 0.6 Äe^/?c 1/2

D„,
(E 14)

with

Sh

I'd

Sc

Re

Pw

Pic

Sherwood number

clroplel radius

Schmidt number = pw/pwDw
Reynolds number =- 2pwiird/uw

viscosity of water

density of water

The same equation can be written for a particle. The analysis is carried on here referring to

the droplets, but if 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{pd-pw)<]rd PwXfPi
u —

3/q 2p,r X 3pd
(F.15)

where

Pd, Pw

9 '

PlhlflJ

density of droplet, and water, respectively

gravity acceleration

viscosity of droplet and water, respectively

It, should be noted that the adsorption of omulsiiioi on Ihe clroplel surface causes

a, retardation of the motion of the droplet, and a coned ion factor must be applied to

eq. (F. L5) [104]. However, if'it is proved that the effect of motion is negligible on the

Sherwood number given by eq. (F.ll) when velocity », is calculated by eq. (F.15). this will

be even more true including the retardation due to the emulsifler.

To evaluate the droplet radius, which is required both by eq. (F.14) and (Flo), the

empirical relation given by Chen [105] was rrsed:

with

where

nnV7 ((Pn P'\
rd = 0 0o3-

- V (' /

PL ^ 0,6/7/ + Od/),,,

(Y 16)

(F 17)

d/

d

n

a

Pd

Pu-

average droplet radius (cm)
diameter of the impeller blades (cm)

impeller speed (rps)

interfacial tension (dyne1 cm '

)

density of the1 clroplel (g end ß
density of water (gem A



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 B A reactions

performed).

All eciuations reported above for the monomer droplets can be applied also lo polymer-

particles, except for eq. (F.16), since the phenomena determining the size etf droplets are

different from those determining the size of particles (e.g. particles are not subject to

rupture).

If the cxDirditions at, which the BA reactions are earned out aie consider exl, the equations

reported here above permit to conclude that the Reynolds nuinber appearing m cx| (F f I)

is <C 1, and that the term related to motion is negligible m the calculation of t he Shot wood

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 m a still medium, as fai a-, mass tianspoh is concerned

The layer mass transpoit eoefileeuis can then be1 cah dated hom eq did as

D,

kd0 - -

-'- (F 18)
'd

for the droplets and

kPo - — (F.19)
ip'

for the particles. Thus, the transport coefficients hd and ltp defined in eqs (F.8) and (179),

respectively, which appear in expression (F.ll) for the monomei flux drn become-

hd-AiTDu,dNdY„ (F.20)

hp^AirDnrpNpYw (E 21)

where Nd 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 Radins and Number

The droplet radius was calculated by use of the enrpineal iclahon (F 16) From t he radius

the average volume of a single droplet is calculated dir calculate the droplet number, the

volume of the overall droplet phase1 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:
Pill
--X

= _ Jw (F.22)
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where ng are the moles of monomer in the droplets. The initial condition for this equation

is defined by equilibrium conditions, in the case ol'a sevdeel icaction, this is true1 if enough

time is waited for particle swelling before starting Ihe icaction.

To calculate the monomer concentration in the particles, which allows fo evaluate 7>„

on one hand and particle radius on the other, an overall mass balance has to be wiitten lot

the monomer in the particles, involving mass transport from the droplets and depletion

by reaction:

-^ = Jm - (kp I ky„, )nCm A» ß/NA (F 23)

Finally, the particle number Afo is determined hy the1 late of micleation and of ag¬

gregation (if the system is instable), ht a seeded reaction where secondary nucleation is

negligible and the particles are well stabilized. ATp is constant and defined by the recipe.

Once the droplet and particle radius and number are known, it is possible to evaluate

the exchange coefficients hd and hp according to eqs (F.2Ü) and (F.21). It, may be verified

that, in ordinary conditions, the product rdNd is much smaller than the product rpNp. For

instance, for a typical BA seeded polymerization reported in Chap. 6, the equations above

permit to calculate at, the start, of the reaction: rdNd =-- 3 • 10^ cm"
2 and rpAfo - 9 10'

cm-2. Therefore hd <C hp, i.e.. the limiting step in the monomer transport is represented

by the droplet-water diffusion. Since the droplet size decreases with corrversion, while

particle size increases, this will be true 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 verv few per cent of conversion, i.e., when

enough polymer particles are1 formed). According le) this finding, the final form of the

monomer flux is:

dm = Er7)u,r(/A(/-^(Gß - „,) (E.24)

Results

Using the eciuations above, if, can be analysed if the monomer diffusion from the droplets to

the particles is rale determining in the BA polvmei ization fo this aim, a seeded icaction

with intermediate initiator concentration, nanielv, icaction BAsG. was taken in exam. The

entry rate coefficient was taken to be Ay — 1 dO
n end s~~l flic1 result is shown in Fig. F I

in terms of released heat and monomer volume fraction in the particles vs. conversion.

Comparing the curves obtained assuming monomer- eeiuilibiium with the crrrve obtained
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Figure F.l: (a) Heat, of reachorr and (b) volume fraction of monomer in the particles
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limitations (hd). The curves marked with Afo 10 and 7;dl)0 have beer calculated by

artificially enhancing the transfer resistanoes bv 10 and 100 times, respodively
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calculating the resistance to monomer transport (hd) according to the eciuations above,

the diffusion limitations appear to be significant. However, also accounting for diffusion

limitations, the calculated behavior is markedly different, from the experimental one (sec

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 eomvx shape of the experimental curve is

actually predicted after ea. 50% conversion when hie hiding the description of monomer

diffusion, but the same cannot be said of the extended region of react Ion rate changing only

slightly at lower conversions, and of the presence and position of the maximum. The same

conclusions are obtained also using different, A;,, values in the range which give calculated

rates of reaction etf the same magnitude as the experimental ones

In order to analyse if even stronger mass hansfoi limitations would impiovo the agioe

ment, the calculations were repeated decreasing artificially the (rausfor parameter /?,/ (i e
,

the monomer flux Jm) by 10 and 100 times, respectively, The results correspond to the

curves marked with hd/10 and hd/\00 in Fig. F. 1 and shove that Ihe 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, initiatoi and par¬

ticle concentrations. Monomer franstet limitations aie1 calculated fo he1 nnponant also

at lower initiator concentrations, i.e.. lower rates leg. icaction BAs7 and BAs9) 41ns

is somehow unexpected, since the behavior of read ion of reaction BAs9, exhibiting a

plateau, is easily interpreted as a typical situation where the reaction proceeds in equi¬

librium conditions, the rate at the plateau being determined by the saturation monomer

concentration.

Summarizing, the theoretical calculations show that monomer diffusion limitations are

important in BA emulsion polymerizations under all experimental conditions examined.

This is to be attributed to the high reacfivity and low water solubility of (lie monomer.

However, accounting for monomer transfer limitations in the eciuations does not impiovc

the agreement of the model predictions with the etxperimerital 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.Piorcn-

tino, G.Storti, M.Morbidelli, Molecular Weight Distribution of Crosslinked Polymers Pro¬

duced in Emulsion, J. Polym. Sei: Part A: Polym, Chem.. 36, 1127-1156 (1998)

Chapter 3 has been published in: A. Butté, A. Ghielmi, G. Storfi, M. Morbidelli. Calcula¬

tion of molecular weight distributions in free-radical polymeiization with chain branching,

Macromol Theory Simul, 8, 498-312 (1999)

Chapter 4, with the exception of Section 4.6. has bexn published in: A.Ghielmi, G.Storti,

M.Morbidelli, W.H.Ray, Molecular Weight, Distribution in Emulsion Polymerization: Role

of Active Chain Compartmentalization, Macromoleculcs, 31, 7172-7186 (1998)

The part of Chapter 5 dealing wifh vinyl chloride polymerization has been published in:

S. Foroolin, A.A4. Marconi, A. Ghielmi. A. Butté, G. Stoiti. AI. Morbidelli, Coagulation

Phenomena in the Emulsion Polymerization of Vinyl Chloride, Plait.. Rubber Compoi.

Process. Appl, 28, 109-115 (1999)
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