This article was downloaded by:

On: 24 January 2011

Access details: Access Details: Free Access

Publisher Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Journal of Macromolecular Science, Part A
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713597274

A Comparison of Reaction Mechanisms for Reversible Addition-
Fragmentation Chain Transfer Polymerization Using Modeling Tools

Jhonatan Pallares®; Gabriel Jaramillo-Soto?; Citlalli Flores-Catafio?; Eduardo Vivaldo Lima®; Liliane M.
F. Lona%; Alexander Penlidis®

* Departamento de Ingenieria Quimica, Facultad de Quimica, Universidad Nacional Auténoma de
Meéxico (UNAM), Conjunto E, Ciudad Universitaria, México D. F., México " Institute for Polymer
Research, Department of Chemical Engineering, University of Waterloo, Waterloo, Ontario, Canada °
Departamento de Processos Quimicos, Faculdade de Engenharia Quimica, Universidade Estadual de
Campinas, Campinas, Sdo Paulo, Brazil

To cite this Article Pallares, Jhonatan , Jaramillo-Soto, Gabriel , Flores-Catario, Citlalli , Lima, Eduardo Vivaldo , Lona,
Liliane M. F. and Penlidis, Alexander(2006) 'A Comparison of Reaction Mechanisms for Reversible Addition-
Fragmentation Chain Transfer Polymerization Using Modeling Tools', Journal of Macromolecular Science, Part A, 43: 9,
1293 — 1322

To link to this Article: DOI: 10.1080/10601320600814614

URL: http://dx.doi.org/10.1080/106013206008146 14

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://ww.informworld. confterns-and-conditions-of-access. pdf

This article nmay be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |loan or sub-licensing, systematic supply or
distribution in any formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or make any representation that the contents
wi ||l be conplete or accurate or up to date. The accuracy of any instructions, fornulae and drug doses
shoul d be independently verified with prinmary sources. The publisher shall not be liable for any |oss,
actions, clainms, proceedings, demand or costs or danmges whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.



http://www.informaworld.com/smpp/title~content=t713597274
http://dx.doi.org/10.1080/10601320600814614
http://www.informaworld.com/terms-and-conditions-of-access.pdf

10: 43 24 January 2011

Downl oaded At:

Taylor & Francis

Taylor & Francis Group

Copyright © Taylor & Francis Group, LLC
ISSN 1060-1325 print/1520-5738 online
DOI: 10.1080/10601320600814614

Journal of Macromolecular Science®, Part A: Pure and Applied Chemistry, 43:1293-1322, 2006 e

A Comparison of Reaction Mechanisms for
Reversible Addition-Fragmentation Chain Transfer
Polymerization Using Modeling Tools

JHONATAN PALLARES,! GABRIEL JARAMILLO-SOTO,'
CITLALLI FLORES-CATANO,' EDUARDO VIVALDO
LIMA,">* LILIANE M. F. LONA,> AND

ALEXANDER PENLIDIS?

1De:partamento de Ingenieria Quimica, Facultad de Quimica, Universidad
Nacional Auténoma de México (UNAM), Conjunto E, Ciudad Universitaria,
México D. F., México

“Institute for Polymer Research, Department of Chemical Engineering,
University of Waterloo, Waterloo, Ontario, Canada

3Departamento de Processos Quimicos, Faculdade de Engenharia Quimica,
Universidade Estadual de Campinas, Campinas, Sdo Paulo, Brazil

A kinetic model based on a detailed reaction mechanism of the reversible addition-
fragmentation transfer (RAFT) polymerization was developed. By neglecting some
reactions, or using simplifying assumptions, three different reaction mechanisms
proposed in the literature can be described with this model. The resulting equations
were solved using a self-developed Fortran code. The cases were also modeled
using the Predici~ commercial software. Parameter sensitivity analyses and a com-
parison of performance of the models for the different reaction mechanisms are
presented. It was found that the simplest reaction mechanisms considered in this
paper cannot adequately describe the behavior of the RAFT polymerization process.
It is demonstrated that the controversy in the literature regarding the “six orders of
magnitude difference” in the fragmentation rate coefficient, and the “concern”
about the “validity” of the commercial software package Predici® to represent the
RAFT mechanism have nothing to do with model inadequacy or the alluded
“empirical nature” of Predici®. Rather, these issues are merely a matter of not
having precise parameter estimates in a very complex, multi-parameter model,
where similar model profiles can be generated with different combinations of model
parameters.
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Introduction

Controlled/living radical polymerization (CLRP) is one of the most rapidly developing
areas of polymer science. The ability to prepare well-defined block and graft copolymers,
gradient and periodic copolymers, stars, combs, polymer networks, and end-functional
polymers by free-radical mechanisms is perhaps the main reason for the increased
academic and industrial interest in CLRP. The industrial interest is triggered by the
potential of CLRP in areas such as coatings, adhesives, surfactants, dispersants, lubricants,
gels, additives, thermoplastic elastomers as well as many electronic and biomedical
applications (1).

RAFT polymerization (radical polymerization with reversible addition-fragmentation
chain transfer) is arguably one of the most recent and effective methods in the CLRP field.
Some of the advantages of RAFT polymerization over competing technologies (atom
transfer radical polymerization, ATRP, and nitroxide-mediated radical polymerization,
NMRP) stem from the fact that it is tolerant of a very wide range of functionality in
monomer and solvent. This means that it is applicable to a large range of monomer
types and that polymerizations and copolymerizations can be successfully carried out
under a wide range of reaction conditions (bulk, solution, emulsion, suspension) (2).

Although the RAFT process is extremely versatile, it is important to recognize that not
all of the RAFT agents work equally well in all circumstances, and that most of the RAFT
controllers are not commercially available as of yet. Several reviews on CLRP and RAFT
have been written. A recent one on the chemistry of RAFT polymerization was presented
by Moad et al. (3).

In the case of RAFT processes, Li et al. (4) modeled the kinetics and molecular weight
development using the Monte Carlo technique. Zhang and Ray (5) developed a comprehen-
sive kinetic model for polymerization kinetics and calculation of molecular weight
averages using the method of moments. Barner-Kowollik et al. (6) used the Predici® com-
mercial package to simulate the polymerization kinetics and molecular weight develop-
ment. Wang and Zhu (7) also used the method of moments, based on a simplified
reaction mechanism (suppressing the reversibility in the addition-fragmentation
reactions), to model the evolution of the molecular weight averages. They also considered
diffusion-controlled effects in the reactions involving macromolecules (not only diffusion-
controlled termination) (8). Luo (9) used the Monte Carlo technique to model the initial
stages of RAFT seeded emulsion polymerization. Drache et al. (10) also used the Monte
Carlo simulation technique to model the polymerization kinetics of RAFT batch
processes. Theis et al. (11) simulated the RAFT process considering chain-length
dependent termination using the Predici® commercial package. Monteiro (12) modeled
the molecular weight development (number average molecular weight, M,,, and polydis-
persity index, PDI) in block copolymer formation with the RAFT process. Finally,
Peklak et al. (13) modeled the molecular weight development of the RAFT process by
directly solving the population balance equations, instead of only calculating the
moments of the molecular weight distribution (MWD), and considered free-volume depen-
dence of the kinetic rate constants associated with reactions with macromolecules, to take
into account diffusion-controlled effects on the polymerization kinetics and the MWD.

There is an ongoing controversial debate in the literature regarding the mechanism
that causes rate retardation phenomena in some RAFT polymerization systems (see for
instance the corresponding section of Reference 3). The analysis of this problem has
created another debate about the magnitude of the fragmentation rate constant (ki in
our nomenclature) for some of these RAFT polymerization systems. Wang and Zhu (7)
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used a value of ki, = 10* s7! in the reference set of kinetic rate constants for their model
simulations, and suggested in their conclusions that the radical adduct (the macroRAFT
radical) was a very short-lived species. Barner-Kowollik et al. (14) criticized that
statement from Wang and Zhu (7) and pointed out that there is experimental and theoreti-
cal evidence suggesting that the macroRAFT radical is a stable species with a lifetime
longer than the 0.0001 s assumed by Wang and Zhu (7). They also pointed out that
Wang and Zhu (7) used a very high value of the cross-termination kinetic rate constant,
and that they provided a purely simulation study, with no experimental data. In
replying to the comments from Barner-Kowollik et al. (14), Wang et el. (15) provided
an explanation of how the kinetic rate constants were chosen, and addressed other
related issues. However, in their reply paper, Wang et al. (15) criticized the “amended”
scheme used by Barner-Kowollik et al. (6) to simulate the RAFT process with the
Predici® software, stating that the concentration of the macroRAFT radicals could not
be calculated with that scheme, and regarded the Predici® modeling of RAFT as semiem-
pirical. Wulkow et al. (16) subsequently described the mathematical model behind the
Predici® implementation from Barner-Kowollik et al. (6) of the RAFT process, and
concluded that the implementation using two memory distribution species is a valid and
quantitative translation of the original CSIRO-suggested RAFT mechanism (3, 17). Unfor-
tunately, they did not provide calculations of the concentration profiles of the macroRAFT
radicals, which was one of the aspects criticized by Wang et al. (15).

In this contribution, we present a comprehensive mathematical model for the RAFT
process, based on a detailed reaction mechanism. Molecular weight development is calcu-
lated using the method of moments. The resulting mathematical model is similar to the one
proposed by Zhang and Ray (5), but our model includes the possible termination reaction
between macroRAFT radicals and living polymer radicals (18-21), and thermal self-
initiation, both cases not considered by Zhang and Ray (5). Our model can easily
reduce to simpler reaction mechanisms proposed by others, by adequate selection of the
initial conditions and the values of some of the kinetic rate constants. Three different
reaction mechanisms used in the literature are compared, and the validity of the predic-
tions obtained with the Predici® commercial software is also addressed. The “typical”
polymerization conditions used by Wang and Zhu (7) in their simulations and the
RAFT polymerization of styrene using cumyl dithiobenzoate and 2,2-azobisisobutyroni-
trile (AIBN) at 60°C (6) were used as reference cases for our modeling study.

Experimental

Although the focus of this paper is on modeling of the RAFT process, one of the reference
cases used to test our model is the system studied experimentally by Barner-Kowollik et al.
(6). As mentioned before, this system consisted of the polymerization of styrene using
cumyl dithiobenzoate as RAFT agent and 2,2-azobisisobutyronitrile (AIBN) as initiator,
at 60°C.

Modeling

Reaction Mechanism

The detailed reaction mechanism used to derive our kinetic model is shown in Table 1. All
the symbols used in the reactions of Table 1 and in our model equations that follow are
defined in the nomenclature section. The CSIRO mechanism of RAFT polymerization
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Table 1
Reaction mechanism for the “complete model” (Model 1)
Reaction# Reaction name Reaction step(s)
1 Chemical initiation 1 _Kd 2R

k| °
R;n +M—RM;
2 Thermal M+M kd""; D
self-initiation
D+M ki D* 4+ M*

3 Propagation RM; + M_lﬁ’_) RM;,,

4 Chain transfer to RM; + Mﬁm_> RD, +M*
monomer

5 Chain transfer to RM; +S ks, RD, +S°
solvent

6 Chain transfer to RM; + CTA k= RD, +CTA*

chain transfer
agent (CTA)

7 Irreversible chain RM? + ABﬁ)RMrA +B°*
transfer to RAFT
Agent Kadd . kpd
8 Reversible chain RM; + AB k. RM;AB kw RMA+B*
transfer to RAFT ‘— D
Agent
9 Reinitiation B* + MLBM :

M* +M_k Mm;

D* +M_k DMm; RM!

s*+M_Kk_ sm;
CTA® +M_k cTAM;

ka kp,

10 Chain equilibration ~ RM® +RMA *« RM, ARM; “» RM;A +RM;
(addition-
fragmentation)

11 Termination by RM; +RM! _ku RD; 4 RD;
disproportionation

12 Termination by RM; +RM? ﬁc_)RDrHR
combination .

13 Intermediate radical ~ RM, ARM, +RM; Ku RM,RM RM,
termination

includes the reactions of chemical initiation (#1 in Table 1), reversible chain transfer (#8
in Table 1), reinitiation of the RAFT segment (the first of the 5 reactions shown in row #9
of Table 1), chain equilibration (#10 in Table 1), and bimolecular termination (#11 and
#12 in Table 1) (2, 3, 17). In addition to the original reactions considered in the RAFT
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process, we have included the possibility of thermal self-initiation (#2 in Table 1) (22, 23),
given that successful RAFT polymerizations have been performed over the range 20—
150°C (2), as well as transfer to monomer, solvent and added non-RAFT chain transfer
agents (# 4,5 and 6 of Table 1) (5). The formation of a three armed star from the
reaction between a polymeric adduct or macroRAFT radical (species RM;A*RM; in
Table 1) and a growing free radical (18—21) (#13 in Table 1) was also considered in
the reaction mechanism. The possibility of the transfer to RAFT agent reaction proceeding
irreversibly (6, 24) is considered by using reaction #7 instead of reaction #8 of Table 1.
The kinetic model derived from the reaction mechanism shown in Table 1 will be
referred to as the “complete model”, or “Model 1.

The kinetic model developed by Wang and Zhu (7, 8) is based on a reaction
mechanism consisting of reactions 1, 3, 11, 12 and 13 of Table 1. Regarding the
addition-fragmentation reactions with RAFT chain transfer agent and dormant polymer
molecules, instead of reactions 7—-8 and 10 of Table 1, they used a single reaction,
shown below in equation (1). It should be noted that Wang and Zhu (7, 8) assumed the
individual addition and fragmentation reactions to be irreversible, and that the addition
of polymer radicals with a RAFT controller and the fragmentation of the formed adduct
proceed with the same rates as the corresponding addition-fragmentation reactions with
dormant polymer molecules. The kinetic model based on reaction #1, 3, 11-13 of
Table 1, and on the reaction shown below as equation (1), namely the Wang-Zhu
model (7, 8), will be referred to as the “irreversible model” or “Model 2”.

RM® + RM,A K& RM, ARM; X5 RM,A + RM? (1)

The possibility of the reversible chain transfer to RAFT agent and chain equilibration
reactions (reaction #8 and 10 in Table 1, respectively) proceeding with very short lifetimes
of the corresponding intermediate adducts (i.e., the reversible chain transfer between
living and dormant (or RAFT transfer agent) species without the direct presence in the
reaction mechanism of the intermediate adducts (24)), given by the reactions shown
below in Equations (2) and (3), was also considered. The third case, based on the
reaction mechanism given by #1-7, 9, 11-13 of Table 1, and Equations (2) and (3)
below, will be referred to as the “simplified model”, or “Model 3”. The relationship of
rate constants ki, ko, k3 and k, with the addition/fragmentation constants of #8 and 10
of Table 1 will be explained later, in the results and discussion section of this paper.

k,
RM; +AB |, RMA + B )
<«
BN
RM; +RM;A | RMA +RM; 3)
4
H

Model Equations

Mass Balance Equations for Small Molecules. Based on the reaction mechanism shown in
Table 1, the mass balance equations for a batch reactor are given by Equations (4) to (15),
for small molecules. The moments of the polymer distributions are defined in Table 2. The
rates of initiator decomposition, monomer, dimer, solvent and non-RAFT chain transfer
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Table 2
Definition of moments of the polymer distributions
Species Definition of moments
Polymer radicals (living polymer) Y= = ™ [RM;]
Dormant polymer Zom =) 21 1™ [RM; A]
Dead polymer from termination by Qun=> 72" [RD,]

disproportionation and transfer to
small molecules

Dead polymer from termination by Sm=)Y =1 " [RD, R]
combination
One arm adduct En=)> 2" [RM, A’B]
Two arms adduct (macroRAFT radical) Fion =D o1 Doy 1 8" [RM, A"RM;]
Three arms dead polymer Gabe = D et D a1 D1 P* q°rt [RM,,
RM, RM,]

agent (CTA) consumption are given by Equations (4) to (8). Equations (9) to (13) are the
corresponding rate equations for primary, monomeric, dimeric, and free radicals from
chain transfer to solvent and CTA, respectively. Equation (14) shows the rate of consump-
tion of the RAFT transfer agent. Both irreversible and reversible chain transfer to RAFT
agent (reaction # 7 and 8, respectively, in Table 1) have been grouped in the same
equation. If the reaction is irreversible, then the kinetic rate constants K,qq, K .44, Kpa
and kg take all the value of zero. If the reaction is reversible, then ki, is set equal to
zero. The same holds for Equation (15), which represents the rate of change of the
concentration of primary radicals from the RAFT transfer agent (the R group in the
representation of a RAFT transfer agent molecule, shown in Figure 1, once detached
from the molecule).

AV
d(\\/,[dl\t/l]) = —k[M](R;]+ [B*]+[M°]+ [D°]1+[S*] + [CTA")])
— Kaim[M]* — ke [M][D] — kp[MI[Yo] — kem[MI[Yo] )
dVIDD o
vdt Kgim[M] kuni[M][D] 6)
SY S\r
Z

Figure 1. General chemical structure of a RAFT transfer agent. R is a free radical leaving group (R*
must be able to reinitiate polymerization). Substituent Z modifies the rates of addition and fragmen-
tation. Examples of Z include aryl, alkyl (dithioesters), S-alkyl (trithiocarbonates), O-alkyl
(xanthates), or N,N-dialkyl (dithiocarbamates) (3).
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d(VISD

var — reslSiYol ©)
d(V[CTA])
=i = ~knlCTAIY] ®)
JVIRLD o
T = 21kgq [I] kl[Rin][M] (9)
% = kni[M][D] + kem[M][Yo] — ki [M][M*] (10)
d(VID*]) ,
% = kes[S][Yo] — ki[M][S"] (12)
dVicta b _ ker[CTA][Yo] — ki[M][CTA®] (13)
Vdt
% = —ky[AB][Yo] — Kaad[AB][Yo] + k-aaa[Eo] (14)
%};.]) = ku[AB][Yo] + koa[Eo] — k-pa[Zo][B*] — ki[M][B*] (15)

If the simplified model (Model 3), represented by Equations (2) and (3) for the
reactions with the RAFT transfer agent, is used, then Equations (14) and (15) should be
replaced by Equations (16) and (17).

% = —ki[AB][Yo] + kz[B"][Zo] (16)
d(\\]/[(i.]) = ki[AB][Yo] — k2[Zo][B*] — ki[M][B*] (17)

Mass Balances for Polymeric Species

There are seven polymeric species considered in this work to participate in the RAFT
process: linear polymer radicals (linear living or growing polymer), dormant polymer,
dead polymer produced from termination by disproportionation, dead polymer produced
from termination by combination, one-arm adduct (the product of the addition reaction
between a living polymer molecule and a RAFT transfer agent), two-arm adduct (the
product of the addition reaction between a living polymer molecule and a dormant
polymer molecule), and three-arm dead polymer (the product from termination by
combination between a living polymer molecule and a two-arm adduct). The correspond-
ing mass balances for these seven polymeric species, based on the reaction mechanism of
Table 1, are given by Equations (18) to (24). Caution must be exercised when using
Equations (18) and (19) and the moment equations based upon them (see next section),
since they contain the terms of Model 1 and Model 3 in the same equations. Depending



10: 43 24 January 2011

Downl oaded At:

1300

J. Pallares et al.

on the model being used (either model 1 or model 3), the kinetic rate constants should be
appropriately (de)activated (e.g., k; = ko = k3 = k4 = 0 when model 1 is being used, or
Kagd = Kaga = kpa = kpqa = ka = ky, = k., = 0 when model 3 is being used).

d(VIRM;])
vdt

d(V[RM:A])
Vdt

d(V[RDx])

Vdt

d(VIRD:R]) _

Vdt

d(V[RM, A B])

Vdt

d(V[RM, ARM,])

Vdt

= 21kq[I] + ki[M]([B*] + [M*] + [D*] + [S*] + [CTA"])

+ kp[MI(RM; ] — [RM[]) — [RM] ](km[M] + ks [S]

+ker[CTA] + ke[AB]) — (Kia + ki) [RM;] Y [RM;] — ke [RM;]

s=1

x 3" 3 [RM, ARM,] — ki[ABJRM; ] + ko[B*[RM,A]
p=1 q=1

— ks[RM;] > “[RM,A] + ks[RM;A] Z[RM — Kaaa[AB][RM"]
S=1 S=1

+ K_oaa[RM; A B] — k,[RM?] Z[RM Al + k., Z[RM ARM,]
S=1 s=1

+kp Z[RM ARM,] M;]> [RMA] (18)

(o)
s=1 S=1

= ke[AB][RM; ] + ki [AB][RM; ] — ko[RM;A][B°]

[e9)

+k3[RM;]) T [RMA] — k4[RMrA]§:[RMS']
s=1

s=1

LIRMA]S ]+ ke i [RM, A RM,]
2! -
+kb§:[RM ARM,] i (19)
- -
- (kfm IM] + kis[S] + ker[CTA] + kyg 2 RM;> RM!]  (20)
ke s Z (RM?][RM?_]) (21)

= Kaaa[AB][RM; | — k-4a[RM; A B]

~ kea[RM; A B] + kepa[B*[RMA] (22)

Ko[RM? J[RM,A] — k_,[RM, A RM,]

— ko[RM; A RM,] + k-o[RM; J[RM; A] (23)
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d(V[RM,RM,RM,])
Vdt

= ka[RM, ARM,J[RM’] (24)

Moment Equations and Molecular Weight Averages

The moment equations needed to calculate averages of the molecular weight distribution
are obtained upon application of the method of moments to equations (18) to (24), thus
yielding Equations (25) to (32).

d(VYm)
Vdt

=2fkq[l] + Ki[M]([B°] + [M"] + [D*] + [S*]+ [CTA"]) + B,,

— (kem[M] + kgs[S] + ker[CTA] + ki [AB]) Y — (Kig +Kie) Yo Y — Kiir YmFoo
- kl [AB]Ym + k2 [B.]Zm - k3Z0Ym + k4YOZm - kacld [AB]Ym
+K-2ddEm — kaZ0Ym + k-aFmo + koFmo —k-6ZoYm (25)

The term S, used in Equation (25) is defined in Equation (26), and it depends on the
value of m being evaluated. Equation (26) shows the cases for m = 0, 1 and 2, which are
the only ones needed for calculation of M,, and M.

0,if m=0
B = kp[M]Yo, if m = 1 (26)
Ko [MI(Yo +2Y1), if m = 2
VZun
d(th ) = ktr[AB]Ym + kl [AB]Ym - k2[B.]Zm + kSZOYm
—kaYoZin — KaY0Ziy + kK_aFo + kpFino — kv YoZn, (27)
d(VQp
) = (kgulM] + Kis[S] + Kr[CTA] + kigYo) Yo 08)
d(VSm) ki R4 (m)
=— YoYon 29
Vdt 2 “—\n 29)
d(VE
(V dtm) = Kadd[AB]Ym — K-2ddEm — KndEm + K-ba[B*1Zi (30)
d(VFmn)
=k, YnZ, — keaFin — kpFon + K-bZimn Yo 31
Vdt a b + Kp (€29)
d(VGype
% = ktirFabYc (32)

Number and weight average molecular weights, M,, and M,,, are calculated from the
first three moments of the molecular weigh distributions of the different polymeric species
that participate in the polymerization. The values of M,, and My, for the overall polymer
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population can be calculated using equations (33) and (34). The polydispersity index (PDI)
is calculated using Equation (35).

M. — Yi+7Z,+Q;+ S+ Ei +Fig + For + Gioo + Goro + Goos

n M, 33
Yo+ Zo+ Qg + So + Eo + Foo + Gooo » (33

Y2+ 7>+ Qy + Sy + Ey + Fag + Foz + Fi1 4+ Gooo
N +Go20 + Gooz + Giio + Gior + Gou Mo,  (34)

Y1 +Z; +Q, +S; +E; + Fig + For + Gigo + Goio + Goor

M,
PDI =

(35)

It is observed from Equations (33) and (34) that in order to calculate M,, and M,,, 7
order zero, 10 order one and 14 order two moments are needed. The 31 ordinary differen-
tial equations needed to calculate these moments can be easily generated from Equations
(25) to (32) by just replacing the order of the moment (subscripts m, n, a, b or ¢ in those
equations) with 0, 1 or 2, as needed.

Numerical Issues and Implementation in Predici®

The complete model (Model 1) consists of 46 simultaneous ordinary differential equations
(ODEs), 15 for small molecules (1-15), and 31 moment equations. The model equations
were implemented in a Fortran computing program. Subroutine DDASSL (25) was used
to numerically integrate the ODEs. The simulations presented in this study were generated
using this code. Most of them were reproduced using the Predici® commercial software.
One problem with Predici® is that it does not include a direct reversible reaction
between macromolecules in its database of reaction “steps”. In order to implement
reactions such as the addition and fragmentation reactions of RAFT, temporary chain
size memory species have to be used (6, 16), although it has been shown that mathemat-
ically this approach is the same as having the direct reversible steps (16). It is important to
mention that Predici® works by creating a reaction mechanism from a database of prede-
fined reaction steps. Since some of these steps are similar, it is possible to create a single
reaction mechanism in slightly different ways. In the end, the mathematical problem to be
solved will be the same, provided that the reaction mechanism is implemented properly.
Table 3 shows an example of implementing in Predici® (selection of “steps”, reaction
types and kinetic constants) a subset of model 1 of Table 1, for illustrative purposes.

Results and Discussion

The first system considered in this study (Case 1) was the “typical” RAFT formulation
modeled by Wang and Zhu (7). The polymerization conditions and kinetic parameters
used in our simulations are summarized in the caption of Figure 2. The selection of this
system served the double purpose of testing the capability of our simulation program,
based on the “complete model” (model 1) described earlier, to reproduce the results of
Zhu and Wang (7), using what we call the “irreversible model” (Figures 2—4). The
second purpose of choosing the “typical” formulation of Wang and Zhu (7) was to
compare our simulations with the implementation in Predici® of that reaction
mechanism, and using the same set of polymerization conditions and kinetic rate
constants (Figures 2 and 4). The same RAFT polymerization system was used to
compare the predictions of polymerization rate and molecular weight development
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Implementation of a subset of the “complete” RAFT mechanism in Predici®

Kinetic rate

Reaction # constant
of Table 1 Step in Predici Name of step (equivalent)
1 I — Rin* + Rin* Elementalreaction kq
1 Rin* +M — RM*(1) Initiation(n-mer) k;
9 B*+ M — RM*(1) Initiation(n-mer) k;
3 RM*(s) + M — RM*(s + 1) Propagation k,
8 RM*(s) + AB — RMAB(s) Change Kk,
8 RMAB(s) - RMAC(s) + B* Change ky,
10 RM*(s) + RMA(r) — D(s) + DA(r) d-Termination ka
10 D(s) — RM*(s) Change ky,
10 D(s) — RMAC(s) Change ky,
10 DA(s) — RM*(s) Change ky
10 DA(s) — RMAC(s) Change ky,
13 D(s) + RM*(r) — T1(s) + T3(r) d-Termination Keir
13 DAC(s) + RM*(r) — T2(s) + T3(r) d-Termination Kiir
13 D(s) — TI(s) Change Kir
13 DA(s) — T2(s) Change Kiir
12 RM*(s) + RM*(r) — RDR(s + 1) Combination Kee
11 RM*(s) + RM*(r) - RD(s) + RD(r)  Disproportion Kea

obtained with what we call the “simplified model” (model 3), against the predictions
obtained with the “complete model” (Figures 5 and 6).

The second polymerization system addressed in this paper (Case 2) was the RAFT
polymerization of styrene, at 60°C, using AIBN as initiator, and cumyl dithiobenzoate
as RAFT agent. The first objective of simulating these polymerization conditions was
to compare our model predictions against available experimental data (6), and to
evaluate the differences among the three reaction mechanisms described in this
paper (“complete”, “irreversible” and “simplified”) (Figures 7 and 8). The second
objective was to find out if it was possible to calculate the concentration of one-
and two-arm polymer radicals (adduct polymer or macroRAFT radicals) using
Predici®, and to compare the calculated concentrations against those obtained with
our models (Figures 9 and 10). The third and last objective sought with our simu-
lations at the conditions of Case 2 was to evaluate the importance of the rate of pro-
duction of three-arm polymer on polymerization rate and molecular weight
development (Figures 11 and 12). This is an important aspect related to the retardation
effect in RAFT polymerization.

Simulations at the Conditions of Case 1 using the Irreversible Model with Fortran
and Predici®

The irreversible case (model 2) can be modeled with the Fortran computer program for the
complete model (model 1) by making k_.qq4 = k.pg = k.o = k, = 0 (see Table 1). Figure 2
shows the effects of initial initiator concentration (Figure 2a) and RAFT transfer agent
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Figure 2. Effect of (a) initiator, and (b) RAFT transfer agent initial concentrations on monomer
conversion in RAFT polymerization of styrene, using the “Irreversible Model” (“Model 27).
The polymerization conditions and kinetic parameters are: [M]y= 5mol L7, =
5x 103 molL™" (for plot (b), variable in plot (a)), [AB]o= 10" 2molL™" (for plot (a),
variable in plot (b)), kg=10""s"", £f=0.5, ki=k,=10"Lmol 's™", kq=ke=ks=
10’Lmol 's™!, kygqa =k, = 10°Lmol 's™!, and kpq =k, = 10*s™'. All other rate constants
are set equal to zero.
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Figure 3. Development of (a) polymer concentration (zeroth moments), (b) number average chain
lengths, and (c) polydispersities of the various types of polymeric species present in RAFT polymer-
ization. The adduct symbol refers to one- and two-arm species combined. The different points rep-
resent simulations from Wang and Zhu (7) and the solid lines are calculated profiles obtained with
our Fortran code, using “Model 2”. In the simulations, [I]o =5 x 103 mol L' and [AB], = 1072
mol L ™', Remaining polymerization conditions and kinetic parameters as in Figure 2.
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Figure 4. Comparison of calculations obtained with Fortran and Predici®, using “Model 1”: PDI
versus time for (a) living polymer molecules, and (b) for dormant polymer molecules. Polymeriz-
ation conditions and parameters same as in Figure 3, except for the values of k_,qq, K.pg, K o, and
k_p, which are not equal to zero this time, but take on the following values: k ,q¢ = k., = k, =
1x10*s ! andkpyg= k= ko=1 x 10°Lmol 's™ L

initial concentration (Figure 2b) on polymerization rate, expressed as conversion vs. time. As
expected, increasing the initial amount of initiator causes the polymerization rate to proceed
faster. On the other hand, by increasing the amount of RAFT transfer agent, the polymeriz-
ation rate is decreased. The profiles shown in Figure 2 seem to indicate that the effect of the
amount of initiator on the polymerization rate is more pronounced than that of the amount of
RAFT transfer agent. However, it should be noted that the amount of RAFT transfer agent is
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Figure 5. Comparison of performance for polymerization rate (conversion versus time) between
models 1 and 3 (“Complete” and “Simplified”, respectively), at the same polymerization conditions
of Figure 2(a). The parameters for the complete model are as in Figure 4. For the “simplified” model
see text.

being doubled or cut in half (Figure 2b), with respect to the base case, whereas the amount of
initiator changes by one order of magnitude (Figure 2a). An interesting aspect to notice is that
our implementation of the irreversible model coincides completely with the simulations
reported by Wang and Zhu (7) (W-Z), represented by symbols in Figure 2. Although the
Predici®-produced profiles of conversion versus time shown in Figure 2 lie slightly above
the Fortran and W-Z ones, the agreement is very good.

Model predictions of molecular weight development for the polymerization con-
ditions of Case 1 are shown in Figure 3. The evolution with monomer conversion of the
zeroth moments (polymer concentration) of the MWDs of the different polymer species
participating in the polymerization is shown in Figure 3(a). It is observed that the concen-
tration of living species (linear polymer radicals with the radical center at the end of the
chain, as well as one- and two-arm polymeric adducts) is very low, in the order of 10~®
mol L™, which is within the typical concentration range of conventional radical polymer-
ization. The concentration of dead polymer is in the 10~ *to 10™° mol L™ range, which is
rather low if compared with standard free-radical polymerization, but common in CLRP.
The majority of the polymer is in the form of dormant polymer. Figure 3(b) shows the
evolution of the number average chain length (ratio of first to zeroth moments of the
MWDs) of the living, dormant, adduct (one and two-arm species grouped together),
dead and overall polymer species. The CLRP typical linear behavior in the r, versus con-
version profile is clearly observed. The number average chain lengths of the living and
dormant polymeric species are virtually the same, with the r, of the dead polymer
being a bit larger, and the r, of the adduct population almost twice the value of the
other populations. This is expected, since a two-arm adduct is made out of 2 polymer
molecules, temporarily linked together. The average is slightly lower than twice the
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Figure 6. Comparison of performance for calculation of molecular weight development between
the “Complete” and “Simplified” models: (a) polymer concentration (zeroth moment of the
MWD), (b) number average chain length, and (c) polydispersity, of the different polymeric species
participating in the RAFT process. Polymerization conditions and model parameters as in Figure 5.
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Figure 7. Comparison of model predictions obtained with models 1, 2 and 3, and experimental data (25)
of conversion vs. time for the RAFT polymerization of styrene with cumyl dithiobenzoate and AIBN at
60°C. The polymerization conditions and kinetic parameters are: [M]y= 5molL ™",
Mo=3.5x 10" molL™", kg=953x 107%s"", f=064, ki=k,=339Lmol 's™', kq=0,
ke =10"Lmol 's™", kg =0, ky =k = 5.4 x 10°Lmol™'s™, kugq = kipa = 3.5 x 10°Lmol ' -
s-1, and ky, = k_, = kg = k_sqa = 3.3 x 1072~ ", All other rate constants are set equal to zero.

average of the other species because of the fact that the adduct polymer shown in Figure 3
considers not only the two-arm adduct, but also the one-arm adduct polymer molecules.
The PDI versus conversion profiles for these species, and the overall values are shown
in Figure 3(c). The typical behavior of a CLRP system is observed. Rather large PDI
values are obtained early on in the reaction, with low PDI values being obtained at the
intermediate conversion range, and a small increase at high conversions. It is observed
that the population of dead polymer makes the average polydispersity to increase, with
respect to the PDIs of the living and dormant polymer, but given the small fraction of
dead polymer present in the system, the average PDI values are still very good. Our pre-
dictions with Model 2 (Irreversible) fully coincide with the calculations obtained by Wang
and Zhu (7), except for the PDI vs. conversion profile for dead polymer at low conversions,
where Wang and Zhu obtained a small oscillation (see open triangles in Figure 3c), and we
obtained a smooth profile. It is possible that the authors in (7) might have carried out that
specific simulation with a larger tolerance in their ODE solver, hence, the numerical error
was larger (which is a commonly encountered instability).

Figure 4 shows a comparison of model predictions of PDI vs. conversion, for the
living and dormant populations (Figures 4a and 4b, respectively) between our Fortran
program and Predici®, also at the conditions of Case 1. The only difference with the
previous simulations (Figure 3) is that this time the calculations were carried out with
the “complete” model (model 1), and not with the irreversible one. In this case, K 544, k.
ba>s Koo, and k., are not equal to zero, but k ,qq = k,= kp (=1 x 10* s™ Y and kpg =
kKp= ks (= 1 x10°L mol !'s™h. Everything else was the same as in the previous
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Figure 8. Comparison of model predictions obtained with models 1, 2 and 3 for (a) polymer concen-
tration, (b) number average chain length, and (c) polydispersity of the polymeric species present in the
RAFT polymerization of styrene with cumyl dithiobenzoate and AIBN at 60°C. The polymerization
conditions and kinetic parameters are as in Figure 7. Experimental data in (b) and (c) are from (6).
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implementation of models 1 and 2, and the Predici® implementation of Model 2, for the RAFT
polymerization of styrene with cumyl dithiobenzoate and AIBN at 60°C. Polymerization conditions
and kinetic parameters as in Figure 7.
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Figure 10. Evolution of the concentration profiles of one-arm (Ey) and two-arm (Fgyp) polymer
adduct molecules, at the polymerization conditions and with the kinetic parameters listed in the
caption of Figure 2.

simulations. It is observed that the Fortran and Predici® profiles practically overlap,
with just a small overestimation of PDI obtained with Predici® at very low conversions.
This overestimation of PDI obtained with Predici® at very low conversions might
have been caused by the fact of using the default numerical settings of Predici® to
simulate the system, whereas the Fortran simulations were carried out with very low
tolerances in the ODE solver (DDASSL). If Figures 3c and 4 are carefully scrutinized,
it will be noticed that the profiles for PDI versus conversion for the living and
dormant species are indeed identical, regardless of the model (either 1 or 2) used to
generate them.

So far, it was observed that for Case 1, Models 1 and 2 provide the same results
for polymerization rate and molecular weight development. Predici® and our Fortran
program provide virtually the same results. Although the Predici® profiles of Figures
3(a, b, ¢) are not shown, they virtually overlapped with the ones produced with our
Fortran program. The aspects about the capability of Predici® to calculate the
concentrations of the one-and two-arm adduct polymer species will be addresses later
in this paper.

Simulations at the Conditions of Case 1 using the “Complete” and “Simplified”
Models (Model 1 vs. Model 3)

As pointed out in section “Reaction Mechanism”, in order to compare the predictions of
the “complete” and “simplified” models, a relationship between the addition/fragmenta-
tion kinetic rate constants of the “complete” model (K,qq, K-adds Kods K-bas Kar Keas ki and ko,
which we will call C-parameters) and the kinetic rate constants of the direct reversible
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Figure 11. Effect of the kinetic rate constant for formation of three-arm polymer (k) on
(a) polymerization rate (conversion versus time), (b) number average molecular weight versus con-
version, and (c) PDI versus conversion, assuming ky;, = k.. Calculations with our Fortran implemen-
tation of Model 2. Initial conditions and values of the other kinetic parameters as in Figure 7.
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Figure 12. Effect of the kinetic rate constant for formation of three-arm polymer (k) on
(a) polymerization rate (conversion vs. time), (b) number average chain length vs. conversion,
and (c) PDI vs. conversion. Calculations with our Fortran implementation of Model 2. Initial con-
ditions and values of the other kinetic parameters as in Figure 7.
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chain transfer of the “simplified” model (k;, k,, k3 and k4, which we will call S-par-
ameters) must be established. In order to obtain such a relationship two approaches will
be followed. In the first one, it will be assumed that the addition stage of the chain equi-
libration reaction reaches equilibrium (see #8 and 10 of Table 1). This equilibrium
approach will be identified as “EQ” in the discussion and figures of this section. In the
second approach, it will be assumed that the rates of production and consumption of
adduct polymer are very similar in magnitude, such that a quasi-steady state assumption
(QSSA) can be established. This QSSA case will be identified as “SS” in the discussion
and figures of this section.

There are two pieces of information needed to obtain the desired relationship
between the C-and S-parameters. One is the material balance for the dormant polymer
under the simplified reaction mechanism represented by Equations (2) and (3) (the
mass balance under these circumstances being given by the second to fifth terms of
Equation (19), the second and third accounting for the chain transfer to the RAFT
agent, and the fourth and fifth for the chain transfer to the dormant polymer), and the
second is the mass balances for the one and two-arm adduct species, given by
Equations (22) and (23), respectively. In the EQ approach, substitution of the
equilibrium concentration of the one-arm adduct into the mass balance of dormant
polymer leads to Equations (36) and (37). Substitution of the equilibrium concentration
of the two-arm adduct polymer into the dormant polymer mass balance equation leads
to Equations (38) and (39). In the SS approach, the steady state concentrations of the
one-arm and two-arm adduct polymers are obtained by setting Equations (22) and (23)
equal to zero, substituting these expressions into the dormant polymer mass
balances, and comparing term by term with the dormant polymer mass balance from
the simplified reaction mechanism. This SS approach leads to Equations (40) to (43).
Similar relationships have been obtained by others (see, for instance, Equations (3) and
(4) of reference 3).

k
Ki? = kng kadd (36)
-add

k59 = Kepa (37)
k

K =ky (38)
Koo

K = ko (39)

kpaKada
KSS = e 40
: K-agd + Kba “40)
K

KSS = k. (1 —$> 41

2 o k-add + Kba “h)
Kok

K$S = 2 42

3 k—a + kb ( )

k
KS=ky(1 - —2 43
Pk ) @)

Figures 5 and 6 show predicted profiles of polymerization rate at three different
initiator concentrations, and molecular weight development at the reference conditions
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(the same polymerization conditions as in Figure 2b), respectively, calculated with the
“simplified” model (Model 3), and compared against the calculations obtained with
model 1 (solid lines). In the previous section it was found that Models 1 and 2 provide
the exact same results for Case 1. In the case of polymerization rate, it is observed in
Figure 5 that significant overestimation is obtained when the “simplified” model is
used. As observed in Figure 6a, the concentration of dormant polymer is adequately
predicted with Model 3, but the concentration of dead polymer is slightly underestimated,
and the concentration of living polymer is somewhat overestimated. The agreement
between Models 1 and 3 is adequate for number average chain length of dormant and
living polymer, but r,, of the dead polymer is significantly underestimated (Figure 6b)
with Model 3. The PDIs of living, dormant and dead polymer are all underestimated
with Model 3, as observed in Figure 6c. It is also noted that with the set of kinetic
constants for Model 1 used in these calculations, the results obtained with kinetic rate
constants for the “simplified” model calculated from them with Equations (36) to (39)
for the “equilibrium” (EQ) and (40) to (43) for the “steady-state” (SS) approaches, are
identical.

Although there are some differences between the results obtained when the adduct
is considered (Models 1 and 2) or suppressed (Model 3), the qualitative features of
the polymerization seem to be well described with all three models, at least for the
conditions of Case 1. This result would suggest that using Model 3 could be
adequate to model RAFT polymerization, provided that the kinetic rate constants
are adequately fine-tuned. However, before jumping to premature conclusions, the
case of a more realistic polymerization situation will be addressed in the following
section.

Simulation of the RAFT Polymerization of Styrene at 60°C with AIBN and Cumyl
Dithiobenzoate (Case 2) using the Three Models

Figure 7 shows the effect of the concentration of cumyl dithiobenzoate (RAFT agent) on
polymerization rate for the RAFT polymerization of styrene, at 60°C, using AIBN as
initiator (Case 2). This polymerization system was studied experimentally and
modeled using Predici® by Barner-Kowollik et al. (6). It is observed that the polymer-
ization proceeds quite slowly in the four cases shown, not reaching a conversion higher
than 25% in the case with the lowest amount of RAFT agent, after 25h of polymeriz-
ation. As expected, the higher the amount of RAFT agent, the lower the polymerization
rate. Although the qualitative trend is well captured by the complete and irreversible
models (models 1 and 2 which are fully overlapping in Figure 7), the agreement of
our simulations with the experimental data of Barner-Kowollik et al. (6) is not as
good as the agreement obtained by the authors with their Predici® calculations. Since
we used the kinetic rate constants reported by them (fitted to their experimental
data), and considering that in our preceding case study (Case 1) we found that the simu-
lations obtained with models 1 and 2, and with our implementation of the complete
model in Predici®, were in good agreement, this discrepancy seems surprising.
Although our three models allow the chain transfer to RAFT agent reaction to
proceed irreversibly, and without the formation of an intermediate adduct (reaction
#7 in Table 1), which is how Barner-Kowollik et al. (6) modeled the polymerization,
in our calculations we considered the reaction to be reversible, with the formation of
a one-arm adduct (reaction #8 in Table 1). That difference in the reaction
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mechanism, although subtle, explains the difference between our simulations and those
of Barner-Kowollik (6). It is interesting to note from Figure 7 that the predictions with
the “simplified” model show a very small effect of the concentration of RAFT agent,
with the four profiles corresponding to different RAFT initial concentrations almost
overlapping. This is a major drawback of the “simplified” model (Model 3).

Figure 8 shows the concentration profiles of living, dormant and dead polymer
(Figure 8a), the evolution of the number average chain lengths of the same
polymeric species (Figure 8b), and their corresponding PDIs (Figure 8c). The
predicted profiles were obtained with the three models described in this paper, as a
global comparison. Also shown in Figures 8b and 8c are experimental data from
Barner-Kowollik et al. (6). It is observed from Figure 8a that the concentration of
living polymer decreases slightly, but remains in the order of 10™® mol L™ in the
conversion range analyzed (up to 40% monomer conversion). The concentration of
dormant polymer remains fairly constant, in the order of 0.005mol L', and the con-
centration of dead polymer increases from about 10 to about 10~ molar in that con-
version range. That means that under these polymerization conditions the amount of
dead polymer is not negligible. The predictions obtained with Models 1 and 2 comple-
tely overlap, whereas the predicted concentration profiles with the “simplified” model
are higher in all three cases.

The predictions of number average chain length for the three polymeric species
(living, dormant and dead) obtained with the simplified model are higher than those
obtained with Models 1 and 2 for the dormant, living and overall species, but fairly
close for the dead polymer (Figure 8b). It is observed that our predictions of overall
r, at [AB]p = 0.0053 mol L~ ! are lower than the experimental data (considering here
that the data are reliable). The experimental data at the other RAFT agent concentrations
are included as reference, to obtain a better perspective of how large the deviation was.
The simulated profiles at the other concentrations were not included in the plot. This dis-
agreement between model predictions and experimental data may be explained once
again by the fact of using reaction #8 instead of reaction #7 for the reaction of chain
transfer to RAFT agent, namely, that there are some differences in the reaction
mechanism used by Barner-Kowollik et al. (6) and the one used by us. Figure 8c
shows the predicted profiles of PDI versus conversion for the three polymeric species,
as well as the overall values, and the experimental data (6) for the overall population.
The predicted profiles show logical results, with the PDI profiles of the living and
dormant polymer completely overlapping at the lowest values, the PDIs of the dead
polymer being higher than the others, but not more than 1.5, and the overall PDI
values lying in between, closer to the PDIs of the living/dormant polymer. The
agreement between Models 1 and 2 is good, with the profiles almost overlapping, but
the predictions with Model 3 are significantly higher in all cases. The agreement
between the profile for the overall population and the experimental data is good at
low conversions (lower than 10%), whereas the experimental PDIs seem to indicate a
constant behavior while the predicted profile shows a gradual increase. Since the data
set is rather limited, it is not known if the predicted profile would show a maximum
followed by a decrease later. However, the predicted profiles obtained for Case 1
suggest that the PDI profiles for the living, dormant and overall populations should
keep increasing. It would be desirable to consider more experimental data, covering
the full conversion range. However, the typical scenario so far is that most experimental
studies on RAFT polymerization are restricted (if at all available) rather to the low con-
version regime.
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The results obtained with Case 2 suggest that although Model 3 provides good quali-
tative behavior, it is not reliable for quantitative purposes that involve interpolating or
extrapolating beyond the region studied experimentally.

Comparison of the Predictions of Concentration of One and Two-arm Polymer
Adduct between our Implementation of Models 1 or 2 and Predici®

Figure 9 shows predicted profiles of concentrations of one- (Figure 9a) and two-arm
(Figure 9b) polymer adduct (E, and Fy, respectively) vs. monomer conversion, at the
polymerization conditions of Case 2. It is observed that the one-arm adduct is consumed
very rapidly, starting from a fairly large concentration, in the order of 107> mol L™, to
an almost complete depletion. By the time 10% of the monomer is consumed, there is prac-
tically no one-arm adduct left in the system. In the case of the two-arm polymeric adduct,
there is an even larger concentration (close to 0.001 mol L_l) and although it decreases
with time, it does so rather slowly (see Figure 9b). One interesting aspect to point out is
that the Predici® simulations and the Fortran simulations with Model 2 for the case of
E, (Figure 9a) agree very well. Eq in Predici® was obtained directly from the concentration
of variable “RMAB(s)” (see Table 3) and F,, was obtained from the concentration of the
“memory” variable used in Predici® to account for the adduct (either D(s) or DA(s) from
Table 3). The predicted profile of E, versus time with Model 1 decays less rapidly but still
the agreement is good. In the case of Fyy, Models 1 and 2 overlap, and the Predici profile
deviates a little, but the agreement is still satisfactory. These results show two important
aspects: (1) at the conditions of Case 2 the one-arm adduct is a short lived species, but
the two-arm adduct is rather stable, and (2) the predictions of Ey and F, obtained with
Predici® agree very well with the results obtained with the model of Wang and Zhu (7)
(Model 2 of this paper). We will revisit these statements shortly.

In the simulations of molecular weight development for Case 1 (Figure 3) it was
mentioned that the calculations of Ej+ Fyy (what is called “adduct” in Figure 3)
obtained with Predici® agreed well with the Fortran ones, but the profiles were not
shown. Those profiles are now shown in Figure 10. It is observed that the agreement
between Model 2 and Predici® is very good, namely, we can calculate without any
problem the concentration profiles of the adduct polymeric species using Predici®.
Another interesting observation is that at the conditions of Case 1, the maximum concen-
tration of E( is much lower than in case 2 and also decreases very rapidly, whereas Fy again
decreases more slowly and its concentration is very low, an indication that these radicals
are short-lived species (meaning that as soon as they are produced they are consumed).

The results obtained for case 2 (see 1 and 2 above) suggest that Barner-Kowollik et al.
(14) are correct when they state that the polymer adduct is a stable species. However, the
results obtained for Case 1 indicate that Wang and Zhu (7) are also correct when they state
that the polymeric adduct is a short-lived species. In other words, the polymer adduct
is stable when ky = 10”2 s~ ! and it is a short-lived species when ky, = 10* s~'. What is
the true physical nature of these radical species needs to be further studied, but what is
clear is that the models which consider the presence of the adduct (Models 1 and 2 of
this paper, this last one being the same as the model by Wang and Zhu (7)) can capture
well these possible operating regions. These results show the necessity of finding more
direct ways to estimate some of the kinetic rate constants associated to complex
reaction mechanisms, such as the RAFT one. Another important aspect to point out is
that Wang et al. (15) are incorrect when they state that the concentrations of the
polymeric adducts can not be calculated with Predici®.
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Effect of Three-arm Dead Polymer (Intermediate Termination) on Polymerization
Rate and Molecular Weight Development (Retardation Effect)

Figures 11 and 12 show the importance of the magnitude of the rate of formation of
three-arm dead polymer (intermediate termination) from the reaction between two-
arm polymeric adduct and linear polymer radical molecules, represented by the
magnitude of the kinetic rate constant k, on polymerization rate and molecular
weight development of the RAFT polymerization of styrene at 60°C using cumyl
dithiobenzoate and AIBN (Case 2). In the simulations of Figure 11 it is assumed
that k.. = kg, so that both constants are varied together. In Figure 12k, is assumed
independent of k.

It is observed in Figure 11a that if k.. takes on the typical values of termination by
combination in conventional free-radical polymerization (which seems adequate for
CLRP), the polymerization proceeds extremely slowly. This strong retardation effect
does not seem to significantly affect the number average molecular weight in the early
stages of the polymerization (Figure 11b), and it seems to only affect the PDI values at
extremely low conversions (Figure 11c). Although the formation of three-arm stars
seems like a plausible explanation of the retardation effect, it seems from our simulations
that the kinetic rate constant associated to that reaction (k;;,) should be much lower than ki,
(a chemically-controlled k, in general).

The case of kg, < ki, shown in Figure 12, seems more likely. It is observed that the
polymerization rate can be easily tuned to any observed experimental data by ade-
quately choosing the value of k. (see profiles 2 to 11 in Figure 12a), without signifi-
cantly affecting the r, vs. conversion profile, as observed in Figure 12b, and with
only significant effects on PDI in the very early stages (low conversions) of the
polymerization (Figure 12c). It has been established that the retardation effect is not
a one factor problem, depending on the particular RAFT agent/monomer combination,
and the polymerization conditions. In this section we only addressed the specific expla-
nation based on the formation of a three-arm dead polymer molecule, put forward in
references (18—21). The models proposed (or evaluated) here can also be used as a
valuable tool to address these (and other) issues.

Conclusions

Three plausible variations of the reaction mechanism for RAFT polymerization were
evaluated and compared at the modeling (simulation) stage, and also with a limited set
of experimental data. It was found that the “irreversible” model proposed by Wang and
Zhu (7) provides the same results obtained with the “complete” model. This result is
strictly valid when k, = k, and k, = k_, (condition used in order to compare with other
studies from the literature), a very reasonable assumption for many cases. The
“complete” model presented here is very general and can reduce to many special situations
in the literature. Both models show good agreement with trends known for this system, and
with the experimental data of Barner-Kowollik et al. (6). Finally, the third “simplified”
model provides good qualitative description of the process, but the effect of the RAFT
agent concentration is not captured adequately.

It was demonstrated that the literature controversy around the six order of magnitude
difference in the value of k, (14, 15) has nothing to do with inadequate modeling. It is only
related to the specific values of the kinetic rate constants chosen, which can represent
equally plausible, yet very different physical situations. Modeling and experimentation
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complement each other, and both may be heavily influenced by the appropriate design of
experiments and effective parameter estimation (especially with highly correlated par-
ameters in kinetic models). In many situations in polymerization modeling, especially
with new systems like RAFT, not only availability but also reliability of process data
may accentuate the importance of the above issues (and are usually the cause of many mis-
interpretations). Polic et al. (26) offer some suggestions with respect to the above
important (yet frequently ignored) issues.

Finally, we have shown herein that the Predici® implementation of the RAFT process
is correct (in agreement with Wulkow et al. (16)), and have explicitly demonstrated this
via calculations of the concentrations of one-and two-arm adduct species.

Nomenclature

[1 Denotes molar concentration, mol L™!

AB Raft agent

B* Primary radical from fragmentation of the RAFT agent (“R” group of
the RAFT molecule shown in Figure 1)

CTA Non-RAFT chain transfer agent

CTA® Primary free radical from chain transfer to CTA

D Dimer molecule

D* Dimeric free radical

E. m-th moment of the one-arm adduct polymer population (m = 0, 1, 2,
..),mol L7}

Fin Moment of order m on one arm and n on the other of the two-arm adduct
polymer population (m, n =0, 1, 2, ...), mol L!

Gabe Moment of order a on one arm, b on the second arm and ¢ on the third
one of the three-arm dead polymer population (a, b,c =0, 1, 2, ...),
mol L™!

I Initiator

k, See definition in equation (36) (EQ superscript) or (40) (SS superscript)

ks See definition in equation (37) (EQ superscript) or (41) (SS superscript)

ks See definition in equation (38) (EQ superscript) or (42) (SS superscript)
k4 See definition in equation (39) (EQ superscript) or (43) (SS superscript)

k. Kinetic rate constant for the forward addition step of the chain equili-
bration reaction (see reaction #10 of Table 1), L mol ' s™!

k., Kinetic rate constant for the reverse fractionation step of the chain
equilibration reaction (see reaction #10 of Table 1), s !

Kaad Kinetic rate constant for the forward addition step of the reversible chain

transfer to RAFT agent reaction (see reaction #8 of Table 1), L mol !
—1
S

K_adq Kinetic rate constant for the reverse fractionation step of the reversible
chain transfer to RAFT agent (see reaction #8 of Table 1), g1

Ky Kinetic rate constant for the forward fractionation step of the chain
equilibration reaction (see reaction #10 of Table 1), s !

k. Kinetic rate constant for the reverse addition step of the chain equili-
bration reaction (see reaction #10 of Table 1), L mol ' s™!

kpq Kinetic rate constant for the forward fractionation step of the reversible

chain transfer to RAFT agent (see reaction #8 of Table 1), st
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Kpa Kinetic rate constant for the reverse addition step of the reversible chain
transfer to RAFT agent (see reaction #8 of Table 1), L mol 's7!

kq Kinetic rate constant for the initiator decomposition, g7 !

Kdim Dimerization kinetic rate constant, L mol ' s~

K¢m Kinetic rate constant for chain transfer to monomer, L mol ! s~

k¢s Kinetic rate constant for chain transfer to solvent, L mol ! s ™!

Ker Kinetic rate constant for chain transfer to CTA, L mol ' s~

k; Kinetic rate constant for the first propagation step, L mol ' s~

kp Propagation kinetic rate constant, L mol ' s~

k; Termination (overall) kinetic rate constant, L mol ' s~

Kie Termination by combination kinetic rate constant, L mol ' s7!

ke Termination by disproportionation kinetic rate constant, L mol ' s~

ke Kinetic rate constant for irreversible chain transfer to the RAFT agent
(see reaction #7 of Table 1), L mol 's7!

Keni Kinetic rate constant for thermal self-initiation, L mol ! s~

Keir Intermediate termination kinetic rate constant (see reaction #13 of
Table 1), L mol ' s™!

M Monomer

M* Monomeric free radical

M, Number average molecular weight, g mol !

M., Monomer molecular weight, g mol '

My, Weight average molecular weight, g mol '

PDI Polydispersity index

Qm m-th moment of the polymer population produced by termination by
disproportionation (m = 0, 1, 2, ...), mol Lt

RD, Dead polymer molecule of size r from termination by disproportionation

RD,R Dead polymer molecule of size r from termination by combination

R{, Primary free radical from initiator decomposition

RM; Polymer radical of size r

RM. A Dormant polymer of size r

RM,/OXB One-arm adduct of size r

RMII&RMS Two-arm adduct (macroRAFT radical) of size r + s

T, Number average chain length

Ty Weight average chain length

S Solvent

S* Primary free radical from chain transfer to solvent

S m-th moment of the polymer population produced by termination by
combination (m =0, 1, 2, ...), mol Lt

Y m-th moment of the living polymer population (m =0, 1, 2, ...), mol
Lot

Zm m-th moment of the dormant polymer population (m =0, 1, 2, .. .), mol
L1
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