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assumptions or a priori knowledge of the distribution shape. The results highlight the advantages of sim-
ulation as a powerful tool to get insight in the relationship between operating conditions and molecular
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1. Introduction

Reversible addition-fragmentation chain transfer (RAFT) poly-
merization has enormous potential for scientific and industrial
developments. Although the moiety used as mediator for these
processes may cause odor and discoloration in the product [1],
the effectiveness in achieving the living/controlled behavior and
the wide range of polymerizable monomers make this controlled
radical polymerization (CRP) technique one of the most promising
approaches for the production of tailor-made materials [2].

In RAFT processes, the growth of polymer chains is controlled
through the addition of a chain transfer agent (CTA), the RAFT
agent, which distributes active radical sites among a large number
of chains [3,4]. Through bimolecular transfer processes, a small
number of living radicals undergoes chain exchange reactions.
These reactions involve the addition of a new radical to a dormant
species to form a two-arm intermediate adduct, and the subse-
quent fragmentation of this species. In this way an equilibrium
among the radicals and the dormant species is created [5]: in the
pre-equilibrium stage, the RAFT agent adds a propagating radical
to produce the two-arm intermediate, which fragments later to
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liberate either that same radical or a new one, both able to continue
with the propagation or termination reactions. When the main
equilibrium is reached the two arms of the adduct possess approx-
imately the same number of monomer units, since the growth of all
chains proceeds at the same speed on average [6]. It is clear that
good control over chain growth requires the exchange reactions
to be fast compared with the propagation step [2].

There exists an ongoing debate regarding the kinetics of this
process, since some experimental findings indicate that the RAFT
moiety does not act as an ordinary chain transfer agent in some
cases [7,8]. For RAFT agents such as dithiobenzoates and some
dithiocarbamates, an induction period and a retardation of the
propagation rate are observed when the CTA concentration is
increased. In consequence, different kinetic theories were devel-
oped in an effort to properly describe the mechanism of RAFT pro-
cesses. The slow fragmentation theory (SF) proposed by Barner-
Kowollik et al. [9] assumes that the intermediate radical of two
arms is relatively stable and fragments slowly. This theory yields
good predictions of the rate retardation, but those of the overall
radical concentrations were well above the ones experimentally
found. In view of these results, Monteiro and de Brouwer [10] pro-
posed that the rate retardation was due to the cross termination of
the two-arm adduct with the active radicals instead, giving rise to
the intermediate radical termination theory (IRT). This theory
could not explain all observations either, since it predicts
concentrations of the three-arm star polymer that results from
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the cross-termination of the two-arm adduct which are much
higher than the ones actually measured. To overcome this differ-
ence between theoretical predictions and experimental data, Kon-
kolewicz et al. [11-13] proposed the intermediate radical
termination with oligomers theory (IRTO). According to this the-
ory, the two-arm adduct may cross-terminate but only with oligo-
meric radicals up to two monomers in length, adducing steric
hindrance of larger radicals to reach the active center. When these
three theories have been used to fit experimental data using the
kinetic constants as adjustable parameters, constants with a differ-
ence of up to six orders of magnitude were found [14]. Therefore,
the kinetic mechanism by which the RAFT process takes place is
not fully elucidated. Other approaches with more complex reaction
schemes have been presented, such as the so called “missing steps”
theory proposed by Buback et al. [15]. According to this theory, the
three-arm stars resulting from the cross termination reactions may
undergo secondary reactions where the third branch reacts with
propagating radicals. Since the phenomena of inhibition and retar-
dation of the polymerization rate could have important effects on
both conversion and reaction time, it may be helpful to have com-
prehensive models for at least the three main (and simpler) kinetic
theories discussed in the literature: SF, IRT, and IRTO.

Several efforts have been made to elucidate which theory is cor-
rect with the help of mathematical modeling. Feldermann et al.
[16] found that the SF theory provided the best fit to kinetic data
of the styrene polymerization mediated by cumyl dithiobenzoate.
In contrast, Monteiro [17] showed that the IRT was the appropriate
theory to model the polymerization of styrene mediated by a poly-
styryl dithiobenzoate. This was supported by Kwak et al. [18] that
obtained experimental evidence of the three-arms products of
cross termination reactions. However, Brown et al. [19] suggested
that the rate retardation is produced either by the SF or IRTO mech-
anisms. They found no evidence of three-arm polymer products in
the polymerization of styrene mediated by benzyl-9H-carbazole-9-
carbodithioate and their IRTO model fitted well the experimental
data. Ting et al. [20] also found experimental evidence in support
of the IRTO theory. Suzuki et al. [21] carried out miniemulsion
polymerization experiments that when analyzed on a theoretical
base indicated that the bimolecular termination between the
two-arms adduct and propagating radicals is the most important
reason for rate retardation. However, they did not differentiate
whether the cross-termination occurred with short radicals (IRTO)
or with all of them (IRT).

Precise modeling studies are useful not only to help gaining
insight on the fundamentals of this process but also to determine
process conditions appropriate for producing tailor-made materi-
als. However, modeling efforts are complicated by the existence
of the two-arm intermediate in any of the theories, making neces-
sary the modeling of bivariate molecular weight distributions even
for homopolymerization reactions [22].

To the best of our knowledge, theoretical studies on RAFT
copolymerization systems [23-32] do not include the prediction
of the full molecular weight distribution (MWD). Most of them rely
on the method of moments. Monteiro [32] used the method of
moments to study a RAFT copolymerization process reaching use-
ful insights regarding the formation of block copolymers. The
author assumed that the RAFT moiety acted as an ordinary chain
transfer agent. Wang et al. [23] modeled the mechanism of branch-
ing and gelation of a RAFT copolymerization system using this
approach. Zargar and Schork [24] also used the balances of
moments to assess the effect of variation of process conditions
on the size of monomer sequences. Even more complex mecha-
nisms, such as hyperbranching RAFT copolymerization, have been
studied with the use of this technique [25]. Salami-Kalajahi et al.
[26] used the method of moments to fit the experimental data of
styrene-butyl acrylate RAFT copolymerization reported by Sun

et al. [30]. They obtained an excellent agreement of average prop-
erties and radical concentration using a complex kinetic mecha-
nism with several parameters. Hlalele et al. [33]| implemented a
mathematical model in PREDICI of the emulsion copolymerization
of butadiene and acrylonitrile. The system was studied both theo-
retically and experimentally. They compared different experimen-
tal protocols and identified trends, but they did not find a good
agreement in the number average molecular weight. They alleged
unconsidered ramification reactions to explain this disagreement.

Monte Carlo stochastic methods for modeling RAFT copolymer-
ization have been used less frequently than deterministic methods.
To the best of our knowledge, Monte Carlo algorithms have been
barely used to simulate the production of RAFT copolymers. For
instance, Ganjeh-Anzabi et al. [27] successfully simulated a RAFT
copolymerization system using a Monte Carlo simulation after fit-
ting of experimental data of molecular weights and conversion for
RAFT homopolymerizations.

Models based on the method of moments have been used for
the optimization of RAFT copolymerization systems. For instance,
Wang et al. [28] developed a theoretical analysis in which they
focused on finding optimal operating policies for the synthesis of
copolymers with different molecular structures. A model based
on the method of moments was employed in this work, and como-
nomers with different reactivity ratios were considered. Similarly,
Ye and Schork [29] optimized a RAFT copolymerization process
aiming at obtaining constant composition or linear gradient com-
position copolymers. In a more comprehensive study, Sun et al.
[30] developed a model based on the method of moments and bal-
ances of monomer sequences to manipulate the composition of
styrene-butyl acrylate RAFT copolymers. They continuously fed
comonomer to the reactor according to a programmed feeding rate
controlled by a computer and found that the synthesized products
had the targeted composition. In later works, the same authors [31]
used the developed model to find the feeding policies necessary to
obtain several other controlled structures. Using these policies,
they were able to synthesize copolymers with the targeted compo-
sition and molecular weight. These studies show that modeling
and optimization of RAFT polymerization systems is an important
tool for obtaining polymers with pre-specified molecular
structures.

In the case of RAFT homopolymerizations, works dealing with
the prediction of the full (univariate) MWD of the polymer have
been reported. For instance, Johnston-Hall and Monteiro [34] mod-
eled the full MWD of poly(methyl methacrylate) mediated by 2-
cyanoprop-2-yl dithiobenzoate. Whenever possible, they solved
the mass balance equations by direct integration. However, due
to the high computational cost of this method, they assumed the
shape of the distribution when systems of higher molecular
weights were modeled. Konkolewicz et al. [11] obtained a good
fit of the MWD by assuming the shape of the distribution. In
another paper [12], they validated the proposed mechanism using
assumptions such as linear growth of molecular weight with con-
version. Later, the same authors used a simpler version of their
model to successfully fit the experimental MWD of RAFT oligomers
[13].

Zapata-Gonzalez et al. [22,35] performed a thorough theoretical
study of RAFT homopolymerization processes using a model able
to describe the reacting medium for the three main kinetic
schemes discussed in the literature. The full MWD was obtained
by direct integration of the mass balances applying the quasi-
steady-state approximation to eliminate the stiffness of the differ-
ential equation system. In this way, the use of computational
resources was considerably reduced. Barner-Kowollik et al. [36]
obtained the full distribution of RAFT polymers using the PREDICI
commercial software. This method proved to be capable of prop-
erly describing the SF kinetics. Reasonable agreement of the simu-
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lated MWD with experimental data was also found. Furthermore,
Chaffey-Millar et al. [37] used PREDICI to describe the reaction
kinetics of the individual arms of star polymers synthesized by
RAFT. The MWDs obtained for each branch were later processed
to obtain the full MWD of multi-arm star polymers in a simple
and much easier way than modeling straightforwardly the com-
plete distribution. This study gave rise to a series of recommenda-
tions that were found very useful by Barner-Kowollik et al. [38] in
the synthesis of RAFT star polymers. Jung and Gomes [39] devel-
oped a mathematical model assuming that the cumulative MWD
follows the normal distribution function. The model output fitted
well the real MWD obtained for RAFT miniemulsion polymeriza-
tion. However, the need of assuming the shape of the distribution
is a limitation for modeling other systems.

Monte Carlo methods have also been successfully employed to
model the MWD of RAFT homopolymers. Drache et al. [40] used a
Monte Carlo approach to obtain the full MWD of poly(methyl
methacrylate) obtained via RAFT with cumyl dithiobenzoate as
chain transfer agent after fitting the model to experimental data
of conversion and average molecular weights [40]. On the other
hand, Chaffey-Millar et al. [41] developed a parallelized Monte
Carlo method that competes very favorably with PREDICI in terms
of speed. This algorithm was not only able to obtain the full MWD
of RAFT polymers but also to provide very detailed information on
the molecular structure. Pintos et al. [42] implemented a Monte
Carlo algorithm of a RAFT homopolymerization system in the
open-source programming language called Julia. The model was
developed for the SF, IRT and IRTO theories and predicts the full
MWD of the polymer as well as average molecular properties. Very
fast simulation times were achieved.

To the extent of our knowledge no reported articles have dealt
with the obtainment of the full bivariate MWD-CCD of RAFT
copolymers.

In previous works, we have presented a mathematical model for
RAFT homopolymerizations capable of dealing with the three main
kinetic mechanisms [6,43]. This model is able to predict not only
the average properties and the full MWD of the overall polymer
but also the full bivariate distribution of the two-arm adduct, giv-
ing a significant level of detail of the reacting medium of these
complex processes. The prediction of the univariate and bivariate
MWDs, made by means of probability generating functions (pgf),
proved to be accurate and efficient [6]. In the present work, the
above model is extended to address the RAFT copolymerization.
The prediction of the bivariate MWD-CCD is included in the model.
The copolymerization of styrene (St) and methyl methacrylate
(MMA) mediated by cumyl phenyl-dithioacetate is considered as
a case study. The results highlight the potential of simulation to
help in the design of unique materials with properties specified
beforehand through the manipulation of process conditions.

2. Methods
2.1. Case study

The comprehensive model presented in this work can be
applied to different RAFT copolymerization systems by appropriate
selection of kinetic parameters. To show the model capabilities the
following case study was selected: bulk copolymerization of styr-
ene and methyl methacrylate (St=M, and MMA = Mg) mediated
by cumyl phenyl-dithioacetate, using 2,2-azobis(isobutyronitrile)
(AIBN) as initiator. This copolymer has both technological and sci-
entific interest. Block copolymers of poly(St-co-MMA) have been
extensively studied for the production of nanoscale patterns
thanks to their ability to maintain the same morphological
arrangement through the entire material and the ease of removal

of the MMA block by means of UV exposure [44]. Besides, gradient
copolymers, which for most comonomer pairs can only be pre-
pared with a CRP technique, may have a better performance in
some applications thanks to their ability to form broader inter-
phase regions. Although the advantages of gradient copolymers
over conventional compatibilizer systems have not been demon-
strated up to now, it was proved that poly(St-grad-MMA) can effec-
tively act as blend stabilizer in poly(styrene)/poly(methyl-
methacrylate) and poly(vinyl-chloride)/poly(styrene-butadienes
tyrene) blends [45]. The RAFT technology is a suitable means of
synthesizing St-MMA copolymers with controlled structure. In pre-
vious works [46] we dealt with the study of copolymerization of St
and MMA by nitroxide mediated polymerization (NMP). Now we
wish to extend this analysis to the synthesis of this copolymer by
RAFT polymerization.

2.2. Mathematical modeling

A mathematical model based on population balances was devel-
oped for the RAFT copolymerization process, keeping in mind the
objective of predicting average molecular properties as well as
the full MWD-CCD of both the overall copolymer and the two-
arm adduct.

First, a proper kinetic mechanism was selected. Then, mass bal-
ances for each of the reactive species were posed for batch and
semibatch reactors. The system was transformed to reduce its size
by means of the well-known method of moments (to predict aver-
age molecular properties) and the 2D pgf transformation technique
(to deal with distributed molecular properties). For this purpose,
proper definitions for double order moments and 2D pgfs were
employed. Details on each step are given in the following
subsections.

2.3. Kinetic mechanism

The kinetic mechanism of the RAFT copolymerization that is
considered is as follows (where superscripts i, j or k= A or B):

[ kq

Initiation : I+ Ma—RY, (1)
I' + Mg—Rg
Thermal initiation of styrene : 3M, R}, + RS, )
RE 4+ My 2% RA
Propagation : ms A L mets 3)
i iB
Rn,s + Mg - RE,S-H
Chain termination
i i ktc.i'
by combination: R+ R}, — Prigen (4)
i i ke
by disproportionation: R} +RJ, —% Py + Py (3)

i k rm,ij i
R, +M; P wa
Chain transfer to monomer :

with a,b = {1"0 %fj.:A
0,1 ifj=B
(6)
RAFT pre-equilibrium
. 0, .
Addition:  Ri,+TRo % RE TR (7)



C. Fortunatti et al. / Computational Materials Science 136 (2017) 280-296 283

R TR, 2R 4R
Fragmentation : nst 10 ns T Roo .

i (1/2) K, i
R} TRy —— TRy + R}

RAFT core equilibrium

Addition: Rl +TRI, LRI TR, 9)
R TRI, W2 MRl | TRI
Fragmentation : neeh ne o eh (10)
(1/2) ke

R, TR), TR, + R/,
Chain termination of RAFT adduct

Rir.s + Ri.hTR;.[kf-i i’ Pn+g+m.s+h+t

IRT: n+s=0,...,00

IRTO: n+s=0,1,2
11

cross-termination :
the length of radical chain is {

The chemical species involved are: initiator (I), monomers Mu
and Mg, active radicals with a monomer i in the chain end, n units

of M,, and s units of Mg (RL_S), one-arm dormant radicals with M; in

the chain end, n units of Ma, and s units of Mg (TR ), two-arm
adduct radicals with n units of M4 and s units of Mg in the branch
ended in M;, and g units of M and h units of Mg in the other branch

ended in M; (R;_STRé_h), RAFT chain transfer agent or CTA (TRy), and

dead polymer with n units of Ma and s units of Mg (P, ). The sub-
scripts n, s, g, h, m and t in the polymeric species may take values
from O to oo.

The differences between the kinetic theories SF and IRT/IRTO
are taken into account by estimating different values for the rate
constants corresponding to the reactions of addition, fragmenta-
tion, and cross-termination of the two-arms adduct. The latter
reaction is active only for the IRT and IRTO theories. Besides, differ-
ences between IRT and IRTO arise in the species that take part in
the cross-termination reaction (Eq. (11)), something that leads to
different balance equations.

For the case study presented in Section 2.1, the kinetic param-
eters that do not depend on RAFT specific reactions (reactions
(1)-(6) of the kinetic mechanism) were taken from our previous
work on NMP of St and MMA [46] and are shown in Table A.1 in
Appendix A.2. The kinetic parameters that depend on the RAFT
specific reactions (reactions (7)-(11) of the kinetic mechanism)
are shown in Table 1. Auxiliary model equations such as the den-
sity, average molecular weights, average composition and conver-
sion equations are presented in Appendix A.3.

The selection of the values for the kinetic constants in Table 1
will be discussed below. There is plenty of information about the
kinetic rate constants corresponding to the conventional free rad-
ical copolymerization of styrene and methyl methacrylate. How-
ever, kinetic data for the RAFT copolymerization of these

monomers is scarce and not always applicable to the kinetic mech-
anism considered in this work. For instance, Kubo et al. [47]
reported the value of a RAFT transfer reaction constant for the
copolymerization of St and MMA, but they considered a fast trans-
fer according to the following reaction:

. o ki . :
Rln.s + TRé,h k‘__) TR:lS + R‘éh (12)
i

This reaction neglects the presence of the intermediate adduct
(compare with reactions (7)-(11) of the kinetic mechanism).
Therefore, the value of the transfer reaction constant reported by
Kubo et al. [47] is not applicable to the more detailed kinetic mech-
anism considered in the present work.

In view of the lack of data about the kinetic constants for the
RAFT copolymerization of St and MMA, values taken from
homopolymerization reactions of these monomers were used in
the present work for the addition and fragmentation kinetic con-
stants. The constants reported by Barner-Kowollik et al. [9] were
used as reference. These authors presented values of the addition
and fragmentation rate constants for the RAFT homopolymeriza-
tions of St and MMA, both mediated by cumyl phenyl-
dithioacetate using AIBN as initiator. Both experiments were car-
ried out at 60 °C. They obtained the kinetic constants by fitting
against experimental data using a model that followed the SF
kinetics. Therefore, for the addition and fragmentation constants
of the SF model presented in this work the data from Barner-
Kowollik et al. [9] were used. In order to use this homopolymeriza-
tion information in the copolymerization model, it was assumed
that the reaction rates of the addition and fragmentation steps
are governed solely by the nature of the macroradicals participat-
ing in them, as if they were in a homopolymerization reaction. That

is, the kinetic constant of the addition reaction of macroradical R,

to the one-arm dormant species TRé,h is k, ;, regardless the nature of
the monomer j in the chain end of the one-arm dormant species

i

(see Eq. (9)). Likewise, the two-arm adduct RMTRéh fragments with
reaction rate proportional to (1/2) k¢; when the product is Rfm and
TR},
Ré_h (see Eq. (10)).

As no data about the kinetic constants for the system under
study was available for the IRT and IRTO theories, the correspond-
ing addition, fragmentation and cross termination constants were
tuned so that the model yielded profiles of average molecular
weights and composition vs. conversion similar to those of the SF
theory. With this purpose, a parameter estimation problem was
posed in gPROMS (Process Systems Enterprise, Ltd.) to obtain the
required rate constants, constrained within bounds that ensured
that the results were of the same order of magnitude of constants
reported in the literature for similar copolymerization systems. For
simplicity, a single set of constants was used for both the pre-

and proportional to (1/2) k¢; when the product is TR;_S and

Table 1
Values of the addition, fragmentation and cross-termination rate constants used for each kinetic theory.
Theory Parameter
Addition (Lmol~!s™1!) Fragmentation (s~ ') Cross-termination (L mol~'s™1)
SF Kkon =kl s = 5.6 x 10° [9] kea =k = 0.27 (0] kea=kep =0
ko = K25 = 1% 10°(9) ke = ki = 0.27
IRT kan = K4 =8.32 x 10° kea = k2, =3.82 x 10° kea =412 x 107
kap = k2p = 1.62 x 107 kep = ki = 2.38 x 10° kep = 8.53 x 10°
IRTO kon = K4 =2.98 x 10* kea = k2, = 166.7 kea =7.1x 107

kap = kJp = 6.54 x 10°

kep = kg = 1348 kep = 4.33 x 107
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equilibrium and the core
K =k, ;and kY, = ki ;).

Modeling studies on the diffusional effects on RAFT polymeriza-
tion are scarce. Wang and Zhu [48] studied theoretically how the
diffusion-controlled reactions affect reaction kinetics and polymer
molecular properties. Peklak et al. [49] have found that diffusional
effects play an important role when conversions are over 50%.
More recently, D’hooge et al. [50] presented a review of the com-
monly used diffusion models and a large study on how diffusional
limitations affects the CRP processes in NMP, ATRP and RAFT poly-
merizations. Among other important conclusions, they determined
that termination reactions were the most affected ones. These
studies show that diffusion in controlled polymerization reactions
should not be overlooked at high conversions. Since all but one of
the simulated reactions in the present work reach conversions
lower than 50%, the mathematical model does not include diffu-
sional effects. Work is on the way to extend the present model to
include them.

equilibrium  (that s,

2.4. Mass, moments and pgf balances

The global mass balance for a semibatch reactor is:

d(pmix V) o
—ree S = F (13)

where pnix is the density of the reactive mixture, V is the reaction
volume and F is the feed flowrate with units of [mass/time]. This
flowrate is zero when dealing with a batch reactor.

The mass balance for each of the reactive species X is:

dIY) oy Exx (14)

In this equation xy is the mass fraction of X in the feed flowrate,
PMy is its molecular weight and ry is the reaction rate. The X spe-
cies are the initiator, monomers, active radicals, one-arm dormant
radicals, two-arm adduct radicals, the RAFT chain transfer agent
and dead polymers molecules. For the sake of brevity, the expres-
sions of rx as functions of the species presented in the kinetic
mechanism, as well for their moments and pgfs, are shown in
the Appendix (see Appendix A.1, Egs. (A.1)-(A.10)).

As the mass balances presented in Eq. (14) for the polymer spe-
cies (X standing for active radicals, one-arm dormant radicals, two-
arm adduct radicals and dead polymers) are intrinsically infinite in
number, to be able to calculate average or distributed molecular
properties some transformations are useful. The 2D (pgf) technique
is employed in this work on the mass balances of the polymer spe-
cies with two characteristic lengths, namely the number of units of
each comonomer in the chain. The technique transforms the corre-
sponding infinite mass balance equations to the 2D pgf domain,
giving as a result a finite set of equations for the 2D pgf transform
of the bivariate MWD of the copolymer [51]. Since the moments of
the macromolecular species appear in the transformation, moment
balances must be solved together with pgf balances. These
moment balances are obtained using the well-known method of
moments.

The pgf technique has several advantages that makes it of spe-
cial interest for the prediction of polymer properties. In the first
place, there is no need to use any simplifying assumptions or have
previous knowledge of the shape of the MWD. Moreover, it can
deal with complex mechanisms. In addition, the model results in
a relatively small number of equations that can be solved in a rea-
sonable time.

With the purpose of applying the 2D pgf transform, moment
and pgf definitions are needed to be able to transform the original

complete set of mass balances. These definitions are presented
below.

2.4.1. Moment definitions

Moment of order a,b (a,b =0,0; 0,1; 0,2; 1,1; 1,0; 2,0) of active rad-
icals with a final unit of monomeri (i = A, B), n units of M and m units
of Mg:

o = ZZH m°[R;,,,] (15)

n=0m=0

Moment of order a,b (a,b=0,0; 0,1; 0,2; 1,1; 1,0; 2,0) of one-arm
dormant radicals with a final unit of monomer i (i= A, B), n units of
Ma and m units of Mg:

Hop =Dy _n* m°[TR, ] (16)
n=0m=0
Moment of order a,b (a,b =0,0; 0,1; 0,2; 1,1; 1,0; 2,0) of dead poly-
mer radicals with n units of Ma and m units of Mg:

Eap =Y N* M°[Pyp (17)
n=0m=0
Moment of order a,b (a,b=0,0; 0,1; 0,2; 1,1; 1,0; 2,0) of two-arm
adduct radicals in pre-equilibrium (one branch with 0 units in length)
with a final unit of monomer i (i = A, B), n units of Ma and m units of
Mp:

Why=>_> " m’[R}  TRq] (18)

n=0m=0

Moment of order a,b,0,0 (a,b=0,0; 0,1; 02; 1,1; 1,0; 2,0) of two-
arm adduct radicals with a final unit of monomer i in the first branch
and a final unit of monomer j in the other branch (i,j=A, B):

r;JbOO iin“ mb ii TR’ (19)
n=0m=0 g=0 h=0

Partial moment of order 0,0 of two-arm adduct radicals with a final
unit of monomer i in the first branch and a final unit of monomer j in
the other branch (i,j = A, B).

zz TR; N (20)

g=0 h=0

This partial moment quantifies the moles of molecules of the
two-arm adduct in which one of the branches has n units of Mg
and m units of Mp, regardless of the composition of the other
arm. This moment allows taking into account the kinetic steps in
which the branch with length (n,m) is involved. In view of the pos-
sible combinations of monomers in each branch, it is necessary to
consider four partial moments dy%, . dyB8  dyiB  dyBA .

Please note that the last two partial moments are not the same,
since the first superscript indicates the type of monomer in the
chain end of the branch being characterized by the number of units
of Mj and Mg.

Moment of order a,b (a,b =0,0; 0,1; 0,2; 1,1; 1,0; 2,0) of the partial
moment of order 0, 0 of two-arm adduct radicals with a final unit of
monomer i in the first branch and a final unit of monomer j in the
other branch (i,j = A, B):

ij _ a b ij
Va,b - ZZH m dyn,m -

n=0m=0

iina m? ii[ oTR
n=0m=0 g=0 h=0

_F:IbOO (21)

As it can be observed in Eq. (21), the moment /;fb is equivalent
to the four index moment, T}, ;.
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Moment of order a,b (a,b=0,0; 0,1; 0,2; 1,1; 1,0; 2,0) of the two-
arm adduct radicals with a final unit of monomer i in the first branch
and a final unit of monomer j in the other branch (i,j = A, B), consid-
ering the total number of units of each comonomer in both branches:

= 3> nmRTR), )

n=0m=0

(22)

It is worth noting that when one considers the final monomer
units of each branch, three species of two-arm adducts result:
two species with both active sites of the same sort, (RATR?),,
and (RPTR®), ., and the species with active sites of different sort,
(RATR®),, ... The resulting balances of moments are also generically
represented by Eq. (14) when X represents a moment of any of the
macromolecular species present in the reaction medium.

The reaction rate expressions that must be used in the
moment balances of the polymeric species may be deduced from
the mass balances of the polymeric species (Egs. (A.1)-(A.10) in
the Appendix) by applying the corresponding moment definitions
presented before. Although the technique for the derivation of the
moment balances is well-known, the algebraic process that is
involved becomes complex for this system, in particular for the
reaction terms involving the two-arm adduct. This species is
described by four internal coordinates (i.e. the number of units
of monomers A and B in each of the two arms), which requires

defining the four index moment T}, , and the two index

moments dyi,, 7Y, and 0%,. The resulting reaction rate expres-

a. MWD-CCD with SF theory
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sions to be used in moment balances are shown in Appendix
A.1 (see Egs. (A.11)-(A.18)).

Some of the moment values are very useful for calculating aver-
age molecular properties (molecular weights, instantaneous and
cumulative compositions, etc.), as shown in the Appendix (see
Appendix A.3).

2.4.2. Pgf definitions

In order to recover the bivariate MWD of the copolymer the fol-
lowing pgf are required:

Pgf of order 0,0 of active radicals with a final unit of monomer i
(i=A, B), n units of M and m units of Mg:

Gho= D> 7 WKL,

n=0m=0

(23)

The values of the dummy variables z and w of the pgf are deter-
mined by the inversion method.

Pgf of order 0,0 of one-arm dormant radicals with a final unit of
monomer i (i=A, B), n units of Ma and m units of Mg:

Gho =33 7" wiTR! | (24)

n=0m=0

Pgf of order 0,0 of dead polymer radicals with n units of Ma and m
units of Mpg:

b. MWD-CCD with IRT theory
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c. MWD-CCD with IRTO theory
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Fig. 1. MMD-CCD of copolymer for the SF, IRT and IRTO theories. Batch operation: tgn,=12h, T=60°C, [St]o=[MMA],=4.349 mol L™}, [CTA]o=0.035mol L! and

[1]o = 0.0037 mol L.
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o0

doo =323 2" P, (25)

n=0m=0

Pgf of order 0,0 of two-arm adduct radicals in pre-equilibrium (one
branch with 0 units in length) with a final unit of monomeri(i= A, B),
n units of Ma and m units of Mg:

Qo =YY 2" w"[R; , TR] (26)
n=0m=0
Pgf of order 0,0 of the partial 0,0 order moment of two-arm adduct
radicals with a final unit of monomer i in the first branch and a final
unit of monomer j in the other branch (i,j=A, B):

Yoo = > 2w dy, (27)
n=0m=0

This pgf is necessary to pose the mass balances that consider
reactions of only one of the branches of the two-arm adduct.

Pgf of order 0,0 of the two-arm adduct radicals with a final unit of
monomer i in one branch and a final unit of monomer j in the other
branch (i, j = A, B), considering the total number of units of each como-
nomer in both branches:

Oy =" 7" W(RTR)), ] (28)
n=0m=0
The pgf of the overall polymer can be computed from these pgf
as follows:

[’13,00'3.0(27 w)]+ Hg.oag,o (z,w)]+
(15,090 0(2,W)] + UG 0 08 o(Z, W)+
[£00700(2,W)] + [Q0,6(2,W)] + [F Qo (2,W)]+
(0569002 W)] + [065@05 (2, W)] + 055 Op0 (2. W)]
’13.0 + ig.o + ﬂf)\,o + Uf o+ o0+ wé,o +0fy+ 9'3./(\) + 68.30 +00%
(29)

The pgf 7(z, w) is the transform of the bivariate distribution of
the global population of polymer species, that is, the sum of active
radicals, one-arm dormant radicals, dead polymer and two-arm
adduct radicals.

The resulting pgf balances are also generically represented by
Eq. (14) when X represents a pgf of any of the macromolecular spe-
cies present in the reaction medium.

The corresponding reaction rate expressions of the pgf balances
may be derived from the mass balances of the polymeric species
(Egs. (A.1)-(A.10) in the Appendix). The required procedure is well
described in the literature [51]. However, the reaction terms
involving the two-arm adduct introduced a significant complexity
that has not been faced in previous reports of the pgf technique.
The resulting pgf balances are shown in Appendix A.1 (see Egs.
(A.19)-(A.25)).

To.o (Z7 W) =

2.4.3. Numerical inversion of 2D pgfs

After solving the pgf balances, the resulting pgfs are numeri-
cally inverted to recover the bivariate MWD distribution using an
appropriate inversion method. A 2D pgf inversion method based
on the Papoulis method originally proposed for the inversion of
univariate Laplace transforms was used in this paper. Further
details about this method may be found elsewhere [52].

Table 2

All the simulations were performed in gPROMS in a standard
desktop computer. The resulting differential algebraic equation
system was solved using the proprietary solver DASOLV [53].

3. Results and discussion
3.1. Prediction of the full bivariate MWD-CCD

Numerical inversion of the pgf 7o0(z, w) (see Eq. (29)) yields the
bivariate MWD of the global population of polymeric species,
which is the distribution in terms of the number of units of each
comonomer in the chain. Simple post-processing of this distribu-
tion allows obtaining the bivariate MWD-CCD of the copolymer.
The mathematical model is able to compute the MWD-CCD for
any of the three main kinetic mechanisms proposed in the litera-
ture for RAFT polymerizations. This can be accomplished in spite
of the difficulties associated with the four-dimensional nature of
the copolymeric two-arm adduct.

Fig. 1 shows the MWD-CCD obtained with the three theories
described in Section 2.3 for a given set of operating conditions.
Number average chain length, PDI and cumulative composition
(Comp,) are reported in the figure. It can be seen that the MWD-
CCD are similar for the SF, IRT and IRTO models. This is not surpris-
ing because some of the kinetic parameters were tuned so that the
average molecular weights and conversions were similar in the
three cases. Nevertheless, it can be observed that the distribution
predicted by the SF model is slightly broader than the other two
in the chain length dimension. This is consistent with the slightly
higher PDI predicted by this model.

Note that the MWD-CCD figures have an approximate axial
symmetry with respect to a chain length axis and a composition
axis, indicated in the figure. These axes are nearly equal to the
number average chain-length and to the average composition,
respectively. This symmetry means that polymer chains with dif-
ferent chain length (vertical slices) have the same CCD shape,
and alternatively that chains with different composition (horizon-
tal slices) have the same MWD shape.
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Fig. 2. Number-average chain length for different [I]o predicted by the model
compared with the theoretical value calculated with Eq. (30). Batch operation:
thinal = 12 h, T =60 °C, [St]o = [MMA], = 4.349 mol L™!, [CTA], = 0.035 mol L.

Polymer molecular properties for different [I]o. Batch operation: tgna =12 h, T =60 °C, [St]o = [MMA], = 4.349 mol L™, [CTA]o = 0.035 mol L.

[1]o (mol L™1) Composition (% St) L, (units) PDI Conversion (%) Dead chains (w/w %)
0.000925 52.7 47 1.097 19.1 0.8

0.0037 52.3 100 1.106 42.2 4.1

0.0148 51.8 146 1.225 70.6 16.6
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Fig. 3. Number-average chain length for different [CTA], (symbols) compared with
the theoretical value calculated with Eq. (30) (lines). Batch operation: tgn, =12 h,
T =60 °C, [St]o = [MMA], = 4.349 mol L', [I]o = 0.0037 mol L™

Table 3

287

A low PDI does not necessarily imply a unimodal MWD [54], so
the full distribution can aid to precisely determine the uniformity
of the material. Copolymer composition distributions add signifi-
cant knowledge about the molecular microstructure of chains
which can hardly be obtained experimentally [55]. Furthermore,
the combined MWD-CCD allows predicting the composition of
chains of every size. This information could be of great help for lab-
oratory and industrial practitioners considering the high level of
control demanded to fulfill the requirements of some advanced
materials. For instance, changes in copolymer composition and
the breadth of MWD affects the self-assembly of block copolymers
[44] which will ultimately influence the quality of the produced
patterns. Therefore, the full MWD-CCD could help to identify
defects in the polymer matrix before its production and also pro-
vide help in their quantification. In addition, the mathematical
model of the process allows obtaining helpful, detailed information
about the polymerization rate and polymer structure.

Polymer molecular properties for different [CTA]o. Batch operation: tgn, =12 h, T =60 °C, [St]o = [MMA]o = 4.349 mol L1, [I]o = 0.0037 mol L.

[CTA]o (mol L) Composition (% St) L, (units) PDI Conversion (%) Dead chains (wjw %)
0.035 523 100 1.106 42.2 4.1
0.015 52.2 232 1.152 45.4 10.3
0.0085 52.2 376 1.224 46.1 17.6
0.0045 52.2 598 1.350 46.5 30.1
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Fig. 4. MWD-CCD of copolymers with different [CTA],. Batch operation: tgna = 12 h, T =60 °C, [St]o = [MMA]o = 4.349 mol L', [I]o = 0.0037 mol L.
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In the following sections, other examples of the model capabil-
ities are shown. Both batch and semibatch operation are
considered.

3.2. Variation of the initial concentration of initiator

The impact of varying the initial concentration of initiator ([I]o)
on the copolymer properties was evaluated for a batch reactor. For
this purpose, the final reaction time and the initial concentration of
chain transfer agent and monomers were kept fixed, with equimo-
lar comonomer concentrations. The results shown in this section
were obtained with the mathematical model that corresponds to
the SF kinetic theory. Similar results were obtained for the IRT
and IRTO theories.

As can be observed in Table 2, conversion increases with the ini-
tial concentration of initiator, evidencing an increase in polymer-
ization rate. However, the polydispersity index and fraction of
dead chains are also larger, indicating a lower degree of control

C. Fortunatti et al. / Computational Materials Science 136 (2017) 280-296

over the molecular structure of the polymeric material. This result
is reasonable, because more initiator leads to higher concentration
of free radicals, something that favors propagation and termination
reactions. Therefore, the higher conversion is achieved at the
expense of a higher fraction of dead polymer. Since polymer chains
are dead in a higher proportion throughout the entire reaction
time, this ultimately leads to material containing chains of differ-
ent molecular weights and therefore higher polydispersity.

As long as the fraction of dead polymer remains low (i.e. less
than 10%), the number average chain length for RAFT copolymers
can be approximated by the equation:

I~ Conv ([Ma], + [Ms]o)
n [CTA],

(30)

In Fig. 2 the evolution of L, with conversion for the three [I]o
under study predicted by the model are compared with the theo-
retical chain lengths calculated with Eq. (30). It can be observed

a. Global copolymer MWD
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Fig. 5. MWD of (a) global copolymer, (b) one-arm dormant population, (c) dead chains population, obtained with [CTA]o = 0.0045 mol L™}, tgna = 12 h, T =60 °C, [St]o =
[MMA]o = 4.349 mol L™, [I]o = 0.0037 mol L™, batch operation. Weight fractions of species reported in the figures.

Table 4

Polymer molecular properties for different operating policies. tgna = 12 h, T =60 °C, [I]o = 0.0037 mol L', [CTA], = 0.035 mol L ™!, myva0 = 600 g (except when it is constantly fed,

in this case it is 0 g); first and last rows correspond to the semibatch operation.

[St]o: [MMA]o Fs; (g min™") Fvma (g min™) Comp. (% St) L, (g mol ™) PDI Conv. (%) Dead chains (w/w %)
0:100 0.867 0 38.8 95 1.115 40.1 4.03

30:70 0 0 36.7 117 1.104 49.3 44

50:50 0 0 523 100 1.106 42.2 4.1

70:30 0 0 67.1 83 1.107 34.8 3.8

100:0 0 0.833 61.7 77 1.102 32.6 3.5
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that the average chain length differs the most from the theoretical
value for the highest initial concentration of initiator. When the
growth of polymer chains is under control, the total number of
“living” chains remains approximately constant and equal to the
initial concentration of chain transfer agent. This ceases to be true
when a considerable number of chains takes part in termination
reactions. These results are consistent with the rule of thumb that
considers that the controlled radical polymerizations maintain
their “livingness” provided that the fraction of dead chains is lower
than 10%.

In conclusion, operating with higher initial concentration of ini-
tiator would allow producing a copolymer with a pre-specified
molecular weight in a shorter time, increasing the productivity of
the reaction. However, this operating policy would not be advis-
able if the application demanded a material with low polydisper-
sity or if it was required to perform polymer chain extensions.

3.3. Variation of the initial concentration of chain transfer agent

Reactions with four different initial concentration of chain
transfer agent ([CTA]y) were simulated so as to analyze its effect
on the copolymer molecular properties. Similarly to the previous
study, the final reaction time and the initial concentration of initia-
tor were kept fixed and equimolar quantities of comonomers were
considered in a batch reactor. The results correspond only to the SF
kinetic theory since they were similar to those obtained with IRT
and IRTO theories.

Fig. 3 shows the relationship between the number-average
molecular weight and conversion for the different initial concen-
trations of CTA. Dashed lines correspond to L, calculated with Eq.
(30) and symbols represent the average chain length computed
with the complete model. It can be observed that L, increases for
a given conversion when [CTA], is reduced. This behavior agrees
with the chain length increase predicted by Eq. (30).

Note that the deviation from linearity predicted by the approx-
imate expression increases considerably as the [CTA], is reduced,
something that is associated to the higher percentage of dead poly-
mer chains.

Table 3 presents values of some polymer properties and conver-
sion at the final time of the four simulated reactions. It can be seen
that the higher molecular weights at lower initial concentration of
CTA are achieved at the expense of increasing the termination
reactions, which results in higher polydispersity indexes (less uni-
formity of the material) and fewer “living” chains capable of fur-
ther growth or functionalization.

Figs. 4 and 5 exemplify the detailed information about the poly-
mer structure that can be obtained from the bivariate MWD-CCD,
which would not be available with just the values of PDI and aver-
age composition shown in Table 3. It can be seen in Fig. 4 that the
MWD-CCD of the copolymer exhibits a “shoulder” or low peak in
the region of short chain lengths, that enlarges as [CTA]o becomes
smaller. This “shoulder” is due to the contribution of the dead
polymer and the one-arm dormant populations. This is exemplified
for the lowest [CTA],, for which this behavior is most notorious
(Fig. 4d). For this case, we compare in Fig. 5 the MWD of the whole
copolymer and of the populations of dead polymer chains and the
one-arm dormant chains. It can be seen that the low-molecular
weight peak of the global copolymer distribution corresponds to
the contribution of both dead chains and one-arm dormant
populations.

3.4. Variation of the comonomers feeding policy

The use of appropriate comonomer feeding policies in con-
trolled polymerizations allows obtaining materials with distinct

features due to the conformation of unique molecular architec-
tures. In order to evaluate this effect, two operating policies were
analyzed: batch operation with different initial concentration of
comonomers, and semibatch operation with constant feed of St
or MMA. Once again, only the results corresponding to the SF the-
ory are presented as similar outcomes were obtained for the other
kinetic theories.

100 e & [St]g:[MMA], = 70: 30
90 ——o [St]p:[MMA], = 50:50
80 — o [St]y:[MMA], = 30:70
~—
& 70
« 4‘.A.--A....A.A‘.ﬂ-...A....A....A...A---A.-ﬂ
§cm
L O e = D= e =m0 = D= D=0 == O
= 50
(=]
:;H;) 40 ——ee N o > o o o
[=]
2 30
£ 20
=}
“ 10
0

0 5 10 15 20 25 30 3‘5 40 45 50
Conversion (%)

st=0 -MMA=@

[St],:IMMA], = 70:30 OoC®®-Corg @@ 00g
[St]p:[MMA], =50:50 M'%
[Stl:IMMA], = 3070 @@ 0@ gee @8 g

Fig. 6. Composition for different [St]o:[MMA], ratios. Lines: instantaneous compo-
sition - Symbols: cumulative composition. Batch operation: tgn, =12 h, T=60 °C,
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In the case of batch operation, the influence of the initial ratio of
comonomers on the molecular properties of the copolymers was
studied. The results that are presented correspond to a reaction
time of 12 h for three different ratios of St to MMA initial molar
concentrations: 30:70, 50:50, and 70:30. The initial concentrations
of initiator and CTA were kept fixed.

For the semibatch operation, a single total St to MMA feed
molar ratio of 50:50 was considered. The operating policy con-
sisted in feeding the entire mass of one of the comonomers at

a. Batch - [St]o:[MMA],=30:70
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the beginning of the reaction and adding the other one at a con-
stant rate during the entire reaction time. The initial concentra-
tions of initiator and CTA were kept fixed and the reaction time
was also 12 h.

Table 4 presents the values of the average copolymer composi-
tion, number-average molecular weights, polydispersity indexes,
conversions and amount of dead chains for the five operating poli-
cies that were considered. As expected, the content of St in the
copolymer increases as the initial concentration of this comonomer

b. Batch - [St]o:[MMA], = 50:50
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Fig. 8. MWD-CCD for different feeding policies. tgna =12 h, T =60 °C, [I]o = 0.0037 mol L™, [CTA]o = 0.035 mol L.
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is higher. In the case of the batch operation, it can be seen that the
reaction rate decreases as the initial concentration of St increases,
because this is the comonomer with smaller propagation kinetic
constants. Consequently, molecular weights are lower for higher
initial concentration of St.

Fig. 6 shows the development of cumulative and instantaneous
composition with conversion for the batch operation. Taking into
account that in a controlled polymerization all the chains grow
at the same speed on average, the instantaneous composition
allows estimating the composition along the copolymer backbone.
Then, for the simulated cases, the copolymers have a uniform com-
position along the chains that is approximately equal to the aver-
age composition. Note that the reactivity ratios of the
comonomer pair under consideration are rxs;=0.57 and
Xmma = 0.41. In consequence, in a spontaneous batch polymeriza-
tion the copolymer will take an approximately alternating struc-
ture. The copolymer composition values reported in Table 4 and
the copolymer composition profiles shown in Fig. 6 are the
expected ones given the reactivity ratios of the comonomers. On
the other hand, a spontaneous gradient copolymer would result
if one of the reactivity ratios were greater than one [56]. The model
presented in this work is also able to capture this behavior. Having
both reactivity ratios less than unity makes it more difficult to syn-
thesize gradient copolymers because this structure is not obtained
spontaneously. In this case, appropriate feeding policies are
required to achieve the gradient profile along the chain. Therefore,
models able to predict the copolymer composition are of great help
to determine the operating conditions for each targeted structure
[28,57,58].

A considerably different structure can be obtained in the semi-
batch operation. The evolution of cumulative and instantaneous
composition with conversion for this case is shown in Fig. 7. In
the figures that follow, the operating policy consisting in feeding
either St or MMA at constant rate (first and last rows in Table 4)
is referred to as “Semibatch Fs” or “Semibatch Fyya”, respectively.
When the whole mass of MMA is fed at the beginning of the reac-
tion, the final copolymer composition is similar to that obtained in
batch operation for [St]o:[MMA]p = 30:70. Similarly, when St is the
monomer fed entirely at the start, the final copolymer composition
resembles that obtained in batch operation for [St]o:
[MMA], = 70:30. However, in both cases the achieved structure is
very different since the constant feed of one of the monomers
allows obtaining a more gradient-like structure, as illustrated in
the schematic drawing in Fig. 7.

Fig. 8 shows the MWD-CCD of the produced copolymers. As pre-
viously explained, these distributions can offer extra information
about the molecular structure of polymer chains. It can be seen
that distributions are narrow in both dimensions and have no sec-
ondary peaks, which indicates that the obtained material is
uniform.

It can also be noted that when the copolymer has an approxi-
mately equal content of both comonomers (Fig. 8b), there is sym-
metry around the average composition axes and around the
number average chain length axis, as discussed before. However,
this symmetry is not maintained when one of the comonomers is
more abundant than the other in the copolymer. In these cases,
Fig. 8a and c, longer chains (see vertical slices) are richer in the
comonomer with higher composition than shorter chains. The
MWD-CCD obtained with the semibatch operation are similar to
those of the batch operation that yield copolymers with similar
average composition.

The model presented in this work could be easily extended to
include the prediction of the sequence length distribution [54].
However, such detailed study on the copolymer structure is out
of the scope of this article.

4. Conclusions

In this work, we presented a successful model for the RAFT
copolymerization that includes the bivariate MWD-CCD of the
copolymer. The complex nature of the intermediate adduct was
taken into account, something that required considering a 4-
dimensional species. As discussed above, the model may provide
valuable information on the influence of operating conditions on
the quality of the product and the productivity of the process.
Finally, the bivariate MWD-CCD was shown to be very useful in
providing detailed information on the molecular structure of the
copolymer that would be very difficult to obtain experimentally.
This would have a practical application for establishing operating
conditions suitable for obtaining the structure required by particu-
lar end uses.
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Appendix A
A.1. Reaction rate terms, ry, in balance equations

The final expressions for the reaction terms that must be used
in the mass balances of low molecular weight species as well as
in the moment and pgf balances of polymeric species, represented
generically by Eq. (14), are:

Initiator:

n= —kd [H (A])
Chain transfer agent (TRy):

X 1
'Ry = *kg,A[TROV-Q,o - kg,B[TRO]’Lg.o + (j) kj(f],A a7
1
+ (j) k)(‘),B Woo (A2)

Monomer j (j = A: styrene, j = B: methyl methacrylate):
M; <
v, = —(2fkq[l] + k)(’J‘A W + k}).B wg.o)([mj[]ﬁ) — 3ken M0 a
—(kp.pj + Keem ) MG 2 — (K + Kierm ) My 25,0
(A3)

Radicals with a final unit of monomer A, n units of M and m units
of Mg:

(2fkqll] + k}),A Who + k}],s @8) (%
+(Kem a9 + KermgaZo o) [Mal

+kin[Ma]® (9n.10m0 + n20mo) + (1)K o [Rh,TRo]
+[Ma](1 = 3n10m0 — 0n0) (Kpaa[RY 1 ;] + KpBalRE 4 1))
{ (kpaa + kirmaa)[Ma] + (Kp.ag + Kirm ag) [Mg] }[RAm]

Ton =
RQM

) 5n.15m‘0

+(kican + kiana) 250 + (Kicas + Kiaas) 20,0

(3 ken (@i, +dyit) — {kan(@ho + B o) + K A[TRo] R},

5theory,lRT+

PAA | phB L BB
_kc‘A< 00 7100 700 [Rﬁ,m] <5n,15m.1 + 6n,16mo

A B S
+h, + L > Otheory IRTO
00 00 +0n2 bm,O

(A4)
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Radicals with a final unit of monomer B, n units of M and m units
Of Mp:

(2feql1]+ (D) ki Do+ (D) a woo)(%) _
rRﬁ.m = 0n,00m1
+(ktrm.BB)vg,o + ktrm‘ABlgo) [MB]
+[Mg](1 = 04.00m1 — Omo)(Kp.as [Rﬁm—l} + kpps [Rg.mfz])
{ (kpge + krmgs) [Mg] + (Kp g + Kerm.pa) [Ma]

[RY ]+ (3)keg R, TRo)
+(Kies + keaps) g o + (Kieas +kiaas) 20 } '

+ (ke (58, +dyih) - {kan(0fg + o) + kg [TRo] }IRE,)

(3theory.lRT+
70+
*kcB [Rn,m] 5n.1 5m‘l +5n,05m,1
TG+ Otheory,IRTO
+0n,00m2

(A.5)

One-arm dormant copolymer with a final unit of monomer j (j =
B), n units of Ma and m units of Mg:

1 i 1 . 1 p
g, = (3 KRL TR+ (5 )by i + (3 s it

— (kai 20+ kaj 20)[TR ]

Two-arm adduct radicals in pre-equilibrium (one branch with 0
units in length) with a final unit of monomer i (i=A, B), n units of
M, and m units of Mg:

TRi . TRo :kg,i [TRo] [R}, ] — ks Ry, TRo]

ke (2 0Ocheoryrr + ([RY 1]+ [RT o] + [RS o) Otheoryarro) +\
- R TR]

kc.,B (lgoéthemy.lRT + ([R?J] + [jo] + [Rg_z])étlleorleTO)

(A.6)

(A7)

Two-arm adduct radicals in the main equilibrium: first branch with
a final unit of monomer i, n units of Ma and m units of Mg; second
branch with a final unit of monomer j, g units of M and h units of
Mg (i,j=A,B):

rRin mTR;,h = kﬂ.i [ n, m} [TRJ } + kaj [TR;"J [Réh]

N, o N, i oo
_ <§> Kei [RE TR, - <2> kij R, TR |

kea (/13.05rheorym + (R}, ]+ R + [R?o])@rheory.,mm) +
- [Rln mTRjg: h]
5 B B B
kep (Ag.oétheory,lRT+([R1.1]+ Roal+ [Ro‘z])étheury,IRTO>
(A.8)

Two-arm adduct radicals with a final unit of monomer i in the first
branch and a final unit of monomer j (i,j = A, B) in the other branch,
considering the total number of units of each comonomer (n units of
Mpa and m units of Mg, adding the units in both arms):

n-1m-1 n-1m-1
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(A.9)

Dead copolymer radicals with n units of M and m units of Mg:
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Please note that the summations that appear in the original
reaction terms presented in this Appendix were replaced by the
corresponding moment definitions in Section 2.4.1. The same
was done in the reaction terms in the mass balances of macro-
molecular species prior to their transformation using the moment
and pgf techniques.

Reaction terms in moment balances

The reaction rate expressions that must be used in the moment
balances of the polymeric species may be deduced from Eqgs. (A.1)-
(A.10) by applying the corresponding moment definitions. This
process results in the following equation for the moment reaction
rate:

Partial moment of order 0,0 of two-arm adduct radicals in the main
equilibrium: first branch with a final unit of monomer i, n units of Ma
and m units of Mg; second branch with a final unit of monomer j, g
units of Ma and h units of Mg (i,j = A, B):

Toi = kah“oo [Rn ml kaMoo [TRln ml = (%)kfid?ym - (%)kadei{m

B (kcA (Ao,o‘stheory,lRT + ([R/I\.l} + [R?,o} + [Rlz\,o])5thez7ry.,IRT0)+ > dvid
kc,B (jvg,o(stheory.lRT + ([R?.l] + [Rg‘l] + [Rg_z])afheory‘lRTO) "
(A11)

It is clear from the kinetic scheme presented in Section 2.3 that
in the IRTO model the mass balances of short radicals (up to 2 units
in length, in all possible combinations, that is n+m =2) must be
posed according to Egs. (A.4) and (A.5). As the concentrations of
other short species appear in those equations, it is also necessary
to pose mass balances for them, that is: for oligomeric one-arm
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dormant radicals (Eq. (A.6)), two-arms adduct radicals in pre-
equilibrium (Eq. (A.7)) and partial moment of the two-arms adduct
radicals in the main equilibrium (Eq. (A.11)). For the other theories,
these mass balances are not required since they are replaced by the
corresponding moment and pgf equations.

Moment of order a,b (a,b = 0,0; 0,1; 0,2; 1,1; 1,0; 2,0) of active rad-
icals with a final unit of monomer A, n units of Ma and m units of Mg:

o+ 280 Yy
Ha, = +k?.B 0ho M 1°0°

+ <ktrm‘AA)v/&0 + ktrm‘BA;‘g_O> [MA]
+ken[Ma]? (190° + 2°0°) + (D)K?, 002,

“./a “./a
+Kkp.aa [MA]Z < h > Ja np + Kp.as[Ma] h > Za np
h=0

h=0
{ (kp.aa + kimaa)[Ma] + (Kp.ag + Kerm a) [Mg]+ } A
- a,b

+(Keean + Keann) 2o + (Keeas + Kea.ns) 25 o

+(@kea (725 +78) = {kan(@fio + 8 ) + KeATTRo]

)~aAb(Stheory,IRT+
‘ (VS,% +758 +73,%>
—Rc
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+WGp + W ( 200" [1R'1§\_’0] ") Sineory ko

(A12)

Moment of order a,b (a,b = 0,0; 0,1; 0,2; 1,1; 1,0; 2,0) of active rad-
icals with a final unit of monomer B, n units of M and m units of Mg:

0
2fkqll] + (3) a7 (k)
" 2 +I<23 wg.o [Ma]+[Mg] Oalb

+ (ktrm.Aj/llS ot ktrm Bj)hg 0> [M}
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Moment of order a,b (a,b=0,0; 0,1; 0,2; 1,1; 1,0; 2,0) of one-arm
dormant radicals with a final unit of monomer j (j = A, B), n units of
Ma and m units of Mg:

1 . y y .
T = <§> (k?j @+ Kej Yy + ke Vo) — (Kai g0
+ kaj 20 (A.14)

Moment of order a,b (a,b=0,0; 0,1; 0,2; 1,1; 1,0; 2,0) of two-arm
adduct radicals in pre-equilibrium (one branch with 0 units in length)
with a final unit of monomer j (j = A, B), n units of Ma and m units of
Mp:

0 ' 0o
r kyj [TRo] 4, — Kej o

;o=
Dap

_ (kcA ()~305theaw.lRT + ([R?J] + [R?,o} + [Rg\_o])‘Sthemy‘IRTO)jL > wj
keg (7»3.05memy.1RT + ([R?’]] + [Rg.l} + [Rg,z])étheory‘lRTO) o
(A15)

Moment of order a,b (a,b = 0,0; 0,1; 0,2; 1,1; 1,0; 2,0) of the partial
moment of order 0,0 of two-arm adduct radicals with a final unit of
monomer i of the first branch and a final unit of monomer j in the
other branch (i,j = A, B):

@kei Vel — Gy 76

(kc,A (26,00 theory.IRT + ([R?J] + [R?o] + [Rg,o])fsthemy.lmoﬂ)

Ty = Kai Hoo Zap + Kaj 290 Hap —
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kc,B (jvgvoétheory‘IRT + ([R?]} + [Rgl} + [Rg,z])étheory,lRTO)

(A.16)

Moment of order a,b (a,b=0,0; 0,1; 0,2; 1,1; 1,0; 2,0) of the two-
arm adduct radicals with a final unit of monomer i in the first branch
and a final unit of monomer j (i, j = A, B) in the other branch, consid-
ering the total number of units of each comonomer (n units of M and
m units of Mg, adding the units in both arms):

3 () ot ZR () (o

(3) (ke i +kej)+
—Q Kea (/lg_oézheoryJRT + ([R?]] + [Rll\,o] + [RQO])athem'y.IRTO)"F 011] b
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(A17)

Moment of order a,b (a,b=0,0; 0,1; 0,2; 1,1; 1,0; 2,0) of dead poly-
mer radicals with n units of Ma and m units of Mg:
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(A.18)

The following expressions correspond to the reaction terms to
be used in the pgf balance equations. As previously explained,
the order 0,0 pgf transform balances can be used to compute the
bivariate molecular weight distribution reported in number frac-
tion (MWD,). The molecular weight distribution reported in
weight fraction (MWD,,) can be calculated from it by algebraic
manipulation. The methodology for obtaining the MWD,, may be
found elsewhere [51,54].
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Pgf of order 0,0 of active radicals with a final unit of monomer A:
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Pgf of order 0,0 of active radicals with a final unit of monomer B:
k(f)A o
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Pgf of order 0,0 of one-arm dormant radicals with a final unit of
monomer j (j=A, B):

Fy g (W) = —(Kai Zoo + Kaj 75.0) (1 o5 (2, W)]

+(3) (S [eoh o o2, W) + ke [P Yoz, W) + ke [y Yo (2 W) )
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Pgf of order 0,0 of dead polymer radicals:
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Pgf of order 0,0 of two-arm adduct radicals in pre-equilibrium (one
branch with 0 units in length) with a final unit of monomerj (j = A, B):

i o (2:W) = K3 [TRo] (2,00 0(2.W)) = ke [0 0% o (2.W)]
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(A23)

Pgf of order 0,0 of the partial 0,0 order moment of two-arm adduct
radicals with a final unit of monomer i in the first branch and a final
unit of monomer j in the other branch (i,j = A, B):

r,g{oygo (z,w) =k .“{)_o V-I),o ‘7{),0 (z,W)] +kaj %.0 [H6,0Ph0(Z.W)]
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Pgf of order 0,0 of the two-arm adduct radicals with a final unit of
monomer i in one branch and a final unit of monomer j in the other
branch (i,j=A, B), considering the total amount of units of each
monomer (adding the units in both arms):
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keg (7 Ofstheury IRT + ([R 1]+ [Ro_1] + [Rg,z])ﬁtheory.lRTo)

A.2. Kinetic parameters

The kinetic parameters that are not related with RAFT reactions
were considered to be equal to those of the conventional free rad-
ical copolymerization of styrene and methyl methacrylate. These
parameters are shown in Table A.1.

A.3. Density equations, average molecular properties, composition and
conversion

The density equations used to compute the reaction volume are
the following [59,60]:

Xst | XmmMA | X1 | Xc1A
o (B 200 5
Pst Pvmva P Pcra

XhomoPst

-1
XhomoPMMA )
PhomoPMMA

(A.26)

Phomopst

psi = 919.3 — 0.665 - T(°C) = p, = Pera: Pama = 936 — 0.265 - T(°C)
(A27)

Promorst = 992.6 — 0.265 - T(°C); Promopunan = 1190 — 0.265 - T(°C)

(A28)

In these expressions, pmix is the density of the mixture while p;
and x; represent the density and mass fraction of species i where
i=St, MMA, I, CTA, poly(St) and poly(MMA). The mass fractions
of species with low molecular weight are calculated according to
the following equation:

x = [ PM; (A29)
pmix
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Table A.1

Kinetic parameter of the initiator decomposition, styrene thermal initiation, propa-
gation, termination and transfer to monomer reactions for the free radical copoly-
merization of styrene (A) and methyl-methacrylate (B) [59].

Reaction Parameter Units
Initiation f=0.62
-1
ka = 1.7 x 10" exp (— fgg?”r) s
2 2 1
ken = 2.19 x 10% exp (713T,s1o) L*mol “s
Propagation kpan = 427 x 107 exp (=728217) L mol 's7!
kppp = 4.427 x 10° exp (£829) Lmol 's™!
X = 0.57
rxg = 0.41
~1 1
Kopas = l?T/,:A Lmol's
X 11
kp o = 228 L mol s
Termination keean = 3.05 x 107 (kpan)? exp (128522) L mol~'s7!
kecps =0
keaan =0
keagp = 9.8 x 107 exp (753%) Lmol 's™!

11

kecap = (1 = fac)fi agy/Kec Ankia BB L mol™"s
-1 -1

keaas = Facf s g /Kicankea o Lmol™"s

fac=0.5
fas=1616
Chain transfer to Kem.an = kpan0.22 exp (=2820) L mol~'s™!
monomer Kismgs = kppp 5.15 % 107 L mol~"s™!
11
Kerm,aB = kp aB k,?;"BZB L mol™" s
Keman Lmol 's™!

Kirm a = Kppa 20

To the best of our knowledge, no expression exists for the vari-
ation of the density of poly(St-co-AMS) with temperature. There-
fore, an assumed fraction of each homopolymer in the copolymer
chain needs to be calculated. The moments of order 1,0 account
for the moles of styrene in the copolymer chains, while the
moments of order 0,1 account for the moles of methyl methacry-
late present in the copolymer. Therefore, the assumed mass frac-
tion of poly(St) and poly(MMA) in the copolymer can be
calculated by adding all the moments of order 1,0 and 0,1, respec-
tively, as in the following equations:

(ZhMoment’l“o) PMs;

XhomoP(st) = o and
(ZhMomentg’l) PMumma
XhomoP(MMA) = o (A.30)
mix

In these expressions, the superscript h accounts for each poly-
meric species in the reaction medium, where h = active radicals,
one-arm dormant radicals, two-arms dormant adduct radicals,
and dead copolymer chains.

The average molecular properties of interest are calculated from
the calculated moments, as follows:

Number-average molecular weight:

(ZhMoment'{VO) PM, + (ZhMomentg.’]) PM;

M, = (A.31)
(thoment’(}D)
Weight-average molecular weight:
(ZhMoment;O) (PMp)? + (EhMomentgz) (PM3)?
12 (ZhMoment’l’J) PM, PM;
(ZhMomentﬁ’o) PM, + (EhMomentg]) PMs
(A32)

where PM; is the molecular weight of the comonomer i (i = A, B),
and the superscript h accounts for each polymeric species in the
reaction medium.

When calculating an average molecular weight for a given
macromolecular species (that is, propagating radicals, dead chains,
etc.), only the specific moments for this species must be included
in the calculation instead of the sum of moments of all polymeric
species.

The polydispersity index may be obtained from the calculated
molecular weights.

Polydispersity index:
_M,

n

(A33)

Molar fractions of a given species can also be calculated through
the moments of order 0,0, since they account for the number of
molecules of that species.

The equations to calculate different conversions are shown
below:

Global Conversion:

> xMoment!; , + >~ Momentg ,

Conv(%) = N i’ 100
ZhMomentL0 + Y pMomenty ; + [Ma] 4 [M3]
(A34)
Monomer (A and B) conversions
Moment"
Conwa(%) = 2 — 100 (A.35)
>_wMoment; ; 4 [Ma]
Moment"
Convg(%) = 2 o1 100 (A.36)

> ,Moment} , + [Ms]

Finally, the copolymer composition, expressed in terms of
monomer A, is obtained through the moment values as follows:

Number-cumulative composition for the copolymer:

_ Moment"
Comp, = Zhh 1.0 - (A37)
> xMoment; , + %", Moment ,
Number-instantaneous composition for the copolymer:

kpan[Malh, + Ky ga[Mal 2B

Comp.Insty — p.aa[Ma] ‘00 pBA| A]ﬂ ‘00

{ kpaa[Ma]Zg,0 + Kp.sa[Ma] g+ } (A.38)

kp.a8[Ms)7g,0 + Kp.5s[Ms] 200
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