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ABSTRACT: A mathematical model was developed for
batch and semiemulsion polymerizations of styrene in
the presence of a xanthate-based RAFT agent. Zero–one
kinetics was employed along with population balance
equations to predict monomer conversion, molecular
weight (MWD), and particle size (PSD) distributions in
the presence of xanthate-based RAFT agents. The effects
of the transfer agent (AR), surfactant, initiator, and tem-
perature were investigated. Monomer conversion, MWD,
and PSD were found to be strongly affected by monomer
feed rate. The polymerization rate (Rp), number average
molecular weight (Mn) and particle size (r) decreased
with increasing AR. With increases in surfactant and ini-
tiator concentrations Rp increased, whereas with increase
in temperature Mn decreased, Rp increased and r
increased. In semibatch mode, Mn and r increased with
increase in monomer flow rate. By feeding the RAFT
agent along with the monomer (FM/FAR ¼ NMo/NARo ¼

100), Mn attained a constant value proportional to mono-
mer/RAFT molar ratio. The observed retardation in
polymerization and growth rates is due to the exit and
re-entry of small radicals. Thus, chain extension was suc-
cessfully achieved in semibatch mode. The simulations
compared well with our experimental data, and the model
was able to accurately predict monomer conversion, Mn,
MWD, and PSD of polymer products. Our simulations
and experimental results show that monomer feed rate is
suitable for controlling the PSD, and the initial concentra-
tion and the feed rate of AR for controlling the MWD and
PSD. VVC 2009 Wiley Periodicals, Inc. J Appl Polym Sci 114: 2356–
2372, 2009

Key words: semi-batch emulsion polymerization;
mathematical model; RAFT; molecular weight distribution;
particle size distribution; secondary nucleation styrene;
xanthate

INTRODUCTION

Emulsion polymerization is one the most versatile
process for manufacturing synthetic polymers with
products ranging from elastomeric lattices for coat-
ings, bulk plastics, paints, adhesives to resins. Semi-
batch emulsion polymerization processes are being
used widely for the production of varieties of bulk
commodities and value-added products. The process
is preferred due to its substantial technical, commer-
cial, and environmental benefits. The reaction me-
dium (water) offers a safe process with high yield
and due to low viscosity facilitates overcoming heat,
mass, and fluid transport limitations. The process
enables control of polymer molecular weight (MWD)
and particle size distributions (PSD), which strongly
affect product mechanical, rheological, thermal, and
chemical properties. MWD is usually controlled by
chain transfer agents such as mercaptans1,2 or living

free radical polymerization,3–5 whereas PSD is
controlled by surfactants and optimal process
conditions.6,7

Living free radical polymerization (LFRP) is a rela-
tively recent development gaining popularity for
synthesizing well-defined polymers. LFRP techni-
ques have also been extended to heterogeneous
polymerizations such as emulsion and suspension
polymerization.8–12 LFRP with heterogeneous poly-
merization is an active research area as it provides a
powerful tool for preparing tailor-made products
and promises substantial practical applications.
Three major LFRP techniques are nitroxide-mediated
polymerization (NMP),5 atom transfer radical poly-
merization (ATRP),3 and reversible addition-frag-
mentation chain transfer (RAFT).4

RAFT process, due to its flexibility and the use of
mild conditions, is the most promising among LFRP
for industrial applications. Among others, a key dis-
advantage of RAFT solution and bulk polymeriza-
tion is their slow polymerization rates, since radical
concentration must be maintained at a low level
to minimize radical–radical termination.4,13 This
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problem can be overcome in principle by using
emulsion polymerization by taking advantage of
radical segregation to decrease termination without
significantly reducing the polymerization rate.
Hence, combining RAFT with emulsion polymeriza-
tion has potential in manufacturing polymers such
that polymer properties (MWD and PSD) can be
controlled precisely.8,14

RAFT LFRP is facilitated by compounds having
structures such as ZAC(¼¼S)SAR (compound 1 in
Scheme 1).4,15 Such reagents can be designed for
structural variety for the ‘‘leaving group R’’ and the
‘‘stabilizing group Z.’’ The RAFT polymerization
mechanism, as illustrated in Scheme 1, has been well
accepted. A polymerization reaction employing
RAFT agent is expected to proceed according to the
kinetic events given in Scheme 1. The RAFT process
(pre and core-equilibriums) is a reversible transfer
process in which free radicals exchange degenera-
tively with dormant species. During the pre-equilib-
rium stage, addition of the propagating radical Pn*
to the thiocarbonylthio reagent (compound 1) fol-
lowed by forward fragmentation of the carbon-cen-
tered intermediate radical (compound 2), gives rise
to a polymeric RAFT agent (compound 3) and a new
reinitiating radical R*. A reaction of the reinitiating
radical R* with monomer forms a new propagating
radical Pm* which adds to the polymeric RAFT
agent 3 resulting in a symmetrical carbon-centered
intermediate radical 4. Because the intermediate rad-
ical is unstable, it either produces the original chains
(backward fragmentation), or results in the exchange
of RAFT group between two chains (forward
fragmentation).

Despite its successful application with solution
and bulk techniques, RAFT polymerization suffers
serious problems in emulsion. Lack of colloidal sta-
bility, phase separation, rate retardation, and poor

molecular weight control especially when a high
active RAFT agent (with Ctr>>1) is used have been
reported.14–19 Therefore, successful RAFT LFRP in
emulsion requires that the transfer agent distributes
itself among the monomer droplets, the aqueous
phase, and micelles, and be transported from the
droplets through the aqueous phase to the particles.
Difficulties in transporting RAFT agent into polymer
particles were overcome by use of low active RAFT
agents such as xanthates,8,16,17,20 or by interventions,
e.g., using cyclodextrins21 or water soluble mono-
mers to produce short stabilizing RAFT agents.22

In one study,19 RAFT emulsion polymerization
was facilitated by using an organic cosolvent, ace-
tone, to transport the RAFT agent into emulsion
seed before polymerization. However, this technique
poses safety and environmental problems along with
cost and operational drawbacks. Moad et al.,23 over-
came the problem of phase separation by using
semibatch process with surfactant (sodium dodecyl
sulfate, SDS) and water soluble initiator (potassium
persulfate, KPS) in the presence of small amounts of
monomer, polymerized at 80�C for 40 min, after
which the monomer was fed gradually. With this
approach, polymerization during the initial stage
occurred in the absence of monomer droplets, result-
ing in good control of MWD.

Low active RAFT agents such as xanthates are
suitable for integration with the classical ab initio
emulsion polymerization and MADIX or ‘‘macromo-
lecular design via the interchange of xan-
thates.’’8,16,17,20 Since most of the polymeric chains
carry RAFT moiety, block copolymers are feasi-
ble.24,25 Charmot et al.16 used o-ethylxanthyl ethyl
propionate in semibatch emulsion polymerization of
n-butyl acrylate. A linear growth of Mn and a PDI
of 1.4 was reported with no change in polymeriza-
tion rate and particle size compared with base

Scheme 1 RAFT mechanism.
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case—indicating that radical exit had no effect on
the kinetics. Rate retardation was observed by Mon-
teiro and de Barbeyrac17 in styrene ab initio emulsion
polymerization with xanthates. They found that the
average particle size decreased, and the PSD became
narrower with increased concentration of SDS or
RAFT agent. Since the chain transfer constant is low,
the number average molecular weight (Mn)
remained almost constant during polymerization
with a constant polydispersity (PDI) of about 2.20.
Using a fluorinated xanthate agent, similar effects
were reported15 with a linear growth of Mn and a
low PDI (� 1.5).

Smulders et al.20 reported a surprising reduction
in entry rate coefficient when o-ethylxanthyl ethyl
propionate was used in seeded emulsion polymer-
ization of styrene. The authors attributed this to the
surface activity of the xanthate molecules. Since the
entered z-mers are also surface active, they have a
high probability of transfer to RAFT agent, resulting
in possible exit instead of propagation. Hence, exit
of the radical at the surface results in a decrease in
the effective rate of entry. Most kinetic studies have
focused on batch heterogeneous polymerizations
with various RAFT agents.11,26–29 However, a com-
prehensive model for RAFT process in batch and
semibatch emulsion polymerization is lacking. Thus,
the operational and differential aspects with batch
and semibatch RAFT processes still remain unex-
plored. Modelling of RAFT emulsion polymerization
to accurately predict polymer architectural proper-
ties (MWD and PSD) is of great practical significance
as it is crucial in design, scale-up, and developing
desirable new products for the market.

It is reasonable that living polymerization could be
approached with a low active RAFT agent if the rate
of transfer over the rate of propagation is increased
via controlled feed rate of monomer.20 Thus, this
work aims to address the application of low active
RAFT-based transfer agent (xanthate) in semibatch
emulsion polymerization of styrene with controlled
monomer feed. For precise control of product proper-
ties and process understanding, we developed a
dynamic model for RAFT emulsion polymerization8

combining conventional emulsion polymerization
kinetics6,7,30 with RAFT process kinetics.4,11,20,27,31

MODELLING RAFT EMULSION
POLYMERIZATION

Our RAFT emulsion polymerization model accounts
for reactions in the aqueous and particle phases dur-
ing propagation, termination, transfer to monomer
and RAFT exchange, along with radical absorption
and desorption to and from particles. The details of
the model and parameters are available elsewhere.8

Here, we outline the essential elements for under-
standing the results.

A ‘‘zero-one’’ model (reasonable for emulsion sys-
tems) is based on the premise that the rate of radi-
cal–radical bimolecular termination within a latex
particle is fast relative to the rate of radical entry
into particles. Thus, a particle has either zero or one
radical. Theory32 and experiments33 confirm that the
zero–one mechanism is valid when the particles are
small (� 100 nm) and are saturated with monomer
such that glassy transition is not reached. Polymer-
ization within a relatively large particle is governed
by pseudo-bulk kinetics. The size at which particles
cross from the zero–one to the pseudo-bulk regime
varies from monomer to monomer, and is known as
the ‘‘cross-over radius.’’ The cross-over diameter for
styrene was reported to be 100–120 nm.6,34,35 Small
particle size corresponds to lower radical entry rate,
higher radical exit, and higher termination rates.6

Our experiments were designed to produce
latex particles with a maximum average diameter of
100 nm.

Aqueous phase mass balance

The process begins with the formation of radicals
(from the initiator), which then react with monomers
to form oligomeric radicals. These radicals (P�

n) may
propagate, add to the AR and terminate with
another radical. Entry into a micelle or an existing
particle occurs only when the oligomeric radical
attains a degree of polymerization greater than or
equal to the critical degree of polymerization ‘‘z,’’
when the oligomer becomes surface active. The
model is used to determine the number of styrene
units that an oligomer must have (z) to reduce its
solubility and hence impart surface activity for entry
to a particle or micelle. To impart surface activity,
the minimum hydrophobic free energy required is
DGhyd � 23,000 J mol�1. On the basis of this, excel-
lent agreement6,35 was obtained experimentally for
styrene/persulfate systems with z ¼ 3. Particle for-
mation occurs either by entry of the aqueous phase
z-mers into micelle if micelles are present in the sys-
tem or by collapsing if their degree of polymeriza-
tion is above a critical degree of polymerization for
homogenous nucleation (jcrit ¼ 5).

In the aqueous phase, addition of RAFT agent
results in an unstable intermediate radical. The frag-
mentation of the intermediate radical generates a dor-
mant species a carrying RAFT moiety and acts as a
new propagating radical (leaving-group radical).
Since the rate of fragmentation is relatively faster than
that of addition,8,36 the RAFT reaction in the aqueous
phase is approximated as a transfer reaction of the
RAFT group (R) without affecting the overall radical
concentration in the aqueous phase. The leaving-
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group radical (RAFT-derived R*) may enter a micelle
or an existing particle when it has sufficient surface
activity. R* has the same fate as the initiator derived
radical in the aqueous phase and displays similar
behaviour in propagation, entry and termination.

The propagating polymeric radical in the particle
may undergo a radical transfer reaction with a mono-
mer molecule, producing the monomeric radical (M�)
and with RAFT agent producing a RAFT-derived rad-
ical (R�).36 If it escapes termination, such radicals may
convert into less water-soluble ones that cannot exit
the particle. However, these radicals ((R�) and (M�))
may also diffuse through the interior of the latex par-
ticle to the particle surface where they can exit the
particle as exited radicals, E�.6 Once the desorbed
monomeric radical or RAFT-derived radical meets
the surface of a particle, it immediately penetrates the
particle due to its high lipophilic nature, and the
aqueous phase propagation/termination are insignifi-
cant for the desorbed radicals.30,37 The sorption/de-
sorption process is reversible:

E� þ Particle �
keE

kdE
particle � E�

For the reactions in the aqueous phase, mass bal-
ance equations were set up, whereas for the particle
phase, Smith-Ewart PBEs were modified,8 to account
for the application of RAFT agent. Mass balances of
the various aqueous species are given by:

d½I�
dt

¼ �kd½I� (1)

d½I��
dt

¼ 2fkd½I� � k1
p;aq½I��CM

w (2)

d½P�
1�

dt
¼ k1

p;aq½I��CM
w � k1

p;aq½P�
1�CM

w � kAR
tr;aq½P�

1�CAR
w

� kt;aq½P�
1�½T�

aq� ð3Þ

For n < z then

d½P�
n�

dt
¼ kn�1

p;aq½P�
n�1�CM

w � knp;aq½P�
n�CM

w � kAR
tr;aq½P�

n�CAR
w

� kt;aq½P�
n�½T�

aq� ð4Þ

For n ¼ z,. . .,jcrit �1 then

d½P�
n�

dt
¼ kn�1

p;aq½P�
n�1�CM

w � knp;aq½P�
n�CM

w � kAR
tr;aq½P�

n�CAR
w

� kt;aq½P�
n�½T�

aq� � kie½P�
n�
Ntot

NA
� kie;micelleCmicelle½P�

n� ð5Þ

d½P�
jcrit

�
dt

¼ kjcrit�1
p;aq ½P�

jcrit�1�CM
w � kt;aq½P�

jcrit
�½T�

aq� (6)

d½E��
dt

¼
Xjcrit�1

n¼1

kAR
tr ½P�

n�CAR
w � kEe ½E��Ntot

NA

� kRe;micelleCmicelle½E�� þ kEd
NR

1

NA
� kt;aq½E��½T�

aq� ð7Þ

½T�
aq� ¼ ½E�� þ

Xz�1

i¼1

½P�
n� (8)

CM
w and CAR

w are the concentrations of monomer and
RAFT agent in the aqueous phase respectively; Ntot is
the total number of latex particle per liter of aqueous
phase, and NA is Avogadro’s number. NR

l is the num-
ber concentration particles with one RAFT-derived
radical or monomeric radical per litre of aqueous
phase. P�

n, R�
aq are the concentrations of oligomeric ini-

tiator-derived radical and RAFT-derived radical in
the aqueous phase, respectively; kie, kie;micelle, kRe ,
kRe;micelle are the second order entry rate coefficients of
the initiator and RAFT-derived radicals into a parti-
cle, and a micelle, respectively; kdE is the rate coeffi-
cient for desorption of monomeric and RAFT radicals
into the water phase; KAR

tr;aq is the transfer rate
coefficient of the aqueous phase radicals to RAFT
agent.

The concentration of the aqueous phase radicals T�
aq

is given by the summation of RAFT-derived radical
generated in the aqueous phase, aqueous phase oligo-
meric radical P�

aq and exited radicals. The aqueous
phase propagation and termination rate coefficients
are characterized by ‘‘kip;aq’’ and ‘‘kt,aq,’’ respectively; f
is the initiator efficiency and is simultaneously calcu-
lated by solving the aqueous phase rate equations
(eqs. (1)–(8)). Equation (2) takes into account the fact
that the propagation of an initiator fragment with a
monomer is so fast as not to be rate determining
step.30,37 While eqs. (3)–(5) account for RAFT reactions
with monomer in the aqueous phase.8,20

Micellar concentration (Cmicelle) was determined
from the rate of surfactant consumption and the
maximising function7:

Cmicelle ¼ Maximum 0;
½Sadded� � ½Sads� � ½cmc�

nagg

� �
(9)

Sads ¼
4p

NAas

Z1
0

r2
s nðrÞdr �

4pr2
sNtot

NAas
(10)

where cmc is the critical micellar concentration; nagg

is the mean aggregation number for the surfactant;
Sadded is the total concentration of the added surfac-
tant; Sads represents the amount of surfactant per
unit volume adsorbed onto the polymer surface; as is
the area occupied by an adsorbed surfactant mole-
cule. From eq. (9) one can conclude that micellar
nucleation (particle formation via micelles) stops
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when the surfactant concentration falls below its
critical value (cmc).

Particle phase balance equations

Population balance equations are conveniently
expressed in terms of unswollen volume (V). The equa-
tions can also be expressed in terms of unswollen radius
(r), and the two distribution functions are related via:

nðVÞ ¼ nðrÞ=4pr2

where, radius and volume distributions are denoted
by n(r) and n(V), respectively. The simplest version
of zero-one model for RAFT-free systems accounts
only for the number of particles with one radical
and without any radicals. Differently from this
approach, in the presence of RAFT agent the par-
ticles are distinguished in this work upon the type
of radical that they contain. These particles are:

1. Particles containing no free radicals (n0) gener-
ated by entry of a radical into (nR1 ) and (nP1 ) type
radicals. They are also formed when monomeric
and RAFT derived radicals exit an (nR1 ) type par-
ticle. The population of (n0) decreases when oli-
gomeric (P�

n) and small exited (E*) radicals enter
an existing (n0) type particle:

@n0ðV; tÞ
@t

¼ qðnP1 þ nPAR
1 þ nPAP

1 þ nRAR
1 þ nRAP

1

þ nR1 � n0Þ þ kdE � nR1 ð11Þ

2. Particles containing a monomeric or a RAFT-
derived radical (nR1 ) generated by entry of small
radical (monomeric or RAFT derived radical)
into (n0) type particle, transfer reaction to RAFT
agent or to monomer within (nR1 ) and (nP1 ) type
particles and by the fragmentation of the inter-
mediate radical in (nPAR

1 ), (nRAR
1 ) and (nRAP

1 )
type particles. The population of (nR1 ) decreases
by propagation, entry of any radical into such
type of particle, exit, transfer to monomer and
by exchange with RAFT agent:

@nR1 ðV; tÞ
@t

¼ kRe;micelleCmicelle½E� þ keE½E�n0 � qnR1

� kdEn
R
1 � kRp C

M
p nR1 � kaddC

AR
P nR1 � kaddC

AP
P nR1

þ kRAP
�frag � nRAP

1 þ kPAR
frag � nPAR

1 þ kRAR
frag � nRAR

1

þ kRAR
�frag � nRAR

1 þ kMtr C
M
p nP1 ð12Þ

3. Particles containing a single polymeric radical
(nP1 ), generated by the entry of an initiator
derived radical (P�

n) with degree of polymeriza-
tion equal or greater than three (n 	 z) into a

zero radical particle (n0), propagation of a small
radical within an (nR1 ), and by fragmentation of
the intermediate radical within (nPAR

1 ), (nPAP
1 ) and

(nRAP
1 ) type particles. Particles containing such

polymeric radical are consumed by entry of any
radical from the aqueous phase into this type of
particles resulting in instantaneous termination,
by transfer to monomer and by exchange with
RAFT agent. Propagation within this kind of par-
ticles does not change their identity:

@nP1 ðV; tÞ
@t

¼ dðV � VoÞ
"
kJcrit�1

p;aq CM
w ½P�

Jcrit�1�

þ
XJcrit�1

n¼1

kie;micelleCmicelle½P�
n�
#
þ kRp C

M
p nR1

� kaddC
AR
P nP1 � kaddC

AP
P nP1 þ kPAR

�frag � nPAR
1

þ kRAP
frag � nRAP

1 þ kPAP
frag � nPAP

1 þ kPAP
�frag � nPAP

1

� kMtr C
M
p nP1 þ qin0 � qnP1 � @ðKnP1 Þ

@V
ð13Þ

where K is the propagational growth rate for particle
containing a single free radical and is given
by6,7,30,35:

KðVÞ ¼ kpM
M
w CpðVÞ=NAdp (14)

where Cp(V) is monomer concentration in the particle
as a function of particle size; dp is polymer density; MM

w

is the molecular weight of the monomer. Growth sig-
nificantly affects nPAR

1 type particles only, as radicals
propagate without changing particle identity.

4. Particles containing an intermediate radical
(nPAR

1 ), generated from the addition of a poly-
meric radical to the RAFT agent (AR):

@nPAR
1 ðV; tÞ
@t

¼ kaddC
AR
p nP1 � ðkfrag þ k�fragÞnPAR

1

� qnPAR
1 ð15Þ

5. Particles containing an intermediate radical (nPAP
1 )

generated from the addition of a polymeric radi-
cal (P�

n) to the polymeric RAFT agent (AP).

@nPAP1 ðV; tÞ
@t

¼ kaddC
AP
p nP1 � ðkfrag þ k�fragÞnPAP

1

� qnPAP
1 ð16Þ

6. Particles containing an intermediate radical
nRAR

1 generated from the addition of a small
radical to the RAFT agent (AR).

@nRAR
1 ðV; tÞ
@t

¼ kaddC
AR
p nR1 � ðkfrag þ k�fragÞnRAR

1

� qnRAR�
1 (17)
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7. Particles containing an intermediate radical gen-
erated from the addition of a small radical to
the polymeric RAFT agent (AP) ðnRAP

1 Þ.

@nRAP
1 ðV; tÞ
@t

¼ kaddC
AP
p nR1 � ðkfrag þ k�fragÞnRAP

1

� qnRAP
1 ð18Þ

The cross termination between an intermediate
and propagating radical was experimentally con-
firmed,38 and such particles are consumed on entry
to a aqueous phase radical. The polymer volume
fraction inside the particle, an indicator of the
particle state, is given by:

UP ¼ 1 � ðCPM
M
w =dmÞ (19)

Equation (13) accounts for particle formation by
both micellar and homogenous mechanisms, through
the terms involving kie;micelleCmicelle[P�

n] for micellar
nucleation via radical entry into a micelle to form a
precursor particle and kJcrit�1

p;aq CM
w ½P�

Jcrit�1� for homoge-
nous nucleation.

Monomer and RAFT concentrations

Our experimental data show that styrene emulsion
polymerization is unaffected by monomer diffu-
sional limitation as mass transfer rate is high.2

Thus, a model with constant partition coefficients
in combination with overall mass balances can be
built to compute monomer concentration.2,7,8,39,40

Further, RAFT agent consumption rate was found
to be lower than its transport rate from the drop-
lets to particles. Hence, RAFT mass transfer is not
a rate determining step for the three phases in
emulsion polymerization: water (w), monomer
droplets (d) and polymer particles (p). The mono-
mer partition coefficients were calculated from satu-
ration data of the monomer in water and polymer
particle:

Ki
wp ¼ Cw;sat

i
=Ci

p;sat

Ki
dp ¼ diK

i
wp=M

i
wC

i
Wsat; (20)

Ki
dw ¼ Ki

dp=K
i
wp

where Ki
wp, kidp, Ki

dw are the partition coefficient of
species i between water-particle, droplet-particle and
droplet-water phases, respectively. Ci

p, Ci
w, Ci

d are the
concentrations of species i in the particle, water and
droplet phases, respectively. The volumes of droplet
(Vd), water (Vw), and particle (Vp) phases are given
as follows:

Vd ¼ ðNmM
M
w þNARM

AR
w � CM

wMM
w Vw

� CAR
w MAR

w Vw � CM
p MM

w Vp � CAR
p MAR

w VpÞ=dm ð21Þ

Vw ¼ Vwo=ð1 � ððMM
w CM

w =dmÞ þ ðMAR
w CAR

w =draftÞÞ (22)

dVp

dt
¼ MM

w RM
p Vr=dp (23)

The total reaction volume (Vr) is:

dVr

dt
¼ MM

w RM
p Vrð1=dp � 1=dmÞ þMAR

w RAR
p Vrð1=dp

� 1=dARÞ þ FmM
M
w =dm þ FARM

AR
w =dAR ð24Þ

Fm, FAR are the monomer and RAFT agent feed
rates, respectively; MM

w , MAR
w are the molecular

weight of the monomer and RAFT agent, respec-
tively. The polymerization rate (RM

p ) and the con-
sumption rate of the RAFT agent (RAR

p ) are given as
follows:

RM
p ¼ kpC

M
p CRad

p (25)

RAR
p ¼ kaddC

AR
p CRad

p � kPAR
�fragC

PAR
p � kRAP

frag C
RAP
p

� ðkRAR
frag þ kRAR

�fragÞCRAR
p ð26Þ

CRad
p is the concentration of radicals inside particle:

CRad
p ¼ n(Ntot/NA)(Vw/Vr); (CRAR

p , CRAP
p , CPAR

p ) are
concentrations of intermediate radicals RAR, RAP,
and PAR in the particle, respectively. Inside the par-
ticle, each addition of a propagating radical to the
RAFT agent (AR) results in a new radical and poly-
meric RAFT agent (AP). Hence, the production rate
of the polymeric RAFT agent (AP) is equal to the
consumption rate of the RAFT agent (AR). Mass bal-
ances for the monomer and the RAFT agent in the
three phases are:

dNm

dt
¼ Fm � RM

p Vr (27)

dNAR

dt
¼ FAR � RAR

p Vr (28)

dNAP

dt
¼ RAR

p Vr (29)

CM
p ¼ Nm

Vp þ KM
wpVw þ KM

dpVd

 !
(30)

CAR
p ¼ NAR

Vp þ KAR
wpVw þ KAR

dp Vd

 !
(31)
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CAP
p ¼ NAP

Vp

� �
(32)

(CAP
p ) is the concentration of dormant polymeric

chains in a particle; (NAP), the moles of dormant pol-
ymeric RAFT agent, is equal to the reacted moles of
initial AR.

Kinetic parameters

The entry of radicals from an initiator occurs only
for radicals of degree of polymerization ‘‘z’’ or
greater, while entry and re-entry of R* and an exited
radical does not require such a condition. The entry
of a z-mer into a particle and micelle, and hence
their rate coefficients kie and kie;micelle, are size depend-
ent and diffusion-controlled with an exponent of ½,
characterizing its chain length-dependent coeffi-
cient.6,7,30 The entry rate coefficients for the z-mer
and R*, estimated from the Smoluchowski equation
are given as follows:

• Entry rate coefficient of z-mer to the particles:

kieðVÞ ¼ 4prsNA
Dw

i1=2
; i 	 z; kieðVÞ ¼ 0:0;

i < z ð33Þ

• Entry rate coefficient of z-mer to the micelles:

kie;micelleðVÞ ¼ 4prmicelleNA
Dw

i1=2
; i 	 z;

kie;micelleðVÞ ¼ 0:0; i < z
(34)

• Entry rate coefficient of R* to the particles:

kRe ðVÞ ¼ 4prsNADR (35)

• Entry rate coefficient of R* to the micelles:

kRe;micelleðVÞ ¼ 4prmicelleNADR (36)

where DR and Dw are diffusion coefficients of R* and
M* in water phase; rmicelle, rs are radii of micelles and
latex particles swollen with monomer. The rate of
diffusion of the RAFT radical is similar to that for the
monomeric radical. As the RAFT-derived radical is
surface-active and water insoluble, it is considered
that the exited radicals re-enter without propagating,
i.e., its degree of polymerization is 1.32 The re-entry
rate coefficient for exited small radical (E*) is defined
similarly:

kMe ðVÞ ¼ kRe ðVÞ ¼ keEðVÞ ¼ 4prsNADw (37)

The rate coefficient for desorption of small radicals
(E*) is a function of radical diffusion in water and
particle, the aqueous and particle concentrations of

the desorbed radical, and the particle volume. For
monomeric radicals the coefficient is given by:

kdEðVÞ ¼ 3DwDmon

ðqDmon þDwÞr2
s

(38)

where q, the partition coefficient of exited mono-
meric species, is equal to CP/Cw; Dmon, the diffusion
coefficient for the monomer inside the particle, is
given by the following equations:

Dmon ¼ 100:417/�29:51Upþ53:14U2
p�36:03U3

p ; for Up < 0:8

Dmon ¼ 9�10�8 expð�19:16UpÞ; for Up 	 0:8 (39)

where Up is the polymer volume fraction inside the
particle. At high Up the particle becomes glassy,
resulting in reduced entry rate of z-mer into a parti-
cle and is accounted by entry efficiency:
e ¼ ð1 � UpÞC

M
P;satt .7 The overall entry rate (q) is given

by:

q ¼ keE½E� þ
Xi¼jcrit�1

i¼z

kie½IMi� (40)

Accurate propagation rate coefficient was obtained
from pulsed laser polymerization41 in conjunction
with MWD data for styrene: kpo ¼ 107.63

exp(�32500/RT). At high monomer conversion
when the viscosity in the particle increases sharply,
the propagation and termination rates become diffu-
sion controlled, and the zero-one kinetics no longer
holds. This is incorporated via:

kp ¼ 1=ð1=kpo þ 1=kdiffÞ (41)

where kpo is the propagation rate coefficient at low
conversion, while kdiff is the diffusion controlled rate
coefficient given by kdiff ¼ 4prNA(Dmon þ Drd), (Drd

¼ kpCpa
2/6). Similarly, the termination rate coeffi-

cient is estimated from7:

kt ¼ kto expð�19U2:1
p Þ (42)

where kto is termination rate coefficient at low
conversion.

The overall transfer rate coefficient ðkAR
tr Þ is rep-

resented by a composite of addition-fragmentation
rate coefficients, and from the pre or core-equilib-
rium reactions (Scheme 1), the backward ðkAR

�trÞ and
forward ðkAR

tr Þ transfer rate coefficients are given
by:

kAR
tr ¼ kadd

kfrag

kfrag þ k�frag
(43)
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kAR
�tr ¼ k�add

k�frag

kfrag þ k�frag
(44)

The transfer constant is defined as the ratio of the
transfer rate coefficient ðkAR

tr Þ and the propagation
rate coefficient (kp):

Ctr ¼
ktr

kp
(45)

Our RAFT agent has a transfer rate constant of
0.7.20,42 In the pre-equilibrium stage, larger chains are
most likely to be released resulting in shift of equilib-
rium toward the starting materials. Thus, the back-
ward fragmentation rate coefficient of the
intermediate radical of type PAR is greater than the
forward fragmentation rate coefficient. As the concen-
tration of small radicals from the fragmentation of the
intermediate radical is relatively negligible, the back-
ward addition is insignificant. Considering symmetri-
cal intermediate radicals (core-equilibrium stage), the
addition rate is (kadd ¼ 2Ctrkp).

NUMERICAL SOLUTION

To convert the evolution equations into a set of
coupled ordinary differential equations for each par-
ticle size, the population balance equations were dis-
cretized with respect to radius r(i). Computationally,
discretizing the PBE equations by radius is efficient,
since the particle radius increases much more slowly
than the particle volume. A number of discrete
groups of particles ‘‘G’’ was used in our model, in
which each group has a constant radius and one or-
dinary differential equation describes the particle
population in that group. Discritization allows the
integro-differential components of the equations to
be expressed as finite difference approximations in
equally spaced radial increments (Dr). In this work,
the backward finite difference approximation was
used for deriving the discretized equations.

EXPERIMENTAL SECTION

Materials

The RAFT agent (o-ethylxanthyl ethyl propionate)
was synthesized in our laboratory according to
established procedures.20 Potassium ethyl xantho-
genate (Fluka) of 101.4 g was added to a mixture of
102 g ethyl 2-bromopropionate (Aldrich) dissolved
in 1 L of ethanol at 0�C under a nitrogen atmos-
phere. The mixture was immersed in ice bath and
stirred for 6 h in the absence of light. One litre of
water was added, and the product was extracted by
a 1 : 2 mixture of diethyl ether and pentane.

Milli-Q-standard water was used, and dissolved
oxygen was removed by bubbling high purity nitro-
gen through the mixture of the RAFT agent and
monomer for one hour. Styrene monomer, initiator
(potassium persulfate), purification columns, and the
surfactant (sodium dodecyl sulfate) were obtained
from Sigma-Aldrich. Styrene was purified by pass-
ing through an inhibitor-removal column. The purifi-
cation was repeated twice to ensure high purity. All
other chemicals were used as received.

RAFT-semibatch emulsion polymerization

Ab initio semibatch emulsion polymerizations were
carried out under slight nitrogen pressure in a 1L
laboratory reactor equipped with a magnetically
driven agitator with a pitched blade impeller oper-
ated at 300 rpm. Experiments were conducted with
520 g water, 17.8 g styrene (Mo ¼ 0.17 mol), 0.377 g
RAFT agent (ARo ¼ 0.0017 mol) with varying
amounts of initiator and surfactant at 70 and 80�C.
The remaining monomer was added to the reactor
via a metering pump at variable flow rates. A tem-
perature controlled circulator (Julabo) provided heat-
ing/cooling flows through the external reactor jacket
to maintain reaction temperatures at desired levels.
The preheated solution of initiator and buffer in
water (at the reaction temperature) was added to
trigger the reaction. In the first stage, all RAFT agent
with surfactant (SDS) and water soluble initiator
(KPS), in the presence of monomer (22%), was poly-
merized for 90 min (batch preperiod), under a slight
nitrogen pressure. Thereafter, the monomer was fed
continuously into the reactor. Samples were taken
periodically to monitor conversion, MWD and PSD.
Our procedural details are given in Table I.

Analytical techniques

Monomer conversion was determined gravimetri-
cally off-line with samples from the reactor. The
dried polymer was dissolved in tetrahydrofuran
(THF, Fluka) to a concentration of 1 mM. Analyses
were carried out using a high temperature chroma-
tography system (PL-GPC 120) with a PLgel guard
5 lm 50 � 7.5 mm column connected in series with
two PLgel (Mixed-C 10 lm 300 � 7.5 mm) columns
(PL, Polymer Laboratories) at 40�C. THF was used
as eluent at a flow rate of 1 ml/min. Calibration was
done using narrow-distribution polystyrene
standards (with molecular weights 580 to 7.1 � 106

g/mol).A PL Data stream unit was used for data
acquisition and the data were processed using
CirrusTM GPC software. The PSD and average parti-
cle size were measured using Polymer Laboratory
Particle Size Distribution Analysis (PL-PSDA Model
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PL-DG2). It uses the principle of packed column
hydrodynamic chromatography (HDC) to separate
particles in the interstitial void space created by the
solid spherical column packing material. The par-
ticles eluting from the column are detected using an
UV detector.

RESULTS AND DISCUSSIONS

Effect of reaction conditions on
monomer conversion

Monomer conversion, defined as the mass ratio of
polymer produced to the total amount of monomer
added (till time t), is a key factor in determining
product properties. Monomer conversion was esti-
mated based on gravimetric measurement of sample
solid content. In the model, monomer and AR con-
versions were calculated from:

xmon ¼ 1 � Nm

Nm;total
(46)

xAR ¼ 1 � NAR

NAR;total
(47)

where Nm,total, NAR,total are the total amount of
monomer and RAFT agent fed into the reactor.
Under batch conditions, the total amount of mono-
mer and RAFT are equal to the initially charged
amounts (Nm,total ¼ Nmo, NAR,total ¼ NARo).

Model predictions were compared with experi-
ments for semibatch emulsion polymerization. Figure
1 illustrates monomer conversion as a function of time
at variable monomer feed rates [Fig. 1(A)]; whereas
Figure 1(B) presents the impact of feeding RAFT agent
along with the monomer. In the absence of AR, a high
monomer conversion (about 91%) was achieved (Run
1) at the end of the batch preperiod. At this stage, the
total amount of monomer available for polymerization
in the system is low [Fig. 2(A)]. Hence polymer vol-
ume fraction is high ðUP ¼ 1 � ðCPM

M
w =dmÞÞ resulting

in glassy particles; under these conditions secondary
nucleation is expected unless the free surfactant

TABLE I
RAFT-Semibatch Emulsion Polymerization Procedures

Run No. Water (g) Mo (g) ARo (g) SDS (g) KPS (g) FM (g/min) FAR (g/min) T (�C)

Run 1 520 17.8 0.00 1 0.20 0.350 0.00 70
Run 2 520 17.8 0.377 1 0.20 0.00 0.00 70
Run 3 520 17.8 0.377 1 0.20 0.350 0.00 70
Run 4 520 17.8 0.377 1 0.20 0.167 0.00 70
Run 5 520 17.8 0.377 1 0.20 0.531 0.00 70
Run 6 520 17.8 0.377 1 0.35 0.531 0.00 70
Run 7 520 17.8 0.377 1 0.50 0.531 0.00 70
Run 8 520 17.8 0.377 1 0.50 0.531 0.0112 70
Run 9 520 17.8 0.377 2 0.20 0.350 0.00 70
Run 10 520 17.8 0.377 3 0.20 0.350 0.00 70
Run 11 520 17.8 0.377 1 0.20 0.350 0.00 80
Run 12 520 17.8 0.00 1 0.20 0.00 0.00 70

Figure 1 (A) Effect of monomer flow rate (FM) on the overall monomer conversion for polymerization at 70�C; and, (B)
Effect of RAFT agent flow rate (FAR) on monomer conversion. Legend: Run 1 (þ); Run 2 (h); Run 3 (~); Run 4 (^); Run
5 (l); Run 7 (D); Run 8 (*); and model simulations (dashed, dotted, and continuous lines). [Color figure can be viewed
in the online issue, which is available at www.interscience.wiley.com.]
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concentration is higher than cmc. The model parame-
ters are given in Table II.

Shortly after the initiating monomer feed, a sud-
den decrease in monomer conversion was observed.
The sudden drop in monomer conversion is due to
the accumulation of monomer in the system [Fig.
2(A)] which results in an increase in monomer con-
centration inside the particles. Compared with the
control experiment (Run 1), introducing AR during
the batch preperiod resulted in a dramatic decrease
in polymerization rate as shown in Figure 1(A)
(Runs 2, 3, 4 and 5). In the batch experiment (Run 2,
Fig. 1A), as monomer feed rate (FM) is zero, mono-
mer conversion continues to increase until it
approaches that for the control experiment.

The observed retardation indicates that a signifi-
cant amount of small radicals (R*) generated by
chain transfer were unable to reinitiate polymeriza-
tion. The ability of such small radicals to reinitiate
polymerization inside particles depends mainly on

the time they reside in the particles. Thus, the
observed retardation is due to the exit of small radi-
cals from particles resulting in reduction in average
number of radicals per particle. In the presence of
AR, a significant impact of feeding more monomer
on the polymerization rate was observed (Runs 3, 4,
and 5 in Fig. 1A) in which the final monomer con-
versions are lower than for batch operation. The
observed retardation during the batch preperiod is
mainly due to the exit of small radicals formed by
exchange with AR and by transfer to monomer.

As the conversion reduction is proportional to
monomer flow rate, the effect is due to monomer
accumulation in the system. At the beginning of the
monomer feed period, AR concentration is low and
since FAR is zero, the concentration of AR continues
to decrease [Fig. 2(B)] resulting in low concentration
of the small radicals produced (R*). Thus, the differ-
ences in monomer conversions between the batch
and semibatch runs is mainly due to monomer feed

Figure 2 (A) Total number of monomer moles in the reaction vessel; and, (B) Total number of RAFT agent moles in the
reaction vessel. Legend: Run 3 (~); Run 4 (^); Run 5 (l); Run 8 (*); and model simulations (dotted and continuous
lines). [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

Figure 3 (A) Effect of surfactant concentration on the overall monomer conversion for polymerization at 70�C; and, (B)
Effect of reaction temperature on monomer conversion. Legend: Run 4 (^); Run 9 (l); Run 10 (~); Run 11 (^); and
model simulations (continuous lines). [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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(monomer accumulation) with exit of small radicals
having a small effect on reduced monomer conver-
sion during the feed period. This conclusion is fur-
ther supported by the simulation and experimental
results presented in Figure 1(B), where the difference
between run 7 and run 8 is that in run 7, FAR was
zero and in run 8, FAR was equal to FM/100. Figure
1(B) shows the effect of adding AR (Run 8) along
with monomer (FM/FAR ¼ NMo/NARo ¼ 100, where
FM and FAR are monomer and RAFT agent flow
rates, respectively.

For run 7, monomer conversion drops on initiating
monomer feed, from 83 to 61% and then increases to
about 75% at the end of polymerization. On the
other hand, monomer conversion in run 8 drops
from 86 to 56% and then continues to decrease to
51% after which monomer conversion levels off at
61%. Due to RAFT feed, the total amount of AR
increased (Run 8, Fig. 2B), resulting in production of
greater number of small radicals (R*) capable of exit-
ing from the particles and hence inducing further
reduction in polymerization rate. Thus, the drop in
monomer conversion in runs 3, 4, 5, and 7 is mainly
due to monomer accumulation in the system with
radical exit having a minor effect; whereas the
decrease in monomer conversion in run 8 is due to
both monomer accumulation and radical exit.

The amount of surfactant (SDS) was varied to
investigate the effect of emulsifier concentration on
polymerization rate, MWD and PSD. Figure 3(A)
shows the effect of increased surfactant concentra-
tion at constant initiator (0.2 g), RAFT (0.375 g),

monomer flow (FM ¼ 3.37 � 10�3 mol/min) and
reaction temperature (70�C). As expected, monomer
conversion increased with increase in surfactant con-
centration. Since micellar nucleation is the prevailing
mechanism for particle formation, the number of
polymeric particles is strongly dependent on surfac-
tant concentration. Consequently, increasing surfac-
tant concentration resulted in increasing the total
number of polymerization loci, leading to an
increase in polymerization rate. As expected, the po-
lymerization rate was markedly improved by
increasing the reaction temperature [Fig. 3(B)]. This
is because of the increased number of particles and
an increase in the propagation rate.

Effect of reaction conditions on molecular weight

The evolution of MWD records the kinetic events
that control polymer formation during polymeriza-
tion. The Mueller equations, obtained via the
method of moments, were used to predict the num-
ber average (Mn) and weight average molecular
weight (Mw) of the polymer produced by RAFT pro-
cess. Mn is given by:

Mn ¼ MAR
w

þ Mo � xmon

ARoð1 � ð1 � aÞð1 � xARÞÞ þ 2f ðIo � IÞMM
w

ð48Þ

where Mo, ARo, and Io are the initial amounts of
monomer RAFT agent and initiator in moles, respec-
tively; I is the undecomposed amount of initiator in

TABLE II
List of Parameters Used for Simulating RAFT-Styrene Emulsion Polymerization

Parameter Value Ref. Parameter Value Ref.

as 42 � 10�18 6 kRAP
frag 0.6 � kfrag This work

Ctr 1.414exp(�1870/RT) 36, 42 kRAP
�frag 0.4 � kfrag This work

cmc 0.003 6 kRAR
frag kRAP

�frag ¼ kPAP
frag Assumed

CAR
w sat 0.002 at 50 �C 36 kPAR

frag 0.4 � kfrag This work

CM
p sat 5.5 6 kPAR

�frag 0.6 � kfrag This work

CM
w sat e(�1.514–1259/T) 6 KM

wp CM
w sat/C

M
p sat 7

dp 1050.1–0.621T 6 KAR
wp KM

wp Assumed

dm 923.6–0.887T 7 kadd 2kpCcr 36,43

dRAFT 1.12 This work k1
p;aq 4kp 6,29

Dw 1.55 � 10�7 6 K2
p;aq 2kp 7

jcrit 5 6, 30 k3
p;aq kp 7

ktr kp10�0.658e(�23400/RT) 6 k4
p;aq k3

p;aq 7

kt,aq ¼ kto 6.8 � 107 6, 7 kRp 4kp

kpo 1.259 � 107e(�29000/RT) 6, 7 nagg 60

kd 8 � 1015 e(�13500/RT) 6, 7 z 3 6,30

kfrag >104 This work r 6.02 � 10�9 7

kPAP
frag 0.5 � kfrag This work a 7.4 � 10�9 7

kPAP
�frag kPAP

frag Assumed
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mole; MM
w and MAR

w are monomer and AR molecular
weights, respectively; xAR is the RAFT agent
conversion which is equal to x

1=Ctr
mon in the batch

experiment. The instantaneous Mn is approximated
by the rate of propagation over the rate of chain
stoppage events:

Mn ¼
kpC

M
p

kAR
tr CAR

p þ kMtr C
M
p þ qavg

" #
(49)

These equations are valid for the three intervals if
the transport rate of AR from droplets to the particles
is equal to or higher than its consumption rate8 that is,
the mass transfer resistance to AR is negligible. For
control of Mn, using a xanthate RAFT agent, most of
the accumulated polymer is produced by the transfer
reaction to the AR; thus, the global AR concentration
significantly affects the polymerization rate.8 Hence,
the instantaneously produced polymer presents a
Schulz-Flory MWD with a polydispersity index equal
to (1 þ 1/Ctr) [Fig. 4(A)] and Mn is given by eq. (48).
The chromatograms of run 7 were compared (see Fig.
4A) with simulated chromatograms based on Schulz-
Flory distributions estimated from predicted Mn; a
good agreement was obtained. Therefore, with an
effective molecular weight control, the final MWD fol-
lows the Schulz-Flory theory. Figure 4(B) shows that
higher monomer feed rate results in higher polydis-
persities. This is because at higher monomer feed
rates, monomer droplets are present in the aqueous
phase and monomer concentration is relatively high,
resulting in the propagating chain adding large num-
ber of monomer units before radical activity transfer.
Additionally, the relatively high monomer concentra-
tion enhances the occurrence of side reactions and ter-
mination in the aqueous phase. These lead to the

formation of low molecular weight species and broad-
ening of the MWD.

For batch polymerization with AR (Ctr ¼ 1), the
ratio of the consumption rates of monomer to AR
remains constant throughout the reaction, and hence
Mn is also constant. In this work, Mn shows a slight
decrease with time [Run 2, Fig. 5(A)] indicating that
the transfer constant of the AR used in this work is
lower than 1. As shown in Figure 5(B) an almost
constant Mn can be still obtained if the reaction is
carried out under a starved addition of monomer-
AR mixture with a molar feed rate ratio during the
feeding stage equal to the initial molar ratio of
monomer to AR during the batch pre-stage (FM/FAR

¼ NMo/NARo). The Mn values, obtained from (Run
8) where AR was fed along with monomer into the
reactor, are close to those obtained from the batch
experiment (Run 2).

In conventional emulsion polymerization without
a transfer agent, Mn is unaffected by changes in
monomer flow rate.7 An increase in temperature
results in decreased Mn due to an increase in initia-
tion, transfer to monomer and termination rates rel-
ative to the propagation rate. In the presence of AR,
the impact of monomer flow rate on Mn is illus-
trated in Figure 5(A). Runs 3, 4, and 5 were
designed to address the effect of increasing mono-
mer flow rate on monomer conversion (Fig. 1), num-
ber average molecular weight Mn (Fig. 5) and PSD
(Fig. 7). The Mn values are close to each other dur-
ing the batch prestage and show a slight decrease
with time. For the batch experiment [Run 2, Fig.
5(A)], all monomer, AR, surfactant and initiator
were loaded into the reactor at the beginning of the
polymerization. Thus, Monomer to AR molar ratio
was constant, and hence Mn evolution followed a

Figure 4 (A) Experimental MWD and molar chain extension with semi-batch emulsion polymerization of styrene with
monomer flow rate ¼ 0.531 g/min (Run 7). (B) Polymer polydispersity obtained from runs 3, 4, 5, and 8 at 70�C and vari-
able monomer flow rates. Legend: Run 3 (~); Run 4 (^); Run 5 (l); Run 8 (*); and model simulations (continuous lines).
Symbols in (A) represent the exprimental MWD at different times. [Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com.]
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continuously decreasing trend. The latexes produced
from the batch preperiod were used as the seeds
and styrene was slowly added to the reactor during
the second stage. During monomer feed at the sec-
ond stage, Mn increased with time due to the
increase in monomer-AR molar ratio in the particle;
higher the flow rate higher was observed increase in
Mn. That is, the amount of RAFT end-capped poly-
meric chains remained almost constant, whereas the
amount of reacted monomer increased. Increasing
SDS from 1 g to 2 g resulted in significant increases
in Mn, and with further increase to 3g, resulted in
negligible changes in Mn, indicating that the
increase in Mn is proportional to monomer conver-
sion [Fig. 6(A)].

As shown by Gugliotta et al.,1 AR accumulates
when it does not attain thermodynamic equilibrium
as quickly as the monomer, and the molar ratio of
monomer to AR in particles becomes greater than its
initial value. This results in an increase in Mn which
eventually levels off. In this work, Mn values in run
8 are almost constant. Thus, we conclude that the
transport rate of AR from the aqueous phase to the
particles is fast enough with negligible mass-transfer
resistance to enable rapid thermodynamic partition-
ing and to maintain the initial molar ratio of mono-
mer to AR at the same level during the reaction.
Based on this, the constant partitioning coefficient
model used in this work to calculate AR concentra-
tion is valid.

Figure 6 (A) Effect of surfactant concentration on the number average molecular weight for polymerization at 70�C; and,
(B) Effect of reaction temperature on the number average molecular weight. Legend: Run 4 (^); Run 9 (l); Run 10 (~);
Run 11 (^); and model simulations (continuous lines). [Color figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]

Figure 5 (A) Effect of monomer flow rate (FM) on the number average molecular weight for polymerization at 70�C; and,
(B) Effect of RAFT agent flow rate (FAR) on the number average molecular weight. Legend: Run 2 (h); Run 3 (~); Run 4
(^); Run 5 (l); Run 7 (D); Run 8 (*); and model simulations (dotted and continuous lines). [Color figure can be viewed
in the online issue, which is available at www.interscience.wiley.com.]
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The effect of surfactant concentration and reaction
temperature on Mn is shown in Figure 6(A,B), respec-
tively. As the temperature was increased from 70 to
80�C, Mn decreased during the batch stage and
increased during the monomer feed stage. Thus, Mn
is controlled by the relative rates of propagation and
chain transfer. Under similar monomer flow rates, the
increase in Mn during monomer feed stage at the
higher temperature is due to increases in propagation
rate resulting in greater monomer conversion. During
the batch stage, the increased number of chains due to
increased transfer reaction rate resulted in decrease in
Mn. Due to its low transfer coefficient, the evolution
of Mn (Fig. 5A, Run 2 and Figure 5(B), Run 8) remains
almost constant over the period of polymerization
with no linear growth. This may lead one to surmise
that xanthates act as conventional irreversible chain
transfer agents and are not able to induce living char-
acteristics. In contrast, experimental data from semi-
batch styrene emulsion polymerization with
o-ethylxanthyl ethyl propionate (Runs 3, 4, and 5 in
Figure 5(A). Run 7 in Figure 5(B) and Runs 9, 10, 11 in
Figure 6(A,B)) indicate that a high proportion of the
previously prepared polystyrene-xanthate chains (at
the batch stage) act as macro-RAFT agents which ena-
ble chain extension when a subsequent batch of
monomer is added.

Thus, the chain extension confirms that the previ-
ously prepared polymeric chains were able to regain
radical activity and hence demonstrate the living na-
ture of the polymer in the presence of xanthates. In
case the previously prepared chains did not possess
the living nature, the newly added monomers would
have polymerized separately, resulting in high and
uncontrolled polydispersity or increase in MWD mo-
dality. The unimodal MWD for the extended poly-
styrene-xanthate chains (Fig. 4A, run 7) confirms

that previously prepared polystyrene-xanthate
chains were involved at the second stage with newly
added monomer. In terms of MWD, feeding AR
along with monomer shows no difference in com-
parison with the batch experiment. Therefore, MWD
control requires only intermediate monomer addi-
tion, or the independent and simultaneous addition
of monomer and AR.

Effect of reaction conditions on particle size

In estimating the particle size distribution, we
accounted for the swollen and unswollen (absence of
monomer) particle sizes. The swollen (rS) and
unswollen (r) radiuses are related by mass conver-
sion (assuming ideal mixing of monomer and poly-
mer) as follows:

rs
r
¼ dm

dm � CM
p M0

" #1=3

(50)

where dM is the density of monomer.
The predicted and experimentally measured parti-

cle sizes show dramatic decrease with increasing
RAFT agent from 0.00 g [Run 12 in Figure 7(A),
batch experiment without RAFT] to 0.375 g [Run 2
in Figure 7(A), batch experiment with RAFT]. To
investigate the effects of interim monomer addition,
both runs 2 and 12 were repeated, and the results
for semibatch operation are shown in Figure 7(A)
(Run 1 without RAFT and Run 4 with RAFT).

During the batch preperiod, experimental condi-
tions are similar to those for batch experiments;
hence, the measured particle sizes are close to each
other. In the batch experiment without AR (Run 12),
the growth rate of particle is higher due to the ab-
sence of rate retardation. Once all monomers have

Figure 7 (A) Effect of AR on average particle size (PS) in batch and semi-batch emulsion polymerization at 70�C; and,
(B) Effect of variable monomer feed rates on (PS) Legend: Run 1 (þ); Run 2 (h); Run 3 (~); Run 4 (^); Run 5 (l); Run 12
(�); and model simulations (dashed, dotted, and continuous lines). [Color figure can be viewed in the online issue, which
is available at www. interscience.wiley.com.]
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reacted, the maximum value of particle size is
attained in a short period (50 min), after which it
levels off. For the batch experiment with AR (Run
2), particle size increases slowly due to the effect of
rate retardation. Thus, it takes significantly longer
(280 min) to attain the same size as in run 12. An
increase in particle size was observed immediately
after the initiation of monomer feed in both semi-
batch experiments with and without AR, run 4 and
run 1, respectively.

As shown in Figure 7(B), variable particle sizes
were obtained using the same recipe but with differ-
ent monomer feed rates. Equation (14) shows that par-
ticle growth is strongly affected by monomer
concentration. At high feed rate, the process resem-
bles interval II as seen in the batch run (i.e., the pres-
ence of monomer droplets in aqueous phase).
Monomer concentration inside polymer particles
increases with an increase in feed rate, eventually
reaching saturation. Equation (14) indicates that parti-
cle growth rate, which depends strongly on monomer
concentration, is relatively high under these condi-
tions. Consequently, polymer volume fraction [eq.
(19)] inside the particles is less than 0.8 (typically
� 0.46) and larger particles are obtained. As the reac-
tion progresses, monomer concentration inside the
particles becomes less than its saturation value (<5.5
M) resulting in UP exceeding the limiting value of
0.80. Thereby, the particles become glassy and the sys-
tem enters a diffusion controlled regime, resulting in
the suppression of propagation rate and particle
growth. This is observed with runs 3 and 4 [Fig. 7(B)],
where monomer feed rates are lower and monomer
conversions are higher compared with run 5.

Figure 8(B) shows the relation between monomer
flow rate and average growth rate of particles. Dur-

ing the batch preperiod, the experimental conditions
for runs 3, 4, and 5 are similar, resulting in almost
similar average growth rates of particles and hence
all particle sizes during this period are almost simi-
lar. In Figure 8(B), the initial particle size (PS) was
taken to be the one at the end of the batch preperiod
so as to address the impact of monomer addition on
PSD. It was observed that increasing monomer feed
rate resulted in a larger particle growth rate (Run 5,
Fig. 8B). For a lower monomer feed rate (Run 4, Fig.
8B), the particle growth rate is lower and approaches
a steady state after 150 min of monomer feeding.

In conclusion, higher the monomer feed rate,
larger the particle size and slower the particle
growth rate, which approaches a steady state. At
constant surfactant concentration, the particle size is
roughly proportional to monomer conversion in
runs 2, 3, 4, and 5. Thus, the retardation in particle
growth rate compared with RAFT-free experiments
(Runs 1 and 12) is most likely due to radical exit. As
the concentration of AR and hence that of the AR
radicals increases, these radicals exit from the par-
ticles resulting in ceasing of particle growth; thus,
reducing the average particle size.

As shown in Figure 8(A), PSD obtained from run 4
(moderate monomer feed rate) at different reaction
times are narrow and the PSD for each sample is rep-
resented by one Gaussian peak, indicating the ab-
sence of secondary or homogeneous nucleation.
Propagation of the aqueous phase radical to jcrit

degree occurs with particles swollen with monomer.
The absence of secondary nucleation indicates that
homogeneous polymerization to jcrit degree is insig-
nificant and almost all of the aqueous phase radicals
(exited and initiator derived radicals) are efficiently
captured by the pre-existing particles (particles

Figure 8 (A) Experimental and simulated PSD at moderate monomer feed rate (Run 4), samples were taken at different
reaction times; and (B) Experimental average growth rate of the polymer particles at different monomer feed rates.
Legend: Run 4 (^); Run 5 (l); and model simulations (continuous lines). Symbols in (A) represent the experimental PSD
at different times. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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formed via micellar nucleation). Surfactant plays a
crucial role in the nucleation process and on the num-
ber of particles formed. Runs 4, 9, and 10, were
designed to investigate the effect of surfactant on
monomer conversion, MWD and PSD. The final aver-
age particle size decreases as SDS concentration
increases [Fig. 9(A)]. We note that the concentration of
initiator and AR in runs 4, 9, and 10 are similar, and
the changes in the PSDs are entirely due to changes in
SDS concentration. A high surfactant concentration
results in a large number of particles, and a small
number of radicals per particle.

Thus, with an increased SDS, each particle
receives smaller number of radicals resulting in a
particle with a low probability to grow in size. Dur-
ing the monomer feed period (reaction time: from 90
to 300 min), the continuous increase in the particle
size is due to the monomer addition, which sustains
monomer concentration inside the particle. Conse-
quently, the process of particle growth driven by
propagation reactions is enhanced. Similarly, Figure
9(B) shows that an increase in reaction temperature
results in smaller average particle size due to
increase in oligomeric radical concentration in the
aqueous phase and increase in nucleation rate. Con-
sequently, the total number of particles increases at
the expense of size.

CONCLUSIONS

A mathematical model was developed to describe
ab initio emulsion polymerization of styrene with
o-ethylxanthyl ethyl propionate as RAFT agent (AR).
The model accounts for the effects of RAFT agent on
the polymerization rate, number average molecular
weight, weight average molecular weight, molecular
weight distribution, polydispersity index, particle

average radius, and particle size distribution. The
model was validated against experimental data
obtained in our laboratory. The reactions were car-
ried out using variable AR agent, surfactant (SDS),
and initiator (KPS) at different reaction tempera-
tures. Polymerization rate was found to be retarded
by increasing AR concentration. The observed retar-
dation was attributed to small radicals exiting from
the polymeric particles.

The decline in conversion, observed to be propor-
tional to monomer flow rate, was due to monomer
accumulation in the particles when there is no
RAFT feed. Further, monomer conversion was
reduced due to the added effect of radical exit
when the RAFT agent was fed into the reactor
along with the monomer. Increase in surfactant
concentration resulted in increase in the total num-
ber of polymerization loci, leading to an increase in
the polymerization rate. The polymerization rate
was markedly improved by increasing the reaction
temperature. This is due to an increase in the prop-
agation rate. We investigated the effect of monomer
and AR on Mn. During the batch period, Mn val-
ues were close to each other because the reaction
conditions were similar. During the monomer feed
period, Mn increased due to the increase in mono-
mer/AR molar ratio in the particle. When the
RAFT agent was fed along with the monomer, no
change in Mn was observed, indicating that a rapid
thermodynamic partitioning was achieved. The liv-
ing nature of the process was confirmed by the
unimodal MWD for the extended polystyrene-xan-
thate chains.

Similar to Mn, monomer feed rate was found to
have a profound effect on the growth of the par-
ticles, as the particle size increased with monomer
feed rate. Typical particle size for uncontrolled

Figure 9 (A) Effect of SDS concentration on the average particle size (PS) in batch and semi-batch emulsion polymeriza-
tion at 70�C; and, (B) Effect of reaction temperature on (PS) Legend: Run 4 (^); Run 9 (l); Run 10 (~); Run 13 (^); and
model simulations (continuous lines). [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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radical emulsion polymerization range from 50 to
200 nm. Polymerizations carried out with AR have
been shown to provide emulsions with smaller parti-
cle size under similar conditions of surfactant and
monomer concentrations. These indicate that control-
ling MWD and PSD is feasible by manipulating the
surfactant and RAFT concentrations, reaction tem-
perature and most importantly the interim monomer
and AR flow control in semibatch, either independ-
ently or simultaneously. Our model accurately pre-
dicts the effects of the RAFT agent, surfactant and
initiator on the measured polymer properties.

We acknowledge the financial support of the Australian
Research Council for this work. Our simulations were car-
ried out using the gPROMS (PSE) software.
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