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ABSTRACT: Reversible addition—fragmentation chain transfer (RAFT) polymerization
is a useful technique for the formation of polymers with controlled architectures and
molecular weights. However, when used in the polymerization of microemulsions,
RAFT agents are only able to control the polymer molecular weight only at high
RAFT concentrations. Here, a kinetic model describing RAFT microemulsion polymer-
izations is derived that predicts the reaction rates, molecular weight polydispersities,
and particle size. The model predicts that at low RAFT concentrations, the RAFT
agent will be consumed early in the reaction and that this will result in uncontrolled
polymerization in particles nucleated late in the reaction. The higher molecular
weight polydispersity that is observed in RAFT microemulsion polymerizations is the
result of this uncontrolled polymerization. The model also predicts a shift in the con-
version at which the maximum reaction rate occurs and a decrease in the particle
size with increasing RAFT concentration. Both of these trends are also consistent
with those observed experimentally. © 2006 Wiley Periodicals, Inc. J Polym Sci Part A:
Polym Chem 44: 6055-6070, 2006

Keywords: controlled living polymerization; emulsion polymerization; microemul-
sion polymerization; kinetics (polym.); reversible addition fragmentation chain trans-

fer (RAFT)

INTRODUCTION

In recent years, controlled living radical poly-
merization has become an important technique
for the formation of polymers with controlled
architectures and molecular weights.”? One of
the more important techniques for controlled

*Present address: E22-Biophysics, Department of Physics,
Technische Universitat Miinchen, 85747 Garching, Germany

"Present address: Department of Polymer Science and
Engineering, University of Science and Technology of China,
Hefei, 230026, Anhui Province, People’s Republic of China

Correspondence to: E. W. Kaler (E-mail: kaler@che.udel.
edu)
Journal of Polymer Science: Part A: Polymer Chemistry, Vol. 44, 6055-6070 (2006)
©2006 Wiley Periodicals, Inc.

ST WILEY )
< InterScience®

DISCOVER SOMETHING GREAT

free-radical polymerizations is reversible addi-
tion—fragmentation transfer (RAFT) polymeriza-
tion. Although the RAFT process has been app-
lied to numerous bulk and solution polymeriza-
tions, very few RAFT polymerizations have been
successfully conducted in a heterogeneous poly-
merization environment.*>~® Recently, a RAFT po-
lymerization was successfully completed in a
microemulsion.® In that case, 2-cyanoprop-2-yl
dithiobenzoate (CPDB) was used in the polymer-
ization of n-hexyl methacrylate (CgMA), solubi-
lized in a dodecyltrimethylammonium bromide
(DTAB) microemulsion, yielding polymers with
low polydispersities and low molecular weights
for RAFT/initiator ratios above 3.0. At lower
RAFT/initiator ratios, a shoulder developed in the
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final polymer molecular weight distribution, and
this resulted in a high molecular weight polydis-
persity. An understanding of why this shoulder
develops when RAFT is applied to microemulsion
polymerizations would aid in the proper selection
of RAFT agents for use in microemulsion formula-
tions. To obtain a better understanding of the
mechanisms leading to this unusual behavior, the
polymerization kinetic model outlined here has
been developed.

Kinetic models that describe the homoge-
neous RAFT process have previously been devel-
oped,” ' and some aspects of heterogeneous
RAFT polymerizations have also been previously
modeled.?716 Previous reports of kinetic model-
ing involve the use of rate constants that vary
by as much as 7 orders of magnitude. The basis
for these discordant rate constants is the unset-
tled debate over the inclusion of a combination
termination mechanism.”'"2? Fortunately, in
microemulsion polymerizations, there is not sig-
nificant termination through combination,?® so
the polymerization mechanism is less ambiguous

and the kinetics can be modeled with the mech-
anism shown in Scheme 1, which is similar to
that used previously.”

The initiator molecules first decompose to give
two initiator radicals (reaction I). The initiator
radicals are then free to propagate with the mon-
omer to form a polymer chain (reaction II). This
polymer chain can either continue to react with
the monomer or react with an unpolymerized
RAFT agent (XR) to form a macro-RAFT radical
(PXR; reaction IIla). This macro-RAFT radical
can then fragment to give either the initial poly-
mer chain or a new initiator radical (R) and a
polymerized RAFT agent (XP). If fragmentation
results in an initiator radical, the newly formed
initiator radical can react with the monomer to
form a second polymer chain (reaction II). This
second polymer chain will continue to propagate
until it finds either an wunpolymerized RAFT
agent (XR) or polymerized RAFT agent (XP). If
the second polymer chain finds a polymerized
RAFT agent (XP), it can react to form the macro-
RAFT radical (PXP; reaction IV). Once formed,
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this macro-RAFT radical can fragment to give ei-
ther of the attached polymer chains. Through
reaction IV, an equilibrium is established between
the active polymer chains (P) and the dormant
polymer chains attached to the RAFT agent (XP).
This equilibrium is the core mechanism and
results in a reduced molecular weight polydisper-
sity.

In this scheme, termination is assumed to
occur at the same rate, regardless of the polymer
chain size. As a result, all the macro-RAFT radi-
cals are classified as either one of two species,
PXR or PXP. PXR refers to a radical that con-
tains both a polymer chain (P) and a cyanopropyl
group (R), whereas PXP refers to a radical that
contains two polymer chains. The reaction of
a cyanopropyl radical with an unpolymerized
RAFT agent is assumed to have a negligible
effect on the kinetics. All radical species (R, I,
and P) are assumed to propagate at the chain
propagation rate (kp). In this scheme, the value
of rate constant kg,o is controversial but is
expected 18292227 t5 be within the very broad
range of 107 2-10° s -

A common variation of Scheme 1 assumes a
steady-state equilibrium for reaction IIla. In this
case, reaction IIla becomes either an irreversible
chain-transfer reaction with Ay = Eactokera 1/
(kfra2 + kfa1) or a reversible chain-transfer reac-
tion with both a forward rate constant, ki, and
a reverse rate constant, ki, = Ract1Rera o/ (Raas
+ kgra1) (reaction IIIb). For the microemulsion
polymerization simulations reported here, the
use of the steady-state assumption gave small
but nonnegligible differences in the predicted
results.

THEORY

Nonliving microemulsion polymerizations have
been studied extensively, and a general mechanism
by which they occur has been developed.?®3° In a
nonliving microemulsion polymerization, an ini-
tiator (typically water-soluble) is added to a one-
phase and thermodynamically stable solution of
monomer-swollen micelles. The added initiator
first begins to propagate in the aqueous domain
until a critical degree of polymerization is
reached, whereupon the radical becomes suffi-
ciently hydrophobic to enter a monomer-swollen
micelle, thereby forming a polymer particle.
Once entry has occurred, the radical continues
to propagate until either it undergoes chain
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transfer to the monomer, by which exit may occur,
or all the monomer in the microemulsion is
consumed. The monomer consumed in the poly-
mer particle by the radical is replenished by mon-
omer diffusion from the uninitiated micelles. The
concentration of the monomer at the locus of the
polymerization is governed by thermodynam-
ics.2®33 Because there are a large number of
micelles in comparison with the final number of
particles, new particles are nucleated throughout
the entire reaction, and biradical termination is
negligible.

Kinetic Model for RAFT Polymerization

In the polymerization scheme used here, the ini-
tiator first decomposes in the aqueous domain to
produce two radicals (reaction I in Scheme 1).
The radical concentration in the aqueous phase
is assumed to be in the steady state, and so the
rate of radical entry (p) is equal to the rate of
initiator decomposition:

p(t) = Vetr2ka(I] exp(—kqt) (1)

where y.¢ is an efficiency constant that accounts
for radical termination in the aqueous domain,
kq is the dissociation rate constant, [I] is the ini-
tiator concentration, and ¢ is the time.

Once the initiator radical enters a monomer-
swollen micelle, it begins to propagate and thereby
forms a new polymer particle. The radical can
react with either the monomer or the RAFT agent
within the particle. It is assumed that the RAFT
agent is free to exit a particle only if it has not yet
reacted with a polymer chain (P,,). As a result,
each polymerizing particle experiences a different
local concentration of the RAFT agent, and subse-
quent reaction rates are then a function of both a
given time (¢) and the time at which the particle is
initiated (¢1). On the basis of Scheme 1, the equa-
tions that describe the reaction rate within a parti-
cle initiated at time ¢; are

OPXR (¢t L ar *
% = kact,Q C%Rt(t)P (tlvt)
+ kact.1 Cxp(t1, )R (21, 1)
- (kfra,l + kfra.Z)PXR(tla t) (2)
OPXP(tq,t *
% = Ract2 Cxp(t1,8)P" (¢1,¢)

— 2kga oPXP(t1,t)  (3)
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— kact,Z Cxp (tl , t)P* (tl , t) + 2kfra72PXP(t1 , t)
+ kfrazPXR(tl,t) (6)

where R*(tq,t), P*(t1,t), PXP(t1,t), and PXR(t1,t)
are defined in Scheme 1 as radical concentra-
tions per unit of volume of the microemulsion in
a particle initiated between time ¢, and ¢; + dt;
Cxp and C?&rt are the concentrations of the
macro-RAFT agent and unpolymerized RAFT
agent per a unit of volume of the particle, re-
spectively; CP¥ is the concentration of the mon-
omer in the polymer particle; and ¢y, is the
unit of volume of the polymerizing domain per
unit of volume of the microemulsion.

When the size of the polymerizing domain is
larger than a swollen micelle (ca. 3 nm), the vol-
ume of the polymerizing domain is equal to that
of a monomer-swollen polymer chain of length
L. L(¢1,¢t) is the length of a chain initiated at
time #; at a latter time ¢. L can be found from
the average propagation rate of a radical. The
average propagation rate is equal to the fraction
of active particles multiplied by the propagation
rate of those particles:

oL
O 1.0 =y OB 1)
P (tl,t) +R* (tl,t)

X P ) TR (ht) + PXP(t,t) T PXR (g )

The quotient on the right-hand side of eq 7 is the
fraction of radicals initiated at #; that are still
propagating at time ¢. The volume of a monomer-
swollen polymer particle at time ¢ is then given by

1

3

3SMWL(t1,t)
r(t]_,t): épart(t)MW (8)
AnpporyNa (1_ oo )
and
4 3
¢part(t17t):§nr(t17t) NAp(tl) (9)

where MW is the monomer molecular weight, N
is Avogadro’s number, p.o, is the bulk monomer
density, and pp1y is the bulk polymer density.

At very small particle sizes, the volume of the
polymerizing domain is dominated by the vol-
ume of the surfactant tails. In this case, the poly-
merizing domain resembles a micelle more than
a polymer particle, and it is assumed that par-
ticles less than the size of the micelles (r = 3
nm)®® have a radius equal to that of the mono-
mer-swollen micelle.

Crart and C%’gt are not the same as the micel-
lar concentrations because of thermodynamic
partitioning. The partitioning of the monomer in
nonliving polymerizations has been investigated
previously for the same monomer and surfactant
concentrations used in this study.®®* Those
results show that the concentration at the react-
ing site decreases linearly with the polymer con-
version. Thus

CPEt (1) = Co(1— £(2)) (10)
where f is the monomer conversion and Cj is the
initial concentration of the monomer in the poly-
mer particle. The partitioning of the unpolymer-
ized RAFT agent (XR) is not known, but approxi-
mate values can be estimated under the assump-
tion that the agent partitions similarly to the
monomer (see the appendix). Equations 2-6
assume that the initiator-derived radicals (I in
Scheme 1) behave identically to the RAFT-agent-
derived radicals (R* in Scheme 1). A further
assumption is that the initiator and polymer rad-
icals react with the monomer at the same rate. It
has been argued by some®’ that the inhibition pe-
riod observed in some bulk RAFT polymeriza-
tions may be due to the slow reaction rate of the
RAFT leaving group (R) with the monomer. How-
ever, 2-cyanopropyl is a highly reactive leaving
group, and in polymerizations of methyl acrylate,
the rate of its reaction with the methyl acrylate
monomer is larger than that of a methyl acrylate
radical.®® This is also true for the case modeled
here because 2-cyanopropyl reacts with metha-
crylates faster than acrylates,®® and acrylate rad-
icals react faster with the monomer than methac-
rylate.*®*! Therefore, in the modeling of CPDB/
methacrylate RAFT polymerizations, the initia-
tion rate can safely be taken to equal the poly-
mer/monomer propagation rate.

To solve this set of equations, the concentra-
tion of initiator radicals that enter a particle
between time ¢; and ¢; + dt; must be known. In

Journal of Polymer Science: Part A: Polymer Chemistry
DOI 10.1002/pola



the case of no radical exit, this concentration is
equal to the rate of initiator decomposition:

R*(tl,t) :patt:t1 (11)

The concentrations found by the solution of eqs
2—6 are thus for the particles initiated at times
between #; and ¢; + dt;, and the total concentra-
tion of each species can be found by summation
over all #; values. The rate of monomer con-
sumption is calculated by the multiplication of
the total number of propagating radicals by the
radical propagation rate:
afmon o k Cpart

P mon(t) ! * %
T M, /O(R (tl,t)+P (tl,t))dtl

(12)

Similarly, the rate of unpolymerized RAFT agent
(XR) consumption is given by

8fXR o 1 ! part %
D e | (s CB P 11.0)

— kasPXR(t1,8))dt; (13)

where fnon and fxr are the conversions of the
monomer and RAFT agent, respectively, and M,
and XR, are the concentrations at the start of
the reaction of the monomer and RAFT agent
per liter of the microemulsion, respectively.

The predicted reaction Kkinetics of a RAFT
microemulsion polymerization are given by the
simultaneous solutions of eq A5 and eqs 1-13.
With the method of moments, a similar set of
equations can be derived that describes the evo-
lution of the molecular weight and polydisper-
sity (see the appendix). The discrete particle size
distribution can be determined by the solution
of eqs 1, 7 and 8 for all #; values and by the
counting of the number of particles between size
r and larger size r + Ar. The limit of this distri-
bution as Ar approaches 0 yields the distribution
n.(r, t), where n.(r, t)dr is the number of particles
with a size between r and r + dr. The predicted
z-average size that would be measured by qua-
sielastic light scattering (QLS), neglecting the
effect of the particle form factor, is

6
r°n,(r,t)dr
r(t ==0_ T 14
(as =g 09
This kinetic model addresses two issues that are
not a concern in nonliving microemulsion poly-
merization. First, because of the compartmental-
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ization in microemulsion polymerizations, each
RAFT agent is not accessible to each polymeriz-
ing radical. Once a macro-RAFT agent (XP in
Scheme 1) reaches a critical degree of hydropho-
bicity, it is no longer able to exit the particle,
and this situation results in a local polymer
environment that is different from the average
polymer environment. Therefore, the polymer-
ization rate within a particle not only is a func-
tion of the overall time of reaction but also
depends on the time at which the particle is
nucleated. Here for simplification we assume
that the critical degree of polymerization that
inhibits the exit of a macro-RAFT agent or radi-
cal XP, PXR, or PXP) is equal to 1 (P,, = Py).
Second, the concentration of the unpolymerized
RAFT agent (XR in Scheme 1) in the particle
will not equal the concentration in the sur-
rounding micelles. The concentration will either
be controlled by mass transfer (diffusion) from
surrounding micelles or be set by a thermody-
namic partition coefficient. Because CPDB has a
solubility (0.12 mM)® close to that of CgMA (0.4
mM)®® and because the diffusion rate of CegMA
is high enough to enable thermodynamic parti-
tioning,?®33 it is assumed that the CPDB con-
centration in the particle will also be set by a
partitioning coefficient, as discussed further in
the appendix.

In this model, the small amount of the RAFT
agent soluble in the aqueous domain is assumed
to have a negligible effect on the initiation effi-
ciency. The effect of the RAFT agent on initia-
tion has been investigated with a modified Max-
well-Morrison model proposed by Smulders
et al.’® that assumes that reaction III in Scheme
1 can be modeled with only the irreversible
chain-transfer constant, ky, = Ract oRtra,1/(Reras +
kgra,1). Using values for the polymerization stud-
ied here in the proposed Maxwell-Morrison
equations, we have found that CPDB is pre-
dicted to have a negligible impact on the initia-
tion efficiency for polymerizations in which the
initial local micelle RAFT concentrations are less
than 0.2 mM and k,/k,, is less than 1000.

This model also assumes that radical exit
does not affect the polymerization kinetics. The
exits of both cyanopropyl radicals and mono-
meric radicals produced by chain-transfer were
initially included in the model. Preliminarily
results showed that radical exit had a negligible
effect on the polymerization kinetics, molecular
weight, and particle size. The inclusion of the
radical exit terms also often leads to numerical
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instabilities, so they were omitted for the final
calculations.

SOLUTION METHOD

We solved equations A5 and 1-13 by first ass-
uming monomer and RAFT concentrations for
time A¢. As an initial guess, the monomer and
RAFT concentrations were assumed to decrease
linearly from time zero to time At¢. With these
assumed monomer and unpolymerized RAFT
concentrations, eqs 1-9 and 11 were then solved
for all ¢; values between time zero and A¢ with
the Fortran subroutine DDASSL.*? The result-
ing species concentrations at time A¢ were then
known for all particle initiation times (¢;). The
total concentrations of P*, R*, and PXR at At
were found by integration over all #; values.
With these total concentrations, and under the
assumption of a linear change in the total con-
centration from time zero to A¢{, new monomer
and unpolymerized RAFT concentrations,
Crart(¢) and C%‘rﬁT(t), were determined by the so-
lution of eqs 12, 13, and A5. If these newly cal-
culated monomer and unpolymerized RAFT con-
centrations were not equal to the initially ass-
umed concentrations, the new monomer and
unpolymerized RAFT concentrations were then
used as the assumed concentrations, and eqs 1—
9 and 11 were once again solved. These steps
were repeated until the assumed and calculated
concentrations were equal. This process was
repeated for subsequent time steps (A#) until a
time was reached at which the polymerization
was near completion. A step size of At = 2 s or
less yielded accurate numerical solutions.

RESULTS AND DISCUSSION

Figures 1 and 2(a,b) show the predicted reaction
kinetics with appropriate values for the RAFT
microemulsion polymerization of C¢MA under
the experimental conditions used by Liu et al.®
The propagation rate constant was approxi-
mated to be &, = 1500 M~! s7! by the interpola-
tion of pulsed-laser polymerization data for other
linear alkyl methacrylates.*! k4 of the initiator,
V50, was used as supplied by the manufacturer
(kq = 2.03 x 107 *s71), and yr was assumed to be
0.25. The initial concentration of the monomer in
the polymer particle, Cy, was found through the

1.0 [RAFT]IN=0.0 17 [
— —[RAFTI[Init}=0.7 : | | I
-------- RAFT]InE]=1 5 | & |J- I
— —[RAFT)[Ini]=2.25 :
0.8 {— —Rrarnng=30 | & [ 1
— — —[RAFT][Ink]=4.5 : I| I:
[ FESEPRR [RAFT]Ini]=6.0 | 11
— | L
c
G 06 /
B
2
A
S 0.4
o
0.2
0.0 .
0.01 100

Time (min)

Figure 1. Model-predicted reaction kinetics at seven
different RAFT concentrations with the following pa-
rameter values: My = 0.183 M, [I] = 6.1 x 107* M, C,
=45 M, yer = 0.25, kg = 2.03 x 10~ * 57, k, = 1500
M s kar =295, kfraz = 30 571, kot = 7.5 x
10° M s, and koo = 4.2 x 10° Mt s7h,

fitting of the Morgan—Kaler kinetic model,?®
which accurately describes the polymerization
of DTAB/C¢MA/H50 microemulsions, to kinetic
data of polymerizations performed without a
RAFT agent. The kinetic constants for the
reaction of CPDB with CgMA are unknown,
but values for kgco, ki, and k_i. have been
measured for the polymerization of CPDB with
methyl methacrylate.*®** For the purpose of
these simulations, similar chain-transfer con-
stants, Cy = ku/kp, C_tr = k_y/k, (reaction IIIb
Scheme 1), and Cyct 0 = kact 2/kp, Were used as
well as an assumed kg, 2 value of 30 s~L Val-
ues of ka0 in the range of 10°-103 s ! give ki-
netic rates of the appropriate order of magni-
tude and demonstrate similar kinetic trends.
Figure 3 shows the effects of different kg, o
values on the predicted kinetics for a [RAFT]/
[Initiator] ratio of 1.5. Because few other simu-
lations have been conducted on CPDB polymer-
ized under either bulk or solution conditions,
the accuracy of the kg,o value used is un-
known. However, multiple simulations of sty-
rene polymerizations with cumyl dithioben-
zoate as the RAFT agent have been con-
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Figure 2. (a) Model-predicted reaction rates at seven
different RAF'T concentrations and (b) model-predicted
reaction rates for five RAFT concentrations above
[RAFT]/[Initiator] = 1.5 plotted with an expanded
scale. For the parameter values, see Figure 1.

ducted”'®2°-22 gnd have given values of kgq 0

over the enormous range of 10°2-10° s~ 1.

In accordance with the experimentally meas-
ured rates of Liu et al.® [Figs. 4 and 5(a,b)], the
kinetics simulated here show a large decrease in
the reaction rate with increasing RAFT concen-
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trations [Figs. 1 and 2(a,b)]. However, the exper-
imental kinetic rates could not be simulated
quantitatively; this was most likely a result of
the uncertainty in the values of the kinetic con-
stants or because of constraints imposed by ass-
umptions about the RAFT agent partitioning. In
the simulated polymerizations, two kinetic rate
intervals can be observed. In the first interval,
the concentration of the unpolymerized RAFT
agent available is high enough to mediate the
polymerization effectively. As the polymerization
progresses, the RAFT agent is consumed, and
this results in a low concentration of the unpoly-
merized RAFT agent late in the reaction. As a
result, newly nucleated particles can polymerize
rapidly and without control. This situation
causes the observed rapid increase in the reac-
tion rate at higher conversions [Fig. 2(a,b)]. As
the initial RAFT concentration increases, the
length of the first interval is extended, and the
amount of uncontrolled polymerization at the
end of the reaction decreases.

When the RAFT concentration is high enough
([RAFT]/[Initiator] = 4.5 or 6.0), the RAFT agent
is present throughout the entire reaction, and
the full reaction proceeds under control. As a

1.0 _
— — - Ky,,S30s |
k,__,_-:3'35'| H
08 wmelc:
ey —_ - KI,::=U.55.' 'l'
.l L] Expenmental }r
S 06 .
‘E /
5 ;
/
=> :
5 04 /
Q /"
&
0.2 5
.'/
0.0 :

0O 10 20 30 40 50 60 70
Time (min)

Figure 3. Model-predicted reaction kinetics at differ-
ent kg, o values for [RAFT)/[Initiator] = 1.5 with the
following parameter values: M, = 0.183 M, [I] = 6.1
x 107* M, Cy = 45 M, yo = 0.25, kg = 2.03 x 10 * s,
ky = 1500 M ' s, Bgay = 29 571, ko = 7.5 x 10°
M !'s % and Racte = 4.2 % 10° M1l
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Figure 4. Experimentally measured reaction kinetics
(cf. Fig. 1) at seven different RAFT concentrations (the
experimental results were taken from ref. 6).

result, a shift in the maximum rate with inc-
reasing RAFT concentration is observed, and
this is consistent with the shift observed in the
experimental reaction rates [Fig. 5(a,b)]. When
no RAFT agent is present, both the modeled and
experimental reaction rate maxima occur at a
conversion of 39% [Figs. 2(a) and 5(a)]. With the
addition of the RAFT agent, the maximum rate
shifts to higher conversions until a RAFT con-
centration is reached, at which the entire reac-
tion is mediated by the RAFT agent. At the
highest RAFT concentrations ([RAFT]/[Initiator]
= 4.5 or 6.0), the maximum rate once again
shifts to lower conversions [Figs. 2(a,b) and
5(a,b)].

The simulated trends in the final molecular
weight polydispersity also resemble those meas-
ured® (Fig. 6). At low RAFT concentrations, the
RAFT agent increases the molecular weight
polydispersity. The experimental molecular
weight distributions show that this increase re-
sults from the formation of a high-molecular-
weight shoulder at low RAFT concentrations
(Fig. 7). The simulation of these experiments
shows that this increase in the polydispersity
results from the early consumption of the RAFT
agent and the subsequent uncontrolled polymer-
ization. As the concentration of the RAFT agent
increases, the effects of the RAFT agent become

more beneficial, and beyond a critical concentra-
tion, the RAFT agent acts to decreases the poly-
dispersity. The critical concentration is the con-
centration beyond which the unpolymerized
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Figure 5. (a) Experimentally measured reaction rates
[cf. Fig. 2(a)] at seven different RAFT concentrations
and (b) experimentally measured reaction rates [cf. Fig.
2(b)] at five RAFT concentrations above [RAFT/[Ini-
tiator] = 1.5 plotted with an expanded scale (the experi-
mental results were taken from ref. 6).
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Figure 6. Gel permeation chromatography traces of
final polymer samples at different RAFT concentra-
tions. At low RAFT concentrations, a shoulder devel-
oped that corresponded to the formation of a high-mo-
lecular-weight polymer.

RAFT agent is present throughout the entire
reaction, which is here equal to a [RAFT)/[Ini-
tiator] ratio slightly higher than 3.0.
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Figure 7. Effects of the RAFT concentration on the
model-predicted polydispersities at 85% conversion and
the final experimentally measured polydispersities (the
experimental results were taken from ref. 6). For the
parameter values, see Figure 1.
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Figure 8 shows the simulated evolution of the
molecular weight polydispersity. Early in the
reactions, a low polydispersity is predicted at all
RAFT concentrations, but late in the reaction,
only the simulations at a high RAFT concentra-
tion predict a low polydispersity. Like the rapid
increase in the polymerization rate observed at
low RAFT concentrations and high conversions
[Fig. 2(a,b)], the rapid increase in the polydisper-
sity results from the early consumption of the
RAFT agent and the uncontrolled polymerization
of particles nucleated late in the reaction.

The critical RAFT concentration at which un-
controlled polymerization commences is deter-
mined by the consumption rate of the unpolymer-
ized RAFT agent (III in Scheme 1). If the RAFT
agent is consumed too quickly, the concentration
of the unpolymerized RAFT agent decreases rap-
idly, and uncontrolled polymerization occurs late
in the reaction. The rate of the RAFT agent con-
sumption is determined by the kinetic rate k. If
this rate is too fast in comparison with the total
reaction time, all the RAFT agent will be con-
sumed too early in the reaction. In contrast, in
bulk and solution polymerizations, there are no
similar problems associated with the rapid con-

sumption of the RAFT agent, although slow RAFT
agent consumption and the resulting slow estab-

35
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Figure 8. Model-predicted polydispersity as a func-
tion of the conversion at eight different RAFT concen-
trations. For the parameter values, see Figure 1.
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Figure 9. (a) Model-predicted and experimentally
measured M, as a function of the conversion at eight
different RAFT concentrations and (b) model-pre-
dicted and experimentally measured M, as a function
of the conversion at five RAFT concentrations above
[RAFT]/[Initiator] = 1.5 plotted with an expanded
scale (the experimental results were taken from ref.
6). For the parameter values, see Figure 1.

lishment of equilibrium are often cited as causes
for high molecular weight polydispersities.?

Even though the RAFT agent is continuously
consumed throughout the polymerization, the
simulated number-average molecular weight (M},

increases linearly and agrees well with the exper-
imentally measured molecular weight measured
by Liu et al.® [Fig. 9(a,b)]. A linear increase in M,
is usually observed in bulk polymerizations® and
results from RAFT agent consumption that is fast
in comparison with the consumption of the mono-
mer. If all the RAFT agent is consumed early in
the reaction, M, can be determined by the divi-
sion of the total amount of the polymer formed by
the total amount of the RAFT agent, and it is
given by the following linear equation:

MoFWmonf

M, = FW
RAFT + XR,

(15)

where FWgapr and FW,,,,, are the RAFT and mon-
omer molecular weights, respectively. Because the
polymerization mechanism is much different in
microemulsion polymerization, such linear behav-
ior might be unexpected. The major difference
between the M, increase in microemulsion poly-
merization and that in solution and bulk polymer-
izations is that in microemulsion polymerization a
line fit to the linear portion of the experimental
data does not pass through the origin.
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Figure 10. Effects of the RAFT concentration on the
model-predicted particle size at 85% conversion, and
the particle size experimentally measured by QLS
(the experimental results were taken from ref. 6). For
the parameter values, see Figure 1.
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Figure 11. Model-predicted particle size as a func-
tion of the conversion at RAFT concentrations of 0,
0.5, 0.7, 1.0, 1.5, 2.25, 3.0, 4.5, and 6.0 ((RAFTJ/[Ini-

tiator]). For the parameter values, see Figure 1.

The predicted particle size also shows a dra-
matic decrease with increasing RAFT concentra-
tion (Fig. 10) that is similar to the decrease ob-
served experimentally.® However, unlike the
experimentally measured particle size, at high
RAFT concentrations, the simulated particle size
continues to decrease. This difference between
the experimental and simulated particle sizes is
probably the result of particle aggregation and
coagulation processes late in the reaction. These
colloidal effects are not included in the model.

Figure 11 shows the simulated evolution of the
particle size for different RAFT concentrations. At
all RAFT concentrations, the simulated particle
sizes are depressed in the initial stage of the reac-
tion; however, for the low RAFT concentration
simulations, the particle size increases rapidly at
high conversions. The onset of this particle size
increase corresponds to the onset of the uncon-
trolled polymerization, as observed in the poly-
merization kinetics [Fig. 2(a,b)].

CONCLUSIONS

The proposed model demonstrates that in poly-
merizations at low RAFT concentrations, the
large molecular weight polydispersity, particle
size, and reaction rates observed experimentally
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at high conversions likely result from the early
consumption of the RAFT agent and the subse-
quent uncontrolled polymerization. The general
trends predicted by the model mirror the experi-
mental measurements, but uncertainties in the
values of the kinetic parameters have prohibited
quantitative predictions. Despite these limita-
tions, the model is useful for the investigation of
RAFT microemulsion polymerization mecha-
nisms. The predicted kinetics also demonstrate
a shift in the maximum rate that is consistent
with that observed experimentally. The proper
orders of magnitude in the particle size, molecu-
lar weight, and reaction rate have been obtained
with kg, o values in the range of 10°-103.

The authors are grateful to D. G. Vlachos for his guid-
ance in appropriate approaches to the numerical cal-
culations herein.

APPENDIX

Raft Partitioning

The partitioning of a monomer or RAFT agent
between polymer particles and swollen micelles
can be written in terms of a thermodynamic par-
titioning constant (K):

Cpart

K= .
lec

(A1)

where CP*" is the monomer or RAFT concentra-
tion in the polymer particle and C™° is the mono-
mer or RAFT concentration in the micelles. Equa-
tion 10 can be written in terms of the monomer
partitioning constant:

Knonlt) = e (1-70)  (A2)

mon

where K, is equal to CPat/CMic = (Cmic g the

. mon X mon* Ir}on
molar density of the monomer in the micelles:

mon

CP M MW
(1—/f)Mo — ’W
poly \ 7

Pmon

ic
Cﬁon -
(1 )M MW CPt Mo MW?
Dumon - oparty + ¢surf
pmonppoly (17 mﬂ::on )
(A3)

¢surt 1s the volume fraction of the surfactant in
the microemulsion.
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Assuming the unpolymerized RAFT agent
behaves in away thermodynamically similar to
the monomer [K,on(t) = Kgrarr(t)l, the RAFT
partitioning can be described by

Co
Krarr(t) = Cmic (1-1() (A4)

mon

part _
CXR -

Combined with the RAFT mass balance
and under the assumption that the RAFT agent
contributes a negligible volume to both the
particle and micelles, the concentration of the
unpolymerized RAFT agent in the polymer par-
ticle is

Krarr(1 — fxr)XRo

part
CmonfM OM w
Cpart MW

Pmon

(A-My

Pmon

Molecular Weight Model

Recently, Wang and Zhu® developed a polymer-
ization model based on the method of moments
that describes the evolution of the molecular
weight and polydispersity of a bulk RAFT poly-
merization in which the macro-RAFT radicals,
PXP and PXR, do not terminate through biradi-
cal combination. Because a microemulsion poly-
merization contains negligible amounts of birad-
ical termination, the evolution of the molecular
weight and polydispersity can be calculated in a
similar way.

The method of moments is a discrete trans-
formation method that allows for the first three
moments of the molecular weight distribution
to be determined without the calculation of the
entire distribution. In the method of moments,
a generating function transform is applied to
the concentration-based kinetic rate equations,
transforming these equations into a set of
moment-based kinetic rate equations. A good
review of the method of moments was pub-
lished by Dotson et al.*® Here, the method of
moments is used to calculate the evolution of
the molecular weight and polydispersity of a
RAFT microemulsion polymerization.

The goal of this derivation is to determine the
moments of the molecular weight distribution for
the four types of chain species (P,., Cxp,., P.XPy,
and Zg;i 1/2P,_(XP;). In the notation used in
this derivation, subscript r denotes the chain
length, and the summation over P,_XP, gives
the number of macro-RAFT radicals (PXP) of total
chain length r. The unpolymerized cyanopropyl
radicals, which are usually represented by R*,
are now represented by Py in this symbolism.
Similarly, macro-RAFT radicals (PXR) are repre-
sented by P,XP,.

) MW + ¢gur + Krarr

MoMW (A5)

part
1 ChanMW
Ppoly Pmon

A generating function transform operator is
applied to four species in the concentration-
based rate equations to give a set of moment-
based rate equations. For example, the transform
operator Y; = >, r' will be used to transform
P, in the concentration-based rate equations to
moment-based rate equations that are in terms
of Y;, where Y, is defined as the ith moment of
P,

Y, = i rP, (A6)

r=1

The transformed rate equations for the first three
moments (Y7, Y5, and Y3) can then easily be
solved. Similarly, transforms are also applied to
species P,.XP,, Cxp, and P,XP, in the concentra-
tion-based rate equations, giving moment-based
rate equations with moments that are defined as
follows:

Gi =) r'Cxp (A7)
r=1

H; =) r'P,XP, (A8)
r=1

1 1. .
Qi =§Zr‘ P,  XP, —QZI“P,XPO (A9)

r=1 s=1 r=1

(A10)
r=1 s=1

Equation A10 is required for closure in the
moment-based rate equations. Equation A10 can
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be related to eq A9 through the following proper-
ties:

Q- 23" 3P XP,~ 13 PXP,
r=1 s=1 r=1
=YY PXP = Qoo (AL1)
r=1 s=1
1 o0 r 1 o0
Q=35> rY P. XP,—2) rP,XP,
2 r=1 s=1 2 r=1
—3 3 PXP = @i (A12)
r=1 s=1
1 o0 9 r 1 00 9
Q=5> > P, XP,—2> r’PXP
2 r=1 s=1 2 r=1
= i 50: r2P,XP, + i i rsP,XP,
r=1 s=1 r=1 s=1
=Q20+ Q11 (Al3)

The concentration-based rate equations that
must be transformed are

OCxpr(t1,t) Ppart(t1,
ot

+ kfraIPrXPO(tla t) - kactl CXPr(tla t)PO(tla t)

- Zkactﬂps (tlat) CXPr<t17t) (A14)

s=1

t o0
)_ > Rira2P, XPy(61,1)
s=1

OPXPAELY) P (t1,0) Cxpa(t0,0)

ot
+ Ract2Ps (¢1,t) Cxpr(t1,1)
— OhgasP,XP(t1,t) (A15)
OP,.XPy(tq,t r
% = RactaP,(t1, 1) CRR'(¢)
+ Ract1Po(t1,t) Cxpr(t1,2)
- (kfral + kfraZ)PrXPO(tla t) (A16)
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OP,(t1,t)

o kpCRo(t)Pr_1(t1,1)

mon

+ Z kfraZPrXPs (t17 t)

s=1
=3 kactaPr(t1,£)Cxps(t1, £)
s=1

- kact2 Cg(?{rt(t)Pr(tlv t)
+ kfraZPr)(PO (t17 t)
— kpCP2 ()P, (21, )

mon

(A17)

where each species concentration is for a particle
at time ¢ that was previously initiated at time #;.
Using these concentration-based rate equations
with the defined transformations (eqs A6-A10)
gives the zero moment rate equations

Yo (t1,t
Oétl ) = 2kfra2Q0(tlat) - kactQYO(tl, t)Go(tl,t)
+ kPCFx?JrE(t)PO(tIa t) — Racta C%t(t)Yo(tl, t)

+ kfraZHO (tla t) (A18>

Gy (th t) ¢part (tlﬂ t)

= 2kgra2@Q0(t1,t) + ka1 Ho(t1,1)

ot
— kact1Po(t1,t)Go(t1,t)
- kactQYO (tla t)GO (tb t) (Alg)
0 t1,t
% — kacaYo(t1,1) Goltr,£) — 2kiras Qo(t1,2)
(A20)
OH(t1,t ar
% = Ract2 C?(Rt(t)YO (tlv t)
+ kactl PO(tla t) GO(t17 t)
— (Rfra1 + kgraz)Ho(t1,2)  (A21)

the first moment rate equations

Mi(t,t) = kp CPZE(¢) Yo (t1,¢) + kp CP2E () Py (21, )

8t mon mon
+ kirag Q1(t1,t) — kacte Y1(t1,t) Go(t1,t)
— kact2 CRR () Y1(t1,8) + kgraz Ha(t1, 1)
(A22)
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0G, (tlv t)d)part(th t)

= kea2 @1(21,8) + ka1 Hi(t1, 1)

ot
— kact1 Po(t1,t) Gi(t1,t)
— kact2 G1(t1,t) Yo(t1,t) (A23)
0Q1(t1,t
% = kact2 Y1(t1,t) Go(t1,t)
+ Ractz G1(t1,t) Yo (t1,2)
— 2kga2 Q1(t1,t) (A24)
OH (¢t ,t ar
UL _ s O30 Va0,
+ kact1 Po(t1,t)G1(t1, )
- (kfral + kfraZ) Hl (t17 t) (A25)
and the second moment rate equations
0Yo(t1,t
% = kp CP2 (1) (2Y1(t1,8) + Yo(t1,1))
+ ky CR28 () Po(t1,t) + Rfraz @2,0(t1, 1)
— kacteYo(t1,2) Go(t1,1)
- kact2 C%)(;rt (t) Y2 <t17 t)
+ kfraZ HZ (tla t) (A26)

Gy (tla t)d)part(tl? t)

= kfra2 QZ,O(tla t) + kfral HZ(tlv t)

ot
— kact1 Po(t1,t) Ga(t1,t)
— kact2 Ga(t1,t) Yo(t1,t) (A27)
0 t1,t
%1) = Ract2 Ya(t1,t) Go(t1,t)
+ kath GZ(tla t) YO(tlv t)
— 2kpaz Q20(t1,t)  (A28)

% = Ractz Ya(t1,t) Go(t1,¢)
+ 2kact2 Yl (tlv t) Gl (tlv t)
+ kacte Ga(t1,t) Yo(t1,t)
- 2kfra2 QQ (tla t) (A29)
AL _ oo C3320) Va0
+ kact1 Po(t1,t) Ga(t1,t)
— (kfra1 + kfaz) Ha(t1,t)  (A30)

The number of initiator radicals present is given
by

OPy(t1,t
% — —ky CPt(¢) Py (£, £)

+ Z kfral PrXPO (t17 t)
r=1

- Zkactl CXPr(tlat)PO(tlvt) (A31)
r=1

This expression can also be transformed into an
expression in terms of the defined moment equa-
tions (eqs A6—A10):

OPolLt) __p omart (1) Pyt 8) + hivat Holt1,8)

at P ~mon
— kact1 Po(t1,t) Go(t1,t) (A32)

These expressions are consistent with those used
in the kinetic analysis because the zero moment
rate equations (eqs A18—A21) are identical to eqs
2—6. With the 14 initial conditions at ¢ = ¢;

Yo=0,Py=p,Q0=0,Go=0,Hy=0
Y1=0,Q1=0,G1=0,H; =0

Y2 =0,02=0,Q20=0,Ga=0,Hy =0 (A33)

and the monomer and RAFT profiles determined
from the solution to the polymerization kinetics
(egs 10 and A5), eqs A18-A30 and A32 can be
solved. The number-average molecular weight
(M,) and weight-average molecular weight (M,)
for the total population can then be determined
from
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