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Introduction

Controlled (“living”) radical polymerization (CRP)1 can
produce polymers of almost any desired molecular architecture.
CRP in emulsion polymerization is best implemented using
controlled-radical mediated self-assembly, which has been
carried out for both nitroxide2-4 and RAFT (reversible addition-
fragmentation chain transfer)5,6 mediated systems. This involves
(i) controlled synthesis of a hydrophilic monomer (e.g., acrylic
acid, AA) to a desired degree of polymerization (e.g., DP 5),
(ii) further controlled polymerization with a hydrophobic
monomer to another desired DP (e.g., 10), (iii) further controlled
polymerization of these now surface-active diblocks, which then
undergo self-assembly into particles, until the particle number
density (Np) becomes constant; and (iv) further controlled
polymerization with whatever feed profile of monomers is
desired. It is postulated that in step iii the diblocks at first freely
migrate among the self-assembled entities (micellar or more
complex structures7 and newly formed particles); this migration
is assumed to cease when chains become sufficiently long, at
which stageNp becomes constant.8 Irrespective of the nature
of the self-assembled entities, the equilibrium state of assemblies
of diblocks with sufficiently long hydrophobic components will
be spherical latex particles. This Note derives a simple model
to enableNp, and hence particle size (by mass conservation9),
to be readily predicted;Np and size are important determinants
of latex properties.

Model Development

A full description of particle formation and growth of CRP
in disperse systems requires accounting for the lengths of all
chains and radical compartmentalization within separate par-
ticles. The only way to implement this is through Monte Carlo
modeling,10 which uses extensive computational resources and
does not lead to a simple means of presenting data. The present
simpler treatment enables insights to be gained by showing the
dependence of particle number and size on controllable param-
eters.

The treatment is in the spirit of Smith and Ewart,11 who
deduced an analytic form forNp in ordinary emulsion poly-
merizations by assuming inter alia that particle formation stops

when the total surface area of growing particles adsorbs all
surfactant. While the Smith-Ewart model has its limitations
(many models, e.g.,12 greatly refine their treatment), it provides
a useful starting point. The present model has the same objective
for emulsion polymerizations under controlled conditions. It
ignores the distributions of both dormant and growing chains
in a CRP and assumeseachchain needs to grow to a critical
DPXcrit beyond which it cannot migrate; i.e., particle formation
stops when

whereXhn is the number-average degree of polymerization of
(both dormant and growing) chains. In a CRP, chains are capped
by an agent whose reversible cleavage results in a macroradical
which can propagate; this agent can be a nitroxide, a dithioester,
or a similar group (RAFT) or metal complex (ATRP).1 The
number of capped chains per particle is

whereAs is the swollen area of a single particle andaCAP is the
“headgroup” area of a capped chain. This latter will vary with
initiator and with the number of hydrophilic monomer units.
One has

whereVs is the swollen volume of a single particle. By mass
conservation and assuming volume additivity for monomer and
polymer, one has9

wheredP anddM are the density of polymer and monomer,M0

is the monomer molecular weight, and [M]p is the monomer
concentration in the particles. The second term in eq 4 is the
contribution of monomer to swollen volume. Equations 2-4
yield

The growth rate is found by assuming that all particles grow at
the same rate, i.e., ignoring compartmentalization effects except
those arising from a value of the average number of radicals
per particle,nj. The growth rate at timet is then given by

The value ofnj for the small particles of significance in
particle formation under controlled-radical conditions13,14 is
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governed by “zero-one” kinetics,9,15 applicable to systems
where entry of a radical into a particle already containing a
growing radical results in rapid termination. In these systems,
nj is determined by the rate coefficientsF andk for radical entry
into, and exit from, latex particles and by the fates of both
initiator-derived and exited radicals in the water phase; here
“particles” includes both preexisting particles and entities such
as micelles which have just been entered by a radical capable
of propagating with monomer within this entity. There are
reliable models forF and k in conventional emulsion polym-
erization with electrostatic stabilizers,9,15-17 but in the present
system, complications arise from the presence of (electro)steric
stabilizer inherent in the self-assembly method18 and from the
kinetics of controlled-radical polymerization.

For this model, it is assumed thatnj is time-independent during
the nucleation period. This admittedly crude approximation can
be justified by noting that particle formation in the present self-
assembly systems is significantly longer than the typical time
scales of entry and exit events,8 in which case a pseudo-steady
state innj will be applicable. Note thatnj itself depends onNp,
as discussed later.

Development is now confined to RAFT systems, which
require external initiator; extensions to self-initiated systems
(e.g., nitroxides) are for the future. The “Maxwell-Morrison”
model forF in emulsion polymerization assumes that initiator-
derived radicals propagate with monomer in the water phase
and enter a particle only if they attain a critical degree of
polymerizationz (or higher) such that they are surface-active;
this process competes with water-phase termination.Np is found
by assuming eachz-mer, being surface-active, enters a micelle-
like species (or whatever entity arises from association of the
diblocks) and then forms a particle (rather than causing
termination by entering a preexisting particle). Thence

where [M]w is the monomer concentration in the water phase,
kd is the initiator dissociation rate coefficient, [I] is the initiator
concentration,kt,w and kp,w are water-phase termination and
propagation rate coefficients, respectively (in these systems with
low-solubility RAFT-capped diblocks, water-phase termination
is probably by bimolecular termination rather than transfer to a
RAFT agent), andNA is Avogadro’s constant.

Solving eq 6 with time-independentnj gives

and thus

Equation 9 is the desired expression for particle number. The
dependence onnj (throughB, eq 8), which depends onNp, is
taken into account by solving eq 9 iteratively, in conjunction
with a model fornj which incorporates the dependence onNp.

Sample Implementation

The system chosen for an illustrative calculation is RAFT-
controlled self-assembly of styrene, with the data given by

Sprong et al. at 80°C.8 The initial diblocks were targeted to
produce 10 AA units and either 5 or 10 styrene units. For
electrostatically stabilized latexes, the fate of exited radicals in
this type of the zero-one system is to reenter another particle
without aqueous-phase termination (“limit 2a”9,19); however,
studies in the author’s group have shown that for a small AA-
stabilized latex exited radicals undergo termination before
reentering (“limit 1”9,19). The steady-statenj is then) F/(2F +
k). In this sterically stabilized system,k was calculated from
the model of Thickett and Gilbert;18 this requires the particle
size, which was assigned a constant average value, yieldingk
) 4 × 10-3 s-1. The value forF was calculated from the
Maxwell-Morrison model (eq 20 of ref 16, which includes an
explicit dependence onNp) with z ) 2 and the other parameter
values given elsewhere for styrene,20 except forkd ) 6 × 10-5

s-1 (for V-501 initiator used in this system) andkp ) 6.5 ×
102 M-1 s-1,21 as applicable at 80°C. Np was then calculated
using eq 9 (whereB depends onnj and hence onF and hence
Np) iteratively, starting with an initial guess forNp and
continuing until convergence.

Results are compared with experiment8 in Figure 1; the values
chosen for the other parameters wereaCAP ) 0.43 nm2 (chosen
because this is the headgroup area of a typical ionic surfactant
on a latex particle22) and Xcrit ) 15 (typical of the degree of
polymerization when diblocks of this type migrate so slowly
that they are suitable as stabilizers for miniemulsion polymer-
ization23), both of which are physically reasonable. It is seen
that accord with experiment is acceptable both for absolute
values and for trends with initiator concentration and initial
number of hydrophobic units in the diblock.

Equation 9 shows (throughB) a strong dependence onXhn
3|t)0,

Xcrit, and aCAP, although this sensitivity is tempered by the
indirect dependence ofnj on these quantities (as seen in the
relatively small change withXhn

3|t)0 in Figure 1). Equation 9
provides a starting point for design and optimization of
controlled-radical self-assembly in emulsion polymerizations.
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Figure 1. Points: dependence ofNp on initiator concentration, as given
by Sprong et al.8 for RAFT-controlled self-assembly of diblocks desired
to comprise initially 5 AA and 5 or 10 styrenes (circles and diamonds,
respectively); thus,Xhn

3|t)0 ) 5 and 10 in the model. Lines: calculated
using the present model with parameters as described in the text.
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