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ABSTRACT: A kinetic analysis of the microemulsion polymerization of hexyl methacrylate in mixed
dodecyltrimethylammonium bromide/didodecyldimethylammonium bromide cationic microemulsions is
developed and used to test mechanistic assumptions. In the limit of no bimolecular termination and fast
radical capture, analytical expressions are derived for the conversion and reaction rate as a function of
time and for the dependence upon the initiator concentration of the maximum reaction rate and the time
at which it occurs. The conversion at which the rate maximum occurs is predicted to be constant at 39%.
The theoretical results are in excellent agreement with experimental data through to 100% conversion
for reactions initiated by azobis(amidinopropane) hydrochloride (V-50) and by buffered potassium
persulfate, but not for unbuffered persulfate reactions. The discrepancy is argued to be a consequence
of initiator hydrolysis in the unbuffered systems, and the importance of buffering persulfate reactions in
mechanistic studies is emphasized. Some of the earlier studies of microemulsion polymerization are
reviewed in light of this finding.

1. Introduction

Microemulsions have received much recent attention
as media for polymerization reactions that are analo-
gous to, but show distinct differences from, the more
familiar emulsion polymerizations.1,2 These complex
fluids are composed of water, surfactant, and a hydro-
phobic oil and may contain cosurfactants and other
additives. They exhibit a wide variety of microstruc-
tures, but it is the spherical oil-in-water or water-in-oil
microemulsions that have provoked the greatest interest
to date. When a hydrophobic monomer is the oil, oil-
in-water microemulsions can be polymerized, typically
forming a stable latex composed of polymer particles as
small as 7 nm in radius.3
A number of studies have appeared reporting experi-

mental results for the polymerization kinetics, particle
creation rates, molecular weight averages, and particle
size distributions.4-11 The average molecular weights
reported are consistent with chain transfer to monomer
being the dominant chain stopping mechanism.4,9,10
Particle nucleation occurs throughout the entire reac-
tion.1,12 When oil-soluble initiators are used to initiate
the polymerization, the maximum in the reaction rate
occurs at a conversion typically between 10% and
20%.4,9,13 The use of aqueous initiators results in rate
maxima in this range, although some studies have
reported maxima occurring as high as ∼35% conver-
sion.8,13 The dependence of the reaction rate on initiator
concentration [I] is not clear. The maximum reaction
rate has been reported to follow a power law dependency
on [I]. However, measured values of the exponent have
ranged from 0.2 to 0.47.2 Also poorly understood is the
failure of the polymerization to reach 100% conversion
in many cases.
Modeling of the reaction kinetics is expected to

illuminate the mechanistic events governing the mac-
roscopic reaction rate and final latex properties. A
rather complex scheme has been proposed elsewhere for
styrene microemulsion polymerization that is in agree-

ment with experimental conversion data up to 80%
conversion in some cases, while failing to describe the
concentration of particles above about 35% conversion.5
This scheme contained a number of independent vari-
ables whose values are not well established, and so the
utility of this model for rigorous mechanistic hypothesis
testing is compromised.
In this paper we describe the polymerization of hexyl

methacrylate (C6MA) in a mixed cationic surfactant
microemulsion system using the water soluble initiators
potassium persulfate (KPS) and azobis(amidinopropane)
hydrochloride (V-50). The phase behavior and micro-
structure of this system has already been well docu-
mented.14 The reactions initiated with V-50 present a
qualitatively different rate profile than previously re-
ported reactions initiated with KPS, with the V-50
polymerization proceeding to full conversion and having
a reaction rate maximum always at about 39% conver-
sion. A kinetic analysis is presented based on minimal
assumptions which results in simple analytical expres-
sions for the conversion and rate profiles and their
dependence on the initiator concentration. These ex-
pressions accurately describe the experimental data to
100% conversion.
The reactions initiated with KPS display the rate

profile typical of many earlier reports, which is not in
accord with the theory developed here. This profile is
shown to be an artifact of pH effects in the persulfate
initiator system. In KPS-initiated polymerizations in
pH-buffered microemulsions, this effect is eliminated,
and the rate profiles conform to our theoretical predic-
tions. We discuss the implications of these results for
some of the findings previously reported in the litera-
ture.

2. Materials and Methods

Dodecyltrimethylammonium bromide (DTAB) and didode-
cyldimethylammonium bromide (DDAB), from TCI America
with 98% purity, were recrystallized three times from an
acetone/ethanol mixture. Hexyl methacrylate (Scientific Poly-
mer Products, 99%) was vacuum distilled immediately prior
to use. The initiators potassium persulfate (KPS) (Aldrich,
99.99%) and 2,2′-azobis(2-amidinopropane) hydrochloride (V-
50) (Wako, 98.8%) were used as received. Water was twice
distilled and deionized.

† Current address: Hercules, Inc. Research Center, 500 Her-
cules Rd, Wilmington, DE 19808-1599.

‡ Current address: CSIRO Division of Chemicals and Polymers,
Private Bag 10, Rosebank MDC Clayton, Victoria 3169, Australia.

X Abstract published in Advance ACS Abstracts,March 1, 1997.

1897Macromolecules 1997, 30, 1897-1905

S0024-9297(96)01370-8 CCC: $14.00 © 1997 American Chemical Society



The microemulsions (100 g) were prepared with components
in the weight ratio 3.6/8.4/4.4/83.6 of DDAB/DTAB/C6MA/H2O.
This composition is in the one phase O/W region of the phase
diagram. One gram of water was reserved for subsequent
addition of the initiator. The microemulsion was rigorously
deoxygenated by performing four freeze-thaw cycles under
0.05-0.1 Torr of nitrogen. The reaction mixture was blan-
keted with a constant positive pressure of nitrogen and then
equilibrated at 60 °C ((0.1°C) in a thermostated water bath.
The requisite amount of initiator solution was degassed and
injected through a septum port into the microemulsion using
a micrometer syringe. Then 3 mL samples were withdrawn
from the reacting microemulsion, rapidly quenched with a
small amount of hydroquinone, and put in an ice bath to
further inhibit the reaction. The sample densities were
measured with an Anton Paar DMA 48 densimeter (accuracy
of (1.0 × 10-4 g/cm-3) at 25 ( 0.02 °C. The density change
with monomer conversion was calibrated by gravimetry. A
short induction period (from 30 to 240 s) was observed, which
was inversely proportional to the initiator concentration. A
calibration curve was constructed and used to calculate
induction periods which were subtracted from the raw time
data.15

Final latex particle sizes were determined by quasielastic
light scattering (QLS) with a spectrometer of standard design
(Brookhaven Model BI-200SM goniometer and Model BI-
9000AT correlator) and a Lexel 300 mW argon laser (488 nm
wavelength). All measurements were made at a scattering
angle of 90° and analyzed using the method of cumulants to
provide the average decay rate 〈Γ〉 from which the z-average
radius is calculated, and the variance (〈Γ2〉-〈Γ〉2)/〈Γ〉2, which is
a measure of the particle polydispersity. Prior to measurement
the latex samples were diluted by a factor of 1000 in deionized
water and filtered through 0.8 µm Millex Millipore filters to
remove dust.

3. Theory

In this section we develop a model for the conversion
and rate as a function of time and initiator concentra-
tion, which in limits realized under experimental condi-
tions reduces to analytical results. Our development
of the model is informed by earlier work characterizing
the microstructure of the unpolymerized and polymer-
ized microemulsions, and the basic sequence of events
has been outlined by Candau et al.1 The initial micro-
emulsions have been well characterized by small angle
neutron scattering (SANS)14,16 and consist of a concen-
trated dispersion of monomer-swollen ellipsoidal mi-
celles (droplets) of radius approximately 3 nm comprised
of a few hundred molecules of surfactant and monomer,
depending on composition. The interdroplet distance
is on the order of the droplet size. Upon addition of a
water-soluble free radical initiator, radicals are gener-
ated in the aqueous phase by initiator decomposition
and enter the droplets, possibly with mediating aqueous
phase chemistry as proposed in the Maxwell-Morrison
entry model for emulsion polymerization.17 As the
radical propagates in the droplet, monomer is recruited
from the surrounding medium. Chain growth ceases
either through (1) chain transfer to monomer, (2)
bimolecular termination upon entry of a second radical,
or (3) coalescence of two growing particles. The very
small particles produced in microemulsion polymeriza-
tion are expected to obey zero-one kinetics; i.e., entry
of a second free radical into an already growing particle
results in instantaneous bimolecular termination. A
free radical generated by transfer may either continue
to propagate in the same particle, be passed to another
particle by a coalescence event, or exit to the aqueous
phase where it may either terminate with another
radical or enter another particle and continue propagat-
ing.

Our point of departure for the kinetic analysis is the
fundamental equation governing the rate of free radical
addition polymerization cast in a form appropriate for
a microemulsion, viz.,

where f is the fractional conversion, Mo is the initial
macroscopic concentration of monomer in moles per liter
of microemulsion, N* is the concentration of radicals
propagating in particles, in moles per liter of micro-
emulsion, kp is the propagation rate constant and CM is
the monomer concentration in the growing particles.N*
and CM vary throughout the reaction, and in order to
solve eq 1 the explicit forms for N*(t) and CM(t) must
be known.
kp depends on conversion in most polymerizations,

and in particular at high conversion kp drops dramati-
cally as the polymer passes through the glass transition.
However, hexyl methacrylate was chosen for study
because the glass transition temperature of its polymer
is -5 °C.18 Thus at the reaction temperature of 60 °C
the polymer does not pass through a glass transition
even at full conversion. kp is approximately constant
at conversions below the glass transition.19 Therefore
we take kp for C6MA to be independent of f for the entire
reaction.
Consider next the concentration of monomer at the

locus of polymerization. This quantity depends on the
partitioning of monomer between polymer particles
and surfactant micelles, and no direct measurements
of the concentration of monomer in these entities during
the course of a microemulsion polymerization have
been reported. However, two limiting cases may be
identifiedsthe cases of (1) equilibrium partitioning and
(2) kinetically limited partitioning of monomer. A
theoretical analysis of the first case has been presented
by Guo et al.,6 who found that in the case of equilibrium
partitioning essentially all of the monomer resides in
the polymer particles. In this case the locus of polym-
erization is the interior of the swollen polymer particle
and CM(t) is, to a good approximation, given by

where Co is an initial monomer concentration in the
particles at the point at which sufficient polymer has
formed to absorb all available monomer.
Some evidence for the second case has been presented

by Quian et al.,20 who in their DSC study of polystyrene
prepared in microemulsions found annealing behavior
inconsistent with the presumption of equilibrium poly-
mer conformation. It was concluded that the chain
conformation was probably kinetically controlled. In the
extreme limit of the case of a compactly growing chain,
most of the monomer resides in swollen micelles with
the locus of polymerization at the particle surface in the
region of the surfactant chains. The concentration of
monomer in this region is in equilibrium with the
concentration in the micellar cores, and again eq 2
describes the monomer concentration, albeit with Co
now corresponding to the initial concentration of mono-
mer in the core of the microemulsion droplet.
The time dependence of N* is determined by perform-

ing a mass balance on the concentration of radicals in
the aqueous phase and in the latex particles. Consider
first Naq*, the concentration of radicals in the aqueous
phase in molar units. Naq* is determined by the balance
of the rates of free radical production by initiator

∂f
∂t

) 1
Mo

kpCMN* (1)

CM ) Co(1 - f) (2)
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decomposition and exit of transfer generated monomeric
radicals from the particles with the rates of capture of
aqueous radicals by particles and loss through aqueous
bimolecular termination. Thus

where Fo is the rate of production of primary free
radicals from initiator decomposition in M s-1, ktr is the
rate constant for radical transfer to monomer, kc is the
pseudo-first-order rate coefficient for capture of aqueous
free radicals by micelles or particles, and kt is the
second-order rate constant for bimolecular termination
of radicals in the aqueous phase. The half-life of the
initiators at 60 °C is approximately 105 s, much longer
than the typical reaction time of several hundred
seconds. Therefore Fo may be treated as a constant.
In writing eq 3, it is assumed that all transfer-

generated monomeric radicals exit to the aqueous phase.
This is a good assumption in the case of small particles
above the glass transition temperature, as in the present
case. For such particles the characteristic diffusion time
of a monomeric radical on the length scale of the particle
size is much shorter than the time scale for propagation.
If no energetic barrier to exit exists, as is usually
assumed in the emulsion polymerization literature, the
most likely fate of the radicals is desorption.21
Next we consider the concentration of radicals in the

particles. Radicals may enter uninitiated micelles or
droplets, dead polymer particles, or growing polymer
particles, and in the latter case bimolecular termination
ensues. As a first approximation we assume kc is the
same for all these species. The possibility of different
entry rates has been considered elsewhere5 and could
easily be incorporated in the analysis. The price of such
incorporation is the proliferation of rate constants that
are unlikely to be experimentally accessible. Fortu-
nately, it will be seen below that the assumption of a
single value of kc is not critical.
Assuming equal capture rates, the probability of a

radical entering an uninitiated micelle or dead particle
and increasing the number of growing particles is Po )
(N - N*)/N, where N is the total concentration of
enterable species (droplets and particles). Likewise, the
probability of entering a growing particle and decreasing
the number of growing particles is P1 ) N*/N. N* is
governed by the overall rate of chain creation by capture
events, which is proportional to Po - P1, less the rate of
exit of transfer generated monomeric radicals. Thus the
radical population balance within the particles is

N depends on time and, as small angle neutron
scattering studies of styrene microemulsion polymeriza-
tions have shown,22 more than doubles throughout the
course of the reaction. This occurs because the size of
the swollen micelles decreases as a consequence of
monomer transport to the polymer particles. Packing
constraints require that the surfactant be redistributed
to form a larger number of smaller micelles. The
possibility of termination by coalescence of growing
particles is neglected because the stability of the product
microlatices suggests that the polymer particles are well
stabilized against coagulation.
Equations 1-4 constitute a system of equations that

could be solved numerically with knowledge of N(t) and
the various rate constants. However, this scheme is

greatly simplified in certain limits, which correspond
to retention of different processes in the radical balance
equations.
Case 1. No Termination, Fast Radical Capture.

In this limit we assume that (1) there is no bimolecular
termination, either in the aqueous phase or in the
particles and that (2) capture of aqueous free radicals
is fast; i.e., kc is large and hence Naq* is negligible.
Consequently all radicals generated in the aqueous
phase, either those obtained from initiator decomposi-
tion or those that exit from particles, are passed
immediately to a droplet or dead particle and begin
propagating.
These assumptions amount to the statement that

entry into growing particles is negligible compared to
entry into droplets or dead particles, so that bimolecular
termination in the particles can be neglected. It has
been reported that at the end of a styrene microemulsion
polymerization latex particles are outnumbered by
micelles by a factor of roughly 1000,22 and of the
particles, the majority will be “dead”, soN* , N. Entry
into a live particle is therefore likely to be a rare event.
Such events will be considered explicitly in the case 2
analysis below, but are neglected here.
These conditions also encompass the assumption that

re-entry is the most likely fate of exited free radicals.
This has been argued elsewhere in the context of styrene
microemulsion polymerization5 and is also expected to
be the case for the hydrophobic monomer C6MA. In
addition the aqueous phase concentration of free radi-
cals is several orders of magnitude lower than the
concentration of enterable species. Therefore the prob-
ability of re-entry without termination is large. Aque-
ous termination will however be considered explicitly
in the case 3 analysis below.
Under these conditions initiator decomposition con-

trols radical entry, and eqs 3 and 4 collapse to the simple
expression

or

This result states that all free radicals generated by
initiator decomposition remain active throughout the
whole reaction.
Equation 1 can now be solved. Substituting in eqs 2

and 6 we have

where

All the rate constants that characterize different ex-
perimental systems now appear bundled as a single
constant parameter. Equation 7 is readily solved to
yield

giving the conversion as a function of time. An impor-
tant feature of this result is that A is fully determined

∂Naq*

∂t
) Fo + ktrCo(1 - f)N* - kcNaq* - ktNaq*

2 (3)

∂N*
∂t

) kcNaq*
N - 2N*

N
- ktrCo(1 - f)N* (4)

∂N*
∂t

) Fo (5)

N* ) Fot (6)

∂f
∂t

) At(1 - f) (7)

A )
kpCoFo
Mo

(8)

f ) 1 - exp(-1/2At
2) (9)
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by the experimental data and is not an adjustable
parameter.
Another useful way of analyzing the experimental

data is to present the polymerization rate as a function
of time or conversion. Substituting eq 9 into eq 7 yields

or, in terms of conversion

Setting the second derivative to zero gives the time and
conversion at which the rate maximum appears and its
value. The time of maximum rate is

where the overbar indicates the value of the quantity
at the rate maximum. Using this result in eq 9 shows
the rate maximum to occur at a conversion of

which is numerically equal to 39% conversion. This
value is independent of the experimental parameters
and is roughly twice that generally reported in the
literature. Either of these results may be used to find
the value of the maximum rate:

It remains to relate A to the initiator concentration.
The simplest connection arises when it is assumed that
the rate determining step in entry is simply initiator
decomposition, in which case

where [I] is the initiator concentration in moles per liter
of microemulsion. This simple form is at odds with the
emulsion polymerization literature, where it is generally
accepted that some initial propagation in the aqueous
phase is required to confer sufficient surface activity to
the oligomeric radical for it to enter a latex particle.17,21
However, we point out that a microemulsion is a
concentrated dispersion of aggregates of surfactant and
monomer molecules undergoing rapid thermal shape
and composition fluctuations. In this milieu a primary
free radical in the aqueous domain can be no further
than a few nanometers from a such a dynamic ag-
gregate. In this situation we argue that a radical
encounters monomer much more frequently than would
be expected from simply considering it to be confined
to a bulk aqueous phase saturated with monomer, as
assumed in the Maxwell-Morrison theory. For this
reason we also assume an initiator efficiency of 100%.
While high initiator efficiencies are sometimes observed
in emulsion polymerizations,21 typically efficiencies are
found to be well below 100%. Experimental support for
the assumption of high initiator efficiency is presented
in the discussion of the data in section 4 below.
Using eq 15 yields

and so

and

These predictions are readily tested experimentally.
Case 2. Termination in the Particles. We con-

sider next the case of bimolecular termination in the
particles by entry of a second radical, while ignoring
aqueous termination and retaining the assumption of
fast capture (large kc). Under these assumptions the
concentration of radicals in particles may be obtained
either by balancing the remaining entry and exit
processes, or by applying the steady state approximation
to eq 3 and eliminating Naq* from eq 4. In either case
we arrive at

or, rearranging,

Equations 1, 2, and 20 can be solved numerically
given a form for N(t). On the other hand, it is useful
instead to use these equations to establish the condi-
tions under which termination in the particles can be
neglected. In order to neglect termination it is required
that entry into growing particles be a negligible fraction
of the total number of entry events, i.e., the condition

should be satisfied. This can be tested using the values
for the rate parameters that we adopt and justify in
section 4 below. Condition 21 is most likely to fail at
high initiator concentrations and high conversions. The
value of Fo for the highest initiator concentration used
in our experiments is 1.3 × 10-8 M s-1. The surfactant
concentration in the experiments discussed below is
approximately 0.5 M. The aggregation number of the
surfactant in the swollen micelles as determined by
SANS is approximately 233,14 yielding a value for N of
2.1 × 10-3 M. The reaction reaches 90% conversion at
∼200 s, and assuming N* ) Fot we arrive at a value for
the first term on the right hand side of condition 21 of
∼3 × 10-11 M s-1. ktr has not been reported for C6MA;
we assume a typical value for the methacrylate mono-
mers of 0.03 M-1 s-1. Adopting the value of Co ) 1.8 M
used in section 4, we find a value for the transfer term
in condition 21 of 3.5 × 10-11 M s-1. Therefore Fo
exceeds the value of the RHS of condition 21 by more
than 2 orders of magnitude even at the highest initiator
concentration, indicating that bimolecular termination
from second-entry events can be safely neglected.
Case 3. Termination in the Aqueous Phase. We

finally consider the case of non-negligible aqueous phase
termination, while ignoring termination in the particles.
In the case of a monomer such as C6MA with very low
aqueous solubility, this is unlikely to be a major
contributor to the kinetics. The following considerations

th ) [ Mo

2kdkpCo
]0.5[I]-0.5 (17)

fh ′ ) [2kdkpCo

eMo
]0.5[I]0.5 (18)

∂N*
∂t

) (Fo + ktrCo(1 - f)N*)(N - 2N*
N ) -

ktrCo(1 - f)N* (19)

∂N*
∂t

) Fo -
2FoN*
N

- 2ktrCo(1 - f)N*
2

N
(20)

Fo .
2FoN*
N

+ 2ktrCo(1 - f)N*
2

N
(21)

∂f
∂t

) Ate-1/2At2 (10)

∂f
∂t

) (1 - f)x-2A ln(1 - f) (11)

th ) A-1/2 (12)

fh ) 1 - e-0.5 (13)

fh ′ )xA
e

(14)

Fo ) 2kd[I] (15)

A )
2kdkpCo[I]

Mo
(16)
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are more likely to become important in the case of more
water soluble monomers such as methyl methacrylate.
In this case eq 4 becomes

Given values of the rate constants, eqs 1, 2, 3, and 22
can be solved numerically. The rate of termination of
small free radicals in the aqueous phase is diffusion
controlled,17 giving kt ∼ 109-10 M-1 s-1. There are two
limits for the value of kc. If radical capture requires
aqueous phase propagation, then, if only two propaga-
tion events are required

Here [M]aq is the monomer concentration in the aqueous
phase. A first propagation stepsthe reaction of a
primary initiator radical and a monomersshould not
be rate determining as this reaction is reported to occur
in the diffusion-controlled limit.23
Alternatively, kc may be diffusion controlled. In this

limit

where D is the diffusion coefficient of the radical in the
aqueous phase and δ is the distance a radical diffuses
before encountering a droplet or particle surface. For
D ) 10-9 m2 s-1 and δ ) 10-8 m, kc is approximately
107 s-1. Solution of the rate equations in these limits
will be discussed in section 4.

4. V-50 Initiated Polymerizations
Conversion vs time data for the microemulsion po-

lymerization of C6MA initiated by V-50 have been
obtained for a range of initiator concentrations (Figure
1). Figure 2 shows the reaction rate as a function of
conversion. The experimental curves of Figure 2 were
obtained by differentiation of a spline fit to the conver-
sion data. The spline fit gave a smooth interpolation
of the raw data, and no constant rate period was
observed in the derivative. Final particle sizes as
measured by QLS are shown in Table 1. The variance
was in the range 0.05-0.1 for all samples.

The solid lines in these figures are generated by eqs
9 and 11 using a value of A chosen for each initiator
concentration so as to give the best agreement (by eye)
with both the conversion and rate data. The values of
A so obtained are proportional to the initiator concen-
tration (correlation coefficient 0.99), as predicted by eq
16. The theory accurately captures the form of the
experimental conversion and rate data with the excep-
tion of the lowest initiator concentration in the later
stages of the reaction. This discrepancy may be due to
termination events or possibly to impurities such as
oxygen or trace quantities of inhibitors, whose effects
are expected to be most pronounced at low initiator
concentrations. The conversion at which the rate
maximum occurs coincides with the predicted value of
39%, a value greater than that usually reported, and is
independent of initiator concentration as eq 13 predicts.
Figures 3 and 4 show the dependence on initiator

concentration of the value of the maximum rate and the
time at which it occurs. The experimental data obey
the power law relations of eqs 17 and 18. In addition
the observed values of the slopes of these plots can be
compared with the values predicted using reported
values of the reaction rate constants. The microemul-
sion formulation has Mo ) 0.257 M. The propagation
rate constant of C6MA at 60 °C has not been reported
in the literature. However, accurate values for several
other alkyl methacrylates have been obtained using
pulsed laser polymerization (PLP) at 60 °C, and kp was
found to be a highly linear function of the carbon
number of the alkyl chain for methyl, ethyl, butyl, and
dodecyl methacrylates.24 Interpolation of this data gives
a value for kp for C6MA of 995 M-1 s-1.

Figure 1. Experimental conversion vs time for the micro-
emulsion polymerization of C6MA with V-50 initiator. Solid
lines are fits of eq 9 to data using the chosen A values 1.0 ×
10-4 s-2, 5.0 × 10-5 s-2, 1.9 × 10-5 s-2, and 9.8 × 10-6 s-2, in
the order of decreasing initiator concentration.

∂N*
∂t

) kcNaq* - ktrCo(1 - f)N* (22)

kc ∼ kp[M]aq (23)

kc ∼ D
δ2

(24)

Figure 2. Rate vs conversion for the microemulsion polym-
erization of C6MA with V-50 initiator. Points are experimental
rates determined from spline fits of the conversion data. Solid
lines are determined from eq 11 with the same A values used
in Figure 1. The maximum rate occurs at 39% conversion as
predicted by eq 13.

Table 1. Final Particle Size Measured by QLS for V-50
and Buffered Persulfate-Initiated Reactions

initiator concn/mM particle radius/nm

V-50 0.326 28
V-50 0.159 29
V-50 0.092 32
V-50 0.042 33
KPS (buffered) 1.630 21
KPS (buffered) 0.811 24
KPS (buffered) 0.326 26
KPS (buffered) 0.134 29
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The value of Co has not yet been directly measured.
An approximate value may be obtained by calculating
the monomer concentration in the core of the initial
microemulsion droplets. The unpolymerized micro-
emulsion has been characterized by SANS and a single
droplet found to be composed of roughly 52, 181, and
173 molecules respectively of DDAB, DTAB, and C6-
MA.14 Assuming the monomer is dissolved in the
surfactant tails, this corresponds to a concentration of
about 1.8 M. While this value does not necessarily
correspond exactly to the quantity Co in the model for
the reasons described in section 3, it is a good ap-
proximation to use in the calculation of A.
The dissociation constant of V-50 at 60 °C in aqueous

solution is kd ) 3 × 10-5 s-1, as quoted by the
manufacturer. Some uncertainty attends the use of this
value as it may differ in the microemulsion environment
from its bulk aqueous phase value. A value for kd of 2
× 10-5 s-1 gives A ) 0.279[I] s-2, which gives good
agreement with the data of Figures 3 and 4. The solid
lines in these figures correspond to the use of this value
of A in eqs 12 and 14. The effect of varying the initiator
concentration is accurately described by the theory with-
in the limits of confidence of the rate parameter values.

In the theoretical development 100% initiator ef-
ficiency was assumed. The values of the A parameter
used to fit the experimental reaction rates, and the data
of Figures 3 and 4 offer some support for this assump-
tion. In emulsion polymerization of styrene, initiator
efficiency has been found experimentally to be a function
of initiator concentration,21 an observation which is
readily explained within the Maxwell-Morrison entry
model.17 The dependence of initiator efficiency on
initiator concentration does not require the detailed
assumptions of the Maxwell-Morrison model; instead
it is a consequence of admitting the possibility of
aqueous phase termination. If the efficiency is less than
100% in the microemulsion polymerizations described
here, this would suggest that aqueous termination plays
a role and it should be expected that the efficiency
depends on the initiator concentration. This would
result in A being a nonlinear function of [I], with the
plots in Figures 3 and 4 likewise being nonlinear. The
linearity of these plots suggests a constant initiator
efficiency, a situation which should only arise in the
limit of 100% efficiency. In addition, it would be difficult
to accommodate a lower value of initiator efficiency to
the rate data. Because the kinetics are modeled as-
suming no termination, the predicted rates cannot be
increased by changing the model assumptionssthere is
no way to compensate for the decrease in reaction rate
that would result from a lower initiator efficiency.
In order to determine rigorously whether termination

of exited free radicals in the aqueous phase plays a
significant role the case 3 rate equations (eqs 1, 2, 3,
and 22) were solved numerically. The diffusion limited
value for kt of 109 M-1 s-1 is used along with an
estimated value of 0.03 M-1 s-1 for ktr for C6MA. This
value is consistent with values reported for other
methacrylate monomers.18 There are two limits for
kcsthe diffusional limit and the propagation limit of
Maxwell and Morrison.
In the first case of diffusion-limited capture (kc ) 107

s-1) the rate profile calculated by numerical solution of
the rate equations is identical to the case 1 results,
indicating negligible aqueous termination. To test the
second case of propagation-limited capture, we use a
value for the aqueous solubility of C6MA of [M]aq ) 10-4

M,25 giving kc ) 0.3 s-1 according to eq 23. The chosen
values of kc and kt are respectively upper and lower
bounds and should minimize the effects of aqueous
termination within the propagational entry model.
Nevertheless, the reaction rate is an order of magnitude
smaller than the experimental value, and the shape of
the rate profile is inconsistent with the experimental
results. The disagreement with experiment shows that
aqueous termination does not play a role in this reac-
tion, as might be expected for a monomer of low water
solubility, and also that the reaction kinetics are not
controlled by propagational entry.
These results establish the V-50 initiated microemul-

sion polymerization of hexyl methacrylate as a base case
for which the assumptions made in the case 1 develop-
ment of the reaction kinetics are all valid and for which
the analytical theory is correct. The reasons why the
typical course of reaction reported in the literature is
different from the base case can now be explored.

5. Potassium Persulfate Initiated
Polymerizations

Experimental conversion vs time data for the potas-
sium persulfate initiated polymerization of C6MA in
unbuffered microemulsions are shown in Figure 5 for a

Figure 3. Experimental values of the maximum reaction rate
vs [I]0.5 for the microemulsion polymerization of C6MA with
V-50 initiator. The straight line is given by equation 14 using
the values kp ) 995 M-1 s-1,Mo ) 0.257 M, Co ) 1.8 M, and kd
) 2.00 × 10-5 s-1.

Figure 4. Experimental values of the time of maximum rate
vs [I]-0.5 for the microemulsion polymerization of C6MA with
V-50 initiator. The straight line is given by eq 12 using the
same values for the rate constants given in Figure 3.
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range of initiator concentrations. The corresponding
rate vs conversion curves are given in Figure 6. These
display the features generally observed in the literature.
The rate maximum is sharply peaked at about 17%
conversion, after which it falls roughly linearly to zero.
The form of these reaction rate profiles clearly indi-

cates the breakdown of at least one assumption in the
case 1 development. The sharp peak in the reaction rate
has been a common feature of published kinetic data
but surprisingly has not received much attention. The
dramatic rate decrease suggests either substantial
bimolecular termination or a greatly reduced initiation
rate. The kinetic model of Guo et al. includes an
accounting for bimolecular termination by radical entry
into a growing particle and by heterotermination in the
aqueous phase.5 They obtained good agreement with
conversion data up to 80% in some cases of styrene
microemulsion polymerization. However, this agree-
ment was obtained by assuming a rate constant for
entry into the microemulsion droplets approximately
5000 times smaller than that for entry into latex
particles, which seems physically unreasonable. Such
enhancement of particle entry over micellar entry would
serve to greatly increase the rate of bimolecular termi-
nation in their model.
Consider therefore the effect on the rate of suddenly

reduced initiator efficiency, retaining the other case 1

assumptions. If radical production were to cease at 20%
conversion, the rate given by eq 7 would hold up to that
point, thereafter decaying as

The effect of this change in radical production on the
reaction rate is illustrated in Figure 7. The predicted
form of the rate profile is similar to the experimental
results.
The mechanism of persulfate decomposition is com-

plex and depends on numerous factors.26 The behavior
of persulfate in the microemulsion remains unexplored,
and little can be said definitively about dissociation
kinetics in this system. In addition to dissociating to
produce free radicals the persulfate ion also hydrolyses
to produce bisulfate ions. The bisulfate ions reduce the
pH of the solution. This is significant as the decomposi-
tion rate constant kd has been reported to depend on
the pH.26 There is the possibility then of initiator
autoinhibition in persulfate initiated polymerizations.
This effect is reported to be important at pH below 3 in
aqueous initiator solutions. The pH, as reported by a
glass insertion probe for the polymerization carried out
at the highest initiator concentration, fell from 6.13 for
the unpolymerized microemulsion to 3.97 at the comple-
tion of the reaction. This is outside the range reported
for significant suppression of initiator scission. How-
ever, it is well-known that the local pH in the vicinity
of the surface of an ionic micelle can be quite different
to the aqueous phase pH due to enhanced or reduced
concentration of hydronium ions at the charged sur-
face.27 Small changes in the average hydrogen ion
concentration may translate to larger pH changes at the
average location of the initiator ions. Such effects may
also lead to erroneous reporting of the pH by the glass
electrode.
Despite the uncertainties surrounding the free radical

production mechanism in the present system, the ques-
tion of the importance of pH effects on initiator efficiency
is readily addressed by performing the polymerizations
under buffered conditions. Figures 8 and 9 show
conversion vs time data and the corresponding reaction
rate profiles for persulfate initiated polymerizations
performed in the presence of 2.0 mM KHCO3 in the
aqueous phase (measured pH ) 8.4). Addition of buffer

Figure 5. Conversion vs time for the microemulsion polym-
erization of C6MA with unbuffered KPS initiator.

Figure 6. Rate vs conversion for the microemulsion polym-
erization of C6MA with unbuffered KPS initiator. Points are
experimental rates determined from spline fits of the conver-
sion data. The maximum rate occurs at approximately 17%
conversion.

Figure 7. Reaction rate and propagating radical concentra-
tion in proposed mechanism for the effect of buffer on polym-
erization kinetics: dotted lines, case 1 kinetics; solid lines, case
1 kinetics with total initiator inhibition at 20% conversion (eq
25).

∂f
∂t

∝ 1 - f (25)
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has a negligible effect on the ionic strength as the
concentration of ionic surfactant in this system is
already 0.35 M. The effect of the buffer is pronounced
and experimental data now conform to the case 1 theory,
providing good evidence for an autoinhibition mecha-
nism. The position of the rate maximum has been
shifted from 17% to 39% conversion merely by control
of the pH. Figures 10 and 11 show that fh ′ and th now
obey the expected dependence upon initiator concentra-
tion. The straight lines in these plots correspond to a
value of A ) 0.184[I] in eqs 12 and 14, which in turn
corresponds to a value of kd of the persulfate initiator
of 1.32 × 10-5 s-1, with the values of the other rate
constants identical to those used in modeling the V-50
initiated reactions. This value is twice the reported bulk
aqueous phase value at 60 °C of 5.3 × 10-6 s-1,26 but
this is not unreasonable given the large uncertainty in
the literature result and the possible variation of kd in
the microemulsion milieu.

6. Discussion
The major assumptions made in the case 1 kinetic

analysis are obeyed in the C6MA system. The conver-

sion curves are accurately predicted to 100% conversion
in most cases, as are the dependence upon the initiator
concentration of the maximum reaction rate and the
time and conversion at which it occurs. These features
are all related through a single kinetic parameter whose
value as determined from the experiments is in good
agreement with the value calculated from independently
reported rate constants and microemulsion structural
characteristics. In buffered microemulsions KPS initi-
ated reactions display the same kinetic behavior as
V-50. This is perhaps surprising considering the strong
electrostatic interactions between the microemulsion
droplets and the initiator. However, it appears that the
reaction mechanism is identical for both cationic and
anionic initiators.
There is no evidence from the reaction kinetics for any

substantial bimolecular termination in our experiments,
either in the particles or in the aqueous continuum.
Likewise, there is no need to posit the necessity of
aqueous phase propagation prior to radical entry. The
microemulsion appears to behave as an effective radical
sponge, rapidly capturing and segregating the initiating
radicals.

Figure 8. Experimental conversion vs time for the micro-
emulsion polymerization of C6MA with buffered KPS initiator.
Solid lines are fits of equation 9 to data using the chosen A
values 3.5 × 10-4 s-2, 1.1 × 10-4 s-2, 4.2 × 10-5 s-2, and 2.4 ×
10-5 s-2, in the order of decreasing initiator concentration.

Figure 9. Rate vs conversion for the microemulsion polym-
erization of C6MA with buffered KPS initiator. Points are
experimental rates determined from spline fits of the conver-
sion data. Solid lines are determined from eq 11 using the
same A values used in Figure 8. The maximum rate occurs at
39% conversion as predicted by eq 13.

Figure 10. Maximum reaction rate vs [I]0.5 for the micro-
emulsion polymerization of C6MA with buffered KPS initiator.
The straight line is given by eq 14 using the values kp ) 995
M-1 s-1, Mo ) 0.257 M, Co ) 1.8 M, and kd ) 1.32 × 10-5 s-1.

Figure 11. Time of maximum rate vs [I]-0.5 for the micro-
emulsion polymerization of C6MA with buffered KPS initiator.
The straight line is given by eq 12 using the same values for
the rate constants given in Figure 10.
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The no-termination finding may not be generally
valid. Capek and Potisk studied the microemulsion
polymerization of butyl acrylate using ammonium per-
sulfate under buffered conditions and observed rate
profiles with a maximum close to 39% conversion at high
monomer loadings, but which decreased with decreasing
monomer concentration.13 Rate maxima occurring at
conversions below the theoretical value have also been
observed in studies using methyl methacrylate with oil
soluble azo initiators where pH effects should not be an
issue.8,9 These results may be a consequence of in-
creased termination in the aqueous phase for the more
soluble monomers, termination by coalescence of grow-
ing particles or double entry, or reduced initiator
efficiency as a consequence of the confinement of the
pair of initiating radicals within the microemulsion
droplet leading to recombination. Such possibilities
could be systematically addressed using the kinetic
framework presented here. The existence of a model
experimental system where these effects are not opera-
tive provides a useful reference point for such mecha-
nistic extensions.
The shape of the typically reported rate profile for

persulfate initiators has been determined to be an
artifact of pH effects in unbuffered microemulsions.
With the exception of the butyl acrylate study of Capek
and Potisk,13 all other studies using persulfate initiators
that we are aware of have been carried out without
buffering. We therefore consider some of the typical
features of microemulsion polymerization in light of this
finding.
The most robust feature has been the appearance of

a rate maximum at low conversion. In an unbuffered
persulfate initiated polymerization, this should be re-
garded as a signature of possible pH artifacts, and
mechanistic conclusions drawn from such results must
be treated with caution. The variation in reported
values of the exponent in the relationship fh ′ ∝ [I]R
(ranging from R ) 0.2 to R ) 0.47)2 can probably be
attributed to this effect. In the present study the
predicted value of R ) 0.5 is consistent with the
experimental results and is different to the value of 0.4
predicted by Smith-Ewart case II kinetics. The con-
stants of proportionality relating fh ′ and th to the initiator
concentration are also related to each other in the
manner required by eqs 17 and 18.
Continuous particle nucleation occurs throughout the

reaction,12 and the particle concentration has been
measured in styrene microemulsion polymerization by
Guo et al. as a function of conversion.6 A fast nucleation
rate is observed up to 20% conversion, which decreases
sharply thereafter. This decrease was attributed to
increased radical capture by particles as the particle
concentration increased. On the basis of the present
work, we suggest that this may be due to a decrease in
the primary entry rate, with later nucleation largely
being due to entry of exited radicals generated earlier
in the reaction.

7. Conclusions
A simple scheme yields analytic expressions that

accurately describe the kinetics of microemulsion po-
lymerization through to 100% conversion in the case of
a model monomer that does not pass through its glass
transition point during the course of the reaction. The
utility of this model is demonstrated through its resolu-

tion of the differences between the V-50 and buffered
persulfate experiments reported here and the wider
literature. An important outcome of this study is the
emphasis of the importance of buffering persulfate-
initiated polymerizations in mechanistic studies, which
is well-known in the emulsion polymerization literature.
The major assumptions that are experimentally verified
are that the initiation rate is constant and radical
capture fast, that the role of bimolecular termination
is minor, and that the monomer concentration at the
locus of polymerization is proportional to 1 - f. The
straightforward analysis of the V-50 initiated polymer-
ization of hexyl methacrylate marks this as an ideal
experimental system for investigation of other impor-
tant aspects of microemulsion polymerization, such as
the development of the particle size distribution, the
effects of additives, and as a useful reference case in
analyzing reaction kinetics that deviate from the case
1 kinetics. These studies are underway.
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