
Introduction

Emulsion polymerization is a widely used process for the
preparation of polymer latexes with a large variety of
practical and specialized applications from common
household paints to specially modified ferromagnetic
and fluorescent latexes for biological assays. Typical
latexes prepared via emulsion polymerization are limited
to sizes >100 nm that are too large for some sensory

and penetrant-probe applications wherein maximum
surface area and minimum particle size are desirable.
For these applications and others requiring high
molecular weight polymer, nanometer-sized latex parti-
cles prepared via free radical microemulsion polymeri-
zation [2–4] are useful. Such particles often contain only
one polymer chain with molecular weight exceeding
107 Da. Although the first reports of polymerizable
microemulsions date back more than 20 years, it has
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Abstract We have examined the
phase behavior of anionic micro-
emulsions of the general type water/
NaCl–hexyl methacrylate (C6MA)-
bis(2-ethylhexyl)sulfosuccinate
(AOT)/sodium dodecyl sulfate
(SDS) with respect to temperature
and composition. Monomer parti-
tioning measurements and kinetic
experiments show good agreement
with the Morgan model (de Vries
et al. in Macromolecules 34:3233,
2001) for droplet-type microemul-
sions that do not phase separate as
monomer is consumed. In contrast,
balanced microemulsions, which
efficiently solubilize large amounts
of monomer, exhibit dramatic effects
on the polymerization kinetics as the
phase behavior changes. Our find-
ings suggest that the appearance of a
liquid crystalline mesophase in the
binary water–surfactant system of
the respective microemulsion causes
a phase separation during polymer-
ization and, thus, a severe deviation
from previous mechanistic models.
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only been recently that a reliable mechanistic picture has
been formulated from the large variety of available
studies that often suggest different and conflicting
mechanistic interpretations.

From extensive phase behavior, microstructure,
kinetic, particle size and molecular weight distributions
(MWD), and monomer partitioning investigations of
microemulsion polymerization of the quasi-ternary
system H2O–monomer–dodecyltrimetylammonium
bromide/didodecyldimetylammonium bromide (DTAB/
DDAB) [1, 5–11], a quantitative model has been
derived and validated. Previously, microemulsion
compositions were chosen with the objective of sys-
tematically probing the mechanisms of polymerization
with minimal effort exerted to locate efficient micro-
emulsions containing high ratios of monomer to
surfactant for polymerization. In this study, we focus
on a combination of anionic surfactants [bis(2-ethyl-
hexyl)sulfosuccinate (AOT) and sodium dodecyl sulfate
(SDS)] with a modicum of salt (NaCl) that was ex-
pected to yield efficient polymerizable microemulsions
requiring only low ratios of surfactant to monomer.
With the model of Morgan et al. [8, 9, 11] as a theo-
retical framework for comparison with experimental
results, we will validate the assumptions underlying the
model for anionic microemulsions and point out certain
cases and reasons for failure. While the previous
investigations largely avoided regions of complex phase
behavior and demonstrated only the effects of
approaching the emulsification-failure boundary on
monomer partitioning, we focus here on the polymeri-
zation of efficient microemulsions near the balanced
state and demonstrate the dramatic influence phase
behavior can have on polymerization characteristics.

Following our previous report [12] of polymerizable
non-ionic microemulsions, we applied the same proce-
dures for determining the balanced state of zero mean
curvature (phase inversion) and one-phase microemul-
sions regions for polymerization. Two phase diagrams
are recorded as a function of temperature while varying
one composition variable. In one diagram, often referred
to as a fish diagram due to its characteristic shape, the
surfactant overall weight fraction is varied in mixtures
containing equal volumes of water and monomer. In the
other diagram, the phase behavior is recorded while
adding monomer to a binary mixture of water and sur-
factant (Fig. 1).

The mechanistic model for free radical
microemulsion polymerization

The polymerization of microemulsions consisting of
nanometer-sized surfactant micelles swollen with
monomer typically starts from the formation of aqueous
free radicals generated by thermal decomposition of the

initiator. These aqueous free radicals continuously enter
and initiate polymerization within the monomer swol-
len-micelles through the reaction. Monomer in uniniti-
ated micelles continuously diffuses through the aqueous
phase to the polymerization sites within the initiated
micelles transforming them into larger polymer particles.
However, even after complete polymerization, only a
very small fraction (approximately 1 in 1,000) of the
initial monomer swollen-micelles are transformed into
polymer particles. Rapid transport of monomer between
micelles and polymer particles throughout the reaction
assures thermodynamic control of monomer partition-
ing.

The original kinetic model by Morgan et al. [8] for
free radical polymerization in microemulsions is based
on the following assumptions, the validity of which must
be carefully considered on a case to case basis:

a. There is a constant rate of radical generation from
initiator decomposition q0—the half-life of the V50
initiator we use is approximately 10 h at 60 �C and
much longer than the total reaction times.

b. There is apparently negligible biradical termination
due to the large number of monomer-swollen micelles
relative to polymer particles, of which only a very
small fraction host a polymer with a growing radical

Fig. 1 Characteristic sections through the phase prism applied for
phase behavior investigations (one-phase microemulsion channel
and fish diagram). Definitions of parameters for pseudo-ternary
systems are given as well. Ideal mixture is assumed so that a
constant weight ratio of the components also means a constant
volume ratio
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end. The probability of an aqueous radical locating
and terminating with a radical containing particle is
thus minimal and the number of radicals present N*

is given solely by the rate of radical generation q0.
Further theoretical and experimental analysis of this
assumption for a variety of monomers [1] shows that
this approximation is valid for hexyl methacrylate
(C6MA) polymerizations especially at low initiator
concentrations and low conversions, but not neces-
sarily so for less hydrophobic and/or less reactive
monomers, such as MMA or styrene. The higher
water-solubility and/or lower propagation rate con-
stants extends the time period prior to propagation
during which radical derivatives of these monomers
are capable of diffusing through micelles and parti-
cles across the aqueous phase, thus increasing the
probability of terminating with a radical containing
particle. The almost ‘‘living’’ character of certain
free-radical polymerizations in microemulsions is
brought about by the high degree of compartmen-
talization in these systems that could potentially be
degraded by microstructural changes over the course
of polymerizations as demonstrated in this work.

c. Chain propagation ceases due to radical transfer to
either monomer or surfactant. If either event is un-
likely, ultra-high molecular weight polymers are
formed. The diffusion of monomer in these nanome-
ter-sized particles is sufficiently fast such that even
hydrophobic C6MA monomer radicals generated by
chain transfer, exit to initiate polymerization in an-
other swollen-micelle. The latex particles formed are
thus composed of single polymer chains and the
number of particles is much larger than the total
number of initiator generated radicals.

d. The concentration of monomer at the locus of poly-
merization in the polymer particles decreases linearly
with overall conversion f. SANS studies of monomer
partitioning between polymer particles and swollen-
micelles confirm that this approximation is adequate
for a wide range of C6MA, n-C4MA, t-C4MA, and
styrene microemulsion polymerizations with DTAB
surfactant. Theory and experiments show that when
the monomer loading of the original microemulsion
is progressively reduced relative to the maximum
concentration set by the emulsification-failure phase
boundary, increasingly non-linear monomer concen-
tration profiles result [5]. However, an additional
complication which has not been considered is that
the phase diagram of numerous monomer/water/
surfactant systems exhibit narrow one-phase micro-
emulsion regions bounded by both maximum and
minimum loadings of monomer. In this work, we
explore the polymerization of these microemulsions
wherein highly non-linear variations in monomer
chemical potential are anticipated over the course of
polymerization.

With these approximations, the rate of polymeriza-
tion as a function of time t and conversion can be cal-
culated as follows:

df
dt
¼ Ate�

1
2At2 ¼ 1� fð Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

�2A ln 1� fð Þ
p

ð1Þ

wherein A is a bundle of constants:

A ¼ kpC0q0

M0
; ð2Þ

kp is the propagation rate constant, C0 is the initial
concentration of monomer at the locus of polymeriza-
tion, q0 is the rate of radical generation and M0 is the
initial overall concentration of monomer in the micro-
emulsion.

From the derivative of Eq. 1 the time and conversion
at which the maximum polymerization rate occurs are:

�t ¼
ffiffiffi

1

A

r

ð3Þ

and

�f ¼ 0:39 ð4Þ

Kaler et al. have shown that this model yields
quantitative predictions for C6MA microemulsion
polymerizations with certain cationic surfactants. For
other monomers, however, the maximum rate can shift
to conversions as low as 20% due to non-linearities in
monomer concentration profiles, glass transition effects,
and non-negligible biradical termination during the
reaction.

Phase behavior and interfacial curvatures
of ionic microemulsions

Microemulsions are transparent, thermodynamically
stable phases of water and oil domains microscopically
separated by a monolayer of surfactant that we refer to
as the interfacial film. Microemulsions can exist inde-
pendently as single phases or coexist with excess water,
oil, and/or a lamellar La phase composed of planar
surfactant monolayers separating water and oil subdo-
mains. The phase behavior of ionic surfactants has not
been studied to the same extent as non-ionic surfactants
and reliable knowledge of the general patterns of ionic
microemulsion phase behavior is limited largely to
sodium AOT.

The curvature of the interfacial film

The interfacial curvature of the surfactant film is the
primary determinant of surfactant self-assembly and
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microemulsion phase behavior and microstructure.
Interfacial curvatures in microemulsions can vary over
several orders of magnitude including both signs, with
empty micelles and empty inverse micelles marking the
two extremes [13]. By changing the curvature from po-
sitive (toward oil) to negative (toward water) one can
form oil–water and water–oil microemulsions. At the
balanced state of zero mean curvature, where the system
undergoes a phase inversion, water and oil can be
co-solubilized most efficiently with a minimum of
surfactant [14–17]. The preferred microstructure at the
balanced state is either a bicontinuous sponge-like or
lamellar [18–22]. Experimental findings show that the
lamellar microstructure is preferred for high surfactant-
to-oil-ratios and rigid interfacial films. However, even
when the one-phase lamellar region is small, the two-
phase coexistence of the lamellar phase with either a
microemulsion or an excess oil or water phase typically
dominates the phase prism at near zero mean curvature
states. As we will show later, consumption of monomer
over the course of polymerization of an initially one-
phase balanced microemulsion can increase the effective
surfactant-to-oil ratio resulting in the simultaneous
coexistence of microemulsion and lamellar phases with
the polymer latexes.

Finding the balanced state of zero mean curvature
in ionic microemulsions

As Kahlweit and Strey [23] have pointed out, the most
rewarding experimental method for finding the bal-
anced state is to record the so-called fish diagram, i.e.,
the phase transition temperatures of mixtures with a
varying overall surfactant weight fraction c while
keeping all other composition variables constant with
the oil/(oil + water) volume ratio fixed at /=0.5. At a
certain phase inversion temperature ~T one finds the
least weight fraction of surfactant ~c necessary to form a
one-phase bicontinuous microemulsion by extrapolat-
ing the two phase boundaries where the one-phase
microemulsion turns two-phase toward higher and
lower temperatures. The ~X or fish tail point marks the
intersection of the one- and three-phase region and is
the most important characteristic for the efficiency of
the surfactant and for the properties that lead to a
phase inversion (Fig. 1).

Choosing appropriate microemulsifying surfactants
for efficient balanced microemulsions is more challeng-
ing for ionic surfactants. Compared to non-ionic CiEj

surfactants whose phase behavior has been exhaustively
studied, the hydrophilic moiety of ionic surfactants
cannot be changed gradually. Single-tail ionic surfac-
tants are often much too hydrophilic, i.e., they induce a
high curvature, yielding inefficient microemulsions with
most oils. Balancing the surfactant by enlargement of

the lipophilic tail, though, is not practical, as such
surfactants typically have high Krafft temperatures and
phase diagrams that are dominated by single- or two-
phase lamellar regions. In the present work, we describe
a strategy for formulating microemulsions with doubled-
tailed dioctylsulfosuccinate surfactant (AOT) by utiliz-
ing the single-tailed surfactant, SDS to suppress lamellar
phases, and salt to balance the curvature of the inter-
facial film.

From pertinent literature [24, 25] on AOT fish dia-
grams we observe the following trends. (a) For ternary
microemulsion of the type water–alkane–AOT the ~X
point lies slightly below the melting point of those
mixtures and the lamellar phase is predominant. Small
amounts of salt must be added to record the entire fish
diagram. Here, we will express the salinity in terms of
the weight fraction e of salt with respect to all hydro-
philic components of the microemulsions. A slight in-
crease in e of just 0.1% can cause an enormous increase
in ~T of about 5–20 K. With increasing salinity, the effi-
ciency also decreases and the lamellar phase is partly
suppressed. (b) Microemulsions containing more
hydrophobic oils require higher salinity to reach the
balanced state. For highly purified AOT surfactant
typical salinities at ~T ¼ 32 �C would be e=0.008 (0.8%)
for octane and e=0.004 (0.4%) for isooctane. (c) At
constant salinity the balanced state for more hydro-
phobic oils lies at lower temperatures. (d) In contrast to
non-ionic microemulsions the fish is slightly tilted to
higher temperatures. This phenomena is a consequence
of the concomitant increase of counterions in the water
domains as one increases the surfactant concentration.
(e) Different grades of AOT purity have severe effects on
the phase behavior due to its strong dependence on
salinity and ionic impurities.

Water-rich microemulsions for polymerization

Defining the overall weight fraction of CkMA in the
microemulsion as wB ¼ mCkMA=mtotal; a phase diagram
representing a vertical wB(T)-section through the phase
prism starting from a specific water-surfactant mixture
and heading toward pure CkMA suffices for identifying
appropriate polymerizable microemulsions. Such a
phase diagram for the systems under investigation here
is schematically drawn in the context of the phase prism
in Fig. 1 and as a single Cartesian phase diagram in
Fig. 2. Similar phase diagrams for non-ionic surfactants
can be found in [12].

Figure 2 shows a schematic representation of the two
different two-phase regions and the channel of one-
phase microemulsion between them. Two different ef-
fects on the interfacial film curvature can be seen from
the schematic picture: (1) An increase in temperature
makes the interfacial film curve around the oil domains.
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Thus, a transition from the ‘‘La + ?’’ phase coexistence
to a one-phase oil–water-microemulsion is found, and
even a transition to a two-phase coexistence can be in-
duced. In this work, we did not study the microstructure
of the phase that coexists with the lamellar phase and,
therefore, denote these coexistence regions as ‘‘La + ?’’.
For a given amount of surfactant, the wB of the emul-
sification-failure boundary decreases upon increasing
temperature. Therefore, the best mutual solubility be-
tween water and oil occurs close to the balanced state,
where three phases coexist. In practice, the actual cur-
vature dependence on temperature is relatively weak, so
for a given microemulsion system the one-phase channel
in the wB(T)-representation is steep and only a part of
the whole one-phase channel can actually be measured
within the temperature region accessible. (2) Upon
increasing the salt concentration—while keeping it be-
low the value for the balanced state determined by fish
diagrams—the interfacial curvature decreases. This
makes another temperature region accessible. For in-
stance, one-phase regions of relatively hydrophilic sys-
tems (with a highly curved interface) will be found at
lower temperatures after addition of salt. The two hor-
izontal lines in Fig. 2 actually mean the lowest and
highest practically applicable temperatures in experi-
ment. The virtual temperature axis is therefore better
understood in terms of an interfacial curvature axis,
which for ionic surfactants increases with temperature
but decreases with salinity.

Experimental section

Materials

Water employed was deionized and distilled twice.
C4MA and C6MA were purchased from Scientific
Polymer Products (Ontario, NY, USA) and used as re-
ceived for phase behavior measurements but vacuum
distilled to remove inhibitors prior to polymerization.
AOT with purity >98% was from Fluka (Neu Ulm,
Germany) and SDS with purity p.a. was from Sigma-
Aldrich (St. Louis, MO, USA), both were used as re-
ceived.

Phase diagrams

The ternary and quaternary mixtures were prepared by
weighing sequentially water (or brine, respectively), oil
and surfactant up to a total mass of about 2 g into a test
tube with a magnetic stir bar. Phases present were
determined visually in a water-bath at constant com-
position by varying the temperature. One-phase micro-
emulsions and lamellar La phases are both transparent
but can be distinguished by the birefringence of the La

phase. Between these two phases, a coexistence region
denoted as ‘‘La + lE’’ is present which was not inves-
tigated further. Two- and three-phase regions are both
turbid and phase separation must be awaited.

For every pseudo-binary phase diagram at constant
oil/(water + oil) volume ratio /=0.5 the surfactant
mass fraction c was adjusted by titrating equal volumes
of brine and oil. When recording wB(T)-phase diagrams
wB was increased by adding oil to previously prepared
mixtures.

Kinetics

A RC1 calorimeter (Mettler Toledo, Schwerzenbach,
Switzerland) in isothermal operation mode was used for
measuring the heat produced during the course of the
polymerization. The head of the closed AP01 reactor
was wrapped with heating cord and insulation to pre-
vent periodic dripping of condensed water and monomer
vapor to the reaction mixture. The reactor was initially
filled with 700 g of the microemulsion and after
achieving thermal equilibrium at 57 �C, the temperature
was ramped to 62 �C to measure the heat capacity of the
reactor contents. At 62 �C a precise amount of heat was
applied to the reactor contents for calibration, after
which the reactor was sparged with argon for 10 min
and then sealed. The polymerization was initiated by
injecting 1 ml of aqueous initiator solution. Upon
completion of the reaction, the calibration and heat
capacity measurement were repeated in reverse order.

Fig. 2 One-phase microemulsion channel obtained from wB(T)-
section. Only certain parts of it can actually be recorded depending
on salinity e

909



The determination of conversion and heat of the reac-
tion was performed with the standard RC1 software.
The procedure for deoxygenating the microemulsion
was followed to avoid pre-polymerization, minimize
evaporation of monomer, and resulted in an optimal
induction period (5–10 min) for the system to thermally
equilibrate after the injection of initiator solution before
the onset of polymerization.

Polymer characterization

Particle size and MWD of the polymer latexes were
characterized using quasi-elastic light scattering (QLS)
and size exclusion chromatography (SEC), respectively.
To avoid multiple scattering and particle interaction
during QLS analysis, the latexes were diluted with water
prior to measurement at 25 �C. From the autocorrela-
tion function the decay time was evaluated by using the
cumulant method. Applying the Landau–Platzek to-
gether with the Stokes–Einstein relations, an apparent
particle hydrodynamic radius was determined. The
meaning of such a radius compared to a geometric ra-
dius yielded by electron microscopy has been discussed
[6]. The hydrodynamic radius is slightly higher than the
geometric radius and trends in sizes are reproduced
correctly.

Size exclusion chromatography measurements were
performed using non-shedding PL-Gel Mixed-A LS
columns from Polymer Laboratories with a nominal
fractionation range from 2·103 Da to 40·106 Da.
Absolute molecular weight measurements were obtained
using multi-angle laser light scattering (MALLS, Wyatt
DAWN DSP) and differential refractive index (Waters
R410) detectors. The very high molecular weights and
low polydispersities of the microemulsion polymerized
samples require high dilutions to avoid column over-
loading and/or apparent shear degradation. A flow rate
of 0.5 ml/min was used and polymer concentrations as
low as 5 ppm were found to be necessary. Reliable
determination of the eluting concentration from the
differential refractive index increment required the use of
stabilized tetrahydrofuran (THF) for the mobile phase,
precise above-ambient temperature control (40 �C), and
long equilibration times (several hours).

SANS monomer partitioning measurements

For the equilibrium SANS swelling experiments, we
followed the same experimental and data analysis pro-
cedures described previously [5]. Briefly, samples con-
taining varying ratios of the polymerized
microemulsions and original unpolymerized micro-
emulsions were mixed in vials and transferred into 2 mm
path length SANS cells. The SANS cells were made from

stainless steel blocks with crystalline quartz windows
sealed with PTFE coated silicone o-rings. The samples
were allowed to equilibrate at 62 �C before SANS
spectra were acquired.

Phase behavior: fish diagrams-c(T) sections

To assess the potential of AOT-based polymerizable
microemulsions, the dependence of the efficiency and
phase inversion temperature on the salinity was explored
by systematically measuring fish-type phase diagrams.
Without salt, the state of zero mean curvature state lies
below accessible temperatures (0 �C). Thus, we start our
phase behavior investigations from the well-known
H2O/NaCl–n-octane–AOT system with e=0.008. Pro-
gressive replacement of octane with C6MA shifts the fish
to higher temperatures. Systematically increasing the
C6MA fraction in the mixture while reducing e to 0.003
yields the H2O/NaCl–C6MA–AOT phase diagram
shown in Fig. 3.

Bis(2-ethylhexyl)sulfosuccinate is a highly efficient
surfactant for microemulsifying CkMA, i.e., only a very
small amount of AOT ð~c ¼ 0:024Þ is necessary to gen-
erate a one-phase microemulsion containing equal vol-
umes of water and C6MA at ~T ¼ 45:0 �C: The large, but
thermodynamically stable, microstructures present in
these highly efficient microemulsions give samples that
appear cloudy but effectively transmit red light. A
common difficulty in studying multiphasic samples of

Fig. 3 Very efficient polymerizable microemulsions result when
applying anionic AOT surfactant as shown by the fish diagram
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surfactants that form efficient microemulsions is their
slow phase separation. As there is actually no practical
way to distinguish between two- and three-phase regions
without awaiting complete phase separation, we were
unable to determine precisely the three-phase region. A
possible extension of the fish body—the three-phase
coexistence region—is drawn in dotted lines to guide the
eye.

To examine the effects of electrolyte concentration
and CkMA hydrophobicity, we recorded fish diagrams
for C4MA at three different values of e (Fig. 4). A
comparison of Figs. 3 and 4 reveals that upon decreas-
ing k by 2 at constant e=0.003, ~T increases �23 K while
the efficiency drops slightly. Decreasing e in steps of
De=0.001 causes a progressive reduction in ~T and small
changes in efficiency.

Phase behavior: wB(T ) sections

After locating the balanced state for selected CkMA
microemulsions, we then proceeded to identify regions
of the phase prism at varying oil to water ratios with the
overall intent of finding suitable microemulsions for
polymerization. While keeping all other variables con-
stant, boundaries between one and two-phase regions
were recorded as a function of the overall monomer
weight fraction and temperature for one ternary and two
quaternary mixtures. Starting with the basic system
H2O/NaCl–CkMA–AOT/SDS the effects of tuning the

interfacial curvature are demonstrated by systematically
varying the tuning parameters: temperature, salt con-
centration, and ratio of AOT and SDS surfactants. The
results of these phase behavior investigations are com-
piled in Fig. 5. The emulsification-failure and the
La + ? one-phase transition boundaries are plotted with
open and full symbols, respectively.

Effect of salt concentration

For mixtures of H2O/NaCl–C6MA–AOT, four different
wB(T)-sections were recorded at constant ca=0.04 and
e=0, 0.001, 0.002, and 0.003 (Fig. 5a).

In this series, the interfacial curvature induced by the
increasing salinity is expected to drop significantly. As
shown in Fig. 5a, a change in e can shift a large pro-
portion of the one-phase channel to temperature regions
suitable for polymerization. It is interesting to note that
for the salt-less system the binary water-surfactant
mixture is one-phase above 60 �C while all other chan-
nels start at low wB with the two phases, La + ?.

Effect of surfactant concentration

For mixtures H2O–C6MA–AOT, three different wB(T)-
sections were recorded for constant e=0 and ca=0.04,
0.07, and 0.10 (Fig. 5b). The sequence of one-phase
channels resembles the one in Fig. 5a and from this, we
infer that the interfacial curvature decreases with the
surfactant concentration or more precisely with the
surfactant-to-monomer-ratio. Changing e from 0 to
0.002 while ca is fixed at 0.04 has approximately the
same effect on the one-phase channel as an increase in ca
from 0.04 to 0.10 (i.e., a factor of 2.5) at e=0.

Effect of the AOT/SDS ratio

Starting from the system with ca=0.10, SDS was added
progressively to yield three wB(T)-sections (Fig. 5c)
wherein the weight fraction of SDS in the surfactant
mixture d=mSDS/(mSDS + mAOT) was varied from d=0
to 0.300. Addition of SDS increases the interfacial cur-
vature and has the same effect as a decrease in either e or
ca.

Microemulsion polymerizations

All polymerizations were carried out at a fixed temper-
ature of T=62 �C. The initiator concentration was fixed
at 0.1 wt% with respect to C6MA to maintain a constant
ratio q0 between M0 in Eq. 2. To emphasize the
important relationship between phase behavior and

Fig. 4 Salinity dependence of the phase inversion. The phase
inversion temperature increases upon increasing salinity
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polymerization kinetics, the temperature dependent one-
phase channels of Fig. 5 are re-plotted as isothermal
phase diagrams in Figs. 6, 7 and 8 and shown next to the
kinetic profiles of select microemulsions whose compo-
sition are denoted in the phase diagrams by full circles.
For the ternary system H2O–C6MA–AOT only a por-
tion of the isothermal Gibbs’ phase triangle is shown in
Fig. 7. The conversion f shown in the kinetic profiles
refers to the calorimetric conversion which assumes full
conversion at the end of the thermal signal. However,
slight differences might occur if residuals of monomer do
not convert to polymer, which for these reactions is as-
sumed to be a minor effect.

The key assumption of the Morgan et al. [8] model
that is expected to be most sensitive to changes in sur-
factant phase behavior is the assumption of a linear
monomer concentration profile. Previous SANS studies
of monomer partitioning between polymer particles and
swollen-micelles confirm that this approximation is valid
for a wide range of methacrylate and styrene polymer-
izations with droplet-type microemulsions of DTAB
surfactant. Thus, we start our investigations of micro-
emulsion polymerizations in AOT/SDS systems by first
measuring the monomer partitioning profile.

For the single-phase H2O–C6MA–AOT/SDS micro-
emulsions with d=30 (Fig. 8), we performed SANS
monomer partitioning measurements by measuring the
SANS spectra of mixtures of the fully polymerized mi-
croemulsion with the original unpolymerized micro-
emulsions replacing H2O with D2O. A detailed
description and validation of this experimental tech-
nique together with the SANS data analysis procedures
have been published previously [1, 5]. Briefly, the par-
ticle size distribution of the fully polymerized micro-
emulsions is approximated by a Schultz distribution
characterized by two globally fitted parameters: average
radii and standard deviation. The number density and
radii of particles in this distribution are then linearly and
volumetrically scaled relative to the known mixing ratio
and the model-fitted concentration of monomer in the
polymer particles. Model SANS spectra are calculated
using Vrij’s equations [26] for polydisperse hard spheres
and fitted to the experimental SANS spectra.

The quality of the data fitting is consistent with our
previous experience. The SANS model fitted Schultz
distribution of the unswollen fully polymerized latex has
an average radii of 220 Å that is only slightly smaller
than the measured hydrodynamic radii of 247 Å
(Table 1). The corresponding monomer concentrations
within the polymer particles over the course of poly-
merization obtained from fitting the SANS data are

Fig. 5 wB(T)-sections for variations of salinity (a), surfactant
weight fraction (b), and cosurfactant weight fraction (c)

c
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Fig. 6 Variation of phase
behavior (left) and polymeriza-
tion kinetics (right) on salinity
at constant temperature and
surfactant weight fraction.
Good reproducibility can be
seen from the two curves for
different experiments with
e=0.0030

Fig. 7 Variation of phase
behavior (left) and polymeriza-
tion kinetics (right) on
surfactant weight fraction at
constant temperature

Fig. 8 Variation of phase
behavior (left) and polymeriza-
tion kinetics (right) on
cosurfactant weight fraction
at constant temperature
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plotted in Fig. 9. The linearity of the monomer con-
centration profile is reminiscent of our previous mea-
surements on C6MA/DTAB microemulsions. The
validity of this and other assumptions of the Morgan
model altogether lead to a maximum rate of polymeri-
zation that is observed at �39% conversion for AOT/
SDS mixing ratio of d=30 (Fig. 8).

For model systems of C6MA, n-C4MA, t-C4MA,
styrene with cationic DTAB and/or DDAB surfactants,
wherein the initial microemulsion compositions were
purposely chosen such that no-phase boundaries are
crossed with decreasing monomer concentration, the
polymerization rate increases rapidly to reach a maxi-
mum between 20% and 39% conversion. As mentioned
earlier, systematic studies of variations in the maximum
rate between 20% and 39% conversion have led to a
good understanding of the effects of biradical termina-

tion, diffusional limitations, and slight non-linearities in
monomer concentration profiles. Linearity of the
monomer concentration profile, which arises from a
progressive linear decrease in the chemical potential of
the monomer over the course of polymerization, along
with negligible biradical termination are the key
assumptions of the Morgan model that we expect to be
invalidated by phase separation and changes in interfa-
tial film microstructure. Decoupling these phenomena
by direct measurement of the monomer concentration
profile and radical concentrations in phase separating or
microstructurally changing systems has proven to be a
challenging endeavor. Here, we present some of our
findings that show clear and significant correlations be-
tween complex phase transitions and polymerization
characteristics.

Effect of the SDS fraction d and phase separation
during polymerization

Starting from the base case of d=0.3, which follows the
kinetic profile predicted by the Morgan model, a slight
decrease in SDS fraction to d=0.2 leads to a significant
decrease in polymerization rate and shift in a maximum
rate of polymerization to �15% conversion as shown in
Fig. 8. A further decrease to d=0.1 results in a further
reduction in polymerization and shifts the maximum
rate to �10% conversion. The accompanying decrease
in average molecular weight from 15.8 MDa to
5.5 MDa (Table 1) also indicates an increase in termi-
nation. It is apparent that the effects of incipient phase
separation during polymerization influences the poly-
merization rate well before the phase boundary is actu-
ally crossed. For example, the AOT/SDS microemulsion
which starts at d=0.2 and wB=0.04 is expected to cross
the phase boundary at wB=0.024 or at least after 40%
conversion, ignoring the swelling of the polymer parti-
cles by monomer. However, the maximum rate is
noticeably shifted from �35% to �15% conversion,
much below the conversion at which phase separation is

Table 1 Composition
parameters together with results
of particle size and molecular
weight measurements for
polymerization experiments

e ca d wB rH/nm P.D.I. Mw/10
6 g/mol Mw/Mn

0 0.040 0 0.010 39.3 0.47 14.0 1.4
1400 0.25

0.0015 0.040 0 0.040 28.1 0.16 21.0 1.4
0.0030 0.040 0 0.100 38.7 0.31 30.0 1.5
0 0.040 0 0.010 39.3 0.47 14.0 1.4

1400 0.25
0 0.070 0 0.040 28.9 0.20 21.0 1.5
0 0.100 0 0.100 24.8 0.33 38.0 1.9
0 0.100 0 0.100 24.8 0.33 38.0 1.9
0 0.100 0.10 0.065 21.4 0.23 5.5 2.1
0 0.100 0.20 0.040 21.5 0.16 7.6 1.8
0 0.100 0.30 0.020 24.7 0.29 15.8 1.5

Fig. 9 Results of partitioning measurements by means of SANS
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expected to occur. This shift in the maximum rate that
occurs before the phase boundary is reached is most
likely associated with non-linearities in the monomer
concentration profile that has been observed previously
for styrene/DTAB microemulsion polymerizations that
start close to the phase boundary [5]. Possible reasons
for the increased rates of termination that would lead to
the decrease in molecular weight in these systems include
reduced compartmentalization caused by phase separa-
tion of monomer into micrometer sized surfactant-rich
droplets or microstructural changes from swollen-mi-
celles to larger surfactant structures over the course of
polymerization, e.g. wormlike or cylindrical micelles.
While plausible, these explanations are very difficult to
prove. Nonetheless, we were very surprised by the sud-
den recovery in polymerization rate and molecular
weight (up to 38 MDa) that occurs when no SDS is
added (d=0). The sudden enhancement in polymeriza-
tion is also accompanied by complex but reproducible
secondary features, e.g., maxima at �75 and �90%
conversion that cannot be explained by the Morgan
model. To probe deeper into the microstructural chan-
ges that drive this unexpected phenomena, we proceeded
to further characterize the phase behavior and poly-
merization characteristics of AOT microemulsions con-
taining no SDS.

Effect of microstructural changes to a lamellar phase

The phase behavior of the H2O, C6MA, AOT system
containing no SDS is shown in Fig. 7. The micro-
emulsion phase exists as a very narrow channel that is
bound on the right side by a two-phase region that
upon mixing forms oil in water emulsions and on the
left side by a two-phase region wherein the micro-
emulsion coexists with a lamellar phase. During poly-
merization, the complex mixture of remaining
monomer, surfactant, and water in equilibrium with the
polymer particles presumably forms this biphasic mix-
ture of microemulsion in equilibrium with a lamellar
phase.

The kinetic profiles (Fig. 7) and molecular weight
data (Table 1), suggest that the presence of this lamellar
phase enhances the rate of polymerization primarily
through a reduction in termination rates. As the sur-
factant and monomer loadings are adjusted to navigate
downward along the narrow microemulsion channel and
to reduce the volume of lamellar phase formed during
polymerization, we observe that the polymerization rate
and molecular weights are reduced. Although the kinetic
profile for the lowest surfactant concentration (ca=0.04)
still shows a sharp secondary maxima at �40% con-
version, these measurements indicate that the kinetic
profile would revert back to the smooth profile with a
single maxima at �39% as predicted by the Morgan

model if the formation of the lamellar phase can be
completely suppressed. Polymerization in lamellar pha-
ses, especially at high conversions of surfactant-rich
systems, e.g., ca=0.10, wherein the surfactant planes are
separated by distances much less than the free dimen-
sions of the polymer chains may constrain the termina-
tion between radical ends of polymer chains to two
dimensions. This potentially reduces the rate of termi-
nation and an enhancement in polymerization rate at
high conversions akin to the well-known Tromsdorff gel
effect, but caused instead by the reduced mobility of two
dimensionally constrained radical chains.

To test these hypothesis further, we mapped out the
phase behavior of H2O, C6MA, and AOT microemul-
sions containing only low concentrations of surfactant
(ca=0.04) but added salt to induce the formation of a
lamellar phase (Fig. 6). As more salt is added, it is
evident from the phase diagram that more of the
lamellar phase will be formed during polymerization.
The kinetic profiles show that increasing the tendency
toward formation of this lamellar phase initially causes
a shift in the sharp secondary maxima to �60% con-
version that is later followed by a dramatic shift in the
primary maxima to �70% conversion with indications
of an earlier maxima at �45% conversion. Accompa-
nying these changes in the kinetic profiles is a pro-
gressive increase in average molecular weight from
14 MDa to 30 MDa. Altogether, these observations
suggest once more that the formation of lamellar phase
suppresses termination at high conversions. However,
unlike the surfactant-rich system of Fig. 7 (ca=0.10),
multiple maxima at high conversions are not observed
presumably due to the smaller volume of lamellar phase
that can be formed from the reduced amount of sur-
factant.

Conclusions

We have examined the phase behavior of a pseudo-ter-
nary ionic surfactant system (water+NaCl)–C6MA–
(AOT+SDS). The parameters, e, a measure for the
salinity, and d, fraction of SDS in the mixture of the two
ionic surfactants permit independent movement to shift
the temperatures of the phase boundaries. Increasing e
shifts the phase body up in temperature while increasing
d shifts it down. Accordingly, the temperature at which
one-phase microemulsions form can be set.

Very efficient polymerizable microemulsions result
when the curvature of the surfactant film is carefully
balanced. Close to the balance state of efficient micro-
emulsions, lamellar phases exist either alone or in
coexistence with other phases, e.g., the microemulsion or
an excess oil or water phase.

While polymerizations in the one-phase microemul-
sion follows the usual well-understood kinetics, phase
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separation or transitions into lamellar phase region
during the polymerization process result in severe sys-
tematical changes of the kinetics, which were not well
understood.
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