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Abstract

In this study of the inverse-emulsion homopolymerization of acrylamide, surfactant blends of traditional fatty acid esters, ethoxylated fatty
acid esters and ABA-type block copolymeric stabilizers were employed. Stable and transparent inverse latices with shelf lives of over one
year were generated. Particle sizes were determined using quasi-elastic light scattering and small-angle neutron scattering and were found to
be close to the threshold traditionally associated with microemulsions (100 nm). The turbidity of the polymer latices and the changes in
viscosity during the polymerization are also similar to that observed in inverse-microemulsions. The radii of gyration calculated from SANS
data were observed to be consistent with the hydrodynamic radius determined by QELS for the final polymerized products. SANS
measurements of the inverse-emulsions at different reaction coordinates revealed a decrease in droplet diameters with conversion, with
particles best described using a polydisperse spherical coreþ shell model. The decrease in droplet diameter with conversion has been
attributed to a surfactant rearrangement in the interfacial sheath due to the consumption of surface active acrylamide.q 1999 Elsevier
Science Ltd. All rights reserved.
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1. Introduction

Acrylamide based homo- and copolymers represent an
important portion of the water-soluble polymer and hydro-
colloid markets [1]. They are also applied in technologies
such as flocculation, stabilization and dispersion [2]. Pulp
retention in the paper industry [3], electrophoresis, water
modification and the controlled release of urea for soil
fertilization [4] represent other commercial uses. Perm-
selective membranes for drug release [5] and beads for
selective protein recognition [6] are emerging markets for
acrylamide based biomaterials.

The synthesis of acrylic water-soluble polymers, in solu-
tion, is generally non-viable industrially, with the exception
of catering to local markets where transportation costs are
not a factor, due to extreme viscosities caused by the high
molecular weights produced. This leads to heat transfer and
reactor control limitations. Indeed, the enthalpy of polymer-
ization of acrylamide (DHp ¼ 81.6 kJ/mol) exceeds that
of all other commodity monomers. Inverse-emulsion

polymerization, first proposed in 1962 by Vanderhoff and
co-workers [7,8], is a commonly used alternative for the
production of acrylamide-based homo- and copolymers,
though other heterogeneous processes such as precipitation
[9] and sol–gel techniques are also employed. An extensive
kinetic investigation of polymerizations in a heterophase
water-in-oil system was carried out by Baade and Reichert
[10]. Hunkeler proposed the first kinetic model of an
inverse-macroemulsion [11]. It was subsequently shown,
that the chemistry is specific to the monomer–emulsion–
initiator–continuous phase system employed and is influ-
enced by the structure of the dispersion [12].

1.1. Types of heterophase water-in-oil polymerizations

Inverse-emulsion polymerizations involve the dispersion
of an aqueous monomer solution in a continuous aliphatic
phase under continuous agitation. Non-ionic emulsifier
blends are added to the organic phase at levels such that
the overall hydrophilic–lipohilic balance (HLB) is between
3 and 8 [13]. Inverse-macroemulsions are kinetically stable
and turbid systems with particle diameters generally
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exceeding 150 nm, whereas inverse-microemulsions are
thermodynamically stable, transparent latices, with particle
sizes below approximately 100 nm [14,15]. One advantage
of the smaller water-in-oil colloids is the ability of pre-
formed polymer inverse-microemulsions to undergo chemi-
cal modification for example via a Manich reaction [16].
Furthermore, the thermodynamic stability of inverse-
microemulsions avoids the need for periodic mixing
which is required during the long-term storage of inverse-
macroemulsions. The polymerization in inverse micro-
laticies often leads to very high-molecular weight products
with good rheological properties such as high fluidity even
at large volume fractions [15]. However, the high levels of
emulsifier ($8% of the weight of the total emulsion) needed
to obtain small droplet diameters is a clear disadvantage of
inverse-microemulsion polymerization.

The mechanism of polymerizations in inverse-
microemulsion includes droplet collision or migration of
monomer through the interface into the droplets. The final
product is composed of one single highly collapsed
polymer chain per latex and an increase in droplet
diameter with conversion of acrylamide to polyacrylamide
has been observed [17]. The copolymerization between a

water-soluble (e.g. acrylamide) and an organic phase
soluble (e.g. styrene) monomer at the interface has also
been studied by viscosimetry [18].

In recent years, the use of stabilizer blends which com-
bine the advantages of macroemulsions (low emulsifier con-
centrations) and microemulsions (small particle size and
long shelf life), have been developed [19]. These emulsifier
systems consist of block copolymeric stabilizers of the
ABA-type, often in combination with fatty acid esters and
ethoxylated fatty acid esters [20,21]. The behaviour of these
‘hybrid’ inverse-emulsions/inverse-microemulsions is par-
ticularly interesting when acrylamide is copolymerized with
quaternary ammonium monomers. Indeed, the final latex
particle size was shown to be a function of the initial
comonomer composition [22].

The aim of the present study was to investigate the
stability and the latex properties of an inverse-emulsion as
a function of reaction coordinate during the homopolymer-
ization of acrylamide. The composition and concentration
of the surfactant blends prepared at various ratios of
polyoxyethylene sorbitan trioleate, sorbitan sesquioleate
and a triblock copolymeric surfactant was of primary
interest.

Table 1
Experimental conditions

Runa Block co-polymeric surfactant
content (%)

Blend composition Total surfactant employed (g)

Sorbitan sesquioleate/
polyoxyethene sorb. trioleateb (g)

ABA block copolymerc [g]

1-1 0.00 4.5011 0 4.5011
1-2 12.5 3.9367 0.5631 4.4998
1-3 37.5 2.8128 1.6881 4.5009
1-4d 50.0 2.2508 2.2497 4.5005
1-5 62.5 1.6863 2.8134 4.4997
1-6 75.0 1.1255 3.3749 4.5004
1-7 87.5 0.5622 3.9378 4.5000
1-8 100 0.0000 4.4991 4.4991
2-1 12.5 3.5004 0.5001 4.0005
2-2 25.0 3.0010 0.9987 3.9997
2-3 37.5 2.4994 1.4997 3.9991
2-4d 50.0 2.0001 2.0000 4.0001
2-5 62.5 1.5010 2.5002 4.0012
2-6 75.0 1.0001 3.0054 4.0055
2-7 87.5 0.5014 3.4995 4.0009
2-7 100 0.0000 3.9989 3.9989
3-1 12.5 3.0618 0.4367 3.4985
3-2 25.0 2.6248 0.8741 3.4989
3-3 37.7 2.1806 1.3201 3.5007
3-4 50.0 1.7512 1.7501 3.5013
3-5 62.5 1.3119 2.1874 3.4993
3-6 74.9 0.8759 2.6194 3.4953
3-7 87.5 0.4378 3.0627 3.5005
3-8 100 0.0000 3.5001 3.5001

a Initiator: 2,29-azobis(4-methoxy-2,4-dimethylvaleronitrile),T ¼ 45 6 28C (see Section 2).
b A blend of 31.0 wt% polyoxyethylene sorbitan trioleate (Tween 85, ICI-Americas, Willmngton, DE) and 69.0 wt% sorbitan sesquioleate (Arlacel 83, ICI

Americas) was used to obtain an HLB of 6.0.
c A triblock copolymeric stabilizer composed of poly(12-hydroxystearic acid) and polyethylene oxide (Hypermer HB-239, ICI-Americas).
d Experiments repeated for SANS measurements with benzoin isobuthyl ether as initiator.
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2. Experimental

2.1. Surface active agents

An ABA comb-like triblock copolymeric stabilizer con-
sisting of poly(12-hydroxystearic acid) as a hydrophobic
moiety and polyethylene oxide as the hydrophilic head
was obtained from ICI Americas (HB 239, Wilmington,
DE). Polyoxyethylene sorbitan trioleate (Tween 85) and
sorbitan sesquioleate (Arlacel 83) were also obtained from
ICI Americas in peroxide-free forms. Stabilizer blends with
a constant HLB value of approximately 6.0 were obtained.
The precise HLB of the blend is indeterminate since the
block copolymeric stabilizers have only a quoted HLB
range [23].

2.2. Polymer synthesis

The polymerizations of monomeric acrylamide crystals
(Cytec, Charlotte, NC) were performed in a double-jacketed
100 ml glass reactor. Type I reagent grade water with a
resistivity .18 MQ cm obtained through a series of
deionization cartridges (Continental Water Systems,
Nashville, TN) was employed. The organic phase was a
narrow cut of isoparaffinic mixture (Isopar M, Exxon; sup-
plied by ChemCentral, Nashville, TN). The water to organic
phase ratio was 1:1 by weight. The monomer concentration
was 50 wt% of aqueous phase for all experiments and the
emulsifier blends were dissolved in the organic phase at
concentrations varying from 3.5 to 4.5 wt% of the total
reaction mass, with experimental conditions listed in
Table 1. The two phases (oil/surfactants and water/
acrylamide) were mixed in the reactor and continually
purged with purified 99.99% nitrogen (AL Compressed
Gas, Nashville, TN) to remove any residual oxygen,
which could inhibit the radical polymerization. One
milliliter of the chemical initiator 2,29-azobis(4-methoxy-
2,4-dimethylvaleronitrile) (V-70, Wako Chemicals USA,
Richmond, VA) dissolved in acetone at 7 g/l was added to
the reactor. After the initiation temperature of 308C, the
reaction temperature was permitted to increase adiabatically
to a value of 456 28C and was maintained at this level until
the end of the polymerization. The reaction time was 1.5 h
for each run. The conversion was measured by h.p.l.c.
following the method described in Ref. [24].

2.3. Experimental design

In order to permit the investigation of the effect of the
surfactant blend composition on the latex stabilities, the
temperature, HLB, monomer concentration and aqueous to
organic phase ratio were maintained constant throughout all
experiments (Table 1). In earlier studies [20,21], stable final
latices were obtained with surfactant levels as low as 4 wt%.
The polymerizations were therefore carried out at surfactant
levels of 3.5, 4.0 and 4.5 wt% of the total reaction mass and

the block copolymeric stabilizer composition was varied
from no block copolymer to 100 wt% (only block
copolymer) in the stabilizer blend at a constant HLB value
of 6.0.

2.4. Stability and turbidity measurements

The stability of the final emulsion was estimated using an
accelerated settling test. The volume percentage of oil
separation, with regards to initial oil volume, following
centrifugation at 3000 rpm for 14 h (Marathon 21K centri-
fuge, Fisher Scientific, Norcross, GA) was taken as the
metric.

The turbidity of the polymerized samples was measured
at 640 nm with a spectrophotometer (Spectronic 20,
Spectronic Instruments, Rochester, NY). The results were
expressed as the percent transmittance relative to filtered
Isopar M.

2.5. Quasi-elastic light scattering

Particle diameters were estimated by quasi-elastic light
scattering at 514 nm and an angle of 908. Data were
acquired for a period of 20 s. using a Brookhaven BI9000
correlator (Brookhaven Instruments, Holtsville, NY). Each
inverse-emulsion sample was diluted in Isopar K (0.02 g/
20 ml, Exxon, supplied by ChemCentral, Nashville, TN),
agitated for period of 2 s, and immediately placed in the
goniometer for measurement. For polydisperse systems,
such as those investigated here, quasi-elastic light scattering
provides an estimate of the volume-averaged diffusion
coefficient (Dn), and the corresponding volume-averaged
hydrodynamic radius via the Stokes–Einstein relation.

The intensity autocorrelation functionsG(t) of polymer-
ized inverse-emulsions were obtained at two surfactant
levels (4.0 and 4.5 wt%) and for various block-copolymeric
stabilizer contents. The electric field autocorrelation func-
tion g(t) is related to the intensity autocorrelation function,
normalized by the experimental baseline〈n〉2, by the Siegert
relation:

G(t)
〈n〉2 ¼ 1þ b· g(t)

�� ��2 (1)

where b is a constant (coherence factor) considered as
adjustable parameter in the fitting procedure. Since we are
dealing with polydisperse scattering systems, a Laplace
transformation relates the field autocorrelation function
with the continuous distribution of decay ratesw(G):

G(t) ¼

∫
w(G)·exp ¹ G·tð Þ dG (2)

To determine the average diffusion coefficient from the
linear relationship〈G〉 ¼ Dq2, the integral has to be inverted.
This is done by minimum least-square fitting using the
CONTIN program which employs the constrained regular-
ization method to solve the ill-posed problem and restrict
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the solution to the simplest possible one (parsimony) [25].
In the high dilution limit, the mutual diffusion coefficient
obtained by QELS can be identified to the translational
diffusion coefficient which is related to the hydrodynamic
radius of the particles with the Stokes–Einstein relation:

rH ¼
kBT

6phD
(3)

wherekB is Boltzmann’s constant,T the absolute tempera-
ture andh the solvent viscosity. More detailed discussions
about QELS may be found in Refs. [26,27].

To assure the validity of the high dilution assumption, the
samples were highly diluted prior to measurement
(,0.125% emulsion in pure organic phase). At these low
concentrations, however, the emulsions are quite unstable
and the acquisition time had to be minimal (,20 s) to pre-
vent coalescence. The method was introduced by Hernan-
dez-Barrajas and provided accurate results in similar
surfactant systems [19]. To increase the precision, each
value was obtained from an average of 10 identical
measurements with differences between diameters deter-
mined using the calculated and measured baseline of less
than 1%.

2.6. Small-angle neutron-scattering measurements

Small-angle neutron-scattering measurements were per-
formed on the High Flux Isotope Reactor (HFIR) of the Oak
Ridge National Laboratory (Oak Ridge, TN) at a neutron
wavelength of 4.75 A˚ . The samples for the SANS analyses
were prepared prior to measurements in the 100 ml stirred
glass reactor. The reactions were initiated by u.v.-radiation
using a long wave u.v.-lamp (Black-Ray, Model B100 AP,
Upland, CA) and benzoin isobutyl ether (90%, Aldrich,
Milwaukee, WI). The peak temperature of the reaction, 45
6 28C, was controlled by modulating the lamp intensity. In
order to enhance the scattering length density of the aqueous
reaction medium, deuterium oxide (99.5%, Aldrich) was
used in place of water. The distance between the detector
and the sample was fixed at 3.2 m, leading to highQ range
measurements (0.008, 0.15 Å¹1). The SANS studies were
limited to reaction systems using 4.5 and 4.0 wt% of
emulsifier blends containing 50 wt% of block copolymeric
surfactant. In addition to the monomeric and polymerized
emulsions, two other samples were analysed at intermediate
conversions to observe a possible change in particle
diameter and shape during reaction. These samples were
kept on ice until the measurements were performed.

2.7. Small-angle neutron-scattering modeling

The scattering density of the core was taken as the sum of
the individual contributions of acrylamide and D2O multi-
plied by their molar ratios relative to D2O. The scattering of
the shell was calculated as the sum of the individual con-
tributions of each of the hydrophilic parts of the surfactants

multiplied by their molar ratios relative to D2O. The
solvation of the core in the shell, i.e. the water (D2O) present
in the shell, was accounted for by assuming a water to
emulsifier ratio of 10:1 in the surfactant layer. This
value has shown to be a good estimate in preliminary
experiments and previous studies [19]. The scattering
density of the solvent was approximated as the scattering
density of decane. The distribution of the scattering
length density assumed in this study is illustrated in
Fig. 1.

To separate the interparticle from the intraparticle con-
tributions to the scattering density, the decoupling approxi-
mation is employed, i.e. it is assumed that there is no
correlation between the position and the orientation of the
latices [28–30]. This leads to a simple equation relating the
scattered intensityI(Q) to the form factor〈P(Q)2〉 which
provides information regarding the shape, size and internal
structure of the particle. The structure functionS(Q),
arising from interparticle scattering, and the term
D(Q)1, carrying information about deviations from spheri-
city and/or monodispersity, are also included in this basic
equation [28]:

I (Q) ¼ N·D(Q) þ N·〈lP(Q)l〉2·S(Q) þ B (4)

where B is an additional background term, andN the
particle number density. To obtain information from the
I(Q) versus Qdata determined during SANS experiments,
a particle shape is assumed leading to a determined par-
ticle form factor. For the case of strictly monodisperse
spherical particles,D(Q) ¼ 0 and the particle form factor

Fig. 1. Schematic representation of the scattering length density profile
across the particle diameter. The values were calculated as outlined in the
experimental section of this paper.rcore ¼ 6.57033 10¹10 cm¹2, rshell ¼

2.95123 10¹10 cm¹2, rorganic phase¼ ¹ 4.99973 10¹11 cm¹2.

1 D(Q) is a root-mean-square term and is defined by:D(Q) ¼ 〈P(Q)2〉 ¹
〈P(Q)〉2.
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becomes:

P(Q, R) ¼ 4p·

 
R3

1 rc ¹ rs

ÿ � sin Q·Rc

ÿ �
¹ Q·Rc·cos Q·Rc

ÿ �ÿ �
Q·Rc

ÿ �3

þ R3
2 rs ¹ ro

ÿ � sin Q·Rs

ÿ �
¹ Q·Rs·cos Q·Rs

ÿ �ÿ �
Q·Rs

ÿ �3

!
ð5Þ

whereR is the radius andr the scattering length density with
the indices c, s and o for the core, shell and organic phase,
respectively. The structure functionS(Q) is calculated
assuming hard-spheres in the limiting case of vanishingly
small external potential with the program by Hayter and
Penfold [31]. In the case of ellipsoid particles, the
decoupling approximation is only valid for diluted systems
and the structure function was computed as before, assum-
ing spherical particles of equivalent volume (mean spherical
approximation). The form factor must account for all orien-
tations of the micelles with respect to the neutron beam and
is described in Ref. [32]. For the polydisperse spherical
system, an exact analytical description avoiding the use of
the decoupling approximation (Eq. (4)) has been derived
assuming aG-distribution (Schulz distribution) [33,34].
However, in this study the mean spherical approximation
has also been employed for this case since it described the
data sufficiently well. The deviation from monodispersity
(D(Q) in Eq. (4)) was calculated assuming a Schulz distri-
bution, which is characterized by a breadth parameter
zp ¼ 1¹ j=R̄

ÿ �2
� �

= j=R̄
ÿ �2, wherej is the variance of the

distribution. The particle form factor for each particle size
is described by Eq. (5) [32] andD(Q) is calculated using:

lP(Q)l2
D E

¼

∫
lP(Q,R)l2f (R) dR (6)

lP(Q)l

 �2

¼

∫
P(Q,R)f (R) dR

���� ����2
wheref(R) is the Shulz distribution [34]. The structure func-
tion was again approximated by theS(Q) of hard spheres of
equivalent volume using the program of Hayter and Penfold
[31].

3. Results

The dependence of the stability of polymerized inverse-
emulsions on surfactant blend composition for total stabili-
zer concentrations of 3.5, 4.0 and 4.5 wt% is shown in Fig. 2.
As expected, the stability of the inverse-emulsion increases
with an increase in total emulsifier concentration. The opti-
mal stability of the latices was observed for blends contain-
ing approximately 50 wt% block copolymeric stabilizer and
was independent of the total surfactant concentration, over
the tested range. This result is important since it provides a

means of preparing stable inverse-emulsions of polyacryla-
mide with low total surfactant concentrations and avoids the
use of high amounts of tri-block copolymeric stabilizers.
Furthermore, the optimum is very flat, between 30 and
70% block-copolymer composition, permitting for an even
lower block copolymeric stabilizer content with only
limited loss in product quality. The remarkably long shelf
life is reflected by the fact that some of the emulsions are
still stable after more than 18 months without agitation as is
seen on the photo in Fig. 3a. Traditional inverse-emulsions
prepared from low-molecular weight diblock stabilizers
show extensive phase separation after 2 months (Fig. 3b).

During the polymerization process, the turbidity was
observed to change with conversion. Indeed, the initially
turbid monomer emulsions became transparent following
polymerization, as illustrated by the high transmittance of
some polymerized samples (Fig. 4). Fig. 4 also shows the
changes in turbidity and stability. The two curves (transmit-
tance and reciprocal phase separation) show similar trends
and are virtually parallel for the 4.5 wt% surfactant system,
suggesting that a correlation between these two properties
exists.

3.1. Particle size

The results of the QELS measurements are shown for 4.0
and 4.5 wt% surfactants in Fig. 5. The points are average
values calculated from 10 repeated measurements6 2
standard deviations. Clearly the minimal particle diameter
is achieved at an ABA–block copolymer composition
which corresponds to the most stable emulsion (50 wt%),
as can be observed from a comparison with Fig. 2. The
smallest particle size was 101 nm, close to the threshold

Fig. 2. Phase separation expressed as percentage of separated organic phase
relative to the total organic phase volume as a function of the ABA-type
triblock copolymeric stabilizer composition in the surfactant blends. The
other stabilizers employed were polyoxyethylene sorbitan trioleate and
sorbitan sesquioleate. The HLB of the surfactant blend was 6.0.
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traditionally associated with inverse-microemulsions
(100 nm). Therefore, while these water-in-oil systems
have not evolved from thermodynamically stable inverse
micelles, the final latices are able to mimic the properties
of polymerized inverse-microemulsions.

3.2. SANS measurements

To obtain additional information regarding the evolution
of particle size during the polymerization process, SANS
measurements were performed on the initial monomer emul-
sions and on the final polymerized samples, as well as at two
intermediate conversions. The intensityI(Q) of the scattered
neutron beam was measured as a function of the momentum
transferQ, and the spectra for the 4.5 wt% surfactant inverse-
emulsion are shown in Fig. 6. The scattering intensities were
measured after 8, 24 and 98 min2. This corresponds to
approximately 20, 75 and 99% conversion.

The data (Fig. 6) show that the scattering pattern
changes with conversion. This may be due to a change
in particle shape, although a variation in the size of the
inverse micelles due to conversion is more likely. At the
high scattering angles at which the measurements were
performed, no definite conclusion about the particle
shape can be obtained. However, there does not appear
to be any evidence of structural differences between the
system observed at low and high conversions, indicating
that the inverse-emulsion doesnot proceed through a
bicontinuous inverse-microemulsion at intermediate
stages during polymerization, as is the case for certain
inverse-microemulsions studied by Candau et al. [35].
This is substantiated by the phase diagram in Fig. 7.
This was obtained by adding acrylamide/water droplets
to the organic phase containing the surfactants until
the clear solutions turned turbid under strong
agitation. Fig. 7 illustrates that the system under
investigation is far from the inverse-microemulsion
phase boundary irregardless of the surfactant blend
ratio.

Fig. 3. Photos (a,b) showing the phase separation of polymerized inverse-emulsions after a period of 18 months for stabilizer blends with (a) and without (b)
block copolymeric emulsifier. The block copolymeric stabilizer consisted of poly(12-hydroxystearic acid) and polyethylene oxide. The other surfactants
employed were polyoxyethylene sorbitan trioleate and sorbitan sesquioleate. The HLB was set at a value of 6.0 and the total surfactant concentrationwas
4.5 wt%.

2 The turbidity abruptly fell after approximately 7 min, resulting in a very
clear, transparent emulsion 2–3 min later.
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3.3. SANS modeling

The particle size and shape were obtained through math-
ematical fitting of various particle characteristics to the
measured intensity spectra. In this study, a polydisperse
spherical coreþ shell model was found to describe the
particles the most accurately, withx-values between 9 and
16, as shown in Table 2. In contrast, the best least-squares
fits to the data using an ellipsoidal monodisperse particle

model were unstable and the convergence was strongly
dependent on starting values. In addition,x values3 between
28 and 39 were calculated and the model was therefore not
accepted. A monodisperse solid sphere model was also

Fig. 4. Transmittance and reciprocal phase separation as a function of the
percentage of ABA-type block copolymeric surfactant in the blend for a
total emulsifier concentration of 4.5 wt%. The reciprocal oil separation is
defined as 100/(phase separation in %). The transmittance was measured
relative to pure filtered organic phase. The other stabilizers used were
polyoxyethylene sorbitan trioleate and sorbitan sesquioleate while the
HLB of the surfactant blend was 6.0.

Fig. 5. Particle diameter (in nm) measured by QELS versus the percentage
of ABA block copolymeric surfactant in the blend. The other stabilizers
used were polyoxyethylene sorbitan trioleate and sorbitan sesquioleate
while the HLB of the surfactant blend was 6.0. Each point represents the
average of 10 identical measurements leading to the plotted error bars.

Fig. 6. SANS intensity spectra of polymerized inverse-emulsions prepared
at a total surfactant concentration of 4.5 wt%. The emulsifier blend consisted
of 50% ABA-type block copolymeric surfactant with 15.7 wt% polyoxyethy-
lene sorbitan trioleate and 34.5 wt% sorbitan sesquioleate. Additional experi-
mental conditions are described in the text. The intensityI(Q) is plotted
against the momentum transfer at various reaction coordinates: (l) t ¼ 0;
(S) t ¼ 8 min; (K) t ¼ 24 min; (A) t ¼ 90 min (end of reaction).

Fig. 7. Phase diagram for the acrylamide (50 wt%)/water:Isopar M:surfac-
tant system. The surfactants were blends of sorbitan sesquioleate, polyoxy-
ethylene sorbitan trioleate and poly(12-hydroxystearic acid)/polyethylene
ABA block copolymer at HLB values of 6.0. The curves indicate the
microemulsion/macroemulsion phase boundaries for surfactant blends con-
taining 100 wt% (X), 50 wt% (B) and 0.0 wt% (W) block copolymeric
stabilizer. The shaded regions indicate the microemulsion domains for
each stabilizer blend. Clearly, the initial system (A) is located far from
the boundaries, in the macroemulsion domain.

3 x2 is a measure for the acuracy of the fit (smaller values indicate better
fits) and is defined as (sum of squares of weighted residuals)/(number of
points minus number of parameters plus 1).
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rejected (x . 54) since it did not describe the data in the
testedQ range (0.008, 0.15 Å¹1) and predicted an oscil-
lating pattern.

A comparison of the diameters measured by SANS and
by QELS is presented in Table 2. Although the results
obtained by QELS are smaller than the outer SANS radii,
the particle sizes are similar (r i , r H , r o). In fact, four
different radii were determined: the hydrodynamic radius by
QELS, the inner and outer radius (core and shell model) by
SANS, and the radius of gyrationr g which was calculated
for a hollow sphere from the SANS results. The latter is also
shown in Table 2 and was computed using the following
equation [36]:

rg ¼

�������������������
2
5
·
r5
o ¹ r5

i

r3
o ¹ r3

i

s
(7)

As has been described, QELS provides volume-averaged
radii, whereas SANS is based on number-averages. There-
fore, a direct comparison between the results is not straight-
forward. However, the hydrodynamic radius (QELS) and
the radius of gyration (SANS) of the final latices are within
20% of each other which, considering they estimate differ-
ent molecular dimensions, is quite reasonable.

The thickness of the shell, approximately 310–350 A˚ ,
is reasonable compared to the shell thickness obtained in
earlier studies by Herna´ndez-Barajas [19], where only
short-tailed polyoxyethylene sorbitan hexaoleate and sorbi-
tan sesquioleate surfactants were employed.

4. Discussion

Fig. 8 shows the graphic results of the regression for a
polydisperse spherical coreþ shell model to the SANS data
for the 4.0 wt% surfactant monomer and polymer inverse-
emulsions. The computed curves fit the experimental data
well, as expressed by thex values in Table 2, although some
deviation in the intermediate to highQ range can be seen on

the graphic. This is likely due to the approximations
outlined in Section 2, and to the assumption of a sharp
boundary layer model, i.e. the interpenetration of organic
and water phase within the hydrophobic and hydrophilic
parts of the surfactant, respectively, was not taken into
account. Recently a new model including the diffuseness
of the amphiphilic film has been derived and shown to
provide better prediction of experimental data at highQ
values [37]. However, the numerical values for the
polydispersity and radii were not found to be significantly
different. The accuracy of the sharp boundary model was
therefore estimated to be sufficient for the current
investigation.

Fig. 8. SANS modeling showing the measured data and the computed
curves using a polydisperse spherical coreþ shell model with a Schulz
(g) distribution. The total surfactant concentration was 4.0 wt% and the
emulsifier blend contained 50 wt% ABA-type block copolymeric surfac-
tant, 15.7 wt% polyoxyethylene sorbitan trioleate and 34.3 wt% sorbitan
sesquioleate. Additional experimental conditions are described in the text.
(A) Polymer emulsion; (W) monomer emulsion; (——) polydisperse
spherical model.

Table 2
Results of the SANS and QELS measurements

Total surfactant
(wt%)

Reaction time
(min)

QELS SANS

r H (nm) r g (nm) r i (nm) r o (nm) zp (–) x (–)

4.0 0 — 58.56 0.8 53.1 84.4 29.4 9.3
4.0 12 — 50.36 3.1 40.6 74.7 21.1 13.6
4.0 33 — 46.76 2.4 30.7 71.4 25.9 14.5
4.0 90 56 6 1.1 46.46 2.3 35.0 69.6 28.5 14.9
4.5 0 — 57.26 1.5 52.0 82.5 22.4 16.1
4.5 8 — 48.06 2.8 37.6 71.7 25.5 15.3
4.5 24 — 46.16 2.3 34.7 69.2 28.8 15.5
4.5 90 51 6 1.0 45.36 1.9 33.6 68.3 31.2 15.9

The background parameterB (Eq. (4)) was set to 1.1 and the scattering density of the solvent was approximated as the scattering density of decane. The
radius of gyration was calculated using Eq. (7). The error bars on the SANS measurements are given by the fitting error (difference between measured data and
values claculated according to the model).

r H, hydrodynamic radius;r g, radius of gyration;r i, inner radius (core);r o, outer radius (coreþ shell); zp, polydispersity according to a Schulz (G)
distribution.
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The results shown in Table 2 are surprising in one regard
as they indicate a lowering of the particle diameter by
approximately 18% as a function of conversion. The
decrease in droplet diameter essentially occurs at low
conversions, below approximately 25%. Furthermore, the
polydispersity, as estimated by the parameterzp, doesnot
increase significantly with polymerization which implies
that a droplet break-up during the polymerization process
is unlikely. A zp value below 15 is characteristic for poly-
disperse systems, whereas systems with polydispersity
greater 15–20 are essentially monodisperse (Triolo R,
personal communication, July 15, 1997). The computed
polydispersities indicate a relatively narrow particle size
distribution, though not a strictly monodisperse system.
This therefore excludes the presence of small colloids
such as inverse-micelles during the polymerization. The
unexpected trend in particle size with conversion could be
explained by three phenomena:

(1) the higher density of the polymer as compared to the
acrylamide monomer (1.122 g/cm3 for acrylamide and
1.302 g/cm3 for polyacrylamide [38]);

(2) a change in the average size of the extended interfacial
sheath due to an emulsifier rearrangement to compensate for
the surface active acrylamide which is consumed and
displaced during the reaction;

(3) a shift of the inverse-microemulsion domain to engulf
the initial system due to the local heat production at low
conversions in the droplets [39].

The authors of this paper favour the first two explanations
for the following reasons. The higher density of the polymer
is equivalent to a lower specific volume and may partly
explain the shrinking of the droplets. This effect accounts
for a continuous decrease in particle diameter with conver-
sion and cannot, therefore, explain the very steep decrease
observed at low conversions. However, to compensate for
the consumption of surface-active acrylamide during the
reaction, sorbitan sesquioleate transfers from the bulk to
the interface. The absence of the interfacial monomer low-
ers the optimal HLB required for stabilization [40], hence
the ratio of sorbitan sesquioleate to polyoxyethylene
trioleate at the boundary changes in favour of the fatty
acid ester. This results in a denser interfacial sheath due to
the smaller size of the sorbitan sesquioleate, and therefore in
smaller droplet diameters. This rearrangement of the
interfacial sheath also explains that no stable emulsion
could be obtained when using high blockcopolymeric
stabilizer levels since the interface is, then, not flexible
enough. The interfacial acrylamide is consumed at low reac-
tion times since an oil-soluble initiator was used. This leads
to the steep decrease in particle size at low conversions.
Therefore, the transparency of the polymerized latices is
not caused by an artifact due to a change in the refractive
index with conversion, but, indeed, to a decrease in droplet
diameter.

The phase diagram for the heterophase water-in-oil
systems used in this study is shown in Fig. 7 for stabilizer

systems containing 100 and 50 wt% blockcopolymeric
stabilizer as well as sorbitan sesquioleate/polyoxyethylene
sorbitan trioleate at an HLB of 6.0 in isolation. Clearly,
while the block-copolymeric surfactant provides an
improved stability, the initial systems investigated are far
from the inverse-microemulsion/inverse-macroemulsion
phase boundary. A shift of this boundary so as to engulf
the initial point, as was observed in earlier studies during
non-isothermal polymerizations in hybrid inverse-emulsion/
inverse-microemulsion [39], is therefore improbable. The
phase diagram illustrates that the syntheses described herein
occur in the inverse-emulsion domain [12]; hybrid inverse-
emulsion/inverse-microemulsion conditions would require
the initial system to be located close to the phase boundary
[39].

5. Conclusions

Stable, non-settling transparent polyacrylamide inverse-
emulsions can be obtained by using a blend of ABA-type
block copolymeric stabilizer and traditional fatty acid ester
and ethoxylated fatty acid ester-based surfactants. A
decrease in particle size to droplet diameters generally
associated to inverse-microemulsions is observed to occur
during the polymerization. Some macroscopic properties of
the inverse latices obtained show typical inverse-
microemulsion behaviour such as transparency and changes
in viscosity during polymerization [40]. This implies that
the emulsifier blend has the role of permitting an inverse-
emulsion to mimic the properties of a thermodynamically
stable inverse-microemulsion without the excess surfactant.
The decrease in droplet diameter with conversion has been
attributed to a surfactant rearrangement in the interfacial
sheath due to the consumption of surface active acrylamide.
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