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ABSTRACT: The copolymerization and structural properties of the ternary o/w-microemulsions formed
from water, styrene and (11-(acryloyloxy)undecyl)trimethylammonium bromide or (2-(methacryloyloxy)-
ethyl)dodecyldimethylammonium bromide as cationic polymerizable surfactants are investigated. The
two surfactants contain the polymerizable group either at the hydrophobic tail (T-type) or at the hydrophilic
head group (H-type) and form micellar structures in aqueous solution. Upon addition of styrene,
transparent, globular o/w-microemulsions are formed without any addition of a cosurfactant. The
microemulsions can be polymerized upon y-irradiation at room temperature. Copolymers with completely
different morphology are obtained. With styrene and the T-type surfactant, very small nanolatex particles
are formed similar to microemulsion polymerization of styrene and nonpolymerizable surfactants. In
contrast, copolymerization of styrene and the H-type surfactant monomer results in transparent nanogels
with high water content. The structure of the micelles and o/w-microemulsions before and after
polymerization was studied using small-angle neutron scattering (SANS), while the copolymer structure
was analyzed using NMR and IR spectroscopy. SANS experiments show that in the water/H-type
surfactant/styrene system the overall structure of the parent microemulsion is largely preserved whereas
in the T-type system distinct changes are observed. Structure models are presented which take into
account the different properties of the resulting polymer materials at both a macroscopic and a microscopic

length scale.

Introduction

Self-organized surfactant systems like micelles or
microemulsions are useful as reaction media for con-
trolled formation of colloid materials, as, for example,
organic and inorganic nanoparticles. During the past
few years, tremendous advances has been reported on
polymer synthesis in microemulsion.=3 The goal of
polymerization in microemulsion is to control the struc-
tural properties of the resulting polymers on a meso-
scopic scale. Polymerization of the oil component in
globular o/w-microemulsion leads to ultrasmall latex
particles with narrow particle size distribution.*=® Since
it has been shown that the use of cosurfactants such as
long chain alcohols may cause chain transfer during
polymerization,” the long-known systems with four or
more components®~10 have been sucessfully replaced by
three-component systems consisting merely of surfac-
tant, oil, and water.'>715 A typical example is the
polymerization of styrene in water using the cationic
single tail surfactant dodecyltrimethylammonium bro-
mide (DTAB). Also, styrene polymerization in nonaque-
ous mixtures has been reported.’® The surface proper-
ties of the polystyrene latex particles can be controlled
via copolymerization of hydrophilic comonomers such
as acrylic acid, which simultaneously act as cosurfac-
tants in the parent microemulsion.17=20 The formation
of particles with a core—shell morphology was observed,
but most of the systems are fragile and a destabilization
of the original structure during the polymerization
process is often observed. Also, the addition of a
comonomer increases the degree of freedom of the
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system, which complicates the phase behavior consider-
ably.

The polymerization of bicontinous microemulsions has
also been widely studied.??~2> In most cases, the parent
microemulsion structure was not completely main-
tained. The polymerization resulted in porous materials
with a size range of 0.2—3 um. In some studies, primary
particles of spherical shape occurred, which later ag-
gregated to macroscopically porous gel structures. A
rheological study by Antonietti and Hentze?® indicated
that during polymerization in a bicontinous microemul-
sion several phase transitions may occur. It was shown
that the initial polymer destabilizes the bicontinous
phase so that the morphology of the resulting polymer
does not necessarily reflect the original structure.
Nevertheless, Chieng et al. reported on the control of
such structures via a change of the surfactant chain
length?” and on the use of the resulting materials as
membranes.?8

Recently polymerizable surfactants were used in
microemulsion polymerization. Polymerization has been
studied in bicontinous systems??—31 as well as w/0%? and
o/w-microemulsions.®® Polymerizable surfactants have
the advantage over nonpolymerizable surfactants that
the templating effect of the amphiphilic interface may
be better preserved during polymerization. Upon co-
polymerization of the polymerizable surfactant (11-
(acryloyloxy)undecyl)trimethylammonium bromide (AU-
TMAB) and styrene in ternary globular o/w-systems,
very small functionalized nanolatex particles were
formed, which could successfully be redispersed in polar
media. This suggested a core—shell structure of the
particles, in which the surfactant forms the hydrophilic
particle shell. However, the size of the particles was
considerably greater than the typical droplet size of
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microemulsions, indicating that simple fixation of the
original structure was not possible.33

In the present paper, we want to elucidate in more
detail how the molecular structure of polymerizable
cationic surfactants determines the morphology of the
resulting copolymer in microemulsion copolymerization.
Therefore, two polymerizable surfactants bearing func-
tional groups in different positions have been used to
prepare o/w-microemulsion with styrene. AUTMAB is
a so-called T-type surfactant which has its polymeriz-
able moiety at the hydrophobic alkyl tail end, and (2-
(methacryloyloxy)ethyl)dodecyldimethylammonium bro-
mide (MEDDAB) is an H-type surfactant and contains
the polymerizable moiety near to the hydrophilic head
group. The two molecular structures are shown as
follows:

CHy g
o) rr*—CHg AUTMAB
/\[( L
o)
CH,
O MEDDAB
Brt |
o] CHa

In order to investigate the microstructure of micelles
and microemulsions containing water, styrene, and one
of the two polymerizable surfactants, small-angle neu-
tron scattering (SANS) experiments were carried out
before and after polymerization. Polymerization was
initiated using ®°Co y-radiation which is advantageous
for microemulsions, because no additional initiator
component is needed and the polymerization can be
carried out at room temperature. The resulting copoly-
mers were examined by spectroscopic methods. Finally,
the results will be discussed in relation to the phase and
polymerization behavior of the two different types of
surfactant monomers used, which is already known to
determine the properties of surfactant homopolymers.

Experimental Section

Materials. Styrene (Aldrich) was freshly distilled before
use in order to remove the inhibitor and oligomeric impurities.
Hydroguinone (Merck) was used as received. Milli-QpLys water
was used for all experiments. Deuterium oxide (Fluka,
>99.8%) was used when samples for the scattering experi-
ments were prepared. The polymerizable surfactants were
prepared according to the literature.®43%® The properties of
AUTMAB have been described previously.3?

For purification MEDDAB was recrystallized three times
from acetone containing a small amount of dry ethanol. A
white crystalline solid with a melting point of 83 °C (DSC)
was found in accordance with the literature. 'H-NMR: (CDCls,
300 MHz, 6 in ppm) 6.09d (trans CH,=C, 1H), 5.62d (cis
CH,=C, 1H), 4.62t (COOCH,, 2H), 4.13m (a-CH,—N, 2H),
3.58t (N—o-CHj, 2H), 3.47s (N(CHs),, 6H), 1.71m (N—f-Ho,
2H), 1.14—-1.4m (—(CH)e—, 18H), 0.83t (—CHs, 3H). Surface
tension measurements were carried out in aqueous solution
using the Wilhelmy plate method (Kruss Digital-Tensiometer
K 10) at a temperature of (25 + 0.1) °C. Cmc values of 1.74 x
1072 and 4.0 x 10~® mol/L were found for AUTMAB and
MEDDAB, respectively.

Methods. The single phase regions of the microemulsions
at 25 and 60 °C were determined visually from their transpar-
ency. The composition was changed by titrating styrene into
water-surfactant mixtures in screw-capped glass tubes. Each
sample was thoroughly homogenized using a Vortex mixer and
thermostated in a water bath. In order to determine the phase
diagram at 60 °C styrene was used, to which a few parts per
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million of hydroquinone had been added in order to prevent a
thermal polymerization.

Polymerization in microemulsion was performed in closed
glass vessels at 23 °C. The transparent samples were treated
with ultrasonic irradiation shortly before use in order to
remove small gas bubbles. No attempts were made to remove
dissolved oxygen, because a purging of the samples with an
inert gas would have been accompanied by a partial evapora-
tion of the styrene from the microemulsion. ®Co-y-radiation
was used for the polymerization. The dose rate was 56.5
krad/h or 565 Gy/h (1 rad = 10° J/g = 0.01 J/kg = 0.01 Gy).
The overall monomer coversion was determined gravimetri-
cally after leaching out the resulting polymer material in both
toluene and water.

Particle size and size distribution were determined with a
Nicomp C 370 particle sizer. For the measurement, y-irradi-
ated samples were quenched with hydroquinone, diluted and
kept at constant temperature of (25 £+ 0.1) °C. The measured
correlation functions were fitted with a Gaussian distribution
function for the relaxation times. The resulting diffusion
coefficients were converted into the corresponding hydrody-
namic particle diameters and a distribution width using the
Stokes equation, while for the solvent the viscosity of water
was used.

1H-NMR spectroscopy was carried out using a 300 MHz
Bruker AC 300 machine. FTIR spectra were taken using a
Perkin-Elmer Paragon 1000 spectrometer.

Small-Angle Neutron Scattering (SANS). SANS experi-
ments were performed at the KWSl—instrument in For-
schungszentrum Jalich GmbH (KFA) using the FRJ-2 research
DIDO-reactor (23 MW). The neutron wavelength A was 7 A
with AA/A = (0.21 + 0.02) and scattered intensities were
measured over a scattering vector range q from 0.006 to 0.16
A-1 using two or three different sample-to-detector distances
(2m,4m, 8 m); |q| = (4x/d) x sin(6/2), where 6 is the scattering
angle. The detection was two-dimensional in 64 x 64 channels
of 0.8 cm width.

The samples were put in quartz cells of 1 or 2 mm path
length tightly closed with Teflon stoppers. All measurements
were performed at a constant temperature of 23 °C. Scattering
from the samples was corrected for sensitivity and dark
current of the detector, solvent, and empty cell scattering and
normalized to sample thickness and transmission. The result-
ing intensities were radially averaged and placed on an
absolute scale using a secondary Lupolen-standard and soft-
ware provided by the neutron facility. The absolute cross
sections are shown as open points in Figures 2, 3,and 7. The
solid lines in these figures are calculated as described below.

SANS Analysis. SANS analysis was carried out in order
to determine size, shape, and polydispersity of the micelles
and microemulsions. For contrast enhancement, D,O was
used in the scattering experiments instead of H,O. Generally,
the observed differential scattering cross section, dZ(q)/dQ2 =
I(g), of a dispersion of N, monodisperse particles is given by3¢37

I(@) = An,P(a) S(q) + B @

where n, = Np/V is the number density of particles, P(q) is
the identical particle form factor for each particle depending
on the particle size and shape, S(q) is the interparticle
structure factor arising from interparticle scattering and
depending on interparticle separation and interaction poten-
tials, A is an instrumental constant and B is a background
constant that represents incoherent scattering.

Specifying the volume fraction of the dispersed phase ¢ and
the scattering length density difference of the samples, Ap =
(pp — ps), in which p, and ps are the scattering length densities
of the particle and of the solvent, respectively, eq 1 becomes

I(@) = A" ¢ (Ap)* P(q) S(q) + B )

If particles exhibit a nonspherical shape or a polydisperse
size distribution, a decoupling approximation® is appropriate
to correctly describe the scattering intensity in an effective
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one-component system. The resulting approximate expression
assumes that no correlation of particle orientation or size with
its position takes place. For the calculation of S(q), the
particles are redefined as spheres of equivalent volume;
polydispersity in the particle size was modeled by a Gaussian
size distribution. Eq 2 can thus be rewritten as

I(a) = A'p(Ap)°P(a)S'(a) + B @)

with
S'(@) =1+ B(a) [S(a) — 1] (4)
A(@) = IF(q)H/F(a)*0 (5)

F(q) is the amplitude factor for each particle depending on the
particle geometry. For our purpose, 5(q) was set to 1.0 as for
perfectly monodisperse particles as is done in the local mono-
disperse approximation by Pedersen et al.*® which works better
at higher concentrations. In view of the relatively small
polydispersity in the radii (see later) and the assumption of a
Gaussian distribution function this is expected not to influence
the data modeling severely.

In the case of ionic micelles and microemulsions, equally
charged particles with repulsive interactions are present. In
order to take these charges into account, structure factors are
calculated either using an effective hard sphere potential
(EHS) with a hard sphere radius rns, and a hard sphere volume
fraction ¢ns or a screened Coulomb (Yukawa) potential.*® In
our systems, the measured intensity was generally modeled
by the Yukawa potential:

V(n)/ik, T = 2% L, exp[— « (r — 2 r,)Vr(L + «rpg)?
forr > 2r, (6)

while V(r)/k, T is infinite for r < 2 rys.

In eq 6, Ly is the Bjerrum length Ly, = e%/(4meeok, T) and z
the number of charges per particle. In this case, the two
interaction parameters y and & were introduced in addition
to the hard sphere radius rys, in order to calculate the structure
factor S(q). y = z%2 Ly is a measure for interaction strength
and & = 1/k = (4 w L, N, )2 is the Debye length, a measure
for the characteristic length of the interaction. S(q) was then
calculated assuming a one-component macroion model (OCM)
using either the Percus-Yerwick (PY) closure relation for the
Ornstein—Zernike equation in the EHS-case*® or the mean
spherical approximation (MSA) in the case of Yukawa-
potential interactions.**

Since S(q) becomes 1 at infinite dilution, P(q) cannot be
independently determined. Several particle geometries*? were
tested for calculation of model spectra. The form factor of a
homogeneous sphere can be expressed using a first-order
spherical Bessel function

F (@, ) = 3 [sin(ar) — ar cos(@nl/ar’)* @)

The form factor for ellipsoids of revolution with semi axesr, r
and er has been derived to be

7T/2 2 .
P, 1, €) = j; F.° [d, Ry(r, €, o] sina da (8)
R,(r.e,a) = r(sin“o + ¢ cos’a)? (9)

For ¢ = 1 the sphere form factor is retrieved. Standard
nonlinear least-squares fitting was used to determine the best
parameter set for each sample. The incoherent background
scattering due to the presence of hydrogen atoms was consid-
ered in the fitting procedure. Model functions were convoluted
with a resolution function to correct for smearing due to finite
apertures and wavelength distribution. The known volume
fraction ¢ of the dispersed phase was used to specify the
micelle dimensions via r and ¢, from which the surfactant and
styrene aggregation numbers can be calculated using molec-
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Figure 1. Partial phase diagram of MEDDAB/styrene/water
at 25 and 60 °C. The one-phase region (1¢) is close to the water-
edge in the Gibbs's phase triangle. The lines represent the
compositions defining the boundary between one-phase and
two-phase regions.

ular volumes.*® In all calculations, nonaggregated surfactant
was subtracted and hydration of the head group ions3¢ was
taken into account. The concentration of the nonaggregated
surfactant was assumed to be equal to the cmc.

Results and Discussion

Phase Diagrams. In Figure 1, partial phase dia-
grams of the system water/MEDDAB/styrene at 25 and
60 °C are shown. It can be seen that the ternary
mixture forms a single phase microemulsion region near
to the water-edge of the diagram. Within the one phase
region, the samples are transparent and fluid. With
increasing surfactant and/or styrene concentration, the
viscosity remarkably increases and the samples become
viscous like hair shampoo. Upon an increase of the
temperature from 25 to 60 °C the single phase region
is extended. The behavior of the system is comparable
with water/DTAB/styrene mixtures.® Quite a different
behavior is found for water/AUTMAB/styrene. As al-
ready reported,3® it shows an inverse temperature
dependence of the phase behavior and has a viscosity
like water, which probably has its origin in the slightly
bipolar structure of AUTMAB originating from the
hydrophilic character of the polymerizable acrylate
moiety at the end of the alkyl chain. Due to the
bipolarity, AUTMAB also exhibits a distinctly higher
critical micelle concentration (1.7 x 1072 mol/L~1) than
MEDDAB (4.0 x 103 mol/L~1). Hence it can be inferred
that the aggregation behavior of MEDDAB with the
polymerizable moiety near to the ionic head group is
more similar to that of the common n-alkyltrimethyl-
ammonium halide surfactants than the behavior of
AUTMAB.

Structure Studies of Monomeric Systems. Struc-
ture studies of aqueous micellar solutions of the two
surfactants and ternary o/w-microemulsions were car-
ried out using small-angle neutron scattering (SANS).
In parts a and b of Figure 2, the scattering curves are
plotted for micellar solutions of MEDDAB and for
microemulsions of the water/MEDDAB/styrene system,
respectively. The SANS curves of the micellar solutions
(Figure 2a) show interaction peaks being characteristic
for dispersions of charged spheres. With increasing
surfactant concentration, the maximum shifts to higher



Macromolecules, Vol. 31, No. 2, 1998

20 T T T T T T T T T
MEDDAB %(w/w)
— i
>
‘B
§ J
n=
0 ﬂ ] 2 1 n 1 L 1 L 1 1 1 L ! L
002 004 006 008 0I0 012 014 016
2-1
a qfA™]
50 — 1 T T T T T T T
45 + MEDDAB 15 %(w/iw) ]
F styrene %o(w/w): E
40 - ) o 0 -
i o 15 1
- -
2
= ]
5
R=
0 1 ! " 1 1 1 1 1 L 1 " -‘

010 012 014 O0l6

‘O.W 004 006 0.08I
b q[A]

Figure 2. SANS spectra of (a) MEDDAB micelles and (b)
microemulsions with styrene at an MEDDAB/water ratio of
15/85% (w/w). Open symbols represent the measured data
points, and solid lines are the model intensities.

q values, while the absolute scattering intensity in-
creases. This behavior can be interpreted as a decrease
of the interparticle separation with increasing surfac-
tant concentration. Upon the addition of styrene at a
constant surfactant/water ratio of 15/85% (w/w), the
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maximum intensity increases even more (Figure 2b), but
the maximum peak position is shifted to lower g values.
This is consistent with a swelling of the micelles due to
styrene incorporation leading to the globular o/w-
microemulsion.** Data were analyzed by comparing the
measured spectra with calculated spectra using the
equations described in the experimental part. The
fitting parameters are compiled in Table 1. As can be
seen, the micelles are most accurately described by
assuming a nearly spherical shape and a semimajor axis
r of 28—30 A. The styrene-containing microemulsions
both exhibit droplets with a larger semimajor axis of
32 and 35 A, respectively. Also, it is not possible to fit
a suitable model intensity without assuming that the
shape of the droplets becomes more and more ellipsoidal
(Table 1). The axial ratio € of the micelles only slightly
increases from 1.1 for a 5% (w/w) aqueous solution to
1.2 for a 15% (w/w) solution. If 3% (w/w) styrene are
added to a 15/85 surfactant/water mixture, e consider-
ably increases to a value of 3.4 which means that the
semiminor axis of the ellipsoid is about 140 A. Thus
the higher viscosity of the resulting microemulsions can
be explained by a structural rearrangement of the
spheres into prolate ellipsoidal droplets. Consequently,
the aggregation number increases as well. The results
suggest that the addition of styrene alters the mean
curvature of the interfacial surfactant film and leads
to flatter aggregates. Indeed, a high droplet polydis-
persity may cause similar scattering spectra as the
elliptical monodisperse particles, but for our systems the
model calculations for polydisperse spheres did not
produce any suitable fitting curves. A possible explana-
tion for the observed behavior results from the influence
of the polymerizable moiety near to the ionic head
group. In the micellar solution, the polar methacrylate
moiety should preferably be located in the interfacial
layer near to the water phase. Upon the addition of
styrene, which is incorporated into the droplet core, the
polymerizable group rather tends toward the oil phase
and thus acts as a small second surfactant tail. It is
known from the literature that surfactants with polar
headgroups can form elongated aggregates if they are
mixed with a second hydrophobic polar compound at
comparable concentrations.*®

In parts a and b of Figure 3, the scattered intensities
are plotted for aqueous micellar solutions of AUTMAB
and for microemulsions of the water/AUTMAB/styrene
system, respectively. The differences between the SANS
spectra of the AUTMAB and the MEDDAB systems are
obvious: For equivalent surfactant concentrations, all

Table 1. Parameters from SANS Spectra Analysis?

surfactant % (w/w)  styrene ) rlA € o EIA y /10718 cm=3 kK z Nsur  Nsty  Z/Nsur
MEDDAB 5 0 0.046 28.5 1.10 16 180 0.43 2.2 61 144 0.42
MEDDAB 10 0 0.094 29.2 1.16 13 500 0.78 2.4 79 163 0.47
MEDDAB 15 0 0.142 29.8 1.20 15 200 1.02 2.0 50 179 0.28
MEDDAB 15 1.5 0.152 32.0 1.40 16 220 0.79 2.0 53 235 92 0.21
MEDDAB 15 3.0 0.159 34.7 3.40 19 3000 0.27 2.7 194 668 520 0.29
AUTMAB 5 0 0.041 24.8 1.00 0.323 20 24 0.64 1.2 17 105 0.17
AUTMAB 10 0 0.089 25.6 1.00 0.365 20 25 1.27 1.3 18 115 0.15
AUTMAB 15 0 0.137 26.1 1.00 0.362 21 26 1.84 1.2 18 122 0.15
AUTMAB 15 2 0.151 27.1 1.00 0.149 15 21 1.81 1.8 16 120 55 0.14
AUTMAB 15 4 0.161 31.8 1.00 0.140 14 35 1.20 2.3 21 171 159 0.12

a Results from computer modeling assuming either polydisperse spheres or monodisperse elliptical particles and a repulsive Yukawa
potential. ¢ is the droplet volume fraction, r is the effective droplet radius, € is the minor axis ratio of a prolate ellipsoid, o is the width
of the size distribution function, £ and y are the Yukawa interaction parameter, ¢ is the number density of droplets, «K is the inverse
Debye length times the droplet diameter, z is the valence of the single droplet, Nsur and Nsy are the aggregation numbers of the surfactant
and styrene, respectively, and z/Ng, is the fraction of dissociated surfactant molecules in the droplet. r, ¢, 0, &, and y are fit parameters.
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Figure 3. SANS spectra of (a) AUTMAB micelles and (b)
microemulsions with styrene at an AUTMAB/water ratio of
15/85% (w/w). Open symbols represent the measured data
points, and solid lines are the model intensities.

scattered intensities of the AUTMAB system are much
lower, while the characteristic course of the peaks
remains the same. For increasing concentration of
AUTMAB in micellar solution, the maximum shifts to
higher g values and the absolute scattering intensity
increases. In the microemulsion spectra, the maximum
intensity distinctly increases, and an analogous shift of
the maximum peak position to lower g values is
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observed. All scattering data could be best fitted by
assuming slightly polydisperse spheres. The modeled
parameters are listed in Table 1. The semimajor axis
of the AUTMAB micelles in aqueous solution is 25—26
A, i.e. about 15% smaller than of the MEDDAB micelles.
This difference reflects the shorter calculated length of
the AUTMAB molecule of approximately 19 A in its all-
trans configuration compared with 23.5 A for the
MEDDAB molecule. In the case of microemulsions with
AUTMAB, the addition of styrene leads to an increase
of the mean droplet radius until a value of 32 A is
reached for 4% (w/w) styrene in a 15/85 surfactant/water
mixture. Here, the modeled polydispersity of the mi-
croemulsion droplets is only half the value found for the
polydispersity of the pure micelles. Thus one can
conclude that the addition of styrene considerably
increases the structural order in the solution and that
the resulting complex fluid can indeed be considered as
an o/w-microemulsion. No change in the axial ratio of
the droplets was observed upon styrene addition in
contrary to the MEDDAB system, indicating that the
oil component does not significantly alter the preferred
arrangement of the surfactant molecules in the inter-
facial layer for the concentration regime investigated
here. The apparent micellar charge of the AUTMAB
solution is lower compared with the MEDDAB system,
indicating a higher degree of gegenion association.

Polymerization. In the following, the results of the
y-ray induced polymerization of the microemulsions are
described. After irradiation, the microemulsions are
transparent. This contrasts with systems of water/
nonpolymerizable surfactant/styrene at comparable sty-
rene content.544 Previous studies on the water/AUT-
MAB/styrene system using NMR and FTIR spectroscopy
as well as elemental analysis have shown that vy-ir-
radiation leads to the formation of a copolymer of
styrene and the polymerizable surfactant in a molar
ratio of 3:2, while excess surfactant is polymerized by
formation of homopolymer.33 In Table 2, characteristic
data of the polymerized microemulsions and their
optical appearance are compiled. In the case of AUT-
MAB, very small and moderately polydisperse latex
particles with a core—shell morphology are obtained
which are smaller than particles from a DTAB micro-
emulsion of the same concentration. Similar observa-
tions have been reported for water/DTAB/styrene mi-
croemulsions containing acrylic acid as a comonomer.17:33
Acrylic acid simultaneously acts as a comonomer and a
cosurfactant, which is able to support the stability of
the microemulsion during the copolymerization, and this
results in smaller particle sizes. Similarly, copolymer-
ized surfactant molecules continuously stabilize the
particle shell, which also leads to smaller size.

Table 2. Characteristic Data y-Ray Induced Polymerization in Different Microemulsion Systems

microemulsion monomer composition appearence of microemulsion particle cf,?ﬁgg?:ﬁ;n
system % (wiw) mol/mol before polymer. after polymer. size (nm)? a° (mol/mol)

DTAB/styrene 15/4 1.271 clear, viscous turbid, fluid 32.7 0.261 0/1
AUTMAB/styrene 10/2.5 1.15/1 clear, fluid clear, viscous 19.6 0.546 1/1.5
AUTMAB/styrene 15/4 1.08/1 clear, fluid clear, viscous 29.5 0.467
MEDDAB/styrene 5/1 1.29/1 clear, viscous clear, rigid
MEDDAB/styrene 10/2 1.29/1 clear, viscous clear, rigid 1.5/1
MEDDAB/styrene 15/3 1.29/1 clear, viscous clear, rigid
MEDDAB/styrene 20/4 1.29/1 clear, viscous clear, rigid
MEDDAB/styrene 25/5 1.29/1 clear, viscous clear, rigid

a Measured by dynamic light scattering. ® Width of the size-distribution function.
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Figure 4. Microemulsion nanogel after y-irradiation (62 kGy)
of the system MEDDAB/styrene 10/2. The size of the sample
is3 x 1.5 cm.

Upon y-irradiation of the water/MEDDAB/styrene
system, rigid transparent polymer gels were obtained.
Even samples with a total monomer content of only 6%
(w/w) (MEDDAB + styrene) form a gel structure (see
Table 2). In Figure 4, a typical microemulsion gel with
a water content of about 88% (w/w) is shown. The
optical appearance is clear or translucent, similar to
microemulsion gels from conventional surfactant, sty-
rene and copolymerized cosurfactant®® or polymer-
bridged and cross-linked networks reported recently.*6
The spectroscopic characterization of the resulting
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polymer by IR and NMR demonstrates that copolym-
erization of the oil component and the polymerizable
surfactants has taken place. The IR spectra of the two
systems show both the vibration bands of the carbonyl
units (v, 1720 cm~1) and the vibration bands of styrene
(aromatic CH and overtones). In Figure 5, the 1H-NMR
spectrum of the copolymer obtained from the system
water/MEDDABY/styrene 10/2 after y-irradiation is shown.
Because of the amphiphilic nature of the copolymer, the
spectrum was recorded at elevated temperature in order
to reduce interactions with the solvent dimethylsulfox-
ide (DMSO). The presence of aromatic protons (3 (5H)
7.1-7.2 ppm) and the significant signal for the meth-
ylene units of MEDDAB (9 (20 H)) at 1.3 ppm are
obvious. Additionally, the CHs-groups in a-position (5,
10 (6 H), 3.1—3.2 ppm) and the CH,-groups in a-position
to the nitrogen and oxygen atoms (6, 8 (6H), 3.4—4.3
ppm) can be distinguished. The backbone protons
produce broad signals at 1.7—1.9 ppm. The peak
integration has been normalized to the aromatic proton
signal (5H) and gives a copolymer molar ratio of x being
about 2 and y being about 3 in the formula shown in
Figure 5. This is in fairly good agreement with the
molar ratio of about 1:1 of the starting monomers,
especially when the broad NMR signals often found for
polymers are regarded. Some uncertainties in the
calculation may also be caused by the aggregation
behavior of the amphiphilic copolymer in the solvent
DMSO-dg used for the spectroscopic analysis. Hence it
can be concluded that all surfactant monomer has been

T™MS

K

e

1.8371
84

ppm 9 8 7 6 5
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Figure 5. *H-NMR (300 MHz) spectrum of the copolymer obtained upon y-irradiation (62 kGy) of the system MEDDAB/styrene

10/2. Spectrum was taken in DMSO-ds at 400 K.
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Figure 6. Total conversion vs dose plot for the y-ray initiated
copolymerization of the two systems MEDDAB/styrene 10/2
and AUTMAB/styrene 10/2.5.

incorporated into the copolymer contrary to the AUT-
MAB/styrene system, where the formation of additional
surfactant homopolymer was found.33

Conversion vs Dose Behavior. In Figure 6, a
conversion vs dose plot is shown for the two microemul-
sion systems containing either 2 or 2.5% (w/w) styrene
in a 10/90 surfactant/water mixture. The conversion
denotes the weight percent of both monomers, which are
polymerized at a certain y-ray dose. It is obvious that
polymerization of the MEDDAB microemulsion is much
slower than of the AUTMAB system. There are two
possible reasons for this observation. First, the molec-
ular structure of the H-type surfactant MEDDAB with
the reactive methacrylate unit near to the polar head-
group is less favorable for polymerization compared to
a T-type surfactant. Second, the position of the reactive
unit in the interfacial layer being exposed to the
aqueous phase is unfavorable for a copolymerization
with the styrene molecules in the hydrophobic core.

The first point has been accounted for by the so-called
“skin-controlled solubility” concept.4”48 T-type surfac-
tants tend to form water-soluble homopolymers with
essentially hydrophobic backbone and a hydrophilic
outer “surface”. Spherical or cylindrical morphologies
are prefered, since the ionic headgroups tend to repel
each other. H-type surfactants are forced to form
homopolymers with a hydrophilic core region and a
hydrophobic surface. Regarding the repulsive head
groups, the core space is very restricted and thus
influences the aggregate shape, which becomes rather
disk like or inverse cylindrical in order to minimize the
steric demands. This is also important for the under-
standing of the observed morphological difference be-
tween MEDDAB and AUTMAB microemulsions. The
second reason is concerned with the probability for
copolymerization of the two surfactants with styrene.
The polymerizable moiety of a T-type surfactant is in
the styrene-filled micellar core, in which the polymer-
ization reaction is supposed to take place. In contrast,
the polymerizable moiety of the H-type surfactant is
sterically less favorable for an immediate copolymeri-
zation with monomer in the core. Thus, in the case of
the H-type surfactant, the formation of copolymer with
partially polar and nonpolar domains is more likely than
for a T-type surfactant. Most recently, the use of similar
surfactants in emulsion polymerization has been re-
ported.*® It turned out that using an T-type surfactant
results in very small and monodisperse latices similar
to our findings, but the polymerization was very sensi-
tive to the type of initiator used.
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Figure 7. SANS spectra of the microemulsion systems before
and after polymerization: (a) MEDDAB and (b) AUTMAB
microemulsions at a surfactant/water ratio of 10/90% (w/w).
Open symbols represent the measured data points, and solid
lines are the model intensities.

Structure Studies after Polymerization. In order
to investigate the structural changes during polymeri-
zation additional SANS-measurements of the micro-
emulsions after y-irradiation have been carried out. In
parts a and b of Figure 7, the scattering curves are
shown together with the calculated intensities. The
spectra of the MEDDAB microemulsion before and after
polymerization show the characteristic interaction peaks
(Figure 7a). After polymerization the maximum is
shifted to lower g, while the absolute scattering inten-
sity is only slightly increased. This behavior can be
interpreted as a growth of the original microemulsion
droplets at a simultaneous preservation of the overall
structure. The derived fitting parameters are compiled
in Table 3. The microemulsion droplets can be best
modeled by assuming ellipsoids with a semimajor axis
r of 32 A and a semiminor axis er of about 100 A. After
polymerization, the same elliptical particle form factor
is valid, but the ellipsoidal dimensions are enlarged to
r =43 A and er = 150 A. It should be pointed out that
in the present system, no cross-linker has been used,
which is known to favor a preservation of the structures
due to conformational entropy reasons.® For the
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Table 3. Parameters from SANS Spectra Analysis?

surfactant % (w/w)  styrene ¢ r/A € o EIA y @/1078ecm=3 kK z  Nagg Nsty  z/Nsyr
MEDDAB 10 2 0.108 324 314 20 300 0.24 14 61 502 391 0.33
MEDDAB 10 2 0.108 433 347 16 320 0.09 15 63
AUTMAB 10 2.5 0.107 28.8 1.00 0.130 17 35 1.07 1.7 21 129 112 0.16
AUTMAB 10 2.5 0.107 67.6 4.26 53 3 0.02 1.2 6
a For explanation see Table 1.
AUTMAB microemulsion, a significant change in the a

scattering curves is obvious. The interaction peak of
the parent droplet microemulsion disappears and a
spectrum with a single, only slightly pronounced peak
at lower q appears. Simultaneously, a higher intensity
for the g — O region is observed. Here, the model fitting
predicts very large elliptical particles. In fact, the size
range of particles with a major axis of about 68 A
corresponds quite well with the latex particle size
reported earlier,33 but the semiminor axis of 320 A is
too large to be consistent with results from dynamic
light scattering. Here, the scattering intensities may
be misinterpreted due to an enhanced polydispersity of
the sample or due to particle aggregation, which cannot
easily be considered in the model calculations. Never-
theless, we are able to show that a copolymerization of
the oil monomer and the surfactant molecules indeed
takes place in both systems, since no significant splitting
of the microemulsion scattering peak into two separate
peaks is observed, as it was reported by Kaler and co-
workers for the system water/DTAB/styrene.?° If the
surfactant molecules would only act as nonpolymerizing
stabilizers, large latex particles and empty micelles
should be formed. In our case, the formation of copoly-
mer latex particles as well as surfactant homopolymer
was observed for the AUTMAB system. In the MEDDAB
system, the whole monomer forms a nanostructured
copolymer gel network which incorporates all the former
solvent.

Structure Model. On the basis of our results, a
tentative model of the structure formed upon the
y-irradiation of the MEDDAB system has been devel-
oped. Itis represented in Figure 8b and compared with
the corresponding structure model of the AUTMAB
system reported previously33 and shown in Figure 8a.
The styrene molecules are located in the droplet cores,
in which the polymerization proceeds.® If chain growth
or an initiation takes place in the droplet shell, the
H-type surfactant molecules are sterically more favored
for the formation of block structures than for a statisti-
cal copolymerization with styrene. Therefore it is likely
that polar domains of polymerized surfactant molecules
are formed representing polymeric “tentacles” pointing
in the aqueous medium which become more and more
insoluble during the course of polymerization, and their
mobility is reduced. Thus, in the following the chains
tend to associate by their hydrophobic tails and the
single chains become physically connected. The result-
ing network structure finally consists of small amor-
phous polystyrene domains and interpenetrating sur-
factant polymer chains. In Figure 8a, the proposed
mechanism for the copolymerization of a T-type surfac-
tant and styrene in microemulsion is illustrated. The
surfactant molecules are preferantially copolymerized
with styrene because the reactive tails are adjacent to
the droplet cores. Thus, spherical particles are obtained
which are electrostatically stabilized and able to grow
upon subsequent monomer supply from uniinitiated
droplets,® so that a core—shell structure results. The
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Figure 8. Structure model (not to scale) of a polymerized
ternary o/w-microemulsion containing (a) water/AUTMAB/
styrene (water/polymerizable T-type surfactant/polymerizable
oil) and (b) water/MEDDAD/styrene (water/polymerizable H-
type surfactant/polymerizable oil). In part a, core—shell latex
nanoparticles are obtained after y-ray polymerization. In part
b, a nanostructured gel is obtained, in which the polymerizable
surfactant molecules form an amphiphilic network, whereas
polystyrene is located in hydrophobic droplet domains (for
details see text).
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surplus surfactant molecules polymerize upon further
initiation and form styrene-free polymeric micelles.

Summary and Conclusions

Using SANS measurements and spectroscopic meth-
ods, we have studied the microstructure and copolym-
erization behavior of microemulsions containing water,
polymerizable surfactant and styrene. It turned out
that the molecular structure of the polymerizable sur-
factant is crucial for the course of the polymerization of
the system. Depending on the position of the reactive
groups at either the hydrophilic or hydrophobic end of
the surfactant, copolymers with different morphology
were formed upon y-ray polymerization of the two
systems. In the case of the H-type surfactant MEDDAB,
the parent microemulsion structure is largely preserved
and a nanostructured copolymer gel is formed, while in
the case of AUTMAB redispersible core—shell nanolatex
particles are obtained.

It can be concluded that polymerizable surfactants are
quite useful in microemulsion polymerization, because
the templating effect of the amphiphilic interface can
be better preserved during polymerization without the
need of any cosurfactant. New materials such as
redispersible nanoparticles or highly organized trans-
parent gels with heterogeneities at the nanometer level
are obtained. In fact, such highly organized gels
exhibiting a large inner surface can be useful as drug
delivery systems, as chromatographic resins, or as
catalyst carriers. Also, the resulting copolymers them-
selves are interesting because of their amphiphilic
properties. Since the choice of a suitable surfactant for
microemulsion formulation is very important, we are
still looking for improved surfactant systems which are
able to stabilize the (co)polymerization even better.
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