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ABSTRACT: We present for the first time a real-time small-angle X-ray
scattering (SAXS) study of the structural transition of fluid microemulsion to
solid polymerized material in a silicone polymerizable microemulsion system. A
reactive methacrylate-terminated siloxane macromonomer (MTSM, M, ~
1000 g/mol) was synthesized and used for microemulsion formulations
comprising MTSM (oil phase), water, and a mixture of nonionic surfactant
(Teric GoAg) with isopropanol. In situ synchrotron SAXS was used to
investigate time-dependent nanostructure evolution during the polymerization
reaction, which was directly initiated by X-ray radiation. The SAXS data were
analyzed using both the Teubner—Strey model and the core—shell model. The
results obtained by the Teubner—Strey model showed that the domain size (d)
decreased while the correlation length (&) increased upon polymerization. The
analysis in terms of the core—shell model displayed that adding water to the
precursor microemulsion caused the water droplets to start swelling, which
resulted in the discontinuity of water in oil microemulsion. There exhibited
large differences in morphologies of polymerized materials from the micro-
emulsion formulations with different water and surfactant contents. The core

and shell sizes of water droplets decreased during the course of polymerization when there was 15 wt % or more water in the
microemulsion formulation; the polymerized material thus exhibited increasingly discrete granular morphology. When there was 10
wt % or less water content in the precursor microemulsion, the rearrangement of water domains could be minimized during the

course of polymerization and transparent polymerized material was obtained.

B INTRODUCTION

Microemulsions are thermodynamically stable, nanostructured
dispersions of two immiscible liquids such as oil and water stabilized
by a surfactant or by a surfactant/cosurfactant mixture.' They are
isotropic, optically transparent, usually have low viscosity, and are
used as the basis for formulations used in consumer products,
pharmaceutical, and petroleum recovery applications, to name but a
few. Microemulsions exhibit rich nanostructural diversity, and they
have been successfully applied as templates for the production
of nanoporous materials via organic and inorganic polymerization
reactions.”* In general, the use of microemulsions as templates
should lead to materials with a high surface area and a structure
reminiscent of the microemulsion template. These materials may be
suitable for a range of applications that require high surface area and
permeability (e.g, separations and catalysis).”> Specifically, poly-
merizable inverse microemulsions can be used to synthesize high
molecular weight water-soluble polymer particles® while polymeri-
zable bicontinuous microemulsions allow the production of porous
sponge like polymer solids which can be used as membranes in
separation applications.7

There has been significant effort to employ polymerizable
microemulsions to prepare well-defined porous materials for
other technological applications.® "> For instance, transparent

v ACS Publications ©2011 american chemical Society

polymeric materials without inorganic filler have been produced
by the polymerization of bicontinuous microemulsions contain-
ing polymerizable surfactants for use in biomaterials/ophthalmic
applications.'" The pore size of the polymer films was regulated
by the composition of the precursor bicontinuous microemul-
sions. A limited number of studies have demonstrated the ability
to carry out microemulsion polymerization for synthesis of
polymeric materials with well-defined nanometer-sized structure.
For example, Co et al.">~'* have developed an approach using
solid microemulsion glasses as templates to overcome such
structural rearrangement and generated highly ordered porous
materials. However, more often than not, the final polymerized
material seldom reflects the starting template microstructure.

It is generally accepted that the nanostructure of the precursor
microemulsion is a critical determinant of the nanoporosity of
the final material'"'®'” and that control over the size and shape
of the resulting structure can be manipulated by controlling the
microemulsion phase behavior, yet there remains a consider-
able gap in knowledge concerning the relationship between the
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Scheme 1. (a) Structure of Hydroxyl-Terminated PDMS and (b) Synthesis Route of MTSM
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template microemulsion nanostructure and the final nanoporous
polymerized material. This is because the microemulsion struc-
ture evolves continuously during the polymerization process as a
result of the compositional and volume changes caused by the
consumption of monomer. In some cases,”” a phase separation
occurs during the microemulsion polymerization. Although
there have been several studies'’'” demonstrating the ability
of minimizing the rearrangement and phase separation during
the microemulsion polymerization by use of the polymerizable
surfactants, little work”>*" has been reported to describe the
relationship between the microstructures of polymerizable micro-
emulsion systems and the final polymerized morphologies and/
or the solution nanostructural transitions which occur during
microemulsion polymerization reactions. In order to obtain better
control over the size and shape of the resulting structure during the
microemulsion polymerization,** a clear understanding of the
structural rearrangements which occur during the polymerization
process is required.

Thus, the goal of this work was to develop a route for the
preparation of controlled polymer morphologies based on tuning
precursor microemulsion phase behavior. We have developed an
inverse microemulsion system comprising an oil phase based on
a polymerizable siloxane macromonomer, water, and a mixture
of a nonionic surfactant (Teric GyAg) and isopropanol (IPA).
A reactive methacrylate-terminated siloxane macromonomer
(MTSM, M, ~ 1000 g/mol) was synthesized and used as the
oil phase in the microemulsion. The single-phase region of the
ternary phase diagram was partially mapped for a fixed weight
ratio 4:1 of surfactant and IPA. Microemulsion polymerization
was initiated by either ultraviolet (UV) or X-ray radiation
through the introduction of a photoinitiator. The rapid polym-
erization allowed experiments to be performed in a few minutes.
The time evolution of nanostructural changes during the course
of polymerization were directly investigated by in situ synchro-
tron small-angle X-ray scattering (SAXS). The final morphology
of the polymerized material was investigated by scanning elec-
tron microscopy (SEM). On the basis of the analysis of the data, a
conceptual model was proposed to describe the relationship
between the starting microemulsion phase behavior and the final
polymer nanostructure. Importantly, this should enable specific
polymer properties to be targeted based on the starting micro-
emulsion composition and nanostructure.
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B EXPERIMENTAL SECTION

Materials. Bis(2-hydroxyethyl propyl ether)-terminated poly-
(dimethylsiloxane) (hydroxyl-terminated PDMS) (X-22-160AS, M,, =
1067 g/ mol) was purchased from ShinEtsu Chemical Co. Ltd., and it
was dried using 4 A molecular sieves for at least 24 h before use.
2-Isocyanatoethyl methacrylate (IEM), purchased from Amtrade Inter-
national Pty. Ltd., was purified by distillation under reduced pressure
and stored in a closed vessel under dark condition at —20 °C prior to use.
Dibutyltin dilaurate (DBTDL) and isopropanol (IPA) from Merck Co.;
Teric GyAg from ICI Australia Operations Pty. Ltd.; and photoinitiator
(Darocur 1173) from Sigma were used as received. The polypropylene
molds used for casting and UV polymerization of microemulsions were
supplied by Ciba Vision Corp. The flat polypropylene molds had a
diameter of 20 mm and a thickness of 100 ym.

Synthesis of Methacrylate-Terminated Siloxane Macro-
monomer (MTSM). MTSM was prepared by an adaptation of the
method reported in the literature,”>** and the synthesis route is shown
in Scheme 1. In a typical experiment, hydroxyl-terminated PDMS (12.0 g,
0.012 mol) and IEM (4.0 g, 0.026 mol) were added into a round-bottom
flask fitted with a Teflon-coated magnetic stirrer bar. The flask was
sealed and stirred vigorously to produce a homogeneous solution. After
10 min, the catalyst DBTDL (20 #L) was added into the flask, and the
solution was stirred for another 24 h to ensure a complete reaction in the
absence of light at room temperature. In order to purify MTSM, 50 mL
of toluene as dilution agent was added into the mixture, and then the
mixture was washed with deionized water repeatedly to remove the
catalyst and the unreacted IEM through a separating funnel. After drying
with anhydrous sodium sulfate, the upper layer solution of MTSM was
treated by filtration and evaporation under reduced pressure to remove
toluene and the purified MTSM was obtained. Proton nuclear magnetic
resonance ("H NMR) spectra of MTSM were recorded on a Bruker
NMR spectrometer at 400 MHz using deuterated chloroform as the
solvent. "H NMR chemical shifts (8) in parts per millions (ppm) were
referenced relative to chloroform (0 = 7.26 ppm) as an internal standard.

Determination of Microemulsion Phase Diagram. The
partial quasi-ternary phase diagram of the MTSM—water—Teric GoAg/IPA
mixture system at 25 = 0.2 °C was determined by direct observation of the
changes from transparency to turbidity. First, different ratios of MTSM
and Teric GyAg/IPA were prepared in the culture tubes. The phase-
separation boundary curve was then obtained via water titration of the
one-phase mixtures of MTSM and Teric GoAg/IPA until turbidity was
observed. The samples were thoroughly mixed after each addition of water
using a Vortex mixer. The transparent single-phase region was established
from the clear-turbid boundaries based on systematic titrations.
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Small-Angle X-ray Scattering (SAXS). SAXS experiments were
performed at the Australian Synchrotron on the small/wide-angle X-ray
scattering beamline utilizing an undulator source that allows measurement
at a very high flux to moderate scattering angles and a good flux at the
minimum g limit (0.012 nm ™ '). The wavelength A of X-ray was 0.062 nm,
and the scattering curves were monitored in a g-range from 0.2 to 11 nm "™ L

The magnitude of the scattering vector (g) is defined as™

0= onl(3) 1)

where 4 is the wavelength of the X-ray and 0 is the scattering angle. The
samples were inserted into 1.0 mm quartz capillaries which were then sealed.
The background correction was performed by measuring the scattering of an
empty capillary and correcting for sample absorption. The SAXS data were
analyzed by fitting to model expressions (Teubner—Strey and core—shell
model) using the program SansView developed by the University of
Tennessee.”® The scattering caused by microemulsion structure ends around
q~ 50nm ! and afterward the tails of the SAXS curves leveled off. The
SAXS data fitting was performed in the area of interest 0.3 < g < 5 nm ",

Microemulsion Polymerization by UV. Microemulsion formu-
lations were polymerized using 2 wt % photoinitiator Darocur 1173,
which was based on the weight of MTSM. The weight ratio of Teric
GoyAg/IPA was always maintained at 4:1. For SAXS measurements, the
precursor microemulsion solution was first loaded into 1.0 mm quartz
capillaries, and then the sealed capillaries were put into the UV box for
polymerization. For polymer morphology studies, the microemulsion
solution was casted into the polypropylene molds, and following
photopolymerization, the resultant polymer membranes were fractured
for SEM imaging. In this case, photopolymerization was carried outina UV
box working at a wavelength of 365 nm (with an output of 10 mW/ cm?)
for about 10 min at room temperature.

In Situ Monitoring of Polymerization Process by SAXS. To
determine how the structure of the microemulsion developed during the
polymerization process, microemulsion solutions were polymerized in situ
using X-ray radiation from synchrotron SAXS beamline. Microemulsion
precursor solution samples were injected into 1.0 mm capillaries. The
precursor solutions were exposed to X-ray radiation at E = 20 keV in a series
of 1 s exposures. This allowed scattering data to be collected during
polymerization so that the structural transitions occurring during the
transition from a microemulsion solution containing PDMS macromono-
mer to a cross-linked PDMS network could be followed. After exposure to a
sufficient amount of X-ray radiation, the part of transparent microemulsion
solution under X-ray radiation for some formulations gradually became
opaque, indicating that polymerization had occurred. It has previously been
shown that X-ray radiation can initiate the polymerization of an acrylamide
functionality in the similar manner as UV radiation.””*® In situ polymeri-
zation generally exhibited well-defined SAXS patterns which correlated well
with those obtained from UV-polymerized samples.

Scanning Electron Microscopy (SEM). The morphology of
polymerized materials was examined with a field emission scanning-
electron microscopy (FE-SEM, Philips, XL30). While the samples for
real-time SAXS study were directly initiated by synchrotron X-ray
polymerization, the ones for SEM study were cured by UV (see the
Supporting Information). However, the SAXS patterns for the samples
prepared by different methods (Figure S1) are almost the same, and the
differences of the structure are negligible. The polymerized microemul-
sion samples were fractured mechanically after being frozen in liquid
nitrogen. The fractured samples were vacuum-dried for 24 h at room
temperature and then coated with gold for SEM analysis.

B RESULTS AND DISCUSSION

Synthesis and Characterization of MTSM. The MTSM
macromonomer contains reactive methacrylate groups at both
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Figure 1. '"H NMR spectra of the MTSM in CDCl,.
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Figure 2. Phase diagram of the MTSM/water/Teric G9A8/IPA at 25.0
+ 0.2 °C (weight fraction).

ends such that it can be cross-linked without adding external
curing agent. The 'H NMR spectrum of MTSM is shown in
Figure 1. The simultaneous appearance of resonances character-
istic of both IEM and hydroxyl-terminated PDMS indicates that
MTSM macromonomer was successfully obtained. All of the
methyl protons in the silicone segments (—Si(CH;),—O—)
appeared together close to at 0.0 ppm. Chemical shifts corre-
sponding to the methylene protons j, i, h, g, and f of PDMS were
found at 1.76, 1.59, 3.38, 3.47, and 4.18 ppm, respectively. Other
signals in the IEM spectrum at 1.90 ppm (a), 6.07 and 5.55
ppm (b), 3.58 ppm (c), 4.18 ppm (d), and 5.13 ppm (e) were
also identified, and they confirmed the successful end-group
functionalization reaction of PDMS.

Phase Behavior of Microemulsions. The highly hydropho-
bic character of silicone systems tends to make the preparation of
polydimethylsiloxane microemulsions difficult.”*”** Hence, the
one-phase region of the phase diagram for the MTSM systems
was partially mapped for a fixed weight ratio 4:1 of Teric GoAg to
IPA (Figure 2). The domain located below the phase boundary
curve corresponds to a two-phase region (shaded domain),
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Figure 3. Time dependence of SAXS intensity I(q) during microemul-
sion polymerization under X-ray at room temperature. Micro-
emulsion composition (by): 15 wt % water, S1 wt % MTSM, and 34
wt % surfactant.

whereas that above represents the single-phase region. A
single water dilution line (a) and a constant water content
line (b) were indicated in the phase diagram for the following
SAXS and SEM measurements. These two lines were selected
for detailed examination because of the high MTSM content
and significant morphological differences between them after
polymerization.

SAXS during in Situ Microemulsion Polymerization. Figure 3
shows the evolution of scattering curves during X-ray-induced
photopolymerization of an MTSM macormonomer microemulsion
(57 wt %) at 25 °C. The data were recorded on the SAXS beamline
of the Australian Synchrotron. As X-ray exposure time increases, a
qualitative change in the scattering behavior of microemulsion
solution occurred as a result of nanostructural rearrangement upon
polymerization. Initially, it exhibited a typical SAXS pattern from
microemulsion system, and a single broad scattering peak was
observed. After exposure to X-ray radiation for a few seconds, the
single broad peak became sharper and shifted toward higher g. The
dmax position of the peak did not change any further after 30 s of
X-ray radiation, while the peak intensity continued to increase up
to 40 s exposure. These results imply that most polymeriza-
tion occurred in the first 30 s and that the structure of the micro-
emulsion changed monotonically and rapidly during the polymer-
ization process.

For SAXS analysis of the global structural properties of micro-
emulsions, Teubner and Strey’' developed a phenomenological
model which has been widely used to describe scattering from
aqueous microemulsions stabilized by nonionic surfactant,'#*">~3*
Lodge and co-workers also have extended this model for structured
polymer blends.** " This model uses three fitting parameters to
describe the observed broad scattering peak, and the function takes
the form

1
 A+Bg*+Cqt

I(q) (2)
In eq 2, the constraints that A, B, and C are variables which can be
obtained by nonlinear least-squares fitting of the experimental data.
The physical parameters d and &, representing the domain size
(periodicity of the oil and water domains) and correlation length

(which describes the decay length of the periodic order) present in
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Figure 4. SAXS spectra of H,O—MTSM—Teric GoAg microemulsion

with varying X-ray exposure time, full lines fit by eq 1. Scattering profiles
of sample (b,) at selected time points from Figure 3.

the microemulsions, respectively, are related to the constants in eq 2:

i 2m E(H " %ﬂ . 0
(@) e

This functional form is simple and convenient for the fitting of
the microemulsion SAXS spectra. Strey et al.”” ~** have extended
the Teubner—Strey model for structured fluids in the disordered
phase of the O/W/S system by defining the amphiphilicity factor
(f.) as a measure of the degree of order in the system:

B

f= o )

For intermediate amphiphilicity —1 < f, < 0, a strongly struc-
tured, “good” microemulsion results. Increasing f, (decreasing
amphilicity, 0 < f, < 1) results in a poorly structured microemulsion.
Figure 4 shows fitting results for selected SAXS curves derived
from Figure 3. As shown, the Teubner—Strey model describes
the experimental scattering data well. As demonstrated by the
coefficients between the calculated curves and the data, at the
early stage of the polymerization, the fits are closer to the data
than at the end of polymerization. This is perhaps not surprising,
given that the Teubner—Strey model was developed specifically
for microemulsions and not for polymerized materials. At the
same time, the fits are surprisingly acceptable, and the fitted
parameters from modeling the SAXS data can provide insight
into the structural transitions during the microemulsion polym-
erization. Figure S shows the values of domain size d and
correlation length & plotted as a function of X-ray exposure time.
The microemulsion fitting parameters (d and &) drastically
change over the first 20 s before reaching a plateau. This
suggests that the polymerization is largely complete within this

&=

3010 dx.doi.org/10.1021/ma102978u [Macromolecules 2011, 44, 3007-3015



Macromolecules

time scale. The decrease in domain size (d) by 33% reflects a
decrease in periodicity between oil and water domains, while
correlation length, reflecting the degree of order in the poly-
merizable microemulsion, increased by 56% after polymeriza-
tion. The decrease of d may be due to the volume changes (i.e.,
shrinkage) caused by solution—solid transition during the course
of polymerization, resulting in the decrease of mean distance
between domains. As for correlation length, the increased & value
after polymerization reflects greater order in the solid phase.
Meanwhile, the amphiphilicity factor f, as calculated from eq S is
also plotted in Figure 3, and it decreases sharply over the first 30 s
but remains in the “good” microemulsion regime throughout the
microemulsion polymerization process. Chen et al.*' have reported

- 1.0

~0.8

- 0.6

d, £(nm)
Eld

- 0.4

~0.2

Figure S. Variation of the microemulsion fit parameters (characteristic
length scale of water domain, d, correlation length, &, and amphiphilicity
factor, f,, and domain size polydispersity, £/d) during microemulsion
polymerization with increasing the X-ray exposure time based on
Figure 3.

that £/d is a measurement of the domain size polydispersity: the
small the ratio, the larger the polydispersity. The value of &/d
increased during the polymerization period, indicating that the
microemulsion structure was constrained by cross-linking and the
polydispersity of the domain size decreased.

In order to gain a deeper insight into the local structural
changes, the core—shell model* was also chosen to interpret the
scattering observed for the microemulsion polymerization and to
provide further nanostructural detail about the system such as the
droplet core radius and shell thickness. Using the SansView
software, the microemulsion nanodroplets in this work were
modeled as a dispersion of polydisperse spheres with a core—
shell structure: the core is composed of water, cosurfactant
(IPA), and surfactant hydrophilic groups, and the shell contains
the surfactant hydrophobic groups and oil phase (MTSM). The
broad peaks at g~ 1—2nm ', observed in the SAXS patterns are
due to scattering from water droplets surrounded by surfactant

Figure 7. Variation of the microemulsion fit parameters (the radius of
the shell, r,, and the radius of the core, r.) during microemulsion
polymerization with increasing the X-ray exposure time based on
Figure 3.
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Figure 6. Scattering patterns of two sets of microemulsion: (A) microemulsion compositions along line (a) with increasing water content and (B)
microemulsion compositions along line (b) with constant water content (15 wt %). The solid lines represent fits of the core—shell model to the data.
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Table 1. Structural Parameters Extracted from SAXS Analysis of the Microemulsion before and after Polymerization Using the

Core—Shell Model

core radius (r., nm) shell thickness (r,, nm) polydispersity
composition” D, (wt %) D\ solution polymerized solution polymerized solution polymerized
a; N 9.5 1.16 1.18 0.72 0.78 0.10 0.20
a 10 4.5 123 118 0.87 0.87 0.18 0.19
a3/bs 15 2.83 1.50 127 128 091 0.17 0.20
ay 20 2 1.60 1.31 143 0.89 0.20 0.20
b, 15 3.97 122 1.16 0.91 0.79 0.13 0.17
b, 15 3.4 1.35 1.23 1.01 0.80 0.16 0.17
b, 15 227 171 131 151 0.88 0.18 0.16

“The compositions of microemulsion are indicated in Figure 2.

Figure 8. Time-resolved SAXS profiles of microemulsion composition
(ay) at varying polymerization time.

layer dispersed in the MTSM continuous phase. The total
scattering intensity of a microemulsion system, I(q), can be
described as a function of the scattering vector:

I(q) = nl(F(9))I*(S(q)) (6)

where # is the number density of the scattering particles and the
brackets, () represent the ensemble average due to thermal fluctua-
tions, S(q) is the structure factor to indicate the correlation of the
scattering elements, and F(q) is the form factor, which describes the
relation between the geometry of the scatterers and their scattering,
The core polydispersity is taken into account by a probability function
described by the Schulz distribution.*” The form factor, F( q), for a

core—shell particle can be expressed by the following relation™**

F(q) = Ve(p. — py)Folgre) + Vi(ps — pu)Folgrs) — (7)

where V is the volume of the outer shell, V_is the volume of the core,
15 is the radius of the shell, p, is the scattering length density of the
core, P, is the scattering length density of the shell, and pyy, is the
scattering length density of the solvent. The function Fy(x) is the first-
order spherical Bessel function of the first kind.*** The structure
factor S(q) in eq 6 was calculated assuming hard-sphere interaction
based on the Percus—Yevick approximation.*® The fitting of the
scattering curves was performed using SANSview software with
the values for the scattering length densities of the solvent (oil
phase), core (H,0O), and shell (hydrophobic group of surfactant) of

i
E
=

o

»different Tt
vironments.

Figure 9. Optically clear (a; and a,) and opaque (a; and a,) polymer
membranes after UV polymerization.

Psory = 9.05 X 10~ nm 2 p.=9.47 x 10 *nm 2 and p, = 9.03 x
10~* nm ™7, respectively. Other fitting parameters such as back-
ground, radius, scale factor, thickness, and core polydispersity were
left as adjustable parameters used to fit the SAXS data.

Figure 6 shows fitting results for a series of microemulsion
samples along line (a) and line (b) before polymerization. As can
be seen, this model also describes our data well. Figure 7 shows
the values of core radius (r.) and shell thickness (r,) from core—
shell model fits plotted as a function of time. During polymerization,
both r. and r; show sharp decreases during early time points, but
after ~40 s they remain nearly unchanged, presumably indicating
the completion of the X-ray-induced cross-linking. The decreasing
trends of 7. and r, are similar to the change of the domain size (d) of
the Teubner— Strey model, and this indicates that the water droplets
confined in the PDMS network shrink upon MTSM polymeriza-
tion. This is consistent with the results presented by Waters and co-
workers.”® In their work, the PEG macromonomers functionalized
with either acrylate or acrylamide end groups exhibited similar in situ
SAXS patterns and the cross-link spacing of the PEG network
decreased upon polymerization. In our case, we propose that the
change in interfacial tension with respect to water in transitioning
from monomer oil to solid polymer, combined with the decrease in
volume of the cross-linked PDMS network results in the shrinkage
of the confined water droplets.

Structural parameters derived from the core—shell model for a
series of microemulsions with increasing water content (between 5
and 20 wt %, following line (a)) are presented in Table 1. As water
content increases, both r. and r, increase. The water droplet
swelling trend is consistent with the work presented by Glatter and
co-workers.*” This can be explained by the decrease of the ratio of
surfactant to water (®,,), an associated increased interfacial
tension and lower interfacial area resulting in larger water droplets.
The fitting results for the formulations along line (b) follow a
similar trend, with decrease in the ratio of surfactant: MTSM at a

3012 dx.doi.org/10.1021/ma102978u [Macromolecules 2011, 44, 3007-3015
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Figure 10. SEM images of the cross section of PDMS membranes and the corresponding precursor microemulsion compositions are indicted in phase

diagram Figure 2: (a) by, (b) by, (c) bs, (d) by, (e) a;, (f) a,, (g) a4, and (h) along line (a) without water.

fixed water concentration (15 wt %), resulting in an increase of r,
and r,. Upon polymerization of the microemulsion solutions by
X-ray radiation, the SAXS data obtained from the polymers was
still well described by the core—shell model, and the fitting results
are also shown in Table 1. As can be seen, the values of r. and
decreased upon polymerization in all cases except the composi-
tions a; and a,. Formulations a; and a, showed little change in .
and r, after polymerization, suggesting that the initial micro-
emulsion structure was well preserved in these cases. This may
be due to the high surfactant—water ratio in the precursor
microemulsions a; and a,. Microemulsion systems with a higher

surfactant concentration may minimize the rearrangement of
water domains during polymerization.** The time evolution of
scattering curves during X-ray-induced polymerization of mi-
croemulsion a; is shown in Figure 8. The gy, values of these
SAXS curves were almost identical during the course of
polymerization, but the cross-linking of the oil phase gave rise
to the increasing SAXS intensity.

Morphology of Polymerized Material. To visually investi-
gate the morphology of polymerized material, a series of micro-
emulsion compositions with different amounts of MTSM along
lines (a and b) were selected for polymerization, and the
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Scheme 2. Schematic Illustration of the Conceptual Model
Describing the Transition from Microemulsion Solution to
Solid Polymer with Different Surfactant Concentration:
(A) at Low Surfactant Concentration; (B) at High
Surfactant Concentration

3 X

b

=) o

%ﬁ%ﬁ sed

UWater + Surfactant

transparency of the resulting polymers was observed. Photo-
graphs of these samples are shown in Figure 9. As is shown in the
figure, samples with higher surfactant concentration and lower
water content exhibit increased transparency. The microscale
morphology of the samples was also investigated using SEM. It
should be noted that the samples for SEM study were cured by
UV. A SAXS comparison of samples prepared using UV vs X-ray
induced polymerization is presented in the Supporting Informa-
tion. The data show that the two methods produced qualitatively
similar nanostructure. Figure 10 shows the SEM images of UV
polymerized samples. Qualitatively, samples with increased water
content and decreased surfactant concentration exhibited in-
creasingly discrete granular morphology. It seems likely that the
appearance of granular morphology at higher water and lower
surfactant content is the result of increased polymer particle size,
resulting in increased scattering of light and hence opacity, as
observed in Figure 9. Clearly, the changes in microemulsion
nanostructure discussed above with respect to the SAXS analysis
cannot explain these morphological variations, since they are
manifested in the micrometer size range. We propose a con-
ceptual model for explaining these morphological variations
which is depicted in Scheme 2. As shown, in the fluid micro-
emulsion solution, water droplets which are stabilized by the
surfactant disperse in the continuous MTSM phase. The water
droplets decrease with increasing surfactant concentration (see
Table 1). During the course of polymerization, shrinkage of
microemulsion droplets (see Figure 3) causes surfactant and
water to be ejected from polymerizing material, and surfactant
can further absorb at the new polymer—water/microemulsion
interface. For formulations comprising lower surfactant concen-
tration and higher water content, the interfacial tension at this

new interface is higher, and the polymer particles are stabilized
with a lower radius of curvature, resulting in larger polymer
particles (granules). For higher surfactant concentrations (lower
water content), the surfactant is able to reduce interfacial tension
more effectively, resulting in higher radius of curvature and
smaller polymer particles. While these smaller polymer particles
were not discernible using SEM, we note that an earlier USANS
studzf found some evidence for particles in the g range of
10 °—10 > nm™ " in a similar photopolymerizable system.*°

B CONCLUSIONS

A reactive methacrylate-terminated siloxane macromonomer
(MTSM) was successfully synthesized for in situ microemulsion
polymerization. The one-phase region of the ternary phase
diagram for MTSM (oil phase), water, and a mixture of nonionic
surfactant (Teric GoAg) with IPA (cosurfactant) was partially
mapped at room temperature, enabling the preparation of inverse
(oil in water) microemulsions. The time-dependent SAXS pat-
terns during X-ray-induced polymerization of the microemulsions
can be analyzed using the Tuebner—Strey model, and the results
show that the periodicity of the oil and water domains decreased
and correlation length increased during the polymerization, in-
dicating shrinkage of the system. The analysis of the experimental
SAXS patterns using the core—shell model suggested that the
addition of water to the microemulsion system caused droplets
within it to swell, in accordance with discontinuity of water in oil
microemulsion. These water droplets shrank upon polymerization
of the continuous oil phase when there was 15 wt % or more water
in the precursor microemulsion solution. When there was 10 wt %
or less water content in the precursor microemulsion, the re-
arrangement of water domains could be minimized during the
course of polymerization and transparent polymerized material
was obtained. The SEM analysis and visual observation revealed
large differences in morphologies of polymerized materials from
the microemulsion formulations with different water and surfac-
tant contents. The polymerized materials with high water content
and low surfactant concentration exhibited increasingly discrete
granular morphology. A conceptual model based on the newly
forming solid polymer—microemulsion interface was proposed to
explain these morphological changes during the microemulsion
fluid—polymer solid transition. This should be useful for tuning
the final bulk properties of a polymerized material based on the

starting microemulsion template composition and nanostructure.
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