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ABSTRACT: Pseudoternary phase diagrams of quater-
nary microemulsion systems composed of the reactive sur-
factant sodium dodecanol allyl sulfosuccinic diester, n-
pentanol, methyl acrylate/butyl acrylate, and water were
made. The influence of the mass ratio of sodium dodecanol
allyl sulfosuccinic diester to the cosurfactant (n-pentanol) in
the system and the influence of electrolyte sodium chloride
on the microemulsion area were examined. The microstruc-
ture of the microemulsion was determined with a conduct-
ance technique. The results suggested that there were three
structures in the microemulsion system: water in oil, oil in
water, and a bicontinuous phase. Microemulsion polymer-
izations were carried with some point in the microemulsion
region being chosen as the formulation. The structure and

configuration of the polymer latexes were determined and
analyzed with Fourier transform infrared, differential scan-
ning calorimetry, and scanning electron microscopy. The
results suggested that the reactive surfactant could partici-
pate in the polymerization with the monomers to some
extent; the glass-transition temperature of the latex was
—314°C. The polymer latex was transformed gradually
from an open porous structure to a closed porous structure
when its pregnant microemulsion was varied from a bicon-
tinuous structure to an oil-in-water structure. © 2009 Wiley
Periodicals, Inc. ] Appl Polym Sci 113: 2202-2208, 2009
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INTRODUCTION

Reactive surfactants are new surfactants containing
reactive groups. They can assemble spontaneously to
form microemulsions." Unsaturated bonds in microe-
mulsions may lead to a polymerization reaction initi-
ated by light or heat, so the microemulsions can
maintain their original aggregation state and have
higher stability. These merits of microemulsions
offer some potential for the preparation of organic
materials.”™* They can also be applied to inorganic
materials®® and biological pharmaceuticals’ as vari-
ous chemical-reactive media. In microemulsion poly-
merization, using a reactive surfactant as an
emulsifier effectively prevents two-phase separation
and keeps the whole system in the microemulsion
state for polymerization. Moreover, a reactive surfac-
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tant can participate in the polymerization reaction
more advantageously under this condition. Because
reactive surfactants provide particular and better
performance, many polymers with specific structures
are synthesized through microemulsion polymeriza-
tion. These polymers have many merits, including
small apertures and manageable aperture states and
structures, so they can form lots of macromolecular
polymers such as open porous latexes, high-oil-
absorption resins, and waterproof coatings and can
be applied widely in various areas. However, the
matrix microemulsions used for microemulsion
polymerization come into being only in the range of
a definite formula ratio. In addition, the microemul-
sion structure obviously influences the stability of
microemulsions and the performances of polymers.
Therefore, it makes sense to study the phase behav-
ior of polymerization systems. There have been few
systems for correlative research so far,” !> and stud-
ies on the phase behavior of microemulsions using
reactive surfactants have not been reported in detail.

In this study, a homemade reactive surfactant, so-
dium dodecanol allyl sulfosuccinic diester (SAA),
was used in a microemulsion, and the phase
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behavior of an SAA/n-pentanol/methyl acrylate
(MA)/butyl acrylate (BA)/water microemulsion sys-
tem was studied. Pseudoternary phase diagrams of
the quaternary microemulsion systems were made,
the variational rule of conductivity following the
water ratio was observed, and the microemulsion
microstructure was confirmed. Subsequently, micro-
emulsion polymerization was carried out to prepare
latexes of different configurations; meanwhile, the
structures and performances of the latexes were
examined. This is a significant study, offering some
theoretical guidance for the exploitation and applica-
tion of this reactive surfactant.

EXPERIMENTAL
Materials

Unless stated otherwise, all reagents and chemicals
were obtained commercially and used without fur-
ther purification. Maleic anhydride was purchased
from Tianjin First Chemical Reagent Plant (Tianjin,
China). Dodecanol was purchased from Shanghai
Chemical Reagents Co. of the Chinese Medicine
Group (Shanghai, China). Anhydrous sodium ace-
tate, anhydrous sodium carbonate, and sodium
bisulfite were from Chenfu Chemical Reagent Plant
(Tianjin, China). Triethylamine, potassium persulfate
(KPS), petroleum ether, acetic ester, and anhydrous
ethanol were purchased from Fu Yu Fine Chemical
Co., Ltd. (Tianjin, China). Chlorine alkene was pro-
vided by Yueyang Chemical Plant of Baling Petro-
chemical Co. (Yueyang, Hunan, China). Acetone was
acquired from Da-Mao Chemical Reagent Plant
(Tianjin, China). Formic acid was purchased from
Tianjin Chemical Reagent Co., Ltd. (Tianjin, China).
MA and BA were purchased from Wulian Chemical
Plant (Shanghai, China). n-Pentanol was obtained
from Shanghai Fourth Reagent Plant (Shanghai,
China). Sodium chloride (NaCl) was purchased from

Yueqgiao Reagent and Plastic Co., Ltd. (Guangdong,
China). The home-made reactive surfactant SAA was
purified by column chromatography; water was
purified by deionization and subsequent distillation
in an all-glass apparatus.

Synthesis and characterization of the reactive
surfactant SAA

SAA was synthesized with the sequence of reactions
shown in Scheme 1. "H-NMR spectra were obtained
with a Varian Inova 400 instrument, and IR spectra
(Varian Co. Ltd., USA) were recorded on a WQF-
410FT instrument (KBr pellet) (Beijing Beifenruili
Analytical Instrument (Grup) Co. Ltd., China).

Maleic dodecanol monoester (MDM)

Maleic anhydride (0.21 mol), dodecanol (0.20 mol),
and anhydrous sodium acetate (0.20 g) were placed
in a round-bottom, four-necked flask equipped with
a stirring bar, a condenser, and a thermometer. The
contents were heated up 90°C in 10 min and stirred
for 3 h, and then the crude monoester (MDM) was
obtained; it could be used directly in further synthe-
sis. To determine its structure, the crude MDM was
crystallized three times from acetone, and colorless
MDM crystals were obtained (75% yield).

"H-NMR (400 MHz, CDCl,, §): 0.88 (t, ] = 6.8 Hz,
3H, CH,), 1.26 [brs, 16H, (CH,)s], 1.30 (m, 2H,
CH;CH,), 1.73 (m, 2H, OCH,CH,), 429 (t, ] = 6.8 Hz,
2H, OCH,), 6.38 (d, ] = 12.8 Hz, 1H, CHCHCOOH),
649 (d, ] = 12.8 Hz, 1H, CHCHCOOH).

Maleic dodecanol allyl diester (MDA)

Anhydrous sodium carbonate (0.20 mol) was added
to the aforementioned crude monoester (MDM), and
the contents were heated for 30 min between 75 and
80°C; after the reaction mixture cooled between 50
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and 60°C, chlorine alkene (40 mL), acetone (50 mL),
and triethylamine (10 mL) were added, and the mix-
ture was stirred for 6 h. After filtration, rotary evap-
oration, washing, and drying with anhydrous
Na,SO,, crude MDA was obtained; it could be used
directly in further synthesis. To determine its struc-
ture, the resulting crude MDA was subjected to col-
umn chromatography on silica gel (petroleum ether/
ethyl acetate = 10:1) to afford the pure compound
MDA as a transparent and colorless liquid (60%
yield).

"H-NMR (400 MHz, CDCl, §): 0.88 (t, ] = 6.8 Hz,
3H, CHj), 1.26 [brs, 16H, (CH,)s], 1.30 (m, 2H,
CH;CH,), 1.66 (m, 2H, OCH,CH;), 418 (t, ] = 6.8
Hz, 2H, OCH,), 4.69 (d, 2H, | = 6.0 Hz, CHCH,),
5.26-5.39 (m, 2H, CH,), 5.90-6.00 (m, 1H, CHCH,),
6.26 (s, 2H, CHCH).

SAA

A sodium bisulfite (0.053 mol) solution (mass frac-
tion = 40%) was dropped into the aforementioned
crude MDA (0.05 mol) for 1 h at 110°C, and the con-
tents were heated to 120°C and stirred for 3 h; crude
SAA was obtained. To determine its structure, the
resulting crude SAA was subjected to column chro-
matography on silica gel (petroleum ether/ethyl ace-
tate = 3:1) to afford the pure compound SAA as a
light yellow, gelatinous solid (65% yield).

"H-NMR (400 MHz, CDCl;, §): 0.88 (t, ] = 6.8 Hz,
3H, CH,;), 1.25 [brs, 16H, (CHy)s], 1.30 (m, 2H,
CH;CH,), 1.58 (brm, 2H, OCH,CH,), 1.71 (s, 3H,
=CCH3;), 3.19 (m, 2H, CH,CO,), 4.01-4.17 (brd, 2H,
OCH,), 434 (m, 1H, CHSO;3Na), 4.55-4.69 (brd, 2H,
CHCH,), 5.19 (d, ] = 9.2 Hz, 1H, CH,), 531 (t, | =
17.2 Hz, 1H, CH,), 5.82-5.92 (brm, 1H, CH). IR (KBr,
v, cm ): 2925, 2854, 1738, 1647, 1464, 1221, 1165,
1051, 993, 926, 723.

Pseudoternary phase diagrams

The reactive surfactant SAA and n-pentanol were
mixed according to different mass ratios (k = mass
of SAA/mass of n-pentanol) to form one component
as an emulsifier; MA and BA were mixed according
to the mass ratio needed to form an oil phase (mass
of MA/mass of BA = 3 : 7). The aforementioned
emulsifier and oil phase were mixed in different
proportions (the mass ratio of the emulsifier to the
oil phase was designated R) and were put in a
ground tube with 20 mL to blend; the ground tube
was then placed in a constant-temperature imple-
ment to produce a temperature of 25 £ 0.1°C. A
water phase was dripped into the two components
by a water dilution method, and then the phase
transformation points in the system were observed
with the naked eye. The first phase transformation
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point occurred when the system varied from fecu-
lence to limpidity, the second phase transformation
point occurred when the system varied from limpid-
ity to feculence, the third phase transformation point
occurred when the system varied from feculence to
limpidity again, and the fourth phase transformation
point occurred when the system varied from limpid-
ity to feculence again. The temperature was kept
constant for about 10 min in the vicinity of every
phase transformation point, and then the phase
transformation point was determined after the phase
remained stable and balanced. Finally, the mass pro-
portions of the emulsifier, oil phase, and water were
calculated at the phase transformation points, and
pseudoternary phase diagrams were presented.

Microemulsion polymerization

Specimens were confected through the choice of
three different points in a single-phase realm [A, B,
and C in Fig. 1(b)] with the initiator KPS. Each speci-
men and 0.02 g of KPS were mixed and then put
into a 25-mL compression-resistance hermetical tube.
Systems were heated to an appropriate temperature
in aqueous holloware so that the polymerization
reaction could be carried out. There was some white
filaceous matter at about 10 to 15 min, and a lot of
white solid latexes were made by polymerization
in 1 h. The polymer was deposited with ethanol,
whereas some excessive reactive surfactant and
small molecule impurities on the polymer were
eliminated with ethanol. Solid latexes were dried for
24 h at 60°C and were sprayed to be observed with
scanning electron microscopy (SEM). The glass-tran-
sition temperature was measured with a differential
thermal analyzer; the scope of the measured temper-
atures was —80 to 60°C, and the calefactive velocity
was 10°C/min.

RESULTS AND DISCUSSION
Influence of the cosurfactant on the microemulsion

The influence of the cosurfactant (n-pentanol) on the
microemulsion phase diagrams was examined sepa-
rately at k valuesof 2:1,15:1,1:1, and 1: 2. The
diagrams in Figure 1(a—d) correspond to the phase
behaviors of the microemulsion systems with differ-
ent k values.

The variation of the microemulsion area with the k
value actually reflects the influence of the n-pentanol
content on the formation of the microemulsion. As
shown in Figure 1, when the gross of the emulsifier
was fixed, the microemulsion area gradually dimin-
ished with n-pentanol increasing. It was very diffi-
cult to produce a phase transformation point and
form a microemulsion when the k value was up to
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Figure 1 Pseudoternary phase diagrams of SAA, n-pentanol, MA/BA, and water.

1 : 3. This was because the influence of the n-penta-
nol content on the interfacial film of the micella
formed by SAA was small and not evident. With the
n-pentanol content increasing, the solubilization of
n-pentanol in the micellar barrier layer formed by
SAA increased, so the flexible performance of the
mixed interfacial film formed jointly by the surfac-
tant and n-pentanol was enhanced greatly.'® In addi-
tion, n-pentanol was also able to destroy the floeberg
structure of water surrounding the mixed interfacial
film'” and accordingly improved the flexible per-
formance of the mixed interfacial film. However,
when the n-pentanol content was excessive, it could,
to some extent, dissolve in both the water phase and
the oil phase and could associate with the polar
group of the surfactant molecule, making the film
loose. Furthermore, an excess of n-pentanol could
reduce the intensity of the film and the stability of
the microemulsion, making the microemulsion area
smaller. In addition, the price of the reactive surfac-
tant was very high, and the content could not be too
high, so it was better to use a k value of 1.5 : 1 to
prepare the microemulsion.

Influence of the electrolyte on the microemulsion

Figure 2 shows phase diagrams of a microemulsion
added to NaCl whose mass concentration was 0.5%
when the k value was 1.5 : 1. As shown in Figure 2,
the area of the microemulsion was a bit reduced
when it was added to the salt electrolyte, but the
influence was not too great. This may be the reason

MA/BA

emulsion and

excessive SAA
0.4
microemulsion

%0.2

[ o4 os 0.8 SAAsn-pentanol
microemulsion

sodium chiaride 012
+ water

Figure 2 Pseudoternary phase diagram of SAA, n-penta-
nol, MA/BA, and NaCl.
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that the counterion may compress the diffuse double
layer and decrease the hydrophilicity of the ionic
surfactant.'®

Conductivity

Figure 3 shows the conductivity curves of the SAA/
n-pentanol/MA /BA/water pseudoternary system by
the water dilution method. Along the routes includ-
ing R = 5 : 5 [a line in Fig. 1(b)], the conductivity
increased slowly with the water content increasing,
and the system could not form a conducting chain
when the mass proportion of water was below
34.6%, so this area was a water-in-oil (W/O) micro-
emulsion under the condition of R =5 : 5. When the
mass proportion of water was between 34.6 and
54.3%, a conducting chain was formed; the conduc-
tivity increased rapidly with the water content
increasing, and a percolation phenomenon
appeared,'® so the system formed a bicontinuous
(BC) structure. When the mass proportion of water
was above 54.3%, the concentration of conducting
ions achieved its maximum, and the conductivity
reached its maximum. When the water content
increased again, the conductivity was dominated by
water and decreased with the water content increas-
ing, so the system was an oil-in-water (O/W) micro-
emulsion. In the same, under the condition of R =
7:3, the system was a W/O microemulsion when the
mass proportion of water was below 50.2%, the sys-
tem formed a BC when the mass proportion of water
was between 50.2 and 65.2%, and the system was an
O/W microemulsion when the mass proportion of
water was above 65.2%.

The conductivity of the SAA/n-pentanol/MA/
BA/brine pseudoternary system was determined by
the water dilution method, and the conductivity
curves are shown in Figure 4. Along two routes
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Figure 3 Relationship between the conductivity and vol-
ume of water in an SAA/n-pentanol/MA/BA/water
system.
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Figure 4 Relationship between the conductivity and vol-
ume of an NaCl solution in an SAA /n-pentanol/MA/BA/
brine system.

including R = 5:5 and R = 7:3 (directions a and b in
Fig. 2), the addition of the electrolyte could enhance
the conductivity of the system, but the partition of
the microemulsion area in the brine system was not
distinct from that in the water system, and this was
in accordance with the aforementioned phase
diagrams.

Microemulsion polymerization
IR spectroscopy analysis

When the temperature was 80°C, the mass propor-
tion of the emulsifier including SAA and n-pentanol
was 25.79%, the mass proportion of the monomer
including MA and BA was 17.19% [point A in Fig.
1(b)], and the mass proportion of the water was
57.02%. Samples for IR spectra were washed with
ethanol to removal small molecule impurities and
then dried in vacuo to form films. IR spectra were
recorded with a Vector 33 instrument (Bruker Co.,
Germany).

In the Fourier transform infrared (FTIR) spectrum
of acrylate latex (Fig. 5), the peaks at 3556 and
3450 cm ™! are related to the frequency doubling
band of the asymmetrical and symmetrical stretch-
ing vibrations of the carbon-oxygen double band,
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Figure 5 FTIR spectrum of acrylate latex.
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respectively; the peaks at 2958 and 2873 cm™' are
related to the stretching vibration band of the car-
bon-hydrogen bond on methyl and methylene. The
peaks at 1452 and 1378 cm ' are related to the in-
plane and out-of-plane bending vibration bands of
the carbon-hydrogen bond on methyl and methyl-
ene, respectively, and the peaks at 1245 and 1163
cm ! are related to the vibration band of the car-
bon-oxygen—carbon band on the ester group. The
peak at 1062 cm ' is related to the characteristic
absorption band of the carbon-sulfur band. The
peak at 837 cm ™! is related to the stretching vibra-
tion band of the carbon-oxygen double band on the
BA group, and the peak at 738 cm ' is related to the
deformation vibration band of long methylene. The
peak at 1731 cm ™! is related to the stretching vibra-
tion band of the carbon-oxygen double band, and
the peak at 1647 cm ' is related to the stretching
vibration band of the carbon-carbon double band;
its intensity is very feeble, showing that little
remained of the carbon-carbon double band and
that almost all the monomers were used in the
copolymerization. In addition, the reactive surfactant
SAA could to some extent participate in the poly-
merization with the monomers.
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Differential scanning calorimetry (DSC) analysis

When the temperature was 80°C, the mass propor-
tion of the emulsifier, including SAA and n-penta-
nol, was 2579%; the mass proportion of the
monomer, including MA and BA, was 17.19% [point
A in Fig. 1(b)]; and the mass proportion of the water
was 57.02%. The DSC figure of the acrylate latex is
shown in Figure 6. The glass-transition temperature
was measured with a PerkinElmer DSC7 instrument
(test conditions: a temperature range of —80 to 60°C
and a heating rate of 10°C/min).

As shown in Figure 6, the polymer latex film had
only one glass-transition interval, and its glass-tran-
sition temperature was about —31.4°C. That was
on the transition at the glass-transition temperatures
of the homopolymers of poly(methyl acrylate) and
poly(butyl acrylate), and this suggested that there
were no corresponding homopolymers and that
there was good copolymerization. However, the
actual glass-transition temperature was —38.47°C
and was higher than the calculated value; maybe
this occurred because the anionic reactive surfactant
participated in the copolymerization and made the
glass-transition temperature increase.'”

Surface structure analysis

The polymer latex was dried for 24 h at 60°C, and
then the obtained solid polymer latex was sprayed
with gold for observation with a JSM-25S scanning
electron microscope (JEOL Co., Japan). Figure 7
shows the SEM micrographs of polymer latexes at
different temperatures with the same formula [point
A in Fig. 1(b)]. As shown in Figure 7, the surface of
the polymer latex was more sequential and regular
when the polymerization temperature was lower.
When the polymerization temperature reached 90°C,
the surface structure of the polymer latex was
destroyed severely because too high a temperature
destroyed the microemulsion structure and distorted
the interfacial film to some extent.”’

a. 70 °C b.
o (SAA + n-pentanol) = 25.79 %, o (MA/BA) = 17.19 %, o (H,0) = 57.02 %

80 °C

c.90°C

Figure 7 SEM micrographs of polymer latexes at different temperatures (mass proportion of SAA and n-pentanol =
25.79%, mass proportion of MA/BA = 17.19%, mass proportion of H;O = 57.02%).
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Figure 8 SEM micrographs of polymer latexes with different formulas: (a) mass proportion of SAA and n-pentanol =
28.90%, mass proportion of MA/BA = 19.27%, and mass proportion of H,O = 51.83% and (b) mass proportion of SAA
and n-pentanol = 23.35%, mass proportion of MA/BA = 15.57%, and mass proportion of H,O = 61.08%.

Figure 8 shows SEM micrographs of polymer
latexes with different microemulsion formulas at
80°C. The formula of Figure 8(a) is point B in Figure
1(b), and the formula of Figure 8(b) is point C in
Figure 1(b). Contrasting Figure 8(a,b) with Figure
7(b), we know that the polymer latex was transformed
gradually from an open porous structure to a closed
porous structure when its pregnant microemulsion
varied from a BC structure to an O/W structure.

CONCLUSIONS

Pseudoternary phase diagrams of quaternary microe-
mulsion systems composed of the reactive surfactant
SAA, n-pentanol, MA/BA, and water were exam-
ined. When the mass ratio of SAA to n-pentanol was
1.5:1, the prepared microemulsion was optimal.

The microemulsion area was a bit reduced when
the NaCl electrolyte was added, but the influence
was not too great.

A conductance technique suggested that there
were three structures in the microemulsion system:
W/0O, O/W, and BC.

In the microemulsion polymerization, the reactive
surfactant SAA could participate with the monomers
to some extent; the glass-transition temperature of the
latex was —31.4°C. The polymer latex was trans-
formed gradually from an open porous structure to a
closed porous structure when its pregnant microemul-
sion varied from a BC structure to an O/W structure.

Journal of Applied Polymer Science DOI 10.1002/app
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