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Introduction. The idea of matrix synthesis of poly-
mers originally came from molecular biology. The
discovery of a matrix mechanism of the synthesis of
DNA and RNA on DNA templates initiated the attempts
to develop simple macromolecular systems modeling
these complicated biological processes. Shwarz was the
first who proposed to use simple synthetic macromol-
ecules as templates for synthesis of complementary
polymer chains.! Later Kargin, Kabanov, and Kargina
have experimentally demonstrated the matrix mecha-
nism of polymerization of protonated 4-vinylpyridine on
anionic matrices of polyacids.22 The cooperative forma-
tion of hydrogen bonds between growing macroradicals
of poly(acrylic acid) (or poly(methacrylic acid)) and poly-
(ethylene glycol) determines the matrix mechanism of
the formation of polyacids.*® The main features of
matrix polymerization and arising problems are dis-
cussed in the reviews.5~19 Matrix polymerization can be
considered as a particular case of a more general case
of polymerization in organized media.l° For instance,
radical copolymerization of hydrophilic and hydrophobic
monomers in nanostructured media, e.g., containing
micelles or microemulsions, leads to copolymers with
well-defined quasi-block structure.!!

In the present work we will apply the ideas of matrix
synthesis of polymers and of the copolymerization in
organized media for synthesis of microporous polyelec-
trolyte gels with the charged units localized near the
surfaces of the micropores. The synthesis of the poly-
mers is based on the effect of concentrating of the
counterions near the surface of micelles or the drops of
emulsions, stabilized with ionic surfactants. As mono-
mers for the gel synthesis we have chosen acrylamide
and cationic monomer (3-acrylamidopropyl)trimethy-
lammonium chloride.

Experimental Section. (3-Acrylamidopropyl)tri-
methylammonium chloride (APTAC), acrylamide (AAm),
N,N’-methylenebisacrylamide  (BAA), ammonium
persulfate (PS), sodium dodecyl sulfate (SDS), and
N,N,N’,N'-tetramethylethylenediamine (TEMED) were
purchased from Sigma-Aldrich Fine Chemicals. Sodium
dodecyl benzoate (SDBS) was obtained from Fluka
Chemical Co. Benzene and cyclohexyl bromide were of
fine chemical grade (>99.5 wt %). Water was of Milli-
pore quality. Three solutions for polymerization were
prepared. Solution 1 contained AAm-6.09; BAA-0.17;
APTAC (75 wt % solution in water)-2.74 wt %,; the rest
water. Solution 2 was prepared by dissolving 0.195 g of
SDS in 10 mL of solution 1. Solution 3 was prepared by
mixing of the “oil” and solution 2 in the ratio 1:3 by
volume. The “oil” was a mixture of benzene and cyclo-
hexyl bromide.
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The emulsion containing monomers, “oil”, and sur-
factant was prepared by intensive mixing of solution 3
on a magnetic stirrer in a closed flask for 1 h. Then the
emulsion was sonicated using a “high-intensity Ultra-
sonic processor 50 W model”.

Copolymerization was performed as described else-
where.12 During polymerization solution 3 remained
white turbid, and transparent solution 2 became strongly
opaque, while solution 1 remained transparent. Wash-
ing of gel 1 was performed in water; gels 2 and 3 were
washed in a water—ethanol mixture (1:1 by volume)
containing sodium chloride with concentration ca. 2 M.
Immediately after polymerization before washing sev-
eral different pieces of gel 3 were studied by optical
microscopy using an Axiolab Pol microscope (Zeiss). The
size of the droplets in electronic images was measured
using Adobe Photoshop.

Polyelectrolyte gel—surfactant complexes were pre-
pared as previously described.’? The composition of the
complexes of the gels with surfactants was characterized
by the ratio ([SDBS]/[APTAC]) between the total
number of surfactant ions in the gel phase, [SDBS]g,
and the number of APTAC cations, [APTAC], contained
in the gel sample. The amount of surfactant absorbed
by the gels was determined by spectrophotometry after
extraction of the surfactant from the gel by a 2 M
solution of sodium chloride in a water—ethanol mixture.

Results and Discussion. A schematic representa-
tion of the copolymerization of cationic and neutral
monomers in the absence of the surfactant and oil is
shown in Figure 1a,b. Monomers are randomly distrib-
uted in the solution (a). Because of close reactivity of
the monomers in the radical copolymerization,!! the
sequence of the monomer units along the chains of the
network is also random (b). Both the initial monomer
solution and the final gel are transparent.

When the copolymerization is performed in the pres-
ence of SDS, the surfactant forms micelles. The high
charge density on the surface of the anionic micelles
results in concentration and condensation of the cations
near and on the surface of micelles (Figure 1c). Thus,
the local concentration of the cations of APTAC is
strongly enhanced near the surface of the SDS micelles,
and one can expect inhomogeneous structure of the
formed copolymer chains (Figure 1d). Moreover, the
formation of the chain fragments enriched with cationic
monomer units should result in the formation of strong
polyelectrolyte gel—surfactant complexes (PESC) be-
tween the surfactant aggregates and cationic chains.
The appearance of turbidity of the reaction media
during copolymerization and gel formation shows that
PESC segregates from the low charged regions of the
gel and that the size of the segregated regions are at
least of the order of hundreds of nanometers. This result
gives rise for the assumption that the formation of PESC
occurs with some positive feedback effects. In other
words, the first small segregated particles of PESC are
the centers of concentrating of the new portions of the
surfactant and APTAC. Thus, it can be expected that
in this case the polyelectrolyte network contains large
regions enriched with the cationic monomer units.

Figure le shows a schematic representation of the
surface of the oil droplet covered with surfactant anions.
As in the case of micelles, the cations of APTAC are
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Figure 1. Schematic representation of the copolymerization
of the cationic (gray) and neutral (white) monomers in aqueous
solution. Monomers are randomly distributed in the solution
(a). The sequence of the monomer units along the chains of
the network is also random (b). (c) Concentration and conden-
sation of the cations near and on the surface of micelle should
take place. (d) Inhomogeneous structure of the formed copoly-
mer chains. (e) Schematic representation of the surface of the
oil droplet covered with surfactant anions. After polymeriza-
tion the layer of polymer chains with a high local concentration
of cationic monomer units surrounding the droplet should be
formed (f).

a) b)
Figure 2. Micrographs obtained for gels 3 (a) and 1 (b) after
polymerization.

concentrating near the negatively charged surface. After
polymerization the layer of polymer chains with a high
local concentration of cationic monomer units surrounds
the droplet (Figure 1f). After the removal of the oil from
the gel, the latter represents a continuous phase incor-
porating voids with the “walls” enriched with cationic
monomer units.

Figure 2 shows one of the micrographs obtained for
gel 3 after polymerization. One can see a lot of small
spherical particles that fill the entire visible field. These
particles are absent in the micrographs obtained for gels
1 and 2, and their presence can be attributed to the oil
particles of emulsion. Figure 3 shows the histogram of
the size distribution of the oil droplets in the gel. The
mean value of the droplets diameter d is 1.12 um.
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Figure 3. Histogram of size distribution of the oil droplets

in the gel.
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Figure 4. Dependences of the ratio [SDBS]y/[APTAC] on the
concentration of SDBS in the solution [SDBS] containing 0.3
M sodium chloride for gels 1 (squares), 2 (triangles), and 3
(circles).

To find the difference between cationic gels 2 and 3
having the areas with high local charge density and gel
1 having the same network composition but randomly
distributed charges, we compared the ability of these
gels to absorb anionic surfactants. It is known that the
increase of the ionic strength of the solution leads to
dissociation of polyelectrolyte gel—surfactant complexes.
This effect depends strongly on the charge density of
the networks. The lower is the charge density the easier
is to induce the dissociation of complexes by the addition
of salts.1314 For example, in the case of swollen cationic
network 1 having 10 mol % of charged groups at high
enough concentration of inorganic salt the absorption
of anionic surfactants is suppressed. Figure 4 demon-
strates that at the same conditions gels 2 and 3 (with
the same average charge density) having the areas
enriched with cationic monomer units form stable
complexes with the surfactant.

Indeed, Figure 4 shows the dependences of the
composition of the complexes (the ratio [SDBS]4/[AP-
TAC]) between the number of the surfactant ions,
[SDBS]y, and the number of APTAC cations, [APTAC],
containing in the gel sample) for the gels on the
concentration of anionic surfactant SDBS in the solu-
tion. The dependence is obtained for the solutions
containing 0.3 M sodium chloride. Gels 2 and 3 synthe-
sized in the presence of anionic surfactant or surfactant
and oil emulsion absorb much more SDBS than gel 1
with randomly distributed charges. This difference can
be attributed to the existence of the regions enriched
with cationic groups in these gels and the formation of
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a much stronger complex with anionic surfactant,
SDBS, due to this fact.

Conclusion. This paper demonstrates the possibility
to use the principles of matrix polymerization and
polymerization in organized media for design of polymer
gels containing embedded voids having the walls en-
riched with ionic monomer units. The principle of
concentrating of the charged monomers near oppositely
charged surfaces of micelles or “oil” drops of emulsions
stabilized with ionic surfactants allows to obtain poly-
electrolyte gels with much better ability to absorb
oppositely charged surfactants in comparison with the
gels having random distribution of the charged mono-
mer units.
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