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ABSTRACT: Small-angle X-ray scattering was used to investigate the nanostructures of complexes formed
by slightly cross-linked anionic copolymer gels of poly(sodium methacrylate-co-N-isopropylacrylamide)
P(MAA/NIPAM) interacting with tetradecyltrimethylammonium bromide (TTAB), and dodecyltrimethyl-
ammonium bromide (DTAB), respectively, at room temperature (∼23 °C). In sequence with decreasing
charge density of the P(MAA/NIPAM) copolymer chains, the structures of Pm3n space group cubic, face-
centered cubic close packing of spheres, and hexagonal close packing of spheres were respectively
determined. The structural elements of spheres and/or rods were shown to be the spherical and/or
cylindrical micelles formed by the self-assembly of TTA or DTA cations driven by both electrostatic and
hydrophobic interactions of the charged copolymer chains/surfactants and of the surfactants/surfactants
inside the polyelectrolyte gel matrix. Both the aggregation number and the size of the micelles decreased
with decreasing charge density of the copolymer chains. By further decreasing the charge density of the
P(MAA/NIPAM) chains, the structures of resulting complexes became less ordered.

Introduction

The interactions between polyelectrolyte and op-
positely charged amphiphiles have attracted special
interest in the last two decades, due both to its impor-
tance in fundamental polymer physics/biophysics as well
as in industrial applications. The biological significance
stems from the fact that many biomacromolecules, such
as the various polynucleic acids and proteins are poly-
electrolytes and various lipids are surfactants. The use
of cationic liposomes in the transfer of genes has become
a popular method of gene therapy.1-4 The interactions
of polyelectrolytes with oppositely charged surfactants
are quite strong and can induce complex formation with
highly ordered structures. These ordered structures
have a host of possible applications ranging from
improved mechanical behavior to unusual optical, elec-
trical, and biological properties.5 Both electrostatic
interactions between charged components as well as
hydrophobic interactions between the polymer backbone
and the alkyl tail of the surfactant are important in
driving the self-assembly of surfactant molecules to form
ordered structures inside the complexes.6-10

Surfactants in water exhibit very rich and complex
self-organized structures that are the basis of the
structure-forming abilities of the polyelectrolyte-sur-
factant complexes.5 In comparison with the rich phase
structures of molecular organizations in binary mixtures
constructed from water and surfactants,11-16 far too
little is known about the phase structures of the
polyelectrolyte-surfactant complexes. The structure of
the polyelectrolyte-surfactant complexes depends greatly
on the competition between the rate of complex forma-
tion and the rate by which a thermodynamically equili-
brated complex phase is eventually formed. Some
structures that are the same as in surfactant/water
binary system should be observable in polyelectrolyte-
surfactant complexes. In the meantime, threading
polyelectrolyte chains through these mesophases may
also create different geometrical constraints from sur-

factants, thus producing some new structures. It could
be expected that the charge density of the polyelectrolyte
chains would significantly affect the structures of the
complexes.

Substantial efforts have been made to clarify the
structures of polyelectrolyte-surfactant complexes in
the last five years.9,17-24 Kabanov et al.17 reported a
lamellar structure for complexes of poly(sodium acryl-
ate) gel-alkyltrimethylammonium bromide. Okuzaki
and Osada9 proposed a simple cubic structure for the
complexes formed by poly(2-(acrylamido)-2-methylpro-
panesulfonic acid) (PAMPS) and alkylpyridinium chlo-
ride (APCl). Antonietti et al.19-23 have studied the solid-
state structures of various polyelectrolyte-surfactant
complexes. A structure of face-centered cubic packing
of undulated cylinders was proposed for the complex of
poly(sodium acrylate)-dodecyltrimethylammonium. Dif-
ferent undulated lamellar structures were proposed for
complexes of polystyrenesulfonate-alkyltrimethylam-
monium salts. They also made complexes by the
interactions between copolymers of poly(acrylate-co-
tetradecylacrylamide) [P(AA/TDAA)] or poly[(sodium
2-acrylamido-2-methyl-1-propanesulfonate)-co-octade-
cylacrylamide] [P(AMPS/ODAA)] with cetyltrimethyl-
ammonium salt (CTA).21 Depending on the copolymer
compositions, lamellar, modulated-lamellar, hexagonal
packing of cylinders, and bicontinuous sponge phase
structures were observed, respectively, in the P(AA/
TDAA)-CTA and P(AMPS/ODAA)-CTA complexes.
Very recently, the Ober group5 suggested a lamellar
structure for the poly(methacrylate) (PMAA)-CTA com-
plex. It could be seen that most of the polyelectrolyte-
surfactant complexes studied so far showed lamellar,
cylindrical, and undulating layered structures. More-
over, some strcutures described above might be ill-
identified due to the poor resolution of X-ray scattering
curves.

In our laboratory in the past few years, synchrotron
small-angle X-ray scattering (SAXS) has been used to
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investigate the structures of the complexes formed by
cationic gels of poly(diallyldimethylammonium chlo-
ride)(PDADMACl) interacting with anionic surfactants
of sodium alkyl-sulfate (SCnS).18,24 Hexagonal packing
of cylinders for complexes of PDADMACl-SCnS at n g
12 and cubic structures for complexes of PDADMACl-
SCnS at n e 10 were observed, respectively. However,
the cubic structure was not analyzed, and the charge
contents of the copolymer chains were not quantitatively
controlled as desired due to the large difference in the
reactivity ratio between the DADMACl cationic mono-
mer and acrylamide neutral comonomer.

In this paper, we have chosen N-isopropylacrylamide
(NIPAM) as a neutral comonomer to be copolymerized
with sodium methacrylate (MAA) anionic monomer to
produce the slightly cross-linked negatively charged
polyelectrolyte hydrogel. The desired charge content
could be controlled because of the similar reactivity ratio
of component i (ri) for the two comonomers, namely, r1
) 0.89 for NIPAM and r2 ) 1.13 for MAA, respectively.25

Tetradecyltrimethylammonium bromide (TTAB) and
dodecyltrimethylammonium bromide (DTAB) have been
used as cationic surfactants to produce complexes. The
objectives of the present paper are to study the charge
density effect of polyelectrolyte network chains on the
phase structures of the formed complexes and to analyze
the novel phase structures observed in P(MAA/NIPAM)
gel-TTA and -DTA complexes. Structures of Pm3n
space group cubic, face-centered cubic close packing of
spheres, hexagonal close packing of spheres were, for
the first time, observed in polyelectrolyte-surfactant
complexes.

Experimental Section

Materials. Methacrylic acid (MAA) monomer (Ald-
rich, 98.5%) was vacuum distilled. NIPAM monomer
(ARCOS, 99%) was purified by recrystallization in a
toluene/hexane mixture. N,N′-Methylenebis(acryla-
mide) (BIS) (Ultragrade, Pharmacia LKB) as a cross-
linker, and ammonium persulfate (APS) (Aldrich, 98+%)
as an initiator, were used as received. The surfactants
of TTAB (Lancaster, 98%) and DTAB (Fluka, g98%)
were used without further purification. Deionized water
was distilled before use.

Gel Preparation. Gels were prepared by free radical
copolymerization. A 15 wt % aqueous solution (5-8 mL)
of a reaction mixture with a desired comonomer molar
ratio and a cross-linker density of 1 mol % (of total
monomers) was bubbled with nitrogen for 15 min to
remove oxygen in the reaction mixture. Then 35 µL of
a 10 wt % APS solution was added to the mixture. The
final solutions were filtered through a 0.22 µm Millipore
filter and injected into the space between two glass
plates separated by two spacers with a thickness of 0.63
( 0.04 mm. Gelation was carried out at 65 °C for 24 h.
One portion of the resulting gels was washed in distilled
deionized water to remove the unreacted monomers and
was titrated with aqueous sodium hydroxide solution
to determine the composition of the copolymer. Another
portion of the gels was washed in a large amount of
dilute sodium hydroxide solution for 3 weeks in order
to neutralize the poly(methacrylic acid) and to remove
the unreacted monomers. The dilute sodium hydroxide
solution was changed every 1-2 days, and the final pH
value was kept at ∼8.2.

P(MAA/NIPAM) Gel-Surfactant Complexation.
Complexes were prepared by immersing known amounts

of neutralized and water swollen gel disks (10 mm
diameter, 2-3 mm thick) in a very dilute aqueous
sodium hydroxide solution of surfactants (pH ∼8-9).
The surfactant concentration was approximately one-
third of the critical micelle concentration (CMC) for the
corresponding surfactant in the external solution phase.
The total volume of the surfactant solution was con-
trolled at such a level that the ratio r, defined by
〈number of surfactant molecules in solution〉/〈number
of charged groups in the polymer networks〉, was in the
range of r g 2. It means that the number of surfactant
molecules was always in excess of the number of
charged groups in the copolymer chain for complexation.
The gel disks were equilibrated in the surfactant
solution for about 4 weeks before being taken out for
SAXS measurements. In addition, the equilibrated gel-
surfactant complexes were also washed on the surface
by water, and vacuum-dried to determine the composi-
tions of the dried complexes by elemental analysis (M-
H-W Lab, AZ). No bromine was detectable inside the
complexes.

X-ray Scattering Measurements. SAXS measure-
ments were performed at the X3A2 State University of
New York Beam Line, National Synchrotron Light
Source at Brookhaven National Laboratory, using a
laser-aided prealigned pinhole collimator.26 The inci-
dent beam wavelength (λ) was tuned at 0.154 nm. A
2D detector imaging plate was used in conjunction with
an image scanner manufactured by Fujitsu Co. as the
detection system. The sample to detector distance was
787 mm, corresponding to a q range of 0.2 e q e 4.8
nm-1 with q ) (4π/λ) sin(θ/2) and θ being the scattering
angle between the incident and the scattered X-rays.
The experimental data were corrected for background
scattering and sample transmission. The smearing
effect was negligible for this setup.

Results and Discussion

The P(MAA/NIPAM) gel underwent a volume con-
traction when placed in the TTAB or DTAB solution.
Depending on the charge content of polyelectrolyte
chains, the surfactant solution concentration, and the
tail properties of the surfactant, the gels showed dif-
ferent collapse kinetics and various degrees of collapse.
Typically, the P(MAA/NIPAM) gels reached an equilib-
rium state of collapse after 3 weeks in TTAB solution,
and 2 weeks in DTAB solution, respectively. The
elemental analysis results showed that the complex
formation was essentially a stoichiometric binding reac-
tion of the surfactant molecules with the copolymer
network chains in terms of charges. Accordingly, there
could only be slightly cross-linked negatively charged
PMAA or P(MAA/NIPAM) chains, TTA or DTA cations,
and water inside the complexes after the gels reached
the equilibrium of collapse. By knowing the weight of
the dried gel [poly(sodium methacrylate/NIPAM) chains]
before complexation, the weight of complexes equili-
brated with water (the water on the surface of complex
disks was adsorbed before weighing), and the weight of
the dried complexes, we could determine the weight
fraction of P(MAA/NIPAM) chains, TTA or DTA cations,
and water inside the complexes. Table 1 lists the
compositions of some P(MAA/NIPAM) gel-TTA or
-DTA complexes.

I. P(MAA/NIPAM)-TTA Systems. A. Pm3n Cu-
bic Structure. Figure 1 shows a typical SAXS profile
of the PMAA gel-TTA complex formed with fully
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charged PMAA chains. More than 10 sharp scattering
peaks with a spacing ratio of 21/2:41/2:51/2:61/2:81/2:101/2:
121/2:141/2:161/2:201/2:211/2 were observed. The extinction
rule was compatible with the cubic phase structure of
Pm3n space group, which indicated that the highly
ordered structure of the Pm3n cubic was formed within
the collapsed gel. The corresponding diffraction planes
could be indexed as 110, 200, 210, 211, 220, 310, 222,
321, 400, 420, and 421. The lattice parameter of the
cubic unit cell was calculated to be a ) 9.37 nm. The
Pm3n cubic phase structure has been found to be located
between the aqueous micellar solution and the hexago-
nal phase (HR) in many surfactant/water binary or
surfactant/water/oil ternary systems.12-14,27,28 However,
it was, for the first time, observed in polyelectrolyte-
surfactant complexes. The detailed analysis for the
Pm3n cubic structure has been described elsewhere.29

It should be mentioned that the complexes of PAMPS
gel-APCl might also show the Pm3n cubic structure
even though only the three most intense peaks indexed
as 200, 210, and 211 were observed by Okuzaki and
Osada.9 The proposed structure model, namely, each
corner of the primitive cubic lattice was occupied by a
sphere that was formed by the large aggregates of
bilayer surfactants with paraffin chains both inside and
outside the sphere, can be clearly ruled out. First, in
terms of the primitive cubic structure, the observable

peaks of 100 and 110 should fall within their experi-
mental q range; furthermore, these two peaks (100, 110)
should be more intense than the three reported peaks
(200, 210, and 211). Second, according to the composi-
tions of the PAMPS gel-APCl complexes with 76%
water inside, it was unreasonable to assume the hydro-
phobic tails of surfactants to be widely extended into
the water phase.

I.B. Face-Centered Cubic Close Packing of
Spheres (FCC). Figure 2 shows the SAXS profile of
the P(MAA/NIPAM)-TTA complex at a charge content
of 67 mol % in the copolymer chains. Five sharp
diffraction peaks with a spacing ratio of 31/2:41/2:81/2:111/2:
121/2 were observed, indicating a plain FCC structure.
The corresponding diffraction planes can be indexed as
111, 200, 220, 311, and 222. The dotted line in the
figure represented the simulation scattering curve based
on a model of close packing of spheres positioned at the
FCC lattice. All the peak positions matched the model
very well, while the intensity at higher q range showed
some difference between the calculated and experimen-
tal curves. The parameter of unit cell a was calculated
to be 7.0 nm.

I.C. Hexagonal Close Packing of Spheres (HCP).
Figure 3 shows a typical 2D SAXS image of the P(MAA/
NIPAM)-TTA complex at a charge content of 50 mol %

Table 1. Compositions and Structure Parameters of Partial P(MAA/NIPAM) Gel-TTA and P(MAA/NIPAM) Gel-DTA
Complexesa

complexes/charge density structure compositiona
dimension of
unit cell/nm Rsph/nm Rlit/nm Nagg Nlit

gel-TTA/67 mol % FCC φTTA ) 0.38 a ) 7.0 2.0 2.4 63 66 (TTACl)
φp ) 0.18 68 (TTABr)
φw ) 0.44

gel-TTA/50 mol % HCP φTTA ) 0.35 a ) 4.8 1.9 53
φp ) 0.22 b ) 8.4
φw ) 0.43 c ) 7.9

gel-DTA/75 mol % HCP φDTA ) 0.37 a ) 4.5 1.8 2.1 52 47 (DTACl)
φp ) 0.16 b ) 7.8
φw ) 0.47 c ) 7.4

gel-DTA/67 mol % HCP φDTA ) 0.35 a ) 4.4 1.7 47
φp ) 0.18 b ) 7.7
φw ) 0.47 c ) 7.4

a φTTA, φDTA, φp, and φw: volume fraction of TTA ions, DTA ions, P(MAA/NIPAM) chains, and water inside the complexes. Rsph: radius
of spherical micelles of TTA or DTA ions inside the complexes (Rlit: literature value30). Nagg: aggregation number of micelles packed
inside the complexes (Nlit: literature value31).

Figure 1. Typical SAXS profile of PMAA gel-TTA complex.
The scattered peaks can be indexed according to a cubic
structure of Pm3n space group.

Figure 2. SAXS profile of P(MAA/NIPAM) gel-TTA complex
formed with a 67 mol % charge content of the copolymer
chains. The dotted line represents the calculated scattering
curve based on the FCC close packing of spheres.
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in the copolymer chains. A macrolattice was formed
inside the complex. The nice scattering picture with
reflections from separate crystallites could only be
observed when the charge density of the copolymer
chains was decreased, probably due to the increase in
flexibility of the polyelectrolyte chains when neutral
PNIPAM chain became relatively longer. Figure 4
shows the integrated SAXS profile from this nice image;
eight scattering peaks were observed. These peaks
could be indexed according to the HCP structure. To
simplify some calculations for simulating the scattering
curve, an orthorhombic unit cell, as shown in the inset
of Figure 4, was chosen. Putting one sphere at the
origin [0,0,0] and one sphere at the center of the base
plane [a/2,b/2,0] produced a single 2D closed-packed
layer of spheres. The next layer at z ) c/2 was identical
to the base layer but shifted by b/3 in the y direction.

The layer at z ) c was identical to the one at z ) 0,
resulting in an A-B-A stacking order. Totally, there
were four spheres per unit cell. The orthorhombic
indexing for the observed scattering peaks was the
following: 110 and 020 for 1.49 nm-1, 002 for 1.59 nm-1,
111 and 021 for 1.68 nm-1, 112 and 022 for 2.17 nm-1,
113 and 023 for 2.78 nm-1, 221 and 041 for 3.10 nm-1,
004 for 3.18 nm-1, and 222 and 042 for 3.40 nm-1. The
dimension of the orthorhombic unit cell was calculated
to be a ) 4.84, b ) 8.39, and c ) 7.91 nm, where a
corresponds to the sphere-to-sphere center distance. The
dotted line in Figure 4 shows the calculated scattering
curve from this unit cell model.

II. P(MAA/NIPAM) Gel-DTA System. Figure 5
shows the SAXS profiles of P(MAA/NIPAM) gel-DTA
complexes formed at various charge contents of the
P(MAA/NIPAM) chains. At charge contents g91 mol
%, nearly 10 scattering peaks with a spacing ratio of
21/2:41/2:51/2:61/2:81/2:101/2:121/2:141/2:161/2:201/2 were ob-
served. Obviously, the ordered structures formed inside
the complexes could be indexed as Pm3n cubic. When
decreasing the charge content of the P(MAA/NIPAM)
chains to 75 mol %, the structure of the formed
complexes changed to HCP in terms of the peak posi-
tions. However, the relative intensities of the scattering
peaks were different from those of the calculated scat-
tering curve from the HCP unit cell model in Figure 6;
namely, the intensity of the second peak (1.70 nm-1)
was much lower than that of the calculated scattering
curve. It is known that the scattered intensity can be
strongly affected by the form factor of a sphere F(q,R)
) {3/(qR)3[sin(qR) - qR cos(qR)]}2, with R being the
sphere radius. The low intensity of the second scatter-
ing peak suggested that the first minimum of the form
factor function nearly coincided with the position of this
peak. This coincidence required that the diameter of
the spheres must be about 14% larger than the inter-
distance between the spheres. It means that the
spheres inside the complexes touched each other and
were deformed slightly. Therefore, the structure of the
complexes could be described as hexagonal close packing
of large deformed spherical micelles. The complex
formed with 67 mol % charge content of the P(MAA/
NIPAM) chains showed a similar HCP structure, but
the relative intensities of the scattering peaks were
closer to those of the calculated curve from the plain

Figure 3. Typical 2D image obtained from the P(MAA/
NIPAM) gel-TTA complex formed with charge content of 50
mol % in the copolymer chains. A macrolattice was formed
inside the complex.

Figure 4. SAXS profile of the P(MAA/NIPAM) gel-TTA
complex formed with a charge content of 50 mol % in the
copolymer chains. The dotted line represents the calculated
scattering curve based on the inset orthorhombic unit cell
model for the HCP structure.

Figure 5. SAXS profiles of P(MAA/NIPAM) gel-DTA com-
plexes at various charge contents of the P(MAA/NIPAM)
chains.
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HCP structural model in Figure 6. The reason was that
the spherical micelles became smaller when the charge
density of the copolymer chains was decreased so that
the spherical micelles did not deform too much. By
further decreasing the charge content of the copolymer
chains to 50 mol %, only one broad peak was observed,
indicating a less-ordered structure inside the complexes.

After having analyzed the compositions and the
structures of the complexes, we can clarify the arrange-
ment of the polyelectrolyte chains, the TTA or DTA
cations, and water inside the complexes. There was still
a great deal of water (i.e., φw > 0.44) inside the
complexes even though the anionic gel had reached the
collapsed limit. Thus, the distribution of water and
paraffin chains (hydrophobic components) should be of
type I; namely, the paraffin chains were inside the
cylindrical and/or spherical micelles, while water stayed
outside. The continuous P(MAA/NIPAM) copolymer
network chains could be mainly distributed in the water
matrix, but close to the polar surface of the spherical
and cylindrical micelles so that these micelles could be
stabilized by the electrostatic interaction. The copoly-
mer network chains might also be partially distributed
at the polar/apolar interface of the spherical and/or
cylindrical micelles. The charged groups of the copoly-
mer chains could stabilize the arrangement of the polar
headgroups of surfactants in the micelles by electro-
static interactions. Meanwhile, the hydrophobic com-
ponents (polymer backbone or side groups) could inter-
act with the paraffin chains of the surfactants to
stabilize the micelles.

We can further calculate the size and the aggregation
number of the micelles packed inside the complexes. For
Pm3n cubic, the distribution of the TTA (or DTA) cations
between the rods and the spheres was unknown. Here,
we just calculated for the micelles inside the two
relatively simple structures of FCC and HCP, both of
which consisted of only spherical micelles. For the FCC
structure, there are four spheres per unit cell. Thus,
φTTA can be calculated as follows

By knowing the φTTA and a values, Rsph could be
calculated. Meanwhile, we can calculate the number
density of micelles inside the complexes as

F can also be calculated from the TTA concentration
CTTA (w/v) inside the complex, the micellar aggregation
number Nagg, and the molecular weight of TTA ions
(MTTA) according to the equation

where NA is the Avogadro number. The combination
of eqs 2 and 3 can give Nagg as

Thus, by knowing CTTA and a, Nagg could be calculated.
Similarly, based on the orthorhombic unit cell with four
spheres for the HCP structure, we can get the following
relations

All of the calculated radius and aggregation numbers
of the spherical micelles inside FCC and HCP structures
are listed in Table 1. For micelles formed by TTA
cations, the radius of 2.0 nm was reasonable in terms
of the dimension of the TTA cations. It was also close
to the radius of spherical TTA micelles formed in
water.30 The Nagg of 63 for the TTA micelles formed
inside the complexes was consistent with the value of
66 for TTA micelles formed in water (outside the
P(MAA/NIPAM) gel).31 When the charge density of the
P(MAA/NIPAM) chains was decreased to 50 mol %, both
the Rsph and Nagg of micelles decreased. Usually, the
addition of electrolyte to a surfactant aqueous solution
can lead to a decrease in CMC and an increase in Nagg
of surfactants.31,32 However, the complex formation of
polyelectrolyte with surfactants occurs highly coopera-
tively and follows a stringent 1:1 stoichiometry in terms
of charges. Therefore, the Nagg of surfactant molecules
inside the complexes will strongly depend on the charge
density of polyelectrolyte chains and the flexibility of
the polyelectrolyte backbone chains. The decrease in
charge density of the polyelectrolyte chains will decrease
the number density of surfactant ions inside the com-
plexes, while the restriction of the flexibility of backbone
chains will hinder the bound surfactants aggregating
together to form micelles. For micelles formed by DTA
cations inside the complexes, both the calculated Rsph
and Nagg of the micelles were in agreement with those
of the micelles formed outside the polyelectrolyte gel.31

It should be emphasized that only the aggregation of
the TTA (or DTA) cations to monodisperse spherical
micelles was taken into account when calculating the
Rsph value of micelles. If we considered the shell
thickness of the hydrated counterions of the P(MAA/
NIPAM) chains and the polydispersity of spherical
micelles (i.e., the deformed spheres), the diameter of
micelles could be larger than the interdistance of the
deformed spherical micelles in P(MAA/NIPAM) gel-
DTA complexes (a ) 4.4 nm). This quantitatively
showed the possibility that the first minimum of the
form factor function of a sphere could coincide with the
position of the second peak in the scattering curve,
which resulted in a low intensity of the scattering peak.

Figure 6. SAXS profiles of PMAA gel-DTA complexes formed
at different cross-linker densities of the PMAA gel network.

φTTA ) [4(4π/3)(Rsph)3]/a3 (1)

F ) 4/a3 ) 1.17 × 1019 (1/cm3) (2)

F ) CTTANA/(NaggMTTA) (3)

Nagg ) CTTANAa3/(4MTTA) (4)

φTTA(or DTA) ) [4(4π/3)(Rsph)3]/(abc) (5)

Nagg ) CTTA(or DTA)NA(abc)/[4MTTA(or DTA)] (6)
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Figure 6 shows the SAXS profiles of the PMAA gel-
DTA complexes formed with different cross-linker den-
sity of the fully charged PMAA network chains. With
increasing cross-linker density of the polymer network
chains, the sharp peaks in the scattering curve gradu-
ally disappeared. Only one broad peak was observed
at a high cross-linker density of 7.0 mol %, indicating
that the highly ordered structure inside the complex was
disturbed by the high cross-linker density of the polymer
network chains. This behavior should be expected since
the supramolecular structure was formed inside the 3D
gel network and the decrease in mesh size of the
polyelectrolyte network would hinder the ordered ar-
rangement of the surfactant molecules inside the gel.

All the complexes discussed above were formed in
very dilute surfactant solution (about one-third of the
CMC). To examine the concentration effect of surfac-
tant solution, we prepared two complexes formed by
fully charged PMAA gels interacting with DTAB solu-
tion at concentrations above its CMC. Figure 7 shows
the SAXS profiles of PMAA gel-DTA complexes formed
in DTAB solution at different concentrations. The
ordered structure of Pm3n cubic inside the complexes
remained unchanged even though the complexes were
formed at DTAB concentrations much higher than its
CMC. However, the corresponding scattering peaks
from the complexes shifted to lower q values when the
surfactant solution concentration was increased, indi-
cating a larger unit cell. This increase in the interdis-
tance of microdomains was reasonable. As expected,
when the complexes were formed in DTAB solution with
concentration above CMC, there were more DTAB
molecules staying inside the complexes in addition to
those DTA cations bound with the PMAA chains. Thus,
the aggregation number and the size of the micelles
inside the complexes formed at DTAB concentrations
above the CMC were larger than those formed at DTAB
concentrations much below the CMC. The packing of
these large micelles resulted in a larger unit cell inside
the complexes.

Conclusions

The interaction of slightly cross-linked anionic poly-
electrolyte gels of P(MAA/NIPAM) with oppositely
charged surfactants of TTA or DTA salts could produce

complexes with very rich highly ordered nanostructures.
The charge density variation of polyelectrolyte chains
can induce the phase structure transition of the formed
complexes. In sequence with decreasing charge density
of P(MAA/NIPAM) chains, structures of Pm3n cubic,
FCC, and HCP were, respectively, formed in P(MAA/
NIPAM) gel-TTA or (-DTA) complexes. When the
charge density of the P(MAA/NIPAM) chains was
decreased to some extent, the structures of the resulting
complexes became less ordered. The structural ele-
ments of spheres and/or rods in these structures were
shown to be the spherical and/or cylindrical micelles
formed by the self-assembly of TTA or DTA cations
inside the complexes, driven by both electrostatic and
hydrophobic interactions. Both the aggregation number
and the radius of the micelles inside the complexes
decreased with decreasing charge density of the poly-
electrolyte chains. High cross-linker density of the
polyelectrolyte network chains could hinder the forma-
tion of highly ordered structure of surfactant molecules
inside the complexes.
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