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ABSTRACT: Small-angle X-ray scattering (SAXS) and elastic measurements were made for polyelectrolyte
gel-surfactant complexes (PSCg) of polyacrylate-dodecylpyridinium (PAA-DP) and polyacrylate-
cetylpyridinium (PAA-CP) at various NaCl concentrations (Cs). Sharp peaks in the SAXS spectra were
observed at Cs lower than 200 mM and disappeared at Cs above 200 mM, where a single broad peak
emerged. The sharp peaks of PAA-DP and PAA-CP, respectively, are assigned to the Pm3n cubic and
the hexagonal structures, while the single broad peak is due to the correlated pair distribution function
of micelles in the liquidlike state. In uniaxially stretching the PSCg, an abnormally large relaxation
elastic modulus, of several 105 Pa, was observed at Cs below about 200 mM, while a relaxation elastic
modulus smaller than 103 Pa was observed at Cs above 200 mM. The transitional changes of the steady
moduli of the PSCg were also observed at Cs around 200 mM. The relaxation elastic modulus of the
PSCg changed transitionally from 200 to 25 kPa with temperature rising from 34 to 36 °C. The results
described above clearly demonstrate the existence of an order-disorder or a solid-liquidlike phase
transition of the PSCg.

1. Introduction

The crystalline complexes of polyelectrolytes and
oppositely charged surfactant molecules have recently
attracted a great deal of attention not only because of
the fascinating physical conditions used to form them1,2

but also because of a possible use of the cationic
liposome in the transfection.3 The highly condensed
hydrophobic counterions around a polyelectrolyte ag-
gregate and form a micelle due to the hydrophobic
attraction. The electrostatic attraction between the
micelles and the polyelectrolyte collapses chains.1 An
assembly of the micelles and the collapsed polyelectro-
lyte chains is called as a polyelectrolyte surfactant
complex, PSC. The ordered nanostructures have been
often found in the PSC.2 The ordered structure can also
form in the cross-linked polyelectrolyte gel chain, the
complex of which with the surfactant molecule is here
denoted by PSCg.

It has been revealed that the high charge density of
the polyelectrolyte chain is a necessary condition for
forming the ordered nanostructures.4,5 The highly con-
densed state of micelles induced by a high charge
density of the chain leads to the ordered nanostructures
such as the cubic and the hexagonal structures.6 The
reduction of the electrostatic interaction with an in-
crease in a salt concentration, Cs, weakens the conden-
sation force and dissolves the PSC.7,8 Although much
has been revealed about the phase diagrams for the
systems of polyelectrolytes, surfactants, and salts in the
aqueous media,9,10 our knowledge about physical na-
tures of the PSC is very poor. Is the PSC liquidlike or
solidlike? For the application to the transfection, it is
important to make the liquidlike PSC, which can be
injected into biological cells because of its fluidity. The
PSC might be solidlike when the polyelectrolyte chain
strongly attaches to the micelles, and it might be

liquidlike when the former detaches from the latter. The
solidlike structure is rigid but might be elastic, and the
liquidlike structure is fluid but might be viscous. To
clarify the physical natures, the relation between nano-
structures and elastic properties of PSCg is explored by
measuring the small-angle X-ray scattering (SAXS)
spectra and the relaxation moduli of them.

The measurements of elastic moduli of PSCg are
scarce due to experimental difficulties arising from the
soft and sticky properties. Recently, we have succeeded
in measuring the stress relaxation of PSCg in the
aqueous NaCl solutions and found the transitional
changing of Young’s moduli of PSCg with the NaCl
concentration, Cs.11 In uniaxially stretching the cylin-
drical PSCg, a large stress relaxation, which decays
according to a power law of time has been observed for
the polyacrylate gel-dodecylpyridinium (PAA-DP) com-
plex in the solution at Cs below 50 mM but not for the
gel in the solution at Cs above 100 mM. To clarify which
physical state changes at the transition, the Cs-depend-
ent nanostructures and elastic properties of PSCg of
PAA-DP and polyacrylate gel-cetylpyridinium (PAA-
CP) were investigated by measuring the SAXS spectra
and the relaxation moduli. We found that there exist a
solidlike phase at low Cs and a liquidlike phase at high
Cs in the PSCg and that the former and the latter,
respectively, are in the ordered and the disordered
states.

2. Experimental Section

The poly(acrylate) gels were prepared by the radical copo-
lymerization11,12 in aqueous solution of 1 M acrylic acid and
0.01 M N,N′-methylenebis(acrylamide) at 60 °C. The gels were
synthesized in a glass tube (inner diameter ) 0.3 mm) and in
a space between two glasses separated by a 1 mm thick spacer
of poly(tetrafluoroethylene) sheet. The cylindrical gel was
rinsed thoroughly with 1 M HCl aqueous solution, dried, and
used to observe the elastic behavior. The plate gel was cut into
about a 10 mm square, soaked in a 1 M HCl aqueous solution,
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dried, and used for the SAXS measurement. Dodecylpyri-
dinium (DP) chloride and cetylpyridinium (CP) chloride were
recrystallized from acetone and were used. All chemicals used
were of analytical grade. Double distilled water was used.

A detail of the apparatus for monitoring an elastic response
of cylindrical gels to the uniaxially elongation has been
described elsewhere.11,13 The force from 10-6 to 3 × 10-2 N was
monitored with a time resolution of 1 ms. Two ends of the gel
in the dry state were fixed to platinum rings, each of which
was connected to a strain sensor and a translational stage
through a platinum wire. The gel was immersed into the 1
mM NaOH solution to swell and then the solution was altered
with the other solution of a given concentration of NaCl (Cs)
and 5 mM surfactant, the pH of which was adjusted between
9 and 10 by adding drops of the NaOH solution. The concen-
tration of the surfactant and NaCl of the solution was not
changed by immersing the gel, since the volume of the solution,
100 mL, was much larger than the gel volume, 50 µL. The
equilibration with the solution was confirmed by monitoring
the steady tension of the slightly elongated gel. The diameter
of the gel, d, was measured with an optical microscope
equipped with a computer-aided CCD camera. The elongating
length of the gel was adjusted with an accuracy of 1 µm. The
gel was elongated after equilibrating with the solution and the
tensile force was recorded with the computer-aided instrument.
The gel was elongated (typically several hundreds of microme-
ters distance) within 0.1 s. The initial tensile force observed,
Fi, was found to decay to a steady value, Fs, at t longer than
2000 s after the elongation, as shown in Figure 1. During the
measurement, the gel was held in the solution, the tempera-
ture of which was controlled with an accuracy of 0.1 °C. The
natural length of the gel, l0, was obtained from an inflection
point in a plot of Fs vs the distance between the rings, l. The
instantaneous Young’s modulus, Yi, is an elastic response to
the deformation at a time just after the elongation, and the
steady Young’s modulus, Ys, is an elastic response at an
infinitely long time after the elongation. The Yi and Ys,
respectively, were estimated from the measured elastic forces,
Fi and Fs by using the following relations.

and

where r0 was the radius of the tensile force free gel. The ratio
of l to l0 was typically 1.1. A little relaxation is observed for
the PSCg at Cs above 300 mM.

The PSCg for the SAXS experiment was prepared as follows.
A small amount of 4 N NaOH aqueous solution was added to
the dry plate gel in order to fully ionize it. After homogeneously
swelling the gel, a small amount of about 1 M surfactant (DPCl
or CPCl) aqueous solution, which was the same mole amount
of carboxyl group of the gel, was soaked into the gel. Then the
gel was immersed into a large amount (about 20 mL) of the
aqueous solution of 5 mM surfactant and NaCl of a given
concentration. To achieve the equilibration, at which the turbid
gels became transparent, the solution containing the gel was
held at 60 °C for more than a week and at room temperature
for more than a day before the measurements.

The SAXS experiments were carried out at 25 °C with the
SAXS spectrometer of BL45XU-A (RIKEN Beamline I) in-
stalled at Spring8 of Japan Synchrotron Radiation Research
Institute, Hyogo, Japan, and the SAXS apparatus installed
at BL10C of Photon Factory in the Institute of Materials
Structure Science (IMSS), High Energy. The observed scat-
tering vectors, q, ranged from 0.07 to 3.5 nm-1.

3. Result

The Cs-dependent SAXS patterns of the PAA-DP and
the PAA-CP are shown in Figures 2 and 3. Sharp peaks
with a spacing ratio of x2:x4:x5:x6:x8:x10:x12 are
observed in Figure 2 at Cs less than 200 mM, indicating
a cubic structure belonging to Pm3n space group.5,6 The

Figure 1. Cs-dependent relaxation of the elastic response to
uniaxially stretch of the PAA-CP complexes. A little relax-
ation is observed for the PSCg at Cs above 300 mM.
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Figure 2. Cs-dependent scattering profiles of the PAA-DP
complex at 25 °C. Peaks at Cs ) 100 and 200 mM (solid lines)
are indexed assuming a Pm3n cubic structure. The broadened
peaks at Cs ) 300 (a broken line) and 400 mM (a dotted line)
indicate disordered structures.

Figure 3. Cs-dependent scattering profiles of PAA-CP com-
plex at 25 °C. Peaks at Cs ) 100 and 200 mM (solid lines) are
indexed with assuming a hexagonal structure. The broadened
peaks at Cs ) 300 (a broken line) and 400 mM (a dotted line)
indicate disordered structures.
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details of the Pm3n cubic structure have been described
elsewhere.14,15 The Miller indices of corresponding dif-
fraction planes are 110, 200, 210, 211, 220, 310, and 222.
Sharp peaks with a spacing ratio of x1:x3:x4 are
observed in Figure 3 at Cs less than 200 mM, indicating
the hexagonal structure,16 which is a close-packed
2-dimensional array of the rodlike micelles. The Miller
indices of corresponding diffraction planes are 100, 110,
and 200. The lattice parameters, a of the unit cells are

given by a ) 2π xh2+k2+l2/qhkl for the cubic structures

and a ) 4πxh2+k2+hk/(x3qhkl) for the hexagonal
structures, where qhkl is a q value of the peak position
indexed by hkl.

It is shown in Figures 2 and 3 that a single broad
peak emerges at Cs higher than 300 mM instead of the
multiple sharp peaks appearing at Cs lower than 200
mM. This indicates the ordered structures dissolve into
the disordered structures at Cs between 200 and 300
mM. We can say that the ordered and the disordered
states exist in the collapsed PSCg. The single broad
peak of SAXS spectra indicates the existence of the
liquidlike structure, in which the mean characteristic
distance between particles is given by ê ) 2π/qmax, where
qmax is the q value of the intensity maximum position
of the single broad peak.17 The line broadening is related
to a mean size of the domain occupied by periodically
distributing particles ∆, which can be roughly estimated
as ∆ ) λ/(δθ cosθ/2), where λ, θ, and δθ, respectively,
are the wavelength of the incident beam, the scattering
angle of the peak, and the full width (in radians) at half-
maximum intensity of the peak.18 Table 1 shows the Cs
dependence of a, ê, and ∆ of the PSCg. It is interesting
that the a value and the ê value significantly increase
with Cs. The increase indicates a decrease of the
particle’s density. The concentrations of the surfactant
molecule and the polyelectrolyte have been found to
decrease with Cs.11 The added salt to the PSCg weakens
the electrostatic force for condensing the polyelectrolyte
and the surfactant and decreases their concentrations.
It should be mentioned that the averaged particles’
distance in the Pm3n cubic lattice, being half of a14 for
the PAA-DP complex at Cs ) 200 mM, is longer than
ê for the complex at Cs ) 300 mM. This indicates the
rotation of rodlike particles consisting of the cubic
lattice14 requiring more space than the spherical par-
ticles in the disordered structure. Table 1 shows that
ratios of ∆ to ê are 1-4 and that a number of the
periodically distributing micelles in the disordered
PSCg, (∆/ê)3, decrease with the increase in Cs. It is
worthwhile to mention that the scattering intensity
increases with a decrease of q at q below 0.15 nm-1. This
might indicate the existence of a larger structure than
the scope of the present studies in the PSCg.

The Cs dependence of moduli, Yi and Ys of the PAA-
DP and the PAA-CP complexes at 25 °C are shown in

Figures 4 and 5, which also show the Cs dependence of
diameters, d of the cylindrical gels. The Ys values, the
differences between Yi and Ys, and the d values char-
acterize three regimes, I, II, and III, as shown in Table
2. It is obvious from the Cs dependence of d that regimes
I and II are in the collapsed state of polyelectrolyte chain
and that regime III is in the swollen state. Table 2
shows that the ratio of the relaxation modulus, Yi - Ys,
to Ys drastically decreases with a change from regime I
to regime II. The present experiment confirms the
existence of two regimes, I and II, in the collapsed state
of PSCg, which has been reported for the Cs-dependent
moduli of the PAA-DP system elsewhere.11 It should
be noted here that the Cs values of regimes I and II

Table 1. Salt Concentration Dependence of
Characteristic Lengths, a, ê, and ∆, of PSCg Structures

Obtained from the Peaks in SAXS Spectraa

a (nm) ê (nm) ∆ (nm)

Cs )
100
mM

Cs )
200
mM

Cs )
300
mM

Cs )
400
mM

Cs )
300
mM

Cs )
400
mM

PAA-DP 8.75 ( 0.03 8.84 ( 0.03 4.10 5.12 17 5
PAA-CP 5.13 ( 0.02 5.17 ( 0.01 5.25 5.63 15 15

a The a estimated for each peak (100 and 200 mM) is within an
error value.

Figure 4. Cs dependence of the Young’s moduli and the size
of PAA-DP complex at 25 °C. Open and close symbols
represent the Young’s moduli and the size. The phase bound-
aries are indicated by dotted vertical lines.

Figure 5. Cs dependence of the Young’s moduli and the size
of PAA-CP complex at 25 °C. Open and close symbols
represent the Young’s moduli and the size. The phase bound-
aries are indicated by dotted vertical lines.

Table 2. Values of Cs, Yi, Yi - Ys, and d Characterizing
Regimes I, II, and III

Cs (mM) Ys (Pa) Yi - Ys (Pa) d (µm)

PAA-DP I 0-120 4 × 104 7 × 105 220
II 200-350 9 × 103 1 × 103 250
III 450-4000 2 × 103 2 × 102 750

PAA-CP I 0-140 1 × 105 7 × 105 230
II 300-450 8 × 103 2 × 103 280
III 450-4000 2 × 103 2 × 102 750
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correspond to those of the ordered and the disordered
states which are indicated by the SAXS spectra shown
in Figures 2 and 3. That is, regimes I and II, respec-
tively, are identified with the ordered and the disordered
states. The present experiment reveals that the rela-
tively high Yi and Ys values and the extremely high
relaxation moduli in regime I are related to the ordered
nanostructures.

4. Discussions
The Cs-dependent SAXS spectra shown in Figures 2

and 3 demonstrate that the ordered structure in regime
I melts in regime II. The large difference between Yi
and Ys (an order of 7 × 105 Pa) observed in regime I is
considered to be related to the elasticity of ordered
nanostructures. It is interesting to find out that the
values of Fi - Fs are more than 7 times of the Fs values
in regime I, as shown in Table 2, and that the elastic
force relaxations F(t) shown in Figure 1 can be approxi-
mately described by11

or

Equation 3 can be partly explained by a gel model
consisting of dangling chain ends with topological
constraints in the condensed networks13 Equation 4, the
modified Kohlrauch-Williams-Watt (KWW) equa-
tion,19 has been frequently used to describe relaxation
phenomena, while the physical mechanism of the re-
laxation is not clear. It should be noted that this
behavior is very similar to the elastic relaxation of the
liquid crystalline elastomer.20 The elastic properties
observed for the PSCg in the ordered state might have
features similar to that of the liquid crystalline elas-
tomer. The uniaxial stretch of the liquid crystalline
elastomer induces a “polydomain-to-monodomain” tran-
sition to form a “single liquid crystalline elastomer”.21

The orientation of ordered structures in the PSCg to the
stretching direction has been clearly observed for PAA-
DP at Cs ) 5 mM.22 This suggests that the uniaxial
stretch of the PSCg can also induce the “polydomain-
to-monodomain” transition. A change in the SAXS
spectrum of PSCg induced by the stretch ends at several
tens of seconds22 after the stretch, which is the same
order of time as the elastic relaxation time of PSCg in
regime I. The coincidence between the relaxation times
of changes in the elasticity and the nanostructure
strongly indicates that the elastic modulus of the PSCg
relaxes with the change from the “polydomain”-ordered
structure to the “monodomain”-ordered structure, which
might be induced by the dangling chain movement in
the condensed networks.13

It should be mentioned that the length of the PAA-
DP gel stretched in regime I was shortened to restore
the gel length to the natural length, l0, after releasing
the gel from the stress. The deformed network in the
cubic structure, which experiences the “polydomain-to-
monodomain” transition, seems to take spontaneously
the original conformation of the nonstretch gel. The
uniaxially stretched conformation of the network is not
stabilized by the “monodomain“ cubic structure. The
time for restoring the gel length to l0, however, was

longer than 10 h, which was much longer than the stress
relaxation time of the stretched gel. The pathway to
restore the chain conformation in regime I is different
from the reverse of the pathway to stretch the chain.
This might be caused by the “polydomain-to-mono-
domain” transition of the structure. It should be noted
that the stretched PAA-CP gel in regime I did not
restore the original natural length at even 2 months
after releasing the gel from the external stress. The
uniaxially stretched conformation of the network chain
in the “monodomain“ hexagonal structure is stabilized
by the reoriented rodlike micelles to the stretching
direction. The PAA-CP gel in regime II, however,
restored the original natural length within 1 h after
releasing the gel from the external stress. This indicates
that the micelles in the PAA-CP gel in regime II are
rather spherical than rodlike. The PAA-CP gel stretched
in regime I can be annealed in regime II. Therefore, the
experiments for obtaining the stress relaxation data of
the PAA-CP gel shown in Figures 1 and 5 were made
for the gel which experienced regime II beforehand and
was set in the given condition.

Figures 4 and 5 show that the relaxation stress in
regime I is more than 2 orders of magnitude greater
than that in regime II. The differences between regimes
I and II as mentioned above and in the previous
paragraph can be explained by the gel chains contacting
with the surfaces of micelles in regime I and discon-
necting from them in regime II. The extremely low rate
of the conformational change of the chain and the
extremely high stress of the chain are caused by very
high activation energy for the detachment of the poly-
electrolyte chains from the micelles. The Monte Carlo
simulation of polyelectrolyte adsorption on a charged
particle23 has predicted that adsorbed amounts of short
polymer chains in the aqueous salt solution suddenly
decrease with an increase in Cs at Cs about 100 mM,
which is thought to be a critical Cs for the transition
from the regime I to the regime II, Cs

ITII. According to
the simulation,23 the chains detach completely from the
micelles at Cs above a few hundreds mM, which is
considered to correspond to a critical Cs for the transi-
tion from the regime II to the regime III, Cs

IITIII.
The spectrum reflects the local structure and the

elasticity reflects the bulk property. The percolation of
disordered structure through the PSCg leads to the
elasticity of the disordered body, even when the ordered
structures exist in the PSCg. The ordered structures in
this case are distributed as like archipelagoes in the sea
of the disordered structure. This is observed in the
results for the PAA-DP complex at Cs ) 200 mM: the
SAXS spectrum indicating the existence of the ordered
structure, as shown in Figure 2, and the elastic property
indicating the disordered regime II, as shown in Figure
4. The same type of discrepancy between the SAXS
spectrum and the elasticity is also observed for the
PAA-CP complex at Cs ) 300 mM, which yields a sharp
peak at q ) 1.34 nm-1 in the SAXS spectrum indicating
the ordered structure, as shown in Figure 3, and the Yi
and Ys values indicating the disordered regime II, as
shown in Figure 5. The decrease of the Yi and the Ys
values with Cs in regime I + II shown in Figures 4 and
5 indicates that a size of the disordered domain in the
PSCg increases with Cs. The disordered structure could
be distributed in the percolating ordered structure and
emerge a broad diffuse scattering spectrum in the
background of sharp peaks, as observed in Figure 2.

F(t) ) (Fi - Fs){R1 exp(-t/τ1) +

(1 - R1)(1 + t/τ)-â} + Fs (3)

F(t) ) (Fi - Fs) exp(-t/τ1)
â + Fs (4)

3812 Sasaki and Koga Macromolecules, Vol. 37, No. 10, 2004



The regime II + III seen in Figure 4 is a coexistence
regime of the collapsed and the swollen states. The
studies on the binding isotherm of PAA-DP system
have revealed the coexistence of the collapsed and the
swollen states in PSCg.12 The existence of the regime
II + III indicates a very small difference between the
free energies of the swollen chain and the collapsed
chain, which is detached from the micelle. The coexist-
ence of the collapsed and the swollen states in one
polyelctrolyte chain has been also realized as a pearling
structure of the complex of one DNA molecule with
histone H1.24 The free energy required to make an
interface between the swollen and the collapsed states
on one polyelectrolyte chain should be smaller than the
thermal free energy.

The order-disorder transition of PSCg with a change
of temperature have been observed.25 In raising tem-
perature, the activated motion of the alkyl chains of
surfactant molecules due to the increased thermal
energy shortens their effective length to decrease a and
disappears the ordered structures.25 The mechanism of
the temperature driving order-disorder transition of
the PSC is considered to be slightly different from the
salt driving order-disorder transition, which is due to
the decrease in the concentration of the surfactant
molecule inside PSC CSu

+in,11 since the a value in regime
I increases as Cs approaches Cs

ITII,22 whereas it de-
creases as the temperature approaches the transition
temperature.25 To elucidate the temperature effect on
the elastic properties of the PSCg, the elastic relaxation
of PAA-DP at Cs ) 95 mM, and the concentration of
the surfactant molecule outside PSC, CSu

+out ) 5 mM
was measured with increasing temperature. Figure 6
shows the temperature dependence of the elastic moduli,
Yi and Ys. A transition is observed at a temperature
between 34 and 36 °C. The Yi value changes abruptly
from 200 to 25 kPa, while the Ys value hardly changes
with temperature, as shown in Figure 6. The strength
of the electrostatic interaction between the ionized chain
and the counterion of micelle is not so much affected
by the temperature change. The thermal energy acti-
vates the motion of the alkyl chains of surfactant and
changes the shape of the micelle. The ellipsoid micelles
in the cubic structure of Pm3n space group14,15 might
change to spherical ones at the transition temperature.

The difference between Yi and Ys, the relaxation elastic
modulus at a temperature below the transition temper-
ature, is 2 orders of magnitude higher than that at a
temperature above the transition. This indicates that
the polyelectrolyte chain attaches to the micelle at low
temperature and detaches from the micelle at high
temperature. The thermally activated motion of poly-
electrolyte chains and surfactant monomers in the
micelle might promote the detachment from each other.
The unchangeable Ys with the order-disorder transition
induced by temperature, as shown in Figure 6, is
different from the decrease in Ys with the salt-induced
transition, as shown in Figure 4. It should be mentioned
here that no change of the gel diameter with tempera-
ture was observed during the transition. It is reasonable
to say that a small conformational change of the
polyelectrolyte chain in the PSCg with temperature
induces the small change of the entropy force of chain,
Ys.

It should be mentioned that the Cs
ITII depends on

CSu
+out. For the PAA-DP system, the Cs

ITII has been
found to be about 80 mM at CSu

+out ) 3 mM, as reported
elsewhere,11 while it is about 120 mM at CSu

+out ) 5 mM,
as shown in Figure 4. This is very similar to the
situation that the Cs

IITIII increases with the increase
in CSu

+out.7 The CSu
+in at thermodynamic equilibrium as a

function of CSu
+out has not been well clarified, although it

has been reported that CSu
+in increases with CSu

+out.4 The
detail relation between CSu

+in and CSu
+out is under inves-

tigation.

5. Conclusions
We found a phase transition from the solidlike

ordered structure to the liquidlike disordered structure
of the polyelectrolyte-surfactant complex system with
increases in Cs and temperature by use of SAXS and
the elastic measurements. Sharp peaks in the SAXS
spectra indicating the ordered structure were observed
for the PSCg at Cs lower than 200 mM and a single
broad peak indicating the correlated pair distribution
function of micelles in the liquidlike state was observed
for the PSCg at Cs above 200 mM. An abnormally large
relaxation elastic modulus, several 105 Pa was observed
for the PSCg at Cs below 200 mM, while a relaxation
elastic modulus smaller than 103 Pa was observed at
Cs above 200 mM. The same type of relaxation elastic
modulus transition was observed for the PSCg with the
change in temperature. The present experiments clearly
demonstrate the existence of an order-disorder or
solid-liquidlike phase transition of PSCg with Cs and
temperature.
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