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In the present work, we suggest a novel method for obtaining interpolyelectrolyte complex (IPEC) by free radical
polymerization in water–salt dispersions of polyelectrolyte complexes (PECs) based on an anionic polyelectro-
lyte (sodium salt of poly (2-acrylamido-2-methyl-1-propanesulfonic acid) (PAMPS-Na)) and a cationic surfac-
tant ((11-acryloyloxy) undecyl)-trimethylammonium bromide (AUTAB), as well as on PAUTAB cationic comb-
like polyelectrolyte and AMPS-Na monomer. IPEC consisting of PAMPS and PAUTAB was obtained by two
ways. The first one is polymerization of surface active monomers AUTAB in the presence of PAMPS, and the sec-
ond one is polymerization of AMPS monomers in the presence of PAUTAB. Molecular hydrodynamics methods
were used to determine the molecular properties of initial components, polyelectrolyte complexes (PECs), and
IPECs. Analysis of the dependence between translational friction coefficient of macromolecules and their molec-
ular masses (which takes into account excluded-volume effects) allowed us to determine the Kuhn segment
length of PAMPS-Na macromolecule (A = 6 nm). Stable polyelectrolyte complexes, PEC, (PAMPS–AUTAB and
PAUTAB–AMPS) were obtained by mixing solutions of components at low concentrations in equimolar ratios;
polymerization of their low molecular weight components was carried out for the purpose of preparing IPECs.
Comparison between scattered light intensity distributions measured for PEC and IPEC demonstrated that in
IPEC solutions, only large aggregates of complex molecules are present, while in PEC solutions, two peaks were
observed (those corresponding to diffusion of individual PECs and their aggregates). When concentrations of
PEC components exceed 3.4 mM, polymerization results in the formation of IPEC precipitate which was studied
by small angle X-ray scattering. It was found that the IPEC based on PAMPS-Na forms a filmwith hexagonal pack-
ing, and the PAUTAB-based IPEC forms a lamellar film.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Interaction between polyelectrolytes and oppositely charged surfac-
tants leads to the formation of polyelectrolyte complexes (PECs). The
structure of PEC is influenced by forces of electrostatic interaction aris-
ing between oppositely charged fragments of polyelectrolyte and
surfactant as well as by hydrophobic interactions between aliphatic
surfactant tails [1]. Hydrophobic surfactant associates (the so-called in-
tramolecular micelles) are formed on polyelectrolyte chain. In the con-
densed state, PECs may form liquid crystalline phases where these
intramolecular micelles are arranged differently (lamellar, hexagonal
or cubic packing) [2–6]. Binding between surfactant molecule and poly-
electrolyte is accompanied by a cooperative effect which is observed
when surfactant concentration exceeds the critical aggregation concen-
tration (CAC). This effect manifests itself in the dramatic increase in de-
gree of surfactant–polyelectrolyte binding [7].

Typical values of CAC are several orders ofmagnitude lower than the
critical micellar concentration (CMC) values for the corresponding sur-
factants [6]. After reaching stoichiometric composition of a complex, the
ζ-potential of PEC dispersions decreases, thus leading to the formation
of a precipitate [8,9]; however, if the total concentration of PEC in the
dispersion is lowered, precipitation can be avoided at stoichiometric
ratio of the components [10].

Use of surface-active monomers provides the possibility of carrying
out polymerization in nanostructured PEC ensembles at concentrations
close to CAC. This polymerization yields an interpolyelectrolyte complex
(IPEC). Radiation polymerization of PEC films in condensed state has
been performed in [11,12]. The authors have demonstrated the possibil-
ity of fixating PEC structure by polymerization of surface-active mono-
mers; however, high radiation doses led to destruction of the complex.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.molliq.2015.07.003&domain=pdf
http://dx.doi.org/10.1016/j.molliq.2015.07.003
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Fig. 2. Distributions of hydrodynamic radii obtained from the light scattering data for in-
vestigated samples dissolved in 0.05 M NaCl solution at a scattering angle of 90°.
(a) corresponds to PAMPS-Na; (b) corresponds to PAUTAB-1 (solid line), PAUTAB-2
(dashed line). Curve numbers in the plots correspond to sample numbers in Table 1.
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Fig. 1. Chemical structure of PAMPS-Na (a) and PAUTAB (b) macromolecules.
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In the present work, we suggest a novel method for obtaining IPECs
by free radical polymerization in water–salt dispersions of PECs based
on an anionic polyelectrolyte (sodium salt of poly (2-acrylamido-2-
methyl-1-propanesulfonic acid), PAMPS-Na) and a cationic surfactant
((11-acryloyloxy) undecyl)-trimethylammonium bromide (AUTAB),
as well as on PAUTAB cationic comb-like polyelectrolyte and AMPS-Na
monomer. Several methods, such as dynamic light scattering, viscome-
try and velocity sedimentation, were used for determining molecular
characteristics of PAMPS-Na and PAUTAB polymers and PEC (IPEC)
complexes (in 0.05 M NaCl solutions). The samples of IPEC including
PAMPS-Na were studied by atomic force microscopy (AFM) on mica
substrate. Small-angle X-ray scattering was used for comparison
between molecular packing of IPECs based on PAMPS-Na and PAUTAB.

2. Experimental section

2.1. Synthesis of monomers

The synthesis of ((11-acryloyloxy)undecyl)-trimethylammonium
bromide (AUTAB) is described in detail elsewhere [13]. The authors
used the two-stage method involving acylation of 11-bromoundecanol
by acryloyl chloride, chromatographic isolation of the product and
subsequent quaternization reaction (with N(Me)3). We used a similar
technique in the synthesis of AUTAB; however, the use of freshly distilled
N-methylpyrrolidone as a solvent in acylation allowed us to replace the
laborious stage of product isolation (preparative chromatography)
with rather easy extraction using petroleum ether. Acylation was
performed in the following manner: acryloyl chloride (15% excess)
distilled over CuCl at 73–74 °C was added to the solution of 3 g of 11-
bromoundecanol (Aldrich, 98%) in 25 mL of freshly distilled N-
methylpyrrolidone. The reaction was carried out at −18 °C for 72 h;
then the reaction mixture was poured into HCl solution (0.5 M). The
product was extracted with petroleum ether and isolated after
removing the solvent. In quaternization reaction, a polar solvent
(acetonitrile) was used, this allowing shortening the reaction time
from 53 h to 24 h.
Table 1
Molecular characteristics of PAMPS-Na and PAUTAB samples obtained using their solutions in

Sample [η],
cm3/g

k′ D0 × 107,
cm2/s

s,
Sv

MW ×10−3 A
m

PAMPS-1 68 0.18 2.52 4.49 100 2
PAMPS-2 270 0.17 0.92 7.94 500 1
PAMPS-3 450 0.28 0.67 10.29 900
PAUTAB-1 134 0.08 2.22

0.504b

PAUTAB-2 122 0.08 2.15
0.669b

a The degree of polymerization Z was determined as aMsD/M0 ratio for PAMPS-Na macromolec
364).

b The scattered light distributions of PAUTAB solutions consisted of two peaks, with the seco
AMPS-Na monomer was obtained by pH titration of 0.1 Mwater so-
lution of AMPS-Na (Merck).

PAMPS-Na polyelectrolytes (see Fig. 1a)were prepared by free radical
polymerization of AMPS-Na in aqueous solution. In all experiments, the
“extra-pure grade”water with a resistivity of 16–18 MΩ·m was used (it
was obtained using a UWOI-MF-1NA(18)-4 water purifier, Scientific
and Production Corporation “Mediana Filter”). Lowmolecular weight im-
purities were removed from the prepared polymer by dialysis; the poly-
mer was isolated by precipitation with acetone. In the case of PAUTAB
polyelectrolytes (see Fig. 1b), the polymerswere isolated by precipitation
with dioxane and washed with diethyl ether. The solutions of PAMPS-Na
and PAUTAB in 0.05 M NaCl were prepared at room temperature.

The ionic strength of solution can affect complex formation dra-
matically. The binding affinity between surfactants and opposite
charged polyelectrolytes is reduced with the increase of the ionic
strength but it increases the cooperative of the interaction [1]. Aque-
ous 0.05 M NaCl was used as “salt buffer” for complex formation in
this work, such concentration is sufficient to eliminate large change
in ionic strength of solution during the addition of the initiator.
Also such concentration is sufficient to overcome the polyelectrolyte
effects for PAMPS-Na macromolecules [34].

Polyelectrolyte complexes (PECs) of PAMPS–AUTAB and PAUTAB–
AMPS composition were prepared by simple mixing equimolar amounts
of monomer and polyelectrolyte in 0.05 M aqueous solution of NaCl.
PEC polymerization was carried out in no less than 24 h after complex
preparation in argon atmosphere (Ci = 1 g/L, T = 60°Ñ, 3 h) with
K2S2O8 and 2,2′-azobis(2-methylpropionamidine) dihydrochloride initia-
tors (Aldrich) in the cases of PAMPS–AUTAB and PAUTAB–AMPS, respec-
tively. If a precipitate was formed, the product was centrifuged, decanted
and dried under vacuum using an oil pump; otherwise the complex was
studied without isolation.

2.2. Methods

Size-exclusion chromatography (SEC) was performed using a
Shimadzu LC-20 Prominence instrument (Shimadzu, Japan) equipped
0.05 M NaCl.

2 × 104,
ol g2 cm3

MsD ×10−3 MDη ×10−3 MW/MN Rh,
nm

Za

6.0 116 110 3.6 10 503
5.0 517 600 4.4 27 2240
9.5 1005 900 7.0 37 4352

80 11 229

100 11 277

ules (M0 PAMPS= 231) and as aMDη/M0 ratio for PAUTABmacromolecules (M0 PAUTAB=

nd component having the corresponding diffusion coefficient.



Fig. 3. Dependences of translational diffusion coefficient D0 (1), intrinsic viscosity [η] (2),
and sedimentation coefficient s0 (3) on molecular massMsD plotted on a double logarith-
mic scale (for PAMPS-Na samples in 0.05 M NaCl).
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with a TSKgel SuperAW5000 column and TSKgel SuperAW-H guard col-
umn (Supelco). 0.5MNaNO3 solutionwas used as an eluent (30 °C); the
elution rate was 0.5 mL/min. Calibration with the use of pullulan stan-
dards wasmade for these conditions. The experiments were performed
using LCsolution software; the obtained results were subsequently
processed by the GPC-Postrun Analysis program.

Dynamic light scattering (DLS) and static light scattering (SLS) are
very efficient in the analysis of molecular characteristics of polymers,
PECs and IPECs [8,14–20]. The “PhotoCor-Complex” setup (Photocor In-
struments Inc., Moscow, Russia) was used in light scattering experi-
ments; the spectrometer was equipped with a real-time correlator
(288 channels, 10 ns). Two lasers (λ0 = 405 and 654 nm) were used
as excitation sources; the experimentswere carried out at scattering an-
gles ranging from 30° to 130° at a temperature of 25 ± 0.1 °C. Autocor-
relation functions of scattered light intensity were processed by DynaLS
software (providing the distributions of scattered light intensity and,
therefore, distributions of relaxation times τ). The dependence between
1/τ and the square of the scattering vectorq2 ¼ 4πn0

λ0
sinðθ=2Þ for all stud-

ied samples was a line passing through the origin, indicating the diffu-
sional character of the observed processes [21]. Translational diffusion
coefficient D was calculated from the slope of this line according to
the following relationship:

1
τ
¼ Dq2: ð1Þ

Hydrodynamic radius Rh was calculated using the Stokes–Einstein
equation [22]:

Rh ¼ kT
6πη0D

; ð2Þ
a

Fig. 4. Dependence between kTML
0.5/η0P∞MsD

0.5 and MsD
0.5 (a); dependence between η
where k=1.38 × 10−23 J/K is the Boltzmann constant, T is the absolute
temperature and η0 is the solvent viscosity.

Weight-average molecular masses MW of PAMPS-Na samples dis-
solved in 0.05 M NaCl solution were determined from the data of static
light scattering according to the following equation

Hc
Rθ

� �
θ→0

¼ 1
MW

þ 2A2c ð3Þ

where, H ¼ 4π2n20
NAλ

4
0
ðΔnΔcÞ

2, Rθ is the Rayleigh relationship, and A2 is the sec-

ond virial coefficient [24].
Refraction indices of solutions n and the solvent n0 were determined

using the RM40 automatic refractometer (Mettler Toledo, Switzerland).
The value of refractive index increment of PAMPS-Na Δn

Δc at 25 °C was
0.15 cm3/g. ζ-Potentials were determined using the SZ100 laser particle
size analyzer (Horiba, Japan) equipped with a micro-electrophoretic
cell.

Velocity sedimentation experiments were carried out on a Beckman
XLI analytical ultracentrifuge (ProteomeLab XLI Protein Characteriza-
tion System) equipped with the 4-hole titanium rotor at the speed of
40,000 rpm and thermostated at 25 °C. An interference optical system
(660 nm laser) was used and the rotor was loaded with double-sector
cells holding epon-charcoal centerpieces of an optical path of 12 mm.
The concentration dependence of sedimentation coefficients was stud-
iedwithin a 3-fold concentration range of solution in order to determine
the sedimentation coefficient s0 at infinite dilution. Sedfit program
allowed performing the analysis of the sedimentation velocity data,
where a ‘continuous c(s) distributionmodel’was chosen for data acqui-
sition [25,26], which allows obtaining the sample distribution with re-
spect to sedimentation coefficients using Provencher's regularization
procedure [27,28]. The s values in Svedberg units (1 × 10−13 s) at
Table 1 are the weight average values of corresponding c(s) distribu-
tionsmeasured at three different concentrations and extrapolated to in-
finite dilution.

Viscosity of PAMPS-Na and PAUTAB sampleswasmeasuredwith the
use of a Lovis 2000M rolling-ballmicroviscometer (Anton Paar, Austria)
at 25 °C; the capillary inclination angle was varied from 55° to 35° at 5°
intervals. The obtained values of dynamic viscosity ηwere averaged for
a series of angles and used in calculations of reduced viscosityηr ¼ ηs−η0

cη0
,

where c is the concentration of a solution. After extrapolation of reduced
viscosity to infinite dilution, intrinsic viscosity [η] of the polymer under
studywas determined using the relationship ηr= [η] + k′[η]2 +… [23,
24], where k′ is the dimensionless Huggins constant. The constant k′,
which characterizes a polymer–solvent system, is dependent on the sol-
vent quality and independent of themolarmass of dissolved polymer. In
theta solvents it is close to 0.4–0.7, in good solvents k′ ≃ 0.2–0.4 [29].
Density measurements were performed using the DM40 densitometer
(Mettler Toledo, Switzerland).
b

0DMsD/kT andMsD
0.38 for PAMPS samples dissolved in 0.05 M NaCl solution (b).



Table 2
Molecular characteristics of PEC-1 and IPEC-1 in 0.05 M NaCl at a concentration of 0.77
mM.

Sample Matrix PEC/IPEC D1 × 107,
cm2/s

D2 × 107,
cm2/s

Rh1,
nm

Rh1,
nm

ζ,
mW

1 PAMPS-1 PEC-1 2.00 0.16 12 152 −14.1
2 PAMPS-1 IPEC-1 0.14 173 −20.3
3 PAMPS-2 PEC-1 0.94 0.23 26 105 −16.9
4 PAMPS-2 IPEC-1 0.21 116 −33.4
5 PAMPS-3 PEC-1 0.88 0.24 28 101 −18.2
6 PAMPS-3 IPEC-1 0.25 97 −50.6

Fig. 5.Dependence of EMF in electrochemical cell containing aqueous solutions of PAMPS-
Na-1 (1) and PAMPS-Na-3 (2) (C= 0.77mM) on AUTAB concentration. Polymer concen-
tration is expressed inmolar amount of monomer units per 1 L of the solution. The A point
corresponds to the beginning of cooperative binding between AUTAB and PAMPS-Na; the
B point corresponds to saturation of polyelectrolyte with surfactant.
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AFM images were taken using a VEECO diNanoScope V instrument
(Veeco Instruments, US) in semi-contact mode. Freshly cleaved mica
sheets were used as a substrate. The mica substrate (5 × 5 mm) was
glued onto a metal plate and placed horizontally on the crosscut end
of a motor shaft; 20 μL of the studied solution was then placed onto
this surface. The drop was exposed for 1 min, then the motor was
switched on for 1 min (rotation speed was 3000 rpm). The samples
were dried in air for not less than 24 h. The obtained images were proc-
essed with the aid of the NanoScope Analysis program.

Potentiometric measurements were conducted using the IPL-301
pH-meter/millivoltmeter (Multitest, Russia) equipped with the com-
bined electrode for measuring pH. Silver-chloride and thallium-
chloride reference electrodes were used for ionometry. The surfactant-
selective electrodewasmade according to the technique described else-
where [30].

3. Results and discussion

3.1. Molecular characteristics of initial components of PECs and IPECs

According to the SEC data, the synthesized anionic polyelectrolyte
samples (PAMPS-Na) have rather high polydispersity indices MW/MN

(Table 1). The distributions of hydrodynamic radii obtained from the
light scattering data for all PAMPS-Na samples (Fig. 2a) as well as sedi-
mentation coefficient distributions demonstrated only one maximum.

Two samples of comb-like PAUTAB polymer were synthesized. Their
hydrodynamic radius distributions include two peaks (Fig. 2b). The
lower peak corresponds to the diffusion of individual molecules, and
the appearance of the second peak may be attributed to the presence
of intermolecular PAUTAB aggregates in the solution.

Concentration dependences of reduced viscosity and translational
diffusion coefficient for PAMPS-Na and PAUTAB samples dissolved in
0.05 M NaCl solution were straight lines. Extrapolation of these lines
to infinite dilution allowed determining the values of intrinsic viscosity
[η] and translational diffusion coefficient D0 of the studied macromole-
cules (Table 1). Sedimentation coefficients of PAMPS-Na macromole-
cules in 0.05 M NaCl solution (s0) were obtained by extrapolation of
linear concentration dependences of reciprocal sedimentation coeffi-
cient s−1 to zero concentration.

Molecularmasses of PAMPS-Na samples (MsD) were calculated from
the values of sedimentation constants s0 and translational diffusion co-
efficients D0 by the following equation:

MsD ¼ D0

s0

kTNA

1−vρ0ð Þ : ð4Þ

The buoyancy factor ð1−vρ0Þ ¼ 0:38was determined by comparing
densities of solvent and solution at varied concentrations. Molecular
masses were also determined by static light scattering. The results ob-
tained by different methods were comparable (Table 1).

The presence of polymer aggregates in PAUTAB solutions rendered it
difficult to use static light scattering for determination of PAUTABmolec-
ular masses. Therefore, molecular masses of PAUTAB-1 and PAUTAB-2
samples were estimated using Eq. (5):

MDη ¼ A0T
η0D

� �3 1
η½ � : ð5Þ

The chosen value of hydrodynamic invariant A0 was 3.2 × 10−17 J/K.
This value of A0 was given in [31] for macromolecules of close chemical
structure; it is typical for flexible andmoderately rigid polymers in good
and ideal solvents [22]. Molecular masses of PAUTAB-1 and PAUTAB-2
samples turned out to be rather close (Table 1). In the synthesis of
PAUTAB-based complexes PEC-2 and IPEC-2, sample 1 was used.

The dependences of intrinsic viscosity [η], translational diffusion co-
efficient D0, and sedimentation coefficient s0 (see Fig. 3) on molecular
massMsD for PAMPS-Na samples can be described by the corresponding
Mark–Kuhn–Houwink equations (Eq. (6)).

D0 ¼ 3:4� 10−4M−0:62 cm2=s
s0 ¼ 5:0� 10−15M0:38 Sv
η½ � ¼ 5:1� 10−3M0:82 cm3=g

ð6Þ

High values of indices in the equations for intrinsic viscosity and dif-
fusion coefficient indicate that 0.05 M NaCl solution is a thermodynam-
ically good solvent for PAMPS-Na macromolecules. This fact is also
evidenced by high values of second virial coefficients determined by
static light scattering and values of k′ [29] (Table 1).

To determine the Kuhn segment length A of PAMPS-Na macromole-
cules in 0.05 M NaCl solution, the method proposed in [32] was used.
The data points were extrapolated to the region of lowmolecular masses
(where swelling caused by volume interactions tends to zero). The intrin-
sic translational friction coefficientmaybe expressed as [f]= f∕ η0,where
η0 is the solvent viscosity (P). Then, according to the Einstein equation,
this formula can be rewritten as ½ f � ¼ kT

η0D
. Using this expression as well

as the value of molecular mass per unit length for PAMPS (ML ¼ M0
λ ¼ 9:2

4� 1091=cm,whereM0 is themolecularmass, and λ is the length of a re-
peating unit), we can obtain the following equation:

kT
η0D

1
P∞

M1=2
L

M1=2 ¼ A1=2 þ 0:201BA−2M1=2
L M1=2: ð7Þ

The P∞ constant is equal to 5.11, and B is the parameter characteriz-
ing the polymer/solvent interaction.

The direct method to take volume interactions into account in the
analysis of experimental data was proposed in [33] for translational



Table 3
Molecular characteristics of PEC-2 and IPEC-2 in 0.05 M NaCl.

Sample c,
mM

PEC/IPEC D1 × 107,
cm2/s

D2 × 107,
cm2/s

Rh1,
nm

Rh1,
nm

1 0.77 PEC-2 2.10 0.47 12 52
2 0.77 IPEC-2 2.24 0.39 11 63
3 1.5 PEC-2 1.71 0.52 14 47
4 1.5 IPEC-2 0.18 135
5 3.4 PEC-2 2.38 0.72 10 34
6 3.4 IPEC-2 Precipitate
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friction within the framework of the wormlike necklace chain model.

η0DM
kT

¼ P−1
∞ 1−�ð Þ 1−�=3ð Þ½ �−1 �M

1−�ð Þ
2 A

�−1ð Þ
2 M

�þ1ð Þ
2

L þML

3π
ln

A
d
þ 1þΨ �ð Þ

� �

ð8Þ

The value of the � = 2v − 1 parameter was calculated from the
values of v (v=0.62) obtained experimentally. TheΨ(�) function is tab-
ulated in [33].

The dependences obtained on the basis of Eqs. (7) and (8) are given
in Fig. 4. These dependences were approximated by straight lines. From
the value of the intercept (Fig. 4a), the Kuhn segment length was calcu-
lated (A = 7 nm). When this value was obtained by approximation of
experimental data in accordance with Eq. (8) and from the intercept
of the line plotted in Fig. 4b, the A valuewas 6 nm. Besides, the intercept
value (Fig. 4b)was used to determine the effective hydrodynamic diam-
eter of PAMPS-Na macromolecule (d = 0.9 nm). It corresponds to the
diameter d = ζ ∕ 3πη0 of an element in the wormlike coil model with
element friction coefficient ζ [33].

The authors of [34] analyzed the dependence between the radii of
gyration of PAMPS-Na macromolecules and their molecular masses
and, taking into account the long-range intrachain interactions, deter-
mined the values of persistent length ap = 3 nm in 0.05 M NaCl solu-
tions. Using the simple relationship ap = A ∕ 2, we can calculate the
Kuhn segment length (A = 6 nm). Thus, experimental data obtained
by various methods compare very well.

3.2. Determination of critical aggregation concentration and selection of
optimal concentrations for preparing complexes

The critical aggregation concentration (CAC)was determined for the
PEC-1 complex (based on PAMPS-Namacromolecule and surface-active
monomer AUTAB) by ionometric analysis using the surfactant-selective
electrode according to the technique described in [30]. The dependence
of electromotive force (EMF) in electrochemical cell on AUTAB concen-
tration demonstrates two kinks (Fig. 5, points A and B). The A point cor-
responds to the beginning of cooperative binding between surfactant
and polyelectrolyte (CAC = 0.18 mM). The B point corresponds to the
saturation concentration cS-AUTAB (the AUTAB concentration where the
Fig. 6.Distributions of hydrodynamic radii obtained from light scattering data for PEC-1 (solid l
(b) and PAMPS-3 (c) matrices in 0.05 M NaCl solution.
polymer is saturatedwith surfactant) and is equal to 0.5mM. Further in-
crease in AUTAB surfactant concentration up to 1 mM leads to an in-
crease in the EMF value and, therefore, to an increase in the amount of
free charge carriers. In other words, in the AUTAB concentration range
of 0.5 to 1 mM, the portion of bound surfactant molecules does not
change at a PAMPS-Na concentration of 0.77 mM.

Thus, after the addition of a stoichiometric amount of the surfactant
(C = 0.77 mM), stoichiometric complex is not formed. Polyelectrolyte
contains free ionic groups, and the portion of these groups can be esti-
mated from the following relationship: (cPAMAPS − cS-AUTAB) ∕ cPAMAPS.;
it is 35%. These conclusions about the structure of the complex are sup-
ported by the fact that the values of ζ-potential found for PEC-1 disper-
sions are negative (Table 2).

After an increase in polyelectrolyte concentration up to 3.4 mM, the
addition of a stoichiometric amount of the surfactant results in phase
separation in the system and the formation of a precipitate. This behav-
ior is characteristic of stoichiometric complexes [7]. Concentrations of
components of the PEC-2 and IPEC-2 complexes based on the PAUTAB
polyelectrolyte were selected from the same concentration range
(Table 3).

In our work, methods of molecular hydrodynamics and atomic force
microscopy were used in the studies of complexes obtained at concen-
trations exceeding CAC and concentrations lower than that for phase
separation in the system (Table 3). The studied PECs and IPECswere sta-
ble for at least a month. Small-angle X-ray scattering was used in the
studies of IPEC films; these IPECs were obtained in the process of PEC
polymerization at the concentration exceeding the value which corre-
sponds to phase separation.
3.3. Polymerization of AUTAB in the presence of PAMPS-Na

The hydrodynamic radius distributions based on light scattering
data for PAMPS-Na samples of various molecular masses include two
main peaks (Fig. 6). Diffusion coefficients and the values of hydrody-
namic radii calculated from these coefficients are given in Table 2.

Smaller values of hydrodynamic radii (Fig. 6, Table 2) are compara-
ble with the radii of individual PAMPS-Na macromolecules (Table 1).
They are also close to the hydrodynamic radii of PEC-1 (PAMPS–
AUTAB) containing one PAMPS-Namacromolecule. The values of higher
hydrodynamic radii (Fig. 6, Table 2) apparently correspond to PEC-1 ag-
gregates. The core of this aggregatemay includehydrophobic sequences
of the PAMPS–AUTAB complex stabilized with free fragments of
PAMPS-Na.

In the case of PEC-1 polymerization at a concentration of 0.77 mM,
stable dispersion of IPEC-1 is formed. The spectra of the hydrodynamic
radii of stable IPEC-1 included one peak (Fig. 6). The hydrodynamic
radii of the particles observed in the solution turned out to be close to
these for the PAMPS–AUTAB complex aggregates (which are present
in PEC-1 solutions).
b c

ine) and IPEC-1 (dashed line); the complexeswere prepared using PAMPS-1 (a), PAMPS-2



a b c

Fig. 7. AFM images of aqueous dispersions of IPEC-1 prepared on the basis of the following matrices: PAMPS-Na-1 (a), PAMPS-Na-2 (b), and PAMPS-Na-3 (c).
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Apparently, in the solutions of PEC-1, dynamic equilibrium estab-
lishes between the PAMPS–AUTAB complex and its large aggregates.
Polymerization of AUTAB included in PEC-1 leads to a shift in this
dynamic equilibrium towards the formation of PAMPS–PAUTAB
aggregates.

That is, after incorporation into an aggregate, PEC-1 particles are co-
valently bound to the similar molecules of polymerized surfactant in-
cluded in other complexes and thus fixate the structure of the formed
IPEC-1 particle.

In the hydrodynamic radius distributions obtained for IPEC-1, no
particleswith the sizes close to those of individual PAMPS-Namolecules
were observed, as opposed to the case of PEC-1 solutions (Fig. 6). This
fact may indicate that no free PAMPS-Na polyelectrolyte was present
in PEC-1 solution.

That is, the peak in the region of smaller hydrodynamic radii is at-
tributed to the PEC-1 complex including one PAMPS-Na macromole-
cule; the particles characterized by these radii were subsequently
included into the IPEC-1 aggregate.

It should be noted that at the AUTAB concentrations selected for
IPEC-1 preparation, and in the absence of PAMPS-Na, the attempt to
conduct AUTAB polymerization was not completely successful; appar-
ently, this failure was caused by insufficiently high concentration of
monomer in the solution. The presence of a polymer matrix leads to a
local increase in concentration of surface-active monomer (AUTAB),
which facilitates their subsequent covalent binding.

The obtained dispersions of IPEC-1 were visualized using AFM
(Fig. 7). The images demonstrate that the particles present on the sub-
strate are spherically symmetric. According to AFM data it is impossible
to quantitatively estimate a hydrodynamic radius of polymer particles
in solution due to solvent evaporation and sorption of particles. Only
a

Fig. 8. Distributions of hydrodynamic radii obtained for PEC-2 (solid line) and IPEC-2 (dashed
1.5 mM (b), and 3.4 mM (c) in 0.05 M NaCl solution.
qualitative estimation can be made by measuring the particle diameter
on a substrate surface. According to AFM data the mean diameters of
IPEC-1 particles are 60, 39, and 42 nm, corresponding to Fig. 7a,b,c but
their sizes don't agree with the hydrodynamic radii of IPEC-1 estimated
by dynamic light scattering (Table 2).

Composition of the formed aggregatesmay be estimated by compar-
ing hydrodynamic radii of various IPECs. The ratio between volumes of
complexes including certain amounts of macromolecules (n1 and n2)
with the respective degrees of polymerization Z1 and Z2 may be repre-
sented as V2/V1 = (n2 ∕ n1)(Z2 ∕ Z1)3v. Water–salt solution is a thermo-
dynamically bad solvent for IPEC-1; therefore, the v parameter is equal
to 1/3 [35]. The relationship between amounts of polyelectrolyte matri-
ces included in IPEC-1 may be estimated using the expression n2/n1 =
V2Z1 ∕ Z2V1, the values of the IPEC-1 hydrodynamic radii (Table 2) and
the known degrees of polymerization of PAMPS-Na (Z), see in Table 1.
According to this estimation, the number of PAMPS-Namacromolecules
included in IPEC-1 (based on PAMPS-Na-1) is about 50 times higher
than that in IPEC-1 based on PAMPS-Na-3; this value for the complex
based on PAMPS-Na-2 is 3 times higher than that in IPEC-1 based on
PAMPS-Na-3. Thus, it can be concluded that the hydrodynamic radius
of the obtained IPEC particle is not determined by molecular mass of
its polymeric matrix. At the same time, the ratio between IPEC aggrega-
tion numbers n1/n2 is proportional to the ratio between masses of
PAMPS-Na macromolecules.

The authors of [36] synthesized polyaniline (PANI) in the presence of
PAMPS-Na matrices and polystyrene sulfonic acid (PSSA) with molecu-
lar masses of 1 × 106 and 7 × 104, respectively. The reaction yielded
water-soluble IPEC particles (PAMPS-PANI and PSSA-PANI). It was also
revealed that the hydrodynamic radii of the synthesized IPECs virtually
do not depend on the molecular mass of the matrix.
b c

line) prepared on the basis of PAUTAB-1 at the following concentrations: 0.77 mM (a),
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Fig. 9. Small-angle X-ray scattering patterns: IPEC-1 (a); IPEC-2 (b); and PAUTAB (c).
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3.4. Polymerization of AMPS in the presence of PAUTAB

Three solutions of the PEC-2 complex (PAUTAB–AMPS) were
prepared at a stoichiometric ratio of components and at various
concentrations. The first selected concentration was 0.77 mM
(which corresponded to PEC-1 concentration), and the highest
studied concentration was 3.4 mM.

At a concentration of 0.77 mM, in the hydrodynamic radii distribu-
tions obtained for PEC-2 solution, two main peaks are present (Fig. 8,
Table 3). The position of the first maximum closely corresponds to the
value of thehydrodynamic radius of individual PAUTABmacromolecule.
The radius corresponding to the second peak was close to the radii of
macromolecular aggregates observed in PAUTAB solutions (Table 1,
Fig. 2). Bimodal distributions were obtained for PEC-2 dispersions in
the whole range of concentrations studied (Fig. 8).

Polymerization at a concentration of 0.77 mM did not cause signifi-
cant changes in the shape of hydrodynamic radii distributions. This con-
centration seems to be insufficiently high for AMPS polymerization in
the presence of PAUTAB. At a concentration of 1.5 mM, after polymeri-
zation in the solution of IPEC-2, only one peak in the distribution was
observed; the hydrodynamic radius distribution was comparable to
that obtained for PEC-1 and IPEC-1 solutions. At a concentration of
3.4 mM, polymerization led to phase separation in the system. The
study of a supernatant liquid by dynamic light scattering indicated the
absence of any particles in this system.

Comparison of the data obtained for IPEC-1 and IPEC-2 complexes
shows that in the case of IPEC-2, the formation of the interpolyelectrolyte
complex with a unimodal hydrodynamic radius distribution requires vir-
tually a two times higher concentration than that in the case of IPEC-1. It is
assumed that the important factor in the formation of these complexes is
the ability of the AUTAB surfactant included in the complex with PAMPS-
Na to form micelle-like aggregates, which facilitates polymerization of
this surfactant.
3.5. The studies of IPEC-1 and IPEC-2 in condensed state

As stated above, at PEC-1 concentrations exceeding 0.77 mM, phase
separation occurs in the course of polymerization, and the IPEC-1 pre-
cipitate is formed. Polymerization of PEC-2 at concentrations exceeding
1.5 mM also led to phase separation and the formation of the IPEC-2
precipitate. The films of IPEC-1 and IPEC-2 were obtained by collecting
and drying the precipitates formed after PEC-1 and PEC-2 polymeriza-
tion conducted at a concentration of 3.4 mM.

According to the small-angle X-ray scattering data (Fig. 9a, b), the
IPEC-1 film includes polymerized AUTABmicelleswith hexagonal liquid
crystal packing (the ratio of scattering vectors q1:q2:q3 = 1:30,5:2 [2]),
and IPEC-2 manifests lamellar packing (the ratio of scattering vectors
q1:q2 = 1:2 [2]). Similar lamellar packing is characteristic of PAUTAB
films (Fig. 9c).
Thus, depending on the method used for preparing inter-
polyelectrolyte complexes, the systems have different morphologies in
the condensed state. The use of PAMPS-Na polyelectrolyte as a base al-
lows fixating intramolecular micelles of AUTAB. On the other hand,
when PAUTABmacromolecules are used as a base, and AMPSmonomer
is polymerized, IPECs with a lamellar structure can be obtained (similar
to that of PAUTAB films).
4. Conclusions

Three samples of anionic polyelectrolyte PAMPS-Na were syn-
thesized by free radical polymerization of AMPS-Na monomer in
aqueous solution. Two samples of cationic polyelectrolyte PAUTAB
were also prepared. The Mark–Kuhn–Houwink equations for
PAMPS-Na polymers dissolved in 0.05 M NaCl solution were obtain-
ed. It was demonstrated that 0.05 M NaCl solution is a thermody-
namically good solvent for PAMPS-Na macromolecules. In PAUTAB
solutions (the solvent was also 0.05 M NaCl solution), polymer ag-
gregation due to hydrophobic interaction of aliphatic tails was
observed.

The PAMPS-Namatrices of three differentmolecularmasses and the
PAUTAB matrix were used to prepare polyelectrolyte complexes PEC-1
(PAMPS–AUTAB) and PEC-2 (PAUTAB–AMPS) by mixing solutions of
corresponding compounds in 0.05 M NaCl in stoichiometric ratios. Sta-
bility of PEC is not only determined by the ratio of solution components,
but also it depends on share of surfactant molecules involved in the
complex organization. The stability of the PEC-1 can be adjusted by var-
iation of the total concentration of the components of the system. It is
important, that the number of AUTAB surfactant molecules, involved
in the complex formation, is independent on molecular weight of
PAMPS-Na.

Distributions of hydrodynamic radii of the particles present in
the systems were obtained. These distributions were bimodal in
the cases of PEC-1 and PEC-2; it was found that the fast-moving
component corresponded to PEC diffusion, and the slow-moving
component represented large PEC aggregates. After polymerization
of PEC-1 and PEC-2 at concentrations of 0.77 mM and 1.53 mM, re-
spectively, only the particles identified as IPEC aggregates are left
in the system. This occurs due to the fact that the polymerization
in solutions of PEC-1 and PEC-2 shifts the dynamic equilibrium to-
wards the formation of large aggregates of IPEC-1 and IPEC-2, re-
spectively. For IPEC-1, it was found that the size of the obtained
particles is not proportional to the molecular weight of PAMPS-Na
macromolecule.

At concentrations of components exceeding 0.77 mM and 1.53 mM
for PEC-1 and PEC-2, respectively, polymerization resulted in phase sep-
aration. It was revealed that although IPECs have virtually identical
chemical structure, film packaging depends on the nature of the poly-
mer base.
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