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Abstract—Complexation in aqueous salt-free semidilute solutions of poly(styrenesulfonic acid) and poly(eth-
ylene oxide) leading to the formation of soluble poly(styrenesulfonic acid)–poly(ethylene oxide) complexes
is studied. It is shown that the interaction of the components in such complexes significantly weakens with an
increase in temperature, as well as with a decrease in the poly(ethylene oxide) chain length. Using viscometry
and light scattering, it is demonstrated that, in dilute aqueous and aqueous-saline solutions, no complexes are
formed between poly(styrenesulfonic acid) and poly(ethylene oxide) and the system is a compatible mixture
of the polymers in a common solvent.
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INTRODUCTION
Recently, interpolymer complexes stabilized by

bonds that differ from Coulomb bonds, such as hydro-
gen and ion-dipole bonds [1, 2], have been of great
interest, since they can be used as pH- and tempera-
ture-responsive components in the development of
microcapsules, nanoparticles, and controlled release
hydrogels, as well as polymer electrolyte membranes
[3]. Complexes stabilized by hydrogen bonds are
formed between polymers having a proton donor (usu-
ally polyacids) and a nonionic polymer containing a
strong hydrogen acceptor in the backbone. The fol-
lowing groups can be distinguished among water-sol-
uble nonionic polymers studied from the point of view
of complexation with polyacids: polymers containing
ether groups in the main chain (e.g., PEO, PPO) or
side substituents (poly(vinyl methyl ether)); polymers
containing lactam groups, such as polyvinylpyrroli-
done and polyvinylcaprolactam; acrylic polymers
(polyacrylamide, polyisopropylacrylamide); poly-
meric alcohols (PVA); other synthetic polymers, such
as poly(ethyloxazoline) and poly(N-acetyliminoeth-
ylene); and polysaccharides [4–11]. In addition, the
examples of hydrogen donors are mainly limited to
various poly(carboxylic acids) with the exception of
those containing polyphenol, polyalcohols, and poly-
aniline [12, 13].

The formation of complexes based on polyacids is
possible only in acidic media (pH < 7). This is due to
the following reasons: the acid must be protonated to
form a hydrogen bond; electrostatic repulsion between
deprotonated acid residues destabilizes interpolymer

complexes (IPCs). Sulfonic acids, unlike carboxylic
acids, are very strong and completely dissociate even
in the presence of traces of water. However, in accor-
dance with [14], stoichiometric water-insoluble com-
plexes can be formed between some poly(sulfonic
acids) and PEO in dilute aqueous solutions. The for-
mation of a complex between PEO and poly(styrene-
sulfonic acid), as well as f luorinated poly(sulfonic
acid) (trade name Nafion), was experimentally con-
firmed by turbidity measurements and IR spectros-
copy. It was shown that PEO forms complexes with
poly(styrenesulfonic acid) of different molecular
weights at pH < 0.5 [14]. This unexpected interaction
is explained by the strength of the hydrogen bond
between the sulfo group and the ether, which stabilizes
the IPC by shifting the acid-base equilibrium.

It is known that the properties of complexes formed
via hydrogen bonding can be controlled by insignifi-
cant changes in the initial parameters and that com-
plexation entails a significant change in the hydrody-
namic properties of solutions; this makes such systems
interesting for use in solving many practical problems
[15–17].

In this work, we studied complexation in aqueous
solutions of PSSA and PEO in different concentration
modes and at different ionic strength of the solutions
and molecular weight of PEO (PEG).

EXPERIMENTAL
Poly(4-styrenesulfonic acid) (PSSA, Mw = 7.5 × 104,

Sigma Aldrich), poly(ethylene oxide) (PEO, Mw =
126
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40000, Aldrich), and poly(ethylene glycol) (PEG,
Mw = 2000, Aldrich) were used without preliminary
purification. Solutions were prepared using bidistilled
water deionized with a MilliQ ion exchange column
system (Millipore, United States). Saline solutions
were prepared using sodium chloride (Khimreaktiv,
Russia).

The PEO40000 solution with a given weight concen-
tration was prepared by dissolving a weighed portion
for a day in the calculated volume of water or 0.1 M
NaCl solution. An aqueous solution of PSSA of a
given concentration was prepared by diluting commer-
cial 18 wt % solution. To prepare a PSSA solution in
0.1 M NaCl, commercial 18 wt % solution was first
diluted two times with 0.2 M NaCl solution and then
0.1 M NaCl was added to the resulting solution to
reach the specified concentration. The aqueous solu-
tion of PEG2000 of a given weight concentration was
prepared by dissolving a weighed portion for a day in
the calculated volume of water. The aqueous solution
of PSSA of a given concentration was prepared by
diluting commercial 18 wt % solution.

The aqueous solutions of PSSA–PEO40000 with a
given ratio Z = (n(PEO40000))/(n(PEO40000) +
n(PSSA)) (Z = 0, 0.32, 0.59, 0.81, 0.91, 0.98, 1.0) were
prepared by mixing different volumes of PEO40000 and
PSSA aqueous solutions of the same weight concen-
tration at the intrinsic pH values of the initial compo-
nents. The aqueous solutions of PSSA–PEG2000 were
prepared in a similar way. The saline solutions of com-
plexes and mixtures were prepared by mixing PEO40000
and PSSA solutions in 0.1 M NaCl.

The relative viscosity of solutions ηrel was deter-
mined in an Ubbelohde capillary viscometer; the sol-
vent eff lux time was t0 = 47 s (25°C). Before measure-
ments the samples were thermostatted for 15 min; the
temperature in the cell was maintained with an accu-
racy of ±0.2°С.

The dynamic viscosity was calculated as 

where t is the solution f low time and η0 is the viscosity
of the solvent (water) at a given temperature.

Specific ηsp and reduced viscosity ηred were calcu-
lated by the formulas

(C is the solution concentration, g/dL).
Static and dynamic light scattering were measured

on a Photocor Complex spectrometer (Photocor
Instruments, Russia) equipped with a He–Ne laser
with a power of 10 mV (λ = 633 nm). The solutions
under study were preliminarily filtered twice through
Durapore® filters (Millipore, United States, hydro-
philized Teflon, pore diameter of 0.22 μm). The scat-
tering intensity in static scattering experiments was

ηη = 0

0

,t
t

η −η = η − η = rel
sp rel red

11,
C
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averaged over ten independent measurements. The
molecular weights of PSSA, PEO, and their mixture
were determined at a scattering angle of 90°; the
results were processed using the Debye equation

where the optical constant of the solution K =

, RΘ is the Rayleigh ratio, C is concentra-

tion, and A2 is the second virial coefficient. The error
in determining molecular weights did not exceed 5%.

The refractive index increments of solutions ∂n/∂c
were determined using an Optilab T-Rex differential
refractometer (Wyatt, United States) at λ = 633 nm;
the error was 0.4–1.1%.

The correlation functions of scattered light inten-
sity f luctuations in dynamic light scattering studies
were measured using a Photocor-FC 288-channel
correlator with a pseudocross-correlation photon
counting system (Photocor Instruments, Russia). The
data were processed with the DynaLS software. The
hydrodynamic radii of macromolecules were calcu-
lated from the diffusion coefficients using the Ein-
stein–Stokes equation

where k is the Boltzmann constant, η0 is the viscosity
of the solvent, and D is the diffusion coefficient.

RESULTS AND DISCUSSION
It is known that the structure and properties of

solutions of interpolymer complexes in most cases
depend on the concentration mode in which they are
determined [18]. In dilute solutions, such complexes
usually form individual particles, while in semidilute
solutions, intermolecular aggregates forming the net-
work of entanglements are produced. Therefore,
before studying complexation in the PSSA–PEO40000
system, first the boundaries of the concentration
modes of individual components PSSA and PEO40000
and the mixture of composition Z = 0.81 were esti-
mated. The boundaries of concentration modes in
solutions of the initial polymers and their mixture were
determined by capillary viscometry (Figs. 1, 2). The
solutions of polymer and their mixture were prepared
in water in the absence of a low molecular weight elec-
trolyte. PEO is a nonionic polymer, and PSSA is a
negatively charged polyelectrolyte under these condi-
tions.

The concentration dependence of specific viscosity
plotted in logarithmic coordinates for PEO40000
(Fig. 1, curve 1) consists of two linear sections. The
initial section (C < 3.6%) has an angular slope of 1.2.
This means that, in this concentration range, ηsp ∝
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Fig. 1. Log specific viscosity of (1) PEO40000 and (2) PSSA vs. log concentration. Color drawings can be viewed in the electronic
version.
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C1.2, which, according to the scaling model [19], cor-
responds to a dilute solution of a nonionic polymer.
The concentration at which the slope of the depen-
dence changes corresponds to the crossover concen-
tration C* (Table 1). The angular slope of the second
linear section (3.6 < C ≤ 18%) is two. The scaling ratio
ηsp ∝ C2 corresponds to a semidilute solution mode
PO

Fig. 2. Log specific viscosity of the PSSA–PEO40000 mix-
ture (Z = 0.81) vs. log concentration.
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without the network of entanglements for an uncharged
polymer. It is important to note that, in the studied con-
centration range up to C = 18%, no network of entan-
glements is formed in PEO40000 solutions.

The concentration dependence of the specific vis-
cosity of PSSA solutions (Fig. 1, curve 2) consists of
four sections and fully corresponds to the scaling
description of polyelectrolyte solutions [20, 21]. In the
low concentration range (C < 1.8%), ηsp ∝ C1, which is
typical of a dilute polyelectrolyte solution in the pres-
ence of a salt. Even through the experiment was car-
ried out without addition of a low molecular weight
electrolyte, the slight content of residual salts in the
initial PSSA solution creates a nonzero ionic strength
of the solution. The effect manifests itself only at very
low concentrations of the polyelectrolyte; with an
increase in polyelectrolyte concentration the contri-
bution of its own counterions neutralizes it. In the sec-
ond section (1.8 < C < 6.6%), ηsp ∝ C0.5; this exponent
coincides with the values of the scaling model for a
semidilute polyelectrolyte solution without the net-
work of entanglements. The change in the angular
slope after this section of the curve corresponds to the
concentration of the formation of entanglements Ce.
In the concentration range 6.6 < C < 12%, ηsp ∝ C1.5,
which corresponds to a semidilute mode with the net-
work of entanglements. In the high concentration
range (>13%), ηsp ∝ C3.75, which, according to the
scaling model, corresponds to the semidilute mode of
the polyelectrolyte solution with the network of entan-
LYMER SCIENCE, SERIES B  Vol. 63  No. 2  2021
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Table 1. Concentration mode boundaries for PEO40000,
PSSA, and the PSSA–PEO40000 mixture (Z = 0.81)

Concentrations C < C* correspond to the dilute solution mode; in
the range of C* < C < Ce, there is the semidilute solution mode
without entanglements; and at C > Ce, the semidilute mode with
the network of entanglements is realized.

Sample C*, wt % Ce, wt % Cd, wt %

PEO40000 3.6 >18 –
PSSA 1.3 6.6 13
PSSA–PEO40000 1.1 2.3 12
glements in a good solvent under conditions of com-
plete suppression of electrostatic interactions.

The dependence obtained for a solution of PSSA–
PEO40000 mixture with Z = 0.81 (Fig. 2) differs from
those obtained for both PEO40000 and PSSA. The ini-
tial section (C < 2.3%) has the same angular slope as
the PSSA dependence, that is, corresponds to a dilute
polyelectrolyte solution at a nonzero ionic strength.
The section with a slope of 0.5 corresponding to the
semidilute mode for polyelectrolytes without the net-
work of entanglements disappears, which indicates
that interaction between PSSA and PEO40000 is possi-
ble. In the second section (2.3 < C < 12%), the angular
slope is 1.7; this concentration range can be inter-
preted as a semidilute mode for a polyelectrolyte with
the network of entanglements. In the high concentra-
tion range (C > 12%), ηsp ∝ C14/3, which corresponds
to a semidilute solution of a polyelectrolyte with the
POLYMER SCIENCE, SERIES B  Vol. 63  No. 2  2021

Fig. 3. Dependences of the dynamic viscosity of PSSA–
PEO40000 mixtures at a concentration of (1) 0.5, (2) 1, and
(3) 3% and the corresponding dependences of the additive
viscosity of PSSA–PEO40000 mixtures at a concentration
of (1') 0.5, (2') 1, and (3') 3% on mixture composition Z.
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network of entanglements with complete screening of
electrostatic interactions in the θ solvent. The bound-
aries of concentration modes are presented in Table 1.

When two polymers of different chemical nature
are mixed in a common solvent, one of three options
is realized, namely, compatibility (the system is a mix-
ture of noninteracting components in which no phase
separation is observed), incompatibility (accompa-
nied by separation into phases, each of which is
enriched in one of the polymers), or interaction (in
this case, an interpolymer complex is formed in solu-
tion). For complexes of poly(acrylic acid) with PEO,
poly(vinyl caprolactam), poly(vinyl glycol ethers), and
cellulose ethers [6, 22, 23] in dilute solutions, the value
of pHcr below which the IPC precipitates from solu-
tion was determined. Above pHcr, the complex exists
in solution in the form of hydrophilic soluble associ-
ates. At pH > pHcr, the viscosity of the solution
increases sharply owing to destruction of the compact
structure of the IPC. Sometimes the value of pHcr 2 is
distinguished above which the complex is destroyed
and the polymers coexist in solution as individual
components. Then in the range of pH < pHcr1, the
interpolymer complex exists in the form of compact
hydrophobic aggregates; in the range of pHcr1 < pH <
pHcr 2, the interpolymer complex exists in the form of
hydrophilic associates; in the range of pH > pHcr 2, no
interaction occurs. Thus, the interpolymer complex
(the classical IPC) is formed by the cooperative system
of hydrogen bonds which facilitates compaction of the
volume of interacting (interpenetrating) coils of com-
plementary macromolecules (the model of a zipper
with defects). The hydrophilic associate is formed with
the participation of a much smaller number of hydro-
gen bonds than the IPC, while PAA macromolecules
included in the associate have a higher degree of ion-
ization than PAA macromolecules that form the con-
ventional IPC. The formation of an interpolymer
hydrophilic associate is not accompanied by the com-
paction of interacting macrocoils.

It should be noted that the solutions of PSSA–
PEO40000, PSSA–PEG2000, and PSSNa–PEO40000
mixtures in the entire studied concentration and tem-
perature range remain transparent at any ratio of poly-
mer components. This means that incompatibility
does not manifest itself in the systems under study.

To ascertain whether the interaction between poly-
mers in solution occurs, the method of viscometry was
used. In the absence of interaction, the viscosity of the
mixture should be additively composed of the viscosi-
ties of the components of the corresponding concen-
tration. We first explored dilute solutions of the initial
components and mixtures. Figure 3 (curve 1, squares)
shows the dependence of the dynamic viscosity of
PSSA–PEO40000 mixtures at a concentration of
0.5 wt %. The value Z = 0 corresponds to a 0.5% PSSA
solution, while Z = 1–0.5% corresponds to a PEO
solution. For comparison, the same figure shows the
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dependence of the additive viscosity on the mixture
composition calculated under the assumption of the
absence of interactions according to the algorithm
from [24] (Fig. 3, curve 1').

As can be seen, the dynamic viscosity of the mix-
ture (Fig. 3, curve 1) is almost the same as the additive
value (Fig. 3, curve 1'), which indicates the absence of
interaction of two polymers at a concentration of
0.5%, that is, in the dilute solution mode. With an
increase in concentration to 1 wt % (Fig. 3, curve 2),
which is close to the crossover concentration for the
PSSA–PEO40000 mixture of composition Z = 0.8,
there is a slight positive deviation from additivity. This
suggests the appearance of interaction between the
components of the mixture accompanied by the for-
mation of soluble complexes. And, as follows from

Fig. 3 (curve 3), in semidilute solutions (3%), the
dynamic viscosity of the mixture increases signifi-
cantly with increasing Z from zero to ~0.8, remains
almost constant with increasing Z to 0.9, and notice-
ably decreases with further increase in Z to 1. In other
words, there is a significant positive deviation from
additivity (Fig. 3, curve 3'), which indicates the inter-
action of the two polymers in the system. The greatest
deviation from additivity is observed at mixture com-
positions Z = 0.8–0.9, which corresponds to the max-
imum degree of binding of polymer components. Such
an interaction can be implemented by means of com-
plexation between PSSA and PEO40000 during the for-
mation of hydrogen bonds between the oxygen atom in
the PEO chain and the hydrogen atom in the sulfo
group of the PSSA chain:

The formation of complexes between PSSA and
PEO was recently described in [14]. However, these
studies were carried out only in a strongly acidic
medium (pH < 0.5) with the additional acidification
of aqueous solutions with HCl and only for stoichio-
metric water-insoluble complexes. In this work, for
the first time, we studied in detail the aqueous solu-
tions of PSSA and PEO in the absence of additional
acidifying agents (pH ~ 2).

Despite the fact that PSSA belongs to the class of
strong polyelectrolytes, a significant part of sulfo
groups in aqueous solutions remain unionized owing
to the effect of counterion condensation [25]. It is
these undissociated groups that are capable of forming
hydrogen bonds with the oxygen atoms of PEO, which
leads to the formation of complexes. The composition
of mixtures in the composition range Z ≈ 0.8 corre-
sponds to the molar ratio of units [PEO] : [PSSA] ≈
4 : 1. Considering the degree of polymerization of
PEO40000 (≈900) and PSSA (≈400), one can assume
that, at such a composition Z, there are, on average,
two PEO40000 macromolecules per PSSA macromole-
cule. Surplus PEO40000 units and ionized PSSA regions
provide the solubility of the complex. The structure of

the PSSA–PEO complex with maximum interactions
is schematically shown below.

The initial components PSSA and PEO40000 and
their mixture of composition Z = 0.8 were studied by
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Table 2. Static light scattering data for PEO40000, PSSA, and
PSSA–PEO40000 (Z = 0.81)

Sample Mw × 10–4 A2,
mol cm3/g2 , cm3/g

PEO40000 3.36 1.93 × 10–3 0.1323

PSSA 7.58 2.80 × 10–3 0.2019

PSSA–PEO40000 5.18 7.59 × 10–4 0.1677

∂
∂

n
c

Fig. 4. Static light scattering data for solutions of (1) PSSA, (2) PEO40 000, and (3) PSSA–PEO40000 mixture. Z = 0.81.
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static light scattering (Fig. 4). All solutions were pre-
pared in 0.1 M NaCl, which made it possible to carry
out measurements under isoionic dilution conditions.
The concentrations of the working solutions were in
the range of 0.125–1 wt %. All three dependences
plotted in Debye coordinates (KS/R90 on C) are
straight lines in the studied concentration range. This
makes it possible to determine the weight-average
molecular weights and second virial coefficients of
solutions (Table 2).

To clarify whether the PSSA–PEO40000 complex
exists in dilute aqueous-saline solutions (concentration,
0.125–1 wt %; NaCl concentration, 0.1 mol/L), it was
necessary to calculate the Mw value for the mixture
under the assumption that there are no interactions and
to compare the obtained value with the measurement
result. The mixture of composition Z = 0.81 contains
equal weight fractions of PSSA and PEO40000; hence, in
the absence of interactions, Mw can be calculated as

Deviation of the calculated value from the mea-

sured one  does not exceed the error of the

static light scattering method. The refractive index

increment  is also additively composed of the

refractive index increments of components. Conse-
quently, in the concentration range of 1% or lower in
an aqueous-saline medium, the complex is not formed
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and the system is a mixture of two polymers in the
common solvent.

The absence of interaction in the dilute aqueous-
saline solution of the PSSA–PEO40000 mixture at a
concentration of 1% was confirmed by dynamic light
scattering. Below are the effective hydrodynamic radii
of coils in solutions of the initial polymers and their
mixtures: Rh = 6 ± 1 for PEO40000 and PSSA and 7 ± 1
for PSSA–PEO40000. The size of the coils in the mix-
ture coincides with the sizes of the individual compo-
nents within the limits of error of the method.

Thus, using viscometry and dynamic and static
light scattering, it is shown that there is no interaction
in the PSSA–PEO40000 system in the dilute solution
mode in either an aqueous or an aqueous-saline
medium.

From the data obtained for PAA–PEO complexes
stabilized by hydrogen bonds, it is known that the
intensity of interaction in such complexes is deter-
mined by the length of the PEO chain [26]: the degree
of binding decreases significantly with a decrease in
the molecular weight of PEO up to the complete
absence of complexation. Therefore, it was necessary
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Fig. 5. (1) Dependence of the dynamic viscosity of PSSA–PEG2000 mixtures in comparison with (2) the similar dependence for
PSSA–PEO40000 mixtures and the dependence of the additive viscosity of PSSA–PEG2000 mixtures on mixture composition Z.
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Fig. 6. Viscosity of (a) PSSA–PEO40000 and (b) PSSA–PEG2000 mixtures vs. composition at (1) 25, (2) 35, (3) 50, and (4) 60°C.
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to ascertain whether the formation of complexes of
PSSA with short PEO chains occurs in semidilute
solutions. Figure 5 shows the dependence of the
dynamic viscosity of PSSA–PEG2000 mixtures on
composition Z in comparison with a similar depen-
dence for PSSA and PEO40000.

As is seen from the dependence shown in Fig. 5
(curve 1), for all PSSA–PEG2000 mixtures, as for
PSSA–PEO40000 mixtures, there is a positive deviation
PO
of the dynamic viscosity from additivity, but this devi-
ation is less pronounced in comparison with the
PSSA–PEO40000 system. This fact indicates that the
interactions are weakened but the complexation
between PSSA and short PEG2000 persists. The rela-
tively small deviation from additivity does not allow
determining the composition of the mixture corre-
sponding to the maximum binding in the PSSA–
short-chain PEO system.
LYMER SCIENCE, SERIES B  Vol. 63  No. 2  2021
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It is known that hydrogen bonds weaken with
increasing temperature [5]; therefore, the depen-
dences of the dynamic viscosity on the mixture com-
position were measured for the PSSA–PEO40000 and
PSSA–PEG2000 complexes at different temperatures
in the range of 25–60°C (Fig. 6).

For both complexes with increasing temperature,
the positive deviation from additivity persists,

although it becomes less pronounced. This means that
heating to 60°С does not lead to complete destruction
of the complexes despite the fact that the interactions
become weaker.

The formation and structure of PSSA–PEO com-
plexes in different concentration modes are schemati-
cally shown below.

CONCLUSIONS

Thus, mixing PSSA with PEO in aqueous solu-
tions leads to the formation of soluble complexes and
the maximum binding is observed at a fourfold molar
excess of PEO. The interaction of the components
significantly weakens with increasing temperature
and with decreasing the PEO chain length. In the
semidilute solution mode, the complex is a network
in which PEO chains hydrogen-bonded to neighbor-
ing PSSA coils serve as junctions. With a decrease in
concentration, the dissociation of the complex
occurs, and in dilute aqueous and aqueous-saline
solutions, the system is a compatible mixture of the
polymers in the common solvent. The results
obtained suggest that a similar interaction with other
nonionic polymers, such as poly(vinyl alcohol),
polyvinylpyrrolidone, polyacrylamide, and cellulose
ethers, is feasible.
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