
Mendeleev
Communications

Mendeleev Commun., 2008, 18, 342–344

Viscoelasticity of poly(vinylpyridinium chloride)/sodium 
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Measurements of the dynamic elasticity of an adsorption film of poly(vinylpyridinium chloride)/sodium dodecylsulfate
(PVP/SDS) complexes indicate a structure transition in the film when the surfactant concentration approaches the concentration of
PVP monomers and show that the rate of relaxation processes in polyelectrolyte/surfactant adsorption films is determined by the
properties of the polymer chain.
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Figure 1 The surface tension of PVP/SDS solutions with (squares) and
without (circles) 0.1 M NaCl vs. SDS concentration at the polyelectrolyte
concentration 0.01 wt% in 5 h after the surface creation.
Although interest in the solutions of complexes of poly-
electrolytes and oppositely charged surfactants arose several
decades ago,1–3 adsorption layers of these systems have been
investigated only for the last years.3–5 The relation between the
structure of molecules forming the complexes and the surface
properties of the solution remains unclear. Recently, the neutron
reflectivity and surface tensiometry data have given an opportunity
to define two classes of polyelectrolyte/surfactant solutions,
which differ significantly in the thickness of adsorption layer
and the shape of adsorption isotherm.6,7 At the same time, the
dependences of surface rheological properties on surfactant
concentration for these two classes of systems proved to be
similar.8,9 In this work, the surface rheological properties of
mixed adsorption films of poly(vinylpyridinium chloride) (PVP)
and sodium dodecylsulfate (SDS) were measured to clarify the
influence of small changes in the pattern of interaction between
the components on the dynamic surface properties. The transi-
tion between the two states corresponding to the above classes
of the solution of PVP/SDS is possible by adding small amounts
of NaCl.10

The measurements of complex dynamic dilational surface
elasticity were performed by the oscillating barrier method, based
on the simultaneous registration of the surface area harmonic
oscillation in a Langmuir through and the corresponding oscilla-
tion of the surface tension. The experimental set-ups and procedures
were described in detail elsewhere.11,12

Before use, SDS (Sigma–Aldrich) was purified by double
recrystallization from ethanol. Sodium chloride (Merck) was
purified from organic impurities by heating to 800 °C. Poly-
vinylpyridine (Polysciences) with a molecular weight of 50000
was used as received. For preparation of the solutions poly-
vinylpyridine was dissolved in an HCl solution at pH 3, then,
SDS and hydrochloric acid were added to given concentration
and pH values. Note that the hydrolysis of SDS in aqueous
solutions can lead to the formation of dodecanol, which is charac-
terized by a high surface activity. As a result, one can observe
significant deviations of the surface pressure and elasticity from
zero even at SDS concentrations a few orders of magnitude lower
than the critical micellar concentration.13,14 These effects depend
on the purity of the original sample due to the autocatalysis of
the SDS degradation and thus strongly irreproducible.15,16 The
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test experiments showed that the influence of hydrolysis on
the surface elasticity of pure SDS solutions did not exceed 30%
within 5 h for our samples at least at concentrations lower
than 0.1 mM.

All measurements of the solution properties were performed
at pH 2 and a constant PVP concentration (0.01 wt%), with and
without addition of NaCl. The dependence of the surface tension
of mixed solution of PVP/SDS/NaCl (0.1 M) on surfactant con-
centration c (Figure 1) is close to the corresponding dependence
obtained for this system earlier.10 Deviations of the surface
tension from the value for pure water occurred at c = 10–7 M,
i.e., at a concentration several orders lower than for the solution
of pure surfactant, which indicates the formation of PVP/SDS
complexes with high surface activity at extremely low concentra-
tions. At concentration c < ~10–7 M, the equilibration time of the
system was too long and measurements were difficult because
equilibrium has not been achieved in five hours. In the range
of SDS concentration from 10–7 to 2×10–5 M (Figure 1), the
equilibrium surface tension decreased almost by 40 mN m–1

and further all changes did not exceed 2 mN m–1. The range
of abrupt changes of the slope of the surface tension isotherm
usually is associated with the onset of the cooperative formation
of surfactant aggregates on the polymer chains and is identified
as critical aggregation concentration (CAC).3,17 Taylor et al.10
–
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Figure 2 Concentration dependence of the real (solid symbols) and
imaginary (open symbols) parts of the dynamic surface elasticity of PVP
(0.01 wt%)/SDS with (circles) and without (squares) 0.1 M NaCl at the
frequency of 0.14 Hz.
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Figure 3 Frequency dependence of the real (solid symbols) and imaginary
(open symbols) parts of the dynamic surface elasticity of PVP/SDS/0.1 M
NaCl at SDS concentrations of 0.08 mM (squares), 0.0025 mM (triangles)
and 0.001 mM (asterisks).
found the formation of a multilayer structure on the solution
surface at c > 1 mM using neutron reflection.10 However, changes
in the adsorption layer thickness do not lead to noticeable
changes of the surface tension isotherm for PVP/SDS/NaCl
(0.1 M) solution, as well as for other systems.18

The surface tension isotherm for PVP/SDS solution without
NaCl additives (Figure 1) only qualitatively agrees with the
published dependence.10 The discrepancy in the results can be
interpreted by different degrees of polyelectrolyte ionization in
the solutions, which brought about changes of the own surface
activity of PVP. Unfortunately, Taylor et al.10 did not mention the
pH value of the investigated solution; therefore, the comparison
can be done only qualitatively. At salt addition the ionization
degree of the polyelectrolyte decreases, which leads to the
weakening of polyelectrolyte–surfactant interaction and, hence,
to the increase in surface tension. Therefore, the surface tension
for PVP/SDS solutions without salt addition at concentration
c < 10–5 M is lower than that for the solution of PVP/SDS/NaCl
(0.1 M) (Figure 1). A maximum on the surface tension isotherm
appears with increasing concentration. This maximum is usually
explained by the desorption of polyelectrolyte/surfactant aggre-
gates at the saturation of polyelectrolyte by the surfactants
molecules in the bulk solution.6,19 Note that the precipitation
of large aggregates from solution occurs at a concentration of
SDS c0 » 0.7×10–3 M, which corresponds to the equimolar ratio
between PVP and SDS monomers. A further increase in the
SDS concentration the aggregates grow step by step and even
precipitate, leading to a temporary surface tension increase.
Thereafter, the complexes are displaced by the increasing number
of free SDS molecules in the bulk and consequently in the
adsorption layer and the surface tension decreases down to values
typical of a pure SDS layer. Finally, at c > 0.01 M, the surface
tension stops changing with concentration and gets close to
the surface tension for pure SDS micellar solution; in this case,
surface properties become formed mainly by adsorbed surfactant
molecules.6,7

The dependences of the real part of dynamic surface elasticity
on SDS concentration for the investigated systems (Figure 2)
are qualitatively close to the corresponding dependences of
poly(styrenesulfonate)/dodecyltrimethylammonium bromide8

(PSS/DTAB) and polydiallyldimethylammonium chloride/sodium
dodecylsulfate9 (PDMDAAC/SDS). In all cases, high dynamic
surface elasticity exhibits itself in the range of low surfactant
concentration, which at increasing of the concentration after a
local maximum decreases abruptly in a narrow concentration
range and further on approaches zero. Earlier, the high dynamic
surface elasticity in the range of low concentrations was associated
with the formation of two-dimensional structure in the surface
layer both due to electrostatic interactions and segment–hydro-
carbon tail of a surfactant molecule or segment–segment hydro-
phobic interactions that lead to the formation of two-dimen-
sional nano- and microaggregates.8,9 At concentrations two or
three times lower than c0, this structure decomposes and three-
dimensional aggregates start to form in the surface layer. The
adsorption film becomes loose and the surface elasticity decreases
abruptly. The formation of three-dimensional aggregates (microgel)
is confirmed by the strong increase of the ellipsometric signal due
to the light scattering by aggregates in the surface layer at con-
centrations higher than the region of surface elasticity decrease.9,20

At further increasing surfactant concentration complexes gradually
desorb, the adsorption film grows enriched with free surfactant
molecules and the surface elasticity approaches zero at frequencies
less than 1 Hz. Results received in this work (Figure 2) can be
explained in the same way. Particularly, one can assume that the
surface elasticity decrease at c » 1.6×10–5 M for PVP/SDS/NaCl
solution and at c » 10–5 M for PVP/SDS solutions results from
– 343
the formation of three-dimensional aggregates in the surface
layer.

Despite that the dependences of the dynamic surface elasticity
on concentration proved to be qualitatively the same for all
investigated systems, the absolute values of the surface elasticity
modulus are different. If in the range of local maximum the
dynamic surface elasticity moduli for PVP/SDS/NaCl and PSS/
DTAB solutions are close to each other (~110 mN m–1), they are
higher (~140 mN m–1) for PSS/DTAB solution and anomalously
high (~240 mN m–1) for PVP/SDS solution. This indicates the
influence of non-electrostatic factors, like the degree of hydro-
phobicity of polymer segments and the own rigidity of polymer
molecules. At the same time, the difference between the two
systems can be connected, at least partially, with the difference
in the ionic strength of the solution. The addition of electrolyte
(NaCl) screens the electrostatic repulsion between polyelec-
trolyte segments of the same charge, which leads to a decreased
effective rigidity of the polymer chains and hence, to lower
surface elasticity.

The main peculiarity of the system under investigation consists
in the relatively high imaginary part of the complex surface
elasticity, which for PVP/SDS/NaCl solution in the concentra-
tion range from 2×10–4 to 10–3 M is higher than the real part. The
imaginary part is much lower than the real one for PSS/DTAB
solutions and the adsorption film proves to be essentially elastic.8

The imaginary part approaches the real one for PDMDAAC/SDS
solutions only in a narrow concentration range.9 The ratio of the
two parts of the dynamic surface elasticity for PVP/SDS solutions
is close to unity in the concentration range from 2×10–4 to 10–3 M
and the adsorption film turns out to be viscoelastic at a frequency
of 0.14 Hz. This means that relaxation processes with a charac-
–
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teristic time comparable with the period of the surface area
oscillations, i.e., t ~ 10 s, occur in the system. Indeed, the two
parts of the dynamic surface elasticity strongly depend on the
frequency of oscillation only at 2×10–5 M < c < 10–3 M (Figure 3).
A comparison between previously investigated polyelectrolyte/
surfactant solutions show that the main relaxation time of the
adsorption film depends on the properties of polyelectrolyte
and determines its viscoelasticity. If one takes into account that
the adsorption film is microheterogeneous in a broad concentra-
tion range, the relaxation processes can be attributed to the
exchange of components between different surface microphases,
and, hence, to the aggregate stability in the surface layer.
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