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ABSTRACT: We present experimental results on the dynamic surface properties of aqueous solutions of
sodium poly(styrenesulfonate). The dynamic surface elasticity at frequencies from 0.01 up to 500 Hz and
at concentrations exceeding 0.1 wt % proved to be significantly higher than the corresponding data for
solutions of nonionic polymers. Another peculiarity consisted in extremely slow changes of the surface
properties with time. The addition of salt did not lead to significant changes of the surface elasticity,
which was in disagreement with the expectation from the SCF theory. The obtained results can be
explained if one assumes aggregate formation in the surface layer.

Introduction

Polyelectrolytes are of fundamental importance in
biology and biochemistry and widely used to control the
stability of dispersions in various industrial processes.
In many cases the application of polyelectrolytes is
determined by the unique properties of their interfacial
films. Significant efforts have been spent recently on
the study of surface properties of natural polyelectro-
lytes.22 Although the adsorbed films of strong synthetic
polyelectrolytes with simpler molecular structure have
been studied for more than 50 years,® the progress in
this field is significantly slower.

The understanding of the surface layer structure is
still rather limited even for the most studied solutions
of sodium poly(styrenesulfonate) (PSS).4~8 Moreover, on
a first glance the surface tension results obtained by
different authors are contradictory for this system.
Thus, Taylor et al. in their study of PSS—surfactant
complexes claim that “water-soluble polymers are not
normally surface-active at all”.® Okubo did not manage
to determine any deviations of the surface tension of
PSS solutions from the value for pure water at all.* At
the same time, Theodoly et al. describe a surface
pressure increase up to 20 mN/m for solutions of 55%
sulfonated PSS and up to 10 mN/m for 90% sulfonated
PSS.8 Caminati and Gabrielli observed an even stronger
increase for solutions of PSS with low molecular weight.>
The reason for this discrepancy is connected with the
peculiar behavior of the polyelectrolytes at the liquid—
gas interface. The surface tension isotherms are differ-
ent for aqueous solutions of nonionic polymers and
synthetic polyelectrolytes. While in the former case the
surface tension deviates from the value of water even
at concentrations less than 0.0001 wt %, the surface
tension of polyelectrolyte solutions begins to decrease
only at relatively high concentrations when the ionic
strength is high enough and the lateral repulsion of
charged groups is screened to a great extent. This
behavior allowed Okubo to introduce the critical poly-
mer concentration c* when the surface pressure starts
to increase.*10
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Another peculiarity of adsorbed polyelectrolyte films
consists of extremely slow kinetic dependency of the
surface tension. For example, Theodoly et al. noted that
even 24 h is not enough to reach the equilibrium for
solutions of both 55% and 90% sulfonated PSS.8 Slow
surface tension changes were also observed for adsorbed
films of hydrophobically modified polyelectrolytes!! and
charged block copolymers.'2 This slow equilibration of
the surface layer significantly complicates the determi-
nation of the equilibrium surface tension isotherm and
probably c¢* value. On the other hand, the surface
tension is not sensitive enough to polymer conforma-
tional transitions in the surface layer.1314 Recently, Yim
et al. have also discovered that the surface tension
cannot be correlated with the adsorbed amount of PSS.”
These authors also did not find the time dependence of
surface tension for rather concentrated PSS solutions
at 0.01 g/mL and KCI concentrations of 1.7 and 2.5 M.
The latter conditions, however, correspond to fast
changes of the surface properties when the equilibrium
can be established within a few minutes after creating
the interface (cf. our discussion of the dynamic surface
tension of PSS solutions below).

Significantly more informative are the measurements
of neutron reflectivity, which allow the determination
of not only the adsorption value but also the segment
distribution perpendicular to the surface.®79 In this case
one can compare the experimental results with calcula-
tions of the segment profile according to the self-
consistent-field (SCF) theory.’>~18 While qualitative
changes of the adsorption and the adsorbed film thick-
ness with the salt concentration proved to be consistent
with the theoretical predictions, quantitative agreement
was not achieved. Unlike the predicted monotonical
segment profile, the experimental one consisted of two
distinct layers with different segment concentrations.®
More recently, Yim et al. have discovered that the
concentration dependences of adsorption at different salt
contents have maxima at concentrations correlating
with the overlap polymer concentrations.” This finding
cannot be explained by the SCF theory of polyelectrolyte
adsorption either.

Most of the studies published so far on surface
properties of PSS solutions have been aimed at the
determination of equilibrium data. Recent results of
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Theodoly et al.8 brought some doubts about the pos-
sibility to solve this problem. First, the equilibration
process proved to be extremely slow. The equilibrium
surface tension of relatively concentrated PSS solutions
was not reached within a few days. Second, the surface
state of a given solution was not unique, but a number
of metastable structures were discovered. Consequently,
investigations of the nonequilibrium surface properties
of PSS solutions turn out to be especially important.
This task is not easy because of a limited number of
suitable experimental techniques. In general, informa-
tion on polymer chain dynamics at different interfaces
is rather scarce. This is a conclusion, for example, of a
recent discussion in the European Physical Journal
E.1®"22 For the liquid—gas interface one usually mea-
sures the dynamic surface tension of polymer solutions.
However, interpretation of the monotonic kinetic surface
tension curves is difficult and not always unequivocal.
Besides, the creation of a fresh interface is usually
accompanied by complicated liquid flows, which is
difficult to take into account.23-25> Another approach is
based on small perturbations from the equilibrium and
subsequent measurement of the system response (me-
chanical relaxation spectrometry of the surface layer).
For small perturbations linear relationships describe the
system, and the surface tension ¢y perturbation is
proportional to the area perturbation 6A26

oy = e(w)oA 1)

The proportionality factor ¢ (the dilational dynamic
surface elasticity) is a complex quantity in the general
case and depends on the angular frequency of perturba-
tions w.

Although first studies of the dilational surface vis-
coelasticity go back to the 1960s,27:28 the crucial influ-
ence of the complex dynamic surface elasticity on the
dynamics of various colloid systems, for example, on the
stability of foams and emulsions has been realized much
later.2°=32 Up to now many authors studied the dynamic
surface elasticity of adsorbed and spread films of
conventional surfactants23-2528-30 gnd proteins.1:31-34
Solutions of nonionic homopolymers have been inves-
tigated in the low frequency range (below 1000 Hz) by
surface relaxation methods only recently.1314.3536 The
results were in agreement with the theory of dilational
surface viscoelasticity proposed for solutions of linear
flexible polymer chains.?” These studies allowed a
determination of not only the relaxation mechanism but
also the polymer conformation in the surface layer. To
the best of our knowledge, solutions of synthetic poly-
electrolytes have not been studied by these methods at
all. Only Bhattacharya et al. measured the dynamic
surface elasticity of solutions of complexes between some
polyelectolytes and conventional ionic surfactants.38

The main aim of this work is to compare the dynamic
surface properties of solutions of polymers with ionized
groups with properties of nonionic polymer solutions.
We chose PSS as a representative of strong polyelec-
trolytes. The main emphasis will be made on the
dilation surface viscoelasticity. After a brief description
of the experimental methods the results will be repre-
sented and discussed.

Experimental Section

The surface tension of PSS solutions was measured by the
Wilhelmy plate method with a roughened glass plate attached
to an electronic balance. The measurements began in 2 min
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after the solution was poured in a Teflon Langmuir trough
and cleaned by a moving Teflon barrier. The surface tension
of PSS solutions changed for many hours, and the intervals
between the consecutive surface tension readings usually
significantly exceeded 2 min. The whole setup was placed in
a lucid cabinet together with a beaker containing water and
filter paper to decrease solution evaporation from the trough.

The experimental setups for measurements of the dynamic
surface elasticity together with the corresponding experimen-
tal procedures were described in detail elsewhere. 314243940 \\/e
represent below only the basic principles of the employed
experimental techniques. At frequencies less than 0.2 Hz the
dynamic surface elasticity was measured by the oscillating
barrier method.*° The surface area of the solution in the
Langmuir trough changed periodically with the given fre-
quency and amplitude by oscillations of the Teflon barrier
sliding along the polished brims of the trough. If the frequency
of oscillations is less than 0.2 Hz, the surface tension of the
solution in the trough turns out to be homogeneous. In this
case the surface tension measurements by the Wilhelmy plate
method allow direct determination of the surface elasticity.
The elasticity modulus is determined from the amplitude ratio
of the oscillations of the surface tension and surface area
according to eq 1. The phase shift between the oscillations of
two measured parameters (surface tension and surface area)
determines the phase angle of the dynamic surface elasticity.

At higher frequencies we used the capillary wave method.
The wave characteristics were measured by means of the
electromechanical method based on the principle of a dynamic
condenser.1314243% One condenser plate was a thin metal plate
with the thickness less than half of the wavelength. The second
plate was the liquid surface under investigation in the Lang-
muir trough. A mechanical generator excited the capillary
waves. Propagation of the waves caused capacity oscillations
of the dynamic condenser, and as a result an alternating
electric current appeared in the circuit. Measurements of the
amplitude and phase of the electric signal allowed us to
determine the damping coefficient and the length of transverse
capillary waves. The dynamic surface elasticity can be calcu-
lated from the capillary wave characteristics according to the
dispersion equation??

e=¢ tlg

= {pw’[pw? — (yk* + pgk) tanh(kh)] + 4ipuw’k® +
412 w*K3[m tanh(kh) — K[} { mk?[pw?® —
(7k® + pgk) tanh(kh)] + K*(yk® + pgk)} (2)

where k = 27/4 + ia is the complex wavenumber, a is the
damping coefficient, 4 is the wavelength, g is the gravitational
acceleration, m? = k? — iwplu, u is the viscosity, p is the density,
and h is the depth of the liquid in the trough.

Equation 2 can be considered to be a complex algebraic
equation relative to k. The two main roots of this equation
correspond to transversal and longitudinal surface waves. Both
wave modes arise as a result of spontaneous thermal fluctua-
tions at the liquid surface or can be excited by a wave
generator. In this work we used only the excited transverse
surface waves. Note that although the specific energy dissipa-
tion in the surface layer, where the monomer concentration is
higher, exceeds the specific dissipation in the bulk solution,
the energy of waves dissipates mainly in the bulk solution
because the wavelength (the penetration depth of the motion
into the bulk liquid, between 1 and 3 mm in our case) exceeds
the thickness of the surface layer by about 6 orders of
magnitude. The surface viscoelasticity influences the wave
characteristics only as a result of alterations of the boundary
conditions for the equations of liquid dynamics.#?* Therefore,
the damping coefficient of surface waves is a function of both
components of the dynamic surface elasticity. Even if the
imaginary part of the surface elasticity is zero (pure elastic
film), the damping coefficient can be a complicated (nonmono-
tonic) function of the elasticity modulus. If |¢] > 0.14y, the
capillary wave characteristics are almost independent of the
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Figure 1. Time evolution of the surface tension of PSS
solutions at the concentrations 0.11 wt % (squares), 0.2 wt %
(circles), 0.35 wt % (triangles up), 1 wt % (asterisks), and 1.5
wt % (triangles down).

surface elasticity and are mainly determined by the surface
tension. The surface elasticity modulus of most PSS solutions
under investigation meet this condition, and consequently, the
capillary wave method can give only rough estimates of the
surface elasticity. Nevertheless, we used this supplementary
method in order to compare experimental data of both methods
at low |¢|. Besides, the capillary wave characteristics are less
sensitive to possible changes of the liquid level in the trough
due to evaporation as the surface tension measured by the
Wilhelmy plate method. This is important for long time
measurements.

PSS with the molecular mass 70 000 was received from
Aldrich and purified by dialysis through a cellulose membrane
(Sigma) with a cutoff molecular mass of 12 000. However, this
procedure led only to insignificant changes within the error
limits of the experimental results, and PSS was also used as
received in the course of some measurements. The dialysis
gives us some confidence that our sample at least did not
contain oligomers with a molecular weight M < 12 000, i.e.,
in the most dangerous range. The results of Caminati and
Gabrielli show some influence of the molecular weight of the
PSS on surface tension for M < 18 000.5> This is almost the
same range where we observed the molecular weight depen-
dence of the dynamic surface elasticity for solutions of nonionic
polymers.1336 At higher M the elasticity almost did not depend
on the molecular weight. It is reasonable to assume that the
same will be true for PSS solutions.

The elemental analysis of our sample on sulfur gave a
degree of sulfonization of 95%, but the real degree can be even
a little bit higher because the sample could contain some traces
of water.

Sodium chloride from Vecton (St. Petersburg) was purified
from organic impurities by heating in an oven up to 800 °C.
Fresh twice-distilled water was used for the preparation of
solutions. An all-Pyrex apparatus and alkaline permanganate
were employed in the second stage of distillation.

Results and Discussion

The surface tension of PSS solutions changes with
time and concentration only in the range of relatively
concentrated solutions where PSS behaves as a typical
surfactant (Figure 1). For example, at a concentration
of c = 1.53 wt % the surface tension reaches a value of
about 45 mN/m after several hours. On the other hand,
the surface pressure remains close to zero for several
hours after surface formation at concentrations lower
than about 0.1 wt %. This behavior, as shown by
Okubo,*10 is characteristic for various synthetic and
natural polyelectrolytes and different from that of
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Figure 2. Kinetic dependencies of the length of capillary
waves at the frequency 180 Hz for PSS concentrations 0.01
wt % (squares), 0.056 wt % (circles), 0.11 wt % (asterisks), 0.51
wt % (triangles down), 1 wt % (rombs), and 3.4 wt % (triangles

up).

neutral surface active polymers with a molecular mass
higher than about 10 000. In the latter case the surface
pressure has a finite and almost constant value at all
concentrations accessible to investigation.1314.3536 |t
follows from the data of Figure 1 that ¢c* ~ 0.1 wt %.
However, longer measurements show that this critical
concentration can depend on the duration of measure-
ments (cf. below), and one can obtain only a rough
estimate.

Another peculiarity of the data of Figure 1 in com-
parison with the results for neutral polymers is the very
slow equilibration process. The PSS adsorption proceeds
for more than 5 h for all concentrations, while for
solutions of neutral polymers!3.14.3536 the equilibrium
surface tension is reached for less than 1 min at
concentrations higher than 0.0001 wt %. The slow
adsorption Kinetics of polyelectolytes is well-known and
generally attributed to the electrostatic adsorption
barrier.841 The first macromolecules arriving at the
interface create a local surface charge and thus hinder
further adsorption of charged chains.

Note that addition of a small amount of a conventional
cationic surfactant (dodecyltrimethylammonium bro-
mide, even at an overall concentration of 0.01 mM) to
the solution led to significantly faster changes of the
surface tension, thus indicating another adsorption
mechanism and probably different structure of the
surface layer. On the other hand, this observation can
explain why Ahrens et al. did not observe time effects
of the adsorption of PSS at the aqueous surface covered
by a dioctadecyldimethylammonium bromide.*2

Measurements of the capillary wave characteristics
allow monitoring of the surface properties at longer
times. The capillary wavelength is approximately pro-
portional to the cubic root of surface tension and
depends only slightly on the dynamic surface elastic-
ity.2439 Slow changes of the wavelength with time for
PSS solutions are a consequence of the corresponding
decrease of the surface tension (Figure 2). For most of
the solutions even 20 h is not enough to reach equilib-
rium. At longer time scales the surface tension decreases
even at ¢ < 0.1 wt %, and the results in Figure 2 lead
to a critical concentration c* lower than 0.1 wt %.

It follows from the dispersion eq 2 that the damping
coefficient of capillary waves a, unlike the wavelength,
is determined by both the surface tension and the
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Figure 3. Kinetic dependencies of the damping coefficient of
capillary waves at the frequency 200 Hz for the PSS concen-

trations 0.01 wt % (squares), 0.06 wt % (circles), and 0.11 wt
% (asterisks).
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Figure 4. Kinetic dependencies of the damping coefficient of
capillary waves at the frequency 200 Hz for PSS concentrations
0.51 wt % (squares), 1 wt % (asterisks), 1.5 wt % (triangles),
2.3 wt % (rombs), and 3.4 wt % (circles).

dynamic surface elasticity. This leads to more compli-
cated kinetic dependencies (Figures 3 and 4). Atc < 0.01
wt % the damping coefficient was almost constant and
equaled roughly to the value for pure water. At higher
concentrations but less than about 0.1 wt % a increased
monotonically as a consequence of the corresponding
increase of the dynamic surface elasticity. At concentra-
tions higher than 0.1 wt % a distinct maximum of
damping was observed (Figure 3). The local maximum
of the damping coefficient of capillary waves as a
function of the surface elasticity modulus is described
by the dispersion equation and is a consequence of the
resonance between the transverse and longitudinal
wave modes at the condition |e| ~ 0.14y.2443 Therefore,
the maximum in Figure 3 only means that the modulus
of the dynamic surface elasticity increases with time and
crosses the critical value of about 10 mN/m, correspond-
ing to the mentioned condition. The nonmonotonic
kinetic dependence of the damping was observed at all
frequencies under investigation in the range from 70
up to 500 Hz, and the maximal o was about 7 times
larger than the value for water. At last, at concentra-
tions higher than about 0.5 wt % the kinetic depend-
encies become monotonic again. In this concentration
range the modulus of dynamic surface elasticity is
significantly higher than 0.14y and almost does not
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Figure 6. Kinetic dependencies of the real (solid symbols) and
imaginary (empty symbol) parts of the dynamic surface
elasticity of PSS solutions at the frequency 0.12 Hz for
concentrations 0.1 wt % (circles), 0.5 wt % (asterisks), and 0.8
wt % (squares).

influence the damping coefficient. The damping coef-
ficient is high and increases slowly, mainly due to the
decrease of surface tension. Note also that at ¢ > 1 wt
% the damping coefficient significantly increases with
concentration. This is a consequence of the increase of
the bulk phase viscosity in the range of semidilute
solutions.

If the surface elasticity is low enough, it can be
calculated directly from the wave characteristics ac-
cording to eq 2. Figure 5 shows the real part of the
dynamic surface elasticity at a frequency of 200 Hz as
a function of time for two relatively small PSS bulk
concentrations. The imaginary part is close to zero. The
surface elasticity modulus increases with time, reaching
values exceeding 0.14y for about 5 h. At longer times
and higher bulk concentrations it increases further, the
accuracy of the surface elasticity determination de-
creases fast, and the capillary wave method leads only
to very rough estimates. At the same time high surface
elasticity can be easily measured by the oscillating
barrier method. Figure 6 shows the corresponding
kinetic dependencies at a frequency of 0.12 Hz and the
barrier oscillation amplitude of 4 mm calculated from
the amplitude and phase of surface tension and surface
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Figure 7. Kinetic dependencies of the real (solid symbols) and
imaginary (empty symbol) parts of the dynamic surface
elasticity of PSS solutions at the frequency 0.12 Hz for

concentrations 0.000 32 wt % (triangles) and 0.16 wt %
(squares).

area oscillations according to eq 1. The imaginary part
of the surface elasticity is again zero in the error limits.
Note that the relative error of the imaginary part is
mainly determined by the accuracy of the phase angle
measurement and is about 5%, thus leading to the
increase of the absolute error at the increase of the
surface elasticity modulus. The real part of the dynamic
surface elasticity increases with time and bulk concen-
tration. The rate of changes also increases with the
concentration although some kinetic curves violate this
rule. Some deviations from the general behavior can be
attributed to the insufficient control of the natural
convection in the Langmuir trough, but other peculiari-
ties of the dynamic surface properties of PSS solutions
indicate also more fundamental reasons (cf. below). The
surface elasticity reaches a plateau value at concentra-
tions higher than about 0.2 wt % within a few hours,
and at ¢ > 0.3 wt % this value is approximately constant
and amounts to about 73 mN/m. At ¢ > 0.5 wt % the
solution reaches an almost constant surface elasticity
within about an hour, which is significantly faster than
the establishment of the equilibrium surface tension
(Figure 1). Thereby the surface tension changes while
the elasticity is almost constant. This behavior is also
opposite to that observed for solutions of nonionic
polymers where the surface elasticity proved to be more
sensitive to conformational changes in the surface layer
than the surface tension.1314

We also applied the oscillating barrier method to
relatively dilute solutions at ¢ < 0.01 wt %. In this
concentration range the surface tension and the surface
elasticity are mainly close to zero, but this value is not
reproducible to a sufficient extent. Sometimes the
surface tension decreased with time even at low con-
centrations, and the real part of the dynamic surface
elasticity changed, too. Figure 7 shows two character-
istic kinetic curves when |e| deviates from zero. The
surface elasticity can go through a local maximum and
gradually tends to zero afterward (curve 1). In other
more rare cases the surface elasticity and the surface
pressure began to increase slowly after a rather long
(few hours) induction period (curve Il). These results
can be explained if one assumes the inhomogeneity of
the solution. A multimacroion domain can encounter the
surface, thus leading to adsorption and subsequent slow
equilibration. This effect should depend on the prepara-
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tion conditions of the solution, but we were unable to
find any correlation with the time of stirring of the
freshly prepared PSS solution. It is more probable that
insufficient reproducibility of the results at low concen-
trations is a consequence of the spontaneous formation
of submicron size domains in dilute polylectrolyte solu-
tions. Although these domains have been discovered 25
years ago** and since that time studied by various
techniques,*>6 the mechanism of their formation is still
not entirely clear.*”

Note that the kinetics dependencies of type | (Figure
7) were observed in few cases even at higher concentra-
tions up to about 0.2 wt %. Although at ¢ > 0.01 wt %
the “ordinary” curves of the type shown in Figure 6 are
significantly more frequent, the Kinetic dependencies of
the dynamic surface elasticity of both the ordinary and
“anomalous” types were sometimes obtained at the same
concentrations and approximately the same Kinetic
curves of the surface tension. These results are in
agreement with the findings of Theodoly et al., who
showed that the surface state of a given PSS solution
is not unique and different metastable configurations
can be realized.? Our data show that these different
states can correspond to the same surface tension but
different surface elasticities. The influence of the bulk
heterogeneity on the surface properties of strong poly-
electrolyte solutions and the transitions between dif-
ferent states of the surface layer deserve further inves-
tigation. This work is now in progress, but in the present
study we concentrate our discussion mainly on the
surface viscoelasticity of relatively concentrated solu-
tions where the shape of the kinetic curve is entirely
reproducible (at ¢ > 0.2 wt % for PSS solutions without
salt).

If a polyelectrolyte adsorbs at an uncharged surface,
the compensation of strong repulsion between neighbor-
ing charges is possible only in the case of high affinity
between polymer segments and the surface and only in
a narrow proximal layer. The SCF theory shows then
that the polyion has an almost flat conformation, and
the adsorbed film can be considered as a monolayer at
a first approximation. This conclusion follows from
numerical calculations using different versions of the
lattice model>~17 and also from a simple analytical
theory of Fleer.18 It was confirmed by neutron reflec-
tivity,® X-ray reflectivity, and ellipsometry.® Neutral
polymers have also an almost flat conformation at an
early stage of adsorption when the surface excess is
relatively low and the real part of the dynamic surface
elasticity is relatively high (about 60 mN/m for poly(N-
isopropylacrylamide) and about 7 mN/m for poly(vi-
nylpyrrolidone)).13143% Further adsorption leads to the
formation of loops and tails protruding into the bulk
phase (the distal layer). The relaxation of surface
stresses can proceed at the expense of segment exchange
between the proximal and distal regions, and the surface
elasticity decreases to lower values of about 1 or 2 mN/m
in accordance with the theory.3” The relaxation time
depends on the molecular mass and for short chains is
comparable with the period of capillary waves (~0.1 s).13
This mechanism cannot be applied to polyelectolyte
solutions without salt where the adsorbed film is mainly
a monolayer, and one can neglect any deviations from
a flat polymer conformation like loops and tails. In the
case of PSS solutions the segment concentration in the
surface layer is determined by a balance between the
attraction to the surface of strongly hydrophobic styrene
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Figure 8. Kinetic dependencies of the surface tension of PSS

solutions in 1 M NacCl at the polymer concentrations 0.001 wt

% (squares), 0.02 wt % (circles), 0.05 wt % (triangles up), 0.11

wt % (asterisks), 0.51 wt % (triangles down), and 2 wt %
(rombs).

groups and the mutual repulsion of the ionized sulfonate
groups. The second contribution depends on the ionic
strength, which is the main reason for the adsorption
increase at the increase of polyelectrolyte concentration.
One can assume that the dynamic surface elasticity of
PSS solutions is mainly determined by the lateral
electrostatic repulsion of the charged groups in the
monolayer and thus also have to increase with concen-
tration. At high concentrations the monolayer structure
is relatively stable, thus leading to the almost constant
real part of the surface elasticity of about 73 mN/m. The
static surface elasticity of any solution must be zero.
However, the relaxation of surface stresses proceeding
at the expense of the formation of long loops and tails
or the whole chain desorption is too slow in comparison
with the oscillation periods in this work. This results
in an effective elastic behavior of the adsorbed PSS film
at the frequencies under investigation. Indeed, we
observed no changes of the real part of the surface
elasticity and zero imaginary part down to a frequency
of 0.01 Hz.

The addition of salt to polyelectrolyte solutions leads
to a screening of the Coulomb interactions. The SCF
theory predicts adsorption increase at the increase of
the salt concentration and gradual formation of the
distal layer consisting of loops and tails.?>~17 The results
on the neutron reflectivity of PSS solutions confirm
these qualitative conclusions.® At high salt concentra-
tions the surface layer structure has to approach that
of neutral polymers, and one can assume that the
surface viscoelastic behavior will be approximately the
same. Simultaneously, the increase of the salt concen-
tration has to decrease the electrostatic adsorption
barrier. Calculations of Cohen-Stuart et al. according
to the SCF and Kramers rate theories under the
assumption of only electrostatic interactions between
polymer segments and using the numerical procedure
proposed by Scheutjens and Fleer!” predict an adsorp-
tion rate increase by several orders of magnitude at high
salt content.** However, to the best of our knowledge
the latter conclusions have not been compared so far
with experimental results for the liquid—gas interface.

Figure 8 shows the kinetic dependencies of the surface
tension of PSS solutions in 1 M NacCl. The corresponding
dependencies at ¢ = 0.1 wt % and different salt
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Figure 9. Kinetic dependencies of the surface tension of 0.1
wt % PSS solutions at the NaCl concentrations 0 (squares),
0.1 M (circles), 1 M (triangles), and 3 M (asterisks).
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Figure 10. Kinetic dependencies of the real (solid symbols)
and imaginary (empty symbol) parts of the dynamic surface
elasticity of PSS solutions in 1 M NaCl at the frequency 0.12
Hz and polymer concentrations 0.005 wt % (asterisks), 0.01
wt % (triangles), 0.05 wt % (circles), and 0.11 wt % (squares).

concentrations are shown in Figure 9. The addition of
salt leads to lower surface tension, and the earlier
beginning of the surface tension decreases with concen-
tration (lower c* value) according to the conclusions of
the SCF theory. However, one can observe a significant
increase of the adsorption rate only during the first
adsorption stage (for less than an hour) where the
electrostatic adsorption barrier seems to be important.
At longer times the rate of surface tension decrease is
comparable with that for solutions without salt (Figure
1). This contradicts the conclusions of the work*! and
indicates that the electrostatic barrier is not the only
reason for the slow PSS adsorption. The same conclu-
sions also follow from measurements of the length and
damping coefficient of capillary waves. Note also that
the rate of surface tension change strongly increases
with the increase in polyelectrolyte and salt concentra-
tions. This may be the reason why Yim et al. did not
observe surface tension changes a few minutes after
creating the interface.”

Figure 10 shows the kinetic dependencies of the
dynamic surface elasticity of PSS solutions in 1 M NacCl
at a frequency of 0.12 Hz. Note that the reproducibility
of the results is significantly better even at ¢ < 0.1 wt
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Figure 11. Kinetic dependencies of the real (solid symbols)
and imaginary (empty symbol) parts of the dynamic surface
elasticity of PSS solutions at the frequency 0.12 Hz and NaCl
concentrations O (asterisks), 0.1 M (circles), 1 M (squares), and
3 M (triangles).

% than for solutions without salt. The rate of the surface
elasticity increase in comparison with the system with-
out salt changes again only at the first period of
adsorption. The imaginary part of the surface elasticity
is close to zero. At ¢ > 0.1 wt % the real part of the
surface elasticity reaches an almost constant value of
about 85 mN/m, which practically does not change at
further increase of the PSS concentration. This plateau
value is only slightly higher than that for solutions
without salt. The increase of the salt concentration leads
mainly to the gradual increase of the real part of the
dynamic surface elasticity (Figure 11). Unlike the
expectations, the surface elasticity does not decrease
with the increase of salt concentration. We did not
observe any indication of loop and tail formation, which
could lead to a surface stress relaxation. The adsorbed
film is elastic, and the whole viscoelastic behavior is
similar to the case without salt and again is different
from that of nonionic polymer films.13.14.36

One can assume that it is the proximal region of the
surface layer that mainly determines the measured
dynamic surface elasticity. The increase of the polymer
and salt concentrations in a broad range leads only to
gradual structural changes in this region and, conse-
quently, to a moderate increase of the surface elasticity.
For example, the strong changes of the adsorption and
the surface layer thickness observed by neutron reflec-
tivity upon addition of salt at a PSS concentration of
about 0.1 wt %% are accompanied only by an ap-
proximately 2-fold increase of the surface elasticity
(Figure 11). At higher PSS concentrations the observed
effect is even smaller (Figure 10). The rise of adsorption
at increasing ionic strength can be mainly connected
with the formation of the distal region of the surface
layer. At the same time, unlike the case of nonionic
polymer solutions,34 the latter region almost does not
contribute to the relaxation of surface stresses. This can
be possible if the tails and loops are not dangling freely
into the water but develop interactions between each
other and are included into a more or less rigid structure
with mechanical relaxation times exceeding the period
of oscillations. In other words, PSS forms aggregates
or structured microdomains in the surface layer. The-
odoly et al. also assumed strong interaction between
neighboring chains in the surface layer in order to
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explain the properties of spread PSS films, for example,
the nonspecular scattering of X-rays.®2 On the other
hand, neutron reflectivity studies are unable to deter-
mine the two-dimensional microheterogeneity of the
surface layer and give only an averaged segment profile.
This can be also a reason for the discrepancy between
the experimentally determined segment profile and the
results of calculations according to the SCF theory of
polyelectrolyte adsorption, which does not assume strong
attraction between the chains.58

Another argument in favor of the microheterogeneity
of adsorbed PSS films stems from the extremely slow
surface tension relaxation even at high salt content.
This also contradicts the SCF calculations*! and can be
connected with the strong cohesion between the chains.
The slow relaxation is characteristic for heterogeneous
surface films, and some authors consider it as an
indirect evidence of surface aggregation.84® The slow
polymer adsorption can be also connected with a quasi-
brush formation when the polymer coils have to be
stretched so that the hydrophobic moieties contact the
air phase (to overcome the steric barrier).114° However,
this adsorption mechanism seems to be improbable for
PSS solutions because neutron reflectivity does not
indicate a quasi-brush formation, especially for systems
without salt.®7”

The nature of the attraction forces between PSS
chains in aqueous solutions is still an open question.
The styrene groups are highly hydrophobic, which leads
to a compact conformation of partially sulfonated poly-
styrene chains in the bulk phase® while entirely sul-
fonated chains, as in this work, are extended. The
significant decrease of the dielectric constant in the
surface layer can lead to enhanced Coulomb interactions
and to stronger counterion condensation and, conse-
quently, to lower effective charge.” In its turn this can
lead to stronger inter- and intrachain hydrophobic
attraction. On the other hand, the forces leading to
microdomain formation in the bulk phase, which are not
fully understood yet,**~47 can be also responsible for
surface aggregation.

Summary

We have investigated the dynamic surface properties
of PSS solutions and compared them with recent data
for solutions of nonionic polymers.1314.3536 Unlike the
latter systems, the dynamic surface tension of PSS
solutions at concentrations up to 1.5 wt % did not reach
equilibrium value for more than 1 day. The dynamic
surface elasticity changed faster and exceeded the
corresponding values for solutions of nonionic polymers
studied so far. The imaginary part of the dynamic
surface elasticity was close to zero in the frequency
range under investigation, and the surface films were
elastic. The addition of salt to the PSS solutions ac-
celerated only the first stage of the adsoption process
in contradiction with the calculations according to the
SCF and Kramers rate theories under the assumption
of only electrostatic interactions between the seg-
ments.*! Another salt effect consisted in a moderate
increase of the real part of the dynamic surface elastic-
ity. This result also does not agree with the predictions
of the SCF theory. Calculations according to the theory
indicate the formation of loops and tails freely dangling
into the bulk phase when salt addition screens electro-
static interactions.’®>17 The corresponding chain con-
formation is close to the case of nonionic polymers and
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characterized by a low dynamic surface elasticty.1314
The obtained experimental results can be explained if
one assumes that the dynamic surface elasticity is
determined mainly by lateral electrostatic interactions
between the ionized sulfonate groups in the proximal
region and the chain motion in the surface layer is
restricted by the formation of aggregates. The strong
cohesion between the chains in the distal region of the
surface layer is probable if one takes into account the
microdomain formation in polyelectrolyte solutions*4—47
or the increase of hydrophobic interactions at the
enhanced counterion condensation close to the surface.”
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