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ABSTRACT: Salt-free polyelectrolyte solutions form a polyelectrolyte-
free depletion layer near like-charged solid interfaces. This evidence is
provided by optical reflectivity measurements from planar silica
substrates in contact with aqueous solutions of sodium poly(styrene
sulfonate). Analysis of the observed reflectivity signal, which features
unusual negative signals and optical matching points, with a two-slab
model demonstrates the existence of such a polyelectrolyte-free
depletion layer. Moreover, the applied model permits the extraction of
the corresponding layer thickness, which typically is several tenths of
nanometers. This thickness decreases as the inverse square root of the
polyelectrolyte concentration, but the actual values exceed the expected
Debye length substantially. These results clearly provide independent
evidence for the existence of a polyelectrolyte-free depletion layer, as
previously suggested on the basis of direct force measurements with the atomic force measurement.

1. INTRODUCTION
Adsorption of polyelectrolytes on solid substrates is relevant in
various industrial applications, including papermaking, water
treatment, and cement processing.1−4 The relevance of these
applications motivated various researchers to study the
fundamental aspects of such adsorption processes. However,
the vast majority of this work focused on the oppositely
charged situation, meaning that the charge of polyelectrolytes
is opposite to the one of the substrate.5−10 In this situation, the
adsorption of the polyelectrolytes is rapid and irreversible due
to the attractive electrostatic interactions between the substrate
and the monomeric units of the polyelectrolyte. Subsequently,
the adsorption process saturates quickly due to the electrostatic
repulsion between the adsorbing monomeric units, leading to
thin and stable adsorbed films, which further induce a charge
reversal of the substrate. The stability of these films together
with the corresponding charge reversal represents the basis of
the layer-by-layer self-assembly technique.11,12 This technique
can be used to fabricate multilayer films with an alternating
sequence of oppositely charged polyelectrolytes by simple
repetitive dipping,12−14 spraying,15−17 or electrochemical
deposition.18−20

Interactions between charged substrates and like-charged
polyelectrolytes have been investigated in much lesser detail,
principally because many authors have concluded that
adsorption will be prevented by the repulsive electrostatic
interactions between the substrate and the monomeric units of
the polyelectrolyte.21 This conclusion appears mostly correct at
low polyelectrolyte concentrations in the presence of

monovalent counterions. However, adsorption does occur at
higher salt levels, in the presence of multivalent counterions, or
for strongly hydrophobic polyelectrolytes and/or sub-
strates.21−25 Overall, however, polyelectrolyte adsorption in
such a like-charged situation is poorly understood.

Another important, but largely overlooked feature of the
like-charged situation is the depletion of polyelectrolytes from
the substrate. It seems intuitively obvious that polyelectrolytes
will be strongly repelled from a like-charged interface, and
therefore, a depletion layer next to the interface should form.
Direct force measurements carried out in concentrated
polyelectrolyte solutions between like-charged surfaces reveal
an oscillatory force profile, which suggests that the
corresponding concentration profile is also oscillatory near
interfaces.26−30 However, some of these measurements further
indicate the presence of strongly repulsive forces at shorter
separation distances, which decay with distance slowly at first
and then sharply.30 This characteristic force profile occurring
at shorter distances can be well described with the Poisson−
Boltzmann theory for a highly asymmetric electrolyte. These
observations and model calculations suggest the presence of a
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well-defined polyelectrolyte-free depletion layer near the
interface.

The evidence from direct force measurements for the
presence of this depletion layer is indirect at best, and an
independent experimental confirmation for polyelectrolyte
depletion near a like-charged interface would be most
desirable. The present letter aims at this point. This study
demonstrates the presence of a well-defined polyelectrolyte-
free depletion layer by means of optical reflectivity. This
technique allows one to measure the magnitude of the
ellipsometric signal in a flow-through cell and has been
previously used to probe the adsorption of polyelectrolytes,
typically in an oppositely charged situation.5−8 Here, we use
this technique to study negatively charged silica substrates in
aqueous solutions of anionic polyelectrolytes. We show that
the reflectivity signal exhibits unusual, but characteristic
features. These features can be quantitatively interpreted
with an optical model that assumes the existence of a
polyelectrolyte-free depletion layer. This model further allows
extracting the corresponding layer thickness.

2. EXPERIMENTAL SECTION
2.1. Materials. Sodium poly(styrene sulfonate) (NaPSS) of

molecular mass 21, 64, 260, and 620 kg/mol was purchased
from Polymer Standard Service (Mainz, Germany), and it was
used as received. Sodium chloride was purchased from Sigma-
Aldrich. Milli-Q (Millipore) water was used throughout.

NaPSS solutions, in a range of 0.5−40 g/L, were prepared
by dissolving in Milli-Q water. The concentration range was
limited by the disappearance of the signal in the experimental
noise at low polyelectrolyte concentrations, while at high
concentrations, the solution viscosity limited the pumping
speed and promoted the formation of air bubbles within the
cell. The measurements were carried out at pH 4 and pH 10.0
adjusted with 0.1 M HCl and 0.1 M NaOH, respectively.

Silicon wafers (p-type) were obtained from Silchem and
used as substrates in the optical reflectivity experiments.
Approximate squares of 1 cm were cut out of these wafers and
they were calcined at 1000 °C for 10−20 min. The calcination
resulted in forming of a silica layer on its surface. The wafer
was then treated in a piranha solution, which is a mixture of
concentrated sulfuric acid (96%, Carlo Erba Reagents) and
hydrogen peroxide (30%, Rectolab) in a volume ratio of 3:1, at
a temperature of 21 ± 2 °C for 20 min. Then it was rinsed in
pure water, and dried in a flow of nitrogen gas. The final
cleaning step was carried out in with a plasma cleaner (PDC-
32 G, Harrick) for 30 min in air.
2.2. Methods. The refractive index increment of NaPSS in

solution was measured by means of an automatic refractometer
(Abbemat WR/MW, Anton Paar GmbH). The value was
extracted from refractive index measurements of a concen-
tration series. We find 0.171 mL/g independently of the molar
mass.

Nulling ellipsometry (Multiskop, Optrel) was used to
accurately measure the thickness of each wafer. The measure-
ments were carried out in air at an angle of 69°. The
instrument uses a He−Ne laser with a wavelength of 633 nm.
The thickness was calculated from the ellipsometric angles by
means of a slab model. This model uses the refractive indices
equal to of 3.85 + 0.02i for silicon and 1.457 for silica,
respectively.31,32 The measured layer thickness was typically in
the range of 10−30 nm.

The reflectivity experiments were carried out with a home-
built optical reflectometer, see Figure 1a.6,33 The reflectometer

consists of two goniometer arms and a sample cell. One
goniometer arm carries the laser working at a wavelength of
532 nm, which serves as the light source. The laser beam is
reflected from a well-cleaned planar silicon (Si) wafer, which is
covered with a thermally grown silica (SiO2) coating. The
wafer is mounted in the reflectometer with an impinging-jet
flow-through cell. The impinging-jet cell is built of capped
quartz prism with a vertical bore hole of 1.0 mm in diameter.
The prism is separated from the wafer with a spacer of 0.85
mm. The bore hole serves as the inlet to the stagnation point
flow cell, which is fed with a peristaltic pump with a flow rate
of 1 mL/min. The reflected beam is focused into a polarizing
beam-splitter, which is mounted on the second goniometer
arm. From the reflected beam, one extracts the reflectivity
signal, which is proportional to the ratio of the reflectivities in
the perpendicular (S) and parallel (P) direction to the
reflection plane. The baseline is then subtracted from the
signal, and the resulting difference is normalized to the
baseline. The baseline is obtained at the beginning of the
experiment by flushing the cell at a constant flow rate with
pure water with adjusted pH. A sequence of aqueous solutions
of NaPSS with adjusted pH is then passed through the cell. To
verify the reversibility of the process, the cell is finally flushed
with the initial polyelectrolyte-free electrolyte solution of the
same pH.

All experiments were carried out at a reflection angle of 60°,
which was calibrated, at room temperature of 21 ± 2 °C,
according to the method presented by Porous et al.33 More
details on similar reflectivity experiments can be found
elsewhere.33−35

3. RESULTS AND DISCUSSION
Typical traces of reflectivity experiments are shown in Figure 2.
One observes that with increasing NaPSS concentration, the
reflectivity signal decreases at first, becomes negative, and then
increases again to attain positive values. For a particular

Figure 1. Scheme of the reflectivity experiment and the optical model
used. (a) Illustration of the reflectivity instrument. (b) Two-slab
optical model used to model the polyelectrolyte-free depletion layer.
(c) One-slab reference used for the baseline.
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concentration, the reflectivity signal vanishes, and thus, one
passes an optical matching point. The position of this match
strongly depends on the thickness of the silica coating. For thin
coatings, the matching point occurs at low concentrations and
is hardly visible in Figure 2a. For intermediate coating
thickness, this matching point occurs in the middle of the
accessible concentration range as shown in Figure 2b. For
thicker coatings, only a negative signal is observed, see Figure
2c.

One always observes full reversibility, meaning that the
signal always returns to the baseline when the cell is flushed
with the polyelectrolyte-free solution. Similar behavior is
observed for other molecular masses, whereby the concen-
tration at which the optical matching point occurs at a similar
NaPSS concentration.

These features are most uncommon in polyelectrolyte
adsorption experiments.5−8 First, the reflectivity signal is
normally positive and is proportional to the adsorbed amount
of the polyelectrolyte. Second, polyelectrolyte adsorption is
typically irreversible, whereby the baseline cannot be recovered
after the adsorption experiment.6,33

These surprising observations can be quantitatively inter-
preted by assuming the existence of a polyelectrolyte-free
depletion layer next to the interface. This situation was
implemented by means of an optical model, which assumes
that two homogeneous slabs are sandwiched between the
silicon wafer and the NaPSS bulk solution, see Figure 1b. The
first slab corresponds to the solid silica coating, which was
thermally grown on the silicon wafer, and for which, the
thickness is accurately known. The second slab corresponds to
the fluid polyelectrolyte-free depletion layer and is assumed to
consist of pure water with a well-defined but unknown
thickness. The refractive index of the NaPSS bulk solution is
calculated from the measured refractive index increment, while
the refractive indices of water, silica, and silicon are known, and
they are 1.335, 1.461, and 4.132 + 0.033i at 532 nm,
respectively.31,32 The same wafer in contact with pure water is
taken as reference, see Figure 1c. The refractive index of the
bulk solution is used to correct for the refraction of the light
inside the cell. This results in a change in the incidence angle.
The optical reflectivity signal for this model is calculated in a
standard fashion with the Abeles matrix method.36−38

Figure 3 shows the expected reflectivity signal versus the
thickness of the polyelectrolyte-free depletion layer. One
observes that the signal is strongly dependent on the silica
coating thickness, see Figure 3a. Furthermore, the signal
decreases with increasing layer thickness, and it is approx-
imately proportional to the NaPSS concentration, see Figure
3b. Thus the presence of a depletion layer may indeed explain

the unusual negative reflectivity signal. This assumption
equally rationalizes the observed reversibility in these experi-
ments. Because no polyelectrolyte adsorption occurs, no
irreversibility is expected.

To demonstrate that the two-slab model is indeed able to
explain the experimental data quantitatively, we have extracted
the thickness of the depletion layer from the experiments
shown in Figure 2 and some additional ones. This thickness is
determined from the two-slab model by inverting the
calculated relations shown in Figure 3, by taking the
appropriate polyelectrolyte concentration and the thickness
of the silica layer into account. From this analysis, we find that
the depletion layer thickness is the same for the different
substrates, see Figure 4a. This agreement strongly supports the
present interpretation and the existence of a polyelectrolyte-
free depletion layer next to the interface.

The depletion layer thickness decreases with concentration.
This aspect is illustrated in Figure 4a, whereby, Figure 4b also
shows the minor influence of the molecular mass. The
thickness decreases as an inverse square root of the NaPSS
concentration as illustrated by the best fit with this law. This
thickness can be compared with the expected Debye length,
which is calculated from the concentrations of the free Na+

ions. The fraction of free ions of 35% was calculated from the
ion condensation theory proposed by Manning.30,39,40 While
the Debye length shows the same inverse square root law, the
measured thickness is found to be larger by about a factor of
seven. Moreover, the fitted fraction of free ions was found to
be ca. 1% for optical reflectometry data. The observed
discrepancies from the Manning theory are probably related
to the high PSS concentrations used in this study.

One may further compare the present findings with previous
direct force measurements between two symmetric silica
surfaces in NaPSS solutions with the AFM. At larger separation
distances, one observes weak oscillatory force profiles.26−30 At

Figure 2. Typical traces of the reflectivity experiments. The cell was first flushed with water, then with solutions of NaPSS with a molecular mass of
260 g/mol of increasing concentration, and finally again with water. All experiments were carried out at pH 4.0. The subfigures refer to different
thicknesses of the silica over layer, namely (a) 10, (b) 16, and (c) 28 nm.

Figure 3. (a) Calculated reflectivity signal versus the thickness of the
polyelectrolyte-free depletion layer for NaPSS concentration of 5 g/L
and different thicknesses of the silica coating as indicated. (b)
Normalized reflectivity signal by the NaPSS concentration for a silica
coating of a thickness of 16 nm.
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shorter distances, very strong repulsion sets in.30 The
respective force profile decays slowly at first, then very rapidly,
and subsequently, the force becomes negative, which signals
the onset of the first oscillation. Moazzami-Gudarzi et al.30

were able to quantify this characteristic profile with the
Poisson-Boltzmann theory for a highly asymmetric electrolyte,
whereby the multivalent co-ions mimicked the polyelectrolyte
molecules. These calculations indeed confirmed that all
multivalent co-ions were excluded from this region. Moreover,
the characteristic shape of these force profiles suggests that the
gap remains polyelectrolyte-free up to characteristic distances,
where the polyelectrolytes enter the gap. This distance
corresponds to the maximum thickness of the polyelectro-
lyte-free depletion gap and can be easily estimated from the
first zero of the force curve. This distance reflects twice the
depletion layer thickness for an isolated interface. These
distances are also compared with the present reflectivity
measurements, shown in Figure 4b.

The fitting of the AFM measurements gives the inverse 0.4
concentration dependence and the fraction of free ions equal
to 2%. Additionally, the respective thicknesses are clearly
smaller. The reason for this discrepancy could be related to the
different nature of the silica substrates. While the present
oxidized silicon block is very smooth, the silica substrate used
for the force measurements is rougher, and the asperities could
lead to a thinner layer. Another explanation for this difference
could be that the box profile used to interpret the present
reflectivity measurements is only approximate. However, in
spite of these discrepancies, the depletion thickness obtained
with the two entirely different techniques remains similar and
shows a very similar concentration dependence. The
combination of these techniques, thus, provides unambiguous
evidence for the existence of the polyelectrolyte-free depletion
layer.

Our findings might be even more interesting in the light of
our previous study on the particle-free layer in suspensions of
charged nanoparticles next to a like-charged solid substrate.41

In that study, we used three different techniques (optical
reflectivity, quartz crystal microbalance, and AFM) to measure
the depletion of nanoparticles (silica and sulfate latex) near
silica substrate. First, similar inverse square root dependence of
the measured layer thickness on the particle volume fraction

was found. Second, results obtained from the three mentioned
techniques differed even by 30%, showing similar discrepancies
as observed in this study.

4. CONCLUSIONS
We have demonstrated that salt-free polyelectrolyte solutions
next to like-charged interfaces from a polyelectrolyte-free
depletion layer of several tenths of nanometers in thickness.
The thickness of this depletion layer decreases as the inverse
square root of the polyelectrolyte concentration, but the actual
values exceed the expected Debye length substantially. The
present measurements, which feature unusual negative signals
and optical matching points, were carried out with optical
reflectivity but can be consistently interpreted with an optical
two-slab model. These results clearly provide independent
evidence for the existence of a polyelectrolyte-free depletion
layer, as previously suggested on the basis of direct force
measurements with the AFM. The presence of such
polyelectrolyte-free depletion layers is of substantial impor-
tance for adsorption studies of like-charged polyelectrolytes
because such adsorption processes will be accompanied by the
depletion effects described here.
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