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Forces between negatively charged micron-sized silica particles
were measured in aqueous solutions of cationic polyelectrolytes
with an atomic force microscope (AFM). In these oppositely charged
systems, damped oscillatory force profiles were systematically
observed in systems at higher polyelectrolyte concentrations, typi-
cally around few g L. The wavelength of these oscillations is
decreasing with increasing concentration. When the wavelength
and concentration are normalized with the cross-over concen-
tration, universal power-law dependence is found. Thereby, the
corresponding scaling exponent changes from 1/3 in the dilute
regime to 1/2 in the semi-dilute regime. This dependence is the
same as in the like-charged systems, which were described in the
literature earlier. This common behavior suggests that these oscil-
latory forces are related to the structuring of the polyelectrolyte
solutions. The reason that the oppositely charged systems behave
similarly to like-charged ones is that the former systems undergo a
charge reversal due to the adsorption of the polyelectrolytes to the
oppositely charged surface, whereby sufficiently homogeneous
adsorbed layers are being formed. The main finding of the present
study is that at higher polyelectrolyte concentrations such oscilla-
tory forces are the rule, including the oppositely charged ones.

Small angle neutron and X-ray scattering experiments on
polyelectrolyte solutions systematically reveal a structural peak,
which indicate the presence of ordered structures."® The
position of this peak suggests that the underlying length scales,
at which this ordering occurs, are comparable to (or larger
than) the size of individual polyelectrolyte coils. This feature
signals the occurrence of a supra-molecular liquid-like structur-
ing in the polyelectrolyte solution. The respective length
scale, which typically is a few tens of nanometers, shows a
characteristic dependence as ¢ %%, where c is the polyelectrolyte
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concentration.””® This dependence is caused by the formation
of a closed-packed structure. The closed-packed objects are
the diffuse ionic clouds forming around the charged coils,
which induce a soft and long-ranged repulsion among the
individual polyelectrolyte molecules. At higher concentrations,
the concentration dependence crosses over to ¢, which
signals the onset of the semi-dilute regime.>”” In the latter
regime, the polyelectrolyte coils interpenetrate and the order-
ing originates from the repulsion between individual chain
segments.

These findings were independently confirmed with direct
force measurements between quasi-planar interfaces, which
were mostly carried out using an atomic force microscope
(AFM).*" %13 The measured forces show damped oscillatory
behavior, which is caused by the formation of ordered layering
near the interface. The respective wavelength reveals the same
concentration dependence as the length scale inferred from the
scattering peak, suggesting that the underlying ordering has
the same origin as in the bulk.*® A common feature of these
direct force measurements was that the substrates were chosen
to have the same sign of charge as the polyelectrolytes, princi-
pally to avoid adsorption of the polyelectrolytes to the sub-
strate. However, a charged substrate also induces the formation
of an electric double layer in its neighborhood. The diffuse
part of this double layer shows a well-defined thickness and
an unusual non-exponential concentration profile, which is
caused by strong electrostatic repulsion between the polyelec-
trolyte and the like-charged substrate.'® Only when the separa-
tion distances exceed the thickness of this layer, do oscillatory
structural forces set in.

Given all the attention directed towards the like-charged
systems, it is surprising that the question of structural forces in
oppositely charged systems was so far never addressed. While
several researchers have studied the behavior of polyelectro-
Iytes near oppositely charged substrates, investigations focused
almost exclusively on the adsorption of polyelectrolytes, which
dominates the behavior of these systems at low polyelectrolyte
concentrations."** This adsorption typically induces a charge
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reversal of the substrate, which has major consequences on
the interaction forces and stability of colloidal suspensions. At
higher concentrations, however, similar oscillatory structural
forces might occur as reported in the like-charged systems.
These structural forces could be expected for the same reason
as in the like-charged system, since the oppositely charged
system undergoes a charge reversal. However, they could also
be substantially weaker or even non-existent. A possible reason
for this difference is that the adsorbed polyelectrolyte layer
features patch-charge heterogeneities. Surface roughness is
known to reduce the amplitude of the oscillatory structural forces,
and the same could apply to patch-charge heterogeneities.”
Whether similar oscillatory structural forces also occur in the
oppositely charged systems as in the like-charged systems is
therefore not at all obvious.

Here, we address this question by means of direct force
measurements with the AFM between pairs of micron-sized
silica particles across aqueous solutions of cationic polyelec-
trolytes. In this oppositely charged system, the water-silica
interface is negatively charged due to the ionization of silanol
groups,”® while the cationic polyelectrolytes are positively
charged. Fig. 1 illustrates typical normalized force profiles
measured in solutions of poly(t-lysine) (PLL) bromide of a
molecular mass of 167 kg mol . All solutions are adjusted to
PH 4.0 with dilute HCl. Under these conditions, the amine
groups are completely ionized and PLL is fully charged.>**® The
fact that the silica surface is also charged at this pH is obvious
from the measured force profile shown in Fig. 1a in the absence
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Fig. 1 Forces versus separation between silica particles in aqueous solu-
tions at different PLL concentrations at pH 4.0. The PLL concentration
increases from (a—d), whereby they are expressed in mg L% in (a and b)
andin g L™t in (c and d). Solid lines are best fits with the PB model (a—c) or
damped oscillatory profiles in (d). For the attractive profile, the van der
Waals force is indicated as a dashed line in (a and b). (a) Neutralization of
the surface charge due to PLL adsorption. (b) Overcompensation of the
surface charge. (c) Buildup of strong double-layer repulsion. (d) Onset of
oscillatory forces. The structural formula of PLL is given as the inset in (c).
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of PLL. The observed soft and repulsive force is caused by the
repulsion between two overlapping double-layers, which are
only present when the interface is charged. The forces reported
in Fig. 1 are normalized to the effective radius R.¢ = R/2 where
R is the particle radius. The Derjaguin approximation suggests
that this normalized force is proportional to the respective
surface free energy. Further experimental details are given in
the ESL.¥

When PLL is added to the system, the force at longer
distances remains soft and repulsive. These features indicate
the presence of double-layer forces, but their strength weakens,
see Fig. 1a. At shorter distances, however, the force becomes
more attractive. The weakening of the repulsive part continues
until the concentration of 0.07 mg L' is reached, where the
force becomes purely attractive. As the PLL concentration is
being increased further, the soft and repulsive force again sets
in, converging to a common force profile near the concen-
tration around 1 mg L™

This behavior is characteristic for a system undergoing a
charge reversal. In the present case, the charge reversal is
caused by the adsorption of the positively charged PLL to the
negatively charged silica interface. This adsorption process
reverses the diffuse layer potential from negative to positive,
thereby passing through a charge neutralization point. As long
as the interface is charged, the interactions are dominated
by repulsive double-layer forces, which extend over a similar
range, since the salt concentration remains about the same.
With increasing PLL concentration, the magnitude of these
forces decreases below the charge neutralization point, while
above this point, their magnitude increases. At the charge
neutralization point, the double layer force is absent, and the
forces become attractive, due to the presence of van der Waals
and patch-charge attractions. At higher concentrations, the
double layer forces converge to a common profile, indicating
the saturation of the adsorbed PLL layer. This charge-reversal
scenario has already been observed by direct force measure-
ments earlier, albeit in different oppositely charged systems,
including cationic poly(ethylene imine) or dendritic poly(amido
amine) adsorbed on negatively charged sulfate latex particles or
glass,””’?° and anionic poly(styrene sulfonate) adsorbed on
positively charged amidine latex particles.*®

The novel features of the force profiles, which are presented
in this communication, occur at substantially higher polyelec-
trolyte concentrations. When the PLL concentration is being
increased further, the magnitude of the double layer force
increases too. The latter increase indicates the accumulation
of additional positive charges. Furthermore, the double layer
force starts to decay very rapidly. At PLL concentrations above
0.3 g L', damped oscillatory forces set in. When the PLL
concentration is further increased, the amplitude of these
oscillations increases, while their wavelength decreases.

As pointed out in the introduction, similar oscillatory forces
were observed in like-charged systems, particularly, between
two negatively charged silica surfaces across solutions of anio-
nic polyelectrolytes, frequently involving sodium poly(styrene
sulfonate) (PSS).*®®* However, the results presented here

This journal is © The Royal Society of Chemistry 2020
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confirm the existence of similar oscillatory forces in an oppositely
charged polyelectrolyte system for the first time. In the following,
these forces will be analyzed in more detail, and they will be
compared to the ones in the like-charged systems. To obtain a
more detailed insight concerning the nature of these forces, they
were quantified with two different models.

The first model is based on Poisson-Boltzmann (PB) theory,
whereby the PB equation was solved numerically. Thereby, the
solution is assumed to be composed of monovalent and multi-
valent anions, and monovalent cations. The monovalent ions,
such as protons and halide ions, originate from the dissociated
HCI used to adjust the solution pH and being the counterions
of the PLL. For polyelectrolyte concentrations below 0.3 g L™,
the concentration of the counterions originating from the PLL
is negligible. Above this concentration, the monovalent ions in
the solution are dominated by these counterions, and at the
same time, the highly charged PLL ions are present. Within PB
theory, this situation is modeled with point ions. Thereby, the
polyelectrolyte molecules are represented as multivalent
cations with an effective charge Z.¢, which are neutralized with
monovalent anions. This approach is expected to be applicable
at higher concentrations, as the polyelectrolytes are excluded
from the vicinity of the interface, and the diffuse layer is
dominated by monovalent counterions only. This PB model
was recently shown to successfully describe the diffuse layer in the
presence of like-charged polyelectrolytes by some of us.'® Details
concerning the PB model and its numerical implementation were
published earlier,*"*> and are also given in the ESL

The second model is an exponentially damped oscillatory
profile that was proposed to describe the dependence of
the structural (or depletion) force F on the separation distance
h in hard-sphere and soft-sphere systems at larger distances,

namely**3*

F
Resr

= Ae” "€ cos(2nh/ A + 0) (1)

where A is the amplitude, ¢ is the correlation length, 4 is the
oscillation wavelength, and 0 is the phase shift.
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These models were fitted independently to the respective
parts of the force curves. The PB model was used at all PLL
concentrations. Thereby, the long ranged part of the force
profile was fitted below the crossover concentrations. Under
these conditions, the PB model was used to extract the diffuse
layer potential ¥4 and the regulation parameter p, whereby
the concentration of the monovalent electrolyte was fixed
to 0.16 mM. These parameters are defined in the ESLf
The fitted regulation parameter fluctuated around a mean of
p = 0.60 £ 0.13 where the error bar represents the standard
deviation. The force profiles could be successfully fitted by
fixing the regulation parameter to the mean value.

At higher concentrations, the profile could be only rationa-
lized with the PB theory at shorter distances, while the oscilla-
tory profile given by eqn (1) must be used at larger distances.
Within the PB model, the concentrations of the monovalent salt
and of the polyelectrolyte were fixed. The regulation parameter
was also fixed to the value determined below the crossover
concentration, as the influence of this parameter on the
calculated force profiles remains minor. In this fashion, the
only adjustable parameters were the diffuse layer potential 4,
and the effective charge Z.s Their values could be reliably
obtained from the fits. From the oscillatory profiles, all para-
meters entering eqn (1) could be extracted. The resulting fits
are shown as solid lines in Fig. 1 and 2. The latter figure
summarizes few selected force curves on a semi-logarithmic
scale. This representation allows appreciating the quality of the
PB fit over the entire force range.

At low PLL concentrations, the PB theory predicts close to
perfectly exponential force curves in full agreement with the
experiment down to distances of about 30 nm or less. At
smaller distances, attractive forces become important. They
are mainly caused by patch charge interactions, and they are
much stronger than the van der Waals force, which is also
shown as a dashed line in Fig. 1a and b. The latter force is
characterized by a Hamaker constant of 1.4 x 102! J, which
was determined for the same particles in 0.5 M KCI. This
value is in good agreement with previous studies®>™” and the
recent theoretical estimate of 1.6 x 10~ >! J.*® These additional
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Fig. 2 Semi-logarithmic representation of the absolute value of selected forces profiles shown in Fig. 1. Solid lines are best fits of the double layer forces
with the PB model and dotted lines with the damped oscillatory structural force. Note the exponential decay of the double layer force in (a) and the

non-exponential one in (b and c). See the caption of Fig. 1 for more details.
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short-ranged forces were discussed previously,”* and will not be
analyzed here in detail.

At higher concentrations, the long-ranged part remains
exponential up to concentrations of about 0.3 g L%
This feature is evident in the semi-logarithmic representation
shown in Fig. 2a, since the exponential dependence appears as
a straight line. Beyond that concentration, oscillatory forces set
in and the double-layer force decays in a non-exponential
fashion. This non-exponential decay can be easily identified
in the semi-logarithmic representation, when comparing
Fig. 2b, c with Fig. 2a. Fig. 2 further illustrates that the non-
exponential profiles can be well fitted by the PB theory over the
entire force range. From these profiles, one can extract an
effective charge of the polyelectrolyte Z.;s = 180 £+ 40, where
the error bar represents the standard deviation. This value
should be compared with the bare charge of the PLL chain of
Z = 800, which can be estimated from the number of ionized
groups. The ratio Z.s/Z = 0.23 & 0.05 agrees quite well with the
value of 0.15 £ 0.05, which was obtained in a similar way
for poly(styrene sulfonate) (PSS) by Moazzami-Gudarzi et al.*°
The reason that only a small fraction of ions fully dissociate
from the polyelectrolyte is the condensation of the remaining
ions onto the polyelectrolyte backbone through electrostatic
attraction. This phenomenon is referred to as Manning-
condensation.***°

In the higher concentration region, oscillatory forces are
also present. At larger distances, the oscillatory profiles can be
well represented by eqn (1). The transition region between the
double layer force and the oscillatory structural force cannot be
described by any of the two models. Moreover, the approxi-
mation to superpose these two forces, as suggested by
Moazzami-Gudarzi et al'® leads to poor description of the
present data. For this reason, we only focus on the two separate
models here.

An important parameter that can be extracted from the PB
model is the diffuse layer potential 4. The concentration
dependence of this potential is shown in Fig. 3a. Since the sign
of the potential cannot be obtained from direct force measure-
ments in such symmetric systems, a negative sign below the
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Fig. 3 Surface potentials of silica particles versus the PLL concentration at
pH 4.0. (a) Diffuse layer potentials obtained by fitting the measured force
profiles with the PB model as shown in Fig. 1 and 2. (b) Electrokinetic
potentials obtained from electrophoretic mobilities in suspensions of silica
particles of diameter 0.49 um at a particle concentration of 87 mg L™. The
arrows indicate the charge neutralization point, the adsorption plateau
onset, and the crossover concentration.
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charge neutralization point has been assigned, and a positive
one above. This choice is motivated by the known fact that a
bare water-silica interface is negatively charged, and that an
adsorbing cationic electrolyte will lead to a positively charged
interface. The presence of non-exponential double-layer forces
occurring at higher PLL concentrations confirms further that
the surface is positively charged, see Fig. 2b and c.

To verify the presence of the charge reversal in an indepen-
dent fashion, electrophoretic mobility measurements have
been performed in suspensions of smaller silica particles of
PH 4.0 in the presence of PLL. These particles have a diameter
of 0.49 um and these experiments were carried out at a particle
concentration of 87 mg L™ '. From such measurements, the
electrokinetic potentials ({-potentials) including their sign can
be obtained, see Fig. 3b. One observes that these results show
very similar trends to the diffuse layer potentials extracted from
force measurements. Note, however, that an equal concen-
tration in the two systems does not reflect the same conditions
due to the different surface-to-volume ratio.

At lower concentrations, the diffuse layer potentials
show the transition from a negatively charged to positively
charged substrate with a charge neutralization point around
0.07 mg L. This charge reversal is caused by the adsorption
of the cationic PLL to the negatively charged silica surface.
At concentrations around 0.10 mg L' the surface potential
reaches a plateau, whereby the surface layer becomes saturated.
This plateau is well developed in the electrokinetic potentials,
and less so in the diffuse layer potentials. The adsorbed
amount of the saturated layer can be estimated from the
concentration at the onset of this plateau, as this onset
indicates the formation of a saturated layer. The surface-to-
volume ratio of the AFM-fluid cell can be related to its thickness
of 3.5 mm and the surface coverage by the microparticles
within the cell. One then finds about 0.2 + 0.1 mg m 2
whereby the large error bar mainly originates from the uncer-
tainty concerning the microparticle coverage. A more accurate
estimate can be obtained from the onset of an adsorption
plateau in the mobility measurements. Thereby, the surface-
to-volume ratio can be estimated from the particle concen-
tration and their specific surface area (see the ESIf). One
obtains an adsorbed amount of 0.14 + 0.02 mg m ™, which is
in good agreement with the above estimate. These numbers
agree well with independent optical reflectivity measurements
of the adsorbed mass of PLL on silica substrates under compar-
able conditions.'®*' The adsorbed mass per unit area is small,
and due to electrostatic attraction the adsorbed polymer film
must be thin, most likely below a few nm. This conclusion is in
agreement with piezoelectric and dynamic light scattering
studies on similar polyelectrolyte systems.*"*?

At higher PLL concentrations, the surface potential increases
beyond the saturation plateau, and this increase continues to
the highest concentrations investigated. The onset of this
increase is again more pronounced in the electrokinetic poten-
tials, but clearly visible in the diffuse layer potentials too. In
this regime, additional PLL adsorbs to the interface, probably
leading to a thicker adsorbed film featuring a multilayered

This journal is © The Royal Society of Chemistry 2020
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structure. In any case, when the oscillatory structural forces set
in, the surface is very highly charged. While optical reflectivity
studies also suggest that the adsorbed amount of PLL also
increases with increasing polymer concentration, this increase
has been found to be relatively weak.*' For this reason, we
suspect that the pronounced increase in the surface potential
shown in Fig. 3 is caused by additional swelling of the adsorbed
PLL layer.

Fig. 4 shows the dependence of wavelength / of the oscilla-
tory forces on the solution concentration c¢. To compare the
present measurements with the existing literature data, the
normalized concentration ¢ = c/cx, where ¢« is the crossover
number concentration, is plotted versus the normalized wave-
length as /. = 2/d, where d is an effective diameter of the polymer
chain defined as d = ¢.~*/*. This diameter can be interpreted as
the distance between nearest neighbor polymers at the cross-
over concentration. For these normalized variables ¢ and / one
may suggest a scaling relation®**

I=&" )

where o is the scaling exponent. As discussed further above, one
expects the scaling exponents o of 1/3 at low concentrations
in the dilute regime, while an exponent of 1/2 at higher
concentrations in the semi-dilute regime.*”” The prefactor
is taken to be one in order to assure that scaling laws with
different exponents cross where the normalized variables ¢ and
/. are unity.

The crossover concentration for the present PLL sample was
estimated to be 500 mg L' by interpolating the previously
published viscosity data of salt-free PLL of different molar
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More details about these systems and their crossover concentrations are
given in Table S1 in the ESI.{
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mass.** The effective diameter d obtained from the crossover
concentration is 82 nm. This value is comparable to the
gyration radius R, that is accessible by small angle neutron or
X-ray scattering. By interpolating the available gyration radii,*’
one obtains the estimate R, = 50 nm for the present PLL
sample, leading to the ratio d/R, = 1.6. This value is in line
with different theoretical estimates, which suggest that this
ratio could be anywhere between 1 and 2.7

The normalized experimental results for the wavelength
in the PLL system are shown in Fig. 4 together with the
scaling relations given in eqn (2) for the two expected scaling
exponents o of 1/3 and 1/2. Fig. 4 further compares the PLL data
with available literature data for anionic polyelectrolytes. These
like-charged systems include the sodium salts of PSS,*'°
poly(acylic acid) (PAA),">"* and linear poly(2-acrylamido-2-
methylpropanesulfonate) (LPAMPS).° These polyelectrolytes
are expected to adsorb only weakly, or not at all, since they
have the same sign of charge as the silica substrate. The
crossover concentrations for PSS were calculated by means of
the interpolating function proposed by Lopez.*> One may again
compare the effective diameter d, which is obtained from these
crossover concentrations, with the gyration radius R,, which is
known from scattering experiments with PSS solutions.>® One
finds the ratio d/R, = 1.4, which is independent of the mole-
cular mass. This number is close to our estimate for PLL, and
definitely in the range suggested theoretically.***® The cross-
over concentrations for PAA were taken from Milling et al.,'?
while the ones of LPAMPS were estimated from best common
scaling. Based on the available gyration radii for PAA,'*>*!
which scatter substantially, one finds the ratio d/R; = 1.5 +
0.3. This value is still in line with the estimates for other
polyelectrolytes quoted above. Table S1 in the ESIT summarizes
the data used, together with the corresponding crossover con-
centrations. The good agreement between the data for the
cationic PLL obtained here and the literature data for the
anionic polyelectrolytes shown in Fig. 4 suggest the same
underlying mechanism for the structuring in all these systems.

The correlation length is comparable to the wavelength.
In particular, the ratio 4/ is independent of the wavelength,
and has a value of about 2.3. The constancy of this ratio
indicates that the shape of the force curve is independent of
the concentration, and its particular value suggests that several
oscillations can be observed in the force profile. The amplitude
of the oscillatory force also increases with increasing polymer
concentration. These observations are similar to the ones
reported for PSS previously.®*°

To demonstrate that oscillatory forces are common in other
oppositely charged polyelectrolyte systems, two further cationic
polyelectrolytes were studied. Fig. 5 shows that oscillatory force
profiles can also be observed for poly(2-vinylpyridine) (P2VP)
and linear polyethylenimine (LPEI), both with an approximate
molecular mass of 245 kg mol ', in aqueous solutions of pH
3.0. The respective wavelength was extracted by fitting these
force profiles with eqn (1). The normalized wavelengths and
concentrations shown in Fig. 4 were calculated by finding the
best overlap with the remaining data by appropriate choice on
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an optimal crossover concentration as given in Table S1 (ESIT).
This coincidence suggests again that these oscillations origi-
nate from the structuring in the polyelectrolyte solutions as in
the other systems.

In conclusion, we have observed oscillatory forces between
negatively charged silica particles in aqueous solutions of
cationic polyelectrolytes. In these oppositely charged systems,
these forces typically occur at polyelectrolyte concentrations in
the range around few g L™'. When the wavelength and the
concentrations are normalized with the cross-over concen-
tration, one finds a universal dependence in all systems,
including the like-charged ones, which were described in the
literature earlier. This universality strongly suggests that such
oscillatory forces are induced by structuring in the polyelec-
trolyte solutions, and it seems immaterial whether like-charged
or oppositely charged systems are being considered.

The presently studied oppositely charged systems also become
like-charged, since the surface charge in these systems is reversed
due to strong adsorption of the polyelectrolyte. Apparently, the
resulting adsorbed layers are sufficiently homogeneous laterally
such that the structural order inherent to the polyelectrolyte
solutions persists all the way to the surface. While the resulting
adsorbed layers have been shown to be inhomogeneous at lower
polyelectrolyte concentrations, these inhomogeneities seem to
disappear due to additional adsorption and/or swelling of
these layers at higher concentrations. The present study thus
demonstrates that oscillatory forces between surfaces, which are
caused by structuring in polyelectrolyte solutions, are the rule in
many polyelectrolyte systems, and this phenomenon is indepen-
dent of whether the polyelectrolytes are like-charged or oppositely
charged with respect to the charge of the substrate.
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