Open Access Article. Published on 15 January 2014. Downloaded on 4/21/2026 10:15:17 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

ROYAL SOCIETY
OF CHEMISTRY

Soft Matter

View Article Online

REVIEW

View Journal | View Issue

Polyelectrolyte adsorption, interparticle forces, and
colloidal aggregation

Cite this: Soft Matter, 2014, 10, 2479
Istvan Szilagyi, Gregor Trefalt, Alberto Tiraferri, Plinio Maroni and Michal Borkovec*

This review summarizes the current understanding of adsorption of polyelectrolytes to oppositely charged
solid substrates, the resulting interaction forces between such substrates, and consequences for colloidal
particle aggregation. The following conclusions can be reached based on experimental findings.
Polyelectrolytes adsorb to oppositely charged solid substrates irreversibly up to saturation, whereby loose
and thin monolayers are formed. The adsorbed polyelectrolytes normally carry a substantial amount of
charge, which leads to a charge reversal. Frequently, the adsorbed films are laterally heterogeneous. With
increasing salt levels, the adsorbed mass increases leading to thicker and more homogeneous films.
Interaction forces between surfaces coated with saturated polyelectrolyte layers are governed at low salt
levels by repulsive electric double layer interactions, and particle suspensions are stable under these
conditions. At appropriately high salt levels, the forces become attractive, principally due to van der Waals
interactions, but eventually also through other forces, and suspensions become unstable. This situation can
be rationalized with the classical theory of Derjaguin, Landau, Verwey, and Overbeek (DLVO). Due to the
irreversible nature of the adsorption process, stable unsaturated layers form in colloidal particle suspensions
at lower polyelectrolyte doses. An unsaturated polyelectrolyte layer can neutralize the overall particle
surface charge. Away from the charge reversal point, electric double layer forces are dominant and particle
suspensions are stable. As the charge reversal point is approached, attractive van der Waals forces become

important, and particle suspensions become unstable. This behaviour is again in line with the DLVO theory,
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Accepted 15th January 2014 which may even apply quantitatively, provided the polyelectrolyte films are sufficiently laterally

homogeneous. For heterogeneous films, additional attractive patch—charge interactions may become
important. Depletion interactions may also lead to attractive forces and suspension destabilization, but such
interactions become important only at high polyelectrolyte concentrations.
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1 Introduction

Charged polymers or polyelectrolytes (PEs) are widely employed
to modify properties of surfaces or of colloidal particle
suspensions. They are industrially used in water purification,
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papermaking, mineral separation, or to control flow properties
of particle slurries."® Emerging industrial applications of PEs
include, for example, stabilization of metallic iron particles for
environmental remediation, use as additives in the chemical-
mechanical polishing process, or in biomedical applications.”*
PEs are further employed to create protective or functional
surface coatings, whereby important approaches include
adsorption of PE monolayers,”**™** fabrication of multilayers of
oppositely charged PEs,"*>*® or the preparation of PE brushes
by grafting or by adsorption of block copolymers.”>' Such
coatings may be used to control surface properties, including
wetting, lubrication, adhesion, or biological resistance.****
Certain PEs offer the possibility to tune these properties
through external stimuli, such as temperature or solution
composition.****

PEs interact strongly with solid substrates, and in turn, they
may substantially alter the respective surface characteristics.
Thereby, the interaction forces between such surfaces can be
modified, and as a consequence, properties of particle
suspensions can be controlled. Understanding of the relation-
ship between PE adsorption, particle interactions, and the
stability of the resulting suspensions is critical for further
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development of functional PE additives. The present review
attempts to draw a systematic picture of these processes for the
relevant situation when PEs adsorb onto oppositely charged
solid substrates.

PE adsorption to solid substrates and the resulting charging
behaviour were investigated by numerous experimental tech-
niques. Planar substrates were probed with optical reflectivity,
ellipsometry, quartz crystal microbalance, and streaming
potential techniques,”®?® while particle suspensions were
characterized by means of classical batch depletion techniques,
light, X-ray and neutron scattering, and electrophoresis.?***
This review will focus on linear or branched homopolymers,
including dendrimers, in monovalent electrolyte solutions. We
will further investigate properties of PE films in the same elec-
trolyte solution as that used for the adsorption process and
discuss the influence of salt concentration and effects of charge
densities of the PEs and of the substrate. PE adsorption will be
mainly interpreted in terms of the random sequential adsorp-
tion (RSA) model and its variants,** while the self-consistent
field approach and computer simulation studies will be
addressed only briefly.*>**

Adsorbed PEs modify interaction forces acting between
substrates, and for this reason, they are frequently used as
additives to control the stability of colloidal suspensions or to
tune their rheological properties.”™*” The resulting interaction
forces between surfaces or particles in the presence of PEs were
investigated with the surface forces apparatus (SFA),*>** total
internal reflection microscope,***® or the colloidal probe tech-
nique based on the atomic force microscope (AFM).*”*® Particle
aggregation phenomena were investigated with turbidity
measurements, time-resolved light scattering, or rheology.***->*
We only focus on interactions in symmetric systems involving
the same type of interfaces or particles, and correspondingly on
homoaggregation processes.

An interpretation of the underlying mechanisms of the
adsorption process, interaction forces, and particle aggregation
will be put forward. We explore to what extent interaction forces
can be rationalized in terms of the classical theory of Derjaguin,
Landau, Verwey, and Overbeek (DLVO).”>** The role of specific
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forces induced by PEs, in particular, steric, bridging, and
depletion interactions will be equally discussed.** The relevance
of these forces in controlling the suspension stability in the
presence of PEs was proposed early on.>® We will further discuss
the patch-charge interactions resulting from the lateral
heterogeneity of the adsorbed PE layers.*® Simple models will be
used to clarify the mechanisms of the interactions involved.

There are various important topics involving PE adsorption
that will not be addressed in this review. We shall skip the
interesting aspects related to adsorption of comb polymers,
such as bottlebrush and dendronized polymers>~° or copoly-
mers, such as block copolymers and proteins.®*-*® The response
of adsorbed PE films when exposed to solutions of variable
compositions or containing multivalent ions will not be
addressed either.””””> We will not discuss mixed adsorbed PE
films, which are especially important for multilayers prepared
by the layer-by-layer deposition process,">*>™$>%7%77 as well as
the adsorption of neutral polymers or PEs with the same sign of
charge as the substrate.*>”*”>7® Neither the adsorption of PEs to
interfaces under applied external electric potential, nor to
instable or fluid interfaces (e.g, air-water and oil-water) will be
addressed.”® We also skip the discussion of interaction forces
in asymmetric systems involving different types of surfaces,
heteroaggregation, particle deposition, or growth of particle-PE
multilayers.®*®” Finally, we make no attempt to provide a
detailed review of the numerous theoretical developments and
computer simulations addressing PE adsorption and the
resulting interaction forces. For these topics, we refer the
interested reader to the appropriate literature.’*3*2*

The present review is organized as follows. Section 2
summarizes the current understanding of the PE adsorption
phenomena and the underlying charging process, whereby
planar substrates as well as colloidal particles are discussed.
Interaction forces between the same type of interfaces, either
involving planar substrates, colloidal particles, or both, are
addressed in Section 3. Particle aggregation phenomena
involving the same type of particles are addressed in Section 4,
whereby the main focus is on early stages of the homoag-
gregation process. An outlook highlighting open questions and
possible research directions concludes the review.

2 Polyelectrolyte adsorption

This section focuses on adsorption of polyelectrolytes (PEs) to
oppositely charged water-solid interfaces. These interfaces
might be realized by means of a planar substrate or through the
internal surface in a colloidal particle suspension. PEs normally
have a linear architecture and some examples are summarized
in Fig. 1. PEs can also be branched and corresponding examples
include dendritic poly(amido amine) (PAMAM) or branched
poly(ethylene imine) (BPEI). One refers to anionic and cationic
PEs when they are negatively and positively charged, respec-
tively. PEs with a permanent charge are called strong PEs, and
they include sodium poly(styrene sulfonate) (PSS) and poly-
(diallyldimethyl ammonium) (PDDA). The charge of weak PEs
varies with solution pH and ionic strength, and examples
include poly(vinyl amine) (PVA), poly(r-lysine) (PLL), poly(acrylic
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Fig.1 Structural formulae of various fully ionized PEs discussed in this
review. The names and acronyms refer to the ionized forms of the
strong PEs, while to the neutral forms of the weak PEs.

acid) (PAA), linear poly(ethylene imine) (LPEI) or PAMAM. Their
degree of ionization can be measured by potentiometric titra-
tions and modelled with mean field or site binding models.*
In monovalent electrolyte solutions, the gyration radius R, of
linear PEs obeys the classical scaling law*®

R, « M* 1)

where M is the molecular mass and « is the Flory exponent in
the range 0.5-0.6. The hydrodynamic radius that is related to
the diffusion coefficient of the PE chain is typically a factor of
1.5-2.0 smaller.®® Adsorption of PEs will be discussed in the
following.

2.1 Irreversible nature of the adsorption process

Highly charged PEs adsorb strongly to oppositely charged
interfaces. This affinity is primarily caused by attractive elec-
trostatic forces acting between the oppositely charged PE and
substrate. Since the PE backbone is hydrophobic, however,
attractive van der Waals and hydration forces are important as
well. This subsection will compare adsorption to planar
substrates and in colloidal suspensions and rationalize this
process with simple models.

Adsorption of PEs to planar substrates. Numerous optical
techniques are available to study the adsorption of PEs to planar
solid substrates in real time.*””®*** Let us illustrate the
adsorption process of PEs to oppositely charged substrates with
reflectivity experiments as displayed in Fig. 2a, which allows
monitoring of the change in the adsorbed mass per unit area.
The example shown refers to strong cationic PDDA of molecular
mass of about 450 kg mol " adsorbing to a negatively charged
silica substrate.” The substrate is initially rinsed with a pure
electrolyte solution adjusted to pH 4.0, and then the solution is
changed to a PE solution in the same electrolyte and of the same
pH. The adsorbed mass of the PE increases linearly with time at
first. This increase reflects the rapid adsorption of the PE to the
surface. Later, the adsorbed mass reaches a plateau. This
plateau indicates that the PE film is saturated, and in spite of
the presence of PE in the solution, no further adsorption occurs.
When the surface is rinsed with the pure electrolyte solution, no
desorption is observed. This feature suggests that the adsorp-
tion process is irreversible. If this process would be reversible,
the PE would desorb from the surface, and the desorption could

Soft Matter, 2014, 10, 2479-2502 | 2481
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Fig.2 Adsorption kinetics of PDDA to the silica surface in a solution of
50 mM monovalent salt at pH 4. (a) Measurements with optical
reflectivity at different PE concentrations.®* (b) Results of the simple
irreversible adsorption model with the Langmuir blocking function. (c)
Initial adsorption rate versus different PE concentrations. (d) Graphical
illustration of the RSA model.

be evidenced in the reflectivity trace. The fact that adsorbed PE
layers do not desorb in the PE-free electrolyte solution has been
demonstrated in numerous systems.>”3*8%91,95-98

Partial desorption could be only demonstrated for PEs in
special circumstances, for example, for PEs of very low molec-
ular mass, typically below 10 kg mol .2’ Desorption of PEs of
higher molecular mass has been reported to be induced by
changes in the solution composition or by exchange with other
PEs.>”*®% However, the adsorption process is irreversible
provided the composition of the electrolyte solution is not
changed during the experiment.

With increasing concentration of the PE, the initial adsorp-
tion rate increases.’* The rate law can be identified by plotting
the initial rate versus the PE concentration as shown in Fig. 2c.
Since this rate is proportional to the PE concentration, the
adsorption process follows a first-order rate law in the PE
concentration. Similar dependencies were observed with
other PEs.3*97:1%¢

Converting the data shown in Fig. 2c into the adsorbed
number density, one finds an adsorption rate coefficient of k, =
2.5 x 10°° m s~ ', This rate coefficient can also be calculated
from the cell geometry by assuming laminar flow and perfect
sink conditions.***** Based on the known flow rate and the
hydrodynamic radius of PDDA of about 26 nm as estimated
from light scattering experiments,”>'** the perfect sink model
predicts a rate coefficient of k, = 4.9 x 10~® m s~ ", This value is
only about a factor two larger than the one observed experi-
mentally. The remaining discrepancy could be related to forces
acting between the PE and the substrate and to hydrodynamic
interactions. A similar agreement between experimental and
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calculated adsorption rate coefficients was reported in other PE
Systems.34,97,100

The plateau value is independent of the PE concentration to
good approximation. However, this value may increase with
increasing PE concentration somewhat. This increase can be
rationalized by the finite relaxation time of the polymer
chains.”®’*** With increasing PE concentration, the lateral
relaxation of the individual adsorbing PEs is increasingly
hindered by the rapidly arriving neighbouring PEs. A similar
relaxation mechanism was also suggested to be present for
protein adsorption.'*

Classical RSA model. This model describes irreversible
adsorption processes of colloidal particles, proteins, and
PEs.'**1% The particles are modeled as circular disks, and they
are assumed to adsorb to a planar surface sequentially at
random locations. Such a disk can only adsorb on an empty
surface and an overlap with a previously deposited disk is not
allowed; see Fig. 2d. The maximum coverage or the so-called
jamming limit is****%

Ojam = 0.55 (2)

which is substantially smaller than the regular hexagonal
packing with a coverage of 0.91. The surface coverage # can be
related to the number density of adsorbed PE molecules I' per
unit area by

0 = ma’T (3)

where q is the disk radius, which is comparable to the gyration
radius of the PE. The kinetics of the adsorption process can be
approximated by relating the rate of change of the adsorbed
number density with time ¢ to the number concentration c of the
PE in solution as

dr
dr
where k, is the adsorption rate coefficient of the PE and B(I') is

the blocking (or available surface area) function. The Langmuir
adsorption model suggests that

= kacB(I) 4)

B(r):{(l)*r/r(’

where I'y is the adsorbed number density at saturation,
which corresponds to the jamming limit within the RSA
model. The predictions of this kinetic model are shown in
Fig. 2b. The adsorbed mass per unit area is obtained by
multiplying the adsorbed number density I' with the mass of
the PE. The model results agree with the experiment semi-
quantitatively.

However, the model predicts a too gradual transition from
the initial stages to saturation. An analysis of the RSA model
leads to a blocking function, which suggests an even slower
approach to saturation. Alternative blocking functions have
been proposed to remedy this problem.**'*>'°® However, they
were mainly used to describe irreversible adsorption of particles
and proteins and have not been applied to model PE adsorption
so far.

for I' < T,
for I'=T, ()

This journal is © The Royal Society of Chemistry 2014
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Adsorption of PEs to colloidal particles. When PEs are dis-
solved in a suspension of colloidal particles, they will also
adsorb to their surface irreversibly. In this situation, one should
distinguish two cases as illustrated in Fig. 3. When the total PE
concentration is high, the PEs will adsorb to the particle surface
until a saturated layer is formed. The excess PE will remain
dissolved in solution. When the total PE concentration is low,
the PE will adsorb to the particle surface until no PE is left in
solution. In this case, we refer to an unsaturated layer. When
performing such experiments in colloidal suspensions, larger
concentration gradients during mixing must be avoided,
otherwise the PE may distribute among the particles unevenly.

The irreversible nature of the adsorption can be confirmed
experimentally with batch adsorption experiments as well.>**%”
Fig. 3c shows results of adsorption of dendritic PAMAM to
sulfate latex particles, where the adsorbed amount was obtained
by counting the adsorbed single molecules with the AFM.'® The
adsorbed mass is plotted versus the PE dose, which reflects the
mass of PE relative to the mass of the particles (mg g™ ).

At high PE doses, the adsorbed mass is constant due to
saturation. The fact that the total adsorbed mass is independent
of the solution concentrations was also experimentally
confirmed with PVA and PDDA adsorbing to latex parti-
cles.?*31%7 At low doses, the entire quantity of PE added is
adsorbed, but is insufficient to achieve saturation, meaning that
the plateau is not reached. The PE dose can be also expressed as
the mass of the PE per unit particle surface area (mg m 2).
These units are useful in the unsaturated regime, where the
dose simply reflects the adsorbed mass. The fact that adsorp-
tion in the unsaturated regime is quantitative can be also
demonstrated by electrophoresis, and this technique will be
discussed in Section 2.3.

Deviations from this idealized picture occur due to the
kinetics of the adsorption process. This process can be particu-
larly slow when the PE concentration is close to the one needed to
reach saturation. The simple model summarized in eqn (4) and
(5) can be also used to model adsorption in suspensions, and the
corresponding results are illustrated in Fig. 3d. When the
adsorption time is too short such that adsorption cannot be
completed, the plot of the adsorbed mass versus the PE concen-
tration will be rounded. Such dependencies might be wrongly
interpreted by an equilibrium adsorption isotherm.

When a substrate is continuously flushed with PE solution in
a flow-through cell, one always obtains a saturated layer due to a
sufficient supply of PEs. Unsaturated layers can be formed in a
flow-through cell too. In that case, however, the PE feed solution
must be changed to a pure electrolyte solution before the
saturation plateau is reached.

2.2 Properties of adsorbed polyelectrolyte layers

Let us now discuss the main characteristics of saturated PE
layers, particularly, the adsorbed mass, their thickness, water
content, and lateral heterogeneity. Not much is known con-
cerning the unsaturated layers, but we will also comment on
those. The RSA model will be further generalized to introduce
effects of electrostatic interactions.

This journal is © The Royal Society of Chemistry 2014
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Absorbed mass. Fig. 2a illustrates that the adsorbed mass at
saturation for PDDA on silica in 50 mM salt solution is about
0.3 mg m~ 2 These are small amounts, since an atomic mono-
layer corresponds to about 1-2 mg m™>. Let us rationalize with
the RSA model on why such a small amount corresponds
already to saturation. Taking the hydrodynamic radius of about
26 nm for PDDA” and the maximum coverage given by eqn (2),
one finds an adsorbed mass of 0.1 mg m 2. The RSA model
provides indeed a reasonable estimate, which supports the
picture that the adsorbed film corresponds to a monolayer of
adsorbed PE chains. In general, the mass adsorbed for satu-
rated PE layers adsorbed to oppositely charged substrates can
be even lower and typically is 0.01-1 mg m ™2 349198,109-112

The mass of adsorbed PE depends on several factors related
to the characteristics of the PE, those of the substrates, and the
solution composition. Here, we discuss effects of the molecular
mass, salt concentration, as well as the influence of the charge
density of the PE and the substrate. These findings will be then
explained in terms of a modified RSA model that includes
electrostatic interactions between adsorbed molecules.

The adsorbed mass at saturation depends only weakly on the
molecular mass for linear PEs.”®** This observation can be also
rationalized with the RSA model. Based on eqn (1) and (3), this
model suggests that the adsorbed number density scales as

I o M (6)

with the molecular mass M. From this relationship one finds
that the adsorbed mass scales as «M'~>*. For typical values of
the exponent «, this relationship leads to an extremely weak
dependence. On the other hand, for dendritic or branched PEs,
the adsorbed mass increases with the molecular mass more

L K

(d)

120 min
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1 min

Adsorbed PE Mass (mg/m?)

T T T T T
100 0.1 1 10 100
PE Dose (mg/g)

T
0.1 1 10
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Fig. 3 Adsorption of PEs in a colloidal suspension of oppositely
charged particles. Schematic representation of (a) the unsaturated
layer that depletes the solution of the free PE and (b) the saturated
layer with excess PE in solution. (c) Overnight adsorption of dendritic
PAMAM of 935 kg mol~ to sulfate latex particles of diameter 3.1 pm in
a colloidal suspension of pH 4.0 without salt added. The adsorbed
amount was obtained by counting from AFM images shown in the
inset.1°® The solid line represents the expected adsorbed amount given
the saturation value. (d) Representative results with the kinetic RSA
model where the effect of finite adsorption time is indicated.
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strongly, since the exponent « is much smaller than that for
linear PEs.3*95113

The adsorbed mass normally increases with increasing
concentration of the added monovalent electrolyte. Fig. 4 illus-
trates this trend for various PEs and substrates. This increase has
been observed for a wide range of cationic and anionic PEs
adsorbed on oppositely charged substrates, and typically results
in an increase by a factor 2-4 when the salt concentration is
increased by 4 orders of magnitude.?®3*3491,97,98110112114-116 Thjg
salt dependence only reverses for very weakly charged PEs and
high salt concentrations, whereby the adsorbed mass goes
through a maximum, and finally decreases.’”?%'7-11

Trends concerning the variation of the charge densities are less
clearly established. The charge density of PEs can be varied by
studying copolymers involving charged and neutral monomers,
but other properties of the PEs may change at the same time (e.g.,
hydrophobicity).**** The charge density of the substrates has
been sometimes varied by investigating different oxides, but other
characteristics of these substrates are altered in this fashion as
well.***” A good way to tune the charge density of PEs and of the
substrates is through weak ionizable groups and the respective pH
adjustments. Nevertheless, the charges of the isolated compo-
nents may not correspond to the ones in the adsorbed state, since
ionization may occur upon adsorption."”****** The adsorbed
mass normally increases with increasing charge density of the
substrate and with decreasing charge density of the PE.*3*°t!!
With decreasing PE charge density, the adsorbed mass may go
through a maximum at very low charge densities.>**"122

Electrostatic RSA model. The increase of the adsorbed mass
with the salt concentration can be understood by considering
the repulsion of the electric double layers formed around
adsorbing PE coils. When the salt level is decreased, the
repulsion becomes increasingly long ranged, which leads to
saturation of the surface at lower adsorbed amounts.

This situation can be captured by a simple modification of
the RSA model.******'** Since the adsorbing polymers repel each
other due to overlapping electric double layers, one can model
this phenomenon as an increase in the radius of the adsorbing
disks to an effective radius aes, which now also includes the
range of the repulsion of the surrounding diffuse layer. The
situation is schematically depicted in Fig. 4d. The resulting
surface coverage is now given by

2
a
0 == 0jam (a—ff) (7)

The effective radius a.¢ can be estimated by assuming that the
interaction energy of two neighbouring PE chains will be
comparable to the thermal energy, namely

uQayy) = kgT (8)

where u(r) is the interaction potential between two adsorbing
PEs at a center-to-center distance r and kgT is the thermal
energy with kg being the Boltzmann constant and T being the
absolute temperature. The screened Coulombic interaction can
be used to model the interaction between two charged spheres
in solution'*®*?*12*
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Ka 2 —KF
e e
= kpTLpZe" 9
u(r) BT LgZr <1+Ka) p 9)
where Z.g is the effective charge in units of the elementary
charge g, and the Bjerrum length is abbreviated as

q2

=———=0.72
47CkB T€08 nm

Ly (10)
where ¢, is the permittivity of vacuum and ¢ is the dielectric
constant of the liquid. The Debye length «~* in a monovalent

electrolyte is given by

0.30nm
K2 = STULBNACS or Kil = W

where cs is the molar concentration of the electrolyte and N, is
the Avogadro's number. The numerical values refer to water at
room temperature and the salt concentration is expressed in
mol L', For weakly charged objects, the effective charge Zg
simply corresponds to the bare charge Z. For objects of higher
charge, the effective charge will be lower than the bare charge
due to adsorption of counterions. Poisson-Boltzmann theory
suggests that the effective charge is constant for highly charged
objects and is given by***

(11)

Zur = -2 (4ka + 6) (12)
Ly

The effective radius a.y can be now estimated from eqn (8)

and (9), and the adsorbed number density follows from eqn (3)

and (7).

Results obtained from this modified RSA model are shown in
Fig. 4a. One observes that this model predicts very similar
dependencies to the ones observed for the adsorption of PDDA
and dendritic PAMAM.**** Fig. 4b shows a dimensionless
representation of the surface coverage ¢ versus the screening
parameter ka where the curves almost collapse on a master
curve.”***** This model can qualitatively explain the character-
istic increase of the adsorbed mass with decreasing charge
density of the PE. In this case, decreasing the effective charge
Zegr will lead to smaller effective radii a.¢ and therefore to larger
adsorbed mass.

The RSA model can be further extended to rationalize the
increase of the adsorbed mass with increasing charge density of
the substrate.®* At charged water-solid interfaces, electrical
double layers form, and the diffuse layer contains a higher
concentration of counterions than the one in the bulk. When
two PE chains interact close to the interface, the higher
concentration of counterions close to the interface will enhance
the screening of the electrostatic interaction. Therefore, the
electrostatic repulsion between the adsorbing chains will be
weaker and result in a larger adsorbed mass. This effect can be
included into the RSA model, and the modified model can
explain the increase of the adsorbed amount of dendritic
PAMAM with the solution pH quite well.** The more substantial
adsorbed amounts of PAMAM compared to other PEs at very low
salt concentrations shown in Fig. 4c can be probably rational-
ized through the same mechanism. The spirit of the electro-
static RSA model is similar to the treatment of the dilute 2-d

This journal is © The Royal Society of Chemistry 2014
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Fig. 4 Adsorbed mass of PEs on oppositely charged substrates versus
salt concentration at saturation. (a) Adsorbed mass versus the salt
concentration for dendritic PAMAM and linear PDDA on silica
measured by reflectivity and AFM and comparison with the RSA model
(solid lines).**** (b) Dimensionless representation of the coverage ¢
versus screening parameter ka of the same data as shown in (a). The
grey region corresponds to radii between 5 and 50 nm. (c) Further
experimental results obtained with different substrates, namely mica,
silica, amino-functionalized silica (AS), and amidine latex (AL). The solid
lines serve as a guide to the eye. (d) Schematic representation of the
electrostatic RSA model. The diffuse layer is indicated in purple.

Wigner regime, which makes the assumption that PEs adsorb
individually and that their mutual interactions are dominated
by diffuse layer repulsion.**®

The RSA model is unable to predict the adsorption maximum
that is observed for weakly charged PEs and high salt concen-
trations.””"”"® This maximum is related to the fact that PEs will
not adsorb to oppositely charged substrates beyond a critical salt
concentration threshold, if solely electrostatic forces are
present.*>****>” At high salt levels, a weakly charged PE will be
strongly screened. Therefore, attractive electrostatic forces acting
between the PE and the substrate will be not sufficient to over-
come the thermal motion, and the PE will no longer adsorb.
Since the adsorbed amount increases with increasing salt levels,
but vanishes above the salt threshold, a sharp maximum in the
adsorbed amount results. In reality, however, additional attrac-
tive forces act between the PE chain and the substrate (e.g, van
der Waals and hydration). These non-electrostatic forces may be
quite important, as evidenced by adsorption of neutral polymers.
For PEs, however, the forces responsible for the adsorption
weaken substantially beyond the salt threshold. Therefore, one
observes a wider maximum with respect to the one expected from
electrostatic forces alone. Under these conditions, the adsorption
process may no longer be irreversible, and the simple RSA model
is expected to fail. Alternative models capable of describing this
situation are discussed below.
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Morphology of adsorbed PE films. The electrostatic RSA
model suggests that PE chains adsorb to the substrate indi-
vidually. Since the spacing between the chains is mainly
dictated by the electrostatic repulsion between the adsorbing
chains, the film remains laterally heterogeneous. Moreover,
strong attractive electrostatic forces acting between the
adsorbing PE and the substrate are expected to flatten the
adsorbed chains. Therefore, an adsorbed PE layer will be typi-
cally thin and laterally heterogeneous. For more weakly charged
PEs, and especially at higher salt levels, more homogeneous
layers may form. Let us now discuss the experimental evidence
supporting these claims.

Fig. 5 summarizes layer thickness measurements of adsor-
bed PE films with two different techniques.”®*** The first tech-
nique is based on dynamic light scattering (DLS) in a colloidal
particle suspension, where the layer thickness is inferred from
the difference between the hydrodynamic radii of the particles
in the presence and in the absence of the PE; see Fig. 5a.*>"**
The second technique relies on a combination of optical
reflectivity and quartz crystal microbalance measurements on
planar substrates; see Fig. 5b.”*'° Both techniques yield
comparable results. PE layers adsorbed on oppositely charged
substrates are extremely thin, merely a few nm. Considering the
fact that the diameter of PE chains in solution typically is 20—
100 nm, the PEs are strongly flattened in the adsorbed state.
Based on these thickness measurements, one further concludes
that these films are rather compact and contain only 20-60% of
water.”®*> At higher salt levels, however, these films become
more swollen and porous. Few additional reports confirm that
PE films adsorbed on oppositely charged substrates are very
thin indeed.''**° One also finds that the layer thickness
increases with increasing salt levels and with increasing molar
mass, especially at high salt concentrations.”® An increase in
thickness was also reported with the decreasing charge of the
PE, and this quantity also passes through a maximum at very
low charge densities."™

While data shown in Fig. 5 clearly support the picture of flat
adsorbed PE films, one observes that DLS measurements yield a
larger thickness than the ones measured by the surface sensi-
tive techniques. Moreover, the latter data suggest a more
gradual swelling of the film. While the differences in the
substrates used may lead to these differences, they might also
be related to the two sub-layer structure of an adsorbed PE
film.** The thickness of these sub-layers may vary upon solution
conditions and lead to the different salt dependencies observed
with the two different techniques. One should also realize that
thickness measurements for such extremely thin films are
difficult and prone to systematic errors. Some of the available
results in the literature should be thus considered with caution.

The lateral heterogeneity of adsorbed PE films can be best
confirmed by AFM imaging. Such non-uniformities are partic-
ularly pronounced for highly charged PEs and low salt levels.
Fig. 6 shows such images of adsorbed PEs recorded in the dry
state. Fig. 6a shows adsorbed dendritic PAMAM, and the indi-
vidual molecules can be clearly distinguished. Note that this
layer is saturated, and no further adsorption will occur, in spite
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of the unoccupied surface in between individual molecules.
This low coverage results from the strong electrostatic repulsion
between the adsorbing dendrimers. The other images show
linear PEs adsorbed to different substrates. Fig. 6b refers to a
saturated layer of PSS on amidine latex particles.*** Fig. 6¢c and d
show unsaturated layers of poly(vinyl pyridine) (PVP) on mica."*>

While such imaging techniques provide strong evidence that
adsorbed PE layers are laterally heterogeneous, quantitative
characterization of these heterogeneities is mostly lacking.
Exceptions are layers formed with dendritic PAMAM, whereby
the individual molecules can be resolved with AFM. They can be
described as dilute monolayers and they feature a liquid-like
order as indicated by a structural peak in the radial distribution
function.*»*** The statistical properties of individual adsorbed
linear polyelectrolytes and of nucleic acids were successfully
determined with the AFM.”*'3>13413¢ However, little is known
about the detailed structure of saturated layers of adsorbed
linear polyelectrolytes and the characteristic distances involved.
Direct force measurements have confirmed that adsorbed layers
of dendritic PAMAM and linear PSS are heterogeneous.'*”***
These techniques have also demonstrated that similar layers
formed with LPEI are homogeneous down to about 10 nm, but
probably heterogeneous on smaller length scales.*® Weakly
charged hydrophobic PEs have been reported to form more
homogeneous layers, resembling disordered lamellar phases.”™
Similar structures were also predicted on theoretical grounds
and were also referred to as the semi-dilute 2-d Wigner
regime.%12¢

An alternative interpretation of the small layer thicknesses
shown in Fig. 5 could be related to the lateral heterogeneity of
the films. Typically, surface sensitive and scattering techniques
yield a laterally averaged thickness, and dilute, heterogeneous
layers would lead to a smaller thickness than the gyration radius
of an individual PE even if the adsorption process did not lead
to a deformation in the normal direction. However, height
measurements of adsorbed dendritic PAMAM with the AFM
indicate that even these molecules flatten substantially.®”'*
These highly branched molecules have rather compact struc-
tures, and therefore linear PEs will flatten much more.

Modeling of PE adsorption. The electrostatic RSA model was
introduced above to understand some basic features of PE
adsorption. However, various alternative models of the
adsorption process of PEs to oppositely charged substrates have
been proposed.***' The majority of the existing models are
based on the assumption of reversible adsorption equilibrium.
While this assumption is at odds with the irreversible nature of
the adsorption process discussed in Section 2.1, such models
may still provide useful insights.

An important class of analytical models is based on density
functional theories. These theories normally assume that the
adsorbed film is laterally homogeneous, and they attempt to
estimate self-consistently the profiles of the concentrations and
of the electric potential in the normal direction. Such a self-
consistent field (SCF) approach was implemented within a
numerical scheme by Fleer and co-workers.>**>**” Based on a
similar formulation, simple scaling laws could be derived.
These approaches are capable of reproducing the frequently
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DLS.3? (b) Planar amino-functionalized silica probed with reflectivity
and quartz crystal microbalance.?®

observed increase of the adsorbed amount with increasing salt
concentration, increasing charge density of the substrate, and
decreasing charge of the PEs. The SCF approach was also able to
provide information concerning the distribution of loops, tails,
and trains, to rationalize experimentally observed adsorbed
amounts, and to reproduce the maxima in the adsorbed amount
for weakly charged PEs."*”**° Since the adsorbed PE layers are
laterally heterogeneous, results obtained from SCF models that
assume laterally homogeneous layers must be interpreted with
caution. These models are probably most useful to describe the
adsorption of weakly charged PEs, which probably form more
homogeneous layers.

Computer simulations have also been used to investigate the
adsorption of PEs.***' The conformation of a single adsorbed
PE chain was studied by considering screened Coulombic
interactions only.*” These authors have found that the adsorbed
chain is strongly flattened at low salt concentrations, while it
swells at higher salt levels. The simulated normal extensions of
the adsorbed PE chain show very similar trends to the measured
layer thickness shown in Fig. 5b. This finding strongly supports
the view that the layer thickness is determined by the dimen-
sions of individual adsorbed PE chains that are well separated
at the surface, leading to a laterally heterogeneous layer. When
interactions are governed by electrostatic forces only, this study
also confirms that PEs do not adsorb at oppositely charged
surfaces above a critical salt concentration.*>'*”

Adsorption of PEs to spherical particles in the presence of
salt was recently studied with computer simulations and
density functional theories.*® This approach explains the
experimentally observed large accumulation of opposite charge
to the particle surface. However, these simulations also predict
a maximum in the adsorbed amount at very low salt concen-
trations, which is at odds with the experiment. All Coulombic
interactions were explicitly taken into account in another recent
computer simulation study of PE adsorption, whereby effects of
short-range hydrophobic attractions were also investigated.*!
This study confirms the view that adsorbed PEs are strongly
flattened and that the adsorbed layer is laterally heterogeneous.
Unfortunately, the latter study was carried out in the absence of
salt, and these conditions are difficult to realize experimentally.

This journal is © The Royal Society of Chemistry 2014
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Fig. 6 AFM images of various PEs adsorbed on oppositely charged
substrates recorded in air. Saturated layers formed with (a) dendritic
PAMAM on mica in pH 4.0 solution without added salt and (b) PSS on
amidine latex particles in 1 mM electrolyte solution.*” Reprinted with
permission from J. Phys. Chem. B, 113, 8458. Copyright (2009)
American Chemical Society. Unsaturated layers of PVP on mica with (c)
small (d) and larger adsorbed amounts.** Reprinted with permission
fromJ. Phys. Chem. B, 111, 8597. Copyright (2007) American Chemical
Society.

2.3 Charge balance in adsorbed polyelectrolyte layers

Let us now discuss the charge reversal phenomenon and the
charge distribution within the adsorbed PE film.

Charge reversal. A most characteristic phenomenon in the
adsorption of PEs to oppositely charged substrates is the charge
reversal, which is also referred to as overcharging. An adsorbed
saturated PE layer has practically always the opposite charge of
that of the substrate.?*?334893118140-147 Exceptions to this rule
occur, but only for very weakly charged PEs.'**'*4'8 The charge
reversal may seem counterintuitive. One might suspect that the
PE should be repelled from the substrate, when it attains the
same charge as the PE. Since adsorbed PE layers are laterally
heterogeneous, only the properties of the surface in the neigh-
bourhood of the adsorption event are important. Therefore,
provided an empty spot for adsorption exists, a PE molecule will
adsorb. The saturation point of the adsorption is determined
through the local environment of the adsorbing chain rather
than the overall charge of the surface. Moreover, additional
attractive interactions between the PE and the surface exist, for
example, hydrophobic or van der Waals forces, and these forces
are not influenced by the charge of the substrate.

The overall charge of adsorbed PE layers can be best addressed
by electrokinetic techniques. Electrophoresis is the method of
choice for colloidal particles, whereby the electrophoretic mobility
can be converted into the surface potential ({-potential) with
appropriate models.?***°14148 For planar substrates, streaming
potential or streaming current techniques are being used.*** In
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many situations, this surface potential approximates the diffuse
layer potential yp, well. When the surface potential is known, the
surface charge density ¢ can be estimated with the Gouy-
Chapman relationship®*

_ 2kgTepex . Qo
o= sinh ( YaT

(13)

where the symbols are defined in Section 2.2. Direct force
measurements, which will be discussed in Section 3, can be also
used to measure surface potentials of colloidal particles and
substrates. However, the disadvantage of the latter technique is
that in the normally used symmetric situation one can only
determine the absolute value of the potential. The sign of the
potential must be inferred independently.

The charge reversal upon PE adsorption is illustrated in
Fig. 7a and b, where the surface potentials of bare amidine latex
particles are compared to those with a saturated adsorbed PSS
layer.”®* The data are consistent with the Gouy-Chapman
eqn (13) with constant surface charge densities of +5.9 mC m >
for bare particles and —2.6 mC m~ > for the coated ones. Besides
the different signs, however, the particle coated with the PE
behaves very similarly to a bare particle. This observation is not
surprising given the fact that the adsorbed PE layer is very thin.
The adsorbed PEs are indeed capable of reversing the positive
charge of the bare particle and even accumulating substantial
additional negative charge at the surface. A good agreement
between surface potentials estimated from electrophoresis and
direct force measurements is frequently found.*®'*”3%'% In
some cases, however, these results disagree, probably due to
surface charge heterogeneities.*

Fig. 8a illustrates the build-up of this negative charge upon
addition of PSS in a suspension of positively charged latex
particles.”* At low PE doses, the particles are positively charged.
At a particular dose, the surface charge is neutralized by the PE,
and no diffuse layer forms. Upon further PE addition, the
negative charge continues to accumulate, until one reaches the
saturation point. Before that point is reached, the surface is
unsaturated and no PE is dissolved in solution. For doses
beyond the saturation point, the adsorbed amount remains
constant and the excess PE dissolves in solution.

For unsaturated layers, no free PE is dissolved in solution.
This fact can be confirmed in colloidal particle suspensions
with electrophoresis experiments at different particle concen-
trations. Results of such experiments are illustrated in Fig. 8c
with carboxylated latex particles and LPEL'*>'** These particles
are negatively charged and adsorbing LPEI leads to a
pronounced charge reversal. The collapse of the plots of the
electrophoretic mobility versus the PE dose for different particle
concentrations confirms that the adsorption is quantitative. If
this were not the case, there would be a shift of the corre-
sponding curves due to partitioning between adsorbed and
dissolved PEs."* Adsorbed PSS and PVA on oppositely charged
latex particles were shown to behave analogously.***°

The charge reversal of planar charged surfaces induced by
adsorption of PEs can be also followed by streaming potential
measurements.***>*>? These results are illustrated with the
adsorption of poly(allyl amine) to mica in Fig. 8d.'*> Bare mica is
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negatively charged. At high PE doses, the surface reverses its
sign, and the saturation plateau is reached. To avoid the satu-
ration of the surface, the PE solution was in contact with the
surface for only 20 min. At lower polymer doses, the surface is
unsaturated and passes through the charge reversal.

Charge distribution within the adsorbed film. The normal
profiles of the charge density and of the electric potential are
depicted in Fig. 7c and d. For a positively charged interface, they
are shown in Fig. 7c and they are characterized by a localized
layer of charged surface groups. This positive charge is
compensated by an accumulation of anions and a depletion of
cations in the diffuse layer. For a saturated adsorbed layer of an
oppositely charged anionic PE shown in Fig. 7d, the positive
charge of the surface is now overcompensated, resulting in a
negatively charged surface. This negative charge is neutralized
by a diffuse layer where cations are accumulated and anions are
depleted.

The charge reversal phenomenon can be captured with a very
simple model. One has to assume that the surface charge
density of the substrate originates from two additive
contributions'®”*%

0 =09+ qZel (14)
where g, is the surface charge density of the bare substrate and
Zeg is the effective charge of the adsorbed PE. The model
predictions of the surface potential shown in Fig. 8b reflect the
observed trends rather well. The validity of this linear super-
position relationship was confirmed in some systems, but
disagreement has been reported in others.?*3%93152133

Adamczyk and coworkers have proposed that this transition
is more gradual, which would reflect a decrease of the effective
charge with the surface coverage.®® On the other hand, a sharper
transition was observed for latex particles with adsorbed PSS
and dendritic PAMAM.™"*>* In the two latter systems, Z.k
appears to be constant at first, then increases in magnitude near
the charge neutralization point, and again remains constant
after this point. Unfortunately, we currently lack a general
picture concerning eventual variations of the effective charge of
PEs upon changes in the adsorbed amount.

Let us now discuss to what extent the simplified picture
shown in Fig. 7d actually reflects the actual charge distribution
between the different adsorbed components.*'***** At the
charge reversal point, the interface is neutral, and thus the
substrate, PE, and the adsorbed salt ions neutralize each other
precisely. In some cases, the PE neutralizes the surface exactly,
and one refers to stoichiometric adsorption. For other PEs,
especially for highly branched ones or for weakly charged
surfaces, the counterions of the PEs contribute substantially to
the charge balance, and the adsorption is super-stoichiometric.
In the case of adsorbed BPEI and PAMAM,*"*** the counterions
may be responsible for the neutralization of up to 90% of the
charge originating from the adsorbed PE. In saturated layers,
the situation is similar, since the overall surface charge that is
neutralized by the diffuse layer is normally just a small fraction
of the total charge carried by the adsorbed PE. Furthermore, the
lateral heterogeneity will lead to lateral undulations of the
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diffuse layer. These effects might be responsible for the
observed variations of the effective charge with the adsorbed
amount of the PE.**®

A fixed charge stoichiometry of the adsorption process can
often be used to rationalize shifts of the charge reversal point.
This principle explains why a higher dose of a more weakly
charged PE is needed to neutralize the charge of a given
surface.**® This trend is also reflected in Fig. 8b. Similarly, a
lesser amount of a given PE is needed to neutralize a surface of a
smaller surface charge.”® Dependencies on the solution pH
involving weak PEs can be understood similarly. The charge of a
weak cationic PE increases with decreasing pH. For a surface
with a fixed charge density, the charge reversal point thus shifts
towards a higher pH with an increasing amount of adsorbed
PE."? The same trend is observed for a negatively charged
surface with weak acid or amphoteric groups (e.g., silica) in the
presence of strong cationic PEs.''"° Reverse trends are
observed for weak anionic PEs adsorbed on a cationic surface of
fixed charge density or for strong anionic PEs adsorbed on a
positively charged surface with weak bases or amphoteric
groups.'**'*® More complex phenomena are observed when
the charges of the PE and of the surfaces are both pH
dependent.**>**>¢
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Fig. 8 Charge reversal by adsorbed PEs to oppositely charged
substrates in the unsaturated regime as illustrated by surface potential
measurements. (a) Amidine latex particles in the presence of PSS of
different molecular masses of the sodium salt by electrophoresis and
direct force measurements.*” (b) Calculation of the charge reversal
with linear superposition relationship. (c) Electrophoresis measure-
ments of carboxylated latex particles in the presence of LPEI at
different particle concentrations.***° (d) Streaming potential
measurements of mica in contact with poly(allyl amine) solutions at
different electrolyte concentrations indicated for 20 min.**? Reprinted
from J. Colloid Interface Sci., 303, Z. Adamczyk, A. Zembala and A.
Michna, PE adsorption layers studied by streaming potential and
particle deposition, 353, Copyright (2006), with permission from
Elsevier.

The shift of the charge neutralization point for dendritic
PAMAM with the molecular mass can be rationalized in a
similar way."* Due to the compact architecture of these PEs, an
increasing number of charged groups will be neutralized by
their counterions the higher their molecular mass. Therefore,
the effective charge increases more slowly than the molecular
mass, thus the charge neutralization point shifts toward higher
PE doses. However, this effect is absent for linear PEs. They
adsorb in a much flatter configuration, and therefore the charge
stoichiometry is independent of the molecular mass.

3 Forces induced by polyelectrolytes

In this section, we will discuss measured force profiles between
charged surfaces or between particles with adsorbed poly-
electrolytes (PEs) of opposite charge. An important observation
will be that the classical DLVO theory describes forces in such
systems reasonably well. Additional attractive non-DLVO forces
have been identified and can be important under certain
conditions, especially for PEs of high charge density and
high molecular mass. These additional forces are largely of
electrostatic origin and result from the laterally heterogeneous
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patch—charge distribution within the adsorbed PE film. Addi-
tional attractive forces may occur due to bridging of PE chains
or due to depletion at higher PE concentrations.

DVLA forces. The force F acting between two charged objects
across an aqueous electrolyte solution is assumed to have two
main contributions®**’

F: dew + Fdl (15)
namely, the attractive van der Waals force F,qw and the repul-
sive electric double layer force Fy;. The van der Waals force
originates from dispersive interactions between permanent and
fluctuating dipoles of the constituent molecules. For a pair of
particles of radius R this force can be approximated as

RH
12h?

whereby the Hamaker constant H characterizes its strength.
This expression is valid when the surface separation % is small
with respect to the particle radius R. This assumption is
applicable when retardation effects are negligible and when the
Derjaguin approximation is invoked. The double layer force
can be viewed to originate from the osmotic pressure resulting
from the overlap of the diffuse part of the double layers.
Within the Derjaguin approximation, the force acting
between two identical particles can be expressed at larger

dew == (16)

distances as

Fdl = 2TCR8()€K1//CQ‘2€_K}I (17)
where Y. is the effective electric potential. For a weakly charged
surface, this quantity is equal to the surface potential. For a
highly charged surface, the Poisson-Boltzmann theory suggests
that it converges to a constant value given by Y. = 4kgT/g.*>®
This relationship is analogous to the previously mentioned
relationship between the effective charge Z.¢ and bare charge Z.
The expression for the double layer force invokes the superpo-
sition approximation, which stipulates that the diffuse layer
does not deform upon approach. At shorter distances, charge
regulation or non-linearities may become important, but in
many cases eqn (17) remains a good approximation. More
accurate treatment on the mean-field Poisson-Boltzmann level
normally relies on numerical solutions of the corresponding
differential equation.

3.1 Bare surfaces and surfaces with saturated PE layers

As discussed in Section 2.1, saturated layers form when the
adsorbing PE is added in sufficiently large quantities. Such
layers are normally thin and highly charged. Therefore, forces
between these layers mainly originate from double layer inter-
actions. In the following, we will discuss forces between bare
surfaces first, and then between surfaces coated with saturated
PE layers.

Bare surfaces. Fig. 9a shows typical force profiles between
negatively charged sulfate latex particles measured with the
colloidal probe technique at low salt concentrations.*®* The
double layer interaction follows an exponential force law. The
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range of this force corresponds to the thickness of the diffuse
layer, which is given by the Debye length, «~*. This length
decreases with increasing salt levels, as predicted by eqn (11).
The intercept reflects the strength of the interaction and is
related to the surface potential. The experimentally measured
forces are perfectly consistent with DLVO theory, which is rep-
resented by the solid lines in Fig. 9. Similar double layer forces
have been observed between other types of charged particles,
such as positively charged latex, silica, or other mate-
rials. 3159160 Electrostatic potentials determined from the force
profiles typically agree well with {-potentials obtained from
electrophoresis, especially for weakly charged surfaces, while
for highly charged particles the magnitude of the observed
{-potentials tends to be higher.***31%*

The forces become attractive at shorter distances, but this
attraction cannot be well resolved due to the inherent
mechanical jump-in instability."*> During this instability, devi-
ations from DLVO theory are mainly caused by hydrodynamic
drag. This drag creates additional repulsive forces, which mask
the attractive forces at short distances. The force measurements
shown were carried out at relatively low salt levels, where double
layer forces dominate. Similar force measurements at higher
salt levels or for weakly charged particles have been reported
more recently, and they reveal the expected attractive van der
Waals forces.'® These results confirm that the DLVO theory also
correctly describes the transition between attractive and repul-
sive forces in such systems.

Similar force measurements between charged solid inter-
faces across aqueous solutions of monovalent electrolytes have
been carried out with the SFA and the colloidal probe in the
sphere-plate geometry.'*'**1% In the latter case, the symmetry
of the system remains difficult to ascertain. Nevertheless, these
studies confirm that forces in such systems are consistent with
the simple DLVO picture, at least down to distances of few nm.

Surfaces coated with saturated PE layers. When a charged
substrate is incubated in a sufficiently concentrated solution of
oppositely charged PEs, a saturated PE layer will form. This
layer is thin and highly charged, and thus forces acting between
such coated surfaces will be dominated by electrical double
layer interactions. Fig. 9b illustrates this situation by reporting
force profiles between sulfate latex particles coated with a
saturated layer of cationic LPEL*® The forces resemble the ones
acting between the corresponding bare charged surfaces shown
in Fig. 9a. At low salt levels, these profiles are again strongly
repulsive and can be well described by DLVO theory. Thereby, a
Hamaker constant of 4.0 x 107>! J has been used to model
interactions between latex particles across aqueous electrolyte
solutions and the same value will be used subsequently. The
only difference is that the bare surfaces are negatively charged,
while the coated ones are positively charged. Since the square of
the surface potential enters eqn (17), these forces do not depend
on the sign of the surface potential. The fact that interaction
forces between bare particles and between PE-coated particles
are similar is not surprising given the fact that PEs adsorb in a
thin layer. PE-coated surfaces simply behave as any other
charged interface. For surfaces coated with PEs, force and
electrophoresis measurements typically yield very similar
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electric surface potentials.***** The congruence between these
two techniques is also illustrated in Fig. 8a.

Numerous other studies confirm that interactions between
surfaces coated with saturated PE films are governed by repul-
sive double layer forces. Such a behaviour was observed for
positively charged amidine particles coated with the anionic
PSS™* and for negatively charged sulfate latex particles in the
presence of cationic LPEI and dendritic PAMAM.**'*” Double
layer forces were observed between silica, mica, or functional-
ized surfaces in the presence of various oppositely charged
PEs.”»10%167175 The strength of double layer forces could also be
varied through solution pH.”>**”*7® This dependence originates
from the resulting variation of the dissociation degree of the PE.
In some cases, deviations from DLVO theory have been reported
at short distances, and they were either attributed to steric
repulsion’®®'¢>'77178 or to patch-charge attraction.*®'*”'3!
However, these contributions are rather weak and one can
conclude that double layer forces dominate the interactions
between charged substrates with saturated PE layers of opposite
charge.

Bridging polymer chains are known to induce additional
attractive forces, and this mechanism was suggested to be
important for PEs as well.***7***° Such bridging processes can be
probed directly with the AFM, and this approach is referred to
as single molecule force spectroscopy.'******** The principle is
illustrated in Fig. 10. The force profiles are normally measured
through a repeated approach and retraction cycles of the probe
with respect to the surface, and the surfaces remain in contact
for short periods of time. When the surfaces are in proximity,
some of the PE chains adsorbed to one of the surfaces may
adsorb to the other surface and thereby bridge both surfaces.
The existence of such bridging PE chains is easily detected
during the retraction of the probe, since these chains are being
stretched and detached from the surfaces. These processes lead
to characteristic spikes or plateaus in the retraction force
curves.

Bridging events were investigated in detail for saturated
layers of adsorbed PVA on silica by force measurements with
AFM.'*>'¥> Representative examples are shown in Fig. 10. When
the PE chain is anchored strongly to both surfaces, the chain is

0 mm ?}(a) 0T —owvo b(b)
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Fig. 9 Experimental force profiles for sulfate latex particles in
monovalent electrolyte solutions adjusted to pH 4.0 compared with
their best fits by DLVO theory. (a) Bare negatively charged particles and
(b) the same particles at a LPEI dose of 1.1 mg g%, which results in a
saturated adsorbed PE layer of positive charge.*®
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stretched, which leads to a characteristic spike. This situation is
referred to as pulling and is shown in Fig. 10a. When the
anchoring to one of the surfaces is weaker, the chain will detach
continuously, which will lead to a plateau in the force curve.
Here we refer to peeling, which is shown in Fig. 10b. More
complex events equally occur and they are illustrated in Fig. 10c
and d. Similar experiments were equally used to obtain infor-
mation about the loop distribution of the adsorbed PEs.'**

While such bridging processes are rare at low salt levels,
they become rather frequent at higher salt concentrations and
for weakly charged PEs.' Similar observations could be made
for saturated BPEI films."® This trend can be rationalized
since the adsorbed layers were thin under low salt conditions,
and the PE chains are strongly bound to the substrate by
attractive electrostatic forces. As the salt level increases, these
attractive forces are screened, thus allowing PE chains to
explore the regions further away from the surface. In this case,
bridging becomes more frequent. Under these conditions,
however, the forces are often completely attractive, and the
presence of additional attractive bridging forces may not
modify the picture substantially.

3.2 Surfaces coated with unsaturated layers

At lower PE doses, one obtains unsaturated layers, which
feature lower adsorbed amounts than the saturated ones. As
discussed in Section 2.2, adsorbed unsaturated layers are often
laterally heterogeneous, but they can also be more homoge-
neous in some situations. Nevertheless, the principal contri-
butions to the force can be again understood within DLVO
theory. Let us first discuss the forces in the simpler case of
laterally homogeneous layers, and later address the more
complex situation of heterogeneously adsorbed layers.
Homogeneous polyelectrolyte layers. Fig. 11 shows the
interaction forces between negatively charged sulfate latex
particles at pH 4.0 for different doses of cationic LPEI.*® Solid
lines are best fits with DLVO theory. When no PE is added, the
forces are dominated by double layer repulsion. As the PE
dose increases, the surface charge is progressively neutral-
ized, and the repulsive forces weaken. The charge reversal
point is located near a dose of 0.28 mg g~ (0.15 mg m™?),
where one observes attractive van der Waals forces only. As
the dose is increased further, a positive charge builds up, and
the forces become repulsive again. At doses above 1.0 mg g~*
(0.55 mg m~?), the surface becomes saturated and the
repulsive forces do no longer increase. The effect of an
adsorbing PE results from the modification of the surface
charge, and the forces can be well described by DLVO theory
across the entire range of the PE dose. As shown in Fig. 11,
theoretical DLVO predictions follow the experimental data
accurately. Since DLVO theory is applicable, we suspect that
the adsorbed LPEI layers are rather homogeneous. These
layers are likely to be homogeneous on length scales
exceeding the Debye length, which is about 10 nm in this
case. In the repulsive force profiles, the short-range attractive
part cannot be well resolved due to the jump-in instability.
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Heterogeneously charged layers would show additional
attractive non-DLVO forces.

Force measurements for unsaturated PE layers near the
charge neutralization point are difficult to perform, and
therefore only few such reports are available.*®*07:131:176.185 The
main obstacle is that charge neutralization can be only ach-
ieved in a narrow range of PE doses, and this condition is
difficult to realize for the small surface areas available in the
currently used force measurement protocols. From this point
of view, the SFA or its variants are more advantageous, since
the surface area is few cm?”. The surface area of a single
particle used in the colloidal probe experiment is only
few um?, whereby the necessary PE doses are minute and
they cannot be properly controlled. The recently described
multi-particle colloidal probe technique circumvents this
problem by depositing a larger number of particles to a
substrate.*®'*”*3* In this fashion, one may again reach surface
areas of several cm?, for which the necessary dose is simpler
to control. Another possibility is to work with low PE
concentration and to monitor the force profiles with time.*®*
In such an experiment, the system initially passes through
the charge neutralization point, while the saturated layer
forms later.

Another possibility is to prepare a saturated layer with a weak
PE and to neutralize the charge by adjusting the solution pH.
With this technique, adsorbed PVP layers were shown to
interact by pure van der Waals interactions at their charge
neutralization point.””® This finding suggests that these PVP
films are also laterally homogeneous, similar to the ones
formed with LPEL* One may hypothesise that partially
protonated LPEI and PVP form homogeneous adsorbed layers
due to lowering of the PE charge by deprotonation and the
presence of additional hydrophobic interactions.

0 n e P2

Pulling

Peeling

Multiple Pulling

Pulling and Peeling

| 100 pN

s Retraction

Fig. 10 Bridging events as probed by colloidal probe AFM force
measurements for saturated PVA layers of molecular mass of 520 kg
mol~! adsorbed to silica in 100 mM electrolyte solution of pH 4.0.
Single molecule (a) pulling and (b) peeling events. More complex
events involving several molecules may show (c) a combination of
pulling and peeling events and (d) multiple pulling events.1°°
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Heterogeneous polyelectrolyte layers. Most experiments
conducted on adsorbed PE layers indicate that forces involve
additional attractive interactions. We suspect that such an
attraction principally originates from the lateral heterogeneity
of the adsorbed PE layers and the resulting patchy charge
distributions. In this case, the interaction force can be
approximated as'®*'%”

F=Fuaw*t Fat Fy (18)
Besides the two first terms, which correspond to the DLVO
contribution, the additional term F,. reflects the attractive non-
DLVO force due to patch-charge attraction.

Fig. 12 shows interaction forces between amidine latex
particles neutralized with PSS at a dose of 1.0 mg g~ * (0.58 mg
m™?)." One observes that the attractive forces are substantially
stronger than the van der Waals force expected from DLVO
theory, especially for high molecular mass and at low salt levels.
Experimental force profiles can be well fitted when this addi-
tional non-DLVO force is assumed to be exponential

Fpo = —Ae™ "

pe (19)

This exponential dependence was also found theoretically by
analysing interactions between surfaces with a periodic charge
distribution.'®'¥” This analysis indeed yields an additional
attractive interaction. This attraction results from the prefer-
ential orientation of the positively charged patches such that
they face the negatively charged ones. Such patch-charge
attractive forces are the strongest when the surface charge
heterogeneities form a regular lattice, but these forces are also
expected to be operational when the patches are arranged in a
liquid-like fashion. The theoretical analysis relates the decay
length ¢~ of this interaction to the Debye length by the simple

186
2\ ?
22 £
q =K +<b)

where b is the lattice spacing. At low salt levels, the range of this
force is governed by the lattice spacing, while at higher salt

expression

(20)
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Fig. 11 Experimental force profiles for sulfate latex particles for
different doses of LPEI at an ionic strength of 1.1 mM adjusted with a
monovalent salt at pH 4.0 compared with their best fits by DLVO
theory.*® PE doses (a) below and at the charge reversal point and (b) at
the charge reversal point and above.
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levels, the force is screened as a regular double layer force. The
data shown in Fig. 12a can be described by » = 15 nm. This
number agrees roughly with the size of the structures revealed
by AFM imaging shown in Fig. 6b. With increasing salt
concentrations, the patch-charge attraction is screened and at
higher salt levels the forces are again described by DLVO theory.
In that case, a Hamaker constant of 9.0 x 10~>' J was used but
the plane of origin was shifted to account for effects of rough-
ness. Fig. 12b illustrates that the size of the surface heteroge-
neities also plays an important role. Their size decreases with
decreasing molecular mass, and the additional non-DLVO force
disappears.

Very similar results were obtained by direct force measure-
ments between negatively charged sulfate latex particles in the
presence of dendritic PAMAM.'*”**® Near the charge neutrali-
zation point, forces are attractive, and they are again much
stronger than the van der Waals force, especially for high
molecular mass and low salt levels. The additional attraction
can be again rationalized with the exponential relationship
given in eqn (19). The measured corresponding lattice spacing
of this particular system is about b = 16 nm, but this value is
substantially smaller than the nearest neighbour spacing of the
dendrimers at the surface, which is about 50 nm. This
discrepancy probably originates from the assumption of a
square lattice inherent to the patch-charge model, while the
actual surface structure is irregular.

Additional attractive forces near the charge neutralization
point were reported in other systems with the SFA or related
techniques.” By exploiting the kinetics of the adsorption
process, attractive forces near this point could be observed for
PVA films at low salt levels.'® These forces were equally reported
to be exponential and substantially more attractive than the van
der Waals forces. We suspect that these forces also originate
from patch-charge attraction. Similar non-DLVO attractive
forces were reported between layers of adsorbed poly((3-meth-
acrylamido)-propyl)trimethylammonium chloride on mica.*?

Polymer bridging might also lead to additional attractive
forces. As discussed above, bridging events can be detected with
the AFM in the retraction part of the force curves, as shown in
Fig. 10. The occurrence of such bridging events was analyzed
near the charge neutralization point for the LPEI and PSS
systems.*”** While such events could be observed, they occurred
at low salt concentrations very rarely. Moreover, forces observed
in the PSS and PAMAM systems are similar, in spite of the fact
that the PE architectures are very different. If bridging would be
important, one expects substantial differences between the
forces in these two systems.

At higher salt levels, where bridging forces are expected to be
operational, the DLVO theory also predicts attractive forces.
Therefore, additional attractive bridging forces may not alter
the scenario much. At intermediate salt levels, however, where
the strength of double layer forces and van der Waals forces are
comparable, additional bridging forces may influence the
picture considerably. Similarly, when the charge of the PEs is
low, bridging forces might become important in analogy to
neutral polymers.”® This suggestion is supported by more
frequent occurrences of single molecule bridging events
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Fig. 12 Attractive force profiles for amidine latex particles neutralized
with adsorbed PSS in monovalent salt solutions at pH 4.0 together with
best fits by DLVO theory (solid lines) and additional patch—charge
attraction (dashed lines).*” The force curves might be inaccurate close
to contact due to eventual jump-in instability. (a) Molecular mass of
2260 kg mol™? at different ionic strengths and (b) different molecular
masses at an ionic strength of 0.1 mM. The scheme illustrates the
patch—charge attraction mechanism.

observed with the AFM under these conditions."”'*° However,
the precise conditions where bridging forces become important
remain unclear to us.

Interactions between surfaces in the presence of PEs were
investigated theoretically in detail by density functional theo-
ries and computer simulations.'***> Density functional theo-
ries suggest that interactions can be indeed described by DLVO
theory at larger distances. Computer simulations were used to
model forces between surfaces by approximating the PEs as
charged spheres that interact by means of screened Coulombic
interactions. These simulations confirmed the importance of
DLVO forces, but also suggested additional short-range inter-
actions originating from ordered arrangements of the PEs at
the surface.”™® A similar study with flexible PE chains, which
included all Coulombic interactions explicitly, found similar
additional attractive forces, but the range of the forces did
strongly depend on the chain flexibility.'*® Attractive forces
close to charge neutralization and repulsive forces away from
this point were also reported.*** These studies demonstrate the
importance of additional attractive forces. Other computer
simulation studies suggest that bridging forces might also be
important.’*>*® However, these studies refer to bridging even
when PEs are not absorbed at both surfaces and these simu-
lations are carried out under equilibrium conditions. The
irreversible nature of the adsorption process and the resulting
slow dynamics of the adsorbed chains may modify the nature
of the bridging contributions substantially. On the other hand,
the adsorbed PE chains may maintain some lateral mobility
and equilibrate laterally to some extent.

Depletion forces. At higher PE concentrations, typically
above few g L', and for non-adsorbing or weakly charged
polymers, depletion forces become important.*+*>96:199-204 gych
forces result from the mismatch in the osmotic pressure within
the gap between two approaching particles and the bulk solu-
tion. When the gap is small compared to the size of the PE coil,
the PE concentration in the gap is smaller, leading to an
attractive force between the particles. At higher PE
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concentration, these forces may become oscillatory, as they
reflect the structuring of the PE bulk solution. Depletion
forces are well documented in PE solutions involving non-
adsorbing surfaces.*»**?%> As expected, depletion forces
increase in strength with decreasing salt levels and increasing
molecular mass of the PE. Depletion forces acting between
surfaces saturated with oppositely charged PEs were reported as
well.**?* These forces were suggested to set in already at
moderate PE concentrations, and no oscillatory forces
were observed in this case. The latter effect might be related to
the presence of lateral surface heterogeneities of the adsorbed
PE layers and may reflect similar modifications of depletion
forces as induced by substrate roughness in particle

suspensions.>®

4 Particle aggregation induced by
polyelectrolytes

Aggregation of colloidal particles is governed by the interaction
forces acting between the particles. Simplistically, attractive
forces lead to rapid particle aggregation, while this process is
slowed down by repulsive forces. The elementary step of the
aggregation process can be viewed as a chemical reaction

A+A - A, (21)
whereby a particle dimer is being formed from two monomeric
particles. The formation rate of the dimers is given by>*2°2%”

% = gle (22)
where N; and N, are the number concentrations of the mono-
mers and dimers, respectively, and k is the aggregation rate
coefficient. The aggregation process does not stop with the
formation of dimers, but continues through higher order
aggregates.>*?°%?%” These aggregates have an irregular, ramified
structure and can be characterized as mass fractals. These
aggregates may interlink such that finally only one large
aggregate spans the entire container. In that case, one refers to
the formation of a colloidal gel.>**>'

Aggregation rates from DVLO theory. The key contribution of
DLVO theory was to derive the aggregation rate coefficient in
terms of the interaction potential between colloidal particles.
From the steady-state solution of the forced diffusion equation
one finds that the rate coefficient is given by*>->*+2¢

J“’ B(h/R)
o 2R+h)

4k T
k=
3nR

 exp[V(h)/(kaTYIOH|  (23)

where 7 is the viscosity of the solution, V(#) is the interaction
potential energy, and p(x) is the hydrodynamic resistance
function at x = A/R. The interaction potential can be obtained by
integrating the force profile

V(h) = J

h

©

F(i)dn (24)

while the resistance function can be approximated as****'*
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66X+ 13x 42

Blx) = 6x? + 4x (25)

DLVO theory predicts two regimes for the aggregation
processes.****® The first regime, referred to as the fast or diffu-
sion controlled aggregation, typically occurs for high salt
concentrations or small surface charge densities. In this situa-
tion, the aggregation rate coefficient is approximately given by
the Smoluchowski value for hard spheres®*>°®

_ 8kaT _

1.2x 1077 m? s7!
31

k

(26)

where the numerical value refers to water at room temperature.
This expression can be obtained from eqn (23) by setting the
exponential factor and the resistance function to unity. Exper-
imentally observed aggregation rates in the fast regime are
normally comparable to the Smoluchowski value, but they are
often somewhat smaller.”"'>*?

The second regime, referred to as the slow or reaction
controlled aggregation, occurs at lower salt concentrations and
higher surface charge densities. In this case, the interaction
potential develops a barrier, which leads to a small aggregation
rate coefficient. The relatively sharp transition between these
two regimes is referred to as the critical coagulation concen-
tration (CCC). This transition has been observed in numerous
systems, for example, as a function of the salt concentra-
tion,**>*** or when the surface charge density was varied by
adjusting the solution pH.****** The DLVO theory is capable of
describing the aggregation rates accurately provided that the
surface charge density is not too high.”*> At higher surface
charge densities, important deviations may occur.

The aggregation rate coefficients are normally reported as
the stability ratio defined as>****

kfast
k

where kg, is the aggregation rate coefficient in the fast regime
of a reference system, typically at high electrolyte concentra-
tions, and k is the rate coefficient under the conditions in
question. Therefore, the stability ratio is close to unity in the
fast aggregation regime, and it increases as the aggregation
slows down.

W =

(27)

4.1 Bare particles and particles with saturated PE layers

Aggregation rate coefficients of colloidal particles can be accu-
rately measured with time-resolved light scattering, turbidity, or
single particle counting.**”*'”*!® In many situations, the trends
observed can be well rationalized by DLVO theory. In the
following, we will discuss aggregation rates in suspensions of
bare particles first and then in suspensions with particles
coated with saturated PE layers.

Bare particles. Aggregation rate coefficients of bare colloidal
particles were reported in numerous studies,?’?1?-214216219-222
The characteristic dependence of the stability ratio for charged
sulfate and amidine latex particles on the concentration of
monovalent salt is shown in Fig. 13a. The solid line represents
the stability ratio calculated with DLVO theory whereby the
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electrical surface potentials were estimated by electrophoresis.
Experimental and calculated stability ratios show the regimes of
slow and fast aggregation, and they feature a similar depen-
dence on the salt concentration. In the fast aggregation regime
that is encountered at high salt concentrations, the stability
ratio is close to unity and constant. In the slow aggregation
regime, the stability ratio increases rapidly with decreasing
electrolyte concentration. The CCC is located at the transition
between these two regimes and lies near 0.2-0.3 M, which is
typical for highly charged particles in a monovalent salt
solution.

A common difficulty with DLVO theory is that it predicts a
substantially stronger dependence of the stability ratio on the
salt concentration than that observed experimentally. In this
example, this discrepancy is apparent in the slow aggregation
regime by the different slopes of experimental data and of
the DLVO calculations. A similar behaviour and analogous
discrepancies with theoretical predictions have been reported
in other systems containing charged particles in the presence of
monovalent salts.*®***?> The origin of this discrepancy is
probably related to lateral patch-charge heterogene-
ities.?*4?29223225 These patch—charge heterogeneities that are
also likely present on the bare particles have a different origin
than the ones discussed above, which originate from the lateral
heterogeneity of the adsorbed PE films. The patch-charge
heterogeneities of the bare particles may originate from the
discreteness of the charged groups or an uneven distribution of
these groups at the surface that result from the synthesis
process. Their presence was also evidenced by differential
electrophoresis techniques.””® These heterogeneities will
equally induce additional attractive forces. Such attractions are
expected to be stronger between particles suspended in solution
than those measured with the colloidal probe AFM. Suspended
particles can rotate freely and they will eventually find a
configuration of the patches on the two particles involved that
lead to an approach pathway of the lowest free energy.

In the fast regime, DLVO theory predicts an absolute rate
constant of 7.1 x 10~ '®* m* s™". The fact that this value is smaller
than Smoluchowski's value given in eqn (26) originates from the
interplay between van der Waals forces and hydrodynamic
interactions. The experimentally measured aggregation rate
coefficient is 3.5 x 107 '®* m® s™" for the sulfate latex particles
and 4.4 x 107"* m® s7" for the amidine latex. These values are
smaller than the ones predicted by DLVO theory, and the
remaining discrepancies probably originate from inaccuracies
of the hydrodynamic resistance function at small separations.

Particles coated with saturated polyelectrolyte layers. Trends
concerning the stability of particles coated with a saturated
polyelectrolyte (PE) film are very similar to bare particles, sug-
gesting that the principal interactions are governed by DLVO
forces too."*** Fig. 13b shows data of negatively charged
sulfate latex particles coated with cationic PDDA and of posi-
tively charged amidine latex particles coated with anionic PSS.
They are compared with DLVO calculations whereby surface
potentials were estimated from electrophoresis. The character-
istic regimes of slow and fast aggregation can be identified as
well. Again, the DLVO theory predicts a stronger dependence of
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the stability ratio on the salt concentration in the slow regime.
This dependence seems even weaker than for the bare particles,
suggesting that the patch-charge heterogeneities are more
pronounced for the saturated PE layers than for the bare
particles. For the particles coated with PEs, the CCC is shifted to
higher salt concentrations and the stability ratio exceeds unity
in the fast regime. This small increase in the stability ratio is
probably due to additional contributions from repulsive steric
forces originating from overlapping PE layers. Such additional
forces may also lead to higher CCCs, but the more likely origin
of this shift is the high surface charge density of saturated
PE layers.

The similarity between bare colloidal particles and particles
coated with a saturated PE layer was observed for various other
systems, including negatively charged sulfate latex particles in
the presence of LPEI, positively charged amidine latex particles
in the presence of PSS or PAA, and hematite particles with
alginate.">*”” A similar behaviour was also reported for latex
particles with poly(methacrylic acid) grafted to their surface.?*®
This similarity is further supported by direct force measure-
ments, which indicates that interactions between surfaces
coated with saturated PE layers are well described by DLVO
theory as illustrated in Fig. 9b. These findings clearly demon-
strate that forces acting between the charged surfaces and those
coated with a saturated PE layer are similar and that they can be
understood within DLVO theory. This similarity is due to the
very thin and compact nature of the adsorbed PE films.

Particles with an adsorbed saturated PE layer often have
higher CCCs.*****> Particles with grafted PEs on their surface
have CCCs in monovalent salts even above 1 M.***** Saturated
adsorbed PE films typically feature high surface charge densi-
ties, which will cause the CCC to shift to high salt concentra-
tions. However, the systems shown in Fig. 13b are characterized
by stability ratios larger than unity in the fast aggregation
regime, pointing to a more stable suspension than the one
predicted theoretically, even at high ionic strengths. Stabiliza-
tion at high salt levels was also observed in the presence of
neutral polymers or for grafted PE brushes.?****?** This effect is
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Fig. 13 Dependence of experimentally measured stability ratios of
latex particles on monovalent salt concentration at pH 4.0 and
comparison with DLVO theory. (a) Bare amidine latex and sulfate latex
particles and (b) the same particles coated with a saturated layer of PSS
and PDDA, respectively.**42 Schemes on the top illustrate the dimer
formation without and in the presence of PEs.
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sometimes referred to as electrosteric stabilization."****"*® This
additional stabilization cannot be rationalized within DLVO
theory, but reflects additional repulsive steric forces. However,
such effects are not very important in charged particle suspen-
sions in the presence of oppositely charged PEs."*"**>23¢

4.2 Aggregation involving unsaturated polyelectrolyte layers

Stability ratios pass through a characteristic minimum with
increasing PE doses. Since unsaturated PE layers undergo a
charge reversal with increasing the mass of adsorbed PE, this
dependence can be rationalized by DLVO theory. Adsorbed
unsaturated layers are often laterally heterogeneous, but
sometimes they can be more homogeneous. Let us now discuss
the aggregation rates of particles in suspension in such situa-
tions. We will first focus on the simpler case of homogeneous
layers and discuss heterogeneous layers later.

Homogeneous polyelectrolyte layers. The characteristic
dependence of the stability ratio on the PE dose and the influ-
ence of the added monovalent salt are illustrated in Fig. 14. The
example shown refers to negatively charged sulfate latex parti-
cles in the presence of LPEI in an electrolyte solution at pH
4.0."° Under these conditions, the ionization degree of LPEI is
about 65%.%** At low salt concentrations, one observes the
characteristic U-shaped stability plot. The suspension is stable
at low PE doses. With increasing doses, the stability ratio
decreases, until it reaches unity near the charge neutralization
point. This point is located near 0.8 mg g ' (0.04 mg m 2).
When the PE dose is increased further, the suspension is
stabilized again. At higher salt concentrations, one observes
plateaus in the stability ratio at both low and high PE doses.
These plateau values diminish rapidly with increasing salt
concentrations, and for high salt concentrations the fast
aggregation regime is reached for any PE dose. The salt
dependence of these plateaus is better reflected in the stability
plots versus the salt concentration for the bare and PE-coated
particles, while the onset of fast aggregation is defined by the
corresponding CCCs. This situation was discussed above and is
illustrated in Fig. 13.

Let us compare these results with predictions of DLVO
theory, whereby the surface potentials were estimated from
electrophoresis. At low salt concentrations, DLVO theory
reproduces the experimental data well. The likely reason why
DLVO theory works in this case is that the adsorbed LPEI film is
laterally homogeneous. Force measurements shown in Fig. 11
also suggest that the film is homogeneous on length scales of at
least 10 nm. This number is in agreement with the present
stability data, since DLVO predictions break down for salt
concentrations near and above 10 mM. While the minimum is
described reasonably well, the plateau at high LPEI doses is no
longer located properly. While the DLVO theory is capable of
predicting the overall shape of the stability curve at higher salt
concentrations qualitatively, it fails to do so quantitatively. The
predicted widths of the instability region and the values of the
stability plateaus do not agree with experiments. At higher salt
levels, the system is more stable than what is predicted by DLVO
theory, possibly due to steric forces.
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Another experimental finding confirming the homogeneity
of adsorbed LPEI layers is presented in Fig. 15a. This graph
shows experimental stability data for different molecular
masses."® No significant trend with the molecular mass can be
established and a good agreement with DLVO theory is
observed.

There are numerous other reports confirming that the
aggregation near the charge reversal is rapid and that it slows
down away from this point. They involve a wide range of PEs
together with positively*»'*>14148232 and negatively charged
particles.?#%°0,56:110,142.143153 - However, the plateaus in the
stability ratios at high and low PE dose are difficult to observe
experimentally, and therefore they are often missing. Never-
theless, the existence of these plateaus has been clearly
demonstrated in some systems, 14148130

With increasing salt concentration, the fast aggregation
regime widens and the dependence of the rate coefficient on the
PE dose weakens in the slow regime. This salt dependence is
generic and was reported for negatively charged latex and silica
particles in the presence of cationic PEs*“*'%14>155 and for
positively charged latex particles with PSS or PAA.**'4

Heterogeneous polyelectrolyte layers. Adsorbed PE films are
often laterally heterogeneous, and in this situation the aggre-
gation is faster due to the attractive patch-charge interactions.

Fig. 15b shows aggregation rates of sulfate latex particles in
the presence of dendritic PAMAM of different molecular
masses.'® When the molecular mass is small, the dependence
of the stability ratio on the PE dose is relatively well described
by DLVO theory. For large molecular masses, however, the
experimentally observed stability ratios are substantially
smaller than the predicted ones. Attractive patch-charge
interactions between heterogeneous surfaces are likely to be
responsible for this reduction. When one approximates these
interactions with eqn (19), the experimentally observed trend
can be captured relatively well. The higher the molecular
mass, the larger the size of the patches, and this increase leads
to a larger range of attractive non-DLVO forces; see eqn (20).
The stability measurements were carried out at a salt
concentration of 1 mM, which corresponds to a Debye length
of 10 nm. The nearest-neighbour distances between the den-
drimers are below this value for the molecular mass of 3.3 kg
mol ™', and thus the film should be considered homogeneous.
The shift of the minimum in the stability plot shown in
Fig. 15D reflects the shift in the charge neutralization point.
This effect is discussed in Section 2.3 and is related to the
compact architecture of dendritic PAMAM.

The role of patch-charge heterogeneities is typically man-
ifested in the stability plots by widening of the fast regime and
weaker dependence in the slow regime. These trends could also
be well predicted by Monte Carlo simulations, where the
dendritic PAMAM were modelled as charged hard spheres
interacting with screened Coulomb potential.>**

Similar dependencies on the molecular mass were observed
for amidine latex particles in the presence of PSS or PAA,**'*®
for cationic PEs and sulfate latex,*® or silica particles.>**?*%*
However, no dependence of the stability ratio on the molecular
mass is observed for LPEI, as illustrated in Fig. 15a."*® This
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Fig. 14 Stability ratios of sulfate latex particles versus the dose of LPEI
at different ionic strengths adjusted by a monovalent electrolyte and at
pH 4. Solid lines are calculations with DLVO theory.**® Note that only
calculated curves are shown for 40 mM and 65 mM. These calculations
illustrate that DLVO theory reproduces the overall dependence
correctly, albeit not at the appropriate salt concentration.

observation reflects the homogeneity of the adsorbed film at
length scales above 10 nm.

Another characteristic effect of patch-charge heterogeneities
can be observed in the fast aggregation regime near the charge
neutralization point. Fig. 16a shows stability ratios versus salt
concentration at the charge neutralization point for dendritic
PAMAM of different molecular masses. One observes that the
stability ratio decreases with decreasing salt concentration and
that this effect becomes increasingly pronounced with
increasing molecular mass. This trend can be interpreted with
the increasing strength of the patch-charge interactions.
Calculations of the stability ratio by including the non-DLVO
patch—charge contribution given in eqn (19) capture the salt
dependence rather well. Therefore, we interpret this enhance-
ment as originating from patch-charge attractions. Due to their
electrostatic nature, these interactions are screened at higher
salt concentrations. Since these patches increase in size with
increasing molecular mass, this effect also becomes more
important under these conditions. Fig. 16b illustrates that this
enhancement in the stability ratio at the charge neutralization
point can be also observed for different linear PEs. This trend
was reported for sulfate latex particles neutralized with PVA,
BPEI, or poly(aminoethyl methacrylate)***'** or amidine
particles with PSS or PAA.™*'** Adsorbed LPEI layers do not
show this enhancement due to their lateral homogeneity.***

The question to what extent bridging forces are relevant in
the aggregation process of charged particles involving oppo-
sitely charged PEs still remains open. The observed trends in
the available experimental data are qualitatively consistent with
DLVO theory and patch-charge attractions. While the effect of
patch—charge attractions can be modelled with an exponential
force profile, this treatment is approximate due to inherent
lateral heterogeneity of the surface. At this point, no quantita-
tive theory is capable of predicting aggregation rate constants
from the respective surface charge distributions. Direct force
measurements discussed in Section 3 confirm that bridging
events are rare at low salt concentrations, and under these
conditions bridging forces will be unimportant. At higher salt
concentrations, however, bridging events can be frequently

This journal is © The Royal Society of Chemistry 2014
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Fig. 15 Dependence of stability ratios of sulfate latex particles on the
PE dose for different molecular masses in monovalent electrolyte
solutions at pH 4.0 and comparison with DLVO theory. (a) LPEl in an
electrolyte of 10 mM®*° and (b) dendritic PAMAM dendrimers at
1 mM.*** The dashed line illustrates the effect of additional non-DLVO
patch—charge attractions. The schemes on the top illustrate the
homogeneous LPEI and heterogeneous PAMAM layers.

observed with the AFM, and therefore bridging forces could play
a more important role. In this regime, however, the prevailing
attractive interactions induce fast aggregation, and the corre-
sponding rate depends only weakly on the strength of the
attractive forces. In some systems, enhanced aggregation rates
in the fast regime in the presence of alginate and multivalent
cations were interpreted in terms of gelation, but they might
also represent a signature of bridging.”****” However, analogous
effects were not reported for other PEs so far.

Depletion destabilization. At higher polymer concentrations,
typically around few g L™, neutral polymers were shown to
destabilize colloidal suspensions through depletion forces.>**>%*
A similar destabilization could be achieved by PEs and nano-
sized charged particles having the same charge as the parti-
cles.?*?* The addition of neutral polymers to suspensions of
charged particles does initially enhance the aggregation
processes, but leads to phase separation and gelation at later
times.”*® Similar phenomena are expected in charged colloidal
suspensions in the presence of higher concentrations of oppo-
sitely charged PEs, but we are unaware of any systematic studies
of the aggregation phenomena in such systems.

5 Outlook

Polyelectrolytes (PEs) adsorb irreversibly to oppositely charged
substrates until saturation, which results in thin monolayers,
which have the opposite charge than the substrate. Due to the
irreversible nature of the adsorption process, the addition of
PEs to colloidal suspensions at smaller doses leads to the
formation of unsaturated layers, and thereby charge reversal
can be induced.

The principal forces acting between saturated layers are
repulsive due to double layer forces and the corresponding
particle suspensions are stable. For unsaturated layers near the
charge reversal point, the interaction forces are attractive and
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the suspensions become unstable. Both phenomena are in
agreement with DLVO theory, which can even describe inter-
actions between homogeneous films quantitatively. For laterally
heterogeneous films, attractive patch-charge interactions
induce additional attractive forces leading to faster aggregation
than predicted by DLVO theory.”

In spite of this reasonable level of understanding, we are still
far away from being able to quantitatively predict interaction
forces and colloidal stability solely from properties of the PEs
and of the substrates. The charge reversal point for unsaturated
layers can be estimated by assuming stoichiometric charge
neutralization, even though numerous PEs adsorb in a super-
stoichiometric way due to counterion co-adsorption.** However,
a proper way to address the extent of this co-adsorption process
is currently unknown. Similarly, there are a number of uncer-
tainties as to how to reliably estimate electric surface potentials
of surfaces with adsorbed PEs.

Better characterization of the lateral surface structure of
PE-coated surfaces and of the resulting surface charge hetero-
geneities represents an important need to progress further. At
this point, we have little knowledge concerning the type of
surface charge heterogeneities, the respective length scales, and
when such layers might be considered as homogeneous. Most
promising are AFM imaging techniques,*** but obtaining high-
resolution maps of surface potentials represents a challenge.
Such maps can be interpreted in terms of radial distribution
functions, as recently carried out with computer simulation
results,” but corresponding experimental results are only
available for dendritic PAMAM.***** We further lack reliable
models to estimate the interaction forces involving heteroge-
neously charged surfaces. In particular, such models must go
beyond the current simplistic regular lattice arrangements,***>*>
and the question of random, liquid-like structures must be
addressed.

The relevance of forces that are well established for neutral
polymers, such as steric repulsion, bridging attraction, and
depletion interactions, should be revisited for PEs in more
detail. Based on the above discussion, bridging forces appear
irrelevant at low salt levels and for highly charged PEs. With
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Fig. 16 The dependence of the stability ratios on the salt concentra-
tion at the charge neutralization point. Solid lines are calculations
including non-DLVO contributions from patch—charge interactions.
(a) Sulfate latex particles at pH 4.0 in the presence of dendritic
PAMAM?* and (b) amidine particles in the presence of linear PSS and
PAA and sulfate latex in the presence of BPEI and PVA 49140143148
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increasing salt levels and decreasing charge densities, the PEs
start to resemble neutral polymers, and thus steric and bridging
forces will start to play a more important role.***”®* However, it
is unclear to us under what conditions this transition happens
and what the respective mechanisms are.

On the other hand, depletion interactions have been estab-
lished to play an important role at elevated PE concentrations.
While depletion forces induced by non-adsorbing PEs have
been studied in detail,**** we have little information concern-
ing such forces for PEs in the presence of oppositely charged
substrates. An adsorbed saturated PE layer will make the
surface effectively non-adsorbing for additional PE molecules,
and thus the depletion interactions in these systems might well
resemble the non-adsorbing case.

We hope that these questions will be addressed in the future
by combining experimental techniques, computer simulations,
and theory. These efforts are expected to lead to a more detailed
picture of PE adsorption processes and the resulting interaction
forces between substrates, and finally should give rise to reli-
able predictive tools that could be used to design optimal
systems of PEs and substrates for the processes in question.

List of abbreviations

The corresponding structural formulae of all PEs discussed are
given in Fig. 1.

AFM Atomic force microscope

BPEI Branched poly(ethylene imine)

CCC Critical coagulation concentration

DLS Dynamic light scattering

DLVO Derjaguin, Landau, Verwey, and Overbeek
LPEI Linear poly(ethylene imine)

PAA Poly(acrylic acid)

PAMAM Poly(amido amine)

PDDA Poly(diallyldimethyl ammonium)

PE Polyelectrolyte

PLL Poly(r-lysine)

PSS Poly(styrene sulfonate)

PVA Poly(vinyl amine)

PVP Poly(vinyl pyridine)

RSA Random sequential adsorption
SFA Surface forces apparatus

SCF Self-consistent field.
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