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Abstract

This thesis is focusing on comprehensive aggregation studies involving polymeric latex particles
and different ionic coagulating agents. In the first chapter a detailed description of the particle
aggregation and the principle of the different experimental techniques will be given. Besides, the
chapter provides a brief introduction to the colloidal particles and to the ionic liquids used in the

different projects.

The second chapter focuses on the aggregation of negatively charged latex particles in the
presence of different multivalent salts. We demonstrate the relevance of the counterion valence
in the aggregation process, reflecting the well-known Schulze-Hardy rule. A comparison with
literature data will reveal that our systems investigated show similar behavior to the ones
described earlier. Moreover, we provide an experimental evidence of the slowdown in the
aggregation process at elevated electrolyte concentrations, which can be explained by the bigger

viscosity of the media under these conditions.

The third chapter presents direct force measurements between negatively charged latex particles
in aqueous solutions of electrolytes of different counterion valence in order to investigate the
origin of the Schulze-Hardy rule. We show that in case of mono- and divalent counterions, the
observed force profiles can be rationalized by the theory of Derjaguin, Landau, Verwey and
Overbeek (DLVO) down to few nm. At shorter distances and in case of counterions of higher
valence, additional non-DLVO forces are needed to interpret the forces acting between the
particles. Based on these force profiles, we were able to calculate aggregation rates which agree

reasonably well with the ones independently measured by light scattering.

The fourth chapter reports a study where we show that ions of the same valence can have
completely different effects on aggregation of positively and negatively charged latex particles.
Depending on the hydration state of the counterion, characteristic shifts in the critical coagulation
concentrations (CCC) can be seen. The results reflect the well-known Hofmeister series.
Comparison between experimental CCCs and those calculated by the DLVO theory reveals that

the different extent of the ion adsorption is the main responsible for the ion-specific effects.



A detailed study with force profiles and aggregation rates involving positive and negative
charged polystyrene latex articles is presented in the fifth chapter, where the origin of the
Hofmeister effect in particle aggregation is investigated. We demonstrate that the interaction
force profiles cannot be described with the pure DLVO theory, an additional attractive short-
ranged non-DLVO force must be included. The measured and calculated CCCs including the

characteristic shifts due to the Hofmeister effect agree in an excellent fashion in each system.

The sixth chapter presents the extension of the well-known Hofmeister series based on
aggregation studies. This project can be considered as the continuation of the one presented in the
fourth chapter, since the same particles were investigated. Besides simple monovalent salts, water
miscible ionic liquids (ILs) were used as coagulating agents. It will be shown that only small
changes in the anion or cation structure can cause huge differences in their coagulating power.

Based on the results obtained, we propose an extended Hofmeister series.

The seventh chapter reports an aggregation study of sub-micron and nano-sized latex particles in
room temperature ionic liquids and in their water mixtures. In each system, the entire IL
concentration range will be explored, starting with dilute solutions through intermediate
concentrations to the pure ILs with traces of water. Two different stabilization mechanisms will
be suggested, namely viscous and solvation stabilization. While the former one is important in
highly viscous ILs, where the diffusion can be hindered due to the increased viscosity of the
media, the latter one is system specific, but can lead to significant slowdown in the aggregation
process. The knowledge generated from this project has a huge impact in the materials science,
cause the ILs are commonly used in nanoparticle synthesis, where the fate of the synthesized

particles is crucial for further applications.

The eighth chapter contains the general conclusions of the thesis.



Résumé

Cette these se focalise sur I’étude des différents mécanismes d’agrégation entre les particules de
latex fonctionnalisées et divers agents de coagulation d’origine ionique. Dans le premier chapitre,
une description détaillée sur I’agrégation des particules sera traitée ainsi que le principe des
differentes techniques expérimentales utilisées. De plus, ce chapitre introduira les particules

colloidales et les liquides ioniques utilisés dans les différents projets.

Le second chapitre traite de I’agrégation entre deux particules négatives de latex en présence de
différents sels multivalents. On démontrera la pertinence de la valence des contre—ions sur le
processus d’agrégation, ce qui est traduit par la regle de Schulze—Hardy. Une comparaison entre
nos donnees et ceux de la littérature ont révelée que notre systéeme se comporte de maniére
similaire a ceux décrit précédemment. Par ailleurs, on montrera des résultats expérimentaux sur le
ralentissement du processus d’agrégation aux fortes concentrations d’électrolytes pouvant étre

expliqué par une plus grande viscosité de la solution sous ces conditions.

Le troisieme chapitre présente les mesures de forces entre les particules de latex chargées
négativement en solution pour divers électrolytes de valences différentes afin d’étudier I’origine
de la régle de Schulze-hardy. On montrera que dans le cas des contre—ions mono- et di-valent, les
profiles de forces peuvent étre modélisés jusqu’a quelques nanometres par la théorie de
Derjaguin, Landau, Verwey et Overbeek (DLVO). Pour de faibles distances et dans le cas des
contre—ions de plus hautes valences, des forces additionnelles d’origine non-DLVO doivent étre
ajoutées afin d’interpréter les forces agissantes entre les particules. Basé sur ces profiles de force,
on a été capable de calculer les constantes d’agrégation dont les résultats obtenus sont en accord

avec ceux mesures par diffusion de la lumiere.

Le chapitre quatre traite d’une étude ou I’on a mis en évidence que divers ions de méme valence
peuvent avoir des effets complétement différents sur I’agrégation des particules de latex chargées
positivement et négativement. En fonction du degré d’hydratation des contre—ions, un
déplacement dans la valeur de la concentration critique de coagulation (CCC) a été observé. Ces

résultats traduisent I’effet de la série de Hofmeister. La comparaison entre les CCC déterminées



experimentalement et calculées par la théorie de DLVO montre que I’adsorption des ions sur les

particules est responsable de ces effets spécifiques des ions.

Une étude détaillée sur les profiles de force et sur les constantes d’agrégation entre les particules
positive et négative de latex fonctionnalisées par du polystyréne est présentée dans le chapitre
cing ou I’effet de la série de Hofmeister est étudiée. On démontrera que les profiles des forces
d’interactions ne peuvent pas étre décrites par la théorie de DLVO seule et qu’une force attractive
supplémentaire d’origine non-DLVO doit étre ajoutées. Les CCC mesurées et calculées ainsi que

leurs déplacements dus a la série de Hofmeister sont en accord pour chaque systeme investigués.

Le sixieme chapitre présente une extension de la série de Hofmeister basée sur I’étude
d’agrégation. Ce projet peut étre considéré comme la suite du quatrieme chapitre étant donné que
les mémes particules ont été utilisées. En plus des ions monovalents, des liquides ioniques (IL)
miscibles dans de I’eau ont été utilisés comme agents de coagulation. On s’efforcera de montrer
comment les changements dans la structure des anions ou cations peuvent induire autant de
différences dans leur pouvoir de coagulation. Sur la base de ces résultats une extension de la série
de Hofmeister sera proposee.

Le septieme chapitre traite d’une étude sur I’agrégation des particules de latex de taille micro- et
nano-métrique a tempeérature ambiante dans des liquides ioniques purs ou dilués avec de I’eau.
Dans chaque systeme, une échelle de concentration des liquides ioniques sera explorée. Elle
commencera pour des solutions diluées jusqu’a celle des IL purs présentant des traces d’eau en
passant par des concentrations intermédiaires de IL diluées dans de I’eau. Deux meécanismes de
stabilisation sera suggerés correspondant a une stabilisation par la viscosité et par la solvatation.
La stabilisation par la viscosité est importante pour les IL hautement visqueux car la diffusion
peut étre annihilée due a I’augmentation de la viscosité de la solution. La stabilisation par la
solvatation est dépendent du systeme mais peut résulter en une diminution significative du
processus d’agrégation. Les connaissances générées par ce projet ont un fort impact dans la
science des matériaux car les IL sont communément utilisés dans la synthése des nanoparticules

ou la caractéristique des nanoparticules synthétisée est cruciale pour divers applications.

Le chapitre huit fournit une conclusion genérale de la these.



CHAPTER 1
INTRODUCTION

1.1 Particle suspensions and their stability

Particle suspensions represent an important class of materials, which can be found in nature and
in numerous manufacturing processes. They are widely used in papermaking, food, cosmetics and

paint formulation as well as they can be relevant in biomedical applications (Figure 1).
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Figure 1 Some applications where suspended particles are important, clockwise, starting from the upper left corner:
papermaking, drug and gene delivery, wastewater treatment, and paint formulation.
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In papermaking, mixtures of negatively charged cellulose fibers and fillers (calcite, titania) are
treated with cationic polyelectrolyte in order to achieve the product desired.>? Paint formulation
is another important process dealing with solid particles. Since the development of water-based
products, they mainly contain water, pigments, fillers and stabilizing agents. Titania, calcite, clay,



silica or polymeric latex particles are used most frequently, depending on the properties
desired.®* Particles can be found in cosmetics and food products. The typical example of such
systems is the titania-containing sunscreens due to its advantageous UV-adsorption properties.”
Particles are commonly used to stabilize food colloids such as emulsions or foams.®
Destabilization of suspended solid particles is an important phenomena in wastewater treatment.
The dust and other particles are aggregated followed by sufficient sedimentation and filtration.
Organic polymers or multivalent metal ions are the most frequently used coagulating agents.”®
Growing interest in nanoparticle-based systems can be seen in different biomedical applications.
Iron-oxide or layered double hydroxide particles are widely used in gene and drug delivery.®
They have to be specifically modified in order to achieve advantageous properties. The high
stability of such systems is crucial due to the complex environment of a biological medium.

The stability of particle suspensions depends on many factors. The size of the suspended particles
varies from few nm that one can refer to as nanoparticles, to micrometer range, which represents
real colloidal systems. Besides the size of the particles, their composition can substantially differ.
In the nature, several metal and oxide particles exist. Another important class of suspensions,
where the dispersed particles are of polymeric origin. Regardless of the chemical composition of
the dispersed solid phase, particle dispersions can be routinely synthesized in laboratory
environments. Due to the huge effort made in the past, the size and the composition as well as the
shape of the particles can be precisely controlled during preparation. Besides spherical shape,
rod-like elongated particles can be achieved according to the applications desired. The suspended
particles are often charged, which can originate from pH-dependent acid-base equilibrium of
certain surface functional groups or from adsorption of different additives. Therefore, the charge
of the particles always depends on the environmental and experimental conditions, such as pH,
ionic strength or type of solvent. One important parameter of such systems is their stability.
Stable suspensions refer to a homogenous distribution of primary particles in the liquid medium,
while in unstable systems aggregation occurs where the particles initially form doublets, and then
higher order aggregates. The words “coagulation”, as well as “flocculation” are also used, but
while the first one is a broader term, the latter one refers specifically to systems where the the
aggregation is induced by polymers or polyelectrolytes. Accordingly, the materials that can

induce aggregation are often referred to as coagulant or flocculant. These can be of different
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nature, e.g. simply or complex electrolytes, charged or uncharged oligomers and polymers. When
the instable suspension contains only identical colloidal particles, one talks about
homoaggregation, while in case of dispersions of dissimilar particles, one can refer to
heteroaggregation. Particle aggregation is usually irreversible, meaning that once the aggregates
formed, they cannot be easily disrupted. As a consequence of the aggregation process, the larger
aggregates may settle to the bottom of the container. This phenomenon is referred to as
sedimentation. The course of aggregation can lead to creaming or gel formation depending on

material properties and particle concentration.

Stabilization and/or destabilization need to be achieved by appropriately chosen conditions and
additives. In order to describe and predict the behavior of the suspensions, the principles of
particle aggregation need to be well-understood. In general, the driving force in determining the
stability of a suspension is the nature of interparticle interactions. Colloidal particles are always
attracted to each other by van der Waals forces. However, due to the charge of the particles,
which results in an electrical double layer, repulsion can also be present depending on the
conditions applied. The overall force acting between two colloidal particles is the superposition
of these two contributions. This theory was elaborated in the 1940s independently by two Russian
scientists (Derjaguin, Landau) and two Dutch scientists (Verwey, Overbeek).’**? In their honor,
one refers to the DLVO theory.

Despite the fact that this theory is relatively old, the applicability of predicting stability of
suspensions is still reasonable. It states, that at low ionic strength the particle aggregation rates
are small, which then increases with increasing electrolyte concentrations, reaching a plateau
value. This refers to as the fast aggregation, where only the diffusion of the particles determines
the aggregation. The transition between slow and fast aggregation is often referred to as the
critical coagulation concentration (CCC), which separates the two regimes. Detailed description
of the DLVO theory will be given in the subchapter 1.2.3.

Due to the relevance of particle suspensions in everyday life, appropriate methods needed to be
developed to monitor and describe aggregation processes. There are several techniques which can
be routinely used to investigate such systems. In the following, detailed description will be

provided about the methods | have been using to probe particle aggregation.
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1.2 Methods to probe particle aggregation

Due to its relevance in fundamental as well as in applied research, several techniques have been
developed and proposed to study particle aggregation. The aim of the studies can be for different
purposes, e.g. precise determination of particle aggregation rates, optimization of the dosage of
different additives or assessing the properties of the clusters formed upon aggregation, such as
size and density. Besides its high practical impact, the methods developed are essential and of
great importance in fundamental studies.

In the following, light scattering methods to determine aggregation rates, electrophoresis to
obtain electrokinetic potential and the colloidal probe technique to directly measure interparticle

forces will be discussed.

1.2.1 Aggregation rates by light scattering techniques

Destabilization of colloidal suspensions can be achieved by carefully chosen coagulants. Initially,
particle doublets form in the early stage of the aggregation, while triplets and higher order
aggregates can be found in the later stages of the process. Numerous techniques have been
developed to probe particle aggregation.™® Turbidity measurements can be useful in case of larger
particles, however, small particles can only be investigated at higher concentrations where it is

difficult to follow the early stages of the coagulation.
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Figure 2 Schematic representation of stable and unstable particle suspensions

Time-resolved light scattering techniques turned out to be excellent tools to monitor this range of

the aggregation process. Besides measuring the interaction between colloidal particles, light
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scattering methods are useful to evaluate the different parameters of a colloidal suspension, such
as particle size, shape or the concentration of the particles. Two types of scattering experiment
can be performed, which provide us different valuable information of the systems investigated.
Static light scattering (SLS), where the intensity of the scattered light is measured as a function of
the scattering angle, provides structural information. Dynamic light scattering (DLS) is the
analysis of the scattering intensity fluctuations over time which gives us information about the
dynamics of the particles. Both techniques can be used in a time-resolved fashion which allows
us to monitor the aggregation state of a colloidal suspension. Even though the particle
aggregation is a complex kinetic process, its overall timescale is set by the rate of particle doublet
formation.

In general, the elementary step of the particle aggregation is where the primary particles (A) form
particle doublets (Ay):

A+A > A, (1)

Therefore, the corresponding rate law of this second order kinetic process can be written as:**

dN k
i =2 @

where N, and N, are the number concentration of the doublets and individual particles,

respectively and k is the aggregation rate coefficient. If the particle aggregation is controlled
entirely by the diffusion, the aggregation rate for doublet formation can be expressed with the

Smoluchowski rate as:*3

3)

where kg is the Boltzmann constant, T is the absolute temperature and 7 is the dynamic
viscosity of the medium. Smoluchowski has also shown that the half-time of aggregation (T,,) in

a suspension, which initially contained only primary particles, can be defined as:

T1/2 BNE (4)
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where N, is the initial concentration of the particles, i.e., N,=N,+2N, if only doublet

formation takes place. This half-time is the characteristic time needed to reduce the total number
of primary particles by a factor of two.

The aggregation rates can be determined in SLS measurements by following the initial rate of
change in the scattered intensity in time-resolved measurements performed at one or different
angles. The intensity of the scattered light (1) originating from a suspension undergone early
stages of the aggregation (i.e., only individual particles and doublets are present) can be defined

as: 14

(@, 1) = LA (@NA ) + 14, (N4, (1) ()
where t is the experiment time, I, and 1, are the scattering intensity of the primary particles
and doublets, respectively, whereas q is the magnitude of the scattering vector:

dzn . (O
q:Tsm(Ej (6)

where n is the refractive index of the medium, A is the wavelength of the incident light and @ is

the scattering angle.

At the beginning of the aggregation process, where the individual particles dominate, the
following apparent static rate (X ) can be calculated by differentiating equation (5) with respect to

the time:**

_ 1 (dl(q,t)j (1@ ) )
@O\ dt Jp (2@ )"

Using the Rayleigh-Gans-Debye (RGD) theory to describe the form factor of the spherical
primary particles of radius R and the doublets, the optical factor can be given by the following

expression:*

1 (@ _sin(2Rq)

21,(a) 2Rq Y ®
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Accordingly, the apparent static rate coefficient can be obtained from the initial slope of the
scattering intensity versus time plot by performing a linear fit. Typical curves can be seen in

Figure 3.

Relative Intensity

T T T T
0 1000 2000 3000 4000
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Relative Hydrodynamic Radius

0 1000 2000 3000 4000
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Figure 3 Relative change in the scattering intensity (a) and apparent hydronadynamic radius (b) with time during
particle aggregation. The values are normalized to the initial value.'®

DLS measures the average hydrodynamic radius (R,) of particles in suspensions.t’” In the
presence of primary particles and doublets, which undergo Brownian motion, the average R, is
given as:'®

1 La@NA® /R, (®)+ 1, (@N, (0)/Ry,, (1)

= ©)
R, (t) LA(@NA®) + 14, (@N,, (©)

where R, and R, are the hydrodynamic radii of the individual particles and doublets,

respectively, and their relation is R, =1.39R,, as calculated from the friction coefficient of a
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doublet under laminar flow conditions (ref 4). The apparent dynamic rate (A), i.e., initial change

of R, , is written as:

_ 1 (dRh(q,t)j _ 1, LY (10)
R(q.O)\ dt )y 2L, (@ Ry ) °

The A can be determined from the initial slope of the apparent hydrodynamic radius versus time

curve and this quantity depends on the scattering angle. Combining equations (7) and (10), the
form factor terms cancel out and one obtains k as:***
RhA2

kKN, = —%
RhA2 - RhA

A-Z (11)
Accordingly, measuring the initial rate of change in the scattered intensity and hydrodynamic

radius simultaneously by SLS and DLS, respectively, the aggregation rate coefficients can be

determined without knowing the optical properties of the particles.

The rate of aggregation can be also expressed in terms of the stability ratio (W ), which is the

ratio between the fast aggregation rate coefficient (k. ) and the one (k) measured in the actual

fast

experiment; 1415202

W — kfast — Zfast — Afast (12)

k z A

As shown in the above equation, the W can be also determined from the apparent rates (i.e., only
from time-resolved SLS or DLS measurements) without knowing the optical and hydrodynamic
factors of the primary particles and doublets. In case of slow or reaction limited aggregation, only
the 1/W fraction of the collisions leads to doublet formation, whereas, all collisions are efficient
for the fast aggregation condition, where the aggregation of the particles is controlled entirely by
their diffusion. Accordingly, stability ratio close to unity refers to fast aggregation and unstable

samples, while higher values indicate slow aggregation and more stable suspensions.”*%

In most of the studies to be presented, the critical coagulation concentrations (CCCs) of different

particle suspensions were determined. This was possible after measuring the aggregation rates at
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several electrolyte concentrations. When one plots the aggregation rates versus the salt
concentration in a logarithmic scale, two regimes are usually identified, referring to the slow and
fast aggregation processes.’® The CCC, which separates these two regimes, could be determined
from the intercept of the corresponding two straight lines. These values allowed us to directly
compare the effectiveness of the different ionic additives in coagulating the dispersion. A

schematic representation of the change in the aggregation rates is shown in Figure 4.

CCC

0+0-00

Aggregation Rate

Salt Concentration

Figure 4 Illustration of the typical salt dependence of the aggregation rates.

1.2.2 Electrophoresis

Immersing a colloidal particle in an electrolyte solution, spatial distribution of the surrounding
ions can be seen. This is due to the fact that the particle surface possesses a certain amount of
charge. lons of the same sign of charge as the surface are called coions, while the ones of
opposite charge are the counterions. The concentration of counterions near the surface is higher
due to electrical attraction, and an exponential decrease can be seen as the distance increases. In
case of the coions the situation is the other way around, i.e., the concentration of the coions near
the surface is almost negligible, and an exponential increase can be seen as the distance increases.
This distribution of the ions originating from the dissolved salts leads to the formation of the
electrical double layer (EDL).* A schematic representation of the EDL can be seen in the Figure
5.

17



Figure 5 Illustration of EDL for a positively charged surface.
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The development of surface charge can be due to different mechanisms, such as ion adsorption or
protonation/deprotonation of ionisable acid-base active functional groups. Good example for the
latter one is the silica, which at high pH possesses a net negative charge due to deprotonation of
the Si-OH surface functional groups. The surface charge is compensated by an accumulation of
counterions in the EDL. With respect to the type of interactions, basically two types of ions can
be distinguished, namely indifferent ions and specifically adsorbing ions. The former ones adsorb
on the surface only weakly due to Coulomb forces, while the latter ones have additional
interactions with the surface. In case of huge affinity, ion adsorption can be so pronounced that
the surface can be neutralized, or in special cases even overcharged. This means that the sign of
31,32

the surface charge is reversed upon adsorption.
A surface charge results in a surface potential (), which is the potential corresponding to the

solid surface in contact with the electrolyte solution. The potential at the beginning of the diffuse

part of the EDL is called as diffuse layer potential (i), which has a similar value as the zeta or

electrokinetic potential (£ ), as it can be seen in Figure 6.
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Figure 6 Charge density (a) and electric potential (b) profiles for a positively charged interface.
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The latter potential is located at the so-called slip plane or shear plane, which is the distance from
the surface at which a hydrodynamically stagnant layer exists. This layer moves together with
particle when an external electrical field or mechanical force is applied.* In practice, the location
of the shear plane is very close to the double layer; therefore, the zeta potential is equal (at low
ionic strengths) or a bit smaller (at high ionic strengths) than the diffuse layer potential.

The most frequently used method to determine the zeta potential is the electrophoresis. It has
proved to be an excellent tool to characterize the charging properties of the different suspended
colloidal particles.>** The method is based on the movement of charged particles dispersed in a
liquid under an applied electric field. In practice, two electrodes are used and the positively
charged objects move towards the lower potential (i.e., negative electrode) and the negatively
charged ones towards the higher potentials. The electrophoretic velocity (v) is proportional to the

electrophoretic mobility (u) as:*
u=— (13)
where E is the magnitude of the electric field strength. The mobility of an isolated single ion of

valence V and radius R moving in an electric field is:

u=_2 (14)
67nR

where e is the elementary charge. In the electrophoretic mobility experiments, the particles move
together with a stagnant layer of ions detailed above and the measured mobility values can be

related to the electrokinetic or zeta potentials as follows.

Depending on the particle size and the ionic strength in the suspension, different methods need to
be used to convert the electrophoretic mobilities to potentials.®® In order to choose the most
appropriate conversion model, one has to consider the R and x values. The latter one is the so-
called inverse Debye length which contains the contribution of all ionic species as:

2N €%l

K= 15
g kT (19)

19



where N, is the Avogadro number, &, is the permittivity of vacuum, ¢ is the dielectric constant

and | is the ionic strength. As discussed above, charged surface and the neutralizing diffuse

layer of counterions form the EDL. The thickness of this layer is in the order of the Debye length.
If xR>1 (i.e., big particles and/or high ionic strength) and the potential is low (|§|£50 mV),

the analytical model developed by Helmholtz and Smoluchowski can be used to calculate the
electrokinetic potential as:*
u
c=— (16)
&yE
If kR <1 (i.e., small particles and/or low ionic strength), the Hiickel-Onsager equation can be
applied:

_3un (17)
2¢,&

For the transition range between low and high xR values, the Henry’s formula is appropriate for

the conversion as follows:*

3un

2oe f (xR) (18)

¢ =

where f (xR) is the Henry’s function, which varies from 1 to 1.5 depending on the ionic strength
in the suspensions. The latter model is limited to low potentials (|§|350 mV). For higher

potentials, the more complex O’Brien-White theory is recommended to use in the intermediate
xR region.® Accordingly, given the size of the particles and the electrolyte concentration in our
system, the most suitable model can be selected and good precision can be achieved while
converting electrophoretic mobility values to electrokinetic potentials.

Once the electrokinetic potentials are calculated, the corresponding surface charge density of the
particles can be estimated. Following the ionic strength dependence of the potentials gives
information about the charge density if one uses appropriate model to fit calculated data to the
experimental values. In case of planar surfaces, the Gouy-Chapman theory relates the surface

charge (o) to the surface potential, as:*’
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This equation is derived from the Poisson-Boltzmann description of the EDL within the DLVO
theory to be discussed in detail later.!>** However, the surface potential cannot be measured
directly, but can be calculated from the electrokinetic or diffuse layer potentials using model
assumptions. For spherical ions or colloids, the Debye-Hiickel theory describes the decrease of

the potential with the distance from the surface as:*®
O = EEKY, (20)

This equation is the linearized solution of the Poisson-Boltzmann model and it is valid for low

potentials (i.e., moderately charged surface).
1.2.3 Atomic Force Microscopy

As discussed in 1.2.1, electric double layer is formed as charged colloidal particles are suspended
in an electrolyte solution. This has a huge impact in the stability of the dispersions. When two
highly charged particles get close to contact, they repel each other by a built-up osmotic pressure
due to the overlap of the double layers. This interaction results in a repulsive interparticle force.
Regardless of the magnitude of the surface charge, attractive van der Waals forces are always
present, originating from rotating or fluctuating dipoles of atoms and molecules. These two forces
are the base of the well-known DLVO theory, which was named after B. Derjaguin, L. Landau,
E. Verwey and Th. Overbeek. This theory states that the overall interparticle force can be
approximated by the sum of these repulsive and attractive forces.'>*? However, non-DLVO
forces may also be present, which can be induced by surface charge heterogeneities,* polymer

%041 or depletion interactions generated by suspended macromolecules.*?

38,43

adsorption,
Applying the Derjaguin approximation, which describes the forces between two spheres in
terms of the energy per unit area of two flat surfaces and is valid for particles of significantly
larger size than the ranges of the forces, the overall interparticle force ( F ) between two identical

particles at a separation distance (h) is:

F(h) = Fiaw () + Fo (D) (21)
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Accordingly, the DLVO theory states that the total force is the sum of the repulsive (by the

electrical double layers) and attractive (by van der Waals interactions) contributions (Figure 7).

electrical double layer

Force (nN)

van der Waals

I 1 1 I I
0 5 10 15 20
Separation (nm)

Figure 7 Schematic representation of the DLVO forces'®*?

The attractive van der Waals forces are always present and they can be calculated with the

following equation:

RH

12h? (22)

deW (h) ==

where H is the Hamaker constant, which mainly depends on the nature of the materials.*® If the
surface charge density is low, the forces originating from the electric double layers can be treated

within the Debye-Huickel superposition approximation as:
Fo (h) = 27e,eRy e ™" (23)

For higher surface charge densities and smaller surface separations, the Poisson-Boltzmann
theory must be used to describe the forces caused by the electrical double layers. The DLVO
theory includes also the estimation of the aggregation rates, which can be calculated from the

steady-state solution of the forced diffusion equation as:*®

Cak,T[% B(h) vinl. T
R D @R +h) exp{ T }dh} -
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where B(h) is the hydrodynamic resistance function and V (h) is the potential energy obtained

from the analytical integration of the force profile as:
V(h) = [F(h)dn' (25)
h

As one can realize at this point, if the interparticle forces are determined accurately, the
aggregation rates can be calculated and compared to the ones measured independently with other

techniques, e.g., with light scattering.***

Several techniques can be used to directly measure interaction forces between surfaces. The most

well-known and applied methods are the following:

e Surface Force Apparatus*®™

e Total Internal Reflection Microscopy*®
e Optical Tweezers™

e Colloidal Probe Technique.>**?

The Surface Force Apparatus (SFA) measures the forces between two smooth curved mica
surfaces of a radius of 1 cm in a crossed cylindrical configuration. Despite the highest distance
resolution which is offered by this technique among all, it has several restrictions. Its main
drawback is that it requires mica surfaces. In case of the Total Internal Reflection Microscopy
(TIRM), the separation distance can be accurately determined between a colloidal particle
immersed in a liquid and a transparent plate. It is a sensitive technique by which the interaction
potential can be determined by the Boltzmann equation from the equilibrium distribution of the
separations. In the optical tweezers, one particle is positioned close to another one, where the
interaction force profile can be extracted from their trajectories followed by a video camera. The
latter two methods provide an excellent force resolution in the sub-pN regime, however, their

positional resolution is only in the nm range.

The latter one can be carried out with an atomic force microscope in different geometries leading
to a force resolution of 10-50 pN. In the sphere-plane mode, the probe particle is attached to a tip-
less cantilever and it approaches the substrate with an AFM scanner. The force can be converted
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from the deflection of the cantilever by measuring the reflection of a light beam focusing on the
cantilever. In the sphere-sphere geometry, one of the particles is also attached to the tip-less
cantilever, however, the other one is immobilized on the surface of the substrate. The particles
have to be centered laterally (e.g., with an optical microscope) and this setup allows investigating

interaction forces between the particles directly (Figure 8).

substrate

Figure 8 Schematic representation of the geometry applied in the AFM-based colloidal probe experiments

In the multiparticle mode, one works in suspensions of the particles where concentration if the
additives can be more precisely adjusted, in addition, the particles are attached in the liquid,
thereferore, bubble formation due to the hydrophobicity of the surfaces is negligible. Based on
this method, force measurements can be also performed between different particles.®® In the
present thesis, aggregation rates measured for colloidal particles by light scattering will be
compared to the rates calculated from the interparticle forces determined by the colloidal probe

technique.

24



1.3 Colloidal Particles

There are several types of particles which can be routinely used for fundamental as well as

applied research. The most commonly investigated ones are the following:

e metal: Au, Ag, Pd, Rh nanoparticles;

e metal oxide: Fe;03, TiO, WOs3;

e metal hydroxide: Fe(OH)s, layered double hydroxides

e metal halide: AgX, where X can be ClI, Br, I;

o metalloid oxide or sulfide: SiO,, As,Ss;

e carbon-based: nanotubes, fullerenes, graphite, graphite-oxide;

e polymer-based: particles of polystyrene or other type of polymers.

Not only the bare particles can be probed, but they can be decorated with grafted chemical
groups, proteins, or polymers. Such surface modifications are very important, since in many cases
coatings are used to prevent the aggregation of particles, promoting their stability. In the present
thesis, differently functionalized polystyrene-based spherical latex particles were investigated.
They are surface functionalized commercial products purchased from Interfacial Dynamic
Cooperation (Portland, USA). Latex dispersions are widely used in different applications,>*>’ due
to their advantageous properties such as tunable surface charge and well-defined size and shape.

The chemical composition of their surface is shown in Figure 9.

I o x |
e > \ O
¢ 8 § _Fz . & 8 8 8
o ‘ o) 5 SN O ‘ O
polystyrene polystyrene polystyrene

Figure 9 Illustration of the latex particle surfaces. The different particles are functionalized with sulfate (SL),
amidine (AL) or carboxylate (CL) groups.
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Despite their surface functionalities, they can be considered as hydrophobic, which plays a key
role in their stability under the various conditions. Due to the different acid-base properties of the
functional groups, their surface charge is pH dependent. The sulfate or carboxylate containing
particles possess negative charge at sufficiently high pH, while the amidine terminated particles
are positive at low pH. Due to the different nature of these functional groups, pH adjustment
needed to be carefully done throughout the different measurements. They are monodisperse,
meaning that their particle size distribution is rather narrow. The important parameters of the

different particles used are summarized in Table 1.

Table 1 The characteristic parameters of the different latex particles used.

x| ety oo PR |
TEM? DLS (mC/m)
SL100 sulfate 50 58 7.9 -20
SL530 sulfate 265 278 2.0 =17
SL980 sulfate 490 550 2.2 -67
CL1000 | carboxylate 500 516 4.5 -127
AL220 amidine 110 117 4.3 +130
AL950 amidine 475 530 3.6 +237

*The values were reported by the manufacturer. Determined by transmission electron microscopy.
“Measured by dynamic light scattering. “Coefficient of variation of size obtained by TEM. Surface charge
density values of the particles in fully ionized state, measured by conductometric titration.

These particles are most useful to investigate charging, stability and interparticle forces in
different ionic environment. The additives used to study ion-specific aggregation include not only
commonly used simple electrolytes, such as chloride salts of alkali and alkali earth metals, but
complex salts like [Co(NH3)s]Cls or [Ru(NH3)s]Cls too. In addition, the effect of a novel type of
ionic materials called ionic liquids was also probed. A general description of this compound

group will be given in the next subchapter.
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1.4 lonic Liquids

lonic liquids (ILs) are salts with a melting point below 100 °C. They consist solely of ions
resulting in unusual properties such as low vapor pressure, high chemical and thermal stability or
wide electrochemical window. They are also called designer solvents due to their variable
properties simply by varying the constituent anions and cations.*®*® They are extensively studied
from fundamental perspectives as well as in numerous applications, such as electrochemical

devices, biomass production, or nanoparticle synthesis.®*

-
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Figure 10 Schematic representation of the most common IL constituent cations and anions

Due to the large combination of salts (theoretically 10™ ILs re possible) and their widespread

applications, the research efforts on designing task-specific ILs are dynamically increasing.®®

There are several types of particles which can be successfully synthesized in ILs, such as metal,
oxide, or latex particles.®®’® But one thing is to prepare these suspensions, their applicability
strongly depends on the stability of such systems. Therefore, it is necessary to explore their effect
on particle aggregation. In the present thesis, two different projects dealing with ILs will be
presented. One of them investigates the ion-specific effects of different IL constituent cations and
anions, how only small modifications in their structure can cause dramatic changes, resulting in
completely different suspension behavior. The other one explores the stability of latex particles in
ionic liquids and their binary water mixtures, starting with dilute through intermediate, more
concentrated solutions to the pure ILs. In the latter case, different stabilization mechanisms will

be proposed.
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1.5 Outline of the thesis

In this subchapter, the remaining part of the thesis will be summarized. It consists of different
studies on the charging and aggregation of latex particles using electrophoresis and light
scattering techniques. In addition, in some cases the interparticle forces will be explored by

means of the AFM-based colloidal probe technique.

The second chapter deals with the effect of multivalent ions on the charging and aggregation of
two negatively charged latex particles. It reveals that the valence of the counterion is highly
relevant in determining the stability of a suspension. Multivalent ions tend to adsorb on the
oppositely charged surface in a more pronounced way, destabilizing the dispersions more
efficiently. This behavior confirms the well-known Schulde-Hardy rule, which states that the
critical coagulation concentration (CCC) of a given suspension is inversely proportional to the

counterion valence.

CCC o+
z

(26)
This rule can be derived from the DLVO theory, where z is the valence of the counterion, n = 2

for weakly charged particles, and n = 6 for highly charged ones.

An important finding described in this chapter was that the aggregation rates decreased at
elevated salt concentrations. This could suggest some kind of restabilization process due to the
enhanced adsorption of the counterions. However, the salt level is too high for such phenomenon.

This behavior is shown in Figure 11.
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Figure 11 Aggregation behavior of CL1000 at pH 4.0 in case of counterions of different valence. Normalized
aggregation rates were calculated with the corresponding Smoluchowski values. More details in the chapter 2.
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The decrease can be attributed to the increased viscosity of the medium. The viscosity of
electrolyte solutions can be up to a factor of 2-3 higher than the one of water, especially in case
of salts containing ions of higher valence, which leads to a slowdown of the diffusion-controlled
aggregation process. This effect becomes more obvious, when the normalized aggregation rate
coefficients are presented. They can be calculated with respect to the corresponding
Smoluchowski values at each salt level investigated. In this representation, the effect of the
solution viscosity is factored out, so one can observe that the normalized rates remain constant

even at the highest concentrations measured.

At the end of this chapter, a comprehensive comparison with literature was made. We collected
relevant data from literature dealing with different types of particles. These data are summarized
in Figure 12.

Relative CCC
Relative CCC

1.2 3 4 5 6 7 1.2 3 4 5 6 7
Counterion Valence Counterion Valence

—@— Presentarticle CL  —O— Furlong et al. —8— Sinha et al.
—@- Presentarticle SL  —— Hansen et al. —— Szilagyi et al.
—A— Leeetal —£— Ottewill et al. —A— Verrall et al.

Szilagyi et al. —7— Kotera et al. —4— Matijevic et al.
—4&— Petrov et al. —3— Matijevic et al. —— Hardy

Schneider et al. Rubin et al.

Lagaly et al. Tezak et al.
—— Sano etal. —(— Tezak, Mirnik et al.
—&— Mchedlov et al. —O— Wannow

Frens etal. Freundlich

Zimehl et al. Linder et al.

—0— Schulze

Figure 12 Relative CCCs with respect to its value for monovalent electrolytes for the present systems and others
reported in the literature. The expected power law dependence is indicated for n = 2 and 6. (a) Cations together with
negatively charged particles (with the inset up to trivalent ions) and (b) anions with positively charged particles. Mor

details in the second chapter.

One can observe that the CCCs decrease with the valence but there is substantial system

specificity. However, several common trends can be seen. First, multivalent anions are more
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effective to destabilize colloidal suspensions than are multivalent cations. Second, the power law
given by equation (26) describes the data with n = 6 relatively well. However, this observed trend
reflects the valence-dependence only semiquantitatively. In order to better understand the
behavior of the system, some progress could be made by combining aggregation rates with direct

force measurements. This combined study will be presented in the next chapter.

In the third chapter, the Schulze-Hardy rule is further explored. Besides accurate measurements
of aggregation rates by time-resolved light scattering, direct force measurements were also
carried out for the better understanding of these interactions. The same CL1000 particles and
electrolytes were used in this study for direct comparison of the behavior. The obtained force

profiles in the different electrolyte solutions can be seen in Figure 13.
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Figure 13 Force profiles between CL1000 particles in different electrolyte solutions at pH 4.0 at the concentrations
indicated. (a) KCI, (b) MgCl,, and (c) LaCls;. More details can be found in the third chapter.

In case of KCI at low concentrations the forces are strongly repulsive, reflecting the overlap of

the electrical double layers. Increasing the salt concentration, due to the charge screening this
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repulsion weakens, and a maximum in the force curves is observed. This maximum is visible at
30 mM KCI concentration. Further increasing the concentration, purely attractive force is acting,
which indicates that evanescence of the double layer repulsion. At this stage, only the
omnipresent van der Waals interaction determines the interaction. In addition to this, a jump-in at
distances of about 2 nm can be observed. In the presence of MgCl, and LaCls, the force profiles
are qualitatively similar, however, there are quantitative differences. First, purely attractive
curves are observed at decreasing concentrations with increasing the valence of the counterion.
Second, the maximum in the force curves shifts to larger distances. This can be explained by the
fact that an increasing valence of the ions leads to an increasingly important contribution to the

ionic strength and thereby to electrostatic screening.

By fitting the obtained data, it has been revealed that the DLVO theory is capable of describing
the force profiles rather well in the presence of mono- and divalent ions, even though a non-
DLVO exponential short-ranged attraction is present at distances below 2 nm. In case of ions of
higher valence, DLVO fails to describe the interaction even at separation distances above 5 nm.
This discrepancy originates from the fact that the attractive forces are stronger than the van der
Waals force determined in systems containing ions of lower valence. This attraction can be
rationalized with an additional exponential attraction of longer range. We suspect that this
originates from patch-charge heterogeneities of the substrate, which are amplified in the presence

of multivalent ions.

Determining the force profiles of the different systems allowed us to calculate the corresponding
aggregation rates, which then could be compared to the ones obtained by time-resolved combined
static and dynamic light scattering. Besides all the calculations of the forces with the additional
non-DLVO terms, pure DLVO-based aggregation rates were calculated too. In general, salts
containing ions of lower valence resemble the classical situation, where at low concentration of
the electrolytes stable suspensions are present, while at high concentrations fast aggregation
occurs. The characteristic shifts towards lower concentrations can be attributed to the Schulze-
Hardy rule. The stability plots are presented in the Figure 14.
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Figure 14 Comparison between stability ratios measured by time-resolved light scattering (symbols) and the ones
calculated from direct force measurements. The solid lines include the non-DLVO contributions to the force, while
the dashed ones only consider DLV O forces. The different systems from right to left: KCI, MgCl,, LaCls, ZrCl,.
Further information is provided in the third chapter.

In addition to the previously investigated mono-, di- and trivalent ions, in this chapter, ZrCl,
solutions were also used as coagulating agents. Due to the higher valence of this cation, it is
obvious that the obtained CCC of this system should be the lowest one. However, the shape of
the curve is very atypical. The suspension is stable at low electrolyte concentration, however, it
becomes unstable only in a very narrow concentration range. Slight increase in its concentration
results in stable suspension again. This behavior can be explained by the formation of a highly
charged semihydrolyzed complex Zr,(OH)s®*.”* This specie is octavalent, which results in a huge
affinity to oppositely charged particles. Therefore, the surface can be neutralized and overcharged
already at sufficiently low electrolyte concentration, giving rise to the restabilization of the
suspension. Electrophoretic mobility measurements confirmed the behavior of this system. The
calculated stability ratios with all the additional non-DLVO contributions agree well with the
ones measured experimentally by dynamic light scattering. If these additional attractions are
neglected, the overall shape of the curves is still predicted well, however, the stability ratios are

overestimated.

After showing that the particle aggregation process is strongly dependent on the valence of the

counterion, chapter four reveals that ions of the same valence can have different effect and
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coagulating power too. The chapter discusses the well-known Hofmeister series, which orders

cations and anions according to their stabilization power of protein solutions, namely:
CO3* <S04 < H,PO, <F < CI"<Br <NO3 < I"<ClOs” < SCN~
Strongly hydrated anions Weakly hydrated anions
N(CHs)," < NH,;" < Cs* < Rb* < K* < Na* < Li* < Mg?* < Ca**

Weakly hydrated cations Strongly hydrated cations

Many other phenomena can be explained by these series, for example, the viscosity or surface
tension of electrolyte solutions. The exact origin of these effects is still unclear, however, the
hydration state of the different ions is surely relevant. lons appearing on the left are the strongly
hydrated anions and the weakly hydrated cations. They precipitate proteins already at lower salt
concentrations, while the ions of the right (weakly hydrated anions, strongly hydrated cations)
keep proteins in solution at even elevated concentrations. The order of the anions and cations
with respect to the hydration state is reversed, which can be attributed to the different orientation
of the water molecules around the hydrated ions. In the original series, ions of higher valence
were also quoted. We excluded them here, and focus on monovalent ions, since the multivalent

ones primarily follow the Schulze-Hardy rule, as shown in chapter two and three.

Negatively charged SL530 and the positively charged AL220 were used to explore the ion-
specific effects on the charging and aggregation. The chemical composition of the electrolytes
was systematically varied in the experiments. Accordingly, sodium (NaH,PO,4, NaF, NaCl, NaBr,
NaNQOj3, and NaSCN) and chloride (N(CH3)4Cl, NH4Cl, CsCl, KCI, NaCl, and LiCl) salts were
used for both particles in order to probe not only counterion, but co-ion effects too. In addition to
the determination of the CCCs, we have investigated, whether there is any ion-specificity in the

fast aggregation regime of the different systems.

In conclusion, the variation of the counterions leads to different CCC value due to specific
interaction with the particle surface. The trends follow the well-known Hofmeister series of

cations for negatively charged SL530 particles, while a reversed order of anions was found for
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the positively charged AL220 particles. Varying the co-ions, no specificity was found with
exception of the ammonium salts. When viscosity corrections are taken into account, no ion-
specificity in the fast aggregation regime can be established either. These findings are

summarized in Figure 15.
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Figure 15 Characteristics of the latex particle aggregation versus the position in the Hofmeister series. The effect of
cations is shown in the left coloumn, while the one of the anions, in the right coloumn. (a) Normalized aggregation
rate coefficients in the fast regime with respect to the Smoluchowski value. The error bars represent three times the
standard deviation. CCCs for (b) sulfate particles (c) amidine particles. The arrows indicate the expected trends from
direct or indirect Hofmeister series. Detailed information can be found in the fourth chapter.

The ions interact with the oppositely charged particle surface specifically. This is due to the

different extent of their hydration. Poorly hydrated ions, such as N(CH3)," and SCN’, tend to
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adsorb to the oppositely charged surface more strongly, lowering the magnitude of the surface
charge, thus the CCC substantially. On the other hand, strongly hydrated ions, such as Li* or F,
do not adsorb on the particles surface, they only screen the charge of the particles. In some well
hydrated counterions, the CCCs remain the same, suggesting that these electrolytes can be

considered as indifferent ones.

In order to explore the origin of the interparticle forces in such ion-specific systems, a simplified
form of DLVO theory was used to calculate theoretical CCC values at given surface charge
densities. This procedure is described in chapter four in detail. The results of the calculations are

shown in Figure 16.
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Figure 16 Comparison of experimental CCC values for the sulfate and amidine particles with DLVO theory. The
data are plotted versus the magnitude of the surface charge density, which was estimated from the electrophoretic
mobility. The DLVO theory uses the superposition approximation to calculate the double layer interactions.
Additional information is provided in the chapter four.

The experimental CCCs agree reasonably well with the calculations based on the DLVO theory
with the exception of NH," ion, which is probably influenced by specific interaction between
these ions and the amidine groups on the particle surface. The agreement suggests that the main
reason for ion-specificity is the modification of the surface charge due to the different extent of
adsorption of the ions. However, the fitted Hamaker constant of the particles, which is
proportional to the strength of the van der Waals interactions, are substantially larger than the
Hamaker constants of similar latex particles that were actually measured by AFM-based colloidal

probe technique. This indicates that additional non-DLVO forces are present. A combined study
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on Hofmeister effects in the interaction forces and aggregation rates of colloidal latex particles

could reveal the origin of these interactions. This will be presented in the next chapter.

Chapter five further explores the Hofmeister effects in the particle aggregation. Just as in chapter
three, direct force measurements were carried out to obtain the interaction force profiles.
Absolute aggregation rates were determined by light scattering and were directly compared to the
ones calculated from the AFM measurements. Two types of latex particle were used to
investigate this phenomenon, namely negatively charged SL980 and positively charged AL950.
Various electrolytes were used to probe the effect of different monovalent counterions. They
were arbitrarily chosen according to their position in the Hofmeister series. The results suggest
that the interaction force profiles cannot be described by pure DLVO theory, and an additional
exponential attractive short-ranged force must be included. Figure 17 shows some of the obtained

forces between pairs of AL950 particles versus the separation distance at pH 4.0.
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Figure 17 Interaction force profiles of AL950 particles at pH 4.0 in different electrolyte solutions. (a) NaCl, (b)
NaBr, and (c) NaSCN. Solid lines show the calculations with the additional non-DLVO force included, while the
dashed ones represent the classical DLVO calculations. Further details in chapter five.
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In each case, at low salt concentration the forces are strongly repulsive, soft, and long-ranged. At
these conditions the dominant force is the double-layer repulsion. Increasing the salt level, the
double-layers shrink, and the repulsive forces start to diminish. At sufficiently high
concentration, only attractive contributions are present. However, this attraction cannot be
attributed only to the van der Waals interactions. Already at intermediate concentrations, an
attractive short-range force becomes apparent through the jump-in of the cantilever into contact,
which is still present at elevated salt levels. The position of the jump-in is relatively independent

of the concentration, but its position somewhat increases in the presence of poorly hydrated ions.

An important finding, that even though the force profiles are qualitatively similar, the transition
from repulsion to attraction occurs at progressively lower concentrations in the sequence NaCl >
NaBr > NaSCN. This indicates the higher affinity of SCN™ ion to the positively charged particle
surface. These ions tend to adsorb on the particle surface more efficiently, lowering the charge of
the particle, thus its stability.

Based on the measured force profiles, the aggregation rates could be calculated without
adjustable parameters. They were directly compared to aggregation rates measured directly by

light scattering. These results are shown in Figure 18.
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Figure 18 Comparison of measure stability ratios (symbols) with calculated ones based on the force profiles (solid
lines). The dashed lines show the results for pure DLVO theory. More information in chapter five.

In conclusion, the measured and calculated stability ratios agree very well in case of the
calculations including the short-ranged attractive term. The characteristic shifts in the CCCs,

which were predictable after the force measurement, clearly indicate ion-specific interactions.
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The results obtained with pure DLVO theory overestimate the stability of the suspensions,

leading to unrealistically high CCCs.

The effect of different counterions within the Hofmeister series cannot be simply attributed to the
variation of a single quantity. When the ions are less hydrated, they increasingly adsorb on the
oppositely charged hydrophobic surface, lowering the magnitude of the surface charge. The
additional attractive force varies strongly with the salt level and type of ion, but we are not able to
propose a simple interpretation of the observed trends. However, the observed shifts in the

critical coagulation concentrations can be well quantified by direct force measurements.

An aggregation study, where the Hofmeister series was extended with additional ions, is
presented in the sixth chapter. Water-miscible ionic liquids (ILs) were used as additional
coagulating agents. The ILs include 1-butyl-3-methylimidazolium as cation with chloride
(BMIM-CI), bromide (BMIM-Br), dicyanoamide (BMIM-N(CN),) and thiocyanate (BMIM-
SCN) ions, 1-butyl-1-methylpyrrolidinium ILs with the same anions (BMPL-CI, BMPL-Br,
BMPL-N(CN), and BMPL-SCN) and the chloride salts of 3-methylimidazolium (MIM-CI), 1
ethyl-3-methylimidazolium (EMIM-CI), 1-hexyl-3-methylimidazolium (HMIM-CI), and 1-octyl-

3-methylimidazolium (OMIM-CI) cations. Their structure is shown in Figure 19.

oMIM™ ™\, EMIM* ™\,
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N(CN), \/\/N\?N\ o~ NE

Figure 19 The structure of the different ionic liquids constituents used.

lonic liquids fully dissociate to ions at lower concentrations, and therefore their behavior can be
related to the ones of simple electrolytes. Comparing the results with the previously obtained
ones, one can have several remarks. First, despite the significantly different structures of some IL
constituents, co-ion specificity cannot be observed in any of the systems investigated. In case of
BMIM-CI and BMPL-CI, the CCCs of the AL220 particle suspensions are within experimental

error the same as in case of simple electrolytes, such as NaCl or KCI. This indicates that the co-

38



ions play only secondary role in the determination of the suspension stability. This finding can be
applied to the negatively charged particles and anions too. The situation becomes more
complicated, when none of the constituent ions can be considered indifferent, like in case of
BMIM-SCN or BMPL-N(CN),. The counterions tend to adsorb on the oppositely charged
particle surface, however, the particles decorated with less hydrated counterions can promote co-
ion adsorption, which can result in higher CCCs. This is why exploring ion-specific interactions
needs to be done with carefully chosen electrolytes, otherwise the comparison is really difficult.

The combined CCC results of the previous and present studies are presented in the Figure 20.
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Figure 20 CCC values for SL530 and AL220 in the presence of different chloride salts of cations (left) and sodium
salts of anions (right). The arrows indicate the expected trends according to the direct or indirect Hofmeister series.
Further details can be found in chapter six.

Another part of this study was to probe the effect of the alkyl chain length of the IL constituent
cation. In this case, only the negative SL530 particles were further investigated. The

corresponding electrophoretic mobility and aggregation rate values can be seen in Figure 21.
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Figure 21 Electrophoretic mobilities and aggregation rates of SL530 particles in the presence of ILs composed of
chloride anion and 1-alkyl-3-methylimidazolium cations of different alkyl chains.

The longer the alkyl chain of the cation, the more hydrophobic its character is, which suggests
completely different affinity to the hydrophobic particle surface. This is reflected by the results
obtained by electrophoresis. Accordingly, in case of MIM-CI screening and weaker adsorption
can be observed, but the particles remain negative throughout the whole concentration range
investigated. The extent of MIM™ adsorption is comparable to the one of N(CHs)4". In case of
EMIM-CI the cation neutralizes the surface at sufficiently high concentration. BMIM" not only
neutralizes the particle surface, but slightly overcharging it. However, the adsorption of HMIM®
and OMIM™ is so pronounced that it induces a significant charge reversal already at low
concentrations. In both cases, further increasing the IL concentration, a decrease in the mobilities
can be observed due to the screening of the CI" ions that act as new counterion in the case of

overcharged particles.

The corresponding aggregation rates reflect well the charging behavior of the particles in each
system. MIM®, EMIM" and BMIM" cations show the classical behavior of slow aggregation at
low IL concentrations and fast aggregation at elevated ones. Systematic decrease in the CCCs can
be seen in case of increasing alkyl chain length. This can be explained by the different adsorption
strength due to increasing hydrophobicity. In case of BMIM™ the overcharging occurs at too high
IL concentrations, so there is no possibility for any kind of restabilization process. However,

HMIM" and OMIM" overcharge the particles at sufficiently low IL concentrations, giving rise to
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real restabilization. While in case of HMIM™ this effect is observed at a narrow concentration
range, the OMIM™ containing system can be restabilized over three orders of magnitude in
concentration. Table 2 contains the most important effects of the different IL constituent cations.

Table 2 Effects on the charging and aggregation of the IL contsituent cations.

+ + + + +
MIM EMIM | BMIM | HMIM | OMIM

Screening

Neutralization

Overcharging

Restabilization

From the studies performed on negatively charged SL530 particles, the Hofmeister series for the

cations may be extended as:

OMIM® < HMIM® < BMIM* < BMPL* < EMIM* < MIM* < N(CH3);" < NH;" < Cs" < K" < Na* < Li*

The more hydrophobic ions on the left hand side lead to the lowest CCCs, while ions of more
hydrophilic character on the right hand side bear with lowest coagulating power, thus with the
highest CCCs. Since these results originate from salts containing indifferent ClI" ion in each case,

the direct comparison of the CCCs could be arbitrarily made.

In the previous chapter, it was demonstrated that varying the ionic liquid constituents can lead to
completely different aggregation behaviour of aqueous dispersions. However, ILs are used in
nanoparticle synthesis in pure state, i.e., the stability of these suspensions can be crucial for
further applications. Therefore, the description of particle aggregation mechanisms in different
ionic liquids is necessary. The seventh chapter presents a study involving the same type of
particles (SL530, AL220) as in chapter six, but from a different perspective. Starting from dilute
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solutions of ionic liquids through intermediate concentrations to the pure ILs, we explored the
whole range of IL concentration, in order to describe the systems systematically. Five different
ionic liquids were chosen for this study, whose anions and cations were systematically varied. All

are room temperature, water miscible ILs. Their structure is shown in Figure 22.
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Figure 22 The structures and abbreviations of the different ILs used in this study.

Prior the light scattering measurements, the properties of the IL-water mixtures, such as density,
viscosity and refractive index, had to be determined. This is crucial for appropriate data
interpretation. The values were determined with standard techniques. The data obtained are

shown in Figure 23.
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Figure 23 Properties of ILs, refractive indices measured at 533 nm and the corresponding shear viscosities.
Additional information can be found in chapter seven.

Once the physicochemical properties were determined, the aggregation study could be performed.
General conclusion is that each IL behaves similarly. A representative figure of the suspension
behaviour in case of AL220 in BMIM-DCA is shown in Figure 24.
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Figure 24 Aggregation rates of AL220 suspensions in the presence of BMIM-DCA.

In each case, three regimes could be identified. First, at low IL content, the classical DLVO
behaviour can be seen, i.e., the aggregation rates are small initially, while they start to increase as
the IL content increases. This is mainly due to the progressive screening of the double layer of
the particles. At a certain concentration, the aggregation rates reach a plateau value. This
corresponds to the fast aggregation regime, where the aggregation is controlled solely by the
diffusion. Second regime can be assigned to the intermediate IL content, where a gradual
decrease in the aggregation rates can be observed. This originates from the elevated viscosity of
the medium. Even though the process is still diffusion-controlled, the higher viscosity of the IL-
water mixtures hinders the aggregation. This mechanism can slow down the coagulation process
by almost two orders of magnitude. This regime is referred to as viscous stabilization. Such an
effect can be confirmed by comparing the aggregation rate coefficients to the corresponding
Smoluchowski values. The latter ones take into account the viscosity of the medium, i.e., in this
case the decrease in the calculated rates should be reflected. The normalized aggregation rates
remain constant throughout the entire intermediate concentration regime, which confirms that the
aggregation is diffusion-controlled. Further increase in the IL content, reaching pure ILs where
only small amount of water is present, the aggregation rates decrease rapidly. This can be
attributed to the layering of the ionic liquid constituents on the particle surface, which results in
an overall repulsive interparticle force, which then prevents the suspensions from aggregation.
This type of solvation stabilization is not related, or just secondarily, to the viscosity of the

medium, because even the normalized aggregation rates are systematically smaller than the one
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corresponds to fast aggregation. Such structuring was observed by X-ray reflectivity, and the
corresponding forces could be measured using SFA or AFM.”?™. The aforementioned two
stabilization mechanisms are suspected to be generic, as they are operational in different ILs and

for particles of different surface functionalities and of different size.
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ABSTRACT: The aggregation and charging behavior of sulfate and carboxyl
latex particles in the presence of different multivalent salts was studied. Time-
resolved light scattering and electrophoresis are the main experimental
techniques used. In particular, the influence of the type of counterion is
investigated. The main conclusion is that the valence of the counterion is
highly relevant in determining the aggregation behavior, whereas its chemical
nature is rather unimportant. Multivalent ions of higher valence destabilize the
suspensions more effectively, in particular, by shifting the critical coagulation
concentration (CCC) to lower values. This behavior reflects the classical
Schulze—Hardy rule. Comparison with literature data reveals that the presently
investigated systems behave similarly to the ones described earlier, but the

Schulze-Hardy Rule
-

10" o
Viscosity Effect

Aggregation Rate (msls)

=1 §:0+0—-00
10
Mg?* Na*
10 107 1

Salt Concentration (M)

observed dependence on valence is weaker than in some other systems.
Moreover, we observe a slowdown of the aggregation at high electrolyte concentrations. This slowdown can be explained by the
greater viscosity of the electrolyte solutions under these conditions.

B INTRODUCTION

More than a century ago, Schulze and Hardy recognized that
salts containing multivalent ions are much more efficient in
coagulating colloidal suspensions than monovalent ones.' ™
This fact has been established empirically by studying the
stability of colloidal suspensions in the presence of various salts.
The theoretical explanation of this rule had to await the
development of the theory by Derjaguin, Landau, Verwey, and
Overbeek (DLVO).* This theory assumes that the interaction
potential of two colloidal particles is dominated by electric
double layer repulsions and van der Waals attractions. This
energy profile is then used to calculate the aggregation rate of
two colloidal particles. In agreement with experiment, this
theory predicts that charged particle suspensions are stable at
low salt concentrations and become unstable at higher ones.
The transition between these two regimes is rather sudden and
is referred to as the critical coagulation concentration (CCC).
On the basis of DLVO theory, one can show that™®

1
CCC x —
z" (1)

where z is the valence of the counterion, n = 2 for weakly
charged particles, and n = 6 for highly charged ones. Matijevic,
Tezak, and their co-workers have tested the validity of this rule
with a large number of cations and anions with silver halide
particles.é_8 Back then, however, these researchers were able to
determine only the CCC, but they could not measure the
absolute aggregation rate coefficients. In the meantime, these
questions were revisited in a wide range of systems, including
silver halides,” latexes,'*™'* clay minerals,'® oxides,'®*” full-
erenes,'®"” carbon nanotubes,*® and bacteria.*' Other studies
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have addressed the effect of variable charge on particle
aggregation.n*24

More recently, the role of multivalent ions in interactions
between colloidal particles has received renewed attention. This
interest was triggered by the discovery that the Poisson—
Boltzmann approximation that is used to treat the interaction
between electric double layers may fail in the presence of
multivalent ions.>*° In fact, such ions may induce attractive
interactions in situations where classical Poisson—Boltzmann
theory would predict repulsion. Such attractions are accom-
panied by the charge reversal of the surface due to the
adsorption of these ions. These effects were suggested to
originate from correlations between the highly charged ions,
which are not considered within the mean-field approximation
that is inherent in Poisson—Boltzmann theory. Ion correlation
effects were studied theoretically in substantial detail, and
effects of the size and shape of the ions were considered.””>°
On the experimental side, numerous reports exist on the charge
reversal induced by multivalent ions, even though the role of
ion correlations continues to be discussed.’'>* However, the
presence of additional attractive forces is less established.*> >’
The forces were compatible with DLVO theory in some
systems,>>>” whereas an additional attractive force was reported
in others.*®

When additional attractive forces are induced by multivalent
ions, these forces may also have an effect on particle
aggregation rates. This aspect was investigated recently by
some of us, and more rapid aggregation rates than the ones
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expected from DLVO theory were indeed found****3*

Although charge reversal and a strong adsorption of multivalent
ions could be established, it was not clear whether the
adsorption occurs as a result of short-ranged specific
interactions or ion correlation forces. This aspect can be
addressed when various types of multivalent ions of the same
charge are investigated.

Such an investigation is the aim of the present article. We
study the aggregation of negatively charged colloidal particles in
the presence of salts containing different types of multivalent
counterions. In particular, we address whether the interactions
depend on the type of ions of the same valence and to what
extent their chemical nature is important.

B EXPERIMENTAL SECTION

Materials. Carboxylate- and sulfate-functionalized polystyrene
particles were purchased from Invitrogen Corporation. The mean
diameter and polydispersity of the carboxylated latex was 1.0 ym and
the coefficient of variation was 0.05, whereas for the sulfate latex these
numbers were 0.53 ym and 0.02. The surface charge densities were
—127 mC/m? for the carboxylated particles and —77 mC/ m? for the
sulfate particles. These characteristics were determined by the
manufacturer by transmission electron microscopy and conductivity
titrations, respectively. Stock particle suspensions were prepared by
dialyzing the suspensions obtained from the manufacturer with a
cellulose ester membrane against Milli-Q water until the conductivity
stabilized at the conductivity of the Milli-Q water used. Milli-Q water
was used throughout. Particle concentrations in the dialyzed stock
suspensions were determined by static light scattering by comparing
the scattering intensity with the original particle suspension of known
concentration, and they were around 100 mg/L. Analytical-grade
inorganic salts NaCl, CsCl, LaCly;-7H,0, and Co(NH;)sCl; were
purchased from Sigma; KCl, MgCl,-7H,0, and BaCl,-2H,0, from
Acros; CaCl,-6H,0, from Fluka; and Ru(NH,;)Cl;, from Strem
Chemicals.

The salt solutions were prepared by dissolving the amount of solid
salt needed in water adjusted to pH 4.0. Before sample preparation,
both the salt solution and the water were filtered with a 0.1 um
Durapore filter (Merck). The pH was adjusted to 4.0 with dilute HCL
Under these conditions, the carboxyl particles are only weakly charged
as a result of the weak ionization of the carboxyl groups.** The sulfate
particles are expected to remain highly charged. All measurements
were carried out at a temperature of 25.0 + 0.2 °C.

Viscosity. Dynamic viscosities of [Co(NH;)s]Cl; and [Ru-
(NH;)4]Cl; solutions were determined with a Brookfield viscometer
(DV-II Pro) up to a concentration of 0.2 M. The samples were
prepared by mixing the appropriate volume of concentrated salt
solution and Milli-Q water. Up to the concentrations investigated, the
viscosity remained within 5% of the viscosity of water. The viscosities
of the other electrolytes were taken from the literature.’® The
experimental viscosities 77 were fitted to the relation®

n

Mo

=1+ AV + Bc + D¢
()

where 775 = 8.90 X 107* Pa s is the viscosity of water at 25 °C and 4, B,
and D are constants that are summarized in Table 1. The respective
dependencies are shown in Figure 1. The theoretical value for constant
A was used, which was based on Debye—Hiickel theory.* Constants B
and D were obtained by a least-squares fit of the data. The former ones
were in good a§reement with the expected theoretical values based on
the ionic radii.*

Light Scattering. Two different goniometer setups were used to
carry out the light scattering experiments. The first instrument is a
multiangle goniometer with eight fiber-optic detectors (ALV/CGS-
8F) with a solid-state laser having a wavelength of 532 nm. The second
instrument is a compact single-angle goniometer (ALV/CGS-3) with a
He/Ne laser with a wavelength of 633 nm.

734

Table 1. Constants in Equation 2 Describing the
Concentration Dependence of the Viscosities of Electrolyte
Solutions Used

electrolyte A (M2 B (M) D (M)
NaCl 0.0062 0.0614 0.0211
KCl 0.0052 —0.0248 0.0084
CsCl 0.0049 —0.0710 0.0138
MgCl, 0.0168 0.2540 0.2010
CaCl, 0.0156 0.1957 0.1110
BaCl, 0.0201 0.1732 0.0765
LaCl, 0.0285 0.5126 0.3086

Relative Viscosity

1.0
Concentration (M)

Figure 1. Relative viscosities of the electrolyte solutions used together
with the best fit to eq 2. The coefficients are given in Table 1.

Particles in stable suspensions were characterized by light scattering
as follows. The particle suspensions were prepared at a particle
concentration of 4.5 mg/L and adjusted to pH 4.0. The angular
dependence of the static scattering intensity was measured with the
multiangle goniometer. The scattering profiles were fitted to the form
factor of polydisperse spheres based on Mie theory including the back-
reflection correction and the refractive index of polystyrene of 1.59 as
known from the literature.*' The best fits are shown in Figure 2. They

Carboxyl Latex Sulfate Latex

4 1 A
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, —— Mie Fit —— Mie Fit
5107 5,
5 5 10
L2 B
10 7
E E 2
e . 510
10 7
-3
4| 102
10 T T T T T T 0 v T v T T T
0 10 20 30 0 10 20 30
-3 -1 - -
q(x10° nm™) qx10° nm™)

Figure 2. Particle form factors vs the magnitude of the scattering
vector g for the carboxyl latex (left) and sulfate latex (right) measured
in dilute suspensions by static light scattering and best fit with Mie
theory.

yield an average diameter of 0.97 ym and a coefficient of variation of
0.029 for the carboxyl particles and 0.53 pm and 0.038 for the sulfate
particles. The reflection coefficient was around 0.03. Dynamic light
scattering at a scattering angle of 90° yields a diameter of 1.04 ym for
the carboxyl latex and a diameter of 0.58 um for the sulfate latex. The
latter values are slightly higher than those obtained by the
manufacturer as a result of polydispersity effects.
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Absolute aggregation rates were measured with the multiangle
goniometer. Light scattering cuvettes were cleaned prior to use in hot
Piranha solution, which is a mixture of 98% H,SO, and 30% H,O, in a
ratio of 3:1. The cuvettes were then washed with Milli-Q water and
dried in a dust-free oven. The experiments were carried out in quartz
cuvettes filled with particle suspensions in a 1.0 M KCI solution at
particle concentrations of 2—5 mg/L. The experiment was initiated by
adding the particle suspension to the electrolyte solution in the
cuvette, followed by rapid mixing. The correlation functions were
accumulated for 30 s, and the hydrodynamic radius was obtained from
a second-order cumulant fit. The time evolution of the scattering
intensity and of the hydrodynamic radius was followed over 100—400
consecutive measurements.

The absolute aggregation rate coeflicient k, which characterizes the
rate of the aggregation process, was obtained from the evolution of the
static light scattering intensity I(q, t) and of the apparent
hydrodynamic radius r, (g, t), where t is the time and q is the
magnitude of the scattering vector. For short times, where monomers
and dimers dominate, the rate of the relative change in the scattering
intensity, which is also referred to as the apparent static rate, can be

Ly(q)

expressed as®
- kNO( - 1]
0 21(q) 3)

1 dl (g, 1)
I(g,0) dt
where k is the aggregation rate coefficient, Ny is the initial particle
number concentration, and I;(q) and L(q) are the scattering
intensities of the monomers and dimers, respectively. For short
times, the relative rate of change in the hydrodynamic radius, which is
also referred to as the apparent dynamic rate, is given by*

l) Iz(’])
a)2L(q)

1 dnlq 1)
Vh(q; 0) dt

= kNO(l -
(4)
where a = n,,/1, ; with r, ; and 7, , being the hydrodynamic radii of the

monomer and the dimer, respectively. By combining eqs 3 and 4, one
obtains a linear relationship

t—0

1—1
s=(1——) D — kN,

a

)

Therefore, a scatter plot of the two quantities S and D measured at
different scattering angles gives a straight line. The absolute
aggregation rate coefficient can be obtained from its intercept, and
the slope yields the hydrodynamic factor a. From this representation,
the errors in these quantities can also be obtained. The fact that only
the early stages of the aggregation process are being probed can be
ascertained by assuring that the initial hydrodynamic radius is within
the experimental error of the one measured in a stable suspension and
that the apparent hydrodynamic radius does not increase more than
20% during these measurements.

In all other situations, the aggregation rates were determined by
time-resolved dynamic light scattering at a scattering angle of 90°.
Typical time dependencies of the apparent hydrodynamic radius are
shown for different electrolytes and concentrations in Figure 3. The
resulting apparent dynamic rate was normalized by the apparent
dynamic rate determined in a 1 M KCI reference solution. The
absolute rate coeflicient was then obtained by multiplying the ratio of
the apparent rates by the absolute rate coefficient measured by the
multiangle technique in the same reference solution. The samples were
prepared similarly to the method described above in borosilicate glass
cuvettes at particle concentrations of 80 mg/L for the carboxyl
particles and 20 mg/L for the sulfate particles. The errors in the rate
coefficients obtained in this fashion are about 50% larger than the ones
obtained from the scatter plot.

Electrophoresis. A ZetaSizer Nano ZS (Malvern Instruments) was
used to measure the electrophoretic mobility of the particles in
aqueous solutions. The electrophoretic mobility represents the ratio
between the travel velocity of the particle relative to the applied
electric field. The samples were prepared by mixing the appropriate

735
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Figure 3. Time dependence of the apparent hydrodynamic radius
measured at a scattering angle of 90° for the sulfate latex particles at
different electrolyte concentrations in KCl (left) and LaCly (right).
Note that the data are overlaid in the fast aggregation regime.

amount of the electrolyte solution with a diluted particle stock
suspension in order to achieve the desired electrolyte and particle
concentrations. The particle concentration was 80 mg/L for the
carboxylated particles and 20 mg/L for sulfate particles. Before the
measurement, the samples were equilibrated for 1 min, and the
measurement was repeated several times.

B RESULTS

We study the aggregation rates of two types of negatively
charged latex particles in the presence of various counterions of
different valence. Although some of the trivalent cations lead to
a charge reversal at higher concentrations, this accumulation of
charge does not lead to any slowdown in the aggregation.

Absolute Rate Coefficients. Absolute aggregation rate
coefficients were determined from the multiangle measure-
ments in 1.0 M KCl solutions with time-resolved simultaneous
static and dynamic light scattering. These conditions
correspond to the fast aggregation regime. The scatter plot of
the apparent static versus dynamic rate is shown in Figure 4a.
From the fit to straight lines as given in eq 5, one obtains
aggregation rate coefficients of (2.0 + 0.2) X 107"* m*/s for the
carboxylate particles and (3.3 + 0.1) X 107® m?/s for the
sulfate particles. The corresponding measured hydrodynamic
factors are 1.40 + 0.0S and 1.31 =+ 0.03. The latter numbers are
in good agreement with the theoretical value of 1.39 obtained
from low Reynolds number hydrodynamics.*> Figure 4b
illustrates that the angular dependence of the ratio L(q)/
[21,(q)] can be well modeled with T-matrix theory.** Note that
the classical theory by Rayleigh, Debye, and Gans (RDG)"**%*”
provides only a poor description of the form factor of the
particles used here. Apparent dynamic rates under other
conditions were obtained from time-resolved DLS measure-
ments at a scattering angle of 90° as shown in Figure 3. These
rates were converted to absolute rate coefficients by normal-
ization to the respective measurement at 1 M KCl.

The aggregation rate coefficient in the fast regime can be
compared to the value obtained by Smoluchowski for hard-core
interactions, but neglecting hydrodynamic forces**

3

ke = ST _ 123 x 1077 0
3 s (6)
where T is the absolute temperature, ky is the Boltzmann
constant, and # is the viscosity of the liquid. The numerical
value refers to water at a temperature of 25 °C. The measured
rate coeflicients are about 4—6 times smaller than the
Smoluchowski value. This discrepancy mainly originates from
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Figure 4. Determination of the absolute aggregation rate coefficients
with time-resolved multiangle light scattering for the carboxyl latex
(left) and sulfate latex (right) in 1 M KCl solution at particle
concentrations of 8.6 X 10'? and 2.3 X 10" m™, respectively. (a)
Scatter plot of the apparent static and dynamic rates that allows the
determination of the absolute rate coefficients. (b) Dimer form factors
vs the magnitude of the scattering vector g compared to the T matrix
and Rayleigh, Debye, and Gans (RDG) theory.

the fact that the Smoluchowski theory neglects van der Waals
forces between particles and hydrodynamic interactions.

Influence of the lon Type on Particle Aggregation. Let
us now focus on the dependence of the aggregation rates and
electrophoretic mobilities on the electrolyte concentration.
Figure 1 shows that the viscosities of the electrolyte solutions
may become significantly larger than for pure water at higher
electrolyte concentrations; therefore, we have also considered
the aggregation rate to be normalized to the Smoluchowski
value, k/ks. This representation removes the dependence of the
aggregation rate on the viscosity of the solution in the fast
aggregation regime.

Figure S shows the situation with monovalent Na*, K', and
Cs" counterions. The two columns refer to the carboxyl and
sulfate latex particles with diameters of 1.0 and 0.53 pm,
respectively. Figure Sa illustrates the typical dependence of the
absolute aggregation rate on the electrolyte concentration. At
low concentrations, the aggregation rate is small but increases
rapidly with increasing concentration. This regime is referred to
as slow aggregation. At higher concentrations, the aggregation
rate is constant, and this regime is referred to as fast
aggregation. These two regimes are separated by the CCC.
Figure Sb shows the aggregation rate normalized to the
Smoluchowski rate. The overall appearance of this graph is very
similar to the absolute aggregation rate because the viscosities
of monovalent salt solutions up to the solubility limit and of
pure water do not differ more than 15%.

Figure Sc summarizes the electrophoretic mobility of these
particles under the same conditions. One observes that the
mobility decreases with decreasing salt concentration. At even
lower salt concentrations than shown in the figure, there is a
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Figure 5. Aggregation and charging behavior in the presence of
monovalent counterions for carboxyl (left) and sulfate latex particles
(right). (a) Absolute aggregation rates, (b) rates normalized to the
Smoluchowski value, and (c) electrophoretic mobility.

minimum in the mobility plot that can also be predicted with
the standard electrokinetic model.***”

The carboxyl latex particles have a CCC value of around 0.05
M. This low value reflects the relatively small charge of the
particles, which is also confirmed by the low magnitudes of the
electrophoretic mobility. The sulfate particles show a
substantially higher CCC, which lies between 0.1 and 0.3 M
depending on the type of counterion. These particles also have
mobilities of much higher magnitudes. These observations
indicate that the sulfate particles are much more strongly
charged than the carboxyl particles under the conditions
investigated. This aspect is corroborated by the fact that in the
slow aggregation regime the dependence on the salt
concentration is very strong for the carboxyl particles but less
so for the sulfate particles. This dependence was related to the
position of the barrier in the mutual energy profile between two
particles at the CCC.** At low salt levels, this barrier is located
at larger distances, and the salt dependence is strong, as
predicted by DLVO theory. At higher salt levels, the barrier is at
subnanometer distances and the local surface heterogeneities
become important and lead to a faster aggregation rate. In this
situation, the aggregation rate also depends on the type of
cations. This dependence could be related to different affinities
of the cations to surface heterogeneities.

The effects of divalent ions Mg®', Ca’*, and Ba®' are
summarized in Figure 6. There is no hydrolysis of these ions
under any conditions investigated.** The aggregation rates

dx.doi.org/10.1021/1a4046644 | Langmuir 2014, 30, 733—741
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Figure 6. Aggregation and charging behavior in the presence of
divalent counterions for carboxyl (left) and sulfate latex particles
(right). (a) Absolute aggregation rates, (b) rates normalized to the
Smoluchowski value, and (c) electrophoretic mobility.

shown in Figure 6a again illustrate the characteristic slow and
fast regimes, but for the divalent ions, the CCCs are now
substantially smaller than for the monovalent ions. This trend
reflects the Schulze—Hardy rule, which states that the CCC
decreases with increasing valence of the counterion. However,
the aggregation rates decrease significantly at high electrolyte
concentrations.

This decrease in the aggregation rate at high salt
concentrations is due to an increase in the viscosity of the
electrolyte solution. The viscosity of the electrolyte solution
increases with increasing salt concentration as shown in Figure
1. This increase can be up to a factor of 2 for electrolyte
solutions containing divalent ions. This effect leads to a
slowdown of the diffusion-controlled aggregation process. The
correctness of this interpretation becomes obvious when one
inspects Figure 6b, where the normalized aggregation rate
coefficient with respect to the Smoluchowski value is presented.
In this representation, the effect of the solution viscosity is
factored out, and one observes that the normalized rate remains
constant all the way to the highest concentrations measured.

One might be tempted to associate the slowdown of the
aggregation rate at high salt concentrations to an electrostatic
stabilization of the particles induced by the charge reversal.
Such a charge reversal can be indeed evidenced by the
electrophoretic mobility data shown in Figure 6¢c. At low salt
concentrations, the particle mobility is negative, but the
electrophoretic mobility becomes positive at elevated concen-
trations. This charge reversal originates from the adsorption of
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the counterions to the particle surface. However, the salt
concentrations are so high that such a charge reversal does not
become noticeable. In fact, when one estimates the surface
potentials ({ potentials) with Smoluchowski’s electrokinetic
relation, one always finds values below 10 mV, which is not
sufficient to obtain a significant slowdown of the aggregation
rate due to double-layer repulsion at the salt levels in question.®

The CCC of the carboxyl latex particles is around 0.02 M,
which is again lower than the CCC of sulfate particles, which is
around 0.03 M. This situation again reflects the lower charge
density of the carboxyl latex. However, the difference is much
smaller than for the monovalent ions, which indicates that the
divalent ions adsorb to the surface more strongly. This point is
also illustrated by the electrophoretic mobility, which is less
disparate for the divalent cations than for the monovalent
cations. Aggregation of the carboxyl latex again shows very little
ion specificity. For the sulfate latex, Mg®" leads to slightly
smaller aggregation rates than for Ca** and Ba** in the slow
aggregation regime. Still, there is only a small effect of the type
of counterion on the aggregation behavior.

The corresponding situation with trivalent cations La*,
[Co(NH,)4)*, and [Ru(NH,)s]** is shown in Figure 7.
Speciation calculations again indicate that that these ions do
not hydrolyze and that they maintain their charge under the
conditions investigated.** ">’ The only exception is La**, which
forms LaCl** complexes to some extent at elevated
concentrations. However, these complexes are negligible near
the CCC.
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Figure 7. Aggregation and charging behavior in the presence of
trivalent counterions for carboxyl (left) and sulfate latex particles
(right). (a) Absolute aggregation rates, (b) rates normalized to the
Smoluchowski value, and (c) electrophoretic mobility.
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The aggregation rates shown in Figure 7a again feature the
characteristic slow and fast aggregation regimes. The
corresponding CCCs lie in the range of (0.7—2.0) X 107 M,
and they are now shifted to even lower concentrations than for
the divalent ions in accordance with the Schulze—Hardy rule.
Now, there is little difference between the sulfate and carboxyl
particles, indicating an even stronger interaction of the trivalent
ions with the surface than for the divalent ions. The mobilities
are also very similar in both cases.

The aggregation rate slows down significantly at high La**
concentration. An inspection of the normalized rate again
reveals that this slowdown is due to the increase in the viscosity
of the LaCl; solution and is not due to the charge reversal. The
normalized rate coefficient shown in Figure 7b is constant
within the experimental error, which indicates that the
slowdown is caused by the viscosity increase. Figure 7c shows
the corresponding electrophoretic data. Although La** induces
a substantial charge reversal, especially for the carboxyl
particles, this charge reversal is too weak to induce a slowdown
in aggregation. The corresponding { potential is around 5 mV,
which is again too low to induce any stabilization due to
double-layer repulsion.’ Although [Co(NH;)s]*" does not lead
to charge reversal for the carboxylate particles, the other cations
induce a weak but clear charge reversal. Nevertheless, this
phenomenon has no effect on the aggregation behavior. We
observe again that the type of counterion has little effect on the
aggregation behavior.

Schulze—Hardy Rule. The present aggregation data with
sulfate latex particles illustrate this rule nicely. For the
monovalent counterions, the CCCs is around 0.1 M; for
divalent counterions, 0.03 M; and for trivalent counterions,
0.001 M. The corresponding CCC data are shown in Figure 8a.
The data for the carboxyl latex follow a very similar trend.

1 4

o 10"\ Q
Q 8 107
(@] 2 o
o 107 \ Q3
8 5]\ g 10"‘
K] . & 10 1
10" -
) ~ 10
1077 10°1
T T T T T T T T T T T T
1 2 3 4 5 6 7 1.2 3 4 5 6 7
Counterion Valence Counterion Valence

—e— Presentarticle CL  —O— Furlong et al. —@- Sinha etal.
—#— Present article SL  —{— Hansen etal. —— Szilagyi et al.
—A— Leeetal. —/— Ottewill et al. —A— Verrall et al.

Szilagyi et al. —7— Kotera et al. —4— Matijevic et al.
—4— Petrovetal. —— Matijevic et al. —&— Hardy

Schneider et al. Rubin et al.

Lagaly etal. Tezak et al.
—4— Sano etal. —)— Tezak, Mirnik et al.
—&— Mchedlov et al. —O— Wannow

Frens et al. Freundlich

Zimehl et al. Linder et al.

—0O— Schulze

Figure 8. Relative critical coagulation concentration (CCC) with
respect to its value for monovalent electrolytes for the present systems
and others reported in the literature. The expected power-law
dependence given by eq 1 is indicated for n = 2 and 6. The respective
systems are summarized in Table 2. (a) Cations together with
negatively charged particles (with the inset up to trivalent cations) and
(b) anions with positively charged particles.
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These trends are compared to other negatively charged
particles involving multivalent cations taken from the literature.
Only systems involving valences higher than 2 were considered.
One observes that the CCCs do decrease with the valence but
that there is substantial system specificity. Very similar behavior
can be found for positively charged particles involving
multivalent anions shown in Figure 8b. The individual systems,
CCCs, and references are summarized in Table 2.

In spite of some variability due to system specificity, one can
recognize several common trends. First, multivalent anions are
more effective at destabilizing colloidal suspensions than are
multivalent cations. Second, the power law given in eq 1
describes the data with n = 6 relatively well. Although this law
can also be derived from DLVO theory for highly charged
substrates, the observed agreement is likely to be only
fortuitous. In those systems where the electric surface potentials
at the CCC are known, one finds that their magnitudes are
relatively low."****” When the surface potential is low, eq 1
applies as well, but rather with n = 2. At the same time,
however, the CCC also strongly increases with the diffuse layer
potential g, leading to the overall dependence®
Vi

z* (7)

for symmetric electrolytes. For the more common asymmetric
electrolytes, the situation is similar.” However, the valence of
the ions also influences the extent of the adsorption of these
ions and thereby modifies the surface potential. The present
observations and several other studies”"****” point to the fact
that the surface potential decreases with increasing valence.
Therefore, the dependence of the CCC on the valence also
reflects this variation, and one expects stronger dependencies
on the valence than with n = 2. The stronger dependencies
observed for the anions probably result from their greater
affinity for the surface.

From the data summarized in Figure 8, one observes that the
simple Schulze—Hardy rule reflects only the observed trends
with valence semiquantitatively. Substantial system-specific
variations remain. At this point, however, a quantitative analysis
of these trends is lacking. Some progress could be made by
combining aggregation rates with direct force measure-
ments.*®*” In the case of multivalent cations as investigated
here, it was found that DLVO theory is capable of describing
the forces and aggregation rates reasonably well. In the case of
multivalent anions, additional attractive non-DLVO forces
could be established by direct force measurements, but these
forces were not sufficient to explain the more rapid aggregation
rates observed. The explanation of these discrepancies is
probably related to surface charge heterogeneities. However,
the nature of these forces is not fully clear, and further research
is necessary to clarify these questions.

CCC x

Bl CONCLUSIONS

We present accurate aggregation rate measurements of sulfate
and carboxyl latex particles in the presence of different
monovalent, divalent, and trivalent counterions. Although
these rates strongly depend on the valence of the counterion,
only a weak dependence on this type of ion is observed. The
strongest ion specificity is observed for monovalent cations and
highly charged sulfate particles.

At high salt concentrations, however, the increased viscosity
of the solution may lead to a slowdown in the aggregation rates.
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However, this effect is relatively minor, and overall the valence
of the counterions mainly dictates the aggregation rates
whereas the chemical nature of the ion is less important. The
presently observed values for the CCCs are well in line with
other data available from the literature, even though the
dependence on valence may vary from system to system. We
suspect that multivalent ions adsorb strongly to the substrates
and reduce the magnitude of the surface potential.
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ABSTRACT: Direct force measurements between negatively
charged colloidal latex particles of a diameter of 1 ym were
carried out in aqueous solutions of various inorganic
monovalent and multivalent cations with the multiparticle
colloidal probe technique based on the atomic force
microscope (AFM). The observed force profiles were
rationalized within the theory of Derjaguin, Landau, Verwey,
and Overbeek (DLVO). In the presence of monovalent and
divalent cations, this theory was capable to describe the force
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profiles correctly down to distances of a few nm. At shorter distances, however, a strong non-DLVO attraction was identified. For
more highly charged cations, an additional and more long-ranged non-DLVO attractive force is observed, and it was interpreted
by surface charge heterogeneities. On the basis of these force profiles, the aggregation rates, which were independently measured
by light scattering, can be predicted relatively well. The main conclusion of this study is that, in the present system, direct force
measurements do capture the principal interactions driving aggregation in colloidal suspensions.

B INTRODUCTION

The discovery that the popular Poisson—Boltzmann (PB)
description of the electrical double layer may fail in the
presence of multivalent ions triggered renewed interest in the
interaction of multivalent ions with interfaces and their
influence on interparticle forces."” In the meantime, numerous
theoretical as well as experimental studies involving multivalent
ions were carried out in order to understand the role of ion
correlations in more detail.>~® The most surprising finding that
emerged from these investigations was that in the presence of
multivalent ions forces between similarly charged water—solid
interfaces may become attractive, whereby the classical PB
theory would predict purely repulsive forces in such situations.
Such attractive forces were surmised to be responsible for the
collapse of clays, condensation of DNA, and cement harden-
ing#7 1!

To clarify the importance of such additional forces more
directly, effects of multivalent ions on interactions between
water—solid interfaces were investigated with the surface forces
apparatus (SFA),"™'* the colloidal probe technique based on
the atomic force microscope (AFM)," or video microscopy
combined with optical tweezers.'® Many of these studies
confirmed that the PB model provides a good description of the
force profiles down to distances of a few nm.">~'® However,
some reports revealed the characteristic charge reversal'® and
additional attractive forces."*

In spite of all this recent activity, the question how
multivalent ions affect interaction forces between colloidal
particles was investigated for a long time. The Schulze—Hardy
rule, which was discovered about a century ago, states that
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multivalent jons are much more effective in destabilizing
colloidal suspensions than monovalent ones.'” More precisely,
this rule states that the critical coagulation concentration
(CCC), which separates the regions of slow and rapid
aggregation, scales with the inverse sixth power of the valence
of the counterion. The triumph of the famous theory put
forward by Derjaguin, Landau, Verwey, and Overbeek (DLVO)
was to derive this rule by assuming that interparticle forces can
be approximated by a superposition of attractive van der Waals
interactions and repulsive forces due to the overlap of the
electrical double layers.'®'® Nevertheless, this characteristic
dependence remains puzzling even today, as its derivation
within DLVO theory assumes very high diffuse layer potentials.
Such high potentials are unrealistic, since more recent
adsorption studies of multivalent jons on charged water—
oxide interfaces have revealed that relatively low surface
potentials are the rule.*’~>* Moreover, formation of hydroxo
and multicenter metal complexes complicates the picture
further.”>**

While forces acting between colloidal particles determine the
suspension stability, direct measurements of forces and colloidal
aggregation rates were hardly carried out in the same system.
The reasons are probably technical. Direct force measurements
with the colloidal probe*~*” or optical tweezers techni-
ques'®*®*° are typically carried out with particles of several
pum in diameter. On the other hand, aggregation rate
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measurements are normally done with substantially smaller
particles.>*~>* To circumvent this problem, particles of different
size but of similar surface functionalities have been used in
order to compare forces and aggregation rates.>> Thereby, the
larger particles were used in the colloidal probe experiment, and
smaller ones in the aggregation studies.

We are now capable of measuring forces between particles
from the same batch as used for aggregation rate measure-
ments. Such experiments became possible due to two
important developments. With multiangle static and dynamic
light scattering experiments, one can reliably measure absolute
aggregation rate coefficients just below 1 pm in size.>*°
Furthermore, the recently developed multiparticle colloidal
probe technique enables us to carry out direct force
measurements between two micrometer-sized particles.>”*®
We have adapted both techniques to investigate particles of 1
pum in diameter. A report on direct force measurements and
aggregation studies with positively charged garticles in the
presence of multivalent anions has appeared.” In the case of
trivalent and tetravalent anions, this system displayed a
characteristic reentrant behavior due to charge reversal. In the
present article, we investigate the practically more relevant case
of negatively charged particles in the presence of multivalent
cations. Such studies are essential to give new insights on how
multivalent ions influence interparticle forces and aggregation
rates between colloidal particles.

B DLVO THEORY

Forces acting between colloidal particles across aqueous
solutions are typically described in terms of the DLVO theory.
This theory stipulates that the total force F(h), which depends
on the surface separation A, can be represented as a sum of two
contributions*’

F=Fqw +E @

where F 4y is the attractive van der Waals force and Fy is the
repulsion force due to the overlap of electrical double layers.
Neglecting retardation effects, the van der Waals force can be
approximated by*°

Hr
121 ()

dew(h) ==

where H is the Hamaker constant and r is the particle radius.
This expression invokes the Derjaguin approximation, which
will be used throughout. The double-layer force Fy is evaluated
from the electrical potential profile y(x) between two charged
plates by numerically solving the PB equation*

2
j_l/; . Z zce W
e ()
where z; and ¢; are the valence and bulk concentration of ion
type i, respectively, q is the elementary charge, &, the dielectric
permittivity of vacuum, ¢ the dielectric constant, and f = 1/
(kgT) the inverse thermal energy, where T is the absolute
temperature and kg is the Boltzmann constant. The PB
equation is solved numerically for the two plates situated at x =
+h/2 subject to the boundary conditions™*!

d
e W

’ =0 — Cily(xh/2) — y]

=+h/2 4)

where yy, is the diffuse layer potential and C; is the inner layer
capacitance. We prefer to express the inner capacitance in terms
of the regulation parameter

C
p=——"
Cp + C; ()
where Cp, is the diffuse layer capacitance of an isolated plate.
For constant charge (CC) boundary conditions, one has p = 1

while for constant potential (CP) conditions p = 0. The
interaction force is evaluated from the swelling pressure

(%)

2 \dx (6)
Finally, the forces are calculated by numerical integration of the
swelling pressure according to

Ey(h) = ar fh “n(w) aw

Il = kBTZ ci(e_zﬁq‘” -1) -

(7)
For larger distances, the force decays exponentially as™
F = ZﬂrSOSKl//effze_Kh (8)

where g is the effective potential and k™" is the Debye length,
which can be expressed as

2 1
2=
Ey€ )

where the ionic strength is given by

I= % z zizci

i (10)

Early stage aggregation between colloidal particles can be
quantified by the kinetic rate law of dimer formation
dN, _ k N2

a2 (1)
where N; and N, are the number concentrations of the
monomers and dimers, respectively, and k is the aggregation
rate coefficient. This rate coefficient can be obtained from the
steady-state solution of the pair diffusion eczluation subject to
the force given by eq 1. The result reads***

__4 © B(h/r) -1
. 3ﬂnr[f0 Gr iy TPV d’“]

(12)

where V() is the interaction potential energy and B(x) is the

hydrodynamic resistance function that can be approximated
by*#
6x> + 13x + 2
Bx) = — 5 ——
6x” + 4x (13)

The interaction potential energy can be obtained from the force
profile by an additional integration

V(h) = /h F(h') di’ "

We will report the corresponding rate coefficients as a
dimensionless stability ratio. This ratio is defined as

w = Fest

(15)
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where ke, is the aggregation rate coefficient at a suitably chosen
reference condition. This condition is chosen in the fast
aggregation region where the repulsive double layer contribu-
tion is negligible.

B EXPERIMENTAL SECTION

Materials. Carboxyl-terminated surfactant-free colloidal
particles were purchased as aqueous suspensions from
Interfacial Dynamics Corporation. The manufacturer charac-
terized these particles with transmission electron microscopy,
and they report a mean diameter of 1.0 ym and a polydispersity
with a coefficient of variation of 0.04S. The suspension was
purified in a cellulose ester membrane with a molecular mass
cutoff of 300 kg/mol (Spectrum) by dialysis against Milli-Q
water. The procedure was carried out for at least 3 days until
the conductivity of the dialysate was the same as the one of
Milli-Q water. The particle concentrations after dialysis were
obtained by their light scattering intensity. The surface of these
particles was relatively smooth, as revealed by the mean square
roughness of 0.39 nm measured by tapping mode AFM in air.

Colloidal suspensions with a particle concentration of 80
mg/L were prepared by mixing the stock particle suspension
with appropriate amounts of corresponding salt solutions of
KCl, MgCl,, LaCl;, and ZrCl, (Acros, Aldrich). When
experiments were carried out with other particle concen-
trations, this fact is indicated in the text. Solutions were
prepared with Milli-Q water (Millipore) and adjusted to pH 4.0
with HCl (Sigma-Aldrich). The prevalent species in the
electrolyte solutions were estimated by solving the chemical
equilibrium conditions subject to mass conservation. In KCl
and MgCl, solutions, the hydrated K* and Mg** ions are the
dominant species in the entire concentration range considered.
In LaCl; solution, the formation of the chloro-complex was
considered according to the reaction®

La®" + CI” = LaCP* K=0.8 (16)

where the corresponding equilibrium constant is indicated.
Molar concentration units are used throughout. The distribu-
tion of these species is given in Figure la. One observes that
La*" is the major species below 107> M. In the case of ZrCl,
solution, the relevant equilibria are*’

Zr*t + OH™ = Zror’”" K=03
47r** + 8OH™ = Zr,(OH),** K’ =2 x 10° (17)

Figure 1b illustrates that, for most conditions considered,
Zr,(OH)*" is the principal species. Note that the actual
composition might be somewhat different due to the slow
formation kinetics of some of these species.

Direct Force Measurements. Forces between the particles
were measured with a closed-loop AFM (MFP-3D, Asylum
Research) mounted on an inverted optical microscope
(Olympus IX 70). Prior to the force measurements, the glass
plate fitting the fluid cell was cleaned overnight with hot
Piranha solution, which consists of a mixture of H,SO, 98%
and H,0, 30% in a ratio of 3:1. Subsequently, it was rinsed
with Milli-Q water and dried with nitrogen. The glass plate and
the tip-less AFM cantilever (NSC 12, uMash, Estonia) were
further cleaned in air plasma cleaner (PDC-32G, Harrick, New
York) for 20 min. The glass plate and the cantilever were
silanized in an evacuated airtight container aside of a drop of 3-
ethoxydimethylsilylpropyl amine (Sigma-Aldrich). The silan-

ized glass plate and the cantilever were then mounted in the
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Figure 1. Estimated solution speciation at pH 4. The double arrow
indicates the concentration range investigated. (a) LaCly; and (b)
ZrCl,.

AFM fluid cell and the cantilever holder, and the cell was
flushed with the appropriate suspension of a particle
concentration of 80 mg/L. The particles were allowed to settle
for about 2 h, and the cell was then rinsed with the electrolyte
solution or the suspension supernatant. The supernatant was
used for LaCly and ZrCl, solutions and was obtained by
filtering the suspension with a 0.1 ym polyvinylidene difluoride
(PVDF) membrane filter (Millex VV-33, Millipore).

A colloidal particle was attached to the tip-less cantilever by
pressing the particle against the substrate with the cantilever.
This particle was then centered with respect to another particle
immobilized on the glass surface with the optical microscope
with a lateral precision of about 50 nm. Interaction forces
between the particles were measured with repeated vertical
approach/retraction cycles at a frequency of 0.5 Hz, velocity of
300 nm/s, and sampling rate of 5 kHz. The probe was
approached until the constant compliance region was reached.
The onset of this region was used to determine the zero
separation with a precision of about 0.5 nm. A jump-out was
observed upon retraction. The interaction forces were obtained
from the cantilever deflection in the approach part and the
spring constant of the cantilever. They were measured through
the amplitude of the thermal noise®® and the geometrical
dimensions of the cantilever*® and were in the range 0.1—0.3
N/m. Each force curve was time-averaged in intervals of 0.3 ms,
and about 100 such force curves obtained from different
approach—retraction cycles averaged again. This procedure
leads to a force resolution of about 3 pN and a distance
resolution of 0.15 nm. After a measurement sequence, the
particle used was detached from the cantilever and another
particle attached. In this way, interaction forces between
different pairs of particles could be measured under the same
conditions. In some cases, the forces were well reproducible
between different particle pairs, while in others they were less
so. Figure 2 gives respective examples. In the following, we will
always report force profiles that have been obtained from the
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Figure 2. Variation between force profiles measured between different
pairs of particles and the corresponding averaged profile. Solution of
(a) 30 mM KCl and (b) 0.8 mM LaCl,.

average of the forces involving at least three different pairs of
particles. Adhesion forces were measured from the maximum
deflection of the cantilever during retraction.

Light Scattering. Experiments were carried out with two
different instruments. The multiangle light scattering instru-
ment has eight fiber-optic photomultiplier detectors (ALV/
CGS-8, Langen, Germany) and a solid state laser with a
wavelength of 532 nm (Verdi V2, Coherent, Inc.). The
compact goniometer (ALV/CGS-3, Langen, Germany) uses an
avalanche photodiode as a detector and a He—Ne laser of 633
nm wavelength as the light source.

Stable particle suspensions were characterized with static and
dynamic light scattering with the multiangle instrument. The
measured angular dependence of the scattering intensity in an
aqueous suspension adjusted to pH 4.0 at a particle
concentration of 4.5 mg/L was fitted to the expected form
factor of polydisperse spheres obtained from Mie theory
(Figure 3a). The best fit yields an average diameter of 0.97 ym
and a polydispersity characterized by a coefficient variation of
0.029 in good agreement with the values provided by the
manufacturer quoted above. We have used the known refractive
index of 1.59 for polystyrene.*” Dynamic light scattering at a
scattering angle of 90° yields a diameter of 1.04 ym. For
subsequent analysis of the force curves and calculations of
aggregation rate constants, a particle diameter of 1.0 ym was
used.

Absolute aggregation rate constant measurements were
carried out with the multiangle goniometer. Each correlation
function was accumulated for 30 s, and second cumulant fit was
used to obtain the apparent hydrodynamic radius. The time
dependence of the scattering intensity and of the hydrodynamic
radius was estimated from 100—400 consecutive measurements.

From the time dependence of the static light scattering
intensity I(g, t) and of the apparent hydrodynamic radius r,(g,
t), the absolute aggregation rate coefficient k was obtained. In
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Figure 3. Light scattering experiments in latex particle suspensions at a
particle concentration of 4.5 mg/L and pH 4.0. (a) Scattering intensity
in a stable suspension with no additional salt added and the fit with
Mie theory including polydispersity. (b) Scatter plot of the apparent
static and dynamic rates from which the absolute aggregation rate
coefficient has been determined. (c) Angular dependence of apparent
static and dynamic rates and the corresponding calculation with T-
matrix theory.

the early stages of the aggregation process, the rate of change of

the static intensity, denoted as the static signal S, is given by>***

1 di(g, 1) (Iz(‘I) )
—_— = kN, -1
50 ’ 21(q) (18)

"~ I(g,0) 4t
where N, is the initial particle number concentration, q is the
magnitude of the scattering vector, and I;(q) and L,(q) are the
scattering intensities of the monomers and dimers, respectively.
The initial rate of change of the hydrodynamic radius, denoted

as the dynamic signal D, is given by***
dri(q, t L
pe_ L dn@o]  _ fof1 - 1) (0)
mg0) dt | a)2k(q)  (19)

where a = 1,/ is the ratio of the hydrodynamic radii r;, ; and
th, which refer to the monomer and the dimer, respectively.
Equations 1 and 2 vyield a linear relationship between the
dynamic and static signals, namely,
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A plot of the static versus dynamic signal yields a straight line,
and from its intercept, the absolute aggregation rate coefficient
can be obtained. The data measured in 1 M KClI solution at a
particle concentration of 4.5 mg/L (8.2 X 10> m™?) are shown
in Figure 3b and yield an aggregation rate coefficient of 2.0 X
107'® m?/s. The slope yields the hydrodynamic factor of 1.40,
which is in excellent agreement with the value of 1.39 obtained
from low Reynolds number hydrodynamics.** The angular
dependence could be well described with calculations of the
doublet form factors with T-matrix theory (Figure 3c). Note
that the simplified theory by Rayleigh, Debye, and Gans
provides a poor description of the optical response of the
particles used here.

Stability ratios were measured on the compact goniometer by
dynamic light scattering at a scattering angle of 90° at a particle
concentration of 80 mg/L. The 1 M KCl solution is used as the
reference for fast aggregation.

Electrophoresis. The laser velocimetry setup ZetaNano ZS
(Malvern Instruments, Worcestershire, UK) was used to
measure the electrophoretic mobility of the particles at electric
field strengths of 4 kV/m. The suspensions were prepared at a
particle concentration of about 80 mg/L and equilibrated about
half a day prior to measurement. Some electrophoresis
measurements were also carried out at 200 mg/L. Electro-
kinetic potentials ({-potentials) were obtained from the
electrophoretic mobilities as follows. For potentials of
magnitude below 30 mV, Henry theory was used for the
conversion, while, for potentials of higher magnitude, the
theory of O’Brien and White was used.*>*

B RESULTS AND DISCUSSION

Direct force measurements between carboxylated colloidal
particles of diameter 1.0 ym were performed with the AFM in
aqueous solution of pH 4.0 containing KCl, MgCl,, LaCl;, and
ZrCl, electrolytes. The force profiles were fitted quantitatively
with modified DLVO theory, and these fits were used to predict
the aggregation rate coefficients. These predictions were
compared with aggregation rate coeflicients measured by light
scattering.

Direct Force Measurements. The multiparticle colloidal
probe technique was used to measure forces between pairs of
particles. The force curves strongly depend on the type of salt
and its concentration.

Figure 4a shows the force profiles in monovalent KCI
solutions. At low concentrations, the forces are strongly
repulsive, reflecting the overlap of the electrical double layers.
With increasing concentrations, the repulsion weakens, and a
maximum in the force curve is observed. This maximum is
visible in Figure 4a for a KCI concentration of 30 mM. At even
higher concentrations, a purely attractive force is acting, which
reflects the omnipresent van der Waals interaction. One
observes a jump-in at distances of about 2 nm. The force
profiles in MgCl, and LaCl; solutions shown in Figure 4b,c are
qualitatively similar, but there are two quantitative differences.
First, the transition to attractive forces occurs at increasingly
lower concentration with increasing valence. Second, the
maxima in the force curves shift to larger distances. These
trends are mainly related to the fact that an increasing valence
of the ions leads to an increasingly important contribution to
the jonic strength and thereby to electrostatic screening,
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Figure 4. Force profiles between carboxylated latex particles of 1.0 ym
in diameter in different electrolyte solutions at pH 4.0 at the
concentrations indicated. Solid lines are fits to the modified DLVO
theory. (a) KCl, (b) MgCl,, and (c) LaCl,.

Figure S shows the force profiles in ZrCl, solutions. With
increasing concentration, one observes the forces to become
increasingly attractive, but then they become repulsive again. As
suggested by the chemical equilibrium calculations shown in
Figure 1b, Zr,(OH)*" has a high valence and is likely the
prevalent species in solution. The observed trend in the force
profiles can be explained by adsorption of this positively
charged species and a subsequent charge reversal. While the
jump-in at short distances is observed at small concentrations,
the jump-in disappears at higher concentrations.

The force profiles in KCI and MgCl, shown in Figure 4a and
b can be very well quantified with classical DLVO theory at
distances larger than 5 nm. By fitting the van der Waals
expression given in eq 2 to purely attractive profiles, one finds a
Hamaker constant of (3.5 + 0.8) X 107! J. This value is in
reasonable agreement with the theoretical estimate of 9.0 X
1072 J for polystyrene,”® and the discrepancy between these
values is probably due to surface roughness. The measured
force profiles were fitted to DLVO force profiles given by eq 1
for distances down to S nm by fixing the Hamaker constant to
H = 3.5 X 107*" J. Thereby, the nonlinear PB model and the
CR approximation were used. This model is solved numerically
for the appropriate mixture of the eventually asymmetric
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Figure 5. Force profiles between carboxylated latex particles of 1.0 ym
in diameter in ZrCl, solution at pH 4.0 at the concentrations indicated.
Solid lines are fits with the modified DLVO theory. Concentrations (a)
below and at the charge reversal point and (b) at this point and above.

electrolyte and the known concentration of the monovalent
electrolyte HCI. Three parameters enter this PB model, namely,
the electrolyte concentration, the diffuse layer potential, and the
regulation parameter. The fitted electrolyte concentration was
always found to be within 10% of the analytical concentration
of the solution. The regulation parameter was found to
fluctuate somewhat, and its mean with standard deviation was
0.41 + 0.09. We have fixed the regulation parameter to its mean
value of p = 0.41, and refitted all force curves. The resulting
diffuse layer potentials are shown in Figure 6a. This figure also
demonstrates that the diffuse layer potentials determined by
AFM agree relatively well with the electrokinetic {-potentials
measured by electrophoresis.

In KCI and MgCl, electrolyte solutions, DLVO theory works
well beyond distances of 5 nm but fails to describe the strong
attraction acting at distances of 2—3 nm. In order to describe
the force curves in these regimes as well, we have modified the
force profile with a short-ranged attractive exponential term

F=FEy+ FEqy — Ae % @1)

The experimental force curves were refitted for all measured
separation distances whereby H = 3.5 X 107! J and p = 0.41
were kept fixed to the same values as determined above. This
modified model rationalizes the forces over the whole
experimentally accessible distance range, and we found that
the decay length q,”' fluctuates around the average value of
0.49 + 0.07 nm. The final fit of these force curves was obtained
by also fixing the decay length to g, = 0.49 nm, and in this
fashion, one obtains the amplitudes shown in Figure 6b. The
diffuse layer potentials obtained from this fit are very similar to
the ones obtained from the fits at larger distances. These
amplitudes are very comparable in the KCl and MgCl, systems,
and they decrease within increasing salt level. This short-ranged
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Figure 6. Concentration dependence of the parameters derived from
the force profiles. Solid lines are empirical fitting functions. (a) Surface
potentials refer to diffuse layer potentials determined by AFM and {-
potentials obtained from electrophoresis at particle concentrations of
80 mg/L (white symbols) and 200 mg/L (gray symbols). Amplitudes
(b) of the short-range attraction and (c) the longer-ranged patch-
charge attraction. The latter is only present in the LaCl; and ZrCl,
systems.

non-DLVO force is probably a hydrophobic attraction due to
the nonpolar nature of polystyrene.

The force profiles in LaCl; and ZrCl, solutions in Figures 4c
and 5 cannot be reconciled with the classical DLVO theory
even at separation distances above S nm. This disparity
originates from the fact that the attractive forces are stronger
than van der Waals force determined in systems of lower
valence. This attraction cannot be explained by regulation
effects but can be rationalized with an additional exponential
attraction. The observed force profiles are thus fitted to

F=Fy+ Fgy — Ae™" - Ape_qph (22)

where the first exponential term corresponds to the short-range
attraction, while the second term reflects the additional
attraction of longer range.
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We suspect that this additional attraction originates from
patch-charge heterogeneities of the substrate, for which an
exponential dependence was predicted.>’ Moreover, when
these heterogeneities are arranged on a square-lattice, the
range qp_l of the patch-charge attraction can be expressed as

qu =« + (2n/a)’ (23)
where a is the lattice spacing. By invoking the patch-charge
model, the number of fitting parameters can be reduced further.
The force profiles were now fitted by fixing H = 3.5 X 107! J, p
=0.41, and qs_1 = 0.49 nm, which were the vales determined in
the systems of low valence. The remaining parameters, namely,
the diffuse layer potential, the salt concentration, the
amplitudes of the exponential terms A, and A, and the lattice
spacing a were fitted to the experimental force curves. The data
were well consistent with the model, and the lattice spacing did
fluctuate with a mean and a standard deviation of 13 + S nm.
No systematic differences of this value between the LaCl; and
ZrCl, systems could be observed. The data were therefore
refitted by taking a fixed value of 4 = 13 nm. The remaining
parameters could be determined well from the force profiles,
and they are summarized in Figure 6.

When the observed decay lengths of the electrostatic double-
layer repulsion in LaCl; solutions are interpreted with the
Debye—Hiickel equation (eq 9), one obtains La*" concen-
trations that are about 20% lower. This discrepancy might be
caused by a decrease of the solution concentration by
adsorption of La** to the particle surface or formation of
LaCI* complexes, which would lead to a reduction of the ionic
strength (Figure 1). In ZrCl,, the decay lengths agreed well
with the expected values, since the ionic strength is dominated
by the monovalent HCI electrolyte, which was used to adjust
the pH. The previously determined regulation parameter of
0.41 was found to be consistent with the force profiles observed
in these systems as well.

The corresponding diffuse layer potentials are summarized in
Figure 6a. For LaCl; and ZrCl,, one observes a charge reversal,
which is weak in the case of LaCl; and very pronounced for
ZrCl,. The pronounced nature of the charge reversal in the
latter system can be explained by the adsorption of the highly
charged species Zr,(OH)s*". This charge reversal is also
confirmed by electrophoresis, and the corresponding (-
potentials. Since the highly charged ions adsorb to the particle
surface, the corresponding solution concentration might be
decreased. Such partitioning effects between dissolved and
adsorbed species were further investigated for the more highly
charged ions by varying the particle concentration in the
electrophoresis experiments.””>> For LaCl; and ZrCl,, only a
weak dependence of the mobility on the particle concentration
was observed, from which we conclude that the solution
concentrations change only weakly during the adsorption
process. This conclusion is further supported by the fact that in
the LaCl; system the solution concentrations estimated from
the decay lengths agree within 20% with the total
concentrations.

The amplitudes of the exponential short-ranged and long-
ranged non-DLVO attractive forces are summarized in Figure
6b and c, respectively. The amplitude of the short-range
attraction is much smaller in the presence of the highly charged
ions than for monovalent and divalent ones. This finding
suggests that the adsorption of multivalent ions makes the
particle surfaces more hydrophilic. The amplitudes of the long-

ranged attractive force go through a characteristic maximum,
and they are larger in the LaCl; system.

We suspect that the additional long-ranged attractive forces
do not originate from ion—ion correlations but from surface
charge heterogeneities. Computer simulations and density
functional theories predict that the range of attractive forces
induced by ion—ion correlations lies well within the sub-
nanometer regime.>** Forces acting over such a small range
would be hidden by the jump-in instability of the cantilever,
and they cannot be resolved with the presently used colloidal
probe technique. On the other hand, surface charge
heterogeneities are known to induce attractive forces acting at
larger distances.>>~>” The existence of patch-change hetero-
geneities is further supported by the variability of the force
profiles observed between different pairs of particles (Figure
2b) and the fact that the existence of such heterogeneities on
similar latex particles has been demonstrated with rotational
electrophoresis.®® The reason why the role of these
heterogeneities is more important for the multivalent ions is
probably related to the fact that these ions preferentially adsorb
to patches of higher charge.

Adhesion forces were similar in all situations investigated,
whereby the average was 0.6 nN. In ZrCl, solutions, the
adhesion was weaker, and short pulling events were observed.
We suspect that these effects are caused by the formation of
linear Zr—OH—Zr multicenter hydroxo complexes forming on
the particle surface.

Particle Aggregation Rates. Particle aggregation was
monitored with time-resolved combined static and dynamic
light scattering. The aggregation rates are presented as stability
ratios in Figure 7. In KCI, MgCl,, and LaCl; solutions, one

non-DLVO DLVO

1000 1

Stability Ratio
<]
o

e
o
1

Salt Concentration (M)

Figure 7. Comparison between stability ratios measured by time-
resolved light scattering and the ones calculated form direct force
measurements. The solid lines include the non-DLVO contributions
to the force, while the dashed ones only consider DLVO forces.

observes the classical situation, where high salt concentrations
induce fast aggregation, while at lower concentrations the
aggregation suddenly slows down. The onset of the slow
aggregation is referred to as the critical coagulation
concentration (CCC). The CCC shifts toward lower
concentrations, as suggested by the Schulze—Hardy rule. For
ZrCl, solutions, however, the suspension becomes unstable
only in a very narrow concentration range. This behavior is
consistent with the presence of the highly charged species
Zr,(OH),*" and the pronounced charge reversal observed by
electrophoresis. A minor slowdown of the aggregation is also
observed at higher concentration in the LaCl; solutions, which
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is probably also related by the weak charge reversal observed by
electrophoresis.

The solid lines shown in Figure 7 are predictions of the
stability ratios calculated from the force profiles measured by
the AFM. These predictions contain no adjustable parameters,
and they were obtained as follows. The concentration
dependence of the parameters entering the interpretation of
the force curves in terms of modified DLVO theory was
approximated by the empirical fitting functions shown as solid
lines in Figure 6. These functions were used to calculate the
concentration dependence of the respective parameters. These
parameters were then inserted into the modified DLVO theory
to calculate the aggregation rate coefficient with eq 12, which
was converted to the stability ratio. While an attempt was made
to interpret the force profile with a physically reasonable model,
the real aim was to obtain a smooth interpolation function of
the measured force profiles that can be used to calculate the
stability ratios. The predicted stability ratios are independent of
the exact nature of the model used to fit the force data.

The calculated stability ratios agree very well with the
stability ratios measured experimentally with dynamic light
scattering. Overall, the predicted salt dependence in the slow
aggregation region is slightly stronger. The prediction in KCl
solutions is shifted to lower concentrations, which is probably
related to inaccuracies in the force profiles at small separation
distances. Figure 7 also reports the results obtained by the
DLVO theory, where all non-DLVO contributions are
neglected. While the overall shape of the stability curves is
still predicted well, by excluding the non-DLVO contributions,
the stability ratios are overestimated.

The predicted absolute aggregation rate of 6.8 X 107'® m?/s
compares with the experimentally determined one of 2.0 X
107"® m3/s. By excluding the non-DLVO contributions, one
obtains the same value as given above. Since the force profile is
known from the AFM experiments, the discrepancy is probably
related to inaccuracies in the hydrodynamic resistance function
at small separations.

Figure 8 provides additional information on the comparison
of experimental and calculated aggregation rates. Figure 8a
summarizes the experimental CCCs versus the counterion
valence together with the calculated ones that include all non-
DLVO contributions and those that consider the DLVO
contributions only. In the ZrCl, system, lower CCC and the
valence of the highly charged species Zr,(OH)g*" were
considered. Given the large range of the concentrations
reported, the non-DLVO contributions do not appear to be
extremely important. The trend in the CCCs agrees reasonably
well with the classical Schulze—Hardy rule that states that the
CCCs should scale with the inverse of the sixth power of the
valence. The fact that the ZrCl, fits well into this trend supports
the conclusion that the principal species in this solution is much
more highly charged than Zr*".

Figure 8b summarizes the separation distance of the
maximum in the interaction potential V(h) at CCC. For the
monovalent and divalent systems, these distances are below 3
nm. For the more highly charged ions, these distances move to
substantially larger separations. The non-DLVO patch-charge
contributions shift these distances to 8—12 nm. When one
considers the DLVO contributions only, these distances
become substantially smaller.

Comparison with Other Systems. One should compare
these results with a similar study presented recently, where
positively charged particles were investigated in the presence of
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Figure 8. Summary of CCCs and separation distances at CCC versus
the valence. (a) Comparison of experimental and calculated CCCs
with the trend expected from the Schulze—Hardy rule. (b) Calculated
separation distances of the energy maximum at CCC and the average
position of the jump-ins. The distance resolution is also indicated.

multivalent anions.> Attractive non-DLVO forces with a range
of several nm were also observed in the presence of highly
charged ions, and these forces were also interpreted as
originating from surface charge heterogeneities. The predicted
aggregation rates agreed well with the experimental ones for
monovalent and divalent ions, but for trivalent and tetravalent
ions, they were substantially larger than the ones observed
experimentally. This discrepancy was also attributed to
additional attractive forces induced by surface charge
heterogeneities. Since these deviations are absent in the present
study, we suspect that relative contribution from these patch-
charge forces is less important in the present system. This
conclusion is equally supported by the fact that the magnitude
of the additional non-DLVO forces in the presence of
multivalent ions measured with the colloidal probe is about a
factor of 2 smaller in the present system.

A less direct comparison can be made with electrophoresis
and aggregation studies of substantially smaller charged latex
particles in the presence of oppositely charged linear chain
oligomers.sz””’60 In particular, negatively charged carboxyl
particles were investigated in the presence of aliphatic
polyamines. In close analogy to the LaCly system, a weak
charge reversal was observed for the trivalent cation, and no
restabilization region was observed.®® A pronounced over-
charging was only observed for hexavalent ions, which supports
the existence of a highly charged species in the ZrCl, system.
Anionic oligomers of poly(acrylic acid) are more effective to
induce a charge reversal of amidine latex particles, whereby the
reversal already happens for the divalent ion.>**’
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B CONCLUSIONS

Measurements of force profiles and of aggregation rates
involving negatively charged colloidal particles in the presence
of monovalent and multivalent inorganic cations were carried
out. DLVO theory is capable of describing the force profiles
rather well in the presence of monovalent and divalent cations,
even though a non-DLVO short-ranged attraction is present at
distances below 2 nm. For more highly charged ions, an
additional and more long-ranged attractive force is observed,
and is attributed to surface charge heterogeneities. From these
force profiles, the observed aggregation rates can be predicted
relatively well. We conclude that direct force measurements
capture the principal interactions driving the aggregation in the
colloidal suspensions correctly.

Ion—ion correlations seem not to be directly responsible for
the additional non-DLVO forces observed in the presence of
multivalent ions. While additional attractive forces are observed,
their range is substantially larger than the range of attractive
forces induced by ion—ion correlations.*>* We rather suspect
that the observed attractive forces are caused by patch-charge
heterogeneities, which are amplified in the presence of
multivalent ions. On the other hand, ion—ion correlations are
probably responsible for the charge reversal observed in the
presence of ions of higher valence. An analogous scenario was
suggested on the basis of similar experiments with gositively
charged particles in the presence of multivalent ions.*
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ABSTRACT: Ion specific effects of monovalent salts on
charging and aggregation for two types of polystyrene latex
particles were investigated by electrophoresis and time-
resolved light scattering. The chemical composition of the
electrolytes was systematically varied in the experiments.
Accordingly, NaH,PO,, NaF, NaCl, NaBr, NaNO;, and
NaSCN were used to vary the anions and N(CH,),Cl,
NH,C], CsCl, KCl, NaCl, and LiCl for the cations. The salt
concentration dependence of the electrophoretic mobilities
indicates that the surface charge was screened by the
counterions when their concentrations increased. For the

OOOOo Indirect Hofmeister Series d)%%
Increasing Stabilization Power |
H,PO, F~ CI” Brr NO; SCN~™
N(CH,);f NH} Cst K* Na* Li*
[ Increasing Stabilization Power &
OO%OO OOOOO

Direct Hofmeister Series

SCNT ions, adsorption on positively charged particles leads to charge reversal. The aggregation rates are small at low electrolyte
concentrations indicating stable dispersions under these conditions, and they increase with the salt concentration. When viscosity
corrections are taken into account, no ion specific effects in the fast aggregation regime can be established. The slow and fast
aggregation regimes are separated by the critical coagulation concentration (CCC). Within the experimental error, the CCCs are
the same in systems containing different co-ions but the same counterions, with the exception of ammonium salts. However, the
variation of counterions leads to different CCC values due to specific interaction of the counterions with the surface. These
values follow the Hofmeister series for negatively charged sulfate latex particles, while the reversed order was observed for
positively charged amidine latex. Comparison between experimental CCCs and those calculated by the theory of Derjaguin,
Landau, Verwey, and Owerbeek reveals that variations in the surface charge due to ionic adsorption are mainly responsible for

the ion specific effects in the aggregation process.

B INTRODUCTION

While the Hofmeister series has been known for more than a
century, the molecular mechanisms governing this characteristic
sequence in the ionic specificities are still not fully clarified.'
The Hofmeister series was discovered in protein precipitation
experiments, and this series classifies ions according to their
increasing stabilization power of protein solutions, namely,

CO3* <S0,2 <H,PO4 <F <CI'<Br <NO; <I" <ClO4 <SCN"

N(CH3)s" < NH4" < Cs" <Rb" <K' <Na" < Li" < Mg? < Ca**

This sequence states that solutions of negatively charged
proteins remain stable even at high salt concentrations in
solutions containing the ions appearing in the right, while they
precipitate already at lower salt concentrations containing the
ions appearing on the left. Numerous other phenomena can be
ordered according to the same sequence, for example, surface
tension or viscosities of electrolyte solutions, dissolution heats
of salts, binding of ligands, and charging of proteins or
polyelectrolytes.” '

Here, we focus on the relation between the Hofmeister series
and colloidal particle aggregation.'*™>” This question has also
been pursued for quite some time, whereby that community
rather used the term lyotropic series. Particle aggregation is

-4 ACS Publications  © 2015 American Chemical Society
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known to be fast at high salt concentrations or for weakly
charged particles, while it slows down at low salt concentrations
or highly charged particles.'>*® The transition between these
two regimes is denoted as the critical coagulation concentration
(CCC). The ionic valence induces an important dependence,
which is referred to as the Schulze—Hardy rule.'*>?**° This
rule states that the CCC strongly decreases with an increase in
the valence of the counterions. Thereby, multivalent cations are
relevant for negatively charged particles, while multivalent
anions, for positively charged ones.

However, even ions of the same valence may lead to different
CCCs."”7 The respective shifts can be normally classified
according to the Hofmeister series. Negatively charged particles
typically follow the direct Hofmeister series quoted earlier.
Thereby, the ions on the left induce lower CCCs, while the
ions on the right, higher ones. On the other hand, positively
charged particles follow the indirect Hofmeister series. The latter
series maintains the same sequence of ions, but ions on the left
induce higher CCCs, while the ions on the right, a lower one.
However, ions of higher valence quoted within the Hofmeister
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series should be excluded from this reasoning, since they
primarily follow the Schulze—Hardy rule. Therefore, we only
focus on monovalent ions here.

The classical theory of Derjaguin, Landau, Verwey, and
Overbeek (DLVO) of colloidal aggregation surmises that the
interactions between particles are described by a superposition
of attractive van der Waals forces and repulsive double layer
forces across an indifferent electrolyte solution.">*® The fast
aggregation regime is governed by an attractive interaction
potential, while the slow regime is characterized by a thermally
activated energy barrier crossing. The DLVO theory suggests
that the CCC is a sharp transition between these two regimes.
A strong decrease of the CCC with ionic valence is equally
predicted, in accordance to the Schulze—Hardy rule.
Aggregation rates calculated with DLVO theory show
reasonable agreement with experimental data, especially for
weakly charged particles.>*~>*

However, this classical theory cannot directly rationalize any
trends in particle aggregation rates within the Hofmeister series,
as it considers no other ionic properties than the valence. Ionic
specificity can be introduced into DLVO theory by assuming
that ions are no longer indifferent. This picture supposes that
ions adsorb specifically to the particle surfaces, thereby
modifying the surface charge and thus the double layer
force.®® This simple approach qualitatively rationalizes the
observed dependencies of the CCC.>***® The Hofmeister
series also reflects the size and hydration of ions. Small and
strongly hydrated anions, such as F~ and CI~, appear on the
left, while large and poorly hydrated ones, such as SCN™ and I”,
on the right. The cations are arranged in the opposite way. On
the left, one finds large and poorly hydrated cations, such as
N(CH,)," and Cs*, while strongly hydrated ones, such as Na*
and Li', are situated on the right. Suppose that the particle
surface is hydrophobic and poorly hydrated. Poorly hydrated
ions will adsorb to such surfaces more strongly than well
hydrated ones (ie., like-seeks-like). Binding of cations to a
negatively charged surface will neutralize the surface charge and
thus leads to a decrease of the CCC. Adsorption of anions will
increase the magnitude of the surface charge and lead to a
larger CCC. Analogous reasoning applies to positively charged
particles. Adsorption of anions will neutralize the surface, while
adsorption of cations will lead to increase of surface charge.
Therefore, negatively charged hydrophobic particles follow the
direct Hofmeister series, while positively charged ones, the
indirect series. Similar arguments can be put forward for
particles with a hydrophilic or well hydrated surface. Well
hydrated ions will adsorb more strongly on such a hydrated
substrate than poorly hydrated ions, and the situation is
reversed. Stability of negatively charged hydrophilic particles
should rather follow the indirect Hofmeister series, while
positively charged ones, the direct series. This picture may be
further complicated by additional forces induced by the
adsorbed ions. Such short-ranged forces are normally not
included in the DLVO theory. These forces are typically
introduced into a modified treatment of the electric double
layer where one introduces additional ion—substrate inter-
actions (e.g., hydration, van der Waals, and image
charges).*** While such additional forces may modify the
sequences within the series, the qualitative picture remains
similar.

Particle surface charge density has often been found to vary
systematically with the type of ions, as one would expect for a
hydrophobic surface. The charge of positively charged alumina

3800

decreased in the CI” > Br™ > I” order following the indirect
Hofmeister series.”> The same trend was reported for positively
charged latex particles as revealed by electrophoresis.'”***%*
The charge density of negatively charged alumina particles
would decrease from Cs* to Na* with the direct Hofmeister
series.®> Similar trends were observed for negatively charged
hematite, titania, and silica.>***** However, the behavior of the
mentioned silica sample seems atypical, since other authors
reported the charge density of silica to follow the indirect
Hofmeister series as one would expect for a hydrophilic
substrate.****® Analogous behavior was reported for silver
halide.*”

Many trends in the observed CCCs are also consistent with
the fact that surfaces of colloidal particles are hydrophobic.
Negatively charged polystyrene and clay mineral particles
follow the direct Hofmeister series, while positively charged
metal oxides and polystyrene particles follow the indirect
one.!”19721232% ‘While the same trend was observed for
negatively charged silver halide particles,” the behavior of
this system seems atypical, since the surface charge densities
follow the reverse trend.”” For polystyrene particles, however,
only a few cations were investigated so far. The opposite
dependence was observed for protein-coated latex or calcined
titania, as one would expect for hydrophilic surfaces.'®'**'~*?
However, ion specific effects on particle aggregation were
absent for weakly charged iron oxide, titania, and carboxylated
latex particles.*"*>*°

A transition between the direct and indirect Hofmeister
series was observed for CCCs of titania after a heat treatment.”!
The native particles followed the indirect series in basic
conditions, as one would expect for a hydrophilic surface. After
heat treatment, the surface becomes hydrophobic, and the
direct series is observed. A similar transition between the direct
and indirect Hofmeister series was also evidenced for the
water—silica interface upon pH variations through electric
surface potentials obtained from direct force measurements.*®
In acidic conditions, the silica surface is more hydrophobic and
thus follows the direct series. In basic conditions, the surface
becomes more hydrophilic due to the ionization of the silanol
groups and, therefore, reflects the indirect Hofmeister series.
The observations that the charge density of silica may follow
the direct* or the indirect®**>* Hofmeister series could also
be related to this hydrophobic to hydrophilic transition. In
some situations, partial reversal of Hofmeister series was
equally reported,”"****** and this possibility was confirmed by
computer simulations.>

The present work investigates how the position of
monovalent ions within the Hofmeister series affects the
aggregation of negatively and positively charged polystyrene
latex particles. Absolute aggregation rate coefficients were
measured by combining time-resolved static light scattering
(SLS) and dynamic light scattering (DLS). Similar light
scattering techniques were used to study particle aggregation
earlier.””*™>* The surface charging properties were inves-
tigated by electrophoresis. The present study explores a larger
number of jons than the previous investigations, especially
cations. Moreover, the use of the indifferent chloride allows
addressing the specific effect of different cations unequivocally.
In addition, the variation of the absolute aggregation rate
constant in the fast aggregation regime with the type of salt and
particles is studied for the first time.
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B EXPERIMENTAL SECTION

Materials. Polystyrene latex particles that were functionalized with
amidine or sulfate groups on their surface were purchased from
Invitrogen Corp. The particle size and the surface charge density of the
particles were determined by the manufacturer by transmission
electron microscopy (TEM) and conductometric titration. The sulfate
latex has a mean radius of 265 nm, a polydispersity expressed as a
coefficient of variation (CV) of 2.0%, and a surface charge density of
—77 mC/m?% In the case of the amidine latex, the corresponding
quantities are 110 nm, 4.3%, and +132 mC/m> The same particles
were used by us in a previous publication,® and their size was
determined by SLS and DLS in stable suspensions. SLS measurements
were analyzed using the Mie theory for spheres®* and yield the mean
radius of 263 nm for the sulfate latex and 110 nm for the amidine latex.
The measured polydispersity expressed as the CV were 3.8% and 7.1%.
All of these values obtained by SLS are in very good agreement with
TEM. DLS yields slightly larger average radii, namely, 278 and 117
nm, probably due to polydispersity and hydration effects. The sulfate
latex particles were dialyzed with cellulose ester membrane against
pure water until the conductivity value was less than 8 X 107> S/m,
while for the amidine particles a polyvinylidene fluoride membrane
was used. The particle concentrations of the dialyzed stock
suspensions were determined by static light scattering by calibrating
the scattering intensity with the original particle suspension of known
concentration. The concentration of the sulfate latex stock suspension
was 65 g/L, while the one of amidine latex, around 7 g/L. Analytical
grade NaCl, KCl, CsCl, NH,Cl, NaSCN (Sigma-Aldrich), LiCl,
NaH,PO, (Acros Organics), NaF, NaBr, NaNO;, and N(CH,),Cl
(Fluka) were dissolved in pure water, adjusted to pH 4.0 with HCl and
filtered with a 0.1 ym syringe filter (Millipore). All experiments were
performed in a thermostated environment at a temperature of 25.0 +
0.2 °C. Milli-Q water (Millipore) was used throughout.

Electrophoretic Mobility. ZetaSizer Nano ZS (Malvern)
equipped with a He/Ne laser operating at 633 nm as a light source
and an avalanche photodiode as a detector was used to measure the
electrophoretic mobility of the particles in an electric field of 4 kV/m.
The suspensions needed for the measurements were prepared by
mixing the appropriate salt solutions with a particle stock suspension,
with final particle concentration of S0 mg/L for the sulfate latex and §
mg/L for the amidine latex. The suspensions were equilibrated for 1
min prior to the measurements. Five runs were performed for each
sample, and averaged.

Aggregation Rates by Light Scattering. Absolute aggregation
rates were determined in 1.0 M KCl by combined time-resolved SLS
and DLS on the multiangle goniometer (ALV/CGS-8F). This
goniometer uses eight fiber-optic detectors and solid state laser of a
wavelength of 532 nm. Quartz cuvettes were first cleaned in piranha
solution, which is a mixture of concentrated H,SO, and 30% H,0, at a
volume ratio of 3:1, then rinsed with water, and dried in a dust-free
oven at 60 °C. The particle concentration was 4 mg/L (49 x 108
m™>) for the sulfate latex, and 1 mg/L (1.7 X 10" m™) for the
amidine latex. The stable particle stock suspension was injected into
the salt solution in the cuvette, mixed, and immediately monitored by
light scattering. The intensity and the correlation function were
accumulated for 20 s, and the apparent hydrodynamic radius was
calculated from the second order cumulant fit. This quantity was
recorded as a function of time until the initial radius increased by
about 40%. To determine the absolute aggregation rate coefficient, the
SLS intensity I(g,t) and the apparent hydrodynamic radius ,(q,t) were
followed with time, f, at different magnitudes of the scattering vector,
g. For short times, relative change of the scattering intensity can be

written as™>
_ kNo(
(1)

where k is the aggregation rate coefficient and N, is the initial particle
number concentration while I;(q) and IL(q) are the scattering
intensities of the monomers and dimers, respectively. The

1 di(g, 1)
I(g,0) dt

Iz(q) _ 1)
211(‘1)
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corresponding expression for the relative rate of change of the
hydrodynamic radius is>®

1 dn(q t)
n(g, 0) dt

= kNO(l - i) L(a)

a)21(q) @)

where @ = n,,/r,,; with 1, ; and ., being the hydrodynamic radii of the
monomer and the dimer. Combining egs 1 and 2, one obtains

t—0

1—1
2:(1——) A — kN,
a

(©)

A scatter plot of the relative rates X and A gives a straight line,
whereby the slope yields the hydrodynamic factor a and the absolute
aggregation rate coefficient follows from the intercept. The respective
experimental results obtained in 1.0 M KCI solutions are shown in
Figure 1. The aggregation rate coefficient for the sulfate latex was (3.3
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Figure 1. Scatter plot of the apparent static and dynamic rates for
different latex particles for determination of the absolute rate
coefficients in 1 M KCI solution: (a) sulfate latex and (b) amidine
latex.

+0.2) X 107® m®/s and for the amidine latex (3.0 + 0.2) X 107* m®/
s. These aggregation rate coeflicients agree within experimental error
with our previous measurements with time-resolved SLS for the same
particles at pH 5.0 in 1.0 M KCL>® The hydrodynamic factors a were
for the sulfate latex 1.37 + 0.02 and for the amidine 1.31 + 0.02. These
values compare reasonably well with the theoretical value of 1.39,
which can be calculated from low Reynolds number hydrodynamics.®®

For other conditions, the aggregation rate was measured by time-
resolved DLS with the compact single-angle goniometer (ALV/CGS-
3) with a He/Ne laser of a wavelength of 633 nm. The hydrodynamic
radius was monitored at a scattering angle of 90° in the same fashion
as described previously. The particle concentration was chosen in the
range of 50—200 mg/L for the sulfate latex and in the range of 2—10
mg/L for the amidine latex. The relative rate coefficient was obtained
from the relative increase of the hydrodynamic radius. Absolute rate
coeflicients were obtained by dividing the apparent rate coeflicient by
the apparent rate coeflicient in 1.0 M KCI at the same particle
concentration and by multiplying this ratio by the absolute aggregation
rate coefficient in 1.0 M KClL.

B RESULTS

Charging and aggregation of negatively charged sulfate latex
particles and positively charged amidine particles were
investigated in monovalent electrolyte solutions at pH 4.0 by
electrophoresis and time-resolved DLS. The solution compo-
sition was systematically varied, whereby N(CH,),Cl, NH,C],
CsCl, KCl, NaCl, and LiCl were used to vary cations, while the
anions were investigated with NaH,PO,, NaF, NaCl, NaBr,
NaNO;, and NaSCN. In this way, the influence of both
counter- and co-ions could be addressed. Since these ions are
situated within the Hofmeister series, the relation between
particle aggregation rates and the position within this series will
be clarified.
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General Trends. The electrophoretic mobility of the
particles is shown versus the salt concentration for the sulfate
particle in Figures 2a and 3a, while for the amidine particles, in

Electrophoretic Mobility (x10° m*V"'s™")

Aggregation Rate (m3/s)

100

1000
Salt Concentration (mM)

Figure 2. Charging and aggregation of negatively charged sulfate latex
particles as a function of the concentration of various monovalent
chloride salts of different cations: (a) electrophoretic mobilites and (b)
aggregation rate coefficients. The gray region represents an envelope
of all experimental data points.

Figures 4a and Sa. The magnitude of electrophoretic mobility
typically decreases with the salt concentration due to screening
of the surface charge. At low salt concentrations, negative and
positive mobilities were observed for the sulfate and amidine
latex particles, respectively. This sign reflects the charge of the
ionized surface functional groups at pH 4.0. The actual values
of the electrophoretic mobilities depend on the type of ions,
and these trends will be discussed later.

Absolute particle aggregation rate coeflicients are shown
versus the salt concentration for the sulfate particle in Figures
2b and 3b and for the amidine particles in Figures 4b and Sb. At
low salt concentration, the absolute aggregation rates are small.
This behavior is referred to as the slow or reaction controlled
regime, and the rate coefficients increase with the salt
concentration strongly. At higher salt concentrations, the
aggregation rate coefficients become large. Here, one has the
fast or diffusion controlled regime, and the rate coefficients are
almost independent of the salt level. The critical coagulation
concentration was identified as the transition point between the
slow and fast aggregation regimes. While the CCC depends
sensitively on the type of ion present, no systematic trends
concerning the aggregation rates in the slow regime could be

established.
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<

Electrophoretic Mobility (10° m*v's™)

Aggregation Rate (rns/s)

Salt Concentration (mM)

Figure 3. Charging and aggregation of negatively charged sulfate latex
particles as a function of the concentration of various monovalent
sodium salts of different anions: (a) electrophoretic mobilites and (b)
aggregation rate coefficients. The gray region represents an envelope
of all experimental data points.

Fast Aggregation Regime. When investigating eventual
ion specific effects on aggregation rates at high electrolyte
concentrations, one must realize that viscosities of concentrated
electrolyte solution may significantly deviate from the one of
pure water. The rate coeflicients in the diffusion controlled
regime may therefore vary, since the diffusion coefficient of the
particles depends on the solution viscosity. In order to take this
effect into account, known dynamic viscosities, #, of the salt
solutions investigated here were considered.’”*® To simplify
the data analysis, the experimental viscosity data were
represented with the relation"®

n/m, =1+ AJc + Bc + Dc? )

where 77 = 8.90 X 10™* Pa-s is the dynamic viscosity of water at
25 °C while A, B, and D are constants. The constant A was
calculated from the Debye—Hiickel theory,'® while B and D
were obtained by least-squares fits to the experimental viscosity
data. The resulting constants are reported in Supporting
Information Table S1. To compare the experimental
aggregation rates, the aggregation rate coefficients were
normalized with the diffusion controlled aggregation rate
coefficient, kg, obtained from Smoluchowski’s theory'>*®

o ST
o=
37 (3)

where ky is the Boltzmann constant, T is the absolute
temperature, and the numerical value refers to water at 25 °C.

=123 x 1007 m%/s
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Electrophoretic Mobility (<10° m*v's™)

Aggregation Rate (mals)

Salt Concentration (mM)

Figure 4. Charging and aggregation of positively charged amidine latex
particles as a function of the concentration of various monovalent
sodium salts of different anions: (a) electrophoretic mobilites and (b)
aggregation rate coefficients. The gray region represents an envelope
of all experimental data points.

Electrophoretic Mobility (x10° m*V's™")

Aggregation Rate (mals)

Salt Concentration (mM)

Figure S. Charging and aggregation of positively charged amidine latex
particles as a function of the concentration of various monovalent
chloride salts of different cations: (a) electrophoretic mobilites and (b)
aggregation rate coefficients. The gray region represents an envelope
of all experimental data points.

The averaged normalized rate coeflicients k/kg above the
CCC are shown in Figure 6a. These normalized rates are
independent of the type of ions within the experimental error.
Moreover, these normalized coeflicients are very similar for the
two types of particles used, namely, 0.26 + 0.01 for the sulfate
latex and 0.23 + 0.01 for the amidine latex. However, this
normalized coeflicient may depend on the type of particle used.
This point was established by reanalyzing fast aggregation rates
of latex particles in nine different salt solutions, which include
multivalent ions, which were published earlier by us.*® These
data include carboxyl and sulfate latex particles. The latter
sulfate latex particles are different from the one used here.
When the aggregation rate coeflicients are normalized by
Smoluchowski’s rates including the correct viscosities, we find
again no dependence on the type of ions present. However, the
normalized rate coeflicients differ from the values reported
earlier. For the carboxyl latex particles, one finds 0.16 + 0.01,
while for the latter sulfate particles 0.29 + 0.01. The fact that
the normalized aggregation rates vary with the particle type
somewhat is probably related to their variable polymeric
compositions, which originates from the differing conditions
during synthesis. Differences in surface roughness may equally
contribute.”® However, when the same type of particles is
considered, the normalized fast aggregation rate coeflicients are
independent of the type of salt. This observation suggests that
attractive forces acting in the fast aggregation regime are not
influenced by the nature of the ions present. These
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experimental results should be contrasted with earlier reports,
where a modest variation of the fast aggregation rate on the
type of salt was reported.'”*' In our view, however, these
results are hardly conclusive, since viscosity corrections were
not considered in these studies.

Specific lon Effects on Negatively Charged Sulfate
Latex. The electrophoretic mobility at given salt concen-
trations decreases with the type of cation from N(CH,)," to
Li*. This sequence reflects the expected direct Hofmeister
series; namely, N(CH;),* < NH,* < Cs* < K* < Na* < Li*
(Figure 2a). This trend in the electrophoretic mobility reflects
the affinity of the different cations to the surface. Therefore,
poorly hydrated N(CH,)," ion adsorbs most strongly to the
hydrophobic latex particle surface and, hence, reduces the
magnitude of the surface charge and of the mobility. The
strongly hydrated Li* ion adsorbs weakly on the particle
surface, or not at all, and the magnitudes of the surface charge
and of the mobility are therefore the largest.

The CCC, which reflects the transition between the fast and
slow regime, systematically varies with the type of cation
(Figure 2b). The CCC shifts from low to high values following
the direct Hofmeister series; namely, N(CH;),* < NH," < Cs*
< K" < Na* < Li* (Figure 6b). This trend is expected for a
negatively charged hydrophobic surface. The poorly hydrated
N(CHs;)," ion adsorbs strongly to the surface, thereby reducing
the magnitude of surface charge, and therefore the CCC. On
the other hand, well hydrated Li" ion induces the highest CCC,
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Figure 6. Characteristics of the latex particle aggregation versus the
position in the Hofmeister series. The effect of cations is shown in the
left column, while of the anions, in the right column. (a) Aggregation
rate coefficients in the fast regime normalized by the Smoluchowski
value. The error bars represent three times the standard deviation.
CCCs for (b) sulfate particles and (c) amidine particles. The arrows
indicate the expected trends from direct or indirect Hofmeister series.
The lines serve to guide the eye only.

since the surface charge is high due to weak adsorption of this
ion. These results are in agreement with molecular dynamic
simulations at hydrophobic surfaces.** One further observes
that the CCCs for Li" and Na* are almost identical, suggesting
that these two ions do not adsorb to the surface at all. Similar
trends in the CCCs following the direct Hofmeister series as
typical for a negatively charged hydrophobic substrate were
previously reported for various systems, including montmor-
illonite, silver iodide, and heat-treated titania.?"*** The same
trend was also documented for negatively charged polystyrene
latex, but with Na* and NH," ions only.'**° When the particles
are weakly charged, there are no ion specific effects on the
charging and aggregation behavior in the presence of Na*, K7,
and Cs* for iron oxide, titania, and carboxylate latex.?*>%¢ In
this situation, the cations do not interact with the surface
specifically.

Co-ions have no effect on the charging and aggregation of
the sulfate latex particles (Figure 3). The electrophoretic
mobilities are similar for all ions investigated, with the
exception of F~, which induces somewhat lower mobilities.
The CCCs are identical within experimental error, and they
have the value of 400 + 10 mM (Figure 6b). One might expect
that the CCCs also follow the direct Hofmeister series H,PO,~,
F~, CI7, Br7, NO;~, and SCN™. The poorly hydrated anions,
such as NO;~ and SCN7, should adsorb more strongly to the
negatively charged hydrophobic latex surface and induce an
even higher magnitude of charge. However, such dependencies
can be evidenced neither from the electrophoresis nor from the
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CCCs. Therefore, we conclude that these anions do not adsorb
on the particle surface, due to its high negative surface charge.
The present observations are similar to earlier studies, where
only a weak dependence of the CCC of sulfate latex particles
with the type of anion was found.'”®*°

To investigate ion specific effects on charging and
aggregation of negatively charged particles, an indifferent
anion must be chosen. As will become obvious in the next
section, such an anion is the chosen Cl~. Anions that are
strongly interacting with the particle surface, such as NO;~,
make the interpretation more difficult.'®

Specific lon Effects on Positively Charged Amidine
Latex. At sufficiently low salt concentration, the electro-
phoretic mobility at given concentration decreases approx-
imately in the sequence H,PO,” > F> CI” > Br™ > NO;™ >
SCNT, reflecting the indirect Hofmeister series (Figure 4a).
This trend in the electrophoretic mobility was also found for
other positively charged latex particles'”'**° and reflects the
affinity of the different anions to the surface. Strongly hydrated
anions, such as H,PO,” or F, interact weakly with the
hydrophobic latex particle surface. The poorly hydrated anions,
such as NO;~ or SCN7, interact more strongly with the surface,
and their adsorption reduces the surface charge. The adsorption
of SCN™ is so pronounced that a charge reversal is induced.
Such charge reversal has been observed for highly charged
multivalent ions®*®’ but also for other strongly adsorbing
monovalent ions.'”*

The CCCs decrease in the same sequence reflecting the
expected indirect Hofmeister series (Figures 4b and 6c).
However, a pronounced decrease of the CCC is only observed
in the series CI™ > Br~ > NO;~ > SCN7, while in the presence
of H,PO,”, F7, and CI” the CCC remains practically constant.
This constancy indicates that the latter ions are basically
indifferent and do not adsorb on the particle surface. Similar
specificities involving CI7, NO;~, and SCN™ ions were also
reported for the CCCs for sulfate latex particles earlier.'”®*°
However, the indifference for the other ions was not reported
for latex so far, but only for weakly charged titania.”' The
observed trends in the CCCs agree with the ones predicted
theoretically based on the ionic polarizability, except that the
positions of Br~ and NO,™ are reversed.*

In the presence of various co-ions, namely, Cs*, K, Na*, and
Li*, the measured electrophoretic mobilities and CCCs were
very similar (Figures S and 6c). Since the affinity of these ions
toward the surface decreases in the same sequence, one would
expect that the CCCs follow the indirect Hofmeister series.
However, no systematic dependence could be established, and
the CCC remains constant at 200 + 10 mM. We suspect that
these ions interact with the highly positively charged surface
too weakly. Nitrogen-containing ions, namely, N(CHj;),* and
NH,", behave irregularly. The indirect Hofmeister series would
suggests higher CCCs, but the measured values are
substantially lower than for the remaining cations within the
series. This discrepancy could be probably related to a specific
interaction between the amidine groups on the particle surfaces
and the nitrogen-containing ions (e.g, hydrogen bonding).
These findings are similar to previous measurements of the
CCC:s for positively charged latex particles, where small shifts
between Na* and NH,* were reported.'®*°

Origin of Interparticle Forces. A simplified form of
DLVO theory was used to clarify ion specific effects on the
CCCs. Electrophoretic mobilites, u, were converted to diffuse
layer potentials, wp, with the Smoluchowski equation'®
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where ¢ is the molar concentration of the monovalent
electrolyte, N, the Avogadro number, and e the elementary
charge. While the resulting charge densities reflect the extent of
the ion adsorption, an eventual influence of the variation of the
position of the shear plane with the type of ions is
neglected.”*®® The CCC was estimated from DLVO theory,
which assumes that the total interaction energy can be written
as a superposition of electrostatic double layer energy, Vg, and
the van der Waals energy, V., 4w; namely,

V="Vy+ Vigw )

By invokin§ the Derjaguin and superposition approximations,
152
one has™

Vy = 2areeqy,” exp(—«h) (10)

where r is the particle radius and h is the separation distance
between particle surfaces. The van der Waals interaction energy
is approximated with the nonretarded expression

_Hr
12h (11)

where H is the Hamaker constant. The CCC can be located by
assuming that the energy barrier just vanishes'”

vdW —

V(h,,) =0 and

(12)

where hy,, is the separation at the energy barrier. Combining
9

eqs 9—12, one can express the CCC as'
0.365

2

CCC = (Hee,) > 36*3

(13)

where Ly = ¢*/(4meekyT) is the Bjerrum length, which is 0.72
nm at room temperature in water. Note that the preceding
relation is only approximate, since accurate DLVO calculations
show that the energy barrier does not quite vanish at CCC.*

The calculated and experimental data given in Supporting
Information Table S2 and Figure 7 show indeed a good
correlation between the CCCs and the surface charge density.
The straight line obtained from DLVO theory agrees with the
experimental data reasonably well with the exception of the
NH," ion which is probably influenced by specific interactions
with the amidine groups on the particle surface. By fitting eq 13
to the data, a Hamaker constant of H = 1.2 X 107> J is found.
The charge density for the sulfate latex measured by
conductometric titration is —77 mC/m? and agrees quite well

‘A™B
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the magnitude of surface charge density, which was estimated from the
electrophoretic mobility. The DLVO theory uses the superposition
approximation to calculate the double layer interactions.

in magnitude with the highest charge densities reported in
Figure 7, which refer to indifferent ions. On the other hand, the
titrated charge of the amidine latex of +132 mC/m” reported by
the manufacturer is probably too high, since Figure 7 rather
suggests a charge density around +30 mC/m™

The relatively good agreement between experimental data
and DLVO theory indicates that the main reason for the ionic
specificity is the modification of the surface charge through
adsorption of these ions. Poorly hydrated counterions adsorb
strongly on the hydrophobic latex particle surface, thereby
decrease the magnitude of the surface charge and the CCC.
Well hydrated counterions adsorb weakly, or not at all, and they
hardly influence the surface charge and typically lead to high
CCCs. The co-ions do not adsorb, and they influence the
surface charge and the CCC only slightlz. Similar trends were
observed for charging of oxide particles,**® while the reverse
trends were obtained for silica at high pH.***>*

The fitted Hamaker constant H = 1.2 X 107’ J is in good
agreement with the value of 1.0 X 1072° J that is obtained from
the full Lifshitz calculation.”®®* However, these values are
factors of 3—S5 larger than the Hamaker constants of similar
latex particles that were actually measured with the colloidal
probe technique.®® The reduction of these values is probably
due to surface roughness. When one assumes that the presently
used latex particles have comparably smaller Hamaker
constants, the observed values of the CCCs indicate the
presence of additional attractive non-DLVO forces. The
substantial scatter of the data points in Figure 7 also points
toward possible variation of the distance of the shear plane with
the nature of the ion, or the importance of additional forces,
which are most probably of hydrophobic nature.*®

B CONCLUSION

Surface charge and aggregation of anionic and cationic
polystyrene latex particles were investigated in the presence
of various monovalent electrolytes by electrophoresis and time-
resolved light scattering. Sodium salts of H,PO,~, F~, CI", Br~,
NO;7, and SCN™ were used to probe the effect of anions, while
with chloride salts of N(CHj,),", NH,*, Cs*, K, Na*, and Li*
the cations were varied. These ions interact with oppositely
charged particle surfaces specifically. They normally adsorb, and
thereby modify, the surface charge and the CCC. Poorly
hydrated counterions, such as N(CH;)," and SCN~, adsorb to
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the oppositely charged surfaces more strongly, and they lower
the magnitude of the surface charge and the CCC substantially.
Strongly hydrated counterions, such as Li* or F~, do not
adsorb, and lead to high magnitudes of the surface charge and
high CCCs. For some well hydrated counterions, the CCC
remains independent of the type of ion. In this regime, we
suspect that these ions do not adsorb to the particle surface at
all. On the other hand, these ions interact only weakly with
equally charged surfaces, and the CCCs are basically
independent of the nature of the co-ion. Moreover, we have
demonstrated that the aggregation rate in the fast regime does
not depend on the type of ions present but only on the type of
particles.

DLVO theory can be used to confirm that the principal
mechanism responsible for the shifts of the CCCs originates
from modification of the surface charge. The dependence of the
CCC on the surface charge density obtained from electro-
phoresis agrees well with DLVO theory. However, the
Hamaker constant obtained by fitting the experimental CCC
data is probably somewhat high, indicating the presence of
additional non-DLVO forces.

B ASSOCIATED CONTENT
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Tables S1 and S2 with viscosity coeflicients and experimental
CCCs. This material is available free of charge via the Internet
at http://pubs.acs.org.
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ABSTRACT: Force profiles and aggregation rates involving
positively and negatively charged polystyrene latex particles are
investigated in monovalent electrolyte solutions, whereby the
counterions are varied within the Hofmeister series. The force
measurements are carried out with the colloidal probe
technique, which is based on the atomic force microscope
(AFM), while the aggregation rates are measured with time-
resolved multiangle light scattering. The interaction force
profiles cannot be described by classical DLVO theory, but an
additional attractive short-ranged force must be included. An
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exponential force profile with a decay length of about 0.5 nm is consistent with the measured forces. Furthermore, the Hamaker
constants extracted from the measured force profiles are substantially smaller than the theoretical values calculated from dielectric
spectra. The small surface roughness of the latex particles (below 1 nm) is probably responsible for this deviation. Based on the
measured force profiles, the aggregation rates can be predicted without adjustable parameters. The measured absolute
aggregation rates in the fast regime are somewhat lower than the calculated ones. The critical coagulation concentration (CCC)
agrees well with the experiment, including the respective shifts of the CCC within the Hofmeister series. These shifts are
particularly pronounced for the positively charged particles. However, the consideration of the additional attractive short-ranged
force is essential to quantify these shifts correctly. In the slow regime, the calculated rates are substantially smaller than the
experimental ones. This disagreement is probably related to surface charge heterogeneities.

B INTRODUCTION

Particle aggregation controls numerous processes in colloidal
suspensions, including their stability, sedimentation, or
rheology.'~® While the growth of larger colloidal aggregates
is a complex kinetic process, its overall time scale is set by the
rate of particle doublet formation. When this kinetic process is
fast, particle aggregation is diffusion controlled, while a slower
process is reaction controlled, due to the presence of a reaction
barrier in the interaction potential."” The transition between
these two regimes is normally rather sharp and is referred to as
the critical coagulation concentration (CCC). This behavior is
well established experimentally, since several techniques are
available to follow the particle aggregation in its early stages, for
example, time-resolved light scattering, turbidity measurements,
or single particle counting.%*~"°

Formation of particle doublets mainly occurs at early stages
of the aggregation, and its rate is governed by the interaction
potential acting between a pair of particles and the respective
hydrodynamic drag."” While the hydrodynamics of a particle
pair is relatively well understood, there are substantial
uncertainties concerning the conservative forces acting between
particles, even in aqueous media.'"'? The classical theory of
Derjaguin, Landau, Verwey, and Overbeek (DLVO) provides a
good approximation of these forces at larger distances, which
typically exceed several nanometers. At shorter distances,
several additional contributions to the interaction forces may

-4 ACS Publications  © 2015 American Chemical Society
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come into play, such as charge regulation, ion—ion correlations,
specific ion effects, and hydrophobic or hydration forces.'"'*~'¢
These effects are expected to be particularly relevant for highly
charged particles suspended in monovalent electrolytes, which
feature high CCCs. Under these conditions, the energy barrier
is located at small surface separations, typically few nanometers
or less. An indication that non-DLVO forces should be relevant
is the dependence of the CCC on the type of counterions,
normally following the Hofmeister series.'”'® Such ionic
specificity could also be explained within DLVO theory, as
the electric surface potential might be modified due to the
different extent of the adsorption of these ions to the particle
surface.""”

Until recently, it was basically impossible to pinpoint the
nature of forces acting between a pair of colloidal particles,
especially at separations of few nanometers. However, due to
rapid progress in the experimental techniques, these forces can
be now directly measured with good precision. The two
noteworthy techniques include optical tweezers and the
colloidal probe technique.***' While the optical tweezers
operate truly in situ, the separation distances are determined by
video microscopy, which limits the distance resolution. The
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colloidal probe technique, which is based on the atomic force
microscope (AFM), offers the necessary distance resolution for
some time but was hampered by complications of the
fabrication of the colloidal probe.””** The classical approach
consisted in gluing colloidal particles to the cantilever and the
substrate in the dry state, whereby proper rewetting and sample
contamination frequently posed problems. These problems can
nowadays be largely circumvented with the multiparticle
colloidal probe technique, whereby the particles are directly
mounted within the liquid suspension to a functionalized
cantilever and substrate.” The multiparticle colloidal probe
technique can be thus routinely used to measure interaction
forces between pairs of colloidal particles with the necessary
distance resolution and has the potential to directly clarify the
various contributions to the forces in the particle aggregation
process. The corresponding particle aggregation rates can be
measured with the same particles by means of time-resolved
light scattering techniques.

The present article describes direct force measurements
between colloidal particles in order to obtain more detailed
insight into the respective aggregation rates in different
monovalent electrolytes. We find that the observed particle
aggregation rates can be rationalized by means of the measured
force profiles. However, these forces cannot be well described
with classical DLVO theory, and additional attractive forces
must be included at shorter distances. These short-range non-
DLVO forces also have important implications on the particle
aggregation rates. While some of us have published similar
studies involving multivalent ions,”*>* the present work
addresses specific ion effects in monovalent electrolytes within
the Hofmeister series.

B THEORY

Forces acting between particles are modeled within DLVO
theory, but an additional short-ranged attractive force is equally
included. The aggregation rates are then directly evaluated from
this force profile by including the hydrodynamic interaction.
Conservative Forces. The force F acting between two
particles is assumed to have the following contributions, namely

F=Eqw+E+E (1)

where F,q, is the attractive van der Waals force, Fy the
repulsive double-layer force, and F; an attractive short-ranged
force. The first two contributions are included in the classical
DLVO theory, while the last one is an additional non-DLVO
term.

The nonretarded van der Waals force is used, which is
expressed within the Derjaguin approximation as’

_ HR
6k’

Rde (2)
where H is the Hamaker constant, R is the effective radius,
and h is the surface separation. In the symmetric sphere—sphere
situation considered here, Rz = R/2 where R is the particle
radius.

The double-layer force is calculated from the PB theory of an
electrolyte solution between two identically charged parallel
plates. The electric potential profile w(x) depends on the
position x in between the plates located at & h/2 and satisfies
the PB equation®®
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where e is the elementary charge and
26>
= Pe“c
£4€ 4)
whereby k! is the Debye length. The above relation introduces

the number concentration ¢ of the monovalent electrolyte, the
permittivity of vacuum &, and the dielectric constant €. We use
& = 80 as appropriate for water at room temperature. The
parameter § = 1/(kgT) is the inverse thermal energy, where k;
is the Boltzmann constant and T the absolute temperature.
Equation 3 is solved within the constant regulation (CR)
approximation, which implies the boundary condition

dy

=0
X

o — Clw(£h/2) - wp]
(%)

where the + and — signs refer to the right and left plate,
respectively, C; is the inner capacitance, o is the surface charge
density, and yy, the diffuse layer potential. The latter two
quantities are related by the Gouy—Chapman equation

sinh( ﬂEWD )
2 (6)

Instead of reporting the inner capacitance, we use the
regulation parameter defined as®®

x=+h/2

_ 2g4eK

e

C
p=—2_
Cp+ G (7)
where Cp is the diffuse layer capacitance given by
e
Cp = gpex cosh(ﬁ WD)
2 (®)

The advantage of the regulation parameter is that it assumes
simple values for the classical boundary conditions, namely p =
1 for constant charge (CC) and p = 0 for constant potential
(CP). The double-layer force is calculated from the swelling
pressure that can be obtained from

1= 2cﬂ_1[cosh(ﬂel//m) - 1] 9)

where 7, = y(0) is the electric potential at the midplane. Once
the pressure profile I1(h) is known, one obtains the force by
integration

Fy = 27R \ (h') dh (10)

The additional attractive non-DLVO force is modeled by a
simple exponential'>'®

E

s —qh

= —Age 4
Reg (11)
where g,™' characterizes its range, while the amplitude A,

defines its strength (4, > 0). The same amplitude A, of the
exponential force introduced earlier” was defined in the same
fashion as in eq 11. However, the definition given in that
reference is incorrect due to a typing error. The position of the
jump-in was calculated from the relation®”
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(12)

where kq, is the spring constant of the cantilever.
Aggregation Rates. When forces are sufficiently attractive,

a colloidal suspension will be destabilized by forming particle

dimers from particle monomers according to the rate law”

ﬂ ENZ
dt

= 1

2 (13)

where k is the aggregation rate coeflicient and N, and N, are

the number concentrations of monomers and dimers. The rate

coefficient can be obtained from the pair diffusion equation and
4

is given by’
- 3ﬂnR[ 0 (14)

where 7 is the dynamic viscosity, V(h) is the interaction
potential energy, and B(y) is the hydrodynamic resistance
function. The potential energy is obtained by integrating the
force profile

V(h) = fhw F(i) di

®  B(h/R)
(2R + h)

3 exp[BV (k)] dh]

(1s)

while the hydrodynamic resistance function is approximated as

6y + 13y + 2
6y2 + 4y

B(y) = 1)

For hard-sphere interactions and neglecting the effect of the
hydrodynamic function, the rate simplifies to the Smoluchow-
ski’s value

__8
3pn (17)

Instead of reporting the rate coefficient, we will rather discuss
the stability ratio defined as

Sm

w = Fest
k

(18)
where kg, is the rate coeflicient in the fast aggregation regime,
which is encountered at high salt concentrations.

B EXPERIMENTAL SECTION

Materials. Two different types of polystyrene latex particles
supplied as aqueous suspensions by Invitrogen (Life Tech-
nologies Corporation) were used in this study, namely amidine
latex (AL) and sulfate latex (SL). The average radius and
polydispersity determined by transmission electron microscopy
by the manufacturer are given in Table 1. The particles were
dialyzed against pure water for about 1 week using a cellulose
ester membrane (Spectrum) with a molecular mass cutoff of
300 kg/mol. The final particle concentrations were determined
by comparing the light scattering intensity with the undialyzed
stock suspension. In the dialyzed samples, the particle
concentrations were 130 g/L for SL and 43 g/L for AL.

Various monovalent electrolytes were used, namely NaBr
(Fluka), NaCl (Sigma-Aldrich), NaSCN (Sigma-Aldrich), KCl
(Acros Organics), and CsCl (Acros Organics). The electrolytes
were mixed with the dialyzed latex suspension. The viscosities
of the electrolyte solutions were estimated with the relation
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Table 1. Properties of the Latex Particles Used

polydispersity
radius (pm) (%I)J“
roughness ~ Hamaker
RMS? const H®
partide TEM? SLS® DLS/ TEM? SLS®  (nm) (x1072' )
AL 0.48 0.47 0.53 3.6 3.6 0.50 2.8
SL 0.49 0.49 0.55 22 29 0.85 2.4

“Coefficient of variation. “Particle root-mean-square (RMS) rough-
ness determined with AFM imaging over an area of 0.5 X 0.5 um*
“Extracted from force profiles at high salt concentration. “Determined
by transmission electron microscopy (TEM) by the manufacturer.
“Determined by static light scattering (SLS). THydrodynamic radius
determined by dynamic light scattering (DLS).

n

Mo

=1+ AJT + Bc + D2
(19)

where 77, = 8.9 X 10™* Pa's is the viscosity of water at 25 °C.
The constants A, B, and D were taken from the literature.*®™>°
Prior to use, all solutions or suspensions were adjusted to pH
4.0 with HCI (Sigma-Aldrich). Milli-Q (Millipore) water was
used throughout. In the systems studied, the concentration of
the added electrolyte always largely exceeds the concentration
of the counterions that neutralize the charge of the colloidal
particles (ie., high salt regime).lg’31

Colloidal Probe Technique. Force measurements between
individual colloidal particles were carried out with the
multiparticle colloidal probe technique.’®*> A closed-loop
AFM (MFP-3D, Asylum Research) mounted on an inverted
optical microscope (Zeiss Axiovert 200) was used together with
tip-less cantilevers (NSC 12, uMash, Estonia). The glass plate
sealing the bottom of the fluid cell was cleaned for 1 h with
piranha solution, which consists of a mixture of H,SO, (98%)
and H,0, (30%) in a volumetric ratio 3:1. The plate was
subsequently rinsed with water and dried in a flow of nitrogen.
The plate and the cantilever were then treated with air plasma
for 20 min (PDC-32G, Harrick) and silanized in an evacuated
container aside of a small sessile drop of an appropriate silane.
For the SL particles, 20 uL of 3-(ethoxydimethylsilyl)-
propylamine (Sigma-Aldrich) was used, while for the AL
particles 100 uL of 3-glycidoxypropyldimethylethoxysilane
(Sigma-Aldrich). The silanized glass plate was inserted in the
fluid cell, and a particle suspension having a particle
concentration of about 100 mg/L in pure water was injected
and allowed to settle for 2 h. During this time, particles attach
to the glass plate. Subsequently, the fluid cell was rinsed with
the appropriate electrolyte solution adjusted to pH 4.0. The
cantilever was then introduced into the fluid cell, and a colloidal
particle was attached to the cantilever by pressing the cantilever
against a fixed particle on the substrate. This particle was
centered over another deposited particle by observing the
interference pattern in the optical microscope with a lateral
precision of about 100 nm. About 200 approach—retraction
cycles were recorded between the centered particles with a
velocity of 300 nm/s and a repeat frequency of 0.5 Hz. The
data were acquired with S kHz, and the trigger was fixed to 60
mV which correspond to a maximum load F/R.g of typically 50
mN/m. The forces were extracted from the approach part of
the force profiles. The zero separation distance was obtained
from the constant compliance region with an accuracy of about
0.2 nm. The force was calculated from the deflection of the
cantilever by means of its spring constant. The spring constant
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of the cantilever was measured by the method Sader et al.*

This method uses the frequency response of the cantilever and
its lateral geometrical dimensions. The spring constants were in
the range 0.19 + 0.05 N/m. The respective values were in good
agreement with the ones measured through the thermal
fluctuations of the cantilever.>® To obtain the final force
curve, at least 120 cycles were averaged, and the result was
down sampled to 200 Hz. The resulting force resolution was
around 0.6 pN. The same sequence was repeated with three
pairs of different particles, and good reproducibility was
generally found. The experiments were carried out at room
temperature of 23 + 2 °C.

Particle Roughness. The root-mean-square (RMS)
particle roughness was obtained by AFM. The roughness of
the particles was determined by imaging the surface of the
particles in solution with the AFM (Cypher, Asylum Research,
Santa Barbara, CA) operating in amplitude modulation mode.
BioLever mini cantilevers (AC40TS, Olympus, Japan) with a
tip radius of 9 nm and a resonance frequency around 25 kHz in
water were used. As substrates, we used a piranha-cleaned 1 cm
square glass plates that were silanized in the same fashion as the
glass of the fluid cell for each type of particle. A drop of a
colloidal suspension of concentration 100 mg/L in water was
deposited on the glass for few hours, and subsequently the
liquid was exchanged with a solution of 10 mM NaCl. This way,
the particles that did not adhere to the substrate were
eliminated. The scan size was 0.5 X 0.5 um? the scan rate 2
Hz, and the free oscillation amplitude (FOA) 20 nm. The set
point was fixed around 70% of the FOA.

Light Scattering. Stable particle suspensions were
characterized by static and dynamic light scattering using a
multiangle light scattering instrument (ALV/CGS-8, Langen,
Germany) with a solid state laser operating at a wavelength of
532 nm (Verdi V2, Coherent, Inc.). The suspensions were
prepared in pure water at a particle concentration of 4 mg/L
and adjusted to pH 4.0. The experiments were carried out in
quartz cuvettes. Prior to experiments, the cuvettes were cleaned
in piranha solution, rinsed with water, and dried in a dust-free
oven at 60 °C. Mie theory including particle polydispersity and
back-reflection correction was used to fit the static light
scattering data.®® Figure 1a shows the excellent agreement with
experiment. The extracted values of mean particle diameter and
the polydispersity are in good agreement with the values
obtained by electron microscopy (Table 1). The hydrodynamic
particle radius was further measured by dynamic light scattering
at a scattering angle of 90°. The correlation function was
analyzed with a second cumulant fit. The resulting radii were
slightly larger than obtained from the other two techniques,
probably due to polydispersity and hydration effects.

The absolute rate coefficient in the fast aggregation regime
was determined with time-resolved static light scattering with
the multiangle light scattering instrument. The aggregation was
initiated by injecting an appropriate amount of the particle
suspension into a 1.0 M NaCl solution of pH 4.0 resulting into
a particle concentration of 4.0 mg/L, which corresponds to
about 8 X 10" m™. The suspension was mixed and the
scattering intensity was monitored with a time resolution of 20
s, and the apparent initial rate was measured, namely

_ L(q) _
o kNO( 21(q) 1]

1 di(q, t)
I(g,0) dt

(20)
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Figure 1. Static light scattering results for the latex particle suspensions
used. Data for amidine latex are shown in the top row, while for sulfate
latex in the bottom row. (a) Scattering intensity versus the scattering
angle of a stable suspension of 4.0 mg/L at pH 4.0 without salt added.
The solid line is the best fit with Mie theory including polydispersity
and back-reflection. (b) Relative rate of change of the scattering
intensity in an aggregating suspension in 1.0 M NaCl. The solid line is
prediction of the T-matrix theory. The respective model parameters
are summarized in Table 1.

This rate is proportional to the aggregation rate coeflicient k,
the initial particle number density Nj, and the optical factor,
where the scattering intensities I,(q) and I,(q) of the monomer
and dimer enter. These intensities depend on the magnitude of
the scattering vector

4zn | (9)
q = ——sin| —
A 2 (21)

where n is the refractive index of the suspension, A the
wavelength of the light in vacuum, and 8 is the scattering angle.
The scattering intensity of the monomer can be evaluated with
Mie theory, while the corresponding quantity for the dimer was
obtained from the exact T-matrix theory.>® Figure 1b shows the
experimental dependence of the apparent rate on the scattering
angle and the best theoretical fits. The aggregation rates were
extracted from these fits. These experiments were carried out at
25+ 1°C.

One can equally evaluate the absolute aggregation rate
coefficients by combing time-resolved static and dynamic light
scattering measurements. While this technique is normally
easier to use, in the present case, the particle concentration
must be increased about 5-fold in order to sufficiently reduce
the noise in the dynamic light scattering data. The resulting
absolute aggregation rate coeflicients are about 2 times smaller
than with the ones obtained with the T-matrix method. We
suspect that these deviations are caused by multiple scattering
effects, which start to become important at the concentrations
used. For this reason, the absolute aggregation rate coefficients
obtained with the T-matrix method are judged to be more
reliable, and they are used in the following.

The stability ratios were measured with time-resolved
dynamic light scattering on compact goniometer system
(ALV/CGS-3, Langen, Germany) operating with a He/Ne
laser of a wavelength of 633 nm at a scattering angle of 90°.
Piranha-cleaned boroslicate glass cuvettes were used. The
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Figure 2. Forces between pairs of latex particles versus the surface separation in different salt solutions indicated in each graph. They are compared
with calculations based on DLVO theory including an additional attractive non-DLVO force with g, = 049 nm (full lines). The remaining
parameters are given in Tables 1 and 2 and Figure 4. The result of DLVO theory only is shown for comparison (dashed lines). Data for amidine latex

are shown in the top row, while for sulfate latex in the bottom row.

experiment was started by injecting the particle suspension into
the respective electrolyte solution. Particle concentrations of
50—200 mg/L or (1—4) X 10" m™ were used. The correlation
function was collected for 20 s, and a second-order cumulant fit
was used to obtain the hydrodynamic radius. The initial rate of
the increase of the hydrodynamic radius was determined by
measuring this quantity during 0.5—8 h. The stability ratio W
was obtained by normalizing this rate by the corresponding
quantity measured in 1.0 M NaCl solution. The fast aggregation
rates for the other salt solutions were obtained by respective
normalization of single angle measurements to the value
obtained with NaCl

Electrophoresis. The electrophoretic mobility of the
particles was determined with ZetaSizer Nano ZS (Malvern).
The latex suspensions were prepared at a particle concentration
of 80 mg/L. The samples were equilibrated for a minute prior
to the measurement. The mobility of each sample was
measured five times and averaged. The standard electrokinetic
model was used to convert the electro;)horetic mobility to the
electric surface potential ({-potential).*

B RESULTS AND DISCUSSION

Forces between charged latex particles are directly measured
with the colloidal probe technique. The measured force profiles
are quantitatively interpreted with DLVO theory, where an
additional exponential short-range attraction is included. Based
on these force profiles, the aggregation rate coeflicients can be
predicted and compared with experiment.

Direct Force Measurements. The multiparticle colloidal
probe technique was used to measure forces between pairs of
similar particles, which originate from the same stock
suspension. Two types of polystyrene particles were inves-
tigated, namely positively charged amidine latex (AL) and
negatively charged sulfate latex (SL). They both have a
diameter around 1.0 pum, and their surface is rather smooth,
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featuring a maximum RMS surface roughness of 0.8 nm.
Further properties of these particles are given in Table 1. All
experiments were carried out in various monovalent electrolyte
solutions at pH 4.0.

Figure 2 shows a selection of the measured force profiles for
the two types of particles investigated, namely AL in the top
row and SL in the bottom row. The columns show the results
for different monovalent electrolytes, where the counterions
were systematically varied according to their position in the
Hofmeister series. For AL, we used Cl~, Br, and SCN™ as
anions, while the cation was Na*. For SL, the cations Na*, K*,
and Cs* were used, and the anion was Cl™. The ions Na* and
CI” were chosen as common ions since they are indifferent.
The given series quote the strongly hydrated ions first, while
the weakly hydrated ones last. The left column shows the force
profiles of both particles in NaCl solution.

Let us first discuss the evolution of the forces profiles
qualitatively. To this aim, we focus on the results of AL in NaCl
electrolyte (top, left). However, both types of particles behave
similarly in all the different electrolytes. At low salt
concentration, the force is strongly repulsive, soft, and long-
ranged. At these conditions, the double-layer repulsion
dominates the force profiles. As the salt concentration is
increased, the range of the double-layer force decreases, since
the range of this force is determined by the Debye length k™"
At the same time, an attractive short-range force becomes
apparent through the jump-in of the cantilever into contact.
With increasing salt concentration, the force profile becomes
less repulsive, and a more long ranged attractive force can be
evidenced at salt concentrations around 100 mM or above, but
the jump-in still occurs at similar distances. The longer ranged
part of the attractive force corresponds to the van der Waals
attraction. The latter can be seen more clearly in Figure 3,
which shows the same force profiles in NaCl, NaSCN, and
CsCl on a larger scale. No data points are shown in the
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Figure 3. Detailed representation of forces between pairs of latex
particles versus the surface separation in different salt solutions
indicated in each graph. The lines are the same as in Figure 2. Data for
amidine latex are shown in the top row, while for sulfate latex in the
bottom row. The jump-in occurs after the leftmost point shown on the
force curve.

mechanical instability region. This jump-in occurs at distances
of 2—3 nm. The position of the jump-in is relatively
independent of the salt concentration, but its position increases
in the presence of poorly hydrated ions somewhat (Table 2).

The force profiles can be quantitatively interpreted by means
of DLVO theory and modifications thereof. Our approach relies
on the Derjaguin approximation, a nonretarded van der Waals
force, and the exact solution of the PB equation within the
constant regulation (CR) approximation. The experimental
results are compared with the classical DLVO theory, as well as
with a modified DLVO theory, which includes an attractive
exponential non-DLVO force.

The model parameters were determined as follows. The
Hamaker constant H was obtained by fitting the force profiles
in the range of 4—20 nm for salt concentrations >100 mM with
eq 2. This value is around 2.6 X 107! J and is independent of
the salt used within about 10%. These values were kept
constant in all further calculations. The Hamaker constants for
AL and SL were slightly different, which is probably related to
the different surface roughness (Table 1). For latex particles of
similar surface roughness the apparent Hamaker constant was
shown to be reduced to similar values as quoted above. These
values are substantially smaller than the value of 1.4 X 107 J
for a smooth substrate.””®

The regulation parameters p were obtained by fitting the
force profiles at salt concentrations up to 3 mM with the PB
model. The fitted salt concentrations agreed within 10% to the
nominal ones. The regulation parameters obtained from the
force profiles at different salt concentrations were constant
within 10%. Therefore, the regulation parameters fixed to the
respective average values, and the force profiles were fitted
again. The appropriate values of the regulation parameter p are
given in Table 2, and they depend not only on the type of
particle but also on the nature of the salt. This variation is not
surprising, since the counterions adsorb on the particle surface
and thereby modify the inner-layer capacitance. With these
fixed regulation parameters, the fits remained of excellent
quality. Double-layer forces in similar systems could be equally
rationalized with regulation parameters that were independent
of salt concentration.”>>”3%*

Once the values of the Hamaker constant and the regulation
parameter are established, the force curves were refitted in the
entire distance range down to the jump-in. When only DLVO
forces are being considered, the force profile at shorter
distances tends to be more repulsive and the jump-in is
predicted at smaller distances than observed experimentally
(Figure 3). These deficiencies can be reconciled with an
additive non-DLVO exponential force profile given in eq 11.
This additional contribution is probably mainly determined by
the hydrophobic force, but additional contributions from short-
ranged hydration or solvation forces are equally possible.'>¢
When one attempts to determine the amplitude A, of this force
and its range g, ' from a least-squares fit, one finds that these
two parameters are cross-correlated, but only if g, is chosen in
the interval of 0.1—0.8 nm. Fitting both parameters, A, and g,"’,
leads to an average q,”' of 0.49 + 0.06 nm. We found that the
observed forces can be consistently fitted by fixing g, to this
average value. In this fashion, we are able to fit the force profile
over the entire distance range with two adjustable parameters,
namely the diffuse layer potential g, and the amplitude of the
exponential force A.. The resulting fits shown in Figures 2 and
3 are indeed most satisfactory. The corresponding DLVO
contributions are equally shown. The fitted force profiles
predict the position of the jump-in rather well, including their
increase with decreasing degree of ionic hydration (Table 2).
The additional non-DLVO attraction is essential, as pure
DLVO theory predicts unrealistically small positions of the
jump-in. The observed jump-in occurs somewhat at larger
distances than the calculated ones, possibly due to the
assumption of the exponential short-ranged force profile.

Table 2. Characteristics of Force Curves in Different Salt Solutions

particle salt regulation” p
AL NaCl 0.20
NaBr 0.57
NaSCN 0.33
SL NaCl 0.28
KCl 0.45
CsCl 0.54

jump-in distance (nm)

exp? non-DLVO® DLVO?
2.5+ 02 2.0 + 02 091 + 0.04
2.8 + 02 21 402 0.84 + 0.05
3.0 + 02 23 +02 0.97 + 0.03
22 402 1.7 £02 0.5 + 0.1
24 +02 19 £ 02 0.5 + 0.1
2.5+ 03 1.9+ 02 0.4 + 0.1

“Regulation parameter determined from force measurements at low salt concentration. bExperimental jump-in distance of the cantilever with
standard deviation. “Jump-in distance calculated from DLVO theory with exponential attraction force. The error bars reflect the minor variation with
the salt concentration. “Jump-in distance calculated from DLVO theory without the exponential attraction force. The error bars reflect the minor

variation with the salt concentration.
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The resulting values of the diffuse layer potential y;, and the
amplitude of the exponential force A; are shown in Figure 4.
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Figure 4. Parameters determined from the force measurements by
AFM and electrophoresis versus the salt concentration. Solid lines
represent fits by empirical functions to interpolate the data. Data for
amidine latex are shown in the top row, while for sulfate latex in the
bottom row. (a) Electric surface potentials are shown in the left
column, whereby the diffuse layer potential y;, are determined from
the force measurements (AFM, filled symbols) and the {-potentials
from electrophoretic mobility (EM, open symbols). (b) Amplitude A,
of the attractive non-DLVO force is shown in the left column.

The fitted diffuse layer potentials are compared with the {-
potential obtained from electrophoresis in Figure 4a. Note that

the sign of the electric potential cannot be extracted from the
forces profiles, and it was adjusted to match the sign of the
electrophoresis results. The magnitude of the diffuse layer
potentials decreases with increasing salt level as one expects
from eq 6. The potentials obtained from electrophoresis are
systematically higher in magnitude than the ones from AFM.
This trend could be due to lateral heterogeneities of the
particles.*' The existence of such charge heterogeneities was
independently confirmed by rotational electrophoresis of latex
particle doublets.*” These heterogeneities might introduce
additional rotational motion of the particles in the electro-
phoresis experiment, which would lead to an enhancement of
the mobility of the particle. However, this explanation is
tentative, and the discrepancies might be also related to
variations in position of the plane of shear or to surface
roughness effects.

The diffuse layer potentials also vary somewhat with the type
of counterion. The Hofmeister series suggests that for such
hydrophobic substrate the ions should progressively adsorb
with decreasing degree of hydration. Therefore, the diffuse layer
potential for AL should decrease with the anion sequence CI”,
Br~, and SCN7, while they should increase for SL with the
cation sequence Na*, K*, and Cs*. These trends can be clearly
seen in the electrophoretic data, where the affinity of the SCN™
anion to the surface even leads to a charge reversal. The same
dependence is probably also inherent to the diffuse layer
potentials measured by the AFM, but the scatter of the data
points is probably comparable to the effect itself. The scatter
originates less from the accuracy by which the diffuse layer
potential can be extracted from the force curves, but rather due
to the small variability of the force profiles between different
pairs of particles. The regulation parameter increases with the
mentioned sequence of the cations for SL particles. For AL
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Figure 5. Comparison of measured stability ratios (symbols) with calculated ones based on the force measurements (solid lines). The results for
DLVO theory are shown for comparison (dashed line). Data for amidine latex are shown in the top row, while for sulfate latex in the bottom row.
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Table 3. Characteristics of Aggregation Rate Coeflicients in Different Salt Solutions

CCC (M) normalized rate k/kg,,
particle salt exp” non-DLVO? DLVO* exp” non-DLVO? DLVO*
AL NaCl 0.106 + 0.009 0.084 0.16 032 + 0.02 0.54 0.54
NaBr 0.078 + 0.006 0.081 0.18 0.31 + 0.03 0.54 0.54
NaSCN 0.045 + 0.004 0.034 0.042 0.33 + 0.02 0.54 0.54
SL NaCl 0.19 + 0.01 0.23 13 0.35 + 0.01 0.53 0.53
KCl 0.21 + 0.02 0.20 13 0.34 + 0.01 0.53 0.53
CsCl 0.18 + 0.01 0.19 14 0.32 + 0.03 0.53 0.53

“Experimental values with standard deviation. bCalculated values using DLVO theory with exponential attraction force. “Calculated values using

DLVO theory without the exponential attraction force.

particles the same trend could be present, but the SCN™ ion
behaves differently.

The value of the range of the non-DLVO attractive force g,
of 0.49 nm is in agreement with other estimates of the same
quantity.'>'%**** The previously reported values situate in the
range of 0.3—1 nm. The amplitude of this force also decreases
with increasing salt level as shown in Figure 4b. Furthermore,
this amplitude decreases for AL in the sequence Br~, CI~, and
SCN, while it increases for SL in the series Na*, K*, and Cs".
The latter trend for SL can be simply explained. The cations are
progressively less hydrated within the series, and therefore one
expects that the strength of hydrophobic interactions increase.
The sequence for the AL particle reflects a partial reversal of the
Hofmeister series, and the strength of the additional attractive
force is weakest for the most weakly hydrated anion, SCN™.
Eventually, the latex particle surface is even less hydrated than
this anion, and the adsorption of this anion makes the surface
less hydrophobic. Another explanation for the partial reversal of
the Hofmeister series could be the coupling between ion
correlations and specific interactions between the ions and the
surface.'

These findings are in line with previous force measurements
between latex particles. In particular, measurements involving
carboxylated latex particles also show a jump-in at 2—3 nm,
which cannot be explained by DLVO theory alone.** This
additional attraction could be equally rationalized by an
additional exponential attraction with a range of 0.4 nm and
comparable strength. Earlier force measurements involving
amidine latex particles did not show this additional attraction,>
but later investigations with a new batch of similar amidine
particles revealed the presence a similar short-ranged attraction
as the one reported here.” Possibly, differences in the synthesis
of earlier amidine latex sample or the presence of
contaminations could be the reason for the different behavior.

Particle Aggregation Rates. Time-resolved light scatter-
ing techniques were used to measure the early stage particle
aggregation rate. These results are presented as the stability
ratios versus the salt concentration in Figure S. All measure-
ments show similar trends. At high salt concentration, the
stability ratio is unity. This situation reflects the fast aggregation
regime. With decreasing salt concentration, the stability ratio
suddenly increases, indicating the slow aggregation regime. The
transition point between the slow and fast aggregation is
referred to as the critical coagulation concentration (CCC).
The absolute aggregation rate in the fast regime was also
measured. Since the rate depends on the viscosity, we eliminate
this effect by reporting the rate in the fast regime relative to the
Smoluchowski rate given in eq 17. Table 3 shows the CCCs
and the normalized rates kg /kg,,.
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On the basis of the Hofmeister series, one expects that the
CCC decreases for AL in the sequence CI~, Br~, and SCN™ and
for SL in the sequence Na*, K', and Cs". The naive reason for
such behavior is that the diffuse layer potential is decreasing in
magnitude within the same sequence, since the ions adsorb
more strongly to the particles surface in the same progression.
One observes that this trend can be clearly identified for the AL
particles, but the CCC is basically independent of the type of
cation for the SL particles. The same lack of dependence on the
type of monovalent cations was established for carboxyl latex
particles due to their small surface charge.”” On the other hand,
the expected Hofmeister series was established for the CCC of
more highly charged sulfate latex particles.®® One further
observes that the normalized absolute rates are independent of
the type of counterions within the experimental error.
However, this normalized rate depends weakly on the type of
particle, and they are 0.32 + 0.02 for AL particles and 0.34 +
0.02 for SL. Somewhat smaller normalized aggregation rates in
the range of 0.16—0.26 were reported for various smaller latex
particles.>® The reason for the difference between the particles
used here and the smaller ones is currently unclear to us.

The solid lines shown in Figure 5 are predictions of the
aggregation rates as deduced from the experimental force
profiles discussed above. The salt dependence of the diffuse
layer potentials and of the amplitudes of the short-ranged force
was interpolated with simple empirical functions, which are
shown as solid lines in Figure 4. The other parameters, such as
the Hamaker constant and regulation parameters, were kept
constant. This model provides an accurate description of the
measured force profiles over the entire range of salt
concentrations investigated. The interaction potential was
then obtained from the force profile with eq 15, and this
potential was then used in eq 14 to calculate the rate constant.
The rate constant was converted to the stability ratio by means
of eq 18. When only the DLVO potential is being used, and
one neglects the short-ranged contribution, the resulting
stability ratio is also shown for comparison. The calculated
CCCs and the normalized absolute rates in the fast regime are
given in Table 3.

The predicted stability ratios based on the direct force
measurements agree reasonably well with the experiment. In
particular, the position of the CCC is predicted quite well (see
also Table 3). However, there are discrepancies in the slope of
the stability plot in the slow regime. These discrepancies are
more pronounced for AL than for SL. Similar discrepancies
were reported earlier when measured stability ratios were
compared with calculations."** These discrepancies might
originate from the existence of lateral charge heterogeneities
of the latex particles that are not included in the model. The
presence of such heterogeneities is in line with minor small
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variations in the force profiles for different pairs of particles and
the observed discrepancies between electric surface potentials
extracted from direct force measurements and electrophoresis.
The effect of such heterogeneities was approximated by
considering a distribution of surface potentials, and such
calculations were able to explain the weaker salt dependence
observed experimentally quite well.**

Comparison of the classical DLVO predictions with the ones
where the additional attractive non-DLVO force is included
reveals that the additional short-ranged force is essential to
obtain the correct prediction of the CCC. The DLVO force
profile alone leads to a too high CCC, which is in line with the
presence of an additional attraction. The counterion specificity
on the CCC turns out to be more complicated than what one
might expect from the Hofmeister series, as it represents
contributions from the DLVO double-layer force and the non-
DLVO attraction. For the AL particles, the contribution from
the short-ranged forces is the weakest for the SCN™ anion. In
the fast regime, the DLVO theory predicts the normalized rates
to be somewhat higher than the experimental values (Table 3).
The additional attraction is unimportant in this regime. We
suspect that this discrepancy between the experimental and
calculated value is related to inaccuracies in the hydrodynamic
function.

These results shed somewhat different light on the
quantitative interpretation aggregation rate constants of latex
particles with respect to previous work. In the past, two
different approaches were pursued. Some authors advocated the
validity of classical DLVO theory."** In this case, the
Hamaker constant is being fitted to the CCC or the theoretical
value is being used, leading to the apparently consistent values
in the range of (1.5 + 0.5) X 107*° J. While this approach is
normally capable to capture the CCC reasonably well, it is
flawed because of cancellation of opposing errors. On one
hand, the Hamaker constant is actually substantially smaller
(typically by a factor 4—10) due to roughness effects.”**>*” On
the other hand, the additional short-ranged non-DLVO force
must be considered. Clearly, this cancellation of errors cannot
be easily identified without the availability of force curves
between the latex particles. Other authors have considered the
presence of additional forces, but without their direct
measurement, their quantification remained problematic.*”**

B CONCLUSION

The present study shows that aggregation rates of polystyrene
latex particles can be reliably predicted based on directly
measured force profiles. We investigate monovalent electrolytes
with different counterions within the Hofmeister series. The
main conclusion is that the interaction force profiles cannot be
described by classical DLVO theory and that additional
attractive non-DLVO force with a range of about 0.5 nm
must be included. Moreover, Hamaker constants are about 2.6
X 107! J as obtained from direct force measurements by the
AFM. This value is substantially smaller than the calculated
values for smooth polystyrene due to surface roughness. The
CCCs can only be correctly predicted when the additional
attractive non-DLVO force and the appropriate Hamaker
constant are included. Consideration of DLVO forces only
leads to unrealistically high CCCs.

The eftect of different counterion types within the
Hofmeister series cannot be simply traced to the variation of
a single quantity. When the counterions become more weakly
hydrated, they increasingly adsorb to the hydrophobic surface,
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and they lower the magnitude of the surface charge. This effect
is weak, especially for the sulfate latex, and it cannot be easily
identified in the direct force measurements. The additional
attractive force varies strongly with the salt level and type of
ion, but we are unable to propose a simple interpretation of the
observed trends. However, the observed CCC shifts within the
Hofmeister series can be well quantified by the measured
variation of the double layer and the short-ranged forces. On
the other hand, the measured absolute aggregation rates are
somewhat lower than calculated ones.

The dependence of the aggregation rate on the salt
concentration observed experimentally in the slow regime is
weaker than the one predicted by DLVO theory. The
consideration of the attractive non-DLVO force weakens this
dependence somewhat, but the prediction still remains far from
the experiment. A likely interpretation of this discrepancy is due
to the presence of surface charge heterogeneities. The presence
of such heterogeneities is further suggested by the variation of
the force profiles for different particle pairs and the
discrepancies between the electric surface potentials obtained
from direct force measurements and electrokinetics. The
experimental aggregation rates constants in the fast regime
are somewhat smaller than the predicted ones. At this point, we
have little information concerning the origin of these
discrepancies.
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Charging and aggregation of latex particles in
aqueous solutions of ionic liquids: towards an
extended Hofmeister series

Tamas Oncsik, Anthony Desert, Gregor Trefalt, Michal Borkovec and
Istvan Szilagyi*

The effect of ionic liquid (IL) constituents and other monovalent salts on the stability of polystyrene
latex particles was studied by electrophoresis and light scattering in dilute agueous suspensions. The
surface charge and the aggregation rate were both sensitive to the type of ion leading to different
critical coagulation concentration (CCC) values. Systematic variation of the type of IL cation and anion
allows us to place these ions within the Hofmeister series. We find that the dicyanoamide anion should
be placed between iodide and thiocyanate, while all 1-alkyl-3-methylimidazolium cations can be
positioned to the left of the tetramethylammonium and ammonium ions. The hydrophobicity of the
1-butyl-1-methylpyrrolidinium (BMPLY) ion is intermediate between 1-ethyl-3-methylimidazolium
(EMIM*) and 1-butyl-3-methylimidazolium (BMIM*). With increasing alkyl chain length, the 1-alkyl-3-
methylimidazolium cations adsorb on the latex particles very strongly, and 1-hexyl-3-methylimidazolium
(HMIM™) and 1-octyl-3-methylimidazolium (OMIM*) lead to pronounced charge reversal and to an
intermediate restabilization region.

1. Introduction

Ionic liquids (ILs) consist entirely of cations and anions, and
these systems became the focus of intense research recently,
mainly due to their uncommon properties, such as low vapour
pressure or wide electrochemical window.'™ These aspects
make ILs promising media in material science applications,
including energy storage, extraction of minerals or biomolecules
and electrodeposition.””® An important class of materials in
these applications are particle suspensions in ILs, as they are
relevant in nanoparticle synthesis, catalysis, solar cells, or
printing inks.”™® For example, numerous researchers have
synthesized novel metal nanoparticles in ILs and they could
relate the stability of these suspensions to their catalytic
activity.">**™"” In this context, the stability of these suspensions
plays a key role, and therefore particle aggregation in ILs was
investigated recently.'®??

Such particle aggregation studies also focused on IL-water
mixtures, and it was quickly realized that on the water-rich side
the IL fully dissociates into ions, and that aqueous solutions
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of ILs closely resemble simple electrolytes.">**** A good

understanding of the influence of the presence of water in
ILs is further important, since most ILs contain water to a
certain extent.

Studies of colloidal particle aggregation in simple electrolyte
solutions have a long history, including the landmark develop-
ment of the Derjaguin, Landau, Verwey, and Overbeek (DLVO)
theory.?® This theory predicts, in agreement with experiment,
that the aggregation of charged colloidal particles is slow at low
salt concentrations, while at higher concentrations it becomes
rapid. The sharp transition between these two regimes occurs
at the so-called critical coagulation concentration (CCC). The
CCC represents an important characteristic concerning the
destabilization power of a given salt, or more precisely of
the constituent ions. A major achievement of the DLVO theory
was to rationalize the Schulze-Hardy rule, which states that
multivalent counterions strongly lower the CCC.>*™’

However, the CCC can be also influenced by other ionic
properties than their valence. A well-studied aspect represents
the Hofmeister series, which orders ions according to their
hydrophobicity.>® This series was originally developed to account
for the stabilization power of protein solutions, namely

< SO,
NO37

CO5* < H,PO,” < F < ClI” < Br <

<I < Clo, < SCN™

Phys. Chem. Chem. Phys., 2016, 18, 7511-7520 | 7511


http://crossmark.crossref.org/dialog/?doi=10.1039/c5cp07238g&domain=pdf&date_stamp=2016-02-20
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1039/c5cp07238g
http://pubs.rsc.org/en/journals/journal/CP
http://pubs.rsc.org/en/journals/journal/CP?issueid=CP018010

Open Access Article. Published on 09 February 2016. Downloaded on 03/03/2016 22:27:50.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

N(CH3)," < NH;' < Cs" < Rb" < K" < Na' <

Li* < Mg” < Ca**

The series indicates that negatively charged proteins form
stable solutions even in the presence of high concentration of
ions located on the right hand side, while the ions of the left
hand side induce their precipitation already at low concentra-
tions. Typically, particle aggregation follows the same series.**
In particular, negatively charged particles follow the (above) direct
Hofmeister series, whereby the ions on the left induce lower
CCCs, while the ones on the right, higher ones. On the other
hand, positively charged particles follow the (reversed) indirect
Hofmeister series. Thereby, the ions on the left lead to higher
CCCs, while the ones on the right, to lower ones. The role of
divalent ions is more complicated, since their effect on particle
aggregation is greatly influenced by the increased valence as
described by the Schulze-Hardy rule.>”>” Therefore, divalent
ions are not considered here.

The position of an ion in the Hofmeister series can be
qualitatively correlated with its hydrophobicity or its degree
of solvation.>** Hydrophilic and well-solvated anions, such as
F~ or CI, appear on the left, while hydrophobic and poorly
hydrated anions, such as I or SCN™, on the right. The cations
are arranged in the opposite way. The hydrophilic cations, such as
Li" or Na', appear on the right, while the hydrophobic ones, such
as N(CH;)," or NH,", on the left. Many colloidal particles have a
hydrophobic surface (e.g, polystyrene latex) and the hydrophobic
ions will adsorb more strongly to these surfaces than the hydro-
philic ones. Therefore, CCC will be lower in the presence of
hydrophobic counterions than in the presence of hydrophilic
ones. Conversely, the CCC will be higher in the presence of
hydrophobic coions than in the presence of hydrophilic ones. In
the latter situation, however, electrostatic repulsion between the
coions and the charged particle may lead to very weak adsorption,
and these effects may not be noticeable. In general, the CCCs will
decrease with increasing hydrophobicity of cations for negatively
charged hydrophobic particles (direct Hofmeister series), while
they will also decrease with decreasing hydrophobicity of cations
for positively charged particles (indirect Hofmeister series). The
reverse argumentation applies to hydrophilic particles (e.g., silica).
These trends have been confirmed by CCC measurements in
numerous systems experimentally,>®?3236738

In the present study, we investigate charging and aggrega-
tion of polystyrene latex particles in aqueous solutions of ILs.
From the concentration dependence of the aggregation rate,
one can extract the CCC, and the observed sequences in these
quantities can be used to place the IL constituents into the
Hofmeister series. The present investigation is related to an
earlier study published by us, which focused on simple mono-
valent ions only.?® That study used the same particles as the
present one, thus facilitating a direct comparison of both. While
ion specific effects on protein solubilisation and enzymatic
activity in aqueous solutions of ILs were studied with a similar
aim,*** we believe that the determination of the CCC for
uniform particles provides a reliable measure concerning the
position of IL constituents within the Hofmeister series.
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2. Experimental
2.1 Materials

Sulfate and amidine functionalized polystyrene latex particles
were purchased from Invitrogen Corporation. The size and
polydispersity of the particles were determined by interpreting
static light scattering (SLS) data in stable suspensions using
Mie theory.** Very good agreement was found with the values
obtained in transmission electron microscopy (TEM) measure-
ments by the manufacturer (Table 1). Dynamic light scattering
(DLS) yielded slightly higher hydrodynamic radii, probably due
to sample polydispersity. The same particles were used in our
previous study,> where further properties of these particles are
given. Prior to the experiments, the particles were dialyzed
against ultrapure water until the conductivity remained constant
and below 0.8 uS cm™ . For the dialysis, cellulose ester and poly-
vinylidene fluoride membranes (Spectrum Rancho) were used for
the sulfate and amidine modified latex suspensions, respectively.
The particle concentrations in the dialyzed stock suspensions
were determined by SLS, whereby a calibration curve of the
scattering intensity obtained with the original particle suspen-
sions of known concentration was used. Typical concentrations
in these stock suspensions were 65 and 7 g L™" for sulfate and
amidine particles, respectively. Ultrapure Milli-Q water (Millipore)
was used throughout.

ILs used in this study were purchased from IoLiTech and
they include 1-butyl-3-methylimidazolium as a cation with chloride
(BMIM—-CI), bromide (BMIM-Br), dicyanoamide (BMIM-N(CN),)
and thiocyanate (BMIM-SCN) ions, 1-butyl-1-methylpyrrolidinium
ILs as the same anions (BMPL-Cl, BMPL-Br, BMPL-N(CN), and
BMPL-SCN) and the chloride salts of 3-methylimidazolium
(MIM—-CI), 1-ethyl-3-methylimidazolium (EMIM-CI), 1-hexyl-3-
methylimidazolium (HMIM-CI) and 1-octyl-3-methylimidazolium
cations (OMIM-CI) (Fig. 1). The ILs were dried under vacuum at
50 °C for one day and Karl-Fischer titration (Metrohm) was
performed to determine their final water content, which was
always below 1 g L™ ". The dried ILs were handled in a glove box.
In some cases, mixing the ILs with water resulted in the
formation of precipitates due to the presence of impurities,
which could be detected by light scattering. These precipitates
were removed by allowing the aqueous solutions to stand
overnight and filtering with a 0.1 um syringe filter (Millipore).
Inorganic salts of analytical grade were purchased from Sigma
Aldrich (NaCl, NaN(CN), and NaSCN) and Fluka (NaBr). Their
solutions were prepared by mixing the calculated amount of
solid salt with ultrapure water. All stock solutions and water

Table 1 Characteristic size values of the sulfate and amidine function-
alized polystyrene latex particles used in the present study

Average radius (nm) Polydispersity (%)

Latex particles TEM” SLS? DLS? TEM” SLS?
Sulfate 265 263 278 2.0 3.8
Amidine 110 110 117 4.3 7.1

“ Measured by the manufacturer. ” Determined in stable suspensions.
¢ Coefficient of variation.
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Fig.1 Chemical structure of IL constituents used in the present study.
The anions include chloride, bromide, thiocyanide and dicyanoamide with
methylimidazolium, 1-alkyl-3-methylimidazolium and 1-butyl-1-methyl-
pyrrolidinium as cations.

were adjusted to pH 4.0 with HCI and filtered prior to sample
preparation. The measurements were carried out at a tempera-
ture of 25.0 £ 0.2 °C.

2.2 Electrophoresis

A ZetaSizer Nano ZS (Malvern) instrument was used to determine
the electrophoretic mobility of the particles. During sample pre-
paration, water was mixed with the appropriate volume of stock
electrolyte or IL solutions to reach the desired concentration. The
particles were then added from the concentrated stock suspen-
sion to get final particle concentrations of 5 mg L™ " in the case of
amidine and 50 mg L~ " for the sulfate latex. The samples were
equilibrated for one minute in the instrument prior to the
measurements. Five repetitions were performed and averaged.

2.3 Particle aggregation

Time-resolved DLS was used to follow the aggregation process in
aqueous particle suspensions. This technique has proved to be most
suitable to determine aggregation rates of colloidal particles.* ™
The instrument used was an ALV/CGS-3 goniometer (ALV) system,
equipped with a He/Ne laser of a wavelength of 633 nm and an
avalanche photodiode as a detector. Samples were prepared in boro-
silicate glass cuvettes (Kimble Chase). Before the measurements, the
cuvettes were cleaned in piranha solution, which is a mixture of
concentrated H,SO, (Carlo Erba) and 30% H,0, (Reactolab) in a
volume ratio of 3 : 1. Subsequently, they were washed with water and
dried in a dustfree oven at 60 °C. The particle concentrations
were varied in the range of 2-10 mg L™ for the amidine latex and
50-200 mg L~" for the sulfate latex, which corresponds to the
number concentration range of (0.3-2.0) x 10" m™>. To start the
aggregation experiment, the particle stock suspension was injected
into a cuvette containing the respective salt solution, and the sample
was mixed and inserted in the light scattering system. The correla-
tion function was recorded for 20 seconds at a scattering angle of
90° and the second-order cumulant fit was used to determine the
hydrodynamic radius. The change in this quantity was followed in
50-100 subsequent runs. To probe the early stages of the aggrega-
tion, the hydrodynamic radius values never increased more than
40% in these experiments. This increase is an adequate compro-
mise between good measurement accuracy and minor interferences
of higher aggregates.”>*® The apparent dynamic aggregation rate
coefficient 4 was determined from the initial rate of increase

1 dRy

4= Rh(o) ? t—0 (1)
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where R;, is the hydrodynamic radius and ¢ is the time. The
measured apparent rates were then converted to absolute
aggregation rate coefficients k by means of the relation

k= i : kfast (2)
Afast

where 4, is the apparent dynamic aggregation rate coefficient
in 1.0 M KCI solution, where the aggregation is in the fast
regime. The absolute aggregation rate coefficient k¢, was pre-
viously determined using time-resolved simultaneous static and
dynamic light scattering in 1.0 M KClI solutions. In these measure-
ments, the apparent static rate coefficients were obtained from the
initial change of the scattered intensity at several scattering angles
and plotted against the apparent dynamic aggregation rates.
A linear fit was performed on the data and the absolute aggre-
gation rate coefficient was calculated from the intercept.*> The
resulting values were kg = (3.3 £ 0.2) x 107"* m® s7" for the
sulfate latex and (3.0 + 0.2) x 10~ '®* m® s™* for the amidine
latex.”® The CCCs were determined from plots of the rate
coefficient k versus the salt concentration, whereby straight lines
were fitted to the experimental points in the slow and fast
aggregation regimes. The uncertainty of the CCC determined
by this method is about 10%.

2.4 Viscosity

A DV-II Pro viscometer (Brookfield) was used to measure the
dynamic viscosities of the IL solutions. The concentration
ranges of the monovalent electrolytes were chosen according
to the concentrations investigated in the mobility and aggre-
gation measurements, usually up to 1.0 M. In this range, the
viscosities varied linearly with the concentration, and the values
for the individual samples were obtained from a linear fit of
the data.

3. Results and discussion

Surface charge and aggregation rates of sulfate and amidine
modified polystyrene latex particles were investigated in the
presence of ILs and monovalent electrolytes by electrophoresis
and DLS. The principal aim of these experiments was to place
some common IL constituents (Fig. 1) into the Hofmeister series.
In addition, the influence of the alkyl chain length within the
1-alkyl-3-methylimidazolium series was investigated.

3.1 General trends

Electrophoretic mobilities and aggregation rates of sulfate
and amidine latex particles were measured in different ionic
environments. Initially, we investigated the effect of anions,
namely CI~, Br~, N(CN),” and SCN, in the presence of Na" as
the cation (Fig. 2). Subsequently, the same anions were inves-
tigated in the presence of BMIM' (Fig. 3) and BMPL" (Fig. 4) as
cations. In all systems, the electrophoretic mobility increases
with the salt concentration for the sulfate particles and decreases
for the amidine particles, sometimes resulting in an isoelectric
point (IEP) and a subsequent weak charge reversal. These trends
are mainly caused by the progressive screening through the
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Fig. 2 Electrophoretic mobility (a) and absolute aggregation rate (b) for
sulfate (left column) and amidine (right column) latex particles as a function
of the salt concentration for different monovalent electrolytes of the
sodium cation. The results with the Cl™, Br~ and SCN™ ions have been
already published earlier.?°
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Fig. 3 Electrophoretic mobility (a) and absolute aggregation rate (b) values
of sulfate (left column) and amidine (right column) latex particles as a
function of the salt concentration in aqueous solutions of different ILs of
the BMIM* cation.

electrolyte and simultaneous adsorption of the counterions.
The particle aggregation rates increase rapidly with increasing
salt concentration in the slow aggregation regime, and reach a
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Fig. 4 Electrophoretic mobility (a) and absolute aggregation rate (b) values
of sulfate (left column) and amidine (right column) latex particles as a function
of the salt concentration for different ILs of the BMPL* cation.

constant value at higher concentrations in the fast aggregation
regime. The CCC is located in the narrow transition zone between
these two regimes. This behaviour is typical for charged colloidal
particles dispersed in electrolyte solutions and can be predicted
by the DLVO theory,*® in some situations even quantitatively.*®*°
The characteristic influence of the type of ion present on the
CCCs will be detailed below. No clear trends were observed in the
dependencies of the aggregation rates on the salt concentration
in the slow aggregation regimes.

3.2 Fast aggregation regime

The possible influence of the ion type on the fast aggregation
rate coefficients measured above the CCCs was addressed. The
ions investigated include CI™, Br—, N(CN),  and SCN ™ anions, and
Na', BMIM" and BMPL' cations. As one must consider viscosity
effects, the absolute rate coefficients in the fast aggregation regime
were normalized by Smoluchowski’s rate coefficient for diffusion
controlled aggregation®"

 8kgT

ks 3

(3)

where kg is the Boltzmann constant, 7T is the temperature, and
n is the dynamic viscosity of the electrolyte solution. The latter
value was measured for the respective salt or IL solutions
within the appropriate concentration range. No dependence
of the normalized fast aggregation rate coefficients on the type
of ion is observed, and one finds very similar normalized
coefficients for both types of particles (Fig. 5a). Their values
were kisi/ks = 0.24 £ 0.01 and 0.24 & 0.02 for the sulfate and
amidine particles, respectively. These values are comparable to the
ones reported earlier for the same particles in the presence of
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according to the direct or indirect Hofmeister series. The lines are a guide
to the eye.

several simple monovalent electrolytes, which were 0.26 + 0.01
and 0.23 =+ 0.01 for the sulfate and amidine latex, respectively.>’
These findings suggest that the attractive forces (i.e., van der Waals
and hydrophobic forces), which determine the fast aggregation
rates, do not strongly depend on the type of ion present.

3.3 Ion specific effects

For negatively charged sulfate latex particles, there were no
specific effects of the coions, provided Na“ was used as the
counterion. All the anions used, namely Cl ™, Br—, N(CN),  and
SCN™, adsorb to the particle surface only weakly, and therefore
the electrophoretic mobility (Fig. 2a), aggregation rates (Fig. 2b)
and CCCs (Fig. 5b) remain the same within the experimental
error. With the exception of the N(CN), " anion, the same observa-
tion was already reported earlier.>® For the amidine latexes, the
electrophoretic mobilities decrease with the salt level and their
values at the same concentration decrease within the series Cl~,
Br~, N(CN), ™, and SCN™ (Fig. 2a). The adsorption of N(CN),™
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and SCN™ ions results in an IEP and a charge reversal, sug-
gesting that these ions are rather hydrophobic and that they
adsorb on these particles strongly. Similar charge reversal has
been observed with other less solvated monovalent ions.>?***>
The trend in the mobilities is also reflected in the CCCs (Fig. 2b
and 5c). One observes that the CCC decreases in the same
sequence as stated above, namely for CI”™ being the highest and
for N(CN),” and SCN™ the lowest. This order can be explained
as follows. The hydrophobic counterions, such as N(CN),~ and
SCN™, adsorb strongly on the hydrophobic particle surface,
leading to a decrease of the surface charge and to lower CCCs.
On the other hand, the hydrophilic CI™ counterion adsorbs
weakly leading to highly charged particles, which also have
higher CCCs. The observed sequence CI- > Br~ > SCN~
reflects the expected indirect Hofmeister series, as reported
before.?® The new finding here is that N(CN), ™~ behaves similar
to SCN ™. This observation agrees with earlier protein precipita-
tion experiments.*

When the BMIM' counterion was used, electrophoretic
mobilities and aggregation rates of the negatively charged
sulfate latex particles were strongly influenced by the type of
coion (Fig. 3a and b). The magnitude of the mobility and of the
CCCs (Fig. 5b) was significantly lower in the presence of BMIM"
than for Na', confirming the considerable adsorption of the
BMIM' counterions to the oppositely charged surface. In these
systems, the mobilities and CCCs were sensitive to the type
of coion, whereby the CCCs increase in the sequence Br~ <
N(CN), < SCN". With the exception of the Cl™ ion, this trend
reflects the expected direct Hofmeister series for negatively
charged hydrophobic surfaces.®® This finding is in line with
recent colloidal probe experiments with hydrophilic silica parti-
cles in the presence of the BMIM' counterions, which reports
the strength of the short-range attraction to increase in the
sequence Cl~ < N(CN),” < SCN.>* Such attraction was
significant at salt levels close to the CCCs, and therefore the
CCC is expected to decrease in the same sequence as stated above
in agreement with the indirect Hofmeister series for negatively
charged hydrophilic particles.

A similar sequence of counterions was observed for the amidine
particles as in the presence of Na'. The mobilities (Fig. 3a) and the
CCCs (Fig. 5c) decreased again in the sequence CI- > Br~ >
N(CN),~ > SCN™ in agreement with the indirect Hofmeister series
for positively charged hydrophobic surfaces.*® The electrophoretic
mobilities remain positive for weakly adsorbing CI~ and Br~
counterions, while the strongly adsorbing SCN™ ions induce a
charge reversal. However, the IEP is situated at much lower concen-
tration than for the Na' ions, which suggests that the hydrophobic
BMIM' coion adsorbs to the particle surface, which in turn induces a
stronger co-adsorption of SCN™ ions due to ion pair formation on
the surface. The formation of ion pairs between cations and anions
has been reported in various ILs.**” The IL constituent ions
adsorbed on the particle surface may also form ion pairs with the
oppositely charged ions. The formation of such surface ion pairs will
then influence the surface charge and also the CCC. For the N(CN), ™
anion, charge neutralization occurs as well, but the adsorption is not
strong enough to reverse the particle charge.
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For the BMPL' counterion, specific effects of coions were
equally observed for sulfate latex particles. Similar electro-
phoretic mobilities were measured for ClI- and Br~, however,
the presence of N(CN), and SCN ions led to higher mobilities
(Fig. 4a) and lower CCCs (Fig. 4b and 5b). This trend is opposite
to the one observed for BMIM", and does not follow the anti-
cipated direct Hofmeister series. This reversal of the Hofmeister
series could be related to the counterion affinity to the oppositely
charged particles and the extent of ion pairing on the surface.
The observed trends in the CCCs indicate stronger ion pairing in
the BMIM-SCN system than for BMPL-SCN. For the amidine
particles, a weak charge reversal is again observed for the SCN™
ions, but the electrophoretic mobilities remain positive for the
other counterions (Fig. 4a). The charge reversal occurred at
higher concentration than in the BMIM' system, which may
indicate either weaker BMPL" adsorption on the particle surface
or weaker ion pair interactions between BMPL'" and SCN™ ions.
Nevertheless, the trends in both the charging and aggregation
properties of the amidine particles in the presence of BMPL' and
BMIM" counterions are similar. Accordingly, the mobilities at
the same concentration as well as the CCCs follow CI™ > Br~ >
N(CN),” > SCN (Fig. 4a and 5c). This order is in agreement
with the indirect Hofmeister series expected for positively charged
hydrophobic particles.*"**

The observed trends for the cation dependence are summar-
ized in Fig. 5b and c. For the sulfate latex, the presence of the
BMIM' counterion leads to lower CCCs than BMPL' in the pre-
sence of simple anions, while the trend is reversed in the presence
of hydrophobic N(CN),” and SCN™ anions. This reversal is prob-
ably related to the variable extent of ion pair formation in these
systems. No trend with CCCs was observed for amidine latex
particles when the coions were varied.

Let us now compare the present results with the ones of an
earlier study, which investigated the CCCs of exactly the same
particles.”® In particular, various anions in the presence of Na*
and various cations in the presence of Cl~ were investigated.
Combining the present results with the ones from that study”®
enables us to place the IL constituents into the established
Hofmeister series (Fig. 6). For sulfate latex particles, the extended
Hofmeister series becomes

BMIM' < BMPL' < N(CH;)," < NH,' < Cs" < K" < Na' < Li*

where the hydrophilic Na' ions typically lead to the highest CCC,
while the hydrophobic IL constituents to lower CCC. BMIM" and
BMPL" have to be positioned on the left hand side of the series,
indicating that they are even more hydrophobic than the N(CH3),"
counterion. The sulfate particles show no effects of coions. The
CCCs of amidine latex particles in the presence of different
counterions decrease according to the indirect Hofmeister series as

H,PO,” > F~ > CI” > Br~ > NO;~ > N(CN),” > SCN~

The N(CN),~ counterion has to be placed between NO; ™ and
SCN~. The BMIM" and BMPL" coions have again no influence
on the CCC of the amidine particles. However, the N(CH;),"
and NH," coions lead to systematically lower CCCs, probably,
due to specific interactions with the amidine groups.
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3.4 Effect of the alkyl chain length

As shown in the previous section, the hydrophobic BMIM"
counterions strongly adsorb on the negatively charged sulfate
latex particles and thus modify the particle charge and their
CCCs (Fig. 3a and 5b). To further investigate the effects of cation
hydrophobicity on charging and aggregation of these particles,
we have studied electrophoretic mobilities and aggregation rates
of sulfate latex particles in the presence of 1-alkyl-3-methyl-
imidazolium counterions, namely for MIM', EMIM', BMIM",
HMIM" and OMIM". Their hydrophobicity increases from the
left to the right due to the increasing length of the alkyl chains
(Fig. 1). In all cases, the CI™ coion was used.

At sufficiently low concentrations, the electrophoretic mobi-
lities increase with the concentration (Fig. 7a). In the presence
of MIM"' and EMIM", the particles remained negatively charged
within the entire range investigated. This increase is primarily
due to screening by the increasing salt level, but the adsorption
of these ions to the particle surface also contributes to this
trend. However, adsorption of these counterions becomes more
pronounced for longer aliphatic chains and leads to slight
charge reversal for BMIM". The adsorption of HMIM" and OMIM"
counterions becomes even more important and induces charge
neutralization and a significant charge reversal. At higher concen-
trations, the mobilities decrease due to screening, as particularly
evident in the presence of the OMIM" cation. A similar charge
reversal was already reported for negatively charged kaolinite
particles in OMIM-CI solutions.”®

The charging behaviour is well-reflected in the respective
aggregation rates. For the BMIM', EMIM' and MIM" cations
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Fig. 7 Electrophoretic mobilities (a) and aggregation rate coefficients
(b and c) of sulfate latex particles in the presence of ILs composed of
the chloride anion and the 1-alkyl-3-methylimidazolium cation of different
alkyl chains. The lines are a guide to the eye.

with short alkyl chains, the aggregation rates (Fig. 7b) show the
classical behaviour of slow aggregation at low concentrations
and rapid aggregation at high concentrations, with a CCC in
between these two regimes. This situation is similar to the
systems discussed above. The CCCs decrease systematically
with increasing alkyl chain length, which is caused by the
increasing adsorption strength due to increasing length of
the alkyl chain.
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However, the dependence of the aggregation rate on the IL
concentration is notably different in the presence of the OMIM"
counterion (Fig. 7c). The aggregation rates are small at low IL
concentrations, and they go through a maximum near the IEP.
The rate constant at the maximum corresponds to its value in
the fast aggregation regime. Upon increasing the IL concen-
tration further, one observes a decrease of the aggregation rate.
The rate passes through a minimum and increases again to reach
the value in the fast aggregation regime. A similar dependence is
observed for the HMIM® counterion, albeit the intermediate
minimum is much less pronounced. This shallower minimum
is due to the weaker charge reversal of HMIM" as revealed by the
electrophoresis. Clearly, OMIM" adsorbs most strongly, and the
adsorption strength decreases with decreasing chain length.

One might suspect that the formation of micelles could be
relevant in these systems, especially for the cations with a
longer apolar alkyl chain. The CMC of OMIM-CI was reported
to be 220 mM and for HMIM-CI 900 mM.>**° The latter value is
at the end of the concentration range used in the present study.
Therefore, the formation of micelles does not play any role in
the adsorption and particle aggregation mechanism in the
HMIM-CI system. For the OMIM-CI system, the CMC falls into
the upper range of the destabilization due to charge screening by
the chloride counterions. Again, micellization plays a minor role.

The observed dependence of the aggregation rate on the
concentration of 1-alkyl-3-methylimidazolium can be inter-
preted in terms of a succession of three CCCs. The first CCC
occurs at low concentration during the transition from the slow
to fast regime. The second CCC is located after the maximum in
the IL concentration, whereby the system undergoes a transition
from the fast to slow regime. The third CCC is situated at the
highest concentrations after the minimum in the aggregation
rate, when the aggregation becomes fast again. Comparing the
location of the CCCs with the electrophoretic mobilities in the
same concentration ranges, one can realize that the first CCC is
caused by charge neutralization, the second is connected with
the charge reversal process, while the third CCC is due to the
screening effect of the counterions on the surface charge.

A stability map of the CCCs versus the type of counterion of
different chain lengths summarizes this characteristic beha-
viour well (Fig. 8). Three CCCs are observed for HMIM' and
OMIM" counterions, while only one CCC is found for MIM",
EMIM' and BMIM'. Therefore, this map shows two regions
where the dispersions are stable, meaning that the particle
aggregation is significantly slower than that in the case of fast
aggregation. That region is indicated as unstable. The first stability
region in the lower left corner corresponds to the regular stabili-
zation due to the negative charge of the latex particles. The second
region on the right hand side corresponds to the positively charged
particles after charge reversal, which is induced by the strong
adsorption of the less solvated IL cations. The unstable region in
the upper part of the map is due to destabilization and screening
at high salt concentrations. The narrow unstable channel in the
lower right part of the map is due to the destabilization and charge
neutralization at the IEP. The first CCC values at low IL concen-
tration in the presence of 1-alkyl-3-methylimidazolium counterions
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Fig. 8 Stability map including CCC values for sulfate latex particles in the
presence of the 1-alkyl-3-methylimidazolium cation based ILs of different
alkyl chain lengths with the chloride anion. The circles indicate the first
CCC, squares show the second CCC and diamonds refer to the third CCC.

reflect the decreasing chain length and increasing hydrophili-
city within the series

OMIM' < HMIM' < BMIM' < EMIM" < MIM"*

On the left hand side of the series, one finds the hydro-
phobic cations with a longer alkyl chain. They adsorb more
strongly to the particle surface, and induce lower CCCs. Those
on the right hand side are more hydrophilic and feature a
shorter alkyl chain. The latter counterions adsorb more weakly,
and lead to higher CCCs. This trend is reminiscent to previous
findings for oxide and silver halide particles in the presence of
ionic surfactants of variable chain lengths, whereby the IEP or the
first CCC shifts towards smaller concentrations with increasing
alkyl chain length.®*"** In addition, the restabilization occurred
in all systems containing surfactants with an octyl chain or
longer. A subsequent destabilization at high concentrations
was also observed, quite in analogy to OMIM™*.** Enzymatic
activity reflects the same order, namely, the proteins lose their
activity in the presence of HMIM" at lower concentration than
for EMIM ">

Similar stability behaviour was reported for the aggregation of
latex particles in the presence of multivalent ions or short-chain
oligoamines.®>®® In particular, the similarity to the system with
the oligoamines is striking, and deservers further discussion.®®
These authors have studied electrophoresis and particle aggre-
gation rates for negatively charged sulfate latex particles in the
presence of aliphatic oligoamines with the structural formula
H,NCH,CH,(NHCH,CH,),NH, for n = 0, 1, 2, and 4. Under the
mildly acidic conditions used, these oligoamines form multi-
valent cations. The concentration dependence of electrophoretic
mobilities and of the aggregation rate was very similar to the one
shown in Fig. 7, and shows an analogous trend with the increas-
ing chain length. Moreover, the stability map of the CCCs versus
the chain length looks surprisingly similar to Fig. 8. Due to these
analogies, one might suspect in these two systems that the
underlying mechanisms leading to charge reversal and destabi-
lization are similar. The hydrophobic interaction will become
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more important with increasing chain length and this aspect
might be responsible in both systems for the increased extent of
adsorption, which would then induce similar patterns in the
charging behaviour and aggregation rates. Moreover, these
oligoamines are only partially ionized and their charge could
be further reduced by complexation of counterions and ion
condensation effects. The interesting consequence of this
hypothesis is that the multivalent nature of the longer-chain
oligoamines becomes secondary and their increasing hydro-
phobicity determines the adsorption of these molecules and as
a consequence, the aggregation of these particles.

4. Conclusions

The effect of simple monovalent ions and water-miscible ILs on
the surface charge and aggregation of polystyrene latex particles
was investigated by electrophoresis and time-resolved light scat-
tering in dilute aqueous solutions. From studies performed on
negatively charged sulfate latex particles, the Hofmeister series
for the cations may be extended as

OMIM'" < HMIM' < BMIM" < BMPL" < EMIM' < MIM" <
N(CH;)," < NH;" < Cs' < K" < Na* < Li'

The hydrophobic ions shown on the left hand side lead to the
lowest CCCs. The most hydrophobic ones, such as OMIM" and
HMIM', show more pronounced charge reversal and a sub-
sequent restabilization. The left hand side of the series reflects
the known trend of decreasing hydrophilicity with increasing
chain length in surfactant solutions. For amidine latex particles,
we conclude that the Hofmeister series for the anions should be
extended as

Cl~ > Br~ > N(CN),” > SCN~

whereby the hydrophobic ions are shown on the right hand side
and they lead to the lowest CCCs.
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Aggregation of sub-micron and nano-sized polystyrene latex particles was studied in room temperature
ionic liquids (ILs) and in their water mixtures by time-resolved light scattering. The aggregation rates were
found to vary with the IL-to-water molar ratio in a systematic way. At the water side, the aggregation rate
is initially small, but increases rapidly with increasing IL content, and reaches a plateau value. This behaviour
resembles simple salts, and can be rationalized by the competition of double-layer and van der Waals
forces as surmised by the classical theory of Derjaguin, Landau, Verwey, and Overbeek (DLVO). At the IL
side, aggregation slows down again. Two generic mechanisms could be identified to be responsible for the
stabilization in ILs, namely viscous stabilization and solvation stabilization. Viscous stabilization is important
in highly viscous ILs, as it originates from the slowdown of the diffusion controlled aggregation due to the

Received 24th February 2014, hindrance of the diffusion in a viscous liquid. The solvation stabilization mechanism is system specific, but

Accepted 4th April 2014 can lead to a dramatic slowdown of the aggregation rate in ILs. This mechanism is related to repulsive
solvation forces that are operational in ILs due to the layering of the ILs close to the surfaces. These two

stabilization mechanisms are suspected to be generic, as they both occur in different ILs, and for particles
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Introduction

Ionic liquids (ILs) have unusual properties, including high
chemical stability, low vapour pressure, and a wide electro-
chemical window." ™ Their properties can also be systematically
varied through the nature of their ionic constituents. Due to
these unique aspects, ILs are developing into promising media
for material science applications.”® Among those, particle
suspensions in ILs represent an important class of media, as
they are relevant in catalysis,” ™" solar cell development,'* and
mirror design.’® Such suspensions are also obtained during the
synthesis of metal,"**® oxide,"”'® or latex'® particles in ILs. The
stability of such suspensions, or their aggregation state, can be
decisive. The presence of aggregates further determines the
suspension rheology and controls the formation of particle
assemblies, colloidal glasses, and gels.>°>* Various reports
indicate that the nature of ILs and of the particles affects their
aggregation state strongly. Silica particles were reported to be
unstable in imidazolium-based ILs, while their stabilization
could be achieved by surface functionalization.*® Metal and
silica particles were reported to be stable in dry ILs, while small
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differing in surface functionalities and size.

amounts of water induced aggregation.'>'®** The presence of
alkali metal cations was shown to stabilize particles in ILs.?®
However, this knowledge remains sketchy, and a mechanistic
picture of particle aggregation in ILs is lacking.

The Derjaguin, Landau, Verwey, and Overbeek (DLVO) theory
was developed to explain the stability of aqueous particle
suspensions.?»**?¢%” This theory represents the interaction
potential as a superposition of van der Waals and electric double-
layer forces, and explains why aqueous suspensions are stable
at low salt levels, and unstable at higher salt levels. At low salt
levels, the repulsive double-layer forces dominate and lead to
slow aggregation. At higher salt levels, double-layer forces are
screened, and the attractive van der Waals forces induce fast
aggregation. While this behaviour is well-documented for simple
salts,* 3% a similar scenario might apply to dilute aqueous
solutions of ILs.** The aggregation remains fast in aqueous
suspensions at higher salt levels, since the diffusion is rapid
due to the low viscosity of aqueous solutions. On the other
hand, the high viscosity of ILs will substantially slow down the
diffusion process. This effect will reduce the aggregation rate,
and this mechanism will be referred to as viscous stabilization.
The existence of highly stable particle suspensions in pure ILs
contradicts DLVO theory, since the ILs should screen the
double-layer forces fully.>® Stabilization in ILs was attributed
to solvation forces originating from their structuring near
interfaces.**?* These forces were measured using the
atomic force microscope and they were found to be oscillatory,
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2433 This stabilization mechanism will be

but overall repulsive.
referred to as solvation stabilization.

Here we demonstrate that solvation and viscous stabili-
zation controls the aggregation of particles in ILs. This asser-
tion will be based on detailed measurements of aggregation
rates of colloidal particles in IL-water mixtures with time-
resolved light scattering. The present article provides the first
systematic study of this kind, and shows that these techniques
can be used to clarify the mechanisms of particle aggregation

processes in ILs.

Methods

The following section summarizes the essential methods and
concepts needed to analyse particle aggregation kinetics by
time-resolved light scattering. The supplement provides details
concerning the materials and experimental protocols used.

Particle aggregation kinetics

Particles suspended in a liquid diffuse due to thermal motion,
and attractive van der Waals forces make them stick upon
contact. When the suspension is initially composed of isolated
particle monomers, they will form aggregates, initially dimers,
according to the scheme

A+A > A, 1)

The kinetics of this process can be described using the

rate equation
—%:2'%:](1\712 (2)

where N; and N, are the number concentrations of the mono-
mers and dimers, respectively, ¢ is the time, and k is the
aggregation rate coefficient. Eqn (2) describing aggregation of
colloidal particles is exactly the same as in chemical reaction
kinetics, except in that field one defines the rate coefficient half
as large. The other important difference from the chemical
kinetics is that colloidal particles readily form higher order
aggregates, such as trimers, tetramers, namely

Ay + A — A;

A +A — Ay

3)
Ay + Ay — Ay

Therefore, aggregates keep growing, until they sediment,
cream, or interlink to form a gel. By assuming that each of these
elementary kinetic steps proceeds with the same rate coefficient £,
Smoluchowski has shown that in a suspension initially composed
of monomers only, the total number of particles or aggregates

N =N, + N, + N; +... decreases as>*>’
No
N=——— 4
1+ I/Tl/z ( )
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where N, is the total (or initial) particle concentration N, =
Ny + 2N, + 3N; +... and

Ty = N (5)
is the half-time of aggregation. This half-time represents the
characteristic time, after which the total number of aggregates
is reduced by a factor of two. When only monomers and dimers
are present, eqn (2) would lead to the same expression for T;,
as eqn (5) up to the factor of 2.

The van der Waals attraction close to contact is normally
very strong, which makes the aggregation process irreversible,
meaning that aggregated particles do not detach from each
other. For weaker attraction forces, as for example, in the case
of depletion interactions or critical Casimir forces, the aggre-
gation process may become reversible and lead to equilibrium
phase separation.***® Currently, we have no indications that
such a situation might be encountered in ILs. Therefore, the
irreversible aggregation process always leads to destabiliza-
tion of a colloidal suspension, whereby the half-time given by
eqn (5) sets the corresponding time scale. Depending on the
system, however, this half-time may differ by orders of magni-
tude. When this half-time is large, the suspension is stable,
while when it is small, it is unstable. For a half-time that is
comparable to the experimental time window, the aggregation
process can be followed by various techniques in real time.
Initially, particle dimers form, while higher order aggregates
occur later (Fig. 1). Correspondingly, one refers to early stages
and late stages of the aggregation. Since the formation of
doublets in eqn (1) is a second order kinetic process, the half-
time does not only depend on the aggregation rate coefficient «,
but also on the particle number concentration N,. Thus, a
suspension can be stabilized by adjusting the conditions such
that aggregation rate coefficient is small, by appropriate dilution,
or both.

In the case of fast aggregation, one assumes that the diffus-
ing particles do not interact but they stick to each other at every
encounter.”® This model is equivalent to diffusion controlled
reaction kinetics or, in colloid language, to a fast aggregation
process. Smoluchowski has further shown that the corresponding
rate coefficient is given by*®>”

8k T 12

ks = 16nD| R = 3x 1077 mds7! (6)

where by D; and R; denote the diffusion coefficient and the
radius of the aggregating particles. The second equality sign in

eqn (6) follows from the Stokes-Einstein relation, which relates
the former quantities as>®

_ keT
o 6TW]R|

1 7)
where # is the shear viscosity of the dispersing liquid, T is the
absolute temperature, and kg is the Boltzmann constant. The
numerical value given in eqn (6) refers to water at 25 °C, while
for ILs this value can be substantially smaller.

This journal is © the Owner Societies 2014


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://dx.doi.org/10.1039/c4cp00804a

Open Access Article. Published on 07 April 2014. Downloaded on 24/04/2014 08:59:10.

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

(cc)

PCCP

(a)

Late Stages

28| | &
0.%] (2o |k

BMIM-N(CN), / Gold
Vanecht et al.

Stable
Suspension

Unstable Suspensions

Early Stages

(b)

o

BMIM-PFg/ Silica

Ueno et al.
EA-NO;/ Silica \‘

Smoluchowski in ILs

10° -

Present

D . work Smith et al.
() -
g 1 X o
=
BMIM-BF, / Silica
3 Nordstrém et al.
10"
/Smoluchowski in Water
10%

10" 10"

10%° 10%

10"
Particle Number Concentration (m>3)

Fig. 1 Particle aggregation in ILs. (a) Schemes depicting the structure of a
stable suspension and of unstable suspensions at early and late stages of
the aggregation. (b) Aggregation time scale versus the particle number
concentration. Half-times are calculated using eqn (5) and Smoluchowski's
eqn (6) in water (solid line) and in the ILs used in the present study (shaded
area). The blue region indicates the conditions of the present experiments.
Data points refer to experimental time windows reported by Nordstrém
et al.,>> Smith et al.2* involving ethylammonium ions (EA), Vanecht et al.,*®
and Ueno et al.®® The other acronyms are defined in Fig. 2 and further
details are given in Table S6 (ESIY).

Eqn (5) and (6) can be used to distinguish stable and unstable
colloidal particle suspensions in aqueous salt solutions (Fig. 1b).
Since viscosities of ILs can be substantially larger than the ones
of aqueous solutions, the respective boundary is displaced to
the right. The stability time windows and the corresponding
particle concentrations for stable particle suspensions in ILs
reported in the literature are also shown.'®**® The fact that
these points cluster above the grey region suggests the impor-
tance of solvation stabilization. When the interaction potential
acting between the particles is known, aggregation rates could be
estimated more accurately.>®*” We shall not pursue this aspect
here, since the information concerning the interaction potentials
between particles in ILs is currently incomplete.

Light scattering

Particle suspensions are being routinely characterized by static
light scattering (SLS) and dynamic light scattering (DLS).>®
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When these techniques are employed in a time-resolved fashion,
they allow probing particle aggregation processes in detail.**™**

SLS measures the light scattering intensity I versus the
scattering angle 6, which is commonly expressed in terms of
the magnitude of the scattering vector

4nn . 0
q= T sinz (8)

where n is the refractive index of the medium and 4, is the
wavelength of the incident light in vacuum. The scattering
intensity I(g) from a stable and dilute suspension of colloidal
particles can be used to evaluate the particle size accurately. For
small particles and weak contrast, the angular dependence of
the scattering intensity can be calculated within the Rayleigh,
Gans, and Debye (RGD) approximation. The contrast is char-
acterized by the difference between the refractive indices of the
particles and the dispersing liquid. In the general case, the
exact Mie theory for spheres must be used.”® For quantitative
analysis, particle polydispersity and back-reflection correction
have to be included.

The scattering intensity from an aggregating suspension
varies with time. For a dilute suspension, this quantity can be
expressed as

1(g,) = L(@IN1(8) + L(INao(8) + .. ©

where I(q) and I,(g) are the scattering intensities of the monomer
and dimer, respectively. For early stages of aggregation, one can
measure the initial apparent static rate X, which reflects the rate
of change of the scattering intensity normalized by the initial
intensity. This quantity can be obtained from eqn (2) and (9)
and reads™’

1 di(g,1)
I(g,0) dr

(10)

o N G )

In order to evaluate the aggregation rate coefficient, the optical
factor must be known. Within the RGD approximation, this factor
is given by”**°

hq)
211(q)

sin(2¢Ry)

=1
+ 2qR1

(1)

In the general case, the T-matrix theory must be used to
evaluate the ratio of scattering intensities.*””** At low scattering
angles (g — 0), the apparent static rate is always positive,
meaning that the scattering intensity increases with time. At
larger angles, this quantity can also become negative, which
reflects the fact that the scattering intensity may also decrease
with time.

DLS measures the intensity autocorrelation function, and
from its decay constant one can extract the apparent diffusion
coefficient D. In a stable suspension, the particle radius can be
directly evaluated from this quantity using the Stokes-Einstein
equation (eqn (7)). When a dilute suspension aggregates, the
apparent diffusion coefficient can be expressed as*’

_ Dili(¢)Ni(t) + Daba(q)Na () + - - -
Dig,) = Li(q)Ni (1) + L(q)N2 (1) + ...

(12)
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where D; and D, correspond to the diffusion coefficients of
the monomers and dimers, respectively. We prefer to report the
apparent hydrodynamic radius R(g,t) that is obtained from the
apparent diffusion coefficient D(g,t) using eqn (7). In the early
stages of aggregation one can measure the apparent dynamic
rate A, which corresponds to the initial relative rate of change
of the apparent hydrodynamic radius normalized to the initial
radius. Following similar arguments as above, this rate can be

expressed as”’
_ kNo(l _l) h(q)
t—0 o 2[1 (q)

I dR(q,1)
where o = D;/D, = Ry/R; ~ 1.39 is the hydrodynamic factor. The
respective hydrodynamic radii of the monomer and the dimer

(13)

R(q,0) dr

are denoted as R, and R,. The numerical value of this factor «
can be estimated from low Reynolds number hydrodynamics.**
This apparent dynamic rate is always positive, meaning that the
hydrodynamic radius always increases with time, as one would
intuitively expect. As will be shown in the next section, these
light scattering techniques are a powerful means to investigate
particle aggregation processes in ILs.

Results and discussion

Aggregation of sub-micron sulphate and amidine latex particles,
as well as nano-sized sulphate latex particles, was studied in
various ILs and their mixtures with water (Fig. 2a). Many ILs are
hygroscopic, and may contain substantial amounts of water.*®
We have therefore systematically studied particle suspensions
over a wide range of IL-to-water molar ratios, from dilute
solution of ILs in water (water side) to ILs containing small
amounts of water (IL side). We have analysed ILs containing the
anions tetrafluoroborate, BF,”, dicyanamide, N(CN), , and
thiocyanate, SCN~, with 1-butyl-3-methylimidazolium, BMIM",
as the cation. We have further investigated ILs with N(CN), ™ as

~ | \/\/N \7N =
N+
SCN™ BMIM-SCN NI
N(CN);  BMPY-N(CN), BMIM-N(CN), BMPL-N(CN),
BF; BMIM-BF,4 (a)
100 | * BMIM-BF, 1.6
= BMIM-SCN latex
7 4 BMIM-DCA 3
@ < BMPY-DCA 2 151
E  |e BMPL-DCA )
2 107 » BPY-BF, &
73 O
o ©
8 £ 1.4
n Q
= 14
11 (b) (€)
T T T T T 1.3 T T T T T
0.001 0.1 10 0.001 0.1 10

IL-to-Water Molar Ratio IL-to-Water Molar Ratio

Fig. 2 Properties of ILs used and of their mixtures with water. (a) Structures
and abbreviations, (b) shear viscosity, (c) and refractive index measured at
533 nm. The refractive index of the latex particles is also indicated.
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the anion, and BMIM", 1-butyl-3-methylpyridinium dicyanamide,
BMPY', and 1-butyl-1-methylpyrrolidinium, BMPL' as cations.
Comparison experiments were carried out with 1-butylpyridinium
tetrafluoroborate, BPY-BF,, and simple KCI electrolyte solutions.
Viscosities, refractive indices, and densities of the IL-water
mixtures were determined by standard techniques (Fig. 2b and
Fig. S1, ESIt). The viscosities of pure ILs used are 30-150 times
larger than the one of water. Refractive indices and densities
can be accurately described by ideal mixing laws. We will first
summarize how light scattering can be used to characterize
these particles and their aggregation kinetics. Subsequently,
we will discuss the generic dependence of the aggregation rates
on the IL-to-water molar ratio, and finally address system
specificities.

Particle characterization by light scattering

We study spherical polystyrene latex particles as model particles.
Most experiments were carried out with sub-micron particles
having amidine surface modification and a radius of 110 nm and
with sulphate surface modification and a radius of 265 nm.
Fig. 3a shows measured form factors of the particles in water and
in BMIM-SCN whereby the scattering intensity originating from
pure ILs was subtracted. This residual scattering can be up to
10 times larger than the one for toluene, probably due to the
presence of nm-sized transient clusters that are spontaneously
forming in the ILs.*® However, this residual scattering is still
sufficiently small such that the excess scattering from the
particles can be easily measured. The form factors are com-
pared with best fits with Mie theory, whereby the refractive
index of 1.59 was used for polystyrene.*” Analogous results of
the simpler RGD calculations are also shown. One observes that

Sulfate Particles

Amidine Particles

(a)

0.14

=== RDG
— —Mie
e water

s BMIM-SCN
. T * T = T

0 10 20 30

Form Factor
Form Factor
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a 22h
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©
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o

=
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q (x10°3 nm™) q (x10° nm™)

Fig. 3 Monomer form factors P(q) versus the magnitude of the scattering
vector g of amidine latex particles of 110 nm in radius (left) and sulphate
latex of 265 nm (right). (@) The experimental points in water and in pure
BMIM-SCN are compared with Mie and RGD theory from which the
particle radius can be extracted. (b) No dependence with time of the form
factors is observed in BMIM-SCN.
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the RGD theory is applicable in ILs, while deviations from this
theory are apparent in water, especially for the larger sulphate
particles. Mie theory must be used in that case. The fitted
particle radii and polydispersities are in excellent agreement
with the values obtained by electron microscopy (Table S1,
ESIT). RGD theory works well in the IL since the contrast is
smaller, meaning that the refractive index of the latex particle is
closer to the one of the IL than the one of water (Fig. 2¢). Fig. 3b
further illustrates that the form factor of the latex particles remains
the same over long times. The constancy of this scattering profile
confirms that the particles remain stable in the IL and that they
neither swell nor dissolve. Hydrodynamic radii were also measured
by DLS in these suspensions and they are about 6% larger than the
ones obtained by SLS (Table S1, ESIf). This slight increase in
radius is probably caused by polydispersity effects or solvation of
the surface layer. The absolute scattering intensity remains con-
stant within the experimental error of about 5% over the entire
experimental time period, which further demonstrates that sedi-
mentation or creaming effects are negligible in these systems.

Aggregation rates by time-resolved light scattering

The scattering intensity from an aggregating suspension may
increase or decrease with time (Fig. 4a). The initial slope of this
intensity trace reflects the apparent static rate X given in
eqn (10) and this quantity can be determined by fitting a
straight line to the initial part of the time-dependent scattering
intensities. When the scattering intensity decreases with time,
this quantity becomes negative. The measured dependence of
the apparent static rate X on the magnitude of the scattering
vector g is compared in Fig. 5a with predictions of RGD theory.
This relation agrees well with the experiment for the amidine
particles, but the more accurate T-matrix theory must be used
for sulphate latex. The deviations are more important in water
than in the IL due to larger contrast. The remaining discre-
pancies are probably related to slight particle asphericity. The
respective aggregation rates are obtained by least-squares fit
(Table 1). One observes that the aggregation rates in ILs are
substantially smaller than the ones in water.

In an aggregating suspension, the apparent hydrodynamic
radius always increases with time (Fig. 4b). The apparent
dynamic rate 4 can be obtained by fitting straight lines to the
initial portion of the hydrodynamic radius trace. The depen-
dence of the apparent dynamic rate 4 on the magnitude of the
scattering vector g can be fitted well with eqn (13) whereby the
optical factor can be determined by RGD or T-matrix theory
(Fig. 5b). When one uses the aggregation rate coefficients
obtained from static light scattering, one obtains the hydro-
dynamic factors. They are summarized in Table 1 and they
agree well with the theoretical value of o = 1.39. The data points
scatter more strongly in the IL due to weaker contrast.

When the optical and hydrodynamic factors are known, the
aggregation rate coefficients can also be obtained from the
measurement of the apparent dynamic rate at a specific scattering
angle. The typical procedure is to perform time-resolved single-
angle DLS experiments at various compositions and determine
the apparent dynamic rates from the initial slope (Fig. 4c and d).
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Fig. 4 Time-dependence of the light scattering signal in aggregating
particle suspensions in ILs. Amidine latex particles measured at different
scattering angles in BMIM-SCN of 0.092 IL-to-water molar ratio with
(a) SLS and (b) DLS. Hydrodynamic radius measured using DLS for amidine
latex particles in BPY-BF,—water mixtures at different IL-to-water molar
ratios (c) on the water side and (d) on the IL side. Particle concentration
dependence for amidine latex particles in BPY-BF, on the (e) hydro-
dynamic radius and (f) the apparent dynamic rate (left axis) and half-time
of aggregation (right axis).

The rate coefficients can be extracted from eqn (13) by inserting
the known values of the optical and hydrodynamic factors. This
single-angle DLS technique was used to measure the rate
coefficients in the various IL-water mixtures, and the resulting
aggregation rates are in excellent agreement with multi-angle
SLS (Table 1).

In order to probe the doublet formation rate, the experiment
must be carried out in the early stages of aggregation. This
condition can be ensured with time-resolved DLS by satisfying
two criteria. First, the initial apparent hydrodynamic radius
should agree within experimental error with the corresponding
radius in a stable suspension. Second, the relative increase of
the apparent radius should be not more than 20-30% of its
initial value. Such conditions are best found by varying the
particle concentration (Fig. 4e). This figure also indicates that
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the apparent rate of aggregation is proportional to the particle
concentration (Fig. 4f), as stipulated by eqn (13).
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Another way to ensure that one focuses on the early stages
of the aggregation process is to evaluate the half-time of the
aggregation (Fig. 4f). These half-times are also shown in Fig. 1.
Since our aim is to measure aggregation rates, we situate our-
selves near the unstable region. The appropriate experimental
window must be substantially shorter than the half-times, in
practice by about a factor 3-5. To estimate the half-time
properly, the actual aggregation rate coefficient must be known.
However, this quantity is only accessible when the respective
light scattering measurements have been completed and not
when the experiment is initiated. From this point of view, the
criteria concerning the relative increase of the hydrodynamic
radius are more practical.

Generic features

Fig. 6a shows the measured aggregation rates for the different
latex particles in various ILs and in their water mixtures. The
striking aspect is that all systems studied behave similarly.
Three main aggregation regimes can be identified. (i) At low
IL-to-water ratios, one recovers the classical DLVO regime.
In this regime, the aggregation rate increases strongly with
the IL content first, and then saturates at a plateau value. The
increase in the rate corresponds to slow aggregation, which
results from progressive screening of the double-layer repulsion.
The plateau reflects fast aggregation, where particle encounters
are only limited by their rapid diffusion in water. (ii) At higher
IL-to-water ratios, the aggregation rate decreases gradually.
This decrease originates from the increasing viscosity, even
though the aggregation process remains diffusion controlled.
In the systems studied, this mechanism can slow down the
aggregation process by almost two orders of magnitude. This
regime is referred to as viscous stabilization. (iii) At high
IL-to-water ratios, which correspond to ILs containing small
amounts of water, the aggregation rate decreases rapidly with
increasing IL content. This regime reflects stabilization that is
specific to the type of the IL, and will be referred to as solvation
stabilization.

The DLVO regime (i) on the water-rich side is very similar to
simple, monovalent salts, like KCI. This fact is not surprising
since ILs normally dissociate in water like simple, strong
electrolytes.”® The effect of simple salts on the aggregation of
colloidal particles is well documented.’*> The transition
between slow and fast aggregation can be described by DLVO
theory for weakly charged particles.>**' Slow aggregation for
highly charged particles is often more rapid than predicted

Table 1 Aggregation rates and hydrodynamic factors of sub-micron latex particles measured using time-resolved light scattering

Amidine latex®

Sulphate latex”

Method KCI* BMIM-SCN KCI* BMIM-SCN
Multi-angle SLS® (2.9 +0.1) x 1078 (8.5 +0.5) x 10°*° (3.3+0.1) x10'® (4.5 +0.9) x 107"
Multi-angle DLS” 1.35 + 0.02 1.43 + 0.02 1.32 + 0.02 1.35 + 0.02

Single-angle DLS® (3.14+03)x 1078

 Amidine latex of 110 nm in radius. ? Sulphate latex of 265 nm in radius

molar ratios of 0.092 and 0.27 were used for amidine and sulphate latexes, respectively. ¢ Aggregation rate coefficients k in m® s

hydrodynamic factor o.

9520 | Phys. Chem. Chem. Phys., 2014, 16, 9515-9524

(8.3+0.8) x 10°*°

(32+02)x10'® (3.0 £0.4) x 107"

. © Measurements were carried out in 1.0 M KCl solutions. ¢ TL-to-water

~1./ Measured
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Fig. 6 Aggregation rates of sub-micron latex particles versus the IL-to-water molar ratio in various ILs. Molar IL and water concentrations are indicated
on separate axes. Amidine (left column) and sulphate latex (middle column) in different ILs, and different particles in BMPL-N(CN), with the CCCs
indicated for the amidine particles. (a) Aggregation rate coefficient k and (b) the same quantity normalized to the Smoluchowski rate coefficient ks. Solid
lines in (a) correspond to the Smoluchowski rate, while in (b) they serve to guide the eye.

by DLVO theory, which is typically caused by surface charge
heterogeneities.>®32:

The importance of viscous stabilization in regime (ii) can be
confirmed by comparing the aggregation rate coefficients to the
Smoluchowski’s value ks given in eqn (6). Viscosities of the
IL-water mixtures increase strongly with increasing IL content
(Fig. 2b), and thus the Smoluchowski’s rate decreases (Fig. 6a).
This point can be better illustrated by plotting the aggregation
rate coefficients normalized with the Smoluchowski’s value k/kg
(Fig. 6b). The normalized rate coefficient remains constant
throughout the entire intermediate concentration regime
(ii) within experimental error, which confirms that the aggre-
gation is diffusion controlled. However, the rate coefficient is
about a factor of 2-4 smaller than the Smoluchowski’s value.
Similar discrepancies were reported in aqueous suspensions of
latex, silica, or metal oxide particles.**> They can be partly
explained by including van der Waals and hydrodynamic
interactions in the calculation of the aggregation rate, which
results in aggregation rates that are about a factor of two
smaller than the Smoluchowski’s value. While the Hamaker
constant, which defines the strength of the van der Waals
force, could vary with the type of IL and its water content,
the actual value of the aggregation rate depends only weakly on

This journal is © the Owner Societies 2014

this constant.”” The remaining discrepancies probably originate
from inaccuracies in the hydrodynamic resistance function at
small distances.>

The onset of solvation stabilization can be best localized
through the abrupt decrease of the normalized rate coefficient
at high IL content (Fig. 6b). Solvation stabilization occurring in
regime (iii) on the IL-rich side is probably caused by repulsive
forces generated by the structuring of the ILs near solid
surfaces. This structuring was observed by X-ray reflectivity,>
and the respective forces could be measured using the surface
forces apparatus® and the atomic force microscope.>***>* While
such solvation forces are oscillatory, they are overall repulsive,
and probably responsible for the stabilization of colloidal parti-
cles in ILs as suggested earlier.”" Since we lack reliable models of
the interaction potential acting between the particles in IL-water
mixtures, we shall not attempt to evaluate the aggregation rates
in this regime quantitatively.

The transition between slow and fast aggregation within the
DLVO regime at the water rich side occurs in a narrow concen-
tration range, referred to as the critical coagulation concen-
tration (CCC). A similar critical concentration can be identified
at the IL rich side, which signals the transition between the
solvation and viscous stabilization regime. We distinguish

Phys. Chem. Chem. Phys., 2014, 16, 9515-9524 | 9521
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these two CCCs by referring to CCC-W on the water-rich side,
and by CCC-IL on the IL-side. To remain in line with the
customary definition of CCC in water, we will express CCC-W
as molar concentration of the IL. In analogy, CCC-IL will be
expressed as molar concentration of water. The respective
molar concentration axes are indicated in Fig. 6. Fig. S2-S4
(ESIY) facilitate conversions to these and other concentration
units. The respective CCCs can be inferred from Fig. 6 and they
are summarized in Table S5 (ESIT).

Sub-micron amidine latex particles

CCC-W is lower for the ILs than for the simple salts, such as
KCl. Charged particles suspended in simple, monovalent salt
solutions have CCCs in the range of 0.1-0.5 M.**?%¢ The
corresponding values induced by ILs are consistently lower,
around 0.03-0.1 M. This shift is probably related to a stronger
affinity of the IL anions to the particle surface than with CI™.
One further observes that CCC-W increases in the sequence of
SCN™, N(CN), ™, and BF, , suggesting that the affinity of the
surface for these anions decreases in the same way. The effect
of the cations on CCC-W is less pronounced.

The CCC-IL can be clearly observed for all ILs studied, except
in the presence of the BF, anion. Typical values observed
reflect water concentrations of 2-7 M. The ILs containing the
BF,  anion seem to induce only minor solvation stabilization
for the water contents studied, eventually setting in below
1.0 M. This hypothesis seems to be consistent with the absence
of aggregation of gold particles in very dry BMIM-BF, over time
periods that were substantially larger than the half-times
estimated using the Smoluchowski relation (Fig. 1b).'® Silica
suspensions were also found to be unstable in BMIM-BF,.**
Adopting this hypothesis, CCC-IL increases in the sequence of
BF, , SCN, and N(CN), . The effect of cations seems to be
more important for CCC-IL, since BMPY" yields the highest
value, while BMIM' and BMPL" behave similarly.

Sub-micron sulphate latex particles

The values of CCC-W for the sulphate particles are very similar
to the values for the amidine particles. This fact can be under-
stood since the magnitudes of the charge densities of both
types of particles are comparable (Table S1, ESIf). However,
the effects of anions are different. With the BMIM" cation, one
observes the reverse sequence to the amidine particle. The
CCC-W thus increases through the anions BF, , N(CN), , and
SCN™. This trend suggests that the affinity of the surface for
these anions decreases in the same sequence, and is thus
opposite to the one for amidine particles. This reversed trend
is probably related to the negative charge of these particles. The
effect of cations on CCC-W is again minor, and these values are
similar for BMIM®, BMPL", and BPY".

The CCC-IL for the sulphate particles situates in the range
3-13 M, which is somewhat larger than for the amidine
particles. As for the amidine particles, the ILs containing the
BF,  anions lead only to minor suspension stabilization at low
water concentrations, around 0.4 M. The CCC-IL increases with
BF,, N(CN), ™, and SCN, which reflects the same sequences
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observed at the water side. The role of cations is less important,
one still observes the sequence BMPY', BMIM', and BMPL".
These findings suggest again that cations interact with the
particle surfaces more weakly than anions.

Nano-sized sulphate latex particles

To address the applicability of our findings to smaller particles,
aggregation rates of nano-sized sulphate latex particles with
50 nm radius in BMPL-N(CN), and its water mixtures were measured
(Table S1, ESIT). Due to the weak scattering power of these particles,
the respective measurements are more difficult, especially in ILs.
While the overall trends are similar, the present data suggest that
the nano-sized particles aggregate more slowly than the sub-
micron sized ones on the IL side. This point is in agreement
with the observation that suspensions of nano-sized silica particles
were more stable than suspensions of larger ones.”! However, such
differences could also be related to different particle concentra-
tions of the samples.

The present scenario is consistent with visual observations
of silica particle suspensions in mixtures of ethylammonium
nitrate and water by Smith et al>* These suspensions were
stable in pure water and the pure IL, but unstable in the
mixtures. Fig. 1 reveals that solvation stabilization must be the
relevant stabilization mechanism in that system too. We thus
estimate CCC-W to be around 0.1 M and CCC-IL to be around
2 M in that system.

Conclusions

Our light scattering studies demonstrate that colloidal particles
suspended in ILs and their water mixtures form aggregates.
However, the time scale of this process strongly depends on the
particle concentration and on the value of the aggregation rate
coefficient. The rate coefficients vary characteristically. At the water
side, ILs behave like simple, monovalent salts and the data are in
line with the DLVO theory. In this DLVO regime, one observes slow
aggregation at low IL content. With increasing IL content, the
aggregation rate increases and finally reaches the plateau reflect-
ing fast aggregation. At the IL side, aggregation may proceed again
very slowly. Two mechanisms are responsible for this stabilization.
The viscous stabilization mechanism is important in viscous ILs,
and originates from the slowdown of the diffusion process in a
viscous liquid. The solvation stabilization mechanism is system
specific, but can lead to a dramatic slowdown of the aggregation
rate. This mechanism is probably related to repulsive solvation
forces that are operational in ILs due to strong layering close to
surfaces. These two stabilization mechanisms are suspected to be
generic, as they are operational in different ILs and for particles
with different surface functionalities and of different size. We
further suspect that in ILs containing BF,  anions the principal
mechanism is viscous stabilization, and solvation stabilization is
unimportant, unless the IL is extremely dry. On the other hand, ILs
containing N(CN),  or SCN™ anions tend to stabilize suspensions
by both mechanisms, and solvation stabilization can be even
operational in ILs containing 10% of water by mass.

This journal is © the Owner Societies 2014
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Materials. Spherical negatively charged sulphate and positively charged amidine
functionalized polystyrene latex particles were purchased from Interfacial Dynamics
Corporation (Portland, USA). Their size and charge are summarized in Table S1. The
manufacturer further reports the density of the latex particles as 1.05 g/cm®. The purchased
aqueous stock suspensions were purified by dialysis against Milli-Q water (Millipore,
Molsheim, France). Milli-Q water was used throughout. For the amidine particles,
polyvinylidene difluoride membranes and for the sulphate particles cellulose ester
membranes, both with a molecular mass cut-off of 300 kg/mol were used (Spectrum Rancho,
Dominguez, USA). The dialysis was performed until the conductivity of the surrounding
medium reached the value of Milli-Q water. The stock suspension was subsequently diluted
for light scattering measurements and adjusted to pH 5.0 by HCI. The precise particle
concentration was determined by static light scattering by comparing the scattered intensities
with the samples of known particle concentration and with total carbon and nitrogen analysis
(TOCV, Shimadzu, Japan).

The following water miscible room temperature ILs were purchased from loLiTech GmbH
(Heilbronn, Germany): 1-butyl-3-methylimidazolium tetrafluoroborate, BMIM-BF,, 1-butyl-
3-methylimidazolium dicyanamide, BMIM-N(CN),, 1-butyl-3-methylimidazolium thio-
cyanate, BMIM-SCN, 1-butylpyridinium tetrafluoroborate, BPY-BF,;, 1-butyl-3-
methylpyridinium dicyanamide, BMPY-N(CN),, and 1-butyl-1-methylpyrrolidinium dicyan-
amide, BMPL-N(CN), (Table S2). The ILs were dried under vacuum at 50°C and the final
water content was determined by Karl-Fischer titration (Metrohm, Herisau, Switzerland). The
water content was below 1 g/L. IL impurities originating from the synthetic procedures are
given in Table S3. The dried ILs were handled in a glove box. A precipitate sometimes
appeared after mixing the ILs with water, which could be easily detected by light scattering.
This precipitate could be removed by leaving the sample standing overnight, and filtering
with 0.2 um syringe filter (Millipore, Molsheim, France). However, the precipitate could not
be removed in BMPY-N(CN),-water mixtures at low IL-to-water ratios, and therefore the
aggregation rates could not be determined under these conditions. All experiments are carried
out at 25.0+0.2 °C.

Properties of ILs and their water mixtures. Density, refractive index, and viscosity of the
ILs and their water mixtures were determined with standard techniques. Densities were
measured with a Kriss Easy Dyne K20 tensiometer (Kriiss GmbH, Hamburg, Germany) by
weighing a silicon crystal cylinder immersed in the IL-water mixture. The uncertainty of the
measurements was estimated to be +0.001 g/cm®. Data for BMIM-SCN, BMPL-N(CN), and
BPY-BF, were taken from literature.’ The experimental data were fitted with the ideal
mixing law



1
A=Y/ pyt+ylpe

p 1)

where y is the mass fraction of the IL, and p,, =0.997 g/lcm? is the density of water and

P, are the densities the IL given in Table S2. The ideal mixing law is accurate within 0.7%
for all IL-water mixtures studied. The data and fits are shown in Fig. S1.

Refractive index measurements were carried out with an Abbemat-WR/MW automatic
multiwavelength refractometer (Anton Paar, Zofingen, Switzerland) at wavelengths of 533
nm and 632 nm, which correspond to the laser wavelength of the light scattering instruments
used. The data were fitted with the ideal mixing law

n=n, 1-9)+ n, ¢ (2)

where ¢ is the volume fraction of the IL, and n,, and n, are the refractive indices of water

and the IL, respectively. The refractive index of water is 1.334 at 533 nm and 1.331 at 632
nm, while the ones for the ILs are given in Table S2. The volume fraction was calculated
assuming the mixing law eq. (1) for the density. The ideal mixing law for the refractive index
is accurate within 0.4% for all IL-water mixtures studied.

Shear viscosities were measured with a Brookfield LVDV-1I+ Pro C/P viscometer (Hunter
and Caprez, Zumikon, Switzerland) in a cone-plate geometry with the CPE-40 cone. The data
were recorded with the IL-water mixture. The shear stress always showed a linear dependence
with the shear rate, indicating that the ILs are Newtonian liquids. The viscosities of the IL-
water systems were fitted with a polynomial model*

7 =1, L=X)+1, X+ x(l—x)zlllai(ZX—l)i (3)

i=0

where x is the mole fraction of IL, 7, and 7, are the viscosities of water and pure IL. The

viscosity of pure water is 0.890 mPas, while the ones of the ILs are given in Table S2. The
fitting parameters a, are given in Table S4. For some ILs a satisfactory fit could be achieved

by setting the higher order coefficients to zero. This model describes the viscosity data within
about 1%.

Light Scattering. The size and optical properties of particles were characterized by static
light scattering (SLS) in both aqueous electrolyte (KCI, Acros Organics, Geel, Belgium) and
IL solutions as well as in pure ILs. The intensity of the scattered light was recorded at several
scattering angles with a multi-angle goniometer with 8 photomultiplier detectors (ALV/CGS-
8F, Langen, Germany) equipped with a 532 nm solid-state Verdi V2 laser. The measurements
in stable suspensions were performed at particle concentrations of 10 mg/L and 50 mg/L for
amidine and sulphate latex, respectively. Time-resolved aggregation experiments by multi-
angle SLS and DLS were carried out in 1.0 M KCI aqueous electrolyte and in BMIM-SCN
solutions at an IL-to-water molar ratio of 0.09 and 0.27 for the amidine and sulphate latex
particles, respectively. Particle concentrations of 1.2 and 5.0 mg/L were used for the amidine
latex of 110 nm in radius in the presence of KCI and IL respectively, while 1.2 and 25.0 mg/L
for sulphate latex particles of 265 nm in radius. Even for the largest particles used,
sedimentation or creaming effects are negligible as could be confirmed from the constancy of

2



the absolute light scattering intensity in stable suspensions over 24 h. Most aggregation
measurements were performed at a single scattering angle of 90° on the compact goniometer
system (ALV/CGS-3, Langen, Germany). The instrument uses a He/Ne laser operating at 633
nm as a light source and an avalanche photodiode as a detector. The time-resolved DLS
experiments were performed in borosilicate glass cuvettes. Cuvettes were cleaned with a hot
piranha solution consisting of 30% H,0, and concentrated H,SO, in a volume ratio of 1:3 and
rinsed extensively with water followed by drying in dust-free environment. The ILs were
mixed with the appropriate amount of water. The experiments were started by adding a small
amount of the aqueous particle suspension into the cuvette and mixing with a vortex stirrer.
This procedure limited the lowest achievable water content to about 3 g/L. The final particle
concentration was about 10 mg/L, which was adequately low to keep the aggregation in its
early stages. To obtain reliable results for slow aggregating suspensions, the particle
concentration was increased about 10-fold compared to the concentrations used for the other
experiments. The scattering signal of the pure ILs was about 3-10 times larger than for
toluene. This larger scattering intensity probably originates from the nm-scale structures that
spontaneously from in the ILs. However, these scattering intensities are still about three times
lower than the one of the suspensions containing nano-sized sulphate latex and at least two
orders of magnitude lower than the one for the sub-micron particles. Differential
sedimentation effects on the early stages of the aggregation are negligible due to the small
particle polydispersity.
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Table S1. Properties of particles used.

. . i romd Surface
L atex Particles Radius (nm) Polydispersity (%) Charge
TEM? SLS® DLS® | TEM® sLs® | (mC/m?°
Sulphate 265 263 278 2.0 3.8 -19
Nano-Sized Sulphate 50 56 58 7.9 7.9" -17
Amidine 110 110 117 4.3 7.1 10

*Measured by transmission electron microscopy by the manufacturer. Measured in static® and
dynamic® light scattering experiments in stable suspensions. “Coefficient of variation.
*Determined from the electrophoretic mobilities with the standard electrokinetic model in
aqueous KCI solutions. "The value was kept fixed during the fit.



Table S2. Properties of pure ILs used at 25°C.

. Refractive | Refractive L
s Molecular Density . . Viscosity
lonic Liquid Mass (g/mol) (g/mL) index index (mPas)
(at 533 nm) | (at 633 nm)
BMIM-BF, 226.0 1.201 1.422 1.418 104.0
BMIM-SCN 197.3 1.070 1.542 1.534 56.5
BMIM-N(CN), 205.3 1.060 1.512 1.505 30.0
BMPY-N(CN), 216.3 1.054 1.540 1.532 475
BMPL-N(CN), 208.3 1.013 1.499 1.494 34.6
BPY-BF, 223.0 1.208 1.447 1.441 149.7
Table S3. Impurities of the ILs used as reported by manufacturer (in mg/L).
IL F Cl Br Na" NH," MIM? MPL" PY®
BMIM-SCN — 690 — — 2770 9680 — —
BMIM-N(CN), | — 9360 30 - - 180 - -
BMIM-BF, 50 10 10 — — 210 — —
BMPY-N(CN), | — | 17000 | 20 | 2960 — — — 7760°
BMPL-N(CN), — 2870 | 200 — — — 50 —
BPY-BF, — 10 — 1000 — — — 1000

21-Methylimidazole. °1-Methylpyrrolidine. °Pyridine. 3-Methylpyridine.

Table S4. Parameters of the polynomial model fit of the viscosity as given by eq. (3).

parameter | BMPL- | BMPY- [ BMIM- [ BMIM- [ BMIM- BPY-
N(CN), | N(CN), | N(CN), SCN BF, BF,
a, 4.75 132 4.88 411 149 239
a, 571 10.6 4.18 8.80 89.6 171
a, 143 ~5.10 6.10 2.44 146 -98.2
a, 653 114 1.07 0 276 34.9
a, 0 0 0 174 0

Table S5. Critical coagulation concentrations (CCC) for latex particles in IL-water mixtures.

Amidine Latex Sulphate Latex

CCC-W? CCC-IL" CCC-W? CCC-IL"
KCI 0.19+0.01 _° 0.30+0.01 _°
BMIM-BF, 0.10+0.01 0.8+0.6 0.050+0.005 0.9+0.6
BMIM-SCN 0.03+0.01 1.8+0.1 0.11+0.002 13+1
BMIM-N(CN), |  0.050+0.005 3.2+0.2 0.093+0.008 5.6+0.6
BMPY-N(CN), 9 6.7£0.3 9 3.240.1
BMPL-N(CN), | 0.060+0.005 2.620.2 0.057+0.003 10+0.8
BPY-BF, 0.060+0.007 0.9+0.6 0.055+0.004 0.8+0.6

“Concentration of the ILs in mol/L. "Concentration of water in mol/L. “There is no such CCC
since the solubility limit is reached beforehand. “The CCC could not be determined due to
formation of precipitates.



Table S6. Properties of the previously published particle suspensions in ILs shown in Fig. 1.

Particle Mean P_article _ . Particle_
type Radius IL Time (S) Concen}gatlon Reference

(nm) (m™)
Silica® 6.0 BMIM-BF, 7.2x10* 1.6x10% Nordstrém et al.”
Silica 580 EA-NOS° 7.2x10* 7.2x10® | Smithetal.’
Silica® 62 BMIM-PFg 4.3x10* 1.9x10% | Uenoetal.’
Gold 3.0 BMIM-N(CN), | 1.2x10° 1.2x10° | Vanecht et al.®

*Time over which the suspension was reported to be stable. "Fumed silica particle was used
and the system contained LiBF4 as well. “Ethylammonium nitrate. “Silica particles with
grafted with poly(methyl methacrylate) on the surface.
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Figure S1. Densities versus the IL-to-water molar ratios. The symbols are experimental data
and the lines correspond to the ideal mixing law eq. (1).
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Figure S2. Molar concentrations in IL-water mixtures as a function of the IL-to-water molar

ratios. The water and IL molar concentrations are shown. The different lines indicate the
different ILs used in the present study.
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Figure S3. Mass fractions in IL-water mixtures as a function of the IL-to-water molar ratios.
The water and IL mass fractions are shown. The different lines indicate the different ILs used
in the present study.
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ratios. The water and IL mass concentrations are shown. The different lines indicate the
different ILs used in the present study.



CHAPTER 8

CONCLUSIONS

Throughout this PhD thesis | demonstrated the applicability of the light scattering techniques for
monitoring particle aggregation processes. The appropriate evaluation of the scattered light
intensity provided the possibility to determine absolute aggregation rates of suspensions in
different ionic environments. In addition, two comparative studies were performed where besides
accurate measurements of aggregation rates, direct force measurements were carried out in order
to reveal the forces acting between the colloidal particles under different conditions. Based on the
obtained force profiles, aggregation rates could be calculated and directly compared to the ones
measured by the means of light scattering techniques. Such comparison of aggregation rates
using the same type of particles is uniquely done in our laboratory. In most of the cases, the
charging behaviour of the different particles was also monitored by electrophoresis, which helped

the better understanding of the interactions.

The main part of this thesis was dealing with different ion-specific interactions in particle
aggregation. The well-known Schulze-Hardy rule and the Hofmeister series were discussed in
comprehensive studies, where several findings helped the better understanding of the interactions
of such origins. We demonstrated that the multivalent ions bear with more effective coagulating
power than the monovalent ones, as the Schulze-Hardy rule states. Experimental evidence was
provided that the viscosity of the medium needs to be carefully taken into account at elevated
electrolyte concentrations. Once the salt level increases, the increased viscosity of the different
electrolyte solutions can hinder the diffusion, thus the aggregation of the particles. Normalization
of the aggregation rates with respect to the Smoluchowski values reveals that at these conditions,
the aggregation is still diffusion-controlled and no additional stabilization mechanism is present.

Direct force measurements showed that while in case of monovalent and divalent ions the DLVVO
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theory is capable of predicting the interactions down to distances of few nm, at shorter distances a
strong non-DLVO attraction needs to be taken into consideration. For counterions of higher
valence, an additional, more long-ranged non-DLVO attractive force is observed, which can be

interpreted by surface charge heterogeneities.

In three chapters, | showed that not only multivalent ions can have specific interactions with
particle surface, but ions of the same valence too. The hydration state of the different monovalent
ions is crucial in determining their coagulating power, in good agreement with the Hofmeister
series. However, when they act as co-ions, their chemical nature is rather unimportant.
Calculations based on a simplified form of DLVO theory using the measured CCCs and
electrophoretic mobilities reveal that the driving forces are mainly of DLVO origin. The shifts in
the CCCs originate from the modification of the surface charge. However, the Hamaker constant
obtained by fitting was somewhat high, indicating the presence of additional non-DLVO forces.
In fact, an additional attractive short-ranged force must be included in the interaction force
profiles, as our combined AFM-LS study revealed. The measured and calculated fast aggregation
rates are somewhat differ, however, the stability ratios are in excellent agreement. The additional
force is essential in predicting the shifts in the CCCs correctly, assumption of forces of only

DLVO origin leads to enormously high values.

After several studies on ion-specific effects on particle aggregation induced by well-studied
simple and complex electrolytes, | investigated the charging and stability of latex particles in
aqueous solutions of ionic liquids. | showed that only small changes in the constituent anions and
cations can lead to completely different behavior of the suspension. Investigating the effect of the
alkyl chain of the IL constituent cations reveal that the extent of adsorption on oppositely charged
surface can lead to not only neutralization and overcharging, but the charge reversal can be so
pronounced in case of longer chain lengths that restabilization of the dispersion occurs at

intermediate concentrations.

Due to the growing relevance of ionic liquids in materials science applications, in particularly in
nanoparticle synthesis, we investigated the stability of colloidal particles in water-miscible ionic
liquids through the whole concentration range. Besides the classical DLVO type of suspension
behaviour in dilute IL solutions, two types of stabilization mechanisms were established. First,

viscous stabilization occurs in highly viscous ILs due to the increased viscosity of the IL-water
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mixtures at elevated IL concentrations. This originates from the hindered diffusion of the
particles, which results in a slowdown in the aggregation. Second, at even higher IL
concentrations solvation stabilization is the driving mechanism, which originates from the
layering of the IL constituents on the particle surface. This structure formation results in an

overall repulsive interparticle force, preventing the suspensions from the aggregation.

Another important finding, that the comparison of the absolute aggregation rates in all the
different systems investigated reveals that the fast rates are independent on the type of ions
present in the solution using the same particle, however, the absolute values somewhat differ

from particle to particle.

Based on the different studies presented in this thesis, it can be concluded, that ionic additives
can be useful in tuning the stability of suspensions. However, ion-specific interactions in the
actual systems need to be well understood. Not only the valence of the ions, but their hydration
state is crucial as well in determining their stabilization power, which needs to be considered in

case of formulation of particle suspensions for given applications.
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