UNIVERSITE

DE GENEVE Archive ouverte UNIGE

https://archive-ouverte.unige.ch

This version of the publication is provided by the author(s) and made available in accordance with the
copyright holder(s).

Moazzami Gudarzi, Mohsen

How to cite

MOAZZAMI GUDARZI, Mohsen. Surface forces in the presence of multivalent ions and polyelectrolytes.
Doctoral Thesis, 2017. doi: 10.13097/archive-ouverte/unige:96381

This publication URL:  https://archive-ouverte.unige.ch/unige:96381
Publication DOI: 10.13097/archive-ouverte/unige:96381

© This document is protected by copyright. Please refer to copyright holder(s) for terms of use.


https://archive-ouverte.unige.ch
https://archive-ouverte.unige.ch/unige:96381
https://doi.org/10.13097/archive-ouverte/unige:96381

UNIVERSITE DE GENEVE FACULTE DES SCIENCES

Section de chimie et biochimie
Département de chimie minérale et analytique Professeur Michal Borkovec

Surface Forces in the Presence of Multivalent lons and

Polyelectrolytes

THESE
présentée a la Faculté des sciences de I'Université de Geneve

pour obtenir le grade de Docteur és sciences, mention chimie
par

Mohsen Moazzami Gudarzi

De

Téhéran (Iran)

These N° 5100

GENEVE
Atelier ReproMalil
2017



v/

UNIVERSITE
DE GENEVE

FACULTE DES SCIENCES

DOCTORAT ES SCIENCES, MENTION CHIMIE

Thése de Monsieur Mohsen MOAZZAMI GUDARZI
intitulée :

«Surface Forces in the Presence of Multivalent lons and
Polyelectrolytes»

La Faculté des sciences, sur le préavis de Monsieur M. BORKOVEC, professeur ordinaire
et directeur de thése (Département de chimie minérale et analytique), Monsieur T. BURGI,
professéur ordinaire (Département de chimie physique), Monsieur C. LABBEZ, docteur
(Laboratoire interdisciplinaire Carnot de Bourgogne, Université de Bourgogne Franche-
Comté, Dijon, France) autorise I'impression de la présente thése, sans exprimer d’opinion

sur les propositions qui y sont énoncées.

Genéve, le 13 juillet 2017 ?

Thése -5100 -

Le Doyen

N.B.- La thése doit porter la déclaration précédente et remplir les conditions énumérées dans les "Informations
relatives aux theses de doctorat a I'Université de Genéve".



Contents

W 013 211 APPSR RPRUPRRO 5
RESUIME ...ttt ettt et et e b e bt e sb e e bt e sbeesbeesaeens 7
L= INEEOAUCTION .ttt sttt sttt et naeebe et e e 9
1.1- Electrical double 1ayer fOrCeS .......ccviiiiiiriieiieeeeeeee et 11
DOUDLE [AYET SIFUCIHUFE:! ...ttt et be e aae e s ebeesaseesasaeenns 11
DOUDLE LAYET fOFCES ...ttt et e e e ae e ebe e snseesnsaeenees 16
ReGUIATION PAFAMELET ...ttt ettt e eanes 20
Effect of MUltivalent T10RS: .............ccoeecueeiieeiiieeieeeeeeciee ettt eee e sae e sae e ssaeeens 23
POLY@IECITOIVIES ...ttt ettt et aae e ennes 25

1.2- van der Waals fOrCES. ....c..uriiiiiirieicerieet et 27
Intermolecular INtEFACIIONS: ..........cccueeeeeeiieeiieesie et te e te e eseeennes 27
Pair-wise additivity: Hamaker approacCh.................ccooecueeeceeeccieeeiieeieeeiee e eiree e 29
Beyond additivity: LifSRitz tREOTY ...........ccoueeevieeiieeiieeieeeieeeee e 34

1.3- The Derjaguin appProXimMatiOn..........cc.eeueerueeueerueerueesueeriessseensessseesseesseessesssessseessessseessesnns 37
L.4- DLVO thEOTY ..ueiiiiiiietieitetet ettt sttt sttt sate st eeabeenteenbeenteenseenseenne 38
1.5- NON-DLVO fOICES ....euviuiiiiitiiiieieeteeieee sttt ettt 40
HYAVPOPRODIC FOTCES ..ottt et e e e e eens 41
DEPLETION fOTCES ..ottt ettt e st e et e esae e sabeesnseennseennees 42

1.6- Colloidal Probe AFM........ccciiiiiiiiieecieeeee ettt st e et e et e eaaeeaaeas 47
1.7- OUtline Of theSIS ... .eiuiiiiiiiieie ettt st st 54
1.8= RETEIEICES ...uveiiiniiniiiieiietete ettt ettt s 58
2- Forces between negatively charged interfaces in the presence of cationic multivalent
oligoamines measured with the atomic force miCroSCOPEe ........ccevveveveriervenienierienieeens 65

3- Nanometer-ranged attraction induced by multivalent ions between similar and dissimilar
surfaces probed by the atomic force microscope (AFM).....cccoovveviieniiiniieniieeieeeieeeenn 77

4- Long-ranged and soft interactions between charged colloidal particles induced by

INUIEIVALENT COTOTS - eeeeeieeeeeeee e e e e e e e e e e e e e e e et e e e e e e e e e e eeeeeee e aaaaaaaaaaeens 93



5- Interplay between depletion and double layer forces acting between charged particles in
solutions of like-charged polyelectrolytes........coiriieiieiieiieieeieeceeee e 105
6- Depletion and double layer forces acting between charged particles in solutions of like-
charged polyelectrolytes and monovalent salt ............cccooeeriiniiniiiniinieneeeee 113
T CONCIUSION ..ttt ettt s bt st s bt eeatesb e eabesabeeab e sabe et e eateeateenteens 127
ACKNOWIEAZEMENL.......eeeiiiieiiieiiecie ettt ettt e st et e s bt e seesaeeseeenaeas 131



Abstract

Colloids and interfaces interacting through polar media such as water often carry electric charges
and thus Columbic forces play a dominant role in these systems. Presence of the ions carrying
multiple charges strongly modifies these forces and the overall behavior of the colloidal
dispersions. This thesis focuses on the surface forces between charged interfaces in the presence
of the multivalent ions and polyelectrolytes. This is done through comprehensive force
measurements by means of Atomic Force Microscopy (AFM). Specifically, colloidal probe AFM
is used to study the impact of organic multivalent ions and polyelectrolytes on surface forces
between different charged colloidal particles.

The thesis is prefaced with an introduction to surface forces and colloidal stability theory. A
theoretical background of various types of surface forces involving in this work is presented. It is
discussed how interplay of repulsive and attractive forces controls the stability of the colloidal
dispersions. A brief overview of the AFM and colloidal probe technique is also given in this part.

Second chapter reports direct force measurements between negatively charged particles, sulfate
latex (SL), in the presence of linear aliphatic oligoamines of different valences up to +4. In
solutions containing mono and divalent ions, forces can be well described with Derjaguin,
Landau, Verwey, and Overbeek (DLVO) theory. However, at short distances additional attractive
non-DLVO forces are detected which is ascribed to hydrophobic interactions. It is also shown
that counter-ions of higher valences have high tendency to adsorb to the interface and eventually
reverse the charge. These multivalent counter-ions also induce additional attractive forces but
with a range much larger than the one for monovalent counterpart.

A comprehensive study of surface forces between similar and dissimilar charged latex particles in
solutions containing multivalent cationic aliphatic hexamines (N6) and in simple monovalent KCl
solutions is presented in chapter three. DLVO theory can describe the surface forces at large
distances provided that the double layer forces are rationalized by Poisson-Boltzmann (PB)
equation and charge regulation effect is taken into account. Short ranged non-DLVO attractive
forces are detected between latex particles in both similar and dissimilar cases. The non-DLVO
forces can be modeled with an exponential force profiles, however with different ranges and
magnitudes. In KCl solutions, the range of these attractive forces is about 0.3 nm. However, in
solutions containing N6, the range of these forces varies depending on the type of the particles.
An experimental mixing rule is proposed to predict the range and magnitude of these forces
between dissimilar particles from studies of similar particles.

Above studied revealed that accurate prediction of the double layer forces in the presence of the
multivalent ions requires consideration of PB equation in complete form and linear
approximation of this equation fails to provide a correct calculation. This is especially crucial
where the multivalent ions act as co-ions, i.e. possess similar charge as interface. Chapter four
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studies this matter in full details and shows this is a generic feature for multivalent co-ions.
Depletion of highly charged co-ions from the interspace of two interacting charged interfaces is
found to be the origin of non-linearity of the double layer forces.

In chapter five, applicability of PB equation to explain the double layer forces extends to
polyelectrolyte solutions. Polyelectrolyte molecules are expelled from the vicinity of like-charged
interfaces and it is the remaining counter-ions which controls the double layer forces. The PB
equation predicts highly non-exponential force profiles in such situations which indeed match
with experimental force curves provided that polyelectrolytes are considered as highly
asymmetric electrolytes. At larger distance, however, structuring of the polyelectrolytes leads to
appearance of oscillatory depletion forces. The interplay of depletion and double layer forces
rationalizes the experimental forces. The measured effective valence of polyelectrolytes is always

smaller than nominal charges of polyelectrolytes due to the counter-ion condensation on polymer
backbone.

In mixtures of polyelectrolytes and monovalent salt above picture still holds and surface forces
are composed of depletion and double layer forces. This is the subject of chapter six. Double
layer forces are modeled with PB theory for mixture of monovalent salt and highly asymmetric
multivalent ions representing like-charge polyelectrolytes. It is proved electrostatic repulsion
acting on polyelectrolyte molecules forces them to expel from the interspace of interacting
particles which in turn determines the thickness of depletion layer near to the interface. This
argument is used to predict the phase of oscillatory depletion forces which matches well with
experimental data. However, this account fails at high salt and polymer concentration where the
electrostatic repulsion is not strong enough to prevent polymer molecules from the adsorption.
Therefore, polyelectrolytes adsorb to like-charged interfaces at this regime.



Résumé

Les colloides et les interfaces interagissant a travers un environnement polaire tel que I’eau
posseédent généralement des charges électriques et par conséquent les forces de Coulomb jouent
un role prédominant dans ces systémes. La présence d’ions portant de multiples charges modifie
ces forces et le comportement général de la suspension colloidale. Cette thése se focalise sur les
forces de surface entre des interfaces chargées en présence d’ions multivalents et de
polyélectrolytes. Pour étudier ces forces, des mesures de force ont été effectuées par microscopie
a force atomique (AFM). Plus précisément, une sonde colloidale a été utilisée afin d’étudier
I’impact d’ions organique multivalents et de polyélectrolytes sur les forces de surface entre
différentes particules colloidales chargées.

Cette thése introduit d’abord les motions de forces de surface ainsi que la théorie de stabilité
colloidale. Une introduction sur les divers types de forces de surface est également présentée dans
ce travail. Par ailleurs, il sera trait¢ du controle de la stabilité colloidale des dispersions en
présence de forces répulsive et attractive. Une bréve introduction sur I’AFM ainsi que sur la
technique de la sonde colloidale est donnée dans cette partie.

Le second chapitre traite des mesures de forces entre des particules de latex sulfaté (SL) chargées
négativement, en présence oligoamines aliphatiques linéaire de différentes valences (jusqu’a une
valence de +4). Dans des solutions contenant des ions mono- et di-valents, les forces en présence
peuvent étre décrites par la théorie de Derjaguin, Landau, Verwey, and Overbeek (DLVO).
Cependant a de courtes distances, des forces additionnelles d’origines non-DLVO peuvent étre
détectées et elles sont attribuées aux interactions hydrophobes. De plus, il est montré que les
contre-ions de hautes valences ont fortement tendances a s’adsorber sur la surface et a inverser la
charge de celle-ci. Ces contre-ions multivalents induisent aussi une force attractive additionnelle
mais d’une portée plus importante que celle des contre-ions monovalents.

Une étude approfondie sur les forces de surface en solution entre des particules similaires ou
différentes de latex chargées en présence d’hexamines aliphatiques cationiques multivalentes
(N6) ou d’un sel monovalent, le KCl, est présentée dans le chapitre trois. La théorie de DLVO
permet de décrire les forces de surface pour de grandes distances a condition que les forces de
double couche soient normalisées par 1’équation de Poisson-Boltzmann (PB) et que I’effet a
régulation de charges soit prise en compte. Des forces attractives d’origine non-DLVO pour de
petites distances ont été détectées entre des particules de latex indépendamment du cas ou celles-
ci sont similaires ou différentes. Les forces non-DLVO peuvent étre modélisées par un profil de
force exponentiel, cependant avec des portées et amplitudes différentes. Dans les solutions de
KCl, la portée de ces forces attractives est d’environ 0.3 nm. Cependant dans des solutions
contenant des N6, la portée de ces forces varie et dépendent du type de particules. Une régle
empirique est proposée pour prédire la portée et ’amplitude des ces forces entre des particules
différentes basée sur les études des particules similaires.
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Les études précédentes ont révélé que la prédiction exacte des forces de double couche en
présence d’ions multivalents nécessite la forme compléte de I’équation de PB et que
I’approximation linéaire de cette équation échoue a aboutir a des résultats cohérents. Cela est
d’autant plus vrai lorsque les ions multivalents agissent comme des co-ions, c’est-a-dire que les
co-ions possedent une charge similaire a celle de ’interface. Le chapitre quatre étudie cette
problématique en détail et montre que c’est une caractéristique générale pour les co-ions
multivalents. L’épuisement des co-ions hautement chargés dans la zone entre deux interfaces
interagissant est a I’origine de la non-linéarité des forces de double couche.

Dans le chapitre cing, la validité de 1’équation de PB pour expliquer les forces de double couches
est étendue aux solutions contenant des polyélectrolytes. Les polyélectrolytes sont expulsés du
voisinage des interfaces de charges similaires et ce sont les contre-ions en solution qui contrélent
les forces de double couche. L’équation de PB prédit des forces de profil non-exponentielle dans
de telle situation ce qui en effet coincide avec les courbes de mesures de forces si on considére
que les polyélectrolytes sont des ions asymétriques hautement chargées avec une valence
effective. Pour de plus grandes distance, cependant, 1’organisation des polyélectrolytes conduit a
I’apparition de forces d’épuisement oscillatoires. La combinaison des forces d’épuisement et de
double couche permet d’expliquer les forces expérimentales. La mesure de la valence effective
des polyélectrolytes est toujours plus petite que celle de sa charge nominale due a 1’adsorption
des contre-ions sur la chaine de celles-ci.

Dans les mélanges de polyélectrolytes et de sel monovalent, les résultats des chapitres précédents
sont toujours valides et les forces de surface sont composées des forces d’épuisement et de
double couche. Ceci est I’objet du chapitre six. Les forces de double couche sont modélisées par
la théorie de PB pour un mélange de sel monovalent et d’ions multivalents hautement
asymétriques représentés par les polyélectrolytes. 11 a été démontré que les répulsions
¢lectrostatiques entre les polyélectrolytes conduisent a leur expulsion de la zone d’interaction
entre les particules ce qui permet de déterminer I’épaisseur de la couche d’épuisement proche de
I’interface. Cet argument est utilisé pour prédire la période des forces oscillatoire d’épuisement
dont les résultats concordent avec les données expérimentales. Cependant, cette démarche ne peut
étre utilisée pour de fortes concentrations en sel et de polymere due au fait que les répulsions
¢lectrostatiques ne sont pas assez fortes pour empécher les polymeres de s’adsorber sur la
surface. Par conséquent, les polyélectrolytes s’adsorbent sur des surfaces de charges similaires
dans ce régime.



CHAPTER 1

1- Introduction

The concept of ‘attractive’ and ‘repulsive’ forces dates back to the ancient Greek notion of ‘the
four elements’ which were believed to create matter when combined with the two divine
powers—*‘love’ (attraction) and strife’ (repulsion).'” Two millennia later, contrary to the general
attractive gravitational forces, Newton proposed that the Boyle’s gas law required the existence
of repulsive forces among gas ‘particles’.> Even though this account was proved not to reflect the
underlying physics of the ideal gas law, it coined the notion that the counterbalance of attractive

and repulsive forces controls the functioning and properties of materials.

Colloids are ubiquitous in nature and also technologically important in many industries such as
the pharmaceutical industry, cosmetics, oil refinery, food processing, paint and ink manufacturing
and electronics. Colloidal dispersions are heterogeneous systems consisting of nano or micro
particles dispersed in a continuum medium. Surface forces play a key role in controlling the
behavior of colloidal dispersions because these systems are associated with interfaces. Despite
the fact that production of some common products based on colloids such as inks, cosmetics and
(processed) foods dates back to early civilizations, the understanding of the physics behind
colloidal properties formed only in the 20™ century.”® Advances in thermodynamics, quantum
physics and the invention of powerful microscopes provided a platform for chemists and

physicists to delve into the so-called “attractive and repulsive” forces.



In the early 20" century, it was well-established that colloidal particles dispersed in polar media
were charged and repelled each other due to the overlapping of the electrical double layer that
formed at the interface.” However, many experimental observations including the aggregation of
colloidal particles, suggested the existence of attractive forces as well. When J. D. van der Waals
devised the equation of state of gases, he identified an attractive force between gas molecules. He
stated in his Nobel Lecture that this “attraction only has an appreciable value at distance close to
the size of the molecules”.’ Indeed, F. London proved it, and showed this attractive interaction
energy scales with the intermolecular distance by the power of -6 (Wyaw ~ d°).° This brought
doubt to the origin of the attraction between the colloidal particles as van der Waals (vdW) forces
because these forces are short-ranged and weak for molecular systems. Nonetheless, in 1932
Kallmann and Willstaetter (who collaborated with F. London) proposed that the range and
magnitude of these forces would be large enough to explain a series of phenomena in colloidal
systems provided vdW interactions were additive.” H. C. Hamaker later extended this idea to
derive his expression for vdW interactions between macroscopic objects.® However, these
calculations were based on disputable assumptions. Indeed, as noted by I. Langmuir “These
calculations ... are based on the very improbable assumption that these forces involve a kind of
‘action at a distance’ and are not influenced through which they are transmitted.” Despite this
controversy, force laws based on this approach could still successfully explain the aggregation
behavior of many colloidal systems.'’ Research eventually led to the establishment of the
colloidal stability theory in the 1940s.'""* Interestingly, in the 1950s E. Lifshitz derived force
laws for vdW interactions from the first principles which supported the force laws based on the

‘additive’ approach.'*"
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The cornerstone of colloidal stability theories is the counterbalance of attractive and repulsive
forces. Taking into account vdW and double-layer forces explained many observations regarding
the stability of colloids.''"> However, these studies did not give direct information about the
range, magnitude, and the shape of the surface forces. Moreover, they did not account for forces
other than vdW and double-layer forces.” Therefore, direct measurements of the surface forces

became a crucial objective in colloid and interface science.'®" Different techniques such as

19,20 21,22

surface force apparatus, atomic force microscopy, and total internal reflection
microscopy” developed to study the interactions between the interfaces directly. Studies using
these techniques revealed new types of surface forces and reinforced our understanding of surface

forces and colloidal interactions.**
1.1-  Electrical double layer forces

Double layer structure:

When a surface is exposed to a polar media such as water, the interface will get charged due to
ionization of surface groups and/or ion adsorption. This charged interface generates an electric
field in the media which causes accumulation of counter-ions (the oppositely charged ions) at
proximity of the interface and depletion of the co-ions (similarly charged ions). For the sake of
electro-neutrality of the system equal net amount of counter-ion should form an ion structure
close to the surface (in salt-free case). This phenomenon was first modeled by considering a
compact layer of counter-ions with equal amount of charge at the surface which are immobilized
by electrostatic attraction, forming an ‘electric double layer’ (EDL). This model is known as
Helmholtz model (Figure 1a).” Later, this representation was modified and it was proposed that
the formation of EDL is product of interplay of ionic diffusion and electrostatic interactions.
Therefore, the ions form a ‘diffuse’ layer close to the surface where the concentration of counter-
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ions gradually decreases to the bulk concentration (Figure 1b). (Gouy-Chapman model) The
commonly used model is combination of both of these pictures. It is suggested that part of
counter-ions are closely bound to the interface forming a compact layer known as ‘Stern’ or
‘Helmholtz’ layer while the rest of counter-ions form a diffuse layer (Figure 1c). The response

and behavior of EDL strongly depend on the distribution of ‘cloud’ of ions next to the surface.

(a) (b) (c)
S@® o @ 2 @
e ©
-{@ -} ® © @@ -;;-}@; o e
-[® -l ©O® @ —[ ® o e
-[® -[ ® o © ® -[® @9 ®
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=@ 5 @ @ ce @
— ’;} % — V{J
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Figure 1. Structure of the electrical double layer: (upper row) the schematic of ion distribution in (a) Helmholtz (b)
Gouy-Chapman and (c) basic Stern models. (Bottom row) Electrostatic potential profiles in the corresponding

models. The dotted line in (c) indicates the onset of the Stern layer.

In Gouy-Chapman model, the interplay of electrostatic interaction and ionic diffusion due to
thermal motion leads to formation of the diffused layer. To this end, let’s consider chemical

potential, x, of a point charge ions, i, with valence of Z; :*

U =Zqy+kl'nc, + p, (1.1)
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Where 1, represents the standard chemical potential, g the elementary charge, y the electrostatic

potential, k the Boltzmann constant, 7' temperature and c¢ the number concentration. Given

Wea =0 andc, —=c,,, equation (1.1) gives a Boltzmann distribution of ions:

_Ziav

¢, =c e (1.2)

The electrostatic potential is related to electric field, £, through the Poisson equation:

— =" (1.3)

Where p stands for the total electric charge per unit volume, & the vacuum permittivity and ¢ the

dielectric constant of medium. Given that:

dy
E=—— 1.4
e (1.4)
We arrive to:
dy _ p
=—— 1.5
N (15)
The total electric charge per unit volume is given by:
pquZici (1.6)

When equation (1.2) and (1.6) inserted to equation (1.5), we obtain the celebrated Poisson-

Boltzmann (PB) equation:
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dy 4 .
——>»Zc,e 1.7
dx2 508 Z i-0i ( )

The PB equation is non-linear differential equation and does not have a general analytical
solution. However, at low electrostatic potential, the exponential terms in summation can be

estimated using Taylor expansion. Therefore, if:

<A
4 Z.q (1.8)
The equation (1.7) can be approximated as:
d’y _ ¢ Z cyqy
= — ZC .= ! ! 1.9
dx’ £, {Z oo Z‘ kT (1.9)

Electro-neutrality of the solution requires that the first term in bracket becomes zero and as result

we get:

d’y Zlq’c, >
= — |y =K 1.10
dx’ {Z £,ekT veREv (1.10)

The constant x has unit of inverse of length. A characteristic length scale is now defined as:

N =

| &ekT (1.11)

" ZZizqzc()i

And is known as the ‘Debye length’.

We now deal with linear equation (1.10) which has general analytical solution of:
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+Ce™ (1.12)

The constants C, and C, are defined by boundary conditions. Given that distances far from the
interface the potential vanishes,C, =0. At the interface, x = 0, the potential is equal to the

surface potential, i, thus C, =y, and:

W=y, (1.13)

Therefore, electrostatic potential decays exponentially with respect to distance from the interface.
This linear form of PB equation is known as Debye-Hiickel (DH) approximation. This estimation
is valid as far as the equation (1.8) satisfied. Therefore, for highly charged interfaces and/or
systems involving multivalent ions, this approximation fails to predict the structure of the EDL

and associated forces.

The equation (1.13) implies that the smaller the Debye length (x') is, the faster electrostatic
potential decays. To provide a lucid physical picture of the Debye length, let’s apply the Gauss’s

law at the interface:

Ey=—"— (1.14)

Where o is the surface charge density. From equations (1.4), (1.13) and (1.14), we arrive to:
o = £yeKy, (1.15)

Now, if the diffuse layer is seen as a plate capacitor, then the capacity is defined as:
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C,=—=-"2 (1.16)

This equation suggests that the Debye length is in fact the ‘effective’ thickness of the so-called
diffuse layer capacitor. In the case of 1:1 electrolytes and at room temperature, the equation
(1.11) gives:

0304
K= (1.17)

Where cis the electrolyte concentration in unit of molar and the Debye length’s unit is in
nanometer. Thus, in water the Debye length cannot exceed 1 pum, at electrolyte concentration of
160 mM (close to ionic strength of blood plasma) is less than 8 A and at 700 mM of electrolyte
(sea water) is about 3.6 A. This implies the EDL forces are in nanometer length scale in aquatic
systems. One should keep in mind that the DH approximation fails in highly charged systems and
solutions containing multivalent ions.”> Hence, the above argument needs to be revisited in those

systems.

Double layer forces
The above analysis is made for one interface. However, when another charged surface
approaches to this interface, it perturbs the equilibrium of the system once the double layers

‘touch’ each other.?**’ Here, the case for two identical interfaces will be discussed.

As mentioned in previous part, the counter-ions concentration close to the charged interface is
higher than bulk. Therefore, when two equally charged surfaces approach each other, the so-
called ‘clouds’ of ions overlap and local concentration of counter-ions increases. This generates

. . . 2 . .
an osmotic pressure and provides repulsive forces.” The induced pressure to the surfaces is
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related to changes in chemical potentials of ions and can be modeled using Gibbs-Duhem

relation:”
Where N represents the number of species, S the entropy, 7 the Temperature, V' the volume and P

the pressure. Given that the system is considered isothermal, the first term on the right hand side

is zero. From equation (1.1) we arrive to:

de,
du, :Ziqdl,y+kTC—l (1.19)
The number concentrations of ions are defined as:
N,
=L 1.20

6= (1.20)

Therefore, from equations (1.18) to (1.20) one finds:
dl =Y [kTdc, + Z.c,qdy | 1.21)

1

Where I1 is the osmotic pressure. From equations (1.5) and (1.6), we have:

2

dTl = kT de, - gog‘jl Y dy (1.22)

2
X

This equation can now be integrated from infinite separation of the interfaces to the actual one

L d’y dy .
considering that 2741’ v=d (d—) and from equation (1.2) one gets:
X X
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m=kTyc, B _&f 4wy (1.23)
~ 2 dx

Let’s choose the origin of the system, x = (), at midplane and therefore the surfaces are located at

X= iE , where / is the separation distance. (Figure 2) As the surfaces are identical, one finds by

symmetryi}—w =0. Thus, the second term in equation (1.23) can be omitted for the symmetric
X

cases. Now, let’s consider the case for a symmetric Z:Z electrolytes. Given that

X —X

e +e

cosh(x) = , the equation (1.23) is simplified to:

1= 2kTe, [(cosh(qu—Ty/) _ 1)} (1.24)

2
Expanding the hyperbolic cosine using Taylor series, cosh(x) =1+ % +..., one finds:

H — quzco 2
kT

(1.25)

To calculate the pressure from the above equation, one needs to derive the electrostatic potential
at the midplane. From the previous section, we learnt that the potential decays exponentially (in
DH limit) and is given by equation (1.13). However, for two interacting surfaces the potential is

higher and one can assume at the midplane, it is twice the value for the isolated surface at a

distance x = 3 (Figure 2) This is a ‘superposition’ approximation and is valid at large distances.

(Figure 2) Following this approximation and inserting equations (1.11) and (1.13) into equation

(1.25), one finds:
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1= KV (1.26)
And

[1=2¢ e’y e ™ (1.27)
From the relation of surface pressure to surface energy, W:'"'

W(h) = j TI(x")dx’' (1.28)

h
One can derive the interaction energy between two equally charged surfaces as follow:
W(h) =2¢,expie™ (1.29)

This relation can be rewritten using equation (1.15) as a function of surface charge density, again

in DH limit, as follow:

20°

E,EK

W (h) =

e (1.30)

The above relation states the magnitude of double layer forces strongly depends on the surface
charge density whereas the range of the forces is dictated by number density of ions in the
solution. In fact, no matter how charged the interface is, screening the double layer forces by
electrolytes in solution makes these forces short ranged and eventually other surface forces

dominate the system. Once again, it is importance to note that the validity of above relation is

limited to low charged systems, wherey <« %, and at large distances, # > «’. The breakdown
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of this approximation at small distances originates from the fact that charging properties of

26,27

interfaces alter as two surfaces approach to each other.

Figure 2. Superposition approximation: the electrostatic potential at the midplane of two interacting charged plates

is twice as the one for the isolated plate.

Regulation parameter
The bottom line of above derivation for double layer forces is the superposition approximation.
This approximation implies the electrostatic potential between two plates is twice as the isolated

plate. Therefore, at contact, the electrostatic potential is two times higher than the surface

potential of an isolated interface, e.g. ¥,|,_, =2%¥,|, - On the other hand, the equation (1.2)

tells us the concentration of ionic species close the surface scales the electrostatic potential
exponentially. Moreover, the double layer forces directly related to concentration distribution of
ions due to the osmotic nature of these forces. Therefore, assuming that surface electrostatic
potential increases upon decreasing the separation distance entails increase of local concentration
of ions close to the surface compare to the case where the surface potential stays constant. This

means higher double layer forces. Thus, depending on how two electrical double layers interact
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with each other, different magnitudes of forces should appear.”® Superposition approximation is

just one way of modeling the interaction of the charged interfaces.

From the Gauss’s law, equation (1.14), and definition of electrostatic potential one finds:

ae dr| (1.31)

If v stays constant (constant potential, CP) as two interfaces approach each other, above

equation implies the surface charge density decreases and eventually the interfaces discharge
completely (o — 0). On other hand, if ¢ stays the same as the one for isolated interface (constant
charge, CC), y continuously increases as two interfaces get closer. This behavior of the interface
is in fact connected to how chemical equilibrium of dissociation-association of charged groups
responds to variation of the electric field at the interface.” In fact, discharging the interface in the

. . . T 28-
case of CP condition can be seen as induced counter-ion binding.”*°

In reality most of the charged interfaces behave neither in CC regime nor in CP regime.” Indeed,
as the separation distance decreases both v and o regulate in a way that is dictated by the ion
adsorbtion equilibrium and PB equation. In these situations the PB equation must be solved self-
consistently in order to satisfy the dissociation equilibrium. This, however, demands for
knowledge of dissociation constants which is not available for many interfaces. Moreover, for
those interfaces with well-defined dissociation constants, e.g. silica, the experimental data does

not always satisfactory match with this approach.*’>'-2

A common approach that takes into account the charge regulation effect is to model the electrical
double layer with basic Stern model.”® (Figure 1c) The model considers a compact layer, i.e.

Stern layer, of ions with certain thickness (ds) where potential drops from the surface potential
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(wp) to diffused layer potential (yp). The thickness of Stern layer is connected to finite size of
ions.* This model for the structure of electrical double layer can be seen as two parallel

capacitors where the capacitance of the Stern layer follows:”

o EyE
Ci=———="2 (1.32)
Yo~V dg
The potential drop in the Stern layer and its magnitude compare to the one in the diffused layer is
directly related to charge regulation properties of the interface. This has been quantified by
introducing the ‘regulation parameter’ (p) as:*

CD

PTG,

(1.33)

This parameter usually varies between 1 and 0. When p = 0 the diffuse layer potential remains
constant and CP condition satisfies. When p = I, the situation corresponds to the CC condition.
However, for many experimentally relevant cases, this parameter takes a value in between which
corresponds to ‘constant regulation’ (CR) condition.”” This parameter provides information on
how an interface regulates itself upon interaction with other interfaces. It is a property of the
surface and intimately connected to ion adsorbtion kinetics of the surface.> Double layer forces

at short distances strongly depend on this parameter.”** (Figure 3)
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Figure 3. Double layer forces in monovalent salt calculated using PB theory. Depending on the charge regulation
property of the surface, the double layer forces usually sit between two boundaries, i.e. constant charge (CC) and
constant potential (CP). At the constant regulation (CR) limit, the magnitude of the force at short distances (h < k')
depend on the regulation parameter. Inset shows the same forces but in semi-logarithm scale. At large distances the

forces are linear in this way of presentation.

Effect of multivalent ions:

The Coulomb’s law states the electrostatic force between ions is directly related to the valence of
the ions. Consequently, the electric potential energy acting on a multivalent ion is larger compare
to the monovalent counterpart. Therefore, in competition between thermal and electrostatic
energy acting on ions, multivalent ions tend to be less diffusive and accumulate more at
proximity of the interface.”>® This can be quantitatively seen in Boltzmann relation for
distribution of ions next to a charged interface, equation (1.2). The high affinity of multivalent
counter-ions to accumulate at the interface and as a result decline of surface charge of the
interface, strongly manipulates the double layer forces.”> In addition, equation (1.11) states
multivalent ions are more efficient in terms of screening of the double layer forces; and for the

same concentration of salts the Debye length is shorter for higher valences of ions.
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Early studies on stability of colloidal dispersions by Schulze and Hardy more than a century ago
showed the ‘coagulative power’ of salts mainly depends on the valence of the counter-ions.*’~"
Later, it was established that multivalent ions are also able to tune the surface charge of colloids
and ‘charge reversal’ phenomenon observed in many systems.”” In such cases, addition of the
counter-ions leads to charge neutralization at certain concentration and after adding more of these
ions the interface gains the same charge as the multivalent counter-ions.”>”' This leads to re-
entrant stabilization of colloids in the presence of some multivalent ions, where colloidal particles

first coagulate at charge neutralization point and then form a stable dispersion upon increase of

ion concentration.*” Despite common feature of this phenomenon, quantifying this process is not

. . . o _ .
straightforward. From the DH approximation we havey, =——x'. Therefore for an interface
E,&

with surface charge density of o, the surface potential just decreases in magnitude by addition of
salt and charge reversal is not seen in this model.”® Neglecting the finite size of ions and the
interaction between ions themselves and the interfaces in the PB theory are named as the main

reasons for failure of this model to predict the proper trend for surface potential and forces.”!

The shortcomings associated with the mean-field PB theory for the systems involving multivalent
ions initiated new line of research to derive proper force laws for electrical double forces in the
presence of multivalent ions.*"* The major outcome of these theoretical studies is that the PB
theory overestimates the repulsive double layer forces and the forces should be more attractive
particularly at shorter distances. The evidence of the presence of such attraction became possible
by the advent of force measurement techniques. These measurements directly provide evidences
for the presence short-ranged attractive forces which could not be justified by van der Waals

forces.**° Even though the origin of these attractive interactions is still matter of debate, both
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theoretical and experimental work indicates that the PB theory cannot capture the whole picture

of double layer forces especially at short distances.

Research on surface forces in the presence of multivalent ions is now focus on learning more
about the origin of deviation from the mean-field PB theory and deriving general force laws for
the so-called additional attractive forces. Different types of interactions such as ion—ion

36,41 4T : 48 . 49
" surface charge heterogeneities,” hydrophobic forces,” charge fluctuations,” or

correlations,
electrolyte depletion®® have been proposed as the possible additional forces involving in these
systems. On the other hand, understanding how ions interact with and adsorb to (or desorb from)

the interface will help to provide clear picture of charge reversal physics and also resolve 150-

years old mystery of ion-specific effects.”’

Polyelectrolytes

Polyelectrolytes (PEs) are macromolecules bearing ionizable groups. Under appropriate
conditions, the functional groups in PEs dissociate and leave charged groups on polymer chain
and release counter-ions into the media.”® This class of polymers covers a wide range of natural
biopolymers and synthetic polymers. The highly charged nature of PEs leads to strong interaction
of these molecules with the interface.’” In addition, unlike the neutral polymers, PEs are greatly
responsive to the changes in ionic properties of environments such as pH, ionic strength and
valences of counter-ions.”® These properties originated from Coulombic inter- and intra- forces
between polymer segments and the interfaces. Strong affinity of PEs to adsorb on oppositely
charged interfaces make them popular candidates for tuning the surface forces and designing new
materials.”>**>> The adsorbtion of PEs to planar oppositely charged interfaces has been

intensively studied both experimentally and theoretically. The adsorbtion behavior of PEs
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resembles the one for charged particles and the adsorbtion level depends on ionic strength and

size of PEs.*

The impact of oppositely charged PEs on the double layer forces between the charged interfaces
is similar to multivalent counter-ions. At very low dose of PEs, the polymer molecules neutralize
the surface charges and at a certain dose the surface potential becomes zero.”” Addition of more
PEs leads to the overcharging the interfaces and the double layer forces revive. Finally the
interface saturates and the surface potential reaches to a plateau. The adsorbed PE layer is usually

very compact and the adsorbtion process is typically irreversible.’>

The above feature is generic for oppositely charged systems. The saturation of the interfaces with
PEs happens at concentrations of few tens milligram per liter (at low salt level).”>*” At the high
concentration of PEs the interface attains the same charge as the PEs and polymer molecules is
expected to repel from the interface due to the electrostatic forces. Therefore, the like-charged
regime, where PEs and the interface have the same charge, is present at high concentration of
PEs. In the cases where the intrinsic charges of the surface and PEs molecules are the same, the
like-charged regime exists at any dose of the PEs. Despite the ubiquitously of this regime, little is
known about the double layer forces in these circumstances. In these situations, most of the
counter-ions in the medium are originated from the dissociation of the ionic groups of PEs.”®
Attempts related addressing this matter were mainly centered on DH limit and introducing an
‘effective’ Debye length for double layer forces.” The central assumption in this approach is that
only monovalent ions, whether from background solution or counter-ions of PEs, contribute to
screening of the double layer forces.”” This assumption violates the key hypothesis in derivation
of DH approximation where equation (1.10) derived from equation (1.9), which was based on

electroneutrality. If one argues that PEs molecules can be assumed as multivalent co-ions in this
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derivation, then the validity of DH approximation will be limited to the situation where y <« §—T
iq

holds, which is irrelevant for the cases of PEs due to the very high valence of them. Resolving

this ambiguity is however the subject of Chapter 5 and 6 of this thesis.
1.2-  van der Waals forces

Intermolecular interactions:
The celebrated van der Waals’ equation of state implies the failure of ideal gas law is caused by
finite size of gas molecules (or particles; as at that time existence of atoms were doubted!) and
attractive interaction between the molecules.” These attractive forces are ubiquitous and as J. D.
van der Waals stated; ‘matter will always display attraction’.®® This insight by van der Waals
inspired the work of liquefaction of helium.”” However, the physics behind this universal

attractive forces had not been clarified till the advent of quantum mechanics.”

Understanding the origin of vdW attraction initiated a series of research by different researchers
to quantify these intermolecular forces from the first principles. W. H. Keesom regarded the
‘dipole moment’ as the most important constant for the forces between molecules, which is
present in polar molecules.® By averaging all possible position and orientation for dipole
moments, he derived the interaction energy as follow:

2 w1

W(h =
( )Keesom 3 (472'80 )2 kT hé

(1.34)

Where g is the dipole moment and / the intermolecular distance. This equation represents an

attractive interaction and is very short-ranged compared to Coulomb’s law. This interaction is

known as Keesom or orientation or dipole-dipole interaction.
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The above relation entails that this interaction should vanish at elevated temperatures, which was
not consistent with experimental observations.® As a result, P. Debye concluded that there should
be other interactions acting between molecules independent of the temperature. The charge
distribution of a molecule will be affected by the electric field, E, and this electric field might be
induced from the neighboring molecules with a dipole moment. This influence on molecules

appears in the form an ‘induced’ moment, M , and is defined by ‘polarisability’, « , as follow:
M=a-E (1.35)

If molecule / generates an electric filed due to the dipole moment of 4z, close to the molecule 2

with polarisability «,, an attractive interaction between two molecules appears and follows:

2
wa, 1
W(h) peye = ) 4725 ) a (1.36)
0

This interaction is also called induction or dipole-induced dipole interaction.

The problem associated with above interaction was that these types of forces should be absence
in symmetrical molecules such as rare gases.® In addition, both Keesom and Debye interactions
should largely diminished due to cancellation of these forces when many molecules are
interacting with each other. Therefore, van der Waals equation of state could not be fully

described by these two interactions.’

In 1930’s, F. London presented a comprehensive picture of vdW forces based on the quantum
mechanics.® The quantum mechanics state all particles possess the zero-point motion even at
absolute zero temperature. These fluctuations instantaneously generate fluctuating dipole in any

molecules, including a neutral atom. The generated dipole subsequently induces a fluctuating
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electromagnetic dipole field which in turn induces a fluctuating dipole on the nearby molecules.!
These transient dipoles in average produce an attractive interaction. One can derive the force law
as:

3 aa, thIVZ 1

wh),  =-> —
( )London 2 (47[50)2 (Vl +V2) h6

(1.37)

Where /£, is the Planck constant and v, the orbiting frequency of electrons. If one takes the

statistic distribution of charges, no influence is not expected between the atoms. Therefore, this
type of interaction originates from the vibration and movement of electrons at finite speed. The
resonance frequency of the induced dipoles is caused as result by quantum fluctuation of electric
field which is also the physical foundation of the adsorption spectrum that underlies the
dispersion of white light into the spectrum of a rainbow.®* That is why London named this type of
interaction as ‘dispersion’ forces. In his groundbreaking work, London also showed the
experimental van der Waals constant for many non-polar gases can be well predicted by this
expression. He also verified that the contribution of dispersion forces to vdW interaction in non-

polar molecules is superior to other two forces.’

Pair-wise additivity: Hamaker approach
The intriguing feature of three aforementioned forces is that they all scale the intermolecular

distance in the same way. Therefore, they can be united in general form for vdW interaction as:

C +Cppe +C
W(h)vdW —_ Keesom Zeébye London — _h% (1 3 8)

Where C is scaling factor in power law equations of (1.34), (1.36) and (1.37).
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As mentioned in the introduction part, the shortcoming of the above expression to justify the
attractive forces between the colloidal particles is fast decay of attraction as a function of the
separation distance. The above relation however is valid for molecular systems and for collection
of the molecules, e.g. colloidal particles, one deal with a many-body problem. If additivity is
applicable for the vdW interactions, then a pair-wise additive approximation gives the total vdW
interaction between macroscopic bodies.”” The additivity of vdW forces was first addressed by
London himself where he stated ‘one may imagine that the simultaneous interaction of many
molecules can simply be built up as an additive superposition of single forces between pairs.’®
This approximation was examined by many researchers.”*'*"* The exciting aspect of these works
is the vdW interactions become long-ranged and quite strong at relevant separation distances for

colloidal particles."!
The pair-wise additive approximation for vdW interaction between two macroscopic bodies can
be written as:*

c
Wb ==] | oy zdVdv, (1.39)

Viv2

Where p; is the position distribution function of atoms in macroscopic bodies. Above equation
usually gives a power law relation but the scaling factor and power law number depends on the
geometry of the interacting bodies. (Figure 4) For two flat surfaces with homogenous distribution

of atoms one finds the vdW interaction energy per unit area as:

7o, p,C
W () gy =~ (1.40)
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H. C. Hamaker applied this approach for several geometries and obtained the same.® He argued

that the vdW potential obeys a general form of W (h), ,, =—A4-g(h), where g(h) is just function

of geometry. (Figure 4) However, constant 4 appears which has the unit of energy. This constant

named after him and known as ‘Hamaker constant’ and defined as:
A=rp,p,C (1.41)

The reason that pre-factor of 7z” appears in the formula is apparently the fact that he first solved

the equation (1.39) for two spheres which gives the following potential:®

7z°p,p,C( RR A( RR
w(h),,, =-——12 e e 1.42
) 6h |\ R +R, 6h\ R, +R, (142)

R; is the spheres’ radius. To estimate the magnitude of vdW interactions, one needs to have
values for p; and C. For most of liquids and solids, p; is about 1-10x10*® atom.m™. The constant C
can vary within the range of 1x107° to 400x107° J.m®. Based on this approximations, Hamaker
proposed a range of 0.7x107' to 300x10' J for this constant in vacuum.® This indeed concurs
with more rigorous calculations. From equation (1.42) for two spheres with diameter of 100 nm,
the vdW energy at separation distance of 10 nm can be in the range of 0.14 to 60 k7. Therefore,
the vdW forces are strong enough to overcome other repulsive forces such as double layer forces

and induce aggregation.''
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Figure 4. van der Waals interaction energy between bodies of different geometries. Pair-wise approach indicates

that vdW interaction scales the separation distance as W (h) ,, = —A- g(h) and g(h) depends on the geometry.”

Above estimation is however valid in vacuum. The impact of medium was also discussed by
Hamaker.® If the interaction of one particle with the surrounding medium is un-affected by the
presence or absence of the other particle(s), the Hamaker constant between particle / and 2

through medium 0 (4;¢;) will be:
AIOZ = AIZ + Aoo - AIO - Azo (1.43)

Where A4;; is the Hamaker constant between materials i and j interacting through vacuum.

Inserting equation (1.41) in above equation one finds:

A102 =’ (pIIOZClZ + p(fcoo ~ PP C01 - popzcoz) (1-44)
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Where Cj; is the scaling factor between material i and j, equation (1.38). Given that the main
contribution of the vdW interaction originates from the dispersion forces, we can assume from

equation (1.37):
vV,
C,=Kaa, —— (1.45)

K is a constant. Inserting equation (1.45) in (1.44) and considering y, = &, p,v,, we arrive to:

12

2
A, =Kﬂ2[ N o Yo Yol Tl J (1.46)
vitv, 2vy vot+v, v, +V,

For two identical materials above equation becomes:

2 2
4 = Kﬂz(vom(n 1)+ (M7 = veh) J (1.47)

2vgvi(vy +v))

Given v, >0, this equation implies that the vdW interaction between similar materials is always
attractive, regardless of the medium they are interacting through. In addition, if v, =v, = v, then

we have:

A _K7Z'2 (70_71)2
101 —
2 v

(1.48)

As for vacuumy = 0, the Hamaker constant across any medium is always smaller than the one

across the vacuum. Therefore, the vdW forces are screened by medium. Extend of this screening,

according to equation (1.48), depends on the difference between y of medium and interacting

bodies. y is the product of polarisability, molar density and adsorbtion frequency of the materials
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which in principle depends on the optical properties.®” If the optical properties of interacting

bodies and medium are identical, there are no dispersion forces between them.

Another interesting feature of equation (1.46) is that under certain circumstances the Hamaker
constant can be negative, suggesting a repulsive vdW forces. This only happens when the
interacting bodies are dissimilar and interacting through a dense medium.® Again, if

v, =V, =V, =V, then from equation (1.46) one finds:

_ K72 (1 1) = %) (1.49)

A =
102 ) Vv

Therefore, dispersion forces become repulsive ify, <y, <y,, which again signifies the role of

optical properties of the materials not only on the magnitude of the dispersion forces but also on

the sign of the interaction.

The pair-wise additive approximation, despite of its simplicity and doubtful assumptions,
revealed many interesting aspects of vdW interactions, which matched very well with
observations of colloid chemists.'' " It clarified how extremely weak and short-ranged vdW
forces among molecules can cumulate and provide interactions as large as several k7 at relevant
separation distances. It also qualitatively showed why the strength of these interactions is
strongly material-dependent. However, calculation of Hamaker constants from macroscopic
properties of materials remained ambiguous and normally this parameter was used as fitting

parameter in aggregation studies of colloidal particles.*'"

Beyond additivity: Lifshitz theory
The works by F. London showed the ever-present dispersion forces arise from the fluctuation of

electromagnetic field.® This inspired the approaches based on the quantum mechanics.** The
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approach was taken by Lifshitz and his colleagues to calculate vdW interaction between

macroscopic bodies also had purely quantum character.'*"

They approached the problem from
purely macroscopic point of view and made the calculation directly for interacting bodies. They
treated the bodies as continuous media with known response to electromagnetic fields.
Understanding the original derivation of the Lifshitz formula requires thorough knowledge of the
quantum filed theory, which is beyond the scope of this text. However, these studies showed the
scaling powers for different geometries stay valid (Figure 4), and one just needs to replace

Hamaker constant with a Hamaker function. The general form for Hamaker function for a

material / interacting with material 2 through media 0 is presented as:**

_8()

Ay () =3’€7T > @

sampling 81 +

frequencies

IR(h) (1.50)

&
0)( 2
80 82+8

0

Where ¢;1s the dielectric function and R(4) gives the effects of ‘retardation’. The retardation

effect occurs due to the facts that the interactions have electromagnetic origin and the finite
velocity of light restricts the response of the materials.*® This effect becomes important at
separation distances close to the corresponding sampling frequencies which are mainly located at
UV region (at room temperature). The sampling frequencies come from the quantum field theory
and are those whose corresponding photon energies are proportional to thermal energy.®® The
contribution of frequencies at visible and UV region are usually the most important due to high
sampling in this region and appreciable magnitude for dielectric value.>** This fact simplifies the
calculation of Hamaker constant if one considers main adsorption frequencies of materials which

are accessible from optical spectrum of materials.*®
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An interesting feature of equation (1.50) is the appearance of the dielectric function of the
materials in calculation of dispersion forces. This can be understood better if one thinks of
‘electric susceptibility’, y., instead of dielectric function. These two are related and y.=e-1. The
electric susceptibility expresses the tendency of a dielectric material for polarization in response
to an applied electric field.®> This bears a resemblance to the origin of the dispersion forces as
discussed in pervious part. The dielectric function is measurable in wide ranges frequency for
most of the materials and thus Hamaker function can be calculated from the microscopic

properties and based on the first principles.

The full spectrum optical properties of the many materials are mostly not available. In addition,
original calculation of Hamaker constant based on Lifshitz theory is not straightforward and is a
heavy mathematical task. Therefore, simplified versions of the Lifshitz theory were introduced by
simulating optical response of materials with simple models. Using single harmonic oscillator to
mimic the response of dielectric materials resulted in following expression for Hamaker

constan‘[:2

3kT(gll_g(;) 82'_8(;)4_3}1171/0 (I’lf-l’l;)(l’l; —I’lé)

A=
102 4 ‘g+e gte 82 (”12 + ng )03 (n22 + ng )03 {(nl2 + ng )5 4 (1122 + ng )0'5}

(1.51)

Where ¢ is the static dielectric constant (dielectric value at zero frequency), n; the index of
refraction and v, the main adsorption frequency. This relation predicts screening the vdW

interactions with medium and possibility of existence of repulsive vdW forces, as well. The first
term in above equation is known as zero-frequency term and is shown to represent the Keesom
and Debye interaction.®” The second term represents the dispersion forces. The first term cannot

exceed 0.75kT and is negligible in most of the cases (in vacuum). However, for bodies interacting
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through a medium having similar refractive index but different dielectric constant, the
contribution of zero-frequency term can be dominant, for instant in the case of lipid bilayers
interacting through water.’® The derivation of above equations and more details about the Lifshitz

theory can be found elsewhere.>®

1.3- The Derjaguin approximation

The derivation of the surface force two flat interfaces is more straightforward compared to
arbitrary objects. Boris Derjaguin proposed a practical way to calculate the surface forces
between arbitrary objects from the surface energy between two flat interfaces.” The Derjaguin
approximation states the total force acts between two surfaces is sum of forces among the surface

elements. This can be written as:
F(h) = jn(x)dA (1.52)

Where IT is the surface pressure between the surface elements with surface area of dA. This
approximation is schematically illustrated for a sphere and a planar wall in Figure 5. In this case,
the surface area of each element isd4 = 2zrdr . r and the height of the elements are related

through Pythagorean Theorem:

x=h+R-~R* —r* > rdr =dxJR* —r* (1.53)
If R >>r,then d4 = 27z Rdx . Therefore, one finds:

F(h)=2xR j TI(x)dx = 27 RW (h) (1.54)

The above relation can be extended to other geometries and one will find:
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F(h)=27R W (h) (1.55)

R, is the effective length scale for a given geometry. For the two spheres one gets:
R, =R"'+R) (1.56)

This approximation is however valid for the separation distances much smaller than the size of

the interacting bodies.

(a) (b)

Figure 5. Derjagiun approximation which relates the surface forces, F(h), (a) between a sphere and planar wall to
surface energy, W(h), between two planar walls. (b) This is done through disintegrating the interacting surface into

disk-like elements.

1.4- DLVO theory

The long-standing question of how a colloidal system stays stable against aggregation was solved
and addressed independently by two groups of scientists: B. Derjaguin, L. Landau and FE.
Verwey, T. Overbeek (DLVO).""" The idea that one needs to formulate a potential energy
between the interacting colloidal particles to comprehend their aggregation behaviour however
was known for a while and was examined by other researchers as well.””'**” However, DLVO
managed to describe many experimental observation in colloidal dispersions by evaluating the

. . . . 11,1
interaction energy potential between interfaces.'""?
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Colloidal particles move due to the Brownian motion. Therefore, they collide with each other.
Whether the colliding particles stick together or not depends on the inter-particle interactions.®
Finding the probability of aggregation is thus a diffusion problem.'" It was first addressed by Von
Smoluchowski for rapid coagulation case, where there is attraction between the particles.'®®
These studies find in the absence of the repulsive forces the colloidal particles aggregates in time

scale of seconds at relevant particle concentrations. However, when there is repulsive energy

barrier of E for particles to pass, the probability of successful sticking modifies by Boltzmann

E
factor, e 7. This implies the energy barrier of few tens of AT is enough to increase the

aggregation time scale into years and makes the dispersion stable.!' The DLVO theory addressed
the energy potential between the particles and also the factors controlling that. It made many

aspects of particle aggregation clear by evaluating the inter-particle energy potential.'-*>

The DLVO theory states the interaction energy between the interfaces combines attractive vdW

and repulsive double layer forces:
Worvo =Waw +Wepy (1.57)

As the vdW interactions between the particles in usually independent of ion concentration of the
solution, it is the changes in the range and magnitude the double layer forces that control the
aggregation. Generally, at low ionic strength the double layer forces are long ranged and easily
overcome the attractive vdW forces.®> This provides an energy barrier which can be in order of
few tens of k7. However, if the range or magnitude of the double layer interactions decreases, at
the certain point the vdW interactions overcome the double layer interactions and no barrier form.
(Figure 6) At this point the aggregation of the particle follows the diffusion limit fast aggregation.

This is known as critical coagulation concentration (CCC).*® (Figure 6a) This turning point in
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aggregation behaviour of colloid was experimentally detected for many colloidal systems and
DLVO theory provides a basis for its existence. To predict the CCC of a colloidal system DLVO
needed to assign a certain Hamaker constant to the colloids which turned out to be close to
Hamaker’s prediction. This agreement convinced them that the attractive forces behind the

colloidal aggregation are indeed vdW forces. "’

(a) (b)
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Figure 6. Interaction energy between two identical spherical particles based on the DLVO theory: The calculations
were performed for two particles with radius of 250 nm and Hamaker constant of 5x107' J. Equation (1.42) was
used to estimate vdW interactions. Double layer forces were calculated at DH limit and applying The Derjaguin
approximation. (a) Surface charge density was kept constant at 5 mC.m™ and the interaction energy was calculated
at different ionic strength. The sticking energy barrier diminishes at certain ionic strength which corresponds to
CCC (see text). (b) The interaction energy potential at fixed ionic strength of 15 mM and different surface charge
density. Decreasing the surface charge density lowers the energy barrier and eventually leads to fast aggregation

regime.

1.5- Non-DLVO forces

DLVO theory assumes the total interaction between the interfaces is controlled by two forces, i.e.
van der Waals and electrical double layer forces. Both of these interactions are derived based on

the mean-field theories. This picture often breakdowns in realistic systems, especially at
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separation distances close to the molecular sizes. The failure of the DLVO theory is due to the
inaccuracy of the mean-field theories and/or presence of other intermolecular forces. These forces

2
are also known as non-DLVO forces.

These additional non-DLVO forces could have different origins. The nature of the surface,
presence of macromolecules or multivalent ions or surface active agents can cause different types
of the non-DLVO forces with different magnitude and ranges.”* These forces can be
monotonically repulsive or attractive, or have oscillatory nature. Different sorts of these forces
have been indentified and studied, mostly using direct force measurements, such as hydrophobic
attraction,” hydration repulsion,” patch-charge attraction® or polymer induced forces.”’ The
detailed representation of these forces is beyond the scope of this text. Following, just two types
of non-DLVO forces which relevant to this thesis is presented, i.e. hydrophobic interactions and

depletion forces.

Hydrophobic forces
The hydrophobic interaction was first conceptualized in study of association of non-polar species
in water such as micelle formation.”’ The strong temperature dependence of these phenomenons
revealed the entropic origin of these interactions. However, the type of the interaction between
the macroscopic hydrophobic interfaces is shown to be different than the hydrophobic
molecules.”’ Between two hydrophobic interfaces, at the certain distance, the liquid water film
confined in between becomes thermodynamically unstable and a first-order transition from liquid
state to gas is expected.”’ This transition applies significant attractive forces to the interfaces and
normally leads to the collapse of the interfaces into the contact. This explanation however is not

always consistent with experimental data.
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In early 80’s, force measurement between large hydrophobic surfaces (~ 1 cm) revealed long
ranged attractive forces which was stronger than vdW forces.”” These forces decay exponential
with respect to the separation distance with decay length in order of one nanometer.*®%"?
However, the subsequent measurements were not consistent with this picture. Especially the
range of the forces varies from a nanometer to tens of nanometer. In some cases, the measured
forces were erratic and non-monotonic.” Later investigations showed that in many of those cases
the surfaces that used for force measurement whether were heterogeneously charged or

. . 4 . .
contaminated with surface nano-bubbles.”* Therefore, the measured forces were combination of

hydrophobic interaction and patch charge interaction or capillary collapse of surface bubbles.

In the cases where the surface was homogeneously charged and bubble-free, the range of the
measured so-called hydrophobic forces was smaller than the previous reports and went into sub-
nanometer regime.*®’"’* The origin of these forces is still debated and not clear. The simple
thermodynamic model based the thermodynamic instability of the water thin film between the
interfaces predicts much larger ranges for the hydrophobic interaction.” It is on the other hand
proposed that the water thin film experience meta-stable forms between two hydrophobic
surfaces and breakage of the water thin film and subsequent collapse happen at much smaller

. . 5.76
separation distances.””’

This ambiguous underlying origin of hydrophobic interaction prohibits
devising a force law from the first principles. However, most of the experimental data can be

fitted and justified with exponential form with decay length between 10 and 3 A.*®

Depletion forces
A solute distributes homogenously throughout the media for the sake of minimizing the free
energy of the system. However, if for any reason the solute ‘depletes’ from a region in the

system, an osmotic pressure builds up. Recalling the equation (1.21) to (1.23) and assuming the
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electrostatic potential is constant, one finds the osmotic pressure in the depletion zone follows the

gas law:

Hosmotic = _Cbulk kT ( 1 5 8)

The origin of the depletion of the solute from a particular zone can be different. For two
interacting interfaces in media containing hard-sphere solutes with radius of 7, the center of the
solutes cannot occupy a space adjacent to the interfaces known as excluded volume. (Figure 7)
When the separation distance of the two interfaces become smaller than 27, all the solutes expel
from the gallery and a negative osmotic pressure builds up. This leads to an attraction between
the two interfaces. The attractive energy at 4>2r is zero and reaches to its maximum value at the

contact. From the relation of surface pressure to surface energy one finds:

2r
I/I/va/ep/etion (h) = I Hosmotic dh = _Cbulk kT(Zr - h) (1 59)

h

The depletion force between two large spheres with radius of R, R>>r, can be then obtained from

the Derjaguin approximation as follow:

F(h)=nRW,

epletion (

h) =—rc,  kKTR(2r —h) (1.60)

This relation states that the depletion forces scale the separation distance linearly and reach to a

maximum value of 27z7R xI1 at contact.

osmotic
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Figure 7. Depletion attraction: presence of non-adsorbing particles, i.e. hard-sphere depletant, in solution induces
an attractive force between interfaces. (a) The center of the depletant cannot explore the depletion zone where the
concentration of the depletant is zero (bottom). (b) When separation distance becomes smaller than the diameter of
the depletant, h<2r, the concentration of the depletant drops to zero (bottom) and an osmotic pressure builds up

which leads to an attractive force.

Above argument was first made by Asakura and Oosawa.”” It was proposed that in a mixture of
colloidal particles and non-adsorbing polymers (depletant), there is attractive depletion forces
acting between the particles. For a neutral polymer, the size of the polymer coil can be
approximated with radius of gyration, R,. Therefore, the range of the depletion forces is
dominated by the size of polymers and as a result molecular mass. However, the magnitude of the
depletion forces is the product of the size and osmotic pressure of the polymer solution. For dilute
~ M55

M. and as R, ~ M for theta solvent, thenF,

osmotic n lepletion

polymer solutions II
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Therefore, increasing the range of the depletion forces is at the expense of weakening them.? So,
depletion forces in the case of neutral polymers whether are short-ranged and interfere with other

forces such as vdW or long-ranged but weak and irrelevant.

The above formulation is valid for the case where the interaction between the depletant and the
interface follows hard-core interaction. However, when the interfaces and depletant are similarly
charged the double layer forces significantly increase the depletion range. This situation is very
common in solutions containing polyelectrolytes, micelles and nanoparticles.”® Indeed, when two
charged interfaces approach, the like-charged species in solution are expelled from the interspace
due to the double layer repulsion. The length scale, at which the exclusion of the charged species
occurs, depends very much on the range of the electrostatic forces.” Therefore, the range of
depletion forces in these cases can be much larger than the depletants’ size. In addition, as
charged depletants carry ionic groups, their exclusion from the interspace also imposes an
enhanced osmotic pressure due to the imbalance of counter and co-ions in- and outside of the
depletion zone. Therefore, both range and magnitude of depletion forces in these systems are
larger compared to the systems involving neutral interfaces and depletants. This facilitates the
detection of depletion forces in these systems using direct force measurements. Furthermore, both

range and magnitude of the depletion forces is sensitive to the presence of salt.

If one considers the hard-sphere case again (Figure 7), then the local concentration of the spheres
are related to probability of finding the center of the sphere at the given position. Next to the
interfaces, the concentration is zero due to the impermeability of the hard-sphere and the
interface, i.e. hard-core interaction. Above arguments imply that the concentration reaches to the
bulk concentration beyond the depletion zone. However, the spheres themselves also interact

through hard-core interaction and at high concentration of the spheres the concentration gradient
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does not follow a simple step function.” If the sphere concentration is close to dense packing
condition, at the distance  from the interface the concentration should peak and then decrease
and again peak at distance 3r.(Figure 8a)® This implies the spheres are correlated and resembles
the liquid-like ordering. This fluctuation in local concentration directly affect the depletion forces

and as F

epletion ™ c(h)—-c,,, , depletion forces follows the concentration fluctuation. When two
interfaces approach, at separation distances close to the size of the spheres, the concentration of
the sphere in the interspace increases and decreases compared to the bulk concentration. This
leads to repulsive and attractive depletion forces which appear in the form of decaying oscillatory

forces.? (Figure 8b) These types of forces can be mathematically modeled at large distances with

an exponentially damped cosine function as follows:

2 27ch
F(h)oce éCOS(T-i-e) (1.61)
Where & represents the correlation length, A4 the wavelength of oscillation and @ the phase of

oscillation. This type of force has been theoretically predicted and experimentally observed for
many different liquids as separation distance close to the molecular sizes. As the origin of this

force is related to correlation and ordering of the spheres, it is known as ‘structural forces’.
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Figure 8. (a) Structuring of the hard spheres next to a wall and corresponding concentration profile (bottom). (b)
Schematic representing depletants structuring and corresponding surface pressure (bottom). The pressure at zero

distance recovers the osmotic pressure of the bulk.

In the cases where the depletants are charged, the probability of finding a depletant adjacent to
another one is suppressed significantly due to electrostatic repulsion. This repulsion among the
charged depletants leads to strong correlation, as well. Therefore, structural forces are often
observed between charged interfaces interacting through medium containing like-charged
depletants. Due to the long ranged electrostatic interaction, these structural forces can be detected
at low concentration of depletant compared to the one for hard spheres.”™” This can be
intuitively understood by considering an electrical double layer around depletant which increase

their effective volume.

1.6- Colloidal probe AFM

Direct measurement of surface forces allows us to seek for factors affect these forces and also
new types of interactions between the interfaces.”* That is why many efforts were performed to

measure the predicted DLVO and non-DLVO forces. Preliminary works however were focused
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on measuring forces among the macroscopic surfaces such as glass and mica, mainly due to the

- . 16,18-20,72
technological barrier.'®'*2"”

Even though these studies experimentally proved many
fundamentals of surface forces and shed the lights on new intermolecular forces, the direct
measurement of forces between macro and nanoscopic colloidal particles remained challenging.
Introduction of atomic force microscopy (AFM) at 1986 opened new vista for measuring various
types of forces between almost any types of interfaces.”” The force measurement in AFM relies
on monitoring the elastic deformation of a cantilever. This enables measuring forces lower than
pico-newton.*® The breakthrough in measurement of colloidal forces arrived five years later when
two independent research teams extended the AFM technique to force measurement between a
micron-sized particle, attached to end of the AFM cantilever, and a substrate in aqueous
media.?"** This technique allows studying forces among various types of particulate synthesis
and natural materials such as polymeric particles, minerals, micro and nano fibers, cells, ete.”*

These studies can be done in different media such as water, organic solvents, polymer solutions

and melts, and molten salts.

The AFM is composed of piezo-driven cantilever, which its deflection is monitored by reflection
of a laser beam from the back of cantilever to a photodiode. (Figure 9a) The position of the probe
can be controlled using a scanner which enables to scan all three special directions with precision
better than Angstrom.** For direct force measurement purpose, the probe explores the vertical
direction at fixed point at a certain velocity (normally fraction of micron per second). By the aid
of the piezo actuator, the probe approaches to the target surface and deflection of the cantilever is
recorded at the same time. Once the probe gets close to the surface, the surface forces deflect the

cantilever and eventually touch the surface. At a certain deflection, the probe is withdrawn from
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the surface. The approach and retract process is repeated several times to acquire the force

Cl,lI'VeS.81

The output of the above procedure is piezo displacement, Z,, versus the signal from the
photodiode, S. (Figure 9b) This raw data should be converted to surface forces versus separation
distance. As mentioned earlier, a laser beam is emitted to the back of the cantilever which is then
reflected to the middle of a split diode. Emission of the laser beam to the diode generates a
photocurrent and the signal from the photodiode is related to the potential difference of the top
and the bottom of the slit diode.** Therefore, the unit of the signal is in volt. If the cantilever
deflects, the position of reflected beam changes and the amount of the photons received by the
top and the bottom part of the diodes changes as well, which in turn alters the signal value. For
the deflection much smaller than the length of the cantilever, the changes in signal are

proportional to the cantilever deflection, Z..

(a)

Photodiode ‘
Laser diode
g
=
=
.20
v
b5}
-
3 !
Cantilever S N

Piezo Displacement (nm)
Figure 9. Scheme of (a) an AFM instrument and (b) a typical output of the force measurement experiment.

Now, let’s consider that the probe is approaching to a hard surface without any specific
interaction. Before contact, the signal stays constant, S=S,. However, once the probe touches the

surface, the cantilever starts to deflect and the deflection is the same as the piezo displacement.
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This part of the force curve is also known as constant compliance region.** Therefore, Z,and S

are linearly related:
S=a-Z,+b (1.62)

By fitting the line to constant compliance region, one can obtain the parameters a and b. The
inverse of the slope, a”/, is known as the optical lever sensitivity. Form above relation, one can

find the position at which probe touches the surface, i.e. contact point:

Z ., = (1.63)

This method determines the contact point with precision of few Angstroms. Once the contact

point position is known, the separation distance can be obtained from:

h=2,-7, (1.64)

This relation is valid before the contact point and #=0 for displacements larger thanZ . To
construct the force curve, one needs to find the cantilever deflection. The Z in constant
compliance region, Z, <Z , is equal to changes of the piezo displacement due to the hard

contact, thus:

S-S
Z,=Z,-Z,= » 0 (1.65)
Now, the force can be calculated using Hook’s law:
F=k-Z (1.66)

50



Where £ is spring constant of the cantilever. The spring constant of cantilever depends on the size
of the lever and also mechanical properties of the materials that the lever is made of.** The
typical spring constants of AFM cantilevers are in the range of 0.1-10 N/m. Given the deflection
of the cantilever can be measured with precision better than one Angstrom, the force resolution of

1-10 pN can be obtained.

In the cases where the surface forces are present, the equation (1.65) is still applicable to derive
the cantilever deflection. However, the separation distance should be modified by the deflection

of the cantilever:
h=Z+h=2,+2,-2, (1.67)

The results of above mathematical procedure can be seen in Figure 10. In should be noted that the
constant compliance region is sometimes hard to determine, especially in the cases of the
repulsive forces.* (Figure 10b) In the case of the attractive forces, it is possible that the
cantilever experience a mechanical instability. In fact, at any equilibrium distance of 4, the
cantilever bends in a way to satisfies Hook’s law. However, if the second gradient of total energy
applied on the cantilever becomes negative, then the instability occurs.”* Form this criterion one

fins that the cantilever becomes unstable if:

dF

—>k 1.68
m (1.68)

As the probe approaches to the surface by A%, then applied force on the probe become AF' larger.
Therefore, the probe should bend Tmore, which if equation (1.68) holds, is larger than Ak .

Extra bending in an attractive force field means more forces on the probe and thus the probe
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continues to bend till reach to the contact (jump-into-contact) or reach to a point in energy
potential where equation (1.68) does not hold any more. This phenomenon is schematically
shown in Figure 10d. Existence of the jump into contact in force curves indicates the presence of
the strong attractive forces. This problem can be avoided using stiffer cantilever, however, at the

expense of losing the force resolution.

—
- —_—
Contact point

Constant
(a) Compaliance (b) (c) (d)
—
%)
E
=
(5]
5] Approach
- =
Piezo Displacement

Separation, A Ik

=

=

L‘j‘ Hard Soft Weakly Strongly
54 Core Repulsion Attractive Attractive
g

= Instability
i=] —
S

s

8

7/
\
Figure 10. Response of the probe to the different forces (top row) and their conversion to force-distance curves

(bottom row). Different types of interaction are presented.: (a) Hard core, (b) soft repulsion, (c) weak attraction and

(d) strong attraction.”

The force measurement using AFM is limited by force resolution. As stated before, the force
resolution of standard AFM is limited to 1-10 pN. Whether this resolution is enough to resolve
the common surface forces depends on the strength of these interactions at relevant distances.
The Derjagiun approximation states the surface forces depend on the size of probe and surface

energy of the interaction, F'(h) =27zR,, W (h). Thus, for the weak interactions such as vdW or

depletion interactions the size of probe should be large enough to enable AFM detecting the
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interaction. For instance, if the Hamaker constant between a spherical probe and the substrate is
6x1072' ] , then in order to detect the vdW forces at separation distances of 10 nm or smaller, the
radius of the probe should be larger than 0.1-1 um (For force resolution of 1-10 pN). The same
analysis for depletion forces demonstrates that the size of the probe should be larger than 2 pm in
order to detect depletion attraction between the probe and the substrate interacting through a
solution containing 1 vol% of 20 nm large non-adsorbing spherical depletant (equation (1.61)).
This simple analysis suggests that using micron size probe is ideal to study even very weak
surface forces. Therefore, it becomes a common practice to attach large colloidal particles to tip
of AFM cantilevers and uses it for force measurements. Employing large particles as probe also
has an advantage that the particles can be easily detected using optical microscope which in turn
makes it possible to track the position of the probe under the microscope. In addition, wide range

of colloidal particles with different sizes and chemistries can be used as a probe. (Figure 11)

Figure 11. Colloidal probe AFM: (a) Scheme of direct force measurement between two colloidal particles. (b)

Optical micrograph of the polystyrene latex particles, 3.1 um in diameter, coated on a glass slide. A tip-less AFM
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cantilever is pressed against an individual particle to pick it up as the probe. (c, d) Scanning electron micrographs of
silica particles (c) attached to the end of a tip-less cantilever, (d) coated on a quartz slide. Scale bars in (b-d) are 5

um. [c,d are reproduce with permission from ref. 83-Published by The Royal Society of Chemistry]*

1.7- Outline of thesis
In this part, I briefly present the subjects of studies in my PhD thesis, the motivation behind the
studies and the main finding of this research. The research deals with direct force measurement

between different interfaces in the presence of organic multivalent ions and polyelectrolytes.

In the second chapter,” surface forces between negatively charged sulfate latex (SL) particles
studies in the presence of aliphatic oligoamines as well as a simple monovalent salt, i.e. KCI. The
central finding of this part is that the DLVO theory is able to interpret the force curves at large
distance, > 7 nm, provided that an effective surface potential is assigned to the interface.
However, there are ever-present short-ranged attractive force(s) in the presence all investigated
electrolytes. Studies of surface potential of the interface show that the counter-ions tend to adsorb
to the surface and this tendency strongly depends on the valences of the counter-ions. In the case
of tri- and tetra-valent ions, this adsorbtion eventually leads to the charge inversion. On the other
hand, the so-called short-ranged attractive forces can be fitted with a single exponential function
but with different range and magnitude which also depend on the valency of the counter-ions.
This observation leads us to believe the nature and origin of these forces are also different for
monovalent and multivalent ions. In the case of monovalent ions, the range of the non-DLVO
forces is about 0.3 nm and the magnitude of the forces monotonically decreases by addition of
salt. But, in the case of multivalent oligoamines the additional attractive forces are more long

ranged with decay length of about 1.0 nm. In addition, the magnitude of the forces peaks at
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intermediate concentration of multivalent ions and eventually vanishes at very high ionic

strengths. It is also found the higher the valance is, the stronger these forces are.

In third chapter,*® the study of the surface forces between dissimilar interfaces in the presence of
an organic multivalent ion is presented. Oppositely charged SL and amidine latex (AL) particles
were used to evaluate the impact of an aliphatic hexamine (N6) (the largest member of amines
studies in the previous chapter) on the surface forces. N6 is expected to strongly adsorb to the SL
particles but not to the AL particles. Therefore, a rich gallery of forces is anticipated as the AL
particles always stay positively charged but the SL particles are negatively charged or neutral or
positively charged depending on the dose of N6 in solution. Forces in three different fashions
namely AL-AL, SL-SL (symmetric) and AL-SL (asymmetric) were measured. At large distances
the forces curve can be interpreted using the DLVO, provided the double layer forces are derived
at full Poisson-Boltzmann (PB) level. In the case of asymmetric measurements, the charge
regulation of the SL particles plays a key role, especially close to charge reversal point. An
interesting outcome of studies of forces at shorter distances is that non-DLVO forces are present
in all three sets of measurements. The range and the magnitude of the non-DLVO forces for

asymmetric cases are found to be close to the harmonic means of those for symmetric cases.

The origin of these non-DLVO interactions remains elusive to us, especially in the cases of
multivalent counter-ions. Theoretical studies since 80’s have proposed the presence additional
attractive forces between interfaces interacting in solutions of the multivalent ions due to strong
ion-ion correlations between multivalent ions themselves and with interface.®” Our finding that
these interactions become stronger as the valence of ions increases is consistent with explanations
based on ion-ion correlation.*®® However, a direct correlation between the multivalent ions

concentration and magnitude of the ion-ion correlation interaction is usually predicted which is
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not consistent with experimental observation is this work. In addition, predicting the net charge
of interface in the presence of multivalent counter-ions is theoretically challenging as chemical
interactions of ions with interface play a key role as well as electrostatic interactions.”” Similar
argument can be valid for other types of interactions such as attraction induced by surface charge
heterogeneities,” hydrophobic forces,” charge fluctuation’ or electrolyte depletion.”® For
instance, attraction induced by electrolyte depletion again predicts a monotonic increase in
magnitude of attractive forces by increasing the electrolyte concentration.”® Combination of two
or more of these forces and possibly others may control the non-DLVO forces at different ranges

of ion concentration.

Above studies showed the double layer forces in the presence of the multivalent ions do not
follow the DH approximation and PB theory needs to be considered. This becomes crucial in the
cases where multivalent ions act as co-ion, whether due to overcharging or intrinsic charge of the
interface. These observations were generic for other multivalent ions as well. That is why the
chapter four’” is devoted to this issue. In agreement with PB theory, it is found that the double
layer forces in the presence of multivalent co-ions are not exponential. This deviation is assigned
to exclusion of the multivalent co-ions from the interspace of interacting surfaces at a critical
distance. After depletion of the co-ions, the behavior of double layer forces becomes identical to
counter-ion only double layer. This is a general feature for highly charged co-ions and is found to

be independent of the chemistry of the surface and ions.

The depletion of highly charged ions from the gallery of like-charged interfaces resembles to
depletion of particles and polymers from the interface of similarly charged surfaces. Does this
picture hold in the case of highly asymmetric ions such as polyelectrolytes? This question is

answered in the chapter five” of this thesis. The surface forces between negatively charged silica
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particles in solution of a like-charge polyelectrolyte are studied using colloidal probe AFM.
Indeed, this study confirms the double layer forces in the presence of like-charge polyelectrolytes
can be described using PB theory provided that polyelectrolytes are treated as highly asymmetric
ions. This leads to highly non-exponential double layer forces. The assigned valence to
polyelectrolyte molecules is always smaller than nominal charge of polymer which can be
adequately explained using ion condensation theory. At large distances, structuring of the
polyelectrolytes molecules in bulk generates oscillatory depletion forces. It is shown that the
onset of these oscillatory forces is in fact the distance that the polyelectrolyte molecules deplete
due to the electrostatic repulsion. The PB theory predicts the depletion thickness satisfactory well

which in turn leads to acceptable prediction of phase of the oscillation.

In chapter six,” the interplay of double layer and depletion forces in the presence of like-charge
polyelectrolytes and its mixtures with monovalent salt is studied in more details. The factors
controlling the oscillatory forces are clarified. The validity of PB theory for prediction of double
layer forces in mixtures highly asymmetric and monovalent electrolytes is checked with
extensive direct force measurements. The findings on the dependence of the effective charge of
polyelectrolyte molecules on the salt level and the molecular mass agree well with theoretical
predictions and other experimentations in literature. An interesting observation in this study is
adsorbtion of polyelectrolytes to the like-charged interfaces at intermediate salt and polymer
concentrations. It is found that at the certain concentration of ions, polymer segments can

overcome the electrostatic barrier to adsorb on the similarly charged interfaces.
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ABSTRACT: The colloidal probe technique was used to
accurately measure forces between water—solid interfaces of
negatively charged latex particles in aqueous solutions of linear,
cationic oligoamines of different valence up to roughly +4.
These measurements were realized between pairs of particles
with the atomic force microscope. Monovalent and divalent
amines behave as simple electrolytes, and the forces are
dominated by double layer repulsion at low concentrations and
van der Waals attraction at high concentrations, as suggested
by the classical theory by Derjaguin, Landau, Verwey, and

Overbeek (DLVO). Additional attractive non-DLVO force of a short range can be evidenced, and its origin is attributed to
hydrophobic interaction between the surfaces. Trivalent and tetravalent oligoamines induce a charge reversal and equally an
additional attractive non-DLVO force. The charge reversal originates from the adsorption of these oligoamines to the particle
surface. The additional non-DLVO force is more long-ranged than the ones observed in the presence of amines of low valence.
This additional attraction is probably related to ion—ion correlations, existing surface heterogeneities, and the chainlike nature of

the amines investigated.

B INTRODUCTION

Forces acting between charged interfaces in aqueous
suspensions represent a central question in material sciences
and environmental engineering. Such forces control the
formation of green bodies in ceramic processing, flow of
particle suspensions, formation of particle aggregates in
wastewater treatment, or particle deposition to surfaces.'
These forces can be modified through various additives,
including salts, polymers, or polyelectrolytes.®""” Among
those, salts containing multivalent ions are of particular interest,
as they may induce particle aggregation at substantially lower
salt concentrations than monovalent ones. Such multivalent
ions may include various metal ions, metal ion complexes, but
equally short oligomers of polyelectrolytes.®” ">

The accurate measurements of forces between water—solid
interfaces remained elusive for a long time. The breakthrough
came with the invention of the surface forces apparatus, which
still offers unsurpassed distance resolution.'® >’ More recently,
additional techniques to directly measure surface forces became
available, such as total internal reflection microscopy
(TIRM),*"** optical tweezers combined with videomicro-
scopy,'**** and atomic force microscopy (AFM).'*>%2¢
TIRM and optical tweezers offer an excellent force resolution,
but their distance resolution remains limited to a few
nanometers. The AFM can be used to measure forces involving
colloidal particles by means of the colloidal probe technique,
either in the sphere—plate or in the sphere—sphere geometry.
The latter technique offers a subnanometer distance resolution,

-4 ACS Publications  © 2015 American Chemical Society
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and with modern AFMs, a good force resolution can be
obtained as well. Currently, the colloidal probe technique can
be routinely used to measure forces involving colloidal particles
down to about 1 ym in diameter.'"'>%?7

On the other hand, the theory of forces between charged
water—solid interfaces has a long history. The cornerstone
represents the theory of Derjaguin, Landau, Verwey, and
Overbeek (DLVO), which was developed more than half a
century ago.”® This approach suggests that forces between two
interfaces have two main contributions, namely, an attractive
van der Waals force and a repulsive double layer force.
Subsequently, this approach was refined by considering more
precise models of the respective interactions. The calculation of
van der Waals forces may consider retardation or include effects
of surface roughness.”*>° Double layer forces may be obtained
not only on the basis of Debye—Hiickel theory but also from
Poisson—Boltzmann (PB) theory, and they may include effects
of charge regulation.>' ~>* More recently, it was suggested that
the PB approach may break down due to neglect of ion—ion
correlations or finite size of the ions.***® Forces involving
colloidal particles can be obtained from the plate—plate
geometry by means of the Derjaguin approximation.*®

In recent years, there was a substantial interest whether other
ionic properties, besides their valence, are relevant in
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Table 1. Ionization Properties for the Oligoamine Cations Used

mole fraction and ionization constant”

name” +1 +2

methylamine, N1 >0.99

CH,NH, 10.63

ethyelenediamine, N2 <0.01 >0.99
H,NCH,CH,NH, 9.93 6.85
diethylenetriamine, N3 <0.01 0.33
H,NCH,CH,NHCH,CH,NH, 9.80 8.75
triethylenetetramine, N4 <0.01 <0.01
H,N(CH,CH,NH),CH,CH,NH, 9.73 8.86
pentaethylenehexamine, N6 <0.01 <0.01
H,N(CH,CH,NH),CH,CH,NH, 9.89 9.06

+3 +4 +5 +6
0.67
3.73
0.85 0.15
6.12 2.60
0.01 0.88 0.11 <0.01
6.03 5.77 2.96 1.28

“Chemical name, abbreviation, and chemical formula. “Mole fraction of the species of charge indicated (above) and respective pK value at infinite

dilution (below).

determining forces between colloidal particles. Several authors
have investigated their size, while others have focused on their
shape, or electric multipole moments.>>™%” In this context,
rodlike multivalent ions were investigated in detail.*” The latter
study concluded that rodlike ions lead to weaker attractions
than their point-like counterparts.

In the present work, we experimentally investigate forces
between charged colloidal particles in the presence of linear
aliphatic polyamines with the colloidal probe technique. By
measuring forces between a pair of similar colloidal particles,
one can well realize a symmetric situation. While the ions
investigated have an internal flexibility, they do represent an
experimental realization of the rodlike multivalent ions
discussed above. We explore forces in these systems over a
wide range of concentrations and for different valences. These
forces can be modeled with DLVO theory, provided one
includes an additional attractive force. The present findings are
compared to recent studies of similar systems containing
multivalent ions of simpler structure.

B EXPERIMENTAL SECTION

Materials. Negatively charged sulfate-functionalized poly-
styrene latex particles were purchased from Invitrogen. The
mean diameter of these particles is 3.0 ym and their relative
polydispersity is 4.1%, as determined by the manufacturer with
electron microscopy. The stock dispersion of particles was
dialyzed against pure water with a cellulose membrane having a
cutoff in the molecular mass of 50 kg/mol until the
conductivity of the surrounding solution reached the one of
pure water. Milli-Q water (Millipore) was used throughout.
The particle concentration after dialysis was obtained by
comparing the light-scattering intensities of the dialyzed and
nondialyzed suspensions. The particles have a root-mean-
square (RMS) roughness of 0.8 nm, as obtained by AFM
imaging. The same particles were used in an earlier study,
where more details on their characterization can be found.*®

Oligoamines of linear polyethyleneimine containing different
numbers of amine groups were purchased from Aldrich. Their
chemical formula is given in Table 1. They will be abbreviated
in the following as N1, N2, N3, N4, and N6. In particular, we
used the chloride salts in the case of methylamine hydro-
chloride, ethylenediamine dihydrochloride, triethylenetetr-
amine tetrahydrochloride, and the basic forms of diethylenetri-
amine and pentaethylenehexamine. Stock solutions of oligo-
amines in the concentration range of 4—20 g/L were prepared,
and their pH was adjusted to 4.0 with HCI and KOH. The final

15483

concentrations of oligomers in these solutions were verified
with a total organic carbon and nitrogen analyzer (TOCV,
Shimadzu). The solutions were prepared by dilution of stock
solutions with a 1.0 mM solution of KCI, which was previously
adjusted to pH 4.0. At the experimental conditions used, these
molecules are highly charged, but they are not fully ionized.
The concentration of the different ionic species in the
polyamine solutions was obtained by calculating the fraction
of the differently charged oligoamines at pH 4.0 from tabulated
ionization constants at infinite dilution.’® The resulting
fractions are summarized in Table 1. At higher ionic strength,
the ionic composition was slightly different due screening-
induced shifts of the ionization constants. However, these
differences had only minor effects on the results obtained, and
therefore, the composition at infinite dilution was used
throughout. Control experiments were carried out in KCl
solutions adjusted to pH 4.0. All experiments were performed
at a room temperature of 21 + 3 °C.

Electrophoresis. Charging properties of latex particles were
studied with electrophoresis. The measurements were
performed with a ZetaNano ZS (Malvern Instruments,
Worcestershire, U.K.). Particle suspensions were prepared
with appropriate concentrations of oligoamines at particle
concentrations of 80 and 200 mg/L. They were equilibrated
overnight, and their electrophoretic mobility was obtained as an
average of five individual measurements. The mobility data
were converted to surface potential ({-potential) with Henry’s
model.”® The validity of this model was checked for KCl against
the standard electrokinetic model,** and the respective
differences were maximally 10%, but mostly smaller.

Direct Force Measurements. Forces between two
individual latex particles were measured with the multiparticle
colloidal probe technique. A closed-loop AFM (MFP-3D,
Asylum Research) mounted on an inverted optical microscope
(IX70, Olympus) was used. The glass plate fitting the bottom
of the AFM fluid cell was first cleaned for 2 h in piranha
solution, which was prepared by mixing 98% H,SO, and 30%
H,0, in a volumetric ratio of 3:1. The plate was then rinsed
with pure water and dried in a stream of nitrogen. The dry plate
was cleaned for 20 min in an air plasma (PDC-32G, Harrick,
New York) and finally silanized overnight in an evacuated
container aside a drop of hexamethyldisilazane (Alfa Aesar). A
tip-less cantilever (NSC 12, uMash, Estonia) was cleaned by
plasma treatment for 20 min, silanized as described above, but
only for 2—3 h, and then washed with water.

DOI: 10.1021/acs jpcc.5b04426
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Figure 1. Normalized force profiles in monovalent electrolyte solutions at pH 4.0 for KCI (top) and N1 (bottom). Solid lines are best fits with
DLVO theory including an additional non-DLVO short-range exponential attraction with a range of 0.32 nm. Dashed lines are results of DLVO
calculations without this additional attraction whenever they are visibly different. The triangles depict the slope of the jump-in instability given by the
spring constant of the cantilever. The columns indicate concentration ranges from (a) low with (b) zoom in to (c) high.

The silanized glass plate and cantilever were then mounted in
the AFM fluid cell. The cell was flushed with a latex particle
suspension of a particle concentration of 100 mg/L adjusted to
pH 4.0. The particles were left to deposit on the glass plate for
1 h, and then the cell was amply flushed with the oligoamine
solution several times, and left to equilibrate for at least 20 min.

To carry out the force measurement, the functionalized
cantilever was approached to a particle deposited on the
substrate, which could be picked up by pressing it against the
substrate. The particle attached to the cantilever was then
centered over another particle that remained deposited on the
substrate by observing the interference fringes with the optical
microscope with a lateral precision of about 50 nm. Vertical
approach—retraction cycles were recorded with a sampling rate
of 5 kHz involving the two centered particles with a cycle
frequency of 0.5 Hz and velocity of 500 nm/s. The contact
point was determined from the constant compliance region
with a precision of about 0.5 nm. The forces were calculated
with the spring constant of the cantilever. This constant was
measured by the method by Sader et al,*' which uses the
frequency response of the cantilever and its lateral dimensions.
The resulting spring constants are in the range of 0.1—0.3 N/m.
These values were within 20% with the thermal noise
method.*” Within each electrolyte solution, the measurements
were performed at least for 3 different pairs of particles. At least
100 approach—retraction cycles were recorded for each pair.
For each cycle, the baseline and the constant compliance region
were determined and the resulting force profiles were down-
sampled to 3 kHz and averaged over the approach parts of the
different cycles. This protocol results in a force resolution of
about 0.5 pN. The force profiles were further down-sampled
into bins of 0.5 nm. The force profiles normally did not differ
more than 10% between different pairs of particles. Further
details about the multiparticle colloidal probe technique can be
found elsewhere."*

Data Analysis. The force profiles were fitted to a modified
DLVO theory, whereby the force was decomposed as

F=Fgw+ Ey + Eq (1)

whereby F gy is the van der Waals force, Fy the double layer
force, and F,, an additional attractive force. These contribu-
tions were all evaluated within Derjaguin approximation. The
van der Waals force was approximated by the nonretarded
expression

deW _ H

Ry  6F @)

where H is the Hamaker constant, & the smallest separation
distance between the particle surfaces, and R, the effective
radius, which is given by R = R/2, where R is the average
particle radius. The variations of this quantity due to particle
polydispersity are negligible.

The double layer force was calculated numerically by solving
the full PB equation between two identical charged plates
separated by solution consisting of a mixture of asymmetric
electrolytes within the constant regulation approximation.
Details of these calculations are given elsewhere.'”** The
relevant parameters that enter the calculation are the electric
diftuse layer potential yyp, the regulation parameter p, and the
concentrations of the different ionic species in bulk solution.
When one sets p = 1, one obtains the constant charge boundary
condition, whereas, for p = 0, one has the constant potential
boundary condition. This parameter typically lies in between
these two values. The concentrations of the ionic species were
estimated from the total oligoamine concentration, and the
fractions of the respective species are given in Table 1. The
corresponding additional monovalent electrolyte was equally
considered. The linearized DH solution is grossly inaccurate,
especially when the multivalent ions are the co-ions, and in that
case, the force profile cannot be obtained from the ionic
strength only.””

To rationalize the force curves, it was necessary to introduce
an additional attractive force. In monovalent salt solutions, this
attraction is probably related to the hydrophobic force.** This
force was described by an exponential profile
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Ry (3)

where q7" is the range of this force and A its amplitude (A > 0).

B RESULTS AND DISCUSSION

Direct force measurements with the AFM between pairs of
negatively charged latex particles were carried out in solutions
of multivalent cationic oligoamines over a wide concentration
range at pH 4.0. While these molecules behave like simple
electrolytes for low valence, they induce charge reversal at
higher valences. The force measurements will be discussed
qualitatively first, and subsequently, they will be interpreted
with DLVO theory quantitatively. However, an additional
attractive non-DLVO force is needed to quantify the force
profiles accurately.

Generic Features of the Force Profiles. Let us first recall
the force profiles in monovalent electrolyte solutions. Figure 1
compares the force profiles in KCI solutions (top) and in N1
solutions (bottom). Since N1 is a simple monovalent
electrolyte, the force profiles are very similar in both situations.
At low salt concentrations, the forces are soft and long-ranged,
as characteristic for double layer repulsion (Figure la). With
increasing concentration, the range of this repulsion decreases
due to progressive screening. With increasing salt concen-
trations, these forces become more attractive, and jump-in
instabilities at distances of 2—4 nm can be observed (Figure
1b). A similar instability is expected on the basis of DLVO
theory, since, at short distances, the van der Waals forces
dominate over the double layer repulsion. Within this
instability, the cantilever should follow a straight line with the
slope corresponding to its spring constant, provided that the
mechanical equilibrium is established. The data shown indicate
that the force acting on the cantilever is more repulsive,
probably due to hydrodynamic drag. When the velocity of the
cantilever is comparable to the one of the scanner displace-
ment, the influence of hydrodynamic drag of the probe is
negligible down to distances of about 2 nm. Within this
instability, however, the cantilever will accelerate to higher
velocities, which would lead to higher drag and larger repulsive
forces. At higher salt concentrations, the forces become
attractive at larger distances (Figure 1c). This attraction
principally originates from the van der Waals force, but the
double layer repulsion overrides this force at intermediate
distances. At very short distances, the jump-in is again present
(not shown on the scale of Figure 1c). When the electrolyte
concentration is high, the force profile becomes fully attractive.

Let us now discuss the more complex force profiles in N6
solutions shown in Figure 2. This oligoamine has a charge of
about +4 in the present solution of pH 4.0 (Table 1). The
subfigures summarize different concentration regimes. The
concentrations indicated always refer to the molar concen-
tration of the amino groups. At very low concentrations, the
force profiles are repulsive, soft, and long-ranged (Figure 2a).
These forces are reminiscent of the ones observed in
monovalent salt solutions, and they again originate from
double layer repulsion. With increasing concentration, the
forces weaken rapidly, and become fully attractive (Figure 2b).
When the concentration is increased further, however, the
forces become repulsive. These repulsive forces are again soft
and long-ranged, indicating that they originate from repulsion
between charged double layers. The natural interpretation of
this reentrant transition is a charge neutralization and
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Figure 2. Normalized force profiles in solutions of N6 at pH 4.0. Solid
lines are best fits with DLVO theory including an additional non-
DLVO short-range exponential attraction with a range of 1.0 nm.
Dashed lines are results of DLVO calculations without this additional
attraction whenever they are visibly different. The concentration of the
amine groups increases from (a) through (d).

subsequent charge reversal due to adsorption of the positively
charged polyamines. The charge neutralization point occurs at a
concentration of around 11 xM, and at higher concentrations,
the particles become positively charged. A similar charge
reversal was reported for smaller negatively charged particles
with the same oligoamines based on electrophoresis and
aggregation rate measurements.”> When the concentration is
increased further, the range of the double layer repulsion
decreases due to screening (Figure 2c). At concentrations
above 100 mM, van der Waals attraction starts to dominate the
interaction at larger distances, but double layer repulsion still
remains important at smaller distances (Figure 2d). When the
N6 concentration is increased further, the double layer
repulsion gets screened completely, and the force profile
remains fully attractive.

Figure 3 shows the force profiles for N2, N3, and N4. The
profile for N2 resembles the behavior of simple electrolytes
with the difference that the transition from repulsive double
layer forces to attractive van der Waals forces occurs at lower
concentrations. This shift can be rationalized by adsorption of
N2 to the particle surface, which leads to a reduction of the
surface charge. On the other hand, the behavior of N4 is
reminiscent of N6. One also observes a charge reversal, but the
charge neutralization point occurs at a substantially higher N4
concentration, namely, around 2.1 mM. This shift can be
rationalized by the fact that N4 adsorbs more weakly than N6.
The behavior of N3 lies in between. The forces are more
attractive at larger distances than for N1 and N2, which can be
explained by the fact that the surface charge is neutralized at
high N3 concentration. However, the adsorption of N3 is not
sufficiently strong such that a charge reversal would occur.

A relevant question is whether additional attractive
interactions are present. Figure 4 addresses this question by
comparing attractive force profiles at high concentrations with
the ones at the charge reversal point. DLVO theory suggests
that no double layer forces should be present, due to either
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Figure 3. Normalized force profiles in solutions of N2, N3, and N4 at
pH 4.0 (top to bottom). Solid lines are best fits with DLVO theory
including an additional non-DLVO short-range exponential attraction
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lines are results of DLVO calculations without this additional
attraction whenever they are visibly different. The columns indicate
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Figure 4. Normalized attractive force profiles in the presence of
various oligoamines or KCl. The concentrations refer to molar
concentrations of the amino groups, except for KCI, where the molar
concentration is used. At high concentrations, the force profiles follow
the van der Waals force inherent to DLVO theory with a Hamaker
constant of 3.5 X 107! J (dashed line). At the charge neutralization
point that occurs at lower concentrations for N4 and N6, the forces are
more attractive. They can be described with the van der Waals forces
and an additional non-DLVO exponential attraction with a range of
1.0 nm and amplitude of 4.0 mN/m.

screening at high salt concentrations or charge neutralization at
lower concentrations, and thus solely attractive van der Waals
forces should exist. At high concentrations, one observes a
common attractive force, which corresponds to the van der
Waals attraction. However, the force curves recorded close to
the charge neutralization point for N4 and N6 are more
strongly attractive. This additional attraction is a non-DLVO
force. Such an additional attractive force probably occurs quite
universally in the presence of multivalent counterions, since
similar additional forces were reported for latex particles in the
presence of simple trivalent and tetravalent ions,">** and for
silica surfaces in the presence of trivalent cations.”

Modeling with DLVO Theory. The measured force
profiles were modeled with DLVO theory quantitatively. Our
approach relies on the Derjaguin approximation, nonretarded
van der Waals forces, and the full solution of the PB equation
for a mixture of asymmetric electrolytes within the constant
regulation approximation. These approximations are appro-
priate for the present system. The parameters entering the
DLVO theory are the Hamaker constant H, diffuse layer
potential yp, and the regulation parameter p of the isolated
surface. The solution of the PB equation also requires the ionic
concentrations in the bulk solution, but these concentrations
are known from the concentration of the oligoamines used and
the respective solution speciation due to ionization equilibria
(Table 1). Therefore, all ionic concentrations were fixed to the
known values in all calculations. In some cases, we have also
adjusted the total oligomer concentrations, and the fitted
concentrations were always within 10% of the actual
concentrations.

However, some features of the force profiles cannot be
quantified with DLVO theory. In the monovalent electrolytes,
the deficiencies mainly concern the position of the jump-in. In
the presence of multivalent ions, the measured attractive forces
are stronger than the van der Waals force near the charge
neutralization point, and even more so above this point. This
additional non-DLVO force was modeled with a simple
exponential given in eq 3.

For the monovalent salts, the best fits with the DLVO model
including the additional exponential attraction are shown in
Figure 1. At low salt concentrations, typically below 30 mM, the
force profile is mainly determined by forces acting between
double layers, and the profile mainly depends on the diffuse
layer potential yp, and the regulation parameter p. These two
parameters were extracted from these force profiles under these
conditions. The regulation parameter was found to be
approximately independent of concentration over the concen-
tration range of 1—50 mM. The mean values were 0.41 + 0.03
for KCI and 0.81 + 0.05 for N1. For this reason, these
parameters were fixed to their mean values.

The Hamaker constant was extracted by fitting the force
profiles at high salt concentration (Figures 1c). The extracted
value is close to the value of 3.5 X 107! J given for the same
particles previously.>® This value should be contrasted to the
much larger values of near 1.0 X 1072° J that result from the full
Lifshitz calculation.””* The discrepancy probably originates
from the presence of surface roughness, which was measured to
have an RMS value of about 0.8 nm. This reduction of the van
der Waals attraction results from a combination of retardation
and roughness effects. Retardation reduces the apparent
Hamaker constant at larger distances, whereas roughness
effects are important at small distances. The combination of
both effects results in an apparent Hamaker constant that
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shows a broad maximum at distances of several nanometers. In
this region, the van der Waals interactions can be well
approximated with the nonretarded expressions, but with a
smaller Hamaker constant. In this fashion, a Hamaker constant
of 2.0 X 107" J could be rationalized with the measured RMS
roughness of 1.1 nm for another type of latex particles.”® This
picture is consistent with the fact that the Hamaker constant
measured here is somewhat larger, but accordingly the surface
roughness is smaller.

When one combines double layer forces and van der Waals
forces with the Hamaker constant reported above, the
transition between the repulsive and attractive regime cannot
be described very well, especially at short distances. In
particular, the position of the jump-in is predicted at
substantially smaller distances than observed (Figure 1b).
This deficiency can be remedied by introducing an additional
attractive exponential force given in eq 3. By fixing the
regulation parameter and the Hamaker constant, we have fitted
the entire data set including the additional attractive force, and
we obtained the two additional parameters, namely, the range
q~" and the amplitude A. The range varies relatively weakly, and
we found a mean value for g of 0.32 + 0.03 nm. By fixing this
value to its mean and refitting the entire data set, we obtain the
final set of diffuse layer potentials g, and amplitudes A. These
values are shown in Figures 5 and 6a.
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Figure 5. Comparison of surface potentials obtained from AFM and
from electrophoretic mobility (EM) versus the concentration for
different oligoamines or KCI at pH 4.0. The concentration refers to
molar concentration of the amino groups, except for KCl, where the
molar concentration is used. Charge neutralization points occur at 2.1
mM and 11 M for N4 and N6, respectively. The electrophoresis
experiments were carried out for N6 at two particle concentrations.
They suggest that the adsorbed amount is negligible, and that the
concentration shown corresponds to the free equilibrium concen-
tration. The lines help to guide the eye only.

The diffuse layer potentials obtained from the force
measurements are compared with surface potentials extracted
from electrophoretic mobility (Figure S). The electrophoresis
results further confirm that the particles are negatively charged.
The surface potentials increase with the salt concentration, as
one would expect from the progressive screening of the surface
charge. While the overall trends of the potentials obtained by
the two different techniques agree, the magnitude of the electric
potentials obtained by electrophoresis is larger. Similar
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Figure 6. Amplitude of additional non-DLVO exponential attraction
versus the concentration for different oligoamines and KCl at pH 4.0.
The concentration refers to molar concentration of the amino groups,
except for KCl, where the molar concentration is used. (a) For N1,
N2, and KC, the decay lengths are 0.32 nm, and (b) for N3, N4, and
N6, 1.0 nm. The lines help to guide the eye only.

discrepancies were reported for other systems.’”*¢ This
discrepancy could originate from lateral heterogeneities of the
surface charge of the latex particles. The presence of such
heterogeneities was confirmed on similar particles by rotational
electrophoresis of particle doublets.*’” These heterogeneities
might also induce rotational motion of the individual particles,
which would lead to an enhancement of the electrophoretic
mobility.**

The amplitude of the additional non-DLVO force decreases
with increasing salt concentration (Figure 6a), whereby its
magnitude is somewhat weaker for the N1 system than for KCL.
Accordingly, the distance of the jump-in in the N1 systems
around 1.8 + 0.1 nm is smaller than 2.5 + 0.4 nm in KCl. We
suspect that this additional attractive force is probably of
hydrophobic origin. The fitted mean range of 0.32 nm is fully
consistent with the range of the hydrophobic force obtained
with the surface forces apparatus'®*® and theoretical
approaches.*”*° Note that we can only affirm that the present
measurements are consistent with an exponential distance
dependence of the additional attractive force. Given the
experimental noise in the force measurements, one could
probably find other functional dependencies that would also be
compatible with the data.

A similar fitting strategy was used for the multivalent
oligomers. The Hamaker constant was fixed to 3.5 X 107! J as
before, and this assumption was consistent with the observed
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force profiles at high concentrations in all systems studied
(Figure 4). The force profiles could also be described with
regulation parameters that are independent of the oligomer
concentration. No systematic differences between N3, N4, and
N6 were found. The mean value of these regulation parameters
was 0.15 + 0.03. For the multivalent oligomers, their values
were substantially lower than those for the monovalent ones.
This observation is probably related to the fact that the
multivalent oligoamines adsorb more strongly, allowing the
charge to be regulated more easily. The additional attractive
force was equally necessary to describe the force profiles,
whereby its range could be assumed to be independent of the
oligomer concentration. For N2, the decay length of 0.32 nm
obtained for the monovalent ions was consistent with the data,
but for N3, N4, and N6, its value was significantly larger.
Neither differences between these oligomers nor trends with
the concentration could be established, and the overall average
yields 7' = 1.00 + 0.05 nm. This parameter was fixed to the
average value in the following. In this fashion, the model again
contained only two fitting parameters, namely, the diffuse layer
potential Y, and the amplitude A.

The values of these parameters are given in Figures 5 and 6b.
For the multivalent ions, the diffuse layer potentials are in good
agreement with the electrophoresis measurements. In partic-
ular, electrophoresis confirms the existence of the charge
reversal for N4 and N6. The discrepancies between the surface
potentials obtained by AFM and by electrophoresis described
above are also apparent for N2. The good agreement between
surface potentials obtained from electrophoresis at two different
particle concentrations for N6 suggests that the adsorbed
amount is negligible with respect to the amount in solution.”">*
Correspondingly, the total concentration in these experiments
corresponds to the free concentration in solution. Deviations
occur only at concentrations below 107° M, where the adsorbed
amount is no longer negligible with respect to the total amount
of N6. While deviations to the diffuse layer potentials obtained
from AFM are equally apparent under these conditions, this
concentration range is outside the scope of the present study.

The presence of the additional non-DLVO attraction is
obvious for N4 and N6 at the neutralization point. As shown in
Figure 4, an additional exponential force profile with a range of
1.0 nm can rationalize the observed dependence reasonably
well. In the presence of multivalent ions, the amplitude of the
additional attraction is approximately constant at lower
concentration, but increases even further after the charge
reversal, and finally decreases rapidly at very high concen-
trations (Figure 6b). A possible interpretation of this additional
force is due to ion—ion correlation effects. The PB theory treats
the ionic distributions on a mean-field level, and considerations
of correlations between the ions introduces new effects,
including charge reversal and additional attractive forces.**™>°
The predicted range of these forces is in the subnanometer
range,30’47 but could be compatible with present observations.
This elucidation might be not as straightforward as it may seem,
since similar attractive non-DLVO forces were observed in
solutions containing simple multivalent ions between latex
particles and silica surfaces.”®%* In these systems, however,
the range of these additional forces was 2—3 nm, which is much
larger than what one would expect for ion—ion correlation
forces. The interpretations put forward for this larger
interaction range invoked existing surface heterogeneities or
slight asymmetry between the surfaces. Sivan and co-workers
have also observed similar additional attraction in the presence

of trivalent cobalt complexes.® They fitted this attraction to an
exponential force profile with a range situated between 0.9 and
2.5 nm. These additional attractive forces are probably related
to ion—ion correlations,>* ¢ which could lead to the formation
of ordered adsorbed layers on the particle surface. However,
these forces could be also influenced by surface charge
hetero§eneities or thermal fluctuations of the surface
charge."**** While the presence of the oligomers could also
induce depletion forces, their range and strength are expected
to be too small to be measurable.

The reason for the reduced range of the additional attractive
force in the present system with respect to the earlier reports
discussed above”®'>** could be related to the chainlike nature
of the ions used, but could also be a consequence of the fact
that the adsorbed layers are more homogeneous. In contrast to
these experiments, theoretical analysis of forces induced by
rodlike multivalent ions actually suggests that the range of
attractive forces should be somewhat larger than that for point-
like ions.”” That study, however, assumed perfectly rigid rods,
while the present oligomers surely show some flexibility.

H CONCLUSION

Forces between negatively charged latex particles were
measured in aqueous solutions of linear oligoamines of different
valence. Highly charged oligoamines lead to a charge reversal
and further induce an additional attractive force. The charge
reversal can be explained by adsorption of these cationic
chainlike ions to the negatively charged particle surface. The
additional non-DLVO force is consistent with an exponential
force profile with a range of 1.0 nm. Its magnitude increases
with increasing concentration, goes through a maximum, and
vanishes at high concentration. This additional attraction is
probably related to ion—ion correlations, but it could also be
influenced by existing surface heterogeneities and the chainlike
nature of the ions investigated. Additional experiments and
calculations are needed to elucidate the precise nature of this
non-DLVO force.
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Nanometer-ranged attraction induced by
multivalent ions between similar and dissimilar
surfaces probed using an atomic force
microscope (AFM)

Mohsen Moazzami-Gudarzi, Gregor Trefalt, Istvan Szilagyi, Plinio Maroni and
Michal Borkovec*

Direct force measurements between positively charged amidine latex (AL) and negatively charged sulfate
latex (SL) particles are carried out using an atomic force microscope (AFM). Forces between three
different pairs, namely AL-AL, AL-SL, and SL-SL, are measured in solutions containing multivalent cationic
aliphatic hexamines (N6) and in simple monovalent KCl solutions. The classical theory of Derjaguin,
Landau, Verwey, and Overbeek (DLVO) can rationalize the observed force profiles very well, provided the
PB equation is solved for the appropriate asymmetric electrolyte and charge regulation effects are
included in the analysis. However, the DLVO description is typically valid only at distances beyond several
nanometers. At shorter distances, a short-ranged non-DLVO attraction is present, which can be modeled
with an exponential force profile. In KCl solutions, the range of this attraction is around 0.3 nm. In N6
solutions, the range of this attraction is about 1.0 nm in the SL-SL system, 0.6 nm in the AL-SL system,

www.rsc.org/pccp and 0.3 nm in the AL-AL system.

Introduction

Multivalent ions strongly affect interactions between charged
colloidal particles in electrolyte solutions, and this aspect is
essential for numerous applications, such as water purification,
concrete hardening, or rheology of drilling fluids."” Inter-
actions in biological systems are equally strongly influenced
by multivalent ions (e.g., phosphate, spermine, spermidine).>”
For this reason, substantial effort is devoted to the investiga-
tion of the forces acting in such systems, both experimentally
and theoretically. On the experimental side, one could recently
witness the development of reliable tools capable of measuring
forces between individual colloidal particles down to sub-
nanometer distances. These methods include the colloidal
probe technique based on the atomic force microscope (AFM)®®
and video microscopy combined with optical or magnetic
tweezers.” "> These techniques were used to investigate the
influence of multivalent ions on the forces acting between
colloidal particles or inducing polyelectrolyte collapse.>*"?
On the theoretical side, computer simulations and various
approximation schemes (e.g., integral equations, density func-
tionals) were employed to better understand the influence of
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electrostatic interactions on the forces acting between charged
interfaces and those determining polyelectrolyte conformations
in the presence of multivalent ions.>*"*™*°

The classical view relies on the theory of Derjaguin, Landau,
Verwey, and Overbeek (DLVO)."” This theory suggests that forces
acting between colloidal particles are principally governed by van
der Waals and double layer interactions, whereby the latter ones
are being estimated by the Poisson-Boltzmann (PB) mean-field
model. At the same time, however, one must postulate that
multivalent ions specifically adsorb to the particle surface, thereby
modifying the diffuse layer potential and, as a consequence, the
double layer forces. The knowledge of the adsorption character-
istics of these ions thus becomes essential within this approach.®

Modern theories treat electrostatic interactions between
the ions beyond the mean-field PB approximation and include
ion-ion correlation effects.'*'* An interesting consequence of
this approach is that electrostatic interactions alone may lead
to the adsorption of multivalent ions, and induce a charge
reversal.'®"® However, researchers disagree whether additional
specific interactions are relevant or not. Another significant
prediction of such theories is that electrostatic interactions may
induce additional attractive forces, which cannot be simply
explained within the traditional DLVO theory.'**° However,
interaction forces between particles may further be influenced
by additional effects, including finite ionic size, image charge
contributions, or the shape of ions.*>***2
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The theoretical effort has been accompanied by numerous
experimental studies, even though the latter activity was possibly
less intense. Nevertheless, the surface force apparatus was used
early on to study the influence of multivalent ions on the forces
acting between mica surfaces.>® Reliable measurements involving
colloidal particles and multivalent ions are relatively recent, and
they mostly rely on the colloidal probe technique. Such force
measurements involving a silica particle and an amino-
functionalized substrate did provide evidence that multivalent
counterions induce a charge reversal of the silica particle.”* These
measurements further confirmed the close relation between
double layer forces and {-potentials obtained from electrokinetic
studies.®*® Force measurements between two similar colloidal
latex particles lead to similar conclusions.”'*?® However, these
experiments have further suggested that multivalent ions may
induce additional attractive non-DLVO forces."**” While their
origin could not yet be clearly established, they have an exponen-
tial distance dependence. However, so far such non-DLVO forces
have not been reported in systems involving two oppositely
charged surfaces in the presence of multivalent ions.

We have recently studied negatively charged colloidal particles
in the presence of oligomeric aliphatic amines by electrokinetic
techniques and direct force measurements.”®*® Under mildly
acidic conditions, these oligoamines form multivalent ions due
to partial ionization of the amino groups. In particular, penta-
ethylenehexamine (N6) leads to a substantial charge reversal
and also induces the typical attractive non-DLVO force.>® For
this reason, we decided to investigate the forces between
oppositely charged particles in the presence of this oligoamine.
In particular, we focus on positively charged amidine latex (AL)
and negatively charged sulfate latex (SL). By quantitatively
interpreting the forces acting between three different AL-AL,
AL-SL, and SL-SL particle pairs, the present investigation goes
substantially beyond the previous study, where only results for
the SL-SL system were reported.>® By scanning a wide concen-
tration range of N6, we are able to identify the attractive non-
DLVO force in the asymmetric system for the first time.

Experimental
Materials

Positively charged amidine-terminated polystyrene latex (AL)
and negatively charged sulfate-terminated polystyrene latex (SL)
particles were purchased from Invitrogen. The mean diameters
of AL and SL particles were 0.95 um and 3.0 pm with relative
polydispersities of 3.6% and 4.1%, respectively, as determined
by the manufacturer by transmission electron microscopy. The
aqueous stock particle suspensions were dialyzed until the
conductivity of the surrounding solution reached that of pure
water, which typically lasts about one week. A cellulose
membrane having a cut-off of 50 kg mol ! was used for both
particles. In order to determine the particle concentration in
the final dispersions, the light scattering intensities of dialyzed
suspensions were calibrated through the ones without dialysis
of known concentrations. AFM imaging was used to establish
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that the root-mean square roughness of both types of particles
is <0.8 nm. The same particles were used in previous studies,
where more details on the characterization can be found.***°

All measurements were performed in aqueous solutions
prepared using Milli-Q water (Millipore) at room temperature
of 21 + 3 °C. Pentaethylenehexamine (N6) with the structural
formula H,N(CH,CH,NH),CH,CH,NH, was purchased in basic
form from Sigma-Aldrich. Stock solutions of N6 were prepared
in the concentration range of 4-20 ¢ L™, and adjusted to
pH 4.0 with HCI. The final concentration in stock solutions
was measured using a total organic carbon and nitrogen
analyzer (TOCV, Shimadzu). The solutions to be used in the
experiments were prepared by dilution of stock solutions with
a 1.0 mM KClI solution, which was also previously adjusted to
pH 4.0 with HCI. N6 is not fully charged under these conditions
and the precise ionic composition in solution was calculated
based on the tabulated ionization constants at infinite dilution.
This solution contains 1% of the species with a +3 charge, 88%
with +4 charge, and 11% with +5 charge.”® The contour length
of this molecule is 2.0 nm. This molecule assumes a coiled
conformation in solution with a radius of gyration of <1 nm.
Further experiments were performed in KCI solutions at pH 4.0.

Electrophoresis

The particle charge was studied by electrophoresis using Zeta-
Nano ZS (Malvern Instruments, Worcestershire, UK). Particle
suspensions were prepared at particle concentrations of about
80 mg L™ " in the appropriate solutions of N6 and/or KCl. The
samples were equilibrated overnight and the average of at least
5 mobility measurements was taken. The electrophoretic mobility
was converted to the electrokinetic potential ({-potential) using
Henry’s model. This model was found to be accurate within 10%
for KCl when compared with the results of the standard electro-
kinetic model."”*

Electrophoresis experiments were used to demonstrate that
N6 is almost entirely dissolved in solution and that the quantity
adsorbed is negligible with respect to the one in the solution
phase. Electrophoresis measurements were carried out at
different particle concentrations for the SL system, which clearly
indicate that N6 adsorbs and induces a charge reversal.>® One
finds that the electrophoretic mobilities are independent of the
particle concentration for the same N6 concentration, and there-
fore one can conclude that only a negligible fraction of N6 is
adsorbed in the relevant range of particle concentrations.*> For the
AL system, the electrophoretic mobility of the particles was
compared for KCl and N6 solutions. The mobility values were
converted to surface charge density using the standard electro-
kinetic model combined with the PB model and plotted versus the
ionic strength. For the N6 solutions, the ionic strength was
calculated by including the appropriate distribution of charged
species discussed above. The data for both systems collapse, which
suggests that the adsorption of N6 to AL particles is negligible.

Direct force measurements

Forces between a pair of latex particles were measured with the
multiparticle colloidal probe technique. A closed-loop AFM

This journal is © the Owner Societies 2016
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(MFP-3D, Asylum Research) mounted on an inverted optical
microscope (IX70, Olympus) was used. The glass plate fitting
the bottom of the AFM fluid cell was cleaned in piranha
solution consisting of a mixture of 98% H,SO, and 30% H,0,
in a volumetric ratio of 3: 1 for 2 h. Subsequently, the plate was
washed with pure water, dried in a stream of nitrogen, and
treated for 20 min in an air-plasma (PDC-32G, Harrick, New
York). The plate was finally silanized overnight in an evacuated
container with hexamethyldisilazane (Alfa Aesar), and rinsed
with pure water afterwards. A tipless cantilever was cleaned
using the plasma cleaner and silanized in the same fashion,
except that the silanization time was reduced to 2-3 h.

The silanized glass plate and the cantilever were then mounted
in the AFM fluid cell, and a Teflon spacer was introduced to avoid
mixing of the two types of latex particle suspensions during
deposition. Colloidal suspensions of AL and SL at a particle
concentration of about 100 mg L~ " were prepared and adjusted
to pH 4.0. Initially, the AL suspension was injected into the cell on
the left hand side of the spacer and left to deposit for about 1 h.
The cell was then thoroughly flushed with 1.0 mM KCl solution of
PH 4.0. Subsequently, the SL suspension was injected into the cell
on the right hand side of the spacer and left to deposit for another
hour, and the cell was flushed with the 1.0 mM KCI solution
again. Finally, the spacer was removed and the cell was amply
flushed with KCI or N6 solutions of the appropriate concen-
tration, and left to equilibrate for at least 20 min.

To perform the force measurements, the functionalized
cantilever was approached to the substrate, and one particle
was picked up by pressing the cantilever against the substrate.
The AL and SL particles could be easily distinguished due to the
different size. Once one of the particles was picked up, it was
centered above another particle by observing the interference
fringes using an optical microscope. Centering could be
achieved with a lateral precision of about 50 nm. After aligning
the particles, vertical approach-retraction cycles were recorded
with a sampling rate of 5 kHz. The approach velocity was
500 nm s~ ' and a cycle frequency of 0.5 Hz was used. For each
particle pair, at least 100 cycles were recorded. The contact
point was determined from the onset of the constant compli-
ance region with a precision of about 0.5 nm. This region was
perfectly linear, which confirms that the deformation of the
latex particles is negligible in the contact region. The cantilever
deflection was converted to forces by Hook’s law with the
spring constant of the cantilever. This constant was obtained
from the frequency response of the cantilever and its lateral
dimensions as proposed by Sader et al.** The resulting values
were about 0.1-0.4 N m ™' and were within 20% of the values
obtained by the thermal noise method.” The force profiles were
obtained by down-sampling of the traces to 3 kHz and aver-
aging the approach parts of the different cycles, resulting in a
force resolution of about 0.5 pN. For better graphical display,
the final force curves were further averaged in distance bins of
0.5 nm. At least 3 particle pairs were examined, and for these
pairs the force curves were typically reproducible within 10%,
see Fig. 1a. Within the same solution, the three different types
of particle pairs could be realized in sequence, namely AL-AL or
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Fig. 1 Reproducibility of the measured force profiles in solutions of N6 in
1.0 mM KCl and pH 4.0 at the concentrations indicated. (@) Comparison of
different pairs of particles in the symmetric AL—AL and SL-SL geometries. (b)
Comparison of the two realizations of the asymmetric AL-SL system, either
with the SL on the cantilever and the AL particle on the substrate, or vice versa.

SL-SL in the two symmetric geometries (similar surfaces) and
AL-SL in the asymmetric geometry (dissimilar surfaces). We have
also compared results measured in two different geometries. First,
an AL particle was attached to the cantilever and measured
against a SL particle attached to the substrate. Second, a SL
particle was attached to the cantilever and measured against an
AL particle attached to the substrate. Both geometries gave very
similar results as illustrated in Fig. 1b and they were both used to
measure the force profiles in the asymmetric AL-SL systems.

Data analysis

The force profiles were interpreted in terms of a modified
DLVO theory. The measured force profile was fitted to the
following form:

F=Fqqw + Fq + Fay )

where F,qw represents the van der Waals force and Fy; the
double layer force. These two terms correspond to the DLVO
contribution, while F, is a short-ranged attractive non-DLVO
term. The van der Waals force is modeled with the non-retarded
form, namely'”

Fuaw H
= 2
Resr 6h? )
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where H is the Hamaker constant, % is the separation distance
between the surfaces of the particles, and R is the effective
radius. The latter quantity is given by the relation

Rett " =R, '+Ry " (3)

where R, and Rg are the radii of the particles o and p. Due to the
low polydispersity of the samples, we use the average particle
radii. This expression makes use of the Derjaguin approxi-
mation, which assumes that the effective radius is much larger
than the range of interaction forces.” This condition is well
satisfied for the particles used here.

The double layer force was evaluated from the PB theory in
the plate-plate geometry numerically. This theory describes the
electrostatic potential profile y(x) as a function of the position

x, whereby the two surfaces are located at x = =+h/2. The
potential profile satisfied the PB equation

d>y q ool

—r__ 1 oo ziqV/(kT)

dx? — £ & zicie” (4)

where g is the elementary charge, ¢, the permittivity of vacuum,
¢ the dielectric constant, k the Boltzmann constant, and T the
absolute temperature. The electrolyte solution contains ions of
number concentration ¢; and valence z;, and the index 7 runs
over the different ions. This equation is solved for a given
separation % subject to the constant regulation (CR) boundary
conditions

dy

dx x=+h/2

es =0~ WD) b))
where o, 4, and C® are the surface charge density, the
diffuse layer potential, and the inner layer capacitance of the
respective isolated surfaces. The surface charge density is given
by the charge-potential relationship

1/2
oL = {ZkTs()eZc,- [efz"”‘/’i/(”) - 1} } (6)

This relation is valid for . > 0, while o, must be set to be
negative when . < 0. Instead of referring to the inner layer
capacitance, we introduce the regulation parameter

cy)

S R ) (7)
cy) + e

P+ =
where C is the diffuse layer capacitance of the isolated layer
and is given by C” = do,/dy .. The advantage of introducing
the regulation parameter is that it assumes simple values for the
classical boundary conditions. For constant charge (CC) condi-
tions one has p, = 1, while constant potential (CP) conditions
correspond to p, = 0. Once the potential profile is known, one
can calculate the swelling pressure from the relation

—ziq g dl,b :
n:kTZ:qF WW”—q-fgcﬂ) ®8)

This pressure is then integrated to obtain the interaction surface
energy, which is then converted to the interaction force by means
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of the Derjaguin approximation, resulting in the relation
F 00
a4 2nJ m(K)di (9)
Retr h

here, the PB equation is solved in the KCI system for a 1:1
electrolyte, while in the N6 system for a respective mixture of
1:1,3:1,4:1,and 5:1 electrolytes. Displacement of the plane of
origin of the double-layer with respect to the contact point by
distances below 1 nm has small effects on the calculated force
profiles in the concentration range considered. More details on
the numerical procedure can be found elsewhere.**

The short-ranged attractive non-DLVO force is modeled with
a simple exponential profile

F’xltt
Rer

= —Aype 0"

(10)
where A,p is the amplitude and g,5 ' is the range of the
interaction occurring between particles o and B. The observed
additional short ranged forces could be successfully described
with this functional form in systems containing monovalent
and multivalent ions. This observation is in line with previous
studies.>”*®3> The respective parameters will be discussed for
the three SL-SL, AL-AL, and AL-SL pairs of particles in the
following sections.

Results and discussion

We present direct force measurements between similar and
dissimilar particle surfaces in the same electrolyte solutions
carried out using the atomic force microscope (AFM). In
particular, we study interactions between micrometer-sized
positively charged amidine latex (AL) particles and negatively
charged sulfate latex (SL) particles in the symmetric AL-AL and
SL-SL as well as asymmetric AL-SL geometries. For brevity, we
will sometimes denote the AL particles by a + sign and the SL
particles by a — sign. This sign refers to the charge of the bare
particle. These particles are mainly studied in solutions con-
taining the aliphatic hexamine, denoted as N6, which adsorbs
to the SL particles in a flat conformation and induces charge
reversal.?® The three combinations ++, +—, and —— are realized
in various electrolyte solutions in the same fluid cell. All
experiments are carried out at pH 4.0, whereby N6 predomi-
nantly forms tetravalent cations. These experiments are further
compared with those in monovalent KCI solutions.

Monovalent salt solutions

The measured force profiles in KCI solutions are shown in
Fig. 2. The left column shows the measurements at low salt
concentrations, while the right column shows the measure-
ments at higher concentrations. The top row (Fig. 2a) shows the
results for the symmetric AL-AL system, the middle row
(Fig. 2b) for the asymmetric AL-SL system, and the bottom
row (Fig. 2c) for the second symmetric SL-SL system. At high
salt concentrations, the forces are attractive and very similar for
all the different pairs studied. These attractive forces originate
from van der Waals interactions. At lower salt concentrations,
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Fig. 2 Comparison of experimental force profiles involving amidine latex
(AL) and sulfate latex particles (SL) in KCl solutions at pH 4.0 with
calculations based on DLVO theory and those with an additional non-
DLVO attraction. Low concentrations are shown in the left column and
high concentrations in the right one. The triangles indicate the slope of
the expected jump-in instability based on the cantilever spring constant.
(@) AL-AL, (b) AL-SL, and (c) SL-SL.

the forces are repulsive for the symmetric AL-AL and SL-SL
systems, while they are attractive for the asymmetric AL-SL
system. This behavior is typical for double-layer forces. The
interacting particles bear the same charge for the symmetric
systems, leading to electrostatic repulsion. For the asymmetric
systems, the particles are oppositely charged, leading to elec-
trostatic attraction. With increasing salt concentration, the
electrostatic interactions are progressively screened, and their
contribution disappears at higher concentrations, typically
above 100 mM. This behavior is in agreement with DLVO
theory. When the forces become strongly attractive, the force
profile may not be accessible due to the mechanical jump-in
instability of the cantilever. The triangles in Fig. 2 indicate the
critical slopes that are given by the spring constant of the
cantilever.

The agreement with DLVO theory is only qualitative, how-
ever. Quantitative data analysis reveals that additional non-
DLVO contributions are important at small separations, and
they can be described with an attractive exponential force law
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given by eqn (10). Best fits of the experimental force profiles
with DLVO theory including this non-DLVO contribution are
shown as solid lines in Fig. 2. For comparison, results of the
DLVO theory without additional attractive contributions are
also shown as dashed lines. One observes that DLVO theory is
insufficient to model the profiles at intermediate salt concen-
trations or at smaller distances, especially close to the jump-in
occurring around 2 nm.

The quantitative data analysis was carried out according to
the following strategy. Initially, van der Waals forces were studied
at high salt concentrations, namely in 500 mM KCI solutions.
These forces can be only reliably measured under these condi-
tions, since otherwise they are masked by the repulsive double-
layer forces. Under these conditions, the double layer interactions
are fully screened. The results for the symmetric AL-AL and
SL-SL, and the asymmetric AL-SL geometries are shown in
Fig. 3. One observes that the data for the three systems coincide
within experimental error. The distance dependence can be rather
well described using eqn (2) with the common Hamaker constant
of H=(3.5 £ 0.1) x 10 >"J. At larger distances, the experimentally
observed force is somewhat weaker than the calculated one,
probably due to retardation effects. The reported Hamaker con-
stant is in line with previous studies of the same particles.?*>° The
value is substantially smaller than the non-retarded value of
14.0 x 107> J calculated from the dielectric spectra of polystyrene
and water from the Lifshitz theory."”*° This discrepancy is caused
by the combined effect of roughness and retardation, which has
been discussed in detail for a similar type of latex particles
elsewhere.®” These effects basically eliminate the salt dependence
of the Hamaker constant. They further result in very similar
Hamaker constants for the SL and AL particles, probably by
coincidence.

Once the Hamaker constant was determined, the force
profiles shown in Fig. 2 were quantified in three subsequent
steps. In the first step, the force profiles involving the
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Fig. 3 Experimental force profiles involving different combinations
of amidine latex (AL) and sulfate latex particles (SL) at pH 4.0 in
500 mM KCl and in the multivalent N6 systems at a concentration of
520 mM of the amino groups. The solid line is the non-retarded van der
Waals force with a Hamaker constant of H = 3.5 x 102! J. This value is
used in all calculations.
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symmetric AL-AL pairs were analyzed (Fig. 2a). Initially, the
DLVO theory was used, whereby the double layer forces are
calculated using the non-linear PB equation for a simple
electrolyte. This description is capable of quantifying the force
profiles at larger distances, and yields good estimates of the
surface properties, namely the diffuse layer potential and
the regulation parameter. At shorter distances, however, the
calculated force profiles are more repulsive than the experi-
mental ones. This deficiency can be remedied by adding the
exponential attractive non-DLVO contribution given by eqn (10)
to the profile. With this modification, the resulting profiles
describe the position of the jump-in reasonably well. At smaller
distances than the position of the jump-in, the experimental
force profiles become unreliable due to the existing mechanical
instability and contributions from hydrodynamic interactions.
By performing a least-squares fit with the model given by
eqn (1), one obtains four different parameters, namely the
diffuse layer potential v, the regulation parameter p., as well
as the range and the amplitude of the non-DLVO force, namely
q++’1 and A,,. Among the fitted parameters, the regulation
parameter and the range of the non-DLVO force remained
relatively independent of the concentration, leading to the
values p, = 0.41 4+ 0.03 and ¢, ' = 0.35 % 0.02 nm. Therefore,
the AL-AL force profiles were refitted by keeping these quan-
tities fixed to their average values, whereby the diffuse layer
potential ¥, and the amplitude of the non-DLVO force A, were
adjusted. During these and all subsequent fitting procedures,
the Hamaker constant was fixed to H = 3.5 x 10 >! J and the salt
concentration to the respective nominal value. The diffuse layer
potential i, was assumed to be positive, since ionized amidine
groups bear a positive charge.

In the next step, the asymmetric AL-SL force profiles were
analyzed (Fig. 2b). In this case, DLVO theory is sufficient to
quantify the data. Thereby, the diffuse layer potential . and
the regulation parameter p. of the AL particle were fixed to the
previously determined values for the AL-AL pairs, while the
corresponding quantities were adjusted for the SL particles,
namely yy_ and p_. Again, the regulation parameter shows no
clear trends with the concentration, and is p_ = 0.36 £+ 0.07.
This quantity was therefore fixed to the average value, and the
entire series of force profiles was refitted, which yields the
diffuse layer potential i of the SL particles. The negative sign
of the diffuse layer potential of the SL particles follows from the
force profiles in the asymmetric setting unambiguously, since
the AL particles are positively charged. These experimental data
provide no evidence of an additional non-DLVO attraction, but
we will come back to this point later. An earlier study reported a
regulation parameter of 0.41 £ 0.03 for the same SL particles in
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the same electrolyte.”® This value is in good agreement with the
presently reported one.

In the last step, the symmetric SL-SL force profiles were
quantified (Fig. 2c). At this point, the surface properties of the
SL particles, namely the diffuse layer potential y_ and the
regulation parameter p_, are known from the fit of the asym-
metric situation, and it was comforting to see that DLVO theory
predicts the force profiles at larger distances very well. At
shorter distances, however, the forces are again more attractive
than what is suggested by the DLVO theory, and this short-
coming can be again remedied by adding an attractive expo-
nential non-DLVO contribution given by eqn (10). Therefore,
the fitting of the SL-SL force profiles only involves the deter-
mination of the range and amplitude of this interaction,
namely g__~' and A__. The range was again relatively inde-
pendent of the concentration, and yields an average value of
g__~"=0.32 £ 0.05 nm. The force profiles could be described
well by fixing this parameter to the latter value and by fitting
the amplitude A__ only.

The resulting parameters obtained from these fits are sum-
marized in Table 1 and Fig. 4. Table 1 includes the parameters
which can be assumed to be independent of the concentration,
while Fig. 4 reports the concentration dependent ones.

First focus on the fitted diffuse layer potentials shown in
Fig. 4a. The magnitude of the diffuse layer potential decreases
with increasing salt concentration. This trend is expected on
the basis of PB theory."” The reported potentials for the SL
particles compare well with a previous study, where these
values were determined from the symmetric SL-SL particle
pairs.”® The electrokinetic potential ({-potential) for the two
types of particles is equally shown for comparison. These
measurements confirm the signs of the potentials, as well as
the overall trends. However, the magnitude of the electrokinetic
potentials is substantially larger than the ones determined
from the AFM experiment. These discrepancies are likely
related to surface charge heterogeneities of the latex particles.*®
These heterogeneities could induce an additional rotational
motion of the particles, which would lead to an enhancement
of the electrophoretic mobility.>® Similar discrepancies between
diffuse layer potentials measured by AFM and electrophoresis
were reported earlier in other latex particle systems.’”*® We
suspect that AFM measurements provide a more reliable esti-
mate of the diffuse layer potential, since the interaction force
represents an equilibrium quantity, the entire profile is fitted to
the model, and the consistency of the measured potentials can
be tested independently. On the other hand, electrokinetic
techniques require the interpretation of a dynamic quantity
and provide only a one point measurement.*'

Table 1 Summary of parameters obtained from fitting the experimental force profiles

Regulation parameter

Range of non-DLVO exponential interaction

Solution p+ AL p_SL g+ " (nm) AL-AL g:+—"" (nm) AL-SL g__"" (nm) SL-SL
KCl 0.41 + 0.03 0.36 + 0.07 0.35 4+ 0.02 — 0.32 4+ 0.05
N6 0.38 £ 0.02 Fig. 7b 0.34 + 0.02 0.56 + 0.03 1.0 £ 0.1
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Fig. 4 Concentration dependence of parameters obtained by fitting the
experimental force profile with DLVO theory including the non-DLVO
attraction in KCl solutions at pH 4.0. (a) Diffuse layer potential obtained
from the present AFM measurements compared with the electrokinetic
potential ({-potential) from electrophoresis. (b) Amplitude of the non-DLVO
attraction. The two solid lines are empirical fitting functions of the ampli-
tudes A,; and A__, and the dotted line in between is the prediction for
A,_ using egn (12). The corresponding data obtained from the symmetric
SL-SL system in an earlier study?®® are also shown. Table 1 shows the fitted
parameters that are concentration independent. The error bars are indicated
in (b), but they are comparable to the size of the data points in (a).

The diffuse layer potentials of the SL particles were obtained
from the force profiles in two different ways, namely from the
analysis of the AL-AL and AL-SL systems as shown here, and
from the symmetric SL-SL system discussed elsewhere®®
(Fig. 4a). These two estimates agree very well, and this agreement
confirms the self-consistency of the analysis of the force profiles
in terms of DLVO theory. Good agreement between diffuse layer
potentials obtained from a similar analysis of force profiles in
symmetric and asymmetric systems was also reported in other
systems.>® For this reason, we suspect that the AFM potentials
represent more reliable estimates of the diffuse layer potential
than the ones obtained from electrokinetics.

The nature of the attractive non-DLVO force, which can be
described with an exponential law, resembles results from
previous reports.’>?”*>%% In particular, an earlier study also
analyzed short ranged forces between the same SL particles
in the KCl electrolyte with an exponential force profile.*®
That study reports the same range as reported here, and the
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measured amplitudes are very similar to the ones given here.
The presently observed range is fully consistent with measure-
ments using the surface force apparatus and theoretical
calculations.?

Fig. 5 illustrates how the boundary conditions used in the
PB calculations affect the force profiles. The respective para-
meters are summarized in Table 2. Focus on the leftmost
column, where the force profiles in 4.0 mM KCI solution are
shown. The other columns will be discussed later. The solid
lines correspond to the results of DLVO theory including the
non-DLVO attraction, while the dashed ones to DLVO theory
alone. The underlying PB calculations rely on the CR approxi-
mation. The grey regions are delimited with the respective
results for CC and CP boundary conditions that also include
the non-DLVO attraction. The CC conditions lead to the most
repulsive profile, while charge regulation makes the profile less
repulsive. One observes that the nature of the boundary condi-
tions is moderately important in all three different geometries.

Multivalent salt solutions

Forces between these particles in the presence of multivalent
N6 cations are more complex due to the charge reversal of the
SL particles.”®*° The force profiles measured at pH 4.0 and in
the presence of 1.0 mM KCl for different N6 concentrations are
summarized in Fig. 6. Again, the profiles for the different pairs
of particles are given in different rows, namely AL-AL in the top
row (Fig. 6a), AL-SL in the middle row (Fig. 6b), and SL-SL in
the bottom row (Fig. 6¢). The columns summarize increasing
concentrations of N6 (from left to right). The concentrations in
the N6 system always refer to the molar concentration of the
amino groups. At very high concentrations, the forces are
attractive for all different pairs, since they are dominated by
van der Waals forces. As illustrated in Fig. 3, these attractive
forces are identical to the ones observed in the KCl system
within experimental error.

For the symmetric AL-AL system (top row), the repulsive
forces at lower N6 concentrations are dominated by double
layer interactions between the positively charged particles. The
situation resembles the one in monovalent KCI solution. This
behavior can be understood due to the multivalent nature of
the N6 cations. Highly charged co-ions are expelled from the
proximity of the positively charged surface, and therefore they
play only a minor role.

On the other hand, the forces acting between the AL-SL and
SL-SL pairs in the presence of N6 oligomers are very different
from the ones in monovalent salt solutions. This difference is
due to the charge reversal induced by the adsorption of the N6
cations to the negatively charged SL particles. This charge
reversal can be most clearly seen in the asymmetric AL-SL
system. At low N6 concentrations, double layer interactions
between the oppositely charged surfaces of the AL and SL
particles induce attractive forces. As the N6 concentration is
increased, the forces become repulsive. These repulsive forces
are again caused by double layer interactions, but now the SL
particles become positively charged. This charge reversal is
caused by the strong adsorption of the multivalent N6 cations
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Fig. 5 Comparison of selected experimental force profiles involving amidine latex (AL) and sulfate latex particles (SL) with DLVO theory with CR
approximation and the one where the non-DLVO attraction is included. The grey regions are delimited by the corresponding profiles including the non-
DLVO attraction with CC and CP conditions. The columns refer to different systems and concentration. The leftmost column 1 is for 4.0 mM KCl solution,
while the remaining columns refer to N6 solutions with concentrations of the amino groups of 0.011 mM in column 2, 0.77 mM in column 3, and 26 mM
in the rightmost column 4. The parameters used for calculations are given in Table 2. (a) AL-AL, (b) AL-SL, and (c) SL-SL.

Table 2 Parameters used for the calculations shown in Fig. 5

Quantity Symbol KCl 4.0 mM N6 0.011 mM* N6 0.77 mM*“ N6 26 mM*
Diffuse layer potential V. (mV) +44 +56 +68 +41

W_ (mv) —50 -3.5 +19 +38
Regulation parameter P+ 0.41 0.38 0.38 0.38

p- 0.36 0.13 0.08 0
Amplitude of non-DLVO interaction” Ar (MmN m™Y) 65 380 480 800

A, (mN m*? 103 5.4 7.0 15

A__ (mNm™) 240 2.7 3.5 7.2

“ Concentration of amino groups. © The range of the interaction g.p ' is given in Table 1.

to the SL particle surface. With increasing N6 concentration,
this repulsion becomes stronger due to progressive adsorption,
but at even higher concentrations, it weakens again due to
screening. At very high concentrations, the double layer inter-
actions are completely screened, and the forces become attrac-
tive due to van der Waals interactions (Fig. 3). At the charge
reversal point, which occurs at around 0.011 mM, the forces are
more attractive, but mainly due to charge regulation effects.

8746 | Phys. Chem. Chem. Phys., 2016, 18, 8739-8751

The forces between SL-SL pairs are also strongly influenced
by charge reversal. At low concentrations, the interactions are
dominated by repulsive double layer forces, since the SL
particles are negatively charged. When the concentration is
increased, the surface undergoes a charge reversal at 0.011 mM.
At the charge reversal point, the forces are attractive, as they are
dominated by van der Waals interactions. At higher concen-
tration, the surfaces become positively charged, and they repel
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again through double layer forces. When the concentration is
increased further, the double layer forces are weakened by ionic
screening, until they disappear completely and the forces
become attractive again due to the dominance of van der Waals
interactions.

While this mechanism is in line with DLVO theory, a
quantitative comparison demonstrates that this theory cannot
fully rationalize the data, see Fig. 6. This comparison again
reveals the presence of an additional non-DLVO attraction,
which can be modeled with an exponential force profile given
by eqn (10). A similar fitting strategy as for the monovalent
electrolyte was used. However, the double layer forces must be
calculated using the non-linear PB equation for the appropriate
electrolyte mixture, which includes multivalent cations as well
as monovalent cations and anions. The ionic composition was
kept fixed during the calculations. The same Hamaker constant
as previously determined in the monovalent system was used.
The model parameters were determined as follows. In a first
step, the forces between AL-AL particles were quantified.
Thereby, the surface properties, namely the diffuse layer
potential i, and the regulation parameter p,, as well as the
parameters of the non-DLVO force, namely the range ..~ " and
the amplitude A.,, were fitted. The regulation parameter
and the range showed no clear trends, with average values

This journal is © the Owner Societies 2016

p+=0.38 4 0.02 and g,. ' = 0.34 + 0.02 nm. The profiles could
be successfully fitted by fixing these parameters to their average
values, and only adjusting ¥, and A,,. In a second step, the
forces between AL-SL particles were investigated. Thereby,
the surface parameters of the AL particles were fixed to the
previously determined values. Therefore, the fitting process
involved the surface properties iy and p_, and the parameters
of the non-DLVO force ¢,_ ' and A,_. Within this series, the
range g, ' remained approximately constant, and could be
fixed to its average value of ¢,_~" = 0.56 + 0.03 nm. The
remaining parameters, namely y_, p_, and A, , had to be
adjusted for each profile. In contrast to the monovalent situa-
tion, the regulation parameter p_ could not be kept fixed within
the concentration series, but could be constrained top_ > 0. In
a third step, the forces between SL-SL were analyzed. The
surface properties of the SL particles, namely _ and p_, were
taken from the asymmetric system, and the fitting involved only
the parameters of the short-ranged exponential non-DLVO
force, namely its range g__ ' and the amplitude A__. The
range could be again fixed to its average value of g__ "' =1.0 &
0.1 nm, and the entire series could be rationalized with a single
adjustable parameter, namely the amplitude A_ _.

The resulting parameters are summarized in Table 1 and
Fig. 7 and 8. Table 1 displays the parameters that remained
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from the present AFM measurements compared with the electrokinetic
potential ((-potential) from electrophoresis (b) and regulation parameter.
The corresponding data obtained from the symmetric SL-SL system in an
earlier study?® are also shown. Table 1 shows the fitted parameters that are
concentration independent. The error bars are indicated in (b), but they are
comparable to the size of the data points in (a).

fixed within the series, while the figures illustrate parameters
that vary with the N6 concentration.

Fig. 7 summarizes the concentration dependence of the
surface properties. The diffuse layer potentials of the AL and SL
particles are shown in Fig. 7a. The diffuse layer potentials obtained
from the force measurements are compared with the electrokinetic
potentials ({-potential) measured by electrophoresis. These values
agree very well for the SL particles, but the electrokinetic potentials
are larger for the AL particles. A similar disagreement was observed
for the monovalent electrolyte (Fig. 4a) and for other latex parti-
cles.’”* The diffuse layer potential of AL particles is positive, and
goes through a weak maximum as a function of concentration. At
high concentrations, this behavior resembles the monovalent case,
and is characteristic of a surface, which interacts weakly with the
ions present. For the SL particles, however, the potential strongly
increases due to adsorption of the multivalent cationic N6 species.
The diffuse layer potential vanishes at 0.011 mM, increases further,
and after passing through a weak maximum it decreases again.
The electrokinetic potentials now agree rather well with the diffuse
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Fig. 8 Concentration dependence of the amplitude of the non-DLVO
attraction in N6 solutions at pH 4.0 obtained by fitting the force profiles
measured with the AFM. The concentration refers to molar concentration
of the amino groups. (a) AL—AL, (b) AL-SL, and (c) SL-SL. The lines in (a and
c) are empirical fitting functions of the amplitudes A, and A__, and the
one in (b) is the prediction of A,_ with egn (12). The corresponding data
obtained from the symmetric SL—SL system in an earlier study®® are also
shown in (c). Table 1 shows the fitted parameters that are concentration
independent.

layer potentials obtained by AFM. Such a charge reversal is
characteristic of multivalent ions adsorbing to oppositely charged
surfaces, and it was reported in similar systems earlier.>*?%73°
The diffuse layer potentials of the SL particles obtained from
the present analysis of the AL-AL and AL-SL systems compare
favorably with the ones obtained from the symmetric SL-SL

This journal is © the Owner Societies 2016


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1039/C5CP07830J

Open Access Article. Published on 24 February 2016. Downloaded on 16/03/2016 12:45:21.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP

system as discussed elsewhere (Fig. 7a).”® This agreement again
provides solid evidence of the self-consistency of the present
DLVO analysis of the force profiles. In this situation, the diffuse
layer potentials obtained from the AFM experiments also agree
well with the electrokinetic {-potentials. The latter agreement
probably results from the smoothing out of the surface charge
heterogeneities through the adsorption of N6 oligomers.

In the presence of N6, the regulation parameter decreases
with concentration for the SL particles, see Fig. 7b. Such a
decrease is unusual, since in various other situations, the force
profiles were compatible with a regulation parameter that was
independent of concentration.?>*" A constant regulation para-
meter is also consistent with the force profiles in the present
system, in particular, for monovalent salt solutions, and for the
AL particles in the presence of N6 (Table 1). A previous study
reported a concentration independent regulation parameter
p_ = 0.15 in the same SL-SL system containing N6 cations.>®
While a constant regulation parameter is consistent with the
data for the symmetric SL-SL system, but when this parameter
is calculated from the asymmetric AL-SL system, one observes
the decrease shown in Fig. 7b. This discrepancy illustrates
the difficulties in estimating regulation parameters reliably,
especially from data obtained in symmetric systems near a
charge reversal.

The resulting parameters for the exponential non-DLVO
attractive force are given in Table 1 and Fig. 8. For the AL-SL
pairs, this additional force can only be reliably quantified for
sufficiently high concentrations, roughly above 0.05 mM. The
observed range for the AL-AL system of g,, " = 0.34 + 0.02 nm
is well comparable with the values measured in the KCl
electrolyte. For the SL-SL system, however, the range is sub-
stantially larger, namely g__ "' = 1.0 £+ 0.1 nm. For the AL-SL
system, the range lies in between. Previous force measurements
across electrolyte solutions containing multivalent counterions
in symmetric systems indicate the presence of an additional
non-DLVO attraction with a range of a few nm."*>”?

The amplitudes determined for the AL-AL, AL-SL, and
SL-SL pairs follow similar trends (Fig. 8). This amplitude
remains relatively constant at low N6 concentrations, but then
goes through a maximum located around 30 mM, and finally
decreases sharply to vanishingly small values. The magnitude
of the amplitude decreases with increasing range of attraction,
namely in the sequence AL-AL, AL-SL, and SL-SL. The ampli-
tudes for the short-ranged exponential attraction were equally
extracted from the SL-SL data in a previous study, albeit
assuming a constant regulation parameter.?® These values are
also presented in Fig. 8c, and they agree with the present
results very well. Previous measurements with latex particles
in the presence of multivalent ions also report comparable
strength of the short-ranged attraction and amplitudes passing
through a maximum with increasing salt concentrations."?

Fig. 5 illustrates the major influence of boundary conditions
in the PB calculations on the force profiles for the system
containing N6. The parameters used in the calculations are
given in Table 2. The column depicts force profiles for three
different concentrations, namely 0.011 mM (column 2), 0.77 mM
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(column 3), and 26 mM (rightmost column 4). The shaded
regions are again delimited with the results for CC and CP
boundary conditions. The concentration of 0.011 mM reflects
the charge neutralization point of the SL particles (Fig. 5,
column 2). The forces in the AL-AL system are controlled by
repulsive double layer forces, since these particles are highly
charged. In this situation, the boundary conditions do play
some role. For the SL-SL system, the forces are attractive, since
the particles are neutral and their interaction is dominated by
van der Waals forces and additional attractive non-DLVO
forces. Since the double layer forces are negligible, the bound-
ary conditions have no influence. The forces in the AL-SL
system are attractive, but they are again dominated by double
layer forces. In this case, however, boundary conditions are
extremely important, since CC conditions lead to repulsion,
while CP conditions to attraction. Therefore, the force profiles
are highly sensitive to the regulation parameter of the SL
particles, and this sensitivity permits that its value can be
accurately extracted from such force profiles. The importance
of the boundary conditions in similar asymmetric systems was
also pointed out recently.>**®*! The presence of an additional
non-DLVO attraction is clearly evident in the SL-SL systems,
since the observed attractive force is substantially stronger than
the van der Waals force. Similar enhancement of the attraction
by multivalent counterions at the charge neutralization point
was also reported in other systems.”””®3° This attractive force
cannot be fitted with eqn (2) alone, but rather a superposition
of eqn (2) and (10) is needed. For the concentration of 0.77 mM
(Fig. 5, column 3), both particles are positively charged, but the
surface charge density of the SL particle is small, while that of
the AL particle is substantial. The force profiles for the AL-SL
systems are again dominated by double layer forces, but they
are repulsive at larger distances, while they become attractive
upon approach. This characteristic shape can be well described
by PB theory, provided one uses the correct values of the
regulation parameters. In these situations, the boundary con-
ditions are extremely important. For the concentration of
26 mM (Fig. 5, rightmost column 4), the effect of boundary
conditions is relatively small for the AL-AL system, moderate
for AL-SL, and largest for SL-SL. Under these conditions,
however, the contribution of the non-DLVO attraction is
substantial.

Mixing rule for the non-DLVO attraction

Given the ranges and amplitudes of the exponential non-DLVO
attraction, one would like to have a simple mixing rule, which
could predict the parameters of this force for the asymmetric
system from the two symmetric ones. An arithmetic mean of
the decay constants yields a relatively good estimate of the
decay constant in the mixed system, namely

q+- = l(l]++ +q--) (11)

2

With g,. " =0.34 nm and ¢__"" = 1.0 nm eqn (11) leads to the
estimate g,_~' = 0.51 nm. This value is in good agreement with
the experimentally observed value of g._ " = 0.56 nm (Table 1).
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The amplitudes can be calculated from the harmonic mean of
the values for the symmetric system reasonably well, namely

A= %(A++71 + A—fil) (12)
This result is illustrated with solid lines in Fig. 8. The data for
the symmetric AL-AL and SL-SL were fitted with an empirical
function, and these two functions were used to calculate the
resulting harmonic mean, which is then shown as the dotted
line together with the AL-SL data. One observes that the simple
harmonic mean is capable of predicting the amplitudes in the
AL-SL system quite well.

One can also investigate whether this simple mixing rule is
consistent with the findings in the monovalent KCl system.
Recall that an additional attractive component could not be
identified between the AL-SL pairs, since the relevant part of
the force curves was inaccessible due to the jump-in instability
of the cantilever. Nevertheless, the data obtained in the sym-
metric systems can be used to calculate the effect of the non-
DLVO attraction on the forces in the asymmetric system with
the proposed mixing rules given in eqn (11) and (12). The
predicted range of the exponential force for the AL-SL system is
0.33 nm, and the corresponding amplitudes are indicated in
Fig. 4b. These parameters can be used to calculate the expected
contribution of the non-DLVO forces in the AL-SL system, and
the results are shown in Fig. 2. The contribution of the addi-
tional attraction is small, and cannot be seen on the scale of
the graph. Still, the calculated force profiles that include the
predicted non-DLVO force do not contradict the experimental
data, and we conclude that the proposed mixing rule is also
consistent with the data obtained in the monovalent KCI
system.

One must stress, however, that this mixing rule is purely
empirical, and this rule might not be applicable to other types
of electrolytes or in other systems.

Conclusion

This study presents a comprehensive set of direct force mea-
surements involving positively charged AL and negatively
charged SL particles, particularly investigating forces between
three different pairs, namely AL-AL, AL-SL, and SL-SL. Mea-
surements in solutions containing multivalent cationic alipha-
tic amines N6 are compared with those in simple monovalent
KClI solutions. In all situations, the DLVO theory is capable of
describing the force profiles very well. To obtain good agree-
ment with experiment, however, the PB equation must be
solved for the appropriate asymmetric electrolyte and charge
regulation effects must be included in the analysis. The
observed force profiles cannot be rationalized without detailed
consideration of charge regulation effects.

However, the description by DLVO theory is only valid at
distances beyond 5 nm. At shorter distances, one observes a
short-ranged non-DLVO attraction, which can be modeled with
an exponential force profile. In the monovalent system, the
range of this attraction is around 0.3 nm. In the multivalent
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symmetric systems, the range of this attraction is about 1.0 nm
in the SL-SL system, where the multivalent ions represent the
counterions, but is again 0.3 nm in the AL-AL system, where
the multivalent ions are the co-ions. For the first time, we were
able to identify the non-DLVO attraction in the asymmetric
AL-SL system. Here, we find an intermediate range of about
0.6 nm. The amplitude of this attraction decreases with increas-
ing concentration for the monovalent system, while it passes
through a maximum for the multivalent system. These findings
are in line with previous reports.">*° The origin of this attrac-
tion is currently not clear to us, but it could be related to ion-
ion correlations, surface charge heterogeneities, hydrophobic
forces, charge fluctuations, or electrolyte depletion,®>4%43
While ion-ion correlations represent an interesting possibility,
theoretical studies suggest that the strength of these forces
should increase with increasing salt concentrations,'>?° and
the present experiments suggest a weakening of the additional
attraction under these conditions. This observation points
towards the importance of other forces as well.
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Forces between charged particles in aqueous solutions containing multivalent coions and monovalent
counterions are studied by the colloidal probe technique. Here, the multivalent ions have the same
charge as the particles, which must be contrasted to the frequently studied case where multivalent ions
have the opposite sign as the substrate. In the present case, the forces remain repulsive and are
dominated by the interactions of the double layers. The valence of the multivalent coion is found to have
a profound influence on the shape of the force curve. While for monovalent coions the force profile is
exponential down to separations of a few nanometers, the interaction is much softer and longer-ranged
in the presence of multivalent coions. The force profiles in the presence of multivalent coions and in the

mixtures of monovalent and multivalent coions can be accurately described by Poisson—Boltzmann
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Introduction

Electric double layer forces between solid substrates across
aqueous solutions are currently a topic of intense research.'®
Such forces are becoming routinely accessible by various
methods, including the surface force apparatus, the colloidal
probe technique, or total internal reflection microscopy.**°*¢
Double layer forces originate from overlapping diffuse layers
forming near charged water-solid interfaces. Their range can be
substantial at low salt levels, but decreases with increasing salt
level due to progressive screening. The systems investigated
mostly included simple monovalent electrolytes and surfaces of
mica, latex, or various oxides (e.g., silica, alumina, titania).>*2°
These studies reveal that at lower salt concentrations the force
profiles in these systems are dominated by double layer forces,
and they can be well described by the mean-field Poisson-
Boltzmann (PB) theory or at lower charge densities by the
linearized Debye-Hiickel (DH) theory.>*"** To obtain accurate
description of the force profiles at shorter distances, classical
boundary conditions of constant charge (CC) and constant
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conditions with no salt, where the coions are expelled between the two surfaces.

potential (CP) might be inaccurate, and a more detailed
description of charge regulation effects may be necessary.****>*
The easiest way to incorporate such regulation effects is the
constant regulation (CR) approximation. This approximation
assumes a constant capacitance of the inner layer, and intro-
duces only one additional parameter.>****” The PB theory fails at
smaller distances or higher salt levels, where one must consider
additional interactions, especially van der Waals or hydration
forces.'41°

Forces between charged surfaces in solutions containing
multivalent ions came into focus more recently."®?**3¢ The
existing studies support the picture that the PB theory
provides a reasonably accurate description of the forces, at
least at distances larger than several nanometers and in
sufficiently dilute solutions. They further confirm that
multivalent counterions interact strongly with charged
surfaces.>»*>3*%% In this commonly studied case, multivalent
ions are oppositely charged than the surface, and therefore
they adsorb strongly. Thereby, they reduce the surface charge
density, eventually to the point that the surface undergoes a
charge reversal. Multivalent ions may also induce additional
attractive forces, which can make the total force stronger than
the van der Waals force.**"** These additional attractions are
likely related to ion correlation effects.*>***° These effects are
not treated in the classical mean-field PB theory, but they
could also be responsible for adsorption of multivalent
ions.29,41,42

This journal is © The Royal Society of Chemistry 2015
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On the other hand, multivalent coions adsorb onto surfaces
only weakly or not at all.*” In this case, the charge of the
multivalent ions has the same sign as the charge of the surface.
The strong electrostatic repulsion leads to a depletion of these
ions from the surface, and to a modification of the structure of
the diffuse layer.*»** This situation has not been much investi-
gated experimentally so far.”*%”

The question whether the decay length of the double layer
forces might deviate from the Debye length was equally
raised.”®**¢ While PB theory predicts that double layer forces
decay with the Debye length at large distances, theoretical
studies of charge renormalization effects suggest that this decay
length might be different, especially in asymmetric electro-
lytes.*>*¢ The currently available experimental results indicate
that the measured screening lengths agree with the Debye
length within experimental error, especially when complexation
in solution is being considered.>”***** One should realize,
however, that the theoretically predicted deviations from the
Debye length are relatively small, and probably within experi-
mental error.

Force measurements involving multivalent ions almost
exclusively involved multivalent counterions, meaning that the
ions are oppositely charged as the surface. Multivalent coions
that are equally charged as the surface were hardly addressed.
We are aware only of a limited number of studies, where these
conditions were realized,”®*” but these studies did not analyze
the respective force profiles in any detail. This situation
prompted us to reinvestigate these conditions more carefully.
We show that multivalent coions may induce unusually soft and
long-ranged double layer forces, which can be accurately
described by PB theory.

Poisson—Boltzmann (PB) theory

Electric double layer forces between colloidal particles can be
analyzed by the classical PB theory.****”*® This approach treats
all ions as point charges in a dielectric continuum. Their
interactions are described in a mean-field fashion, whereby
ion-ion correlations are being neglected. When the particles are
sufficiently large, the situation can be simplified by calculating
the net pressure II(h) between two identical planar surfaces
versus the surface separation 4. Free energy per unit area can be
then obtained by integrating the pressure profile, and the force
between two particles follows from the Derjaguin approxima-
tion, which involves the effective radius.** In the case of two
spherical particles of the same size, the effective radius is half of
the particle radius.

The net pressure can be calculated by solving the PB equa-
tion, which defines the electric potential y(x) as a function of
the position x, whose origin is taken at the mid-plane of the two
surfaces located at x = =h/2. When the solution contains
different ions of number concentrations c; and valence z;, the PB
equation reads**’

&y q .
e e Z zicie (1)

&& ;
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where q is the elementary charge, ¢, the dielectric permittivity of
vacuum, ¢ the dielectric constant, and 8 = 1/(kT) the inverse
thermal energy. The latter relationship defines T as the absolute
temperature and & as the Boltzmann constant. We use ¢ = 80 as
appropriate for water at room temperature. The solution of the
PB equation is found within the constant regulation (CR)
approximation.**** In the CR approximation, each surface is
characterized by the diffuse layer potential ¥, and the regula-
tion parameter p. The diffuse layer potential can be equally
expressed in terms of the diffuse layer charge density . The
regulation parameter represents the generalization of the
constant charge (CC, p = 1) and constant potential (CP, p = 0)
boundary conditions.”**” In general, the regulation parameter
can also become negative.*

We assume that the solution contains a mixture of strong
monovalent (1 : 1) and multivalent (1 : z or z : 1) salts of known
concentrations from which the respective ionic concentrations
¢; can be evaluated. The net pressure is the difference between
the pressure in the slit and the bulk pressure, and in the
symmetric situation the former is obtained from the electric
potential at the midplane y,; = ¥(0).>**” The midplane potential
is calculated from the PB equation numerically subject to the
boundary condition dy/dx = 0 at x = 0. To gain better insight
into the different regimes, we further investigate two asymptotic
solutions, namely the far-field and the near-field. The far-field
regime reflects large separations and is equivalent to DH theory,
where the solution composition enters only through the Debye
length. The near-field regime describes small separations,
where only the counterions neutralizing the surface charge
contribute. This regime is equivalent to conditions without
added salt.

Far-field regime

At large separations, the electric potentials are small, and thus
the PB equation can be linearized, leading to the DH equation

dy
@ =KY (2)
where « is the inverse Debye length defined as
2¢°1
2
= 3
K eoekT (3)

and I is the ionic Strength
1 2
1= *2 Ej Zi Ci (4)

which is also expressed as a number concentration. The DH
equation can be solved analytically leading to the result

1I = 2808K2\[/eff‘267K]7 (5)

This relationship reflects the PB situation at larger separa-
tions, but ¢ depends on the surface potential in a non-linear
fashion with the limiting behavior

_ ¥p for yp—0
‘peff - akT/q

for Yp—

(6)
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The above relationship applies when the potential is positive,
otherwise the appropriate negative signs must be introduced.
For pure electrolytes, the reduced values for the saturation
potential « are known,**** and they are summarized for multi-
valent coions in Table 1. The characteristic feature is that these
values strongly increase with valence. Note that the far-field
regime is independent of the boundary conditions.

Near-field regime

When the distance between the surfaces is small, the coions are
expelled, and their charge is fully neutralized by the remaining
counterions. This situation corresponds to no added salt, and
the PB equation simplifies to****

dz_w = ﬁeﬁqw7 (7)
dx?  ge
where we assume that the surface is positively charged, and that
the counterions are monovalent anions of concentration c. The
case with the opposite signs of the charge is obtained by
replacing g by —q. The solution of this equation reads>*

= 1 2 (XY
1// - IPM - q—ﬁln COS (7)7 (8)
where v = efa¥m—¥0)/2 gpg
2¢e0€
" Bqo 9
Bga’ )

is the Gouy-Chapman length. The net pressure is now given by

IT = kTee (10)
and it is equal to the pressure in the slit, since the bulk pressure
vanishes without salt. The pressure can be parameterized
through the dimensionless quantity v defined above, namely

2e0e 5

= W’Y (11]

By invoking the potential profile given by eqn (8) and using
the constant regulation boundary conditions one finds that the
pressure is determined by

Y
cos(ﬁy)} =0

ply tan(e) < 1]+ (1 = p)in| (12
where ¢ = h/(22) and p is the regulation parameter. When one
analyses eqn (12) for large separation distances, the pressure
profile again becomes independent of the boundary conditions,
and reads

Table 1 Far-field limit for the saturation values of effective potentials
for z : 1 electrolytes containing multivalent coions

z 1 2 3 4 5
P 4 6 8.707 12.314 17.337
Vet (MV) 102.7 154.0 223.5 316.1 445.0
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The free energy can be calculated through integration of the
pressure, but the appropriate integration constant must be
inferred from the solution of the full PB equation.

Experimental
Materials

Two different types of polystyrene latex particles were used,
namely sulfate-terminated latex (SL) and amidine-terminated
latex (AL), and they were obtained from Invitrogen. Further
experiments were carried out with silica particles obtained from
Bangs Laboratories Inc., USA. Table 2 summarizes the mean
diameters and polydispersities as determined by the
manufacturer.

Experiments were carried out at 22 £ 2 °C in solutions of KCI,
K,S0,, LaCls, K3Fe(CN)g, and K,Fe(CN) in Milli-Q water. For
the SL particles pH 5.6 was used, while for AL particles the
solutions were adjusted to pH 4.0 with HCI, and for the silica
particles with KOH to pH 10.0. The specific pH values were
chosen in order to increase the magnitude of the surface charge
density, while keeping the ionic strength low. Some experi-
ments were also performed in solutions of aliphatic polyamine,
namely of 3,6,9,12-tetraazatetradecane-1,14-diamine (N6) with
chemical formula H,N-(CH,-CH,-NH),-CH,-CH,-NH,,
obtained from Sigma-Aldrich (St. Louis, USA). At pH 4.0, La**
does not hydrolyze, and N6 has the +4 cation as the predomi-
nant species.”® The experiments were carried out at ionic
strengths between 1 and 3.1 mM. The ionic strength was chosen
as low as possible, such that the low salt regime is well devel-
oped, while high enough, such that ions originating from the
self-dissociation of water or carbonate dissolution remain
negligible.

Direct force measurements

Forces between particles were measured with a closed-loop AFM
(MFP-3D, Asylum Research) mounted on an inverted optical
microscope (Olympus IX70).***> The particles were attached on
tip-less cantilevers (MikroMasch, HQ CSC37, without Al
coating) and to the substrate. A pair of particles was centered
laterally through optical fringes viewed in the optical
microscope with an accuracy of about 100 nm. For one pair of
particles, we typically recorded about 100 vertical approach-
retraction cycles with an approach-retraction velocity of 300 nm
s~ ', a sampling rate of 5 kHz, and a cycle frequency of 0.5 Hz.
The contact point was obtained from the constant compliance
region. The cantilever deflection recorded in the approach part
was transformed into force profiles by means of the spring
constant of the cantilever. The latter constant was measured by
the method developed by Sader et al.,® which relies on the
frequency response of the cantilever and its geometrical
dimensions. Typical values of the spring constants were 0.1-
0.3 N m~'. These values agreed within about 10% with those
determined through the thermal fluctuations of the cantilever.**
The forces were subsequently down-sampled to 150 Hz and
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Diameter Polydispersity RMS roughness Charge density Regulation
Particles Abbreviation (nm) (%) (nm) pH (mC m™?) parameter p
Sulfate latex SL 3.0 4.1 0.8 5.6 -9.3 0.64
Amidine latex AL 0.95 3.6 0.5 4.0 +7.5 0.31
Silica SiO, 5.2 10 1.4 10.0 —4.4 0.66

averaged over the different approach curves, leading to a force
resolution of about 1 pN. All measurements were repeated with
at least three pairs of different particles, and they were well
reproducible. The relative error between the resulting double
layer potentials, which was determined by fitting the force
curves for every pair of particles under the same conditions, was
below 15%.

Latex particles were mounted in solution within the AFM
fluid cell. A glass plate fitting the fluid cell was used as the
substrate. The glass plate and cantilevers were cleaned over-
night in a piranha solution, which consists of H,SO, 98% and
H,0, 30% mixed in ratio 3 : 1. They were further rinsed with
water, dried, and cleaned in an air-plasma for 20 min. Silani-
zation of the plate and cantilevers was carried out overnight in
an evacuated container aside two drops of 20 pL of 3-ethox-
ydimethylsilylpropylamine and 100 pL of (3-glycidoxypropyl)
dimethylethoxysilane. The silanized plate was then introduced
into the AFM fluid cell, and the cantilever into the cantilever
holder. Before the experiments, the stock latex particle
suspension was purified by dialysis against Milli-Q (Millipore)
until the conductivity of the dialysate reached the value of the
pure water. The particle suspensions were prepared in the
respective electrolyte solutions at a particle concentration of
80 mg L™, and injected into the fluid cell. The particles were
allowed to settle for a few hours, and the cell was then rinsed
with the pure electrolyte solution. By pressing the particle
against the substrate with the cantilever, one could firmly attach
a particle to the cantilever. For the latex particles, the constant
compliance region could be identified after the jump-in in the
load range of 5-10 nN with an absolute accuracy of about
0.3 nm.

The silica particles were attached by sintering in the dry
state. Cantilevers were cleaned in air-plasma for 5 minutes. Few
silica particles were placed on a glass slide and tiny drops of
about 5 puL of glue (Araldite 2000+) were deposited in their
proximity. The cantilever was mounted in the AFM, brought in
contact with the glue with the translation stage, and used to
pick up the particle. The cantilever was removed from the AFM,
and placed into an oven at 1150 °C for 3 h. The same particles
were attached to the glass slide sealing the AFM fluid cell as
follows. The slide was cleaned with piranha solution for 2
hours, then rinsed with water, and dried under a stream of
nitrogen. Subsequently, particles were spread onto a square
quartz slide of 19 mm (Edmund Optics), and then sintered at
1150 °C for 3 hours. The reverse side of the slide with the sin-
tered particles was glued (Pattex 100% Repair Gel) onto a glass
slide sealing the AFM cell. After sintering, the substrate and the

This journal is © The Royal Society of Chemistry 2015

cantilevers were again cleaned in an air-plasma. This procedure
leads to a firm attachment of the particles to the substrate and
to the cantilever, while completely removing traces of the glue
and of any organic impurities. For the silica particles, the
contact point was identified at a load of about 5 nN. The
precision of the contact position is inferior to the latex particles,
but typically below 1 nm.

Particle roughness

The root mean square (RMS) roughness of the particles was
measured by AFM imaging. The latex particles were deposited
for about 1 hour on a piranha-cleaned and silanized glass slide
with dimensions about 1 cm x 1 cm. These slides were silan-
ized overnight in an evacuated glass container aside a 50 pL
drop of 3-ethoxydimethylsilylpropylamine (for SL) or (3-glyci-
doxypropyl)dimethylethoxysilane (for AL). After the deposition
of the particles, the substrate was rinsed in 10 mM KCl solution.
The images were recorded in liquid with a Cypher AFM instru-
ment (Asylum Research, Santa Barbara, USA) with BioLever
Mini cantilevers (BL-AC40TS, Olympus, Japan). They had a
nominal tip radius of <9 nm and a resonance frequency of
around 30 kHz in water. The scan rate was 2.0 Hz, the scan size
0.5 um x 0.5 pm, and the free oscillation amplitude (FOA)
20 nm. The set-point was fixed at around 70% of the FOA.

The roughness of the silica particles was determined as
follows. The particles sintered onto a quartz slide, which was
previously cleaned with piranha solution, rinsed with water,
and finally treated in air plasma for 20 min. The particles were
imaged in air with the MFP-3D in amplitude modulation mode.
Silicon cantilevers (OMCL-AC240TS, Olympus) with a nominal
tip radius <10 nm and a resonance frequency of about 70 kHz
were used. Images were acquired with a scan rate of 2 um s *,
an FOA of about 40 nm, and a set point around 80% of the FOA.
The roughness was determined for an area of 1 um x 1 um. The
RMS roughness of the particles is summarized in Table 2. These
values are <1 nm for the latex particles, and 1.4 nm for the silica
particles. All particles used can be thus considered to be smooth
for the relevant surface separations considered.

Results and discussion

We present direct force measurements between pairs of similar
colloidal particles in aqueous solutions containing multivalent
coions. These multivalent ions have the same sign of the charge
as the surface, and they do not adsorb on the surface. With
respect to the monovalent situation, however, one obtains
much softer and long-ranged force profiles. Several types of
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particles and different coions are compared with PB theory,
which captures the observed profiles very well.

Pressure profiles

Let us first discuss pressure profiles between two charged plates
calculated with PB theory. These profiles are shown in Fig. 1,
and they reveal the relevant features more clearly than the force
profiles discussed below. At larger distances, the profiles decay
exponentially as one expects from the far-field linearized DH
solution. This decay is evident from the linear dependence in
the semi-logarithmic representation. As the separation
decreases, the coions are progressively being expelled between
the plates. When their concentration becomes negligible, the
pressure profile follows the near-field solution of the PB equa-
tion. This solution assumes that the charge of the plates is fully
neutralized by counterions, which corresponds to the situation
of no added salt.

Fig. 1b shows the calculated force profiles for plates of a
surface change density of —10 mC m™2 in a solution of an ionic
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Fig. 1 (a) Schematic presentation of expulsion of the multivalent

coions between the charged walls. (b) Net pressure between charged
plates in the presence of .05 mM 1:1and 0.05 mM 1: 5 electrolyte
calculated with the PB theory. The near and far-field asymptotes are
denoted by dashed lines. (c) The effect of the CC, CR, and CP
boundary conditions for the same surfaces. Near-field solution is also
shown. A surface charge density of —10 mC m~2 and regulation
parameter p = 0.5 are used throughout. lonic strength is 1.05 mM.
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strength of 1.05 mM. This surface charge density corresponds to
the diffuse layer potentials —87 mV and —114 mV in 1: 1 and
1: 5 electrolytes, respectively. The left panel shows the familiar
situation of monovalent 1:1 salt. The pressure profile is
dominated by the exponential far-field DH profile down to
separations of a few nanometers. The effective potential is
—69 mV, which is about half of the saturation value. The near-
field profile sets in at small separation distances only. For a
pentavalent 1:5 electrolyte, the profile is much softer and
longer-ranged, and features a sigmoidal shape. At larger
distances the pressure is again exponential, but this depen-
dence only sets in at relatively large distances, around 80 nm
here. The effective potential is now —293 mV, which is still
substantially below the saturation value. At smaller distances,
the pressure follows the near-field regime, but this regime now
sets in at much larger distances than for the monovalent ones,
about 30 nm in this case. This wider region of validity is related
to the larger magnitude of the effective potential. This larger
value results from the fact that the multivalent coions get
expelled from the slit at larger distances than the monovalent
ones. This difference is a consequence of the higher charge of
the multivalent ions, which leads to their higher electrostatic
energy when they are situated between the plates.

The details of the pressure profiles at smaller distances are
shown in Fig. 1c. At small separations, the effect of boundary
conditions is substantial. The CC conditions, characterized by
the regulation parameter p = 1, result in the strongest repulsion
by the double layer forces. Regulation effects are reflected by
smaller regulation parameters and they lead to the decrease
of the strength of the repulsion, as illustrated with p = 0.5 and
p = 0 (CP conditions). At larger distances, the effect of boundary
conditions disappears, and the near-field solution converges to
eqn (13). The near-field solution reproduces the full PB calcu-
lations at small distances. However, its region of validity is
much wider for the multivalent coions than for the monovalent
ones.

Characteristic length scales in the far-field and near-field
regimes are the Debye length « ' and Gouy-Chapman length
A. In this example, we approximately have k' = 9.5 nm and A =
3.6 nm. The Debye length reflects the range of the exponential
decay at larger distances, while the Gouy-Chapman length
measures the thickness of the layer containing counterions
only.

Sulfate latex particles

Let us first discuss the effect of multivalent coions on experi-
mentally measured force profiles between negatively charged SL
particles of 3 um in diameter. Fig. 2 compares forces in 1.0 mM
KClI solutions and 0.1 mM K,Fe(CN)g solutions. These strong
electrolytes fully dissociate into Fe(CN)s*~ or Cl1~, which are the
coions, K being the counterion. The ionic strength of both
solutions is the same, namely 1.0 mM. The force profile in the
monovalent electrolyte shown in Fig. 2a is exponential down to
a few nanometers, as was the case for the pressure. The profile
in the presence of multivalent coions shown in Fig. 2b is much
softer, and features a sigmoidal shape. In this case, the
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Fig. 2 Forces between SL particles in (a) 1 mM KCl and (b) 0.1 mM
K4Fe(CN)g at pH 5.6. Points designate the experiments, while solid lines
are PB calculations with a surface charge density of —=9.3 mC m~2 and
regulation parameter p = 0.64. The far-field and near-field asymptotes
are presented with dashed lines.

exponential dependence sets in only around 60 nm. In both
cases, one observes a jump-in close to contact, which occurs due
to additional van der Waals attraction and hydrophobic forces.
The measured force profiles can be described with PB theory
perfectly well. By fitting the force profile measured in the KCI
solution, we extract the surface charge density ¢ = —9.3 £ 0.1
mC m 2 and a regulation parameter p = 0.64 + 0.02 (see also
Table 2). The calculation uses the fixed analytical KCI concen-
tration of 1.0 mM. When this concentration would be adjusted,
the fitted concentration will remain within 5% of this value. We
now keep the same surface parameters, and predict the force
profile in 0.10 mM K,Fe(CN)s solution with the PB theory.
Again, the analytical concentration is being fixed. The calcula-
tion reproduces the sigmoidal shape of the measured force
curve extremely well. The fact that the force profiles are
consistent with the same surface charge density for monovalent
and multivalent coions suggests that the multivalent ions
adsorb onto the surface very weakly, or not at all. The lack of
adsorption is obviously related to the strong electrostatic
repulsion between multivalent coions and the surface.

This journal is © The Royal Society of Chemistry 2015
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The reason for the different appearance of the force curves is
related to the fact that multivalent coions are being expelled
from the gap between the surfaces at much larger separations
than the monovalent ones. Therefore, the near-field solution
provides a good description of the force profile to larger
distances, albeit not as large as was the case for the pressure
profile. The sigmoidal dependence is reinforced by the larger
magnitude of the effective potential entering the far-field
profile for the multivalent salts. For KCl, the effective potential
iS Yeir = —67 mV, while for K,;Fe(CN)s one has Y = —176 mV.
The magnitude of these values is still substantially below the
saturation values given in Table 1. At the same time, the force
profile must converge into the near-field profile at small
distances. While for KCI, the far-field asymptote lies below the
near-field profile, for K,Fe(CN)s the far-field asymptote lies
above it, and thus the force curve makes the sigmoidal transi-
tion converge into the near-field profile.

Further force measurements with other solution composi-
tions confirm that PB theory describes the force profiles quan-
titatively. Fig. 3 shows measurements in K,Fe(CN), solutions of
varying concentrations. Thereby, the charge density and regu-
lation properties of the surface were kept at the previous values
(Table 2) and the solution concentrations were fixed to the
known analytical concentrations of the solutions. These calcu-
lations contain no adjustable parameters, and provide very
satisfactory results.

Fig. 4a shows another test of the PB theory, as these experi-
ments were carried out in mixtures of KCl and K,Fe(CN)g
solutions at a constant ionic strength of 1.0 mM. The calcula-
tions rely on the solution of the PB equation for mixed elec-
trolytes, and they predict the observed force profiles very well.
Again, no adjustable parameters were used.

Fig. 4b summarizes the effect of the valence of different
coions. These experiments were carried out in solutions of KCl,
K,S0,, K3Fe(CN)s, and K,Fe(CN)e, thus covering valences of

K,Fe(CN)g
SL, pH 5.6

10

0.1

Force/Effective Radius (mN/m)

0.01

T T T T

0 20 40 60 80
Separation Distance (nm)
Fig. 3 Forces between SL particles in different concentrations of
K4Fe(CN)g at pH 5.6. Points designate the experiments, while solid lines

are predictions with the PB theory with a surface charge density of
—9.3 mC m~2 and regulation parameter p = 0.64.
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Fig. 4 (a) Forces between SL particles in a mixture of KCl and
K4Fe(CN)g at pH 5.6 and fixed ionic strength of 1 mM. (b) Forces in KCl,
K>SOy4, KsFe(CN)g, and K4Fe(CN)g solutions at pH 5.6 and constant
ionic strength of 1 mM. Points designate the experiments, while solid
lines are predictions of the PB theory with a surface charge density of
—9.3mC m~2 and regulation parameter p = 0.64.

coions of —1, —2, —3, and —4. The ionic strength was fixed to 1.0
mM. The corresponding predictions of the PB theory, which
contain no adjustable parameters, are again in excellent
agreement with experiment.

In all cases, a fixed value of surface charge density satisfac-
torily describes the forces, which implies that the ions involved
do not adsorb onto the particles. This behavior is characteristic
for multivalent coions, and is in contrast to multivalent coun-
terions, which readily adsorb onto the surfaces and modify the
surface charge or even induce charge reversal.”>**** However,
the assumption of a fixed surface charge density leads to minor
discrepancies, for example, for the highest concentration
shown in Fig. 3. These discrepancies are probably related to
small variations of the surface charge density and the surface
regulation properties. These variations could be caused by weak
adsorption of the ions involved onto the surface.

All calculations used the analytical concentrations. While the
analytical concentrations are accurate within <1%, some
modification might result from chemical decomposition of
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Fe(CN),*~ due to oxidation. We find that the analytical
concentrations are consistent with the measured force profiles
to an accuracy of about <10%. This agreement is comparable to
previous studies that attempted to determine the salt concen-
trations from measured force profiles.>”#3232

Amidine latex particles

A similar set of experiments was carried out with positively
charged AL particles of a diameter of 0.95 pm. For these parti-
cles, the cations are the coions, and for this reason we investi-
gated solutions containing La*" and K. The forces in mixtures
of KCl and LacCl; solutions at a fixed ionic strength of 3.1 mM
are shown in Fig. 5a. One observes the same features as in the
previously discussed case with the SL particles. In the mono-
valent salt, the decay is exponential of larger part of the acces-
sible distance range, typically down to a few nanometers. For
multivalent coions, the exponential decay sets in at larger
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Fig. 5 (a) Forces between AL particles in a mixture of KCl and LaCls at
pH 4 and a fixed ionic strength of 3.1 mM. (b) Forces in the presence of
N6 polyamine and its mixture with KCL. Points designate the experi-
ments, while solid lines are predictions with the PB theory with a
surface charge density of +7.5 mC m™2 and regulation parameter p =
0.31.
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distances, at about 30 nm. Again, the characteristic soft and
sigmoidal force profile is observed. For the AL particles, one
observes a more pronounced jump-in close to contact, which
probably occurs since the hydrophobic forces are stronger for
AL than for SL .

The surface properties of the particles were again deter-
mined by fitting the force profile in KCl solutions, whereby
the solution concentrations were fixed to the analytical
values. The respective surface charge density was ¢ = +7.5 +
0.1 mC m > and the regulation parameter p = 0.31 + 0.02
(Table 2). With these values, one can correctly predict the
force profiles in all mixtures. These calculations contain
again no adjustable parameters, since the analytical
concentrations and the surface properties are kept fixed
(Table 2). We have also fitted the electrolyte concentrations,
and we found that they agreed within 10% with the analytical
ones. A small discrepancy could also be related to the
formation of LaCl>* complexes in solution.?*** The reason for
the softer repulsion is again related to the more effective
exclusion of the multivalent coions from the gap and to the
larger effective potentials for the multivalent coions (Table
1). The near-field profile again remains a good approximation
at much larger distances for multivalent coions than for
monovalent ones.

Fig. 5b shows a similar effect with highly charged organic
aliphatic polyamine. N6 is a linear amine, which does not ionize
fully, and the prevalent species has a valence of +4. The forces in
the presence of N6 and its mixture with KCI are predicted with
PB theory only by invoking the respective concentrations. Again
the ionic strength is fixed to 3.1 mM. No parameter adjustment
was made, as the same surface properties as before were used.
Good agreement with the observed force profiles was found.
The minor discrepancies could be related to weak adsorption
onto the surface or due to the contribution of other valences,

K{Fe(CN)y  KCl
@ 0.2mM 0 mM
A 015mM  05mM
17 © 0.1 mM 1 mM
0mM 2 mM

0.1+

Force/Effective Radius (mN/m)
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Fig. 6 Forces between silica particles in a mixture of KCl and
K4Fe(CN)g at pH 10 and a fixed ionic strength of 2.1 mM. Points
designate the experiments, while solid lines are predictions of PB
theory with a surface charge density of —4.4 mC m~2 and regulation
parameter p = 0.66.
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which occur in small concentrations due to the multi-step
dissociation equilibria.

Silica particles

To confirm that the described effects are generic for various
types of materials, forces between negatively charged silica
particles of 5.2 um in diameter were measured in solutions of
K,Fe(CN)g, KCl, and their mixtures at an ionic strength of 2.1
mM (Fig. 6). As for the previously discussed systems, one
observes softer profiles in the presence of multivalent coions.
The main difference to the previous force profiles is that forces
remain repulsive down to contact and that one cannot observe a
jump-in at short distances. This feature is probably related to
repulsive short-ranged hydration forces acting between silica
surfaces.'”'**°

Surface properties of silica were determined by fitting the
force profile in KCl solution with PB theory. Thereby, the
analytical salt concentration was used as before. From this fit,
we obtain the surface charge density ¢ = —4.4 + 0.1 mC m 2
and a regulation parameter p = 0.66 + 0.02 (Table 2). These
parameters are then used to predict the force profiles in
K,Fe(CN)¢ solutions and their mixtures with KCl. Since the
appropriate salt concentrations were kept fixed, no adjustable
parameters enter the calculation. The PB theory again describes
the measured force profiles very well. The characteristic features
observed for the force profiles in the presence of multivalent
coions do not depend on the nature of the particles. The
obtained surface charge density is well comparable to the
published values measured for silica surfaces at pH ~ 10 at low
salt concentrations.””>**® These values were determined by
force measurements and they are in the range from —8 to
—4mCm™>

Conclusions

Direct force measurements were carried out with different
types of negatively and positively charged colloidal particles
in aqueous electrolyte solutions containing multivalent
coions. In all situations studied, the multivalent ions have the
same sign of charge as the particles. While these ions hardly
adsorb onto such surfaces, they strongly modify the structure
of the diffuse layer. As a consequence, one observes unusually
softer and longer-ranged force profiles than for monovalent
electrolytes. These profiles have a sigmoidal appearance in
the popular semi-logarithmic representation and they can be
described with PB theory for asymmetric electrolytes very well.
These characteristic features reflect the fact that multivalent
coions get expelled from the gap between the surfaces at
larger distances than for monovalent ones. At short distances,
the force profile converges to the near-field solution of the PB
equation, which reflects the situation where the surface
charge is neutralized by counterions only, as is the case
without added salt. In the presence of multivalent coions, the
near-field profile represents a good approximation up to
larger separation distances than for monovalent coions. This
fact is also reflected by the effective potentials entering the
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far-field DH theory, which are higher for the multivalent
coions than for the monovalent ones. These findings
demonstrate that the PB theory can accurately describe forces
in the presence of multivalent coions even when surfaces are
highly charged.

The measured force profiles reflect the analytical electrolyte
concentrations very well. While the observed discrepancies are
typically <10%, these deviations could also be related to
complexation in solution or to a chemical decomposition of the
ions. The present work confirms the findings of previous
studies,”® which concluded that salt concentrations determined
from direct force measurements are in agreement with the
analytical ones. Systematic deviations between experimentally
observed decay lengths in the far-field regime and the Debye
lengths cannot be confirmed even in the presence of multiva-
lent ions. While these deviations might exist, they are beyond
the resolution of the surface force instruments currently in use.

The present work contributes to the current discussion on
the role of multivalent ions in electrostatic interactions between
charged surfaces.>**?*3¢ Thereby, a major difference between
multivalent counterions and multivalent coions must be
stressed. Multivalent counterions strongly adsorb onto charged
surfaces, and they may eventually lead to overcharging. Multi-
valent coions do not adsorb onto such surfaces, or eventually
only weakly. Therefore, they do not affect the surface charge, but
they strongly modify the structure of the electric double layer
and the resulting interaction forces. Therefore, addition of
multivalent coions provides a new means of tuning repulsive
double layer forces. This possibility might be of relevance in
colloidal self-assembly, where delicate balance between inter-
actions must be achieved in order to obtain the regular particle
arrangements.””*® In this respect, a more detailed under-
standing how multivalent ions influence forces between
dissimilar surfaces would be desirable as well.
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Direct force measurements between negatively charged silica particles in the presence of a like-charged
strong polyelectrolyte were carried out with an atomic force microscope. The force profiles can be
quantitatively interpreted as a superposition of depletion and double-layer forces. The depletion forces are
modeled with a damped oscillatory profile, while the double-layer forces with the mean-field Poisson-
Boltzmann theory for a strongly asymmetric electrolyte, whereby an effective valence must be assigned to the
polyelectrolyte. This effective valence is substantially smaller than the bare valence due to ion condensation
effects. The unusual aspect of the electrical double layer in these systems is the exclusion of the like-charged
polyelectrolyte from the vicinity of the surface, leading to a strongly nonexponential diffuse ionic layer
that is dominated by counterions and has a well-defined thickness. As the oscillatory depletion force sets
in right after this layer, this condition can be used to predict the phase of the oscillatory depletion force.

DOI: 10.1103/PhysRevLett.117.088001

Since the pioneering work of Asakura and Oosawa [1],
depletion forces remained in the focus of the soft condensed
matter community [2—4]. Much theoretical progress has
been made by studying mixtures of hard spheres, and within
the mean spherical approximation analytical expressions
for the depletion potential between a pair of particles in a
suspension of smaller depletants have been derived [3,5]. On
the experimental side, spectacular results were obtained by
exploring the possibility of tuning the range and strength of
the interaction potential between colloidal particles through
depletion forces induced by dissolved neutral polymers
[6-8]. The availability of these systems opened the pos-
sibility to study their phase behavior and establish con-
ditions concerning the occurrence of the gas-liquid phase
transition [7] and its relation to colloidal aggregation [8].

More recently, the focus shifted towards charged deple-
tants, including nanoparticles [9,10], micelles [11,12],
or polyelectrolytes [13—15]. For a wide range of systems,
these forces could be rationalized with a simple damped
oscillatory profile, which follows from the large-distance
asymptotics of the hard-sphere depletion potential [3,9].
The dependence of the free energy per unit area W with
separation distance % as induced by the depletion interaction
can be expressed as

Wae(h) = Ae™"/¢ cos(2zh/A + 6), (1)

where A is the amplitude, £ the correlation length, 4 the
wavelength, and 6 the phase shift. In contrast to hard-sphere
systems, however, the wavelength shows a characteristic
dependence on the number concentration ¢ of the deple-
tants, typically with scaling behavior as 4 « ¢™%, where
1/3 < a < 1/2. Recently, it was shown that this wavelength
closely corresponds to the position of the structural peak
observed in small angle scattering experiments [9].

0031-9007/16/117(8)/088001(5)
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When studying depletion forces, one always attempts
to minimize interactions between the depletants and the
respective substrate. For neutral polymers, the particles are
often protected by alkyl-chain brushes [6]. For charged
depletants, the larger particles are chosen to be highly
charged and with a charge of the same sign as the one of the
depletants [9,11,14]. In this way, the deposition of the
depletants to the larger particles can be avoided. In such a
system, however, the larger particles will interact by
repulsive double-layer forces [2] and shorter-ranged
depletion interactions [16]. Counterions may also alter
the solvent structure close to the interface and affect the
surface charge [17]. Double-layer forces will be intimately
linked to depletion forces, since the charged depletants will
contribute to screening. However, the combined action of
the double-layer and depletion force was hardly studied.
The reason could possibly be that the double-layer force
does not decay exponentially, as one would naively expect
from the simple theory of the electrical double layer.

Here, we investigate the interplay between the depletion
and double-layer forces acting between charged colloidal
silica particles in solutions of strong like-charged poly-
electrolytes. We are able to quantify the forces measured
with an atomic force microscope (AFM) by means
of a superposition of the damped oscillatory depletion
forces and repulsive double-layer forces. The double-layer
force can be calculated accurately within the mean-field
Poisson-Boltzmann (PB) theory by considering highly
asymmetric electrolytes. Such electrolytes induce unusual
nonexponential force profiles and a well-defined thickness
of the diffuse part of the electrical double layer. This
thickness then determines the onset of the depletion force
and, in turn, its phase.

© 2016 American Physical Society
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The double-layer force between two equally charged
plates is obtained by numerically solving the PB equation
for constant charge boundary conditions [2]. For a solution
containing different ions of number concentrations ¢; and
valence z;, the PB equation reads

d*y q .
P —@Zzic,- e /KT, (2)

1

where ¢ is the elementary charge, ¢, the dielectric permit-
tivity of vacuum, ¢ the dielectric constant of water, 7 the
absolute temperature, and k the Boltzmann constant. We
use T = 298 K and ¢ = 80 as appropriate for water at room
temperature. From the electric potential at the midplane
Wy, one obtains the double-layer disjoining pressure Iy
given by [2]

My = KTy ci(e7avu/iT 1), (3)

which is then integrated to obtain the interaction energy

o0

Wa _/Hdl(h/) dan'. 4)
h

In the present situation of a highly asymmetric 1:Z
electrolyte, where the multivalent coions have the same
sign of charge as the surface, the pressure profile is
determined by the salt-free situation. In this situation,
the surface charge is only neutralized by the monovalent
counterions, and the PB equation can be solved analyti-
cally. For large distances, the pressure is given by

4 kT

g
where Iz = q*/(4negekT) is the Bjerrum length, lgc =
2¢0ekT/(qo) is the Gouy-Chapman length, whereby o is
the surface charge density, and ¢ is the number concen-
tration of the 1: Z electrolyte. The second term corresponds
to an osmotic correction [18]. Without that term and for
h > lgc, Eq. (5) reduces to [y = kT /(21h?) as initially
proposed by Langmuir [19].

The numerically calculated PB pressure profiles are
shown in Fig. 1. As the valence Z of the coion is being
increased, the profile becomes increasingly nonexponential
[Fig. 1(a)]. A decrease of the salt concentration [Fig. 1(b)]
has a similar effect. The limiting laws are also illustrated
by comparing the exact PB profile with Eq. (5) and
Langmuir’s relation. The pressure decreases initially slowly
but then decays rapidly due to the osmotic contribution in
Eq. (5). This rapid decay leads to a well-defined thickness
of the diffuse layer. The exponentially decaying Debye-
Hiickel (DH) limiting law is recovered only at large
distances [2]

Iy = 2e0epli’e ™, (6)

Disjoining Pressure (N/mz)
Disjoining Pressure (N/mz)

T T T
0 20 40 ' 60

Separation (nm) Separation (nm) Ay

FIG. 1. Disjoining pressure Iy induced by the electrical double
layer versus surface separation h calculated numerically by
solving the PB equation for highly asymmetric 1:Z electrolytes
for a fixed surface change density of —5 mC/m? and different
concentrations of monovalent ions. Influence of (a) valence Z at a
concentration of 2 mM and (b) for a 1: 100 electrolyte of different
concentrations. The lowest concentration in (b) also indicates the
Langmuir’s relationship, approximate salt-free relation Eq. (5),
DH limiting law Eq. (6), and the thickness of the diffuse layer Ag;.
The concentration indicated corresponds to the monovalent
counterion concentration.

where . is the effective potential and « is the inverse
Debye length defined by the relation x* = 4zl >, 22¢;.
For such highly asymmetric electrolytes, the respective
effective potentials become huge, which simply reflects the
fact that the DH limiting law sets in only for &> k™'
Therefore, the DH approximation cannot be used [10], and
the consideration of the PB theory becomes essential.
Very similar features can be observed experimentally.
Interaction forces between two silica particles were mea-
sured with the colloidal probe technique [20,21]. This
technique was implemented with a closed-loop AFM
(MFP-3D, Oxford Instruments) mounted on an inverted
optical microscope (Olympus, IX 70). Monodisperse silica
particles (Bangs Laboratories) were placed to a quartz
substrate and glued (Araldite 2000+) to a tipless AFM
cantilever (Micromash, CSC37). The particles were heat
treated at 1150°C during 3 h, which results in a solid
attachment to the substrate and the cantilever. The heat-
treated particles were cleaned in air plasma (PDC-32 G,
Harrick) and subsequently washed with ethanol and
Milli-Q water (Millipore). The average particle radius is
2.20 pm with a coefficient of variation of 1.2% measured
with scanning electron microscopy. The root mean
square (rms) roughness of 0.81 4= 0.09 nm was determined
by AFM imaging [22]. The attached particles were
mounted in the AFM fluid cell, which was filled with a
solution of sodium poly(styrene sulfonate) (NaPSS)
(Polymer Standards, polydispersity index <1.2) adjusted
to pH 4.0 with HCL. The particles were centered by means
of the optical microscope with a precision of ~50 nm.
Force profiles were extracted from the approach parts of
vertical approach-retraction cycles. The contact point was
determined from the onset of the constant compliance
region with an accuracy of ~0.5 nm. The spring constants
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FIG. 2. Forces between silica particles in solutions of NaPSS. Experimental data are compared with calculations based on the PB
theory for asymmetric electrolytes and a damped oscillatory depletion force. The concentration indicated corresponds to the monomer
concentration. The semilogarithmic representations plot the magnitude of the force. (a)—(c) Variation in concentration and (a),(d),(e) in

molecular mass.

of the cantilevers were ~0.3N/m as determined by the
thermal fluctuation method. By a subsequent averaging of
about 100 force profiles, we obtain a force resolution of
~2 pN. Force profiles obtained from the approach and
retraction traces agreed well for cantilever velocities
<0.5 um/s. The force profiles measured between different
pairs of particles were well reproducible at larger distances,
while at shorter distances a variation of about 30% was
observed. These observations confirm the symmetry of the
present measurement geometry, while the lack of this
symmetry was considered as a problem in a similar study
[10]. Measurements were done also in dialyzed NaPSS
solutions, but they were less well reproducible. These
measurements showed that a minor changes in the pH
and background solution concentration yields very similar
results. We have further verified that PSS adsorption on
silica is negligible. The fraction of molecular pulling events
in the AFM force experiments was <1% for all PSS
samples with molecular mass >30kg/mol. PSS adsorption
was also measured on oxidized silicon wafers by optical
reflectivity with a home-built reflectometer. This fixed-
angle reflectometer involves a frequency-modulated polar-
ized diode laser with a wavelength of 533 nm, and an
incidence angle of 60° was used [23]. The adsorbed mass of
PSS was <50 pg/m? in the relevant concentration range.

The force profiles shown in Fig. 2 were quantified by
invoking the Derjaguin approximation, which states that
the force is given by F = zRW, where R is the mean
particle radius and W is the interaction energy [2]. We
approximate this quantity by superposing the contributions
from double-layer and depletion forces, namely,

W=Wg+ Wg. (7)

The depletion contribution is given by Eq. (1), while the
double-layer interaction was calculated with the full PB

equation assuming a mixture of 0.1 mM monovalent
electrolyte and the appropriate concentration of 1:Z
electrolyte. Such results were fitted to the measured force
profiles. Thereby, the monomer concentration and the
surface charge density o were fixed. The former was
known from the analytical PSS concentration, while the
latter value of —5.0 mC/m? was determined by direct force
measurements in 10 mM NaCl solution adjusted to pH 4.0.
The remaining fitting parameters include the ones of the
depletion force, namely, its amplitude A, the correlation
length &, the wavelength A, and the phase shift 0 < 8 < 2z,
and the only free parameter entering the double-layer force
is the valence. No satisfactory fits could be obtained with
the bare valence Z of PSS, which corresponds to the
number of charged groups. Therefore, we have introduced
an effective valence Z.; as a fitting parameter. The fits
systematically yields Z.; < Z, and this difference implies
that not all counterions dissociate. This phenomenon is well
known as the Manning counterion condensation [24]. The
experimental data were compatible with a fixed ratio 1/¢&
for each molecular mass. As Fig. 2 illustrates, this model
was capable to quantify the experimental force profile very
well, typically over 3 orders in magnitude. The resulting
parameters are summarized in Figs. 3 and 4. The limiting
DH decay is hardly noticeable in the force profiles, as it is
hidden by the onset of the depletion force. Van der Waals
attraction was not observed either, as it is probably
overruled by short-ranged repulsive forces (e.g., hydration
and hairy-layer) [20].

Figure 2 illustrates that double-layer forces dominate the
force profiles at smaller distances, while depletion forces at
larger ones. Because of the rapid decay of the former, both
forces contribute simultaneously only in a small distance
range. In this range, some deviations from the superposition
approximation [Eq. (7)] can be evidenced. However, these
deviations are relatively minor, and for this reason we did

088001-3



PRL 117, 088001 (2016)

PHYSICAL REVIEW LETTERS

week ending
19 AUGUST 2016

6 A
— /I v (b)
— S A
c S 54 ;
£ 3
< £ 44
£ el
[ = -
5 : 0
2 o 2 A
o 2]
= S Predi
T 14 redicted
0 - T T
1 10 100
Monomer Concentration (mM) Monomer Concentration (mM)
£ 014 MM (kg/mol) (c) —ogo0—0— (d)
5 8] —v—6.4 0 %1000—
£ 740 v N Fitted
o 44 —®=-200 % o
o 1 —0—2300 g A g -.—.-_._".._
3 2] v 5 g o 1004
5 & 2
gooty o 0 ° 3 Aoboapbon
=
6_ ... i} 104 —-'__'__'_'__v_
45 T T T T T
1 10 100 1 10 100
Monomer Concentration (mM) Monomer Concentration (mM)
FIG. 3. Fitted parameters extracted from the measured force

profiles versus the monomer concentration for NaPSS of different
molecular mass (MM). (a) Wavelength A, (b) phase shift 9, (c)
amplitude A, and (d) effective valence Z. . The solid lines
indicate the fitted exponent in the power-law dependence 1 « ¢™*
in (a) and the average value in (d). The solid lines in (b) are model
predictions as described in the text.

not attempt to use more detailed models of the depletion
force [3,5]. At shorter distances, the depletion force is
overwhelmed by the double-layer force by orders of
magnitude.

One further observes that the range of the double-layer
force increases with increasing molecular mass of the
polymer and decreases with increasing concentration.
These trends were already suggested by the model calcu-
lations with the strongly asymmetric electrolyte presented
in Fig. 1. The wavelength of the depletion force also
increases with increasing molecular mass of the polymer
and decreases with increasing concentration. Such trends
were reported by researchers focusing on forces induced
by charged depletants earlier [13,25,26].

The dependence of the fitted parameters on the PSS
concentration is summarized in Fig. 3. Let us first discuss
the parameters describing the depletion force, namely, the
wavelength 4, the phase shift 8, and the amplitude A. The
wavelength decreases with the concentration following a
power law 1 &« ¢~* The phase shift 6 and the amplitude A
increase with concentration. Figure 4 summarizes the
molecular mass dependence of the ratio 1/£ and the
power-law exponent a, and they compare favorably with
values obtained from earlier direct force measurements in
similar systems [13,25,26]. The fixed ratio /¢ decreases
with the molecular mass. The power-law exponent «
increases from 1/3 to 1/2 at a molecular mass of
~100 kg/mol as the solution undergoes a dilute to
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FIG.4. Dependence of the model parameters in salt-free NaPSS
solutions versus the molecular mass. (a) Ratio of the wavelength
and correlation length A/&, (b) exponent of the power law
A ¢, and (c) ionization fraction Z.s/Z. The present data
are compared with parameters given in the literature for measured
depletion forces in the same system for AFM colloidal probe
measurements [13,25] and TIRM [26]. Literature data for the
ionization fraction were obtained by osmometry [27] and ion-
specific electrodes [28]. The dashed lines indicate the limiting
exponents in (b) and the Manning limit in (c).

semidilute transition. For this molecular mass, the cross-
over concentration is about ~7 mM as can be inferred from
the respective gyration radii [29].

The only adjustable parameter characterizing the double-
layer force is the effective valence Z.;. This parameter is
always lower than the bare valence Z, since some of the
counterions are condensed on the polymer and they do not
dissociate [24]. The effective valence is concentration
independent [Fig. 3(d)] but increases with an increasing
molecular mass of PSS. The ratio Z 4/ Z decreases initially
with the molecular mass but then remains almost constant
around 0.15 £ 0.05 [Fig. 4(c)]. The presently measured
values are very similar to values found with independent
methods earlier [27,28]. The measured values are well
comparable to the Manning condensation limit of
Zet/Z = a/lg = 0.35, where a = 0.25 nm is the length
of the PSS monomeric unit [24]. The experimentally
observed values are somewhat smaller, and this deviation
is probably caused by the small amounts of salt present
[30]. Indeed, only a minor fraction of the counterions
dissociated from the polyelectrolytes contribute to the
diffuse layer formed.

This quantitative picture can be used to explore the
interplay between depletion and double-layer forces. We
now demonstrate that the phase of the depletion force is
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determined by the thickness of the diffuse layer. This
thickness /g, can be estimated by setting Iy (hg) = 0 in the
approximate Eq. (5) as indicated in Fig. 1(b). Once this
distance is known, one requires that the argument in Eq. (1)
is 2zhgy/A+ 6 = 5x/2. The physical meaning of this
condition is that the depletion force vanishes at the diffuse
layer boundary and initially decreases with the distance. A
similar condition is approximately valid for hard spheres
[3]. From this condition, the phase 6 can be calculated,
whereby the wavelength 1 is obtained from the fitted
scaling relations shown in Fig. 3(a). These predictions
do not contain any adjustable parameters, and they are
plotted as lines in Fig. 3(b). The agreement with the
experiment is very good. This finding demonstrates that
the onset of the depletion force is related to the thickness
of the diffuse part of a polyelectrolyte-free electric double
layer.

We conclude by stating that such a consistent description
of forces acting on charged surfaces in solutions of like-
charged polyelectrolytes by means of a superposition of
depletion and double-layer forces has been proposed for
the first time. The oscillatory depletion forces dominate at
larger distances, whereby the respective wavelength reflects
the structure of the polyelectrolyte solution and is in
agreement with previous studies. The polyelectrolyte is
excluded from the diffuse part of the double layer, and
therefore this layer is dominated by monovalent counter-
ions. This structure leads to a highly nonexponential force
profile, which can be well rationalized by the PB theory for
highly asymmetric electrolytes with monovalent counter-
ions and multivalent polyelectrolyte coions. However, an
effective valence must be assigned to the polyelectrolyte,
which is typically 2-8 times smaller than its bare value.
The effective valence is comparable to the one obtained
with independent methods [27,28] and can be relatively
well rationalized by counterion condensation [24,30]. The
thickness of this diffuse layer further determines the onset
of the depletion force and its phase. While a DH regime is
also present at large distances and low forces, this regime
is typically hidden by the onset of the depletion force.

The present findings will certainly revive experimental
and theoretical investigations of the structure of the double
layer in strongly asymmetric electrolytes, which include
not only polyelectrolyte solutions but also micellar sol-
utions or salt-free suspensions of charged colloidal particles
[9-12]. Similar investigations in the latter systems may
also shed light on like-charge attraction phenomena [31],
which might be related to the interplay of nonexponential
force profiles originating from overlapping double layers
and oscillatory depletion forces.
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University of Geneva.
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Interaction forces between silica particles were measured in aqueous solutions of the sodium salt of
poly(styrene sulphonate) (PSS) and NaCl using the colloidal probe technique based on an atomic force
microscope (AFM). The observed forces can be rationalized through a superposition of damped oscillatory
forces and double layer forces quantitatively. The double layer forces are modeled using Poisson—Boltzmann
(PB) theory for a mixture of a monovalent symmetric electrolyte and a highly asymmetric electrolyte,
whereby the multivalent coions represent the polyelectrolyte chains. The effective charge of the polyelectro-
lyte is found to be smaller than the bare number of charged groups residing on one polyelectrolyte
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molecule. This effect can be explained by counterion condensation. The interplay between depletion
and double layer forces can be further used to predict the phase of the depletion force oscillations.
However, this picture holds only at not too elevated concentrations of the polyelectrolyte and salt.
At higher salt concentrations, attractive van der Waals forces become important, while at higher
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Introduction

The properties of particle suspensions, such as their stability and
rheology, can be tuned by the addition of polyelectrolytes.’ Such
effects are being exploited in industrial applications, for example,
in papermaking, water treatment, or mineral separation.*® Due to
the importance of these applications, interactions between water—
solid interfaces in polyelectrolyte solutions have been investigated
in substantial detail. Experimental studies often rely on surface
force apparatus, total internal reflection microscopy, or the
colloidal probe technique, which is based on an atomic force
microscope (AFM).>*” These investigations mainly focused on
oppositely charged systems, where the substrate and the poly-
electrolytes have the opposite sign of charge. These systems are
dominated by polyelectrolyte adsorption and charge reversal,
and the resulting interactions can be mostly rationalized by
exponential double layer forces.®™' Near the charge reversal
point, attractive forces are being observed. The strength of this
attraction sometimes exceeds the one of the van der Waals
force, and this enhancement can be explained by electrostatic
attraction between surface charge heterogeneities.’

Department of Inorganic and Analytical Chemistry, University of Geneva,
Sciences II, 30 Quai Ernest-Ansermet, 1205 Geneva, Switzerland.
E-mail: gregor.trefalt@unige.ch; Tel: +41 22 379 6054
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polyelectrolyte concentrations, the macromolecules adsorb onto the like-charged silica interface.

Much less attention is focused on like-charged systems, where
the substrates and the polyelectrolytes have the same sign of
charge. One would naively expect that the polyelectrolyte would
not adsorb onto the substrate due to the strong electrostatic
repulsion, but that depletion forces could become important.
Indeed, several authors reported such forces, and it was demon-
strated that these forces become oscillatory."**” Such oscillatory
forces could be equally observed to act between other types of
surfaces, for example, between polyelectrolyte multilayers or gas
bubbles.'®'® Similar forces could also be induced by other types of
charged objects, such as, micelles or nanoparticles.>*>* The
oscillation period of the depletion force was shown to be related
to the position of the structural peak observed by small angle
scattering.*® This finding clearly confirms that the oscillatory
nature of these forces reflects the structuring of the bulk suspen-
sion. These forces thus appear to have a similar origin to the well
investigated depletion forces induced by uncharged objects.>* ¢
Nevertheless, electrostatic interactions are important in deter-
mining these forces, since these forces can be screened away by
adding a simple salt to the system.'>™?

In spite of all the activity on depletion forces in like-charged
polyelectrolyte systems, the role of double layer forces is poorly
investigated. Typical interfaces considered in such systems are
highly charged and should induce strong repulsive double layer
forces. While theoretical treatments have stressed the impor-
tance of double layer forces in similar systems,>” "' hardly any
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experimental information on these forces in systems contain-
ing like-charged polyelectrolyte is available.

An exception is our very recent report on force measure-
ments between charged interfaces in salt-free solutions of
like-charged polyelectrolytes.*” This report concludes that dou-
ble layer forces are indeed important at shorter distances.
However, the corresponding profiles are highly non-exponential
and they can be only rationalized in terms of Poisson-Boltzmann
(PB) theory for a highly asymmetric electrolyte, where the multi-
valent coions represent the polyelectrolyte chains. The non-
exponential nature of the double layer force is due to the presence
of a diffuse layer consisting of monovalent counterions only.

The present article extends this approach to systems con-
taining monovalent salts. The double layer forces can be again
rationalized in terms of PB theory, but a mixture of a highly
asymmetric electrolyte and a monovalent symmetric electrolyte
must be explicitly considered. With this modification, one
can again use a superposition of depletion and double layer
forces to obtain a comprehensive picture of the interaction
forces acting in like-charged polyelectrolyte systems even in the
presence of salt.

Modeling interaction forces

The force F acting between pairs of colloidal particles was
calculated from the interaction energy between two flat surfaces
W by means of the Derjaguin approximation

F = 2nRe W (1)

where R is the effective radius, which is given for two identical
spherical particles of radius R by Re¢ = R/2. In the following, we
will always report the normalized force F/Re.

We assume that the interaction energy can be approximated by
a simple superposition of depletion and double layer contributions

W= Wde + Wdl (2)

Thereby, Wy, is the contribution due to depletion and Wy, the
one due to overlap of electric double layers. At larger distances,
the dependence of the depletion contribution on the separation
distance h is given by an exponentially damped oscillatory

function, namely****

Wae = Ae " cos(2nh/) + 0) (3)

where A is the amplitude, ¢ the correlation length characterizing
the decay, 4 the wavelength of the oscillation, and 6 the
phase shift.

The double layer force acting between two identically charged
plates can be calculated from the PB equation. When the electro-
lyte solution contains different ions of number concentrations c¢;

and valence z; this equation reads®*®
d*y q .
T = ey e ()
X €€ 45

where g is the elementary charge, ¢, is the dielectric permittivity
of vacuum, ¢ is the dielectric constant of water, and f is the
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inverse thermal energy. The latter parameter is given by f§ = 1/(kT)
where T is the absolute temperature and k is the Boltzmann
constant. The potential profile is calculated numerically by
assuming that the plates are located at x = +A/2 and by
imposing the constant regulation (CR) boundary condition®”

=0 — C[(h/2) — Yg] (5)

where ¢ is the surface charge density, {4, is the diffuse layer
potential, and Cj, is inner layer capacitance of the isolated surface.
The surface charge density and the diffuse layer potential are
related through the charge-potential relationship

1/2
o= i{ZkTsos Z ¢ [e_“_"/jq‘/’dl —1] } (6)

where the + sign applies to a positively charged surface and
the — sign to a negatively charged one. Instead of referring
to the inner layer capacitance, we use the regulation parameter
P =Call/(Cq + Cin) where Cq is the diffuse layer capacitance given
by Cq = do/diq. This parameter has the advantage that it
assumes simple values for the classical boundary conditions,
namely p = 1 for constant charge (CC) and p = 0 for constant
potential (CP). In the present setting, we solve the PB equation
for a negatively charged substrate in contact with a mixture of a
monovalent 1:1 salt of concentration cg and of a 1: Z salt with
multivalent coions of valence Z and monovalent counterions of
concentration cy;. The latter asymmetric salt mimics the strong
polyelectrolyte. The concentration ¢y will also be referred to as
the monomer concentration, and it provides a more useful
parameterization of the problem than the polyelectrolyte
concentration, which is given by cy/Z. Thus, the quantities
entering the PB equation read ¢; = ¢g + ¢y, €2 = Cs, and ¢;3 = cum/Z,
and accordingly z; = +1, z, = —1, and z3 = —Z.

Once the electric potential is known, one can obtain the
disjoining pressure from the potential at the mid-plane yr\; = /(0)
by means of the relation

Iy = kTZC,‘(e_Z’/}qd/M — 1) (7)

The interaction energy is then obtained by integration

Wq = J Hdl(h,)dh, (8)
h

At sufficiently large separation distances, the Debye-Hiickel
(DH) approximation becomes valid and the interaction energy
decays exponentially, namely

Wa = 2808Kl//effz ef"h (9)

where V. is an effective potential and x ' is the Debye screen-
ing length defined by

K> = 8n/pl (10)

Thereby, I is the ionic strength

1 2
IIEZZ[ Cj (11)

This journal is © The Royal Society of Chemistry 2017
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and /p is the Bjerrum length given by

Be*
fn =
B 4mepe

= 0.70 nm (12)

The numerical value refers to room temperature at 7' = 298 K
and ¢ = 80 as appropriate for water. The ionic strength is also
expressed in terms of the number concentration. The unusual
aspect of the highly asymmetric electrolytes with multivalent
coions is that this limiting law only sets in at considerably large
distances and the effective potential can be substantially larger
than the diffuse layer potential in magnitude.®®

One may question the validity of the superposition approxi-
mation given in eqn (2) and particularly the validity of eqn (3) at
shorter distances. Based on the studies of hard-sphere fluids,
the exponentially damped oscillatory profile is only valid at
large distances, and corrections become necessary closer by.*?
At very short distances, the depletion force features an attrac-
tive well, which is dominated by the exclusion of the spheres
from the gap. In this regime, however, the magnitude of
the depletion force is basically negligible with respect to the
substantial double layer force in the systems considered here.
One can thus use eqn (3) down to contact, and deviations are
only expected in the rather narrow transition region between
depletion and double layer forces. Nevertheless, a more con-
sistent simultaneous description of depletion and double layer
forces would be highly desirable.

Experimental
Materials

Sodium salts of poly(styrene sulfonate) (PSS) with molecular
masses near 6.4, 30, 200 and 2100 kg mol " and polydispersity
indices below 1.2 were purchased from Polymer Standards
(Germany) and were used as received. Silica microspheres with
a diameter of 5.0 um were obtained from Bangs Laboratories
Inc., USA. For all the measurements, PSS was dissolved in pure
water overnight and the pH was adjusted to 4.0 with dilute HCI.
Such PSS solutions were mixed with NaCl solutions adjusted to
PH 4.0. Milli-Q water (Millipore) was used throughout. The measure-
ments were performed at room temperature of 21 + 3 °C.

Probes and substrates

Forces between pairs of silica particles were measured between
particles attached to tip-less AFM cantilevers and quartz slides
with deposited colloidal particles. Silica powder was spread on
a glass slide and a tiny drop of about 10 uL of an epoxy glue
(Araldite 2000+) was placed beside the particles. A tip-less
cantilever (MikroMasch, Tallin, Estonia) was cleaned with air
plasma (PDC-32G, Harrick, New York) for 10 minutes, and then
mounted in the AFM. The cantilever was then dipped into the
drop of glue and used to pick up a silica particle from the
substrate. Quartz slides (Edmund Optics) were cleaned for
2 hours in a piranha solution, which is a mixture of H,SO,
98% and H,0, 30% in a volumetric ratio of 3: 1. The slides were
thoroughly washed with water and dried under a stream of
nitrogen gas. Small amounts of silica particles were sprinkled

This journal is © The Royal Society of Chemistry 2017
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over the quartz slide. The cantilevers with the glued silica
particles and the quartz substrates were sintered side by side
in a furnace for 3 hours at 1150 °C. This procedure resulted in
firm attachment of the silica particles to the cantilever and the
substrate and complete removal of the glue. Thereby, the silica
particles shrink slightly. After shrinking, their mean diameter
of 4.4 um and polydispersity below 2% were determined by
scanning electron microscopy. The sintered particles were
rather smooth, featuring a root mean square roughness below
1 nm. This procedure results in an almost symmetric system
consisting of two silica particles. Further details concerning the
attachment procedure can be found elsewhere.?”

Direct force measurements

The colloidal probe technique was used to measure the forces
between pairs of silica particles in PSS solutions and was
realized with a closed-loop AFM (MFP-3D, Oxford Instruments)
mounted on an inverted optical microscope (Olympus IX73).
The cantilever and the substrate were rinsed with pure water
and ethanol several times and finally cleaned in a plasma
chamber for 10 minutes. The quartz slide with sintered silica
particles was glued on the glass plate sealing the AFM cell. The
glass plate and cantilever were then mounted in the AFM fluid
cell. The fluid cell was thoroughly flushed with polyelectrolyte
solution several times and left to equilibrate for at least
20 minutes. The particles on the cantilever were centered above
another particle on the substrate by means of an optical
microscope with a lateral precision of about 100 nm. The
cantilever deflection was acquired with a sampling rate of
5 kHz, a cycle frequency of 0.5 Hz, and an approach velocity
of 500 nm s~ '. For each pair of particles, about 100 cycles were
recorded. The zero separation distance was assumed when the
force reached a value of 10 mN m™" for repulsive curves, and
4 mN m~" for the attractive curves. This procedure leads to a
precision of 0.3 nm in the determination of the contact point
and was used earlier.*® The force profiles were obtained by
applying Hooke’s law to convert cantilever deflection to force.
The spring constants of the cantilevers were in the range of
0.2-0.4 N m " as calculated from lateral dimensions of the
cantilever and their frequency response as described by Sader
et al®® Individual raw approach-retraction cycles feature a
noise level of about 20 pN and they are shown in Fig. 1a. In
the absence of a salt, the approach-retraction cycles are fully
reversible. In a similar system, non-reversible profiles were reported,
but in that case the lack of reversibility was caused by the smaller
spring constants of the cantilever and the sphere-plane geometry
used.”’ Especially in the presence of NaCl, one frequently
observes single-molecule pulling events. These events indicate
that PSS adsorbed to the silica surface bridges the two particles.
Upon retraction, these bridging polymers are being stretched
and finally detached from the probe, leading to typical spikes in
the force profile. The force resolution can be substantially
improved by averaging the approach profiles from different
cycles. By performing such a procedure for about 100 individual
profiles, one obtains a force resolution of about 2 pN. This
procedure is further illustrated in Fig. 1b. Only such averaged
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Fig. 1 Raw force profiles recorded with the AFM between silica particles
in solutions of sodium PSS of a molecular mass of 30 kg mol™! with a
monomer concentration of 29 mM adjusted to pH 4.0. Left column shows
data without added NaCl and the right one with a salt concentration of
10 mM. (a) Individual approach-retraction cycles. (b) Raw approach data
from about 150 cycles (points) and averaged force profile (solid line). For
clarity, only each 10th data point is shown. The inset in (b, right) shows
details of the averaged force profile.

force profiles are used in the subsequent analysis and are shown
in all the figures except indicated otherwise. Force profiles were
determined at least for 3 different pairs of particles for each
particular condition.

Results and discussion

Direct force measurements were carried out between pairs of
similar silica particles with a diameter of 4.4 pm in solutions of
a negatively charged polyelectrolyte and a simple monovalent
salt. This system was realized by dissolving sodium PSS salt
and NaCl in pure water adjusted to pH 4.0. Already under
these mildly acidic conditions, the silica particles acquire a
substantial diffuse layer charge.*®*' We will first focus on the
situation of relatively low concentrations of the polyelectrolyte and
monovalent salt, where polyelectrolyte adsorption is negligible.
In this regime, the forces can be interpreted by superposing
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damped oscillatory depletion forces and double layer forces,
whereby a complete and quantitative picture can be obtained.
We will also briefly address the situation for higher concentrations
of the polyelectrolyte and/or monovalent salt. This situation
is more complex, as the polyelectrolyte adsorbs to the like-
charged substrate, and we will only highlight some character-
istic phenomena qualitatively.

Calculated double layer force profiles

Let us first illustrate the uncommon aspects of the double layer
forces in these systems with model PB calculations in highly
asymmetric electrolytes with multivalent coions. Fig. 2 presents
the numerical results of the normalized force between two
negatively charged surfaces in a mixture of 1:1 and 1:100
electrolytes. The salt originating from an anionic polyelectrolyte
is modeled by the 1:100 electrolyte. We assume a surface
charge density of —5.0 mC m~> and CC boundary conditions.
Fig. 2a illustrates the situation where the monomer concen-
tration ¢y is fixed to 1.0 mM. Without addition of any mono-
valent salt, the force profile is strongly non-exponential, and
features a slow decay at intermediate distances. In the semi-
logarithmic representation shown, this profile has a typical
sigmoidal appearance, which is characteristic of double layer
forces in a highly asymmetric electrolyte with multivalent
coions. The reason for the slow decay at smaller distances is
that the coions are expelled from the gap and the diffuse layer
is dominated by the monovalent counterions. This situation
resembles a salt-free system, where forces decay slowly as a
power-law.*>** At larger distances, the pressure decreases rapidly
due to the osmotic pressure difference to the electrolyte solution.
When a monovalent salt is being added to such a system, the
range of the double layer interaction decreases, and the pressure
profile approaches the classical DH exponential decay. This
decay is indicated as the dotted line in the semi-logarithmic
plot shown, see eqn (9). This transition between the salt-free and
salt-dominated system is illustrated more clearly in Fig. 2b.
In this case, the concentration of the monovalent salt cg is fixed

1.0mMof1:100 () 3.0 mM of 1:1 (b)
1 —PB 1
1 OomM -—- DH 1

Force/Effective Radius (mN/m)
Force/Effective Radius (mN/m)

60
Separation Distance (nm)

Separation Distance (nm)

Fig. 2 Double layer forces between surfaces with a charge density
of —=5.0 mC m~2 in a mixture of 1:1 and 1:100 electrolytes calculated
with PB theory. The concentrations refer to the monovalent counterions
originating from the respective electrolytes. The dotted lines indicate the
DH decay at large distances and the arrow the diffuse layer thickness
as defined by egn (15). (a) Fixed concentration of the 1:100 electrolyte
and different additions of the monovalent 1:1 electrolyte. (b) Fixed
concentration of the 1:1 electrolyte and different additions of the 1:100
electrolyte.
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to 3.0 mM. When no polyelectrolyte is present, the force profile
decays exponentially. When one starts to add the polyelectrolyte,
the force profile becomes progressively sigmoidal, characteristic
of a strongly asymmetric electrolyte solution. One should note
that charge regulation effects affect these profiles only weakly,
and they become only important at short distances, typically
below a few nm.

Experimental force profiles and their concentration
dependence

Let us now consider the experimentally measured force profiles.
These profiles feature the oscillatory depletion force at larger
distances and the double layer force at shorter distances. The
non-exponential nature of the double layer forces discussed
above will be confirmed by these experiments clearly.

Fig. 3 illustrates the situation of the sodium salt of PSS of a
molecular mass of 30 kg mol ™. Thereby, the concentration cy
of the PSS monomers is fixed and the concentration cg of the
added monovalent salt is being increased. The top row shows
the magnitude of the normalized force in a semi-logarithmic
representation, while the bottom row shows the force on a linear
scale. The salt-free situation is presented in Fig. 3a. At larger
distances, one observes the characteristic oscillations due to
structuring of the polyelectrolyte solution. At shorter distances,
the strong double layer repulsion sets in. The profile is non-
exponential and resembles the one for a strongly asymmetric
electrolyte discussed above (see Fig. 2a). The DH decay of the
double layer force is not visible in the experimental profiles as it
is overruled by the onset of the depletion force. The gyration
radius of the PSS chains is about 7 nm and the overlap monomer

(a)
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concentration is around 80 mM under these conditions.***>
These numbers confirm that the polymer solution is dilute and
that the polymer coils are small with respect to the measured
diffuse layer thickness and the wavelength.

Fig. 3b and c illustrate the effect of increasing the concen-
tration of the monovalent salt. One observes a decrease in the
amplitude of the oscillation of the depletion force and of the
range of the double layer force. At the same time, the double
layer force starts to assume the expected exponential depen-
dence. These features are consistent with the fact that the system
becomes increasingly dominated by the monovalent salt.

The experimental data were fitted with a superposition of
depletion and double layer forces. The depletion forces are
modeled with an exponentially damped oscillatory profile and
the double layer forces with PB theory for a mixture of 1:1 and
1:Z electrolytes. The details of these calculations are presented
in the theory section. The concentrations of the polyelectrolyte
monomers and the monovalent salt were set to the known
values. The observed force profiles could not be reproduced
with the valence Z, which also corresponds to the bare charge of
the polyelectrolyte expressed in units of the negative elemen-
tary charge —g. However, good agreement can be obtained,
when this charge was adjusted to an effective value Z.¢. In order
to retain electroneutrality, the respective concentration of
monovalent counterions entering the PB calculations is now
given by c\Zeg/Z. The adjustable parameters for the description
of the double layer thus were the effective charge Z., the
charge density of the interface o, and its regulation parameter
p. The parameters describing the depletion interactions are
the amplitude A, the wavelength A, and the correlation length £&.
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Fig. 3 Effect of addition of salt on forces between silica particles in soluti
magnitude of the force in a semi-logarithmic representation (top) and linear
fixed at cy = 9.7 mM and the NaCl concentration cs increases from left to

Separation Distance (nm)

Separation Distance (nm)

ons of sodium PSS with a molecular mass of 30 kg mol™ at pH 4. The
representation of the force (bottom). The PSS monomer concentration is
right. (@) ¢cs = 0.1 (no NaCl added), (b) cs = 0.5 mM, and (c) cs = 10 mM.

Experimental data are compared with calculations based on a superposition of depletion and double layer forces. The individual contributions

are also indicated.
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For a given molecular mass, the data were consistent with a
fixed ratio of the wavelength and the correlation length 1/&. In
the present case, we find A/¢ = 1.9 + 0.1. Best fits are indicated
in Fig. 3, whereby the separate contributions of the depletion
force and the double layer are indicated too. These contribu-
tions illustrate that the depletion force given by eqn (3) is
indeed negligible with respect to the double layer force at
shorter distances. For measurements involving pairs of differ-
ent silica particles, the typical variation of the fitted parameters
is normally below 10%.

The dependence on the concentration cg of the added mono-
valent salt was studied at a fixed concentration c,; of PSS
monomers. The resulting fitted parameters are summarized in
Fig. 4. The lowest concentration of the monovalent salt shown
corresponds to 0.1 mM and this condition reflects the addition
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Fig. 4 Dependence of the parameters describing the force profiles on the
NaCl concentration cs obtained by fitting the experimental force profiles in
solutions of sodium PSS with a molecular mass of 30 kg mol™ at pH 4.0
and at a fixed monomer concentration cy indicated. The concentration
of cs = 0.1 mM corresponds to the case of no added NaCl. Parameters
describing the depletion force include (a) wavelength 4, (b) phase shift 0,
and (c) amplitude A, while those describing the double layer are (d)
effective charge Zgs of PSS, (e) surface charge density o, and (f) regulation
parameter p. The correlation length ¢ is given through the fixed ratio of
AME = 19. The solid lines in (b) are predictions of the phase based on
egn (14) and (15). The error bars refer to standard deviations obtained from
the repetition of the same experiment with different pairs of silica particles.
In (e) and (f) results for PSS-free solutions, containing only NaCl are shown
for comparison.
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of HCI for the adjustment of pH to 4.0. However, this value is
always substantially smaller than the monomer concentration,
and thus the PSS solution can be considered as salt-free under
these conditions. The surface charge density and the regulation
parameter in PSS-free solutions containing NaCl only are also
shown in Fig. 4e and f. Their values are similar to the ones
reported earlier.>**® Here, the nominal NaCl concentration was
used for the PB calculations. If the concentration is adjusted
during the PB fit, the difference between the fitted and nominal
concentration is less than 10%.

The parameters describing the depletion force depend on
the salt concentration as follows. A crucial aspect is that the
wavelength of the oscillation is independent of the concen-
tration of the added monovalent salt as already remarked
earlier.">'® However, the wavelength decreases with increasing
PSS monomer concentration. The phase increases with increasing
concentration of the monovalent salt, and with increasing
PSS monomer concentration, this dependence becomes less
pronounced. The amplitude decreases with increasing mono-
valent salt concentration.

Let us now focus on the parameters describing the double
layer. The effective charge of the PSS decreases slightly with
increasing monovalent salt concentration, but otherwise is
independent of the PSS monomer concentration. The effective
charge Z.¢ of about 30 is obtained from the fit, and must
be compared to the substantially higher bare charge Z of
about 140. The effective charge decreases weakly with the salt
concentration. The surface charge density scatters around
—5.5 mC m~ > without featuring any clear trends. This scatter
reflects the variability in the surface charge of different silica
particles and its modification due to weak adsorption of PSS.
Note that the negative sign of the surface charge follows
unambiguously from the double layer force profile, as this profile
would be completely different if the surface were positively
charged. The regulation parameter decreases from about 1.0 in
the absence of a salt to about 0.5 in the excess of salt. The latter
value is in agreement with the value of p = 0.58, which was
obtained by direct force measurements between silica particles in
monovalent salt solutions.’® The high regulation parameter
observed in the absence of a monovalent salt is probably related
to different behavior of the diffuse layer capacitance for the
asymmetric electrolyte with respect to the monovalent one.*”

Let us now discuss the experimental force profiles for the
sodium salt of PSS of a molecular mass of 30 kg mol™* for
different PSS monomer concentrations ¢y and a fixed concen-
tration c¢s of a monovalent salt as shown in Fig. 5. In the absence
of PSS, one observes the classical double layer force profile, which
is exponential over a wide distance range as reported by various
studies earlier.*>*®*® The minor deviations from the exponential
behavior at smaller distances reflect the non-linearities of the PB
model, details of the charge regulation conditions, and additional
repulsive short-ranged hydration force, which is characteristic
of interactions between silica-water interfaces.’® As the PSS
monomer concentration increases, the double layer force profile
becomes shorter ranged and non-exponential, and oscillations
due to depletion forces set it. The decrease in the range of the
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Fig. 5 Effect of addition of polyelectrolyte on forces between silica particles in solutions of sodium PSS with a molecular mass of 30 kg mol™ at pH 4.
The magnitude of the force in a semi-logarithmic representation (top) and linear representation of the force (bottom). The NaCl concentration is fixed at
Cs = 6.0 mM and the PSS monomer concentration cy increases from left to right. (a) cm = 0 (no PSS added), (b) cm = 19 mM, and (c) cy = 49 mM.
Experimental data are compared with calculations based on a superposition of depletion and double layer forces. The individual contributions are

also indicated.

double layer force is similar to the ones reported earlier.”® The
wavelength of these oscillations decreases with increasing PSS
monomer concentration. The data were again fitted with the
superposition of depletion and double layer forces as described
above. The results are also shown in Fig. 5. We also find that
the data are consistent with the same value of the ratio between
the wavelength and the correlation length as quoted above,
namely /¢ = 1.9 £ 0.1.

Fig. 6 summarizes the fitted parameters versus the PSS
monomer concentration at various concentrations of a mono-
valent salt. The wavelength obeys the scaling relation

4 = Beyf” (13)

where o = 0.33 £+ 0.01. This dependence was reported for a
similar system previously.'” One again observes that the wave-
length remains constant upon addition of a monovalent salt.
The value of the exponent reflects the fact that the polymer
solution is dilute and that its structuring is due to electrostatic
repulsion between the point-like polyelectrolyte chains. Recall
that the gyration radius is about 7 nm and the overlap concen-
tration is around 80 mM under these conditions.***>

In the presence of a salt, the plot of the phase versus
the monomer concentration shows a characteristic minimum.
The amplitude increases with increasing polyelectrolyte mono-
mer concentration and this dependence becomes somewhat
stronger with increasing concentration of the monovalent salt.
The effective charge Z. is again around 30 and decreases weakly
with increasing monomer concentration. This decrease is more
pronounced in the presence of a salt, while in the absence of a
salt the effective charge remains almost constant.*” The surface
charge density again scatters around —5.5 mC m 2 In the

This journal is © The Royal Society of Chemistry 2017

presence of a monovalent salt, weak adsorption of PSS probably
causes the observed decrease. The regulation parameter scatters
substantially, but increases from about 0.5 to about 1.0. This
dependence reflects the same trend as reported in Fig. 4f.

Experimental force profiles and their molecular mass
dependence

Let us now address the dependence of these forces on the
molecular mass of PSS. Fig. 7 compares forces in sodium PSS
for molecular masses of 6.4, 30, and 2100 kg mol " at a fixed
monomer concentration cy; of 4.9 mM and a monovalent salt
concentration cs of 3.0 mM. One observes that the range of the
double layer force increases with increasing molecular mass.
At the same time, the wavelength of the oscillation increases.
The experimental force profiles were fitted to the model used
above. The fitted parameters are summarized in Fig. 8 for a
fixed concentration of the monovalent salt of 3.0 mM. Again a
fixed ratio of the wavelength to the correlation length /¢ can be
used. However, this ratio must be allowed to vary with the
molecular mass, as shown in Fig. 8a. The values for this ratio as
expected from a hard-sphere system lie between 1 and 2 for
intermediate volume fractions,*® and thus the presently mea-
sured values are comparable but somewhat higher.

Let us now investigate the fitted parameters shown in Fig. 9 in
more detail. First, consider the dependence of the wavelength on
the polyelectrolyte monomer concentration. This dependence
follows a power law given in eqn (13). The data for a lower
molecular mass feature the exponent o = 0.33 £+ 0.01, but for
higher molecular mass this exponent becomes o = 0.50 £+ 0.01.
This increase is caused by the transition of the polyelectrolyte
solution from dilute to semi-dilute."”” Sodium PSS of a molecular
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Fig. 6 Dependence of the parameters describing the force profiles on the
monomer concentration cy obtained by fitting the experimental force
profiles in solutions of sodium PSS with a molecular mass of 30 kg mol™ at
pH 4.0 and a fixed NaCl concentration cs indicated. The case of cs = 0.1 mM
corresponds to the case of no added NaCl. Parameters describing the
depletion force include (a) wavelength 4, (b) phase shift 6, and (c) amplitude
A, while those describing the double layer are (d) effective charge Ze¢ of PSS,
(e) surface charge density o, and (f) regulation parameter p. The correlation
length ¢ is given through the fixed ratio of A/& = 1.9. The solid line in (a) is the
best fit with egn (13) with « = 0.33 and in (b) the predictions of the phase
based on eqgn (14) and (15). The error bars refer to standard deviations
obtained from the repetition of the same experiment with different pairs
of silica particles.

mass of 200 kg mol " has a gyration radius of about 15 nm and
an overlap monomer concentration of around 2 mM.**** These
numbers indicate that this system is already situated in the
semi-dilute regime.

The phase goes again through a minimum near a monomer
concentration of around 10 mM. The amplitude increases
monotonously and is rather independent of the molecular mass.
The effective charge increases substantially with the molecular
mass, since the number of ionizable groups on each polyelectrolyte
increases. The effective charge decreases weakly with increasing
monomer concentration. This decrease is hardly visible on the
scale of Fig. 9d, but can be seen more clearly in Fig. 6d. The surface
charge density scatters around —6.5 + 0.5 mC m > and the
regulation parameter remains approximately constant near
0.6 £ 0.1. The higher magnitudes of the surface charge density
are probably due to adsorption of PSS on the particle surface.
The adsorption of PSS is probably also the cause of the weak
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decrease of the surface charge density with increasing mono-
mer concentration, and this effect is most pronounced for the
highest molecular mass. Furthermore, the adsorption of PSS
might also alter the regulation properties of the interface.

Fig. 8b shows the fitted effective charge of the polyelectro-
Iyte, which is expressed as the fraction Z.g/Z. This fraction
can be interpreted as an apparent ionization fraction of the
polyelectrolyte. One observes that this number decreases with
increasing molecular mass, and converges to a plateau at
Zew/Z = 0.15 = 0.05 for higher molecular masses. This decrease
is the main reason for the increase in the range of the double layer
forces shown in Fig. 7. These values are in good agreement with
independent experiments based on osmometry or ion selective
electrodes.®>”" While the ionization fraction decreases with an
increasing level of monovalent salt, this decrease is weak, and the
ionization fraction can be assumed as independent of the solution
composition to a good degree of approximation. This assumption
was made in our earlier study.®* A similar salt dependence of the
effective charge on the salt concentration was observed with NMR
and other techniques.’*> The ionization fraction can be estimated
through the manning condensation limit Z.¢/Z = a//g where a is
the distance between the charged groups and /3 is the Bjerrum
length. Taking a = 0.25 nm one obtains Z.g/Z = 0.35. A recent
analysis of the ion condensation for a cylinder concludes that the
ionization fraction is normally smaller than the Manning value,
and decreases further in the presence of a salt.>® These observa-
tions are in line with present experimental data.

Predicting the phase of the depletion force

The phase shift of the depletion force can be obtained by
assuming that the depletion force sets in at the outer boundary
of the diffuse layer. In particular, the depletion force vanishes
at the boundary of the diffuse layer and initially decreases
with the distance. The phase 0 in eqn (3) is therefore given by
the relation

Z’Ehdl//l +0= 5TE/2 (14)

where A is the thickness of the diffuse layer. Eqn (14) was used
earlier to predict the phase of salt-free systems.*> In these systems,
the thickness can be easily defined through the vanishing osmotic
pressure, since the double layer force decreases at this separation
very strongly. In the presence of a monovalent salt, however, the
decrease is more gradual and a more elaborate definition of &g,
is needed. Here we propose to define this thickness through the
electrostatic free energy of the polyelectrolyte. In a slit of
thickness hq;, we set this energy to be approximately equal to
the thermal energy, namely

Zettq| Wl n=ny, = VKT (15)

where y is a numerical factor of order unity. In salt-free systems,
this definition is equivalent to the one used previously.

The phase of the depletion force can now be predicted as
follows. The diffuse layer thickness %y was obtained from
eqn (15) from the known polyelectrolyte and monovalent salt
concentrations. For each respective condition, the average values
for surface charge density and the effective charge were used.

This journal is © The Royal Society of Chemistry 2017
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Once the thickness Zg is determined, the phase is obtained
from eqn (14). In order to do that, the experimental values for
the wavelength are interpolated with eqn (13). The adjustable
parameter y is entered into eqn (15). The calculations were
carried out for different values of the parameter y, and we found
that y = 2 gives the best agreement with the experiments. Trefalt
proposed the same value in a similar context.”* Moreover, these
results are not too sensitive to this value, provided that this
parameter remains of order unity as it should be.

The solid lines in Fig. 4b, 6b and 9b are predictions obtained
in this fashion. This calculation captures the experimentally
observed phase reasonably well. In particular, the minima
that can be seen in Fig. 6b and 9b are predicted satisfactorily.
This agreement confirms independently that the presently

This journal is © The Royal Society of Chemistry 2017

suggested combined action of depletion and double layer forces
is correct.

The observed trends in the phase can be explained as
follows. The increase with increasing salt concentration shown
in Fig. 4b is due to the decrease of the diffuse layer thickness.
Since the wavelength is independent of the salt level, eqn (14)
predicts that the phase increases with decreasing thickness of
the diffuse layer. The increase with increasing monomer
concentration in the absence of a salt shown in Fig. 6b is also
related to the decrease of the diffuse layer thickness. This
thickness decreases due to the increase of the counterion
concentration and this effect is stronger than the one induced
by a decrease of the wavelength with monomer concentration.
The characteristic minimum shown in Fig. 6b and 9b occurs in
the presence of a monovalent salt due to two competing effects.
The first is the decrease of the diffuse layer thickness as
discussed above, and this effect dominates the phase at high
monomer concentrations. At low concentrations, however, the
second effect due to the decrease of the wavelength becomes
important. At low monomer concentrations, the diffuse layer
thickness is approximately constant due to the background
monovalent salt, but the decrease in the wavelength also leads
to a decrease in the phase as predicted by eqn (14).

In the present system, the typical thickness of the diffuse
layer is 10-50 nm, as indicated by the arrows in Fig. 2. This
thickness coincides rather closely with the onset of the DH
decay. This thickness decreases with increasing concentration
of monomer and salt concentration. In the salt-free case, this
thickness results from the balance between the positive pres-
sure generated by the diffuse ionic cloud and the negative
pressure due to the presence of the multivalent coions.
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Fig. 9 Dependence of the parameters describing the force profiles on
the monomer concentration cy obtained by fitting the experimental
force profiles in PSS solutions at pH 4.0 and a fixed NaCl concentration
cs = 3 mM. Parameters describing the depletion force include (a) wave-
length 4, (b) phase shift 0, and (c) amplitude A, while those describing the
double layer are (d) effective charge Zg¢ of PSS, (e) surface charge density
g, and (f) regulation parameter p. The correlation length ¢ is given through
the fixed ratio of &/4 shown in Fig. 8a. The solid lines in (a) are the best fits
with egn (13) with « = 0.33 and in (b) the predictions of the phase based on
eqgn (14) and (15).

One finds that this thickness is given by eqn (10) that is
modified by a numerical factor of order unity and the ionic
strength must be replaced by the concentration of the counter-
ions. In this situation, the thickness thus scales as ¢y 2.
When the system is dominated by a monovalent salt, this
thickness is on the order of a few Debye lengths, and as evident
from eqn (10) it scales as ¢s~ 2.

Further phenomena at high concentrations

So far, we have discussed situations where the concentrations
of the polyelectrolyte monomers and of the monovalent salt
were not too high, typically below 10 mM. This regime is
governed by the combined action of depletion and double layer
forces. Thereby, the polyelectrolyte adsorption is negligible,
since it is repelled from the like-charged interface strongly.
New phenomena occur at higher concentrations.

Let us first focus on the situation of relatively low poly-
electrolyte concentrations, but higher monovalent salt concen-
trations. Under these conditions, the repulsive double layer

Soft Matter

View Article Online

Soft Matter

forces will be screened, and the interactions become domi-
nated by attractive van der Waals forces. This situation is
illustrated in Fig. 10a. For illustration, we also report the
respective interaction force in a pure NaCl solution of
250 mM. In this experiment, the attractive van der Waals force
is evident. This interaction energy can be modeled with the
non-retarded expression®*

H
W = TR (16)

where H is the Hamaker constant. When one chooses this
constant as 1.5 x 10~ 2" J the experimental data can be described
with this expression rather well. This value is in perfect agree-
ment with the theoretical estimate for silica across water.>® Very
similar force profiles can be observed in the presence of PSS at
monomer concentrations typically below 5 mM. The effect of
adsorbed polyelectrolytes becomes obvious at even higher levels
of monovalent salt, see Fig. 10b. One observes a strong repulsion
that sets in at distances of 4-8 nm. In some cases, an attractive
well is equally observed. Under these conditions, the force
profiles are poorly reproducible, and they can differ in the range
of repulsion. This behavior indicates that the polyelectrolyte
adsorbs to the silica surface under these conditions. The erratic
nature of such force profiles suggests that the adsorbed poly-
electrolyte layer is heterogeneous. The present conclusions
concerning the existence of adsorption of polyelectrolytes on
like-charged substrates are in line with earlier reports.'**%°”

Polyelectrolyte adsorption can be much more clearly demon-
strated by analyzing the individual retraction force profiles.
Exemplary profiles are shown in Fig. 11a and b. The reason for
these irregular profiles is that during contact polyelectrolyte
chains adsorb onto both particle surfaces, and upon retraction
the individual bridging chains are being stretched. Often one
observes isolated spikes. These spikes are caused by individual
bridging polymer chains, which are firmly attached to both
surfaces, and they are being stretched during the retraction of
the probe. The force response of a strongly extended polymer
chains is non-linear and leads to the curved part on the left-
hand side of the spike.’®* The right-hand side of the spike
originates from the detachment of the bridging chain, and the
subsequent part corresponds to the snap-out of the cantilever.

E 0.01 30 kg/mol 0.6 30 kg/mol  (b)
P4
£ 0.5+
- 0.00 1] 0.4
= ¢ = 250 MM :
g -001 o (M) 0.3
[ @ 0.0
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@ _
= 05 0.1
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g A 25 0.0 ]
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£ -0.04 — oY
0 4 8 12 0 4 8 12

Separation Distance (nm) Separation Distance (nm)

Fig. 10 Typical force profiles at high monovalent salt concentrations.
(a) Low PSS monomer concentration reflects the van der Waals force
shown as a solid line with a Hamaker constant of H = 1.5 x 1072
J. (b) Erratic force profiles observed at a high PSS monomer concentration.

This journal is © The Royal Society of Chemistry 2017


http://dx.doi.org/10.1039/c7sm00314e

Published on 04 April 2017. Downloaded by UNIVERSITE DE GENEVE on 28/04/2017 14:40:29.

Soft Matter

30 kg/mol 30 kg/mol
Cy =9.7mM Cy =9.7mM
cg =0.1mM

'\" ‘ WP

(@) ‘ cs =140 mM ()

8
I
—— Approach 20 nm 200 pN
Retraction
(c) (d)
——————— s 215mM B
0.254 3<cs<15mM @ 0.149 0 < ¢, <10 mM v
30 kg/mol 0<cg<3mM @ (4o
g 0.20 g O : kg/mol vV mv
8 0.101 v 64 v A
8 0.15 008 4 30 X
o 8 | m 200 N
£ 0.101 g 0 0.064 o 2100
. A
o 0,054 o 0.' 0.04 . .
g ! o 0.02 8y § I.
O_D_ﬂ ' & d 04 A
T T T T T T
1 10 100 1 10 100

Monomer Concentration, ¢,, (mM) Monomer Concentration, ¢,, (mM)

Fig. 11 Single molecule events observed upon retraction of the probe.
(@ and b) Typical raw individual approach and retraction profiles for sodium
PSS of 30 kg mol™ at 9.7 mM PSS monomer concentration. (a) Data without
added salt and (b) with a NaCl concentration of 140 mM. The event probabilities
are 0.015 in (a) and 0.19 in (b). (c and d) Event probabilities versus the PSS
monomer concentration. (c) Molecular mass of 30 kg mol™* for three different
ranges of salt concentrations. (d) Concentrations of NaCl below 10 mM for
different molecular masses. The ranges were chosen to obtain better statistics.

Less frequently, one observes plateau-like events, which result
from the peeling of adsorbed polymer chains for which a
constant force is necessary.®®! Salt-free systems feature a few
events and typically they are dominated by pulling of isolated
chains. At higher salt levels, one observes more complex
retraction profiles that may feature simultaneous stretching
of several polymer chains or peeling.

The lower part of Fig. 11 displays the probability of retrac-
tion profiles that feature at least one event. The results for the
molecular mass of 30 kg mol " are shown in Fig. 11c. One observes
that at low monomer and salt concentrations, such stretching
events are very rare, which indicates that the polyelectrolytes hardly
adsorb onto the silica surfaces. With increasing monomer and salt
concentrations, the probability of such events increases, and it may
even exceed 0.2 in favorable situations. Such events clearly indicate
that adsorption of the polyelectrolytes occurs on the silica surfaces.
The onset of the adsorption occurs at a monomer concentration of
about 20 mM in salt-free systems, and this value shifts to a lower
monomer concentration as the concentration of the monovalent
salt is increased. This onset seems to be governed by the total
concentration of the counterions. These counterions are responsi-
ble for the screening of the repulsive electrostatic interactions
acting between the silica substrate and the like-charged polyelec-
trolyte, and are thus expected to promote adsorption. The
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molecular mass dependence on the event probability is weak, as
shown in Fig. 11d. One observes a slight tendency that PSS of lower
molecular mass is being picked up somewhat more frequently.
This trend is probably related to the different lateral heterogeneities
of the adsorbed films.

Conclusion

We have investigated interaction forces between silica surfaces in
aqueous solutions of like-charged polyelectrolytes and a simple
monovalent salt, and find that these forces are dominated by
depletion and double layer forces. These forces can be modeled
quantitatively through a superposition of exponentially damped
oscillatory depletion forces and repulsive double layer forces.
However, the double layer forces must be obtained from the full
PB equation for a mixture of symmetric monovalent and highly
asymmetric electrolytes, whereby the multivalent ions represent
coions. The asymmetric electrolyte is used to model the contribu-
tion of the polyelectrolyte, whereby an effective charge that is
smaller than the bare charge of the polyelectrolyte must be
introduced. These smaller effective charges can be explained by
Manning’s counterion condensation. When the polyelectrolyte is
in excess, the resulting double force profiles are strongly non-
exponential, and have a characteristic sigmoidal shape in the
commonly used semi-logarithmic plot. With increasing concen-
tration of the monovalent salt, the double layer force approaches
the classical exponential force law expected from DH theory. Since
the depletion force vanishes at the onset of the diffuse layer and
initially decreases with the distance, we can successfully predict
with this condition the phase of the depletion force. Therefore, the
interplay between depletion and double layer force provides a
quantitative picture of surface interactions in these systems.

However, this picture only holds up to moderately elevated
concentrations of the polyelectrolyte and salt. At higher salt con-
centrations, attractive van der Waals forces become important. At
higher polyelectrolyte concentrations, the anionic polyelectrolytes
adsorb onto the like-charged silica interface. This adsorption can be
evidenced by a strong modification of the force profiles and the
presence of stretching events originating from the presence of
individual polyelectrolyte bridging chains. Moreover, polyelectrolyte
adsorption is promoted by the presence of a monovalent salt. A
detailed investigation of the latter phenomena is outside the scope
of this article, and represents a valuable topic for future studies.
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CHAPTER 7

Conclusion

This thesis delves into the impact of the multivalent ions and polyelectrolytes on the surface
forces between charged interfaces. To answer this question, colloidal probe technique based on
atomic force microscopy is used. The acquired force profiles are analyzed by means of mean-
field theories, where multivalent ions and polyelectrolytes are considered as point charges.
Specifically, the findings of this research emphasize the capability of Poisson-Boltzmann (PB)
theory to model the manner of double layer forces in the presence of ions carrying multiple
charges. In such cases, the system is very non-linear and linear approximation of PB equation

leads to erroneous prediction of forces and full form of equation must be considered.

Other types of forces are identified which their magnitude and range depend on the nature of
interfaces and ions in solutions. Among them, van der Waals (vdW) forces are ubiquitous which
their range and magnitude are independent of the solution chemistry and are just function of the
optical properties of the interacting interfaces and the solution. However, presence of long-ranged

forces screens vdW forces and usually at high concentration of ions vdW forces are detected.

Direct force measurements between charged latex particles in the presence of aliphatic
oligoamines multivalent ions showed the surface forces are consistent with DLVO theory which
states the total interaction is the interplay of vdW and double layer forces. Oligoamines tend to
adsorb to the negatively charged particles and this tendency increases with increase of valence

and leads to charge inversion of the interface for valences of +3 or more. At short distances, the
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measured forces cannot be quantified solely by DLVO forces and additional attractive forces are
always present, however with different ranges and magnitudes. In solutions containing
multivalent ions, the range of these forces is more than three times higher than the monovalent
counterparts and is about one nanometer. Even though exponential force profile can
quantitatively describe these non-DLVO forces, the origin and exact force law(s) for these types

of interactions remain an open question.

For the cases of multivalent co-ions where they have the same charge as the substrate
electrostatic repulsion expels the co-ions from the vicinity of the interface. Depletion of the co-
ions as two interfaces approach leaves only monovalent counter-ions between two interfaces.
This transition leads to two distinct force regimes as large and small separation distances. This
feature is indeed captured within PB theory framework which results in softer forces at smaller
distances. In fact, at small separation distances the force profiles agree with the prediction for
double layer forces for counter-ion only cases. Experimental data for ranges of interfaces and

multivalent ions quantitatively concur with this picture.

Polyelectrolytes also deplete from the like-charged interfaces. However, due to the structuring of
polyelectrolyte molecules in solution, long-ranged depletion forces are also observed as two
charged interfaces approach. Depletion forces appear in the form of damped oscillatory profiles
whereby the wavelength of the oscillation reflects the structure of the polymer solution. At
shorter distances, polyelectrolyte molecules expel from the interspace of the interfaces and
double layer forces become visible. The double layer forces are highly non-exponential which is
uncommon for double layer forces. These non-exponential forces however can be quantified
using PB theory for highly asymmetric electrolytes. In this approach, polyelectrolyte molecules

are assumed as multivalent co-ions with an effective valence which is always smaller than the
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nominal valence of polyelectrolytes. This is consistent with ion condensation of counter-ions on
polymer chains. Exclusion of highly charged polyelectrolyte molecules from the vicinity of the
surface aids to define a double layer thickness. If one equates this thickness with depletion layer
thickness, the phase of oscillatory depletion forces can be predicted. Indeed this prediction
matches well with experimental data which implies the double layer and depletion forces are

interrelated.

In the mixture of polyelectrolytes and monovalent salt, the total forces acting on the approaching
interfaces can be described by depletion and double layer forces, provided that the double layer
forces define by PB equation for mixture of asymmetric and monovalent electrolytes. However,
at high salt concentrations the double layer and depletion forces vanish and vdW forces dominate
the forces. At high salt and polyelectrolyte concentrations, polymer chains adsorb to the like-

charged interface and other forces play role.
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