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Summary XI

Summary 

In this thesis the interfacial surface forces and mechanical properties of thin films have 

been studied by the colloidal probe technique. One central point is the combination of 

direct force measurements with an electrochemical setup in order to tune interfacial 

properties of an electrode modified with an organic layer. In particular the adhesion and 

ion adsorption have been studied, which are ubiquitous phenomena in the colloid science, 

electrochemistry, and biology. Moreover, a novel technique has been developed to 

fabricate chemically and mechanically stable colloidal probes for atomic force 

microscopy (AFM). Additionally, the elastic properties of polyelectrolyte multilayer films 

were locally resolved under controlled humidity. 

The adhesive behaviour of colloidal particles on modified electrodes has been studied 

by direct force measurements with a micrometre-sized silica probe attached to an AFM-

cantilever. By controlling the external potential applied to the modified electrode by 

means of a potentiostat, separate adhesion contributions at the modification layers in 

electrolyte solution were quantified. In particular, to determine the influence of the 

terminating functional groups, gold electrodes modified with self-assembled monolayers 

(SAMs) terminated in non-ionizable groups were used. It has been demonstrated that 

electrostatic double-layer forces dominate the adhesion of colloidal particles on 

hydrophobic and hydrophilic interfaces. In contrast to hydrophilic interface, for 

hydrophobic one forces due to the solvent exclusion play a significant role and leads to an 

offset in the adhesive force, which otherwise can be compensated by the external 

potential. However, the electrocapillarity is of minor importance and can be neglected.  

To quantify the ion adsorption at organic interfaces a novel approach was followed, 

which is based on direct force measurements with silica colloidal probes on SAM-

modified electrodes in electrolyte solutions. By variation of applied potential and 

concentration of specifically adsorbed ions, given by the solution’s pH, the charging 

behaviour of hydrophilic SAM-OH and hydrophobic SAM-CH3 has been determined. In 

difference to electrokinetic techniques, direct force measurements allow to probe the full 

range of the diffuse layer. The analysis of the diffuse layer potential as a function of 

externally applied potential provides important information. In particular, the shift of the 

potential of zero charge (pzc) indicates on the specific ion adsorption in the Stern layer as 

it alters the charging behaviour of the electrode’s interface. It has been demonstrated that 

hydronium and hydroxide ions adsorb on both the hydrophobic and hydrophilic 
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interfaces. However, the presence of the background electrolyte (KCl) does not shift pzc 

and thus its ions have no specific affinity towards the interfacial adsorption. The 

adsorption of hydronium and hydroxide ions is stronger on hydrophobic, than on 

hydrophilic interface. This is in agreement with theoretical studies. The simple three-

capacitor model based on a Langmuir-type adsorption isotherm provides semi-

quantitative description of observed dependence of the diffuse double layer potential on 

applied potential.  

A new technique for colloidal probe preparation was developed. A great challenge for 

the force measurements with the AFM is to ensure the cleanliness, chemical and 

mechanical stability of the used probes. The approach is based on high-temperature 

sintering of micrometer-sized silica particles to AFM cantilever with enhanced contact 

area. Due to a “neck” formed by nanometer-sized particles the increased mechanical 

stability of colloidal probes was achieved, which has been quantitatively determined by 

lateral force spectroscopy. The implementation of sintering procedure for silica colloids 

allowed the development of the highly stable colloidal probes, whose surface properties 

could be renewed by heating. 

Finally, the mechanical properties of polyelectrolyte multilayer films have been 

determined by nanoindentation as a function of relative humidity. For these series of 

measurements again a colloidal probe has been used. It has been demonstrated that films 

containing polyglutamic acid have Young’s modulus, which depends on humidity. The 

change of stiffness with ambient humidity has reversible character. 
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Zusammenfassung 

Diese Arbeit beschäftigt sich mit der Charakterisierung von Grenzflächenphänomenen 

auf modifizierten Elektroden und anorganischen Verbundmaterialien sowie den 

mechanischen Eigenschaften von ultradünnen Schichten. Fundamentale neue Aspekte zur 

Adhäsion auf der Mikro- und Nanoskala wurden entdeckt. Desweiteren wurde eine 

Methode zur Quantifizierung von elektrochemischen Doppelschicht-Effekten entwickelt, 

die erfolgreich auf Modellsysteme angewendet werden konnte. Die Adhäsion an 

Elektroden mit hydrophilen selbstorganisierten Monoschichten (SAMs) wurde erfolgreich 

für die Manipulation von mikroskopischen Objekten ohne Scherkräfte implementiert. 

Eine neuartige Technik zur Herstellung von chemisch und mechanisch stabilen 

kolloidalen Sonden für die Rasterkraftmikroskopie (AFM) wurde entwickelt. Diese 

Sonden wurden später verwendet, um die Oberflächenladung und die Eigenschaften der 

diffusen Schicht von natürlichen und synthetischen Tonmineralien zu quantifizieren. 

Desweiteren wurden die elastischen Eigenschaften dünner Filme mittels 

Rasterkraftmikroskopie mit kolloidalen Sonden untersucht. Dabei wurde der Einfluss der 

relativen Luftfeuchtigkeit auf die mechanischen Eigenschaften von Polyelektrolyt 

Multilagen-Filmen betrachtet. 

In dieser Arbeit werden Oberflächenkräfte und mechanische Eigenschaften 

verschiedener grenzflächenbasierter Systeme, wie modifizierte Elektroden oder 

Polymerfilme, mit Hilfe von kolloidalen Sonden untersucht. Ein zentraler Punkt der 

Arbeit liegt hierbei auf der Implementierung von direkten Kraftmessungen an Elektroden, 

die mit einer organischen Schicht modifiziert sind. Insbesondere wurden die Adhäsion 

und Ionenadsorption auf solchen Elektroden untersucht, beides sind allgegenwärtige 

Phänomene in der Kolloidwissenschaft, der Elektrochemie oder der Biologie dar. 

Weiterhin wurde im Rahmen dieser Arbeit auch ein neue Technik zur Präparation 

kolloidaler Sonden für die Rasterkraftmikroskopie (engl. atomic force microscopy, AFM) 

entwickelt. Diese kolloidalen Sonden zeichnen sich durch eine besonders große 

chemische und mechanische Stabilität aus. Mit den Sonden wurden daher beispielsweise 

die Elastizitätseigenschaften von Polyelektrolytmultischichten in Abhängigkeit von 

Luftfeuchtigkeit bestimmt. 

Die adhäsiven Eigenschaften von kolloidalen Partikeln auf modifizierten Elektroden 

wurden anhand von direkten Kraftmessungen untersucht. Hierfür wurden kolloidale 
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Silica-Partikel mit Abmessungen im Mikrometerbereich als Sonden verwendet. Anhand 

der Kontrolle des externen an der Elektrode anliegenden Potentials über einen 

Potentiostaten wurden die verschiedenen Beiträge zu den Adhäsionskräften auf den 

modifizierten Elektroden identifiziert. Um den Einfluss der funktionellen Gruppen auf die 

Adhäsionskräfte zu bestimmen wurden Goldelektroden mit selbstorganisierenden 

Monoschichten (engl. self-assembled monolayers, SAMs) aus Thiolverbindungen mit 

nicht-dissoziierenden Endgruppen modifiziert. Es konnte demonstriert werden, dass der 

Überlapp der Doppelschichten und damit Kräfte elektrostatischen Ursprungs die 

Änderung des Adhäsionsverhalten auf hydrophilen sowie hydrophoben Oberflächen 

dominieren. Im Gegensatz zu hydrophilen Grenzflächen, spielt bei hydrophoben 

Grenzflächen die Kraft durch Lösungsmittelausschluss (engl. forces due to solvent 

exclusion) eine signifikante Rolle und führt zu einem „Offset“ bei den Adhäsionskräften, 

welcher jedoch durch das externe Potential kompensiert werden kann. Bei diesen 

Adhäsionsprozessen ist Elektrokapillarität von untergeordneter Bedeutung und kann 

vernachlässigt werden. 

Um Ionenadsorption an organischen Grenzflächen quantifizieren zu können wurde ein 

neuer Ansatz eingeführt, der auf direkten Kraftmessungen mit kolloidalen Sonden auf 

SAM-modifizierten Elektroden basiert. Durch Variation des angelegten Potentials und 

der Ionenkonzentration, im speziellen des pH, kann das Ladungsverhalten auf 

hydrophilen (OH-terminierten) oder hydrophoben (CH3-terminierten) SAMs bestimmt 

werden. Im Unterschied zu elektrophoretischen Methoden kann über direkte 

Kraftmessungen die gesamte Ausdehnung der elektrischen Doppelschicht untersucht 

werden. Die Analyse des Doppelschichtpotentials als Funktion des angelegten Potentials 

erlaubt wichtige Rückschlüsse auf die Ionenadsorptionsprozesse. Insbesondere die 

Veränderung des „potential of zero charge“ (pzc) zeigt das Vorliegen von spezifischer 

Ionenadsorption in der Sternschicht, die das Ladungsverhalt an der 

Elektroden/Elektrolyte-Grenzfläche beeinflusst. Es konnte hier gezeigt werden, dass 

sowohl Hydronium- (OH3
+) als auch Hydroxyl-(OH-) Ionen an den hydrophoben oder 

hydrophilen Grenzflächen adsorbieren. Hingegen beeinflusst ein „Hintergrund“-

Elektrolyt wie Kaliumchlorid die Lage des pzc nicht und zeigt damit dass die 

entsprechenden Ionen nicht oder wesentlich schwächer an den entsprechenden 

Grenzflächen adsorbieren. Die Adsorption von OH3
+ - und OH- - Ionen ist wesentlich 

ausgeprägter auf den hydrophoben SAMs als auf den hydrophilen SAMs. Dieses 

Verhalten ist in Einklang mit  theoretischen Voraussagen. Anhand eines einfachen 



Zusammenfassung XV

Models, in dem drei Kapazitäten (SAM, Stern-Schicht und Doppelschicht) an der 

Elektrode in Serie vorliegen und die Beschreibung der Ionenadsorption durch eine 

Langmuir-Adsorptionsisotherme, können die experimentellen Ergebnisse für die 

Abhängigkeit des Doppelschichtpotentials vom angelegten Potential sehr gut semi-

quantitativ beschrieben werden. 

Im Rahmen dieser Arbeit wurde insbesondere eine neue Technik zur Präparation von 

kolloidalen Sonden entwickelt. Eine große Herausforderung bei direkten Kraftmessungen 

mit dem AFM ist es die Sauberkeit sowie chemische und mechanische Stabilität der 

Sonden zu garantieren. Der hier vorgestellte neue Präparationsansatz basiert auf einem 

Hochtemperatur-Sinterverfahren zur Verbindung von kolloidalen Silica-Partikeln mit 

einem AFM-Hebelarm (engl. cantilever). Durch die Ausbildung eines „Kragens“ aus 

nanometergroßen Partikeln kann eine erhöhte mechanische Stabilität erzielt werden, die 

auch quantitativ durch Messung der Lateralkräfte nachgewiesen werden konnte. Die 

Implementierung dieser Sinterprozedur für Silica-Kolloide erlaubt es zum ersten Mal 

hochstabile kolloidale Sonden aus diesem Material herzustellen. Weiterhin können die 

chemischen Eigenschaften dieser kolloidalen Sonden durch Hochtemperaturbehandlung 

wieder in den Ausgangszustand versetzt werden. 

Die mechanischen Eigenschaften von Polyelektrolyt-Multischichten wurden über 

Nano-Eindringtests (engl. nanoindentation) als Funktion der Luftfeuchtigkeit bestimmt. 

Für diese Messserien wurden die oben beschriebenen kolloidalen Sonden verwendet. Es 

konnte gezeigt werden, dass das Elastizitätsmodul nach Young von Multischichtfilme, die 

Polyglutaminsäure enthalten von der Luftfeuchtigkeit abhängt, wobei die entsprechende 

Änderung jedoch reversibel ist. 
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1. Introduction 

Direct force measurements have been essential in recent years for our understanding 

of interfacial phenomena.1-3 They contributed in the fields of polymer research, biology, 

physical chemistry, physics to name just a few. Quantification of such phenomena as 

adhesion, friction, or interfacial charge accumulation became only possible by probing 

the processes on the nanometer-scale. The quantitative description of complex biological, 

polymer, and inorganic systems advanced profoundly due to revealing interactions at the 

nanoscale.4,5 

Historically, the first device allowing the interaction profiles determination with sub-

nanometer resolution was the surface force apparatus (SFA).6 Although in the recent 35 

years other techniques have emerged, the SFA is still being used in many laboratories.7 

The two other important techniques are the MASIF technique (i.e. measurement and 

analysis of surface interaction forces) and the colloidal probe technique based on atomic 

force microscopy (AFM). All three techniques have defined interaction geometry. While 

the SFA and the MASIF use rather large probes in the order of a few millimeters, and 

employ force-determining sensors with relatively high spring constant, their force 

resolution is limited to some hundreds of piconewtons.8 By contrast, the colloidal probe 

technique, utilizing micrometer-sized probes, allows determining forces down to a few 

piconewtons. Additionally, the range of sensed forces is controlled by the stiffness of an 

AFM cantilever. Thus, for probing interactions within the wide force range of the colloid 

domain the colloidal probe technique has the highest force resolution.9 

Currently, the colloidal probe technique is the most widely used method to determine 

the interactions between colloidal objects and surfaces.8 The great advantage of such a 

probe is its versatility in terms of geometry, surface chemistry, and possibility to attach 

practically all types of objects on the colloidal scale to the AFM cantilever. For instance, 

sphere-sphere, sphere-plane, and crossed cylinders geometries are readily accessible.10 

Among the materials for probe reported so far are silica, glass, latex, and cellulose11, and 

even gas- or air-bubbles.12 

Because of the large number of different applications the colloidal probe force 

spectroscopy contributed in the past to various branches of colloid science.8 A selection 

of typical applications is presented in Figure 1. They include measurements of adhesion 

force (A, cf. section 5 of this thesis)13 and forces due to diffuse layer overlap (B, cf. 

sections 5, 7 of this thesis).14 Using this approach the particle-particle interaction as a 
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function of separation can be obtained (C, cf. sections 5, 7 of this thesis)15, while 

performing the nanoindentation experiment with defined geometry of the indenter (D, cf. 

section 8 of this thesis) allows mechanical properties determination of nanoobjects of 

different nature such as films, capsules, or cells.16 Therefore, force spectroscopy with a 

colloidal probe represents a complimentary approach to universal surface tester in the 

cases (A) and (D), to electrochemical techniques for studying diffuse layer properties (B), 

and, finally, complements the spectroscopic and electrokinetic measurements to 

determine properties of colloidal suspensions (C).7,17 Thus, the colloidal probe technique 

allows addressing a number of phenomena on the nanoscale. 

 

Figure 1: Applications of direct force measurements with colloidal probe: (A) measurement of 

adhesion; (B) quantification of diffuse layer properties; (C) probing interparticle interaction; (D) 

characterization of laterally resolved mechanical properties. 

By employing colloidal probe technique it is possible to measure the interacting 

forces and mechanical properties in various media, such as air and electrolyte solutions. 

Together with adhesion and elasticity measurements the technique is widely used for 

measuring DLVO (Derjaguin, Landau, Verwey and Overbeek) and chemical forces, 

friction and steric forces, etc. Therefore, interfacial phenomena and forces causing them 

could be quantified. For example, by varying the ionic strength of solution the 

electrostatic diffuse double layer forces could be separated from the Van der Waals 

forces.18 
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In this thesis new approaches to apply the colloidal probe technique have been 

pursued. One important application is the combination of the direct force measurements 

with potentiostatic control of modified electrodes in electrolyte solution to identify 

different contributions in adhesion force between colloidal particles and modification 

layer. By utilizing cantilevers with high spring constant it became possible to correlate 

forces upon approach and adhesion. In particular the separation of electrostatic diffuse 

double layer, van der Waals, and solvent exclusion forces in total adhesive force has been 

addressed. Additionally the role of electrocapillarity effects for organic layers on 

electrodes could be assessed. Thus, in difference to previous studies19,20, the influence of 

long- and short-ranged interaction forces on the adhesion could be identified in 

unambiguous manner. 

The control of adhesion force provides means to pursue micro- and 

nanomanipulation of colloidal particles. The same micrometer-sized silica particles used 

as colloidal probes for studying adhesion could be employed for micromanipulation to 

provide a proof of principle. Therefore, studying adhesive properties of modified 

electrodes became a prerequisite for micromanipulation application. 

Ion adsorption on non-ionizable organic interfaces has been also studied by colloidal 

probe technique. While the electrochemical control of modified electrodes allows 

variation of their diffuse layer properties, using direct force measurements those 

properties could be determined. In particular the variation of diffuse layer potential as a 

function of applied potential has been of major interest, since such data could be 

compared to the theoretical predictions.  

A novel approach to prepare colloidal probes by a sintering technique has been 

developed. For surface force measurements and nanoindentation experiments probes with 

mechanical stability are important to ensure the defined interaction geometry at high 

pressure.21,22 Due to their smoothness and predictable surface chemistry silica particles 

are potentially well-suited as nanoindenter.23 However, the fixation of such particles on 

an AFM cantilever without polymeric glue has not been possible so far. Here, a 

preparation by sintering with fixation “neck” made of Ludox particles allowed to prepare 

probes suitable for any solvent. The high-temperature treatment during the preparation 

could solve also the problem of organic contaminants and reproducible surface 

chemistry17. 

The preparation of the thin polyelectrolyte multilayer (PEM) films by layer-by-layer 

technique has numerous applications in medical, cosmetic, and sensor industries to name 
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just a few.24-26 Probes prepared by this sintering technique were applied to characterize 

mechanical properties of ultrathin organic films. Namely the elastic modulus of 

polyelectrolyte multilayer films susceptible to surrounding humidity was addressed by 

nanoindentation measurements. Primarily the change of the stiffness upon alteration of 

humidity conditions and the reversibility of this process were studied. 
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2. Theory / Status of the field 

A milestone in surface science was the development of scanning tunneling 

microscopy (STM) by Rohrer and Binnig in 1982.1 It was followed by the atomic force 

microscopy (AFM) in 1986.2 The latter has allowed imaging topography and measuring 

surface forces on the nanoscale with sub-nanometer resolution. Both methods use the 

micrometer-sized cantilever or a wire with a nanometer-sharp tip to scan over the sample 

surface with simultaneous detection of tip-sample current (STM) or interaction (AFM). In 

contrast to STM the AFM does not require conductive samples, nor it requires semi-

transparent samples like the surface force apparatus (SFA)3, where the distance between 

two surfaces is controlled interferometrically. Therefore probing interaction forces on the 

nanoscale as a function of the tip-sample distance became possible. 

2.1. AFM and direct force measurements 

Figure 2 schematically illustrates the working principle of atomic force microscope 

for imaging in so-called contact mode. The cantilever with a sharp tip presses on the 

sample surface, while the deflection of the cantilever is acquired by a laser reflected from 

it to a position-sensitive photodetector, connected to the controller. The latter receives a 

signal from the photodetector and is connected to a translational stage, which consists of 

X-, Y-, Z- piezos. When the tip scans a sample surface laterally (X- and Y- piezos are 

used), the deflection of the cantilever is kept constant by movement of the translational 

stage in Z-direction. Hence, the topography of the surface can be reconstructed. The 

controller is operated from a computer, where the resulting topographical data are 

displayed. 

Besides the deflection of cantilever other signals can be monitored during scanning.4 

For example, if the cantilever is set to oscillate during scanning then the change of the 

amplitude or frequency shift can be monitored. That gives the origin to different working 

modes of AFM. In various working modes not only topographical data can be obtained, 

but also one can determine the adhesive properties of the surface or laterally resolve the 

mechanical properties. Measurements of surface properties by AFM are based on 

determination of interaction forces between the tip or a probe and a sample.5 Such forces 

are determined as a function of tip-sample separation. An overview on the different 

imaging modes is given elsewhere.6 
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Figure 2: Schematic representation of an atomic force microscope. The movement of the cantilever is 

controlled via the PC software using a feedback loop. Data acquisition is based on z-piezo movement 

and the signal on position-sensitive photodiode. 

Methods, which involve determination of probe-sample interaction from contact to 

some hundreds of nanometers are referred in the literature as direct force measurement 

methods. Both contact and non-contact forces measured in quasi-static regime can be 

addressed thereby. If the AFM is used for direct force measurements, then the cantilever 

is moved towards the surface and back by Z-piezo, while the deflection is recorded as a 

function of its position. The movement is carried at sufficiently slow speed to ensure that 

deflection happens only due to interaction forces, while hydrodynamic drag is eliminated. 

2.2. Data acquisition and interpretation in direct force measurements 

The principle of direct force measurements by AFM is presented in more detail in 

Figure 3. As example, the interaction between two likewise-charged, non-compressible 

surfaces in electrolyte solution is considered. Since both surfaces are charged, they 

possess so-called diffuse layers, where the distribution of ions differs from the bulk 

solution. At the initial position (upper right position) the cantilever is situated far away 

from the surface and the interaction force is negligible (pos. A). Upon approaching the 

sample repulsive, long-ranged forces start to act on the probe, so the cantilever starts to 

bend from the surface (pos. B). The further approach of the cantilever towards the surface 

leads to the tip-sample contact (pos. O), passing through an instability. In this interval the 

attractive force, i.e. van der Waals force, overcomes repulsion due to overlap of diffuse 

layers. The instability on a force-versus-distance curve looks like a short bend before 

contact, and therefore it is called “jump-in”. Since in contact the deflection of the 
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cantilever is equal to the z-piezo movement, e.i. the former complies with the latter, the 

data acquired at contact are called constant compliance region. As soon as a given load 

force is reached, the piezo movement is reversed. Upon reversal of piezo movement the 

AFM-tip rests in contact with the surface until the restoring forces due to cantilever 

bending are sufficient to overcome the adhesion between tip and surface (pos. C). Since 

the separation occurs rapidly, the cantilever “jumps” out of contact. Thus on the force 

curve the so-called “jump-out” is observed. Further increase of the separation leads to a 

long-range interactions identical to those obtained upon approach.7 

 

Figure 3: Schematic representation of direct force measurements by AFM (adapted from the review of 

G. Papastavrou8). In this example, the AFM tip and sample are charged likewise. Hence, long-range 

interactions are repulsive due to the overlap of diffuse double layers. At the same time short-range 

attraction is present due to van der Waals (vdW) forces. While approaching the surface the cantilever 

bends depending on tip-sample interaction. At long separation distance no deflection of the cantilever 

takes place (A), then due to overlap of diffuse layers cantilever bends (B), afterwards it contacts the 

surface allowing the small “jump-in” due to vdW force. Upon contact when the loading force is 

reached the piezo reverses its movement (O). The separation occurs when the force exerted by bended 

cantilever is equal to the adhesion between surfaces (C). This produces characteristic “jump-out” on 

the force curve. Afterwards the profile due to long-range forces follows the same trend as recorded 

upon approach.  

2.3. Data analysis in direct force measurements 

To analyze quantitatively the data obtained by direct force measurements the 

deflection of cantilever versus the Z-piezo displacement have to be converted into force 

versus tip-sample separation distance. An example of the initial force curve is shown in 
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Figure 4a. There the long-range interaction force is generally attractive, though it 

becomes repulsive upon contact. The reason for repulsive force between two quasi-non-

deformable surfaces is the interaction of their two electron clouds (Born repulsion). The 

following conversion calculations are valid only if no detectable deformation of either tip 

or sample occurs during contact.9 

Initially the deflection of cantilever ZC’ is measured by the photodiode signal in volts 

and plotted against the piezo-displacement ZP at the abscissa axis (Figure 4a). From the 

linear fit of constant compliance region marked by the dashed line in (a) the inverse 

optical lever sensitivity InvOLS (m/V) is determined. Hence the real deflection of the 

cantilever in meters ZC can be determined: 

, (1) 

where the i-index represents the ordinal number of the data points (b). The InvOLS value 

depends on experimental conditions, such as the laser alignment, the surrounding media, 

and the reflectance of the cantilever. Therefore, this parameter has to be determined for 

each set of measurements individually.10 

At the same time with the determination of InvOLS the data deviation from linear 

constant compliance region indicates on the zero separation distance D(i) = 0 between the 

AFM probe and a sample, which is related to the piezo-displacement by 

. (2) 

While for two quasi-non-deformable surfaces the determination of InvOLS and zero 

separation distance is rather straightforward, for experiments, where deformation of 

sample takes place, those parameters should be additionally determined. Namely, the 

InvOLS is determined separately against hard wall, and the zero contact point is found by 

analysis of the base line or others details. These questions concerning nanoindentation 

experiments are further addressed in the Section 7 of this thesis.  

ZC (i)= ZC '(i) ⋅ InvOLS

D(i) = ZC (i)+ ZP (i)
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Figure 4: Data processing for direct force measurements. Only the approach curve is shown. (a) Initial 

data: photodiode signal vs. Z-piezo displacement. (b) After the determination of inverse optical lever 

sensitivity from the constant compliance region the photodiode signal converted into cantilever 

deflection; the zero-separation distance is found. (c) The Z-piezo displacement converted into probe-

sample separation distance; baseline in deflection data is found due to absent interaction at high 

separation. (d) Deflection of cantilever is converted to interaction force, which is further normalized 

by the effective radius of the probe-sample system. 

Next, taking into account that at large separation distances (normally above 100 nm) 

no interaction is detectable, the base-line is fitted and subtracted from the force profile 

(c). Finally the deflection of the cantilever is converted into force  

���� = �� ∙ 	����. (3) 

where kC is the normal cantilever constant. The latter usually determined by one of three 

standard methods: Hutter-Bechhoefer or thermal noise method 11, Sader method 12,13, or 

alternatively by Cleveland or added mass method14. Nevertheless, many more elaborate 

methods exist.15 Typical error in cantilever constant determination ranges from 10 to 
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30%. The force is further normalized (d)16 to facilitate the comparison with the theoretical 

calculations by the effective radius of interaction Reff, which is 

. (4) 

where R2 and R1 are the radii of two interacting spheres in the case of sphere-sphere 

interaction. However, the equation (4) further simplifies in the case of sphere-plane 

interaction to Reff = Rsphere. In the case of the AFM tip the spherical radius of the apex can 

be estimated from SEM images and from deconvolution data obtained from the cross-

section of the AFM image.17 Thus the normalized forces are prone to high inaccuracy as a 

result of poorly defined geometry and imprecise radius determination of the tip apex. 

2.4. Application of direct force measurements 

Force profiles determined in the described way are classically used for the 

determination of local adhesion, short- and long-range forces.18-20 For example, using 

silicon nitride tip, H.-J. Butt probed the surfaces of mica and glass in aqueous solutions.18 

As was theoretically expected, he found an evidence for electrostatic diffuse double layer, 

vdW and hydration forces. In another study the aspects of bacterial adhesion was studied 

extensively.21 There the dominating role of long-range electrostatic and steric interactions 

due to presence of polysaccharides at bacteria’s interphase was revealed. Warszynski et 

al.22 have shown that the interpretation of adhesion force as well as work of adhesion 

determined by an AFM tip can be done using the theory of condensed phases. The theory, 

which considers vdW and acid-base force components, is applicable for interaction 

between similarly solvated surfaces. Thus, by direct force measurements the evaluation of 

forces is possible in systems, which are related to Nanoscience, Material Science, or 

Biology to name a few. 

Furthermore, by direct force measurements the mechanical properties of a sample 

can be determined.23 From the experimental point of view this is achieved by 

nanoindentation of films or other colloidal systems, like microcapsules.24,25 For instance, 

Horkay and Lin26 were studying mechanical properties of PVA gels by employing AFM 

tip for indenation. In similar fashion the thickness of thin soft films can be determined as 

was demonstrated by Üzüm et al.27 

The force curves obtained in different systems contain valuable information on the 

superposition of acting forces. In air such forces as electrostatic, van der Waals, capillary, 

and hydrophobic often dominate the observed interaction. In contrast to air, in liquid 

environment like electrolyte solution many more force contributions may manifest 

Reff = (R1⋅R2 ) / (R1+R2 )
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themselves. They include solvation, structural, depletion, and other forces.16 Moreover, 

the large part of publications on direct force measurements in liquid often addresses the 

description of forces resulting from the overlap of electrostatic diffuse double layers. 

Together with vdW force the latter is known as DLVO forces, described by Derjaguin-

Landau-Verwey-Overbeek theory.16,28 If a polymer layer is present between interacting 

bodies, then also steric interactions play significant role at low separation distances. 

Therefore analysis of interactions on a colloidal scale can deepen the understanding on 

the superposition of forces. 

2.5. Colloidal probe technique and data interpretation 

In order to relate measured forces to the interaction energy more precisely the AFM 

tip (cf. Figure 5a) could be replaced with a probe of defined interaction geometry. 

Colloidal particles of spherical shape are commonly used for this purpose (cf. Figure 5b). 

The cantilever with such a particle is called colloidal probe (CP) and the corresponding 

technique to measure forces at the nanoscale is known as colloidal probe technique or 

colloidal probe force spectroscopy (CPFS).  

  

Figure 5: Scanning electron microscopy images1 of (a) AFM Silicon-tip and (b) silica colloidal probe. 

Scale bar is 10 µm 

Colloidal probes can be chosen from a wide range of materials.29-33 The choice 

depends on the application and includes natural and synthetic materials. Furthermore, the 

size of the probe is limited from ca. 1 µm up to dozens of micrometers. Because the 

former is usually restricted with the optical microscope resolution, and the latter is in the 

                                                 
1 Courtesy of Carmen Kunert 
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order of AFM cantilever width. Among colloidal probes made of natural materials 

cellulose beads, hair and skin pieces, even bacteria cells should be mentioned.29-31,34 The 

natural material probes are object specific and may have large variation in their 

properties. By contrast, synthetic probes often possess stable chemical and physical 

properties. Examples of those include latex, glass, silica, alumina and zirconia colloidal 

beads.32 Special place in this row belongs to silica particles, which have very high 

Young’s modulus and their surface chemistry can be controlled by preparation method.33  

Various methods have been described to prepare colloidal probes. To attach probes to 

the cantilevers a polymer-based glue is commonly used.9 Therefore independently from 

the glue-curation method the possibility of contamination is present. Moreover, another 

aspect concerning cleanliness is the removal of suspension stabilizing surfactants, which 

are usually employed to protect colloid suspensions from coagulation. One way to 

overcome the problems associated with polymer- and surfactant-contamination is to use a 

sintering preparation method. For the first time it was demonstrated by Vinogradova et 

al.35 for polystyrene spheres and soon afterwards by Bonaccurso et al.36 for glass beads. 

In the latter experiment the sintering temperature was close to 800 0C at ambient 

atmosphere, that insured the burning out of any organic contaminations. However, in this 

method the contact area between a colloidal particle and a cantilever remains small, hence 

questions about mechanical stability could be raised.  

The CPFS can be applied towards a number of practical and fundamental problems. 

For instance, the interparticle interaction potential can be accessed directly by sphere-

sphere measurement (cf. Figure 6a) instead of indirect light scattering or rheological 

measurements.37 In Figure 6b the interaction force between two silica particles as a 

function of separation distance in electrolyte solution is presented. Since particles from 

the same material have been used, they acquire same charge in electrolyte solution. 

Therefore due to the overlap of diffuse layers upon approach, the long-range forces are 

repulsive. The interaction force can be further converted into interaction energy per unit 

area of infinite planes W by the approximation initially published by Derjaguin in 1937: 

, (5) 

where the value of W is equal to normalized force (cf. Figure 4d) divided by 2π.38 

Thereby the interparticle interaction energy versus separation distance is deduced as 

shown in the insert of Figure 6b. In semi-logarithmic representation this curve appears 

linear, because the interaction between weekly charged colloids could be described by the 

W = F / (2π ⋅Reff )
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Gouy-Chapman-Stern theory, and thus the ionic distribution in diffuse layers obeys the 

Poisson-Boltzmann distribution. This allows for the fitting of the data by full Poisson-

Boltzmann equation.39 

 

Figure 6: (a) Scheme for the interaction measurement between bodies of different geometries. (b) 

Interaction profile between two silica beads of 6.8 µm in diameter in electrolyte solution (I = 10-4M, 

pH 4.7). Derjaguin approximation allows converting interaction forces into interaction energy by 

normalization on the effective interaction radius (b: insert). The interaction energy profile in the insert 

is fitted according to full Poisson-Boltzmann equation including constant charge (CC), constant 

potential (CP), and constant regulation approximation (CR) (reproduced from Rentsch et al.40). 

The Gouy-Chapman-Stern theory originates from Gouy-Chapman model, which was 

developed in the beginning of XX century to describe ion distribution over charged 

surface in electrolyte solution.41 It involves the Boltzmann’s law, describing the 

distribution of charged species over the charged wall; and the Poisson equation, that 

relates a charge distribution with an apparent surface potential. Therefore its analytical 

expression is called Poisson-Boltzmann (PB) distribution. It is commonly expressed as42 

d 2ψ(x)

dx2
=

e

εε0

ni

0zi

i

∑ exp
zieψ
kT










,
 (6) 
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where εε0 is the total permittivity of solvent, kT is the thermal energy at given absolute 

temperature, e is the elementary charge, ni and zi – volume concentration and charge of 

ionic species of type i. For a one-dimentional diffuse layer the surface diffuse layer 

potential (ψ0) decay could be described by integration of eq. (6) with boundary 

conditions. Then in the direction perpendicular to a flat charged surface in z:z electrolyte 

the potential (ψ) is given by eq. (7)43  

tanh(zeψ / 4kT )

tanh(zeψ 0 / 4kT )









 = exp −κx( )

,
 (7) 

where κ is a pre-factor, which characterizes the decay of the surface potential ψ0 with 

increasing distance x from the surface. The reciprocal value of the pre-factor is known as 

Debye length39 

, (8) 

where NA is Avogadro’s number, and I is the solution’s ionic strength.  

The PB equation (6) can be used as a starting point for the determination of 

electrostatic potential distribution ψ(x) between two charged surfaces, yielding  

d 2ψ(x)

dx2
=
κ 2kT

e
sinh

eψ
kT










.
 (9) 

As soon as such potential profile is known for surfaces in 1:1 electrolyte solution the 

disjoining pressure ∏(x) between them can be found from44  

Π(x) = 2ni

0kT[cosh(eψ / kT )−1]−
εε0

2

d 2ψ(x)

dx2











2

.
 (10) 

This analytical solution relates the disjoining pressure between surfaces with their diffuse 

layer potentials under the assumption that one surface is situated at zero-distance of x-

axis and the other is at a distance x.45 Integration of the pressure over a given separation 

distance D gives the interaction energy per unit area W(D)
39  

W (D)= Π(x)dx
x=0

D

∫ . (11) 

The interaction energy W(D) can be directly inferred from the experimental interaction 

force and the Derjaguin approximation (cf. eq. (5)). Thus, the model could be directly fit 

to the experimental force data. 

κ −1 = εε0kT
2NAe2I
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It should be noted that in Gouy-Chapman model the surface potential (ψ0) is 

considered identical to diffuse layer potential (ψD). The relation between ψD and diffuse 

layer charge density σD is commonly given by eq. (12), which is also known as Grahame 

equation44 

σ D = εε0

∂ψ
∂x











x=0

= (8kTεε0INA )
1

2 sinh
zeψD

2kT









 . (12) 

The diffuse layer capacitance, which is considered to be identical to the total capacitance 

within the model42, is given by 

CGC
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D =
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In the model of Louis Gouy and David Chapman the diffuse double layer starts 

directly at the solid-liquid interface and consists of infinitely small ions.46 Otto Stern 

extended this model by adding an adsorbed layer of ions of finite size.42  As a result a 

total capacitance has to be described by two capacitances in series. Namely by internal 

layer capacitance CI representing the rigid compact layer of adsorbed ions and the diffuse 

layer capacitance CD: 

1

C total
=

1

C I
+

1

CD
. (14) 

As a consequence two different surface potentials have to be distinguished. The potential 

ψ0 at the interface or inner Helmholz plane (iHP) and the diffuse layer potential ψD 

originating at the outer Helmholz plane (oHP). In order to solve the Poisson-Boltzmann 

equation for two approaching surfaces, boundary conditions are necessary. Classically 

constant charge (CC) and constant potential (CP) approximations are used. However, in 

real systems the charge regulation takes place and those approximations fail to describe 

the situation at relatively short separation distances.47 

Behrens and Borkovec45 developed a simple approach, where the charge regulation is 

taken into account. They summarized the charge regulation of an interface by a single 

charge regulation parameter p: 

p = lim
D→∞

p(D) =
C

D

CD +C I
  (15) 

where D is the separation distance between surfaces. Hence in the case of asymmetric 

system the charge regulation of each surface should be accounted by corresponding 

charge regulation parameter. Numerically, the condition of constant potential corresponds 
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to p = 0, and that of constant charge corresponds to p = 1. The applicability of this 

approach to describe experimental data for colloidal systems has been demonstrated 

experimentally.48 

Figure 6b shows experimental data with fits according to full Poisson-Boltzmann 

equation including constant charge (CC), constant potential (CP), and constant regulation 

approximation (CR). As can be seen all three approximations describe the interaction 

profile well at large separation distances. Nevertheless, at close separation the CR 

approximation provides the most adequate description. In a symmetrical system there are 

only two fit parameters to be determined, namely the diffuse layer potential ψD and the 

charge regulation parameter p.44  

The colloidal probes with known parameters can be further used for analytical 

purposes. After the “calibration” by determining the necessary parameters (ψD and p) of a 

colloidal probe in a symmetrical system, i.e. with sphere-sphere geometry one can 

determine those parameters for an unknown surface by fitting the corresponding 

interaction profiles determined in asymmetrical system. While fitting the latter the 

parameters for the colloidal probe are fixed. Then the fitted value of diffuse layer 

potential can be converted to apparent diffuse layer charge density, i.e. oHP charge 

density, using equation (12). If the sample surface has acquired the surface charge due to 

specific ion adsorption the latter equation is also called Grahame equation, because 

Grahame introduced for the first time the notion of specific and non-specific ion 

adsorption at an interface.49 Hence an acquisition of force profiles on a sample locally 

allows resolving laterally the surface diffuse layer charge density. This is a noticeable 

advantage of colloidal probe technique in respect to electrokinetic and electrochemical 

methods.  

As follows from eq. (8) the Debye length decreases with increasing ionic strength of 

solution. As shown in Figure 7 the interaction profile between poly(ethylene imine) 

layers changes with changing ionic strength of the surrounding electrolyte solution. This 

alteration of the slope in semi-logarithmic representation corresponds to the change in 

charge screening effect characterized by Debye length. All profiles are repulsive because 

the surfaces are identical and hence have likewise charged electrostatic diffuse double 

layers. 

Besides Debye length, also the effective diffuse layer potential decreases. The full 

Poisson-Boltzmann equation fits to the data presented in Figure 7 shows that upon 
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increase of ionic strength from 10-4M to 10-1M the diffuse layer potential reduces from 

58.2 mM to 7.4 mV. However, the charge regulation parameter demonstrates very weak 

dependence on the ionic strength if any. 

 

Figure 7: Force-distance profiles obtained upon approach between poly(ethylene imine) (PEI) layers 

in aqueous solutions at pH 4 and different ionic strengths. Profiles are fitted according to the full 

Poisson-Boltzmann equation including constant charge (CC, dotted curve top), constant potential (CP, 

dotted curve bottom), and constant regulation (CR, solid line) approximations. The molecular mass of 

the PEI is ca. 2kDa. The fitted diffuse layer potential ψd and regulation parameter p for a single 

surface in the symmetrical system are as follows: (0.1mM) ψd = 58.2 mV and p = 0.69; (1mM) ψd = 

31.6 mV and p = 0.69;  (10mM) ψd = 15.2 mV and p = 0.76;  (100mM) ψd = 7.4 mV and p = 0.78 

(reproduced from Pericet-Camara et al.50).  

The diffuse layer properties of surfaces depend not only on the presence of ionizable 

groups, but also on ion-adsorption in electrolyte solution. This effect can take place on 

inorganic interfaces, such as clays, as well as on organic interfaces of different surface 

energy. It is especially pronounced for hydrophobic surfaces in aqueous solutions, where 

the charging mechanism remains under discussion.51-54 This question has been addressed 

by various experimental techniques. On the one hand, at the presence of a positively 

charged acidic interface indicated some results of molecular dynamic simulations and 

vibrational sum-frequency spectroscopy. 51,55,56 On the other hand, the existence of basic 

interface is supported by electrokinetic 57-62 and other spectroscopic experimental data54,63 

and is supported by some theoretical studies64,65. To provide further background for 

precise theoretical modeling alternative experimental approaches are in demand.  
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2.6. Adhesion and short-range forces 

In addition to long-range forces the forces acting only during contact of two bodies 

are extensively studied (cf. Figure 8a). 66,67 The latter play essential role in composite 

manufacturing process, paper making, colloidal transport in soils, friction between solids. 

In solution a number of forces typically ascribed to short-range forces.68,69 To this 

category may belong various combinations of solvation70 and structural71 forces as well 

as forces due to chemical bonds72 to name just a few. They can be identified upon 

approach of two colloidal bodies shortly before their contact and by forces necessary to 

separate those bodies being in contact with each other. The short-range forces are acting 

primarily from the contact area (cf. Figure 8a).16 

Although the short-range forces make significant contribution in adhesive properties 

of a material, the adhesion comprises both short- and long-range forces. Thus, all forces 

contribute to the total adhesive force. Generally, the work of adhesion is described as the 

work needed for separation between two colloids from contact to infinity in a given 

medium.9,66 Often for two solids it is given by the so-called pull-off force Fa (cf. Fa/R 

Figure 8b). The latter represent the maximum applied force needed for the sample-probe 

separation, which can be readily measured upon retraction in a direct force measurement 

experiment. To describe the pull-off force obtained in this way various continuum models 

of contact mechanics can be applied. Two the most commonly used are the JKR model 

(Johnson-Kendal-Roberts) and DMT model (Derjaguin-Müller-Toporov).9 Their 

limitation is based on the assumption that elastic deformation of bodies in contact agrees 

with the prediction of Hertz model.16 Furthermore, both models presume the scalability of 

the force with the effective radius Reff of interaction.38 However, they consider different 

ranges of interaction forces to bring dominant contribution. In the JKR model it is 

assumed that only the short-range interactions acting in the contact area contribute to the 

pull-off force (Figure 8a):  

Fa = −(3 / 2) ⋅π Reff Wa , (16) 

where Wa is the work of adhesion per unit contact area. For the DMT model the short-

range forces are neglected, and only the long-range forces outside the contact area are 

assumed to contribute to the total interaction force (Figure 8a). In this case the pull-off 

force is given by 

Fa = −2 ⋅π Reff Wa . (17) 
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Figure 8: Adhesion force measurements with colloid probe force microscopy. (a) A scheme showing 

the adhesion contributions between colloidal probe and a crystalline self-assembled monolayer in 

liquid. (b) Example of force-distance profiles between glass surface and glass 40 mkm-sphere in 

electrolyte solution at pH 2, I=0.2M. Profiles obtained upon approach and upon retraction are 

presented. Black arrows indicate the direction of the cantilever movement during the instability jumps 

(adapted from Adler et al.73). 

In order to decide, which model to apply for a particular system Daniel Maugis67 has 

developed a simple indicator by means of the following dimensionless parameter λ: 

λ =
64

3πD0

Wa

2 Reff

4πEtot

2
3 . (18) 

where Etot is the reduced elastic modulus of the system, D0 is the equilibrium separation 

of the surfaces in contact, and Wa is the adhesion energy predicted by the Young-Dupré 

theory as 

Wa = γ sample/H2O +γ probe/H2O −γ sample/ probe . (19) 

where γi/j are the interfacial energies of a probe and a sample in aqueous solutions. While 

at λ → 0 the DMT model describes the observed forces more appropriately, at λ → ∞ (λ 

> 10) the JKR would provide a better description. That means in the case of small Reff and 

stiff samples, where the deformation of a sample can be neglected, the DMT model can 

be applied. For large Reff and soft samples the JKR model is commonly used. Thus, most 

of the surfaces represent some intermediate situations between two limiting models and 

the more general Maugis theory has to be applied. 

By colloidal probe technique the pull-off forces can be measured together with the 

interaction force profile upon approach.7,72 For example, Giesbers et al.32 studied 

interactions between acid- and base-functionalized surfaces on the system of two self-
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assembled monolayers terminated in amino –NH2 and carboxy –COOH groups. They 

found a strong correlation between the long-range forces and the ionization state of 

groups on interacting surfaces, which can be explained on the basis of DLVO theory. 

However, also the adhesion between –NH2 and –COOH terminated surfaces appeared to 

be pH-dependent. Giesbers et al. attributed this adhesive behavior to the presence of both 

acid-base interactions and hydrogen bonds. The adhesion due to the former was 

comparable to work of adhesion calculated from DMT model.32 Nalaskowski et al.74 

measured the interaction between polyethylene spheres and silicon wafers in electrolyte 

solutions. They found that the pull-off force increases either upon thermal treatment of 

the silicon wafer or upon silanization with a hydrophobic self-assembled monolayer of 

the wafer. By employing the Lifshitz/van der Waals-Lewis acid/base interaction theory a 

semi-quantitative explanation of the observed forces was given.74 Those examples show 

that though the interpretation of pull-off forces can be successfully achieved, the 

separation of force contributions in adhesion remains obscure.  

In addition to the pull-off force the maximum sample-probe force Fi determined from 

approach profile can reveal valuable information about different contributions in the total 

interaction (cf. Fi/R Figure 8b). Namely, the adhesive force contribution due to diffuse 

layer overlap, van der Waals and hydrophobic forces can be evaluated. However, well-

known “jump-in” effect does blur such effort as shown by the black arrow on the 

approach curve in Figure 8b.75 To overcome this limit a sufficiently stiff cantilever can 

be used for measurements, though some sensitivity is lost.9 Alternatively, the active 

“feed-back” system76 or dynamic force spectroscopy77 has to be used. The latter two 

approaches appear to be most used to measure forces without instabilities.9 

To separate different force contributions to the pull-off force, various approaches 

have been reported. For instance, by the variation of solution composition one can 

separate forces with electrostatic origin.78 The influence of the substrate’s surface 

chemistry can be addressed by the functionalization of surface with thin layers 

terminating in different groups.79 Alternatively, the external forces may be employed to 

compensate for some intrinsic forces, like van der Waals or electrostatic diffuse layer 

forces.8,80,81 As would be expected the superposition of those principles could further 

clarify the ascribing of various contributions to the pull-off force in a particular system.48 

The surface roughness makes a quantification of the adhesive properties more 

difficult. There are many experimental and theoretical studies where the reduction of 

adhesion due to roughness effect has been reported.71,82-85 Depending on the actual system 
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the typical reduction of experimentally determined work of adhesion reaches 20 – 200 

times. In order to correct for the influence of roughness a number of models have been 

proposed.75,82,86,87 Approaches developed by Rumpf86, Rabinovich82,87 and Cooper75 are 

often used for this purpose. A recent review on the various models provides a 

comprehensive overview.88 Thus, the reduction of forces acting in contact region due to 

surface roughness could be accounted for. However, if repulsive long-range forces 

dominate the sample-probe interaction, then no pull-off force or attractive force can be 

detected.29  

Further it should be noted, that the surface roughness influences also long-range 

forces. For example Valtiner et al.89 found that the strength of the electrostatic diffuse 

layer decreases if the roughness of substrate is increased. In their work the interaction 

between golden electrodes of different roughness and atomically smooth mica covered 

with self-assembled monolayer was studied. It was shown that the apparent diffuse layer 

potential decreases drastically with the increase of rms roughness from 3 to 12Å, though 

further increase until 17Å produced little effect.89 

2.7. Adhesive properties of organic surfaces by AFM & Electrochemistry 

Tuning the adhesive properties of organic interfaces is of high importance for a 

number of industrial and medical applications such as water purification or in artificial 

hearts, which pump the blood.47,90 Therefore studying fundamental questions of their 

adhesive behavior promise to increase the effectiveness of purification processes and 

better predict biocompatibility of synthetic organic materials. As discussed earlier the 

defined variation of different force contributions would provide a possibility to better 

understand the adhesive properties of an interface and to tune the adhesion accordingly. 

In particular, one system that enables flexible change of short- and long-range interaction 

forces is an electrode covered with organic layer (cf. Figure 9a), which is impermeable 

for ions and solvent molecules. A suitable layer for this purpose is self-assembled 

monolayer (SAM) made by employing thiol chemistry on noble metal electrode.91-96 

Changing the groups terminating an SAM may additionally alter the interfacial properties 

of the organic surface designed in this manner. Indeed, as Vezenov et al.97 have shown 

the adhesion over self-assembled monolayers depends on the nature of terminating group.  

Interaction forces over a potentiostatically-controlled electrode have been studied 

previously either for bare gold electrodes or other electrode materials.80,98,99 Studies with 

AFM on modified electrodes have been reported more rarely. 48,89,100,101 In attempt to 
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describe the diffuse layer of such electrodes models from electrochemistry can be 

applied.48,93,101-103 Rentsch et al.48 have successfully applied two-capacitor model shown 

at Figure 9b to describe the variation of diffuse layer potential with externally applied 

potential over non-ionizable SAMs. However, this approach would accommodate neither 

surface dissociable groups, nor interfacial ion adsorption. Moreover, the models 

describing metals modified with non-conductive oxide layer or semiconductive 

modification layer could be appropriate for interfacial charging behavior of SAMs as 

well.104,105 Additionally electrocapillary effects may have to be taken into account for 

such systems.8 

 

Figure 9: (a) Schematic representation of colloid probe force microscopy with electrochemical setup, 

which consists of working (WE), counter (CE) and reference (RE) electrodes. The WE is modified 

with covalently bound SAM. (b) Simple two-capacitor model can be employed to describe the 

electrode with SAM terminated in non-ionizable groups. (reproduced from Rentsch et al.48). 

The electrostatic diffuse layer forces may be tuned externally by a potentiostat.48 By 

designing the system, where those forces play substantial role in the total adhesive force, 

a possibility to alter the latter in a controllable manner emerges. For example, Campbell 

and Hillier106 probed the adhesion on glassy carbon and sulfonate-derivatized 

poly(aniline)-coated electrodes by silica colloidal probe in electrolyte solution. As shown 

in Figure 10 the pull-off force changes with applied potential for both electrodes in a 

narrow region of external potentials. Outside this region the force remains unchanged at 

characteristic plateau values. By fitting the data to titration-like curves they found the 

values corresponding to potentials of zero charge. The increase in adhesion against 

negatively charged probe with increasing potential (cf. Figure 10a) and b)) was attributed 

to domination of the electrostatic forces.106 
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Figure 10: Dependence of pull-off force on the electrochemical potential determined between 

colloidal silica sphere and (a) bare glassy carbon and (b) sulfonate-derivatized poly(aniline)-coated 

electrodes in electrolyte solution (pH 5.2, I = 1mM). Each data point represents the average of 256 

force curves, and the error bar is the standard deviation. The solid lines represent least squares fits to a 

titration curve. These curves give “half-wave” potential E0 values of -341 and -100 mV for plots (a) 

and (b), respectively (reproduced from Campbell and Hillier106).  

The dependence of adhesion force on applied potential theoretically can originate 

from various phenomena depending on the applied potential and the nature of the 

electrode:100,107,108 1) electrophoretic effect; 2) electrocapillarity effect, i.e. via change of 

interfacial tension of the electrode; 3) alteration of diffuse layer forces via interfacial 

polarization. However, the first effect is likely to be small at low applied potentials 

because the alteration of Fa/R is hardly possible within capacitive currents if the electrode 

interface is polarized chemically or due to adsorbed ionic species, where the adhesion 

plateaus are observed (cf. Figure 10).98,107 The observations by Arai et al.98 support this 

notion. They found that the interaction profiles between bare gold electrode and silicon 

nitride tip in basic solutions (pH > 10) depend on properties of diffuse layer given by 

electrolyte composition rather than on the magnitude of externally applied potential. 

Moreover, the electrocapillarity phenomenon for modified electrode is likely to be small 

in low potential regime, which is accessible by SAM-covered electrode.109 By contrast, 

for bare electrode it may manifest itself. For example, the variation of interfacial tension 

for gold- and platinum-coated cantilevers in electrolyte solution has been demonstrated 

by Raiteri and Butt.110. Therefore, in the absence of electrophoresis and electrocapillarity 

the adhesion will depend on the alteration of potentiostatically-controlled diffuse layer 

properties. 

Despite the large number of studies available, where the combination of 

electrochemistry and AFM have been used for imaging purposes, only a limited number 

of them are devoted to direct force measurements under potentiostatic control.111 The first 
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studies of electrode systems by direct force spectroscopy were published almost 

simultaneously in 1996 by Arai et al.98, Raiteri et al.80, and Hillier et al.99 While Arai and 

Raiteri used a silicone nitride tip to identify semi-quantitatively the interfacial forces on 

noble metal electrodes under potentiostatic control, in the work of Hillier the quantitative 

evaluation of forces over gold electrode by means of a colloidal probe was pursued. In all 

those studies the general agreement with DLVO theory of the observed interaction 

profiles has been confirmed. The variation of interaction force profiles has been observed 

mainly within a few hundreds of millivolts around the potential of zero force (pzf), i.e. 

the potential where long-range forces were negligible.(Raiteri, 1996, r11591; Arai, 1996, 

r02085; Hillier, 1996, r02750} The tuning of overall interaction from repulsive to 

attractive was demonstrated, unless the electrodes were polarized by specific adsorption 

of ions at high concentration.98 Furthermore, the phenomenon of specific anion 

adsorption at the Stern layer on bare metal electrode was observed by force 

measurements, and qualitative results were additionally verified by differential capacity 

measurements.99 However, at the time it remained unclear how the reduction of effective 

electrode potential down to ca. 10% of initial value happens.80  

Later studies of modified and unmodified electrodes by direct force measurements 

were focused on theoretical aspects of electrostatic control of interface as well as practical 

application issues.89,101,106,108,112-114 For example, Serafin and Gewirth112 demonstrated a 

correlation between the redox state of the interfacial layer and the pull-off force. In this 

study the interaction between a silicon nitride tip and Au (111) has been measured in 

basic aqueous solution. According to authors this finding might be useful for monitoring 

the adsorption of electroactive species. Indeed, this principle was demonstrated later by 

adsorbing thiol molecules under potentiostatic control by Kwon and Gewirth.113 They 

found that the coverage by electrochemically adsorbed ethanethiol and hexadecane thiol 

on the gold electrode could be characterized by measuring the pull-off force. Moreover, 

in the study of Campbell and Hillier106 not only adhesive properties of electrodes were 

addressed, but also friction properties. It was the first work, where adhesive and friction 

properties of modified electrodes were studied. The variation of friction coefficients was 

found very dissimilar for bare and modified electrodes. The authors attributed the 

difference to significant variation in potential-dependent charging behavior of studied 

interfaces in electrolyte solutions and to variation in their elastic properties.106  
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2.8. Diffuse layer properties of modified electrodes by AFM  

As mentioned before the various diffuse layer properties could be addressed by direct 

force measurements in combination with electrochemistry. Tuning of diffuse double layer 

charge potentiostatically and hence of the corresponding forces allows studying charging 

phenomena, which happen at electrode’s interface.81,100,101,103,106,111,115-126 On bare 

electrode interaction force profiles vary significantly within the 100 - 1500 mV around 

the pzf.101,119-126 Beyond that region the saturation of force is observed.115 In other words, 

the sigmoidal shape of properties as a function of applied potential is commonly observed 

(cf. Figure 10). Electrochemically this means that the capacitive limit of electrode’s 

diffuse layer is reached at potentials corresponding to plateau values. By contrast to bare 

electrodes, the “active” range of potentials is noticeably smaller in systems with an 

electrode modified with a blocking dielectric layer. For instance, Hu et al.100 found for an 

Au-electrode modified with ferrocene-terminated SAM that the “active” force-variation 

potential window is only around 300 mV wide at 1 mM of total ionic strength and pH ≈ 6. 

However, for bare gold electrode this range extends beyond 1200 mV as reported by 

Hillier et al.99 for similar conditions (cf. Figure 11a). Thus, the range of tunable forces on 

bare electrodes is larger than on modified electrodes, though it depends on solution 

conditions. If the interface is polarized at high concentration of specifically adsorbed 

ions, the electrodes properties are purely determined by this layer of ions.101,112  

In Figure 11a a set of force-distance profiles as a function of applied potential is 

presented. The profiles were determined upon approach between silica colloidal probe 

and Au-electrode in electrolyte solution.99 As can be seen the electrostatic repulsion 

decreases with increasing applied potential towards the electrode. From every curve a 

diffuse layer properties can be obtained by applying Gouy-Chapman-Stern (GCS) theory 

for asymmetrical system if the diffuse layer parameters of the probe are known.127 For 

example, Barten et al.121 determined diffuse layer potentials of Au-electrode in electrolyte 

solutions by fitting full Poisson-Boltzmann equation to the experimental force profiles 

taking into account constant charge approximation. In Figure 11b the resulting diffuse 

layer potential dependences on external potential are presented for various pH of the 

solution. 



2. Theory / Status of the field 

 

28

 

Figure 11: (a) Interaction force profiles determined upon approach between silica colloidal probe and 

Au-electrode as a function of externally applied potential in electrolyte solution (I = 1 mM, pH 5.5). 

Electrostatic repulsion decreases as the electrode potential increases from -700 to 100 mV vs SCE 

(reproduced from Hillier et al.99). (b) Dependence of diffuse layer potential of Au-electrode on 

externally applied potential in electrolyte solutions (I = 1 mM) with different pH values: 9, pH 3.5; �, 

pH 3.9; �, pH 4.7; �, pH 5.1; �, pH 6.4; �, pH 6.8. The diffuse layer potentials were determined 

by fitting the full Poisson-Boltzmann equation with constant charge approximation to the force data. 

The lines are only meant to guide the eye (reproduced from Barten et al.121). 

The validity of GCS theory can be evaluated by applying an external potential to an 

electrode in a much more unambiguous manner than for non-conductive inorganic or 

polymer surfaces. Recent studies by AFM have claimed some limitations of this 

theory.119-121 One point is that the external electronic potential φ drops by around 90-97% 

to apparent diffuse layer potential ψD as demonstrated for gold81,98,121 glassy carbon106 

copper117 n-type TiO2 single-crystal115 electrodes. Another point was the increased 

apparent experimental decay length in attractive interactions induced by potentiostat 

between bare platinum and silicon nitride tip.80 This apparent value appears to be bigger 

than the theoretical Debye length and also in comparison with decay length of repulsive 

force profiles. However to fit those attractive profiles only the classical boundary 

condition of constant potential was used, which might have limited use in this case. 

Possible solution to this problem lies in employing charge regulation approach. That is 

possible by considering charge regulation approximation while fitting of force curve39 or 

by interpreting the apparent diffuse layer potentials using amphifunctional charging 

mechanism.121 

Nevertheless, the comparability of diffuse layer properties, determined by 

electrochemical measurements and direct force measurements, suggests the applicability 
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of the GCS theory within the reasonable limits. Firstly, the pzf, which is close to 

isoelectric point, corresponds to the minimum of differential capacitance.99 Secondly, the 

diffuse layer capacitance over modified electrodes determined by force measurements 

appears close to the one obtained from transient electrochemical techniques.48  

Furthermore, the mechanisms, which lead to the reduction of electronic potential to 

apparent diffuse layer potential at metal-liquid interface, have been pointed out. Earlier 

the non-specific ion adsorption was mentioned to compensate the high electric charge on 

bare electrode.99 Later a number of studies by Bard119,120 indicated on more complex 

phenomena at the interface. For example, Wang et al.119 assumed ion correlation and ion 

condensation effects to play a role in the charging of electrode interface and in building 

up of the diffuse layer. In order to decouple those effects on modified electrode, the 

modification layer must possess sufficiently high blocking qualities.120 

SAMs of sufficient aliphatic chain length provide highly blocking electrochemical 

properties.128-131 In the case of thiol-based SAMs on noble metals the dense packing of 

hydrocarbon tails can be achieved with aliphatic chain possessing more than 9 carbon 

atoms.95 As can be seen from Figure 12(a-d), where the cyclic voltammograms of bare 

and HS-(CH2)17-CH3-coated gold electrodes are presented, the oxidation of gold and the 

following oxide-stripping currents are suppressed to a large degree upon surface 

modification with the SAM. Longer adsorption times lead to maturity of the SAM, and 

hence the blocking properties are enhanced (b-d). Thus, no reduction of Cu2+(e) and 

Fe3+(f) occurs even at high overpotential. 

 
Figure 12: Cyclic voltammograms of bare and HSC17CH3-coated gold electrodes in 0.1 M H2SO4; 

scan rate 0.1 V/sec, electrode area 1 cm2 (a-d) or 0.6 cm2 (e,f). (a) Bare gold sputtered on glass and 

thermally annealed; (b) after 2 hr of modification in 10 mM ethanolic solution; (c) after an additional 

1-hr modification; (d) after an additional 0.5-hr modification; (e) the electrode of (d) in 1.0 mM Cu2+; 
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(f) the same electrode in 3.0 mM Fe3+ (reproduced from Ref.132). Self-assembled films of thiols on 

gold reveal highly blocking electrochemical properties after sufficient deposition time as demonstrated 

by cyclic voltammetry.  

By appropriate technique, such as template stripping methods, metal electrodes with 

low surface roughness can be obtained.133 Alternative techniques include polishing and a 

self-cleavage. Moreover, highly homogeneous coverage of the noble metal surface can be 

achieved by means of self-assembled monolayers.131Electrodes modified in this manner 

have the desired functional groups and retain the roughness of the substrate, though some 

defects may be present.134,135 Due to mentioned advantages SAMs are well-suited model 

systems for studying of various organic interfaces.95,102  

To study surface forces and phenomena at organic interfaces SAM-covered 

electrodes represent a well-defined surfaces. Because the functional groups terminating 

the SAM can alter the interfacial properties, the system appears also to be very versatile. 

The approach to study such model systems with direct force measurement promises to 

extend the knowledge about adhesive behavior and specific ion adsorption at the 

interface. Due to tunability of diffuse layer properties by external potential the double 

layer forces may vanish or compensate other forces. Thus, different force contributions in 

adhesion may be studied separately. 

2.9. Mechanical properties of ultrathin organic films 

The increasing trend toward miniaturization of electro-mechanical devices leads to a 

decrease of functional coating thickness down to a few nanometers.136,137 However, the 

simple assumption that mechanical properties remain similar to the bulk material often 

fails.90 The reliability of properties such as elasticity can be crucial in applications 

ranging from corrosion protection to substrate-dependent adhesion of biological cultures. 

Therefore, the reliable estimation of ultrathin film properties is a prerequisite for 

designing advanced nanomaterials. 

AFM-based setups for measuring mechanical properties by micro- and 

nanoindentation emerged soon after the invention of AFM in 1980s, though only in the 

end of 1990s they became popular in both biology and material science.9,138 Up to now 

most of the experiments are performed with standard AFM tips. Nevertheless, those tips 

have poorly defined geometry and hence the resulting data are prone to high 

inaccuracies.138 To improve the accuracy of the data one solution is to employ 

professional nanoindentation kits, which can be combined with existing AFMs. Another 
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solution is to use colloidal probes with micrometer-sized particles of known shape. In this 

case the range of materials, which can be indented, is determined by the stiffness of the 

cantilever.9 Due to defined geometry and adjustable stiffness of the indenter the colloidal 

probe technique can be considered accurate and it is in particular very versatile for 

nanoindentation of soft films.23,139 

 

Figure 13: Elasticity measurements with colloidal probe force microscopy. (a) An exemplary force 

versus indentation curve with theoretical fit by modified Hertz model (reproduced from Richert et 

al.140). (b) Dependence Young’s modulus on relative humidity of Starch films with different types of 

plasticizers (T = 298K). The mass ratios of Starch : Glycerol : Acid are 1 : 0.25 : 0.15. The lines 

represent eye-guide only (adapted from Jimenez et al.141). 

The data acquisition for indentation experiment conducted with AFM is practically 

identical to direct force measurements. However, the force-displacement data are 

converted to loading force versus indentation depth. Various systems have been studied 

by this technique, though the most common are biological samples and polymeric 

coatings.66 For example, Hassan et al.24 studied semi-quantitatively the elasticity of living 

cells and obtained images of mechanical response with a good contrast for many species. 

As demonstrated by Lisunova et al.142 the Young’s modulus of polyelectrolyte 

multilayers varies from dozens-hundreds of kPa in the swollen state up to hundreds of 

MPa in dried one; while for hydrogels used as scaffolds for cell culturing the Young’s 

modulus is typically within 1-100 kPa range.27,66,143 In Figure 13a an example force-

distance curve of a multilayer indented by a spherical probe is presented.140 After taking 

into account bending of the cantilever, the resulting curve may be fitted by different 

models that assume linear or nonlinear elastic behavior of the sample. 
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To analyze indentation data obtained by the colloidal probe technique for synthetic 

quasi-homogeneous materials the Hertz model, based on the assumption of linear 

elasticity, is widely used.138 However, this model has been criticized for its inaccuracy 

due to some limitations.144 Nevertheless, Lin et al.145 have recently shown, that this model 

can be used for description of the measured force versus indentation if two conditions are 

matched: low indentation strain (<20%) and indentation depth sufficiently higher than the 

surface roughness. In this case the indentation force profiles can be fitted by Hertz model 

with a small mean square error. Moreover, it was shown that models assuming non-linear 

elasticity (e.g. Mooney-Rivlin, Ogden, and Fung) provide similar description to 

constrained Hertz model if the number of fittable variables remains equal.145 

The nanoindentation experiments are commonly performed under ambient 

conditions. While some polymers can adsorb moisture from the air, the condensed water 

may act as a plasticizer in a polymer film. Thus, the relative humidity may determine the 

apparent stiffness of multilayer film. As demonstrated by Jiménez et al.141 the relative 

humidity has larger effect on the stiffness of the Starch-Glycerol film, than addition of 

plasticizers (cf. Figure 13b) Control of moisture-related change of mechanical 

characteristics promises also to improve the durability of packaging materials and 

stability of microelectromechanical devices.146 Nevertheless, until now few studies have 

addressed the mechanical response of ultrathin film systems under controlled 

environmental conditions. 
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3. Overview of the Thesis 

In this thesis the direct force measurements has been applied for studying interfacial 

phenomena at electrodes and mechanical properties of ultrathin materials. In its 

framework four publications have been prepared, from which three have been published 

(two as co-author, one as contributing author). The fourth publication is ready for 

submission. These publications are compiled in the chapters 4-7. 

3.1. A novel preparation method of mechanically stable colloidal probes by high-

temperature sintering (Chapter 4) 

The preparation of reliable and well-defined colloidal probes is essential for the 

accurate measurements of interaction forces as well as for the characterization of 

mechanical properties. Here a new approach is presented to fabricate robust, 

contamination-free colloidal probes. It allows obtaining a strong bond between an AFM 

cantilever and a colloidal particle, which can be effectively targeted by cleaning 

procedures. The bonding of colloids by high-temperature sintering solves the problem of 

organic contaminations, while the contact area determines the bonding strength (cf. 

Figure 14a). However, such sintering method has not been available for silica particles.  

The mechanical stability of probes was tested by lateral force measurements using a 

lithographically patterned substrate with regular rectangular grooves. By applying a 

lateral force towards the colloidal probe a critical torque for the particle removal was 

reached. We found a way to incorporate small particles in a “neck” around a colloidal 

probe to increase probe-cantilever area. If some irregular-shaped silica particles obtained 

by pestle-grinding are used for this purpose, then the probe-cantilever bond strength 

increases two-three folds. If, however, the “neck” of silica nanoparticles (Ludox) is 

created (cf. Figure 14b, insert), then we were not able to remove the probe from the 

cantilever by pressing against the groove wall. As shown in Figure 14b the lateral force 

profile has characteristic force peaks, which correspond to twisting of the colloidal probe 

due to pressure against groove wall. If the critical torque is reached during the twisting, 

then the particles detaches from the cantilever and only one peak at lateral force profile is 

observed. Therefore, the continuous presence of peaks demonstrates that upon numerous 

twisting the cantilever bends, but the probe remains attached to it. 
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Figure 14: (a) SEM image of a typical colloidal probe obtained by sintering procedure. (b) Lateral 

force versus displacement graph captured by a cantilever with attached “unbreakable” colloidal 

particle during the movement against periodical structure. The peaks indicate on twisting of the 

cantilever, while the probe sustains the pressure against hard wall. For such a probe particle-cantilever 

connection was reinforces by the “neck” from nanoparticles (cf. insert) 

the thermal renewal of sintered probe surface chemistry can be considered as another 

advantage of the method. Since in aqueous media the hydration of silicon oxide with 

silicic acid formation may occur, the possibility to reset the properties would be valuable. 

Indeed, at high temperature the dehydration occurs.1  

3.2. Adhesion control at organic interfaces by electrochemistry (chapter 5) 

Controlling adhesive properties by external stimuli such as potentials applied to an 

electrode is important for many applications like production of MEMS. As a model 

system electrodes covered with various non-ionizable SAMs were used here. Usage of 

stiff cantilevers with enhanced sensitivity suitable for aqueous solutions was essential to 

probe the full interaction range. Without loosing sensitivity it enabled to obtain 

interaction profiles without instabilities in the contact region. That in turn allowed 
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accurate detection of forces acting directly before the contact between the probe and a 

sample. 

Non-ionizable SAMs, which were used in this work, differed only by the terminating 

groups, though their potentiostatically-mediated adhesive behavior appeared to be very 

different. We found that the adhesion towards silica colloidal probe for the hydrophilic 

OH-terminated SAM emerges at potentials above the potential of zero charge (pzc). 

Hence adhesive forces emerged only when the electrode became oppositely charged to 

the negatively charged probe. By contrast, for the hydrophobic CH3-terminated SAM, a 

non-zero adhesion is present even at potentials below and above the pzc. Furthermore, 

flexible compensation of forces given by diffuse layer overlap enabled estimation of the 

solvent exclusion and van der Waals (vdW) forces. 

Long-range forces due to diffuse layer overlap dominate the adhesion of rough 

colloidal particles to the flat electrode. In the top part of Figure 15a the dependence of 

maximal attractive forces recorded upon approach (Fi/R) and retraction, i.e. pull-off 

forces (Fa/R) are presented, where the values are normalized to the effective radius of 

interaction R. The interaction force profiles were acquired between a silica colloidal 

probe and CH3-terminated electrode in electrolyte solutions. With increasing ionic 

strength the attractive forces generally decrease, while the increase in the applied 

potential leads to an increase of attractive forces. At low ionic strength the Fi/R given by 

DLVO forces accounts for the large part of Fa/R. Since we found very small vdW forces 

in the system, it is the electrostatic diffuse double layer contribution that dominates 

DLVO forces. Hence this contribution dominates the total adhesive forces at low ionic 

strength. Similar behavior has been demonstrated by hydrophilic SAM, where non-

DLVO forces (e.i. solvent exclusion forces) are mediocre.  



3. Overview of the Thesis 

 

48

 
Figure 15: (a, top) Pull-off force Fa/R and maximal attractive force recorded upon approach Fi/R 

between CH3-terminated electrode and silica colloidal probe as a function of applied potential 

(statistics of ca. 100 force curves for every point). The data series for two ionic strengths are presented 

(pH 4.7). (a, bottom) The difference ∆F/R between corresponding pull-off force and maximal 

attractive force recorded upon approach as a function of applied potential. Vertical line represents 

maximal difference observed at the potential of zero charge (pzc). (b) The top and bottom graphs are 

analogs to graph (a), but for a single-asperity silicon tip. In both graph statistics of ca. 100 force curves 

for every point is presented. 

The difference ∆F/R between Fa/R and Fi/R determined by colloidal probe shows a 

slight dependence from the external potential (cf. Figure 15a, bottom). This behavior is 

not in line with solvent exclusion, but resembles more the electrocapillarity effect. 

However, that could be excluded by measurements with a single asperity on the same 

SAM (cf. Figure 15b, bottom). Moreover, the long-range forces have much less influence 

on the total adhesion force if probed by single asperity (cf. Figure 15b, top). Thus, the 

variation of ∆F/R with applied potential for colloidal probe results probably from the 

instability of the cantilever. 

Besides force contributions, the role of surface roughness in the adhesion process has 

been quantified by solvent exclusion forces. The surface roughness leads to significant 

reduction of the theoretically predicted adhesion according to JKR theory. However, 
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detailed analysis of particle surface roughness using the Rabinovich model2 provides a 

good quantitative description of the reduction factors. Thus, the increase in surface 

roughness results in a decrease of non-DLVO forces (i.e. solvent exclusion forces) and 

correspondingly of the total adhesive force. 

3.3. Ion adsorption probed by direct force measurements (Chapter 6) 

Modified electrodes provide also a versatile model system to study the ion adsorption 

on non-ionizable organic interfaces. Here the long-range interaction forces have been 

determined and analyzed quantitatively by fits to the full solution of the Poisson-

Boltzmann equation. For SAM-modified electrodes the diffuse layer potential ψD can be 

tuned by external potential ϕ as shown in Figure 16a. Again, the hydrophilic and 

hydrophobic SAMs have been studied. Additionally to the electronic potential the pH of 

the electrolyte solution has been varied. 

 

Figure 16: (a) Diffuse layer potential dependence of OH-terminated modified electrode on applied 

potential at various pH (I ca. 1 mM). Continuous curves represent global fit to the three-capacitor 

model.3 (b) Dependence of potential of zero-charge (PZC) on pH of the solution for OH- and CH3-

terminated modified electrodes. The solid lines represent fits to the three-capacitor model.3 

In this work we attempted to describe the modified electrode system with a model 

that includes blocking SAM, adsorbed ions, and the diffuse double layer. The dependence 

of the diffuse layer potential from external potential should be altered significantly if ion 

adsorption takes place. In particular the potential of zero charge (pzc) changes due to the 

additional charges located at the interface (cf. Figure 16b). Nevertheless, the pzc remains 

indifferent to the concentration of the background electrolyte (KCl).4 We have been able 
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to provide a semi-quantitative description of this dependence based on a simple three-

capacitor model that takes into account the adsorption of hydroxyl and hydronium ions.3 

By fitting simultaneously the series ψ
D(ϕ) for different SAMs we determined the 

adsorption constants for hydroxide and hydronium ions. Data for both OH- and CH3-

terminated electrodes suggests the specific adsorption of those ions, while the surface 

remains indifferent to the ions of background electrolyte. The adsorption constants are 

higher for hydrophobic CH3-terminated SAM, than for hydrophilic OH-terminated SAM. 

At the same time the adsorption of hydroxide ions is stronger than of hydronium. 

This novel approach, described in chapter 7, has possible implications in the 

development of ion-selective electrodes, “smart” coatings, and surface plasmon resonance 

sensors.  

3.4. Mechanical properties of ultrathin films by nanoindentation (chapter 7) 

In chapter 7 the results on mechanical properties of ultrathin films determined by 

nanoindentation are reported. Within the project polyelectrolyte multilayer (PEM) films 

were prepared in the group of Prof. A. Fery by K. Trenkenschuh.5 They were probed by 

colloidal probe technique at controlled humidity. The investigated PEM-films contained 

poly(allylamine hydrochloride) (PAH), poly(styrenesulfonate) (PSS), and poly(glutamic 

acid) (PGA). The latter tends to adsorb atmospheric water and change its conformation. 

As in similar systems the water in the PEM serves as plasticizer, hence increasing the 

plasticity and decreasing the stiffness of the multilayer film. We found that upon 

decreasing the relative humidity (RH) from 80% to 12,5% the Young’s modulus of the 

film increases up to two orders of magnitude (cf. Figure 17). Furthermore, the process 

appears to be reversible, albeit with some hysteresis. 
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Figure 17: Dependence of Young’s modulus of the (PAH/PGA0.88-PSS0.22) polyelectrolyte multilayer 

with polyglutamic acid as a function of relative humidity. 

To analyze indentation data obtained by colloidal probe technique the measured force 

versus indentation profiles were compared to the modified Hertz model.6 At low strain 

the indentation yields force profiles, which can be readily described by the model. 

Another prerequisite for compliance with the model is an indentation depth sufficiently 

larger than the surface roughness. The Young’s moduli determined by direct force 

measurements agree well with data obtained by the wrinkling metrology method.7 
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Abstract 

In this note we present a novel approach to prepare colloidal probes for atomic force 

microscopy (AFM) by sintering. A central element of this procedure is the introduction of 

an inorganic ‘fixation neck’ between the cantilever and a micrometer-sized silica particle 

that is acting as probe. This procedure overcomes previous restrictions for the probe 

particles, which had to be low melting point materials, such as borosilicate glass or latex 

particles. The here-presented colloidal probes from silica can withstand large mechanical 

forces. Additionally, they have high chemical resistivity due to the absence of adhesives 

and the well-studied surface chemistry of colloidal silica. 

 

Paper 

Atomic force microscopy (AFM) has been invented in 1986 to image the surface 

topography of non-conducting samples. It was soon established that this technique is 

additionally highly suitable to probe locally the mechanical or electronic properties of 

sample and to measure surface forces with high sensitivity. However, a quantitative 

evaluation of force profiles requires defined interaction geometries, which cannot be 

easily obtained with the nm-sized AFM-tips used for imaging purposes. The attachment 

of colloidal particles to the end of a cantilever has been therefore an essential step in the 

development of direct force measurements by AFM. These so-called colloidal probes 

have been independently introduced by Ducker et al. and Butt about 20 years ago.1,2 From 

then on, various types of colloidal probes have been used extensively to determine long-

range interaction forces3, also between single pairs of particles4, as well as to study 

adhesion phenomena.5 Additionally, colloidal probes are used increasingly in 

tribological6 or micromechanical studies7,8.  

The preparation of colloidal probes has not changed much over the years, despite their 

widespread use: a colloidal particle is attached under ambient conditions to the end of an 

AFM-cantilever by means of a suitable glue and with the help of an optical microscope 

and a micromanipulator (for a comprehensive review see9). However, the stability of the 

glue against non-aqueous solvents as well as acids or bases limits the operational range 

for glued colloidal probes and represents a latent source of contamination. Furthermore, 

the interface with the glue is often the weakest mechanical element. Two recent 

developments aimed to overcome these limits: the introduction of sintering techniques to 

the preparation of colloidal probes10-14 and the development of the multi-colloidal probe 
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technique15. Both approaches exclude the glue as fixation for the colloidal particles. 

However, the latter approach is intended for the reversible attachment of colloidal probes 

in a colloidal suspension and thus provides no mechanical stability for the probes. 

Instead, sintering of colloidal particles to the end of AFM-cantilevers allows for colloidal 

probes with increased mechanical stability and resistance. This technique has been 

described for colloidal polystyrene particles10-12 as well as for borosilicate glass 

particles13,14. However, up to now sintering procedures for colloidal probes are based on 

probe particles with a lower melting point than the cantilever and thus exclude the use of 

silica as probe particles. Here, we present a new approach for preparing colloidal probes 

by sintering that overcomes this limitation and leads to superior mechanical and chemical 

stability of silica colloidal probes in comparison to the previously described procedures. 

 

FIG. 1. (a) SEM image of a colloidal probe, i.e. colloidal silica particle attached to the end of a tipless 

AFM cantilever. (b) Steps for the preparation of colloidal probes. (c-e) Attachment point and neck, 

respectively, for here-examined sintering procedures (A-C): (c) no formation of neck (A) (d) neck by 

polydisperse silica pieces (B) and (e) neck formed by nm-sized Ludox-particles (C).  

FIG. 1a) shows an overview-image of a representative colloidal probe prepared from 

a silica particle with a diameter of 6.8 μm that is attached to a tipless silicon cantilever 

(NSC12, Mikromasch, Lithuania). The images in FIG.1 were acquired by scanning 

electron microscopy (Zeiss 1530 FSEM) with a purposely-constructed holder for the 

cantilever. The cantilevers with the colloidal probes were rendered conductive by 

sputtering of 3-4 nm platinum (Sputter coater 208 HR, Cressington). The colloidal silica 
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particle shown in FIG 1a) has been attached to the tipless cantilever by sintering at > 

1200°C. Sintering processes are well known in ceramic production16 and lead also for 

silica particles to the formation of strong material bridges17. 

In this note we compare three different sintering procedures named in the following 

A-C. However, the main preparation steps are identical and are illustrated schematically 

in FIG. 1b.18 The manipulation of the glue and the colloidal particles is carried out with 

an upright optical microscope quipped with a fixed stage (Zeiss Examiner) to which a 

motorized micromanipulator (Märzhäuser DC-3KS, Wetzlar, Germany) is attached. The 

handling is performed with etched tungsten wires (0.5 mm diameter, Sigma-Aldrich). 

First, a drop of a highly viscous organic liquid (either glycerol or glue) is placed on the 

end of the AFM cantilever (cf. FIG. 1b, step I). With another, freshly etched tungsten 

wire a colloidal silica particle is then picked up from a reservoir, prepared by drying a 

diluted silica particle suspension on a separate glass slide. This particle is then transferred 

on top of the liquid drop on the cantilever (cf. FIG. 1b, step II). The drop should have 

approximately the same lateral dimensions as the colloidal particles and serves two 

purposes: Firstly, it immobilizes the particle at a defined position due to capillary forces 

until the heat treatment (cf. FIG. 1c, step III), where it evaporates and decomposes, 

leaving only the silica particle and the cantilever (procedure A). Secondly, in the glycerol 

additional small silica pieces or nm-sized silica particles can be added (procedure B and 

C). During the sintering, these ingredients form a neck around the contact point of the 

μm-sized silica particle with the cantilever at the glycerol evaporates. The sintering 

process is taking place at a temperature of 1250 ± 50 °C for 1.5-2h and is followed by 

slow cooling overnight. Due to the high temperature necessary this procedure is only 

possible for silicon cantilevers and in absence of any metallic reflective coating. 

FIG. 1c)-e) show SEM-images of colloidal probes prepared by the different sintering 

procedures A-C. The main difference between these procedures is the solid content in the 

glycerol drop. In the first procedure A (cf. FIG 1c) only glycerol is used and the 

procedure is analogous to the one previously described by Bonaccurso et al. for 

borosilicate particles13,14. However, in difference to borosilicate glass, the silica particles 

are not melting and thus sintering takes place only for a small area (cf. FIG. 1c). For 

procedure B we added silicon powder to the glycerol (approximately 10-20% w/w). This 

powder has been obtained by pestle grinding of silicon wafer pieces, where particles 

smaller than about 1 μm have been selected by sedimentation. This highly polydisperse 
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compound increases the number of contact points between the large silica particle and the 

cantilever and a small ‘neck’ around the colloidal particle is formed as the glycerol 

vanishes during the heat treatment (cf. FIG.1 d). This effect is significantly enhanced in 

procedure C by replacing the powder with small Ludox silica particles (Ludox AM-30, 

Sigma-Aldrich) with an average diameter of about 30 nm (approx. 40-60 w/w). The 

resulting neck is much more extended and homogenous compared to B (cf. FIG. 1e). We 

attribute this improvement to the reduced size of the Ludox particles, which can follow 

better the receding glycerol capillary during heating. Additionally, due to their reduced 

size more contact points are formed during sintering and the oxide layer formed on the 

cantilever is approximately of the same dimension as the Ludox particles diameter, 

leading to a dense bridge between the silica probe and the cantilever. In the following we 

demonstrate that the formation of the resulting neck leads to superior mechanical stability 

of the colloidal probes. 

 
FIG. 2. (a) Optical microscopy image of a colloidal probe during particle detachment measurements 

on a structured substrate. (b) Schematic representation of measurement principle (c) Lateral force scan 

(both directions) on substrate for colloidal probe prepared by procedure B. At * the detachment of the 

probe particle occurs. (d) Instead, for colloidal probes prepared by procedure C (i.e. with Ludox 

particles) no detachment of the probe particles can be observed. 

In order to quantify the mechanical stability of the colloidal probes, we determined 

the lateral forces at which the colloidal particles detach from the cantilevers. FIG. 2a) 

shows an optical microscopy image of the structured silicon substrate (GeSim, Germany, 

fabricated to custom design) used in these experiments. The trenches on the substrate are 
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periodically arranged (periodicity of 40 μm) and have a width of 30 μm and depth of 15 

μm . The colloidal probe is scanned over the substrate as shown schematically in Fig. 2b). 

The fast scan direction of the cantilever is indicated. Upon entering a trench the colloidal 

particles touches the wall laterally, while at the same time it is not in contact with the 

trench bottom. Thus, it touches only the wall at one point. The colloidal probe is blocked 

during the further lateral movement of the cantilever and the cantilever bends in a 

torsional manner until either the particle detaches from the cantilever or the bending is so 

strong that the cantilever jumps out of the trench. The lateral forces acting on the 

colloidal probe are shown in FIG. 2c) and FIG. 2d), respectively. In FIG. 2c) a probe 

particle attached by procedure B detaches from the cantilever at a lateral force of 

approximately 2.5 mN (cf. * in FIG. 2c). Afterwards the bare cantilever scans over the 

surface, showing only a minimal torsional response, reflecting the trench profile. Instead, 

in FIG. 2 d) we show that for a colloidal probe prepared by procedure C it was practically 

impossible to remove the probe particle from the cantilever, even for highest load force 

and prolonged scanning. It should be noted that in FIG. 2d) the lateral bending of the 

cantilever is so strong that the saturation limit of the lateral photodetector is reached for 

one scan direction.  

The quantitative determination of the lateral forces requires knowledge of the lateral 

cantilever spring constant that is calculated from the cantilever´s top-view dimensions 

and its spring constant in normal direction19. The latter is obtained from the thermal noise 

in air20. The sintering procedure does not lead to a significant change of the cantilever 

spring constants. The lateral sensitivity is determined by a previously described 

procedure21. Lateral force measurements are known to be prone to systematic errors and 

alternative methods to determine the lateral spring constant and sensitivity lead to slightly 

different lateral forces. However, they do not alter the relative difference between the 

presented preparation methods.  
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FIG. 3. Comparison of the lateral forces necessary for the detachment of colloidal probes prepared by 

different methods. In the case of procedure C with a neck of Ludox-particles practically no detachment 

could be observed in the accessible force range. 

Figure 3 summarizes the lateral forces necessary to remove the colloidal probes from 

the tipless AFM cantilevers (NSC 12, MicroMasch, Lithuania). These cantilevers had 

spring constants  in normal direction between 3-11 N/m. For each type of preparation at 

least 4 different colloidal probes have been examined. Colloidal probes prepared by 

method A have only a small contact area between the particles and cantilever (cf. FIG. 

1c). In consequence, these colloidal probes show the lowest mechanical stability. 

Nevertheless, most of these colloidal probes are stable at lateral forces of up to 1.5 mN. 

For colloidal particles fixated by a sintered neck of polydisperse silicon pieces (i.e. 

procedure B) one can observe that significantly larger lateral forces are necessary for the 

detachment. For colloidal probe prepared by method C, i.e. a neck prepared by small 

silica particles (i.e. nm-sized Ludox particles), it was practically impossible to remove the 

colloidal particles from the cantilever in the force regime accessible. By applying 

uncontrolled shear forces, we broken often the cantilever at its fixation point rather than 

detaching the particle. Therefore, we assume that the stability of colloidal probes 

prepared by procedure C is comparable to the one of normal silicon cantilevers obtained 

by micromachining. The colloidal probes prepared by procedure C are thus highly 

suitable for micro-tribological or micro-indentation experiments, where large normal or 

lateral forces are exerted.  
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Since the silica colloidal probes are obtained by sintering processes, they are 

completely inorganic. Therefore they can be used in or cleaned by various aqueous 

solutions or organic solvents. Additionally they can be thermally treated at temperatures 

of above 800° C. Such a heat-treatment for silica particles is advantageous not only in 

terms of the removal of organic contaminants but to provide a well-defined surface 

chemistry22. The here-presented method of sintering with small Ludox-particle (i.e. 

procedure C) allows thus the preparation of highly stable colloidal probes with the well-

known surface chemistry of colloidal silica. The introduction of a ‘fixation neck’ is not 

limited to silica particles and can be applied as well for organic or inorganic materials 

with lower melting points. 

This work has been supported by the German Research Foundation (SFB 840). The 

authors thank C. Kunert for the SEM images. 
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Abstract 

The adhesion between colloidal silica particles and modified electrodes has been 

studied by direct force measurements with the colloidal probe technique based on the 

atomic force microscope (AFM). The combination of potentiostatic control of gold 

electrodes and their chemical surface modification by self-assembled monolayers (SAMs) 

allows for the decoupling of forces due to the electrical double layers and chemical 

functionality of the solid/liquid interface. Adhesion on such electrodes can be tuned over 

a large range in dependence of the externally applied potential and the aqueous solution’s 

ionic strength. By utilizing cantilevers with a high force constant, it is possible to separate 

the various contributions to the adhesion in an unambiguous manner. These contributions 

comprise diffuse layer overlap, van-der Waals forces, solvent exclusion, and 

electrocapillarity. A quantitative description of the observed adhesion forces is obtained 

by taking into account the surface roughness of the silica particle. The main component in 

the adhesion, which is tuned by the external potential, originates from the overlap of the 

electrical double layers. By contrast, effects due to electrocapillarity are only of minor 

importance. Based on our quantitative analysis a new approach is proposed that allows 

tuning the adhesion force as a function of the externally applied potential. We expect this 

approach to have important applications for the design of microelectromechanical 

systems (MEMS), the development of electrochemical sensors as well as for micro- and 

nanomanipulation. 

 

Introduction 

Adhesion between surfaces has a strong influence on various processes such as 

colloidal transport in soils, wafer cleaning, colloidal aggregation, or friction between 

solids.1-3 Adhesion is mediated by surface forces and represents a ubiquitous phenomenon 

in the colloidal domain. Typically, long-ranged interaction forces determine whether a 

colloidal particle can approach another surface closely enough to reach contact.1 After 

this point, additional short-ranged interaction mechanisms have a strong influence on the 

sticking probability of a colloid or determine whether a given shear force is sufficient to 

remove an adhering colloidal particle.  In order to tune the adhesion for industrial and 

technical applications, various approaches have been proposed. Most of these are based 

on permanently altering the surface properties, for example by polyelectrolyte coatings or 

monolayers of silanes or thiols.4,5 
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Interaction forces of various origins can mediate adhesion. The long-ranged force 

contributions are summarized in the theory of Derjaguin, Landau, Verwey, and Overbeek 

(DLVO) and result from the interaction of the diffuse layers as well as the van-der-Waals 

(vdW) forces.2 Short ranged forces are only acting in the contact area. Such forces result 

from solvent exclusion as well as the formation of chemical bonds and have been studied 

by chemical force microscopy.6-11 In the case of polymeric interfaces, additional force 

contributions can arise due to steric or bridging forces.12 

With increasing miniaturization of mechanical devices down to the micro- and 

nanometer scale, the control of adhesive properties has become increasingly important for 

their performance and fabrication.13 In particular, the possibility to control directly and 

instantaneously the adhesion would be important for many applications. Suitable external 

stimuli to trigger changes in adhesion can be for example electrical potential, illumination 

by light, or variation of the temperature. The latter two approaches have been studied 

extensively in recent years and typical examples are thin organic films based on PNIPAM 

or azo-benzene, respectively.14,15 However, an electrode connected to a potentiostat 

provides for many applications a more direct and versatile approach to control surface 

properties. Additionally, it allows easily for computer control. Electrosorption has been 

studied for a long time in the field of electrochemistry.16 By contrast, the concept of 

applying electric potentials to control adhesion processes on the nano- and micrometer 

level in the field of colloid science has been exploited only recently.17 

The development of direct force measurement techniques, in particular the atomic 

force microscope (AFM) or the surface force apparatus (SFA), allowed in recent years to 

study these interaction forces for various systems in detail. While the SFA allows 

determining the interaction forces for a defined contact area, the atomic force microscope 

offers force resolution below 100 pN and thus can detect single bond ruptures as well as 

stretching and detachment of single polymer chains. By modifying the surface chemistry 

of the AFM tip, one can probe the interaction forces between well-defined functional 

groups.11 This approach is commonly referred to as chemical force microscopy.6-11 The 

development of the colloidal probe technique for the AFM allowed for a combination of 

well-defined interaction geometries with high force sensitivity.18,19 The colloidal probe 

approach has been especially useful in adhesion studies due to its great versatility in 

choosing the probe surface.20 
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As the SFA and the AFM can be interfaced directly with an electrochemical setup, 

the corresponding adhesion processes can be studied in detail by direct force 

measurements.21 Initial studies on bare noble metal electrodes show that the adhesion can 

be indeed tuned by the external potential.22-26 Similar behavior has been observed for 

semi-conductors or organic interfaces.27 However, a quantitative interpretation of the 

results and identification of the dominating interaction mechanism is still far from 

complete. Recent studies with the electrochemical SFA indicated the importance of 

electrocapillarity for the adhesion.28 Furthermore, the effect of surface roughness does not 

only influence the interaction forces upon approach but also the adhesion.29 

In this study we provide a new approach to study the adhesion mechanisms on 

electrode surfaces by determining the adhesion behavior not only as a function of the 

external potential but also the surface chemistry of the electrode. The latter is achieved by 

means of self-assembled monolayers on the electrode. The interaction force profiles are 

measured with the colloidal probe method and are evaluated quantitatively in order to 

separate the long-ranged force contributions to the adhesion from short ranged 

contributions arising only due to the contact of the surfaces. Adhesion to electrodes has 

been studied previously by AFM and SFA, in particular how besides the external 

potential other parameters such as roughness and surface chemistry influence the 

adhesion behavior.17,23,24,24-32 However, by introducing a surface modification of the 

electrode with different ω-functionalized thiols it is possible to decouple chemical 

contributions from electrostatic ones. The latter can be varied instantaneously by the 

external potential applied to the electrode, while the former is given by the terminating 

functional groups of the SAM. Thus, in difference to the aforementioned studies the 

interdependence of these different contributions to the adhesion of colloidal objects can 

be determined in detail. 

 

Experimental Methods 

Materials. 16-mercaptohexadecanol-1 (99%, Frontier Scientific) and 1-

hexadecanthiol (99%, Sigma Aldrich) were used for the electrode modification as 

received. Ethanolic solutions were prepared from ethanol of analytical grade. All aqueous 

solutions were prepared from deionized water of Milli-Q grade with a resistivity larger 

than 18MΩ. After regulating the pH of solution to pH 4.7 by addition of a traceable 

volume of 1M HCl (Sigma Aldrich), the total ionic strength has been adjusted to the 
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nominal values of 0.12 mM, 0.34 mM, 0.56 mM or 5 mM by addition of 1M KCl (Sigma 

Aldrich). 

Preparation of flat gold electrodes. Smooth gold substrates were prepared by a 

modified ‘template stripping’ method.33 We used as substrates p-doped (<20 Ohm/cm) 

silicon (100) wafers (CrysTec, Berlin, Germany), which have been cleaned beforehand by 

a modified RCA-procedure.34 On these cleaned Si-wafers a layer of 60 nm Au (99.99% 

purity) has been deposited by thermal evaporation. Directly after evaporation RCA-

cleaned glass slides of 11x11 mm are glued to the gold layer by means of a chemically 

resistant adhesive (EPO-TEK 377, Epoxy Technology Inc.), which was thermally cured 

for one hour at 150 °C.  

For the preparation of the electrodes, these glass/glue/gold sandwiched slides were 

mechanically separated from the wafer and immediately rinsed copiously with ethanol 

and then transferred to the thiol solution. Surface modification by thiols was performed in 

1mM ethanolic solution of 16-mercaptohexadecan-1-ol or 1-hexadecanthiol, respectively, 

for at least 12 hours. The electrodes with OH-terminated SAM were rinsed with copious 

amount of ethanol and then with water. The electrodes with CH3-terminated SAM were 

rinsed with copious amount of ethanol and then sonicated twice in fresh ethanol in an 

ultrasonic bath. The electrodes were then immediately mounted in the electrochemical 

cell, covered with degassed electrolyte solution and AFM fluid cell has been closed. 

Preparation of colloidal probes and AFM-cantilever for force measurements. 

Tipless AFM cantilevers (NSC12, Mikromasch, Lithuania) were cleaned consecutively in 

a series of solvents (ethanol, aceton, chloroform, aceton, and ethanol) and were then 

treated in O2- plasma (Flecto10, Plasma Technology GmbH, Germany) at 100 W and 0.4 

mbar for 90 sec. After this cleaning procedure they were coated by thermal evaporation 

(mini-coater, tectra, Germany) with a reflection layer consisting of 3 nm Cr (Sigma-

Aldrich) as adhesion promoter and 60 nm Au. In order to avoid thermal drifts the tipless 

cantilevers have been coated from both sides. For the preparation of colloidal probes 

single silica particles (Bangs Laboratories, IN) with an approximate diameter of 6.8μm 

were attached to these cantilevers by means of a micromanipulator and UV-curable glue 

(Optical adhesive 63, Norland Products). We used cantilevers with nominal force 

constants in the range of 0.2 N/m and of 5.6 N/m. The spring constants of these 

cantilevers have been determined before the attachment of the colloidal particles by the 
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thermal noise method.35 Directly before the force measurements the colloidal probes and 

normal AFM-cantilevers were cleaned by plasma treatment. 

AFM imaging. The surface topography of the modified and unmodified electrodes 

as well as for heat-treated silica particles was determined by tapping mode AFM in air 

(Dimension 3100 equipped with a NanoScope V controller, Bruker). These measurements 

were performed with cantilevers (OMCL-AC160TS, Olympus) preselected for a tip 

radius below 10 nm. This selection has been performed by imaging a Nioprobe standard 

(Aurora Nanodevices, BC, Canada). The topography of colloidal silica particles was 

imaged with a scan size of 1x1 μm around the apex of the particle. The surface roughness 

has been determined after a 2nd-order plane fit of the height image with the software 

package belonging to the AFM (Bruker, Research NanoScope 7.30). 

 
Figure 1: Schematic representation of the experimental setup to determine the adhesion between a 

colloidal silica particle attached to the end of an AFM-cantilever and a gold electrode modified by a 

self-assembled monolayer (SAM) terminating in non-ionizable functional groups. The electrode is 

connected to a potentiostat in a 3-electrode electrochemical cell with working (WE), counter (CE), and 

reference (RE) electrodes. 

Combined setup for electrochemistry and AFM. In order to measure interaction 

forces under potentiostatic control we constructed a custom-made electrochemical cell, 

which could be adapted as semi-closed fluid cell to a MFP-3D (Asylum Research, Santa 

Barbara, CA).36,37 The potentiostat for the 3-electrode electrochemical cell is custom-built 

and is based on a design from the group of H. Siegenthaler (University of Berne, 

Switzerland). Comparable potentiostats have been used in potentiostatically controlled 

direct force measurements and electrochemical scanning tunneling microscopy.36,38 The 

working electrode is the thiol-modified gold electrode and the counter-electrode is a 100 

mm gold wire with a diameter of 0.25 mm (Alfar-Aesar).  As reference electrode we used 
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an Ag/AgCl-wire, which has been placed in a circular manner around the working 

electrode. Dissolution of AgCl has been neglected due to the small dissociation constant 

(2×10-6M) in respect to the lowest concentration of Cl- (1.2×10-4 M). This pseudo-

reference electrode has been calibrated against a commercial Ag/AgCl-reference 

electrode (Metrohm, Switzerland) in the same solutions as used for the direct force 

measurements. In order to allow comparison of our results with previous studies, we 

converted the potentials to the ones versus a standard calomel electrode (SCE). 

Immediately before the force measurements, the fluid cell was extensively rinsed with 

Milli-Q water. The gold counter-electrode was carefully annealed in a butane gas flame. 

All aqueous solutions for the electrochemical measurements have been degassed by 

means of nitrogen and consecutively with an HPLC-degassing unit directly before the 

measurements (FLOM Gastorr BG12). 

The performance of the thiol-coated electrodes with the electrochemical AFM-cell 

and the potentiostat has been verified in an independent set of experiments by acquiring 

cyclic voltammograms in an aqueous solution of 10mM [Fe(CN)6]
4- and 250mM KCl at 

pH 6. In cyclic voltammograms the current is acquired as a function of the externally 

applied potential. In the case of hexacyanoferrat the position and area of the known 

oxidation and reduction peaks allow confirming that parameters like electrode surface and 

reference electrode potential are within the specifications. Cyclovoltammograms have 

been also been performed for the pure electrolyte solutions used for the measurements. 

These voltammograms are important to determine the potential window where the thiol 

layer remains stable on the electrode. The formation of defects at low or high potentials is 

accompanied by an increase of the current.  

Before each set of force measurements the presence and quality of the thiol layer on 

the modified gold electrodes has been controlled by cyclic voltammetry. However, for 

these controls the same electrolyte solutions as for the acquisition of force profiles has 

been used and no [Fe(CN)6]
4- was present. During the force measurement the current in 

the electrochemical cell has been monitored to verify that no thiol desorption is taking 

place. The potential range that can be applied without occurrence of thiol desorption has 

been determined independent on the direct force measurements.  

Direct force measurements. The interaction forces were measured with an AFM 

equipped with a closed loop control for all three axes (MFP-3D, Asylum Research, CA).  

For each applied potential, a series of at least 100 approach and retraction cycles with a 
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velocity of 0.8 μm/s were acquired. For the force profiles of one series, no differences 

between the first and the last curve could be observed. The maximum loading force was 

in the order of 10-12 nN. 

The measured deflection versus piezo displacement curves were converted to force 

versus distance profiles by custom written procedures in IGOR PRO (Wavemetrics) 

based on standard algorithms.39-41 In order to determine the diffuse layer potentials of the 

electrodes the series of force profiles attributed to one external potential has been 

averaged and then fitted. The averaged normalized force profiles F/R are fitted with the 

solution of the Poisson-Boltzmann equation for two infinite symmetric plates by means of 

a custom written program in FORTRAN and IGOR PRO (Wavemetrics).39 Further details 

concerning the quantitative analysis of the interaction force profiles can be found 

elsewhere.36 Routinely, the Debye-length obtained from these fits is compared to the 

nominal ionic strength of the electrolyte solutions in which the force profiles have been 

acquired. Commonly, deviations smaller than 10% for the ionic strength are observed and 

all data sets reported here fulfill this criterion. 

The measurement of the interaction forces between two silica particles in the sphere-

sphere geometry has been performed in a closed fluid cell (Asylum Research, Santa 

Barbara, CA) with a round glass cover slide as bottom. The two particles, one attached to 

the probe and one attached to the substrate, were first coarsely aligned by optical 

microscopy; the following fine alignment was achieved by a procedure similar to force 

volume plots. Further details are given elsewhere.41 The data analysis was performed in 

an analogous manner to the one for the sphere-plate geometry. 

 

Results and Discussion 

In this study, we focus on SAMs terminating in non-ionizable functional groups, i.e. 

hydroxyl-groups (OH-terminated) and methyl-groups (CH3-terminated). The former 

SAM is hydrophilic while the latter is hydrophobic. By performing the direct force 

measurements at a fixed pH-value of pH 4.7, the results can be directly compared with 

the ones of a previous study concentrating on the long-range interaction forces only.36 

Additionally, we varied the total ionic strength I of the electrolyte solution in order to 

tune the forces due to diffuse layer overlap. 

 Interaction forces under potentiostatic control. Figure 2 shows two representative 

force profiles acquired with colloidal probes made from silica particles with a diameter of 
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approximately 6.8 μm. However, the corresponding cantilevers have different force 

constants. The measurements have been performed under identical conditions (pH 4.7 and 

total ionic strength I=0.34 mM) on a CH3-terminated electrode at external potentials of 

 and  (vs. SCE), respectively. The force profile in Figure 2a) 

has been acquired with a soft cantilever with a force constant of 0.38 N/m, while the force 

profile in Figure 2b) was measured with a much stiffer cantilever with a force constant of 

3.78 N/m. Both force profiles show a single force versus distance curve upon approach 

(solid grey symbols) and retraction (open black symbols). In order to compare the force 

profiles with theoretical calculations the interaction forces have been normalized to the 

effective radius R of the interaction geometry according to the Derjaguin approximation. 

As we are measuring the interaction forces between a colloidal probe and a flat electrode 

(i.e. sphere/plane-geometry) the effective radius corresponds to the radius R of the 

colloidal probe. As the silica surface is negatively charged at pH 4.7 one finds repulsive 

long-ranged interaction forces upon approach for an applied potential of  

and attractive forces for . Due to the low ionic strength of I=0.34 mM the 

diffuse layers are rather extended and the diffuse layer interaction is detectable for 

separation distances of more than 100 nm. As we will demonstrate in the following 

paragraph, the nominal ionic strength as calculated from the electrolyte composition, 

corresponds normally within less than 10% to the one obtained from the fits of the long-

range interaction forces upon approach. 

φ1 = −397mV φ2 = +403mV

φ1 = −397mV

φ2 = +403mV
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Figure 2: Exemplary force versus distance profiles between a silica colloidal probe and a CH3-

terminated SAM on a gold electrode under potentiostatic control. The externally applied potentials are 

−397 mV and +403 mV (vs. SCE), respectively. The force profiles have been acquired with different 

spring constants of (a) 0.38 N/m and (b) 3.78 N/m, respectively, but an identical diameter of the 

colloidal probes (i.e. 6.8 μm). Only for the soft cantilever instabilities are present in the force versus 

distance curves.  

At large separation distances both force profiles in Figure 2 yield almost identical 

interaction forces, independently from the cantilever spring constant. However, for the 
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colloidal probe with the softer cantilever (cf. Figure 2a) a distinct instability occurs for  

(i.e. the force profiles with long-ranged attractive forces) upon approach at a separation 

distance of about 15 nm. At this distance the attractive force gradient becomes 

comparable in magnitude to the cantilever spring constant and thus no static deflection of 

the cantilever is possible anymore. Due to this instability the cantilever jumps to the 

surface (indicated by the solid arrow in Figure 2a) and the ‘true’ interaction force profile 

cannot by acquired beyond this point. This effect is well known in direct force 

measurements.42 Also for the retraction part, one observes a pronounced difference 

between the force profiles acquired with different cantilevers. The stiffer cantilever (cf. 

Figure 2b) allows sampling the interaction forces for nearly all separation distances. By 

contrast, the softer cantilever (cf. Figure 2a) shows a pronounced instability also upon 

retraction and jumps away from electrode (dashed arrow) the electrode. However, the 

pull-off force at which this separation is occurring is independent of the cantilever’s 

spring constant. Instead, for the force profiles acquired at , where the long-range 

interaction is repulsive, both curves coincide to a large degree for approach part and no 

instabilities are present. Only, in the retraction parts one finds a small difference that 

occurs at separation of the colloidal probe from the electrode. Here, the softer cantilever 

shows a distinct but small pull-off force that is much less pronounced and barely 

traceable for the stiffer cantilever. As we will show later, one finds a greater variation in 

the pull-off forces as for the long-range forces during approach since in the former case 

small variation in the topography have a larger influence. Additionally, the block 

averaging for representing the force profiles as well as the higher force sensitivity for the 

soft cantilever are supposed to have an influence. 

All measurements presented in the following have been performed with cantilevers 

having large cantilever force constants (e.g. in Figure 2b) in order to allow for a 

quantitative comparison of the interaction forces upon approach and retraction, in 

particular near to the electrode’s surface. Such a comparison is essential in order to 

separate force contributions present only in the contact area from other interaction forces 

that are also long-ranged such as diffuse layer overlap and van-der-Waals forces. 

Force profiles for different SAM-modified electrodes. Figure 3 shows force 

profiles acquired on electrodes modified by two different SAMs (i.e. CH3- and OH-

terminated). Otherwise the force profiles are acquired under identical conditions of pH 

4.7 and I=0.34 mM.  Each of the shown force profiles has been obtained by averaging a 

φ2

φ1
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series of about 100 force profiles. The force profiles have been selected from a more 

extensive set of force profiles at various applied potentials. Commonly, a potential regime 

ranging from -400 mV to + 530 mV vs. SCE has been sampled for different ionic 

strengths, which ranged from 0.12 mM to 5 mM. In this potential regime, we found the 

thiol-layers on the gold surface to be stable.43 As previously reported, the differences 

between the force profiles for a given ionic strength and SAM result only from the 

externally applied potential.36  

The essential changes in the force profiles with external potential  are comparable 

for the CH3-terminated (Figure 3a) as well as the OH-terminated SAM (Figure 3b). 

However, the transitions from repulsive (cf. ) to attractive interactions (cf. ) are 

occurring at different potentials.36 During this transition the diffuse layer potential of the 

electrode drops to zero at the so-called “potential of zero charge” (pzc) where the 

electrode surface is nearly uncharged and the interaction forces upon approach are 

practically vanishing. The force profiles acquired near the pzc (cf. ) are shown in 

Figure 3. 

φ

φ1 φ3

φ2
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Figure 3: Averaged force profiles obtained during approach (closed symbols) and retraction (open 

symbols), respectively, on electrodes with (a) CH3- and (b) OH-terminated SAMs at different applied 

potentials (I=0.34 mM). The solid lines indicate fits to full solutions of the Poisson-Boltzmann 

equation including the constant regulation approximation. The arrows indicate the interaction forces 

directly before contact between the surfaces  (approach) and the pull-off forces 

(retraction), respectively. The corresponding difference  results from force 

contribution acting only during contact (e.g. solvent exclusion). 

Fi / R Fa / R

∆F / R = Fa / R − Fi / R
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The approach part of the force profiles is dominated at large separation distances by 

the force resulting from the overlap of the diffuse layers formed at the interfaces of the 

silica particle and the electrode, respectively.  With increasing ionic strength this 

interaction is more short-ranged due to the reduced extension of the diffuse layers. The 

force profiles upon approach (i.e. open symbols in Figure 3) have been fitted to the full 

solutions of the Poisson-Boltzmann equation including charge regulation by means of the 

constant regulation approximation (full lines in Figure 3).39 A quantitative evaluation of 

the diffuse layer properties as a function of the externally applied potential will be given 

in the following paragraph. For attractive interactions one can determine a force  

directly before the probe makes contact with the electrode (cf. Figure 3a). 

In the subsequent retraction of the colloidal probe, the silica particle is separated 

from the electrode surface and its adhesion to the electrode can be determined.  Of special 

interest is in this respect the pull-off force necessary to separate the silica particle from 

the electrode. This force is indicated by  in Figure 3. For the negative potential the 

total interaction force upon separation is repulsive (i.e. positive sign) and thus the particle 

would not remain attached to the electrode without externally exerted force. Depending 

on the applied potential, the adhesion forces can be tuned from repulsive to attractive. 

However, one finds qualitative differences between the hydrophilic OH-terminated SAM 

and the hydrophobic CH3-terminated SAM. For the former the force profiles upon 

approach and retraction coincide practically for the whole interaction range including the 

contact at approach and separation. By contrast, for the CH3-terminated SAM, the force 

necessary to separate the colloidal probe after contact is larger than the force upon 

approach just before contact with the surface. This difference  is attributed to the 

hydrophobicity of the surface and the resulting work of adhesion due to solvent exclusion 

in the contact area. 7-11 In order to quantify the different force contributions, we evaluate 

first the long-ranged DLVO forces and compare them afterwards with the pull-off forces. 

Diffuse layer properties of the electrode. Figure 4 summarizes the diffuse layer 

potentials obtained from fits to the full solutions of the Poisson-Boltzmann equation 

including charge regulation as shown in Figure 3a) and b). In order to obtain the diffuse 

layer potential from these fits, we had to determine beforehand the diffuse layer potential 

and constant regulation parameter for the colloidal silica particles in a sphere/sphere 

geometry.41 These values for the silica colloidal probes are compiled in the supplemental 

Fi / R

Fa / R

∆F / R
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information and are in good accordance with previously published results for the diffuse 

layer potential of silica surfaces.27,44,45  

Each data point in Figure 4 results from a set of at least three independent 

measurements with different colloidal probes and electrodes. Around 100 single force 

profiles were acquired for each external potential and were then averaged. The diffuse 

layer potentials were determined from the averaged force profiles by fits to the full 

Poisson-Boltzmann equation. The fits have been performed by means of the so-called 

constant regulation approximation, which has been described in detail elsewhere.39 

Shortly, in this approximation the charge regulation between two interacting surfaces is 

summarized by two parameters: their diffuse layer potentials at infinite separation 

and a regulation parameter p for each surface. The latter summarizes the complex surface 

chemistry (i.e. number of functional groups and their pK´s, Stern layer capacitance) by 

just one parameter. Typically, the interaction forces taking into account charge regulation 

are falling in between the classical boundary conditions of constant charge and constant 

potential. By measuring the interaction forces between two silica particles in the 

sphere/sphere geometry these values have been obtained first in a set of completely 

independent measurements for the silica colloidal probe. These data are compiled in the 

supporting information. Recently, we demonstrated that charge regulation should be 

taken into account to describe the interaction force profiles upon approach for small 

separation distances, even for SAM-modified electrodes under potentiostatic control.36 

However, at larger separation distances the values obtained for the diffuse layer potentials 

do not depend critically on the regulation parameter.   

The first value obtained from the fits to the PB-equation is the Debye-length  , 

which is given by 

 (1) 

where εε0 is the total permittivity of water, kT is the thermal energy at room temperature, 

NA is Avogadro’s number,  e is the elementary charge and I is the ionic strength. The 

values obtained from the fits to the experimental data agree within less than 10% to the 

theoretical Debye-length calculated from the solution’s ionic strength as stated during 

preparation. The fits have been restricted to separation distances larger than the solutions’ 

theoretical Debye-length in order to exclude effects due to surface roughness, charge 

regulation, and electroviscous effects.29,46 The dependence of the diffuse layer potential 

ψ D

κ −1
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 on the externally applied potential φ shows that for a given ionic strength the diffuse 

layer potential  of the modified electrodes varies monotonically with the externally 

applied potential. An increase of the ionic strength leads to a reduction of the diffuse 

layer potentials as can be seen most clearly for the highest ionic strength of 5mM. 

However, the potential of zero charge (pzc), i.e. the external potential where diffuse layer 

of an isolated electrode would vanish, does not depend on the ionic strength and 

concentration of KCl. The vertical dashed lines in Figure 4 indicate the pzc of 

 (vs. SCE) and (vs. SCE) as determined for the 

CH3-terminated electrode and the OH-terminated electrode, respectively. 

The general dependence of the diffuse layer potential  from the externally applied 

potential φ can be described in terms of a simple model of two layers, attributing a 

capacitance to the SAM and the diffuse layer, respectively.36 However, in order to 

describe the dependence at higher external potentials accurately, a more elaborate model 

has to be considered.37,47 Additionally, the adsorption of hydroxyl- and hydronium ions to 

the SAMs has to be included.48-50 Taking into account these contributions provides an 

explanation of the position and shift between the pzc’s for the two different SAMs and 

leads to a significantly better model in describing the dependence of the diffuse layer 

potential on the externally applied potential.36,37 However, such an elaborate model is 

outside the scope of this study and  and pzc are sufficient for a quantitative 

analysis of the adhesion behavior. 

 

ψ D

ψ D

φpzc = −225±15mV φpzc = −86 ± 24mV

ψ D
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Figure 4: Diffuse layer potential versus externally applied potential for (a) CH3- and (b) OH-

terminated SAMs on gold electrodes. For each electrode the diffuse layer potentials obtained for 

different ionic strengths are shown.  The dashed vertical lines indicate the position of the pzc. 

Distribution of pull-off forces. Figure 5 a) shows a series of force versus distance 

profiles for the retraction part of the force profile when the colloidal probe is moved away 

from a CH3-terminated electrode (I=0.34 mM). The retraction force profiles shown in 

Figure5a) are averaged from approximately 100 single retraction profiles in an analogous 

procedure as used for the force profiles of the approach part (cf. Figure 3). Again, the 
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interaction forces have been normalized to the effective radius R. Since a cantilever with 

a high spring constant has been used, the force profiles during retraction resemble closely 

the ones of the approach. In consequence, we observe the same dependence of the 

interaction forces from the externally applied potential as for the force profiles upon 

approach: Starting from a completely repulsive interaction at very negative potentials the 

overall interaction is tuned increasingly attractive by higher applied potentials.  

In the following analysis of the adhesion we concentrate on the pull-off force , 

which corresponds to the critical force necessary to separate the colloidal probe from the 

electrode surface.  This force equals to the local minima for the retraction force profiles at 

about zero separation in Figure 5a and has been indicated as well in the force profiles of 

Figure 3. In contrast to the interaction forces that are detected several nanometers away 

from the electrode surface, one observes a larger scattering for the pull-off forces. This 

effect is well known from chemical force microscopy and can be attributed to a slight 

variations in contact due to surface roughness.11 Instead, the absence of comparable 

scattering for the longer-ranged forces results from the larger surface area over which the 

interaction is averaged and thus small variations in the surface topography are smoothed 

out. 

Figure 5b) summarizes the resulting distribution of the adhesion forces as determined 

from the single retraction profiles for different potentials. For each potential the pull-off 

forces scatter around a well-defined mean value. The solid lines indicate fits to the 

corresponding normal distribution for each potential φ. As expected, the pull-off forces 

 increase monotonically with the external potential. For potentials φ < 200mV the 

pull-off forces are positive, albeit a local minimum might be present at zero separation 

(cf. Figure 2a). Nevertheless, despite the local minimum of the interaction forces the sum 

of all interacting forces is still directed away from the surface and the particle would not 

adhere in a stable manner to the surface. In consequence an adhesion force of zero is 

attributed for the corresponding potentials (i.e. −297 mV and −397 mV). The variation of 

the mean pull-off forces  with the externally applied potential φ is summarized in 

the inset for the data of Figure 5b). The error bars correspond to the standard deviations 

of the normal distribution. 

Fa /R

Fa / R

Fa / R
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Figure 5: (a) Averaged interaction force profiles upon retraction for an electrode modified by a CH3-

terminated SAM for different applied potentials (I=0.34 mM). The minima in these profiles 

correspond to the pull-off forces, which is the force necessary to separate the colloidal particle from 

the electrode surface. (b) Distributions of the pull-off forces for a series of about 100 forces curves for 

each potential. The solid lines indicate fits to a normal distribution. (c) Compilation of the average 

pull-off forces at different potentials and different ionic strengths for a CH3-terminated electrode 

compiled from three independent data sets in terms of electrode and colloidal probe. (d) Analogous 

compilation for an OH-terminated electrode. 

Adhesion versus externally applied potential. In Figure 5c)-d) we compiled the 

dependence of the pull-off forces  on the applied potential φ for at least three data 

sets (different combinations of colloidal probes and electrodes) and various ionic 

Fa / R
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strengths. Figure 5c) shows the data for the electrodes modified by CH3-terminated SAMs 

and Figure 5d) for OH-terminated SAMs, respectively. For both SAMs, one observes a 

monotonic increase of the pull-off forces and thus of the adhesion with increasing 

external potential after the pzc. By contrast, increase of the ionic strength by addition of 

the background electrolyte leads to a reduction of the pull-off forces. At high ionic 

strengths of about 5 mM (data not shown) the adhesion shows only a small dependence 

on external potential that is in agreement with diffuse layer potential shown in Figure 4. 

Thus, we can state that the forces due to diffuse layer overlap represent the most 

significant contribution to the adhesion. The diffuse layer potential  depends critically 

on ionic strength and varies otherwise strongly with the external potential φ (cf. Figure 4) 

but to a smaller extent with increasing ionic strength. 

For both SAMs we find a clear transition from non-adhesive to adhesive behavior 

with increasing potential. The potentials for the transitions are independent of ionic 

strength. For the OH-terminated SAM, the change from adhesive to non-adhesive 

behavior occurs at approximately 100 mV vs. SCE (cf. Figure 5d) and thus coincides 

approximately with the pzc ( ) indicated by the vertical dashed line in 

Figure 5d). As for all potentials smaller than the pzc the overall interaction becomes 

repulsive (cf. Figure 4b), the transition from adhesive to non-adhesive interaction is 

expected to occur around the pzc. By contrast, for the CH3-terminated SAM one has to 

apply much more negative potentials (i.e. ) than the pzc ( ) in 

order to switch from adhesive to non-adhesive behavior. Solvent exclusion in the contact 

area leads to additional adhesion for the hydrophobic (i.e. CH3-terminated) SAM as 

reported previously in studies by chemical force microscopy.6-11 Thus, one finds that 

much more negative potentials than the pzc on the hydrophobic SAM have to be applied 

in order to reach the region where no overall adhesion is taking place, as the repulsive 

diffuse layer forces have to compensate for the additional adhesive component by solvent 

exclusion. 

Influence of DLVO-forces on adhesion. As illustrated in Figure 3a), two types of 

contributions to the adhesion forces can be distinguished. Firstly, long-ranged interactions 

that are accounted for by DLVO-theory, namely vdW-forces and diffuse layer overlap. 

Secondly, short-ranged contributions, which are only present in the contact area, namely 

solvent exclusion and electrocapillarity. The long-ranged interaction forces are present 

during approach as well as during retraction of the colloidal probe. By contrast, 

ψ D

φpzc ≈ −86mV

φ < −300mV φpzc ≈ −225mV
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contributions of forces related to the contact area can be neglected as soon as the contact 

between the two solid surfaces is broken. Such a partition of force contributions has been 

proposed previously and can be approximated by simple models assuming that the 

interactions inside and outside of the contact area can be separately taken into 

account.24,51 Here, we pursued a more direct approach, which does not require a 

theoretical model taking into account in a separate manner short- as well as long-ranged 

forces. By comparing the forces directly before contact (i.e. ) and at pull-off (i.e. 

), one can separate contributions to the pull-off force originating short-ranged 

interactions from ones due to long-ranged forces (cf. Figure 3a) without any underlying 

assumptions. However, a prerequisite for this method is that the force profiles have been 

acquired with a cantilever of sufficiently high spring constant (cf. Figure 2) 

In Figure 6 we compiled a number of exemplary data sets of the interaction forces 

directly before contact during the approach and the corresponding pull-off forces 

 during the retraction for various ionic strengths and both SAMs (cf. top graphs). 

The bottom graphs show the resulting difference . For the 

hydrophobic CH3-terminated electrode,  varies between 0.2 to 0.6 mN/m with 

applied potential . By contrast, for the hydrophilic OH-terminated electrode one finds 

significantly smaller values with  < 0.06 mN/m.  

Fi / R

Fa / R

Fi / R

Fa / R

∆F / R = Fa / R − Fi / R

∆F(φ) / R

φ

∆F / R φ( )
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Figure 6: (a) Interaction forces before contact ( , filled symbols) and corresponding pull-off 

forces ( , open symbols) as a function of the applied potential for a CH3-terminated electrode. 

The bottom graph shows . The dashed line corresponds to  at pzc for 

I = 5 mM. (b) Analogous data set for an OH-terminated electrode. 

Work of adhesion at potential of zero charge. The influence of solvent exclusion 

can be best studied at the pzc. At this potential the electrode’s diffuse layer practically 

vanishes and interaction forces due to diffuse layer overlap are minimal. However, due to 

Fi / R

Fa / R

∆F / R = Fa / R − Fi / R ∆F / R
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charge regulation between the surfaces a small interaction force induced by the diffuse 

layer of the silica particle is present. Force profiles at external potentials near the pzc 

show that the remaining interaction forces upon approach are extremely small (cf. force 

profiles for  in Figure 3a and 3b). Therefore, additional contributions to the pull-off 

force, such as solvent exclusion, can be best quantified at the pzc. The work of adhesion 

due to solvent exclusion is given by:2  

 (2) 

where  , , and  are the interfacial energies of the two solid/liquid 

and the solid/solid interface, respectively.  

The interfacial energies  and  of the two SAMs have been reported 

previously and corresponding values are compiled in Table 1. The here-measured static 

contact angles of  and  on the electrodes are in agreement 

with reported values.4 The interfacial energy  for the silica surface has been 

reported to be in the range of 1-15 mN/m (cf. Table 1).54-56 It has been approximated here 

by  as for both hydrophilic surfaces (i.e. OH-terminated SAM and 

silica) a closely bound layer of interfacial water is supposed to exist, which is controlling 

the interfacial properties as determined by adhesion studies.10,56 This interfacial water 

layer is also responsible for the reduced adhesion between silica surfaces55,56 or OH-

terminated SAMs10 as determined by the colloidal probe techniques or chemical force 

microscopy, respectively. The observation that adhesion forces between OH-terminated 

SAMs in nonpolar solvents are much larger than in water further supports the assumption 

of a closely bound interfacial water layer.7,10 

Table 1: Compilation of interfacial energies  

  

(mN/m) 

 

(mN/m) 

 

(mN/m) 

 

(mN/m) 

 

(mN/m) 

γ in eq. (2) 46.0 a 1.6 a 1.6 b 19.6 c 1.6 b 

γ reported  44-55 d  2.0 e, 7.5 f,  

1-15 g 

(20-35) h - 

a taken from ref.10, b approximated by , c calculated from in 

ref.10 

φ2

W solv = γSAM / H2O +γSiOx / H 2 0 −γ SAM / SiOx

γ −CH3 /H2O γ −OH /H2O

θ−CH3/H2O
=108° θ−OH / H 2O = 21°

γ SiOx/H2O

γ SiOx /H2O ≈1.6mN/m

γ −CH3/H2O γ −OH /H2O γ SiOx /H2O γ SiOx /−CH3
γ SiOx /−OH

γ −OH /H2O W−OH /H2O/−CH3
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d cf. review11, e cf. ref.54, f cf. ref.55, g cf. ref.56. 
h cf. =20-35 mN/m for poly(ethylene) particles and heat treated silica.57 

Adhesion phenomena related to solvent exclusion are commonly described in terms 

of the theory of Johnson-Kendall-Roberts (JKR).2 This theory assumes that the 

interaction is limited to the contact area and elastic deformation due to surface force can 

be approximated in terms of the Hertz model. For the JKR-theory one finds a finite 

contact area at separation of the surface and a corresponding pull-force  of  

 (3) 

where R is the effective radius, which corresponds due to the sphere/plane geometry to 

the radius of the colloidal probe and  as work of adhesion. In consequence  

can be directly compared to  at the pzc, when  is calculated by eq. (2) 

from the interfacial energies compiled in Table 1. The resulting theoretical values for 

 are compiled in Table 2. 

These theoretical values are compared to experimental values for  that 

have been acquired at the highest ionic strength (i.e. 5 mM). In this way residual forces 

due to diffuse layer overlap are strongly reduced if the condition  is not 

completely fulfilled  (cf. data for I=5 mM in Figure 4).  Furthermore, by evaluating the 

difference  rather than  only contributions from the contact area (cf. Figure 

3a) are taken into account. The dashed vertical lines in the bottom graphs of Figure 6a) 

and b) indicate  at pzc and I=5 mM for the CH3- and OH-terminated electrode, 

respectively. The corresponding values are also summarized in Table 2. The large 

difference for  between the OH-terminated electrode and the CH3-terminated 

electrodes (cf. Figure 6) is in line with the difference of the interfacial energies and thus 

. Comparison with the experimental data shows that the JKR-model overestimates 

the forces upon separation to a large extent. Such discrepancies are commonly observed 

for adhesion between rough interfaces and factors of 20× - 200× compared to ideally flat 

surfaces have been reported.52,58-60  

Table 2: Experimental pull-off forces, work of adhesion due to solvent exclusion, and calculated pull-

off forces for the JKR-theory and the Rabinovich-modela
 

WPE /H2O/SiOx

F JKR / R

F JKR / R =
3

2
π Wsolv

Wsolv F JKR / R

∆F(φpzc ) / R Wsolv

F JKR / R

∆F(φpzc ) / R

φ ≈ φpzc

∆F / R Fa / R

∆F / R

∆F / R

Wsolv
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  exp. 

(mN/m) 

b 

(mN/m) 

 
(mN/m) 

 
(mN/m) 

-CH3 0.45 28.00 131.88 0.79 

-OH 0.05 1.60 7.54 0.04 

a the parameters for the surface roughness in the Rabinovich-model52,53  were 

determined by AFM-imaging as rrms=2.1 nm and λ= 50 nm. b calculated for 

SAM/H2O/SiOx 

Roughness and adhesion. The roughness of the colloidal probes and of the 

electrodes is illustrated in Figure 7. Figure 7a) shows an AFM-image of the surface 

topography of an electrode. Its surface can be considered as smooth compared to the one 

of a colloidal particle as shown in Figure 7b). It should be noticed that in Figure 2b) the 

curvature due to the particle radius R has been removed by flattening of the AFM image. 

Figure 7c) shows in a 3-dimensional representation how the ultrastructure of the silica 

particle prepared by Stöber-like processes is superimposed to the particle’s curvature. The 

here-reported pronounced roughness of the μm-sized silica particle is found frequently for 

large silica particles prepared by Stöber- processes.41 In the following, we consider the 

electrodes as smooth in comparison to the silica particles. This approximation is 

supported by the root-mean-square (rms) roughness of rrms = 0.3 nm and rrms = 2.1 nm for 

the electrodes and silica particles (after flattening), respectively.  

∆F(φpzc ) / R Wsolv F JKR / R %F rough / R
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Figure 7: (a) Surface topography of a SAM-modified gold electrode and (b) a colloidal silica particle. 

(c) The silica particle’s ultrastructure is superimposed to its curvature radius R as shown in the 3-

dimensional representation. A section through the height image (after flattening) is shown in (d). The 

roughness parameter , which describes the average distance between the single asperities, 

is indicated. 

A quantitative approach to incorporate the effect of surface roughness on adhesion 

has been given by Rabinovich et al.52 This model has been developed from the so-called 

Rumpf-model that has been the first approach to study the influence of small asperities on 

the adhesion. In the Rabinovich-model this methodology has been extended to 

periodically rough surfaces whose roughness is described by means of few parameters. 

This model can be further simplified when only one of the two surfaces shows significant 

surface roughness, as it is here the case. The surface roughness is described in this case 

by the following two parameters:  a roughness parameter r and a characteristic distance 

 between the asperities. The latter parameter is indicated in Figure 7d), which 

λ = 50nm
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represents a section through the surface topography of a silica colloidal probe as shown in 

Figure 7b). The roughness parameter  is given by , where  is the 

rms-roughness of the surface and  is a dimensionless constant with . From 

the AFM-images we obtained  and  for the silica particles, which 

have an average radius R of 3.4 μm. In the framework of the JKR-model one obtains for 

the pull-off force including roughness effects: 53 

 (4) 

with   and  the Hamaker constant A. The first term in equation (4) describes the 

contributions in the various contact points, while the second term in square brackets 

results from the van-der-Waals forces during contact but integrated over the entire 

surfaces. The nearest distance between the surfaces is given by D0, which is commonly 

set to . 2 The Hamaker constant A for the vdW-interaction between the 

silica particle and the SAM-modified gold electrode is here only estimated in a very 

approximate manner. Assuming that the Hamaker constant of the composite system 

electrode/water/silica probe can be approximated by 

 , thus neglecting the complicated 

interdependence of polarizabilities of gold and water, one obtains with 

 (cf. ref.61) and  (cf. ref. 62) a 

Hamaker constant of . Thus, the term in square brackets in eq. (4) leads to 

an attractive vdW-force of about 0.21 mN/m. This value should be approximately the 

same for both electrodes and is in the order of the experimentally determined  of 

 for the electrodes at pzc and I=5mM. As the contributions due to vdW-

forces are present during approach and have thus not to be taken into account for the 

evaluation of , equation (4) reduces to: 

.
 (4a) 

With the interfacial energies compiled in Table 1 and including surface roughness 

according to equation (4a), we see that solvent exclusion is significantly reduced due to 

the surface roughness for both SAMs. The resulting values are compiled in Table 1. One 

finds a very good correspondence with the experimental data, considering that no free 

Fa
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12πD0
2

1

1+ y / D0( )2















D0 ≈ 0.16nm

A = A(Au/SAM )/H2O/SiOx
= A(Au/SAM )/H2O/(SAM /Au)ASiOx /H2O/SiOx

A(Au/SAM )/H2O/(SAM /Au) ≈ 5 ⋅10−20 J ASiOx /H2O/SiOx
≈ 0.77 ⋅10−20 J
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parameters were adjusted since the roughness parameters as well as the interfacial 

energies were obtained by independent measurements. The remaining discrepancies at 

pzc can be expected since the roughness of the surfaces is summarized only by two 

statistical parameters and the surface topography for some particles might show 

significant deviations from this statistical mean.  

Influence of electrocapillarity. Despite the good correspondence of  at pzc 

with the calculated values, one finds a variation of  with the external potential  

as shown in the bottom graph of Figure 6a). One possible explanation would be that 

 and  are not independent on the applied potential. The influence of 

electrocapillarity effects on adhesion has been reported by Frechette et al. for studies with 

the electrochemical SFA.32 Commonly, the change of the interfacial energy by the 

external potential is described by means of the well-known Lippmann equation, which 

has been originally used to describe the potential dependent rise of mercury in a capillary. 

For a SAM-covered electrode it reads:63  

. (5) 

In consequence, the interfacial energy of the solid/liquid interface  varies from 

the one at pzc  as a function of the externally applied potential . The interfacial 

capacitance  for similar modified electrodes is in the order of 7.8-8.0 µF/cm2.64 

However, the applied potentials ranges of to (vs. SCE) and 

are small compared to the typical potentials applied in electrowetting experiments in air.63 

With this capacitance one obtains for the CH3-terminated electrode a maximal change by 

21% for  in comparison to . However, the Lippmann equation 

predicts a reduction of the interfacial energy if the potential is not identical to the pzc. 

Thus, equation (5) alone in combination with equation (2) fails to explain the observed 

increase of  (and thus ) with higher applied potentials . 

Horn and coworkers demonstrated by wetting experiments that the interfacial energy 

between mica and mercury varies with the external potential.65 Frechette et al. applied 

these results for the interface between mica and a gold electrode.32 If we adapt their 

approach for the interface between the silica particle and the SAM-modified electrode 

one obtains: 

∆F / R

∆F / R φ

γ SAM /H2O γ SAM /SiOx

γ SAM /H2O φ( ) = γ SAM /H2O

pzc −
1

2
CSAM /H2O φ −φpzc( )2

γ SAM / H2O

γ SAM /H2O

pzc φ

CSAM /H2O

φ1 ≈ −400mV φ2 ≈ + 400mV

γ SAM /H2O φ2( ) γ SAM /H2O

pzc

∆F / R Fa

JKR/rough / R φ
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 (6) 

Here, is the interfacial energy between the colloidal probe and the SAM-

modified electrode at pzc and is the charge density of the silica surface during contact 

with the SAM. This charge density  in contact is here approximated in a very coarse 

manner from the diffuse layer potentials by the Grahame equation40,41 (i.e. from long-

ranged interaction forces) and we obtain σ0 = 1.82 mC/m2  (at pH 4.7 and I = 0.12mM). 

For the most negative  ( ) or positive ( ) potentials, the 

variation of the work of adhesion  on the CH3-terminated electrode can be calculated 

by inserting equations (5) and (6) in (2). One obtains  and 

, respectively, for the CH3-terminated electrode. Thus, 

electrocapillarity due to eq. (6) could essentially account for the observed changes in 

 as function of . A higher charge density of the silica particle in contact with the 

electrode due to charge regulation would amplify this effect and would lead to larger 

ratios . 

However, as we determine the long-ranged interaction forces independently it is clear 

that the dominant change in the pull-off forces originates from the forces due to diffuse 

layer overlap. Furthermore, we do not find the same variations of  with  at all on 

the OH-terminated electrode or at high ionic strengths on the CH3-terminated electrode 

(cf. Figure 6). The absence of pronounced changes of  as function of  might be 

explained by charge regulation. However, a more likely explanation for the increase of 

 with  might be that with increasingly attractive interaction forces small 

instabilities near contact are taking place and the colloidal probe jumps to the surface. In 

consequence  would progressively underestimated with increasing potential  and 

one would observe an apparent growth of  (cf. Figure 2).  

Adhesion of a single asperity on electrode. The above interpretation in regard to 

adhesion originating from electrocapillarity effects on the SAM-modified electrodes is 

not further supported by the adhesion behavior of a single asperity. For a single asperity 

of few nanometers no effects due to roughness are expected and the attractive as well as 

repulsive forces are too small for cantilever instabilities. A suitable single asperity is 

readily available from silicon cantilevers normally used for AFM contact-mode imaging. 

γ SiOx /SAM φ( ) = γ SiOx /SAM

pzc −σ 0 φ −φpzc( )−CSiOx /SAM φ −φpzc( )2

γ SiOx /SAM

pzc

σ 0

φ1 = −400mV φ2 = +400mV

Wsolv

Wsolv φ1( ) /Wsolv φpzc( ) ≅1.00

Wsolv φ2( ) / Wsolv φpzc( ) ≅1.19

∆F / R φ

Wsolv φ( ) /Wsolv φpzc( )

∆F / R φ

∆F / R φ

∆F / R φ
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Their tip has dimensions comparable to the ultrastructure on the silicon particle (cf. 

Figure 7). Figure 8 shows the  for such a nm-sized tip (cf. inset in Figure 8) as a 

function of the applied potential on a hydrophobic CH3-terminated electrode. In order to 

normalize the interaction forces for sphere/plane geometry, the effective tip radius R is 

determined indirectly by the forces  and  at pzc and I=5mM. 

The interfacial energies used in the calculation are the same as given in Table 1. This 

approach is commonly followed in chemical force microscopy and equation (3) gives R. 

The resulting tip radius of  is in good agreement with scanning electron 

microscopy (SEM) images obtained after the force measurements (cf. inset in Figure 8), 

which show that the tip diameter is smaller than 10 nm. 

 
Figure 8: In the top graph: Interaction forces as measured by a nanometer-sized AFM-tip (i.e. single 

asperity). Compilation of interaction forces before contact ( , filled symbols) and pull-off forces 

( , open symbols) as a function of the applied potential for different ionic strengths. In the 

bottom graph: Compilation of  as function of the applied potential. The inset 

shows a SEM-image of the tip with which these measurements have been performed.  

The general dependence of the pull-off forces is analog to the one found for the 

colloidal probes (cf. Figure 6). However, with the single asperity a smaller scattering of 

the pull-off forces is observed, as roughness does lead to variation of the contact area. 

The lower graph shows the corresponding difference  for each series. Within the 

accuracy of our measurements, no variation of  is observed with  and the values 

Fa / R

Fa = 0.42nN ∆F = 0.32nN

Rtip ≈ 2.5nm

Fi / R

Fa / R
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scatter around . Thus, any variation of  and  with  must 

be small and does not contribute significantly to the observed variation of the pull-forces 

with the external potential.  

 

Conclusions 

In this study we identified the main parameters that allow tuning the adhesion of 

colloidal particles on modified electrodes by an external potential. It is primarily the 

interplay between surface roughness and interfacial energy that establishes the extent to 

which the adhesion can be altered by the external potential. Especially, if one of the 

surfaces is highly hydrophobic, solvent exclusion contributes strongly and results in an 

adhesion ‘offset’. This offset has to be compensated by repulsive diffuse layer forces to 

switch from adhesive to a non-adhesive behavior. On the other hand, a high surface 

roughness reduces the ‘true’ contact area with the particle and thus diminishes the 

influence of surface hydrophobicity. This effect has been demonstrated by comparing the 

adhesion between a sharp AFM-tip and colloidal probes of comparable surface chemistry. 

Electrocapillarity effects do not play a major role in the adhesion on SAM-modified 

electrodes. It is primarily the long-ranged force due to the overlap of the electrical double 

layers, which provides the control of the adhesion as a function of the external potential. 

The charge density of the colloidal particles is in this respect an important parameter as it 

generates one of the two diffuse layers involved in the interaction. The presence of 

additional intrinsic charges from the SAM or by specifically adsorbed ions influences the 

diffuse layer of the electrode and additionally shifts the position of the potential of zero 

charge (pzc). Thus, both parameters directly influence the slope of the pull-off force in 

respect to the externally applied potential (cf. Figure 5). An additional parameter, albeit 

of less importance, is the thickness of the modification layer (i.e. SAM). The thicker this 

layer is, the larger is the potential drop in respect to the external potential and thus the 

smaller is the variation of the electrode’s diffuse layer. 

By tuning the composition of the SAM, e.g. by mixed SAMs, it is possible to adapt 

the electrode’s adhesion behavior for a given batch of colloidal particles in a rational 

manner to prevised applications, not also in terms of the adhesive strength but also terms 

of the window of electrochemical potentials. Therefore, our results should be not only of 

importance for electrochemical sensors but also for the design of micro-

electromechanical systems (MEMS) such as grippers.66 Another feasible application 

∆F / R φpzc( ) γ −CH3 /H2O γ −CH3 /SiOx
φ
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would be a new approach for the nano- and micromanipulation by AFM that would be 

based on switching the adhesion behavior rather than applying shear forces.  
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Supporting information 

Interaction forces between silica particles in the sphere/sphere geometry. In 

order to determine unambiguously the diffuse layer potential of the modified electrodes, 

we determined first the diffuse layer properties of the silica colloidal probe. These 

measurements have been performed in a completely symmetric system, which consists of 

two silica spheres. Thus, these measurements have been performed in the sphere/sphere 

geometry as presented in a previous publication.1 

 

Figure S1: Exemplary force versus distance profiles upon approach between a silica colloidal probe 

and a colloidal silica particle immobilized on a glass slide. The force profile has been averaged from 

about 50 single force profiles. The solid line indicates the fit to the full Poisson-Boltzmann equation 

including the charge regulation. By contrast, the dashed lines represent the solution to classical 

boundary conditions of constant charge (top) and constant potential (bottom), respectively.  

Figure S1 shows an exemplary interaction force profile for two silica particle at pH 4.7 

and a total ionic strength of I=0.34 mM. Before acquiring the force profiles the colloidal 

particles are aligned axially by optical microscopy and so-called force volume plots, 

where the lateral position of the colloidal probed is varied on a lattice. Both colloidal 

particles are prepared in an identical manner. Thus, a comparable surface chemistry of 

both particles is ensured. 

Fitting Poisson-Boltzmann equation with constant regulation approximation. The 

force average force profiles acquired in the sphere/sphere geometry have been fit to the 

full solutions of the Poisson-Boltzmann equation. Here, we included besides the classical 

boundary conditions of constant charge and constant potential also the so-called constant 
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regulation approximation.2 This approximation summarizes the charge regulation of the 

interacting surface by the diffuse layer potentials of the isolated surfaces ψ D

 and a 

regulation parameter p, which is defined as: 

p =
Cd

Cd + Ci

        (S-1) 

where Ci is the inner layer capacitance and Cd is the diffuse layer capacitance given by 

Cd = εε0κ cosh(eψ D / 2kBT )   

where εε0  is the total permittivity of the water, kBT the thermal energy and e the 

elementary charge. The inverse Debye-length κ  is given by equation (1). 

 The regulation parameter takes typically values between 0 and 1. The former value 

corresponds to the boundary condition of constant potential (p=0) and the latter to the one 

of constant charge (p=1). The values for the regulation parameter obtained from the fits 

scatter substantially. However, here we limited the fit interval to separations larger than 

one Debye-length κ −1 . Therefore, the regulation parameter has no substantial effect on 

the diffuse layer potentials obtained from the fits to the constant-regulation 

approximation. We find that the diffuse layer potentials are in general agreement with the 

inverse Grahame-equation: 

ψ D =
2kBT

e
asinh

eσ
2kBεε0κ







      (S-2) 

 where σ  is the diffuse layer charge density of the isolate silica particles.  

 

The values for ψ D

 and p resulting from the fits are compiled in Table S1. The obtained 

diffuse layer potentials are in good general agreement with values reported in other 

studies. In order to determine the diffuse layer potentials of the electrodes at different 

external potentials, we used the values compiled in Table S1 as fixed parameters for the 

silica particles and fitted the diffuse layer potential ψ D  (and the regulation parameter) of 

the electrode at a given ionic strength. Further details concerning this approach, in 

particular in respect to the regulation parameter for an electrode under potentiostatic 

control, can be found elsewhere.3,4 
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Table S1: Compilation of diffuse layer potential and regulation parameters for silica colloidal probes 

at different ionic strengths  

Ionic 

strength 

0.12
 

(mM) 

0.34
 

(mM) 

0.56
 

(mM) 

5.0
 

(mM) 

ψ D (mV) -58.0 -57.3 -53.0 -37.6 

p  0.80 0.70 0.60  0.10 
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Abstract: 

The existence and the scope of interfacial charging behavior of inert polymers due to 

contact with aqueous solutions remain under discussion, though such polymers are widely 

used for contamination-sensitive applications. A novel sensitive method to quantify ion 

adsorption on non-ionizable organic interfaces was developed. It is based on direct force 

measurements between a colloidal probe and an electrode modified with self-assembled 

monolayer (SAM) terminated in a defined group. To describe the charging of methyl- and 

hydroxyl-terminated SAMs in electrolyte solutions, diffuse layer properties were 

determined as a function of externally applied potential and solution pH. The observed 

variations qualitatively support the notion of specific charge accumulation in the Stern 

layer. Based on the assumption about the specific adsorption of hydronium and hydroxide 

ions the three-capacitor model was used to describe the data. Generally, it provides semi-

quantitative description of charging, though improvements are envisaged.  

 

Introduction 

The interfaces of water with gases, solids or other immiscible liquids are ubiquitous 

on this planet and belong certainly to the most important ones. Interfaces with water are 

of central importance not only for life or environment but also for many industrial 

processes.1-3 However, only recently a number of theoretical and experimental studies 

addressed them on the molecular level. Of particular interest has been the interface 

between water and hydrophobic phases, such as the water/oil, water/lipid layer, or 

water/air interfaces. The charge accumulation at such interfaces has been under 

discussion since different experimental techniques provided apparently contradicting 

data. In this respect it has been of central interest to which extent hydroxyl and 

hydronium ions adsorb preferentially at hydrophobic interfaces.4-6 Some spectroscopic 

techniques that are sensitive to the interfacial layer of molecules provided evidence that a 

preferential adsorption of hydronium ions is taking place.7-9 However, studies based on 

electrophoretic techniques that probe the diffuse layer of the interface indicated an overall 

negative sign for the diffuse layer potential and hence suggested the adsorption of 

hydroxyl-ions.10-18 However, molecular dynamics simulations appeared controversial in 

their results.7,19-21 
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Here, we provide a new experimental approach to study ion adsorption at 

hydrophobic and hydrophilic interfaces. Our approach is based on direct force 

measurements on modified electrodes and thus provides different approach in regard to 

electrokinetic techniques. Firstly, the diffuse layer potentials determined by direct force 

measurements are unambiguous concerning the position of the plane of shear. Secondly, 

the external potential applied to the modified electrode, which corresponds to the 

potential of zero charge (pzc) where the diffuse layer potential of the electrode is 

vanishing depends critically on the presence of adsorbed ions at the interface. A 

corresponding theoretical model that quantitatively describes the diffuse layer potential as 

a function of the externally applied potential can be easily adapted to this configuration.  

Direct force measurements on electrodes under potentiostatic control have been 

reported previously.22-27 However, here the electrode is additionally modified by a self-

assembled monolayer (SAM) that allows to render the surface of a gold electrode in a 

very defined manner either hydrophobic or hydrophilic. The SAMs examined in this 

study comprise only functional groups that do not show ionization behavior as a function 

of pH, namely hydroxyl and methyl groups. In previous studies with this type of 

electrodes we concentrated on the diffuse layer properties as a function of thiol-length 

and ω-functionalization28 or the adhesion behavior.29 Instead, here we determine the 

diffuse layer properties not only as a function of the external potential but also of the pH 

in order to probe the ion adsorption at the interface to the SAM. Previously for 

comparable SAMs the streaming potential has been determined as a function of pH and 

ionic strength.17,30,31 This potential is comparable to the open-circuit potential obtained by 

direct force measurements, where the potentiostat is disconnected from the electrode. 

Furthermore, Kreuzer et al.21 provided a theoretical study of the diffuse layer potential of 

thiol-SAMs terminating in hydroxyl- or methyl-groups.  

 

Materials and methods 

Materials. 16-mercaptohexadecanol-1 (99%, Frontier Scientific) and 1-

hexadecanthiol (99%, Sigma Aldrich) were used for the electrode modification as 

received. Solutions with these thiols were prepared with ethanol of analytical grade. All 

aqueous solutions were prepared with deionized water of Milli-Q grade with a resistivity 

larger than 18MΩ. The pH and total ionic strength of working solutions were adjusted 
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with 1M HCl or 1 M KOH, and 1 M KCl (all analyitical grade and purchased from Sigma 

Aldrich) solutions correspondingly. The pH for solutions in the basic regime has been 

adjusted directly before the measurements by adding an specifically calculated amount of 

KOH of the already degassed solutions containing the appropriate amount of KCl. The 

total ionic strength of all aqueous solutions was 1.2 mM if not stated otherwise.  

Preparation of flat gold electrodes. The electrodes were prepared as reported 

recently.29 The modification was carried out by a modified ‘template stripping’ 

method.32,33 On RCA-cleaned Si-wafers (CrysTec, Berlin, Germany) a 60 nm layer of 

gold (99.99% purity) was deposited by thermal evaporation (mini-coater, tectra, 

Germany). After evaporation the glass slides of 11x11 mm were glued to the gold layer 

by means of a chemically resistant adhesive (EPO- TEK 377, Epoxy Technology Inc.), 

with subsequent thermal cure (1 h, 150 °C).  

The electrodes were prepared by separating mechanically the glass-slides 

(glass/glue/gold) from the wafer. The former were immediately rinsed copiously with 

ethanol and then transferred to the appropriate thiol solutions. Surface modification by 

thiols was performed in 1mM ethanolic solution of 16-mercaptohexadecan-1-ol or 1-

hexadecanthiol, respectively, for at least 12 hours. The electrodes with OH-terminated 

SAMs were rinsed with copious amount of ethanol and then with water. The electrodes 

with CH3-terminated SAMs were rinsed with copious amounts of ethanol and then 

sonicated twice in fresh ethanol in an ultrasonic bath. The electrodes were then 

immediately mounted in the electrochemical cell, covered with degassed electrolyte 

solution. Directly afterwards the AFM fluid cell has been closed. 

Preparation of colloidal probes and AFM-cantilever for force measurements. 

Tipless AFM cantilevers (NSC12, Mikromasch) were cleaned consecutively in a series of 

solvents (ethanol, aceton, chloroform, aceton, and ethanol) and were then treated by in 

oxygen plasma (90 s, 100 W, 0.4 mbar) in a commercial plasma cleaner (Flecto10, 

Plasma Technology GmbH, Herrenberg, Germany). Afterwards they were coated by 

thermal evaporation with a reflection layer consisting of 3 nm chromium (Sigma-Aldrich) 

as adhesion promoter and 60 nm gold (99.99%). In order to avoid thermal in liquid the 

tipless cantilevers have been coated from both sides. For the preparation of colloidal 

probes silica particles (Bangs Laboratories, IN) with an average diameter of 6.8 μm were 

attached to these cantilevers by means of a micromanipulator and UV-curable glue 



  6. Ion Adsorption on Modified Electrodes as Determined by Direct Force 

Measurements under Potentiostatic Control 

 

 

107

(Optical adhesive 63, Norland Products). We used cantilevers with nominal force 

constants in the range of 0.17 N/m and 4.14 N/m. The force constants of these cantilevers 

have been determined by the thermal noise method before the attachment of the colloidal 

particles.34 Directly before the force measurements the colloidal probes were cleaned 

consecutively in a series of solvents alike bare cantilevers and were then treated in 

oxygen plasma (90 s, 100 W, 0.4 mbar). 

Combined setup for electrochemistry and AFM. To measure interaction forces 

under potentiostatic control a custom-made electrochemical cell has been constructed for 

a commercial atomic force microscope (MFP-3D, Asylum Research, Santa Barbara, 

CA).35 The setup is shown schematically in Figure 1. The electrode modified by a SAM is 

acting as working electrode and is connected to a custom-built potentiostat that is based 

on a design from the group of H. Siegenthaler (University of Berne, Switzerland).28,29,36 

In this 3-electrode electrochemical cell a 100 mm gold wire with a diameter of 0.25 mm 

used as counter-electrode (Alfar-Aesar) and silver wire coated with Ag/AgCl, which was 

placed in a circular manner around the working electrode was used as reference electrode. 

All aqueous solutions were degassed, firstly, by purging with nitrogen for 15 min and 

then with an HPLC-degassing unit directly placed before the inlet of the electrochemical 

cell  (Gastorr BG12, Flom). The electrolyte solutions degassed in this way were 

exchanged by a peristaltic pump (Reglo Analog C MS-2/08-160, ISMATEC) and the pH 

was controlled at the outlet by means of a special pH-electrode for low ionic strengths 

(Aquatrode Plus 6.0253.100, Metrohm) in a specially constructed flow-through cell from 

polypropylene that allowed working under inert atmosphere. 
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Figure 1: Schematic representation of the experimental setup to determine the interacting forces 

between a colloidal probe and a gold electrode modified by a self-assembled monolayer (SAM) 

terminating in non-ionizable functional groups. The electrode is connected as working electrode (WE) 

to a potentiostat in a 3-electrode electrochemical cell with counter (CE) and reference (RE) electrodes. 

Before each set of force measurements the SAM on the modified gold electrodes has 

been controlled by cyclic voltammetry (CV). The applied potential range, where no thiol 

desorption occurs, has been determined in a series of experiments independently from the 

direct force measurements presented here.29,37  Additionally, during the force 

measurements the current was monitored to verify that no thiol desorption is taking place. 

Direct force measurements. The force measurements were performed with an AFM 

equipped with a closed loop control for all three axes (MFP-3D, Asylum Research, CA). 

For each applied potential, a series of at least 100 approach and retraction cycles with a 

velocity of 0.8 μm/s has  been acquired. For the force profiles of one series, no significant 

differences between the first and the last curve could be observed. The maximum loading 

force was in the order of 12-15 nN. 

The measured deflection versus piezo displacement curves were converted to force 

versus distance profiles by custom written procedures in IGOR PRO (Wavemetrics) 

based on standard algorithms.38 In order to determine the diffuse layer potentials of the 

electrodes the series of force profiles attributed to one external potential has been 

averaged and then fitted.28,29The force profiles are normalized by effective radius and are 

fitted to the full solutions of the Poisson- Boltzmann equation by means of a custom 

written program in FORTRAN and IGOR PRO (Wavemetrics).39 Further details 

concerning the quantitative analysis of the interaction force profiles can be found 

elsewhere.38 Routinely, the Debye length obtained from these fits has compared to the 

nominal ionic strength of the electrolyte solutions. Commonly, deviations smaller than 

10% for the ionic strength are observed and all data sets reported here fulfill this criterion.  

The measurement of the interaction forces between two silica particles in the sphere-

sphere geometry has been performed in a closed fluid cell (Asylum Research, Santa 

Barbara, CA) with a round glass cover slide as bottom. The two particles, one attached to 

the probe and one attached to the slide, were coarsely aligned by optical microscopy; the 

following fine alignment was achieved by a procedure similar to force volume plots. 

Further details are given elsewhere.40,41 The data analysis has been performed in an 
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analogous manner to the one for the measurements on the electrodes. 

 

Results and discussion 

In this study we have determined the diffuse layer properties of SAM-modified 

electrodes as a function of the pH of the electrolyte solution and varied additionally the 

external potential of the electrode. We used two types of SAMs with non-ionizable 

terminating groups, which are either hydrophobic (CH3-terminated) or hydrophilic (OH-

terminated) properties, The electrode´s diffuse layer potentials are obtained from fits to 

the interaction force profiles that are acquired by the colloidal probe technique based on 

the AFM. However, a prerequisite for a quantitative evaluation of the interaction force 

profiles is to determine first the diffuse layer properties of the colloidal probe in the 

examined pH-range. The force profiles on the electrodes are then fit to the full solutions 

of the Poisson-Boltzmann equation. The resulting electrodes’ diffuse layer potentials can 

be semi-quantitatively described as a function of pH and applied potential in the 

framework of a recently published model that takes ion adsorption of hydronium and 

hydroxide ions to the SAM into account.42  

Diffuse layer properties of the colloidal probe.  Figure 2 shows exemplary 

interaction force profiles between a colloidal silica probe and identical silica spheres 

attached to a flat substrate. Such direct force measurements in the sphere-sphere geometry 

are necessary for determining the diffuse layer properties of the colloidal probe in a 

completely symmetric system before using the probes under identical conditions to 

evaluate the diffuse layer properties of electrodes.28,29  Each force profile shown results 

from the averaging of about 50 single force curves. All measurements have been 

performed at different pH-values but constant ionic strength of I = 1.2 mM. 
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Figure 2: Interaction forces between silica particles in the sphere geometry for different pH-values but 

constant ionic strength (I=1.2 mM). The fits to the PB-equation with different boundary conditions are 

represented by the dashed (CC constant charge, CP constant potential) and full (CR charge regualtion 

approximation) lines.  

The force profiles for the interaction between two silica particles show for all pH-

values repulsive forces over the full separation distance and can be described by the 

overlap of the two diffuse layers originating from the particles. At separations larger than 

about 10-15 nm, the interaction force decays exponentially as indicated by the straight 

lines in the semi-logarithmic representation of Figure 2. The decay constant is given by 

the by the inverse of the Debye-length κ-1 with  

 (1) 

where εε0 is the total permittivity of water, kT is the thermal energy at absolute 

temperature, NA is Avogadro’s number,  e is the elementary charge and I is the ionic 

strength. The interaction force in Figure 2 have been normalized to the effective radius 

Reff  

 (2a) 

with the radii RCP and RS, of the colloidal probe and the immobilized particle, 

respectively. In the case of sphere-plane geometry, as for the electrodes, equation (2) 

reduces to Reff =RCP, where RCP is the radius of the colloidal probe. In this manner the 

κ −1 =
εε0kT

2NAe2I

1

Reff

=
1

RCP

+
1

RS



  6. Ion Adsorption on Modified Electrodes as Determined by Direct Force 

Measurements under Potentiostatic Control 

 

 

111

experimental force profiles F(D)/Reff can be evaluated quantitatively by the Derjaguin 

equation with the free interaction energy Wint(D) of two infinite plates at separation D by 

 (2b) 

where Wint(D) for the silica surface results from overlap of their diffuse layers and is thus 

given by the solutions of the Poisson-Boltzmann (PB-) equation.  

The dashed lines in Figure 2 represent fits to the full solutions of the PB-equation 

with the classical boundary conditions of constant charge (CC) and constant potential 

(CP). The solid lines represent fits to the constant regulation approximation (CR) that 

takes into account the charge regulation between the two surfaces.39 In this approximation 

the influence of surface chemistry of the surfaces is summarized by the diffuse layer 

potential ψD at infinite separation and a regulation parameter p that is defined by39 

 (3) 

Here, CI is the inner layer capacitance and CD is the diffuse layer capacitance. The latter 

is given by 

 (4) 

where ψD is the diffuse layer potential at infinite separation of the surfaces.39 Commonly, 

the regulation parameter ranges from 0 to 1, where the p=0 corresponds to CP and p=1 to 

CC. In order to describe the interaction profiles over the full range of separations, one has 

to take into account charge regulation. Charge regulation is also important to describe the 

interaction force between a silica colloidal probe and an electrode.28  However, the 

diffuse layer potentials obtained from the fits are not significantly influenced from p as 

long as the interaction force profiles are evaluated at separation distances larger than 

about κ-1. The absence of attractive force at small separations due to van-der-Waals forces 

results from the surface roughness of colloidal silica particles and has been observed 

previously.40,41  

Variation of colloidal probe properties with pH. By fitting interaction force 

profiles like the ones shown in Figure 2, the diffuse layer potentials ψD and the regulation 

parameters p can be determined for the different pH-values. Hover, the sign of the diffuse 

layer potentials cannot be inferred from the interaction forces in a symmetric system but 

F D( ) = 2πReffWint (D)

p =
C D

C I + C D

C D = εε0κ cosh
eψ D

2kT







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it is known to be negative.43,44 In Table 1 the results from at least 5 pairs of particles and 

two different colloidal probes are summarized. 

Table 1: Diffuse layer potentials and regulation parameters for the silica colloidal probes at different 

pH.values and I = 1.2 mM 

pH 3.5 4.7
 

5.5
 

8.0
 

9.5
 

(mV) -30.2 ± 2.3 -44.2 ± 4.2 -44.9 ± 6.0 -45.7 ± 3.8 -47.4 ± 3.1 

p  0.60 ± 

0.10 

0.50 ± 

0.05 

0.50 ± 0.20 0.60 ± 0.25 0.60 ± 0.20 

 

The diffuse layer potentials in Table 1 are in good general agreement with the values 

reported by other groups.45,46 However, the silica surface chemistry is highly susceptible 

to preparation history and conditions. Thus, diffuse layer potentials reported in the 

literature vary significantly. The increase and successive leveling-off of ψD for high pH-

values follows the trend expected from surface chemistry of silica according to 1-pK or 2-

pK dissociation models for the ionization behavior.47 In the pH-range studied here the 

regulation parameter changes only slightly and the observed variations are within the 

accuracy of the method. The values for the regulation parameter of p = 0.3-0.8 are in 

general agreement with  calculations based on a 1-pK model.39 The average values 

summarized in Table 1 for ψD and p are used in the following for the quantitative analysis 

the interaction force profiles on the SAM-modified electrodes.  

Interaction profiles over SAM-modified electrodes. Figure 3 shows a selection of 

exemplary force profiles on SAM-modified electrodes acquired with colloidal probes 

whose diffuse layer properties have been determined previously. The measurements 

compiled in Figure 3 have performed on two different electrodes that were either 

modified by OH-terminated SAMs (cf. Figure 3a,b) or a CH3-terminated SAMs (cf. 

Figure c,d). The measurements have been performed in solutions of different pH and 

additionally the potential applied to the electrodes has been varied over a wide range. 

From the full range of pH-values ranging from pH 3.5 to pH 9.5 examples slightly acidic 

(i.e. pH 5.5, cf. Figure a,c) and slightly basic (i.e. pH 8.0, cf. Figure b,d) pH-regime are 

shown.. For each pH-value a series of different potentials ϕi has been applied to the 

electrode, ranging from approximately ϕ1=-225mV (vs. SCE) to ϕ8=+475mV (vs. SCE). 

Each force profile shown for a given potential ϕi is obtained by averaging about 100 

ψ D
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single force curves acquired at this protential. These potentials may vary slightly (<5%) 

for the reference electrode used in the study (Ag/AgCl-wire). Its potential against 

commercial Ag/AgCl-electrode was in-situ determined in the AFM cell before and after 

the experiments under used solution conditions. 

 

Figure 3: Exemplary force versus distance profiles upon approach between a silica colloidal probe 

and an electrode with (a, b) OH- and (c, d) CH3-terminated SAMs at different applied potentials. They 

were acquired in acidic (pH 5.5: a, c) and basic (pH 8.0: b, d) solutions. The force profiles have been 

averaged from about 100 single force-distance curves. The applied potentials ϕ are given versus a 

saturated calomel electrode (SCE).  
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Let us first consider the electrode modified by the OH-terminated SAM. At pH 5.5 

the force profiles show qualitatively a similar behavior as reported previously for pH 

4.7.28,29 At very negative potentials ϕ the interaction is repulsive (cf. ϕ1- ϕ3 in Figure 3a). 

Due to the negative charge of the colloidal probe such repulsive interaction is expected. 

With increasing ϕ the interaction becomes always less repulsive until finally a transition 

from repulsive to attractive behavior (cf. ϕ4- ϕ5 Figure 3a) takes place. In this potential 

interval one find also the potential of zero charge ϕpzc, which corresponds to the potential 

that leads to a vanishing diffuse layer. Upon further increase of ϕ the interaction becomes 

progressively attractive (i.e. ϕ6- ϕ8 Figure 3a). The arrows in Figure 3 indicate instabilities 

of the cantilever where it jumps directly to the electrode´s surface,. It occurs if the 

gradient of acting attractive force becomes larger than the spring constant. Figure 3b) 

shows the interaction force profiles for the same electrode modified by an OH-terminated 

SAM at pH 8.0. The dependence of the profiles under these slightly basic conditions is 

comparable to the one under the slightly acidic conditions discussed before (i.e. pH 5.5). 

However, the forces profiles at comparable potentials are slightly different and seem to be 

shifted to more negative potentials. This is most clearly visible for ϕ5 and ϕ6  near to the  

ϕpzc, which is shifted. In terms of diffuse layer potential this shift will be discussed later in 

detail. 

For the electrode modified with the CH3-terminated SAM the pH of the solution has 

a much stronger influence on the interaction force profiles. Under acid conditions at pH 

5.5 (cf. Figure 3c) the interaction force profiles are generally attractive (i.e. ϕ2- ϕ8 in 

Figure 3c), only for the lowest potential of ϕ1=-218 mV a slightly repulsive interaction 

between the electrode and the negatively charged silica probe can be observed. The ϕpzc 

for the electrode with the CH3-terminated SAM is shifted to more negative potentials at 

pH 4.7 in respect to the OH-terminated SAM as previously reported.28,29 Thus, the same 

effect can be observed also at pH 5.5 for these two types of modified electrodes. By 

contrast, under basic conditions the interaction profiles are completely repulsive, 

independently from the applied potential. Therefore, a ϕpzc is not reached and even at the 

highest positive ϕ8=+475mV the interaction force profiles remain completely repulsive, 

albeit reduced in strength compared to the smaller potentials (i.e. ϕ1- ϕ7 in Figure 3d). 

Diffuse layer potentials of the electrodes. The force profiles as a function of the 

applied potential and pH have been analyzed quantitatively. The procedure is analogous 
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to the one presented for the silica particles (cf. Figure 2) and is illustrated in an exemplary 

manner in Figure 4. The combination of silica colloidal probes and SAM-modified 

electrodes represents an asymmetric combination of surfaces. Therefore, the parameters 

 and for the colloidal probe are fixed according to the values compiled in Table 1 

and the diffuse layer potential and the regulation parameter  of the electrode are 

determined by the fit to the full PB-equation with the charge regulation approximation.  

Figure 4 demonstrates the fit quality to PB-equation at the different boundary 

conditions of the interaction force profiles obtained at pH 8.0 for an electrode with an 

OH-terminated SAM. The two boundary conditions of constant charge (CC, p=1) or 

constant potential (CP, p=0) for the electrode’s surface show large deviations from the 

force profiles at small separations. As previously reported,29,35 one has also to take charge 

regulation for the electrodes surface into account, despite the fact that it is connected to a 

potentiostat and therefore CP boundary condition would be expected (cf. solid line in 

Figure 4). The occurrence of charge regulation at the surface of an electrode connected to 

a potentiostat is compatible with the presence of a layer of adsorbed ions at its interface. 

However, the three boundary conditions give practically the same result at large 

separation (i.e. 1-2 × κ-1) between the probe and the electrode and thus have no large 

influence on the diffuse layer potentials  of the electrode as obtained from the fits. 

From the fits to the PB-equation with the charge regulation approximation shown in 

Figure 4 one obtains diffuse layer potentials of ψ (ϕ1)= -16.8 mV, ψ(ϕ5)= +14.3 mV, and 

ψ(ϕ8)= +61.2 mV, respectively. 

ψCP

D pCP

ψ D p

ψ D
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Figure 4: Exemplary force versus distance profiles upon approach between a silica colloidal probe 

and an OH-terminated electrode (I = 1.2mM, pH 8.0) with fits to the full PB equation with different 

boundary conditions. The solid lines represent the charge regulation approximation (CR), while the 

dashed lines represent constant charge (CC) and constant potential (CP) boundary conditions, 

respectively. 

Diffuse layer potentials vs. pH. Figure 5 summarizes the diffuse layer potentials 

obtained from the fits of the single interaction force profiles as shown in Figure 4. Figure 

5a) shows the results for the electrode modified by an OH-terminated SAM and Figure 

5b) for the ones for an electrode with a CH3-terminated SAM, respectively. Both graphs 

plot the diffuse layer potential as a function of the applied potential. The different pH-

values are represented by different symbols, while ionic strength is constantly I=1.2 mM. 

Each data point has been obtained from the diffuse layer potentials of at least three 

different data sets with different colloidal probes.  
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Figure 5: Diffuse layer potential versus externally applied potential for electrodes modified by an OH- 

(a) and  a CH3- (b) terminated SAM, respectively. The data points correspond to the diffuse layer 

potentials determined at different applied potentials and pH-values. The lines represent global fits 

simultaneous at all pH-values according to three-capacitor model for each SAM. The resulting fit 

parameters are compiled in Table 2. 

The diffuse layer potentials on the electrode with the OH-terminated SAM increase 

monotonically with applied potential for all pH-values. Such monotonic behavior is 

expected from the force profiles in Figure 3 a),b) and the general shape of curves for  

vs.  are similar to the ones reported previously for OH-terminated electrodes at pH 4.7 

and different ionic strength.28,29  However, the values for the potential of zero charge ϕpzc 

ψ D

φ
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shift to higher potentials with increasing pH and thus OH--concentration. In the case of 

pH 4.7 (and I=1.2 mM) ϕpzc=230 ± 7 mV (vs. SCE) is in good agreement with the one 

reported previously for the same type of electrode and pH.29 

For the electrodes with a CH3-terminated SAM one finds instead a more 

pronounced variation of  vs.  as a function of of pH. Only for a small regime of pH-

values (3.5 < pH < 8.0) one can observe the presence of  ϕpzc 
  in the potential regime 

accessible in the experiments as otherwise desorption of the SAM is occuring. In this 

regime ϕpzc is shifting with pH to higher values but for more acidic (i.e. < pH 4.7) or basic 

conditions (i.e. > pH 5.5) no reversal of the sign of   can be obtained for the CH3-

terminated SAM. For the acidic regime the interaction is in these cases either completely 

attractive and for the basic regime completely repulsive. Under the most basic conditions 

at pH 9.5 the diffuse layer potential  remains practically constant and independent 

from the applied potential .  

The main trends of vs.  in Figure 5 are in good agreement with preferential 

ion adsorption of hydronium- or hydroxide-ions on SAM-modified electrodes4,21,48: At 

low pH, i.e. high concentration of OH3
+ and low concentration of OH-, a net positive 

charge is resulting on the interface due to adsorption of OH3
+. By contrast, at high pH, i.e. 

high OH-- and low OH3
+- concentration, one observes a negatively charged ion layer at 

the interface. The adsorption of hydronium- as well as hydroxyl-ions is clearly 

pronounced for the hydrophobic interface, which is in agreement with theoretical 

studies.21 

Influence of the background electrolyte. At this point it is important to verify that 

the background electrolyte does not adsorb preferentially to the SAM-modified 

electrodes. Figure 6 summarizes the dependence of the diffuse layer potential  on the 

applied potential  for various total ionic strengths at pH 4.7 for the CH3-terminated 

electrode.  becomes weaker with increasing ionic strength and thus KCl-

concentration. This behavior is expected on basis of the Gouy-Chapman-Stern theory49 

and has been observed for the same SAM-modified electrodes previously.28,29 It is evident 

that the potential of zero charge remains constant at 224 ± 15 mV, independently from the 

total ionic strength. Thus, we can conclude that adsorption of potassium (K+) or chloride 

(Cl-) ions to the SAM can be neglected in comparison to hydronium- or hydroxyl-ions. 

ψ D φ

ψ D

ψ D

φ

ψ D φ

ψ D

φ

ψ D φ( )
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Figure 6: Diffuse layer potential versus externally applied potential for CH3-terminated electrode at 

pH 4.7 and different ionic strengths. The full symbols are determined at I=1.2 mM, while the open 

symbols at different ionic strengths have been reported elsewhere.29  The lines indicate calculations 

based on the three-capacitor model with the parameters compiled in Table 2. 

Model for diffuse layer properties of SAM-modified electrodes. In the following 

we are presenting a simple model for the electrode/SAM/solution interface in order to 

describe preferential ion adsorption to SAM-modified electrodes under potentiostatic 

control. Despite its simplicity this model allows to capture the essential features outlined 

in the previous paragraphs. This model has been presented in similar form first by Duval 

et al. in order to describe ion adsorption at oxide layers of metal electrodes.42 It has been 

then adapted to SAM-modified electrodes.35 Figure 7 outlines in a schematic manner the 

composition of the different layers at the interface: (i) the gold electrode connected to the 

potentiostat with an electronic charge  at its interface, (ii) the self assembled 

monolayer (SAM) with thickness  dielectric constant , (iii) the layer of 

preferentially adsorbed ions with a charge density at the interface between SAM and 

electrolyte solution, and (iv) the diffuse layer with the diffuse layer charge density . 

With these layers different potentials are associated, where ϕ corresponds to the 

externally applied potential, ψ
a the potential at the interface of the SAM and ψ

D the 

diffuse layer potential.  

σ e

dSAM εSAM

σ ion

σ D
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Figure 7: The schematic representation of the three capacitor model consisting of the electrode with a 

self-assembled monolayer (SAM), an adsorbed layer of ions and the diffuse layer. 

The layer structure can be described by three capacitances in series, namely  of 

the SAM, the Stern layer capacitance of the adsorbed ion layer  , and the diffuse layer 

capacitance . The capacitance of the SAM is about . Here, we 

used the values of CSAM(OH) = 1.1 µF⋅cm-2 and CSAM(CH3) = 0.8 µF⋅cm-2, respectively, that 

have been determined previously from direct force measurements.28 The capacitance of 

the adsorbed ion layer Cion is approximated by Cion = 80 µF⋅cm-2,50 which is in the range 

of values reported for similar solution conditions.22,51,52 

In the direct force measurements we determine the diffuse layer potential, which 

results from the charge density of the diffuse layer by 

 (5) 

where the dimensionless potentials yD and alike are given by 

 (6a-c) 

This diffuse layer charge density depends additionally on the potential drop over the 

adsorbed ion layer according to  

CSAM

Cion

CD CSAM = ε0εSAM / dSAM

σ D

σ D = − 8Iε0εSAM RT sinh yD / 2( )

yd = Fψ d / RT; ya = Fψ a / RT; ye = Fψ e / RT
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 (7) 

and analogously one obtains for the potential drop of ϕ over the SAM  

 (8) 

where the potential of the inner Helmholtz plane ψa at the SAM is given by 

 (9) 

The charge densities at the interfaces between the different layers have to fulfill 

overall electroneutrality condition by 

 (10) 

Assuming a Langmuir-type adsorption of an ion monolayer in the Stern-layer with a 

total number of adsorption sites NS, the charge density σion in the Stern layer can be 

directly related to the ion adsorption. If the total number of adsorption sites is given by

 where [-S∙H2O] are the unoccupied adsorption 

sites, while [-S∙OH
-] and [-S∙H3O

+] are sites occupied by hydronium- and hydroxyl-ions, 

respectively; then the charge density of the Stern layer is given by: 


��
 = ��������� − ���
�� (11) 

where F is the Faraday constant and  is the fraction of sites occupied by 

hydronium- and hydroxyl-ions, respectively:  

 (12a,b) 

 

The ion adsorption is described by the following two chemical equilibria with the 

adsorption constants Kads,H+ and Kads,OH- for hydronium- and hydroxyl-ions, respectively: 

 (13) 

 (14a) 

 (14b) 

where KW and KWa are the ionic product and association constant of water, respectively; 

and [H2O] is about 55.6 mol/l in diluted electrolyte solution. The two constants, Ka1 and 

σ D (ψD ) = −Cion(ψ a −ψD )

σ e(ψ
D,φ) = CSAM (φ −ψ a (ψD ))

ψ a(ψD ) =ψD + ((8IεεRT )1/2 / Cion )sinh(yD / 2)

σ e +σ ion +σ D = 0

Ns = [−S ⋅H2O]+[−S ⋅OH − ]+[−S ⋅H3O
+ ]

θ
OH3

+ /OH−

θ
OH3

+ =
[−S ⋅OH3

+ ]

[−S ⋅OH3
+ ]+[−S ⋅H2O]+[−S ⋅OH − ]

; θ
OH − =

[−S ⋅OH − ]

[−S ⋅OH3
+ ]+[−S ⋅ H2O]+[−S ⋅OH − ]

−S ⋅ H2O+ H + ⇔−S ⋅H3O
+ Kads,H+ =

1

Ka1

−S ⋅H2O+OH − ↔−S ⋅OH − + H2O Kads,OH−

Kads,OH− =
[−S ⋅OH − ][H2O]

[−S ⋅H2O][OH − ]
= Ka2 ⋅KWa =

Ka2 ⋅55.6(mol / l)

KW

↔
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Ka2, used in numerical calculations, are matching those defined by Duval et al.42 and can 

be converted to Kads,H+ and Kads,OH-  by equations (13) and (14b) by means of the ionic 

product of water Kw and the number of water molecules per liter. The values for Ka1 and 

Ka2 are given by 

 (15a) 

 (15b) 

where  is the hydronium concentration in the bulk.42 

Semi-quantitative model for ion adsorption. By solving numerically the system 

of equations (5)-(12) and (15), the diffuse layer potential ψ
D can be calculated as a 

function of the external potential ϕ at a given pH. For these calculations only the 

parameters related to preferential ion adsorption are not known a priori and have to be 

determined. We determined , , and NS from simultaneous χ2-fits to the 

complete datasets of ψ
D(ϕ) for all pH-values on the OH- (cf. Fig. 5a) and the CH3-

terminated SAMs (cf. Figure 5b), respectively. The results are compiled in Table 2 and 

have been used to calculate the dashed lines in Figure 5.  

Table 2:  Parameters for three-capacitor model with ion adsorption  

SAM Ns  

       (cm-2) 

CSAM 

(µF cm-2) 

Cion 

(µF cm-2) 

lgKads,H
+ 

(L mol) 

lgKads,OH
- 

(L mol) 

16-Mercapto-hexadecanol 5 × 1014 1.1 80 1.4  5.0  

1-Hexadecanethiol 0.9 × 1014 0.8 80 2.5  6.7  

 

The simple 3-capacitance model with ion adsorption given by equations (5) – (15) 

provides a surprisingly good semi-quantitative description of the experimental data on ψD 

obtained by direct force measurements on SAM-modified electrodes as a function of the 

applied potential. The resulting values for the number of adsorption sites NS as well as the 

adsorption constants are falling in reasonable quantitative regimes. The number of 

adsorption sites NS ranging from 0.9 × 1014 to 5.0 × 1014 cm-2 (cf. Table 2) can be 

compared to the area per thiol in a closely-packed SAM and the distance given by the 

Bjerrum length. For the number of thiols one finds NSAM~4.6×1014 cm-2 based on an area 

per group of 21.6 Å2 as determined by various methods.53-55 Another length scale 

Ka1 = [−S ⋅H2O]⋅C
H +
bulk exp(−ya ) / [−S ⋅H3O

+ ]

Ka2 = [−S ⋅OH − ]⋅C
H +
bulk exp(−ya ) / [−S ⋅H2O]

C
H +
bulk

pK
ads, H + pK

ads,OH −
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relevant for ion adsorption is the Bjerrum length of lB, i.e. the distance between ions, 

where the interaction energy is in the order of thermal energy (kT). In aqueous solution at 

standard conditions lB = 0.7 nm, which would correspond to a surface area of 38.5 Å2 per 

ion with an upper limit for adsorption capacity of NS~2.6×1014 cm-2. In a similar manner, 

one can consider the ion radii for the hydroxide ion with a radius of ca. 6.7 Å including 

the solvation shell56,57 and for the hydronium58,59 with an effective radius of ca. 1.44 

Å58,59 resulting in NS = 0.71 × 1014 cm-2 and NS =15.4 × 1014 cm-2, respectively.  

The adsorption constants for hydronium and hydroxyl-ions tabulated in Table 2 to 

hydrophobic SAMs are in very good agreement with values reported for comparable 

interfaces but determined by completely different techniques.5,12,14,15,48 Lützenkirchen et 

al. report values of lgKads,OH
- in the range of 6.7-8.3 on various hydrophobic interfaces 

based on electrokinetic and spectroscopic data obtained at the air/water, oil/water, 

Teflon/water, and diamond/water interfaces.14 It should be noted that these authors 

introduce an additional ‘ice-like’ water layer at the hydrophobic interface, resulting in a 

more refined model. Healy and Fuerstenau estimate lgKads,OH
- >8.0 for a nonpolar 

solid/liquid or liquid/gas interface,12 which is comparable to the value is reported by 

Leroy et al.13 with lgKads,OH
- = 8.94 ± 0.02 for water/gas bubble interface obtained by 

electrokinetic measurements. In comparison, the values of lgKads,OH
-
~4.8-6.2 for the 

air/water interface as determined by Manciu and Ruckenstein are somewhat lower and 

thus in better agreement with our data.15 The adsorption constant of hydronium lgKads,H
+ 

to hydrophobic interfaces found here is also consistent with other studies, where values of 

lgKads,H
+
~1-3 are reported.13,18 Leroy et al. determined from the electrophoretic mobility 

of air bubbles a value of lgKads,H
+=2.54 ± 0.02, which is in good agreement with the value 

of  lgKads,H
+=2.5 found here for the CH3-terminated SAM.13 It has to be pointed out that 

some of the adsorption constants for lgKads,OH
- cited here have been converted from 

dissociation constant of interfacial water in the literature according to equation (14b). 

There are no comparable data available for the adsorption constants lgKads,H
+ and 

lgKads,OH
-  for the hydrophilic SAM. However, the here observed difference between the 

hydrophobic and hydrophilic SAMs has been predicted previously by simulations of 

Kreutzer and Grunze.21  

Limitations of the simple adsorption model. Various studies, either theoretical or 

by spectroscopic techniques, indicate that a more refined model for the interface between 
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SAM and the electrolyte has to be applied in order to account better for the interfacial 

properties. However, a more refined description of the interface, which takes its 

molecular properties into account, is beyond the scope of this study. The shortcoming of 

the simple model, which has been applied here becomes obvious if one replaces the 

global fit of ψD vs. φ for all pH-values by fits of ψD vs. φ for each pH. For these fits CSAM 

and Cion were the same as in Table 2, as they have no large influence on the fits. The fits 

of single pH-series provide a superior match between experimental data and calculations, 

when NS as well as lgKads,H
+ and lgKads,OH

- are allowed to vary for each pH-value 

independently. The number of adsorption sites is varying with pH for both SAMs, with 

values ranging from 5 × 1014 cm-2 (pH 4.7) to 1 × 1014 cm-2 (pH 9.5) for the OH-

terminated SAM and 5 × 1014 cm-2 (pH 3.5) to 0.5 × 1014 cm-2 (pH 9.5) for the CH3-

terminated SAM. Taking into account different effective radii for the hydronium- and 

hydroxyl-ions this decrease in available adsorption sites on the SAM with pH seems 

reasonable.  

In a similar manner the adsorption constants for hydronium- and hydroxyl-ions 

determined for single pH-series vary significantly with the pH. For the CH3-terminated 

SAM we find the hydronium adsorption constant lgKads,H
+ in a range of 1.5-3.5 and 

lgKads,OH
- in the range of  5-8.6 for the hydroxide-ion adsorption. For the OH-terminated 

electrode the hydronium adsorption remains practically constant at lgKads,H
+ =1.4 for all 

pH-vlaues. By contrast, lgKads,OH
- varies in the wide range of 3.8-6.2. This apparent 

variation of NS and lgKads is in our opinion a clear sign of the shortcomings of the here-

applied simple model. A more appropriate description might include the introduction of 

an ‘ice-like’ layer at the interface, especially for the hydrophobic SAM. Such a layer has 

different properties in comparison with bulk water.14,60 It extends to about 3-6 layers of 

water molecules in solution and has been also observed by spectroscopic studies.8,61,62 

Nevertheless, the model given by equations (5)-(15) provides a satisfactory semi-

quantitative description of ψD vs. φ, especially for the hydrophilic SAM and confirms that 

the observed variations with pH have indeed to be attributed to the adsorption of 

hydronium and hydroxyl-ions to the SAM.  

Variation of the pzc with pH. The effect of ion adsorption is most pronounced if 

one considers the variation of the potential of zero charge (pzc). Figure 8 shows the 

variation of pzc with pH for both SAMs. The data for the pzc have been determined by 
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interpolating the experimental data for each pH with a fit to the three-capacitor model 

including ion adsorption at the corresponding pH. Solid data points indicate that a pzc can 

be verified experimentally (cf. Figure 5), while open symbols indicate that the pzc would 

be outside the range experimentally accessible due to the stability of the SAM. This 

stability of the SAM is also indicated by the dashed horizontal lines based on data for the 

stability of thiol-SAMs on gold under external potentials.37 The lines are based on the 

three-capacitor model as given by equations (5)-(15) and the values summarized in Table 

2. These curves have been shifted in such a way that they cross the experimental values of 

pzc at pH 5.5 for each SAM correspondingly, because those pzc-values are the most near 

to the iso-electric point.50 

 Figure 8 demonstrates that the pzc shifts to more positive potentials with increasing 

pH for both SAMs. However, the pzc variation range is much higher for methyl- than for 

hydroxyl-terminated SAM. This behavior of the pzc is in line with the adsorption of 

hydronium- and hydroxyl-ions to the SAMs. With increasing charge in the Stern layer 

increasing potentials of opposite sign have of to be applied in order to compensate for this 

charge. The determination of pzc is also possible by classical electrochemical techniques, 

such as the determination of the diffuse layer capacitance by cyclic voltammetry or 

transient techniques. Thus, measuring the pzc on modified electrodes provides an 

experimentally easily accessible technique to follow ion adsorption processes. 

 
Figure 8: Potential of zero charge (pzc) as a function of pH for electrodes modified by OH- and CH3- 

terminated SAMs, respectively (I = 1.2 mM). The lines are calculated by the three-capacitor model 
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and the values from Table 2.. The horizontal dashed lines indicate the potential range in which the 

SAMs are stable.37 

In order to compare our results with the comprehensive studies by streaming 

potential of Werner and coworkers4,17,31, we determined additionally the diffuse layer 

potentials at open circuit conditions. These measurements were performed again by direct 

force measurements, however, the potentiostat has been disconnected from the 

electrochemical cell (data not shown). The resulting diffuse layer potentials as determined 

from the fits to the PB-equation with CR-boundary conditions are compiled in Table 3.  

Table 3: Diffuse layer potentials determined by direct force measurements under open circuit potential 

conditions at I = 1.2 mM  

pH 3.5 4.7
 

5.5 8.0
 

9.5
 

(mV), SAM-CH3 30.3 ± 11.0 28.4 ± 4.3 20.9 ± 11.2 -34.2 ± 4.6 -48.6 ± 5.1 

(mV), SAM-OH   22.7 ± 5.8 19.0 ± 5.3 -1.1 ± 4.7 -18.9 ± 2.9 

 

The open circuit potentials as determined by direct force measurements confirm the 

trend found for both electrodes. Under acidic conditions positive charge is accumulated 

by hydronium adsorption to the SAMs, while under basic conditions a negatively charge 

ion layer results from the adsorption of hydroxyl-ions. The latter effect is more 

pronounced, in particular for the hydrophobic CH3-terminated SAM. From Table 3 the 

isoelectric point (iep) can be estimated, which corresponds to the pH where the diffuse 

layer charge vanishes. We find, that the pHiep lies between 5.5 and 8.0 for hydrophobic as 

well as for hydrophilic interfaces. This corresponds to the findings of Dicke et al. of pHiep 

close to 6.0-7.0 by AFM for an hydrophobic SAM, which is consistent with our data.30 

The potentials in Table 3 are also in line with streaming potential measurements, which 

show the same but a somewhat lower isoelectric point at pHiep 3.5-4.0, which might be 

attributed to the position of shear plane.17 

 

Conclusions 

By employing colloidal probe force microscopy in combination with electrochemical 

setup the diffuse layer properties of modified electrodes were determined at different 

applied potentials and solution composition. As a result the variations of diffuse layer 

ψOC

D

ψOC

D
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potential on hydrophobic and hydrophilic interfaces with electric potential and pH were 

deduced. Because the background electrolyte does not contribute to the charging of the 

surface, the found pH- and potential-controlled changes in the diffuse layer properties 

may be attributed to the specific interfacial adsorption of hydronium and hydroxide ions. 

The adsorption is more pronounced on hydrophobic interface than on hydrophilic. The 

simple three-capacitor model provides semi-quantitative description of the data. 

Therefore we used a novel approach to quantify the ion adsorption on non-conductive 

organic surfaces, that has possible implications in the development of selective 

electrodes, “smart” coatings and membranes with ion selective properties.  
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Abstract 

In this paper we report on the mechanical characterization of polyelectrolytes 

multilayer (PEM) films prepared from poly(glutamic acid)-poly(styrene sulfonate) (PGA-

PSS) blends, deposited in alternated spray deposition with poly(allylamine hydrochloride) 

(PAH). The polyanion composition of the blended film was first investigated using 

Fourier transformed infrared spectroscopy in the attenuated total reflection mode. The 

monomer molar fraction of PGA in the film increases almost linearly as a function of x, 

i.e. the monomer molar fraction of PGA in the sprayed polyanion solution. The 

mechanical properties of the blended (PAH/PGAx-PSS1-x)n film were measured using two 

methods: wrinkling metrology method and the colloidal probe atomic force microscopy 

technique. We demonstrate that the Young´s modulus of the PAH/PGAx-PSS1-x 

multilayer films can be systematically controlled by the chemical composition of these 

films, depending on x. Measurements indicate that increasing the monomer molar fraction 

of PGA in the blended film results in a decrease in film modulus up to three orders of 

magnitude as compared to the PAH/PSS system. At a monomer molar fraction of PGA in 

the film around 0.7 (corresponding to x = 0.7), this system shows such a transition. We 

also show that for a given x the elastic properties of these films can be significantly 

affected by the humidity conditions. For (PAH/PGA0.88-PSS0.22) film, the Young’s 

modulus of the film varies from several hundred of MPa to some kPa only by altering the 

relative humidity from 12.5% to 80%. 

 

Introduction 

Polyelectrolyte multilayer (PEM) films prepared by the layer-by-layer (LbL) technique 

became very popular since the concept was introduced by Decher et al. in the early 

1990s.1 The method relies on the sequential adsorption of oppositely charged 

polyelectrolytes to construct thin multilayered films. The adsorption results in charge 

overcompensation after each polyelectrolyte deposition. This allows the alternated 

assembly of oppositely charged polyelectrolytes. Numerous polymeric materials with 

different functional groups are available for the multilayer construction which resulted in 

numerous applications such as controlling wetting properties or interactions with 

biological systems,2 anticorrosion coatings,3-5 free-standing membranes,6-10 osmotic 

pressure sensors,11 and to build up micro- and nanocapsules.12, 13 Adjusting mechanical 

properties of PEMs is desirable for most applications mentioned above. This can be 
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achieved within a limited range by variation of solution conditions during adsorption 

(pH,14, 15 ionic strength16), by changing the molecular weight of used polyelectrolytes,17 

by cross-linking of the film18, 19 or by adding a linear growing capping multilayer films on 

an exponential growing one20. In order to tune mechanical properties over many orders of 

magnitude using the same chemical building blocks, synthetic approaches relying on the 

use of random copolymers of controlled ratio of charged and uncharged monomers have 

been used.21-23 It has been also shown that the elastic modulus of PEM films can be 

significantly affected by changing the ambient relative humidity (RH).24 

Using blends of either polyanions25-31 or polycations32, 33 provide a potentially 

interesting alternative to tune several properties of PEMs without synthesis of novel 

molecular compounds. To control the mechanical property of PEMs, our approach relies 

on using blends of components, which are known to result in very different mechanical 

properties where pure components are used. We study LbL films prepared with weakly 

charged poly(allylamine hydrochloride) (PAH) and two polyanions, 

poly(styrenesulfonate, sodium salt) (PSS) and a polypeptide poly(L-glutamic acid, 

sodium salt) (PGA). Our motivation is to investigate the effect of polyanion mixing ratio 

and the humidity on the mechanical properties since in the literature a huge difference in 

elastic modulus of (PAH/PSS)n and (PAH/PGA)n films is reported. In previous work, the 

Young’s modulus of PAH/PSS capsules was estimated to be between 1.3 and 1.9 GPa.34 

Nolte et al. reported for the PAH/PSS multilayer system a modulus of 2.7 ± 0.3 GPa24 

and Gao et al., who measured hollow polyelectrolyte capsules, found that the Young’s 

modulus for the PAH/PSS system ranges between 500 and 700 MPa.35 Boudou et al. 

reported for the PAH/PGA system the elastic constant value of 118 ± 34 kPa as measured 

by AFM nanoindentation in liquid.19 

In this study, we show that the different chemical nature of these two polyanions, PGA 

and PSS, strongly affects the elasticity of the blended PAH/PGAx-PSS1-x PEM films, with 

x representing the molar fraction of the monomer repeat unit of PGA in the polyanion 

solution. The polyanion composition of the blended film was first investigated using 

Fourier transformed infrared spectroscopy in the attenuated total reflection mode. The 

monomer molar fraction of PGA in the film increases almost linearly as a function of x. 

The film modulus decreases up to three orders of magnitude by transition from the PSS 

behaviour to the PGA behaviour. Interestingly this transition occurs around x = 0.7. This 

behavior is remarkable, because for many systems preferential adsorption of one 
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compound shifts transitions in physical properties of multilayers to extreme 

compositions.26-28, 30-32, 36 Therefore examples, where transition occur at moderate ratios 

are rare.27 We also demonstrate that we can tune the mechanical properties by altering the 

relative humidity. We show that by changing the humidity from 12% to 80% for x = 0.88, 

the Young’s modulus of the PAH/PGAx-PSS1-x film varies from hundreds of MPa to 

some kPa. 

 

Materials and Methods 

Materials. To buildup of the (PAH/PGAx-PSS1-x)n multilayer architecture the following 

commercially available polyelectrolytes were used: Poly(allylamine hydrochloride) 

(PAH, MW = 56 000 g mol-1, CAS: 71550-12-4; cat.no.: 28,322-3), poly(styrenesulfonate, 

sodium salt) (PSS, MW = 70 000 g mol-1, CAS: 25704-18-1; cat.no.: 24,305-1), poly(L-

glutamic acid, sodium salt) (PGA, MW = 15 000 g mol-1, CAS: 26247-79-0; cat.no.: P-

4761) and branched poly(ethylene imine) (PEI, MW = 750 000 g mol-1, 50 wt. % in H2O, 

CAS: 9002-98-6; cat.no.: 18,197-8). All polyelectrolytes were purchased from Sigma-

Aldrich and were used without further purification. The used polyelectrolytes are listed in 

Figure 1. 

 
Figure 1. Chemical structures of the polyelectrolytes used in this study: the two polyanions (A) PSS, 

(B) PGA and the polycation (C) PAH. 

Solutions of Polyelectrolytes. The polyelectrolyte solutions were prepared by dissolving 

the appropriate amounts of polyelectrolytes in filtered (0.20 µm Carl Roth) 0.15 M 

aqueous sodium chloride (NaCl, Riedel-de Haën) solutions. Millipore water (resistivity = 

18.2 MΩ cm) was used in all experiments. The pH of all the solutions was adjusted to pH 

7.4 by addition of appropriate volumes of either HCl solution (Grüssing GmbH 

Analytika, Germany) or NaOH solution (Grüssing GmbH Analytika, Germany) 

immediately before measurement. The (PAH/PGAx-PSS1-x)n films were constructed by 

using a 1 mg mL-1 PAH solution as polycation and a polyanion solution obtained by 

mixing x mL of a 0.733 mg mL-1 PGA solution and (1 - x) mL of a 1 mg mL-1 solution of 

PSS (x represents the molar percentage of the monomer repeat unit of PGA). The mixed 
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PGAx-PSS1-x solution thus has a total monomer repeat unit concentration of 4.85 ± 10-3 

mol L-1.  

Substrate Preparation. To determine the mechnanical properties of PEM films, 

colloidal probe atomic force microscopy (CP-AFM) and wrinkling metrology (WM) 

method were used. For the CP method, substrates of silicon wafers (CrysTec) were 

cleaned as follows. First the substrates were immersed for at least 1 h in the 0.15M NaCl 

aqueous solution at pH 7.4. Then the surfaces were immersed in 1 mg mL-1 PEI solution 

for 10 min. The substrates were then rinsed 10 min with 0.15 M NaCl aqueous solution. 

For the WM method, poly(dimethylsiloxane) (PDMS) sheets (a typical elastomer) with 

thicknesses of ~ 2 mm were prepared by mixing the curing agent and base monomer 

(Sylgard 184, Dow Corning, USA) with 1:10 weight ratio. The mixture was stirred and 

filled in a carefully cleaned, plain glass dish.37 After 24 h degassing at room temperature 

and curing at 60 °C for 3 h in an oven, the cross linked PDMS was cut into 40 × 10 mm 

stripes. In order to facilitate the multilayer assembly the surfaces of PDMS sheets were 

first hydrophilized (PDMS sheets were exposed for 2 min to air plasma at 0.1 mbar using 

a plasma etcher operating at 1 W (Flecto10, Plasma Technology, Germany)) and then 

immersed in 1 mg mL-1 PEI solution for 30 min. 

PEM Film Preparation by Spraycoating. The PEM films were assembled on silicon 

wafers and on plasma treated (see above) PDMS sheets by the spraycoating method.38, 39 

The PEI-coated substrates were placed vertically in a homemade spray unit to allow 

liquid drainage along their surfaces. The appropriate polyelectrolyte solutions were filled 

into spray bottles (30 mL, NeoLab Migge GmbH, Germany) which were manually 

pressurized twice for each deposition step. After each step, the polymer was sprayed for 

10 s followed by a rinsing step with water for 3 s (200 mL spray bottles “air boy”, Carl 

Roth GmbH, Germany) to rinse the surface. The films were dried in a stream of nitrogen 

before characterization.21 

Characterization Methods. Ellipsometry. Layer thicknesses of the multilayers grown on 

silicon wafers and on PDMS substrates were determined with a Sentech SE 850 

spectroscopic ellipsometer at a fixed incidence angle of 70° (on silicon wafers) and of 40° 

(on PDMS substrates). The wavelength was set to 632.8 nm. Layer thicknesses on 

transparent PDMS substrates were determined using a Cauchy dispersion relationship.40, 

41 To calculate the film thicknesses, we used a three-layer model with layer 1, 

hydrophilized PDMS substrate (n = 1.41), layer 2, PEM film (n = 1.52) and layer 3, air (n 
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= 1.00). For each sample, at least three spots were measured and averaged and the results 

were cross-checked with AFM. 

Optical Microscopy. Optical microscopy images of the wrinkled surfaces were recorded 

using an inverted Zeiss Axiovert 200 (Zeiss, Jena) microscope with a Zeiss Achroplan 20 

× /0.45 objective. The microscope was connected to a digital camera (AxioCam HRm, 

Zeiss) for quantitative data acquisition. 

Colloidal Probe Atomic Force Microscopy. The mechanical properties of the samples 

with PGAx-PSS1-x polyanion mixtures, where x ranges from 0.71 to 1 were investigated 

by force-distance measurements using the colloidal probe technique.42, 43 All force curves 

were recorded with a Nanowizard AFM (JPK instrument, Berlin). We used a tipples 

cantilever with Si-colloidal probe prepared using Optical adhesive Norland 63 (for cured 

glue E = 1.65 GPa) with a radius of R = 3.4 µm (NSC12, Micromash, USA) and a spring 

constant of 0.257 N/m. The spring constant k was determined by the thermal noise 

method, introduced by Hutter and Bechhoefer.44 

To investigate the influence of humidity on the mechanical properties of PEM, an 

Asylum MFP 3D AFM was used with Asylum Humidity control cell. The humidity is 

maintained by injecting saturated salt solutions, which determine the water vapor pressure 

in the chamber (relative humidities are 84 – 85% (KClsat), 33% (MgCl2,sat) and 8 – 9% 

(KOHsat) in the temperature range of 20 – 25°C45, 46). The sample was fixed with double-

sided adhesive over the area of ca. 1.1 cm2 that has a negligible effect on the indentation 

of a film with E = (8 – 900) MPa. Colloidal probes with R = 3.4 µm and R = 2.3 µm were 

prepared by gluing Silica-particles (Bang laboratories) with Optical adhesive Norland 63 

(for cured glue E = 1.65 GPa) to tipless silicon cantilevers (NSC12, Mikromasch, USA, k 

= 0.25 and 0.77 N/m). Cantilevers were calibrated by Hutter and Bechhoefer method.44 

Fourier Transform Infrared Spectroscopy in the Attenuated Total Reflection Mode (ATR-

FTIR). The Fourier Transform Infrared (FTIR) experiments were performed on a Vertex 

70 spectrometer (Bruker, Germany) using DTGS detector. The spectra relative to the 

multilayers were determined in the Attenuated Total Reflection (ATR) mode using a 45° 

trapezoidal ZnSe (internal reflection element) crystal (6 reflections, dimensions 72 × 10 × 

6 mm3) in ATR cell (GRASEBY-SPECAC, England). Reference (bare ZnSe crystal) and 

sample spectra were taken by collecting 128 interferograms between 800 and 4000 cm-1 

at 2 cm-1 resolution, using Blackman-Harris three-term apodization and the standard 

Bruker OPUS/IR software (version 5.0). The PEM films were assembled on ZnSe crystal 
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by the spray coating method described above. All the sample spectra, as for the reference, 

were recorded with the ZnSe crystal in contact with air. 

To estimate the molar percentage of monomer of PGA and PSS in the (PAH/PGAx-PSS1-

x)n films, we performed calibration curves aimed at correlating the absorbance with 

concentration of pure polyelectrolyte. The PGA and PSS were dissolved in deuterated 

solution of 150 mM NaCl at pH 7.4. D2O was used as solvent instead of water because 

the amide I band of PGA is affected by the strong absorption of water around 1643 cm-1 

(O-H bending), whereas the corresponding vibration in D2O is found at around 1209 cm-1. 

IR spectra of PGA and PSS solutions were acquired using Bruker Vector 70 FTIR 

spectrometer with Platinum ATR accessory that contained a diamond crystal (Bruker 

Optics, USA). 

 

Results and Discussion 

Buildup and film composition of (PAH/PGAx-PSS1-x)n films. We focused on the 

system (PAH/PGAx-PSS1-x)n because it is known, that the elastic modulus of multilayer 

films constructed from pure PSS solution and PAH resides in GPa region24, 34 whereas 

films built up from pure PGA solution and PAH exhibit an elastic modulus in the kPa 

range.19 The buildup of (PAH/PGAx-PSS1-x)n films was studied previously.25 It was 

shown that the growth regime of this film is changing from exponential to linear by 

adjusting monomer molar fraction of PGA in solution. Indeed, pure PAH/PSS and pure 

PAH/PGA are respectively a linear and an exponential growing films. To examine the 

mechanical properties of (PAH/PGAx-PSS1-x)n multilayer films, the spraycoating 

technique was used by systematically tuning x, monomer molar fraction of PGA in the 

polyanion sprayed solution. 

To investigate the relative composition of PGA and PSS inside the (PAH/PGAx-PSS1-x)n 

film as a function of x, we performed FTIR measurements. We first performed calibration 

curves aimed at correlating the absorbance with concentration of pure PGA and PSS 

polyelectrolytes. At a wavenumber of 1567 cm-1 corresponding to the carboxylic band,47-

49 we obtained an apparent extinction coefficient of 7.9 × 10-2 M-1 in monomer of PGA. 

In the case of PSS, we obtained apparent extinction coefficients of 7.2 × 10-2 and 7.8 × 

10-2 M-1 in monomer of PSS respectively at the wavelengths of 1009 and 1037 cm-1, 

characteristic bands of PSS.50-52 We then performed FTIR-ATR spectroscopy on 

(PAH/PGAx-PSS1-x)n films for x varying from 0 to 1. It has to be noted that, for all the 
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experiments performed, the films were built to reach a thickness of 80 ± 10 nm in the dry 

state, which is significantly smaller than the penetration depth of the evanescent wave (

600 nm at 1000 cm-1). By measuring after baseline subtraction the absorbance of PGA 

and PSS in the films, we calculated the molar concentrations of PGA and PSS monomers 

using the extinction coefficients from the calibration curves.  

 

Figure 1. Evolution of the monomer molar fractions of PGA (closed circle) and of PSS (open circle) 

in the (PAH/PGAx-PSS1-x)n blended film as a function of x, the monomer molar fraction of PGA in 

solution used for the buildup by alternated contact with a polyanion PGA and PSS mixture and a PAH 

solutions. The dashed line corresponds to the ideal partitioning of PGA (black) and PSS (grey) 

between the solution and the film. These data where obtained from films with a thickness of 80 ± 10 

nm. 

Figure 1 shows the monomer molar fraction of PGA and PSS in the film as a function of 

monomer molar fraction of PGA in the polyanion solution. A strong adsorption 

preference of PGA is found especially for x ≤ 0.5. Such a preferential adsorption was also 

found in the case of PSS/DNA-PAH,28 poly(aspartic acid)/PGA-poly(L-Lysine)26 and 

poly(4 vinyl pyridine)/PAH mixtures.32 Beyond x = 0.5, the film composition is close to 

the solution composition and follow then a linear behavior. 

Based on the choice of the components and the tunable composition of (PAH/PGAx-PSS1-

x)n film, we expect a broad range of elastic constants (ranging from lower MPa region for 

pure PAH/PGA up to GPa region for pure PAH/PSS). At the same time film thicknesses 

are in the range of 100 nm. These requirements are extremely challenging in terms of 

characterization techniques. To the best of our knowledge there is no single technique 

covering the whole range of elastic properties for this thin film regime. Therefore, we 

used two complementary techniques, wrinkling method (WM) and indentation technique 

(CP-AFM) in terms of range of elastic constants measured. Wrinkling experiments allow 
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us to analyse more rigid materials with moduli in the order of GPa until some hundreds of 

MPa region. In contrast, the CP - AFM technique is suitable for weak films with moduli 

of MPa until kPa range. For each technique, a minimum film thickness is required for 

reliable measurements. The number of PAH/PGAx-PSS1-x bilayers was then tuned to 

obtain a sufficient thickness (Table 1). 

Table 1. Monomer molar fraction of PGA in the polyanion solution, number of bilayers, 

corresponding film thickness and resulting Young’s modulus of (PAH/PGAx-PSS1-x)n multilayer films 

prepared with 0.15 M NaCl at pH 7.4. 

PGA molar fraction in solution (x) number of bilayers (n) thickness (nm)a 

0 32 095.3 ± 7.0 

0.10 30 107.8 ± 3.6 

0.25 21 111.2 ± 8.7 

0.50 12 115.5 ± 3.1 

0.67 11 112.4 ± 6.3 

0.69 11 102.5 ± 7.8 

0.71 11 094.5 ± 4.1 

0.73 11 094.4 ± 6.0 

0.75 25 521.4 ± 2.9 

0.88 25 544.5 ± 7.9 

1.00 23 505.4 ± 4.8 
aDetermined by ellipsometry.  

High Modulus Regime: Wrinkling Metrology. The mechanical properties of 

(PAH/PGAx-PSS1-x)n multilayer films, where x ranges from 0 to 0.73 were investigated 

with the sensitive technique named strain-induced elastic buckling instability for 

mechanical measurements (SIEBIMM) introduced by Stafford et al..53 The basic idea of 

the buckling-based metrology is that a thin, stiff film coated onto an elastomeric substrate 

will buckle when subjected to planar compressive forces in order to relieve the strain 

energy in the system.  

The wrinkling experiments were performed on a plasma-treated PDMS sheets with a 

hydrophilic surface. In order to minimize the influence of the silica surface layer on the 

buckling wavelength, plasma intensity and durations were kept at minimum. The film 

thicknesses of all samples were ca. 100 nm as recommended by Nolte et al. in order to 

minimize film thickness measuring errors.41 Multilayer coated PDMS slides were 
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stretched uniaxially in a customer-designed strain stage with the strains of only a few 

percent. The buckling wavelength, λ, was obtained after the subsequent relaxation of the 

specimens using optical microscopy. To determine the mechanical properties, the 

wavelength was evaluated via Fourier analysis of images using ImageJ. The average 

wavelength was determined by collecting data from at least five locations on each 

sample. Knowing the wrinkling wavelength, λ, film thickness, d, and the modulus values 

of the PDMS substrates, Es, (1.1 MPa ± 0.1 MPa, determined using Universal Tester, 

Model 5565), the Young´s modulus of the film, Ef, can be determined using eq. 1:53 
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The Poisson´s ratio of 0.33 was required for multilayers (νf), and a value of 0.5 was 

required for the elastomeric PDMS substrate (νs).
54 

The wrinkling experiments were carried out at the ambient RH of (55 ± 1)%. Figure 2 

illustrates the optical microscopy images of (PAH/PGAx-PSS1-x)n multilayer films with x 

ranges from 0 to 0.73.  

 
Figure 2. Optical microscopy images of wrinkled (PAH/PGAx-PSS1-x)n multilayer films taken in the 

transmission mode; x ranges from 0 to 0.73. Samples prepared by stretching multilayer films coated 

PDMS slides by ε = 2% and releasing the strain.  

At the same film thickness, the wrinkling wavelength decreases from (3.6 ± 0.2) µm for x 

= 0 to (1.8 ± 0.1) µm for x = 0.73. According to the wavelength, the elastic modulus also 

decreases from (0.7 ± 0.2) GPa to (0.14 ± 0.09) GPa, respectively. The value of (0.7 ± 

0.2) GPa for x = 0, i.e. pure PAH/PSS film, is comparable to those given in literature.34, 35 

 

Low Modulus Regime: AFM Technique. Young’s modulus of (PAH/PGAx-PSS1-x)n 

films where x ranges from 0.75 to 1, which are too soft to be analyzed via the wrinkling 

method, was then determined via indentation experiments with the colloidal probe 

technique. The indentation experiments were performed on thick films (> 500 nm). 

Therefore, the indentation depths did not exceed 10% of the film thickness which allows 
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negligible effects.55 To record elastic modulus, the samples were measured on different 

spots using the force-mapping mode. Measurements were performed on 20 different 

positions on a digital 100 µm2 grid on the surface. The force-distance curves were 

analyzed using the JPK Image Processing software. To determine the Young’s modulus, 

the approach curve was fitted by the Hertz sphere model56 According to this model, the 

relation between the Young’s modulus (E), the force (F), and the deformation (δ) is 

( )
2/32/1
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where R is the radius of the sphere tip (3.4 µm) and ν is the Poisson ratio (0.33 for 

multilayers).  

Figure 3 displays force-deformation curves measured in approach of the (PAH/PGAx-

PSS1-x)n films and the corresponding log-log profiles of these curves for x = 0.75, x = 0.88 

and x = 1.  

 
Figure 3. (A) Force vs deformation curves measured by AFM in approach for (PAH/PGAx-PSS1-x)n 

multilayer films in a dry state, where x = 0.75 (○), x = 0.88 (□) and x = 1 (+). (B) Force vs deformation 

log-log profiles. The black lines represent a linear fit for deformations from 4 to 17 nm (x = 0.75 and x 

= 1) and from 4 to 25 nm (x = 0.88). The slopes of the fits in these ranges are 1.38 and 1.42 (x = 0.75 

and x = 1) and 1.49 (x = 0.88), close to 3/2 as predicted by the Herzian power law. 

In the log-log plot the experimental data are correctly fitted by linear curves with slopes 

of about 1.5 which is in good agreement with the scaling law predicted by Hertz model. 

The average Young´s moduli determined according to the Hertz model (eq 2) are (7.4 ± 

1.7) MPa, (4.7 ± 1.6) MPa, and (6.7 ± 2.1) MPa for (PAH/PGAx-PSS1-x)n films prepared 

respectively with for x = 0.75, x = 0.88 and x = 1. The indentation experiments were 

carried out at the ambient RH of 54%. The value of the Young´s modulus determined 

previously by Boudou et al. for PAH/PGA multilayers in the wet state was (118 ± 34) 
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kPa.19 To our knowledge, the dry state stiffness of PAH/PGA films was not published 

before.  

Figure 4 and table 2 summarize the results obtained from wrinkling metrology method 

and the colloidal probe atomic force microscopy technique and from FTIR – ATR 

experiments. By increasing x, (PAH/PGAx-PSS1-x)n films become softer with an elastic 

modulus three orders of magnitude smaller for x ≥ 0.75 compared to x ≤ 0.5. Thus, the 

elastic properties of (PAH/PGAx-PSS1-x)n multilayer films can be tailored over a wide 

range only by changing the monomer molar fraction of PGA in the polyanion solution 

from 0.5 to 0.75 (Figure 4). 

 
Figure 4. Elastic modulus E as a function of x, monomer molar fraction of PGA in the polyanion 

buildup solution. For x ranges from 0 to 0.73, E was deduced from wrinkling metrology measurements 

(□). For x ranges from 0.75 to 1, E was calculated from force vs deformation curves measured by 

colloidal probe AFM (o). The line is drawn to guide the eyes. 

Table 2. Monomer molar fraction of PGA in the polyanion solution, the corresponding monomer 

molar fraction of PGA in the film and the resulting Young’s modulus of (PAH/PGAx-PSS1-x)n 

multilayer films prepared with 0.15 M NaCl at pH 7.4. 

 PGA molar fraction 

     in solution (x) 

PGA molar fraction 

       in the filma 

Young’s Modulus 

(GPa)b 

0 0 0.7 ± 0.2 

0.10 0.34 0.7 ± 0.1 

0.25 0.44 0.8 ± 0.1 

0.50 0.60 0.6 ± 0.2 

0.67 0.73 (2.3 ± 0.6)×10-1 

0.69 0.72 (2.3 ± 0.5)×10-1 

0.71 0.69 (1.9 ± 0.7)×10-1 
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aDetermined by FTIR spectroscopy. bDetermined by wrinkling metrology (x = 0 – 0.73) and by 

colloidal probe AFM (x = 0.75 – 1) at (55 ± 1)% of humidity. 

Data from Table 2 allows plotting the evolution of the Young’s Modulus of the blended 

PAH/PGA-PSS film as a function of the monomer molar fraction of PGA in the film 

(Figure 5). In the region where the PGA fraction in the film is lower or equal to 0.5, the 

E-Modulus remains nearly constant and resides around 0.7 GPa (Figure 5). Despite the 

preferential incorporation of PGA over PSS in this region (Figure 1), the major fraction of 

polyanion present in the film is PSS leading to its significant contribution to the elastic 

properties of the film. When the molar fraction of PGA in the film increases from 0.5 to 

1, the elastic modulus of the film decreases linearly until a plateau at around 6×10-3 GPa 

from x = 0.8. Thus, the elastic properties of (PAH/PGAx-PSS1-x)n multilayer films 

evolves linearly with the molar fraction of PGA in the film between 0.5 and 0.8. 

 
Figure 5. Young´s Modulus of (PAH/PGAx-PSS1-x)n blended film as a function of the monomer 

molar fraction of PGA in the film.  

Overlap regime: comparison of AFM and Wrinkling Method results. There is a 

regime in a range around x = 0.7 where both techniques can be applied to measure the 

elastic modulus. Therefore, we present a direct comparison of elastic constants in Table 3. 

These results demonstrate a good agreement between both methods. As expected, since 

AFM is on the limit of its applicability, errors of the AFM measurements are large. But 

0.73 0.72 (1.4 ± 0.9)×10-1 

0.75 0.81 (7.4 ± 1.7)×10-3 

0.88 0.87 (4.7 ± 1.6)×10-3 

1.00 1 (6.7 ± 2.1)×10-3 
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the order of magnitude agrees with the wrinkling results, indicating that the results are 

method independent.  

Table 3. Young modulus of (PAH/PGAx-PSS1-x)n multilayer films for x = 0.71 and 0.73 as measured 

by wrinkling metrology and colloidal probe AFM. 

                                             Young’s Modulus (× 10-1 GPa) 

         x = 0.71  x = 0.73 RH (%) 

WM 1.9 ± 0.7 1.4 ± 0.9 56 

    

CP - AFM  2.2 ± 0.4 60 

 5.1 ± 1.6 4.4  ± 1.4 50 

 

In order to determine how strong our system responds to the humidity changes, we 

performed experiments with the colloidal probe technique in a humidity cell under 

controlled humidity conditions. The measurements were performed on samples with x = 

0.88. Data analysis was carried out by Asylum MFP 3D build-in software (v. 10102010) 

for nanoindentation.  

 

Figure 6. Evaluation of the elastic modulus E of the (PAH/PGA0.88-PSS0.22)n multilayer films as a 

function of relative humidities as measured by CP - AFM in the humidity cell. 

Figure 6 shows that at higher humidities the elastic modulus increases slowly with the 

decreasing humidity. The Young modulus changes from (8.7 ± 0.7) MPa to (19.2 ± 8.6) 

MPa when the RH decreases from 80 to 30%. Thus, the modulus value of (4.7 ± 1.6) MPa 

measured at 54% ambient humidity is in a good agreement with the modulus values 

obtained at controlled humidity (by comparing the modulus values between 80% and 

30% RH). At lower humidities, the modulus increases rapidly with the negligible changes 

in the humidity values. By reduction of the humidity from 17% to 13.5% to 12.5%, the 
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modulus increases from (60.0 ± 17.8) MPa to (307.6 ± 51.2) MPa and to (843.7 ± 94.8) 

MPa. 

 

Summary and Conclusions  

In this study, we have investigated the mechanical properties of (PAH/PGAx-PSS1-x)n 

multilayer films made from blended solutions of PGA and PSS. Using ATR-FTIR 

experiments, we first determined the relative composition in PGA and PSS inside the film 

as a function of x, the monomer molar fraction of PGA in the polyanion solution. We 

showed that with increasing the PGA molar fraction in the mixed PGA/PSS solution, the 

PGA molar fraction in the film increases almost linearly. To determine the elastic 

constants of (PAH/PGAx-PSS1-x), we used two techniques the wrinkling method and the 

colloidal probe AFM technique. We found that with increasing the PGA molar fraction in 

the mixed solution, the blended film become softer and the elastic modulus becomes three 

orders of magnitude smaller for x ≥ 0.75 compared to x ≤ 0.5. This system shows a 

transition at a mixing ratio of around x = 0.7. The elastic properties of (PAH/PGAx-

PSS1-x)n multilayer films can be tailored over a wide range from 0.7 GPa to 6 MPa only 

by changing monomer molar fraction of PGA in solution from 0.5 to 0.75. We also 

showed that for a given x the Young´s modulus of the blended film strongly depends on 

the humidity changes as demonstrated by means of the colloidal probe AFM in a 

humidity cell under controlled humidity conditions. For (PAH/PGA0.88-PSS0.22) film, 

the Young’s modulus increases from hundreds of MPa region at 12.5% RH to some kPa 

region at the 80% RH. 
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