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Abstract 

An atomic force microscope, employing the colloidal probe technique, was used to study the 

interactions between six different combinations of silane functionalized silica surfaces in NaCl and 

CaCl2 solutions. The surfaces consisted of monolayers of the apolar trimethoxy(octyl)silane, the 

positively charged (3-aminopropyl)trimethoxysilane and the negatively charged (3-

mercaptopropyl)trimethoxysilane. The interactions between the three symmetric systems, as well as 

between the three asymmetric combinations of surfaces, were measured and compared to calculated 

electrical double-layer forces. The results demonstrated that the long-range interactions between the 

surfaces in all cases were dominated by double-layer forces, while short-range interactions, including 

adhesion, were dominated by ion bridging forces in the cases where both interaction surfaces favored 

adsorption of calcium ions. The study thus also demonstrates how surface force studies in mono- and 

divalent salt solutions can be used as an analytical tool for probing specific functional groups on 

heterogeneous surfaces. 

1. Introduction  

Interactions between charged surfaces are of vital importance for the interpretation of numerous 

phenomena,1 such as clay swelling,2, 3 colloid stability,4, 5, 6 bio-membrane interactions7 and biological 

systems involving dissimilar surfaces. To a first approximation, the interactions between surfaces in 

many such systems are described by the DLVO theory, which includes electrical double-layer forces 

and van der Waals forces.8, 9 In this study, the strength and range of the van der Waals force is 

determined by the material properties, i.e., the dielectric properties, of the interacting surfaces and 

the media. However, for the electrical double-layer force, both the range and the magnitude are 

strongly dependent on the concentration and type of added ions. The strength of the double-layer 

force is determined by the surface charge densities and the surface potentials while the range is 

determined by the ionic strength. All these properties are affected by the addition of salt. However, 

beside the DLVO forces, the interaction between complex surfaces can also be affected by 

hydrophobic forces, hydration forces, polymer bridge forces and ion bridging forces.10 Here in 

particular, ion bridging forces will be dependent on the polarizability and valency of the added ions.11, 

12 
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Self-assembly techniques, such as the assembly of thiols on gold13, 14, 15, 16, 17 or silanes on silica18, 19, 

20, 21, 22, have been extensively used to fabricate monolayers with various functional terminal groups 

on different kinds of surfaces. In this study, we have made silane based monolayers of 

trimethoxy(octyl)silane, (3-aminopropyl)trimethoxysilane, and (3-mercaptopropyl)trimethoxysilane 

on silica microparticles attached to silica particles on atomic force microscopy cantilevers and on flat 

silica substrates by vapor-phase silanization. The three different monolayers represent surfaces of 

different hydrophobicity/hydrophilicity and of different charge, and the surface structures were 

characterized by atomic force microscopy (AFM) imaging and by contact angle measurements. By 

the atomic force microscope colloidal probe technique23, 24, 25 the interactions between the different 

surfaces in monovalent and divalent electrolyte solutions are investigated and compared to calculated 

electrical double-layer forces. By comparing the interactions between symmetric systems (similar 

surfaces) and asymmetric systems (dissimilar surfaces) surface potentials, surface charge densities 

and the degree of surface charge regulation is estimated.  Moreover, we also discuss adhesion forces 

between the different surface pairs in order to demonstrate how the presence of divalent ions can alter 

the interaction depending on the pairing of different functional groups on the two interacting surfaces. 

Finally we also discuss the existence of an inner and an outer charge layers and their effects on the 

ion induced bridging forces. 

 

2. Materials and Methods 

Materials. Electrolyte solutions were made by dissolving sodium chloride (NaCl, 99.5%, Sigma-

Aldrich) or calcium chloride (CaCl2, 96%, anhydrous, Sigma-Aldrich) in ion-exchanged water from 

a Milli-ROPls unit connected to a Milli-Q plus 185 system and filtered through a 0.2 m Millipak 

filter at 25 °C. The resistivity of the purified water was 18.2 M cm, and the organic content was 

less than 3 ppb. Trimethoxy(octyl)silane (96%), (3-aminopropyl)trimethoxysilane (APTES, 99%), 

and (3-mercaptopropyl)trimethoxysilane (95%) were purchased from Sigma-Aldrich, Denmark. 

Thermally oxidized silicon wafers with a 100 nm thick SiO2 layer were purchased from WaferNet, 

Inc. USA. Silica particles with a diameter of approximately 15 μm, used for the colloidal probe 

measurements, were purchased from Kisker Biotech, Germany. Rectangular silicon cantilevers 

(NSC15/Al BS, MikroMasch, Estonia) were used for atomic force microscope (AFM) image 

measurements. Rectangular tipless cantilevers (CSC37/TIPLESS/Cr-Au, MikroMasch, Estonia) with 

the approximate dimensions of 250 m in length, 32.5 m in width, and normal spring constants 

approximately 0.09 N/m were used for AFM force measurements. The spring constants of the 

cantilevers were determined by the Sader method26, 27 before attaching the silica particles on the 

cantilevers. 

Preparation of silane based monolayers on silica surfaces and silica particles. A silica particle was 

glued to the end of the cantilever with the assistance of an Eppendorf Micromanipulator (PatchMan 

NP 2), a Nikon Eclipse LV100ND microscope and a small amount of epoxy glue (Araldite, Rapid). 

The exact size of the particles was determined using a Nikon Eclipse LV100ND microscope, 

employing image analysis with Infinity Analyzer (Lumenera Corporation). The cantilevers with silica 

particles and the cut, sized, bare silica surfaces were cleaned in plasma (Harrick PDC-3XG, New 

York) for 40 seconds. After plasma cleaning, the cantilevers with silica particles and the silica 

surfaces were immediately transferred to a vacuum desiccator containing 0.5 ml of either 

trimethoxy(octyl)silane, (3-aminopropyl)trimethoxysilane, or (3-mercaptopropyl)trimethoxysilane in 
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a separate open vessel. The silane based monolayers, which are schematically illustrated in Figure 1 

and which from now on will just refer to as C8, NH2 or SH, respectively, were prepared by vapor 

phase deposition in a desiccator by using a vacuum pump for a few minutes to reduce pressure. The 

deposition time was 24 hours. After the deposition, the modified silica surfaces and the cantilevers 

were cleaned with toluene several times, followed by rinsing with ethanol several times, and then 

gently blow-dried with compressed air. The prepared silica surfaces and silica particles were used for 

AFM force measurements immediately after preparation.  

 

 

Figure 1. Molecular structure of trimethoxy(octyl)silane (C8) (A), (3-aminopropyl)trimethoxysilane 

(NH2) (B), and (3-mercaptopropyl)trimethoxysilane (SH) (C), and the corresponding schematic 

illustration of the silanes on silica on the bottom. 

Surface characterization. The contact angles of a water droplet placed on the bare silica surfaces and 

on silica surfaces modified by silanes were determined at the liquid-solid-air interface assessed by 

the sessile drop method at room temperature using an Attension Theta Lite tensiometer (Biolin 

Scientific, Finland). The water droplet (with a volume of 1 μL) was placed at the surfaces by a 

Hamilton syringe, and images of the droplet shape were obtained by a CCD-camera. The contact 

angles were then determined by fitting the Young-Laplace equation to the profile of the droplet. The 

reported contact angles were obtained at static conditions and are the mean values of the left and right 

contact angles. 

Images of the bare silica surface, the silica surfaces modified by silanes and the bare silica micro 

particle used for colloidal probe measurements, were determined by using a NanoWizard 3 AFM 

atomic force microscope (JPK instrument, Germany), operated in air using tapping mode. The 

surfaces were imaged using a scan size of 1x1 μm2 (500x500 nm2 for the silica micro particle). The 

JPK SPM data processing software was employed to analyze the recorded images.  

Surface forces. The force versus distance between silane modified silica probes and silane modified 

silica surfaces were measured by the atomic force microscope colloidal probe technique. Before each 

experiment, the cantilever holder, O-rings and all other tools were cleaned by immersion in 2% 

Hellmanex (Hellma GmbH) solution for approximately 1 hour. They were then rinsed several times 

with Milli-Q water and blow-dried with compressed air. The surface forces between the six different 

surface pairs (C8-C8, C8-NH2, C8-SH, NH2-NH2, SH-SH and SH-NH2) were measured in 1 mM 

NaCl and in 1 mM CaCl2. The pH of the solutions were measured with a 827 pH lab (Metrohm, 
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Switzerland). The pH of 1 mM NaCl and in 1 mM CaCl2 are 5.69 and 5.64, respectively. All surface 

force measurements were performed at a constant approach and separation velocity of 2 μm/s, and to 

check for possible surface inhomogeneities and local effects, 70 force curves were recorded in each 

case at a regular spacing over a 2 × 2 μm2 area. The reproducibility of consecutive force curves are 

demonstrated in Figure S3 and S4 in the supporting information. 

DLVO calculations. The DLVO theory is based on the assumption that the total force between 

colloidal particles is the sum of the electrical double-layer force and the van der Waals forces and is 

employed to explain colloidal stability in aqueous media and how stability is affected by the addition 

of salt.8 24 The theoretical electrostatic double-layer force was calculated within the non-linear 

Poisson–Boltzmann approximation using either constant charge or constant potential boundary 

conditions. Since no analytical solutions exist for the non-linear Poisson–Boltzmann equation 

numerical solutions are found through a stepwise process. The procedure for these calculation is 

described in detail elsewhere.28 In addition to the electrical double-layer force, the van der Waals 

force between the spherical probe and the flat surface was calculated as 10 

𝐹 =
𝐴𝑅

6 𝐷2
  (1) 

where A is the Hamaker constant and D is the surface separation. For silica surfaces in electrolyte 

solutions a non-retarded Hamaker constant of 6.3 x 10-21 J has previously been used29. However, as 

will be discussed later, surface roughness will effectively suppress the effective van der Waals force 

measured over a separation distance similar to the magnitude of the amplitude roughness parameter. 
30   

Comparisons between experimentally obtained force-distance curves and DLVO calculations thus 

allow us to determine the surface potentials and surface charge densities at large separation.  

 

3. Results and Discussion 

3.1 Surface characterization 

AFM topographical images of the surfaces are shown in Figure 2. While certain structures are 

observed at the nanometer scale, the surfaces appear homogeneous on larger length scales. Further, a 

roughness analysis reveals that all surface layers have a similar degree of smoothness as the uncoated 

silica substrate (see Table 1). Thus, although a degree of polymerization might be expected in the 

silanization process,31, 32, 33 no larger structures are formed on the surfaces. However, while the three 

different monolayer surfaces appear rather similar from the topography images, water contact angle 

measurements reveal their different surface chemistry (see values in Table 1). The C8 surface is 

characterized by the highest contact angle value due to the apolar nature of the alkyl chains, while the 

NH2 and SH surfaces are more hydrophilic due to expected ionization of the functional groups. The 

surface of the silica micro particle used for the colloidal probe measurements was also imaged by 

AFM (see Figure S1 in the supporting information). After flattening of the image to correct for the 

surface curvature the Rq-value was determined to approximately 6 nm which as expected is 
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significantly higher than the roughness of the oxidized silicon wafer.  This is important for our further 

analysis since it recently has been demonstrated that surface roughness can significantly affect the 

appearance of the surface forces measured by the colloidal probe technique.30 For our case, it mean 

that the van der Waal forces will be suppress since the effective plane of zero separation will be 

located cannot be reached due to hard-wall repulsion between surface asperities of the probe and the 

flat surface.  The electrical double layer force will not be affected in the same way as this force is 

more long-ranged. However, we note that the surface roughness might also influence the appearance 

on the electrical double layer force at short separations.  

 

Figure 2. AFM topographical images of bare silica (A), C8 (B), NH2 (C) and SH (D) recorded in air. 

The image size is 1×1 μm2.  

Table 1. Surface roughness (Rq) values determined by AFM tapping mode in air and water contact 

angles determined by the sessile drop method at room temperature for bare and silanized silica 

surfaces. 

 Silica C8 NH2 SH 

Rq (nm) 0.18 0.21 0.25 0.26 

Water contact angle (°)  26 ± 1 82.6 ± 1 64 ± 2 47.5 ± 3 

 

3.2 Surface forces 
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By employing the AFM colloidal probe technique, we have measured the surface forces between the 

six combinations of surfaces with different surface chemistry (C8-C8, NH2-NH2, SH-SH, C8-NH2, 

C8-SH, SH-NH2) in 1 mM NaCl and in 1 mM CaCl2. In the following sections we will discuss the 

forces measured on approach (non-contact forces) and on separation (adhesion) and in the two 

different salt solutions separately, before summarizing the different results.  

3.2.1 Non-contact forces in NaCl 

Figure 3 shows representative approach force curves for the six combinations of surfaces, measured 

in the 1 mM NaCl solution. The force curves are, in each case, presented together with the calculated 

electrical double-layer force, which assume either constant charge (red curves) or constant potential 

(blue curves) boundary conditions. The Debye lengths (κ-1), surface potentials (ψ), and surface charge 

densities (σ) of the surfaces used for the electrical double-layer force calculations in each case are 

presented in Table 2. 
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Figure 3. Force normalized by radius as a function of separation between silane modified silica 

particle and silane modified silica surface for C8-C8 (A), NH2-NH2 (B), SH-SH (C), C8-NH2 (D), 

C8-SH (E), SH-NH2 (F) across 1 mM NaCl. Black symbols represent data obtained on approach. The 

upper red and lower blue lines are the fitted electrical double-layer force using constant charge and 

constant potential boundary conditions, respectively. The fitted Debye-length of 9.6 nm corresponds 

to a salt concentration of 1 × 10-3 M (1:1 electrolyte). 
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Table 2. Parameters used in electrical double-layer force calculation of surfaces in 1 mM NaCl  

 

The results in Figure 3A, B and C show the forces between the symmetric systems, C8-C8, NH2-NH2, 

and SH-SH. The NH2-NH2 and SH-SH systems show a long-ranged repulsion over the entire range 

of interactions, while the C8-C8 shows a long-ranged repulsion and a short-ranged attraction, where 

the latter is interpreted as a hydrophobic attraction between the alkyl chains.34, 35 However, for all 

three cases, the long-ranged repulsion fits electrical double-layer interactions, and due to the 

symmetric nature of the systems, the double-layer forces can be calculated by a single value of the 

surface potential in each case. It should be noted that we solely based on fittings of double-layer 

forces for the symmetric systems cannot determine whether a surface potential is positive or negative. 

However, when coupled with knowledge about the chemical composition of the surface groups and 

the measurements of the asymmetric systems the signs are for the studied surfaces are easily deduce. 

By this approach, we find that the C8 surface has a surface potential of -8 mV and a surface charge 

density of 5.8×10-4 C/m2, and we suggest that this surface charge originates from the dissociation of 

unreacted hydroxyl groups on the silica surfaces. When compared to the surface potential and surface 

charge density,  -44 mV 3.6×10-3 C/m2, respectively, obtain for the interaction between bare silica 

surfaces (see Figure S2 in the supporting information), it suggest that 10-20 % of the hydroxyl groups 

remains after the silanization step.  For the NH2-NH2 system and the SH-SH system, our 

measurements reveal effective surface potentials of +8 mV and -11 mV and effective surface charge 

densities of 5.8×10-4 and 8.0 ×10-4 C/m2, respectively. It should here be noted that for the NH2 

surfaces and the SH surfaces, we term these properties as effective surface potentials and effective 

surface charge densities, respectively, since we are aware that these surfaces might be composed of 

both charges originating from dissociation of unreacted hydroxyl groups on the silica surfaces (as for 

the C8 surfaces) and of charges from ionization of the functional groups (NH2 and SH). As it will 

become clear later, it appears to make a difference whether the charges are located at the silica surface 

or among the functional groups. Here, we thus refer to the charges localized near the silica surfaces 

as the inner charged layer and to the charges originating from ionization of NH2 and SH as the outer 

charged layer.           

Figure 3D, E and F show the forces between the asymmetric systems, C8-NH2, C8-SH and SH-NH2. 

For the C8-NH2 system we observed a long-ranged attractive force in qualitative agreement with the 

predictions for electrical double-layer forces between oppositely charged surfaces. Further, the 

electrical double-layer force calculations fits with surface potentials of -8 mV and +8 mV, which are 

identical to the values found in the corresponding symmetric systems. For the C8-SH system we 

observed a long-ranged repulsive force in qualitative agreement with the predictions for a double-

layer force between dissimilar surfaces with surface potential of the same sign. Again, the electrical 

double-layer force calculations fits with values of the surface potentials that are identical to the values 

 
C8-C8 NH2-NH2 SH-SH C8-NH2  C8-SH SH-NH2 

C8 NH2 SH C8 NH2 C8 SH SH NH2 

κ-1 (nm) 
9.6 9.6 9.6 9.6 9.6 9.6 9.6 9.6 9.6 

ψ (mV)  
-8  +8 -11 -8 +8 -8 -11 -14  +14 

σ (C/m2) 
5.8×10-4 5.8×10-4 8.0×10-4 5.8×10-4 5.8×10-4 5.8×10-4 8.0×10-4 1.0×10-3 1.0×10-3 
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found in the corresponding symmetric systems. Finally, for the SH-NH2 system we observe a long-

ranged attractive force that is in qualitative agreement with the predictions for the double-layer force 

between dissimilar surfaces with surface potential of the opposite sign. Here, the electrical double-

layer force calculation reveals values of the effective surface potentials of -14 mV and +14 mV, 

respectively, which corresponds to an effective surface charge densities of 1.0 ×10-3 C/m2 for both 

surfaces. In contrast to the C8-SH and the C8-NH2 systems, these values are both significantly higher 

than the values found in the corresponding symmetric system, and it is thus clear that the SH surface 

is becoming more negatively charged and that the NH2 surface is becoming more positively charged 

relative to what we observed for the symmetric systems. Such an extra charge regulation mechanism 

is further in agreement with another observation from Figure 3F, namely, that the experimental force 

curve seems to be much better described with the constant potential boundary conditions than by the 

constant charge boundary conditions.36 Since we do not observe this extra strong charge regulation 

for the C8-NH2 system, which also showed an attractive double-layer force, we suggest that this is 

due to the different ability for charge regulations in the inner and in the outer charge layers. The 

negative charges on the C8 surface are localized behind the alkyl chains near the silica surface, which 

apparently hampers charge regulation. Oppositely, the result for the SH-NH2 system indicates that 

charge regulation is more likely to occur for two surfaces with outer charged layers.     

 

3.2.2 Non-contact forces in CaCl2  

Figure 4 shows representative approach force curves for the six combinations of surfaces, measured 

in 1 mM CaCl2 solution. In each case, the force curves are presented together with calculated electrical 

double-layer force, which assume either constant charge (red curves) or constant potential (blue 

curves) boundary conditions, and the parameters from the electrical double-layer force calculations 

are presented in Table 3. 
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Figure 4. Force normalized by radius as a function of separation between silane modified silica 

particle and silane modified silica surface: C8-C8 (A), NH2-NH2 (B), SH-SH (C), C8-NH2 (D), C8-

SH (E), SH-NH2 (F) across 1 mM CaCl2. Black symbols represent data obtained on approach. The 

upper red and lower blue lines are the fitted electrical double-layer force using constant charge and 

constant potential boundary conditions, respectively. The fitted Debye-length of 5.6 nm corresponds 

to a salt concentration of 1 × 10-3 M (2:1 electrolyte). 

Table 3. Parameters used in electrical double-layer force calculation of surfaces in 1 mM CaCl2 
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Before describing the measured forces in the six different situations, we will briefly discuss how 

changing the salt from NaCl to CaCl2 can change the long-ranged and short-ranged forces between 

charged surfaces. Compared to a monovalent ion, Ca2+ will be more prone to adsorb to a negatively 

charged surface and have the ability to reduce, or even reverse, the effective surface charge.37 Thus 

for our systems, the addition of Ca2+ could potentially have an effect on the C8 and the SH surfaces, 

which are both negatively charged but also potentially on the NH2 surface, which is expected to carry 

negative charges in the inner charge layer and positive charges in the outer charge layer. Finally, 

slightly lower surface potentials are expected in 1 mM CaCl2 compared to in 1 mM NaCl due to the 

higher ionic strength. All of the above mentioned effects are thus expected to lead to weaker long-

ranged double-layer forces. Finally, with respect to short-ranged forces, it is expected that short-

ranged attractive ion bridging forces can occur between two surfaces that both are prone to adsorption 

of Ca2+ ions. With this in mind, we will now discuss our experimental results. 

Figure 4A, B and C show the results of the interactions between the symmetric systems, C8-C8, NH2-

NH2, and SH-SH, and long-ranged repulsive forces, which can be fitted by the electrical double-layer 

force, are observed in all three cases. For the C8-C8 systems in 1 mM NaCl, a short-ranged attraction 

attributed to hydrophobic interactions between the alkyl chains and this is also observed in CaCl2. 

For the NH2-NH2 system, the force is also repulsive in the entire measured range. However, for the 

SH-SH system, the repulsive force is replaced by an attraction at a separation distance of 

approximately 4 nm, and we assign this to a bridging force mediated by Ca2+ adsorbed to the SH 

surfaces. This adsorption of Ca2+ is further evidenced by the huge drop in surface potential observed 

when going from NaCl to CaCl2. A drop of a similar magnitude is not observed for the NH2 surface 

and thus cannot solely be explained by the increased ionic strength. For the C8-C8 systems, a 

significant drop in surface potential is also found, but no indication of bridging forces induced by 

Ca2+ is observed here. We suggest that this is related to the difference between having Ca2+ adsorbed 

to the inner or the outer charge layer, and we will return to this when we discuss the results of the 

retraction force curves.     

Figure 4D, E and F show the forces between the asymmetric systems, C8-NH2, C8-SH and SH-NH2. 

For the C8-NH2 system, the force curve is dominated by a long-ranged repulsion that is in qualitative 

agreement with the expected double-layer interaction between two oppositely charged surfaces. As 

in the case of the C8-NH2 system in NaCl, the surface potentials are, in the presence of CaCl2, 

identical to the values obtained for the symmetric systems, which indicates that no significant extra 

charge regulation is taking place. For the C8-SH system, the attraction interpreted as Ca2+ induced 

 
C8-C8 NH2-NH2 SH-SH C8-NH2  C8-SH SH-NH2 

C8 NH2 SH C8 NH2 C8 SH SH NH2 

κ-1 (nm) 
5.6 5.6 5.6 5.6 5.6 5.6 5.6 5.6 5.6 

ψ (mV)  
-4 +6 -5 -4 +6 -4 -5 -13 +13 

σ (C/m2) 
3.9×10-4 5.8×10-4 4.8×10-4 3.9×10-4 5.8×10-4 3.9×10-4 4.8×10-4 7.3×10-4 7.3×10-4 
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bridging forces are observed at a separation shorter than 10 nm, while only a weak interaction is 

observed at larger separation. However, the long-ranged forces are in apparent agreement with a weak 

double-layer repulsion found by using the values for the surface potential found for the symmetric 

systems. Finally, for the SH-NH2 system, a long-ranged attraction, which is in qualitative agreement 

with the expectation for the double-layer interaction between two oppositely charged surfaces is 

observed. For the SH-NH2 system, the calculated surface potentials in CaCl2 are also significantly 

higher than the values found for the symmetric systems, and the interaction also here seems to be 

better described by the constant potential boundary conditions than by the constant charge boundary 

conditions. This again suggests a strong extra charge regulation when these surfaces with oppositely 

charged outer layers are approaching each other. 

3.3 Adhesion forces 

Figure 5  and 6 show representative retraction force curves for the symmetric systems and asymmetric 

systems, measured in 1 mM NaCl solution and in 1 mM CaCl2 solution, respectively, while the mean 

adhesion forces based on 70 consecutive force curves are provided in Table 4. In the following, we 

will compare the adhesion in NaCl and in CaCl2 for each set of surfaces and discuss the results in 

relation to the approach force curves for the same systems. 

For the C8-C8 system, a strong adhesion is observed in both NaCl and in CaCl2 that is in agreement 

with the short-ranged hydrophobic attraction observed in the approach force curves. The mean 

adhesion force is slightly higher in CaCl2 compared to in NaCl, which might indicate a small 

contribution from ion bridging to the total adhesion force. However, as discussed in relation to the 

approach force curve, we speculate that ion bridging is hampered by the fact that Ca2+ is adsorbing 

to the inner charge layer and that ion bridging thus is sterically hindered by the alkyl chains. For the 

two other symmetric systems, we observe rather different results. For the NH2-NH2 system where the 

surfaces are positively charged and no Ca2+ adsorption is expected, the forces in both NaCl and in 

CaCl2 are purely repulsive and no adhesion is observed. For the SH-SH system, the forces in NaCl 

are purely repulsive and no adhesion is observed. However, in CaCl2 where the drop in surface 

potential indicated Ca2+ adsorption, ion bridging is now also observed in terms of significant contact 

adhesion. In addition to the contact adhesion, some more long-ranged secondary adhesion events are 

also observed. We interpret these secondary adhesion events as an indication that some degree of 

polymerization in the silane layer has occurred during the surface modification. 

Finally, we have the three asymmetric systems, C8-NH2, C8-SH and SH-NH2, where both non-

specific binding, electrostatic interactions and ion bridging are involved. For the C8-NH2 system, we 

observe a relatively strong and similar contact adhesion in NaCl and CaCl2. Based on the knowledge 

about the surface chemistries and the long-ranged attraction observed in the approach force curves, 

we expect this adhesion to be mainly of electrostatic origin but with some contribution from non-

specific binding between the alkyl chains and the NH2-silane surface. No ion bridging is expected or 

observed for this system. For the C8-SH system in NaCl, a weak contact adhesion is observed despite 

the purely responsive force observed in the approach force curve. We assign this adhesion to non-

specific binding between the alkyl chains and the SH-silane surface. While the mean value of the 

contact adhesion is not increased in CaCl2, clear secondary adhesion events that indicate ion bridging 

between polymerized SH-silane and the C8 surface are observed. For the SH-NH2 system in NaCl, a 

strong contact adhesion that is expected to mainly be of electrostatic origin is observed. In the 
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presence of CaCl2 a slightly stronger contact adhesion and clear secondary adhesion events are 

observed, although one should not expect ion bridging between a positively and a negative charged 

surface. However, here we recall that the NH2 surface might consist of a positively charged outer 

layer and a negatively charged inner layer. Thus, ion bridging might occur between the outer charged 

layers of the SH surface and the inner charged layer of the NH2 surface at the same time as direct 

electrostatic interactions are taking place between the two outer charged layers.       
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Figure 5. Retraction force curves for the surface pairs: C8-C8 (A), NH2-NH2 (C), SH-SH (E) across 

1 mM NaCl (left), and C8-C8 (B), NH2-NH2 (D), SH-SH (F) across 1 mM CaCl2 (right). 70 force 

curves were collected in each system. The inset shows the number of events vs. adhesion forces. 

Figure 6. Retraction force curves for the surface pairs: C8-NH2 (A), C8-SH (C), SH-NH2 (E) across 

1 mM NaCl (left), and C8-NH2 (B), C8-SH (D), SH-NH2 (F) across 1 mM CaCl2 (right). 70 force 

curves were collected in each system. The inset shows number of events vs. adhesion forces. 
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Table 4. Mean values of the adhesion forces (in units of (mN/m)) in 1 mM NaCl and 1 mM CaCl2. 

The mean values are based on values from 70 individual force curves and the uncertainties represent 

the standard deviations.   

 

4. Summary and Conclusions 

In this study, we have prepared three different silane based monolayers on silica particles attached to 

AFM cantilevers and on flat silica substrates. The trimethoxy(octyl)silane (C8) monolayer is apolar, 

but the surface layer carries an effective negative charge in water due to dissociation of unreacted 

hydroxyl groups on the silica surface. In this work, we are referring to these charges sitting behind 

the monolayer as the inner charge layer. The (3-aminopropyl)trimethoxysilane (NH2) and the (3-

mercaptopropyl)trimethoxysilane (SH) monolayers are carrying positive and negative effective 

charges, respectively, as a result of ionization of the functional group in the two monolayers. However, 

for these two surfaces we note that the total effective charge might be composed of inner and outer 

charged layers, which means the NH2 surface can be expected to carry both positive charges (in the 

outer charged layer) and negative charges (in the inner charged layer), while the SH surface can be 

expected to carry negative charges both in the outer and in the inner charged layers.        

Next, we measured the surface forces between the three symmetric systems (similar surfaces) and the 

three asymmetric systems (dissimilar surfaces) in 1 mM NaCl and in 1 mM CaCl2, and in the analysis 

of the force curves we focused on the long-ranged electrical double-layer forces and the short-ranged 

adhesion forces. In this experiment, we observed repulsive double-layer forces for the three 

symmetric systems (C8-C8, NH2-NH2 and SH-SH) and for the asymmetric system, C8-SH, in both 1 

mM NaCl and in 1 mM CaCl2. For all the cases, the experimental force curves were between the 

double-layer forces calculated with constant potential boundary conditions and the double-layer 

forces calculated with constant surface charge boundary conditions, which means that both the 

surface charges and the surface potentials are regulated as the surfaces are approaching each other. 

We also observed double-layer forces corresponding to significantly lower surface potentials in 1 

mM CaCl2 compared to in 1 mM NaCl, which indicates adsorption of calcium ions to the C8 and SH 

surfaces. For the two remaining asymmetric systems (C8-NH2 and SH-NH2) we observed attractive 

double-layer forces both in 1 mM NaCl and in 1 mM CaCl2. In this instance, it was interestingly 

observed that when the experimental force curves were compared to the calculated double-layer 

forces, the surface potential of the C8 and the NH2 surfaces in the C8-NH2 system were identical to 

the surface potentials found for the symmetric systems C8-C8 and NH2-NH2, while the surface 

potentials for the SH and NH2 surfaces in the SH-NH2 system were significantly larger than found in 

the symmetric systems SH-SH and NH2-NH2. Further, the functional form of the experimentally 

observed double-layer force for the SH-NH2 system appear to be much better described by a double-

layer force calculated using constant potential boundary conditions than by a double-layer force 

 C8-C8 NH2-NH2 SH-SH C8-NH2 C8-SH SH-NH2 

1 mM NaCl  -1.7 ± 0.12  0 0 -0.83 ± 0.22 -0.17 ± 0.03 -1.32 ± 0.10 

1 mM CaCl2  -1.97 ± 0.15 0 -0.21 ± 0.02 -0.81 ± 0.18 -0.15 ± 0.02 -1.54 ± 0.12 
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calculated using constant surface charge boundary conditions. These observations indicate that a 

significant extra charge regulation is taking place in the case of interaction between oppositely 

charged outer charge layers.        

From the signs of the surface charge, adsorption of calcium ions were expected for the C8 and SH 

surfaces which were confirmed by the significant decrease in surface potential observed for the C8-

C8 and the SH-SH systems when going from 1 mM NaCl to 1 mM CaCl2. Thus, based on this simple 

consideration, ion bridging forces in the presence of calcium ions could be expected for the C8-C8, 

SH-SH and C8-SH systems but not for the NH2-NH2, C8-NH2 and NH2-SH systems. In agreement 

with these expectations, we observe a clear indication of ion bridging forces for the SH-SH and C8-

SH systems and a weak indication of ion bridging forces for the C8-C8 system, and we speculate that 

ion bridging forces mediated by adsorption of calcium ions to the inner charge layer are sterically 

hindered by the alkyl chains on the C8 surface. Further, as expected, we do not observe ion bridging 

forces for the NH2-NH2 and the C8-NH2 systems, while we do observe ion bridging for the NH2-SH 

system. In this study, we should recall that the NH2 surface consists of a positively charged outer 

layer and a negatively charged inner layer. Thus, we suggest that some degree of ion bridging can 

occur between the inner charged layer on the NH2 surface and outer charged layer on the SH surface. 

Based on our results, we suggest that measurements of surface forces between surfaces with different 

functional groups in the presence of ions with different valency can be used as a physical tool for 

qualitative identification of the presence of different functional groups on the surfaces and thus work 

as a supplement to spectroscopic tools where direct chemical information can be obtained. 
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