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When two surfaces interact across colloidal dispersions, oscillatory structural forces often arise due to an ordering of colloidal particles. Although this type of forces was intensively studied, the effect of the surface charge of the colloidal particles is still poorly understood. In the present study, the surface charge of colloidal particles is varied by changing the ratio of nonionic (Tween20) and anionic (sodium dodecyl sulfate, SDS) surfactants of micellar dispersions. The same micellar systems were previously characterised with small-angle neutron scattering (SANS) by the authors, revealing that mixed nonionic-anionic surfactant micelles with variable surface charge form. The present paper addresses the ordering phenomena of the micellar systems under confinement. Therefore, forces across these dispersions were measured for varying surface charges and volume fractions of the micelles, using colloidal-probe atomic force microscopy (CP-AFM). The combination of SANS and CP-AFM experiments allows the dispersions structure in bulk and under geometrical confinement to be compared in terms of the characteristic interparticle distance, correlation length, and ordering strength: In bulk and under confinement, the characteristic intermicellar distance increases by introducing surface charges to micelles until the electrostatic repulsion forces the micelles into a specific ordering. There, the characteristic intermicellar distance purely relates to the micelle volume fraction ϕ as ∝ ϕ−1/3. While in dispersions of uncharged micelles the characteristic intermicellar distance is reduced from bulk to confinement, no such compressibility is observed once the micelles are charged. Furthermore, variation of the micelles surface charge has only little effect on the correlation length of the micelles ordering which is mainly governed by hard-sphere interactions, especially in concentrated dispersions. Introducing surface charges, however, enhances the ordering strength (i.e., the amplitude) of oscillatory structural forces due to stronger electrostatic repulsions of the micelles with the equally charged confining surface. This surface-induced effect is not represented in bulk scattering experiments.
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1 INTRODUCTION
Oscillatory structural forces are an interesting phenomenon that may arise between two surfaces interacting across colloidal dispersions. Applications in life sciences and engineering often comprise geometrically confined colloidal dispersions in which oscillatory structural forces may be present, such as interacting biomembranes (Kanduč et al., 2017) or surface wetting phenomena (Nikolov and Wasan, 2014). The colloidal particles take a near-ranged ordering in bulk. Close to a macroscopic surface they show an oscillating density profile. When two surfaces approach each other and the oscillating density profiles overlap, the colloidal particles deplete from the forming slit pore between the confining surfaces. Expulsion of particles leads to an osmotic mismatch between the confined region and the bulk reservoir. As a result, an oscillating attractive-repulsive force profile arises upon surface approach. At low particle concentrations only the attractive part, the well-known depletion attraction, occurs (Asakura and Oosawa, 1954; Kralchevsky et al., 2015).
Oscillatory structural forces in dispersions of charged colloidal particles were extensively studied for ionic micelles (Nikolov and Wasan, 1989; Bergeron and Radke, 1992; Richetti and Kékicheff, 1992; McNamee et al., 2004; Tulpar et al., 2006; Tabor et al., 2011a; Tabor et al., 2011b; James and Walz, 2014; Ochoa et al., 2021), polyelectrolytes (Milling and Vincent, 1997; Klitzing et al., 1999; Qu et al., 2006; Biggs, 2010; Üzüm et al., 2011; Browne et al., 2015; Moazzami-Gudarzi et al., 2017; Kubiak et al., 2020), and solid nanoparticles (Piech and Walz, 2002; Piech and Walz, 2004; Drelich et al., 2006; Zeng et al., 2011; Schön and von Klitzing, 2018; Ludwig and von Klitzing, 2021); experimental evidence for oscillatory structural forces in dispersion of uncharged particles is available for aqueous solutions of nonionic surfactants (Basheva et al., 2007; Christov et al., 2010) and latex particles (Basheva et al., 1997; Crocker et al., 1999).
Furthermore, dispersions containing multiple components were investigated. When mixing the uncharged triblock copolymer Pluronic F108 with anionic sodium dodecyl sulfate (SDS) surfactants, both components form complexes that lead to a depletion attraction (Tulpar et al., 2007). Other research reports on the mixing of negatively charged silica nanoparticles with anionic poly (acrylic acid) (PAA) polyelectrolytes (Ji and Walz, 2013), where each component is able to induce oscillatory structural forces on its own. More pronounced oscillatory structural forces occur due to the adsorption of polymers onto the nanoparticles–although both components carry the same charge (Ji and Walz, 2015). Recent work reports on a depletion attraction induced via formation of mixed micelles from nonionic Pluronic P123 triblock-copolymers and SDS (Lele and Tilton, 2020).
Oscillatory structural forces across dispersions containing uncharged particles are theoretically described by statistical mechanics (Henderson, 1988) and density functional theory (Roth et al., 2000). There, the particles interact via a hard-sphere potential. These theories led to the development of semiempirical analytical expressions (Kralchevsky and Denkov, 1995; Trokhymchuk et al., 2001) using scaled particle theory (Lebowitz, 1964; Carnahan and Starling, 1969). The expressions derived for hard-sphere interactions do not apply to charged particles because the oscillatory structural force is strongly affected by the long-ranged electrostatic interactions between the particles. The wavelength λ of the force oscillations scales with the particle number density np as [image: image] indicating purely geometrical packing effects. This inverse cubic root scaling law allows to determine the aggregation numbers of various ionic surfactants (Danov et al., 2011; Anachkov et al., 2012) and the diameters of charged solid nanoparticles (Ludwig et al., 2019). The question arises if this scaling law is universal for all charged particles or if it changes with the surface charge of the particles. Recently, (Kralchevsky et al., 2015), reviewed theories of oscillatory structural forces in dispersions of charged and uncharged particles elucidating that the transition point between uncharged and charged particles is still poorly understood, experimentally as well as theoretically.
Charged solid nanoparticles are inappropriate candidates to study the transition point between charged and uncharged particles because their material properties determine the surface charge. Addition of salt or modifications in pH alter the effective surface charge density, but always affecting the background ionic strength. Agglomeration of the charge-stabilised particles occurs at high ionic strength making it impossible to study uncharged nanoparticles.
To overcome these challenges, the present article systematically studies mixtures of uncharged and charged surfactants at different ratios in the form of self-assembled micelles with variable surface charge. This approach seems particularly promising since the system builds on a known hard-sphere-like fluid and surface charges are subsequently introduced. The main system of interest is composed of the nonionic surfactant Tween20 and the anionic surfactant SDS. Moreover, the well-known nonionic surfactant BrijL23 is investigated to allow comparison with Tween20. Size and shape of individual micelles, the micellar surface charge and bulk ordering in micellar dispersions were previously obtained from small-angle neutron scattering (SANS) experiments (Ludwig et al., 2021). Here, colloidal-probe atomic force microscopy (CP-AFM) probes the oscillatory structural forces across these micellar dispersions. Correlations between the bulk nanostructure and oscillatory structural forces are discussed regarding micellar volume fraction and surface charge of the individual micelles. It is demonstrated how the doping of initially uncharged surfactant micelles enables a precise adjustment of oscillatory structural forces.
2 EXPERIMENTAL SECTION
2.1 Materials
The nonionic surfactants Tween20 (also known as polysorbate 20, Figure 1A) and BrijL23 (C12E23, previous brand name: Brij-35, Figure 1B) were purchased from Sigma Aldrich (Darmstadt, Germany). The anionic surfactant sodium dodecyl sulfate (SDS, ultrapure, Figure 1C ) was purchased from PanReac AppliChem (Darmstadt, Germany).
[image: Figure 1]FIGURE 1 | The molecular structures and schematic drawings of the surfactants used in this study: (A) nonionic Tween20, (B) nonionic BrijL23, and (C) anionic SDS. The hydrophobic alkyl chains are highlighted in red. The hydrophilic headgroups are highlighted in blue and green for nonionic EO groups and the anionic sulfate group, respectively. Taken from (Ludwig et al., 2021).
Ultrapure water (milliQ-grade, 18.2 MΩ cm resistivity, Merck, Darmstadt, Germany) was used throughout the whole study. All chemicals were used without further purification. Before use, all glassware was cleaned by soaking in aqueous Hellmanex III (Hellma Analytics, Müllheim, Germany) solution for at least 1 h and rinsing with large amounts of water. The mixed surfactant systems were prepared by mixing Tween20 and SDS stock solutions. Four different mixing ratios of SDS and Tween20 were prepared. The mixing ratio X is defined as X = [SDS]/([SDS] + [Tween20]). The composition ranges from X = 0.00 (pure nonionic surfactants) up to X = 0.35 (a proportion of 35 mol% of anionic SDS surfactants). The samples were prepared 3 days before each experiment to allow sufficient dissolution.
2.2 Colloidal Probe Atomic Force Microscopy (CP-AFM)
2.2.1 Substrate and Colloidal Probes
Silicon wafers (Soitec, Bernin, France) were used as substrates. Prior to the experiments, the wafers were cleaned with Piranha solution, using a 1:1 (vol:vol) mixture of hydrogen peroxide (30%, Th. Geyer, Renningen, Germany) and sulphuric acid (96%, Carl Roth, Germany). Afterwards, the wafers were rinsed with large amounts of water and dried in a nitrogen stream. Non-porous silica particles (Bangs Laboratories, Fishers, United States) with a diameter of 5 μm were used as colloidal probes. One particle was glued (UHU Endfest Plus 300, UHU, Bühl, Germany) to the end of a tipless rectangular cantilever (SD-qp-SCONT-TL, Nanosensors, Neuchatel, Switzerland) using a three-dimensional microtranslation stage. Immediately before the experiment, both, cantilever and substrate, were exposed to oxygen plasma (Diener Femto, Ebhausen, Germany) to remove all organic impurities.
2.2.2 Force Measurements
Force measurements were carried out using a Cypher ES atomic force microscope (Asylum Research, Santa Barbara, United States). Before each experiment, the spring constant of the cantilever was determined as 0.012–0.020 N m−1 using the method described by (Sader et al., 1999). After calibration, cantilever and substrate were completely immersed into the micellar dispersion. The temperature was set to 20.0°C via a cooler-heater sample stage and left to equilibrate for at least 30 min. The cantilever deflection was measured as a function of the z-piezo position. Using Hooke’s law, the cantilever deflection was converted into force. To convert the raw data into force F versus separation h curves (in the following described as force profiles), well-known algorithms are used (Ducker et al., 1991; Butt et al., 2005; Ralston et al., 2005). The Derjaguin approximation was used to normalise the measured force F against the effective radius Reff. For a planar plate–sphere geometry, Reff is simply the colloidal probe radius R. The resulting force is, therefore, in the following described as [image: image].
The starting point of each measurement was set to 500 nm with an approach-retraction velocity of typically 50 nm s−1. For very viscous samples (pure Tween20 dispersions at all concentrations and Tween20-SDS mixtures with [c = 146 mM, X = 0.12], [c = 218 mM, X = 0.12], and [c = 224 mM, X = 0.24]), that velocity was reduced to 10 nm s−1. At these velocities, the hydrodynamic force on the cantilever is negligibly small. The surfaces were assumed to be in contact once the normalised force exceeds 0.4 mN m−1 (constant compliance region). For each system, at least 30 individual force profile were time averaged (binomial smooth, 103 points) to ensure reproducibility and to substantially increase the force resolution.
2.2.3 Fitting of Interaction Forces Between Two Macroscopic Surfaces
The normalised interaction forces [image: image] between two surfaces at separations h are described by the oscillatory structural force Fosc
[image: image]
with the amplitude A, the decay length ξ, and the wavelength λ. The parameter h′ corrects for the offset of the structural force. The fit parameters of the oscillatory structural force may vary so that the fit parameters are not independent of the fit region (Schön and von Klitzing, 2018). To account for this, the starting point of the fit is varied over the stable part of the first force oscillation. Error bars refer to the standard deviations of all individual fits with different starting points in the force profile.
Typically, van der Waals forces are taken into account describing the interaction forces. They are neglected in the following analysis, since they are small and short ranged and do not affect the interactions under the studied conditions. We also neglect double layer forces between the confining surfaces in this study, because they do not influence the force profile at surface separations above the first maximum of the oscillatory force profile.
The surfaces are expected to be in contact at a force of 0.4 mN m−1 in order to achieve a stable contact region. In the presence of nonionic surfactants, adsorption of surfactant onto the confining surfaces may occur (Grant et al., 1998). The absolute values of the surface separation h should, therefore, be treated with care.
3 RESULTS AND DISCUSSION
First, the main properties of the micellar dispersions (Section 3.1) are revised. Direct force measurements across these dispersions (Section 3.2) are then presented. At last, the interplay between bulk nanostructure and oscillatory structural forces is discussed (Section 3.3).
The main part contains the analysis of pure Tween20 micelles followed by the investigation of mixed Tween20-SDS micelles. Moreover, pure micellar dispersions of either nonionic BrijL23 or anionic SDS surfactants are investigated for comparison. This analysis can be found as supporting information.
3.1 Bulk Properties of the Micellar Dispersions
The bulk properties of the micellar dispersions were previously studied using small-angle neutron scattering (SANS) (Ludwig et al., 2021). Experimental scattering data, including their analysis, are attached in Supplementary Figure S1.
Table 1 summarises the fit results for dispersions of pure Tween20 and mixed Tween20-SDS surfactant micelles. Four different mixing ratios of SDS and Tween20 were investigated. The composition ranges from the pure nonionic Tween20 surfactant (X = 0.00) up to a proportion of 35 mol% of anionic SDS surfactants (X = 0.35). At all mixing ratios X investigated, the nonionic-anionic surfactant mixtures self-assemble into ellipsoidal micelles (Supplementary Figure S2) with aspect ratios of 1.36–1.58 (Ludwig et al., 2021). Their effective diameters 2reff are in the range of 7.50–8.20 nm, a variation of less than 9%. The micelle aggregation number Nagg (number of surfactant molecules aggregated in each micelle) decreases slightly with increasing SDS ratio and decreasing volume fraction. The values vary within 15% from pure nonionic micelles to a SDS ratio of X = 0.35. With increasing content of anionic SDS surfactants X, the fractional charge β (number of charges per micelle z divided by the aggregation number Nagg) clearly increases up to 21% at a SDS mixing ratio of X = 0.35.
TABLE 1 | Properties of mixed Tween20-SDS micelles in bulk dispersions as extracted from SANS measurements. The mixing ratio X is defined as X = [SDS]/([SDS] + [Tween20]). c is the total surfactant concentration ([SDS]+[Tween20]). Parameters obtained from model fitting of SANS data: volume fraction of micelles ϕ, the effective micelles diameter 2reff (Supplementary Eq. S1), the aggregation number Nagg (Supplementary Eq. S2), and their fractional charge β (Supplementary Eq. S3).
[image: Table 1]This shows that the approach provides a suitable model system for colloidal dispersions, in which the surface charge of the colloidal particles can be gradually changed, while other parameters, such as the particles size remain almost unchanged.
3.2 Oscillatory Structural Forces Across Micellar Dispersions
In this part, the colloidal probe atomic force microscopy (CP-AFM) technique is used to measure forces between two confining surfaces across micellar dispersions. The surfactant concentrations and mixing ratios are the same as used in the former published SANS experiments (Table 1 and Supplementary Table S1). However, contrarily to SANS samples prepared in D2O, CP-AFM samples are prepared in H2O. Previous studies on SDS (Chang and Kaler, 1985) and CTAB (Yang and White, 2006; López-Barrón and Wagner, 2011) micelles in solutions of H2O and D2O report on isotope effects only at high ionic strength or in liquid crystalline structures. Therefore, no significant change in micellar structure and interactions is assumed or expected in this study.
Forces are measured across pure Tween20 (Figure 2), pure BrijL23 (Supplementary Figure S3), and pure SDS (Supplementary Figure S4) micellar dispersions. The effect of admixing the anionic to nonionic surfactants is demonstrated for Tween20-SDS mixtures (Figure 3).
[image: Figure 2]FIGURE 2 | Interaction forces between silica surfaces across nonionic Tween20 micellar dispersions. Red dots are data points for approaching surfaces; blue dots are data points for retracting surfaces. Stacking of all individual data points (bright colours) is shown along with smoothed, time-averaged data (larger dots). Smoothed experimental data are fitted to Eq. 1 (black, solid line).
[image: Figure 3]FIGURE 3 | Interaction forces between silica surfaces across mixed Tween20-SDS micellar dispersions for different volume fractions ϕ and different mixing ratios X. Red dots are data points for approaching surfaces, blue dots for retracting surfaces. Stacking of all individual data points (bright colours) is shown along with smoothed, time-averaged data (larger dots). Smoothed experimental data are fitted to Eq. 1 (black, solid line).
3.2.1 Pure Nonionic Micelles
Figure 2 shows the force profiles between silica surfaces across nonionic Tween20 micellar dispersions measured by CP-AFM.
All data points of the individual measurements are stacked and displayed in bright colours. This unsmoothed data highlight that the transitions (also referred to as “jumps”) between stable force branches are often not clearly pronounced. Jumps in the force profile appear once the gradient in the force profile exceeds the cantilever spring constant. To increase force resolution, the stacked raw data are smoothed and displayed as larger dots (see Section 2.2.2 for details). Only stable force branches are considered while data point between them are not represented in the smoothed data.
Oscillatory structural forces emerge with increasing volume fraction of Tween20. At a volume fraction of ϕ = 0.240, almost no oscillatory structural forces could be detected which is in agreement with a former study (Christov et al., 2010). At a volume fraction of ϕ = 0.374, clear oscillatory structural forces with at least five oscillations in the force profiles are observed. These experimental data are fitted to a damped oscillatory profile (Eq. 1). The high viscosity of the dispersion enhances the thermal noise in the measurement substantially. At surface separations below h ≈ 4.8 nm, adsorbed surfactant on the silica surfaces may be confined. This layer then ruptures at [image: image] 0.8 mN m−1. The fact that nonionic surfactants can adsorb onto silica surfaces has already been described in literature. Often they form hemicylinders (Grant et al., 1998).
Nonionic BrijL23 micelles show slower formation and decomposition kinetics compared to Tween20 micelles (Patist et al., 2002). BrijL23 micelles are, therefore, considered as more stable. Force profiles across dispersions of BrijL23 micelles are shown in Supplementary Figure S3. There, the transitions between stable force branches are more pronounced.
3.2.2 Mixed Nonionic-Anionic Micelles
Interaction forces between silica surfaces across mixed Tween20-SDS micelles are shown in Figure 3. The plots are arranged in a manner that: 1) the micelle fractional surface charge β increases from left to right; 2) the volume fraction ϕ increases from top to bottom.
Oscillatory structural forces are observed across all these systems. The magnitude and range varies according to the micelle fractional charge β and volume fraction ϕ. At the smallest volume fraction (ϕ = 0.190) and smallest ratio of anionic surfactants in system (X = 0.12), only one oscillation occurs (Figure 3A). The oscillatory structural force becomes stronger due to two reasons: higher micellar surface charge and higher volume fraction. In consequence, the oscillatory structural force is most pronounced in Figure 3 1) showing at least four distinct force oscillations up to surface separation above 40 nm.
Additional SDS in the micelles enhances the electrostatic repulsion between individual micelles and also amplifies the interaction between the micelles and the negatively charged confining surfaces. As a result and unlike for pure nonionic Tween20 micelles, no adsorbed surfactant layer is detected. Moreover, the oscillatory structural forces across mixed micellar dispersions are better defined compared to the pure Tween20 micelles, discussed in Figure 2.
3.3 Comparison of the Bulk Nanostructure and Oscillatory Structural Forces
Further description of the oscillatory structural force involves the discussion of the fit-parameters deduced from Eq. 1 to the CP-AFM data. These parameters characterise the dispersion structure under geometrical confinement. It is compared to the dispersion bulk structure, as extracted from SANS experiments. Parameters describing the dispersion bulk structure are obtained from a Lorenzian fit to the structure factor S(q) (Supplementary Eq. S4). Three different parameters are compared: the characteristic interparticle distance, correlation length, and ordering strength (Table 2).
TABLE 2 | Comparable parameters describing the dispersion structure under confinement and in bulk, extracted from CP-AFM and SANS measurements, respectively.
[image: Table 2]Main focus is on pure Tween20 and mixed Tween20-SDS micellar dispersions. Due to the weakly expressed oscillatory structural forces in Figures 2A–C, 3A,D no fit results can be obtained from these dispersions. The parameters of pure BrijL23 (Supplementary Figure S6) and pure SDS (Supplementary Figure S7) micellar dispersions are attached as supporting information.
3.3.1 Characteristic Intermicellar Distance
The characteristic intermicellar distances in bulk D* are extracted from SANS measurements (Ludwig et al., 2021). These values are compared to the characteristic intermicellar distance under confinement extracted as wavelength λ of the oscillatory structural force.
Figure 4 shows the characteristic intermicellar distances obtained in bulk and under confinement as a function of the micelle volume fraction ϕ. Distances are normalised with respect to the effective micelle diameter 2reff for better comparison.
[image: Figure 4]FIGURE 4 | Comparison of the characteristic intermicellar distances: under confinement λ (filled symbols, CP-AFM) and in bulk dispersion D* (empty symbols, SANS, data from (Ludwig et al., 2021)) as a function of the micelle volume fraction ϕ and for different mixing ratios X, leading to different fractional charges β. Distances are normalised with respect to the effective micelle diameter 2reff. The lines are predictions according to Eq. 2 with a pre-factor of f = 0.718 (dashed line) and f = 0.806 (solid line). The dotted line is a prediction according to the theory for uncharged particles (Eq. 3).
The characteristic intermicellar distances in bulk [image: image] of uncharged Tween20 micelles vary only little with the volume fraction ϕ (open, black diamonds). At small volume fractions ϕ of uncharged micelles, no pronounced ordering is obtained. The onset of a structure factor S(q) in such systems, however, suggests that some of the micelles are within the pair-potential of neighbouring micelles. As a result, the characteristic intermicellar distance approaches a threshold which is just slightly larger than the diameter of a single micelle (see Supplementary Figure S5 for more details).
At higher ϕ, the values of nonionic micelles approach the scaling behaviour for charged particles since at close packing geometries (ϕ ≈ 0.52–0.74) the interparticle distances of charged and uncharged particles will not differ. In the same way, it is reasonable that the characteristic distance between micelles at ϕ ≈ 0.35 changes only slightly by introducing surface charges to the micelles. At ϕ ≈ 0.20, the intermicellar distance subsequently increases with increasing ratio of SDS, i.e., with increasing fractional surface charge β (indicated by the arrow in Figure 4). The electrostatic repulsion between micelles increases with the amount of surface charges. As a result, the micelles form a specific ordering when the micelles exceed a certain amount of surface charge - in this study mixed Tween20-SDS micelles with X = 0.24 and X = 0.35.
At such an ordering, the characteristic intermicellar distances D* for charged particles only depends on the particle number density np as [image: image] considering simple packing arguments. The normalisation to the effective micelle diameter 2reff transfers this into a dependency on the volume fraction ϕ:
[image: image]
The type of particle packing determines the value of the pre-factor f. For a simple cubic packing [image: image], so that f = 0.806 in Eq. 2. Experimentally f = 0.718 is found for the ordering of microemulsion droplets (Lindner and Zemb, 2002). In our study, the charged micelles follow approximately the inverse cubic root scaling law [Eq. 2 with f = 0.718, dashed line in Figure 4 (mixed Tween20-SDS micelles) and S7 (a) (pure SDS micelles)].
The characteristic interparticle distance in bulk D* is now compared to the interparticle distance under confinement λ. An existing analytical semiempirical model for the oscillatory structural force exists based on numercial results for hard-sphere fluids to describe the wavelength λ from uncharged micelles. The use of the effective diameter 2reff again reveals the dependency to the volume fraction ϕ as (Trokhymchuk et al., 2001):
[image: image]
In this study, characteristic intermicellar distance between uncharged Tween20 micelles in bulk (empty black symbols in Figure 4) and under confinement (filled black symbol in Figure 4) is smaller than predicted by Eq. 3 (dotted line in Figure 4). Interestingly, the bulk intermicellar distance is larger than under confinement ([image: image]). The same behaviour is obtained for pure, uncharged BrijL23 micellar dispersions (Supplementary Figure S6A). Obviously, uncharged micelles are compressible under confinement. The results from SANS and CP-AFM deviate stronger at higher volume fractions ϕ. In contrast to uncharged micelles, charged micelles obey the same intermicellar distance as in bulk and are not compressible (D* = λ). This incompressibility is observed for mixed Tween20-SDS (filled, coloured symbols in Figure 4) as well as for pure SDS micellar dispersions (Supplementary Figure S7A). The wavelengths λ of all charged micelles are described by their characteristic intermicellar distance in bulk D* with f = 0.718 (Eq. 2). This is in good agreement with a previous study on pure anionic micelles, where f = 0.698 is found (Tulpar et al., 2006). Solid colloidal particles, like silica nanoparticles, however, are typically modelled with a factor of f = 0.806, indicating perfect simple cubic packing (Tulpar et al., 2006; Zeng and von Klitzing, 2012; Ludwig et al., 2019). The reduction of the intermicellar distances in bulk and under confinements suggests a less pronounced ordering compared to solid colloidal particles. Whether this is due to surfactant micelles being a more dynamic and softer or being more elliptical compared to solid nanoparticles remains unclear.
It has to be further mentioned that the 3D intermicellar structure can only be sensed as 2D representation, both in the SANS and CP-AFM measurements. Therefore, at high volume fractions ([image: image] 0.3), the characteristic intermicellar distance may be smaller than the effective diameter of the micelle as indicated by a value below 1 of D* (2reff) −1 for uncharged micelles.
3.3.2 Correlation Length
In CP-AFM, the correlation length under confinement is extracted from the decay length ξ from the fit to the oscillatory structural force. In bulk, thus from SANS results, a correlation length is extracted from the full-width at half maximum of the structure peak Δq as [image: image].
Figure 5 compares both correlation lengths. The analytical semiempirical model for the oscillatory structural force of uncharged micelles yields the decay length ξ depending on the effective particle radius reff and the volume fraction ϕ as (Trokhymchuk et al., 2001) (dotted line in Figure 5):
[image: image]
In this study, the decay length ξ is almost constant for all dispersions under confinement, irrespective of the micellar surface charge z or volume fraction ϕ. The hard-sphere repulsion is the dominant parameter for the decay length in the confined dispersions and introducing surface charges does not affect these values. The correlation length of the confined dispersions (filled symbols in Figure 5) agrees well with the correlation length determined for uncharged micelles in bulk (open, black diamonds in Figure 5). The bulk correlation length, however, increases with increasing micellar surface charge. This effect of electrostatic interactions becomes especially important at lower volume fractions, i.e., when the particles are further apart from each other and is only observed between charged micelles in bulk but not under confinement.
[image: Figure 5]FIGURE 5 | Comparison of the correlation lengths: under confinement as decay length ξ (filled symbols, CP-AFM) and in bulk dispersion as [image: image] (empty symbols, SANS, data from (Ludwig et al., 2021)) for all systems studied as a function of their volume fraction ϕ and for different mixing ratios X, leading to different fractional charges β. Distances are normalised to the effective micelle diameter 2reff. The dotted line is a prediction according to the theory for uncharged particles (Eq. 4).
3.3.3 Ordering Strength
The amplitude A of oscillatory structural forces is often related to the interparticle interactions in dispersions. It was, however, demonstrated that the interaction between confining surfaces and the particles alters the amplitude A, e.g., by varying the potential of the confining surfaces (Grandner et al., 2009; Grandner and Klapp, 2010; Ludwig and von Klitzing, 2021), meaning that the amplitude does not only depend on properties of the bulk dispersions.
Figure 6 compares the amplitude A with the strength of the intermicellar ordering in bulk calculated from the excess intensity of the structure factor peak: the maximum intensity of the structure factor is normalised to 1: Smax + S0 − 1. This was done, since S(q) = 1 indicates a random intermicellar distribution.
[image: Figure 6]FIGURE 6 | Comparison of (A) the amplitude A from CP-AFM force measurements and (B) intensity of the structure factor peak Smax + S0 − 1 from SANS measurements (data from (Ludwig et al., 2021)) for all systems studied as a function of their volume fraction ϕ and for different mixing ratios X, leading to different fractional charges β.
The amplitude A of the oscillatory structural forces enhances at higher surface charges of the micelles (Figure 6A). The effect of ϕ on A is almost negligible, compared to the influence of the surface charge. The amplitude from the oscillatory structural force across pure Tween20 micelles is neglected in the discussion. There, the first layer in the force profile is considered as an adsorbed layer of nonionic surfactant so that the data cannot be compared. Unlike the effect on A, micellar surface charges do almost not affect the intensity of the structure factor peak Smax + S0 − 1 in bulk. This parameter is dominated by the volume fraction ϕ. This means, that ordering of the micelles in bulk is due to hard-sphere repulsions, at ϕ ≳ 0.30. As a result of both values, A and Smax + S0 − 1, showing different trends, it is assumed that A strongly depends on the interactions of the micelles with the confining surfaces. This information cannot be obtained from bulk small-angle scattering (SANS) experiments because this parameter does not include any information on the interaction between the micelles and the confining surfaces.
4 CONCLUSION
We have studied the effect of surface charge of colloidal particles on oscillatory structural forces across their respective dispersions with CP-AFM. Since it is impossible to change the surface charge of solid particles without changing other parameters like pH or ionic strength, the study addresses mixed micelles from varying ratios of nonionic (Tween 20) and ionic (SDS) surfactants. The samples investigated range from pure nonionic micelles to micelles containing up to 35% SDS. Under these conditions, self-assembled micelles are of similar size and shape according to former SANS studies. Variation of the mixing ratio adjusts the surface charge. Oscillatory structural forces were successfully measured across these micellar dispersions. The force profile may be well adjusted by a variation of the micellar surface charge as well as the micelle volume fraction.
Comparison of the dispersion properties in bulk and under geometrical confinement reveals different behaviours of uncharged and charged micelles. Charged micelles are forced into a specific ordering by electrostatic repulsion and their characteristic intermicellar distance in bulk D* is purely governed by geometrical packing effects and thus scale with the micelle volume fraction ϕ as D* ∝ ϕ−1/3. This intermicellar distance does not change from bulk to confinement, as seen in the wavelength λ of the oscillatory structural force (D* = λ), indicating that charged micelles are incompressible during confinement. The bulk intermicellar distance D* of uncharged micelles is less sensitive to the micellar number density since the micelles interact only via hard-sphere interactions. Furthermore, uncharged micelles can be compressed under geometrical confinement ([image: image]). Differences in the bulk ordering of charged and uncharged micelles become less pronounced at higher volume fractions (ϕ ≳ 0.30) since hard-sphere interactions start to dominate the bulk micellar ordering. Due to this, the micelle surface charge has only little effect on the correlation length of the micelle ordering. Although uncharged and charged micelles show similar bulk ordering at high volume fractions, oscillatory structural forces across these dispersions appear very different because the amplitude of the oscillatory structural force is strongly affected by the interaction of the confining surfaces with the micelles.
In general, this study shows that the inverse cubic root scaling law is not a universal property of all colloidal dispersions. This specific ordering is obtained when the interactions between dispersed particles are highly repulsive. This requirement is only fulfilled for charged particles. When dispersed particles are less charged or even uncharged, their interparticle distance–in bulk as well as under geometrical confinement–is less affected by their volume fraction. These findings might be transferred to various colloidal systems and is not restricted to dispersions of surfactant micelles. This paper might motivate further theoretical studies, since an analytical description of the oscillatory structural force across dispersions of charged particles is still missing.
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