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ABSTRACT 

 

Slippery liquid-infused porous surfaces (SLIPS) – a new class of bio-inspired liquid-

repellent surfaces – comprise arbitrarily porous architectures filled with oils that exhibit 

high interfacial tensions to probe liquids and present ultralow contact angle hysteresis 

(<10°). However, before practical technologies based on SLIPS can be designed at large-

scale, a number of fundamental questions remain to be answered. For instance, depending 

on the sign of the spreading coefficient of the Vapor(V)-lubricant oil(O)-liquid(L) system, 

defined as 𝑆OL(V) = 𝛾LV − 𝛾LO − 𝛾OV > 0, the lubricating layer forms a layer at the liquid-

vapor interface (here, 𝛾LV is a liquid-vapor interfacial tension, 𝛾LO – liquid-oil, and 𝛾OV – 

oil-vapor). This “cloaking” of liquid drops can deplete SLIPS’ lubricant over time and 

contaminate the probed liquid. So far, cloaking has been investigated by contact angle 

goniometry and confocal microscopy, which cannot resolve films of molecular thickness 

and factors that govern the equilibrium thickness of those films are not entirely clear. Here, 

we report on the development and application of a reflective-mode SFA platform to 

characterize the cloaking of water droplets placed on SLIPS. A multilayer matrix method 

is utilized to analyze the interferometry data. Using this complementary experimental and 

analytical approach, we determined the thickness of the cloaking layer for the FDTS(solid)-

VF-40(lubricant)-water(probe liquid)-air system to be z3= 7±1 nm. Towards deeper 

insights into the intermolecular and surface forces responsible for cloaking, we 

demonstrate that repulsive van der Waals interactions are responsible for stabilizing the 

cloaking film at the water-air interface. Our experimental platform and the analytical 

framework should facilitate investigations of other SLIPS and probe liquid systems down 
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to the molecular-scale resolution.  These findings might aid the rational design of SLIPS, 

e.g., for drag reduction, anti-biofouling, and anti-corrosion.  

In addition to investigating SLIPS, We addressed the following questions with the help of 

atomic force microscopy (AFM): (i) how do zwitterionic osmolytes modulate electrostatic 

and hydrophobic interactions in nanoscale confinement, and (ii) is it possible to have two  

negatively charged surfaces attract each other? Our findings are presented as appendices 

in this thesis. 
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CHAPTER 1: INTRODUCTION 

 

1.1 Liquid-Repellent Surfaces 

A number of plants and animals have evolved incredible strategies to achieve water-

repellence to stay clean[1], harvest fog[2, 3]  and direct it specifically[4], and survive 

accidental submersion in water and avoid predators [3]. Most of these natural surfaces 

exploit hierarchical micro and nano-scale features that are coated with a cocktail of 

waxes[1, 5].  Waxy coatings give rise to high solid-water interfacial tensions, while the 

surface roughness enables the entrapment of air at the interface, thereby lowering 

adhesion[6, 7].  In fact, the realization of the concepts underlying nature’s strategies for 

water-repellence has inspired humans to create technologies, such as for reducing frictional 

drag[8], corrosion[9], ice formation[10], and biofouling[11]. Thus, for over a century and, 

up until 2011, liquid-repellent technologies have been predominantly achieved by 

combining coatings – typically comprising perfluorocarbons – with surface roughness[12, 

13]. However, coatings can pose limitations due to their cost, persistence in the 

environment[14], and vulnerability to heat[15], harsh cleaning protocols[16, 17],  and 

abrasion[18] . To overcome these limitations, coating-free strategies are being 

explored[19], but the simultaneous achievement of air entrapment on submersion in liquids 

[20-22] and low contact angle hysteresis [23]  has proven challenging thus far [24]. To 

overcome the limitations of adhesion or contact angle hysteresis at the solid-liquid-vapor 

interface, Leidenfrost phenomenon has also been exploited, wherein liquid drops levitate 

onto a solid surface due to the entrapment of a continuous cushion of vapor of the same 

liquid[25]. Typically, this is achieved by heating the solid [25, 26] or by using liquids of 
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ultrahigh vapor pressures (and low boiling points) [27]. However, these conditions are not 

particularly conducive for practical applications. Thus, developments on new technologies 

that exhibit ultra-low contact angle hysteresis remains an active area of research [19, 28]. 

 

1.2 Slippery Liquid-Infused Porous Surfaces (SLIPS) 

In a landmark paper in 2011, Aizenberg & co-workers created slippery liquid-infused 

porous surfaces (SLIPS) – a new class of bio-inspired liquid-repellent surfaces – that 

comprise arbitrarily porous architectures filled with lubricant oils that exhibit high 

interfacial tensions to probe liquids[29]. The idea of infusing liquids into microtextured 

surfaces to produce slippery surfaces was originally proposed by Quere in 2005 [23, 30], 

and since 2011 it has become an area of intense research [11, 29, 31-50]. While SLIPS do 

not exhibit superhydrophobicity in terms of contact angles – advancing (𝜃A) and receding 

(𝜃R) contact angles are ≈ 90° – they present ultralow contact angle hysteresis 𝜃A-𝜃R < 10° 

[29, 51]. Due to their ultralow contact angle hysteresis, SLIPS can be designed exhibit 

remarkable non-wetting behavior to almost all fluids and show extreme temperature and 

pressure stability[29]. Thus, SLIPS are might have potential applications in non-stick 

bottles[52], anti-icing[35, 43], anti-fouling[31], and vapor condensation [53], among other 

applications [34, 39]. Towards rational design of SLIPS, in depth investigation of these 

surfaces with a broad set of techniques is needed to identify their strengths and weaknesses. 

[40, 41, 54]  

In the process of fabricating the robust SLIPS, the lubricant oil should wet the porous solid 

more than the probe liquid. In other words, the stability of lubricant thin film on textured 

surfaces is defined as the ability of the lubricant to wet and wick the surfaces without being 
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supplanted by the presence of probe liquid. Previously, Smith et al. have shown 

theoretically twelve thermodynamic wetting scenarios on SLIPS[42]. The stability of 

lubricant thin film on textured or porous surfaces is depending on several factors, including 

the roughness, the fraction of solid, and the interfacial tension of the lubricants and 

surfaces. These factors can be simplified into single parameter, namely spreading 

coefficient, SSO(L), as a difference between the surface tensions between solid-liquid 

interface, γSL, solid- oil, γSO, and oil-liquid, γOL,: 

𝑆SO(L) = 𝛾SL − 𝛾SO − 𝛾OL 

To render the stability of lubricant oil film when the probe liquid is placed, SSO(L) ≥ 0 is 

required. In addition, we should note that the lubricant oil also have higher density than the 

probe liquid. Hence the probe liquid cannot displace the lubricant oil solely by gravity 

force. 

 

1.3 Cloaking Phenomena on SLIPS 

When probe liquid is placed on SLIPS, there is two possible scenarios on the apex of probe 

liquid. The two possible scenarios are the presence and the absence of cloaking lubricant 

layer. In fact, the spreading coefficient can be used to predict the two possible scenarios in 

this system. When the spreading coefficient for the oil(O)-vapor(V)-probe-liquid(L) 

system, defined as 𝑆OL(V) = 𝛾LV − 𝛾LO − 𝛾OV > 0, [42] where 𝛾LV, 𝛾LO, and 𝛾OV are the 

tensions at the liquid-vapor, liquid-oil, and oil-vapor interfaces, the oil could form a thin 

film at the probe-liquid-vapor interface (Fig. 1). Thus, as the drops of probe liquids roll-

off from SLIPS, the lubricating oil could be depleted over time, rendering this strategy 



17 

 

ineffective. Thus, we are interested in the molecular-scale insights into the factors and 

mechanisms underlying the formation of cloaking films. Additionally, we want to quantify 

thicknesses of cloaking films as a function of lubricant oil, probe liquid, vapor, and 

substrate to confirm our understanding of the phenomenon.  

 

Figure 1. A schematic of a water droplet placed on a SLIPS that gets cloaked by the 

lubricant oil. This cloaking leads to the loss of the lubricant oil over time, leading to 

degradation in the performance of SLIPS. 

 

1.4 Intermolecular and Surface Forces 

While SLIPS have been proposed to repel all kinds of liquids by tuning the properties of 

the lubricant oil and the porous surface, we are particularly interested in achieving water-

repellence due to water’s broad relevance in natural and applied contexts. Yet, to 

complicate the matter, water is known to get electrified when brought into contact with 

hydrophobic media [55-58]. Although numerous mechanisms of the electrification process 

have been proposed, the underlying phenomena of this electrification are still unclear [56, 

59-76]. Some of the proposed mechanisms include, the specific adsorption of hydroxide 

[77-86] and hydronium ions [66, 87-93], the dipolar organization of interfacial water [59, 

62, 94], and the partial charge transfer between the O and H atoms of interfacial water [95, 

96] or between interfacial water and oil molecules [97]. We consider that depending on the 
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solid substrate, lubricant, probe liquid, and the vapor environment, the following four types 

of intermolecular and surface forces would critically influence the cloaking phenomenon: 

electrostatics[98-101], van der Waals, hydration[102], and hydrophobic interactions[103]. 

Below, we describe these forces one by one to acquaint the reader with them. 

 

1.4.1 Electrostatic Interaction 

In the system with two point-charges, q1 and q2, separated by distance, r, the electrostatic 

force is described by the classical Coulomb’s law expression (eq. 1) [104]:  

𝐹 = 𝑘
𝑞1𝑞2
𝑟2

 
(1) 

Where k is coulomb constant. When two electrically charged surfaces interaction, the 

consideration of pairwise-addition becomes complex. However, the concept of electric 

field and Gauss’s law (eq. 2) based on surface charge density is extremely effective [104].  

𝛷electric =
𝑄

𝜀0
 

(2) 

Where Φelectric is the electric flux, ε0 is vacuum permittivity, and Q is charge. In our 

experiments, first we measure interaction forces, followed by determining the electric field 

distribution by estimating surface charge density[105]. In the presence of a dilute 

electrolyte between the charged surfaces, we account for the formation of the electrical 

double layer on surface forces. [105]  

 

1.4.2 Van der Waals (vdW) Interaction 

The van der Waals (vdW) force manifests between electrically neutral atoms and molecules 

– it comprises the London dispersion force, the Keesom orientation force, and the Debye 
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induction force[105].  In these molecules, even though the effective dipole moment is zero, 

based on a time-average perspective, in shorter time-scales, instantaneous dipole moments 

arise due to statistical fluctuations in the electron clouds[106]. This gives rise to the London 

dispersion force. [106] Next, Keesom orientation force and Debye induction force arise 

due to the existence of permanent dipole moments in molecules, such as water [105, 107]. 

The vdW interaction energy between two flat surfaces separated by continuum medium 

can also be estimated by considering a pairwise-additive interaction between the surface 

molecules (eq. 3): 

𝐸vdW = −
𝐴H

12𝜋𝐷2
 

(3) 

However, the existence of a medium in between the two surfaces complicates the 

mathematical treatment. By implementing the Lifshitz theory for vdW force[108], which 

entails quantum electrodynamics, we can estimate the interaction forces between surfaces 

in the form of Hamaker constants, which can be calculated based on the bulk properties of 

the intervening media, including  refractive indices and relative permittivities. 

 

1.4.3 Hydration Interaction 

When a hydrophilic surface is hydrated, water molecules form hydrogen bond with it [109]. 

As a result of this interaction, the mobility of interfacial water molecules, especially the 

first layer, is restricted [99, 102, 110]. Thus, when two hydrophilic surfaces approach each 

other, the removal of these water layers requires significant energy/force, which gives rise 

to a repulsive interaction, known as the hydration force; they are higher than the vdW force 

[99, 101]. 
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1.4.4 Hydrophobic Interaction  

In contrast to hydrophilic surface, hydrophobic surfaces disrupt hydrogen bond network of 

interfacial water [109]. Thus, as a corollary, as two hydrophobic surfaces approach towards 

each other, interfacial water feels increased density fluctuations, which orchestrate an 

attractive force; the range of this force is longer than that of vdW [105, 109]. 
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CHAPTER 2: OBJECTIVES 

 

To our knowledge, investigations of cloaking films have been limited to contact angle 

goniometry and confocal microscopy, which cannot resolve their thickness at sub-10nm 

accuracy [47, 54]. Additionally, clear insights into the intermolecular forces that govern 

the equilibrium thickness of these films are not available. In response, we seek to achieve 

the following in this thesis: 

1. Develop a platform to measure the thickness of cloaking films accurate down the 

molecular scale, and 

2. Probe the factors and mechanisms underlying equilibrium thickness of cloaking 

films. 

In our laboratory at KAUST, we utilize a surface force apparatus (SFA) to quantify forces 

between molecularly-smooth surfaces with an Angstrom-scale accuracy in measuring 

separation between them.[111, 112] SFA utilizes multiple beam interferometry (MBI), 

wherein ultra-smooth reflecting surfaces face each other and white light is transmitted 

through this optical cavity. The reflected and transmitted light waves interfere to produce 

optical fringes of equal chromatic order (FECO),that can be analyzed to deduce the 

separation between the mirrors at the maximum resolution of ±1 Å. We decided to take 

advantage of the SFA platform to investigate the cloaking phenomenon, which has never 

been done before to our knowledge. To realize SLIPS inside the SFA, first of all we had to 

innovate protocols to realize porous templates on mica films that would hold lubricating 

oils. However, we realized that the standard transmission-mode SFA would not work for 

these samples. It was due to the significant dispersion of light from the macroscopic water 
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droplets resting on SLIPS. So, we modified the standard transmission-mode of our SFA to 

the reflective mode. Indeed, this arrangement precluded the dispersion of light from 

macroscopic water droplets resting on SLIPS (in the transmission mode), giving higher 

signal-to-noise ratios to utilize multiple-beam interferometry to determine the thickness of 

the cloaking layers on water droplets resting on SLIPS. In order to interpret the interference 

patterns, a multilayer matrix analytic method [113] was utilized and adapted for real-time 

computational data analysis. Lastly, we consider the contributions of DLVO and non-

DLVO forces to provide mechanistic insights into the stability of cloaking layers.  
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CHAPTER 3: EXPERIMENTAL SECTION 

 

3.1 Introduction to Surface Force Apparatus (Transmission mode) 

Efforts to quantify surface forces started around 1960s [114-116]. Tabor and 

Winterton[117] and  Tabor and Israelachvili [118] took a significant leap by developing a 

surface force apparatus to directly measure van der Waals force between two molecularly-

smooth mica surfaces in air. Israelachvili went on to advance and broaden the utility of this 

instrument during 1970-2018 to investigate intermolecular and surface forces – adhesion, 

repulsion, friction, lubrication, and molecular structuring – in a wide range of systems, 

including aqueous electrolytes[99, 102, 110], ionic liquids[119], hydrocarbon oils[120], 

surfactants[121], synovial fluids[122], mussel foot proteins[123], liquid crystals[124], and 

polymers[125]. Extensive reviews on the SFA are available [126-128]. Briefly, SFA is 

used to quantify forces between two macroscopic, molecularly-smooth surfaces – in air on 

in solutions. Muscovite mica‒ a naturally occurring mineral, affords this due to its layered 

structure that can be peeled into molecularly smooth surfaces that are also optically 

transparent; peeling and cleaving of mica is done in horizontal laminar flow hoods to avoid 

surface contamination. Thus-cleaved thin mica films are brought in contact with larger, 

thicker, and freshly cleaved mica sheets (e.g., 5 cm × 10 cm × 1 mm) in air, and they stick 

to them by weak van der Waals force. This vdW assembly facilitates the easy transfer of 

the thinner fragile mica films, e.g., for metal coating and transferring them onto SFA disks. 

Typically, for the transmission mode SFA, a 50 nm-thick layer of silver is deposited onto 

mica by electron beam evaporation system (base pressure < 5×10-7 mTorr, 5×10-7 mTorr < 

operation pressure < 8×10-7 mTorr deposition rate < 0.2 nm/s, electric field 10 kV) to 
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realize a semi-transparent mirror. Finally, the back-silvered mica films are glued onto 

circular silica disks with a cylindrical curvature (e.g., using an epoxy glue), such that the 

metal-side faces the glue. (Figure 2A). When two such samples face each other, an optical 

cavity is realized. When white light is passed through this optical cavity transmitted and 

reflected waves interfere, yielding fringes of equal chromatic order (FECO). From the 

analysis of these FECO, the distance between the surfaces can be calculated with a 

resolution of ±1 Å [126]. Obviously, the surface of mica can be functionalized or coated 

with other chemicals, metals, polymers, etc., and the space between the surfaces can be 

filled with aqueous electrolytes (dilute and concentrated), organic solvents, ionic liquids, 

etc., uniquely giving this technique the capability for simultaneously measuring distance 

and force between macroscopic surfaces.  
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Figure 2. (A) The SFA configuration in transmission mode: two apposing back-silvered 

mica surfaces glued onto curved silica disks in cross-cylinder geometry. The semi-

transparent silver mirrors lead to the interference of light inside the optical cavity. The 

interference pattern is extremely sensitive to the spacing between the mirrors. (B) Ray 

diagram for the transmission mode: solid lines with arrows represent rays that undergo 

multiple reflections and produce interference fringes of equal chromatic order (FECO). 

Thicker horizontal lines represent semi-transparent mirrors (typically, 50 nm-thick silver 

deposited by an electron beam system). (C) Ray diagram for the reflection mode: here, one 

of the surfaces is semi-transparent, while the other is opaque. Solid lines show rays 

undergoing multiple reflections that produces FECO. [Figure (A) was reproduced with 

permission from Ref.[111] (Copyright 2020, American Chemical Society)] 
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On the utilization of SFA to measure the thickness of cloaking films, we are not able to 

utilize the standard transmission mode as it requires two semi-transparent mirrors to be 

brought quite close to each other. In our case, since one of the surfaces is a water droplet 

placed on a slippery surface, we had to modify the SFA optics. To address this challenge, 

we transformed our SFA from the transmission mode (Fig 2A-B) to the reflective mode 

(Fig 2C). The governing principle for the formation of FECO in both the modes is the 

interference of light, but there are subtle differences. In general, the formation of FECO in 

the transmission mode is due to the constructive interference of light, while in the reflection 

mode it is due to the destructive interference of light. We will go over the reflection mode 

SFA in Sections 3.3 and 3.4. 

 

3.2 Fabrication of Liquid-Infused Textured Surfaces  

SFA utilizes ultra-smooth and optically transparent mica films (~5-10 μm-thick) as 

substrates that facilitate accurate determination of distances between them by tracking 

FECO. In order to realize SLIPS inside the SFA, we had to come up with a strategy for 

produce a microtexture on mica that (i) could trap an infused lubricant oil, and (ii) if used 

in the transmission mode should not obstruct the light path. To this end, we adapted 

photolithography protocols for SiO2/Si surfaces with a positive-tone photoresist. We 

started with freshly cleaved mica films of 5-10 µm thickness then activated the mica 

surfaces by a 200 W oxygen plasma in a 0.4 mbar atmosphere for 1 hr followed with 

hexamethyldisilazane (HMDS) deposition which is an adhesion promoter for the 

photoresist. Next, we coated this surface with 3 µm layer of AZ-5214 photoresist by 

pouring copious amount of photoresist on it and spinning it at 3000 rpm for 30 seconds. 



27 

 

Surfaces designated for microcavities were baked for 2 minutes at 110°C on a hot plate, 

whereas those for micropillars were baked for 2 minutes in 105°C. Micro-patterns for 

photolithography were designed using the Tanner EDA L-Edit software and transferred 

onto the mica substrate using a Heidelberg Instruments µPG501 direct-writing system for 

55 ms. For microcavities designated surfaces, The photoresist film was developed directly 

using the AZ-726 developer, which removed the parts of the photoresist. For micropillars, 

the surfaces were exposed in UV-flood exposure. Prior to UV-flood exposure, surfaces 

designated for micropillars were baked again at 120°C for 2 minutes. Then the surfaces 

were exposed to UV (dosage: 200 mJ/m2) for 15 seconds which caused cross-linking. The 

photoresist film was then developed using the AZ-726 developer, which removed the parts 

of the photoresist. Figure 3 illustrates this process. 

 

Figure 3. The process of fabricating the microstructure using photolithography. Step 1: an 

oxygen plasma activated mica film is coated with HMDS, which is an adhesion promoter. 

Step 2: copious amount of photoresist is applied onto the surface placed on a vacuum chuck 

in a spin-coater. The surface is spun at an rpm of 3000 for 30 seconds to achieve a 3 µm 

thick layer of photoresist. Step 3: The surface is transferred to a direct-writing system and 

subsequently exposed to UV radiation for 55 ms. Step 4: The UV-exposed surface is placed 

on glass petri dish containing the AZ-5214 developer for 1 minute for the features to 

develop. Step 5a: The cavities microstructure is produced from positive tone photoresist. 

Step 5b: The pillars microstructure is produced from negative tone photoresist. To render 



28 

 

a negative tone of AZ-5214 photoresist, additional steps is needed. First, upon the 

photoresist coating procedure, the surface is baked in 105°C for 2 minutes. Second, after 

UV exposure in direct-writing system, the surface is baked in 120°C for 2 minutes. 

Afterward, the surface is exposed in UV with dosage of 200 mJ/m2 for 15 seconds. 

 

Crucially, to match the surface chemistry of the photoresist microstructures with the 

infused perfluorinated liquid (Table 1), we coated the photoresist microstructures with 

perfluorodecyltrichlorosilane (FDTS) using a molecular vapor deposition (MVD) set up 

(Applied Microstructures MVD100E). During MVD, the leak rate injected gas inside the 

chamber and delivery lines was below 2.66 ×10-3 mbar/min. The temperature for the 

deposition was set at 60°C with the FDTS partial pressure of 0.5 mTorr and water vapor 

partial pressure of 6 mTorr. MVD took 15 minutes of reaction time after FDTS injection; 

two deposition cycles were carried out.  

Table 1. Physical properties of lubrication oil used in experiments 

Density 

(g/cc) 

Vapor 

pressure 

(Pa) 

Kinematic 

viscosity 

(cSt) 

Water-air 

interfacial 

tension, 

𝜸LV 

(mN/m) 

Oil-air 

interfacial 

tension, 

𝜸OV 

(mN/m) 

Water-Oil 

interfacial 

tension, 

𝜸OL 

(mN/m) 

Spreading 

coefficient, 

SOL (V) 

(mN/m) 

1.845 287 2.2 72 16 55.3 0.7 

 

Placing water droplet on a SLIPS and maneuvering the surface is a non-trivial task. So, we 

had to alter SFA samples further: first, for the SLIPS-side, we substituted silica, as the 

choice for disk for mounting mica film, with PMMA. We machined circular PMMA disks 

with a radius of 1 cm. Next, we drilled a hole vertically through the PMMA disk and SLIPS 

substrate. We then glued the SLIPS-substrate and PMMA disk. Subsequently, we inserted 

the needle into the hole, which would deliver water (or any probe liquid) after the disks 
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were installed and secured in the SFA. This design precluded unwanted slippage of the 

droplet during our experiments. Afterward, we inject the microtextured surfaces with 

infused liquid, which in this case was 5 μL. In the experiment, we used FC-40 that is a 

perfluorinated oil (3M™, CAS Number 86508-42-1). Its chemical structure and physical 

properties are presented in Figure 4C and Table 1, respectively. 

 

Figure 4. The different designs of micro-patterned photoresist on mica. (A) Top images 

from left to right, simple pillars with 5 µm and 20 µm pitch distance, Simple pillars with 

10 µm diameter and 30 µm pitch distance, simple pillars with 50 µm diameter and 75 µm 

pitch distance. Bottom images from left to right, simple cavities with 5 µm and 20 µm pitch 
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distance, simple cavities with 10 µm diameter and 30 µm pitch distance, and simple cavities 

with 50 µm diameter and 75 µm pitch distance. The different background color is 

depending on the mica thickness and micro-structure size. The scale bar indicates 10 µm. 

(B) Chemical structure of the building blocks of the lubricant oil used in this study (FC-

40). 

 

3.3 Introduction to the Surface Force Apparatus (Reflection mode) 

We found the standard transmission-mode optics of the SFA to be limiting towards 

quantifying the thickness of cloaking layers because our modified design comprising a 

PMMA disk with a capillary for injecting water (or probe liquids) would block the light. 

Further, the SLIPS lubricant and the water drop would attenuate the light intensity, thereby 

reducing the accuracy in resolving the separation between the surfaces. In addition, the 

transmission mode requires the light to travel between two semi-transparent metal mirrors, 

which renders the interference of light to take place between the mirrors, probably inside 

the water droplet. To overcome these drawbacks, we innovated reflection-mode SFA, 

which is in principle similar to a previous report [129]. In the reflection mode, the oil film 

on the water droplet acts as a mirror (hence reduced attenuation of light) and the reduced 

thickness of the opposing mirror ensures a significant increase in the intensity of the 

interference signal (Fig. 5). Installing SLIPS on SFA requires optimizations of several 

parameters including microtexture geometry, and, mica and metal thickness. We varied the 

microtexture geometry with a different configuration, as shown in Figure 4A. Interestingly, 

the pillars have better lubricant-holding ability than the cavities. We sequentially 

investigated the optimal size for pillars and cavities, and found out that pillars with 5 µm 

diameter and 20 μm empirically the best on liquid-holding capacity. Next, we optimized 

the mica thickness. We found out that mica thickness around 5-9 µm is suitable for this 
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purpose as the fringes are narrow enough to be measured precisely and the spacing enables 

a good resolution for fringes analysis. Lastly, we varied the metal thickness from 7 to 30 

nm. We found that the best compromise between the narrow fringes with good contrast for 

metal thickness is approximately 9-12 nm. This range ensures that the fringes are in good 

contrast but still having narrower fringes for precise measurement. We emphasize that the 

utilization of gold in the experiment is due to the inability of our system to realize a clean 

silver layer due to logistical issues at the time. Briefly, semi-transparent silver layers 

became hazier over time after deposition, likely due to contamination or oxidation. This 

discrepancy in the quality (and perhaps thickness) of silver mirrors would critically our 

experiments. So, we proceeded with gold which did not suffer from this problem. Note that 

the reflection mode with a very low reflectivity surface (cloaked water drop in this case) 

requires a high transmission intensity from the interferometric cavity. In contrast, thicker 

mirrors are required in the transmission mode, to maximize the reflection inside the 

interferometric cavitiy to increase intensity of interference. 
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Figure 5. (A) Experimental setup for investigating the cloaking layer thickness in SFA. 

The SFA is configured for SLIPS surfaces in reflection mode. The chamber is also 

connected with syringe pump to inject the water droplets. We direct the light using three 

mirrors. The 50:50 beam splitter is used to transmit the light into optical cavities and also 

reflect it to the spectrometer. (B) A schematic (not to scale) of how the samples are placed 

inside the SFA chamber: the top surface comprised a mica film with 11 nm-thick gold layer 

and the bottom surface is SLIPS with a cloaked water droplet of volume 8 μL. The bottom 

surface, which also has a hole drilled to deliver probe liquid on demand, is mounted on a 

cantilever of known stiffness, similarly to the arrangement shown in Fig. 2A. The inset 

shows the interferometric cavity considered in our analytical mode for analyzing the optical 

data. 

The principles underlying the formation of FECO in the reflection mode are in principle 

similar to the transmission mode, but there are subtle differences. For example, in the 

transmission mode, fringes are formed by the constructive interference of light, while 

fringes in the reflection mode are formed by the destructive interference. The reason is that 

in the transmission mode, the final transmitted light and the incident light are in phase, 

while in the reflection mode there is a phase difference of ∆𝜃 = 𝜋 between the final 

reflected light and the incident light.  
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Figure 5 presents a schematic of our reflective mode SFA set up utilized in this work. The 

optical path comprises a SLIPS with a water droplet placed on top and the gold-coated 

mica film as described above in Fig. 4B. White light source is directed by three mirrors 

and a beam splitter into the optical cavity. (Fig 5). The beam splitter also allows for the 

interference patterns to enter into spectrometer. Initially, the incoming light to spectrometer 

enters the slit and perpendicularly reflected by a mirror. The mirror redirects the light into 

diffraction grating. Further, the diffraction grating will diffract the light and separate the 

light into range of wavelengths that is projected onto concave mirror. The CCD camera is 

recording the projected light (FECO pattern) on concave mirror with certain frame rate per 

second‒ generally 4 frames per second. Each frame is analyzed using a gauss fitting 

function, and the FECO pattern is converted into pixel value. We then convert the pixel 

into wavelength. The conversion process is utilizing the mercury lamp that has three 

spectrum-lines with a well-known wavelength. The conversion of the pixel to wavelength 

is using a linier formula of 𝜆j = 𝜆gl +
𝜆iyl−𝜆gl

𝑃iyl−𝑃gl
(𝑃𝑗 − 𝑃gl), where λj is wavelength of the 

fringes, λgl is wavelength of the green line, λiyl is wavelength of the inner yellow line, Pj is 

pixel loaction of the fringes, Pgl is pixel location of the green line, and Piyl is pixel location 

of the inner yellow line. The details regarding the conversion of FECO to distance is shown 

below. 

 

3.4 Modeling the SFA Optical Cavity in Reflection Mode  

In this section, we explain how the interference of light is utilized in this work to determine 

the thickness of thin oily films on water (Figs. 5 and 2B). This framework should be 

applicable to other combinations of immiscible liquids as well. We assume our stratified 
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dielectric system comprising gold/mica/oil/water layers as a pile of homogeneous, 

isotropic materials and apply the Maxwell’s theory of electromagnetism [113]. These 

layers have a magnetic permeability, µ, equal to unity [130]. Next, we consider the incident, 

reflected, and transmitted components the electric �⃗�  and magnetic �⃗⃗�  field vectors at each 

interface. 

 

Figure 6. Schematics of incoming light rays and the transmission and reflectance 

phenomena on thin film. 

 

These components are continuous across the interface. For non-magnetic homogeneous 

materials,  electric and magnetic fields can be related through the index of refraction and 

unit propagation vector as, �⃗⃗� = √(𝜀0/𝜇0)𝑛�⃗� × �⃗� , where 𝜀0, 𝜇0, n, and k are the electric 

permittivity, magnetic permeability in free space, refractive index, and unit vector, 

respectively. We can deduce the following relations at interface I, 

𝐸I = 𝐸Ii + 𝐸Ir = 𝐸It + 𝐸IIr
′  (1) 
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𝐻I = √(
𝜀0
𝜇0
) (𝐸It − 𝐸Ir)𝑛0 cos 𝜃0 

(2) 

𝐻I = √(
𝜀0
𝜇0
) (𝐸It − 𝐸IIr

′ )𝑛1 cos 𝜃1 

(3) 

Similarly, at the interface II,  

𝐸II = 𝐸IIi + 𝐸IIr = 𝐸IIt (4) 

𝐻II = √(
𝜀0
𝜇0
) (𝐸IIt − 𝐸IIr)𝑛1 cos 𝜃1 

(5) 

𝐻II = √(
𝜀0
𝜇0
)𝐸IIt𝑛2 cos 𝜃IIt 

(6) 

The subscripts i, r, and t represent the incident, reflected and transmitted components at 

each interface. 𝐸𝐼𝐼𝑟
′  in (3) is the light reflected from interface II back to interface I. All the 

wave will have a phase shift of ∆𝜃 =
𝑘0𝑧

2
= 2𝜋z/𝜆0 each time it traverses the thin film to 

account the optical path length difference. The constructive interference happens when 

∆𝜃 = 0, ±𝜋,±2𝜋, ±3𝜋,…, while for destructive interference happens when ∆𝜃 =

±
𝜋

2
, ±

3𝜋

2
, ±

5𝜋

2
, … . Applying this to (4) and (5): 

𝐸II = 𝐸It𝑒
−𝑖𝑘0z/2 + 𝐸IIr𝑒

𝑖𝑘0z/2 (7) 

𝐻II = √(
𝜀0
𝜇0
) (𝐸It𝑒

−𝑖𝑘0z/2 − 𝐸IIr𝑒
𝑖𝑘0z/2)𝑛1 cos 𝜃1 

(8) 

Hence, to solve 𝐸It and 𝐸IIr
′ , we simplify equation (7) and (8), which then substituted into 

(1) and (3), resulting: 
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[
𝐸I
𝐻I
] = 𝑀 [

𝐸II
𝐻II
] (9) 

where the characteristic matrix for layer j, Mj, is 

𝑀j =

(

 
 

cos (
2𝜋𝑛j𝑧j

𝜆
) −

𝑖

𝑝j
sin (

2𝜋𝑛j𝑧j

𝜆
)

−𝑖𝑝𝑗 cos (
2𝜋𝑛j𝑧j

𝜆
) cos (

2𝜋𝑛j𝑧j

𝜆
)
)

 
 

 

 

and,  

𝑝j = 𝑛j√
𝜀0
𝜇0

 

(10) 

For our gold/mica/oil/water system, the system of linear equations is solved by first 

creating a characteristic matrix from the individual layers/piles, M: 

𝑀 = 𝑀1𝑀2𝑀3… =∏𝑀i
𝑖

 
(11) 

The reflection coefficient is the ratio of the amplitude of reflection electric field and 

incident electric field, r = ErI/EiI. It is known that the intensity is proportional to the square 

of the amplitude of the electric field, then relative reflective intensity is also proportional 

to the square of the reflection coefficient, R=|r|2. We then simulate the relative reflective 

intensity as the square of the reflection coefficient, since the reflected and incident waves 

propagate in the same angle normal to the surface and same system, with the wavelength 

at certain interferometric cavity settings by using the equation that based on the element on 

the characteristic matrix, M: 

𝑅 = |
(𝑚11 +𝑚12𝑝N)𝑝1 − (𝑚21 +𝑚22𝑝N)

(𝑚11 +𝑚12𝑝N)𝑝1 + (𝑚21 +𝑚22𝑝N)
|

2

 
(12) 
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The primary objective of the implementation of multilayer matrix method is to simulate 

the variation of reflective intensity with wavelength on different interferometric cavity 

settings. By simulating the correct curve of reflective intensity and wavelength, we should 

be able to reproduce the fringes obtained by experiments. In our next simulations, the 

relative intensity will be shown in normalized form, i.e. Inorm = (I- Inorm)/(Imax-Imin) . We 

should emphasize that this method is highly sensitive to the refractive index values. In 

Table 1, we provided the refractive indices of materials as a function of wavelengths used 

in our simulations of our experiments. 

Table 2. Refractive index value for fringes simulation for each material 

Materials Refractive Index (�̅� = 𝑛 + 𝑖𝑘) References 

Mica 
1.5820 + 4.76 ×

10−3

𝜆2
 

[131] 

Gold λ below 500 nm, 

𝑛: 7.482 × 10−14𝜆6 − 1.582 × 10−10𝜆5 + 1.364

× 10−7𝜆4 − 6.139 × 10−5𝜆3 + 1.511

× 10−2𝜆2 − 1.919𝜆 + 99.15 

𝑘: − 4.796 × 10−14𝜆6 + 9.082 × 10−11𝜆5 − 6.951

× 10−8𝜆4 + 2.738 × 10−5𝜆3 − 5.831

× 10−3𝜆2 + 0.635𝜆 − 26.31 

λ above 500 nm, 

[132] 
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𝑛: 1.273 × 10−17𝜆6 − 9.486 × 10−14𝜆5 + 2.881

× 10−10𝜆4 − 4.563 × 10−7𝜆3

+ 3.977 × 10−4𝜆2 − 0.1805𝜆

+ 33.333 

 

𝑘: 0.0081𝜆 − 1.7316 

Water 𝑛: 1.333  

FC-40 𝑛: 1.40 + 0.01 Measurement at 

KAUST. 
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CHAPTER 4: RESULTS AND DISCUSSIONS 

 

4.1 Parametric Simulations of the Reflected Light Intensity from the Optical 

Cavity 

We used this analytic framework to simulate the effects of changing the thickness of oil-

film in the range, z3= 1-1000 nm on the intensity of the reflected light as a function of 

wavelengths. The refractive indices and thicknesses of various layers are presented in 

Tables 1 and 2, respectively. We then determine input of the minimum and maximum 

wavelength for simulation with constant wavelength step. In validation case, the minimum 

and maximum wavelength is 560 and 590 nm with wavelength step of 0.03 nm. 

Table 3. The thickness of stratified layers on interferometric cavity used for simulation 

that matched the experimental data 

Materials Layer, j Thickness, zj 

Gold 1 11 nm 

Mica 2 5.4 µm 

FC-40 3 1-1000 nm 

Water 4 500.0 µm 

 

The simulation results with Gold/Mica/FC-40/Water as an interferometric cavities system 

are shown in Figure 7. Simulated reflected light intensity varied sensitively with the oil 

thickness (Fig. 7A), while the thickness of the water layer, z4, in the range 100-500 µm did 

not have a significant influence (Fig. 7B). This result crucially validates our assumptions 

for the optical system with the oil/water interface‒ a bulk, instead of thin film. Hence, the 
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simulation assumption with bulk water is validated, because the fringes is not affected by 

bulk system. 

 

 

Figure 7. Simulation results with different oil layer thickness in the interferometric 

cavities. (A) The results with different oil thickness. The oil thickness is highly influencing 

the fringe pattern. (B) The results with different water thickness with 7±1 nm oil thickness. 

The water thickness is insignificant in influencing the fringe pattern between 100 to 500 

μm. 
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4.2 Analysis of the Data obtained from the Reflection Mode SFA  

Interference patterns from the reflective mode SFA (Fig. 8A) as obtained using a CCD 

camera comprise pixilated images with light intensity (Fig. 8B). We select the appropriate 

fringes between the two distinct jump-in instabilities before the contact of mica and water 

droplet. We then choose the middle part of fringes that represents the distance between the 

nearest points on the approaching macroscopic surfaces. We converted pixels into 

wavelengths by utilizing a mercury lamp that contributes to three well-known wavelengths 

(a green line at λgl = 546.1 nm and two yellow lines at λiyl = 576.9 nm, and at λoyl = 579.1 

nm) to the intensity spectrum (Fig. 8C). We converted pixels to wavelengths using a simple 

linear relationship,𝜆j = 𝜆gl +
𝜆iyl−𝜆gl

𝑃iyl−𝑃gl
(𝑃𝑗 − 𝑃gl), where λj is wavelength of the fringes, λgl 

is wavelength of the green line, λiyl is wavelength of the inner yellow line, Pj is pixel 

location of the fringes, Pgl is pixel location of the green line, and Piyl is pixel location of the 

inner yellow line.  
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Figure 8. Procedure for fringes analysis. (A) Fringes recorded by the camera. We consider the 

movement of the mid-point of the fringes because it refers to the shortest distances between the 

interacting macroscopic surfaces. (B) Gaussian fitting into fringe intensity as a function of pixels. 

(C) Using the mercury lamp’s wavelengths, we were able to convert the pixels into wavelengths. 

The vertical drop in the light intensity in both (B) and (C) is due to specs of dust or damaged CMOS 

microsensors. 

 

Now, equipped with the experimental data for the variation in reflected light intensity as a 

function of light wavelength, we compared it with our simulations to quantify the thickness 

of the oil layer (Section 3.3).  In this system, the gold thickness is 11 nm. We assumed the 

thickness of the water layer to be z4= 500 μm, having demonstrated already that the 

thickness of this has insignificant effect the fringes (Fig. 7B). Furthermore, prior to the 

experiments thickness mica film was obtained by conventional contact method and found 

to be z1 = 5.4 μm. Thus, using our experimental results and the analytical model for 
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reflection mode SFA optics, we predict the thickness of the lubricant film cloaking the 

water droplet to be z3= 7 ± 1 nm.  

 

4.3 Intermolecular and Surface Forces Analysis 

Cloaking of liquid droplets on SLIPS is typically rationalized on the basis of the spreading 

coefficient for the solid-oil-liquid-air system, 𝑆SO(L) and 𝑆SO(V) [38, 42], but the 

intermolecular and surface forces in this context have remained largely unexplored. For 

instance, it is unclear what the equilibrium thickness of the oil layer would be and what 

factors control it. There is also a dearth of optical techniques to accurately resolve 

nanoscale films cloaking liquids in such geometries. Using our surface force apparatus in 

reflection mode, for a SLIPS with FC-40 oil and water as the probe liquid in air, we found 

through the optical data that there were two distinct jump-in instabilities. We consider that 

as the surfaces approach to within sub-10 nm distances, two distinct vdW forces manifest: 

(i) for the mica-air-cloaking-layer system in the range D > 0 until mica touches the lubricant 

film (D = 0), and (ii) for the mica-cloaking layer-water system after mica contacts the 

lubricant film (D≤ 𝑧3). In fact, our optical data revealed two consecutive jumps as the 

surfaces fell into potential wells corresponding to vdW interactions (i) and (ii). As the 

system jumped into the second state, our multilayer matrix analysis revealed that the 

thickness of the cloaking layer to be z3 = 7 ± 1  nm, which we have reported to be the 

thickness of the cloaking layer. Next, we elaborate on the contributions of DLVO and non-

DLVO interactions towards the formation of the cloaking layer [105].  

Among the DLVO forces‒ electrostatics and van der Waals‒ we neglect the contribution 

of electrostatics, because the FC-40 oil is apolar and mica surfaces in air are also uncharged 
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[105]. Among the non-DLVO forces, we neglect the contribution of hydrodynamic forces 

while two surfaces are approaching in air due to the quasi-static nature of our experiments 

where surfaces approach each other at speeds of ~ 9 nm/s. Furthermore, the contribution 

of hydration and hydrophobic forces are neglected due to, respectively, absence of ions 

that structure interfacial liquids and hydrophilic nature of mica. These simple 

considerations suggest that cloaking must be dominated by van der Waals interactions in 

our four-layer asymmetric system comprising air/FC-40/water that is probed using 

mica/gold. As discussed above, two vdW forces manifest as the surfaces approach each 

other. We express the contributions of van der Waals interactions for the mica-air-lubricant 

film (in the range until mica touches the lubricant film) and mica-lubricant film-water (after 

mica contacts the lubricant film) for our sphere versus flat geometry as: 

𝐹vdW
𝑅

= −
𝐴H
6𝐷2

= −
1

6
(
𝐴MOW

𝐷1
2 +

𝐴MAO
(𝐷2 − 𝑇oil)2

) 
(13) 

where FvdW, R, AH, AMOW, AMAO, D, and Toil are vdW interaction force, radius of droplet 

curvature, Hamaker constant of the system, Hamaker constant between mica and water 

interacting through oil, mica and oil interacting through air, distance between mica and 

water droplet, and thickness of oil. Please, note that D1 refers to the distance before the 

mica surface touches the cloaking film, while the range for D2 the oil film thickness, Toil. 

Crucially, Hamaker constants for two homogeneous dielectric media (1, 2) interacting 

through another similar medium (3) can be estimated by Lifshitz’s theory [105] as: 
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𝐴132

=
3

2
𝑘𝑇 (

𝜀1 − 𝜀3
𝜀1 + 𝜀3

) (
𝜀2 − 𝜀3
𝜀2 + 𝜀3

)

+
3ℎ𝑣𝑒

8√2
(

(𝑛1
2 − 𝑛3

2)(𝑛2
2 − 𝑛3

2)

(𝑛1
2 + 𝑛3

2)0.5(𝑛2
2 + 𝑛3

2)0.5{(𝑛1
2 + 𝑛3

2)0.5 + (𝑛2
2 + 𝑛3

2)0.5}
) 

(14) 

 

We considered vdW interactions in several scenarios: (i) between mica and water across 

FC-40 film; (ii) between mica and FC-40 film across air; and (iii) between air and water 

across FC-40 film (the pristine case). The results of calculated Hamaker constant in the 

system are shown in Table 3.  

Table 4. Calculated Hamaker constants three scenarios: When two surfaces are 

approaching each other from long distance (D > Toil), the vdW force is calculated based on 

the Hamaker constant of Mica interacting with water through medium FC-40. When D < 

Toil, the vdW force is calculated based on the Hamaker constant of Mica interacting with 

water through medium FC-40. 

System Hamaker constant, AH 

Mica-FC40-Water 2.6 × 10-20 J 

Mica-Air-FC40 6.8 × 10-20 J 

Air-FC40-Water (-3.6 ± 1.0) × 10-21 J 

 

We find that the air-FC-40-water system exhibits negative Hamaker constants that results 

in positive disjoining pressure, Π(D)=FvdW. This positive disjoining pressure will thickened 

to lower its energy. We should emphasize that additional factors, including the lubricant 

viscosity, volume, water droplet radius, etc., could influence this layer thickness.  
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CHAPTER 5: CONCLUSIONS AND FUTURE WORKS 

 

5.1 Conclusions 

In this thesis, we report on the development of an experimental platform and an analytical 

approach to probe the sub-10 nm-thick oily films cloaking water droplets placed on SLIPS. 

We utilized a surface force apparatus (SFA), which is capable of resolving thickness of 

liquid films at ±0.1 nm resolution, but has never been used to study SLIPS. To adapt our 

SFA to investigate SLIPS, we had to innovate our sample preparation, such that we could 

still take advantage of ultrasmooth transparent mica, minimize the attenuation of light 

passing from lubricant and probe liquid droplet, and inject probe liquid on demand onto 

SLIPS to preempt liquid slippage during mechanical handling. Instead of using standard 

silica disks, we utilized poly(methyl methacrylate) disks that are amenable to machining 

while guaranteeing optical transparency. We exploited photolithography to produce an 

array of micropillars of controlled dimensions and pitch on mica films placed on thicker 

mica sheets, and functionalized them with FDTS. Subsequently holes were drilled through 

mica sheets and PMMA disks. We glued the mica sheet on PMMA disk such that their 

holes aligned allowing for needle insertion for injection of probe liquids. We then infused 

FC-40, a dense perfluorinated oil, into the microtexture. Next, we adapted our 

transmission-mode SFA into a reflective-mode that ensured minimal attenuation of the 

light intensity from the lubricant oil and water drop. To analyze the optical data, we utilize 

a multilayer matrix method that is based on the Maxwell’s theory of electromagnetism. 

Over analytical framework revealed that our experimental data matches with the intensity 

versus wavelength characteristics in the reflection-mode with a z3 = 7 ± 1 nm thick cloaking 
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layer. While this is the first experimental demonstration of probing the thickness of sub-10 

nm-thick oily films on water drops placed on SLIPS, our experimental platform and 

analytical framework should be robust for other combinations of SLIPS and probe liquids. 

Towards mechanistic insights, we found that vdW forces are responsible for the formation 

of these cloaking films. In fact, our estimates of the Hamaker constant for the air-FC40-

water system reveals that the van der Waals interaction is repulsive, which stabilizes the 

cloaking layer. 

 

5.2 Future Work 

The realization of SLIPS with the SFA platform could unleash an exciting opportunity on 

investigating intermolecular and surface forces in these systems of much current interest. 

Below, we describe some avenues of future research that we are pursuing: 

 We would also like to find out if our SFA-based measurements modify the 

observables, i.e. cloaking layer’s thickness, because of the surface forces from the 

top surface? In the future, we would like to use a mica surface with a hydrophobic 

make-up to probe the cloaking oily-layer.  

 We would like to find out if it might be possible to drive a thermodynamically non-

cloaking system (based on the spreading coefficients) into cloaking by hydrophobic 

coatings of the top surface. If so, perhaps capillary waves might play a role [133, 

134]. If true, this result could have significant implications myriad, e.g., in 

environmental science, soil physics, granular media, microbiology, interfacial 

chemistries, etc. 
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 We will study effects of vary lubricants, thickness of lubricant films, and probe 

liquids and their volume. Theoretical models will be applied to extract information 

about cloaking films from the experimental data. 

 We will investigate how the addition of ions and zwitterions would modulate 

cloaking films. This is in alignment with the contents of Appendices I and II. In 

these scenarios a consideration of electrostatics would be crucial. 

 We would like to utilize this platform to probe hydrophobic interactions between 

liquids and solids and compare results with  previous AFM-based studies with oil 

drops and air bubbles[135] . 

 Experimental investigation of friction between SLIPS and solid substrates as a 

function of lubricant chemistry, film thickness, and the chemical make-up. 

 Effects of temperature of the lubricity of oily films can also be investigated. 

 Lastly, we would like to investigate cloaking of SLIPS comprising different 

microtextures, such as arrays of cavities surrounded with a boundary wall. 
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APPENDIX I: MODULATION OF ELECTROSTATIC AND 

HYDROPHOBIC INTERACTION BY ZWITTERIONIC 

OSMOLYES 

 

Abstract 

Although the application of zwitterions, charged but overall a neutral molecule, in the 

natural and industrial processes are ubiquitous, the understanding of zwitterions behavior 

is not entirely clear. Hence, direct evidence of zwitterions in affecting intermolecular 

interactions is necessary. To that end, using atomic force microscopy, we study the effect 

of glycine, a zwitterion surrogate, on electrostatic and hydrophobic interactions. First, we 

find that glycine, at zwitterion state, does not contribute to the electrostatic interaction in 

the concentration range of 0.3 mM to 30 mM. At other ranges of pH, at the monovalent 

electrolyte state, glycine contributes to the electrostatic interaction as expected by Debye 

Hückel limiting law. Interestingly, we also find that glycine only in their zwitterionic form 

self-assemble onto negatively charge mica surfaces. Second, we find that a dramatic 

decrease in hydrophobic force with an increase in the concentration of zwitterionic-glycine. 

The combined results might advance the understanding of the intermolecular interaction of 

zwitterion, a relatively unexplored area. 
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INTRODUCTION 

The dramatic roles of ions and zwitterions in bulk and interfacial properties, including 

density [1-3], surface tension [4-6], and dielectric constant [7, 8], are crucial. On the 

molecular scale, the extraordinary functions of ions and zwitterions are the outcome of 

their intermolecular interaction. For instance, the specific interaction between the proteins, 

water and ions, that vary the solvation energy of ions, governs the mechanism of 

Hofmeister series [9-11]. These significances of ions and zwitterions in aquatic processes 

are widely exploited in numerous natural and industrial processes, such as cellular 

processes[7, 12-19], flocculation and sedimentation [20], wastewater treatment [21], 

desalination [22], energy storage[23], and pharmaceutical applications[24]. While the 

effect of the ion for electrostatic, van der Waals and hydrophobic interaction is widely 

understood[25-30], descriptions of zwitterions effect in the intermolecular interaction are 

not entirely clear. For instance, for a concentration, C, of a zwitterion in water, the ionic 

strength, 𝐼 =
1

2
∑ 𝐶𝑖𝑧𝑖

2
𝑖 , can be minimal, depending on the net charge of the species.  

Figure 1. Chemical speciation of glycine, a common zwitterion. In acidic pH, glycine is 

majorly in net positive charge. In basic pH, glycine is majorly in net negative pH. In 

between, glycine is charged but overall neutral molecules. 

 

The versatility of common zwitterion, e.g., glycine is broadened by their uncharged/ non-

polar groups, affording a signature of hydrophobic interaction and their ability to tune their 
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net charge based on pH (Figure 1). Therefore, it is paramount to understand the effect of 

zwitterion in electrostatic (screening length and surface charge) and hydrophobic 

interactions, which are relatively unexplored. Towards understanding the effect of 

osmolytes on electrostatic and hydrophobic interaction, we employed atomic force 

microscopy (AFM). We measured the electrostatic interaction between two negatively 

charged surfaces in the zwitterion solution (glycine) varying concentration and pH. We 

found that the screening length did not depend on the concentration of zwitterion in all pH 

ranges. Further, the screening length follows the Debye-Hückel limiting law[29, 31-35], 

while only considering ion state. Upon measuring the ionic conductivity, zwitterion did not 

affect the conductivity. We can imply that the net effective charge on zwitterion to be zero 

which further corroborates the findings from AFM study. In addition, we measured the 

hydrophobic interaction varying the concentration of zwitterion (0.3 mM - 300 mM). 

Interestingly, we found a dramatic loss of hydrophobic force at a high concentration of 

zwitterion.  

 

MATERIALS AND METHODS 

Solutions Preparation. Glycine, L-Valine, KCl, KOH, and HCl were purchased from 

Sigma Aldrich. Milli-Q H2O (18 MΩcm, pH 5.6, TOC ≤ 2 ppm) and were used to prepare 

the desired concentration. The solutions were titrated with KOH or HCl to obtain the 

desired pH. All the experiments were conducted at 21.0 ± 0.5 oC. 

pH and Conductivity Measurement. All the pH and conductivity were measured by using 

Mettler SevenCompact™ Duo S213. Prior to the pH measurements, the instrument was 

calibrated by using pH 4, 7, and 10 buffer solutions provided by the company. For the 
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conductivity measurement, the instrument was calibrated with 5 µS/cm and 1443 µS/cm 

KCl solution.  

Functionalization of Gold Surfaces and Gold coated AFM Colloidal Probe. Prior to 

thiolation, 1 cm × 1 cm size glass was cleaned using piranha solution (3 H2SO4:1 H2O2, 

v/v) and dried using N2 gas. 100 nm of gold was deposited with 5 nm chromium as an 

adhesion-promoting layer by using a physical vapor deposition machine. The samples were 

incubated in 1 mM ethanolic solution of 1H, 1H, 2H, 2H perfluorodecanethiol solution 

(97%, Sigma Aldrich) for 12-18 hours in the absence of light. The samples were washed 

with hexane and ethanol, and dried with N2 gas. Gold-coated AFM colloidal probe was 

cleaned using a concentrated H2SO4 solution for 2 minutes. The probe was then rinsed 

intensively with Milli-Q H2O, ethanol, and dried with N2 gas stream. The functionalization 

process performed for the tip and sample was the same. 

Atomic Force Microscopy (AFM). Bruker JPK Nanowizard AFM was used to measure the 

interaction force in osmolyte solutions. We employed a silica colloidal probe (diameter of 

6.62 ± 0.66 µm and spring constant, k, of 0.32 N/m) and a silicon wafer with 2.4 µm thick 

thermal oxide. The cantilever is calibrated by the thermal noise method. The force between 

the colloidal probe and the substrate was measured by recording the deflection, ∆𝑑 and 

convert it into force by using Hooke’s law, 𝐹 = 𝑘∆𝑑. Prior to the measurement, the probe 

and substrate were cleaned by using plasma asher (Diener zepto, 100 W, 300 mTorr, 3 min, 

16.5 sccm O2 flow). 

 

RESULTS AND DISCUSSION 
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Effect of Osmolytes on the electrostatic interaction between charged surfaces: When a 

charged surface is placed in a solution containing an electrolyte, the oppositely charged 

ions get attracted to the surface. The ions then align themselves, forming an electric double 

layer on the surface in a way that the charge is nullified within a certain distance from the 

surface. When similar charged surfaces are brought together, the double layer overlaps 

producing the electrostatic repulsion that can be quantified. In our AFM experiments, we 

used silica surface that is negatively charged due to the partial deprotonation of the silanols 

group which highly depends on the pH of aqueous solution[36]. According to the DLVO 

theory[37], the total interaction, 𝐹𝐷𝐿𝑉𝑂, is the sum of the electrostatic, 𝐹𝑒𝑙  and the van der 

Waals interaction, 𝐹𝑣𝑑𝑊  as shown in equation 1.  The normalized electrostatic and van der 

Waals force (force divided by colloidal probe radius) between a sphere and a flat surface 

(Fig. 2) as a function of separation distance, D, is showed below (equation 2): 

 

Figure 2. Illustration of silica colloidal tip 

from AFM and silica wafer used in the 

experiments. The two silica surfaces contain 

a surface charge, 𝜎, when immersed in water. 

 

𝐹𝐷𝐿𝑉𝑂  =   𝐹𝑒𝑙  +  𝐹𝑣𝑑𝑊  (1)  

 

𝐹(𝐷)

𝑅
=

4𝜋𝜆

𝜀0𝜀𝑟
𝜎2𝑒−

𝐷

𝜆 −
𝐴𝐻

6𝐷2
 (2) 

 

𝜆 = √
𝜀𝑜𝜀𝑟𝑘𝑏𝑇

2000𝑁𝐴𝐼𝑒2
 (3) 
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Here,  𝜀0, 𝜀𝑟 , and 𝐴𝐻   are dielectric permittivity, relative permittivity, and Hamaker 

constant, respectively. The electrostatic interaction between two charged surfaces is 

controlled by the surface charge, 𝜎, and the screening length, 𝜆 (equation 3). In equation 

3, 𝑘𝑏, 𝑇 and 𝑁𝐴 are Boltzmann constant, temperature, and Avogadro number. For the 

interaction of silica-silica surfaces in an aqueous medium, a typical value of Hamaker 

constant is 2.2 pN·nm[29]. Theoretically, the higher the concentration of ions, the shorter 

the λ[38]. The increase in dielectric constant is expected to weaken the short-range 

association of protons and or cations to the negatively charged surfaces, releasing them 

from the surface and increasing the surface potential[7, 8, 14]. 

By general fitting of equations 2 and 3, the electrostatic and van der Waals contribution 

can be disentangled[38-40]. The non-DLVO forces, i.e., hydration and hydrophobic force 

attribute to the discrepancy between the measured forces and theoretical DLVO force [41, 

42]. 

The normalized force against the surface separation measured in the presence of Milli-Q 

(pH 5.9), 0.3, 3 and 30 mM concentration of glycine and 3 mM of L-Valine at pH 7 are 

shown in Figure 3A and 3B. All the measured forces were fitted with equation 2. 

Interestingly, the solution with a concentration of four orders of magnitude higher does not 

show a noticeable difference in λ. However, the measured λ of Milli-Q water is 

significantly lower than the theoretical values. This might be caused by the lower force 

sensitivity at vast distances or the presence of impurities. Further, we analyzed the 

normalized force against surface separation in the presence of 3 mM Glycine with 0.01, 

0.1, and 1 mM KCl solution at pH 7 (Fig. 3C). The  λ obtained exactly matches the 



63 

 

theoretical prediction by Debye-Hückel limiting law for the concentration of salts[38]. The 

presence of zwitterions in two orders of higher magnitude did not contribute to the λ. Then 

we calculated the normalized surface charge by equation (1) in the solution by varying 

concentration of glycine and salt (Fig. 3D) with respect to the reference value, surface 

charge in Milli-Q water. Interestingly, the change in surface charge of silica is insignificant 

despite the concentration difference of zwitterion. 

 

Figure 3. Effect of the zwitterion on screening length and normalized force-distance curve 

between two silica surfaces. (A) Effect of different concentrations of amino acids. The 

colored dots: experimental results. Dashed black lines: The best electrostatic fit by equation 

1. The shaded area represents the error of the screening length approximation. (B) Effect 

of different amino acids. The colored dots: experimental results. Dashed black lines: The 

best electrostatic fit by equation 1. (C) Effect of salt concentration on the normalized force-

distance curve between two silica surfaces. The colored dots: experimental results. Dashed 
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black lines: The best electrostatic fit by equation 2. The shaded area represents the error in 

the estimation of the screening length (λ). (D) The normalized surface charge relative to 

the Milli-Q water. 

 

We then investigated the effect of pH of glycine solution on electrostatic interaction by 

calculating the λ from the force-distance curve obtained by AFM in 3 mM Glycine with a 

pH range of 2.1-6.3 (Fig. 4A). As expected, the λ is not affected at pH 6.3 while glycine is 

present in the form of zwitterion. At lower pH’s, the λ calculated obeys the Debye-Hückel 

limiting law.  

The deprotonation of silica is controlled by pH. Hence, 𝜎 is adjusted significantly by pH 

and modulates the electrostatic interaction. At pH ~5-7, the silica surface is weakly 

hydrated. Consequently, the weakly hydrated cations tend to accumulate next to it and form 

a stern layer. However, with the presence of zwitterionic glycine, the 𝜎 relatively constant. 

The pH adjustment by glycine is insignificant. The positive and negative charge that 

present in zwitterionic-glycine does not alter the surface potential. This is because of the 

inability of zwitterionic-glycine to form a screening layer for negatively charged surfaces. 

Hence, the change in surface charge of silica with different concentrations of glycine is 

relatively minimal.  

Similarly, the λ calculated from the normalized force-distance curves in 3 mM Glycine in 

pH ranges 6.8-11.8 infers that glycine only in the monovalent form (pH 7.8-11.8 or higher) 

contributes to the electrostatic interaction as shown in (Fig. 4B). To probe the detailed 

aqueous speciation of glycine solution, the fraction of species of glycine solution at 

different pH is shown in Figure 4C. It can be observed that glycine remains in the 

zwitterionic state in the pH range of 4-8, At pH below 4, it becomes a monovalent ion with 
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a positive charge due to protonation of amine and at pH above 8, it becomes a monovalent 

ion with a negative charge due to deprotonation of the carboxylic group. Further, we 

calculated the λ for glycine solution at various pH with the two assumptions (1) zwitterion 

does not contribute to ionic strengths in any pH and (2) glycine follows the speciation curve 

shown in Figure 4C and only monovalent form contributes to the ionic strength. The 

theoretically calculated values are compared with the experimentally obtained values from 

AFM force-distance curve. The experimentally obtained results are in good agreement with 

the theoretically calculated values with the assumption that glycine in monovalent form 

contributes to the ionic strength and hence the λ (Fig. 4D). However, in the pH equal to the 

isoelectric point ± 1.5, it shows a noticeable deviation. The possible reason has already 

been discussed in the above section, which are could also be either due to the lower force 

sensitivity of AFM, impurities or limitation of the analytical equation[28]. 
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Figure 4. Normalized force as a function of surface separation at different acidic pH (A) 

and basic pH (B) of 3 mM Glycine, respectively. In acidic conditions, the zwitterion and 

positively charged formed due to protonation dominate the chemical speciation of glycine. 

In basic conditions, the zwitterion and negatively charged ion formed due to deprotonation 

dominate the chemical speciation of glycine. (C) The fraction of different states of amino 

acid in different pH[43]. (D) Comparison of experimentally obtained screening length (λ) 

(green) with the theoretically calculated screening length (λ) with the assumption that 

glycine in zwitterionic form at all pH and zwitterion not contributing to ionic strength 

(blue) and only ionic form below pH 4 and above pH 8 contributing to screening length (λ) 

but not zwitterion. When the error bar is absent, the error is smaller than the marker size. 

 

To corroborate the findings of AFM, we measure the ionic conductivity. Figure 5A shows 

the variation of ionic conductivity and pH with concentrations of glycine. The ionic 

conductivity does not vary significantly with the concentration of glycine. In contrast, the 

ionic conductivity is significantly affected at, 4< pH >8. In addition, we also show the ionic 
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conductivity of 3 mM Glycine in aqueous solution with different pH (Fig. 5B). From this 

result, we can infer that the zwitterion has a net-zero effective charge and hence does not 

show conductance and hence did not contribute to λ in the force-distance measurement by 

AFM.  

 

Figure 5. (A) Correlation of the ionic conductivity with the pH (blue curve) and 

concentration (red curve) (B) Effect of pH on measured ionic conductivity. The dashed red 

line is only a guideline to the reader. 

 

In order to understand the reasoning why zwitterion has minimal contribution to ionic 

strength, we employ the Poisson-Boltzmann (PB) theory that explains the distribution of 

molecules in space[38, 44]. In the case of two negatively charged surface, the concentration 

of counterions ni in the potential difference, 𝜓, will follow Boltzmann equation as showed 

below: 

𝑛𝑖 = 𝑛𝑖
𝑜 exp (−

𝜓𝑒𝑧𝑖

𝑘𝑇
)  (4) 

where 𝑛𝑖
𝑜 is the bulk counterion concentration, e is the electron charge, k is Boltzmann 

constant, and T is temperature.  
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Figure 6. Schematic illustration of ion/molecule distribution on the negatively charged 

surface in aqueous solution. (A) The illustration of monovalent ions on the negatively 

charged surface in aqueous solution. The inset illustrates the concentration of monovalent 

cation and anion with respect to the distance of negatively charged surfaces. (B) The 

illustration of zwitterions on the negatively charged surface in aqueous solution. The inset 

illustrates the concentration of cation and anion on a zwitterionic osmolyte with respect to 

the distance of negatively charged surfaces. 

 

Clustering becomes an inevitable factor when the surfaces interact at large distances, which 

is relevant to the electrostatic interaction. The Boltzmann distribution law (equation 4) 

provides an insight into the distribution of counterions surrounding the charged molecules. 

As two negatively charged surface obey the general electrostatic force law, 𝐹 ∝ 𝑒−𝜅𝐷, the 

distribution of counter ion will follow accordingly (Fig. 6A) [26, 38, 44]. However, the 

significant small size of zwitterions of glycine (comparable to ions), the clustering, and the 

well-known PB distribution could not be satisfied due to the resultant zero charge effect 
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(Fig. 6B). The small size of glycine caused the net charge due to the two local charges in 

the zwitterion molecules to be zero. It also explains the independence of ionic conductivity 

with zwitterion concentration. The inability of zwitterion to cluster or distribute due to 

external driving forces results in minimal contribution to ionic conductivity. Hence, our 

results are in qualitative agreement with the experiment by capillary electrophoresis[45] 

and galvanic cell[46], that the zwitterion has minimal contribution to the ionic strength, λ, 

and σ.  

Self-assembly of glycine on the negatively charged surface. To further investigate the 

interaction of glycine with the negatively charged surface, we imaged the topography of 

mica surfaces incubated in 3 mM Glycine solution at different pH (Figure 7A-C). 

Interestingly, only at pH 7, glycine self assembles on the surface of mica forming a patchy 

surface as shown in Figure 7B while the protonated positive ion at pH 2 and deprotonated 

negative ion at pH 12 do not absorb on mica (Fig.7A and C). 

 

 

Figure 7. 3D AFM images of incubated mica in 3 mM glycine solution at different pH. 

Each image size is 5 µm x 5 µm. (A) Mica surface after incubation in 3 mM glycine solution 

at pH 2. The asperities height is 0.7 Å. (C) Mica surface after incubation in 3 mM glycine 

solution at pH 7. The asperities height is 8 Å. (C) Mica surface after incubation in 3 mM 

glycine solution at pH 12. The asperities height is 0.8 Å. 
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At pH 2, glycine does not self-assemble as it competes with proton which has a higher 

tendency to occupy the negatively charged sites due to the size of the proton which fits 

very well to the sites[26]. At pH 7, the concentration of protons is minimal and that enables 

glycine in the zwitterionic form to adhere to the surface. Finally, at pH 12, the glycine is 

deprotonated and is negatively charged. The absence of a positive charge on glycine 

prevents glycine from interacting electrostatically with mica surfaces. 

Zwitterion effect on Hydrophobic Interaction. Next, we investigated the effect of the 

concentration of glycine in hydrophobic interaction. We measured the adhesion force 

between two thiolated gold surfaces in the presence of zwitterion using AFM. The adhesion 

force is normalized by the tip radius. Scanning Electron Micrograph (SEM) of the AFM 

tip used is shown in Figure 8A. The hydrophobic force between pristine hydrophobic 

samples was first measured in Milli-Q water followed by osmolyte solution in the 

increasing order starting with lower concentration first (0.3 mM) and highest concentration 

(30 mM) at last. 
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Figure 8. Effect of zwitterionic glycine in hydrophobic interaction. (A) Histogram of 

measured adhesion forces at different concentration of zwitterionic glycine as indicated. 

(B) Electron microscope image of a typical gold-coated AFM tip after the experiment. The 

normalized adhesion force is obtained by dividing the adhesion force with the radius of the 

AFM tip. 

 

The distribution of hydrophobic forces obtained with different zwitterionic glycine 

concentrations is shown in Figure 8B. The results showed that the decrease in hydrophobic 

force scales with the increase in the concentration of zwitterionic glycine. Hence, the higher 

the zwitterion in the solution, the lower is the hydrophobic interaction between two 

hydrophobic surfaces. This phenomenon is because the availability of zwitterionic glycine 

mediates the unfavorable interaction between water and non-polar surfaces. In the absence 
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of zwitterionic glycine, the water molecules need to sacrifice its hydrogen bond network 

and/or redirecting their hydrogen bond site away from the non-polar molecules[47-49]. 

This unfavorable interaction is minimized by the presence of zwitterionic glycine in the 

interface of the non-polar molecules and water. As a result, the adhesion between two 

hydrophobic surfaces is decreased by the increasing concentration of zwitterionic glycine. 

 

CONCLUSIONS 

Towards understanding the zwitterionic effect on intermolecular interactions, we 

investigated its effect on the electrostatic and hydrophobic interaction using AFM. We 

measured the electrostatic interactions between negatively charged silica surfaces in the 

presence of glycine at different concentrations and pH using AFM. We conclude that the 

glycine in the zwitterionic form has minimal effect on the electrostatic interaction or the 

screening length. While at other states, which monovalent ion formed by protonation or 

deprotonation, glycine contributes to ionic strength and hence to electrostatic interaction 

obeying Debye Hückel limiting law. Furthermore, we find that higher zwitterion 

concentration reduces the hydrophobic interaction by mediating the unfavorable 

interaction between water and non-polar surfaces. This finding can advance the 

understanding of zwitterion’s behavior in cell physiology, pharmaceutical application and 

energy storage application.  
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APPENDIX II: ELECTROSTATIC ATTRACTION BETWEEN MICA 

AND SILICA IN MULTIVALENT ELECTROLYTES 

 

Abstract 

AFM measurements of the force acting between silica and mica surfaces in the presence of 

varied LaCl3 concentrations elucidate the electrostatic interaction in two asymmetric 

negatively charged surfaces. At low concentration, electrostatic interaction is shown to 

affect from long-range. As the ion concentration is increasing, the electrostatic interaction 

and van der Waals interaction is resulting in a repulsive at long distance and attractive at 

close distance. Interestingly, at certain ions concentration, the electrostatic interaction is 

transformed into an attractive force. We attribute these phenomena on charge reversal on 

mica, while the silica still rendering the negatively charged surfaces.  
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INTRODUCTION 

Electrostatic interaction between charged surfaces in aqueous electrolytes is of paramount 

importance in natural and industrial phenomena, ranging from cell physiology [1] to 

microfluidic devices[2] and oil recovery[3]. This interaction is a key factor in determining 

whether the colloidal particles and macromolecules such as DNA[4], proteins[5], oil 

emulsion[6] and polymer, will aggregate, coagulate, or remain stable in dispersions. The 

electrostatic interaction in colloidal system is well articulated by the Poisson-Boltzmann 

(PB) mean-field theory[7]. The PB theory is based on the localized counter-ions to 

accumulate near the charged surfaces. The distribution of these counter-ions is aligned with 

the potential difference between the bulk and the interfacial system. In the surroundings, 

numerous electrostatic interactions are employed the two or more different substrates. For 

example, the asymmetric interaction is between crude oil with sandstone across the brines 

solution. Both crude oil and sandstone are considered to have negatively charged surfaces 

across the thin film water. In the previous publications, this thin film water is crucial, 

especially in enhanced oil recovery, specifically low salinity waterflooding[3, 8, 9]. The 

thinner the thin film water, it is expected to hamper the oil recovery. However, the 

electrostatic interaction between two dissimilar negatively charged surfaces is relatively 

far from attention. In this work, we were employing mica and silica in LaCl3 solution to 

study the electrostatic interaction in asymmetric system.  The asymmetric interaction forces 

were directly measured with the atomic force microscopy (AFM). The surface properties 

of mica and silica are well known, so the silica-mica model system allows for complete 

determination of interfacial properties and interaction of asymmetric system between two 

negatively charged surfaces. To further validate the surface properties of mica and silica, 
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we additionally measured the zeta potential in respective electrolyte solutions. 

Significantly, we demonstrate how the electrostatic repulsion emerges between asymmetric 

two negatively charged surfaces. The different capacity of the negatively charged surface 

to adsorb counter-ions and rendering charge reversal are causing the electrostatic attraction. 

We confirm that mica surfaces will undergo charge transversal in lower concentration 

compared to the silica. Hence, the mica and silica will render different charge sign resulting 

the electrostatic attraction. The higher tendency of mica to adsorb cations compared to 

silica is due to the lattice arrangement on both surfaces. This significant demonstration 

might alter the view of electrostatic interaction in asymmetric system, and aid the 

conceptual design of basic sciences and numerous industrial applications.  

 

MATERIALS AND METHODS 

Solutions Preparation. LaCl3.7H2O was purchased from Sigma Aldrich. Milli-Q H2O (18 

MΩcm, pH 5.6, TOC ≤ 2 ppm) and were used to prepare the desired concentration. All the 

experiments were conducted at 21.0 ± 0.5 oC. 

Atomic Force Microscopy (AFM). Bruker JPK Nanowizard AFM was used to measure the 

interaction forces in electrolyte solutions. We employed a silica colloidal probe (diameter 

of 15 ± 1.50 µm and spring constant, k, of 0.32 N/m) and muscovite mica surfaces. The 

cantilever is calibrated by the thermal noise method. The force between the colloidal probe 

and the substrate was measured by recording the deflection, ∆𝑑 and convert it into force 

by using Hooke’s law, 𝐹 = 𝑘∆𝑑. Prior to the measurement, the colloidal probe was cleaned 

by using plasma asher (Diener zepto, 100 W, 300 mTorr, 3 min, 16.5 sccm O2 flow). 



80 

 

 

RESULTS AND DISCUSSION 

In this paper, we discuss the surface force measurements between mica and silica surfaces 

in LaCl3 solutions of varying concentrations from 10-7 to 0.1 M at pH 5.6. The mica and 

silica contain a negatively charged surface when immersed in electrolyte solution. In 

addition, silica surfaces remain weakly hydrated and negative at pH around 5. Then, the 

obtained force measurement from silica and mica is presented with a general force-distance 

curve. Further, the data is modeled with DLVO theory in the asymmetric system as shown 

in equation 1. The DLVO theory comprises of two major forces, electrostatic and van der 

Waals forces. Based on the electrostatic theory, when two negatively charged surfaces are 

opposing each other in electrolyte solutions, the repulsive force will commence. The 

commencement of the electrostatic repulsive force depends on debye length, as shown in 

equation 2.  Debye length depicts the distance of distribution of counter-ions surrounding 

the surfaces, and at this distance, the surface charge is neutralized. In addition, the non-

DLVO interactions are not investigated further since the majority of them work at short 

range such as hydration forces. 
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Figure 1. Illustration of silica colloidal tip 

from AFM and mica surfaces used in the 

experiments. Both substrates contain a 

surface charge, 𝜎1 and 𝜎2, when immersed in 

water. 
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The measured interaction forces between silica and mica surfaces at varying LaCl3 

concentrations and pH 5.6 are shown in Figure 2. The interaction at concentration lower 

than 0.001 mM LaCl3 shows a repulsive electrostatic at long distance (Fig. 2A). Low salt 

concentrations produce longer screening counter-ions distribution. Hence, the electrostatic 

interaction emerges at longer distance. At this range of concentration, the magnitude of 

electrostatic force is also higher. Intuitively, this is because of higher surface potential, also 

due to minimal screening from counter-ions. 

Further, the interaction at concentration around 0.01 mM LaCl3 shows repulsive 

electrostatic interaction at long-distance followed by the attractive van der Waals 

interaction (Fig. 2B). These phenomena are well explained by conventional DLVO 

between two negatively charged surfaces. The electrostatic interaction is also smaller and 

commences at shorter distance than the lower concentration system. This is due to the 

higher presence of the counter-ions that screen the negatively charged surface. Hence, the 
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debye length (screening length) is shorter and the surface potential is lower. Further, the 

van der waals interaction in this system appears below 10 nm. This is well resonated with 

the previous results[10]. 

 

Figure 2. Force against distance curve between silica and mica in different LaCl3 

concentrations. (A) Interaction force in Milli-Q, 10-4 mM, and 10-3 mM LaCl3 solutions. 

In this range of concentrations, the electrostatic repulsion forces are dominating in the long-

range region. (B) Interaction force in 10-2 mM LaCl3 solution. In this concentration, the 

electrostatic repulsion force is still dominating in the long-range distance. In the short 

distance, the van der Waals attraction is overpowering the electrostatic repulsion. (C) 

Interaction force in 10-1 mM LaCl3 solution. In this concentration, the electrostatic 

attraction force is emerging and dominating in the long-range distance. (D) Interaction 

force in 1, 10, and 100 mM LaCl3 solution. In this range of concentrations, the electrostatic 

forces are minimal due to high concentration of salts. The solid black lines are the best fit 

by equation 1. 
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Interestingly, at concentration of 0.1 mM LaCl3, the long-range repulsion force is not 

present but shows the long-range attractive force. In 0.1 mM, the significant attractive force 

starts at ~34 nm. We expect this to due to the electrostatic interaction transformed from 

repulsive to attractive force. In this state, one of the surfaces has a surface charge reversal. 

From other experimental data, we found out that mica experienced charge reversal earlier 

than the silica[10, 11].This produces a positively charged surface of mica opposing 

negatively charged silica. As a consequence, the electrostatic force that initially repulsive 

become attractive.  

Above 1 mM LaCl3, the electrostatic interaction transformed again into repulsive force. At 

this state, the silica charge is also converted from negatively charged to positively charged 

surfaces. As the concentration is higher, the surface is screened with counter-ions at shorter 

distance. Hence, electrostatic interaction is emerging at shorter distances compared to 

lower salt concentrations. Further, the van der Waals interaction is producing a small 

adhesion force near the surface contact. 

Table 1. Parameters Obtained from Fitting based on Interaction between Silica and Mica 

Surfaces at pH 5.6 

[LaCl3] (mM) λ (nm) Ψsilica (mV) Ψmica (mV) Electrostatic 

0 35 -45 -50 Repulsion 

0.0001 35 -45 -50 Repulsion 

0.001 35 -45 -50 Repulsion 

0.01 30 -41 -29 Repulsion 

0.1 13 -13 10 Attraction 

1 4 -4 12 Attraction 

10 2 5 20 Repulsion 

100 0.4 10 30 Repulsion 
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To further detailing the results in figure 1, we fit the results with equation 1. Initially, we 

calculated Hamaker constant for interaction between silica and mica across aqueous 

solution. The value of fitted Hamaker constant for this system is 1.21×10-22 J. All the results 

are summarized in Table 1. The obtained debye length from figure 1 for concentration 

above 0.01 mM is matched with theoretical results from Debye-Hückel approximation. 

However, below this concentration, the theoretical debye length is different from 

experimental results. We attribute this to the force of extremely long-range forces that 

overlaps with the noise of the instrument. 

In table 1, it is shown that mica has higher surface potential than silica at ultra-dilute 

electrolytes (≤0.001 mM). The trends agree with previous experiments by others[10, 12-

16]. Interestingly, the mica surface potential is reversed earlier than the silica (Fig. 3A). 

The surface potential sign discrepancies induce the electrostatic to be transformed from 

repulsive to attractive electrostatic interaction (Fig. 3B). Further, as the concentration 

increased, the silica surface potential is also reversed onto positive value (Fig. 3C). Hence, 

two positively charged surface will again induce electrostatic repulsion.  
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Figure 3. Illustration of ions distribution and surface potential values of mica and silica in 

electrolyte solutions. (A) Low ions concentration with both negatively charged silica and 

mica surfaces. (B) Medium ions concentration with negatively charged silica and positively 

charged mica surfaces. (C) High ions concentration with both positively charged silica and 

mica surfaces. 

We noticed earlier that mica surface charge is higher than silica. However, as the ions 

concentration increase, the mica surface is experiencing earlier charge reversal. This 

observation implies that La3+ has a higher tendency to adsorb onto the mica than silica. To 
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explain this phenomenon, we should consider the nature of the surface charge and the 

charged site size of both surfaces. It is well known that the mica surfaces obtain the 

negatively charged surface from the K+ ions that leave the surface after immersion in 

solution. The resultant charge on mica due to periodic replacement of Si atoms by Al is 

about 2.1×1014 sites per cm square[17, 18]. In contrast, the silica obtains its charge by 

deprotonation of silanol group[19]. Hence, the silica surface is highly dependent on the pH. 

Between pH 5 and 6, the proton loss from the surface in milli-Q that is equivalent with 

negative site is 9.9-10.2×1013 sites per cm square[19]. Hence, the mica is having higher 

magnitude of surface potentials compare to silica.  

 

Figure 4. Illustration of lattice arrangement on the surface of silica (A) and mica (B). In 

silica, the negatively charged surfaces due to protonation leave bowl-shaped sites for 

positively charged species. In mica, the negatively charged surfaces do leave flat sites for 

positively charged species. 

 

The rate change of surface potential in mica is also higher than silica as mica experience 

charge reversal at lower salt concentration than silica. We attribute this observation due to 

the arrangement of the lattice of both surfaces. In silica, the negative site is bowl-shaped 

while in mica is flat site. The trend is likely due to entropy-driven phenomena due to steric 

hindrance of bowl-shaped cavities in silica. As a consequence, the tendency of ions to 

adsorb onto silica is lower than mica.  
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CONCLUSIONS 

We employ the AFM force spectroscopy in lanthanum chloride solutions to study 

electrostatic interaction in two asymmetric, negatively charged surfaces, which are mica 

and silica surfaces. We varied the salt concentrations from 10-7 to 0.1 M. Below 0.01 mM, 

we observe a well predicted repulsive electrostatic force. Interestingly, at concentration 

window of 0.01 mM to 1 mM LaCl3 solutions, the conventional electrostatic interaction is 

altered to attractive interaction. Above 1 mM, the conventional repulsive electrostatic force 

is resurrected. The attractive electrostatic interaction phenomena are attributed due to 

charge reversal in mica surfaces. As the concentration increases, the number of cations that 

adsorb on mica is increasing. At some point, the negatively charged mica surface is 

neutralized and further reversed, rendering positively charged surfaces. In addition, the 

mica surfaces also have a higher tendency to adsorb ions compared to silica due to the 

arrangement of the lattice on the surfaces while it is charged in solution. 
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