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Abstract

This thesis describes surface force measurements using a Surface Force Apparatus 

and an Atomic Force Microscope. The surface Force Apparatus was used in the 

examination of two systems. In the first, the interaction between mica surfaces in 

ammonium chloride solutions was found to be well described by DLVO theory at low 

concentrations but additional hydration forces were observed in more concentrated 

solutions. The forces between mica sheets in aqueous solutions of a diammonium salt 

were also examined, and related to the stability of montmorillonite clay under similar 

conditions. A short-ranged attractive force was measured for mica surfaces under 

conditions where the clay dispersion was found to be unstable.

Two new techniques for surface force measurement using an Atomic Force 

Microscope are described. In the first, the interaction between a sharp tip and a flat 

surface was determined by measurement of the resonant properties of a cantilever. 

This technique was used to measure the interaction between a nickel tip and a mica 

sheet with high lateral resolution. In the second Force Microscope technique, an 

individual colloid particle was attached to a cantilever, and the force on the particle was 

measured directly from the deflection of the cantilever. This technique was used to 

measure the force on a silica particle as a function of NaCl concentration and pH. 

This new method has great potential for the study of particle interactions in a wide 

range colloid systems.
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Chapter 1 

Summary

It has been postulated that there are four universal forces: gravitational, electromagnetic 

and the strong and weak nuclear forces. Because of differences in the rate at which 

these forces decay with distance, the interaction between two bodies is usually 

dominated by only one or two of these forces. While the motions of massive bodies 

are dictated by gravitational forces, the interactions within the nucleus are dominated 

by the strong and weak nuclear forces. Between these two extremes of scale, 

interatomic and intermolecular interactions are dominated by electromagnetic forces. 

These forces dominate over a range of roughly one-tenth of a nanometer to one 

micrometer, and are not only important in the interaction between individual molecules 

and atoms, but also in the short-range interaction between larger bodies. The latter are 

usually known as surface forces and are the subject of this thesis. Surface forces 

determine the wetting, adhesion and lubricant properties of materials, and dominate the 

interaction between objects whose size is close to the range of intermolecular forces. 

Particles of this size are known as colloid particles, and occur in such diverse systems 

as soils, paints, paper, foodstuffs, biological materials and other composites.

This thesis describes a collection of measurements of surface forces performed using 

two devices - a Surface Forces Apparatus1 and an Atomic Force Microscope2. A 

classification of surface forces and a review of some of the methods used for surface 

force measurement are given in chapter 2. Chapters 3 and 4 describe measurements 

using the Surface Forces Apparatus. This device has been previously employed to 

measure a variety of surface interactions and here has been used to measure forces in 

two systems. The first is the interaction between mica surfaces in ammonium chloride 

solutions. The forces were found to be similar to those measured in alkali metal ion 

solutions, being well described by DLVO theory at low concentrations but exhibiting a



hydration force above a critical salt concentration. The second system investigated is 

the interaction between mica surfaces in aqueous solutions of a diammonium salt. 

This salt appears to bridge between the negatively charged mica sheets causing 

adhesion at a mica-mica separation equal to the length of the molecule.

Chapters 5 and 6 describe force measurements an Atomic Force Microscope. This 

very high resolution microscope was developed in 1986 and few researchers have 

used this device for surface force measurement. In Chapter 5 a technique is described 

in which the surface force is obtained from measurement of the change in resonant 

frequency of a probe (ac measurement), and the results of measurements of the force 

between a nickel probe and a mica surface are presented. Chapter 6 describes a 

technique for force measurement using an AFM in which the force is determined 

directly from the deflection of a cantilever (dc measurement). This method is used to 

measure the interaction between silica surfaces as a function of aqueous NaCl 

concentration and pH. These are the first measurements of the force on an individual 

colloid particle.

References

1. Israelachvili, J.N. & Adams, G. J. Chem. Soc. Faraday Trans. 1 74, 975 (1978).

2. Binnig, G., Quate, C. & Gerber, G. Phys. Rev. Lett. 56, 930 (1986).
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Chapter 2

Introduction to Surface Forces

During the second world war, Derjaguin and Landau1, and Verwey and Overbeek2 

independently developed a quantitative theory (DLVO theory) to describe the 

interaction between colloid particles in aqueous solution. According to DLVO theory, 

colloid stability is dependent on the magnitude of two opposing forces: an attractive 

van der Waals force, and a repulsive electrostatic force known as a double-layer force. 

This theory successfully explained the stability of some colloids, but a significant 

number of anomalies suggested that other forces were also important. During recent 

years, theoretical and experimental advances have confirmed the general features of 

DLVO theory, and a more comprehensive understanding of surface forces has been 

developed. Additional forces have been proposed due to such effects as solvation, 

liquid structure and steric interactions, and the forces originally considered in DLVO 

theory have been refined.

2.1 Classification of Surface Forces

Van der Waals Forces

A van der Waals force is the name given to the force which arises between atoms or 

molecules because of the interaction between temporary or permanent dipoles. 

Because all atoms are polarizable, this force is ubiquitous. For two isolated atoms or 

molecules this force is always attractive, but the situation is more complicated for 

systems of many atoms. However, between bodies of the same material, the van der



4

Waals force is force is always attractive, so all colloids would be unstable if this were 

the only force operating.

Van der Waals3 proposed a ubiquitous attractive force between gaseous molecules as a 

correction to the ideal gas law, although postulation of a universal attractive force dates 

to the time of the Ancient Greeks. In the 1930's a formal mathematical treatment by 

London4 showed that the potential between two molecules was inversely dependent on 

the sixth power of their separation. Early theories of the van der Waals force between 

macroscopic bodies attributed to Hamaker5 summed the interaction between two 

molecules over the volume of the two bodies, assuming the pairwise additivity of 

these forces. The distance dependence of this force is dependent on the shape of the 

object, and for two infinite half spaces is given by:

V = -A / 12 Jt L2 (1)

where V is the interaction energy per unit area, L is the distance between the parallel 

surfaces, and A is the Hamaker constant. The value of A depends on the the 

composition of the two half spaces and the intervening medium. At larger separations 

(greater than about 5 nm), the correlation between dipoles is weaker so the distance 

dependence increases, and the force is said to be retarded.

Modem theories of Van der Waals forces, mainly due to Lifshitz6, 7 , treat the 

interacting bodies as continuous media (so do not suffer from the limitations of 

pairwise summation) and consistently include the effects of retardation. Calculation 

of the force requires knowledge of the dielectric response of the interacting materials 

over a wide range of frequency (typically from microwave to far UV) since this is 

related to the manner in which the material interacts with an oscillating electric field.
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Electrical Double-layer Forces

There is usually some charge separation at the interface between phases. If we 

consider the interface between a solid and liquid, this charging can be due to either the 

unequal dissolution of differently charged groups from the solid, or to the selective 

adsorption of charged species from the surrounding liquid. This charging process is 

more favourable in a liquid of high dielectric constant and thus is of particular 

importance in water. The surface charge is responsible for an electrical potential, and a 

consequent distribution of ions in the liquid phase: the diffuse electrical double-layer. 

When two similarly charged surfaces approach there is an electrostatic force generated 

by the overlap of the diffuse layers.

Early models of the double-layer, developed by Gouy 8 and Chapman9, were based on 

a mean field approximation. Their models were based on the assumption that the 

potential is uniform across the charged surface and in each plane parallel to the surface 

and that ions in the double-layer have no finite size. A relatively simple mathematical 

description of this interaction can be obtained if the interaction between flat surfaces is

considered. From Maxwell's equation, we have the relationship between the electric 

field, E and the charge density, p at a point, F:

V.E(r) = - p ( r ) / e  (1)

where £ is the permitivity of the region. For the one dimensional (flat surface) case:

dVW/dx2 = p (x) / e (2)

where V(x) is the electric potential. The charged particles are distributed according to 

the Boltzmann Equation:

n (x) = n (o o )  exp(- Q\|/(x) / kT) ( 3 )

where n (x) is the ion density at x, Q is the charge on the ion, k is the Boltzmann 

constant and T is the absolute temperature. For a Z:Z electrolyte:

p (x) = qZZiiii(x) = -2Zqn(°o) cosh [Zq\j/(x) / kT] (4 )



where q is the magnitude of the charge on an electron.

Combining equations 2 and 4 yields the Poisson-Boltzmann Equation for symmetrical 

electrolytes:

d2\j/(x) / dx2 = sinh (Zq\j/(x) / kT) ^

At equilibrium the pressure throughout the film must be uniform, so it is only

necessary to calculate the pressure in one plane. There is no net electrostatic field at the

midplane between two similarly charged surfaces, so here the pressure, jc, between the

surfaces depends only on the osmotic pressure due to the difference in solute

concentration at the midplane and in bulk solution:
K = kT £ [ ni(m)-ni(oo)] (6)

If \|/(x) can be obtained, the ion density profile can be calculated from the Boltzmann 

distribution equation. A procedure for obtaining exact numerical solutions to the 

Poisson-Boltzmann equation has been derived by Chan et a /10, and thus the double

layer force can be simply calculated. However, the solution of (4) depends on the 

choice of boundary conditions. As the two surfaces approach, each surface may 

influence the charge on the other11. The highest energy interaction occurs when the 

charge on each surface remains constant, but surface adsorption or desorption may 

cause a reduction in charge. The interaction of lowest energy occurs when the 

electrostatic potential on the surface remains constant.

An example of a measured surface force is shown in figure 2.1. The points are 

measurements made by Pashley in 198112 and the solid lines were calculated using 

DLVO theory at the limits of constant charge and potential. The force is dominated by 

repulsive double-layer forces at large distance, and is dominated by attractive van der 

Waals forces in the last few nm.
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Figure 2.1: An example of double-layer and van der Waals forces: The force
between two mica sheets in water measured by Pashley using the 
Surface Forces Apparatus12.
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The original DLVO theory considered a van der Waals force together with a double 

layer force calculated with the above Gouy-Chapman assumptions of uniform 

potentials and point ions. It is with these assumptions that calculations are made in 

this thesis. However, in recent years several improvements have been made to 

double-layer theory. Attard, Mitchell and Ninham13, noting the inconsistency of 

including molecule-molecule interactions in Van der Waals theory but not in double

layer theory have included ion-ion correlations in their theory, as well as the effect of 

image charges. The same authors have investigated the contribution of large surface 

dipoles to the van der Waals interaction14. When the zero frequency correlations 

between dipoles were added to the Lifshitz result, good agreement was obtained with 

force measurements on lipid bilayers15 and adsorbed proteins16. Mitchell and 

Ninham have also shown that solutions to the Poisson-Boltzmann equation 

overestimate the decay-length of double-layer forces, particularly for asymmetric 

electrolytes17. Recent measurements of the forces between mica surfaces in solutions 

of cytochrome C (a 12:1 electrolyte) are in agreement with their findings18. Kjellander 

and Marcelja19 have also developed a more sophisticated double-layer model using 

Hypemetted Chain (HNC) Theory. Poisson-Boltzmann theory agrees well with their 

results at large separations and low electrolyte concentrations, but poorly in 

concentrated solutions, particularly in those containing multivalent ions. Experimental 

measurements of forces between sheet silicates in concentrated Ca^+ are consistent 

with calculations using HNC theory20.
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Structural forces

Both the Lifshitz theory of van der Waals forces and the Gouy-Chapman theory of the 

double-layer treat all media as continuous. However, it is not surprising when a 

liquid is in a film which is only a few times the diameter of the constituent molecules 

there may be effects due to molecular granularity. Computer simulations21 and 

theoretical studies22, 23 of the structure of liquids near smooth, hard walls show that 

the liquid packs in layers parallel to the surface. The density of liquid molecules 

alternates between maxima and minima, each separated by a distance close to the 

diameter of the liquid molecule. The magnitude of the maxima and minima decreases 

with distance from the wall until the constant bulk density occurs at a distance of about 

6-7 molecular diameters from the surface. Since the pressure depends on the 

momentum transfered to the wall by the particles, it was expected that the force should 

exhibit the same oscillatory distance dependence. In 1981, Horn and Israelachvili 

measured the forces between smooth, hard mica sheets immersed in a liquid composed 

of large, rigid, approximately spherical molecules (octamethylcyclotetrasiloxane) and 

found that the force as a function of distance was oscillatory, with the magnitude of the 

maxima and minima decaying roughly exponentially from the surface24. Similar 

results were found by Pashley and Israelachvili in aqueous KC1 solutions25 (as shown 

in figure 2.2), by McGuiggan and Pashley in concentrated NaCl solutions117 and by 

Christenson in a variety of liquids26,27. These forces have also been observed when 

only one of the surfaces is smooth, but not when both surfaces are rough28 or when 

the surfaces are fluid29.
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Figure 2.2: The force between two mica sheets immersed in 10'3 M KC1 measured
by Israelachvili and Pashley25.
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Solvation Forces

DLVO theory also neglects the influence of specific interactions between the solvent 

and the surface. For most liquids, no specific interaction has yet been measured, but 

for water, there are phenomena which cannot be explained by DLVO forces alone. 

These forces are usually known as hydration forces if the interaction is repulsive and 

hydrophobic forces if the interaction is attractive.

Solvation forces were postulated in the early 1930's by Langmuir30 to explain the 

stabilization of colloids. Subsequently, detailed force measurements on a variety of 

systems have revealed repulsive forces in addition to those predicted by DLVO theory. 

Lyklema and Mysels31 and Clunie et a l32 performed measurements on soap bubbles, 

the latter finding a monotonic increasing force in addition to DLVO forces at film 

thicknesses less than 2.5 nm. Similar forces were measured by Parsegian, Rand and 

others29,33’34 in lamellar systems, by Peschel et a l35, Rabinovich et al 36and Horn et 

al28 between silica surfaces, by Horn28, and Marra and Israelachvili37 between lipids 

adsorbed to mica, by Viani38 in clays and by Pashley, Israelachvili and others39, 40 

between mica surfaces. In the latter case, the force was attributed to hydration of 

adsorbed ions. Forces were found to decay exponentially with a decay length of 

about 0.6-1 nm between solid surfaces, and 0.2 -0.4 nm between fluid surfaces, and 

to extend to about 1-2 nm per surface.

The question of whether a hydration-like force occurs in liquids other than water is 

unresolved. Because most force measurements have been performed between smooth 

mica surfaces, and there are almost always oscillatory structural forces present in these 

measurements, it is difficult to determine whether solvation forces occur, or even 

whether it is sensible to make a distinction between solvation and structural forces. 

Christenson found no need to invoke an additional force to explain the interaction 

between mica surfaces in acetone(which has a large dipole moment) or in
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methanol(which is hydrogen bonding)41. Likewise, no additional repulsive force was 

observed in measurements in ethan-l,2-diol (glycol)26 although analysis was 

complicated by the presence of repulsive double-layer forces. Other workers have 

measured solvation forces between lecithin molecules in glycol42.

Theoretical modeling of these interactions is difficult because of the complexity of the 

water-water interactions: the water molecule is asymmetric and because the dipole 

moment for water varies according to the size of the water cluster, pairwise 

summations offer poor approximations43. However, a simple mechanism for 

hydration forces is that the force is due to the ordering of water molecules near polar 

groups or surface adsorbed charges. As a second surface approaches, there are 

increasing demands for the orientation of the water molecules resulting in a loss of 

entropy and breakage of hydrogen bonds, and thus a repulsive force40,44.

An example of measurement of this "additional" repulsive force is the measurement of 

the force between mica surfaces in 10*2 M NaCl shown in figure 2.3



13

Figure 2.3: An example of double-layer, Van der Waals and hydration forces: The
force between two mica sheets in NaCl solutions measured by Pashley 
using the Surface Forces Apparatus40. Note that at the highest 
concentration, (10'2 M) the van der Waals force does not dominate at 
small separation. This has been attributed to hydration forces.
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Current understanding of hydrophobic forces is far less advanced than for hydrophilic 

forces. Although the hydrophobic effect has been studied for some years45,46, most 

investigations have focussed on the interaction between small non-polar molecules and 

water, not measurement of the force law between hydrophobic surfaces. When these 

non-polar molecules dissolve in water, the local structure of the water is modified, 

presumably to form clathrate-like, but dynamic structures. Structures of this nature 

have been produced in computer simulations 47. Although their formation may be 

accompanied by an increase in hydrogen-bonding, the structures are more ordered than 

bulk water and the decrease in entropy more than compensates for the enthalpic 

change. Clustering of hydrophobic molecules minimizes the free energy gain, so the 

interaction between hydrophobic molecules is attractive. This has been confirmed by 

simulations47 and theory48 and is suggested by the existence of structures in water 

consisting of aggregated amphiphiles (e . g . micelles).

The nature of the force between hydrophobic surfaces is less well understood. 

Currently there is no theory which can predict either the distance dependence or the 

magnitude of the force, and experiments reveal a complicated picture . Experiments 

by Pashley, Israelachvili, Christenson, Claesson and others 50'57 show that the forces 

are of much longer range than hydration forces, extending to surface separations of 

100 nm and sometimes even to 200 nm57,58. The force law is roughly exponential, 

but in some cases exhibits two regimes, with decay lengths of about 1 nm and 5 nm. 

The enormous range of this force suggests that there may be an electrostatic 

contribution, particularly in the long-range component, but forces measured in 

solutions of varying screening length (ionic strength) do not support this hypothesis59.
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Steric Forces

When two polymer-coated surfaces approach in solution, a repulsive force can arise if 

solvated polymer chains are confined to a smaller volume. This is analogous to the 

double-layer force, where the repulsion is due to the confinement of the diffuse layer 

of ions. This steric repulsion helps in the stabilization of a wide range of colloidal 

systems including paints, glues, ink and foodstuffs. Stabilization can be achieved by 

adsorption of a block copolymer to the colloid. If the solution is a bad solvent for one 

section of the polymer, attachment to the colloid is ensured, and if the solution is a 

good solvent for the other section of the polymer these sections will be repelled by 

similar sections attached to another particle, preventing coagulation by van der Waals 

forces. Obviously, if there is a net attraction between the polymer segments there will 

be an attractive force between the particles leading to flocculation.

Recent measurements of forces between surfaces in polymer solutions have largely 

confirmed these traditional theories of colloid stabilization. Typically, measured forces 

are monotonically repulsive over a distance (per surface) at least equal to the radius of 

gyration of the polymer 60,61,62. The range of the force increases when the medium 

is a better solvent for the polymer63.

Undulation Forces

In some lamellar systems, the equilibrium spacing of the bilayers exceeds the range of 

conventional surface forces64. Helfrich has proposed that these phases are stabilized 

by a long-range force due to steric interactions caused by thermal fluctuation of the 

bilayers65, 66.
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2.2 Techniques for the measurement of surface forces

This section contains a review of force measuring techniques. More detailed 

descriptions of a Surface Forces Apparatus and an Atomic Force Microscope are given 

in sections 2.3 and 2.4 since both of these have been used for measurements described 

in this thesis.

Measurement of thin wetting films on glass

In 1938 Langmuir30 used measurements of the liquid levels in thin capillaries to 

estimate surface forces. The extent to which a water capillary rises in a wetting glass 

tube depends on the effective diameter of the tube, and thus on the thickness of any 

thin liquid film on the glass. By calculating the thickness of the film for a variety of 

ionic concentrations, he was able to obtain reasonable agreement with estimates of 

double-layer forces.

The following year, Derjaguin and Kussakov67 published results of measurements of 

the force between an air-bubble and a flat glass plate separated by a thin liquid film. 

The dimensions of the film were measured by an interference technique, and the film 

pressure was calculated from the radius of the bubble using the Laplace Equation. The 

pressure was then changed by applying a hydrostatic pressure to the inside of the 

bubble. Measurements using this technique show general agreement with double

layer theory in the region 30-130 nm68'70.
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Soap Film Measurements.

Force distance relationships have been measured on thin (5-100 nm) soap films drawn 

from a reservoir on a wire support31,32. The thickness of the films was controlled by 

competition between forces tending to thin the film: van der Waals and hydrostatic 

forces, and forces preventing thinning: double-layer and hydration forces. The 

equilibrium thickness of the soap layer were measured as a function of either the height 

above the bulk liquid (hydrostatic pressure) or the relative vapour pressure (chemical 

potential of the liquid). The thickness of the film was usually determined from the 

reflectivity of the film and these values are dependent on modelling of the film layer. 

This leaves an uncertainty of about 1-2 nm in the determination of film thicknesses. 

In a later version of this technique the film pressure was determined directly from light 

scattering measurements71. Experiments using soap films provided general 

verification of DLVO theory, and provided some of the first experimental evidence of 

hydration forces.

In analagous studies of surface films, the thickness has been measured more accurately 

by ellipsometry72-74.

Osmotic Stress Measurements

Parsegian, Rand and LeNeveu29 have developed a technique for measuring the surface 

pressure between amphiphile layers in lamellae and this has been applied to a variety 

of lipids. In their method, the pressure in the lamellae is set, and the corresponding 

thickness of the water film between the lipid bilayers is determined using X-ray 

scattering. The repeat unit of solutions of known lipid volume fraction are measured 

to determine the relationship between repeat unit and interlipid spacing, then, in the 

experiment, the repeat unit is measured as a function of pressure by applying an 

osmotic stress in one of three ways:
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1) The lipid lamellae are placed in equilibrium with a solution of dextran of known 

osmotic strength.

2) A pressure is applied to the lamellae via a piston, and water is removed though a 

semi-permeable membrane.

3) The lipid lamellae are placed in equilibrium with a range of saturated salt solutions 

via the vapour phase.

Capacitance measurements

Starting in the 1950’s, Spamaay and Overbeek developed a technique for the direct 

measurement of surface forces and have used this for the measurement of van der 

Waals forces between glass, quartz or silica plates75'78. A capacitance gauge was 

used to determine the deflection of a spring attached to one of two substrates 

interacting across air or vacuum and the interaction force was calculated using the 

spring constant. The distance between the plates was determined by noting the change 

in colour of the light reflected from an interferometer formed by the plates. This 

estimation of colour was made by eye. At small separations (<100 nm), the distance 

was estimated from the ratio of intensity of incident and reflected light. Changes in 

separation were achieved using micrometers and mechanical pressure transducers.

Recently, Tonck, Georges and Loubet 79 have measured the forces between 

aluminium oxide surfaces using a device in which capacitance gauges measure both the 

deflection of a spring and the surface separation. In their device, the distance between 

the surfaces is altered by controlling the temperature of the metallic section of the 

mechanical linkage between the surfaces.
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The Force Balance

Deijaguin, Rabinovich, and Churaev80 have developed force measuring instruments 

which are distinguished from the other devices discussed here in that the separation 

between the surfaces is controlled, rather than allowed to come to an equilibrium 

separation determined by the forces. In the devices developed by Israelachvili81 and 

Overbeek75, the displacement of one surface relative to another is altered by changing 

the displacement of one surface relative to the undeflected end of a spring. The 

surface at the free end then moves until equilibrium is achieved between the surface 

force and the spring force. In the devices of Derjaguin et al, the distance between the 

surfaces is set by the experimenter, and a feed-back loop produces the force necessary 

to maintain that position (i.e. equal and opposite to the surface force). The force is 

measured between two fibres oriented perpendicular to each other (numbered 1 and 3 

in figure 2.4), one of which is fixed, and the other is attached to a pivot arm. At one 

end of this arm is a coil in a magnetic field (3), and at the other end, a mirror (4). By 

reflecting a beam of light from the mirror on to two photoresisters (Li and L2), the 

angle of the pivot arm is measured, and thus the distance between the surfaces known. 

Once an inter-fibre distance is selected, a feed-back loop produces a current in the coil 

which interacts with a magnetic field to produce the force necessary to maintain the 

position. The surface force is then calculated from the current through the loop.

The advantage of this technique over conventional measurements of the deflection of a 

spring is that with a feed-back loop of sufficient speed, the force can be measured at 

any distance because it is not subject to the mechanical instability of a spring. This 

device has thus been particularly successful for the measurement of attractive van der 

Waals forces but has also been used for measurements to determine the nature of 

double-layer forces. The chief disadvantage of this device is that because the distance 

between the surfaces is not measured explicitly, errors can be introduced by the 

bending of the fibres and deformations in the contact zone.
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Figure 2.4: Schematic diagram illustrating the force balance. The crossed fibres are
labelled 1 and 3. Figure reproduced from reference80
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The Surface Forces Apparatus

One of the most popular methods for the measurement of surface forces uses an 

apparatus which has been developed over a number of years by Tabor and 

Winterton82, Israelachvili and Tabor83, Israelachvili and Adams81, Israelachvili,84 and 

Parker, Christenson and Ninham85, commonly known as the Surface Forces 

Apparatus (SFA). In this device, the distance between two thin mica sheets is 

measured explicitly by interferometry and the separation is altered either by 

mechanical means or by the use of piezo-electric devices. One of the surfaces is 

attached to a spring and the force is calculated from the deflection of the spring. 

Parker has developed a modification of this technique in which the force is measured 

using a piezoelectric bimorph86. Because the SFA was used for some of the 

measurements reported in this thesis, its operation will be considered in some detail in 

the next section.
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2.3 The Surface Forces Apparatus.

Introduction

The Surface Forces Apparatus (SFA) has been developed over a number of years, and 

both the versions of Israelachvili and Adams81, and Parker et a l85 were used for 

measurements reported in this thesis. However, because measurement using the two 

devices is fundamentally the same, only the latter will be described here. Both 

dynamic measurements87, 88, and measurements between other surfaces have been 

performed28,89 using these devices. However because only static forces between 

mica surfaces in water are reported here, only the technique for such measurements 

will be described. Figure 2.5 shows a cross-section view of the apparatus which will 

be described below in terms of distance measurement, control of surface separation, 

force measurement, and preparation of samples and solutions.

M easurement of surface separation with the SFA

Surface separation is determined interferometrically by analysis of Fringes of Equal 

Chromatic Order (FECO fringes)90, 91. White light is passed through a five-layer 

cavity consisting of silver-mica-fluid-mica-silver which allows the transmission of 

wavelengths which are an integral fraction of the optical distance between the silver 

surfaces. The wavelengths of transmitted light are measured using a spectrometer and 

appear as a series of bright fringes on a dark background. Measurements using the 

interferometer depend on the thickness of the mica sheets and the optical distance 

between them, but for the pressure ranges applied in these experiments, the thickness 

of the mica is effectively constant. This is thus a very direct method for determining 

surface separations and unlike some other measurement techniques, drifts in measured 

distances are insignificantly small.
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At the beginning o f an experim ent the thickness o f the m ica is calculated from 

measurement of the wavelength when there is no gap between the surfaces:

Y = n Xn/ 4 Mm , n= l,2 ....

where Y is the thickness of each mica sheet, n is the order o f the fringe, and Mm is the 

refractive index o f the mica. W hen there is a thin film between the mica sheets, each 

fringe moves to a longer wavelength, which is given by:

T
tan (27tp.wT / Xn)

2|isin (it [l-(X £ /X l)]/[(l-(X n /?£ i)]) 

(1+ ? )  co s{71 [ ! - ( < /  Xl)] /[ 1-(XS/ X i  1)]) ±  ( i? -l)

where: is the wavelength of the nth fringe with a film of

thickness, T, between the mica sheets,

M-w is the refractive index of water at that frequency,

M = Mm/ M-w

Xn and Xn_i are the wavelengths of the nth and (n-l)th  order 

fringes when there is no gap between the mica sheets, and 

+ refers to n odd, and - to n even.

W hen the silver layers are far apart (2Y+T is large), there is a smaller wavelength 

difference between adjacent fringes and a lower resolution of surface separation. Thus 

for high resolution it is im portant to obtain m ica sheets which are quite thin - in 

practice, about 1-5 Mm in thickness. M easurement of separation also becomes less 

accurate as the surfaces are m oved further apart. In adhesion m easurem ents, the 

surfaces can separate to distances of the order of micrometers, and here the distance is 

often calculated in a different manner. Each time the mica sheets are moved so that a 

fringe passes through the wavelength equal to X„ , the surfaces move exactly X„/ 2Mm> 

so large changes in surface separation can be measured simply by counting the fringes 

as they pass xJJ.
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A big advantage of the interferometric technique is that the above equations hold for 

each point in the interferometer cavity and thus the fringes reveal the geometry of the 

contact zone. The mica sheets are usually in the shape of half cylinders mounted with 

their axes perpendicular, so when viewed in section appear as a semicircle against a 

flat. Because of different magnifications parallel and perpendicular to the optical path, 

the fringes appear as portions of an ellipse, and a radius, R, of the surface can be 

calculated from the dimensions of this ellipse. A point on the ellipse is chosen and the 

difference in separation between the surfaces at that point on the fringe and at the 

surface, x, is measured using the above equation. The width of the fringe at that point 

is measured using a graticule, and the other dimension, y, is calculated using the 

magnification of the optical path. The radius is then determined using simple 

geometry:

A perpendicular radius is also measured, and the two radii characterize the geometry 

of the contact zone.

Because the geometry of the surfaces is revealed in the shape of the fringes it is 

possible to see whether the surface separation (and thus the force) is constant over 

areas greater than the wavelength of light, and thus to detect local inhomogeneities 

such as particles or other phases. It is also possible to see deformations caused by 

large loads, and to measure the refractive index of the film in the contact zone.
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Changing the surface separation in the SFA

In the Surface Forces Apparatus, the lower surface is connected to the upper surface 

via a spring, some structural components, and the devices for altering surface 

separation (see figure 2.5). To change the surface separation, the distance between 

point A and B (the distance Z in figure 2.6) is changed, causing the spring to deflect 

until equilibrium is reached between the surface force and the force exerted by the 

spring. The distance Z is changed by one of three methods. The most coarse level of 

control is achieved using a translation stage. With a DC motor attached to this stage 

via reduction gearing, the distance can be controlled to within 10 nm. The next stage 

of operation uses a similar translation stage, but it is connected to the apparatus via a 

weak spring which pushes on a flexure hinge, reducing movement by a factor of 

about 1000. The final stage of control is achieved by changing the length of a 

piezoelectric crystal by application of a potential across its wall. Recently, Stewart 

and Christenson have developed a technique where the surface attached to the spring 

may be moved by application of a magnetic force92. However, this method has not 

been used in measurements described in this thesis.

Measurement of Surface Forces with the SFA

The first stage in force measurement is to determine a region of zero surface force, 

which by definition occurs at large surface separation (e . g . at separations greater than 

800 nm). When using a piezoelectric crystal, the voltage across the crystal is 

increased, the corresponding reduction in surface separation is measured, and thus the 

calibration of distance moved per volt applied can be obtained. At large separation 

this value is constant, indicating zero force. As the surfaces move closer together, the 

change in surface separation per volt changes, indicating that the spring has deflected.
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Figure 2.5: Drawing of the surface forces apparatus mark IV
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The amount of spring deflection can then be calculated by subtracting the change in 

surface separation (S-So) from the expansion of the crystal(Z-Zo). Similarly, if a 

micrometer stage is used to change the separation, the distance can be calibrated if the 

rotation of the micrometer shaft is monitored with a potentiometer. It is important to 

ensure that the micrometer stage or piezo movement is linear. Calculation of the 

force from the spring deflection requires only the value of the spring constant, and 

this is measured at the end of an experiment by loading the spring with a known mass 

and measuring the deflection with a travelling microscope. The double spring used in 

the apparatus confines motion of the lower surface to vertical translation, rather than 

allowing it to roll, as with a single spring.

Surface Force

-Spring Force

SEPARATION

Surface Force, F = k [ ( Z - Zo) - (S - So) ]Surface Separation. S

Figure 2.6: See text for explanation.
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Preparation of substrates and solutions for the SFA

The mica used in all SFA experiments is prepared in a laminar flow cabinet in the 

following manner. Large sheets of muscovite mica (mica supplies, Christchurch UK) 

are cleaved until interference colours and the flexibility of the sheets indicate that the 

thickness is in the range of 1-5 pm. These sheets are cut into rectangles of about 1 

cm^ using a red hot platinum wire, and made to adhere to a large freshly cleaved mica 

sheet for clean storage and to facilitate handling. A 530 Ä layer of silver is then 

evaporated onto the cut pieces (for use in the interferometer). At the beginning of an 

experiment, two mica pieces are removed from the backing sheet and glued, silver side 

down, to silica supports. Two pieces of equal thickness are chosen to simplify 

interferometric calculations. The cleaved mica is very flexible and adopts the 

cylindrical geometry of the silica supports, although under high loads in an experiment 

the mica and glue in the contact zone will deform to produce a flattened region.

In these experiments it is important to use purified reagents, as only a small amount of 

surface active impurity can drastically alter surface forces. The water used in all SFA 

experiments described in this thesis was purified by passage through ion-exchange and 

charcoal columns, filtration through a 0.2 pm filter then distillation in a glass still. 

Water was always freshly distilled the day before commencement of an experiment, 

and stored in a laminar flow clean air cabinet. To prevent the formation of bubbles on 

the mica surfaces and springs, the water was de-aerated with a water pump for about 

30 minutes immediately prior to an experiment. Because of equilibration with 

atmospheric C02 during an experiment the water had a pH of about 5.7 and a 

conductivity of 1 pScm‘1.
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The measurement geometry in surface force measurements

Measurements using the Surface Forces Apparatus utilize mica sheets of cylindrical 

geometry with the axes oriented perpendicular to each other and in a plane 

perpendicular to the direction of applied force. The advantage of this geometry is 

twofold. Firstly, it facilitates alignment of the surfaces. The crossed cylinder 

interaction is still maintained if either surface is translated in any of the three 

dimensions, or if either cylinder is rotated about its axis. If the angle between the axes 

of the cylinders is not exactly 90°, the effective radii of curvature of the interaction 

region are altered, but these can be measured interferometrically. The only alignment 

which must be done is to ensure that the plane of contact is perpendicular to the 

loading direction, otherwise a shearing force, rather than a normal force will be 

applied. The second advantage of cross-cylinders is that a line of contact zones on 

each surfaces is accessible because the geometry is unaltered by translation along the 

axis of either cylinder. This is important because it allows the experimenter to avoid 

particles and chemical contaminants. In an interaction between a sphere and a flat 

sheet (chapter 6), alignment is very easy because the geometry is unchanged by any 

translation or rotation (although there is the same loading requirement as for the 

crossed cylinders), but only one position on the sphere is accessible. For a sphere- 

sphere interaction, two degrees of translational freedom are constrained, because the 

interaction changes if the spheres are not body-centered. In addition, only one 

position on each of the surfaces is accessible. For the flat-flat geometry, translational 

movement does not alter the geometry, but rotation in two dimensions for each surface 

critically alters the geometry: the two surfaces must be made very parallel. In addition, 

there is only one position which is accessible, and it includes all of both surfaces.

The most convenient geometry to model theoretically is usually the interaction between 

two flat surfaces. Derjaguin93 has derived a simple equation relating the force, F, 

between a sphere of radius, R, and a half-space to the energy per unit area, E, between
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equivalent flat surfaces which is valid when the range of the force is much smaller than 

the radius of the panicle93:

F/R = 27tE

For crossed cylinders, R in the above equation is replaced by the geometric mean of 

the radii of the two cylinders.
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2.4 The Atomic Force Microscope

One of the reasons why surface forces are of interest is their importance in the 

interaction between colloid particles so it would be useful to be able to measure these 

forces directly. Until recently this has not been possible because of the difficulty in 

manipulating microscopic objects and in measuring the minute forces involved. Since 

the magnitude of surface forces depends on the radius of curvature of the substrate, the 

normalized surface force could be measured more accurately between surfaces with 

large radius. For example, in the SFA technique, the radius of substrates is about 2 

cm, and this requires a resolution of about 1 |iN for typical double-layer experiments. 

For analogous measurements on a 2 pm particle a resolution of about 0.1 nN is 

required. However, the development of the Scanning Tunneling Microscope (STM) 

by Binnig and Rohrer in 198294 and its spectacular success in microscopic 

measurement have changed the scale on which scientists contemplate measurement. 

One implication of these developments for surface force measurement is that the 

technology now exists for measurement of forces on colloid-sized objects. 

Measurements of this kind are described in Chapters 5 and 6. This section contains a 

brief description of the STM and the derivative Atomic Force Microscope (AFM) 

which have enabled these measurements.

A STM measures surface topography by scanning a fine metallic tip over a conducting 

surface. The tip and surface are positioned only a few Ä apart, so when an electrical 

potential is applied between them, a tunneling current flows across the gap. The tip 

is raster scanned across the surface, and in the most common mode of operation, the 

current is held constant by forcing the tip to maintain a constant displacement from the 

surface. This is achieved with by feedback of the (amplified) tunneling current to a 

piezoelectric crystal on which the tip is mounted. A record of the vertical movement 

of the piezoelectric translator then corresponds to a topographical map of the surface. 

Because the tunneling current varies exponentially with tip-sample displacement, and
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the decay length is very short (~1 Ä), the resolution in distance perpendicular to the 

surface is very high. If the tip is made very sharp relative to the surface, the short 

range of tunneling also allows high horizontal resolution to be obtained. STM's have 

now been used to image the surfaces of a variety of metals and semiconductors with 

atomic resolution, as well as to image surface adsorbates and larger scale features95. 

In addition, by measuring the tunneling current as a function of applied voltage, 

electronic structure can be investigated (I-V spectroscopy).

The limitation of atomic scale microscopy to conducting substrates was removed in 

1986 when Binnig, Gerber and Quate developed the Atomic Force Microscope 

(AFM)96. An AFM uses the same control mechanisms as a STM, but instead of 

detecting distance by measuring a tunneling current, an AFM detects distance by 

measuring the force between the tip and sample. The tip is situated at the end of a 

cantilever beam and the force is measured by recording the deflection of the cantilever. 

To date, this deflection has been measured with STMs96, capacitance gauges97, a laser 

deflection scheme(similar to the force balance described in section 2.2)98, a diode-laser 

feedback scheme99 and heterodyne 10°, differential101, Michelson102 and fibre 

optic103 interferometers. Since surface forces are ubiquitous, force microscopy can 

be used on any condensed material. In addition, because some surface forces decay 

rapidly with distance, the lateral and vertical resolution can be high. For sharp tips 

which image using the Bom repulsion force, individual atoms can be resolved in some 

cases104. The microscope has also been used to image in regimes where van der 

Waals forces, magnetic or electrostatic forces dominate95, although the lateral 

resolution in these measurements is usually lower because the forces have greater 

range, and because the tip is usually held further from the surface.

When the tip is not in contact with the surface, it is usually more susceptible to 

vibration, and the surface force is often smaller. For these measurements the signal to 

noise ratio may be increased by employing modulation of the tip signal (ac
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microscopy)100. Usually the vertical displacement of the tip relative to the sample is 

modulated using a piezoelectric crystal. If the end of the cantilever away from the tip 

is vibrated, the amplitude of vibration of the tip will depend on the gradient of the 

forces experienced by the tip (from the cantilever and external forces) and the mass 

distribution of the cantilever. Changes in amplitude as a function of changes in force 

gradient will be most pronounced just off the resonance of the cantilever, so the 

highest sensitivity is obtained by modulation at this frequency.

Most work using Force Microscopes has focused on imaging surfaces, and the forces 

experienced by the tip have usually been investigated only in so far as they influence 

imaging. However, the force microscope is also a useful tool with which to examine 

surface forces. Durig et al have measured the forces between tungsten and silver105 

and between iridium surfaces106 in UHV. They measured attractive forces which 

were attributed to van der Waals forces and metallic adhesion. The interaction force 

became repulsive after the iridium was coated in aluminium and then oxidized. Martin 

et a l100 measured an attractive force between a tungsten tip and silicon, and Yamada 

et al107 have measured forces between a tungsten tip and graphite. In the latter case, 

both attractive forces (at separations up to 20 nm) and repulsive forces (ascribed to 

surface deformations) were measured. AFMs have also been used to measure forces 

in the plane of the surface. Erlandsson et a l 108 and Cohen et a l109 have measured the 

frictional forces on a tip as it is scanned across mica, and Taubenblatt110 has 

measured similar forces on graphite .

In later developments, Bryant et al111 have developed a AFM where attractive forces 

can be measured in a feed-back system and Miller et a l112 and Joyce and Housten113 

have developed an AFM force balance. In this technique a surface separation can be 

maintained even if the force gradient exceeds the cantilever constant by feeding back 

on the tip-sample separation. Burnham et alnA' 115 have measured van der Waals
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forces for surfaces with and without low surface energy coatings. Weisenhom et al 

have measured the force between a Si3N4 cantilever and mica in air and water116.

2.5 Conclusions

Whilst the forces incorporated into the DLVO theory have been thoroughly 

investigated by a number of techniques, other forces remain less well understood. 

Examination of solvation forces has been limited to a restricted number of solvents and 

substrates, and understanding of hydrophobic forces is very incomplete. One reason 

for this is that attractive forces are difficult to measure, and further investigation awaits 

the use of force balances. The recent development of these for both AFM and SFA 

applications will allow new measurements and perhaps greater insight into attractive 

forces.

Experimentation has also been restricted to a limited choice of substrates - principally 

clay minerals and silica. Examination of a variety of metals, metal oxides, and ionic 

and covalent solids should be possible with new measuring devices. Direct 

measurement of surface forces has also been restricted to studies of macroscopic

substrates.
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Chapter 3

The forces between mica surfaces in ammonium 
chloride solutions

3.1 Introduction

This chapter examines the forces between sheets of mica immersed in ammonium 

chloride solutions. Because cations from aqueous solution can be exchanged for the 

original potassium ions on the surface of mica, measurement of surface forces 

provides an understanding of the ion-exchange properties of mica and the hydration of 

the surface induced by the adsorbed ions.

In a large reservoir of pure water, the surface potassium ions are almost completely 

exchanged for protons. In this case there is a small negative charge on the mica due to 

the desorption of about one proton every 10 nm^ but when electrolyte is added other 

cations may adsorb at the surface altering the surface charge and other surface 

properties. The ion-exchange behaviour of mica in the presence of alkali and alkali- 

earth metal ions has been studied in some detail1,2. If the size of the ion is included, 

then a simple ion-exchange model allowing competitive adsorption of metal ions and 

proton can account for the surface dissociation and charging properties.

The hydration of the mica surface in the presence of adsorbing alkali and alkali-earth 

metal ions has also been studied. Short range repulsive forces in addition to those 

predicted by DLVO theory have been observed, and have been attributed to water 

structure1,3. However, when protons adsorb to the same surface no hydration force 

is measured, probably because some unique chemical bonding of the proton at or 

beneath the mica surface prevents the proton from perturbing the water structure. (A 

possible site for the binding of protons is to the hydroxide groups below the basal
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plane oxygen atoms.) This observation, together with the fact that the onset of 

hydration forces occurs over a narrow concentration range, led Pashley1 to propose 

that for mica, the hydration force is determined by the exchange of hydrated cations 

for protons as mica sheets are pushed together. This exchange is in turn dependent on 

the relative concentrations of protons and other cations in the bulk phase, as well as the 

binding constants4. The extent of proton binding and its exchange are thus 

important in determining both the charge and the hydration properties of the surface.

The adsorption of acidic cations is therefore of interest because there is the possibility 

of the dissociation of the acid on the surface to leave a bound proton and a neutral 

group in solution. This allows the possibility of ion exchange simply by the transfer 

of a neutral molecule from the surface to solution. There is also the possibility of 

direct hydrogen-bonding between water molecules and NH4+ ions. This chapter 

reports an investigation of the hydration and ion-exchange properties of the acidic 

cation, NH4+.

As described in the introduction to this thesis, previous experiments have shown that 

the hydration force can be a complicated function of distance. When monatomic 

cations remain adsorbed to the surface of mica in water, the resultant repulsive force is 

an oscillatory function of distance (thought to be a result of packing of the water 

molecules between the flat surfaces) superimposed on a large repulsive force due to 

the work required to dehydrate the ions adsorbed to the surface. No oscillatory forces 

are measured between lipid bilayers when adsorbed to mica5 or in lamellar phase6, 

presumably because the surface is sufficiently rough for the oscillatory structure to be 

averaged out. The forces between surfaces containing adsorbed ammonium ions is 

thus of interest both because the ion is polyatomic, and because the ion can hydrogen 

bond with the solvent.
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3.2 Materials and Methods

The experiments reported in Chapters 3 and 4 of this thesis involve measurements of 

forces measured between surfaces of muscovite mica. Muscovite mica is a convenient 

substrate for surface force measurements because it may be cleaved to form pieces 

which are smooth to within 2 Ä over regions centimeters square. Mica is a sheet 

silicate which is related to pyrophyllite by substitution of aluminium for one quarter of 

the tetrahedral silicon atoms. The discrepancy in charge is satisfied by the addition of 

potassium ions between the layers of aluminosilicate, yielding an overall chemical 

composition of KAl2(AlSi3)Oio(OH)2 7 and the structure shown in figure 3.1. The 

surface of the sheet structure consists of rings of 12 covalently bonded atoms, 6 of 

which are oxygen and on average 4.5 silicon and 1.5 aluminium. The potassium 

ions lie between the silicate sheets and are located where the aluminium atoms occur, 

on average one every second ring. Since each ring occupies an area of 0.24 nm^, the 

area per aluminiun/potassium site is 0.48 nnA When sheets of mica are cleaved along 

a basal plane, the potassium ions are distributed evenly between the two new surfaces. 

Situated between the surface rings is a layer of aluminium-oxygen and hydroxide 

groups. The oxygen of the hydroxide is about 0.4 nm from the plane of the potassium 

ions8.

A force microscope image of the surface of mica is shown in figure 3.2. The operation 

of a force microscope is explained in section 2.4. Note that the image shows a 

rectangular lattice with a periodicity of 0.52 nm, indicating that in this case the 

microscope resolves only pairs of silicate tetrahedra.

Forces were measured using the Surface Forces Apparatus as described in the 

introduction.



Analytical grade ammonium chloride from AJAX chemicals was used without further 

purification
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Figure 3.1: The structure of muscovite mica. The top figure shows the lattice
viewed along the basal plane, and the bottom figure shows the structure 
in a perpendicular view. (This figure has been copied with permission 
from John Parker’s PhD thesis, ANU,1989)



Figure 3.2: a)Atomic Force Microscope image of the surface of muscovite mica.
b)Tetrahedral structure of the basal plane. Note that two tetrahedra.are 

related to one high (white) region of (a).



46

3.3 Results and Discussion

Force measurements in a range of NH4CI solutions

The forces between two mica surfaces immersed in a range of NH4CI solutions at 

21 °C are shown in figures 3.3 to 3.6. Because the range of the interaction is much 

less than the radius of the substrates (about 2 cm) the Derjaguin approximation (see 

section 2.4) may be used so the forces have been plotted scaled by the radius of the 

mica substrates. In each figure the solid line is the best fit of the experimental data by 

DLVO theory calculated using an exact numerical solution of the Poisson-Boltzmann 

equation9 and a non-retarded Hamaker attraction. A Hamaker constant of 2.2 x 10" 

20 j has been used for the mica/water/mica system10, and the origin for the plane of 

charge has been set at the position of closest approach of the mica. The magnitude of 

the fitted double-layer repulsion is a function of the surface potential and the decay (the 

debye-length) is determined by the solvent concentration. The double-layer equation 

can be solved for various boundary conditions, with all cases lying between the upper 

limit of constant surface charge and the lower limit of constant surface potential11. In 

this experiment, each set of measured points lies close to the constant charge case so 

only this limit has been shown.

Figure 3.3 shows the interaction in 10'5 M and l.lxlO '4 M NH4CI solutions. For 

the 10"  ̂M solution, the theoretical curve was calculated with a surface potential of - 

100 mV, a surface charge of -0.0013 Cm" 2 and a Debye-length of 96 nm (as expected 

at this concentration). In the l.lxlO '4 M solution, the DLVO curve was calculated 

using a surface potential of -90 mV, a surface charge of -0.0038 Cm~2 and a Debye- 

length of 26 nm (compared to the value of 29 nm expected for this concentration). In 

both cases, the forces could not be measured beyond the force maximum because of 

the nature of the measurement technique. When the slope of the attractive force
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becomes greater than the spring constant, the system is unstable so the surfaces jump 

to the next stable position (in this case primary minimum contact at D=0 ). For the 

relatively weak spring used in this experiment (spring constant = 148 Nm 'l), the 

jump starts roughly at the position of maximum force. In the 10‘5 M solution, the last 

measurement before the jump was at 4.2 nm separation, which is close to the predicted 

jump distance of 3.7 nm, and in the 1.1 x 10"4 M solution, where the surfaces should 

jump from 2.2 nm apart, the last measurement was made at 3.3 nm. The interfacial 

energy for the mica/ammonium solution was also measured at these two 

concentrations, and was found to be close to that measured for mica in water

At l .lx l0 '3  M NH4CI (figure 3.4), the measured forces agreed well with those 

predicted by DLVO theory for a surface potential,^ of -82 mV, a surface charge, Oq 

of -9.3x 10'3 Cm"2 and a Debye-length, k_1 of 8.7 nm (calculated 9.2 nm) at 

distances greater than about 1.5 nm separation. Below this distance the measured 

force was greater than that predicted by DLVO theory indicating an additional repulsive 

force. This force was large enough to prevent the surfaces from being brought into 

contact because the spring used for the measurement was too weak. This type of 

force has previously been identified as a hydration force or more precisely, a 

secondary hydration force12. When the applied force was reduced, the surfaces 

jumped apart only a small distance (about 10 nm ) which, together with the fact that 

the surfaces were not in contact indicated the presence of a weak hydration minimum1. 

This region of the force curve is discussed in more detail later.

When the concentration was increased to 3x10"^ M (figure 3.5), the measured forces 

still agreed well with DLVO theory ('Fq = -82 mV, Oq = -0.015 Cm"2, k-1 = 5.5 nm ( 

K_1 calculated = 5.6 nm)) up to about 1 nm separation, after which the additional 

hydration force again prevented the surfaces from coming into adhesive contact. 

However, despite the three-fold increase in concentration from the previous 

measurement, the fitted potential did not decrease. The significance of this will be
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discussed in the next section. Figure 3.6 shows the results for 1.2x 10"2 M NH4C I, 

where once again the forces agree well with DLVO theory OFq = -65 mV, Gq =- 0.022 

Cm~2, K_1 = 2.7 nm, k*1 calculated = 2.8 nm) until the hydration force becomes 

significant.
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1-1x10 M

D/nm

Figure 3.3: Forces between mica surfaces in dilute NH4CI solutions. Note that

the forces have been scaled by the radius of curvature of the surfaces so 
are proportional to the energy/unit area between equivalent flat surfaces. 
The filled circles represent measurements at 1.0x10" 5 M and the open 
circles measurements at 1.1x10"^ M. The solid lines are the best fits to 
DLVO theory using an exact numerical solutions of the Poisson- 
Boltzmann equation at constant charge and a non-retarded Van der 
Waals with a Hamaker constant of 2.2x10"20 J. This fit suggests that 
that the surfaces interact almost at constant charge. At l.lx lO '4  M the 
surfaces interact with a surface potential at infinite separation of -90 
mV, a surface charge of -0.0038 Cm" 2 and a Debye-length of 26 nm. 
At 10-5 M the corresponding values are -100 mV, -0.0013 Cm" 2 and 

96 nm.
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D / n m
Figure 3.4 Forces between micas surfaces in l.lx lO ‘3 M NH4CI solution. The 

open and filled circles represent repeat measurements. The solid line 

represents the best fit to DLVO theory with the constant charge 
boundary condition with a surface potential of -80 mV, a surface 
charge of -0.0093 Cm"2 and a Debye-length of 8.7 nm. At separations 
less than about 2 nm the force is greater than the DLVO limit at constant 
charge indicating the presence of a hydration force. This can be seen in 
the inset where the constant charge and constant potential interactions 
(together with a Van der Waals contribution) are shown by the upper 
and lower lines respectively. The two points at 1.5 nm and 10^, 
1.5x10  ̂ liNm"! indicate the presence of a secondary minimum.
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20
D/nm

Figure 3.5 Forces between mica surfaces in 3x10"^ M NH4CI solutions. The

open and filled circles represent repeat measurements. The solid line is 
the best fit as explained in the caption to figure 3.3, with a surface 
potential of -82 mV, a surface charge of -0.015 Cm" 2 and a Debye- 
length of 5.5 nm.
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D/nm

Figure 3.6: Forces between mica surfaces in 1.2x10-2 M NH4CI solutions. The

open and filled circles represent repeat measurements. The solid line is 
the best fit as explained in the caption to figure 3.3, with a surface 
potential of -65 mV, a surface charge of -0.022 cm"2 and a Debye- 
length of 2.7 nm.
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10z +10 
bulk NH, cone.,

Figure 3.7 The surface potentials obtained in figures 3.3 to 3.4 are plotted here as a 
function of concentration. The solid line was calculated using the 
model described in the text with the following parameters: An  = 0.52 
nm2 ; Apj= 0.48 nm^; pK]vj = 3.12 and pH = 5.4 and the 
dashed/dotted line with the same binding constant, but with A^= Ajj=

0.48 nm^. The dashed line was calculated by assuming there is no 
binding of NH4+(K]\j infinite), only electrolyte screening.
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Mass action model of ion-binding

The surface potential values obtained from the theoretical fits in figures 3.3 to 3.6 are 

summarized in figure 3.7. It should be noted that the systematic error in the force 

measurements of about 10% due to determination of the spring constant and radius 

translates to an error of only a few mV at low potentials (<50 mV) but causes a large 

error at high potentials. Three theoretical curves are also shown in this figure. These 

are based on models developed by Pashley1. The dashed curve was calculated from a 

model in which the only potential determining ion is the proton, and thus the 

ammonium ion only influences the system by screening the electrical interaction. 

When this model was extended to allow the ammonium ion to bind to the mica surface 

in competition with the proton, the fit to the experimental points was also poor (dotted 

and dashed line). However, as observed previously for Li+, Na+and K+, a good fit 

to the experimentally measured potentials can be derived from an ion-exchange model 

in which the adsorbing ion occupies a larger area than the mica binding site ( the full 

line in figure 3.7). A statistical mechanical treatment of this model by Miklavic and 

Ninham13 shows that the simple treatment by Pashley works well if the area occupied 

by the ion is similar to the area of the binding site.

This model considers surface dissociation reactions represented by the following 

equations:

SNH4 <=>S-+ NH4+ (1)

SH <=> S- + H+ (2)

where S“, SNH4 and SH represent an unoccupied negative site, a site bound to an 

ammonium ion, and a site bound to an adsorbed proton, respectively. The 

corresponding mass action equations for these equilibria are:



_[S '] [NHJjJsurface
[SNH4]
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(3)

KH
[S ] [H"*"] surface

[SH] (4)

where the surface concentrations of the adsorbing ions are related to the bulk terms by 

the Boltzmann equation:
“W o[cation]surfax= [cation]buk exp

where Vo is the surface potential. The number of vacant sites per unit area on the 

mica surface, V is given by :

V = S ( 1 - n]SfAN - n n A n  ) (6)

where S is the number of lattice sites per unit area on the mica surface; n is the number 

of ions adsorbed per unit area; A is the effective area occupied by an adsorbed ion and 

the subscripts N and H refer to the ammonium ion and proton, respectively. Values 

of pKj-[ = 6.0 and A j j  = 1/NS = 0.48 nm^ were obtained from previous work2.

The surface charge density, Gq is related to the surface potential by the Gouy-Chapman 

equation:

00 = {S eoD kT aH + lM k+ tN H JW } ‘«sinh ( | ^ )

( where ep is the permittivity of free space and D is the dielectric constant of water ) 

and also to the surface density of adsorbed ions by the following equation:

G0 = - q (S - nN - n n )  (8)

These equations can be solved numerically for given values of A]sj and Kjq to give v / q  

as a function of concentration. Because Ajq and Ajq are set either equal to or greater 

than 0.48 nm^ the surface is not allowed to change sign. The curve which best fits 

the experimental data (see figure 3.7 ) was calculated with an effective surface area for 

the N H 4+ ion, A n  of 0.52 nm^ (c.f. K+ : 0.53 nm^, Cs+ : 0.51 nm^ ) 1 and a K jsj 

of 1260 (pKN =3.1) at pH 5.4.
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Details of the hydration force

Measurements given in the previous section indicated that the hydration force arose at 

an NH4CI concentration of between l.lxlO"^ M and 1.1x10“ 3 M. Further

experiments showed that this force was absent up to 8x10“̂  M and that as in previous 

experiments with K+ ions 10 there was fine structure in the force distance relationship 

(see figure 3.8). Much thinner mica was used to enable greater accuracy in distance 

measurement, and a stiffer spring (constant = 1600 Nm~l) was used to achieve the 

high pressures necessary to obtain small mica separations. This precluded accurate 

measurements at larger distances where the forces were relatively weak. A pressure of 

about 17 atmospheres was applied to bring the surfaces into primary minimum and the 

highest pressure applied in contact was about 28 atmospheres. Because the glue used 

to attach the thin mica sheets to the silica support discs was relatively elastic, these 

high applied pressures caused flattening of the surfaces. (In this experiment the 

maximum flattening occurred over an area of about 1300 \m fi . ) The forces plotted in 

Figure 3.8 are scaled by the undeformed radius, R*, measured at large separation so 

F/R* provides an overestimate for 27tE at small separations. The results shows one 

hydration minimum at a separation of about 0.4 nm. The dashed lines show regions 

where the force could not be measured because the gradient exceeded the spring 

constant. The jump inwards at point J was most likely due to the effect of attractive 

van der Waals forces.
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1-6x10 M

- 0-02

-004

Figure 3.8: The forces between mica surfaces in 1.6 x 10"3 M NH4CI at 24 °C.

The forces shown in this figure are scaled by the radius at large 
separations, R*, not the actual radius of curvature since this is 
continually changing when the surfaces deform under the large forces 
applied. Note also that the scale on the force axis is linear, there is a 
different scale for positive (repulsive) and negative (attractive) forces, 
and that F/R* is presented in N, not (iN. The lower line is the 
theoretical Van der Waals force between the surfaces. On this scale the 
double-layer force lies close to the zero force line. The surfaces jump 
in from about 0.9 nm (point J) to where they are held in a metastable 
hydration minimum at D=0.4 nm.
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At higher concentrations of ammonium chloride (figures 3.5 and 3.6), the measured 

hydration force was monotonic, and no outward jumps were recorded. This does not 

indicate that there is no liquid structure at these concentrations since the magnitude of 

the force (most likely due to hydration) is much greater than when structural forces 

were observed. At these higher concentrations the hydrated ammonium ions must 

remain between the surfaces on compression, whereas at lower concentrations they 

can be forced out to be replaced by protons (1,4), which has the effect of reducing the 

hydration force.

Oscillatory hydration forces have previously been measured when K+ 14 or Ca++ 15 

ions are adsorbed to the surface of mica. The forces shown here for NH4 + are

somewhat different in that the distance between consecutive force maxima is about 0.4 

nm rather than the 0.3 nm measured for the other ions. However, the method used 

for distance measurement in this experiment was slightly different to that used 

previously. With the interferometric technique used, the separation can be measured 

using either an odd or an even order fringe10. This is significant because only even 

order fringes are dependent on the refractive index of the medium between the 

surfaces. The data given in figure 3.8 was obtained from measurement of an even 

order fringe, and calculated using a pure water refractive index (1.333). In order to 

account for the discepency in the period of oscillation an index of about 1.45 is 

required, but this figure is unreasonably large since the model predicts that the 

concentration of NH4 + on each surface is only about 2.8 M at infinite separation, and

decreases as the surfaces approach contact. The fact that such a variety of ions cause 

the same type of oscillatory force lends further support to the idea that the force is 

caused by the layering of water molecules in thin films held between molecularly 

smooth rigid surfaces, however, it is possible that some specific ion-water interaction 

can vary the periodicity of these oscillations.
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Comparison of NH4+ to other cations

Table 1 shows a comparison of the ion-exchange and hydration properties of K+, Cs+ 

and NH4 + ions. From this it is clear that the properties of NH4 + closely resemble 

those of both K+and Cs+. The dissociation constant for NH4 + on mica is the same 

as that for Cs+and the onset of hydration forces for NH4 + lies in the range measured 

for both K+and Cs+. In another study, K+ and NH4 + have been found to have

similar ion-adsorption constants on a variety of other surfaces, including layered 

aluminosilicates16. Finally, the area over which the hydrated NH4 + ion excludes

other ions on the surface of mica was found to be intermediate between the values 

found for K+and Cs+, which is consistent with measurements of hydrated ion sizes 

obtained from conductivity measurements17.

TABLE 1

n h 4+ K+ Cs+

pKdiss (mica) 3.1 3.5 3.1

Onset of hydration force 
(x IO’4 M)

8-11 0.4-3.0 1-10

Exclusion area of 
hydrated ion on mica

0.52 nm^ 0.53 nm2 0.51 nm

( The results shown for K+and Cs+ were measured in previous work by Pashleyl)
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3.4 Conclusions

(1) The measured forces between mica surfaces in aqueous NH4CI solutions agree well 

with those predicted by classical DLVO theory at concentrations up to about 8x10"^ 

M. At higher concentrations, an additional short range repulsive force prevents the 

surfaces from reaching a primary minimum. This force is similar to forces 

previously observed for a range of other cations on mica surfaces. These forces were 

attributed to hydration of adsorbed cations.

(2) A detailed study at a concentration close to where the adsorption of NH43 4* ions 

give rise to this repulsion indicates that the force is oscillatory and has a periodicity 

approximately equal to the diameter of a water molecule. This structure appears to be 

caused by the layering of water molecules in the thin film.

(3) The ion-exchange and hydration properties of NH4+ on mica were found to be

similar to the alkali metal ions even though this ion is polyatomic, can hydrogen-bond 

to the solvent and may be able dissociate at the mica surface
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Chapter 4

The forces between mica surfaces in the presence 
of rod-shaped divalent ions

4.1 Introduction

In the previous section it was shown that the forces between mica surfaces immersed 

in solutions containing the polyatomic ammonium ion are similar to those measured in 

the presence of the alkali metal ions, K+ and Cs+. At concentrations below 10'4 M 

NH4CI, the measured forces agree well with classical double-layer theory using a 

fitted potential. At concentrations above 10“3 M, the forces still agree well with 

classical double-layer theory at separations beyond 2 nm, but at smaller separations, an 

additional force was measured, and attributed to the work required to dehydrate the 

surface adsorbed NH4+ ions. Similar forces have been measured in solutions which 

contain a divalent counter-ion, Ca2+1. However, at high concentrations, additional 

effects occur because of the divalent ion 2. This chapter describes experiments in 

which the forces in solutions of a divalent diamine salt were measured and comparison 

is made to the forces previously measured in Ca^+ solutions. Because these systems 

are important in the understanding of clay swelling , a brief description of this will be 

given.

In an earlier study 3, it was demonstrated that when the native K+ ions of mica are 

replaced by Na+ by immersion in NaCl solutions,, the forces between mica surfaces 

were similar to those observed in the swelling of Na-montmorillonite4. More recently, 

the short-range (< 1.5 nm) oscillatory forces observed between mica surfaces 

immersed in water (see figure 1.2.2) have been related to the stepped or 'crystalline' 

swelling of clays. This periodicity in the force curve was predicted from molecular 

simulations of fluids trapped between two hard walls 6 and have now been observed
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for many liquids 7. They arise because of the packing constraints on the fluid 

molecules which favour layering and are analogous to the oscillatory correlation 

function observed for bulk fluids.

In previous measurements it was also shown that a short-ranged repulsive force arises 

when the concentration of metal ions at a given pH is above some particular value, the 

critical hydration concentration, chc 8. This force has been attributed to the removal of 

the water of hydration from the adsorbed ions and has been shown to be dependent on 

ion exchange of metal ions for H+ at the mica surface. When two mica sheets are 

forced together in a solution below the chc, adsorbed hydrated metal ions are 

exchanged for H+ ions, which seem to be able to bind to the aluminosilicate surface of 

mica with no residual hydration9. Desorption of the Na+ ions under pressure can be 

prevented by either increasing the bulk Na+ ion concentration or by raising the pH of 

the solution. This dehydrated form of H+ adsorption does not appear to occur for 

clays other than mica and this has been discussed by Quirk and Pashley9. Prevention 

of ion-exchange therefore leads to forces which can be compared directly with those 

generated in clay swelling. A range of cations have been studied on the mica surface 

10 and each gives rise to a short-range repulsive force the magnitude of which is 

related to the degree of hydration of the ion.

In any comparison between the force measurements on mica, and aqueous clay 

systems it is necessary to consider the difference in reservoirs in the two cases. Thus, 

for example, a high surface area Na+ or Ca+ clay cannot exchange with cations in the 

bulk solution without affecting the concentration of the latter. By comparison, in 

surface force measurements, the mica surface is immersed in an effectively infinite 

reservoir, so that ion-exchange at the surface does not affect the concentration of the

reservoir.
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In a recent series of theoretical and experimental studies2,11 the outstanding problem 

in soil management of the prevention of clay swelling by Ca2+ ions has been 

addressed in some detail. The results of this study indicate that there is an ion-ion 

correlation effect which gives rise to a strong adhesive force acting over a narrow 

distance range (~ 0.6 - 1.2 nm) for divalent ions. Such a force has been observed for 

mica surfaces in CaCl2 solutions 2. This ion correlation force is not included in the 

smeared-out charge model of Gouy-Chapman and could be considered to be a type of 

van der Waals force. In this chapter the forces between mica surfaces in the presence 

of a rod-shaped divalent cation are described and compared to the results obtained 

from a sedimentation study of Na+-montmorillonite in the presence of Ca2+ and the 

rod-shaped ion.

4.2 Methods and Materials

Forces were measured using the Surface Forces Apparatus as described in the 

introduction. In all experiments approximately 2 cm2 area of mica crystal were 

immersed in about 0.35 dm3 of aqueous solution. Analytical grade NaCl and 1,3- 

propyldiamine were used to prepare the solutions. The divalent cation, 1,3- 

propyldiammonium chloride was prepared by titrating the diamine with HC1 acid to 

give a 0.1 M solution at pH = 6.8. All force measurements were carried out at about 

21-22°C.

Na-Montmorillonite clay samples were kindly provided by Professor P.F. Low.



65

4.3 Results and Analysis

In an earlier study8 it was reported that repulsive hydration forces were only observed 

for mica surfaces in NaCl solutions above a critical concentration somewhere between 

10-3 and IO*2 M. At lower concentrations the forces were reasonably well described 

by DLVO theory and the surfaces came into adhesive primary minimum contact, 

similar to that observed in distilled water. (In distilled water the mica is completely 

protonated).;fc

In this work the concentration of NaCl in the force measuring apparatus was increased 

more gradually. At a concentration of 5 x 10'3 M no repulsive solvation forces were 

observed and the surfaces came into primary minimum contact once a repulsive 

double-layer barrier was overcome. By comparison, at the slightly higher 

concentration of 7 xlO-3 M NaCl a strong, short-range repulsive force was observed in 

addition to a diffuse double-layer force. The measured forces are given in Figure 4.1.

At separations greater than about 1.5 nm the forces are accurately described by the 

diffuse electrical double-layer theory of Gouy-Chapman calculated using an exact 

numerical solution 12 to the Poisson-Boltzmann equation assuming constant surface 

potential. The Debye-length used to fit the measured curve was 3.6 nm, as expected 

for this concentration of NaCl.

The surface potential of -130 mV is in reasonable agreement with values obtained in an 

earlier study8, but the error is fitting potentials is very large at this high potential. 

This study shows that there is only a slight difference in adsorption density between 

the concentrations of 5xl0-3 M and 7xl0 '3 M. It was for this reason that the large 

difference in short-range forces could not be explained by changes in adsorption 

density but can be explained in terms of proton exchange under pressure 13.
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D /  nm
Figure 4.1: Forces measured between mica surfaces immersed in 7 x 10'3 M NaCl.

At separations greater than about 1.5 nm the forces were well described 
by Gouy-Chapman theory. Oscillatory forces were observed at smaller 
separations. These have a periodicity close to the size of the water 
molecule. Minima were observed at 0.8 nm (-1.8 x 104 (lN nr1) and at 
0.2 nm (-5.4 x 104 iiN n r1).
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At separations less than 1.5 nm the forces are clearly complex. Although the short 

range forces are overall repulsive, they have a strong oscillatory component which 

produces both a stepped repulsion and several adhesive minima (see Figure 4 .lj^ O n  

forcing the surfaces together as D -» 0 a primary minimum contact is obtained with a 

similar adhesive strength to that measured in distilled water. This result suggests that 

under pressure the adsorbed Na+ ions can be forced out from between the surfaces and 

replaced by protons.

At the higher concentration of 1.4x1 O'2 M NaCl, shown in Figure 4.2, the Debye- 

length fell to 2.4 nm and the surface potential to -80 mV. Although the range of the 

solvation forces is similar to that measured in 7x1 O'3 M, the magnitude is greater and it 

was not possible to apply a large enough force to push the mica surfaces into contact 

with the cantilever used here (k= 2600 N m '1). In addition, at this concentration the 

minimum at a separation of about 0.85 nm was no longer adhesive.

To this solution, 3 mM of the divalent salt 1,3-propyl diamine dihydrochloride was 

added. The longer range forces observed are shown in figure 4 . 3 . These 

demonstrate that the diffuse double-layer force was almost completely removed and 

essentially only an attractive van der Waals force was measured at separations greater 

than about 2 nm. A steep repulsive force was measured at smaller separations and 

details of these forces are given in figure 4.4. The overall repulsive strength of the 

short-range, stepped forces was found to be unchanged, but, the minimum around 

0.8-0.9 nm was altered from repulsive to strongly adhesive. When the pH was raised 

and the diamine neutralized by addition of 6 mM NaOH, double-layer forces were 

again observed and the minimum at 0.8 nm was removed.
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Figure 4.2: Forces measured between mica surfaces in 1.4 x 10'2M NaCl. At

separations greater than about 1.5 nm the forces can be explained by 

Gouy-Chapman theory. The oscillatory forces at smaller separations 

exhibited a repulsive minimum at about 0.85 nm and an adhesive 
minimum at 0.45 nm (-8.6 x 103 jiN nr1).
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1*4 * 10 M NqCI +

3x10 M diammonium

D /  nm

Figure 4.3: Forces measured between mica surfaces in 1.4 x 10-2 M NaCl and 3 x

IO 3 M diammonium salt. Addition of the divalent salt almost 

completely removes the double-layer force and the forces approach 
those expected for a van der Waals force (using a Hamaker constant of 
2.2 x IO'20 J). At small separations, repulsive structural forces were 

still present. Detailed measurements at these distances are shown in 
Figure 4.4.
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K * 1 0 * M  NaCl +
3x10 M diammonium

s a lt

min. a t

min. a t

min. a t

D /  nm

Figure 4.4: Short-range structural forces measured in 1.4 x 10'2 M NaCl and 3 x
10'3 M diammonium salt. The stepped (oscillatory) repulsive forces are 
of a similar magnitude to those measured in NaCl solution alone but the 
minimum at about 0.9 nm has become strongly attractive.
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The effects of the diamine and Ca2+ ions on an aqueous dispersion of Na- 

montmorillonite was also investigated. A 0.6% dispersion of this clay in water 

produced a uniform, opaque solution of the 0.2 qm clay platelets, which remained 

stable and fully dispersed after 24 hours immersion in water. Dispersion in 3 mM 

CaCl2 produced some immediate precipitation but a large proportion remained 

dispersed for a few hours. By comparison, the 3 mM diamine had a rapid and marked 

effect on de-stabilizing the clay dispersion. Large clay clumps were produced and 

these caused complete settling of the clay within about 10 mins. The photographs in 

figure 4.5 demonstrate these effects. A dispersion of clay was equilibrated for 24 

hours, shaken, then photographed immediately and after 10 minutes. Clearly the 

diamine binds the clay platelets very effectively to induce rapid coagulation.
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Figure 4.5: Dispersions of Na-montmorillonite (0.6%). In both photographs, the
tube on the left contains water, the tube in the center, 2 mM CaCl2, and 
the tube on the left, 3 mM diammonium salt. The dispersions were pre

equilibrated in these solutions for 24 hours before re-shaking. The 

upper photograph was taken a few seconds after re-shaking, and the 

lower photograph was taken 10 minutes after re-shaking.
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4.4 Conclusions

The results presented here demonstrate that at 3 mM the divalent diamine is sufficiently 

strongly adsorbed at the mica surface to almost completely neutralize the surface 

charge. A comparison with mica in CaCl2  under similar solution conditions 14 (i.e. 2 

mM CaCl2 in 8x10-4 M NaCl) shows that the Ca2+ ion does not bind as strongly and a 

moderately strong double-layer force was observed. In fact, Ca2+ is known to be only 

weakly adsorbed at the mica surface 15. In addition, the short-range ion correlation 

effect for Ca2+ only becomes significant concentrations of at least 100 mM2, n . On 

both counts then the diamine has a much stronger effect at lower concentrations on the 

swelling forces between mica crystals. These results suggest that more effective 

agents can be produced to prevent clay swelling. In fact, some patented drilling mud 

additives (used to control clay swelling) already appear to have incorporated the 

diamine m oiety16. The powerful effect of the diamine ion is apparently due to a 

combination of strong adsorption and direct bridging between facing aluminosilicate 

surfaces.
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Chapter 5

Force measurement between a nickel probe and a 
mica surface using an ac atomic force 
microscope

5.1 Introduction

This chapter presents a force microscope technique in which both the static and 

dynamic components of surface forces can be determined simultaneously. This 

technique uses an atomic force microscope based on a laser deflection scheme (optical 

lever)1 built by the author. The force between a nickel probe and mica in air and 

water has been measured using this method. Two different forces are measured in air, 

demonstrating the high lateral resolution of this device. An exponentially decaying 

force is measured in water.

5.2 A method for the measurement of static and dynamic 

surface forces

In the resonance method, a microscopic lever is driven at constant amplitude, A, and 

frequency, co/2tc, and changes in surface force are sensed via changes in the amplitude 

of vibration,, of the free end of a cantilever. For a probe with effective mass m, and 

spring constant, k, subject to velocity-dependent force, myz, and surface separation 

dependent force, F, the equation of motion for small amplitudes and low velocities of 

vibration is

mz + my(Z)z +[k - F'(Z)]z = kA cos (cot) + B q )

where z is the displacement of the tip of the probe from the surface, Z is the 

equilibrium value of z and ' and ' represent differentiation with respect to time and 

displacement, respectively. It is assumed that F" = 0 and Y = 0 over the range of
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vibration and thus F', y, and B are constants for given values of Z. Previous ac 

force-measurement techniques have made the additional assumption that y is constant2, 

but this assumption has been found to be false. Appendix A  describes measurements 

demonstrating this, as well as some preliminary force measurements. Here it has 

been assumed that y is a function o f Z, so y w ill be allowed to vary over displacements 

larger than the amplitude o f tip vibration. Solving equation (1), the motion o f the 

lever is given by3

z = R cos (cot + 0) + Z, (2)

where the amplitude, R, and the phase relative to the driving force, 0, are given by

R(Z)
2 0 / k -F '(Z )  2\2

co y(Z)2 + 1------- —  03
- 1/2

(3a)

0(Z) = tan-1
coy(Z)

\ m (3b)

The coefficient of velocity-dependent force, y and the surface force gradient F’ are thus 

given by

( I l a .Y(Z) R(Z)
sinG(Z),

(4a)

\2
F'(Z) = k

1

1 CO

oo

\G>0/
cos 0(Z)

(4b)

where C0q = Vk/m is the resonant frequency of the probe in the absence of the surface 

force (i.e., at large Z) and a dissipative medium, and 0(Z = °«) = -  n/2 by definition. 

Once C0q has been determined, A  and co are chosen and F  and y can then be obtained 

simply from measurements o f R(Z) and 0(Z). Hence, by measuring both R(Z) and 

0(Z), we obtain F’(Z) without the incorrect assumption that dy/5Z = 0, and y(Z) is 

also measured. Note that y could also be obtained from Fourier analysis o f signal 

decay.
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One advantage of this technique over any dc deflection measurement is that both static 

and velocity-dependent forces are measured. In contrast, a dc measurement 

convolutes the two together. In addition, resolution is not as strongly dependent on 

the spring constant as in a dc measurement (this is desirable because the spring 

constant also determines access to different surface separations) and, as with all ac 

techniques, the signal-to-noise ratio is improved by measurement at high frequency.

5.3 Description of the ac force microscope

Figure 5.1 shows a schematic diagram of the microscope built for these experiments. 

Tip-sample separation was controlled in three stages, all by movement of the sample. 

The first two stages utilized micrometers, the more coarse allowing control to within 

about 2 pm and the more fine, at a mechanical disadvantage of 1:25, allowing control 

to within about 80 nm. This latter control could be made more sensitive by increasing 

the mechanical disadvantage. The third and most fine stage of control, was obtained 

by setting the voltage across the wall of a piezoelectric tube to give distance resolution 

of approximately 0.1 nm. PZT4 (a Lead Zirconate Titanate material) was used for the 

tube because of the relatively small voltage-displacement hysteresis. The outer wall of 

the piezoelectric tube was split into 4 quadrants to enable translation of the sample in 

the two dimensions in the plane of the sample. The voltage-displacement response of 

the tube was calibrated using an interferometer.

Information about the force gradient was derived from measurements of the amplitude 

of tip vibration as the piezoelectric crystal on which the tip was mounted (the dither 

piezo) was driven at constant amplitude. The reflection of a 4-mW HeNe laser, from a 

mirror attached to the cantilever, was directed onto a split diode, each side of which 

was connected to a differential amplifier. As the lever vibrated, the reflected image 

oscillated across the split in the diode producing an ac output from the amplifier which
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was proportional to the lever deflection. For small deflections the amplitude of this 

output was proportional to the amplitude of the lever displacement.

The nickel probe was prepared in a four stage operation. A 75 pm-diameter nickel 

wire was spotwelded to a large (~4mm) stainless-steel stub which could later easily be 

mounted onto the dither-piezo. The end of the wire was bent into a right angle, with 

each segment about 0.5 mm long. A small silicon mirror about 250 x 250 x 50 pm^ 

was then attached at the bend in the wire using an epoxy resin, and finally, a sharp tip 

was made at the end of the wire by electrochemical etching in a 25% (by wt) aqueous 

H2SO4 solution. The etching was performed immediately before the experiment. The 

effective mass of the probe, m, was calculated from the total mass, m j, using the 

probe geometry4. In this case m = 0.619 m j. The spring constant was calculated 

from C0q and m. The mica sample was cleaved immediately before the experiment, 

but no other attempt was made to exclude vapours or contaminants from the tip or mica 

surface, other than to cover the apparatus with a plastic jar.
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Figure 5.1: Schematic diagram of the force microscope used in this study. The

inset shows details of the tip-specimen geometry.
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Figure 5.2 Block diagram of the electronic sensing apparatus used in these 
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5.4 Results

Examples of forces and velocity coefficients for a grounded nickel tip on approach to 

mica are shown in figures 5.3 and 5.4 The force was obtained by integration of F, 

setting the constant of integration such that zero force occurs at the point of zero force 

gradient closest to the surface. The position of surface contact is not shown because 

no information on tip movement is obtained after the tip encounters an unstable 

position (indicated by the vertical dashed lines). In the presence of attractive forces 

unstable positions occur when F  > k, which occurs before surface contact for the 

usual range of spring constants. It is interesting to note that, within the resolution of 

this experiment, the force and damping vary over roughly the same distance.

Taken together, Figure 5.3 and 5.4 are significant because they were obtained on the 

same piece of mica with the same nickel tip at the same time period. After 

measurement at one point, the tip was retracted 600 nm, moved 600 nm laterally, then 

again moved toward the surface for measurement. The tip was then moved back and 

forth between the two regions. The R(Z) and 0(Z) traces measured at each location, 

reflecting the force and damping coefficient variations, were reproducible within the 

noise level. Although the two force profiles were measured at the same time, the 

forces exhibit two very different length scales: the force shown in Figure 5.3 extends 

over about 40 nm while the force in Figure 5.4 has a range of about 8 nm. The 

damping coefficient at large separation was the same in both cases but increased 

monotonically over roughly the same distance as the force in each case.

Figure 5.5 shows a short-ranged force and velocity coefficient measured between a 

grounded nickel tip and a mica surface in water. Short-range repulsive forces have 

been measured previously between two mica surfaces in electrolyte solutions5, and 

have been attributed to hydration of adsorbed ions. The repulsive force observed here 

varies as e"Z /\ where X  is a decay length of 0.4 nm (as shown in the logarithmic plot
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of figure 5.6). The analysis of the measurements in water produced a constant, co

dependent gradient term, which was removed by setting the constant of integration of 

F' such that zero force gradient occurred at the point of zero second derivative in the 

force closest to the surface. The vertical dashed lines in Figures 5.5 and 5.6 indicate 

the displacement at which R diminished to the level of the noise (10"2 nm). This 

technique can thus be used in a variety of liquids, as well as gaseous environments.
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Figure 5.3: (a) Surface force between a grounded nickel tip and a mica surface in air. 
Note that the horizontal axis shows displacement of the sample, not 
changes in tip-sample separation. The resonant frequency of the nickel

lever at large tip-surface separation was co~ = 103.063 kHz with a quality 
Q = 350. Vibration of the fixed end of the lever at an amplitude A = 7.5

x 10"4 nm at C0q resulted in oscillation of the free end (tip) of amplitude 

R = 0.26 nm. The effective mass of the lever was estimated to be m = 40 
jig, yielding a spring constant k = 680 N m 'l  At small tip-surface 
separations, the amplitude of tip oscillation was less because the system 
had moved away from resonance and the quality was lower. The time 

taken for this measurement was 10 s. (b) The damping coefficient 

measured at the same time as (a).
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DISPLACEMENT, Z

Figure 5.4. (a) Surface force measured after the tip was moved 600 nm laterally 
from the position measured in figure 5.3. (b) The damping coefficient 

measured at the same time as the force in (a).

Data from fitted curves (see text) are shown as crosses.
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W ater

DISPLACEMENT, Z

Figure 5.5: (a) Force between a grounded nickel dp and a mica surface in deionized

water. Lever characteristics are Cl£° (air) = 269.2 kHz, Q(water) = 49, 
k = 5400 N rrfl. Experimental variables are co = 254.47 kHz, A = 9.5 x 
10~3 nm. (b) The damping coefficient measured at the same time as the 
force in (a).
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0.50 nm
X = 0.25 nm

DISPLACEMENT, Z

Figure 5.6: Surface force in figure 5.5 plotted on a logarithmic scale. The straight 
lines show forces with a range of decay lengths.
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5.5 Discussion

The measurement of force as a function of distance in air in two locations demonstrates 

the high lateral resolution of this technique: it is clear from the length-scales that the tip 

is in different environments in the two positions. Unfortunately, analysis of the 

curves is made more difficult by the uncertainty in the absolute tip-surface separation, 

the uncontrolled environment and the lack of knowledge of the tip geometry. The 

following paragraph w ill, however, provide some estimates of the expected forces in 

these circumstances.

Examination of the damping co-efficient provides information about the fluid 

surrounding the tip. If the tip is modelled as a sphere approaching a flat surface, then 

the damping force is given by6:

F = 67tr2r i i / Z  (5)

where r is the radius of the sphere and rj is the viscosity of the surrounding medium. 

Thus,

y=67tr2r j/m Z  (6)

Now, even for a very large radius, the measured values of y are much larger than 

would be expected for an interaction in air. To obtain a reasonable fit to the data in 

figure 5.4 b it is necessary to use a viscosity of about 4 centipoise, the viscosity of a 

liquid. This suggests that there is a liquid film between the tip and surface.

Because the values of both y and F depend critically on the absolute separation of the 

tip and surface, it is necessary to obtain an estimate of the separation at which the 

instability occurred. This can be obtained by comparing the gradient of the surface 

force with the spring constant. For a van der Waals interaction with a Hamaker 

constant of 2 x l0 '19 J, the instability should be 2Ä from zero separation. However, to 

obtain a good fit to the data in figure 5.3(a), it is necessary to use a larger value of the
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radius than that estimated by SEM. A radius of 500 nm gives a reasonable fit to both 

Y and Force curves. Fitted curves are shown in figure 5.4, but it should be noted that 

these fits are dependent on the assumed radius, geometry and surface separation. 

Examination of the distance dependence of the curves indicates that both the force and 

distance decay roughly as one over the distance raised to 1.5, rather than to 2 and 1 

respectively. The force may be made to have distance squared dependence by 

increasing to 1 nm the separation at which instability occurred, but this would require 

an unreasonably large viscosity.

The above discussion highlights the need for controlled geometry and chemistry for 

simple interpretation of force measurements using Atomic Force Microscopes. The 

next chapter describes measurements using an alternative method which facilitates 

comparison of experiment and theory.

These results have important implications for the measurement of topography using 

any force microscope that scans away from surface contact. Because the force as a 

function of displacement normal to the surface may not be constant with respect to 

lateral displacement, a scan at constant force (or force gradient) is not necessarily a 

scan at constant surface separation. Instead, a scan at constant force is a convolution 

of topographical and chemical information. For example, if a tip were scanning across 

a surface, interacting via a long-ranged force and then moved into a region exhibiting a 

short-ranged force, this could be interpreted as a depression in the surface - the 

equivalent topographical feature. In contrast, a technique that m easures on the 

repulsive “hard wall” should be less sensitive to such effects.

Considering now the potential force resolution of this technique, it will be assumed 

that there is some minimum change in amplitude and phase angle that can be detected 

by the microscope. Under these conditions, high resolution in static force occurs 

when the transfer function from am plitude and phase to static force has a large
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derivative. Thus, high resolution is attained when the driving frequency is close to the 

resonant frequency of the lever. For example, if the signal is obscured by noise 

beyond 2cöq/Q from resonance, static force gradients can only be resolved if they are 

smaller than 16k/Q. (The quality factor of the system is given by Q = 2cöq/y.) Thus a 

high Q provides high resolution in a narrow range of F , and a low Q provides lower 

resolution but over a larger range. Some compensation for this dilemma arises 

because Q is a function of displacement. At large displacements Q is large, providing 

high-force gradient resolution where gradients are changing gradually. At small 

displacements Q is smaller, which increases the range of accessible gradients but 

decreases resolution. This is ideal because force gradients are usually large and have 

large spatial derivatives near a surface.

The best lateral discrimination of changes in the force-distance dependence (leading to 

resolution in the position of areas of different chemistry) can only be on about the 

same scale as the range of the force. Thus, if the chemistry of the surface varies on a 

length scale smaller than the range of the resulting surface force, the spatial variation of 

chemistry cannot be resolved. For any real tip, the finite tip width will further limit 

resolution because the sides of the tip will interact with regions of the surface which 

are “out of range” of the end of the tip and thus the force on the tip will be affected by 

a larger region of the surface.

It is clear that it is necessary to have resonance behaviour in order to perform a static 

force measurement with reasonable resolution. This requirement places some 

limitation on the fluid or other dissipative environments in which forces can be 

measured. Measurement in water was possible because Q values of 30-50 were 

obtained for the levers under water, but the viscosity of a liquid such as glycerol is so 

high that the lever would be over-damped and resolution would be very poor. 

Additional limitations of this technique are that all interpretation of results is dependent
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on the model for the equations of motion, and that distance resolution is limited to the 

range of vibration of the lever.

5.6 Conclusions

(1) Simultaneous measurement of the amplitude and phase angle of vibration of a 

cantilever allows both static and dynamic surface forces to be independently measured. 

Forces in air and water were measured using this technique.

(2) Two types of forces between a Ni tip and a mica surface in air were distinguished. 

The first was a short-range ( ~5 nm) attractive force acting between freshly etched Ni 

and freshly cleaved mica. The spatial extent suggests that this was a van der Waals 

interaction between the tip and the surface. The second was a long-range (~40 nm) 

attractive force acting between the materials after exposure to the atmosphere for 

some hours. The spatial extent here suggests a capillary interaction.

(3) The force between a nickel tip and mica surface in water was measured. The force 

in the last few nm was found to be exponential with a decay-length of about 3.5 nm.

(4) The damping coefficient in the tip-surface interaction increased as the tip-surface 

separation decreased. This implies that there is a non-conservative interaction 

between the tip and surface, and prevents force-separation determination by measuring 

the amplitude of lever vibration alone

(5) The force measurement technique described in this chapter can be used on a variety 

of surfaces and in a range of fluid environments.
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Chapter 6

Measurement of the force between silica surfaces 
using a commercial dc force microscope

6.1 Introduction

This section describes measurements of surface forces on a colloid particle. In the 

previous section (as in work by other authors) forces were measured on tips designed 

for force microscopy with little regard for control or measurement of tip geometry and 

chemistry. The motivation for the work in this section was to perform AFM force 

measurements with well characterized surfaces, and to measure the forces acting on a 

colloid particle. Because of the difficulty in working with such small particles, most 

previous investigations of colloid forces have either used model macroscopic 

substrates (e.g. the experiments using the surface forces apparatus) and related their 

findings to colloid systems or have used indirect methods such as sedimentation 

studies1, 2 or light or neutron scattering3 although some force measurements have 

been performed on lamellar18 or platelet systems19. The disadvantage of using 

macroscopic substrates is that it is often difficult to find large substrates which are 

smooth, homogeneous and clean over a large area, and it is sometimes difficult to 

create large areas of surface which are similar to a particular colloid. In addition, the 

relative importance of forces such as van der Waals, double-layer and viscous forces 

changes with the radius of the substrate. The examination of particulate forces by 

sedimentation or light and neutron scattering is more direct in so far as colloid particles 

may be used, but in the case of sedimentation studies, only part of the force-distance 

law may be obtained, and for scattering experiments, the results are model dependent. 

The most successful attempt to directly measure the forces on colloid particles has 

been with Total Internal Reflectance Microscopy4,5. Recently, this method has used 

to measure forces between a particle and a flat plate, but the results agree poorly with
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DLVO theory and this technique is limited to the study of interactions between 

particles and transparent flat plates.

This section presents a technique for force measurement on a colloid particle together 

with results from some model systems. Silica has been chosen as a model colloid, 

both because of its common occurrence and because extensive previous investigation 

using other techniques provides a comparison for results. Spherical geometry was 

chosen both to facilitate interpretation of results, and to provide a large area of 

interaction. Results are presented for the silica-silica interaction as a function of NaCl 

concentration and pH. The utility of the technique is demonstrated by results from 

force measurements on a gold-coated silica particle.

6.2 Method

Force measurements

All surface force measurements were performed using a commercial AFM, the 

Nanoscope II atomic force microscope (Nanoscope, Santa Barbara, CA, USA). In 

this device, forces are measured using the same light-lever technique described in 

section 5.3. However, in the Nanoscope, the cantilever is not made to oscillate, and 

the force is measured simply by measuring the cantilever deflection. The sample is 

mounted on a piezoelectric crystal which allows the tip-sample spacing to be altered. 

In the experiments reported here, the sample was moved towards the probe at a rate of 

0.2-2 (im s 'l .

The software provided with the Nanoscope produces a screen file which records the 

change in output from a photo-diode (receiving reflected light from the cantilever) as a 

function of sample displacement (see figure 6.1). A program written by Tim Senden
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Figure 6.1: An example of the data produced by the Nanoscope software. The

horizontal axis shows the distance over which the piezoelectric driver has 
been moved, and the vertical axis records the corresponding output from 
the diode. The region of constant compliance is indicated by the arrows. 
The interaction recorded here is between a pyramidal Si3 N4  tip (4 pm 
high and 4 pm along the base) and a mm size piece of Si3 N4  in aqueous 
solution. The solution contained 2x10-4 M NaCl and was at pH 10.
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Figure 6.2: The data from figure 6.1 converted to force (in pN) as a function of tip- 

sample displacement (in nm).
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was used to convert the pixel coordinates to a text file which could then be 

numerically manipulated. In future studies, it would be better to capture the data 

directly, avoiding this unnecessary transfer and the digitization error incurred.
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To convert the deflection versus piezo displacement information (for a probe of any 

geometry) to a curve of the force as a function of tip-sample displacement it was 

necessary to define zeros of both force and distance, and to convert the diode signal to 

force. The zero of deflection was chosen where the deflection was constant ( with the 

particle and flat far apart) but the zero of distance is a more difficult choice. As the 

sample is driven toward the sphere, the cantilever deflects, and this is registered by the 

photodiode. At some point, the output of the diode becomes a linear function of 

displacement of the sample, indicating that the motion of the tip and sample are 

coupled. In this regime of constant compliance, the particle is "in contact" with the 

surface, and this separation is defined as the zero of separation. In the experiments 

presented here, the relationship between displacement and diode response in this 

region was independent of the surface force, and was used to convert the diode 

response into the effective displacement of the cantilever. This relationship was also 

used to determine changes in the sphere-flat separation when the two were not in 

contact, and to calculate the surface force. An overestimate of surface force will be 

obtained if the cantilever is not significantly more compliant than the sphere, the flat 

surface, and the components connecting them. For compliant substrates this problem 

can be surmounted by an independent calibration of cantilever deflection. In contrast, 

determination of the sphere-flat separation is not affected by elastic deformation of the

substrates or connection: t should also be noted that for any material it is difficult to

measure surface forces which have a gradient much greater than the spring constant of 

the cantilever. Figure 6.2 shows an example of a force-displacement curve.
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Errors in Nanoscope force measurements

Figure 6.1 shows that the Nanoscope II can measure forces with a noise level of 

±0.02 nN. (This error is dependent on the value of the spring constant, and in 

general, the technique is capable of greater resolution with other displacement 

measuring devices.) The sample may be displaced in increments as small as 10“3 

nm, which is more than adequate for current force measurements. However, there are 

systematic errors and errors in the data analysis presented here which limit resolution.

Calculation of normalized surface forces requires knowledge of the spring constant 

and the probe radius, so measurement of these introduces systematic errors into the 

surface force. The radius of the silica particles was measured to within 2% after each 

experiment using a Scanning Electron Microscope. The spring constant was not 

measured, but the manufacturer’s specifications were quoted to two significant figures 

so an error of 5% has been assumed. (In order to obtain a direct voltage-force 

calibration a microscopic crystal of galena was attached to the end of the cantilever and 

a change in force was applied by inverting the microscope. This provided the 

calibration, but rendered the probe useless for experiments.) There is also some error 

in calculating the deflection of the cantilever from the region of constant compliance. 

The least squares fit has an error of about 5% giving a cumulative error of about 12%. 

Figure 6.3 shows the reproducibility of measurements between experiments using 

different probes and suggests that perhaps the systematic error has been overestimated.

Relative surface separation was calculated by adding the displacement of the sample to 

the deflection of the cantilever. The measured deflection of the cantilever contains the 

5% error mentioned above and the total error in surface separation depends on the 

control of the piezo-electric crystal. The crystal response was calibrated by measuring 

the height of the tracks on a CD stamper which had been measured to within 5% by 

ellipsometry (by Brett Sexton, CSIRO). The total error in calibrating our piezo
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expansion is about 10%. Since measurements of decay-lengths of double-layer forces 

using force microscopy agree well with those measured by other techniques, 

measurement of the decay of surface forces may in future be a simple way for AFM 

users to calibrate crystals.

There is also some error due to the non-linearity of the piezo voltage-distance response 

and the diode-voltage cantilever-deflection response. These were not measured 

independently, but in the constant compliance regime, the diode voltage-output to 

piezo voltage-input response is linear to within 2%.

Finally, some error is introduced into the measurements by the data collection 

procedure. Because data is read from a screen file which is only 200 by 400 pixels, a 

digitization error of 1/200 th of the maximum force and 1/400 th of the maximum 

displacement is incurred. Although this error can be reduced by measuring the force 

curve in a series of segments of smaller range or by averaging pixel values, this is the 

limiting error in the low force and small displacement regimes.

Colloid probe preparation

The colloid probes were prepared by attaching a silica sphere to a microfabricated 

AFM cantilever. The spheres were purchased from Polysciences Inc.(Warrington, 

PA, USA) and are composed of silica-glass. SEM was used to measure particle 

geometry. Several radii were measured, and the particles were found to be spherical 

to within to 1% resolution of the SEM. AFM was used to show that the maximum 

peak-to-peak roughness on the sphere was 3 nm over (700 nm)2, but by scanning 

with the probe it was possible to make the surface more smooth as shown by the rapid 

loss of lateral resolution while imaging. The cantilevers were standard V-shaped AFM 

single cantilever springs manufactured by Park Scientific (Mountain View, CA, USA).
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Cantilevers with integrated tips could be used provided that the diameter of the particle 

was greater than the height of the tip.

The colloid particles were attached to the cantilevers with an epoxy resin, epikote 

1004, the same resin used in experiments with the Surface Forces Apparatus. The 

cantilever was placed on a heating stage at a temperature above the melting point of the 

glue. A thin copper wire (~ 40 p.m diameter) attached to a three dimensional 

translation stage was then used to position about 1 fL of molten resin near the apex of 

the cantilever. It is important that the glue wets the wire better than it does the 

cantilever, and care must be taken to avoid coating the underside of the cantilever. A 

fresh wire was then used to position a colloid particle on the cantilever and the glue 

was solidified by removal of the cantilever from the heating stage. If more than one 

particle became attached, the excess could be removed after the glue had solidified.

This method could be used for a wide variety of solid colloid particles, with the main 

limitation being that the particles must be large enough to view with an optical 

microscope.

Immediately prior to each experiment, the colloid probe was cleaned by exposure to a 

water plasma. This also ensured that the silica surface contained a high density of 

silanol groups. The plasma was created by a 25 W, 18 MHz RF source in 0.03 torr 

of Argon and 0.02 torr water and the probe was exposed for 3 minutes. This plasma 

treatment significantly diminished the adhesion of the reflective gold layer on the back 

of the cantilever. In fact, after longer treatment times the gold film became completely 

detached after immersion in water.

A SEM image of the probe is shown in figure 6.4. It can be seen that gross quantities 

of the resin have not crept around the sphere, and this was confirmed by the absence 

of hydrophobic forces in our experiments. When the surface was deliberately coated



in resin, a characteristic hydrophobic force was observed in water, and this was not 

seen in our silica experiments.
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Figure 6.3: The reproducibility of force measurements. Two of the curves were

measured in the same experiment, and the third was measured with a 

different cantilever, particle and silicon wafer.

Figure 6.4: (next page) A SEM image of a colloid probe.
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Sample preparation

The silica surfaces were made from a polished silicon wafer. This wafer was oxidized 

to a depth of 30 nm by heating to 920 °C in purified oxygen. This procedure was 

performed by Dr Tommy Nylander. AFM images of the oxidized surface revealed 

that in (700 nm)2 areas the highest asperity was typically 0.7 nm above mean height 

and the standard deviation from mean was 0.2 nm. In (7 nm)2 scans the highest 

asperity was 0.3 nm above mean height and the standard deviation was 0.1 nm. The 

hydrophobic surfaces were prepared by exposing some of these wafers to a 1% (w/w) 

solution of dichlorodimethylsilane in trichloroethane at room temperature for 2 min. 

This procedure was also performed by Dr Nylander. The roughness was unchanged 

by this procedure. Gold surfaces were freshly sputter-coated onto freshly cleaved 

mica, to a thickness of approximately 50 nm. AFM measurement showed that this 

surface was very rough: the peak to peak roughness was about 20 nm.

To avoid particulate contamination, surfaces were handled and loaded into the AFM in 

a laminar flow cabinet. All equipment which came into contact with solutions was 

washed in distilled ethanol and blown dry with nitrogen and rinsed with purified 

water.

Deionized, particle-free water was purchased from Noble's Pureau (Sydney, 

Australia) then distilled once inside a laminar flow cabinet before use. When 

equilibrated with the atmosphere the conductivity of this water was about 1 jiScm- 1 

and the pH equal to about 5.7 because of dissolved CO2. In some experiments, the 

AFM fluid cell was connected to a 100 ml flask containing a pH meter , a liquid 

injection port, and nitrogen input and vent lines. In these experiments, CO2 was 

displaced by nitrogen, and the pH could be continuously monitored. A peristaltic 

pump ensured exchange between the flask and cell.

Analytical grade NaCl, NaOH and HC1 were used without further treatment.
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6.3 Results and Analysis

Force measurements between silica surfaces in aqueous in NaCl 

solutions

The forces between a silica-glass sphere and an oxidized silicon wafer in NaCl 

solutions are shown in figure 6.5. The forces at each concentration were independent 

of both the order in which concentrations were measured, and of whether the 

measurements were performed on approach or separation of the surfaces. The 

measured forces decay exponentially with distance, and both the decay length and 

potential decrease with concentration, as expected. The data is similar to previous 

measurements between macroscopic silica sheets by Horn et a l6 and Peschel et a l1 

and between quartz fibres by Rabinovich et afi. The solid lines show the theoretical 

force/radius calculated from DLVO theory using an exact numerical solution of the 

Poisson-Boltzmann equation and a Hamaker constant of 0.8 xlO-20 J9. For the 

particle radius of 3.5 [im used in this experiment, r/vr1 > 35 so use of the Derjaguin 

approximation introduces an error of less than 2%. The value of the effective surface- 

potential-at-infinite-separation was obtained from the best fit of the model to the data 

with the plane of charge at the onset of the regime of constant compliance. However, 

because the surface is not smooth, the surface charge is most likely not situated in a 

single plane, but distributed over a layer equal in thickness to the roughness of each 

substrate. This means that the potentials fitted from our data are likely to be an 

underestimate of the surface potential, particularly for short Debye-lengths. A more 

realistic model may be to make the origin of charge at a negative surface separation 

equal to half the maximum roughness. In present case, this places the origin of 

charge at -1.5 nm. Figure 6.6 shows the fitted surface potentials as a function of NaCl 

concentration calculated for each origin of charge as well as values calculated by other 

workers. ( Note that a residual layer of hydration water on the silica surface would 

have a similar qualitative effect of moving the origin of charge to negative values.)
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Figure 6.7 shows the fitted potentials plotted together with a curve calculated using the 

simple mass-action model descibed in section 3.3. In this case, the dissociation 

equation is:

=Si-OH «Si-O- + H+

with the corresponding equilibrium constant:
^  _ [=Si-0-][H+]

[sSi-OH]

tier's10 figure of pKa = 6.8±0.2, has been used to calculate the potential in the shaded 

region of figure 6.7. It was not to be necessary to assume ion sizes larger than the 

area of an individual silanol site, 0.25 nm2 (the silica is only sparsely charged) and, 

there was no need to invoke any binding of the Na+ ion to the silanol sites.

Returning again to figure 6.5, it can be seen that the force lies between the limits of 

constant charge and constant potential for all but the last 2-3 nm before the regime of 

constant compliance/^ At smaller separations, the force is greater than that predicted by 

DLVO theory. This effect has been measured previously6-8, and was attributed to the 

hydration of the silica, but unfortunately, analysis of this component of the force is 

complicated by the roughness of the substrates. The surface roughness causes 

uncertainty in the magnitude of the DLVO contribution as described above, and there 

may also be a force due to the compression of the asperities on the surface. For 

example, the force required to elastically compress an asperity of area lnm x lnm from 

a height of 3 nm to nm is about 20 nN (the Youngs Modulus for glass is about 

70x109 Nm-2)11. The force derived from this very simple model corresponds to an 

F/R of 6 mNm'1 in the current experiments - about the magnitude of the force at small 

separation. However, the force at small separation varies with NaCl concentration 

(and pH - see next section). Thus, to attribute the short-range force to elastic 

compression of the silica, the compressibility of the silica must be a function of 

electrolyte concentration, which seems unlikely.
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Figure 6.5 The force on a silica-glass particle in aqueous solution in a variety of

NaCl solutions at 30 °C. For each concentration, an analog signal was 
digitized to 400 points, and this data was condensed by averaging sets of 
ten points to produce the filled circles presented in this figure. The lines 
were calculated from DLVO theory using an exact numerical solution to 
the Poisson-Boltzmann equation and a Hamaker constant of 0.8 x 10’20 

J. At each concentration, the upper line represents the interaction at 

constant surface charge, and the lower line at constant surface potential. 
The relevant parameters are 104  M: 1/go=-56 nm2/q, \j/o=—61 mV, k 4  

=21 nm; 10‘3 M: 1/go=-36 nm2/q, \|/0=-53 mV, k 4  =9.5 nm; 10’2 M: 
1/go=-21 nm/q, yo=-34 mV, K4 =3.2nm; 104  M: 1/go=-12 
nm2/q,\|/o=-21 mV, k 4 =1.1 nm.
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Measured values of the surface potential of silica / mV 

this work

a b Hornc Pescheld Rabinoviche W eissf

sfHiOfH -21 -35 -23 -22

IO'2 M -34 -43 -28 -40

IO'3 M -53 -58 -32 -50 -45 -67

10-4 M -61 -65 -40 -57 -83

a. calculated with the plane of charge situated at the plane of closest approach.
b. calculated with the plane of charge shifted -1.5 nm relative to the onset of constant

compliance. For measurements a. and b., the systematic error arising 
from the radius and spring constant measurements corresponds to about 2 
mV for the measurements at 10"! M and 10" 2 M and to 4 mV for the 
measurements at 10" 3 M and 10"4 M.

c. From Horn et al: Force measurements on silica6
d. From Peschel et al: Force measurements on silica7
e. Rabinovich et al: Force measurements on silica in KC1 solution.8
f. Weiss et a l : Streaming potential on silica in KC1 solutions.12

Figure 6.6 Comparison of surface potential measurements on silica obtained by 
various workers.
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Figure 6.7: The fitted surface potential at infinite separation as a function of NaCl 
concentration. The circles represent data from the previous figure, and 

the shaded region is the potential calculated from a simple mass action 
model assuming no binding of the Na+ ion. The range of the shaded 

region is due to the uncertainty in the H+ binding-constant, pKa = 6.8± 
0 .210.
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The force between silica surfaces as a function of pH

Figure 6.8 shows the measured force between a silica-glass sphere and an oxidized 

silicon wafer as a function of pH. These measurements were performed in a 

background of 10-3 M NaCl. As the pH is reduced, the magnitude of the force 

decreases and the fitted surface charge diminishes. The force was found to be 

monotonic increasing over the entire pH range, suggesting that for silica, a hydration 

force prevents coagulation by van der Waals forces over this pH range. This is in 

contrast to previous work on mica, where it has been shown that the presence of a 

hydration force is critically dependent on the pH13( see also section 2.2.1). It is also 

apparent from comparison of figures 6.5 and 6.8 that the force in the last few nm 

before contact is much smaller at pH 2 than the force in 10-2 M NaCl. It is thus 

tempting to suggest that the magnitude of a hydration force is greater in the presence of 

charged surface groups.

The surface potentials of best fit to the data in figure 6.8 are shown in figure 6.9. As 

in the previous section there is uncertainty in positioning the origin for the plane of 

charge. The values presented were fitted with the origin at the point of closest 

approach. The dashed line shows the potentials predicted by the mass-action model 

with the same pK (H+) as in figure 6.7, but is a poor fit to the data. However, the fit 

at high pH can be improved by introducing a finite binding constant for the Na+, 

which is 107 times more abundant than H+ at pH 10. In fact, a binding constant, 

pK(Na+)=4 produces a good fit to the data. In a similar fashion, the poor fit at low 

pH can be improved by invoking a pK(H+) which is a function of surface charge. 

Iler10 points out that the pK on silica falls to about 6.3 for a neutralized surface.
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Figure 6.8 The forces between a silica-glass sphere and a flat silica plate as a function 

of pH at 20 °C. The measurements were performed in a background of 
10'3 M NaCl. The data points represent measurements of the surface 
force, and the solid lines are the best fit to DLVO theory at constant 

surface potential, as in figure 6.3. The following parameters were used: 
pH 10: l/oo = -27 nm2/q, = -67 mV, K '1 = 10.7 nm; pH 7: 1/go = 
-26 nm2/q, = -60 mV, k _1 = 86 nm; pH 4: 1/ao = -34 nm2/q,

^ 0  = ~48 mV, k _1 = 80 nm; pH 3: 1/ao = -37 nm2/q, 'To = -35mV, 
k -1 = 62 nm; pH 2.6: 1/ao = -36 nm2/q, To = -35 mV, k -1 =56 
nm; pH 2: 1/gq = -52 nm2/q, x¥ q = -13 mV, K -1 = 30 nm.
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Figure 6.9: The surface potential of silica as a function of pH. The circles were
obtained from fits to the data in figure 6.8. The solid line is the potential 
predicted using a mass action model with pK(H+) = 6.8 and pK(Na+) = 
infinite
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The force between hydrophobic silica surfaces

A silica sphere was made hydrophobic by exposure to trimethylchlorosilane vapour, 

and the force was measured as the sphere approached a hydrophobized plate. 

Unfortunately, the adhesion was too large for the force to be measured on approach, 

but a pull-off force, F/R = 0.4 N nr1 was obtained. This is in the range of results 

obtained by Pashley el a l14 (F/R = 0.35 N nr1) and Claesson15 (0.44 N nr1).

The force between gold surfaces

The measured forces between a gold-coated particle and a gold surface are shown in 

Figure 6.10. As in the silica-silica interaction, the force decays exponentially with 

distance at large separation, but in this case the force decreases in the last 2-3 nm. 

Once the probe comes into contact with the surface, a repulsive force is required from 

the cantilever to separate the surfaces, indicating adhesion. When a large enough force 

is applied, the probe cantilever moves to the next stable position which in this case is 

about 50 nm from the position where the surfaces are touching. This pull-off force 

was extremely variable, with the unstable region extending up to 300 nm from the 

surface in some measurements. It was not possible to fit the measured force to a 

calculated DLVO force using a Hamaker constant of 35 XIO'20 J16 when the origin of 

the plane of charge was placed at the onset of the regime of constant compliance. This 

was probably because the surfaces were so rough. The effective radius may be 

smaller the the radius of 3.5 \im obtained from SEM, and it may be more reasonable to 

assume that the charge on each surface originates from a zone extending up to 20 nm 

in from the onset of constant compliance (2/3 of the Debye-length). If the interaction 

is modelled with the plane of charge at minus 10 nm but with no account for the 

change in van der Waals force, then a reasonable fit is obtained with an effective 

surface charge at infinite separation of -65 mV. No reasonable fit can be obtained by 

lowering the Hamaker constant alone.
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Figure 6.10: The Forces between a gold coated silica sphere and a gold coated mica 
surface. The filled circles represent measurements taken on approach of 
the two surfaces and the open ones on separation. The forces have been 
scaled by the radius of the gold sphere (3.5 Jim).
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6.4 Discussion

Comparison of ac and dc techniques for surface force measurements

The principal advantages of an ac instrument for measuring static forces are the 

increased signal to noise ratio and the ability to independently optimize resolution and 

stability of the cantilever in the force field. For DLYO and hydration measurements 

on micrometer scale particles, the dc microscope has been shown to provide adequate 

resolution, but greater resolution would be required for measurement of weaker forces 

or smaller radii. AC techniques would be useful for these cases, although 

development of detection methods continues to bring improved resolution for dc 

instruments. Furthermore, the new force microscope balances no longer require a stiff 

cantilever to ensure stability in high force gradients so the need for stiff cantilevers has 

diminished.

In the ac technique resolution is limited by dynamic effects associated with viscous (or 

other dissipative) processes in the medium and is dependent on modelling of the tip 

vibration whereas in a dc technique, a signal output directly proportional to F(z) is 

available. The ac technique, however, remains a useful tool for determining non

conservative forces.
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Comparison of the force microscope and surface forces apparatus

The primary difference between force measurements using the SFA and the AFM is 

the scale of the substrates. The radius of the silica colloid used in the experiments 

reported in this chapter was about 3 Jim, and the radius of the microfabricated tip is of 

the order of 10-100 nm, so the AFM uses substrates which have radius 10^-10^ times 

smaller than the SFA. Since most surface forces depend on the radius of the particle, 

surface forces are most often manifest when the substrate dimensions are in the |im to 

nm range of the AFM. Thus, the AFM can be used to measure forces on particles of 

the size for which these forces are usually dominant, whereas the SFA measures 

forces on macroscopic substrates. Of course, studies on these macroscopic surfaces 

can still be related to the forces on smaller particles, and can be used for measurements 

on thin films, adhesion, lubrication and wetting problems. Workers using the the SFA 

has already been successful in performing these measurements. Until recently, the 

SFA was also restricted to measurement of forces between transparent substrates, but 

this limitation has been removed by the adoption of new force measuring techniques 

such as the piezoelectric-bimorph technology of Parker17. In fact, any technique 

which is used to measure forces in an AFM may also be used in a modified version of 

the SFA, so the ultimate F/R resolution of the SFA is about 10^ times higher than for 

the AFM. However, to utilize this higher F/R resolution, substrates must be found 

which are homogeneous (and smooth) on a much larger scale. To date this has 

severely limited the variety of substrates used in the SFA. In comparison, an AFM 

can measure forces between a wide variety of substrates, and with very high lateral 

resolution.

The hydrodynamic force on a spherical colloid particle scales with the square of the 

particle radius. Thus if one wishes to examine viscous forces, the Surface Forces 

Apparatus provides higher resolution. However, if an experimenter wishes to 

measure quickly (e.g. to measure relaxation effects), measurement may be performed
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at speeds 10^ times greater in the AFM while maintaining the same viscous force to 

surface force ratio as in the SFA. In a SFA measurement, the surface separation is 

typically changed at about 1-10 nm / min but higher speeds of approach more 

realistically reflect collision speeds in most colloidal systems. Higher measuring 

speeds also minimize the effects of thermal or other drifts.

One of the major hazards in surface force measurement is contamination with particles. 

Since the probability of trapping a contaminating particle in the zone between the 

substrates is proportional to the radius of the substrate, the AFM is less subject to such 

contamination, and this has been borne out in experiments. However, in the surface 

forces apparatus, a number of contact regions may be investigated on the one both 

surface, which raises the probability of locating a "clean" region.

Other differences between the techniques depend more on the manner in which forces 

and distances are measured. Because the drift in the optical distance measuring 

technique utilized in the SFA is negligible, the SFA is well suited for measurement of 

the thicknesses of adsorbed films, and is better suited for measurements in which a 

constant surface separation must be maintained(although the rapid advance of AFM 

technology may change this). However, the same optical system is cumbersome, 

difficult to automate and it is necessary to use substrates which are transparent. Data 

analysis for the AFM is greatly simplified because the outputs are analogue electrical 

signals. Finally, the smaller size of the AFM reduces the effect of thermal drifts and 

mechanical vibrations.
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6.4 Conclusions

(1) A method has been presented for measurement of the forces on large colloid 

particles. This technique has been shown to be simple, quick and reproducible, and 

could be used on a variety of colloid particles and fibres.

(2) This method has been demonstrated by measurement of the forces between a 

silica-glass particle and a flat silica surface as a function of separation, NaCl 

concentration and pH. Results of these experiments are consistent with previous 

measurements of the forces between silica surfaces. At large separation, (>3 nm) the 

measured forces agree well with classical DLVO theory, with the interaction occuring 

between constant charge and constant potential. An additional repulsive force at small 

separation prevents adhesion in a van der Waals minimum.

(3) The forces on a gold-coated sphere and a Si3 N4  pyramid have been measured. 

This demonstrates the utility of the technique for measurements on a variety of 

materials and substrates.
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Chapter 7 

Conclusions

Surface forces have been studied using both a Surface Force Apparatus and a Force 

Microscope. Two new Force Microscope techniques are presented. A new 

resonance technique allows measurement of forces in dissipative media, including 

measurement of non-conservative forces. A new static technique allows direct 

measurement of the forces on individual colloid particles for the first time. A study of 

the forces on a silica-glass particle in NaCl solutions and over a range of pH values 

successfully demonstrates this technique. In NaCl solutions, the measured force 

agrees well with results obtained from other techniques.

Surface forces have also been investigated using the Surface Forces Apparatus, with 

established techniques. The interaction between mica crystals in an aqueous solution 

of diammonium salt was found to be attractive at separations greater than about 1 nm, 

suggesting that the surface is neutralized by the salt. The mica surfaces adhere at a 

separation of 0.8 nm (equal to the length of the diammine), probably because the salt 

bridges between the two sheets. This suggests that aqueous dispersions of similar 

clay particles should be unstable in the presence of the diammine. This was borne out 

by experiments where the diammine was found to cause more rapid precipitation of a 

montmorillonite suspension than an equivalent solution containing Ca2+.

The interaction between mica sheets in a range of ammonium chloride solutions was 

found to be similar to that measured previously in solutions of alkali-metal ions, even 

though the ammonium ion can hydrogen-bond to the solvent, and is a polyatomic, 

acidic ion. The forces were well described by classical DLVO theory at low salt 

concentration, but an additional repulsive force was measured at short range in 

concentrated solutions.



The development of a method for measuring interparticlulate forces on individual 

particles allows a new range of experiments. For example, the effects of particle 

collision speed and particle adhesion can be examined, and surface forces can now be 

measured on a variety of metal, metal oxide, covalent and ionic particles. The 

behavior of particular particles in an industrial product or process can be examined 

directly, instead of using model systems.
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Appendix

Force measurement using an atomic force 
microscope

A1 Introduction

Previous force measurements using an ac force microscope determined the magnitude 

of a surface force from measurement of the amplitude of vibration of the free end of a 

cantilever. The "fixed" end of the cantilever was attached to a piezoelectric crystal to 

force oscillations and a fine tip was situated on the free end to obtain high lateral 

resolution. This Appendix describes experiments in which it is shown that the 

damping coefficient of a cantilever is a function of tip-sample displacement. Thus, 

measurement of the amplitude of vibration of a cantilever at one frequency is not 

sufficient to measure the surface force: it is necessary to measure complete amplitude- 

displacement-frequency spectra. Results of measurements are presented in which (1) 

the tip surface separation was varied at a fixed driving frequency and (2) the driving 

frequency was scanned at a fixed tip-surface separation. The second set of results is 

analysed to determine the surface force.

A strong short-range force was observed for freshly prepared surfaces, implying a van 

der Waals interaction. A weak, long-range force was observed after exposure of the 

surfaces for a number of hours, suggesting that a capillary force is dominating the 

interaction. The long-ranged force contained a non-conservative element which 

increased on approach to the surface.
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A2 Measurement of surface forces

Two types of measurement were performed, involving variations in tip-surface 

separation and tip vibration frequency, respectively. A block diagram of the sensing 

equipment used for the displacement scans is shown in figure Al. A constant 

amplitude and frequency signal was input to the dither piezo from signal generator 1 

via a voltage-to-frequency transducer, and the sample-tip separation was scanned via 

the sample piezo, using signal generator 2 and a voltage amplifier. A lock-in amplifier 

measured the rms amplitude of the signal from the differential amplifier attached to the 

diode, and this was plotted against the output from signal generator 2 to yield an 

amplitude versus displacement trace, shown in the inset in figure Al. This 

measurement was repeated for a range of frequencies around resonance.

The sensing equipment used in the frequency scans is shown in the block diagram of 

figure A2. In this measurement, tip-sample displacement was held constant and the 

driving frequency of the dither piezo was varied continuously. This frequency was 

controlled by signal generator 1, via the voltage-to-frequency transducer. The output 

from the differential amplifier was plotted against the output from signal generator 1, 

and the frequency was scanned at a rate slow enough to allow 15-16 periods in each 1- 

Hz interval of the frequency spectrum. This process was repeated 16 times, and an 

envelope of the maximum amplitude was obtained to yield a plot of the amplitude of 

the sinusoidal output versus driving frequency, shown in the inset in figure A2. The 

tip-sample separation was then changed using signal generator 2 and a new spectrum 

recorded.

Referring to the schematic diagram of figure A3, the experimental variables were the 

dither-piezo surface separation, Z, controlled by the specimen piezo, and the tip 

driving frequency GOd controlled by the dither piezo ( Z will be refered to as the lever- 

surface separation ). The rms amplitude, A, of the ac cantilever motion (sensed by the
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diode through changes in 1) was measured as a function of C0d and Z, thereby 

permitting the surface force variation F(z) to be determined.

SIGNAL
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Figure A1: Block diagram of the electronic sensing apparatus used in the
displacement scans. The inset shows the form of the data in (co,Z,A) 
space.
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Figure A2: Block diagram of the electronic sensing apparatus used in the frequency
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Figure A3: Schematic diagram showing the parameters of the tip-surface geometry 
(upper), and the forces on the tip as a function of tip-surface separation 

and cantilever deflection (lower). The solid line represents the net force 

acting on the tip, for a given value of the lever-surface separation Z.
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A3 Results

Measurement of lever vibration amplitude as a function of sample 

displacement.

Figure A4 shows an oscilloscope trace of the output of the lock-in amplifier (using a 1- 

kHz low-pass filter) during a displacement scan. The upper trace was recorded on the 

tip approach to the surface, and the lower trace in the opposite direction. The distance 

scale shows changes in Z. The tip was driven at a frequency slightly greater than the 

resonant frequency measured at large separations (10.76 kHz).

The decrease in amplitude indicates a force with positive gradient with respect to 

displacements from the surface (i.e. an attractive force). The discontinuity indicates an 

unstable equilibrium point, at which incremental motion of the specimen piezo leads to 

rapid, non-equilibrium motion of the tip towards a stable equilibrium position on the 

specimen surface. The discontinuity in the amplitude occurs at a tip-surface separation 

at which the gradient of the surface force equals the spring constant of the lever, see 

figure A3. There is no absolute measure of the distance between the two equilibrium 

points, but, by extrapolation of the oscilloscope trace, it appears that the surface is 

about 1 nm beyond the onset of instability.

When the direction of specimen motion was reversed, the amplitude of tip vibration 

remained small for about 5 nm beyond the original point of instability, indicating that 

there was some surface adhesion. For a spring constant of 125±6 Nm 'l this 

corresponds to a pull-off force of about 625 nN, which for a tip radius of 100 nm is 

equivalent to an energy of 550 mJm-2 to separate mica and Ni in air. This measured 

value is higher than expected, suggesting that either the radius has been underestimated 

or that some of the Ni remained attached to the surface. The pull-off force varied with 

time, as might be expected in an uncontrolled environment. The measured value of the
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pull-off force was also found to depend on the driving amplitude. For larger 

amplitudes the force was found to be smaller, presumably because of the extra kinetic 

energy of the tip. It is interesting to note that the outwards portion of the hysteresis 

loop is not flat, indicating that the lever is stiff enough to measure the force gradient 

beyond the first equilibrium position established on the surface during the approach.

< D

" Ou
CL
E

<

Figure A4: Oscilloscope plot of lever vibration amplitude vs specimen displacement 
for a freshly prepared Ni-mica system. Note the change in amplitude 

over a small displacement range, and the hysteresis associated with tip- 
surface adhesion. The arrows indicate the points of instability.

Lever-Surface Separation, Z
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The small spatial range of the change in force gradient in figure A4 suggests that the 

dominant force on the tip is in this case due to van der Waals forces. Although such 

forces were reproducible over the first 30 min, exposing the Ni and mica to air for 

some hours generated a much longer range attractive force between the tip and the 

surface, probably due to capillary condensation of atmospheric water. Figure A5 

plots the rms amplitude, A, versus lever-surface separation, Z for an exposed Ni-mica 

system at the resonant frequency measured at large lever-surface separations. 

Compared with the trace of figure A4 the trace of figure A5 indicates a force of much 

greater range. There is also no hysteresis due to adhesion in this plot, and the small 

degree of hysteresis evident is thought to be due to drift or hysteresis in the specimen 

piezo.

Figure A6 shows displacement scans, each measured at a different frequency, layered 

on the same diagram. As in figure A5, the vertical axis represents rms amplitude, but 

each trace now represents a continuous variation in distance at constant frequency. 

(The trace from figure 6 is arrowed at the center of the diagram.) At low frequencies 

the tip-surface separation for resonance (given by the point of maximum amplitude) 

decreases. For the traces in which a maximum was evident, the displacement and 

amplitude at resonance were determined. The amplitude at identical displacements 

was then determined from the remaining traces, generating a plot of amplitude versus 

frequency, figure A7. (The amplitude in figure A7 has been squared to permit 

comparison with data acquired during frequency scans.)
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70 nm

Lever-Surface Separation, Z

Figure A5: Plot of lever vibration amplitude vs specimen displacement for a Ni-mica 
system exposed to air for several hours. The larger range of the change 
in force gradient suggests capillary forces between the tip and surface. 
The solid line represents measurements on approach to the surface, and 
the dashed line on retreat.
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Figure A6: Overlaid traces of cantilever vibration amplitude vs specimen
displacement for a range of frequencies around the resonant frequency 

determined at large separations (center arrow).

A
m

pl
itu

de
 (

V
)



126

10.8
Frequency (kHz)

Figure A7. Squared amplitude of cantilever vibration vs frequency at various lever- 
surface separations. AZ is the separation from the curve of maximum 

amplitude. These data were derived from Figure A6.
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Measurement of lever vibration-amplitude as a function of frequency.

Knowledge of the amplitude-frequency response of the cantilever provides information 

about the gradient of the force and the magnitude of the damping in the region of the 

tip. The amplified diode output for a frequency scan at a constant, large, lever-surface 

separation is shown in figure A8 (a). Figure A8 (b) shows the same information after 

squaring and smoothing (the data was averaged over 1% of the range for noise 

reduction). When a fresh tip was placed in the microscope, an attempt was made to 

measure frequency spectra at a variety of distances, but it was found that the range of 

the force was so short that it was impossible to hold the tip in the force field in the 

presence of thermal drift and vibrations (i.e., the instability evident in figure A4 

prevented maintenance of a stable tip position). However, in the presence of a longer 

range force (figure A5) it was possible to measure frequency spectra.

Figure A9 shows a number of frequency spectra, like that in figure A8 (b), taken over 

a range of 30 nm and superimposed to give a full plot of amplitude versus frequency 

as a function of lever-surface separation. As the tip approaches the surface the 

amplitude of the vibration decreases, and the resonant frequency also decreases. These 

two effects are quantified in figure A10, which plots the resonant frequency, coc and 

the Quality (2cüc/y), Q as a function of separation. The resonant frequency at each 

separation was the frequency of maximum amplitude. The Q factor was determined 

from the ratio of the resonant frequency to the width at half-maximum amplitude. 

Figure A10 (b) shows that there is greater energy dissipation in the system as the tip 

approaches the surface. The measurements of figure A10 (a) allow an estimation of the 

surface force variation as a function of lever-surface separation, and this is considered 

in the following section. The data in Figure A7, although less complete, could also be 

analyzed in this manner.



(A
mp

lit
ud

e)*
 (V

*) 
Am

pli
tud

e 
(V

)

128

Frequency (kHz)

Figure A8: (a) Amplitude of lever vibration vs. frequency at a large lever-surface
separation, (b) Data from (a) squared and smoothed to reveal the 
resonance at 10.8 kHz.
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F rtq u m y  (kHz)

Towards Surfact

Figure A9: Overlaid traces of amplitude of cantilever vibration vs frequency for a 
range of lever-surface separations. Note the decrease in amplitude and 

decrease in resonant frequency as the tip approaches the surface.
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L*v*r-Surfoc* Separation, Z

Figure A 10: (a) Resonant frequency vs lever-surface separation taken from the data
in figure A9. (b) Q factor vs lever-surface separation.
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Analysis of frequency scan data

In order to interpret the data in Figure A10 (a), it is necessary to consider the forces on 

the tip. The lever-surface separation Z (see Figure A3) is given by

Z = Z+l — Zo+lo =Ze-4Te (1)

where z is the distance between the end of the tip and the surface, lo is the tip length, 

and Zo is the tip-surface separation in the absence of any force on the tip or 

perturbation of the dither piezo, and thus the cantilever is undeflected, (note that ze is 

equivalent to Z in Chapter 5) In the presence of a surface force F(z) the cantilever 

deflects to an equilibrium position, denoted by the subscript e, such that

F(ze) =-k (Zo-Ze) = -k  (le-lo) (2)

For an arbitrary tip position the equation of motion is thus

meff z = F(z) - k(z-zo) - meff y z (3)

where meff is the effective mass of the tip-cantilever system, k is the spring constant, 

7 quantifies the damping and ’ represents differentiation with respect to time, t. If the 

amplitude of vibration of the tip about the equilibrium position is small, a linear 

approximation to F(z) is reasonable,

F(z) = F(ze ) + (z- ze) F' ( Ze ) (4)

where ’ referes to differentiation with respect to distance.

Combining Eqs. (1), (2), and (4) into Eq. (3) leads to a new equation of motion,

meff 2 fmeff y 2  +■ [k - F(ze)] z = [k - F (ze)]ze(t) (5)

which is the equation of a driven, damped harmonic oscillator. The driving force 

originates in the sum of the dither piezo oscillation,

Z = Zo + Ao sin ((Cot) (6a)

and the concomitant oscillation in the equilibrium cantilever position about l e, has 

amplitude:

AoF’(zo) /  [ k - F(ze) ] (6b)

using equations (2) and (4). Hence combining equations (1) and (6), the driving force 

on the tip may be expressed in terms of the experimental variables.
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[ k-F(ze) ] Ze(t) = kA0 sin(codt) + [k - F'(ze ) ] (Zq - le) (7)

where Z0 is controlled by the specimen piezo (and thus sets le and ze ), and Ao and COy 

are controlled by the dither piezo. (In this work Ao was typically 0.04 nm and COy was 

typically 50-100 kHz.)

The solution to Eqs. ( 5 ) and ( 7 ) for the vibration of the tip about z, and hence the 

lever about le is given by

z - Ze = le -1 = A sin (cod t + a ) (8)

where

A = coo Ao / [ (ca? - aid f  + f  co§]1/2

tan a  = ________ — ________
and {[k-F'(ze) ] /m eff)-col

and the resonant frequency is given by:

COo(z)
k - F'(z)\

meff

Thus, rearranging,

F'(ze) = k 1 - tt>0(Ze)2 \

COq( oo)  ^

(9a)

(9b)

( 10)

( 11)

Figure A l l  plots F'(ze) /  k  as a function of Zo using the data from Figure A 10 (a) and 

Equation 11. It is clear that for the data in the figure, F r is always much smaller than 

k, and thus it is a reasonable approximation to equate the changes in Z to changes in 

Ze.

Hence, the force gradient data in figure A ll  may be integrated to obtain the force and 

potential between the tip and the surface as a function of the tip-surface separation 

(note that an exact relationship between Zo and Ze could be used for larger force 

gradients). These quantities are plotted in Figures A 12a and A 12b, respectively, in 

appropriately normalized units. Interferometric calibration of the specimen piezo 

yields the length scale on the horizontal axis, and determination of the spring constant 

k yields the force and energy scales on the vertical axes. Note that the force is
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approximately 60 nN in this case, about an order of magnitude less than that measured 

on a "fresh" surface in figure A4. (This compares with an estimated capillary force of 

2-50 nN for a capillary of radius 100 nm.)

If one ignores many-body effects, the force in Figure A12 (a) can be considered to be 

the sum of the forces between each small element in the tip, and each small element in 

the surface. If the surface acts like an infinite half-space,

where a(zel) is the force per unit area between an elemental area of the tip dAfp (at a 

distance zel from the surface) and the entire surface, and is related to the energy per 

unit area, E by

Equation 12 (a) can only be solved if the geometry of the tip, and thus the relationship 

between z and zel, is known. In the surface forces apparatus, the crossed cylinder 

geometry makes this integral trivial1, and allows a , and hence E, between two 

equivalent flat surfaces to be calculated. However, with the force microscope, there is 

usually uncertainty about the shape of the tip, and irregularities in shape make 

calculation of g (z) difficult. This problem has been addressed in section Chapter 6 of

F(z) = G(zel)dA|jp
(12a)

(12b)

this thesis.
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Figure A12:(a) Force vs tip-surface separation taken from the data in Figure 12. Aze 

is the distance between successive data points, (b) Potential vs tip- 
surface separation. The potential varies from a z"l dependence to a z"3 
dependence over the range of the data as the tip approaches the surface.
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A4 Discussion

Two procedures for force determination were demonstrated. The first identified the 

shift in the resonant frequency of the vibrating tip by scanning the lever-surface 

separation, at discrete vibration frequencies. Individual scans may be performed 

rapidly in this procedure, but analysis of the data to derive the shift in resonant 

frequency as a function of separation is somewhat tedious. In the second procedure the 

vibration frequencies were scanned, at a variety of fixed lever-surface separations. 

Although the shift in the resonant frequency was immediately identified here, the rate 

of data acquisition, and hence scanning, was limited by the need to allow the amplitude 

of vibration within each scanned frequency interval to be properly measured. Both 

procedures were used here on a long-range force (figures A7 and A9) and gave 

consistent results. The displacement-scan procedure was used for a short-range force 

(figure A4), as tip instabilities prevented frequency scans from being performed at 

small separations. When there is a large force gradient, the displacement-scan 

procedure is superior because the tip is driven through the instability.

For the long-range force the Q factor of the system changes with lever-surface 

separation, implying that F(z) includes a varying, non-conservative element. This is 

consistent with results from the surface forces apparatus2,3 which show that although 

the viscosity of thin films of liquids is constant for thicknesses greater than a few 

molecular diameters, the viscous force between crossed cylinders increases linearly as 

separation decreases. Furthermore, it is likely that in our experiments more of the tip 

became immersed into the surface film as the tip approached the surface, further 

increasing the viscous force.

A force gradient may be obtained from a single amplitude-displacement measurement, 

provided that no variation in Q with displacement occurs. In this work it was found 

that full measurement of the A(z,C0ü) response (A9) is required to determine the force
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gradient unambiguously because of the large variation in the Q factor with distance 

(figure A10 b). A constant Q factor cannot be assumed in all ac AFM experiments.

This result has implications for imaging with an ac force microscope. To obtain 

topographic images, it is usual to scan in both X and Y dimensions at a constant tip- 

surface separation. This separation is controlled by a feedback circuit set to maintain 

constant phase or amplitude of an output signal derived from the lever position. The 

topographic signal is given by the changes in Z position of the tip or sample necessary 

to maintain constant output signal. The highest vertical resolution is obtained at a 

distance and frequency where this signal varies maximally. Thus, because in some 

cases Q decreases as the tip approaches the surface, resolution is not necessarily 

enhanced by scanning close to the surface. However, it must be noted that any attempt 

to maximize Q will result in a decrease in the rate at which data can be acquired.

In addition, examination of Figure A6 reveals that before scanning it is important to 

ascertain the sign of F"(z) . The feedback loop will be unstable (i.e. positive feedback) 

at some set points if there is a turning point in the signal. Scanning microscopy will 

thus only be metastable at some set points when the driving frequency is less than the 

frequency at resonance for attractive forces, and when the driving frequency is greater 

than the frequency at resonance for repulsive forces.
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Appendix B

Additional Notes on the Text

These notes are applicable to places marked * in the text.

Page 55.

The potential data shown in figure 3.7 has been compared to an ion-binding model by 

using a fitted pH and a previously obtained value of Kj-p Because the addition of the 

weakly acidic ammonium ion does cause a small variation on pH, it is perhaps more 

reasonable to use a fitted binding constant, and use the theoretical pH of the solutions. 

Figure B 1 shows the the data together with 3 curves calculated with a fitted binding 

constant, Kh =5.5 and the following values of pH:10-4 M: 5.7, 10'3 M: 5.6, 3 X 10'3 

M: 5.6, IO-2 M: 5.5 and 10'1 M: 5.0. Note that as in the main text, only the model 

which treats the ammonium ion as larger than the site size on the mica provides a good 

fit to the data.

Page 59.

Kdiss (mica) = [S'] [X+] /  [SX]

X = NH4, K or Cs

Page 65.

The forces have also been examined in detail in 0.1 M and 1M NaCl (Chapter 2 

Reference 117). At these concentrations, the force was found to be stepped, with a 

period of 0.3 ± 0.05 nm.



Page 67.

The layering at 0.2 nm and 0.8 nm is suggested by the steeply increasing force and the 

presence of adhesive minima. The force also increased rapidly with no measurable 

change in separation at about 0.6 nm suggesting the presence of another layer at this 

separation. Thus 3 layers at 0.2, 0.6 and 0.8 nm are indicated, compared to values of 

0.27,0.54 and 0.81 nm expected when considering the diameter of a water molecule.

Note that there is no overlap between the points in figures 4.3 and 4.4.

A comparison of the force in the absence and presence of the diammonium salt at pH 6 

and in the presence of the salt at pH 11.6 is shown in figure B2.

Page 71

Comparisons of the experiments on clays to those on mica are limited by differences 

in both the chemistry and shape of the two substrates; specifically, the clay platelets are 

small (with dimensions of approximately 10 x 10 x 1 nm) and flexible, and have ends 

which carry positive charge. Although these differences should be noted, the 

stability of the clay can be explained as follows. When a sample of Na- 

montmorillonite is placed in water, the clay will swell, causing the platelets to separate 

and these fine particles will take a long time to settle. If there is a deep minimum in 

the force between platelets then the clay will remain clumped and settle rapidly after 

dispersion. Such a minimum has been measured previously in the short-ranged force 

between mica surfaces in Ca2+ solutions (reference 2, Chapter 4), and is shown in 

figure 4.4 for diammine solutions. The rapid settling in the equivalent clay systems is 

shown in figure 4.5.

The diammine also has the effect of adsorbing to the mica surface to neutralize the 

charge so that the long-range force is attractive. This removes an additional driving 

force for swelling, and means that on approach, two widely separated plates will be 

attracted, and a larger number of collisions will result in coagulation. This should



result in more rapid sedimentation and in less ordering of the sediment leading to a 

larger sediment volume as shown in figure 4.5.

Page 94

This section describes the effects of the finite stiffness of the mechanical components 

in the Nanoscope AFM force measurements. Consider the following schematic 

diagram of the measurement system:

Glue
Sphere

Substrate

Cantilever

Other connections



We will consider just two deformations, deformation of the cantilever spring, c and 

deformation of an arbitrary component g. Because the glue is the most deformable 

material, this will be considered, but the analysis is true for other components. From 

the above diagram:

d= -p + c + g (1)

It is assumed that all materials are perfectly elastic, and so obey Hooke's Law. For 

the very small loads and deformations considered in these experiments this is likely to 

be a very good approximation.

If the spring is in mechanical equilibrium:

kcC = kgg (2)

where kc is the Young's Modulus of the cantilever and kg is the Young's Modulus of 

the glue.

Combining (1) and (2):

d = - p + c ( 1 + kc / kg ) (3)

If c is measured directly ( eg by interferometry), the force and d can be obtained 

directly from 2 and 3.

In these experiments, the measured variable, s is proportional to the endslope of the 

cantilever. For small deflections, this is proportional to the cantilever deflection, ie 

c = a s . The constant, a, is obtained by measuring a as a function of p where d = 0 

(in the region of constant compliance):

p = a s ( 1 + kc / kg )

ie a = (p d = o / s d = o ) / (  1 + {kc/kg}) (4)

The force and distance can now be obtained by substitution of 4 into 3 and 2:

d = -p + ( P d = o / s d = o ) s

This is the same result as obtained if the deformations are not considered.



Force= [kc ( pd=o/  Sd=0 ) /  ( 1 + {kc / kg) ] s. 

which for kg »  kc reduces to the result used in the thesis, and for kg ~ kc , results in 

a reduced force, i.e. the force calculated without considering deformations is an over

estimate.

Notes:

1) All the materials in this apparatus have much greater stiffness than the spring, 

except possibly the glue layer. Although the Young's Modulus of the glue is smaller 

than that of Si3 N4 , the spring is the most compliant component because the layer of 

glue is thin ( see electron micrograph) and the spring has cantilever geometry.

2) Deformations of the substrates under applied load may lead to changes in the 

geometry of the interacting surfaces thus resulting in incorrect conclusions about the 

force law. In the current AFM setup, the substrates are much stiffer than the spring, 

so these effects do not need to be considered. Note that in contrast to measurements 

using the SFA, deformation of the glue layer does not affect substrate geometry.

3) This analysis assumes that all forces act, and all deformations occur along the same 

line.

Page 102

The data in figure 6.5 could also be fitted to a charge regulation model (Reference 11, 

Chapter 2), where the charge on the each surface is determined by the binding 

constants o f surface dissociable groups and the interaction with the other surface, 

rather than by the boundary conditions of constant fitted charge or potential used in 

this thesis. Unfortunately, in this experiment, the position of the plane of charge, the 

extent o f a hydration force and the value of the binding constants are not well known, 

so the fitting of a charge regulation model is of limited usefulness. However, for 

comparison, Figure B3 shows the measured force between silica surfaces in 10'2 M 

NaCl together with a fit using the charge regulation model.
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The surface potentials obtained in figures 3.3 to 3.4 are plotted here as a 
function of concentration. The solid line was calculated using the 
model described in the text with the following parameters: An  = 0.52 
nm2 ; Aj j= 0.48 nm2; pKN = 3.12 and with the pH varying according

to the ammonium concentration. The dashed/dotted line was calculated 
with the same binding constant, but with An = Aj j= 0.48 nm2. The

dashed line was calculated by assuming there is no binding of 
NH4+(Kn  infinite), only electrolyte screening.
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Figure B2: The force between two mica sheets in aqueous solution. The
measurements represented are: 1.4 x IO 2 M NaCl: filled circles; 
addition of 3mM diammonium salt: triangles; addition of 6 mM NaOH: 
open circles. Note that the original double-layer force was restored 
after the diammonium salt was neutralized.
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Figure B3: The interaction between a silica-glass sphere and a silica flat in 10-2 M 
NaCl. The data points are the same as those in figure 6.5, but here the 
solid curve has been calculated using an exact numerical solution to the 

Poisson-Boltzmann equation using a charge regulation model 

(Reference 11, Chapter 2). The curve has been calculated using pKn = 
6.9 and a fitted value of pKNa = 2.8 to obtain 'Fo = 35 mV. Note that 

there is still uncertainty in the calculated curve because of the unknown 
binding constants, the surface roughness and/ or hydration effects.


