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Abstract

Direct force measurements between solid surfaces at separations down to less than a

nanometer are routinely used for investigating and quantifying a variety of surface and

interfacial phenomena, such as colloidal interactions, adhesion, molecular orientation,

adsorption, friction, corrosion, and so forth { interactions generally dependendent on

processes occurring at the molecular level in the vicinity of the surfaces. To be able

to accurately quantify interfacial phenomena at the molecular level with surface force

measurements, it is vital to use surfaces whose properties permit interpretation at these

length scales, but the number of materials available for such investigations is limited.

The object of the work presented in this thesis was to enlarge the range of ma-

terials available for direct force measurements between macroscopic substrates. The

restriction to macroscopic surfaces is rather severe, but was motivated by the longer

term whish to combine force measurements with other methods, such as uorescence

microscopy, optical or capacitive distance determination methods, and other surface

characterization methods requiring macroscopic substrates. The emphasis is on the

use of self-assembled monolayers of alkylthiols on gold substrates, but other materials

have been studied as well, among them gold surfaces modi�ed with other adsorbents

than thiols.

The applicability of gold surfaces modi�ed with organic monolayers has been in-

vestigated, and the roughness of the gold substrates limits their usefulness in detailed

quantitative studies of short-range interactions, but with regard to stability, repro-

ducibility and exibility, they are demonstrated to have excellent properties. Such

surfaces have been applied primarily to studies of the long-range \hydrophobic" inter-

action. The results show that for rigidly attached hydrophobic layers, the nature of

the interaction is sensitive to the solid-liquid contact angle, and step-like force onsets

(attributed to bridging of bubbles residing on the surfaces) are observed whenever it

exceeds 90�. For weakly adsorbed hydrophobic layers, the interactions are qualita-

tively di�erent, and a di�erent mechanism is resposible for the observed \hydrophobic"

attractions.

A template-stripping method to produce thick gold surfaces with little roughness

has been successfully employed, and it is demonstrated how it can be applied to studies

of Casimir forces.

For bulk polystyrene surfaces a novel preparation procedure is demonstrated; in-

vestigations of the interactions between such surfaces evince the need to reduce the

interfacial energy to avoid cold welding and cohesive failure.

Finally, a study with bearing on the applicability of glass surfaces in direct force

measurements is included: the adsorption of non-ionic surfactants to glass surfaces was

found to vary in an erratic manner, implying that the nature of the glass surfaces cannot

be identically reproduced from time to time. However, in some important respects, the

results were found to agree with ellipsometric studies of similar systems.

Keywords: surface force, bimorph, self-assembled monolayer, thiol, hydrophobic in-

teraction, wetting, adhesion, divalent ions, Casimir force, polystyrene, non-ionic sur-

factant, roughness, template-stripping, glass, thin �lm



Sammanfattning

Direkt m�atning av krafter mellan fasta ytor vid avst�and mindre �an en nanometer utnytt-

jas rutinm�assigt f�or att unders�oka och kvanti�era ett ertal yt- och gr�ansskiktsfenomen,

s�asom kolloidal v�axelverkan, adhesion, molekyl�ar orientering, adsorption, friktion, ko-

rrosion med mera { fenomen som i allm�anhet p�averkas av processer p�a molekylniv�a i

ytornas omedelbara n�arhet. F�or att kunna studera s�adana processer �ar det av vikt att

utnyttja ytor vilkas egenskaper till�ater tolkning av skeenden p�a molekyl�ara avst�and,

men antalet tillg�angliga material som medger s�adana unders�okningar �ar begr�ansat.

Syftet med arbetet som presenteras i f�oreliggande avhandling �ar att ut�oka an-

talet material som l�ampar sig f�or direkta kraftm�atningar mellan makroskopiska ytor.

Begr�ansningen till makroskopiska ytor �ar en sn�av begr�ansning, men motiveras av det

l�angsiktiga m�alet att kombinera kraftm�atningar med andra metoder, exempelvis uo-

rescensmikroskopi, optisk eller kapacitiv avst�andsm�atning, eller metoder f�or ytkarak-

terisering som kr�aver makroskopiska ytor. Tyngdpunkten ligger p�a anv�andning av

sj�alvorganiserande monoskikt av alkyltioler adsorberade p�a guldytor, men �aven andra

material har studerats, bland dem guldytor modi�erade med andra adsorbat �an tioler.

Anv�andbarheten hos guldytor modi�erade med organiska monoskikt har unders�okts,

och oj�amnhet hos guldsubstraten begr�ansar anv�andbarheten i kvantitativa studier av

kortv�aga v�axelverkningar, men med avseende p�a stabilitet, reproducerbarhet och ex-

ibilitet har de utm�arkta egenskaper. Dessa ytor har fr�amst utnyttjats f�or att studera

l�angv�aga hydrofob v�axelverkan. Resultaten visar att f�or h�art bundna hydrofoba skikt,

�ar v�axelverkans natur beroende av kontaktvinkeln. N�ar denna �overstiger 90� intr�ader en

attraktiv kraft i form av ett diskontinuerligt steg (orsakad av att bubblor associerade till

ytan f�orenas). F�or svagt bundna hydrofoba skikt �ar krafterna kvalitativt annorlunda,

och andra mekanismer orsakar den \hydrofoba" attraktionen.

En metod f�or att framst�alla tjocka guld�lmer med liten oj�amnhet genom att forma

metallen mot en glimmeryta har realiserats, och visats vara anv�andbar f�or att studera

Casimirkrafter.

En ny framst�allningsmetod f�or homogena polystyrenytor har utvecklats. Un-

ders�okning av dessa visar att ytenergin hos dessa m�aste reduceras f�or att undvika

kohesionsbrott d�a ytorna separeras.

Slutligen har en studie med betydelse f�or anv�andbarheten hos glasytor i direkta

kraftm�atningar inkluderats: adsorption av nonjontensider p�a glasytor befanns variera

p�a ett of�oruts�agbart s�att, inneb�arande att glasytans egenskaper inte systematiskt kan

reproduceras. Dock �overensst�ammer resultaten i viktiga avseenden med ellipsometriska

studier av liknande system.

Nyckelord: ytkrafter, bimorf, sj�alvorganiserade monoskikt, tioler, hydrofob v�axelverkan,

v�atning, adhesion, divalenta joner, Casimirkrafter, polystyren, nonjontensid, ytj�amnhet,

glas, tunna �lmer
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2 Novel surfaces for force measurements

1 Introduction

There are innumerous situations in surface and colloid science where direct or
indirect measurements of forces between surfaces or interfaces are useful, and the
�eld of \surface forces" has grown far beyond the earliest attempts to verify the-

ories of van der Waals forces and colloidal stability. With the appearance of the

Surface Forces Apparatus some thirty years ago, the method became widespread

enough to count as a \standard" method, and it has been boosted by the use of

atomic force microscopes for force measurements in recent years. Various force

measuring devices are used today for determination of materials properties like

hardness and yield strength, studies of capillary phenomena, electrical properties,

rheological properties, and studies of interest to colloidal stability are still exten-

sive. Applications include, for example, drug delivery, papermaking, painting and

coating processes, biomolecule stability, nano- and micromechanics, to integrated

circuit processing.

The subject of this thesis is the materials used as substrates in force measure-

ments. Force measurements are usually conducted at surface separations of the
order of molecular or atomic dimensions, and the overwhelming obstacle to using
a particular material in a force experiment is usually surface roughness. Most
materials are not easily processed to be smooth at the nanometer level, which
is often desired. This has been a major limitation to the method, and variuos

model surfaces and modi�cation procedures are used instead of \real" surfaces.
In an e�ort to make this limitation a little less severe, e�orts have been made

to increase the number of available materials. Some of the labour in this direc-
tion resulted in this thesis, where novel materials or preparation methods are
presented. The emphasis is on the use of gold-supported self-assembled monolay-
ers (SAMs) as model surfaces. Thiolate SAMs has been a quickly expanding area

since the �rst �ndings in 1983, and as a surface preparation scheme it provides
greater stability, exibility, and ease of preparation than most other methods.

The part of the thesis that does not deal with SAMs is a rather disparate collec-
tion of works concerned with bulk polystyrene, thick gold �lms, and glass.

The motives for the included studies have been very di�erent; in the case of

thiolated surfaces, the driving force was to ensure that the method as such could
be taken advantage of, essentially because the potental number of di�erent model

surfaces that can be prepared in the same manner is enormous, and because the

gold surface itself can be exploited in a range of applications. This part of the
thesis has relied on a collaboration with the Molecular Films and Surface Analysis

group at Link�oping University, working with preparation and characterization of
organic monolayer surfaces. The SAM surfaces that were prepared have been

used primarily for investigations of the long-range \hydrophobic" interaction, a
phenomenon that has been a matter of confusion for a long time, and the studies

of which has su�ered from the lack of robust surfaces with variable properties.

The work on polymer surfaces was a joint e�ort with Institut f�ur Polymer-

forschung, Dresden, and was motivated by their whish to study interactions be-

tween chemically modi�ed polymers in a simple and controllable manner.

Accurate experimental veri�cation of the Casimir interaction - forces between
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conductors in the fully retarded regime - were not presented until 1997, but the

experimental e�orts so far su�er from the use of rough surfaces, and Paper IV is
a response to the need for better surface preparation procedures, demonstrating

how thick metal layers can be prepared to have little roughness.

The study on surfactant adsorption was undertaken to �nd out whether the

MASIF force instrument could be useful in the investigation of adsorbed surfac-
tant layers, as a complement to ellipsometric studies, but the answer turned out

to be both yes and no { the methodology is appropriate, whereas the properties
of the glass surfaces used for the studies were found to be unreliable.
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2 Surface force methods and materials

Surface force methods have been reviewed several times over the years, and the

reader dissatis�ed with the following presentation has plenty of historiographies

to choose from. A good place to start is a recent survey describing instrumen-

tal development in the area over the last half century.1 Other (not so recent)
reviews cover direct force measurements between solids,2 indirect methods to ac-

cess particle-particle interactions,3 and early russian work in the area.4 Even the

author has contributed to the ood with a review including { among other things

{ a detailed comparison of the three methods for measurements between solid

surfaces described in this and next section (SFA, MASIF and AFM).5

2.1 Force measurements

Force measurements can be assorted into various subdivisions, such as direct and

indirect, or according to the nature of the surfaces; solid and liquid surfaces,

or macroscopic and colloidal, for instance. The natural reference point for this
thesis is direct methods using solid surfaces. Two methods for such measurements

dominate today, both of which are briey described below. The device used in
this study (the \MASIF", which is disussed in detail in section 3) is similar to the
atomic force microscope in its working principles, but di�ers in that it uses two

macroscopic surfaces rather than a microprobe measuring against a at surface,
but the drawbacks, problems and advantages are very similar.

There are innumerous other methods, and just to give an idea of the diver-
sity, I mention some of them (see the review by Claesson et al. for references
wherever they are missing): the thin-�lm-balance used for thin liquids �lms, os-

motic stress methods to determine e.g. swelling pressures in ordered structures,
total internal reection microscopy for interactions of particles with at surfaces,
optical trapping to measure forces on single particles,6, 7 devices for interactions

between liquid-liquid interfaces,8 methods to deduce forces from particle-collision
trajectories,9 magnetic levitation techniques,10 also methods for single atoms11

and de�nitely many more.

The Surface Forces Apparatus

Direct force measurements became a fairly popular method with the appearance

of the Surface Forces Apparatus (SFA).12, 13 This instrument uses optical interfer-

ometry to determine the separation between the surfaces, and the setup requires

transparent surfaces, in most cases mica is used. Mica sheets are silvered on one

side, and glued with the silvered side towards a cylindrical silica disc. Two such
hemi-cylinders are arranged in a crossed-cylinder setup, and white light is allowed

to pass through the area of closest contact. The two silver layers form an interfer-

ometer whose properties are inspected with a spectrometer. The resulting fringe

pattern gives the shape of the interacting region of the surfaces, and can be used
to deduce an absolute measure of the separation, the local radii of interaction,

the refractive index of the medium between the surfaces, and the deformed shape

of the surfaces. This permits studies of e.g. orientation of adsorbed molecules,
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structural changes of adsorbents at the surface, studies of capillary phenomena,

etc. Similar devices where the surfaces are moved laterally are used to study
friction, and optical or rheological properties of thin �lms trapped between the

surfaces.

The Atomic Force Microscope

The original atomic force microscope (AFM) design was an imaging device,14 but

whose application as a force measuring tool has been steadily increasing, partic-

ularly in applications using a colloidal particle against a at surface15, 16 or two

particles.17 The average surface scientist doing force measurements today is very
likely using an AFM. Compared to the SFA, the AFM does not yield absolute dis-

tances, local radius of interaction, thicknesses of adsorbed layers (except in special

situations, see e.g. Paper X), or surface deformation. The major advantages lie in

the handling of the equipment and the versatility. Commercially available AFMs

of today can be changed to sense mechanical, electrical, chemical, or magnetic

properties in a twinkling (almost, at least). For force measurements in particu-
lar, preparing surfaces and performing experiments is done in a fraction of the
time required to do SFA experiments, at the expense of a substantial reduction

in obtained information, though.

2.2 Substrate materials

The SFA is a powerful method due to the optical inspection possibilities, but
this also restricts the substrate surfaces to smooth, sheet-like, and transperent
materials, above all mica, but also silica,18 sapphire,19 and polymer �lms45 have
been used. Strictly, the optical setup used in the SFA is not necessary { capac-
itance measurements between the silver layers can been used to determine the

separation20 { but most of the advantages of the instrument stem from the optical

system, and the capacitance method still only removes the requirement that the
surfaces should be sheet-like.

Various surface modi�cation schemes are used to expose a di�erent surface

than the mica itself to the intervening solution (or gas). The more common meth-

ods include spin-coating,21, 22 Langmuir-Blodgett deposition,23{25 silanization,26

surfactant adsorption,27 plasma deposition,28 or metal deposition.29, 30

The materials situation is signi�cantly better on the AFM side: the colloid
probe techniquemakes interaction studies possible with just any material that can

be shaped into a regular micro-particle. Interactions between two such particles

can be studied by adsorbing a large number of those onto a surface, �nding one
of them using the imaging capability, and then acquiring force-distance pro�les.

Among the materials used for AFM studies are silica,15 polymer latexes,31, 32 and
various inorganic materials, such as titanium oxide,33 and zinc sul�de.34 Silanated

silica and thiolated gold surfaces are extensively used as well.35{37

The preparation problems are essentially the result of the requirement that
at least one of the surfaces should be curved; most materials can be mechanically

or chemically polised to be smooth enough for use in force measurements, but

this is often di�cult to put into practice for other shapes than at surfaces.
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An additional di�culty in producing metal surfaces with small enough rough-

ness is that the polycrystallinity makes them inherently rough (hemispherical sin-
gle crystals with roughness of the order of a few atomic steps are available for some

metals, but they are unbelievably expensive). Still, many early attempts of mea-

suring forces were made with metals: the earliest e�orts to study Casimir forces

were made with at plates,38 \disjoining pressures" were studied with crossed
metal wires,39 sphere-at geometries were used to study van der Waals forces.40

Also, gold spheres,41 and symmetric29 or asymmetric30,42, 43 metal-mica systems,
and AFM colloidal probes44 have been used. Characteristic for almost all of the

reports are the roughness problems.
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Figure 1: The MASIF surface force instrument.

3 The MASIF instrument

All surface force measurements were made with a MASIF� bimorph surface force
apparatus, which was considered the appropriate device for the task of extending
the range of macroscopic surfaces suitable for surface force measurements.

AFM uses microscopic surfaces, and the SFA was ruled out for other reasons:

�rst, and most important, the requirement that the surfaces need to be trans-
parent and sheet-like would be a severe constraint if new substrates are to be
developed. In addition to this, the shorter turnover time for experiments would
be valuable in trial-and-error situations, and the automatized operation of the
MASIF was considered to be more suitable for the potential applications. The

MASIF is a relatively new and not very well known instrument, why the emphasis
in this section is on limitations and teething problems. Further details can be
obtained through the references.47, 48

3.1 A short description

An outline of the MASIF is shown in �gure 1. The instrument accomodates

surfaces of any material and geometry; the restrictions are set by precision re-

quirements and the chemical environment. The top surface is mounted on a

piezoelectric tube, which in turn is mounted on a motorized stage, providing
coarse positioning. The lower surface is mounted on a bimorph force sensor,

acting as a single cantilever spring. The bimorph is protected against contact
with the medium in the chamber with a teon sheath, and the whole chamber

is made from steel and teon, with silica windows. The volume of the chamber
is approximately 10 ml, and it can be sealed to be gastight. In parallel with the

piezoelectric tube, a linearly variable displacement transducer (LVDT) is mounted

to measure the movement of the upper surface directly { this is to compensate
for non-linearity in the expansion of the piezo. The only calibration needed is the

sensitivity of the LVDT (which is calibrated interferometrically), though the radii

of the surfaces and the sti�ness of the spring needs to be measured after each

�MASIF = Measurement and Analysis of Surface Interaction and Forces.
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experiment. The sphere-sphere con�guration requires coaxial alignment of the

surfaces for the measured forces to be correct. This is normally not a problem,
since the lower surface can be moved laterally relative to the upper, and windows

at the side and at the bottom of the chamber aid in the alignment. Still, if both

surfaces have 2 mm radii, and the sideways o�set from the vertical axis is 1 mm

{ an error easily observed with the bare eye { the vertical (measured) component
of the force between the surfaces is nevertheless more than 96% of the total force

between the surfaces.y

3.2 Bimorphs as force sensors

A bimorphz is a piezoelectric transducer consisting of two thin slabs of piezoce-

ramics glued together; either with a metal strip between the slabs (in which case

it is a \parallell bimorph") or without the metal (a \series bimorph", see �g-

ure 2). For the same material and applied load, a series bimorph develops twice

the voltage of a parallell bimorph, but the electrical impedance is four times
higher. Both types are used in the MASIF, though in my case parallel bimorphs
have been dominating. When the bimorph is bent, one slab is compressed, and
the other is stretched. The piezoceramics are oriented with the poling axis (along
which the polarization occurs) perpendicular to the at sides of the bimorph, and

the surfaces of the bimorph are metal coated and works as electrodes to facilitate
detection of the charges produced by deformation due to external forces. The
electrodes are connected to an electrometer ampli�er, measuring the polarization
charges.

Figure 2: Parallel (left) and series connection (right) of a bimorph. The series
bimorph has higher sensitivity, but also higher output impedance.

Considered as an electrical device, the bimorph is equivalent to a capacitor,

thus the charge, Q, on the terminals is proportional to the capacitance, C, and

the potential di�erence across the terminals, U : Q = CU . When a potential
is applied to the bimorph, the dimensions will change (it will be deected), and

consequently also the capacitance will change, i.e. the capacitance is a function of
the applied voltage, C = C(U), thus for this particular kind of capacitor, Q is a

non-linear function of U . Fortunately, the quantity measured by the electrometer

is the charge, and when the bimorph is used as a force sensing element, the
charge is a linear function of the deection (at least for small deections { the
deection is usually less than 1 �m, which is small compared to the length of the

yIf the center of one sphere is o�set 1 mm sideways relative to the center of the other sphere

while they are still in contact, the length of the projection of the center-center vector onto the

vertical axis is > 96% of the center-center distance. The di�erence is decreased as the separation

between the spheres increases.
z\Bimorph" is a registered trademark of Morgan Matroc Ltd.
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Figure 3: Electrical interface to a bimorph force sensor, with an electrometer

grade amplifer coupled as a voltage follower. The shield of the bimorph connecting

lead is driven to the same voltage as the input signal to minimise additional

capacitance from the cable. The circuitry is identical for series and parallell

bimorphs, and either terminal on the bimorph can be grounded.

bimorph, about 15 mm). Thus, the electrometer output is linear with respect to
the deection, and as a consequence thereof, directly proportional to the force.
(More, if a piezoelectric actuator is driven by charge instead of voltage, linearity
is dramatically improved49).

The circuitry for the detection of the bimorph charge is typically designed
as in �gure 3, where an electrometer grade ampli�er (e.g. Analog Devices AD549
or Burr-Brown OPA128) acts as a voltage follower. The ampli�er has a �nite
input impedance, resulting in a slow dissipation of the charge produced by the
bimorph. When the bimorph, with capacitance C, is placed in series with an am-
pli�er with internal resistance R between the input terminals, the charge decays

exponentially with a characteristic time constant � = RC. The input resistance

of the ampli�er is approximately 1012 
, and the capacitance of the bimorphs,
C � 10nF , resulting in a decay time of the order of 104 seconds. To minimise
stray capacitances from the cables between the bimorph and the ampli�er, the

shield of the coaxial cable is driven to the same potential as the input lead from

the follower output. (This reduces the capacitive load on the input signal, which

in turn reduces the discharge time constant and minimizes damping of the signal
at high frequencies. Further, leakage resistances are reduced, since the input lead
and its environment are kept at the same potential.)

Contrary to earlier applications of bimorphs in surface force instruments,12,50

not only dynamic, but also static changes of the deection are of interest. As
was just explained, the bimorph is not a true DC device, but rather an AC
detection system with a time constant extended beyond the normal time interval

for a regular force measurement. Further, the detection of static components is

complicated by the bias current between the ampli�er input terminals (a current

of the order of 10�13 A). This current produces a slow charging of the bimorph,

resulting in a linear drift term in the bimorph output if it is not eliminated.

To this end, the input resistor is not grounded, but rather wired to a virtual
ground, whose potential is carefully adjusted until the two input terminals are at
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the same potential, and the bias current is reduced to a minimum. As the bias

current is very sensitive to changes in the ampli�er environment, this adjustment
must be made before each measurement, with the surfaces at a separation where

the bimorph is not deected by surface forces.

The DC stability can be increased with the bimorph in a negative feedback

setup. This requires some independent means by which the deection can be
controlled (e.g. a magnetic force transducer51). Forcing the bimorph to stay at

zero deection requires only compensation for non-zero frequency components,
thus the long-term stability should be better. Using the bimorph in a feedback

setup also has other advantages: the e�ective spring constant can be varied by

electronic means using the controller circuitry, and the interfacing electronics is

working at the optimised (low) input level { applying large charges to the input

terminals increases the input bias current and the output drift voltage.

The bimorph in the MASIF is used as a single cantilever, which is a problem

in adhesion measurements. A single cantilever permits rolling and shearing of

the surfaces upon separation from adhesive contact (which the double cantilever
normally used in the surface force apparatus does not). Christenson, studying the

pull-o� forces between mica surfaces in varying water vapour pressures, showed

that a (single cantilever) leaf spring consistently produced lower values of the
pull-o� force than the double cantilever spring.52 The di�erence varied with the
vapour pressure: when a condensable vapor is present and adsorption occurs, the
surfaces can slide against each other, and separation occurs when the applied

force equals the (normal) pull-o� force. In the dry state, lateral movement is
hindered, which leads to a jump at a smaller applied force. The implications of
this result on the data presented in this thesis are unclear { save the qualitative
conclusion { since the roughness of both metal and polystyrene surfaces makes the
adhesion data uncertain for other reasons. The lesson learnt from Paper I is that

the measured pull-o� force can in general be used only as a rough quantitative
guide to the interfacial energy, and should preferrably be limited to comparative

studies using surfaces of similar roughness { on the other hand, rather detailed

trends in the interactions can be studied at one contact position. The e�ect is also
dependent on the absolute magnitude of the force (Christenson studied forces up

to 1000 mN/m), since for small adhesions, the pull-o� appears at a stage where

only little rolling or shearing is required.

The \normal" method of measuring force-distance pro�les is to vary the sep-

aration continuously, and determine the spring deection. An alternative method
for attractive interactions is to vary the sti�ness of the spring and determine the

separations at which the two surfaces jump together. The spring is mechanically

unstable when the gradient of the force exceeds the spring sti�ness; for a van der

Waals force, whose force law is given by F = �AR=6D2, the jump occurs at a

separation determined by

k = dF=dD = AR=3D3
Jump

Plotting D3
Jump versus R=3k should produce a straight line with slope equivalent

to the Hamaker constant A, and the intercept gives the plane at the surface where
the van der Waals forces e�ectively acts from. This is easier done, and of more
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use, in the surface force apparatus where the sti�ness can be adjusted during an

experiment (in the range 102-105 N/m). It is possible to vary the sti�ness also of
the bimorph spring, but the maximum sti�ness is only four times larger than the

smallest, which (according to the equation above) changes the jump separation

only a factor of 41=3 � 1:6.

3.3 Determination of the spring constant

Comparisons of the capabilities of the MASIF with the AFM are close at hand,

due to the methodological similarities. Of the conceivable advantages of the

MASIF over the AFM, the fact that both the surfaces and the cantilever spring

have macroscopic dimensions suggest that the MASIF would be capable of quan-

titative measurements with higher precision than the AFM. This is true, insofar

as larger radii and larger springs are easier to handle and characterize, but the

determination of the MASIF spring constant has turned out not to be a straight-

forward matter.
The conceptually simplest way of determining the sti�ness of a spring is a

static method: add a mass to it, and measure the deection. Assuming the spring

is linear, the applied force, F , is proportional to the deection x, and the sti�ness
k according to Hooke's law: F = kx. Alternatively, a dynamic method can be
used, where the angular frequency is expressed in terms of the sti�ness and the
mass, m:

! =

s
k

m
(1)

If this expression is rewritten as 1=!2 = m=k, it is apparent that if di�erent
masses are added to the spring, a plot of 1=!2 versus the added mass should
result in a line with slope 1=k. The practical application of the latter method is

complicated by the fact that the spring is not an ideal spring with a point mass
at its end, and with the former method it has to be kept in mind that neither

the bimorph, nor the protective teon sheath, are perfectly elastic. Both yield
slowly under an applied mass, and the deection upon the addition of a mass to

the spring is time-dependent.

Attard et al. investigated the e�ect of the geometry of the cantilever on
the dynamic behaviour of the bimorph spring.53 The conclusion was that the

static and dynamic methods produce di�erent results due to inertial e�ects of the
extended mass at the end of the cantilever (i.e. the part that attaches the lower

sample surface in �gure 1 to the bimorph).

Unfortunately, their analysis of the problem is incomplete, in that it does not

demonstrate how the cantilever geometry a�ects the dynamic behaviour in the

sti�ness determination. In addition, their conclusion is partly supported by the
argument that the sti�ness obtained by entering the resonant frequency of the

spring in equation 1 produces a number which is four times the sti�ness obtained

with the static method. As the data presented below indicate, the di�erence in

using this equation directly, as compared to using the method where the e�ect

of a change in added mass is measured, is substantial. The mass attached to the
cantilever on the MASIF in our laboratory is twice as large as the one used by
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Figure 4: (a) Bimorph response after strong adhesion (only the relaxation after

the loss of adhesive contact is shown), forces measured without (left) and with

(right) the teon sheath protecting the bimorph. The creep observed in the right

curve is caused by the plasticity in the bimorph response. (b) Similar observation
as in (a), but after repulsive contact. The solid line is the approach curve, while
the dashed line was obtained upon separation. (The data in (a) was acquired

between thiolated gold surfaces in air (see Paper IV), while (b) is glass surfaces
in water at pH 4 (from Paper VI)).

Attard et al., the resonance frequency is approximately 45 Hz, and the sti�ness
obtained with the dynamic method is 1.5-1.7 times larger than the result of the
static method. Equation 1 results in a sti�ness 3.5 times larger than the static
method, which appears to be in qualitative agreement with Attard's result, but
if inertial e�ects cause the discrepancy, doubling the mass at the end of the
cantilever would presumably result in a larger di�erence. Obviously, the problem

is not resolved in all its details yet, but there is no doubt that the static and
dynamic methods produce di�erent results.

As was briey touched upon above, static deections are not quite as static
as one would hope, and the viscoelastic behaviour of the measuring spring is

apparent also in some force measurements where large forces are involved. In

practice, this means in the measurement of pull-o� forces between strongly adhe-
sive surfaces, or repulsive forces upon separation of two surfaces. In both cases,

the bimorph is relaxed after having been been subject to a comparatively large

deection. The e�ect for the adhesive case is illustrated in �gure 4a, showing the
behaviour of the bimorph immediately after the loss of adhesive contact between

the surfaces, i.e. the damped oscillation of the free bimorph spring. Both curves
were obtained in air, the left curve without the protective teon sheath, whereas

the right was taken with the teon. While the spring returns to its equilibrium
position rather quickly when no teon sheath is used, a viscous relaxation is

clearly evident in the other situation. The di�erence in location on the length

scale is not relevant, since the two curves have been o�set sideways to make the

distinction easier. No signi�cant di�erences in the observed adhesion values have

been observed, but on the other hand, the scatter can be quite large (see sec-

tion 5.2 for a discussion about this). The right curve in �gure 4a suggests that
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the bimorph returns to an initial quasi-eqilibrium position at about -30 mN/m,

and one would expect that this di�erence measures the error in adhesion data.
Considering that the magnitude of the adhesion was of the order of 200 mN/m

in these particular experiments, the di�erence is such that it corresponds to the

scatter in force measurements on a single position with gold substrates. Similarly,

for systems where electrostatic double-layer repulsion dominates the interaction
at short separations, the force pro�les upon approach and separation should be

identical, save short-range e�ects due to adhesion or hydrodynamic forces. Still,
the interaction is often found to be larger in the outgoing pro�le than in the

approach curve, �gure 4b.

It has not been possible to discern any e�ects of this phenomenon in the force

pro�les upon approach; the best evidence is probably the data in Paper IV, which

has been obtained both with and without the teon protection, and were found

to be equivalent in both cases. Further, measurements in electrolyte solutions

would deviate from the exponential behaviour with a decay length determined

by the Debye screening length, something that has not been observed (see the
measurements in NaCl solutions in Paper III for an example).

Evidently, if creep is observable after deections obtained in force measure-

ments, it is also a problem in the static method of sti�ness determination. I
suggest that the spring constant should be measured with the static method, but
using as small weights as are permitted by the method with which the deections
are measured { in our case with a microscope whose total magni�cation is 80�.
For weights in the range 0.12-0.5 g, consistent �gures of the sti�ness are obtained
if the measurements are performed within a few minutes after the addition of the
weight. This is still not an ideal situation { the resulting deection is up to ten
times the maximum deection during a force experiment. No creep is observed
over this time scale, but waiting overnight results in excess deections up to 10%.

With the weights and the optical system used, the best obtainable accuracy in
a single reading varies from 8% to 3%, but data quality is improved by multiple

measurements and averaging.

It is important to remember that both procedures are precise and produce
consistent results, but that they measure two di�erent physical quantities, al-

though it is not well understood exactly how the motion of the spring inuences

the measurement in the dynamic method.

In Paper V the measurement of pull-o� forces of greater magnitude than

predicted by theoretical considerations were reported. These were suggested to
be caused by a real contact area larger than the geometrical, due to rupture of the

polymer surfaces and contact of protruding material. It seems possible, though,

that the reason is the measurement of the sti�ness using the resonance method.

3.4 Determination of the radius of interaction

Since the surfaces are macroscopic { typically 4 mm in diameter, the determi-
nation of the radii is an easy matter. The very high surface energy of the glass

spheres makes these surfaces spherical to a very good approximation, and the

radius of such a surface is readily determined with a micrometer screw. Where
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Figure 5: (a) An example of the selection of the baseline region (left box), and

constant compliance region (right box). The linear change in the former region

is subtracted from the deection data, while a line �tted to the latter region

is subtracted from the displacement data. (b) The resulting bimorph deection
versus surface separation curve. In this particular case, an electrostatic repulsion
extending to 30 nm precedes the attractive van der Waals force.

this method is not suitable, video microscopy (Paper V), or other mechanical
means (Paper IV) have been used. A comparison of the video and micrometer
method with glass surfaces agreed to within a few percent.

3.5 Data analysis

To fully understand the information (and pitfalls) in the force-distance pro�les,

a thorough understanding of the data analysis procedure is necessary. The input
data from the MASIF consist of bimorph deection and the piezo LVDT response.

To eliminate noise in the LVDT data, a polynomial (of order between 2 and
4, depending on the circumstances) is �tted to it and used as the displacement

information. Using the polynomial �t, a distance is assigned to each bimorph data

point, and the bimorph deection is plotted versus piezo displacement (�gure 5a,
the particular data in the �gure was acquired between 65% methylated surfaces

in 1 mM NaCl, see Paper II for details).

Now a baseline needs to be determined, i.e. a region in the data set where
the two surfaces do not interact with each other. A portion of the bimorph curve

far away from any expected interactions is selected (left box in �gure 5a), and a
linear �t is made to the data within this region. The slope of the obtained line is

then subtracted from the whole data set. This procedure removes (linear) drift
caused by charge build-up on the bimorph due to imperfections in the charge

ampli�er. Unless the forces in the system under consideration are well known,

care must be taken, since both electrostatic interactions in dilute electrolyte so-

lutions and hydrodynamic interactions under moderate to high approach rates

might result in interactions above the noise level at surface separations of sev-

eral hundred nanometers. Anyway, when this procedure is �nished, the resulting
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data contains the real deection (in arbitrary units) versus the displacement of

the upper surface (i.e. of the piezotube). Next, the piezo displacement must be
converted to separation between the surfaces. However, we know (or rather, we

assume) that in the constant compliance region the separation between the two

surfaces is zero. Selecting a portion of the supposed \hard wall" contact (right

box in �gure 5a), �tting a straight line to the points, and subtracting the line from
the displacement data gives the deection of the bimorph versus the separation

between the two surfaces. Finally, as the upper and lower surfaces are assumed
to move at the same rate where the \hard wall" is, the distance travelled by the

upper surface in the selected region can be used to determine the deection of the

bimorph in the same region, but now in length units (�gure 5b). The resulting

curve must be multiplied by the sti�ness of the measuring spring to produce a

force-versus-distance plot.

Data obtained upon separation of the surfaces is analysed in a similar man-

ner. The e�ect of thermal drift (changes in the dimensions of the instrument) is

observed as di�erences in the slopes of the constant compliance regions of the in-
and outgoing data set. This does not have any e�ect on the results { if the drift

is linear { if the two data sets are analysed independently of each other.

The problems associated with this analysis procedure are evident; long-
ranged slowly decaying forces are di�cult to analyse quantitatively, because they
are easily eliminated by mistake in the baseline adjustment procedure. Further,
for soft surfaces or surface layers, a reasonable \hard wall" might be di�cult

to obtain. This corrupts the separation information, and corrections have to be
made (for an example of this, see ref. 54). The point of zero separation is always
the contact of the surfaces in the deformed state; if the separation is determined
at zero applied force, the distance scale for adhesive surfaces will be in error with
an amount equal to the central displacement, see section 3.8 for a detailed discus-

sion. Further, the presence or thickness of adsorbed layers cannot be determined,
unless they are displaced during the approach (cf. Paper VI).

3.6 The Derjaguin approximation

Surface force measurements draw a lot of their usefulness from the fact that forces

between surfaces in various geometries (e.g. sphere-sphere, sphere-at, or crossed

cylinders) can be compared with each other, and with theoretical predictions for

the free energy of interaction between parallel plates. A relation between the
interaction free energy for plates, and forces for the geometries suitable for force

measurements is provided by the Derjaguin approximation:55, 56

F

R
= 2�Gf (2)

With F as the force and Gf the interaction free energy for at plates, R =p
RARB, whereRA andRB are the principal radii of curvature for the two surfaces.

For two spheres with radii R1 and R2, RA = RB = R1R2=(R1 +R2), while for

crossed cylinders RA and RB are directly equal to the radii of the cylinders. The
Derjaguin approximation is valid for any single-valued force law, if the range
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of the interaction and the surface separation are much smaller than the radii

of the surfaces (as an example, it can be used to calculate the force between
two spheres caused by a potential di�erence, see footnote on p. 48). It is an

approximation in the sense that the result is exact only for in�nite radii.57 For

particles of colloidal sizes, where the application of the Derjaguin approximation

is questionable, alternatives have been suggested, particularly for electrostatic
problems.59{62 The contents of Paper IV is aimed at a physics community where

the Derjaguin approximation is referred to as the \proximity force theorem",
though it is the same relation.63

3.7 Hydrodynamic forces

Chan and Horn calculated the hydrodynamic contribution to the total force for

two curved bodies approaching each other. For two spheres with radii R1 and
R2, and R = R1R2=(R1 +R2), the force at the separation D, exerted on the

surfaces by the movement of one surface towards the other through a medium
with viscosity � is :64

FH = �6��R
2

D

dD

dt
(3)

A typical approach rate in this study is 20 nm/s, but to calculate the hydro-

dynamic contribution to the total force, the approach rate must be calculated
locally, since the rate is a�ected by repulsive and attractive forces, non-linearity
in the piezo movement, and by the increased hydrostatic pressure between the
surfaces as they approach (see �gure 6a). The data points are equispaced in time,
however, and dD=dt can be calculated in each point by considering the distance

travelled between neighbouring data points. At the rather low approach rates
used here, the deduction of the hydrodynamic force from the total interaction is
preferrably avoided, unless very precise quantitative information is required. The

reason is that the local velocity calculated from the data is often quite noisy, and
subtracting FH adds the noise to the remaining force (a further complication is

that the exact location of the slip plane is not known). The hydrodynamic force
calculated with R = 1 mm, dD=dt = 20 nm/s, and � = 1 mPas is shown in

�gure 6b.

3.8 Surface deformation

All solid bodies have �nite sti�ness, and deform under the inuence of external
loads, so also the surfaces employed in surface force measurements. Therefore,

in the interpretation of force-distance data obtained with an instrument without
direct determination of surface separation, deformation of the surfaces must be

taken into account for the distance scale to be correct. Consider two interacting

homogeneous spheres of the same material. Let the spheres have radii R1 and
R2, Young's modulus E, and Piosson ratio �. Then let

K =
2

3

 
E

(1� �2)

!
(4)
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Figure 6: (a) Local velocity for the data in �gure 5. (b) Hydrodynamic force

calculated for a constant approach rate of 20 nm/s.

and the radius of interaction

R =
R1R2

R1 +R2

(5)

If these two spheres are brought togheter under an external compressive force, F
(F > 0 for compression), a circular contact area of radius a will form, and the
distance between the centers of the two spheres will be diminished by an amount
�, the central displacement, see �gure 7.

In 1881 Hertz calculated the deformation of two spheres due to the repulsive
pressure, assuming that there were no attractive forces acting between the two

spheres, thus the deformed surface pro�le was solely determined by the bulk
elastic properties of the material.65 Both the area of the contact region and the
central displacement can be calculated. The area of the contact region is obtained

from a3 = RF=K, and for the central displacement we have:

� =
a2

R
=

"
1

K

Fp
R

# 2

3

(6)

Even for attractive forces of only moderate strength, this assumption fails to

correctly describe the interaction, since the model is unable to predict adhesion
between the bodies. Thus the inclusion of attractive forces was a natural step

in the process. Essentially, this was done in two ways; Johnson, Kendall, and
Roberts proposed a model where attraction in the contact region is added to the

Hertzian repulsive term (the \JKR theory").66 Derjaguin, Muller and Toporov,
on the other hand, suggested that the attractive forces were operating outside

of the contact region, where the shape of the surfaces was assumed to remain

Hertzian (\DMT theory").67

The JKR assumption that the attraction is in�nitely short-ranged results in

an unphysical condition at the boundary; the stress at the edge of the contact

zone is both in�nite and discontinuous. If  is the interfacial energy per contact
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Figure 7: (a) Two surfaces deformed under the inuence of a repulsive force

(exaggerated); the thin line is the undeformed shape, while the thick line is the

actual shape. (b) The central displacement, � = D�D0, is the deformation along
the symmetry axis, and a is the radius of the attened contact region. Using a

surface force instrument with direct detection of the surface separation yields D

directly, while the bimorph instrument gives distances relative to the \hard wall"
contact at ��, where D is (erroneously) set to zero.

area ( = 1 + 2 � 12), the model gives the radius of the contact area as:

a3 =
R

K

�
F + 3�R +

h
6�RF + (3�R)2

i1=2�
(7)

Using this, the central displacement can be calculated from:

� =
a2

R
�
"
4�a

(1� �2)
E

#1=2
(8)

The path followed by Derjaguin, Muller, and Toporov, who assumed a Hertzian

pro�le outside the contact region whereas the central displacement was increased
due to the attraction between the surfaces, removed the in�nite stress condition

at the contact area boundary, but still had a discontinuous stress pro�le. The

JKR and DMT theories give di�erent predictions for the pull-o� force, i.e. the
force required to separate two surfaces from adhesive contact:

JKR : Fpull�off = �3
2
�R (9)

DMT : Fpull�off = �2�R (10)

Ardent advocates of these two theories were involved in some public squabble

over the correctness and the applicability of the respective theories,68{71 but the
storm was eventually abated when it was realized that they were two extreme
cases which could be tied together using a dimensionless parameter (the \Tabor

parameter"):x

� =

 
R2

K2(3=4)2D3
e

! 1

3

(11)

xUnfortunately, there is no agreement on one form of the Tabor parameter, and all authors

have thier own favourites. Appendix A in ref. 72 lists �ve di�erent variations.
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The equilibrium separation between the surfaces in contact, De, is di�cult to

establish, but a few �A is a typical estimate. The � parameter relates the amount
of elastic deformation to the e�ective range of the surface forces: for small and sti�

spheres � is small, whereas large and/or soft bodies result in a large value. For

Lennard-Jones types of interactions, Muller et al. showed that the DMT model

applies for � < 0:1, and JKR for � > 5,80 and also calculated the deformation
in terms of the �-parameter, making possible a continuous transition between

the JKR and the DMT models.73 Later, Maugis derived an analytical form of a
similar transition using a \square well" force law.74

Throughout this thesis, the JKR theory has been used, but is this justi�ed?

For the hardest surfaces, gold coated glass, the deformation is dominated by the

elastic properties of the glass, because the metal layer is very thin (� 11 nm),

but for the sake of the argument, let us calculate � for gold. With R = 1 mm,

 = 0:055 N=m, Young's modulus 77 GPa, Poisson's ratio 0.42, and De = 0:3 nm,

� � 3:7. This is at the border of the range where JKR theory is applicable, but the

deviation is not large enough to motivate the use of the more powerful methods
of Muller or Maugis referred to above, since the estimated deformation rather is

an upper bound to the central displacement, and cannot readily be included in

the analysis without consideration also of the reduction of the deformation due
to surface roughness. For glass, the � parameter is about 4.4, and the much
softer polystyrene (Paper V) or glue-supported gold surfaces (Paper IV) have �
parameters well in the JKR regime.

Not only the central displacement at zero load is of relevance to the in-
terpretation of the force-distance curves, but also the assumption of constant
compliance in the analysis deserves attention. Obviously, there will never be a
constant compliance, but rather an ever increasing compression of the surfaces,
be it signi�cant or not. The change in central displacement within the region

assumed to have constant compliance determines the error. For the data in �g-
ure 5a, the calculated central displacement increases from 18 to 40 nm from the

lower to the upper edge of the selection box, but the data points within the box

deviate at the most � 2 �A from a straight line, so the assumption that the change
in central displacement within this region is linear seems reasonable.

Both repulsive and attractive interactions cause the surfaces to deform also

before contact. Attard and Parker derived analytic expressions for the e�ective

sti�ness of the surfaces for an attractive Lennard-Jones force law, and for an

exponentially increasing repulsion.75 Applying their results to glass spheres of

the kind referred to above shows that the deformation along the central axis is of
the order of 1 �A for forces whose magnitude is 10 mN/m, and the assumption that

the surfaces do not deform prior to contact is reasonable. For polystyrene, the
situation is not too di�erent. Consider the data in Paper V, where the maximum

attractions that are actually measured (i.e. before the surfaces jump into contact)
are less than 1 mN/m. At a surface separation of 1 nm, the central displacement
due to the attraction is 3 �A, which surely can be neglected, particularly in view

of the fact that 1 mN/m is usually exceeded at separations much larger than this.
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The e�ect of surface roughness

So far, it has been implicitly assumed that the topography of the surfaces is ideal,

i.e. no roughness is present. This is never the situation, not even a mica-mica

contact with roughness on the atomic length scale can always be succesfully mod-

elled using continuum theories. Measurements of the mica-mica contact in water

has shown that the forces of adhesion between the surfaces are very sensitive to
the relative orientation of the crystal lattices on the two surfaces.76 Where precise

quanti�cation of adhesion or deformation is required when roughness is present,
multi-asperity contact models are usually considered, with stipulated distribu-

tions of asperity dimensions, and then treating the individual asperity-contacts

within continuum theory.77 The e�ects of roughness are twofold: the adhesion

(and central displacement) is reduced, which might seem like an advantage, but

roughness also causes spread in pull-o� forces, perhaps not so much in a single

experiment, but clearly between di�erent experiments (cf. �gure 4 in Paper I).

Of course, the roughness of the metals can also be taken advantage of; since the

roughness scales with the thickness of an evaporated metal layer, these surfaces
could be used for studying the e�ect of roughness on friction, adhesion, or other

interactions.78

Inelastic deformation

The deformation of the polystyrene surfaces used in Paper V were, to some ex-
tent, successfully modelled with JKR theory, but in general, the deformation of
polystyrene and other polymers is viscoelastic (and plastic, as in Paper V), which

means that the modulus of elasticity is time-dependent, and the pull-o� force is
a function of the separation rate.79
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4 Surface characterization methods

In this section the tools for characterization of the surfaces are described. Three

rather standard-type methods have been used to examine the topography, wetting

properties, and { in the case of self-assembled monolayers { also the structure of

the adsorbed �lm. The literature on these methods is extensive, why this section

is kept rather short, and the reader is kindly referred to other sources for detailed

information.�

4.1 Infrared reection-absorption spectroscopy

For the evaluation of the molecular orientation and packing density in thin organic

monolayers, Fourier transform infrared reection-absorption spectroscopy (IRAS)

in the C-H stretching region is a very useful tool, and this method has been used

to supplement AFM and contact angle measurements in the characterization

of the self-assembled thiolate monolayers used in some of the included papers.
Although the �lm-formation process is \foolproof" (see section 5.2), the very
thin gold layers used as supports for the SAMs called for investigations also of

the adsorbed layers, to substantiate the quality also of these �lms.
Reection-absorption studies of surface �lms are more e�cient the higher

the angle of incindence (in this case 83� from the surface normal was used), and

a further advantage is that only the component of the incident beam that is
parallel to the plane of incidence gives measurable absorption, which can be used
to deduce information about the orientation of molecules, or molecular groups.

The primary information provided by the method is the orientation of transition
dipoles in the adsorbed �lms, which, depending on the circumstances of each
particular experiment, can be interpreted in terms of alkyl chain tilt angles, gauge-
defect densities, head-group interactions etc. Further, by comparing the results
from two-dimensional assemblies with bulk IR data in various forms, the degree

of order in the organic �lm can be established.

4.2 Contact angle measurements

The wetting properties of the surfaces are examined both to determine interfacial

energies (which are required to predict the deformation of the surfaces in contact),
and to ensure consistency in the preparation procedures. This is of particular

importance in the evaluation of mixed thiolate monolayers (for examples, see
Paper II or Paper X).

In the papers included in this thesis, two di�erent methods have been em-

ployed for contact angle measurements: the sessile drop and Wilhelmy plate

methods. With the sessile drop method, a droplet of the contacting liquid is
put onto the surface through a syringe, and the contact angles are determined

�A selection of textbooks on these topics can be found in the references: Fourier Transform

infrared spectroscopy in general81 and on surfaces in particular,82 wetting83 and a broader intro-

duction to surface thermodynamics.84 The �rst AFM paper14 and also a more comprehensive

book.85



22 Novel surfaces for force measurements

Feedback 
loop

Cantilever

Tip

Piezoelectric
xyz-scanner

Deflection 
sensor

Sample

Figure 8: The basic components of an atomic force microscope (AFM).

with a goniometer attached to a microscope. The advancing and receding angles

are obtained by measuring the contact angle at the \front" or \rear" end of the

droplet while it is moving relative to the surface (alternatively, the angles can

be measured while the volume of the droplet is increasing or decreasing). In the
Wilhelmy plate method a plate of known dimension is immersed and withdrawn

from a liquid while suspended from a balance. The force, F , measured by the
balance is the sum of a buoyancy and a capillary component:

F = A��gh+ Llvcos�

where A is the cross-sectional area of the plate, �� is the density di�erence

between the air and the liquid, g is the gravitational acceleration, h the immersion
depth, L the perimeter, lv the liquid-vapour surface tension and � the solid-liquid

contact angle. To obtain �, the result is extrapolated to zero immersion depth,
provided lv is known, and vice versa.

The Wilhelmy plate method has several advantages over the sessile drop
method; since the measurements are automated, the velocity of the three-phase
boundary is easily controlled and readings are operator-independent. Drop-size

e�ects are eliminated, and further, the contact angles obtained with the Wil-
helmy plate method appears to be independent of the immersion rate over a wide

range.86

4.3 Atomic force microscopy

One of the major obstacles to enlarging the range of materials suitable for force
measurements is roughness. A requirement for a material to be used in any kind

of surface force apparatus is that the roughness is smaller than the separation
range of interest, and the most convenient means of characterizing roughness at

the length scales in question is the atomic force microscope (AFM).
The basic idea of the AFM is to measure forces between a sharp probing

tip and a sample surface. The tip is mounted on a cantilever-type spring, which

deects as a result of the force between the sample and the tip, see �gure 8.

Images are acquired by scanning the sample relative to the tip and recording the

deection of the lever or the z-movement of the piezo as a function of the lateral

coordinates.
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A wealth of imaging modes have been developed over the years, depending

on what kind of information about the surfaces is sought for. For the compara-
tively simple task of determining the topography over length scales of hundreds

of nanometers or larger, the tapping mode,y is suitable. In this mode of opera-

tion, the cantilever is oscillating close to its resonance frequency, which shifts if

the force between the tip and the surface changes. The feedback loop is used to
keep the oscillation amplitude of the cantilever constant. With this method, the

interaction of the scanning tip with the surface can be reduced to a minimum,
but, as is obvious from �gure 1 in Paper V, the tip-surface interaction can still not

always be reduced to a level where irreversible changes of the surface are avoided.

As an additional advantage, if the roughness is to be evaluated quantitatively,

imaging in tapping mode permits higher scan speeds than does contact mode.87

y\TappingMode" is a trademark of Digital Instruments Inc.
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5 Substrate materials

The whish to control or modify surface properties is a major driving force for

research in surface chemistry, and many methods have been devised to modify or

control surfaces and interfaces. In section 2 the use of various materials in surface

force measurements was touched upon, and in this section the materials that I

have used are discussed, focusing on aspects overlooked in the included papers.

5.1 Glass

The easiest surface material to use with the MASIF is glass.� By melting a glass

rod in a ame, the end attains a spherical shape with very low roughness due to

its high surface energy, and a shape permitting the macroscopic radius to be used

as the radius of interaction on the microscopic level. A cross section from an AFM

image is reproduced in �gure 9. Pure silica, SiO2, can be prepared in a similar
manner, with the di�erence that melting of silica requires higher temperatures;

for borosilicate glass 1000�C is enough, while silica requires heating to approx.
1700�C for melting. The smoothness of the ame-polished glass surfaces was

taken advantage of in the preparation of the gold-thiolate substrates, where the
simple preparation procedure and limited roughness made glass a convenient
substrate for the gold deposition. Only in Paper VI was the bare glass itself
used, a paper well illustrating some of the problems discussed in this section.

The nature of various forms of silica surfaces has been extensively investi-

gated, but not always well understood.88, 89 The problems associated with the sil-

ica surface are very likely relevant to borosilicate glasses as well, though the latter
may su�er from additional problems due to the presence also of other compounds.
The dominating additive in borosilicate glass is borate, whose presence reduces
the strength of the three-dimensional network in the material, thus reducing the

viscosity. Compared to silica, few studies of the properties of borosilicate glass

are available, and we have to resort to studies of silica surfaces for information,
keeping in mind that their applicability perhaps is limited.

The major problems with silica (and glass) surfaces are the indeterminate

surface composition, the detailed nature of the water-silica interface, and the

kinetics of surface processes induced by environmental changes.

The surface of silica is composed of siloxane and silanol groups, the latter
occurring in a variety of hydrated states, as well.88 The distribution of these is

strongly dependent on the environmental history, particularly heat treatment or
contact with acids or bases. Since the glass surfaces used in the MASIF are ame-

polished, heat treatment is of certain interest. With increasing temperature,

hydroxyl groups condense and form siloxane bonds, increasing the \hydropho-
bicity" of the surfaces. The rate of the reverse process, where water is adsorbed
and aids in forming silanols, depends on the way the dehydration was performed.

Iler88 cites some studies of the rehydration process, claiming that rehydration is

�\Glass" here means borosilicate glass (DIN.ISO 3585, aka Pyrex) while \silica" or \vitreous

silica" is the amorphous form of SiO2. \Quartz" is a crystalline form of SiO2, which occurs in

several crystal structures.
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readily achieved if dehydration temperatures are limited to approximately 400�C,

whereas higher temperatures signi�cantly reduces the rate, making the process
exceedingly slow even in water. For heat treatment at 900�C during 10 hours,

the rehydration was argued to require several years. Aspects of these processes

of relevance to the adsorpion of non-ionic surfactants are dealt with in Paper VI.

In force measurements, the short-range behaviour of glass surfaces usually
shows a non-DLVO repulsion at short separations (<

�
3 nm), whose origin is a

matter of controversy. Lyklema suggested some 20 years ago that the dissolu-
tion of polymer-type silica hairs from surfaces, or the formation of a surface gel

could be a source of such interactions.90 This view is supported by some force

studies,91, 92 while others refute it, claiming it is a hydration e�ect.93, 94

Since the contact angle and composition of glass surfaces depend on the de-

gree of hydration and pre-treatment, the use of controlled preparation procedures

and equilibration under standard conditions seems like a good idea { at least it

is a start.95

5.2 Self-assembled thiolate monolayers

Various kinds of self-assembled systems have attracted scienti�c interest over the

years, and a quick look in recent literature shows that monolayers formed by self-
assembly of organosulphur compounds onto metals is one of the most widespread
methods.

In 1983, Nuzzo and Allara demonstrated that dialkylsulphides adsorbed from
solution can form oriented monolayers on gold surfaces.96 Following this discovery,
it was soon realised that also alkanethiols form ordered monolayers.97 During the
time that has passed since these discoveries, self-assembled monolayers (SAMs)
formed from thiol compounds have found use in innumerous applications, and

the literature has virtually exploded. Thiolate monolayers work as model or-
ganic surfaces in a variety of fundamental research areas, and they are used in
applications such as biosensors, corrosion protection, photoresists, catalysis, and

microcontact printing, just to mention a few; ever more thiol compounds are
becoming available for SAM formation, and the topic has been reviewed several

times over the last years.98{102

The interest in adopting a gold-thiol system for surface force measurements
stems from the possibility of preparing model systems with widely varying surface
properties, of which Paper II is a good example. Paper X (not part of the thesis)

is an investigation of the structure of adsorbed surfactant aggregates on surfaces

of the same kind as those used in Paper II. The preparation method used { mix-

ing methylated and hydroxylated thiols in the solutions from which the SAMs

are formed { has important advantages over alternative routes, like the use of

modi�ed glass surfaces or Langmuir-Blodgett deposition of mixed �lms. Prepa-
ration is relatively easy, but what is more important is that the reproducibility

and stability of the resulting �lms are very good.
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SAM formation

The preparation procedure used for the SAMs is simple: a clean gold surface is

immersed overnight in a 1 mM solution of thiols in ethanol (or whichever solvent

is suitable). The formation is believed to be essentially a two-step process, a
di�usion-controlled adsorption step, where the thiols �nd their way to the surface,

and a second organisation step, where the order and density in the monolayer

increases. For mM solutions, the �rst step is passed within a few minutes, while

the second step, where defects and contaminants are removed from the layer and

packing is increased, requires several hours to be completed.97 Before use, rinsing

of the surface is required to remove thiols that are not covalently bound to the

gold surface.103

Most studies of thiolates on gold are performed on Au(111) surfaces, since

the evaporated gold �lms usually have a strong (111) texture,104, 105 and also

because (111) surfaces are easy to produce with annealing methods.106, 107 The

thiols form a thiolate bond with the gold substrate (S�Au(I)), the strength of

which is of the order of 180 kJ/mol.100 The distance between the sulfur atoms
on the gold surface is slightly larger than the closest possible separation between
two alkyl chains, allowing an approximately 30� tilt of the chains in the layer to
increase the van der Waals interaction between the chains.100

SAM characterization

The �lm-formation process is highly reproducible and more or less fail-safe, but
analytical tools for characterizing the result are at least required to ensure this.
Infrared reection-absorption spectroscopy shows that the thiols adsorbed onto
the gold �lms do form close-packed monolayers, and AFM imaging of the sur-
faces show that the glass substrates are evenly covered with metal, and that no
\islands" are formed.

The C-H stretching region of a hexadecanethiol �lm is shown in �gure 10.

Some of the symmetric (�s) and antisymmetric (�a) stretching modes of the
methylene and methyl groups are visible (while some weaker bands are hidden
by the high-intensity peaks in the �gure). Of particular interest are the �a(CH2)

and �s(CH2) bands; the peak in the former varies between 2917 cm�1 for all-trans

conformations of the alkyl chains, to 2925 cm�1 for a completely disordered mono-

layer. The latter shifts from 2850 to 2856 cm�1 when going from a crystalline

sample to the liquid state.108, 109 The transparent metal �lms used as supports
for the SAMs decreases the quality of the measurements, as compared to thicker

gold substrates (particularly baselines are di�cult to determine, thus the error

in peak intensity estimates are larger), but the information about peak positions
in the C-H stretch region { and also the methylene deformation bands at 700-

1500 cm�1 { can be extracted with a high degree of certainty. The results of
the measurements were generally in parity with the result in �gure 10, where the

positions and relative intensities of the peaks suggest that the �lms are composed

of crystalline, fully extended and close-packed methylene chains.
The thin gold substrates used as adsorbent for the SAMs are transparent.

This has some advantages for potential applications in force measurements, where

optical inspection of the contact region is desired, but also makes the use of op-
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(a) (b)

(c) (d)

Figure 9: Cross sections of AFM images of (a) Bare glass (b) Glass covered with
a 11 nm metal (Ti+Au) �lm (c) Template-stripped gold �lm (d) 200 nm thick
evaporated �lm. Note the di�erent height scales!
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Figure 10: Infrared reection-absorption spectrum in the C-H strecthing region
of hexadecanethiol adsorbed on a thin gold �lm. �s and �a are symmetric and

anti-symmetric stretching modes, respectively (see text for further details).
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tical techniques for characterization di�cult. IRAS measurements are not really

hindered, but the quality of the data reduced, while ellipsometry is more di�cult
to apply since the thickness of the underlying metal layer is not known with good

accuracy, and would have to be included as a �t parameter in the analysis.

Wetting properties

Contact angle measurements have been used for characterization of the SAMs, to

determine surface energies, and to ensure consistency in preparation procedures.

It is a simple method, but some pitfalls have been identi�ed, particularly in

surface energy determination. The depth sensitivity of the wetting liquid has

been studied for di�erent systems, and the separation between the liquid and

either the gold surface112 or structures embedded in the tiolate layer113 inuence

the contact angles through van der Waals interaction, implying that data obtained

at surfaces with similar functional groups but varying hydrocarbon spacer lengths

cannot be compared directly.

The structural stability of the interface with the wetting liquid has also been
questioned, particularly for high-energy surfaces there is evidence that the micro-
scopic structure changes with the environmental conditions.114, 115 Then again,
other investigations claim that hydrogen bonding contributes signi�cantly to the

stability of SAMs with polar terminal groups.116 The fact that lateral hydro-
gen bonding indeed is observed between hydroxyl groups on -OH terminated
surfaces, and found to decrease continuously with increasing surface fraction of
non-hydrogen bonding terminal groups,117 suggest that surface reorganization
e�ects are small, and further, that the deviations of the measured contact an-

gles in Paper II and Paper III from results of other studies (and the deviations
among those), can be rationalized in terms of surface contamination and rough-
ness, rather than structural changes. Further support for this view is given by
the hysteresis data in Paper II, showing that the hysteresis for the hydroxylated
surfaces is smaller than for methylated or mixed surfaces. However, from the

same data (�gure 7 in Paper II) it seems like reorganization e�ects might occur

for surfaces composed of mixtures of methyl- and hydroxyl groups, where the
hysteresis is larger than for the single-component surfaces. From a simple mech-
anistic point of view, this appears reasonable, since the mixed layers leaves more

room for movement of the hydroxyl groups.

Two approaches for modeling heterogeneous surfaces are in common use.
First, the Cassie equation, that adds the energies for the interaction of the wetting

liquid with the species on the surfaces in proportion to the composition:118

cos � = f1 cos �1 + f2 cos �2

where fi is the surface fraction of component i, and �i the corresponding con-
tact angle for a pure surface of component i. Second, averaging surface polariz-

abilites and dipole moments rather than energies, the Israelachvili-Gee approach

is claimed to better describe the situation when the chemically heterogeneous

patches approach atomic or molecular dimensions:119

(1 + cos �)2 = f1(1 + cos �1)
2 + f2(1 + cos �2)

2
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Figure 11: Contact angles for hexadecane on mixed methyl and hydroxyl group

terminated SAMs (data taken from ref. 120).

The analysis of the contact angle data in Paper II ends at the conclusion that the
Cassie equation seems to work quite well, if the discrepancy between surface and
solution composition of the thiols is taken into account, and that the Israelachvili-
Gee model gives a qualitatively incorrect result in that particular case. In a
study of the wetting of organic liquids on similar types of mixed surfaces, both

these models were found to produce qualitatively wrong results.120 The change in
contact angle could not be described by any concentration-weighted interpolation
of the results for single-component surfaces, but rather suggested a surface phase
transition at a certain surface composition, where the probing liquid displaces
water molecules hydrogen-bonded to the hydroxyl groups, resulting in a drop of

the hexadecane contact angle from 30� to 0� when the fraction of methyl groups at
the surface is increased from 60% to 70%, see �gure 11. The results in Paper II

show that this does not occur for water, though they suggest that the models
should be applied with care.

In this connection, it might be worth pointing out that the e�ect of surface

roughness can be either an increase or a decrease in contact angle. Using the

relation118, 121,122

cos �rough = r cos �true

where r is a coe�cient giving the ratio of actual to apparent contact area, it

is evident that for �true < 90� roughness decreases the contact angle, while for

�true > 90� it is increased.84

Charging of electroneutral SAMs

Paper II describes measurements between thiolated surfaces prepared from mix-
tures of hydrophobically and hydrophilically terminated thiols, and for the mix-

tures with contact angles less than 90�, the surfaces were found to be charged, and

increasingly so as the contact angle increases. That a non-dissociating surface is

charged in water or electrolyte solution is not surprising. It was observed at the

beginning of the century that air bubbles in water carry negative charge,124, 125

and Dickinson wrote in 1941 that
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\It has long been known that droplets of an oil, dispersed in water,

carry an electrical charge which is usually negative. This charge is
thought to be due to the adsorption of hydroxyl ions,. . . "126

showing not only that the opening clich�e has been in use for half a century (he
does not give any references), but also suggesting that the problem is rather

involved, since the topic still is waiting to be resolved in all its details.127

The charging e�ects described in Paper II are of a qualitatively di�erent

character, since the sign of the charge has been found to be either negative or

positive, although the trend that the amount of charge increases with the contact

angle remains roughly valid. The overall behaviour indicates that these charges

are \impuritiy" ions, particularly the positive charges are expected to originate

from the steel chamber: adsorbed Fe3+ ions originating from an insu�ciently

passivated steel surface would make a signi�cant contribution to an otherwise

uncharged surface. A clue to this behaviour might be found in the study of the

wetting of hexadecane (HD) on mixed hydroxylated and methylated surfaces,

cited above (�gure 11). The HD contact angle decreased from 30� to 0� as the

fraction of methyl groups increased from 60% to 70%. This change was explained
as a change in the network of hydrogen bonded water molecules at the surface, in
agreement with a Monte Carlo simulation.120 At the lower contact angle, there
are still enough methyl groups so that physisorbed water form a crystalline-like
two-dimensional structure on the surface, while this is not possible at higher

methyl fractions where, in what appears to be a phase transition on the surface,
the order in the �rst layer of water is lost. Note that this transition occurs at the
methyl-group fraction where the force measurements turn from a DLVO-type be-
haviour to the \hydrophobic" attraction (Paper II). Conceivably, a similar change
of structure in the �rst water layer might occur also when surfaces are immersed
in water. Simulations of water at hydrophobic and hydroplic surfaces show that

the water density is enhanced at hydrophilic, and depleted at hydrophobic sur-
faces,128, 129 and also that a hydrophilic surface \induces strong ordering near its

surface".130 Knowing this, it seems reasonable that the presence of an ion near the
surface is unfavourable if the surface is hydrophobic, suggesting that the charging

of hydrophobic surfaces is not expected, and if a change in the structure of the

water at the �rst monolayer occurs approximately at a surface fraction of metyl
groups of 65%, it is not surprising to �nd that also the surface charges abruptly

disappear at higher fractions.

Another interesting di�erence is that between pure hydrocarbon and uoro-
carbon surfaces (cf. Paper I and the Appendix). While the latter are charged,

the former are not. This di�erence remains to be explained, but as is suggested
in the Appendix, there are at least two seemingly plausible explanations: either

that dipoles in the adsorbed tiolate layer attract ions to the interface through
induction, or that gases dissolved in the urocarbon segments form ionic species

in water. Yet another possibility is that the very high electronegativity of the

uorine atoms is somehow the reason in a more direct way, though this is mere

speculation.

Unfortunately, traditional electrokineticmethods for measuring the electrical

properties of interfaces are unaccessible to thiolate surfaces, where the underly-
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ing metal layer would disrupt the measurements by providing a current bypass,

eliminating any applied �elds.

Thiolate SAMs in force measurements

Thiolate �lms of the kind described here are not new to force measurements,

there is a whole subdivision of the atomic force microscopy �eld, referred to as

\chemical force microscopy" (CFM), where various forms of thiolate or silane

SAMs are the dominating means of surface modi�cation.35{37, 131{133

The methodological problems discussed in Paper I are by no means less with

CFM. The similarities in the interpretation problems between the AFM and the

MASIF remain the same; so does the problem of determining van der Waals

forces (see section 6.1), and the adhesion data scatter due to surface imperfec-

tions. McKendry et al. studied the e�ect of surface topography on the adhesion

between a gold coated AFM tip and two types of gold surfaces, a single crystal

Au(111) surface and a polycrystalline surface (all surfaces were modi�ed with

COOH-functionalized thiols before use). The average adhesion was found to be

equivalent, but the standard deviation in the adhesion �gures for approaches ran-
domly distributed over an area of 1 � 1 �m2 was �38% for the polycrystalline
surface, decreasing to �29% on a single crystal.134 The di�erence is not over-
whelming, and no explanation was given; perhaps sliding and rolling of the tip
over the surface is as important as the surface microstructure. The systematic

study of the scatter was not as extensive in my case, but for data taken at a single
position, a scatter of �10% is typical, whereas the di�erences between contact
positions were sometimes as high as �50%, particularly where the magnitude of
the adhesion is small (compare �gures 2 and 4 in Paper I for an illustration of
this). Even so, the adhesion data in Paper III demonstrate that the measurement
precision is good enough to be of practical use in surface interaction studies.

The results of the studies on thiolate surfaces suggest that the gold-thiolate

system should be adopted also for SFA experiments: this would allow for a de-
termination of e�ective Hamaker constants for the systems involved, and would
also remove the problem of determining the absolute separation between the

surfaces, thus diminishing the consequences of the rather erratic adhesion data.

Further, the present more or less de facto restriction of substrate materials to

mica, makes the SFA and SAMs a potentially interesting combination. Provided
a thin metal layer is used, the interference fringes are still of a quality that allows
measurements, perhaps with reduced precision. Preliminary experiments have

been performed to investigate this possibility, where mica surfaces for the SFA

prepared in the standard manner were further modi�ed with a thin titanium +
gold coating, and subsequently with a thiolate overlayer. The resulting fringe

pattern observed in air is in agreement with the expected results for this kind
of multilayer system.135 The additional reective coatings on each surface makes

the interference pattern more complex, and the most notable feature is the extra

interferences between coatings on the same surface (silver and gold), appear-

ing as alternating lighter and darker bands at �xed wavelengths (see �gure 12).

The quality of the reproduction in �gure 12 does not permit resolution of the

\doubling" of the fringes caused by mica birefringence, though this is possible to
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Figure 12: Fringe pattern observed in air in a Surface Forces Apparatus with a

pair of \standard" mica surfaces modi�ed with an additional titanium/gold layer.

The darker and lighter regions appear as a consequence of interferences between

the silver and titanium/gold layers on each surface.

discern with the eye. The extra interferences between the gold layers on the two
surfaces produces a traveling set of fringes, though the intensity of these fringes is

much lower than those emanating from silver-silver interferences, due to the much
lower reectivity. However, the low adhesion of the titanium/gold layer to the

mica made experiments in aqueous solutions di�cult, since the metal seemed to
locally detach from the mica upon immersion in water, and further improvement

of the adhesion is required before this is a feasible procedure. It has been noted
that platinum promotes monolayer gold growth on mica,136 but this was never
tried in any surface force apparatus experiments. Using surface energy considera-

tions to match the materials is di�cult, since the adhesion decreases rapidly with
increasing lattice mismatch, the crystal plane facing the mica during growth is
probably unknown, and the structure is not necessarily in equilibrium. Sticking
coe�cientsy are also dependent on thicknesses up to some 25 nm.136

If the thickness of a gold �lms is in the range between the onset of conduc-

tivity and the electron mean free path (that is, in the range 3 { 80 nm), the

conductivity of the �lms is very sensitive to changes in the electronic states at
the surface. This can be utilized for sensing purposes,138 but it could also be a
problem if the conductivity of the surface is to be used for other reasons, such as

potential control, capacitive distance determination etc. In such situations, the

template-stripped gold �lms described in next section might be a better alterna-

tive.

5.3 Template-stripped gold �lms

The thin gold substrates used as supports for the thiolate SAMs described above

are well suited for force measurements, and for this purpose the rule is \the

yThe sticking coe�cient is the probability that an incident particle remains at the surface,

see e.g. ref. 137 for details.
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thinner the better". In surface force applications where thicker metal �lms are

desired, simply increasing the evaporated thickness thus seems to be a bad idea,
since this also results in an increased roughness. To this end, a template-stripping

method has been employed to produce 200 nm thick gold �lms with roughness

considerably smaller than the roughness of directly evaporated gold �lms of sim-

ilar thickness, compare the surface cross sections in �gure 9c and 9d. Also, the
template-stripped �lms have a di�erent texture than the \directly" evaporated,

the surface in �gure 13 does not show the graininess characteristic of \directly"
evaporated �lms (�gure 8 in Paper II is a good example of the latter, though the

grains are larger in a 200 nm thick �lm).

There seems to be no impediment to using an even thicker gold layer, but

both evaporation time and cost increases with the thickness, why it was kept as

small as the circumstances permitted. In the case considered in Paper IV, 200 nm

is more than enough to simulate a \bulk" surface; the skin depth for an electric

�eld with wavelength of the order of the separation between the surfaces, say 100

nm, is a few nm.z The main drawback of the preparation procedure followed in
Paper IV is the deformability of the glue: it should preferrably be exchanged for

a sti�er one to reduce deformation (an adhesive material with the same elastic

properties as the silica support would be ideal). The preparation method follows
a scheme described by Wagner et al.,141 where a mica surface is used as a template
for the gold �lm, and the procedure is described in detail in Paper IV.

Similar replica techniques are standard procedures in sample preparation for

electron microscopy, but have been used also for imaging on smaller length scales:
Blackford and Jericho imaged the sheath of a cell in an indirect manner with a
scanning tunneling microscope by coating the cell (and the substrate onto which
it was adsorbed) with platinum, then peeling o� the platinum to acquire \reverse"
images of the sheath on the remaining platinum.142 In the same strain, Butt et

al. immobilized DNA on mica by embedding in carbon.143

5.4 Polystyrene

Polystyrene is a synthetic thermoplastic polymeric material, normally it is atactic
and amorphous, with a glass transition temperature at about 100� (�gure 14).

The industrial use is extensive, and applications include paints, adhesives, coat-

ings, electrophotography, etc. In many of the applications the surface properties
of the polymers are of crucial importance, and systematic studies of the interac-

tions of polymer surfaces are of great interest.
Polymers have been extensively studied with AFM,144 and particles are com-

monly used in colloidal probe studies,31, 145 particularly in studies of the \hy-

drophobic" interaction.32, 146 For force measurements also plasma polymerised28

and spin-coated21 �lms have been used, and are suitable for surface force measure-
ments between macroscopic surfaces. The structure of spin-coated and solution

zThe skin depth is the distance at which the amplitude of an impinging �eld has decreased

to 1=e of the value at the surface, and is given by � =
p
2=!�0� where � is the conductivity, and

c the speed of light. For frequencies beyond the plasma frequency, � / 1=!p, and for gold !p �

1015 rad/s. For further details, see e.g. ref 140 or any other introduction to electromagnetics.
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6 Surface forces and interactions

Successful interpretation of surface force measurements requires a good knowl-

edge of what kinds of interactions one might encounter between two surfaces.

The number of interactions categorized as \surface forces" is not easy to �x; van

Oss counted to 17 non-covalent interactions, of which some are secondary man-

ifestations of a few primary forces: Lifshitz-van der Waals forces, electrostatic

forces, hydrogen-bonding interactions and Brownian motion.149 Similarly, Cohen

Stuart with co-workers claimed that \there are four types of interactions that

play a role in colloid science": van der Waals forces, electrostatic interactions,

solvent structure-based short range forces, and osmotic and entropic interactions

related to macromolecular adsorption.150 Any such list will depend on the scien-

ti�c background of the author, and one might add that most of them can even
be considered as being plainly electromagnetic phenomena, though the heuristic

value of such a view is rather limited. In this section, interactions of relevance

to the included papers will be elaborated upon, leaving the other to the general

references on surface forces.151, 152

6.1 van der Waals forces

The van der Waals force is a generic term describing interactions due to the
presence of permanent or induced dipoles and higher multipole moments. The
three most important contributions are: orientation forces due to dipole-dipole
interactions (Keesom forces), induction forces caused by dipole-induced dipole

interactions (Debye forces), and dispersion forces, occuring as a result of interac-
tions between induced dipoles with other induced dipoles (London forces).� All
three interactions decay with the same rate in the non-retarded regime, but of
the three, the dispersion term is generally dominating. There are two approaches
to calculating the van der Waals force between two surfaces; the \microscopic"

Hamaker approach, and the \macroscopic" Lifshitz method. Both result in the
same power-law relationship, but the Hamaker constant A is calculated di�er-

ently: for two spheres of radii R1 and R2, let R = R1R2=(R1 +R2) as before.

Then the van der Waals force, at the separation D, is

FvdW (D)

R
= � A

6D2
(12)

This relation holds for separations smaller than the wavelength of the character-
istic absorption frequency; at farther separations the �nite time required for the

�eld to travel between the surfaces diminishes the interaction { the interaction is

retarded { and the functional form becomes di�erent: for two interacting spheres

the rate of decay is proportional to D�3 in the fully retarded regime.153

The microscopic approach involves pairwise summation of interactions be-
tween atoms in the bodies, assuming these are additive, and uses atomic polar-

izabilities to estimate the strength of the interaction.154 These suppositions do

not work well for solids and for interactions across a medium, why Lifshitz theory

�Sometimes all three types are collectively referred to as \dispersion forces"
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generally is the preferred method. Lifshitz theory treats matter as a continuum,

and the only information required to calculate the attraction between two bod-
ies is the dielectric properties of the two bodies at all frequencies (and of the

intervening medium, if any).y For (perfectly conducting) metals, the dielectric

function "(i�) diverges as � ! 0, and all static terms are equated to in�nity. Met-

als are rarely ideal, but can be assigned a �nite dielectric response. This case,
and also the perfectly conducting (known as Casimir interaction) is discussed in

section 6.2. The full Lifshitz theory155, 156 is for most surface or physical chemists
a hardly digestible exercise in quantum �eld theory, but the essential results can

be obtained by various simpler methods, described by van Kampen157 and Nin-

ham158 among others. An approximate expression for the Hamaker constant from

Lifshitz theory can be calculated from151

A =
3kT
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In this expression, "i is the static dielectric constant of medium i, "i(i�) is
the corresponding value of the dielectric function at imaginary frequencies, and

�n = (kT=�h)n. The �rst term of equation 13 includes only the static dielectric
constants, and is the zero-frequency contribution to the interaction (i.e. the Debye
and Keesom forces).

The agreement between approximations, the full Lifshitz analysis, and ex-
periments varies depending on the material and the method at hand. To apply
the Lifshitz method, spectral information for the material over a wide frequency
range is required, which can be di�cult to obtain with su�cient quality. In a
detailed study of Hamaker constants for inorganic materials the agreement for
quartz interacting across a vacuum was within 10% between calculations using

di�erent methods, and experiments, while results for interactions between mica
surfaces across water resulted in a variation of a factor 7.159

Multilayer interactions

For the thiolate surfaces, modelling the van der Waals force is di�cult due to their

complexity. A full analysis would require an eleven-layer model (for the case of

alkanethiol adsorption), with two glass-Ti-Au-S-hydrocarbon systems separated
by a uid. The inclusion of a single layer of sulphur atoms within a continuum

theory is not well de�ned, but ellipsometric studies have shown that the gold-

sulphur interface can be modelled as a separate 1.2 �A thick layer with unique

optical properties.160 The value of a rigorous analysis along these lines is ques-

tionable, since too many parameters of the measurement and in the model are

uncertain to accept the conformity of model to experiment as a validation of
either of the two: the precise thickness of the metal layers are unknown, the de-

formation of the surfaces in contact is di�cult to assess due to the roughness of

the surfaces, and the inclusion of metal layers in the calculation of the Hamaker
constant using the Lifshitz method is not without problems. These di�culties

yTo be precise, knowledge of the imaginary parts of the dielectric permeabilites is enough.
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have restricted the use of the measured van der Waals forces to direct compar-

isons in Paper I and Paper II, or use of an e�ective Hamaker constant in the
calculation of DLVO-forces.

6.2 Casimir interaction

The interaction between conductors was considered by Casimir more than a

decade before Lifshitz theory was introduced. Casimir derived an expression

for the attraction between two parallel perfectly conducting plates interacting

with each other:161

F (d)

A
= � �2�hc

240d4
(14)

or, alternatively, the free energy of interaction per unit area is:

E(d)

A
= � �2�hc

720d3
(15)

Seeming like a rather trivial result, the Casimir e�ect is nevertheless im-
portant not only for interparticle or intermolecular interactions, but also in a
variety of physics disciplines, such as cosmology or elementary particle physics,
see reviews by Plunien162 or Mostepanenko163 for further details and references.
Although Casimir's prediction was published in 1948, experimental veri�cation

of the result did not appear until 1997, when the interaction was studied in the
range 0.6-6 �m,164, 165 and shortly after in the 0.1-0.6 �m regime.166 Paper IV is
as an extension of this series of veri�cations to the 20-100 nm region, though the
merits of that paper lie essentially in the demonstration of a surface preparation
procedure for \bulk" metals suitable for force measurements. The �rst two ex-
periments referred to above both su�er from the need to invoke large corrections

for surface roughness, and the latter of the two, where the Casimir interaction
was studied at separations as small as 100 nm, reported an \average roughness

amplitude" of 35 nm.166 The template-stripped gold surfaces, with roughness
at least an order of magnitude smaller, provide a work-around for this problem,

and are hopefully of interest to investigators of this phenomenon with access to

equipment with higher sensitivity at larger separations than the MASIF.
The Casimir and Lifshitz forces are closely related: in the limit of in�nite

conductivity, Lifshitz theory reduces to the Casimir force, and can thus be re-

garded as a generalization of the Casimir theory to dielectric media (where the
boundary conditions for the electromagnetic modes have been modi�ed to permit

polarizability). Indeed, the theory of Casimir forces originated in the description
of retarded van der Waals interactions.167, 168 The Lifshitz and Casimir approaches

provide two di�erent views on the same phenomenon, but the source of the attrac-
tive force is di�erent. In the Casimir approach, the intervening �eld is quantized

with the zero-point energy �h!=2, leading to the exclusion of some electromagnetic

modes between two boundaries, and this depletion of modes, as compared to free
space, leads to an attractive force. (In terms of radiation pressure: the energy

density caused by the vacuum uctuations is less between the plates than in free

space, causing the plates to attract each other.) In the Lifshitz model, the �eld
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is treated classically, and oscillating polarization charges in the bodies are the

cause of the attraction.z Despite the similarities, the Casimir interaction is also
in some senses distinctly di�erent from the dispersion interactions considered by

Lifshitz. While the van der Waals force between two bodies of the same material

always is attractive, the Casimir interaction is not: two metallic half spheres (i.e.

hollow bodies) are predicted to repel each other at short separations, thus the
qualitative behaviour of the Casimir interaction is dependent not only on material

properties, but also on the geometry of interaction (see Elizalde168 for a further
discussion on some of the peculiarities of the Casimir e�ect).

6.3 Metal bonds

Metal atoms in a condensed state formmetal bonds, which e�ectively is a lowering

of the valence electron energy in the metal through delocalization. Gold, like other

transition elements, have an additional contribution to this binding also from the

inner d-electron shells, increasing the strength of the interaction.170

In Paper I it is discussed whether two thiolate surfaces in contact form metal
bonds across the intervening hydrocarbon layer. It was concluded that the pres-

sure required to displace the �lms between the surfaces is higher than what it is
reasonable to expect for this kind of contact, and also other empirical evidence was
used to support this claim. The surface energy of bare gold is not unequivocally
determined, but literature values start at about 1300 mN/m. The corresponding

pull-o� forces are about 6500 mN/m, which is not readily measurable with the
used instrument. Experiments con�rm this: force measurements between bare
gold surfaces (in water) inevitably result in extremely strong gold-gold adhesion,
with ensuing damage of the surfaces upon separation. Using bare gold for surface

force measurements is thus extremely laborious; a useful force pro�le must be

obtained at the very �rst gold-gold contact, and cannot be repeated at the same
contact position. This illustrates the need to use thiolates as interfacial energy

modi�ers in Paper IV, where the primary interest is in the interaction of the gold

surfaces, but the thiolate layer is necessary for the accomplishment.

6.4 Electrostatic double-layer forces

Almost all solid-water interfaces are charged, either by dissociation of ionizable
groups at the surfaces, such as carboxylic or silanol groups, or by adsorption of

ions to the interface caused by higher a�nity of some ions to the interface than

to the aqueous phase. The net charge thus associated to a surface is balanced by
an increase in the amount of oppostitely charged ions in the surrounding solu-

tion in the vicinity of the surface. The region containing the surface charges and

transiently bound counterions has a thickness of a few �A, corresponding to the
sizes of charged groups and adsorbed ions. This is ususally called the Stern or

zAn amusing analysis of a classical interaction analogous to the Casimir force is given by

Boersma: two rolling ships on the ocean on a windless day are harmonic oscillators in a wave

�eld, and attract each other since the wave energy between the ships is smaller than the wave

energy outside the ships.169
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compact layer, while the ions in the solution compensating for this surface charge

form the di�use layer. These two regions make up the double layer, and the
boundary between the layers is the outer Helmholtz plane, from which the rela-

tions given below are e�ectively acting. To make predictions for the interaction of

two charged surfaces, it is required �rst to determine the distribution of charges

in the double layer along the surface normal, and also the surface potential. For
an ion (in equilibrium) in the solution outside the surface, the chemical potential

� is constant, regardless of its location, and it can be written:

� = ze + kT log ni (16)

 is the electrostatic potential, e the elementary charge and ni the number density

of ions of valency z. If the ions are in equilibrium, no net force acts on an ion, and

the gradient of the chemical potential vanishes. Solving the remaining relation

gives the Boltzmann distribution:

ni = n1i e
�ze =kT (17)

where n1i is the charge density in the bulk. Now, the electrostatic potential and
the density of free charges � are related through the Poisson equation (which is
an immediate consequence of Maxwell's equations):

� = �""0� (18)

Combining equations 17 and 18 gives the Poisson-Boltzmann equation:

� = � e

""0

X
i

zin
1

i e
�
zie 

kT (19)

The solution to this equation for symmetric (z:z) electrolytes is given in many
introductory textbooks on surface and colloid science. Solutions for asymmetric

electrolytes are hard to �nd, but the calculations for a 2:1 electrolyte used in Pa-
per III follows the somewhat involved derivations of Grahame171 and Marmur.218

The Poisson-Boltzmann equation models the electrostatic double layer in a

rather simple way, but its relative simplicity and success in predicting experi-
mental observations has made it popular. The model does not take the �nite

size of ions into account, and it assumes that the surface charges are smeared out

at the surfaces. Of particular interest for interactions with multivalent ions is
that the polarizability of the counterions increases with valency, and the highly

polarizable surface layers correlate with each other, causing a dispersion inter-
action not accounted for by Lifshitz theory.216 Fortunate enough, this ion-ion

correlation e�ect and the e�ect of ion size tend partly to cancel each other.217

Further, image-charge interactions are not considered, which might be of im-

portance for interactions of ions with the hydrocarbon layers used in Paper III.

These limitations makes the model inappropriate for high ionic strengths and for

highly charged surfaces; in divalent electrolytes the deviations from the model

are expected to occur at lower electrolyte concentrations, but even if the model

is somewhat inappropriate at the highest electrolyte concentrations studied in
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Paper III, the qualitative results remain unchanged (that the ions have signi�-

cantly di�erent a�nities to the surfaces, and that Ca2+ induces charge reversal),
as these conclusions are independent of �ne details in the quantitative analysis.

The surface charge � (at the outer Helmholtz plane) can be calculated pro-

vided the potential and the electrolyte strength are known, using the Grahame

equation:151

�2 = 2""0kT
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using the ion density at the surface, n0i . To calculate the force between the two
surfaces, the pressure between the surfaces at a separation D is derived (with the

pressure at in�nite separation as reference):219

P (D) = kT
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(21)

where n
D=2
i is the mid-plane density of ion i. From this expression the force

between two spheres is obtained by integration and application of the Derjaguin
approximation.

DLVO-theory

DLVOx theory is the classical theory of colloidal stability, where electrostatic
repulsions are balanced by van der Waals attractions. This plain summation
of interactions was suggested to govern colloidal stability, and although there
are in general many other interactions that play a role in colloidal stability, the

relation between electrolyte concentration, surface potential, and the (more or less

constant) van der Waals forces can be quite complex. In this context, however,
\DLVO" is merely used as shorthand for the sum of the two contributions.

6.5 Hydration forces

Most surface force measurements are performed in aqueous solutions, simply be-

cause water is the most common solvent in applications of interest. The internal

structure of water is not noticeable in most measurements, but at short separa-
tions between hydrophilic surfaces, the presence of a non-DLVO force component

has been observed experimentally (see ch. 13 in ref. 151 for a compilation). This
strongly repulsive short-range force (<� 3 nm) keeps phospholipid bilayers from

fusing when there are no electrostatic forces to keep them apart (many lipid

bilayers are uncharged at physiological pH),172 and it is also important for the
stability of microemulsions, soap �lms and foams.

It seems natural to think that the very strong hydrogen-bond interactions be-

tween water molecules appear also at the solid-water interface, whenever surface

groups that are able to form hydrogen bonds appear at the surface. However,

xDLVO = Derjaguin-Landau-Verwey-Overbeek. The book by Verwey and Overbeek is still

a highly readable introduction, despite its age.215
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Figure 15: Forces between hydroxylated surfaces in pure water. The exponentially

decaying repulsive force is most likely caused by the displacement of hydrogen-
bonded water molecules from the surfaces, the \hydration" force.

there is no agreement on the details of the origin of this interaction: theories
and simulation results produce predictions for both monotonic exponential repul-
sion and oscillatory forces,151 and recently it was suggested that any e�ects of

water structuring are monotonically attractive or oscillatory, while the observed
repulsive forces rather emanate from entropic repulsion due to the con�nement
of thermally mobile surface groups.173

Hydration forces is the probable cause of the short-range repulsions evident in
the measurements between hydrophilic thiolate surfaces in Paper I and Paper III,
where hydroxyl groups and carboxylic groups are directed towards the solution.

Figure 15 is a close-up of the series of force pro�les for hydroxylated surfaces in
water given in �gure 2 of Paper I. In agreement with other observations using

mica or silica,18, 174,175 the interaction is exponentially decaying, and the decay
length is approximately 1 nm. The roughness of the surfaces makes it unlikely

that oscillations should appear, even if they would be expected on other grounds,

but the fact that this interaction can be observed also testify to the relative
smoothness of the surfaces.

Water molecules forming a \hydration shell" around ions a�ect force mea-

surements as well. The di�erences in adsorption between di�erent ions of the
same valency, and the variations in their e�ciency as coagulants can often be ra-

tionalized in terms of their varying degrees of hydration. This e�ect is illustrated
by the result in Paper III, where Ca2+ was found to adsorb to a larger extent

than Mg2+ at similar concentrations. The e�ects of surface and ion hydration
can be dependent on each other in rather complicated ways, depending on the

nature of the surfaces. A good example of this is a comparison of the response

at short separations to various 1:1 electrolytes by Chapel, who observed that the
e�ect of the hydration number (or the hydrated ion size) was opposite for mica

and silica. For silica, the presence of hydrated ions resulted in a weakening of

the hydration force, and more so the larger the hydration number,176 while the
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observed repulsion between mica sheets increases as the hydration number in-

creases.177, 178 The observations for silica were explained as a disturbance by the
ions on the hydrogen bond network caused by surface hydroxyl groups.

6.6 The long-range \hydrophobic" interaction

A fair amount of the work in this thesis has been devoted to investigations of the

long-ranged \hydrophobic" interaction; parts of Paper I, Paper II in its entirety

and the Appendix, are dealing with this. The full complexity of the problem does

not emerge from these papers, and a more thorough introduction is included here.

First, a note on terminology; the hydrophobic e�ect is a phenomenon frequently

encountered in the interactions of single hydrophobic molecules in water, whereas

the long-range \hydrophobic" interaction referred to here is observed between

macroscopic surfaces only. Both phenomena are subjects of heated discussion,

and the confusion regarding both the terminology and the scienti�c issues are

striking in both areas.

Molecules in water are normally ordered in a short-ranged tetrahedral struc-
ture, the main reasons for this rather unusual ordering are the strong hydrogen
bonds between water molecules, and the fact that such bonds can be formed in
four directions, allowing three-dimensional networks to be established.179 Intro-
ducing e.g. an alkane chain in this system prevents some water molecules from

interacting with each other. This is most favourable for the alkane chain, which
readily interacts with the surrounding water molecules (and, in this sense, is not
\hydrophobic" at all), whereas several water-water bonds are broken. This is
overcome by a rearrangement of the water into a clathrate structure around the
alkane chain, where the number of restored water-water bonds are optimised, but
at the cost of a substantial entropy reduction. The net e�ect of this is a loss of

free energy, and several alkane molecules in water tend to aggregate, since this
lessens the disruption of the water structure. This tendency of hydrocarbons to

aggregate in water determines, among other things, the tertiary structrue of many
macromolecules, and is an important element in the self-assembly of biological

membranes. What makes this interaction di�erent from most other molecule-

molecule interactions, is the strong interactions in the solvent : entropic e�ects
due to the changes in water structure become considerable. Exactly how this

inuences the interaction is still a subject of heated discussion.180, 181

Now, whatever the truth is, the long-range \hydrophobic" interaction is a
di�erent matter; an attractive interaction between macroscopic hydrophobic sur-

faces, and the question is why the surfaces attract each other at large separations.
Many experimental devices and surface preparation procedures have been used

to study this interaction, and in general, they all produce di�erent results { both
with regard to the range and the shape of the attraction. This is not understood

either, but the explanations in this case tend to be focused more on macroscopic

e�ects; phase changes, dipole domains on the surfaces and density depressions in

the solvent near the surfaces are some of the phrases that have been around for

a while. They usually involve either changes in the water structure, or phenom-

ena related to the structure of the �lms used to render the surfaces hydrophobic.
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However, none of these are applicable to the molecule-molecule interactions re-

sponsible for the aggregation in micelles, lipid membranes or protein folding.
Looking back, some early observations anticipated the phenomenon before

direct surface force measurements were made: Laskowski and Kitchener stud-

ied the e�ect of heat treatment on the wetting behaviour of silica surfaces, and

concluded that water �lms below a certain thickness on hydrophobic solids are
unstable, and they also suggested that this was \due to a de�ciency of hydrogen

bonding in these �lms as compared with liquid water".182 These �ndings do not
appear to have generated much activity. It is di�cult to know the particular rea-

sons for this, but it is possible that the polywater a�air, which more or less came

to an end in 1974, rendered ideas of special structures or long-ranged ordering in

water suspect for some time.183

The long-range \hydrophobic" interaction was �rst observed by Israelachvili

and Pashley,27 and it has since then been observed in a variety of systems.{ \Re-

produce" is not the word of choice, since the variety of qualitative and quantita-

tive data in this area has been signi�cant; forces range from 300 nm to virtually
nothing, and have been successfully �tted to ad hoc single or double-exponential

functions, or cannot be �tted to anything at all. Recent experimental data and

simulations, suggest that the long-ranged \hydrophobic" interaction is actually
a number of di�erent phenomena, very much depending on the kind of surface
used for the study.

Theoretical e�orts

Ever since the �rst experimental evidence of an excess attraction between hy-
drophobic surfaces, the attempts to �t observed phenomena into a model have
been substantial. Despite the e�orts, no theoretical explanation universal to the
observed phenomena has been proposed. This certainly is not for want of ideas,

but, as will be evident, the observed phenomena may have very di�erent expla-
nations.

One of the earlier attempts of a theoretical explanation considered structural

changes in the water induced by the hydrophobic walls,185 where the attraction

is caused by hydrogen-bond-propagated ordering e�ects extending into the water

�lm, although the authors saw the problem of explaining the very long range of
the interactions { up to 100 nm { in terms of such a structural rearrangement.

Indeed, most studies of water structure con�rm that ordering e�ects in water

persist only over distances of a few molecular diameters (see ref. 186 for some
references) Parker et al. proposed that attractions could be caused by the bridging

of submicroscopic bubbles residing on the surfaces, where the coalescence and
spreading of the formed capillary is the source of the attractive force.187 B�erard

et al. simulated a Lennard-Jones uid con�ned between two planar hard walls, and

found the liquid to be metastable at short separations, undergoing a separation-

induced phase change.188 The pressure between the surfaces was found to be
negative, in excess of the expected van der Waals force, and decreasing steeply

as the phase separation is approached. It was also found that the force is the

{It is worth mentioning that their CTAB covered mica surfaces were not particularly \hy-

drophobic"; the contact angle was a mere \> 60�".184
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consequence of an increase in the molecular correlation length rather than due

to any direct long-ranged electrostatic coupling, indicating that the range should
be independent of the electrolyte concentration between the surfaces.

The exponential distance dependence of the interactions observed in some

systems { particularly LB-�lms and adsorbed surfactants, see further down { have

led some theorists to speculate about an electrostatic origin of the interactions,
though they di�er in the details. According to classical continuum electrostatics,

forces caused by electrostatic correlations across an electrolyte decay exponen-
tially, and Attard attributed the large magnitudes of the \hydrophobic" interac-

tion to an anomalous electrostatic response of the water close to a hydrophobic

surface.186 Further, surface induced correlation e�ects between charges close to

the surfaces have been suggested to gives rise to long-ranged forces.189 Supported

by simulations, Forsman et al. claimed that aggregation of charged amphiphiles,

forming highly charged patches on the surface, could cause attractive forces much

larger than van der Waals forces, and of considerable magnitude at surface sepa-

rations of more than 100 nm.190 Tsao and co-workers studied dialkyldimethylam-
monium surfactants adsorbed onto mica, proposing that the adsorbed surfactants

form crystalline domains where the hydrocarbon chains are tilted; these domains,

containing correlated in-plane dipoles with line charges at their boundaries, give
rise to electric �elds extending into the solution to distances of the order of the
domain sizes.191

E�orts to unite the hydrophobic e�ect and the long-range \hydrophobic"

interaction have also been made within a model focusing on excluded volume
e�ects.192 It has also been claimed that microscopic bubbles stabilized by ions
on their surfaces (\bubstons") are abundant in higher concentrations close to
hydrophobic surfaces, and that these might be of importance for the observed
long-range forces.212

Experimental observations

The number of published experiments with relevance to this topic is far too

large to be covered in detail, and the diversity and mutual disagreemets are also

striking. Reviews of the area are rare, but at least one of decent scope has been

published,193 and ref. 194 includes references to more recent experiments. The
pattern formed by the results from these investigations is rather complicated,
but { with some exceptions, though { most of the data fall into one of the four

categories below. Note, that between some very stable hydrophibic surfaces no

long-range attractions can be observed,195 and only in one previous publication

has the range or shape of the force been shown to be directly dependent on the
contact angle.214

Strongly attractive short-range forces

Attractions extending up to � 20 nm but stronger than van der Waals forces are

characteristic of observed interactions between e.g. plasma polymerised �lms213

and polymer particles.17, 31,32 If there is anything like a true \hydrophobic" force,

that is caused by changes in the water structure due to the hydrophobic interfaces,

the examples are probably to be found in this category; the interactions in the
following groups are generally too long-ranged to qualify.
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Attractions with steps

This is what is observed for the covalently attached hydrophobic �lms in Paper I
and Paper II (and also in Paper IX, from which some results are reproduced in
the Appendix). Similar interactions have been observed in a variety of systems,

among them glass surfaces modi�ed with uorosilanes,187 silica surfaces silanized

with hydrocarbons,196, 197 silanated surfaces studied in short alkanols,198 and with

phenylated silica surfaces.199

These studies have in common that the surfaces are stable and have high

contact angles, but the variation of the onset separation with distance is signif-
icant, from some 10 nm to about 200 nm. The interaction is most likely due to

the presence of bubbles on the surfaces. Good evidence for this is the study by

Boehnke et al., where propanetriol was contacted with the surfaces in air and

vacuum: in the latter experiments no steps were observed, while they appeared
in the former.198

Long-range exponentially decaying attractions

Exempli�ed by the study between gold surfaces with adsorbed layers of hexade-
canol in the Appendix, the attractions observed in this category also include many

studies using LB-�lms, among them surfaces deposited with uorocarbons,200

polymerised ammonium amphiphiles,201 mixed hydrophobic and hydrophilic sur-
factants,194 but also some instances of silanated surfaces,202 and measurements

between glass surfaces with surfactants adsorbed from ethylene glycol.203 The
attractions in these systems do not seem to be related to the \hydrophobicity"
of the surfaces, and thus cannot be true \hydrophobic" interactions.

Attractions between surfaces prepared from equilibrium adsorption of charged sur-

factants

A wealth of experiments, among them the early measurements in CTAB adsorbed
onto mica,204 and also later studies with CTAB on glass205 and silica206 can be
assigned to this group. The excess attraction between these surfaces has been

proposed to be caused by the mobility of the adsorbed surfactants. The shift

in adsorption/desorption equilibrium when the surfaces are approached has been

shown to induce an attractive force between the surfaces as the local density of
the adsorbed species is adjusted to decrease the free energy. The model is claimed

to account also for attractions observed between asymmetric systems consisting

of a hydrophobic and a hydrophilic surface, as well as interactions in non-aqueous

systems.207,208

Experimental di�culties

The contribution to the �eld from the papers included in this thesis is mainly
that for interactions between rigidly attached hydrophobic layers, the attractions

in excess of van der Waals forces are sensitive to the solid/liquid contact angle:

it must be above 90� for the attraction to be present, regardless of whether the
liquid or the solid is changed to achieve this. The data also gives strong support to

the view that the attraction is caused by bridging of bubbles, though the nature

of these bubbles is still unclear.
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A more de�nite statement and a better understanding of the nature of these

bubbles would require also some quantitative data regarding the bubbles. One
possible way to gain information would be to measure the attractive portion of the

interaction after the step. If this part corresponds to growth of a capillary formed

between the surfaces, the strength of the attraction is expected to be related to the

Laplace pressure inside the cavity. In principle, this is possible, but the practical
execution of the experiment is marred by several di�culties. First, the idea relies

on the assumption that the three-phase-line moves over an ideal surface, and
is in equilibrium, but there are good reasons to believe that neither of the two

assumptions are correct. Actually, the imperfections at the surfaces are argued

to cause the trapping of gas or air to the surfaces. Further, in the particular

measurements performed here, the sti�ness of the used springs did not permit

probing of the attractive portion of the curve at particularly large attractions.

A convenient way of getting around this is to increase the approach rate, and

subtract the calculated hydrodynamic force from the total interaction.209 To

apply this method succesfully, the slip plane needs to be known, but the location
of the slip plane is not a trivial problem for a hydrophobic surface. Vinogradova

has shown that the hydrodynamic and \hydrophobic" contributions to the total

interaction cannot be unambiguously separated.210, 211
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7 Summary

Methods to prepare various solid surfaces suitable for direct force measurements

are described, these include thiolated gold surfaces, thick gold �lms, and bulk

polymers. The demonstration of the use of metals is important in itself, since

there are applications of metal and thiolate surfaces beyond the obvious possibil-

ities to vary the thiol chemistry (some examples are provided further down).

Studies of the long-range \hydrophobic" interaction demonstrate that the

nature of the hydrophobic surface is important for the resulting forces. Surfaces

prepared from thiols have rigidly attached monolayers, whose interactions in wa-

ter are dependent on the contact angles. At contact angles > 90�, an attraction

in excess of the van der Waals force is observed, whose onset is step-like, and

the force after the onset sometimes displays discontinuities. This attraction is

caused by bridging of microscopic bubbles attached to the surfaces. The nature
and origin of these bubbles are not clear, but imperfections in the polycrystalline
gold support could presumably provide nucleation sites for bubble growth, or
gas could be trapped in cavities on the surfaces as the surfaces are immersed in
water. Reducing the contact angle { either by changing the properties of the

surface or the liquid { to below 90� removes the steps in the approaches, and the
interaction is shown to be reduced to a van der Waals attraction in the case where
the surface properties are changed, whereas the liquid modi�cation experiment is
not conclusive on this point. Weakly adsorbed �lms demonstrate a qualitatively
di�erent behaviour { a longer ranged exponentially decaying interaction { which
appears to be a�ected by other factors than the contact angle, and the origin of

the attraction in this case is not clear.
Thick metal �lms have been demonstrated to be useful for studies of the

Casimir interaction. Recent experimental e�orts in the area has demonstrated
the need for smooth metal surfaces of thickness considerably larger than those

used for thiol adsorption, and a template-stripping method has been shown to

provide suitable substrates.
A method to prepare bulk polystyrene surfaces has been developed, and force

measurements using such surfaces indicate that the method can produce polymer

surfaces of high enough quality to be used for surface force measurements. The
surfaces are brittle, though, and to avoid cohesive failure, measurements using

the bare polymer in air or pure water cannot be performed.
Finally, a study investigating the adsorption of non-ionic surfactants to glass

surfaces is included. The study highlights both problems and possibilities as-
sociated with the used instrument (MASIF). Glass substrates prepared through

ame-polishing yield irreproducible surface properties, as observed as di�erences

in the adsorption of the surfactant. In some important respects, however, the

results agree with ellipsometric data for similar systems, demonstrating that also

a force apparatus with only indirect distance determination can be used to study

thickness of adsorbed layer under certain circumstances.
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7.1 Hopes

You can't do it all yourself, so here is what I left to the next generation { a couple

of projects for prospective PhD-students, in the conceited hope that the spent

e�orts will be taken advantage of in future development of surface force methods.

� First, successful use of thiolated surfaces in the Surface Forces Apparatus

are within reach. Poor mica-gold adhesion is the major di�culty, but once
this is overcome, the usefulness of the SFA will be substantially enhanced

(and surface preparation even more laborious). It is a slow and old method,

but the information output is unbeatable.

� Capactiance determination of surface separation has been successfully em-

ployed in the SFA.20 Employing this method in MASIFmeasurementswould

lessen the e�ect of the major disadvantage: the uncertainty in distance de-

termination.�

� The metal substrates can be used to control the surface potential in force
experiments.220 This could be used to reduce the number of unknown vari-

ables in studies of interfacial electrical phenomena, or to access potentials
not obtainable with \natural" surfaces.

� The wetting properties of a metal surface can be changed through potential
control,221 but this is true also for alkanethiolate SAMs, whose contact
angles with water could be reversibly changed between 10� and 80� by
varying the potential.222 Further, the potential required to perform this

operation is dependent on the length of the used thiol. Changing interfacial
energies during the course of an experiment would certainly add a new
dimension to force measurements.

� The roughness of the evaporated metal surfaces scales with the thickness
(in a very reproducible manner), and using this property in conjunction

with SAMs could provide interesting ways to study the e�ect of surface

roughness in tribological applications. If nothing else, at least the inuence

of roughness on adhesion needs to be quanti�ed.

� Several problems with the used force measurement device { the MASIF

{ has been identi�ed, most of them related to the spring used for force
detection. Some of these problems could be overcome if the instrument

is used in a force-feedback setup, where spring deection is reduced to a
minimum.

�With the Derjaguin approximation, calculation of the force between two conducting spheres

at small separations is easy: Consider a parallel plate capacitor of capacitance C. The potential

energy W of a capacitor at the applied voltage V is W (d) = �CV 2=2, where C = ""0A=d

is the capacitance per area A at the separation d. The Derjaguin approximation gives the

force between two spheres as F (D)=R = 2�W (D)=A. Inserting the relations above we have:

F (D)=R = �2�(""0A=D)V
2=2A = ��""0V

2=D.
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7.2 Dashed hopes

About half of the projects and experiments that I tried or started never were

�nished, because they failed or got stuck somewhere. For those with higher

skills, more resources and better ideas, here's where I ended up:

� An excess attraction (the \critical Casimir force") observed between sil-

ica particles in water-lutidine mixtures close to the critial point has been

observed by indirect methods,223{227 but the direct measurements we tried

didn't result in any useful data (Markus, I hope you enjoyed the stay in

Stockholm, at least). It is impossible to say whether this was due to insuf-

�cient precision in the temperature control, or caused by the properties of

the surfaces.

� A similar study of hexane-nitrobenzene mixtures also failed to reveal any

excess attraction, but at least demonstrated that the MASIF can be used

to study di�usion rates in narrow slits.

� The use of back-polished glass surfaces, whereby optical inspection of the
contact region is possible, would permit the inclusion of various optical

measurement techniques, like uorescence and interferometric distance de-
termination.

� I wanted to go over to the Thin Films group in Link�oping to ask if they

could deposit superconducting �lms on substrates for force measurements;
this would be a good test of the Casimir force { with perfect conductors.
I couldn't see a place to do LN2-cooled force measurements, so I didn't
bother them.

7.3 Regrets. . .

. . . I have a few, but then again, too few to mention.
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