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Preface

This textbook serves as a general introduction to surface and interface science.
It focuses on basic concepts rather than specific details, on understanding rather
than on learning facts. The most important techniques and methods are intro-
duced. The book reflects that interfacial science is a diverse and interdisciplinary
field of research. Several classic scientific or engineering disciplines are involved.
It contains basic science and applied topics such as wetting, friction, and lubri-
cation. Many textbooks concentrate on certain aspects of surface science such as
techniques involving ultrahigh vacuum or classic “wet” colloid chemistry. We tried
to include all aspects because we feel that for a good understanding of interfaces, a
comprehensive introduction is helpful.

Our manuscript is based on lectures given at the universities of Siegen and
Mainz. It addresses advanced students of engineering, chemistry, physics, biology,
and related subjects and scientists in academia or industry who are not yet special-
ists in surface science but desire solid background knowledge of the subject. The
level is introductory for scientists and engineers who have a basic knowledge of the
natural sciences and mathematics. Certainly an advanced level of mathematics is
not required.

When looking through the pages of this book you will see a substantial number
of equations. Please do not be scared! We preferred to give all transformations ex-
plicitly rather than writing “as can easily be seen” and stating the result. Chapter 3
is the only exception; to appreciate that chapter, a basic knowledge of thermody-
namics is required. However, you can skip it and still be able to follow most of the
rest of the book. If you do decide to skip it, please at least read and try to gain an
intuitive grasp of surface excess (Section 3.2) and the Gibbs adsorption equation
(Section 3.5.2).

A number of problems with solutions are included to enable for self-study. Un-
less noted otherwise, the temperature was assumed to be 25 °C. At the end of each
chapter the most important equations, facts, and phenomena are summarized.

One of the main problems with writing a textbook is trying to limit its content.
We tried hard to keep the volume within the scope of one advanced course lasting
roughly 15 weeks, two days per week. Unfortunately, this meant cutting short or
leaving out altogether certain topics. Statistical mechanics, heterogeneous catalysis,
and polymers at surfaces are issues that could be expanded.
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Preface

This book no doubt contains errors. Even after several readings by various peo-
ple, this is unavoidable. If you find any mistakes, please let us know about them
by snail mail (Max-Planck-Institute for Polymer Research, Ackermannweg, 55128
Mainz, Germany) or e-mail (butt@mpip-mainz.mpg.de) so that they can be cor-
rected and do not confuse more readers.

We are indebted to several people who helped us in collecting information and
preparing and critically reading the manuscript. In particular we would like to
thank E. Backus, K. Beneke, T. Blake, J. Blum, M. Bohm, E. Bonaccurso, P. Broek-
mann, R. de Hoogh, M. Deserno, W. Drenckhan, J. Elliott, G. Ertl, R. Forch,
S. Geiter, G. Glasser, G. Gompper, M. Grunze, |. Gutmann, L. Heim, M. Hi-
etschold, M. Hillebrand, T. Jenkins, X. Jiang, U. Jonas, ]. Krigel, R. Jordan, Kriiss
GmbH, |. Laven, I. Lieberwirth, G. Liger-Belair, C. Lorenz, M. Losche, S. Lud-
ing, E. Meyer, R. Miller, A. Miiller, P. Miiller-Buschbaum, T. Nagel, D. Quéré,
J. Rabe, H. Schiifer, |. Schreiber, M. Stamm, M. Steinhart, C. Stubenrauch, G. Sub-
klew, F. Thielmann, J. Tomas, K. Vasilev, D. Vollmer, R. von Klitzing, K. Wandelt,
B. Wenclawiak, R. Wepf, R. Wiesendanger, ]. Wintterlein, G. de With, J. Wolk,
D.Y. Yoon, M. Zharnikov, and U. Zimmermann.

Mainz, June 2012 Hans-Jiirgen Butt, Karlheinz Graf, and Michael Kappl



21
2.2
2.3
23.1
2.3.2
233
24
2.5
2.6
2.7
2.8
2.9

3.1
3.2
33
3.3:1
3.3.2
333
334
3.3.5
3.4
35
3.5.1
3.5.2
3.53
354
3.6
3.7

Contents

Preface XIII
Introduction 1

Liquid Surfaces 5

Microscopic Picture of a Liquid Surface 5
Surface Tension 6

Equation of Young and Laplace 11
Curved Liquid Surfaces 11

Derivation of Young—Laplace Equation 13
Applying the Young-Laplace Equation 15
Techniques to Measure Surface Tension 16
Kelvin Equation 21

Capillary Condensation 24

Nucleation Theory 28

Summary 32

Exercises 33

Thermodynamics of Interfaces 35
Thermodynamic Functions for Bulk Systems 35
Surface Excess 36

Thermodynamic Relations for Systems with an Interface
Internal Energy and Helmholtz Energy 40
Equilibrium Conditions 41

Location of Interface 42

Gibbs Energy and Enthalpy 43

Interfacial Excess Energies 44

Pure Liquids 46

Gibbs Adsorption Isotherm 48

Derivation 48

System of Two Components 49

Experimental Aspects 51

Marangoni Effect 53

Summary 54

Exercises 55

40



VI | Contents

4
4.1
4.2
4.2.1
42.2
423
4.2.4
4.2.5
4.2.6
4.3
43.1
4.3.2
4.4
4.5
45.1
45.2
4.6
4.7
4.7.1
4.7.2
4.8
4.8.1
4.8.2
483
4.9
410
411

5.1
5.2
5.2.1
5.2.2
5.2.3
5.2.4
%3
5.3:1
5.3.2
5.4
5.5
5.5.1
55.2
5.6
5.6.1
5.6.2

Charged Interfaces and the Electric Double Layer 57
Introduction 57

Poisson-Boltzmann Theory of Diffuse Double Layer 58
Poisson-Boltzmann Equation 58

Planar Surfaces 59

The Full One-Dimensional Case 62

The Electric Double Layer around a Sphere 63
Grahame Equation 64

Capacitance of Diffuse Electric Double Layer 66
Beyond Poisson—Boltzmann Theory 67
Limitations of Poisson-Boltzmann Theory 67
Stern Layer 69

Gibbs Energy of Electric Double Layer 70
Electrocapillarity 72

Theory 73

Measurement of Electrocapillarity 75

Examples of Charged Surfaces 76

Measuring Surface Charge Densities 84
Potentiometric Colloid Titration 84
Capacitances 86

Electrokinetic Phenomena: the Zeta Potential 87
Navier—Stokes Equation 88

Electro-Osmosis and Streaming Potential 90
Electrophoresis and Sedimentation Potential 92
Types of Potential 95

Summary 97

Exercises 97

Surface Forces 99

Van der Waals Forces between Molecules 99

Van der Waals Force between Macroscopic Solids 103
Microscopic Approach 104

Macroscopic Calculation — Lifshitz Theory 107
Retarded Van der Waals Forces 112

Surface Energy and the Hamaker Constant 113
Concepts for the Description of Surface Forces 113
The Derjaguin Approximation 113

Disjoining Pressure 116

Measurement of Surface Forces 117

Electrostatic Double-Layer Force 120

Electrostatic Interaction between Two Identical Surfaces
DLVO Theory 125

Beyond DLVO Theory 127

Solvation Force and Confined Liquids 127
Non-DLVO Forces in Aqueous Medium 129

120



5.7
5.7.1
572
5.7.3
5.8
5.9
5.10

6.1

6.1.1
6.1.2
6.1.3
6.1.4
6.1.5
6.2

6.2.1
6.2.2
6.2.3
6.3

6.3.1
6.3.2
6.3.3
6.3.4
6.4

6.4.1
6.4.2
6.4.3
6.5

6.5.1
6.5.2
6.5.3
6.5.4
6.6

6.7

6.8

7.1
7.2
7.2.1
7.2.2
7:2:3
7.3
7.3
732

Contents

Steric and Depletion Interaction 130
Properties of Polymers 130

Force between Polymer-Coated Surfaces 131
Depletion Forces 134

Spherical Particles in Contact 135
Summary 140

Exercises 141

Contact Angle Phenomena and Wetting 143
Young’s Equation 143

Contact Angle 143

Derivation 144

Line Tension 148

Complete Wetting and Wetting Transitions 149
Theoretical Aspects of Contact Angle Phenomena 150
Important Wetting Geometries 153

Capillary Rise 153

Particles at Interfaces 155

Network of Fibers 156

Measurement of Contact Angles 158
Experimental Methods 158

Hysteresis in Contact Angle Measurements 159
Surface Roughness and Heterogeneity 161
Superhydrophobic Surfaces 163

Dynamics of Wetting and Dewetting 164
Spontaneous Spreading 164

Dynamic Contact Angle 166

Coating and Dewetting 170

Applications 172

Flotation 172

Detergency 173

Microfluidics 174

Electrowetting 176

Thick Films: Spreading of One Liquid on Another 176
Summary 179

Exercises 179

Solid Surfaces 181

Introduction 181

Description of Crystalline Surfaces 182
Substrate Structure 182

Surface Relaxation and Reconstruction 184
Description of Adsorbate Structures 186
Preparation of Clean Surfaces 187
Thermal Treatment 187

Plasma or Sputter Cleaning 188

Vil



Vil | Contents

7.3.3 Cleavage 189

7.3.4 Deposition of Thin Films 189

7.4 Thermodynamics of Solid Surfaces 190

7.4.1 Surface Energy, Surface Tension, and Surface Stress 190
7.4.2 Determining Surface Energy 193

7.4.3 Surface Steps and Defects 196

7.5 Surface Diffusion 198

7.5.1 Theoretical Description of Surface Diffusion 199
7.5.2 Measurement of Surface Diffusion 202

7.6 Solid-Solid Interfaces 205

T Microscopy of Solid Surfaces 208

7.2 Optical Microscopy 208

7.7.2 Electron Microscopy 209

7.7.3 Scanning Probe Microscopy 211

7.8 Diffraction Methods 214

7.8.1 Diffraction Patterns of Two-Dimensional Periodic Structures 214
7.8.2 Diffraction with Electrons, X-Rays, and Atoms 216
7.9 Spectroscopic Methods 218

7:9.1 Optical Spectroscopy of Surfaces 218

7.9:2 Spectroscopy Using Mainly Inner Electrons 222
7.9.3 Spectroscopy with Outer Electrons 224

7.9.4 Secondary lon Mass Spectrometry 225

7.10 Summary 226

7.11 Exercises 227

8 Adsorption 229

8.1 Introduction 229

8.1.1 Definitions 229

8.1.2 Adsorption Time 231

8.1.3 Classification of Adsorption Isotherms 232

8.1.4 Presentation of Adsorption Isotherms 234

8.2 Thermodynamics of Adsorption 235

8.2.1 Heats of Adsorption 235

822 Differential Quantities of Adsorption and Experimental Results 237
83 Adsorption Models 239

8.3.1 Langmuir Adsorption Isotherm 239

8.3.2 Langmuir Constant and Gibbs Energy of Adsorption 241
833 Langmuir Adsorption with Lateral Interactions 242

834 BET Adsorption Isotherm 243

8.3.5 Adsorption on Heterogeneous Surfaces 246

8.3.6 Potential Theory of Polanyi 247

8.4 Experimental Aspects of Adsorption from Gas Phase 249
8.4.1 Measuring Adsorption to Planar Surfaces 249

8.4.2 Measuring Adsorption to Powders and Textured Materials 251
8.4.3 Adsorption to Porous Materials 253



8.4.4
8.5
8.6
8.7

9.1
9.2
9.2.1
9.2.2
9.3
9.3.1
9.3.2
9.3.3
9.3.4
9.4
9.5
9.6
9.7

10
10.1
10.1.1
10.1.2
10.1.3
10.1.4
10.1.5
10.1.6
10.1.7
10.1.8
10.2
10.2.1
10.2.2
10.2.3
10.2.4
10.2.5
10.3
10.4
10.5

11
11.1
11.2
11.2.1
11.2.2
11.2.3

Contents

Special Aspects of Chemisorption 260
Adsorption from Solution 261
Summary 263

Exercises 264

Surface Modification 267
Introduction 267

Physical and Chemical Vapor Deposition 268
Physical Vapor Deposition 268
Chemical Vapor Deposition 271
Soft Matter Deposition 275
Self-Assembled Monolayers 275
Physisorption of Polymers 279
Polymerization on Surfaces 282
Plasma Polymerization 285
Etching Techniques 287
Lithography 292

Summary 295

Exercises 296

Friction, Lubrication, and Wear 297
Friction 297

Introduction 297

Amontons’ and Coulomb’s Law 298
Static, Kinetic, and Stick-Slip Friction 300
Rolling Friction 302

Friction and Adhesion 303
Techniques to Measure Friction 304
Macroscopic Friction 306
Microscopic Friction 307
Lubrication 310

Hydrodynamic Lubrication 310
Boundary Lubrication 313
Thin-Film Lubrication 314
Superlubricity 315

Lubricants 317

Wear 318

Summary 321

Exercises 322

Surfactants, Micelles, Emulsions, and Foams 323
Surfactants 323

Spherical Micelles, Cylinders, and Bilayers 327
Critical Micelle Concentration 327

Influence of Temperature 329
Thermodynamics of Micellization 330

IX



X | Contents

11.2.4  Structure of Surfactant Aggregates 332

11.2.5 Biological Membranes 334

11.3 Macroemulsions 336

11.3.1  General Properties 336

11.3.2  Formation 339

11.3.3  Stabilization 340

11.3.4  Evolution and Aging 344

11.3.5  Coalescence and Demulsification 346

11.4 Microemulsions 347

11.4.1  Size of Droplets 347

11.4.2  Elastic Properties of Surfactant Films 348
11.43  Factors Influencing the Structure of Microemulsions 350
11.5 Foams 352

11.5.1  Classification, Application, and Formation 352
11.5.2  Structure of Foams 353

11.5.3  Soap Films 355

11.5.4  Evolution of Foams 357

11.6 Summary 358

11.7 Exercises 359

12 Thin Films on Surfaces of Liquids 361

12.1 Introduction 361

12.2 Phases of Monomolecular Films 364

12.3 Experimental Techniques to Study Monolayers 367
12.3.1  Optical Microscopy 368

12.3.2  Infrared and Sum Frequency Generation Spectroscopy 369
12.3.3  X-Ray Reflection and Diffraction 370

12.3.4  Surface Potential 373

12.3.5  Rheologic Properties of Liquid Surfaces 376

12.4 Langmuir-Blodgett Transfer 381

12.5 Summary 383

12.6 Exercises 384

13 Solutions to Exercises 387

14 Analysis of Diffraction Patterns 413

14.1 Diffraction at Three-Dimensional Crystals 413
14.1.1  Bragg Condition 413

14.1.2  Laue Condition 414

14.1.3  Reciprocal Lattice 415

14.1.4  Ewald Construction 417

14.2 Diffraction at Surfaces 417

14.3 Intensity of Diffraction Peaks 419



Contents | XI

Appendix A Symbols and Abbreviations 423
References 429

Index 453






1
Introduction

An interface is an area that separates two phases from each other. If we consider
the solid, liquid, and gas phases, we immediately get three combinations of inter-
faces: solid-liquid, solid—gas, and liquid-gas interfaces. The term surface is often
used synonymously with interface, although interface is preferred to indicate the
boundary between two condensed phases and in cases where the two phases are
named explicitly. For example, we talk about a solid—gas interface and a solid sur-
face. Surface is used for a condensed phase in contact with a gas or vacuum. In-
terfaces can also separate two immiscible liquids such as water and oil. These are
called liquid-liquid interfaces. Interfaces may even separate two different phases
within one component. In a liquid crystal, for example, an ordered phase may co-
exist with an isotropic phase. Solid—solid interfaces separate two solid phases. They
are important for the mechanical behavior of solid materials such as concrete. Gas—
gas interfaces do not exist because gases mix.

Often interfaces and colloids are discussed together. Colloid is an abbreviated syn-
onym for colloidal system. Colloidal systems are disperse systems where one phase
has dimensions on the order of 1 nm to 1 pm (Figure 1.1). The word colloid comes
from the Greek word for glue and was first used in 1861 by Thomas Graham." He
used the word to refer to materials that seemed to dissolve but were unable to pen-
etrate membranes such as albumin, starch, and dextrin. A colloidal dispersion is a
two-phase system that is uniform on the macroscopic but not on the microscopic
scale. It consists of grains or droplets of one phase in a matrix of the other phase.

Different kinds of dispersion can be formed. Most have important applications
and have special names (Table 1.1). While there are only five types of interfaces,
we can distinguish ten types of disperse systems because we must discriminate
between the continuous, dispersing (external) phase and the dispersed (inner)
phase. In some cases this distinction is obvious. Nobody will, for instance, confuse
fog with foam, although in both cases a liquid and a gas are involved. In other
cases the distinction between continuous and inner phase cannot be made be-
cause both phases might form connected networks. Some emulsions, for instance,
tend to form a bicontinuous phase, in which both phases form an interwoven
network.

1) Thomas Graham, 1805-1869; British chemist, professor in Glasgow and London.
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Figure 1.1 Schematic of a dispersion.

Table 1.1 Types of dispersion.

Continuous  Dispersed Term Example
phase phase
Gas Liquid Aerosol Clouds, fog, smog, hairspray
Solid Aerosol Smoke, dust, pollen
Liquid Gas Foam Lather, whipped cream, foam on beer
Liquid Emulsion Milk
Solid Suspension Ink, muddy water, dispersion paint
Solid Gas Porous solids
Foam Styrofoam, soufflé
Liquid Solid emulsion Butter
Solid Solid suspension  Concrete

Colloids and interfaces are closely related. This is a direct consequence of the
enormous specific surface area of colloids. More precisely, their interface-to-volume
ratio is so large that their behavior is determined mainly by interfacial properties.
Gravity and inertia are negligible in the majority of cases. For this reason colloidal
systems are often dominated by interfacial effects rather than bulk properties. This
is also why interfacial science serves as the basis for nanoscience and technology;
many inventions in this field originate from surface science.

The behavior of a colloidal system is governed by thermal fluctuation, and col-
loidal particles move due to Brownian motion. This distinguishes them from gran-
ular matter, a material composed of macroscopic elements. The constituents of
granular matter must be large enough so that they are not subject to thermal mo-
tion. Usually the structure of granular matter depends on its history; it is generally
far from being in thermodynamic equlibrium, and gravitation plays a significant
role.

Example 1.1

A granular system that is dominated by surface effects is shown in Figure 1.2.
A scanning electron microscope (SEM) image shows aggregates of SiO, particles
(diameter 0.9 um). These particles were blown as dust into a chamber filled with
gas. While sedimenting, they formed fractal aggregates due to attractive van der
Waals forces, and collected on the bottom. These aggregates are stable for weeks or



