
v

Contents

Preface xiii

1 Introduction 1

2 Liquid Surfaces 5
2.1 Microscopic Picture of a Liquid Surface 5
2.2 Surface Tension 6
2.3 Equation of Young and Laplace 10
2.3.1 Curved Liquid Surfaces 10
2.3.2 Derivation of Young–Laplace Equation 13
2.3.3 Applying the Young–Laplace Equation 14
2.4 Techniques to Measure Surface Tension 15
2.5 Kelvin Equation 20
2.6 Capillary Condensation 23
2.7 Nucleation Theory 26
2.8 Summary 31
2.9 Exercises 31

3 Thermodynamics of Interfaces 33
3.1 Thermodynamic Functions for Bulk Systems 33
3.2 Surface Excess 34
3.3 Thermodynamic Relations for Systems with an Interface 38
3.3.1 Internal Energy and Helmholtz Energy 38
3.3.2 Equilibrium Conditions 39
3.3.3 Location of Interface 40
3.3.4 Gibbs Energy and Enthalpy 41
3.3.5 Interfacial Excess Energies 41
3.4 Pure Liquids 43
3.5 Gibbs Adsorption Isotherm 45
3.5.1 Derivation 45
3.5.2 System of Two Components 46
3.5.3 Experimental Aspects 48
3.5.4 Marangoni Effect 49



vi Contents

3.6 Summary 51
3.7 Exercises 51

4 Charged Interfaces and the Electric Double Layer 53
4.1 Introduction 53
4.2 Mathematical Description of the Electric Double Layer 55
4.2.1 The Poisson–Boltzmann Equation 56
4.2.2 Gouy–Chapman Model for Planar Surfaces 57
4.2.3 The Full One-Dimensional Case 59
4.2.4 The Electric Double Layer around a Sphere 61
4.2.5 The Grahame Equation 62
4.2.6 Gibbs Energy of the Electric Double Layer 64
4.2.7 Limitations of the Poisson–Boltzmann Theory 65
4.2.8 Stern Model 67
4.3 Experimental Characterization of Charged Interfaces 68
4.3.1 Types of Potentials 68
4.3.2 Electrocapillarity 70
4.3.3 Examples of Charged Surfaces 73
4.3.4 Potentiometric Colloid Titration 80
4.3.5 Capacitances 82
4.4 Electrokinetic Phenomena: The Zeta Potential 83
4.4.1 The Navier–Stokes Equation 84
4.4.2 Electro-osmosis and Streaming Potential 86
4.4.3 Electrophoresis and Sedimentation Potential 88
4.5 Summary 91
4.6 Exercises 91

5 Surface Forces 93
5.1 Van der Waals Forces between Molecules 93
5.2 Van der Waals Force Between Macroscopic Solids 97
5.2.1 Microscopic Approach 97
5.2.2 Macroscopic Calculation – Lifshitz Theory 100
5.2.3 Retarded Van der Waals Forces 105
5.2.4 Surface Energy and the Hamaker Constant 106
5.3 Concepts for the Description of Surface Forces 107
5.3.1 The Derjaguin Approximation 107
5.3.2 Disjoining Pressure 109
5.4 Measurement of Surface Forces 110
5.5 Electrostatic Double-Layer Force 112
5.5.1 Electrostatic Interaction Between Two Identical Surfaces 112
5.5.2 DLVO Theory 116
5.6 Beyond DLVO Theory 119
5.6.1 Solvation Force and Confined Liquids 119
5.6.2 Non-DLVO Forces in Aqueous Medium 121



Contents vii

5.7 Steric and Depletion Interaction 122
5.7.1 Properties of Polymers 122
5.7.2 Force Between Polymer-coated Surfaces 123
5.7.3 Depletion Forces 126
5.8 Spherical Particles in Contact 127
5.9 Summary 131
5.10 Exercises 132

6 Contact Angle Phenomena and Wetting 135
6.1 Young’s Equation 135
6.1.1 Equilibrium Contact Angle 135
6.1.2 Derivation 136
6.1.3 Complete Wetting, Surface Forces, and the Core Region 140
6.1.4 Line Tension, Wetting Transitions, Estimation of Interfacial

Energies 142
6.2 Wetting of Real Surfaces 145
6.2.1 Advancing and Receding Contact Angles 145
6.2.2 Measurement of Contact Angles 146
6.2.3 Causes of Contact Angle Hysteresis 147
6.2.4 Surface Roughness and Heterogeneity 149
6.2.5 Superhydrophobic Surfaces 150
6.2.6 Surfaces with Low Sliding Angle 152
6.3 Important Wetting Geometries 153
6.3.1 Capillary Rise 153
6.3.2 Particles at Interfaces 155
6.3.3 Network of Fibers 157
6.4 Dynamics of Wetting and Dewetting 158
6.4.1 Spontaneous Spreading 158
6.4.2 Dynamic Contact Angles 160
6.4.3 Coating and Dewetting 163
6.5 Applications 164
6.5.1 Flotation 164
6.5.2 Detergency 166
6.5.3 Microfluidics 167
6.5.4 Electrowetting 168
6.6 Thick Films: Spreading of One Liquid on Another 169
6.7 Summary 172
6.8 Exercises 173

7 Solid Surfaces 175
7.1 Introduction 175
7.2 Description of Crystalline Surfaces 176
7.2.1 Substrate Structure 176
7.2.2 Surface Relaxation and Reconstruction 177
7.2.3 Description of Adsorbate Structures 179



viii Contents

7.3 Preparation of Clean Surfaces 180
7.3.1 Thermal Treatment 181
7.3.2 Plasma or Sputter Cleaning 181
7.3.3 Cleavage 182
7.3.4 Deposition of Thin Films 183
7.4 Thermodynamics of Solid Surfaces 183
7.4.1 Surface Energy, Surface Tension, and Surface Stress 183
7.4.2 Determining Surface Energy 186
7.4.3 Surface Steps and Defects 189
7.5 Surface Diffusion 191
7.5.1 Theoretical Description of Surface Diffusion 192
7.5.2 Measurement of Surface Diffusion 195
7.6 Solid–Solid Interfaces 198
7.7 Microscopy 200
7.7.1 Optical Microscopy 200
7.7.2 Electron Microscopy 201
7.7.3 Scanning Probe Microscopy 203
7.8 Diffraction Methods 206
7.8.1 Diffraction Patterns of Two-Dimensional Periodic Structures 206
7.8.2 Diffraction with Electrons, X-Rays, and Atoms 207
7.9 Spectroscopy 209
7.9.1 Optical Spectroscopy of Surfaces 209
7.9.2 Spectroscopy Using Inner Electrons 213
7.9.3 Spectroscopy with Outer Electrons 214
7.9.4 Secondary Ion Mass Spectrometry 215
7.10 Summary 217
7.11 Exercises 218

8 Adsorption 219
8.1 Introduction 219
8.1.1 Definitions 219
8.1.2 The Adsorption Time 221
8.1.3 Classification of Adsorption Isotherms 222
8.1.4 Presentation of Adsorption Isotherms 224
8.2 Thermodynamics of Adsorption 224
8.2.1 Heats of Adsorption 224
8.2.2 Differential Quantities of Adsorption 226
8.3 Adsorption Models 228
8.3.1 The Langmuir Adsorption Isotherm 228
8.3.2 The Langmuir Constant and Gibbs Energy of Adsorption 230
8.3.3 Langmuir Adsorption with Lateral Interactions 231
8.3.4 The BET Adsorption Isotherm 232
8.3.5 Adsorption on Heterogeneous Surfaces 235
8.4 Experimental Aspects of Adsorption from the Gas Phase 236
8.4.1 Measuring Adsorption to Planar Surfaces 236



Contents ix

8.4.2 Measuring Adsorption to Powders and Textured Materials 238
8.4.3 Adsorption to Porous Materials 239
8.4.4 Chemisorption and Temperature-programmed Desorption 248
8.5 Adsorption from Solution 249
8.6 Summary 251
8.7 Exercises 252

9 Surface Modification 255
9.1 Introduction 255
9.2 Physical and Chemical Vapor Deposition 256
9.2.1 Physical Vapor Deposition 256
9.2.2 Chemical Vapor Deposition 259
9.3 Soft Matter Deposition 262
9.3.1 Self-assembled Monolayers 262
9.3.2 Physisorption of Polymers 266
9.3.3 Polymerization on Surfaces 268
9.3.4 Plasma Polymerization 272
9.4 Etching Techniques 274
9.5 Lithography 278
9.6 Summary 280
9.7 Exercises 281

10 Friction, Lubrication, and Wear 283
10.1 Friction 283
10.1.1 Introduction 283
10.1.2 Amontons’ and Coulomb’s Law 284
10.1.3 Static, Kinetic, and Stick-Slip Friction 286
10.1.4 Rolling Friction 288
10.1.5 Friction and Adhesion 289
10.1.6 Techniques to Measure Friction 290
10.1.7 Macroscopic Friction 292
10.1.8 Microscopic Friction 293
10.2 Lubrication 296
10.2.1 Hydrodynamic Lubrication 296
10.2.2 Boundary Lubrication 299
10.2.3 Thin-film Lubrication 300
10.2.4 Superlubricity 301
10.2.5 Lubricants 303
10.3 Wear 305
10.4 Summary 306
10.5 Exercises 307

11 Surfactants, Micelles, Emulsions, and Foams 309
11.1 Surfactants 309
11.2 Spherical Micelles, Cylinders, and Bilayers 314



x Contents

11.2.1 Critical Micelle Concentration 314
11.2.2 Influence of Temperature 316
11.2.3 Thermodynamics of Micellization 317
11.2.4 Structure of Surfactant Aggregates 319
11.2.5 Biological Membranes 322
11.3 Macroemulsions 323
11.3.1 General Properties 323
11.3.2 Formation 326
11.3.3 Stabilization 328
11.3.4 Evolution and Aging 330
11.3.5 Coalescence and Demulsification 332
11.4 Microemulsions 333
11.4.1 Size of Droplets 334
11.4.2 Elastic Properties of Surfactant Films 335
11.4.3 Factors Influencing the Structure of Microemulsions 336
11.5 Foams 338
11.5.1 Classification, Application, and Formation 338
11.5.2 Structure of Foams 339
11.5.3 Soap Films 341
11.5.4 Evolution of Foams 343
11.6 Summary 344
11.7 Exercises 345

12 Thin Films on Surfaces of Liquids 347
12.1 Introduction 347
12.2 Phases of Monomolecular Films 350
12.3 Experimental Techniques to Study Monolayers 353
12.3.1 Optical Microscopy 353
12.3.2 Infrared and Sum Frequency Generation Spectroscopy 355
12.3.3 X-Ray Reflection and Diffraction 356
12.3.4 Surface Potential 359
12.3.5 Rheologic Properties of Liquid Surfaces 361
12.4 Langmuir–Blodgett Transfer 366
12.5 Summary 368
12.6 Exercises 369

13 Solutions to Exercises 371
Chapter 2: Liquid Surfaces 371
Chapter 3: Thermodynamics of Surfaces 373
Chapter 4: Charged Interfaces and the Electric Double Layer 375
Chapter 5: Surface Forces 377
Chapter 6: Contact Angle Phenomena and Wetting 380
Chapter 7: Solid Surfaces 382
Chapter 8: Adsorption 384
Chapter 9: Surface Modification 388



Contents xi

Chapter 10: Friction, Lubrication, and Wear 389
Chapter 11: Surfactants, Micelles, Emulsions, and Foams 390
Chapter 12: Thin Films on Surfaces of Liquids 391

14 Analysis of Diffraction Patterns 395
14.1 Diffraction at Three-Dimensional Crystals 395
14.1.1 Bragg Condition 395
14.1.2 Laue Condition 395
14.1.3 Reciprocal Lattice 397
14.1.4 Ewald Construction 398
14.2 Diffraction at Surfaces 399
14.3 Intensity of Diffraction Peaks 400

Appendix A Symbols and Abbreviations 405
Bibliography 411
Index 441




