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Durch den ganzen logischen Apparat hindurch sprechen die physikalische
Gesetze doch von den Gegenständen der Welt.
Ludwig Wittgenstein, ‘Tractatus Logico Philosophicus’ 6.3431.

. . . all quantum-mechanical set-structures float in a sea of stories . . .
Fred Muller (2003), ‘Refutability revamped: how Quantum Mechanics saves
the phenomena’, p. 198.

It is a familiar fact that theories in the sciences (especially though not exclusively
in mathematical physics) are generally formulated with painstaking care and
that the relations of theoretical notions to each other (whether the notions are
primitives in the system or are defined in terms of the primitives) are stated
with great precision. Such care and precision are essential if the deductive
consequences of theoretical assumptions are to be rigorously explored.
Ernest Nagel (1961), ‘The Structure of Science’, p. 99.

What is important to the modern temperament is that scientific speculations be
taken straight as conjectures, not mixed and served in metaphysical cocktails of
suspect ingredients. So one of the puritanical themes of this book is that scientific
reduction is hard work.
Patrick Suppes (2002), ‘Representation and Invariance of Scientific
Structures’, p. 467.





Contents

Preface xvii

Acknowledgements xxi

Roadmap for busy readers xxiii
Roadmap for busy chemists . . . . . . . . . . . . . . . . . . . . . . . . . . xxiii
Roadmap for busy philosophers . . . . . . . . . . . . . . . . . . . . . . . xxv

Introduction 1

1 Reduction: its prospects and limits 7
1.1 Introduction: the lay of the land . . . . . . . . . . . . . . . . . . . 7
1.2 What type of science is chemistry? . . . . . . . . . . . . . . . . . 11
1.3 The historical development of the notion of reduction . . . . 14

1.3.1 Reduction and positivism: the nineteenth century . . 15
1.3.2 Reduction as part of ‘Unity of Science’: the Vienna

Circle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
1.3.3 From the Vienna Circle to Logical Positivism . . . . . 21
1.3.4 Reduction of laws and concepts: Nagel’s reduction

concept . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
1.3.4.1 The formal requirements . . . . . . . . . . . . 23
1.3.4.2 The informal requirements . . . . . . . . . . . 27

1.3.5 Reduction based on elimination: Kemeny and Op-
penheim . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

1.3.6 Critique and development of Nagel’s reduction scheme 30
1.3.7 Spector’s view on reduction . . . . . . . . . . . . . . . . . 37
1.3.8 Kuipers’ five step model . . . . . . . . . . . . . . . . . . . 40
1.3.9 Reduction as a programme . . . . . . . . . . . . . . . . . 42

1.4 Unity without reduction: Duhem, Neurath and Darden and
Maull . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

vii



1.5 Reductionism and non-reductionism in the philosophy of
chemistry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
1.5.1 Reductionist positions . . . . . . . . . . . . . . . . . . . . 49
1.5.2 Critiques of reductionism, or non-reductionist posi-

tions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
1.6 The prospects for reduction of chemistry to physics . . . . . . 55

I Limits 57

Introduction to Part I 59

2 Explaining the Chemical Bond: Idealisation and Concretisation 61
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
2.2 What is a chemical bond? . . . . . . . . . . . . . . . . . . . . . . . . 64
2.3 The quantum theory of the chemical bond: a rational recon-

struction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
2.3.1 Two ways of constructing the Hydrogen molecular

wavefunction . . . . . . . . . . . . . . . . . . . . . . . . . . 68
2.3.1.1 The VB theory of the chemical bond and

valence . . . . . . . . . . . . . . . . . . . . . . . . 69
2.3.1.2 Molecular spectra and MO theory . . . . . . 71
2.3.1.3 Equivalence: comparing the wavefunctions 72

2.3.2 Amendments: a sort of quantum theory . . . . . . . . . 74
2.3.2.1 Pauling and Slater’s model of hybridisation 74
2.3.2.2 Localisation of Molecular Orbitals . . . . . . 77

2.4 Competition and Convergence . . . . . . . . . . . . . . . . . . . . 78
2.4.1 Physical and chemical approaches to the chemical bond 78
2.4.2 Idealisation and Concretisation . . . . . . . . . . . . . . 80
2.4.3 Domains of the chemical bond . . . . . . . . . . . . . . . 82
2.4.4 Explaining the Chemical Bond (with Multiple Do-

mains) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
2.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

3 Molecular Structure: What Philosophers got wrong 89
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
3.2 An overview of the philosophical literature on molecular shape 95
3.3 Chemical structure and molecular shape - a brief history . . . 99
3.4 The History and Philosophy of the Born-Oppenheimer ap-

proximation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
3.4.1 Molecular structure in quantum chemistry . . . . . . . 103
3.4.2 History of the Born-Oppenheimer approximation . . 104

viii



3.4.2.1 The semi-classical Born-Oppenheimer ap-
proximation . . . . . . . . . . . . . . . . . . . . 104

3.4.2.2 The 1927 Born-Oppenheimer paper . . . . . 105
3.4.2.3 Intermezzo: Molecular rotations and vibra-

tions . . . . . . . . . . . . . . . . . . . . . . . . . 108
3.4.2.4 Floppy molecules and molecular symmetry 110

3.4.3 The modern Born-Oppenheimer approximation . . . 110
3.4.4 Does quantum theory support molecular shape? . . . 112

3.5 Molecular Structure: modern theories . . . . . . . . . . . . . . . 114
3.5.1 Löwdin’s notion of a molecule . . . . . . . . . . . . . . . 114
3.5.2 Bader’s definition of molecular structure . . . . . . . . 116

3.6 Reevaluating reductive responses to molecular structure . . . 119
3.6.1 Molecular shape . . . . . . . . . . . . . . . . . . . . . . . . 120
3.6.2 Chemical Structure . . . . . . . . . . . . . . . . . . . . . . 121
3.6.3 Explanation and reduction . . . . . . . . . . . . . . . . . 123

3.7 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

4 Theory Formation, Evaluation and Explanation in Quantum
Chemistry 127
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127
4.2 Explaining chemistry with quantum chemistry . . . . . . . . . 130

4.2.1 HD evaluation, theory falsification, and Pandora’s box 131
4.2.2 Linking DN explanation to reduction: the five-step

model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135
4.2.3 Is quantum theory a poor theory for chemical expla-

nation? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136
4.3 The fabric of quantum chemistry: enabling theorems . . . . . 139

4.3.1 Energetic Bounds . . . . . . . . . . . . . . . . . . . . . . . . 142
4.3.1.1 The Variational Principle . . . . . . . . . . . . 143
4.3.1.2 The Hylleraas-Undheim Theorem . . . . . . 144
4.3.1.3 The Hohenberg-Kohn theorem . . . . . . . . 145
4.3.1.4 Wigner’s 2n+ 1 rule . . . . . . . . . . . . . . . 147

4.3.2 Molecular mechanical properties . . . . . . . . . . . . . 149
4.3.2.1 Forces in Molecules: The Hellman-Feynman

Theorem . . . . . . . . . . . . . . . . . . . . . . 149
4.3.2.2 The Ehrenfest theorem . . . . . . . . . . . . . 151
4.3.2.3 The virial theorem . . . . . . . . . . . . . . . . 152

4.3.3 Enabling theorems for quantum chemistry . . . . . . . 152
4.4 From quantum theory to quantum chemistry . . . . . . . . . . 153

4.4.1 The immediate usefulness of quantum theoretical re-
sults . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155

4.4.2 Error estimation in energetic calculations . . . . . . . . 156
4.4.3 Size consistency and size extensivity . . . . . . . . . . . 158

ix



4.4.4 Heuristics . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159
4.5 Putting it together: quantum chemistry as a discipline . . . . . 160

4.5.1 Quantum chemistry as a programme: preliminaries . 161
4.5.2 Quantum chemistry as partial explanation . . . . . . . 166

4.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168

5 Quantum chemistry as a Research Programme 171
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171
5.2 How quantum chemistry explains: A brief reconstruction . . 174

5.2.1 The process of quantum chemistry . . . . . . . . . . . . 175
5.2.2 Characterisation of quantum chemistry as a research

programme . . . . . . . . . . . . . . . . . . . . . . . . . . . 178
5.3 ‘Novel facts’ in Lakatosian Research Programmes . . . . . . . . 182
5.4 Quantum chemistry: a Lakatosian Reconstruction . . . . . . . 185

5.4.1 Characterisation of quantum chemistry as a Lakatosian
programme . . . . . . . . . . . . . . . . . . . . . . . . . . . 185

5.4.2 The Hard Core: applying quantum theory to Chem-
istry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 188

5.4.3 Quantum chemical methods: successions of theories . 192
5.4.3.1 Approximate theories . . . . . . . . . . . . . . 192
5.4.3.2 Ab initio Hartree-Fock Theory . . . . . . . . 193
5.4.3.3 Electron correlation: some approaches . . . 195
5.4.3.4 Quality comparison of methods . . . . . . . 197

5.4.4 The auxiliary hypotheses: basis sets . . . . . . . . . . . . 199
5.4.5 Novel facts and explanation in quantum chemistry . . 200
5.4.6 Putting it together: quantum chemistry as a research

programme . . . . . . . . . . . . . . . . . . . . . . . . . . . 201
5.5 What type of Research Programme is quantum chemistry? . . 202

5.5.1 Classification of research programmes . . . . . . . . . . 202
5.5.2 Quantum chemistry as a supply programme . . . . . . 206

5.6 Conclusion: quantum chemistry as a case study in the phi-
losophy of science . . . . . . . . . . . . . . . . . . . . . . . . . . . . 208

Summary of Part I 211

II Models 213

Introduction to Part II 215

6 Reduction between structures: some issues and a proposal 219
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 219
6.2 The structuralist approach in the philosophy of science . . . . 221

x



6.3 Notions and Notations . . . . . . . . . . . . . . . . . . . . . . . . . 224
6.3.1 Theories as set theoretic structures . . . . . . . . . . . . 224
6.3.2 Basic notions of theory cores . . . . . . . . . . . . . . . . 226

6.4 Reductions in the structuralist framework . . . . . . . . . . . . . 228
6.4.1 A historical overview of structuralist reduction con-

cepts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 228
6.4.1.1 Suppes’ notion of reduction . . . . . . . . . . 228
6.4.1.2 Adams’ notion of reduction . . . . . . . . . . 229
6.4.1.3 Stegmüller and Sneed on reduction . . . . . 230
6.4.1.4 Mayr’s reduction concept . . . . . . . . . . . . 231
6.4.1.5 The ‘Architectonic’ on Reduction . . . . . . 232

6.4.2 An explication of structuralist reduction concepts . . 234
6.4.2.1 M/S/B(0): Preservation of intended appli-

cations . . . . . . . . . . . . . . . . . . . . . . . . 236
6.4.2.2 S/B(1) Preservation of laws . . . . . . . . . . . 236
6.4.2.3 S/B(2) Deductive connection of empirical

claims . . . . . . . . . . . . . . . . . . . . . . . . 237
6.4.2.4 S/B(3) Content Restriction . . . . . . . . . . . 237
6.4.2.5 M(1) Preservation of specialisations . . . . . 237
6.4.2.6 M(2) Anomaly explaining . . . . . . . . . . . 237
6.4.2.7 M(3) Truth preservation . . . . . . . . . . . . 238
6.4.2.8 Mormann’s analysis of these conditions . . 238

6.5 The structuralist view emended: links . . . . . . . . . . . . . . . 239
6.5.1 Theory-nets . . . . . . . . . . . . . . . . . . . . . . . . . . . 239
6.5.2 Theory-holons and inter-theory links . . . . . . . . . . 240
6.5.3 Interpreting links . . . . . . . . . . . . . . . . . . . . . . . 244
6.5.4 Reducing links . . . . . . . . . . . . . . . . . . . . . . . . . 246

6.6 A pragmatic proposal: links as the basis for reduction . . . . . 246
6.6.1 How links may function as reduction postulates . . . 247
6.6.2 Possible alternative classifications . . . . . . . . . . . . . 250
6.6.3 A checklist of Reductive Claims . . . . . . . . . . . . . . 251

6.7 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 253

7 Models for Quantum Chemistry 255
7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 255
7.2 Architecture of a quantum mechanics and its structure species 258

7.2.1 Components of a quantum physics . . . . . . . . . . . . 259
7.2.2 A structure for a simple quantum physics . . . . . . . . 263
7.2.3 Structures for a complex quantum physics . . . . . . . 264

7.3 A structuralist reconstruction of quantum chemistry . . . . . 265
7.3.1 Prerequisites . . . . . . . . . . . . . . . . . . . . . . . . . . . 266

7.3.1.1 Molecular frames . . . . . . . . . . . . . . . . . 266
7.3.1.2 Electronic structure . . . . . . . . . . . . . . . 271

xi



7.3.1.3 Wavefunctions and Symmetry . . . . . . . . . 272
7.3.1.4 Basis sets . . . . . . . . . . . . . . . . . . . . . . . 274

7.3.2 Potential models for quantum chemistry . . . . . . . . 275
7.3.3 Theories and methods of ab initio quantum chemistry 276

7.3.3.1 Methods of quantum chemistry . . . . . . . . 276
7.3.4 Quantum mechanical methods . . . . . . . . . . . . . . . 277

7.3.4.1 The Hartree-Fock method . . . . . . . . . . . 278
7.3.4.2 Configuration Interaction . . . . . . . . . . . 279
7.3.4.3 Multi-configurational Hartree-Fock methods 280
7.3.4.4 Many body methods: many body pertur-

bation theory . . . . . . . . . . . . . . . . . . . 280
7.3.4.5 Many body methods: coupled cluster meth-

ods . . . . . . . . . . . . . . . . . . . . . . . . . . 281
7.3.4.6 Summary: methods for quantum chemistry 281

7.3.5 Semi-empirical methods . . . . . . . . . . . . . . . . . . . 282
7.3.6 Partial potential models . . . . . . . . . . . . . . . . . . . 283

7.4 Is quantum chemistry a quantum physics as well as a chemistry? 285
7.4.1 The subset relation . . . . . . . . . . . . . . . . . . . . . . . 286
7.4.2 Altered interpretations . . . . . . . . . . . . . . . . . . . . 286
7.4.3 A reconnection to reduction . . . . . . . . . . . . . . . . 288
7.4.4 A pragmatic proposal . . . . . . . . . . . . . . . . . . . . . 289
7.4.5 Linking molecular quantum mechanics to quantum

mechanics . . . . . . . . . . . . . . . . . . . . . . . . . . . . 290
7.5 Specialisation theory nets for quantum chemistry . . . . . . . . 292
7.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 293

8 Reduction with Structures: Two examples 295
8.1 Introduction: an experiment in reduction . . . . . . . . . . . . . 295
8.2 A chemical conundrum: the role of simple theories of quan-

tum chemistry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 297
8.3 Example 1: The periodic table of the elements . . . . . . . . . . 301

8.3.1 Prerequisites . . . . . . . . . . . . . . . . . . . . . . . . . . . 301
8.3.2 Formalisation of the Periodic Table . . . . . . . . . . . . 302

8.3.2.1 Potential models . . . . . . . . . . . . . . . . . . 303
8.3.2.2 Models . . . . . . . . . . . . . . . . . . . . . . . . 303

8.3.3 Explaining the periodic law . . . . . . . . . . . . . . . . . 305
8.3.4 Linking (some) atomic theory and the periodic table . 311

8.3.4.1 L1: The definition of an ‘element’ . . . . . . 311
8.3.4.2 L2: chemical similarity . . . . . . . . . . . . . 313

8.3.5 Intermezzo: A belated response to Scerri (1997) . . . . 318
8.3.6 Reducing the periodic table . . . . . . . . . . . . . . . . . 320

8.3.6.1 Unprincipled Atomic Theory . . . . . . . . . 320
8.3.6.2 Principled Atomic Theory . . . . . . . . . . . 322

xii



8.4 Example 2: The chemical bond, bonding and its physical basis 322
8.4.1 Prerequisites . . . . . . . . . . . . . . . . . . . . . . . . . . . 323
8.4.2 Molecules and models . . . . . . . . . . . . . . . . . . . . . 324
8.4.3 Formalisation of the chemical bond . . . . . . . . . . . . 325

8.4.3.1 Potential models of the hydrogen bond . . . 325
8.4.3.2 Models of the hydrogen bond . . . . . . . . . 326
8.4.3.3 Partial potential models and intended ap-

plications . . . . . . . . . . . . . . . . . . . . . . 327
8.4.4 Reduction of the chemical bond . . . . . . . . . . . . . . 330

8.4.4.1 Links . . . . . . . . . . . . . . . . . . . . . . . . . 330
8.4.4.2 Reduction . . . . . . . . . . . . . . . . . . . . . . 333

8.5 Composite, Intermediate and Interfield theories . . . . . . . . . 334
8.5.1 Interfield theories . . . . . . . . . . . . . . . . . . . . . . . 334
8.5.2 Composite theories . . . . . . . . . . . . . . . . . . . . . . 336

8.5.2.1 Characterisation . . . . . . . . . . . . . . . . . . 337
8.5.2.2 Quantum Chemistry as a composite theory 338

8.5.3 Unified Science revisited . . . . . . . . . . . . . . . . . . . 339
8.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 340

8.6.1 The conundrum revisited . . . . . . . . . . . . . . . . . . 340
8.6.2 Reductive claims in the structuralist framework . . . . 342
8.6.3 Unity of science on the smell of an oily rag . . . . . . . 344

Summary of Part II 345

III Consequences 347

Introduction to Part III 349

9 Orbitals and Ontology in the Philosophy of Chemistry 351
9.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 351
9.2 The current state of the orbital debate . . . . . . . . . . . . . . . 352

9.2.1 The mathematical angle: the role of orbitals . . . . . . 353
9.2.2 The conceptual angle: the reference of orbitals . . . . . 355

9.3 Orbitals and densities in quantum chemistry: a brief rehash . 356
9.4 Orbitals as explanatory concepts . . . . . . . . . . . . . . . . . . . 359
9.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 362

10 Chemistry and the Theoretician’s Dilemma 365
10.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 365
10.2 The Theoretician’s Dilemma . . . . . . . . . . . . . . . . . . . . . 369

10.2.1 Stating the dilemma . . . . . . . . . . . . . . . . . . . . . . 370
10.2.2 From the theoretician’s dilemma to realism . . . . . . . 374

xiii



10.2.3 A proposal for resolution . . . . . . . . . . . . . . . . . . 376
10.3 Quantification and Truth-maker Theory: two varieties of

ontology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 377
10.3.1 Quantifiers . . . . . . . . . . . . . . . . . . . . . . . . . . . . 378
10.3.2 Truth-making . . . . . . . . . . . . . . . . . . . . . . . . . . 378
10.3.3 Ontological reduction . . . . . . . . . . . . . . . . . . . . 380
10.3.4 Hempel’s ontology . . . . . . . . . . . . . . . . . . . . . . 382

10.4 Chemical elements . . . . . . . . . . . . . . . . . . . . . . . . . . . . 383
10.5 Ontological promiscuity and the chemical object . . . . . . . . 386

10.5.1 What chemical objects are not . . . . . . . . . . . . . . . 387
10.5.2 Kantian objects in Chemistry . . . . . . . . . . . . . . . . 388
10.5.3 Chemical objects . . . . . . . . . . . . . . . . . . . . . . . . 392
10.5.4 Relating chemical objects to philosophy of science . . 395

10.5.4.1 Ladyman and Ross: PNC and PPC . . . . . 396
10.5.4.2 Senses of Depth . . . . . . . . . . . . . . . . . . 398
10.5.4.3 Wimsatt’s Engineering . . . . . . . . . . . . . 398

10.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 400

Summary of Part III 401

Postscript 403
Reduction and disciplinary elimination . . . . . . . . . . . . . . . . . . 404
Reduction and the unity of science . . . . . . . . . . . . . . . . . . . . . 406
Reduction and the philosophy of chemistry . . . . . . . . . . . . . . . 408
Consequences . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 410

Summary 411

Samenvatting 415

Appendices 419

A Acronyms and notational conventions 421
A.1 Acronyms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 421
A.2 Notational Conventions . . . . . . . . . . . . . . . . . . . . . . . . 422

B Some basics of quantum chemistry 423
B.1 Density matrices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 423
B.2 Wavefunction construction for H2 . . . . . . . . . . . . . . . . . . 424
B.3 Hückel theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 426
B.4 Roothaan’s derivation of Hartree-Fock theory . . . . . . . . . . 428
B.5 Basis sets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 430

C Structuralist definitions 433

xiv



C.1 Constraints . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 433
C.2 Theory nets: theoretisation and reduction . . . . . . . . . . . . 434

Bibliography 435

xv





Preface

The topic of the following pages is the interrelationship between theories of
chemistry and theories of physics and the role played by quantum chemistry
as a theory ‘in between’. Traditionally, this relationship was thought to be
one of reduction. More recently, the nature of this putative reduction rela-
tion has become a contested topic in the philosophy of chemistry. At the
moment the emerging consensus suggests that the application of reductionist
principles in chemistry is problematic at best and impossible at worst. My
aim in what follows is to critically re-evaluate that position.

The reduction of chemistry to physics was once thought to be a sim-
ple textbook case of how these things ought to be done. Philosophers have
generally accepted the reduction of chemistry to physics as a fact requiring
little further comment, or requiring far less comment than the problems sur-
rounding the potential reduction of biology or the potential reduction of
mental events to physical events. Outside the somewhat narrow confines of
philosophy of chemistry, the reduction of chemistry to physics is still usually
seen as a paradigmatic, but also ultimately uninteresting example of scientific
reduction.

One of the early achievements of philosophy of chemistry was its con-
tention that this reduction relationship was not so simple after all. Early
philosophers of chemistry argued that the casebook on the reduction of
chemistry to physics should be reopened, and re-examined as a philosophical
‘cold case’ that is not only interesting in its own right, but also (still) poten-
tially paradigmatic for the reduction of other sciences. Significant problems
exist around a number of issues such as the notion of molecular structure, and
the exact role played by quantum chemistry in the reduction of chemistry to
physics. The early philosophers of chemistry pointed out that these issues
could not just be overlooked when claiming a reduction, and moreover, that
the obvious success of quantum theories in the explanation of chemical phe-
nomena could not be taken as outright support for a reductive relationship.
A somewhat unfortunate corollary of the early discussions in the philoso-
phy of chemistry was however that the notion of reduction itself was seen as
hopelessly flawed, a corollary with which I largely disagree.
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The claim of reduction now stands with many questions attached. Yet
the reduction of chemistry to physics is still paradigmatic for, or at least fun-
damental to, the notion of reduction per se: as reduction relations go, the do-
mains of chemistry and physics are close and significantly overlapping, there
is a lot of theoretical and ontological ‘borrowing’ and a significant amount
of continuity between the two sciences. If a claim of reduction cannot stand
here, there is little or no hope ‘higher up’ for similar claims between biology
and chemistry, or mental and physical events. Hence, the notion of reduc-
tion finds itself in an unenviable spot here: it is problematic on the one hand,
and paradigmatic on the other.

The approach I take in addressing these issues tries to navigate between a
normative and a naturalistic strategy.

In the normative strategy one investigates what sort of minimal logical
connections are required to uphold a particular conception of the ‘unity of
science’ project, and then proceeds to investigate whether these conditions
obtain in actual practice. The two main problems with this strategy are that
(i) there is no clear-cut and universal conception of the ‘unity of science’, and
(ii) this approach attempts to ‘read in’ some set of necessary preconditions for
a particular conception of the unity of science in actual scientific practice.
Also, the normative strategy is in significant danger of being married off
quickly to the (much stronger) claim of metaphysical reductionism.

In opposition, the naturalistic strategy is to investigate the sort of rela-
tionships that obtain in the actual practice of science, and then proceed to
conclusions about the sort of ‘unity of science’ that these relationships will
support. Despite looking more charitable to the scientific endeavour, the
main danger of this approach is that the actual practice of science needs to be
understood in significant detail for the conclusions to be robust. Underesti-
mate the amount of scientific work involved, make a mountain out of a few
philosophical molehills, and the disunity of science appears as more or less
the default solution.

At the moment, the tendency in the philosophy of chemistry is to be
dismissive of the normative approach, and to use the naturalistic approach to
argue for some sort of autonomy of chemistry from physics.

The main reason for the dismissal of a reduction relation between chem-
istry and physics, as I see it, is that the normative approach is frequently
confused with a metaphysical reductionist approach on the one hand and a
‘tutelage’ interpretation of its consequences on the other. Hence the contrast
between the (primarily metaphysical and normative) thesis of reductionism
on the one hand and a more moderate (naturalistic) notion of reduction on
the other forms one of the key elements of my analysis. The conditions that
were originally specified by Nagel (1961) are akin to naturalistic conditions
for reduction, though they are often read as enablers for a much stronger
metaphysical reductionism. As has been argued by Causey (1977), the unity
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of science conceived along reductionist lines requires stronger conditions.
Specifically, reductionism requires that the reduction postulates be identities.

But the unity of science does not depend on reductionism. The claim
that reduction can exist without reductionism has recently been made by
Klein (2009), Dizadji-Bahmani, Frigg, and Hartmann (2010) and van Riel
(2011), who argue for what might be called a ‘naturalised’ interpretation of
the Nagelian conditions.

By confusing the notions of reductionism and reduction, many philoso-
phers of chemistry have jumped to the conclusion that a moderate view
of reduction between chemistry and physics was impossible. Additionally,
some philosophers of chemistry have tended to render the naturalistic ap-
proach nonviable by a lack of the sort of sensitivity that is required to under-
stand both the theories involved as well as the motivations and inclinations
of actual scientists. In brief, another one of my gripes with the current ten-
dency to dismiss reduction in the philosophy of chemistry is that autonomy
is claimed too quickly and too easily, on the basis of insufficient evidence.
Moreover, the reductionist’s main contender programme, disciplinary auton-
omy, is not usually well developed and clearly stated.

As a complicating factor, the sort of unity of science that might be sup-
ported by a moderate view of reduction is largely open. In this area, the
philosophy of chemistry occupies a rather unique position. In some sense,
theories of chemistry are also theories of physics, since modern chemistry
has ‘borrowed’ concepts from the theories of physics rather freely. Moreover,
the sort of competition that might result from an overly eliminative view of
reduction is largely absent between chemistry and physics. Hence my con-
tention that the sort of interrelationships that we might find between the
theories of chemistry and the theories of physics will tell us much about the
‘unity of science’ and about the potential for fruitful cooperation between
the sciences.

In developing my argument, I employ a somewhat heavier technical and
mathematical apparatus than is common in most philosophical studies of
quantum chemistry, even though for most quantum chemists the material
does not extend beyond what may be found in most textbooks. This situa-
tion has arisen partly because of my expertise and inclination, but also be-
cause I believe that the mathematical apparatus serves a function. Quantum
chemistry is a field that relies on significant quantities of the stuff, and in my
opinion the current philosophical literature has overlooked too many math-
ematical realities that are part and parcel of scientific practice in quantum
chemistry. Even the relatively simple textbook equations that are given can
clarify philosophical issues which otherwise would have remained obscure. I
have therefore used mathematics freely, but restricted its application to make
philosophical points.

I have also, as much as possible, resisted the urge to recast the historical
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mathematical notations in modern language, or to (re)present old arguments
in the language of second quantisation (which I believe to be more efficient
for many purposes in quantum chemistry), mostly because the existing nota-
tions proved to be sufficient for my purpose, which is specifying the opera-
tion of quantum chemistry. Especially in cases where the historical notation
is sufficient to bring out the structure of the philosophical argument (and this
proved to be the case in a surprising number of cases), I have resisted the urge
to do the same thing ‘better’ as much as possible. Readers who are interested
in a modern representation of the various approaches in the framework of
second quantisation (which is a useful exercise if one wants to bring out the
specific interrelationships between them) are encouraged to consult the book
by Helgaker, Jørgensen, and Olsen (2000) which contains more about these
issues than I could convey in the context of a philosophical specification of
quantum chemistry. However, the recently popular Density Functional The-
ory is not treated in this resource, and for the discussions on this theory the
reader should consult Engel and Dreizler (2011).
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Roadmap for busy readers

While of course everyone is invited to read this thesis cover to cover, there are
many people with little time. The following two sections contain a roadmap
for busy chemists and a different one for busy philosophers which should
assist in grasping the main arguments quicker.

Philosophy of chemistry is a small field and the number of people equally
proficient in philosophy and chemistry is limited. Reading this work requires
quite a bit of schooling in both fields. Chemists tend to be pragmatic people
who generally do not have a solid grasp of some of the intricate details of
philosophy. Some of these details matter in the argument. Similarly, philoso-
phers have tended to have a much looser grasp of chemical theories than of
either physical or biological theories, having decided for some unknown rea-
son that the latter two fields are ‘more interesting’ than chemistry. Some
philosophers will be taxed by the mathematics involved. It is thus possible to
provide a roadmap, but there are not too many shortcuts.

Roadmap for busy chemists

In setting out a roadmap for busy chemists, I assume that ‘chemists’ know
their chemistry and are conversant to a significant degree with the basic
tenets of quantum chemistry. The roadmap for busy chemists is therefore
dependent, in significant measure, upon whether the chemist is a theoretical
chemist or not. For many theoretical chemists, the material presented here
is pretty commonplace, for many non-theoretical chemists, it is outlandish
and comes across just as arcane as the philosophy itself. There is no remedy
for this. I am also going to assume that chemists are less familiar with philos-
ophy, and may not even be interested in all of the finer philosophical details
of some of these issues, which they may perceive as useless hair-splitting.

Chemists that have no philosophical interests are advised not to read this
work at all, but spend their time more productively. There is not much new
chemistry here, and there certainly is no new chemical work that has any rel-
evance to what happens on the ‘bench’. This work is primarily in the philos-
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ophy of chemistry, focusing on the (philosophical) foundations of chemical
theories and its target is a characterisation of theories of chemistry in terms
of theories of philosophy of science.

Busy chemists that have a moderate level of philosophical interest are ad-
vised to read those parts of Chapter 1 that interest them and most of Part I,
before moving on to the Summary. Some of the materials in Part I, especially
Chapters 2, 3, and 5 can be used to develop a sense of how some of the theo-
ries of chemistry ‘fit’ with non-formal, but reasonably precise, philosophical
notions of explanation, research programmes and reduction. It is possible to
be a philosopher of science and not do any formal work, and this part gives
an example of what may be achieved in the philosophy of chemistry without
getting overly formal. This material will also assist in getting an appreciation
of current topics in the philosophy of chemistry, especially on previous work
in the philosophy of explanation in chemistry.

The formal part of the book, Part II, may be confusing for chemists if
they are not introduced into formal aspects of philosophy of science (as most
chemists are not). At this stage in the book, the busy chemist will have to
make some decision on precisely how deep their interest in philosophy goes.
If not very deep, busy chemists may read the introductions and conclusions
to these chapters, and sample the rest. The part is reasonably self-contained in
that all the notions are explicitly introduced and explained, but the chemist
may want a somewhat gentler introduction to the details of the structuralist
theory. The main reference on this theory, the book by Balzer, Moulines,
and Sneed (1987), should be of assistance, but may also prove frightening.
It will help at this point to realise that most members of the general public
are somewhat intimidated by chemical notations. Chemists know that these
things can be mastered over time, and the structuralist framework for scien-
tific theories falls in the same category of things that can be mastered with
some time and patience.

The upshot of this part is that the reduction relations that exist between
chemistry and physics make specific ‘linking’ commitments that tie chemical
and physical concepts together. The ‘linking’ commitments are sufficient to
defend the notion of explanation of chemistry by physics, but it is argued that
the explanations are by no means straightforward and ‘one to one’. While
this may not come as a surprise to many chemists, it is nevertheless an inter-
esting philosophical conclusion.

Busy chemists are again advised to sample some pieces of Part III to get a
handle on a philosophical topic most nebulous: ontology. Ontology makes
for good party small-talk if there are no philosophers around, but the busy
chemist is well advised make certain of this fact before engaging in it. Finally,
the busy chemist is advised to read the Postscript to get a sense of the philo-
sophical progress made, and my personal interpretation of what I believe the
future issues in the philosophy of chemistry will be.
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Finally, the discussion given here may convince some chemists to dabble
or engage in serious work in philosophy of chemistry themselves. Such activ-
ities are highly encouraged, but in that case it will be wise to read the relevant
references as well.

Roadmap for busy philosophers

Busy philosophers can skim most of Chapter 1 to get a sense of the particular
take on reductionist concepts on which the further argument in this book is
based, but need not read this chapter in detail.

Philosophers are again advised to read most of Part I. Part I of this work
revises a number of the scientific and philosophical arguments on which
dearly held convictions in the philosophy of chemistry are based – hence
it is important for philosophers to get a sense of the science involved in these
debates and see how this influences the philosophical thinking on these mat-
ters. Especially around the topic of molecular structure, the science is cur-
rently unsettled and completely satisfactory explanations do not exist. How-
ever, that does not necessarily mean that issues affecting the foundation of
quantum theory intrude deeply in its capability for explanation. From this
perspective, philosophers are highly encouraged to try and follow at least the
basic line of argument in the ‘science’ sections of Part I.

Not all philosophers of science are familiar with the structuralist frame-
work on theories on which Part II is largely based. Despite the technical
complications, the structuralist framework is sometimes described as putting
angle brackets around one’s philosophical intuitions, a description which at
times is disturbingly apt. However, the structuralist framework lets us re-
engage with the Nagelian concept of reduction in ways which are not only
refreshing, but also required if we are to make meaningful progress in the phi-
losophy of chemistry. My contention is that the structuralist framework is
capable of providing formal foundations to a ‘naturalised’ Nagelian model of
reduction. Moreover, while philosophers of science may not be universally
familiar with the structuralist approach, they should be sufficiently familiar
with the semantic approach to see what is going on in broad outline. The
first and last sections, as well as the introduction and summary to this part,
should convey a sense of the issues and the proposed solutions which avoids
reliance on technical notation.

Philosophers are also advised to read Part III and the Postscript to place
the results discussed in this work in wider context. Not much of a shortcut,
I’m afraid, but hopefully an enjoyable journey.





Introduction

My aim is to explore the reduction of chemistry to physics from the view-
point of quantum chemistry, using a suitably liberal form of reduction, and
to discuss the consequences of this reduction for the philosophy of science.

The debate around reduction in the special sciences is generally framed
around three separate notions of ‘reduction’ which are not usually distin-
guished: the notion of scientific explanation, some logical notion of reduc-
tion (which in turn has an epistemic and ontological component), and a so-
ciological component. These positions track more or less closely the role
of reduction in the original unity of science project, where the ‘unity of
science’ was conceived as containing an explanatory, ontological and soci-
ological component. As Reisch (2005) outlines in his study of the demise
of the Received View, the concept of unity of science changed considerably
over time, from Neurath’s programme, in which the unity of science was
conceived mainly as a coordination among the sciences in order to achieve
a social goal, to, towards the end, a philosophical position that was largely
decoupled from active collaboration with scientists themselves. The latter
approach runs the risk of degenerating into a simplistic, overly metaphysical,
‘nothing but’ sort of reductionism that, in my opinion, has made philoso-
phers of chemistry overly wary of the concept of reduction.

I argue that the best thinking on how to relate chemistry to physics may
be found in a creative re-confrontation with Nagel’s theory of reduction of
the sciences. To sum up my position at the outset: I believe that chemistry
can be explained by physics, that its reduction is more problematic but not im-
possible (assuming a moderately relaxed notion of reduction), that chemistry
however has a separate ontology, and, finally, that any sort of sociological
‘takeover’ is simply out of the question.

One of the leading themes of this book is that the failure to distinguish
properly between explanation, Nagelian or other forms of reduction, onto-
logical reduction and finally sociological reduction has led to significant con-
fusion in the debate on reduction in the philosophy of chemistry. Chapter 1
will contain more details on the various philosophical positions regarding
the unity of science and reductionism, but it is useful to set out the general
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framework of the discussion before embarking on the details, and especially
to make clear the distinction between explanation and reduction.

Explanation applies in cases where one scientific theory explains another
theory or empirical law. Thus explanation is a matter of scientific fact. The
notion of explanation is an epistemological one, but does not commit one at
the outset to a deductive nomological scheme. There are other explanatory
schemes that do not involve derivation in a strict sense. In fact, as will be dis-
cussed in much more detail in Part I, the explanation of chemistry by physical
theory has many complications, and the physical foundations of chemistry
are found in a multitude of physical theories, patched together with assump-
tions, approximations and special applications.

Reduction is a particular formal rendering, or paraphrase, of what hap-
pens when we claim that one theory explains another. As will be discussed
in more detail in Chapter 1, the (programmatic) notion of ‘unity of science’
is intimately connected with the notion of reduction, and one’s conception
of the unity of science has a significant bearing on one’s notion of reduc-
tion. The philosophy of chemistry has employed a number of notions of
reduction, and is perhaps notable for its invention and significant subsequent
use of ‘ontological reduction’ as a separate form of reduction, which can be
decoupled from theory reduction. The idea is that ‘ontological reduction’
is what remains of the putative reduction relationship once ‘epistemological
reduction’ has proved impossible. It will be my aim in this book to clarify
the issues around ontological reduction in more detail.

This book has three parts. The first part, called ‘Limits’ is a non-formal
discussion and introduction of the issues as well as an outline of possible so-
lutions. In this part I discuss two specific cases of explanation and theory
formation in quantum chemistry: the formation of the chemical bond and
molecular structure in Chapters 2 and 3. I also discuss how quantum chem-
istry might be reconstructed as a Lakatosian research programme in Chap-
ter 5. Part I also contains a chapter, Chapter 4, which focuses on its specific
explanatory structure.

The main aim of this part is to argue that the accounts of reductionism
that are at present fairly current in the philosophy of chemistry, and which
focus on the lack of ‘derivability’ of chemical concepts from the notions of
quantum theory, short-change the philosophical analysis of the issues. In
particular, the subject matter of explanation and reduction has a greater va-
riety than is contained in mere concepts of identity and deduction. In turn,
quantum chemistry is significantly more diverse in its outlook and approach
than its current implementation in terms of easily used ‘black box’ computer
programs might suggest.

Specifically, the characterisation of quantum chemistry as a research pro-
gramme in Chapter 5 is attractive in this context, because quantum chemistry
contains a number of distinct methods, which (from the viewpoint of a re-
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search programme) can be characterised as a succession of theories. More-
over, quantum chemistry makes a number of programmatic claims, such
as its applicability to chemistry, which can be fruitfully evaluated with a
suitably enriched concept of research programmes such as those of Kuipers
(2007) or Zandvoort (1986).

The material in Chapter 5 will also form a core part of the foundations for
Part II. This part, called ‘Models’ is a more formal overview and evaluation
of quantum chemical theories in a structuralist (or set-theoretic) approach in
the philosophy of science. In this part, I employ the structuralist conception
of theories to gain an understanding of how quantum theory and chemistry
might be related. The structuralist approach to theories is arguably one of the
most fruitful approaches in the philosophy of science in the sense that this
approach does not suffer from some of the main drawbacks of the linguistic
approach that characterised the ‘Received View’. The main advantage of the
structuralist approach, the fact that it allows for a relatively clear statement of
notions that are close to the hearts and minds of philosophers of science, such
as scientific paradigms, scientific change, and theoretical terms, is the main
motivating factor for putting up with what in the eyes of some is tiresome
hairsplitting.

Its main weakness in the present context, though here turned to strength,
is that notions of inter-theory reduction are thoroughly problematic in this
framework. In the original formulation of Suppes (1957), the reduction rela-
tion is one of structural isomorphism. This form of reduction is too weak to
support the Nagelian conditions of connectibility and especially derivability,
and also suffers from a significant underspecification of the issues. I will ar-
gue for a significantly more liberal reading of the work of Nagel, supported
by a detailed return to Nagel’s original text, and a subsequent recasting of the
Nagelian conditions in terms of the structuralist framework. Since in the case
of quantum chemistry the strict Nagelian conditions are problematic, this
weakness of the structuralist framework turns out to be advantageous: while
various authors have proposed additional conditions on the isomorphisms to
furnish a fully fledged reduction relation, the case of quantum chemistry that
we discuss is one of the first examples that allows us to evaluate how these ad-
ditional conditions track under actual conditions of scientific explanations,
conditions that we might want to argue should be properly called reductions.
The remainder of this part deals with specific formal reconstructions of the
theories of quantum chemistry and especially their interrelationships.

The third part, called ‘Consequences’ consists of two chapters, Chapter 9
and Chapter 10, that focus on chemical ontology and the somewhat hairy
topic of ontological reduction. In the philosophy of chemistry, ontological
reduction seems to originate in the notion that, at the end of the day, chem-
istry and physics deal with the ‘same’ matter, and hence must therefore be
ontologically compatible. From this perspective, ‘ontological reduction’ is
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what remains of reduction after the hope of achieving theory reduction has
been given up: it tries to save the intuition by writing, so to say, a blank
cheque to metaphysics. The contention I will develop in this part is that
this approach misunderstands ontology. I argue from the viewpoint that on-
tology is the end result of the ontological commitment of our theories, and
is hence dependent on epistemology to some degree. Specifically, from the
viewpoint of ontological commitment, commitment to a single or at least
compatible ontology in chemistry and physics is commitment to a concept
of the unity of science. On this basis, I develop a specific ‘chemical ontol-
ogy’ in this part which is compatible with the view on reduction offered in
Part II. Part III furthermore underpins this specific view on ontology by situ-
ating it in the historical context of a Kantian theory of objects, and proposes
a number of twenty-first century emendations to this theory.

The Postscript aims to situate philosophy of chemistry in the broader
context of philosophy of science and philosophy proper by locating the topic
of reduction within the wider context of the unity of science. By doing so, it
also locates the extent to which chemistry can be classified as an autonomous
science. It argues that while chemistry is somewhat special as a science, it
is not so special that it needs to be insulated from wider philosophical con-
cerns. There is a fruitful approach in which the peculiarities of chemistry
can be addressed from a wider philosophical scope. The viewpoints that are
useful here are methodological pragmatism, scientific autonomy and inter-
theory reduction. These three viewpoints form a field in which chemistry as
a science can be usefully triangulated.

While the book contains a complex argument, the conclusion of it all
is that chemistry is actually not that special. Chemistry is a science and as
such, amenable to the theories and frameworks developed by philosophers
of science, or at least, it should be. Philosophers of science have not always
been sensitive to the theories of chemistry. They have overlooked many of
the small and not so small peculiarities which make chemical theories special.

Hence there is something interesting to learn for philosophers as well.
The fact that a reduction relation with the theories of physics should exist
provides the philosopher with a useful, but generally overlooked, opportu-
nity to investigate reduction relations where they are still simple: as daunting
as the problems with this reduction are, they are in all probability still less
daunting than the reductions of other sciences.

The attitude I will take with respect to reduction relations is pragmatic:
reduction conditions are what has to be proven in actual cases of reduction
(such as the one from chemistry to physics), rather than imposed from the
outset. This study thus takes an experimental approach to the topic of reduc-
tion: using the formalism of structural links between theories, it investigates
which reduction conditions actually apply in practice, and then evaluates the
prospects for the project of unity of science on that basis.
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Broadly speaking, the present book may be read as a defence of reduction
in the sciences, even while it focuses specifically on the relationship between
physics and chemistry. It will be obvious at this point (even if only judging
from its size) that this defence is a bit more involved than we were inclined
to believe initially. Early literature on the topic (specifically from the late
1950s and early 1960s, for instance Nagel (1961) or Kemeny and Oppenheim
(1956)) concluded that the reduction of chemistry to physics was more or
less achieved successfully and therefore lacking of the sort of problems that
should interest philosophers of science.

Part of what I aim to achieve is to prove this wrong: if one is sufficiently
sensitive to some of the problems posed by the respective sciences, the reduc-
tion relation becomes very interesting indeed.

Before concluding this introduction it is necessary to deal with one pos-
sible objection. The objection is quite simply this: if this is what it takes to
discuss the reduction relationship between simple sciences (‘this’ being the
considerable complexities in the pages that follow), why bother?

This objection can be answered in several ways. The first one is a sim-
ple platitude: it takes what it takes. While intuitive appeal, simplicity and
directness is a laudable feature of concepts, it is not a required feature. If the
reduction relation between chemistry and physics proves to be in some ways
indirect and more roundabout than initially expected, this is not in itself a
reason to give up on the concept altogether.

A second answer is a bit more substantial. The reduction between chem-
istry and physics is intuitively one of the more credible cases of reduction be-
tween two disciplines: both sciences deal with matter, both sciences express
their views on that matter in more or less compatible theories, and there are
few who doubt that physical theories such as quantum mechanics or statisti-
cal mechanics yield plausible explanations that can be patched into chemical
theories at the appropriate places. Hence one would expect this situation to
give rise to a paradigmatic sort of reduction. Giving up hope for reduction
entirely at this stage therefore amounts to giving up hope altogether. If this
is the required outcome, let the argument for it at least be robust.

A third answer is a consequence of the second. It consists merely in the
claim that the resolution of the problems associated with reduction between
chemistry and physics should be instructive for the concept of reduction it-
self.


