Contents

Preface —V

Part I:

1

2

21
2141
2.1.2
2.1.3
2.1.4
2.1.5
2.1.6
2.1.7
2171
2.1.7.2
2.1.8
2.2
2.21
2.2.2
2.2.21
2.2.2.2
2.2.2.3
2.2.2.4
2.2.2.5
2.3

2.4
2.441
2.411
2.4.2
2.4.2.1
2.4.2.2
2.4.3
2.4.4
2.4.5
2.4.51
2.4.6
2.4.6.1

Chemical Bonds and Properties of Molecules
Introduction — 3

The Chemical Bond — 11
The lonic Bond — 13
General—13
The lonization Energy £;—13
The Electron Affinity £., — 15
lonic Crystals and lonic Radii — 17
Lattice Energy and Lattice Enthalpy — 19
Determination of Lattice Energies and Enthalpies — 21
Significance of the Lattice Enthalpy — 23
Complex Formation of Metal Halides — 26
Weakly Coordinating Anions — 27
Polarization of Anions by Cations — 27
Molecular Geometry — 30
Structure Determination — 30
The VSEPR Model for Estimation of Molecular Geometries — 32
Lone Electron Pairs — 38
Single Electron Domains — 40
Substituents of Differing Electronegativity — 40
Multiple Bonds — 41
Final Remarks on the VSEPR Model — 41
Molecular Symmetry and Point Group Symbols — 43
The Covalent Bond 48
The Molecular lon [Ho]" — 49
The LCAO Approximation — 50
The Molecule H, 57
The Cation [He,]" — 59
The Role of Antibonding Molecular Orbitals — 59
Homonuclear Diatomic Molecules — 60
Photoelectron Spectroscopy of Small Molecules — 68
Heteronuclear Diatomic Molecules — 70
General Rules for the Construction of MOs — 72
Three-Atomic Molecules of D, Symmetry — 73
The Molecule BeH, — 75




VIl — Contents

2.4.6.2
2.4.7
2.4.8
2.4.9
2.4.10
2.5

2.6

3

3.1
3.2
3.3
3.4
3.5

4
4.1

4.2
4.2.1
4.2.2
4.2.3
4.3

4.4
4.4.1
4.4.2
4.4.3
4.5

4.6
4.6.1
4.6.2
4.6.2.1
4.6.2.2
4.6.2.3
4.6.2.4
4.6.3
4.7
4.7.1
4.7.2

The Molecule CO, — 76

Three-Atomic Molecules of C,, Symmetry — 77
Four-Atomic Molecules of D3, Symmetry — 80
Four-Atomic Molecules of C5, Symmetry — 83

Five-Atomic Molecules — 87

The Coordinate Bond — 89

Hypercoordinate Molecules — 93

VAN DER WAALS Interaction — 101

The Dipole Effect — 101
Induced Dipole Effect — 104
The Dispersion Effect — 104
VAN DER WAALS Radii — 107

VAN DER WAALS Molecules — 109

Bond Properties — 113

Introduction — 113

Bond Enthalpy and Dissociation Enthalpy — 114

Diatomic Molecules — 114

Polyatomic Molecules — 117

Why Is Oxygen a Gas and Sulfur a Solid? — 122

The Internuclear Distance — 124

The Valence Force Constant — 127

Diatomic Molecules — 127

Diatomic Groups — 128

Three-Atomic Molecules — 129

Relationships Between Different Bond Properties — 132
Polarity of Covalent Bonds and Electronegativity — 134
Introduction — 134

Electronegativities () — 136

Thermodynamic Electronegativities by PauLING — 136
Electronegativities according to ALLRED and RocHow — 138
Spectroscopic electronegativities according to ALLEN — 141
Group Electronegativities — 142

The Dipole Moment — 143

Electron Density Distribution in Molecules and Crystals — 147
Promolecule and Deformation Density — 147

Halogen Bonding — 149



Contents =——

Part II: Chemistry of the Non-Metals

5

5.1
5.11
5.1.2
5.1.3
5.2

5.3
5.3.1
5.3.2
5.3.3
5.4

5.5
5.5.1
5.5.1.1
5.5.1.2
5.5.2
5.6
5.6.1
5.6.2
5.6.3
5.6.3.1
5.6.3.2
5.6.3.3
5.6.4
5.6.4.1
5.6.4.2
5.6.4.3
5.6.4.4
5.6.5
5.7
5.7.1
5.7.2
5.7.21
5.7.3
5.7.4
5.7.5
5.7.5.1

Hydrogen — 157

Elemental Hydrogen — 157

Production and Uses — 157

Isotopes of Hydrogen — 161

Properties of Hydrogen — 164

Hydrogen lons H* — 165

Acids — 168

Oxonium Salts — 169

Liquid Ammonia — 171

Anhydrous Sulfuric Acid — 172

Bases — 172

The Relative Strength of Acids and Bases — 174
Dilute Solutions — 174

Binary Covalent Hydrides — 175

Oxoacids — 176

Concentrated and Nonaqueous Acids — 177
Hydrogen Bonds (H-Bonds) — 181

Introduction — 181

General Properties of Hydrogen Bonds — 182
Experimental Detection of Hydrogen Bonds — 183
Physical Constants — 183

Structure Determination — 185

Molecular Spectroscopy — 185

Examples of Special Hydrogen Bonds — 187
Hydrogen Fluoride — 187

Ice and Water — 188

Gas Hydrates and Clathrate Hydrates — 194
Ammonia and Amines — 195

Theory of Hydrogen Bond Formation — 198
Hydrogen Compounds (Hydrides) — 202
Introduction — 202

Covalent Hydrides — 203

Activation of H, Molecules — 203

H, as Ligand in Coordination Compounds — 204
Salt-Like Hydrides — 206

Metal- and Alloy-Like Hydrides (Insertion Hydrides) — 209
Bonding of Hydrogen in Alloy-Like Hydrides — 211

IX



X —— Contents

6

6.1
6.2
6.2.1
6.2.2
6.2.3
6.3
6.3.1
6.3.2
6.3.3
6.4
6.4.1
6.4.2
6.5
6.5.1
6.5.2
6.5.3
6.5.3.1
6.5.3.2
6.5.4
6.6
6.7
6.8
6.8.1
6.8.2
6.9
6.9.1
6.9.2
6.9.3
6.10
6.10.1
6.10.2
6.10.3
6.10.4
6.10.5

7.1

7.2

7.3
7.3.1
7.3.11

Boron — 215

Introduction — 215

Bonding Situation — 216

Lewis Acidity and Adduct Formation — 216
Coordination Numbers and Multiple Bonds — 219
Similarities and Differences to Other Non-Metals — 221
Elemental Boron — 222

Preparation of Elemental Boron — 223
Solid-State Structures of Elemental Boron — 224
Bonding in Elemental Boron — 226
Borides and Boron Carbides — 228
Borides — 228

Boron Carbides — 230

Boranes and Hydroborates — 231
Introduction — 231

Diborane(6) — 232

Higher Boranes — 234

Preparation — 234

Structures — 235

Hydroborates — 237

Organoboranes — 241

Carboranes — 243

Boron Halides — 246

Trihalides (BX35) — 246

Subhalides — 248

Boron—-Oxygen Species — 250
Introduction — 250

Boron Trioxide and Boric Acids — 251
Borates — 254

Boron—Nitrogen Compounds — 256
Bonding Situation — 256
Ammonia-Borane — 257

Borazine — 259

Boron Nitride — 261

Nitridoborates — 264

Carbon — 265

Introduction — 265

Bonding Situation in Group 14 — 266
Carbon Allotropes — 271

Graphite and Graphene — 272
Graphene — 274



7.3.2
7.3.3
7.3.31
7.3.3.2
7.3.3.3
7.3.3.4
7.3.4
7.4
7.4.1
7.4.1.1
7.4.2
7.5

7.6

7.7
7.7.1
7.7.1.1
7.7.1.2
7.7.1.3
7.7.2
7.7.3
7.7.3.1
7.8
7.8.1
7.8.2

8.1
8.2
8.3
8.4
8.5
8.5.1
8.5.2
8.6
8.6.1
8.6.2
8.6.3
8.7
8.7.1
8.7.2
8.7.3
8.8

Diamond — 275

Fullerenes — 279

Preparation — 280

Structures — 280

Properties — 281

Reactivity — 281

Carbon Nanotubes — 283

Graphite Compounds — 285

Covalent Graphite Compounds — 285
Surface Compounds — 286

lonic Graphite Compounds — 288
Carbon Black, Coal and Coke — 291
Carbon Halides — 293

Carbon Chalcogenides — 294

Oxides — 294

Carbon Monoxide — 295

Carbon Dioxide — 297

Other Carbon Oxides — 298

Sulfides, Selenides and Tellurides — 299
Carbonic Acid and Carbonates — 301
Carbonic Peracids — 304

Carbon Nitrides — 305

Hydrogen Cyanide and Cyanides — 305
Binary Carbon-Nitrogen Species — 307

Silicon and Germanium — 309

Introduction — 309

Bonding Situation — 310

The Elements Silicon and Germanium — 318
Silicides and Germanides — 322

Hydrides of Silicon and Germanium — 325
Preparation of Hydrides — 326

Reactions of Silanes and Germanes — 328
Halides of Silicon and Germanium — 329
Fluorides — 330

Chlorides — 331

Other Silicon Halides — 333

Oxides of Silicon and Germanium — 334
Silicon Dioxide — 334

Silicon Monoxide — 336

Germanium Oxides — 337

Oxoacids, Silicates and Germanates — 338

Contents =—— XI



Xl — Contents

8.8.1 Silicic Acid and Siloxanes — 338

8.8.2 Silicates — 341

8.8.3 Germanates — 347

8.9 Glasses — 348

8.10 Silicon—Nitrogen Compounds — 351

8.11 Organosilicon Compounds — 353

8.11.1 Organosilanes — 353

8.11.2 Unsaturated Organosilicon and Organogermanium
Compounds — 357

8.11.3 Organosiloxanes — 362

8.12 Other Silicon Compounds — 363

8.12.1 Silicon Carbide — 363

8.12.2 Silicon Nitride — 364
8.12.3 Silicon Sulfides — 365

9 Nitrogen — 367

9.1 Elemental Nitrogen — 367

9.2 N, as Complex Ligand — 369

9.3 Bonding in Nitrogen Compounds — 372
9.3.1 Bond Enthalpies and Formation Enthalpies — 376
9.4 Nitrogen Hydrides — 379

9.4.1 Introduction — 379

9.4.2 Ammonia (NH;) — 380

9.4.3 Hydrazine (N,H,) — 384

9.4.4 Diazene (Diimine), N;H, — 386

9.4.5 Hydrogen Azide (HN5) and Azides — 387
9.4.6 Tetrazene(2) (N,H,) — 390

9.4.7 Hydroxylamine (NH,OH) — 391

9.4.8 Water-Like Solvents — 392

9.4.8.1 Solubilities in Liquid Ammonia — 393
9.4.8.2 Autodissociation of Liquid Ammonia — 393
9.4.8.3 Ammonolysis — 394

9.4.8.4 Solvated Electrons in Liquid Ammonia — 394
9.4.8.5 Reactions of Solvated Electrons in Liquid Ammonia — 398
9.4.8.6 Solvated Electrons in Water — 399

9.5 Halides and Oxohalides of Nitrogen — 402
9.5.1 Halides — 402

9.5.2 Oxohalides of Nitrogen — 405

9.6 Oxides of Nitrogen — 406

9.6.1 Introduction — 406

9.6.2 Dinitrogen Oxide (N,O0) — 407

9.6.3 Nitrogen Monoxide (NO) and Dinitrogen Dioxide (N,0,) — 408



9.6.4
9.6.5
9.6.6
9.7

9.7.1
9.7.2
9.7.3
9.7.4
9.7.5
9.7.6

Contents =— XIII

Dinitrogen Trioxide (N,05) — 412

Nitrogen Dioxide (NO,) and Dinitrogen Tetroxide (N,0,) — 413
Dinitrogen Pentoxide (N,05) — 414

Oxoacids of Nitrogen — 415

Introduction — 415

Nitric Acid (HNO5 or HONO,) — 417

Peroxonitric Acid (HNO, or HOONO,) — 419

Nitrous Acid (HNO, or HONO) — 419

Peroxonitrous Acid (HOONO) — 421

Hyponitrous Acid (HON), and Nitramide (H,NNO,) — 422

10 Phosphorus and Arsenic — 425

10.1

10.2
10.3
10.3.1
10.3.2
10.3.2.1
10.4
10.4.1
10.4.2
10.5
10.6
10.7
10.8
10.8.1
10.8.2
10.8.3
10.8.4
10.9
10.10
10.10.1
10.10.2
10.10.3
10.10.4
10.11
10.12
10.121
10.12.1.1
10.12.1.2
10.12.1.3
10.12.1.4

Introduction — 425

Bonding Situation in P and As Compounds — 425
Phosphorus and Arsenic as Elements — 429
Production of the Elements — 430

Modifications of Phosphorus and Arsenic — 431
Structures of P and As Modifications — 432
Hydrides of Phosphorus and Arsenic — 437
Phosphane and Arsane — 438

Diphosphane(4) — 440

Phosphides — 441

Organophosphanes — 443

Diphosphenes and Phosphaalkynes — 445

Halides of Phosphorus and Arsenic — 447

Trihalides (EXs, E =P, As) — 448

Tetrahalides (E;X,, E = P, As) — 450

Pentahalides (EXs, E = P, As) — 451

Strong LEwis Acids — 453

Phosphoranes and Arsoranes — 455

Oxides of Phosphorus and Arsenic — 458
Phosphorus(lll) Oxides — 458

Phosphorus(V) Oxides — 459

Phosphorus(lIl,V) Oxides — 461

Arsenic Oxides — 462

Sulfides of Phosphorus and Arsenic — 463

Oxoacids of Phosphorus and Arsenic and Their Derivatives — 465
Oxoacids with One P Atom — 465

Orthophosphoric Acid and Orthophosphates — 467
Phosphonic Acid (H3POs or HPO(OH),) — 469
Phosphinic or Hypophosphorous Acid (HsPO,) — 470
Phosphinous Acid (H;PO) and Hydroxophosphane (H,POH) — 470



XIV — Contents

10.12.2
10.12.3
10.12.4
10.12.5
10.12.6
10.13

10.14

10.14.1
10.14.2

11

111
1111
11.1.11
11.1.1.2
11.1.2
11.1.3
11.2
11.2.1
11.2.1.1
11.2.1.2
11.2.2
11.2.21
11.2.2.2
11.2.3
11.2.4
11.2.5
11.2.6
11.3
11.3.1
11.3.2
11.3.3
11.3.3.1
11.3.3.2
11.3.3.3
11.3.4
11.3.5
11.4
11.41
11.4.2
11.4.3
11.5

Condensed Phosphoric Acids — 470
Peroxophosphoric Acids — 472

Thiophosphoric Acids — 473

Halogeno- and Amidophosphoric Acids — 473

Oxo- and Thioacids of Arsenic and Their Salts — 473
Phosphorus(V) Nitrides and Nitridophosphates — 474
Phosphazenes — 476

Bonding Situation — 478

Polyphosphazenes — 479

Oxygen — 481

Elemental Oxygen — 481

Molecular Oxygen, 0, — 481

Singlet Dioxygen (*0,) — 483

Complexes with O, as a Ligand — 485

Atomic Oxygen — 490

Ozone, 03— 491

lonic and Covalent Oxygen Compounds — 497
Oxides — 497

lonic Oxides — 497

Covalent Oxides — 498

Peroxides — 500

lonic Peroxides — 500

Covalent Peroxides — 501

Superoxides — 502

Ozonides — 503

Dioxygenyl Compounds — 504

Bond Properties of the lons [0,]°*, [0,]° and [0,]>” — 505
Hydrides of Oxygen and Peroxo Compounds — 506
Introduction — 506

Water — 507

Hydrogen Peroxide, H,0, — 509

Preparation — 509

Properties and Structure of H,0, — 510
Reactions of H,0, — 511

Hydrogen Trioxide, H,05; — 513

Hydroxyl Radical, OH® — 514

Fluorides of Oxygen — 516

Introduction — 516

Oxygen Difluoride, OF, — 517

Dioxygen Difluoride, O,F, — 518

Bonding Situation in Oxygen Hydrides and Fluorides — 518



Contents =—— XV

12 Sulfur, Selenium and Tellurium — 521

121 Introduction — 521

12.2 Bonding Situations and Tendencies in Group 16 — 522
12.3 Preparation of the Elements — 525

12.31 Production of Sulfur — 525

12.3.2 Production and Uses of Selenium and Tellurium — 528
12.4 Allotropes of the Chalcogens — 529

12.4.1 Sulfur—529

12.4.1.1 Thermal Behavior of Sulfur — 530
12.4.1.2 Monotropic Sulfur Allotropes — 534

12.4.2 Allotropes of Selenium and Tellurium — 538
12.5 Homoatomic Chalcogen Cations — 541

12.6 Chain Growth and Degradation Reactions — 543
12.7 Chalcogen Hydrides — 545

12.7.1 Hydrides H,E (E = S, Se, Te) — 545

12.7.2 Polysulfanes, H,S, (n > 1) — 547

12.7.21 Synthesis of Polysulfanes — 548

12.8 Metal Chalcogenides — 549

12.8.1 Chalcogenides of Alkali Metals — 550

12.8.2 Polychalogenides — 551

12.8.3 Structures of Polychalcogenide Anions — 552
12.9 Organo Polysulfanes R,S,, — 554

12.10 Chalcogen Oxides — 555

12.10.1 Dioxides — 556

12.10.1.1  Selenium and Tellurium Oxides — 558

12.10.2 Trioxides — 559

12.10.2.1  Allotropes of SO —560

12.10.2.2  Reactions of Sulfur Trioxide — 561

12.10.2.3  Selenium Trioxide — 563

12.10.2.4  Tellurium Trioxide — 563

12.10.3 Lower Sulfur Oxides — 563

12.11 Oxo-, Thio- and Halo-Acids of the Chalcogens — 564

12.11.1 Introduction — 564

12.11.2 Sulfurous Acid, H,S0; — 566

12.11.3 Selenous Acid (H,Se0s) and Tellurous Acid (H,TeO3) — 569

12.11.4 Sulfuric Acid (H,S0,) and Polysulfuric Acids (H,S,03,.1) — 569

12.11.5 Selenic Acid (H,Se0,) and Telluric Acids [H,TeO, and
Te(OH)¢] — 571

12.11.6 Peroxosulfuric Acids (H,S0s, H,S,05) — 573

12.11.7 Halosulfuric Acids, HS,,03,X — 573

12.11.8 Thiosulfuric Acid (H,S,03) and Sulfane Disulfonic Acids
(H,S,04) — 574



XVl — Contents

12.11.9 Dithionic Acid, H,S,0, — 576

12.11.10 Dithionous Acid, H,S,0, — 577

12.11.11 Disulfane Dithionous Acid, H,S,0, — 578

12.12 Halides and Oxohalides of the Chalcogens — 578
12.121 Introduction — 578

12.12.2 Sulfur Halides — 580

12.12.2.1  Fluorides — 580

12.12.2.2  Lower Sulfur Fluorides — 582

12.12.2.3  Chlorides, Bromides and lodides — 583

12.12.3 Sulfur Oxohalides — 585

12.12.4 Selenium and Tellurium Halides — 587

12.12.4.1  Fluorides — 587

12.12.4.2  Selenium Chlorides and Bromides — 587
12.12.4.3  Tellurium Chlorides and Bromides — 588
12.12.4.4  Polymeric Tellurium Halides with Te-Te Bonds — 589
12.12.4.5 Halochalcogenate Anions — 590

12.12.4.6  Bonding in Selenium and Tellurium Halides — 591
12.13 Sulfur-Nitrogen Compounds — 591

13 The Halogens — 599

131 Introduction — 599

13.2 Elemental Fluorine, Chlorine, Bromine and lodine — 600
13.2.1 Halogen Molecules — 600
13.2.2 Halogen Atoms — 602

13.2.3 Reactivity — 602

13.3 Bonding Situations — 603
13.3.1 Halide lons — 603

13.3.2 Covalent Compounds — 604
13.3.3 Halonium lons — 605

13.3.4 Halogen Bonds — 606

13.4 Fluorine — 607

13.4.1 Preparation of Fluorine — 607
13.4.2 Properties of Fluorine — 609
13.4.3 Preparation of Fluorides — 610

13.4.4 Applications of Fluorine Compounds — 612

13.4.4.1 Liquid Hydrogen Fluoride — 612

13.4.4.2 Uranium Hexafluoride — 612

13.4.4.3 Fluoride Ate-Complexes — 612

13.4.4.4 Fluorinated Hydro- and Chlorocarbons — 613

13.4.4.5 Fluorinated Polymers — 613

13.4.4.6 Fluorine Compounds for Energy Storage and Conversion — 614
13.4.4.7 Fluorinated Compounds in Semiconductor Industry — 614



Contents =— XVII

13.4.4.8 Liquid Crystals — 615
13.4.4.9 Fluorinated Pharmacologically and Agrochemically Active
Substances — 615

13.4.5 Bonding Situation in Fluorides — 616

13.4.6 Stabilization of Low Oxidation States — 617
13.4.7 Stabilization of High Oxidation States — 619

13.5 Chlorine, Bromine and lodine — 620

13.5.1 Preparation and Properties of the Elements — 620

13.5.1.1 Chlorine— 620
13.5.1.2 Bromine — 623
13.5.1.3 lodine — 624

13.5.2 Halides — 625

13.5.2.1 Hydrogen Halides HCl, HBr and Hl — 625

13.5.3 Polyhalide lons — 627

13.5.4 Positive Halogen lons — 631

13.5.5 Interhalogen Compounds — 633

13.5.6 Oxygen Compounds of Chlorine, Bromine and lodine — 636

13.5.6.1 Oxides — 636

13.5.6.2 Chlorine Oxides — 637

13.5.6.3 Bromine Oxides — 640

13.5.6.4 lodine Oxides — 640

13.5.6.5 Oxoacids of the Halogens — 641
13.5.6.6 Oxoacids of Chlorine — 641
13.5.6.7 Oxoacids of Bromine — 645
13.5.6.8 Oxoacids of lodine — 645
13.5.6.9 Acid Halides — 646

13.5.6.10  Halogen Derivatives of Oxoacids of Other Nonmetals — 648
13.6 Pseudohalogens — 650

14 The Noble Gases — 653

14.1 Introduction — 653

14.2 Occurrence, Recovery and Applications — 654
14.3 Xenon Compounds — 656

14.3.1 Xenon Fluorides — 657

14.3.2 Reactivity of Xenon Fluorides — 658

14.3.2.1 Redox Reactions — 659
14.3.2.2 Fluoride Transfer Reactions — 659

14.3.3 Oxides and Oxosalts of Xenon — 661
14.3.4 Xenon Oxyfluorides — 663

14.3.5 Other Xenon Compounds — 664

14.4 Compounds of Other Noble Gases — 666

14.4.1 Argon — 666



XVl

14.4.2
14.4.3
14.5

14.6

14.6.1
14.6.2
14.6.3

= Contents

Krypton — 667

Radon — 667

Electronegativities of Noble Gases — 667

Bonding Situation in Noble Gas Compounds — 669

Diatomic Molecules and lons — 669

Polyatomic Molecules and lons — 669

Existence and Nonexistence of Noble Gas Compounds — 672

Index — 675



