
Contents

ABBREVIATIONS 

PART I

1. INTRODUCTION 3
The importance of the solid state 3
Structural formulae of inorganic compounds 11
Geometrical and topological limitations on the structures of

molecules and crystals 20
The complete structural chemistry of an element or compound 23

Structure in the solid state j. 24
Structural changes on melting 24
Structural changes in the liquid state 25
Structural changes on boiling or sublimation 26

A classification of crystals 27
Crystals consisting of infinite 3-dimensional complexes 29
Layer structures 30
Chain structures 33
Crystals containing finite complexes 36
Relations between crystal structures 36

2. SYMMETRY 38
Symmetry elements 38
Repeating patterns, unit cells, and lattices 38

One- and two-dimensional lattices; point groups 39
Three-dimensional lattices; space groups 42
Point groups; crystal systems 47
Equivalent positions in space groups 50
Examples of ‘anomalous’ symmetry 5 1

Isomerism 52
Structural (topological) isomerism 54
Geometrical isomerism 56
Optical activity 57

3. POLYHEDRA AND NETS 63
Introduction 63
The basic systems of connected points 65



viii Contents

Polyhedra 68
Coordination polyhedra: polyhedral domains 68
The regular solids 69
Semi-regular polyhedra 71
Polyhedra related to the pentagonal dodecahedron and

icosahedron 72
Some less-regular polyhedra 74
5-coordination 76
7- coordination 77
8- coordination 78
9- coordination 79
10- and 11-coordination 80

Plane nets 81
Derivation of plane nets 81
Configurations of plane nets 84

Three-dimensional nets 86
Derivation of 3D nets 86
Further characterization of 3D nets 90
Nets with polyhedral cavities 92
Interpenetrating nets 92

Polyhedral molecules and ions 93
Tetrahedral complexes 93
Octahedral molecules and ions 95
Cubic molecules and ions 96
Miscellaneous polyhedral complexes 96

Cyclic molecules and ions ^ 96
Infinite linear molecules ancMons 98
Crystal structures based on 3-connected nets 101

Types of structural unit 101
The plane hexagon net 102
Structures based on other plane 3-connected nets 109
Structures based on 3D 3-connected nets 110

Crystal structures based on 4-connected nets 116
Types of structural unit * 116
Structures based on the plane 4-gon net 118

Layers of type A. Layers of type AX. Layers of type AX2.
Layers of type AX4. 118-20

Structures based on the diamond net 120
AX2 structures. Structures based on systems of
interpenetrating diamond nets 124-7

Structures based on more complex 4-connected nets 129
More complex tetrahedral nets. Nets with planar and tetra­
hedral coordination. Nets with polyhedral cavities or tunnels. 130-3



viii Contents

Polyhedra 68
Coordination polyhedra: polyhedral domains 68
The regular solids 69
Semi-regular polyhedra 71
Polyhedra related to the pentagonal dodecahedron and

icosahedron 72
Some less-regular polyhedra 74
5-coordination 76
7- coordination 77
8- coordination 78
9- coordination 79
10- and 11-coordination 80

Plane nets 81
Derivation of plane nets 81
Configurations of plane nets 84

Three-dimensional nets 86
Derivation of 3D nets 86
Further characterization of 3D nets 90
Nets with polyhedral cavities 92
Interpenetrating nets 92

Polyhedral molecules and ions 93
Tetrahedral complexes 93
Octahedral molecules and ions 95
Cubic molecules and ions 96
Miscellaneous polyhedral complexes 96

Cyclic molecules and ions96 
Infinite linear molecules ancMons 98
Crystal structures based on 3-connected nets 101

Types of structural unit 101
The plane hexagon net 102
Structures based on other plane 3-connected nets 109
Structures based on 3D 3-connected nets 110

Crystal structures based on 4-connected nets 116
Types of structural unit ^ 116
Structures based on the plane 4-gon net 118

Layers of type A. Layers of type AX. Layers of type AX2.
Layers of type AX4. 118-20

Structures based on the diamond net 120
AX2 structures. Structures based on systems of
interpenetrating diamond nets 124-7

Structures based on more complex 4-connected nets 129
More complex tetrahedral nets. Nets with planar and tetra­
hedral coordination. Nets with polyhedral cavities or tunnels. 130-3



Contents ix

Space-filling arrangements of polyhedra 136
Space-fillings of regular and Archimedean solids 137
Space-fillings of dodecahedra and related polyhedra 139

4. SPHERE PACKINGS 141
Periodic packings of equal spheres 141

Simple cubic packing 141
The body-centred cubic packing 143
Tetragonal close packing 145
The closest packing of equal spheres 145

Icosahedral sphere packings. 146
Sphere packings based on closest-packed layers 148
Interstices between close-packed layers 151
Structures with some pairs of adjacent layers of type A 151
Hexagonal and cubic closest packing of equal spheres 154
More complex types of closest packing 156
Close-packed arrangements of atoms of two kinds 158

Close-packed structures with atoms in tetrahedral interstices 161
Close-packed structures with atoms in octahedral interstices 167

Some related MX2 , MMřX4, and M2 MfX6 structures 174
Close-packed structures with atoms in tetrahedral and octahedral

interstices 176
An alternative representation of close-packed structures 178
Structures built from close-packed AX3 layers 179

ABX3 structures 182
A3B2X9 structures 184
A2BX6 structures 186

5. TETRAHEDRAL AND OCTAHEDRAL STRUCTURES 187
Structures as assemblies of coordination polyhedra 187

Limitations on bond angles at shared X atoms 190
The maximum number of polyhedra with a common vertex 192

Tetrahedral structures 194
Vertex-sharing structures 194
Edge-sharing structures 19 8
Vertex- and edge-sharing structures 199

Octahedral structures 199
Some finite groups of octahedra 200
Infinite systems of linked octahedra 203
Vertex-sharing structures 205
Edge-sharing structures 211
Vertex- and edge-sharing structures 218
Face-sharing structures 229



x Contents

Vertex- and face-sharing structures 230
Edge- and face-sharing structures 232
Vertex-, edge-, and face-sharing structures 233

Structures built from tetrahedra and octahedra 233

6. SOME SIMPLE XXn STRUCTURES 238
The sodium chloride structure 238
The caesium chloride structure 245
The rutile structure 247

Compounds ABX4 , A2BX6 , etc. with rutile-like structures 250
The fluorite (AX2 ) and antifluorite (A2X) structures 252

Addition of anions to the fluorite structure: the Fe3Al structure 254
Defect fluorite structures 256
The pyrochlore structure 258

The Cdl2 and related structures 258
MX2 and M2X structures 260
Anions or cations of more than one kind in each MX2 layer 261
Replacement of cations to4form charged layers 262
Replacement of some OH in M(OH)2 layer by О atoms of

oxy-ions 262
Attachment of additional metal atoms to the surface of a layer 263

The Re03 and related structures 265
Structures with similar analytical descriptions 269

The PbO and PH4I stiuctures 269
The LiNi02 , NaHF2 , and CsICl2 structures 270
The CrB, yellow Til (B 33), and related structures 272

The PbCl2 structure 21Ъ
The PdS2 , AgF2 , and ß-Hg02 structures and their relation to the

pyrites structure 275
Relations between the structures of some nitrides and oxy-compounds 277
Superstructures and other related structures 279

7. BONDS IN MOLECULES AND CRYSTALS 283
Introduction 283
The lengths of covalent bonds 287
The shapes of simple molecules and ions of non-transition elements 291

Linear 16-electron molecules and ions 294
Triangular arrangement of 3 electron pairs 295

The 18-electron group. The 24-electron group. 295
Tetrahedral arrangement of 4 electron pairs 296

The 20-electron group. The 26-electron group. The 32- 
electron group. 296-7



Contents xi

Trigonal bipyramidal arrangement of 5 electron pairs 297
The 22-electron group. The 28-electron group. The 34- 
electron group. The 40-electron group 298

Octahedral arrangement of 6 electron pairs 298
The 36-electron group. The 42-electron group. The 48- 
electron group. 298-9

The arrangement of 7 and 9 electron pairs 299
The 10-14 electron groups 300
Odd-electron systems AX2 and their dimers X2A—AX2 301

The van der Waals bond 303
Metal-metal bonding 304

I. Molecules (ions) containing directly bonded metal atoms
without bridging ligands 305

II. Molecules (ions) containing directly bonded metal atoms
and bridging ligands 309

III. Crystals containing finite, 1-, or 2-dimensional complexes
bonded through metal-metal bonds 311

The ionic bond 312
Ionic radii 312
Radius ratio and shape of coordination group 315
Environment of anions 318
Limitations on coordination numbers 319
Ligand field theory 321

Preference for tetrahedral or octahedral coordination.
Distorted coordination groups 322-4

The structures of complex ionic crystals 325
The structures and stabilities of anhydrous oxy-salts Mm(XOn)p 327

PART II

The periodic table of the elements 341

8. HYDROGEN: THE NOBLE GASES 342
HYDROGEN 342
Introductory 342
Hydrides 343

Molecular hydrides 343
Salt-like hydrides 344
Transition-metal hydrides 346

The 4f and 5f hydrides. Hydrides of the 3d, 4d, and 
5d metals 348-9



xii Contents

Ternary hydrides 351
Hydrido complexes of transition metals 353

The hydrogen bond 355
The properties of hydrogen bonds 356
Bond energies and lengths 357
Position of the H atom 358
F—H—F bonds. O—H—О bonds. 359

The hydrogen bond in crystals 360
Hydrides 361
Normal fluorides 362
Bifluorides (acid fluorides), MHF2 364
Other fluorides MH^F^+j 365
Other ions (X—H—X)~ 366

Acids and acid salts 367
Acids 367
Acid salts 368
The structures of acid salts and crystalline oxy-acids 369

H:XOw ratio 1:2. H:XOw ratio 2:3. H:XOw ratio 1:1.
H’XO„ ratio 3:2. H:XO„ ratio 2:1. H:XO„ ratio 3:1 369-75

COMPOUNDS OF THE NOBLE GASES 376
Fluorides of xenon 376
Fluoro-cations 378
Xenon anions 380
Oxides and oxy-ions 380
Oxyfluorides and KXe03F 381
Compounds of кг^Цоп 382

9. THE HALOGENS-SIMPLE HALIDES 384
Introduction 384
The stereochemistry of chlorine, bromine, and iodine 387
The structures of the elements 387
Interhalogen compounds ^ 389

The structures of interhalogen molecules 389
Molecules XX3. Molecules ХХ5\ Molecules XX7. 390-2

Halogen and interhalogen cations 392
Ions X2. Ions X3. Ions l4+ and I5. Ions XX2+. Ions XFj.
Ions XFe. 392-4

Poly halides 394
The structures of polyhalide anions 395
Polyiodide ions 396

Hydrogen halides and ions HX2, H2X3, etc. 399
Metal hydride halides 400



Contents xiii

Oxy-compounds of the halogens 400
Oxides 400
Oxyfluorides and oxyfluoride ions 401
Oxy-cations 402
Oxy-acids and oxy-anions 403

Acids HOX. Acids HX02 and their salts. Acids HX03 and 
their salts. Acids HX04 and their salts. Periodates containing 
octahedrally coordinated iodine. 403-5

Halides of metals 407
The structures of crystalline halides MXW 408

Monohalides 410
Alkali halides. Cuprous halides. Argentous halides. Aurous 
halides. Subgroup IIIB monohalides 410-11

Dihalides 412
Tetrahedral structures. Octahedral structures (Mg and the 3d 
metals). Dihalides of second and third series transition metals.
Dihalides of alkaline-earths, Cd, Pb, 4f, and 5f elements. В sub­
group dihalides 412-16

Trihalides 417
Octahedral MX3 structures. Structures of higher coordination.
A number of structures peculiar to certain В subgroup 
halides 417-23

Tetrahalides 424
Pentahalides 427
Hexahalides 429
Heptahalides 429

Polynuclear complexes containing metal-metal bonds 429
Binuclear halide complexes formed by Mo, Tc, and Re 429
Trinuclear halide complexes of Re 431
Halide complexes of Nb, Ta, Mo, W, Pd, and Pt containing

metal ‘clusters’ 432
Sub-halides of elements of Groups III A and IVA 437

Metal halides in the fused and vapour states 440

10. COMPLEX, OXY-, AND HYDROXY-HALIDES 445
Complex halides 445

Halides ABX2 449
Halides AWBX3 450
Halides Am BX4 451
Halides AwBX5 453
Halides AmBX6 454

ABX6 structures. A2BX6 structures. The cryolite family 
of structures for compounds A3BX6 or A2(B'b”)X6.
Halides A4BX6. 457-62



xiv Contents

Halides AmBX7 463
Halides Am BX8 463
Complex halides containing finite polynuclear complex ions 464
Complex halides containing complex anions of more than

one kind 466
Miscellaneous complex halides 467
Complex chlorides CSMCI3, CS2MCI4 , and CS3MCIS formed

by 3d metals 467
Complex fluorides of Al and Fe 468
Some complex fluorides of group IVA and VA elements 470

Metal nitride halides and related compounds 475
Thiohalides 476
Oxy halides 477

Oxyhalide ions 478
The structures of metal oxyhalides 480
Ionic oxyfluorides 480

Superstructures of fluorite 482
Oxyhalides of transition metals in high oxidation states 483
Oxyhalides MOCI, MOBr, and MOI 485
Other oxyhalide structures 488

Hydroxyhalides 489
Hydroxyhalides MX(OH) 489
Hydroxyhalides М2Х(ОН)з 489
Other hydroxyhalides 491
Hydrated hydroxy chlorides 491

Amminohalides 492

11. OXYGEN 494
The stereochemistry of oxygeft 494
Differences between oxygen and sulphur 495
Simple molecules and ions 498

The oxygen molecule and dioxygenyl ion 498
Ozone and ozonides 499
Peroxides, superoxides, and sesquioxides 499
Molecules О R2 500
Hydrogen peroxide 501
Oxygen fluorides 502
Per-acids of non-metals 503
Peroxo- and superoxo-derivatives of metals 504
Metal oxo-ions and molecules 507
Metal oxo-compounds containing M—О—M bridges 508

Oxy-ions 510
Types of complex oxy-ion 512



Contents XV

Mononuclear ions. Finite polynuclear ions. Infinite poly­
nuclear oxy-ions 512-13

Isopoly ions 514
Ions of V, Nb, and Та 514
Ions of Mo and W 515

The ions (Mo6Oi9)2' and (W6019)2-. The ion M07O24.
The ions Mo8C>26 and H2Mo8Of8. The ion W10O32.
Molybdic and tungstic acids. The paratungstate and 
metatungstate ions 517-19

Heteropoly ions 520
Tetrahedral coordination of hetero-atom 521

The PW120|ô ion. The РМо9034Нб_ and Р2Мо18Об2 ions.
The H2AsW1806Ô ion. 521-5

Octahedral coordination of hetero-atom 525
The ions TeMo6024. The MnMo9032 ion. The MnNb^Os!” 
ion. The H4C02Mo 10O38 ion. 525-7

Antiprismatic coordination of hetero atom 528
The CeWjoO^Hf ion. The [U(GeWn039)2] 12"ion. 528

Icosahedral coordination of hetero atom 528
The H6CeMo12042 ion. 528

Heteropoly ions containing Mo and V (or P) 528

12. BINARY METAL OXIDES 531
Introduction 531
The structures of binary oxides 533

Suboxides of Rb and Cs 534
Oxides M30 536
Oxides M20 537
Oxides MO 537
Oxides MO2 540
Oxides M03 543
Oxides MO4 543
Oxides M203 543
Oxides M2O5 547
Oxides M2O7 549
Oxides M304 550

The oxides of iron 551
The oxides of aluminium 552
The oxides of manganese 553

Framework structures 555
Layer structures 556

The oxides of lead 556
Lead monoxide, PbO 557



xvi Contents

Red lead, РЬз04 558
Lead sesquioxide, РЬ2Оз 558
Lead dioxide, Pb02 559
Some complex oxides of Pb(IV) 559

The oxygen chemistry of some transition elements 560
The oxides of titanium 562
The oxygen chemistry of vanadium 565

Lower oxides. Vanadium pentoxide and vanadates. Vanadium 
oxyhydroxides 565-9

The oxides of molybdenum and tungsten 569
Dioxides and trioxides. Intermediate oxides 572

13. COMPLEX OXIDES 575
Introduction 575
Oxides AB02 575
Oxides ABO3 577

Structures based on close-packed AO3 layers 580
The perovskite structure 584

Superstructures of perovskite 584
Oxides ABO4 589

The wolframite structure 591
The scheelite and fergusonite structures 592

Oxides AB204 592
The normal and ‘inverse’ spinel structures 593
Spinel superstructlfees 596
‘Ferrites’ etc. with structures related to spinel 597
The CaFe204, CaTi204 , and related structures 600
The K2NiF4 sttucture 602

Further complex oxide structures 603
The pseudobrookite structure, A2BOs 603
Oxides AB206 603
The pyrochlore structure, A2B207 604
Layer structures AmB2X7 related to peròvskite 605
The garnet structure 605
Miscellaneous complex oxides 606

Complex oxides containing Ti, V, Nb, Mo, or W 608
Bronzes and related compounds 612

Tungsten bronzes 613
The tetragonal bronze structure 615
Molybdenum bronzes 617
Vanadium bronzes 618

Complex oxides built of octahedral A06 and tetrahedral B04 groups 619



Contents x vii

14. METAL HYDROXIDES, OXYHYDROXIDES, AND
HYDROXY-SALTS 626
Metal hydroxides 626

The structures of hydroxides M(04)n 628
Hydroxides MOH, M(OH)2, and M(OH)3 with no hydrogen 
bonding. Hydroxides M(OH)2 and M(OH)3 with hydrogen 
bonds. 629-37

Complex hydroxides 637
Oxyhydroxides 638

The YO.OH structure 638
The InO.OH structure 639
The a-MO.OH structure 639
The 7-MO.OH structure 641
The a-CrO.OH (HCr02 ) structure 642

Hydroxy (basic) salts 643
The crystal structures of basic salts 644
Finite hydroxy-metal complexes 645
1- dimensional hydroxy-metal complexes 647
2- dimensional hydroxy-metal complexes 649

15. WATER AND HYDRATES 653
The structures of ice and water 653

Ice 653
Proton positions in ice polymorphs. 655

Water 656
Aqueous solutions 658

Hydrates 659
Clathrate hydrates 660
Polyhedral frameworks 661
Hydrates of oxy-salts, hydroxides, and halides 666
Hydrates of Class A: z/xn >1 673
Hydrates of Class B: 1 > z/jc«> Vi 675
Hydrates of Class C: z/xn < Vi 681

Hydrates of 3d halides. Hydrates of complex halides. Hydrates 
of CaCl2. Hydrates of Ca oxy-salts. Hydrates of vanadyl 
sulphate. 686-9

Hydrated acids and acid salts 690
The location of H atoms of hydrogen bonds; residual entropy 695
Ammines and hydrates 696

Oxy-salts. Halides 696

16. SULPHUR, SELENIUM, AND TELLURIUM 698
The stereochemistry of sulphur 698



x viii Contents

Elementary sulphur, selenium, and tellurium 698
Sulphur 700
Selenium 702
Tellurium 703

Cyclic and polyhedral S, Se, and Те cations 703
Molecules SR2 , SeR2, and TeR2 : cyclic molecules 704
The halides of sulphur, selenium, and tellurium 705

Halides SX2 etc. 707
Halides S2X2 etc. 708
Halides SX4 etc.; molecules R2SeX2 and R2TeX2 708
Hexahalides 710
Disulphur decafluoride, S2F10 711

Oxyhalides of S, Se, and Те 711
The oxides of S, Se, and Те 713

Disulphur monoxide, S20 713
Sulphur monoxide, SO 713
Disulphur dioxide, S202 713
Sulphur dioxide, S02 713
Selenium dioxide, Se02 714
Tellurium dioxide, Te02 715
Sulphur trioxide, S03 716
Selenium trioxide, Se03 717
Tellurium trioxide, Te03 717
The oxides Te2Os, Te409, and the oxyhydroxide Te204(0H)2 717

Oxy-ions and molecules formed by S, Se, and Те 718
Pyramidal ions afcd molecules 719ч
Tetrahedral ions and molecules 720
The pyrosulphate and related ions 724
Dithionites 726
Disulphites (‘metabisulphites’), diselenites, and ditellurites 726

The stereochemistry of molecules and ions containing Sn chains 727
Molecules S2R2 and S3R2 730
Polysulphides 730
Thionates and molecules of the type S^(S02R)2 732

The structural chemistry of selenium and tellurium 735
Se(VI) and Te(VI) 735

Valence group (12). 735
Se(IV) and Te(lV) 739

Valence group (2,6). Valence group (2,8). Valence group 
(2,10). Valence group (2,12). 739-46

Se(II) and Te(II) 746
Valence groups (4,6) and (4,8). 746



Contents xix

17. METAL SULPHIDES AND OXYSULPHIDES 748
The structures of binary metal sulphides 748

Introduction 748
Sulphides M2S 750
Monosulphides 751

Monosulphides of transition metals. The nickel arsenide 
structure. The PtS (cooperite) structure 751-5

Disulphides 756
Intercalation complexes 758
The pyrites and marcasite structures 758
Sulphides M2S3 and M3S4 762

Class (i): M2S3 structures with 3-coordination of M.
Class (ii): structures with close-packed S. Class (iii): 
structures with higher coordination of M. 763-7

The sulphides of indium 767
The sulphides of chromium 768
The sulphides of vanadium, niobium, and tantalum 770
The sulphides of titanium 772

Complex sulphides and thio-salts 773
Thio-salts 775
Infinitely adaptive structures 778
Sulphides structurally related to zinc-blende or wurtzite 778
Complex sulphides containing metal clusters 784

Oxysulphides 786

18. NITROGEN 788
Introduction 788
The stereochemistry of nitrogen 788
Nitrogen forming four tetrahedral bonds 791

Ammonium and related ions 792
Nitrogen forming three pyramidal bonds 793

Ammonia and related compounds 793
Amides, imides, and nitride hydrides. 796

Hydroxylamine 797
Sulphonate ions derived from NH3 and NH2OH 797
The trihalides of nitrogen 799
Hydrates of ammonia 800
Ammines 800

Molecules containing the system ^N—N^ 801
Hydrazine, N3H2 801
Dinitrogen tetrafluoride, N2F4 802

Nitrogen forming two bonds =N 802
Di-imide (N2H2) and difluorodiazine (N2F2) 804



XX Contents

Compounds containing the system [N • • • N • • -N] 805
Azides 805

The oxygen chemistry of nitrogen 807
Oxides 807

Nitrous oxide, N20. Nitric oxide, NO. Nitrogen dioxide, N02 
Dinitrogen trioxide, N203 . Dinitrogen tetroxide, N204 .
Dinitrogen pentoxide, N2Os 808-10

Nitrosyl compounds: NO+ ion 811
Nitroso compounds 812
Nitrosyl derivatives of metals 812
Nitryl halides and nitronium compounds 815
Oxyhalogen ions 816
Acids and oxy-ions 816

Nitrous acid. Metal nitrites and nitrito compounds. Organic 
nitro compounds. Hyponitrous acid. Oxyhyponitrite ion. 
Peroxynitrite ion. Nitric acid and nitrate ion. Metal nitrites
and nitrato complexes. Covalent nitrates 816-27

The sulphides of nitrogen and related compounds 827
Nitrides 832

Ionic nitrides 832
Covalent nitrides 834
Nitrides of transition metals 835

19. PHOSPHORUS
The stereochemistry of phosphorus 
Elementary phosphorus 
Phosphides of metals

Polyphosphanes and related compounds 
The structures of simple molecules 

Molecules PX3
HCP and the PH2 ion ч*
Hydrides and molecules P2X4 and P3X5 
Phosphoryl and thiophosphoryl halides 
Other tetrahedral molecules and ions 
Phosphorus pentahalides, PX4 and PXg ions 
Molecules PRs, PRs—^X^, and mixed halides 

The oxides and oxysulphide 
Phosphorus trioxide 
Phosphorus pentoxide 
P(III)P(V) oxides 
Phosphorus oxysulphide
Molecules of the same geometrical type as Р4Ою

838
838
838
840
845
845
845
846
847
848
850
851 
851 
853 
853 
853 
855 
855 
855



XX Contents

Compounds containing the system [N • • • N • • -N]
Azides

The oxygen chemistry of nitrogen 
Oxides

Nitrous oxide, N20. Nitric oxide, NO. Nitrogen dioxide, N02 
Dinitrogen trioxide, N203 . Dinitrogen tetroxide, N204. 
Dinitrogen pentoxide, N205 

Nitrosyl compounds: NO+ ion 
Nitroso compounds 
Nitrosyl derivatives of metals 
Nitryl halides and nitronium compounds 
Oxyhalogen ions 
Acids and oxy-ions

Nitrous acid. Metal nitrites and nitrito compounds. Organic 
nitro compounds. Hyponitrous acid. Oxyhyponitrite ion. 
Peroxynitrite ion. Nitric acid and nitrate ion. Metal nitrites 
and nitrato complexes. Covalent nitrates 

The sulphides of nitrogen and related compounds 
Nitrides

Ionic nitrides
Covalent nitrides
Nitrides of transition metals

19. PHOSPHORUS
The stereochemistry of phosphorus 
Elementary phosphorus 
Phosphides of metals

Polyphosphanes and related compounds 
The structures of simple molecules 

Molecules PX3
HCP and the PH2 ion 4
Hydrides and molecules P2X4 and P3X5 
Phosphoryl and thiophosphoryl halides 
Other tetrahedral molecules and ions 
Phosphorus pentahalides, PXj and PX^ ions 
Molecules PR5, ?К5-пХп, and mixed halides 

The oxides and oxysulphide 
Phosphorus trioxide 
Phosphorus pentoxide 
P(III)P(V) oxides 
Phosphorus oxysulphide
Molecules of the same geometrical type as P4O10

805
805
807
807

808-10
811
812
812
815
816 
816

816-27
827
832
832
834
835

838
838
838
840
845
845
845
846
847
848
850
851 
851 
853 
853 
853 
855 
855 
855



Contents xxi

The oxy-acids of phosphorus and their salts 856
Orthophosphorous acid 857
Hypophosphorous acid 857
Hypophosphoric acid 857
Diphosphorous acid 858
Isohypophosphoric acid 858
Phosphoric acid and phosphates 859
Orthophosphoric acid and orthophosphates 859
Pyrophosphates—diphosphates 859
Linear polyphosphates 860
Poly ions containing P and Cr 861
Metaphosphates 862
Mono- and di-fluorophosphoric acids 863
Phosphoramidates and amidothiophosphates 864
Phosphorothioates 865
Other substituted phosphoric acids, etc. 865

Thiophosphates and related compounds 867
Phosphorus sulphides 867
Phosphorus thiohalides 869
Cyclic phosphorus compounds 870

Compounds containing Vn rings 870
Compounds containing systems of bonded N and P atoms 870

20. ARSENIC, ANTIMONY, AND BISMUTH 876
Elementary arsenic, antimony, and bismuth 876
The structural chemistry of As, Sb, and Bi 876

Molecules MX3 : valence group (2,6) 878
Tetrahedral ions MXj: valence group (8) 879
Ions MX4: valence group (2, 8) 880
Pentahalides and molecules MX5 : valence group (10) 880
Formation of square pyramidal bonds by Sb(III) and Bi (III):

valence group 2, 10 881
Formation of octahedral bonds by As(V), Sb(V), and Bi(V):

valence group 2, 12 883
The crystalline trihalides of As, Sb, and Bi 884
Complex halides of trivalent Sb and Bi 884

The oxygen chemistry of trivalent As, Sb, and Bi 888
The trioxides of As, Sb, and Bi 889
Sulphates of Sb(III) 891
Meta-arsenites 893
Complex oxides of trivalent As and Sb 893
Complex oxides of trivalent Bi 894

The systems Ca(Sr, Ba, Cd, Pb)0—BÍ2O3. 894



xxii Contents

The oxyhalides of trivalent Sb 894
Oxyfluorides of Bi 897
Complex oxyhalides of Bi with Li, Na, Ca, Sr, Ba, Cd, and Pb 897
Oxides M(III)M(V)04 899

The oxygen chemistry of pentavalent arsenic and antimony 900
The oxy-compounds of pentavalent As 900
The oxy-compounds of pentavalent Sb 902

Salts containing Sb(OH)6 ions. Complex oxides based 
on Sb06 coordination groups. 903-4

The sulphides of arsenic, antimony, and bismuth 907
Thio-ions of As and Sb: cacodyl disulphide 909

21. CARBON 
Introduction
The stereochemistry of carbon 
The tetrahedral carbon atom

Diamond: saturated organic compounds 
Carbon fluorides (fluorocarbons)

Carbon forming three bondsy'
Bond arrangement =C^

Carbonyl halides and thiocarbonyl halides. Carboxylic acids 
and related compounds 

Bond arrangement —C^
Carboxylate ions* Carbamate ion. Benzene 

Bond arrangement —tX
Carbonate ion. Triazidocarbonium ion. Tricyanomethanide 
ion. Urea. Graphite 

Derivatives of graphite
Graphitic oxide. Graphitic ‘salts’. Carbon monofluoride. 
Compounds of graphite with alkali metals and bromine. 
Graphite complexes with halides.

The oxides and sulphides of carbon *
Carbon monoxide
Carbon dioxide and disulphide: carbonyl sulphide 
Carbon suboxide 

Acetylene and derivatives 
Cyanogen and related compounds 

Cyanogen
HCN: cyanides and isocyanides of non-metals 
Cyanogen halides 
Cyanamide, H2N.CN 
Dicyandiamide, NCNC(NH2)2 
Cyanuric compounds

911
911
911
913
913
915
915
917

917-18
920
920
920

920-2
923

923-5
925
925
925
927
928 
928
928
929
930
931 
931 
931



Contents xxiii

Isocyanic acid and isocyanates 933
Isothiocyanic acid, thiocyanates, and isothiocyanates 934
Metal thiocyanates and isothiocyanates 935

Ionic thiocyanates. Covalent thiocyanates and isothio­
cyanates. Thiocyanates containing bridging —S—C—N— 
groups. 935-6

22. METAL CYANIDES, CARBIDES, CARBONYLS, AND ALKYLS 938
Metal cyanides 938

Simple ionic cyanides 938
Covalent cyanides containing —CN 941
Covalent cyanides containing —CN— 942
Prussian blue and related compounds 943
Miscellaneous cyanide and isocyanide complexes 946

Metal carbides 947
Metal carbonyls 953

Preparation and properties 953
The structures of carbonyls and related compounds 957

Carbonyls М(СО)л. Carbonyls M2(CO)w. Carbonyls М3(СО)л. 
Carbonyls M4(CO)w. Carbonyls MsiCO)^. Carbonyls 
M6(CO)„. 959-63

Carbonyls containing larger metal clusters 964
Carbonyl hydrides 966
Carbonyl halides 966
Nitrosyl carbonyls 967
Mixed metal carbonyls 968
Miscellaneous carbonyl derivatives of metals 968

Compounds of metals with hydrocarbons 971
Acetylene complexes 971
Cyclopentadienyl complexes
Complexes containing benzene or cyclooctatetraene 977

Metal alkyls 978
Alkyls of В subgroup metals 979
Alkyls of groups I and II metals and Al 979

23. SILICON 982
Introduction 982
The stereochemistry of silicon, 984
Elementary silicon and carborundum 985
Silicides 987
Silanes 992
Silicon halides 993
Oxyhalides and thiohalides 994



xxiv Contents

Cyclic silthianes
Some silicon-nitrogen compounds 
Organo-silicon compounds and silicon polymers

Substituted chlorosilanes, silanols, and siloxanes 
The structures of silanols and siloxanes

Silanols. Disiloxanes. Cyclic polysiloxanes 
Silicone chemistry 

The crystalline forms of silica 
Stuffed silica structures 

Silicates
Hydroxy-silicates
The classification of silicate structures 
Orthosilicates

The garnets. Portland cement.
Silicates containing SÍ2O7- ions 
Silicates containing cyclic (Si03)^w” ions 
Silicates containing chain ions 
Silicates with layer structures 

Clay minerals
Silicates with framework structures 

Felspars. Zeolites, Ultramarines

995
996
997
998 

1000 
1000 
1001 
1004 
1008
1009
1010 
1011 
1015

1015-17
1019
1021
1022
1024
1031
1032 

1033-42

24. BORON 1045
Introduction 1045
The stereochemistry of boron 1047
Elementary boron and related borides 1049
Metal borides and borocarbides 1052
Lower halides and dibo#on compounds 1058

Halides B2X4 % 1058
Subhalides В^Хл 1059

Boron-riitrogen compounds 1060
Boron nitride 1060
Boron-nitrogen analogues of carbon compounds 1061
Boron-nitrogen compounds related to boranes 1063

‘Ammoniates’ of boranes. Aminodiboranes. 1064
The oxygen chemistry of boron * 1065

Boron trioxide 1066
Orthoboric acid and orthoborates 1067
Pyroborates 1068
Metaboric acid and metaborates 1068
Hydroxyborates and anhydrous polyborates 1072
Other borate structures containing tetrahedrally coordinated

boron 1078



Contents XXV

The lengths of В—О bonds 1080
Cyclic H2B2O3 , boroxine, H3B3O3 , and boranocarbonates 1080

Boranes and related compounds 1081
Preparation and properties 1081
The molecular structures of the boranes 1085

Diborane, B2H6 . Tetraborane ( 10), В4НЮ. Pentaborane (9),
BsH9. Pentaborane (11), ВзНц . Hexaborane (10), B6H10.
Octaborane (12), B8H12 . Enneaborane (15), BgH^ . Deca- 
borane (14), БюН^. Decaborane (16), B10H16. Boranes 
B16H20 > B18H22 , and B20H16 . 1086-9

Borohydride ions and carboranes 1090
The BH4 ion. The B3H8 ion. Metal derivatives of car­
boranes. 1090-3

25. COPPER, SILVER, AND GOLD 1097
Valence states 1097
Superionic conductors 1100
Compounds of Cu(III) and Cu(IV) 1101
Higher oxidation states of Ag 1102
The structural chemistry of Cu(I), Ag(I), and Au(I) 1103

The formation of two collinear bonds by Cu(I), Ag(I),
and Au(I) 1104

The formation of four tetrahedral bonds by Cu(I) and Ag(I) 1107
The formation of three bonds by Cu(I), Ag(I), and Au(l) 1112

Salts containing Cu(I) and Cu(II) 1116
The structural chemistry of cupric compounds 1117

The formation of 4, (4 + 1 ), or (4 + 2) bonds 1119
Structures of chelate cupric compounds 1123
The structures of oxy-salts 1127
The formation of trigonal bipyramidal bonds by Cu(II) 1132
Octahedral complexes 1133
Cupric halides—simple and complex 1135
Cupric hydroxy-salts 1141

The sulphides of copper 1142
The structural chemistry of Au(III) 1145

26. THE ELEMENTS OF SUBGROUPS IIB, IIIB, AND IVB 1149
Introduction 1149

Ga+, In+, and Tf 1149
Ge2+, Sn2+, and Pb2+ 1151

The structural chemistry of zinc 1151
5-covalent zinc 1153
Coordination compounds with tetrahedral or octahedral Zn

bonds 1155



XX vi Contents

The structural chemistry of mercury 1156
Mercury cations 1156
Mercurous compounds 1157
Mercuric compounds 1158

Mercuric halides-simple and complex. Oxychlorides and 
related compounds. Mercuric oxide and sulphide. Mercury- 
nitrogen compounds 1161-6

The structural chemistry of gallium and indium 1169
The structural chemistry of thallium 1170
The structural chemistry of germanium 1173
The structural chemistry of tin and lead 1175

Stannic and plumbic compounds 1176
Tetrahedral coordination. Trigonal bipyramidal coordination. 
Octahedral coordination 7- and 8-coordinated Sn(IV);
8-coordinated Pb(IV) 1176-9

Structures of some thiostannates 1180
Stannous and plumbous compounds 1182

27. GROUP VIII AND OTHER TRANSITION METALS 1190
Introduction 1190
The stereochemistry of Ti(IV ) in some finite complexes 1193
The stereochemistry of V in some coordination complexes 1194
The structural chemistry of Cr(IV), Cr(V), and Cr(VI) 1197

Compounds of ) 1197
Compounds of Cr(vy 1198
Compounds of Cr(VI) 1198
Compounds containing Cr in two oxidation states 1199

Higher coordination numbers of metals in finite complexes 1199
The structural chemistry of iron 1202
The structural chemistry of cobalt 1207

The stereochemistry of Co(II)—d7 1208
Co(II) forming 4 bonds. Co(II) forming 5 bonds. Co(II) 
forming 6 bonds. Co(II) forming 8 bonds. 1209-13

Co(III) forming 6 octahedral bonds: cobaltammines 1214
The isomerism of cobaltammines. The structures of

cobaltammines. 1215-19
The structural chemistry of nickel 1220

The stereochemistry of Ni(II)—d8 1220
Ni(II) forming 4 coplanar bonds. Ni(II) forming 4 tetrahedral 
bonds. Ni(II) forming 5 bonds. Ni(II) forming 6 octahedral 
bonds. 1223-9

Other oxidation states of Ni 1231
The structural chemistry of Pd and Pt 1232

Planar complexes of Pd(II) and Pt(II) 1232



Contents xxvii

Pd(II) compounds 1232
Compounds of Pt(II) 1234
Bridged compounds of Pd and Pt 1236
Some highly-coloured compounds of Pt 1238
Pd(II) and Pt(II) forming 5 bonds 1239
Pd(II) and Pt(ll) forming 6 octahedral bonds 1240
Octahedral coordination of Pt(IV): trimethyl platinum

chloride and related compounds 1241
Olefine compounds 1244

28. THE LANTHANIDES AND ACTINIDES 1248
The crystal chemistry of the lanthanides (rare-earths) 1248

Trivalent lanthanides 1248
Tetravalent lanthanides 1249
Divalent lanthanides 1249

The actinides 1250
Introduction 1250
The crystal chemistry of thorium 1252
The crystal chemistry of protoactinium 1253
The crystal chemistry of uranium 1254

Halides of uranium. Pentagonal bipyramidal coordination 
of U in oxyhalides and oxyhalide ions. Complex fluorides 
of 5f elements. Oxides of uranium. Uranyl compounds.
Uranates and complex oxides of uranium. 1254-70

Nitrides and related compounds of Th and U; the Ьа20з and
Ce202S structures 1271

Sulphides of U, Th, and Ce 1272

29. METALS AND ALLOYS 1274
The structures of the elements 1274

The noble gases 1275
Non-metals and the later В subgroup elements 1276
Aluminium, the elements of subgroups IIB and IIIB, Sn, and Pb 1277 
The transition elements and those of subgroup IB 1280

Manganese. Tungsten. The 4f metals. The 5f metals. 1282-4
The typical and A subgroup elements of groups I and II 1285

Interatomic distances in metals: metallic radii 1286
Theories of metallic bonding 1290
Solid solutions 1293
Order-disorder phenomena and superstructures 1295

/3-Brass 1297
Alloys X3Y 1297

The structures of alloys 1300
The NaTl and related structures 1300



XX viii Contents

The BaCu, CaCu5 , XYn , and XY13 structures 1302
Transition metal о phases and Laves phases 1304
Electron compounds 1310
Some aluminium-rich alloys A2Bi 1312
Systems AiB2 1314
Phases A2B2 with the nickel arsenide structure 1315
Some bismuth-rich alloys A2B2 1316
Systems BB 1317
The formulae of alloys 1318

Interstitial carbides and nitrides 1319
Iron and steel 1323

FORMULA INDEX 1327

SUBJECT INDEX 1375


