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Landé formula 120
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for hydrogen molecule 169–70

notation, angular momentum 83
nuclear charge

effective 172
in hydrogen molecule 140

nuclear g-factor 408
nuclear magnetic resonance (NMR) imaging,

medical applications 267
nuclear magnetic resonance (NMR)

spectroscopy 261–87
A2 spectrum 275–6
A3 spectrum 285–7
ABX spectrum 285
AX spectrum 274–5
chemical shift 267–70

delta (δ) scale 268–70
shielding constant 270
standard used 269

early discoveries 261
equivalent nuclei 280–7
experimental aspects 240, 270
first order spectra 274–5
free induction decay 278
frequency region 264
intensities of NMR spectral lines 276–7
interactions studied 261
magnetic dipole interaction energy 234
and quantum mechanics 277–8
relaxation processes 276
second order spectra 275–6
signal saturation 276
timescales 246, 246

nuclear magneton 401
nuclear spin angular momentum quantum

number(s) 83
boron isotopes 84

nuclear spin–spin coupling 270–3
nuclear spin system, energy levels 273–6
Nyholm, R.S. 164

observables 38
observation of natural phenomena 1–2

prediction based on 2
octahedral complex

angular integrals listed for 186
Brillouin functions for single d electron

371, 372
octahedral crystal field

calculation of matrix elements 182–7
results 186–7

octahedral MH6 molecule (hypothetical) 200
atomic orbital overlap in 201

molecular orbital energy-level scheme
202

molecular orbital theory applied 200–2
octahedral species 166–7
octahedral symmetry, d-electron energy levels

188
one-dimensional box

electron in
acceptable eigenfunctions 47–8
boundary conditions 48
Hamiltonian operator for 46–7
linear momentum 49–50

particle in 421–2
perturbation theory applied 422–4

one-dimensional model
in band theory 381–6
see also electron in linear box

one-electron atoms 104–5
selection rules for dipolar radiation 115
see also hydrogen atom

one-electron energies, excited states of helium
atom 335–6

operands, meaning of term 33
operators 33–4, 39

angular momentum operator 50, 60
commutation/non-commutation of 34,

57–8, 68
eigenfunctions of different 52–3
kinetic energy operator 60
linear momentum operator 49, 60
position operator 59
potential energy operator 59–60

Oppenheimer, J. Robert 136
see also Born–Oppenheimer

approximation
optical density 257

see also absorbance
optical properties, solids 390
orbital angular momentum 76–8, 87

causes 78
notation 83

orbital angular momentum quantum number
of rotating diatomic molecule 83
of single electron 83–4, 108

orbital g-factor 368
orbital hybridisation 153–62
orbital overlap 146–9
Orgel diagram 191

see also Tanabe–Sugano diagram
orthogonality of eigenfunctions 46, 63–5
oscillating electric field component of light

217–19
oscillating magnetic field component of light

219
overlap integrals 169

in Hückel MO theory 356
overtones (in IR absorption spectra) 303



454 Index

oxygen
Schumann–Runge bands 256
sp hybrid orbital 154

oxygen molecule
bonding in 150–1
electron configuration 164

π bonding, in hydrocarbons 160
π-electron spectra, benzene 341–4
π-electron systems

in aromatic hydrocarbons 45, 341
in conjugated polyenes 65

π (pi) overlap 147–8
π→π∗ transitions 329–30

in benzene, electron transition density 347
p2 configuration, terms determined for

109–10
p2 electron configuration

energies 122–5
spin–orbit coupling in 114
terms determined for 109–10

p-orbitals 100
angular part of wave function 101–3
radial part of wave function 99

3P state (triplet P) 110–111
energies for various atoms 110
weak-field coupling scheme in octahedral

field 190–1
5P state (quintet P) 108
p2-to-s1p1 transition 126–7
p-functions 426
p-type semiconductor 388, 389
pairing energies 197
paramagnetism 364

effect of temperature 364–5
temperature-independent 365

parity 423
atomic orbitals 116–17
in crystal field theory 184
photons 225

parity selection rule 117, 225
Paschen series (emission spectrum of hydrogen

atom) 121
Pauli, Wolfgang 78, 261
Pauli exclusion principle 45, 78, 105, 138,

333
applications 107, 113, 150, 440
effects on valence electron distribution

161–2, 173
Pauling, Linus Carl 153, 182
2,4-pentane dione, keto–enol equilibrium

245, 247
periodic boundary conditions 48, 382
periodic potential, band gap formed by 382–6
periodic table, quantum-mechanical view

107, 114

perturbation theory 417–24
examples of 112, 382, 421–4

Pfund series (emission spectrum of hydrogen
atom) 121

phase angle 291
photochemical reactions 146, 338
photoelectric effect 20–3, 223

Einstein’s theory 21
experimental confirmation 22

photon counting 69
photon(s) 21, 223

angular momentum 115, 225
detection of 242
energy 224
linear momentum 224–5
mass 224
parity 225
properties 223–6
release of electrons caused by 20–3, 55
term first used 223
velocity 223–4

photosynthesis 146
physical laws 5–6
Planck, Max 8, 15

black-body radiator hypothesis 13, 15–16,
24

Planck’s constant 15, 24, 401
experimental determination of 22

plane polarised light 220
directional interaction 306
resolution into x and y components 220

planetary motion 10–11
Platt, J.R. 46, 344
polar coordinates 431

relationship with Cartesian coordinates
431

Schrödinger equation expressed in 97–8,
303–4

volume element in 431–2
polar diagrams

d-orbital angular functions 103–4
p-orbital angular functions 101–3
s-orbital angular function 101

polarisation
of atomic orbitals 140–1
as observable property 70

polarised light 219–21
circularly polarised light 221
effect of magnetic field 7, 118, 119
linearly polarised light 220
and quantum mechanics 69–71

polyatomic molecules, vibrations 303–9
polynomial, roots of, for Hückel molecular

orbital calculation 355
Pople, J.A. 175
position operator 59
postulate, meaning of term 6–7
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potential-energy curves, diatomic molecules
253–255

potential-energy operator 59–60
Powell, H.M. 164
prediction, approaches to 2
principal quantum number 96
principle, meaning of term 6
Pringsheim, Ernst 14
probability, determination in quantum

mechanics 232
Proctor, W.G. 267
progression (of spectral bands) 238
propyl radical, Hückel matrix for 412–13
proteins, NMR spectroscopy 270
proton

magnetic properties 262
mass at rest 401

proton NMR transitions
compared with electronic and infrared

transitions 241
see also nuclear magnetic resonance

(NMR) spectroscopy

quanta/quantum, term first coined 16
quantisation of energy 16

in classical mechanics 18–20
quantum electrodynamics (QED) 92, 247
quantum mechanical harmonic oscillator

293–4
quantisation of energy 293–4
vibrational eigenfunctions 294
zero-point energy 294

quantum mechanics
addition and conservation of angular

momentum 79–80
applications 37–72

covalent chemical bond 131–79
and NMR spectroscopy 277–8
orbital angular momentum in 76–8
progression from classical mechanics

13–34
Schrödinger method 39–40
of transition probability 227–33

quantum number(s) 16
for many-electron atom 108
of single electron 108

quarter-wave plate 221
quartet state 281
quenching 198, 368

Racah parameters 197, 206
A parameter 194, 206
B parameter 193, 206
C parameter 206

radial functions 98–9

of hydrogen atom 99
Slater’s simplification 172

radiation–matter interaction 216
time-dependent interaction 230–3,

266–7
time-independent interaction 230,

233–45, 297
radio astronomy, hydrogen emission used 86
raising operator 82–3, 89–92

applications 279–280, 282–3
Raman spectroscopy 309

carbon dioxide vibrational spectrum 310,
311

rare earth coupling scheme 188
rational numbers 433
Rayleigh–Jeans equation 14, 15
real numbers, types 433
reduced mass 291–2, 319

hydrogen chloride 321
Regnault, Charles 4
relativistic mechanics 13
relaxation processes, in NMR spectroscopy

276, 278
resonance energy 359

see also delocalisation energy
resonance stabilisation, in charge transfer

transitions 331
resonance structures 163

benzene 163
carbonate anion 163
cyanine dyes 66

restoring force (in simple harmonic motion)
290

rigid rotator model 297
eigenfunctions 297
rotational motions 298–9
vibrational motions 299–300

Ritter, Johann Wilhelm 217
Rosen, N. 140–1
rotation of diatomic molecules 319–20
rotational constant 296

carbon dioxide 314–15
rotational selection rule 298–9

semi-classical interpretation 301
Russell–Saunders coupling 111–12
Rutherford’s model of atom 24
Ryberg, Johannes Robert, on Balmer equation

121
Ryberg constant 121

values listed for various atoms and ions
105

σ bonding, in hydrocarbons 160
σ (sigma) overlap 147
s-functions 426
s-orbitals 100
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s-orbitals (continued )
angular part of wave function 101
radial part of wave function 99

1S states (singlet S) 110–11
energies for various atoms 110

saturation (magnetism) 371
SCF (self-consistent field) calculations 106
Schrödinger, Erwin 26, 28
Schrödinger equation 28–9

in atomic units 402
expression in polar coordinates 97–8,

303–4
angular functions 99–100, 304
radial function 98–9, 304

solution of 41, 53, 96, 100, 135
for Morse potential energy curve 302–3
perturbation theory used 417–24
for polyatomic molecules 304

for system under perturbation 229
time-dependent equation 228
time-independent equation 228

Schrödinger method in quantum mechanics
39–40, 96

‘sea’ of electrons 381
secular equations 406–7

for butadiene 355
for propyl radical 411
see also variation theorem

Seitz, Frederick 135, 387
selection rules 115–17, 196, 225–7, 437–8

electronic spectroscopy 344–8
IR spectroscopy 244, 297–302
NMR spectroscopy 264–7, 278–80
see also Bohr–Einstein condition

self-consistent field 106
see also SCF calculations

semiconductors 388–9
effect of temperature on electrical

conductivity 388, 389
SETI (search for extraterrestrial intelligence)

86, 410
shielding constant (σ) in NMR spectroscopy

270
shift operators 82–3

wave functions for 3F states of d2 439–41
Sidgwick, N.V. 164
similarity transformation 413
simple harmonic motion 290–3

see also harmonic oscillator
simultaneous homogeneous equations 406
sine function 62
singlet states 85, 173

electron distributions for excited helium
atom 339–41

electron repulsion energy 174, 337–8
lifetimes 338

space wave functions 173–4, 333, 335
spin wave functions 173, 334, 335
total energies in 1s12s1 helium atom

338–9
Slater determinant(s) 189, 348, 429–30

microstates as 122, 207
Slater rules for calculation of screening 172
Slater-type orbitals (STOs) 171–3

orbital overlap for 161
sodium D-lines 224, 242

Zeeman effect 120, 242
sodium metal

band structure 379, 380
bonding in 378–9

solids
band theory 378–89
electrical conductivity 387–9
mechanical properties 390
optical properties 390

Sommerfeld, Arnold 26, 381
sp hybrid orbitals 159, 160
sp2 hybrid orbitals 159, 160
sp3 hybrid orbitals 158, 158

proof of normalisation and orthogonality
171

space functions 173–4
space quantisation 77
spectroscopic timescales 245–7
spectroscopic transitions

comparison of IR, NMR and UV–VIS
transitions 238–41

particle and wave views 242–5
time-independent and time-dependent parts

of wave functions 227–8, 266–7
spectroscopic units and notation 247–9
spectroscopy 215–59

definition 216
see also absorption...; atomic...;

electronic...; infrared...; nuclear
magnetic resonance spectroscopy

spectrum
energy/frequency/wavelength axis, units used

248–9
intensity/absorbance axis, units used

249–50
spherical harmonics 426

applications 100, 183, 297
spherical polar coordinates 431

see also polar coordinates
spin angular momentum 78, 261

notation 83
of nucleus 262

spin-forbidden transitions 197
spin functions 85, 173
spin–orbit coupling (SOC) 81, 111–15

in crystal field theory 195–6
first-order 129
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inter-electronic 115
intermediate coupling 113–14
jj coupling 112–13
matrix for microstates of p2 configuration

124–5
Russell–Saunders (LS ) coupling 111–12
and state energies 114

spin–orbit coupling constant 195
spin–orbit coupling energy 111
spin quantum number

of nuclei 83, 262
of single electron 83–4, 108

spin–spin coupling, in NMR spectra 270–3
spin–spin coupling energy 272
spin states

hydrogen atom 85–6
single electron 84
two-electron system 85

spinning bullets/projectiles 75
square planar molecules 166–7
Stark effect 299
state energies, effect of spin–orbit coupling

114
Stefan–Boltzmann constant 13–4
Stefan’s radiation law 13
strong-field coupling scheme 188

for d2 in octahedral field 193–5
Strutt, John William 15
sulfur dioxide, molecular geometry 166–7
super-pairs (of electrons) 166

in various molecules 167
superconductors 389
superposition of states 59
surface-adsorbed species, FTIR spectroscopy

244–5
symmetry species 304, 306
synchronised stepping frequency 238

T-shaped molecules 166
Tanabe–Sugano diagrams 191, 192–3

limitations 193
temperature-independent paramagnetism (t.i.p.)

365
term energies 110
term symbols 108

assignment of 108–10
tetragonal antiprismatic crystal field

states of single d electron
energy levels 373
magnetic moments 372–3, 373

tetrahedral complexes, d→d transitions 196
tetrahedral molecules 157–8, 166–7
tetrahedral symmetry, d-electron energy levels

188
tetramethylsilane (TMS), as standard in NMR

spectroscopy 269
theory

at end-19th century 7–8
role in science 1–3

thermal radiation 13
thermodynamics, laws of 6
Thomson, George Paget 27
three-body problem 106
time, atomic unit of 402
time-independent perturbation theory 417–21
tin atom, eigenstates 128
total angular momentum 78–81
transition dipole moment 234–8, 437

in hydrogen atom 252–3
transition-metal complexes

electronic energy levels 187–96
electronic spectroscopy 196–7, 330
magnetism 197–9

transition metals
band structure 381
bonding in 379–81
density of states 381
properties explained 107

transition moment (TM) integral, evaluation of
126–7

transition moment operator 125
transition probability

effect of electron spin 344–6
nuclear magnetic resonance 278–9
quantum mechanics 227–33

confirmation of method 239
spatial aspects for allowed electronic

transition 346–7
vibrational factor in 347–8

1,1,2-trichloroethene
1H NMR spectrum 270–1, 271
spin–spin coupling in 272–3

trigonal bipyramidal molecules 166–167
trigonal molecules 166–167
trigonal pyramidal molecules 166
triplet states 85, 173

electron distributions for excited helium
atom 339–41

electron repulsion energy 174, 336–7
lifetimes 338, 341
space wave functions 173–4, 333–4, 335
spin wave functions 173, 334, 335
total energies in 1s12s1 helium atom

338–9
two-electron repulsion integrals 205–6

listed for d orbitals
in complex forms 210
in real forms 209

Tycho Brahe 10

Uhlenbeck, George Eugene 78, 105, 118, 120
ultraviolet catastrophe 14, 15
ultraviolet spectrum 217

first discovered 217
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uncertainty principle 56–7, 246
effects 58, 77

unification of molecular orbital and valence
bond models 141–3

unitary matrix 413
units 248, 401–2

conversion factors 249
UV–VIS spectroscopy

electric dipole interaction energy 234
experimental aspects 240
terminology 257
timescales 246, 246
see also electronic spectroscopy

UV–VIS transitions, compared with IR and
NMR transitions 238–41

vacuum magnetic susceptibility 364
relationship with magnetic moment 366,

395
valence band 387
valence bond (VB) theory 137–9

compared with MO theory 156, 163
computational developments 167–8
and hybridisation 156
and resonance 163
unification with molecular orbital theory

141–3
valence bond (VB) wave functions,

normalisation of 169
valence electron distribution, effects of Pauli

exclusion principle 161–2
valence electrons/orbitals 107
valence-shell electron-pair repulsion (VSEPR)

model 164–7
first developed 164
and multiple bonds 165–7
water molecular shape considered 165

Van de Hulst, Hendrick 86
Van der Waals’ gas equation 5
Van Vleck, John Hasbrouck 182, 199, 375
vanadium(III) hexacyano complex ion,

spectrum 194–5
variation theorem 403–10

application of 404–7
examples of use 140, 151, 353, 407–10
proof 403–4

vector quantity 74
angular momentum as 74–6

velocity, atomic unit of 402
velocity of light 223, 401

factors affecting 216
as limiting velocity 13
ratio of electrostatic to electromagnetic units

7, 216
vibrational angular momentum, and Coriolis

interaction 311–16

vibrational circular dichroism (VCD) spectra
317

vibrational selection rule 299–300
semi-classical interpretation 301

vibrations of diatomic molecules 291, 292,
318–19

vibrations of polyatomic molecules 305–8
angle bending mode 305–6, 310
asymmetric stretching mode 305–6, 307,

310
normal mode 304
rocking mode 307, 307, 308
scissoring mode 307, 307, 308
skeletal vibrations 309
symmetric stretching mode 305–6, 307,

310
wagging mode 307, 307, 308

vibronic transition 236
virial theorem 97
volume magnetic susceptibility 364

and Bohr magneton number 396
variation with temperature 364–5

VSEPR model see valence-shell electron-pair
repulsion model

Wang, S.C. 140
water molecule

bond angle 164
vibrations 305–6
VSEPR model 165

wave functions
of hydrogen atom 97–100

angular parts 99–104, 104
Heitler–London (valence bond) approach

137–9
Hund–Mulliken (molecular orbital)

approach 139
improvements 140–1
nodes 104, 104
radial part 98–9, 104

normalisation of
in Hückel MO calculation 356
for hydrogen molecule 169–70

time-dependent part 227
time-independent part 227–8

wave mechanics 26, 28–9, 50
wave number 248
wave theory of light 216

limitations 21, 223
weak-field coupling scheme 188

for d2 (3F in octahedral field) 189–90
for d2 (inclusion of 3P) 190–1

Weinbaum, S. 142
Weiss, Pierre 365

see also Curie–Weiss law
Wigner, Eugen P. 135, 387
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Wilson, Edgar Bright 316
work function (of surface) 21

Young, Thomas 216
Yu, F.C. 267

Zeeman effect 105, 117–20, 408
anomalous Zeeman effect 120
normal Zeeman effect 118–20
practical applications 119–20

zero of energy, definition 96, 133
zero-point energy 16, 47, 58, 134, 294

With thanks to Paul Nash for creation of this index.


