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a
adiabatic IP/EA 144–146
adjacency matrix 72
affinity, electron, see electron affinity
algorithms
– Newton–Raphson 197
– velocity Verlet 172–173, 192
– Verlet 170–171
all-metal clusters 198, 202–205
– planar 147
ammonia molecule 21
– irreducible representation 138–139
amplitudes, vibrations 32
Andersen thermostat 187
angle
– dihedral 13–15
– torsion, see dihedral
angular frequency 29
angular momentum 108, 172–173
anharmonic oscillator 181
annealing, simulated, see simulated

annealing
annulenes 67
antisymmetric stretching 114,

123–124
– water molecule 131–132
approximations
– Born–Oppenheimer 69, 117, 169,

199
– harmonic 25–27, 114–115
– ideal-gas 154–156
aromaticity, Hückel�s rule 78
asymptotics, exponential 50
atmosphere, infrared spectrum 115
atomic energy levels 53
atomic masses, vibration

amplitudes 32
atomic orbitals 47–55

– LCAO 7, 48, 69–70, 130
– orthonormalization 51
atoms
– electron affinity 57–66
– Schrödinger equation 47–49
– Slater rules 59–61
averages, thermodynamic 188
axes, rotational 15

b
bending 114, 123–124
– water molecule 131–132
Berendsen thermostat 186–187, 190
BFGS method 96
binding energies of electrons 59–61,

74–75
bipyramidal structure 205
biradicals, stable 110
�black-box� strategy 1
bond length 13–14
– 1,4-difluorobenzene 136
– methane 161
– molecular dynamics 190
– reduced mass 28
– steepest descent method 98–101
bond order 83–84
bonding, fulvene molecule 89
Born–Oppenheimer

approximation 69, 117, 169, 199
– simulated annealing 200
Born–Oppenheimer molecular

dynamics (BOMD) 168
butadiene molecule 85–88

c
canonical ensemble 182, 186
Car–Parrinello molecular dynamics

(CPMD) 168
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carbon atoms
– conjugated p systems 67–81
– sp2 hybridized 85
carbon dioxide molecule 20–21
– normal modes 114
– thermodynamic properties 164
– vibrational modes 120
carbon monoxide molecule
– Hessian-based Newton–Raphson

optimizer 100–102
– Morse potential 30
– point groups 20–21
– steepest descent method 98–100
– total energy 177
– vibrational frequency 43
Cartesian coordinates 11–12
– single-vector representation

127–128
center of inversion 15
character tables, vibrational

spectroscopy 127–141
charge order 84–85
chemistry
– computational
– thermochemistry 151–165
classical mechanics 35–37
classical molecular dynamics

(CMD) 168, 174–178
classical vibrations, harmonic

approximation 114–115
closed systems 173
clusters 147, 198, 202–205
computational chemistry 167–169
– basics 1–9
– simulated annealing 197–207
conjugated p systems 67–81, 83
conservation of physical

quantities 172–173
coordinates
– Cartesian and internal 11–12
– mass-weighted 121
– single-vector representation

127–128
Coulomb integral 71
critical point 155
cubic groups 17–18
cyanide, hydrogen 97, 124
cyclopropene, 1-methylene- 72
cyclopropenyl 75–78

d
degeneracy 131–132, 162
– orbitals 77–78
degrees of freedom 114, 136

– external 185
– molecular partition function 156
density, probability 38, 42
density-functional calculations 64
detachment energy, vertical 146
diamagnetic molecules 107
diatomic molecules 5
– forces 93–94
– geometry optimization 91–105
– Morse potential parameters 31
– vibrations 25–45
1,2-dichloroethene molecule,

isomers 140
dichloromethanemolecule, irreducible

representation 138–139
differential equation, partial 39
1,4-difluorobenzene molecule

136–137
difluoroethene molecule 92
– infrared and Raman spectra 125
– isomers 164, 200
dihedral angle 13–15
direct product, wavefunctions 133
discrete solutions 39
dissociation energy 26, 36
distortion, Jahn–Teller 109
double bond 84
dynamics, molecular, see molecular

dynamics

e
EA, see electron affinities
eigenenergy 40
eigenfunctions 41
eigenvalues 76–77
– butadiene molecule 85
– translational and rotational

motions 129
electron affinity 57–66
– adiabatic 144–146
– calculation 61–62
– influence of geometry 144–146
– molecules 143–149
– second period elements 65
– vertical 144–146
electron binding energy, p

electrons 74–75
electron configuration 53
electron spin 107–112
electronic contribution to molecular

partition function 160
energy
– atomic levels 53
– binding 59–61
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– conservation 172–173
– dissociation 26, 36
– free 151–153
– internal 152–153, 163
– molecular orbitals 86
– orbital 48
– p electron binding 74–75
– potential energy surface, see

potential energy surface
– total 172, 177
– units 164
– vertical detachment 146
– zero-point 36, 43, 152, 163
energy operator, kinetic 38
ensembles 182–183
– canonical 186
enthalpy 151–153
– reaction 164
entropy 153
– methane 163
equilibrium distance 189
equilibrium position 26, 30
ergodic theorem 183–185
ethane molecule
– irreducible representation

138–139
– simulated annealing 205
ethene molecule, bond order 84
excitation operator 133
exclusion principle, Pauli 107
exponential asymptotics 50
extended Hückel theory (EHT) 67
external degrees of freedom 185
external heat baths 186–188
extrapolation, position vector 95

f
fluorine molecule 194
force constant 27
force-constant matrix 117, 121
forces, diatomic molecules 93–94
formamide molecule 19–20
– Z-matrix 20
formic acid 22
Franck–Condon principle 144
free energy 151–153
free enthalpy 151–154
frequencies
– analysis 139
– vibrational 28–30, 113
frontier orbital 86
fullerenes 67, 78
– isomers 98
fulvene molecule, bonding 89

g
gap, HOMO–LUMO 73
gas phase, relative abundance of

isomers 160–161
Gaussian function 41
geometry
– influence on IP and EA 144–146
geometry optimization 3, 33
– all-metal clusters 202–205
– diatomic molecule 91–105
– 1,4-difluorobenzene 136
– global 97–98
– local 97–98
– methane 161
– Morse potential 97
Gibbs� equations 155
global geometry optimization

97–98
global maximum/minimum 92–93,

203–205
gradients, calculation 173
grand canonical ensemble 182

h
Hamilton integral 69
Hamiltonian operator 37
– off-site matrix elements 71
harmonic approximation 25–27
– classical vibrations 114–115
harmonic oscillator 115–117
– probability density 42
– quantum mechanical 35
– wavefunctions 40
harmonic potential 27
harmonics, spherical 59
Hartree unit 60, 62
heat bath 174
– external 186–188
heat capacity 156
– methane 163
Hermite polynomials 41
Hessian-based Newton–Raphson

optimizer 7, 95–96
– carbon monoxide molecule

100–102
Hessian matrix 94, 96, 119–121
– character tables 127–129
highest occupied molecular orbital

(HOMO) 58, 61
HOMO–LUMO gap 73, 86–87
– stability of polyenes 88
Hooke�s law 27, 115
horizontal mirror plane 17
Hückel postulates 70–71
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Hückel theory 7, 67–90
– bond order 83–84
– charge order 84–85
– extended 67
– molecular orbitals 83–90
– Schrödinger equation 68
Hückel�s rule for aromaticity 78
Hund�s rule 77–78, 109–110
sp2 hybridized carbon atoms 85
hypersurface, potential energy 92

i
ideal-gas approximation 154–156
ideal-gas equation 154
in-plane bending 114, 123–124
inactive vibrations 120
inertia, moment of 159
infrared spectroscopy
– atmosphere 115
– difluoroethene 125
– intensities 119–120, 133
– selection rules 133–135
internal coordinates 11–12
internal energy 152–153
– methane 163
inversion, center of 15
iodide, hydrogen 103
iodine molecules 103
ionization potential (IP) 57–66
– adiabatic 144–146
– calculation 61–62
– influence of geometry 144–146
– molecules 143–149
– second period elements 64
– vertical 144–146
ions, Slater rules 59–61
irreducible representation 131–134,

138–139
isolated pentagon rule 78
isomers 92
– 1,2-dichloroethene 140
– difluoroethene 164, 200
– fullerenes 98
– relative abundance 160–161
– simulated annealing 197
iteration 99–100, 172

j
Jahn–Teller distortion 109
Jahn–Teller effect 108–110

k
kinetic energy 172
– macroscopic systems 183

– operator 38
Koopmans� theorem 61, 147

l
laws and equations
– ergodic theorem 183–185
– Franck–Condon principle 144
– Gibbs� equations 155
– Hooke�s law 27, 115
– Hückel�s rule for aromaticity 78
– Hund�s rule 77–78, 109–110
– ideal-gas equation 154
– isolated pentagon rule 78
– Koopmans� theorem 61, 147
– Maxwell–Boltzmann

distribution 185
– Morse potential 5, 25
– Newton�s law 27, 116
– Newton�s second law 172
– Pauli exclusion principle 107
– Schrödinger equation, see

Schrödinger equation
– Stirling formula 155
Lennard-Jones potential 198
linear combination of atomic orbitals

(LCAO) 7, 48, 130
– Hückel theory 69–70
linear groups 17–18
linear molecules, vibrational

modes 120–124
local geometry optimization 97–98
local maximum/minimum 92–93,

198
lowest occupied molecular orbital

(LUMO) 61
– see also HOMO–LUMO gap

m
macroscopic systems
– kinetic energy 183
– thermodynamics 185–186
many-body quantum mechanics 2
mass
– reciprocal 174
– reduced 27–28
mass spectrometry 143
mass-weighted coordinates 121, 128
matrix
– adjacency 72
– force-constant 117, 121
– Hessian, see Hessian matrix
– topology 71–72
– Z-matrix 12–13, 19–20, 191,

202–203
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maximum, global/local 92–93
Maxwell–Boltzmann

distribution 185
MD, see molecular dynamics
mechanics, classical/quantum 35–37
mesomeric structures 75
metal clusters 198, 202–204
methane molecule
– Cartesian and internal

coordinates 14–15
– geometry optimization 161
– thermodynamic properties

161–164
– Z-matrix 15
1-methylene-cyclopropene

molecule 72
microcanonical ensemble 182, 191
minimum, global/local 92–93, 198,

203–205
mirror planes 15–17
modes
– normal 114, 129–132
– vibrational 117–124
molecular coordinates 11–23
molecular dynamics (MD) 9
– algorithms 3
– basic concepts 167–179
– basic thermodynamics 181–196
– classical 168, 174–177
– energetics 178
– hydrogen chloride 178
– simulated annealing 197–207
molecular orbitals 51
– 3D 53
– energy levels 86
– highest occupied, see highest

occupied molecular orbital
– Hückel theory 7, 67–90
– lowest occupied, see lowest

occupied molecular orbital
– p electrons 74
– theory 68–70
– theory, see also Hückel theory
molecular partition function

156–160
– degrees of freedom 156
molecular point groups 20–21
– carbon monoxide/dioxide 20–21
molecular units 154
molecules
– ammonia 21, 138–139
– butadiene 85–88
– carbon dioxide, see carbon dioxide

molecule

– carbon monoxide, see carbon
monoxide molecule

– diamagnetic 107
– 1,2-dichloroethene 140
– dichloromethane 138–139
– 1,4-difluorobenzene 136–137
– difluoroethene 92, 125, 164, 200
– electron affinity 143–149
– ethane 138–139, 205
– ethene 84
– fluorine 194
– formamide 19–20
– fulvene 89
– hydrogen 103
– hydrogen chloride 178
– hydrogen cyanide 97, 124
– hydrogen iodide 103
– iodine 103
– ionization potential 143–149
– linear 120–124
– methane 14–15, 161–164
– 1-methylene-cyclopropene 72
– nitrogen monoxide 110
– ozone 147
– paramagnetic 107
– planar 22
– water, see water molecule
moment of inertia 159
momentum
– angular 108
– conservation 172–173
Morse potential 5, 25
– carbon monoxide 30
– diatomic molecules 31
– geometry optimization 97
– Schrödinger equation 36
– thermochemistry 174–176
– thermodynamic averages 188
multi-dimensional problems 117
multiplicity 108

n
Newman projection 14
Newton–Raphson algorithm 197
Newton–Raphson optimizer 7,

95–96, 100–102
Newton�s law 27, 116
Newton�s second law 171
nitrogen monoxide molecule 110
nodes 52, 54
non-axial point groups 17–18
normal modes 114
– carbon dioxide molecule 114
– character tables 129–130
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– symmetry 130–132
– visualization 140
normalization 38, 48, 50
Nosé–Hoover thermostat 187–188
NP-hard problems 198
nuclear charge 59
nuclear fission 190
nucleus–nucleus repulsion 68
NVE ensemble 182
NVT ensemble 182, 186

o
off-site Hamilton matrix elements

71
open systems 173
operations, symmetry 16–17
optimization, geometry, see geometry

optimization
optimizer, Newton–Raphson 7,

95–96, 100–102
orbital energy 48
orbital overlap 71
orbital shape 51
orbitals
– atomic, see atomic orbitals
– degenerate 77–78
– frontier 86
– molecular, see molecular orbitals
– valence 53
orthogonality 48
orthonormality 43, 51
oscillator, anharmonic 181
out-of-plane bending 114,

123–124
overlap, orbital 71
overlap integral 69
1,2,5-oxadiazole 22
ozone molecule 147
p electron binding energy 74–75
p systems, conjugated 67–81
– conjugated 83

p
paramagnetic molecules 107
Parrinello, see Car–Parrinello

molecular dynamics
partial differential equation 39
particle spin 49
partition function 152–154
– molecular 156–160
Pauli exclusion principle 107
PES, see potential energy surface
phenyl rings 110
planar all-metal clusters 147

planar molecules 22
Planck constant 36
point, critical 155
point groups 17–19
– carbon monoxide/dioxide 20–21
– character tables 134
– molecular 20–21
– non-axial 17–18
– symmetry numbers 159
polyenes, stability 88
polynomials, Hermite 41
position vector, extrapolation 95
potential
– harmonic 27
– ionization, see ionization potentials
– Morse, see Morse potential
– pair 198
– pseudo-potential 63
potential energy 172
– thermochemistry 151
potential energy surface (PES) 5, 25,

91–93
– simulated annealing 200
– thermochemistry 174–176
principal quantum number 49, 60
probability density 38
– harmonic oscillator 42
– p electrons 74
product, direct 133
projection, Newman 13–14
propagation of atoms 169
pseudo-potential 63

q
quantization 40
quantum chemical methods 2
quantum mechanics 35–37
– harmonic oscillator 35
quantum molecular dynamics

(QMD) 168
quantum number 48

r
radical, triphenylmethyl 108
Raman spectroscopy 115
– difluoroethene 125
– intensities 119
– selection rules 133–135
reaction enthalpy 164
reciprocal mass 174
reduced mass 27–28
reference atom 13–14
relative abundance of isomers

160–161
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representation, irreducible 131–134
repulsion, nucleus–nucleus 68
rings, phenyl 110
rotational axes 15
rotational contribution to molecular

partition function 158–159
rotational motions, eigenvalues 129
s/p separation 70

s
saddle point 93
scaling thermostat 186
SCF, see self-consistent field technique
Schrödinger equation 5–6, 33, 35–45
– atom 47–49
– Hückel theory 68
– simulated annealing 201
– solutions 39–42
– stationary 37–39
– thermochemistry 151
screening constant 59–61
second period elements, IP and

EA 64
selection rules 133–135
self-consistent field (SCF)

technique 111
shielding constant 60
simple scaling thermostat 186
simulated annealing 197–207
– potential energy surface 199–200
– stationary points 202–203, 205
simulations 1, 167–169
single-vector representation,

Cartesian coordinates 127–128
Slater rules 59–61
spectrometry, mass 143
spectroscopy
– infrared/Raman 115, 119
– simulation 1
– vibrational 113–141
spherical harmonics 59
spin
– angular momentum 108
– electron 107–112
– particles 49
spreadsheets 174–177
stability
– biradicals 110
– conjugated carbon p systems

67–81
– polyenes 88
starting point, iterations 103
startup conditions 169
stationary points 202–203, 205

stationary Schrödinger equation
37–39

statistical thermodynamics 152
– ergodic theorem 184
steepest descent method 94–95
– bond length 98–101
– carbon monoxide molecule 98–100
step size 100–102
Stirling formula 155
stretching 114, 123–124, 131–132
– antisymmetric, see antisymmetric

stretching
structural isomers 92
surface, potential energy, see potential

energy surface
symmetric stretching 114, 123–124
– water molecule 131–132
symmetry
– basics 15–16
– elements and operations 16–17
– molecular coordinates 11–23
– normal modes 130–132
– water molecule 130–132
symmetry elements, water

molecule 16
– water molecule 132
symmetry numbers 159
system size 148

t
tables, character 127–141
Taylor series 26
temperature 183–185
tensor of moments of inertia 159
thermochemistry 151–165
– ideal-gas approximation 154–156
thermodynamic functions 152–154
thermodynamic properties
– carbon dioxide molecule 164
– methane 161–164
thermodynamics
– averages 188
– ensembles 182–183
– macroscopic systems 185–186
– molecular dynamics (MD) 181–196
– statistical 152
thermostats 174, 186–188
– Berendsen 186–187, 190
topological structures 201
topology matrix 71–72
torsion angle 14
total (angular) momentum 172–173
total energy 172
– carbon monoxide 177
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trajectory 169
transformed model system 29
transition states 202
translational motions 157–158
– eigenvalues 129
triphenylmethyl radical 108

u
units
– energy 164
– molecular 154

v
valence orbitals 53
velocity Verlet algorithm 171–172,

192
Verlet algorithm 170–171
– velocity 192
vertical detachment energy 146
vertical IP/EA 144–146
vertical mirror plane 17
vibrational contribution to molecular

partition function 159–160
vibrational frequencies 28–30, 113
– carbon monoxide 43
– 1,4-difluorobenzene 138
vibrational levels 36
vibrational modes 117–124
– carbon dioxide molecule 120
– linear molecules 120–124
– water molecule 131–132

vibrational spectroscopy 113–126
– character tables 127–141
– intensities 119–120
vibrations
– diatomic molecules 25–45
– harmonic approximation 114–115
– wavenumber 32
visualization, normal modes 140

w
water molecule
– Cartesian and internal

coordinates 11
– symmetry 130
– symmetry elements 16
– vibrational modes 131–132
– Z-matrix 12–13
wavefunctions 38
– direct product 133
– harmonic oscillator 40
– Slater rules 59–61
wavenumber, vibrations 32

z
Z-matrix 12–13, 19–20
– formamide molecule 20
– methane molecule 15
– molecular dynamics 191
– simulated annealing 202–203
– water molecule 12–13
zero-point energy 36, 43, 152, 163
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