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a
absorption 1, 3, 7–12, 32, 33, 39–45, 51,

56–59, 62, 63, 75–81, 84, 87–89, 96,
104–113, 115, 123, 125, 138, 147,
156, 159–161, 172–174, 179, 180,
182, 183, 187, 189, 190, 192, 193,
214, 216, 217, 235

absorptivity 42, 45
adenine (A) 180
ammonium sodium tartrate 187
androstane 190, 191
angular momentum 19, 93–95, 97–100,

103, 110, 117, 127–129, 132–135,
137, 139, 157–160, 171, 172, 189,
253, 255–257

anharmonic force constant 60
anharmonic oscillator 59–62, 87, 125,

173, 225
anharmonic potential 56, 61, 176, 182
anharmonicity 49, 61–63, 65, 77, 89,

112, 225
anomalous dispersion 12, 77–81, 187
anomalous Zeeman 127
anti-Stokes Raman process 83, 84, 238,

239
associated legendre polynomials 101,

102, 104, 109
associative law 203
asymmetric molecule 186–191
asymmetric top rotor 96–98, 110
atomic absorption 3, 7–10, 161
atomic number 120, 154, 155
atomic radii 156

atomic spectra 2, 159, 160
atomic spectroscopy 10, 157, 160–162
Aufbau principle 153–155

b
beat frequencies 82, 83
Beer–Lambert law 43, 162
benzene 175, 180, 202
blackbody radiation 3–5
blueshift 183, 185
Bohr radius 117, 122, 123
Boltzmann distribution 4, 44, 84, 90,

105, 106, 221
bond order 170, 172, 173, 176
Born–Oppenheimer approximation 86,

164, 165, 174–176, 199
boundary conditions 23, 24, 28, 51, 53,

99, 225
Brewster angle 47
1,3-butadiene 179

c
camphor 190, 192
carbon disulfide 76
carbonyl chromophore 178–179, 190
carotene 180
Cartesian component 70, 97–99, 103,

128, 132, 133, 139, 209, 210, 215,
217, 253, 255, 256

Cartesian displacement coordinates
69–72, 85, 211–214

Cauchy integral 81
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center of inversion 88, 171, 200, 201,
208, 217

centrifugal distortion 112
centrifugal effects 107
character table 85, 208–210, 213, 214,

216–218
characteristic vibrational frequency 51
chemical bonding 115, 163–167
chemical shift 138, 140–141, 143–146,

244
chirality 185–187, 189, 192, 193
chloroform 88–90, 108, 201
chromophore 178–181, 190–193
circular dichroism (CD) 81, 179,

185–193
circularly polarized light 81, 185–187,

190
Clebsch–Gordan expansion 157, 158
coherent anti-Stokes Raman scattering

(CARS) 184, 233–235, 237–239
nonlinear Raman effects 233, 234, 236,

237, 240
collisional energy loss 182–183
color band 243
combination band 77, 89
commutation 18, 103, 128, 133, 134,

255, 256
commutators 19, 97, 255, 256
conservation of momenta 236
constructive and destructive interference

2
C3 operation 207
Coulomb’s law 116
C2v point group 203
crystal field theory 181
cytosine (C) 180

d
de Broglie equation 6, 16
degeneracy 120, 121
detector noise 243
2-deuterobutane 190
diamagnetic response 140
dichloroethene 217
dielectric susceptibility 139, 234, 236

differential operator 16
1,3-dimethylallene 187
dipolar coupling 191
dipole-allowed absorption 40–42, 124
dipole-allowed transitions 76–77, 124,

172, 199
dipole moment 38, 40, 62, 76, 77, 81–83,

87, 88, 96, 105, 112, 113, 124, 189,
191, 193, 199, 210, 216, 233

dipole strength 179, 189, 191
Dirac 1, 128, 129
discrete Fourier transform 248, 249
disentanglement 241
dissymmetric molecules 187, 188,

191–192
DNA bases 180
doubly degenerate 88, 181, 208

e
effective nuclear charge 151–152
Einstein coefficients 42–45
elastic scattering 81
electric and magnetic dipole transition

moments 189
electric dipole moment 38, 189, 191, 216
electric dipole operator 188, 189
electric field 2, 3, 38, 40, 82, 83, 90, 109,

138, 188, 189, 231, 233, 234
electric transition moment 3, 190
electromagnetic radiation 2, 3, 10, 11,

18, 25, 37–46, 51, 56, 78, 80, 81, 83,
131, 134, 136–139, 146, 147, 189,
230–231, 233

electron configuration 127, 158
electron correlation 151, 152, 169
electron–electron correlation 223
electron–electron repulsion 151, 164
electronic circular dichroism and optical

rotation 185–193
electronic spectra 173

of diatomic molecules 173–177
of polyatomic molecules 177–181

electronic spectroscopy 115, 160, 163,
211
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electronic transition moments 84, 85,
176

electron paramagnetic resonance 131,
134

electron spin 11, 126–129, 131, 134, 152,
254

enantiomeric forms 186, 190
enantiomers 185–187, 189, 190
energy eigenvalues 17, 22, 24, 28, 51–56,

60, 74, 95, 96, 99–103, 118, 121,
123, 125, 142, 153, 165, 191, 214,
224, 229, 230

energy expectation value 165, 168, 224
energy states 3, 8–10, 28, 34, 40, 43–45,

55, 63, 90, 115, 127, 128, 131, 134,
136, 139, 140, 147, 155, 163, 176,
195

estrogen 190
exciton couplet 190, 192
exciton formalism 192
excitonic state 191
exciton model 191–192
expectation value 17, 40, 83, 165, 168,

224, 226
external magnetic field 128, 129, 131,

137–140, 144, 145, 147, 243

f
fast Fourier transform (FFT) algorithms

248–249
femtosecond stimulated Raman scattering

(FSRS) 240–242
first order non-linear susceptibility 183
fluorescence microscopic imaging 181
fluorescence resonance energy transfer

181
fluorescence spectroscopy 174, 181–185
fluorochlorobromomethane 186, 187
formaldehyde 178, 179, 202
Fourier series 244–247, 249
Fourier transform 131, 146–147,

243–244, 247–249
Franck–Condon factor 176, 184
Franck–Condon principle 174–177,

181–184

free induction decay (FID) 139,
146–148, 243, 244

frequency doubling 234–237
FT-IR spectroscopy 147, 249, 250
full width at half maximum (FWHM)

77

g
gain medium 46, 47
gas laser 46
Gaussian distribution 79, 169, 215
Gaussian profile 79
glyceraldehyde 187
green fluorescent protein (GFP) 182
group frequencies 93, 178, 244
group representations 204–211
guanine (G) 180

h
half-filled shell 155
Hamiltonian 17, 22, 23, 27, 28, 51, 132,

141, 143, 144, 151–152, 157, 158,
164, 165, 168, 175, 214, 224–226,
254

Hamilton operator 17
handedness 185, 186, 189
harmonic analysis 244, 247
harmonic oscillator 38, 49–66, 69, 70,

73, 74, 76, 87, 101, 102, 104, 110,
111, 125, 173, 223, 225

harmonic oscillator Schrödinger equation
51–56

harmonic oscillator wavefunctions 21,
52, 55

harmonic potential energy function 60
Hartree–Fock method 152, 153, 155
He–Ne laser 46, 47, 159
heat capacity 91
Heisenbergs matrix mechanic 254
Heisenberg’s uncertainty principle 15,

19, 55, 241
helical molecules 187
𝛼-helix 192
Hermite’s differential equation 51, 118,

125
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Hermite polynomials 53, 54, 57, 101,
102, 104, 215

high spin 181
highest occupied molecular orbital

(HOMO) 32, 163, 180
hollow cathode lamp (HCL) 3, 161
homonuclear diatomic molecule 62,

105, 168–172, 195
hot bands 62–65, 79, 89
Hund’s rule 154, 171, 172
hydrogen atom 2, 7–10, 12, 20, 28, 33,

93, 103, 115–129, 151, 156, 159,
164, 166, 168, 187, 201–203, 254

hydrogen-like orbitals 169
hyper-Raman scattering 234
hyper-Raman effect 139, 233, 235, 236
hyperpolarizability tensor 234

i
identity element 186, 200, 203
improper axes of rotation 200
induced dipole moment 82, 83, 233
induced electric dipole 233
inelastic scattering 81
inertial tensor 95
infrared absorption spectroscopy 62, 63,

76–81, 88, 111, 214, 235
infrared spectroscopy 93, 235, 243
intersystem crossing 182, 183
intrinsic fluorescence 181
inverse operation 203
inversion symmetry element 88, 217
ionization energy 6, 155
ionization potential 155
irreducible representations 181, 189,

204–209, 212–214, 216, 217, 220
IR vibrational circular dichroism (VCD)

192
isotopic species 63–65, 75
isotopic splitting 64

j
Jablonski diagram 182–183
J-coupling 143, 145

k
Kramers–Kronig transform 12, 80, 81
Kronecker symbol 25, 54

l
Lagrange’s equation of motion 71
LaGuerre differential equation 117
LaGuerre polynomials 117, 119
Laplace operator 116
Larmor frequency 139, 147
laser theory 43
Legendre differential equations 118, 125
Legendre polynomials 101, 109
lifetimes 77–79
ligand field theory 181
line shapes 77–79
linearly polarized light 187
linear molecules 75, 76, 94, 96, 103,

105–109
lithium 160
Lorentz force law 136
Lorentzian band 78, 79
lowest unoccupied molecular orbital

(LUMO) 32, 180
low spin 181

m
magnetic dipole transition operator 189
magnetic moment 128, 134–136, 139,

147, 189
magnetic transition moment 3, 188–192
magnetic quantum numbers 103, 117,

126, 127
magnetization 11, 129, 131, 137–139,

147, 148, 189, 243
magnetogyric ratio 135
mass-weighted Cartesian displacement

coordinates 70–72
Maxwell’s equation 1, 2, 5, 6
3-methylheptane 190
mirror image 186, 187
molar extinction coefficient 42, 43, 76,

77, 178–180
molecular orbital theory 163, 164,

168–170
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moment of inertia 75, 93–95, 98, 103,
107, 108, 112, 132

momentum conservation 236
Morse potential 59
multidimensional NMR processes 233
multi-electron systems 133, 151–162
multiple spin interaction 144–145
multispin system 141–146
mutual exclusion rule 217

n
natural broadening 79
Nd:YAG laser 90
net magnetization 129, 139, 147–148,

189
Newtonian mechanics 1
Newton’s second law of motion 50
noncoherent nonlinear effects 234–235
noncoherent three-photon effect 233
nondegenerate hyper-Rayleigh effect

234
nonlinear spectroscopic techniques

233–242
nonlinear spectroscopy 90, 233, 235, 242
normal coordinate analysis 69, 70, 72
normalization 25–27, 41, 53, 100, 123,

166, 247, 255
normal modes of vibration 69–72, 74,

75, 77, 211, 212
nuclear magnetic resonance (NMR) 93,

129, 131–148, 243
nuclear magneton 135, 221
nuclear spin 129, 134–139, 141, 147
nuclear spin energy states 131, 139

o
oblate symmetric top rotor 96
oblate top rotor 108
olefins 179–180
one-dimensional representation 206
optical activity 185, 187

asymmetric molecules 188–191
dissymmetric molecules 191–192
manifestation of 187–188
vibrational 192–193

optical rotation 185–193
optical rotatory dispersion (ORD) 81,

187
orbital angular momentum quantum

number 117
orbital approximation 151, 152, 223
orthogonality condition 208
orthogonality theorem 206
orthonormal functions 253
orthonormality condition 254, 256
orthonormal vector space 25, 54, 120

p
parallel envelope 113
paramagnetic 155, 170
parity 21, 41, 42, 56, 57, 65, 76, 171
particle-in-a-box 17, 21, 23–26, 29–31,

33, 37, 38, 40–42, 49, 58, 65, 66,
125, 223, 226–230

particle-in-a-2D-box 27–28, 33, 73
particle–wave duality 5, 6
partition function 91
Pauli exclusion principle 18, 152–154
Pauli spin matrices 253–256
P-branch 112
2,3-pentadiene 186, 187
periodic chart of elements 115, 155
perpendicular 2, 113, 201, 202, 254
perturbation Hamiltonian 225, 226
perturbation method 34, 37, 60, 144, 225
perturbed wavefunction 225, 226, 228,

229
phase-matching 236–239
phenylalanine 180
phosphorescence 178, 182, 183
photoelectric effect 1, 2, 5–7, 12, 155
photon mass 7
Planck’s constant 4, 5, 15, 16, 32, 95, 221
polarizability 40, 81–86, 96, 185, 193,

199, 217, 234
polarizability tensor 85, 86, 185, 193,

210
polyenes 31–32
poly-L-Pro (II) 192
population inversion 45–47
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potential energy 16, 20–22, 24, 27, 29,
30, 33, 34, 49, 50, 55, 56, 59–60,
70–73, 89, 95, 97, 116, 125, 176,
182, 226, 227, 230

principal axes of inertia 95, 99
prolate symmetric top rotor 96, 108
prolate top rotor 97, 108, 109
proper axes of rotation 200–201
pseudo-Voight function 79
pulse Fourier transform (FT) NMR

spectroscopy 138, 146
pulse FT method 131, 243

q
Q-branch 112, 113
quadrant or octant rules 190–191
quantized energy level 24
quantum cascade lasers 31–34
quantum dots 31–34
quantum mechanics 1–12, 15–21, 24,

28, 37, 39, 49, 69, 97, 103, 115, 128,
223, 254

quantum number 8, 18, 24, 26, 28, 53,
56, 57, 61, 62, 77, 100, 101, 103,
107, 109, 112, 116–118, 120, 124,
126–129, 133–135, 145, 153, 154,
157–160, 173, 178, 253, 254

r
racemate 187
racemic mixture 187
radial distribution function 122, 123
Raman optical activity (ROA) 192
Raman scattering 12, 39, 62, 81, 82, 84,

87, 88, 173, 217, 233–236, 240
Raman spectroscopy 81–86, 96, 185,

192, 210, 211, 217, 234, 235, 240,
241

random coil 192, 193
Rayleigh scattering 81, 84
R-branch 112
recursion formula 52–54, 57, 101, 102,

104, 109, 118
redshift 183, 185
reducible representation 209–214

reflection 42, 47, 201, 204, 208, 214
reflection by mirror plane 186, 200, 201,

204
refraction 42, 79, 80
refractive index 11, 12, 42, 79–81, 84,

187, 188
resonance condition 40, 86, 138, 146
resonance/off-resonance 11
resonance Raman process 185
resonance Raman spectroscopy 85
resonator structure 46, 47
rigid rotator 107
rotation–reflection axes 200, 201
rotational constants 95, 96, 103, 108,

112, 113, 173
rotational kinetic energy 94, 95, 132
rotational quantum number 100, 112,

158, 173
rotational Raman spectrum 96
rotational Schrödinger equation 97,

99–103, 115
rotational spectroscopy 93–113, 117,

140, 163
rotational strength 189, 192
rotational wavefunction 93, 101
rot–vibrational transitions 110–113
ruby laser 233
Rydberg constant 8, 10, 118, 221

s
scattering tensor 85, 86, 234
Schrödinger equation 16, 18, 20, 23–24,

29, 37, 49, 73, 93, 99, 115, 116, 125,
151, 157, 175, 224, 225

second harmonic generation (SHG)
184, 235–237

second-order dielectric susceptibility
139, 236

second-order nonlinear susceptibility
185

second-row diatomic molecules 169
selection rules 40, 57, 85, 102, 104, 109,

124, 137, 160, 172, 199, 217, 235
for absorption 57
for dipole-allowed processes 214–216
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for electronic transition 178
for harmonic oscillator 56–60, 102
for homonuclear diatomic molecules

171–172
for IR and Raman spectroscopy 87–88
for one-spin nuclear system 137–138
for particle in a box 40–42
for Raman effect 85
for Raman scattering 217
for rotational transitions 104
for transitions in atomic species 160

series expansion 17, 52, 53, 223–225,
229, 233

SF6 75
𝛽-sheet 192
shielding effect 138, 140, 141, 156
singlet state 158, 172, 182, 183
singlet to triplet transition 160, 172,

178, 183
Slater determinant 18, 152, 153
sloped baseline 226
sodium D line 127
sodium doublet 127
sodium 589nm line 159, 161
spatial quantization 103, 129, 133, 139
spectral transitions 3, 9, 37
spectroscopic transitions xi
spherical harmonic functions 33, 98, 99,

101, 102, 115, 117, 119, 121
spherical polar coordinates 16, 98, 116,

117
spherical top rotor 96, 109
spin angular momentum 103, 128, 129,

132–134, 139, 156, 157, 159, 160,
171

spin functions 128, 134, 136, 152, 153,
253, 254, 257

spin–lattice relaxation 147
spin multiplicity 154, 158, 159, 171
spin-orbit coupling 158, 161
spin-pairing energy 155
spin spectroscopy 93, 129, 131
spin–spin coupling 143–146
spin state population 137–140

spin states 11, 128, 134, 136–140, 144,
145, 158, 254

spin wavefunctions 132, 133, 142, 152,
153, 253–254

spontaneous emission 45–47, 78, 182
spontaneous, nonresonant Raman process

185
spontaneous Raman 184, 236, 240, 242
square wave 246, 247
Stark splitting 109
stationary states 3, 8, 24, 37–40, 43, 51,

78, 85, 97, 230
stationary-state wavefunctions 25, 37,

40, 83
statistical thermodynamics 91
Stefan–Boltzmann law 5
stereochemistry 188, 190, 191
Stern–Gerlach experiment 127, 254
stimulated emission 34, 40, 43–45, 48
stimulated Raman scattering (SRS)

240–242
Stokes Raman frequencies 83, 84, 238
successive application 203–205
sum-frequency generation 234, 237
superimposable image 186
symmetric top rotors 96, 97, 108
symmetric tops 96, 108, 109
symmetry group 186, 200–204, 209, 213,

215, 217
symmetry operation 186, 200–207,

210–212, 214
symmetry representation 199, 210–214

t
Taylor series 82
term symbols 127, 156–161, 171–172,

195
testosterone 190
tetrachloroethene 235
tetramethylsilane 141
thermal ellipsoids 75
thermal energy 90, 105
3rd law of thermodynamics 49, 55
third-order nonlinear susceptibility 238
third-order susceptibility tensor 239
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thymine (T) 180
time-dependent perturbation 37–40,

230–231
time-dependent Schrödinger equation

18, 37–39, 230
time-dependent wavefunction 18, 38,

39, 83
time-independent perturbation theory

225–226
toluene 180
total orbital angular momentum

157–159, 172
total spin angular momentum 139, 159,

160, 171
trace 25, 41, 42, 187, 205, 207, 211, 212,

214, 241, 245, 246, 248
transformation matrix 72, 204, 207, 211,

212, 214, 249
transition coupling 191–192
transition metals 154, 155, 181
transition moment 3, 39–45, 47, 56–59,

84–87, 104, 105, 107, 124, 175, 176,
188–192, 215–217, 231, 234

translational and rotational degrees of
freedom 213, 214

trial function 23, 118, 224
triplet state 158, 171, 172, 183
triply degenerate 113, 181, 208
tunnelling 29–31, 34, 56, 230
two-photon fluorescence 183–184
two-photon process 39, 85, 87

u
unbound particle 27–31
uncertainty principle 15, 19, 55, 78, 241

v
valance-shell electron-pair repulsion

(VSEPR) model 93
variation method 169, 224–225
vector space 17, 19, 22, 25, 54, 97, 101,

120, 200, 223, 224
vibrational dephasing 241
vibrational infrared and Raman

spectroscopy 69–91
vibrational optical activity 192–193
vibrational Schrödinger equation 51,

52, 54, 60, 73, 214
vibrational spectroscopy 52, 62–65, 69,

70, 78, 79, 90, 93, 97, 178, 193, 199,
211

vibronic absorption spectrum 173–174
Voigt function 79

w
wave vector 2, 29, 237, 239
Wien’s law 5
work function 6

z
Zeeman effect 126, 127
zero-point vibrational energy 74














