MOLECULAR SPECTRA

and

MOLECULAR STRUCTURE

TII. ELECTRONIC SPECTRA AND ELECTRONIC
STRUCTURE OF POLYATOMIC MOLECULES

- GERHARD HERZBERG

National Research Council of Canada

Bibliothek |
d. Fachhereichs 8 der

Technischen Hochschule
Darmstadt -
H A4
@ VAN NOSTRAND REINHOLD COMPANY

NEW YORK CINCINNATI TORONTO LONDON MELBOURNE

D = Ner, G228

Ho I



P e

CONTENTS

B0 070 0] 010l (2. OO PP

General remarks, 1—Symmetry of polyatomic molecules,
2

CHAPTER I: ELECTRONIC STATES..............ooivnn...

1. ErEcrroNIc ENERGY, ELECTRONIC EIGENFUNCTIONS, POTEN-

TIAL SURFACES. ¢ vt vttt et eeeteteninraretanesoneesaenens

Total energy and electronic energy; potential surfaces,
7—Total and electronic eigenfunction, 8—Classification of
electronic states, 9—Electronic angular momentum, 12
—Multiplicity, 13—Spin functions, 14—Species of multi-
plet components, 17—Magnitude of multiplet splitting, 19
—Mutual perturbation of electronic states, 19

2. VIBRATIONAL STRUCTURE OF ELECTRONIC STATES, INTER-

ACTION OF VIBRATION AND ELECTRONIC MOTION.............

(a) Non-degenerate electronic states.......................

Vibronic energies, 20—Vibronic eigenfunction and
vibronic species, 21—Correlation of vibronic levels for
planar and non-planar equilibrium conformation; 22

(b) Degenerate electronic states: linear molecules............

Vibronic species, 23— Vibronic angular momentum, 24—
Vibronic interaction (Renner-Teller effect) in singlet
electronic states, 26-—Vibronic interaction in doublet
states, 3¢—Vibronic interaction in triplet states, 37

(c) Degenerate electronic states: non-linear molecules. .......

Vibronic species, 37—The Jahn-Teller theorem, 40—
Effect of electron spin on Jahn-Teller instability, 51—
Vibronic energy levels, 54—Correlation of vibronic levels,
59—Vibronic eigenfunctions, 62—Vibronic angular mo-
mentum, 63

(d) Vibronic interactions of different electronic states........

General remarks, 65—Interaction of electronic states of
the same species, 65—Interaction of electronic states of
different species, 66—Selection rules for vibronic per-
turbations, 66 '

. ROTATIONAL STRUCTURE OF ELECTRONIC STATES; COUPLING OF

ROTATION WITH VIBRATION AND ELECTRONIC MOTION........

vii

20
.20

23

37

65

68



viii

CONTENTS

(a) Linear molecules. .. ......... ... i,

Rotational levels in X electronic states, 69—Rotational
levels in III, *A,... electronic states, 72—Rotational
levels in 2% and 3X electronic states, 73—Rotational levels
in 2II electronic states, 75—Rotational levels in other
multiplet states, 81

(b) Symmetric top molecules. .. ........... .. ... ...

Rotational levels in non-degenerate vibrational levels of
non-degenerate singlet electronic states, 82—Rotational
levels in degenerate vibrational levels of non-degenerate
singlet electronic states, 84—Rotational levels in degener
ate singlet electronic states, 86—Rotational levels in
multiplet electronic states, 87—Symmetry properties of
rotational levels, 90—I-type doubling, 94—j-type dou-
bling, 96-—Other effects of higher order rovibronic
interactions, 97

(c¢) Spherical top molecules...............................

Symmetry properties of rotational levels, 99—Fine
structure 1n non-degenerate vibronic states, 101—Fine
structure in"degenerate vibronic states, 103

(d) Asymmetric top molecules. . ............... ... ... ...

General rotational energy formulae, 104—Approxima-
tions for nearly symmetric tops, 106—Centrifugal distor-
tion, 108—Symmetry properties of rotational levels, 109
——Sum rules, 114—Spin splitting 116—Perturbations, 118
‘(e) Other types of molecules..............c.oouviiuenna...

Molecules with free internal rotation, 118—Molecules
_with hindered rotation, 119—Molecules with inversion
doubling, 119-—Quasi-linear molecules, 119

"4, ErrFrEcTs OF MAGNETIC AND ELECTRIC FIELDS ON THE ENERGY

07 ) 7 e

Zeeman effect in non-degenerate electronic states, 122—
Zeeman effect in orbitally degenerate electronlc states,
125—Stark effect, 126

CHAPTER II: ELECTRONIC TRANSITIONS..................

1. Typres oF ELECTRONIC TRANSITIONS . . vttt iviiievnennenns

(a) Allowed electronic transitions..........................

General selection rule, 128—Spin selection rule, 131—
Application to the more important point groups, 132

(b) Forbidden electronic transitions........................
(¢) Magnetic dipole and electric quadrupole transitions.
(B) Intercombinations............... ... o i,
(y) Transitions due to vibronic interactions..............
(8) Transitions due to rotational-electronic interactions. . .
(¢) Enforced dipole transitions. . ......................

82

99

104

118

122

128
128
128




CONTENTS

2. VIBRATIONAL STRUCTURE OF ELECTRONIC TRANSITIONS.......

(a) Structure of a band system: unsymmetrical molecules. . ..

General formulae, 142—Progressions, 143—Sequences,
146—Intensity distribution, Franck—Condon principle,
148

(b) Structure of a band system: symmetrical molecules.... ...
(z} Allowed electronic transitions. .....................

General selection rule, 150—Transitions between non-
degenerate electronic states, 151—Transitions be-
tween electronic states at least one of which is
degenerate, 157—Transitions between states with
different symmetry of the equilibrium conformation,
167

(B) Forbidden electronic transitions. ...................

Selection rules, 174—Forbidden transitions between
non-degenerate electronic states, 175—Forbidden
transitions between electronic states at least one of
which is degenerate, 179

{c) Isotopeeffects......................... e
General formulae, 181-—Examples, 182

3. ROTATIONAL STRUCTURE OF ELECTRONIC TRANSITIONS. ......
(a) Linear molecules........... ... i,
(«) Linear—linear transitions.........................

Singlet bands, 184—Doublet bands, 186—Triplet
bands, 192—Intercombinations, 193
(B) Bent—linear and linear —bent transitions. ...........
Main bands of bent—linear transitions, 193—Hot
bands of bent —linear transitions, 202—Linear — bent
transitions, 209—Linear —bent transitions between
Renner-Teller states, 213—Emission spectra, 218—
Multiplet splitting, 219—Forbidden transitions, 221
(b) Symmetric top molecules. .. ........coceviieiiiin....
Selection rules, 223—Transitions between non-degenerate.
states (|| bands), 225—Transitions between a degenerate
and a non-degenerate state (_| bands), 230—Transitions
between two degenerate states, 238—DMultiplet tran-
sitions, 241—Forbidden transitions, 241 ’
(e) Spherical top molecules. . ... e
(d) Asymmetric top molecules. ................ ... ...
() General selectionrules................. ... ...,
(B) Slightly asymmetric tops.............. ... .ooout,
Parallel bands, 248—Perpendicular bands, 251—
Hybrid bands, 260—Unresolved bands, 260

(y) Strongly asymmetric tops.............. ..o,

150
150

173

181

183
184
184

193

222

243
244
244
247




4 ETiemne

X CONTENTS

(8) Forbidden transitions. ..............coovivinnnnn..

Transitions induced by Coriolis interaction, 265-—
Triplet —singlet transitions, 268—Magnetic dipole
transitions, 270

4. ZEEMAN AND STARK EFFECTS. .........vvvvvnnn. e

Selection rules, 271—Zeeman patterns, 271—Magnetic
rotation spectra, 273—Stark patterns, 274

CHAPTER III: BUILDING-UP PRINCIPLES, ELECTRON CON-
FIGURATIONS AND STABILITY OF ELECTRONIC STATES

1. CORRELATION OF ELECTRONIC STATES . ... vvvvvreereenenn..

(a) Derivation of molecular electronic states from those of the
united atom ormolecule........ ... ... ... ... . ool

(b) Correlation of electronic states for different conformations
ofagivenmolecule................... ... ...l

(¢) Derivation of molecular electronic states from those of the
separated atoms or groups of atoms....................

(o) Linear molecules. . ........c.vvrereenennenenennnn.

Unsymmetrical molecules (point group C,), 281—
Symmetrical molecules (point group D), 284

(B) Non-linear molecules. ................coovviiinn..
Building-up from individual atoms, 287—Building-up
from unlike groups, 291—Building-up from like
groups, 294

2. ELECTRON CONFIGURATIONS. vt v vt en e e eneennenneanens

(a) Classification of orbitals...........o.overeereneenenn...

~ Mathematical formulation: molecular (symmetry) or-
bitals, 208—Species of orbitals formed from equivalent
atoms (group orbitals), 303—Localized and equivalent
orbitals, 305—Spin-orbitals, 312

(b) Order and correlation of orbitals. ......................

Linear XY, molecules, 312—Bent XY, molecules, 316—
Planar and non-planar XH; molecules, 318—Tetrahedral
XH, and XY, molecules, 321—Octahedral XY mole-
cules, 322—Planar H,XY molecules, 323—Planar X,H,
molecules, 324—X,Hg molecules of D, symmetry, 326—
 orbitals in benzene and other unsaturated molecules,
327

(¢) Molecular wave functions and the Pauli principle. .. .....

Electronic states resulting from non-equivalent electrons,
330—Electronic states resulting from equivalent elec-
trons, 331—Configurations with equivalent and non-
equivalent electrons, 333—Antisymmetrized wave func-
tions, 334—Hartree—Fock self-consistent field molecular
orbitals, 336—Large spin-orbit coupling, 337

271

276
276

277

279

281

281

287

206
206

312

330




CONTENTS xi

(d) Term manifold of the molecule, examples.............. . 339

Rydberg series of states, 340—Term manifold of non-
linear XH, molecules, 341—Term manifold of linear XH,
molecules, 343—Term manifold of linear and non-linear
XY, molecules, 344—Term manifold of XH; molecules,
346—Term manifold of tetrahedral XH, molecules, 348—
Term manifold of H,CO, 34¢8—Term manifold of C,H,,
348—Term manifold of C4gHg, 349—Term manifold of the
Cr*** jon in an octahedral complex, 350

3. STABILITY OF MOLECULAR ELECTRONIC STATES: VALENCE... .. 351

{(a) The valence-bond (or electron-pair bond) method. . ...... 352

The elementary Heitler-London theory, 352—Heitler
and Rumer’s extension of the Heitler—London theory,
354—Slater and Pauling’s extension of the Heitler—
London theory: p-valence, 358—s-p hybridization, 361—
7 bonds, 364—Resonance in the valence-bond method,
366—d-valence, 373—Excited states, 375
(b) The molecular orbital method. ........................ 376
() Basicidea.........coviiiniiiniii it 376
Bonding, anti-bonding and non-bonding electrons,
376—Resonance and the one-electron bond, 377—
Contribution of ionic states, 378-—Delocalization,
378—Charge distribution, population analysis, 379
(B) Ground states...........ooviiiiiinn i, 385
The ground state of H,0, 385—The ground state of
NH,, 390—The ground state of CH,, 392—The
ground state of CO,, 393—The ground state of C,H,,
394—Saturation of valencies, 396—The ground state
of C;H,, 397—Conjugation and hyperconjugation,
400—Configuration interaction, 402—Free electron
model, 403—Molecules containing atoms of transition
elements (so-called ligand-field theory), 405

(y) Excited states.............ooiiiiiiiiii i, 411
Rydberg states, 411—Sub-Rydberg states, 415—
Intensities of electronic transitions, 417

(c) Intermolecular foreces............... .o, 419

Van der Waals forces, 419—Hydrogen bonding, 421—
Charge-transfer forces, 426

CHAPTER IV. DISSOCIATION, PREDISSOCIATION AND RE-
COMBINATION: CONTINUOUS AND DIFFUSE SPECTRA 429

1. POTENTIAL SURFACES . ...t vttt tnetennaneooansooorsseanss 429

Symmetric linear triatomic molecules, 429—Unsym-
metric linear triatomic molecules, 437—Non-linear sym-
metric triatomic molecules, 437—More complicated cases,
442—Non-crossing rule and conical intersections, 442




xii ‘ CONTENTS

2. CoNTINUOUS SPECTRA: DISSOCIATION OF Poryvatomic MoLe-

(a) Absorption continua.........c...viiiveneeenrnnannn...

Upper state with stable equilibrium position, 445—Upper
state without stable equilibrium position, 448—Intensity
distribution, 451-—Isotope shifts, 453—Both upper and
lower state without stable equilibrium position, 453

(b) Emission continua . . ......oovrrennernerinrnnnnnnnnn.

Upper state continuous, 454—Lower state continuous,
455

1

3. Dirrust SpeECTRA: PREDISSOCIATION OF PorvyaTomic MOLE-

Criteria for predissociation, 456—Types of predissocia-
tion, 458—Selection rules for predissociation, 458—Case 1
of predissociation, 463—Dependence on J and K, 468—
Case II of predissociation, 469—Unimolecular decom-
positions, 471—Case III of predissociation, 473—Inverse
predissociation, recombination in a two-body collision,
473—Three-body recombinations, 479

4. DETERMINATION OF DISSOCIATION ENERGIES. .......ccvvu.n.

Determination of disscciation limits, 482—Determination
of the dissociation products, 486

CHAPTER V: ELECTRONIC SPECTRA OF INDIVIDUAL MOLE-
CULES AND THEIR INTERPRETATION.................

1. Triatomic Molecules. . .......... ... s,

(@) Di-hydrides. ..... ...t
H,0 and H,S, 489—BH, and AlH,, 490—-CH2, 491—
NH,, 493—SiH, and PH,, 493

(b) Mono-hydrides...........coiiiiiiiiiiiii i,
HCN, 493—HCP, 495—HCO, 495—HNO, 496—HPO,
497—HSiCl and HSiBr, 497—HCF and HCCI, 498

(¢) Non-hydrides...........ooiiiiiiiini i,

C,, 498—CCN and CONC, 498—NCN, 499—BO,, CO#,
0S;, N,, NCO, N,0+, 499—C0,, 500—CS,, 504—N,0,
505—NO,, 507—CF,, 510—0;, 510—S0,, 511

. el

2. FOUR-ATOMIC MOLECULES . + + vt vttt vtter e nreanennennns
(@) Tri-hydrides..........coiiii it
CH,;, 513—NH,, 515
(b) Di-hydrides. ... i i
C,H,, 517—H,CO, 518

PAGE

445
445

454

455

482

488
488
488

493

498




P -1

CONTENTS

() Mono-hydrides............. J
HNCN, 522—HONO, 523—HFCO, 524

(d) Non-hydrides............. .ot e
C,N,, 524—NO,, 525—Cl,CO, 525—CL,CS, 526

3. FIvE-ATOMIC MOLECULES. .. .....oviiiiii it

(a) Tetra-hydrides........... ... ... i,
CH, (methane), 526

(b) Tri-hydrides.......... ... i
CH,I, 528

(¢) Di-hydrides. ...t
H,CCO (ketene), 530—H,CN, (diazomethane), 530

(d) Mono-hydrides...........ooovriiiiiiiiiiii..,
NC-C,H (cyano-acetylene), 531

(e) Non-hydrides.......... oo,
CF,I, 5632—0s0,, 533 ‘

4, SIX-ATOMIC MOLECULES. .« ¢ it v ittt iininienenannnns ‘

(@) Tetra-hydrides............ ... i,
C,H, and C,D,, 533—CH,SH, 535

(b) Tri-hydrides......... ..o
CH,CN (acetonitrile), 535—C,HCl (vinyl chloride), 536

(¢) Di-hydrides. ...,

C.H, and C,HJ (diacetylene), 536—HC,CHO (propy-
nal), 537—C,H,0, (glyoxal), 538—C,H,Cl, (cis-, trans-
and 1,1-dichloroethylene), 539

(d) Mono-hydrides..............oiiii i,
C,HCl; (trichloroethylene), 540 - )

(e) Non-hydrides....... e e R
C,0,Cl, (oxalyl chloride), 540—C,Cl,, 541

5. SEVEN-ATOMIC MOLECULES . vt vt vttt ii e ineennenennn

CH,NH,, 541—CzH, (allene), 541—CH;C,H (methyl
acetylene), 542—CHCHO (acetaldehyde), 542—C,H,0
(ethylene oxide), 544—SFg, MoFg, WFg, UFg, 544

6. E1cHT-ATOMIC MOLECULES . . . .t it ittt iiereieenennennnn
C,H; (ethane) and B,H (diborane), 545—C,H;I (ethyl
iodide), 546—C,H;CHO, 547

7. NINE-ATOMIC MOLECULES . . . oot vttt ittt tenneennnnennns

(CH4),0 and (CHg,),S, 548—C,H,O (furan), 548—
C,H,S (thiophene), 549

524

540

540

541

545

548




xiv CONTENTS

8. TEN-ATOMIC MOLECULES . . ...t viiieiniininerennnnnrnnnn 549
(C,H;), (1,3 butadiene), 549—(CH,;),CO (acetone), 550
—C,H,NH (pyrrole), 551—p-C,H,N, (pyrazine), 551

9. ELEVEN-ATOMIC MOLECULES. ... vvvinernenneennvnennnnns 553
CsHg (1,3 cyclo-pentadiene), 553—CsH;N (pyridine),
554—C.H,0, (2-furfuraldehyde), 554

10. TWELVE-ATOMIC MOLECULES. .« et vttt i iievennnennnns 5565

CH,C=C—C=CCH, (dimethyldiacetylene), 5566—C;H,
(benzene), 555—(CH,CO), (biacetyl), 561—Other twelve-
atomic molecules, 562

APPENDIX I: Species and Characters of the Extended Point

GrOUPS . ot ettt it e 563
APPENDIX II: Species of Spin Functions for the More Important

Point Groups..........coiiiiiiiiiiiii i 569
APPENDIX III: Direct Products of Representations (Species) for

All Important Point Groups.................... 570

APPENDIX IV: Resolution of Species of Symmetric Point Groups
into Those of Point Groups of Lower Symmetry.. 574

APPENDIX V: Molecular Orbitals (Group Orbitals) Formed from

Atomic Orbitals of Equivalent Atoms............ 578
APPENDIX VI: Molecular Constants of the Electronic States of
Molecules with Three to Twelve Atoms.......... 580
APPENDIX VII: Physical Constants and Conversion Factors. . . ... 669 |
L g BIBLIOGRAPHY . ........oooiiiiiiii 671
' % SUBJECT INDEX .. ..ueeeteiaeetiaaaaeeaaaananaaaaannnaannn 699

AUTHOR INDEX. ... ittt iiiiiie i iinenes 733




