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noting the textual cohesion which it provides and the fact that the
use of other names (i.e., a-band, p-band, V-N transition, etc.) is
evaded.

(iv) The material of Sect's,IX & III is conjoined in
Sect,IV. The discussion given here may seem brief, perhaps even
superficial; this, however, is merely a consequence of the prior
reviews of Sect's.II & III and a desire on our part not to be

overly-repetitive.



TABLE OF CONTENTS

ACKNOWLEDGMENT . . & « ¢ « 5 5 o o o v o o 5 o o 5 & o o o o« & 3
FOREWORD « ¢« « « + ¢ o ¢ 4 o & o o « ¢ s 5 2 s s o & s 8 ¢ s« o 3
LIST OF TABLES + + & ¢ 4 ¢ « 4 o ¢ o s & o o o o o s s o s s o
LIST OF FIGURES. « + « « ¢ o o o o & o s o s 2 & s o o s s 4 o
ABSTRACT . T T
I, INTRODUCTION « « &+ ¢ & « ¢ o ¢ & s o ¢ o o s o o s o o s o s
II. THEORY . o + ¢ o ¢ v o & s o & o 4 0 s 2 o o s 2 2 0 s s «

III.

A [ MOLECULAR ORB ITALS L L] L - . - . L] L) - . . L . . * [ L

1. Correlation of Qrbitals <® the United Atom, the
Separated Atoms, and the Liucar Molecule . . . . . .
2, Correlation of the Molecular Orbitals of Linear
and Bent Molecules . . . . . . « « & 4« v 0 4 . s e
3. Correlation of the Molecular Orbitals of Triatomics
With and Without Off-Axis Groups . . . + + « .+ « . .
B. MOLECULAR ELECTRONIC STATES. . + . & « ¢ « s o s & » o
1. Correlation of Electronic States . . . + « ¢ &« + « &
2. Symmetry~- and Spin-Adapted Wavefunctions . . , . . .
3. Geometry of Excited States ., . . . . + « 4 + + « o &
4, Configuration Interaction and Singlet~Triplet Energy
Sp litt ings L] »’ . L] L [ L - L) L] L] » [ ] . L L] - - [ ] . L]
5. JYonization Potentials. . . . v v ¢« v & « « o o o o =«
L] RYDBERG STATES - ] ] a L L] - [ ] L[] . - L] L[] L L] L] L] [ ] a . -

H B O O

. ELECTRONEGATIVITY CONSIDERATIONS . . . . . . «. + . + , .
. FUNDAMENTAL FREQUENCIES OF VIBRATION . . . « + « + « + &
. ISOSTERIC VIBRATIONAL RATIOS . . .« « &+ « v &+ o s o o » =

EXPE RIMENTAL . . - L] . . . . * L] . L] L] . . L] . [] . L] . . L] .

A. INSTRUMENTAL METHODS . . + &+ ¢ &+ 2 o « o ¢ « ¢ o o o o &
B. CHEMICALS AND PURIFICATION PROCEDURES. . « « « + ¢« & + »
C. ABSORPTION SPECTRA . .+ &« &+ 4+ ¢ o o « s 2 v o o ¢ & s v o

1. Nitrous Oxide. . ¢« o 4+ & & v v & & 5 & ¢ 0 o o o s &

2.

Cﬂrbon Dioxide L] ] . [ [ . . - . . . L] . L} . - - - L]

vi

PAGE

oxid

» 18
- 22
. 24
+ 26
- 30

. 33
. 35
. 38
. 40
A
. 46
. 50
. 50
. 51
. 52
. 52



3. Carbonyl Sulfide . . .
4. Carbon Disulfide . . .
5. Allene . . . . . . .
6. Ketenme . . . . . « .,
. Cyanamide and Dimethyl
8., (Cyanogen Halides . . .
Diazomethane . . .
10. Mercury Halides. . . .
11. Cyanate and Isocyanate
12. Azido Species. . . . .
13. Thiocyanate Species. .
IV, DISCUSSION. . .+ + 4 « + « + &
A. lz'g* STATE AND CORRELATING
1. Geometry. . . . .
2, Binding Energy. . . .
3, Bonding . . . . . . .
B. 12': STATE AND CORRELATING
1. Intensity . . . . . .
2, Energy. . . . + + o 4
3. Vibrational Structure
c. 1H STATE AND CORRELATING
l.g Intensity . « . . . .
2, Energy. . . .« .« . . .
3. Vibrational Structure
D. 1A STATE AND CORRELATING
. Intensity ., . . . .
. Energy. . . . « . .« .
3. Vibrational Structure
E. 12 STATE AND CORRELATING
1. Intensity . . . . . .
2, Energy. . . . « . . .
3. Vibrational Structure
F. TRIPLET STATES. . . . . .
G. RYDBERG STATES. . . . . .

. - .

L] L] . .

- L] L] Ll

. L] L] .

PAGE

- 92

101
104
+105
106
106
-106
.107
-107
107
«111
+112
112
113
+115
*117
<119
*120
+121
*122
*124
*125
<126
+127
-129
+130
<131
-131
»132
«135



PAGE

V. CONCLUSION L] ’ [ . . ] ] L] [ L] L] . L] H - . - ) a2 . * ] " » . 137
BIBLIOGRAPHY ’ L] L] . . [ ] [ ] L L] L] L] . r L] . [ L] L] [ * [ r L] + L] L 1 3 9
APPENDIX I: CONSTRUCTION OF ANTISYMMETRIZED STATE

WAVEchTlous L] L L] * L - » - L] - - L L] ” ” L] . [ ] - 145
APPENDIX II: THE FRANCK-CONDON PRINCIPLE AND THE STRUCTURES OF

EXCITED ELECTRONIC STATES OF MOLECULES, . . . . . . 156
APPENDIX III: THE ELECTRONIC ABSORPTION SPECTRA OF KETENE IN

THE VACUUM ULTRAVIOLET.REGION . . . . . . . . . . . 168
APPENDIX IV: THE ELECTRONIC ABSORPTION SPECTRA OF CYANOGEN .

HALIDES (Schematic) o'’ o o W v o v o o o « » + + « 169

APPENDIX V: REPRINT OF REF.5: ELECTRONIC STATES OF HNCO,
CYANATE SALTS, AND ORGANIC ISOCYANATES. I,
LUMINESCENCE STUDIES: II. ABSORPTION STUDIES. . . . 170

APPENDIX VI: REPRINT OF REF,6: THE ELECTRONIC SPECTRA OF THE
AZIDE ION, HYDRAZOIC ACID, AND AZIDO MOLECULES. . . 171

VITA . . * . * * L] . L] [ . - - [ L] L] . . . a . . . * . . * L] L » ].72

viii



LIST OF TABLES

TABLE PAGE
I. Correlation of the Symmetry Representations of Molecular
Orbitals Among the Point Groups of Importance . . ., . . . 11
II. Results of MWH Calculations for the Ground State MO's
of Some Molecules of Interest . . + + « « o &« + o ¢ + « + 12

III. Correlation of Electronic State Representations Among
Various Point Groups. .+ + « o « o + o + o o o o « 4o » ¢ » 25

IV. Oscillator Strengths for Transaitions from the Ground
State to the Indicated Upper States as Obtained from
WH Calculations. L] L . [ ] . . L] L] [ ] L] , » , L[] L] [ ] L] - [ ] L] 29

lig and Biﬁ Excited States of Various

rom the VESCF-CI Calculations. . . . . 34
VI. Comparison of the Lower Lonization Potentials of Selected

V. Energies of the
Molecular Species

Molecules . . . « o + ¢ ¢ o s- ¢ o 4 s o o« o o o o s + « « 37
VII. A Comparison of Electronegativity and MWH Results , , . . 42
VIII. Fundamental Vibrational Frequencies . . . . . . . . . . . 45

IX. Ratios of Fundamental Frequencies for Isosteric
Molecules L] * - * L] L] [ ] L] L] ’ L] L] . L] . . - [ [ , L ] . ’ L4 48

¥. Primary Vibrational Frequencies in the H - li?
Transition of N20 L] [ ] » L ] . - L] [ ] L] * L] . * » L] L] L L ’ L] 55

XI. Vibrational Frequencies in the lﬂ - 12? Transition
g g

Of 0020 L . - ’ L] - L] L - L L * - L . . - - L] » L] L) - L * 61

XIT. Primary Vibrational Frequencies in the 13+ - 12?

Transition of OCS . . +. & ¢ + + ¢ + 4 o 4 4« s « « + s+ « «» BB
XIII. Vibrational Frequencies in the ln - 12 Trangition of OCS. &8

XIV. Rydberg Series in GCS . . « .+ & v v o o ¢« v v+ o « = « » « 71

XV, Primary Vibrational Frequencies in the 1H - lzﬁ
Transition of Csz - » » . L] [ ] L L - - - .g‘ L » L L] - L - 76

XVI, Primary Vibrational Frequencies in the Inu - 1{%

Transition of 052 Y T &
XVII. Rydberg Series in CS2 ¢ s e e s e et e e e s e e e s 80

XVIII. Primary Vibrational Frequencies in the B ( EL) - 1( +
Transition of Allene. . « . . « ¢ + & + o & & . 5 85

XIX, Vibrational Frequencies in the E( n ) A ( 2 )
Transition of Allene. . . . . . . . & . . .7, . .+ « » B7

X¥. BRycdberg Series in Allene. . . . + 4+ ¢« + &« &« » ¢« + + + +» o 90

ix



TABLE PAGE
1

XXI., Vibrational Frequencies in the B ( A } - Al( Z )
Transition of Ketene . , ., . . ., . . . . + o« 95
XXITI. Primary Vibrational Frequencies in the Bz( A ) l(lig?
Tradsition of Dimethyl Cyanamide Vapor . . . . . 4 . 7100
XXIII., Energies and Intensities of Electronic Absorption Bands. 108
XXIV. The Dooh Point GTOUP. « & v & o + s s « s ¢ o a « s+ o« « » L4B
XXV, Eigenfunctions of §_Derived from the Electronic
Excitation 27 = 3T + + + + + ¢ o s s & ¢ o« s« « ¢« o ¢ « « 151
XXVI. Symmetry Adapted State Eigenfunctions of S and 32 for
Linear Molecules . . . . + + + ¢+ & « &« & ¢ o « &+ « « « + 155
XXVII. Calculation of di from Vibronic Band Intensities . . ., ., 166



FIGURE

9.
10.
11.

12.
13.
14.
15.
16.

17.
18.
19.

20.

LIST OF FIGURES

Molecular GeometTiesS. . « v v « o « * o o 4 v + o o 4 4 4

Correlation of Orbitals Between Large and Small
Internuclear Distances in 002 e e e 4 s s e e e et

Walsh Diagram of the Valence Orbitals of co, in the
Ground State Configuration With Schematic Molecular
Orbitals Drawn 1in . « v « o & o & & o v ¢ & o + 4 5 0 s

Comparison of the 2b, 'Non- Bonding" Molecular Orbital _
of Formaldehyde With the lﬂg, 9a’, and &by MO's of NCO ,

HNCO and HZCCO L] [ - L] L] - L] L . . L] - . - " [l . . . .

Correlation of the Molecular Orbitals of HNCS (Linear and
Bent NCS) With Those of Linear and Bent NCS-. . . .

Schematic Representatlon of thﬁ Electronic States
Resulting from the (lng) (2n Configuration of a D h
MDlecule. L] L] [ ] L ] . » L] - . a [ - L] - - L] L] L] - L[] L

Total Energies of Electronic States in NCS as a
Function of Angle . . . « v & ¢ o v v o s « ¢ v o o s 5

Total Energies of Electronic States in 002 as a Function
of Angle‘ - - . L] L - - - L] L - » - L] L L] L » - L L » L] L ]
Absorption Spectrum of Nitrous Oxide, N20 e e e a s e e

Absorption Spectrum of Carbon Dioxide, 002. e s e e s e s

Vibronic Species of the 1, Vibrational Levels in the
1Hg Electronic State of CO2 . . +« ¢ « ¢ & &« o « « ¢ o o &

Absorption Spectrum of Carbonyl Sulfide, OCS. . . . . . .
Absorption Spectrum of Carbon Disulfide, CSz. e v e s e

Absorption Spectrum of Alieme, HoCCCHp. . . . . . o . . .
Absorption Spectrum of Xetene, HoCCO, . . . . « . + + ¢ &

Absorption Spectrum of Dimethyl Cyanamide (CHB)ZNCN,
Vapor L] , L » - L . . . L] . L - L] - * L L L L] 4 r , -

Correlation Diagram for Excited Electronic States . . .

The Symmetry Operations of the D . Point Group. . . . .

wh
The Electronic Absorption Spectrum.of Ketene in the
Vacuum.Ultraviolet REZLON o « « « « o o o o o o o o o o

The Electronic Abaorprizn Spectra of Cyanogen Halides
(Schemﬁtic) s e A vl & e e - ¢ . * - . . . - . . . »

xi

14

19

21

27

31

32
54
58

60
65
73
84
23

29
110
147

168

169



ABSTRACT

The electronic structure of linear triatomic .sixteen.valence-
electron molecules and ions and several slightly-perturbed linear

triatomic systems are investigated. The species ccnsidered are:

- o [y
th pgint gro"?"'COZ’ CSZ’ NNN , Noz, GN2, chzz, HgBrz,
Hgl,s :
Cmu paint group---0CS, Nzo, NCO , NCS , NCC¢, NCBr, NCI;

D2d peint group---H,CCCH,;

2 2

C,, point group---HZQCO, H,NCN, (CH3)2NCN, H,CNN;

2 2

C; point group---HNNN, HNCO, HNCS, C,H.NCO, CH,, NNN,

CGHSNCO.
The electronic absorption spectra of these molecules and ilons have
been determined in the ultraviolet and vacuum ultraviolet regions of
the spectrum. Luminescence spectra have also been measured for some
of the species. Although some of these spectra have been discussed
in the literature, there has been no concerted effort to correlate
the electronic states of these molecules. Mulliken-Wolfsberg-Helmholz
(MW{H) computations have been used to generate Liwdin MO's, MO
eigenvalues, total electronic energies, orbital populations, and
atomic charges. These calculations are coupled with configuration

interaction (CI) and spin-orbit coupling (SOC) calculations in order

to obtain singlet and triplet excited states. The dominant electronic

xii



excitations are of . - ng and g, ﬂ'Tﬁ'MD excitation type, yielding

the following excited states in lncreasing order of energy:

3+ 3 3 _ L - 1 3 I 1_+
ih < Au < ih ih < Au < Hg o Hg < ih. Transition moments,

oscillator strengths, transition energies and phosphoréscence lifetimes
are calculated for these electronic transitions. Electronegativity
concepts are used in predicting qualitative trends in transition

energles. Rydﬁerg states are discussed with emphasis on quantum

defects and numbering of series. Ionization potentials are caleulated

and compared with experimental results. The molecula® orbitals éﬁﬂq- e
electronic states are correlated throughout the series of point groups
considered. Many of the degene:gcigs.of theuth‘and Cmv molecules<are
removed in the D,,, C, and bs molecules. ﬁnﬂever, since the perturbation
is small (usudlly an off-axis hydrogen), one-expecté a partial
persistence of the widely-spread groupings of states characteristic of

the linear molecules. Baseq on this attitude of a D“

2d* CZV’ or. Gy
perturbation on a Dmh or Cmv Hamiltonian and using bénd intenéities,
band shapes, vibrational analysis, Franck-Condon analysis, analygiscof
Rydberg series, and semiempirical MO calculations, the :electronic
states aiezcdrfélktedlanduidehtifiéﬁcf &hé?eléctibnitusta;es of each:
moleculéwareadi&cns%eacinﬂiyiduadIyﬁfnttérmsloiﬁtheﬂmrreapectivé

energy, intensity, and vibrational structure,

xiii



I. INTRODUCTION

The electronic spectra of triatomic sixteen-valence-electron
molecules have bheen much investigated. Nonetheless, few state
identifications exist, The best attempts at correlating and assigning
the excited electronic states of these molecules have been made by
Mullikenl and Walshz. However, theae authors had access to very
limited amounts of experimental data and their correlations left many
questions unanswered. The purpose of the present work is to elicit
good electronic absorption spectra (i.e., ones valid to ~11 ev) for
these molecules and to characterize and identify their excited
electronic states.

The molecules considered here are:

NNN, NOZ, CN

D 2°

h point group--CO C

2> O5p»
HgBrz, H812§

HgCEz,
c,,, Point group--0CS, NNO, NCO , NCS , NCGC#, NCBr,
NCI;
CCCH,;
cco, H

D2d point group-—H2

sz point group--H2 2NCN, (CH3)2NCN, H.,CNN;

C8 point group-~HNNN, HNCO, HNCS, CH

2
3CHZNCO, CSH11NNN.
All of these molecules or ions contain sixteen valence electrons.
Nearly all of them are triatomic--those few which are not triatomic
consist of a dominant triatomic grouping to which are attached

g-bonded H-atoms or alkyl groups. The triatomic grouping is always

linear in the ground state of the system,



Some of the spectra presented here have been measured
previously; our remeasurements were made in oxder to provide a
single representation of the entire absorption region, in order to
evaluate unknown extinction coefficients and oscillator strengths, ‘
and in order to provide better data relating to energiezs, band
shapes, vitrational gtructure, and Rydberg transitions,

Three techniques have been employed in assigning electronic
spectra:

(i) Symmetry considerations;

(ii) Semiempirical molecular orbital calculations; and,

(iil) Specific identifications,

Each method is separately useful for making state identifications;
however, consistent agreement between the three methods can provide
unique assignments. These methods are:

(1) Symmetry Qonsiderations: The main differences

in the molecules of interest arise from the atomic make-up of the
triatomic grouping and the slight perturbations supplied by the
off-axis attachment of H-atoms or alkyl groups., The grouping of
apectroscopic significance is the linear triatomic entity. The
off-axis perturbation supplied by appended groups removes many of the
electronic degeneracies associated with the linear triatomic chain~-but
does 80 in such a way as to retain the widely-spread distribution of
states characteristic of the linear entity. Consequently, degeneracies
inherent in the states of D

wh

predictable ways as one proceeds to lower molecular symmetries.

and va molecules should resolve in



Furthermore, many transitions which are dipole-forbidden in the
high~symeetry molecules, may attain considerable dipole-allowedness

in the lower-symmetry entities. Given the persistence of recognizable
trends from molecule to molecule, it is obvious that the removal of
degeneracies and of dipole-forbiddenness can provide important
diagnostic tools for state ldentifications,

(i1) Semiempirical Molecular Orbital Calculations:

Electronic structure and spectroscopy can be discussed in terms of
LCAO-MO calculations. Mulliken-Wolfsberg-Helmholz (MWH) calculations
are particularly useful in diécussing such electronic properties as
molecular wavefunctions, one-electron orbital energies as a function
of angle (Walsh diagrams), total electronic energy as a function of
angle, transition energies, charge densities, etc. Variable-electro-
negativity self-consistent-field (VESCF) and configuration interaction
(CI) calculations provide useful theoretical energies and wavefunctions
for states of 1 - 1% type. Oscillator strengths and lifetimes of
gsinglet « ginglet and triplet « singlet transitions can be calculated
using the properly-antisymmetrized MWH or VESCF state functions. Such
computed information for any one molecule is neither particularly
credible nor useful. However, if applied to a series of molecules and
if used to predict trends in the electronic spectroscopy, it can be of
great help in correlating and assigning the observed states., It is in
this facet of empirical quantum-chemical schemes that their importance
lies.

(fii) Specific Identificationa: Some of the observed

electronic states can be identified uniquely using vibrational and/or



rotational analyses. Band shapes, Franck-Condon considerations,
forbiddenness and allowedness of transition origins, polarizations,
and intensity considerations can also provide information which is
ugeful in this context. Where poasible, such information will be
used in discussing state assignments.

Two other items of some interest are also broached here.
The first of these is termed ISOSTERIC VIBRATIONAL RATIOS: This
concept involves application of vibrational isotope rules to a series
of isosteric molecules in an effort to ascertain the nature of the
vibrational modes which couple to electronic transitions; such
application is found to be of marginal use in this work. The second

concept relates to the use of QUANTUM DEFECTS as an aid to the

assignment of Rydberg States: Specifically, it has been found that
quantum defects for molecules which consist of 2nd row atoms differ
from those for molecules which are composed solely of 3rd row atoms;
furthermore, the quantum defects for molecules which consist of both
2nd and 3rd row atoms are of intermediate values; this finding has
considerable significance for virtual orbital interactions and for

Rydberg identification methods.



IT, THEORY

A, MOLECULAR ORBITALS

The electronic structure of the molecules considered here
is described in terms of molecular orbitals (MO's). The semi-empirical
Mulliken~Wolfsberg-Helmholz (MJH) technique is used in order to
calculate the MO's. The calculationa are similar to those of

Carroll et al.3 which have been used extonsively in the study of

4-7 Such calculations extend the

electronic excited states.
semi-empirical one-electron nature of simple Hiickel theory to all
valence electrons and are also known8 as "EXTENDED HUCKEL THEORY".

Solution of the secular equation |H - EGij‘ = 0 results in eigenvalues

i]
of an effective one-electron Hamiltonian. The Hii matrix elements are
approximated as the negative of the atomic valence state ionization
potentials (VSIP's). TFollowing Viste and Gray%, the VSIP's are
calculated as functions of atomic charge and orbital population and
are capable of taking into account changes in the atomic environment
within a molecule. Resonance integrals are calculated using the

Cusachs approximationlo

By, = (2 - |511|)(“11 +Hy )8, /2 el

are overlap integrals. The Cusachs approximation is
7,11

where the Sij

chosen in preference to others because it contains no external

parameters which are arbitrarily variable. Clementi double-zeta



12 All MWH calculations

functions were used as an atomic orbital basis.
were processed to charge self-consistency using a heavily-damped

iterative procedure.3

The following atomic orbital basis sets are used in the

calculations reported here:

H ls

C 2s, 2px, Zpy, 2pz
N 28, 2px, Zpy, 2pz
0 28, 2Px’ 2py, 2pz
s 38, Ip, 3pys o,
ch 3s, 3Px’ 3py, 3pz

The geometries, point groups, and coordinates of all
molecules are listed in Fig.l. The axes designations for all point

groups, except C conform to standard usage. The standard

zv’
designations for sz are obtained by a simple exchange of the z and
y axes of Fig.l. ‘The coordinates used here for sz facilitate MO

correlations and conform to the notation used by Mulliken and Walsh

in discussing these same systems,.

1. Correlation of the Orbitals of the United Atom, the Separated
Atom, and the Linear Molecule

The correlation of orbitals between large and small
internuclear distances, as exemplified by carbon dioxide, is shown

in Fig.2. The K-shell electrons are omitted from Fig.2 becauase they



Fig.l: Molecular geometries, Distances are in Angstrom units.
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Fig.2: Correlation of orbitals between large and small internuclear
distances in CO,. [Enclosure of certain levels in frames
indicates a gross expansion of the energy scale within that
enclosure. Carbon dioxide molecular orbitals are taken from
MWH calculations. Atomic energy levels are taken from
Siegbahn et al., "ESCA. Atomic, Molecular, and Solid State
Structure Studied by Means of Electron Spectroscopy", Nova
Acta Regiae Soc, Sci. Upsaliensis, Ser, IV, 20, Uppsala,

1967, The energy of the 3d atomic orbital of Ar is taken from

"Atomic Energy Levels', National Bureau of Standards Circular

467, June 15, 1949].
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lie very low on the energy scale. However, these K-shell electrons
are considered in the serial numbering of orbitals used in Fig.2.
The atomic orbitals of carbon and oxygen are gshown at the extreme
rigﬁt of the diagram., As these atoms are brought togethet to form
002, the orbitals become bonding, non-bonding, or anti-bonding. The
ordering of molecular orbitals in the molecule is also affected by
the repulsion between pairs of orbitals of the same type (3ag and
453; lnh and Zﬂh; 3au and 4°h) ariging from atomic orbitals of nearly
the same energy. The orbitals of the united atom (Ar) are shown at
the extreme left of the diagram. When the atoms of CO2 coalesce to
form Ar, eight of the electrons suffer an increase in their n values
in order to satisfy the Pauli principle, Tﬁe aelectrons with n = 2
are shifted down the energy scale by the increased, concentrated
nuclear charge. The n = 3 electrons retain approximately the same
energies as they had in the molecule. In Fig.2, the molecular orbitals
are connected by dashed lines to the major contributory atomic orbitals
of the separated atoms, The MWH calculations agree with the
correlations of Fig.2. However, the MWH results do indicate that
contributions from other AO's are also significant,

In any case, the correlation of Fig.2 provides rather
complete validation of the MWH MO energy level diagrams for 002.

Similar validation is obtained for other simple triatomics.

2, Correlation of the Molecular Orbitals of Linear and Bent Molecules

A correlation of the symmetry representations of the MO's
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of the various molecules considered is given in Table JI. The MO
eigenvalues, as obtained from MWH calculations, are presented in
Table II. The highest~occupied and lowest-unoccupied MO's of the
linear molecules are doubly-degenerate n-MO's which split into two
components in the molecules of lower symmetry. The magnitude of this
aplitﬁing is dependent upon ﬁhe size and type of the off-axis
perturbation employed (i.e., on the number oi off-axis H-atoms or
alkyl groups and the degree of non-linearity which they introduce).

The behavior of the electronic MO wavefunctions with change
of angle are especially useful in understanding the electronic
properties of these molecules. A one-electron orbital energy versus
angle schematization (i.e., a Walsh diagram) is shown in Fig.3 for
CO2 in its ground state configuration. Schematic representations of
the molecular orbitals in the linear and 90° bent molecule are also
presented in Fig.3.

(1) ggéggglg Molecular Orbital: The first valence
orbital, 3gé(3a1), is strongly bonding in both the linear and bent
geometries. In the linear conformation, the main contributors to
this MO are 230 and 230 atomic orbitals, with a very small contribution
from the 2pzo-A0's. Bending of the molecule leads to development of a3
bond between the 2pzo-A0's and this is accompanied by some increase
in the ZpyN-AO involvement., Thus, a.bending of the molecule leads to
an increase in end-atom bonding.and this stabilizes the 303(3a1)-uo.

(i) . 2g Sszl Molecular Orbital: The 2ch(2b2)'H0 is

anti-bonding between the two end-atoms and possesses a node through



TABLE I

CORRELATION OF SYMMETRY REPRESENTATIONS OF MOLECULAR
ORBITALS AMONG THE POINT GROUPS OF IMPORTANCE

{The double-dashed line across the body of the table
separates the filled lower MO's from the unfilled upper
MO's appropriate to the ground state electronic
configuration]

woh oy 2v 2v s
4
4a - 9 4b2 5b2 12a
____________________ r
S5a 8o Sa1 7a1 lia
~- 2b) ===-- 3a”
2n === 3n ----- 3e 1.
“~Ba, me=m-- 10a’
1
e 2a”
1né ----- Zn ----- 2e 2 __
el T I
4b2 9a
____________ i
3o 7o 3b2 3b2 8a
A la”
I ----- im ----- le 277
Bty 5a, ----- 7a’
———— I
4cg - 6g éal 431 6a
I
20 --- 5o 2b2 - 2b2 5a
30 ~---- by ----- 3a, -==-- da, -~~-= Aha'




TABLE II

RESULTS OF MJH CATCULATIONS FOR ITHE GROMD STATE MO'S OF SOME MOLECULES OF INTEREST

{The eigenvalues are in ev and are followed by the symmetry notation of the orbital.

the double-dashed line are unoccupiled in the ground state]

Orbitals above

+ -
co, cs, No, Ny HN, CN HCN,, H,CN, H,CCCH, H,0C0

Don Doty - Dok Doy C Don C, Cov Doy S
- 7.024(3a") - 4,035(3a") - 5.515(2b1) - 5.492(2b1)

- 6,909(2m ) - 6.326(2n ) -1L.%34(2m) - 4.428(27) - 1.539(2r) - 6.041(3e)
- 7.751{10a") - 4,459(10a) - 6.192(6a1) -.7.521(6a1)
-11.841(2a") - 7.898(2a") -11.434(1a,) -11.487(la,)

-14.050(1n_) -11.330{l+ ) -19.242(1r ) - 7.76B(ln ) - 3.494(1r ) ~11.657(2e)
& g & & .12.765(9a’) & - 8.410(9a") -12.245(4b,) ~13.629(4b,)
-14.927(33,) -12.608(37) -2L.554(3z) - 9.529(37) -16.491(8a’) - 3.910(37)) - 9.170(8a") -12.452(3b,)  -12.737(3b;) -13.737(3b,)
-17.190(7a ") -10.597(1a"y -16.792(1b, ) -15.582(1b,)

-17.680(1m ) -14.440(1r ) -25.564(1r) -12.409(1w ) - 5,268(1r) -14.718(1e)
-17.360(1a") -11.015(7a") -17.133(5a1) -16.087(5a1)
-18.059(4cg) -15.320(452) -25.139(45g) -12.623(4:8) -18.298(6a’) - 6.640(47 ) -12.755(6a”’) -17.331(4a,) -15.752(4a;) -16.661(4a,))

&

¢t
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Fig.3:
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Walsh diagram of CO, in the ground state. Schematic molecular

2
orbitals are also indicated. [The hatched areas represent
regions of space where the molecular orbital has a negative
amplitude. Only one member of each pair of the degenerate
lnﬁ, lﬂé, and 2m, orbitals is shown. The other member of each
pair is identical to the one shown except that it is rotated
by 90° about the internuclear axis. In the 90° conformation,
2 and 2b1 orbitals, the molecule is
shown in the yz plane and all orbitals are in this same plane.

except for the 1b1, la

For the 1b laz, and 2b., orbitals, the molecule is shown in

1’ 1
the xz plane and the orbitals are in this same plane (i.e.,

the orbitals are perpendicular to the plane of the molecule) ]
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the central atom. In the lincear configuration, this MO is composed
of ZSO-AO’S and a 2pzc~A0. Bending of the wmolecule causes an
increase in both the kinctic and electronic~repulsion cnergies of
electrons in this MO and, as a result, the MO energy increases with

decreasing angle.

(iidi) égg(4al) Molecular Orbital: The 4ﬂg(4a1)-M0, in
the linear confurmation, is cowposed of 2s,-, 2p,,~, and ZSC-AO'S
arranged such that nodes intersect both of the 0-C bonds, Bending
of the molecule causes a large shift of electron charge out of the
2pzo-A0's into the Zpyo-AO's and a stroang bond develops between the
2py0- and ZSC-AO'S. Thus, the energy of the 458(4a1)-M0 is expected
to decrease as the 0-C-0 angle becomes smaller. -

(iv) lﬂu(lb1 & 551) Molecular Orbital: The lnu(lbl)-MO

consists of an out-of-planc in-phase combination of 2px-A0's from all
three centers. This MO is bonding throughout the molecular extent.
The central atom contributes the largest amount of electron density
in the linear conformation; however, upon bending, the charge
distributes itself more evenly throughout the 2px-A0's and a slight
decrease in energy occurs because of the greater electronegativity of
the end -atoms.

The lﬂh(Sal)-MO is similar to the 1TL(1b1) orbital in
the linear conformation--except that it consists of 2py-A0's. Bending
of the molecule results in a gradual increase in energy of this MO

followed by a slight decrease at ~100°, The gradual increase in
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energy arises from a decrease in the extent of 2py n-bonding caused
by bending. The decrease in energy at smaller angles is due to the
increased bonding which sets in between the ZpZO-AO's and the
ZPyC-AO; this latter interaction produces a bonding region which is
localized within the molecular triangle.

(v) 3o g3b2) Molecular Orbital: The 3°h(3b2)-M0 is

composed, in the linear conformation, of 2pz-A0's on all atoms; it
also possesses a small amount of 2so-A0 character. These orbitals
are arranged such that they are strongly bonding in the O0-C bond
region, with nodes passing through each of the three atoms. Bending
of the molecule shifts most of the charge to the 2py0-AO's and
2po-A0 and produces a small decrease in energy. The nodes through
each atom remain intact in the bent conformation.

(vi) 1'n's(1a2 & 4b2} Molecular Orbital: The lﬁé(laz)—MO

is composed of an anti-bonding combination of 2pr*A0's. Its energy

is approximately independent of angle.

The 1ng(4b2)-M0 is the highest-occupied MO; it is
similar to the lng(laz)-MO in the linear conformation--except that it
is composed of 2pyo-A0's. Bending of the molecule causes a large
shift of electron density from the 2py0—A0's to the ZpZO—AO's with a
small further amount going to the 2pzc~A0. These AO's are'arranged
in an anti-bonding manner, and this anti~bonding characteristic

grows larger as the angle grows smallexr. The _sharp increase of energy

of this MO caused by bending is responsible for the stability of the




