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n o t in g  th e  t e x t u a l  co h es io n  which i t  p ro v id e s  and th e  f a c t  t h a t  th e  

use o f  o th e r  names ( i . e . ,  a -b an d , p-band , V*-N t r a n s i t i o n ,  e t c . )  i s  

evaded.

( iv )  The m a te r i a l  o f  S e c t ' s . I I  & I I I  i s  co n jo in ed  in  

S e c t . IV .  The d i s c u s s io n  g iven  h e re  may seem b r i e f ,  p e rh ap s  even 

s u p e r f i c i a l ;  t h i s ,  however, i s  m ere ly  a consequence o f  th e  p r i o r  

rev iew s o f  S e c t ' s . I I  & I I I  and a d e s i r e  on our p a r t  no t t o  be 

o v e r l y - r e p e t i t i v e .
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ABSTRACT

The e l e c t r o n i c  s t r u c t u r e  o f  l i n e a r  t r i a t o r a i c  s i x t e e n - v a l e n c e - 

e l e c t r o n  m o le c u le s  and io n s  and s e v e r a l  s l i g h t l y - p e r t u r b e d  l i n e a r  

t r i a t o m i c  system s a r e  i n v e s t i g a t e d .  The s p e c i e s  c o n s id e re d  a r e :

D«h p o in t  s ro u p  C02,  CS2 , HNN", NO*, CN2, H g C ^ , HgBr2,

H gl2 ;

C . p o i n t  g ro u p — -OCS, No0 ,  NCO", NCS~, NCCi, NCBr, NCI;
ooV 4

D2d p o i n t  g ro u p  H2CCCH2 ;

C2v p o in t  g ro u p — H2CCO, HjjNCN, (C H ^N C N , HjCNN;

Cg p o in t  g ro u p  HNNN, HNCO, HNCS, CgHgNCO, ^ l ^ N N N ,

c 6h 5 n co .

The e l e c t r o n i c  a b s o r p t i o n  s p e c t r a  o f  t h e s e  m o le c u le s  and io n s  have 

been  d e te rm in e d  i n  t h e  u l t r a v i o l e t  and vacuum u l t r a v i o l e t  r e g io n s  o f  

the  sp ec tru m . Lum inescence s p e c t r a  have a l s o  been m easured f o r  some 

o f  th e  s p e c i e s .  A lthough  some o f  t h e s e  s p e c t r a  have been  d i s c u s s e d  

i n  th e  l i t e r a t u r e ,  t h e r e  has  been no c o n c e r te d  e f f o r t  t o  c o r r e l a t e  

t h e  e l e c t r o n i c  s t a t e s  o f  th e s e  m o le c u le s .  M u ll iken -W olfsberg -H elm ho lz  

(MWH) co m p u ta t io n s  have been  used  t o  g e n e r a te  Litodin MO's, MO 

e ig e n v a l u e s ,  t o t a l  e l e c t r o n i c  e n e r g i e s ,  o r b i t a l  p o p u l a t i o n s ,  and 

a to m ic  c h a r g e s .  These  c a l c u l a t i o n s  a r e  coup led  w i th  c o n f i g u r a t i o n  

i n t e r a c t i o n  (C l)  and s p i n - o r b i t  c o u p l in g  (SOC) c a l c u l a t i o n s . i n  o rd e r  

t o  o b t a i n  s i n g l e t  and t r i p l e t  e x c i t e d  s t a t e s .  The dom inant e l e c t r o n i c

x i i



e x c i t a t i o n s  a r e  o f  TTg -* ti*  and ou -» MO e x c i t a t i o n  t y p e ,  y i e l d i n g  

th e  f o l lo w in g  e x c i t e d  s t a t e s  i n  i n c r e a s i n g  o rd e r  o f  e n e rg y :
n i o 3 * 1 * 1  3  ij i i
71 <  A < y f  i f  < A < II II <  * T r a n s i t i o n  moments,u n i  n i  u g “g - \ i

o s c i l l a t o r  s t r e n g t h s ,  t r a n s i t i o h * e ”n e r g i e s  and p h o sp h o rescen ce  l i f e t i m e s

a r e  c a l c u l a t e d  f o r  th e s e  e l e c t r o n i c  t r a n s i t i o n s .  E l e c t r o n e g a t i v i t y

c o n c e p ts  a r e  used in  p r e d i c t i n g  q u a l i t a t i v e  t r e n d s  i n  t r a n s i t i o n

e n e r g i e s .  Rydberg s t a t e s  a r e  d i s c u s s e d  w i th  em phasis  on quantum

d e f e c t s  and numbering o f  s e r i e s .  I o n i z a t i o n  p o t e n t i a l s  a r e  c a l c u l a t e d

and compared w i th  e x p e r im e n ta l  r e s u l t s .  The m olecu la tt  o r b i t a l s  dttSki --

e l e c t r o n i c  s t a t e s  a r e  c o r r e l a t e d  th ro u g h o u t  th e  s e r i e s  o f  p o in t  g roups

c o n s id e r e d . ,  Many of th e  d e g e n e r a c i e s  o f  t h e - D ^  and C m olecu les^aire

removed in  th e  and m o le c u le s .  However, s in c e  th e  p e r t u r b a t i o n

i s  sm a ll  ( u s u a l l y  an o f f - a x i s  h y d r o g e n ) o n e  e x p e c t s  a  p a r t i a l

p e r s i s t e n c e  o f  th e  w id e ly - s p r e a d  g ro u p in g s  ■of' s t a t e s  c h a r a c t e r i s t i c  o f

t h e  l i n e a r  m o le c u le s .  Based on t h i s  a t t i t u d e  o f  a D „ , ,  C„ , o r  C
2 d* 2v s

p e r t u r b a t i o n  on a o r  C H am il to n ian  and u s in g  band i n t e n s i t i e s ,  

band s h a p e s ,  v i b r a t i o n a l  a n a l y s i s ,  F ranck-C ondon a n a l y s i s ,  a n a l y s i s  o f  

Rydberg s e r i e s ,  and s e m ie m p ir ic a l  MO c a l c u l a t i o n s ,  t h e ‘e l e c t r o n i c  

s t a t e s  a x e - c o r r e l a t e d ’ and:ideht±f'ifed'".i' The’ e l e c t r b j i i c  s t a t e s  o f  b a c h '  

m o lecu le-  a r e  d iscussed-- indfyfdua>l ly> in -  te rm s !  o f t  th e i i to - r e s p e c t iv e  

e n e rg y ,  i n t e n s i t y ,  and v i b r a t i o n a l  s t r u c t u r e .

x i i i



I .  INTRODUCTION

The e l e c t r o n i c  s p e c t r a  o f  t r i a t o m l c  s ix t e e n - v a l e n c e - e l e c t r o n

m o lecu les  have been, much i n v e s t i g a t e d .  N o n e th e le s s ,  few s t a t e

i d e n t i f i c a t i o n s  e x i s t .  The b e s t  a t t e m p ts  a t  c o r r e l a t i n g  and a s s ig n in g

th e  e x c i t e d  e l e c t r o n i c  s t a t e s  o f  th e s e  m o lecu les  have been  made by 

1 2M u llik en  and Walsh , However, th e s e  a u th o r s  had a c c e s s  to  v e ry  

l im i t e d  amounts o f  e x p e r im e n ta l  d a t a  and t h e i r  c o r r e l a t i o n s  l e f t  many 

q u e s t io n s  unanswered. The purpose  o f  th e  p r e s e n t  work i s  t o  e l i c i t  

good e l e c t r o n i c  a b s o r p t io n  s p e c t r a  ( i . e . ,  ones v a l i d  t o  —1 1  ev) f o r  

th e s e  m o lecu les  and to  c h a r a c t e r i z e  and i d e n t i f y  t h e i r  e x c i t e d  

e l e c t r o n i c  s t a t e s .

The m o lecu les  c o n s id e re d  h e re  a r e :

Dwh p o in t  g r o u p - C 0 2 , CS2, NNN", NO*, CN2 , HgCj^,

HgBr2 , Hgl2 ;

C p o i n t  group— OCS, NNO, NCO , NCS , NCCA ,  NCBr,

NCI;

D2d p o in t  g roup—H2 CCCH2 ;

C ^  p o i n t  group--H 2 CCO, HjNCN, (C H ^N CN , H2 CNN;

Cs p o in t  g roup—HNNN, HNCO, HNCS, CHgCH^CO, C ^ jN N N .

A l l  o f  t h e s e  m o lecu les  o r  io n s  c o n ta in  s ix t e e n  v a le n c e  e l e c t r o n s .  

N ea r ly  a l l  o f  them a r e  t r i a t o m i c - - t h o s e  few w hich a r e  n o t  t r i a t o m i c  

c o n s i s t  o f  a  dominant t r i a t o m i c  g ro u p in g  to  which a r e  a t t a c h e d  

C-bonded H-atoms o r  a l k y l  g roups . The t r i a t o m i c  g ro u p in g  i s  a lw ays 

l i n e a r  in  th e  ground s t a t e  o f  th e  system .



Some o f  the  s p e c t r a  p re s e n te d  h e re  have been measured 

p r e v io u s ly ;  ou r rem easurem ents were made i n  o rd e r  t o  p ro v id e  a 

s in g l e  r e p r e s e n t a t i o n  o f  th e  e n t i r e  a b s o r p t io n  re g io n ,  i n  o rd e r  t o
T

e v a lu a te  unknown e x t i n c t i o n  c o e f f i c i e n t s  and o s c i l l a t o r  s t r e n g t h s ,  

and in  o rd e r  t o  p ro v id e  b e t t e r  d a ta  r e l a t i n g  t o  e n e r g i e s ,  band 

sh ap es , v i b r a t i o n a l  s t r u c t u r e ,  and Rydberg t r a n s i t i o n s .

Three te c h n iq u e s  have been employed in  a s s ig n in g  e l e c t r o n i c

s p e c t r a :

( i )  Symmetry c o n s id e r a t io n s ;

( i i )  Sem iem pirica l  m o lecu la r  o r b i t a l  c a l c u l a t i o n s ;  and,

( i i i )  S p e c i f i c  i d e n t i f i c a t i o n s .

Each method i s  s e p a r a t e ly  u s e f u l  f o r  making s t a t e  i d e n t i f i c a t i o n s ;  

however, c o n s i s t e n t  agreem ent between th e  th r e e  methods can p ro v id e  

unique a s s ig n m e n ts .  These methods a r e :

( i )  Symmetry C o n s id e r a t io n s : The main d i f f e r e n c e s

in  the  m o lecu les  o f  i n t e r e s t  a r i s e  from th e  a tom ic  make-up o f  th e  

t r i a t o m i c  g ro u p in g  and th e  s l i g h t  p e r t u r b a t i o n s  s u p p l ie d  by th e  

o f f - a x i s  a t ta ch m e n t  o f  H-atoms o r  a l k y l  g ro u p s .  The g roup ing  o f  

s p e c t r o s c o p ic  s ig n i f i c a n c e  i s  th e  l i n e a r  t r i a t o m i c  e n t i t y .  The 

o f f - a x i s  p e r t u r b a t i o n  su p p l ie d  by appended groups removes many o f  the  

e l e c t r o n i c  d e g e n e ra c ie s  a s s o c i a t e d  w i th  th e  l i n e a r  t r i a t o m i c  c h a in - - b u t  

does so i n  such a way a s  to  r e t a i n  th e  w id e ly -s p re a d  d i s t r i b u t i o n  of 

s t a t e s  c h a r a c t e r i s t i c  o f  th e  l i n e a r  e n t i t y .  C onsequen tly , d e g e n e ra c ie s

in h e r e n t  i n  th e  s t a t e s  o f  D , and C m o lecu les  should  re s o lv e  incoh afl/

p r e d i c t a b l e  ways a s  one p ro ceed s  t o  lower m o le c u la r  sym m etries.



F u r th e rm o re ,  many t r a n s i t i o n s  w hich a re  d ip o le - f o r b id d e n  i n  th e  

h igh-sym m etry  m o lecu les ,  may a t t a i n  c o n s id e ra b le  d ip o le -a l lo w e d n e s s  

i n  th e  lower-symmetry e n t i t i e s .  Given the  p e r s i s t e n c e  o f  re c o g n iz a b le  

t r e n d s  from m olecu le  t o  m o lecu le , i t  i s  obvious  t h a t  th e  removal o f  

d e g e n e ra c ie s  and o f  d ip o le - f o r b id d e n n e s s  can p ro v id e  im p o r tan t  

d i a g n o s t i c  t o o l s  f o r  s t a t e  i d e n t i f i c a t i o n s .

( i i )  S em iem pir ica l  M olecu la r  O r b i t a l  C a l c u l a t i o n s ; 

E l e c t r o n i c  s t r u c t u r e  and sp ec tro s c o p y  can be d is c u s s e d  i n  te rm s of 

LCAO-MO c a l c u l a t i o n s .  M ulliken-W olfsberg-H elm holz  (MWH) c a l c u l a t i o n s  

a r e  p a r t i c u l a r l y  u s e f u l  in  d i s c u s s in g  such e l e c t r o n i c  p r o p e r t i e s  a s  

m o le c u la r  w a v e fu n c t io n s ,  o n e - e l e c t r o n  o r b i t a l  e n e r g ie s  a s  a fu n c t io n  

o f  a n g le  (Walsh d ia g ra m s) ,  t o t a l  e l e c t r o n i c  energy  a s  a f u n c t io n  of 

a n g le ,  t r a n s i t i o n  e n e r g ie s ,  charge  d e n s i t i e s ,  e t c .  V a r i a b l e - e l e c t r o -  

n e g a t i v i t y  s e l f - c o n s i s t e n t - f i e l d  (VESCF) and c o n f ig u r a t i o n  i n t e r a c t i o n  

(C l)  c a l c u l a t i o n s  p ro v id e  u s e f u l  t h e o r e t i c a l  e n e r g ie s  and w av efu n c tio n s  

f o r  s t a t e s  o f  tt -* tt* ty p e .  O s c i l l a t o r  s t r e n g t h s  and l i f e t i m e s  o f  

s i n g l e t  *- s i n g l e t  and t r i p l e t  * -  s i n g l e t  t r a n s i t i o n s  can be c a l c u l a t e d  

u s in g  th e  p ro p e r ly -a n t is y m m e tr iz e d  MWH o r  VESCF s t a t e  f u n c t io n s .  Such 

computed in fo r m a t io n  f o r  any one m olecule  i s  n e i t h e r  p a r t i c u l a r l y  

c r e d i b l e  n o r  u s e f u l .  However, i f  a p p l ie d  t o  a s e r i e s  o f  m o lecu les  and 

i f  used t o  p r e d i c t  t r e n d s  in  th e  e l e c t r o n i c  sp ec tro sc o p y ,  i t  can  be o f  

g r e a t  h e lp  i n  c o r r e l a t i n g  and a s s ig n in g  th e  observed  s t a t e s .  I t  i s  in  

t h i s  f a c e t  o f  e m p i r i c a l  quantum -chem ical schemes t h a t  t h e i r  im portance  

l i e s .

(£11) S p e c i f i c  I d e n t i f i c a t i o n s ; Some o f  th e  observed  

e l e c t r o n i c  B ta te s  can be i d e n t i f i e d  u n iq u e ly  u s in g  v i b r a t i o n a l  a n d /o r



r o t a t i o n a l  a n a l y s e s .  Band sh ap e s ,  Franck"Condon c o n s i d e r a t i o n s ,  

fo r b id d e n n e s s  and a l lo w e d n e s s  o f  t r a n s i t i o n  o r i g i n s ,  p o l a r i z a t i o n s ,  

and i n t e n s i t y  c o n s i d e r a t i o n s  can a l s o  p ro v id e  I n f o r m a t io n  w hich  i s  

u s e f u l  i n  t h i s  c o n te x t .  Where p o s s i b l e ,  such  in f o r m a t io n  w i l l  be 

used  i n  d i s c u s s i n g  s t a t e  a s s ig n m e n ts .

Two o t h e r  i tem s  o f  some i n t e r e s t  a r e  a l s o  b roached  h e r e .

The f i r s t  o f  t h e s e  i s  term ed ISOSTERIC VIBRATIONAL RATIOS; T h is  

co n cep t  in v o lv e s  a p p l i c a t i o n  o f  v i b r a t i o n a l  I s o to p e  r u l e s  t o  a s e r i e s  

o f  i s o s t e r i c  m o le c u le s  i n  an  e f f o r t  t o  a s c e r t a i n  th e  n a tu re  o f  th e  

v i b r a t i o n a l  modes w hich  co u p le  t o  e l e c t r o n i c  t r a n s i t i o n s ;  such 

a p p l i c a t i o n  i s  found t o  be o f  m a rg in a l  u se  in  t h i s  w ork. The second 

c o n ce p t  r e l a t e s  t o  th e  use  o f  QUANTUM DEFECTS a s  an a id  t o  th e  

a ss ig n m e n t  of Rydberg S t a t e s :  S p e c i f i c a l l y ,  i t  has  been  found t h a t

quantum d e f e c t s  f o r  m o le c u les  w hich  c o n s i s t  o f  2 nd raw atoms d i f f e r  

from  th o s e  f o r  m o le c u le s  w hich  a re  composed s o l e l y  o f  3rd row a to m s; 

fu r th e r m o r e ,  t h e  quantum d e f e c t s  f o r  m o le c u les  w hich  c o n s i s t  o f  b o th  

2nd and 3rd row atoms a r e  o f  I n te r m e d ia te  v a l u e s ;  t h i s  f i n d i n g  has  

c o n s id e r a b le  s i g n i f i c a n c e  f o r  v i r t u a l  o r b i t a l  i n t e r a c t i o n s  and f o r  

Rydberg i d e n t i f i c a t i o n  m ethods .

I



IX. THEORY

A.  MOLECULAR ORBITALS

The e l e c t r o n i c  s t r u c t u r e  o f  th e  m o le c u le s  c o n s id e re d  h e re

i s  d e s c r ib e d  i n  te rm s  o f  m o le c u la r  o r b i t a l s  (M O's). The s e m i - e m p i r ic a l

M ull ik en -W o lfsb erg -H elm h o lz  (tWH) te c h n iq u e  i s  used  i n  o r d e r  t o

c a l c u l a t e  th e  MO's. The c a l c u l a t i o n s  a r e  s i m i l a r  t o  th o s e  o f  
3

C a r r o l l  e £  a l .  w hich  have  been  used e x t e n s i v e l y  i n  th e  s tu d y  o f

4 -7e l e c t r o n i c  e x c i t e d  s t a t e s .  Such c a l c u l a t i o n s  ex ten d  th e

s e m i - e m p i r i c a l  o n e - e l e c t r o n  n a tu r e  o f  s im p le  Hiickel th e o r y  t o  a l l  

v a le n c e  e l e c t r o n s  and a r e  a l s o  known8 a s  "EXTENDED HUCKEL THEORY". 

S o lu t io n  o f  th e  s e c u l a r  e q u a t io n  J h ^  -  E G ^  | = 0 r e s u l t s  i n  e ig e n v a lu e s  

o f  an e f f e c t i v e  o n e - e l e c t r o n  H a m il to n ia n .  The m a t r ix  e le m e n ts  a r e

app rox im a ted  a s  th e  n e g a t i v e  o f  th e  a to m ic  v a le n c e  s t a t e  i o n i z a t i o n
q

p o t e n t i a l s  ( V S I P 's ) .  F o l lo w in g  V is t e  and G ra y , ,  th e  VSIP’ s a r e  

c a l c u l a t e d  a s  f u n c t io n s  o f  a to m ic  ch arg e  and o r b i t a l  p o p u la t io n  and 

a r e  c a p a b le  o f  t a k in g  i n t o  a c c o u n t  changes in  th e  a to m ic  en v ironm en t 

w i t h i n  a m o le c u le .  Resonance i n t e g r a l s  a r e  c a l c u l a t e d  u s in g  th e  

Cusachs app ro x im a tio n * -®

w here th e  a r e  o v e r la p  i n t e g r a l s .  The Cusachs a p p ro x im a t io n  i s  

chosen  i n  p r e f e r e n c e  t o  o t h e r s ^ ’ because  i t  c o n t a i n s  no e x t e r n a l  

p a ra m e te r s  w hich  a re  a r b i t r a r i l y  v a r i a b l e .  C lem en t!  d o u b le - z e ta



fu n c t io n s  were used a s  an a tom ic  o r b i t a l  b a s i s .  A l l  MWH c a l c u l a t i o n s

were p ro c e ssed  to  charge s e l f - c o n s i s t e n c y  us in g  a heavily-dam ped
3

i t e r a t i v e  p ro ced u re .

The fo l lo w in g  a tom ic  o r b i t a l  b a s i s  s e t s  a re  used i n  th e  

c a l c u l a t i o n s  r e p o r te d  h e re :

H Is

C 2 s ,
2 px> 2 py , 2p,

N 2 s ,
2px ’ 2py’ 2p:

0 2 s ,
2 px ’ 2V 2p

S 3s,
3 px ’ 3V 3p;

c& 3 s ,
3px ’ 3p ,y 3p.

The g e o m e tr ie s ,  p o in t  g ro u p s ,  and c o o rd in a te s  of a l l  

m o lecu les  a r e  l i s t e d  i n  F i g . l .  The axes  d e s ig n a t io n s  f o r  a l l  p o i n t  

g ro u p s ,  ex cep t  C ^ ,  conform to  s ta n d a rd  u sag e .  The s tan d a rd  

d e s ig n a t io n s  f o r  C a r e  o b ta in ed  by a s im ple  exchange o f th e  z and 

y axes  of F i g . l .  The c o o rd in a te s  used h e re  f o r  f a c i l i t a t e  HO 

c o r r e l a t i o n s  and conform t o  th e  n o ta t io n  used by M u llik en  and Walsh 

i n  d i s c u s s in g  th e s e  same system s.

1. C o r r e l a t i o n  o f  th e  O r b i t a l s  o f  th e  U nited  Atom, th e  S ep a ra ted  
Atom, and th e  L in ea r  M olecule

The c o r r e l a t i o n  o f  o r b i t a l s  between l a r g e  and sm all 

i n t e r n u c l e a r  d i s t a n c e s ,  a s  e x e m p l i f ie d  by carbon  d io x id e ,  i s  shown 

i n  F i g . 2. The K -s h e l l  e l e c t r o n s  a re  o m itted  from F i g . 2 because  they
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F i g . l :  M o lecu la r  g e o m e t r ie s .  D is ta n c e s  a re  in  Angstrom u n i t s .
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F i g . 2: C o r r e l a t i o n  o f  o r b i t a l s  between l a r g e  and sm all  i n t e r n u c l e a r  

d i s t a n c e s  i n  CO^* [E n c lo su re  o f  c e r t a i n  l e v e l s  i n  fram es 

i n d i c a t e s  a g ro s s  ex p an s io n  o f the  en e rg y  s c a l e  w i th in  t h a t  

e n c lo s u r e .  Carbon d io x id e  m o lecu la r  o r b i t a l s  a r e  ta k e n  from 

MWH c a l c u l a t i o n s .  Atomic energy  l e v e l s  a re  ta k en  from 

Siegbahn e t  a l . . "ESCA. Atomic, M o lec u la r ,  and S o lid  S t a t e  

S t r u c t u r e  S tu d ied  by Means o f  E le c t r o n  S p e c tro sco p y " ,  Nova 

A cta Regiae Soc. S c i .  U p s a l i e n a i s . S e r .  IV. 20 . U ppsa la ,

1967. The energy  o f th e  3d a tom ic  o r b i t a l  o f  Ar i s  ta k e n  from 

"Atomic Energy L e v e ls " ,  N a t io n a l  Bureau o f  S ta n d a rd s  C i r c u l a r  

467, June 15, 1949].
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l i e  v e ry  low on th e  energy  s c a l e .  However, th e s e  K - s h e l l  e l e c t r o n s  

a re  c o n s id e re d  i n  th e  s e r i a l  numbering o£ o r b i t a l s  used i n  F i g . 2.

The a tom ic  o r b i t a l s  o f  carbon  and oxygen a re  shown a t  th e  extreme 

r i g h t  o f  th e  d iagram . As th e s e  atoms a re  b ro u g h t t o g e th e r  t o  form 

CO^, th e  o r b i t a l s  become bond ing , non-bond ing , o r  a n t i - b o n d in g .  The 

o r d e r in g  o f m o le c u la r  o r b i t a l s  i n  th e  m olecu le  i s  a l s o  a f f e c t e d  by 

th e  r e p u l s io n  between p a i r s  of o r b i t a l s  o f  th e  same ty p e  (3 a  and
O

4ag ; ln u and 2 ttu ;  3au and 4au) a r i s i n g  from a to m ic  o r b i t a l s  o f  n e a r ly

th e  same energy* The o r b i t a l s  o f  th e  u n i te d  atom (Ar) a r e  shown a t

th e  extrem e l e f t  o f  th e  diagram* When th e  atoms o f  c o a le s c e  t o  

form  A r, e i g h t  o f  th e  e l e c t r o n s  s u f f e r  an  i n c r e a s e  i n  t h e i r  n v a lu e s  

i n  o rd e r  to  s a t i s f y  th e  P a u l i  p r i n c i p l e .  The e l e c t r o n s  w i th  n = 2 

a r e  s h i f t e d  down th e  en e rg y  s c a le  by th e  in c r e a s e d ,  c o n c e n t ra te d  

n u c le a r  c h a rg e .  The n = 3 e l e c t r o n s  r e t a i n  a p p ro x im a te ly  th e  same 

e n e r g ie s  a s  th e y  had i n  th e  m o lecu le .  I n  F i g . 2 ,  th e  m o lecu la r  o r b i t a l s  

a r e  connec ted  by dashed l i n e s  to  th e  m ajor c o n t r i b u t o r y  a tom ic  o r b i t a l s  

o f  th e  s e p a ra te d  a tom s. The MWH c a l c u l a t i o n s  a g re e  w i th  th e  

c o r r e l a t i o n s  o f  F i g . 2 . However, th e  MWH r e s u l t s  do i n d i c a t e  t h a t  

c o n t r i b u t i o n s  from  o th e r  AO's a re  a l s o  s i g n i f i c a n t .

In  any c a s e ,  th e  c o r r e l a t i o n  o f  F i g . 2 p ro v id e s  r a t h e r  

com plete v a l i d a t i o n  o f t h e  MWH MO e n e rg y  l e v e l  d iagram s f o r  CO^.

S im i la r  v a l i d a t i o n  i s  o b ta in e d  f o r  o th e r  s im p le  t r l a to m lc s *

2 . C o r r e l a t i o n  o f  th e  M o lecu la r  O r b i t a l s  o f  L in e a r  and Bent M olecu les

A c o r r e l a t i o n  o f  th e  symmetry r e p r e s e n t a t i o n s  o f  th e  MO's
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o f  th e  v a r io u s  m o lecu les  c o n s id e re d  i s  g iv en  i n  T able  I .  The MO

e ig e n v a lu e s , as  o b ta in e d  from MWH c a l c u l a t i o n s ,  a r e  p re s e n te d  in

T ab le  I I .  The h ig h e s t -o c c u p ie d  and lo w es t-u n o ccu p ied  MO's o f  th e

l i n e a r  m olecu les  a r e  d o u b ly -d e g e n e ra te  n-MO's w hich  s p l i t  i n t o  two

components i n  th e  m o lecu les  o f  lower symmetry. The m agnitude o f t h i s

s p l i t t i n g  i s  dependen t upon th e  s i z e  and type  o f  th e  o f f - a x i s

p e r t u r b a t i o n  employed ( i . e . ,  on th e  number oi: o f f - a x i s  H-atoms o r

a l k y l  groups and th e  degree  o f  n o n - l i n e a r i t y  which th ey  in t r o d u c e ) .

The b e h a v io r  o f  th e  e l e c t r o n i c  MO w av e fu n c t io n s  w i th  change

o f  a n g le  a r e  e s p e c i a l l y  u s e f u l  in  u n d e rs ta n d in g  th e  e l e c t r o n i c

p r o p e r t i e s  o f  th e s e  m o le c u le s .  A o n e - e le c t r o n  o r b i t a l  energy  v e r s u s

a n g le  s c h e m a t iz a t io n  ( i . e . ,  a  Walsh d iagram ) i s  shown i n  F i g . 3 f o r

CO^ i n  i t s  ground s t a t e  c o n f i g u r a t i o n .  Schem atic  r e p r e s e n t a t i o n s  of

th e  m o le c u la r  o r b i t a l s  i n  th e  l i n e a r  and 90° b e n t  m olecu le  a r e  a l s o

p re s e n te d  i n  F i g . 3 .

( i )  3q (3 a . ) M olecu la r  O r b i t a l : The f i r s t  v a le n c e

o r b i t a l ,  3a  ( 3 a . ) ,  i s  s t r o n g ly  bonding i n  b o th  th e  l i n e a r  and b en t 
S

g e o m e t r ie s .  In  th e  l i n e a r  c o n fo rm a tio n ,  th e  main c o n t r i b u t o r s  to

t h i s  MO a r e  2Sq and 2Sq a to m ic  o r b i t a l s ,  w i th  a v e ry  sm all  c o n t r i b u t io n

from th e  2pz 0 -A 0 , s .  Bending o f  th e  m olecu le  le a d s  t o  developm ent o f  a

bond betw een th e  2pz^-A0 *s and t h i s  i s  accompanied by some, in c r e a s e

i n  th e  2p^-A O  in v o lv em en t.  Thus, a  bending  o f  th e  m olecu le  le a d s  to

an  in c r e a s e  i n  end-atom  b o n d ing .and  t h i s  s t a b i l i z e s  th e  3a (3a..)-MO.g a

(*■*) 2 ou( 2 b^) M olecu la r  O r b i t a l ; The 2au ( 2b 2 )-M0  i s

a n t i - b o n d in g  betw een  th e  two end-a tom s and p o s s e s s e s  a node th rough
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TABLE I

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

f^The d oub le -dashed  l i n e  a c r o s s  th e  body o f  th e  t a b l e  
s e p a r a te s  th e  f i l l e d  lower MO's from th e  u n f i l l e d  upper 
MO's a p p r o p r ia t e  t o  th e  ground s t a t e  e l e c t r o n i c  
c o n f ig u r a t i o n ]

D , C D. C. Ccoh cov 2v 2v s

4 a  — —  9 a   4 b   5b -------------1 2 a 'u 2  2

5cr — —  8o --------- 5a.  7a  lLa 7
g 1 1

2 tt  3rr
u

I t t   I t tu

,  2 b i ................  3 a '3 e  - - __
6 a 1 ............. 1 0 a 7

l a ,   2a"
It t   2 tt  2 e

S  — 4l 32 ----------  9 a '

3 ^  7o --------3b2 ............. 3b2 ----------  8a 7

lb ..........  la"

5a ..........  7 a 7

4a  6a  4a.  4an — —  6 a 7g 1 1

2a  5a ------- 2 b . .............. 2 b _ --------  5 a 7u 2 2

3a  4a  3a.  3a ---------  4 a 7
g  1 1



TABLE I I

RESULTS OF MJH CALCULATIONS FOR THE GROUND STATE MO'S OF SOME MOLECULES OF INTEREST

[The e ig e n v a lu e s  a r e  in  ev and a r e  fo llow ed  by the  symmetry n o ta t io n  o f  th e  o r b i t a l .  O rb i ta ls  above 
th e  doub le-dashed  l in e  a re  unoccupied in  th e  ground s ta te }

co2

D=h
CS2

D«h "

no;

Dt=h
N3

D»h

hn3

cs
CN2

Dt=h

hcn‘

cs

h2cn2

C2v

h2ccch2 h2cco

D2d C2v

-  6 .909 (2nu) - 6 .3 2 6 (2 ttu) -1 1 .3 3 4 ( 2 ^ ) - 4 .4 2 8 ( 2 ^ )
- 7 .0 2 4 (3 a")

- 7 .7 5 1 (lO a ')
- 1 .5 3 9 (2 ttu)

-  4 .035 (3a")

- 4 .4 5 9 (1 0 a ')

-  5 .515 (2b1)

- 6 .1 9 2 (6 a1)

- 5 .492(2b >
- 6 .0 4 1 (3e)

- 7 .5 2 1 (6 a1)

-lA.050(lTTg) -1 1 .3 3 0 (1 -  ) 
8

- 1 9 .242(1t- ) 
6

- 7 .7 6 8 (ln  ) 
8

-1 1 .8 4 1 (2 a" )

-1 2 .7 6 5 (9 a ')
-  3 .494 (lrrg )

- 7 .898 (2a")

- 8 .4 1 0 (9 a ')

-1 1 .4 3 4 ( la 2)

-1 2 .2 4 5 (4 b 2)

-1 1 .4 8 7 ( la  )
- 1 1 .657(2e)

-1 3 .6 2 9 (4 b 2)

-14 .9 2 7 (3 3  ) u - 12 . 608( 37u) -2 1 .5 5 4 (3 ^ ) - 9.529(3c:u) -1 4 .4 9 1 (8 a ') - 3 . 910(3ju) - 9 . 1 7 0 (8 a ') -1 2 .4 4 2 (3 b 2> -1 2 .7 3 7 (3 b 2) -1 3 .7 3 7 (3 b 2)

-1 7 .6 8 0 ( 1 ^ ) - 1 4 .4 4 0 ( 1 ^ ) -2 5 .5 6 4 (1 ^ ) -1 2 .4 0 9 ( ln u )
- l7 .1 9 0 (7 a  ')  

-1 7 .3 6 0 ( la " )
- 5 .2 6 8 (1 ^ )

- 1 0 .5 9 7 (la " )  

-1 1 .0 1 5 { 7 a ')

- 1 4 .7 9 2 (lb 1) 

-1 7 .1 3 3 (5 3 ^

- 1 5 .582 (lb  )
- 1 4 .7 1 8 (le )

-1 6 .0 8 7 (5 0 ^

-1 8 .0 5 9 (4 ag) -1 5 .3 2 0 (4 ;g) - 2 5 .1 3 9 ( 4 0
S

-1 2 .6 2 3 (4 ; ) 
S

-18. 2 9 8 (6 a ') - 6.640(4-1^)
S

- 1 2 .7 5 5 (6 a ') -1 7 .3 3 1 (4 3 ^ -1 5 .7 5 2 (4 a1) -16 .661(4a )

to
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F i g . 3: W alsh d iag ram  o f CO  ̂ i n  th e  ground s t a t e .  Schem atic  m o lecu la r

o r b i t a l s  a r e  a l s o  i n d i c a t e d .  [The ha tched  a r e a s  r e p r e s e n t

r e g io n s  o f  space where th e  m o le c u la r  o r b i t a l  has  a n e g a t iv e

a m p li tu d e .  Only one member o f  each p a i r  of the  d e g e n e ra te

I n  . I tt , and 2n o r b i t a l s  i s  shown. The o th e r  member o f  each u* g '  u

p a i r  i s  i d e n t i c a l  t o  th e  one shown ex cep t  t h a t  i t  i s  r o t a t e d  

by 90° abou t th e  i n t e r n u c l e a r  a x i s .  I n  th e  90° co n fo rm a tio n ,  

ex ce p t  f o r  the  lb ^ ,  l a g ,  and 2b^ o r b i t a l s ,  the  m olecu le  i s  

shown i n  th e  yz p la n e  and a l l  o r b i t a l s  a re  i n  t h i s  same p la n e .  

For th e  l b p  la g ,  and 2b^ o r b i t a l s ,  th e  m olecule  i s  shown in  

th e  xz p la n e  and th e  o r b i t a l s  a r e  i n  t h i s  same p la n e  ( i . e . ,  

t h e  o r b i t a l s  a r e  p e r p e n d ic u la r  t o  th e  p lan e  o f  th e  m o le c u le ) ]
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the  cen tra l ,  atom. In  th e  l i n e a r  c o n f ig u r a t io n ,  t h i s  MO i s  composed 

of 2sn -A0’ s and n 2p ,,-AO. Bending o f  th e  m olecule  causes  anU

in c r e a s e  in  bo th  th e  k i n e t i c  and e l e c t r o n i c - r e p u l s i o n  e n e r g ie s  o f

e l e c t r o n s  i n  t h i s  MO and, a s  a r e s u l t ,  th e  MO energy  in c r e a s e s  w i th

d e c r e a s in g  a n g le .

( i i i )  ( 4 a . ) M olecular O r b i ta l :  The 4(7 (4a,.)-MO, i ng i  — 1 g l

th e  l i n e a r  co n fo rm a tio n ,  i s  composed of 2 s ^ - ,  2 pz q ~ ,  and 2 sc "AO's

a rran g ed  such t h a t  nodes i n t e r s e c t  b o th  o f  th e  0-C bonds. Bending

o f  th e  m olecule  causes  a l a r g e  s h i f t  o f  e l e c t r o n  charge  out o f  the

2pzg-A0 ' s  i n t o  th e  2p^Q-A0 ' s  and a s t ro n g  bond dev e lo p s  between the

2p - and 2s„-A O 's . Thus, th e  energy  o f th e  4a  (4a.)-MO i s  ex p ec ted  yO C g 1

t o  d e c re a se  as  th e  O-C-O a n g le  becomes s m a l le r .

( i v )  lTT^d b ^ & 5a^) M olecu la r  O r b i t a l : The lTTu (lb^)-MO

c o n s i s t s  of an o u t - o f - p la n e  in -p h a se  com bina tion  o f  2px -A0 f s from a l l  

t h r e e  c e n t e r s .  This  MO i s  bonding th ro u g h o u t th e  m o lecu la r  e x t e n t .

The c e n t r a l  atom c o n t r i b u t e s  the  l a r g e s t  amount o f  e l e c t r o n  d e n s i t y  

i n  th e  l i n e a r  co n fo rm a tio n ;  however, upon bending , the  charge

d i s t r i b u t e s  i t s e l f  more ev en ly  th ro u g h o u t th e  2p -AO's and a s l i g h tA

d e c re a se  i n  energy  occurs  because  o f  th e  g r e a t e r  e l e c t r o n e g a t i v i t y  o f 

the  end atom s.

The lTTu (5 a 1 )-M0 i s  s i m i l a r  to  the  l r ^ d b p  o r b i t a l  in  

the  l i n e a r  c o n fo rm a t io n - - e x c e p t  t h a t  i t  c o n s i s t s  o f  2Py-A 0 's . Bending 

o f  the  m olecule  r e s u l t s  i n  a g ra d u a l  in c r e a s e  i n  energy  o f  t h i s  MO 

fo llow ed  by a s l i g h t  d e c re a se  a t  ~100°, The g ra d u a l  in c r e a s e  in
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energy  a r i s e s  from a d e c re a se  i n  th e  e x t e n t  o f  2p^ n -bond ing  caused

by b e n d in g . The d e c rea se  in  energy  a t  s m a l le r  a n g le s  i s  due to  the

in c re a s e d  bonding which s e t s  i n  between th e  2pzQ-AO's and th e

2p ,,-AO; t h i s  l a t t e r  i n t e r a c t i o n  produces a  bonding r e g io n  w hich  i s  yC
lo c a l i z e d  w i t h i n  th e  m o le c u la r  t r i a n g l e .

(v) 3g^(3b„) M olecu lar O r b i t a l : The 3c ( 3 b - M O  i s

composed, i n  th e  l i n e a r  co n fo rm a tio n , o f  2p -AO's on a l l  a tom s; i tz

a l s o  p o s s e s s e s  a  sm all  amount o f  2Sq-A0 c h a r a c t e r .  These o r b i t a l s  

a r e  a rra n g ed  such t h a t  th e y  a r e  s t r o n g ly  bonding i n  th e  0-C bond 

r e g io n ,  w i th  nodes p a s s in g  th ro u g h  each  o f  th e  t h r e e  a tom s. Bending 

o f  th e  m olecu le  s h i f t s  most o f  th e  charge  t o  th e  2Py0 -AO's and 

2p „-A0 and p roduces  a sm all  d e c re a se  i n  e n e rg y .  The nodes th ro u g hZ \ j

each  atom rem ain  i n t a c t  in  th e  b en t co n fo rm a tio n .

( v i )  lTT^(la„ & 4b„~) M olecu la r  O r b i t a l : The lTTg(la2 )-M0

i s  composed o f an a n t i - b o n d in g  com bina tion  of 2p xq-A 0 's » I t s  energy

i s  ap p ro x im a te ly  in d ep en d en t o f  a n g le .

The Itt (4b„)-M0 i s  the h ig h est-o ccu p ied  MO; i t  i s  
8

s i m i l a r  to  th e  I t t  (la_)-MO i n  th e  l i n e a r  co n fo rm a tio n — e x ce p t  t h a t  i t  
8

i s  composed o f  2PyQ-A0's. Bending o f  th e  m olecu le  cau ses  a  la rg e  

s h i f t  o f  e l e c t r o n  d e n s i t y  from th e  2p^(j-AO, s t o  th e  2pz Q-A0 ' s  w i th  a 

sm a l l  f u r t h e r  amount going to  th e  2p „-A0. These AO’s a r e  a rra n g ed
Z v j

i n  an a n t i -b o n d in g  manner, and t h i s  a n t i - b o n d in g  c h a r a c t e r i s t i c  

grows l a r g e r  a s  th e  an g le  grows s m a l l e r .  The sh a rp  in c r e a s e  of energy  

o f  t h i s  MO caused  by bending  i s  r e s p o n s ib l e  f o r  th e  s t a b i l i t y  o f  th e


