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P.C. K i s h r a  a n d  A.K. PandeY 
S p e c t r o s c o p y  L a b o r a t o r y  
Denortment of PhvVsics 

S a n a r n s  'dindu U n i v p r s i t y  
Va ran  a si- 82 100 5, I n d i a  

Ab s t r3 c t -- 

Ground a n d  exc l  t e d  s t a t e  e l e c t r o n i c  s t r u c t u r e  and 

s r e c t r -  of p-hcnzoc uinone have keen s t i i d i e d  u s i n g  t h e  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  SCF-1 C-CI n e t c o d .  The c a l c u l a t e d  v a l u n s  of 

i o n i z a t i o n  p o t e n t i a l  and e x c i t a t i o n  e n e r g i e s  a r e  in good 

agrecment  w i t h  e x r e r i m e n t .  I t  i s  found t h a t  t h e  e l e c t r o n i c  

s t i u c t u r e  and r e o m e t r v  o f  t % c  molecule  are a p p r c c i a b l y  d i f c e r e n t  

I n  t b r  cxcl  t e d  fi-n s i n g l e t  s t a t e  a s  co, r a r r d  t o  t h o  ground 

s t - t c .  

* 

I n  t TO d u c  t i c n :  

3 e v c r n l  e m e r l m e r l t a l  and t h e o r e t i c a l  s t u d i e s  have k r - n  

c a r - i c ' l  o u t  on t h e  e l p c t m r i 7 c  c n e c t r a  and s t r u c t i i r e  of t h e  

nqra-ken-orill 'rone r ;olecr i le  (1-€). W 7 l e  t h e  rewltq of car11 rr 
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MISHRA AND PANDEY 954 

semlempirl c a l  c a l c u l a t i o n s  a r e  r e a s o n a t l v  good,  the  c h o i c e  of 

p a r a m e t e r s  i s  aomewtmt a rk i  t r a r y .  T h e r e f o r e ,  i t  i s  d i  s i r a t A e  

t o  have a formal i sm i n  which t h i s  a r b i t r a r i n e s s  d o e s  not e x i s t .  

Such a formalism i n  t h e  f rame work of e l e c t r o n  t h e o r i e s  w ' q s  

deve loped  lonR ago by %own and H e f e r n a n  (9-10)  and aDpl ied  

r e c e n t l y  by  v a r i o u s  workers  (11-13) on v a r i o i l s  t y p e s  o t  moleciJ les .  

IIowevcr, no s tudy  w i t h  t h i s  method has  b e e n l r n d e  o n  t h e  q u i n o n e s  

which fom a n  i m p o r t a n t  c l a s s  of m o l e c u l e s  d b i o l o p i c a l  i n t e t l e s t .  

It was t h e r e f o r e  c o n s i d e r e d  desPCable t o  s t u d y  p-benzoquinone 

u s i n g  t 5 e  v a r i a b l e  e l e c t r o n e p a t i v l t g  method of Rrown and H e f f e r n i n  

coupled  w i t h  t h e  P a r i s e r - P a r r - P o p l e  approximat ion  as t h e  f i r s t  

s t e p .  A b - i n i t i o  m o l e c u l a r  o r b i t a l  s t i i 3 i e s  have a l s o  beer: made 

r e c e n t l y  on  p-benzoquinone (8). It i s  g e n e r a l l y  ohs-rved i n  such 

c a l c u l a t i o n s  t h n t  w h i l e  fi<-ntr!insitions c a n  be e a s i l y  

e x p l a i n e d ,  a s a t i s f a c t o r y  s t u 1 y  o f  

a much l a y e r  b a s i s  s e t  ( A - 1 4 )  whlhich would e v e n t u a l l y  inc , - ,?ase  

t h e  computer time. ?his a l s o  shows t h e  d e s i r a b i l i t y  of s t u d y i n n  

* 
* 

fi&-,fitransitions r e q u i r e s  

- e l e c t r o n i c  s t r u c t u r e  and s p e c t r a  of q u l n o n e s  by semi-empi r i c a l  

t h e o r h e s  t h a t  use  improved p a r i m e t e r i z a t i o n  schemes. 

Met hod : 

D e t a i l s  of t h e  method of d a l c u l n t i o n s  a r e  a v a i l a b l e  

e l sewhere  (11-13 . The a tomic  i o n i z a t i o n  p o t e n t i d s  and e l e c t r o n  

a C f i n i t i e s  which appear  as  p a r a m e t e r s  i n  t h e  c a l c u l n t i o n s  a r e  

c o n s t d e r e d  as p a r a b o l i c  f u n c t i o n s  of t h e  S l a t e r ' s  e f f e c t i v e  

n u c l e a r  c h a r g e s  ( 2 ) .  Next a l i n e a r  r e l a t i o n s h i p  i s  assumed 

between Z and t h e  number of 

t h e n  we g e t  

n - e l e c t r o n s  ( 9/ ) on v l v e n  stom, 
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p-BENZOQUINONE 955 

I P  = ko + k19/ + k2 9/ ' 
EA = Lo +P,v + k2 q j 2  

The cons tan t s  of t h e  p a r a b o l i c  f u n c t i o n  a r e  eva lua ted  by a 

l e a s t  squares  f i t t i n e  of t h e  I.P. and E.A. v a l u e s  i n  an  i so -  

e l e c t r o n i c  sequence. The i s o e l e c t b o n i c  sequence chosen  t o  c a l -  

c u l a t e  k,, kl, k2 and Lo , , L2 f o r  carbonyl  oxygen was N; 0 ,  

F+, Ne' and Na . The c o n s t a n t s  f o r  carbon were t h e  same as 

i n  the  e a r l i e r  work( l2) .  "he molecular  geometry w a d  t a k e n  frcm 

t h e  l i t e r a t u r e  (15). A l l  s i n g l y  e x c i t e d  c o n f i g u r a t i o n s  were 

inc luded  i n  t h e  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 I )  t reatment.  

Resonance ( p  ) i n t e g r a l s  were c a l c u l a t e d  from the  Wolfsberg- 

Helmholz formula  (16). One-centre and two-centre r e p u l s i o n  

i n t e g r a l s  were c a l c u l a t e d  us ing  t h e  ( I .R .  -E. A. ) approximation and 

the  Nishimoto-Matnga formula (17) r e spec t ive ly .  The self- 

cons i s t ency  was t e s t e d  on the  bond o r d e r  ma t r ix  elements. I n  

t h e  f i r s t  SCR c a l c u l a t i o n ,  the  l i m i t  of t h e  s e l f - c o n s i s t e n c y  

was s e t  equal t o  and t h e n  the  I . P .  and E.A. va lues  were 

changed and bond orders  ma t r ix  elements aga in  c a l c u l a t e d  through 

v a r i o u s  cyc les .  

i t P r a t i o n s  were terminated. 

++ +++ 

4 When t h e s e  became s e l f - c o n s i s t e n t  up t o  5; x 10- , 

Resu l t s  and Discussion: 

The i o n i z a t i o n  p o t e n t i a l s  and e l e c t r o n  a f f i n i t i e s  of 

atoms i n  the  i s o e l e c t r o n i c  sequence of Oxypen a re  p ' ven  i n  Table 1 

and were taken  from th-  paper by Knr lsson  and Martensson (11). 

These TJ'W emplov4  i n  c n l c u l ~ t i n ~  t h e  covs'-ants ko, k l ,  kz 

and to, ti, e ,  which a r e  c lven  i n  T a 5 l e  2. The s t n r t i w  I.P. 
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956 MISHRA AND PANDEY 

Table  1 ---- 
I o n i  z a t l o n  p o t e n t i a l s  and  e l e c t r o n  a f f l n l  t i e  s fo r  t h e  ~ S O -  

e l e c t r o n i c  sequence of oxygen 

The orbitals under  c o n s i d e r a t i o n  a r e  u n d e r l i n e d  and q= 1. 

T a b l e  z 

Values  of t h e  c o n s t a n t s  o b t a i n e d  fmm l e a s t  squi i res  fitking 

C o n s t a n t s  ko kl k2 e0 

Values  21.33 -7.13 0.47 0.46 -5.30 6.83 

and E. A. of oxygen at-” 14.64 and 1.98 eP r e s p e c t i v e l y ,  w h i l e  

t h e  v a l u e s  o b t a i n e d  a t  t h e  end o t  t h e  l a s t  SCF c y c l e  a r e  13.78 

and 1.33 e V  r e s p e c t l v e l y .  The s t a r t i n p  I.P. and 2..4. of b o t h  
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p-BENZOQUINONE 957 

t he  carbons i.e. a t m s  numbered 2 and 3 ( see  Fig.1)  a r e  11.19 

and 0.01 eV r e s p e c t i v e l y ,  while the  f i n a l  va lues  of I.P. f o r  

t h e  two carbons a r e  11.69 and 11.31 eV and f o r  3.A. a r e  0.31 

ant 0.08 eV r e spec t ive ly .  'Ihe net n - c h a r g e  d i a t r i b u t i o n  i s  

given i n  Table 4 on the  v a r i o u s  atoms and we see t h a t  t h e  n e t  

+ve charge i n  t h e  ground s t a t e  on atom number 2 is more t h a n  t h a t  

on  atom number 3 .  Therefore,  the e l e c t r o n  a f f i n i t y  of atom 

number 2 i s  expected t o  be more than  t h a t  o f  atom m b e r  3 and 

t h i s  is rerEBcted i n  t h e  l a s t  I .P .  and E.A. v a l u e s  of t h e  two 

carbon atoms. This a l s o  j u s t i f i e s  t h e  I.P.  and E.A. v a l u e s  a s  

empir ica l  parameters  and shows t h a t  t h e  method i s  a b l e  t o  t a k e  

c a r e  of t h e  changes i n  e l e c t r o n  envi ronnents  of t h e  v a r i o u s  atoms. 

The i o n i z a t i o n  p o t e n t i a l  of t h e  molecule eva lua ted  by t h e  

Koopmans theorem a t  t h e  end of the  f i r s t  SCF cyc le  i s  10.18 eV 

while i t s  va lue  at  t h e  end of t he  l a s t  SCQ c y c l e  i s  9.77 eV. 

The experimental  va lue  obta ined  by Vilesov (18) by photo- 

i o n i z a t i o n  method i s  9.68 eV. Thus we see t h a t  while t h e  

theoretical va lue  ob ta ined  by a f i x e d  parameter approach would 

be apprec i ab ly  dif  r e r e n t  from t h e  experimental  va lue ,  the  agreement 

is improved a s  t h e  paramet+rs.  a r e  allowed t o  change. 

The c a l c u l a t e d  e l e c t r o n i c  s i n g l e t  t r a n s i t i o n  ene rg ie s  arYi 

o s c i l l a t o r  s t r e r q t h s  a long  wi th  the  C I  composition of e x c i t e d  

s t a t e  wave f u n c t i o n s  a r e  g iven  i n  Table 3 .  The exper imenta l  ex- 

c i t a t i o n  ene rg ie s  ( 3 )  a d  t h o s e  c a l c u l a t e d  by Wood (8) u s i n g  an  

a b - i n l t i o  method a r e  compared with t h e  p re sen t  r e s u l t s  i n  t h e  

same t ab le .  'de found t h a t  t h e  e x c i t a t i o n  ene rg ie s  do not change 

much a f t e r  C I  and t h e  exc i t ed  s t a t e  wave f u n c t i o n s  may b e  s a t i s -  
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Table 3 

MISHRA AND PANDEY 

Excitation k e r e i e  s 

3.98 

4.11 

5.44 

5.52 

- - 0 .o 

4.07 7.5 1.3323 

5.13 7.9 0 .O 

- - 0 -0 

0.9950 (3+) 

0.9791 (446) 

0.9947 ( 4 4 )  

0.6888 ( 4 4 7 )  

-0.7156 ( 245) 

f a c t o r i l y  r ep resen ted  by on ly  one term. 

of Wood are apprec iab ly  l a r g e r  than  t h e  p re sen t  r e s u l t s  which 

a r e  observed t o  be  i n  a s a t i s f a c t o r y  agreement w i t h  exaeriment. 

It has  been c l e a r l y  i n d i c a t e d  by Mod (8 )  t h a t  h i s  cholce  o r  

b a s i s  s e t  I s  not adequate t o  c a l c u l i t e  t he  n* - f i ac i t a t ion  

energ ies .  Therefore ,  t h e  l a r g e  d i f f e r e n c e  between t h e  p r e s e n t  and 

h i s  r e s u l t s  a r e  no t  su rp r i s ing .  A s i m i l a r  obse rva t ion  r e g a r d i q  

The c a l c u l a t e d  v a l u e s  

t h e  b a i s  s e t  has  beenmade  b y  Del Bene8&.(14). 

c a l c u l a t e d  e x c i t a t i o n  ene rg ie s  a re  q u i t e  c l o s e  t o g e t h e r  and both 

a r e  cornparaale t o  t h e  lowest observed e x c i t a t i o n  energy b u t  a s  

t h e  c a l c u l a t e d  o s c i l l a t o r  s t r e n g t h  of t he  f i r s t  t r a n s i t i o n  i s  

zero, we a s s i g n  t h e  observed e x c i t a t i o n  energy t o  t h e  second cal- 

The f i r s t  two 
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p-BENZOQUINONE 959 

cu la t ed  t r a n s i f t o n ,  which corresponds t o  an  e l e c t r o n  jump from 

the  h i g h e s t  occupied t o  t h e  lowes t  empty molecular  o r b i t a l  and 

has an apprec i ab le  c a l c u l a t e d  o s c i l l a t  o r  s t r enp th .  Though t h e  

c a l c u l a t e d  o s c i l l a t o r  s t r e n p t h  f o r  t h e  t h i r d  t r a n s i t i o n  i s  zero,  

i t  may be ass igned  t o  t h e  second observed e x c i t a t i o n  energy, 

assuming t h a t  same p e r t u r b a t i o n  may make it allowed. This  co r re s -  

ponds t o  a n  e l e c t r o n  jump t h e  h i s h e s t  f i l l e d  t o  t h e  next t o  t h e  

lowest empty molecular  o r b i t a l .  

The c a l c u l a t e d  n e t  n - e l e c t r o n i c  charges  on  t h e  v a r i o u s  

atoms, t h e  bond o r d e r s  t o r  the  d l f f e r 3 n t  bonds f o r  t he  ?round and 

exc i t ed  s t a t e  a r e  given i n  Table 4. 
by Kuboyama ( 6 )  a r e  comnared with t h e  p re sen t  va lues .  We r i n d  

t h a t  t h e  oxygen i s  nega t ive ly  chapged, while t h e  two c a r b o a a r e  

p o s i t i v e l y  charged. While t h i s  i s  in q u a l i t a t i v e  agreement wi th  

e a r l i e r  c a l c u l a t  1 om, t h e  p re sen t  net charpes  are 

l e s s  than  t h e  e a r l i - r  ones ( 6 ) .  This  seems t o  be on account of 

t h e  t i xed  paramet-r  approach used  i n  the  e a r l i e -  c a l c u l a t i o n s .  

I n  f a c t  i n  t h e  p r e s e n t  c a l c u l a t i o n s  a l s o  the  ne t  charges were 

apprec iab ly  l a r g e r  It  t h e  end o t  t h e  f i r s t  SCF c y c l e ,  but when 

t h e  parameters  were allowed t o  chanpe, t h e  ne t  charges  decre ised .  

The ground s t a t e  bonds o rde r  ror % - C2 and C2 - C3 bondSare 

compared wi th  t h e  va lues  of Kuboyama ( 6 ) .  The two v a l u e s  a r e  q u i t e  

c l o s e  toge ther .  We observe  t h a t  t h e  C 1  - C2 and C2 - C bonds have 

s lnple  and double bond c h a r a c t e r s  r e s p e c t i v e l y  i n  agreement wi th  

c 1 ass  i c a l  concepts.  

The c a l c u l a t e d  net n - c h a r g e s  

3 

The ner; n - c h a r g e  d i s t r i b u t i . o n  and bond o r d e r s  a r e  a l s o  

g iven  i n  Table 4 f o r  t h e  lowes t  obscrved S i Q p . l Q t  exc i t ed  s t a t e . .  
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+ 
Ground s t e t e  1-2 0.86479 1 -0 -1 5123( -0,XY' I 

2- 3 0.33876(0.346)+ 2 +O .10136(+@. 332)' 

+ 
3-4 0.89 266(0.873)+ 3 +O .2493(+0.084) 

Excl t e  d 1- 2 0.62916 1 -0.112E7 
S t a t e  

2- 3 0.46950 2 +O .O S O 3  

3-4 0.71038 3 +0.03692 

* 
The bond o r d e r s  and charges  fo r  tbose bonds a n d  atom3 

which a rp  not inc luded  h o r e ,  a r e  t o  be determined from 

the molecular  svml?.etry. 

+ Values from 4. Kuboyama, -1. Chem. SOC. Japan 

3,  752 (19%). 

An e x a m i n a t i o n  of t h e s e  r e v e a l s  v e r y  i n t e r 2 s t i n g  f e a t u r e s .  I n  

t h e  l o r r e s t  e x c i t e d  s t a t e  oxygen atom l o s e s  e l e c t r o n i c  c h a r g e  

w h i l e  t h e  c a r b o n  atom a t t a c h e d  t o  it ( 5 )  p a i n s  t h e  chorpe.  There 

i s  some s l i p h t  c h a n w  in t h e  c h a r p e  a t  C;! and it  becomes more 

p o s i t i v e  i n  t h e  e x c i t e d  s t s t e  as comnared t o  t h e  n r m n d  s t s t e .  
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p-BENZOQUINONE 961 

Thus t h e  t o t a l  e l e c t r o n i c  charge  on the C=O bond does not change 

apprec iab ly  due t o  t h e  e x c i t a t i o n  but  i s  almost l o c a l i z e d  on t h i s  

bond. 

We f i n d  t h a t  t h e  bond o rde r s  f o r  t he  &O and C,-C3 bonds 

decrease  a s  compared t o  t h e  ground s t a t e  va lues ,  whi le  t he  C1-C2 

bond order  i nc reases .  The bond-orders a r e  not  so d i f P e r e n t  t o g e t h e r  

i n  the  exc i t ed  s t a t e  a s  t h e y  a r e  i n  the  ground s t a t e .  Thus it 
appears t h a t  t h e  

exc i t ed  s t a t e  t h a n  i n  t h e  ground s t a t e .  It seems d e s i r a b l e  to 

compare t h e s e  f e a t u r e s  i n  t h e  p r e s e h t  r e s u l t s  wi th  those  obs t  ved 

In s u b s t i t u t e d  bwzenes .  I n  s u b s t i t u t e d  benzene?, i t  i s  obqerved 

t h a t  a l l  the C-C ';and o r f l e r s  deprraqe and t h e  c-X ( x  = s u b s t i t u e n t )  

bond or9er.: i pc r - aqe  .Ln the  e x c i t e ?  Ztate (12 ) .  This i s  known t o  be 

i n  agrerment with exper imenta l  o b s r v a t i o n s  (19). 

obscrva t lnnq  here  a r e  the dec rease  i n  t h e  C=O bond o r d e r  and  i n c r e a s e  

i n  the  %-C, bond o rde r .  

would decreace anprec ipb ly  I n  the e x c i t e d  s t a t e  a s  comnared to the  

ground s t a t e .  This i s  i n  agrerment with exnerimental  o k ~ e r v a t f o n s  (231 ,  

the  ground and e x c i t e d  s t a t e  obcerved f r e q u e n c i e s  beinP 1667 ,an? 

1560 an'' respectlTrelyr. 

Ts, - e l e c t r o n  d e l o c a l i z a t l o n  i s  inc reased  i n  t h e  

Thus the p e c u l t a r  

This shows e a t  t he  c=O s t r e t c h i n g  frequency - 

Hol la s  h a s  c a r r i e d  o u t  an ex tens ive  a n a l y s i s  of  the electfon7.c 

s p e c t r a  of p-benzoquinone and he has  a lso obta ined  geometry o f  t h e  

molecule i n  the n t - T e x c i t e d  s i n g l e t  s t n t e .  

changes in bond l e n g t h s  a s  AT 
and &(c.;o 

f t h i s  kind i s  a v a i l a ' 9 e  on the geometry of t h e  mo1ecul.e i n  the nt-n 
e x c i t e d  s t a t e s .  I n  the  p r e s e n t  work i t  was thought d e s j r a b l e  t o  

* 
IIe found t h e  

= + 0.1 A', AT = -0.094 
0 

c=c C- c 
= + 0.14'. No exper imenta l  o r  t h e o r e t i c a l  a n a l y s i s  o f  
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c a l c u l a t e  e x c i t e d  s t a t -  hnnrl orders  and thereby  to p r e d i c t  the 

poss ib le  geometry changes i n  the molecule i n  t h e  lowes t  f i c - -nexc i t ed  

s t a t e .  We f i n d  from t h e  bond o r d e r s  i n  the  lowes t  e x c i t e d  s i n g l e t  

s t a t e  t h a t  the C r C a  bond l e n g t h  would inc rease ,  the c1-C~ bond len!?th 

would decrease  and t h e  C=O bond l e n g t h  would i n c r s n s s .  Though we do 

n o t  have any experlrnental value to  cornpix3 with t h i s  p r e d i c t i o n ,  we 

may cornpflre these  r e su l t s  q u a l i t a t i v e l y  w l t h  the  geometry chances 

given bv ~ o l l a s  f o r  t h e  s i n g l e t R + q s t a t s  mentioned above, s ince  the 

n ’ . x c i t a t i o n  f o r  the  lowes t  e x c i t e d  s t a t e  is a l s o  a r n o s t  l o c a l i z e d  

on the  C=O bond as mentioned back, l i k e  t h e  t r a n s i t i o n  of  an n- 

e l e c t r o n .  We f l n d  t h e  p r e s e n t  p r e d i c t i o n  i s  q u a l i t a t i v e l y  I n  

agrement  with t h e  r e s u l t s  of Hol las .  
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