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Abstract Ab i n i t i o  sp in-Unres t r ic ted  Hartree-Fock c a l  c u l  a t  i o n s  a r e  
performed f o r  the t r a n s i t i o n  energles and v i b r a t i o n a l  c o u p l  i ng p a r -  
ameters associated t o  the  core ionized s ta tes  o f  NF. The v i  b r a t  l o n a 1  
e x c i t a t i o n  i s  discussed. Important aspects r e l a t e d  t o  the  ESCA band 
shapes and v i b r a t i o n a l  e x c i t a t i o n  a r e  pred ic ted but  a re  not  q u a n t i t a t -  
i v e l y  described a t  t h i s  leve1 o f  approximation. 

1. INTRODUCTION 

I n  recent years there has been an increaslng research inceres t  

on the e l e c t r o n i c  s t ruc tu re  o f  the NF r a d i ~ a l l - ~ .  NF i s  i soe lec t ron i c  

t o  O 2  and poçs ib le  analogies a re  o f  importance. I t  might a l so  be used 

as the source o f  energy i n  the pumping process t o  produce atomic iod ine 

chemical laser" '  a Perhaps f o r  these reasotis most o f  the  inves t  i g a t  ions 

have been d i rec ted  t o  low- ly ing  exc i t ed  3 ,  i'-lI 
and ionized s t a t e ~ ~ ' ~ .  On 

the inner region the e l e c t r o n i c  s t r u c t u r e  o f  NF has not  deserved c lose 

a t t e n t i o n  so f a r ;  i n  p a r t i c u l a r ,  no th ing  i s  known about i t s c o r e - i o n i z e d  

and core-exci ted s ta tes .  

O2 has long been a  f a v o u r i t e  system f o r  study o f  paramagnetic 

molecules and was the f i r s t  case o f  experimental de tec t ion  o f  a n  e x -  

change ~ ~ l i t t i n ~ ' ~  w i t h  two 015 l i n e s  corresponding t o  q u a r t e t  and 

doublet  components separated by 1 . 1  eV and having a  2.47:l i n t e n s i t y  

r a t i o .  This dev ia t i on  from the s ( s + ~ )  

from d i f f e r e n t i a l  o r b i t a l  r e l a x a t i o n  

i n i t i a l  and f i n a l  states14.  From the 

ence o f  l oca l i zed  broken symmetry so l  

i n te res t15 '16 .  

:S  i n t e n s i t y  r a t i o l S  comes b o t h  

and c o r r e l a t i o n  e f f e c t s  o n  t h e  

t h e o r e t i c a l  v iewpoint  the e x i  s t -  

u t i o n s  has been o f  a d d i  t i o n a l  

Work p a r t i a 1  l y  s u p p o r t e d  b y  CNPq and FINEP ( ~ r a z i l i a n  Government 
Agenc i.es) . 
* On leave from Departamento de Química, Universidade Federal de Minas 

Gerais, 30.000, Belo Horlzonte, MG, B r a s i l  



We be l i eve  t h a t  an i nves t i ga t i on  o f  the  core lonized s ta tes  of 

the  paramagnetic NF rad l ca l  ; c  a lso  o f  s u f f i c i e n t  í n t e r e s t  t o  warrant a  

p re l im ina ry  t heo re t l ca l  i nves t i ga t i on  desp i te  the  apparent a b s e n c e  o f  

experimental data. We draw a t t e n t i o n  t o  some aspects r e l a t e d  t o  v i -  

b ra t i ona l  e x c i t a t i o n  o f  the  core  ionized s ta tes  v i a  t h e  v i b r a t i o n a l  
1 7- 1 8  

coupl i ng  parameters , c a l c u l a t i o n  o f  the  t r a n s i t i o n  e n e r g  i e s  i n -  

volved both f o r  the  core lon ized and core  exc i t ed  s ta tes  and we e s t i -  

mate w l t h i n  the  f rozen o r b i t a l  approximation (FOA)" theexchange s p l i t -  

t i n g  4 2 - 2 ~  o f  

resources a re  

Hartree-Fock 

those r e l a t e d  

ing. 

2. THEORETICAL 

both (Nls and F ) core  ion ized s ta tes .  Our computational 1 s  
a t  present very l imited.  Therefore our  study i s a t  t h e  

evel o f  approximation and f u r t h e r  d e t a i l s  p a r t i c u l a r  l y 

t o  many-body ef fects20 and ESCA band shapes wi l l be miss- 

The ground s t a t e  e l e c t r o n l c .  conf i g u r a t i o n  o f  NF i s  l a 2  2c2 3a2 

40' I T ~ ~  5a
2 

21r-21~+ x3z-  . E jec t i on  o f  an inner she l l  e l e c t r o n  y  i e l d s  

qua r te t  and doublet  s ta tes .  I n  the  f rozen o r h i t a l  approximation l 9  o n e  

ca l cu la tes  the  unrelaxed b ind ing energy u t i l i z i n g  the  o r b i t a l  energy o f  

the  sp in-Unres t r ic ted  Hartree-Fock (UHF) c a l c u l a t i o n  on t h e  n e u t r a  l 

g r w n d . s t a t e .  Due t o  la rge sp in  contamination on the  doublet  core  i o n -  

ized s ta te  we concentrate on the qua r te t  s t a t e  which i s  the  h ighest  sp in  

mul t i p l  i c i  t y  and the re fo re  more appropr ia te  t o  the  UHF d e s c  r i p t i o n  . 
Values o f  <s~>,,,,~ wi l l be given whenever convenient . As an es t  imate t o  

the  exchange s p l i t t l n g  we c a l c u l a t e  the d i f f e r e n c e  i n  f r o z e n  o r b i  t a l  

energies thus neg lec t ing  r e l a x a t i o n  and the  sp in  coup l ing  among theopen 

s h e l l s  t o  produce the  doublet  m u l t i p l i c i t y .  

The bas is  se t  f o r  both N and F cons i s t s  i n i t i a l l y  o f  Dunning's 

(9s5p) contracted t o  <5s3p>". Di fuse s  and p f u n c t i o n s  a s  w e l l  a s  

p o l a r i z a t i o n  d  func t lons  have been added and the f i n a l  cont rac ted bas is  

se t  1s <6s4pld> f o r  both atoms. 

Theenergy o f  atomic n i t r ogen  i n  the g r o u n d  'S s t a t e  i s  

-54.3990 h whereas the f l u o r i n e  ground 2~ s t a t e  has  t h e  e n e r g y  o f  

-99.4013 h. The corresponding values o f  < s ~ > ~ ~ ~  a r e  3.758 and  0 .754,  

respec t i ve l y .  So, the sp in  contaminat ion a t  the atomic l e v e 1  i s  n o t  

appreciable.  At  the  ca l cu la ted  equi l ibr ium geometry the  NF ( X 3 ~ - )  has  



the  t o t a l  energy o f  -153.8277h thus amounting t o  a b ind ing e n e r g y  o f  

0.75 eV as compared t o  the near l i m i t  Res t r i c ted  Har t ree- Fock l e v e l  

w h i c h  gives a value o f  -0.7 eV '". The < s ~ > ~ ~ ~  va lue i n  t h i s  case i s  

2.022 again w i t h  a minor sp in  contamination. The b ind ing energy o f  NF 

has not  been measured d i r e c t l y  bu t  est imates i n d i c a t e  an experimental 

value o f  -3.5 eV l S 2 .  An e a r l y  C I  c a l c u i a t i o n 3  gave the  b ind ing energy 

as 2.2 eV. I t  may thus be deduced tha t  our value f o r  the b ind ing energy 

i s  too small;  t h i s  i s  no t  much s u r p r i s i n g  as c o r r e l a t i o n  i s  expected t o  
1-3 

g i ve  an important c o n t r i b u t i o n  t o  the b ind ing energy o f  NF . The 

e q u i l i b r i u m  bond length  i s  however i n  very good agreement. These d a t a  

a re  c01 l ec ted  i n  t a b l e  1 f o r  comparison. 

Table 1 - Spectroscopic parameters and energy o f  NF (x32- )  

Present Near Ha r t ree- Fock  Ab 

Ref. 1,2 

3. RESULTS AND DISCUSSION 

I n  the  t a b l e  2 we g i ve  the  t r a n s i t i o n  energies associated to  

the ca l cu la ted  FIS (lu) and NIS (20) ho le  s ta tes .  At  the FOA leve1 an 

energy o f  715.57 eV i s  involved i n  the  t r a n s i t i o n  3 ~ -  (NF) + 4~ (NF*). 

The ca l cu la ted  re laxa t i on  energy i s  obtained as 23.25 eV leading t o  a 

f i n a l  b ind ing energy o f  694.22 eV. These values a r e  t y p i c a l  of 
Fl s 

energies.  The separate c a l c u l a t i o n  o f  the  NF* core  lon ized s t a t e  g ives  

<s2> = 3.802 i n d i c a t i n g  now a l a r g e r  sp in  contaminat ion.  At  the  FOA UHF 
leve l  the 2~ s t a t e  i s  est imated t o  1 i e  s l  i g h t l y  above w i t h  an exchange 

spl  i t t i n g  o f  on l  y -0.3 eV. The t r a n s i t i o n  energy f o r  4~ (N*F) i s  426.52 

eV a t  the FOA l e v e l .  E x p l i c i t  c a l c u l a t i o n  o f  t h i s  core ho le  s t a t e  g ives  



a re laxa t i on  energy o f  16.12 eV thus amounting t o  a p r e d i c t i o n  o f  

410.40 eV f o r  the Nls b ind ing energy. Again, these values a re  t y p i c a i  

o f  Nl energies. The <s2> value o f  3.886 ind ica tes  now a somewha t 
UHF 

greater  sp in  contaminatlon. The exchange s p l i t t i n g  estimated a t  t he  FOA 

leve l  1s 1.8 eV, 

'Table 2 - T r a n s i t i o n  energy (eV) o f  10 and 2a e lec -  

t rons o f  NF a t  R = 1.307 8 .  

I F ina l  s t a t e  / -croA (eV) I *ESCF (eV) / <s~;,,~ 

/ \ I  so o f  i n t e r e s t  a r e  core-valence t r a n s i  t ion  energies22. Table 

2 a l s o  gives the values f o r  the  l c r - t 2 ~ ( ~ I I )  and ~ U + ~ I T ( ~ I I )  s ta tes .  These 

a re  ca l cu la ted  t o  l i e  below the corresponding qua r te t  ho le  s t a t e s  b y  

8.19 eV arid 11.60 eV, respect ive ly .  The sp in  contaminat ion 1s m i i d  f o r  

these core-va 1 ence s ta tes .  

The v i b r a t i o n a l  coup l ing  parameters are  glven i n  t a b l e  3 a t  

both the one- pa r t i c l e  l e v e l  as we l l  as i nc lud ing  re laxa t l on .  I n  thecase 
r e  1 

o f  Nls ( - < k i Y / d ~ )  and ( - d ~ ~ ~  IdR), p a r t l  y  cancel cj i v i n g  a f i na l 

grad lent  o f  ( d ~ ; ~ / d ~ ) ,  = 0.84 eV/bohr. This r e s u l t  ascr ibes  an a n t  i - 
bonding character  t o  the 20 molecular o r b i t a l  and p r e d i c t s  a small bond 

length  decrease, as expected from prev ious ly  noted t rends l8 .  I n  the  case 
r e l  o f  Fls ( - d f ~ ~ / d ~ )  and ( - d ~ ~ ~  I ~ R ) ,  add t o  each o the r  leading t o  f i- 

na1 value o f  ( d ~ : ~ / d ~ ) ,  = -5.32 eV/bohr. Hence the  l u  molecular  o r b i t a l  

o f  NF may be ascr ibed as bonding. The l a rge  value f o r  t h i s  coup l ing  par-  

ameter incl lcates a considerable bond l e n g t h  i n c r e a s e .  I n  p r e v i o u s  
2 3 - 2 5  

systems one has obtained t h a t  Fls i o n i z a t i o n  may indeed lead t o  a 

considerable lengthening and may even lead t o  a d i s s o c i a t i v e  s ta te .  To 

check t h i s  we have performed a c a l c u l a t i o n  o f  p o t e n t i a l  energy curve f o r  

the 4~ Fls ionized s ta te .  The r e s u l t  i s  a d i s s o c i a t i v e  curve. However 

a considerable care must be taken now because as mentioned before  (see 



Table 3 - Gradients o f  o r b i t a l s  and re laxa t i on  'energ ies  

(eV/bohr) f o r  the Hole-States o f  NF a t  R = 1 .307 8 .  
(1 bohr = 0.52917 8, 1 ha r t ree  = 27.21 eV). Q r e f e r s  t o  

the qua r te t  s ta te .  D r e f e r s  t o  the  doublet  s ta te .  

t a b l e  1) we have obtained on l y  a small percentage o f  t h e  e x p e c t e d  

b ind ing energy o f  the neutra1 ground s t a t e  o f  NF. Hence one may no t  

d iscard  the  p o s s i b i l l t y  o f  a minimum hidden by the absence o f  c o s r e -  

l a t i o n  e f f e c t s  i n  our study. S i m i l a r l y  our e x p l i c i t  c a l c u l a t i o n  o f  the  

'C Nls core hole s t a t e  gave a small bond length  con t rac t i on  but  a f a i r l y  

shallow p o t e n t i a l  energy curve. At  any r a t e  both e x p l l c i t  ca l cu la t i ons  

reenforce a bond length  shortening f o r  the l o n i z a t i o n  o f  t h e  2 0  and  

lengthening f o r  the fon l za t i on  of the  10 molecular o r b l t a l s .  This 1s 

a l s o  I n  due agreement w l t h  agren1s ana l ys i sZ6  based on t h e  p o t e l t t  i a 1  

modef f o r  ESCA s h i f t s  which p r e d i c t s  oppos i te  d i r e c t i o n s  f o r  the geo- 

rnetr ical  r e laxa t l on  i n  d iatomics.  

The t a b l e  3 a l s o  Ind ica tes  t h a t  each çp in  component f o r  a par-  

t i c u l a r  core  l eve l  e x h i b l t s  d i f f e r e n t  slopes. Hence the r a t i o  of I i n e -  

widths should be d i f f e r e n t  from 1.0 i n 6 i c a t i n g  tha t  one sp ln  component 

s t a t e  should be broader than the o ther  one. At the FOA leve l  oneobtains 

t h a t  f o r  both ho le  s ta tes  the h igh  energy doublet  component i s  broader 

than the low energy qua r te t .  That m u l t i p l e t  sp in  components o f  para- 

magnetic molecules should n o t  be expected t o  be the same has  been we l l  

demonstrated elsewhere15. I t  i s  a l s o  c l e a r  from t h a t  s t u d y  t h a t  a 

t h e o r e t i c a l  m d e l  beyond the  FOA leve l  i s  however o f  essen t i a l  im-  

portance f o r  q u a n t l t a t i v e  desc r i p t i ons .  
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Resumo 

Cálculos ab i n i t i o  ao n í v e l  UHF ( S p i n - U n r e s t r i c t e d  H a r t r e e -  
-Fock) são f e i t o s  para as energias de t rans ição e parâmetros de acopla- 
mento v ib rac iona l  associados aos estados ionizados em camadas profundas 
do rad tca l  NF. A exci tação v ib rac iona l  é d i scu t i da .  Importantes aspec- 
tos  relacionados com a forma da banda ESCA e exci tação v i  bracional  são 
p rev i s tos  embora não sejam quant i t a t  ivarnente descr i  tos a es te  n í ve l  de 
aproximação. 


