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Abnract Semiempirical INDO molecular o r b i t a l  cã l cu la t i ons  o f  tig 
minimum energy path f o r  the+formation of HCO'; HOC , HNO++ and HON 
from the proton react ions H + C0 and H + NO a re  presented. Energy 
ba r r l e r s ,  geometry re laxat ions  and s t a b i l  i z a t i o n  snergies a r e  g  i v e n .  
Comparisons w i t h  ab i n i t i o  SCF ( S e l f - ~ o n s i s t e n t  F i e l d )  and CI (Con-  
f l gu ra t  ion  In te rac t  ion) c a l c u l a t  ions are  performed i n order t o  assess 
t h e - r e l t a b i l i t y  o f  the ca l cu la t l ons .  

protonat ion i s  an i n te res t i ng  problem o f  increasing research 
1 - 1 0  

i n te res t .  I t  has been i n tens i ve l y  studied i n  recent years . An i m -  

por tan t  achievement obtained i s  t ha t  t o  reproduce ex is t ingexper imenta i  

data on pro tonat ion  i t  i s  of essent ia l  importance t o  consider geometry 

re laxa t i on .  I n t h i s  vein i t h a s  been establ ished tha t  geometry re laxa t i on  

due t o  core i on i za t i on  and pro tonat ion  on the same s i t e  are  related11'12. 

Furthermore t h e i r  chemical s h i f t s  a re  a l so  c o r r e ~ a t e d ~ ' ~ .  A poss ib le  

common basis f o r  understanding these re lashionships rnay be provided by 

l oca l i zed  per turbat ion  theory. Therefore the changes o fva lence electron 

dens i ty  upon pro tonat ion  and core hole format ion may be r e l  a t e d  t o  

o lder  problems descr ibable i n  t e r m s  o f  a tom- a tom and boí id -a tom 

po la r i zab i  l i t i e s 1 3  as discussed elsewhere14. 

I n te res t  i n  pro tonat ion  i n  d iatomic systems has i n c r e a s e d ,  

and t h i s . i s  re la ted  t o  ion-molecule reac t ions  occur r ing  i n  the i n t e r -  

ab a n i t i o  

poor pred 

studies o f  t r i a tom ic  rad i ca l  

i c t i o n  o f  the r e l a t i v e  s t a b i l  

proton reac t ions2 '  3 ' 7 .  An irnportant computational aspect a r i s i n g  

ions i n  general i s  t ha t  

i t y  i s  obtained a t  the SCF 

s t e l a r  spac:e15. This has l ed  t o  a  number o f  ab i n i t i o  ca l cu la t i ons  o f  

f rom 

very 

leve1 . 



+ 4- 
An i n t e r e s t i n g  example i s  found f o r  HNO and HON . A t  SCF w i t h  double-  

+ 
ze ta  b a s i s  s e t  i t  r e s u l  t s  t h a t  HON i s  t h e  most s t a b l e 1 6 .  I n c l u s i o n  o f  

p o l a r i z a t i o n  f u n c t i o n s  i n  t h e  b a s i s  s e t  leads t o  an a lmost  i n e x i s t e n t  

b a r r i e r 1 6 .  The f i r s t  C I  c a l c u l a t i o n  was performed by Mar ian e t  a2 l 6  

+ 
and a  b a r r l e r  o f  11 kcai /mole was found, w i t h  HNO as t h e  most s t a b l e .  

The nex t  C 1  r e s u l t  i s  due t o  McLean e t  aZ17, y i e l d i n g  t h e  same t r e n d  

and a  b a r r i e r  o f  13.2 kcal /mole.  A v e r y  recen t  CI c a ~ c u l a t i o n ~ ~  i n -  

creased t h i s  v a l u e  t o  16.6 kcal /mole.  The n e c e s s i t y  o f  i n c l u d i n g  c o r -  

r e l a t i o n  c o r r e c t i o n s  prompts a  p r a c t i c a l  l i m i t a t i o n  s i n c e  geometry op- 

t i m l z a t i o n  a t  ab i n i t i o  C 1  l e v e l  i s  v e r y  expensive.  F u r t h e r m o r e ,  i t  

would become o u t  o f  reach f o r  most systems o f  i n t e r e s t .  T h i s  i s  par-  

t l c u l a r l y  t h e  case f o r  a  sys temat i c  s tudy o f  p r o t o n  a p p r o a c h  t o  a  

r e a l l s t i c  molecule.  

Most semiempir ica l  methods u t i l i z e  parameterschosendirectly 

f ram exper iment .  There fo re  t h e r e  e x i s t s  t h e  b e l i e f  t h a t  t h e  m o d e l  

m i g h t  extend beyond t h e  conf inements o f  t h e  theory .  Hence, d e s p i t e  t h e  

d i f f i c u l t y  i n  d e f  i n i n g  c o r r e l a t i o n  energy i n  a  semiempir ica l  scheme,  

i n  some cases i t  may be " b u i l t - i n " .  A t  t h i s  stage, t h e r e  i s  no concern 

i n  s e p a r a t i n g  d i f f e r e n t  energy cont;ibutions b u t  o b t a i n i n g  q u a l i t a t i v e  

r e s u l t s  d l r e c t l y  r e l a t e d  t o  exper iment ;  a  modest probe f o r  f u t u r e  i n -  

v e s t i g a t i o n s  on p r o t o n a t i o n .  A sys temat i c  c a l c u l a t i o n  o f  t h e  r e a c t i o n s  
+ 

H+ + C0 and H  + NO+ a t  t h e  two poss i  b l e  s i  t e s  wi 1 l t h e r e f o r e  be p re-  

sented w i t h i n  t h e  semiemplr lca l  INDO l e v e l 1 9 .  

2. PROTONATION OF C 0  AND NO' 

+ + 
The l i n e a r  HCO and HOC systems have been s t u d i e d  p r e v i o u s l y  

a t  ab i n i t i o  l e v e l  by Bruna e t  a13 and Summers and ~ ~ r r e l l ~ .  The l a t -  

t e r  a u t h o r s  have a l s o  s t u d i e d  t h e  double i o n i z e d  l i n e a r  p roduc ts  HNO++ 

and HON*. Comparison t o  t h e i r  r e s u l t s  w i l  l be presented below. 

Table 1 presen ts  t h e  r e s u l t s  and some d e t a i l s  f o r  t h e  i n -  
+ 

t e r a c t i n g  p o t e n t i a l  f o r  t h e  r e a c t i o n  H  + NO' -+ HNO", where HNO++ i s  

found t o  be more s t a b l e  than  t h e  HON++ p roduc t .  For these cases t h e  

p o t e n t i a l  1s r e p u l s l v e  i n  t h e  e a r l y  stages and becomes a t t r a c t i v e  i n  a  

small  r e g i o n  l y i n g  e n e r g e t i c a l l y  above t h e  l i m i t  o f  d i s s o c i a t i o n  i n t o  

NO+ + H+. Hence, these ç t a t e s  a r e  found t o  be quasibound and u n s t a b l e  

upon d i s s o c i a t i o n  i n  t h e  p r o t o n  p a t h  (see F i g .  1 ) .  Our s t a b i l  i z a t i o n  



Table 1. Geometry, populat lon and energy along the mlnimum energy path 

fo r  H+ + NO+ + HNO++ 

+ 
(a) Fixed. (b) Optimized. (c)  E lec t ron ic  populat ion i n  the incoming H .  

(d) Change i n  n i  trogen populat ion.  (e) Total  (valente) energy. 

Tronsition 
stote 

HNO++ 

F i g u r e  1 - Energy diagram (kcal/mole). Observe tha t  1 har t ree  =627.7 

kcal/mole. 



energ les  ( b a r r i e r  f o r  d l s s o c i a t i o n )  a r e  46.2 kcal /mole (HNO") and 
++ 

39.2 kcal /mole (HON ) and t h e  equi  1  i b r i u m  con f  i g u r a t i o n s  a r e  found t o  

be 75 kcal /mole and 76 kcal /mole above t h i s  d i s s o c i a t i o n  1 i r n i t ,  r e -  
++ 

s p e c t i v e l  y .  The s tudy  by Summers and ~ ~ r r e l  17 on HNO showed a l o c a l  

minimum w l t h  a b a r r i e r  t o  d i s s o c i a t i o n  o f  o n l y  1.7 kcal /mole.  S ince 

t h l s  v a l u e  i s  lower than  t h e  zero  p o l n t  energy a long  t h e  d i s s o c i a t i o n  

path,  i t  I m p l i e s  t h a t  t h e  system can n o t  be observed even a t  v e r y  low 

temperatures.  Our c a l c u l a t i o n  f i n d s  a l a r g e r  b a r r i e r  and i n d i c a t e s  that 

t h e  d i s s o c i a t i o n  should proceed by t u n n e l i n g  w i t h  an energy r e l e a ç e  AH 

o f  about 75 kcal /mole.  Table I a l s o  shows t h a t  t h e  f i r s t  e f f e c t  o f  t h e  

p r o t o n  approach i s  t o  p o l a r i z e  t h e  e l e c t r o n i c  charge o f  t h e  t a r g e t  

system. 

. The geometr ica l  r e l a x a t i o n s  a r e  presented i n  Ta b l  e  2 .  The 

r e s u l t s  emphasize t h e  same t r e n d  as f o r  c o r e  ho les ,  as n o t  i c e d  p r e -  

v i o u s l  y  by Palma e t  aZ12. Th ls  same t r e n d  i s  a l s o  found regard ing  r e l a -  

t i v e  s t a b l l i t i e s  o f  t h e  i somer lc  p roduc ts .  P r o t o n a t i o n  i n  t h e  carbon 

s i d e  g i v e s  more s t a b i l i t y  than i n  t h e  oxygen s i d e  and leads t o  a de- 

crease o f  t h e  bond l e n g t h  as cornpared t o  t h e  o r i g i n a l  C0 system. These 
++ 

t rend$  c o u l d  n o t  be v e r i f  i e d  p r e v i o u s l y  i n  HNO and HON" because t h e  

s o l e l y  ab i n i t i o  c a l c u l a t i o n  found no s t a b i l i t y  f o r  HON" 7 .  As d i s -  

cussed I n  t h e  i n t r o d u c t i o n ,  t h i s  r e s u l t  i s  p robab ly  due t o  t h e  absence 

o f  c o r r e l a t i o n .  I n  agreement w l t h  t h e  above d iscussed t r e n d  we f i n d  

here t h a t  p r o t o n a t i o n  on t h e  n l t r o g e n  leads t o  a small  shor ten ing  o f  

t h e  bond d i s t a n c e  and i s  t h e  most s t a b l e  (see f i g .  1 ) .  

Table 2. Geometr ical R e l a x a t i o n  (8) 

The r e l a t l v e  s t a b l l i t y  o f  HcO+over i t s  Isomer i s  found as 
3 54.7 k c a l / m l e  as cornpared t o  18.8 kcal /mole a n d  21 . 7  k c a l / m o l e 7 .  

T h i s  r e s u l t  I n d l c a t e s  t h a t  t h e  p r e f e r a b l e  p r o t o n a t i o n  s i t e  i s  c o r -  



r e c t l y  dec.crlbed but  the proton a f f i n i t i e s  are  overestimated. We f i n d  

i t  t o  be about 260 kcal/mole as compared t o  about 140 kcal/mole as ob- 

ta lned by Forsen and ~ 0 0 s ~ ' .  The energy p l c t u r e  1s summarized i n  f i g -  

u re  1 .  

I n  agreement w,i t h  the accurate C I  ca l cu ia t i ons  o f  Bruna etaZ3 

we f t n d  no b a r r i e r  f o r  the pro tonat ion  o f  C0 t o  form e l t h e r  COH+ o r  

HCO'. Thls I s  i n d i c a t i v e  o f  the q u a l i t a t i y e  r e l i a b i l l t y  o f  the i n t e r -  

ac t i ng  po ten t l a l  as ab I n i t i o  SCF c a l c u l a t i o n  leads t o  a spurious bar- 
+ 

r l e r 7  f o r  the format ion o f  HCO . 

3. SUMMARY 

+ + 
l h e  proton react ions H + C0 and H+ + NO produclng the t r i -  

+ atomic 1 inear systems HCO , HOC', HNO" and HON++ have been studied 

w i t h i n  the semiempirical INDO i eve l .  Comparison w i t h  e x i s t i n g  data 

leads t o  good o v e r a l l  agreement. The r e s u l t s  reproduce the e x p e c t e d  

trends. The In te rac t i ng  po ten t i a l  f o r  the  react ions were obtained and 
++ 

analyzed. The r e s u l t s  f o r  the HNO i s  i n t e r e s t i n g  insofar  asweob ta in  

i t  as an unstable system under proton d i ssoc ia t i on  but  t h i  s r e v e r s e  

process should occur by tunnel ing.  More accurate ca l cu la t i ons  ishereby 

suggested t o  c l a r l f y  t h i s  po ln t .  

F ' ina l ly ,  the i ns igh t  gained i n  t h i s  p i l o t  study w i l l  hopefu l ly  

be used Iri a more general study o f  proton reactions I n  l a rge r  molecules. 
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Resumo 

Cálculos de o r b i t a i s  r n o l e c u l a r e ~  no mydelo y p i - e m p í ~ i c o  INDO 
são f e i t o s  para es tudar  a forma ão de HCQ , HQC , HNO e HON a par-  1 
t i  r do processo de protonaçao H + C0 e H +NO ao longo da t r a j e t 8 r  i a  
de menor energ ia .  B a r r e i r a s  de energ ia ,  re laxações geométr icas e ener-  
g i a s  de e s t a b i l i z a ç ã o  são dadas. comparações com c á l c u l o s  ab i n i t i o  SCF 
( ~ e l f - C o n s i s t e n t  F i e l d )  e C I ( ~ o n f i g u r a t i o n  l n t e r a c t i o n )  são f e i t a s  para 
a v a l i a r  os resu l tados .  


