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MIND0/3 CI STUDY OF NCO SPECTRUM AND THE 

CHEMILUMINESCENT REACTION N + CO -+ NCO + h3 

Key words: NCO radical, potential energy surfaces, che- 

miluminescence, spin-orbit coupling 

B. F.Minaev, N. M. Ivanova, Z.M.Muldahmetov 

Karaganda State University, Karaganda, 470074, 
USSR 

ABSTRACT 

The mechanism of chemilwninescence in the reaction 

N + CO + NCO (1) and the electronic spectrum of NCO ra- 

dical have been investigated by means of MINDO/3 CI method. 

The potential energy curves for the ground and some exci- 

ted doublet and quartet states have been built along the 

linear and nonlinear ( angle NCO is equal to 150') reacti- 

on coordinates. The reaction channels N( S) + CO( C 1, 
N(2D) + CO( ) and N( P) t CO( Z ) have been discussed 

In  detail. The spin-orbit coupling (SOC) constants for *n 
states and nonadiabatic SOC matrix elements (42-\ Hso,\ X2n> 
have been calculated. 

INTRODUCTION 

4 1 +  

' 1 t  2 1 +  

The NCO radical and its chemiluminescence have been 

the subject of a number of experimental investigations c4, 

901 
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902 HINAEV, IVANOVA AND llllLDAHnETOV 

0 ,  11,15,223. Dixon 1[1,2] has observed a transient species 

in emission spectra during flash photolysis of isocyanic 

acid HNCO vapor and assigned the bands to linear NCO radi- 

cal. The same electronic tranoition in the visible and UV 

regions (4500-3600 i) has been observed in absorption and 
ascribed to x2Z+ - z2n transition 111. Prom an analysis 

of the vibrational and rotational structure Dixon has de- 

termined the values of all vibrational frequencies for 

x22+ state and the bending frequency for the ground state, 

the rotational and spin-orbit coupling (SOC) constants (A= 

= -95,59cm- 1, anharmonic and Renner-Teller parameters for 
the E2fl state. Dixon was unable to assign the bond lengths, 
but he obtained the upper limits of their sum as 2,408 4 
(“Xn) and 2,369 A ( A  Z’). In another paper 123 Dixon has 

analysed the W spectrum 2650-3200 A ,  which was attributed 

to a g2n - pf7 electronic transition with a progression of 
the upper state stretching vibrations; A(%2&) = -30,8cm-’, 

RNC + RCO L 2,45 A. The radical possesses a linear equili- 

brium structure in all studed electronic states. The papers 

[1,2J perform the classical analysis of linear-linear tran- 

1 

0 - 2  

0 

0 

sitions [3]. Milligan and Jacox [4] have studied the W and 

IR spectra of NCO radical, trapped in argon matrix, and de- 
termined the values of all three vibrational frequencies 

2 for the. X /l state. The gas phase ESR technique has been de- 
veloped by Carrington et al. [5,6] and the effective hsmil- 

tonian for NCO (including SOC, nuclear hyperfine interac- 

tions and rovibronic parameters) has been obtained C6l. 

Saito and Amano [7]obeerved the rotational spectrum of NCO 
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MIND013 CI STUDY 903 

r a d i c u l  by means o f  u Stark modulated microwave spectrome- 

te r .  Analysing the A-doubl ing constants ,  t h e  authors ca- 

me t o  the  conclusion t h a t  the X n s t a t e  was perturbed by 

the  A 2 s t a t e .  More recent ly ,  t h e  l a s e r  exci ted f luores-  

cence spectrum o f  NCO has been s tudied (8-111 ; the  l i f e t i -  

mes and energies of severa l  rovibronic  l e v e l s  have been 

determined. 

2 

-2 + 

Some recent  experimental works were devoted t o  NCO 

k i n e t i c s  [12-14 .  Exci ta t ion of t h e  emission spectrum o f  

NCO i n  s o l i d  matrices condensed a t  4 K have been in te rpre-  - 
t a t e d  a s  a r e s u l t  of chemiluminescent reac t ion  [I 5J 

A2E+ + N C O ( X 2 n  ) + h3, (1)  

{ B2ni --+ UCO(X%> + hQ2 (2 )  

K(2P) + C O ( X 1 z + )  -+ MCO 

In  contrast  t o  the  extennive experimental work desc- 

r ibed  above there  e x i s t  only a few t h e o r e t i c a l  s t u d i e s  t o  

the NCO radical .  Thomson and Wishart [I 6J have invest iga-  

ted  the geometry o f  the  ground s t a t e  within t h e  r e s t r i c t e d  

Bartree-Yock SCI’ approximation with a double-zeta basis 

s e t  and added p o l a r i s a t i o n  funct ions;  they obtained the  

following bond lengths:  Rrv-c = 1,2255 A and RC-O = 1,1334 

i. Vert ica l  e lec t ronic  t r a n s i t i o n s  i n  NCO have been calcu- 

l a t e d  within the  semiempirical I N D O / S  C I  approximation by 

Earsky, Kulm and Zahradnik E7J. They predicted Z4n quar- 

t e t  s t a t e  t o  be the  second exci ted s t a t e  i n  NCO s p e c t m n  

and a l so  a number o f  new 0 - 2n t rans i t ions .  Ab i n i t i o  

IUU-CI study o f  the  Renner-Teller e f f e c t  and SOC i n  the  

X 2 f l  ground s t a t e  of lJC0 

0 

2 

[I81 and SCI1’ 6-31*G inves t iga t ion  
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904 MINAEV,  IVANOVA AND MULDAHMETOV 

of the s t ruc ture  and electron a f f i n i t y  of NCO isomers [I91 

have been performed recently.  

No theore t ica l  s tudies  of the NCO e lectronic  spect- 

n u n  with optimized excited s t a t e  geometries have been pub- 

l ished to  our knowledge s o  fa r .  I n  t h i s  paper we present 

the r e su l t s  o €  semiempirical MINDO/3  C I  calculations on 

potent ia l  energy surfaces (PES) cross sect ions f o r  a num- 

ber of doublet and quartet  s t a t e s  along the reaction N + 
-t CO 3 NCO. Because o f  the crude MIND0/3 approximations, 

the r e su l t s  a r e  only qua l i ta t ive  in manner. 

METHOD OF CALCULATION 

2 The ground s t a t e  X f l  electronic  configuration o f  NCO 

(Go -configuration) 

4 6 25 6 26 6 1 5i 478 *2g3 ( 3 )  

was t reated by MIND0/3 [20] r e s t r i c t ed  Hartree-Pock SCF 

procedure within the Ellison-Matheu approximat ion 1213. The 

XU-C distance was fixed a t  d i f fe ren t  values between 1 , I  A 

and 2,6 with a step of 0 , l  i. The other  parameters (RCo 

and angle N-C-0) were optimized a t  each point. The PES o f  

the s ingle  configuration ( 3 )  is  shown i n  Fig.1 by a dott-  

ed l ine.  On t h i s  SCP MO bas i s  the configurational in te r -  

action (CI) b7,22] has been calculated ( f u l l  l i n e s  i n  Pi@).  

42 doublet and 16 quartet  (Q) configurations a r e  taken in to  

account.(All s ingle  exci ta t ions accounted, excepting two 

lowest occupied MO 46, 56 wi,th very low energy; Cd, Cp 

and Q configurations include 4x4  exci ta t ions) .  

0 
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MIND013 CI STUDY 905 

Fig.1. The potential energy curves of l inear NCO f o r  

the lowest s tates  o f  each symmetry and multipli- 

c i ty .  
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9 06 UINAEV, IVANOVA AND UULDAHUETOV 

RESULTS AND DISCUSSION 

The ground s t a t e  geometry optimization gives a l i nea r  

molecular geometry with the op t ima l  values f o r  

=1,237 ;I and RCmO ~1,170 4. Their sum (2,415 

good agreement with experimental ( 2 , 4 0 8 h  [3] and ab i n i t i o  

(2 ,43  P) [lo] values. 

= 

is  i n  a 

The calculated PES f o r  a number o f  the excited s t a t e s  

along the reaction N + CO a r e  shown i n  Fig.1. The lowest 

dissociation l imi t s  (RNC =2,6 

N( D) + CO and N( P) + CO s t a t e s  o f  reagents ( CO is  i n  

the ground X1x+ s t a t e ) ;  the other  excited dissociat ion 

l imi t s  ( N+ + co-, N + C O ( ~ J ~ ,  ’ 9 3 2 -  , e t s ) )  a r e  not 

shown i n  Pig.1. It i s  easy t o  see,  t ha t  our crude C I  app- 

roximation reproduces qua l i ta t ive ly  well  the known disso- 

c ia t ion l imi t s  f o r  nitrogen atomic configurations ( 4 ~ ,  2 ~ ,  

2P). Experimental values E(2D) - BX4S) and N2P)  - E(2U) 

energy differences areequal to  2,30 eV and 1,19 eV [233; 

blINDo/3 C I  values are 2 , l  eV and 0,91eV, respectively. The 

experimental dissociat ion energy De(N-CO) i s  equal t o  2 , l O  

rO,l5eV ( the  exact s t a t e  product is not known) [23], bu t  

IV;II?UO/3 C I  culculutiona hi@ly overeatimate this value 

4 correspond t o  I?( S) + CO, 
2 2 

(5,7eV f o r  N(21Ju) + CO( 1 +  2 limit and 3,6eV f o r  i,l( 4 S) + 

CG(’Z.’) l i m i t .  iie s~iel l  siiow l a t e r  t ~ m t  the  l o s t  l imit  

mu& corrcspond t o  the experi.uentul one.) On tIie o t h e r  

iiund, tile electronic t runsi t ion energies i n  BCO rrtdiclil 

u r c  underentiimted i n  our c~i lculr t ion.  Thc LiIXU0/3 paro- 

metrizutioii docon’t take i n t o  uccount thc differences be t -  
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MIND0/3 CI STUDY 907 

ween d -  and K-types o f  overlclgping S 

i-esonance intcgralo.  So the  bllIJU@ method underestiinates 

the  energies of  C-zand $-$electronic t rans i t ions .  

II iDO/Y method [I71 Gccountn d - 9  di f fe rences  much b e t t e r  

and r a t h e r  wel l  reproduces the observed spectra.  Por  com- 

parison we give the IIIL)O/S C I  b7] r e s u l t s  on the  ground 

s t a t e  BlO(Table 1 )  and v c r t i c a l  e lec t ronic  t r a n s i t i o n  o f  

NCC; r a d i c a l  (IiHc= 1,23 A ,  Itco= 1 , l 3  A ,  Table 2) A s  i s  

seen from T u b l e  2 ,  the  MJNDO/3 C I  t r a n s i t i o n  energies  d i f -  

f e r  from t h a t  obtained by experiments and INDO/S C I  cal-  

culations.  All the  lJIWUO/3 C I  exci ted s t a t e s  o f  NCO l i e  

lower than experimental ones, except f o r  the  4 n  s t a t e .  

This i s  the r e s u l t  o f  t h e  obove marked shortage o f  the  

ldIlWG/3 method. I n  our ca lcu la t ions  t h e  2' s t a t e  i s  t h e  

f i r s t  exci ted quartet  s t a t e  i n  cont ras t  t o  INDO/S r e s u l t s  

[17J. The underestimation o f  t h e  e lec t ronic  t r a n s i t i o n  

energies does not inf luence on the  q u a l i t a t i v e  r e s u l t s ,  

because the  s t a t e  succession i s  true.  

and J3gfi -J~GG PP'  

0 0 

4 

Fig.1 shows the  change of the  minimum p o s i t i o n  on t h e  

p o t e n t i a l  energy curves o f  the  exci ted s t a t e s  of  TJCO. The 

p o t e n t i a l  ininimum o f  x 2 Z i  s t a t e  is located a t  ii shor te r  

itlic d is tunce t h m  the minimum pos i t ion  o f  the  X n s t a t e .  

This I i t s  wel l  t o  the  experimental sum (HiICtRCC))< 2,3G9A 

[j]. Tile hi&est excited s t a t e s  have n longer IT-C bond 

lcngth than t h e  p o u n d  s t u t e  one. 

-2 

0 

'i%~ lowest excited A2z' s t a t e  of  PIC0 correopondes 

iiiai.nly t o  the electron t r a n s f e r  from '76 t o  2 5  Id0 and has 
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MIND013 CI STUDY 909 

Table 2 

Excitation energies ( in eV> of NCO radical 

State 
Excitation energy 

MIND0/3 CI IINDO/S CI a 1 merim. 

0 0 0 

1,66 2,78 2,82 

2953 4931 3,93 

3908 4,75 - 
4907 6,33 - 
4922 3,97 - 

a Reference 17 

Reference 3 

a . . . I  fi 47fj 2 9  

degenerated 8*n atate is described by . . . I  fl 376 *2fi4 
electronic configurations. In reactions ( I ) ,  ( 2 )  these both 

states correlate with the highly excited states of the re- 

agents M + CO (the excitation energies lie in the region 

of 6,5 - 7 eV>. 

electronic configuration. The double 

In order to receive the information about the JJCO 

geometric structure in the excited states, the energy de- 

pendences of the ground and excited states on the NCO an~- 

le have been calculated. The potential energy curves are 
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9 10 MINAEV, IVANOVA AND MULDAHMETOV 

-628 - 

Pig.2. Total energy as a function of bond angle for 

the ground and some excited states of NCO. 

shown in Fig.2, according to which the NCO radical in all 

lower doublet states has a linear utructure. In the quar- 

tet 4c' state the NCO radical is bent, because the 49- 
(4A") state energy falls dawn as the NCO angle decreases 

t o  llOo. The shallow minima on the curves for 8'fl state 
mean a smaller bending frequency as compared with the @X.+ 
state. As it is seen from Fig.2, the ?%state curve slo- 

pes up more gently, than the x2Zt curve. This corresponds 

t o  the rise of the bending frequncies in transition p n  - 
-x 2 t  2 (539 and 681 cm-' , respectively)[3]. 
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HIND0/3 CI STUDY 911 

The reliable MIND0/3 CI energy curves also reprodu- 

ce the fine structure features of BCO spectrum. The cal- 

culated value of Aso(P2fl  ) = -92,794cm-l is in a line 

with the experimental SOC constant -95,59cm-' 1 3 . .  Ab ini- 

tio method gives -81,48crn-l [Id. Since the z2fl state is 
an almost pure Go-configuration (31 ,  this SOC constant is 

equal to AsO(X -2 fl  ) = -a2,,. , where a2g = z  C,& 2 (CN,* A 
are the LCAO expansion coefficients of 2 n - P O  of the atom 

ii ; y,., is u SOC constant for the valence shell electrons 

of the atom A[2@. If we took into account only the main 

contribution of the configuration . . .1 

SOC constant Aso for ?i2n state would be equal to U1$ =I 

-106,63cm-l ; that badly agrees with 

lue (-30,8~m-~). However, the CI calculations show that 

the 52fl state contains a considerable admixture of confi- 
rations ... la iS 2R23f11, which have a complicated stru- 

cture ( the 2 g  

structures; if we add one 35T-electro11, it will lead to 

the set of the three 2/7 states). Taking into account the 

CI calculation we obtain kso(%2n ) =  -35,876cm-l. 

376 229r4, the 

the experimental va- 

4 2  

2 configuration produce6 32-, 'A and 'Z,+ 

The authors [I 81 have also calculated the SOC split- 

ting of the vibronic levels of the T2/7 state (the Renner- 
-Teller effect). These splittings are very large for uni- 

que levels (-Aso) and considerably smaller for all other 

levels [ld . The PCS for the A' and A" components of the 

z2fl electronic state of NCO radical are shown in Fig.2. 

The calculations of Renner-Teller splitting were a l s o  

carried out by Brown [25J. The resulto of our calculati- 
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912 UINAEV, IVANOVA AN? HULDAHMETOV 

ons for tile variation of the angular momentum proextion 

o n  the molecular axcis expectation value < k"I Lx(k') with 

the chmge o f  the valence angle support the findinss of 

papers  fj8,2!3 according to which the value of the para- 

meter g6 
slope of our curve Lx (4) presented in Pig.3 is slightly 

higher than the one obtained using Brown's gN value [25]. 

The qualitative agreement between tlie experinientul data 

[2a and theoretical curves of i3rown [25] , Peric at ul. [IS] 

and our  results is rather good (Fig.3). So our hlINDO/3 

results on the fine structure of X n state of NC3 radical 
enable a reliable reproduction of a number of experimen- 

tal findings [3,26] , as well as a large-scale BIRD-CI cal- 

culations D8,25] . 

should  b e  close to the value of 4,lcni-'. The 

-2 

Dixon has pointed out [I] , that the reactions ( I ) ,  

(2) and ( 4 )  

( 4) I.J(2D) + CO(X I t  z ) + NCO(X2n ) 

are energetically possible and plausible processes. These 

suppositions are based alone on the analysis of a symmet- 

ry. But R single symmetry analysis cannot give the correct 

correlation diagrams of reagents and products without the 

qualitatively reliable understanding of state orbital 

structures. Our MII~DO/~ CI calculation in spite of its 

apparent drawbacks (the reduced'transition energies, the 

overestimated dissociation energy) gives evidently the 

qualitatively correct assignment of an orbital character 

of the initial reagent's and product'o states and their 

correlation along the reaction. It should be noted, tho+ 
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l+l 

10 

0.9 

0.8 

a7 

0.6 

913 

I 

to' f50. f20' LUZW 

Flg.3. Variation of the expectation value of with 

a change of the valence angle. The curves: 

1 and 3 - result from ab initio methods 18,253 ; 

2 - experimental data 1267; 4 - the present work. 

the significance and importwce of the L:O SCL' CI semiem- 

yirical methods concist rightly of the detenniuution of 

these qualitative particularities. 

The g(5lll SCL 1 t  s-)-rgac&o; &r+ei-. TiLou& tile - 
initial Etate of the rccgents 14(21J) -1- C C r ( ' c ' )  ~ i v c : ~  tiic 

tenu of the n - type,  it doesn't  comelute rith the ~ r o -  2 
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914 UINAEV, IVANOVA AND UULDAHUETOV 

a.7 
wid XLn o t a t e  o f  IiCO; i t  i s  u r epu l s ive  teriii uloilc,; tlie 

reaction. In our  cu lcu la t ion  i t  wue not  tul;en i n t o  ucco- 

unt, because i t s  eccount r e q u i r e s  the inclusioii  o f  t l i ~  

h igh ly  exci ted confi&urotioii3. iis i t  i 3  seen froiii 2ig. 1 , 
tile i n i t i u l  s t a t e  I!( 2 )  + CG( z+) g ives  '2- wid 'A 
terms, which c o r r e l a t e  with the 11i&hly exci ted bonding 

s t a t e s  of 1iC0. ( ri'l~c v e r t i c u l  t r a i i s i t i on  energies  froui 

t he  grsund s t o t e  t o  thcoe ones u re  4,GO('X-) cnd 4,G4eV 

(2d ). These t r z n s i t i o n s  a r e  not observed i n  the i l C G  

spectruni, because they l i e  i n  t h e  UV-region und huve ve- 

r y  srntill 0 3 c i l l c t o r  s t rengths .  2or  example, these v e r t i -  

c a l  t r a n s i t i o n  energies  ca l cu la t ed  by 'C:irsicy e t  1.11. 1171 

ore  equal to 7,61 m d  7,92 eV, respect ively) .  

2 1 

1 - 1 .  Por the l inear  r eac t ion  K('D) + CC( Z ) the udiu-  

bu t i c  t r a n s i t i o n  t o  the IICG ground s t a t e  i 3  not  poss ib l e ;  

though the  'A m d  22t s t a t e s  cross  t h e  T2n s t a t e ,  ar i -  

, they cannot .sing from rJ( E') term n t  I L ~ ~  * 2,1 Z (hlig. 1 ) 

pass one i n t o  oiiother by t h e  cd iabu t i c  avoidance. Howe- 

ver ,  such t r u n e i t i o n  i s  poss ib l e  a t  t h e  nonl inear  c o l l i -  

sion. The PRS ca lcu lc t ion  f o r  t h e  1J + CO r euc t ion  at non- 

l i i iear  c o l l i s i o n  ( t h e  II-C-0 angle i s  equcl t o  15@') is 

given i n  Vic.4. LS i t  i s  seen i n  h 1 i ~ . 4 ,  t he  second 21it1 

s t a t e  urisinb; f rvu  tlie entrllnce clumne:: pi( U) t c o ( ' ~ + - )  

crosses  (p&nt 1) t h e  'ii~t component o f  t ~ i e  x n s t a t e  u r i -  
1 t  s in& froin the B ( L P )  + CO( c ). The unulysis  o f  t h e  C I  

mutrix und tile ViitVC functioria shovrtiiut tliese both 2;Lt1 

otcites urc mixed i n  t h i s  region; t he  e f f i c i e n t  uvoided 

2 

2 
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-62f 

-622 

-623 

- 624 

- 625 

-626 

- 6 2 7  

- 626 

-629  

, 
1.6 id 2.0 2.2 2.4 2.6 R -a NC,A c o  $2 d4 

Fig.4. The low-lying poten t ia l  energy curves of  non-li- 

near NCO ( LNCO = 150°). 

crossint  o f  these s t a t e s  i o  real ized ( i n  Pig. 4 these 

avoidances a re  not indicated,  i n  order t o  simplify tlie 

ficure and t o  determinate c learer  the s t a t e  o r b i t a l  

s t ructure) .  The configurational interact ion increuses 

heginning from L IiCO = 170 and thus provides Y nonadia- 
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b u t i c  r e a c t i o n  process  ( under  t h e  nonud iaba t i c i ty  we un- 

ders tand  the  non l inea r  p e r t u r b a t i o n  i n  t h e  en t r ance  chan- 

n e l ) .  That i s ,  t h e  r e a c t i o n  ( 4 )  i s  symmetr ical ly  fo rb id -  

den and beconies nonad iaba t i ca l ly  a l lowed by a n o n l i n e a r  

c o l l i s i o n .  This  c i rcumstance appa ren t ly  should lea&o 

t h e  e x c i t a t i o n  o f  bending v i b r a t i o n  i n  t h e  r e a c t i o n  pro- 

duct  NCO(X2fl) .  The low A" s t a t e  n r i s i n c  fromthe i n i t i -  

al reagents N(2D) + C O ( ' 2 ' )  passes through the avoided 

crossing on 2A11 component of the ground ?%I 

~ c * l , 9 1  P (point 2 in Fig.4). Thus, at the nonlinear 

collision the channel N(2D) + CO( C ) will mainly give 

the products in the nonexcited if2n 
expense of nonadiabatic jumps fropl curve to curve it can 

leads to the excitation of 2x' and 

action yields along that channel depend on collision dy- 

namics, but we shall not discuss them in our paper. One 

can accept qualitatively, that a part o f  the colliding 
I +  particles in the channel N(2D) + CO( passes through 

the states 22' and 2d ( at least, by the linear colli- 

sion, if one takes into account the rotational motion). 

2 

state at 

I +  

state and only at the 

2 states. The re- 

The S(FP1 & COl I +  ~,)-r~a~tiog g-el. Though the - 
2 1 +  initial reagents N( P) + CO( z ) are able to give '2' 

and n states of NCO radical on the symmetry background, 

their orbital structure doesn't correlate with the sta- 

tes, supposed in the reactions (1) and (2). As it f o l -  

iows from our calculation, the reagents N(2P) + C O ( ' 2 ' )  

give the ground X /7 

ly excited 2 C state. 

2 

-2 state and the second (in Fig.1) high- 
2 +  
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For the linear collision (Pig.1) the potential cur- 
2 +  ve of 2 2 state crosses the potential curves of the lo- 

- 2 +  west A z and g2fl states of NCO in the reaction (at Rmc= 

=1,5- 1,55 A ) .  The 2 2 term doesn't interact with B n 
state becausgof their different symmetry. However, as the 

CI calculation shows, there is only a small mixture of 

x2Z' and 2 Z states at RNc= 1,53 i. Just in the cros- 
sing point (point 4 ' )  these states have the predominating 

contributions ( - 98%) from the configurations . . .76 86' 

and ...7d 2 s 4 ,  respectively. The diagonal CI matrix ele- 

ments for these configurations are distinguished by 0.8eV. 

An energy coincidence of two 'Z+ states at the crossing 

point RNC = 1,53 A is accidental and determined by the 

small CI contributions from other configurations. Thus, 

the avoided crossing of two 2x+ states is not effective 
at linear collision (although formally they must avoid 

the crossing according to Wigner's theorem). As result of 

the above mentioned peculiarities this avoided crossing 

takes place practically in a very narrow region or simply 

in a single point. 

0 2 +  -2 

2 +  

2 2  

0 

At nonlinear collision (angle 150") the crossing 
2 +  (point 4) of the two corresponding 2A1 ( 2 ) terms are 

accompanied by D strong CI and a full mixture of configu- 

rations ...7622X286 and ... 762fl 4 . 
As it is mentioned above, the structure of g2n sta- 

te is complicated, that is well confirmed by the calcu- 

lation of the SOC constant. During the reaction the mix- 

ture of the 2 4 n states determined by 1Jl' 2fl235?' configu- 
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918 MINAEV,  IVANOVA AND MULDAHMETOV 

rations leads to an intensive configurational interaction 

with the 42A' state at the change of the NCO angle. At 
the linear radical structure this 4 A' state corresponds 

to the 2 2 2 +  
2 I +  N( P) + CO( C 1. Because of the complicated structure 

of the 2fl state 

same A' symmetry arised. The mixture of these configura- 

tions leads to the efficient avoided crossing of the 32A1 

and 42Af states at point 3 just by the small CI matrix 

elements (at the linear structure it corresponds to the 

crossing of the E2n state component and 2 

crossing points 3 and 4 
on the potential curve of 42A1(2 2 ) state, that should 

lead to the high efficiency of the nonadiabatic transiti- 

ons. A system passes over and over the crossing points 

oscillating near the minimum on the potential curve. That 

2 

term occuring from the dissciation limit 

a number of the configurations of the 

2 +  state).Both 

are disposed near the minimum 
2 +  

close to a unity for this pro- must give a quantum yield 

cess. 

Finally, the mixture 
0 

place at the RNc = 1,3 A 

of 22A1 and 32A1 states takes 

point 71, that leads to the po- 
2 -2 + pulation of low-lying 2 A' state (an analog to the A 2, 

state in the linear NCO radical). 

Since a molecular bending assists the transitions 

between the terms, the ?i2Z+ state of NCO arising in the 

reaction will be characterized by the excitation of a ben- 

ding vibration. It is observed in the NCO chemilumines- 
cence in the region 360-450 nm [15,23 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
4
:
0
3
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



MIND0/3 CI STUDY 919 

Besides this, the E2n state of NCO radical must be 

also populated at the nonlinear collision of initial rea- 

gents in the N( P> + CO( E channel because of the in- 

teraction of its second 2 All component with the two 2A11 

states ( the crossing points 5 and 6 in Pig.41, which 

diabatically occur from N( D) + CO( ) terms. In the 

nonlinear reaction, as mentioned above, these 2A11 states 
2 I +  can arise from the N( P) + CO( Z 1 term, taking into 

account the avoided crossing in points 1 and 2. It is 

necessary to note, that at the nonlinear collision the 

low A '  state (one of the Z2n component) arising in the 
entrance channel N( P) + CO( 2 ) will lead straight to 

the formation of NCO radical in the ground g2n state. 

2 l +  

2 

2 1 +  

2 

2 1 +  

Thus, the formation of the NCO radical in low exci- 

ted states X2Z+ and g2fl (from which the chemilumines- 
cence is observed) takes place in the reaction entrance 

channel N(  P) + CO( 2 1. A population of the X2Z+ sta- 

te results from the adiabatic transitions, whose proba- 

bility increases at the nonlinear collision of the rea- 

gents. The B I7 state is populated through the nonadiaba- 

tic transitions determined by the rovibronic perturbati- 

ons. 

2 1 +  

2 

- The rJ(!Sl  gOL1~~>,reacti-og chgrgel. In this 

channel the interaction of the reacting particles must 

be accompanied by a nonadiabatical quartet-doublet ( x- - 
- Z2fl  ) transition to the ground state of NCO radical. 

The calculation of SOC matrix elements [24] 

4 
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920 MINAEV, IVANOVA AND MULDAHMETOV 

shows, that in the crossing point (point 8', RNc = 1-7 

of 42' and Z2fl states at the linear reaction, the mix- 
ture of these terms caused by SOC is highly efficient. 

This is connected with a large localization of 2a- and 

8d-MO's on 2p-A0 of the nitrogen atom and also with a 

small contribution of the oxygen atom 2p-A0 in these MO's: 

Y2E = O.97f2py(~) 

The structure of these MO's determines a large magnitu- 

de of the integral B2z,86 = i.68.994 cm". The total squ- 

are of the SOC matrix elements for both sublevels is equ- 

al to 1587,l cm'*, that is compared with the SOC matrix 

element obtained for the nonadiabatic reaction of the 

nitrogen protoxide decomposition N20( 1 +  3 ) + N2 + O( P) 
k73 

The appearance of the chemiluminescence is extreme- 

ly unlikely in this channel, because the SOC matrix ele- 

ments are very small in the crossing points of 'Z- term 

with ?i22+ and "Bn states. If the transition to the gro- 

und "x2n state doesn't take place at a first passage of 
the crossing point 8', it will take place at the follo- 

wing passages of this crossing point during vibrations in 

the vicinity of the minimum on the 

curve. The l o w  frequency vibrations with a large amplitu- 

'x- state potential 

de will lead to the repeated passage both through the 
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point 8 l  and the crossing points with x2Ct 

terms. But as the SOC is considerably larger at the point 

8 ’ ,  any chemiexcitation will be efficiently quenched in 

this channel. 

and B 2 n  

The nonadiabatical transition Z2n --f ‘E-, induced 
by SOC, is also possible at the decomposition of NCO 

molecule. It is obvious, that the CO molecule will be 

formed in the strongly excited rotational states, becau- 

se the doublet-quartet transition is accompanied by the 

sharp change of the valence NCO angle. We suppose, that 

the dissociation energy De(N-CO) obtained in the experi- 

ments 1231 corresponds to the formation o f  the reaction 

quartet product . 
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