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September 1970 

	

ABSTRACT 	. . 

At eleven internuclear separations ab initio calculations have been 

carried out on those 59 molecular states of CN which dissociate to atomic 

limits up to 1D C + 2D N. Four electrons are held frozen in carbon and nitrogen 

is Hartree-Fock atomic orbitals, and a full configuration interaction is 

carried, out for the remaining nine electrons using optimized 2s and 2p Slater-

type orbitals on each atom. The 2 calculations, which include 486 config-

urations, are the most complicated. Eighteen Significantly bound states 

(De 	0.84 eV) were obtained, nine of which h.ve"been observed spectroscopically. 

With the exception of the third 2 state, the theoretical ordering of states 

agrees with experiment. Three of the states never observed experimentally, 

( 4Et, 	and 	lie below all but three of the knowh states of CN. Calculated 

Spectroscopic constants are compared with experiment. The potential curves 

show many interesting features, including potential maxima In the 

• 2 and 2 IV bound states. • By performing natural orbital analyses, 	. • 

dominant molecular orbital configurations have been unambiguously assigned to 

th 	 • 	 • 	

• 	 . 

	

e lowest 18 bound states. The seco1d, third and 	2 
fourth 11 states 'experience 

numerous avoided crossings.a 	themsélives añd.natural orbitals have been 
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INTRODUCTION 

The fact that there are four low-lying states of the carbon atom 

( 3P, 1D, 1S, 5s) and three low-lying states. (S 	.P) of the nitrogen atom 

guarantees the existence of a substantial number of:•iow-lying (less than 10 eV) 

stats of the CN molecule. Combined with the experimental interest, 11' 

part Lcularly.astrophysjcal, in CN, there would appear tc.be  a great deal of 

motiatjon for.ab.initjo calculations on the low-lying states of CN. Never-

the1.ss we have been able to findonly one such study ir the literature, by 

Guerin. ' He carried out calculations based on SCF orbitals and including no 

more than three configurations for the A. 2]T, D' 2J1, F 2 	and J' 2A states of 

CN. Although such calculations can be useful 13  in the study of excitation 

14 
energies, it is well known that diatomic molecular formation and dissociation 

cannot be properly described within the single configuration approximation 

unl€ss one of the atoms is a closed shell species. 	. 

Over a wide range of internuclear separations, we have carried out 

ab initio configuration interaction (ci) calculations on all the states of CN 

which dissociate to atomic limits up to 'D carbon plus 2D nitrogen. Perhaps 

the most important aspect of the present work is the prediction of the existence 

of nine new bound states of CL 15  A second area of emphasis in the present 

Wor} involves the use of natural orbitals' to discuss the electronic structure 

of the valence-excited states of CL 	. 	. 	. 	. . 	. 
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BASIS SET. 

Hartree-Fock atomic orbitals 17  for theground states of C and N were 

used to describe the inner shell electrons. 2s and 2plater-type orbitals 

on each atom complete the basis set. The orbital exponents for the latter 

2+ 
functions were optimized in repeated calculations on theX 	ground state 

at the experimental internuclear separation. The resulting exponents for 

carbon were .c(2s) = (2p) = 1.671  and for nitrogen (2sY = (2p) = 1.988. 

With the exception that the 1Y and 2CF molecular orbitals (MO's) are 

always doubly occupied, full CI calculations were carried out for all symmetries 

of interest. The calculated atomic energies for C and are combined to give 

molecular dissociation limits in Table I. The comparison with experiment in 

Table I indicates that the primary deficiency in the atomic calculations is 

due to the fact that the 5S state of carbon lies too lcw relative to the 1D 

.1 
and. S states. 

The basis set outlined above is the smallest with which one can 

reasonably expect to get meaningful results for potential surfaces. And in 

fact Cl calculations of the same type (with molecule -optimi zed exponents) 

yielded good qualitative agreement with experiment for CO,lB  with seven of the 

eight known valence (i.e. non-Thjdberg). states lying in the experimental order. 

CalcuLitions of this type with atom-optimized exponents; have also yielded  

. 

qualit.tive1y correct potential curves for 02 
19 	20 NH, 	N2, 21 . and SiO. 22  

Althouh much more accurate total energies than those reported here can be 	il 

obtained using extended basis sets, the problem of treating molecular forma- 

tion and dissociation is a difficult one within largerbasis sets, and accurate 

potential curves of this type have only been reported for a rew states of a few 
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diatomic moleáules. 23  Perhaps the primary virtue of CI treatments of the 

type usedhere is that all molecular states dissociate;rnoothly to their 

exact atomic limits. 

Since our all-numerical methods 2  for the computation of molecular 

integrals allow for the use of arbitrary orbitals, the present calculation; 

could equally well have been done entirely in terms of accurate Hartree-Fock 

orbitals) 7  This would have yielded much lower total energies and still 

retained the correct dissociation behavior for all states. However, as we 

have shown for F22  and Cl2 , 25  such a basis is optimum for the separated aboms 

but far from optimum for  the molecule, and this results in very poor calcu-

lated dissociation energies. The basis set adopted here, }ffAO's for the core 

and STO's for the valence region, is about equally good .(or bad) for both the 

molecule and the separatedatoms and thus yields reasonable potential curves. 
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CALCULATIONS 

The methods used in the present study for the evaluation of integrals 

and construction of symmetry-adapted linear cowbinations of determinants are 

described elsewhere.2 26 Fifty-.nne molecularstates dissociate to the 

first seven atomic limits (see Table I) of CN. The resulting full valence CI 

calculations include the largest computations of this type reported to date 1822 

The calculations are summarized in Table II, where it is seen that the largest 

calculation, of 
2 
 symmetry, requires the ten lowest eigenvalues of a 186 x 

186 matrix. Total CDC 6600 time used for all calculations was about seven hours. 

The calculated total energies for 59 states at eleven internuclear 

separations (1.85, 2.0, 2.25, 2.5, 2.75, 3.0, 3.25, 3.5, ).O, 5.0,6.0) are 

27  not included here but can beobtained from the authors.  
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.SPECTROSCOPIC CONSTANTS: COARISON WITH E)CPERIIENT 

In Table III the ab initi.o spectroscopic constants are compared with 

available experimental data Eight states of CN have been fairly unambigu-

ously idertified and a ninth, designated G 
2fl 
 has been tentatively assigned 

by Lutz. 11  For the eight known states our predicted ordering agrees with 

2 
experiment except for the H IT state. The H state is calculated to lie 

0.049 eVbelor the E 2 Z state and 0.072  eV below the F 2 A state, but Douglas 

and Routly s measurements indicate that the H .11 state in fact lies 0.156 eV 

above the F 
2 
A state. Thus if our calculated H 2 

T1 state were to lie ().07 eV 

higher the ab iziitio order would be in complete agreement with experiment for CN. 

	

Our calculatioa8 pre&i.ct a fourth 	bomd state which lies 0 95 eV 

a 11 	 2 above the 11 III state. Lutz however tentatively assigns a fourth 11 state 

lying 0.04 eV below the H 2fl 
 state. However, inspection of Lutz's potential 

curves shows that, if his analysis is correct, the G and H states at 60,624 cm 

and 60,939 cm' are not two states but two different minima in a single 211  III 

state. 

The theoretical re values are in all eight cases larger than experiment, 

the differences ranging from 0.0614 to 0.104 A. The relative differenes are 

even better and the calculated ordering of r agrees with experiment except, 

again, for the H 2 state The predicted rotational constants Be  follow the 

same pattern with respect to experiment, since Be  is proportional to (1/re) 

The calculated values of We  are the following percentages of experiment 

x 21+ 914%, A 
2

11 89%, B 2Z 82%, D 
2 
 104%, E 21+ 102%, J 2 108%. Except for 

0 + 
the B 'E value; the theoretical We t s fall in the experimentally observed order. 

'The higher spectroscopic constants We X and a
e  are usually qualitatively 

s.Lmilar to the experimental values.. As can be seen from T&1e III, however, 

2  + for the E 1  state, the agreement for We  Xe is particularly poor.  
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NEW BOUND STATES OF CN 

Since qualitatively correct spectroscopio constants were obtained for 

the known bound states of CN, it is to be expected that useful predictions can 

be made concerning states not yet observed experimentally. Table III predicts 

the existence of nine new states of CL. It is not surprising that none of 

these states have been observed, since six are quartet states. two are 2- 

and the last is a 
2 
 state.ransitioras from these nine states to the ground 

2+  
X E state are electronicallyforbidden. 

It is perhaps surprising how low-lying some of the quartet states are. 

For example the Z state is predicted to lie only 0.251 eV above the very 

well characterized B Z state. And both the fl and A states lie, below the 

fourth known state of CN, D 2 
	

Since all nine of these new states are observ- H. 

ably bound (De > 0.85 eV), we hope that the present theoretical predictions 

will spur new experimental interest in the CN spectrum. 
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POTENTIAL CUE VES 

Figures 1-10 contain the calculated potential curves for 59 states of 

CN In Fig 11 the lowest bound states are seen Several attempts were made 

'V 

	

	 to plot the higher bound states but the number of curve crossings makes the 

resulting figure virtually inscrutable. So, in Pig. 12 we indicate the energy 

of each of these bound states and the re value. This group of CN potential 

curves is the most interesting we have studiedl8l922 to date, since there 

are a large number of significaxItly bound states and many more potential 

maxima than previously encountered. 

Among the eighteen lowest bound states the 4 E 2 E J 	and 2  iv 

all have potential maxima at about four bohrs. The heights of .these maxima 

are, respectively, 0.43 eV, 0.24 eV, 0.43 eV, and 0.32 eV. All four maxima 

appear to be due to avoided crossings with higher states. The curves forthe 

two lowest 	and 2 ,atates are particularly- interesting, since for both of 

these symmetries there are two nearly parallel bound states Figure 6 shows that 

the fl Ii st&te is quasi-bound. This state has a potential well of depth 1.41 eV, 

but the minimum nevertheless lies 0.67 eV above the dissociation limit. Two 

higher states having potential maxima are 2 	and 4 A iii. 

The fact that, in our calculations, the 5 state of carbon lies too 

low is reflected in our 	results. Figure 1 implies that the Estate dis- 

sociates to 5 s carbon plus 4S nitrogen, whereas in fact; it must disscciate 

to 3P C + 2D N The 2+ v curve is also affected, the maximum in its potential 

curve being a result of the 5 + 4 
atomic limit lying too low If we realize 

this limitation of the present resultS, one can more sensibly predict that the 

IV state should dissociate smoothly to 3P C + 2P N Thus the 2+ iv state 
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is predicted to be bound with a dissociation energy of, -0.5 eV. Lutz11  has 

2+ 
mentioned the possibility of the existence of a fourth E state. 

Severalother points of interest can be seen inFigs. 1-12. The second 

state has a very unusual shape, much like that of a bathtub. The lowest 

state is slightly bound (De 0.3 eV) with a minimum at r = 3.25 bohrs. 

Furthermore, since this state dissociates to ground state carbon and nLtrogen 

atoms, it is very low-lying (Te < 6.0 eV). 

A particularly interesting series of crossing occurs for the 
2- 

 states, 

where the 3rd, li.th, 5th, and 6th potential curves avoid crossing a curve which 

dissociates to .a higher atomic limit than those considered here. 

Mention should be. made concerning the possibility of molecular 

Rydberg states causing serious deviations from the predictions given here, 

since our basis set is incapable of describing such Rtdberg states. 'lable I 

shows that the lowest Rydberg dissociation limit occurs 3.31 eV above the' 

highest dissociation limit we have considered. However, since some of the 

CN Rydberg states are no doubt more bound than our higher predicted states, 

there is still a possibility,  of some interaction. The dissociation erergies 

of these Rydberg states should be close to those of the lowest states of CN. 

However the ground state dissociation enerr of CN is only 4.7 ± 0.4 eV6  

which implies (see Table I) that the lowest Rydberg state of CN lies 2.7 eV 

above ground state carbon plus ground atate nitrogen. Our highest reported 

bound state,, 211 IV, lies 2.6 eV above the ground state atoms, so if Rydberg 

states affect our predicted bound states at all, it is likely that ony the 

very highest potential curves are altered. 
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ELECTRONIC STRUCTURES 

Molecular orbital configurations for thelow-lying states of CN have 

been discussed. in several experimental papers. 2 ' 3 ' 1' In this work, we hav 

directly investigated this problem by computing natural orbitals (NOts)16 ror 

the lowest state of each syetry. The natural orbitals have a highly desLrable 

non-arbitrary form in these calculations, since our full CI calculations essume 

no foreknowledge of the form of the orbitals. 

A.. Molecular Orbital Configurations 

For the lowest sta of each symmetry except 211 which yielded at 

least one of the 18 significantly bound states, natural orbital occupaticri 

numbers are given in Table IV. The fact that almost all the numbers in 

Table IV are nearly integral implies that most of these states are well repre-

sented by a single configuration. For the ground state, NO analyses have been 

carried out at five different internuclear separations." It is seen that Es r 

becomes larger the 2Tr NO becomes more important. This is a manifestation of 

14 
the fact that for diatomic moledu.les made up of two open-shell atoms, a 

r - c, the single configuration MO approximation becomes increasingly pooaer. 

Using the natural orbitals thus obtained for each symmetry, the fiU CI 

wave functions were recomputed to determine the dominant configurations iì. each 

wave function. These dominant configurations are reported in Table V and give 

quantitative information on the electronic structure of CN. For eight of the 

fourteen bound states in Table V, there is only one configuration with coeffi-

cientgreat.er  than 0.25, corresponding to 6.25% of the total wave function.. 

For only one state, 4 
E II, is it not possible to clearly identify a single 

dominant configuration. Table V shows that for all eight doublet states 
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excluding 2,  the predicted electron configurations of Dougla and Routly 2  

11 
and Lutz are correct. For the quartet states, electron configurations have 

not been. predicted. 

•B. Avoided Crossings Among the 
2 
 StatesIT  

2 	 . 	 2+ 
The 11 wave functions were recomputed at five r values using X E 

natural oibita1s. This was done in order to "follow", in terms of MO config-

urations, the avoided crossings which occur among the second, third, and fourth 

2 states. As can be seen in Table VI, three configurations--.-5cj2 ]N3
13 5j2  iTt2  27r, 

and iTT 2ir--dominate these four states. By simultaneously looking at Fig. 5 

and Table VI it can be seen that each avoiding crossing is accompanied by a 

change in the dominant electron configuration. 

At its: minimum,: the D 2 
 state is dominated by the 52 1r 2  2'ir configura-

tion (actually two 2 configurations arise from this orbital occupancy26). 

However, between r = 2.75 and r = 2.50, the D 
2 
 states shifts to the 17r 1  27r 

configuration. 

The third calculated 2ji  state (which we assume is the H state) experi-

ences two avoided, crossings. At r = 2.25 and r = 2.50, 2 
 III is dominated by 

52 1r
2  27r. However, at the lowest calculated energy, r = 2.75, the H state 

it dominated by the lir 1  211 configuration. At r = 3 boh.rs both the 5.2 'IT 2Tt 

and lir 211 orbital occupancies are important, indicating that this is near 

another avoided crossing.. Finally, at B = 3.25, the 5a 2 2 lii 2rr configuration 

again becomes dominant. 

The lowest calculated energy for the fourth 
2 
 state is found at B = .0 

bohrs, but the calculated energy is less than 0.1 eV higher at R = 2.75. 



Thus the minimum of the 2fl 
 IV state ocôurs very near an avoided crossing 

between the third and fourth states. For smaller r tan 30 2 
 IV is 

dominated by 502 1712 27r, and for larger r, lir  27r is th dominant configuration. 

Oi MO configuration assignments for the four 21  states at their 

11 equilibrium internuclear separations are the same as thcse of Lutz, 	except 

for the H IV state (which he calls G), for which we cax not specify a single 

configuration. A final interesting point is that, at cifferent r values the 

2 n i 2'rr configuration dominates the second, third, and fourth II states. 

C. The Question of g and u Symmetry 

Douglas and Routly, 2  on the basis of the observance and non-observance 

of certain transitions, have suggested that the CN radical is nearly enough 

homonuclear that the symbols g and u have some meaning. Carroll 3  and Lutz 

have also d.is cussed this matter. In particular, both Dcuglas and Routly 2  

and Lutz state that the ground state can be approximately labeled as 

and thus that the 5G orbital is more appropriately termed 3cJ, as in the N, )  

molecule. 

Our 5G natural orbital from the x 2+  r = 2.25 calculation has the 

form 

5a = 0.6092 2s'(C) + 0.1888 2s(N) 

-0.6375 2p (c) - 0.1958 2p(N) 

in terms of. the normalized STO's used to describe the valence region. This 

orbital does not appear to approximate g character. llorever, the 171 natural 

orbital from the same calculation has the form 
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l= 0.5935 2p(C) + 0.6617 2p(N) 

and thus approximates a 17r. orbital rather closely. Similar results to the 

above were also found for r = 2.5 bohrs, and we conclude that the g and u 

labels are more appropriate for the ii than the a orbl.tals. 
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Table I. 	Calculated and experimental diasoejation limits for CN radical 

Calculated. Energy 	eiative to 
Atomic States total enerr 3PC + 4S N .  (in eV) 

C N (hartreea) Calculated 
a 

cperimental 

I;I 	
3p. + 4S _91.90731  0 0 

1D9 + -91.83672 1.92 1.26 

+ 	S -91.79773 2.98 4 .17 

1S + 
4 

S.  -91.78503 3.33 2.68 

3Pg + .-91.7815 1  3.12 2.38 

3P9 + -91.73809 I.61 3.58 

1 D g + 2u -91.71092 5.31 3.65 

Rydbergb + 	S. 7.18 

aC. 	E. Moore, Atomic Energy Levels, Nat. Bur. Std. 	(U. 	s.) Circ. No. 	467 	(19149). 
b 
First Rydberg state 22 

of the carbon atom.. is 2s 3 2D3s 	P state. 
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Table V. Dominant configurations for bound states of CL The coefficients given 
arise from a re-computation of each wave function in terms of the natural orbitals 
for the lowest state of that symmetry. Each coefficient Incorporates the effects 
of all diatomic symmetry eigenftinctjong arising from the given orbital occupancy. 
Only configurations with coefficient g2'eater than 0.25 are included here. 

State 	 R(bohrs) 	 Configurations 	 Coefficient 

x 2 2.25 1. a 122a2325G1 
0.93O1 

B 	E 2.25  RIF 2cr 3a 4a5a 17T 0.8587 

 1a2223a24a25iT327r 0.3682 

E 2 E 2.25  122o23a21a25lir32T 0.8976 

 1a222324a5G2174 
0.2803 

25,- 2.75 1.  0.9528 

II 2.75 1. la22a232Ia25lIT321r 0.932 

2.75  l22o23y21a25irr321r 0.9173 

 icr 2a 3CF 4a 5alTr27T 0.2819 

II 2.75  12223o245a21rr3r 0.7365 

 2222 	22 
l 	2c1 3a 1KY 5alir 2ir 0.5168 

2.75 1. la 2 2a  2 3a 24a 2 5CY17T 32Tr 0.938 

3.0 1. la 2 2a  2 3cT 
24cr2 

 5CY 2 17T  2 2Tr o.962 

F 2A 2.75 1. la 2 2a  2 
3cr 

 2 4a  2 
5alTr 327T 0.9320 

2 2.75 1. 122a2324Ky25l7r32'1T 0.9378 

3.0 1. 122232425a17r327r 0.9292 

3.0  1 2  2a  2 
3a 

 2 14c1  2 5G1Tt  2 27t  2 
0.912 

 3cF  0.2879 
2 3.0 1. la 2 2a  2 

3a 
 2 4cr  2 

5cr 
 2 iTr  2 2Tr 0.9680 
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Table VI Dominant configurations for the ' lowest 2 	state of C1'I 	These 
results arise from 486 configuration calculations carried out 

+ 
using the X 2E 

ground state natural orbitals.  

2  5a 	i 50
2 i2 lTr 	2Tr  

2 A 	TI R = 2.25 0.9475 0.1395 0.0555 
B = 2.50 0.9320 0.1530 0.0485 
B = 2.75 0.9083, 0.1826 0.0421 
B = 3.00 0.8704 0.2360 0.0360 
B = 3.25 0.8083 0.3122 0.0286 

D 	II R = 2.25 0.0280 0 0608 0.8198 
B = 2.50 0.0425 0.1810 0.8255 

B = 2.75 0.1595 0.9107 0.1050 
H = 3.00 0.2354 0.8831 0.0489 
H 3.25 0.3372 0.8346 0.0347 

III H =2.25 0.0727 0.9450 0.0197 
B = 2.50 0.1001 0.921 7 0.1128 
H = 2.75 0.0114 0.2664 0.8052 
H = 3.00 o.o48o 0.7175 0.5249 
H = 3.25 0.0804 	 - 0.8435 0.2575 

IV R = 2.25 0.0162 0.1208 0.1001 
B 2.50 0.0339 0.9091 0.0071 
B= 2.75 0.0427 0.8790 0.1659 

H = 3.00 0.0407 0.54 58 0.6111 
R = 3.25 0.0419 0.2704 0.7082 
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FIGURE CAPTIONS 

Fig.  Calculated potential energy ourves for 	E 	states of CN. 	Th 	arrows 

near the right marginindicate dissociation 1iiits. 

Fig.  2- states. 

Fig.  E 	states. 

Fig.  states 

Fig.  
2 

 ll states.. 

Fig. 6.. ii states. 

Fig. T 
2 	

states. 	 . 

4 Fig.  A states. 

Fig.  
6 + 	6 	8+ E., 	II, and 	E 	states. 

Fig.  2 	r, and 	states. 

Fig.  Potential curves for the eight lowest bound states of ON. 

Fig.  Positions of the ninth through eighteenth lowest bound sta;es of CN. 
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This report was prepared as an account of Government sponsored work. 
Neither the United States, nor the Commission, nor any person acting on 
behalf of the Commission: 

Makes any warranty or representation, expressed or implied, with 
respect to the accuracy, completeness, or usefulness of the informa-
tion cOntained in this report, or that the use of any information, 
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or 
Assumes any liabilities with respect to the use of, or for damages 
resulting from the use 'of any information, apparatus, method, or 
process disclosed in this report. 

As used in the above, "person acting on behalf of the Commission" 
includes any employee or contractor of the Commission, or employee of 
such contractor, to the extent that such employee or contractor of the 
Commission, or employee  of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 
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