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“ELECTRONIC STRUCTU?ES AND POTENTiAL ENERCY CURVES
| FOR THE LOQ%LYING STATES OF THE“CN‘RADICAL*
 Henry F. Schaefer ITI and Tiﬁothy G. Heil

n Lawrence Radlatlon Laboratory
University of Californis.

Berkeley, California 94720 .

~ September 1970

ABSTRACT
At eleven iﬁternuciear”separations ab initio calculatione ha&e been
carried out on those 59 molecular states of CN whlch dlssoclate to atomic
limits up to ‘D C + D N. Four electrons are held:frozen in.carbon and niffogen
1s Hartree—Fock atomic ofbitale, and eAfull configuration interaetlon is

carried out for the remaining nine electrons u51ng optlmlzed 2s and 2p Slater-

_ type orbltals on each atom. The °II calculatlons, Whlch 1nclude 486 config-

urations, are the most compllcated. Eighteen significantly bound states
(D = 0.84 eV) were obtained, nine of which have"been'observed SPectroseopicalLy}
With the exception of the third H state, the theoretlcal ordering of states
agrees w1th experlment Three of the states never observed experlmentally,

( Z" H and A) lie below all but three of the known states of CN. Calculated
spectroscoﬁic constants are compared'ﬁith experiment. The potential curves

. . : . L h- 2.-
show maeny interesting features, including potential maxims in the .5 s L,

- dJ 2A, and 2H IV bound states. By perfbrming natural orbital analyses,

dominant molecular Orbltal conflguratlons have been unamblguously as51gned to
the lowest 18 bound states. The second, thlrd and'fourth H states-experience

numerous avoided'Crossings¥amengithemséives, and natural orbitals have been
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INTRODUCTION

Thé fact that there aré fcur low-lying stateciéf the cafbon atom
(3P, lD,.lS, 585 and three low—lying statés:(hs; 2b,A2§>'of.the hitrogen atoﬁ
guarantees thc.existencebof a substanfial cumbef ofrlcw—lying (lcss than 10 eV)
states of the CN molecule. Combined w1th the experlmental interest, -1
parthularly astroPhys1cal, in CN there would appear tc be a great deal of .
motlvatlon for. ab 1n1t10 calculations on the low-lylng °tateu of CN. ' Never-
thelass we have been able to flnd only one such study it the llterature, b&
Guemn.l’2 He carried out calculatlons based on SCF orbltals and 1nclud1ng no
more than three conflgurations for the A . H D H F A and J- A states of

13

CN. Although such calculations can be useful™> in the study of excitation =

energies, it ié well knownlh that diatomic molecular formatlon and dissociation
canrot be properly described within the single configuration approximation
unless one of the‘atcms is a closed shell species.

Over aiwide range of internucléar separations, we have carried cut
ab initio configuration intefaction (c1) calculations on all the states of CN

wh1<h dissociate to atomic limits up to' D carbon plus 2D nitrogen. Perhaps

the most important aspect of the present work is the predlctlon of the ex1stence
1

- of nine new bound states of CN. > A second area of empha81s in the present

work: 1nvolves the use of natural orbltals 16 to dlscuss the electronlc structure

of the valence-exc1ted states of CN.
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BASIS SET
17

Hartrée—Fock atomié-orbitélé for the'groﬁnd siates of C and N were
used to describe.the inner shell electrong.> 2s and 2p islater-type orbitals.
on ecach atom complete the basis set. 'The.ofbital exponents for the latter.

~functions were optimized in'repeated.célculations on the X 2Z+ ground state
at the experiﬁéntal internuclear separation. The resulting expénents for
carbon Were’L(Es) = z(2p) = 1.674 and for nitrogen r(2s) = z(2p) = 1.988.

With the exceptioﬂ that ﬁhevld and 20 molecular orbitals (MO's) are
always‘doﬁbly‘occﬁpied,vfuil.CI calcﬁlations weré cafried out for all symmetries
of interest. The calculated atomic energies for C‘aﬁd-N are combined to give
molecular disédéiation 1imits-injfaﬁle I. 'ﬁhe;cdmpériSQn with experiment ini
Tatle I indicates fhat the primaty deficiency in the afomic calculations is
due to the fact that the 5S state of carboh iies téo'low relative to the_lD
and s states.

The basis set outlined abdﬁe is the smallest with which one can
reasonably expect tb get mééningful results for potentiai surfaces. And in
fact CI calcylations:of the same type (with'molecule—épfimized exponents ) |

18

yielded gooa qualitative agreement with experiment for CO, with seven of the
eight lnown Valencé (i.e. non-Rydberg) states lying in thé experimental order.
Calculations of this type with atqﬁ-optimized exponents have also yielded
qualitatively corréct'potential curves for 02,19 NH,2O Né,2l.and 5i0.%°
Althou;zh much more accurate total energies thén those feported here can be
obtain:d using extended basis sets, the problem of treating molecular forma-

tion and dissocigtion is a difficult one within larger basis sets, and accurate

potential curves of this type have only'been reported for a few states of a few
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"diatomic m.ole(:ules.23 Perhaps the primary virtue of CI treatments of the

type used here is that all meleeuiar states dissociate smoothly to their
exact atomic_limits.

Sihce oer all;humerical‘ﬁethOGSZh fof‘the eompttation of molecular
integrals allew for the use of arbitrery orbitals, the present.calculations
could equally well have been done entirely in terms‘ef accuraﬁe Hartree-Fock
oybitais.l7'eTﬁis would have yielded much loﬁer totai energies ahd'still
retained the correct dissociation behav1or for all states. However, as‘we“
havevshOWn for Fgeu'and C12,2$ such a b351s is optlmum for the separated atoms
but far from optimum*fer the molecule, and this resultslln very poor caleu-

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

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

'molecule and the separated. atoms and thus yields reasonable potential curves.
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CALCULATIONS
"~ The mefhods used in the present study for theveva;uation of integrals
and construction of symmetry—adépted linear combinations of determinants are

24, 26

described elséwhere. Pifty-nine molecular states dissociate to the

‘first seven atdmic limits (see Teble I) of CN. The resulting full valence CI
calculafions inciude the largest computations of this type reported to date;18_22
The calculations are summarized in Table II, where it is seen that the largest
calculatioﬁ,‘of‘gﬁ symmetry, réquires the ten lowest eigenvalues of a 486 x
486 matrix}A Totél 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, 4.0, 5.0, 6.0) are

. o7

not includedbhere but can be obtained from the authors.
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;SPECTROSCOPIC CONSEQNTS} COMPARISON WITH EXPERIMENT

In Table III the ab 1n1t10 spectroscoplc constants are compared with

-available experlmental data.‘ Elght states of CN have been fairly unamblgu—

ously 1dent1f1ed and a n1nth designated G H has been tentatively ass1gned
by.Lutz.vll For the elght known states our~pred1cted‘order1ng agrees with
experiment except for the H T state. The H state is calculated to lie

O;Oh9 eV below the E 22+ state and 0.072 eV below the F 2A stste, ﬁut Douglas

and Routly's . measufements2 indicate that the H'zﬂ state in. fact lies 0.156 eV

‘above the F 2A‘state. Thus if 6ur calculated H 2H state were to lie 0.073 eV

higher the.ab'initio order would bé in complete agreement with experiment for CN.

Our calculatlons predlct a fourth H ‘bound state whlch lies 0.95 eV

above the H IIT state. Lutzll however tentatlvely ass1gns a fourth H state

lying O;Oh eV below the H 2H state. However, inspection of Lutz's potential
curves't shows that, if his ana1y51s is correct, the G and H states at 60,624 cm
and 60 939 cm’ -1 are not two states but two dlfferent minima in a single H III
state. | |
The theoretical r, values are in all eight cases larger than 2xXperiment, ,

the d11ferences ranging from 0.06k to O 104 A, The relatlvp differences are

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

again, for the H 2H state.. The predicted rotational constants Be follow the
same p&ttern'with respect to experiment, since Be is proportional‘to (l/re)E
: Ths calcglated_values of ug are the follqwing pefcentages’of experiment
x 2z* ou%, A °n 89%, B °5* 824, D 2W 1044, E 25 102%, J 2A 1089%. Except for
the B “z7 value; the theoretical ng'svfall in the'sxperimentally observed order.
The higher spectroscopic constantsv We xe'and aé are usua_l_ly qua).itatively _
similar to the experimental vaiues., As can bevseen from Teile III, however,

v’+ .
for the E 22‘ state, the agreement for W, X, is particularly poor.
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NEW BOUND STATES OF CN

Since.qualitétivelj correct speétroséopic constants were obtained'for.
the knownAbopgd states of CN, it is to bé expeéted thétiusefﬁl pfedictions can-
be made concérﬂing states not yet observed experimentéliy. Table TIII predicts
the e#istence of'nine'new states of CN. If is no£ éﬁrprising that none of
these states have been observed, since six are quartet states.. two are 22—,
and the last:is a 2p state. Trénsitions from thése niqe states to the ground
X 22+ state afe electronically'forbidden. |

It is,pérhaps'surprising how low-lying some of the quartet states aré.
For example the'uZ+ sﬁate is predicted ﬁo.lie in& O.éSl eV abo&e the.very |

hII and L}A states lie below the

well characterized B 22+ state. And both the
fourth known state of CN; D 2H. Since all nine of these new states are observ-
ably bound (De'> 0.85 eV), we hope that the present theoretical predictions

will spur new experimental interest in the CN spectrum.

N\
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POTENTIAL CURVES

Flgures l—lO contain the calculated potentlal curves for 59 states of

~CN. 1In Fig. 11 the lowest beund states are seen. Several attempts were made -
“to plot the hlgher bound states but the number of curve cr0531ngs makes - the
. resultlng flgure v1rtually 1nscrutable, So, in Fig. 12 we indicate the energy

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

18,19,22

"~ curves is’the_most interestiﬁg ﬁe-have studied to date, since there

are a large number of 81gn1f1cant1y bound states and many more potentlal
maxima than prev1ously encountered
Among‘the'eighteen lowest bound states the hZ_, 22', J 2A and 2N IV

all have botential maxima at about four bohrs. The helghts of these maxima

are, respectlvely, 0.43 ev, 0. Zh ev, 0. h3 eV, and 0. 32 ev. A1l four maxima

appear to be due to avoided cr0331ngs w1th hlgher states The curves for the

_two lowest Z .and 2A states are partlcularly 1nterest1ng, since for both of

these symmetrles there are two nearly: parallel bound ‘ states Figure 6 shows that

the hH IT state is quasi—bound) This state has a potentlal well of depth 1. hl ev,

but the minimum nevertheless lies 0. 67 eV above the dlssoc13t10n limit. Two

higher states,hev1ng potential maxima are A IIT and uA III.

The‘fect that, in our calculations,‘the 5'S‘sta,tc-:' of carbon lies too
low is reflected in oﬁr 2Z+ results. Figure 1- 1mp11es that the B state dis-
sociates to 5S"‘caz'-bon plus l"S nltrogen, whereas 1n fact, it must disscciate

- - + . .
to_3P C + 2D N. The 22 IV curve is also.affected,_the maxlmum in its potentlal»'

curve: being'a result of the 58 + hS atomic limit lying tbo-low; If we realige
thlS limitation of the present results, one can more sens1bly predlct that the

Z IV state should dissociate smoothly to 3P C + 2P N;'_Thus the Z Iv state
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is predicted to be bound with a dissociation energy 6f‘&0.5 eV. Lutzll has
mentioned the possibility of the existence of a fourth‘?Z state.

-

Sevefai’other points df interest can be seenrin'Figs. 1-12. The second

Lo+ o ' S ' -
L state has a very unusual shape, much like that of a bathtub. The lowest

05" state is .s'lightly‘bound (D, ® 0.3 eV) with a minimm at r = 3.25 bohrs.
Furiherﬁore, éince this state disséciates’to groﬁnd state carbon and nitrogen
atoms, it is very low-lying (Te < 6.0 eV).

A pérticglarly interesting series of crossing occurs for the 28_ states,
where the 3rd; Lth,~5th, and 6£h_potential cu}ves avoid crossing a curve which-
disébciates to.a'higher.atomiC'limit théﬁ fhose considered here. |

Méntion shbuld be made conéerning the possibility of molecuiar |
Rydberg statesbcausing serious deviations from the predictions given hare, .
since our basis set is incapable of describing Sucthydberg states. Table I
shows that fhe lowestiRydberg dissociation limit océurs 3.3l:eV above the-
higheSf dissociation 1limit webhave considered. Howé&e;; since some of the-

CN Rydberg states are no doubt more bound than our higher predicted sfdﬁes,
thére is still a possibility of some interacﬁion. The dissociation erergies

of these Rydbe;g states shoﬁld be close to those df the lowest states of CN+.
Howefer thé;ground.state dissociation energy of CN+ is only k4.7 * O.AIeV6
which implieé (see Table I) that the lowest Rydberg state of CN lies ~2.7 eV
above ground state carbon plus ground aﬁate nitrogen. -Our highest reported
bound state,, 2H IV, lies ~2.6 eV above the ground stéte atoms, so if Rydberg

states afféct our predicted bound states at all, it is likely that on.y the

very highest potential curves are altered.
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ELECTRONIC STRUCTURES

Molecular orbital configurations for the low-lying states of CN have

253,11 in»this work, we hav:

)16

been discussed in several eXperimental papers.
directly iniestigated this problem by computing naturaIVOrbitals (NO' for

the lowest state of each symmetry. The natural orbltals have a highly desirable

_ non-arbitrary form in these calculations, 81nce our full CI calculations &ssume

no foreknowledge of the form of the orbitals.

A. Molecuiar Orbital Configurations

For the lowest staﬁeof each.symmetry except 2H which yielded at
least one of the 18 51gn1f1cantly bound states, natural orbltal occupaticn
numbers are given 1n Table IV. The fact that almost all the numbers in
Table Iv areknearly integral implies ﬁhat most of these states are well repre;
sented by a single configuratiOn. For the ground state, NO analyses have been

carrled out at five different internuclear separations. It is seen that es r

-becomes larger the 21 NO becomes more important. This is g mnnifestation of

the factlh that for diatomic molecules made upvof‘two opén—shell atoms, as

. T > <, the single configuration MO approximation becomes,increasingly poozrer.

Using the natural orbitals thus obtained for each symmetry, the fi.1l CI

' wéve'functions were recomputed to determine the dominant configurations i1 each

wave fnnction.' These dominant Qonfigurations are reported in Table V-and give
quantitative information on the_electronic structufe of CN. Forneight of the -
fourteen bound states in Table V,vtnere is'only-one configuration with coeffi-
cient  greater than 0.25,-cofresponding to ~6.25% of the‘total wave function.
For only one\state, u2+ II, is it not possible to clearly identify a single

dominant configuration. Table V showsvthat for all eight doublet states
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excluding QH, the prediéted electron configurations of Dougias and Routly2
and Lutzll are correct. For the quartet states, eleétron configurations have

' not been. predicted.

.-B. Avoided Crossings Among the 2H States

Thefeﬂ wave functiqns were recomputed at five r values using X 22+
natural orbitals. This was done in ofder to "follow", in terms of MO config-
urations, the avoided croésings which occur among-the secbnd; third, and fourth
2H states. As can be seen in Tﬁble Vi, ﬁhrée configurations-ésg2 1n3;‘502 1n2 om,
and .'L'rr)4 2ﬁ§*domihate’these four st;tes. ByAéimultaﬁeously looking at Fig; 5
and Table VI iﬁ can'be seen thet each avoiding crossing is accompanied by a
change iﬁ the dominant electron configuration. |

At"iﬁé-_minimum,:' the D 2T state is dominated by the 50> 172 21 configura-
tion (actuallyitwo 2 configurations arise from this orbital Qccupancy26).
However, be_tw‘een r = 2.75 and r = 2.50, the D 2l states shifts to the 1m" om
configuration. . ‘ | |

Thé_third calculated 2H stete (which we assuﬁg is the H stafe)'experi—
ences ‘two avoidéd;crossings. At r = 2.25 and r = 2.50, 2H ITT is déminated by
502 1n2 2n. However, at the lowest calculated energy, r = 2.75; fhe H state
it dominated by the 1'nh 2n configuration. At r = 3 bohrs both the 502 1172 21
and 111h éﬂ Qrbital occupancies are important, indicating-thatjthis is ﬁear_
another avoided crossihg. Finally, at.R = 3,25, the 562 iﬁz 2r configuration
againvbecomeé.dominant. | |

The lowest calculated energy for the fourth 2H state is found at R = 2.0

bohrs, but the calculated energy is less than 0.1 eV higher at R = 2.75.
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Thus the minimum of the 2H IV state occurs very near an avoided crossing

between the third and fourth’eﬂ statesQ For:smaller r ttan 3.0, 2]TIV'is

o

: dominated.by 502‘1712 om, and for 1arger r;vlﬁh o is the.dominanf‘cohfiguration.
o ouf Mb cohfiguﬁaﬁion.aééignménts for the four 2I states at their
equilibrium internuclearvsépérations are.the same as tﬁcse of Lutz,ll except
for the I IV:State (which he callé G), for which we'éa;ﬁdt Spécify a single
cohfigurationg VfA'finalkinterésting péiﬁt ié fhat, af éifferénf r values the
'1ﬁh En.éonfiguration dominates the secdnd,bphird, and fourth 2H states.

-

v C. The Question of g and u Symmetry

Douglas and Routly,z»on the basis of the observance and non-observance
of certain tranéitions, have suggested that the CN rédical is nearly enough
homonuclear.th;t the symbois g ahd'u have séme meaning. Carroll3 and Lutzll_
héve also discﬁssed thié matter.. In~par£icuiar, both Dcuglas and Routly?
and Lutzll state ;hat the ground state ban bebapproximately 1a5e1ed és.lZg+,
and thus that the 50 orbital‘is more appropriately termed 30g, as in the N:2

molecule.

- B . - . :
Our 50 natural orbital from the X 22 r = 2.25 calculgtion has the

form
50 = o.6o9é 2s{c) + 0.1888 2s(N)
. | | - -0.6375 2p (€) - O.h958v2p(N)
@ in tenn3~6f the normaiized STO's used to desériﬁe the valence region. This

orbital does not appear to approximate g character. Hovever, the 1w natural

orbital from the same calciilation has the form
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lm= 0.5935 2p(C) + 0.6617 2p(N).

and thus approximates a lﬂ“ 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 ¥ than the o orbitals.
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Teble I. Calculated and experimentel dissociation limits for CN radical

o : Calculated - o Energy elative to
, ) Atomic States -~ = total energy . ~ 3pC ¥ 48N (in eV) a
v c N . (hartrees) o Calculated . Experimental -

A
+

~91.83672 A 1.92 S 1.26

d_l
+

o Y Y
[0)

s 9179773 o 2.98'_”7]‘ o obar
s +'s -91.78503 333 o 2.68
45 91,7815k 32 2.3

P +v P"f  | . -91.73809 - - k.61 ) o 3.58
oo+, - 9171092 5.3  3.65

vRydbergb + hS_v>_ . ' — : -‘f‘—_ o ©7.48

8¢, E. Moore, Atomic Energj Levela,»Nat.’Bur. std. (U. S.) Circ. No. 467 (1949).

3P state.

b, N " 4 ’ ' -
First Rydberg state of the carbon atom, 1522322p3s
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Table V. Dominant configurations for bound states of CN. The coefficients given

arise from a re-computation of each weve function in terms of the natural orbitals
for the lowest state of that symnetry. Each coefficient incorporates the effects

of all diatomic symmetry eigenfunctions arising from the given orbital occupancy.

Only configurations with coefficient greater than 0.25 are included here.

State - R(bohrs) Configurations Coefficient
x 2% | 2.25 | 1. 1q22023c_2h025011rh ,_v : 0.930k4
B 2rt | 2.25 1 1%20®30fbosetint 0.8587
” 2. 102202302u02501n32ﬁ 0.3682
g °pt | 2.25 1. 102202302hc2soIW32ﬁv , - 0.8976
2. 102202302h05021ﬂh 0.2803
25~ : 2.75 1. 1022023o2h02501n32n : 0.9528
25 17 2.75 1. 10°20°30%k0®s501m72n 0.9324
bt 2.75 1. 10220?30?h0259;ﬂ32ﬂ 0;9173
2. 10%20°30°U0s01men’ . 0.2819
bot o 2.75 1.  10%20%30%has021m32m ‘ o,f355
2. 10%20%30%u0Psoinen® 0.5168
hg* 2.75 | 1. 102202302h02501n32n  0.9348
by 3.0 1. 10%20%30°40%50°1m%2m 0.9624
F 2p | ) 2.75 1. 102202302%25017732TT 0.9320
J e - 2.75 1. 102202302h02501ﬂ32n 0_9378
by 3.0 1. 10%20%30%u0®s01m32n 0.9292
a1 3.0 1. 10%20°30%U0®s01m%en? 0.91k2
2. 102é02302h05021ﬂ32ﬂ | 0.2879

2 3.0 1. 10°20%30%0® 0% en 0.9680
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Table VI. Dominant configurations for the L4 lowest 2IT‘.state of CN.  These
results arise from 486 configuretion calculations carried out using the X 2%
ground state natural orbitals.

3 2 2 - 4

502 1w 507 1m 2w lm 2m
A% R=2.25 0.9475 0.1395 0.0555
R = 2,50  0.9320 0.1530 1 0.0L485
R = 2.75 : 0.9083. 0.1826 0.0k21
R=3.00 ° 0.870k 0.2360 0.0360
R = 3.25 0.8083 0.3122 0.0286
D 2n R = 2.25 0.0280 0.0608 0.8198
R = 2.50 0.0425 0.1810 0.8255 |
R = 2.75 0.1595 0.9107 - 0.1050
R = 3.00 0.235L 0.8831 0.0489
R = 3.25 0.3372 10.8346 © 0.0347
31 111 R = 2.25 ~ 0.0727 0.9450 0.0197
R = 2.50 - 0.1001 0.9247 0.1128
R = 2.75 0.011% 0.2664 0.8052
R = 3.00 ~ 0.0480 0.7175 0.5249
| R = 3.25 0.080k 1 0.8435 © 0.2575
31w R =225 0.0162 0.1208 0.1001
R = 2.50 0.0339 0.9091 1 0.0071
R = 2.75 ~0.0k27 0.8790 1 0.1659
R = 3.00 0.0407 0.5458 0.6111
R = 3.25 0.0b19 ' 0.2704 0

.7082
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FIGURE CAPTIORS

e

Fig. 1. Calculated potential energy curves for 22' states of CN. Thz arrows

near the right margin indicate disscciation limits.

Fig. 2. 2y- states.

. ho+ .
Fig. 3. L states.

N

Fig. L., 7I7 states.

Fig. 5, 2l states.
Fig. 6. hII states.
Fig. 7. 2A,st§tes.
Fig. 8. hA stétes.

Fig. 9. 62+, 6H, and

-2¢, 2?, and;hQ states.

8Z+ states.

Fig. 10,
Fig. 11. Potential curves for the eight lowest bound states of CN.

Fig. 12. Positions of the ninth through eighteenth lowest bound sta-es of CN.
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Fig. 9
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LEGAL NOTICE -

This report was prepared as an account of Government sponsored work.
Neither the United States nor the Commission, nor any person actmg on
behalf of the Commission: :

A Makes any warranty or representanon expressed or 1mp11ed 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

B. -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 Comm1sszon
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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