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A CONFIGURATION INTERACTION STUDY OF THE XSr~, a'A, AND b'r' STATES oF mm
 Stephen V. O'Neil and Henry F. Schaefer III
- Department of Chemistfy
and Lawrence Radiation Laboratory
- University of California

- Berkeley, California 94720

October 1970

ABSTRACT

~ Using a (33, 2p, ld/2s, lp) basis set of contracted Slater type func-
tions and an iterative natural,orbltal'schéme, gp_initio valence configuration
interéction studiés have been.dbne dﬁ»tﬁe loﬁgst thfée states of the imidogen
radical at elght 1nternuclear separatlons. inéluded in the CI were thése con-
flguratlons dlfferlng by zero, one or two sPace—orbltals from the Hartree—Fock
cqnfiguration; except'that the 16 orbital was held doubly occupied. The size of
the CI'variéd from 259_(1A) to 418 (32—). For the ground state the computed total
energy lies below thatbreported in any previoﬁs calculation except the 3379 con-
figuratidn wave_function of Bender and Davidson. From the potential curves thus
obtained the spectroscopic constants ré, ﬁg, ngé, Be, and o, are calculated,

and compare well with the available experimental constants. The molecular split-

3

: ’ ) - 1 1.+
tings are calculated to be 2.00 eV (X7 - alA) and 0.79 (a™A - L), but when

. the dlscrepancy ‘between calculated and experlmental atomic llmlts is taken into

account these spllttlngs are estlmated as 1.h7 eV and 1.02 eV, the latter being

close to the experimental value of 1.05 eV. Dissociation energies (De) for the

-1, . .+ ' : '
x32 , a’A, and_blZ s states are calculated as 3.06 eV, 3.97 eV, and L4.13 eV,

resPectivély..
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For comparison, the Hartreé—Fqck dissociation energy for the X3Z&vstate is
2.10 eV and Gaydon'sAexperimental value is 3.41 * 0.16 eV. The oQéupation g
numbers and most important configurations are given at several internucleér

distances for each state.
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I. INTRODUCTION
The.iMidbgen radiéal, NH, is of éignificant astrophysical import, and
has been observed.invthe‘speétra of several.séurces, includingbthe sunl and
comets.2 Laboratory_investigations on NH have been numerous, some of the most
interesting éééﬁlts beinguthose;which yieid'estimates of the diséociation ener;

3,4,5,6 7,8

gies of the groundtstate‘ and excited states,

Vstates,7’8’9é2§;iDbspite.the quantity of:work on this'molécule, there still are

jand the splitting between
no reliable estimates of the singlet-triplet splittings, and the spectroscopic:
constants for.éVen the_second”énd.third statesvremaiﬁ uncertain. These.con-
. siderations, together with the fact‘that (unlike any other diatomic_molecule
for which dissociationilimits héve been established) the lowest three states -
of NH arisé from three différeﬁt.atomic limits suggest thaf the imidogen radi-
cal might be the éubject of a véry fruitful theoretical investigation.‘

Recent éh.initio calculations on NH have been varying in their degree
df depth and accuraéy. Kouba and Ohrnlo éarried out a broad (in terms of the
number of st&teé.studied)vvaléhce cdnfiguration interactionv(VCI)'with a small
basis set, and'obtained a great deal of qualitative-information. Using a natural
orbital scheme within the separated pair approximation, Silver g&_gl.ll per-
formed an extensive stﬁdy of ﬁhe'potential curve and expectation values of
numerous one énd two-electron operators for the X3Z— ground state. Cade and
Huo12 used a large basis set of éptimized Sléter type functions (STF's) to
calculate accurate SCF wave functions and potential curves for the first row
vdiatomic hydrides, aﬁd claim that their results are of eésentially true Hartree-
Fock accuracy; The most accuréte (lowést energy) calculation on NH is inqluded

in the pioneering work of'Bendef and Davidson;3 on the first row hydrides,
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eﬁploying ﬁassive configuration-interaction (Ci) with iarée vasis sets. ﬁowever,
dﬁe to the pecuniary impoSifiéns of.suéh.a scheme,'fhese calcuiationé were.done
at only one intefnucléar separ;tion and féf‘onl§ one stéfe fdf éach hydfide.

In an dttempt to obtﬁin relatively’éécuraﬁe potential curves with_reason—
able amounts 6f computer'time, we have used configuratioh interaction with the
iterative natural orbital method of Bénder.and Da.vi_dsorl1.,lh Thisvmethod‘has-all
the advantages of conventional CI, but removes one of ﬁhe dréwbacks thereto;
namely, the large number of configuratibns which.enter the wa&e function1with
non—negligible‘coefficienfs and c#usevsome difficulty‘iﬁ obtainihg a simple
interpretation which is physically.reasonable.  The dqminétion of the ﬁaVe
function by a singlé confiéurgtion,vt¢gether with,thé_décupation numbers ensﬁiné.
from the diagonalized first order density matrii,ls'réSult_inia wave fun¢£ion'
which is donéeptually less diffi;ult and éomputétionally simpler (for the calcu-

lation of_one—electron'propérfiés) than the conventional CI.
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II. -CALCULATIONS
A. Basis Set ,.
Tﬁe basis funcfions used for the e#pansion of the molecular orbitals were
products of Slater-type or#itals and complex éphericai'harmbnics. Stevensl6 has

17

optimized a "double zeta plus polarization" basis set™ for the ground state of

NH at R =vl.9l bohrs. After several test calculations, we decided to use
Sfefené optimized‘nitrogen 34 and hydrogenbls,.Qs, and 2p STO's. However, for
the s and- P fun;tiohs on nitrogen, we confractéd the Bagus—Gilbeft18 set of
fivé, s and thrée :p_ funcfi§né (obtained.from their optimized calculations on
wwAthe ?Dlstaté of the N atom) to three s and two p functions. The final basis
.set used is séen in Table I. One measure of the compléteness of this set is

35~ NH and R = 1.91 bohrs is

-that.thé_coﬁputed single cdnfigufation:energy for
>-5h.9757, or iéss‘thaﬁ’0.603 hartreeé above the Hartree-Fock ene;gy,l2a -5&.978:
hartrees. Similarly; our singl¢ cohfiguration energies- for thevalA ana thé

» b12+ states are about 0.0025 and 0.0039 hartrées above the Huo's accurate self-

consistent-field energies of -54.9020 and —Sh}8h69.12b

B. ‘Molecular Calculations

From the five s, three p, one  d type contracted STO basis may be
formed nine molecular orbitals of o, four of m, and one of 6 symmetry. We
deleted the 8§ orbital and'eﬁployed thé remaining 90, 47 set. The configura-
tions used #efé those arisihg ffom brbital_occupancies which differed from the
‘Hartree‘chk occupancy (1022023021ﬂ2) by_zéro,_one or two orbitals; i.e. the
HF configuration plus all single and_double'excitations into fhe remaining six
0 and fhrée T orbitals. In.addifion, using techniques previousiy described;l9

each—configufation was made to bé_an eigenfunction of 82, SZ, LZ, and, for L

states, O_.
v
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Initial MO's were obtained by Schmidt orthonormaliz1ng the contracted
basis in the order lSN’ zsN, lSH’ zpoN, QSN, 2s! p gpgN’ 2pg 3do Oy ZPHN’ gan,
2pﬂ 's 3dﬂ The thirteen MO's gave rise to 2261 distlnct non-zero two-electron
1ntegrals. For each .internuclear separation, end for each_state, the calculation
' proceeded in two steps. The_object'of-the.first stage was to obtain Mé'? which -
were much nearer the naturalzorbitals then were the initiai’MO's. vThis was accom-
plished by means‘of an iteretivefnaturai orbitelv(INO) scheme nsing a small
number of configurations. .THe configurations‘eelected for.this stage were, in
addition to the HF configuration,'those arising from e) all eingle excitations
from the HF configuration and bb) doubie'excitations of the form X2 -+ Y2. .With.
theee few configurations it was economically very feasibie to terform.many itera-
tions of the seqnence consisting of: 'first,‘the,CI calculation of the energy
and'eigenvector, and second, the generation end:diagoneiization of the first
order densitj”matrix, thus obtaining the natural orbitals upon which the next
CI may be based. The usual procedure nes to iterate for ten cycies_or until the
first natural configuration (10 20 30 1ﬂ2) energy rose from one cycle to the
next, whichever occurred first,_ Since this stage involves a very limited CI,

i selecting only’certain double excitations, it is not gnaranteed nor did ne
expect, that the first order density matrix, if diagonallzed in one 1teratlon,
‘would remain so in the next. In fact, only for the A state did this first

stage converge at ail internuclear separatlons. For the 32 and Z states the
procedure rareLy converged completely, but rather, the orbitals underwent usually
small variations.throughout all ten cyclesf

In tne second stage of the calculations the orbitals from the first step

were used as the basis for the larger CI (HF plus all single and double exci-

tations), with the chemicaliy reasonable restriction that the 10 orbital
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(essentielly thevnitrogéﬁ.lé) bé held doubly occupicd. Although several itera-
tions with the'larger CI ﬁight have been performed Vithout undue cost, experi-
mentation showed that one cycle-was enough to determine the NO's quite well,

and that in the second iteration_the'energy rose very slightly (¢'1o'5 hartree) .
On most of the calculations-therefore; one cycle at this.stage was deemed suf-
ficient. However, for those internuclear separations at which the relative
importance of the various configurations was to be studied, two cycles were
-carried out in order to obtain near stabilization of the coefficients of the
configurations in.the total wave function. The sizes and times.for both stages

of the calculation are given in Table II.

C. Atomic Calculations

Since the_nonrelatiVistic hydrogen atom may be solved exactly, no calcu-
lations were done on it; and in evalﬁating separated atom»limits‘an energy of
-0.5 was'assignedvto it; |

To mcintain compatibility with the molecular results an attempt was made
to,calculate»the atamic energy of nitrogen by using_the molecular basis set and
considering thc atom as pseudodiatomic. This proved unfruitful in this'case

3 (ZP) state is represented by two determinants, and taking

since 152 232 2p
single and double excitations with respect to both of them may give, in a vari-
ational calculation, not the 2P state, but the ML = l component of the 2D state,
as was verified.by a tést calculaticﬁ. |

A mofe Workable.apprqéch‘was found in using our atomic CI methods to

compute the dissociation limits. However, one must use considerable care tc

guarantee that the atomic results thus obtained are of the same relative accuracy
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as the cofrespoﬁding'molecuiﬁrvreSults.. Compatibiiityvis'gﬁaranteedIif'one
obtains, fdr bbth étom and molecule, tﬁe energy limit of the basis set at hahd,
or very negrly so; Sinée~this is essenﬁially,#hat is.achieved by.aACI which
includes all?Single and double ex¢itations from the HF‘configuration,2ovﬁhe
use of an atomicvpfogramlfor the nitrogen atom was vaiid in the presentiéaée.
The CI‘atomic.progfam used is- the same_aé for previous atomic calcu~ |
la.tio’ns.21 All configurations arising from single and double ekcitations from
" the 152 252 2p3 occupancy were included, except that é)'the is orbital was
élways.doubly occﬁpied, and b) for consistency with the molecular calculatiohs,
excitations into the 346 orbital were excluded. This was done by constructing-
L-S eigenfuncéiéns’of the proper symmétry and, for cdnfigurations containing
a determiﬁant with'av3d6_occu§iéd, utiliziﬁg with coeéficient unity eachvdeter-

minant, and ohly those determinants which did not include a 3a§ orbital.
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III. RESULTS |

The'gg_initie energieedfor the fhree loweet states of NH are given in
Table III. For thevgreundﬁstate, eemparison with some-earlier investigations
may be made. With a smell basis CI Kouba and Ohrn'C obtained results which
were qualifatively eniightening but of relatively low absolute accurecy,.with
the lowesﬁ computed edergy being —5h.86ﬁ Hertrees. The accurate SCF calcu-

. lation of Cade and Huolza yielded a Hartree—Fock energy of -54.978. Going beyond
the Hartree-Focknlevel Siiver Ruedenberg, and Mehler'sll separated—pair cI
wave functlon geve, as the lowest computed energy, -55 03352 Hartrees, which is
about 227 of the correlatlon energy suggested by Bender and Dav1dson13 (-0.249).
.Lf one chooses not to study the variation. of energy w1th internuclear dlstance,
_the time thue saved may be directed toward.a very accurate calculation at one
or.two points.' Meved by this.philOSephy, Bender and Davidson13 have obtained
_tﬁe highest abselute accuracy to date on NH. _Their 3379-configuration wave
function gives an energy of -55.1620, or about T4% of the correlation energy.

In terms of beth scope of study and abselute accuracy, the present work
lies betweenkthat of Kouba and Ohrn, and Bender and Davidson. Our,lowest epergy
for the ground state, —55.08397; is bested only by thaﬁ of the‘letter work, and
represents_abodt'h3% of the cqrrelation energy . Thie study, however, has not
been restrieted to one spectroscopic stete. Also, the ?resent'results were

obtained relatively inexpensively, the total time for all calculations being

about four hours on a CDC 6600.
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A. Atomic snd Molecular Splittings

" Table IV shows the atdmic enefgies calculated ueing_the procedure
described in section II, vComparison of the second and third columﬁs of that
table indicaﬁee.that our basis set‘was incapable of describing‘very‘aceurately
the differences in the threebpertiaent states ef nitregea. Noibetter results
are to be had'by accurate SCF caiculations wifh expeneats aptimiied for each-
state 1nd1v1dually.18 indeed as shown by Weiss 22 for the.carbon afom what .
is needed to obtain accurate atomlc spllttlngs 1s conflguratlon interaction o
with a much larger basis set. | |

The’discrepancies in_the atoﬁic'splittings may be qualitativelyvunderé
stood, at least in part, bylthe pepular But admittedly_crade argument‘that, sinee
the groﬁndvstate is a quartet while the ofher fwd'states arevdoublets; the paral-
lel spins of all three electrons in'thevhS 2p orbital eneure, through'thefexclu_
sion principle, that there Wiil be less correlafion energy than in ﬁhe 2D or 2P
etate. Applylng thls reasoning to the molecular states also would lead one to‘
the concliusion that whlle the -A - Zf plltt1ng mlght be reasonably accurate,
the triplet-singlet splittings might be expected to be less so. In fact, the  ‘
calculated singiet—singlef splittiﬁg,'0.79-ev; is in reasonable agreement with
the experlmental value of 1. 05 eV |

Comparlson of the molecular triplet—51nglet spllttlngs with eXperlment
is ﬁot p0331ble since there are in the literature no direct experlmental deter-
minations of this farameter. The most.often quetedrvalue seems to be that of
Flourent-and Leach,8 who calculated the splitting.using the now-dubious dis-

sociation energy for the ground state of 4.2 eV, and from their own disSoeiatéon
v w
. 1 s . . ._ e
energy of the _A state. This in turn was obtained from the equation De = EE;X; s
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a relation which holds onlx if A G(v)-is a linear function. of the vibrational
quantum number v. Since they only observed three clH - alA bands it is quite
uncertain whether this condition{holds. jTheir splitting (1.2 eV) is, they allow,

very approximaté;
Our value of the_X3Z—1-.a;A sblittihg of 2,00 eV thus remains neither
verified nor bélied by eiﬁeriﬁent.' ﬁowe&éf, noting our error in the relative
positions of’thé atomic energy lévels, we can say quite probably that when an
accurate experimental value for the X-a éplitting does become available it‘will
be less than our 2;00 eVv. >A crudé'éstiméte of thé trué value may be had by
éSsuming thévefrﬁr in the.moleculér splitting'to be about the same as in the
atpmié splitting. This yieldé én energy difference between the ground and first
excited sfate of approximéﬁely'l.S-eV.J it is interesting to note that this is
close io'Cade?s23 semi—empirical'grédiction,of the same quantity, 1.63 # 0.1 eV.
It is aisQ in£efesting to obsefvé'that the'alA - b12+ splitting estimate obtained

from -this schemés‘l.OE’eV;<iéfcloSeﬂtofthe-expérimental 1.05 €V.

B. Spéétroscdpic Constants

By fitting a ledstesquafes’quartié polynomial through six points
(R = 1.5, 1.8, 1.91, 2.0, 2.2, 2.&) near fhe minimum of the potential curves
and applying standard formulaszh to the coefficients thus obtained, one may
érrivevat the spectroscopic constants rés “g’ nge, Be, and O s which are dis-
flayed'in Tablé V. Wheré reliablévexperimental déta.arg évailable for com-

parison, the agreement is quite good except for the anharmbnicity constant weXe.

Of particular note is the excellent agreement (0.3%) between the experimental
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gnd theorétical r, for.the ground state. For the lA and lZ+ stafes.Herzberg2h
gives Tgs the average value of r.vin the loweét viﬁrational level, raiher

than re,’the r at Vhich the potential curvekhaé itslmihimum. _Ffbm the_general
shape of the potentidl curves one éxpects .re to be slightly ;eés‘thaﬂj rd. Our
reéulté are, therefore, quite'compatibié ﬁith the experimental informatfén avail-
able, ghd there is no reasdn ﬁo belie&e fhem'an& iéssjaccurate fhan_the ré>iof

the ground state, The close agreement of the rotatibnal'coﬁstant _Be follows

\

from the acéufacy of Tqe

frém which it is caléulgted._

The_#ibfgtionélvéonsfénts me- pérresPOndbhicely to the exﬁeiiméntéily
measured numbers for all three st&teé, and for thébgréund state are signifiéantly
better than.the'fésults of either SCFlzagof separaﬁed péi}ll treatment. The wefs
from the small. Basis set‘CI:calCulatioﬁ 6f Kouba and Ohfnlo égree»well with
our valuerfor the grouﬁd state but afe somewhat leés accurate for either thé
alA of bli+ state. | | |

Thé diégociation‘enérgy of'ground state NH has been unciear fof some
time, and fof thé excited stétéé é énd_”b the diséociation energi¢s afe-stil1
unknown. Herzberg2h'lists a 3;8 eV dissociation energy (DO) for the ground state,
indicating that this is uncertain, whilg Cade and Hublgaisuggest this Valué as
the most internally consistent. Frém»a thermochemical argument based on D
HNO = 48.6 kcal/mole Clyne and Thrush3 déduce thaf D; NH is 3.5 eV. Pannetier.
and.éaydon,h‘by meahs of a'Birge Sﬁdner extrapolation, arrived at a value of
4.0 eV, but aftér conceding'the‘iikely error of such an approximate procedure -
(which very-often gives toé piga D ‘

) suggest that the true D, is less, pro-

0 0

bably.bloser to 3.8 eV. More reéently, Seal‘and:Gaydon5 have used shock tube

studies to obtain a dissociation energy (Dd) of ground §téte NH as 3.21 * 0.16 ev.
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Since this last value is'arrived at directly, usihg neither interpolations nor

~ long extrapolations, we tend to fevor it over the earlier vaslues, Our calcu-

lated NE (35 ) dissocxation energy (D )s
of Seal and Gaydon.

About the onl& certaiﬁ‘eenclusions_one can draw with reéafd;to the dis-
sociation energies of the alA and b’ gt stateenare_upfer'and 1ower limits. From
D, a A, Ty(e II) - T, (ala) + Dy (ctm, the lower boﬁnd of Do(alA) is just the
experimentally known a-c splltting,v3.881ev.V.Observing the "dissociation by
.rotation"‘of the c state, Krishnamurty and NarasiﬁhamT calculated the dis-
| sociatioh energy of this state to be 8713 ém-l'(l.OB_eV), which.leads to
po lA = h;96 ev. .But it is knownvthat, gue to tﬁe form of the: effective poten—
tial cﬁrve f6rvhigh rofatioﬁal numbefs, én»estimate of‘a'dissociation energy
‘obtained in thls manner is an upper bound to the true dlssoc1at10n energy. It
is qulte p0331ble therefore, and, consldering all avallable data, even llkely
that the_dlssqc1at10n energy of the c H_state is ‘less than 1.08 eV. This in
turn impliee thatsDo lA woﬁld be 1ess.th§n h.§6 év, ahdvcioser to our calcu- |
lated value of 3.76 eV. |

~C., Wave function

It is of some interest to observe the changes in the wave functions as the
_ internuclear*distance-varies;i<In the -natural orbital scheme these changes are

. : : | :
‘reflected in both the coefficients of the individual configurations and the

occupation humbers. These*are listed in|Tables VI and.VII.

[

A1l the states are Well approx1mated at small internuclear distances

<+
by the 31ngle configuration 1c 20 30 lﬂ y although for the lZ state the valence
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shell double excitation 302 - lﬂ2 is ﬁlso important. As. R becomes signi-
ficantly greater than .Re’ thig_single configuration apéroximation beéomes less
applicable, ahd; as may be seen from the calculation at 4.0 bohfs, it begins
to break down with the onéet-of dissociatidn. At R = 2.8 5ohr the double exci-
tation 302 > HQ? is impdrtant in alitthree states, while at R = 4.0 bohr‘the
single'gxcitation 30 + ko becomes quite significant in the 35~ wave function.
Since all our wave functiéﬁs Shduld,'at very large R, bé represented by
10220230h01ﬂ2, it is éxpeéted that the 30 + h& excitation will become more and
‘more important for all three stateé as the internuclear distance increases beyoﬁd
fhree bohrs, and that it will.é&entgally dominate.

From the occupation numbers forvthé first five ¢ and threé;n orbitals in

Table»VIILSeveral;trends mey be  éstablished. In the entries for the 3

I state it can
be seeﬁ thatvas R wvaries from 1.35 to h,OO bohr, the occupation numbers for |
the 20 and 1T orbitals start off néar 2.0, go through a minimum, then rise again.
For the 30 orbital, the 6ccﬁpation‘numbér fallé moﬁotonically from near 2.0 to

a value of 1.57 at 4.0 bohr. Exactly the oppbsite'trend is observed for the

ko orbital, with a rise from 0.01 at 1.35 bohr to 0.&2-atAh.O bohr.

3

The behavior in the lA state is similar to that in the L~ state, although

this might be somewhat obscured by the lack of a calculgtion at an internuclear
distance much greater than 2.8:boﬁr. Hdwéver, the occupatioh numbers'for the
3¢'and 1m orbitals in the 12+.sta£e follow distinctly different trends, the for-
mer rising to a maximum then falling again, the latter dropping monotonically
from 2.06 (R = 1.35), but everywhere remaining greater than 2.0.

These trends may be qﬁalitatively understood by correlation of thé molecu~

lar states with the appropriate separated atom and united atom limits. In the
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limit of infinite_séparation the system approaches a ground state hydrogen atom

3=

(%) and a nitrogen atom in a (1s°28 2p3) S, 2D °p state for the -I~, YA, and

+ | . o |
lZ molecular states, respectively. By taking for the correlatlon llmlt a nitro-

'geh with the correct Mlivalué,‘it can be seen that all three molecular states

will be dominated at large R by the 10226230h01ﬂ2 configuration. In the

1imit of the united atom (Oxygen 16%2¢ 2p ), the 35~ state correlates with the

3 . o 1, 1.+ : . 1 :

P atomic state, while both the “A and "I correlate with the state. If we
again require the correct ML value,:thenlthe lA and 3iZ_state’s will be dominated

at very small R by the conflguratlon 1022023021n2. The wave function for the

1ot
X state, however, will contaln two strongly contrlbutlng terms,

1022023021ﬂ2 and 102202lﬂh;A This lastvobservatlon explains in part why the lZ+
occupation numbers do not behave.like those of the other two states. It

also gives an indication why the double excitation 302 g lﬂ2 is important for

the lZ+ state at our smallest calculatediinternuclear separation.

!
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. Table I.

Basis Functions

lSN.. ZSN 23& .2PN . 2pﬁ 3dN o lsH »."QSH 2pH

Nitrogén 4

1s 10.595 0.1107h  0.00128

1s 6.026 0.92969 -0.2662k4

3s  7.331  -0.0423h -0.03018

2s 2,528 0.00218  0.53711

s 1.586 ‘ 1.0

2p '5.359 -~ 0.0399k

2p. 2.516 0.44620

2p 1.289 - . 1.0 ,

3d 1.910 1.0
Hydrogen

1s 1.2083 1.0 |

2s 1.2681 1.0

2p 1.9082 1.0

_9I;

TOR02-Td0N
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‘Table II. Size and computation time for the CI calculations.
Number of Orbital Occupancies Number of Configufafions ' Time®
" Small CI - Large CI - Small CI Large CI - (Large CI)
3 ¥ 118 67 418 $3.50
o 43 148 k9 259 1,57
gt 51 | 172 63 277 3.58

&Time to generafe Hamiltonian matrix and obtain‘loﬁest root;.minﬁtes,of ChC 6600'time,.notAincluding_inte;

gral calculations.

‘_LT_
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Table III. Calculated Energies of NH (hartrees).
R (bohr) - ) -
State - 1.35 - 1.50 1.80 1.91 2.00 2.20 2.40 2.80
3~ -54.922 099 | -55.009 182]-55.077 Lk91|-55.083 333|-55.083 968]-55.076 260 |-55.062 435}-55.028 95k
o) -5k4.849 L4h1 | -55.936 509 ~55.00 350]-55.009 97k |-55.010 285 -55.001 902 |-54.987 263}-54.951 620 |
_12+ ~54.820 231 }-54.907 466]-5L.975 398 ~54.980 961 -54.981 179 |~54.972 478 |-54.95T 377]-54.920 415
L
[@¢)
1
o
Q
=
- 2
3
&
S .
L 2 L »



Table IV. Atomic Energies.

.’;19,

UCRL~20401

State Calculated Energy Rélative“ Relative
(hartrees) Enérgy (ev) Experimental
: 1 : (ev)
S -S54, 471 T60 0.0 0.0
%D -5k.364 8l9 2.909 2.38
%p 3.57

-5h.329 671




- Table V. Spectroscopic Constants.
De(eV) D'O( ev) 're(A) we(cm—l) 'weXe(cm—l) Be(cm-:.L) .' Voce(cm‘._l) | Te(eV)
X35~  Hartree Fock® 2.10 - 1.88 1.018 3556 66. T 17.32 0.572 -0
Separated B ‘ ‘ : o . ‘ _ E o
Pair - 2,65 ©2.35 . 1.038 k910 78.3. 116.63 0.466 0
Small ' L
 Basis CI® 2.62 2.2 1.12 322l o117 14.28 0.56k4 0
This Work 3.058 = 2.858 1.0k 3300 120 16.56 - 0.760 0
Experiment 3.41#0.16 3.21%0.16° 1.038?1v . 3125.6% 788 - 16.657 0.6§6d‘ 0
el . Hartree Fockl T T T ' DR ' ‘ 1.83
Small 7 ' _ ‘ : _ | o :
Basis CI® k.01 . 3.80 1.13 . .. 3557 132 14.16 0.563 1.9°
This Work 3.965 3.760  1.037 3362 1116 _16.68 0.732 2.00
Experiment | ry = Lok’ 33140 63" 16.78"  0.67° X
blZ* Hartree Fockl 3.57
Small : o o - |
Basis CI~ L.28 .06 1.12 3628 126 k.31 .~ 0.538 2.8
This Work k.131  3.92h 1.035 3396 113 | 16.73 0.712 2.79
Expériment h r, = 1.046% ~ 3u80° X + 1;05fv
®See Ref. 12. ®See Ref. 5. TSee Ref. 12b
Psee Ref. 11. fsee Rer. 2h.
®See Ref. 10. €3ce Ref. 26.
5ee Ref. 25. Bsee Rer. 8. .
L 4
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TableVI. Important configurations for several internuclear separations. -

.0539 : 20 + ko

3~ 1A.'v_ © 1Z+
R = 1.30 bohr R = 1.30 bohr R - 1.30 bohr .
0.98k2  10°20%30°1n° 0.9860 10%20230%10° 0.9654 10°20°30%1m°
| 0.0436 _’ 20 > ko 0.0koL : | 302.f ho? 0.0583 20° } 1n?
0.0362 20+ 50 0.0391 12 > on® 0.0370 30% > ho®
0.0358 3050 0.0332  1n® =+ 3n° 01858 0% -1
0.089 30 ko? 0.0k21° 2030 » hoso 0.0475 1n° > on
0.0379 307 > 50° | 0.0370 201w - Soom 0.0381 12 + 32
0.0366 2030 + 6090 _}0.0368 | 201 + 5037 0.0308 201m + hgzﬁ
0.0389 2030 » 1m2m .0.0405 2030 =+ 1m2m 0.0312  2olm + 502w
0.0509 - 30lm > ko2m 0.0366 2030 + Lm3m 0.0342 . 2011 + 603
0'.0%;88 - 301w > 5037 ~ 0.0603" 30lm + hoom 0-.0333 20° + .‘11'r37r
0.0395 32 iner © 0.0389 3o1m > 603m 0.0517 301m > hozn
| | 0.0320 301m + 503w
0.0486 30° > 1mem
0.0395 302 > 1m3n
'R = 2.00 bohr R = 2.00 boﬁf R = 2.00 bohr
109791 - 10%20%30% 1" 0.9820 10%20%30%10° 0.9640 10°26%30%17°
0 | 0.0879 _ 3¢2 > ho® 0.0650 = 20° » ko®

(continued)
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Table VI. (Continued)

32-

1A

1Z+

R = 2.00 bohr

R = 2.00 bohr

" "R'= 2.00 bohr

0.0Lk12 20 > 50 - ' o;bhdo" - 1n2 > on° 0.0629 207 » 1n®
0.0408 30 + bg 0.0317 1n° > 3n° 0.0341 302 + bo®
0.089& 3% > ho® 0.0k05 2030 > kho5c 0.1702 _ 362 > 11
0.0302 éoac + bhoso 1o.oy11 - 201w -+ 502w 5.0&89 17 +.2n2
0.0354 2030 + hobo 0.0306 © 20lm > 5031 0.0359 ' 1n2 > 3n°
 0.03k2 201w + So2m -o.ohhs . 2030 > lwén * o.oh52 2030_+‘h02
0.0309 201w - 503w 'o.ohhs"_ | 2030 > 1m3m 0.0k9k - 201w > ho2w
) 0‘.01;93 2030 imem ‘6;0‘663 . 3611f + Loom 0.Q32h 201T + 6037
0.039k 2030 > 1n3n’ 0.0k01 . 30lm + 603w 0.0317 202 > 1m3n
0.0623. 301m > ho2m | | 0.0k2k 3o01m + koom
0.0310 301m + 503m 0.0463 301m + 5021
0.0300 3011 > 6031 S 0.0419 302 > 1nen
7 o.(.)38SA 302 > 13w
‘R = 2.80 bohr R = 2.80 bohr R = 2.80 bohr
0.9580 16°20°30%11° 0.9679  1oP20%30%1n? 0,954k 16%20°30%172
| 'O..03v35 '26 + Lo 0.1898 ' 302 '—>_ hd2 0.0L87 262 > hcgy
0.1275 30+ bo 0.0k21 12 > on” 0.1122 202 > 1n°
. ‘ (continued)
© s .
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e
Table VI. (Continued)
35~ 1, 1+
R = 2.80 bohr | R = 2.80 bohr R = 2.80 bohr
'0.1§0h  - '302l+ ho? ' o.ohoz »»2030 > boSo 0.1467 30° > hqe .
0.0323 2030 + ko50-  0.0&08 2030 + hobo 1 0.097h 362 +v1ﬁ2
0.0458 '2030 > Lobo 0;0395 - 201w + Lo3mw 0.0330 112 > 42
' 0.0398 2o1T +'u63n 0.0471 2o1m > S0om 0.0520 1 > 270
0.0386 201m +_502n' 0.0323 v2¢3o + 1mew - 0.0311 11 > 3n®
0.0300 . zolﬁ;+ 503T 'lo.dh86 2030 + 1m37T - _0.0871 2030 + 4a®
- 0.0k2k4 2030 ~ 1mem 0.0621 301w + hozn 0.0319 2030 hq6g'
 0.0422 2030 + 1m3m 0.0374 ,3oin + 6o3m 0.0367  201m - ho3r
© 0.0570 301w + ho2m 0.0395 201m » 502m
0.0797 2030 » in°
0.0335 2030 » 1mom
0.0L01 2030 > lﬁ3ﬂ.
0.0562 301w +.h02n
0.0357 301m > 5027
3017

+ 6037

(continued)



Table VI. (Continued)

32- : lA ' - o lZ+ '

=‘h.0 ﬁohr

.8h21 1022023021w2
.0390 26 + 50
.3532 30 > ko |
.3790 302 > Lo?
;ossh 7' 2030 > koo
.ok7 Zciﬂ‘+:h02ﬂ_
.0kos  2olm +‘Sq3ﬁ‘
).0503 2030 +"1}r27r
).0327 301m > 031

‘\’ iy
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Table VII. Occupation Numbers.
R = 1.35 1.50 1.80 191 '2,00 2.20 2.40 2.80 k.00
3= |
10 2.0000 © 2.0000 2.0000 2.0000 2.0000 2.0000 2.0000 '2.0000 2.0000
20| 1.9821 1.9805 | 1.9782 1.9777 1.9775 1.9772 | 1.9T72 1.9774 1.9808 .
360! 1.9726 1.9718 1.9671 1.9639 1.9606 1.9510 1.9372 1.8920 : i.57h7
ho 0.0126 0.0151 ; 0.022k4 0.0262 0.0298 0.0401 0.054k 0.1008 | 0.4209
56 : 0.010T ! 0.0104 i 0.0100 0.0098 0.0097 0.0094 0.0092 0.0086. ¢ 0.006k4
1m 1.9926 | 1.9921 | 1.991k 1.9911 | 1.9909  ; 1.9906 1.9904 é 1.9905 1.9932
ar{ o0.0120 ! o0.0124 i o0.0131 0.0133 | 0.013% 0.0138 '} 0.0131 | 0.0121 0.0077
3m 0.0090 0.0089 - { 0.0088 . | 0.0088 %: 0.0087 | 0.0087. | .0.0086 | 0.0085 0.0069
- 1o :  2.0000 2.0000 2.0000 ~ { 2.0000 ; 2.0000. 2.0000 ~ 2.0000 2.0000
20 1.9860 1.9853 £1.9839 | 1.9835 1.9832 1.9828 1,982k 1.9820 ‘
30 1.9738 | 1.9725 1.9678 | 1.9650 1.9622 1.9542 1.9430 1.9079
o | 0.0117 0.0131 0.0190 = ; 0.0223 0.025L 0.0343 0.0k463 0.0832
50 0.0732 0.0788 0.0819 . 0.0818 0.0815 0.0803 | 0.0788 0.0754 |
m 11.9893 i 1.9889 1.9882 1.9879 1.9877 1.9873 1.9871 ! 1.9872. %
e 0.0137 . 0.01k2 : 0.0150 0.0152 0.0153 0.0153 0.0151 ; .0.01k2 ;
3m;  0.0104 0.0103 E 0.0101 0.0101 0.0100 0.0099 0.0098 | 0.0094% _%
1pt é i ? ] | ; . :
10!  2.0000 § 2.0000 2.0000 2.0000 i 2.0000 2.0000 ; 2.0000 | 2.0000
26 . 1.9770 ¢ 1.9750 1.9699 1.9675 1.965k 1.9598 . 1.9533 | 1.941k
30 ; 1.907h ; 1.9095 1.913h 1.91L46 1.9154 1.9165 § 1.9160 | 1.9031
ho g 0.0109 § 0.0125 0.0183 0.0213 0.0242 0.0322 § 0.0Lk29 0.0748
55 0.0079 : 0.0083" _ 0.0085 0.0085 0.008k 0.0084 | 0.0083 0.0080

‘(continued)
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Table VII. (Continued)

R=  1.35 1.50 1.80 - 1.91 2.00 2.20 2.40 2.80 4.00

im { 2.0620 2.0576 2.054% 2.052L 2.0508 2.0473 2.0kko 2.0383.

om E 0.0151 0.0156 0.0163 . | 0.0165 0.0166- 0.0166 0.016% | 0.0156

3w} 0.0118 " 0.0117 0.011k 0.0113 0.0112 0.0110 - | 0.0107 - 0.0101
!
N
(o)
]
- Q
3
i
n
o .
=
o
[

© G
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FIGURE CAPTION

Fig. -l,.. , Pote,nti_al.curves for the fhre_e,lo_west boﬁnd_states of NH.
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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 acting on
behalf of the Commission: v

A. 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

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 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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