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ABSTRACT 

LBL...258 

Ab initio calculations have been carried out on the ground states of 

+ - + OH, HF , HF, HF ,NeH and NeH.. Extended basis- sets were used and electron 

correlation was included by way of first-order wave functions. Dissociation 

energies and other spectroscopic constants are in good agreement with available 

+ 
.experi~e.nt~ data except for the bond distance of HF. Electron detachment in 

collisions between H and F- is discussed on the basis of the calculated poten-

tial curves. Potential curves were also obtained ab initio for the three 

lowest eJtcited states of NeH. These curves are qualitatively similar to those 

reported earlier by Slocomb, Miller and Schaef.er for HeH. 
2 + The C l: stateof 

NeH is predicted to have a potential maximum of 0.87 eV at internuclear separa-

tton "'4 pohrs . 
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INTRODUCTION 

'Johnsl has recently observed a gas phase emission spectrum of diatomic 

argon hydride near 7670 A. Johns identified this spectrum as being due to an 

2 + 2 
ArH transition between two excit~d electronic states of E and IT symmetry. 

. 2 
Even more recently, Bondybey and Pimentel have made infrared observations of 

a local mode of interstitial hydrogen in solid argon and krypton. Thus there 

appears to be considerable motivation for a theoretical study of noble gas-

hydrogen interactions. 

The only ab int tio Cluantum mechanical calculations reported to date on 

diatomic noble gas hydrides all refer to HeH. Among the more noteworthy are 

a) the early calculations of Michels and Harris3 on the e~cited states of HeH, 

b) the study of Penning ionization of H by metastable (ls2s 3,lS) He by Miller 

and Schaefer, 4 c) the study by SlOCOlllb et al. 5 of the interaction between 

ground state He' and the 2s and 2p s~tes of H, and d) Das and Wahl's recent 

work6 on van der Waals forces in HeH. 

In the present paper we report theoretical potential energy curves for 

the ground and first three excited states of NeH. At the same time, calcula-

. . + - + 
tions were carried out for the ground states of OH, HF , HF, HF , and NeH • 

One purpose these additional calculations was to allow a test of the theoretical 

approach used for NeH. In addition, these calculations make possible a discus

sion of electron detachment in H + P- collisions. 7 ,8 
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BASIS SET 

The basis set used consisted of Slater-type orbitals and the resulting 

one- and two-electron integrals were·evaluated as described elsewhere. 9 For 

the large atoms (0, F,and Ne), a basis of five s, four p and one d functions 

10 was contracted to 4s 3p Id. The s and p Slater functions used were the 

·11 
"accurate" basis sets of Bagus and Gilbert. For Q, F and Ne the orbital 

exponents chosen for the 3d functions were L 9,2 .13 and 2.45. 

A basis set of three s and one p functions was used for each hydrogen 

atom. For OH and FH, the hydrogen s functions were taken from the optimized 

molecular self .... consistent-field (SCF) calculations of Cade and Huo. 12 For NeH, 

three Is Slater functions with exponents LO, L5 and 2.25 were centered on H. 

The 2p functions on the H atoms in OH, FHandNeH had exponents 2.3, 2.0 and 2.0. 

In the NeH calculations, additional basis functions were necessary to 

describe the three lowest lying excited states. In particular, hydrogen 2s 

and 2p functions were included. 
. . + 

The final basis set used for the NeH and NeH 

calculations is seen in Table I. A similar tabulation of the basis sets for 

OH and FH is given in the first author's thesis. 13 

A reasonable idea of the completeness of the present basis sets may be 

obtained by comparison of our SCF energies with the near Hartree-Fock energies 

of Cade and Huo12 forOH and FH and Peyerimhoff14 for NeH+. For OH, FH and 

+ 
NeH at 1.8 bohrs internuclear separation, our calculated SCF energies were 

-75.4192, -100.0645 and -128.6237 hartrees, compared tp the near Hartree-Fock 

energies -75.4213, -100.0673 and -128.6281 hartrees. Thus the present SCF 
, 

energies differ by 0.0021, 0.0028 and 0.0044 hartrees or 0.0~7, 0.076 and 

0.120 eV from the near Hartree-Fock energies. It should be noted that the 

, 

• 
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above basis set errors are molecular errors, since the basis setsll we adopted 

yield the correct atomic Hartree-Fock energies to within 0.01 eV. 

, 
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FIRST...,ORDER WAVE FUNCTIONS 

+ + For the electronic ground states of OH, HF , HF,HF-, NeH and NeH 

each calculation began with the computation of a self.;...consistent-field wave 

function, of one of the forms 

10 2 2ci 302 1'IT3 2rr OH, HF+ 

10 2 .20 2 302 1'IT4 11:;+ HF, NeH+ 

102 2 2 44 21:;+ -20 30 0 1'IT HF , NeH 

Electron correlation15 was taken into account using first-order wave 

f~ctions,16 which have yielded reliable dissociation energies for a number of 

. + 
diatomic molecules, including O

2
, BeO and KrF. Generally speaking, the first-

order wave function includes all configurations in which no more than a single 

electron is promoted to an orbital beyond the valence shell. 

For the first row hydrides considered here, the 20, 30, 40 and 1'IT 

orbitals may be considered valence orbitals. With this in mind, the reader is 

referred to Table II for a list of the types of configurations included in the 

. + 
first-order wave functions for HF and NeH , which are isoelectronic. Note that 

in all configurations the core 10 orbital is held doubly-occupied. In addition 

the 20 orbital may only be replaced by another valence orbital. To summarize, 

the total number of configurations included in the ground state first-order 

'calculations were i02 (OR andHF+), 43 (HF), 58 (HF-), 52 (NeH+) and 72 (NeR). 

These configurations are tabulated elsewhere .13 

A nearly optimum set of molecular orbitals was obtained for each CI wave 

17 fUnction using the iterative natural orbital method. In thepreserit work the 

natural orbital iterations were well behaved, typically yielding convergence in 

the total energy within five iterations. 

/ 

• 
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ATOMIC CALCULATIONS 

Prior to any molecular calculations, the energies of our dissociation 

limits (e.g. H+ F for the, HF molecule) may be determined by appropriate atomic 

calculations. For this p\tt'pose the energy of H+ is O.Ohartrees and the energy 

of the hydrogen atom is taken to be the exact energy, -0.5 hartrees. 

For the oxygen atom" the first-order wave function comparable to that 

, ,2 2 4 2 2 3' 2 
used for the OH molecule includes the Is 2s 2p, Is 25 2p 3Pfand Is" 

2s2 2p34p orbital occupancies (two 3p 1-8 eigenfunctions arise from the last 

two occupancies) and the energy of this five configuration wave function is 

-74.81241 hartrees. Similarly the first-order wave function for fluorine (used 
( 

for the HF dissociation limit) includes orbital occupancies Is2 2s2 2p5, Is2 

2s2 2p4 3p, 224 and Is 2s 2p 4p and yields energy -99.41118 hartrees. 

, For - )-
F (needed for HF) and Ne (for NeH), the first-order wave functions 

22· 6 are single-configuration SCF wave functions of the form Is 2s 2p. The total 

energies obtained were -99.44364 and -128.54705 hartrees. 

AmOng the preserit molecular calcUlations, the mostunu5ualdissc)ciation 

, + + ' 
behavior is displayed by HF and NeH. In the other calculations, at infinite 

separation the la, 2a, 3a and lTI orbitals describe the heavy atom Is, 2s, 2po 

and 2pTI orbitals ,whilethe 40 orbital describes the hydrogen Is orbital. For 

+ + 
HF andNeH, however, at large separation, no functions are needed to describe 

+ H. Therefor~, the 4a orbital "drifts" over to the F or Ne atom and becomes a 

3p orbital. Thus for neon, the first-order wave function comparable to our 

NeH+ wave function includes the Is2 2s2 2p6, Is2 2p6 3p2, 182 2s2 2p4 3p2 and 

224 
Is 2s 2p 3p 4p configurations, in addition to the singly-exCited configura-

tions 182 2s2 2p5 3p and Is2 2s2 2p5 4p.The F and Ne first-order energies 

obtained in this way are -99.5985 and -128.5985 hartrees. So we see that for 
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HFT and NeH+, the first-order wave functions dissociate to atomic wave functions 
; , .'.' . \ ' 

including a significant 'atllount of electron correlation. 

. . 
• 
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RESULTS 

Calculations were carried out on each electronic state for between 

four and nine different internuclear separations. The total energies are tabu

lated in Bondybey's thesis .13 The results are summarized in Table III and 

Figs. 1 and 2. 

A. OR Radical 

For OR, the SCF, Cland experimental dissociation-energies are 2.97, 

4.26 and 4.63 eV. Expansion of the basis set is-not likely to lower the 

first-order dissociation energy by more than 0.1 eV. Thus there would appear 

to be an inherent error in the first-order approach of about 0.3 eV for the 

dissociation energy of OR. The vibration frequency w differs from experiment 
e 

, -1 
by only 60 cm and represents a significant improvement over the SCF value. 

The bond distance predicted from the CI calculation is also in good agreement 

with experiment, being 0.003 A too long. To sum up,it would, appear that 

first-order wave functions yield a rather realistic picture of the electronic 

structure of OR 

B. + -RF • HF and HF 

Of these three species,neutral HF is the best characterized experi-

mentally. The SCF, CI and experimental dissociation energies for HF are 

4,.28, 5.88 and 6.10 eV. From our basis set discussion above we suggest that 

the exact first-order dissociation energy of HF is 'V5.95-6.00 eV and that there 

is an inherent errOr of 0.10 to 0.15 eV in this theoretical app'roach. As with 
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OH, cthe other Cl spectroscopic constants (We' Be and r e) ~e much improved 

over the SCF values. The predicted bond distance is again 0.003 A too large. 

. 18 . ' d Berkowitz has recently determ~ned D ,wand:r for the groun state , . e e e , 

of HF + from the photoelectron spectrum of HF. Our dissociation energy, 3.70 eV,. 

is only 0.09 eV greater than the value reported by Berkowitz. Here it should 

be pointed out that our SCF dissociation energy, 3.47 eV, is also in good 

agreement with experiment. Using a larger basis set than·:was used here, Julienne, 
1 -

Krauss and Wahl19 have recently calcwated the near Hartree-Fock D of HF+ to, e 

be 3.56 eV. + ' Thus it is seen that HF is one of the very few systems for which 

the Hartree-Fock approximation yields an essentially correct dissociation 

energy. Based on the agreement ~ith the experimental bond distances for OH, 

HF and other diatomics,16 we are led to Cluestion the validity of Berkowitz's 

+ -r value for HF. First-order wave functions almost inevitably yield bond e 

distances slightly too long. However, the experimental value for HF+ is 

0.026 A larger than our predicted first-orde~ value. 

+ Figure 1 shows the CI potential curves forHF , HF and HF-. A problem 

of considerable interest7 ,8 concerns the crossing between the ground state HF 

and HF-_potential curves. In collisions between H and F-, there will -be a 

significant probability of electron detachment (formation of HF) near the 

crossing point. Thus the position of the crossing point will determine the 

energy at which electron detachment i's first observed. Examin~tion of fig. 1 

sugges!-s that electron detachIl.lent may occur for energies as low as 0.25 eV,. 

The crossing is predicted to obcur at 2.7 bohrs or 1.43 A. These pr~dictions 

are signifi,eantly different from those of Michels, Harris and Browne,7 who 

carried out CI calculatiohs using a smaller basis set than ours.. The latter 

~. 
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authors suggest that the HF- potential curve is much more repulsive and that 

• the crossing with t. he HF curve occurs at 3.9 bohrs. The calculations by 
1\ 

Michels et al. also suggest that electron detachment should not take place for 

energies less than 2.8 eV .. 

by two 

2 + Single configuration SCF calculations have been carried out on E HF-

. . 8 20 20 . . 8 
groups.' Both Weiss and Krauss and Hartmann et al. emphasize that 

the HF- potential curve decreases monotonically with decreasing internuclear 

separation. This statement would appear to be in conflict with our results 

seen in Fig. 1. However, this is not the case. Near the equilibrium inter-

2224. nuclear separation for HF, the 40 orbital in the 10 20 30 40 In conf1gura-

tion is a very diffuse function. This is just another way of saying that the 

lowest electronic state of HF- at this separation corresponds to an electron 

.1+ 
with small kinetic energy attached to the X l: state of HF. If a complete 

basis set is used, then the optimum 40 orbital will change from a hydrogen Is 

function at large separation to a continuum function at short r. 

However, if one wishes to discuss the curve cros.sing between the ground 

states of HF and HF- in aphysic13.11y meaningful way, the so-called "diabatict: 

21 - -potential curve for HF should be used. For HF ,one is certain to compute 

the diabatic, rather than. adiabatic (which the two SCF studies approximate), 

potential curve, if diffuse functions are intentionally excluded from the 

, basis set.
22 

We have done this and the HF- potential curve seen in Fig. 1 is 

thus the diabatic curve describing the interaction between H and F-. This 

diabatic curve is required if one wishes to calculate the probability of 

electron detachment. Such a detailed calculation of the autoionization of HF-

~'3 would be analogous to the recent treatment by Miller, Slocomb and Schaefer, 

of Penning ionization of hydrogen by metastable helium. 
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C. + NeH and NeH 

.+ 
Our predicted spectroscopic const8Jlts for NeH are seen in Table III . 

. + . + 
NeH is l~ke HF in that'the SGF and CI dissociation energies are nearly 

. + 
equal. ,The CI value of De for NeH is probably wi thin 0.1 eV of the exact 

value ,'which, to our knowledge, has not been determined experimentally. The 

ground stateNeH potentiaicurv'e is repulsive and rather uninteresting. The , 

only attraction between N~'and H is the van der Waal,s interaction, which is 
. .. 15 

not expected to be' reliably rendered from a first-order calculation such as 

ours. 

D. Excited States of NeH 

The three lowest excited states of NeH arise from the interaction 

b~tween ground state Ne and the 2s and 2p exCited states of the hydrogen atom. 

2 + 2 
Thus these states (two ,~ and one II) are properly ref-erred to as Rydberg 

states. Tb a good degree of approximation, a Rydberg state may be described 

as a diffuse electron weakly attached to a positive ion core. 24 One intuitively 

expects there to be very little electron correlation between the diffuse elec-

tron and the remaining (n-l) electrons. Since we saw'in the sec. C above that 

+ the SCF potential curve f~r NeH appears ne~rly correct, one can argue tpatthe 

potential curves for the Rydberg states of NeH should be well described by 

single configuration wave functions. 

Potential curves for the three ~owest excited states of NeH were cal-

culated by the following procedure: 

1) SCF wave functions were obtained:, for NeH +, electron configuration 

2 2 2 4 
10 20 30 In. 

• 
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2) 
2 -+- . 

For the ~ states, CI calculations were carried out on all 

(11 using our basis set) NeH configurations of the type lei. 202 30
2 nO In 

4 
, 

where n = 4,5,6 ... 14. To describe the 2n excited state, configurations of 

222 2.4 2 456 .. d Th 'tt b the type 10 0 30 In nn, n = , 3, , , were 1nclude. . e p01n 0 e 

emphasized is that the 10, 20, 30 and In orbitals in all these calculations 

were taken from the NeH+ SCF calculation. This amounts to a literal acceptance 

of our intuitive feelings concerning the nature of Rydberg states. 

Potential curves obtained in the above manner are seen in Fig. 2 and 

the associated spectroscopic constants in Table IV. Sirice none of these three 

states of NeH has been observed experimentally, the results shown in Table IV 

are truly predictions. 
2 + 2 

It should be emphasized that the A ~ and B IT states 

have such similar potential curves that they cannot be distinguished in Fig. 2. 

The C2~+ state is of particular interest since it has a potential maximum at 

'V4bohrs, reaching 0.87 eVabove the.dissociation limit. 

2 + 2 + , 
The A ~ and C ~ potent1al curves are remarkably similar to those 

for HeH, calculated by Slocomb et al. 5 The latter authors predicted the lower 

2~+ state to be bound by 2.5 eV at 1.4 bohrs and the higher by 0.63 eV at 

1.6 bohrs. Our NeH 2 + calculations also predict the upper ~ state to have a 

significantly longer bond length. 52+ In the HeH calculations, the C ~ state 

was also predicted to have a potential maximum of 0.85 eV at 3.8 bohrs. On 

'*' the basis of these HeH and NeH results it might appear possible to make some 

general statements concerning the lowest excited states of rare gas hydrides. 

And in fact, one does expect similar potential curves for ArH. However, the 

* * first excited state of KrH arises not from Kr + H , but rather from Kr + H. 

And the first excited state of xenon lies nearly 2 eVbelow the 2s ,2p states 
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of hydrogen: Although we will.thus expect rather different potential ourves 

for KrHandX;eH, one nevertheless expects a number of bound excited sta.tes for 

these molecules. 
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. + 
Table 1. Basis set of Slater functions used in calculations on NeH and NeH. 
ls(l;; = 8.806) refers to a!ls Slater function with orbital exponent 8.806. 

Center 

Ne 

Ne 

Ne 

Ne 

Ne 

Ne 

Ne 

Ne 

H 

H 

H 

H 

H 

Description 

Is 

Is' 

2s 

2s' 

2p 

2p' 

2p" 

3d 

Is 

Is I 

Is " 

2p 

Hydrogenic 2s 

Hydrogenic 2p 

Function 

0.09218 0 1s(l;; = 15.439) + 0.94891°1s(l;; = 8.806) 

- 0.o4499°3s(l;; = 10.995) 

0.00645 0 1s(l;; = 15.439) - 0.28821-ls(l;; = 8.806) 

- 0.o2632 0 3s(l;; = 10.995) 

2s(l;; = 3.764) 

2s(l;; = 2.301) 

0.00930 2p(l;; = 10.542) + 0.24154 0 2p(l;; = 4.956) 

2p(l;; = 2.793) 

2p(l;; = 1.623) 

3d(l;; = 2.450) 

Is (l;; = 1. 000 ) 

.. ~s(l;; = 1.500) 

ls(l;; = 2.250) 

2p(l;; = 2.000) 

1.00000 0 1s(l;; = 0.500) + 1.73205 0 2s(l;; = 0.500) 

2p(l;; = 0.500) 



-16- LBL-258 

Table II. Configurations included in the first-order wave functions for the 

X It;+ states of HF and NeH +. ncr refers to 5cr ,66, ... ; mT refers to 21T ,31T, •.• 

Type Excitation It;+ Configurations per Orbital Occupancy 

1cr
2 

2cr
2 

3cr
2 I1T4 i 

2cr -+ 40 1 

30' -+ 
" 
40 .1 

30 -+ ncr 1 

I1T -+ n1T 1 

20
2 

-+ 4cr
2 

1 

'2 
20 3cr -+ 4cr 1 

3cr
2 

-+ 4cr2 
1 

2 
I1T -+ 

' 2 
4cr 1 

3cr
2 -+ 40 ncr 1 

30 I1T -+ 40 n1T 2 

I1T2 -+ 4cr ncr 1 

..~ 

'\ 
.J~) 
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Table III. Theoretical and experimental spectroscopic constants for the elec
tronic ground states of several diatomic hydrides. The energy given refers to 

J\ the minimum, of the calculated potential curve. 

E (hartrees) 

D (eV) 
e 

w (cm-:-l) 
e 

B (cm-l ) 
e 

r (A) 
e 

E (hartrees) 

D (eV) 
e 

w (em-l ) 
e 

B (cm-l ) 
e 

r (A) 
e 

E (hartrees) 

De (eV) 

w (cm- l ) 
e 

B (em-l ) 
e 

r (A) 
e 

SCF, CI 

-75.4192 -75.4690 

2.97 4.26 

4058 3675 

19·7 18.7 

0.950 0.974 

-99.5378 .;.99.5881 , 

3.47 3.70 

3355 3230 

18.2 17.6 

, 0.983 1.000 

-100.0677 -100.1274 

4.28 5.88 

4536 4210 

21.8 20.8 

0.899 0·920 

Experiment a 

4.63 

3735 

18.9 

0.971 

b 1.026±0.002 

6.10c 

4139 

20.9 

0·917 

(continued) 



xlt+ NeH+ 

E (hartrees) 

D . (eV) 
e 

we (em- l
) 

B (em-l ) 
e 

r . (A) 
e 
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Table III (Continued) 

SCF 

-128.6242 

2.10 

3061 

18.3 

0.979 

CI 

REPULSIVE POTENTIAL CURVES 

-128.6818 

2.27 

2917 

18.0 

REPULSIVE POTENTIAL CURVES 

LBL-258 

Experiment a 

aExcept as indicated, experimental data is taken from G. Herzberg, Spectra of 
Diatomic Molecules (Van Nostrand Reinhold, New York, 1950) and A. G. Gaydon, 
Dissociation. Energies . and Spectra of Diatomio Molecules (Chapman and Hall, 
Ltd. , . London, 1968). 

bJ . Berkowitz, Chem .. Phys. Letters 11, 21 (1971). 

cJ . Berkowitz, W. A. Chupka, P. M. Guyon, J. H. Holloway, and R. Spohr, J.Chem. 
Phys. a, 5165 (1971). 
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Table IV. Theoretical spectroscopic constants for the three lowest excited 
states of neon hydride. 

E (hartrees) -128.7281 -128.7272 -128.6909 

D (eV) e 1.53 1.50 0.51 

w e 
(cm-l ) 2801 2913 2737 

B (cm-l ) 
e 17.7 18.0 14.8 

r (A) 
e 0.996 0.988 1.089 
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FIGURE CAPTIONS 

Fig. 1. Potential curves for the e1e~tronic gr6und states of HF + ,. HF, and 

HF-. The HF+ and HF- curves have been uniformly raised and lowered to 

reflect the correct ionization potential of Hand electron affinity of F. 

Fig. 2. + P:. priori potential curves for the ground states of NeH and NeH and 

for three excited s.tates of NeH. 

/ 
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r-----------------LEGALNOTICE------------------~ 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Atomic Energy Commission, nor any of their employees, nor 
any of their contractors, subcontractors, or their employees, makes 
any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness or usefulness of any 
information, apparatus, product or process disclosed, or represents 
that its use would not infringe privately ownedrights. 
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