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Ahstract

AB INITIO CALCULATIONS ON SOME MOLECULE IONS
BY
Paul Solomon

Adviser: Professor Louis J. Massa

Ground state Hartree-FockzRoothaan calculations,
using Gaussian basis sets, have been done on several open
and closed shell molecular ions. These are all positive
ions which contain a positive core surrounded by one or
more neutral species. Calculations are reported on the
hydrogen cluster ions H:, with n an odd number between

three and fifteen. Geometries and binding energies are

reported for these systems with particular emphasis on
+
Hll' 2
These have all been predicted to be stable and bond

; 2+ + 2+ :
The ions Be He, Be He and B“'He., are also discussed.

lengths and binding energies are reported. The calcula-

2+
tions on the ion Be He have been extended to short inter-
nuclear separations (0.16 to 0.792) and the implications of

these results for the low energy ( < 1000eV) scattering of

Be?* jons by He atoms is considered. Other systems studied

2+ 24+
3

dicted to be unstable, and HeC

include He and He and He2+(H2)2, both of which are pre-

2* and HeCt, These latter two



ions are predicted to be stable and binding energies, bond

lengths and spectroscopic constants are presented for them.
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INTRODUCTION

The bonding of neutral molecules or atoms to ions
and the calculation of the geometries and energetics of
these systems has been the subject of a number of investi-
gations. The term "cluster ion" has been introduced and
defined to mean "ions which have a central ionic core to
which some molecule(s) is (are) bonded primarily by elec-

"l 211 ions discussed here will be of

trostatic forces.
this type.

Early experimental studies of cluster ions were
prompted by Wilson's2 observations, during the 1890's, of
the ion induced condensation of clouds from the gas phase.
This has led to studies of ion-induced nucleation which is
asserted to be of importance in atmospheric processes, in
cloud chambers, to aerosol production in the presence of
ionizing radiation and via ion-molecule swtiching reac-
tions.3~6

There have been suggestions that ion clusters exist
in interstellar clouds’ and in planetary atmospheres.lr8

The hydrogen ion clusters H! have been suggested to be the
n

cause of the absorption and polarization of stellar radia-



tion in interstellar Space.9 This has been challenged,lc
on the ground that interstellar densities are far too low
for such processes. Hoyle, and othersll’12 have, however,
proposed that the condensation of hydrogen on graphite
grains at 3°K might promote the formation of galaxies and
stars. Ion clusters could then form by interaction with ra-
diation.3 It should be noted that the hydrocen clusters
Hg have been observed experimentally.7'13 These have been
observed to have all values of n from 1 to 99 with n odd
for nzZ 3.
It has been proposed that clustering processes
in the atmosphere of Venus lead to the formation of coagu-
lates which give rise to the ultraviolet haze layer which
has been observed.® This clustering is believed to involve
clusters of the form CO;'COZ' The complexes COE.(HZO)XY can
also form as has been observed with NO+, H20 and 502 sys-—
tems.®
Large clusters of water molecules may play a role in
the upper atmosphere.l'l4'15 These clusters have the form
Ht (H20)n and are called hydrated protons. Cluster ions of
this type are believed to be formed by a series of reactions
with either NO* or 05 as the principal precursor ion.
Kinetic studies of proton hydrate equilibria in the
gas phase have been donel®s17 ang have thrown light on the

problem of the solvation of ions. Attachment of water mole-

cules to the hydrogen ion had been observed mass spectro-



metrically, prior to the above work, in flames, 18, field

19

emission, and gas discharges.20 Clustering of water

molecules on alkali metal ions has also been observed.zl'16

It has been reported that cluster ions of the form

2+ 2

M .(X),, where M2+ is Mg4T, ca®*, and Ba?t and X is one

of the neutrals Ar, 02, N2, CO, and C02, NZO' and H20 exist

and the rates of association of these species have been measured .22
Also the cluster reaction rates of Na® and K' have been

measured with O, and C02.23 The association rates of Cl1~

with Hy0 and NO_ with Hp0 have also been measured . 24

2
It has already been mentioned that cluster ions of

the form H; exist. These are also written H+(H2)n. It is
not surprising that clusters of the form Li+(H2)n, with n
even, have also been observed.30 Also ions of the form
BeH; , with n odd, have been detected.26

An interaction similar to those already mentioned.
but leading to a bond between a rare gas atom and a metallic
ion has been postulated to account for perturbations on the
frequencies of rotational and vikrational spectra and changes
in geometry when a molecule is trapped in a rare gas matrix
(as in matrix isolation spectroscopy).27 For one molecule,
MgF,, there is evidence that in the matrix it is bent,28 but
in the gas phase it is linear.2? This may be explained by
an interaction between the highly ionic Mg atom and the rare
gas matrix. This will be discussed in more detail later.

There is experimental evidence that cluster ions of

the form Li"'(Ne)n with n< 6 exist.30 These have been pro-



=

duced by bombarding solid neon with low enercy lithium
ions. Earlier work,31 based on mobility studies, sug-
gests that the ion Li+ He, exists. Recently the ion
Li* (Ar) has been detected in a drift tube.89

Very larcge cluster ions of hydrogen, with m/e
ratios up to several thousand have been observed during
electron excitation of large neutral hydrogen agglomer-
ates formed in supersonic hydrogen jets.32 Presumably
the larger clusters are Van der Waals aggregations. As
previously mentioned small hydrogen cluster ions of the
type H:, with n odd, have been produced by excitation of
condensed hydrogen layers at 3°K with low energy electrons.7
It has been reported that a maximum exists at m/e 15. How-
ever, other studies indicate a maximum at m/e 2 as well as

3

at 15.l The deuterium cluster ions D; have been re-

ported to exist and D;1 and DIS appgar to be the most abun-
dant species.33
Mass spectra of ions of the form K+(H2)n have been
observed.33 The ion K+(H2)32 has been reported to be very
prominent and it has been suggeéted thaélthis ion consists
of two shells of 12 and 20 molecules distributed around an
icosahedron.33 It is interesting that the ion Ar+(Ar)32has
been postulated to exist based on arguments from mobility

data.34

ITons of the form O; (02)n have been observed ex-

perimentally. The values of p reported run from n=1 to



5

8.3% 1t has also been suggested that cluster ions of the
form 05(02)n exist based on mobility data.37

Ions of the type N; with n=5 to 9 have been pro-
duced in a flowing afterglow.38 Also the ions 05 (Ny)
and N} have been reported.33

There is evidence for the existence of a number
of other ions including ammonia ions such as NHZ(NH3)n
with n< 20,39'40 ions of the type H+(H20)n (CH30H) (in
gaseous water - methanol mixtures),41 and ions like
)‘33

and NO—(HZO

0, (Hy0) s O7 (H,) , OH™ (H,0)y,

The ions He; have also been observed with n=1 to
4. 44

Considerable theoretical work has been done on cluster
ions. One early study used kinetic theory to investigate
the extent to which polarizable molecules attach

45

themselves to slowly moving ions in a gas. In this

study two potentials were used. One was of the form
and @@ for r< r, . This hard sphere poten-

/
tial was not found to be accurate and so a second potential

-kr~4 for r Z r,
of the form k'k ~12 - kxr~4 was used and results in general
agreement with experiment were obtained.

Another approach to hhe theory of ion clusters in-
volved the use of statistical mechanics.46'47 This study
took into account the polarization force as well as chemical
binding forces.

The Huckel molecular orbital approach and other



semi~empirical methods have been used in several studies.
For example the Huckel method has been used to predict
that the triangular geometry of H; is of lower energy

48-50 Semi-empirical theories

than the linear geometry.
and theories based on electrostatics have been used to

predict possible structures for OZ 35,51 and OZ, Oz and

+ 52,53

Ny

For the clusters H: a number of calculations have
been done. Among the ideas which have been used to treat
these clusters are the maximum symmetry model, the hvdrogen
bond model and the diatomics-in-molecules model.?8s 54, 55
The first model predicts that identical atoms in a poly~
atomic molecule or ion adopt the most symmetric geometry.
For H; this suggests that the protons are equally spaced on
the surface of a sphere - with possibly one proton at the
center. This approach is not generally correct. The second
model assumes that a proton acts to bind together two or
more neutral fragments. It is assumed that the main at-
tractive force arises from the ion-induced dipole inter-

action. This ignores the ion-quadrupole interaction as

well as other forces in these systems and so is not even

+
3

when it is believed to be triangular). The third model as-

qualitatively correct (e.g., it predicts H, to be linear,

sumes that the total energy ofany polyatomic system is ex-
pressed in terms of the ground and excited state energies

of all possible monatomic and diatomic fragments. This

model predicts H; to be equilateral but gives wrong pre-



dictions for higher systems.

A general approach to ion-neutral bonding has been
developed by 5pears.56 He uses repulsive potentials de-
rived from semi-empirical calculations and a group of at-
tractive potentials. These potentials include the ion-
dipole (if a permanent dipole moment exists), ion-irduced
dipole, ion-quadrupole and other less important terms. For
certain ions it is shown that the molecular hyperpolariza-
bility is quite important. Using this approach excellent
agreement with experiment is obtained in many cases.

A semi-classical model due to Poshusta, et al. is
called the ion-bond model. This is similar to Spears' ap-~
proach, but it is not made quantitative. It assumes that
the binding in the ion clusters is primarily electrostatic.
The interaction is between a central atomic ion and sur-
rounding neutral fragments, which may be either molecules
or atoms. This model predicts that in such clusters

(i) the binding energy is small

(ii) the bond lengths are large

(iii) the vibration frequencies of the neutral frag-
ments are unchanged from their isolated
values and

(iv) the electron densities are unchanged.

This model also predicts that in cluster ions containing more
than one kind of atom, the most easily ionized atom plays

the central role.



A number of ab initio calculations have keen Adcne
on cluster ions. The system H; has been treated by a
number of authors, since it is a simple two electron system,
shaped like an equilateral triangle, with a side length of
about 1.67 a.u. and a binding energy relative to H, and HT

of about 5.0 eV.

+
4

this cluster ion has never been observed experimentally.

Calculations on H, have also been done. Apparently
A calculation was done on this sytem by Poshusta and Mat-
sen?8 using the valence bond approach. Their basis set
consisted of one s-type gaussian on each proton. With
this limited basis set they predicted that HZ is stable,
belongs to the point group C3,, and has a binding energy
relative to H; and H of 0.54 eV. Increasing the size of
the basis set to two orbitals on each proton gave similar
results. However, Schwartz and Schaad64 repeated these
calculations with five Gaussians on each proton and found

7 confirmed this re-

no stable geometry, Poshusta et al.”
sult. Later Huang, et al.65 did more accurate valence bond
calculations which also showed no stability for this ion.

66 3ia a vBCI

More recently, however, Poshusta and Zetik
study of this system and report that it is stable with a
binding energy of 0.85 kcal/mole. They explain the absence
of Hz in mass spectrographic experiments to be due to the

lack of a mechanism by which it might be formed.

It is interesting, in light of Poshusta's simple ion-



bond model, that a calculation has been done on H2+

and it has been predicted to -be unstable.68 This is in
accord with the notion that the doubly positive charge
will reside on two centers, since each center has the
same ionization potential. These two positive centers
will then repel each other with a Coulomb type force and
the system will be unstable.
48

did a VB calculation on H;.

Using a basis of one s-type Gaussian on each proton, they

Poshusta and Matsen

constructed a ten-term wave funcfion. Their result was
that Hg is stable, has an elongated tetrahedral geometry
(with symmetry D2d) and a binding energy relative to Hg and
Hy, of 0.81 eV. They find the separation between nearest

proton pairs is 1.5 a.u. - almost the same as H,. Another

calculation of theirs on this ion yielded similar results.>’

. . . 25
A calculation of H; by Easterfield and Linnett,

in which they used the molecular orbital (MO) approach and

the floating spherical Gaussian orkital (FSGTO) method of

Frost,69 yielded a geometry which differed from that of

Poshusta. Their most stable geometry was one in which three

protons are disposed in an isosceles triangle having one
o

side length of 0.85A and the other two of length 0.91A.
A line through the other two protons is at right angles

to the plane of the triangle and the whole assembly has

C,y, symmetry (a distorted tetrahedron). They feel that H;

can then be regarded as an H, molecule polarized by the

2
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neighboring H; triangle. They find a binding ererav of 9
kcal/mole.

Huang, et al.65 did both a VBCI and an MO-SCF cal-
culation on Hg. Their VBCI calculations predicted ex-
tremely weak bonding. The MO-SCF calculation predicted a
distorted tetrahedron with C,, symmetry in which the H,
sits about 3 a.u. from the Hg apex and perpendicular to the
plane of the H; triangle. This is similar to the geometry

of Easterfield and Linnett. Thelir calculated binding energy
+

5
lar complex (of the form H§"'H2) and because they believe

is 4.25 kcal/mole. Since they regard H_ as a loose molecu-
that, in effect, it is composed of two closed shell systems
which dissociate into closed shell systems, they feel that
bonding in this system should produce very little extra cor-
relation energy. For this reason, and because they used a
large basis set, their results are felt to be reliable.

HZ has been predicted to be unstable on the basis of
a VB calculation.4 It has been reported that calculations
on H; have been carried out, but no details were given other
than it had Cy, symmetry.25

A number of other calculations on cluster ions have
been done. Poshusta et al.57 have done calculations, using
the VB method, on BeH;, Lider",  He', LiHJ, LiH}, He,H',
HeH;, and HeH;) as well as those previously mentioned. These

+

were all found to be stable. They also predicted that He2H2

HeHZ are unstable.
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Easterfield and Linnett25 used the FSCE™Q rethod to

+
2

that BeH:, with n odd, might be stable.

predict that LiH n' n=1,2,3 are stable. They also suggest

An interestinag set of calculations were carried out
on the systems HeBe2+ahd NeBe2+;27-These.were_LCAOrMOrSCF or Roothaan
Hartree-Fock type calculations. Large basis sets of con-
tracted Gaussians were used and both systems were predicted

to be stable. HeBe2+

was found to have a dissociation enerqgy
of 18.6 xcal/mole and NeBe2t had a dissociation enerqgy of
13.2 kcal/mole. As previously qiscussed this calculation has
implications for matrix isolation spectroscopy.

Computations have also been done on the energy surface
of the ion HeH;.7O’71 In the study done by Edmiston, et al.
a CI calculation using pseudo natural orbitals was carried out
and part of the energy surface was computed. They found that
the correlation energy, which is about 25 kcal/mole, changes
smoothly with internuclear separation and that the total
change between reactants and products is only 3 kcal/mole.
This suggested to Brown and Hayes that an LCAO-MO-SCF cal-
culation might permit a study of the entire potential surface
for this system. 2As a result of this they found a minimum
corresponding to an He-H-H bond angle of 180°.

Ab initio calculations using the VBCI method have
been done on He2H+ and it has been found to be a linear

symmetric system with a dissociation energy of about 0.45

eV.72
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Another system which has been carefully studied is
BeH";.73 Both MO-SCF and VBCI calculations were carried out
on this ion. It is predicted to be weakly bound in a 2Al
state. The calculations indicate that this ion is triangular.

The molecule ion He'has been studied in some de-
tail. Fraga and Ransil74 did an SCF-MO-CI calculation on
this system and found it to be metastable with a hump
shaped potential curve.

It is possible to extend ab initio calculations on
diatomic ions to small internuclear separations. In some
cases these calculations can be related to the results of
low energy scattering experiments involving the ion and
atom making up the diatomic. In particular, if a repulsive
potential can be derived from thz scattering data this can be
compared to a similar potential deduced from theoretical com-
putations. For example, the system Lit - He was studied

experimentally by Zehr and Berry.79

They calculated the
short range interaction (repulsive) potential for this sys-
tem from low energy scattering data (< 1000 eV). At these
energies the Born-Oppenheimer approximation may be in-

voked.113

They found that a Thomas-Fermi-Dirac (TFD) cal-
culation of the repulsive potential at small internuclear
separations have good agreement with experiment down to
0.32(;. Below this they found divergence between theory and
experiment. Ab initio calculations had been made on LifHe by

717

. 76
Fischer, Junker and Browne. and Catlow, et al.,78 and

compared with the results of Zehr and Berry and also with
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later experimental results on the same system by Aberth and
Lorents.80 Poor agreement was again found to exist below
0.3&. More recent measurements of Li¥He collisions have

shown the existence of inelastic and charge exchange chan-
nels and the energy variation with internuclear separation

- of the "summed" elastic, inelastic and charge transfer cross-
sections is now in substantial agreement with published ab
initio ground state calculatioris.gl-'83

More recently Giffen and Berry75 have reported mea-
surements of the elastic scattering of 100-800 eV Be ions
by He atoms. They determined an effective interaction po-
tential for internuclear separations 0.15<]R<]“0£. Agree-
ment of this potential with an interaction energy computed
from a semi-classical TFD model was reported down to 0.3&.
Below 0.32 there was serious disagreement between experiment
and theory.

The preceding discussion has indicated that ab initio
calculations have been usefully employed in predicting the
energetics and geometries of a number of molecule ions and
in fact, to date, this method has often been the only way
geometries of these systems have been elucidated.

The ab initio methods most fregquently employed are
based on either the VB or MO approximations. Only the MO
method will be discussed here.

The MO-SCF method in the LCAO approximation as de-
veloped by Roothaan and also called the Hartree-Fock-

Roothaan method will be discussed in detail in Appendix 1.



Basically the problem is to find a set of molecular

orbitals which can then be used to construct an antisym-

Y-ax

where 4 is an antisymmetrizing operator and

Y¥-a4 ...4 (2

86

metric wave function of the form

(1

where}@ds a one electron spin orbital. The spatial part

of this is first expanded as _
s = %C‘w %
(3

where the Jf¢ are the atomic orbitals or basis functions. These
basis functions are often centered on nuclei, but this is not
69
always necessary.
To find the coefficients it is necessary to solve an
algebraic equation called the Roothaan equation. For closed

shells this equation has the form 87

%/’ (%4 — Smec)Cig=0 44,4 (4

where F}yis an element of the Fock matrix and %ﬂf is an ele-~-

ment of the overlap matrix. éfé is an orbital energy and may

be obtained by solving the secular equation87
/g Sy €5/ =0

These equations in general have to be solved by an iterative

procedure since Efﬂ depends on the Ci'S. In general if there

are m basis functions there will be m eigenvalues and m

orbitals. The extra m-n orbitals are called virtual orbitals
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and are of use in constructing excited states for CI cal-
culations.84

The open shell equations are somewhat more compli-
cated and will bhe briefly discussed in Appendix 1.

Two basis sets in common use consist of Slater type
orbitals (STO's) and Gaussian type orbitals (GTO's). Many
others have been proposed.88

The GTO's have the form

—kr?

e

Usually they are multiplied by a function of the coordinates,
in which caée, if the function is a simple product of powers
of coordinates, they are called cartesian Gaussians and have
the form

88
. L
/I/XA y;‘ Z: e-"‘"z 5

where
xA = X’AV/ ‘A = radial distance from A

l, m, n are zero or positive integers
and N is a normalization constant.

Gaussian functions are considerably easier to inte-
grate in the type of three and four center integrals which
appear in the Roothaan equation than are Slater functions.
However, they are not as accurate at large distances from
the nuclei, nor are they as accurate very close to the nuclei
as ére the Slater functions. In general, a Gaussian basis
set must be two to five times larger than a Slater basis set

to obtain the same accuracy. A discussion of Gaussian
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basis sets has been given by Boys.96

For manv of the sys-
tems to be discussed here the Hartree-Fock-Roothaan method
is especially well suited. 1In particular, for closed shell
systems which dissociate into closed shell systems, the
interaction energy should go to the proper value in the
limit of large internuclear separations.90 Even in some open
shell systems the calculated energy goes to the right limit
as R goes to infinity. In general this is not always true
of MO calculations, which frequently yield the wrong limiting
value to the energy of the separated system. Examples of
this can be found in reference 91.

A number of general programs exist for carrying out
MO calculations on molecules or atoms. The set of programs
used here for all calculations to be reported is called

POLYATOM. J2~94

This implements the method of Roothaan with
Gaussian basis sets. A brief description of POLYATOM will

be given in Appendix 2.
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II
THE CLUSTER IONS H;

A series of calculations were carried out on the
cluster ions H: using the LCAO-MO-SCF method. This work
will emphasize calculations on the system HIl. The other
calculations were done by Dr. S.W. Harrison.

The basis set used in all these calculation- con-
sisted of four s~-type Gaussians on each proton, which were
contracted into two functions. One was a set of three
Gaussians and the other was one primitive Gaussian. The ex-
ponents and contraction coefficients were obtained from refer-
ence 111 and are recorded in Table 5. Calculations by Dr.
Harrison indicated that this basis set predicted a reliable
geometry when used in a calculation on HZ as compared to
previously published results using more extensive basis
sets. 853

Certain assumptions were made in order to make these
calculations tractable. The first one, already mentioned,
was the use of a small basis set. The second assumption,
based on the fact that these clusters are weakly bound and
assumed to be of the form H;°°-(H2)n, was that the H;
triangle was the central ion in each of these systems. In

fact, for all clusters higher than H; it was assumed that
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H+ is an equilateral'triangle with a side lenath of 1.66

a.u.63 The H-H distance in all H, pairs was held at 1.40

a.u.The third assumption was that all bonds which could be
interchanged by symmetry orerations of the point group to
which the cluster was assumed to belong in a given calcula-

tion were varied simultaneously.

+

H', as already mentioned, is an equilateral triangle.

Calculations on the electron distribution in this system95

indicate that the negative electronic charge is primarily

+
3

relatively "bare" and positive.

in the center of the H., triangle and that the protons are

2). The H2 molecule

is arranged so that its axis is orthogonal to the plane of

H; may also be written H; . (H

the H; triangle and its center is 3.0 a.u. off the tip of
the H; triangle. This may be explained by invoking an argu-
ment similar to the general argument used by Spears,56 in
which the primary bonding forces in cluster ions are as-
sumed to be electrostatic. The two strongest of these for-
ces, in cluster ions with nonpolar neutrals, are the ion-
induced dipole force and the ion-quadrupole moment force.
The ion-induced dipole potential has the form?”’
2

\V¢e)= ’-zi'i,é%— (6
where Q is the charge on the ion, is the polarizability
of the neutral and R is the ion~-neutral distance. The
second force arises from the ion-quadrupole moment inter-

action and has the form56
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Vi£)- BA (5¢s?©-) (7
FY &d
where Q is the charge on the ion, M is the quadrupole moment
of the linear neutral molecule and R is the distance (ion
to center of mass). © is the angle between the molecular
axis and the vector R.

Since the polarizability of H, is greater along its

2
axis than perpendicular to it97 the ion-induced dipole
interaction favors the orientation with the axis of the H,
molecule in the plane of the H; triangle and pointing along
the line passing through both the apex of the triangle and
its center. It should be pointed out that this assumes the
proton at the apex of the H; triangle is essentially bare of
electrons and thus acts like a positive charge. That this
geometry is not correct may be explained by noting that the
is positive.114

quadrupole moment of H From the potential

2
energy given in equation 7, it is seen that this interaction
favors the perpendicular orientation. This does not elimi- -
nate the possibility that the H2 molecule will lie in the
plane of the H; triangle but perpendicular to the line through
the center and the apex of the H; nucleus. However, it can

be argued that the in-plane configuration would be energeti-
cally less stable than the out-of-plane orientation because

of the repulsions between the two protons and the H; mole-

cule and the two protons in the H; behind the apex. It

should be noted in this regard that ab initio calculations
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have indicated that the in-plane orientation is less stable

than the out-ocf-plane orientation.48

The binding energy of H; relative to dissociation
irto H; and H2 was found to be 6.0 kcal/mole with this
basis set. With a more accurate basis set, including p
function, the binding energy was found to be 4.25 kcal/

mole. This agreed with the result obtained by Huang, et
al.65
A reasonable way of constructing H; would be to

add an H2 molecule at the second apex of the H; tri-

65,25,98

angle, so that this system would have C2V symmetry.

This H, would also be arranged orthogonally to the plane
of the H; triangle. This indeed was found to be the best

geometry for this molecule. The length from the center of

+
3

librium distance was found to be 4.4 a.u. and the dissocia-

; and H2 was found to be 0.4 kcal/

either H, pair to the center of the H triangle at the equi-

tion energy relative to H
mole.
For H; it seemed reasonable to assume that the third

H, pair would be located off the tip of the H; triangle and

arranged orthogonally to the plane of the triangle. The

distance from the center of any H, pair to the center of the

2
H; triangle was found to be 4.5 a.u. and the bond energy

relative to H;. and H, was 2.5 kcal/mole. The symmetry of

this system was D3h.

The ion HIl which will be discussed in more detail
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later, was found to have the additional H2 pair with its

axis along the principal axis of symmetry of H;. The
over—all symmetry was C3v' This geometry maximizes the
interaction between the quadrupole moment of the added
hydrogen molecule and the net negative charge at the

center of the H; nucleus. The distance from the center of

* to the center of the H2 pair was estimated to be 5.8

3
a.u., while the distance from the center of any of the other

the H

three H, pairs to the center of the triangle is estimated
to be 4.5 a.u. The binding energy was estimated to be 0.6
kcal/mole relative to H; and H,.

In HI3 the fifth H, molecule is added onto the
principal axis of symmetry of H;l’ opposite to the fourth
H2 pair. The distance from the center of this H2 pair to the

center of the H; triangle is 6.0 a.u. and the hinding energy

is 0.6 kcal/mole. The over-all symmetry is D3h'

A fairly extensive search was carried out to deter-
mine the best geometry of H;S.It was originally sucgested
that this is stable when arranged as six hydrogen mole-
cules packed in an octahedron around an H; nucleating
center.7 This was not found to be the case. Instead, the

most stable structure was obtained by adding to the HIB

structure an H molecule with its center in the o plane of

2
+
symmetry of H13. The distance from the center of this H2
+
pair to the center of the H_ triangle is 7.5 a.u. and the

, 3
binding energy of this molecule is 0.3 kcal/mole relative



22

2v
It is interesting that the above calculations show

to HI3 and H2. The symmetry is C_ .

that each H: cluster ion can be formed by the addition of

one H2 pair to the basic structure of the previous member of

the series. It should also be kept in mind, when comparing
these results to experiment, that the actual machanism by
which E' clusters form will depend on the conditions of a

n
particular experiment.

104

The total energies, bond energies
and geometries of these cluster ions are listed in Tables
1 and 2 and Figure 1. All of the above results have been

99 The arguments given here pertaining

reported elsewhere.
to electrostatic forces governing the geometries of these
systems are only qualitative and cannot be made quantita-
tive without a detailed treatment of the repulsive forces
in these systems.

Calculations on the HIl cluster ion will now be
described. Two geometries were tried. The first is a
tetrahedral arrangement since it was originally thought
this would be favored.

A program was written to compute the coordinates of
the H atoms. The symmetry appropriate to this geometry
(C3y) was used as a basis for calculating the coordinates.
Also as a further guide three dimensional models of this
and other H: cluster ions were constructed. These were
helpful in visualizing the structures of the clusters. The

energy cut-off used in this and all other calculations which

follow was 5 x 1072 a.u.
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The first geometry tried had C symmetrv, with

3v

the H; bond distance set at 1.66 a.u. The H, bond length

2

was set at 1.4 a.u. This was a tetrahedral arrangement,

with the axes of the three H, pairs, below the plane of

2
+ . . s
- the H3 triangle, perpendicular to the radii from the

center of the triangle. This accords with the qualitative
argument based on the ion-quadrupole interaction. The

fourth H2 pair was placed above the plane of the H; triangle

and its axis lay along the principal axis of symmetry of

the cluster. Two coordinates were varied. One was the

+
3

to the center of the H; triangle. The other was from the

distance from the center of any H2 pair, below the H. plane,
center of the H; triangle to the center of the Hy pair with
its axis along the principal axis of symmetry.

When both these coordinates were varied simultaneous-
ly a minimum was found at 4.8 a.u. This may be seen in Fig-
ure 2 and Table 3. This minimum was found to be above the
sum of the energies of H; and H,. Thus it appears this
geometry is not stable. When the first coordinate was held
dt 4.8 a.u. and the second varied no minimum was found and
the energy was always above that of H; and H,. This is sum-
marized in Table 3. Finally the Hy molecule along the
principal axis of symmetry was tilted perpendicular to this
axis, but without significant improvement in energy.

The second geometry which was tried had the centers

of the three H, pairs in the plane of the H; triangle and

the fourth H2 pair with its axis along the principal axis of
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of symmetry of H;. This geometry is depicted in Figure 1.
The same two coordinates were varied here as in the pre-
ceding case. These results are recorded in Table 4. Fig-
ure 3 shows the results obtained when these two coordinates
were varied simultaneously. From this data the binding
energy and equilibrium geometry were estimated. It is seen
from Table 2 that Hy; is only slightly stable relative to
H; and Hy,. In Table 5 the exponents and contraction coef-
ficients for these calculations are listed. In Table 6 the
MO coefficients are listed for the stable geometry of HIl
close to equilibrium.

A third geometry was considered. This was a tetra-
hedral arrangement with the axes of the H, pairs along radii
from the centers of the tetrahedron to the corners. This
was rejected because the interaction between the quadrupole
of the H, pairs and the ion would not give rise to a strong

attractive force.
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IIT

CLUSTERING OF HELIUM ON BERYLLIUM IONS

2%

Hayes and Gole have calculated the Be“*He inter-

a.2? They carried out

action energy using the-MO-SCF metho
their calculations because of the possible significance
they may have for matrix isolation spectroscopy. They pre-
dicted that Be?fHe is stable and has a binding energy of
18.6 kcal/mole. In their calculation a basis set of thir-
teen grouped Gaussians was used, constructed from 18 primi-
tive Gaussian orbitals.

2+ ions

Because of the possibility that Be' and Be
might serve as central ions in clusters when the neutrals
are rare gas atoms, calculations have been performed by us

on the systems Be?*He, Be2%tHe., and BetHe. These are ab

o
initio calculations of the Hartree-Fock-Roothaan type.
Except for Be'He, these are closed shell systems which dis-
sociate into closed shell fragments. Be2*He has a le+
ground state arising from the j;'zzf‘ orbital configuration.
Bez"'He2 has a lé; ground state arising from a/d;zzd}z.?d?‘z
orbital configuration. Since Be2+ and He lie below Be' and

105 2+

2+ . . .
Be He dissociates into Be and He and

2+ 2+

He' in energy,

Be2* and He and Be He, dissociates into Be“"He and He.

+ .
Be He is an open shell system having the orbital configur-
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ation 10'21"236'. This gives rise to a 24+ state. Even
in this case where dissociation is of the form
Be'He __ » Bet + He (8

the MO method can yield reliakle results. In fact, for all
these systems.the energy surfaces produced are expected
to be quite parallel to the experimental surfaces, even for
configurations that are far from equilibrium values. This
results from the fact that the ion-induced dipole inter-
action, which is believed to be the chief attractive force
in these systems, is fairly weak and is not'expected to |
produce extra correlation energy effects not accounted for
in the Hartree-Fock-Roothaan method.

The Gaussian basis sets used here were derived from

2+He the basis set consisted of 23

several sources. For Be
Gaussians. These included ten s- and six pz-orbitals on Be
and five s- and two pg-orbitals on He. The exponents were

100 and Kaufman and Sachs.lOl. These

obtained from Huzinaga
are listed in Table 7 and the calculated energies at var-
ious internuclear distances are reported in Table 8 and
Figure 4. The bond ehergy was computed by taking the dif-
ference between the energies of the molecule and the
separated atom and ion. The energies of the atom (He) and
ion (Be2+) were calculated with the same program and basis
sets as were used in the molecular calculation. However,
only s-type orbitals participated in the ground state atom

and ion wave functions, as expected. The bond energy is

found to be 18.6 kcal/mole and the bond length was estimated
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to be 2.71 (¥.01) _a.u. An examination of the coefficients
near the equilibrium internuclear distance (Table 10) in-
dicates that the double positive charge is localized almost

2+ jon with the electron distribution of

entirely on the BRe
the helium atom slightly polarized towards this positive
charge, as expected for an ion-induced dipole bonad.

The closed shell system Be2+He2 was treated by a
similar method to that used above. A basis of thirty
primitive Gaussians was used. This consisted of five s-
type orbitals and two pz-type orbitals on each helium atom
and ten s- and six pg-type orbitals on the beryllium ion.
The exponents were taken from the same sources as above}oo'lOl
The exponents are listed in Table 11.

Only the linear case was investigated. Any non-
linear geometry is expected to increase the repulsion be-
tween helium atoms with no other compensatory advantage and
hence would not be favored. It was assumed, of course, that
the two helium atoms were on opposite sides of the beryllium
ion. This accords with the notion that the central ion in
a cluster has the lowest ionization potential (see Intro-
duction).

In Table 12 are listed the energies calculated at
various internuclear separations. Figure 5 depicts the
variation of energy with the simultaneous variation of

the two ion-atom distances. The MO coefficients are giv-

en for a configuration near the potential minimum in
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Table 13. Again it is seen that the MO coefficients implv
an ion-induced dipole bond. Finally Table 9 lists the

dissociation energy for the reaction

BeZ* (He)2 ;_____9.Be2+He + He (9

which is 17.7 kcal/mole, with an internuclear distance of
2.72 (¥0.01) a.u. This is in reasonable accord with the

fact that the double positive charge in Be‘He is localized
on the Be2t ion, so that it presents a similar interaction

to a second helium atom approachincg from the non-bonded side
as it did to the first He atom. One might extrapolate to con-
clude that clusters Be2+Hen for n> 2 may also be stable. Eow-
ever, in such clusters some of the helium atoms will be
closer to each other than they are in the linear case. The
resulting increased repulsion will decrease the stability

of such clusters. The magnitude of this increased repul-
sion can be estimated from empirical relations for the re-

pulsion between helium atoms102

and it appears such clus-
ters will be stable.

The molecule ion Be He has also been studied. As
stated previously, it is believed to have a ground state
arising from the /o-320%30 orbital configuration. The
possibility that a 277 state, arising from the orbital
configurationfﬂ'qzﬂ'%/zc might be the true ground state
seems unlikely'since the 3o orbital would be expected

to lie below the /27 orbital at all internuclear dis-

103
tances. The Roothaan double operator open shell
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: - , 85
procedure was used to calculate the energy of this system.
Only the 2%+ state energy was calculated. The parameters
<, & and ) as required in the POLYATOM open shell pro-

85

gram PA42 were taken from Roothaan's paper and were

*K =0, F =-2.0 andy/ = 0.5
The results of this calculation are listed in Table 14. It
is seen that the mimimum energy occurs at about 6.4 a.u.
(¥0.1) and the binding energy is about 0.12 kcal/mole (see
Table 2). This was calculated by subtracting the sum of the
atom (He) and ion (Be+) energies from the energy of the mole-
cule at its equilibrium internuclear distance. The atom and
ion energies were calculated with the same basis set used to
calculate the molecular energy. Twenty-three basis functions
were used with ten s- and six pz-orbitals on Be and five s-
and two ps-orbitals on He. The exponents were takeh from the

100,101 and are listed in Table 15. The MO coef-

literature
ficients near the equilibrium internuclear distance are
listed in Tables 16 and 17. They show an ion-induced dipole
bond.

As before the energy cut-off in all tﬁese calcula-
tions was 5 x 10”3 a.u. This corresponds to about 0.03
kcal/mole and so the bond energy might be off by as much
as 0.09 kcal/mole. This however is an extreme upper
limit to the error, so that the system is almost certainly

stable. The calculated value of the bond energy might,

however, be in error by a large relative amount.
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To explain the long bond length and extremelv weak
bonding in this system it should be noted that, from the at-
tractive potential listed in eq.5, reducing the charge on
the Be from +2 to +1 reduces the attractive force by one-
quarter. The repulsive force may aléo be larger. The ad-
ditional electron in Be'He is localized primarily on the Be
atom (as may be seen from the MO coefficients—- see Table 16)
and is not strongly involved in bonding. It does seem, how-
ever , that the charge density associated with this elec-
tron is axially symmetric and pointing towards the He atom.
Thus it apparently serves only to increase the repulsion in
this system.

Some of the results described above are reported else-

107
where.
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Iv
CLUSTERS OF HELIUM AND CARBON IONS

It is well known that helium atoms and carbon ions
exist in interstellar space. It is believed that a charge

transfer process of the form

¢+ He ¢t 4+ et (10

occurs in the interstellar medium. Attempts have been
made to calculate rate coefficients for the above pro-
cess.106

The possibility that helium atoms might cluster on
carbon ions has been investigated. 1In particular, the ions
Hec2t and HeCt have been studied theoretically by us. Clus-
tering of helium atoms on carbon ions would be in accord
with Poshusta's Ion-Bond mode157(see alsc Introduction).
Since this model predicts that in any cluster the most
easily ionized atom plays the central role, both c2* and
ct ions would be suitable as central ions around which He
atoms could cluster (see reference 105). Presumably in
such systems the bonding would be of the ion-induced di-
pole type. Since this interaction leads to weak>bonds,

systems of this type tend to have smaller dissociation

energies, smaller vibrational frequencies and longer bond



lengths than other similar but covalently bonded mole-
cules.

The molecule ion HeC2+ is a closed shell system
with orkital configuration Jorz0 302 The ground
state is thus lf*ﬂ HeC+ is more complicated. It is an
open shell system whose ground state might be 277 arising
from the/o?2¢2%30°/configuraton or it might be a 2Z%+
state arising from the/d’z'”x’s”z’l"'configuration. The
diatomic CH, which is isoelectronic with HeC' is known to

108

have a Y4 ground state. This however does not rule

out the possibility that He ct has a 2£7 ground state.
The molecule may have a much longer bond length than CH,

which would tend to favor a 2ﬁ+ ground state, as may be

103

seen from a molecular orbital correlation diagram. For

reasons to be discussed later, only the 2 77 state of HeC+
was considered here.

Since experimentally it is known that the sum of
the energies, assumed negative, of He and c2+ lies below

the sum of the energies of He* and ct and that the sum of

105

+ .
the energies of He and ct lies below He and C, disso-

ciation of the molecule ions is expected to take place as

follows:

2+ 2+

HeC s He + C

(11
Hect ____ yme + Tt

The calculations were done using Gaussian basis

+ . . .
sets. For HeC2 a basis set of thirty Gaussians was em-
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ployed. These include ten s~ and six ps-type orbitals on
the carbon and nine s- and five pe-type orbitals on helium.
The separated atom and ion enefgies were calculated with
the same hasis set usel for the molecules. In Table 18 the
exponents of the basis functions are exhibited. These were

(o]
100,101,109 In Table 19 are

obtained from the literature.
listed the energies as a function of internuclear separation,
including the sum of the calculated atom and ion energies at
infinite separation.

In the case of He ¢t it was assumed that this system
has a 2}7’ ground state. Computations on this system were

85 The basis

done using Roothaan's double operator formalism.
set consisted of thirty-five Gaussian functions, including
five s-, two pe-, two px—, and two py-orbitals on helium
and nine s-, five pg-, five px-, and five py-orbitals on
carbon with exponents taken from the literature.loo'lol’109
In Table 20 these exponents are exhibited. The separated
atom and ion energies were acain computed with the same
basis sets. The calculated energies for HeCt are listed
in Table 19. The constantsd,/,y called for in the
POLYATOM open shell SCF program were chosen to be
+ 1.3333333,:: 1.33333333,- 0.25.

Attempts to calculate the 2f£+ state of Hect

failed due to a lack of convergence of the iterative pro-

cess used. As marny as fifty iterations were used in

this calculation, and, despite the use of special averaging
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and extrapolation subroutines, no convergence of the SCF
energy occurred. In this calculation the internuclear
separation was held at 3.3 a.u.

The spectroscopic constants were obtained by doing
a least squares fit of the calculated energies to a Hulbert-

110 The actual fitting of the data

Hirschfelder function.
vas carried out by Dr. G. A. Henderson. The calculated
spectroscopic constants are listed in Table 21.

The results indicate that both molecule ions are
weakly bound. HeC2t has an estimated dissociation energy
of 9.3 kcal/mole and a fairly low vibrational freguency
(493 cm™ 1) for a first row diatomic.l08 This is consistent
with the weak ion-induced dipole interaction believed to
dominate the bonding in this svstem. It should be noted
that experience with calculations of this type indicate
that bond lengths can be predicted to within 3% and vibra-
tional frequencies are accurate to within 10—20%.91' 87

The 2 /7 state of Hect is extremely shallow. The
binding energy can only be estimated to be 2 0.55 kcal/mole.
Due to this, the dissociation energy and spectroscopic con-
stants are probably less accurate than for Hec2%,

In Figure 6 the potential energy surfaces for these
systems are exhibited. 1In Tables 22, 23, and 24 the MO
coefficients near the equilibrium internuclear separations
are listed for these ions.

The results discussed here have been reported

elsewhere.112
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v

SOME UNSTABLE IONS

2+

4
The ion He2 is believed ‘to be metastable.7' This

means that while its potential curve shows a minimum, it

also has a maximum and the energy of the dissociated prod-

2+

5 at its potential

ucts is lower than the energy of He
minimum.

It was thought worthwhile to study the closed shell

system He§+

to see if a stable geometry couléd be found. Only
the linear case was treated. The calculations were done with
Gaussian basis sets and the orbital exponents used are listed
in Table 25.

No stable linear geometry of He§+ was found rela-

tive to dissociation into 2He and He2+.

2+

The energy of 2He

and He is known experimentally to lie above He; + He+,

which are the presumed dissociation products. Thus, He?t
is probably unstable. It appears therefore that a doubly
charged helium nucleus may not act as a nucleating center
for a helium ciuster. The calculated energies are listed
in Table 26.

It has also not been possible to find any stable

2+

geometry for the closed shell system He (H2)2.
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VI
2+
He-Be INTERACTION ENERGY AT SMALL INTERNUCLEAR DISTANCES

An interesting problem is that of the low energy
scattering of Be2+ ions by He atoms. This has been investi-
gated experimentally by Giffen and Berry.75 A theoretical
treatment of this problem, using the LCAO-MO-SCF method to
compute the interaction energy at small internuclear dis-
tances is possible for the following reasons:

i) The system has only four electrons, so an ab

initio treatment is possible.

ii) The /020 * ground state of He-Be?™t goes over
directly to the 1s? 252 united atom ground
state of C2+, so the calculations will be
accurate at short distances.

iii) The interaction energy goes to the proper limit

2+

as R2°?, since the He-Be ion and the

separated atom (He) and ion (Be2+) are closed
shell systems.90

iv) The Born-Oppenheimer approximation should be
valid for ion energies used in the experiment

(100-800 ev),ll3

To find the interaction energy of the He atom and the
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Be ion atla_given internuclear sepafation, the total energy
of the atom ion system is computed with basis sets of atomic
orbitals on each center that are flexible enough to aliow
for the distortion of charge on each center at small separa-
tions. The separate basis sets are also used to calculate
the energies of the free atom and the free ion. Since both

the He atom and the Be2+

ion have filled s-~orbitals, the p-
type basis functions includéd in the atom-ion system need

not be used. The interaction energy is then the total energy
of the atom ion system minus the sum of the free atcm and the
free ion energies. The limit of the electronic energy of the
HeBe?t system as the internuclear distanct R—» 0 is found by
computing the energy of the united atom C2+ with the same ba-
sis set, again only using spherically symmetric atomic orbi-
tals.

The actual computations were carried out using the
LCAO-MO-SCF method. The method is that of Roothaan with
Gaussian basis sets employed. The basis set consisted of
ten s- and six pz-type functions on the Be ion and nine s-
and five pz-type functions on the He. The orbital exponents

100,101,109 _ 5 are listed in

were taken from the literature
Table 27. The results of these computations are listed in

Table 28 and were least squares fitted to a Born-Mayer type
potential. The result, with the interaction energy in elec-

tron volts, is:

V(R) = 944 exp {(~6.23R) (12
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for the range 0.16< R< 0.794A. When compared to the cal-
culated values this expression gives an interaction energy
which is lower by about 10% at 0.163 and about 4% at 0.79&,

and is higher bv abhout €% at 0.32A. The interaction energy

derived from scattering data by Giffen and Ber:;y75 has been
reported to have the form
V(R) = 600 exp (-5.70R) (13

for 0.15< R=< 1.0R.

The results of the LCAO-MO-SCF calculation, and the
values obtained from the two Born-Mayer potentials for the
same value of R are shown in Table 29. The two Born-Mayer
potentials are also plotted in Figure 7. They differ by only
0.213 ev at 0.79A, but there is a spread of 108 eV as R
decreases to 0.16A.

Table 30 gives the ground state energies obtained
from the free atom (He) and free ion (Be) and for the united

atom C2+ system. For comparison the experimental values and

the best reported SCF values obtained by Roothaan et a1.l1l4
are also shown. Inspection of the Table shows that the basis
sets used here give energies that compare favorably with the
best reported values. Comparison with the experimental val-
ues shows that the correlation eneray for helium is about

1.1 eV while that for Be2+

is about 1.2 eV. The correlation
energy for the ground state of c?* is about 3.8 eV. The
interaction energy is the difference between the total energy

and that of the separated atom and ion. The error in the
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interaction energy for the molecule can be estimated in a
first approximation by subtracting the correlation energy
of the separated systems from that of the united atom, giv-
inga a magnitude of 1.5 eV. This method implies a monotcnic
increase in correlation energy ongoing from the separated
atom to the united atom and this may give a value which is
too low. However, the correlation energy is not expected
to be a very sensitive function of the internuclear dis-
tance and therefore the maximum correlation error in the
molecule is not expected to be far different than the value
for the united atom. Hence we expect the estimate (1.5 eV)
of the error in the interaction energy to be of the correct
order of magnitude.

It seems reasonable, therefore, that in the case of

HeBe2+

, the total error in the interaction energy, due to
electron correlation, would be of the order of ten eV. Since
the difference between the single determinant SCF calcula-
tion and the experimental results below 0.3 internuclear
separation is as much as another order of magnitude larger,
correlation energy alone cannot explain the lack of agree-
ment.

The total electronic energy, plotted as a function
of internuclear separation, goes smoothly to the united atom
ground state value (~-36.4070 a.u.), as shown in Figure 8.

The energy of the lowest occupied orbital, which corresponds

to the (1s2) orbital for the separated Be2* ion,also goes
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2+. The variation

smoothly to the 152 orbital energy for C
of the other orbital with energy is not monotonic, but ex-
hibits a small maximum at about R = 0.3 a.u. and falls to

the 2s2 orbital value for C2+

which it was approaching from
below for larger separations. it was felt that perhaps the
basis sets did not allow for enough distortion of the charge
distribution at some values of R so slightly larger sets of
p functions were used on both the He and Be2*t centers. This
did not eliminate the maximum which is 0.2 a.u. above the

2s2 orbital energy of c2+,

The orbital energies are listed
in Table 31. Table 32 lists the exponents of the expanded
basis set. The maximum in orbital energy may be indicative
of configuration mixing at R = 0.3 a.u. The work of Miller
and Present115 for He2 is suggestive of this, but further cal-
culations are necessary in the case of HeBe?t to assess the
importance of such mixing, particularly since orbital ener-
gies may be sensitive to the orbital exponents.116

The lack of agreement between theory and experiment
may be explained as being due to inelastic excitations of the
He étom and charge exchange between atom and ion, both of
which reduce the flux in the elastic channel. As Giffen and

Berry75

point out, elastic scattering resulting in charge
exchange was not observable with the method of measurement
used in their experiments.

Further study of excited state potential curves and

possible curve crossing effects are indicated.
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VII
SUGGESTIONS FOR FURTHER WORK

There are many possibilities for further work in
this field. Calculations on the H: cluster ions may be
extended by using p functions. These would introduce a
more accurate representation of polarization into the cal-
culations. Also semi-empirical calculations might be done
on higher members of this series.

The 227—state of the molecule ion HeBe+ might be
calculated in order to determine with certainty whether it
lies below the 2ﬁ+ state. Also further attempts could be
made to calculate the 2ﬁ"'state of Hect.

The system Hez is an interesting ion whose struc-
ture is unknown. It has been detected experimentally
and might be worthwhile treating theoretically. Further cal-

culations on the scattering of Be?t

ions by He atoms are
warranted. These could include C.I. studies and studies of
excited states, which might throw light on the precise nature
of the scattering process. Also the scattering of C2+ ions by
He might be studied theoretically, by methods similar to
those used in the HeBe2+ case.

A variety of open shell systems of the cluster ion

type are possible and might be studied. For example, BYHe

and NtHe might be stable systems.



Appendix I

The Hartree-Fock-Roothaan approach to SCF
theory has been discussed in a number of published

works, 84-87,90,91, 118, 119 A short outline of this

theory will be given here.

The MO-SCF method is based on the variation the-
orem. This states that if the energy is evaluated from
an approximate wavefunction, which meets certain con-
ditions (e.g., boundary conditions), then that energy
will be an upper bound to the lowest enerqgy eigenvalue

119 that is

LY/ HY/IY¥> ZE] (14
{¥/v7

of the Hamiltonian,

It should be noted that if ¥% is an approximate wavefunc-
tion of different spin or symmetry from the around state

wavefunction, then

LU/ /4> >n (15
{%’/%>

where En is the lowest eigenvalue of the Hamiltonian asso-

ciated with the lowest state of the same symmetry as';tn.

In the orbital approximation, each atomic or mole-
cular wavefunction is assumed to be representable as a
product of orbitals. 1In order to satisfy the Pauli prin-
ciple this product is antisymmetrized. This may be accom-
plished by writing the wavefunction as a Slater de-

terminant. This has the form87
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Yo S Y > LD YalaD) Yo (252/ s

where‘;é is an orbital and ?2? is the orbital with op-
posite spin. We are assuring here that the wavefunction
describes a closed shell. The term closed shell as used
here refers to a set of orbitals such that
i) Every orbital occurs twice, namely, once
with either spin and
ii) If there is degeneracy on account of sym-
metry, the orbitals which are degenerate
form a complete degenerate set.

The Hamiltonian for the system is taken to have the
87, 118

form
M= S, 4 % 5.5 25
(17
N L oE Za
where A= "Z Ve é"’ y X (18

and r 5 is the distance between electrons, R/g is the
distance between electron i and nucleus a and Z, is the
charge on nucleus a. Atomic units are used throughout, and,
in the Born-Oppenheimer approximation, the nuclear-nuclear
repulsion term is a constant. For this reason this term is
omitted from the Hamiltonian for calculational purposes.

It is assumed that all molecular orbitals are
orthonormal (i.e., (%/ }/77: S:7). Then the total energy

may be written87
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E= 2 :E; He auzifﬁi (;23;;' /tﬁ;,) (19

where

Hi =LY QY HD /DY
Ty KXY DY D)L )Y DY @)y
Koy - YD %D/ B! Y DY (DD

The condition is then imposed on the energy E that for any
variation in the orbitals, E = 0. This, together with the
condition f(%‘/g')fanéures that the energy is a minimum.
In order that these two conditions be satisfied, the method
of Lagrangian multipliers is used.8 The variational equa-

tion is then

JE- 22; 2 €50 (KIL/Y )44/ SHT=0

Ultimately this leads to an equation of the form

/512? B fi;‘fg}i'ézz (21
ya HDIERLT ) (22

where

H(1) has beeﬁ defined pre?iously (eg.18) and
Ty ) Y ) - <Y YL, /Y DY D23
GOV <Yz, sy

It can be shown that E]‘/ are the elements of an Hermitian

matrix,87 so that
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¥ . -
€ij =64 for all £ 7

It is possible to diagonalize this matrix to obtain

FY-€Y (24
which is a pseudo-eigenvalue egquation.

The solutions of these equations form a set of or-
bitals called cannonical orbitals. The following facts are
true of them and of the orbital energies.

i) All eigenvalues are real

ii) All eigenfunctions (orbkbitals) are, or
can be chosen to be, orthogonal.

iii) The orbitals may be grouped in sets such
that each set belongs to an irreducible
representation of the symmetry group of the
molecule.

iv) The orbitals can always be chosen real.
It is of interest that the total energy can be written in
the form }
E=%; (fi+r€s ) (25

and that the orbital energy can be written

Ey = Hi + &5 27 /- 47
The Hartree-Fock equations are difficult to solve
for molecules. The LCAO method is preferable, though less

accurate. In this approximation each orbital is expanded
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into a linear combination of atomic orbitals or basis func-

tions. This expansion has the form87

‘11Z’=: féa (2;,.;2; . (26

where the ¢p are the basis functions. As discussed previously
(see Introduction) two popular sets of basis functions are
the Slater type orbitals (STO's) and the Gaussian type orbi-
tals (GTO's). The Hartree~Fock equations now take the

form
2/(/}1-&, éi)('zfj: O c=/--.,2
(27

where J}’i: <?///,03’) (28
/73 = <Bp/ /B>

F/j is called an element of the Fock matrix and Sﬂ is an

element of the overlap matrix. This is an algebraic equa-

tion which must be solved by an iterative procedure since F

depends on the coefficients as120
(29
g =g rEe Re U eg/aartoalge))
where  (2g/107) =<’1{"l)‘¢,l (l)/,fz/éfz)fo_ 2 7(30

and fasc = 2 CJfZ Co<

In general there will be‘an extra set of orbitals among

the solutions which are not filled and are called virtual

orbitals. They are of value in discussing excited states.
Roothaan's open shell method is more complicated

than the closed shell method due to the fact that, in

general, open shell wave functions involve a linear com-
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bination of Slater determinants. Roothaan has, however,
shown that in some cases the total energy can be writ-

ten:85'86'87

T = 2%, Mhe +Zae (Rdig-Aie )
+ FL2E Mt F L, (28 Tus-bhicr) 31

+ 2 Z e (4‘{.'“,_4,/“ )]
where a, b, and f are numerical constants which depend
on the open shell being considered. The fractional occupa-
tion of the open shall being considered is f and a and b
differ for different states of the same configuration. When
the variation principle is applied to this expression, with

the usual orthogonality constraints applied, one obtains

Fc’¢¢ 46,0,6 (32
3 &, Ao Ho

and the total energy is given by

E = % a +A<) + FZ By + Ny

The operators Fe and F, are defined to be

Fe = H + 2 -ke + 2do-45 + 2% Lo
-8M(33
©
Fs = A -2 - AL r RaTy- b Ko +2 A Le- 8o
where

1 —j? 1 -F
An LCAO treatment of the open shell equations has

5

been developed by Roothaan.® As usual these equations must

be solved by an iterative procedure.
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Appendix II

The POLYATOM system of programs has been dis-

cussed in a number of publications.gz' 94, 121

This set of
proorams enploys CGaussian basis sets to compute MO-SCF
wavefunctions and other properties derived from them. It
does ab initioicalculations in the sense that it computes
all integrals and includes all electrons.

The system consists of a number of independent main
programs. The ouﬁput of each program is on tape and the
input is from tape and cards. The integrals are listed in
PA202A and PA20B and are evaluated in PA30A and PA30B. These
integral routines will do one and two electron integrals
over s, p, d, and f orbitals. PA40 performs a closed shell
SCF calculation. Open shell calculations are performed by
PA4l, PA42, PA43, which do a variety of open shell methods.
There are also special routines to do such things as
population analysis

All the closed shell calculations reported here
were done using PA40. The open shell calculations were
done using PA42 which is based on Roothaan's double

operator formalism.



TABLE 1

TOTAL ENERGIES OF H+ CLUSTERS AT CAL-
n

CULATED EQUILIBRIUM POSITIONS

Molecule Energy
H -1.1265
2
+
H., -1.2750
ut -2.4109
5
gt -3.5381
"7
at ~4.6687
9
gt -5.7961
11
ut -6.9233
13
Ht -8.0501
15

o B BT e e TS TR
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TABLE 2

THE CALCULATZD BINDING ENERGY AND GEOMETRICAL
". HYDROGEN CLUSTERS

= + _ - +
E =E (Hn 2) + E (Hy) - E (H)

4 : , c
Molecule E (Kcal/mole ’(a.u.)a (a?u.) (a.u.)
pt (1) 93.7
5
+(2)
n (3)
Hg 6.0 3.7
1+ . .
s 4 4.4
ut 2.5 4.5
9
N 6 4.5 5.8
11
ur .6 4.5 6.0
13
Ht .3 4.5 €.0 7.5
15

(1) H-H distance in ut nucleating center held at 1.66 a.u. (For -
the case H5 see Reference 65.)

(2) H-H distance in H2 held at 1.40 a.u.

(3) A}l distances are from center of H2 pairs to the center of
H .
3

(4) TFor meaning of parameters a, b, and ¢, see Figure 1.
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TABLE 3

(a)
DISTANCES AND ENERGIES FOR HY

11
(b) (c) (d)

A o E
4.6 4.6 -5.79097
4.8 4.8 -5.79160
5.0 5.0 -5.79140
5.2 5.2 ~5.79074
5.4 5.4 -5.78986
5.6 5.6 ~5.78890
5.8 5.8 -5.78795
4.8 4.9 -5.79197
4.8 5.1 ~-5.79249
4.8 5.3 -5.79279
4.7 5.5 -5.79294

(a)

(b)

(c)

(@)

This is for the first geometry of HIl discussed in
Section II of text.

A is the distance from center of H; to center of
any one of the three perpendicular H2 pairs.

C is the distance from center of H; triahcle to
center of the H2 pair whose axis lies alona line_

joining center of triancle to center of H2

E is energy in atomic units.
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TABLE 4
DISTANCES AND ENERGIES FOR H-]’_.l (1)

(2) (3)
a b E__
4.4 4.4 -5.79190
4.6 4.6 -5.79339
4.8 4.8 -5.79362
5.0 5.0 -5.79307
4.6 4.8 -5.79446
4.6 | 5.0 -5.79514
4.6 5.2 ~5.79554
4.6 5.4 -5.79577
4.6 5.6 ~5.79588
4.6 5.8 -5.79592
4.6 6.0 -5.79590
4.6 6.6 -5.79574
4.8 5.8 ~5.79508
4.5 5.8 -5.79608
4.4 5.8 ~5.79599

(1) This is for second geometry described in Section II
of text. See also Figure 1.
(2) See Figure 1 for meaning of parameters a and b.

(3) E is energy in atomic units.
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TABLE 5

The exponents and contraction coefficients for the Gaussian

+
11

+ .
refer to protons in the H3 triangle. The other centers re-

basis set used in computations on H HPl, HP2, and HP3

fer to the H2 pairs.



e
.

t¥¢ ORUBSIAN FUNCTION SPECIFICATIONS #%#
TTTTTT T NumpER OF PRINITIVE GAUSSIANS =T gy Tt T R -
NUMBER OF DASIS FUNCTIONS = 22
TTT T CBAUISIAN.  FUNCTION  COHPONCNT  CENTER TYPE EXPORCNT 77 COEFrICIENT
1 1 1 nP1 5 65314909 .0172320
2 1 14 HP1 5 B.6991500 2312880
S B Ty UTTTTTTTTICTT OUHPY T3 TTTTTT19,240C080 T 0320200
4 4 1 npe 3 0531400 0472380
] 2 |4 nre 3 £.0991%90 2312600
TTUTTTTTTTITG . T TR T TTTTTT Y T pg TTTT 8 TTTTT19,848€008 T T L DIESEAD
? y 1 nPy 3 6531480 0178380
0 3 [4 HPY 3 2.2991%e0 LE312920
Y - Rt | Tt T HPY 3 19.249€090 — LO3ELELD
10 4 1 H13 3 6531489 0178508
11 4 e mi 3 2.0991560 2312808
R T 4 T 7T T UMy T T3 TTTTTi9. 2480800 T T U, 0328200
13 s 1 ma 3 8531400 017320
1™ 5 2 hie -3 &.0991500 2318020
- 17T TN T e TS T19.2486008 T T, 020208
16 [ b h21 3 0531408 2178350
17 [ e HZ3 3 Z,0991599 »231E050
T a8 - TT3 OTTTT onerT TS T T 13.e400900 T L BMZRESD T
19 ? 1 ne2 5 6531460 0112380
€9 ? e nee 3 £.08391300 2312020
TR T T TTTTTTTY T ThRe T 8T T TTa9.8406000 T T T L 638200 T
22 ] 1 H)1 3 0531489 B I AL
o (31 . - H3Y 3 . b.tymmsp  LE3IRE®D
T T T 2a -] R H3i 3 15.£406069 . 0323208
£s 9 1 Hy2 3 85314960 2172380
% .9 B M 3 CB.B991%BD  EME9%D
27 9 3 H3g 3 15.235E05D .B3zZ8280
ee 10 1 H41 3 0531408 172580
23 Ww & may 3 E.ch891%589 . «E31ED29
w 10 3 n41 3 19.2406080 0320200
33 11 i n4e 3 8531999 3172320
2 & e 8 $.,0991%00 2510009
33 11 ] H4g 3 19,£496009 JD3poLLy T
34 1z 1 HP1 L <1775209 1.8620999
I - 13 b] HPE O3 . LATTE899  1.8£95590
— 30 14 1 HP3 3 1775209 1.D80E080
57 15 b Hi1 ] 1775000 1.0600000
3 1 1 ome 3 LaTTseed 1,D599000
33 17 1 T ne1 3 1775008 1,6060900
49 18 1 Hee 2 1775289 1.9900009
LT} 19 1 HIt 3 _«1775560 1,0859080
T 4e 29 17T nse - L1?750080 T 4.0050808
43 z1 1 h44 3 «1775000 1.0006000
99 ze 1 nyk 3

THE BASIS FUNCTIONS ARC LISTED I STANDARD ORDCR.

INTERNUCLERAR DISTANCES FROM OLOMETRY

. nX7730PB

1.0700908_

TCENTERS ™7 77777 TTALU, A,

v e e e———————
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TABLE 6

The coefficients of the basis functions in the MO's of
the HIl. The Geometry is that of Figure 1 with a = 4.6
and b = 6.0. For exponents and contraction coefficients

of the basis functions see Table 5.
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18
18

A

1 2
[} 1.1759267
’.35%9754 . 3618685
6617556 . 1348561
-. 2693325 .B929428
Al -.8168699
-.8290287 0146941
T -.pPe0828  -.1588935
-, 8609219 .Gbosgee
Al -.B1€6138
. B6E56E5 .8251392
.GoBI008 . oog6G24
8EEEoE0 BoBgEEe
Al -.7994927
T . B694852 . §694949
-. 6167149 B177717
-.B16%H2  -.B856275
3 -, 7544238
0078217 LOu153 14
-, 3684353 .BE63595
-.34915862 -.2195124
-, 1267492 )
.2818636  -.1489724
- ZZBEEGJ 1.5354189
T .PPBEe58 -,0208159 -
A1 -. 1287137
. 6008539 L2441 785
-. 8505698 G995213
.Egdogde - .E6050800
Al 8318927
-.0368536  -.5365690
-.5912563 . 5267986
LB1876685  -,7795597
Al 0593487
8082256 - .5505266
.Bo51242 B364946
| -.BB12629 0511637
Al 8593911
-.0080080  -.0061421
-.0o06Ee0  -.BE00000
.GoGEe0 - .6EGOGD]

Hi1+  AXIAL ) ~
T e yOLECULAR DRBITRLS“‘ A o
ITERATION
3 4 T8 T8 T T8 T g 18 T T
1.88806 .
3816665 " LB207458 T L. E2B7568 T T.B287174 7T T.E287274 T .B201174 T .8287274 T C.E639846° 0 T T T
.1342878  .1342878  .GB55428  .E@E56G38  .BB5S289  ,gE55815  .6@55288 8655915
1.66686
0146933  -.2585114  -,258639F .1299%43  ,1296669 1289978 .1296596  -.@5E0635
G758858  .B756615 -.2167437 T-.2116255 TT.1851562 1856825 .1B51583 <. 1855966
1.80808 T o - ’ o .
-.6251396  .BEoEE42  ,@pBEEYe  .2237398  .223B487 -.223M44F  -.2238529  .BOODOEA
-1295714  -.1295739 _ .BUBOE34 _  .0PBEA34 1824236 1831995 -.1824276 _-,1832824
1,86888
634949 =, 1828728 =.1829744 — =.1832357 —=:1833368=,1832357  <,1833369-.5116366 ~
\B177589  .G177569 -.1598064 -.1599787 -.16B1279  -.1603068 -.1661279 -.1683661
1.5%66
8876374 .0293329  .6E85118  .BE93322  .BP85118  .gP933e2  .BE85112  -.3185737
.6853811 ~ .06B3B11° -.@018482 ~ .G145BE6 -.001B439 .G145B16 -.B616434 " 5145616 ——
-.1969656  -.B7659563 ~.0718865  .@354454 (0354671 .E354437  .O354654  -.BBBEEY6
-.7677613  -.7677245 _ -.1317936 _ -.13B9415  .b658633  .B654333  .pbhA6g2  .geS43@d
-.2441824 -, BBEEOIG” -,E005810 " -.0613643 -,B614819 5613652 0614828 -, 80BEB66 " - — T T
1.3296799 -1.3297612 -.DEGES18 -.0BGGBAB -.119B374 -.1132957  .1148392  .1132975
-.0360696 _ .D464483  -.B642160  .G462843 -.B648496°  .g462843  -.BBYEN96  -.BBOSE34 _
0288341 ~ .P268341 © .BOEB3TI  -.7974839 " 7988918 " -,7957395 . 7988918 7 -,7957394 T TTTT
-.0B06266  .1667556 -.1861777 -.B533854 5531 . -.B533823  .B53135%2 -.B6E6179
-.00g3839 _ -.0B03039  1.3257843 -1.3266B71 -.6637182°  .6638681 -.6636796  .6638216 ¢ .
GBg1y2y  -.B8EPO18 - .EEEEE18 - -.B924325  ,B919588 0924343 - -.0919598 - - .0OEEEED
-.0064626  .BOG4620  -.G@0B222  .EEEE222 -1.1486009° 1,1488557 - 1.1486232 -1.1488780
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11 A . 1866261 —_
111 8965275 6953679 .0963679  .RE416S  -.B276535  .@694512 -.B270954  .6694S12  -.E278954  -.B944389
. %%iggggl, i ggggg?i -.0606636 -.0666636 - .4833817 .‘191653-1 484B828  -.49922947 4848820  -.4922947

-1. z ] ;

RIS T a1 QugEEE2 T S e s e e e S

B Pligieny ie 549 - 183534 -.1918781 - 1839904 -.1918269 '+, 1834904 S 1910269 2552192

Coo vBmmads AETSSES  WBI31S  WBISIS (1G4G6I8  (GBGNSD 1G4TS14 DGO IG41SN4 _LEE367
-.2212 I : .

13 A1 . 1643483 .
T 13777 -, p828543 0416762 " LB416745 T =.6717197 T-.6725759° T, 3346698 T 3349518 + 3348553 . 3349373 0019114 T
0516933  -,4513498 2252838 2252746 .6465¢92 6462915  -,3220613  -,3228995 -.3200482 -.322E663
e _ -.8D16467 -.0817322 ) L L e - o
14 A1 . 1044245
14 .oBoge1g 0729388  -.0720698  .GDEOGI9  _.6OBEESEG _ 5811449  ,5816829 --.5811528  -,5816907 _ -.B8BOES1
- 2;‘3&2@%} gzﬁgugi .39B4843 TT7=,39g4182 -, D0BEBT6 T -, 8O E 6~ T-,5591 786 =, 5958645 .5591782 5598725
] . BEGTeH

TS At . 1162561 ’ o T o Tt e mmmm e

1§ 541395 | LGE45969  .OSY45959 1891579 LSRRG 11931 J20ESL 11932 LOUTEESD  -.7480727
- 7663922  -.G346548 -.6329838 -.B329038  -.1579742  -.1192735 -.1606999 -.1218342  -.1666439 _ -.1218843
= =T ER75657 T .6639242
) 16 A . 7664937

TTTTTTT 18T L 3E8gess .3599323 7 .3500323 © -.4275879 T -.3886704 T -.4284682 " -.3895613. "-.4284682 -.3895613 ~ -.1727919 T T
-.2"3',421584'3 - zggggf’é ~. 3978966  -.3976961 287335 .4267296 4218977 - 4276169 4215977 .4270169
27888

17 A1 /9551728
— 17 0808053 -1.0660254 1.6660261  -.QODOE3  -.00OEOE3 __ .B579195 5 17797 -.B579192 _ -.B577794 _ _.EE68EE6
-.8653698  -.0005884  1.6588089 -1.68886E5 0608889 BG83 — 17636 "-.1776968 ~ 1777621 T 1776951
EE50559 .BE8ET6D
TTTTTTTI8 9552848 T T ’ T S C ot T
18 ~1 2311 95 6152897 6152989 .B668115 0666334  -.0333681% - 5332965 -.0333615  -.0332976  -.6Dg00%4
‘ -BE556933  1.9508539  -.9748171 | -.9748316 _ -.2051863  -.2850999 .1625396 _..»1025693 _ .1625411 _ _.1825189
T T -.eudp483 -, 6036476 '
19 A1 1.2416772

TS ey o Gniosss - puzess T SBISG 5010954 5773480 T 565164 . 5706400 2. 5786163 ~uge9ant
TiSSgions 669117  GO6GBW3  .AeOBe3  .BOLTIN  LBBll9 _.BIGAINE  (Boiooes - Evearn  a33ares
o -.4950523 6282535 coo e e e _ e e
25 A1 1.2784837 i
26  .65D2g66  .gEEg9G2  .BEEBYER .9341265  -.9337094  -.4690482 4658451 -.4p00326  .4GBB295  -.BBISTIY
TTTUUT BEISI 0052093 S.GUGESPT T IBBOSS2T T1.141SHES C1L1411875 ISTMEMSS -S12631h (5730068 - 512Rigs
R /1147 . -

Tt 28 0 Ad 1'97559!:? . : Tt T : T, - o T . TTTTTTT T T
21 -.0EB6BE9  -.GOOGYSe  .OBODYSS  -.BOOGOSY  .0ODOPR9  -.8181186  .8097628.  .811278 -.8B97NS  .BGEOEHD
. ;DIONSSL  .DUGODD  DODODD  -.DOUDSHB . BBOADY - WOOE\DY _.SA%641b _ -.9BOSSG2 _-.96UEsel 9655762
- bt 2E5 i i

: 22 a1 1.3712095 3 L
22 TT-.g861488  -.B660967 1 -.B860967 TT-.3143282 T .3137150  -.3148679 TT.3142572 TTC,3148679 3 42572"71,8614356

-.9762846 8934845 .B934168  .£934168  .4293263 -.448B8966  .4299754 .4987362 4299755  -.44987362
-1.3762272  1.2621394
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TABLE 7

Exponents of Gaussian basis functions used in BeHe?t cal-

culation described in Section III.



#&F OAUSSIAN FUNCTIGN SPECIFICATIONS ##¥

NUMBER OF PRIMITIVE GAUSSIANS

= 23 _
~ -MNUMBER OF BASIS FUNCTIONS =- 23 - S e o
BAUSSIAN  FUNCTION COMPONENT CENTER  TYPE .  EXPONENT COEFFICIENT :
L W | RN HEPP 5 96. 71296868 LLBBOBGOG & - e e e
2 2 1 HEPP 5 146694650 1, 6866560
3 3 1 HEFP 5 33692418 1.£005605
— § 3 1 -~ HEPP 5 - -B736980 1,BEBEIOG - - e e e e
5 5 1 HEFP 5 | 2445780 1.6059680
g B 1 BEPP s 1.3543106 1.68662G8
- ? 7 1 BEFP 5 532,25¢5900 1.0633960
8 8 1 BERP 5 117. 7590660 1.6078505
9 9 1 BEFP 5 32,6562500 1.6850058
18 1B 1 BEPP 8 3.6662600 1.6055550
11 1 1 BEFP S 36303060000 1. 6860558
12 12 1 BEPP 5 16.9501550 1.6883080
13 - - 13 1 BEPP 0524668 1.6BEEOO8 - o om e -
14 1 1 BEPP 5 11562350 1.0255078
15 15 1 BEPP E . 3898560 1.0960080
I 1 - EEPP 4 - .B330768 10BBBITEG - - oo e e e
17 17 1 BEPP Z 1.9660500 1.8295080
18 18 1 BEPP 813500680 1.606506
19 19 1 BEPD - - g - 5760000 1.6069098 -
26 28 1 BEFP 12126666 1.8800800
21 21 1 BERP Z 6820080 1.8809608
g2 22 1 HEPP Z - 930060 1.0608600 e e
23 23 1 HEFP 2. 7660600 1.6006600

THf BASIS FUNCTIONS ARE LISTED IN STANDARD ORDER R

e # %5 RENORMALIZATION % % ¥ - e

GANSSIAN FUNCTION COMPONENT CENTER  TYPE L # N EXPONENT  COEFFICIENT
2 3 1 1 1 g B 6 1 &5oaean 1.6655500
3 3 1 1 1 6 6 & 3.3642410 1.6556550
I T B T T S 18 8- B - B3BBG - 1.BEEGREH - e e

5 5 1 1 1 g6 6 @ -2435225 1.6059600

& B 1 2 1 g8 6 g 1.3543108 1.6860660

7 7 1 ? 1 ¢ & 6 - 532.2850866 - 1.B00B08G - s
8 8 1 2 1 6 & b 117, 73935666 1,6065656

g 9 1 2 1 g 0 & 32.6562600 1.G560600

16 18 1 2 1 6 & & 3.6652660 1. 6608650

11 11 1 2 - 1 g - 6 0 36383500500 1.6660685

12 12 1 2 1 g8 6 & . 10, 4551656 1.6595850

13 13 1 2 1 6 6 @ 524666 1.6330500

13 13 1 2 1 6 & @ -1502360 16556590

15 15 1 2 1 8 & @ . 5390560 1.0566000

16 16 1 2 4 g € 1 5330040 1, 6095600

17 17 1 2 4 ¢ & 1 19506060 1.6696608

18 18 1 2 4 g. @& 1 8.3509600 1. 0660000

19 - 19 - 1 2 4 g & 1 /5700005 1,6688606 -
28 26 1 2 4 g ¢ 1 2126600 1,000506G
21 21 1 2 4 & & 1 . 6820660 1.6660000

6S



TABLE 8

INTERNUCLEAR DISTANCES AND ENERGIES IN Be

(a)

(b)

(c)

R is distance in atomic units.

E is energy in atomic units.

Sum of separated atom and ion energies.

Belt

(b)
B

-16.21327
-16.49838
-16.50008
-16.50055
-16.500€0
~16.50061
-1€.5005¢
-16.50054
-16.50030

-16.49941

-16.49660

~16.48673
-16.47082

2""He

Note that

60

energy is ~13.61093, and He energy is -2.85989.



DISSOCIATION ENERGIES AND BOND. LENGTHS OF VARIOUS

MOLECULE" IONS .

Molecule- Bond Length
Ion (atomic units)
BeHe?*t 2.71
Be2+(He)2 2,72
Be+Ee 6.4
2+
He3
2+ ————
He (H2)2
Hec2t 3.26
Hect 4.89
ut See Table 1
11

(a) Relative to dissociation into Be an

2+

(b) Relative to dissociation into HeBe

(c) Be2+

to He distance.

Calculated Sym-
Dissociation Energy. metry
" (kcal/mole)
18.6 (@) Loov
17.7®) Dok
%
0.12 4
unstable ————
unstable ————
9.3 looV
0.55 loov
0.6 C3v
2+

d He.

and He.

€l

State

I+

Ié'f
277
IA.
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TABLE 10

Coefficients of basis functions in MO's of BeHe2+

at inter-
nuclear separation of 2.71 a.u. For exponents of basis

functions, see Tablé 7.



g

~a

LV

16
14

- 2.
5.6166812

YRR
-.80e6162° -, 6001366

- 0005271  -.2428451
865228’ .BoB2972

A1 16755721,
-.ﬁﬂ?Sﬁ?ﬂ - 855476
050578 -B145989
.5492515 -0634426
At ..615585
8011766 599494g
16824856 . . - 6041838
RE '37_ ‘ 3
ogpa62 " e198593
-5P00369 " -+ |B187336
-.5563332 . -.E327226
57597

Al =25
.6061#87 6011513

- 6606576  -.0278781
-.1657171  -.04918362

AL -,2286794

S goees1s T Bag3121
.gO6B3S6 - 169583
.1197914  -.8178553

A1 .3923472
8034783 .G465856
.GE0EEE1 8612751
(6692218 .2193123

[} 4492165
-.00149071  -.0263344
0601467 .1856399
.4877527 3658119

A1 6938579
n.ﬁﬁﬁ#?S@ -, 8155724
-,6006858  -,0491511
-2.0349574 7176324

i
!

" HEPP D SYMMETRY 7/71

3

1.00609
- . 0053698
- 0517693
.6661288

1 ﬂﬁﬂ@ﬂ

.5882510
-.1176512
6128398

0045132
-1,5553748
-.g086154

-,8041661
9534485
-.8636271

~.0072246
-.8773361
6672861

0493693
-,2183512
-.g127917

g024133
-1,3665885
6620971

6158831
0771146
-. 0160049

]

-.0009663
8879498

-.5637783
-.6268439

.£839996 -

-.8384653

6196930
-.8767906

6372364
» 2965460

-.6533624
3.6614416

-.4326528
-.5286751

oo d

MOLECULQRI%PBITALS

5 . 6

-, p0gb222  :,3392802
-.6357945 - ,6E6E592

-. 3388656 . 6456565
-.057146%9  -.6022682

1636698 1781868
-.063856199 . 5655556

. 7891862 . 9604195
B4949360 -, 0896302

.g156059  -,0757142
-.0915696  -~.4633157

-.0997146 .£481652
6546838  -.9365086

-,2762693 .%ES?iZB

-.6884374 -1,5190360

-2.1519670 . 3936245
-1,5667313 1813317

LI773416 7497792

-2,7997519 61766601

.1901648 -, 3404409

1.6885122 6722395 -

~.00y22
6162

*

(2318,
OCo

.06G2185
-, 06168832

.8008330

. 0196617

8662977
-.6643283

0194968

0903819
.§341586

-. 6608461
- 5716864

. 8005324
-, 8292652

.BPG 7653
0215632

-.0863631
-.5152597

8

- 0224221
8061135

8512027

-.6024985

0645109
6536875

6015868
-,8165433

-. 0023897
0631543

6014943
658277

-. 6001282
-.0677346

6842256
-.0115449

. 6063624
B842642

-. 8632474
-, 6248994

9

-.0876465
. 6806785

. B645756

-,8553314

6176571
6793635

8063743
-.2631836

-. 0166571
6682834

.0666398
13340835

6092975
- 49494724

6118829
B841573

-, 8057915
-1.2997434

6269153
- 16242580
.1116619
11262356

8421845
-.6686021

-.0762437
2844759

04734392
» 3284759

\,"U'
R
Win
o

. 6292611

1.1657952

-. 0892565 .

2587196

-B081084
2.7323374

£9
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[T
W

i W IFJIJVIIL T
-.8012367  -,0180527
. 6006551 .G443887
-.5585768 -1,1135522
A1 3.8393129
.B022685  -.EE854729
.BG06579 -.0820873
-. 7445871 -.26737127
Al 4,2486331
-, 0642830 . 6952552
.GBg2231 -. 1396999
-, 0412561 .1818381
a1 4.7168777
LE215@58  -,0146918
0603384  -.8333762
-.2525251 B462833
Al 6.0206247
-.0G18547 -.0614183
-.8808267  -.6632667
-,1144169 . 1669732
a1 18,6659511
- BECEDIS  -.B84E17
16012532 4526839
,B634197  -.8362376
A1 19,0613628
-.06@2937 0118326
-. 8608946  -.18395814
.2551231 85365167
A1 25,8022781
6263261 -1,5364326
-.08pEH82  -.6261115
-.1357681  -.5224282
A1 68,8320746
BB51829 .9630617
.BE89114  3,3852225
L228825 -.0267018
[} 175,9876848
1.2645059 -1.8928346
.GeBEE53  -.065225%6
- 6480669  -,0871549
At 259,93868354
LBOBT877 - 6919074
-, 6145763 -1, .5527193
-.0166896 .6182933

Al 1141.2742287
.0g01612  -.B@EE739

-.6619955  -,84324%4

- 6047662 0046346

-a anAA sAAwAANa

-, 0106834

- . 1449709

6257620

2084958
8131328
6859197

- . 3630461

4942594
-.8656293

1.5992537
-.0937496
.199398

6199291

1.7826348
-,0681669
8117349

-.9115716
-.18386596
-. 08439417

6310643

- 6242026
0638879

8856275
6498059
60626341

0p23868
8221924
0008551

3748784
-1.64990564

-2,1034172
~. 4648535

2629255
4G 76934

8375435
« 7902359

-1.8356697
-.B774128

6198166
. 3818982

-, 3561242
-.6246191

-.893353
-.1836169

- 048561
-.0816169

-, 2259729
2.9064531

1.1923290
6567981

-.5323648
~1.45193G6

-. 5808475
(1372794

.4987848
8534990

-.0152492
-. 1616666

. 1785558
8152449

6070853
3349784

.5539&92

-. 7763685
0272275

,1918658
.6345555

-.07137153
.6183179

1 i 2434
061660

-.8199815
. 0670636

El

682

-.292072
001328

8862659

-.6297816
8561345
1.4575322

. 6046*
-. 8626

L
wiv
(Y o)

6003678
- 2631573

0868697 -

-, 63062254

-. 0423885
BG38264

8826441

-, 0086176 -

0051906

-. 6504210

1758585
-. 6613615

LegEs11y

6819217

-1.,947495@
0085128

~1.6860434
.6E62178

8635671
-1.6972659

1383720
.8215984

.§276512
2266894

-.1966152
6486746

013261
,G141372

-2.3096439

-~ 0842536

0535474
1.31495861

2.6673935

1083619 - -

4277468
- . 0582147

-3.94204186
-. 6692648

.6150596

51248
BB 792!

Frads]
W
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TABLE 11

Exponents of Gaussian basis functions used in calculations

on He Be2+ as described in Section III of the text.

2



T T

A3

DRETRLN

cmtin@en

o

%% OCAUSSIAN FUNCTION SPECIFICATIONS &%+

NUMBER OF PRIMITIVE GAUSSIANS = 30

... NUMBER OF BASIS FUNCTIONS = 38

GAUSSIAN  FUNCTION  COMPONENT  CENTER TYPE EXPONENT
- B} 1 1 HEPP1 s 2445280
2 e 1 HEPP1 S . 8730386
3 3 1 HEPP1 s 3.3042410
4 4 1 HEPP1 S 14.6094600
S 5 1 HEPP1 5 96.7296068
3 (] 1 HEPP12 . 8 2445280
7 7 1 HEPP12 S .8736980
8 8 1 HEPP12 S 3.3042410
9 9 i HEPP12 S 14.6634688
- 10 18 1 HEPP12 s 86.7236860
11 11 1 BEPP -] 1.3543188
12 12 1 BEPP S §32.2808068
—_— 13 13 1. BEPP S - 117.715556608
14 14 1 BEPP ] 32.6562686
15 15 1 BEPP S 3.6682660
e ... 16 . 16 1 BEPP S 3630. 3800600
1?7 1?7 1 BEPP ] 18.4851800
18 18 1 BEPP S . 6524866
- 19 - - 18 1 BEPP S ,1502360
28 20 1 BEPP $ . 3856568
21 - 21 i BEPP rd 0336600
- ee2 a2 1 BEPP . Z 1.9660260
23 23 1 BEPP z 8.35¢686%
24 24 1 BEPP 2 5700866
- 25 25 1 BEPP Z 2120068
26 26 1 BEPP 4 08285060
27 a7 1 HEPP1 z .S406600
- 28 28 1 HEPP1 2 2.,7000660
a9 28 i HEPP12 4 . S4006600
38 38 1 HEPP12 z

" THE BASIS FUNCTIONS ARE LISTED IN STANDARD ORDER

INTERNUCLEAR DISTANCES FROM GEOMETRY

CENTERS A.U, A.
HEPP1 - HEPP12 5.442000 2.878685
HEPP1 - BEPP 2.720880 1.439342
-HEPP12 - BEPP 2.72¢800 1.438342

.. NUCLEAR REPULSION ENERGY = .  6.61769786 A.U..

2,7000000

COEFFICIENT

1.8800060 e e e

1.0060008
1.86600880

1.8066608 - s e e e e e

1.,2668088
1.60865860
1.0630660
1.6650000
1.8566080

1.66060600 e e

1.06000000
1.06566600

1.6086088 - . - .- e
1.6000860
1.0662600
1.0060060 Y R .

1.00666608
1.0680660

1.0666560 P U P

1.6666000
1.086520600

1.00660668 RO N

1.0080608
1,EB5E000
1.0000680 - e e

1.00606068
1,0080060

1.0000086 - - -
1.0008600
1.0055000

PSEUDD END-OF-FILE MARKS USED
PSEUDO END-OF-FILE MARKS USED

" START 1-ELEC. INTS ... ELAPSED CP TIME IS5

7,284  SECONDS

[ P —



TABLE 12

ENERGTES AND DISTANCES IN Be2+(He)2(a)

(b)

R R
1.7 1.7
2.3 2.3
2.5 2.5
2.65 2.65
2.71 2.71
2.72 2.72
2.73 2.73
2.75 2.75
2.70 2.72
2.72 2.73
2.72 2.71
2.74 2.72

(a)
(b)
(c)

(c)
E

-19.08860
-19.36625
-19.38405
-19.38847
~19.38886
-19.38887
-19.38886
-19.38879
-19.38885
-19.38886
-19.38886

-19.38885

For linear symmetric case with symmetry Deos .

Distances in atomic units.

Energy in atomic units.

67
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TABLE 13

Coefficients of basis functions in MO's of (He)zBe2+. Both

Be - He distances are 2.72 a.u. For exponents of basis

functions see Table 11.



o0 ' - HEPP D SYMMETRY 7/71
) MOLECULAR ORBITALS
—— ITERATION 5§ . . et

. ROH 1 2 3 4 5 5 7 8 9 10
’ 1 A1 -5.5698953  1.00088 ’ :
1 -.0BOS6RS -.@0B977  -.005354S  -.0001373  -.0008158 -,.PO05685  -.B809774%  -.@003545 -.8001373  -.00861S8

~.3391242 -.@042244  -.0224146 ~.0870124 -.4321458 -~.0005269 -.2419429 -.06017373 .80683278 -.8366470
-.00E0000 .0ee00ee  -.0600080  -,0008000 .00P0800  -.0060008 8E63194 .0001132 -.E063194 -.8001132

. 2 A1 -1.6629482  1.00860

: 2 -.2328e@4 ~.3544767 -.1517319 -,@396848  -.P053578 2328604 .3544767 .1517319 8392840 0653578
.6008080 .LEoCees  .0e0Loe0 G00B008 . 8800000 . 00CEaeH Gooeses  -.0006000 60B088G - .6E86E08

R -.6B60251  -.8135922  -.8@34871  -,B757759  -.8525854 G342725 8355656 . 6E40570 .8355656 .GC4E570 -

3 A -1.6559449  1.00608
— 3 -.2424632 -.3579854  -,150B8485 -,0393965 -.£053521 -.2424632 -.3579854 -.1588485 -,8393385 -.@853521
. .0689817 6863657 .0616629 0064276 8382837 . 666G8385 .£196285 .0158748  -,0335654  -,9749343
0060600 . DECOEDD . BE6BLE0s .Go0eEe0 8000eee  -.0000000 0488772 0822765 -.0488772  -.gB22765

4 A -.524E834%
4 .3536351 .1299278 8587772 0136412 8519273 . 3536351 .1259279 0587772 136412 6819273
e «1758389 &BE8479 BB45618 0186282 +1154878 . 00851860 .0542601  -.2556351 -1.8733635 -.E532485

-.0600g00 -.0BOCOEG  .COOBODG  .EOeOEPe  .DeOgOPP  .OBO0PEB  -.0132538  .OE63842 0132538  -.B663842
... 8 m -.2581581 . ” -
PR 5  -.g862477 -.0026946 -.@0164BB  -.8003250 -.BOGEYBY  -.0062477 -.0E26946  -.00164086  -.E0D3256  -.B0EG464
: .0E58581  .BZ35766  ,BE2BEYS 01257494 ,@961374  .GOOG671  .6316487  1.8113918 -1.7134313 1278853
- .PEEEBES  .6ODBUGY  .OOBPCAD  .oOB2E0d  .OoePpEd  .DeeDEes  .B281323  .0@54632  -.8281323  -.GOS4E32 .

' 6 A1 -.2446228

6 -.2511577 -.8911279 -.@331186 -.BDPB1336 -.8P18977 .2511577 .0811279 .$331186 .86681336 .8910377
-.0800e20 -.00C0008  -.000PE08  -.D00BGEO  -.0000600  -.0000G60 -.0500680 @ -.0006000 .060p0eE  -.0008000
.9392188  -.89015035 -.0006338 -.0265755  -,0028691 .2692193 .6288452 . 0818651 6288452 .8018651

7 Al -.2371478

? . 7078898 .1553613 §727104 .8160239 .0023138 -,7078898 -.1553613 -.0727184 -.0166239 -,8623138
. EPBeTL0 eoBoEeY . 8G000E0 12270 BOBEEoY N 0G0BeE0 0606008  -.66C08600 - .PEECOE0
.3387716  -.0836161  -.0139446 -,2701892 -1.0161463 -.6052943 . 8094298 .£128950 8094290 01285568

. . 8 A1 -.84913483

' 8 -.3946482 -.6035402 -.0225176 -.8027207 -.8005793 . 3946492 8835482 .0225176 8827287 .B605793
-.0800600 -.0E00C00  -.0DE0EOP  -.6000000 -.0006000 -.0000000 -.6000E660  -.P0CO0B00 .6566550 0B50600
-1.63112781  -.0531798 -.8P953911 -.P7252280 -.9372019 2.8474478 .8266298 0867066 .0286238 8667666

9 A1 .3962126

9 -1.3736832 8575574 .8269172 8384787 .DB26040 -1.3736032 .8575574 .9269172 8384757 6626048
.2209664 .60036868 6228648 6071694 £275169 . 0256538 .8392854 .3851915 9457718 -, 7644454
. 8002060 .B000000  -.0000000  -.0000000 .0ogoeee  -.0000000 -.1124496  -.0031515 +1124436 8031515

186 A1 .4892415

18 -.10359441  -,1139855 8249165  -,6028649 0803208 -.1839441  -,1139855 .0249165  -.8028649 .0003288
- .7318338 .8088169 .8978621 5131758 .8038488 -BBB1441 .1856283 -1.3613867 3.5979782 -2.8893532
v . ORe5e00 .0g0008 8000008 .BO0C0P8  -.0000000 -.00DOOO0 .3908037 -.0013841  -.3908037 0819841

R



. 11

11

12
12

13

13

14
14

15
15

16
16

1?
17

18
18

19
19

28
28

21
21

a2

]
Al .8337455
-2.1043272 7631717
BEDCER0 . 860000
.8328596  -.£399114
Al .7671388
4496258 -,6259781
-, 5oce6ed -.0000000
. 7389386 8638377
Al 8234455
.66368645 -, 3824151
.6550073 .eees224
.0eeE00e -.00BC000
A1 1.3363817
1.8461664  -,4624153
-.0660680 BOLECEE
-.0076668 -.8669913
Al 3.9144179
4868285 -.3839643
-.P002060 . 6608608
2246643 1.4538682
A1 4,2878186
.1822£61 -.3373291
3.5156875  -.0045881
. 6060500 0260050
At 4,6695256
-, 7763616 1.4486453
9471187 -.6011276
- . 065050 .BICECED
Al 4.8675324
1.1891688 -1.5895412
BEGE0E0 -, 0006008
.88943867 -.3689798
Al 6.0461988
.2716507  -.2424855
-.3454788 .GEG4738
-.6000688 . 88C0E66E
A1 6.3911287
-.B8268773 2752791
-.62Ee02R .606E200
8347378 .8661851
AL 18.7361565
-.8262989 .6295259
2.7859582 -.6015134
-.0c00808 -.6020000
A1 19.1425343
-.8227557 -.88432413
-,.EE60000 . 8000500
-,0782184 -1.8986393

8257037
.0C0BE00
-.5196962

58348480
-. 6060008
-.0268992

-.8243369

EOS4478 -

- . 06E50e0

-.00678308
-. 0868680
-.0176428

.2116651
-. 6080000
-.6017163

.2681988
-. 6625775
. 0066060

-1.1175728
-. 0851725
-.080ee60

1.1568546
W14
-. 8015604

21372178
6e14572
-.8600B00

-.1159884
. 00060606
. 0168748

-.0118897
.6881647
5088068

. 6688948
-.8000000
1.2695547

.8323969
-. 6000000
-.8353576

-.8225217
-.0020600
-1.4738932

-.0148337
6871225
-.0056060

-.6131299
W41 7444
- SEPHES7

-.0613013
. 6000000
~1.8784147

-.0000653
-.1368697
- G00o0Es

.81866891
-.G344112
-.000Ee00

-.01P1508
- . 6066668
.3347300

6018632
8125672
-. 6058608

.

- . 86850808
.PBEeOoS
.e2ee727

~.8634564
-.1912424
Nl

6133600
8080000
. 7864841

0522477
~. 0065086
1.7456947

~-.0018741
~. 0E6086E
3.1461329

-. 8912573
-.0348846
.0PPE000

-. 00068621
GEEoRoD
~1.7858752

.0829580
4044
9482174

8037790
-2.2449189
-.0e00600

-.6151218
-.5282977
N 1141711

.8153420
-. 0065600
-. 1553463

.6816220
2855432
-~ . 00C0e00

-.0013630
. 800TE0
1.8572157

-.6ee8276
-3.9626436
- . G06oe60

-.8001432
D0e0ese
~. 4426176

2.1643272
.00GeE00
.8184807

-.4496258
-.0080000
~2.4257884

.6638645
0861678
-~.60e06080

~1.8461664
. B0BO005
-. 32066666

-. 4868205
B0oaeo0
-. 7693666

.182@061
-.6682198
-. 06BoBo0

-, 7703616
-. 8686467
N vlsola ]

-1.1691080
-. 0800000
-.6506633

.2716567
G644
-.6006860

. 8268773
. 66OO0BY
-.00664667

-.8262383
.6812868
8008588

8227557
-.66Do%0B
.2272236

-.7631717
BEGe3e0
456819

.6293781
- 0005 0E
+4314486

-.3824151
.9861354
~. 7685858

4624153
-. 0806050

-1.1812302

.3839643
-.000E08E
~.2948838

-.3373291
.1383367
-.1581893

1.4486453
.0431833
-.8877557

1,5895412
0066000
.9339024

~. 24240855
.8835285
-.4864126

-.2752791
BE60600
. 7866243

.B2535259
2.4616118
-~.6288939

6043241
~.02000808
0541777

-. 8257037
- . 0850880
-.6650893

-.0034848
. G8eGo00
-. 0086192

-.8243369
-.36583931
8171468

8667630
T
. 0090281

-.2116651
. GB0EEE0
.6582168

.2681988
-. 4814856
.8787676

~1.2175728
.1168788
8939398

-1,1568546
. 0BEGOLE
-.0716928

.1372170
.1661658
.8168582

+1159884
N
-.8587671

-.B118897
-.2042617
~.0182661

-.0g88348
.B0000Ls
6118850

-.8323868
. 0805E00
.0456819

.g225217
-.6000006
4314486

~.0140337
. 7287857
. 7685858

.0131299
-, 00000e0
~1,1812382

0613013
~, 66865008
-.28948898

- . 0660653
1.5942633
.1581893

6186691
+5445782
.EeB77557

+B181568
N
.6335024

.8610632
4917968
. 4864126

[

8885680
.BGE6E00
. 7666243

4

-6834564
. 7945983
. 62889383

-.8133680
-.0000808
.2541777

-. 0822477
- 66EBEED
-.8096893

0016741
.S00EE6S
-.6066192

-.8812573

-1.8551836 .

-.6171488

0668621
.O8EeE00
.6530261

-, 6229880
N1
.6582168

6837798
-2.5673545
-.6767676

-.8151218
-. 7578524
-.6939398

-.61534208
-. 6068008
-.6718652¢

.0016228
.1828525
-.8188582

8013638
. GEUEGED
-.8587871

-.6886276
-1.4763111
.£162661

Bo01432
. GOeoeTe
.8118858

.0 L



223 25.7748125 - e
-.3199¢71 .7145127 -1,1958948 1.06852434 -,0186201 -,3199071 .7145127 -1,1958948  1.£852434  -,0186281

B755876  -.8686154 .gepsgse  -.0015395  -.8528857 - GOOEG8Y 8264398 6832173 0817741  -.6429361

.0Leoeee 6800000 00CePes  -.00000008 000888 - .0600080 .6278368 -.0119018 -.8278368 »8115618 S
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ENERGIES AND DISTANCES IN HeBe

(a)
(b)
(c)

R is distance in atomic units.

TABLE 14

E is energy in atomic units.

. (b)
E

-17.1216€0
~17.12480
-17.12712
-17.13058
-17.13316
-17.13637
-17.13705
-17.13706
-17.13705
-17.13705
-17.13704
-17.13701

-17.13681

Sum of separated atom and ion energies.

Be

+

+

Note that

energy is -14.27691 and He energy is 2.85989.
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TABLE 15

Exponents of Gaussian basis functions in basis set of

HeBe+.
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Do

wee  GAUSSIAN FLNCTION SPERIFICATIONS weew

NUMBER OF PRIMITIVE GAUSSIANS = 23
NUHBER OF HASIS FUNCTIONS = a%

<
el
m .

BAUSSIAN  FUNCTION  CCHPONENT  CeMTER T FXPONENT
1 1 i He S 2445280
2 2 1 He S .87309R0
3 3 1 HE S _3.3047410
P 4 1 He S 14,6094000
5 5 1 Hi [} 96.7296000
[ 6 1 Ap s 1,3543100
7 ? 1 A S 532,2800000
. ) 1 Re S 117,799n000
° 9 b Ae S 32.656200D

1c 10 1 Be S 3.6687600
19 11 ] Re s 3630,3P00000
12 12 1 Be s 10.4R01000
13 13 1 Be (3 ,0524060
14 14 1 Re S L1500300
13 15 1 He S 3690500
16 16 1 B 2 1,960n000
17 17 1 A 2z ,033r000
18 18 1 113 k4 a8,350r000
19 19 1 Rp z .5700000
2n 20 1 Re b4 ,2120000
21 R 14 Re 4 ,0n20000
22 22 b He z .5400000
23 23 s HE 2 2.7000000

THE BASIS FUNCTIONS ARE LJSTED IN STatDaARD ORDER

INTERNUCLEAR DISTANCES FROM nFOMETRY

CE'ITERS AU,

LY
HE - gk 6,470300 3,286688

NUCLEAR REPULS1)Y RilFRGY = 1.,26000000 A,U,

COEFFICIFNT
1.,n0n0000
1.,0000000
1,00r0000
1,0000000
1,0000000
1,0000000
1.,00n0000
1,0000000
1,0000n00
1,n000000
1,0000000
1,0000000
1.0000000
1,0000000
1.,0000000
1.,2000000
1.,000n0000
1,00n00000
1,00n0000
1,00c0000
1,00n0000
1,0000000
1,0000000

TAPE 4 HaS BEEN LAREIED HFPNT
PSEUDN EMD=-OF=FILE MARKS USER

TAPE 3 1S LOADZD WITH THE NAME HEPLS
PSEUDN END=OF=FILE MARKS USED

TAPE 4 SEARCHED FOR FILE ETAevL

NEW FILE ASSIGNED ON TAPE
THE NEW DIRECTORY IS ,,, FILE NUMBER FILE NAME

END ETAeVL

FINISKED WRITING FILE ETAeVL

START 1<ELEC, INTS ,.s FLAPSED CP TIME IS

4 WITH TAPE NAME HEPNY

<240  SECONDS

L



75

TABLE 16

Coefficients of basis functions of open shell MO's of HeBe™
at an internuclear separation of 6.4 a.u. For exponents of

basis functions see Table 15.
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TABLE 17

Coefficients of basis functions of closed shell MO's of
HeBe+ at an internuclear separation of 6.4 a.u. Exponents

of basis functions are listed in Table 15.
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1,n0794927 +0957410
= 1139475  «,0000011
« NON210A =,0389351
*1,3993834 10423990
WN0N3385  «,0031749
0037837 .0000075
«.N0N0684 0136312
6600078 1245671
,N001543  <,0015435
12891907 #1,5695487
0000678 10006884

~—

0002064
0343338

.0000435
0015284

0026282
0001363

L00n0599
-, 071978

J0000172
-, 0090954

.08R1711
-,00R2738

=, 0005835
e1,2672804

»,0001240
0002491

«.1759268
«,00011054

-.0001205
.00A0022

-1,9473377
-, 0000424

1.6858805
0000182

40000423
1,5991680

10015832
1,8295337

11417974
-, 0241971

20038683
20102240

», 0001305
10997289

*,1915823
=, 0030767

+0012935
».7583063

0001856
»,0017194

2,3089945
0009456

*,0002396
10008269

2,5251962

»,0004512

=1,2266043
10002006

=,004p516
0?2,4270634

,0228216
*i 4066707

2,1121857
$0221929

20599250
0093618

=-,0023060
11762297

»3,9379141
0001856

20272266
15262354

20104138
.0089893

2.60156168
1016264

-, 0022981

*, 0033862

1.2540358
.0007862

.,.5417525%
«.0003506
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TABLE 18

Exponents of Gaussian basis functions is basis set used for

computations on HeC2+.
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A 33
[

¥%% OAUSSIAN FUNCTION SPECIFICATIONS #%%

NUMBER OF PRIMITIVE GAUSSIANS = 3B
__. NUMBER OF BASIS FUNCTIONS = 3B

BGAUSSIAN  FUNCTION  COMPONENT  CENTER TYPE EXPONENT
e 1 1 1 HE - $ 1297936
2 2 1 HE ] . 3683648
3 3 1 HE S . 7256318

S . 4 4 1 HE S 1.8825690
S 5 1 HE ] 4.9518818
6 6 1 HE $§ 1663.5716280

U & /R T HE .S __ 246.8836E65 __

8 8 1 HE S 55.4162938
g 9 1 HE ) 15,4166688
——— 1 16 .1 ¢ S 367.5390508
11 11 1 cep ] 9.48596080
12 12 1 crp S 84,5149668

L3 13 .1 ___ . cpP . 8. ... 1397.5600686 _
14 14 1 CpPP S 3.5856200
15 15 1 crp S 1.5685366
[ 18 16 1 cep .8 L4BU1756
1?7 17 1 crp S 26.91178596
18 18 1 crp S ,1351285
—— 819 1 cpPp . .8 . S470.5285060 .
20 20 1 HE Z . BO44556
21 21 b HE b4 9133588
. 22 _. 2 1. HE 2. 0427628
23 23 1 HE r4 1522809
24 24 1 HE 4 1.1347660
- .8 % Y. _.__CPP.. 2 _ __25.3655680 __
26 26 1 CPP b4 0916640
27 27 1 crP Z 5,7763660
—— a8 28 1 cpp o2 o...1.7873068
29 29 1 cep r4 6577188
35 38 1 cpPp ¥4 2486568

THE BASIS FUNCTIONS ARE LISTED IN STANDARD ORDER ~

INTERNUCLEAR DISTANCES FROM GEOMETRY

. CENTERS - A.U.
HE - CPP 3.2580068

.. Rs
1.719803

" NUCLEAR REPULSIGN ENERGY = ' 3.69236769 A.U.

COEFFICIENT

1.000600808 . . _ ...

1.6905088
1.8650658

1.0608580

1.6665866
1.6866658

. 1.0028500
1.66

ooy

[54]

1.8865858

1,86665860

1.6620008
1.5655665

. ..1,08860E8

1,6606689
1.6582656

. 1.0635088
1.886

Tt

GoED

1,8685586

..1.6080888 __. ..

1.8680508
1.6656888

- 1.B062E55

1.8665588
1.6666088

_1.0566880 _.

1.6080660
1.8680629

—..1.6806608 .

1.0050808
1.0060008

TAPE
TAPE

4 HAS BEEN LABELED CPPPNT

-—. —PSEUDO END-OF-FILE MARKS USED
3 15 LOADED HITH THE NAME CPPPLS
MARKS  USED

PSEUDO  END-OF-FILE

U | ' 3

. 4 SEARCHED FOR FILE ETAsVL
NEH FILE ASSIONED ON TAPE _ 4
THE NEH DIRECTORY IS ...

FILE NUMBER

V8

HITH TAPE NAHE ﬁEPPNT

FILE NA
ETAtVL
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TABLE 19

THE CALCULATED EWERGIFS FOR HeC2* (1 £%) and Hect (2.7)

R* *E (mec?t) *E (zech)
1.5 -38.97863

2.0 -39.21051 ~-40.04203
2.5 -39.26808 -40.10535
3.1 -39.28328

3.15 -39.28348

3.2 -39,28359

3.25 ' -39.28363

3.3 -39.28355 ~40.14061
3.4 -39.28335

3.5 -39.28292

3.7 -39.28171

4.0 -39.27950 -40.14789
4.5 -39.27607 ~-40.14898
4.7 -40.14908
4.8 -40.14910
4.9 -40.14909
5.0 -40.14908
5.5 -40.14890
6.0 -40.14871
7.0 -40.14847
8.0 -40.14835
10.0 -39.26914

o ~-39.26887 -40.14822

*R is the internuclear separation in atomic units.

+E is the energy in atomic units.



TABLE 20

Exponents of Gaussian basis functions of basis set used

in computations on Hec*.
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e s DI )
) .
L . . -
%% ORUSSIAN FUNCTION SPECIFICATIONS #¥¢%
NUMBER OF PRIMITIVE GRUSCIANS = 35
_INUMBER _OF __BASIS__FUNCTILNS _=___ 35 U N
GRUSSIAN FUNCTION  COMPONTINT  CENTER TYPE EXPONENT COEFFICIENT
1. N 1 HE 8 . .2y45280 _ ... 1.8E0BECEY
2 2 1 HE 5 .8736980 1.06060606
3 3 1 HE $ 3.36542410 1.86666880
—_— Y 4. 1 HE S 14,6694608 __. 1.8G35606
5 ) 1 HE 5 96.7297688 1,8668665
& [ b cpp S 5.1477366 1.658555%
7 -7 1 [ -8 42, 4974080 .- . 1.6565855
8 8 b CpP 5 146,8976668 1.6606608
9 9 1 cpp 5 634.8822000 1.6050666
15 18 1 cpPP 5 _.1,96R5SB . ___ 1.0B0B006
11 11 1 cep S 4962468 1.68586%6
12 12 1 crp S 14,1832586 1.6686668
-.13 13 1 crp S 4232.6168%89 ... 1.8865556
14 14 1 Crp S 1533138 1.8685508
15 15 1 cpp Z 1.142936% 1.85580506
16 16 1 cpp 4 3.9064686 . .1.8558688
17 17 1 cpp Z 16,15857886 1.8805666 !
18 18 1 Cpp 2 . 114E028 1.8856658
_.19 . .18 1 cep 2 .35945¢8 __ .. 1.BBGE0E
28 20 b HE Zz 5466006 1.8885566
21 21 1 HE 4 2.766E885 1.0668660
.. 2 . a2 1 cPp X. L1146808 ______ 1.8868586
23 23 1 cep X 18.15575¢0 1.6655598
24 24 1 opp X 3.93E4085 1.86055395
25 _ 25 1 cep X 1.14293e8 . _  1.B055686 __
26 26 1 cpp X . 3594588 1.6865660
27 27 1 HE X SHGGOES 1.8800066
28 28 1 HE X 2.7860088 ____ 1.8EB666S
29 29 1 cpp Y . 1146868 1.6666085
39 32 1 cep Y 18.1557C856 1.8605806
31 . 31 1 CPP Y 3.9864660 . 1.BEEEE3E
32 32 b cpp Y 1.1429308 1.8658066
33 33 1 cpPp 4 3594588 1.8800660
———— ¥ 1 HE. L 4 _SHGE00E _____1.0805050
3% 35 1 HE 1 4 2. 1060058 1.62000085

i ... THE BASIS FUNCTIONS ARE.NOT IN.STANDARD ORDER ___ .

e——eeme—.... ... INTERNUCLEAR DISTANCES FROM GEOMETRY

- CENTERS AU, A,
" HE -.CPP. 4.900000______2.592933
—— . NUCLEAR REPULSION ENERGY = 2.44897959._ A, V.

TAPE & HAS BEEN LABELED HEPNT
PSEUDD END-GF-FILE MARKS WUSED

TAPE .3 15 LOADED WITH THE NAME _HEPLS
PSEUDD END-OF-FILE MARKS USED

TAPE 4 SEARCHED FOR FILE ETA+VL

L8
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TABLE 21

SPECTROSCOPIC CONSTANTS

HeC2+(1£+) HeC+(2m
*
Rg (Angstroms) 1.72 2,59
De+ (Kcal/molg) 9.3 .55
! -

u, (em™t) 493 123
u x‘i (em™1) 5.01 12.6
B e [ ) [ ]

" -
B (em™1) 1.89 0.84
a{% (en™1) 0.977 0.10

¥R is the equilibrium internuclsar separation,

+D is the dissociation energy.

'w_ is the vibrational constant.

{;U Xx is the anharmonic vibrational constant.

"B is the rotational constant.

4#‘*9 is the nonrigid rotational correction term,

88



TABLE 22

Coefficients of basis functions in MO's of HeC

2+

at an

internuclear separation of 3.25 a.u. For exponents of

basis functions see Table 18.
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ROW 1 2
——__31.. A -12.,5933334
1 -.6818726  .CH14630
4255246 .&775368
—— _ -.BE62286  .BOE5592
2 pt -1.7899298
e _..®.. JB14%0BY  .16B4622
-.1167567 -.@161756
-.6044143  .B157865
T3 A -1.5268194
3 .0939925 2673887
.. _ .PBG3818 . .B112225 .
l.0B2EBS9  .6103818
———__4_ A1 -.8815899
4 -,0983895 -.1476310
-.6693887  -.6212862
e _ -.BGB3%89 -.B523393
5 A1 -.2788716
e 5 -1,6452588  .5793840
-.0553681  -.BBB9E65
.2634453  .3874584
6 M -.2649217
&  .343E926 -1.B871854
e 0492745 .BE55328
.1585192  -.4235489
Y S -.1668573 ..
? 7 1.7€46137  -.9457838
.B156932  .BE17826
—_— 6743686 8847123
8 A1 -.1315596
8 -.85163206  -.Bi764288
-.6211988  -,B627319
-1,P265896  .B846588%
: 9 m -.0830713
9  .Bm9763  -.BEY1426
. .B1649B8 __ .BB23722
1,6123685  -.6585454
1B M1 6944411
15 -3.4188198  1.0465802
0222558  .8618676

.b652270  -.2781728

e e e e e e e

CPP  DIATOM _ .
, ‘o
1.80500 .

-.0026781 .0EB2885
.B035886  .3579135
.6061789  -.B0G1467

1.60068

" L1716149 1239592 .

-. 0007246 -.1722876

-.6298788 -.€191727

1.88068 '
3617243 .2041735
0605846 . 1272182 .

-.0542333 -.8280457

Z.12B3196  -.@793489

-.B885576  -.8141396
.6897397 . -.BBB1319 .

-.1843555 . .B753183

-.BBB2332  -.8533619
.1478383  -.B045658
.2616859  -.1575327
8882323 ..B145932
.3491853  .2187636
1819965  -,1291254
.BEEBTH1  .BBSEY3D

-.2550441 . .B229326

-.819%613 -.£172525

-.BE612006  -.0262114
.B473729  .0E84642
8239889 ,BB37441
.BBE89p1. .. B173958

8462734 -.B046453

-.B515664  .B81B212
.BBEBE51  -.6321714

2.3624337  .B19583S

" MOLECULAR ORBITALS ~

ITERATION 7
g g
" _.05ED618  <.BUEEOE
.BYy53867  -.B698639
. .BPEe532  .@oE6302
B594968 ... 0581147 ..
.1168255 6623734

.68pE023  -.BBBHSIT

1883658 6081986
_-.1833973 _ -.4567846
.00616666  -.0386295

T..B376B99  -.BEEB76Y

6869556  .B624618
6539629 . 8396631
_-.BB93381 . .BEEEEY48
-.B273736  .7315418
-.BE26321  .SB93671
6832342 -,€E65313
.1183581 . -.8946258
-.0228589  1.1524445

-.B632859  -.0088334
0347846  -.2575385

. .BB21983 . -1.6863385
-.B062548  -.BB60121
BB3550y 2828304
-.6088252 4116163
0039199  .BBOEBED

853039  -.2441922 ..
8063325  -,2453227
B111945  .00B0323
1742453 -.8159284
.B535825  1.3788817

49978

7 8 9 16
T .6BBEEEY  -.EGGEBR8  .BOPG286 6193753 ,
2269961  .0B33126  .GOO4484  .6EBET3Y
.B884977 . . .GEB3B27 . -.BEEG28S .. -.BEBIBOT . e o
.BB63058 ... .BBY7682 . .B195649 ..-.BDIIBSS . . _
-.E513877  .1385619 -.5238987  .BE14€35
.6D44B61  .B1B5437  .0343913  .B2GES18
BB14942  .BO79543  .B322161  .BB27946
..6364564 . -.1638637 . .BBZBS37 .. .DEEY3IB .
5112637 .B312557  .6748438  .B642715
T..09B5524  -.8829398  -.B119863  -.BEB31S5
-.0548946  .B362838 -.BBOGS72  .6EBE8T7
.. .B628614 ..__ .2136696 ......422B448 _. .44E9853
. JgB61788 -.BEB1211. . .BOS2553  -.BO15EE6
-.5186664 -.1921894  -.@E5@353  -.B518621
-.6146662 -.B651385 -.B675684 -.2466418
-.BBB4ME  -.60B7619  -.B138B36  .6B1B11Y
B114174  1.8239667 . .E68249  -.5169748 -
-.B168595 -.DB763B2  -.1144484  -.23B3086
-.GBPY295  -.0009952 -.B113184  .6603237 -
6636684  .BBSSS78  .EOGEESE 8124738
.6132853 .. 517496 . - . .B8EY2S] .. . .1193850
-.B8B16EE - BOB4SOS  -.DO2248G . - ,BBEE282. oo . _
-.B080213  -.B527477 -.GEGEI4E  -.2418677
-.B043641 -.B218181 -.B1894S8  -.1886229
.BEBBY4GY  .BBB26Y  .BEEEESY  .BOB4SES
.BE57595 .._.1653429 ....B8E5167 ~1.4852715
(915725~ .E8BBISP  .GBYBS61  .8522091
.8E83253  .0B11792  .0979839  .GEOO831 .
-.B608166 3.1274663  .0PPBE3  -.p383122
B162447 PORA75R . . 7378833

Q6
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AW

11
SRS P |

— e
12

15
15

21
21

22

22

[ 1155454
2.5821339 -1.0216698 .
-.0778885 -.0E88B42
.9798727 -1.7274336
Al 5554911
-, 6434376  -.4532158
-.6037537 -.BE664Y2Y
2767581 -.2349783
. A 8395461
3,3275911 -5.26811191
-.8281969  -.@045788
.2667615  -.3237987
Al 1.842E676
_ .5724385 . -,7243881
-.61259466 .B876134
.1982521  -.55E6177
A1 2.1888276
1.6929889 ~1.2475728
... .0281932 6125751
.1196818  -.2161411
Al 3.6529633
.3858658 -.£218813
8568852 . BEogeee
_-.0695628 .14E886
A1 3.6389596
-1.9642426  4.5317448
-.go54727 -.6667477
-.1131752 . 1948885
A1 11,55€5356
.B977855 -2.4919874
+3762176 8231471
6386641 -.8E85281
A 11.8847119
~. 7865944 .5212879
2.1555599 .1331786
-.8789219 1658715
Al 12.4g76224
1475944 -,4549074
-.5896379 -, 5554254
2487425 -.B388271
A1 36.8954427
-.54353718  1,35924311
-.8673317  -.0656929
~.8365188 6549324
A1 48.8489535
-,2887780 .2282881
4,8433683 1945821
-.8335543 6187267

.1885898 .
-.g663662
2785354

.1218054
. -.0888311
.7863731

T 3.1952234
-.5682188

-.3393503 .

. +9302787 _.

8834932
.5425117

4882391
. 0E07548
-.5314566

. 6880203
. 02688528
-.2861481

-5.8476779
-. 0858432
1272482

4.3382285
0867947
-. 6531244

-1.0689258
6242864
.6835683

6854266
-. 6661735
.B944212

-2.4615986
~-. 66541
6283243

-.1397864
6019353
6367837

~.1174573
-.B259506
8210736

-. 0442481 -

~-.8155656
-.8858601

T-.5307821

-.1025673

-.8132363 ..

. =01831797 .

6182504
-.8844898

B727997
8512759
6685573

-.4618448

-BE63430
8331769

3,3562853 .

~.B578622

-.8762439

-4.9171116
~.6357382
664761

8667862
-3.7912337
- 2485930

-. 7685268
1683814
.BE75822

3,3868668

~.0111656

-.86834436

8635263
-2.9434595
-.6151569

-.BBo3666 .

-+1976341
.8811521

-.0242873
8353282
-.6875939

TT.e635874

1925536

5355631
-2.6768532

-.6623487

6135693

.-2.9678477

0514513

.6832967
-.B256568

. ~.0361651

.- 447252 |

» 3665253

-.0%38460

2.85938615
4573864
- .0682659

~.4996986
3.1937319
Bee2883

. 4285625
-.1467855

~.BEB1BYS

-3.7361621
8525832
.6832854

-.£336828
1.6638958
8eE7887

0811783

.........

1.6746984
-.8775869

-.00EB137
-.0444281
-1.0977561

.3335348

.. .BoBEEg?
2.3547524
8934443

0660386
3.2592386
-.7236759

LOPBB151

. 18655644
.4956687

-.5867939
. 3264831

5811658

-.1274333 .

-.6612807

-.0051956

-2,0586989
.2141885

.8861628
6998654

-.2646535

-.6816325
~.1196380
.G788952

~. 6088837
-.9337333
8349313

" .gogeess
~.6681719 _ .

.£EBB56E .

-.5183259
0885934

~.0801416
-.8636192
-.0987233

2663523
-.8203859
0656618 ..

. ~.0682188 _ .

6837228
6153465

.6663160
1164737
-.BE58618

- .BBEB4EE
-.8B25265
-.84G1282

6543462
-.0B64457
-.5185855

-.B046993
-.0239594
1857341

BE07723
-.1359315
-.595.4932

- B566652
0658775
-1,5122934

6423178
. BB37144
BB76643

BEB1665
~2.4913568
-.BOD1666

=.0008257 _.-.BBB3S33 -..-.BEB71492 .- .GB35264

Z2.9783416  -.0oBE395
.B245356  .B775664
-.E6B4914  -,B535464
.5282339  -.GGEEOYS
-.6871683 -1,3738552
| .B129193  -.BE8E354
-1.2595236  -.B688318
8361761 .. .B227894 . .
...BB11277 _-.BB54385
-1.1715579  .@@56383
-.1208526  .3264878
6011181 ,EB73766
-2.16B6345 . . .EED1416
676398  -.2498267
.2024954  -,B238424
-.3479848  .5BBBEER
-1.6544911 = 2,5184852
-.EB8R988 _ .1652382
7406314  -.E086578
-.1732615  .2B5663p
0865767  -.2931118
_ -.1776661 . .BOEE326 .
-.2219424  .1776118
-.0144853  ,g498336
1.63135838  .B651981
1137976 -.B718488
6120653  -.B398788
(B124511  -.6B38674
1.9232756  -1.4485585
-.2242252  2,4543298
.1818936 .. .E@B5558
-.6213932 5389289
-.0087882  .B144597
4449385 - .BE12627
-.BB14R4R  .aA713%d

- -=. 5016685 -

..-.DB88537_

Cevmmaws

~. 3685868
0162919

-.6852636
-.8946772
2.6787681

-. 0614257
-. 8697368
.1728893

-.BE55459

~.5668615
-. 3262148

6871171

.--.0366829 .

3434780

| BB5EEYS
.8227741

~1.7824324 -

-.6853986 - —

5378735
-.2398591

.66E2767

~.0130568. -

-.B685867

8617457

6255798

.Bi28591 - .

-.B154477
8282511

.6853862
8183118
-.8283493

-.2836939
0108440
-.PFEEmD

16
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23 a
eo.___._ 23 _ .DDBB166  ,0283519 = -.B275878
6934988  .BEE1771  .BogEB2Y
-.13685¢  .BB5BI193  -.B392323
24 m 130.1656473
24  .2731739 -.6893935 1.2834624
e -.B859557 . .BD166356  .BBES3TS
.8155324  -.827953%  -~.B146764
... 25 M 179.1391465 .
25 -,13587M17  .1882782  -,B633831
2.6510566 2.3838723  .G468339
—— -.B164062  .0384338  .B149845
26 Al 548,9691633
___._ .. 2  .1245825 -,3128555  .533@823
-.B632586  .BGS6B33  .6EEBE372
.BB71674  -.B127943  -.B867346
271 A1 668,3866368
27 -.0654618  .BC18596  -.038B211
L . _.1,2783326 2.4828582  .1272132
-.B379263  .D1£5596  .B&72246
.28 A1 3882.9287411
28  ,8295795 -.8229344  .B132895
-.5473349 -1.19879B5 -1.564B556
_ 0535282  -.E5E2528 -,EB32125
29 A1 3277.8723477
29 .B483537 -.1157971  .199217% .
-.B013634  -.BOOYYRE  -.BBB2266
.B526482  -.BBYT6T4  -.G0R25468
36 A1 10486,7913377
39 .B186552 -.BEB4385  .DE4B469
. -.1978661 -.4213613 -.9748136
6232921 -.B030251 -.0811777

58.6g44985

6428627 _ . -.8291753 .

-.6035695 ~ .GB19987
-.BB38868 -1.25826865
-1.6869943 2.1636672
6117867 . -.6293451
.B516683  .8819770
0252929 <.5115447
-1.4971685  .765868E9
-.6676284  -.GB56686
- 7426992  ,9526330
GB54626  -.0134132
.BOGT445  .BEB5655
6114673  -.6647832
-, 7622582 _ 3649964
-.6533285  -.B566295
-.BB49882 6518988
.3867558 -.1611516
.BB14714  ,BEEB125
-.2721189  .3444243
.BB20992  -.EE5B292
6062758 .BED1918
-.BD18E63  .BEGIBES
1117134 __-,$589269
.GB05384  .GOOBBYS

. B0B0B33
0059626
.6893962

6146375

....»8618951 .

-.6368112
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TABLE 23

Coefficients of closed MO basis functions for HeCt at
internuclear separation 4.9 a.u. For exponents see

Table 18.
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? B.060%586  €.655E550 ©.6opeBss  ©.800e006 .6og4127
i .02316859 -.83163503 -.8152851  -.5236857 1.1395135
[ 4 7.4669758
34 8.0C0000R  B.00000GH 0.00606E0  ©.D2OBOO0 '5.65000800 ©.80PBEOO  O.0800008
- .. D.0CREE6D  B.005EEGE . B.0880060 . B.0000BER . B.0200088 . 0.00EEE00 __ B.60000e0_ 8.6E08060
©,60608886 ©.2C0E00D B.6606006  ©.6060060 ~. 82357157
-1.3685276 1.4760413 -.82¢9779 -.£211768 8214873
?Y 39,8434659
35 9.500BOCE  ©.0B00%E8  ©.800D0CO o.0eo000  8.0000060  B.6ODDEED  ©.00BEOBY  ©,0080580  B.0OD2BOE
e e . B GUROEER  ©,000CC0C . B.0ECREEE __O.0EE0CE6. _©.C000000 _G.00UOOD0 .. 8.0R02000 . §.6050000 _ O.0000000. . .0.8000880 . .
©,0c00008 ©.00000B8  ©.6BOTEOB 0.65286080 B.0000008 1.2242857
5686611 .
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TABLE 24

Coefficients of basis functions in open MO's for Hect at
internuclear separation 4.9 a.u. For exponents see Table

20.



HECP :
OPEN ORBITALS
— —— ... .JTERATION._ 11
ROH 1 2 3 4 5 6 B 8 s 18
15 -16.4635698 ,
i -.BOG1316  .BBESRBY  -.B0OB358  .0BOOUBY  -.BOORDOY  .4375641  .AS44176  .BYS3987 .0B93286  .1455725
e . JBB42295 .. 3583511 . .0B12184. . .BB17723 . -.BODB112 _ -.BRED1E3 __ ~,BPBOBR7.— -.BBOONYE __ .DBED32Y _ -.6005365
.B8C0114  .00CERB3  B.0OBOODS  ©.00PEUEY  ©.BDROO  O.0OOCOOC  6.000D0OS  O.U0LEOCE  ©.0000000  B.0OCHOOO
©.B0CECOS  ©.00CCEES  B.DUEOODS  ©.0000CEG  §.0OBOCEO
25 - 9816944
2  -.pS78543  -.BS27268  -.B242652 -.BD5G891  ~.D@OB315  -.BOG444E  -.BB0I94y  -.GECOR82  -.BOGE0SY  -,EDB3370
e ... .BB37319 . -.BBE2785 .-.BBBEEGT . -.0BROSEY . -.3717162 _ -.1865195 . -.8172527._ -.15S6661 _-.S598245 __ .E018333
" .05G3492  ©.BGECECE  ©.00050C0  ©.QOOYLOB  B.0OECODG  8.BO0CEGE  D.CBULOED  B.0BOSCOS  ©.00OG000  B.BEGGOD
©.8560358  ©.GGSCE6G  B.GOBOCHG  B.0E0USSH  ©.DLOODOR
35 -. 7934580
- 3 .3993869  .4860658  .2192395  .@5S6648  .GB76618  -.0031299 -.0085961  -.BO0I469  -.BODE325  .OEG1668
S .. .BBS3291 _ -.BB12600 . -,BOEEEYE . B116B18 _ -.6236909 _ -.B869315_ . -.0611191 _ -.5176291 __ -.0367188___ 0166494
- -.BE08282  ©.BOGOCEE  ©.DOOEBOD  ©.GIEGEDS  ©.0000C0  ©.0COPBOB  B.DGOCOSE  B.0POGESE  B.GOCUSSD  O.COSODED
8.0062008  ©.6CUESOZ  8.0660236  0.GEOO0CEE  B.5C35008
45 -.2501412
4  .8212930 -.0568925 -.0098395 -.B638366 -.B00413? -.1203618 -.B223396  -.B53761 -.0B12202  .0266346
_=~.1121955 _ -.B443560 _ -.BE61476 __ 1,B755785 _ ~,B232548 _ -.8101899 _ ~.8611934__ _,1720531__ -.B86B336 ___.5191563
-.6539825  ©.6300000  ©.60CBOUD  ©.8005260  ©.60SOCCO  ©.000DOD®  B.BOSLODD  ©.0OCOLOD  O.000E005  B.00C0GED
9.0c6oo6B  B,BE0SSE8  ©,005BS08  ©.BOCEBEE  ©.0BDDGOS
55 -.1999516
§  .1842715  .B51S711  .B357376  .BP62726-  .BOESSBY  .BS62124  .p132598  .BP4G189  .GIGIES5  .538349
— .. _-,4475528 . .B394699 __ .BOP1536 __ ,1643115 _-,2068498 _ -,5762250 _ -.0558126 _ 1.2403355 _ -.5892130___.6116577
: -.0556579  B.6560096  6.6000666  B.G003306  0.0CECEED  O.D0B00CE  8.D050BC  ©.0OODOUY  ©.BEDEDES  U.DEOODOD
.000C008  6.6065500  B.0C0OS08  ©.600EE0C  B.66OEE00
85 -.1474557
6  .p262535 -.1201881 -.B177839 -.BP8GAB4  -.BEBI916 1631747  .B393533  .B125915  .@623246  .2182234

————— . ~1.8163837
. -.g818413
: ©.06cul08
75
7 1.5§76832
—— ..2B895979
-. 0822094
0.6620000
88
8 .2582871
e 2757666
-.8277132
8.0000020

9
9 .2131763

.. .1281131 __ .0BD3268 . 1.2665227 .. .DG6BY9L .. .8195629 __ 0626859 __.-,2974692 __...1283073 .___..B583297
B.20c0o08  §.0000600 §.0E6GEOG  ©.6006630  ©.000E0BC  0.000508C  ©.660080 O.B00RECS  £.DOUDOOE
B.6E60E60 ©.E0USE0D  ©.0808808 | ©,ECBC000

4834948 .

-1.23906323 -.B342957 -.859874S -.8938693 -.62081752 -.bEM3652 -.Bo13166  -.80E2498  -.5219947 Nl
-.6133951 __-.6BEB338 .. -.34914779 _._-.0124560 __ -.BP9165y . -.0B0?852  _ ,3437923___-.1166823 _ -.B9B3455 0
©.8660060 ©.6000E08  D.6EOCOED  O.6005G66  ©.U0DBOBEG  8.80000O0  ©.6E000E0  G.00G0EE8  O.5080008
©.50eebob ©.6006600  ©.EDOEEOS  ©.000GERD

. 7467527
-.4743593 -.0139360 -.8B73152 -.0O06705 -.0384470 -.BU61559 -.0B14222 - .BEE3255 8857842

.—-.0123681 __-.0666398 ___~.3225323 _-,6351139 . -.0161797 . -.BH15578 . .3457352 __ -.10252B4___1.BYB4339
8.0060280 ©.00000BE  B.000OODE B.6CDSGOD  ©.0UOPEEC  B.60PECCE8  O.050E0B8  ©U.0UBLOEE  O.8D00O5C
©.0500060 ©.0000008 2 ©.0LDRDDB  B.OBOISDE

1.8122471
-.5592978 8180565  -.0BA3278 B0P1130  -.D127255  -.BBATITS  -.0pD3334  -.0B0BE88 B07748?
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-.8083321

-.0824398
B.60e5660

-.GOEgRa7 .. -.6782428

o.8000000  @.605E6EE . C.00BG660

1.2247775 — .

8.0800080 ©.00ECC00 O.000EGEE  ©.826BGEC C.00DBECD

2107565

..§337295 8998156 . ~1.7642678 . B965922 .

60000000 B.0200008  ©.0BUUCGE  0.0000028 | §.0000860

188 3.7310288 .

19 -.0848653 -.0181192 .£612784 0083525 .GB89813 -1.8474828 -.1510837 -.8101882  -.0062609  3.8836442
e . ..=R.B465903 _ 0645903 __ -,BB04560 __ 8092730 ._-.B185978 __ -,6P63843 __ -.2083373.__-.8624323 8438680 __ -.2523738
M -.0237666 ©.600000¢ ©.00BEGEC ©.6BECGED ©.000OGOE  ©.6EDOCED  ©.000PEES  ©.00CEOOB  ©.Eo0ODEE  O.8055C0B
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118 4,.8272062
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8.C00E008 ©.000CECE  B.0005B50 O.0CCEEED  ©.0608080
3

115 6.7261653

13 -8586836  -.8845304 -.BB36778  -.@ED2245  -.G0DT4E? .8695156 8857753 8201844 .00e6348  -.0228552
e . - 48289386 .BEBYER? _ .EB02633 . -.D2291606 1,5271861 ..-1.3669424 . ._-.0245381 __ .3217737._ -.8733394.__ .G13644B
i 8595486  B.6EECeg8  ©.6o6CcPE6  D.0OBEIGE  §.B0O36GE  §.600D000  B.0280600  B.00CO008  ©.BOCEOBD  ©.6050006
i &.00c0260 ©.00E000% D.9DOBTEC  ©.P0bELRE  ©,UoPoobé
: 143 21.1312833

4 .0436988  -.6246324  -.8B1MN35 .0112826  -,60B1892  4.6875865 .1460189  -,1852543 -.0014266 -2.6616528
- .9529843 _-2.3B48533 . -,EB17942  -.3238B11 . .GB75538 . -.022575 ._-.DEW6394. . .B248B9S  -.5173383 . 0254886 . _ . _ . .. ___
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6.808E00%  ©.E06EGEE  ©.66GESEs  B.LECLEEE  O.GLOECOT

158 25.9837259

15 .3367974  -.9358870 1.6608498 -1.5295642 5263568 . 6476926 0036893  -.E868988 -.000B194 -.B466186
... «P493799 -, 0226626 _ -.066B155 . -.D469167 . .8E157S3 . -.0O6BSB3 .. .BOEGB4G ___ 467943 __ -.B149983___ By __ . __ .

-.BE65731  ©.200036D ©.20pED8 ©.6006088 O.G0ECCEO §.60000EC  B.08E0ECE  ©.OBEEOOD  ©.8008200 B.0002008
©.08Eees ©.oobEt6c  b.0EDEoEB  ©.DEOEDES  8.5585858

168 38.18942952

16  -.B21g662 .6639771  -.06@2478  -.BEGBYS9  -.BBEG0B21  -.EB57535 0201646 6208531 -« BoBEE51 8671532
. . = GDEEEE3 .B626263 | .0EBDG12 __ .BB74556 . -.S754165 ___ .§757847 _-1.2244752 _ _-.1672156 __ .2897987 _.-.BBP1547

’ .B258356 B.ecgooed  ©.60CEEDG  O.BBEEOGG  §.60060BS  6.0200080  8.000ooBE  B.BZDEOBP  B.0E0ZOED  B.0000000
X ©.86e%000 b.8o0obEdd B.eoCtobd  B.BOUOLST  ©.00EDULS

175 82.9665718

17 -.0213273 .§149666  -.0064174 8019485 0802753 -2.8914152. -2,3759601 1568937  -.2509898  1.3729955
—— e ..=oHY44973  3,7367931 0622201 . 1510608 . -.B634S55 ._ ' .0B13858 . -.BEES137__ -.0114673 _ _ 8078828 _ -.Q111482 __ . _ . _

.8739899 ©.86055B8 B.8oEtEce  B.65006508 O.B0CSEED  B.000B0GD  6.8BE06YD  B.0O0EREC  B.05oPE03  ©.0L5BLDUS
€.00e0e80 ©.000E086 ©O.00EBEBE  U.O0OBEOU  ©.8000008

183 171.2226131
. 18  -.1134078 .3167367 -.615G528 1.8377569 -1.2638422 -.0674216 -.B012838  -.pBO1913 .BEEBODS 8895652
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.9931€82
©.e060088 ©.0006008 ©.0OECOLD  b.OODEEOS  O.008B0E0
D.6o2E650  ©.00E50EE | B.bSCobbe  §.28000E8  ©,000006E
B, E0000E6 . 784666 5335366 .1111343  1,2115633
8.6008066 ©,.00€C000 ©.6005000 O.20000EC  O.6806063
6.1122869
@.000c080 B.0CO26B0  ©.0BEEOUD  U.ODLDRED  B.6000806
©.000LB06  ©.5802C60 _ ©.0800000 . 6,B0PEOEE | G.UGGE008
#.0e80088  -.B277909  -.BODI9B1  -.8431295 0354831
8.0080063 ©.6000056 O.00ogPeb  B.0000EDE  O.00DBERU
6.7116618
8.eec0008 ©.2960066 ©.00e0000 ©.060806086  6.8200000
8.CPEeSE6  ©€.0550060 B.6E2EOOE  B.ODEEEZO  ©.DBOEBIEH
8.8000088 2876386 -.0244876 <~1.3646591  1,4963630

©.eo0L0668 ©.85050E6  ©.0EC0ODE  D.OGODOEE  B.U6DEBED

38.1837983
8.6000068 ©.002U000  ©.0OCOBEE  ©.0LPEODE  ©U,0BEEEEB
. B.0o0REC ©.8CBEDRY G.0E6B0UC6 . 8.5006C60 . B.082CT20
©.0000888  -.8948356 -1.2242748 8741789  -.,5711886
8.8060888 O.000Pgbb  B.B5ETUY  B.0BReeOC  ©.0BEREGS
~.9825186 .25e88

8.0060000 ©.cDoDEEd  ©.0BLBLEE

,,,,, -.BBpS699

0.8800086  B.6EOLEOD

8.0086808
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0.80B08C8  B.00850600

.BB52941
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0.8000006  B.0E0EEOE
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0.60200686  B.00000ED

8.0866000
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TABLE 25

Orbital exponents used in calculations on Helt.

3



¥¥% GCAUSSIAN FUNCTION SPECIFICATIONS ¥¥%

NUMBER OF PRIMITIVE GAUSSIANS = 12
NUMBER OF BRSIS FUNCTIONS = 12

GAUSSIAN  FUNCTION  COMPONENT  CENTER TYPE

1 1 b3 HEPP1 5
2 2 1 HEPP1 s
3 3 1 HEPPL §
4 4 b HEPPY S
) s 1 HEPP2 S
[ & 1 HEPP2 S
7 7 1 HEPP2 5
8 8 1 HEPP2 S
k) 9 1 HEPP3 S
18 18 1 HEPP3 S
1 11 1 HEPP3 S
12 12 b3 HEPP3 s

THE BASIS FUNCTIONS ARE LISTED IN STANDARD ORDER

INTERNUCLEAR DISTANCES FROM GEOMETRY

CENTERS AU, A,
HEPPY - HEPP2 1.528606 1.616086
MEPP1 - HEPP3 1.520800 1.6168886
HEPP2 - HEPP3 3.840608 2.832213

NUCLEAR REPULSION ENERGY = 5.28833333 A.U.

EXPONENT COEFFICIENT T
2988738 1.8058060

1.2425678 1.6608068

§,78294ED 1.8206660

38,4749880 1.888EE66

2968736 1.6EB6860

1.2425679 1.6000868

5.7029480 1.880828D

38,47498588 1.8806EE0

2988738 1.8800820
1.2425678 1.0808000
5.7828408 1.88586008

38.4749000 1.8680008

PSEUDO END-OF-FILE MARKS USED

(N

70T



TABLE 26
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2+

" ENERGIES AT VARIOUS INTERNUCLEAR SEPARATIONS OF He

0.67
0.66
0.64

0.57

3

E

-3.55334
~5.61162
-5.36692
-5.02180
-5.85577
-6.46595
-6.43502
-6.48521
-6.46113
-6.49157
~6.46889
-6.47662
~6.48429
-6.51481
-6.51482
-6.49618
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TABLE 27

ENERGIES OF HeBe?' AT SHORT INTERNUCLEAR DISTANCES

(a) (b)

R E

0.3 -2.31068

0.4 =7.34585

0.6 -11.95852

0.75 -13.66424

0.9 -14.70426

1.0 =-15.17226
1.5 -16.21595

(a) R is internuclear distance in atomic units.

(b) E is energy in atomic units.
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TABLE 28

Orbital exponents used in calculations on HeBe?t (see

Section V of text).



v

vore mUAMLIY ouran vy

LLNALX

[P Se

____THF BRSIS FUNCTIONS ARE LISTED IN STANDARD ORDER

INTERNUCLEAR DISTANCES FROM GEOMETRY

CENTERS R.U,
- HE 200000

. A.
© heep .105834

___ NuRLEAR REPULSION ENERBY =

| _4b.e6BEBEEE AU,

~ T PSEUDD ~ END-OF-FILE ~MARKS LISED
PSEUDD END-OF-FILE MARKS USED

TTSTART 1-£LEC, INTS L)) ELAPSED € TIME 15

[ ‘ - . \ " -
o
« ¥5% OAUSSTANFUNCTION “SPECIFICATIONS ¥%% i
I
o "NUMBER OF PRIMITIVE GRUSSIANS = 368
C NuMBER OF BASIS FUNCTIONS = 30 _
w . WRHSSIAN T FUNCTION ~~COMPONENT ™ ~CENTER TYPE EXPONENT COEFFICIENT
' 1 1 1 BEPP S 1.3543180 1.8586868
w 2 2 1 BEPP S 1562386 ___ 1.0625506 S
- 3 1 EEPP 5 32.6562060 1,8856850
4. 4 1 BEPP s 117. 7593666 1.8636806 C
x 5 5 1 BEPP S 532.2808606 __ 1.6800&68
Y A & 1 BEPP 5 3.6682680 1.8686606
i ? 7 1 BEPP S 3636. 3800060 1.66506566
4 8 8 & BEPP 5 8524660 1.0868088 o
v 9 9 1 BEPP S 16.4851608 1.8626855
i 16 1 EEPP s . 3835568 1.8686660
" 1 11 1 HE 5 .129793¢ ____ 1.6680858 - e
T g2 T g2 1 HE 5 . 3663643 1. 8608666
! 13 13 1 HE 5 . 7256316 1.6555650
¢ 14 14 1 HE S 1,8525630 1,8006509 ——
“ 15 15 1 HE 5 4,9518815 1.60660650
16 18 1 HE 5 1663.5716860 1.8625668
! Y S ¥ I HE ___ S ___ 246.80366858 __ __1.BB56666
" 18 18 1 HE S | 55.416290% 1, 6658858
19 19 1 HE s 15.4166088 1.6650665
S e 26 1 HE 2 BB44650 © 1,6888080 . _ e e
21 21 1 HE 2 0133885 1.0088600
22 22 1 HE 2 .B42765G 1.8886856
. ~ 23 23 1 HE 2 L1522860 . .. 1,09860E0 e —
N 24 24 1 HE Z 1.1347680 1.8608880
j 25 25 1 BEPP z 8.3566656 1.8868696
g 26 26 1 BEPP 2 __. 1.9688008 1.8666586 .. __ e
. 27 27 1 BEPP 2 5705066 1,0668059
28 28 1 BEPP 2 2128888 .1.66E6208
: 29 29 1 BEPP z 0826088 " 1.0565685 _ R e
. 3¢ 3¢ 1 BEPP 2 63385068 1.5050660

e g

".281 " &Frinns
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TABLE 29

V(r) VALUTS IN eV CALCULATED FROM MO-SCF AND FROM

ROPN-MAYLR FITS OF EXPERIMENTAL AND THEORETICAL DATA

(a) (b) (c)

R(A) V(r) V(r) V(r)
Mo Eg.12 EXpt.

0.1588 385.4 351.0 242.8
0.2116 248.4 252.5 179.6
0.3174 122.8 130.6 98.3
0.3967 76.4 79.7 62.5
0.4761 48.1 48.6 39.8
0.5292 35.4 35.0 29.4
0.7935 7.0 6.7 6.5

(a) Based directly on MO-SCF calculations.

(b) From least squares fit of V(r)MO to Born-Mayer po-
tential (Eq.l2).

(c) From interaction potential given in Reference 75

and Eq.13.
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TABLE 30

+2

HeBe UNITED ATOM AND SEPARATED ATOM

AND ION ENMERGIES IN ATOMIC UNITS

C+2 united ion He atom Be""2 ion

This calculation -36.4070 -2.8617 -13.61009

, (a) (a) (a)

Best SCF -36.4085 -2.8617 -13.6113
(b) (b) (b)

Experimental -36.5466 -2.9034 -13.6561

(a) See Reference 89.
(b) C. Moore, National Bureau of Standards (U.S.), Circular

467 (1949).



TABLE 31

ORBITAL ENERGIES FOR HeBe

111

2+ AT SHORT

" INTERNUCLEAR SEPARATIONS

(a) (b)
R E,
0.0 -12.6406
0.2 ~10.6862
0.3 - 9.2399
0.6 - €.9526
0.75 - 6.3920
0.9 - 6.0610
1.0 - 5.9202

(a) R in atomic units.

(c)

-1.6919
-1.5744
-1.4667
~-1.8464
-2.007

-2.1023

-2.1312

(b) 12 is first orbital enercy in atomic units.

(c) E, is second orbital energy in atomic units.

2
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TABLE 32

Orbital exponents of expanded basis set used in calcula-

" tions on HeBe2t (see Section VI of text).



$¥5 GAUSSIAN FUNCTION SPECIFICATIONS #%#¥%

*" NUMBER OF PRIMITIVE GRUSSIANS

3. NUMBER GF BASIS -FUNCTIONS

" .. .. INTERNUCLEAR -DISTANCES- FROM GEGMETRY-
CENTERS A.U. A.
= _ BEFP- - = HE ——- . 300865 -+158753

.
.

'Z“i-t

P
"7, YHE BASIS FUNCTIONS-ARE-LISTED -IN-STANDARD ORDER
) )

F- 3

;"GRUSSIAN  FI UNCII ON COHF?NENT
.. 1 -

2 2 1
3 3 1
4 4 1
5 5 1
& & 1
? 7 1
8 8 1
3 g 1
16 - W —— 1
1 11 1
12 12 1
13 ———-- 13- ] —
14 14 1
15 15 1
16 - - 1B e R —
1? 17 1
18 18 b
15 19 -1-
28 28 1
21 21 1
22 - 22 -1
23 23 1
L 24 1
- 28 - 25 - -1
2€ 28 1
a? 27 1
28 28~ 1
2s 29 1
38 30 1
31 3 - 1
32 32 i

32
7 U —
CENTER  TYPE EXPONENT
EEFP 5 1.3543166
EEFP S 1552363
EEPP 5 32.6562068
BEPP S 117.7398656
BEFP S 532,2260556
BEFP S 3.6652858
BEPE S 3638. 3286856
BEPP 5 .B524565
EEPP 5 16.4801856
BEPP -- ~ §-~--—- 3890588 -
5 — 1297530
HE 5 . 3553848
HE ——r §-—mmme 7258318
HE S 1.8825699
HE 5 4,9518818
HE — —--§ -—- 1663.5718858
HE S 246.8536380
HE S 55.41823986
HE S 154166880
HE 2 8544365
HE 2 CBHESHEE D
HE - —- - -2 ——- .B133E6G -
HE 2 8427858
H e G55 -
HE 2 S E25E268
BEFP 2 . 3566858
BEFP -~ - @ T 1, 9680588 -
BEFP 2 RY 1]
EEPP Z 2126805
BEFP 2 —— - BRRTEHE -
BEFP | 2 8336085

)

CEFFICIENT
.B55E368
gEBeEs -~

. . ..
&
]
]
3]
[T I N
Oy @ QY (D& Sy sy
WAREQEIRI@EIE

3
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bybYyt

« e oe e
QI Ty oy By
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FIGURE 1

GEOMETRY AND SYMMETRY GROUPS FOR THE
CALCULATEL H; CLUSTERS

The parameters a, b, ¢ are distances from the center of
an Hy to the center of Hi. The open and closed circles
. represent the centers of”mass for H., molecules whose axes

are orthogonal to the lines a or c Or along the lines b,
respectively.
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FIGURE 2

PLOT OF EWEPGY AGAINST DISTANCE

FOR H'{l(SEE TEXT FOR GEOMETRY)

Ll

E is energy in atomic units; R is distance between center
of H3 triangle and center of any H, pair (in atomic units).
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FIGURE 3

ENERGY VERSUS DISTANCE FOR Hil

E is energy in atomic units;

R is distance from center of H' triangle to
center of any H, pair (in atomi€ units).
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FIGURE 4

ENERGY VEREUS DISTANCE FOR

Be2+He

E is energy in atomic units;

R is internuclear distance in atomic units.
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FIGURE 5
ENERGY VERSUS DISTANCE FOR Be2+ (He)2
E is energy in atomic units;

R is internuclear distance (Be-He)
in atomic units.
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FIGURE 6
ENERGY CURVES FOR THE MOLECULAR IONS HeC2¥ AND Hec?

E is for the energy in Kcal/mole relative to the asymptomic
limits C2+*, He and C*, He. R is the distance in atomic
units. ‘

Curve A is for HeC2+, and

Curve B is for Hect. -
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FIGURE 7

INTERACTION ENEPGY CURVES FOR HeBe2+

(a) Theoretically calculated interaction, fit to a Born-
Mayer potential.

(b) Experimentally determined interaction, fit to a Born-
Mayer potential.
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FIGURE 8

TOTAL ELECTRONIC ENERGY VERSUS INTER~

NUCLEAR DISTANCI FOR BeHe2?t
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