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In(P7cp~c1¥) = — 5. 764+ 1, 539+ (50. 57+ 13, 26)77/3,

(3)
In{P 7, pany) = ~ 6. 72720, 772+ (68, 44+ 6. 78) T/,

(4)

where the P7’s are in usecatm and 7 ranges from 500
to 1000 K. These expressions are plotted in Fig. 1.
Results of studies of vibrational relaxation of F,%® and
CL,® are also given in Fig. 1 for comparison,

It is interesting to note that the relative ordering of
CIF~Ar and C1F-CIF relaxation times cannot be ex-
plained by the Millikan and White'® (M~W) correlation.
The M~W correlation results in a monotonically in-
creasing dependence of P7 on the reduced mass for
realistic molecular weights and temperatures. Thus
the M~W correlation predicts the opposite mass depen-
dence to that observed in this experiment. If one con-
siders a more refined model such as the Landau-Teller
or SSH theories’ the present results imply a substantial
difference exists for the effective range parameter for
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ClF-Ar as compared to CIF-CI1F in order to compen-
sate for the kinetically derived mass effect,
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Electronic structure of small metal clusters. Il. Anions of

Li,, LiNa, and Na,

Ron Shepard, Kenneth D. Jordan,®?® and Jack Simons®
Department of Chemistry, University of Utah, Salt Lake City, Utah 84112

(Received 28 March 1978)

Alkali metal dimers are of considerable experimental
and theoretical interest, Most studies of these dimers
have focused on the properties of the neutral and their
cations, Until quite recently the anions have received
little attention. There appear to be no experimental de-
terminations of any of the properties of the alkali dimer
anions, However, Na;, Naj, and Na; have been detected
mass spectroscopically. ! Several theoretical investiga-
tions of Li; have appeared in the literature, the two
most thorough being the configuration—~interaction (CI)
and equation-of-motion (EOM) calculations of Andersen
and Simons? and Dixon, Gole, and Jordan,® respective-
ly. Bardsley, Junker, and Norcross* have carried out
pseudopotential calculations of the ground state poten-
tial energy curves of Na, and Na;.

In the present work the spin-restricted (RHF) and
spin-unrestricted (UHF) self-consistent-field (SCF)
Hartree ~Fock methods®'® are employed to investigate
the properties of Li,, LiNa, and Na,, and their anions,
respectively. For each molecule an initial basis, chosen
to provide a good description of the neutral species, was
augmented with diffuse s and p functions in order to de-
scribe the more diffuse charge density of the anion.

The exponents of the diffuse functions were varied to
optimize the UHF energy of the 22, ground state of the
anion at the equilibrium configuration of the neutral
molecule.
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The Li basis set was generated from the 6-31G basis
of Dill and Pople” by uncontracting their three~compo-
nent 2s function and adding one diffuse s function and
one diffuse p function, The basis set for Na was formed
by adding two diffuse s and two diffuse p functions to a
5s/3p contraction of the 12s/6p primitive basis set of
Veillard.?® As an indication of the quality of our basis
sets we note that our calculated dipole moment of
0.76 D (Li®Na*) for LiNa is in good agreement with
the 0.72 D SCF value of Rosmus and Meyer® and the
0.46 D experimental value.

Using the basis sets described above, the ground state
anions of Li,, LiNa, and Na, are found to be stable with
vertical electron affinities of 0.32, 0.35, and 0.30 eV,
respectively, and adiabatic E.A.’s of 0.46, 0.45, and
0.42 eV, respectively. However, it should be noted
that basis set inadequacies could cause relative errors
as large as 0.06 eV.

The earlier CI® and EOM? studies on Li, yielded adia-
batic E.A.’s of 0.45 and 0.90 eV, respectively., Dixon
et al.® estimated that the true E.A. of Li, is 0.50-0.65
eV. Since the SCF E.A.’s of LiNa and Na, are within
0.04 eV of that of Li, and since the electron correlation
contribution to the E.A.’s of all three molecules should
be nearly the same, we expect that the exact E.A.’s of
Na, and LiNa should be 0.45-0.65 eV.
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The relationship between the dissociation energies
(DE) of the anions and neutrals!! is

D(AB)=D.(AB)+E.A.(AB)~E.A.(4) , 1)

where E.A.(AB) is the adiabatic electron affinity of AB.
Substituting our adiabatic SCF E.A.’s for the molecules,
accurate values' for the neutrals’ DE’s and experimen-
tal atomic E.A. s in this equation we obtain estimates

of 0.88, 0.69, and 0.59 for the DE’s of Li;, LiNa", and
Na;, respectively. This estimate of the DE for Li;
compares well with the CI® value of 0.86 eV. Moreover,
if the E.A, of Li, is 0.50~0.65 eV, as was estimated

by Dixon et al. 3 then a value of 0.9-1.2 eV would be
expected for the DE of Li;. We therefore conclude that
the anion DE’s calculated from Eq. (1) are probably as
much as 0.3 eV too small and that, for all three mole-
cules, the anion disssociation energies should be within
0.2 eV of the DE’s of the neutrals. This is especially
interesting since the bond orders of the anions are 1/2
while those of the neutrals are 1.0,

The addition of an electron to the 20,0 orbital causes
the 20,« orbital of Li; to become more diffuse than that
of Li, with substantial increases in the contributions
from both the diffuse s and p basis functions. The 20,8
orbital does not become as diffuse but it does acquire a
sizeable contribution from the tightest p function. The
20, orbital of the anion also has a greater contribution
from the p functions than does the neutral. Analogous
changes occur for the valence orbitals of Na, and LiNa
upon the addition of an “extra” electron.
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FIG. 1. Potential energy curves of X !z, Li, and X %5, Li;.
The solid curves depict the SCF results of the present inves~
tigation and the dashed curves are from the CI study of Ref. 3.
The potential curves have been shifted so that the minima of
both the SCF and CI Li, curves are at 0.0 eV.
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In Fig. 1 we plot the SCF and CI potential energy
curves of Li, and Li;. The SCF curves are from the
present investigation while the CI curves are from Ref.
3. The CI calculations yield shorter bond lengths and
higher vibrational frequencies. For example, the SCF
and CI bond lengths are 5.30 and 5.12 a.u., respective-
ly, while those of Li; are 6.50 and 6.08 a.u,, respec-
tively. The SCF curves of Na,/Na; and LiNa/LiNa~ are
very similar in shape to those for Li,/Li;, and hence,
are not displayed here.

Finally, we note that while the pseudopotential calcu-
lations of Ref. 4 yielded a negative value for the verti-
cal E,A. of Na,, the present study indicates that it is
positive. We also predict an adiabatic E.A. in the range
of 0.50-0.65 eV which is much larger than the 0.15 eV
value obtained in Ref. 4. It is our feeling that the basis
set employed in the pseudopotential calculations was not
flexible enough to properly describe the Na; charge den-
sity, thus resulting in a qualitatively incorrect E.A.

In summary, our SCF investigations of Li;, LiNa",
and Na; resulit in the prediction of vertically and adia-~
batically stable anions having (adiabatic) E.A.’s of 0,486,
0.45, and 0.42 eV, and DE’s of 0.88, 0.69, and 0.59,
respectively. Electron correlation is expected to cause
increases in these values of 0.05-0,20 eV,
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