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Stabilization calculation of the energy and lifetime of metastable SO 4
2À
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~Received 6 September 2001; accepted 28 November 2001!

It is known that SO4
22 is not electronically stable as an isolated species but can be rendered stable

by solvation~e.g., by adding a few H2O molecules!. Recently, our group introduced a Coulomb
repulsion model that offers an approximation to the energy instability and lifetimes of such species.
In order to achieve an independent and likely more reliable estimate of the instability of SO4

22 , we
have undertaken a follow-up study of this dianion. Specifically, we apply a stabilization method to
determine the vertical electronic energy difference between the metastable SO4

22 dianion and its
SO4

21 daughter at several levels of theory. The particular variant of the stabilization method used
here involves adding a partial positive charge to the central sulfur nucleus in order to confine the
escaping electron. Our coupled-cluster data, which represent our highest level of theory, suggest that
SO4

22 is unstable by 1.1 eV and has a lifetime with respect to electron loss of 1.6310210 s ~our
earlier estimates were 0.75 eV and 2.731028 s!. © 2002 American Institute of Physics.
@DOI: 10.1063/1.1436469#
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I. INTRODUCTION

It is known1 that isolated SO4
22 is not electronically

stable. This dianion, solvated by a few H2O molecules, has
been the subject of recent experimental studies2 and remains
the subject of much interest. In an earlier effort3 we approxi-
mated the vertical energy difference between the metast
dianion SO4

22 and its singly charged daughter SO4
2 using

what we called a repulsive Coulomb model. We applied
model to a variety of dianions known to be electronica
stable and found it to yield reasonable estimates of their e
tron binding energies. We were therefore encouraged to
tend the model’s applications to metastable species and
thus estimated the SO4

22 to SO4
2 energy gap by:

~i! computing, at the same frozen geometry used for SO4
22 ,

the SO4
2 to SO4 neutral energy differenceD, and then

reducingD by an amount C that
~ii ! represents the Coulomb repulsion between the two

cess charges in SO4
22 that is not present in SO4

2 .

The anion-neutral energy difference is taken as a m
sure of the intrinsic electron binding energy of each of
oxygen-based orbitals. The dianion-anion energy gap is t
approximated as this intrinsic difference reduced by the C
lomb repulsionC5e2/RLL between the two electrons in o
bitals on two oxygen ligands a distanceRLL apart.

This model assumes that the two electrons removed f
SO4

22 to form SO4
2 and from SO4

2 to produce SO4 reside in
orbitals localized on the oxygen ‘‘ligands.’’ It also require
that the eight nonbonding ligand molecular orbitals~of e, t2 ,
andt1 symmetry comprised of oxygen 2pp orbitals! are~es-
sentially! degenerate. This degeneracy allows one to sh
that a Slater determinant in which a hole occurs in one
these symmetry-adapted molecular orbitals has the same
ergy as a determinant with a hole in a ligand-localized o
gen 2pp orbital. This, in turn, allows one to evaluate th
Coulomb repulsion component of the dianion-anion ene
2840021-9606/2002/116(7)/2848/4/$19.00
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gap in terms of ligand–ligand repulsion energies~rather than
in terms of symmetry- orbital Coulomb integrals!.

However, for SO4
22 the e, t2 , and t1 orbitals are not

degenerate~i.e., they have energies of20.12, 20.09, and
20.03 Hartrees, respectively!, so the difference between th
t1 HOMO energy (20.85 eV) and the average of the thre
t1 , three t2 , and two e orbital energies (22.0 eV) is sub-
stantial. Since the applicability of the Coulomb model
SO4

22 is questionable, alternative methods for examining t
dianion were used. As noted earlier, the Coulomb model w
demonstrated in Ref. 3 to yield reliable predictions wh
applied to electronically stable dianion-anion-neutral spec
~e.g., MgF4

22 , TeF8
22 , BeF4

22! whose energies could b
computed independently. However, for these species the
ergy splittings among the symmetry-adapted molecular or
als derived from the ligand-localized orbitals were sign
cantly smaller than for SO4

22 . Finally, the Coulomb mode
was also shown to produce predictions3 for dianion-anion
energy gaps and lifetimes for metastable dianions~e.g.,
CO3

22 , PtCl4
22! that are in reasonable agreement with wh

had been obtained by other workers4–6 and by us using al-
ternative techniques.3

In the present paper, we return to the SO4
22 case, which

is of significant current experimental interest,2 and attempt to
determine both the energy of SO4

22 relative to SO4
2 and the

lifetime of this dianion using a stabilization-based metho7

rather than the repulsive Coulomb model. We again emp
size that we undertook these calculations in order to ob
an independent determination of SO4

22’s energy and lifetime
using a widely used method. The stabilization technique
well-established7 and has been tested on a variety of me
stable species. Thus, its application is likely to provide
least as reliable a prediction as that obtained using the C
lomb model.
8 © 2002 American Institute of Physics
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FIG. 1. Plot of detachment energy v
nuclear charge computed at variou
levels of theory. Linear fits to data
with positive detachment energies ar
also shown and extrapolated.
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II. METHODS

All the calculations of electron binding energies we
performed with aug-cc-pVDZ basis sets.8 Additional extra-
diffuse basis functions were not included because the st
lization potential used to treat the metastable SO4

22 causes
the charge density to be spatially compact. Although we
amined the possibility that removing an electron from one
the e ort2 orbitals would produce a lower energy for SO4

21,
we found the2T1 state to be lower, so it is this state fo
which we report data below. The spin contamination of
2T1 SO4

21 monoanion remained small witĥS2& values near
0.77 for values of the stabilizing potential~see below! used
to extrapolate and determine the SO4

22 energy and lifetime.
Because SO4

21 has five electrons in itst1 orbitals, the SCF
calculations on it display symmetry breaking~i.e., the three
t1 orbitals do not have identical LCAO-MO coefficients!.
However, this symmetry breaking is small and found to
especially small for sulfur nuclear charges Z~see below!
greater than 16.3. Because we obtain our final prediction
extrapolation from this range of Z values, we believe that
level of symmetry breaking is benign. All calculations we
performed with theGAUSSIAN98program9 on our Pentium III
450 MHz and AMD 950 MHz computers, and the thre
dimensional plots of the molecular orbitals were genera
with the MOLDEN program.10

After determining the optimal geometry of the close
shell ground state SO4

22 at the MP2 level of theory (Rso

52.53 Å), we carried out a series of SO4
22→SO4

2 electron
binding energy calculations at a variety of levels rang
from Koopmans’ theorem11 to coupled-cluster singles an
doubles including perturbative triples corrections12

@CCSD~T!#. As discussed earlier, we obtain the ground st
of SO4

21 by removing an electron from one of the three d
generatet1 HOMOs of SO4

22 . Because SO4
22 is not elec-

tronically stable with respect to electron loss to gener
SO4

2 , it is not rigorously appropriate to compute its ele
tronic energy by simply performing an SCF, MPn
CCSD~T! calculation. Specifically, if a much more flexibl
Downloaded 31 Oct 2002 to 155.101.15.168. Redistribution subject to A
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atomic orbital basis set were used, the SCF process~carried
out in the UHF manner! would produce an energy for SO4

22

equal to that of SO4
2 and a wave function equal to the UH

function of SO4
2 multiplied by a free-electron function hav

ing zero kinetic energy. That is, the UHF process would u
dergo variational collapse. Because the SCF orbitals and
ergies form the starting point for the MPn and CCSD~T!
calculations, this problem also plagues the latter method
is for this reason that we must use the stabilization meth
which allows us to compute the energy of SO4

22 as if it were
electronically stable and to subsequently extrapolate s
data into the range of interest where SO4

22 is unstable.
In the present work, we introduce the stabilization to

as follows:

~1! We first calculate the electron binding energy of sulfa
but using a sulfur nuclear charge~Z! of 17.0, in effect
adding a stabilizing unit positive charge to the sulf
nucleus. This makes our system equivalent to a chlo
anion ~which is known to be electronically stable! but
with the sulfate dianion’s MP2 geometry. As note
above, we compute the binding energy at a variety
levels ranging from Koopmans’ theorem to CCSD~T!.

~2! Next, we calculate the binding energy at sulfur nucle
charges ofZ516.9, 16.8, etc., down to the standard s
fur chargeZ516.0. A plot of the resultant electron de
tachment energy~DE! vs Z is shown in Fig. 1. Note tha
the data are linear when plotted as DE vs Z whenever
binding energy is positive~i.e., when the dianion is elec
tronically stable! but the data deviate significantly from
linearity when DE becomes negative. This observat
reflects the electronic instability pathology discussed e
lier when we explained why the stabilization techniq
is needed.

~3! To obtain our estimate of the energy of SO4
22 relative to

SO4
2 , we extrapolate the linear regions of the plots

DE vs Z down toZ516.0. In a more speculative ven
ture, we also extrapolate these linear plots toZ515.0 to
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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obtain an estimate of the instability of the phosph
trianion which we also examined in Ref. 3 with our Co
lomb model.

We should note that the approach we used is not a c
ventional application of the stabilization method. Mo
typically7 one would compute the energies of many ele
tronic states of SO4

22 using a variety of diffuse basis sets. F
example, one might scale the orbital exponents of the m
diffuse oxygen-centered basis orbitals by an amounth and
then plot the energies of the various SO4

22 states computed
for example, in a configuration interaction calculation, vers
h. By searching for energies that remain relatively sta
over significant ranges ofh, one can identify candidates fo
metastable states. In the present study, we replace the sc
of the orbital exponents, which is designed to vary the rad
extent of the metastable orbital, by the variable nucl
charge on sulfur, which serves a similar purpose. We ch
this approach because we believe it offers a more effic
mechanism for addressing the problem at hand.

After calculating the energy of the metastable state,
use a one-dimensional tunneling model3,13 to calculate the
lifetime of sulfate with respect to electron loss. We also

FIG. 2. Degeneratet1 HOMOs of SO4
22 showing their strong oxygen ligand

localization.

TABLE I. Electron binding energies~eV! and lifetimes~s! of SO4
22 and

PO4
23 at various levels of theory.

Sulfate SCF KT CCSD~T! Phosphate

Energy 21.76 20.85 21.12 27.80
Lifetime 2.04310212 1.8831028 1.63310210 1.23310214
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timated the lifetime for phosphate using this same techniq
In Ref. 13 this tunneling model was shown to be reliable, a
its sensitivity to the functional form of the potential wa
examined. Moreover, in Ref. 3, we examined different for
for the radial potential to determine how the computed li
times varied. For example, in both Refs. 3 and 13, a poten
was computed by evaluating the energy of the SO4

21 anion in
the presence of a unit negative charge~i.e., the ejected elec
tron! at various distances~r! and at an orientation chosen t
produce the lowest barrier~and thus the most facile tunne
ing!. The resulting potential displays the proper 1/r Coulom
form at large-r, but its small-r behavior was somewhat d
ferent from that shown~see Fig. 3!. For example, the Cou
lomb model potential used here has a barrier of 5.88
whereas the test-charge derived model had a barrier of
eV. Nevertheless, a primary conclusion of that study
SO4

22 was that the computed lifetime varies by less than o
order of magnitude for this kind of variation in the potentia

III. RESULTS AND SUMMARY

As shown in Fig. 2, thet1 HOMO orbitals of SO4
22 are

localized on the oxygen ligands. However, as noted ear
their orbital energies (20.85 eV) differ substantially from
those of thet2 (22.4 eV) and e (23.2 eV) orbitals which
are comprised of the same eight oxygen 2pp orbitals. For the
latter reason, it was by no means clear that the Coulo
model used earlier3 should be expected to produce relative
reliable predictions. In Table I, we summarize the energ
determined by extrapolating our stabilization calculations.
particular, the detachment energies extrapolated toZ516
give us the predicted instabilities of the SO4

22 dianion, with
our most accurate estimate being 1.12 eV@at the CCSD~T!
level#. The corresponding tunneling lifetime, obtained usi
the one-dimensional potential13 shown in Fig. 3 and dis-

FIG. 3. One-dimensional model potential for calculating tunneling lifetim
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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cussed in Ref. 3 is 1.6310210 s. In our earlier Coulomb
model calculations, we obtained an instability of 0.75 eV a
a lifetime of 2.731028 s. So, our stabilization results sug
gest a more unstable and shorter-lived SO4

22 than we earlier
predicted. Because the atomic basis sets and levels of th
@i.e., CCSD~T!# used in Ref. 3 and in the present work a
the same, the differences in computed energies and lifeti
result from differences between the Coulomb model and
stabilization method. Because the latter is well tested o
variety of problems, we conclude that more realistic e
mates for SO4

22 are those obtained in the present study.
It should be noted, as clearly shown in Fig. 1, that

obtain a significant range of values for the instability ene
of SO4

22 at various levels of theory. Our Koopmans’ theore
result is 20.85 eV, and our best prediction is21.12 eV;
however, intermediate levels of theory produce data rang
from 21.7 eV~SCF! to 20.4 eV~MP2!. Therefore, we can-
not claim that results obtained with the conventional syste
atic series of approximations@e.g., KT, SCF, MP2, MP4,
CCSD~T!# have converged. Moreover, the computed tunn
ing lifetimes depend exponentially upon the energy diff
ence between the top of the barrier~see Fig. 3! and the en-
ergy of the metastable state. As a result, the lifetim
computed for the rather wide range of energies noted ab
span a wide range. Nevertheless, we believe that
CCSD~T! energy and lifetime presented in this work off
the most reliable data currently available to the scient
community. We do not foresee how qualitatively better d
could be obtained with currently available theory~e.g., with
increased basis set size or using alternative correlation m
ods!.

When we extrapolate our CCSD~T! data toZ515, we
are able to predict the instability of the PO4

32 trianion. Doing
so, we obtain an instability energy of 7.8 eV, and, again us
the one-dimensional tunneling potential, we then compu
lifetime of 1.2310214 s. In Ref. 3, we suggested that PO4

32

is unstable by 5.7 eV and has a lifetime of 9.4310214 s.
In summary, although it was earlier emphasized that i

lated SO4
22 is not electronically stable, the energy and lif

time of this species have not yet been examined usin
variety of theoretical methods. Because these parame
have not yet been determined experimentally, it is pruden
study them with all means currently available. Earlier,
used a Coulomb repulsion-based model to estimate the
ergy and a radial tunneling model to approximate the li
time. In the present work, we applied a more widely us
and successful tool, the stabilization method, to gain ano
Downloaded 31 Oct 2002 to 155.101.15.168. Redistribution subject to A
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~presumably more reliable! estimate of the energy. Thus, w
suggest, on the basis of ourab initio stabilization-based cal
culations performed at the CCSD~T! level, that:

~1! SO4
22 is vertically electronically unstable by 1.12 eV.

~2! SO4
22 has a lifetime with respect to electron detachme

of 1.6310210 s.
~3! A crude extrapolation to the PO4

32 case~but at the ge-
ometry of SO4

22! gives an energy instability of 7.8 eV
and a lifetime of 1.2310214 s.

~4! The range of energies obtained at various levels
theory is significant, thus limiting our ultimate confi
dence limits on our final energy and lifetime prediction
The value reported above results from our highest le
CCSD~T! treatment.
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