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Abstract: We demonstrate that a simple Coulomb-energy model can be used to predict the vertical electron
detachment energy of an anion of charge) given the detachment energy of the corresponding anion having

one less charge—(n + 1). This model was applied earlier by other workers to dianions in which the two
charged sites are quite distant. In this paper we show that it can also be applied to more spatially compact
species as long as the two orbitals from which the electrons are removed are sufficiently noninteracting. We
first demonstrate how to use this model by applying it to a series of electronically stable dianiong {MgF
BeR?, TeR?™, SeR?™, and TeC§?") for which the ~2) to (—1) and 1) to (neutral) electron detachment
energies have been evaluated using conventional ab initio methods. These test calculations allow us to assess
the predictive accuracy of the Coulomb model. We then extend the model’s use to predict the energies of
dianions and trianions that are not electronically stable,{{SQCO;2~, PO, and PQ?") and for which
application of conventional quantum chemistry methods will not yield reliable predictions. That is, we predict

at what energies metastable resonance states of these species will occur. Finally, we use the Coulomb nature
of the long-range part of the electreanion potential to estimate the lifetimes of these resonance states with

respect to electron loss.

|. Introduction

In recent years, significant advances in the experimeatad
theoretical study of multiply charged anions have been realized.

On the experimental front, beautiful laser detachment and

photoelectron experiments from the Wang grougve produced

a plethora of new data that have prompted theoreticians to assist

in their interpretation. One of the most important concefiis

have arisen in understanding such spectra of multiply charged

anions is that of the repulsive Coulomb barrier (RCB). To
illustrate this concept and its utility, we display in Figure 1 the
electron binding energies (EBE) determined from péakthe
detachment spectra of a series of dicarboxyla@gC-(CHy)n-
CO,~. The electron binding energy data clearly fit a linear

T Permanent address: University of GdnDepartment of Chemistry,
80-952 Gdask, Poland.
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Figure 1. Plots of the electron binding energies and repulsive Coulomb
barriers pertinent to-O,C-(CH,),-CO,~ dianions. Reprinted with
permission from ref 1f. Copyright 2000, American Chemical Society.

functional form whose large intercept is ca. 3.2 eV, which
represents the electron binding energy of a singly charged
carboxylate anion such as&-CO,~.# To remove an electron
from one of the two carboxylate groups in a chain of finite
length does not require as much energy as for the singly charged
carboxylate because of the Coulomb repulsion energy generated
by the other carboxylate group’s negative charge. This Coulomb
repulsion can be thought of as raising the energy level of the
bound electron by an amouriig, that depends on the distance

R, between the electron being detached and the other negatively
charged site. Clearly, this distance depends linearly on the
number of methylene groups for the example at Haaatl thus,

the EBE varies linearly when plotted vsRi/
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Figure 2. Qualitative descriptions of radial potentials appropriate to
(a) an electron leaving a neutral molecule to form a cation, (b) an
electron detached from a singly charged anion, and (c) an electron
departing from an anion of charge-if). Reprinted with permission
from ref 1f. Copyright 2000, American Chemical Society.

Il. The Repulsive Coulomb Barrier

Let us explore further the nature and impact of this repulsive
Coulomb potential that has both a destabilizing influence (as
discussed above) and a stabilizing influence, as we now
illustrate. In Figure 2 we provide qualitative illustrations of the
radial potential experienced by an electron that is (a) detached

from a neutral species, (b) detached from a singly charged anion,

or (c) detached from an anion of chargenj with n > 1. In
the first case, the ejected electron experiencestaactive
Coulomb potential as it leaves the region of the valence orbitals

of the molecule because a cation is created when the electron
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departs. In case b, the ejected electron experiences attractiverigure 3. Effective radial potentials experienced by an electron in an
potentials of shorter range as it leaves the region of the valenceanion of charge<n) when (a) the valence attractive potential is stronger
orbitals. The nature of these attractive potentials depends onthan the repulsive Coulomb potential so a bound state exists and (b)

the electrostatic and induced moments of the neutral molecule
that is left behind. However, an electron leaving a multiply

(2) (a) Scheller, M. K.; Compton, R. N.; Cederbaum, LS8iencel 995
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when the valence attractive potential is weaker so a metastable state
occurs.

charged anion experiences both attractive and repulsive poten-
tials. At the longest range, the Coulomb repulsive potential
caused by the{n + 1) charged anion that remains is dominant.
However, at intermediate ranges, the Coulomb repulsion
combines with the valence-range attractive potentials that act
to bind the electron. It is the combination of valence-range
attractive and long-range Coulomb repulsion that causes the
changes in EDEs shown in Figure 1.

A. The RCB Can Destabilize Bound Statedf the attractive
valence potentials are stronger in the valence region than is the
repulsive Coulomb potential, then a total potential such as
illustrated in Figure 3a results. In such a case, the lowest bound
state of the {n) charged anion lies below the lowest state of
the (—n + 1) charged anion, so the former is electronically
stable. Moreover, the total potential will display a characteristic
repulsive Coulomb barrier (RCB) in the region where the
Coulomb potential is overtaken by the valence-range potential.
The height of this RCB can be approximated by computing
€?/R, whereR is the distance between the ejected electron’s
orbital and the other negatively charged site(s).

As Wang and co-workers have shown, attempts to detach

(5) This assumes that the dianion adopts as linear a geometry as possible€lectrons from a-<n) charged species using photons whose

Although it is not true in solution that such flexible hydrocarbon chains
adopt such conformations, it is likely in the gas phase that the mutual
Coulomb repulsion of the two carboxylate groups causes the chain to be so
aligned. Moreover, the fact that the EDE data can be fit to a model that
assumes such a linear arrangement provides support for this assumption

energy lies significantly below the top of the RCB fail. Photons
that excite the {n) charged anion near or above the RCB are
necessary. The RCB thus also plays an important role in
determining the shape of the photodetachment spectra by shifting
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Figure 4. Structure of the CuPc(S0), anion showing the location
of the four—SQ,!~ groups relative to the central Cu atom. Reprinted
with permission from ref 1f. Copyright 2000, American Chemical
Society.

Figure 5. Radial potentials appropriate to (a) neutral CuPc, (b)
CuPc(SQ)3(SOH), and (c) CuPc(S©)4. Reprinted with permission
from ref 1f. Copyright 2000, American Chemical Society.

detachment thus validating the claim that thed] charged
species has a negative electron binding energy.

[ll. RCBs in More Compact Multiply Charged Anions
the apparent threshold to energies not related to the actual
adiabatic detachment energy but to the height of the RCB. For
this reason, it has proven necessary to perform photoelectron
experiments, in which the kinetic energies of the ejected b
electrons are measured with photons having energy in exces
of the RCB, to determine EDESs in such multiply charged anions.

B. The RCB Can Give Rise to Metastable Statesln
contrast to the case illustrated in Figure 3a, if the Coulom
repulsion potential is strong enough to outweigh the attractive
potentials in the valence region, a situation such as shown in
Figure 3b can arise in which a metast&laaion of charge£n)
results. In such a case, the anion of charge)(s electronically
unstable with respect to the-6 + 1) charged anion, but the
RCB stabilizeshe (—n) anion by requiring the departing electron
to tunnel through this barrier to escape. Indeed, in their study
of the copper phthalocyanine, 34', 4''-tetrasulfonate
[CuPc(SQ)4*~ system shown in Figure 4, Wang and co-
workerd monitored the lowest electron detachment threshold
as the number of-SO;~ groups was varied from zero to four.
With no —SO;~ groups attached, detaching an electraqjuires
6.7 eV as Figure 5a illustrates. Appending tht€8O;~ groups
(and one neutrat-SO;H group) to the Pc ring system shifts
the lowest electron binding energy from 6.7 to 1.2 eV as shown
in Figure 5b. Finally, addition of a fourth SO;~ group further
shifts the electron binding energy by another 2.1 eV as shown

in Figure 5c, indeed creating a situation in which thed] s A
charged system is unstable by ca. 0.9 eV relative to &) ( ungerade (u) molecular orbitals, the energy splitting between
the g and u orbitals would be very small. As a result, one can

charged anion plus a free electron. In this case, photoelectron™ '™ *
experiments found that the ejected electrons possessed highe?SCribe the computed electron detachment energy to the removal
kinetic energy than did the photon used to effect the electron ©f @n electron from the left or right carboxylate group. Formally,
this can be shown by combining the two isoenergetic determi-
electronically metastable. Of course, these same Coulomb repulsions 'fnamS(z)g andgy (one with the g orbital half filled, the second
ically . urse, u ulsi | . . . —&2
strong enough, can cause thenj charged anion to break one or more with the u Orb.ltal half filled) to form two new fgnctlons 4
chemical bonds and fragment into less-charged anions. In the present work(¢g = ¢u) having the same energy, one of which has the left
most of our attention is addressed to the issue of electronic stability or carboxylate orbital half filled while the second has the right
metastability. A good overview of the variety of metastable states that occur o ppyita) haif filled. Although this observation may be obvious
in chemical systems is given in: Simons, J. Roles Played by Metastable . . .
States in Chemistry. IResonances in ElectrerMolecule Scatteringzan in cases such as the carboxylates where the two anion sites are

der Waals Complexgand Reactie Chemical Dynami¢sACS Symp. Ser. very distant and thus noninteracting, it is by no means clear
No. 263; American Chemical Society: Washington, DC, 1984; pA&

The validity and utility of the Coulomb repulsion energy
model has been clearly demonstrated in a large number of cases
y the Wang group and othe¥s? However, in the species that
ave been considered to date, it has been relatively clear how
to compute the internal Coulomb energy because the (two or
more) negatively charged sites have been reasonably well
b localized and have been rather distant one from the other(s).
For example, in the O,C-(CH,),-CO,~ systems, the distance
R, between the two anion sites is primarily determined by the
length of the methylene chain and the bond lengths int6€;
units. The primary uncertainty relates to where near the terminal
O atoms one defines the negative sites to reside (i.e., the
uncertainty relates to the finite size of the orbital in which the
“extra” electrons reside). In the [CuPc(§@*" system, the
orbital from which an electron is detached is a Cu d orbital
that is rather distant from the negatively charge®iO;~ groups.
Hence, small uncertainties in defining where, within 805~
groups, the negative charges reside produce very small uncer-
tainties in the internal Coulomb energies (i.e., in the computed
€?/R values).

Another simplifying feature of more extended systems such
as~0O,C-(CHy),-CO,™ relates to the nearly perfect degeneracy
of the two orbitals containing the two excess electrons. Even if
a symmetry element were present to cause the @C— and
right —CO,~ orbitals to combine to form gerade (g) and

(6) In such a case, we speak of then) charged anion as being

(7) Wang, X.-B.; Wang, L.-SNature 1999 400, 245.
(8) For this molecule, the electron is removed from a Guodbital
localized in the center of the GtPc r-orbital framework.

(9) (a) Weis, P.; Hampe, O.; Gilb, S.; Kappes, @hem Phys Lett
2000321, 426. (b) Dreuw, A.; Cederbaum, L. $.Chem Phys 2000112,
7400.
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whether analogous simplifications occur in more spatially
compact dianions. Itis to be expected that these simplifications,
which allow us to interpret electron detachment as occurring
from localized site-centered orbitals rather than delocalized
molecular orbitals (MOs), will be valid only if the ligand-
centered orbitals from which the MOs are constructed are
noninteracting.

In the present work, we extend the RCB model to treat
multiply charged anions in which (a) the negatively charged

sites are considerably closer together than in earlier studies and

(b) there are multiple resonance structures which complicate
the calculation of the internal Coulomb energy. In particular,
we first examine the predictions of the RCB model when applied
to MgF2—, BeR?2—, TeR?™, SeR?-, and TeC§?~ for which ab
initio data are available on the relative energies of the dianion,

anion, and neutral. These systems constitute the set of species

on which we test the validity and accuracy of the Coulomb
model. We then apply the model to predict the energies of the
states of SG¥~ (relative to SQ'™), CO2~ (relative to CQLY),

and PQ®~ and PQ?™ (relative to PQ'~ and PQ). In the latter
predictive applications, we suggest £0to be metastable with
respect to S@~ by 0.75 eV, but to have a RCB of height 5.88
eV through which the departing electron must tunnel to effect
autodetachment. We find GO to be unstable by 1.50 eV and
to have a RCB of 6.29 eV. For R®, we predict the triply
charged anion to lie 5.68 eV above POand to have a RCB

of 10.76 eV, and P& to lie 0.3 eV above P@~ and to have

a RCB or 5.38 eV.

Ill. Ab Initio and RCB Computational Methods

The equilibrium geometries of the closed-shell multiply charged
anions were optimized at the MP2 level with aug-cc-pVDZ basis&ets
and final energies determined at the CCSD(T) level for the tetrahedral
BeR?, MgF2-, PQ#, CO#%, and S@* species. For the square
antiprism structures of TeF, SeR?", and TeCl?", the geometry
optimization and final energy differences were performed at the SCF

Simons et al.
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Figure 6. Resonance structures appropriate to (a) tetrahedral dianions
and (b) tetrahedral trianions for removal of an electron from the top
anion site.

For the dicarboxylates discussed earlier, the Coulomb energy is trivial
to compute once one defines where within 180, groups the charge
resides. For all of the di- and trianions treated here, the calculation is
complicated by the fact that the two or three excess charges are
delocalized over three or more equivalent ligand sites. The proper way
to compute the Coulomb energy is to do so for each possible way of
distributing the excess charges among the ligands and to then average
over all such distributions. For the tetrahedral species (&gBeR?",

SO27, CO2, and P@), the evaluation of the internal Coulomb
energy is effected simply by computing/R for each resonance
structure of the anion and averaging over the resonance structures. Here
R.. denotes the distance between any two “ligands” (i.e., the outermost
atoms), which is where the excess charges are assumed to be localized.
For the uncharged and singly charged species, there is zero internal
Coulomb energy because there is zero or one excess charge in these
cases, respectively. For the dianions and trianions, the resonance
structures shown in Figure 6a,b occur with equal welghtence, the

level, and we used the Los Alamos pseudopotential and valence RCB operative in the dianions is the internal Coulomb energy (averaged

double¢ basis set (denoted LANL2DZ and implemented in the
Gaussian 98 program suiitgfor the Te and Se atoms together with
aug-cc-pVDZ basis set for the F and Cl atoms. Clearly, the modest
basis sets and the level of treatment of electron correlation limit the

over the appropriate resonance states) of the dianion minus that of the
anion (which is zero):

RCB=Y,éR, + &R, +€/R)=€/R, (1)

accuracy of our calculated detachment energies. However, as we show

below, the differences between the diani@mion and aniofrneutral

For the trianions, the RCB is equal to the (resonance-averaged) internal

detachment energies thereby computed display remarkable support fortCoulomb energy of the trianion minus that of the dianion:

the simple Coulomb model. Thus, it is likely that the#erencesare

more accurately reproduced than are the absolute detachment energieRCB = Y/,(3¢/R | + 3¢/R | + 3€/R ) — (€*IR + €/R +

It is important to note that the trianierdianion, dianior-anion, and
anion—neutral energy differences used to calibrate the accuracy of the
Coulomb model were computed at the equilibrium structures of the
corresponding closed-shell dianions (or trianion in the case af PO

. . 2—
Such frozen geometries are used because the Coulomb model |tseIfTer_ - P
©of which the resonance structures in the dianion are not all symmetry

relates to energy differences among species having the same atomi

/R ) =2€¢/R, (1b)

However, for the square antiprism structures of FefSek?", and
, there is no single distance between pairs of ligands, as a result

composition and nuclear positions but varying number of electrons. (O €nergy) equivalent. The seven resonance structures are shown in
For this reason, the RCB model should be viewed as a means for Figure 7, where the four distinct.R values are also defined. To

predicting vertical electron detachment energies, not adiabatic energies

(10) Kendall, R. A.; Dunning, T. H., Jr.; Harrison, R.JJ.Chem Phys
1992 96, 6796.

(11) GAUSSIAN 98, Revision A.7, M. J. Frisch, G. W. Trucks, H. B.
Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, V. G. Zakrzewski,
J. A. Montgomery, Jr., R. E. Stratmann, J. C. Burant, S. Dapprich, J. M.
Millam, A. D. Daniels, K. N. Kudin, M. C. Strain, O. Farkas, J. Tomasi,
V. Barone, M. Cossi, R. Cammi, B. Mennucci, C. Pomelli, C. Adamo, S.
Clifford, J. Ochterski, G. A. Petersson, P. Y. Ayala, Q. Cui, K. Morokuma,
D. K. Malick, A. D. Rabuck, K. Raghavachari, J. B. Foresman, J.
Cioslowski, J. V. Ortiz, A. G. Baboul, B. B. Stefanov, G. Liu, A. Liashenko,
P. Piskorz, I. Komaromi, R. Gomperts, R. L. Martin, D. J. Fox, T. Keith,
M. A. Al-Laham, C. Y. Peng, A. Nanayakkara, C. Gonzalez, M. Challa-
combe, P. M. W. Gill, B. Johnson, W. Chen, M. W. Wong, J. L. Andres,

C. Gonzalez, M. Head-Gordon, E. S. Replogle, and J. A. Pople; Gaussian,

Inc.: Pittsburgh, PA, 1998.

compute the RCB in such cases, we assdthat the seven resonance

structures are equally weighted and we thus compute RCB as
RCB=Y,(€IR, + 2€IR, + 2 €IR, + 2 €IR,) 2)

The geometrical parameters used to compute the RCBs in the tetrahedral

(12) In listing the resonance structures, it is sufficient to select one of
the sites to represent the site from which the electron is to be detached and
to then enumerate all possible locations of the other negative charge(s).
One obtains the same result for the RDB if one, alternatively, also averages
over all possible locations of the site from which detachment occurs.

(13) This is an assumption that we need to make to retain the simplicity
of this model. Clearly, the resonance structures that have the two anion
sites more distant are likely to be favored over structures with the two sites
closer, so our estimate probably overestimates the RCB.
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Table 1. Geometries and Coulomb and Detachment Energies of Stable Diaions

dianon Coulomb  dianion-to-anion anion-to-neutral difference in
geometrical parameters energy (RCB)  detachment enerfy detachment ener§y detachment energies

dianion A (eV) (eV) (eV) (eV)

BeR?~ Rer=12.66 5.41 1.68 7.03 5.35

MgFs#~ Ree=3.17 4.54 2.65 7.21 4.56

TeR?™ R, = 2.26,R, = 3.20,R;= 2.40,R,= 3.61 5.31 4.91 9.98 5.07

SeR*™ R, =2.19,R, = 3.10,Rs= 2.33,R,= 3.50 5.48 5.9 11.2 55

TeCk?*~ Ry =3.09,R, = 4.38,Rs= 3.28,R,= 4.94 3.88 4.3 8.0¢ 3.7

2 Coulomb energies computed as in egs 1 antietachment energies computed at the equilibrium geometry of the dignitiese energies
reflect the intrinsic electron binding strengths in the absence of any Coulomb repdlReported only to this precision in ref 2k.

which the orbitals from which the two electrons are removed
are spatially separated and nonoverlapping. For ¥igFfhe t,

t,, and e molecular orbitals comprised of fluorine 2p basis
orbitals have SCF orbital energies 6f0.162, —0.173, and
—0.178 H, respectively. For S&, these same orbital energies
are—0.33,—0.35, and—0.55 H.

As the data of Table 1 clearly show, the model works quite
well, and the largest discrepancy between its prediction and the
ab initio calculated differences in EDEs, which occurs for
TeR?, is 0.24 eV. The average deviation in the ab initio and
model energy differences is 0.10 eV for the five test cases.
Because the model calculates the RCB in terms of the distances
between atomic centers rather than between orbital centroids,
it likely overestimates the RCB values. However, the data of
Table 1 show that this overestimate is not severe for the test
anions considered here.

B. Predictions for Metastable Multiply Charged Anions.

The SQ?-, CO:%~, and PQ@3~ ions are known to be unstable

with respect to electron loss in the gas phisdowever, it is
probable that these species, as in the CuPg(a@ase discussed
earlier, have metastable ground states in which an electron must

tunnel through a RCB to escape. With this possibility in mind,

we make use of the Coulomb model to predict (a) the RCBs,
b) the energies of the-(n) charged anions relative to the 1

Figure 7. Resonance structures appropriate to square antiprism
dianions.

and square antiprism species considered here are given in Table 1 alon . . o
with the resultant RCB values. 1) charged anions, and (c) the tunneling lifetimes of the)(

Before examining the results obtained with the Coulomb model for charged anions for the species “Stpfd'
these test systems, we should again mention that it is not obvious that N the tetrahedral S@" case, the internal Coulomb energy
the model will work when applied to such species because it is not Of the dianion computed as in eq 1a BRoo = 5.88 eV (see
clear that the orbitals from which electrons are removed are sufficiently Table 2 where the requisite geometry and energy data are given).
localized and noninteracting. Finally, when computing the second Of course, the Coulomb energy of the singly charged aniair SO
electron detachment energy (e.g., thesS@ SQ, energy in the case is zero, so the RCB for detachment of an electron from2SO
of the SQ* dianion), we use the energy of the triplet state to most s equal to 5.88 eV. For P and PQ?", there are two distinct
correctly represent the lowest state for a species with electrons removednternal Coulomb energies that must be computed. For the
from two different orbitals. doubly charged P, the internal Coulomb energy again is
) given as in eq la fRoo = 5.38 eV). This is the RCB to use
IV. Results of Applying the RCB Model in the PQ2~ to PQ;l~ detachment. In the P& case, the total

A. Tests on Electronically Stable DianionsShown in Table ~ internal Coulomb energy averaged over the three resonance
1 are the ab initio computed dianismnion-neutral energy ~ Structures in Figure 6b M3(3€%/Roo + 3€%/Roo + 3€%/Rog) =
differences for the dianions used here as cases on which to tesB€/Roo. For detaching an electron from B0 to form PQ?",
the validity of the RCB model. It should again be noted that all the RCB is as given in eq 1b, ZBoo = 10.76 eV.
of the electron detachment energies (EDEs) are energies 10 obtain further testing of the RCBs computed above, we
computed at the equilibrium geometry of the dianion. By @also carried out a series of ab initio calculations on/SWith
keeping the geometry frozen in our calculations, we are able to @ hegative “test charge” placed at various distancesnd
isolate the contributions to the EDE made by the internal different orientations to generate, as done in ref 9a, a potential
Coulomb repulsion and by the intrinsic attractive valence-orbital €nergy surface appropriate for an attaching electrie found
potentials. a surface whose Coulomb barrier is obtained as the test charge

For the test cases considered here, if the Coulomb model were?PProaches along one of the-8 bond axes. The height of the

entirely correct, the differences between the EDES of the dianion Coulomb barrier thus obtained was 4.37 eV. As noted above,
and the anion should equal the internal Coulomb energy of the the RCB model tends to overestimate Coulomb barriers because

dianion. That is, the energies displayed in the third and sixth it computes them in terms of internuclear distances rather then
columns of Table 1 would agree if the model were accurate. orbital centroid distances. It may be for this reason that the

Our ability to relate the first and second electron detachment ™ (12 See, for example: Boldyrev, A. I.; Simons,JJPhys Chem 1994
energies to the RCB, of course, also depends on the extent tos, 2293.
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Table 2. Dianion and Trianion Energies from the Coulomb Model for Metastable Anions

geometrical repulsive trianion-to-dianion dianion-to-anion anion-to-neutral
parameters Coulomb barriet detachment energy detachment energy detachment ener§y
detachment event A (RCB) (eV) (eV) (eV) (BE) (eV)
SO2~ — SO Roo = 2.45 5.88 -0.78 5.13
COs? — COst™ Roo=2.29 6.29 —1.50¢ 4.79
PO2Z — PO} Roo = 2.67 5.38 —0.3¢ 5.08
POS — PO 10.76 —5.68

2 Predicted using the Coulomb modeAb initio calculated at the equilibrium geometry of ther() charged anion. These energies reflect the
intrinsic electron binding strengths in the absence of any Coulomb repulsion.

barrier obtained by the test charge method is somewhat smaller
than the RCB value (5.88 eV) obtained above using the

.- RCB Barrier Height
Coulomb model. However, as shown later, the lifetimes we [
)
5
=
=

obtain within our Coulomb model or using this test charge
potential vary by less than an order of magnitude. This
comparison, together with that presented below for PtGind

the comparisons with ab initio data given earlier for the test 5
systems Mg2~, BeR?~, TeR?", SeR?", and TeC*~ offer

significant reasons to trust this easy-to-use model. We, therefore, I
move on to consider the energies and lifetimes of the metastable

species mentioned above.

Theenergiesof SO2-, CO2~, PO, and PG relative to
SO, COl, PO, and PQL, respectively, can be predicted
by (1) using the ab initio calculated (at the dianion geometry)
SOy — SO, CO; — COsl, and PQ — PO~ energy
differences, which reflect the intrinsic binding energies (BE)
of the valence potentials absent any Coulomb repulsion and (2)
shifting this energy upward by the appropriate RCB to reflect

Intrinsic
Binding
Energy

Energy E of
(-n) charged
anion

(-n+1) charged

anion \

the destabilizing effect of the Coulomb repulsion between the r(distance of electron from orbital) ——»
ejected electron and the daughter anion. .
. . Closest distance Ry ;,
For example, the P& — PO~ energy difference is to other negative sites

computed by taking-5.08 eV (the energy of the electron in - g6 g, Model radial potential used to compute tunneling lifetimes

PQ, %) and addingt 5.38 eV (the RCB of P@3"), so PQ*" is in terms of repulsive Coulomb barrier height, closest distance between
predicted to be 0.30 eVnstablewith respect to PG~ plus a electrons R ), and electron energy.

free electron. In Table 2 we summarize this prediction as well
as those obtained using this same process on the POPO2~ Table 3. It should be noted that the O lifetime is of no
and SQ?~ — SO'™ cases. experimental relevance because it is computed at the geometry
Applying this process to the species listed, the Coulomb of the PQ3" trianion. The data on P£", CO#~, and SQ*
model suggests that (1) $© is unstable by 0.75 eV with ~ suggest that P is so short-lived as to render its experimental
respect to electron loss, but tunneling through a barrier lying detection very difficult but that C&~ and SQ*~ should be
5.88-0.75= 5.13 eV above this state is necessary for electron long enough lived to be subject to experimental study.
detachment, (2) C§ is unstable by 1.50 eV with respect to As a final test of the Coulomb model’s ability to predict
electron loss, but tunneling through a barrier lying 6:2%0 tunneling lifetimes of such metastable dianions, we applied it
= 4.79 eV above this state is required, (3)4£0s unstable by to the PtCJ2~ species that was very recently examined by other
5.68 eV with respect to electron loss, but tunneling through a meang14in the earlier work, the effective potential energy
barrier of 10.76-5.68= 5.08 eV is necessary, and (4) O experienced by a negative “test charge” in the presence of a
is further unstable by 0.30 eV with respect to electron loss, but PtCL'~ anion was computed as the test charge approached (a)
tunneling through a barrier of 5.3®.30=5.08 eV is necessary ~ along a PtCl bond axis, (b) between two PCI bond axes,
for it to detach an electron. and (c) along the g£axis of this planar anion. The energies
B. Tunneling Lifetimes. By using a simple radial potential ~ long these three approach directions displayed long-range
such as that shown in Figure 8, we have computed the tunnelingCoulomb repulsion, a barrier at intermediate distances, and short-
probability and the tunneling rates for the £Q CO>~, PQ2-, range valence attraction. Using the_ path with the lowest such
and PQ?~ metastable species whose energies were discussed@rrier (ca. 3.33.5 eV) and employing an enefgy“for the
earlier. For each of these calculations, the RCBBndvalues ~ dianion of 0.23 eV above that of Py, a lifetime of ca. 2.5

are given in Table 2, and the resultant lifetirtfeare given in S Was obtained when the requisite tunneling integral was
evaluated To compare the predictions of the Coulomb model

(15) It should be stressed that by no means is such an energy surface ayith these results, we first carried out ab initio calculations to
fully rigorous concept. In computing such surfaces, (a) one must sample
directions for the test charge approaching the anion that allow the test charge  (16) The lifetime is computed as = (2R../(2E)Y?) exp{2/(2(Q/r —
to reach the region (i.e., the orbital) where the “extra” electron resides in E))Y2 dr}, where the integral ranges from= R = Q/RCB tor = Q/E,
the dianion and (b) one is treating the “extra” electron as distinguishable the outer turning point for tunneling. Hef@ = 1 for dianion detachment,
from the other electrons. In a sense, one generates a-Bppenheimer andQ = 2 for trianion detachment. The energy of thenj charged anion
(BO) like energy surface upon which the “extra” electron moves. However, E as well asR | must be used in atomic units (i.e., hartrees and bohrs,
because the extra electron (a) is indistinguishable from the other electronsrespectively). An order-of-magnitude estimate focan be obtained by
and (b) by no means moves slowly compared to the other electrons, suchapproximating the tunneling integral by a single term= (2R../(2E)"?)

a BO-like approximation is likely to be not very accurate. exp{(2(RCB — E))Y)(Q/IE — Q/RCB)}.
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Table 3. Predicted Dianion and Trianion Lifetimes Based on Coulomb Model

repulsive trianion-to-dianion dianion-to-anion tunneling
detachment event Coulomb barrier (eV) detachment energy (eV) detachment energy (eV) lifetime (s)
SO2” — SO 5.88 -0.75 2.7x 10°8b
CO% — COst 6.29 -1.50 1.3x 1071
PO2Z — PO 5.38 —0.3¢* 1.3x 10t
POS — PO2™ 10.76 —5.68 9.4x 107

aThe PQ?" lifetime is computed at the geometry of PFOand, thus, is of no direct experimental relevarfcgee ref 18.

optimize the square-planar geometry of R¥€and obtained V. Summary

Roici = 3.37 A (at the MP2/SBK33(sp)1d on Cl and 4(sp)3d A simple model based on evaluating the Coulomb repulsion
on Pt level); this geometry is close to that used in ref 9a. We energies among negatively charged sites within spatially
thus were able to compute the internal Coulomb energy of compact dianions and trianions has been utilized to predict
PtCl?" to be 3.86 eV Using the energfE = 0.23 eV cited in  trjanion-to-dianion and dianion-to-anion detachment energies
ref 9a and our RCB-= 3.86 eV in the Coulomb model potential  given the anion-to-neutral detachment energy (at the same

shown in Figure 8, we computed a lifetime of 8.9 s, in geometry). These predictions have been shown to be reliably
reasonable agreement with the 2.5 s value obtained using theaccurate, compared to ab initio calculated data, on the test cases
test charge potential meth®dliscussed above. examined (Mgg?2—, BeR?2~, TeR? ", SeR?, and TeG2"). This
same model was then extended to make predictions of the
(17) We assume that the three resonance structures, two having the twoenergies of resonance states of metastable dianion$27(SO

negative charges adjacent and the other with the two charges opposite on 2— - S
another, are equally weighted. In this manner we compute RCR86 %03 , and PQ? ) as well as the P@" trianion, as well as to

ev. estimate the tunneling lifetimes of these metastable states. The
(18) We also estimated this lifetime using the test charge method model is expected to be applicable when the orbitals from which

employed in ref 9a by first computing the potential energy of a point the two electrons are removed are nearly isoenergetic and
negative charge interacting with a $Oanion. As the point charge is moved

inward (from 15 A) along one of the-S0 internuclear axes, we found a nonoverlgpping _(e.g., as in MgF where the { t;, and e
potential having a barrier of height 4.4 eV, which is smaller than the 5.88 nonbonding orbitals range from0.163 to—0.178 H).
eV estimate of the Coulomb model. Using REB4.4 eV andR | = 3.3
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