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Almost all small dianions known from condensed phases are unstable with respect to electron loss in the gas
phase. Here we study the electron autodetachment lifetimes of CN2

2-, C4
2-, and CO3

2- employing the complex
absorbing potential method as well as a new variant of the stabilization technique. The investigated temporary
species show rare-gas-like closed-shell electronic ground states, and we discuss conceptional and technical
differences between closed-shell resonances and typical “temporary anions” associated with electron scattering
from closed-shell targets. The computed lifetimes set a lower limit for the time scales of experiments intended
to observe the free dianionic systems, and the trends of the lifetimes can be understood in terms of the ideas
established to rationalize the electronic stability of bound dianions. Finally, we discuss the question of which
properties of metastable dianions can be extracted from bound state calculations, effectively ignoring the
temporary character of the examined system.

1. Introduction

Small dianions, such as O2-, C2
2-, or CO3

2-, are common
in salts and solution chemistry, but virtually all small textbook
dianions are unstable in the gas phase (see, e.g., the review
articles1-5). The instability of these and other free dianions has
been emphasised for a long time,6-11 but only very little is
known about the associated lifetimes or decay rates. While
atomic dianions and in particular the existence of a H2-

resonance state attracted considerable attention (see, e.g., refs
12-15, so far C22- is the only molecular dianion whose
autoionization lifetime has been investigated.16,17

In this article we focus on small molecular dianions which
are unstable with respect to vertical electron detachment. These
systems correspond to resonance or temporary states and are
characterized by their resonance energy or resonance position
Er and by their widthΓ, which is proportional to the inverse of
the lifetimeτ ) p/Γ. Both resonance parameters,Er andΓ, are
needed to compare different metastable states, but the width is
of particular relevance, since it determines in what kind of
experiment the temporary species can be observed. Specifically
we study the resonance energies of the three dianions CN2

2-,
C4

2-, and CO3
2- and investigate the trends of the autodetach-

ment lifetimes with respect to molecular structure and size.
Another important question in this context pertains to the

results obtained from bound state methods. Loosely speaking,
we are going to ask what information can we obtain, if we ignore
the metastable character of a dianion and perform a standard
quantum chemistry calculation? Standard bound state calcula-
tions have been used to investigate metastable dianions in a
variety of contexts. In the first place, studies devoted to finding
small stable dianions yield also geometries and energies of
unstable species.4 In the second place, many multiply charged
anions have been investigated as members of an isoelectronic
series (see, e.g., refs 8 and 18-20, and in the third place, there
are numerous studies in the literature which compare computed
energies of unstable dianions (and monoanions) without con-
sidering that the investigated species are electronically unstable.

Despite the inability of bound state calculations to account for
a fundamental property of the investigated temporary species,
one should not underestimate their predictive power. Nonethe-
less, one needs to know which type of data can be extracted
from a bound state calculation and how reliable these results
are.

Computing lifetimes of metastable states is in general far more
involved than calculations for bound systems of similar type or
size, and in comparison with the highly developed quantum
chemistry technology available today, there are still neither
standard techniques nor generally accessible program packages
for the investigation of resonances. Moreover, owing to their
closed-shell electronic configuration, the temporary dianions
considered here represent a new type of metastable state, where,
e.g., the familiar static-exchange approach cannot directly be
applied.17 In section 2 we give a brief introduction into the
investigation of free dianions2,9 and describe the computation
of the lifetime of temporary anions. In particular, the complex
absorbing potential method17,21,22 is briefly reviewed, a new
variant of the stabilization method23 is introduced, and the
construction of appropriate wave functions for closed-shell
resonance states is discussed in some depth. In section 3
numerical results for the three metastable dianions C4

2-, CN2
2-,

and CO3
2-are presented, and in section 4 our main conclusions

are discussed.

2. General Considerations

This article combines the study of dianionic systems and
temporary anions, two fields that had so far little overlap. In
the following some background information from both fields
is given, before we turn to dianionic closed-shell resonance
states.

2.1. Gas Phase Dianions.Over the past decade much work
has been dedicated to find the “smallest” gas phase dianion.2

Currently, the smallest known dianions which exhibit lifetimes
sufficient for mass spectrometric detection (τ > 10-5 s) are the
AX3

2- systems where A is an alkaline metal and X is a halogen
atom.24,25 These systems have so far escaped observation,25,26

but very recently Middleton and Klein detected the closely† E-mail: Thomas.Sommerfeld@urz.uni-heidelberg.de.
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related species BeF4
2- and MgF4

2-,26 which had been predicted
as early as 1991.9 In addition, the pentaatomic systems
BeC4

2- 27,28 as well as TX42- where T is Pd or Pt and X is Cl
or Br29 have been observed. Much shorter lifetimes have been
addressed using electron scattering methods,30,31 but the ob-
served resonances seem to correspond to electronically excited
states and have not unambiguously been identified.

Two decay channels are relevant to the existence of a
dianionicsystem in the gas phase: electron autodetachment and
fragmentation of the nuclear framework.9,32 Both decay pro-
cesses can be characterized as Coulomb explosions, and since
in principle any combination of stability, metastability, or
instability with respect to either channel is possible, one could
distinguish a hierarchy of different levels of stability. However,
owing to the influential role of mass spectrometry in this field,
gas phase dianions are usually classified as long- or short-lived
according to the mass spectrometrical time scale of roughly 10-5

s. For example, many small dianions which have been found
to be stable with respect to vertical electron detachment, but to
be only metastable with respect to adiabatic electron loss, or
dissociation, or both, have been predicted to be observable in a
mass spectrometer (see, e.g., refs 13, 24, and 33-37). In con-
trast, dianionic systems unstable to vertical autodetachment have
been considered to be too short-lived for mass spectrometric
detection and have been characterized as “nonexistent”.10,11

Whereas a positive electron detachment energy at the
equilibrium geometry of the dianion is most probably a sufficient
condition for a long lifetime, it is by no means necessary. In
fact, PtCl42- has been found to possess despite its negative
electron detachment energy a lifetime of about 0.1 s,29 and
similarly BeC4

2- was found to be unstable to vertical autode-
tachment but is nevertheless observed mass spectrometri-
cally.27,28From these examples it is clear that the central question
is often not whether a specific species is stable or unstable in
an absolute sense, but whether it is long- or short-lived on a
given time scale. In spite of its ultimate instability, any dianion
can be observed, if it decays sufficiently slowly in comparison
with the experimental time scale.

2.2. Computing Lifetimes of Metastable Anions.A tem-
porary or resonance state is a metastable state of a system which
has sufficient energy to break up into two or more subsystems,
and can be thought of as a discrete state that is embedded in
and interacts with one or more continua.38 Resonance states can
be characterized by their energy or positionEr and by their width
Γ. For temporary dianionsEr is the energy above the associated
monoanion, that is, the energy above the target in an electron
scattering experiment, andΓ is related to the lifetimeτ ) p/Γ.
Position and width of temporary mono- or dianions can of course
be extracted from the corresponding electron scattering cross
section, but they can also be obtaineddirectly in an approach
that goes back to the treatment of the radioactive decay of nuclei
by Gamow39 and Siegert.40 In this method resonance states are
described by Siegert wave functions with complex eigenenergies

whereEr andΓ are the resonance parameters described above.
The complex resonance energyEres can be computed using
complex Hamiltonian techniques of which the complex scaling
(CS) method41-43 is probably the most widely known.44 Here
we will employ, on the one hand, a complex absorbing potential
(CAP)21,45 which is similar in spirit but far easier to use in
conjunction with standard bound state programs22 and has
successfully been applied to metastable states of anions17,22 as

well as cations.46 On the other hand, we will make use of the
stabilization method23 which is “intermediate” between the direct
methods (CAP and CS) and the computation of the scattering
cross section. In the following paragraphs we briefly describe
both techniques.

The CAP method provides a simple and efficient way to study
resonances using bound state techniques and has been described
in detail in refs 21 and 22. One works with a parametrized non-
Hermitian complex-symmetric Hamilton operator

where H is the physical Hamiltonian,W is typically a real
potential such as|r |n, andη is its strength parameter. Here we
have employed two different CAP forms, a spherical quartic
CAP

as well as the quadratic box-CAP suggested by Santra46

where the constantsci define the size of the CAP box. Loosely
speaking, a CAP is added to the Hamiltonian to absorb the
outgoing electron, and in the complete basis set limitEres does
not depend onW. In the framework of a finite basis setEres

will to a certain extend depend onW and one typically uses
complex stabilization techniques,21 that is, one studies the
η-trajectories of the complex eigenvaluesEi(η) and a resonance
is identified by a pronounced minimum of the “velocity”

of the corresponding trajectory (see, e.g., ref 21 or Figure 1).
The idea of the stabilization method is to place the system

of interest in a box of variable size.23 The continuum is thereby
discretized, and since the resonance is more localized than the
pseudocontinuum states, its energy depends far less on the box
size than the pseudocontinuum energies. Thus, in a plot of the
system-in-a-box energies versus box size there will be a series

Figure 1. η trajectories for the CN22- closed-shell resonance state.
The compact AO basis sets are the TZVP (diamonds) and 6-311G*
(circles) sets.η runs from 10-5 to 0.1 in exponentially growing steps.
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of avoided crossings, and the resonance position can be
determined “by eye” from this so-called stabilization graph (see,
e.g., ref 47 or Figure 2). It is more difficult to extract the width
from the stabilization graph. Various schemes based on analyti-
cal continuations have been proposed (see ref 48 and references
cited therein), but a more robust technique is the calculation of
the resonant cross section or of the phase shift, which is then
fitted to a Breit-Wigner form or its derivative, respectively.47,49

Variants of the stabilization method differ mostly in the way
the concept of the “box” is implemented.23,48,50If grid methods
are used, the box and its sizeL are obviously defined by the
grid, and the box is enlarged by adding more grid points. In
contrast, the definition of an appropriate “box” is not straight-
forward in the context of Gaussian basis sets and standard ab
initio packages normally used to study temporary anions. The
most popular approach consists of defining a “box” by the spatial
confinement of the Gaussian basis set itself, and the box size is
controlled by scaling the exponents of the diffuse functions (see
ref 48 and references cited therein). Alternatively, one can add
a boxlike potential to the Hamiltonian.50 For example, the
potential provided by a discretized Watson sphere6 has been
employed as a Coulomb-like box,51 and an inverse tangent
potential has been applied as a “soft” box of finite depth.52

Here we implement the idea of stabilization employing the
boxlike potentialW(2) defined in eq 4. The real potentialW(2) is
added to the physical HamiltonianH

where the box sizeL is controlled via the parametersci, and in
this way we obtain a “soft” box of infinite depth. In contrast to
scaling variants, one has to compute the matrix elements of the
Hamiltonian only once, and for each new box sizeL only the
integrals of the one-particle operatorW(2) have to be evaluated.
In addition, we avoid problems of near-linear dependencies
frequently encountered, if the exponents of the diffuse functions
are scaled.

The CAP as well as the stabilization method can in principle
be combined with any quantum chemical technique. However,
for both the CAP and the stabilization method it is necessary
to compute repeatedly several or even many eigenvalues of a
Hamilton matrix that depends on an external parameter (CAP
strength or box size). Thus, techniques which aim at the optimal
description of just one state are in general unsuitable, and one

needs a method that allows a balanced representation of several
states. Here we will employ configuration interaction (CI) wave
functions which have in conjunction with the CAP method been
studied in refs 17 and 22.

2.3. Temporary Dianions. In this section we wish to
emphasize the differences between typical “temporary anions”
and closed-shell resonance states of dianions. In the literature
the term “temporary anion” has mostly been used to refer to
resonance states in low-energy electron scattering from neutral
closed-shell targets (see. e.g., ref 53), and here we will use it in
exactly this sense. Consider first a typical temporary anion. In
this case the target (M electrons) exhibits a closed-shell
electronic ground state; there issusuallysonly one relevant
target state, and a first-order resonance wave function can be
written in terms of antisymmetrized (target)Mφ1 configurations
where (target)M represents the target self consistent field (SCF)
configuration andφ is a virtual target orbital of appropriate
symmetry. This is the so-called static-exchange (SE) level, a
well-defined approximation which is in many respects equivalent
to Koopmans’ theorem (KT) approximation54 for positive
electron affinities (i.e., the extra electron is bound) and provides
a starting point for higher theoretical levels including electron
correlation effects.

For the dianions studied here the situation is “reversed”, since
the resonance state (N electrons) exhibits a closed-shell rare-
gas-like electron configuration, whereas the anionic decay
products show open-shell ground states which can be described
in terms of a one-hole configuration. Owing to its one-hole
electron configuration, the anionic target possesses usually
several low-lying excited states, and the dianion can frequently
decay into several channels.17 A theoretical description of a
dianionic resonance should hence be based on an SCF wave
function for the closed-shellN electron state, which is however,
due to its temporary character in general unavailable. In a
calculation without CAP employing a suitably diffuse basis set,
the resonance state will mix with pseudocontinuum states and
there will be pseudocontinuum states below the resonance. It
is therefore by no means clear on what kind of state an SCF
calculation will converge. Thus, in contrast to temporary anions,
the choice of an appropriate molecular orbital (MO) basis set
for a closed-shell resonance state is a problematic step.

Here we follow an approach based on the empirical observa-
tion that small basis sets can to some extent mimic an
environment in which the dianion is stable.4,6,55 In a first step,
the large basis set needed to represent the continuum in a CAP,
CS, or stabilization calculation is partitioned into a compact
part, which is in most cases just one of the many standard basis
sets, and a diffuse part. In the language of the stabilization
method, using just the compact basis set is equivalent to placing
the dianion in a very small box. The lowest discretized
continuum state will therefore be much higher in energy than
the resonance state, and an SCF calculation will converge on
the desired state. The SCF wave function obtained in this way
is of course only a poor approximation of the resonance, since
the artificial potential provided by the compact basis set is
strong, and the occupied orbitals as well as the associated value
of the negative electron detachment energies will depend
strongly on the particular basis set. Nevertheless, these orbitals
provide a zero-order description which actually seems to be
sufficient to compute properties such as equilibrium geometries
or vibrational frequencies.4

The SCF MOs obtained with the compact basis are then
projected onto the complete basis set; that is, the compact MOs
φi

(c) remain unchanged (all diffuse components are set to zero)

Figure 2. Stabilization plot for the CN22- closed-shell resonance state.
The compact AO basis is the TZVP basis and the box sizeL has been
varied from 2.5 to 45.0 bohr in steps of 0.5 bohr, where the parameters
ci defining the box potential (see eqs 4 and 6 are set toL orthogonal
and toL + R(CN) parallel to the molecular axis.

H(L) ) H + W(2)(L) (6)
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and the new diffuse MOsφi
(d) are orthogonalized to theφi

(c).
We refer to the complete set of orbitalsφi

(c) andφi
(d) as projected

MOs (p-MOs). Using the p-MOs we can write a CI single (CIS)
wave function for the resonance taking into account the closed-
shell configuration (resonance)N and all possible single excita-
tions (resonance)N-1φi

(c) and (resonance)N-1φi
(d). The single

excitations do not only describe the interaction with the
continuum in the ensuing CAP or stabilization calculation but
also account for relaxation effects of the possibly too compact
zero-order wave function. More elaborate wave functions would
include all single and double excitations with respect to all first-
order configurations (MR-SDCI).17

Since we are using orbitals optimized for the closed-shell
resonance state, widths obtained at the CIS level of theory tend
to underestimate the MR-SDCI widthssthe “reverse” of the
typical behavior at the static-exchange level for temporary
anions. However, it has been found that the CIS width of C2

2-

is closer to the corresponding MR-SDCI value than typical
static-exchange values for resonances with closed-shell targets.17

For an investigation of alternative orbital types see ref 17.
The CIS wave function based on SCF orbitals from a smaller

compact basis set is clearly not as “natural” as the KT
description of ionization or electron attachment, or the SE wave
function of resonances with closed-shell target states, since it
involves the ambiguous subdivision of the one-particle basis
set. It should neverthelessssimilarly to the KT and SE levelss
provide a fair first-order approximation as well as a good starting
point for more refined wave functions.17 Moreover, the parti-
tioning of the basis set allows one to draw some connections
with the Feshbach projection formalism,38,56-58 which renders
our approach particularly attractive. Within the projection
formalism a resonance is described as a discrete state|d〉 that
is embedded in a continuum. Due to the interaction with this
continuum the discrete state acquires a width and its energy is
shifted. Specifically, the SCF configuration (resonance)N defines
the discrete state|d〉 and the projection operatorsQ ) |d〉〈d|
andP ) 1 - Q. The SCF energy obtained with the compact
basis set is the energy of the discrete stateEd ) E(SCF), and
thus the difference betweenE(SCF) and the resonance position
Er can be identified with the level shift∆. Let us emphasize
that we donotuse the projector formalism to compute the level
shift or the resonance width, but that the specific orbital choice
allows us to rationalize our results in terms of the associated
concepts even though we are performing a CAP or stabilization
calculation.

3. Autoionization Rates for CN2
2-, C4

2-, and CO3
2-

In this section we discuss numerical results for the three
metastable dianions CN22-, C4

2-, and CO3
2-. These systems

have been investigated in the study of the bonding trends in
their isoelectronic series8,19,20as well as in the search for small
gas-phase dianions.10,59Essentially, it had been concluded that
all three species are unstable with respect to loss of an electron,
but that the trends in the solid state bond lengths and vibrational
frequencies can be reproduced using compact basis sets. In the
following we study the associated autodetachment lifetimes and
compare the properties of the free species with the findings
obtained using compact basis sets.

Let us begin with CN22-. The compact basis is Dunning’s
polarized triple-ú set60 (TZVP) which has been augmented with
a diffuse [2s2p] set on carbon and a (2s10p)/[2s8p] set on
nitrogen in the CAP and stabilization calculations. The diffuse
functions have even-tempered exponents (scaling factor 1.4) and
have been contracted to avoid near-linear dependencies. For the

following discussion of the CAP and stabilization methods the
bond length has been set to 1.245 Å, which is the equilibrium
bond length found in an SCF geometry optimization using the
compact basis set only.

In the CAP/CIS calculations the trajectory of the resonance
(Figure 1) is easily identified from its eigenvector, which is
dominated by the closed-shell configuration, as well as from
its stabilization behavior, since all the other trajectories run very
quickly far into the complex plane. Increasing the CAP strength
η from very small values, the resonance trajectory (see Figure
1) first moves away from the real axis, comes slightly back,
stabilizes atη ≈ 0.003, and finally runs off into the complex
plane; i.e., the trajectory shows the typical behavior which has
been observed for many different systems. From our CAP/CIS
calculation we find a width of 0.14 eV for CN22- in the same
order of magnitude as C22-.17 To get an idea of the basis set
dependence of this result, we have repeated the calculation using
the 6-311G* basis61 as a compact set and a [1s1p] diffuse set
on carbon as well as a (1s13p)/[1s10p] diffuse set on nitrogen.
As can be seen from Figure 1, the resonance width is found to
be only slightly sharper with the latter basis set. Thus, our width
is essentially independent of the precise choice of compact or
diffuse exponents.

The stabilization plot obtained with theW(2)(L) potential (see
eqs 4 and 6), the CIS wave function, and the TZVP basis is
shown in Figure 2. The avoided crossing structure indicating
the resonance is clearly visible, but in addition, this plot provides
some useful information about the quality of the basis set. In
the first place, the basis set covers a spatial range of roughly
35 bohr in radius. For box sizes above 35 bohr all energies are
practically independent of the size parameterL indicating that
all integrals of the box potentialW(2) are negligible. This “extent”
of the AO basis set clearly defines an upper bound for a
meaningful box size. In the second place, the density of
pseudocontinuum states is rather low. Despite the almost
impractical large number of diffuse basis functions in the AO
basis, there are just five1Σg

+ states in the energy range up to 5
eV. Thus, there are just two avoided crossings (between states
1 and 2 atL ≈ 15 bohr and between states 2 and 3 atL ≈ 25
bohr) that may be used to extract the resonance parameters from
the stabilization plot. The behavior of states 3 and 4 atL ≈ 35
bohr also “looks good”, but numerical analysis shows that the
limited extent of the AO basis set spoils the avoid crossings
structure.

There are many schemes to extract approximate resonance
widths “directly” from one of the avoided crossings, and using
e.g. eq 11 of ref 50 and the crossing structure atL ≈ 25 bohr,
a width of about 0.2 eV is obtained. The more robust method
of computing the phase shift and fitting it to a Breit-Wigner
expression as suggested in ref 49 yields a width of 0.15 eV in
excellent agreement with the CAP method, as it should be. We
conclude that our basis set is sufficiently flexible to accurately
account for the “continuum problem” and the width is essentially
independent of the method to find the Siegert energy. (Of course
the width still depends of the employed CI wave function and
the underlying orbitals as discussed in the previous section.)

Let us now turn to the resonance position. Since the real part
of the computed Siegert energy is the total energy of the
resonance, but the resonance positionEr is measured relative to
the target of a scattering experiment, the energy of the CN2

-

ground stateE(-1) is needed to compute the position of CN2
2-.

Let us note that-Er is often referred to as negative electron
affinity (positive electron affinities indicate that the electron is
bound). At the CIS level of theory for the resonance there are
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basically two choices for the computation of the energyE(-1)

of the anionic target. On the one hand, the anion ground state
can be approximated at a frozen-orbital level by the correspond-
ing one-hole configuration. In this way the internal consistency
between resonance position and width is ensured, butE(-1)

depends on the partitioning into compact and diffuse basis sets.
On the other hand, a separate SCF or CIS calculation for the
anion can be performed in order to include relaxation effects.
These two approaches are loosely analogous to Koopmans’
theorem and∆SCF levels for electron detachment energies of
bound anions.62 For C2

2- it has been found17 that using the
frozen-orbital approximation toE(-1) one underestimatesEr,
while using E(-1) from a separate CIS computation one
overestimates it. This observation is again similar but “reversed”
to the typical behavior of temporary anions with closed-shell
targets, where the resonance position is usually overestimated
at the SE and underestimated at the static-exchange-plus-
polarization level as compared to experimental or MR-CI results
(see, e.g., ref 63).

The resonance positions of CN2
2- obtained in these two ways

are quite different:Er ) 3.9 eV using the former andEr ) 7.3
eV using the latter choice. Preliminary results at the MR-SDCI
level point to a position of 4.6 eV, and thus, neither choice for
E(-1) seems to be particularly balanced. Nevertheless, together
the two values provide a reasonable range in which the more
accurate results are found, and unless otherwise stated we will
take the frozen-orbital approximation toE(-1) for the energy
origin.

Having established a method to compute the fixed nuclei
resonance energy, it is straightforward to calculate a complex
potential energy surface (PES)Eres({R}), where{R} represents
the nuclear degrees of freedom. Whereas at the initial set of
nuclear coordinates it had been necessary to carefully study the
η-trajectories, at subsequent{R} points the resonance is easily
identified by its eigenvector and the optimalη-range is already
known. This is a slight advantage of the CAP over the
stabilization method. For CN22- we have investigated the
symmetric stretch mode andEres(R) is shown in Figure 3, where
R is the carbon-nitrogen bond length.Γ(R) changes almost
linearly and only very slowly withR, andEr(R) shows the typical
potential well familiar from real PES. The equilibrium bond
length R0 ) 1.245 Å inferred formEr(R) is almost identical
with that stemming from SCF calculations using the compact
basis set only. In fact, the level shift∆(R) ) E(SCF)(R) - Er(R)
is almost constant, and for the TZVP compact basis set it has

a value of 0.8 eV. Thus, the absolute energy computed with
bound state methods and compact basis sets is as expected
inaccurate (and very basis set dependent), but the shape of the
PES is correctly represented; for CN2

2- the geometrical
parameters extracted from the bound state data hardly differ
from those obtained from the complex PES. This behavior is
unexpected, since for C22- a significant shift in bond length
had been found.17 The decisive difference between the two
systems is that for C22- the orbitals from which electrons can
autodetach (usually the (or the first few) highest occupied MO
(HOMO)) is bonding whereas for CN22- these orbitals are
nonbonding in character. In other words, ignoring the metastable
character of a dianion and using a bound state method with a
compact basis set will yield wrong and extremely basis set
dependent HOMO(s). However, if these orbitals are nonbonding
in character, the shape of the PES is practically unaffected by
the inadequate theoretical description, and bound state computa-
tions will yield “correct” geometrical parameters.

Based on our PES, we predict the CN2
2- dianion at its

equilibrium geometry to show a resonance position of roughly
4.6 eV and a width of 0.14 eV, which translates to a lifetime of
approximately 5 fs. Thus, in going from C2

2- to CN2
2- the

autodetachment lifetime of the closed-shell resonances is only
slightly increased: both systems exhibit lifetimes of a few
femtoseconds.

Let us now turn to C42-. Bound state calculations with
standard basis set have shown that the closed-shell dianion
possesses aD∞h equilibrium geometry with a long central (R2)
and two short terminal (R1) bonds.20,64 For this system the
6-311G* basis set has been employed as a compact set and has
been augmented with a (2s13p)/[2s10p] diffuse set in the CAP
and stabilization calculations. Computationally the C4

2- inves-
tigation is quite different from those for CN22- or C2

2-.17 C4
2-

is found to live for roughly 2 orders of magnitude longer than
the latter species, and the much sharper C4

2- resonance state is
far more easy to distinguish from the pseudocontinuum states.
In the CAP calculations the resonance trajectory stays much
closer to the real axis and its velocity is over the wholeη range
2 orders of magnitude slower than those of the continuum
trajectories. Moreover, the associated stabilization plot (Figure
4) shows much narrower avoided crossing structures, and the
resonance position can accurately be found “by eye” without
any numerical analysis. However, similar to the CN2

2- stabiliza-

Figure 3. Complex PES of the CN22- closed-shell resonance state.
The real partEr (open squares) has been shifted such that the minimum
energy is zero. The full circles are the associated width.

Figure 4. Stabilization plot for the C42- closed-shell resonance state.
The compact AO basis is the 6-311G* set, the outer bond length isR1

) 1.24 Å, and the inner bond length isR2 ) 1.42 Å. The box sizeL
has been varied from 2.5 to 80.0 bohr in steps of 0.5 bohr, where the
parametersci defining the box potential (see eqs 4 and 6 are set toL
orthogonal and toL + R1 + R2/2 parallel to the molecular axis.
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tion plot there is only a relatively low density of states in the
relevant energy region, and one can “see” the spatial extent of
the augmented basis set, which is approximately 60 bohr.

For C4
2- we have computed the complex PES on a grid of 7

× 8 points in the vicinity of the SCF/compact basis set geometry
assumingD∞h symmetry. In the upper panel of Figure 5Er

obtained from CAP/CIS calculation is shown, and for compari-
son, the PES defined by the compact basis set SCF energyE(SCF)

is plotted in the lower panel of Figure 5. The bond length
changes due to the coupling to the continuum aressimilar to
C2

2- 17sin the order of 0.01 Å with the shorter bond length
being less sensitive. Specifically, the equilibrium geometries
extracted fromEr(R1,R2) andE(SCF)(R1,R2) areR1 ) 1.407,R2

) 1.233 andR1 ) 1.416, R2 ) 1.231, respectively. Thus,
ignoring the metastable character of C4

2- leads not only to
questionable total energies, but also to significant changes in
the geometry which are similar in magnitude to typical electron
correlation effects. In the same bond length region the associated
width Γ(R1,R2) is found to change smoothly between about 1
and 3 meV (Figure 6), and close to the equilibrium geometry
the width is roughly 2.5 meV. We note thatΓ(R1,R2) is almost
constant along the “symmetric stretch” coordinateQS ) R1 +
R2 and changes nearly linearly with the “antisymmetric stretch”
QA ) R1 - R2.

For the resonance position or negative electron detachment
energy there are again two values depending on the approxima-
tion for the2Πg C4

- ground state. At the equilibrium geometry
of C4

2- we find a resonance position of 1.6 eV at the frozen-
orbital level of theory, and performing a separate CIS calculation
for the C4

- ground state yields a position of 3.3 eV. As discussed
above, the former and latter values forEr are expected to under-
and overestimate the position, respectively, and thus, we predict
a closed-shell C42- resonance state at roughly 2 eV above the
C4

- ground state with a lifetime of about 260 fs. In comparison
with the smaller carbon cluster dianion C2

2-, the C4
2- resonance

state is strongly stabilized: the position is decreased by about
1 eV and the lifetime is increased by roughly 2 orders of
magnitude.

The third dianion we have studied is the carbonate ion CO3
2-.

The carbonate ion has been investigated in the framework of
isoelectronicD3h symmetrical AB3 systems,19 and it is one of
the standard examples for dianions that are well-known from
solids and solutions but nevertheless unstable with respect to
autodetachment in the gas phase.10 From size and excess charge
distribution arguments one may expect that its autodetachment
lifetime is longer than those of CN22- or C4

2-, and thus, out of
the three investigated systems CO3

2- is the one most closely
related to electronically stable dianions. Since we are using
theoretical methods closely related to standard bound state
techniques, we expected the carbonate ion to be a particular
easy case for our methods. However, surprisingly, from a
computational point of view the CO32- dianion turned out to
be the most difficult species.

For CO3
2- we used as compact basis sets Dunning's TZVP

as well as the 6-311G* set, and the p-type functions of both
basis sets have been partly uncontracted in some calculations.
The compact basis sets have been augmented with various sets
of diffuse basis functions (even scaling factors between 1.4 and
1.8) containing up to 13 contracted p-type functions at the
oxygen atoms. With any of our basis sets, even with those
containing just four diffuse functions, it is straightforward to
identify the resonance state, and there is no doubt that CO3

2-

represents a sharp resonance. The stabilization plots show sharp
forbidden crossing structures, and in the CAP calculations the
trajectory of the state dominated by the closed-shell configu-
ration is by several orders of magnitude slower than those of
the pseudocontinuum states. Even from the CAP calculations
the resonance position can easily be extracted “by eye”, since
the real part of the resonance trajectory is essentially constant.
At a carbon-oxygen bond length ofR ) 1.3 Å, which is close
to the SCF/6-311G* optimized geometry (R ) 1.282 ), the
resonance position is found to beEr ) 1.3 eV at the frozen-
orbital level andEr ) 3.8 eV at the CIS level for the CO3-

anion. Moreover, calculations for different bond lengths show
that similar to CN2

2- the level shift∆(R) ) E(SCF)(R) - Er(R)
is practically independent ofR, and for the compact 6-311G*
set we find∆ ) 1.65 eV. Consequently, the metastable character
of CO3

2- has virtually no influence on the geometrical data,
and the PES obtained with bound state techniques and compact
basis sets has the correct shape.

In contrast to the resonance position, it is very hard to obtain
a reliable width from the CAP or the stabilization methods. In

Figure 5. PES of the C42- closed-shell resonance state. In the upper
panel the real part of the complex PESEr(R) obtained at the CAP/CIS
level is shown, and in the lower panel the corresponding PES computed
at the SCF level using only the compact 6-311G* basis set is displayed.
The inner (x-axis) and outer (y-axis) bond lengthsR2 andR1 are given
in angstroms. Both surfaces have been shifted such that the energy
minimum corresponds to zero, and the contour lines correspond to 0.8,
3, 8, 30, and 80 meV. The contours are not very smooth, because the
PES has been computed on a grid of 7× 8 points only.

Figure 6. Width Γ(R1,R2) of the C4
2- closed-shell resonance state.

The inner (x-axis) and outer (y-axis) bond lengthsR2 andR1 are given
in angstroms, and beginning from the lower right the contour lines
correspond to 1, 1.5, 2, 2.5, and 3 meV.
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the CAP calculations the velocity of the resonance trajectory is
much smaller than those of the pseudocontinuum trajectories;
however, the stabilization behavior is weak in the sense that
V(η) has a relatively broad and shallow minimum. Moreover,
the width depends substantially on the diffuse basis set and the
employed CAP. These dependencies are very small in absolute
terms, since all CAP/basis set combinations yield widths
between 0.5 and 0.1 meV and larger basis set lead consistently
to smaller widths, but the relative errors are large. In the
stabilization calculations the situation is similar. The phase shift
computed from anL range containing only one forbidden
crossing structure can perfectly be fitted to a Breit-Wigner
form, but, the different forbidden crossings yield different
widths. For example, using the 6-311G* compact set augmented
with a [1s13p] set of diffuse functions at the oxygen centers
leads to a stabilization plot with eight forbidden crossing
structures, which yield widths between 0.3 and 0.02 meV.

The computational problems in the CAP and stabilization
calculations are of course not due to the methods themselves,
but are due to the inflexibility of the underlying AO basis sets.
The interaction of the resonance with the continuum is obviously
in the same order of magnitude as the error caused by
representing the Hamiltonian in a finite basis set. Loosely
speaking, the width is so small that is almost vanishes in the
basis set background noise. It is moreover very difficult to
construct even larger atom-centered Gaussian basis sets due to
increasing numerical difficulties with near-linear dependencies.
From our results using a variety of different basis sets we predict
the CO3

2- closed-shell resonance state to possess at the CIS
level of theory a width of roughly 0.1 meV. This value might
still be too large by a factor of 4, but we are confident that it
exhibits the correct order of magnitude. In order to compute a
more accurate width for CO32- or to investigate even longer
lived autodetaching species, such as SO4

2-, the quality of the
basis sets needs to be improved. Possible improvements include
the optimization of the contraction coefficients of the diffuse
functions for each specific case, or augmenting the basis set
with new types of functions, however, at the cost of sacrificing
the intimate relationship with bound state techniques.

4. Discussion and Conclusions

We have studied the lifetimes of the three small dianions
CN2

2-, C4
2-, and CO3

2-, which are familiar from condensed
phases but had been found to be unstable in the gas phase. These
species decay by electron autodetachment and represent closed-
shell resonance states. The associated autodetachment widths
have been computed employing the CAP method as well as a
new variant of the stabilization method in conjunction with CIS
wave functions. This level of theory is comparable in quality
to the SE picture for temporary anions with closed-shell targets
and to the KT approximation for electron detachment energies
of bound states. Our results show that the calculated width are
essentially independent of the employed “continuum” method
provided that the underlying AO basis set is sufficiently flexible,
and for the investigated species neither the CAP nor the
stabilization techniques have any decisive advantages. In
contrast, the “sufficient flexibility” of the AO basis is rather
crucial. In particular the width of the CO32- dianion is very
small, and it is difficult to obtain accurate results using an atom-
centered Gaussian basis set.

At the CIS level we find for the three dianions CN2
2-, C4

2-,
and CO3

2- widths of 140, 2.5, and 0.1 meV, respectively, which
translate into respective lifetimes of 5, 260, and 6500 fs.
Moreover, using the frozen-orbital approximation for the anionic

targets, the resonance positions of the three metastable dianions
are 3.9, 1.6, and 1.3 eV, respectively. Let us again note that the
CIS level of theory for metatstable states is roughly comparable
to the ∆SCF level for bound anions, and that the values for
both resonance position and widths are expected to underesti-
mate the true values somewhat. Nevertheless, we expect the
quality of our results to be better than typical SE values for
temporary anions with closed-shell targets.

Our computed lifetimes set limits to the time scale of any
experiment intended to observe one of the investigated dianions
in the gas phase. Obviously, all three species are by more than
7 orders of magnitude too short-lived to be observable in a mass
spectrometer (τ > 10-5 s), and only scattering techniques seem
appropriate to detect CN22-. However, C4

2- and especially
CO3

2- live sufficiently long for the experimental techniques
developed in femtochemistry.65 Moreover, there are many
systems in the lifetime range between CO3

2- and 10-5 s, such
as SO4

2- or C6
2-, whose lifetimes are probably much longer

than that of CO32-, but still too short for mass spectrometry
(the smallest detected carbon cluster is C7

2- 66,67 and only the
cluster [SO4

2-(H2O)4] has been observed.68 We hope our work
will stimulate the experimental search for these and other
temporary dianions.

Let us now discuss the dependence of the autodetachment
lifetimes on molecular structure and size. For comparison we
include the closed-shell C22- resonance, which shows a lifetime
of 3 fs at the CIS level, and its frozen-orbital position isEr )
2.5 eV.17 As a first guess one might expect that the lifetime of
metastable dianions should essentially depend on the size of
the system, since the spatial extent of the molecular system
defines the minimal repulsion of the two excess electrons
localized at opposing ends of the molecular framework.
However, our results clearly show that sheer size is by far not
the most relevant property, but that the lifetimes depend strongly
on the particular molecular system. In our examples, the largest
increase in size occurs in going from C2

2- to CN2
2-, but both

systems have lifetimes in the same order of magnitude.
Moreover, CO3

2- and C4
2- have the same number of atoms,

and owing to its linear geometry C4
2- allows the two excess

charges to localize at a possibly larger distance. Yet CO3
2- lives

for more than 1 order of magnitude longer than C4
2-.

The lifetime trends of the discussed species can be understood
in terms of the concepts employed to explain the stability of
certain families of bound dianions, where the key issue concerns
electron-accommodating atoms or groups of atoms. All small
gas-phase dianions have at least two electron-accommodating
units, and depending on the structural properties and variabilities
of the different systems, there is a tradeoff between compact
forms possessing many electron-affine substructures and chain-
like forms showing only two electron-accommodating groups
but maximizing their distance (see, e.g., refs 2, 35, 37, and 69).
In C2

2- the extra electrons are of course distributed over the
two terminal atoms, and the same is true for CN2

2-, since the
nonbonding HOMO has a node on the central carbon atom.
Thus, in both dianions the excess electrons have to be accom-
modated on single, not particular electron-affine atoms, and the
lifetime is correspondingly short. In C42- there are also only
two electron-accommodating groups, but a terminal C2 unit
shows a much higher electron affinity than a single carbon atom,
and the lifetime of C42- is therefore much longer. Finally, in
CO3

2- the excess charge can be distributed over three equivalent
oxygen centers, giving rise to an even smaller autodetachment
rate. The outstanding stabilities of the LiF3

2- dianion24 and the
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D3h symmetrical C72- cluster67 find thus their counterpart in
the long lifetime of CO3

2-.
Finally, let us summarize what information can be extracted

from bound state calculations for metastable dianions employing
compact basis sets. In the first place, a bound state calculation
is of course necessary to conclude that a given dianion is
unstable with respect to electron autodetachment. The obtained
energy will however depend strongly on the finite basis set and
can be loosely related to the energy needed to add one extra
electron to the anion within the spatial confinement defined by
the specific basis set. The corresponding negative detachment
energies can nonetheless provide a useful measure for relative
instabilities, if similar species are investigated with identical
basis sets. However, unless the basis set dependence of the
energy is studied, that is, effectively a stabilization calculation
is performed, the computed energies cannot be compared to
positive electron detachment energies and should be used with
great care.

In contrast to the energies, geometrical parameters of
metastable dianions can be computed using bound state methods.
Here we need to distinguish two cases. If, on the one hand, the
highest occupied MOs from which electrons can autodetach are
nonbonding in character, the artifical confinement of the
compact basis set has very little influence on the geometries.
For example, for CN22- and CO3

2-, the shape of the PES
obtained from bound state methods is practically equivalent to
the real part of the complex PES from a CAP or stabilization
calculation. If, on the other hand, the temporarily bound
electrons occupy bonding orbitals, these orbitals need to be
described correctly, and only methods that correctly incorporate
the decay process will yield accurate geometries. For example,
for C2

2- and C4
2- the differences in bond length due to the

coupling to the continuum are similar in magnitude to typical
electron correlation effects, and the continuum and correlation
errors may add to each other.17
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