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A metastable molecular dianionC 22
2 in a closed-shell1S 1

g state has been found. Using a complex
absorbing potential in conjunction with a multireference configuration interaction wave function,
resonance position and width are calculated and their dependence on the nuclear chargeZ is examined.
Based on our findings the interpretation of a recent scattering experiment is questioned and an alter
experiment is proposed. [S0031-9007(97)03848-9]

PACS numbers: 31.25.Nj, 34.80.Kw, 36.40.Wa
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Dianionic species as small asO22 or SO 22
4 are very

common in solid state and solution chemistry, but
has only recently been shown that small doubly negati
charged systems may exist as isolated entities [1,2].
fact the smallest dianions which have been observ
in a mass spectrometer (implying lifetimes of at lea
1025 sec) areC 22

7 [3] andS2O 22
6 [4]. Based onab initio

calculations many smaller systems have been predicted
form long-lived dianions [1], which consist typically of a
central metal atom and three to eight fluorine or chlorin
ligands. The smallest dianion predicted to be long-live
is LiF 22

3 [5].
However, even if small solid-state dianions are unstab

in the gas phase, they may nevertheless exist as sh
lived metastable species. It is not possible to detect su
temporarydianions directly in a mass spectrometer, b
one may observe them as resonance structures in elec
scattering from the associated monoanion. Reports
electron scattering from monoanions, especially in t
energy region of only a few eV are rare, but recent
the electron impact detachment cross section of the th
anionsH2, O2, andC 2

2 has been measured [6–9]. Both
the detachment cross sections ofH2 andO2 are smooth
functions of energy and show no resonance structu
In contrast, in scattering fromC 2

2 the detachment cross
section exhibits a broad feature at an energy of abo
10 eV, which has been interpreted in terms of a close
shellC 22

2 resonance state [9].
From a theoretical point of view the treatment of

resonance state is far more involved than the descript
of bound states and so far only calculations on metasta
states of atomic dianions have been reported [10,11].
this Letter we present evidence for a resonance state
C 22

2 which is to our best knowledge the first theoretica
examination of a metastable molecular dianion in th
literature. Specifically we investigate the closed-she
1S 1

g state ofC 22
2 which is isoelectronic with the neutral

N2 molecule exhibiting the electron configuration

scored4s1sgd2s1sud2s1pud4s2sgd2.
0031-9007y97y79(7)y1237(4)$10.00
it
ve
In
ed
st

to

e
d

le
ort-
ch

ut
tron
on

he
ly
ree

re.

ut
d-

a
ion
ble
In
of
l
e
ll

We emphasize that a metastable closed-shell state c
not be classified by one of the schemes developed
monoanionicresonances [12], since all monoanions po
sessing rare-gas-like electronic structures are bound.

We begin with a brief description of theC 2
2 and

C2 states relevant in the present context. It is a w
known fact that the target anionC 2

2 possesses three boun
electronic states [13–15]. The electronic ground sta
shows2S 1

g symmetry and at roughly 0.6 and 2.4 eV abov
it there are excited states of2Pu and 2

S 1
u symmetry,

respectively. These three states may be represented
electron configurations exhibiting one hole in the2sg,
the 1pu, and the1su orbitals, respectively. The neutra
C2 molecule exhibits a1S 1

g ground state which is abou
3.4 eV above the2S 1

g ground state ofC 2
2 , and possesses

several other low lying states [13]. Thus, depending
the resonance position of the metastableC 22

2 state there
may be up to three open one-electron and various op
two-electron detachment channels.

A first approximation for the resonance position ca
be obtained by an extrapolation where the nuclear cha
Z is treated as a parameter [16,17]. To this endZ is
increased such that the state of interest becomes bo
and for a number of differentZ values the energies of the
relevant states are calculated employing standard bo
state techniques. We have performed high levelab initio
calculations for the1S 1

g 10-valence electron (VE), the
three 9-VE 2S 1

g , 2Pu, and 2S 1
u states, as well as for

the 1S 1
g 8-VE state, where the nuclear distance h

been fixed to the bond length of theC 2
2 ground state

sR ­ 1.265 Åd. For details, see [18].
The corresponding results are shown in Fig. 1. As m

be expected, the energy differences of the three 9-
states are almost independent ofZ. In contrast, the 10-VE
1S 1

g state is only forZ $ 6.3 stable with respect to
electron loss. For smallerZ it becomes instable and
moves into the continua of the 9-VE states. Extrapolati
of its energy toZ ­ 6 yields a resonance position o
roughly 4 eV and an open two-electron escape chann
Comparison of our calculated energy differences with t
© 1997 The American Physical Society 1237
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FIG. 1. The energies of the 8-VE, 9-VE, and 10-VE stat
discussed in the text are shown relative to the 9-VE2

S 1
g

ground state. The data have been obtained at a hig
correlated level of theory [18] and the energy of the 10-V
1
S 1

g has been extrapolated toZ , 6.3.

experimentally known electron detachment energies of
three C 2

2 statessZ ­ 6d and the ionization potentials
of N2 sZ ­ 7d shows that in our computations th
energy differences between states possessing the s
number of electrons are accurately reproduced, but ene
differences between states exhibiting different numbe
of electrons are underestimated by about 0.5 eV. Th
based on theZ-extrapolation scheme, we expect th
resonance position of theC 22

2 state to lie definitely below
4 eV and probably close to the energy of the neut
C2

1S 1
g state (3.4 eV).

To obtain reliable values for the energyand lifetimeof
a metastable state in general one has to solve a scatte
problem. However, the computation of scattering wa
functions is a difficult task, since their non-L2 nature
prevents the application of basis set methods. T
has encouraged the development of methods, where
resonance is not extracted from the cross section,
is described by an eigenfunction to a complex Sieg
eigenenergy [19,20]

Eres ­ ER 2 iGy2 , (1)

where ER is the position and1yG is the lifetime of the
resonance. The Siegert energies are obtained directly
ing complex symmetric Hamiltonian techniques, whe
the most prominent one is the complex coordinate meth
[21–23]. We have employed a complex absorbing pote
tial (CAP) which is similar in spirit and allows the use
of a real L2 basis set. In the CAP approach [24] an a
tificial CAP 2ihW , which absorbs the detached electro
is added to the given HamiltonianH of the system. The
resulting effective Hamiltonian

Hshd ­ H 2 ihW (2)

is complex symmetric, i.e., non-Hermitian, the parame
h denotes the CAP strength, andW is a positive potential
function such asrb [24,25]. The resonance eigenvalue
extracted from the spectrum ofHshd using either a stabi-
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lization procedure (with respect toh) or by analyzing the
corresponding eigenvectors.

We have implemented the CAP method on the mu
tireference configuration interaction (MR-CI) level, wher
the resonance wave function is described by a set of r
erence configurations and all single and double excitat
with respect to this reference space. The reference sp
consists of all possible configurations representing o
of the three boundC 2

2 states plus an extra electron, suc
that the balance between theC 22

2 and theC 2
2 1 e as-

pects in the wave function is guaranteed. The real p
of the effective Hamiltonian matrixHshd has been com-
puted employing the MR-CI program developed at th
University of Bonn [26], and a block-Lanczos algorithm
adapted to the case of complex-symmetric matrices [2
is used to calculate the complex eigenvalues.

Since both the one-particle basis set [18] and the r
erence space are very large, the dimension of the eff
tive Hamiltonian matrixHshd has been reduced using on
of the following approximations. On the one hand, th
MR-CI program offers an energy selection procedur
where the “importance” of a given configuration is est
mated using first order perturbation theory, and only co
figurations more “important” than a given thresholdt are
retained (see, e.g., [16]). On the other hand, the o
particle basis has been partitioned into a compact p
essential for the correlation and a diffuse part needed
describe the absorption of the detached electron. O
those configurations where at most one electron occup
the diffuse part were retained. More technical details w
be given in a forthcoming publication [28].

Our findings obtained using either the energy selecti
procedure or the partitioned one-particle basis are d
played in Table I. Employing the partitioning schem
we observe that if the size of the compact part is enlarg
from 21 to 25 and 30 orbitals the resonance position a
width of 2.81 and 0.26 eV are increased by less th
0.1 eV. Making use of the energy selection procedu

TABLE I. Resonance parameters of the1
S 1

g C 22
2 state at

different correlated levels of theory. The upper part show
values obtained with a partitioned one-particle basis set, wh
the compact part consisted ofn orbitals. In the lower part the
energy selection procedure has been used, where the thres
t is given in m hartree.

Eres (a.u.) ER (eV) G (eV)

Partitioned one-particle basis set

n ­ 21 275.7032 2 0.0048i 2.81 0.26
n ­ 25 275.7116 2 0.0059i 2.85 0.32
n ­ 30 275.7150 2 0.0063i 2.92 0.34

Energy selected configuration space

t ­ 0.5 275.7063 2 0.0100i 3.25 0.54
t ­ 0.25 275.7091 2 0.0100i 3.19 0.54
t ­ 0.125 275.7107 2 0.0101i 3.15 0.55
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a constant width of 0.54 eV is obtained; the resonan
position, however, is slightly decreased for smaller valu
of the selection threshold. Analogous trends have be
observed for theN 2

2
2Pg shape resonance [28,29] an

have been rationalized in terms of a balance between
N 2

2 andN2 1 e aspects in the resonance wave functio
Based on our numerical results and on the experience w
theN 2

2
2Pg shape resonance, we predict the existence

a closed-shell1S 1
g C 22

2 resonance state at about 3 e
above the2S 1

g ground state of theC 2
2 anion with a res-

onance width of about 0.5 eV.
Moreover, we have calculated theZ dependence of the

resonance parameters. In the range6.0 # Z # 6.15 the
ERsZd values lie on a nearly straight line andGsZd is
shown in Fig. 2. Both curves are smooth and match t
trends established with theZ–extrapolation scheme for the
bound state energies, i.e.,ER andG tend to zero close to
Z ­ 6.3. Thus, using the CAP method it is possible t
describe the transition of a bound state into a resonanc

It is extremely difficult to compute accurate resonan
parameters, but we are sure that our results have
correct order of magnitude. Regarding the many-partic
basis sets, our experience with other metastable states
the results in Table I show that the errors introduc
by the energy selection as well as by the partitionin
scheme are at most of the order of a few tenths of an e
A shift of similar magnitude might be expected, if th
one-particle basis set is extended with more polarizat
functions of higher angular momentum, but this extensi
will stabilize the resonance state. Thus, we predict t
lifetime of the C 22

2 dianion to be about as long a
that of the famousN 2

2
2Pg shape resonance. Moreove

we conclude the 10 eV feature in the electron impa
detachment cross section [9] cannot be interpreted a
C 22

2 state exhibiting an electronic structure analog to t
N2 ground state and should be reinvestigated.

The picture emerging from our calculations is displaye
schematically in Fig. 3. The binding energies of th
C2 molecule and the threeC 2

2 states as well as the

FIG. 2. Z dependence of the resonance widthG. The data
have been obtained using a partitioned one-particle basis
where the compact part comprised 21 orbitals.
ce
es
en

d
the
n.
ith
of

V

he

o
e.
ce
the
le
and

ed
g
V.

e
ion
on
he
s
r,
ct
s a
he

d
e

set,

electron affinity of the carbon atom have been take
from the literature [14,15,30]. Regarding the metastab
C 22

2 potential energy curve, a preliminary study of theR
dependence of the resonance parameters suggests tha
equilibrium bond length of theC 22

2 dianion is very close
to that of the2S 1

g C 2
2 state and that both the resonanc

position and width are fairly stable over a range of 1 Å
Thus, in Fig. 3 we have placed theC 22

2 resonance state
3 eV above theC 2

2
2S 1

g state and its dissociation
limit corresponds to twoC2 ions. However, in the
intermediate region the Coulomb repulsion of the twoC2

ions, the mutual polarization forces, and eventually th
formation of the chemical bond become decisive and w
can only speculate on where or even if the other potenti
energy curves in Fig. 3 are crossed. Nevertheless, w
expect the dotted curve in Fig. 3 to be broadly correct.

At this point let us comment on the relative energie
of the neutralC2 molecule and theC 22

2 resonance state.
These states are close in energy and presently we can
draw a final conclusion. IfC 22

2 is lower in energy
thanC2, the dianionic resonance state cannot be observ
in the electron impact detachment cross section (EIDCS
But even if the two-electron escape channel is open, t
resonance will be close to threshold where the EIDCS
small [9]. (In fact, the EIDCS has been reported to b
virtually zero up to an energy of about 7 eV.) Thus
in order to observe theC 22

2 resonance state, on the one
hand, the electron scattering cross section ofC 2

2 could be
measured. On the other hand, theC 22

2 resonance state
should be visible in the electron impact excitation cros
section, e.g., as the process

e 1 C 2
2 s2S 1

g d ! hC 22
2 j ! e 1 C 2

2 s2Pud ,

whereC 2
2 s2Pud is detected.

Metastable dianions open a new chapter in electro
scattering, since based on the rare-gas-like electron
structure one may expect open channels to several bou

FIG. 3. Schematic representation of the relevant potenti
energy curves. The well depths of the threeC 2

2 (continuous
line) and the1

S 1
g C2 state (dashed line) have been taken from

the literature. The dotted curve represents the investigatedC 22
2

state. The energy unit is eV.
1239
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monoanionic states as well as the possibility of open tw
electron escape channels. Thus, in general, a comp
tion between different autodetachment mechanisms w
arise and different threshold laws could be probed.
particular, a two-electron autodetachment process has
occur simultaneously (a remaining monoanion is expect
to be bound) and does not obey a Wannier law, since
remaining species is neutral. Furthermore, for molec
lar systems the energy gap between dianion, anions,
neutral will depend strongly on the nuclear coordinat
(Fig. 3). Thus, the nuclear dynamics will have a pro
nounced effect on the cross sections.
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