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Metastable C,2~ Dianion
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A metastable molecular dianio®,’~ in a closed-shellzg+ state has been found. Using a complex
absorbing potential in conjunction with a multireference configuration interaction wave function, the
resonance position and width are calculated and their dependence on the nucleaZdbargamined.

Based on our findings the interpretation of a recent scattering experiment is questioned and an alternative
experiment is proposed. [S0031-9007(97)03848-9]

PACS numbers: 31.25.Nj, 34.80.Kw, 36.40.Wa

Dianionic species as small &~ or SO/ are very We emphasize that a metastable closed-shell state can-
common in solid state and solution chemistry, but ithot be classified by one of the schemes developed for
has only recently been shown that small doubly negativenonoanionicresonances [12], since all monoanions pos-
charged systems may exist as isolated entities [1,2]. Isessing rare-gas-like electronic structures are bound.
fact the smallest dianions which have been observed We begin with a brief description of th€, and
in a mass spectrometer (implying lifetimes of at leastC, states relevant in the present context. It is a well
1075 sec) areC+ [3] andS,0¢  [4]. Based orabinitio  known fact that the target anidl, possesses three bound
calculations many smaller systems have been predicted ®ectronic states [13—15]. The electronic ground state
form long-lived dianions [1], which consist typically of a showsZEgJr symmetry and at roughly 0.6 and 2.4 eV above
central metal atom and three to eight fluorine or chlorinet there are excited states 611, and 22; symmetry,
ligands. The smallest dianion predicted to be long-livedrespectively. These three states may be represented by
is LiFy>~ [5]. electron configurations exhibiting one hole in the,,

However, even if small solid-state dianions are unstabl¢he 17, and thelo, orbitals, respectively. The neutral
in the gas phase, they may nevertheless exist as shoff> molecule exhibits 43 ground state which is about
lived metastable species. It is not possible to detect such.4 eV above thé3, -~ ground state of, , and possesses
temporarydianions directly in a mass spectrometer, butseveral other low lying states [13]. Thus, depending on
one may observe them as resonance structures in electrtite resonance position of the metastaBlg~ state there
scattering from the associated monoanion. Reports omay be up to three open one-electron and various open
electron scattering from monoanions, especially in théwo-electron detachment channels.
energy region of only a few eV are rare, but recently A first approximation for the resonance position can
the electron impact detachment cross section of the thrdge obtained by an extrapolation where the nuclear charge
anionsH™, O™, andC, has been measured [6—9]. Both Z is treated as a parameter [16,17]. To this ehds
the detachment cross sectionsldf andO~ are smooth increased such that the state of interest becomes bound
functions of energy and show no resonance structureand for a number of differeri values the energies of the
In contrast, in scattering from, the detachment cross relevant states are calculated employing standard bound
section exhibits a broad feature at an energy of abouitate techniques. We have performed high lakelnitio
10 eV, which has been interpreted in terms of a closedealculations for thelzg+ 10-valence electron (VE), the
shellC5~ resonance state [9]. three 9-VE’S ', 2I1,, and’S," states, as well as for

From a theoretical point of view the treatment of athe 'S + 8-VE state, where the nuclear distance has
resonance state is far more involved than the descriptioheen fixed to the bond length of th&, ground state
of bound states and so far only calculations on metastabl® = 1.265 A). For details, see [18].
states of atomic dianions have been reported [10,11]. In The corresponding results are shown in Fig. 1. As may
this Letter we present evidence for a resonance state &e expected, the energy differences of the three 9-VE
C,~ which is to our best knowledge the first theoreticalstates are almost independen®ofin contrast, the 10-VE
examination of a metastable molecular dianion in theIEg+ state is only forZ = 6.3 stable with respect to
literature. Specifically we investigate the closed-shellelectron loss. For smallez it becomes instable and
12; state ofC,>~ which is isoelectronic with the neutral moves into the continua of the 9-VE states. Extrapolation

N, molecule exhibiting the electron configuration of its energy toZ = 6 yields a resonance position of
roughly 4 eV and an open two-electron escape channel.
(core*(1oy)*(10,)*(1m,)* 20, ). Comparison of our calculated energy differences with the
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8-VE I} lization procedure (with respect tp) or by analyzing the
corresponding eigenvectors.

We have implemented the CAP method on the mul-
tireference configuration interaction (MR-CI) level, where
the resonance wave function is described by a set of ref-

- 9-VE 5t erence configurations and all single and double excitation

9-VE 2II, with respect to this reference space. The reference space
9-VE ?57 consists of all possible configurations representing one
L0.VE I+ of the three bound’, states plus an extra electron, such
6.0 6.1 62 63 6.4 6.5 ) that the balance between ti&’~ and theC, + e as-
pects in the wave function is guaranteed. The real part
of the effective Hamiltonian matri¥l(n) has been com-
FIG. 1. The energies of the 8-VE, 9-VE, and 10-VE itatesputed employing the MR-CI program developed at the
g::)ﬂfnsdsegtz;tr;: theThtgxt d:{: ﬁgﬁ’/‘é’“breee'g“‘gebtgnteze agt'%’fg highlUniversity of Bonn [26], and a block-Lanczos algorithm
correlated level of theory [18] and the energy of the 10-VE¥Ldapte(j to the case of complex-gymmetrlc matrices [27]
'S, has been extrapolated # < 6.3. is used to calculate the complex eigenvalues.

Since both the one-particle basis set [18] and the ref-
erence space are very large, the dimension of the effec-
experimentally known electron detachment energies of théve Hamiltonian matrixH (n) has been reduced using one
three C, states(Z = 6) and the ionization potentials of the following approximations. On the one hand, the
of N, (Z=17) shows that in our computations the MR-CI program offers an energy selection procedure,
energy differences between states possessing the sambere the “importance” of a given configuration is esti-
number of electrons are accurately reproduced, but energyated using first order perturbation theory, and only con-
differences between states exhibiting different numbersigurations more “important” than a given threshaldre
of electrons are underestimated by about 0.5 eV. Thusetained (see, e.g., [16]). On the other hand, the one-
based on theZ-extrapolation scheme, we expect theparticle basis has been partitioned into a compact part
resonance position of the;~ state to lie definitely below essential for the correlation and a diffuse part needed to
4 eV and probably close to the energy of the neutrablescribe the absorption of the detached electron. Only
C, 12; state (3.4 eV). those configurations where at most one electron occupies

To obtain reliable values for the energpd lifetimeof  the diffuse part were retained. More technical details will
a metastable state in general one has to solve a scatteribg given in a forthcoming publication [28].
problem. However, the computation of scattering wave Our findings obtained using either the energy selection
functions is a difficult task, since their ndr- nature  procedure or the partitioned one-particle basis are dis-
prevents the application of basis set methods. Thiplayed in Table I. Employing the partitioning scheme,
has encouraged the development of methods, where tlvge observe that if the size of the compact part is enlarged
resonance is not extracted from the cross section, butom 21 to 25 and 30 orbitals the resonance position and
is described by an eigenfunction to a complex Siegertvidth of 2.81 and 0.26 eV are increased by less than
eigenenergy [19,20] 0.1 eV. Making use of the energy selection procedure

Es = Eg — ir/z» (1)
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where Ey is the position and /T" is the lifetime of the 1A E |, Resonance parameters of the - C;'~ state at
resonance. The Siegert energies are obtained directly ugifferent correlated levels of theory. The upper part shows
ing complex symmetric Hamiltonian techniques, wherevalues obtained with a partitioned one-particle basis set, where
the most prominent one is the complex coordinate metho#e compact part consisted pforbitals. In the lower part the
[21-23]. We have employed a complex absorbing potentgr_nergy selection procedure has been used, where the threshold
. L T g is given in m hartree.

tial (CAP) which is similar in spirit and allows the use

of areal L? basis set. In the CAP approach [24] an ar- Es (a.u.) Eg (eV) T (eV)

tificial CAP —inW, which absorbs the detached electron, Partitioned one-particle basis set

is ao:f_led t(;fth?_ glv:n l—.ll?m[ltonldﬁ of the system. The  _ 757032 — 0.0048 281 0.26

resufting efiective Hamiltonian n=25 ~75.7116 — 0.0059i 2.85 0.32
H(n)=H — igW (2 n=30 —75.7150 — 0.0063i 2.92 0.34

. L " E lected fi ti

is complex symmetric, i.e., non-Hermitian, the parameter nerdy se‘ected con .|gura 'on space

n denotes the CAP strength, aWdis a positive potential ; - 8'25 _;g'zgg? - 8'8}88’_ gig 823

. B - - = L. - . — U\ l . .
function such as” [24,25]. The resonance eigenvalue is f — 0125 —757107 — 0.0101i 315 055

extracted from the spectrum &f(7) using either a stabi-
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a constant width of 0.54 eV is obtained; the resonancelectron affinity of the carbon atom have been taken
position, however, is slightly decreased for smaller valuegrom the literature [14,15,30]. Regarding the metastable
of the selection threshold. Analogous trends have bee@,’~ potential energy curve, a preliminary study of fRe
observed for theN,  *II, shape resonance [28,29] and dependence of the resonance parameters suggests that the
have been rationalized in terms of a balance between thequilibrium bond length of th€,>~ dianion is very close
N, andN, + e aspects in the resonance wave functionto that of thezigJr C, state and that both the resonance
Based on our numerical results and on the experience witposition and width are fairly stable over a range of 1 A.
theN, ZHg shape resonance, we predict the existence ofhus, in Fig. 3 we have placed ti@>~ resonance state
a closed—shelllzg+ C,*~ resonance state at about 3 eV3 eV above theC, 22; state and its dissociation
above theZEgJr ground state of th€, anion with a res- limit corresponds to twoC~ ions. However, in the
onance width of about 0.5 eV. intermediate region the Coulomb repulsion of the @0
Moreover, we have calculated tZedependence of the ions, the mutual polarization forces, and eventually the
resonance parameters. In the raige=< Z = 6.15 the  formation of the chemical bond become decisive and we
Er(Z) values lie on a nearly straight line add(Z) is  can only speculate on where or even if the other potential
shown in Fig. 2. Both curves are smooth and match thenergy curves in Fig. 3 are crossed. Nevertheless, we
trends established with thi-extrapolation scheme for the expect the dotted curve in Fig. 3 to be broadly correct.
bound state energies, i.&; andI’ tend to zero close to At this point let us comment on the relative energies
Z = 6.3. Thus, using the CAP method it is possible toof the neutralC, molecule and th€;~ resonance state.
describe the transition of a bound state into a resonance.These states are close in energy and presently we cannot
It is extremely difficult to compute accurate resonancedraw a final conclusion. IfC,y is lower in energy
parameters, but we are sure that our results have thtanC,, the dianionic resonance state cannot be observed
correct order of magnitude. Regarding the many-particlén the electron impact detachment cross section (EIDCS).
basis sets, our experience with other metastable states aBdt even if the two-electron escape channel is open, the
the results in Table | show that the errors introducedesonance will be close to threshold where the EIDCS is
by the energy selection as well as by the partitioningsmall [9]. (In fact, the EIDCS has been reported to be
scheme are at most of the order of a few tenths of an eWirtually zero up to an energy of about 7 eV.) Thus,
A shift of similar magnitude might be expected, if the in order to observe th€,~ resonance state, on the one
one-particle basis set is extended with more polarizatiomand, the electron scattering cross sectio@ of could be
functions of higher angular momentum, but this extensiommeasured. On the other hand, ¢ resonance state
will stabilize the resonance state. Thus, we predict thghould be visible in the electron impact excitation cross
lifetime of the C22_ gianion to be about as long as section, e.g., as the process
that of the famoudN, ~II, shape resonance. Moreover, _ _ _
we conclude the 10 eV feature in the electron impact e T Cy (22g+) —{C/ }— e+ Cy CIL),
detachment cross section [9] cannot be interpreted as \gherec, (2I1,) is detected.

C;~ state exhibiting an electronic structure analog to the Metastable dianions open a new chapter in electron

N, ground state and should be reinvestigated. scattering, since based on the rare-gas-like electronic

The picture emerging from our calculations is displayedstrycture one may expect open channels to several bound
schematically in Fig. 3. The binding energies of the

C, molecule and the thre€, states as well as the
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i FIG. 3. Schematic representation of the relevant potential
energy curves. The well depths of the thi@e (continuous
FIG. 2. Z dependence of the resonance width The data line) and thelEg+ C, state (dashed line) have been taken from
have been obtained using a partitioned one-particle basis sdte literature. The dotted curve represents the investigated
where the compact part comprised 21 orbitals. state. The energy unit is eV.
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monoanionic states as well as the possibility of open two- A 49, 1866 (1994).

electron escape channels. Thus, in general, a compefitl] T. Sommerfeld, U.V. Riss, H.-D. Meyer, and L.S.
tion between different autodetachment mechanisms will ~ Cederbaum, Phys. Rev. Left7, 470 (1996).

arise and different threshold laws could be probed. Id12] S.J. Buckman and C.W. Clark, Rev. Mod. Phg§, 539

particular, a two-electron autodetachment process has 03 5/\1/9%3)'“ ] d R Zee. Ch R89. 1713
occur simultaneously (a remaining monoanion is expecte ] (1989;3 ner, Jr. and R.J. van zee, Lhem. i

to be'b.ound) ar!d dges not obey a Wannier law, since th 4] P. Rosmus and H.-J. Werner, J. Chem. PI8@. 5085
remaining species is neutral. Furthermore, for molecu- (1984).
lar systems the energy gap between dianion, anions, angs) j A. Nichols and J. Simons, J. Chem. Phg§, 6972
neutral will depend strongly on the nuclear coordinates = (1987).
(Fig. 3). Thus, the nuclear dynamics will have a pro-[16] B.M. Nestmann and S.D. Peyerimhoff, J. Phys.1B,

nounced effect on the cross sections. 4309 (1985).
The authors thank Bernd Engels and Hans Ulrich Sutefl7] F.A. Gianturco and F. Schneider, J. Phys.2B 1175
who generously put the new version of thebci program (1996).

at our disposa| and he|ped us to Change their code. F[J-S] Complete active space self-consistent field (CASSCF)

nancial support by the Deutsche Forschungsgemeinschaft PIluS second order many-body perturbation theory calcu-
is gratefully acknowledged lations have been performed employing(k6s13p2d)/
’ [12511p2d] one-particle basis set which comprised Dun-

ning’s triple< basis (the outermostandp functions have
been decontracted) augmented with tduype polariza-
tion as well as sixs-type and sevemp-type diffuse func-

[1] M.K. Scheller, R.N. Compton, and L.S. Cederbaum, tions. For values of # 6 all exponents have been scaled
Science270, 1160 (1995). with Z2/62, and in the underlying CASSCF calculations
[2] J. Kalcher and A. F. Sax, Chem. Re34, 2291 (1994). the active orbital space consisted of fayy, two o, two
[3] S.N. Schauer, P. Williams, and R. N. Compton, Phys. Rev. m,, and oner, orbitals.
Lett. 65, 625 (1990). [19] G. Gamow, Z. Phys51, 204 (1928).
[4] A.T. Blades and P. Kebarle, J. Am. Chem. Sdd.6 [20] A.J.F. Siegert, Phys. Re®6, 750 (1939).
10761 (1994). [21] J. Aguilar and J.M. Combes, Commun. Math. Ph%2,
[5] M.K. Scheller and L.S. Cederbaum, J. Phys2§ 2257 269 (1971).
(1992). [22] E. Balslev and J.M. Combes, Commun. Math. P33.
[6] L.H. Andersen, D. Mathur, H. T. Schmidt, and L. Vejby- 280 (1971).
Christensen, Phys. Rev. Left4, 892 (1995). [23] B. Simon, Commun. Math. Phy&7, 1 (1972).

[7] L. Vejby-Christensen, D. Kella, D. Mathur, H.B. Peder- [24] U.V. Riss and H.-D. Meyer, J. Phys. 5, 4503 (1993).
sen, H.T. Schmidt, and L. H. Andersen, Phys. Revo3y  [25] U.V. Riss and H.-D. Meyer, J. Chem. PhyK)5 1409
2371 (1996). (1996).

[8] T. Tanabe, |. Katayama, H. Kamegaya, K. Chida,[26] B. Engels, H.U. Suter, and V. Pless (private communica-
T. Watanabe, Y. Arakaki, M. Yoshizawa, Y. Haruyama, tion).

M. Saito, T. Honma, K. Hosono, K. Hatanaka, F.J.[27] T. Sommerfeld, U.V. Riss, H.-D. Meyer, and L.S.
Currell, and K. Noda, Phys. Rev. B4, 4069 (1996). Cederbaum, Phys. Rev. 35, 1903 (1997).

[9] L.H. Andersen, P. Hvelplund, D. Kella, P. Mokler, [28] T. Sommerfeld, U.V. Riss, H.-D. Meyer, and L.S.
H.B. Pedersen, H.T. Schmidt, and L. Vejby-Christensen, Cederbaum (to be published).

J. Phys. B29, L643 (1996). [29] T. Sommerfeld, dissertation, Universitat Heidelberg, 1997.
[10] F. Robicheaux, R.P. Wood, and C.H. Greene, Phys. Re30] D.R. Bates, Adv. At. Mol. Phys27, 1 (1990).

1240



