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Electron attachment to valence-excited CO
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~Received 16 October 1998; revised manuscript received 18 December 1998!

The possibility of electron attachment to the valencea 3P state of CO is examined using anab initio
bound-state multireference configuration interaction approach. The resulting resonance has4S2 symmetry; the
higher vibrational levels of this resonance state coincide with, or are nearly coincident with, levels of the parent
a 3P state. Collisional relaxation to the lowest vibrational levels in hot plasma situations might yield the
possibility of a long-lived CO2 state.@S1050-2947~99!06006-0#

PACS number~s!: 31.15.2p, 33.20.2t, 34.80.2i
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Negatively charged atoms and molecules has been ex
sively studied over the decades@1#. However, recent progres
in development of experimental and theoretical methodo
gies have initiated a resurgence of interest@2# in small an-
ionic species like N2

2 and C2
22 @3,4#. We report here the

results of a theoretical study of CO2 anions that seeks to
address two issues:~i! the long-pending characterization of
‘‘dipole-dominated resonance’’ observed 25 years ago
e-CO scattering by Wong and Schulz@5#, and ~ii ! rational-
ization of very recent observations of metastable CO2 in
mass spectrometric probes of transient plasmas produce
sputtering@6# and in interactions of molecules with intens
laser fields@7#.

Resonances, or compound negative-ion states, play an
portant role in electron-molecule scattering@8#. They are
identified as discrete metastable states of a molecule
electron that are embedded in, and interact with, a continu
of scattering states. Therefore, they have short lifetimes~in
the range 10214 s–10212 s) against decay by electron eje
tion, via different pathways, to a neutral state. Such de
often results in the neutral molecule being rovibrationa
and/or electronically excited; dissociative attachment is
other possible exit channel. Resonances occur at a fixed
lision energy; structures in elastic or inelastic different
cross sections~DCS! are their experimental signatures.
order to support discrete states in a continuum, an elec
incident on a molecule should experience a sufficiently
tractive field. For neutral molecules, such interactions
rather weak. At low energies~0–3 eV!, shape resonance
occur when the incident electron is trapped in a poten
barrier created by the combined effects of centrifugal, po
ization, and exchange forces related to the ground electr
state of the molecule. Shape resonances can also be as
ated with electronically excited states. Rydberg states
molecules, on the other hand, support Feshbach resona
where the temporary negative ion arises from two electr
in Rydberg orbitals that are trapped in the field of the po
tive ion core. Feshbach resonances are normally bound
appreciable barriers (;200–500 meV) and occur at ene
gies that lie just below the ‘‘parent’’ Rydberg state. How
ever, such trapping cannot be invoked for resonances
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valence-excited states. Resonances associated with
states have been postulated but several experimental atte
in the past to observe a Feshbach resonance below mole
valence states have yielded negative results@8#. In our study
we focus attention on the valence-exciteda 3P state of CO,
which lies 6.01 eV above the ground electronic state@9,10#.
This state possesses a large electric dipole moment of 1.3
and might, therefore, be considered a good candidate
temporarily binding an incoming electron in the interacti
potential well. In contrast, the isoelectronic counterpart,
B 3Pg state in N2 ~7.35 eV!, has no permanent electric d
pole moment.

Twenty-five years ago Wong and Schulz@5# studied the
electron-impact DCSs of elastic and vibrational excitati
(n51,2) of CO in its ground electronic state (1S1) in the
energy range 6–7 eV. They observed structures in the ela
and inelastic DCSs at energies that were coincident with
n50, 1, and 2 levels of thea 3P state of CO. These struc
tures had the same cross section values at scattering a
u550° and 90°. Therefore, the opening of a channel res
ing in excitation of thea 3P state was ruled out as the re
sulting p-wave character would have exhibited a strong d
crease in the magnitude of the DCS atu590°. Wong and
Schulz postulated that the structures in the DCSs arose f
dipole-dominated resonances, and suggested that
potential-energy curve~PEC! of the negative ion must be
coincident with that of thea 3P state, and must exhibit the
same Franck-Condon factors. On the other hand, in the
of isoelectronic N2 no sharp structures were observed in t
elastic or vibrational excitation cross section functions in
vicinity of the corresponding valenceB 3Pg state.

We have employed anab initio bound-state multirefer-
ence configuration interaction~MRDCI! approach in our
study of PECs of low-lying CO2 states. Out of various quar
tet states of different symmetries we focus attention on
4S2 state of CO2 which can be derived from the3P state
of CO. The electronic configuration of the latter state
1s22s23s24s25s11p42p1. The lowest partially filled an-
tibonding orbital is 2p and there is a hole in the 3s orbital.
The resultant4S2 state of CO2 is derived when an extra
electron occupies the antibonding 2p orbital. Consequently,
one expects the equilibrium bond length (r e) of the 4S2

state to be longer than that of the neutrala 3P state. In order
to compute the PECs for both the neutral and anion states
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employed the correlation-consistent–polarization, valen
triple-z ~CC-PVTZ! atomic basis set with an augmented s
of diffuse (spd) orbitals, that is, a@5s4p3d1 f # set of con-
tracted Gaussian-type functions@11# were placed on the two
nuclei to obtain the molecular orbitals~MOs!. The calcula-
tions were performed using the MRDCI package develo
by Buenker, Peyerimhoff, and co-workers@12#. The techni-
cal details of our computations are as follows: We used
atomic basis functions to obtain the self-consistent fi
~SCF! MOs to generate the CI configuration space. For b
CO and CO2 the SCF MOs were optimized for the lowe
1S1 and 2P configurations, respectively. The 1s core of
both C and O was kept frozen and four high-lying MOs we
excluded. Thus, for the CI step of the calculations, confi
rations were constructed from 84 MOs, effectively for ten
11 electrons. Depending on the distance and symmetry
the lowest five roots of a given irreducible representation
C2v , a set of 30–65 relevant reference configurations w
iteratively generated for the CI calculations. The thresh
values applied for the selection were 10–30mHartree. The
threshold energy values resulted from our predefined CI
trix dimension of 14 000. We chose this value in order
keep the computational effort within reasonable limits wh
maintaining an acceptable, chosen accuracy of the fina
sults. The final CI wave functions were well represented
the reference configuration space with squared coefficien
the main configurations being 0.91–0.94. The calcula
ground-state CI value, including the MRDCI threshold e
trapolation and the Davidson correction, atr e52.133a0, was
2113.149 427 a.u. The computed dissociation energy w
respect to the zero-point energy of the ground state
11.015 eV, compared to the experimental value of 11.09
@9#. The r e value of the 3P state was
1.210a0 @r e (experimental)51.206a0#. The potential ener-
gies of the neutral and anion states were calculated at in
vals of 0.1a0 in the range 1.8a0–3.0a0, and a polynomial fit
was employed to visualize the PECs.

It is important to note here the difficulties associated w
computations of PECs of resonant molecular anion states@3#.
With the addition of one electron to the neutral molecule,
amount of electron correlation increases, and computat
must therefore involve larger basis sets with extended
fused functions. However, it has also been argued that
use of larger basis sets may not help in describing the ac
anion state, but may actually describe a state of neutral m
ecule plus free electron~NMFE! @13#. In other words, the
computation may undergo avariational collapsein that the
variational energy would tend towards the true ground s
of the neutral molecule. Such an effect has recently b
pointed out in calculations of the PECs of H2

2 @14#. It may
be that in order to achieve meaningful results a larger b
set should be employed but with a truncated limit for whi
a variational collapse can be avoided because of certain
straints~like orthogonality conditions, absence of continuu
functions in the basis!. We have found that on going from
the CC-PVTZ basis to an augmented set with diffused set
(sp) and (spd) functions, the1S1 and a 3P state of CO
remained virtually unchanged while the4S2 state of CO2

showed further stabilization with the use of a more exten
basis. However, we believe that with our augmented se
(spd) functions, the calculations are fairly stabilized. To a
e,
t

d

0
d
h

-
r
or
f
s

d

a-

e-
y
of
d
-

th
s

V

r-

e
ns
f-
e
al
l-

te
n

is

n-

of

d
of
-

certain this, we further augmented a diffuse set off functions,
that is, computations were performed with the AUG-C
PVTZ basis set near the equilibrium distance of the4S2

state. These computations confirmed stabilization within
associated computed accuracy of a few tenths of an eV
similar AUG-CC-PVTZ basis has been recently employed
describe the4Sg

2 and 4Pu states ofN2
2 @3#. There does not

seem to be any variational collapse in that case and the c
puted state is not a NMFE state. To summarize, our stud
CO2 shows that~i! our computations are stabilized and~ii !
the 4S2 state shows a distinctly largerr e value. It has been
argued@14# that a free electron in the asymptotic limit wou
not significantly perturbr e of a neutral molecular state. W
are therefore led to conclude that the present4S2 state de-
scribes a resonant CO2 state and not a CO plus free electro
NMFE state.

Our computed PECs along with associated vibrational
ergy levels are shown in Fig. 1. The energies of then50, 1,
2, and 3 levels of the3P state of CO are 6.04, 6.26, 6.48
and 6.69 eV, respectively~with respect to then50 level of
the ground electronic state!. These energy levels match th
sharp spikes observed in the DCSs measured by Wong
Schulz @5#. The computed Franck-Condon~FC! factors for
these vibrational levels with respect ton50 of the ground
state are 0.258, 0.339, 0.234, and 0.116, respectively.
FC factors forn54 ~0.042! and higher levels are very smal
The equilibrium distances that we compute for the3P and
4S2 state are 2.283a0 and 2.440a0, respectively. The energy
difference between the minima (DEe) of these two states is
0.14 eV, and the difference between the zero-point ene
levels (DE0) is 0.11 eV. The vibrational energy levels fo
n50, 1, 2, and 3 levels of the4S2 state with respect to the
n50 of the ground state are at 6.15, 6.32, 6.49, and 6.66
respectively. The energies of then51 –3 levels are nearly
coincident with those of the vibrational levels of the3P
state ~Fig. 1!. Since none of these states are access

FIG. 1. Potential-energy curves of theX 1S1 anda 3P states of
CO and of the4S2 state of CO2.
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in the Franck-Condon region we rationalize the occur-re
of the Wong-Schulz resonance as a two s
process: e1CO (1S1;n50)→e1CO (a3P;n50,1,2,3)
→CO2(4S2; n50,1,2,3). That is, the CO molecule is fir
excited into the accessible vibrational states of the low
a 3P state by inelastic electron scattering, followed by ele
tron capture into low-lying vibrational levels (n50 –3) of
CO2. Therefore, one would expect the resonances to occu
the vibrational energies of the4S2 state. Considering the
experimental energy resolution value of 0.055 eV for elas
scattering and 0.035 eV for vibrational excitation in t
Wong-Schulz experiment@5#, the locations of then52 and 3
resonances match extremely well on the energy scale, b
the case ofn50 and 1, they are slightly displaced~by 0.1 eV
and 0.03 eV, respectively!. It is possible that the anion stat
may become further stabilized at even higher theoretical
els ~employing more extended basis sets!. Nevertheless, the
present computations establish the existence of a reso
4S2 state of CO2. The isotropic nature of the measure
DCSs can also now be rationalized: it results from the in
play between the resonant state ofS character and thea 3P
state of neutral CO.

We now consider recently observed signatures of lo
lived ~lifetime .few ms) CO2 and N2

2 anions @6,7,15#.
The extensive literature one-CO (2N2) collisions@8# docu-
ments several resonances in these molecules, each poss
a lifetime of the order of a few femtoseconds. Recent obs
vations of anions like N2

2 and CO2 that are stable for a
least a few microseconds suggest electronically excited
cursor states. Sommerfeld and Cederbaum@3# have recently
performed high-level computations~of similar level to the
present ones! for two possible quartet states of N2

2 (4Pu

and 4Sg
2) that are derived from the valence-excited states

N2 , A 3Su
1 andB 3Pg , respectively. One of the anion stat

(4Pu) was identified as a possible candidate for long li
time, having a zero-point energy~ZPE! that was almost co-
incident with that of the neutral state. Calculations with fu
ther augmentation of basis indicated that this anion s
might indeed possess a positive electron affinity. Howev
the computational accuracy was such that the sign of elec
affinity could not be unambiguously determined. Somm
,
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feld and Cederbaum estimated the associated lifetime of
4Pu state to be of the order of picoseconds.

In light of these observations one might expect that
4S2 state of CO2 might also possess a positive electr
affinity with respect to thea 3P parent state. The presen
study does point to this intriguing possibility, although mo
elaborate~and expensive! computations would be needed
settle the issue. If such lowering of the energy of the4S2

state does indeed occur, then the following mechanism m
account for the longevity of the CO2 anions in recent experi
ments conducted in our laboratory@7#. Collisional relaxation
of the higher CO2 levels to the ZPE level would becom
possible in the presence of a third body,M: CO2 (4S2;n
.0)1M→CO2 (4S2;n50). Such a possibility is, of
course, remote ine-CO experiments but may be possible
the hot plasma environments that are created in the inte
field and sputtering experiments. Note that the Fran
Condon factors for the spin-forbidden4S2→X 1S1 transi-
tion are very unfavorable.

Our results suggest several experimental and theore
avenues that ought to be explored. Further work is clearly
interest from at least two viewpoints:~i! the intrinsic impor-
tance of small anions like CO2 as prototype molecules
whose existence~stability! is determined essentially by elec
tron correlation effects rather than by long-range Coulo
forces, as is the case for neutral and cation species; and~ii !
the possible importance of small molecular anions in an
trophysical context@16#. It is known that molecular clouds
comprising H2 and CO are the sites of star formation
galaxies. Ultraviolet radiation from bright, young stars io
izes these molecules and, consequently, also produces
energy electrons. If the possibility exists of attachment
such electrons to CO, signatures for the presence of m
stable CO2 might exist in the form of perturbations~jumps!
in ultraviolet spectra of hot stars in molecular clouds.

In the course of publication of this report, results of a
other study of CO2 states have been reported electronica
@17#; 4S2 and 4P anion states are found to be stable agai
dissociation, with the4P state also being stable with respe
to single-electron loss to the ground state of CO. There
consistency between these results and ours.
v.
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