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A new and claborate set of high-level ab inirio bound-state computations has been undertuken (o obtain the various low-lying
excited electronic states of doubly charged CO™ 10n, using the multireference single and double excitations configuration interaction
(MRDCI) method. The characteristics and shapes of the potential energy curves are discussed Lo elucidate the metasiable character of
CO™ jon, The results are discussed and compared with earlier theoretical and experimental results.

Introduction

CO** ion is perhaps the first among the doubly charged
metastable species observed in mass spectrometry mea-
surements in 1930°s. Since then it has been investigated
by a variety of experimental techniques and theoretical
studies. It is now generally agreed that CO* is meta-
stuble for at least a few microseconds (Ws). However,
the quantal characterization of the low-lying electronic
states responsible for its metastability remained a debat-
ing issue in the literature. A brief historical account can
be found in a recent review .

Short lifetimes, high reactivity, and relatively high en-
ergies required for CO* formation (~ 40 e¢V) with re-
spect to the neutral ground state) along with sparse bound
electronically excited states, pose a challenging task for
its experimental investigation. As a result, it has been
explored mostly by techniques which are inherently of
low resolution. Improved experimental information has
become available in recent years by using ion-transla-
tional-energy spectrometer and monitoring the Kinetic
energy released (KER) when metastable CO™ ions dis-
sociate by tunneling or predissociation mechanism, Most
of the relevant experimental references are compiled in
references 2 and 3.

The stability of such molecularions is strongly corre-
lated with the nature of their potential energy curves
(PECs). Quite often these metastuble species possess a
high density of electronic states in a given range of en-
ergy and also exhibit near-degeneracies which make their
assignments difficult from the available experimental
data, Because of the increased nuclear charge (Coulom-
bic) repulsion it becomes extremely important to com-
pute the electronic energy as accurately as possible, tak-

ing into account the electron correlation. This still poses
a challenging problem theoretically, and demands the
use of high quality ab initio calculations

The first attempt to construct the PECs for CO** wus
based on a semiempirical approach. Hurley* identified
the PEC of the ground electronic state of CO**as a [T
state which exhibited a potential minimum (with a bar-
rier), and was sufficiently deep to support a number of
vibrational levels. This could perhaps explain the life-
time of the dication of the order of ps. However, subse-
quent ab initio computations showed somewhat diver-
gent results as regards the lowest electronic states as well
as the shapes of PECs. In their calculations using a re-
stricted contracted gaussian basis set and multireference
configuration interaction (MRC1) methad with sell-con-
sistent field (SCF) molecular orbitals (MO) Wetmore
eral.” suggested a'[Tto be the lowest state. Correia et
al.", employing a multireference contracted configura-
tion interaction (MRCCI) treatment with MOs obtained
from complete active space SCF (CASSCF) and using a
larger basis set, identified a 'Y state as the lowest state.
The second state of 'X*, which could be important, was
described quite differently by these computations. Later,
employing a larger basis set, Larsson ¢f al.” computed
the low-lying electronic states of CO** using the
CASSSCF and MRCCI approaches, and identified a 'Y*
state 1o be the lowest state, Their calculations also re-
vealed that both 1Y and | °TT states were nearly degen-
erate in the Franck-Condon (FC) regions, and thus both
could be accessed during a FC excitation from the ground
vibrational state (v=0) of the ground ¢lectronic state
(X' of neutral CO. However, the 1] state was found
(o be the lowest state exhibiting a minimum at a slightly
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larger internuclear distance (r). Krishnamurthi er al.”
computed the various electronic states wherein the con-
figuration interaction effects were treated by perturbative
techniques, using M@ller-Plesset perturbation theory
upto fourth order, and by variational methods, using the
coupled-cluster approach. Their calculations also indi-
cated that the lowest energy 1'2*" and I'[] states are
nearly degenerate and that the latter is expected to
predissociate rapidly due to a curve crossing with a purely
repulsive '3, state, which was in agreement with the find-
ings of Larsson et al.”. It is to be noted that the earlier
calculations of Wetmore et al.’ had predicted that the
‘Y state was bound showing a minimum. Lablanquie e
al.” undertook valence electrons configuration interac-
tion calculations. Interestingly, the ordering of PECs
for 1'% and 1'T] states in the calculations of Wetmore
et al. and Lablanquie ef al were found to be reversed in
comparison with that from MRCCT calculations®® and
as suggested by Auger spectroscopy”.

Itis worth pointing out that most of the earlicr experi-
mental results are of low resolution in which the initial
CO* state distribution 1s mostly not known. Therefore,
their interpretation depends heavily on theoretical cal-
culations. In view of the fact that some of the electronic
states show (near) degeneracy in the FC region, and that
earlier theoretical calculations fiil to agree on the shapes
of the PECs, it becomes important to perform elaborate
ab mino calculations for the low-lying electronic states
of CO™. In the present study we report on high level
bound-state ah inino multireference double-excitations
configuration-interaction (MRDCI) calculations for the
several low-lying electronic states of CO™. In the next
section we discuss the characteristics and shapes of vari-
ous PECs along with earlier theoretical and experimen-
tal results.

Results and Discussion

The basiy ser and MRDCI computations

The present set of calculations was carried out using
highly correlated wave functions using the MRDCI
method. The method has been discussed several times
in the literature™ ' and was vused previously by us on
similar problem!'". Therefore, we only highhght the com-
putational details here. The basis set chosen was ce-pVTZ
(correlation consistent polarized valence triple zeta) sug-
gested earlier by Dunning and coworkers'™ ' The ¢in-
ployed atomic basis set was 10s, 5p, 2d, 1f contracted to
4s, 3p, 2d, 1f, which led to 70 contracted GTO functions
for the CO* system.

In view of computational convenience molecular calcu-
lations were performed in C,, symmetry, and identifica-
tion of electronic states for the C_, molecular geometry
was done according to the usual correlation rules'. This
means that the various species of C,‘, point group will
correlate with the corresponding species of the C_, point
group. That is, calculations for X+ and X states were
done inthe A, and A, symmetries (the irreducible repre-
sentations of the C,  point group), respectively. The oc-
currences of [T and A states were identified with the
degeneracies of electronic energies in B, and B, sym-
metries (B +B,), and in A, and A, symmetries (A +A,).
respectively. The MRDCI calculations for asymptotic
atomic states were carried oul in D,,, wherein the P and
P, states correlate with B, +B, +B, and B +B, +B, spc
LIE\ respectively. Sg dnd S, “atomic states were |denu-
fied, respectively, with A, dnd A, species of the point
group. The CI configuration space was generated by
restricted Hartree-Fock (HF) calculations. For the spu-
tial symmetry various open or closed shell SCF occupi-
tions were chosen, and the CI results were found 1o he
insensitive to the choice. The present set of CI calculi-
tions were done with the HF-SCF configuration space
of '[1-state. Three of the MOs with extremely high or-
bital energies were excluded from the CI while the low-
est two, essentially the core orbitals, were kept doubly
occupied in the CI excitation process. These approxi-
mations are known to have negligible influence on the
final interaction energies while producing substantial
savings in the computational effort. Thus, in the CI treat-
ment 65 MOs were availuble for the excitations. In the
MRDCI method the dimension of final CT space depends
upon a selection of threshold values in the configuration
selection step. In a typical run, for most geometry and
spatial symmetries about 35-60 optimized main confign
rations were used to generate 1,0-3.0x10" singly and
doubly excited configurations out of which 14 000 were
then selected by adopting a threshold of 2-12
microhartrees. The final Hamiltonman matrix i the se-
lected configuration space was then diagonalized to give
S lowest roots, Their cigenvalues were subsequently
extrapolated to the full generated space corresponding
to a selection threshold of zero. and also corrected for
the effects arising from the higher excitations by the
modified Davidson correction (for details see rel. 8-10),
We report the extrapolated and corrected values here
The final Cl wavefunctions were gquite well represented
by the reference space The sum over the squared con-
figuration coefficients was between 0.91 and 0.95 for
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the lower roots and for most of the geometry considered
here. Tt 1s worth pointing that using the same basis set
employed here the computed dissociation energy of CO
with respect to v=0(X'X*) was 11.015eV (compared to
the experimental value'* of 11.09eV). The computed
equilibrium distance (r,) was found to be 2.130 bohr.
which was again in excellent agreement with the experi-
mental value" of 2,132 bokhr.

Comparison with theoretical and experimental results

Figure | displays the PECs as a function of inter-
nuclear distance (7) for the lowest '2* and 'Y states of
CO*™. Note that for the sake of convenience the PEC of
the ground electronic state of CO (X'X*) is also displayed
in the lower panel, and the energies of the electronic
states are shown (hereafter in eV) with respect 1o the
energy value corresponding to r, of the ground state PEC
of neutral CO (X'X*). There is an avoided crossing be-
tween 2'2* and 3'Y * curves around r = 2.3 bohr and
also between 1'2* and 2'X* around r = 2.9 bohr, The
PEC for the 1'Y (line connecting the crosses) is also
shown in the figure. Interestingly, the 3'2* state becomes
degenerate (within the associated computational accu-
racy) with the 1'% at lower values of r (< 2.3 bohr),
while 2'Y* and 1'Y* become degenerate with 1'Y state
at intermediate (2.3 < r < 2.9 bohr) and at large r (r>
2.9 bohr) values, respectively. As discussed above. the
computations were carried out in C, point group where
the X* and X states of the diatom correlate with A and
A, symmetries of the point group, and a A state is iden-
tified as the state having the same energy in both A, and
A, symmetries, that is, when X' and Y states become
degenerate. Here, we see that 1'Y. state becomes degen-
erate with 'Y* states in different intervals of r. There-
fore, we identify the 1'% state as 'A state. Accordingly,
the '2* states get modified and are shown in Fig.2.

We used a cubic spline'® to interpolate the PECs. We
see that the (2,3) 'Y state (hereafter mentioned as 2'Y*
state) thus exhibits a potential minimum around r=2 bohr
and another potential minimum around r = 3 bohr. The
existence of a double minimum has also been predicted
in earlier calculations®. While Auger spectroscopy” sup-
ports the minimum at r, = 2.073 bohr, the existence of
the second minimum is yet to be confirmed experimen-
tally. Another low lying PEC of 1'[] state is also shown
in Fig.2. The PECs for the lowest singlet and triplet sfates
are shown in Fig.3. Unlike the earlier findings of
Wetmore ¢f al.® and Larsson et al.*, we did not encoun-
ter any difficulty in getting the convergence for selected
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Fig 1 - Potential energy curves (PEC) [or the lowest single X and X
states of CO™. The PEC of the ground clectronic state of CO
(X'2*) is also displayed in the lower panel, and the energies ol
the electronic states are shown with respect to E(r ) of the
ground state PEC of the neutral CO (X'E'1. Note the avoided
crossing between the X' states, and that the X state hecomes
(nearly) degenerate with the ¥* states. The X state 1s identi-
lied as a A state (see text).

roots for » beyond 5 bohr. It was pointed out that due to
near-degeneracy and crossing of different singlet and
triplet states, it was difficult to get convergence for a
selected root for larger r values. One can see in Fig.2
that the PECs display a 1/r behavior bevond r=5 bohr.
The computed energy difference between the lowest as-
ymptotic limits C*(°P )+O*(*S ) and C*(*P )+O* (D, ) was
3.43eV. The present value is in better agreement with
experimental value', and is higher only by 0.11¢V than
the latter, The 1'TT and 1'Y states correlate to the low-
est asymptotic limit C*(P )+O°(*S ), while the rest of
the states shown in the figure correlate to the next higher
asymptotic limit, C*(°P )+O*'(°D ).

The present PECs shown in Fig.2 and Fig. 3 are in
good agreement with those obtained by Larsson e al”.
A comparison of r and T, (vertical energy difference
from the equilibrium distance) values of different elec-
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Table | - Equilibrium constants for electronic states of CO*,

State Ref. r(A) T (eV)
i This work 1.238 0.0
2 1.261 0.0
5 1,180 0.0
7 1.2782 0.0
) This work 11446 246
2 1142 2,60
5 1,238 7.09
7 1.1149 2.88
e This work 1,160 0.14
2 1170 0.25
5 1.125 0.92
(§] 1.170
7 1.1736 1.29
VI This work 1,083 4,22
2 1.097 437
5 1.5 4.62
7 110 5.58
m This work 1,248 0.51
2 1.264 0.52
5 1.170 0.62
6 1.257
7 1,275 0,71

tronic states is given in Table 1 along with other earlier
theoretical results. The present elaborate calculations
using a larger basis set appear to yield better results. It
also settles the issue that 'T] state 1s the ground state of
CO™ in confirmation with earlier calculations™* . It is
to be noted that a reverse order was predicted for 'Y’
and '] states by Wetmore ef al.” and Lablanquie et al.’
as compared to that suggested by Auger spectroscopy”.
Also, one finds a little resemblance among the present
PECs and those of Wetmore er al.” for2'27, 'Y and "X
states, The X" state was predicted by Wetmore ¢r al. to
lie about 7eV above the [T state, which appcars to be
unusually large. Another point of difference 1s that
Wetmore ¢r al. found *Y state to be bound in contrast to
its purely repulsive nature found in the present and car-
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Fig 2 - Potential energy curves for the lowest singlet states ol CO™*.
The energies of the electronic states are shown with respect
to E(r ) of the ground state PEC of the neutral CO (X'X").
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Fig 3 - Potential energy curves for the lowest singlet and triplet states
of CO*. The energies ol the elecironic states are shown with
respect Lo Eir) of the ground state PEC of the neutral CO
(X'Z*). The '[Tand "X curves correlate to the lowest asymp-
totic limit. C*(*P )+O*('S, ), while the rest of the curves cor-
relate to the next higher asymptotic limit, C*(*P }+0"('D )
The lowest vibrational energy levels are marked by horizon-
tal lines, and the Franck-Condon region is highlighted with
the two vertical lines. Note that the energy levels for v=01 1'%
and v=1('TT) are coincident.

lier calculations™,

In most of the experiments the metastable CO’* jons
are produced by low energy electron impact or photon
absorption of neutral CO mostly from its ground vibra-
tional state v=0 (X'X*). Therefore, one would expect
that excited electronic states of CO™ would be papu-
lated through the FC excitations. Larsson er al.” have
discussed in detail about possible electronic states which
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could give rise to metastabilty. Since the present PECs
are in good qualitative agreement with those of Larsson
et al. we will not discuss this aspect in detail, In the
following section we discuss only qualitatively the like-
lihood of states responsible for the metastability of CO™,

The FC excitation region is shown by two vertical
lines m Fig.3. The lowest vibrational energy levels of
the electronic states were obtained by solving the radial
SchrOdinger equation numerically using the Le Roy pro-
gram'*. The vibrational energy levels are also marked
by horizontal lines in the figure. It can be seen that all
the shown states can be populated in various vibrational
states and predissociation through tunneling (Herzberg
case 111") is possible for all of them. However, such a
mechanism would be effective only for vibrational lev-
els close to barrier maximum, and thus loss by tunneling
would be very little for lower vibrational states, The 1'X*
state 1s expected to be mostly populated in lower vibra-
tional state with v=0 having the largest population, and
one would expect little contribution from tunneling since
there is a substantial barrier for dissociation. Likewise,
the 1'Y* state would be mostly populated in v=0 state.
The lower vibrational levels of 1°TT and 1'TT would also
have little effect from tunneling. The first (inner) well
of 2'Y* state supports three vibrational levels and their
tunneling lifetime has been estmated” to be of the order
of 14ns. Overall, tunneling mechanism appears to be in-
significant except for 2'X'state, and lower vibrational
levels of other states are expected Lo survive for longer
time. Thus one would expecl emission spectra arising
from2'3 = 'S 2'3 = 1T, and 1°E*— [T transi-
tions. However, there is no experimental evidence for
these as yet. There are some experimental hints® about
the possibility of 1'X*— 1'T] emission, but a conclusive
experimental evidence is yet Lo come,

We see that " state crosses with all the bound elec-
tronic states in Fig.3. Thus, predissociation (Herzberg
case ') of lower vibrational levels is possible by the
repulsive *Y state, and it would depend on the coupling
between the different electronic states and 'Y state. The
interaction between discrete vibrational and continuum
levels can be given in terms of Fano theory™as ' =
2n [ - (. | *, where I isthe width of the bound vibrational
level, H, , is the matix element between discrete vibra-
tional wavefunction and energy-normalized continuum
wavefunction. In the case of potential crossing H . can
b separated®™ m terms of onc electron spin-orbit cou-
pling and the FC factor <y ] x> Where x and y_ are
the vibrational and continuum wavefunctions. Larsson

et al” numerically estimated the predissociation lifetime
of the low vibrational levels of the considered electronic
states: ~40ns and ~80ps, respectively, for v=0 and v=1
states of “[] state, ~3ns for v=0 state of '[] state, ~1us
for v=0 state of '¥* state, and ~14ns for v=0 state of
2'3* state, They argued that the v=0 level of 1'E* state
could be considered to be infinitely lived since its over-
lap with the dissociating ‘X state was practically zero,
Therefore, they concluded that v=0 level of 1'Y*" was
responsible for the observation of CO™ in the mass spec-
trometry. Considering the window-time in mass spec-
trometry of the order of ~ps they arguzd that the ob-
served KER was due to v=0 of *[] state. However. they
noted that these lifetimes would be sensitive to the exact
location of the potential crossing between ‘[ Jand 'Y state
and an order of magnitude error in the respective life-
times could be possible. For example, in their MRCCI
computations with a “selection threshold” of 0.1 the v=0
state yielded a lifetime of 20ps while with “selection
threshold™ of 0.05 the lifetime increased to 80us. Over-
all, there is good agreement between the present PECs
and those of Larsson et al.”, but a quantitative picture
may emerge differently if the present PECs are employed.
Although we do not compute the associated lifetimes in
the present study we feel that it 1s the v=1(1'T]) state
which would undergo predissociation at microsecond
timescale, and survival time for v=0(1°[1) state would
be even more than 80us, as we will see in the following
discussion when we compare the computed values of
KER with the experimental values.

There are two aspects which need to be discussed
while making comparison with experimental data: first,
the unimolecular dissociation of metastable CO** into
C*and O* and measurement of their KER, and, second.
the observation of CO**itself which does not dissociate
and travels from the production region to the ion-detec-
tion region in the mass spectrometer. Experiments™
show that electron impact appearance potentials (thresh-
old energies) for hoth CO** and the dissociated fragments
(C* and O* ions) are equal at 41.5eV. Photoionization
experiments of Dujardin ¢z al.*' show a threshold of
41.25+0.05eV for production of metastable (>20pus)
CO™. Single photon double ionization experiments of
Lablanquie et al.7* yielded threshold values of
40.7540.5eV” and 40.5+0.5 eV* for CO* production,
and a threshold energy of 38.5+0.5¢V* for C*' + O for-
mation. Considering a typical transit time of the ions in
the mass spectrometer of the order of 1 s, there appears
to be two sets of lifetimes of the electronic states: first,
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in which the CO* predissociates on the time scale of
the order of Ius or even less, and second, in which 1t
survives for more than a few microseconds (or even
longer). There have been several measurements of KERs,
when CO* undergoes unimolecular dissociation, which
range from 5.2 to 5.9 eV (5.75+£0.2eV?, 5.8+0.1 eV*,
5.59+0.07e V>, 5.3+0.1eV™",). In a recent experiment,
Krishnamurthi e al.* measured the KER to be 5.6+0.2eV.
In their experiments the mass spectrometer window time
was approximately 0.7us, and disssociation processes
occurring at much shorter time than this could not be
observed. Following the discussion above, one would
expect that only those eletronic states would contribute
to the observed KER processes which predissociate in
approximately Ips time scale. Thus, we focus attention
on the v=0 and v=1 state of 'T] state which predissociates
through the "X state to the lowest asymptotic level,
C*(°P )+O*("S,). From the present computations we find
that v=0 and v=1 states of '[] lie, respectively, 5.72eV
and 5.89%¢V above the asymptotic limit, C*(°P )+O*(’S ).
Thus, predissociation from these vibrational states would
give KER values of 5.72e¢V and 5.89¢V, respectively,
which is in excellent agreement with the experimental
value of 5.6+0.2¢V of Krishnamurthi er al.’. Since
v=0('T]) state is expected to survive for longer time
(~80us), presumably, it is the v=1(T]) state which is
largely responsible for the observed KER in the experi-
ments. We also see that v=0('T]) and v=0('X") states lie
40.88eV and 41.05¢V, respectively, above the v=0(X'X")
state of the neutral CO. These values are in excellent
agreement with experimentally deduced values by
Hamdan and Brenton” (40.8¢V and 41.1eV, respectively)
and Herman er al. ™ (41.0 eV for v=0('Y"), We further
see in Fig. 3 that the energies of v=0(1'X") and v=1('[])
states are coincident, lying 41.05eV above the v=0(X'Y*)
state of CO. As discussed previously the v=0(1'X") state
is one of the accessible states through FC excitations,
which could possess practically an infinite lifetime. Al-
though the 1°T] state crosses with the 1'X" state, how-
ever the change in mutliplicity would seriously hinder
the 1'Y*— 1'[1 transition processes. This explains why
the threshold energies (appearance potentials) for both
the dissociated products (C* and O*) and CO’* were ex-
perimentally observed to be the same®" "

Herman et al.**also found “conclusive™ evidence of a
non-dissociative excited state 1.7 eV above the 'T] state.
Our calculations show that v=0("Y") state lies 2.46eV
above the v=0('T1 ) state (see Table 1), and does not ex-
plain the experimental value. However, as mentioned

above that the estimated® lifetime of the v=0('T1 ) state
was of the order of s (or even below) , and it could be
considered to be a likely candidate for unimolecular dis-
sociation to be observed in mass spectrometer. In the
measurements of KER Dujardin er al.** and Curtis and
Boyd™ also observed a peak at 7.80.1¢V and 7.9¢V,
respectively. The computed v=0('L*) state lies 8.18¢V
above the lowest asymptotic limit, C*(°P }+O*(*S ). The
experimental values of KER could be attributed 1o be
arising from this state.

There have been a few measurements of threshold en-
ergy for the formation of metastable CO™ ions using
double electron capture reaction of the type; H'(3keV)
+ CO—H+CO™. These experiments help us locate™" the
singlet states of CO™ because of the spin selection rule,
AS=0. Experiments of Lablanquie er al.” gave a value
of 41.3eV, while experiments of Mazumdar ¢r al."
yielded values of 39.45+0.20eV" and 39.6eV". How-
ever, using the technique of ion translational spectros-
copy 1n collisions of CO* with He, Mazumdar ¢ al."
measured the double ionization energy of CO to be
40.21x0.35¢V, which they assigned to a metastable state.
The lower energy values ol 39.45eV und 39.6eV were
assigned, respectively, to a predissociating state and
the I'Y" state.

The lower threshold of 38.5£0.5eV for C* + O pro-
duction through single photon ionization™ of CO can-
nol be explained by the present calculations. It was pro-
posed that it is due Lo an indirect process wherein ahighly
excited electronic state of CO* autoionizes into CO-('Y)
+ ¢ (continuum), thus being responsible for C*+ O pro-
ductionbelow the energetic threshold for metastable CO*
formation®™. Krishnamurthi et al." also studied the dis-
sociation of CO™ in a proposed two step process in the
presence of He:

CO*+ He — CO"" + He' = AE ()

followed by

CO" - C+ 0 £ AL, 2
or

COV"—=C+0O'xAE, RS

where AE’s are the corresponding energy defects. They
also computed PECSs for some of the highly excited elec-
tronic states of CO*, However, there still remains uncer-
tainty about the exact location of these excited PECs. To
explain their KER values obtained in this collision pro-
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cess and the observed threshold energy in double elec-
(ron capture reaction it is necessary to compute the ex-
cited state PECs of CO* on the same footing. Such a
study is currently being undertaken in our luboratory.
Just recently, measurements with high KER resolution
(better than 250meV) have been performed at Grand
Accélérateur National d'Tons Lourds facility (GANIL,
Caen, France). We have studied the fragmentation dy-
namics of CO** using the present PECs and a time-de-
pendent wavepacket dynamics method. We obtained a
good agreement between the experimentually observed
and calculated KER distribution. The experimental and
theoretical study is reported together elsewhere™.
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