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The main purpose of the present theoretical work was to study predissociation mechanism of the C ?%," state
of the CO," ion using the CAS methods. Since the X 1, A ’II,, B *%,*, 1 *%,7, and 1 *II, states are
involved in the predissociation, we also studied these five states. The CASPT2 calculations indicate that
Renner—Teller splitting in 1 “IT, leads to two Cs, states, 1 *A; and 1 “B,. For the X I1,, A °I1,, B ?%,*, and
C Z," states, the CASPT2 T, values and geometries are in good agreement with experiment. The CASPT2
calculations for the O-loss dissociation potential energy curves indicate that the 1 4Zg_, X 2Hg, 1 *I1,, A 2I1,,
B 2,", and C 22; states correlate with the first, second, second, third, third, and fourth dissociation limits,
respectively. The CASSCF minimum energy crossing point (MECP) calculations (in the C..,, C;, and C,,
symmetries) were performed for selected state/state pairs, and the spin—orbit couplings were calculated at
the MECPs. All the MECPs (including the C *Z,*/1 “II, (1 “B;) MECP), involved in the proposed
predissociation mechanism of Praet et al. (J. Chem. Phys. 1982, 77, 4611—4618), were found and the calculated
spin—orbit couplings at these MECPs are not small. Our calculations support the mechanism of Praet et al.
and indicate that an energy value of 8.9 eV from CO," (X °Il,) is needed. The C ?Z," state in the previous
[1 + 1] photodissociation experiments (J. Chem. Phys. 2008, 128, 164308.) could predissociate through the
mechanism of Praet et al. since the two-photon energy was around 8.9 eV, while the C 2Z," state in the
previous VUV-PFI-PE experiments (J. Chem. Phys. 2003, 118, 149—163) would predissociate through another

mechanism via A *I1,.

1. Introduction

Because the CO,™ ion plays an important role in planetary
atmospheres,' extensive experimental studies on the electronic
states,>”® vibrational structures,””!* and photodissociation
mechanisms®~7'4720 (in particular the predissociation mech-
anism of the C *Z," state) of the CO," ion were reported in
the literature, including photoelectron (PE) measurements,””!!
vacuum ultraviolet (VUV) pulsed field ionization (PFI)-
photoelectron (PFI-PE) measurements,’”’ and resonance
enhanced multiphoton ionization experiments,'””2° and so
forth.

In 1982 Praet et al.?! reported their theoretical study on the
C 2Z," state of CO," using the LCAO-MO-SCF-CI calculation
methods and nonadiabatic reaction theory. On the basis of their
calculation results and the previously observed experimental
facts, Praet et al.?! suggested a predissociation mechanism of
the C 2%, " state of CO," which consisted of the following three
processes:

CO,"(C?5,") — CO; (1 I, repulsive) —
oCpy +co'x’zhH (D
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CO, (1 *I1,, repulsive) —
1°11,/1 4Zg_ conical intersection — CO, (1 42g_) -

o*(‘s,) + cox 'z

COo,"(1'g,7) — €O, (X1, — OCP,) + CO"(X’Z")
(I

Process II starts from the second species in process I and process
IIT starts from the third species in process II.

In 2003 Liu et al.> measured the VUV-PFI-PE spectrum of
CO; in the energy region 19.0—20.0 eV from CO, (X 'Z,"),
and they also performed calculations (see below). Liu et al.’
suggested the same predissociation mechanism for the C 2Z,"
state as Praet et al.,”! and they also suggested another predis-
sociation mechanism via the A 2I1, and 1 4Zg’ states described
by the following process:

CO,"(C?%,") — CO, (A1) — CO,"(1'5,) —
0"(*s,) + CoOX'z" av)

In 2008 Yang et al.?’ reported the mass-resolved [1 + 1] two-
photon dissociation spectra of the CO," ion in the wavelength
range of 235—354 nm (5.28—3.50 eV). Yang et al.” suggested
the same predissociation mechanism for the C %%, state as Praet
et al.!

The main purpose of the present theoretical work was to study
the predissociation mechanism of the C 2Z,* state of the CO,"
ion, and in the calculations we used the multiconfiguration
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Figure 1. Atom labelings for the CO," ion used in the present work.

second-order perturbation theory (CASPT2)?*%* method (based
on the complete active space self-consistent-field (CASSCF)?*
calculations). Since some other states of CO," may be involved
in the predissociation of the C ZZ; state, we totally calculated
six states: X 1, A *T1,, B 22,7, C 2%,", 1 42,7, and 1 *IT,. It
is now well-known that CASPT2 and MRCI (internally con-
tracted multireference configuration interaction) methods (both
based on CASSCEF calculations) are the effective methods for
theoretical studies on excited electronic states of small molecules
and molecular ions. The calculation methods used by Praet et
al.2! in 1982 were old, but their suggested predissociation
mechanism (see above) for the C 2Zg+ state might be
valuable.>!%20 Liu et al.’> calculated electronic states of CO,"
using the MRCI method and potential energy curves for some
of the states possibly involved in the predissociation of CO,"
(C 2%,") using the CASSCF method. We note that their
CASSCEF potential energy curves (in Figure 8 of ref 5) did not
well converge to the dissociation product groups.

After the CASPT2 geometry optimization calculations for the
six states of the CO," ion, we calculated CASPT2 O-loss
dissociation potential energy curves (PECs) for the six states.
We performed the CASSCF minimum energy crossing point
(MECP) calculations for the state/state pairs and calculated the
CASSCEF spin—orbit coupling values at the MECPs. On the
basis of our calculation results, we will examine the predisso-
ciation mechanism (consisting of processes I, II, and III) of the
C %" state suggested by Praet et al?' and discuss the
predissociation mechanisms of the C ?%," state in the experi-
ments of Liu et al.’> and Yang et al.?°

2. Calculation Details

Geometry and atom labeling used for the CO," ion are shown
in Figure 1. For the electronic states of the CO," ion, the
calculations were performed in the D, subgroup of D..,, where
2; corresponds to the A, irreducible representation, S, to By,
2, to By, I, to By; + Bsg, and I1, to B, + Bs,. In O-loss
dissociation process the CO," system remains in the C..,
symmetry, and the calculations were performed in the C,,
subgroup of C..,, where =t corresponds to the A; irreducible
representation, =~ to A,, and II to B;+B,.

The CAS (CASSCF and CASPT?2) calculations®>~>* were
carried out using MOLCAS v6.2 quantum-chemistry softwares.?
A contracted atomic natural orbital (ANO-L) basis set, 20~
C(5s4p3d2f)/O(5s4p3d2f), was used. With a CASSCF wave
function constituting the reference function, the CASPT2
calculations were performed to compute the first-order wave
function and the second-order energy in the full-space. In our
CAS calculations for the CO,™ ion and related species (the CO
molecule, the CO* and O™ ions, and the O atom) we always
use the full valence active spaces. The HF/6-31G calculations
for the ground-state CO, molecule produce electron configu-
ration of (10,7)* (10,7)* (20,")? (30,7)* (20,")? (40, ") 3o, ")?
(1) (It 27,)° (50, (40,7)°. For the CO," ion, 15
electrons were active and the full valence active space included
the 30,"—50,", 20,"—40,", 1,—27,, and 17, orbitals within
the D., point group. These active orbitals were labeled
within the D, subgroup in the order A,, Bs,, Boy, Big, By, Bog,
B3, and A, and the full valence active space is named
(32203110). In the calculations for the C,, (denoted as C,,(b);
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with the C,-axis bisecting the O,;CO, angle; see Figure 1) states
of the CO," ion (due to the Renner—Teller effect or some other
reasons), these active orbitals were labeled within the C,, group
in the order Ay, By, B, and A, and the full valence active space
is named (5241). In the O-loss dissociation, this full valence
active space included the 4067 —90" and 177—37 orbits within
the C.., point group. In the O-loss dissociation calculations these
active orbitals were labeled within the C,, (denoted as C,(a);
with the C,-axis along the O;—C (0,—C) bond; see Figure 1)
subgroup in the order A;, By, B,, and A, and the full valence
active space is named (6330). In all the CASPT2 calculations,
the weight values of the CASSCF reference functions in the
first-order wave functions were larger than 0.85.

On the basis of the CASPT2 energy calculations for the
electronic states of the CO," ion at the experimental geometry°
of the ground-state CO, molecule, we obtained the CASPT2
vertical relative energies (denoted by 7,") of the excited states
to the ground state (X *I1,) of the CO," ion. We performed the
CASPT2 geometry optimization calculations for the electronic
states (the CASSCF geometry optimization and frequency
analysis calculations were performed), and we obtained the
CASPT?2 equilibrium geometries and CASPT?2 adiabatic relative
energies (denoted as T, corrected with the CASSCF zero-point
energies) of the excited states to the ground state of the CO,*
ion.

We calculated O-loss dissociation PECs for the X 1, (1 I1),
AL, 270, B 22,7 (122%), C 22,7 222, 145, (1427),
and 1 “TI, (1 “I]) states of the CO,™ ion at the CASPT?2 level.
At a set of fixed R(C—0O,) (see Figure 1) values ranging from
the R(C—Oy) values in the CASPT2 optimized geometries of
the respective states (from 1.20 and 1.40 A for the repulsive 1
“IT and 1“3~ states, respectively) to 5.0 A, the CASPT2 partial
geometry optimization calculations were performed. The CASPT2
O-loss dissociation PECs for the different states of the CO,"
ion were drawn on the basis of the CASPT2 energies at the
different sets of partially optimized geometries. The CO,*
systems in the different states at the R(C—O,) value of 5.0 A
are called asymptote products for the respective states. For
studying nonadiabatic dissociation processes we performed the
CASSCF MECP calculations (in the C.,, C;, and C,, sym-
metries) for the state/state pairs which may be involved in
predissociation mechanisms of the C ZZ; state, and then we
calculated the CASPT2 energies and CASSCF spin—orbital
coupling values at the located MECPs. In the present article,
the evaluated energy differences, except the CASPT2 Tj’s, were
not corrected for zero-point energies.

3. Results and Discussion

3.1. Electronic States of the CO," Ion. In Table 1 are the
CAS results for the X °IT,, A °II,, B 2%,*, C *%,*, 1 “I1,, and
1“2, states of the CO," ion calculated at the experimental
geometry (R(C—0) = 1.162 A)* of the ground-state CO,
molecule, including the CASPT2 T,” values and the important
configurations in the CASSCF wave functions. The data in the
last column in Table 1 show that all the six states have the
dominant configurations in their CASSCF wave functions. These
dominant configurations indicate that the X [T, A *I1,, B 2%,
and C 2Z," states are the primary ionization states and the 1
“I1, and 1 *Z, states are the shakeup ionization states.

The CASPT2 7, values of 3.73, 4.14, and 5.33 eV for the A
Tl,, B Z,%, and C 2" states are 0.09, 0.16, and 0.28 eV
smaller than the experimental 7\, values from ref 8 (evaluated
using the experimental vertical ionization energy values),
respectively. The previously reported MRCI 7, values’! seem
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TABLE 1: CAS Results for the Six Electronic States® of the
CO," Ton Calculated at the Experimental Geometry’ of the
Ground-State CO, Molecule, Including the CASPT2 Vertical
Relative Energies (7, in ¢V) and Important Configurations
in the CASSCF Wavefunctions
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TABLE 3: Four Lowest O-Loss Dissociation Limits
(Dissociation Product Groups) of the CO," Ion, Together
with the CASPT2 and Experimental Sum Energy Values
(AE, in eV) for the Product Groups Relative to CO," (X
an)

T/

MRCI¢  ext? ext? important
state  CASPT2 (ref 31) (ref 8) (refs 5—7) configurations®

X2, 00 0.0 0.0 0.0 () (0.938)
AL, 373 386  3.82 3.54 EAR (0.887)
B2," 414 434 430 4.30 (Boy)™! (0.919)
cx,t 533 560 561 5.61 (40, (0.904)

140, 826 8.49
145, 1022 1134

(1) 2 @) (0.930)
(1)~ (50" (0.919)

“Including the four lowest-lying primary ionization states (X, A,
B, and C) and the two quartet states which are involved in
predissociation of the C state. ” Reference 30 (R(C—0) = 1.162 A).
¢Calculated at a geometry with R(C—0) = 1.175 A. Evaluated
using the reported experimental vertical ionization energies. ¢ The
ground-state CO, molecule has electronic configuration of ,..(40g)2
Bow?® (my* (7t (27.)° (50,)°

TABLE 2: CASPT2 Adiabatic Relative Energies (7, in eV)
and CASPT2 Optimized Geometries for the Six (Seven)
States® of the CO," Ion (Bond Lengths in A and Bond
Angles in Degrees; for Notations, see Figure 1)

Ty geometry
state  CASPT2 ext* R(C—0O,) R(C—0,  Z0CO

X211, 00 00 1LI73(1.177¢ 1.173 (1.177) 180.0 (180.0)
AT, 3.49 3.53 1.225(1.227) 1.225(1.227) 180.0 (180.0)
B2, " 4.15 4.29 1.172(1.180) 1.172(1.180) 180.0 (180.0)
C3,t 545 560 1.149(1.155) 1.149 (1.155) 180.0 (180.0)
1401, 1°%A, 7.74 1.284 1.284 111.2

1B, 3.97 1.264 1.264 108.7
1 42{ 143 3.80 2.021 1.117 180.0

“Including the four lowest-lying primary ionization states (X, A,
B, and C) and the two quartet states which are involved in
predissociation of the C state. The 1 *I1, state splits into the 1 *A;
and 1 “B; states. ”Evaluated using the experimental adiabatic
ionization energy data reported in ref 32. ¢ Values in parentheses are
the experimental geometric data reported in ref 32.

to be in better agreement with the experimental values.® We
note that the MRCI calculations®' were performed at a geometry
with the R(C—0) value of 1.175 A. The CASPT2 T, values
for the 1 “IT, and 1 “%,” states are 8.26 and 10.22 eV,
respectively, and experimental 7,” values are not available for
these shakeup ionization states.

In Table 2 are the CASPT2 T, values and optimized
geometries for the X I1,, A °I1,, B 22,*, C 2%,*, 1 “I1,, and 1
%, states of the CO," ion. Our CASPT2 geometry optimization
calculations indicate that (i) the X II,, A II,, B 2%,", and C
25, " states have the D., equilibrium geometries; (ii) the
Renner—Teller splitting in 1 *I1, lead to two C,, states, 1 A,
and 1 “Bj, and the OCO angles in the two C,, equilibrium
geometries are around 110° (see Table 2); and (iii) the 1 4Zg‘
(1 4=7) state has a C.,, geometry with one long C—O bond of
2.021 A and is not a purely repulsive state. These conclusions
were confirmed by the CASSCF frequency analysis calculations
at the CASSCF optimized geometries (the explicit frequency
values predicted by the CASSCF calculations will not be
reported since they are not so accurate). On the basis of their
calculations, the authors of ref 5 reported a C *%,* geometry
identical to our CASPT2 geometry and mentioned the long C—O
bond in the 1 *=7(1 *Z;") geometry.

The CASPT2 T, values of 3.49, 4.15, and 5.45 eV for the A
1, B 2=,%, and C 2" states are 0.04, 0.14, and 0.15 eV

L states of
product groups ~ CASPT2 expt® expt the CO," ion®

1 0t (*S,)+COX'EH) 529 530 527 ‘=T (14%,)

2 0(CPy) +CO" (X?=") 584 5.69 5.67 4T, 2411 (X 1, 1 “IL,)
30('Dy) +CO(X2ZH) 781 766 21, 25+, 2A (A 2, B 25,7)
4 0 (°Py) + CO™ (A ) 8.39 8.20 2AFE 245 247

2,4A (C 22g+)

“In parentheses are the CO," states calculated in the present
work. ” From ref 33. ¢ From ref 5.

smaller than the experimental Ty values®? (evaluated using the
experimental adiabatic ionization energy values), respectively.
The C—O bond length values in the CASPT2 geometries of
the X *I1,, A °I1,, B ?%,*, and C *Z,* states are 0.004, 0.002,
0.008, and 0.006 A smaller than the experimental bond length
values, respectively. The CASPT2 geometry optimization
calculations for the X, A, B, and C states produced accurate
results (7y’s and geometries). The large Ty difference between
the 1 “A; and 1 *B; states indicates a large splitting.

3.2. O-Loss Dissociation Potential Energy Curves. For
evaluating the CASPT?2 sum energies for the O-loss dissociation
product groups, we performed the CASPT2 geometry optimiza-
tion calculations for CO (X '=*), CO™ (X ?=%), and CO™ (A
’11) (the optimized bond length values being 1.128, 1.116, and
1.241 A, respectively) and the CASPT2 energy calculations for
0" (*Sy), O Py, and O ('Dy). In Table 3 are the CASPT2 sum
energies of the five lowest O-loss dissociation product groups
relative to the X *IT, reactant (“sum energy of the product group
relative to the X I, reactant” will be abbreviated to “sum
energy of the product group” in the rest of the article), together
with the experimental sum energies of the five product groups.>*
The CASPT2 sum energies of the O" (*S,) + CO (X '=%), O
(Py) + CO* (X 2Z%), O ('D,) + CO™ (X "), and O (°Py) +
CO™ (A 1) product groups are 5.29, 5.84, 7.81, and 8.39 eV,
respectively, which are in good agreement with the respective
experimental sum energies™* (the deviations being smaller than
0.20 eV). The CO,™ states correlating with these product groups
are listed in the last column of Table 3.

The CASPT2 O-loss dissociation PECs of the X IT, (1 *IT),
A°TI, (2 °10), B 25, (1 22), C 22,7 2 224), 145, (1 %2),
and 1 *IT, (1 *ID) states of the CO," ion are drawn in Figure 2.
The CASPT2 energies of the reactants and the asymptote
products relative to X*I1, are given in Figure 2 (“CASPT2
energy of the reactants (the asymptote products) relative to X
T1,” will be abbreviated to “CASPT2 energy of the reactants
(the asymptote products)” in the rest part of the article).

The CASPT2 energy value (5.42 V) of the 1 %, asymptote
product is close to the CASPT2 sum energy value (5.29 eV) of
the O* (*S,) + CO (X '=*) product group. In the 1 “Z,~
asymptote product, the Mulliken charge value at the O; center
is +1.004 e and the C—O, bond length value is 1.125 A
(close to the CASPT2 bond length value of 1.128 A in CO (X
'2%)). These facts indicate that the 1 %, state correlates with
O™ (*Sy) + CO (X '=%) (the first dissociation limit). The
CASPT2 energy values of the X *II, and 1 “Il, asymptote
products (5.86 and 5.81 eV, respectively) are very close to the
CASPT?2 sum energy value (5.84 eV) of the O (°P,) + CO* (X
231 product group. In the two asymptote products the Mulliken
charge values at the O, center are around 0.000 e and the C—0,
bond length values are both 1.116 A (equal to the CASPT2
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oC’p ) +CO'4 m (8.44)
1 1'n [8.39]
-187.60 1 — ggg;
o('D)+Co'(x’eh V-
i (D) @'z [7.81]
-187.65 - . L, 68y
O(P) +CO'(X’x") (5.86)
i [5.84]
Cx! (5.45)
-187.70 - ¢ 0'(*s)+CoX's") (5.42)
g - [5.29]
5 Bz (4.1
% -187.75 a
14’0, (3.40)
-187.80
-187.85 ]
X’ng(o.O)
-187.90
) ' ) ' ) M I 1 v I 4 1 ' I ' ) M
1.0 15 2.0 25 3.0 35 4.0 45 5.0

C-0O, Distance/Angstrom

Figure 2. CASPT?2 potential energy curves for O-loss dissociation from the X *I1,, A 2I1,, B 22,*, C 25,", 1 %, ", and 1 *I1, states of the CO,"
ion. The values in parentheses are the CASPT2 energies (in eV) of the reactants and asymptote products relative to the X 1, reactant and the
values in square brackets are the CASPT2 sum energies (in eV) of the product groups relative to the X I, reactant (the experimental sum energies

of the product groups are given in Table 3).

bond length value in CO* (X 2=*)). These facts indicate that
the X I, and 1 1, states correlate with O (°Py) + CO™ (X
231 (the second dissociation limit). The CASPT2 energy values
of the A 1, and B 2Z,* asymptote products (7.80 and 7.84
eV, respectively) are very close to the CASPT2 sum energy
value (7.81 eV) of the O ('D,) + CO" (X ?Z") product group.
In the two asymptote products the Mulliken charge values at
the O, center are around 0.000 e and the C—O, bond length
values are both 1.116 A (equal to the CASPT2 bond length
value in CO™ (X >=")). These facts indicate that the A *I1, and
B 23," states correlate with O ('D,) + CO* (X *Z*) (the third
dissociation limit). The CASPT2 energy value (8.44 eV) of the
C *=,* asymptote product is very close to the CASPT2 sum
energy value (8.39 eV) of the O (°Py) + CO™ (A *II) product
group. In the C ?Z," asymptote product the Mulliken charge
value at the O, center is —0.015 ¢ (close to zero) and the C—0,
bond length value is 1.242 A (close to the CASPT2 bond length
value of 1.241 A in CO™ (A 2IT)). These facts indicate that the
C =, " state correlates with O (°Py) + CO™ (A 1) (the fourth
dissociation limit). As shown in Table 3, each of the third and
fourth dissociation limits correlates with one =" state of CO,™.
It is rational that the B2Z," state is the =" state correlating to
the third limit while the C?Z," state is the *Z* state correlating
to the fourth limit.!?!

As shown in Figure 2, there are transition states along the A
’[1, and B 2=, " PECs and intermediates (shallow minima) along
the A *I1,, B 2=,*, C 2=,*, and 1 *Z,~ PECs. The 1 *I1, PEC is
essentially repulsive. In Figure 2 the 1 *Z,” PEC crosses the
other five PECs and the 1 *“IT, PEC crosses the 1 *Z,", C 2Z,*,
A °I1,, and B 2Z,* PECs.

The CASSCF PECs for the X T, A 21, B 22,7, 1 *%,” (a
4%,7), and 1 *I1, (b “I1,) states of the CO,* ion given in Figure 8
of ref 5 have features similar to those of the CASPT2 PECs for
the respective states, but the CASSCF PEC for C *Z,* does not
have features similar to those of the CASPT2 PEC. As stated
by the authors of ref 5, the energies of the dissociation limits
and electronic states were shifted to known experimental values
in that figure, and those CASSCF PECs did not well converge
to the dissociation product groups. The PECs of good quality

should be drawn on the basis of partially geometry optimization
calculations using an accurate and size-consistent quantum-
chemical method (for example, CASPT2 method plus the full
valence active spaces for all the species involved).

3.3. Predissociation of the C 2%, State. 3.3.1. MECP
Calculations. In Table 4 are the geometries of the CASSCF
MECPs for the C *Z,*/1 *Z,~, C 2=, 7/1 “I1,, 1 “T1/1 *Z, 7, 1
43,7 /X g, and A I1,/1 *Z,~ state/state pairs, together with
the CASSCF spin—orbit coupling values and CASPT2 state/
state energies (relative to X 2Hg) calculated at the CASSCF
MECP geometries. At each of the located MECPs, the CASSCF
energy difference between the two states in the pair is smaller
than 0.05 eV and the CASPT2 energy difference is smaller than
0.45 eV (we will use the average of the CASPT?2 energies in
discussion).

MECP for a state/state pair is a special crossing point (a
geometry) between the two potential energy surfaces (PES’s).
It is not the crossing point between the two PECs (if the two
PECs cross in the PEC figure) and may not be along either of
the PECs. A MECP may have a geometry of the C.,, C;, or
C,,(b) symmetry. We performed the MECP calculations for the
selected state/state pairs in the C..,, Cs, and C,,(b) symmetries
(the notations of the states in pairs will be changed thereby).

The CASSCF MECP calculations for the C ?%,"/1 *%,", 1
171 *%,7, 1 %, /X 1, and A “I1/1 *X, state pairs were
performed in the C., symmetry and the state/state notations
become 2 2=t/1 =7, 1 “T1/1 =7, 1 *=7/1 211, and 2 2[1/1 4=,
respectively (see the second column of Table 4). In the MECP
calculations within the C,,(a) subgroup of C..,, the B, and B,
components of IT led to the same MECP results (geometries,
energies, and spin—orbit couplings). As shown in Table 4, the
MECP geometries for the C 22, 7/1 4%, 7, 1 *I1,/1 4%, ", 1 ¥, /X
I, and A °I1,/1 *Z,~ state pairs have the C.., symmetry, and
the calculated spin—orbit couplings at the four MECPs are 6.0,
33.7,169.6, and 187.3 cm™!, respectively. The small value (6.0
cm ') at the C %%, */1 “X,” MECP is in line with the selection
rule for predissociation.*

The CASSCF MECP calculations for the C 2Z,*/1 1, state
pair were first performed in the C., symmetry, and the state/
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TABLE 4: Locations (Geometries) of Minimum Energy Crossing Points (MECPs) for Selected State/State Pairs (Possibly
Involved in Predissociation Mechanisms of the C 2X," State) Predicted by the CASSCF Calculations, Together with the
CASSCF Spin—Orbit Coupling Values (in em ™) and CASPT2 State/State Energies (AE/AE in eV, Relative to X *II,) at the
CASSCF MECPs (Bond Lengths in A and Bond Angles in Degrees)”

MECP geometry

MECP (state/state) R(C—0)) R(C—0,) £0C0O spin—orbit coupling CASPT2 AE/AE
C 25,71 %5, 22541 45 1.386 1.159 180.0 6.0 7.33/7.73
C 25,71 *M, 22541 T 1.300 1.300 180.0 0.0 7.13/7.15
42A71 *A” (1 4A) 1.491 1.491 87.0 0.0 8.95/8.81
42A71 “A” (1 *B)) 1.489 1.489 87.0 77.7 8.95/8.87
14I0,/1 45, 1 4TI/ *3- 1.405 1.256 180.0 337 7.40/7.77
145, /X I, 14/1 211 2.041 1.122 180.0 169.6 3.84/4.10
AL /148, 2201/1 43 1.530 1.204 180.0 187.3 5.94/6.23

“ See text for the materials presented in the second column.

state notation becomes 2 *Z*/1 “I1. In the MECP calculations
within the C,,(a) subgroup of C., the 1 “B; and 1 *B,
components of 1 “IT led to the same MECP results: a D..,, MECP
geometry and a spin—orbit coupling value of zero. Then we
performed the MECP calculations in the C; symmetry, and the
C 2%,7/1 *I1, state pair becomes the 4 2A’/1 *A’ and 4 *A’/1
4A” state pairs. The MECP calculations for the 4 2A’/1 *A” state
pair led to a C,,(b) MECP geometry (R(C—0) = 1.491 A,
Z0CO = 87.0°), and the 1 *A” component of 1 “IT, (in C)
becomes the 1 *A; component of 1 *TT, (in C,,(b)). The MECP
calculations for the 4 2A’/1 *A” state pair led to another C,,(b)
MECP geometry (R(C—0) = 1.489 A, z0CO = 87.0°), and
the 1 *A” component of 1 “II, (in C,) becomes the 1 *B;
component of 1 *TI, (in C,,(b)). The C,,(b) geometries (and
energies) at the 4 2A’/1 *A’ (1 *A}) and 4 2A’/1 *A” (1 “B))
MECPs are almost identical. The CASSCF spin—orbit coupling
value at the 4 2A’/1 *A’ (1 “A,) MECP is zero, while the value
at the 4 2A’/1 2A” (1 *B;) MECP is 77.7 cm™!. Since the
spin—orbit coupling values are different, we should explicitly
write two MECPs for the C 2Z,*/1 *I1, state pair: C 2Z,*/1 1,
(1 *Ay) and C 2Z,"/1 *“I1, (1 “B;) MECPs. The B, state was
mentioned in refs 5, 20, and 21, and the C 2Z,*/1 *II, (1 “By)
MECP with a large spin—orbit coupling value of 77.7 cm™! is
important for the predissociation mechanism of the C 2%, state
(see below). The CASPT?2 energy (relative to XZHg) of the C
25,1 4T, (1 “By) [4 %A1 *A” (1 *By)] MECP is around 8.9
eV, which is an important datum for the following discussion
on predissociation mechanisms of the C 2%, state.

3.3.2. Discussion on the Predissociation Mechanism Sug-
gested in Ref 21. The predissociation mechanism of the C 2%, "
state suggested by Praet et al.?! consists of processes I, II, and
III (see Introduction). In our calculations we have found the C
2z, T, (1 “By) MECP, 1 “I1/1 *Z,” MECP (conical
intersection), and 1 “%, /X 2IT, MECP for processes I, II, and
III, respectively, and the calculated spin—orbit coupling values
at these MECPs are large. Therefore, our calculations support
the predissociation mechanism of the C 2Z," state suggested
by Praet et al.>! We can rewrite processes I, II, and III by adding
the calculated MECPs and relevant data along the processes:
(D CO" (C 2%,") (545 eV) — C 2%,"/1 “11, (1 “B;) MECP
(8.9 eV, 77.7 cm ') — CO,* (1 “I1,) — O (P, + CO* (X
231) (5.81 eV, the second dissociation limit); (I) CO,* (1 *I1,)
— 1 “I1/1 *E,~ MECP (conical, 7.6 €V, 33.7 cm™!) — CO,"(1
4%,7) (3.80 eV) — O* (*S,) + CO (X '=%) (5.42 eV, the first
dissociation limit); and (II) CO," (1 %, ") (3.80 eV) — 1%, /X
I, MECP (3.9 eV, 169.6 cm™") — CO,* (X I1,) — O (°P,)
+ CO™ (X 2Z%) (5.86 eV, the second dissociation limit). In
parentheses, the quantities in eV are the CASPT?2 relative energy
values to CO," (X 2I1,) and the quantities in cm™! are the

CASSCF spin—orbit coupling values at the MECPs. The
maximum CASPT?2 relative energy value is 8.9 eV at the C
25,11 “I1, (1 “By) MECP, indicating that for following this
mechanism the ionic system needs an energy of 8.9 eV from
CO," (X °I1y). Since the C 2Z,7/1 *“I1, (1 *A;) MECP has a
spin—orbit coupling value of zero, it does not appear in the
rewritten processes.

Praet et al.?! (and Yang et al.”’) also considered an extra
process (1 “IT, — X *I1,) following process I. In Figure 2 the
1 *I1, and X °II, PECs do not cross. However, we found the
MECP for the 1 *“IT, (1 *B;)/X *I1, pair in the C,(b) symmetry
in the CASSCF calculations and the calculated spin—orbit
coupling values were larger than 35 cm™! (the results are not
given in Table 4).

3.3.3. Discussion on the Predissociation Mechanisms in the
Two Previous Experiments. In the [1 + 1] photodissociation
experiments of Yang et al.”® the two-photon energy of
7.06—9.72 eV was comparable with the energy of 8.9 eV needed
in the predissociation mechanism for the C %%, " state suggested
by Praet et al.?! Therefore, in the experiments of Yang et al.?
the C ?Z," state of CO," could predissociate through the
mechanism suggested by Praet et al.”!

In the VUV-PFI-PE experiments of Liu et al.,> the highest
energy of the system is 0.41 eV (relative to C 2Z,"). When the
experimental 7y energy of 5.60 eV32 for C 2%," is added, the
highest energy value becomes 6.01 eV (relative to X I1,), which
is smaller than the energy value of 8.9 eV needed in the
predissociation mechanism for the C 2Z,* state suggested by
Praet et al.>! Another predissociation mechanism (process IV,
see Introduction) of the C ?%," state via A 1, was proposed
by Liu et al.> We can rewrite process IV by adding the calculated
MECP and relevant data: (IV) CO," (C 2Z,") (5.45 eV) — CO,"
(AL, (349 eV, f=0.2424 x 107%) — A °I1,/1 *Z,” MECP
(6.1 eV, 187.3 cm™") — CO,* (1 *Z,7) (3.80 V) — O" (‘S,)
+ CO (X '=7) (5.42 eV, the first dissociation limit). The results
for the A *I1,/1 =, MECP were already given in Table 4. We
used the CAS state interaction (CASSI) method*** to compute
the oscillator strength f value, using the energy difference
corrected by the CASPT2 calculations, for the A *IT, < C ?Z,"
transition, and the calculated f value of 0.2424 x 1073 is not
small. The maximum CASPT?2 relative energy value in process
IV is 6.1 eV (at the A *I1,/1 4%,” MECP), which is close to the
highest energy value of 6.01 eV. Therefore, the C ?Z," state of
CO,%, in the VUV-PFI-PE experiments of Liu et al.,” predis-
sociated not through the mechanism suggested by Praet et al.,?!
but through process IV (via A I1,). We would mention that
process IV may also be followed by process III, which starts
from the fourth species in process IV, leading to O (°P,) + CO™
(X 2=%) (the second dissociation limit).
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4. Conclusions

In the present study we calculated the X IT,, A I1,, B 2Z,*,
C2Z,", 12,7, and 1 1, states of the CO," ion using the CAS
methods,?? ?* and the main purpose was to study the predisso-
ciation mechanism of the C 2%, state. The CASPT2 calculations
indicate that the Renner—Teller splitting in 1 *I1, leads to two
C,, states (1 *A; and 1 “B;) and the OCO bond angles in the
two C,, equilibrium geometries are around 110° and that the 1
4%, (1 *Z7) state is not a purely repulsive state and has a C..,
geometry with one long C—O bond of 2.021 A. The CASPT2
Ty values and geometries for the X I, A *I1,, B *%,*, and C
?5," states are in good agreement with experiment.*?

The CASPT2 O-loss dissociation PECs were calculated for
the six states on the basis of the partial geometry optimization
calculations. On the basis of the calculated energies and
properties for the asymptote products (at R(CC—0;) = 5.0 A),
we conclude that (i) the 1 *Z,” state correlates with O* (*S,) +
CO (X '=*) (the first limit); (ii) the X I1, and 1 *I, states
correlate with O (°Py) + CO™ (X 2=*) (the second limit); (iii)
the A °I1, and B 2%, states correlate with O ('D,) + CO* (X
23*%) (the third limit); and (iv) the C *Z," state correlates with
O (°P,) + CO" (A II) (the fourth limit). The CASPT2 energy
(see section 3.2) values of the asymptote products are very close
to the CASPT2 sum energy (see section 3.2) values of the
product groups, respectively, indicating that the calculation
approach (CASPT2 plus full valence active spaces) is size-
consistent. The CASPT2 sum energy values of the product
groups are very close to the experimental sum energy values,>**
respectively, indicating the calculation approach is accurate.

We performed the CASSCF MECP calculations (in the C..,,
C;, and C,, symmetries) for the C 2%, /1 %,~, C 22, /1 “I1,,
1 “T1/1 4%, 1 %, 7/X I, and A 2I1,/1 “Z, state pairs and
calculated the CASSCF spin—orbit coupling values and CASPT2
energies at these MECPs. One should explicitly write two
MECPs for the C 2Z,*/1 *I1, state pair: C 22, /1 “II, (1 *A))
MECP and C /1 “I1, (1 *B;) MECP, since the spin—orbit
couplings at the two MECPs are different (zero and 77.7 cm ™',
respectively). The C 2%,*/1 *I1, (1 “B;) MECP with a large
spin—orbit coupling value is important.

On the basis of our calculation results (the PECs, the MECPs,
and the spin—orbit coupling and f values), we discussed the
predissociation mechanisms of the C ?X," state suggested in
refs 5, 20, and 21. The predissociation mechanism of the C 2X,*
state suggested by Praet et al.?! consists of processes I, II, and
III. In our calculations we have found the C 2%, /1 *I1, (1 “By)
MECP, 1 “I1,/1 *Z,~ MECP (conical intersection), and 1 *Z, /X
21'[g MECP, which are critical for processes I, II, and III,
respectively, and the calculated spin—orbit couplings at these
MECPs are large (not very small or zero). Therefore, our CAS
calculations support the predissociation mechanism of the C 2%,
state suggested by Praet et al.”! However, our CASPT2
calculations indicate that for following this mechanism the ionic
system needs energy of 8.9 eV from CO," (X °I1,). Since the
two-photon energy of 7.06—9.72 eV in the [1 + 1] photodis-
sociation experiments of Yang et al.*’ was comparable with the
energy of 8.9 eV, the C 2%, state of CO," in their experiments
could predissociate through the mechanism suggested by Praet
et al.?!

In the experiments of Liu et al.,’ the highest energy of the
system (relative to X 2Hg) was 6.01 eV, which is significantly
smaller than 8.9 eV. The C ?Z,* state of CO," in their

Meng et al.

experiments predissociated not through the mechanism sug-
gested by Praet et al.,?! but through another predissociation
mechanism via A T, (process IV) proposed by Liu et al.’> Our
calculations indicate that process IV is feasible.
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