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Ab initio electronic structure theory has been employed in order to systematically investigate the X˜ 3Σ- and
Ã 3Π electronic states of ketenylidene (CCO). The total energies and physical properties including equilibrium
geometries, dipole moments, harmonic vibrational frequencies, and associated infrared (IR) intensities of
CCO were predicted using the SCF, CISD, CCSD, equation of motion coupled cluster with single and double
excitations (EOM-CCSD), and CCSD(T) levels of theory with a wide range of basis sets. The X˜ 3Σ- state of
CCO is linear at equilibrium. The potential energy surface of the A˜ 3Π state of CCO splits into3A′′ and3A′
states on bending and each surface has its own minimum at the linear configuration, i.e., this state is a type
A Renner-Teller state in the nomenclature of Lee, Fox, Schaefer, and Pitzer.1 The two harmonic bending
frequencies for the two surfaces of the A˜ 3Π state were determined via the EOM-CCSD method. From the
harmonic vibrational frequencies of the A˜ 3Π state, the Renner parameter (ε), and the average harmonic
bending frequencyω2 can easily be determined. At the EOM-CCSD TZ3P(2f) level of theory, values of
-0.153 and 627 cm-1 were determined forε and ω2, respectively, which are in good agreement with
experimentally determined values in both sign and magnitude. Theoretically predicted harmonic stretching
vibrational frequencies were in close agreement with experimental fundamental frequencies, indicating relatively
small anharmonicities. At the CCSD(T) level of theory with the largest basis set, Dunning’s cc-pVQZ, the
classical X̃-Ã splitting (Te value) was predicted to be 33.1 kcal/mol, and the quantum mechanical splitting
(T0 value) to be 34.0 kcal/mol which are in excellent agreement with the experimentalT0 values of 33.3
kcal/mol by Devillers and Ramsay (in 1971), 33.3 kcal/mol by Fujitake, Kiryu, and Ohashi (in 1992), 33.9
kcal/mol by Zengin, Persson, Strong, and Continetti (in 1996), and 33.3 kcal/mol by Fulara, Grutter, Wyss,
and Maier (in 1998).

I. Introduction

The CCO molecule is a reactive intermediate involved in
many chemical reactions in the gas phase.2 This molecule has
also been identified in interstellar dark clouds by microwave
spectroscopy.3 The first spectroscopic study of the free radical
CCO using the matrix-isolated infrared (IR) technique was
performed by Jacox, Milligan, Moll, and Thompson in 1965.4

CCO has been prepared via the photolysis of matrix-isolated
cyanogen azide (N3CN) in the presence of CO at wavelengths
shorter than 2000 Å. This species was also produced by vacuum
ultraviolet photolysis of matrix-isolated carbon suboxide (C3O2).
Jacox et al. observed the three vibrational fundamentals of CCO
in an argon matrix at 381, 1074, and 1978 cm-1. Isotopic studies
were consistent with a linear structure for CCO.4

The absorption spectrum in the region 5000 to 6500 Å was
observed by Devillers5 during the flash photolysis of carbon
suboxide and was tentatively attributed to the CCO molecule.
These observations were extended to 9000 Å, and rotational
and vibrational analyses of some of the bands were carried out
by Devillers and Ramsay.6 The strong band near 8580 Å (11650
cm-1) was assigned as the 000-000 band. This assignment was
confirmed by an independent investigation using isotopically
labeled species. They also reported the three fundamental
vibrational frequenciesν1 ) 2045.7,ν2 ) 607.8, andν3 ) 1270
cm-1 for the Ã 3Π state and one fundamental frequencyν2 )

379.4 cm-1 for the X̃ 3Σ- state. The modeν2 corresponded to
the bending motion of the molecule. The rotational analyses of
the bands proved that both electronic states exhibit linear
geometries and the magnitudes of the rotational constants were
consistent only with a triatomic species. The absence of any
intensity alternation or missing lines in the spectrum proved that
the molecule does not have a center of symmetry. From all the
available evidence Devillers and Ramsay concluded that the
spectrum indeed arises from the A˜ 3Πi-X̃ 3Σ- transition of the
CCO molecule.

DeKock and Weltner reported a matrix-isolated IR study of
CCO, CNN, and C3O molecules.7 The vaporized carbon atoms
were condensed with an argon:CO mixture (200:1) onto a CsI
window at 4 K. Bands for CCO were observed at 1969
(12C12C16O), 1934 (12C12C18O), and 1928 plus 1021 cm-1

(13C12C18O). From the derived stretching force constants of the
two isoelectronic molecules, CCO and CNN, they pointed out
that these molecules have the different chemical bonding C-Cd
O vs CtNdN. Smith and Weltner also reported electron spin
resonance (ESR) spectra of the triplet molecules CCO and CNN
in rare-gas matrixes.8 Pitts, Donnelly, Baronavski, and Mc-
Donald reported2 laser induced excitation and fluorescence
spectra of CCO (A˜ 3Π T X̃ 3Σ-). Values of 1967 and 1063
cm-1 were found for theν1 andν3 stretching vibrations in the
X̃ 3Σ- state.

In order to obtain further information on rovibronic energy
level structures and vibronic interactions in the A˜ electronic† Part of the special issue “Marilyn Jacox Festschrift”.
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excited state, the A˜ (000)-X̃(000), Ã(010)-X̃(000), and Ã-
(010)-X̃(010) band spectra of CCO were reinvestigated by
means of near-infrared diode laser spectroscopy by Fujitake et
al.,9 Ohashi et al.,10 and Abe et al.11 to determine detailed
molecular constants for the A˜ (000), X̃(010), and Ã(010) states.
They measured the origin of the A˜ 3Π T X̃ 3Σ- band to be
11651.182 cm-1, which is consistent with the value by Devillers
and Ramsay.6 Recently the same Kanazawa group reported the
Ã(020)κ3Π-X̃ 3Σ-(000) and Ã3Πi(001)-X̃ 3Σ-(000) bands
of the CCO radical by using two laser systems in the region
from 12881 to 13043 cm-1.12

Zengin, Persson, Strong, and Continetti investigated the low-
lying states of CCO by photoelectron spectroscopy of CCO-

at wavelengths of 266 and 355 nm.13 Photodetachment was
observed to occur to the X˜ 3Σ-, Ã 3Π, ã1∆, and b̃1Σ+ electronic
states of CCO. Their work marked the first observation of the
low-lying singlet states. The X˜ -Ã energy separation was found
to be 1.468 eV in the 266 nm spectrum. The 0.024 eV difference
from the previous spectroscopic determinations may have arisen
from nonlinearities in the eKE calibration. A revised value for
the electron affinity of CCO is found to be 2.289( 0.018 eV.
Using the measured electron affinity of CCO, the heats of
formation ∆Hf,298

0 (CCO) ) 3.99 ( 0.20 eV and∆Hf,298
0

(CCO-) ) 1.67 ( 0.20 eV were determined. In addition, the
C-CO bond dissociation energy in CCO was determined to be
D298 (C-CO) ) 2.29( 0.20 eV. Zengin’s experimental results
were compared with new CASPT2 calculations on the electronic
structure of both CCO and CCO-.

In 1998, Fulara, Grutter, Wyss, and Maier studied A˜ 2Σ+ r
X̃ 2Π electronic absorption spectrum of CCO- in a neon
matrix.14 The Ã 3Π r X̃ 3Σ- electronic absorption spectrum
of the CCO radical was formed after irradiation of the neon
matrix containing CCO- with UV light (λ g 300 nm). The
vibrational frequenciesν1 ) 2045 andν3 ) 1279 cm-1 in the
Ã 3Π excited state measured from this spectrum and the 00

0

band at 11650 cm-1 are very similar to the values from the gas
phase spectrum.6

Choi, Mordaunt, Bise, Taylor, and Neumark investigated the
triplet and singlet states of the CCO radical using fast radical
beam photofragment translational spectroscopy, in which CCO
is generated by laser photodetachment of CCO- and subsequent
photodissociation, and anion photoelectron spectroscopy.15 They
determined the bond dissociation energy for C-CO to beD0

(C-CO) ) 2.24( 0.02 eV (51.7( 0.5 kcal/mol) and the heat
of formation to be∆Hf,298

0 (CCO) ) 4.04 ( 0.02 eV (91.1(
0.5 kcal/mol). For other experimental studies on CCO readers
should refer to the superb compilation by Jacox.16

There are several theoretical studies on the CCO radical.17-21

In 1985, Chabalowski, Buenker, and Peyerimhoff examined the
X̃ 3Σ-, Ã 3Π, 1 1Σ+, 1 1∆, 1 1Π, 2 1Π states of the CCO radical
with an MRD-CI treatment with configuration selection and
energy extrapolation to determine vertical excitation energies
and transition probabilities.18 The extrapolated geometric pa-
rameters for the X˜ 3Σ- state from their study were 1.3676 Å
for re (CC) and 1.1648 Å forre (CO). DeKock, Grev, and
Schaefer studied the isovalent molecules CCO, CNN, SiCO,
and SiNN in their triplet linear ground states employing SCF,
CISD, and CASSCF wave functions with the DZ+P and TZ+2P
basis sets.19 They discussed the bonding of the C or Si atom
with the CO or N2 ligand and concluded that the strongest bond
is formed between the C and N atoms in CNN and the weakest
between the Si and N atoms in SiNN. Their theoretical results
were easily brought into harmony for CCO and SiCO, but not

for CNN and SiNN. Maclagan and Sudkeaw looked at the
relative energetics between CCO and its cation with MP4SDQ/
6-311G** at geometries determined at the MP2/6-31G** level
of theory.20 Suter, Huang, and Engels reported a MRD-CI study
of the hyperfine structure of the ground-state CCO, CNN, and
NCN molecules.21 The geometries and harmonic vibrational
frequencies were obtained with the QCISD method.

The importance of the CCO radical as a reactive intermediate
and an interstellar molecule warrants its further theoretical
consideration. It is to this purpose that high-level configuration
interaction and coupled-cluster methods are used in the present
study to examine the properties and energetics of the X˜ 3Σ-

and Ã 3Π states of CCO.

II. Electronic Structure Considerations

The ground state of the linear CCO radical has the electronic
configuration:

where [core(CCO)] denotes the three core (C and O: 1s-like)
orbitals, andπi andπo stand for the in-plane and out-of-plane
π molecular orbitals (MOs). The 4σ and 5σ MOs describe the
C-O and C-C σ bonds, while the 6σ and 7σ MOs are the
lone pair orbitals on the O atom and C atom, respectively. The
1π and 2π MOs are associated with the C-O and C-C π bonds.
The 7σ and 2π MOs are depicted in Figure 1a and b. The ground
state has a degenerate real bending frequency.

The first excited triplet state of CCO has the electronic
configuration

or

Figure 1. The 7σ and 2π molecular orbitals for the X˜ 3Σ- ground
state of CCO determined at the TZ3P(2f) SCF level of theory.

[core(CCO)](4σ)2(5σ)2(6σ)2(1π)4(7σ)2(2πi)(2πo)

X̃ 3Σ- (1)

[core(CCO)](4σ)2(5σ)2(6σ)2(1π)4(7σ)(2πi)
2(2πo)

Ã 3Π (2)

[core(CCO)](4σ)2(5σ)2(6σ)2(1π)4(7σ)(2πo)
2(2πi)

Ã 3Π (3)
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which is a single electron excitation relative to the ground state

This state is predicted to possess the two distinct vibrational
frequencies (674 and 578 cm-1 with the TZ3P(2f) EOM-CCSD
method) along the CCO bending coordinate. Thus, the A˜ 3Π
state of CCO may be classified as a type A Renner-Teller
molecule as proposed by Lee, Fox, Schaefer, and Pitzer.1 The
total energies of the3A′′ and3A′ components for the A˜ 3Π state
with respect to the bond angle at the TZ2P(f) EOM-CCSD level
of theory are illustrated in Figure 2.

At this point, it may be useful to analyze the molecular orbital
(MO) Hessian (the second derivatives of the SCF electronic
energy with respect to MO rotations)22 of the reference self-
consistent-field (SCF) wave functions. At the linear configu-
ration the MO Hessian of the X˜ 3Σ- state of CCO shows all
positive eigenvalue as expected. Thus, the SCF wave function
for the X̃ 3Σ- state of CCO isstable. The Ã 3Π state of CCO
has one zero and one negative eigenvalue of the MO Hessian.
The eigenvector of the zero eigenvalue is related to the 2πi-
2πo MO rotation, indicating that the SCF energy is not altered
by exchanging the 2πi and 2πo orbitals. The eigenvector of the
negative eigenvalue corresponds to the 7σ-2π MO rotation.
The SCF wave function of the A˜ 3Π state of CCO is, therefore,
unstableand there is one lower-lying state (X˜ 3Σ-, which is
obtained by exchanging the 7σ and 2π orbitals) at this
equilibrium geometry. Consequently, the physical properties
which involve the 7σ-2π MO rotation should be interpreted
with great caution for the A˜ 3Π state.22-24

For the ground state (X˜ 3Σ-), the degenerate bending motions
lower the molecular symmetry toCs symmetry and the electronic
state to3A′′. On the other hand, for the first excited triplet state,
the one bending motion (denotedω2

- due to the bending
motion being antisymmetic with respect to the plane of the
singly occupied orbital) leads the A˜ 3Π state to a3A′′ state and
the other bending motion (denotedω2

+ due to the bending
motion being symmetric with respect to the plane of the singly
occupied orbital) to a3A′ state. InCs symmetry, therefore, the
ground state and one component (3A′′) of the first excited triplet
state interact with each other. Therefore, theω2

- bending
vibrational frequency of the first excited triplet state should not
be determined as the first root of correlated wave functions
(vide infra). However, theω2

+ bending vibrational frequency
of the first excited triplet state may be obtained without concern
regarding variational collapse.

III. Renner -Teller Effects

As mentioned earlier, the CCO bending vibrational mode of
the Ã 3Π state is subject to the Renner-Teller effect.25-29 The
Renner-Teller effect arises from the splitting of the bending
potential into “plus” (V+) and “minus” (V-) potentials. TheV+

potential corresponds to the electronic state that is symmetric
under reflection in the plane of the bent molecule andV- to
the antisymmetric state.25,30In this case, the splitting is the result
of whether the configuration is (2πi)2(2πo)1 or (2πi)1(2πo)2.
Referring to ref 27, the zeroth-order bending potential function,
neglecting anharmonic terms, is written as the mean of theV+

andV- potentials

A splitting function may also be defined, and it has the similar
form as theV0

It is important to note thata is the force constant for the zeroth-
order bending potential andR is the force constant for the
splitting function and its sign is dependent on whether theV+

surface lies above or below theV- surface. The Renner
parameterε is a dimensionless constant used to describe the
Renner-Teller splitting of the potential and is defined as

The sign of epsilon is therefore dependent on the sign ofR,
i.e., the relative ordering of theV+ andV- surfaces. By defining
the force constant ofV+ to bef+ andf- to be that forV- it can
be shown that

Combining eqs 7-9, the Renner parameter may be expressed
as

Figure 2. The harmonic bending potentials for the A˜ 3Π state of CCO
determined at the EOM-CCSD TZ2P(f) level of theory. From the
Renner-Teller splitting,3A′ and 3A′′ states arise and this splitting is
demonstrated by determining the energy of the two states at varying
CCO bond angles with fixed bond lengths. The fact that the3A′′
potential lies higher in energy than the3A′ surface indicates a negative
ε value.

(7σ)2(2π)2 f (7σ)(2π)3 (4)

V0 ) ar2 ) V+ + V-

2
(5)

V+ - V- ) Rr2 (6)

ε ) R
2a

) V+ - V-

V+ + V- (7)

V+ ) V0 + V+ - V-

2
) (a + R

2)r2 ) f+r2 (8)

V- ) V0 - V+ - V-

2
) (a - R

2)r2 ) f-r2 (9)

ε ) f+ - f-

f+ + f-
(10)
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On the other hand theω+ and ω- bending frequencies are
related toε by

Experimentally,ε is determined from the assignment of vibronic
energy levels from the splittings observed in the spectra. In
triplet states, spin-orbit effects also contribute to the splitting.
The actual bending mode observed experimentally is a combi-
nation of theω2

+ and ω2
- modes and is determined from the

zeroth-order bending potential

wherea is the force constant defined by eq 5 andµ is the kinetic
energy contribution of the bending motion.

The bending potential is determined as an average of the two
split potentials. Devillers and Ramsay determined a value forε

of -0.172 and forω2 of 607.8 cm-1 from their spectrum
obtained via the flash photolysis of carbon suboxide.6 Later Abe
et al. determined values of 0.176 and 594.7514(19) cm-1 for ε

andω2, respectively.11 The difference in the sign ofε is due to
the fact that Abe et al. did not consider the sign in their analysis.
With the definition of the potentials given above, the3A′ state
should be assigned to theV+ surface and the3A′′ to the V-

surface. This then agrees with Devillers and Ramsay’s conclu-
sion thatε has a negative value, for it is clear from Figure 2

that V- lies above theV+ surface. It is important to note that
Beaton and Brown have found that NCN, which is isoelectronic
to CCO, also has a negativeε value.31 The magnitudes of the
ε values determined with the EOM-CCSD method show good
agreement with both experimental values.

IV. Theoretical Procedures

Six basis sets were employed in order to optimize geometries
and to determine physical properties. The basis sets of valence
triple-ú (TZ) quality for C and O are obtained from Dunning’s
triple-ú contraction32 of Huzinaga’s primitive Gaussian set33 and
are designated (10s6p/5s3p). The orbital exponents of the
polarization functions areRd(C) ) 1.50 and 0.375 andRd(O)
) 1.70 and 0.425 for double polarization (TZ2P), andRd(C) )
3.00, 0.75, 0.1875 andRd(O) ) 3.40, 0.85, 0.2125 for triple
polarization (TZ3P). The orbital exponents of the higher angular
momentum functions areRf(C) ) 0.80 andRf(O) ) 1.40 for
one set of higher angular momentum functions [TZ2P(f)], and
Rf(C) ) 1.60, 0.40, andRf(O) ) 2.80, 0.70 for two sets of higher
angular momentum functions [TZ3P(2f)]. The orbital exponents
of the diffuse functions areRp(C) ) 0.03389 andRs(C) )
0.04812 andRp(O) ) 0.05840 andRs(O) ) 0.08993 for one
set of diffuse functions [TZ2P+diff and TZ2P(f)+diff]. Pure
angular momentum d and f functions were used throughout.
The largest basis set, TZ3P(2f), comprises 129 contracted
Gaussian functions for CCO with a contraction scheme of C
and O (10s6p3d2f/5s3p3d2f). Three corelation consistent polar-
ized valence basis sets developed by Dunning,34 cc-pVDZ, cc-
pVTZ, and cc-pVQZ, have been also employed for single point

TABLE 1: Theoretical Predictions of the Total Energy (in hartree), Dipole Moment (in debye), Harmonic Vibrational
Frequencies (in cm-1), Infrared (IR) Intensities (in parentheses in km mol-1), and Zero-Point Vibrational Energy (ZPVE in
kcal/mol) for the X̃ 3Σ- State of the CCO Moleculea

level of theory energy µe ω1 (σ) ω2 (π) ω3 (σ) ZPVE

TZ2P SCF -150.509 249 1.384 2282(712.0) 538(119.0) 1123(1.4) 6.41
TZ2P+diff SCF -150.510 065 1.380 2283(719.6) 540(117.6) 1125(1.3) 6.42
TZ3P SCF -150.511 238 1.364 2289(706.6) 540(115.3) 1134(1.1) 6.44
TZ2P(f) SCF -150.515 265 1.378 2297(713.3) 544(123.5) 1136(1.1) 6.46
TZ2P(f)+diff SCF -150.515 986 1.375 2298(720.0) 543(119.4) 1137(0.9) 6.46
TZ3P(2f) SCF -150.516 418 1.370 2294(705.8) 542(116.3) 1132(1.0) 6.45

TZ2P CISD -150.905 539 1.452 2148(377.0) 457(87.5) 1087(2.0) 5.93
TZ2P+diff CISD -150.906 918 1.449 2148(380.5) 457(85.7) 1089(2.2) 5.93
TZ3P CISD -150.912 169 1.429 2159(374.0) 457(83.7) 1106(2.4) 5.97
TZ2P(f) CISD -150.943 391 1.429 2184(375.0) 472(93.1) 1120(2.9) 6.07
TZ2P(f)+diff CISD -150.944 592 1.426 2185(377.5) 472(89.4) 1122(3.2) 6.08
TZ3P(2f) CISD -150.954 033 1.419 2173(376.6) 466(88.1) 1115(2.8) 6.03

TZ2P CCSD -150.949 505 2044 413 1064 5.62
TZ2P+diff CCSD -150.951 010 2045 411 1066 5.62
TZ3P CCSD -150.956 783 2057 411 1084 5.67
TZ2P(f) CCSD -150.991 011 2083 427 1099 5.77
TZ2P(f)+diff CCSD -150.992 324 2084 427 1101 5.77
TZ3P(2f) CCSD -151.002 750 2069 420 1092 5.72

TZ2P CCSD(T) -150.971 415 1980 392 1038 5.43
TZ2P+diff CCSD(T) -150.972 990 1980 399 1039 5.46
TZ3P CCSD(T) -150.979 293 1994 371 1058 5.42
TZ2P(f) CCSD(T) -151.014 854 2020 409 1073 5.59
TZ2P(f)+diff CCSD(T) -151.016 225 2021 442 1074 5.69
TZ3P(2f) CCSD(T) -151.027 818 2003 455 1066 5.69

exptl ref 4 (1965) 1978 381 1074
exptl ref 6 (1971) 379.4
exptl ref 7 (1971) 1969
exptl ref 2 (1981) 1967 1063
exptl ref 54 (1986) 1970.86
exptl ref 10 (1993) 379.53
exptl ref 11 (1994) 379.53
exptl ref 55 (1997) 1970.86
exptl ref 14 (1998) 1972.5

a IR intensities ofω2 mode were doubled.

ε )
(ω+)2 - (ω-)2

(ω+)2 + (ω-)2
(11)

ω2 ) 1
2πcxa

µ
(12)
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energy calculations. The cc-pVQZ basis set consists of 165
contracted Gaussian functions with a contraction scheme of C
and O (12s6p3d2f1g/5s4p3d2f1g).

The zeroth-order descriptions of the X˜ 3Σ- and Ã 3Π states
of CCO were obtained using one-configuration SCF (restricted
Hartree-Fock) wave functions. Correlation effects were in-
cluded using configuration interaction with single and double
excitations (CISD), coupled cluster with single and double
excitations (CCSD),35,36 and CCSD with perturbative triple
excitations [CCSD(T)]37,38 levels of theory. In all correlated
procedures with the valence TZ quality basis sets, the three core
(C and O: 1s-like) orbitals were frozen and the three highest-
lying virtual (C and O: 1s*-like) orbitals were deleted. With
the TZ3P(2f) basis set, the numbers of configuration state
functions (CSFs) in the CISD procedures in the Hartree-Fock
interacting space39,40 are 107 388 for the X˜ 3Σ- state of CCO
in C2V symmetry and 211 230 inCs symmetry, 107 300 for the
Ã 3Π state of CCO inC2V symmetry and 210 988 inCs

symmetry. At the TZ3P(2f) CISD optimized geometries, single-
point CISD energies were computed with the three correlation
consistent basis sets (cc-pVDZ, cc-pVTZ, and cc-pVQZ) by
freezing the three core orbitals only. With the cc-pVQZ basis
set the numbers of CSFs in the CISD procedures are 190 782
for the X̃ 3Σ- state and 190 586 for the A˜ 3Π state inC2V
symmetry, respectively.

The EOM-CCSD wave function41 was utilized for the study
of the Ã 3Π state. The EOM-CCSD wave function does not
suffer from the orbital instability problem mentioned in the prior
section due to the fact that the excited-state energies are
determined as higher roots of the ground state CCSD wave
function in the same symmetry. Therefore, it was possible to
determine all harmonic vibrational frequencies for the first
excited triplet state using this EOM-CCSD wave function. This
fact allows the evaluation and analysis of the Renner-Teller

splitting in the CCO bending mode. It was also important to
examine the performance of EOM-CCSD in determining the
structure, harmonic vibrational frequencies, and energetics of
Ã 3Π CCO in comparison to the CCSD and CCSD(T) levels of
theory.

The structures of the three stationary points were optimized
using analytic derivative methods.42-44 Harmonic vibrational
frequencies at the SCF level were calculated analytically, while
at the CISD level of theory they were obtained by finite
differences of analytic gradients. For the CCSD, EOM-CCSD
and CCSD(T) methods the equilibrium geometries and harmonic
vibrational frequencies were determined by five point numerical
differentiation of total energies. At the TZ3P(2f) CCSD, EOM-
CCSD, and CCSD(T) optimized geometries, single-point CCSD,
EOM-CCSD, and CCSD(T) energies were computed with the
three correlation consistent basis sets by freezing the three core
orbitals only. Computations were carried out using the PSI 2.0.8
program package45 on IBM RS/6000 workstations. The com-
putations based on the EOM-CCSD method were performed
using the ACES II package.46

V. Results and Discussion

In Figure 3 the optimized geometries for X˜ 3Σ- CCO are
shown at 24 levels of theory, and in Figure 4 the optimized
geometries for A˜ 3Π CCO are depicted at 30 levels of theory.
The total energies, dipole moments, harmonic vibrational
frequencies, and associated infrared (IR) intensities of the X˜
3Σ- and the Ã3Π states of CCO are presented in Tables 1 and
2, respectively. Total energies at the CISD, CCSD, CCSD(T)

Figure 3. Optimized geometries for X˜ 3Σ- CCO determined by 24
theoretical methods employed in this research. Bond distances are in
angstroms.

Figure 4. Optimized geometries for A˜ 3Π CCO determined by 30
theoretical methods employed in this research. Bond distances are in
angstroms.
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levels of theory for X̃3Σ- and Ã3Π CCO and also EOM-CCSD
level of theory for Ã 3Π CCO with the three Dunning’s
correlation consistent basis sets at geometries determined with
the TZ3P(2f) basis are given in Table 3. In Table 4, the Renner
parameter andω2 frequencies for the A˜ 3Π state of CCO are
presented at the EOM-CCSD level of theory. Excitation energies
(T0 andTe values) determined at 42 levels of theory are shown
in Table 5 and bond dissociation (C-CO) energies (De andD0

values) for X̃3Σ- CCO are displayed in Table 6.

A. Geometries.The optimized geometries of the ground and
first excited triplet states of CCO are depicted in Figure 3 and
Figure 4, respectively. As seen in Figure 3, the CC and CO
bond lengths of the ground state are elongated with improved
treatments of correlation effects, as is usually the case.47-50 With
the TZ3P(2f) basis set the difference in the SCF and CCSD(T)
bond lengths are 0.0081 (1.3699-1.3618) Å for the CC bond
and 0.0406 (1.1627-1.1221) Å for the CO bond. It is observed
that the CO bond is more sensitive to correlation effects.

In the electronic configuration eq 1, the 7σ MO mainly
describes the lone pair orbital on the C atom, while the 2π MO
has the C-C π-bonding and C-O π-antibonding character, as
shown in Figure 1. Therefore, a single excitation from the 7σ
MO to the 2π MO in eq 4 decreases the CC bond length and
increases the CO bond length in the A˜ 3Π state, as demonstrated
in Figure 4. Correlation effects again elongate the two excited-
state bond lengths as much as 0.0132 (1.2739-1.2607) Å for
the CC bond and 0.0424 (1.1856-1.1432) Å for the CO bond.
It is also observed that the CO bond of the A˜ 3Π state is more
strongly affected by correlation effects than the CC bond, as
was found for the ground state.

According to the schematic potential-energy curves by Choi
et al.15 the lowest energy dissociation channel correlates with
the ground state of CO (X˜ 3Σ-)

whereas the A˜ 3Π state of CCO correlates with the triplet state
of CO (ã3Π)

TABLE 2: Theoretical Predictions of the Total Energy (in hartree), Dipole Moment (in debye), Harmonic Vibrational
Frequencies (in cm-1), and Infrared Intensities (in parentheses in km mol-1) for the Ã 3Π State of the CCO Molecule

level of theory energy µe ω1 (σ) ω2
-(π-,A′′) ω2

+(π+,A′) ω3(σ)

TZ2P SCF -150.457 935 1.583 2350(892.1) 819(28.9) 661(15.4) 1431(5.5)
TZ2P+diff SCF -150.458 292 1.621 2348(902.3) 816(32.2) 660(15.1) 1430(5.6)
TZ3P SCF -150.459 863 1.613 2361(882.6) 824(27.6) 662(13.6) 1437(5.8)
TZ2P(f) SCF -150.464 831 1.579 2368(894.3) 833(30.8) 667(16.3) 1437(5.4)
TZ2P(f)+diff SCF -150.465 176 1.613 2367(907.2) 826(35.9) 666(15.3) 1437(5.5)
TZ3P(2f) SCF -150.465 824 1.596 2365(889.4) 832(31.0) 664(13.7) 1435(5.6)

TZ2P CISD -150.851 254 1.440 2211(510.9) 594(7.5) 1359(8.2)
TZ2P+diff CISD -150.852 167 1.481 2210(518.4) 593(7.2) 1358(8.3)
TZ3P CISD -150.857 790 1.462 2227(507.9) 592(6.5) 1367(8.5)
TZ2P(f) CISD -150.890 591 1.452 2257(517.6) 610(8.3) 1376(8.4)
TZ2P(f)+diff CISD -150.891 418 1.490 2256(526.2) 610(7.5) 1376(8.6)
TZ3P(2f) CISD -150.901 182 1.474 2245(520.4) 603(6.8) 1372(8.7)

TZ2P EOM-CCSD -150.889 760 2146 666 570 1307
TZ2P+diff EOM-CCSD -150.890 772 2127 647 553 1303
TZ3P EOM-CCSD -150.896 991 2164 664 567 1317
TZ2P(f) EOM-CCSD -150.933 009 2194 683 586 1326
TZ2P(f)+diff EOM-CCSD -150.933 918 2193 678 586 1326
TZ3P(2f) EOM-CCSD -150.944 672 2180 674 578 1321

TZ2P CCSD -150.895 361 2085 558 1307
TZ2P+diff CCSD -150.896 380 2084 556 1307
TZ3P CCSD -150.902 543 2104 555 1317
TZ2P(f) CCSD -150.938 270 2135 575 1327
TZ2P(f)+diff CCSD -150.939 189 2134 575 1326
TZ3P(2f) CCSD -150.949 920 2120 567 1321

TZ2P CCSD(T) -150.917 606 2039 591 1270
TZ2P+diff CCSD(T) -150.918 699 2037 549 1269
TZ3P CCSD(T) -150.925 425 2058 549 1279
TZ2P(f) CCSD(T) -150.962 325 2089 555 1289
TZ2P(f)+diff CCSD(T) -150.963 308 2088 564 1289
TZ3P(2f) CCSD(T) -150.975 221 2072 558 1283

exptl ref 6 (1971) 2045.7 1270
exptl ref 12 (1996) 1284
exptl ref 14 (1998) 2045 1279

TABLE 3: Total CISD, CCSD, EOM-CCSD (for Ã 3Π CCO
only), and CCSD(T) Energies (in hartrees) for the X̃3Σ- and
Ã 3Π States of CCO at the Optimized Geometries with the
Corresponding Methods Using the TZ3P(2f) Basis Set

electronic state

level of theory X̃3Σ- Ã 3Π

cc-pVDZ CISD -150.829 489 -150.773 730
cc-pVTZ CISD -150.944 718 -150.890 943
cc-pVQZ CISD -150.981 296 -150.928 339

cc-pVDZ CCSD -150.868 824 -150.813 450
cc-pVTZ CCSD -150.992 905 -150.939 121
cc-pVQZ CCSD -151.032 056 -150.979 068

cc-pVDZ CCSD(T) -150.885 327 -150.830 242
cc-pVTZ CCSD(T) -151.017 417 -150.963 884
cc-pVQZ CCSD(T) -151.058 652 -151.005 903

cc-pVDZ EOM-CCSDa -150.807 903
cc-pVTZ EOM-CCSDa -150.933 925
cc-pVQZ EOM-CCSDa -150.974 023

a No ground state energies are given for the EOM-CCSD method
because the ground state was used as a reference and therefore the
EOM-CCSD energy is only caclulated for the excited state.

CCO (X̃ 3Σ-) f C (3P) + CO (X̃ 1Σ+) (13)

CCO (Ã 3Π) f C (3P) + CO (ã3Π) (14)

3608 J. Phys. Chem. A, Vol. 104, No. 16, 2000 Brown et al.



The bond length of the ground state (X˜ 1Σ+) and excited triplet
state (a˜ 3Π) of diatomic CO are known to be 1.1283 and 1.2057
Å, respectively.51 Thus, the CO bond distance for the ground
state of CCO is 3.0%longer than that of the ground state CO.
On the other hand the CO bond length of the first excited triplet
state CCO is 1.7%shorter than that of the a˜ 3Π state of CO.
With the most reliable level of theory the sums of the two bond
lengths are 2.5326 (1.3699+1.1627) Å for the ground state and
2.4595 (1.2739+1.1856) Å for the first excited triplet state. It
is seen that the excited triplet state has a contracted overall
structure by 0.0731 (2.5326-2.4595) Å compared to the ground
state. This theoretical finding is in excellent agreement with
the experimental observation of 0.07 (2.52-2.45) Å contracted
structure for the excited triplet state.6

B. Dipole Moments.The predicted dipole moment increases
with correlation effects for the ground state, while it decreases
for the first excited triplet state. At the TZ3P(2f) CISD level of
theory, the dipole moments of the ground and first excited triplet
states of CCO are 1.42 and 1.47 debye, respectively. It is seen
that the Ã3Π state is slightly more polar than the ground state.
Since the magnitude of the dipole moment is considerable,
microwave spectroscopic investigations of the ground state are
feasible.

C. Harmonic Vibrational Frequencies. The CO stretching
frequency (ω1) is lower for the ground state than for the first
excited triplet state, although the CO bond length of the ground
state is shorter. The CC stretching frequency (ω3) is slightly
higher for the Ã3Π state, since the CC bond length is shorter
for the Ã 3Π than the X̃3Σ- state. The CCO bending frequency
ω2 is degenerate for the ground state, while there are two distinct
bending frequencies for the A˜ 3Π state. The ground state
becomes a3A′′ state upon bending. For the A˜ 3Π state, however,
bending leads to a3A′′ and a3A′ state. The3A′′ state suffers
from a variational collapse to the lower lying3A′′ state
originating from the linear X˜ 3Σ- state as discussed in section
II. This interaction also causes the harmonic bending frequency
determined from the3A′′ state to be higher than the frequency
of the 3A′ state. Consequently, the SCFω2

- bending frequen-
cies in Table 2 may not be totally reliable. Furthermore, in Table
2 only the3A′ component [ω2

+] of the bending frequencies are
reported for the CISD, CCSD, and CCSD(T) methods. Theω2

-

bending frequencies from the EOM-CCSD technique may be
more reliable, at least in a physical and mathematical sense,
since the EOM-CCSD wave function is protected from varia-
tional collapse.

The harmonic vibrational frequencies of the ground and first
excited triplet states of diatomic CO are determined to be 2170
and 1743 cm-1, respectively.51 The CO stretching (ω1) frequency
of the ground state of CCO is, therefore, 167 cm-1 (7.7%) lower
than that of the ground state of CO. The corresponding
frequency of the first excited triplet state of CCO is 329 cm-1

(18.9%) higher than that of the a˜ 3Π state of CO. Since the

theoretically predicted harmonic stretching (ω1 andω3) vibra-
tional frequencies of the X˜ 3Σ- and Ã 3Π states are in close
agreement with the experimental fundamental frequencies, the
anharmonicity of the stretching modes may be relatively small.

D. Infrared (IR) Intensities. According to the matrix-isolated
IR study by Jacox et al.,4 the IR intensities of the three
vibrational modes for the ground state are “strong” for the CO
stretch [ν1 (σ+)], “medium” for the bend [ν2 (π)], and “weak”
for the CC stretch [ν3 (σ+)], respectively. This experimental
observation is consistent with our theoretical predictions as
shown in Table 1. This feature may be understood through the
difference in electronegativity in C and O;52 C (1.5) and O (3.5).
The predicted IR intensitites of the three vibrational modes for
the Ã 3Π state show a similar tendency as those for the X˜ 3Σ-

state.
E. Renner-Teller Effects. The predicted values forε and

ω2, calculated by neglecting anharmonic terms in the bending
potential at the EOM-CCSD level of theory, are shown in Table
4 along with those determined experimentally. Spin-orbit
effects were also neglected in the evaluation of the Renner-
Teller effects. The sign ofε is negative due to the assignment
of the V+ andV- to the3A′ and3A′′ states, respectively, is in
agreement with Devillers and Ramsay.6 There appears to be no
clear trend with regard to the basis set employed. For instance,
the best agreement with experiment (ε ) 0.17653 andω2 ) 594.8
cm-1)11 is given by the TZ2P+diff EOM-CCSD with ε )
-0.156 andω2 ) 602 cm-1 and not with the TZ3P(2f) EOM-
CCSD, which uses the largest basis employed. Overall the
EOM-CCSD method reproduces the Renner-Teller splitting
observed from experiment in a reliable manner, thus advocating
the method’s use in the study of Renner-Teller states.

F. Energetics.With the TZ3P(2f) basis set, the classical X˜ -Ã
splitting for CCO is predicted to be 31.8 (SCF), 33.2 (CISD),
36.4 (EOM-CCSD), 33.2(CCSD), and 33.0 kcal/mol [CCSD-
(T)] as presented in Table 5. The cc-pVDZ basis set provides
similar energetics as the TZ2P+diff basis set, while the cc-
pVTZ basis set as the TZ2P(f)+diff basis set. The addition of
diffuse functions to the TZ2P and TZ2P(f) basis sets show no
significant effect, therefore showing that the first excited triplet
state is indeed a true valence state. Since the cc-pVQZ basis
set predicts the lowest total energy among the nine basis sets,
the energetics from this basis set are considered to be the most
reliable. The energy differences determined from the CISD,
CCSD, and CCSD(T) methods are remarkably consistent. In
our most accurate method, cc-pVQZ CCSD(T), the classical
X̃-Ã splitting is predicted to be 33.10 kcal/mol (1.435 eV,
11 580 cm-1). Utilizing the TZ3P(2f) CCSD(T) harmonic
frequencies from the X˜ 3Σ- state and the TZ3P(2f) CCSD(T)
harmonic stretching frequencies with double the TZ3P(2f) EOM-
CCSD ω2 frequency for the A˜ 3Π state, the zero-point
vibrational energy (ZPVE) correction between the two states
becomes 315 cm-1. Consequently, the quantum mechanical

TABLE 4: Theoretical Prediction of the Harmonic Vibrational Bending Frequencies (in cm-1), the Renner Parameter (E), and
the ω2 Bending Frequency (in cm-1) for the Ã 3Π State of CCO

level of theory ω2
-(π-,A′′) ω2

+(π+,A′) ε ω2

TZ2P EOM-CCSD 666 570 -0.153 620
TZ2P+diff EOM-CCSD 647 553 -0.156 602
TZ3P EOM-CCSD 664 567 -0.156 617
TZ2P(f) EOM-CCSD 683 586 -0.152 636
TZ2P(f)+diff EOM-CCSD 678 586 -0.145 634
TZ3P(2f) EOM-CCSD 674 578 -0.153 627

exptl ref 6 (1971) -0.172 607.8
exptl ref 11 (1994) 0.176a 594.7514(19)

a The Renner parameter was evaluated fromεω2 (104.4993 cm-1) andω2 (594.7514 cm-1) values.
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X̃-Ã splitting is determined to be 34.00 kcal/mol (1.474 eV,
11 890 cm-1).

Various determinations of the energy splittings have been
made over the years. Experimentally, Devillers and Ramsay
determined the origin of the A˜ 3Π-X̃ 3Σ- transition to be
11 650.80(03) cm-1 from the gas-phase absorption spectrum in
1971,6 Fujitake et al. measured the origin of the A˜ 3Π-X̃ 3Σ-

band to be 11651.182(14) cm-1 by means of near-infrared diode
laser spectroscopy in 1992,9 Zengin et al. found the X˜ -Ã energy

separation to be 1.468(0.015) eV by photoelectron spectroscopy
in 1996,13 and Fulara et al. measured the 00

0 band of the Ã3Π
state at 11 650(3) cm-1 in the electronic absorption spectrum
in 1998.14 From a theoretical standpoint, Walch in 1980
predicted the X˜ 3Σ--Ã 3Π energy separation to beTe ) 1.49
eV using the polarization configuration interaction (POL-CI)
technique based on GVB wavefunctions with a plolarized
valence double-ú basis set.17 Then in 1986, Chabalowski et al.
obtained the vertical A˜ r X̃ transition energy to be 1.501(1.479)
eV using the MRD-CI (full CI estimate) technique with a
TZP+diff (64 basis functions) basis set.18 More recently, in 1996
Zengin et al. determined the X˜ 3Σ--Ã 3Π energy separation to
beT0 ) 1.34 eV using the CASPT2 method with a (14s9p4d3f/
5s4p3d2f) basis set,13 and in 1999 Choi et al. employed a
CASSCF(8,8) wavefunction with the 6-31G* basis set to predict
the term value for the A˜ 3Π state to be 1.617 eV.15

It is clearly seen that our bestT0 value of 34.00 kcal/mol
(1.474 eV, 11 890 cm-1) for the X̃-Ã splitting is in significantly
improved agreement with the experimentalT0 values mentioned
above than previous theoretical studies. Furthermore, it should
be emphasized that the predicted energies presented in Table 5
areconVergentto the experimental values in terms of basis set
expansion and level of correlation effects.

G. Comparison of EOM-CCSD Results to CCSD and
CCSD(T). The EOM-CCSD harmonic vibrational frequencies
(see Tables 2 and 4) and geometries (see Figure 4) for the A˜
3Π state of CCO show reasonably good agreement with those
from the more reliable CCSD method. The transition energies
at the EOM-CCSD level were determined as the energy
difference between the CCSD ground state structure and the
EOM-CCSD excited state structure. These EOM-CCSD split-
tings are approximately 3∼4 kcal/mol higher than the CCSD
results, which suggests the importance of optimizing the excited
state’s orbitals in the evaluation of transition energies. Despite
this discrepancy, there are some distinct advantages to the EOM-
CCSD method. Figure 2 illustrates the ability of this method to
resolve the Renner-Teller splitting of the Ã 3Π state in a
physically and mathematically correct manner and indeed
confirms that Ã3Π CCO is a Type A Renner-Teller molecule
in the classification of Lee et al.1 Also, as demonstrated earlier
in the paper, the method provides reliable Renner-Teller
information to compare with experiment, because the method
is capable of predicting theω2

- π bending frequency without
the problem of variational collapse. With the TZ3P(2f) basis
set, theω2

- π mode is predicted to be 674 cm-1 at the EOM-
CCSD level of theory. Due to the relatively good agreement
between the CCSD and EOM-CCSD results in frequencies and
geometries, it is evident that EOM-CCSD may be a viable
method for the elucidation of excited states, specifically
represented as higher roots of the reference state in the same
symmetry. Also its ability to allow for a detailed analysis of
Renner-Teller effects make it an ideal method for the study of
Renner-Teller molecules.

H. Bond Dissociation Energy for C-CO. The C-CO bond
dissociation energies of the ground state CCO presented in eq
13 are shown in Table 6 at the SCF, CCSD, and CCSD(T) levels
of theory. It should be noted that these three methods are size
consistent. The theoretically predicted bond dissociation energy
monotonously increases with the basis set size and the degree
of correlation effects. Zengin et al. experimentally determined
the C-CO bond dissociation energy in the ground state of CCO
to beD298K (C-CO) ) 2.29( 0.20 eV,13 whereas Choi et al.
determined the C-CO bond dissociation energy to beD0K (C-
CO) ) 2.24( 0.02 eV (51.7( 0.5 kcal/mol).15 With our most

TABLE 5: Excitation Energies (Te Values,T0
a Values in

Parentheses) for the Ã3Π State of CCO Relative to the X̃
3Σ- State of CCO

level of theory in kcal/mol

TZ2P SCF 32.20
TZ2P+diff SCF 32.49
TZ3P SCF 32.24
TZ2P(f) SCF 31.65
TZ2P(f)+diff SCF 31.88
TZ3P(2f) SCF 31.75

TZ2P CISD 34.06
TZ2P+diff CISD 34.36
TZ3P CISD 34.12
TZ2P(f) CISD 33.13
TZ2P(f)+diff CISD 33.37
TZ3P(2f) CISD 33.16
cc-pVDZ CISD 34.99
cc-pVTZ CISD 33.74
cc-pVQZ CISD 33.23

TZ2P EOM-CCSD 37.49(38.58)
TZ2P+diff EOM-CCSD 37.80(38.80)
TZ3P EOM-CCSD 37.52(38.59)
TZ2P(f) EOM-CCSD 36.40(37.48)
TZ2P(f)+diff EOM-CCSD 36.65(37.72)
TZ3P(2f) EOM-CCSD 36.44(37.52)
cc-pVDZ EOM-CCSD 38.23(39.31)
cc-pVTZ EOM-CCSD 37.01(38.09)
cc-pVQZ EOM-CCSD 36.42(37.50)

TZ2P CCSD 33.98(34.98)
TZ2P+diff CCSD 34.28(35.23)
TZ3P CCSD 34.04(35.02)
TZ2P(f) CCSD 33.10(34.10)
TZ2P(f)+diff CCSD 33.34(34.33)
TZ3P(2f) CCSD 33.15(34.14)
cc-pVDZ CCSD 34.75(35.74)
cc-pVTZ CCSD 33.75(34.74)
cc-pVQZ CCSD 33.25(34.24)

TZ2P CCSD(T) 33.77(34.84)
TZ2P+diff CCSD(T) 34.07(35.06)
TZ3P CCSD(T) 33.80(34.91)
TZ2P(f) CCSD(T) 32.96(34.02)
TZ2P(f)+diff CCSD(T) 33.21(34.16)
TZ3P(2f) CCSD(T) 33.01(33.91)
cc-pVDZ CCSD(T) 34.57(35.47)
cc-pVTZ CCSD(T) 33.59(34.49)
cc-pVQZ CCSD(T) 33.10(34.00)

exptl ref 6 (1971) (33.31)b

exptl ref 9 (1992) (33.31)b

exptl ref 13 (1996) (33.85)b

exptl ref 14 (1998) (33.31)b

a The ZPVE correction for the A˜ 3Π state has been included by using
the stretching frequencies of the each method and basis set described
and then using double theω2 value determined at the EOM-CCSD
level of theory at the same basis set. The ZPVE correction for the A˜
3Π state for methods utilizing Dunning’s correlation consistent basis
sets was determined using the TZ3P(2f) stretching frequencies at the
corresponding level of theory and double the TZ3P(2f) EOM-CCSD
ω2 value. The ZPVE correction for the X˜ 3Σ- was determined using
all frequencies determined at the corresponding level of theory and
basis set.b The conversion factors used are 349.755 cm-1 per kcal/
mol and 0.04336411 eV per kcal/mol.
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reliable level of theory, cc-pVQZ CCSD(T), the dissociation
energy for C-CO is predicted to be 50.31 kcal/mol (2.18 eV),
which is good agreement with the experimental values men-
tioned above.

By comparing the excitation energies in Table 5 and the bond
dissociation energies in Table 6, the theoretical dissociation
energies are obseved to be more sensitive to the quality of the
basis set and the treatments of correlation effects. This feature
may be due to the fact that in the dissociation reaction three
different species with different spin states are involved, whereas
the single electron excitation presented in eq 4 is associated
with only one species in two different spatial symmetries.

VI. Concluding Remarks

The ground (X̃3Σ-) and first excited triplet (A˜ 3Π) states of
the CCO radical have been systematically investigated using
high level ab initio electronic structure theory. The optimized
geometries, harmonic vibrational frequencies, and associated IR
intensities agree quite well with the available experimental
values. The EOM-CCSD method has proven useful in the
analysis of the Renner-Teller bending mode, allowing the
determination of reliable values for the Renner parameterε and
the ω2 bending frequency. At the TZ3P(2f) CCSD(T) level of
theory there structures for the two states of the CCO radical
are predicted to bere (CC) ) 1.3699 andre (CO) ) 1.1627 Å
(X̃ 3Σ-), and re (CC) ) 1.2739 andre (CO) ) 1.1856 Å (Ã
3Π), respectively.

In our most reliable method, cc-pVQZ CCSD(T), the classical
X̃-Ã splitting of CCO is predicted to be 33.1 kcal/mol (1.44
eV, 11600 cm-1) and quantum mechanical splitting to be 34.0
kcal/mol (1.47 eV, 11900 cm-1). These theoretical energy
separations are in excellent agreement with the experimental
(T0) value of 11651 cm-1. The present study clearly demon-
strates that the CCSD(T) method in conjunction with large basis
sets is able to achieve chemical accuracy of 1 kcal/mol in
energetics.
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