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An ab-inito quartic force field of CCO in its first excited statéd2S* is calculated from an aug-cc-VTZ

basis set at CCSD(T) level of theory in order to compute the vibrational energy levels in the ranrge3600

cm L. A variational-perturbational approach is used to diagonalize the most important vibrational configurations
constructed from harmonic vibrational wave functions. The result agree well with the most reliable experimental
values studied in a neon matrix and predict as yet unobserved overtones bands in the vibrational structure of
the A2y * < X2IT spectrum of CCO.

1. Introduction the aug-cc-pVTZ [5s,4p,3d,2f] basis set of Dunning and co-
workers!®16Because the states studied to determine the energy
of the A2>+ state of CCO- with regard to the ground state of
CCO™ (X2I) and CCO K3=7) are strongly dominated by the
SCF configuration, the choice of CCSD(T) methods appears
judicious and coherent to calculate transition energies, electron
affinity, and structural and spectroscopic data for these systems.

All the molecular electronic wave function calculations were
performed using the GAUSSIAN 98 packale.

On the basis of curvilinear coordinat8sand their conjugate
momentsps, the quantum mechanical pure vibrational Hamil-
tonian is written

In contrast to the well-characterized@species, information
on the negative ion CCOremain a long time rather scarce.
Initially detected in flames by mass-spectromét@CO- was
then studied by photoelectron spectroséopyand itsAZS* —
X211 electronic absorption spectr@rhas been observed very
recently in a neon matrix. Concurrently to these spectroscopic
studies several works using various techniques of molecular
electronic structure theory have been published I&eRit is
well-established that the grouri¥I1 and the firstA2S* states
are lineaf and that the ground state is unperturbed by vibronic
coupling withA2=*, situated 1.517 eVabove. Although a three-
dimensional potential energy function has been calculated by 1
Panten et aB,for the X2IT electronic ground state to analyze H= _Zgij (S)pg Ps +V(s)
the rovibronic levels of this RennefTeller system, little is 243

known theoretically about th&X* state. The goal of the present  yyhereg; is the element of the G matrix described by Wilson et

study is to provide theoretical spectroscopic data on the g)18 and\/(s) the potential function expressed from a complete
anharmonic vibrational spectra of CCQA’Z) in the medium  get of quadratic, cubic, and quartic force constants by:
IR region, to analyze and to complement the assignments of

the vibrational structure in th&2s+ < X2IT electronic absorp- 1 1 1
tion spectrum. This letter is laid out as follows: in section 2 we V(s) = Ezfij S S + éZfiik S % S+ izfﬁkl S % S S
. : ; B} R Lkl
briefly present the computational details. All results are
presented, discussed, and compared with the experimental datdike the potential functionV(s), the kinetic part of the
in section 3. Hamiltonian can be written as a Taylor expansion in terms of

the curvilinear displacement coordinates set:
2. Method and Computational Details

1 1
The method used to calculate the anharmonic wavenumbers T= _zgij (0) PsPst+ _Zgijk Ps SPg+ .
of CCO™ (A%Z*) in the medium IR region stems from a 247 215

configuration interaction treatment based on a variation 1

perturbation approach similar to that developed in the CIPSI g;(s) = g;(0) + Zgijk s+ —Zgw SS T -
algorithn? and described in detail elsewhéfé! The quartic 2%

force field needed for the anharmonic energy levels calculations 5
was set up from a least-squares fit to energies on a grid of 81 whereg,, = % andg,,, = 9°g;
points corresponding to the distorted structures generated by ik 9SJo ikl 080
bond and angular displacements of 0.01 A and 0.2 rad around . . ) .
the equilibrium structure. All energies were calculated at the In th_e harmonic approximation, only the first te_rg](O)_ IS
coupled cluster singles and doubles level of th&Rincluding considered, whereas in the anharmonic approach involving large

a perturbative estimation of connected triples (CCSB(T)ing :grr]%g?hd?hgiskﬂaeﬁ:mairgst’hggpho(et;ﬁ:g?rotg;gstor]rzve to be retained

* To whom correspondence should be addressed. Fax: 05 59 80 37 69. 1N our calculations, both the kinetic and the potential parts
E-mail: claude.pouchan@univ-pau.fr. of the vibrational Hamiltonian are expressed in the basis of
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dimensionless normal coordinatgsand conjugate momentum
operatord’y. The anharmonic energy levels are calculated from
a configuration interaction treatment based on a variation
perturbation approach. In our method, the vibrational Hamil-
tonian representation is “in fine” diagonalized in a subspace
built iteratively by means of a second-order Raylet@chre
dinger perturbation theory. Only configurations with weights
greater than a given threshold are included in the primary
subspace for the following iterations. The multireference
vibrational function is then corrected to first order by the
remaining states, which interact weakly. The eigenvalues and
eigenvectors of the corresponding vibrational levels are obtained
by diagonalizing the Hamiltonian with Davidson’s proced@ire

in a subspace generated by our algorithm. This extensive
configuration selection method can be compared with those
developed by Dunn et &f:21 About 700 functions are needed
to obtain the first 30 eigenvalues converged to an accuracy of
1 cnr . In our problem, harmonic oscillator functions are used

as expansion functions. The values of the quadratic, cubic, and v; (CC)

quartic terms in curvilinear coordinates are obtained from a
fourth order polynomial fit. The rms error and the maximum
absolute error of the fit were [1.38;8.81fF for the A’ state

of CCO™ particulary considered. To calculate th&t — X2I1
electronic spectrum of CCOand the electron affinity, the
structural parameters and the spectroscopic data foXihe

state of the anion and the ground state of CCO are calculated

Bégueet al.

TABLE 1: Calculated Equilibrium Bond Lengths (A),
Energies (H), Quadratic Force Field (aJ/& for
Strech-Strech; AJ for Bend-bend), Harmonic and
Anharmonic Wavenumbers (cnt?l) for CCO (X3%~) and
CCO™ [(XAT) and (A%X1)]

Ccco cco
X33~ X1 Azt
R(CO) 1.164 1.226 1.248
r(CC) 1.372 1.309 1.243
En —151.026624 —151.108731 —151.051883
foo= fuq 0.29 0.41 0.77
3= fir 6.20 9.02 10.19
fiz=fir 1.11 0.87 1.19
f11= frr 15.41 11.12 13.48
w1 (CO) 2026 1928 2116
w2 () 382 455 654
w3 (CC) 1071 1157 1219
1(CO) 1976 1891877y  2077(2082Y
(1971-1973),(1978}%
2 (@) 383(379-381)c 456 652(656Y
1051(1074% 1145 11831185}y

R, r, anda are respectively CO, CC, and bending coordinates.
Experimental values in braketsJacox, M. E.; Milligan, D. E.; Moll,
N. G.; Thompson, W. EJ. Chem. Phys1965 43, 3734. Matrix-
isolation Infrared spectrufi. ® Moazzen-Ahmadi, M.; Boere, R. 1.
Chem. Phys1998 108 65882 Yamada, C.; Kanamori, H.; Horiguchi,
H.; Tsuchiya, S.; Hirota, E1. Chem. Physl986 84, 25732> ¢ Ohashi,
N.; Kiryu, R.; Okino, S.; Fujitake, MJ. Mol. Spect1993 50, 15726
Devillers, C.; Ramsay, D. ACan. J. Phys1971, 49, 283927 d Fulara,

at the same level of theory with the same basis set. In these; . grytter, M.: Wyss, M.: Maier, J. B. Phys. Chem. A998 102,

two cases, the anharmonicity is roughly estimated by a
perturbational approach and the Renri€eller effect (weaR)
is not taken into consideration for the ground state of the anion.

3. Results and Discussion

The optimized structures, corresponding energies, quadratic

force constants, and harmonic and anharmonic wavenumber
of both species for CCOXX") and CCO [(X2IT) and A%=1)]
are reported in Table 1.

3459. Electronic absorption spectrum of CEQsolated in a neon
matrix>

state, oufcoco CCSD(T) value (13.48 mdyn &) is practically
identical with the CASPT2 result (13.3 mdynA and ourfceicc
value (10.19 mdyn A2) is found about 2% smaller than the
CASPT2 constant (10.4 mdynA). Our harmonic wavenum-

Sers respectively calculated at 654, 1219, and 2118 dor

the bending and thexcc and wco stretching modes, in good
agreement with the observed data (656, 1185, and 2082)cm

Optimized bond lengths calculated for these linear species yitor respectively for the stretching vibrations by about 4.3%

shows that compared to the ground state of CCO, the CC bond

length is shorter, and the CO distance longer in the anion. For
the A2Z+ state of CCO, it should be emphasized that the two
bondings are very close: the CC distance (1.243 A) being found
0.005 A shorter than CO (1.248 A). Our CCSD(T) equilibrium
distances, in agreement with those published by Panterfet al.
at the same level of theory, are respectively shorter by about
0.018 A for CC and longer by about 0.004 A for CO than the
theoretical values reported by Zengin e dtom a CASPT2
method.

The quadratic force field was also calculated for both species.
The RennerTeller effect is not taken into account in our
calculation of the ground state of the anioffII) giving only
the lower component for the bending force constant and the
corresponding harmonic wavenumber. A comparison of the
quadratic force constants in the series reveals the increase o
the bendingfg,) and carbor-carbon stretchingf) values from
the neutral CCO molecule to the anions: the values relative to
AZs* are larger than those calculated ##1. This trend for

and 4.8% with the CASPT2 results (1190 and 2218 HYm
Anharmonic corrections calculated from cubic and quartic force
constar? reduce by about 50, 32, and 39 cththe vco mode

and by about 20, 12, and 36 cinthe vcc mode from CCO
(X33 ") to CCO™ (X2IT) and @2=+), respectively. The negligible
influence of the anharmonic correction for the bending mode
should be noted. Our anharmonic fundamental vibrations for
the three systems agree very well with the observed data, the
discrepancy being the range between 2 to 23%crirom our
CCSD(T) energy values and the knowledge of zero point energy
at the anharmonic level, we have calculated the electron affinity
of CCO as well as the adiabatic excitation energy forARE"

- X2I1 transition of the anion. Our calculated electron affinity
(2.23 eV), that agrees well with the CASPT2 result (2.22 eV)

published by Zengin et &ljis only 0.06 eV lower than the

measured value. As for the adiabatic transitlgxt — X2IT,
our CCSD(T) calculation gives® value (1.572 eV) consistent

with the observed band origin at 1.517 &V.

the CC stretching can easily be explained by the decrease of Table 2 reports for CCO (A’*) our quartic force field

the CC distance in the series. The carborygen stretching

expressed in curvilinear coordinates. The large values obtained

constant fgr) decreases from the neutral to the anion. But in for the diagonal cubic and quartic terms relative to the stretching

this case, unlike the CO bending, the corresponding force
constants for the two states of CCGare not directly connected
with the difference in calculated bond length. If we turn our
attention to thefcoicc interaction constant, we find that they
are in general comparable for the three systems. FoA%Ee

coordinates confirm the great importance of the anharmonic
corrections for their determination. This great influence is
corroborated by the analysis of the anharmonic force constants
expressed in the dimensionless normal coordinate system
reported in Table 3. The coefficients involving the CO and CC
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TABLE 2: Quartic Force Force Field Calculated for C,0~ TABLE 4: Computed Transition Energies and Dominant
in its First Excited State (A2y ") at CCSD(T) Level of Theory Contributions Calculated between 300 and 4800 cri
parameter our value (crd) wave— number (cnm?)
Frr 13.483 label CCSD(T) observéd description
Fre 1-133 n 2077.0 2082 0.92v0]
For 10.191 va 1183.4 1185 0.93v30
Foa 0.770 Vs 652.1 656  0.96v,]
Frrr —75.356 2v; 1310 1318  0.912v,00
Frer —2.226 va+ s 1827 0.84v2 + va[H 0.09v, + 2v30
Frir —1.017 3, 1964 0.7%53v,0H 0.122v, + v30
Frr —67.406 2v3 2362 0.79vsH 0.103v50
F(mR —1.870 v3+ 21/2 2480 0.6221/2 + v3[H 0.12 3V2|:H'
Foar —2.413 0.07v,
FrrrR 303.15 + 2v30
FrRRr 0.766 32 2624 0.714v2[H 0.142v, + va[H
Frrrr 0.708 9_.12111%
Frerr 0.712 V3l
F 555.90 i+ vy 2724 2728  0.89v1 + vl
F"”RR 0.215 2v3+ 1 3001 0.66v, + 2v3H 0.16vsH
oal : 0.082v, +
Foakr 1.681 vaH 0.10v2 + 3va0]
Foar 0.229 va+ 3, 3130 0.6Q3v, + va[H 0.11)v, + 2v30]
Faooa 4.864 vit s 3255 3232 0.774v1 + vaH 0.14v1 + 2v30
R, r, ando. are respectively CO, CC and bending coordinates. Units ’é;‘/"_ 2 gg;g 3381 %%];;;1/ E_'Z_Véq'agfgfo"'lgg} .
are consistent with energy measured in aJ. s poset i Lol St
2V3+ 21/2 3645 0.6(|)2V2 + 2V3D+ 0.14|3V2 + ’V3D+
. . 0.0GV1+V2+ V3D
TABLE 3: Cubic and Quartic Force Constants (cm™?) for ot 3887 0.4801 + v + valH 0.10w1 +
the (A2 +) State of CCO™ with Respect to Dimensionless T vafr oy Rie
normal Coordinates? v1+ 3, 4023 0.63v1 + 3w+ 0.09vy + 2v, +
calculated value calculated value Vsl
C Y 211 4154 414%  0.142v; + va[H 0.8321,0
parameter (em™) parameter (em™) Vo + 3vs 4160 0.50v, + 3vsCH 0.08v + vsTH
b111 —279.44 $3333 48.7 0.10v2 + 4v30
113 —372.75 d1111 68.3 v+ 2v3 4424 0.56v1 + 2v3[H 0.16v1 + 3va[H
P12 76.7 P2233 —61.9 0.1%vy + vs0J
¢133 121.59 ¢1122 —181.8 V1 + 2V2+ V3 4533 0.6$V1 + 21/2 + V3[H’ 0.1Q’V1 +
¢ 112.40 ¢ 79.0 21/2 + 2V3D+ 0.11]1/1 + 21/3|:|
¢223 26264 ¢1133 1220 21+ v 4800 4778 0.672v1 + vo[H 0.072v1 + vo +
333 - . 1333 - . O
1113 17.6 e
P1223 6.3 aFulara, J.; Grutter, M.; Wyss, M.; Maier, J. P. Phys. Chem. A
P2222 65.6 1998 102 3459°
a Sign convention adopted fgrare consistent with a positive value . . .
for the eigenvectors . particularly for ions. All other overtones and combinations bands

) ) ) ) calculated in the range 186@800 cnt! are not observed
stretching and their coupling are particularly strong through the experimentally. Our calculations predict wavenumbers around
$111, ¢333 andeiis parameters. 1827, 1964, and 2362 crhassigned to the, + v, 3v,, and

Table 4 reports for CCO(A’Z") our calculated anharmonic ., combinations with present despite any coupling a dominant
wavenumbers in the medium IR region and compares them with o tripution making easier the assignment.

the available experimental data arising from the vibrational

in theAZs+ — X2 i . . .
structures in thed’> X IT spectrum observed in @ neon o ts which show an excellent agreement with the most reliable
matrix. Calculated transition wavenumbers are Complementedexperimental data proposed by Fulara ef ahis potential

by the description of the configurational contributions in order nction also allows to assignment of combination and overtone
to specify the assignment. The symmetry forbiddgtransition bands not observed yet. We hope they may stimulate further

cglcula_\ted at 652 cnt corresponds to the_ bending mode that experimental work determine the vibrational structure of the
gives rise to the small band observed 4&migher at 656 cml. A2+ — X1 electronic absorption spectrum of CCO

The first harmonic 2> and thev, + v1 combinations are

calculated re_spectively at 1310 and _2724*énand can be Acknowledgment. Part of the calculations were carried out
assomat(_ad with the very weak absorption bands observed 8 ancbn the IBM/SP of the “Centre National Universitaire Sud de
1 cnr higher at 1318 and 2725 cth Thevco (v) andvee Calcul” (CNUSC). We would like to thank the "Centre

(v») stretching modes are found respectively at 2077 and 1183Informatique National de I'Enseignement Stiper” (CINES)

1 . ;
cm™, in perfect agreement with the intense and the weak ¢, yheir support. One of us (Ph. C.) thanks the “Conseil
absorption bands respectively observed at 2082 and 1185 cm .. , o

. . Régional d’Aquitaine” for a grant.
Our calculations also prove the assignments proposed for the
v1 + 2vy, v1 + v3, 2v1 and 21 + v, bands observed around
3381, 3232, 4141, and 4773 cfand respectively calculated
at 3374, 3255, 4154, and 4800 chlt is worth noticing that (1) Hayhurst, A. N.; Kittelson, D. BCombust. Flame1978 31, 37.
the agreement between the calculated and the observed data is (2) Oakes, J. M.; Jones, M. E.; Bierbaum, V. M.; Ellison, G.B.
remarkably good, better than 0.3% for the fundamental bands PhVSS' C;em:!_QB\? .8;' 4810 & 1. Stong. K. M. Continetti. RIECH
and better than 0.4% for overtones and combinations. This goodphy(s_)lggzn%‘é 9740 and teferences thorein - OTHNEtl em.
agreement should be emphasized because the calculated vibra- ~(4) choi, H.; Mordaunt, D. H.: Bise, R. T.; Taylor, T. R.; Neumark,
tional frequencies are often shifted from the gas phase valuesD. M. J. Chem. Phys1998108, 4070.

In summary, our calculated anharmonic force field leads to
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