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Ab initio molecular orbital theory has been used to study the three lowest open shell states of ethylenedione,
C,0,, 2-thiooxoethen-1-one, OS, and ethylenedithione,;§,. To treat the singlet and triplet states in an
even-handed manner, multiconfigurational self-consistent field theory (MCSCF), which included all the
important configurations for a quantitative description of these states, was used as the basis of the investigation.
Further correlation effects have been included using a multireference configuration interaction (MRCI) approach.
Basis sets of triplé: quality with d- and f-polarization functions were employed. Equilibrium geometries
were obtained from density functional theory (DFT) calculations using the B3LYP exchange correlation
functional and are presented for tP®,~, 1A, states of all three molecules. Harmonic frequencies are also
presented for these states and were calculated at the MCSCF and DFT levels. The reported relative energies
for the states were obtained from MRCI calculations. As expected from previous work, the ground states are
confirmed to be ofX;,~ symmetry for all molecules, but it is only for the;% that this state lies below the
energy of the dissociation products in their own ground states. FKO6Cthough, this energy gap is small

(5.7 kcal/mol). In contrast to a number of other calculations,!thestates for all three molecules are also
shown to be minima on the MCSCF potential energy surfaces.'Apestates are all close to the ground
states €10 kcal/mol). Consequently, with,S,, this singlet state also lies below the ground state of the
dissociated products. The relative energies of 'y states at the optimized geometries for thg states

have also been determined.

. Introduction C,0,™, the anioR® C,0,~, the doubly charged anighC,0,2",

Ethylenedione (€&C=C—=0), 2-thioxoethen-1-one {©C— anq the van der Waals molecgig¢CO),, are all known, and
C=S), and ethylenedithione $&C—C—=S) are the second evidence fro_m IR spectroscopy for the existence of the doubly
members of the homologous series beginning with the well- charged cation has_ bee_n reppr%é_a‘? Furthermore, there haye
characterized molecules GOCS,, and OCS, and having the been many theoretical investigations qf neutral ethylenedlqne,
general formulas X(GY, where X and Y may be oxygen or all of which have found a stable minimum on the pot.ent|al
sulfur. While others of the = odd members of the series are €N surface correspon(_jlng toa covalen_tly bound speciés.
stable and have been known for a long titne n = even The valence shell configuration for,0; is
members, which have open shell structures, have been much s - 1, 1o+ 2 24 D 2 D4 A 4. D
more difficult to synthesize. It is only recently that any of the Zy Ay 2y, 30430, 40y” do,” 5oy L, Iy 27,
second members of the homologous series have beenmade.

There was a deliberate attempt by Staudiger and Anthes in
1913 to make GO,. No further work was recorded until 1968, . - !
but thereafter followed a series of synthetic papers, which for state for Q% IS (.)f 2 symmetry3.7_An extensive study by
the most part concentrated on other matters, but either mention aine et al:; wh|ch4t‘1as been confirmed in the more recent
C,0, or describe attempts to trap it as an addendum to their qu!( of Korkin et "?‘I’ showed.that the triplet state hgs atrue
main interest-10 Around 1986, though, Birmey and Berson minimum on the linear potential energy surface. This energy

made a deliberate attempt to find a synthetic pathway to glsnslcr:::lijer::io\évaiozzggnofma bZirlg\;vgothrﬁgletg]lfle:plcr)]r@”?nwtii
ethylenedioné~1* They were unsuccessful, and all further P P ’

experiments since have been unable to convincingly demonstrat ro und state and th.e oth.er n the Ipwest triplet state. However,
that the neutral molecule exists.2! Chen and Holmé3 and his ground-state triplet is higher in energy than two g_rOL_md-
Dawson et af2 made claims that they could infer the existence state CO molecules as has been emphasized, dissociation by
of C,0, as a transient species in neutralizatioaionization this pqthway IS spin forbidden and, unless there IS an efﬂqent
mass spectrometry experiments, but this claim is diputed by potential crossing, the molecule should be obtainable in a triplet
Schraler et al.,, who were unabie to obtain any measurable gro_und state analogous to the ground '_statepﬂ'@e case with
evidence of its existence in a wider range of such experinfénts. which crossing from the singlet to the triplet surface might occur

( 21
This is an extraordinary state of affairs, since the cafiéh has been addressed by Saheoet al* who coupled another
failure of a systematic attempt to producgdz to a theoretical

t Laboratoire d'Etude Theorique des Milieux Extremes. investigation of this issue. They located the minimum energy
*The University of Western Australia. crossing point between the singlet and triplet surfaces and
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and is formally like Q. Here, though, there is the possibility of
breaking the linear symmetry. Nevertheless, the predicted ground
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calculated the matrix element for the coupling between the two their electronic structure and questions concerning their stability,
states at this point. Using this information, they showed the they may also play some part in astrochemistry. CO, CS, and
potential surface crossing is indeed efficient and obtained an OCS are known in interstellar spat&?® and cumulenes, ¢
estimate of the order of 0.5 ns for the lifetime of the triplet. of which the XGY molecules of this paper are an hetero
Taking this estimate in conjunction with their experimental example, have also been detect&dihus it is possible that these
results, they concluded that ethylenedione is an intrinsically XC,Y molecules, either as stable molecules or as transient
short-lived molecule. species, can be found in molecular clouds or have a part to play
In contrast to the continuing story of ethylenedione, almost in reaction pathways in astrochemistry. The unsymmetric
no attention is paid in the older literature to ethylenedithione. Species, €S and GS, have also been detect®d! and a
There is a lone claim in 1940, by the Russians Kondriat'ev and transition which has been tentatively assigned 46 Gas been
Yakovlena, that they observed bands at 232800 A which publisheck? Furthermore, the abundance of3C(n < 5) in the
could be attributed to £5,.46 As they were irradiating CSand envelope surrounding one carbon star has been estimated to be
COS with an H discharge tube to obtain CS radicals, it is Similar to that of the cumulenes,(n < 5).5° One might naively
possible they observed the intensgsgabsorption beginning expect that SES clusters would be present in such an environ-
about 2400 A7 What is more, the first attempt since to make ment. If detection of the symmetric speciesXGs not possible
the CS dimer was succesgfulising neutralizatiorreionization by radioastronomy since they have no dipole moment, their
mass spectrometry. This preparation and detection,8f ®as detection is nevertheless possible through their IR spectra. It
inspired by the theoretical work of Raine et #lwho, as well might even be that among the data collected by the ISO satellite
as investigating @, examined the sulfur molecule’s potential ~ there exist IR bands which can be attributed to thesexXC
energy surface and concluded that it too should be “a makeablemolecules. Since their identification is only possible if available
molecule”. It is, and since its first observation, several routes accurate theoretical spectra exist, it is obvious that there is a
have been followed for its preparatiéft®59Two groups have need for them. For the unsymmetrical speciesX@hich have
characterized the molecule by IR and UV spectrosc8gyand a dipole moment, radio detection is of course possible as long
it has also been examined by mass spectronfétiyhile as their dipole moment is strong enough.
ethylenedithione undergoes rapid reaction in the condensed The main purpose of this study is 2-fold. In the first place
phase or at higher pressures, it is stable over extended period§ve wish to use a uniformly high level of theory to examine the

at low pressure (ca. 18 mbar), even to temperatures as high linear potential energy surfaces of the triplet and singlet states
as1000°C 49 coming from ther,2 configuration for all the three molecules

Theoretically, ethylenedithione has been examined with the under examination. Since it is well-known that open shell singlet

same rigor as €D, but earlier investigators did not choose to Statés require multideterminantal wave functions, we have
look at it, meaning that the semiempirical and lower level ab constructed wave functions which treat the triplet state and the

initio calculations are absent. singlet states in a uniformly balanced way. The purpose of this
treatment is to give a good estimate of the singteplet gap

As with the dione, S, is predicted to have &4 ground ; . 4 .
state which is lower in energy than the spin-allowed dissociation for these molecules and to firmly establish that the triplet is

limit of separated =+ + &1 CS molecules. Howevefs,~ indeed the ground state for all three systems. The singlet surfaces

ethylenedithione is also predicted to be an absolute minimum are not well established by the use .Of single determinantal
on the GS, potential energy surface at all levels of theory approaches, and our methods should give a much more accurate

investigated? Some experimental evidence that the ground state de_scrlptlon of these curves. We have_ also used our mu_It_ldeter-
is a triplet comes from the work of Bohn et &.who used mlna_ntal r_ne_thod to obtain good_est|mates .Of. the position of
guenching to show that lowering the concentration of the triplet thi dlis?uatlon asym?totes,gelatlve t%the mmm;a on the "T‘ear
CS precursor to £, also lowered the production of the dithione. potential €nergy surtace. AS can be Seen 1rom  previous
However, from a CASSCF calculation, Maier et'atlaimed investigations on ethylened_lone, the fact that the triplet ground
that the ground state for ethylenedithione should/g Later state Is not an absolute minimum on _the (@_ﬁ_l)rface _has been
work with a larger basis set, by Ma and Wotgtailed to used to explain thg apparent |ntr|.n5|c instability of this molgcule.
confirm this claim, and we have subjected this question to a ;I.—hg otr;]e tcquculta_tl(l)rl (;n (t)‘hs Wh'cth ha_s a(?dress?d thlsb|ss|u§3
further thorough examination in this paper. There has also been Inds that the triplet tor this systém 1S also not an absolute

a recent density functional calculati&which was only able mlnlmzntw ohn theb(CO)(k():S) su(;falfg, yet thte Totfcuf IS s:[tatl?l!eh
to find a minimum for a triplet on the linear potential energy enougn to have been observed. 1L1S Important, tnen, to estabils

surface. this asymptote more accurately than the Hartfeeck calcula-

The last of the trio of molecul der di ion-8GV tions which have been used to déte.
€ last of Ine Irio of molecules under discussionzSiavas The second purpose of this study, which will be the subject
compl_etely neglecte_d b_y the_:or_etlc[ans, until its synthesis and of a forthcoming paper, is to examine pathways to produ&: C
detection by neutralizationreionization mass spectrometry by !

- . . and OGS, in order to establish if there is a reaction path of a
Suzle et al. "2 19902 Subsequently, Maier et al. recorded the low enough barrier to make it a feasible reaction for the
IR spectrun®. _ _ _ generation of these molecules in space.

In the paper announcing the observation of thioxoethylenone,
Suzle et al. also reported on single determinantal SCF calcula- ||, Methodology
tions of the molecule for both the triplet and singlet states. The
triplet was found to be the ground state and lower in energy
than the spin-allowed dissociation products, but lik©gand
unlike GS; it is higher in energy than the dissociation to two
singlet ground-state molecules of CS and CO. Further single Iy +
determinantal calculations, at various levels, with good basis ¢
sets, have consistently found the ground state to be a tffifiet.  (where X and Y are either O or S and.sgp, the corresponding
Apart from intrinsic interest in these molecules, because of lone pair orbitals).

In terms of localized orbitals, the simplest electronic config-
uration which can be written for0,, C,S, and GOS molecules
is

2 2 2 2 4 4 2
core...sff sp” 0ex’ Ocy” Oce” (L) (1) ‘ot
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This state in which an antibondingcc orbital is doubly TABLE 1: CI n-Particle Space Designed for Our MRCI
occupied has a repulsive character at short internuclear distance§alculations

and is therefore very high in energy fop@, C,S,, or GOS electronic distributions
equilibrium geometries. However, it correlates to the ground active space
electronic states of the separated products (€CQGO, CO+ or internal space externa
CS, CS+ CS), since both CC bonding and antibonding orbitals - gy ymetry core set1 set 2 set3  space
transform to the two carbon lone pairs with increasing CC
distance® P 9 a core spspoCXoCY oCCoCC* oCX*oCY* al MOs
) . b, core mw Tt b2 MOs
Instead, the ground electronic state 0f0g, C>S,, and GOS b, core mx i b1l MOs
is contained in the following configuration: 2 a2 MOs
Number of Electrons
2 2 2 2 4 4 2
core...sff SR’ 0cx’ ey’ Oce (Img) (L) (2m,) 16 4 0 0
15 5 0 0
Since two electrons can occupy either one of the two orthogonal 14 6 0 0
27, orbitals (2u,(x) or 2m(y), if zis the molecular axis), this 13 7 0 0
configuration gives rise to the two lowest singleindX states ii 3 % 8
of the above molecules: 16 3 1 0
1 16 2 2 0
Ag 15 3 2 0
2 2 _ 2 _ 2 4 4 2 14 2 ! 9
core...sff s 0ex’ Ocy” Occ” (1) (L) (27, (9?) — ig 2 8 i
2_ 2 _ 2 _ 2 4 4 2
core...sp2 SR Jcx ey Iec (1”9) (A7) (2 (y)) Number of Electrons with Respect to Referefices
16 2 0 2
129+ 14 4 0 2
15 3 0 2
core...sif Sp? Oy Oy’ 0 (L) (A ) (2 (%)) + i i
R/ cx Ycy Ycc 9 u u aFor OCCO core is 1sC1sC1sO1sO; for OCCS core is
2 2 2 2 4 4 2 1s01sC1sC1sS2sS2pS; for SCCS core is 1sS1sS1sC1sC2sS2sS2pS2psS.
core...spz SR Jex 9ev e (1th) (L) (27,(0)) bX and Y are O and O for OCCO, S and S for SCCS, or O and S for

. . . . . . OCCS.“The external set contains for OCCO 48 al, 28b2 28b1, and
while the lowest triplet state is a single determinant of electronic 1252 orbitals: for SCCS 44 a1, 26b2, 26b1 and 12a2 orbitals: and for

configuration OCCS 46 al, 27b2, 27b1 and 12a2 orbit&sor Ay and'S,* states
the reference configurations are core..,)&sp)? 0CX? 0CY?2 6CC?
3297 0CC*0 gCX*0 gCY*0 72 712 1% 2 71*° 712 712 1*© 72*0, core...(SP? (sp)?

0CX2 gCY2 gCC2 gCC*0 gCX*0 gCY*0 72 12 1% 0 7% 0 2 712 7% 2 7% O,
and core...(sf (sp)? 0CX? oCY? ¢CC? 0CC*? gCX*0 gCY*0 712 712

) ) ) a0 %0 72 72 7*° 70 For 3%y the reference configuration is
In this study, we are interested in the lowks§—3%,~ energy core...(Sp? (sp)? 6CX2 6CY2 6CC2 GCCH gCX*0 6CY*O 72 72 ;1

gap of GOy, C;S,, and GOS and the relative stability of these 7% 72 72 7*1 7*0, For3IT the reference configuration is core..,}&p

core...sf SR 0cx’ Ocy’ Occ” (Img) (Am,) (2,(x) ) (2,(y) ")

states with respect to their lowest dissociation limits (C¥{X) (sp)? 0CX? 0CY? 6CC? oCC** oCX*® oCY*0 72 72 7*! %0 72 72
+ CY(XIZ+) and CX(X=+) + CY(a8T1)) with *2 *0 and core...(sP? (sp)? 0CX? 0CY?2 oCC? oCC*L gCX*0 gCY*0
w2 7% 70 %t w2 7?2 7*? 7¢0. Number of CSFs generated is 612 355
1s + =
X1s+ core...spz chz Uccz Sp(,2 (17_[)4 for OCCO(Ay'=4"), 841794 for OCCO¥E, ), 1558016 for

OCCOEIT), 573 557 for OCCSg,15,"), 789 422 for OCCSE, ),
, s ) and 1 455 288 for OCCH(D), 536 123 for SCCS0,,'Sy"), 738 870
&I core..sff ocy’ 0cc” (Lm)* spd (27) for SCCSE,"), and 1 356 252 for SCCAQ).

For this purpose configuration interaction (Cl) calculations aple to generate all important configurations needed for a
required for quantitative and qualitative results have to fulfill quantitative description of the states of interest, at both

two conditions: equilibrium geometries and infinite separation, ensuring, by the

1. First, ther_e must _be a setof reference dete_rmina_mts ak_)le todegree of excitation allowed in the internal space, the treatment
correctly describe all singlet and triplet state configurations given of all important valence correlation effects (see Table 1). Such

above, at any point of the-€C potential energy surface. The a procedure was made possible by the flexibility of the

correlation energy must be evaluated V\_nth respect to this Set'ALCHEMY algorithms3 used for the present study. In the set
2. Second, an even-handed treatment is necessary for aIIthesg - B o o
esignated as “external” in Table 1, there are the remaining

tates thr hout thi tential ener rf i.e., at ilib- . .
states throughou s potential energy surface, i.e., at equilib orbitals needed for the treatment of therder contributions to

rium, intermediate, and infinite geometries. h lati Mainly fi d buti ith
To fulfill the first condition, the ideal procedure would use, € correlation energy. Mainly first-order contributions wit

as a multireference wave function, a set of reference configura-"€SPect to all configurations generated by the electronic distribu-
tions generated by distributing the 20 active electrons in the 16 tions of the internal space and second-order contributions with
available valence orbitals. However, the number of configura- "espect to all reference determinants needed to descriBE¢he
tions generated with such a distribution is impossible to handle. *Ag: and*Xy" states at all geometries. The final Giparticle
Therefore, we have partitioned the active space, which we preferspace, given in Table 1, was designed after a series of test
to refer to as the internal space, into subsets. The number ofcalculations where the orbitals were incorporated, one at a time,
electrons assigned to each of these sets, as shown in Table 1, i the active space, and their importance tested. With such a ClI
distributed in all possible ways among the orbitals belonging n-particle space, the lowest singlet and triplet states are treated
also to that subset. The various numbers of electrons put in eactthrough the same even-handed CI calculations all along #€ C

of the sets were chosen so that the electronic distributions weredissociation pathway toward the diatomic species.
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At both equilibrium geometries and infinite CC separation, TABLE 2: B3LYP/6-311+G(2df) Optimized Geometrie$

the core molecular orbitals (carbon, oxygen, sulfur 1s-like and experimental
sulfqr Zs-. and 2p-like) were held .doub.Iy occup!ed in all cosn CO= 1125 o= 1128
configurations and the corresponding highest lying virtual COEI) CO= 1201 CO= 1206
orbitals were deleted from the CI procedure. With the Cl as cs@z?) CS= 1.534 CS=1.535
given, for each point energy determination, an iterative proce- CSEI) CS=1.571 CS=1.569
dure was adopted and the CI calculations were repeated using  C202('Zg") CO=1.185
natural orbitals from the previous Cl. Convergence was — CC=1.286
considered achieved when the energy stabilized at 1 kcal/mol. COL2) 88; %'ggg
This use of natural orbitals for the CI calculations allowed an CoSH(1251) CS=1573
easy identification of the valence orbitals in terms of Lewis CC=1.275
bonding pairs, an identification important for their assignment CoS¢%y7) CS=1.574
to the different internal sets. . CC=1.271

We have also calculated the relative position of the second C20S(%5") 8821151772
singlet state of the £0,, C;S,, and GOS species, i.e., tH&g" CC=1.288
state of the electronic configuration given above. This was C,0SE3y) CS=1.577
achieved by using natural orbitals optimized for this second CO=1.174
singlet state and following the iterative Cl procedure above. CC=1278

For the CI calculations, we used the Dunning correlation 2 Lowest singlet states are labeletE® in this table since they are
consistent triplez basis set (cc-pVTZ) which includes 2d and calculated within a one reference determinant approach. Distances are
1f polarization functions for C, O, and %85 in angstroms. Experimental geometries are from Herzberg.

The lowest singlet and triplet states of CO, C$0g C,S;, . ) L

- ) 1 3y -
and GOS have been optimized at the Becke3l¥level using 267 A in GOu(*A,) versus 1.261 A in @,(°%y7)). This is

a 6-311-G(2df) basis set (hereafter B3LYP/6-34G(2df)). The in agreement with our B3LYP optimized geometries for the
singlet geometry was optimized from the(x)? single deter- Io_west singlet and triplet states of,@, Even the 0.006_A_
minantal configuration, in a restricted density functional calcula- difference found by these authors between these two optimized

tion. B3LYP/6-311-G(2df) is a density functional method C—C bonds is reproduced in oulr optimized structuress (i;e., our
known to give reliable geometries close to the experimental one. Values are €C = 1.286 A for 'Aq and 1.280 A for%zy").
Since a correct description of the lowest singlet states,0bC Finally, these authors calculated identical CO bond lengths for
C:Ss, and GOS needs at least a two configurational wave bothAq and3%y states (there is an insignificant difference of

function, frequencies and zero-point energies were determined,0-002 A) in agreement with our finding of equal CO bonds for
for both singlet and triplet states at an MCSCF level, using the POth these states. We notice that our bond lengths for bgia-C

same cc-pVTZ basis set of the ClI calculations. In this MCSCF (lAQ) and GO(%y) are sh_ghtly shorterlthan the CCSD/DZP
treatment, a CASSCF(10,8), the 10 highest electrons were©Ptimized ones from Korkin et & (for *Aq CC = 1.296 A
distributed in the 8 valence-orbitals, i.e., the most important ~and €O=1.211 A and forzy” CC = 1.293 A, CO= 1.204
orbitals needed for a correct description of these singlet andA)- This is consistent with the fact that the CCSD method tends
triplet states, at their equilibrium geometries (hereafter MCSCF- to overestimate bond lengths. . N
(10,8)/cc-pVTZ). For comparison, the vibrational analysis has OUr optimized G-C and C-S bond in GS(°Zy") are
been undertaken at the same B3LYP/6-8G(2df) level used respectively 1.271 and 1.574 A in agreement with the most

for the geometry optimizations, and also at the B3LYP/cc-pVTZ recent values of 1.277 and 1_.579 A reported in the literature
level, to test the basis set influence on the IR spectra calcula-(QCISD/6'311"G(2d) calculations by Ma and WoPiy. For

tions. At this last level the vibrational analysis was only C252("Ag). the only available multiconfigurational optimization

undertaken for the state of triplet multiplicity, since this is the €XiSting in the literature is from Maier et &at the CAS(6,4)/
only state for which this level of theory is meaningful. All 3-21G(d) level. Their calculation found the-C bond to be

frequency calculations were carried out using the analytic second1-262 A and the €S one to be 1.247 A. These are shorter
derivative method. than our optimized B3LYP/6-3HG(2df) values of respectively
1.573 and 1.275 A.
For GOSEE,™) our values of 1.278, 1.174, and 1.577 A for
respectively G-C, C—0, and C-S bonds can be respectively
Il.1. Structural Considerations. Our B3LYP/6-311G(2df) compared to the values of 1.287, 1.191, and 1.287 A determined
optimized geometries forOS, GO,, and GS; in both triplet at the B3LYP/6-311G* level by Lee et &.
and singlet states are reported in Table 2. At this theoretical To the best of our knowledge, no reported optimized
level, where the correlation energy is calculated from a one geometries obtained using a qualitatively satisfying multicon-
reference determinant, we have labeled the lowest singlet statesigurational wave function exist for £5,(*Ag) and GOS(A).
“>" even if they are meant to be thd" states. As can be seen  Nevertheless, our geometry results for these two systems are
from Table 2, B3LYP/6-311+G(2df) optimized geometries for  consistent with the bond behavior observed #©& Thus for
CO(XZt), CO(&II), CS(X!="), and CS(&) are in excellent  the same molecule, €X (X = O, S) bonds in théA, states
agreement with the experimental values of Herzl5ékpwever, are almost equal to-€X bonds in the correspondirigy~ states
one might question the use of a B3LYP theoretical method to while C—C bonds are slightly shorter in triplet states compared
optimize geometries for states &, symmetry. As a justifica- to C—C bonds in the singlet states.
tion, the Haddon et al. optimizatidhof the lowest'A state of Frequencies determined (f@, symmetry) at the MCSCF/
C,0, using complex orbitals (hereafter /C) might be invoked. cc-pVTZ, B3LYP/6-31H#G(2df), and B3LYP/cc-PVTZ levels
These authors have shown that the@©Cbond optimized atthe  can be seen in Table 3. At the MCSCF level all frequencies for
4-31G/C level in GO,(*Ag) is almost identical to the €C bond the GO,(*Ag) state are real pointing to a linear arrangement,
in the GO,(3%y") state optimized at the 4-31G/UHF one (i.e., in agreement with Haddon et al.’s calculatihahich found,

I1l. Results
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TABLE 3: Frequencies (in cm1) and Unscaled Zero-Point Vibrational Energies €; in kcal/mol)

B3LYP/6-311-G(2df)

B3LYP/cc-pVTZ

MCSCF/cc-PVTZ

Co0x(*Ag) al=942, 1806, 2372 a% 962, 1822, 2408
b2=447i, 273 b2= 343, 361
b1l= 1325, 690 bl= 343, 361
e =9.16 e =19.43

C0:(32g) al= 949, 1786, 2379 a¥ 949, 1785, 2381 a% 971, 1827, 2429
b2 =285, 304 b2= 247, 305 b2= 393, 396
b1l= 285, 304 bl= 247, 305 bl= 393, 396
e =8.99 e =9.44

C2S:(*Ay) al=>544,1191, 1959 a% 568, 1227, 1966
b2=172, 185 b2= 168, 425
bl= 329, 557 bl= 168, 425
e =7.08 e ="7.07

CoS:(Zy) al= 555, 1188, 1970 a% 553, 1183, 1973 a% 568, 1226, 1995
b2=180, 443 b2=179, 433 b2= 193, 452
b1=180, 443 bl= 179, 433 bl= 193, 452
e=7.10 e =7.26

C,0S(Ay) al=687,1527,2214 a%x 719, 1556, 2206
b2 =64, 349 b2= 212,527
bl1=212, 653 bl= 212, 527
e =28.15 e=28.21

C,0SEzy) al= 693, 1537, 2236 a% 692, 1537, 2238 ax 713, 1578, 2285
b2=192, 481 b2= 186, 470 b2= 220, 552
b1=192, 481 bl= 186, 470 ax 220, 552
e =28.31 & =8.75

CO (=) 2y =2215
e =3.17

CO €I1) 2, =1784
e =2.55

CS (=) 2y, = 1306
e =1.87

CS 1) 2y, = 1137
e =1.62

TABLE 4: Comparative Table between Our Calculated Frequencies and Literature Value3

this work from others
B3LYP/6-31H-G(2df) MCSCF/cc-PVTZ QCISD/6-31G* SCF/DZ+-P¢ B3LYP/6-311G*® expe
Co0:(3%4) 2379 (0) 2429 (0) 2369
1786 (100) 1827 (100) 1745
949 (0) 971 (0) 913
304 (0) 396 (0) 308
285 (0) 393 (0) 247
CS(32g0) 1970 (0) 1995 (0) 2036 (0) 1879 1908 (0) 1904
1188 (100) 1226 (100) 1198 (100) 1127 1128 (100) 1179
555 (0) 568 (0) 561 (0) 531 529 (0) 546
443 (0) 452 (0) 364 (0) 434 366 (0)
180 (0) 193 (0) 175 (0) 178 168 (0)
this work from others
B3LYP/6-31H-G(2df) MCSCF/cc-PVTZ B3LYP/6-311G* B3LYP/6-311G* expt
C,0S€Zy) 2236 (100) 2285 (100) 2158 (100) 2151 (100) 2156 (100)
1537 (18) 1578 (14) 1446 (23) 1464 (23) 1505 (20)
693 (0) 713 (0) 661 (0) 662 (0) 685
481 (2) 553 (2) 447 (3) 437 (3) 452 (9)
192 (0) 220 (0) 171 (0) 177 (0)
CO(=Y) 2115 2170
COCI) 1784 1743
Csez=h) 1306 1283
CSEI) 1137 1138

a Frequencies are given in crhand intensities relative to the strongest band are given in parentheses. Absolute intensities are at the MCSCF
level (B3LYP): 389 (433) km/mol for €,, 92 (131) km/mol for GS; and 676 (603) km/mol for §£0S.? Reference 51¢ Reference 40¢ Reference
52.¢Reference 47.Reference 55¢ Reference 54" Reference 67.

using complex orbitals, that the lowest singlet state gdJs imaginary frequency o#47i cm™! corresponding to a trans
linear, even if lying in a shallow minimum. In fact these authors bending motion of the molecule.This is a strong indication of
found that this state might not be stable with respect to a transthe inadequacy of the single configurational wave function in
dissociation to 2 CO, but because of their limited theoretical describing thi$A state. It is also noteworthy that the vibrational
level they were not able to decide whether there was a barrierdegeneracy expected for tHis, state cannot be reproduced at
for a trans bending distortion of O,(*Ag). The B3LYP/6- the B3LYP level. As suspected, the@(3%y") state is correctly
311+G(2df) vibrational analysis of £,(*Ag) shows one represented by a single determinant wave function; B3LYP/
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6-311GH(2df) calculated frequencies are all real and are TABLE 5: Relative Intensities for the Lowest Single States
comparable to the MCSCF/cc-pVTZ ones (Table 3). They are of C202, o5, and G,OS*

also in excellent agreement with scaled frequencies determined MCSCF/cc-pVTZ
by Raine et af? at the SCF/DZ-P level (see Table 4). From COA(Ay) 2408 (0)
this vibrational analysis we confirm the linearity of@:(3Z5") ¢ 1822 (100)
for which there was still some ambiguity after the bent structure 962 (0)
found at the MBPT(2)/6-31G(d) level# 361 (2)
Frequencies for the S,(*Ag) state calculated at both MCSCF CSi(HA) 13@2 ((8))
and B3LYP/6-31#G(2df) levels are given Table 3. All ¢ 1227 (100)
frequencies are real when calculated at the MCSCF/cc-pVTZ 568 (0)
level, confirming a GS,(*Ag) state of linear geometry. At the 425 (0)
B3LYP/6-311G(2df) level, the trans bending vibration is also COSIA Z%gg (2)00
associated with a positive frequency (while this frequency is 20S(A9 1556 530))
imaginary at this level in @,(*Ag)). The vibrational frequencies 719 (2)
for C,S,(3%4) are given in Table 3. As expected, they are all 527 (3)
real and are comparable whether calculated at the B3LYP/6- 212 (0)

311+G(2df) or MCSCF/cc-pVTZ level. They are also compared  a Frequencies are in crh Absolute intensities for the strongest band
(Table 4) to both experimental and calculated frequencies are 300 km/mol for @,, 47 km/mol for GS,, and 444 km/mol for
available from the literature and with which they all are in the strongest €OS.

agreement.

For the lowest @OS(Ay) state, the MCSCF/cc-pVTZ
vibrational analysis gives frequencies which are all real. At the
B3LYP/6-31H-G(2df) level, these frequencies are also real
even though we notice a rather small value of 64 Efor the
trans bending vibration of OS(Ay). In their study at the
B3LYP/6-31H-G* level, Maier et af* have optimized a
transoidally bent structure forOS(A). At this level of theory,
we also find that constraining the molecule to be linear produces
one imaginary frequency &7i cm as_so_mated W'th the rans o\ ironment they should be detectable by IR spectroscopy, even
bending motion of the molecule. This is consistent with the if present in small abundance. Relative intensities foDE
slightly bent strupture fou'nd by Maier et ®@lHowever, once (1Ag), C:Sx(*Ag), and GOS(A,) .calculated at the MCSCF/cc-
again, frequencies obtained at the B3LYP level are not pVTZ level are reported in Table 5. In a similar fashion, the

;neamngful fotr tsrfat,?/lscds%g;/’ymm\?_lt_g’l andl since a:l calculatetd i absolute intensities of the dominant IR bands of the parent triplet
requencies at the cc-p evelare real, we can stale 5 acyles are also strong. It is important to notice that for the

ghgtlﬁ(ésgﬁf") iilingar. lOur ll\/IC.:SfCF/ (;]c-pV'SFZZa[ld ??;LYP/ three species corresponding IR spectra for the lowest triplet and
A ( ) vibrational anal ysIS for t e @ g ) State is singlet states are almost identical in both band positions and
reported in Table 3. Corresponding frequencies are Comparedrelative intensities

to previously calculated® and measured ones in Table 4. Ill.2. Singlet—Triplet Gap and Energy Stabilities with

They show good agreement. Respect to Dissociation Limitslil.2.1. The Diatomic CO and
The triple basis set of cc-pVTZ type used for our MCSCF  cs Since there exist no experimental values on the energetics
and CI calculations is of the same size as the 6+3&(2df) of C,0,, C,S,, and GOS to compare our Cl calculations with,
basis set used for the geometry optimizations but is of a different 5 comparison of our calculated first excitation energies for CO
type. Because of this, we undertook a B3LYP/cc-pVTZ and CS with the well-known experimental valéeis crucial
vibrational analysis of the lowest triplet states of0g, oS, to test the qualitative level of our ClI treatment. Within the super-
and GOS, for geometries optimized at the same theoretical molecule approach energies of the low&s§" and I states
level, to be compared to B3LYP/6-31G(2df) numbers. As  of C,0,, C,S,, and GOS have been calculated by setting the
can be seen from Table 3 they are identical, confirming the c—c pond equal to 20 A and the CO and CS distances equal
equivalence of these two extended basis sets. to the B3LYP/6-3131G(2df) optimized geometries of the CO-
Zero-point vibrational energies (ZPE) are reported Table 3. (1=*), COEII), CS{="), and CSFII) fragments. At the MRCI
It is surprising to notice that for the lowest singlet states they level, with ZPE taken in account, a C&(") — COEII) energy
are almost equal, whether calculated at the BALYP or MCSCF difference of 139.3 kcal/mol was obtained, in excellent agree-
level. The only logical explanation for such a resemblance is ment with the experimental value of 139.2 kcal/mol given by
error compensations. With the triplet states ZPE are also Herzberc?” For CS, the calculated C{") — CSEII) energy
extremely close when calculated at the two theoretical levels. difference is 77.8 kcal/mol, with ZPE considered. This value
For these states, the similarity of these values can be rationalizedcan also be considered in excellent agreement with the value
even though the theoretical levels being used are rather different,of 79.1 kcal/mol given by Herzbej. These results give
so that different ZPE would be expected. For our final energy confidence in both the qualitative and quantitative quality of
balances, MCSCF/cc-pVTZ zero-point energies, scaled by 0.95,our MRCI calculations.
have been used. This scaling factor was deduced by comparing [I1.2.2. The GO,, C,;S;, and GOS SpeciesOur energies,
experimental frequencies available faiSgand GOS (see Table determined for @0,, C,S,, and GOS with the MCSCF(10,8)/
4) to our MCSCF values. For the diatomics, Table 4 shows cc-pVTZ//B3LYP/6-31H-G(2df) and MRCl/cc-pVTZ//IB3LYP/
that B3LYP/6-31#G(2df) frequencies are almost identical to 6-311+G(2df) approaches, are reported in Table 6 and the
the experimental frequencies given by Herzb@rglence the corresponding energy diagrams Figures 1, 2, and 3, respectively.
theoretical ZPE have been used without any scaling. For lowest triplet states, we have also calculated at the

Our calculated relative intensities fop@(°Zy7), CS(32g7),
and GOSEZy") are reported in parentheses in Table 4. They
are identical whether calculated at the B3LYP or MCSCF level.
" For GS,(3247) and GOSEEy"), relative intensities are available
from the literature, and it can be seen that there is good
agreement between our values and both other calcul&tighfs
and experimental measuremett8? The absolute intensities for
the dominant IR bands are very strong for the three species
(Table 4). Therefore, if these molecules exist in the interstellar
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TABLE 6: Energies (in kcal/mol) of XC,Y Excited States
and Dissociation Limits Relative to the3x4~ for Various
Levels of Calculatior?

AE AEg
32g7 1Ag lzg+ 12+ + lz+ 12+ + BH
X=Y=0
MCSCF 0.0 8.6
MRCI 0.0 9.1 21.4 —58.7 80.6
CCSD(T) -58.8 79.5
ref 37 0.0 19.3 —53 57
ref 40 —68° 71°
ref 44 0.0 9.5 12.1 —66 73
X=Y=s

MCSCF 0.0 5.0
MRCI 0.0 7.7 16.6 40.7 118
CCsD(T) 43.4 123
ref 40 0.0 38 119
ref 47 0.0 —-0.7

_2.1d
ref 51 0.0 5.7 10.5 30 138

X=0,Y=5S

MCSCF 0.0 7.6
MRCI 0.0 9.9 19.8 —5.7 71.9
CCSD(T) -3.7 76.1
ref 20 00 (5416.3)
ref 53 0.0 26 —4.3 45

aAE, singlet-triplet gap without ZPE;AE, energies for the
dissociation limits relative to thé&Z,~ considering ZPE corrections;
MCSCF, our MCSCF(10,8)/cc-pVTZ//B3LYP/6-315(2df) calcula-
tions; MRCI, our MRCl/cc-pVTZ//B3LYP/6-312G(2df) calculations;
CCSD(T), our CCSD(T)/6-3:G(2df)//B3LYP/6-31H-G(2df) calcu-

Talbi and Chandler

80.6 kcal/mol
co(lzt + Cco 3m

21.4 kcal/mol
C,0, (Izg*)

9.1 kcal/mol
C,0, (1ag)

0.0 kcal/mol
Cz0, (g

-58.7 kcal/mol
co(lzh) + co(lzH

Figure 1. Energies for the @, system.

lations.? Relative energies given by corresponding authors did not take calculations. At the same CCSD(T) level but using the smaller
into account ZPE. We have therefore corrected their energies usinge_311+G(2d) basis set (of the same size used in ref 44), we

our ZPE correctionst CASSCF(6,6)/3-21G? RHF-CISD/6-31G(d).

CCSD(T)/6-31%G(2df)//B3LYP/6-311G(2df) level the rela-
tive stability with respect to the diatomics in their ground

calculated @0,(3%47) to be 66.1 kcal/mol above C&(*) +
CO(=") and 72.1 kcal/mol below CAX*) + COEII), numbers
in total agreement with the values obtained by Korkin et*al.

electronic state. These numbers are also reported in Table 6at the ROHF/CCSD(T)/TZ2P level (see Table 6). It is worth

Finally, for comparison, energies available from the literature
are also given.

C,0,. Even though the latest theoretical stétlgas shown
that GO,(3Z4") is a short-lived molecule and that both singlet

and triplet states should dissociate rapidly to two ground state

noticing here that the addition of an extra f-polarization function
does increase the relative stability of theGg(3%y7). Values
obtained by Raine et &.in a CI/DZP calculation (see Table
6) are of the same order as numbers obtained by Korkin“ét al.
C,S. Maier et al*” have calculated, at the RCISD/6-31G*

CO molecules, we have calculated energy balances for thislevel, alAq state 2 kcal/mol more stable than tfg,~ state.
molecule as a test of our theoretical method since there existsWe did not repeat these calculations since a single determinantal

a comparable correct determination of thgOg(*Ay) energy
obtained using a two determinant reference configurdti@ur
triplet—singlet energy gap (hereaftAE(S—T) calculated at the
MRCl/cc-pVTZ//B3LYP/6-311G(2df) level is 9.1 kcal/mol
(8.6 from MCSCF(10,8)/cc-PVTZ//B3LYP/6-3%1G(2df), with

representation for th&\ state is not appropriate, but did repeat
their MCSCF(6,6) calculation using our cc-pVTZ basis set, to
test their statement of thk\4 state being 0.7 kcal/mol more
stable than théZ,~ state. Using our B3LYP/6-3HG(2df)
optimized geometry, we find the lowest state to be the

the triplet state more stable than the singlet state as expectedC>S(*Zy”) with the A4 state 10.8 kcal/mol above it, in

Our MRCI calculated value is comparable to the value of 9.5
kcal/mol calculated by Korkin et & at the CCSD(T)/TZ2P
level, using a two determinant reference configuration for the
1Aq4 state. At the CI/STO-3G level, and using complex orbitals,
Haddon et af’ found a much higher value of 19.3kcal/mol for
this AE(S—T), probably because of their limited basis set. At
the MRCl/cc-pVTZ//B3LYP/6-311G(2df) approximation we
calculated thés," state, at the geometry of thdq state, to be
21.4 kcal/mol above thé&y~ state while Korkin et at* have
determined a value of 12.1 kcal/mol at the CCSD(T) level, using
an ROHF wave function. We have also calculate®£%4™)

to be 58.7 kcal/mol above the lowest GB() + CO(Z")
dissociation limit but 80.6 kcal/mol below its spin-allowed
one: CO{=") + COII) (see Figure 1). At the CCSD(T)/6-
311+G(2df) level and for the B3LYP/6-3HG(2df) geometries,

agreement with Ma and Wortgwho found aAE(S—T) of 10.7
kcal/mol at the CASSCF(6,6)/6-31G(d) level. At the CASSCF-
(10,8)/cc-pVTZ level we calculated thisE(S—T) to be 5.0 kcal/
mol.

At our MRCl/cc-pVTZ//B3LYP/6-31#G(2df) approxima-
tion, the calculated singletriplet energy gag\E(S—T) for C,;S,
is 7.7 kcal/mol, with, as expected, tRE,~ state more stable
than the'Aq state, in qualitative agreement with the value of
5.7 kcal/mol calculated at the MRECASSCF(10,8)/cc-pvVQZ
level by Ma and Wong! The energy difference of 2 kcal/mol
can be rationalized by considering the multiconfigurational wave
function used for both CI calculations. While in our multicon-
figurational wave function all valence sigma orbitals are
correlated, they are not in the treatment of Ma and Warig.
MCSCEF test calculations not reported in this paper (but available

we calculated these dissociation limits to be respectively 58.8 upon request), we have shown that correlating the highest sigma

and 79.5 kcal/mol, giving total agreement between the two

orbital (i.e., CASSCF(12,10)) has almost no effect on the
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118. kcal/mol 71.9 kcal/mol
cs(Iz+) + Cs 3n) co(zt) + cs 3m
19.8 kcal/mol
€208 (1zg%)
40.7 kcal/mol
cs(izt) + cs(1zt) 9.9 keal/mol
€208 (lag)
0.0 kcal/mol
C20S (3zg7)
16.6 kcal/mol
-5.7 kcal/mol
C282(1xgh) co(lzt) + cs(lzh)
- 7.7 keal/mol Figure 3. Energies for the gOS system.
C2S2 (YAg)
" 0.0kcalmol determined to be 19.8 kcal/mol aboveGSEEy™). The 3%~
C282 (3re7) state is slightly higher than the lowest dissociation &0} +
Figure 2. Energies for the €, system. CSE=™) limit (5.7 kcal/mol above), but 71.9 kcal/mol lower
than its spin-allowed dissociation limit CE&{") + CSEII) (see
AE(S—T) energy, in agreement with Ma and Worfj'sesults. Figure 3). These numbers are consistent with those calculated

However, increasing the size of the active space by correlatingat the CCSD(T)/6-311G(2df) level (Table 6) and can be
more sigma orbitals (i.e., CASSCF(16,12)) does affect the compared to the only available values from the literature, which
singlet-triplet gap which therefore increases (see notes under were obtained at the S€Hevel (see Table 6).

ref 68). At thelAq geometry, we calculated the energy of the

next singlet, thé=4* state, to be 16.6 kcal/mol above &~ IV. Conclusion

At the MRCI-CASSCF(10,8)/cc-pVQZ level Ma and Wong Our study of the @, C,S,, and GOS entities at a highly

?a\ie calculated thé&%," state to be 10.5 kcal/mol above the ¢ related level confirms that in all cases the lowest states are
2y state. This energy might have been underestimated in their ¢ triplet multiplicity and of linear geometries, conforming

treatment for the same reason invoked above for thj- therefore to Hund's rules. Our study has also shown that the

Zy~ energy gap calculations. lowest 1A states, when treated using a multiconfigurational
At the MRCl/cc-pVTZ//B3LYP/6-313+G(2df) level we find  \ave function, are true minima for a linear arrangement while

C2S,(*Zy") to be more stable than both the lowest &3) + all previous studies using single determinantal wave functions

CS(=*) and first excited CSE*) + CSEII) dissociation limits,  have concluded that the minima are nonlinear. Bof®A,)
being respectively 40.7 and 118 kcal/mol below (see Figure 2). and GOS(Ay) are above their lowest dissociation limit, but
At the CCSD(T)/6-313 G(2df)//B3LYP/6-311-G(2df) levelwe  sjnce (as has been shown fosGB(1Ag)3) their linear dissocia-
calculated these numbers to be respectively 43.4 and 123 kcalkion to the ground state diatomics is symmetry forbidden, a linear
mOl, glVIng close agreement between the two calculations. At distortion a|ong the CC coordinate should |mp|y a very h|gh
the CI/DZP level, Raine et dt.have calculated the same relative potential energy barrier. However, since a trans bent dissociation
energies which they found to be respectively 39.4 and 118 kcal/ jg symmetry allowed, the stability of0,(*Ay) and GOS(A)

mol, without considering ZPE corrections. Applying our scaled |l depend on the amount of energy required for the molecule
ZPE to these values lowers them to respectively 36.2 and 115¢o pe distorted from its linearity. Since neither of these singlet
kcal/mol (Table 6). Ma and Won,using G2/QCl calculations,  states have been isolated experimentally, it is likely that their
determined @S,(°%4") to be repectively 33.2 and 141 kcal/mol  parrier height to distortion is low enough to allow ready
below the two lowest dissociation limits. At this theoretical level (issociation. The situation forS,(*A,) is more optimistic, since
their CS€‘2+) - CS@H) excitation energy is 108 kcal/mol, much this state is lower in energy than the GE*O + CS(12+)

too high compared to the well-known value of 79.1 kcal/&fol. products and therefore should be stable.

Thus, as found for €,, we determine the lowest triplet state C:0,(3%7) and GOSEZy"), being much lower than their
of C;S; to be more stable, with respect to the lowest dissociation spin-allowed dissociation limit, but higher than two fragments

limit, than any previous theoretical studies. in their ground electronic state, have their stability dependent
Finally, as can be seen from Figure 2, and confirming on whether there is an efficient curve crossing with e
previous theoretical work, we find all of GS,(3Z47), C:S- repulsive state diabatically correlating to the two diatomics in
(*Ag), and GS,(*24") to be below the two lowest dissociation  their ground electronic state. This has been calculated to be the
limits CS¢=T) + CSE=T) and CSt=") + CSEII). case for GO,(3Z4") by Shroeder et ab! explaining therefore

C,0S.As can be seen from Table 6, the singl&gtplet energy the failure of any experimental detection 0§@(3%y™). This
gap for GOS is 9.9 kcal/mol at the MRCl/cc-pVTZ//B3LYP/  might not be the case for OSEZ;") since this molecule has
6-311+G(2df) level, with the GOSEZ4™) more stable than the  reportedly been observed experimentally. Therefore, a search
1Aq state, confirming previous theoretical work. At the CASSCF- for the existence of such a curve crossing and an evaluation of
(10,8)/cc-pVTZ level this energy is 7.6 kcal/mol. At the the corresponding spin coupling is crucial to confirm the
geometry of thelAq state, the correspondintEyt state is detectability of this molecule.
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The stability of GS;(3357) will not be affected by the
existence of such a crossing sincgSg°%y) is below the CS-
(=) + CS{=") dissociation limit. Therefore, since both%-
(*Ag) and GS,(3Z4") are stable molecules, lying well below
the two lowest dissociation limits, we suggest that bots,C
(*Ag) and GS,(3Z47) could be detected in carefully designed
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