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Electronic Absorption Spectra of C,O~ and C;S™ in Neon Matrixes
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The electronic spectra of the aniongQC and GS™ have been observed by absorption spectroscopy in a
neon matrix using mass selection. The symmetries of the states are determined on the basis of spectroscopic
evidence and ab initio calculations. Two absorption systems,0f @re assigned to the?&* — X?IT and

B2I1 < XZI1 electronic transitions, with band origins near 875 and 442 nm, respectively. Ahe-BX2I1

system of GS~, with the origin near 568 nm, has also been observed. After photobleachirfd, tle X332~

electronic transition of ¢S is observed around 447 nm.

Introduction on ab initio calculations for the electronic excited states and

. . round-state vibrational frequencies.
Interest in the @O and GS molecules and their ions stems 9 q

from the suggestion that both should be observable in dense

interstellar cloud$:2 The related smaller species@ GO, GS, Experimental Section

CsS, and also €5 have in fact been detectéd. It has been The experiment was carried out using an apparatus combining
proposed that £ may be produced in interstellar space via mass selection with matrix isolation spectroscépyhe GO~
reactions between unsaturated hydrocarbons, suckHas @nd (or C4S) ions were produced in a cesium sputter anion source

CO: Although the GO molecule has not yet been observed in - ¢ontaining a carbon rod wita 1 mmdiameter channel, through
the interstellar medium, it has been studied experimentally in \yhich O, (or CS) was introduced. Two hours of co-deposition
rare gas matrixes using electron spin reson@acel infrared of ions (current in the 3050 and 2-4 nA ranges for GO~

(IR) absorption techniquésand its microwave spectrum has  and GS-, respectively) with neont® K was sufficient to obtain
been recorded in the gas phad@hotoelectron spectroscopy  detectable ion absorptions. The anions were subsequently
has provided a value for the electron affinity (EA) of 2.5 neutralized by UV radiation5.4 eV) from a medium-pressure
0.15 eV!! Several theoretical studies of the vibrational and mercury |amp Absorption Spectra were recorded in the220

electronic states of the molecule have been undertaken, whichy100 nm region using a waveguide technique with a path length
indicate that the molecule has®a™ ground staté? 1% of ~2 cm.

Mass spectrometry has demonstrated that @ Gon can
be produced by the reaction between~Cand oxyger$ Theoretical Methods
Theoretical calculations predict that the electronic ground state
of C40™ has?Il symmetry315but give an EA of GO that is Ab initio calculations have been perforn¥édo provide
approximately 0.7 eV above the experimental véafue. insight into the assignments of the observed electronic absorption
It has been proposed thazEmay also be formed in dense  systems for GO~ and GS-, as well as the vibrational band
interstellar clouds via reaction betweert @nd diacetylene  structure.
followed by dissociative recombination with an electidn. The energies of the ground and the excited electronic states
Investigation of this reaction leads to the conclusion that it of C;O~ were computed using the Complete-Active-Space-Self-
dominates over a competing charge-transfer process (the ionizaConsistent-Field (CASSCF) approdeffto produce a reference
tion potential of sulfur is higher than that of diacetylene) and wave function for a Multi-Reference-Configuration-Interaction
could lead to observable amounts 0fSZ Another possible ~ (MRCI) calculation?’:28 The energies were determined using
production mechanism in dense interstellar clouds, which hasthe aug-cc-pvVXZ, X= D, T, Q (s, p, d, and f functions only)
common intermediates with the formation of hydrocarbons, was basis set3?-3°with the atomic positions kept fixed in the linear
also proposed® The significance of this synthetic route is geometry obtained in a CCSD(T)/aug-cc-pVDZ optimization
supported by the comparable abundances,&f&d GH (n = for the 2IT ([core]'%0270280%90%100%17*27*110%37) ground
1, 2, 3) in dense interstellar clouéksThe GS molecule has  state!® The two lowest excited states for which transitions from
been detected experimentally in argon matri®€%and its gas-  the ground state are dipole allowed are found to BE*Aand

phase microwave spectrum has also been recdfd@wih B2I1, which result predominantly from the excitation of an
experimental and theoretiéaktudies indicate that the molecule electron from the 14 to 37 and from the Z to 3z orbital,
has a2~ electronic ground state. As far as thgSC anion is respectively. The ASt state was established recently by

concerned, neither theoretical nor experimental results have beerCCSD(T) calculations-1.42 eV above the ground stdfeand
reported to date. This paper reports the electronic absorptiononly the BII state has been considered here. Two selections
spectra of mass-selectedf@ and GS~ in neon matrixes. of active orbitals, giving calculations of feasible size, were
Assignments for the observed band systems are made, basedxamined. In the CASSCF step, besides the core orbitals, the
60—8c or 66—9¢ and 1t valence orbitals were closed, giving
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TABLE 1: Calculated Vertical Excitation Energies for the
B2IT1 — X2II Transition of C,O~ at the MRCl/aug-cc-pVXZ,
X =D, T, Q, Level Using Two Different Active Spaces
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TABLE 4: Harmonic Vibrational Frequencies (cm~1) for the
Ground State of C,O~ and C,S~ Calculated at the SCF/
aug-cc-pVDZ Level and Comparison to the Experimental
Values (10 cnr?) for the B2II States

E (X2IT)/Ex To (BT — X2IT)/eV
100-135;  90—120, 100—130; 9o—120; €0 CS
basis set 27—5m 27—51 27—5m 27—57 X211 B2I1 X1 B[l
aug-cc-pVDZ —226.49046 —226.57762  3.08 3.14 mode  v(calc) ¥(exp)  #¥(calc) 7 (exp)
aug-cc-pVTZ —226.56390 —226.68296 3.07 3.12 ot V1 2400 2329 1955
aug-cc-pvVQZ —226.57964 —226.70205 3.07 3.12 Vo 2042 1765 1861
V3 1570 1196
TABLE 2: Vertical Excitation Energies Relative to the Vs 802 676 593 502
Ground State of C,O~ (Total Energy: —226.68296E},) .
Obtained in MRCl/aug-cc-pVQZ Calculations and the 7 Vs 608 470
Lowest Singlet/Triplet Excited States of GO, Resulting from Ve 413 365 305
the Configuration [core]!%66270280296%100210°27%1 16233 V7 99 137 114
electronic state AEyrai/eV a Average of calculatedr,, 7, frequencies.
C.O™ X211 0.00 Rl A 3
2 <
B2I1 3.12 § 0.06 ;
Co X3y~ 3.24 5 .+ e 03 00
13- 6.11 < Nz cs T 0
A 6.23 Zoof Ny | 4 |
5+ 6.29 < 2 x15 i
3y 7.00 r ‘\\ 0 f
A 7.82 0.02 | Flh | | l |
15+ | \
>3 8.52 J ‘H i |
S RTRWAY. L
TABLE 3: Optimized Linear Geometry (pm) of C 4O~ and 0.009 - , ﬂ! ‘

880
Wavelength / nm

380 400 420 440 900

C,S™ at the SCF/aug-cc-pVDZ Level

C—C Co—Cs Cs—Cy C,—SIO
C.O- 126.88 133.70 124.89 118.51 Figure 1. The A" — X2IT and BII — X2II electronic absorption
CiS 126.17 133.87 123.93 163.10 spectra of @O~ observed &6 K after mass-selected co-deposition of

C,O~ with excess neon.

four r (27—5m) orbitals. In the CASSCF calculation the orbitals
and their occupation numbers were optimized for the average
of the X and B states. The subsequent MRCI calculation
employed the same active orbitals and applied a cutoff of 0.01
in the configuration expansion. Table 1 lists the MRCI energies
for the XPIT ground state and the verticatlB < X?IT transition
energies obtained using the different selections of active space
and basis set. The vertical excitation energies obtained in all
calculations lie around 3.10 eV and are close to basis-set
convergence at the level of accuracy required: the energies differ
by less than 0.03 eV from aug-cc-pVDZ to aug-cc-pVTZ basis
and no significant change is obtained with the aug-cc-pVQZ
basis.

Calculations for the electronic states ofCwere performed
using the same procedure as foOC. The geometry was kept
fixed to that given in ref 15 (CCSD(T)/aug-cc-pVDZ) and
the aug-cc-VTZ basis was employed with the-420 and
27—5g orbitals forming the active space. The CASSCF con-
figurations with a cutof_f at 0.01 were again taken_ as reference Figure 2. The BPIT — X2I1 electronic absorption spectrum of&
for the MRCI calculation, and the triplet and singlet states observed after co-deposition o& with excess of neon to form a
were treated separately. Only the electronic states producedmatrix at 6 K.
by the excitation of a 2 electron to the 3 orbital, i.e.,
[coret%66275280290%10021r* 27131 102373, were studied. Table
2 gives the MRCI vertical excitation energies for the first seven
electronic states of O, along with that of the HI state of
C40~, with respect to the X1 ground state of the anion.

Equilibrium geometries and harmonic vibrational frequencies
for the ground states of both anions were calculated at the SCF
aug-cc-pVDZ level with the structures constrained to be linear.
The bond lengths are listed in Table 3 and the frequencies in
Table 4.

o
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480 520

in the near-IR contains only a weak band at 875 nm. The origin
band of the other system is about 15 times stronger and lies at
442 nm. This higher energy system shows a single strong
vibrational progression with a mean separation of 670%tm
Both band systems disappeared after the matrix had been
£xposed to UV radiation, supporting the assignment to the
anionic species. No new bands were observed after the photo-
bleaching.

Deposition of GS™ gives rise to a single observable absorp-
tion system, with the origin band near 568 nm, which possess
Results and Discussion a rich vibrational structure (Figure 2). All bands disappear after

The spectrum observed after mass selected co-deposition ofexposure to UV radiation and a new system starting at 447 nm
C,O~ with neon shows two band systems (Figure 1). The one evolves in their place (Figure 3). This new band system is close
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© o° TABLE 5: Positions of the Band Maxima (£0.2 nm) in the
g 008 g s 10 Absorption Spectrum of C,0~ in a Neon Matrix at 6 K
© C4S Y < X > ~ _ ~ 1 .
o Alnm vlcm Av/cm assignment
2 C.O: AZS — X2l
<€ 0.06 - 874.6 11434 0 08
870.8 11484 50 site structure
C4O~: BAI — X1
0
0.04 4423 22610 0 o
429.4 23 286 676 4(1)
417.7 23942 1332 45
0.024 to 1.5 eV above the electron detachment thresPetiThus,
even if the BII state of GO~ is a Feshbach rather than a bound
state, it may be sufficiently long-lived to give rise to observable
0.00 absorption bands.
380 400 420 440 460 The GS™ anion is valence isoelectronic withhG~ and could

Wavelength / nm be expected to possess a similar set of electronic states. The
Figure 3. The 3~ — X35~ spectrum of GS recorded after Uy absorption band system observed at 568 nm & @ therefore
irradiation of the matrix grown by deposition of mass-selecteC ~ assigned to the I — X2I1 transition because it lies in the
ions with neon at 6 K. same energy region as the corresponding transition6fC
(442 nm). The fact that no absorption system was observed in
to the origin of the electronic transition of neutraj<in an the near-IR, where the &+ — X2I1 electronic transition can
argon matrix (450 nm)? The evidence from mass selection and be expected, may be due to the low intensity of this absorption.
photodetachment experiments thus supports the assignment offhe absorption system (origin band at 447 nm) observed for
the carrier of the 568 nm band system a$SC neutral GS is most likely assigned as’2~ — X3X~ transition
Absorptions belonging to £C;~ 3 C;7, G, and N*, are on the basis of the intensity of the system. This absorption has
also present in both spectra. These molecules are formed eithebeen observed previously in an argon matrix (origin at 450 nm)
by fragmentation during the deposition or as products of after its preparation by photolysis, though no assignment of
reactions of the fragments with impurities (e.g,) N'he peaks symmetry was give?
corresponding to these species are indicated in the figures.  yiprational Structure. Harmonic vibrational frequencies in
Electronic Transitions. The vertical excitation energy for e ground electronic states were calculated for both anions
the dipole-allowed Ax* -— XZI1 electronic transition of the  (ape 4) to aid the assignment of the vibrational structure within

C4O™ anion has been calculated previously as 1.42%€¥his the observed absorption systems. In the neon matrix at 6 K
is in excellent agreement with the position of the near-IR yansitions will originate from the lowest vibrational level of
absorption in the matrix spectrum (1.41 eV) attributed j0G the ground electronic state and all of the observed vibrational

and this single weak band is therefore assigned as the origin of
the A2+ < X2I1 system. The difference between the vertical
excitation energy for the 81 — X2I1 transition calculated here
(3.10 eV) and the position of the higher energy band system in
the neon matrix (2.80 eV) is larger, but the agreement is
nevertheless sufficient to support the assignment of the latter
absorption to this transition. This higher energy absorption
system is near to the measured EA (2.05 eV) qO& A
previous theoretical investigatiténgives a value of 2.99 eV
for the EA and thus casts doubt on the experimental measure-;, a - )
ment. The present MRCI calculation (3.24 eV) for the EA is in t1OnS due to & Cs7, and N7, which obscgri furthezr features
reasonable agreement with this more accurate result, obtaineo(':z'gure 12)' The band maxima for the®&" -~ X“II and
at the restricted coupled cluster RCCSD(T) level of theory. It B°I1 == X“II systems of QO™ are listed in Table 5.
is therefore not clear whether the excitetl Belectronic state Three of the vibrational excitations observed fogSGC
is a bound or a longer lived quasi-bound state. including the strongest one with a separation of 500 %rare
Examination of the configuration expansion for thélB assigned to stretches (Table 6) according to the calculated
state of GO~ suggests that electron detachment will produce harmonic frequencies. Weak absorptions involving the excitation
excited states of the neutral molecule corresponding to of the v bending vibration are also tentatively assigned. In
[corel%66270280290%100%17*2731 102373, This configuration addition, a very weak band corresponding to single excitation
gives rise to3x*~, 3A, 1=+~ and!A states lying more than  of thev; bending mode, forbidden by symmetry for a gas-phase
2.9 eV above thé=~ ground state of gD and therefore at least  transition, is also observable, possibly due to the influence of
3 eV higher in energy than the?H state of the anion (Table the neon environment. The same effect was observed in the
2). Thus, if the BII state lies above the photodetachment matrix absorption spectrum of,O~.35 Considering the ap-
threshold, it will correspond to a class of states termed Feshbachproximations inherent in the comparison, the calculated har-
resonances in electron-scattering terminolégf?, for which monic frequencies (Table 4) are in a satisfactory agreement with
electron detachment to the neutral ground state occurs by athe experimental observations. The two most intense progres-
concerted two-electron process. Recently, electron-detachmensions present in the spectra of@ and GS~ (670 and 500
studies of G- and G~ in the gas phase have determined cm2, respectively) are assigned to thestretching mode. The
lifetimes between 200 fs and 3 ps for Feshbach states lying upratiosv4(C407)/v4(CsS™) from the experimental spectrum and

structure is associated with the excited state. Because calculated
vibrational frequencies in the excited states were not available,
the ground-state frequencies were used to guide the assignment.

Only the origin band is observed for the?X — X2I1
transition of GO~. The strong vibration progression observed
in the BAT — X2IT system, with separation of 670 cf is
assigned to excitation of & stretching mode by comparison
with the values calculated for the ground state (Table 4). The
_third member of the progression is followed by strong absorp-
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TABLE 6: Positions of the Band Maxima (0.2 nm) in the the interstellar medium. TheZ&* — X2[1 and BII — X1
Absorption Spectra of C,S™ and C,S in a Neon Matrix transitions of GO~ and BII — X2II of C,S have been
a6 K observed in neon matrixes and assigned with reference to ab
Alnm viem™ Avlem assignment initio calculations. These results provide the basis for the
C,S—: BT — X1 measurement of these spectra in the gas phase.
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