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The nature of the reaction products between €a@l molecular @ isolated in rare gas matrices, have been
investigated using IR absorption spectroscopy. In this paper, we report on the vibrational spectrum of the
Co0O, molecule in its ground and first low-lying excited states. Isotopic substitutions d&mhgand 0,
precursors, as well d80, + 180, and*¢O, + %00 + 180, mixtures in either excess argon or neon, enable
demonstration o€,, andC; structures for the respective states. G&Jormed following molecular diffusion

by complexation of ground-state Ce®y an Q molecule. The molecule is first formed in the excited state

and then spontaneously relaxes to the ground state after remaining in the dark. The kinetics of relaxation can
be fitted to a first-order exponential decay with an excited-state lifetime estimated arouhd?2®in in

argon and 15+ 2 min in neon, indicative of a slow, spin-forbidden process. Population of the excited state
is induced by photons around 4230250 cnt!. Experimental results are compared to density functional
theory (DFT) calculations at the BPW91/6-311G(3df) level. Electronic and geometrical optimizations were
carried out starting from the ground-state precursors &g, for O, and?%," for CoQ,). Calculations predict

a ?A; (Cy,) ground state and &' (C,) first excited state 0.37 eV above, close to the 425@50 cm'?
experimental excitation energy. The transition pathway is found to involve two supplementary states with
crossed potential energy surfaces (PES$EB.aexcited state, 0.48 eV above the ground state, reached first
through an adiabatic transition with a photon around 4800'ciand a*B; transition state into which the
system relaxes before finally attaining thfe (Cs) excited state. Harmonic frequencies and absolute intensities
are also calculated and compared with the experimental data, indicating however that the DFT underestimates
the internuclear distances for both configurations. Force and interaction constants were obtained with a
semiempirical harmonic force-field potential calculation. They were then used in an empirical rule of plot
linking force constants and internuclear distances in order to obtain an estimate of-t@ li@md lengths

for each state and are compared to the DFT predictions.

Introduction focused on the reactivity of isolated Co atoms toward molecular
oxygeri! regardless of the product nature, whereas condensed-
phase studies in rare gas (RG) matriéé%or zeolited* studied
mostly the reaction products and their respective chemical and
structural properties. Our knowledge of molecular cobalt oxides,

The reactivity of molecular oxygen at the surface of cobalt
single crystals, thin films, or cobalt oxide powders has given
rise to many studies in the catalysis fidld. These studies
demonstrate that bulk cobalt surfaces react immediately to aside from the diatomics and Ce@iatomicsiS is in fact quite

gx%goerz es)t(gglz urgotgfg;rnsg?‘;fZ;:Slrzt?jna;'rrslj S(t)enpk?;;i;hert]helimited. Matrix isolation studies have offered the possibility of
Y . P ating isolating otherwise unobservable species because of their short

substrate to about 450 K. However, isolated Co atoms, in cobalt-Iifetime but the Cok O, svstem has proven to be auite difficult

substituted Schiff’'s base complexes, bind i@olecularly and ’ 2 Sy P q :

S 3 . : i
have thus been thoroughly studied for their properties as oxygenChert'h".] et _all, StUd'.ed the reaction of laser-ablated cobalt
carriers*® The geometrical and electronic structures of the atoms with Q isolated in solid argon through FTIR spectroscopy

complexed @ molecules on the cobalt center, as well as the and were among the first to characterize several cobalt oxides

exploration of reversible processes induced by temperatureOf higher stoichiometry, such as CaQn their work, three

variations or chemical exposure, have been the center of thesdSOmers of Co@were allegedly observed and each characterized
studies.

by two fundamental vibrations. The first is anfGo0, isomer
At the atomic level, the Cd- O, system has been studied in WltOthwo z_absorptlo_rt]r? a:)797't3 and ?28-53301?;6955840(7)%d IS gn
both the gas and condensed phases. In the gas phase, the Co 0Q ISomer with absorptions a -oan -/ enan
diatomic species has been thoroughly studiddand the inally, the trlurd IS ((Q)COQO)’ with absorptlon_s ar1042.5 an_d
(CoO,)~ anion isolated for photodetachment spectroscopy 1355.3 cntl, Conce.ntratlon and photophysmal effects will
studiesic but larger neutral species, containing four or more 'a@Pidly show that, with one exception, all these bands cannot
atoms, remain to be fully characterized. Gas-phase studies als® correlated to species of CpStoechiometry.
Cobalt oxides have also been of interest at the theoretical

*To whom correspondence should be addressed. E-mail: Im@ccrjussieu.fr I€VEl. Ab initio and DFT calculations have been carried out in

(L.M.), ea@spmol.jussieu.fr (M.E.A.). an attempt to more completely understand the nature of the
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reactivity and chemical bonding of these species as well as their 1] \Z’
electronic and structural properti¥st’ Unfortunately, because Co0,*
of the closely placed valence orbital levels and near-degeneracy ¢.4-
effects, this system has remained quite a challenge for theoretical
treatment, and the predictive aspect of the calculations is not
always satisfactory. For instance, Uzunova et atudied the 0.3
CoQ, molecule in its ground and excited states at the BILYP/
CCSD(T) levels. They predicted @, ground state, with a
diperoxide structure db,q symmetry. They calculateiB; and
4A, excited states, respectively 0.32 and 0.49 eV above the
ground state, both with diperoxidB4y) structures. Calculations 0.1 a
of the harmonic vibrational frequencies of the ground state (at (b)
the B1LYP level) place the {IR active) mode corresponding T (a) "
to the out-of-phase stretching mode of the-O bonds, at 1153 00 1250 00 1ss0 .
cm1, and the in-phase stretch of the=Q bonds (asymmetry, Wavenumber (cm™)
not IR active) at 1144 crrt. The other modes are calculated to  rjg e 1. (1) IR spectra in the 13661270 cn* region for thermally
be much lower at 483 (e), 4774b365 (a), 321 (e), and 183  evaporated Co atoms codeposited with 2@, in argon at 12 Ky, of
(b;) cm™t, among which only the e and modes are IR active ~ CoQs*: (a) deposition, (b) broadband UV photolys(s) annealing to
with respective absolute intensities of 1, 0, and R ) 25 K, (') same as c, but after remaining in the dark 2 h, spectra taken
compared to 155 for the;mode at 1153 crri. Calibration of g?igg &Z?ﬂgml 'waggfé fg;tee’-r (dzg %Cs’mgﬁéi;%’;r?(‘; tg‘geatt(’)sgfféirogr

; - o %
their rgsglts on experlm(_antal data was d|ff|Cl_JIt becaL_Jse of 'ghe species: (a) C; 0.5% 0,/Ar, (b) ‘():0 + 29 1O,/Ar, (c) Co+ 80%
few existing spectroscopic observations for this specific species. g0, ;.
Nonetheless, the calculated frequencies did not match what had

been proposed by Chertihin et'al. ) using combinations of low-pass and band-pass filters placed
_ Inthis paper, we present results on the Ga®lecule isolated  pefore the fluorine window, to isolate narrower effective energy
in solid argon and neon, as well as observations of a low-lying ranges. Irradiation lasted for 30 to 60 min. The narrowest
excited state. A complete vibrational analysis of these two stateSgffactive combination was a band-pass filter isolatinge

is presented, and structural as well as electronic properties arg3700-4500] cnt. Total irradiation power in the absence of
discussed. The formation pathway of this molecule is also fjjters was measured at about 950 mWcmmhich is estimated
presented and discussed. The kinetics of relaxation is fitted 104 e about 60 times that of the spectrometer source. Irradiation

a first-order exponential decay supplying the lifetime of the ,,\er through the effective filter combination is measured to
excited state. DFT calculations have also been performed at thepyg 75 mw/crd.

BPW91/6-311G(3df) level, supplying harmonic frequencies and

electronic and geometrical structures, as well as the transition experimental Results

pathway from the ground to the excited state. Finally, a N )
semiempirical harmonic force-field calculation (SHHF) is ~ Samples were prepared by codeposition of effusive beams
performed using the geometries obtained by the DFT calcula- Of C0 atoms and &-RG mixtures onto a rhodium-plated copper
tions supplying a set of force and interaction constants for both Mirror maintained at cryogenic temperatures. Both argon and
states, reproducing as closely as possible the isotopic shifts. The'€on matrices were used to estimate possible perturbations
force constants obtained for the €6 bonds of each state will ~ induced by the environment on the isolated species. In argon,
be used in the empirical correlation developed in ref 18, for the temperature was stabilized at 12 K during deposition and

estimates. for 90 to 120 min, and concentrations varied from 0.5% to 16%

O in Ar, with a deposition rate of 5 106 mol/min. Co/Ar
molar ratios were typically on the order of2 1073.

In neon, the temperature was maintained at 6.5 K during
Samples were formed in the same manner as described indeposition and lowered1t3 K for spectral acquisition. Samples
the preceding articl&’ and details of the experimental setup were deposited for 45 to 60 min, and concentrations varied from

can be found in refs 15 and 18. Samples were submitted for 200 to 2000 ppm @in Ne, with a deposition rate of 2 1075
UV-—vis broadband photolysis, using a HgXe arc with a mol/min. Co/Ne molar rations were typically on the order of 5
converging lens focusing the light on the sample for 15 min. x 1074 In neon, concentrations were lowered to compensate
Irradiations were performed through a Ga#indow mounted  for easier diffusion in the matrix; nonetheless, the product yield
on the assembly. Total UV power was measured on the orderin neon remains several times lower than that in argon. However,
of magnitude of 650 mW/cfn no qualitative change in the chemistry of the system is observed
After acquiring spectra in the mid-IR region from 500 to 5000 when changing the matrix, only slight frequency shifts and
cm 1, the sample was left in the dark for 1 to 8 h. Spectra taken changes in the absorption profiles (i.e., absorption bands are
after the relaxation were done using low-pass and band-passusually narrower in neon, and band-splitting due to multiple-
IR filters mounted on a rotating wheel inside the spectrometer, site effects is much more prevalent).
at the exit of the interferometer, cutting off part of the light Directly after deposition, the band at 1286.2 ¢pattributed
emitted by the source (SiC globar). Four different filters were by Chertihin et a3 to an asymmetric peroxide form of CeO
used: v < 1750 ¢, v < 1900 cn1?, v € [3500-3800] cnt? is weakly observable. It grows considerably upon UV irradiation
andv < 4250 cntl. and yet again after annealing the sample (25 K in argon/11.5 K
Further IR irradiations were done on the sample using a globarin neon) (Figure 1.1). When the sample is annealed directly
coupled to a large parabolic collection mirror to increase photon after deposition, the species responsible for this absorption is
density. Broadband and filtered irradiations were performed, not nearly formed in the same yield. Concentration effects show
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TABLE 1: Experimental Frequencies (cnm?) and Relative Intensities (in parentheses) for the Excited-State Cof Isolated in
Solid Argon and Neon for All Isotopic Precursors

CoOy*
1602 1802 1602 + 18()2 180160
Ar Ne Ar Ne Ar Ar

1747.7 (0.007) 1765.8 1670.1 (0.004) 1688.3 1709.2
1286.2 (1) 1285.0 1215.3 (1) 1213.5 a 1253.3/1250.2

953.1 (0.147) 961.8 916.8 (0.166) 925.3 937.4

805.8 (0.090) 815.5 763.8 (0.080) 772.9 782.4

382.6 (0.013) 364.7 (0.007)

374.1 (0.002) 357.5 (0.007)

198.7 (0.025) 204.3 191.0 (0.021) 196.2 194.0

156.1 (0.023) 160.2 149.2 (0.017) 153.0 152.6

2 Not resolved or overlapped by other isotopic species.

that this species has indeed a linear dependence with respect taith the growing integrated intensity of the 950.6 Thiband.

Co concentration but a quadratic dependence with respect toThe kinetics can be fitted to the same first-order exponential
O, concentration. In Figure 1.2, three separate samples aregrowth and decrease which indicates that both species are
presented that have been synthesized by keeping the Canvolved in the same slow process along ar~AB path. The
concentration constant and changing thecGncentration from half-life is calculated to be 2% 2 min in argon and 15 2
0.5% to 2% and finally 8%. The band observed at 944.1%cm  min in neon. The time scale is on the order of magnitude of
on Figure 1.2a, markeqr, belongs to a species containing more several minutes, which is very long for excited states.

than two Co atoms. When the Ca/@itio is lowered, this band In the far-IR region, samples were submitted to external IR
disappears, as can be seen in on spectra b and c in Figure 1.2rradiation to reproduce the excitatienelaxation process
Comparison of the integrated intensitids) between thevs observed in the mid-IR region. A globar SiC, identical to the
mode of OCoO at 945.5 crh and the 1286.2 cnt band, when IR source of the spectrometer, was used, and irradiation was

going from 0.5% to 2% and from 2% to 8%, shows that the done through the CaFwindow mounted on the assembly.
1(1286.2)I(945.5) ratio is proportional to the &oncentration Spectra taken before the irradiation, in the far-IR region, show
increase, indicating that the species responsible for this absorp-
tion contains an additionalOnolecule and is therefore CQO .
Along with this absorption, several other bands at 953.1 and o6+ o C004 T
805.8 cntl in the mid-IR and 382.6, 374.1, 198.7, and 156.1 ;
cmtin the far-IR region are observed to follow an identical 0.5+ CoO
behavior following irradiation and annealing. They showed the 1 ¢ 4

same dependence to Co angld@ncentrations and are attributed g * (0 min.)
to the same species (Table 1). g ] )
Low-pass and band-pass filters mounted on a rotating wheel§ 931 (28)

b

0

inside the spectrometer were used to keep part of the lightg 2_' VAN

emitted by the source from reaching the sample. Four different | (56)

filters were used: < 1750 cn?, v < 1900 cnt?, v € [3500— o _M (85)

3800] cnt?, andv < 4250 cnTl. Spectra taken using the 1750 ]

and 1900 cm! low-pass filters revealed a slow decrease of the o, MNT‘“‘““ (640) . .
1286.2, 953.1, and 805.8 crhbands and a concomitant growth 1220 1210 955 950
of another set of bands at 950.6, 898.2, and 842.8'chifter Wavenumber (cm”)

leaving the sample _'n the dark for 2 h, the 1286'2’_953'1’ and Figure 2. CoOy* to ground-state Co@relaxation kinetics in argon:
805.8 cm* absorptions had almost completely disappeared |r’spectra in the 12251205 and 955940 cm! regions taken using
(Figure 2), while the other three bands had grown considerably. a 1750 cm? low-pass filter after leaving sample in the dark fanin.
When the 1750 cmt low-pass filter was replaced by the low-
pass 4250 cmt filter, spectra showed a slow return of the
1286.2, 953.1, and 805.8 ctbands and a slight decrease of
the other three. The filters were then removed completely from 0.20 -
the spectrometer beam, and spectra were taken using the full
range of the source. The 1286.2, 953.1, and 805.8'd&rands

grew back completely, and the three bands at 950.6, 898.2, and &
842.8 cn! disappeared. Let it be noted that the photon flux &
supplied by the spectrometer source is estimated around 0.7 = 0.10
mW/cn? in the effective energy range and is thereby very low,
but appears nonetheless sufficient to induce a complete switch 0.054
from one set of absorption bands to the other during an unfiltered
spectral acquisition, which can last up to 20 min. To follow

adequately the decrease of the 1286.2, 953.1, and 805.8 cm 0.00 0 20 40 60 80 o0
absorption bands and the growth of the other set of bands, Time (min)

spectra of only a few scans (lasting less than a minute_) using Figure 3. First-order exponential fit (growth and decay) f&
the 1750 cm* low-pass filter were taken regularly every minute.  |niegrated intensity of; of CoQs, 1(950.6): 4 Integrated intensity of
The decreasing integrated intensity of the 1286.2‘cabsorp- v, of CoQy*, 1(1286.2); as a function of the time obtained from bands
tion as a function of the time is reported in Figure 3, along presented Figure 2.
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argon (spectra without low-pass filter minus spectra with low-pass filter upward) fundamental absorptions with different isotopic mixtuds.
after 2 h in thedark). Bands of Co@ are pointing upward, and bands =0+« e to OCoO isotopomer. (a) €305, (b) Co+ 80y, (c) Co
g‘é;round-state Cogare pointing downward. (a) Cé °0,, (b) Co+ + [190, + 180,], (d) Co + [0, +1010 + 1;302]. '
2.

bands at 419.6, 405.7, 276.9, and 205.5 tthat have the same  respectively (Figure 4). In samples containing an equal-50%
Co and Q dependency as CaOSpectra taken directly after ~ 50% mixture of®O, and*#0,, isotopic multiplets are sometimes
irradiation show growth of several new bands at 382.6, 374.0, more clearly observable in neon samples than in argon because
198.8, and 156.1 cmt and disappearance of the four previous of the fact that the absorption bands are narrower in neon.
bands. After leaving the sample in the dark for 1 h, these bandsTherefore, the observation of small couplings between the
vanished, and the previous bands at 419.6, 405.7, 276.9, andvibrational modes is facilitated in neon, whereas they sometimes
205.5 cn! grew back. This process was repeated several times,remain unresolved in argon, because the bands overlap. The
showing perfect reproducibility of the respective behaviors of band at 950.6 cm presents a quartet structure composed of
both sets of bands (Figure 4). the two bands observed in th#,/Ar and180,/Ar samples and
When samples were annealed in the dark and spectra takerpf two supplementary bands at 949.6 and 901.2%cifhe 898.2
during the annealing process with the 1750 étow-pass filter cm~1 absorption reveals a triplet structure with a supplementary
in the mid-IR region, the growth of the 1286.2, 953.1, and 805.8 band at 862.1 crt, very close to the absorption of the ¥0,
cm~1 bands was first observed. This shows that the £60 isotopomer. The profile of the 898.2 chband is not broadened
O, reaction proceeds without any barrier to the excited state of in these samples, but its relative intensity is greater than what
CoQ. Frequencies and relative integrated intensities are reportedwould be expected, implying that two bands are overlapped at
in Tables 1 and 2. The 1286.2, 953.1, 805.8, 382.6, 374.0, 198.8 this frequency and that the multiplet has in fact a quartet
and 156.1 cm! bands all correlate with the excited state: structure. Finally, the 842.8 crh absorption presents supple-
CoOQy*. The bands at 950.6, 898.2, 842.8, 419.6, 405.7, 276.9, mentary bands at 840.3, 806.1, and 802.8 t(Figure 5). In
205.5, and 193.7 cm belong to the ground state: CgO the far-IR region, the absorptions at 419.6, 276.9, and 205.5
Results obtained by isotopic substitutions will be described cm™! show resolved quartet structures. The band at 405:7 cm
for each state separately. For the Gafound state, in samples  is too weak to be observed in samples containing more than
containing®0,/Ar(Ne) mixtures, the 950.6 cmt band is red- one isotopic species. In samples containitf@4 + 1800 +
shifted by 50.9 cm?, while the 898.2 and 842.8 crhbands 180,)/Ar mixtures, all modes in the mid-IR range present a
are shifted by 36.4 and 38.4 ci respectively (Figure 4). The  middle component. The 885.4 ciband is slightly blue-shifted
bands of the far-IR region show shorter red shifts of 21.8 and and the 816.5 cnt slightly red-shifted, with respect to the exact
20.0 cnt for the 419.6 and 405.7 bands and 14.4, 6.8, and 8.5 middle of the isotopic interval delimited by the absorptions of
cm! for the 276.9, 205.5, and 193.7 cin absorptions, Co'%0, and Cd80, (Figure 5). In the far-IR region, only the

TABLE 2: Experimental Frequencies (cn!) and Relative Intensities (in parentheses) for Ground-State Co@lsolated in Solid
Argon and Neon for All Isotopic Precursors

CoOy
160, 10, 160, + 180, 180160
Ar Ne Ar Ne Ar Ar
1727.5 (0.023) 1742.4 1651.0 (0.025) 1667.0

950.6 (1) 957.9 900.1 (1) 907.5 949.6/901.2 925.9

898.2 (0.752) 905.7 861.8 (0.558) 869.1 —1862.1 885.4

842.8 (0.235) 847.6 804.3 (0.209) 812.9 840.3/806.1/802.8 816.5

419.6 (0.039) 397.9 (0.026) 404.2 417.57/401.70

405.7 (0.007) 384.7 (0.006)

276.9 (0.012) 262.5 (0.021) 265.0 275.2/264.1 269.6

205.5 (0.162) 208.4 198.8 (0.135) 201.3 203.9/200.4 199.6/201.0/
201.8/202.8/
204.7

193.7 (0.013) 196.7 185.2 (0.006) 188.3 190.2/189.0
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205.5 cnt! mode reveals all nine components of a resolved
triplet of triplets (Figure 6) characteristic for molecules with
two pairs of equivalent O atoms. The other absorptions in this
region are too weak to be observed as isotopic multiplets.
For the CoQ* excited state, when replacingO, by 180,,
the 1286.2 cm! absorption is red-shifted by 70.9 cfy while
the 953.1 and 805.8 cm bands are red-shifted by 36.3 and 42
cm™1, respectively. The weaker bands in the far-IR region at
382.6, 374.0, 198.8, and 156.1 chare red-shifted by 17.9,
16.5, 7.7, and 6.9 cm, respectively. In samples containing an
equal mixture oft%0, and180,, multiplet structures are more
clearly resolved in neon. The 1286.2 chiband shows a quartet
structure (see Figure 6 of the preceding art®leonly resolved
in neon at an 0.1 cri resolution. The 953.1 cnt band shows
a doublet structure, but the absorption profiles are broadened
in samples containingt§0, +180,)/RG mixtures compared to
those of samples containing only one isotopic specié@,(
RG or!80,/RG). This indicates that additional bands are present
in the isotopic multiplet, but remain unresolved, even in neon.
For the 805.8 cm! absorption, a resolved quartet structure is
observed with 1O, +180,) precursors showing new bands at
805.5 and 765.4 cri (Figure 5). The bands in the far-IR region
at 382.6, 374.0, 198.8, and 156.1 dmonce again, have
broadened absorption profiles leaving the isotopic multiplets
unresolved. Finally, in samples containitf,, 1800, and
180, precursors, the multiplets around 1286.2 and 1215.3'cm
present broadened signals near the absorptions of tHOC0
and Cd®0,4 molecules, thus indicating the presence of several
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Figure 7. IR spectra in the’; region of CoQ* in neon with different

isotopic mixtures. (a) Co- 1°0,, (b) Co + 20, (c) Co+ [**O, +
180], (d) Co + [*%0; +1°0™0 + 1*0y].

cm! absorption grows along with a band at 1331 ¢ém
tentatively assigned to Ca®y Chertihin et al® Concentration
effects show that the 1331 and 1365 ¢rbands are absent in
very diluted samples (0.5% AAr) but are prevalent in
concentrated samples(86% QyJ/Ar), after annealing. They
have the same dependence on Co apcc@centrations and
present identical behaviors: growing considerably after pho-
tolysis and annealing above 25 K. The species responsible for
these absorptions shows a higher-order dependence toward O
than CoQ and will be designated as CgQuithy > 4 (species

Y of the previous publication). The concentration effects also
show that two supplementary bands at 797.3 and 897:3 cm
(Figure 8a) show the same dependence on betar@d Co as
CoQ,. Furthermore, these two bands show the same behavior
to photolysis and annealing as the 1331 and 1365'dmands

and are, therefore, assigned to G&® well. Experiments done

in isotopically substituted samples, such a&0f + 180,)
mixtures, show that the 1331 and 1365 @nibands present
complex multiplet structures, and in samples containii@y

+ 180160 + 180,) mixtures, the isotopic multiplets are not
triplets but contain many overlapping supplementary bands
(Figure 8b). Therefore, with the exception of the 805.6&m
band assigned to OOCeg(all other bands belong, in fact, to
larger species. The study of these larger species is not our aim
in this paper, and they will not be discussed further.

Theoretical Results

Calculations have been carried out using the same DFT

unresolved additional isotopic components (see arrows on Figuremethod as that used in the preceding article (BPW91/6-311G-

7d). Only the central component near 1250 éshows a clear
3.1 cmt splitting due to the'®0®0OCo0G, and OO CoQ,
isotopomer groups (Figure 7). For the two other main absorp-
tions of this system at 953.1 and 805.8 ¢ma middle
component is observed in the presence%d,, 1800, and
180, precursors. Absorptions in the far-IR region are too weak
to show resolved isotopic multiplets in the presence of these
precursors.

Chertihin et al® had assigned several different absorption
bands to Co®@isomers, and it is important that these assign-
ments be revised before we go on with our discussion concern-
ing the CoQ species. The bands at 1042 and 1365 &m
assigned to OOCo(#p, cannot belong to the same species;
indeed, when the sample is submitted to HgXe broadband
photolysis, the 1042 cm absorption disappears, while the 1365

(3df)).15 Indeed, for Co@, the CCSD(T) method was used as
well to obtain the most promising results. Unfortunately, such
calculations were not feasible for Ce&t our level. Nonetheless,
the DFT results obtained in the preceding article are in
acceptable agreement with the experimental data for,Go@

will be used as a starting point. The dissociation energies were
calculated with respect to the ground-state fragmeis (for

O, and 224" for CoQ,) correlating with a quartet surface.

All structures have been considered and calculations opti-
mized for C;, Cs, Cyp,, D2g and Ty symmetries, taking into
account all spin multiplicities (doublet, quartet, and sextet) each
time. Only two structures were found to be competitive at low
energy, corresponding . (Cz,) and*A’ (C,) states. The sextet
state B, (D)) obtained by Uzunova et &l.was found to be
at higher energies: 0.80 eV above the ground state. Energies
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(‘0 .
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12 (d) (BE=-1.146¢eV ) (BE=-1231eV) (BE=-1.262¢V )
1.0 Figure 9. Optimized geometries at the BPW91/6-311G(3df) level for
| | | | © ground-state reactant and low-lying states of thetQC0oO, — CoOy
0.8 | c

system. Distances are in angstroms (A) and angles in degees (
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|
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Figure 8. (part a) IR spectra in the 138050 cnt! region for

thermally evaporated Co atoms codeposited with®®@/Ar. Funda- 3895

mental absorptions of Cgfy > 4, and Co@" in argon: (a) deposition, 12l

(b) UV broadband photolysis, (c) annealing to 30 K. Spectra has been

multiplied by 0.28 to normalize on the band at 1286.2 tof CoQy*. 2960

(part b) IR spectra in the 146@225 cn? region. Fundamental

absorptions of CoQy > 4, in argon with different isotopic mixtures: 0.

(a) Co+ 60, (b) Co+ 80, (c) Co+ [0, + 180;), (d) Co + [1¢O,

+160%80 + 180y . . .
15 157 0-0CoO bisector angle (deg)

for sextet mutiplicities foiC,, and Cs symmetries were found  Figure 10. Potential energy profiles of th#,, 2B1, and“B states
at 0.60 and 0.76 eV, respectively, showing that the sextet statesalong the angle between each O atom (gf &hd the bisector of OCoO
are all well above the doublet and quartet states. We verified subunits (labeled ag; anda). For each value ofi, = o, all of the
that spin contamination was in every case lower than 5% with émaining geometrical variables have been reoptimized.

respect to the expected valué®(= 0.75, 3.75, or 8.75 for ) , . -
the doublet¢ = ), quartet € = 3/,) or sextet § = 5/,) states). manifold. The PES of théA’ state is not repre§ented in FlgL_Jre
Figure 9 presents the optimized geometries for the doublet and10: Pecause themy = o and the G- OCoO bisector angle is
quartet states and binding energies (BEs) with respect to those!'® 1onger a pertinent coordinate. All four states are represented
of the ground-state fragments. The real minima in the doublet N Figure 11, placed at their respective energies.

and quartet manifolds are tRa, and*A’ structures which have Harmonic frequencies and absolute intensities have been
- . - ap’ i
been fully optimized. ThéB structure is not a real minimum  calculated for théA, and“A’ states for two isotopomers, €0,

but a transition state obtained withCa, symmetry constraint, ~ and C8°0, and are reported in Tables 3 and 4, along with the

which relaxes to théA’ state once the constraint is removed. experim_ental frequencies and relative intensities for easier
Figure 10 presents the potential energy profiles calculated €OMParson.
for each state in the transition pathway along the @oO
bisector angle coordinate. THB; state is a transition state and
is accessed through an adiabatic transition with an impGsgd A vibrational analysis, based on experimental results, will
symmetry constrainio(; = o). TheAS= 0 electronic selection  be done in order to discuss structures for both states of2CoO
rule being respected, this transition is fully allowed and should Next, the photophysical properties of this system, as well as a
have a very high transition moment and short lifetime. B¢ possible formation pathway, will be presented.
excited state and tH; potential energy profiles are calculated Experimental results and conclusions will then be compared
to cross below the vertical transition. The system in this picture, with DFT and semiempirical harmonic force field potential
therefore, relaxes easily to tHB; state without reaching the = (SHFF) calculations. Evolution of the bond force constants,
bottom of the?B; potential energy surface (PES). It then finally geometries, and the transition pathway between states obtained
relaxes to théA' state which is a true local minima of the quartet by the DFT calculations will be discussed.

Discussion
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BE (kcal/mol) Co'%0,, as well as the large difference in the integrated
A intensities, clearly indicate that the 419.6 Trband is the
000 = Dissociation limit: O 3+ OCoO asymmetric stretch and the 405.7 chband is the symmetric

stretch. The energy and isotopic patterns observed for the 898.2
and 842.8 cm! bands are typical of CeO stretching modes
7 of a bent dioxo group. Respective isotopic shifts and integrated
intensities show that the 842.8 cinband is the symmetric

20,00 24,2 B crossing stretching mode and the 898.2 chband is the asymmetric
i e stretching mode of the OCoO-dioxo part of the molecule. A
T "B1 Oy Transition State S‘ 2 combination of these two modes is observed at 1727.5'cm
. ‘hy ‘T-- supplying the crossed anharmonicKy, = —13.5 cnT™. It is
/ e Ay interesting to note that this combination is very close toithe
gi local minimum + v3 combination of isolated OCoO molecules at 1717.4 &
—40.00 | — ~€~~~""" Non-radiative and the crossed anharmonicity is also quite close toXihe=
A relaxation —11.7 cnt! anharmonicity of OCo0.

global minimum

The absorptions of the far-IR region are typical of bending
Figure'll. Representation of the (_jifferent stages of the excitation  modes. All these observations lead tCa structure, with a
relaxa_tlon process of CQ(_)Nl states involved in the process are placed dioxo-superoxide form. Furthermore, even if 860 coun-
at their respective energies. . o
terpart of the asymmetric CoO stretching mode at 885.4cm

is blue-shifted with respect to the average of thé®Og and
Co'80, isotopic interval, it only indicates coupling between the
CoO coordinates of the dioxo group. The fact that the profile
of the 885.4 cm! absorption is identical to that of the pure
isotopic components implies that the symmetry lowering does
g not induce supplementary couplings between the dioxo and the

‘superoxo groups witffO0 substitutions, suggesting that the

180, mixtures show that the O atoms in the molecular GS are mo!egule IS I|!<ely “O“péé‘”a}f an::l that the dioxo and superoxo
two-by-two equivalent. moieties are in perpendicular planes.

The large-frequency shift observed for the 950.6-ém A Cz structure leads to the decomposition of normal
fundamental when usin§O, precursors is typical of an€0 vibrational modes into irreducible representations spanhbipg
stretch of an @group bonded in a superoxide form. The 419.6 = 4& + & + 2by + 2b,. Aside from one movement of;a
and 405.7 cm! absorptions are typically in the energy range Symmetry, which is not IR active and corresponds to a torsional
of the elongations of a superoxide form, as observed in the casevibration, all vibrational fundamentals are observed.
of NiO,.2° The observed isotopic shifts 6f21.7 and-21 cnt?, CoOy* Excited StateFor the excited state, seven fundamental
respectively, for these modes, when going from'@e to absorptions and one combination are observed. The most intense

A. Vibrational Analysis and Structural Implications. The
large differences observed in the frequencies of the lowest-lying
states of Co@indicate that a significant geometry change occurs
when going from the ground to the excited state.

CoOy Ground State.For the ground state (GS), eight
fundamental absorptions and one combination were observe
The isotopic quartets observed in samples contaif®y +

TABLE 3: Comparison of Experimental (in solid argon) and DFT Calculated Frequencies (cm?) and Intensities for the 2A,
State of CoQ?

frequencies for C8O, frequencies for C0,
exptl calcd (DFT) exptl calcd (DFT)

v1 (A1) 950.6 (1) 1004.0 [112] (1) 900.1 (1) 952.4 [103] (1)

6 (By) 898.2 (0.752) 970.0 [84] (0.76) 861.8 (0.558) 929.7 [78] (0.768)
v2 (Ay) 842.8 (0.235) 952.4 [3] (0.11) 804.3 (0.209) 903.7 [0.3] (0.057)
s (Ad) 419.6 (0.039) 579.1 [1] (0.01) 397.9 (0.026) 554.0 [1 (0.016)
vg (B2) 405.7 (0.007) 466.7 [7] (0.05) 384.7 (0.006) 442 5 [7] (0.057)
va (A2) 276.9 (0.012) 335.1 [4] (0.01) 262.5 (0.021) 317.2 [4] (0.024)
vs (Ay) 252.4 [0] (0) 237.7 [0] (0)

v7 (By) 205.5 (0.162) 230.3 [4] (0.07) 198.8 (0.135) 220.2 [4] (0.066)
vo (B) 193.7 (0.013) 237.3 [14] (0.01) 185.2 (0.006) 229.2 [13] (0.016)

a Absolute IR intensities are in brackets [km/mol], and relative intensities are in parentheses.

TABLE 4: Comparison of Experimental (in solid argon) and DFT Calculated Frequencies (cm?) and Intensities for the A’
State of CoQ2

frequencies for C60,* frequencies for C&O,*
exptl calcd (DFT) exptl calcd (DFT)

vy (AY) 1286.2 ) 1277.6 [163] Q) 1215.3 @ 1204.4 [144] (1)

vz (A") 953.1 (0.147) 971.0 [67] (0.406) 916.8 (0.166) 931.5 [62] (0.425)
vz (A") 805.8 (0.090) 920.9 [22] (0.112) 763.8 (0.080) 875.1 [21] (0.121)
vs (A") 382.6 (0.013) 513.9 [8] (0.029) 364.7 (0.007) 490.1 [7] (0.027)
va (A 374.1 (0.002) 330.0 [4] (0.005) 357.5 (0.007) 3175 [4] (0.005)
s (A") 284.6 (5] (0.020) 270.7 [4] (0.016)

vg (A") 198.7 (0.025) 2185 2] (0.005) 191.0 (0.021) 207.8 2] (0.005)
e (A") 156.1 (0.023) 150.2 [16] (0.064) 149.2 (0.017) 143.1 [15] (0.072)

a Absolute IR intensities are in brackets [km/mol], and relative intensities are in parenthesis.



112 J. Phys. Chem. A, Vol. 109, No. 1, 2005

TABLE 5: Comparison of Experimental and Calculated Frequenc

Danset et al.

ies (cm?) for Ground-State CoQy in Solid Argon?

(160,)Cot0, (180,)C0'%0, (160,)Co'0, (*80,)Cot0, (1600)CaH080

obsd calcd obsd calcd obsd calcd obsd calcd obsd calcd
v1 (A1) 950.6 951.4 900.1 899.4 949.5 951.1 901.2 900.8 925.9 926.0
ve (B1) 898.2 898.4 861.9 862.1 b 862.1 898.2 898.4 885.4 885.5
vz (A1) 842.9 842.6 804.4 803.2 806.5/802.8 805.8 840.4 839.3 816.6 817.7
vz (A1) 419.6 418.9 397.9 400.7 417.6 414.6 401.7 405.1 407.7 405.1
vg (B2) 405.7 404.9 384.7 384.2 b 404.9 b 384.2 397.0 392.2
va (A1) 276.9 277.2 262.5 262.2 264.1 264.6 275.2 274.6 269.9 269.9
vs (A2) 272.8 257.2 269.6 260.5 265.3
v7 (B1) 205.5 205.3 198.8 198.2 200.5 200.2 203.9 203.4 201.9 201.7
vo (B2) 193.8 193.7 185.2 185.0 189.0 188.7 190.2 190.1 188.9 189.1

a Semiempirical force-field calculations WIFF"bo = 3.58,FCO=Q = 5-451FCCFO = 1-561':000, CoO0— 0-151FCOO,OO: 0.405,’:00:0,00: 02, F Co=0,

coo = —0.15 mdyne/AF, = 0.62,Fy = 0.625, Foqagj = —0.42, Foaopp =
species® Presumed Fermi resonance doublet.

absorption is the 1286.2 crhband; the energy range is typical
of that of an unruptured ©0 bond stretching mode. The
important isotopic shift observed for this mode70.9 cnT?)
when changing th&0, precursor t0t®0; is a clear indication
that this absorption corresponds to a mode involving mainly an
O; stretch. Additionally, the frequency of this mode is closer
to that of a free oxygen molecule-{550 cnt?) than in the
GS, indicating that the €0 bond is less perturbed in this state.
Furthermore, the Co(O,) vibration occurs at a lower frequency,
382.6 cnTl, indicating that the bond is quite weak. The quartet
structure observed in samples containing an equal-580%0
mixture of 160, and 80, precursors shows very short shifts
between the C60, and ¢60,)Co(*80,) absorption bands, thus
indicating that the coupling between the=O and Ce-O
coordinates is weak, and substitution of the other two oxygens
of the molecule has a low impact on the frequency of the@D
stretch. Additionally, the isotopic multiplet observed in samples
containing!0,, 160180, and®0, precursors indicates that the
oxygens involved in this mode are nonequivalent.

The 953.1 and 805.8 cmh bands are typical of CeO
stretching modes of a bent dioxo group. The smalte8g.3
and—42.0 cn1?) isotopic shifts observed when going fréf®,
to 180, precursors for these two modes are indications that these
two oxygens are no longer linked. The triplet structures of the
953.1 and 805.8 crd bands in samples containigD,, 18010,
and'80, precursors imply that these two oxygens are equivalent.
The relative intensities of these two absorption bands, respec-
tively, 0.147 and 0.090, indicate that the 805.8&imand, being

—0.05 mdyne/A ra#l ® Not resolved or overlapped by other isotopic

are red-shifted to 382.6 and 374.1 chirespectively, once again
showing that the bond is weakened.

The asymmetric and symmetric stretches of the dioxo part
of both molecules are also informative. Indeed, the 898.2'cm
band is blue-shifted to 953.1 cth and the 842.9 cri band is
red-shifted to 805.8 cm, bringing the frequencies in the excited
state closer to those of the isolated OCoO molecule, which is
linearl® It appears that an opening of the OCoO angle occurs
in the excited state which is coherent with a smaller perturbation
induced by the other oxygens of the molecule, since the cycle
has been broken and sterical hindrance is lessened. Note that
the integrated intensities are quite different as well (Tables 1
and 2), supporting yet again the angle change toward linearity
in the dioxo part of the molecule.

The DFT calculated geometrical parameters (angles and
distances) of each state evolve according to the experimental
data (Figure 9), yet the harmonic frequencies are not reproduced
very well, implying, for instance, that the €® interatomic
distances are largely underestimated. Indeed, for the G$; the
frequency is calculated at 1003.9 chinstead of 950.6 cri,
which indicates that the ©0 bond is longer than the 1.392 A
calculated. The'; andvg bands are calculated at 579.1 and 466.7
cm~1 instead of 419.6 and 405.7 cA which shows that the
Co—O0 bonds of the cycle are also quite underestimated by the
calculations. The frequencies calculated for the dioxo part of
the molecule are also too high, which means that the bond
lengths are once again underestimated.

For the excited state, the same type of discrepancy appears.

the weakest, corresponds to the symmetric stretch of the oxygensThe v, frequency is calculated at 1277.6 cthwhich overes-

and the 953.1 cmt band, almost twice as intense as the

timates slightly the &0 bond length (1.266 A). As for the

previous, corresponds to the asymmetric stretch. The absorptionvibration, it is calculated at 920.8 crhinstead of 805.8 c,

observed at 1747.7 cthcorresponds to the; + v, combination
and supplies theX;; = —11.2 cnt! crossed anharmonicity.
Finally, with two equivalent oxygens fixed on the cobalt atom
and two nonequivalent ones,G or C; symmetry is the only
possibility for this state of the molecule.

B. Structural Evolution and Comparison with DFT
Calculations. The 950.6 cm! v; mode of the ground state
corresponding to the €0 stretch is blue-shifted to 1286.2 cin
(v1 mode of the excited state) indicating that the=O bond is

which is an error of 15%, suggesting that the calculated bond
length is once again underestimated.

To check the consistency of the proposed geometry and
vibrational assignments, as well as help compare the evolution
of Co—O and G=0O bond strengths in the 0O+ CoO,
complexation or in the two different electronic states, a
semiempirical harmonic force field calculation was developed,
on the basis of the best reproduction of both frequencies and
isotopic effects and the DFT geometry. The results are presented

strengthened in the excited state and therefore shortened. Thén Tables 5 and 6 and call for a few comments.

isotopic multiplet of the 1286.2 cm band clearly shows that
the oxyens are no longer two-by-two equivalent. Only the two
O atoms of the dioxo part of the molecule remain equivalent,
while the other two become nonequivalent, indicating that one
of the Co—O bonds of the cycle has been ruptured. The
remaining Ce-O bond is very weakened and elongated
compared to the original CeO bonds of the cycle. The low-
frequency modes at 419.6 and 405.7¢érof the ground state

For the ground state, as discussed before, ts©@nd Co-
O coordinates are coupled in the and v, modes, a correct
reproduction of the isotopic effects, such as the small shifts on
v1 when going from ¥80,)Co'0, to (160,)Co!®0;, or onv; going
from (60,)Co'%0, to (180,)Cot0,, imposes severe constraints
on theFco0,00interaction force constants which are determined
within 0.05 N/cm. The model predicts, however, a 2.5 ém
blue shift onwy in (1%0,)Cot80; relative to {80,)Co'80,, when
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TABLE 6: Comparison of Experimental and Calculated Frequencies (cm?) for CoOy4 in the “A’' State, Values Observed Solid

Neor#
(1600)CaH00
(*60,)Co'0, (*80,)Co*0, (*%0,)Co*0, (*80,)Cot0, (180%0)Ca00
obsd calcd obsd calcd obsd calcd obsd calcd obsd calcd
vy (A" 1286.2 1287.9 1215.3 1214.3 1285.5 1287.5 1214.4 1214.8 1253.3 1254.0
1250.2 1249.4
vz (A") 953.1 953.2 916.8 914.9 b 914.9 b 953.2 937.4 936.6
b 936.6
vz (A" 805.8 805.9 763.8 765.4 764.8 765.8 805.5 805.4 782.4 783.2
b 783.1

vz (A") 382.6 382.5 364.7 365.7 b 377.6 b 380.2 b 374.2
374.1

va (A") 374.1 374.6 357.5 355.6 b b 356.3 369.1
361.4

vs (A") 251.5 239.8 245.6
245.1

vg (A") 198.7 198.3 191.0 187.3 b b 188.2 195.3
190.4

ve (A") 156.1 156.5 149.2 150.4 b b 155.1 152.8
154.2

a Semiempirical force-field calculations witfioo = 7.45,Fcoe—0 = 5.77,Fco-0 = 0.89, Fcoo, coo= —0.28,Fco0,00= —0.25,Fce—0,00 = 0.4,
Fcoo.coo = 0.15 mdyne/AF, = 1.04,Fy = 0.72,Fq, = 0.97,Fy = 0.66, Fiosion = 0.05 mdyne A ra#l @ Not resolved or overlapped by other

isotopic species.

only a band at 802.8 cm is clearly observed. We think that

TABLE 7: Force Constants (mdyne/A) and Estimated Bond

. - . Lengths (A) for the Co—O Bonds of the2A, (GS) and4A’
the occurrence of an anharmonic resonance, specific to thissiates of CoQ

isotopic species, is responsible for this discrepancy. The first
overtone of the band observed at 401.7-¢ffior this molecule

e

e

. force constant  (empirical (BPW91/
would provide an almost perfect energy match, and the second, (SHHF) estimate) 6-311G(3df))
unobserved component of the Fermi dyad Woult_j come at_hlgher CoQs (Ay) Foro=5.45 1628 1580
frequency and be masked by the strong absorption at 805.8 cm Feoo= 1.56 1.834 1.778
for the normal isotopes (Figure 4). The reproduction of the coo* (“A") Feoo=5.77 1.618 1.588
observed isotopic shifts is otherwise satisfactory and within the Fco0=0.89 1.927 1.795

small systematic deviations due to anharmonicity, except for  agror is estimated to be-0.01A.
thevs andv7 bands, for which the errors on some isotopic shifts
reach 15%. This usually signals a problem with the assumed (0=0) bond force constant is almost half as large, a sign of a
geometry, such as a slightly too obtuse OCoO bond angle for y,ch looser interaction.
the superoxide group. The overestimation of both theaAd Having obtained the main force constants for each state, we
B2 Co(Q,) stretching modes in the DFT results is in line with -5, propose an estimation of each bond length using a
this conclusion, and it is likely that the true molecular geometry erschback Laurie type empirical correlation optimized for the
implies a longer Ce-(O;) distance than what is implied here. o0 diatomics. The bond length estimates are reported Table
By varying the potential constants around their optimal values, 7 ajong with those calculated by the DFT for easier comparison.
it is possible to estimate the=8D, Co=0, and Ce-O force For the?A, state,r = 1.628+ 0.010 A is obtained for the
constants to.3.55: 0.1, 5.45+ 0.1, and 1.55+ 0.05 mdyne Co=0 bonds of the dioxo CeO bonds, and, = 1.834+
A1, respectively. 0.010 A is obtained for the GeO bonds of the coordinated
To facilitate quantitative comparisons between cobalt dioxide, O,.
its oxygen-coordinated forms, or the different electronic states  For the“A’ state, the CeO bonds of the dioxo part of the
of the latter, we have also performed an SHFF calculation fitting molecules are estimated at = 1.618 + 0.01 A, which is
harmonic potential constants to most accurately reproduce theconsistent with what has been previously presented (i.e., those
frequencies and isotopic shifts on CgO(Table 6). The Co=0 bonds are shortened when going from the ground to the
experimental data are not as complete as for the ground stateexcited state), possibly because of a reduction of the perturbation
in particular in the low frequency region, for which one IR- induced by the &0 bond and less steric hindrance. The-€o
active fundamental is missing, and isotopic data in the mixtures (O=0) bond, on the other hand, is very weakened in this state,
are not clearly resolved, thus assignments follow the ordering and the estimated bond lengthris= 1.927+ 0.010 A, which
predicted in the DFT calculation, which may be the cause of is practically 0.15 A longer than what was found by the DFT.
some discrepancies between the predicted and observed isotopic This rule, linking force constants and bond lengths, is quite
shifts. This model is thus only indicative in the low-frequency accurate when optimized and used for a specific type of bond.
vibration region and can only be trusted for the stretching The values presented here are only an estimate, but they give a
vibrations and motions above 300 ch The optimal values good approximation of the bond lengths for these cobalt oxide
for the O=0, Co=0, and Ce-O force constants amount to molecules.
7.45+ 0.2, 5.77+ 0.1, and 0.8% 0.1 mdyne A1, respectively. C. Formation Pathway and Photophysical PropertiesThe
Thus, the G=O bond force constant has an intermediate value formation pathway of this molecule can be followed through
between that in ©@(11.35) and ionic superoxides (5.5, typically). the experimental observations. Indeed, to form this molecule,
Also, compared to the low-spin state, the=€0 bond is longer, samples need to first be submitted to Ywis broadband
within uncertainty equal to that found in CeCand the Ce- photolysis and then annealed to 25 K. The broadband photolysis
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produces large quantities of OCoO, which decreases signifi- not relax without both a spin-forbidden process and a large
cantly upon annealing. Let it be noted that no species other thangeometry change (Figure 11). This is completely consistent with
OCo0O decreases with annealing the sample. In samples whereghe long lifetime observed in rare gas matrices for the low-
the triatomic species is barely formed, Coi® barely formed lying excited state ofCs symmetry (23 to 15 min half-life,
as well. Both of these indications tend to prove that the triatomic depending on the matrix nature). We did not attempt to estimate
species fixes an oxygen molecule to form Go@lso, the the energy barrier to overcome in the relaxation process nor its
excited state is formed first, followed by relaxation to the ground exact nature. It could possibly give rise to IR phosphorescence
state. Because it has been shown that the OCoO triatomic specieand remains to be investigated. It is interesting to note that
has a%Z4" ground stat® and that @ has a°X ground state,  Calatayud et al?? studied the V@ molecule at the B3LYP/
reactants interact first on the quartet PES. Thus, it seems more6-31G* level and found very similar results to what was found
likely that the excited state belongs to the quartet manifold. here for CoQ, as the species involve the same number of
Additionally, the experimental data presented here show that unpaired d-electrons. Indeed, their calculations start from the
the D,y geometry proposed by Uzunova et al. does not reaction of VQ (?A;) with O, (32) to form CoQ,. The ground
correspond to what is experimentally observed. state is calculated to be?8, of C,, symmetry, with oxygens
The photophysical properties of this molecule were also of two-by-two equivalent and the dioxo and superoxo moieties in
interest, and several experimental observations lead to conclu-perpendicular planes. The first excited state is found tot#e a

sions that will be confronted with DFT calculations. (Cy), 2.6 eV above the ground state. Therefore, aside from the
An efficient energy range for the electronic transition has been larger energy difference between the two states found fa, VO
isolated, within they = 4250 4+ 250 cnt?! interval. It is the electronic structures and geometries resemble greatly what

important to emphasize that this energy range is not the energycould be observed and calculated for GoO
that separates ground and metastable states of, BatOonly

the energy ran f the photon that in lation of th . . . -
e energy range of the photon that induces population o eher careful assistance in the experiments. This work was

excited state. Further observations tending to prove this af-
firmation are discussed hereafter. As it was observed, the ”ght_supported by C.N.R.S. Grant UMR 7075. One of us (M.E.A.)

from the spectrometer source is sufficient to induce total gff%%fu' of allocation of computer time (IDRIS, CNRS, Grant
transformation of the ground state into the excited state, when )-
not filtered above 3800 cm. Because of the very low photon  References and Notes
de_nsny of the source, this would imply that the transition is a (1) Klingerberg, B.: Grellner, F.; Borgmann, D.; Wedler, Gurf. Sci.
spin-allowed process. On the other hand, the relaxation ofCo0O 1993 296 374.
back to the ground state is very slow, indicating that this 5 J(ZEIJirtn'meg V-L\/I-; Feg\a}n?e;hA.;ofggéngi, é.lP-; Gonzalez-Elipe, A.
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