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The Co+ CO reaction argon has been reinvestigated using deposition of ground-state reagents in solid argon.
The Co+ CO reaction products observed without activation energy as€QGpa van der Waals CoCO
complex, and the higher carbonyl species Co(Cljrared radiation at approximately 3000 chto promote

Co into the first excited-state® (3cP4s' configuration), converts the van der Waals complex to the chemically
bound, most stable carbonyl form CoCO. A second irradiation with an approximately 580 nm wavelength
(17000 cm?) reconverts the chemically bound CoCf]) state into the Co-CO van der Waals*{p) state.

The photoprocess is fully reversible. Isotopic datargrv,, vs, 2v1, v1 + v, andv; + v3 have been measured

in the near- and far-infrared regions for the carbonyl form. This enables a complete harmonic force-field
calculation based on a linear geometry, in agreement with all theoretical predictions. DFT calculations of the
geometrical and electronic properties of CoCO complexes from thé CO reaction are also presented and
compared to the experimental values. Reaction mechanisms are proposed and comparisons with bond force
constants of NiCO and CuCO are also presented.

Introduction state vibrational frequencies of CoCO, in particular the low-

The important role played by the CO molecule in chemi- frequency stretching and bending modes in the far-infrared.
sorption processes and catalysis or as ligand in transition metal Nickel and copper monocarbonyls have already been the
complexes has stimulated both theoretical and experimentalSubject of complete infrared studies by our grddmnd we
studies on model compounds. For this reason, the matrix Present now the results for CoCO. In comparison with the NiCO

isolation technique has been applied early to the characterizatior@nd CuCO systems, CoCO has been the subject of fewer number
of simple, unsaturated binary Co(GOjx = 1—4) cobalt of theoretical studie® 8 In contrast with CuCO, also predicted
carbonyls. Concerning the most elementary of all, the cobalt 0 have a doublet ground state with a bent geometry, CoCO is
monocarbonyl CoCO species, isolation was first claimed by predicted in each of these studies to have a linear ground state
Hanlan and co-worketsy reaction of ground-state Co atoms  Structure. All the studies on CoCO have used the density
and carbon monoxide molecules. CoCO was then identified asfunC'[IOI‘la| approach, but with different functionals and basis
the carrier of an IR absorption near 1953 dnn solid argon. sets. All these studies present relatively similar pl’edictions on
Interestingly, no ESR activity was reported for this species in the upper frequency, CO stretching mode (less than 3%
this study. Recently, Zhou and Andrews reinvestigated the difference, see DFT Calculations and Reaction Mechanism), but
reaction between laser-ablated Co atoms and carbon monoxiddliffer significantly on the energies of the lower frequency

in argon and neon matrix@8.In argon, these authors reassigned metat-ligand vibrations. These are more sensitive markers of
the IR band near 1953 crhto a higher order G¢CO), species, the description of the metaligand interaction as the associated
and assigned a band at 1957.3 émwith notably different normal coordinate follows more closely the reaction coordinate.
isotopic effects, to the monocobalt monocarbonyl molecule Such experimental results on these molecules are thus interesting
CoCO. This result would then indicate that the chemically bound 10 test the validity of these calculations. .

carbonyl species was not observed in the previous study, which We report here the frequencies of the-€00 stretching and

in turn implies that the experimental conditions specific to the bending vibrations,, vs and vz, for several isotopic species
laser-ablation experiments are necessary for the observation ofthe *?C*%0, 13C1°0, 12C%0, and**C*®0 isotopic species for
CoCO; that is, excited-state reactions and photochemistry mightCO). New isotopic data on the CO stretching vibration and
play a role in the reaction. In any case, due to the low reaction 0bservations of overtone and binary combination levels in the
yield, presently available vibrational data are restricted to the near-infrared are reported. DFT calculations of the geometrical
strongly absorbing; carbony! stretching fundamental. This and electronic properties of CoCO complexes from the{Co
study presents a reinvestigation of the €oCO reaction in CO reaction are also presented and compared to the experimental
solid argon with a double goal: (i) assess the reactivity of Co Values. A reaction mechanism is proposed and comparisons with
in the ground state*f, 3d4< configuration) with respect to ~ bond force constants of NiCO and CuCO are also presented.
CO or the available reaction channels involving the first

excitated states and (ii) complete our knowledge of the ground- Experimental Section

* To whom correspondence should be addressed. Fax: 33-1-44273021. EXperimental procedures and methods were the same as those
E-mail: tremblay@ccr.jussieu.fr. used in refs 4 and 5. The CoCO molecules were prepared by
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2% CO in Ar) onto a flat, highly polished, Ni-plated copper
mirror maintained at ca. 10 K using a closed-cycle cryogen-
erator, situated in a stainless steel cell evacuated at a base
pressure less than % 1077 mbar, before refrigeration of the
sample holder. A tungsten filament, mounted in a furnace
assembly and wetted with cobalt (Alpha Inorganics, 99.9965%),
was heated from 1200 to 140C to generate the Co vapor.
The metal deposition rate was carefully monitored with the aid
of a quartz microbalance and was typically of the order of about
0.2—1.2 ug/min.

High-purity argon (Prodair; 99.995%) and carbon monoxide
(Matheson; 99.5%)1*CO (CEA, Saclay, France; 999%CO 2136 2134 2132 2130 1980 1960 1940 1920 1900
including 8% 13C180), 12C180 (MSD; 98% 180), or 13C'80 Wavenumber (ecm™
(CEA, Sarclay, France; (_50%160 + 40% 13C_180) were used Figure 1. Infrared spectra of van der Waalo++-CO complex (near
to prepare the COAr mixtures after removing condensable  the diatomics CO stretching region) and;C®, CoCO, Co(CQ) and
impurities with a liquid nitrogen trap. Co(CO} molecules in the €O stretching region with Co/CO/Ar molar

In general, after deposition times varied between 20 and 90 ratio of 0.25/2/100. (a) after deposition, (b) after irradiation at
min, infrared spectra of the resulting sample were recorded in @pPproximately 3000 cnt, (c) after irradiation at 580 nm, and (d)
the transmissionreflection mode between 5000 and 70ém  difference between spectrum b and a.
using a Bruker 120 FTIR spectrometer and suitable combina- 10
tions of Cak/Si, KBr/Ge, or 6um Mylar beam splitters with
either liquid N-cooled InSb or narrow band HgCdTe photo-
diodes or a liquid He-cooled SB bolometer, fitted with cooled
band-pass filters. The resolution was varied between 0.1 and
0.5 cntl. Bare mirror backgrounds, recorded at 10 K from 5000
to 70 cnm! prior to sample deposition, were used as references
in processing the sample spectra. Also, absorption spectra in
the near-, mid-, and far-infrared were collected on $laene
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samples through CaFCsl, or polyethylene windows mounted
on a rotatable flange separating the interferometer vacuum (10
mbar) from that of the cryostatic cell (10mbar). The spectra a
were subsequently subjected to baseline correction to compen- 0.0 ‘ . - :
1970 1960 1950 1940

sate for infrared light scattering and interference patterns.
The sample was next irradiated, typically between 1 and 2

h, using a globar lamp and a combination of a 3200 tlow- Figure _2. Infra_red spectra of CoCO and_ [34s @) moIecm_JIes in the CO

pass filter with a 2750 cmt high-pass filter. It was found that fﬂgﬁg”%r;ﬁ'gg:ﬂ :mcg,bil,t .cg;(/:grcl)t/rﬂog 05;;’1‘3}31’0‘(’)"_“20"’/‘(:%; fA'gO/Ar

the SUbJeCt. of S_tut_jy, the C.:OCO molecule, could be_ Sele_ctl_vely 0.1/1/100, absorbance sca«ld?).S; Co/CO/Ar= 0.25/1/160, absorbance

formed by irradiation at this wavelength. A second irradiation, ¢.gjlex 0.2.

for approximately 30 min, using a 200 W merctixenon high-

pressure arc lamp and an interference filter centered on the Hgappears that the three bands have the same linear dependence

emission line near 580 nm (17000 thy destroyed the CoCO  with respect to CO concentration. Varying the cobalt concentra-

molecule. Infrared spectra of the photolyzed samples were tion, the bands at 2133.7 and 1957.53@rave a similar linear

Wavenumber (cm'1)

recorded between 5000 and 70 @nas outlined above. dependence, while the band at 1953.3 &érhas a quadratic
. dependence (Figure 2). With these considerations, we can assign
Experimental Results this latter band to the G(CO) species, the band at 1957.5¢m

Co vapor was co-condensed with relatively dilute mixtures to the CoCO molecule and the band at 2133.7 nwhich is
of CO in argon (0.5-2/100) at 10 K to favor formation of 4.7 cnT? redshifted with respect to the unreacted CO band, to
monocarbonyls, G&O. In the CO stretching region, the only a molecular complex with one cobalt atom and one CO
range covered in the earlier studies, the products are verymolecule, not observed previously. Data on these two species
strongly absorbing and the reactant concentrations can be variedire presented in Table 1.
over 2 orders of magnitude. Even for a 1% CO/Ar samples, The experiments were repeated using isotopically labeled CO,
five absorptions can be detected in this region (Figure 1): a more specifically!3C1%0, 12C180, and13C80. The results of
weak one at 2133.7 crhon the low-frequency side of the very  the isotopic study are presented in Figuress3and Table 1. In
strong band of unreacted CO, two sharper ones at 1957.5 cm the CO stretching region (Figure 3) the main bands at 1957.5
(1 et full width at half-maximum, fwhm) and 1953.3 crh and 2133.7 cmt shift to 1910.3, 1917.4, and 1869.0 cland
(1.4 cn® fwhm), and two broader ones at 1921.6 and 1983.6 2086.8, 2082.8, and 2034.6 ctwhen!2C1®0 is replaced by
cm~1. The latter two were previously assigned by Hanlan et al. 13C!60, 12C180, and!3C!80, respectively. Similarly, in the far
to Co(CO} and Co(COy, respectively. However, this group IR region, isotopic substitution causes both the bands at 579.2
assigned the band near 1953 ¢nto the CoCO molecule. In  and 424.9 cm® to shift (Figure 4). More specifically, the band
the recent work of Zhou and Andrews, new band at 1957.3  at 579.2 cm? shifts to 573.9 and 564.2 crhupon replacing
cm~! was assigned to CoCO, and the band at 1953.3'cm 12C160 by 13C160 and'2C'80, respectively, while the absorption
reassigned to a GECO), species. at 424.9 cm? shifts to 411.7 and 421.2 cri with these same
After studying the concentration dependence of the bands atprecursors. In an experiment run with a mixture*#t%0 and
2133.7, 1957.5 and 1953.3 cfnover a very wide range, it  13C!80, the Cd3C'%0 counterparts appear at 559.7 and 407.9
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TABLE 1: Vibrational Frequencies? and Relative Intensities
of the IR Absorption Bands Observed for Various Species of
CoCO Molecule and Co--CO van der Waals Complex

Col?C*0 COBC0 Co’C'®0 Co3C'0  assignment
39005 3803.8 38183  3716.121m
3899.3 38015 38119
3897.210:0165F  “379777
3890.9
2544.9 24841 24811  2428.3vi+ vs
2542.7 24827 24797 2427
coaclio.0020) 24827 2477 2427
2534.9
2377.2 2317.4 no° no v+
23745 [0.0004] 2314.9
2373.6
2133.7[0.0720] 2086.8 2082.8 2034.6 vcoin Co--CO
1961.8 19133 19204  1873.1wm
1960.6 [1] 19103 1917.4 1871.9
1957.5 1869.0
583.8 5739 5642 565 v
580.1 [0.0025] 564
579.2 559.7
424.9 4117 4212 407.9
221.0 2004 4186 4055
42100000981 46e1 4172 4042
4201

aVibrational frequencies in cm. The values quoted are withia
0.1 cml, except for the integer values. The value of the main site is
underlined? Relative IR intensities with respect te. Thev; absolute
intensity is estimated to be 860 90 km/mol.¢ Not observed.

5

i
y 1 n
<
O
s}
Q
o]
a

Absorbance units

a

B

T T T T T
1940 1920 1900 1880 1860

Wavenumber (cm'w)

Figure 3. Infrared difference spectra of cobalt monocarbonyl in the
CO stretching region for various isotopic precursors. (ap080, (b)
Co+ 13CO, (c) Co+ C¥O, and (d) Cot (*3C0O-+13C80). Thel’CO
sample contains about 8%C!0 as isotopic impurity. In all samples
the Co/CO/Ar molar ratios are approximately the same: 0.05/2/100.

T
1960

cm1in the far-infrared (top spectra of Figure 4). The feature
at 3890.9 cm?, at about twice the frequency of the CO
stretching, shifts to 3797.7, 3811.9, and 3716.1 tmwhen
13C160, 12C180, and a mixture of13C1%0 and 13C!80 are
substituted fo2C1%0 (Figure 5). The feature at 2534.9 tin
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Figure 4. Infrared difference spectra of cobalt monocarbonyl in the
low-frequency stretching moded) and the bending mode) regions
for various isotopic precursors. (a) Go CO, (b) Co+ 3CO, (c) Co

+ C¥0, and (d) Co+ (*C0+13C0). The 13CO sample contains
about 8%C!80 as isotopic impurity
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Figure 5. Infrared difference spectra of cobalt monocarbonyl in the
CO stretching overtone region and in the+ v; combination region
for various isotopic precursors. (a) Go CO, (b) Co+ *3CO, (c) Co

+ C¥0, and (d) Cot+ (*3C'®O+13C0).

replaced by'3C0. With the 12C80 isotope, the counterpart
of the band at 2377.2 cnh has not been observed because this
band is very near the strong absorption of the,@@lecule
around 2340 cmt. With the 13C0 + 13C180 mixture, the
counterpart of the band at 2377.2 chhas not been observed
because the mixture used contained only 40%36#80.

The sample was next irradiated using a globar lamp and a
3200-2750 cnt! band-pass filter. It was found that the CoCO
molecule selectively grew by irradiation in this domain, while
the molecular complex at 2133.7 chis partially destroyed.
More precisely, after irradiation, three bands grow at 1961.8,
1960.6, and 1957.5 cm (Figure 1). These bands can thus be
assigned to the stretching vibration of the CoCO molecule
present in different trapping sites in the argon matrix. The
existence of several, slightly different trapping sites will be
confirmed on the other fundamental, harmonic, and combination
transitions of this molecule (see Table 1). A second irradiation,
for approximately 30 min, using a 200 W merctiyenon high-

consistent with the combination of the CO stretching mode at pressure arc lamp and an interference filter centered at 580 nm

1957.5 cm! and the mode at 579.2 crh shifts to 2482.7,
2479.7, and 2427 cm when 12C160 is replaced by*3C1€O,
12C180, and a mixture of3C%0 and!3C!€0, respectively (Figure
5).

Finally, the feature at 2377.2 crh consistent with the
combination of the CO stretching mode at 1957.5 érand
the mode at 424.9 cm, shifts to 2317.4 cm! when12C80 is

destroyed the CoCO molecule, and the 2133.7'dnand comes
back to its initial intensity (Figure 1). From this we can infer
that these two bands correspond to two different isomeric forms
of the same system. Also, the isotopic shifts for the 2133.7*cm
band whent?C60 is replaced by3C®0, 12C180, and*C180
(—46.9, —50.9, and—99.1 cn1?l) are very similar, within
experimental errors, in comparison with the isotopic shifts for
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TABLE 2: Comparison of the Experimental Vibrational Frequencies of CoCO (A) with the Harmonic Frequencies Calculated
by a Number of DFT Calculations

experimental DFT calculations

>t C—O stretch

7 1957.5 (860)

w1 1989 1971 (754)  1980.5 (697) 2052 (585) 2020 1979 (686)
IT symmetry bending

V2 424.9 (8.0)

N 370 (10) 358.0 (11) 320 (13) 356 rfic.
=t Co—C stretch

V3 579.2 (2.2)

w3 609 (6) 598.9 (4) 645 (2) 513 n.c.

Re-o(A) 1.170 1.170 1171 1.150 1.170

Reo-c (A) 1.673 1.682 1.645 1.709  1.667
dissociation energy 45 n.c. 30 26.8 57.5
ref this work this work 3 6 7 8

aVibrational frequencies in cm. P Estimated absolute IR intensities10%, in km/mol, see texty.Calculated absolute IR intensiti€sNot
calculated® The definition of the dissociation energy (in kcal/mol) is not the same in all the theoretical works.

the band of unreacted CG-47.1,—-51.0, and—99.4 cntl). cobalt atom and a CO molecule. We have studied the reactivity
We can conclude that the band at 2133.7 €orresponds to of the cobalt atom in different excited states and we have
the CO vibration of a very weakly perturbed CO moiety, thus calculated the CoCO molecule in different states.
attributable to a metastable state of the @20 system in which All calculations were carried out using the Gaussian 98
no chemical bonds takes place, held at most by van der Waalsgquantum chemical packadeA pure DFT method containing
interactions. It is noteworthy that the efficient energy to induce the gradient corrections of BecKefor exchange and of
photoconversion corresponds to that necessary for 4he-a Perdew-Wangd for correlation were used for the excharge
b*F atomic transitior. correlation energy. This functional has been called BPW91. The
Several new absorptions appeared both in the far- (Figure 4)6-311+ G(2d) extended basis set of Pople et’df has been
and near-infrared regions (Figure 5). Among these, five absorp- used for oxygen and carbon. For CO, the basis set of Schaefer
tions near 425, 579, 2377, 2535, and 3891 Emresented a et all® with triple-¢ quality in the valence region (17s10p6d)/
relative intensity dependence proportional to either cobalt or [6s3p3d] was chosen. Reproducing the correct ordering and
carbon monoxide concentrations and behaved, upon the twoseparation of electronic states in first-row transition metal atoms

irradiations, similarly to the strong band at 1957.5 cni. This is a very difficult task in electronic structure theory. For instance,
shows that these absorptions belong to the same species, i.ein refs 6 and 7, using similar functionals but less extended basis
CoCO. set, the correct ordering of the two first electronic states of the

The IR intensity measurements required here special attention,cobalt atom was not reproduced. A®3d ground state was
as the subject of study present both very strong and very weakthus predicted and the procedure had to be modified before being
absorptions, and in different spectral domains. Care was taken,able to assist the data interpretation. We believe that it is a
first, to make measurements on gemesamples in the various  fundamental preliminary step before obtaining a semiquantitative
spectral ranges, second, to repeat these measures on opticallgvaluation of energy level separation and bond dissociation
thin and thick samples in order to avoid large photometric errors energy of the metaticarbonyl molecule. The experimental
and, last, to use band decomposition procedure to estimatevalues for the energy separation betweenfth€8d’4s?) ground
relative intensities for partially overlapping bands. The values state and théF (3cf4s!) and?F (3cP4s!) excited states of the
reported in Table 1 are relative intensities normalized with Co atom are 3483 and 7442 cirespectively’. Therefore, we
respect to the strongest fundamental, at 1957.5'célso, an used a basis set large enough to find the correct level ordering
estimate of the absolute intensities was possible here as it isand energy separation. The computed electronic configuration
possible to follow, with the irradiations, the growth of CoCO of the first two excited states {B (3cf4s!)] and [&£F (3cP4sh)]
molecule correlated with the disappearance of the parentare here correct and their energy difference is in good agreement
Co--CO. A 14+ 1.5 integrated intensity ratio can be derived with the experimental value (4542 vs 3959 ¢ Because both
between thes; CO stretching vibration of CoCO and the CO these excited states are high in energy, the first state of CoCO
stretching fundamental in GeCO, assuming that the CO accessed from ground-state CdRpis a weakly bound van
vibration infrared intensity of the CoCO is the same as that der Waals complex (mostl§®). As stated by experimental
in the CO diatomic molecule. This yields an estimate of 80  considerations, the coordinated complex is formed after pho-
90 km/mol for this very strong band, from known integrated toexcitation. DFT is not well suited for assessing the very weak
intensities'o binding energy for van der Waals-like interaction as for4ibe

DFT Calculations and Reaction MechanismAll the articles state. Calculations done at the MP2 level with the same basis
on CoCO have used the density functional approach (DFT), but set indicate a BSSE-corrected binding energy of less than 1 kcal/
with different functionals and basis sets. All these studies presentmol, i.e., at most a very weakly bound state.
relatively similar predictions on the upper frequency, CO  The reaction of the Co atom in the first excited stité3c-
stretching mode (less than 3% difference, see Table 2), but differ 4s' configuration) with CO gives the CoCO molecule i’
significantly on the energies of the lower frequency metal state with bent structure, and a dissociation energy of 28 kcal/
ligand vibrations and the prevision of the dissociation energy. mol. The molecular ground state corresponding to the CoCO
These results show the sensitivity of this difficult system to the molecule {A) was obtained from the Co atom in the second
functional and/or basis sets employed. The main motivation of excited stat@F (3cP4s"), with a dissociation energy of 45 kcal/
the present calculations (with the same method (DFT)) is to mol, corrected for the zero-point energy and basis set superposi-
understand the energetics and reaction mechanisms between #ion error, calculated with respect to Co*f) + CO (i)
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Co (a’F) + CO (%)

Co (b'F) + CO (%)
Co (a'F) + CO ('z)

Energy

Co-C distance (A)

Figure 6. Schematic potential curves for th&" excited state anth
ground state of the CoCO molecule, with tide state of the Co-CO.

An experimental excitation energy (EE) with approximately 580 nm
light (17000 cm?!) reconverts the chemically bound CoCO in van der
Waals Ce--CO bound state.

fragments. The binding energy with respect to ground-state
reagents will thus correspond to abouB5 kcal/mol. Our
calculated geometrical parameters are very similar with those
reported by Swang et &lAt the MP2 level of theory, we have
found geometrical parametens:¢ =1.202 A, rcoc =1.652 A,

and Do= 55 kcal/mol) close to those obtained with BPWP1.
We should note that the predicted molecular properties for
ground state CoCO do not vary much from one method to the
other (MP2 and DFT), but the calculated dissociation energy
depends strongly on the basis set. This is why a correct
prediction of the metal atomic levels is indispensable for a
reliable adiabatic binding energy estimate.

Tremblay et al.

tion work by Hanlan et al. did not attempt photoexcitations,
and the CoCO species was not formed in these experiments.

In conclusion, we can fully confirm Zhou and Andrews
identification of the 1957.5 cm band as belonging to the cobalt
monocarbonyl chemically bound state but add a band at 2133.7
cm! to the same stoichiometry.

Vibrational Analysis and Harmonic Force Field Calcula-
tions. From the concentration and isotopic effects, the positions
of six absorption bands belonging to CoCO have been clearly
established, which means that at least three out of the six
absorptions are either overtone or combination levels. Previous
work? had assigned the band at 1957.5émo the CO stretching
vibration of CoCO. With arguments detailed in the preceding
section, it is confirmed that this band, along with that at 1961.8
and 1960.6 cmt, belong to the trapping sites of CoCO (Table
1). For the rest of discussion we shall focus on the frequencies
measured for the main site, at 1957.5¢mas the signals are
stronger and sharper, and therefore allowing a more precise
discussion of the isotope effects and of their structural implica-

tions.

For the band observed at 1957.5 dnassignment to the;
CO stretching vibration of CoCO was straightforward, but the
isotopic effects are interesting to analyze in more details.
shifts to lower frequency by 47.2 crhwhen3C0 is used,
by 40.1 cnmt in the case of?C'80 and by 88.5 cmt for 13C180.
Thev; frequency for C&C!0 is larger than that for GéC1¢O
despite a smaller reduced mass for a CO isolated oscillator. This
indicates a substantial vibrational coupling between the CO and

These results are schematized in Figure 6 (the potential curvesCOC oscillators despite the differences in reduced masses and
are here only schematic). Also, it is important to note that the bond strength which must be taken into account for an accurate

energy necessary to the promotion of an electron from 4s level discussion of the molecular parameters. Appraising the differ-

to 3d level in cobalt (3483 cm) corresponds approximately

ence between thé%0/80 and?C/'3C isotopic shifts for an

to the energy of the infrared radiation (between 3200 and 2750 isolated CO oscillator£3.83 cn?) and those observed actually

cm™1) required to convert the GoCO in stable CoCO

for the metal carbonyl molecule-.10 cnt?! for CoCO) is

molecule. From these experimental and theoretical results, theindeed an alternative, albeit indirect, indication of the metal

photochemical cycle observed for the @0CO system can be
divided in four steps: (1) the interaction between a cobalt atom

ligand bond strength. In the related NiCO speti@swhich
the v3 metak-CO stretching mode frequency is similar (Table

in the ground state and CO gives a weakly bound van der Waals®), this difference reaches 41.@7.9= —6.9 cm™. For CuCQ?

complex Ce--CO (*®); (2) electronic excitation of this complex

in the infrared between 3200 and 2750 dmcauses the
promotion of the cobalt atom irt6 (3cP4s') state, which reacts
with CO to form the CoCO molecule in an intermedidge’
state; (3) th¢A"" excited-state potential energy surface crosses
the 2A ground state, and next, since th® curve is attractive

with a much weaker metaligand interaction, this difference
is +3.5 cn1?, virtually that for an isolated CO oscillator, despite
similar v, mode frequencies (Table 5).

There is a general agreemght® that CoCO should havés,
symmetry, thus the CeCO deformation mode, or,, would
be in a symmetry class of its own. Using the Wilson’s metfiod

after the intersystem crossing region, the CoCO molecule canand the ground-state geometry calculated in this studyrés,

hop onto the?A curve which corresponds to the ground state;
and last (4) a second irradiation at approximately 17 000cm
reconverts the chemically bound CoCO in metastable (mostly
4®) Cor--CO state. The energy of the second photon which
enables back-conversion in thé state places an upper limit
(largely overestimated) to the dissociation energy: 49 kcal/mol.
Our calculated bond dissociation energy is in line with this
conclusion. When accessed through photoexcitation vidAhe

=1.673 A andco=1.170 A, we can determine the frequency
shifts expected fow, when 12C160 is substituted by-3C60,
12C180, and!3C80. Specifically, substitution 0fC160 by3C160
should cause a much larger shift to lower frequencies than
substitution by!?C80. This trend is observed for the band at
424.9 cntl. In fact, isotopic substitution caused the band to
shift by —13.2 cn1? for Co'3C0, —17.0 cnv! for Col3C'80,

and by only—3.7 cn1! for Co*2C180. The band at 424.9 crh

state, the fragments should have high translational energies. Inmust therefore be assigned to thebending mode of CoCO.
the gas phase this should lead to photodissociation, while hereFurthermore, Table 3 contains the calculated DFT frequencies
the presence of the matrix cage quenches the excess kinetishifts upon isotopic substitutions. The calculated shifts are in

energy and relaxes the system back 4bestate.

excellent agreement with the experimental isotopic shifts for

This scheme explains the apparent discrepancy betweenthis assignment.

previous metal laser ablatidf and thermal effusion works.

For the remainingz™ symmetry fundamental, the €€O

The metal atoms produced by laser-ablation are not necessanstretching, one would expect that substitution4€'%0 by
in the ground state, and the species isolated in the matrix arel3C'0, 12C180, and!3C80 would result in increasing shifts

subjected to photolysis with the laser plume during deposition,
which will cause the direct appearance of the final product,

(Av) to lower frequencies. Furthermore, it is expected that
Av(Co'3C'80) > Av(Co*C0) > Av(Co*C0). This is what

bypassing the intermediate steps. The former thermal evaporads observed for the band at 579.2 thhand we have assigned
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TABLE 3: Comparison of the Experimental and Calculated (DFT) Frequencies Shifts (cm?) for the Various Isotopic Species
of CoCO

Av (Cot?C'%0—Co'3C!®0) Av (Cot?C'%0—Co'C0) Av (Cot?C'%0—Co'3C!0)

exptl DFT exptl DFT exptl DFT
v (Z) 47.2 49.0 40.1 40.3 88.5 90.2
v3(ZH) 5.3 5.8 15.0 16.3 195 21.2
vo(IT) 13.2 11.0 3.7 4.1 17.0 154

TABLE 4: Comparison of the Experimental Frequencies and Calculated Harmonic Frequencies (cnt?) for the Various
Isotopic Species of CoCO

Co'?C*0 Cot3Ct*0 Cot?C*®0 Cot3Ct®0
exptl calcd exptl calcd exptl calcd exptl calcd
r1(ZF) 1957.5 1957.5 1910.3 1909.5 1917.4 1917.1 1869.0 1867.7
v3(ZT) 579.2 579.2 573.9 573.7 564.2 563.9 559.7 559.2
vo(IT) 424.9 424.9 411.7 412.0 421.2 420.1 407.9 407.1

aThe force constants giving the best fit of the experimental dat&axe= 3.96 mdyn AL, Fco = 14.739 mdyn A%, Feoc.co= 0.55 mdyn AZ,
andFcoco = 0.4675 mdyn A rad?

this band to ther; stretching mode of CoCO. The results of the Such a situation was already noted for Pt€@®dCO?*° and

Table 3 are also in agreement with this assignment. NiCO4 These small discrepancies cannot be explained by

The band observed at 3890.9 chis consistent with a2, anharmonicity effects. Other geometries were also tested, but
overtone. For CBC'®0, 2v; = 2 x 1957.5 or 3915.0 cn, since any departure from linearity resulted in a larger standard
which represents a anharmonicity constant 6f12.0 cnt™. deviation, the molecule will be taken as linear, in agreement

Thel2C/3C, 160180, and'2C1%0/13C180 shifts for this overtone  with the theoretical predictions. The fit also improves globally
support this assignment, as the isotope shifts are very nearlywith a largerrcodrco ratio, but to obtain a difference between
twice those observed for thg fundamental (Table 1). From  calculated and experimental isotopic shifts in the same direction,
their positions and isotopic shifts, the weaker absorptions it is necessary to use unrealistig,drco ratio (for example,
observed at 2534.9 and 2377.2 ¢nfor Co2C1%0 are assigned  0.85), in view of the present theoretical restift$ (in fact, the

to combination bands. Indeed; + v3 = 1957.5+ 579.2 or calculatedrco andrcoc distances vary between 1.15 and 1.17
2536.7 cmi which represents a1.8 cnt! difference Kiz) with A, and 1.65 and 1.71 A, respectively, for thedrco ratio of

the band observed at 2534.9 tinThe 12C/A3C, 160/180, and about 0.69).

12C160/13C180 shifts correlate well with the sum of the isotopic It is interesting to note that a recent study of CO adsorption
shifts observed for the fundamentalsandvs. Similarly, v1 + on Co(0001), using LEED technique, shows that the CO
vy = 1957.5+ 424.9 or 2382.4 cm which represents a5.2 molecules adopt the on-top sites with the CO axis perpendicular
cmt difference (%) with the band observed at 2377.2 tn to the surface. The measured value for the CO bond length is
Therefore this band has been assignethtér v,. The isotopic thus 1.17+ 0.06 A and for the CeCO distance 1.78& 0.06

shift with the C33C160 species correlate well with the sum of  A.20 Also, at low coverage of CO on Co(10), a G-O stretch

the isotopic shifts observed for the individual bandandvs. at 1992 cm?, attributed to CO in on-top sites, was observed
From the anharmonicity correctio§;, Xi», andXj3, one can by reflection—absorption infrared spectroscopy (RAIRS) using
derive consequently the harmonic frequenoy, at 1989+ 1 4 cni ! resolution?! Finally, at high coverage of CO on Co-
cm™1, which can be used for comparison with theoretical (1012, a Co—CO stretch at 440 cm, attributed to CO in on-
prediction. top sites, was observed by EELS spectroscopy using 953 cm

A harmonic force field calculation, using the Wilson’s resolution??2 From these vibrational surface values of CO in on-
method!’” was carried out using the experimental data presentedtop sites on cobalt, it is interesting to determine the force
in Table 1. More specifically, we searched for the set of constantsFco and Fco-co. Using the simple CeCO model
harmonic force constants which would best reproduce the with an infinite mass for the cobalt surface, we find 15.6 and
observed isotopic shifts for CoCO with the linear structure 3.3 mdyn A%, respectively. For the CoCO molecule, corre-
calculated in this study, i.etcoc = 1.673 A andrco = 1.170 sponding values were 14.74 and 3.96 mdyrt,Aespectively.

A. The best fit between the calculated harmonic frequencies The cobalt-CO bond force constant decreases from molecular
for the various isotopic forms of CoCO and the experimental to surface system—(17%), and the CeC distance increases
frequencies is presented in Table 4, with a 0.39% standard (1.67 and 1.78 A, respectively). On the other hand, the CO bond
deviation. The force constants used in the calculation can beforce constant increases slight§%o), while the C-O distance
found in footnotea of Table 4. The simultaneous reproduction is approximately the same (1.17 A). In first approximation, these
of all the isotope effects on the stretching modes imposes severevalues are coherent with the relation between the bond length
constraints on the form of the stretching normal coordinates, and the force constant.

and the G-O, Co—C bonds, and interaction force constants are ~ Comparison with Other Metal —CO Molecules and Theo-
quite precisely determined. The differences observed betweenretical Predictions. The experimental vibrational frequencies
the calculated and experimental isotopic shifts for theind and, for thevs, the harmonic frequency are presented in Table
vz fundamentals are well within the realm of experimental 2 along with values calculated with previous theoretical
uncertainties and of effects resulting from anharmonicity. For studies>¢-8 all with density functional theory (DFT), but with
thev, fundamental, however, the difference between calculated different functionals and/or basis sets. Of course the experi-
and experimental?C/13C 160/180, and2C10/*3C180 isotopic mental values indicated here refer to CoCO isolated in solid
shifts (0.3, —1.1, and—0.8 cn1l, respectively) are a little  argon and no attempt has been made to estimate the matrix shift,
larger and vary from one isotopic species to the other in different which for similar molecules reaches-3%, at mos#3-2° The
directions, regardless of the absolute magnitude of the shift. position of the CoCO bending frequeneyhas been systemati-
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TABLE 5: Comparison of Different Experimental Data for CoCO, NiCO, and CuCO

vibrational frequencies (cn)

Fuc (mdyn A2 Fco(mdyn A2 Fuc.co (mdyn A1) Fuco (mdyn A rad?) " Vs Vs
CoCO 3.96 14.74 0.55 0.468 1957.5 424.9 579.2
NiCO? 4.07 15.44 0.65 0.492 1994.5 409.1 591.1
CuCo 1.02 16.58 0.52 0.141 2010.3 322.7 207.5

aReference 4° Reference 5.

cally underestimated in the calculations by 55, 105, 69, and 67 obtained with 12C/A3C and 160/'80 isotopes have enabled

cmi(see Table 2), for a mean difference of 74 d7%). assignments of all fundamental vibrations and of three overtone
This is a systematic situation for the linear MCO molecules and combination levels, and are analyzed with the help of
(M= Ni, Pd, and Pt) already studied in this laboratory, for which semiempirical force field calculations. These results confirm that
no clear explanation for this situation has yet been proposed. Itthe CoCO molecule is linear while theoretical calculations on
seems to be difficult to believe that the matrix effects shift so the Co+ CO reaction give the molecular parameters of different

much the value of the bending mode. states of the CoCO molecule and propose realistic reaction
For the Ce-C stretching vibration, the calculated frequency mechanisms to explain the formation of the CoCO molecule in
of this study and with ref 3 are very good-% and +3%, its (A) ground state anéi® and“A” first excited states.
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