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Reactions of laser-ablated scandium and yttrium atoms with dilute carbon monoxide molecules in solid argon
have been investigated using matrix-isolation infrared spectroscopy. On the basis of the results of the isotopic
substitution, the change of laser power and CO concentration and the comparison with density functional
theory (DFT) calculations, the absorption at 1193.4 cm-1 is assigned to the C-O stretching vibration of the
Sc2[η2(µ2-C,O)] molecule, which has a single bridging CO that is tilted to the side. This CO-activated molecule
undergoes ultraviolet-visible photoinduced rearrangement to the CO-dissociated molecule,c-Sc2(µ-C)(µ-
O). The cyclicc-Sc2(µ-C)(µ-O) molecule has a bridging carbon on one side of the Sc2 unit and a bridging
oxygen on the other. The analogous Y2[η2(µ2-C,O)] molecule has not been observed, but the CO-dissociated
c-Y2(µ-C)(µO) molecule has been observed in the Y+ CO experiments. DFT calculations of the geometry
structures, vibrational frequencies, and IR intensities strongly support the assignments. The CO activation
mechanism has also been discussed. Our experimental and theoretical results schematically depict an activation
process to CO dissociation.

Introduction

The study of carbon monoxide activation and dissociation is
of considerable interest from an academic or an industrial
viewpoint.1 The interaction of carbon monoxide with transition
metal atoms has been extensively studied.2 Recent IR spectro-
scopic investigations of the reactions of laser-ablated early
transition metal and actinide metal atoms with CO have
demonstrated CO activation via transition metal and actinide
metal carbonyl complexes.3 The monocarbonyls of Nb, Th, and
U can be isomerized to the inserted carbide oxide molecules
on visible light irradiation. The dicarbonyls of the Ti group,
the V group, and the actinide metals Th and U undergo
photoinduced isomerization to the OMCCO (M) Ti, Zr, Hf,
V, Nb, Ta, U, and Th) molecules with visible or UV photons.
The OMCCO molecules can undergo further photochemical
rearrangement to the OTh(η3-CCO) or (η2-C2)MO2 (M ) Nb,
Ta, and U) molecules with UV photons. Interestingly, the
OCBBCO molecule undergoes successive photochemical rear-
rangements to form the OBBCCO isomer and finally the
OBCCBO molecule, which offers a novel example of CO
dissociation by the main-group elements.4

The long-standing goal of elucidating mechanisms of the
catalyzed reactions has motivated numerous experimental
investigations of CO chemisorption on transition metal surfaces.1

Remarkably, the chemisorbed CO molecular state with unusual
low C-O stretching frequencies (νC-O) (ca. 1200 cm-1) has
been found on some transition metal surfaces.5 The so-called
“bridging” and “semibridging” types of CO coordination have
also been recognized and interpreted by several groups.6 For
instance, a lowνC-O value (1330 cm-1) was found for (η5-
C5H5)3Nb3(CO)7.6e Even so, there has been no report so far on
a simple homoleptic metal carbonyl molecule with a side-on-

bonded CO and almost none is known with the structural
configuration of CO as a precursor to dissociation. Recently,
we communicated in a preliminary report Sc2[η2(µ2-C,O)] as
the first dinuclear metal carbonyl with a side-on-bonded CO.7

In this paper, we report a detailed matrix-isolation IR spectro-
scopic and density functional theory (DFT) study of the
interactions of carbon monoxide molecules with the scandium
and yttrium dimers, which show an activation process to CO
dissociation.

Experimental and Theoretical Methods

The experiment for laser ablation and matrix isolation infrared
spectroscopy is similar to those previously reported.8 Briefly,
the Nd:YAG laser fundamental (1064 nm, 10 Hz repetition rate
with 10 ns pulse width) was focused on the rotating Sc and Y
target. The laser-ablated metal atoms were co-deposited with
CO in excess argon onto a CsI window cooled normally to 7 K
by means of a closed-cycle helium refrigerator. Typically, 1-15
mJ/pulse laser power was used.12C16O (99.95%),13C16O (99%,
18O < 1%), and12C18O (99%) were used to prepare the CO/Ar
mixtures. In general, matrix samples were deposited for 1-2 h
with a typical rate of 2-4 mmol per hour. After sample
deposition, IR spectra were recorded on a BIO-RAD FTS-6000e
spectrometer at 0.5 cm-1 resolution using a liquid nitrogen
cooled HgCdTe (MCT) detector for the spectral range of 5000-
400 cm-1. Samples were annealed at different temperatures and
subjected to broad-band irradiation (λ > 250 nm) using a high-
pressure mercury arc lamp (Ushio, 100 W).

Quantum chemical calculations were performed to predict
the structures and vibrational frequencies of the observed
reaction products using the Gaussian 03 program.9 The BP86
and BPW91 density functional methods were used.10 The
6-311++G(d,p) basis sets were used for C, O, and Sc atoms
and SDD for Y atom.11 Geometries were fully optimized, and
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vibrational frequencies were calculated with analytical second
derivatives. Transition-state optimizations were done with the
QST3 algorithm within the synchronous transit-guided quasi-
Newton (STQN) method, followed by the vibtrational calcula-
tions showing the obtained structures to be true saddle points.
The intrinsic reaction coordinate (IRC) method was used to track
minimum energy paths from transition structures to the corre-
sponding local minima. A step size of 0.1 amu1/2 bohr was used
in the IRC procedure.

Results and Discussion

Experiments have been done with carbon monoxide concen-
trations ranging from 0.01 to 1.0% in excess argon. Typical IR
spectra for the reactions of laser-ablated Sc and Y atoms with
CO molecules in excess argon in the selected regions are
illustrated in Figures1-3, and the absorption bands in different
isotopic experiments are listed in Table 1. The stepwise

annealing and photolysis behavior of the product absorptions
is also shown in the figures and will be discussed below.
Experiments were also done with doping CCl4 of different
concentrations serving as an electron scavenger in solid argon.

Quantum chemical calculations have been carried out for the
possible isomers and electronic states of the potential product
molecules. Note that the calculated results from BP86 and
BPW91 methods are similar for scandium as previously
reported,7 whereas BPW91 is better for yttrium. Herein, mainly
BPW91 results are presented for discussions. The optimized
structures of the reaction products, intermediates, and transition
states are shown in Figure 4. Figure 5 schematically presents
the potential energy surface for the isomerization. Molecular
orbital pictures of singlet Sc2[η2(µ2-C,O)], showing the lowest
unoccupied molecular orbitals (LUMOs) and highest occupied
molecular orbitals (HOMOs) down to the third valence molec-
ular orbital from the HOMO, were plotted in Figure 6.

Figure 1. IR spectra in the 1210-1155-cm-1 region for laser-ablated Sc atoms co-deposited with CO in excess argon at 7 K. (a)-(f) with 0.06%
CO: (a) 60 min of sample deposition, (b) after annealing to 28 K, (c) after annealing to 32 K, (d) after 20 min of broad-band irradiation, (e) after
annealing to 36 K, (f) doping with 0.01% CCl4, after annealing to 32 K; (g)-(k) with isotopic CO after annealing to 32 K: (g) 0.06%12C16O, (h)
0.03%12C16O + 0.03%13C16O, (i) 0.06%13C16O, (j) 0.03%12C16O + 0.03%12C18O, and (k) 0.06%12C18O.

Figure 2. IR spectra in the 780-580-cm-1 region for laser-ablated Sc atoms co-deposited with CO in excess argon at 7 K. (a)-(f) with 0.06% CO:
(a) 60 min of sample deposition, (b) after annealing to 28 K, (c) after annealing to 32 K, (d) after 20 min of broad-band irradiation, (e) after
annealing to 36 K, (f) doping with 0.01% CCl4, after 20 min of broad-band irradiation; (g)-(k) with isotopic CO after annealing to 32 K and
broad-band irradiation for 20 min: (g) 0.06%12C16O, (h) 0.03%12C16O + 0.03%13C16O, (i) 0.06%13C16O, (j) 0.03%12C16O + 0.03%12C18O, and
(k) 0.06%12C18O.
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Sc2[η2(µ2-C,O)]. The IR spectra as a function of changes of
CO concentrations and laser energies are of particular interest
here. With high CO concentration (0.50%) and low laser energy
(3 mJ/pulse), ScCO+ (1924.1 cm-1) and Sc(CO)n (n ) 1-4)
(1834.9; 1852.8, 1778.2, 1717.0; 1822.7; and 1865.6 cm-1) are
the primary products upon sample deposition (not shown here),

which have been previously identified.12 New absorptions were
produced on sample deposition with lower CO concentration
(0.06%) and higher laser power (12 mJ/pulse) (Table 1 and
Figures 1 and 2). The 1203.1- and 1193.4-cm-1 bands increased
on sample annealing, disappeared after broad-band irradiation,
and did not recover upon further annealing. On the basis of the

Figure 3. IR spectra in the 700-500 cm-1 region for laser-ablated Y atoms co-deposited with CO in excess argon at 7 K. (a)-(f) with 0.02% CO:
(a) 60 min of sample deposition, (b) after annealing to 28 K, (c) after annealing to 32 K, (d) after 20 min of broad-band irradiation, (e) after
annealing to 36 K, (f) doping with 0.01% CCl4, after 20 min of broad-band irradiation; (g)-(k) with isotopic CO after annealing to 32 K and
broad-band irradiation for 20 min: (g) 0.02%12C16O, (h) 0.01%12C16O + 0.01%13C16O, (i) 0.02%13C16O, (j) 0.01%12C16O + 0.01%12C18O, and
(k) 0.02%12C18O.

Figure 4. Optimized structures (bond lengths in angstroms, bond angles in degrees), electronic ground state, point group, and the relative energies
(in kcal/mol) for the Sc2CO and Y2CO (in parentheses) isomers. For the transition states (TS, d and f), the letter “i” denotes the imaginary frequency
(in cm-1).

TABLE 1: IR Absorptions (in cm -1) Observed from Co-deposition of Laser-Ablated Sc and Y Atoms with CO in Excess Argon
at 7 K

12C16O 13C16O 12C18O 12C/13C 16O/18O assignment

1203.1 1175.2 1181.0 1.0237 1.0187 Sc2[η2(µ2-C,O)] site C-O str.
1193.4 1165.8 1171.5 1.0237 1.0187 Sc2[η2(µ2-C,O)] C-O str.
742.6 723.3 738.9 1.0267 1.0050 c-Sc2(µ-C)(µ-O) Sc-C str.
740.3 721.2 736.6 1.0265 1.0050 c-Sc2(µ-C)(µ-O) site Sc-C str.
614.1 612.9 589.8 1.0020 1.0412 c-Sc2(µ-C)(µ-O) Sc-O str.
675.6 656.8 670.4 1.0286 1.0078 c-Y2(µ-C)(µ-O) Y-C str.
537.8 532.8 515.9 1.0094 1.0425 c-Y2(µ-C)(µ-O) Y-O str.
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growth/decay characteristics as a function of changes of
experimental conditions, the absorptions in the 1180-1210-cm-1

region can be grouped together to one species. Note that the
new bands were only observed with lower CO concentration
and higher laser power than those for mononuclear Sc carbonyls,
indicating that the new products involve more than one Sc atom.
Doping with CCl4 as an electron scavenger has no effect on
these bands, indicating that the products are neutral (Figure 1).

The 1203.1- and 1193.4-cm-1 absorptions shifted to 1175.2
and 1165.8 cm-1 with 13C16O and to 1181.0 and 1171.5 cm-1

with12C 18O, respectively (Table 1 and Figure 1), exhibiting
isotopic frequency ratios (12C16O/13C16O: 1.0237 and 1.0237;
12C 16O/12C 18O: 1.0187 and 1.0187) characteristic of C-O
stretching vibrations. In the mixed12C16O + 13C16O and12C
16O + 12C 18O experiments (Figure 1), only pure isotopic
counterparts were observed, indicating that only one CO subunit
is involved. Therefore, the absorptions at 1203.1 and 1193.4
cm-1 are due to the C-O stretching of a species having a Scx-
CO stoichiometry withx g 2 in different matrix sites.

DFT calculations have been performed for ScxCO (x ) 1-4)
for all the possible isomers. The reliability trial calculations show
that theνC-O value for the linear ScCO are 1843.3 (BP86) and

1852.6 (BPW91) cm-1, respectively, in excellent agreement with
the present experiments and previous reports.7 The calculations
show that only Sc2[η2(µ2-C,O)] (Figure 4), a unique molecule
with a single bridging CO that is tilted to the side, nicely matches
the experimental vibrational frequencies, relative absorption
intensities, and isotopic shifts in the 1180-1210 cm-1 region.
At the BPW91/6-311++G(d,p) level, theνC-O value of Sc2-
[η2(µ2-C,O)] is 1240.4 cm-1 (Table 2), whereas that of Sc3[η2-
(µ3-C, µ2-O)] is predicted to be 1032.4 cm-1 and that of
Sc4[η2(µ3-C, µ3-O)] to be 1070.9 cm-1, respectively.

The excellent agreement between experimental and calculated
vibrational frequencies, relative absorption intensities, and
isotopic shifts points to the identification of the 1193.4 cm-1

absorption as the C-O stretching of Sc2[η2(µ2-C,O)]. The
calculated12C16O/13C16O and12C16O/12C18O frequency ratios
of Sc2[η2(µ2-C,O)] are 1.0252 and 1.0197, in accord with the
observed values (1.0237 and 1.0187) (Table 2). The Sc-Sc
stretching is predicted to be 219.5 cm-1, which is beyond the
present spectral range of 5000-400 cm-1. The Sc-C and Sc-O
stretching frequencies of Sc2[η2(µ2-C,O)] are predicted to be
663.0 and 546.7 cm-1, respectively, while their intensities (1
and 15 km/mol) are too small to be detected.

BPW91 calculations predict that Sc2[η2(µ2-C,O)] has a1A′
ground state andCs symmetry with a Sc-O bond of 1.974 Å
and two unequivalent Sc-C bonds of 1.941 and 2.041 Å in the
same plane (Figure 4). The calculated12C16O/13C16O and12C
16O/12C18O frequency ratios of Sc2[η2(µ2-C,O)] are 1.0251 and
1.0198, in good agreement with the observed values (1.0237
and 1.0187) (Table 2). CO leans toward the two Sc atoms with
∠Sc-C-O of 154.6°. In contrast, theη2(µ3-C,µ2-O) ligand in
(η5-C5H5)3Nb3(CO)7 leans toward the Nb(1)-Nb(2) vector, with
∠Nb(3)-C-O of 169.6° andRC-O of 1.303 Å.6e An analogous
Mn-C-N unit with ∠Mn-C-N of 168° is observed in (µ-p-
CH3C6H4NC)Mn2(Ph2PCH2PPh2)2 (CO)4.6f The RC-O in Sc2-
[η2(µ2-C,O)] (1.320 Å) is longer than that in OSc(η2-CO) (1.211
Å).13

In the present experiments on the reaction of laser-ablated Y
atoms with CO molecules, however, no absorptions for the
analogous Y2[η2(µ2-C,O)] product were observed.

c-M2(µ-C)(µ-O) (M ) Sc, Y). In the Sc+ CO experiments
(Figure 2), new bands at 742.6, 740.3, and 614.1 cm-1 slightly
increased on annealing, markedly increased upon broad-band
irradiation at the expense of the 1203.1 and 1193.4 cm-1

absorptions of Sc2[η2(µ2-C,O)], and observably decreased on
further annealing. The 742.6- and 740.3-cm-1 bands showed
very small shifts with12C18O (3.7 and 3.7 cm-1) but shifted to
723.3 and 721.2 cm-1 with 13C16O. The12C16O/13C16O frequency
ratios of 1.0267 and 1.0265 (Table 1) imply that these bands
are mainly due to a Sc-C stretching of the same species in
different matrix sites. The 614.1-cm-1 band showed a very small
shift with 13C16O (1.2 cm-1) but a large shift with12C18O (24.3
cm-1). The12C16O/12C18O frequency ratio of 1.0412 indicates
that the 614.1-cm-1 band is mainly due to a Sc-O stretching.
The mixed isotopic spectra (Figure 2) showed that only one C
and one O atom, which are separated from each other, are

Figure 5. Potential energy surface (PES) of the M2[η2(µ2-C,O)] f
c-M2(µ-C)(µ-O) reactions for the scandium and yttrium (in parentheses)
dimers.

Figure 6. Molecular orbital pictures of singlet Sc2[η2(µ2-C,O)],
showing the LUMO+1, LUMO, and HOMO down to the third valence
molecular orbital from the HOMO. The unit of orbital energy is hartree
(in parentheses).

TABLE 2: Comparison of Observed and Calculated IR Frequencies (cm-1) for the Products

observed calculated

species mode freq 12C/13C 16O/18O freq 12C/13C 16O/18O

Sc2[η2(µ2-C,O)] νC-O 1193.4 1.0237 1.0187 1240.4 1.0251 1.0198
c-Sc2(µ-C)(µ-O) νSc-C 742.6 1.0267 1.0050 756.9 1.0264 1.0065
c-Sc2(µ-C)(µ-O) νSc-O 614.1 1.0020 1.0412 603.3 1.0067 1.0375
c-Y2(µ-C)(µ-O) νY-C 675.6 1.0286 1.0078 674.2 1.0290 1.0078
c-Y2(µ-C)(µ-O) νY-O 537.8 1.0094 1.0425 524.4 1.0147 1.0364

CO Dissociation by Scandium and Yttrium Dimers J. Phys. Chem. A, Vol. 110, No. 17, 20065639



involved. The 742.6- and 614.1-cm-1 absorptions are assigned
to the Sc-C and Sc-O stretching vibrations ofc-Sc2(µ-C)(µ-
O), respectively.7

In the Y + CO experiments (Figure 3), similar absorptions
at 675.6 and 537.8 cm-1 have been observed, which are assigned
to the Y-C and Y-O stretching vibrations ofc-Y2(µ-C)(µ-O).
The 675.6-cm-1 band shifted to 656.8 cm-1 with 12C18O and to
670.4 cm-1 with 13C16O, giving the12C16O/13C16O and12C16O/
12C18O frequency ratios of 1.0286 and 1.0078, respectively. The
537.8-cm-1 band showed a very small shift with13C16O (1.2
cm-1) but a large shift with12C18O (21.9 cm-1). The doublet
isotopic structures have been observed in the mixed isotopic
spectra (Figure 3).

As shown in Figure 4, our DFT calculations predict that the
c-M2(µ-C)(µ-O) (M ) Sc, Y) molecules have a1A1 ground state
with C2V symmetry. Takingc-Sc2(µ-C)(µ-O) as an example, the
Sc-C and Sc-O bond lengths are predicted to be 1.939 and
1.912 Å, respectively. The calculatedνSc-C is 756.9 cm-1 and
the calculated12C16O/13C16O and12C16O/12C18O frequency ratios
are 1.0264 and 1.0065, consistent with the observedνSc-C (742.6
cm-1) and frequency ratios (1.0267 and 1.0050) (Table 2).
Similar theoretical supports for the identification ofc-Sc2(µ-
C)(µ-O) hold true for the Sc-O stretching vibration (Table 2).
In contrast to the observable Sc-C vibration (756.9 cm-1, 70
km/mol) and Sc-O vibration (603.3 cm-1, 121 km/mol), other
vibrational modes inc-Sc2(µ-C)(µ-O) are predicted to be 693.4
(5 km/mol), 451.7 (2 km/mol), 398.8 (0.2 km/mol), and 233.6
(82 km/mol) cm-1, in which the first two modes are too small
to be detected and the last two modes are beyond the present
spectral range of 5000-400 cm-1. Similar calculated results
has also been obtained forc-Y2(µ-C)(µ-O) as summarized in
Table 2.

Reaction Mechanism.The BPW91 calculated results show
that Sc2[η2(µ2-C,O)] lies 33.43 kcal/mol above its most stable
C-O-dissociated isomer,c-Sc2(µ-C)(µ-O), whereas the terminal-
bonded ScScCO and bridge-bonded Sc2(µ-CO) isomers are
78.79 and 61.50 kcal/mol higher thanc-Sc2(µ-C)(µ-O), respec-
tively (Figure 4). From the Sc2[η2(µ2-C,O)] molecule, the
reaction proceeds by binding oxygen atom with another scan-
dium atom to form a nonplanar intermediate Sc2[η2(µ2-C,µ2-
O)] via transition state TS1. It is predicted that Sc2[η2(µ2-C,µ2-
O)] lies 42.60 kcal/mol higher in energy thanc-Sc2(µ-C)(µ-O).
From Sc2[η2(µ2-C,O)] to Sc2[η2(µ2-C,µ2-O)], the C-O bond
elongates by 0.299 Å. The barrier height for this process is
predicted to be 23.00 kcal/mol (Figure 5), which can be obtained
by ultraviolet visible irradiation. The vibrational mode of the
imaginary frequency of TS1 (273.7i cm-1) corresponds to the
transition motion leading to the Sc-O formation. The transition
state optimization was followed by the frequency and IRC
calculations at the BPW91/6-311++G(d,p) level of theory,
which confirmed that TS1 does connect Sc2[η2(µ2-C,O)] and
the nonplanar Sc2[η2(µ2-C,µ2-O)] intermediate. From Sc2[η2-
(µ2-C,µ2-O)], CO can further be activated to form the C-O-
dissociatedc-Sc2(µ-C)(µ-O) product via transition state TS2.
The C-O distance in the TS2 is 2.126 Å. The vibrational mode
of the imaginary frequency of TS2 (598.6i cm-1) corresponds
to the transition motion leading to the cleavage of the C-O
bond. The calculated BPW91/6-311++G(d,p) energies place
transition state TS2 7.14 kcal/mol higher in energy than Sc2-
[η2(µ2-C, µ2-O)] (Figure 5). The BPW91/6-311++G(d,p) IRC
calculation confirmed TS2 does connect the nonplanar Sc2[η2-
(µ2-C,µ2-O)] intermediate and thec-Sc2(µ-C)(µ-O) product.

As illustrated in Figure 6, the HOMO of Sc2[η2(µ2-C,O)] is
π-type bond, which comprises the Sc2 3πu f CO 2π back-
bonding, leading to the weakening of the C-O bond. The
HOMO-1 is largely Sc2 6σu in character and is nonbonding,
and HOMO-2 and HOMO-3 areσ-type bonds. Similar results
have also been obtained for yttrium.

In addition to scandium, the process starting with the
interaction of CO with metal and ending with CO dissociation
by the lanthanum dimer has also fortunately been captured by
the laser-ablation matrix-isolation technique,14 while no Y2[η2-
(µ2-C,O)] molecule has been observed for yttrium. By consid-
eration that laser ablation of the metal target produces the plume
of radiation and the samples are deposited with concurrent
irradiation,2,15thec-Y2(µ-C)(µ-O) molecule may be formed from
the reaction of CO with “energetic” Y atoms produced by laser
ablation. The potential Y2[η2(µ2-C,O)] molecule might be
hopefully generated using thermal evaporation technique.

Anomalous C-O bond weakening has been reported for
chemisorbed CO in side-on-bonded modes on transition metal
surfaces as model catalysts, for which theνC-O values were
observed around 1100-1400 cm-1.5 Interestingly, the structures
of Sc2CO isomers in Figure 4 represent almost all the main
modes of metal-CO coordination to date. The present observa-
tion schematically depicts the whole process starting with the
interaction of CO with metal to CO dissociation. The present
finding is a key for explaining the unusually lowνC-O values
(1100-1400 cm-1) of the chemisorbed CO molecules on
transition metal surfaces5 and for understanding the activation
process to CO dissociation on metal catalysts.

Conclusion

Reactions of laser-ablated scandium and yttrium atoms with
dilute carbon monoxide molecules in solid argon have been
investigated using matrix-isolation IR spectroscopy. In the Sc
+ CO experiments, the absorption at 1193.4 cm-1 is assigned
to the C-O stretching vibration of the Sc2[η2(µ2-C,O)] molecule
on the basis of the results of the isotopic substitution, the change
of laser power and CO concentration, and the comparison with
DFT calculations. This CO-activated molecule undergoes
ultraviolet-visible photoinduced rearrangement to the CO-
dissociated molecule,c-Sc2(µ-C)(µ-O). The infrared absorptions
of the products are accurately predicted by quantum chemical
calculations. Our experimental and theoretical results schemati-
cally depict an activation process to CO dissociation. Similar
argon matrix experiments with yttrium give the CO-dissociated
c-Y2(µ-C)(µ-O) molecule. The potential Y2[η2(µ2-C,O)] mol-
ecule might be hopefully generated using thermal evaporation
technique.
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