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Reactions of laser-ablated late lanthanide atoms (Tb, Dy, Ho, Er, Tm, Yb, and Lu) with dilute carbon monoxide
molecules in solid argon have been investigated using matrix-isolation infrared spectroscopy. The Ln2[η2-
(µ2-C, O)]x (Ln ) Tb, Dy, Ho, Er, Lu;x ) 1, 2) molecules are observed upon sample annealing, whereas no
product is observed for Tm and Yb. The C-O stretching frequencies in these dilanthanide carbonyls range
from 1100 to 1300 cm-1, far below the value of free CO in the gas phase (2143.5 cm-1), implying that the
C-O bonds are highly activated. Density functional theory calculations have been performed on these products.
These Ln2[η2(µ2-C, O)]x molecules are predicted to have planar structures, which carry asymmetrically bridging
CO moieties that are tilted to the side.

Introduction

The study of carbon monoxide activation and reduction has
gained considerable attention because of its importance in
numerous industrial processes such as hydroformylation, alcohol
synthesis, and acetic acid synthesis.1,2 The interaction of metal
atoms and small clusters with carbon monoxide serves as ideal
models for fundamental understanding of the multifaceted
mechanisms of carbon monoxide activation by metal complexes
and surfaces. Reactions of various transition-metal and main-
group metal atoms with carbon monoxide have been investi-
gated, and a series of metal carbonyl complexes have been
experimentally characterized.3-5 Quantum chemical calculations
have been performed to understand the electronic structures and
bonding characteristics of metal carbonyl complexes.3,4,6,7

Recent matrix investigations have revealed that the mono-
carbonyls of Nb, Th, and U can be isomerized to the inserted
carbide-oxide molecules on visible light irradiation.8-10 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.8-11 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.
Furthermore, the OCBBCO molecule undergoes successive
photochemical rearrangements to form the OBBCCO isomer
and finally the OBCCBO molecule, which offers a novel
example of CO dissociation by the main-group elements.12

Interestingly, the reactions of CO with group 3 metal and early
lanthanide dimers generated a new series of the M2[η2(µ2-C,
O)] (M ) Sc, Y, La, Ce, Gd) molecules with asymmetrically
bridging and side-on-bonded CO ligands, which are drastically
activated with remarkably low C-O stretching frequencies.13

A series of binary lanthanide metal carbonyls were prepared

and were characterized in rare-gas matrixes.14 Here, we report
a study of reactions of laser-ablated late lanthanide atoms (Tb-
Lu) with carbon monoxide in excess argon. IR spectroscopy
coupled with theoretical calculations provides evidence for the
formation of the side-on-bonded Ln2[η2(µ2-C, O)]x (Ln ) Tb,
Dy, Ho, Er, Lu;x ) 1, 2) molecules, exhibiting unusually low
C-O stretching frequencies ranging from 1100 to 1300 cm-1,
characteristic of anomalously weakened C-O bonds.

Experimental and Theoretical Methods

The experiment for laser ablation and matrix isolation infrared
spectroscopy is similar to those previously reported.15,16In short,
the Nd:YAG laser fundamental (1064 nm, 10 Hz repetition rate
with 10 ns pulse width) was focused on the rotating late
lanthanide (Tb, Dy, Ho, Er, Tm, Yb, and Lu) targets. The laser-
ablated late lanthanide atoms were co-deposited with CO in
excess argon onto a CsI window cooled normally to 4 K by
means of a closed-cycle helium refrigerator. Typically, 1-18
mJ/pulse laser power was used. CO (99.95%),13C16O (99%,
18O < 1%), and12C18O (99%) were used to prepare the CO/Ar
mixtures. In general, matrix samples were deposited for 30 to
60 min 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).

Density functional theory (DFT) calculations were performed
to predict the structures and vibrational frequencies of the
observed reaction products using the Gaussian 03 program.17

The BP86 and B3LYP density functional methods were used.18

The Aug-cc-pVQZ basis set was used for the C and O atoms,19

and the scalar-relativistic SDD pseudopotential and basis set
were used for the late lanthanide atoms.20 Geometries were fully
optimized and vibrational frequencies were calculated with
analytical second derivatives. Recent investigations have shown
that computational methods, such as infrared frequencies,
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relative absorption intensities, and isotopic shifts, can provide
reliable information for lanthanide complexes.13c,13d,21

Results and Discussion

Experiments have been done with carbon monoxide concen-
trations ranging from 0.02% to 1.0% in excess argon. Mono-
nuclear and dinuclear carbonyls are observed for Tb, Dy, Ho,
Er, and Lu, but not for Tm and Yb. Considering that the isotopic
splittings for some mononuclear carbonyls in the terminal C-O
stretching frequency region cannot be well resolved because of
band overlap, only the results of dinuclear carbonyls will be
presented for discussion here. Typical infrared spectra for the
reactions of laser-ablated late Tb dimers with CO molecules in
excess argon in the selected regions are illustrated in Figures 1
and 2. The spectra of the other metals are shown as Supporting
Information. The absorption bands in different isotopic experi-

ments are listed in Table 1. The stepwise annealing and
irradiation behavior of the product absorptions is also shown
in the figures and will be discussed below.

Quantum chemical calculations have been carried out for the
possible isomers and electronic states of the potential product
molecules. The comparison of the observed and calculated IR
frequencies is summarized in Table 2. Similar geometrical
parameters of the reaction products have been obtained from
both the BP86 and the B3LYP functionals, and the optimized
structures are shown in Figure 3.

Ln2[η2(µ2-C, O)] (Ln ) Tb, Dy, Ho, Er, Lu). Taking the
Tb reaction as an example, the absorptions at 1157.2, 1154.6,
and 1152.0 cm-1 appear on sample annealing, disappear after
broad-band irradiation, and recover slightly upon further an-
nealing to 38 K (Table 1 and Figure 1). On the basis of the
growth/decay characteristics as a function of changes of
experimental conditions, these three bands can be grouped
together to one species. The main band of 1152.0 cm-1 shifts
to 1124.3 cm-1 with 13C16O and shifts to 1129.5 cm-1 with
12C18O, respectively (Table 1 and Figure 2, traces b and d),
exhibiting isotopic frequency ratios (12C16O/13C16O, 1.0246;
12C16O/12C18O, 1.0199) characteristic of C-O stretching vibra-
tions. The unusually low C-O stretching frequency implies that
the CO is side-on-bonded in this product. In the mixed12C16O
+ 13C16O and12C16O + 12C18O experiments (Figure 2, traces c
and e), only pure isotopic counterparts are observed, indicating
that only one CO subunit is involved.22 Note that these new
absorptions are only observed in the experiments with relatively
lower CO concentration and higher laser power, indicating that
the new products involve more than one Tb atom. Analogous
to the M2[η2(µ2-C, O)] (M ) Sc, Y, La, Ce, Gd) molecules,13

the absorptions at 1157.2, 1154.6, and 1152.0 cm-1 are assigned
to the C-O stretching modes of the Tb2[η2(µ2-C, O)] molecule
in different matrix sites on the basis of the isotopic substitution
and the CO concentration and laser power dependences of
product yields.

Figure 1. IR spectra in the 1280-1120 cm-1 region for laser-ablated
Tb atoms co-deposited with 0.06% CO in argon at 4 K: (a) 1 h of
sample deposition, (b) after annealing to 30 K, (c) after annealing to
34 K, (d) after 20 min of broad-band irradiation, and (e) after annealing
to 38 K.

Figure 2. Infrared spectra in the 1300-1100 cm-1 region for laser-
ablated Tb atoms co-deposited with isotopic CO in Ar for 1 h at 4 K,
followed by annealing to 34 K: (a) 0.06%12C16O, (b) 0.06%13C16O,
(c) 0.05%12C16O + 0.05%13C16O, (d) 0.06%12C18O, and (e) 0.05%
12C16O + 0.05%12C18O.

TABLE 1: Infrared Absorptions (cm -1) Observed for the
Ln2[η2(µ2-C, O)]x (Ln ) Tb, Dy, Ho, Er, Lu; x ) 1, 2)
Molecules in Solid Argon
12C16O 13C16O 12C18O R(12/13) R(16/18) assignment

1270.5 1241.0 1244.0 1.0238 1.0213 Tb2[η2(µ2-C,O)]2
1157.2 1128.6 1135.5 1.0253 1.0191 Tb2[η2(µ2-C,O)] site
1154.6 1126.4 1133.1 1.0250 1.0190 Tb2[η2(µ2-C,O)] site
1152.0 1124.3 1129.5 1.0246 1.0199 Tb2[η2(µ2-C,O)]
1277.6 1247.9 1251.1 1.0238 1.0212 Dy2[η2(µ2-C,O)]2
1137.7 1110.7 1117.5 1.0243 1.0181 Dy2[η2(µ2-C,O)]
1119.2 1091.9 1098.5 1.0250 1.0188 Dy2[η2(µ2-C,O)] site
1269.8 1240.2 1243.6 1.0239 1.0211 Ho2[η2(µ2-C,O)]2
1153.0 1123.9 1131.3 1.0259 1.0192 Ho2[η2(µ2-C,O)]
1265.7 1236.1 1239.8 1.0239 1.0209 Er2[η2(µ2-C,O)]2 site
1256.8 1227.3 1231.4 1.0240 1.0206 Er2[η2(µ2-C,O)]2
1140.6 1111.9 1120.5 1.0258 1.0179 Er2[η2(µ2-C,O)]
1121.2 1093.2 1102.7 1.0256 1.0168 Er2[η2(µ2-C,O)] site
1263.7 1234.0 1238.1 1.0241 1.0207 Lu2[η2(µ2-C,O)]2
1100.7 1073.1 1081.8 1.0257 1.0175 Lu2[η2(µ2-C,O)]

TABLE 2: Comparison of Observed and Calculated IR
Frequencies (cm-1) for the Ln 2[η2(µ2-C, O)]x (Ln ) Tb, Dy,
Ho, Er, Lu; x ) 1, 2) Molecules

Ln2[η2(µ2-C, O)] Ln2[η2(µ2-C, O)]2

Calcd Calcd

atom obsd BP86 B3LYP obsd BP86 B3LYP

Tb 1157.2 1309.2 1313.1 1270.5 1377.0 1330.9
Dy 1137.7 1500.8 1462.8 1277.6 1475.1 1531.9
Ho 1153.0 1525.3 1479.1 1269.8 1469.6 1495.8
Er 1140.6 1384.2 1508.1 1256.8 1363.8 1405.8
Lu 1100.7 1147.1 1168.2 1263.7 1363.9 1401.2
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In the reactions of CO with Dy, Ho, Er, and Lu dimers, the
absorptions of the analogous Ln2[η2(µ2-C, O)] (Ln ) Dy, Ho,
Er, Lu) molecules have been observed in the region of 1100-
1160 cm-1 (Dy, 1137.7, 1119.2; Ho, 1153.0; Er, 1140.6, 1121.2;
Lu, 1100.7 cm-1; Table 1 and Figures S1-S8 in Supporting
Information).

DFT calculations support the above assignments. The Ln2-
[η2(µ2-C, O)] (Ln ) Tb, Dy, Ho, Er, Lu) molecules are predicted
to have planarCs structures with asymmetrically bridging and
side-on-bonded CO ligands (Figure 3). The C atom is bonded
to both Ln atoms with two inequivalent Ln-C bonds. The C-O
bond lengths (1.225-1.325 Å) are very close to those of the
analogous M2[η2(µ2-C, O)] (M ) Sc, Y, La, Ce, Gd) mol-

ecules,13 which are much longer than the value of free CO in
the gas phase (1.128 Å).23 This suggests that the C-O bonds
are activated in the Ln2[η2(µ2-C, O)] (Ln ) Tb, Dy, Ho, Er,
Lu) molecules. The C-O stretching frequencies are calculated
in the region of 1170-1480 cm-1 (Table 2), systematically
higher than the observed values. The calculated12C16O/13C16O
and12C16O/12C18O isotopic frequency ratios (not shown here)
are consistent with the observed values. It is noted that the BP86
functional gives calculated C-O stretching vibrational frequen-
cies slightly closer to the experimental values than the B3LYP
functional as were found in many cases such as metal carbo-
nyls.3,4

Ln2[η2(µ2-C, O)]2 (Ln ) Tb, Dy, Ho, Er, Lu). Under the
experimental condition of relatively lower CO concentration and
higher laser power, reactions of laser-ablated Tb, Dy, Ho, Er,
and Lu atoms with CO molecules produce quite strong absorp-
tions in the region of 1200-1300 cm-1 (Tb, 1270.5; Dy, 1277.6;
Ho, 1269.8; Er, 1265.7, 1256.8; Lu, 1263.7 cm-1; Table 1,
Figures 1 and 2, and Figures S1-S8 in Supporting Information).
These absorptions appear after sample annealing, disappear after
broad-band irradiation, and recover slightly upon further an-
nealing to 38 K. These absorptions are assigned to the Ln2[η2-
(µ2-C, O)]2 molecules. By taking the Tb2 + CO reaction as an
example, the absorption at 1270.5 cm-1 shifts to 1241.0 with
13C16O and to 1244.0 cm-1 with 12C18O (Table 1 and Figure 2,
traces b and d), respectively, exhibiting isotopic frequency ratios
(12C16O/13C16O, 1.0238;12C16O/12C18O, 1.0213) characteristic
of C-O stretching vibrations. Triplet band has been observed
in the mixed12C16O + 13C16O and12C16O + 12C18O isotopic
spectra (Figure 2, traces c and e), respectively, suggesting that
two equivalent CO subunits are involved in each mode.22 The
1270.5 cm-1 absorption is therefore assigned to the symmetric
C-O stretching mode of the Tb2[η2(µ2-C, O)]2 molecule.

The assignments are supported by DFT calculations. As
shown in Figure 3, the Ln2[η2(µ2-C, O)]2 molecules are predicted
to have planar structures withC2h symmetry, which carry two
asymmetrically bridging CO moieties that are tilted to the side.
It can be seen from Figure 3 that the C-O bond lengths in the
Ln2[η2(µ2-C, O)]2 molecules (1.210-1.248 Å) are slightly
shorter than those in the Ln2[η2(µ2-C, O)] molecules (1.225-
1.325 Å), which is in accord with the relative higher C-O
stretching frequencies in the Ln2[η2(µ2-C, O)]2 molecules. The
calculated C-O stretching frequencies (Table 2) are also
systematically higher than the observed values.

Reaction Mechanism.On the basis of the behavior of sample
annealing and irradiation, together with the observed species
and calculated stable isomers, a plausible reaction mechanism
can be proposed as follows. Under the present experimental
conditions, laser-ablated late dilanthanide (Tb-Lu) molecules
react with carbon monoxide molecules in the argon matrices to
produce metal carbonyl species, whereas no new absorption is
observed for the reactions of CO with Tm and Yb atoms. The
Ln2[η2(µ2-C, O)]x (Ln ) Tb, Dy, Ho, Er, Lu;x ) 1, 2) molecules
are formed upon sample annealing. These dilanthanide carbonyls
are generated by the reactions of dilanthanide molecules with
carbon monoxide in solid argon (reactions 1 and 2):

One of the most interesting findings of the present investiga-
tions is the observation of the side-on-bonded Ln2[η2(µ2-C, O)]x
(Ln ) Tb, Dy, Ho, Er, Lu;x ) 1, 2) molecules. The C-O

Figure 3. Optimized structures (bond lengths in angstroms, bond angles
in degrees) of the observed molecules with the BP86 and B3LYP (in
parentheses) methods.

Ln2 + CO f Ln2[η
2(µ2-C, O)] (Ln ) Tb, Dy, Ho, Er, Lu)

(1)

Ln2[η
2(µ2-C, O)] + CO f Ln2[η

2(µ2-C, O)]2 (2)
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stretching frequencies in these dilanthanide mono- and dicar-
bonyls range from 1100 to 1300 cm-1, far below the value of
free CO in the gas phase (2143.5 cm-1),23 implying that the
C-O bonds are highly activated. 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-1.24 Thus, the present findings together with the recent
observations of M2[η2(µ2-C, O)] (M ) Sc, Y, La, Ce, Gd)
molecules provide important information of structural config-
uration for CO activation on metal catalytst.24

Conclusions

Reactions of laser-ablated late lanthanide (Tb, Dy, Ho, Er,
Tm, Yb, and Lu) atoms with dilute carbon monoxide molecules
in solid argon have been investigated using matrix-isolation
infrared spectroscopy. Dilanthanide carbonyls, Ln2[η2(µ2-C, O)]x
(x ) 1, 2), are observed for Tb, Dy, Ho, Er, and Lu after sample
annealing, but no carbonyl compounds are observed for Tm and
Yb. These molecules exhibit unusually low C-O stretching
frequencies ranging from 1100 to 1300 cm-1, characteristic of
anomalously weakened C-O bonds. Density functional theory
calculations have been performed on these dilanthanide mono-
and dicarbonyls, which support the identifications of these
molecules from the matrix infrared spectra.
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