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ABSTRACT: Heterobimetallic lanthanum−nickel and cerium−nickel carbon-
yls, LnNi(CO)n

− (Ln = La, Ce; n = 2−5), were generated using a pulsed laser
vaporization/supersonic expansion ion source. These compounds were
characterized by photoelectron velocity-map imaging spectroscopy and quantum
chemical calculations. The binding motif in the most stable isomers of the n = 2
and 3 clusters consists of one side-on-bonded carbonyl. A new building block of
two side-on-bonded carbonyls is favored at n = 4, which is retained at n = 5,
evidencing the increase of the number of extremely activated CO molecule in
the larger clusters. The experimental and theoretical results demonstrate the ligand-enhanced CO activation by the early
lanthanide−nickel heterodimers, which would have important implications for the design of alloy catalysts for activation of a
molecular ligand.

1. INTRODUCTION

Metal clusters may represent the low-coordinate sites on the
surface and are often regarded as models for the surface of bulk
materials.1−5 Under well-defined conditions, the reaction
between those clusters and the reactants could provide the
structural and energetic information for molecular-level under-
standing of a catalytic process, which is not readily accessible
from conventional bulk measurements.3−10 The reactions of
CO with metal clusters are directly relevant to many catalytic
processes, such as Fischer−Tropsch chemistry, acetic acid
synthesis, alcohol synthesis, and hydroformylation.3,8,11−13

Homobinuclear metal carbonyls have been explored exper-
imentally and theoretically, which afford the smallest model for
the reactions of CO with metal clusters.12,14−29

Recently, the study on the reaction of CO with heteronuclear
metal clusters has aroused increasing attention, which helps
uncover the diverse structural features, the nature of chemical
bonding, and the synergy effects of different transition metals
on the catalytic performance.29−38 In the heterobinuclear
metal−iron carbonyls, PbFe(CO)4

− and CuFe(CO)4
−, the

CO ligands are terminally bonded to the iron atom.32,34 The
MFe(CO)8

+ (M = Co, Ni, Cu) cations are comprised of
eclipsed (CO)5Fe−M(CO)3

+ motif and MCu(CO)7
+ (M = Co,

Ni) consist of staggered (CO)4M−Cu(CO)3+ motif, where the
CO molecules are terminally coordinated to the metal atoms.39

The ZnFe(CO)5
+ carbonyl consists of a Zn−Fe(CO)5 structure

with a Zn−Fe half bond and ZnCo(CO)7
+ has a staggered

Zn(CO)3−Co(CO)4 structure involving a Zn−Co σ single
bond.36 Interestingly, UFe(CO)3

− and OUFe(CO)3
− were

determined to have triple bonds between U 6d/5f and Fe 3d

orbitals, which feature one covalent σ bond and two Fe-to-U
dative π bonds.38

In contrast, the Ni(CO)3 building block is involved in the
MNi(CO)3

− (M = Mg, Ca, Al) complexes.33 The carbonyl
groups were found to be terminally coordiated to the nickel
atom in the MNi(CO)3

− (M = Cu, Ag) clusters.31,35

Interestingly, the MNi(CO)3
− (M = Ti, Zr, Hf) carbonyls are

capable of accommodating three different types of CO
coordination configuration (i.e., side-on-bonded, bridging, and
terminal modes).37

Lanthanide compounds are widely applied in various fields
such as catalysis, biology, medicine, and optics.40−42 The
Ni(CO)4 carbonyl was the first metal carbonyl prepared in
1890,43 and nickel group carbonyls have been extensively
explored by various types of experimental and theoretical
methods.11 The investigation of the reaction of CO with the
lanthanide−nickel heterodimers would be helpful for a
molecular understanding of the interaction of CO with the
alloy surfaces/interfaces and for the development of new
catalysts.3,4,8,30 Herein, we use photoelectron velocity-map
imaging spectroscopy of mass-selected LnNi(CO)n

− (Ln = La,
Ce) complexes to study CO activation by the lanthanum−
nickel and cerium−nickel heterodimers.
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2. EXPERIMENTAL AND COMPUTATIONAL METHODS

The experiments were carried out using photoelectron velocity-
map imaging spectroscopy. The description of this apparatus
has been detailed previously.44 The LnNi(CO)n

− (Ln = La, Ce)
species were produced using laser-vaporization cluster source,
and these cluster anions were generated in a supersonic
expansion of 5% CO seeded in helium (purity: 99.9999%). A
532 nm laser beam from a Nd:YAG laser (Continuum, Minilite
II, 10 Hz repetition rate and 6 ns pulse width) was used to
ablate the metal target (Ln:Ni = 1:1 molar ratio). For the
vaporization laser, the pulse energy was ∼10 mJ and the
diameter of laser beam was focused to be ∼0.2 mm. The typical
stagnation pressure of the carrier gas was ∼5 atm. The species
were skimmed into the source chamber. These anionic clusters
were mass-selected by a McLaren Wiley time-of-flight (TOF)
mass spectrometer. The species of interest was mass-selected
into the photodetachment region and crossed with a laser
beam. Photon energies of 532 nm (2.331 eV) and 355 nm
(3.496 eV) were used to photodetach these anionic clusters.
The photoelectrons were detected using a microchannel plate
(MCP)/phosphor screen combination, and the resulting
photoelectron images were collected using a charge-coupled
device (CCD) camera. The basis set expansion (BASEX)
inverse Abel transform method was used to reconstruct the
original 3D distribution.45 The photoelectron spectrum was
obtained by integrating one central slice of the 3D distribution.
The photoelectron kinetic energy spectra were calibrated using
the known spectrum of Au−. The energy resolution was better
than 5%, corresponding to 50 meV at electron kinetic energy
(eKE) of 1 eV.
The TURBOMOLE V6.4 program was used for all

calculations.46 The B3LYP hybrid functional was employed.
The def-TZVPP basis set was used for the La and Ce atoms and
the Aug-cc-pVTZ basis set was used for the C and O atoms.
Possible spin configurations were considered. The theoretical
vertical detachment energy (VDE) was calculated as the
difference in the energy between the neutral and anionic species
at the optimized anion geometry, and the theoretical adiabatic
detachment energy (ADE) was computed as the difference in
the energy between the neutral and anionic species both at their
optimized geometries. The theoretical ADEs and relative
energies included the zero-point-energy corrections. Test
calculations were also performed for other available density
functionals (i.e., BP86, PBE, PBE0, BHLYP, TPSS, TPSSH),
which yielded essentially the similar structures. The scalar
relativistic calculations were carried out by Douglas-Kroll-Hess
second order approximation in Gaussian 09.47 Singlet point
energies were performed on the quasi-relativistic pseudopoten-
tials optimized structures at the B3LYP level of theory with all
electronic basis set Aug-cc-pVTZ-DK for the C and O atoms
and x2c-TZVPPall for the metal atoms. The stick spectra of
theoretical vertical detachment energies were convoluted using
a Gaussian line shape function with a width of 0.1 eV.

3. EXPERIMENTAL RESULTS

The mass spectra obtained at the experimental conditions that
favor the formation of anions with relatively high thermody-
namic stability are given in Figures S1 and S2 in the Supporting
Information, respectively. Besides the LnNi(CO)n

− (Ln = Ce,
La) target products, the Ni(CO)3

− and LnNiO(CO)n
−

complexes were also observed. The homoleptic Ln(CO)n
−

carbonyl anions were barely observed.

The 532 nm photoelectron imaging and photoelectron
spectra of LnNi(CO)n

− (Ln = Ce, La; n = 2−5) are shown in
Figures 1 and 2, respectively, and those of the 355 nm

photoelectron imaging and photoelectron spectra are depicted
in Figures S3 and S4. The 532 nm spectra afford better
resolution of the X band. In the 532 nm spectrum of
CeNi(CO)4

− (Figure 1), the low electron-binding-energy
edge of the main peak (1.25 eV) is much broader than for
the smaller clusters, suggesting that there is an unresolved
feature underneath. In the 532 nm spectrum of CeNi(CO)5

−, a
very weak band (labeled X′) appears around 0.70 eV, which
might be due to an excited state of the anion. Similar features
have also observed in the photoelectron spectra of the ScO−

and YO− anions.48 A partially resolved shoulder at 1.65 eV
appears in the 532 nm spectrum of CeNi(CO)5

−, which could
be due to other low-lying isomers. Analogous features also
appear in the 532 nm spectra of LaNi(CO)4

− and LaNi(CO)4
−

(Figure 2). However, the X bands were observed in the 355 nm
spectra (Figures S3 and S4), which confirm the assignment of
the ground state (X). For each cluster, the experimental VDE
was determined from the maximum of the X band in the 532
nm photoelectron spectrum and the experimental ADE was
evaluated by drawing a straight line at the rising edge of the X
band. The experimental VDEs and ADEs of LnNi(CO)n

− (Ln
= Ce, La; n = 2−5) are summarized in Tables 1 and 2,
respectively.
The experimental VDEs of CeNi(CO)n

− (n = 2−5)
complexes were determined to be 1.33 ± 0.11, 1.63 ± 0.09,
1.46 ± 0.10, and 1.85 ± 0.08 eV (Table 1), respectively. The

Figure 1. Photoelectron images of CeNi(CO)n
− (n = 2−5) at 532 nm

(2.331 eV). The raw image (upper) and the reconstructed image
(bottom) after inverse Abel transformation are shown on the left side.
The double arrow indicates the direction of the laser polarization.
Photoelectron spectra are shown on the right side.
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experimental ADEs of CeNi(CO)n
− (n = 2−5) were evaluated

to be 1.18 ± 0.12, 1.50 ± 0.10, 1.31 ± 0.11, and 1.72 ± 0.09 eV
(Table 1), respectively.
The 532 nm photoelectron images and spectra of LaNi-

(CO)n
− (n = 2−5) are close to those of CeNi(CO)n

− (Figures
1 and 2). The experimental VDEs of LaNi(CO)n

− (n = 2−5)

were measured to be 1.40 ± 0.10, 1.58 ± 0.09, 1.44 ± 0.10, and
1.81 ± 0.08 eV (Table 2), respectively. The experimental ADEs
of LaNi(CO)n

− (n = 2−5) were estimated to be 1.20 ± 0.11,
1.40 ± 0.10, 1.28 ± 0.11, and 1.63 ± 0.09 eV (Table 2),
respectively.

4. COMPARISON BETWEEN EXPERIMENTAL AND
THEORETICAL RESULTS

Figures 3 and S5 show the optimized structures of LnNi(CO)n
−

(Ln = Ce, La; n = 2−5), respectively. The comparison of
experimental VDEs and ADEs to the B3LYP calculated values
of the four lowest-energy isomers for LnNi(CO)n

− (Ln = Ce,
La; n = 2−5) is given in Tables 1 and 2, respectively. Test
calculation results of CeNi(CO)n

− (n = 2−5) at the TPSSH/
def-TZVPP/Aug-cc-pVTZ level of theory are shown in Table
S1. It can be seen that the B3LYP calculated VDE values of the
LnNi(CO)n

− (Ln = La, Ce; n = 2−5) complexes agree best
with experiment. Relativistic calculations have been tested for
CeNi(CO)3

−. The scalar relativistic calculated VDE values of
the 3A, 3B, 3C, and 3D isomers are 1.46, 1.03, 1.05, and 1.11
eV, respectively, which are consistent with the B3LYP/def-
TZVPP/Aug-cc-pVTZ calculated values of 1.46, 1.00, 1.02, and
1.08 eV. Accordingly, only the B3LYP/def-TZVPP/Aug-cc-
pVTZ calculated results are used for the present discussions.

CeNi(CO)2
−. For CeNi(CO)2

−, the lowest-energy isomer
(labeled as 2A) has a Cs structure with a 4A′ ground state
(Figure 3) and contains one side-on-bonded carbonyl and one
terminal carbonyl bonded to the Ni atom. The 2B isomer
(+0.07 eV) is comprised of two side-on bonded carbonyls. The
2C isomer has one side-on-bonded carbonyl and one bridging
carbonyl, which lies higher in energy above 2A by 0.39 eV. The
2D isomer consists of one bridging carbonyl and one terminal
carbonyl, which lies higher in energy above 2A by 1.01 eV. As
listed in Table 1, the calculated VDE and ADE values for the
most stable structure of 2A (1.29 and 1.23 eV) agree well with
the experiment values (1.33 ± 0.11 and 1.18 ± 0.12 eV),
respectively. The calculated VDE and ADE values of 2B (1.10
and 1.00 eV) are also close to the experimental values. As
shown in Figure 4, the simulated spectra of 2A and 2B are very
similar and the main features were seen experimentally. The
band positions and overall pattern of simulated spectrum of 2A
is in slightly better agreement with experiment but the presence
of 2B cannot be ruled out. A mixture of 2A and 2B (trace
labeled Mix (2A + 2B) improves the agreement between theory
and experiment. Considering that the isomerization barrier
from 2B to 2A is predicted to be small as 0.18 eV, the
coexistence of the 2A and 2B isomers is likely here. The
simulated spectra of isomers 2C and 2D fit worse with the
experimental spectra with respect to 2A and 2B (Figure 4).

CeNi(CO)3
−. The most stable structure of CeNi(CO)3

−,
labeled 3A, involves terminal, bridging, and side-on-bonded
modes, in which the terminal CO is coordinated to the Ni atom
(Figure 3). The structure of 3B (+0.17 eV) is comprised of one
terminal and two side-on bonded carbonyls. The structure of
3C consists of three side-on bonded carbonyls, which lies 0.53
eV above 3A. The 3D isomer (+0.85 eV) has three bridging
carbonyls. It can be seen from Table 1 that the calculated VDE
and ADE of 3A (1.46 and 1.40 eV) are consistent with
experiment (1.63 ± 0.09 and 1.50 ± 0.10 eV), respectively. The
calculated VDEs of 3B (1.00 eV), 3C (1.02 eV), and 3D (1.08
eV) are much lower than the experimental value (1.63 ± 0.09
eV). The calculated photoelectron spectrum of 3A agrees best
with experiment (Figure 5). The calculated photoelectron

Figure 2. Photoelectron images of LaNi(CO)n
− (n = 2−5) at 532 nm

(2.331 eV). The raw image (upper) and the reconstructed image
(bottom) after inverse Abel transformation are shown on the left side.
The double arrow indicates the direction of the laser polarization.
Photoelectron spectra are shown on the right side.

Table 1. Comparison of Experimental VDE and ADE Values
to B3LYP Calculated Ones and Relative Energies (ΔE) of
the Isomers for CeNi(CO)n

− (n = 2−5)

VDE (eV) ADE (eV)

cluster isomer
ΔE
(eV) calcd expta calcd expta

CeNi(CO)2
− 2A 0.00 1.29 1.33(11) 1.23 1.18(12)

2B 0.07 1.10 1.00
2C 0.39 1.10 1.26
2D 1.01 1.11 1.05

CeNi(CO)3
− 3A 0.00 1.46 1.63(9) 1.40 1.50(10)

3B 0.17 1.00 0.84
3C 0.53 1.02 1.07
3D 0.85 1.08 1.31

CeNi(CO)4
− 4A 0.00 1.54 1.46(10) 1.38 1.31(11)

4B 0.20 1.43 1.25(10) 1.41 1.21(11)
4C 0.39 1.39 1.31
4D 0.52 2.01 1.35

CeNi(CO)5
− 5A 0.00 1.95 1.85(8) 1.67 1.72(9)

5B 0.10 1.82 1.65(8) 1.70 1.56(9)
5C 0.32 1.86 1.59
5D 0.73 1.79 1.53

aNumbers in parentheses represent the uncertainty in the last digits.
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spectra of 3B, 3C, and 3D are different from experiment, and
these three isomers can be ruled out from the assignment.
CeNi(CO)4

−. The lowest-energy isomer of CeNi(CO)4
−

(4A) has two side-on-bonded carbonyls and two terminal
carbonyls, in which one terminal carbonyl is coordinated to the
Ce atom and another terminal carbonyl is bound to the Ni
atom (Figure 3). Isomer 4B (+0.20 eV) consists of two
terminally coordinated COs, one bridging CO, and one side-
on-bonded CO. Isomer 4C is comprised of one bridging, one
side-on-bonded, and two terminal carbonyls coordinated to the
Ce and Ni atoms, respectively, which lies 0.39 eV above 4A.
The 4D isomer (+0.52 eV) has three bridging carbonyls and
one carbonyl terminally coordinated to the Ni atom. The

calculated VDE and ADE of 4A is 1.54 and 1.38 eV (Table 1),
respectively, consistent with experiment (1.46 ± 0.10 and 1.31
± 0.11 eV). The calculated VDE of 4B (1.43 eV) (Table 1) is
consistent with the broad feature at 1.25 ± 0.10 eV. As shown
in Figure 6, the simulated spectra of 4A and 4B are very similar
and better agreement is obtained by the 4A and 4B mixture.
The intensity of the peak at 2.10 eV in the simulated spectra of
4A and 4B is reduced in the experiment, which could be due to
the limit of photodetachment laser of 532 nm (2.331 eV). The

Table 2. Comparison of experimental VDE and ADE values to B3LYP calculated ones and relative energies (ΔE) of the isomers
for LaNi(CO)n

− (n = 2−5)

VDE (eV) ADE (eV)

cluster isomer ΔE (eV) calcd expta calcd expta

LaNi(CO)2
− 2-I 0.00 1.26 1.40(10) 1.21 1.20(11)

2-II −0.03 1.07 0.99
2-III 0.28 1.13 1.09
2-IV 1.09 1.12 1.09

LaNi(CO)3
− 3-I 0.00 1.44 1.58(9) 1.40 1.40(10)

3-II 0.08 0.94 0.89
3-II 0.53 1.03 1.45
3-III 0.94 1.08 1.00

LaNi(CO)4
− 4-I 0.00 1.57 1.44(10) 1.43 1.28(11)

4-II 0.12 1.52 1.20(10) 1.38 1.18(11)
4-III 0.32 1.65 1.57
4-IV 0.57 1.39 1.31

LaNi(CO)5
− 5-I 0.00 1.84 1.81(8) 1.58 1.63(9)

5-II 0.20 1.71 1.53(8) 1.47 1.40(9)
5- III 0.26 1.85 1.60
5-IV 0.76 1.68 1.58

aNumbers in parentheses represent the uncertainty in the last digits.

Figure 3. Optimized structures of the CeNi(CO)n
− (n = 2−5) anions

(Ce, green; Ni, blue; C, black; O, red). Relative energies are given in
eV.

Figure 4. Comparison of experimental 532 nm photoelectron
spectrum (bottom row) of CeNi(CO)2

− to the simulated spectra of
the isomers 2A−2D (upper rows). Relative energies are given in eV.
The trace labeled Mix (2A + 2B) denotes a 1:1 mixture of 2A and 2B.
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4C and 4D isomers could be ruled out by the mismatch of the
simulated spectra with experiment.

CeNi(CO)5
−. In the lowest-energy isomer for CeNi(CO)5

−,
5A, two CO molecules are in the side-on-bonded configuration,
two CO molecules are terminally coordinated to the Ce atom,
and one CO molecule is terminally coordinated to the Ni atom
(Figure 3). Isomer 5B (+0.10 eV) consists of one side-on-
bonded COs, two terminal COs coordinated to the Ce atom,
and two terminal COs coordinated to the Ni atom. Isomer 5C
lies 0.32 eV above 5A and is comprised of two terminal COs
coordinated to the Ce atom, and one terminal CO coordinated
to the Ni atom, one bridging CO, and one side-on-bonded CO.
Isomer 5D (+0.73 eV) contains three bridging COs and two
terminal COs. The calculated VDE and ADE of 5A (1.95 and
1.67 eV) agree with experiment (1.85 ± 0.08 and 1.72 ± 0.09
eV) of the main band (Table 1), respectively. The calculated
VDE of 5B (1.82 eV) (Table 1) is consistent with the shoulder
feature at 1.65 ± 0.08 eV. As shown in Figure 7, the simulated
spectra of the 5A and 5B mixture reproduce the experimental
spectrum.

It can be seen from Figures 3 and S5 that the configurations
for LaNi(CO)n

− (n = 2−5) are similar to those of
CeNi(CO)n

−. The agreement between the experimental and
calculated VDEs and ADEs of LaNi(CO)n

− is obtained (Table
2).

5. DISCUSSION
Overall agreement between the experimental and theoretical
results allows for exploring the structural evolution of
LnNi(CO)n

− (Ln = Ce, La; n = 2−5). For CeNi(CO)n−, the
experimental VDE value of n = 4 is smaller than that of n = 3,

Figure 5. Comparison of experimental 532 nm photoelectron
spectrum (bottom row) of CeNi(CO)3

− to the simulated spectra of
the isomers 3A−3D (upper rows). Relative energies are given in eV.

Figure 6. Comparison of experimental 532 nm photoelectron
spectrum (bottom row) of CeNi(CO)4

− to the simulated spectra of
the isomers 4A−4D (upper rows). Relative energies are given in eV.
The trace labeled Mix (4A + 4B) denotes a 1:1 mixture of 4A and 4B.

Figure 7. Comparison of experimental 532 nm photoelectron
spectrum (bottom row) of CeNi(CO)5

− to the simulated spectra of
the isomers 5A−5D (upper rows). Relative energies are given in eV.
The trace labeled Mix (5A + 5B) denotes a 1:1 mixture of 5A and 5B.
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implying that the CO coordination mode of CeNi(CO)4
− is

different from CeNi(CO)3
−. It can be seen from the above

analysis that the most stable structures of CeNi(CO)n
− (n = 2

and 3) contain a motif of one side-on-bonded carbonyl. The 4A
isomer for CeNi(CO)4

− includes two side-on-bonded carbon-
yls. The preferred structure of CeNi(CO)5

− (5A) is built from
4A by terminally coordinating CO to Ce. Similar observation is
also obtained for LaNi(CO)n

− (Figure S5). Summarizing, a
building block of one side-on-bonded CO molecule is favored
in the heterobinuclear LnNi(CO)n

− (Ln = La, Ce; n ≤ 3)
clusters, whereas a new motif of two side-on-bonded CO
molecules is preferred in the n ≥ 4 clusters.
For the most stable isomers of CeNi(CO)n

− (n = 2−5)
(2A−5A), the highest occupied molecular orbitals (HOMO)
down to the fourth valence molecular orbital from the HOMO
are shown in Figure S6. For 2A, the α-HOMO is a
predominately s-type character, the α-HOMO−1 is π type
bond, and the α-HOMO−2, α-HOMO−3, and α-HOMO−4
are featured by the delocalized π orbitals. This implies that the
interaction of CO molecules with the CeNi binuclear cluster is
stabilized by the π-type bonds. Such bonding mechanism has
also been found in isomer 3A. In isomers 4A and 5A, the α-
HOMOs feature π-type bonds with striking metal to carbonyl
donation, resulting in the significant weakening of C−O bonds.
The terminal and bridging bonding of CO on metal catalyst

is a well-known common feature. The extreme weakening of
C−O bond has been observed for some transition metal
surfaces, where the C−O vibrational stretching frequencies of
chemsorbed CO appear in the 1100−1400 cm−1 region.49−51 In
general, the terminal, bridging, and side-on-bonded modes of
metal−CO coordination point to the weak, moderate, and
extreme C−O bond activation. It can be seen from the above
structural analysis of the heterobinuclear LnNi(CO)n

− (Ln =
La, Ce) carbonyls that the number of extremely activated CO
molecule is increased in the larger clusters (n ≥ 4), evidencing
the ligand-enhanced CO activation by the early lanthanide-
nickel heterodimers. This is different from the structural
evolutions of other homobinuclear, heterobinuclear metal−
iron, and metal−nickel carbonyls.31−39 In the Ti2(CO)n

− (n =
1−9) clusters, the building block of three side-on-bonded CO
molecules is favored for n = 3−5, whereas the motif of two side-
on-bonded CO molecules is preferred for n = 6−9, indicating
that the number of extremely activated CO molecule is reduced
in the larger clusters.28 In the MNi(CO)n

− (M = Ti, Zr, Hf)
complexes, the n = 3 cluster is comprised of one terminal, one
bridging, and one side-on-bonded carbonyl, whereas the
binding motif of three bridging carbonyls is preferred in n =
4−7, also suggesting that the degree of CO activation is
reduced in the larger clusters.37

Present experimental and theoretical results show the ligand-
enhanced CO activation by the early lanthanide−nickel
heterodimers. This is reminiscent of the effect of expanded
coordination on the CO2 activation by metals. For instance,
infrared photodissociation (IRPD) spectroscopy of [V(CO2)n]

+

clusters revealed that the CO2 molecule is directly bound to the
metal cations in an “end-on” configuration in the n < 7 clusters,
whereas an oxalate-type C2O4 anion species is formed in the n
≥ 7 clusters.52 IRPD spectroscopy of [Bi(CO2)n]

− clusters
demonstrated the motif switch from metalloformate to oxalate
with increasing the CO2 ligands.

53 Together with the current
findings, these results show how the ligand environment can
affect the performance of a catalyst, which would have
important implications for uncovering many facets of catalytic

activation/reduction of various important molecules (i.e., CO,
CO2, N2, CH4, etc.) at the molecular level and offering design
criteria for atom/cluster catalyst engineering.

6. CONCLUSION
The interaction of CO with the lanthanum−nickel and
cerium−nickel heterodimers has been studied by photoelectron
spectroscopy and quantum chemical calculations. While the
binding motif in the most stable isomers of LnNi(CO)n

− (Ln =
La, Ce; n = 2 and 3) consists of one side-on-bonded carbonyl, a
new building block of two side-on-bonded carbonyls is favored
n = 4 and 5. Experimental and theoretical results reveal the
ligand-enhanced CO activation by the early lanthanide−nickel
heterodimers, which provides detailed insights into the
microscopic mechanism of catalytic CO activation.
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