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Abstract
The chemical bonding and electronic structure of heteronuclear metal–nickel carbonyls MNi(CO)n− (M = Sc, Y; n = 2–6) 
have been investigated by mass-selected photoelectron velocity map imaging spectroscopy and quantum chemical calcula-
tions. Two CO bonding modes (side-on-bonded and terminal carbonyls) are involved in the n = 2 cluster. The building block 
composed of three kinds of different CO modes (side-on-bonded, bridging, and terminal carbonyls) is favored at n = 3, the 
structure of which persists up to n = 6. The additional CO ligands are preferentially coordinated in the terminal mode to the 
Sc atom and then to the Ni atom in the larger clusters. The present findings would promote the understanding of CO molecule 
activation and chemisorbed CO molecules on metal surfaces.
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1 Introduction

Transition metal (TM) carbonyls have provided prototypi-
cal models of CO chemisorption on metal surface or the 
binding at active sites of catalyst, and shed light on the 
metal–ligand bonding in inorganic, organometallic, and 
coordination chemistry [1–3]. To date, an abundance of 
theoretical and experimental studies have been carried out 
on the spectroscopic and structural properties of these com-
plexes. Experimentally, a series of the reactions of metals 
with CO molecules have been well characterized by mass 
spectrometry and the spectroscopic information of many 
metal–CO complexes have been measured by various kinds 
of spectroscopic technologies. The bonding energies of TM 

carbonyls were measured using collision-induced dissocia-
tion [4–6]. Matrix-isolation infrared spectroscopy has been 
employed to study various charged and neutral metal car-
bonyls in both rare gas matrices and condensed phase envi-
ronments [7–10]. Infrared photodissociation (IRPD) spec-
troscopy combined with theoretical calculations has been 
successfully applied to probe the structures and vibrational 
frequencies of the homoleptic mononuclear and multinuclear 
TM carbonyl clusters [11–16]. Equilibrium geometries and 
vibrational frequencies of TM carbonyl clusters have been 
established from the Fourier-transform microwave spec-
troscopy [17]. Photoelectron spectroscopy (PES) has been 
used to investigate mass-selected TM carbonyl anions and 
revealed much information about their electronic structures 
[18–21]. Theoretically, much effort has been devoted to TM 
carbonyls, with the aim of obtaining the unusual features of 
the metal–metal and metal–carbon bonds and supporting the 
experimental observed intriguing properties. Both density 
functional theory (DFT) and ab initio quantum chemical 
methods have been used to examine plausible structures for 
the mononuclear and dinuclear TM carbonyls [22–25].

Binuclear metal carbonyls have gained extensive interest 
in various kinds of experimental and theoretical observa-
tions. Recently, the studies of homo-binuclear metal car-
bonyls have mainly focused on the reaction of CO molecule 
with metal clusters in the gas phase. A series of binuclear 
monocarbonyl clusters, such as  Sc2CO,  Mn2CO,  Fe2CO, 
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 Co2CO et al., have been investigated to probe the interaction 
and behavior between CO molecule with the metals using 
infrared spectroscopy [7, 26–30]. Theoretical studies also 
revealed different bonding modes (side-on-bonded, bridg-
ing, and terminal carbonyls) of single CO to the binuclear 
3d metals [22, 23, 31]. For larger clusters, IRPD studies 
have found that the  Cr2(CO)n+ (n = 7–9) cluster cations pos-
sess the (OC)5Cr–C–O–Cr(CO)n−6

+ structures with a linear 
bridging carbonyl group bonded to one Cr atom through its 
carbon atom and to the other Cr atom through its oxygen 
atom [16]. The  Fe2(CO)n− (n = 4–7) cluster anions have unu-
sual asymmetric (OC)4Fe– –Fe(CO)n−4

− structures [14]. The 
 Co2(CO)8

+ cation was determined to be a Co–Co bonded 
structure with Cs symmetry involving a bridging CO ligand 
and the  Co2(CO)9

+ cation has a mixture of the CO-tagged 
 Co2(CO)8

+–CO complex and the Co(CO)5
+–Co(CO)4 ion-

molecular complex [32]. The  Cu2(CO)6
+ cation has the 

(OC)3Cu–Cu(CO)3
+ structure and the  Cu2(CO)7

+ cation 
was determined to be a weakly bound complex involving a 
 Cu2(CO)6

+ core ion [33]. Additionally, PES investigations 
have indicated that  Au2(CO) and  Au2(CO)2

−/0 were found to 
be linear molecules with CO coordinated to Au terminally 
via C, and  Au2(CO)− is revealed to be bent.  Au2(CO)3

−/0 
were found to be physisorbed complexes, in which the third 
CO is weakly interacting with a linear  Au2(CO)2

− core 
[34]. In the  Ti2(CO)n− (n = 4–6) series,  Ti2(CO)4

− consists 
of three side-on-bonded CO molecules and one termi-
nally bonded CO molecule, and  Ti2(CO)5

− is derived from 
 Ti2(CO)4

− by bonding terminally the fifth CO to the Ti atom; 
 Ti2(CO)6

− has two side-on-bonded CO molecules and four 
terminal CO molecules [35].

In contrast, few efforts have been involved for heterobi-
nuclear metal carbonyls. IRPD spectroscopic studies have 
revealed that the MFe(CO)8

+ (M = Co, Ni, Cu) complexes 
have eclipsed (CO)5Fe−M(CO)3

+ structures and MCu(CO)7
+ 

(M = Co, Ni) have staggered (CO)4M−Cu(CO)3
+ structures, 

the FeZn(CO)5
+ complex has a (CO)5Fe−Zn+ structure and 

the CoZn(CO)7
+ ion has a (CO)4Co−Zn(CO)3

+ structure 
[36, 37]. PES investigations of MNi(CO)3

− (M = Mg, Ca, 
Al, Cu) have indicated that the three carbonyls are bonded 
terminally to the Ni atom, resulting in the formation of the 
Ni(CO)3 motif [38, 39]. In the PbFe(CO)4

− clusters, the 
four carbonyls are bonded terminally to the Fe atom [40]. 
In these heterobinuclear metal carbonyls mentioned above, 
the main metal–CO coordination mode is terminal. Recently, 
PES spectroscopy of MNi(CO)n− (M = Ti, Zr, Hf; n = 3–7) 
has revealed that three different kinds of CO bonding con-
figurations are successfully captured in the n = 3 cluster 
and the building block of three bridging CO molecules 
(TiNi(µ-CO)3) is favored at n = 4, which is retained up to 
n = 7 [41].

The MNi (M = Sc, Y) heterobimetals are widely involved 
in many catalytic processes [42–44]. Nickel tetracarbonyl 

was the first metal carbonyl to be prepared in 1890, and 
nickel group carbonyls are among the most studied metal 
carbonyls both experimentally and theoretically [45]. In the 
present work, we report a study on a series of heteronu-
clear metal-nickel clusters MNi(CO)n− (M = Sc, Y; n = 2–6). 
Photoelectron velocity-map imaging spectroscopic and the-
oretical investigations reveal that two CO bonding modes 
(side-on-bonded and terminal carbonyls) are involved in the 
n = 2 cluster. The building block composed of three kinds of 
different CO modes (side-on-bonded, bridging, and terminal 
carbonyls) is favored at n = 3, the structure of which per-
sists up to n = 6. The additional CO ligands are preferentially 
coordinated in the terminal mode to the Sc atom and then to 
the Ni atom in the larger clusters.

2  Experimental and Theoretical Methods

The experiments were performed using a homemade instru-
ment with a laser vaporization source, a dual-channel time-
of-flight mass spectrometer (D-TOFMS) coupled with 
velocity-map photoelectron imaging analyzer. Details of 
the apparatus have been described elsewhere [46], and only 
a brief outline is given below. The heterodinuclear transi-
tion metal carbonyl anions were generated by laser vapori-
zation cluster source and these cluster anions were obtained 
in a supersonic expansion of helium gas seeded with 5% 
CO. The typical stagnation pressure of the carrier gas was 
about 1–5 atm. The cluster anions were cooled and expanded 
into the source chamber. The anions of interest were mass 
selected by a McLaren Wiley time-of-flight spectrometer 
and then introduced into the photodetachment region. The 
photon energy of 355 nm (3.496 eV) was used for the pho-
todetachment of these anionic clusters. The resulting pho-
toelectrons were extracted by a velocity map imaging pho-
toelectron spectrometer and recorded by a charge-coupled 
device camera (CCD). Each image was obtained by accu-
mulating 10,000–50,000 laser shots at 10 Hz repetition rate. 
The obtained raw image stood for the projection of the pho-
toelectron density in the 3D laboratory frame onto the 2D 
imaging detector. The original 3D distribution was recon-
structed using the Basis Set Expansion (BASEX) inverse 
Abel transform method, and the photoelectron spectrum was 
acquired. The photoelectron spectra were calibrated using 
the known spectrum of  Au−. The energy resolution was bet-
ter than 5%, corresponding to 50 meV at electron kinetic 
energy (eKE) of 1 eV.

In order to explain the electronic and geometrical struc-
tures of MNi(CO)n0/−1 (M = Sc, Y), theoretical calculations 
were performed using the Gaussian 09 programs [47]. 
Recent investigations have shown that the B3LYP function 
[48] works well for the scandium and yttrium carbonyls [49], 
and then was employed here. The Aug-cc-pVTZ basis set 
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was selected for the C and O atoms [50], and the SDD (SC-
RECP, MWB28) basis set for the Sc and Y atoms [51]. Har-
monic frequency analysis was carried out to make sure that 
the obtained structures were real minima on the potential 
energy surfaces. The vertical detachment energy (VDE) was 
defined as the difference in energy between the neutral and 
anionic species based on the optimized anionic geometry, 
and the adiabatic detachment energy (ADE) was calculated 
as the difference in energy between the neutral and the anion 
both at their optimized geometries. Relative energies and 
the ADEs included the zero-point-energy corrections cor-
rections. All possible spin states were considered. For the 
most stable isomers of ScNi(CO)n−, for example, the rela-
tive energies between singlet and triplet states are very close 
(Table S1). However, the calculated VDEs of the species 
with singlet states agree best with the experimental values. 
The calculated VDEs of the species with triplet states for the 
4A, 5A, and 6A structures are much higher than the experi-
mental values. Only the calculated results of the isomers 
with singlet states are shown for the present discussions.

3  Results and Analysis

3.1  Photoelectron Spectroscopy

The MNi(CO)n− (M = Sc, Y) complexes were pro-
duced via laser vaporization of metal rods with 5% CO 
seeded in helium. The mass spectrum of scandium-nickel 
and yttrium-nickel carbonyl cluster anions is given in 
Figs. S1 and S2 in the Supporting Information, respec-
tively. Besides the MNi(CO)n− (M = Sc, Y; n = 2–6) tar-
get products, the Ni(CO)3

−, NiC(CO)3
−, Fe(CO)4

−, 
 ScNiH2O(CO)n− (n = 3–5), ScNiC(CO)n− (n = 3–6), and 
YNiO(CO)n− (n = 1–3) complexes were also observed. The 
carbonyl anions of interest were mass-selected and intro-
duced into the photodetachment region. The photoelectron 
imaging results and corresponding photoelectron spectra of 
MNi(CO)n− (M = Sc, Y; n = 2–6) are shown in Figs. 1 and 
2, respectively.

The single photon energy of 355  nm (3.496  eV) for 
ScNi(CO)n− allows ground state transitions of all com-
pounds to be observed, as shown in Fig. 1. The photo-
electron spectra mainly reveal an intense X band, and the 
VDE values of ScNi(CO)n− (n = 2–6) were estimated from 
their band maxima in the 355 nm spectra to be 1.76 ± 0.09, 
1.83 ± 0.08, 1.86 ± 0.08, 1.94 ± 0.08, and 1.97 ± 0.08 eV 
(Table 1), respectively. The ADE value was estimated by 
drawing a straight line at the rising edge of the main band 
and then adding the instrumental resolution to the inter-
section with the binding energy axis. The ADE values of 
ScNi(CO)n− (n = 2–6) were evaluated to be 1.53 ± 0.10, 

1.68 ± 0.09, 1.70 ± 0.09, 1.73 ± 0.09, and 1.77 ± 0.09 eV 
(Table 1), respectively.

I t  c a n  b e  s e e n  f ro m  F i g .   2  t h a t  t h e 
355  nm photoelectron images and spectra of 
YNi(CO)n− (n = 2–6) are similar to those of ScNi(CO)n−. 
The VDE values of YNi(CO)n− (n = 2–6) were estimated 
to be 1.70 ± 0.09,1.89 ± 0.08, 1.96 ± 0.08, 2.12 ± 0.07, 
and 2.26 ± 0.06  eV (Table  2), respectively. The ADE 
values of YNi(CO)n− (n = 2–6) were measured to be 

Fig. 1  Photoelectron images of ScNi(CO)n− (n = 2–6) at 355 nm. 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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1.54 ± 0.10,1.69 ± 0.09, 1.72 ± 0.09, 1.73 ± 0.09, and 
1.77 ± 0.09 eV, respectively.

3.2  Comparison Between Experimental 
and Theoretical Results

Optimized structures of MNi(CO)n− (M = Sc, Y; n = 2–6) 
are illustrated in Figs. 3 and 4, respectively. None of the tri-
plet anions were found to be energetically competitive with 
the corresponding singlet isomers. Accordingly, only the 

results obtained for the representative low-energy isomers 
with the singlet electronic state are shown. Tables 1 and 2 
list the comparison of experimental VDE and ADE values 
to B3LYP calculated ones of the four lowest-energy isomers 
for for MNi(CO)n− (M = Sc, Y; n = 2–6), respectively.

3.2.1  MNi(CO)2
− (M = Sc, Y)

In Fig.  3, the lowest-lying isomer (labeled as 2A) of 
ScNi(CO)2

− is a C1 structure with a 1A ground state, in 
which two types of coordination configurations (i.e., side-
on-bonded and terminal) are simultaneously involved and 
the terminal CO is bonded to the Ni atom. The second 
isomer (2B) has two side-on-bonded CO molecules and 
lies higher in energy above 2A by 0.06 eV. The 2C isomer 
(+ 0.30 eV) has side-on-bonded and bridging carbonyls. The 
2D isomer (+ 1.20 eV) consists of one bridging carbonyl and 
one carbonyl terminally bonded to the Sc atom. As listed in 
Table 1, the calculated VDE of 2A (1.59 eV) is consistent 
with the experiment value of 1.76 ± 0.09 eV. The agreement 
of the calculated ADE value with the experiment value is 
also obtained for the 2A isomer (Table 1). The calculated 
VDEs and ADEs of isomers 2B–2D are much lower than the 
experimental values. It thus appears that the 2B–2D isomers 

Fig. 2  Photoelectron images of YNi(CO)n− (n = 2–6) at 355 nm. 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 the 
calculated ones of the four lowest-energy isomers for ScNi(CO)n− 
(n = 2–6)

a Numbers in parentheses represent the uncertainty in the last digit

Cluster Isomer VDE (eV) ADE (eV)

Exp.a Calc. Exp.a Calc.

n = 2 2A 1.76 (9) 1.59 1.53 (10) 1.37
2B 1.07 1.03
2C 1.06 0.99
2D 0.91 0.81

n = 3 3A 1.83 (8) 1.65 1.68 (9) 1.55
3B 1.20 1.10
3C 1.22 1.05
3D 1.18 1.09

n = 4 4A 1.86(8) 1.76 1.70 (9) 1.60
4B 1.49 1.37
4C 1.31 1.14
4D 1.48 1.35

n = 5 5A 1.94(8) 2.06 1.73(9) 1.87
5B 1.95 1.86
5C 1.82 1.69
5D 2.09 1.88

n = 6 6A 1.97(8) 2.13 1.77(9) 1.90
6B 2.16 1.99
6C 2.03 1.76
6D 2.18 1.89



75Topics in Catalysis (2018) 61:71–80 

1 3

do not contribute to the experimental spectrum. It can be 
seen from Fig. 4 that the calculated results of YNi(CO)2

− are 
similar to those of ScNi(CO)2

−. The computed VDE and 
ADE values of 2-I (1.57 and 1.41 eV) are in agreement 
with experiment values (1.70 ± 0.09 and 1.54 ± 0.10 eV) 
(Table 2). The structures 2-II–2-IV can be excluded from 
the experiment.

3.2.2  MNi(CO)3
− (M = Sc, Y)

The lowest-energy isomer of ScNi(CO)3
− (3A) is revealed 

by a Cs structure with a 1A′ ground state and consists of three 
types of coordination configurations (i.e., side-on-bonded, 
bridging, and terminal), in which the terminal carbonyl is 
bonded to the Ni atom (Fig. 3). The second energetically 
lying isomer (3B, + 0.49 eV) has two side-on-bonded car-
bonyls and one terminal carbonyl. In 3C, it has three bridg-
ing mode. The 3D isomer reveals three different coordina-
tion modes, in which the terminal carbonyl is bonded to the 
Sc atom. The calculated VDE and ADE values for the most 
stable structure 3A (1.65 and 1.55 eV) are consistent with 
the experimental values of 1.83 ± 0.08 and 1.68 ± 0.09 eV 
(Table 1). The isomers 3B–3D should be too high in energy 
to be probed in the experiment, and their calculated VDE 

and ADE values could not fit as well with the experiment as 
compared to those of 3A. Similar results were also obtained 
for YNi(CO)3

− (Fig. 4; Table 2).

3.2.3  MNi(CO)4
− (M = Sc, Y)

For the n = 4 cluster, the lowest-energy isomer of 
ScNi(CO)4

− (4A) is a Cs structure with a 1A′ ground state, 
which consists of one side-on-bonded carbonyl, one bridg-
ing carbonyl, and two terminal carbonyls. The 4A struc-
ture could be viewed as being derived from 3A by termi-
nally bonding the fourth CO molecule to the Sc atom. The 
4B isomer lies higher in energy by 0.40 eV and consists 
of three bridging carbonyls and one terminal carbonyl. 
The third isomer (4C, + 0.46 eV) has a Cs structure with 
two side-on-bonded CO groups and two terminal carbon-
yls. The 4D isomer has one side-on-bonded, one bridg-
ing, and two terminal carbonyls, in which the two termi-
nal carbonyls are bonded to the Ni atom, different from 
the 4A structure. The calculated VDE and ADE values of 
4A (1.76 and 1.60 eV) agree best with the experimental 
values of 1.86 ± 0.08 and 1.70 ± 0.09 eV (Table 1). This 
suggests that the 4A isomer should be responsible for the 
n = 4 spectrum. For YNi(CO)4

−, the lowest-energy isomer 
is similar to that of ScNi(CO)4

−. Energetics of isomers 
4-I–4-IV of YNi(CO)4

− is slightly different from isomers 
4B–4D of ScNi(CO)4

−. As listed in Table 2, the calculated 
VDE and ADE values of 4-I (1.72 and 1.57 eV) are also 
consistent with the experimental values of 1.96 ± 0.08 and 
1.72 ± 0.09 eV.

3.2.4  MNi(CO)5
− (M = Sc, Y)

The lowest-energy isomer of ScNi(CO)5
− (5A) has one 

side-on-bonded carbonyl, one bridging carbonyl, and three 
terminal carbonyls, in which one terminal carbonyl is 
bonded to the Ni atom and another two terminal carbonyls 
are bonded to the Sc atom. Next energetically lying isomer 
(5B, + 0.22 eV) has two bridging carbonyls, two terminal 
carbonyls and one side-on-bonded carbonyl. The 5C isomer 
has three bridging carbonyls and two terminal carbonyls, 
which lies 0.35 eV higher in energy than the 5A isomer. The 
5D isomer (+ 0.86 eV) has one bridging carbonyl, three car-
bonyls terminally bonded to the Sc atom, and one carbonyl 
terminally bonded to the Ni atom. As illustrated in Fig. 4, 
the structures for the isomers of YNi(CO)5

− are similar to 
ScNi(CO)5

−. The calculated VDE and ADE values of the 
lowest-energy isomers for MNi(CO)5

− (M = Sc, Y) are con-
sistent with the experimental values (Tables 1, 2). The ener-
getically higher-lying isomers could not be readily formed 
under the present experimental conditions.

Table 2  Comparison of experimental VDE and ADE values to the 
calculated ones of the four lowest-energy isomers for YNi(CO)n− 
(n = 2–6)

a Numbers in parentheses represent the uncertainty in the last digit

Cluster Isomer VDE (eV) ADE (eV)

Exp.a Calc. Exp.a Calc.

n = 2 2-I 1.70(9) 1.57 1.54(10) 1.41
2-II 1.28 1.23
2-III 1.20 1.17
2-IV 0.93 0.84

n = 3 3-I 1.89(8) 1.62 1.69(9) 1.50
3-II 1.10 1.03
3-III 1.24 1.10
3-IV 1.22 1.09

n = 4 4-I 1.96(8) 1.72 1.72(9) 1.57
4-II 1.60 1.52
4-III 1.51 1.38
4-IV 1.14 1.05

n = 5 5-I 2.12(7) 2.00 1.73(9) 1.79
5-II 1.89 1.82
5-III 1.72 1.61
5-IV 1.93 1.76

n = 6 6-I 2.26(6) 2.04 1.77(9) 1.82
6-II 2.09 1.83
6-III 2.02 1.89
6-IV 1.95 1.78



76 Topics in Catalysis (2018) 61:71–80

1 3

3.2.5  MNi(CO)6
− (M = Sc, Y)

For the n = 6 cluster, the lowest-lying isomer of 
ScNi(CO)6

− (6A) is indicated by a C1 structure with a 1A 
ground state, which consists of one side-on-bonded car-
bonyl, one bridging carbonyl, and four terminal carbonyls, 
in which two terminal carbonyls are bonded to the Sc atom 
and another two terminal carbonyls are bonded to the Ni 
atom. The 6B isomer (+ 0.18 eV) has three bridging car-
bonyls, and three terminal carbonyls, in which two termi-
nal carbonyls are bonded to the Sc atom and another one 
terminal carbonyl is bonded to the Ni atom. The 6C isomer 
(+ 0.23 eV) has one side-on-bonded carbonyl, one bridging 
carbonyl, three carbonyls terminally bonded to the Sc atom, 
and one carbonyl terminally bonded to the Ni atom. The 

fourth isomer (6D) lies 0.28 eV above 6A and consists of 
two bridging carbonyls, two carbonyls terminally bonded to 
the Sc atom, and two carbonyls terminally bonded to the Ni 
atom. The isomers of YNi(CO)6

− are analogous to those of 
ScNi(CO)6

−. The calculated VDE and ADE values of the 
lowest-energy isomers for MNi(CO)6

− (M = Sc, Y) are in 
accord with the experimental values (Tables 1, 2). The other 
isomers should be too high in energy to be detected under 
the present experimental conditions.

4  Discussion

The agreement between the experimental and theoretical 
results allows for establishing the structural evolution of 

Fig. 3  Optimized structures of 
the four lowest-energy isomers 
for ScNi(CO)n− (n = 2–6) (Sc, 
yellow; Ni, blue; C, gray; O, 
red). Relative energies are given 
in eV

2B (Cs, 1A')
+0.06

2A (C1, 1A)
0.00

2C (C1, 1A)
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3B (Cs, 1A')
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3A(Cs, 1A')
0.00

3C (Cs, 1A')
+0.53

4C (Cs, 1A')
+0.46

4A (Cs, 1A')
0.00

4B (Cs, 1A')
+0.40

4D (Cs, 1A')
+0.59

2D (C1, 1A)
+1.20

3D (Cs, 1A')
+0.71

5B (C1, 1A)
+0.22

5D (Cs, 1A')
+0.86

5A (C1, 1A)
0.00

5C (Cs, 1A')
+0.35

6B (C1, 1A)
+0.18

6D (C1, 1A)
+0.28

6A (C1, 1A)
0.00

6C (Cs, 1A')
+0.23
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MNi(CO)n− (M = Sc, Y; n = 2–6). For these cluster anions, 
the VDE value increases with an increase of cluster size, 
which implies that the negative electron is stabilized upon 
the bonding of CO molecules. For ScNi(CO)2

−, the 2A 
isomer has one side-on-bonded carbonyl and one terminal 
carbonyl. The 3A structure includes one side-on-bonded 
carbonyl, one bridging carbonyl, and one terminal car-
bonyl. The 4A isomer is derived from 3A by terminally 
bonding the fourth CO molecule to the Sc atom and the 
5A structure is evolved from 4A by terminally bonding 
the fifth CO molecule to the Sc atom. The 6A isomer is 
derived from 5A by terminally bonding the sixth CO mol-
ecule to the Ni atom. In summary, two different kinds of 
CO bonding configurations (side-on-bonded and terminal 
carbonyls) are observed in the n = 2 cluster. The build-
ing block composed of three kinds of different CO modes 
(side-on-bonded, bridging, and terminal carbonyls) is 

favored at n = 3, the structure of which persists up to n = 6. 
The additional CO ligands are preferentially coordinated in 
the terminal mode to the Sc atom and then to the Ni atom 
in the larger clusters. Similar structural evolution was also 
obtained for YNi(CO)n− (n = 2–6).

The molecular orbital pictures of the most stable isomers 
for ScNi(CO)n− (n = 2–6) are shown in Fig. 5. The HOMO 
of 2A is π type bond feature, and the HOMO-1, HOMO-2, 
HOMO-3, and HOMO-4 are delocalized π orbitals mainly 
involving the metal–carbon unit. This suggests that the 
ScNi(CO)2

− cluster is stabilized by the π orbitals localized 
on the interaction of CO molecules with the ScNi binuclear 
cluster. Similar bonding features have also been obtained 
in the 3A–6A isomers (Fig. 5). The bonding mechanism 
of these clusters is analogous to the previous studies of 
TiNi(CO)n− system, in which the C–O bonding is signifi-
cantly weakened.

Fig. 4  Optimized structures of 
the four lowest-energy isomers 
for YNi(CO)n− (n = 2–6) (Y, 
yellow; Ni, blue; C, gray; O, 
red). Relative energies are given 
in eV 2-II(Cs, 1A')

+0.11
2-I (C1, 1A)

0.00
2-III (C1, 1A)

+0.26

3-II(Cs, 1A')
+0.63

3-I (Cs, 1A')
0.00

3-III (Cs, 1A')
+0.66

4-III (Cs, 1A')
+0.33

4-I (Cs, 1A')
0.00

4-II (Cs, 1A')
+0.20

4-IV (Cs, 1A')
+0.38

2-IV (C1, 1A)
+1.22

3-IV (Cs, 1A')
+0.88

5-II (C1, 1A)
+0.10

5-IV (Cs, 1A')
+0.88

5-I (C1, 1A)
0.00

5-III (Cs, 1A')
+0.44

6-II (C1, 1A)
+0.18

6-IV (C1, 1A)
+0.35

6-I (C1, 1A)
0.00

6-III (Cs, 1A')
+0.30



78 Topics in Catalysis (2018) 61:71–80

1 3

It can be found from the above analysis that 
MNi(CO)2

− (M = Sc, Y) is capable of accommodating 
two different coordination modes (i.e., side-on-bonded 
and terminal modes), which is quite different from the 
homobinuclear carbonyl  Au2(CO)2

− with the involvement 
of two terminal CO ligands [34] and  Ti2(CO)2

− with the 
involvement of two side-on-bonded CO ligands [35]. The 
MNi(CO)3

− (M = Sc, Y) isomer has three different kinds of 
CO bonding fashions (side-on-bonded, bridging, and ter-
minal carbonyls), which is similar to TiNi(CO)3

− [41], but 
different from other heterobinuclear metal–nickel carbonyls 
MNi(CO)3

− (M = Mg, Ca, Al, Cu) with the three carbonyls 
preferentially bonded to the nickel atom [38, 39]. The geom-
etry of the MNi(CO)4

− (M = Sc, Y) isomer is different to the 
CuFe(CO)4

− and PbFe(CO)4
− clusters in which the carbon-

yls are bonded to the Ni or Fe atom [40, 52]. In contrast, the 
building block of three bridging CO molecules is favored 
in the TiNi(CO)n− (n = 4–6) clusters [41]. In ScNi(CO)2

−, 
the C–O bond distance in the side-on-bonded and terminal 
mode was calculated to be about 1.24 and 1.16 Å, respec-
tively, which is longer than that of the free CO molecule 
(1.13 Å). The CO stretching frequency of individual side-
on-bonded and terminal carbonyl group in ScNi(CO)2

− was 
predicted to be 1528 and 1974 cm− 1 (unscaled), respectively, 
pointing to the strong and weak C–O bond activation. Gen-
erally, the bridging and terminal bonding of CO on metal 
catalyst is a common feature. The MNi(CO)n− (M = Sc, Y) 
systems reveal diverse patterns of metal–CO coordination 
covering from terminal to side-on-bonded mode, implying 
that the extent of C–O bond activation could be adjusted by 

tuning the cluster size. These findings would have important 
implications for understanding the CO activation and chem-
isorbed CO molecules on metal catalysts via the selection of 
different transition metals and metal compounds.

5  Conclusions

A series of heterobinuclear metal–nickel carbonyls 
MNi(CO)n− (M = Sc, Y; n = 2–6) have been generated via a 
laser vaporization supersonic cluster source and character-
ized by mass-selected photoelectron velocity-map imaging 
spectroscopy. Quantum chemical calculations have been 
carried out to elucidate the geometric and electronic struc-
tures and support the spectral assignments. Two CO bonding 
modes (side-on-bonded and terminal carbonyls) are involved 
in the n = 2 cluster. The building block composed of three 
kinds of different CO modes (side-on-bonded, bridging, and 
terminal carbonyls) is favored at n = 3, the structure of which 
persists up to n = 6. The present findings provide important 
new insight into the structure and bonding mechanisms of 
CO molecules with heteronuclear transition metals, which 
would have important implications for understanding CO 
molecule activation and the chemisorbed CO molecules on 
alloy surfaces.
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