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Probing the bonding of CO to heteronuclear
group 4 metal–nickel clusters by photoelectron
spectroscopy†

Jinghan Zou,‡ab Hua Xie,‡a Qinqin Yuan,ab Jumei Zhang,ab Dongxu Dai,a

Hongjun Fan,a Zichao Tangc and Ling Jiang *a

A series of heterobinuclear group 4 metal–nickel carbonyls MNi(CO)n
� (M = Ti, Zr, Hf; n = 3–7) has been

generated via a laser vaporization supersonic cluster source and characterized by mass-selected

photoelectron velocity-map imaging spectroscopy. Quantum chemical calculations have been carried

out to elucidate the geometric and electronic structures and support the spectral assignments. The

n = 3 cluster is determined to be capable of simultaneously accommodating three different types of CO

bonds (i.e., side-on-bonded, bridging, and terminal modes), resulting in a MNi[Z2(m2-C, O)](m-CO)(CO)�

structure, which represents the smallest metal carbonyl with the involvement of all the main modes of

metal–CO coordination to date. The building block of three bridging CO molecules is favored at n = 4,

the structure of which persists up to n = 7. The additional CO ligands are bonded terminally to the metal

atoms. 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 chemisorbed CO molecules on alloy surfaces.

1. Introduction

The interaction of carbon monoxide with transition metals is of
considerable interest due to its importance in heterogeneous
and homogeneous catalysis such as Fischer–Tropsch chemistry,
hydroformylation, alcohol synthesis, and acetic acid synthesis.1

Considering that a high dispersion leads to an increase in the
activity because of the maximization of the active surface,
qualitatively novel chemical properties would emerge for clusters
and nanosized particles.2 Metal clusters are often regarded as
models for the surface of bulk materials, which provide a nice
correlation with the elemental reactions on the most active or
least coordinated site of a catalyst.3 Particularly, transition metal

carbonyls afford a prototypical system for the investigation of the
structure and bonding of CO with metals. CO is well known to
coordinate in the direction from the C atom to metal(s), forming
terminal or bridging metal–CO bonding, in the metal carbonyls
with very few exceptions for chemisorbed CO on some transition
metal surfaces4–6 and the so-called ‘‘four-electron donor’’ CO in a
limited number of organometallic complexes.7–9

Mononuclear metal carbonyls have been extensively explored
by various types of experimental and theoretical methods.10–15

Recently, the study of binuclear metal carbonyls has gained
increasing interest, which serves as the smallest model for the
bonding of CO to metal clusters. Cu2(CO)6

+ has an unbridged
D3d structure with a Cu–Cu half bond, in which CO is terminally
bonded to the copper atoms.16 In the Au6(CO)n

� (n = 0–3)
carbonyls, the first three CO terminally chemisorb to the three
apex sites of the D3h Au6, which has little effect on the electron
binding energies.17 Photoelectron spectroscopy of Nin(CO)m

�

and Ptn(CO)m
� has shown that the saturation with CO on the

bare metal cluster is due to the formation of an electronic closed
shell.18 Co2(CO)6

+ was identified to be the coordination-
saturated cluster for Co2

+, which was characterized to have Cs

symmetry involving a bridging CO ligand and a Co–Co single
bond.19 Infrared multiple photon dissociation spectroscopy
of rhodium carbonyls has shown that the neutral Rh2(CO)8

complex has two bridging CO and six terminal CO groups,
whereas all CO molecules are terminally bonded in the cationic
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Rh2(CO)8
+ complex.20 The Fe2(CO)8

�, Fe2(CO)8
+, and Fe2(CO)9

+

complexes were characterized to have unbridged structures.21–23

The Cr2(CO)n
+ clusters consist of (OC)5Cr–C–O–Cr(CO)n�6

+ with a
linear bridging carbonyl group bonded to one chromium atom
through its carbon atom and to the other chromium atom through
its oxygen atom.24 In the Ti2(CO)n

� (n = 1–9) series, the CO
molecules bind to Ti2 in a side-on-bonded fashion and form a
stable Ti2[Z2(m2-C, O)]3 structure at n = 3. The motif of this
structure retains up to n = 5 and starting at n = 6, a new building
block of two CO groups side-on-bonded to Ti2 is favored, the
structure of which persists up to n = 9.25

In contrast, few efforts have been made for heterobinuclear
metal carbonyls. The carbonyl groups are found to bond terminally
to the nickel atom in the CuNi(CO)3

� cluster or the iron atom in
the CuFe(CO)4

� and PbFe(CO)4
� clusters.26–28 The MFe(CO)8

+

(M = Co, Ni, Cu) complexes consist of eclipsed (CO)5Fe–M(CO)3
+

structures and MCu(CO)7
+ (M = Co, Ni) have staggered (CO)4M–

Cu(CO)3
+ structures, in which all the CO molecules are terminally

bonded to the metal atoms.29 In the heterobinuclear main group
metal–nickel carbonyls MNi(CO)3

� (M = Mg, Ca, Al), the three
carbonyls are only terminally bonded to the nickel atom, resulting
in the formation of the Ni(CO)3 motif.30

There has been no report thus far of a simple tricarbonyl
compound in which the three types of typical metal–CO coordi-
nation of side-on-bonded, bridging, and terminal carbonyls
are simultaneously involved. Herein, we report a photoelectron
velocity-map imaging spectroscopic and theoretical study of
mass-selected heterobinuclear group 4 metal–nickel carbonyl
cluster anions, MNi(CO)n

� (M = Ti, Zr, Hf; n = 3–7). The n = 3
cluster is determined to be capable of simultaneously accom-
modating three different types of CO bonding (i.e., side-on-bonded,
bridging, and terminal modes), resulting in the formation of
a MNi[Z2(m2-C, O)](m-CO)(CO)� structure, which represents the
smallest metal carbonyl with the involvement of all the main
modes of metal–CO coordination to date. The building block of
three bridging CO molecules is favored at n = 4, the structure of
which persists up to n = 7.

2. Experimental

The experiment was carried out using a homemade instrument
with a laser vaporization source, a dual-channel time-of-flight
mass spectrometer (D-TOFMS) coupled with velocity-map photo-
electron imaging analyzer. Details of the apparatus have been
described elsewhere,31 and only a brief outline is given below.
The heterodinuclear transition metal carbonyl anions were
produced from the laser vaporization process in a supersonic
expansion of helium gas seeded with 5% CO. A pulsed general
valve (Series 9) was employed for the introduction of gas. The
typical stagnation pressure of the carrier gas was about 2–3 atm.
The second harmonic of a Nd:YAG laser (Continuum, Minilite II)
was used to vaporize the rotating alloy targets. The cluster anions
were cooled and expanded into the source chamber. These
anionic clusters were mass selected by a McLaren Wiley time-
of-flight spectrometer and then crossed with a laser beam in the

photodetachment region. The photon energies of 355 nm (3.496 eV)
and 532 nm (2.331 eV) were used for the photodetachment of these
anionic clusters. The resulting photoelectrons were extracted by a
velocity map imaging photoelectron spectrometer and recorded by
a charge-coupled device camera. Each image was obtained with
10 000–50 000 laser shots at 10 Hz repetition rate. The final raw
image stands for the projection of the photoelectron density in the
3D laboratory frame onto the 2D imaging detector. The original 3D
distribution was reconstructed using the Basis Set Expansion
(BASEX) inverse Abel transform method, and the photoelectron
spectrum was acquired. The photoelectron kinetic energy spectra
were calibrated by the known spectrum of Au�. The energy
resolution was better than 5%, corresponding to 50 meV at an
electron kinetic energy (eKE) of 1 eV.

3. Theoretical details

In order to interpret the geometrical and electronic structures
of MNi(CO)n

0/�1 (M = Ti, Zr, Hf), theoretical computations were
carried out using the Gaussian 09 programs.32 Recent investi-
gations have shown that the BP86 function worked well for the
titanium carbonyls,25,33 and then it was employed here. The
Aug-cc-pVTZ basis set was selected for the C and O atoms, and
the SDD (SC-RECP, MWB28) basis set was used for the Ti, Zr, Hf,
and Ni atoms. Vibration analysis was implemented to make sure
that the obtained structures were real minima on the potential
energy surfaces. Theoretically, the vertical detachment energy
(VDE) was computed as the difference in energy between the
neutral and anionic species based on the optimized anion geo-
metry, and the adiabatic detachment energy (ADE) was calculated
as the difference in energy between the neutral and the anion
species both at their optimized geometries.

4. Results and analysis
4.1 Photoelectron spectroscopy

The MNi(CO)n
� (M = Ti, Zr, Hf) complexes were generated via

laser vaporization of metal rods with 5% CO seeded in helium.
The typical mass spectrum of titanium–nickel carbonyl cluster
anions is shown in Fig. S1 in the ESI.† In addition to the
TiNi(CO)n

� (n = 3–7) target products, the Ni(CO)3
�, Ti2(CO)n

�

(n = 4–6), and Ni2(CO)n
� (n = 4–6) complexes were also observed.

The carbonyl anions of interest were mass-selected and introduced
into the photodetachment region. The photoelectron imaging
results and corresponding photoelectron spectra of TiNi(CO)n

�

(n = 3–7) are shown in Fig. 1, and those of ZrNi(CO)n
� and

HfNi(CO)n
� (n = 3–5) are depicted in Fig. 2 and 3, respectively.

For TiNi(CO)n
�, the single photon energy of 355 nm (3.496 eV)

allowed ground state transitions of all compounds to be observed,
as shown in Fig. 1. The 532 nm (2.331 eV) spectrum was success-
fully measured for TiNi(CO)3

� (see the inset in Fig. 1), but not for
TiNi(CO)n

� (n = 4–7), indicating that the photon energy of 532 nm
was not sufficient for the photodetachment of larger clusters. In
the 532 nm spectrum of TiNi(CO)3

�, energy separation between
the two peaks of the X band was measured to be 2016 cm�1, which
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is characteristic of vibrational frequency of terminal CO. The VDE
values of TiNi(CO)n

� (n = 3–7) were estimated from their X band
maxima in the 355 nm spectra to be 1.93 � 0.08, 2.56 � 0.05,
2.98 � 0.03, 3.05 � 0.02, and 3.10 � 0.02 eV (Table 1), respectively.

The ADE value was estimated by drawing a straight line at the rising
edge of the main band. The ADE values of TiNi(CO)n

� (n = 3–7)
were evaluated to be 1.83 � 0.09, 2.26 � 0.06, 2.61 � 0.04,
2.77 � 0.04, and 2.72 � 0.04 eV (Table 1), respectively.

It can be seen from Fig. 2 and 3 that the 355 nm photoelectron
images and spectra of ZrNi(CO)n

� and HfNi(CO)n
� (n = 3–5) are

similar to those of TiNi(CO)n
�. The 532 nm spectra for ZrNi(CO)3

�

and HfNi(CO)3
� are depicted in the embedded figures. The VDE

values of ZrNi(CO)n
� (n = 3–5) were estimated to be 2.04 � 0.07,

2.62 � 0.04, and 3.01 � 0.02 eV (Table 2), respectively. The VDE
values of HfNi(CO)n

� (n = 3–5) were measured to be 2.09 � 0.08,
2.68 � 0.04, and 3.11 � 0.02 eV (Table 2), respectively.

4.2 Comparison between experimental and theoretical results

Quantum chemical calculations were carried out to elucidate
the geometric and electronic structures and support the spectral
assignments. Optimized structures of TiNi(CO)n

� (n = 3–7) are
illustrated in Fig. 4 and those of ZrNi(CO)n

� and HfNi(CO)n
�

are depicted in Fig. S2 and S3 (ESI†), respectively. None of the
quartet anions were found to be energetically competitive with

Fig. 1 Photoelectron images of TiNi(CO)n
� (n = 3–7) at 355 nm. The

photoelectron spectrum of TiNi(CO)3
� at 532 nm is depicted in the embedded

figure. 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. Vibrational progression of the ground state is
indicated with vertical lines for n = 3.

Fig. 2 Photoelectron images of ZrNi(CO)n
� (n = 3–5) at 355 nm. The

photoelectron spectrum of ZrNi(CO)3
� at 532 nm is depicted in the

embedded figure. 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. Vibrational progression of the ground
state is indicated with vertical lines for n = 3.
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the corresponding doublet isomers. Accordingly, only the results
obtained for the representative low-energy isomers with the
doublet electronic state are shown here. Tables 1 and 2 list the
comparison of experimental VDE and ADE values to BP86 calcu-
lated values of the five lowest-energy isomers for TiNi(CO)n

�

(n = 3–7) and the most stable isomer for MNi(CO)n
� (M = Ti, Zr,

Hf; n = 3–5), respectively.
TiNi(CO)3

�. In Fig. 4, the lowest-energy isomer (labeled as 3A)
is a Cs structure with an 2A0 ground state, in which three types
of coordination configurations (i.e., side-on-bonded, bridging,
and terminal) are simultaneously involved and the terminal CO
is bonded to the Ni atom. The second isomer (3B) has three
bridging CO molecules and lies higher in energy above 3A by
0.26 eV. The 3C isomer (+0.34 eV) has two bridging carbonyls
and one carbonyl terminally bonded to the Ni atom. The 3D
isomer (+0.37 eV) consists of one side-on-bonded carbonyl, one
bridging carbonyl, and one carbonyl terminally bonded to the
Ti atom. The 3E isomer (+0.99 eV) consists of one bridging
carbonyl, one carbonyl terminally bonded to the Ti atom, and one
carbonyl terminally bonded to the Ni atom. As listed in Table 1,

the calculated VDE of 3A (2.18 eV) is consistent with experiment
(1.93 � 0.08 eV). The calculated ADE value of 3A also agrees with
experiment (Table 1). The isomers 3B–3E should be too high in
energy to be probed in the experiment.

TiNi(CO)4
�. The lowest-energy isomer of TiNi(CO)4

� (4A)
was characterized by a Cs structure with a 2A0 ground state,
which consists of three bridging carbonyls and one terminal
carbonyl bonded to the Ni atom. The 4B isomer (+0.10 eV) has
one side-on-bonded carbonyl, one bridging carbonyl, and two
terminal carbonyls. In 4C and 4D, the terminal carbonyl is
bonded to the Ti atom, and their energies are increased by 0.36
and 0.40 eV above that of 4A, respectively. The 4E isomer could

Fig. 3 Photoelectron images of HfNi(CO)n
� (n = 3–5) at 355 nm. The

photoelectron spectrum of HfNi(CO)3
� at 532 nm is depicted in the

embedded figure. 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 BP86 calculated
values of the five lowest-energy isomers for TiNi(CO)n

� (n = 3–7)

Cluster Isomer

VDE (eV) ADE (eV)

Exp.a Calc. Exp.a Calc.

n = 3 3A 1.93(8) 2.18 1.83(9) 2.13
3B 1.84 1.76
3C 2.13 1.98
3D 2.00 1.74
3E 1.65 0.98

n = 4 4A 2.56(5) 2.58 2.26(6) 2.23
4B 2.50 2.33
4C 2.77 2.22
4D 2.36 2.15
4E 2.19 1.98

n = 5 5A 2.98(3) 3.10 2.61(4) 2.84
5B 2.91 2.74
5C 3.00 2.75
5D 2.74 2.58
5E 2.67 2.50

n = 6 6A 3.05(2) 3.12 2.77(4) 2.69
6B 3.39 3.10
6C 3.01 2.58
6D 2.94 2.68
6E 2.76 2.60

n = 7 7A 3.10(2) 3.17 2.72(4) 2.82
7B 3.23 2.99
7C 3.10 2.87
7D 2.94 2.70
7E 2.78 2.50

a Numbers in parentheses represent the uncertainty in the last digit.

Table 2 Comparison of experimental VDE and ADE values to BP86
calculated values of the most stable isomer for MNi(CO)n

� (M = Zr and
Hf; n = 3–5)

Cluster Isomer

VDE (eV) ADE (eV)

Exp.a Calc. Exp.a Calc.

ZrNi(CO)3
� 3-I 2.04(7) 2.32 1.86(8) 2.11

ZrNi(CO)4
� 4-I 2.62(4) 2.51 2.31(6) 2.15

ZrNi(CO)5
� 5-I 3.01(2) 3.21 2.62(4) 2.67

HfNi(CO)3
� 3-i 2.09(8) 2.24 1.91(8) 2.02

HfNi(CO)4
� 4-i 2.68(4) 2.69 2.40(5) 2.44

HfNi(CO)5
� 5-i 3.11(2) 3.37 2.67(4) 2.69

a Numbers in parentheses represent the uncertainty in the last digit.
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be viewed as being derived from 3E by terminally bonding the
fourth CO molecule to the Ti atom. The calculated VDE and
ADE values for the most stable structure 4A (2.58 and 2.23 eV)
agree best with the experimental values of 2.56 � 0.05 and
2.26 � 0.06 eV (Table 1). However, the calculated VDE and
ADE values of 4B (2.50 and 2.33 eV) are also close to those of
experiment, indicating that the coexistence of isomers is likely
here. The energetically higher-lying isomers 4C–4E could not be
readily formed under the present experimental conditions, and
their calculated VDE values could not fit as well with the experi-
ment as compared to those of 4A and 4B.

TiNi(CO)5
�. The lowest-energy isomer of TiNi(CO)5

� (5A) has
one side-on-bonded carbonyl, one bridging carbonyl, and three
terminal carbonyls, in which the two terminal carbonyls are
bonded to the Ti atom and another one terminal carbonyl is
bonded to the Ni atom. The second isomer (5B) consists of three
bridging carbonyls, one carbonyl terminally bonded to the Ti
atom, and one carbonyl terminally bonded to the Ni atom, which
is only 0.01 eV above 5A. The 5C isomer (+0.54 eV) has one

bridging carbonyl, three carbonyls terminally bonded to the
Ti atom, and one carbonyl terminally bonded to the Ni atom.
The 5D isomer (+0.59 eV) consists of two bridging carbonyls, two
carbonyls terminally bonded to the Ti atom, and one carbonyl
terminally bonded to the Ni atom. The 5E isomer (+0.70 eV) has
one side-on-bonded carbonyl, two carbonyls terminally bonded
to the Ti atom, and two carbonyls terminally bonded to the
Ni atom. The VDEs of nearly energy-identical isomers 5A and 5B
were predicted to be 3.10 and 2.91 eV, respectively, which are in
accordance with the experiment value of 2.98� 0.03 eV (Table 1).
The calculated ADE values of 5A and 5B are also consistent with
the experimental value (2.61 � 0.03 eV). This indicates that the
isomers 5A and 5B likely coexisted. The energetically higher-
lying isomers 5C–5E could not be readily generated under the
present experimental conditions.

TiNi(CO)6
�. In the lowest-energy isomer for TiNi(CO)6

�, 6A,
three carbonyls are in the bridging configuration, two carbonyls
are bonded terminally to the Ti atom, and one carbonyl is bonded
terminally to the Ni atom. The second isomer (6B) is only 0.01 eV

Fig. 4 Optimized structures of the five lowest-energy isomers for TiNi(CO)n
� (n = 3–7) (Ti, yellow; Ni, blue; C, gray; O, red). Relative energies are given in eV.

PCCP Paper

Pu
bl

is
he

d 
on

 1
3 

M
ar

ch
 2

01
7.

 D
ow

nl
oa

de
d 

by
 D

al
ia

n 
In

st
itu

te
 o

f 
C

he
m

ic
al

 P
hy

si
cs

, C
A

S 
on

 1
0/

26
/2

01
8 

2:
21

:0
0 

PM
. 

View Article Online

http://dx.doi.org/10.1039/c7cp00171a


This journal is© the Owner Societies 2017 Phys. Chem. Chem. Phys., 2017, 19, 9790--9797 | 9795

above 6A and consists of one side-on-bonded carbonyl, one
bridging carbonyl, three carbonyls terminally bonded to the
Ti atom, and one carbonyl terminally bonded to the Ni atom.
The 6C isomer (+0.32 eV) has two bridging carbonyls, three
carbonyls terminally bonded to the Ti atom, and one carbonyl
terminally bonded to the Ni atom. The 6D and 6E isomers
consist of one side-on-bonded carbonyl, one bridging carbonyl,
two carbonyls terminally bonded to the Ti atom, and two
carbonyls terminally bonded to the Ni atom, and there is a
slight distortion between these two structures. The calculated
VDE and ADE values of 6A (3.12 and 2.69 eV) agree best with the
experimental values of 3.05 � 0.02 and 2.77 � 0.04 eV (Table 1),
whereas those for 6B (3.39 and 3.10 eV) are much higher than
the experimental values. This suggests that the 6A isomer should
be responsible for the n = 6 spectrum.

TiNi(CO)7
�. The lowest-energy isomer of TiNi(CO)7

� (7A) is
derived from 6A by terminally bonding the CO molecule to the
Ti atom. Based on the 6B structure, the addition of the seventh
CO molecule to the Ni atom results in the 7B structure, which is
0.31 eV higher above 7A. The 7C isomer (+0.45 eV) consists
of one side-on-bonded carbonyl, one bridging carbonyl, four
carbonyls terminally bonded to the Ti atom, and one carbonyl
terminally bonded to the Ni atom. The 7D isomer (+1.46 eV) has
one bridging carbonyl, three carbonyls terminally bonded to the
Ti atom, and three carbonyls terminally bonded to the Ni atom.
The 7E isomer (+1.95 eV) consists of one side-on-bonded carbonyl,
one bridging carbonyl, two carbonyls terminally bonded to the
Ti atom, two carbonyls terminally bonded to the Ni atom, and one
carbonyl weakly bonded to the Ni atom. The calculated VDE and
ADE values of 7A (3.10 and 2.82 eV) agree within 0.10 eV with the
experimental values of 3.10 � 0.02 and 2.72 � 0.04 eV (Table 1).
The 7B–7E isomers should be too high in energy to be detected
under the present experimental conditions.

It can be seen from Fig. 4 and Fig. S2, S3 (ESI†) that the
configurations of ZrNi(CO)n

� and HfNi(CO)n
� (n = 3–7) are

similar to those of TiNi(CO)n
�. The calculated VDE and ADE

values of the most stable isomers for ZrNi(CO)n
� and HfNi(CO)n

�

are in agreement with the experimental values (Table 2).

5. Discussion

The agreement between the experimental and theoretical
results provides an explanation for the structure and energetics
of MNi(CO)n

� (M = Ti, Zr, Hf; n = 3–7). For TiNi(CO)n
� (n = 3–7),

the VDE value increases with an increase of cluster size, implying
that the negative electron is stabilized upon the bonding of CO
molecules. As illustrated in Fig. 5, the converged trend of the VDE
value as a function of cluster size indicates that the chemisorbed
carbonyls tend to be saturated around n = 7. The experimental
VDE and ADE values of n = 3 are much smaller than those of
n = 4–7, suggesting that the structural motif of n = 3 is different
from that of n = 4–7. For TiNi(CO)3

�, the 3A structure is favored
(Fig. 4), which includes one side-on-bonded carbonyl, one bridging
carbonyl, and one terminal carbonyl. Two low-lying isomers of 4A
and 4B are found to be responsible for TiNi(CO)4

�, which contain

the TiNi(m-CO)3 and TiNi[Z2(m2-C, O)](m-CO) motifs, respectively.
The two nearly energy-identical isomers 5A and 5B for TiNi(CO)5

�

also include the TiNi[Z2(m2-C, O)](m-CO) and TiNi(m-CO)3 motifs,
respectively. The 6A and 7A isomers are assigned to be the
structures for TiNi(CO)6

� and TiNi(CO)7
�, respectively, which

are derived from 5B by terminally bonding the CO molecules to
the Ti atom. In summary, three different types of CO bonding
configurations (side-on-bonded, bridging, and terminal carbonyls)
are successfully captured in the n = 3 cluster. The building block of
three bridging CO molecules (TiNi(m-CO)3) is favored at n = 4, the
structure of which persists up to n = 7. The additional CO ligands
are in the terminal coordination fashion. A different structural
motif has also been found in the Ti2(CO)n

� (n = 1–9) clusters, in
which the building block of Ti2[Z2(m2-C, O)]3 is favored for n = 3–5
and Ti2[Z2(m2-C, O)]2 for n = 6–9.25

The molecular orbital pictures of the most stable isomers for
TiNi(CO)n

� are depicted in Fig. 6. The HOMO of 3A is a p type
bond feature with prominent metal to carbonyl donation. The
HOMO�1, HOMO�2, HOMO�3, and HOMO�4 are delocalized
p orbitals mainly involving the metal–carbon unit. This implies
that the TiNi(CO)3

� cluster is stabilized by the p orbitals
localized on the interaction of CO molecules with the TiNi
binuclear cluster. Similar bonding features have also been
observed in the 4A–7A isomers (Fig. 6). This is reminiscent of
bonding mechanism of the M2[Z2(m2-C, O)] (M = Sc, Y, La, Ce,
Gd, Ti) clusters,34–39 in which the C–O bonding is significantly
weakened.

It can be inferred from the above analysis that TiNi(CO)3
� is

capable of simultaneously accommodating three different types of
CO bonding (i.e., side-on-bonded, bridging, and terminal modes),
resulting in the formation of a MNi[Z2(m2-C, O)](m-CO)(CO)�

structure. This is quite different from its homobinuclear carbonyl
Ti2(CO)3

� with the involvement of three side-on-bonded CO
ligands25 and Ni2(CO)3 with the involvement of one bridging
and two terminal CO ligands.40 The CO bonding feature in
TiNi(CO)3

� also holds true for ZrNi(CO)3
� and HfNi(CO)3

� (Fig. S2
and S3, ESI†), showing the similarity down through the groups

Fig. 5 The vertical detachment energy (VDE) of TiNi(CO)n
� (n = 3–7) as a

function of cluster size.
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of the periodic table. In contrast, the three carbonyls are
preferentially bonded to the nickel atom in the heterobinuclear
main group metal–nickel carbonyls MNi(CO)3

� (M = Mg, Ca,
Al).30 Analogously, the carbonyl groups are bonded to the nickel
atom in the CuNi(CO)3

� complex26 or the iron atom in the
CuFe(CO)4

� and PbFe(CO)4
� clusters.27,28 In TiNi(CO)3

�, the
C–O bond distance in the side-on-bonded, bridging, and
terminal motion was calculated to be about 1.29, 1.21, and
1.18 Å, respectively, which is longer than that of the free CO
molecule (1.13 Å). The CO stretching frequency of the indivi-
dual side-on-bonded, bridging, and terminal carbonyl group in
TiNi(CO)3

� was predicted to be 1323, 1658, and 1905 cm�1

(unscaled), respectively, pointing to the extreme, moderate,
and weak C–O bond activation. Interestingly, the 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 the nC–O values are observed around
1100–1400 cm�1.4–6 The bridging and terminal bonding of CO
on metal catalyst is a common feature. Then, the MNi[Z2(m2-C,
O)](m-CO)(CO)� (M = Ti, Zr, Hf) complexes represent almost all the
main modes of metal–CO coordination to date. This interesting
tricarbonyl model would be expected to work for MNi(CO)3

�

(M = Sc, Y, La, Ce; or the other early transition metals). These
findings would have important implications for understanding
the chemisorbed CO molecules on metal catalysts and adjust-
ing the appropriate CO activation via the selection of different
transition metals.

6. Conclusions

The chemical bonding and electronic structure of heteronuclear
group 4 metal–nickel clusters MNi(CO)n

� (M = Ti, Zr, Hf; n = 3–7)
have been investigated by mass-selected photoelectron velocity-
map imaging spectroscopy and quantum chemical calculations.
Three different types of CO bonding configurations (side-on-
bonded, bridging, and terminal carbonyls) are simultaneously
involved in the n = 3 cluster, which serves as a new example of
the smallest metal carbonyl with the involvement of all the main
modes of metal–CO coordination to date. The building block of
three bridging CO molecules is favored at n = 4, the structure of
which persists up to n = 7. The additional CO ligands are in the
terminal coordination mode in the larger clusters. The present
findings would advance the understanding of CO binding on
metal surfaces.
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Fig. 6 Molecular orbital pictures of the most stable isomers for TiNi(CO)n
� (n = 3–7) (3A–7A), showing the highest occupied molecular orbitals down to

the fourth valence molecular orbital from the HOMO.
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