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Photoelectron velocity map imaging spectroscopic and theoretical
study of heteronuclear vanadium-nickel carbonyl anions

VNi(CO),~ (n = 2-6)
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Mass-selected heteronuclear vanadium-nickel carbonyl anions VNi(CO),,” (n = 2-6) were investi-
gated by photoelectron velocity-map imaging spectroscopy and quantum chemical calculations to
obtain their chemical bonding and intrinsic electronic structure in the gas phase. The calculated
energies (adiabatic detachment energies)/vertical detachment energies (VDEs) match well with exper-
imental values: 1.30/1.49, 1.66/1.95, 2.22/2.48, 2.70/2.89, and 2.95/3.15 eV. The VDE value of
VNi(CO),~ increases with an increase of cluster size, implying that the negative electron is sta-
bilized upon the bonding of CO molecules. VNi(CO),~ consists of one bridging carbonyl and one
terminal carbonyl, whose feature is different from MNi(CO),~ (M = Sc, Y, La, and Ce) with the
involvement of one side-on-bonded carbonyl and one terminal CO carbonyl. The building block
composed of three bridging carbonyls is favored for VNi(CO)3 ™, the structure of which persists up
to n = 6. The additional CO ligands are preferentially coordinated in the terminal mode to the Ni
atom at n = 4 and then to the V atom at n = 5 and 6. The results obtained in this work would pro-
vide a molecular-level understanding about chemisorbed CO molecules on alloy surfaces/interfaces,
which is important to understand CO molecule activation processes. Published by AIP Publishing.

https://doi.org/10.1063/1.5050836

. INTRODUCTION

The interaction between transition metals (TM) and car-
bon monoxide has unique applications in heterogeneous and
homogeneous catalysis, inorganic, organometallic, and coor-
dination chemistry, which often takes place at solutions
and interfaces.'~> Recently, the interaction of the single CO
molecule with transition metal in the gas-phase, typically
in the size range of 3 to more than 20 atoms, has been
compared to the behavior of CO adsorbed on extended sur-
faces in a review.* Fundamental understanding of the chem-
ical environment for this related simply prototypical model
(TM carbonyl anions) in the gas phase is of great scientific
and practical interest to deduce the multifaceted mechanisms
of CO chemisorption on metal surfaces and the binding at
active sites of the catalyst at the molecular level. In recent
decades, TM carbonyl clusters were investigated by various
kinds of spectroscopic technological and theoretical methods:
collision-induced dissociation coupled with mass spectrom-
etry,>”’ Raman and infrared (IR) spectroscopy,®~!! Fourier-
transform microwave spectroscopy,'> and photoelectron
spectroscopy (PES)!*~!® to obtain the information about the
electronic structures, vibrational frequencies, bond energies,
and so on.

Mononuclear metal carbonyl clusters have been the
subject of extensive studies for more than a century since
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the first report of Ni(CO)4 in 1890,'7 revealing that the
particular two bonding modes (M « CO: o-donation and
M — CO: m-back donation) between terminal carbonyls and
metal.'®!° Homobinuclear and heterobinuclear metal carbonyl
clusters have gained increasing attention and have also been
studied theoretically and experimentally. Theoretical studies
of the chemical environment of one CO with homobinu-
clear TM across the 3d series have revealed that the pref-
erence for bonding mode of M,CO is from side-on-bonded
to bridging, and then to terminal, whereas Ni;CO prefers
bridging configuration,!! which was partly confirmed by
experiments.”*~?? Several homobinuclear TM multi-carbonyl
clusters have been observed to exhibit unusual bonding mod-
els. The Ti»(CO),,~ (n=4-6) series contain side-on-bonded and
terminal carbonyls.23 The third CO in Auy(CO)3™~ is weakly
bonded with a linear Auy(CO),~ core, forming physisorbed
complexes.22 The Cr(CO),* (n = 7-9) cations have the
(0OC)5Cr—C-0-Cr(CO),_¢" structures with a linear bridging
carbonyl group between two Cr atoms.?* The saturated cluster
Fe,(CO)s~, Cop(CO)g™, and Cuy(CO)g™ preferably possessed
(0C)4Fe-Fe(CO),—4~, (OC)4Co-Co(CO)4*, and (OC);Cu—
Cu(CO)3™ structures with all terminal carbonyls, then the pref-
erence for bonding mode of extra CO is around the saturated
building block.”>"?” Co,(CO)o* has a mixture of the CO-
tagged Co,(CO)g*—CO complex and the Co(CO)s*—Co(CO)4
ion-molecular complex.?®

For the heterobinuclear metal carbonyl clusters, infrared
photodissociation spectroscopic (IRPD) studies have revealed

Published by AIP Publishing.
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that the MFe(CO)sg™ (M =Co, Ni, Cu) complexes have eclipsed
(CO)sFe-M(CO);* structures and MCu(CO);* (M = Co,
Ni) complexes have staggered (CO)4M—Cu(CO)3* structures,
the FeZn(CO)s* complex has a (CO)sFe-Zn* structure and
the CoZn(CO);* complex has a (CO)4Co-Zn(CO);* struc-
ture.”®? PES investigations of MNi(CO)3;~ (M = Mg, Ca, Al,
Cu) have indicated that the three carbonyls are bonded termi-
nally to the Ni atom, resulting in the formation of the Ni(CO)3
motif.3%3! In the PbFe(CO),™ clusters, the four carbonyls are
bonded terminally to the Fe atom.? In these heterobinuclear
metal carbonyls aforementioned above, the main metal-CO
coordination mode is terminal. Interestingly, the early tran-
sition metal-nickel carbonyl clusters, MNi(CO);~ (M = Sc,
Y, La, Ce, Ti, Zr, Hf), possess three kinds of different CO
modes (side-on-bonded, bridging, and terminal carbonyls),
whose building block is persisted up to n = 6 only for Sc
and Y.!14-10

In the present work, we report a study on a series of
heteronuclear vanadium-nickel carbonyl clusters VNi(CO),,~
(n = 2-6). Photoelectron velocity-map imaging spectroscopic
and theoretical investigations reveal that two CO bonding
modes (bridging and terminal carbonyls) are involved in the
n = 2 cluster. The building block composed of three bridging
carbonyls is favored at n = 3, the structure of which persists
up to n = 6. The additional CO ligands are preferentially coor-
dinated in the terminal mode to the Ni atom at n = 4 and then
to the V atom at n =5 and 6.

Il. EXPERIMENTAL AND THEORETICAL METHODS

The experiments were carried out using a homemade
instrument which included a laser vaporization source and
a dual-channel time-of-flight mass spectrometer (D-TOFMS)
coupled with a velocity-map photoelectron imaging ana-
lyzer. Details of the apparatus have been described else-
where, and only a brief outline is given below. The het-
erodinuclear transition metal carbonyl anions were gener-
ated by a laser vaporization 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 photode-
tachment region. The photon energies of 355 nm (3.496 eV)
and 266 nm (4.661 eV) were used for the photodetachment
of these anionic clusters. The photoelectrons were detected
by a micro-channel plate (MCP)/phosphor screen combi-
nation, and the resulting photoelectron images were col-
lected using a charge-coupled device (CCD) camera. Each
image was obtained by accumulating 10 000-50 000 laser
shots at a 10 Hz repetition rate. The obtained raw image
stood 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 pho-
toelectron spectra were calibrated using the known spec-
trum of Au~. The energy resolution was better than 5%,
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corresponding to 50 meV at an electron kinetic energy (eKE)
of 1 eV.

In order to elucidate the electronic and geometrical struc-
tures of VNi(CO),”"!, theoretical calculations were per-
formed using the Gaussian 09 programs.>* The BP86 function
was employed for the transition metal carbonyl clusters. The
Aug-cc-pVTZ basis set was used for the C and O atoms,*’ and
the SDD (SC-RECP, MWB28) basis set was used for the V
and Ni atoms.*® Harmonic frequency analysis was carried out
to ensure that the obtained structures were real minima on the
potential energy surfaces. Theoretically, the vertical detach-
ment energy (VDE) was calculated as the difference in energy
between the neutral and anionic species based on the opti-
mized 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. Rel-
ative energies and the ADEs included the zero-point-energy
corrections.

lll. RESULTS AND ANALYSIS
A. Photoelectron spectroscopy

Figures 1 and 2 show the photoelectron imaging results
of VNi(CO),~ (n = 2-6) at 355 nm (3.496 eV) and 266 nm
(4.661 eV), respectively. The raw images (black background)
collected in the experiments indicate the projection of the
3D laboratory frame photoelectron probability density onto
the plane of the imaging detector, and the reconstructed
images (purple background) represent the central slice of
the 3D distribution from its 2D projection. The direction of
laser polarization is indicated by a double arrow on each raw
image.

The single photon energy of 355 nm (3.496 eV) for
VNi(CO),,~ (n=2-6) allows all ground states and some excited
states of these compounds to be observed, as shown in Fig. 1.
The photoelectron spectra mainly reveal an intense X band, and
the VDE values of VNi(CO),,~ (n = 2-6) are estimated from
their band maxima in the 355 nm spectra to be 1.49 + 0.10,
1.95 + 0.08, 2.48 + 0.05, 2.89 + 0.03, and 3.15 + 0.02 eV
(Table I), respectively. The ADE values are estimated by draw-
ing a straight line at the rising edge of the main band and
then adding the instrumental resolution to the intersection
with the binding energy axis. The ADE values of VNi(CO),,~
(n = 2-6) are evaluated to be 1.30 = 0.11, 1.66 + 0.09,
2.22 +0.06,2.70 £ 0.04, and 2.95 + 0.03 eV (Table I), respec-
tively. In the 266 nm spectra of VNi(CO),~ (n = 2-6) (Fig. 2),
the intensities of the bands of ground states are relatively
weaker and more excited states are present as compared to
the 355 nm spectra.

B. Comparison between experimental
and theoretical results

Optimized structures of VNi(CO),~ (n = 2-6) are illus-
trated in Fig. 3. None of the triplet anions are found to be
energetically competitive with the corresponding singlet iso-
mers. Accordingly, only the results of the representative low-
energy isomers with the singlet electronic state are shown for
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FIG. 1. Photoelectron images of VNi(CO),,~ (n = 2-6) at 355 nm. The raw
image (top) and the reconstructed image (bottom) after inverse Abel transfor-
mation are shown on the left side. The double arrow indicates the direction of
the laser polarization. Photoelectron spectra are shown on the right side.

the present discussions. Table I lists the comparison of exper-
imental VDE and ADE values to the BP86 calculated ones
of the four lowest-energy isomers for VNi(CO),™ (n = 2-6),
respectively.

1. VNi(CO),

In Fig. 3, the lowest-lying isomer (labeled 2A) of
VNi(CO),~ is a C; structure with a ' A ground state, in which
two types of coordination configurations (i.e., bridging and
terminal) are simultaneously involved and the terminal CO
is bonded to the V atom. The second isomer (2B) has two
bridging CO molecules and lies higher in energy above 2A by
0.18 eV. The 2C isomer (+0.45 eV) consists of two side-on-
bonded carbonyls. The 2D isomer lies higher in energy above
2A by 0.57 eV, which has one side-on-bonded carbonyl and
one terminal carbonyl. As listed in Table I, the calculated VDE
of 2A (1.41 eV) is consistent with the experimental value of
1.49 + 0.10 eV. The agreement of the calculated ADE value
(1.22 V) with the experimental value (1.30 = 0.11 eV) is also
obtained for the 2A isomer (Table I). The calculated VDEs
and ADEs of isomers 2B-2E are largely deviated from the
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FIG. 2. Photoelectron images of VNi(CO),,~ (n = 2-6) at 266 nm. The raw
image (top) and the reconstructed image (bottom) after inverse Abel transfor-
mation are shown on the left side. The double arrow indicates the direction of
the laser polarization. Photoelectron spectra are shown on the right side.

experimental values (Table I). It can be seen from Fig. 4 that the
band positions and overall pattern of the simulated spectrum of
the 2A isomer agree well with the experiment, suggesting that
the 2A isomer should be responsible for the n = 2 spectrum.

2. VNi(CO);

The lowest-energy isomer of VNi(CO)3~ (3A) is exhib-
ited by a C; structure with a ' A’ ground state and consists of
three bridging carbonyls (Fig. 3). The 3B isomer has two bridg-
ing carbonyls and one terminal carbonyl, which lies higher in
energy above 3A by 0.38 eV. The 3C isomer (+0.56 eV) con-
sists of one side-on-bonded carbonyl, one bridging carbonyl,
and one terminal carbonyl. The 3D isomer (+1.00 eV) has two
side-on-bonded carbonyls and one terminal carbonyl. The cal-
culated VDE and ADE values for the most stable isomer 3A
(1.80 and 1.59 eV) are consistent with the experimental values
of 1.95 + 0.08 and 1.66 + 0.09 eV (Table I). However, the
calculated VDE and ADE values for the 3B isomer (1.75 and
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TABLE I. Comparison of experimental VDE and ADE values to the BP86
calculated ones of the four lowest-energy isomers for VNi(CO),,~ (n = 2-6).

. VDE (eV) ADE (eV)
Relative
Cluster Isomer energy (eV) Expt.? Calc. Expt.? Calc.
n=2 2A 0.00 1.49(10) 141  1.30(11) 1.22
2B 0.18 1.18 0.89
2C 0.45 1.71 1.54
2D 0.57 0.98 0.72
n=3  3A 0.00 1.95(8) 180 1.66(9) 1.59
3B 0.38 1.75 1.54
3C 0.56 1.67 1.61
3D 1.00 1.66 1.52
n=4 4A 0.00 2.48(5) 259 2.22(6) 2.37
4B 0.64 233 2.15
4C 0.71 2.87 2.69
4D 0.73 2.35 2.19
n=>5 SA 0.00 2.89(3) 313 2.70(4) 2.89
5B 0.47 3.19 2.90
5C 0.75 2.82 247
5D 0.82 2.88 2.60
n=6 6A 0.00 3.15(2) 340  2.95(3) 3.19
6B 0.29 3.51 3.24
6C 0.91 3.15 2.84
6D 1.36 3.14 2.64

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

1.54 eV) are also close to the experimental values. As shown
in Fig. 4, the simulated spectra of 3A and 3B are very simi-
lar and most of the bands were observed in the experimental
spectrum. The band positions and overall pattern of the simu-
lated spectrum of 3A is in slightly better agreement with the
experiment but the presence of 3B cannot be ruled out.

J. Chem. Phys. 149, 144305 (2018)
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FIG. 3. Optimized structures of the four lowest-energy isomers for
VNi(CO),~ (n=2-6) (V, yellow; Ni, blue; C, gray; O, red). Relative energies
are given in eV.

3. VNi(CO),

For the n = 4 cluster, the lowest-energy isomer of
VNi(CO)4~ (4A) is a C; structure with a 'A’ ground state
(Fig. 3), which consists of three bridging carbonyls and one
terminal carbonyl. The 4A structure could be viewed as being
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FIG. 4. Comparison of experimental
355 nm photoelectron spectra (bottom
rows) of VNi(CO),,~ (n = 2-6) to the
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derived from 3A by terminally bonding the fourth CO molecule
to the Ni atom. The 4B isomer (+0.64 eV) has a C; structure
with one side-on-bonded CO, one bridging CO, and two ter-
minal carbonyls. The 4C isomer has one bridging and three
terminal carbonyls, in which the three terminal carbonyls are
bonded to the V atom. The 4D isomer has two bridging and
two terminal carbonyls. The calculated VDE and ADE values
of 4A (2.59 and 2.37 eV) agree with the experimental values
of 2.48 + 0.05 and 2.22 + 0.06 eV (Table I). The experimental
355 nm spectrum is also reproduced by the simulated spec-
trum of 4A (Fig. 4). The 4B-4D isomers should lie too high
in energy to be probed in the present experiment. The main
contribution for the n = 4 spectrum should be from the 4A
isomer.

4. VNi(CO)s

The lowest-energy isomer of VNi(CO)s™ (5A) has three
bridging carbonyls and two terminal carbonyls (Fig. 3), in
which one terminal carbonyl is bonded to the V atom and
another terminal carbonyl is bonded to the Ni atom. The 5B
isomer has one bridging carbonyl, three terminal carbonyls
bonded to the V atom, and one terminal carbonyl bonded to
the Ni atom, which lies 0.47 eV higher in energy than the SA
isomer. The 5C isomer (+0.75 eV) has one side-on-bonded,
one bridging, and three terminal carbonyls. The 5D isomer has
two bridging and three terminal carbonyls, which lies 0.82 eV
higher in energy than the SA isomer. The calculated VDE and
ADE values of the 5A isomer are consistent with the experi-
mental values (Table I). The main feature of the experimental
355 nm spectrum is observed in the simulated spectrum of SA
(Fig. 4).

5. VNi(CO)s~

For the n = 6 cluster, the lowest-lying isomer of
VNi(CO)s~ (6A) is indicated by a C, structure with a 'A’
ground state (Fig. 3), which consists of three bridging and
three terminal carbonyls, in which two terminal carbonyls are
bonded to the V atom and one terminal carbonyl is bonded
to the Ni atom. The 6C isomer (+0.29 eV) has one side-on-
bonded, one bridging, three carbonyls terminally bonded to the
V atom, and one carbonyl terminally bonded to the Ni atom.
The third isomer (6C) lies 0.91 eV above 6A and consists of
one side-on-bonded, one bridging, two carbonyls terminally
bonded to the V atom, and two carbonyls terminally bonded
to the Ni atom. The 6D isomer (+1.36 eV) has one side-
on-bridging carbonyl, one bridging carbonyl, two carbonyls
terminally bonded to the V atom, and two carbonyls terminally
bonded to the Ni atom, slightly different from the 6C isomer.
The calculated VDE and ADE values of the lowest-energy iso-
mers for VNi(CO)¢ ™~ are in accord with the experimental values
(Table I).

IV. DISCUSSION

The agreement between the experimental and theoreti-
cal results allows for establishing the structural evolution of
VNi(CO),~ (n = 2-6). As shown in Table I, the VDE value
increases with an increase of cluster size, which implies that

J. Chem. Phys. 149, 144305 (2018)

the negative electron is stabilized upon sequential bonding of
CO molecules. For VNi(CO),™, the 2A isomer has one bridg-
ing carbonyl and one terminal carbonyl. The 3A structure only
includes three bridging carbonyls, and the 4A isomer is derived
from 3A by terminally bonding the fourth CO molecule to the
Ni atom. The 5A and 6A structures are derived from 4A by
continually terminal bonding the CO molecule to the V atom.
In summary, two different kinds of CO bonding configura-
tions (bridging and terminal carbonyls) are observed in the
n =2 cluster. The building block composed of three bridging
CO 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 Ni atom at n = 4 and
then to the V atom at n = 5 and 6.

It can be found from the above analysis that VNi(CO), ™ is
capable of accommodating two different coordination modes
(i.e., bridging and terminal modes), which is quite different
from the homobinuclear carbonyl Ti; (CO), ™ with the involve-
ment of two side-on-bonded CO ligands®® and Au,(CO),~
and CuNi(CO),~ with the involvement of two terminal CO
ligands,”>*" and also discrepant from the heterobinuclear
carbonyl ScNi(CO),~ with the involvement of one side-on-
bonded and one terminal CO ligands.15 The VNi(CO)3™ iso-
mer only has three bridging CO bonding fashions, which
is different from previous investigations of heterobinuclear
metal-nickel carbonyl anions MNi(CO)3~ (M = Sc, La, Ti,
Cu) including more than one coordinated styles.!*'%30 The
geometry of the VNi(CO),~ isomer is different from that of
the CuFe(CO)4~ and PbFe(CO)4~ clusters in which all car-
bonyls are terminally bonded to the Fe atom.>>3” The building
block of three bridging CO molecules in VNi(CO),,~ (n =4-6)
is similar to the previously reported TiNi(CO),,~ (n =4-6) clus-
ters.'* In VNi(CO),~, the C—O bond distance in the bridging
and terminal mode was calculated to be about 1.21 and 1.20 A,
respectively, which is longer than that of the free CO molecule
(1.14 A). The CO stretching frequency of the individual bridg-
ing and terminal carbonyl group in VNi(CO),~ was predicted
to be 1663 and 1701 cm™! (unscaled), respectively, pointing
to the strong and weak C-O bond activation. Generally, the
bridging and terminal bonding of CO on the metal catalyst is
a common feature. The VNi(CO),~ (n = 2-6) systems reveal
a rich fashion of metal-CO coordination covering from termi-
nal to bridging 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 chemisorbed CO molecules on metal
catalysts via the selection of different transition metals and
metal compounds.

V. CONCLUSIONS

A series of heterobinuclear metal-nickel carbonyl anions
VNi(CO),~ (n = 2-6) have been generated via a laser vapor-
ization supersonic cluster source and characterized by mass-
selected photoelectron velocity-map imaging spectroscopy.
Quantum chemical calculations have been carried out to elu-
cidate the geometric and electronic structures and support the
spectral assignments. Two CO bonding modes (bridging and
terminal carbonyls) are involved in the n = 2 cluster. The



144305-6 Yuan et al.

building block composed of three bridging 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 mechanism of CO molecules with het-
eronuclear transition metals, which would have important
implications for understanding the CO molecule activation and
the chemisorbed CO molecules on alloy surfaces.
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