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Structural and photoelectron spectroscopic study
on the heterotrinuclear nickel—-titanium dioxide
carbonyl complexes Ni>TiO,(CO),, (n = 2-4)}
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Herein, the configurations and intrinsic electronic properties of heteronuclear transition metal dioxide
carbonyl anions Ni>TiO,(CO),~ (n = 2-4) in the gas phase were investigated using mass spectrometry
coupled anionic photoelectron spectroscopy, ab initio calculations, and simulated density-of-state (DOS)
spectra. The results clearly show that the binding of electrons is enhanced by the addition of CO. The
ground state structures of Ni,TiO,(CO),,~ (n = 2—-4) are characterized to show that three transition metal
atoms (one Ti atom and two Ni atoms) forming a quasi-line is favored. The interaction between Ni and C
becomes weaker as the cluster size increases. The natural electron configuration shows that the extra

Received 12th December 2022 electron is enriched on O atoms attached to Ti, and there is strong interaction between Ti and O atoms.
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This work gives significant insight into the configuration and electronic structures of nickel-titanium

DO 10.1039/d2ra07918f dioxide carbonyl anions, which has potential application in adsorption of carbon monoxide on the
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1. Introduction

The interaction between carbon monoxide (CO) and transition
metal (TM) containing metal compounds, and oxide complexes
attracts lots of attention due to its great significance in catalytic
chemistry, coordination chemistry, medicine, and material
science.™ Transition metal carbonyls or transition metal oxide
carbonyls could provide well-defined models of CO adsorption
on the surfaces/interfaces of alloys or the binding at active sites
of catalysts.>® For muti adsorption of carbon monoxide on
a transition metal (oxide), great effort has been made to search
the ground state structures both in experiment and theory.””
The CO molecules usually adsorb to the transition metal atoms
to form side-on-bonded, bridging, or terminal modes.'>"
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Meanwhile, the maximum carbonyl-coordination number of
mononuclear metal has been extensively studied.”™® The
multinuclear transition metal carbonyl compounds have also
gained increasing interest in the last few years."”°

Subsequently, the study on the reaction of metal oxide
clusters with CO also gradually enriched. For the metal oxide
carbonyls, the MO(CO);" (M = Sc, Y, La and Ce) is similar to
a pentagonal pyramidal structure with Csy symmetry.** The
maximum carbonyl-coordination number of ScO(CO),",
YO(CO)," and LaO(CO),," is 6, 7 and 9, respectively.>* On the
side of heterobinuclear transition metal oxide carbonyls, the
sequential adsorption of CO in NbNiO(CO)s.s~ and
TaNiO(CO),_g~ clusters can promote the competitive binding
with oxygen atom to the transition metal centers.*>*® Many
researches focus on the oxidation of CO when studying the
interaction between CO and transition metal oxide (TMO) since
CO oxidation is one of the most important prototypical
reactions.*** The TM atom acts as a preferred trapping site for
CO adsorption and accepts the electron from CO. Then the
ligand CO could be oxidized by the oxygen species on the TMO
cluster. Moreover, the CO could directly react with the oxygen
atom in TMO.*® For heteronuclear TMO, experimental obser-
vations combined with quantum chemistry -calculations
confirm that there is oxidation of CO in ScOFe(CO)s,
YOFe(CO)s,"  NbNiO(CO),; s ,**  Ni,vO,5CO,"  and
TaNiO(CO)g~ complexes.*® While there is no oxidation of CO in
LaOFe(CO)s~ anion.*® Therefore, different ratios and types of
TMO will affect the results of CO oxidation reaction.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The above-mentioned researches rarely involve the interac-
tion between CO and heteronuclear transition metal dioxide.
The geometry, electronic structures, and the containing of CO
oxidation for the heteronuclear transition metal dioxide
carbonyl complexes are unclear. In this work, using experi-
mental PES and theoretical investigation, we report the struc-
tures and electronic properties of the heteronuclear transition
metal dioxide carbonyl anions Ni,TiO,(CO),,” (n = 2-4) in gas
phase. The anions are produced via a laser vaporization
supersonic cluster source, selected by a dual channel mass
spectrometer (D-TOFMS), and then analyzed using a velocity-
map imaging spectrometer. Meanwhile, the structures, ener-
getic and electronic properties are performed by ab initio
calculations to further understand the experimental observa-
tion. The consistency of experimental and simulated results
reveals that the three transition metal atoms form a quasi-line
and there is no oxidation of CO in Ni,TiO,(CO),” (n = 2-4)
clusters.

2. Experimental and theoretical
methods

2.1. Experiment

The photoelectron detachment experiments were carried out
with a homemade device which included a laser vaporization
source, a D-TOFMS and a velocity-map imaging spectrometer. A
detailed description of the instrument has already been
provided elsewhere,”” so what follows is merely an outline.
Ni,TiO,(CO),, (n = 2-4) clusters were fabricated by ablating
a small Ti/Ni target (mole ratio, Ti/Ni = 1:1) with a laser
vaporization (532 nm) beam in the presence of helium carrier
gas seeded with 5% CO. Stagnation of the carrier gas was
approximately 4 atm. Cluster anions expanded into the source
chamber after being cooled. Wiley-McLaren time-of-flight mass
spectrometer was used to mass select these anionic clusters. For
the detachment of these anionic clusters, photon energy of
355 nm (3.496 eV) was employed. The photoelectrons were
mapped onto a detector consisting of a micro-channel plate and
a phosphor screen. The two-dimensional (2D) images on the
phosphor screen were recorded by a charge-coupled-device
(CCD) camera. Each image was obtained by accumulating 10
000-50 000 laser shots at 10 Hz repetition rate. All of the raw
images were reconstructed using the basis set expansion inverse
Abel transform method (BASEX). The photoelectron spectra
were calibrated using the known spectrum of Au™.**"** The PES
were plotted against electron binding energy eBE = hrv — eKE,
where Av is the photon energy. The typical energy resolution was
about 50 meV full width at half maximum (FWHM) at electron
kinetic energy (eKE) of 1 eV.

2.2. Theory

We used BP86 functional, which has been verified to be
outstanding for describing the transition metal carbonyl
compounds in the previous works,***® and ma-TZVP basis set to
elucidate the geometrical, energetic, and electronic properties
of Ni,TiO,(CO),  (n = 2-4) clusters. The BP86 functional

© 2023 The Author(s). Published by the Royal Society of Chemistry
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combines Becke's 1988 exchange functional (B)*” with Perdew's
1986 gradient corrected correlation functional method (P86).**
The ma-TZVP basis set is a modification of the standard def2-
TZVP basis set*® with diffuse functions for atoms heavier than
He by dividing the smallest s and p exponential parameters
already present by a factor of 3.>°* Meanwhile, many possible
spin multiplicities were considered, including doublets, quartet
and sextet for Ni,TiO,(CO),,, and singlet, triplet and quintet for
neutral Ni,TiO,(CO),, respectively. The results are shown in
Tables S1 and S2 of the ESI.T The lowest spin state, i.e. doublets
for Ni,TiO,(CO),,~ and singlets for Ni,TiO,(CO), are most
stable. The structures were fully optimized without any
symmetry constraint. Frequency analyses at the same level of
theory with geometry optimizations were performed to confirm
that each optimized structure is a true minimum on potential
energy surface without imaginary frequency. The zero-point-
energy (ZPE) corrections were considered in the total energy
of each cluster isomer for relative energy and adiabatic
detachment energy (ADE) calculations.

The simulated photoelectron spectrum for a given isomer is
based on the generalized Koopmans' theorem.>*~>* The vertical
detachment energy (VDE) was calculated as the difference in
energy between the neutral and anionic species based on the
optimized anionic geometry. The ADE was calculated as the
difference in energy between the neutral and the anion both at
the related optimized configurations. The calculated density of
states was then globally shifted in order to align the binding
energies of the HOMO with the theoretical VDE value.”**” In
order to better understand the electronic structure of the Ni,-
TiO,(CO),, clusters, we calculated the natural electron config-
uration using natural bond orbital (NBO) analyses. All of the
calculations were carried out with the Gaussian09 package.>®

3. Results and discussion

3.1. Photoelectron spectra in experiment

The photoelectron images and the corresponding photoelec-
tron spectra of Ni,TiO,(CO),,” (n = 2-4) recorded at 355 nm are
shown in Fig. 1. Note that the experimental error bars are
determined by our instrumental resolution. The main band in
the spectrum of Ni,TiO,(CO), is obviously split into three
peaks located at 2.44 + 0.05, 2.65 £+ 0.04 and 2.94 £ 0.03 eV,
with a higher intensity in the third peak. The dominant peaks
marked with the letter X of all three photoelectron spectra have
a maximum band corresponding to the vertical detachment
energy (VDE) values. The VDE values of the ground states for the
Ni,TiO,(CO),” (n = 2-4) complexes were directly determined to
be 2.44 + 0.05 eV, 2.76 + 0.04 eV, and 2.86 + 0.03 eV, respec-
tively. The bands from the spectra without vibrational features
prevent us from directly measuring the ground-state ADEs,
which can be alternatively estimated by the intersection of a line
drawn along the rising edge of the main band with the binding
energy axis. The ADE values of the ground states for the Ni,-
TiO,(CO),,” (n = 2-4) complexes were evaluated to be 2.17 +
0.07 eV, 2.43 £ 0.05 eV, and 2.60 £ 0.05 eV, respectively. With
the increasing of cluster size, the VDE and ADE values increase,
revealing that the electron is stabilized upon the bonding of CO
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molecules. Meanwhile, several peaks corresponding to the
binding energies of non-highest occupied electron in the
spectra could be distinguished, such as the major peaks
centered at 2.65 + 0.04, 2.94 + 0.03 eV for Ni,TiO,(CO),~ and at
2.86 + 0.03, 3.02 £ 0.02 eV for Ni,TiO,(CO); "~

3.2. Comparison between experimental and theoretical
results

We use ab initio simulations to gain a clear insight into the
geometric and electronic properties of Ni, TiO,(CO),” (n = 2-4)
clusters by comparing with the results of experiment. The
structures, symmetries, and relative energies of the three

355 nm i
TiNi202(CO)2

TiNi,0,(CO),” X

TiNi,0,(CO),”

) I ) l I l L) l ) I )
1.0 1.5 20 25 3.0 35

Binding Energy (eV)
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Fig. 1 Photoelectron images of Ni,TiO,(CO),™ (n = 2—-4) at 355 nm.
Photoelectron images after inverse Abel transformation are embedded
in the photoelectron spectra.
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Fig. 2 Schematic diagrams of the three lowest-energy structures for
each size of Ni,TiO,(CO),~ (n = 2-4) clusters (Ti, white; Ni, blue; C,
gray; O, red). The relative energy (in units of eV) and symmetry of each
cluster are in parentheses.

lowest-energy structures for each size of Ni,TiO,(CO),” (n = 2-
4) clusters obtained from ab initio calculations are given in
Fig. 2. The other isomers with higher energies of Ni,TiO,(CO),,~
(n = 3, 4) clusters are listed in Fig. S1 of the ESL.f The lowest-
energy structures are designated as na, and the metastable
structures are designated as nb, nc, and so on. In all the struc-
tures, the three transition metal atoms (one Ti atom and two Ni
atoms) form a quasi-line or triangular structure. The two oxygen
atoms bond to the Ti atom to form a stoichiometric TiO, core,
which is different from the results of NbNiO(CO)s_s~ and
TaNiO(CO),_g~ with the competitive binding with oxygen atom
to the transition metal centers.*>*® The oxidation of CO is not
favored due to the strong interaction between Ti and O atoms.
Unlike NbNiO(CO);_g~ or TaNiO(CO);,***° the oxidation of CO
in Ni,TiO,(CO),, (n = 2-4) clusters only occurs in some higher-
energy structures such as 3e, 3f, 3g, 4i, 4j, and 4k with one of the
oxygen atoms on Ti binding to the C. The comparison between
the experimental photoelectron spectra of Ni,TiO,(CO),” (n =
2-4) clusters recorded at 355 nm photons and the BP86 ones of
the three lower-energy structures for each size are shown in
Fig. 3-5. Table 1 lists the experimental and theoretical VDE and
ADE values as well as the theoretical relative energies of the
three lower-energy structures for each size of Ni,TiO,(CO), (n
= 2-4) clusters. The experimental and theoretical VDE and ADE
values as well as the theoretical relative energies of the higher
energy structures of Ni, TiO,(CO),” (n = 3, 4) clusters are given
in Table S3 of the ESL{

3.2.1. Ni,TiO,(CO), . For n = 2, all the CO molecules bond
to Ni atoms. In the lowest-energy structure 2a, which has C,
symmetry, Ni-Ti-Ni is a quasi-line with the angle of Ni-Ti-Ni is
178.01°. The two oxygen atoms are both bridging states between
Ti and Ni. The two CO molecules are terminal ones, which is
different from the VNi(CO),™ (ref. 59) with the involvement of
one bridging carbonyl and one terminal carbonyl. The second

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Comparison between the simulated photoelectron spectra of
the three Ni;TiO,(CO), ™~ isomers 2a, 2b, 2¢ (blue line) and the exper-
imental one at 355 nm (red line).

stable structure 2b is only 0.1 eV higher in energy than 2a. In 25,
the Ti atom and two Ni atoms have a triangular structure. One
oxygen atom forms a bridging state between Ti and Ni and
another forms a terminal state. The two CO molecules are also
terminal ones. In 2¢, which is similar to 2b, One CO molecule
forms a bridging state and another forms a terminal state.

As shown in Table 1, the calculated VDEs of both 2a (2.52 eV)
and 2b (2.32 eV) are in reasonable agreement with the experi-
mental one (2.44 £+ 0.05 eV). The ADEs of both 2a (2.27 eV) and
2b (2.13 eV) are consistent with the experimental result (2.17 £

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Comparison between the simulated photoelectron spectra of
the three Ni,TiO,(CO)s~ isomers 3a, 3b, 3c (blue line) and the exper-
imental one at 355 nm (red line).

0.07 eV). The simulated VDE of 2¢ is 2.85 eV, which is larger
than the experimental result (2.44 &+ 0.05 eV). While the ADE of
2¢ (1.81 eV) is smaller than the experimental one (2.17 £+ 0.07
eV). In Fig. 3, the simulated spectrum of 2a has three discrete
peaks at 2.52, 2.60, and 2.95 eV, what agrees very well with the
experimental photoelectron spectrum (2.44 + 0.05, 2.65 + 0.04,
2.94 £ 0.04 eV). The peaks in the simulated spectrum of 2b are
apparently more than the experimental result, leading to the
conclusion that 2b should be excluded. Therefore, 2a cluster
exists in the cluster beam in the experiment.

RSC Adv, 2023, 13, 3164-3172 | 3167
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Fig. 5 Comparison between the simulated photoelectron spectra of
the three NixTiO5(CO),4 isomers 4a, 4b, 4c (blue line) and the
experimental one at 355 nm (red line).

3.2.2. Ni,TiO,(CO); . In all the isomers of Ni,TiO,(CO);~
clusters, most of the CO molecules adsorb to Ni atoms to form
a terminal state or a bridging state between Ti and Ni or
between two Ni atoms. The isomers with CO molecule bonding
to Ti, such as 3d-3g, have higher energies. The ground state
structure 3a with one bridging carbonyl and two terminal
carbonyls is similar to 2a. The angle of Ni-Ti-Ni in 3a is
175.60°. It is different from the ground state of TiNi(CO);~ with
three different types of CO bonds® due to the discrepancy
between the number of Ni atoms and the presence of oxygen.

3168 | RSC Adv, 2023, 13, 3164-3172
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Table 1 Experimental and theoretical vertical detachment energies
(VDEs) and adiabatic detachment energies (ADEs) as well as theoretical
relative energies (AE) of the three lowest-energy structures for each
size of Ni,TiO,(CO),~ (n = 2-4) clusters

VDE (eV) ADE (eV)

n Isomers AE (eV) Theo. Exp. Theo. Exp.

2 2a 0.00 2.52 2.44(5) 2.7 2.17(7)
2b 0.10 2.32 2.13
2c 0.58 2.85 1.81

3 3a 0.00 2.81 2.76(4)  2.54 2.43(5)
3b 0.32 2.71 2.38
3c 0.40 2.73 2.40

4 4a 0.00 2.98 2.86(3)  2.72 2.60(5)
4b 0.30 3.40 2.89
4c 0.36 3.18 2.86

Table 2 The average bond lengths (in units of A) and bond angles (in
units of °) of the lowest-energy structures of Ni,TiO,(CO),~ (n = 2-4)
clusters

n 2 3 4

Ti-O 1.760 1.778 1.78
Ni-C 1.694 1.79 1.835
Ti-Ni 2.648 2.628 2.654
Ni-O 1.822 1.83 1.84
/ Ni-Ti-Ni 178.01 175.6 171.1

The meta-stable structure 3b, in which the three metal atoms
have triangle configuration, is 0.32 eV higher in energy than 3a.
The 3c isomer is 0.4 €V higher in energy than 3a though it has
similar configuration to 3a with the bridging carbonyl being
side-on-bonded instead.

According to Table 1 and S3 of the ESI,7 among the seven
Ni,TiO,(CO);”~ isomers, 3a, 3b, and 3¢ have both comparable
VDE and ADE values to experimental ones. From Fig. 4 we can
see that there are three peaks at 2.81, 2.88, and 3.1 eV in the
simulated PES of 3a, which coincides with the experimental
values (2.76 + 0.04, 2.86 + 0.03, 3.02 =+ 0.02 eV) well. However,
the number of the peaks (four peaks centered at 2.71, 3, 3.16,
and 3.3 eV) in the simulated PES of 3b is larger than that in
experiment. For 3c, except for the first peak at 2.73 eV in the
simulated PES is comparable to the experimental result of
2.76 eV, the other two peaks at 3.19 and 3.32 eV cannot match
the experimental values of 2.86 £ 0.03 and 3.02 £ 0.02 eV,
respectively. This suggests that the 3a isomer should be
responsible for the n = 3 spectrum.

3.2.3. Ni,TiO,(CO), . With the increase in cluster size, the
potential energy surface becomes more complicated and the
number of isomers increases. There are 11 isomers for Ni,-
TiO,(CO),~ clusters. Most of the CO molecules adsorb to Ni
atoms to form a terminal state or a bridging state between Ti
and Ni or between two Ni atoms. The ground state structure 4a
with C, symmetry is similar to 2a and 3a. The angle of Ni-Ti-Ni
in 4a is 171.10°. Though it is different from the lowest-energy
structure of TiNi(CO),~ cluster with three bridging carbonyls

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 3 The natural electron configuration of the lowest-energy structures of Ni,TiO>(CO),~ (n = 2-4) clusters

Natural electron configuration

0, O, 0, O,¢ 05 Oyc
B R A e
0, | 0, 0, 4
Valence electron 2a 3a
Ti 3d%4s? 4513d%34p°3 45°23d%54p®4d°"! 45°23d>84p®34d°"
Ni; 3d®%s? 45°°3d°'4p°? 45°°3d°'4p°2 45°°3d°4p°*°
Niz 3d8452 450.63d9.14p0.3 4S0.53d94p0.5 4SU.S3d9 4p0.5
0, 2s%2p? 2s"%2p° 2s"%2p> 2s"%2p°
0, 25%2p* 2s"82p° 2s"82p° 2s"82p°
c 2s%2p> 2s132p>2 2s"32p>2 2g139p22
()1C 2522p4 251.72 4.8 251.72p4.7 251.721:)4.7
CZ, ZSZZPZ 231.32 2.2 231.32p2.3 2Sl.32 2.2
OZC 2522p4 251.72p4.8 251.72p4.8 251.721:)4.7
C3 ZSZZPZ _ ZSLZZPZA 251.22p2A4
03C 2522p4 . 2S1.72p4.7 281.72p4.7
C, ZSZZPZ _ _ 251'22})2'4
Ouc 2522134 . . 231.72p4.7

and one terminal carbonyl,® the terminal carbonyls only bond to
Ni for both of them. Except for 4a, 4f, and 4j, the Ti atom and
two Ni atoms form a triangular structure in Ni,TiO,(CO),~
clusters.

It can be seen from Tables 1 and S3 of the ESI} that the VDE
(2.98 eV) and ADE (2.72 eV) of 4a match the experimental VDE
2.86 £ 0.03 eV and ADE 2.60 £ 0.05 eV well, respectively. The
VDESs of the meta-stable structures of Ni,TiO,(CO), " clusters are
larger than the experimental ones. In Fig. 5, there is only one
main peak at 2.98 eV in the simulated PES of 4a, which is
identical to the experimental feature. The peak position in the
simulated spectrum of 4b deviated from the experimental one.
Meanwhile, the peaks in the simulated spectrum of 4c are more
than the experimental result. Therefore, 4a is the most probable
structure detected in experiment.

3.3. Geometric and electronic properties of the lowest-
energy structures

The above-mentioned comparison between experimental and
theoretical results reveals that the lowest-energy structures of
Ni,TiO,(CO),” (n = 2-4) clusters are the ones with the three
transition metal atoms forming a quasi-line. 2a has C,
symmetry. The two CO molecules added to the two Ni atoms
form terminal ones. 3a is a structure with the third CO molecule
located in the middle of Ti and Ni forming bridge coordination.
The fourth CO molecule in 4a locates at the middle of Ti and Ni
on the other side and 4a also has C, symmetry. Table 2 lists
several characteristic bond lengths and bond angles of the
ground state structures of Ni,TiO,(CO),,” (rn = 2-4) clusters. The
average bond lengths of Ti-O, Ti-Ni, Ni-O, and the distance
between Ni and Ni (5.295, 5.252, and 5.292 A for 2a, 3a, and 4a,
respectively) remain constant as the cluster size increases,
meaning that the framework of Ni,TiO, is stable in the lowest-
energy structure of Ni,TiO,(CO),  (n = 2-4) clusters. The

© 2023 The Author(s). Published by the Royal Society of Chemistry

average distances between Ni and C become longer as the
cluster size increases. The angle of Ni-Ti-Ni decreases as the
cluster size increasing. Thus, the interaction between Ni and C
becomes weaker with the cluster size increasing.

The natural electron configuration of the lowest-energy
structures of Ni,TiO,(CO),~ (n = 2-4) clusters is shown in
Table 3. The valence electron configuration of the element Ti is
3d*4s?, while its 4s orbital lose electrons as well as 3d, 4p and 4d
orbitals gain extra electrons in the lowest-energy structures of
Ni,TiO,(CO),,” (n = 2-4) clusters. The Ti atom in 2a, 3a, and 4a
totally loses 1, 0.7, and 0.4 electrons, respectively. In the two Ni
atoms of all the ground state structures, though the 4s orbital
lose electrons and 3d and 4p orbitals gain extra electrons, the
total electrons remain unchanged. The two O atoms bonded to
Ti totally gain 1.6 electrons since the 2s orbital loses 0.2 elec-
trons and the 2p orbital gains 1 electron for each O atom. The
number of electrons gained by the oxygen atom is almost equal
to the number of electrons lost by the C atom in one CO
molecule. Thus, the CO molecules do not gain or lose electrons.
In conclusion, the extra electron is enriched on O atoms
attached to Ti. The Ti atom loses electrons and the O atoms
attached to Ti gain electrons, indicating strong interaction
between Ti and O. Meanwhile, the interaction between CO
molecules and Ni,TiO, unit is weak. All those lead to no CO
oxidation in the lowest-energy structures of Ni,TiO,(CO),, (n =
2-4) clusters.

4. Conclusion

By combining photoelectron imaging spectroscopy and ab initio
calculations, the low-lying isomers, structural evolution, relative
stabilities, and electronic structures of Ni, TiO,(CO),,” (n = 2-4)
clusters are investigated. The VDEs and ADEs become larger
with the increase in cluster size, meaning that the binding of
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electrons is stronger as the cluster size increasing. In the lowest-
energy structures of Ni,TiO,(CO),,” (n = 2-4) clusters, the three
transition metal atoms (one Ti atom and two Ni atoms) form
a quasi-line, which is different from triangular structure for tri-
metallic active center. It provides more evidence for the reaction
of multicomponent alloy with CO. The adding of CO molecules
makes the interaction between Ni and C weaker. The natural
electron configuration shows that the strong interaction
between O and Ti and the weak interaction between CO mole-
cules and Ni,TiO, unit lead to the absence of CO oxidation. Our
results provide new light on the geometric and electronic
structures of nickel-titanium dioxide carbonyl anions and will
have important implications on the CO adsorbed on the
surfaces/interfaces of alloy.
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