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ABSTRACT: Spectroscopic characterization of ketenylidene complexes is of essential
importance for understanding the structure—reactivity relationships of the catalytic sites. Here, co o

we report a size-specific photoelectron velocity map imaging spectroscopic study of the reactions —— -
of carbon monoxide with nickel carbide. Quantum chemical calculations have been conducted to
search for the energetically favorable isomers and to recognize the experimental spectra. The
target products with the chemical formula of NiC(CO),~ (n = 3—5) are characterized to have an
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intriguing ketenylidene CCO unit. The evolution from NiC(CO);~ to NiC(CO), involves the breaking and formation of the Ni—C
bond and the coordination conversion between the terminal and bridging carbonyls. Experimental and theoretical analyses reveal an
efficient C—C bond formation process within the reactions of carbon monoxide and laser-vaporized nickel carbide. This work
highlights the pivotal roles played by metal carbides in the C—C bond formation and also proposes new ideas for the design and
chemical control of a broad class of complexes with unique physical and chemical properties.

1. INTRODUCTION

The interaction between carbon monoxide (CO) and metals
plays a significant role in many fields ranging from fundamental
to applied science, such as coordination chemistry, organo-
metallic synthesis, and homogeneous and heterogeneous
catalysis."”” Mass-selected gas phase clusters are well-defined
models for unraveling the microscopic information on CO
chemical adsorption on metal surfaces, the binding of catalyst
active sites, and reaction mechanisms. The reaction kinetics,
spectral features, and photophysical properties of many
unsaturated metal carbonyl substances can be achieved in
the cluster studies.”* The coordination modes of CO on
metals are mainly divided into three types, such as terminal,
bridging, and side-on bond mode. The activation degree of CO
is the weakest in terminal coordination, the middle in bridge
coordination, and the strongest in side-on coordination.’
Studies of metal carbonyls have made remarkable progress in
challenging the limitations of the electron-counting rules, with
an emphasis on the high-coordination ionic carbonyls of the
early transition metals,°™"® lanthanides,"* and actinides.>™"°
Neutral alkaline-earth metal octacarbonyls M(CO)g (M = Ca,
Sr, Ba) and group-4 transition metal carbonyls Ti(CO), and
TM(CO)g (TM = Zr, Hf) have also been successfully isolated
in the solid neon matrix.”® In addition, undercoordinated
transition metal carbonyl clusters have revealed their bonding
and vibrational modes, such as ScCO%~/*, S¢,CO, etc.?! 7>
Very recently, confinement-free neutral group-3 transition
metal heptacarbonyl Sc(CO), and octacarbonyl TM(CO),
(TM = Y and La) have been identified in the gaseous
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environment.”® The investigation of bimetallic carbonyls has
characterized a series of intriguing species, such as MFe(CO),~
(M =Ti, V, Cr), TMNi(CO),” (TM = Tij, Zr, Hf; n = 3-7),
Ni,(CO),” (n = 4—6).””7%° It is indicated that the
coordination mode of heterotrinuclear Ti,Ni(CO),” (n = 6—
9) carbonyls varies with cluster size.”* The reaction of CO with
metal oxides has received increasing attention, such as
TMO(CO)," (TM = Sc, Y, La), TaNiO(CO),” (n = 5-8),
Ni,TiO,(CO),” (n = 2—4),”"" which provide unique
insights into the CO activation by metal oxides.

Metal carbides are widely applied in various fields such as
catalysis, hydrogen production, and energy storage.44_46 So far,
much less effort has been made to explore the reaction of CO
with metal carbide at the molecular level. Herein, we report a
photoelectron spectroscopic study of the reaction of CO with
nickel carbide in the gas phase. Experimental spectra in
combination with theoretical calculations reveal that the
NiC(CO),” (n = 3—5) anions contain a ketenylidene CCO
unit, indicating that the C—C bond formation proceeds
efficiently in the reaction between CO and nickel carbide.
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2. EXPERIMENTAL AND THEORETICAL METHODS

The photoelectron velocity map imaging experiments were
implemented with the aid of a self-made apparatus combining
a time-of-flight (TOF) mass spectrometer with a double
channel and a photoelectron velocity map imaging system. The
experimental methods have been detailed previously*” and are
briefly described here. The NiC(CO),” (n = 3—5) products
were prepared by laser vaporization of the nickel—carbon (1:1)
target in a supersonic expansion of carrier gas (10% CO/He,
~5 atm) beam produced by a high-pressure pulsed valve. The
gas mixture (i.e., carrier gas, CO, anions, cations, and neutrals)
is skimmed in a differential chamber. Then, the NiC(CO),” (n
= 3—5) anionic clusters were mass-selected by a McLaren
Wiley-type TOF spectrometer before being guided into the
photodetachment area, where they were intersected by a 355
nm (3.496 eV) laser beam of third-harmonic Nd:YAG laser.
The photoelectrons were detected by a microchannel plate
(MCP) and a phosphor screen. The photoelectron images
were recorded using a high-resolution commercial charged
coupling device (CCD) camera. Each raw image, which
represents the projection of the photoelectron Newton sphere
onto the 2D imaging detector, was obtained by repeating
20,000 laser shots at a repetition rate of 10 Hz. The initial 3D
photoelectron distribution was extracted using the Abel Inverse
Basis Set Expansion (BASEX) transform method. The
calibration of photoelectron spectra was accomplished using
the previous result of the Au~ anion, showing an energy
resolution of more than 5%.

Theoretical calculations were performed using the Gaussian
16 program.”® The B3LYP functional was applied using the
aug-cc-pVTZ basis set for the C and O atoms™” and the SDD
basis set for the Ni atom>° (denoted as B3LYP/ aug-cc-pVIZ/
SDD). Previous studies have indicated that density functional
theory calculation with the SDD basis set could yield reliable
structural, energetic, and spectral results for nickel carbon-
yls.>*’~*’ Harmonic frequency analysis ensured that the stable
isomers were true local minima on their potential energy
surfaces. The vertical detachment energy (VDE) was
determined as the energy difference between the anionic
structure and the corresponding neutral counterpart in the
optimized anionic geometries, while the adiabatic detachment
energy (ADE) was computed as the energy difference between
the anion and the neutral structure in each optimized structure.
The zero-point-energy corrections were considered in the
calculations of the relative energies and ADEs.

The photoelectron spectrum for each isomer was simulated
based on the generalized Koopman’s theorem®' because this
theorem features enhanced simulation accuracy by the
introduction of a correction term, which has been rationalized
in several studies.”' ~>> The spectral simulations in this work
were performed by fitting the theoretically obtained VDEs with
0.1 eV width Gaussian functions. Electronic hot bands were
not included in the simulated spectra.

3. RESULTS AND ANALYSIS

The 355 nm photoelectron spectra of NiC(CO),” (n = 3-5)
are presented in Figure 1, and a representative mass spectrum
is shown in Figure SI in the Supporting Information. The
selected photodetachment wavelength allows for the simulta-
neous observation of the ground states and some excited states
for the corresponding neutrals of NiC(CO),” (n = 3—5). The
ground-stated VDEs can be readily measured from the electron

CNi(CO),”

—_—
CNi(CO),

X T X T
CNi(CO),”

0 1 2 3
Binding Energy (eV)
Figure 1. 355 nm photoelectron velocity map imaging of NiC(CO),~
(n = 3=5). The left panel shows the raw (upper) and reconstructed
images (bottom) after inverse Abel transformation. The double arrow
represents the laser polarization direction. The right panel presents
the photoelectron spectra obtained from the images.

binding energies (EBEs) of each main band (labeled with X)
maximum, which equals 2.70 + 0.04, 2.43 + 0.05, and 2.57 +
0.05 eV for NiC(CO),” (n = 3—5) (Table 1), respectively.

Table 1. Comparison of Experimental VDE/ADE Results to
the B3LYP Method of the Five Lowest-Energy Isomers for
NiC(CO),” (n = 3-5)

. VDE (eV) ADE (eV)
relative energy
species isomer (ev) expt.” calc. expt.” calc.
n=3 3A 0.00 2.70(4) 2.84  2.50(5) 2.64
3B 0.38 2.75 2.43
3C 0.74 2.92 2.61
3D 1.05 2.85 2.53
3E 1.32 2.33 191
n=4 4A 0.00 2.43(5) 2.48 2.25(6) 2.33
4B 0.41 2.80 2.46
4C 0.52 2.76 2.33
4D 0.94 2.63 2.23
4E 1.46 1.93 1.55
n=>5 SA 0.00 2.57(5) 260  2.36(6) 242
SB 0.48 3.19 0.94
SC 0.54 3.00 2.72
SD 0.80 3.02 2.19
SE 1.01 2.57 2.03

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

However, the absence of vibrational structures hinders the
direct measurement of ground-state ADEs. Instead, we can
estimate these values by determining the intersection of a line
along the ascending slope of the main band with the horizontal
axis. By this means, the ADE values of NiC(CO),” (n = 3-5)
are evaluated as 2.50 + 0.05, 2.25 + 0.06, and 2.36 + 0.06 eV
(Table 1), respectively. Thus, their experimental VDE values
are more precise than their experimental ADE values.
Accordingly, the experimental VDE values were utilized as
the main criterion for identifying the isomers.

To unravel the structural information encoded in the
observed spectral signature, B3LYP/aug-cc-pVTZ/SDD calcu-
lations were performed for both the NiC(CO),” anions and
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the NiC(CO), neutrals. The optimized structures of the five " E -
lowest-energy isomers for the NiC(CO),” anions are labeled
nA-nE, as shown in Figure 2. The other low-energy isomers of ]\ /\
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Figure 2. Optimized structures of the five lowest-lying isomers of T ' 7 7 7 T
NiC(CO),” (n = 3—5) calculated at the B3LYP level (Ni, blue; C, CNi(CO), CNi(CO), CNi(CO),
gray and baby blue; and O, red). Relative energies are given in eV.

Expt. Expt. Expt.
anionic and neutral clusters are illustrated in Figures S2 and S3 ——l ———f—— ——r
in the Supporting Information, respectively. The VDE and 0 1 2 3 0 1 2 3 0 1 2 3

ADE values of the nA-nE isomers are compared with the
experimental values in Table 1. Moreover, Figure 3 compares
the density of states (DOS) spectra of the nA-nE isomers
simulated based on the theoretically generalized Koopman’s
theorem with the experimental spectra.

3.1. NiC(CO);™. The most stable isomer of NiC(CO),~
(labeled 3A) features C,, symmetry with a *A; ground state.
This isomer includes three terminal carbonyls, in which two
directly connect to the Ni atom while the other binds to the C
atom. By comparison, the C; symmetric 3B isomer presents a
*A’ state and comprises one terminal carbonyl connecting to
the Ni atom and two terminal carbonyls interacting with the C
atom. The 3B isomer lies only 0.38 eV higher in energy than
3A. The computed VDE/ADE values of the 3A isomer (2.84/
2.64 eV) match well the experimental values (2.70/2.50 eV). A
similar agreement between theory and experiment is also
obtained for the 3B isomer. The 3C configuration is similar to
that of 3B, in which the two carbonyls bound to the C atom to
form a C; triangle. The 3D isomer consists of a Ni—C—C—C
cyclic configuration. The structure of the 3E isomer is similar
to that of 3D, but the CCO unit is not directly bound to the Ni
atom. The 3C—3E isomers could lie too high in energy to be
detected in the experiment. Furthermore, assuming a mixture
of the 3A and 3B isomers will best reproduce the experimental
spectrum, as shown in Figure S4, implying the coexistence of
these two isomers.

3.2. NiC(CO),". For the n = 4 cluster, the lowest-lying 4A
isomer contains four carbonyls: a bridging one and three
terminal ones (Figure 2), in which two of the terminal
carbonyls are linked to the Ni atom, the left terminal carbonyl
binds to the C atom, and the original Ni—C bond is broken.
To visualize the conversion of structures, the C atom that can
react with carbonyls is labeled light blue in Figure 2. The
calculated VDE/ADE values for 4A of 2.48/2.33 eV (Table 1)
are in accord with the corresponding experimental values
(2.43/2.25 eV). The 4B isomer (+0.41 eV) consists of four

Binding Energy (eV)  Binding Energy (eV)  Binding Energy (eV)

Figure 3. Comparison of experimental 355 nm photoelectron spectra
(red line, bottom rows) of NiC(CO),” (n = 3=5) to the simulated
spectra of the five lowest-lying isomers (blue line, top five rows).

terminal carbonyls, in which three carbonyls are bound to the
Ni atom and the other one is bound to the C atom. The
calculated VDE of isomer 4B (2.80 eV) is much higher than
the experimental value, indicating that isomer 4B does not
contribute to the experimental spectrum. The 4C isomer could
be viewed as being built from the 3D isomer by adding a
terminal carbonyl connected to the Ni atom. Isomer 4C lies
0.52 eV in energy higher than isomer 4A. The calculated VDE
value of isomer 4C (2.76 eV) is also higher than the
experimental value (2.43 eV), even though its calculated
ADE (2.33 eV) is slightly higher than the experimental value
(2.25 eV). Isomer 4D lies 0.94 eV higher in energy than 4A
and could be viewed as being built from isomer 3E by adding
one terminal carbonyl to the Ni atom. The theoretical VDE
value of 4D (2.63 eV) is higher than the experimental result
(2.43 eV), while its calculated ADE (2.23 €V) is in agreement
with the experimental result (2.25 eV). The structure of isomer
4E is similar to 4A but lies 1.46 eV higher in energy than 4A.
The main difference between the structures 4A and 4E lies in
the rotation of the (CO),Ni—C bond, in which there is a
significant difference in the spacing between the Ni atom and
the C atom (connected to the two carbonyl groups), as shown
in the Figure SS. The calculated VDE/ADE values of 4E
(1.93/1.55 V) are clearly lower compared to the experimental
values. Additionally, Figure 3 demonstrates that the simulated
4A spectrum agrees the best with the experimental result in
terms of the spectral profile, confirming that 4A is responsible
for the NiC(CO),” complex.

3.3. NiC(CO)5™. For NiC(CO);~, the lowest-lying isomer
(labeled as SA) can be regarded as being built from the 4A
isomer by introducing another terminally bonded CO group to
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the Ni atom. The calculated VDE/ADE values of SA are 2.60/
242 €V (Table 1), respectively, which are very close to the
observed values of 2.57/2.36 eV. The SB (+0.48 eV) and SC
(+0.54 eV) isomers could be regarded as being derived from
4C by terminally bonding CO to the Ni atom and bridging by
inserting CO into the Ni—C—C—C ring, respectively. The SD
(+0.80 €V) and SE (+1.01 eV) isomers could be viewed as
being derived from 4D by terminally bonding CO to the Ni
atom and bridging inserting CO into the Ni—C—C—C ring,
respectively. The computed VDE and ADE values of isomers
SB—SD are discrepant from the experimental results, indicating
that the presence of isomers SB—SD can be ruled out. The SE
isomer lies too high in energy to be experimentally probed. As
shown in Figure 3, the agreement between the experimental
spectrum and simulated one of the SA isomers is reasonable to
confirm the assignment of 5A to be responsible for the
NiC(CO);~ complex.

4. DISCUSSION

As shown in Figure S2, the lowest-energy isomer of NiC(CO)~
(labeled 1A) has a terminal carbonyl attached to the C atom.
For NiC(CO),", the lowest-lying isomer (labeled as 2A) can
be built by terminally bonding another carbonyl to the Ni
atom on the basis of 1A. This indicates that the first CO
molecule is preferentially bound to the C atom of nickel
carbide NiC™, while the second CO molecule is preferentially
bound to the Ni atom of NiC™.

The agreement of the experimental and theoretical results
offers opportunities for investigating the structural evolution of
NiC(CO),” (n = 3=5). The coexistence of isomers in
NiC(CO),” indicates that the C atom, as a nonmetallic
element, can efficiently bond or adsorb CO, demonstrating the
unique advantage of the C atom in fixing CO. Due to the
coexisting isomers of NiC(CO);~, the structural evolution
from NiC(CO);~ to NiC(CO),” has two patterns of 3A — 4A
and 3B — 4A. The 3A — 4A process is characterized by the
cleavage of the original C—Ni bond and a bridging carbonyl
formation. The 3B — 4A process encompasses adsorption of a
terminal carbonyl onto the Ni atom and a transition from a
terminal to a bridging carbonyl. These results indicate that the
Ni—C bond breaking and formation proceed in the evolution
from NiC(CO);~ to NiC(CO), . Upon the successive
addition of CO, a terminal carbonyl is coordinated to the Ni
atom in NiC(CO),", forming NiC(CO);".

The structural evolution of the NiC(CO); — NiC(CO)s
neutral counterpart is also distinctive (Figure S3). In the 3A’
— 4A’ evolution, a bridging carbonyl transforms into a
terminal carbonyl, while the Ni atom chemically adsorbs
another terminal carbonyl. This indicates that the breaking and
formation of the Ni—C bond also occurs during the NiC(CO),
— NiC(CO), evolution. SA’ can be regarded as derived from
4A’ by adding one terminal carbonyl to the Ni atom. Thus, the
similarity exists in the structural evolution of the anionic and
neutral nickel carbide carbonyls.

To understand the changes of charge distribution with CO
addition between these identified structures, natural popula-
tion analysis (NPA) was carried out, and the results are listed
in Table 2. The charge distributions of the Ni atom in the most
stable structures of NiC(CO),” (n = 0—S5) are —0.426, 0.189,
0.096, —0.437, —0.435, and —0.886, respectively. Additionally,
the charge distributions of C and (CO), are also concretely
displayed. The negative charges can be found to be mainly
distributed in the C atoms. From NiC™ to 1A, the negative

Table 2. NPA of the Isomers of NiC(CO),” (n = 0-5)
Calculated at the B3LYP/aug-cc-pVTZ/SDD Level of
Theory

NPA charge

isomer Ni C (co),
0A —0.426 —0.574
1A 0.189 —0.928 —0.261
2A 0.096 —0.807 —0.289
3A —0.437 —0.508 —0.055
3B —0.090 =0.777 —0.133
4A —0.435 —0.526 —0.039
SA —0.886 —0.535 0.421

charge is transferred from the Ni atom to the CCO unit. The
negative charge is mainly moved from the C atom to the Ni
atom from 1A to 2A, which shows a trend similar to the change
in charge when 2A to 3A. From 3A to 4A, the charge of each
part remains basically unchanged, which is mainly determined
by the evolution process of 3A — 4A. From 3B to 4A, the main
phenomenon is the transfer of negative charges from (CO),
and the C atom to the Ni atom. From 4A to SA, the charge of
the C atom remains unchanged, for which the negative charge
is primarily transferred from (CO), to the Ni atom. As shown
in Table S2, the charge distribution change of the Ni atom was
mainly related to the terminal carbonyls, indicating that the
adsorption of end-on carbonyl in the 4A configuration can
greatly promote the electron donation ability of the terminal
carbonyls. These results indicate that there are significant
differences in the changes in charge distribution during the
structural evolution process under different coordination
patterns, providing a fundamental basis for studying the
fixation of CO.

To clarify the electronic structures of NiC(CO),” (n = 1—
5), the molecule orbitals of NiC(CO),” (n = 1-5) from the
highest occupied molecular orbitals (HOMOs) down to
HOMO-4 are shown in Figure 4. The HOMO orbital of 3A
is a z-type bond characteristic with outstanding nickel—carbon
to carbonyl donation. Their HOMO-1 and HOMO-4 are
delocalized 7 orbitals mainly involving the carbon—carbon
unit. The Ni—C bond in the HOMO-2 and HOMO-3 exhibits
an obvious ¢ orbital. For 3B, the HOMO is delocalized 7
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° @ -
o a@® *e@ oo o & @
° [ ®
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) H 2 ®
HOMO-1 Q% 8@% 43" “8‘: s! %!
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_ @ [ ® 3
HOMO-2 &‘ 'g“” Gare- @, & ,
® ° ®
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e > ‘ar
HOMO-3 w Q> ?" "20
- r4
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Figure 4. Molecular orbital pictures of CNi(CO),” (n = 1-5),
showing the orbitals from HOMO down to HOMO-4. The orbital
energies are given in hartree.
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orbitals mainly involving the carbon—carbon unit; the HOMO-
1 and HOMO-2 are mainly a 3d orbital of the Ni atom; the
HOMO-3 is mainly a 4s orbital of the Ni atom; and the
HOMO-4 is a n-type bond trait with salient nickel—carbon to
the donated carbonyl. Overall, the weakening of the C—O
bond in CO is mainly caused by the effect of 7* back-donation.
Similar bonding features have also been observed in the nA (n
= 1-5) isomers (Figure 4). The bonding analyses reveal that
the C—O bonds in NiC(CO),” (n = 1-5) are significantly
weakened.

The observation of the CCO unit is quite interesting
because the ketenylidene complexes are key intermediates in
many catalytic processes.’® In fact, progress has been made in
the synthesis and spectroscopic characterization of a few metal
ketenylidene complexes on well-defined surfaces.”” " A well-
known example is the gold ketenylidene species generated by
partial oxidation of acetic acid on a nano-Au/TiO, catalyst.*”
Recently, infrared spectroscopy provided evidence of neutral
titanium ketenylidene OTiCCO(CO),_, (n = 4—7) formed
from the reactions between CO and titanium atoms.”® As
shown in Table S1, our theoretical calculations show that the
stepwise reaction of NiC™ + nCO — NiC(CO),” is highly
exothermic, indicating that the formation of CCO from the
reactions of CO with nickel carbide is facile in the gas phase.
These findings have important implications for understanding
the structure—reactivity relationship of metal catalysts toward
CO molecules.

5. CONCLUSIONS

The reactions of CO with nickel carbide have been studied by
combining photoelectron velocity map imaging and quantum
chemical calculations, which reveal the geometric and
electronic structures of the NiC(CO),” (n = 3—5) products
via thorough energetics comparison and spectral assignments.
The results indicate that CO addition to the C center is
favored over addition to the Ni center, resulting in the
formation of the CCO unit. During the process from
NiC(CO);™° to NiC(CO),™°, the cleavage and generation
of the Ni—C bond and the conversion between terminal and
bridging carbonyl ligands are observed. Bonding analysis shows
that the C—O bonds in NiC(CO),” (n = 3—5) are significantly
weakened. These findings offer new insights into the structural
and bonding mechanism of CO with metal carbides, which
advance our understanding of CO activation and stimulate
further study of a wide range of novel compounds with unique
structures and properties.
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