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ABSTRACT: The structural evolution and electronic properties of V,C,°and V,C,™° (n = 1-6) »
clusters were investigated using photoelectron spectroscopy and density functional theory
calculations. The adiabatic and vertical detachment energies of V,C,” and V,C,” (n = 1-6)
clusters were obtained from their photoelectron spectra. The most stable structures were identified
by comparing the results of our calculations with the experimental data. We found that the carbon
atoms of V,C,™"® and V,C,~/° (n = 1—6) clusters were separated gradually with increasing number of
vanadium atoms. For V,C,™® (n = 3—6) and V,C,° (n = 4—6) clusters, the carbon atoms are
separated by the vanadium atoms. The geometry of V,C, is a cubic structure and the geometries of
ViC, and V(C, are formed by one and two vanadium atoms capping the cubic V,C, structure,
respectively.
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1. INTRODUCTION via laser vaporization of a metal sample with expansion gas
seeded with methane or acetylene.'” Helden et al. investigated
vanadium-carbide nanocrystals using resonance-enhanced
absorption of multiple infrared photons and found that the
vanadium-carbide species produced are cubic and truncated
nanocrystals with carbon vacancies at the corners.'* Vanadium
carbides have been found to have good oxygen reduction
reaction catalytic activities.'> Recently, V,C monolayers (the
two-dimensional material) have been predicted to be a
promising anode material for Li-ion batteries.'® Redondo et
al. studied VC,”* (n = 2—8) clusters using density functional
theory (DFT) calculations'”'® and found a clear even—odd
alternation in the stability of the fan-like structures of VC,%* (n
= 2—8). The electronic states of the ground state vC,=*
structures are predicted to be *B, °B,, and B, at the DFT/
B3LYP and CASSCF/MRSDCI levels." Studies of V,C,™ using
photoelectron spectroscopy and DFT have indicated that the
ground state structure has a planar distorted four-membered

Transition metal carbides possess unique physical and chemical
properties, such as energy storage, higher electrical con-
ductivity, high thermal conductivity, high melting point and
hardness, as well as their excellent noble-metal-like catalytic
activities.' ™ In view of these unique properties, transition
metal carbides have attracted increasing attention for potential
applications. A few decades ago, it was found that some early
transition metal carbides exhibited catalytic behavior similar to
those of Pt-based catalysts in surface catalysis." Recently, early
transition metal carbides were found to be promising anode
materials for Li-ion batteries.”” The interaction of early
transition metals with carbon has been found to form
metallocarbohedrenes (Met-Cars) with MgC;, stoichiome-
try.*"® They can also form two-dimensional transition metal
carbide nanocrystals, whose structures and properties are
similar to those of graphene.”® It was recently reported that
this type of early transition metal carbide can facilitate the
catalytic growth of single- to few-layer graphene.” Regarding
late transition metals, they are catalysts for carbon nanotube

ring geometry with a transannular V—C bonding.”® The
electronic and geometric structures of V,C,” (n = 2—4) have

formation.'® On the other hand, networked metallofullerenes been studied using photoelectron spectroscopy and DFT
can be formed by transition metals incorporated into carbon
Ca.ges.11 Received: January 9, 2016
Regarding vanadium carbide clusters, not only has Met-Car Revised:  February 7, 2016
V,C;, been found,"” but also a cubic nanocrystal V;,C;; cluster Published: February 12, 2016
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Figure 1. Photoelectron spectra of V,C,” and V,C,” (n = 1—6) cluster anions measured with 266 nm photons.

calculations.”’  Collision-induced dissociation of Met-Car
VgCy," shows that it has multiple bonded metal atoms and
contains C, units.”” Castleman’s group studied vanadium
carbide clusters using time-of-flight mass spectroscopy. They
found that the metal—carbon ratio has a substantial influence
on the cluster products.”® Although many vanadium carbides
have been studied, the investigated cluster sizes are restricted to
the small ones and some of the experimental spectra in the
literature are of very low resolution. Thus, the information
about the structural evolution of vanadium carbide clusters is
limited, especially for cluster sizes beyond V,C,. The geometric
and electronic structures are significant for understanding the
physical and chemical properties of materials. In this study, we
investigate the geometric and electronic structures of V,C,™/°
and V,C,™° (n = 1-6) clusters using photoelectron spectros-
copy and DFT calculations. This may provide insight into the
physical and chemical properties of these clusters and the
growth mechanisms of vanadium carbide nanomaterials.
Moreover, it could give some clues why the early transition
metals can be used as catalysts of graphene growth and why the
early transition metals can form the two-dimensional materials,
also known as MXenes.

2. EXPERIMENTAL AND COMPUTATIONAL METHODS

2.1. Experimental Methods. The experiments were
conducted on a home-built apparatus consisting of a time-of-
flight mass spectrometer and a magnetic-bottle photoelectron
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spectrometer, which has been described elsewhere.”* The
anionic V,C,” and V,C,~ (n = 1—6) clusters were generated in
a laser vaporization source in which a rotating and translating
vanadium—carbon target (mole ratio, V/C = 10/1) was ablated
with the second harmonic light (532 nm) of a Nd:YAG laser
(Continuum Surelite II-10) while helium gas with ~4 atm
backing pressure was allowed to expand through a pulsed valve
over the vanadium-—carbon target. The anionic V,C,” and
V,C,~ (n = 1-6) clusters were mass-selected and decelerated
before being photodetached using the fourth (266 nm)
harmonic light of a second Nd:YAG laser. The photodetached
electrons were energy-analyzed by the magnetic-bottle photo-
electron spectrometer. The photoelectron spectra were
calibrated using the spectra of Cu™ and I" taken under similar
conditions. The energy resolution of the photoelectron
spectrometer was approximately 40 meV for electrons with 1
eV kinetic energy.

2.2. Computational Methods. DFT with Becke’s
exchange25 and the Perdew—Wang correlation functional
(BPW91)*® in the Gaussian 09 program®” was used for all of
the calculations in this work. The BPW91 functional has been
widely applied to study transition-metal-containing sys-
tems.”>*” We also used the BPW91 functional in our previous
studies on Co0,C,” ™ and CuV,”**"** (n = 1-35) systems.
Different functionals and basis sets were tested to confirm the
reliability of the BPW91 functional and 6-311+G(d) basis set
for V,C,”~ and V,C,%~ (n = 1-6) cluster systems (Table S1,
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Supporting Information). Thus, all of the calculations were
carried out using the BPW91 exchange—correlation functional
and the all-electron 6-311+G(d) basis set.

To search for the most stable structures of the V,C,™"® and
V,C, 0 (n 1—6) clusters, various initial structures with
different spin multiplicities were taken into consideration. For
example, we considered V,C, (n = 1—6) clusters as vanadium
clusters or several V atoms interacting with a C, chain, a C,
ring, two carbon dimers, C; + C, and four C atoms. All possible
spin multiplicities were considered until energy minimum
structures were obtained, starting with a spin singlet state for
the even-electron clusters (including spin multiplicities of 1, 3,
S, and 7) and a spin doublet state for the odd-electron clusters
(including spin multiplicities of 2, 4, 6, and 8). Spin restricted
and unrestricted calculations were carried out to find global
minima of these clusters. Geometry optimizations were
conducted without any symmetry constraints. The harmonic
vibrational frequencies were calculated to ensure that the
optimized structures correspond to real local minima. Natural
population analysis (NPA) was performed with the natural
bond orbital (NBO) program (version 3.1).>> The zero-point
vibrational energies were included for the adiabatic detachment
energies (ADEs) and binding energies. Spin contamination was
considered for all of the stable isomers to ensure that it was
negligible.

The vertical detachment energies (VDEs) were calculated as
the energy differences between the neutral and anionic species
both with the geometries of the anionic species. The ADEs of
the clusters were calculated based on the energy differences
between neutral and anionic clusters, in which the neutral
clusters were relaxed to the nearest local minima using the
geometries of the anionic clusters as initial structures. For the
anionic clusters with multiplicity M, the neutral species with
multiplicities M — 1 and M + 1 were considered, and the lower
energy spin multiplicity was used in the VDE and ADE
calculations.

3. EXPERIMENTAL RESULTS

The photoelectron spectra of V,C,” and V,C,” (n = 1-6)
clusters measured with 266 nm photons are shown in Figure 1.
The VDEs and ADEs of these clusters obtained from the
photoelectron spectra are listed in Tables 1 and 2. The ADEs
were determined by drawing a straight line along the leading
edge of the first peaks to cross the spectrum baselines and
adding the instrumental resolution to the electron binding
energy (EBE) values at the crossing points. The VDEs were
obtained by measuring the maximum value of the first peak in
the photoelectron spectra.

Photoelectron Spectra of V,C,~ (n = 1—6). The 266 nm
photoelectron spectrum of VC,” has three major features
centered at 1.56, 3.01, and 3.72 eV. It also has a band feature
above 3.9 eV. The features of the spectrum are consistent with
those of the 532 and 355 nm spectra of VC,™ reported by Li et
al.** The spectrum of V,C,™ at 266 nm shows four major peaks
centered at 1.47, 1.94, 2.80, and 3.80 eV, and a shoulder peak at
2.09 eV. The 266 nm spectrum of V,C,” measured in this work
is in agreement with the 355 nm spectrum reported by Tono et
al* For the V,C,~ cluster, the 266 nm spectrum has a strong
peak at 1.32 eV, three relatively weak peaks at 2.00, 2.33, and
2.93 eV, and a shoulder peak at 1.56 V. The 266 nm spectrum
of V,C,” exhibits at least four peaks centered at 1.28, 2.01, 2.42,
and 2.97 eV. With respect to V5C, ", the 266 nm spectrum has a
peak centered at 1.14 eV, followed by a very broad peak in the
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Table 1. Calculated Relative Energies (REs), VDEs, and
ADE:s (eV) of the Low-Energy Structures of V,C,” (n = 1—6)
Clusters as Well as Their ADEs and VDEs Obtained by
Experimental Measurements”

cluster RE VDE"®  ADE%®  VDE®™f  ADE™®

VC,~ 1A 0 1.33 1.23 1.56 1.29
1B 023 1.02 1.00
1C 0.26 1.89 0.96

V,C,~ 2A 0 1.50 1.44 1.47 1.17
2B 0.41 132 122

V,C,~ 3A 0 0.94 0.83 1.32 0.90
3B 0.008 0.92 0.87
3C 0.01 1.12 1.00
3D 0.02 0.90 0.86
3E 0.28 0.57 0.55

V,C,” 4A 0 133 1.24 1.28 1.04
4B 026 0.96 0.94
4C 0.27 1.14 1.13
4D 027 0.99 0.98

V,C,~ SA 0 1.26 1.20 1.14 0.94
SB 0.06 0.96 0.92
5C 0.09 1.45 1.24
5D 0.16 0.82 0.82
SE 023 0.97 0.96

V,C,~ 6A 0 1.07 1.05 1.29 1.05
6B 0.17 1.25 1.15
6C 0.19 1.01 1.01
6D 0.19 1.02 1.02
6E 0.30 1.16 1.11

“The uncertainties of the experimental values are +0.08 eV.

Table 2. Calculated Relative Energies (REs), VDEs, and
ADE:s (eV) of the Low-Energy Structures of V,C,” (n = 1—6)
Clusters as Well as Their ADEs and VDEs Obtained by
Experimental Measurements®

cluster RE VDE%®  ADE%  VDE®®  ADE™®

vC,~ la 0 1.95 1.73 1.83 1.46
1b 0.30 1.72 1.42

V,Cy~ 2a 0 2.36 2.10 2.06 1.90
2b 0.18 1.95 1.92
2c 0.19 2.61 2.16
2d 0.42 2.04 1.98

V,C,” 3a 0 1.68 1.56 1.62 1.35
3b 029 1.61 131
3¢ 0.34 121 1.37

V,Cy~ 4a 0 1.42 135 129 1.05
4b 033 1.31 122
4c 0.42 1.29 1.12

ViCy~ Sa 0 121 1.18 1.53 1.26
5b 0.03 1.35 1.33
Sc 0.16 1.33 1.29
5d 0.30 0.88 1.87

ViC,~ 6a 0 1.33 1.26 1.56 1.24
6b 0.01 133 125
6¢ 0.09 1.49 1.44
6d 0.18 1.34 1.29
6e 0.18 1.40 1.37

“The uncertainties of the experimental values are +0.08 eV.

range of 1.60—3.20 eV. There are three peaks centered at 1.29,
1.87, and 2.5 eV in the 266 nm spectrum of V,C,™.
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Photoelectron Spectra of V,C,” (n = 1—6). The 266 nm
spectrum of VC,~ displays a broad peak centered at about 1.83
eV, a shoulder peak at 2.08 eV, followed by a relatively weak
peak at 2.68 eV, and a very broad feature in the range of 3.0—
4.0 eV. The 266 nm spectrum of V,C,” exhibits a weak peak at
2.06 eV and a much broader feature at 2.85 eV. There are also
some unresolved peaks in the range of 3.0—4.0 eV. The 266 nm
spectrum in this work is in reasonable agreement with the 355
nm spectrum of V,C,” reported by Tono et al.”' For V,C,~,
the 266 nm spectrum shows three discernible peaks centered at
1.62, 2.13, and 3.04 eV, with a peak following at the higher
binding energy of above 3.9 eV. The 266 nm spectrum of
V,C,” displays four resolved peaks centered at 1.29, 1.96, 2.46,
and 3.29 eV. There is an intense peak centered at 1.53 eV in the
266 nm spectrum of V;C,”. There are also several peaks at
higher binding energies of about 1.75, 2.03, and 2.72 eV. In the
266 nm spectrum of V¢C,~, there is a peak centered at 1.56 eV
and a broad band in the range of 2.05—3.26 V.

It is worth mentioning that the photoelectron spectra of
VC,, V,C,7, V3C,7, and V,C,” have been reported in ref 23.
The spectra of VC,™ in this work are similar to that in ref 23
while those of V,C,~, V,C,~, and V,C, are very different from
those in ref 23. That is probably because the spectra in ref 23
were contaminated by impurities due to low mass resolution.

4. COMPUTATIONAL RESULTS

The open 3d shells of vanadium result in many low-energy
isomers. These low-energy isomers are valuable to assign the
observed spectra and to understand the growth mechanisms of
the related vanadium carbide nanoclusters. Therefore, the
lowest-energy isomers and several low-energy isomers of
anionic V,C,” and V,C,” (n = 1—6) clusters are shown in
Figures 2 and 3, in which relative energies and symmetries are
also presented. The lowest-energy geometries and symmetries
of neutral V,C, and V,C, (n = 1—6) are shown in Figure 4. The
calculated ADE and VDE values of anionic V,C,” and V,C,” (n
= 1—6) clusters are listed in Tables 1 and 2, respectively.

Anionic V,C;” (n = 1-6). The lowest-energy isomer of
VC, (1A) was calculated to be an isosceles triangular structure
with °B, electronic state. The C—C and C—V bond lengths of
isomer 1A were calculated to be 1.30 and 2.00 A, respectively.
Isomer 1B is an isosceles triangular structure with triplet state.
It is higher in energy than isomer 1A by 0.23 eV. Isomer 1C has
a linear V=C—C configuration, which is similar to the linear
structure of CrC, ™ anion reported in the literature.” It is higher
in energy than isomer 1A by 0.26 eV. The VDE and ADE of
isomer 1A were calculated to be 1.33 and 1.23 eV, respectively,
which are much closer to the experimental measurements (1.56
and 1.29 eV) than those of isomer 1B (1.02 and 1.00 V) and
isomer 1C (1.89 and 0.96 eV). Thus, the most probable ground
state isomer of VC,™ is an isosceles triangular structure with °B,
electronic state, which is in line with calculations at the DFT/
B3LYP level.”

For V,C,”, the lowest-energy structure (isomer 2A) has a
four-membered ring geometry with *A” electronic state. The
C—C and V-V bond lengths were calculated to be 1.31 and
1.81 A, respectively. Isomer 2B has a structure similar to isomer
2A, but it is in the *A state. It is higher in energy than isomer
2A by 041 eV. The calculated VDE of isomer 2A (1.50 eV) is
closer to the experimental value (1.47 eV) than that of isomer
2B (1.32 eV). As a result, we suggest that the four-membered
ring geometry (isomer 2A) with *A” electronic state is the most
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Figure 2. Geometries of the low-energy isomers of anionic V,C,” (n =
1—6), as well as their relative energies and spin multiplicities (M).

probable ground state structure of V,C,~
with the results of Tono et al.”’

The geometric features of the lowest-energy structure of
V3C,~ (isomer 3A) are greatly different from those of VC,™ and
V,C,". It is a trigonal bipyramidal structure with two separate
carbon atoms attached to the triangular V;. Isomers 3B, 3C,
and 3D are degenerate in energy with isomer 3A. They have
similar geometries to isomer 3A but with different spin states.
Isomers 3B—3D are higher in energy than isomer 3A by only
0.008, 0.01, and 0.02 eV. Isomer 3E is higher in energy than
isomer 3A by 0.28 eV. Isomers 3A—3D are almost degenerate
in energy and their VDEs and ADEs are all close to the
experimental values. Therefore, isomers 3A—3D are all possible
species generated in photoelectron spectroscopy experiments.
This may be why the first peak in the photoelectron spectrum
of V;C,™ has a broad shoulder peak.

The lowest energy geometry of V,C,” (isomer 4A) consists
of two separate carbon atoms attached to two faces of a
distorted tetrahedral V, cluster. Isomer 4B is composed of a V
atom attached to one face of V5C,™. It is higher in energy than
isomer 4A by 0.26 eV. Both isomers 4C and 4D are higher in
energy than isomer 4A by 0.27 eV. Isomer 4C consists of a
carbon dimer attached to a quasi-planar four-membered ring V,
cluster. Isomer 4D has a similar structure to isomer 4A (B
electronic state), but it is in a different electronic state (*A).
The calculated VDE and ADE of isomer 4A are 1.33 and 1.24
eV, respectively, which are in good agreement with the
experimental values (1.28 and 1.04 €V). Thus, isomer 4A is

. This is in agreement
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Figure 3. Geometries of the low-energy isomers of anionic V,C,” (n =
1—6), as well as their relative energies and spin multiplicities (M).

the most probable structure of the V,C,” cluster generated in
the experiment.

The lowest-energy structure of anionic V5C,~ (isomer SA) is
composed of two separate carbon atoms attached to two faces
of a distorted triangular bipyramidal V; cluster. Isomer 5B has
two vanadium atoms attached to two faces of a V;C, trigonal
bipyramid. It is higher in energy than isomer SA by only 0.06
eV. Isomer SC is composed of two separate carbon atoms
attached to the surfaces of a three-membered and four-
membered ring of a distorted rectangular pyramid of Vj. It is
higher in energy than isomer 5A by 0.09 eV. Isomers 5D and
SE have similar geometries to isomer SB. They are higher in

energy than isomer SA by 0.16 and 0.23 eV. The electronic
states of isomers 5B, 5D, and SE are °B, 'A,, and °B,,
respectively. The VDEs of isomers SA and 5B are 1.26 and 0.96
eV, and both are close to the experimental value of 1.14 eV. In
addition, their energy difference is only 0.06 eV. Therefore, it is
possible that isomers SA and 5B are both generated in the
cluster experiment. The calculated VDE of isomer 5C is about
1.45 eV. It may contribute to the high EBE features in the
experimental spectrum.

Similar to the geometric characteristics of V,C,™ (n = 3=5)
clusters, it is also two separate carbon atoms interacting with an
octahedral Vi cluster in the lowest energy structure (isomer
6A) of anionic V4C,”. Isomers 6B—6E are higher in energy
than isomer 6A by 0.17, 0.19, 0.19, and 0.30 eV, respectively.
They all consist of two separate carbon atoms interacting with
vanadium clusters. The ADE and VDE of isomer 6A were
calculated to be 1.05 and 1.07 eV, which are close to the
experimental measurements (1.05 and 1.29 €V). Consequently,
isomer 6A is the most probable structure of V,C,” cluster
produced in the cluster experiment.

Neutral V,C;, (n = 1-6). The lowest-energy isomer of
neutral VC, is a C,, triangular structure with *B; electronic
state, Wthh is in agreement with the results of a previous
study.’® The lowest-energy isomer of neutral V,C, is a four-
membered ring structure with A" electronic state, which is
consistent with the DFT calculated result by Tono et al.”’ The
lowest-energy geometry of neutral V;C, is a trigonal
bipyramidal structure. The lowest energy isomer of neutral
V,C, is composed of a V atom attached to one surface of a
V,C, trigonal bipyramid. We also found another isomer similar
to the lowest-energy geometry of anionic V,C,. It is higher in
energy than the lowest-energy geometry of V,C, by only 0.04
eV (Figure S1, Supporting Information). The lowest-energy
geometry of neutral V5C, comprises a vanadium dimer attached
to the two triangular faces of a V;C, cluster. The lowest-energy
structure of neutral V4C, consists of two separate carbon atoms
interacting with an octahedral Vy cluster. By comparing the
neutral V,C, (n = 1—6) clusters with the corresponding anionic
species, it is found that the structures of neutral VC,, V,C,,
V;C, and V(C, are similar to their corresponding anionic
species, while the structures of neutral V,C, and VC, are
different from their corresponding anionic species.

Anionic V,C;~ (n = 1-6). The lowest energy structure of
anionic VC,~ (isomer 1a) has a fan-like configuration with the
V interacting with a C, chain. It is worth mentioning that the
fan-like ground state structure of VC,™ anion is different from
the linear structure of CrC,” anion in the literature.*> The
electronic state of isomer la is >B;. Isomer 1b is also a fan-like
structure but with °B, electronic state. The VDE of isomer la

Cov, M

"]
=2

C4, M=5 Cs, M=2

Figure 4. Lowest-energy geometries and symmetries of neutral V,C, and V,C, (n = 1—6), as well as their spin multiplicities (M).
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was calculated to be 1.95 eV at BPW91 level, close to the
experimental measurement (1.83 eV). The VDE of isomer 1b
was calculated to be 1.72 €V, but isomer 1b is much less stable
than isomer la by 0.30 eV. Thus, isomer la is the most
probable one detected in the experiments.

The lowest-energy structure of anionic V,C,~ (isomer 2a) is
composed of two four-membered V,C,” rings with a shared V—
V bond, in which two C, units are parallel to the V=V bond. It
has a similar non-planar structure to the ground state structures
of Nb,C,” and Ti,C,""”*® The two C—C bond lengths are
both 1.31 A, which are close to that of the free ethylene (1.33
A). The four V—C bonds are all 2.02 A. Isomer 2b was
calculated to be 0.18 eV higher in energy than isomer 2a. It is a
planar six-membered ring structure with two C, units on the
two sides of the V—V bond. Isomer 2c is a nonplanar six-
membered ring structure with two C, units bridged by V,. It is
higher in energy than isomer 2a by 0.19 eV. Isomer 2d is higher
in energy than isomer 2a by 0.42 eV. It consists of a planar six-
membered cycle with two four-membered rings of V,C, sharing
one V=V bond. The ADE and VDE of isomer 2a were
calculated to be 2.10 and 2.36 eV, respectively, which are in
agreement with the experimental measurements (1.90 and 2.06
eV). Thus, isomer 2a is the most stable structure of the V,C,~
cluster. Tono et al. reported a structure with two vertical C,
units on the two sides of the shared V—V bond to be the most
stable structure of anionic V,C,~.”' We calculated this structure
to be 0.51 eV higher in energy than the lowest energy structure
(Figure S1, Supporting Information). Knappenberger et al. also
calculated it to be higher in energy by 0.38 eV than their most
stable isomer. They reported that the most stable structure of
anionic V,C,” is made up of two four-membered V,C,™ cycles
with a shared V—V bond,*® which is similar to isomer 2b in this
work.

The lowest-energy structure of anionic V;C,~ (isomer 3a)
consists of two C, units attached to the surface of a triangular
V; cluster, in which the two C=C bonds are parallel. Isomer
3b is also composed of two C, units attached to the two sides
of a triangular V; cluster, in which the two C=C bonds are
crossed with each other. It is higher in energy than isomer 3a by
0.29 eV. Isomer 3c is higher in energy than isomer 3a by 0.34
eV. It has a similar configuration to isomer 3a. The electronic
states of isomers 3a and 3c are 'A and *A”. The ADE and VDE
of isomer 3a were calculated to be 1.56 and 1.68 eV,
respectively, which are in reasonable agreement with
experimental measurements (1.35 and 1.62 eV). Thus, isomer
3a is the most probable structure of V,C,” detected in the
experiment.

The lowest-energy geometry of anionic V,C,” (isomer 4a) is
a cubic structure, which is similar to the structures of early
transition metal carbides, such as Nb,C,”* and Ti,C,
clusters.”®™*" The geometries of isomers 4b and 4c are similar
to that of isomer 4a. They are higher in energy than isomer 4a
by 0.33 and 0.42 eV, respectively. The electronic states of
isomers 4a, 4b, and 4c are °A;, *B,, and %A, respectively. The
calculated ADE and VDE of isomer 4a are 1.35 and 1.42 eV,
respectively, which are close to the experimental values (1.05
and 1.29 eV). As a result, isomer 4a is the most probable
structure of V,C,” detected in the experiment.

The lowest-energy structure of anionic V;C,~ (isomer Sa) is
composed of a vanadium atom capping the cubic structure of
anionic V,C,”. Isomer Sb consists of two separate carbon
atoms attached to two three-membered V; rings and one C,
unit attached to one four-membered V, ring of a distorted
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triangular bipyramidal V; cluster. It is higher in energy than
isomer Sa by only 0.03 eV. Isomers Sc and 5d are higher in
energy than isomer Sa by 0.16 and 0.30 eV, respectively. They
have similar structures to isomer Sa. The VDEs of isomers Sa
and Sb were calculated to be 121 and 1.35 eV, both in
agreement with the experimental measurement (1.53 eV). In
addition, the energy separation of isomers Sa and 5b is only
0.03 eV. Thus, we suggest that isomers Sa and Sb may both be
generated in the cluster experiment.

The first two lowest-energy structures of anionic V,C,~
(isomers 6a and 6b) are composed of two vanadium atoms
capping the cubic structure of anionic V,C,”. Isomers 6b and
6¢ are higher in energy than isomer 6a by 0.01 and 0.09 eV,
respectively. Isomers 6d and 6e are both higher in energy than
isomer 6a by 0.18 eV. The calculated ADEs and VDEs of
isomers 6a—6c are all close to the experimental measurements
(1.24 and 1.56 €V). In addition, they are almost degenerate in
energy. Thus, we suggest that isomers 6a—6c may all be
generated in the cluster experiment. This explains why the first
peak of V4C,™ is very broad in the photoelectron spectrum.

Neutral V,,C; (n = 1-6). The lowest-energy structure of
neutral VC, has a fan-like configuration with *B, electronic
state, which is in agreement with the lowest-energy fan-like
structure reported by Redondo et al.'” The lowest-energy
structure of neutral V,C, comprises two V,C, four-membered
cycles sharing one V=V bond with two vertical C=C bonds.
The lowest-energy structure of neutral V;C, comprises two C,
units adsorbed on both sides of the triangular V; cluster, in
which the two C=C bonds are parallel. Another nearly
degenerate isomer is 0.04 eV higher in energy than the lowest-
energy isomer of neutral V;C,, which is similar to the second
most stable isomer of anionic V5C,~ (isomer 3b) (Figure S1,
Supporting Information). The lowest-energy structure of
neutral V,C, has a cubic configuration with carbon and
vanadium atoms alternatively aligned. The lowest-energy
structure of neutral VsC, consists of a vanadium atom capping
the cubic structure of V,C,. The lowest-energy structure of
neutral V4C, consists of two vanadium atoms capping the cubic
structure of V,C,. From Figures 3 and 4, one can see that the
structures of neutral VC,, V,C,, V,C,, V,C,, and V,C, clusters
are similar to those of their corresponding anionic species while
the structure of neutral V,C, is very different from that of
anionic V,C,.

5. DISCUSSION

Binding Energies of V,C,° and V,C,™® (n = 1-6). To
further investigate the relative stabilities of the V,C,™° and
V,C,™"° (n = 1-6) clusters, we calculated the binding energies
(Eys) per atom for the lowest-energy structures of these
clusters. The Ej, values of the V,C,™° and V,C,™° (n = 1-6)
clusters were calculated according to the following definitions:

Ey(V,C,) = [1E(V) + mE(C) — E(V,C,))/(n + m)
(1)
E,(V,C, ") = [ME(V) + (m — DE(C) + E(C)
— E(V,C, )]/ (n + m) (2)
The E(V), E(C™°), and E(V,C,,)™/° are the total energies of
the most stable V, C™° and V,C,,™° clusters, respectively.
Because the electron affinity of the carbon atom (1.26 eV)* is

higher than that of the vanadium atom (0.53 eV),"” we made
the negative charge on a carbon atom in eq 2. The E, values of
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the V,C,™° and V,C,™° clusters are shown in Table 3. One
can see that the E, values of the anionic and neutral V,C, and

Table 3. Binding Energies of V,C,”~ and V,C,”~ (n = 1-6)
Clusters

cluster Ey~ E° cluster E,~ E?°
VG, 4.83 5.34 VC, 6.38 6.59
v,C, 4.52 4.86 v,C, 6.00 6.13
V,C, 422 459 V,C, 5.66 5.84
V,C, 4.19 445 V,C, 5.54 572
V,C, 4.11 4.37 V,C, 5.27 545
V,C, 405 426 V,C, 5.09 524

V,C, (n = 1-6) clusters all decrease with increasing cluster size
n. This indicates that the stability of anionic and neutral V,C,
and V,C, (n = 1-6) clusters decreases with increasing
vanadium cluster size n. It is interesting to note that the E,
values of V,C,™° (n = 1—6) are always higher than those of the
corresponding V,,Cz_/ ® (n=1-6) counterparts. This reveals
that carbon-rich V,C,™° (n = 1—6) clusters are more stable
than carbon-deficient V,C,™° (n = 1—6) clusters. This stability
mainly depends on the bond types of the clusters that the C=
C double bond (7.03 eV) is much stronger than the V—C bond
(4.83 €V) and the V—C bond is much stronger than the V-V
bond (2.49 eV).*” The E, values of neutral V,C, and V,C, (n =
1-6) clusters are higher than those of their corresponding
anionic counterparts. This reveals that the stabilities of neutral
V,C, and V,C, (n = 1—6) clusters are higher than those of their
corresponding anionic counterparts.

NPA of Neutral V,C, and V,C, (n = 1—6). The total NPA
charge distributions on all carbon atoms and C—C Wiberg
bond orders are listed in Table 4. From Table 4, one can see
that the charges on the carbon units for neutral V,C, and V,C,
(n = 1-6) clusters are all negative. This reveals that electrons
always transfer from vanadium clusters to carbon units, which is
because the electron affinities of C, C,, and C, are much higher
than those of V, (n = 1—6) clusters."""*>**™* The average
charges on each carbon atom of neutral V,C, and V,C, (n = 1—
6) clusters are —0.351, —0.304, —0.427, —0.464, —0.425,
—0.291 and —0.198, —0.253, —0.311, —0.272, —0.279, —0.350,
which reveal that V—C in these clusters are covalent bonds.
The C—C bond orders of VC, and V,C, are 2.09 and 2.07,
while those of V,;C,—V,C, are 0.17, 0.09, 0.05, and 0.05,
respectively. This indicates that the two carbon atoms form the
C—C double bond in VC, and V,C, clusters, whereas no C—C
bond is formed in V;_¢C,. The C—C bond orders of VC,, V,C,,
and V,C, are 2.08, 1.99, and 1.87, while those of V,C,, V;C,,
and V,C, are 0.04, 0.07, and 0.07, respectively. This shows that
for V,C, (n = 1-6) clusters, the C—C bonds have double-bond
characteristics for n = 1-3, while the carbon atoms are
separated by the vanadium atoms for n = 4—6. The V—C bond

orders are in the range of 0.82—1.44, indicating that V—C single
bonds exist in V,C, and V,C, (n = 1—6) clusters. Comparing
the largest V—V bond orders of V,C, (n = 2—6) with those of
V,C4 (n = 2—6), one can see that the former are always higher
than the latter. This is mainly because increasing the carbon
number weakens the V=V interaction. In addition, the V=V
bond orders in Table 4 show that multiple metal bonds exist in
V,C, and V,C, (n = 1-6) except for V,C, and V,C,.

Spin Multiplicities of V,C,™ and V,C,™° (n = 1-6).
The consideration of spin multiplicities is essential for
transition metal-containing clusters due to their unfilled d
orbitals. Spin multiplicities of the lowest-energy isomers of
anionic V,C, and V,C, (n = 1—6) are §,2,3,2,1,2and 3,2, 1,
6, 3, 4, while spin multiplicities of the lowest-energy isomers of
neutral V,C, and V,C, (n = 1—6) are 4, 1,2, 3,2, 1 and 4, 1, 2,
5,2, 3, respectively. In view of these spin multiplicities, one can
see that V,C,™° clusters have the highest spin states among
these clusters. Perhaps it arises from their special cubic
structures, as we all known that the material’s properties
depend on the geometric structures greatly. We can also
suggest that magnetic moments of V,C, ™ clusters are the
highest among the V,C,™° and V,C,™° (n = 1-6) clusters,
which indicates that V,C, may be a good candidate for
magnetic materials.

Structural Evolution of V,C,° and V,C,™° (n = 1-6).
Geometric evolution is important for cluster-assembled nano-
materials. For the V,C,™° clusters (Figures 2 and 4), it was
found that the two carbon atoms directly interact with each
other to form a carbon dimer for n = 1 and 2 while the two
carbon atoms are separated by the V clusters for n = 3—6. For
the V,C,™° clusters (Figures 3 and 4), the four carbon atoms
form a C, chain for n = 1 and they form two C=C double
bonds for n = 2 and 3, whereas the four carbon atoms are
completely separated by V atoms for n = 4—6. Generally,
vanadium clusters in V,C,™* (n = 1—6), as an integral cluster
unit, interact with C, unit or two separate C atoms. For V,C,™/°
(n = 1-6), the vanadium atom interacts with a C, chain for n =
1, followed by the vanadium clusters interacting with two C,
units for n = 2 and 3, and then vanadium clusters and four
carbon atoms are completely separated by the opposite side for
n = 4; after that, one or two vanadium atoms cap on the cubic
V,C, cluster for n = S or 6.

The geometric evolution of V,C,™° and V,C, ™ (n = 1-6)
clusters demonstrates that separate carbon atoms interact with
separate vanadium atoms when the vanadium number is greater
than or equal to the carbon number, whereas a carbon dimer or
tetramer interacts with vanadium clusters when the vanadium
number is less than or equal to the carbon number. Increasing
the V,/C, and V,/C, ratios will favor the diffusion between the
carbon phase and the vanadium phase. As a result, we suggest
that the vanadium—carbon ratio is one of the predominant

Table 4. NPA Charge on All Carbon Atoms (Char¢, ¢) in Neutral V,C, and V,C, (n = 1—6) Clusters as Well as Their Largest

C—C, V-C, and V-V Bond Orders

cluster Ccharge c-C vV-C V-V
VG, —0.701 2.09 1.18

v,C, —0.608 2.07 0.92 378
V;C, —0.853 0.17 1.16 1.84
V,C, —0.927 0.09 144 2.15
V,C, —0.849 0.05 1.07 1.46
V,Cy —0.582 0.05 119 1.64
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cluster Ccharge c-C vV-C v-v
VC, —-0.789 2.08 0.82

V,C, —1.011 1.99 1.18 1.67
ViC, ~1.245 1.87 0.85 155
V,C, ~1.086 0.04 135 039
V,C, —1.117 0.07 1.38 1.44
VC, ~1.400 0.07 116 1.06
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factors to control the formation type of vanadium carbides.
Recently, Wang and co-workers found that a two-dimensional
sheet of TiC, can be formed when the ratio of carbon increases,
in which C, dimers act as the basic structural units rather than
the individual carbon atoms.*” The properties of the two-
dimensional sheet of TiC, are different from those of MXenes
in which carbon atoms exist individually. This indicates that the
metal—carbon ratio is indeed an important parameter for
tuning the properties of metal-carbides.

Structural Comparison of V,C,° and Co,C, ™ (n=1—
5). We have previously investigated Co,C,™"° (n 1-5)
clusters using photoelectron spectroscopy and DFT calcu-
lations.”® It is noted that the geometries of V,C,™° are similar
to those of Co,C,™° for n = 1 and 2, whereas they are very
different for n = 3—5. In the geometries of Co,C,™"* (n = 3—3),
the two carbon atoms form a carbon dimer, possessing the
features of a C=C double bond. In contrast, in the geometries
of V,C, ™ (n = 3—5), two separate carbon atoms interact with
the vanadium clusters. This geometric discrepancy may
originate from the different valence electrons of V (3d*4s?)
and Co (3d"4s*). It may also arise from different metal atom
radius of V (1.34 A) and Co (1.25 A), as reported by Helden et
al. that metal carbides can be considered as the octahedral holes
of a regular metal lattice intercalated by carbon atoms when
metal atom radius is above 1.3 A, or otherwise not.*® It is
interesting to find this geometric difference between V,C,™/°
and Co,C,™® (n = 3-5). It is possible that this kind of
geometric distinction reveals the different carbide-formation
mechanisms of the late and the early 3d transition metals,
which may be one of the reasons the two-dimensional carbide
materials, also known as MXene, are formed by early transition
metal carbides, rather than late transition metal carbides.

6. CONCLUSIONS

The geometric and electronic structures of V,C,™"* and V,C,™/°
(n = 1—6) clusters were investigated using density functional
theory calculations. The adiabatic and vertical detachment
energies of V,C,” and V,C,” (n = 1—6) clusters were measured
from photoelectron spectroscopy experiments. The most stable
structures of V,C,™* and V,C,™° (n = 1—6) were determined
by combining the experimental and theoretical results. The
geometric evolution of V,C,™° and V,C, ™ (n = 1-6) clusters
indicates that the V,/C,, ratio is one of the predominant factors
to control the formation type of vanadium carbide clusters. To
some extent, the V,/C,, ratio will favor the diffusion of the
carbon phase and vanadium phase. The binding energies reveal
that the stabilities of V,C,”~ and V,C,”~ (n = 1—6) clusters
decrease with increasing vanadium number whereas their
stabilities increase with increasing carbon number.
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