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We investigated the structural evolution and electronic properties of Co,C3 /% and
Co,,C,~/0 (n=1—4) clusters by using mass-selected photoelectron spectroscopy and density
functional theory calculations. The adiabatic and vertical detachment energies of Co;_4Cs™
and Co;_4C4~ were obtained from their photoelectron spectra. By comparing the theoreti-
cal results with the experimental data, the global minimum structures were determined. The
results indicate that the carbon atoms of Co,Cs~ /9 and Co,,Cs~/° (n=1—4) are separated
from each other gradually with increasing number of cobalt atoms but a Cs unit still re-
mains at n=4. It is interesting that the CosC3~ and CoyC,4~ anions have planar structures
whereas the neutral CoyCs and CoyCy4 have linear structures with the Co atoms at two ends.
The Co3C3~ anion has a planar structure with a CoCsy four-membered ring and a CozC
four-membered ring sharing a Co—Co bond, while the neutral Co3Cj3 is a three-dimensional
structure with a Cy unit and a C atom connecting to two faces of the Cos triangle.
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I. INTRODUCTION

Transition-metal carbides possess unique physical
and chemical properties, such as high melting point, ex-
treme hardness, high electrical conductivity, and high
thermal conductivity. They have many applications in
cutting tools and hard-coating materials. It has been
suggested that some early transition-metal carbides ex-
hibited unique and intriguing Pt-like catalytic proper-
ties [1], especially in the reactions involving C—H bond
activation [2, 3]. Transition-metal atoms not only can
be trapped inside fullerene cages to form endohedral
metallofullerenes [4, 5], but also can be incorporated
into a carbon cage and thus become a part of the cage
[6]. Metallo-carbohedrenes (met-cars) in the form of
MgCi2 have very symmetric cage structures with the
metal atoms incorporated in the cage [7—10]. Recently,
a series of two-dimensional metal carbides known as
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MXenes were synthesized using early transition metals
and were proposed to be promising electrode materials
for Li-ion batteries, non-Li ion batteries, and superca-
pacitor [11-13]. It has been reported that the late tran-
sition metals such as Fe, Co, and Ni or their alloys can
catalyze the growth of single-walled carbon nanotubes
[14-17].

The previous studies indicate that the transition-
metal carbide clusters show very diverse structures.
The most stable structures of V,C4~ [18] and TiyCy
[19] were suggested to be T4 symmetric cubic struc-
ture with the C atoms isolated by the metal atoms.
Wang and coworkers investigated the structures and
electronic properties of 3d mono-metal carbides, TiC,,~
(n=2-5) [20] and FeC,~ (n=2-4) [21, 22|, using an-
ion photoelectron spectroscopy and density functional
study. They found that TiC,~ (n=2-5) and FeC3~
have ring structures, while FeC4~ has a linear struc-
ture with the Fe atom bonded at one end. They
also studied a series of 4d mono-niobium carbide clus-
ters, NbC,,~ (n=2-7), using anion photoelectron spec-
troscopy and found a cyclic to linear structural tran-
sition from NbCs~ to NbC,~ [23]. The investiga-
tion of Castleman and coworkers showed that NbyC,,~
(n=4-9) clusters have linear isomers for odd-numbered
clusters, along with planar rings and 3D structures [24].
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Owing to the importance of CoC in carbon-rich cir-
cumstellar shells and the applications of cobalt carbides
in the field of catalyst and material science, there were
many theoretical and experimental studies on cobalt
carbide clusters. Diatomic CoC*/? have been exten-
sively investigated by experiments [25-30] and theoreti-
cal calculations [31-34]. The structures of CoC;_g*/~/0
[35-37] and CoCg_15 [38] were investigated by den-
sity functional theory. The structures of cobalt car-
bide clusters containing two or multiple cobalt atoms,
such as CozCy_g [37] and Co;_5Cy [39], were also in-
vestigated by theoretical calculations. The electronic
and structural properties of CoCq 3~ [40, 41], Co2Cy 3~
[42], and Co;1_5C; [43] were studied with anion photo-
electron spectroscopy. Furthermore, the structures of
cobalt acetylide species Co,,CoHy™ (n=1-3) [44] and
Co,CoH™ (n=1-5) [45] were investigated with mass-
selected anion photoelectron spectroscopy and density
functional theory calculations. The formation of car-
bide, especially CooC, is often referred to as a sign of
deactivation and the active components on cobalt cata-
lysts are usually considered to remain in metallic states
during Fischer-Tropsch synthesis [46]. Harris et al. have
reported the cobalt carbide nanoparticles (Co3C and
CoyC phases) with a coercivity over 3 kOe at room
temperature, fabricated by a direct chemical synthe-
sis method [47]. Gao et al. found that orthorhom-
bic fullerene-like Co3C nanoparticles displayed excellent
electrochemical hydrogen storage capacity at room tem-
perature and ambient pressure, which can be prepared
by mechanical alloying method [48].

In this work, to extend the range of cobalt car-
bide cluster stoichiometries and give insight into the
structural evolution and electronic properties of cobalt
carbides, we investigated Co,,C3~/° and Co, C,~/°
(n=1—4) clusters with mass-selected anion photoelec-
tron spectroscopy and density functional calculations.

Il. EXPERIMENTAL AND THEORETICAL METHODS

The experiments were performed using a home-built
apparatus consisting of a time-of-flight (TOF) mass
spectrometer and a magnetic-bottle photoelectron spec-
trometer, which has been described previously [49].
Briefly, the Co,,C3~ and Co,,C4~ (n=1—4) cluster an-
ions were generated in a laser vaporization source by
laser ablation of a rotating and translating cobalt-
carbon mixture disk target (13 mm diameter, Co:C
mole ratio 5:1) with the second harmonic light (532 nm)
of a Nd:YAG laser (Continuum Surelite II-10), while he-
lium gas with ~4 atm backing pressure was allowed to
expand through a pulsed valve (General Valve Series
9) over the target for cooling the formed clusters. The
cluster anions were mass-analyzed by the TOF mass
spectrometer. The Co,,C3~ and Co,,C4~ (n=1—4) clus-
ters were each mass-selected and decelerated before be-
ing photodetached using the second (532 nm@2.331 eV)

DOI:10.1063/1674-0068/30/cjcp1 710197

Xi-ling Xu et al.

or fourth (266 nm@4.661 eV) harmonic lights of an-
other Nd:YAG laser. The photodetached electrons were
energy-analyzed by the magnetic-bottle photoelectron
spectrometer. The photoelectron spectra were cali-
brated using the spectra of Cu™ and Au~ taken under
similar conditions. The energy resolution of the pho-
toelectron spectrometer was approximately 40 meV for
the electrons of 1 eV kinetic energy.

The swarm-intelligence-based CALYPSO structure
prediction software [50] was utilized to search the pos-
sible structures for Co, C3~/9 and Co,,Cs~/° (n=1-4)
clusters. The CALYPSO is an efficient structure pre-
diction method, which requires only chemical composi-
tions for a given cluster to predict stable or metastable
structures at given external conditions. The structures
obtained using the CALYPSO were further optimized
using density functional theory with the Becke’s ex-
change [51] and Perdew-Wang correlation functional
(BPWI1) [52] and 6-3114+G(d) basis set as imple-
mented in the Gaussian 09 program package [53]. The
BPWO1 functional has been shown to be suitable for
transition-metal-containing clusters in previous reports
[18, 43, 54]. To confirm the reliability of 6-3114+G(d)
basis set, we also calculated the relative energies and
vertical detachment energies (VDEs) of the small size
Co1,9C3™ clusters using the aug-cc-pVTZ [55] basis set
with the same functional. The results obtained from the
6-3114+G(d) basis set are very close to those from the
aug-cc-pVTZ basis set (See Table S1 in the supplemen-
tary materials). Because the aug-cc-pVTZ basis set is
more expensive than the 6-3114-G(d) basis set, here we
chose the BPW91/6-311+G(d) method for the calcula-
tions in this work. We have considered all possible spin
multiplicities during the calculations. All the geome-
try optimizations were conducted without any symme-
try constraint. Harmonic vibrational frequencies were
calculated to make sure that the optimized structures
correspond to true local minima. The zero-point vibra-
tional energy corrections were included for the relative
energies of isomers. The theoretical VDE was calcu-
lated as the energy difference between the neutral and
anion at the geometry of the anionic species. The the-
oretical adiabatic detachment energy (ADE) was cal-
culated as the energy difference between the neutral
and anion with the neutral relaxed to the nearest lo-
cal minimum using the geometry of the corresponding
anion as initial structure. The atomic dipole moment
corrected Hirshfeld population (ADCH) analysis [56] of
Co,C5~/9 and Co,,C, /0 (n=1—4) was performed with
the Multiwfn program [57]. The ADCH charge analy-
sis is an improved version of Hirshfeld charge analysis
[58]. The Wiberg bond order analyses of Co,C3~/% and
Co0,C47/% (n=1—4) were conducted with natural bond
orbital (NBO) version 3.1 program [59] implemented in
the Gaussian 09 package.
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FIG. 1 A typical mass spectrum of Co,C,,” anions gen-
erated in our experiments. The highest intensity series is
Co0,C3s~ (n=1—4) and the second one is Co,Cs~ (n=1—4).
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FIG. 2 Photoelectron spectra of Co,C3~ and Co,Cs~
(n=1—4) clusters recorded with 266 nm photons.
I1l. RESULTS
A. Experimental results

A typical mass spectrum of cluster anions gener-
ated in our experiments is displayed in FIG. 1. In the

mass spectrum, the highest intensity series is Co,C3~
(n=1—4) and the second one is Co,Cy~ (n=1-4).
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FIG. 3 Photoelectron spectrum of CoCs™ recorded with
532 nm photons.

The photoelectron spectra of Co,C3z~ and Co,C4~
(n=1-—4) taken with 266 nm photons are presented in
FIG. 2. The photoelectron spectrum of CoC3z~ taken
with 532 nm photons is shown in FIG. 3. The VDEs
and ADEs of these clusters estimated from the photo-
electron spectra are listed in Table I. The VDE of each
cluster was taken from the maximum of the first peak
in its spectrum. The ADE of each cluster was deter-
mined by adding the value of instrumental resolution
to the onset of the first peak in its spectrum. The onset
of the first peak was determined by drawing a straight
line along the leading edge of the first peak to cross the
baseline of the spectrum.

1. Co,C3™ (n:1—4)

The spectrum of CoC3~ at 266 nm has a strong band
centered at 1.90 eV, followed by two relatively weak
bands centered at 2.65 and 2.94 eV. The strong band
at 1.90 eV is resolved into two peaks centered at 1.72
and 1.93 eV in the 532 nm spectrum (FIG. 3). There is
also a tail in the range of 1.46—1.66 €V in the 532 nm
spectrum, which may be attributed to a hot band. The
spectrum of CopC3~ shows three major bands centered
at 2.24, 2.65, and 3.26 eV respectively. The third band
at 3.26 eV is much broader than the other two bands.
The 266 nm spectrum of CoyC3~ in this work is con-
sistent with the 355 nm spectrum reported by Tono et
al. [42]. For the Co3Cs~ cluster, the spectrum has one
resolved feature centered at 2.39 eV and another un-
resolved broad feature above 2.6 eV. With respect to
Co4C37, its spectrum presents a sharp peak centered
at 2.11 eV and some small peaks beyond 2.3 eV.

2. Co,C4s™ (n:1—4)

In the spectrum of CoC,4 ™, there are five well resolved
peaks centered at 2.64, 2.95, 3.19, 3.47, and 3.82 eV,
respectively. The first peak at 2.64 eV is much weaker
than the other peaks. CoyC4~ shows a band centered
at 2.99 eV, and followed by a broad feature in the range
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TABLE I Relative energies AFE (in eV), theoretical VDEs and ADEs of the low-lying isomers of Co,Cs~ and Co,Cs~
(n=1—4) clusters, as well as the experimental VDEs and ADEs estimated from their photoelectron spectra.
Isomer State Sym. AE VDE/eV ADE/eV Isomer  State Sym. AE  VDE/eV ADE/eV
Theo. Expt.* Theo. Expt.? Theo. Expt.* Theo. Expt.?
CoC3~ la 'A; Coy 0.00 1.81 1.72 1.79 1.67 CoCy™ 1A 3% Cov 0.00 264 264 258 248
1b 'Y Cuow 021 1.81 1.71 1B 3A” C, 0.14 2.86 2.43
lc 3A; Cy 036 1.53 1.54 1C 3By Ca  0.20 2.61 2.57
CosC3~2a *A;  Coy 0.00 249 224 240 2.09 Co2Cy™ 2A SA’ C,  0.00 2.90 299 282 257
2b %A, Cay 0.268 2.24 2.13 2B °B, Ca, 0.06 2.76 2.70
2c A’ Cs  0.270 2.21 2.20 2C %A, Ca, 0.13 3.10 2.80
Co3C3~3a A’ C. 0.00 237 239 224 213 Co3Cs~ 3A 5By Cay 0.00 208 246 206 2.26
3b TA C; 017 2.19 2.10 3B A Cy 001 2.17 2.07
3¢ A C; 018 2.26 2.27 3C PA; Cay 0.15 2.19 1.89
CosC3 4a 3A  C;  0.00 215 211 210 1.92 CosCy™ 4A *A” C.  0.00 237 247 214 221
4b 8A  C; 033 242 2.29 4B A" C,  0.01 2.36 2.33
4c °A  C; 034 1.87 1.82 4C °A’  C,  0.02 225 215 219 1.94

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

0'5 X CoC; anion CoC; neutral
™
N
la (Cy, 'A) 16 (Ci,'T) Ie (Cav, *Ay) 1b' (CoosA) 1¢' (Cay, Bo)
0.00 eV +0.21 eV +0.36 eV +0.13 eV +0.80 eV
CoCy4 anion CoCy4 neutral
1 577 1266 VT 1. 298 1.279
—0—090—0 0
1 342 1 312
1A (C,’E) 1B (C,,*A") 1C (Czy, *By) 1A' (Co'S 1B' (Cay, *Ay) 1C' (Con, %)
0.00 eV +0.14 eV +0.20 eV 0.00 eV +0.20eV +042eV
FIG. 4 Geometries of the low-lying isomers of CoC3 /% and CoC4~/° optimized at the BPW91/6-311+G(d) level of theory.

The bond lengths shown are in A

of 3.2—3.8 eV. The spectrum of Co3C,~ displays three
features centered at 2.46, 2.90, and 3.3 eV, respectively.
The spectrum of CosC4~ exhibits a shoulder at 2.15 eV,
followed by an intensive peak centered at 2.47 eV, and
a broad band in the range of 2.7—3.3 eV.

B. Theoretical results

The typical low-lying isomers of Co,Cs/? and
Co,Cy /% (n=1-4) are displayed in FIGs. 4—7 with
the most stable structures on the left. More structures
of these clusters can be found in the supplementary ma-
terials (FIGs. S1—S3). The symmetries, relative ener-
gies, and theoretical VDE and ADE values of Co,C3~
and Co,,C4~ (n=1-4) are summarized in Table I along
with the experimental VDE and ADE values for com-
parison. The Cartesian coordinates of the low-lying iso-
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mers of Co,,C3~ and Co,,C4~ (n=1—4) are available in

the supplementary materials.

1. CoC5~/° and CoCy/°

The lowest-energy isomer of CoC3~ (1a) is a fan-like
structure with Cs, symmetry in 'A; electronic state.
The theoretical VDE of isomer la is 1.81 eV, in agree-
ment with the experimental measurement (1.72 eV).
Isomer 1b is a C—C—C—Co linear structure in '3 elec-
tronic state. Its energy is higher than isomer la by
0.21 eV. Isomer 1lc is also a fan-like structure sim-
ilar to that of isomer la, but it is in 3A; electronic
state. It is much less stable in energy than isomer la
by 0.36 eV. We suggest that isomer la is the most prob-
able structure of CoC3~ detected in our experiments.
For neutral CoCs, the most stable isomer 1a’ is also a
fan-like structure in 2B; electronic state. Isomer 1b’ is

(©2017 Chinese Physical Society
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FIG. 5 Geometries of the low-lying isomers of Co2Cs
theory. The bond lengths shown are in A.
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FIG. 6 Geometries of the low-lying isomers of Co3Cs~/° and CoszCys~/°

theory. The bond lengths shown are in
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FIG. 7 Geometries of the low-lying isomers of CosCs™ /% and CosCy
theory. The bond lengths shown are in A.
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a C—C—C—Co linear structure in 2A electronic state.
Isomer 1¢’ consists of two isosceles triangles of Cs and
CoCy with a shared C—C bond. Isomers 1b’ and 1¢’ are
higher in energy than isomer la’ by 0.13 and 0.80 eV
respectively.

Unlike the fan-like structure of CoC3~, the most sta-
ble structure of CoC4s~ (1A) is a Cooy symmetric lin-
ear structure with the Co atom locating at one end of
the C4 chain. It is worth mentioning that the linear
ground state structure of CoC4~ anion is different from
the fan-like structure of VC4~ anion [18], but similar
to the linear structure of CrC4~ anion [60]. The struc-
ture of isomer 1B can be viewed as a Co atom binding
to two C atoms of a C4 carbon chain. Isomer 1C has
a fan-like structure with the Co atom interacting with
four C atoms of a C4 chain. The theoretical VDE of
isomer 1A is 2.64 eV, in excellent agreement with the
experimental value (2.64 e¢V). Isomers 1B and 1C are
higher in energy than isomer 1A by 0.14 and 0.20 eV,
respectively. Therefore, we suggest isomer 1A to be the
major species in our experiments, but the existence of
isomer 1B cannot be ruled out. For neutral CoCy, the
most stable structure (1A’) has a linear structure with
the Co atom locating at one end of the C4 linear chain.
Isomers 1B’ and 1C’ are higher in energy than isomer
1A’ by 0.20 and 0.42 eV. Isomer 1B’ is a fan-like struc-
ture. Isomer 1C’ has a linear structure similar to isomer
1A’. Tsomer 1A’ is in quartet state while isomer 1C’ is
in doublet state.

2. CozC37 /% and CoxCy~/°

The most stable isomer of CoaC3~ (2a) is a Cay sym-
metric planar structure with a Co—Co bond inserting
between a C atom and a Cs unit, which is similar to
isomer A reported by Tono et al. [42]. The second
and third isomers (2b and 2c) are similar to isomer 2a
with their structures distorted slightly. Isomer 2a is in
quartet state while isomers 2b and 2c¢ are in doublet
states. The theoretical VDE of isomer 2a (2.49 eV) is
in reasonable agreement with the experimental value
(2.24 V). Isomers 2b and 2c are higher in energy than
2a by ~0.27 e¢V. Isomer 2d (FIG. S1 in the supplemen-
tary materials) is a five-membereded ring with a Cj
chain, which is similar to isomer B calculated by Tono
et al. [42]. The calculations of Tono et al. showed that
isomers A and B are nearly degenerate with an energy
difference of only 0.03 eV. In this work, isomer 2d is
much less stable than isomer 2a by 0.35 eV. Therefore,
we suggest that isomer 2a is the most probable structure
of CoyC3~. Different from the Cs, planar structure of
CoyC3™ anion, the most stable isomer of neutral Co,Cg
(2a’) is a linear structure with two Co atoms locating at
two ends of the C3 chain, which is similar to the struc-
ture calculated by Ma et al. [37]. The second isomer
of CoyCs (2b) can be viewed as adding a Co atom to
the fan-like structure of CoCs. The structure of isomer
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2¢’ is a five-membered ring formed by a Cs3 chain and a
Cog unit.

The most stable isomer of CoaCs~ (2A) has a planar
structure with two isolated C, units locating at two
sides of the Co—Co bond. The structures of the second
and third isomers (2B and 2C) are planar structures
similar to 2A although they have different symmetries.
Isomers 2B and 2C are higher in energy than isomer 2A
by only 0.06 and 0.13 eV. The theoretical VDE of isomer
2A (2.90 V) is consistent with the experimental mea-
surement (2.99 eV), and that of isomer 2B (2.76 eV) is
in accordance with the rising edge of the photoelectron
spectrum of CooC4~. Thus, we suggest that isomers 2A
and 2B may both be generated in our experiments, but
the existence of isomer 2C cannot be ruled out. Interest-
ingly, the most stable isomer of neutral Co,Cy (2A) is
a Doon symmetric linear structure, similar to the struc-
ture reported by Ma et al. [37], which is different from
the planar structure of CosC4~ anion. The second and
third isomers of neutral CosCy4 (2B” and 2C’) are planar
structures somewhat similar to those of Co,C4™ anion.

3. Co3C3 /% and CosCy—/°

The three low-lying isomers of Co3C3™ are derived by
adding a Co atom to the planar structure of CoyC3~.
Isomers 3a and 3c are planar structures, while isomer
3b is a 3D structure in which a Co3C tetrahedron inter-
acts with a Cy unit. The theoretical VDE of isomer 3a
(2.37 eV) is in good agreement with the experimental
value (2.39 eV). Although the calculated VDEs of iso-
mers 3b and 3c are also close to the experimental mea-
surement, they are higher in energy than 3a by 0.17
and 0.18 eV, respectively. Thus, we suggest that iso-
mer 3a is the most likely structure for Co3Cs~. The
low-lying isomers of neutral CozCjs (3a’, 3b’, and 3¢’)
can be viewed as a Cog triangle inserting between a C
atom and a Cs unit.

The low-lying isomers of Co3C,~ and Co3Cy all can
be regarded as a Cog triangle inserting between two Cs
units although they have different C=C orientations as
well as different bond lengths and bond angles. Isomers
3A and 3B are nearly degenerate in energy with 3B
higher than 3A by only 0.01 eV. The low-lying isomers
of neutral CozCy (3A’, 3B’, and 3C’) are also close in
energy with the energy difference smaller than 0.04 eV.
The calculated VDEs of isomers 3A (2.08 eV) and 3B
(2.17 €V) are in reasonable agreement with the exper-
imental value (2.46 eV). Isomer 3C is higher in energy
than isomer 3A by 0.15 eV. Thus, we can infer that
isomers 3A and 3B coexist in our experiments.

4, (:04(:37/0 and CO4C47/0
The lowest-energy structure of anionic CosCsz™ (iso-

mer 4a) is composed of a Cy unit and a C atom attach-
ing to two faces of a Coy tetrahedron. The theoretical

(©2017 Chinese Physical Society
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FIG. 8 Size dependence of binding energies (F},) per atom
structures of Co,C3~/° and Co,,C,/° (n=1—4) clusters.

VDE of isomer 4a is 2.15 eV, in excellent agreement
with the experimental measurement (2.11 eV). Isomers
4b and 4c are higher in energy than isomer 4a by 0.33
and 0.34 eV, respectively. Their VDEs deviate from the
experimental value. Therefore, isomer 4a is the most
probable one contributing to the experimental spec-
trum of CosC3~. For neutral CosCjs, the structures
of isomers 4a’ and 4b’ are similar to that of isomer 4a,
but they are in different electronic states. Isomer 4b’ is
higher in energy than isomer 4a’ by only 0.06 V. Isomer
4c¢’ is composed of a chair-like Co3C3 with alternating
Co—C bond and an additional Co atom capping on the
top of the chair-like Co3Cs.

The low-lying isomers of CosCy~ (4A, 4B, and 4C)
are all composed of a Coy tetrahedron adsorbing a Cq
unit and two C atoms on its three faces. They are nearly
degenerate in energy, and have similar structures with
different spin multiplicities. The theoretical VDEs of
isomers 4A and 4B (2.37 and 2.36 ¢V) are all in agree-
ment with the large peak (2.47 V) and that of isomer
4C (2.25 eV) is consistent with the shoulder (2.15 eV).
Therefore, we suggest that isomers 4A, 4B, and 4C may
all be generated in our experiments. Similar to the
structures of CosC4~ anion, the first two isomers of
neutral CosCy (4A’ and 4B’) can also be viewed as a
Cq unit and two C atoms attaching to three faces of the
Coy tetrahedron. Isomer 4C’ is an interesting Doy, sym-
metric structure with two parallel Cy units locating at
two sides of the long diagonal line of the Co, rhombus.
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and second-order energy difference (A2 F) for the most stable

IV. DISCUSSION

Herein, we investigate the relative stabilities of
C0,Cp, =/ clusters from their binding energies (E},) per
atom and second-order energy differences (AzF). The
Ey, and AyE of Co,,C,, /0 clusters are defined as fol-

lows:

By (Co,Cin) = — i —[nE(Co) +mB(C) —

E(ConCh)] (1)
F(ConCp ™) = — +1 —[nB(Co) + (m — 1)E(C) +

E(CT) = E(ConCy,7)] (2)
A3E(C0,Cp, /%) = E(Cop_1Cy /%) +
E(Cop41Cpm /%) — 2E(Co,,C,r, ™) (3)

where F is the energy of the corresponding atom or
cluster. The Ey and Ay E values of the most stable iso-
mers of Co,C3~/? and Co,,Cs~/° versus n are plotted
in FIG. 8. The E}, values of the anionic and neutral
Co,,C3 and Co,Cy clusters all decrease monotonously
with increasing number of cobalt atoms. The E}, values
of anionic Co,C3 and Co,,C, clusters are larger than
those of their corresponding neutral counterparts, im-
plying that an extra electron can strengthen the ther-
modynamic stabilities of these clusters. Moreover, the
E}, values of Co,Cys=/9 are higher than those of the
corresponding Co,C3~/%. This suggests that carbon-
rich Co,,Cs~/0 clusters are more stable than carbon-
deficient Co, C3~ /9 clusters. From FIG. 8, one can
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TABLE IT ADCH charges on all carbon atoms (CCh‘“ge) and the highest C—C, Co—C, and Co—Co bond orders of the most

stable isomers of Co,C3~/° and Co,Cys~/° (n=1—4) clusters.

Neutral ~— Char&° /e Wiberg bond order Anion Ceharee fo Wiberg bond order
C-C Co—-C Co—Co C-C Co-C Co—Co

CoCs —0.541 1.76 1.10 - CoC3™ —1.018 1.77 1.27 -
Co2C3 —0.742 1.92 1.41 - Co2C3™ —0.909 2.26 1.50 0.70
Co3Cs3 —0.846 1.88 0.99 0.69 Co3C3™ —0.864 2.26 1.28 1.22
Co4C3 —0.561 2.13 1.18 1.15 Co4C3™ —0.706 2.17 1.15 1.15
CoCy —0.598 2.08 1.35 - CoCy™ —0.962 2.34 1.17 -
Co2C4 —0.871 2.15 1.27 - Co2C4~ —1.148 2.41 0.86 1.14
Co3Cy4 —1.098 2.08 0.93 0.89 Co3Cy4™ —1.086 1.95 0.92 0.51
Co4Cy —0.735 2.05 1.14 0.55 CosCy™ —0.958 2.09 1.16 0.51

find that the AsE values of anionic Co,,C3~ have a
strong odd-even oscillations with increasing number of
cobalt atoms; however, those of neutral Co,,C4 display
an opposite weak oscillating trend. The AyE values
of anionic Co,,C4~ increase at n=2 and then continu-
ously decrease at n=3, 4. Co2C3~, Co2C4~, and Co3Cy
possess higher A;E values than their adjacent clusters,
indicating that they have higher stabilities than their
neighboring sized clusters. For neutral Co,,Cs, the A E
values decrease with increasing number of Co atoms,
suggesting that smallest CoC3 cluster is more stable
than the larger sized clusters.

To understand the chemical bonding in Co, C3~/°
and Co,,C, /0 clusters, we conducted the atomic dipole
corrected Hirshfeld (ADCH) population analysis and
Wiberg bond order analysis, which are summarized
in Table II. Tt is shown that the summed charges on
the carbon units are negative for all anionic and neu-
tral species, indicating that the electrons transfer from
cobalt atoms to the carbon units. That is reason-
able because the electronegativity of a C atom (2.55)
is larger than that of a Co atom (1.88) [61]. The high-
est C—C bond orders of Coan’/O and Co, C, /9 are
in the range of 1.76—2.34, suggesting the existence of
C=C double bond in these clusters. The results are
consistent with the calculated C—C bond lengths in
Concgf/o and Co,,C,~/° clusters, which are in the
range of 1.266—1.381 A, close to the C—C bond length
in CyH; molecule (1.339 A) and larger than that in
CyH, molecule (1.203 A). The Co—C bond orders are
in the range of 0.86—1.50, indicating that the Co—C
bonds in these clusters are mainly single bond.

It would be interesting to compare the structures of
Co,Cs /9 with those of V,,Cs /% which have been in-
vestigated previously using photoelectron spectroscopy
and DFT calculations by Yuan et al. [18]. The most
stable structures of VC, /0 are fan-like structures,
whereas the geometries of CoCy /0 are linear structures
with the Co atom interacting with one end of the C4 lin-
ear chain. Neutral CosCy has a Do symmetric linear
structure while neutral VoC,4 has a three-dimensional
structure with the carbon atom isolated by the V atoms
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into two perpendicular Co units. The ground state
structures of CooCy~ and CosC, /9 are similar to those
of VoCy4~ and V5Cys /9, which all have two isolated Cs
units connecting to the Co, or V,, clusters. However,
the lowest-energy structures of Co,Cy /0 are very dif-
ferent from those of V4Cy4 /0. In CosC4~/°, one Cy unit
and two C atoms interact with the Coy tetrahedron. In
contrast, the four carbon atoms of V4C4~/° are com-
pletely isolated from each other by the V atoms. The
structural differences between Co,,C4 /% and V,,Cy~/°
may arise from the different valence electrons of Co
(3d74s2) and V (3d24s?) and different metal atom radius
of Co (1.25 A) and V (1.34 A), which is in line with the
results reported by von Helden et al. [62]. They sug-
gested that metal carbides having a fcc crystal structure
can be formed by carbon atoms intercalating into the
octahedral holes of a regular metal lattice only when
metal atom radius is above 1.3 A. This structural dis-
parity between Co, C,~/? and V,,C4 /0 reveals the dif-
ferent carbide-formation mechanisms between the early
and the late 3d transition metals, which may also be
one of the reasons that MXenes can be formed by the
early transition metal carbides, rather than by the late
transition metal carbides.

V. CONCLUSION

The structural and electronic properties of Co, C3~/°
and Co,,C;~/° (n=1-4) were investigated using anion
photoelectron spectroscopy and DFT calculations. The
adiabatic and vertical detachment energies of Co,,C3™
and Co, C4~ were determined from their photoelec-
tron spectra. The most stable structures of Co, Cs~/°
and Co, C,~/° were identified by comparing the calcu-
lated results and the experiment data. It is found that
the CoyC3~ and CoC4~ anions are planar structures,
while the CoC3 and Co2Cy neutrals are Dyo, sym-
metric linear structures, indicating the excess electron
has an obvious influence on the structures of clusters.
The structural evolution of Coanf/ 0 and Co,,Cy~/°
(n=1-—4) indicates that the carbon atoms are sepa-
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rated gradually with increasing number of cobalt atoms
although a Cy unit remains at n=4. The average
atomic binding energies of Co,C3~ /% and Co,C4 /0
(n=1—4) clusters decrease with increasing number of
cobalt atoms and increase with increasing number of
carbon atoms. The ADCH charge distributions on car-
bon atoms indicate that the electrons transfer from
cobalt atoms to the carbon units.

Supplementary materials: The relative energies and
vertical detachment energies of Co; 2C3™ calculated

from different basis set, more structures of Co,Cs~/°
and Co,,C;~/% (n=2—4) clusters, and Cartesian coor-
dinates of Co,C3~ and Co,Cs~ (n=1-4) clusters.
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