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ABSTRACT: The anionic and neutral Co,C,H, (n = 1-3) clusters were
investigated using anion photoelectron spectroscopy and density functional
calculations. The adiabatic detachment energies and vertical detachment
energies of Co,C,H,” (n = 1-3) were determined. Our results show that the
most stable geometries of anionic Co,C,H,” (n = 1-2) and neutral Co,C,H,
(n = 1-3) are composed of Co,C,H clusters adsorbing a hydrogen atom on
the top or bridge sites of Co,, whereas Co;C,H,™ consists of a five-member
ring of Co;C, carbide adsorbing two hydrogen atoms on two bridge sites of
Coj. The reaction mechanisms show that the inserted isomer HCoC,H can
convert into the vinylidene complex Co=C=CH, via a side-on isomer M-7*- _)

(CH,).

1. INTRODUCTION

The reactions of hydrocarbons on transition metals are one of
the most important industrial catalytic processes. Therefore, the
interactions of transition metals with the typical and simplest
unsaturated hydrocarbons like acetylene have received
considerable attention from both experimental and theoretical
points of view. Four kinds of transition metal—acetylene
complexes have been addressed via the reactions of transition
metals with acetylene, including the side-on M-(17*-C,H,), the
vinyl M—C,H,, the inserted HM—CCH, and the vinylidene
M=C=CH,."*® Zhou and co-wokers found that the ground-
state Cr atoms reacted with acetylene to form metal-
locylcopropene, which will rearrange into the inserted product
upon ultraviolet—visible irradiation.” Recently, using matrix
isolation infrared spectroscopy and density functional theory
(DFT) calculations, Andrews and co-workers have reported
that the reactions of laser-ablated transition metals (Sc, Y, La,
Cr, Mo, W) with acetylene produce the 7 and the inserted
complexes."'® Xu and co-workers have identified the products
of the side-on M-(7*-C,H,) (M = Y, Ge, Sn), the inserted
HYCCH (M = Y, Ge, Sn, Pb), anionic HScCCH-,
HScScCCH™, and the vinylidene Sn,C=CH,.”"” Duncan
and co-workers investigated the cationic M*(C,H,) complexes
(M = Ca, V, Fe, Co, and Ni) by using infrared photo-
dissociation spectroscopy and theoretical calculations.'® ™!
Ramsvik et al. studied the chemisorption and decomposition
of acetylene on the Co single-crystal surface using the near-
edge X-ray absorption fine structure (NEXAFS) technique®
and observed that the dehydrogenated fragment C,H was
adsorbed on the Co crystal surface in the temperature range of
200—-300 K.
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Although many investigations on the interactions of metals
with acetylene have been carried out, the interactions between
anionic/neutral cobalt clusters and acetylene have not been
studied. Cobalt is an effective and inexpensive catalyst in the
field of chemical industry. For example, cobalt catalysts have
been used for Fisher—Tropsch (hydrocarbon) synthesis in the
industry™® and are applicable for C—C bond formations.”***
The study of Co,C,H, (n = 1-3) clusters may provide insights
into the heterogeneous hydrocarbon catalysis at the molecular
level. In this work, we investigated anionic and neutral
Co,C,H, (n = 1-3) clusters using anion photoelectron
spectroscopy and DFT calculations.

2. EXPERIMENTAL AND THEORETICAL METHODS

The experiments were conducted on a home-built apparatus
consisting of a time-of-flight mass spectrometer and a magnetic
bottle photoelectron spectrometer, which has been described
elsewhere.”® The anionic CoC,H,™ cluster was generated in a
laser vaporization source in which a rotating and translating
cobalt target 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 seeded with ethene
molecules (~2%) was allowed to expand through a pulsed valve
over the cobalt target. The anionic CoC,H,™ cluster was mass-
selected and decelerated before being photodetached using the
second (532 nm) and the fourth (266 nm) harmonic lights of a
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second Nd:YAG laser, respectively. The photodetached
electrons were energy-analyzed by the magnetic bottle
photoelectron spectrometer. The photoelectron spectra were
calibrated using the spectra of Cu™ taken at similar conditions.
The energy resolution of the photoelectron spectrometer was
approximately 40 meV for the electrons of 1 eV kinetic energy.

DFT calculations with the B3LYP*’~*° exchange—correlation
potential and 6-311++G(d,p) basis set were carried out to
obtain the structures of anionic and neutral Co,C,H, (n = 1—
3) clusters. The B3LYP functional has been widely used for
organic transition-metal compounds.l’B‘M’31 Many density
functionals can be employed to study the complexes involving
transition metals, which have been discussed in details in a
number of references.?>™>* In this work, we tested several
functionals such as B3LYP, BPW91, and BP86 for the Co,C,H,
(n = 1-3) system (Table S1, Supporting Information). We
found that the VDE of CoC,H,™ calculated with the B3LYP
functional is in better agreement with the experimental
measurement. Thus, we used the B3LYP funcitonal for all
calculations in this work. To test the influence of basis sets on
the bond lengths and energies, calculations of the CoC,H,~
cluster were also carried out using the Def2-QZVPD basis set.
The results (Table S2, Supporting Information) show that the
relative energies, vertical detachment energies (VDEs), and C—
C bond lengths from the 6-311++G(d,p) and Def2-QZVPD
basis sets are very close to each other. However, the Def2-
QZVPD basis set is more expensive than the 6-311++g(d,p)
basis set. Thus, we used the 6-311++g(d,p) basis set in this
work.

Conversion mechanisms among the isomers of the neutral
CoC,H, cluster were also calculated. Geometry optimizations
were conducted without any symmetry constraint. Vibrational
frequencies were calculated to ensure that all of the optimized
isomers are real minima and each transition-state structure has
a unique imaginary frequency. Intrinsic reaction coordinate
(IRC) calculations were carried out to confirm the transition
states connecting the desired reactants and the products.*>*°
The theoretical VDEs were calculated as the energy differences
between the neutrals and anions both at the geometries of the
anionic species. The theoretical adiabatic detachment energies
(ADEs) were calculated as the energy differences between the
neutrals and the anions with the neutral structures relaxed to
the nearest local minima using the geometries of the
corresponding anions as initial structures. For the anionic
clusters with multiplicity M, the neutral species with multi-
plicities M — 1 and M + 1 were considered in the VDE and
ADE calculations. All energies were corrected by zero-point
vibrational energies. The spin multiplicities and spin con-
taminations were also considered in the calculations. The
calculations were performed with the GAUSSIANO3 program
package.””

3. EXPERIMENTAL RESULTS

The photoelectron spectra of CoC,H,™ measured with 532 and
266 nm photons are shown in Figure 1. At 266 nm, the
photoelectron spectrum of CoC,H,” has three well-resolved
features centered at 1.85, 2.0, and 2.26 eV, respectively. It also
has an enhanced band feature at 3.53 eV. In the 532 nm
spectrum, only one peak centered at 1.83 eV is observed. The
VDE of CoC,H,™ was obtained from the maximum of the peak
in the $32 nm spectrum, and thus, the VDE of CoC,H, ™ is 1.83
eV. The ADE was determined by adding the value of the
instrumental resolution to the onset of the peak of CoC,H,™ in
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Figure 1. Photoelectron spectra of the anionic CoC,H,” cluster
recorded with 532 and 266 nm photons.

the 532 nm spectrum. The onset of the peak was determined by
drawing a straight line along the leading edge of the first peak
to cross the baseline of the spectrum. In this way, the ADE of
CoC,H,” was estimated to be 1.82 eV. On the basis of the
difference between the peaks at 3.53 and 1.85 eV in the 266 nm
photoelectron spectrum of CoC,H,”, we suggest that an
electronic excited state of neutral CoC,H, (HCoC=CH)
locates 1.68 eV above the ground state. It would be interesting
if this transition could be confirmed using fluorescence or
REMPI techniques by optical spectroscopy groups.

4. THEORETICAL RESULTS AND DISCUSSION

The geometries of the low-lying isomers of anionic and neutral
Co,C,H, (n = 1-3) clusters obtained with DFT calculations
are presented in Figures 2 and 3. In order to get the global

1009 . O at
CoC:Hy i Pt
la OeV b 0.64 eV le 0.72eV
Fl 2
CoColly saa @ s + @ 0@ +30 @, .00 09
PR 2a DeV 2b 0.03eV 2¢ 0.07eV 2d 0.28eV
@ @ ! i @ s Ta » ° e
S L ] & @ " . @
CoyCoHy | L v... @
3o OeV 3b 0.10eV 3¢ (.33eV 3d034eV

Figure 2. Geometries of the low-lying isomers of anionic Co,C,H,™ (n
=1-3).

minimum structure, we considered all possible spin multi-
plicities and various initial structures, such as the inserted
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Figure 3. Geometries, relative energies, and electronic states of the
low-lying isomers of neutral Co,C,H, (n = 1-3).
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structures of Co atoms/clusters between two C atoms or
between the C and H atoms of acetylene, the vinylidene
structure Co,CCH,, the side-on complex Co,-*-(C,H,), and
the structures of cobalt carbides adsorbing a hydrogen molecule
dissociatively/associatively. In order to calculate the ADEs of
anionic clusters, the structures of neutral Co,C,H, (n = 1-3)
clusters were also optimized using the anionic structures as
initial structures. The calculated relative energies (AE), VDEs,
and ADE:s of anionic Co,C,H,” (n = 1—3) clusters are listed in
Table 1, in which the experimental values of CoC,H,™ are also
presented for comparison. The bond lengths calculated at the
B3LYP level will also be discussed in the following paragraphs.

Table 1. Relative Energies (AE) of the Low-Lying Isomers
for Co,C,H,” (n = 1-3) Clusters as Well as Their
Theoretical and Experimental VDEs and ADEs

VDE (eV) ADE (eV)
isomer state  AE (eV) theo. expt. theo. expt.
CoC,H,"~ la 3% 0 1.97 1.83 1.96 1.82
b A7 0.64 1.22 0.83
Ic A, 0.72 1.05 0.81
Co,C,H,™ 2a A 0 1.80 1.57
2b ‘A 0.03 341 3.35
2c ‘A" 0.07 1.53 1.49
2d A 0.28 2.53 1.28
Co,C,H,~ 3a A 0 2.34 227
3b A 0.10 3.10 2.16
3c A 0.33 1.42 1.42
3d A 0.34 1.69 1.59

A. Anionic Co,C,H,™ (n = 1-3) Clusters. For CoC,H,",
the most stable isomer (1a) is a linear configuration with the
Co atom inserting into a C—H bond of free acetylene molecule.
The C—C bond length of isomer 1a is calculated to be 1.23 4,
very close to the C=C bond of free acetylene (1.20 A),*®
indicating that it is essentially a triple bond. The calculated
Co—C bond length is 1.93 A, only sl'§htly longer than the
covalent bond of Co—C (1.83 A),* revealing a strong
interaction between Co and C. The Co—H bond length is
calculated to be 1.57 A. The calculated ADE and VDE of
isomer la are 1.96 and 1.97 eV, respectively, in reasonable
agreement with the experimental values (1.82 and 1.83 eV).
Isomer 1b is a vinylidene structure, and it is 0.64 eV higher in
energy than isomer la. The theoretical VDE of isomer 1b (1.22
eV) is much lower than our experimental value (1.83 eV).
Isomer 1c has a side-on Co-#*-(C,H,) structure and is 0.72 eV
higher in energy than isomer la. The theoretical VDE (1.05
eV) of isomer 1c is also much lower than the experimental
measurement (1.83 eV). Thus, isomer la is suggested to be the
most probable structure produced in the experiments. We
investigated the adsorption of the ethynyl radical (C,H) on
cobalt clusters before.** By comparing CoC,H,™ and CoC,H",
we found that CoC,H,™ may be formed by the linear CoC,H™
adsorbing a hydrogen atom via the terminal cobalt. The
CoC,H™ adsorbing a hydrogen atom leads to a closed-shell
structure, which may be the reason that the ADE of CoC,H,~
(1.82 eV) is much larger than that of CoC,H™ (1.19 eV).

For Co,C,H,", three nearly energetically degenerate isomers
2a, 2b, and 2c are found. The most stable isomer (2a) may be
formed by the inserted HCoC,H™ (isomer 1a) attaching a Co
atom via the Co—Co bond. It can also be described as a
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hydrogen atom adsorbed on the Co—Co bond of the Co,C,H.
The C—C bond length is calculated to be 1.23 A, identical to
that of CoC,H, . The calculated Co—C bond is 1.95 A, slightly
longer than that of CoC,H,™. The two Co—H bond lengths are
calculated to be 1.63 and 1.75 A, respectively. Isomer 2b is a
structure consisting of two Co atoms inserted into two C—H
bonds of acetylene. The calculated C—C bond length of isomer
2b is about 1.26 A, which is longer than that of free acetylene
(1.20 A) and shorter than that of free ethene (1.33 A). Isomer
2c is similar to isomer 2a except that isomer 2a is in the A’
electronic state while isomer 2c is in the *A” electronic state.
The two Co—H bond lengths of isomer 2¢ are both calculated
to be 1.66 A. The theoretical VDEs of isomers 2a, 2b, and 2c
are 1.80, 3.41, and 1.53 eV, respectively. Isomer 2d has a
structure with a Co, dimer inserted into the C—H bond of
acetylene. It is higher in energy than isomer 2a by 0.28 eV, and
its VDE is calculated to be 2.53 eV.

Isomer 3a is the most stable structure of Co;C,H, . It is
composed of a five-member ring of Co;C, carbide adsorbing
two hydrogen atoms on its two Co—Co bonds. Isomer 3b is
0.10 eV higher in energy than isomer 3a. It consists of a five-
member ring of Co;C, carbide adsorbing two hydrogen atoms
on its two nonadjacent Co vertices.*' Isomers 3¢ and 3d are
energetically 0.33 and 0.34 eV above isomer 3a. They are
composed of the five-member ring of the Co;C,H cluster
adsorbing a hydrogen atom on its different Co—Co bonds.*’
The calculated VDEs of isomers 3a—3d are 2.34, 3.10, 1.42, and
1.69 eV, respectively. The calculated C—C bond lengths of
isomers 3a—3d are all 1.27 A. They are longer than that of free
acetylene (1.20 A) and shorter than that of free ethene (1.33
A).

B. Neutral Co,C,H, (n = 1-3) Clusters. The lowest-
energy isomer of neutral CoC,H, (1A) is a slightly bent
structure with the *A electronic ground state. The 2CCoH
bond angle of isomer 1A is 153.8°, and the CoC,H unit is
almost linear. The Co—H and Co—C bond lengths are
calculated to be 1.57 and 1.93 A, respectively, similar to
those of its anionic counterpart. The calculated C—C bond
length is about 1.22 A, also close to that of its anionic species as
well as that of free acetylene. The calculated C—H, Co—C, and
Co—H stretching vibrations of isomer 1A are 3447.8, 470.2, and
1852.3 cm™!, respectively. The C—C stretching mode is
calculated to be 2040.5 cm™!, close to that of free acetylene
(20612 cm™) and much higher than that of free ethene
(1683.8 cm™') calculated at the same theoretical level,
suggesting a C=C triple bond character in HCoC,H (isomer
1A). Isomer 1B with the *B, electronic state is 0.13 eV higher in
energy than isomer 1A with the *A electronic state. It is a side-
on complex Co-n*(C,H,). The C—C bond length is calculated
to be 1.30 A, close to that of free ethene (1.33 A), indicating
that the Co atom reduces the triple bond to a double bond.
The Co—C bond lengths of isomer 1B are both 1.83 A at the
B3LYP level. Isomer 1C is 0.24 eV higher in energy than
isomer 1A. It possesses a vinylidene structure with C; symmetry
and the *A” electronic state. The C—C bond length of isomer
1C is 1.31 A at the B3LYP level, close to that of free ethene
(1.33 A). The Co—C bond length of isomer 1C is calculated to
be ~1.74 A, shorter than the Co—C covalent bond (1.83 A);
therefore, it may be a double bond.

The lowest-energy structure of the neutral Co,C,H, is
isomer 2A. It is formed by adsorbing a hydrogen atom on the
Co—Co bond of the Co,C,H cluster, which has a similar
structure with its corresponding anionic cluster. The C—C
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bond length of isomer 2A is calculated to be 1.22 A, very close
to that of free acetylene (1.20 A). Isomer 2B is 0.38 ¢V higher
in energy than isomer 2A. It is formed by attaching a Co atom
to the Co=C=CH, (isomer 1C) through a Co—Co bond.
Isomer 2C is 0.71 eV higher in energy than isomer 2A. The
geometry of isomer 2C is similar to that of isomer 2A. They are
spinomers with the *A’ electronic state for isomer 2A and the
A’ electronic state for isomer 2C.

For the neutral Co;C,H, cluster, two almost energetically
degenerate isomers (3A and 3B) with only a 0.02 eV energy
difference are found. They are made up of a five-member ring
of the Co;C,H cluster adsorbing a hydrogen atom on its
different Co—Co bonds.*” The calculated C—C bond lengths of
isomers 3A and 3B are 1.25 and 1.26 A, respectively. Isomer 3C
is 0.14 eV higher in energy than isomer 3A. Isomer 3C with the
®A electronic state has a similar structure as isomer 3A in the A
electronic state. They are spinomers.

Figures 2 and 3 show that the geometries of the neutral
Co,C,H, (n = 1-2) are similar to those of their anionic
counterparts, whereas that of the neutral Co;C,H, is very
different from its anionic counterpart. The geometries of
anionic Co,C,H,” (n = 1-2) and neutral Co,C,H, (n = 1-3)
are made up of Co,C,H adsorbing a hydrogen atom on the top
or bridge sites of Co, (n = 1—3). The geometry of anionic
Co;C,H, is formed by a five-member ring of the anionic Co;C,
cluster adsorbing two hydrogen atoms on its two Co—Co
bonds. The bare cobalt is an excellent magnetic material. In
order to study the influence of acetylene on the magnetic
moments of cobalt clusters, we calculated the magnetic
moments of Co,C,H, (n = 1-3) clusters. The most preferred
spin multiplicities of neutral Co,C,H, (n = 1-3) are the
quartet, quintet, and octet, respectively. Hence, their most
preferred magnetic moments are 3, 4, and 7 g, respectively.
These are the same as those of bare Co, (n = 1-3).

It is worth noting that Co,C,H, clusters have some
similarities and differences with Co,C,H and Co,C, (n = 1—
3) clusters, which have been previously studied by anion
photoelectron spectroscopy and DFT calculations.*®*' The
geometries of anionic and neutral Co,C,H, are similar to those
of Co,C,H (n = 1-3) except for anionic Co;C,H,, which is
similar to the structure of anionic Co;C,. The geometries of
anionic and neutral Co,C,H,, Co,C,H, and Co,C, (n = 1-3)
clusters are all planar or quasi-planar except for neutral Co;C,,
which is a three-dimensional structure. The characteristics of
the C—C bonds in Co,C,H, (n = 1-3) are similar to those of
the Co,C,H, while they are different from those of the Co,C,
(n = 1-3) clusters. The C—C bond lengths of Co,C,H, and
Co,C,H (n = 1-3) are much closer to the C=C bond length
of free acetylene, whereas those of the Co,C, (n = 1-3)
clusters are much closer to the C=C bond length of free
ethene. The magnetic moments of the Co,C,H,, Co,C,H, and
Co,C, (n = 1-3) clusters are all similar to those of bare Co, (n
= 1-3) clusters. The calculated VDEs of anionic Co,C,H,~
clusters (n = 1—3) are all higher than those calculated for the
corresponding anionic Co,C,H™ and Co,C,” (n 1-3)
clusters.

C. Conversion Mechanisms among Isomers of the
Neutral CoC,H, Cluster. We investigated the conversion
mechanisms of the inserted isomer HCoC,H, the side-on
complex Co-1>-(C,H,), and the vinylidene isomer Co=C=
CH, for the neutral CoC,H, cluster in doublet and quartet
multiplicities. The optimized transition-state structures and
isomers of the CoC,H, cluster as well as their potential energy

6760

diagrams are shown in Figure 4. The electronic states of
isomers A—G are *A, *B, A", *A”, %A, *Z, and *A”, respectively.
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Figure 4. Potential energy profiles of the conversion mechanisms for
isomers of the neutral CoC,H, cluster in doublet and quartet
multiplicities. The electronic states of isomers A—G are A, 2By, 2A",
‘A" %A, *%, and *A”, respectively.

In the quartet multiplicity, isomers 1F, 1D, and 1G can convert
into each other through transition states TSDF and TSDG. The
imaginary frequencies of the transition states TSDF and TSDG
are —1281.3 and —1248.2 cm™', respectively. The transition-
state structure TSDF was found to be 0.89 eV higher in energy
than isomer 1F. Isomer 1F with the *T state can either relax to
isomer 1A with the *A state spontaneously or convert into
isomer 1D with the *A” state via TSDF. The reaction from
isomer 1F to isomer 1D is exothermic by 0.44 eV and is a 1,2-
hydrogen shift process from cobalt to carbon. The activation
barrier of isomer 1D to 1G is 2.40 eV, much higher than that
from 1F to 1D. Therefore, the conversion from isomer 1D to
1G is the rate-limiting step for the reaction of the inserted
isomer into the vinylidene isomer. The reaction from isomer
1D to isomer 1G is endothermic by 1.05 eV and is a 1,2-
hydrogen shift process between two carbons. In view of the
reaction mechanisms and relative energies of isomers 1A (*A),
1D (*A”), 1F (*Z), and 1G (*A"), it can be seen that isomer 1A
with the *A state is favorable both kinetically and
thermodynamically. In the doublet multiplicity, isomers 1B,
1C, and 1E can convert into each other through the transition
states TSBE and TSBC. The imaginary frequencies of TSBE
and TSBC are —704 and —1121.7 cm™". The transition-state
structure TSBE is 0.49 eV higher than isomer 1E. The
conversion from isomer 1E to 1B is exothermic by 0.41 eV and
is a 1,2-shift process from cobalt to carbon. Isomer 1B can
convert into isomer 1C through the transition state TSBC,
which is 1.63 eV higher in energy than isomer 1B. It is much
higher than the activation energy of isomer 1E to 1B; therefore,
it is the rate-limiting step. On the basis of the reaction
mechanisms and relative energies of isomers 1B, 1C, and 1E, it
is obvious that isomer 1B is favorable both kinetically and
thermodynamically. The pathways for the two multiplicities are
both from the insertion isomer to the vinylidene isomer. It is an
endothermic reaction in the quartet, while it is exothermic in
the doublet. Moreover, the activation energies of the rate-
limiting step are both the second step of the side-on complex
converting into the vinylidene complex in the quartet and
doublet multiplicities. As a whole, the reaction potential energy
diagrams show that the inserted isomer HCoC,H can convert
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into the vinylidene complex Co=C=CH, by passing a side-on
isomer M-7*(C,H,).

5. CONCLUSIONS

We investigated anionic and neutral Co,(C,H,) (n = 1-3)
clusters using DFT calculations as well as the CoC,H,™ by
anion photoelectron spectroscopy. The ADE of CoC,H,” is
determined to be 1.82 eV from the experiment, and those of
Co,C,H,” (n = 2—3) are calculated to be 1.57 and 2.27 eV,
respectively. On the basis of experimental and theoretical
results, we found that the most stable geometries of anionic and
neutral Co,C,H, (n = 1-3) are composed of Co,C,H clusters
adsorbing a hydrogen atom on the top or bridge sites of Co,
clusters except the anionic Co;C,H,~, which consists of a five-
member ring of Co;C, carbide adsorbing two hydrogen atoms
on two bridge sites of Co;.
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