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We investigated the adsorption of C2H radical on small cobalt clusters by mass spectrometry and by measuring
the photoelectron spectra of ConC2H- (n ) 1-5) cluster anions. The most stable structures of ConC2H- (n )
1-5) and their neutrals were determined by comparing the experimental results with theoretical calculations.
Our studies show that C2H radical still maintains its integrity as a structural unit in ConC2H- clusters, rather
than being divided by Con clusters. The most stable isomers of Co1-2C2H- clusters are linear with the C2H
interacting with only one Co atom, while those of Co3-5C2H- cluster anions are quasi-planar structures with
the carbon-carbon bonds bending slightly toward the Co3-5 clusters. The carbon-carbon bond of C2H is
lengthened more in Co3-5C2H- clusters than in Co1-2C2H-.

1. Introduction

The ethynyl radical (C2H) is a widespread interstellar
molecule which has been detected in a variety of sources, such
as planetary nebulae,1,2 molecular clouds,3,4 and star-forming
regions.5,6 It is also an important reactive intermediate in
hydrocarbon combustion processes.7-9 In past decades, a great
deal of effort has been devoted to studying the C2H radical.10-20

Lineberger and co-workers measured the photoelectron spectrum
of C2H and determined the electron affinity (EA) of C2H to be
2.97 eV.13 Wu and Cheng reported the infrared absorption
spectra of C2H radicals isolated in solid neon.14 Tarroni and
Carter calculated the rovibronic levels for the X 2Σ and A 2Π
electronic states of C2H17 and reported the energies, rotational
constants, and spin-orbit splittings of all levels of Σ, Π, ∆,
and Φ symmetry up to 6400 cm-1 for C2H. Neumark and co-
workers investigated C2H and C2D radicals by slow electron
velocity-map imaging of the corresponding anions.19

Understanding the interactions between metal and organic
molecules is important in both heterogeneous and homogeneous
catalytic systems. Consequently, experimental and theoretical
works were conducted to study the complexes formed between
metal atoms and C2H radical. Brugh et al.21 measured the
vibronic spectrum of CrC2H at the 11 100-13 300 cm-1 region
and showed that the CrC2H molecule has a linear structure in
both the ground and excited states. Loock et al. determined the
frequencies of the Yb-C stretching mode and Yb-C-C
bending mode of YbC2H by combination of resonance-enhanced
two photon ionization, laser-induced fluorescence, and photo-
ionization efficiency spectroscopy experiments with DFT cal-
culations.22 Bernath and co-workers analyzed the gas-phase free
radicals CaC2H and SrC2H by laser excitation spectroscopy and
laser-induced fluorescence.23,24 The pure rotational spectra of
NaC2H, MgC2H, CaC2H, and SrC2H were measured by Ziurys
and co-workers using millimeter/submillimeter direct absorption
spectroscopy.25-28 The photoelectron spectrum of FeC2H- has
been reported by Wang and co-workers;29 that of PdC2H- has
been reported by Jarrold and co-workers.30

The studies in the literature are mainly focused on the
interaction of C2H radical with one metal atom. In this work,
we report a study on the adsorption of C2H radical on small
Con (n ) 1-5) clusters in the gas phase by anion photoelectron
spectroscopy (PES) and density functional theory (DFT) cal-
culations. It is known that cobalt has a high affinity to
carbon-carbon π-bonds. Cobalt is an essential catalyst constitu-
ent in many organic reactions.31-34 Hence, it would be interesting
to investigate the interaction between C2H radical and cobalt
clusters.

2. Experimental and Theoretical Methods

2.1. Experimental Methods. The experiments were con-
ducted on a home-built apparatus consisting of a time-of-flight
mass spectrometer and a magnetic bottle photoelectron spec-
trometer, which has been described elsewhere.35 The ConC2H-

(n ) 1-5) cluster anions were generated in a laser vaporization
source in which a rotating, translating cobalt target (13 mm
diameter) was ablated with the second harmonic (532 nm, 2.331
eV) of a Nd:YAG laser (Continuum Surelite II-10) while helium
gas with ∼4 atm pressure seeded with ethene molecules (∼1%)
was allowed to expand through a pulsed valve over the cobalt
target. The cluster anions were mass-analyzed by the time-of-
flight mass spectrometer. The ConC2H- (n ) 1-5) clusters were
mass-selected and decelerated before being photodetached. The
selected cluster anions were photodetached using the second
harmonic and the fourth harmonic (266 nm, 4.661 eV) of the
Nd:YAG laser, respectively. The resulted electrons were energy-
analyzed by the magnetic bottle photoelectron spectrometer. The
PES spectra were calibrated using the known spectra of Cu-

and Co-. The instrumental resolution was approximately 40
meV for electrons with 1 eV kinetic energy.

2.2. Theoretical Methods. The geometry optimizations of
ConC2H- (n ) 1-5) were carried out by the density functional
theory (DFT) with B3LYP36-39 exchange-correlation potential.
The various structures were calculated by using 6-311+G(d,p)
basis sets for C and H atoms and LanL2DZ basis set for Co
atom. All geometry optimizations were conducted without any
symmetry constraint, and the calculated energies were corrected
by zero-point vibrational energies. Harmonic vibrational fre-* Corresponding author. E-mail: zhengwj@iccas.ac.cn.
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quencies were calculated to make sure that the structures
correspond to real local minima. We also calculated the S2 values
of each isomer to make sure that the spin contaminations are
negligible. All theoretical calculations were performed with the
Gaussian 03 program package.40

3. Experimental Results

Figure 1 shows a typical mass spectrum of cluster anions
generated in our experiment. It can be seen that the predominant
mass peaks are those of ConC2H- cluster anions. We are able
to observe the cluster size of ConC2H- up to n ) 12.

The photoelectron spectra of ConC2H- (n ) 1-5) measured
with 532 and 266 nm photons are shown in Figure 2. The
vertical detachment energies (VDEs) and the adiabatic detach-
ment energies (ADEs) of ConC2H- (n ) 1-5) cluster anions
estimated from their photoelectron spectra are summarized in
Table 1. The EAs of Co1-5C2H are in the range 1.19-1.73 eV,
much lower than that of C2H (2.97 eV),13,19 implying that cobalt
atoms play an important role in the PES features of ConC2H-

(n ) 1-5).
3.1. CoC2H-. The photoelectron spectrum of CoC2H- (Fig-

ure 2) at 266 nm has two major features centered at 1.3 and 1.9
eV. Some weak features are discernible at electron binding
energy higher than 2.0 eV. More details of the low binding
energy features can be distinguished in the spectrum taken at
532 nm. In the spectrum at 532 nm, we can see the first feature
is composed of four small peaks at 1.19, 1.25, 1.31, and 1.37
eV, which probably correspond to the vibrational states of
CoC2H neutral. The vibrational frequency is estimated to be
480 ( 80 cm-1 based on the space between those peaks. The
position of the 1.9 eV feature in the 266 nm spectrum is
determined more precisely to be ∼1.86 eV at 532 nm. The
relative intensities of the two features are different between the
spectra at 532 and 266 nm. That is probably due to the different
electron detachment cross sections at different wavelengths. The
electron affinity of CoC2H is estimated to be ∼1.19 eV, much
lower than that of CoC2 (1.70 eV).41 It is analogous with the
cases of C2 and C2H that addition of a hydrogen atom to C2

reduces the electron affinity, as it was shown by Lineberger
and co-workers that the EA of C2 is 3.27 eV while it is 2.97 eV
for C2H.13

3.2. Co2C2H-. The photoelectron spectrum of Co2C2H-

(Figure 2) taken with 266 nm photons reveals three intense
features centered at 1.50, 2.26, and 3.25 eV. The band centered

at 1.50 eV is also observed in the spectrum of Co2C2H- at 532
nm. We note that there is a tiny peak at 1.89 eV in the spectrum
at 532 nm. That peak is not so clear in the 266 nm spectrum
due to the low resolution and the background noise at that
wavelength. The EA of Co2C2H is estimated to be 1.39 eV,
lower than that of Co2C2 (1.6 ( 0.15 eV).42

3.3. Co3C2H-. The photoelectron spectrum of Co3C2H-

(Figure 2) at 266 nm exhibits two well-resolved peaks centered
at 1.85 and 2.09 eV and followed by several unresolved broad
peaks at the higher binding energy. The spectrum at 532 nm
shows better resolution for the first peak. Thus, we are able to
determine the position of that peak more precisely to be 1.81
eV. That peak is relatively sharp, suggesting that there is little
geometry change between the ground state of the anion and
that of the neutral. The EA of Co3C2H is estimated to be about
1.73 eV.

3.4. Co4,5C2H-. The spectral features of Co4C2H- and
Co5C2H- (Figure 2) are broad. In their spectra at 266 nm, we
could only distinguish two peaks centered at ∼1.65 and 2.17

Figure 1. Mass spectrum of ConC2H- (n ) 1-12) cluster anions.

Figure 2. Photoelectron spectra of ConC2H- (n ) 1-5) cluster anions
recorded with 532 and 266 nm photons.

TABLE 1: Experimentally Observed VDEs and ADEs from
the Photoelectron Spectra of ConC2H- (n ) 1-5)a

cluster VDE (eV) ADE (eV)

CoC2H- 1.25(8) 1.19(8)
Co2C2H- 1.50(8) 1.39(8)
Co3C2H- 1.81(8) 1.73(8)
Co4C2H- 1.63(8) 1.42(8)
Co5C2H- 1.88(8) 1.69(8)

a The numbers in parentheses indicate the uncertainties in the last
digit.
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eV for Co4C2H- and two peaks at ∼1.93 and 2.31 eV for
Co5C2H-. Since the 532 nm spectra show better resolution, we
could determine the VDEs of Co4C2H- and Co5C2H- to be 1.63
and 1.88 eV respectively based on their 532 nm spectra. The
EAs of Co4C2H and Co5C2H are estimated to be ∼1.42 eV and
∼1.69 eV, respectively.

4. Theoretical Results and Discussion

The optimized geometries of the low-lying isomers of
ConC2H- (n ) 1-5) cluster anions obtained with DFT calcula-
tions are presented in Figure 3 with the most stable structures
on the left. We have considered many spin multiplicities and
various initial structures, such as to insert Co atoms between
the two carbon atoms or between the C and H atoms. However,
those tried geometries are less stable than the structures with
C2H attached directly to Con (n ) 1-5) clusters. The fact
indicates that the C2H is a stable unit. The calculations show
that the most stable structures of ConC2H- (n ) 1-5) cluster
anions are all planar or quasi-planar structures.

The structures of the neutral clusters ConC2H (n ) 1-5) were
also optimized using their corresponding anion structures in
Figure 3 as initial structures. The most stable structures of
ConC2H (n ) 1-5) neutrals are presented in Figure 4. We found
that the neutral structures vary only slightly from their corre-
sponding anions. Based on the energy differences between the
neutrals and anions, we calculated the ADEs of these isomers
(EAs of the neutrals). The calculated VDEs and ADEs of
ConC2H- (n ) 1-5) cluster anions are listed in Table 2, in
which the experimental values are also presented.

4.1. CoC2H-. For CoC2H-, the isomer with the lowest
energy is 1A (Figure 3 and Table 2), which is a linear structure

with Cs symmetry and 2A′ ground electronic state. The Co atom
attaches to the terminal C atom of C2H in isomer 1A. The C-C
distance is 1.23 Å, slightly longer than the CtC bond of
acetylene (1.20 Å)43 but much shorter than the CdC bond (1.33
Å) of ethene.44 The C-Co bond is 1.90 Å, 0.04 Å longer than
that of CoC2

- anion (1.86 Å).42 The calculated VDE (1.10 eV)
of isomer 1A is in agreement with the experimental measure-
ment (1.25 eV). The second most stable isomer (1B) is also a
linear structure similar to 1A but in the quartet state. The energy
of isomer 1B lies 0.15 eV above isomer 1A, and the calculated
VDE is also consistent with the experimental value. However,
the theoretical ADE and VDE of isomer 1A are much closer to
the experimental values than those of isomer 1B. Thus, isomer
1A might be the major structure and isomer 1B is possibly the
minor structure generated in the experiments. Isomer 1C is 0.97
eV higher in energy than isomer 1A, and its theoretical value
of VDE is inconsistent with the experimental value. Therefore,
the existence of isomer 1C in our experiments can be ruled out.
Our calculations show that the frequency of the Co-C bond
stretching mode of CoC2H neutral is about 462 cm-1. That is
consistent with the experimental value (480 ( 80 cm-1)
estimated from the photoelectron spectrum. The Co-C stretch-
ing mode of CoC2H neutral is close to the Cr-C stretching (470
cm-1) and Fe-C stretching (500 cm-1) modes of CrC2H21 and
FeC2H29 which also have linear structures.

4.2. Co2C2H-. The most stable isomer (2A; Figure 3 and
Table 2) of Co2C2H- is a linear structure in the 5A′′ state. Isomer
2A is formed by attaching a Co atom to CoC2H- via a Co-Co

Figure 3. Optimized geometries of low-lying isomers of ConC2H- (n
) 1-5).

Figure 4. Optimized geometries of the most stable isomers of neutral
ConC2H (n ) 1-5).

TABLE 2: Relative Energies of the Lower Energy Isomers
of ConC2H- (n ) 1-5) As Well As Their VDEs and ADEs
Obtained by DFT Calculations

VDE (eV) ADE (eV)

cluster state ∆E (eV) theor expt theor expt

CoC2H- 1A 2A′ 0 1.10 1.25 1.09 1.19
1B 4A′′ 0.15 1.01 0.94
1C 4B1 0.97 3.77 3.29

Co2C2H- 2A 5A′′ 0 1.53 1.50 1.42 1.39
2B 7A′′ 0.45 2.23 1.14
2C 3A′ 0.47 1.42 1.29

Co3C2H- 3A 6A 0 1.59 1.81 1.56 1.73
3B 8A 0.08 1.91 1.57
3C 8A2 0.48 1.42 0.79

Co4C2H- 4A 9A 0 1.82 1.63 1.54 1.42
4B 9A 0.11 2.17 1.44
4C 9A 0.12 1.77 1.42
4D 11A 0.54 2.08 1.01

Co5C2H- 5A 10A 0 2.15 1.88 1.86 1.69
5B 12A 0.001 2.37 2.20
5C 12A 0.07 2.30 1.91
5D 12A 0.07 2.02 1.85
5E 12A 0.10 2.08 1.83
5F 12A 0.15 2.13 1.99
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bond. The C-C bond is also 1.23 Å, the same as that in
CoC2H-. The C-Co bond is 1.95 Å, 0.05 Å longer than that in
CoC2H-. The Co-Co bond is 2.43 Å, which is very close to
the Co-Co bond in the bare Co2 cluster (2.36-2.44 Å).45 The
calculated ADE and VDE of isomer 2A are 1.42 and 1.53 eV,
respectively, which are consistent with those measured from
the PES spectra (1.39, 1.50 eV). The next most stable isomer
(2B) is a triangular structure in the septet state in which the
C-C bond is also 1.23 Å. The calculated VDE of isomer 2B
(2.23 eV) is much higher than the experimental value. Isomer
2C is in the triplet state. It also has a linear structure similar to
isomer 2A, and its theoretical ADE and VDE are close to the
experimental values. However, it is 0.47 eV higher in energy
than isomer 2A. Therefore, we suggest that isomer 2A is the
major one contributing to the experimental PES features of
Co2C2H-.

4.3. Co3C2H-. The ground state structure of bare Co3 cluster
is calculated to be a triangular structure46-50 or a linear
structure51,52 by different research groups. Yoshida et al.53

reported Co3
- cluster anion to be linear with Co-Co distances

of 2.25-2.50 Å based on photoelectron spectroscopy and
theoretical calculations. Our calculations show that the three
Co atoms in Co3C2H- form a triangle. The first two isomers of
Co3C2H-, isomers 3A and 3B, are very close in energy and
geometry (see Figure 3 and Table 2). The Co3 cluster in 3A is
an isosceles triangle structure, while that in 3B is slightly
distorted. Isomer 3A is in the 6A state, while isomer 3B is in
the 8A state. Isomer 3B is higher in energy than isomer 3A by
only 0.08 eV. These two lowest energy structures are formed
by adding the C2H to the Co3 cluster with two Co atoms attached
to the terminal C atom of C2H forming a four-member ring.
The C-C bonds of isomers 3A and 3B are both 1.26 Å, 0.03
Å longer than those in Co1-2C2H-. The theoretical VDEs and
ADEs of isomers 3A and 3B are both close to the experimental
values (1.81, 1.73 eV). Therefore, we suggest that isomers 3A
and 3B coexist in the experiments. The existence of isomer 3C
can be excluded since its energy is 0.48 eV higher than isomer
3A and its VDE and ADE deviate much from the experimental
values.

4.4. Co4C2H-. The ground state structure of bare Co4 cluster
by theoretical calculations also varies in the literature. It has
been reported to be a distorted tetrahedral structure,48 a planar
rhombus structure,51,54 or an out-of-plane rhombus structure.49,50,52

Yoshida et al.53 suggested that the Co4
- cluster anion has a

tetrahedral structure based on photoelectron spectroscopy and
theoretical calculations. We optimized the structures of Co4C2H-

by considering all possible geometries of Co4 cluster reported
in the literature. Our calculations show that the energy separation
between the first two most stable isomers of Co4C2H- (isomers
4A and 4B; see Figure 3) is only 0.11 eV. Isomer 4A has a
five-member-ring structure which consists of a four-member ring
of Co4 cluster and the terminal carbon atom of C2H. The C-C
bond distance of isomer 4A is 1.25 Å, longer than the CtC
bond (1.20 Å) of acetylene43 and shorter than the CdC bond
(1.33 Å) of ethene.44 Isomer 4B is a little out-of-plane rhombus
structure in which the Co-Co bonds are 2.41 and 2.55 Å.
Although isomer 4B is only 0.11 eV higher in energy than
isomer 4A, its theoretical VDE (2.17 eV; Table 2) deviates much
from the experimental value, indicating that its existence in the
experiments can be ruled out. The calculated VDE of isomer
4A (1.82 eV) is consistent with our experimental value (1.63
eV). Therefore, isomer 4A is what we observed for Co4C2H-

in our experiment. Isomer 4C is only 0.12 eV higher than that
of isomer 4A and its calculated ADE and VDE (1.42 and 1.77

eV) are in agreement with experimental measurements (1.42
and 1.63 eV). As a result, we suggest that both isomers 4A and
4C exist in our experiments, which explains why the bands in
the spectra of Co4C2H- are broad. Isomer 4D has a structure
with C2H attaching directly to one Co atom of a distorted
tetrahedral Co4 cluster. Isomer 4D is 0.54 eV higher in energy
than isomer 4A. Its calculated VDE deviates much from those
of the experimental measurement. As a result, the existence of
isomer 4D in the experiments can be ruled out.

4.5. Co5C2H-. The bare Co5 cluster has been reported to be
a D3h trigonal bipyramid,46,48,54,55 a C4V square pyramid,49 a C2V
rhombus pyramid,51 or a planar W-like structure52 by different
theoretical calculations. Our calculations show that the first two
low-lying isomers of Co5C2H- at 10A and 12A states (5A and
5B), basically both contain planar W-like Co5 units (Figure 3).
They are very close in energy, with isomer 5B lying 0.001 eV
above isomer 5A. The terminal C atom of C2H radical connects
to two Co atoms of the Co5 unit. In these two isomers, the C-C
bond distances are both 1.26 Å. Isomer 5C, 5D, and 5E are all
composed of a distorted bipyramidal Co5 unit and C2H radical.
Their energies lie 0.07, 0.07, and 0.10 eV above isomer 5A,
respectively. Isomer 5F is also a structure consisted of a
W-shaped Co5 unit and C2H which is 0.15 eV higher in energy
than isomer 5A. Among of them, the calculated ADEs and
VDEs of isomer 5A, 5D, 5E, and 5F are all close to the
experimental values (Table 2), so they may all contribute to
the PES features of Co5C2H-. That explains why the PES
features of Co5C2H- are broad.

In CoC2H- and Co2C2H-, the C2H radical interacts with only
one Co atom, and the C-C bond distances are estimated to be
1.23 Å, slightly longer than the CtC bond of acetylene (1.20
Å)43 but much shorter than the CdC bond (1.33 Å) of ethene.44

This indicates that the CtC bond of C2H radical is only slightly
affected by the Co and Co2. In Co3C2H-, Co4C2H-, and
Co5C2H-, the C2H radical mainly interacts with two Co atoms,
but there is also the possibility of interacting with only one Co
atom. The carbon-carbon bonds bend toward the Co3-5 clusters.
The C-C distances in Co3-5C2H- are estimated to be 1.25-1.26
Å, which are between the CtC and CdC bond lengths. Thus,
the Co3-5 clusters have more effect on the CtC bond of C2H
radical than those of Co and Co2. The cobalt clusters might be
useful for CtC bond activation in organic synthesis.

4.6. Magnetic Properties. From Figure 4, we found that the
magnetic moments of the most stable isomers of ConC2H (n )
1-5) are 2µB, 5µB, 6µB, 9µB, and 10µB, respectively. These
values are close to those of bare Con clusters. The magnetic
moments of Co atom and Con (n ) 2-5) clusters reported in
the literature48,51,52 are 3µB, 4µB, 5µB (or 7µB), 8µB (or 10µB),
and 11µB (or 13µB), respectively. That shows that adsorption
of C2H affects the magnetic moments of Con clusters only
slightly. On the other hand, it has been reported that the
chemisorbed benzene molecules affect the electronic structures
of the cobalt clusters significantly, leading to the quench of their
magnetic moments.56 The difference is probably because the
cobalt-benzene clusters form sandwich or rice-ball structures
and thus the interaction between the π electrons of benzene
molecules and cobalt d orbitals is very strong, while C2H radical
interacts with only one or two cobalt atoms through its terminal
carbon atom.

5. Conclusions

We investigated the adsorption of C2H radical on small cobalt
clusters using anion photoelectron spectroscopy and DFT
calculations. We found that C2H radical is adsorbed to the cobalt
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clusters through its terminal C atom. The terminal C atom
interacts with one or two cobalt atoms of the cobalt clusters.
The most stable isomers of Co1-2C2H- clusters are linear, and
those of Co3-5C2H- cluster anions are quasi-planar structures.
The C-C bond distances in Co3-5C2H- are longer than those
in Co1-2C2H- clusters, indicating the larger Co clusters have
more effect on the CtC bond of C2H radical. The magnetic
moments of Con (n ) 1-5) clusters are only slightly influenced
by the C2H radical.
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