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ABSTRACT: The reaction of cobalt cluster anions Co,” (3 < n < 17) with CO,
was studied experimentally and theoretically to explore the size-specific activation
mode of CO, by Co,”. Mass spectrometric measurements revealed that the
reactivity depends strongly on cluster size: the reactivity emerges abruptly at n = 7,
peaks at n = 8—10, and then gradually decreases with increasing n. Infrared multiple
photon dissociation spectra of Co,CO,” exhibit a single peak at ~1870 cm™,

similarly to the previously reported spectra of Co,CO™. Density functional theory

calculations for Co,CO,™ as an example revealed that the dissociative adsorptionof L. 1 . 1 . 1 ., | . |
CO, into CO and O is energetically more favorable than nondissociative adsorption. 1000 1200 1400 1600 1800 2000
The infrared spectra calculated for dissociated isomers Co,(CO)O~ reproduced the Wavenumber (cm-1)
experimental results, whereas those for nondissociated isomers Co,CO,~ did not.

The photoelectron spectra of Co,CO,~ were shifted dramatically toward higher energies relative to those of Co,~, suggesting
electron transfer from Co,~ to the CO and O ligands. These results indicate that the CO, molecule adsorbs dissociatively on

Co,, in sharp contrast to its nondissociative adsorption onto the Co monomer anion.

1. INTRODUCTION

Emission control of carbon dioxide (CO,), recognized as the
primary greenhouse gas, is a major challenge for realizing a
sustainable society. A promising approach to this issue is the
catalytic conversion of the chemically inert CO, molecule into
useful, value-added compounds."” For example, a CO/CO,/H,
mixture has been converted to methanol using heterogeneous
copper catalysts,”’ and dimethyl carbonate was obtained from
CO, using base catalysts.” > In these catalytic conversions, CO,
is activated by either dissociative or nondissociative adsorption.
For example, the dissociation of CO, into CO and O on
catalysts is involved in methanation.” Three modes of
nondissociative adsorption of CO, have been reported: (1)
bidentate ligation via the C—O bond in the reduction of CO, to
CO on (NHC)Cu(boryl);”® (2) bidentate ligation via the two
O atoms’ in the hydrogenation of CO, on Ni(110);'" and (3)
monodentate ligation via the C atom in the fixation of CO,
with epoxides catalyzed by Mg—Al mixed oxides.'' Molecularly
adsorbed CO, is bent because of electron transfer from the
catalysts to the z* orbital of CO,.

Recently, to gain fundamental insight into the metal-CO,
interactions, the structures of various anionic complexes
[M(CO,),]” (M = Co, Nj, Cu, Ag, and Au) have been studied
by infrared (IR) spectroscopy and photoelectron spectroscopy
(PES) with the help of density functional theory (DFT)
calculations."”™"” The structural motifs of [M(CO,),]” vary
significantly between noble metals (Cu, Ag, Au) and open-d-
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shell metals (Co, Ni). Metalloformate-like complexes [M—
CO,]7, in which CO, is bound to M via the C atom with
typical energies of 0.2—0.4 eV, are formed as stable units for M
= Cu, Ag, and Au'"""'" The CO, ligand is reductively
activated by partial electron transfer from M; the excess charge
on CO, is reduced in the order of Cu > Ag > Au, reflecting the
electronegativity of the metal atom. In contrast, metalate
complexes [CO,MCO,]” in which a metal cation M* is
coordinated by two negatively charged CO, in a C-O
bidentate fashion, are typically formed for M = Co, Ni.'%'7 A
red-shift of the antisymmetric vibrational mode of CO, in
[CO,MCO,]” indicated a reductive activation of the CO,
ligands. Although a theoretical calculation predicted that the
dissociative addition is energetically more preferable, it is
proposed that this process is hindered because of a high
activation barrier.'®"” The nondissociative activation of CO,
was also reported on a gas-phase Ni(I)—tetraazamacrocycle
complex.”’

Motivated by these reports, we study here the interaction of
CO, with metal clusters with a focus on how CO, is activated.
The binding mode of CO, on metal clusters may be affected by
their size-specific electronic and geometric structures. Co
clusters were chosen as a target because Co-based catalysts have
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been used in syngas (H, and CO) production via the CO,
reforming of methane.”' The size-dependence of the reactivity
of Co,” to CO, was studied using mass spectrometry. The
structures of the Co,CO,” products were examined using
infrared multiple photon dissociation spectroscopy (IRMPD),
PES, and DFT calculations. The present study reveals that CO,
is dissociatively adsorbed on Co,” but not the Co atomic
anion.'

2. METHODS

2.1. Experiments. Experimental apparatuses in Tokyo and
Berlin were used. The apparatus in Tokyo is composed of four
parts: a laser ablation cluster source, a reaction cell, a time-of-
flight (TOF) mass spectrometer, and a magnetic-bottle type
TOF photoelectron spectrometer.”” Before the experiment, all
the stainless-steel pipes used for the carrier and reaction gases
were baked at 100 °C under vacuum to remove water from
their inner surfaces. The surface of the Co target rod was
polished with sandpaper immediately before use. First, the
second harmonic of a Nd:YAG laser (~10 m]J/pulse) was
focused onto the Co rod (99.98%; 0 = S mm) that was rotating
and translating under a pulsed helium carrier gas (99.999%) to
generate Co cluster anions. The Co cluster anions were
introduced into a reaction cell at room temperature by passing
through a channel (o = 2.0 mm; length = 25.5 mm). In the
reaction cell, the clusters were allowed to react with CO,
(>99.5 vol %). The anionic products were accelerated up to
2.00—4.25 keV in the TOF mass spectrometer with a typical
mass resolution of 180 at m/z ~ 530. Mass spectra were
acquired for 1000 laser shots at 10 Hz. Photoelectron spectra of
the mass selected Co,” and Co,CO,” were recorded by
irradiating the third harmonic of a Nd:YAG laser (~0.2 mJ/
pulse) by accumulating 5000—20 000 laser shots. Photoelectron
spectra of Co,” were recorded after deceleration and calibrated
using two peaks of the spectrum of Cog™.”*~>> The resolution
of the photoelectron spectrometer is <120 meV for electrons
with a kinetic energy of 1.0 eV.

The apparatus in Berlin was used for infrared multiple
photon dissociation (IRMPD) spectroscopy. The experiments
were performed at the Fritz Haber Institut (FHI) in Berlin,
Germany, using the FHI free electron laser (FHI FEL).***’
The experimental apparatus consists of a laser ablation cluster
source, a reaction channel, and a reflectron TOF mass
spectrometer and is connected to the FHI FEL beamline for
the IRMPD experiment. A dual target laser ablation source with
two identical Co target rods was used as a cluster source.
Details of this source and its operation are given elsewhere.”®
CO, gas was injected into a reaction channel at room
temperature to form metal cluster complexes. Next, the anionic
products were analyzed using the reflectron TOF mass
spectrometer. Mass-specific IRMPD spectra were recorded by
irradiating the cluster beam with IR laser light from the FEL
before mass separation and analyzing the intensity changes of
the mass peaks of CO, complexes and product ions.

2.2. Theoretical Calculations. DFT calculations were
conducted to obtain optimized structures of Co,” and
Co,CO,~ (see Section 3.3 for details). We used the B3LYP
functional as well as the LANL2DZ basis set for Co and the
6-31++G(d) basis set for C and O. Frequency calculations were
performed to confirm that each stationary point corresponds to
a local minimum structure. The charges on Co, and CO, units
were estimated by natural population analysis. A scaling factor
of 0.980 was used for the calculated frequencies that gives, on

average, good agreement between the calculated frequencies for
the free CO stretch and CO, antisymmetric stretch modes
(2158 and 2362 cm™) and the experimental values (2170 and
2349 cm™"), respectively. This suggests that the application of
this scaling factor to the calculated frequencies of the ligands
was reasonable. The obtained energies of the clusters were
corrected by the vibrational zero-point energy. All calculations
were performed using the Gaussian 09 package.”

3. RESULTS AND DISCUSSION

3.1. Reaction of Co,,~ and CO,. Figure 1a shows a portion
of the mass spectrum of the Co cluster anions before reaction
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Figure 1. Mass spectra of Co,” (a) before and (b) after reaction with
CO, as obtained with the Tokyo apparatus.

with CO,. The Co,~ are found to be the dominant species. The
mass peaks of oxidized species such as Co,0” and Co,0,”
were significantly suppressed by baking of the gas-supply pipes.
The peak intensity of Cos~ shows a magic-number behavior
consistent with a previous study.”>** After the reaction with
CO, (Figure 1b), the peak intensities of Co,” decrease, and
peaks assigned to Co,CO,” appear. At a higher CO,
concentration, Co,(CO,),” was also formed.

The reaction of Co,” with CO, leads to the formation of the
adduct Co,CO,™ via eq 1

Co,” + CO, — Co,CO,~ 1)

n

However, this reaction induces neither loss of Co atoms nor
electron emission. The suppression of the fragmentation and
electron emission can be understood from an energetics
viewpoint: the bond dissociation energies of Co,_;—Co (>1.45
eV for n = 3—20)"" as well as the electron affinities (>1.6 eV
for n >3)>7* are larger than the adsorption energy of CO, on
Co,” (<1.2 eV for n = 7, see Tables 1 and 2).

Because the concentration of CO, ([CO,]) is much higher
than that of Co,” and can be treated as a constant during the
reaction, the rate constant for the reactions of Co,” (k,) was
estimated by assuming pseudo-first order reaction kinetics:

[Co,”]
In Z =—k ,
([Coﬂo) L COale ()

where [Co, ], and [Co,”] indicate the concentrations of Co,~
before and after the reaction, respectively, and ¢ indicates the
reaction time. The concentration of Co,” was determined from
the peak area of Co,”. The rate constant k, was normalized by
that of the most reactive cluster k.
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Figure 2 shows the relative rate constant (k,/kg) as a function
of the cluster size. Small Co,” clusters (n < 6) show almost no
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Figure 2. Size dependence of the relative rate constant.

reactivity. The relative rate constant increases abruptly at n = 7,
peaks around n = 8—10, and then decreases monotonically with
increasing n. The decrease between n = 15 and 16 is greater
than that between other neighboring sizes. Interestingly, the
observed size dependence of the reactivity of CO, is similar to
that found in the reactivity of CO toward Co,”.”**>*’

Notably, we discovered that Co,™ reacts with CO, only when
the cluster size is larger than or equal to 7. The size-specific
reactivity of Co,” to CO has been explained in terms of an
effective interaction between the molecular orbitals of CO and
the d-orbitals of Co,™.”>"” It is also well recognized that charge
transfer from the metal surface to the antibonding orbital of
CO, induces the chemisorption of CO, in a bent form.”***
These results suggest that the size-dependent reactivity
observed here is related to the electronic structures of Co,”,
although no obvious correlation with the size-dependent
behavior of photoelectron spectra of Co,” was found.*® Further
study is needed to explain the size-specific reactivity of Co,".

3.2. Infrared Multiple Photon Dissociation Spectros-
copy of Co,CO,™. To gain insight into the structures of CO,
adsorbed on Co,,~, IRMPD spectra of Co,CO,” were recorded.
Figure 3a shows the IRMPD spectra of Co,CO,” (n = 7—13)
in the range of 1000—2000 cm™'. For all the sizes, a single
absorption band is visible at ~1870 cm™'. The band positions
found for Co,CO," are very similar to those of Co,CO™ (ref
37) and show a similar, but weaker size-dependence (Figure
3b). The C—O stretching frequencies for Co,CO™ increase
with cluster size from 1860 (n = 7) to 1881 cm™ (n = 13): this
trend has been explained by the effect of the cluster-size-
dependent charge delocalization on the amount of z-back-
donation to the CO ligand.”” The strong similarities between
the peak positions for Co,CO,™ and Co,CO™ suggest that CO,
is dissociatively adsorbed on Co,~ to form Co,(CO)O".

Figure 4a shows the mass spectra of reaction products of
Co,” and CO, before and after IR irradiation at ~1870 cm™.
Upon IR irradiation, the intensities of the mass peaks of
Co,CO,~ decrease, while those of the mass peaks of Co,0
increase significantly. The signal intensities of bare Co,”
clusters are unaffected by this photoirradiation. The clear
identification of a CO stretching band (Figure 3a) excludes the
possibility that the dissociation of a CO, ligand is induced by
the IR excitation, as has been observed for the N,O ligand
bound to Rh clusters.”®** The IR-induced fragmentation
process of Co,CO,™ is expressed as follows:
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Figure 3. (a) Infrared multiple photon dissociation spectra of
Co,CO,” (n = 7-13). (b) The C—O stretching frequencies of
Co,CO™ (ref 37) and the peak positions for Co,CO,~ as a function of

cluster size.

_ IR _
Co,(CO)0™ = Co,0” + CO )

In this equation, the CO ligands act as a chromophore for the
IR radiation. IR-induced fragmentation was analyzed in more
detail by subtracting the mass spectrum taken after the IR
irradiation from that before the radiation (Figure 4b). In
addition to eq 4, we observed IR-induced fragmentation of
larger clusters Co,(CO,),,” into Co,0,~ (m = 2—4). This
observation suggests that all the CO, ligands on Co,” are
adsorbed also dissociatively into CO and O.

3.3. DFT Calculations of Co,CO,™. DFT calculations were
conducted on Co,CO,” because Co,” is the smallest cluster
that exhibits its activity. The purpose of this calculation is not to
determine the global minimum structure but to confirm that
CO, is dissociated on Co,. It is reported that the most stable
isomer of neutral Co, has a pentagonal bipyramidal* or capped
octahedral (spin multiplicity of 16)°"*" structure depending on
the calculation methods used. Cationic Co," has a capped
octahedral structure with a spin multiplicity of 17.*> On the
basis of these reports, we only considered pentagonal
bipyramidal and capped octahedral structures for Co,™. Figure
5 shows the optimized structures and their relative stabilities for
spin multiplicities of 13, 15, and 17. The structures are very
similar regardless of the spin multiplicity, and the most stable
spin multiplicity for both structures is 15. In the calculation of
Co,CO,7, the spin multiplicity was fixed as 15 to reduce the
computational cost. In addition, we conducted geometrical
optimization starting with the pentagonal bipyramid structure
because the number of possible adsorption structures can be
minimized due to its higher symmetry; furthermore, the energy
difference with the most stable capped octahedron is only 0.05
eV.
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Figure 4. (a) Mass spectra of reaction products of Co,” and CO,
before (top) and after (bottom) IR irradiation at 1870 cm™. (b)
Difference mass spectrum before and after IR irradiation at 1870 cm™.
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Figure 5. Optimized structures of Co,".

First, structures of Co,(CO)O~ in which CO, is dissociated
into the CO molecule and O atom on Co,  were studied
systematically as follows. As shown in Scheme 1, the pentagonal

Scheme 1. Possible Bonding Sites of O and CO onto Co,~

bipyramidal cluster provides five binding modes for the O atom
and the CO molecule: y; coordination on a single Co atom (a
and b), u, coordination between two Co atoms (c and d), and
a ji; coordination among three Co atoms (e). We first surveyed
the most energetically preferable binding sites of the O atom
and CO molecule on Co,~ individually.

For Co,07, it was found that the O atom prefers adsorption
onto site e. The adsorption energy (AE) and natural bond

orbital (NBO) charge (AQ) of the O atom were —4.94 eV and
—1.26 e, respectively. For Co,CO7, it was found that CO
prefers adsorption onto site a. The AE and AQ values of the
CO ligand were —1.22 eV and —0.06 e, respectively. Finally, we
optimized the structures of Co,(CO)O~ by changing the
relative position of O on site e and CO on site a. Three
structures (1—3) were obtained as local minimum structures
(Table 1). The CO and O ligands are adsorbed close to each

Table 1. Optimized Structures of Co,(CO)O~ with C—O
Bond Lengths (A)

Structure
AE (eV)' -1.18 -0.71 -0.58
veo (em ™’ 1931.2 1904.1 1904.1
AQco(e) -0.09 -0.04 -0.06
AQo (e’ -1.19 -1.23 -1.21
VDE (eV)* 1.67 1.45 1.66

“AE: adsorption energy of CO and O. bVeo: frequency of stretching of
CO. “AQco: NBO charge on CO. “AQy: NBO charge on O. “VDE:
vertical detachment energy.

other on the pentagonal bipyramid core in the most stable
structure (1). The pentagonal bipyramid motif was converted
to a capped octahedron in structure 2 due to its comparable
stability (Figure S). The CO stretching frequencies of 1-3
were red-shifted with respect to that of free CO obtained at the
same level of calculation (2158 cm™) and with respect to the
experimentally determined value (2170 cm™) because of 7-
back-donation to the CO ligand.

For comparison, we also studied the structure of Co,CO,",
where CO, is adsorbed nondissociatively. Three coordination
configurations were considered for CO,: (A) bidentate
coordination via C and O atoms, (B) bidentate coordination
via two O atoms, and (C) monodentate coordination via C
atom. Three structures 4—6 were obtained as local minimum
structures, as shown in Table 2. For all the structures, the AE
values of CO, to Co,™ are in the range of —0.5 to —0.6 eV. In
the most stable structure 4, the C and O atoms of CO, are
bonded to Co atoms at the vertex and periphery sites of Co,™.
The other two structures § and 6 have comparable stabilities. In
structure S, the C and O atoms of CO, are bonded to a single
Co atom at the periphery site of Co,™. In structure 6, two O
atoms of CO, are bonded to adjacent Co atoms at periphery
sites of Co, . Although the structures of the Co, moiety of 4—6
remained similar to that of free Co,~, the structures of the CO,
adsorbates in 4—6 are significantly different from that of free
CO,. First, the C—O bonds are lengthened from 1.17 A to
1.21—-1.29 A upon adsorption onto Co,". This suggests that the
C—0O bonds of CO, are weakened upon adsorption onto Co,".
Second, the CO, adsorbates in 4—6 are bent with OCO angles
of 129—138°. This structural change suggests that the CO,
adsorbates are negatively charged, as reported on the metal
surface.”?*% Actually, the NBO charges on CO, in 4—6 are in
the range of —0.57 to —0.78 e, as shown in Table 2. These
results indicate partial electron transfer from Co,  to the
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Table 2. Optimized Structures of Co,CO,” with C—O Bond
Lengths (A) and OCO Angles (deg) within CO,

4 5 6
129 %8 1.25
129" ‘ | 1.27 131
Structure  1.23 % o W

cc? A A B
AE (eV)’ -0.62 -0.50 -0.49
vss (cm™')° 1119.3 1149.3 1259.1
Vass (cm ™) 1615.9 1785.5 1616.7
AQco, (e)° -0.78 -0.57 —0.73
VDE (eV) 1.73 1.93 1.84

“CC: coordination configuration. YAE: adsorption energy of CO,.
“Ugs: frequency of symmetric stretch of CO,. “vu: frequency of
antisymmetric stretch of CO,. “AQco,: NBO charge on CO,. JVDE:

vertical detachment energy.

antibonding orbital of CO, and thus weakening of the C—O
bonds of CO,.

Qualitatively, the Co,(CO)O~ structures (1—3) are more
stable than the Co,CO,” structures (4—6). In particular,
structure 1, the most stable isomer of Co,(CO)O~, is more
stable than structure 4, the most stable isomer of Co,CO,~, by
0.56 eV. This clearly shows that dissociative adsorption of CO,
to Co,™ is energetically more favorable. To aid the assignment
of the spectra in Figure 3a, the vibrational spectra of 1—6 were
calculated and are summarized in Figure 6. Structures 1-3
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Figure 6. Infrared spectra in the range of 1000—2000 cm™" calculated
for the isomer structures 1—6.

exhibit a single peak in the range of 1900—1930 cm™'. The
vibrational frequencies for the antisymmetric stretching mode
of the adsorbed CO, of 4—6 were in the range of 1610—1790
cm™' and are significantly red-shifted with respect to the
experimentally determined value for free CO, (2349 cm™). In
addition, structures 4—6 exhibit the symmetric stretching mode
of the CO, ligand in the range of 1120—1260 cm™" and the
bending mode at ~700 cm™'. The symmetric and antisym-
metric stretching modes of 4—6 have comparable IR intensities,
meaning that two peaks should be observed in the investigated
range if Co,CO,” is formed. Obviously, comparison of the IR

spectra of Co,CO,~ that were experimentally observed (Figure
3a) and calculated (Figure 6) excludes the presence of a
dominant fraction of nondissociative adsorption of CO, on
Co,”. Although the assignment of the IR spectrum (Figure 3)
to a specific isomer is beyond the scope of this study, it is safe
to conclude that CO, is dissociatively adsorbed to the Co,~
cluster. The dissociative adsorption of CO, onto Co,~ clusters
(n > 7) is in sharp contrast to the nondissociative adsorption
onto the Co monomer anion to form [CO,CoCO,]™."
However, for comparison, dissociation of CO, by Ni cluster
anions under thermal conditions had been su§gested from the
observation of Ni oxide clusters as products.”

3.4. Photoelectron Spectroscopy of Co,CO,". The
electronic structures of Co,CO,~ were probed by PES using a
photon energy of 3.49 eV. The black and red curves in Figure 7
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Figure 7. Photoelectron spectra of Co,” (black lines) and Co,CO,~
(red lines) with n = (a) 7, (b) 8, and (c) 9.

show the photoelectron spectra of Co,” and Co,CO,7,
respectively (n = 7—9). The photoelectron spectra of Co,~
agree well with previously reported spectra,23_ S although the
energy resolution in previous studies was higher than that in the
present study. The spectra of Co,CO,™ have featureless profiles
and are significantly blue-shifted as compared to those of Co,.
To gain more quantitative information on the effect of CO,
adsorption on the electronic structure, the electron affinities
(EAs) of Co, and Co,CO, were estimated from the spectral
onset by linear extrapolation.””~>>** Figure 7 shows that the
EAs for Co,CO, are larger by 0.2—0.4 eV than those for the
corresponding Co,. The increase in the electron binding energy
upon CO, adsorption was supported by theoretical calcu-
lations: the VDE calculated for Co,(CO)O~ (1) (1.67 eV,
Table 1) was larger than that for Co,” (1.42 eV) by 0.25 eV. It
was demonstrated by PES that the EAs of Co,0 (n = 7-9)
were larger than those of Co, by ~0.2 eV.** Thus, the increase
of the EAs for Co,CO, is ascribed to the electron transfer from
the Co, cluster to the O atom as evidenced by NBO analysis
(Table 1). However, shifts of the EAs for Co,CO, are slightly
larger than those for Co0,0." The stabilization of the frontier
orbitals of Co0,0” and CO via bondinég interaction may
contribute to these additional increments.’

4. CONCLUSIONS

Mass spectrometric studies showed that Co,” clusters of n > 7
react with CO,. IR spectroscopy and DFT calculations revealed
that CO, is dissociatively adsorbed on the Co,” clusters, in
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sharp contrast to its nondissociative adsorption on the Co
atomic anions. Photoelectron spectra of Co,CO,” (n = 7-9)
support electron transfer from the Co clusters to the CO and O
ligands. The present study demonstrates that Co,” is an
attractive candidate for catalyzing CO, conversion.
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