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ABSTRACT

We report gas-phase reactions of free Co,(CO),," (n = 3-11, m = 0-2) with Ha, expecting catalytic
reaction of coadsorbed CO and H; on Co,*. Pre-adsorption of CO molecules is found to encourage
H» adsorption, in particular, on Co,(CO)" (n =5, 8-10). DFT calculations reveal that the reactivity
is governed by the molecular-orbital energy of Co,", which is tuned by pre-adsorbed CO
molecules. Collision-induced-dissociation experiments performed on Co,COH," (n=8-10) imply

that at least a part of the CO and H, molecules are bound together on Co,".



1. INTRODUCTION

Gas-phase metal clusters have been attracting much attention as ideal model systems of
heterogeneous catalysts because they provide molecular-level insights into metal-mediated
catalytic reactions.! As well as a model system, a gas-phase cluster itself is of great importance in
catalysis, e.g., in chemistry in space. It is a prevalent hypothesis that silicate particles such as
pyroxene (Mg,Fei—Si03) and olivine (MgxFex1-1Si04) work as catalysts to form organic
molecules from CO, H», and other interstellar gases in the early stage of planetary formation, i.e.,
in protoplanetary disks.>? In this context, we recently reported silica (Si,O» ) and silicate
(MgiSiO,") cluster anions reacting with CO and H>O molecules.>* It was found that one of the
dangling oxygen atoms present in Si,0,~ with compositions of m > 2n + 1 provides an adsorption
site for a CO molecule.> The CO adsorption is the first step of formation of organic molecules on
free gas-phase clusters, which would be followed by coadsorption and subsequent reaction with
another molecule such as H».

Here we focus on cobalt clusters; cobalt is known as a catalyst of Fischer—Tropsch reaction,
where a mixture of CO and H» is converted into long-chain hydrocarbons. It has been
demonstrated that such a reaction is catalyzed by cobalt clusters deposited on metal-oxide or
carbon-based supports.’> As for gas-phase free clusters, Fischer—Tropsch reaction is yet to be
examined. A related study has been reported on reaction of cobalt cluster cations, Co,", with H»,5®
and with CO.° In the reaction of Co," with Ha, size-dependent reactivity was explained by a
frontier orbital model,” showing that interaction between the lowest unoccupied molecular orbital
(LUMO) of H; and the highest occupied molecular orbital (HOMO) of the cluster is essential.

In addition to chemical reaction, infrared spectra of CO adsorbed on gas-phase cobalt

clusters have been measured.!® Size-dependent shifts in the C-O stretching frequency were



explained in terms of back donation of electron density from the metal to the CO n* orbital, which
weakens the C—O bond.'® An effect of Hz coadsorption on the C—O bond was further examined
by infrared spectroscopy,!' which suggests that coadsorbed H, reduces the back donation, i.e., a
low H» coverage is favored for CO activation. It is thus anticipated that coadsorption of H> might
change the catalytic property of cobalt clusters. In relation to the coadsorption effect, introduction
of H to Co," enhances the reactivity of Co," toward NO, which was explained by stabilization of
reaction intermediates and products.'? It is also known that preadsorption of H,O could enhance
the reactivity of a cluster toward CO and O, as demonstrated for the gold dimer cation.'* The
enhancement toward CO is reported to be due to weakening of the Au—Au bond upon adsorption
of a H>O molecule, while that toward O is ascribed to electron transfer from H>O to the cluster.
In the present study, we investigate an effect of CO preadsorption on the reactivity of Co,"
toward a H> molecule. Collision-induced-dissociation (CID) experiments were performed further
to gain insights into the reaction product formed on Co," upon coadsorption of CO and H»

molecules.

2. METHODS

2.1. Reaction experiment. The experimental setup has been described in detail else-
where.!'*!5 Briefly, Co," (n = 3—11) were generated by a magnetron-sputter cluster-ion source,
where sputtering of a cobalt plate (Kojundo Chemical Laboratory Co., Ltd., 99.99%) was followed
by aggregation of sputtered atoms and ions through collisions with a buffer helium gas
(99.99995%) cooled by liquid nitrogen. A pick-up cell was placed downstream of the cluster ion
source to produce Co,(CO)," (m = 0-2), where a CO gas (99.95%) cooled down to about 100 K

was introduced continuously to preadsorb CO molecules. The produced cations were mass



selected by a quadrupole mass filter (MAX-4000, Extrel CMS, LLC), guided by radio-frequency
(rf) octopole ion guides and quadrupole deflectors, and introduced into a reaction cell consisting
of a 40-cm-long linear rf quadrupole ion guide biased by 7 V DC. A continuous flow of a H» gas
(99.99999%) was introduced into the reaction cell at 298 K. The reactant cations passed through
the reaction cell within 200 ps. Product ions were identified by a second quadrupole mass analyzer
(MAX-4000, Extrel CMS, LLC) employing a channel electron multiplier (Channeltron 4720,
Burle Electro-Optics, Inc.) for an ion detector.

The pressure of H» in the reaction cell, Pu2, was adjusted to the range between 3—4 x 107!
Pa; the pressure was monitored outside the reaction cell by a residual gas analyzer (RGA100,
Stanford Research Systems, Inc.), which was converted to the pressure inside the reaction cell in
the same way as reported previously!® by referring to a reaction cross section of Cr,* with O2.!”
The collision rate estimated from the gas pressure is about 1 x 103 s™!, where the collisional cross
section, o, is evaluated by the Langevin—Gioumousis—Stevenson model, '8

o= me{(2a/(4meo)*E)} 2. (1)

Here, « is the polarizability of H, (0.81 A%), e the elementary charge, & the vacuum dielectric
constant, k£ Boltzmann’s constant, 7" the temperature, and £ the collision energy in the center-of-
mass frame. The collision energy of the clusters with H> was 7 eV in the laboratory frame, which
corresponds to 0.08 through 0.02 eV in the center-of-mass frame for Cos" through Co1:(CO),",
respectively.

2.2. Collision-induced-dissociation experiment. Collision-induced-dissociation (CID)
experiment was performed on Co,COH," (n = 8-10) by the experimental setup described above.
Bare Co," clusters passed through the pick-up cell filled with a mixture of CO and H; gases, which

was cooled down to about 100 K. After mass selection by the quadrupole mass filter, Co,COH>*



was allowed to collide with an Ar atom in the reaction cell filled with an Ar gas (99.9999%) at 298
K. The collision energy was adjusted in the range between 1 and 5 eV in the center-of-mass frame.
The cations produced by the CID process were identified by the second quadrupole mass analyzer.

2.3. Computational method. DFT calculations were performed by the Gaussian 16
package'® employing the BPW91 functional?®?! to search for optimized geometric and electronic
structures of Co," (n =5, 8, and 9) and their CO and/or H, adducts. The LanL.2DZ basis set was

22
1,

used for Co with corresponding effective core potential,~= while the aug-cc-pVTZ basis set was

used for C, O, and H.2>** The functional and the basis sets were chosen by referring to earlier

reports.2>27

All the possible initial geometries were examined for Co," including previously
reported structures.?’?® As for CO and/or H; adducts, all the possible adsorption sites of CO and

H were examined for the optimized Co," as well as its possible spin multiplicities.

3. RESULTS AND DISCUSSION
3.1. Reaction of Co0,(CO),," with Ha. Figure 1 shows mass spectra of product ions upon
reaction of Co," and Co,(CO)" with H»; panels a—c for Co,", d—f for Co,(CO)’, and g—i for

Co,(CO)," display n =8, 9, and 10, respectively. The abscissa shows a mass shift, AM, from the
reactant. Regarding Co,", a small peak at AM = +2 u is assignable to CoioH>" for n =10, whereas

no reaction product is discernible for n = 8 and 9. As for Co,(CO)*, on the other hand, such Ha
adduct is observed for n = 8 and 9 as well as for n = 10. These results suggest that preadsorption
of CO on Co," promotes the reaction with H for any size from n = 8 to 10. The mass spectra of
Co0,(CO)," show that formation of H, adduct is suppressed with respect to the case of Co,(CO)*

for each size.



Reactivity measurement toward H» was performed for Co," and Co,(CO),," (m =1 and 2)
in the range of n = 3—11 to evaluate reaction-rate coefficients, k.». Pseudo-first-order reaction
kinetics is assumed since the concentration of H, was kept constant during the reaction. It is
derived from the yield of reaction products as follows:

knm = —[In{ /(£ + Zhp) § 1/ (mnot), )

where n1» 1s the number density of Ha in the reaction cell, ¢ the time for the clusters to pass through
the reaction cell, /; and I, are intensities of the reactant and the product ions, respectively. The
time, ¢, is calculated for each size by converting the translational energy of 7 €V in the laboratory
frame to the velocity of the cluster. The rate coefficients thus obtained are shown in Fig. 2 as a
function of cluster size, n. The reactivity of CO-free cobalt cluster cations, m = 0, becomes
significant only at n > 10; k.o is below the detection limit for » < 9. Note that this result is
consistent with the previous report,’ except that weak signals of H> adsorption were observed for
n =3, 4, and 5 as well probably due to a low-temperature buffer He gas present in their reaction
cell. On the other hand, the rate coefficients of m = 1 series are clearly higher than those of m =0
for n =5 and 8-10; preadsorption of a CO molecule enhances the reactivity in these sizes. Atn =
11, in contrast, the rate coefficient of m = 1 is lower than m = 0; CO preadsorption reduces the
reactivity. Results of m =2 show no further enhancement at any size, indicating that H> adsorption
is rather suppressed by the second CO molecule.

3.2. Change in reactivity by CO preadsorption. The rate coefficient of H> adsorption on
Co," is altered by preadsorption of CO as manifested in Figs. 1 and 2. The earlier study explained
reactivity of Hz adsorption by the frontier orbital model,” pointing out importance of interaction
between the LUMO of H, and the HOMO of metal clusters; the H-H bond is activated when the

H> molecule acts as an acceptor of electrons donated by the metal cluster.?’ Here we apply this



model to our present results. The electronic levels in Co," are expected to be modified by
preadsorption of CO because it is known for a transition-metal surface that a CO molecule is

chemisorbed through concerted electron transfer from the HOMO of CO to the metal and

back-donation from the metal to the LUMO of CO.3%3! The change in the energy levels of

clusters should, therefore, affect their reactivity toward H> by modulating the magnitude of
interaction between the LUMO of H> and molecular orbitals (MOs) of the cluster.

In this context, we performed DFT calculations to investigate MO energies of Co," and
Co,(CO),," for n =5 and 810, where reactivity shows significant changes by CO preadsorption.
Optimized structures of Co,", Co,(CO)*, Co,(CO),", and their H, adducts are shown in Fig. S1 of
the Supporting Information along with their spin multiplicities, 25+1. The spin multiplicities, 11,
18, 19, and 20 for Cos*, Cos", Coo", and Coio*, respectively, are consistent with previous
studies.?’*%33 CO and H; are adsorbed on Co," in end-on and side-on configurations, respectively.
Note that side-on configuration for CO was not found even as a metastable isomer; end-on
configurations for H> were higher by more than 4 eV than the side-on configuration. Figure S1
also shows contours of MOs for each cluster; for H> adducts, the highest occupied MO among
those involved in bonding with Ho is displayed, whereas MO with a similar symmetry is depicted
for the corresponding H»-free clusters. The relative energies of these MOs, which were thus found
to contribute to H» binding, are illustrated in Fig. 3 with respect to the energy of LUMO of H,.
For CO-free Co,", the MO energy increases in the order of Cos™ < Cog" < Coy". The energy of the
MO is modified by CO preadsorption. For example, the MO of Cos" is raised by adsorption of
CO, whereas the second CO lowers the level. The energy order is thus Cog" < Cog(CO)," <
Cos(CO)*, which is the same trend as their reactivity shown in Fig. 2. This result suggests that

higher reactivity is expected if the MO of the cluster is closer to the LUMO of H> in energy. This



discussion holds for n =5, 9, and 10 as well, where the order of the MO energies of CO adducts is
correlated with their reactivity. We thus found that the reactivity is governed by the MO energy
of the cluster, which can be tuned by preadsorption of CO. On the other hand, we also examined
relative energies of the LUMO of the clusters against the HOMO of H», because it has been
reported that electron donation from H» to a transition metal occurs in concert with that from the
metal to H».3**3 However, no clear correlation with reactivity was found in this case. These
findings support that the present reactivity toward H; is dominated by the energy difference
between the HOMO of the cluster and the LUMO of H», as suggested by previous studies on CO-
free cobalt cluster cations.”?

3.3. Reaction between coadsorbed CO and H,. CID experiments were performed on
Co0,COH;" (n = 8-10) to identify the product formed on Co,". A mass spectrum of ions recorded
for CogCOH>" is shown in Fig. 4 upon collision with Ar at 2.4 ¢V in the center-of-mass frame.
Peaks observed at AM = —2 and —28 u are assigned to ions produced via dissociation of H, and
CO, respectively. The peak at AM = —30 u might have two origins: one is dissociation of a
molecule formed by reaction between CO and H», possibly formaldehyde H>CO, and the other is
sequential dissociation of CO and H> molecules. Major processes are represented by AM =—2 and
—30 u, while AM = —28 u shows a very minor dissociation channel.

Figure 5 shows partial cross sections of each CID channel of CosCOH,". The cross section
was estimated by the following equation:

oam= [—In{Ir/(Ir + ZIp)}/(nacl)] x (Iape 1 Zlp), 3)
where na, 1s the number density of Ar in the reaction cell, / the length of the reaction cell, Ir, Ip,

and Iay are intensities of the reactant ion, CosCOH,", the product ions, and the ion at AM among

the products, respectively. For AM =—30 u (Fig. 5a), the partial dissociation cross section exhibits



an increasing trend with the collision energy. On the other hand, the cross section of CO
dissociation (AM = —28 u) 1s very small over the range of the present collision energies. This is in
contrast to the result for Hr-free CosCO", where it is much larger than of CosCOH," as
superimposed in Fig. 5b. This result implies that CO adsorption is not just physisorption any more
in the presence of H» coadsorbed. It is thus highly probable that some of the CO and H»> molecules
are bound together on Co,", which is readily released by collision with Ar. Note that a major part
of Hz remains molecular on Cog* because H» release shows a large cross section as manifested in
Fig. 5c. The results suggest, therefore, that a major part of CO is chemisorbed or dissociatively
adsorbed on Cos™, while some of the CO react with H» to form H.CO.

The results of CID experiment for CooCOH," and CoioCOH>" are shown in Figs. S2 and
S3 of the Supporting Information, respectively. The cross sections of CO dissociation (AM = —28
u) from CooCOH;" and Co10COH>" are much smaller than that from CosCO™ as in the case of
CosCOH>". It is speculated for Cos" and Co1o™ as well as for Cog* that CO and H> might be bound

together, even though those partial cross sections of AM = —30 u are smaller than CosCOH,".

4. CONCLUSIONS

We investigated gas-phase reactions of free cobalt clusters and their CO complexes, Co," and
Cox(CO)n" (n=3-11; m =1, 2), with H, to examine formation of an organic molecule, possibly
formaldehyde, through catalytic reaction. The rate coefficient of H> adsorption was found to be
altered by CO pre-adsorption on Co,". DFT calculation suggested that the reactivity is governed
by the MO energy of the clusters that interacts with the LUMO of H»; the MO energy is tuned by
preadsorption of CO molecules. CID experiment performed on Co,COH;" (n = 8-10) implied that

the coadsobed CO and H; are bound together, at least partially, on Co,".
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Figure 1. Mass spectra of ions produced in the reaction of (a) Cos”, (b) Cog", (¢) Coio™, (d)

Cos(CO)", (e) Coo(CO)", (f) Co1o(CO)*, (g) Cos(CO).", (h) Coo(CO),", and (i) Co1o(CO)2*

with a H, molecule. The partial pressure of Ha, Pr2, was 4 x 107! Pa. The intensity was

normalized so that the summation of the peak intensity of all the reactant and product ions

1s to be unity.
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Figure 2. Size-dependent rate coefficient of Co,(CO)," for reaction with a H> molecule.
Error bars indicate a systematic error of 20% due to the uncertainty in the partial pressure of

H> in the reaction cell.
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H; forn=75,8,9, and 10. The energies are with respect to the LUMO of Ho.
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Figure 4. A CID mass spectrum recorded for CosCOH:" upon collision with Ar at 2.4 eV

in the center-of-mass frame. AM is a mass shift from CosCOH,". A magnified spectrum in

the vicinity of AM = —30 u is superimposed.
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Figure S. Partial dissociation cross sections as a function of collision energy mesured for
CosCOH;" to the pathways with loss of (a) 30 u, (b) 28 u (CO), and (¢) 2 u (H2). Dissociation
cross sections of CO release from CosCO™ are superimposed in (b). Error bars indicate

statistical uncertainies.
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