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Anion Photoelectron Spectroscopy of Vanadium-Doped Cobalt Clusters
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Bimetallic cobalt (Cojy-vanadium (V) clusters, GV~ (n = 4—14, m = 0—2), are investigated using anion
photoelectron spectroscopy at 4.66 eV photon energy. Electron affinities (EA) and vertical detachment energies
(VDE) are determined, and the electronic structures of V- apddped Cgq clusters are compared to those

of pure Cgq clusters. Bonding and hybridization effects can be explained using a charge-transfer model. A
peak shape analysis confirms the high stability of the;Cacluster with a most plausible icosahedral structure

with the V atom in the cage center. Together with ionization potentials (IP), the electronic structures of the
clusters are compared to, ldhemisorption rate coefficients reported previously. Thus, this study completes
the investigation of electronic properties and reactivity of the bimetalligVGalusters as a function of
charge, size, and distribution. Although the reactivity of,\Ggreveals a better correlation toward the EA
rather than toward IP, no improved correlation is found between promotion energies and reactivity. This
result clearly shows that the chemisorption reactivity of the heterogeneous clusters is largely governed by
geometric factors.

Introduction behavior of bimetallic aluminum/cobalt clusters. These examples
indeed show that the combination of different size-dependent

In recent years, bimetallic clusters have become a matter Ofproperties help to understand the chemical and physical behavior

5. The reason for this development is evident. when doping ©! STl gas-phase bimetalic clusters in more detal
pure'metals or metal surfaces with metallic he:[eroatoms the. n t_he f:urrent paper, we report for th_e first time on the_
new system often exhibits more tailored properties for appiica- investigation c_>f the s_|ze-dependent evolution of the electronic
tions than the nondoped pure metalsOne central area of structure of blmgtalllc C‘.O/_ (n - 3-13) and CaVz™ (n =
7—12) clusters with the aid of anion photoelectron spectroscopy

application !s.hetgrogeneous _catalysis; en_hanced catalytic actiy ityusing a fixed photon energy of 4.66 eV. The main objective of
and selectivity is often gained by using doped bimetallic ’ :

o this study is the examination of the electronic structures of these
catalysts$ : . o
: S . . . small clusters as a function of cluster size and distribution.
The investigation of bimetallic or alloy clusters provides a

tate-of-th ool t in insiahts into chemical and phvsical Additionally, the electronic structures of the (M, bimetallic
sta e-ot_- e-]:atr)_ oot “o_galntln3|g S Into chemical an FI) ysieal ¢ ysters are compared to pure Caclusters, which we have
properties of bimetallic systems on a microscopic scale €. 9., measured under the same experimental conditions. The nature
geometric and electronic structures) as a function of size and

A =™ of chemical bonding in the GV~ clusters is explained using
distribution. These structures can be compared and sometimes, charge-transfer model. Hybridization effects between the Co

correlated with size-dependent chemical reaction rates and Othe'E:Iusters and the V atoms are discussed. The electronic structures

important properties. Only a number of §tudies havg been of the CqV, clusters are compared to chemisorption rate
performed durlln.g the Iast. years 1o examine such klnds.of coefficients of the reactions of neutral &6, clusters toward
structure/_rea}ctlv_ny correla_t|ons. One example is the co_rrelat!on Hs, which have been reported by our group eadfet® Apply-
between |on|zat|onlopotent|aI§ (IP) ano_l hydrogen chemls_orpt|on ing a frontier orbital approach using promotion energies, a reac-
rates of Feclusters: AIsoadwect relatlor) bejtwgeng_meactlon tivity/electronic structure correlation has been investigated,
rates of NR clusters and their corresponding ionization threshold which can be applied for the Gand tentatively for Cg.1V4

energies has been observédn the case of Fe Ca, and Ni clusters fom > 9 exceptn = 13, but not for the Co.,V cluster
clusters, a correlation has been found between the IP/EA series

difference and K chemisorption rates as an analogy to solid

surfaces? This method has also been successfully applied to Experiment

pure Nk clusters by Gantefoer and Eberhardt and co-workers, ) ]

and recently to Al-doped Nizlusters by our grouf Neverthe- The experimental apparatus and applied methods have been

less, electronic factors share the responsibility of a size-selectivel®Ported in detail elsewhet&:° Therefore, only a brief descrip-

reactivity more or less with geometric factors as has been tion will be given. Generation of bimetallic Gdm cluster

pointed out by Knickelbeif in the case of the kchemisorption anions is performed as follows. Two independently operating
Nd*":YAG lasers (532 nm) are focused onto a rotating and

* Corresponding author. Fax#+81-45-566-1697. E-mail: nakajima@  translating Co rod (downstream locationyleaV rod (upstream
sepia.chem.keio.ac.jp. location), respectively. Then, clusters are formed by cooling
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Figure 1. A part of a time-of-flight mass spectrum of 84, ". clusters.
In the enlarged inset, the typical distribution ofdoped Cq™ clusters

is shown in more detail. Bimetallic G&,,~ clusters reveal three main
series: CgV~, Co_sV>-, and C@-sVs~. Pure Cq~ clusters are 0 1 2 3 4 1 2 3 4
accompanied by GO~ peaks. Binding Energy [eV]

) ) ) . Figure 2. Photoelectron spectra of pure Calusters (left column:n
the plasma with a high-pressure helium pulse (10 atm stagnation="4-8, at 3.49 or 4.66 eV) and bimetallic ¢aV:~ clusters (right
pressure)n a 2 mmdiameter channel of 20 mm length. After  column: n = 4—8, at 4.66 eV). The spectra of gocorrespond well
a supersonic expansion the clusters are mass-analyzed by theito those reported in ref 26. EA values are indicated by downward arrows
miz ratio with an in-line time-of-flight mass spectrometer (TOF-  (for details, see text).
MS) having a resolution ofYAm = 230. To decrease the
amount of energy broadening of the photoelectron spectra cause
by the Doppler effect, the mass-selected cluster anions are
decelerated with a special deceleration technique originally
reported by Handschuh et #lin the center of the magnetic
bottle-type time-of-flight photoelectron spectrometer (TOF-
PES¥'23 the clusters are irradiated with the fourth harmonics
output (4.66 eV) of a Q-switched NRdYAG laser (laser
fluence: 2 mJ/cnd). The kinetic energies of the detache
electrons are measured by their time-of-flight, and electron
kinetic energy spectra are converted to the electron binding
energy spectra by subtracting the kinetic energy from the photon
energy. The TOF-PES is calibrated using the strong line of the
ground-state transitiod%, — 2S;/,) of the gold atomic aniof?
The resolution of the spectrometer is better than 50 meV at 1
eV electron kinetic energy (eKE), and decreases according to
(eKE)*?2 at higher kinetic energies. In the current experiment,
photoelectron (PE) spectra are measured by accumulating
10000-30000 experimental runs at 10 Hz repetition rate. During
all measurements, the PE spectral shapes do not reveal any lase
power-dependent changes.

lusters: At least three different series of &g~ clusters can

e observed which appear on the low mass side of eagh Co
cluster: Ca-1V—, Co—2V>, and C@-3V3~. A first observation
is that the distribution of theegatively charged CgVy,~ clusters
is exactly the same as that of the corresponding neutral and
cationic clusters, which are reported in refs 16 and 17. Since
the distribution is charge independent, this qualitatively implies
d @ substantial geometric influence on the bimetallic clusters.

B. Photoelectron Spectra of CgVy,~ Clusters. Photoelec-
tron spectra of C{/,, clusters are measured at 4.66 eV photon
energy (see Figures 2 and 3). According to the one particle
approximation, the entire photodetachment process can be
described as electronic transitions from the ground state of the
negatively charged cluster to the ground or excited states of
the corresponding neutral cluster in the geometry of the anion.
During the transition, the total spin can change only by 1/2.
Usually, a broadening of the signals indicates a geometry change
between the anion and the neutral cluster after photodetachment
s a result of FraneckCondon factors for the respective
transitions. In the current study, threshold energies are deter-
mined from the intersection of a straight line on the slope of
the first intense peak with the binding energy axis or by taking
the binding energy at 5% of the first peak maximum. The

A. Mass Spectra of CqVy,~. Figure 1 shows a part of a  threshold energies are defined as upper limits of adiabatic EA
typical time-of-flight mass spectrum of @&y~ clusters in the and thus in the following named as EA, although adiabatic EA
size rangen = 3—7. The pure Cg clusters have higher can only be determined when the-00 ground-state transition
intensities than the corresponding bimetallic clusters showing is resolved. Additionally, vertical detachment energies (VDE)
a maximum at Cg . Due to the high reactivity of cobalt, which  are determined from the maxima of the PE peaks. EA and VDE
is an open d-shell transition metal with a [Arfdd® atomic values of CqV, clusters are listed in Table 1. In Figure 4, EA
electron configuration, the pure go clusters are always values are displayed with IPs reported previod&®p Further-
accompanied by monoxide peaks of 00, even when operat-  more, EA values are plotted together with relative rate coef-
ing under carefully clean source conditions. The enlarged insetficients (rc) of H chemisorption reactions of neutral clusters
shows in more detail the distribution of the bimetallic;€g~ in Figure 5. The latter are discussed in subsection B.3.

Results and Discussion
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Figure 3. Photoelectron spectra of pure Calusters (left column:n

= 9-14, at 4.66 eV), Co.1V1~ clusters (center columnn = 9—14,

at 4.66 eV), and Gp,V,~ clusters (right columnin = 9—14, at 4.66
eV). The spectra of Go correspond well to those reported in ref 26.
EA values are indicated by downward arrows (for details, see text).

from ref 25), C@-1V1 (solid circles, from ref 18), and Go,V, (solid
triangles, from ref 18). Lower plot: electron affinities (EA) of Co
(solid squares), Go1V1 (solid circles), and Cp,V; (solid triangles).
For more clarity, error bars are not displayed (see Table 1).

Co, clusters ( > 6) exhibit some distinct structures. Already
from n = 6 the spectral features become very similar and only
the threshold binding energy is shifted to higher values with

TABLE 1: Electron Affinities (EA) and Vertical
Detachment Energies (VDE) of CqV Clusters (n = 3—13)
and Cao,V; Clusters (h = 7—12¢

cluster sizetf, m) EA[eV] VDE [eV] increafing clustgr size.. The reason for thg structurelgss pattern

31 1.28(19) 1.96(20) _of Co, clusters is the high density of low lying electronic states
41 1.54(23) 1.85(18) in a small energy range above the threshold. For a better
51 1.60(24) 2.26(22) resolution, we have measured the PE spectra qf @od Cg~

?v i i-gi(%%) %ig(ﬁ) with the third harmonics output of the RidYAG laser (3.49

81 1:74226; 2:172213 eV). For Ca™ a sharp peak evolves at 2 eV resulting from Co
9: 1 1.71(25) 2.08(20) 4s-derived states. The influence of 3d-derived states is already
10,1 1.83(27) 2.15(21) very strong ah = 4, and a complete merging of 4s- and 3d-
1% i i-gggg; %-jggjg derived states of Co appearsrat= 5. Thus, the Cg~ spectra
131 1:94(29) 2 47(24) for n > 6 reveal broad features which are attributed to
7,2 1.60(24) 2.03(20) 3d-derived states. With increasingthe electronic structure of
8,2 1.77(26) 2.26(22) pure Cq~ approaches that of bulk phase cobalt and the spectral
1% g igg(ég)) %%((%B features become very similar. This structural transition is
11,2 1.74(26) 2.13(21) estimated to evolve aroumt= 7 when applying the conducting
12,2 1.88(28) 2.08(20) spherical droplet (csd) mod&.

a Uncertainties are given in parentheses (1.60(24) eV meanstl.60

0.24 eV).

At n = 13, the PE spectrum shows a sharp peak which most
probably results from a rigid spherical geometry of a perfect
icosahedron (). In several cases, the 13-mer cluster reveals a

B.1. Cq-1V1~. The PE of pure Cg clusters (left columns) oSG IR ) . e >
and bimetallic Cg_1V1~ clusters (right and center columns) are high ionization potential due to a high and rigid geometric
shown in Figures 2 and 3. We have measured the PE spectra oftructure and the presence of very stable isomers as has been
pure Cq~ clusters under the same experimental conditions to Pointed out for Mz by Nayak et af” Moreover, the geometry
provide a direct comparison of the electronic structures of pure Of the neutral Ces cluster has been determined to a cubic-based
and vanadium-doped Galusters. Pure Go clusters reveal the (fce/nep) structure with the aid of a chemical probe experirféent.
same spectral features as reported in the work of Kondow and The IP values of C¢/, in Figure 4 exhibit a local maximum
co-workers?® In the spectra, the downward arrows indicate EA, for Coys, but local minima for CgV1 and Caq,V», though they
and the first VDE values are marked with X corresponding to are not conspicuous. In the course of the EA values on the other
transitions from the ground state of the anion to the ground hand, a local minimum is observed only for &6;. Thus, no
state of the neutral. As has been reporednly very small common electronic behavior can be observed at the 13-mer in
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Figure 5. Comparison of electron affinities (EA, solid squares) and
relative rate coefficients (rc, solid circles, taken from ref 16) as a
function of the total number of atoms ¢ m) of Ca,V, clusters: upper
plot: Ca,; center plot: Ce-;V3; lower plot: Co—2V>.
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isomers, but a complete understanding is still lacking without
the availability of theoretical calculations.

The similarity of the Cgand the Cq-1V1 spectra froom >
6 qualitatively indicates a weak electronic perturbation of the
Co, cluster framework by the incoming V atom. This can be
understood when considering that the size of the V 3d orbital
(atomic electron configuration of V: [Ar]3d<) is very similar
to that of Co 3d- or Co 3d4s-derived frontier orbitals. Thus, an
effective overlap of the wave functions results in a similar
bonding. Additionally, the WignefSeitz radius of Co is similar
to that of V (131.1 pm and 125.3 pm, respectively). Therefore,
a geometrical change coupled with the electronic structure will
be of minor relevance.

Bonding between the Gacluster and the V atom can be
explained using a frontier orbital approa@#°In this picture,
the valence MOs of the Galuster interact with AOs of the V
atom resulting in a new set of bonding and antibonding MOs.
In the initial step, electron transfer occurs from the vanadium
4s AO into a 3d-derived LUMO (LUMO: théowestUnoc-
cupiedMolecularOrbital) of the respective neutral Goluster.
This direction of the charge transfer can be understood as a
result of the difference in electronegativities (EN(Go)1.7,
EN(V) = 1.5). Then, back-donation of an electron from the
Co, 3d-derived HOMO level (HOMO: thélighestOccupied
Molecular Orbital) to an empty V 3d AO leads to the
stabilization of the Ce'V bond. For pure C¢ clusters a nearly
free electron metallic-like bonding is postulated for- 7.26
The similarity of the PE spectra of pure and V-doped,Co
clusters also suggests a similar kind of metallic-like bonding,
which is somewhat different from that of main-group metal/
transition metal bimetallic clusters (see, for exampleCal,~
(ref 31)).

When one Co atom in the Gocluster is substituted by a V
atom resulting in a bimetallic cluster of €qV;~, the electronic
structure will not change greatly: the most stable oxidation states
of atomic Co aret-2 and+3 (3d” and 34, respectively). These
oxidation states can be maintained also by the V atorigAd
3, respectively), though V is possibly a stronger electron donor
with the most stable oxidation state ef5 (3dP). Using this
picture, we can understand the very similar electronic structure
of pure and V-doped Galusters in a first attempt, even though
accurate calculations concerning the electronic structure are
needed. In Figure 4, both EA and IP values of,300,-1V1,
and Cq@-,V» clusters are plotted versus the total number of
atoms per cluster. The IPs are taken from refs 18 and 25. Indeed
both EA and IP values of pure Galusters show no special

terms of size-dependence of EA and IP values. The geometricsize dependence far > 10. At infinite size, both EA and IP

rigidity will be discussed later in section B.3.
The PE spectra of bimetallic Go V™ clusters are shown
in the right column of Figure 2 and in the center column of

values will merge at the bulk work function of the (&,
system.
B.2. Cq-2V> . The PE spectra of the GoV,~ clusters

Figure 3, where both were measured at 4.66 eV photon energy.= 9—14) are shown in the right column of Figure 3. Due to

In Figure 2, the spectra of Gé~ up to CaV~ show some
broadening which cannot be attributed to the slightly lower

poor ion intensities compared to pure and single V-doped Co
clusters, the spectra reveal lower signal-to-noise ratios, especially

resolution of the 4.66 eV photon energy alone. This broadening at electron binding energies above 3 eV. Thg-Gd, clusters
of the threshold features is presumably ascribed to a consequencshow also very similar features as can be observed in those of

of the hybridization of the Gp3d-derived molecular orbitals
(MO) and the 3d atomic orbital (AO) of the incoming V atom.
When comparing the PE spectra of pure,Qiusters and
Co,-1V~ clusters in the size range= 6—13, it is obvious that

the Cq-1V1~ clusters: a broad strong feature arising near the
threshold with a tail between 3 and 4 eV. The course of threshold
energies (EAs) of Gp.,V, displayed in Figures 3 and 4 is quite
similar to that of Cq-1V; except ofn = 13. An interesting

the spectral features are very similar: a broad strong peakfeature arises at GV, here, the first intense peak reveals a

evolving around 1.5 eV with a tail around 4 eV. Generally, with

splitting by 400 meV, indicating the prominent influence of a

increasing size the EA values shift to higher values revealing second V atom. In the icosahedral structure, the second V atom

little difference between the pure and V-atom-doped @uasters
which is depicted in Figure 4. Only far= 6 the EA difference
between the pure and V-atom-doped,Clusters is larger (270

cannot be hosted inside a Co cage. Although a vibrational
interaction with the Co cage might cause a more structured
feature in the threshold energy region, the most plausible

meV). This deviation can be explained by the existence of explanation for the splitting is the coexistence of two structural
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isomers. Here, two isomers are conceivable. One structure is
that having one central V atom and one surface V atom, and
the other is that having two surface V atoms. Although it is not
possible to assign which isomers exhibit a low EA by experi-
ments only, the spectral sharpness due to the rigidity can
plausibly reveal the coexistence of isomers.

B.3. Comparison of Electronic Structures and Hydrogen
Chemisorption Rate§he chemisorption rate behavior of neutral
Ca,.V clusters toward bihas been reported in detéflin brief,
after doping the Cg clusters with \,, (m = 1-3), the
chemisorption rate coefficients (relative reactivities) increase
drastically forn =5, 7, and 9, compared to pure Cdusters.
The most interesting feature is the extremely low reactivity of
CoppV toward H, compared to neighbored cluster sizes. A
plausible explanation of this special size-selective behavior of
CopV is its special rigid geometry: an icosahedron with an
active V atom in the center shielded against the interaction with
H,.16:31 After the addition of a second V atom the reactivity
sharply increases because of the surface position of the new
incoming V atom which acts as a reactive site towagd H

In Figure 5, EA values of G, (m = 0—2) are displayed
together with relative rate coefficients of the respective neutral
clusters reported in ref 16. As already discussed, the addition
of one or two V atoms to a Galuster does not significantly
change the PE spectra. When comparing EA values and rate
coefficient (rc) values, a better correlation is found between them
rather than between IP and rc valdéslowever, the reactivity
enhancement by the V-doping cannot be explained by the EA
change at all. Thus, the statemémif geometric effects as the
driving force for an increase of reactivity seems reasonable. In
that case, the doping of V atoms into the nonreactivedicster
induces reactive sites due to a different geometry and surface
perturbation. But the extraordinary stability of the;@6cluster
toward H also reveals electronic arguments: comparing the 0 1 2 3
PE spectra of Cg~ and Cq,V~ (Figure 3) the first peak is T
more sharp than in the spectrum of the nondoped cluster. Figure Bmdmg Energy [eV]
6 shows the experimental PE spectra ofiCpCo2V -, and Figure 6. Photoelectron spetra of ¢o, CoV -, and Cas™ (solid
Coz~ (solid lines). Comparing the spectra of @6~ and Cas™, lines) at 4.66 eV. The peak_ shape of thg first VDE is analyzed with a
it is evident that both show a very similar electronic structure. Gaussian-type fitting function (for details, see text). The geometry
The geometric structure of G~ can be described by a o change in the vertical transition is minor for 5@.
cluster with an incorporated V atom which is shielded against is strongly dependent on the height of an entrance channel
H, chemisorption. The dotted lines show Gaussian fits in the barrier caused by the Pauli repulsion between the cluster and
energy range between 1.9 and 2.8 eV. The best fit is obtainedthe incoming H molecule. The barrier is proportionial to the
for CoV ™~ where the intracluster vibrations and thus spectral respective promotion energy. In ref 12 this approach works very
broadening are comparably reduced due to the central V atomwell in the case of pure Fe, Ni, and Co clusters. The correlation
of the CqyV icosahedron. On one hand, a small geometry for Co, clusters is displayed in the top of Figure 7. Within the
change and larger FraneikCondon factors for the ground-state  experimental error, a correlation of relative rate coefficients and
transition are evident. On the other hand, electronic stabilization EP values is observed for @qn > 9), which matches
might be contributed from an electronic shell efféceach Co considerably well with that reported in ref 12. For ¢/ a
atom can contribute 3 valence electrons (final stafy:as well similarity in the curvature of the EP and rc data is obvious for
as the V atom (final state: 2 Since the stable A4~ appears n > 9 exceptn = 13. This is a surprising observation, since in
due to a closed electronic shell with 40 electrons, the similar the calculations of Fujima and Yamagu€hthe electronic
electronic shell closing is completed by ¢~ (36 + 3+ 1 structure effect upon the Fthemisorption behavior of Gg
= 40 electrons) and by Gg . CoppV has been clearly demonstrated. This reveals a possible

Additionally, we have determined promotion energy (EP) limitation of the promotion energy/reactivity correlation ap-
values for Cq-1V; and Ca-,V, which are displayed in Figure  proach in the case of heterogeneous clusters hosting a heteroa-
7 together with relative rate coefficients of the ¢hemisorption tom in the cage center, which cannot interact with the frontier
reaction. Briefly, the EP is defined as the energy required to orbitals of small molecules. For pure clusters the reaction
promote an electron from an occupied frontier orbital of a cluster probability is only determined by the size and not by the
to one of the more localized unoccupied frontier orbitals. The distribution. For Cg-,V,, however, a correlation cannot be
promotion energy (EP) is calculated by the following equa- observed at all.
tion: EPg) = IP(n) — EA(n) — €4/R(n) with R(n) as the respec- The chemisorption pattern of positively charged,Cg"
tive cluster radius, and the electronic chaeg®riginally applied toward H has also been reporté@That study focuses onH
for metal surfaces, a chemisorption/electronic structure correla-chemisorption rates of Go\V," (n = 2—19) and a strong
tion model has been successfully applied to pure metal clusterscharge effect toward reactivity behavior due to the localization
by Smalley and co-workef&.In that model the cluster reactivity — of the positive charge has been found: Only fio= 4 and 5

Relative Electron Intensity

=T T T T

4
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similarity in the curvature of EP and rc is found for CeV1

(n > 9), exceptn = 13, but not for the Cg.,V> cluster series.
Thus, corresponding to postulations of earlier works opVMGo
clusters, the main driving force for size-selective reactivity is
closely related to the cluster geometry.
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