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ABSTRACT

The interaction of argon with doubly transition metal doped aluminum clusters, Al,TM," (n = 1-18, TM = V, Nb, Co, Rh), is studied
experimentally in the gas phase via mass spectrometry. Density functional theory calculations on selected sizes are used to understand the
argon affinity of the clusters, which differ depending on the transition metal dopant. The analysis is focused on two pairs of consecutive sizes:
Alg;V," and AlysRh,", the largest of each pair showing a low affinity toward Ar. Another remarkable observation is a pronounced drop in
reactivity at n = 14, independent of the dopant element. Analysis of the cluster orbitals shows that this feature is not a consequence of cage
formation but is electronic in nature. The mass spectra demonstrate a high similarity between the size-dependent reactivity of the clusters
with Ar and H,. Orbital interactions provide an intuitive link between the two and further establish the importance of precursor states in the

reactions of the clusters with hydrogen.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0037568

INTRODUCTION

The interaction of noble gases with clusters provides a rich,
albeit indirect source of information on a variety of cluster
properties. Foremost, the interaction is in most cases governed
by weak charge-induced-dipole forces (adsorption energies Eags
~ 0.1 eV-0.2 eV), which makes noble gases ideal messenger atoms
for gas phase action spectroscopic techniques, such as infrared
multiple photon dissociation and vibrational predissociation spec-
troscopy.”” By virtue of the weakness of the interaction, the noble
gas can be considered a spectator atom, with a negligible influ-
ence on the geometry and vibrational modes of the bare clus-
ters.” Exceptions do exist, for which the presence of the argon
tag(s) should be explicitly taken into account to correctly inter-
pret the infrared spectra and infer the cluster geometry.”” For
some small molecular complexes, which primarily involve transition
metal or gold atoms, noble gases can form strong covalent bonds
(Eads ~ 1 eV)-hVT

Besides their role as messengers in action spectroscopy, noble
gases are also used in mass spectrometric studies as a structural
probe. As transition metal atoms typically bind argon stronger than
the atoms of main group elements do, argon tagging experiments
elegantly demonstrated encaging of transition metal atoms in doped
silicon and aluminum clusters.”” Differences in propensity toward
argon attachment, depending on cluster dimensionality, have also
been exploited to titrate planar isomers out of a molecular beam of
gold clusters. "’

Early experimental studies showed that (transition) metal clus-
ter reactivity patterns toward closed-shell molecules, such as Hj,
N, and CHy, exhibit very similar features." '’ Moreover, for clus-
ters of transition metals (Co, Fey, Ni,, and Nb,,), there is a strong
correspondence between these reactivity patterns and the propen-
sity of the clusters to form complexes with argon.'*'” For hydrogen,
this correspondence can be explained by a two-step adsorption pro-
cess. The first step involves a physisorbed hydrogen molecule in a
precursor complex, which could explain the similarity with argon
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adsorption; the second step concerns the hydrogen dissociation. A
stronger hydrogen physisorption in the first steps provides more
time for the hydrogen molecule to probe the potential energy sur-
face for a dissociative channel and thereby a higher overall reaction
rate.”

Precursors are important in a variety of reactions, such as the
activation of nitrogen on Fe(111)'® and the dissociation of oxygen
on Pt(111)."” They provide an explanation for the often observed
but rather counterintuitive increase in reaction rate with decreas-
ing temperature, similar to what is observed for ion-molecule reac-
tions: the lifetime of the (weakly bound) precursor decreases with
increasing temperature or, in other words, the adsorbent is more
likely to desorb before the (dissociation) reaction occurs. Although
precursors are a key ingredient in the field of reaction dynamics,
such states are typically short-lived and therefore difficult to detect
experimentally."”

Several studies have alluded to the importance of a precursor
state for the dissociative adsorption of hydrogen on transition metal
clusters of, for example, iron and niobium, in order to explain the
temperature-dependence of the experimentally determined reaction
rates.'”” Similarly, the dehydrogenation of hydrocarbons by nio-
bium clusters was hypothesized to be preceded by a strongly bound
precursor complex.”’ The similar size-dependent interaction of TM,,
(TM = Co, Fe, Ni) with hydrogen and argon was explained by
the higher polarizability of clusters with a smaller HOMO-LUMO
gap."’ Not only do clusters with a small HOMO-LUMO gap trans-
fer more easily electrons to dissociate the hydrogen molecule, they
also bind argon stronger due to higher polarizability. For small alu-
minum clusters, Al, (n = 2-6), in contrast, calculations by Upton
found no significant correlation between the HOMO-LUMO gaps
and the reactivity toward hydrogen.”” Orbital symmetry arguments,
however, are more in line with the observed size-dependency of the
reaction rates; the activation barrier seems to be dominated by Pauli
repulsion between the o orbital of H, and the cluster orbitals.”” Sim-
ilarly, no clear correlation between the ionization energy and the
electron affinity with the reaction rate coefficients of Al,Co clusters
(n =10, 12, 15) was found.”

In this paper, the interaction of argon with doubly transition
metal doped aluminum clusters, ALTM," (n = 1-18; TM =V,
Nb, Co, Rh), is studied in the gas phase via mass spectrometry.
Density functional theory calculations for selected species are used
to rationalize the size-dependent fraction of argon-tagged clusters
and their similarity to the reactivity patterns of H,. Analysis of
the electronic structure of these selected clusters shows that orbital
interactions provide an intuitive link between the two and further
establish the importance of a precursor state in the reaction with
hydrogen.

MATERIALS AND METHODS
Experimental

Doubly transition metal doped aluminum clusters Al,TM,,"
(n = 1-18; TM = V, Nb, Co, Rh) are produced by laser abla-
tion in a dual-target dual-laser vaporization source, described
in detail in Ref. 25. To form the Ar complexes, 1% of Ar is
mixed in the He carrier gas. By cooling the cluster source to a
temperature of 110 K, up to two Ar atoms could be attached
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to the Al,TM,," clusters. To form the hydrogenated complexes,
in contrast, hydrogen gas was injected into the nozzle of the
cluster source through a separate valve, at a backing pressure
of 1 bar. After formation, the cluster beam is collimated by a
1 mm skimmer before it enters to a reflectron time-of-flight mass
spectrometer.

Computational

Density function theory (DFT) calculations are performed
with the Gaussian 09 software package™ using the Perdew-Burke-
Ernzerhof (PBE) functional.”” This functional was shown to perform
well to calculate the properties of pure and doped aluminum clus-
ters by comparison with CCSD simulations and experimental data.””
For the Al,V," and Al,Rh," (n = 1-12), the structures were taken
from Refs. 29-31. In these earlier studies, extensive searches for low-
energy isomers were conducted. AL TM," (n = 12-14; TM = V,
Nb, Co, Rh) clusters and their Ar-tagged counterparts are studied
for the first time, and global optimizations were carried out using
the CALYPSO methodology.”” The low-lying isomers were opti-
mized for a range of possible spin multiplicities with the extensive
Def2-TZVP basis set.”” For the argon complexes AlysRh,"-Ar and
Alg7V,"-Ar, Ar adsorption on different sites was considered. To
calculate Ar adsorption energies at the PBE/Def2-TZVP level, the
D3 version of Grimme’s dispersion corrections with Becke-Johnson
damping (D3B]J) was used.”* Wiberg bond indexes were computed
in order to characterize the TM-TM and TM,-Al," interactions.’”

MASS SPECTROMETRIC RESULTS

The mass spectra of the argon-tagged AL, TM," (TM =V,
Rh, Nb, Co; n = 1-18) clusters have been recorded. The spec-
tra are complex due to the presence of up to three dopant
atoms and up to two argon tagging atoms. In order to facili-
tate the analysis of the size-dependent abundance of argon com-
plexes, the fractional distribution F(Ar,) of formed complexes,
defined as

_ I(ALTM,Ar,")
[F(Arp)] - z?zo I(Al,,TMZPAri*) > (1)

with I(Al, TM,Ar,) being the abundance of the cluster species in the
mass spectrum, is extracted from the mass spectra and plotted in
Fig. 1. The mass spectra are given in the supplementary material.
Singly doped Al, TM" clusters were also formed. However, the fol-
lowing analysis will focus on the double doped species. The main
reasons for this selection are the following: (1) in Al,TM" clus-
ters with TM = Co and Rh, argon complexes are hardly visible in
mass spectra and (2) correlations between Ar and H, adsorption
are less pronounced for the singly doped clusters. The fractional dis-
tribution of the Al,TM" clusters is presented in the supplementary
material.

A great deal of similarity is noticeable between the argon affin-
ity of V, and Nb, doped cationic aluminum clusters on the one
hand, and the Co, and Rh, doped cationic aluminum clusters on
the other hand. For V, and Nb, all clusters with # < 14 have compa-
rable amounts of one and two Ar atoms adsorbed (with the excep-
tion of Al;V,"), while for Co, and Rh, doped Al," clusters only
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FIG. 1. Fractional distribution of argon-tagged complexes with two (a) vanadium,
(b) niobium, (c) cobalt, and (d) rhodium dopants. For sizes larger than n = 13,
the total fraction of argon complexes decreases significantly, independent of the
dopant element.

the smaller (n = 1-7 for Co,, n = 1-4 for Rh;) clusters have two
Ar-tags that account for a fraction of at least 5%. The argon affin-
ity for both Co, and Rh, doped Al," clusters increases again for
n=11-13.

In our previous work on the interaction of doubly vana-
dium doped aluminum clusters with hydrogen,” it was found
that both vanadium atoms occupy a surface position for all cal-
culated sizes (n = 1-12). The low coordination of both transi-
tion metal dopants could explain why a considerable fraction of
the Al,V," clusters have two argon tags. If this line of reason-
ing is correct, also for Al,Nb,", both dopants should be located
at the surface, while for Al,Co," and Al,Rh,*, there should be a
structural transformation in which both transition metal dopants
gradually become inaccessible to the argon. For singly rhodium
doped aluminum clusters, the calculated structures in Ref. 36 indeed
show that for n > 3 and with the exception of n = 7, the rhodium
occupies a highly coordinated position and is somehow geomet-
rically shielded.” For the doubly doped clusters, however, for all
calculated structures, at least one of the rhodium atoms takes a
surface position.”’ Thus, geometric shielding of the dopants does
not seem to be the correct interpretation for the size-dependent Ar
adsorption in Fig. 1. As will be discussed later, electronic instead of
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geometric shielding effects are more important to explain the
observed trends.

A striking feature can be observed for all Al,TM," clusters in
Fig. 1, and for sizes n > 13, there is, independent of the dopant
element in question, a drastic decrease in the fraction of doubly
doped aluminum clusters that form argon complexes. Although one
could be tempted to attribute this decrease in Ar affinity to cage
formation, i.e., the geometric shielding of the transition metals due
to a structural transformation in which the dopant atom moves
from a surface to an internal position (cf. Refs. 8 and 9), it seems
counterintuitive that both dopants already occupy an internal posi-
tion at smaller sizes as for a single dopant. For singly doped vana-
dium clusters, the critical size for encapsulation is n = 16.””" For
example, experimental evidence for transition metal doped silicon
clusters, Si,TMi," (TM = Ti, V, Cr, Co), suggests that the onset
of cage formation for two dopant atoms occurs at sizes that are
6-7 atoms larger than the critical sizes for encapsulation of a single
dopant atom.”

ANALYSIS AND DISCUSSION
Ar-tagging of Al,Rh," and Al,V,* (n = 1-14) clusters

In Fig. 2, the fractional distribution of Ar-tagged Al,Rh," and
Al V," (n = 1-14) clusters is plotted above the inverse of the calcu-
lated distance between the two rhodium and two vanadium atoms in
the clusters, 1/d(TM — TM). The TM-TM distances are taken from
the lowest-energy structures, which are plotted in the supplementary
material. As can be seen in this figure, there is a strong correlation
between the two quantities for the Rh, doped clusters [panels (a)
and (b)].

The bonding between rare gases and transition metals is gov-
erned by a balance between strong but short-range Pauli repulsion
and the weaker, long-range electrostatic forces. Intuitively, a larger
Rh-Rh interatomic distance implies decreased electronic charge
density between the two Rh atoms (bonding state) and increased
charge density at the periphery of Rh—-Rh (antibonding state). As the
structures of the clusters indicate that both Rh atoms prefer highly
coordinated positions, only the peripheral region is accessible to the
argon. Increased electron density at the periphery facilitates a larger
overlap with the argon orbitals and results in stronger Pauli repul-
sion, pushing the argon atom further away from the cluster and
reducing the electrostatic ion-induced dipole binding energy.

In contrast to Al,Rh,", the correlation between the V-V inter-
atomic distance and the propensity for Ar attachment on Al,V,*
is not obvious [panels (c) and (d)]. In particular, the low argon
affinity of Al;V," cannot be related to an enhanced V-V dis-
tance. The lack of such correlation does not come as a big sur-
prise, as the preceding analysis hinges on the fact that only the
periphery of the TM-TM bond is accessible to the argon, whereas
for the V, doped aluminum clusters, both vanadium atoms are at
the cluster surface. This intuitive argument is made more com-
prehensible by means of two pairs of consecutive sizes: AlysRh,*
and A16,7V2+.

Case study: Al,Rh," and AlsRh,"*

The sudden decrease in the fraction of Ar-tagged Al,Rh," clus-
ters and 1/d(Rh — Rh) in going from size n = 4 to n = 5 motivates
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FIG. 2. Comparison between the fractional distribution of Ar-tagged (a)
Al,Rhy*-Ar, and (c) Al,V,*-Ar, clusters (n = 1-14, p = 1, 2), and the inverse dis-
tance between the two (b) rhodium and (d) vanadium atoms, 1/d(TM — TM), in
those clusters.

a detailed electronic structure analysis. In Fig. 3(a), the structures
of A4Rh," and AlsRh," are shown together with their Ar-tagged
counterparts. As bond distances are governed by and sensitive to the
distribution of electronic charge density, inspection of the molecu-
lar orbitals should be able to shed more light on the 20% increase in
d(Rh —Rh), the 10% increase in the distance between Ar and the Rh
atom to which it attaches d(Ar — Rh), and the concomitant decrease
in Eg(Ar) of about 40% fromn=4ton=>5.

Figure 3(b) shows selected frontier molecular orbitals of the
Ar-tagged Al4Rh," and AlsRh," that have electron density on both
argon and the metal cluster. For n = 4, which has a doublet spin
state, the first (second) row shows the majority spin a (minority spin
) HOMO and HOMO-1. For n = 5, which is a singlet, the HOMO,
HOMO-1, and HOMO-2 orbitals are shown. All these orbitals have
anode between the argon atom and the cluster, indicating that they
are repulsive in nature and prevent the argon from further approach-
ing the cluster. A second observation is that there is a clear differ-
ence between the two sizes with respect to the orientation of the
argon valence p-orbitals relative to the Ar-Rh internuclear axis. For
AlRh,*-(Ar), three of the four p-orbitals shown in Fig. 3(b) are
oriented perpendicular to the internuclear axis, i.e., they are of a*
symmetry. Only the majority spin HOMO has ¢* symmetry with the
Ar p-orbital oriented parallel to the internuclear axis. For n = 5, the
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Eg(Ar)=0.21 eV
(a) d(Rh-Rh)=2.9 A d(Ar-Rh)=2.7 A
n=4
Eg(Ar)=0.13 eV
n=5 d(Rh-Rh)=3.54 d(Ar-Rh)=3.0 A

FIG. 3. (a) The structures of Al;Rh,* and AlsRhy* (left) together with their Ar-
tagged counterparts (right). Aluminum atoms in gray, rhodium atoms in dark green,
and argon in cyan. (b) Selected molecular orbitals of Al;Rh,*-Ar and AlsRh,*-Ar.
For AlyRh;*-Ar, which is a doublet, spin up (a) and spin down (B) orbitals are
plotted. Isosurfaces are plotted for a density of 0.015 e/A°.

contributing Ar p-orbitals of HOMO-1 and HOMO-2 are oriented
parallel to the Ar-Rh internuclear axis. As the orbital overlap in the
0" configuration is larger than in the 7" orientation, the Pauli repul-
sion is larger; as a consequence, the Ar-Rh interatomic distance is
larger for n = 5.

J. Chem. Phys. 154, 054312 (2021); doi: 10.1063/5.0037568
Published under license by AIP Publishing

154, 054312-4


https://scitation.org/journal/jcp

The Journal
of Chemical Physics

A third observation, which ties the story of the correlation
in Fig. 2 together, is that the HOMO-1 and HOMO-2 orbitals
of AlsRh,"-(Ar), shown in Fig. 3(b), have a node between the
two rhodium atoms. The HOMO-2 orbital mainly consists of the
antisymmetric combination of rhodium d,. orbitals that hybridize
with aluminum s- and p-orbitals. Such a bonding draws electronic
density away from the bond center toward the periphery of the inter-
nuclear Rh-Rh axis. As a result, the Rh—Rh bond strength decreases
and the Rh-Rh interatomic distance increases. The increased elec-
tron density at the periphery gives rise to additional Pauli repulsion,
pushing the argon further away. The Ar binding energy therefore
decreases, in agreement with the experimental fractional distribu-
tion in Fig. 2(a).

A similar kind of electronic shielding was observed for singly
transition metal doped silicon clusters, Si, TM* (n=5-10, TM = Cr,
Mn, Cu, and Zn), interacting with Ar,” with the difference that for
those silicon clusters, the shielding was mainly due to the s-electrons
of the transition metal dopants, while here the shielding is caused by
Rh d,. orbitals.

Case study: AlgV," and Al;V,*

To investigate the underlying reason for the abrupt decrease
in argon affinity for the V, doped clusters at n = 7, the molecular
orbitals of AlsV>" and Al;V," are analyzed. The geometries of both
clusters and the shapes of their HOMOs are shown in Fig. 4. For

d(ArV)=2.75 A
Ez(Ar)=0.17 eV

d(V-V)=1.76 A ‘

(Arv)=2.81 A
d(V-V)=1.80 A¢ Eg(Ar)=0.14 eV

FIG. 4. Geometries (left) and highest occupied molecular orbitals (HOMOs, right)
of AlgV*-Ar and Al;V,*-Ar.
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n = 6, which is open shell, both « and § HOMOs are shown. Despite
small differences in V-V and Ar-V bond lengths between n = 6 and
n = 7, the mechanism described for AlysRh," is likely not the reason
for the large difference in argon affinity. The orbitals on the right-
hand side in Fig. 4, however, clearly show that the vanadium atoms
of Al;V," are shielded by its HOMO orbital. For AlgV>", the vana-
dium atoms are more accessible, and the Ar-V repulsion is due to
the overlapping orbitals of 7 symmetry. Analysis of Léwdin charges
suggests significant electron transfer to the vanadium atoms for
n = 7 compared to n = 6. While in n = 7, the vanadium dopants
have a partial charge of —0.78e, and in n = 6, the dopants only have
—0.16e (see the supplementary material).

Such a charge transfer can significantly alter the electrostatic
potential of the cluster, which, in turn, affects the induced dipole
moment of the argon atom and hence its binding energy. The elec-
trostatic potential of AlyRh,*, AlsRh,", AlgV>", and Al;V," is plot-
ted in Fig. 5 on top of an iso-surface of electronic charge den-
sity (pe = 0.001e/a8). The electrostatic potentials of Al;Rh,* and
AlsRh," are quite similar, with a slightly lower potential at the less
coordinated (more to the right in Fig. 5) rhodium atom for n = 5
compared to n = 4. For the vanadium doped clusters, on the other
hand, there is a clear difference between n = 6 and n = 7, with a more
positive potential near the vanadium atoms for AlgV,". Argon binds
stronger to cations than to anions for atoms as well as clusters.””*’
The lower argon affinity for anionic clusters has been attributed to
electron “spillout™""* and thus increased Pauli repulsion. The elec-
trostatic potential is thus consistent with the stronger argon bind-
ing to Al¢V," than to Al;V,". Note that although the Al;Rh,* and
AlsRh," electrostatic potentials are higher around the higher coor-
dinated rhodium atom (more to the left in Fig. 5), the DFT calcu-
lations clearly indicate that the argon preferably binds to the least
coordinated rhodium atom. This again evidences the importance
of Pauli repulsion: the charge density in-between the atoms derives

Al,Rh,*

Al;Rh,*

FIG. 5. Electrostatic potentials of Al;Rh,*, AlsRhy* (left), AlV,*, and Al;V,* (right)
on top of an isosurface of the electronic charge density (p. = 0.001e/a3).

AlLV,*
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from the aluminum s and p electrons, which have a stronger over-
lap with the argon valence orbitals, and hence results in a larger
repulsion.

The combined results of the case studies show that the rela-
tive contributions of Pauli repulsion and electrostatic attraction in
the argon—-cluster interaction is subtle. Both effects are not inde-
pendent from one another. Therefore, the preceding analysis can
be summarized as follows: increased electron charge density at the
location of the transition metal dopants lowers the electrostatic
potential and at the same time increases Pauli repulsion, result-
ing in a lowering of the binding energy of the argon atom and
decreasing the abundance of the argon-tagged species in the mass
spectra.

Analysis of Al,TM;* (n =12, 13, 14;
TM =V, Nb, Co, Rh)

The calculated structures of the lowest-energy isomers of
Al 14 TMy" (TM = V, Nb, Co, Rh) are shown in Fig. 6. While
for the rhodium and cobalt doped clusters, one of the dopants
assumes an internal position, both transition metals remain at the
surface for the vanadium and niobium doped clusters, with the
exception of AlisVo*. As anticipated, encapsulation is not the expla-
nation for the observed decrease in argon affinity for the larger
sizes: none of the Al;sTM," aluminum frameworks encapsulates
both dopants. There must be another reason for the observed
decrease in the abundance of the argon-tagged clusters for n > 13 in
Fig. 1.

To investigate the hypothesis of electronic shielding, i.e., that
unfavorable overlap of electronic orbitals increases Pauli repulsion
and decreases the binding energy, each of the structures in Fig. 6
was reoptimized after adding an argon atom. In all Alj, 14 TM;"
clusters, argon was found to bind stronger to the least coordinated
transition metal atom. The calculated binding energies Eg(Ar) are
plotted in the top row in Fig. 7. The calculations predict for all TM
dopants a larger binding energy (more negative) for n = 12 and
13 as compared to n = 14, consistent with a higher abundance of

Al V,*

Al,Nb,*

Al.Co,*  Al,Rh,*

FIG. 6. Lowest-energy isomers of Ar-tagged Ali4TM,* (TM =V, Nb, Co, Rh)
clusters. For all sizes, at least one of the dopant atoms occupies a surface position.
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FIG. 7. Calculated properties of Al1o_14TM,* (TM =V, Nb, Co, Rh) clusters. First
row: argon binding energy, Eg(Ar). Second row: distance between the two transi-
tion metals, d(TM-TM). Third row: Wiberg bond index of the TM-TM interaction,
W(TM-TM).

the argon complexes. The second row in Fig. 7 presents the inter-
atomic d(TM-TM) distances. A distinct correlation between the
bond distance and the argon binding energy can be seen. Corre-
lation, however, does not imply causation; both quantities could
be brought about by another underlying, intrinsic property of the
cluster. Moreover, the fact that the decrease in Eg(Ar) and increase
in d(TM-TM) occur independently for each of the four transi-
tion metals strongly suggests that the underlying cause is related
to the aluminum host. Wiberg bond indexes (W) were computed
for the clusters. The third row in Fig. 7 presents the TM-TM bond
indexes. Although not perfect, a correlation between d(TM-TM)
and W(TM-TM) is observed, with shorter TM-TM interatomic
distances corresponding to a higher bond order.

These observations ask for a closer examination of the elec-
tronic structure of the clusters. For n = 13, the orbital overlap
between argon and the cluster is of 7 symmetry, whereas for
n = 14, all occupied frontier orbitals with electron density on both
Ar and the TM dopants are of ¢* symmetry. Plots of the rele-
vant molecular orbitals for #n = 13 and n = 14 are presented in
Fig. 8.
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Al V,*

Al.Nb,*

Al,Co,*

Al Rh,*

FIG. 8. Occupied frontier orbitals with electron density on both Ar and the TM of
Al,TM,* (n =13, 14; TM = V, Nb, Co, Rh). On the side of each molecular orbital
plot, the cluster geometry is presented.

While the frontier orbitals explain why the Ar binding energy
is lower for n = 14 as for n = 13, they do neither explain why the
decreased Ar affinity occurs exactly at this size nor why the transi-
tion size is independent of the kind of TM dopant. One pertinent
question remains, namely, what is the role of the aluminum frame-
work in the observed reactivity pattern? The striking feature that
for all dopants, the abundance of argon-tagged clusters decreases
at n = 14, which is a magic size of cationic aluminum clusters,”
is an indication for an electronic shell structure effect. However,
four factors render electron counting and shell structure identifica-
tion in transition metal doped aluminum clusters non-trivial. The
first is that the number of valence electrons of transition metals
that delocalize depends on size and structure.”* The second factor
is that not only transition metals but also aluminum can exhibit
mixed valence.” A third factor is that the nuclear charge of the alu-
minum atoms is not well screened, and so the ionic background
plays a larger role.® Finally, the fourth factor is that the ionic
background potential is disturbed by the presence of heteroatom
dopants.”” The orbitals of #n = 13 and 14 in Fig. 8 indicate that the
HOMO orbitals of the rhodium and cobalt doped aluminum clus-
ters resemble 2P states of the spherical jellium model. As the 2P
shells are more sensitive to the potential background in the inte-
rior of the cluster, the filling of the 2P shells might explain why
the two rhodium atoms approach each other after n = 10; one
rhodium atom is “pulled” inside, thereby lowering the energy of
the 2P orbitals.”” The HOMO of Al;3V," resembles a 2P jellium
orbital as well. The HOMO of #n = 14, on the other hand, is resem-
bling a 1G jellium orbital, indicating a shell closure between #n = 13
and n = 14.
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Similar reactivity pattern of Al,Rh," and Al,V,"
toward H; and Ar: Precursor state

Figure 9 shows the fractional distribution of the argon-
tagged [panels (a) and (c)] and hydrogenated [panels (b) and
(d)] doubly rhodium and vanadium doped aluminum clusters.
Although there is not a one-to-one correspondence, the reactiv-
ity pattern of Al,Rh," toward hydrogen and the trends in their
propensity to form argon complexes are very similar: Al;_4Rh,"
and Alj;_13Rh;" clusters readily form argon and hydrogen com-
plexes, whereas other sizes do not. Exceptions are AlRh,* and
Al4Rh,", which do not attach any argon but are reactive toward
hydrogen.

For the V, doped aluminum clusters, a less pronounced but
nevertheless similar size-to-size variation can be discerned. Up to
n =13, all clusters can be tagged with one and even two argon atoms,
except for Al;V, ", which is also unreactive toward hydrogen. AlsV,*
and Al5V,", in contrast, do adsorb argon but barely any hydrogen.
For sizes larger than »n = 13, there is a sudden decrease in the frac-
tional distribution for Ar adsorption, which, as argued before, is
due to electronic shielding. Similarly, there is a gradual decrease in
the reactivity of the Al,V," clusters toward hydrogen for n > 13. It
was already noted in earlier work that for n = 14 and n = 15, an
equal amount of one and two hydrogen molecules were adsorbed
onto the cluster, whereas most other Al,V," clusters only adsorb a
single H,.”

In previous works, the importance of a possible precursor
state in the hydrogenation reaction mechanism of doped alu-
minum clusters was discussed.”””"’* The main argument that leads
to this interpretation is the correlation of calculated molecular
hydrogen adsorption energies, H-H distances in the molecularly
adsorbed complexes, and the abundance of the hydrogenated clus-
ters. Although for the smallest singly rhodium doped clusters
(n < 4) and larger doubly doped rhodium clusters (n = 12, 13),
the infrared multiple photon dissociation spectra indicated that the
hydrogen adsorbs molecularly on the dopant atom in a side-on
configuration,””" for other abundant hydrogenated complexes, e.g.,
Al;RhH,", Al;;Rh,H,", and the vanadium doped aluminum clus-
ters, the infrared absorption bands were assigned to the vibrational
modes of single hydrogen atoms at different sites. DFT calcula-
tions also predict that dissociative adsorption for these clusters is
energetically preferred. Therefore, the formation and stability of the
molecularly adsorbed complex seem rate-limiting for the dissocia-
tive adsorption of hydrogen, or in other words, the reaction likely
proceeds via a precursor state. Based on this argument and the analy-
sis of the interaction of argon with the doubly transition metal doped
clusters, the similarity between the propensity to adsorb hydrogen
and argon can be due to two related reasons. First, the HOMOs that
result in less shielding of the transition metal atoms, i.e., those that
exhibit locally 77-symmetry are also less repulsive for the o orbital of
H,. Additionally, these orbitals overlap with the anti-bonding ¢”-
orbital of hydrogen and therefore activate H, and lead to the forma-
tion of a Kubas-complex and/or dissociative adsorption of hydrogen.
The correlation, however, is not one-to-one; there are clear differ-
ences between the hydrogen reactivity and argon affinity patterns in
Fig. 9 (e.g., for clusters, Al;_3sRh", Al;Rh,", Al45V,", and the larger
vanadium doped clusters). These differences, however, are not sur-
prising; even though the H, adsorption on the clusters is strongly
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influenced by a precursor state in which hydrogen is adsorbed
molecularly, it is also dependent on the subsequent dissociation of
H,. This additional step is evidently absent when the clusters interact
with Ar.

CONCLUSIONS

In summary, the interaction of argon with doubly transition
metal doped aluminum clusters, Al,TM,* (n = 1-18, TM = V, Nb,

Co, Rh), was studied experimentally in the gas phase via mass spec-
trometry. Selected sizes were analyzed computationally using den-
sity functional theory calculations. Although the argon affinity of the
clusters is size- and dopant-dependent, there is a similarity between
V and Nb on the one hand, and Co and Rh on the other. A detailed
analysis of the rhodium and vanadium doped aluminum cluster
electronic structure shows that the abundance of argon—cluster com-
plexes in the mass spectra is sensitive to electronic shielding of the
transition metal dopants. For Rh, the distance between the two tran-
sition metals is indicative of the charge density location along the
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internuclear axis (center vs periphery) and hence the presence or
absence of shielding. For the doubly vanadium doped aluminum
clusters, both transition metals bind at the surface and the TM-TM
distance is less sensitive to charge transfer. The argon affinity for all
Al,TM," (TM =V, Nb, Co, Rh) clusters decreases abruptly at n = 14,
which seems to be related to electronic shell closings and not to
encapsulation of the TM atoms.

Finally, the similarity between the fractional distribution of
argon—cluster complexes and hydrogenated clusters is proposed
to be related to the presence of a precursor state on the PES of
the cluster-hydrogen reaction: HOMOs that result in less shield-
ing of the transition metal atoms from argon are also less repul-
sive toward the o orbital of H,. Second, due to their overlap with
the anti-bonding ¢* orbital of hydrogen, these orbitals lead to the
stabilization of a Kubas-complex and/or dissociative adsorption of
hydrogen.

SUPPLEMENTARY MATERIAL

See the supplementary material for (i) representative mass
spectra, (ii) the calculated lowest-energy structures of Al,V," and
Al,Rh;™ (n = 2-14) clusters, (iii) mass spectrometric fractions of Ar
and H; on cationic single V and Rh doped clusters, and (iv) a partial
charge analysis of selected clusters.
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