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ABSTRACT: The interaction of molecular hydrogen with doubly rhodium doped =~
aluminum clusters, AL, Rh," (n =1 to 9), is investigated by a combination of time-of- )
flight mass spectrometry, infrared multiple photon dissociation spectroscopy, and ,\;\]E
density functional theory calculations. The reactivity of the Al,Rh," clusters toward

H, is found to be sensitive to cluster size, with sizes n = 1 to 4 and 7 being the most 3 9@
reactive. AL;Rh," and AL,Rh," are the only species that thermodynamically prefer
molecular over dissociative H, adsorption. Calculated molecular adsorption ;
energies of a single H, molecule correlate well with the experimental abundances

of the hydrogenated species, and the potential energy profiles reveal that H,
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dissociation only has submerged barriers for n = 1, 2, and 7. In contrast, the

molecularly hydrogenated complexes seem to be kinetically trapped for n = 5, 6, 8, and 9 due to significant energy barriers. This
indicates that the initial molecular H, adsorption on the Rh atoms and thereafter dissociation are the determining steps for the
hydrogenation reaction. An analysis of the cluster geometries reveals that the coordination environment and the steric factor of the
Rh atoms are the main descriptors for the size-dependent reactivity of the Al,Rh,* clusters.

1. INTRODUCTION

Molecular hydrogen is considered a promising alternative for
fossil fuels and already used at a small scale in the automobile
industry.”” One of the main challenges for the practical
application of hydrogen as an energy carrier is its safe and
efficient storage.” Many metal hydrides and complex hydrides,
particularly aluminum based ones, have been investigated for the
chemical storage of hydrogen."”® Aluminum is light and
abundant, but bulk aluminum is prone to oxidation and does
not readily adsorb hydrogen. Transition metals are more
efficient in activating H, under mild conditions.””'° Thus, it is
of great interest to find aluminum-based alloys containing
transition metals that are highly performant for the storage of
hydrogen.

Study of the interaction of hydrogen with metal clusters under
well-controlled conditions provides insight into the mechanisms
involved in solid-state hydrogen storage.'"'” Computations
suggest that the low hydrogenation reactivity of most aluminum
clusters can be attributed to a high activation barrier for the
dissociation of the hydrogen molecule,'* which can be reduced
by alloying the clusters with transition metal atoms.'* H,
chemisorption on Al,Co,, and Al Nb,, bimetallic clusters was
studied experimentally in a fast flow reactor in combination with
mass spectrometry, and the observed composition dependent
reactivity was hypothesized to be due to geometric and charge
transfer effects.’” Computationally, the interaction of H, with
transition metal (M) doped aluminum clusters has been
investigated for M = Sc¢, Y, Ti, V, Cr, Zr, Nb.'#17' Those
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studies provided insight into the role of the dopant atoms in the
H, adsorption, activation, and dissociation mechanisms. In
general, the formation of hydrogenated metal clusters is initiated
by molecular H, adsorption, followed by H, dissociation and H
atom transfer.

Rhodium is an important catalyst for many reactions,
including hydrogenation prosseses.”” Bulk Rh reacts strongly
with molecular hydrogen and can dissociate hydrogen
molecules.””** At the nanoscale, the catalytic activity of
rhodium can be further enhanced.** For example, it is reported
that rhodium nanoparticles with diameters smaller than 10 nm
exhibit hydrogen-storage capability.” In addition, the hydrogen
adsorption capacity can be tuned by controlling the particle size.
For few-atom Rh clusters, the hydrogen adsorption character-
istics depend both on the precise cluster size and the adsorption
site.”>~”" Recently, the interaction of H, with Rh doped clusters
has been investigated, including Al,_,Rh**® Al,;_,Rh,*,*" and
Mg,Rh (1 =1to 10).”" It was found that Rh doping significantly
enhances the reactivity of aluminum and magnesium clusters
toward hydrogen in a size-dependent way. Previous work by our
group and by other researchers has demonstrated that addition
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Figure 1. Mass spectra of (a) bare and (b) hydrogenated Al,Rh,_;" clusters. (c) Fractions of hydrogenated clusters, F(H,,,), for AL Rh,* (n=1t09).In
parts a and b, peaks labeled with * correspond to bare Al,Rh," (n =1 to 9) clusters. Additional peaks labeled in part a with the symbols °, A, and + are
assigned to Al;_;Rh*, Al,_(Rh;*, and Al,_," clusters, respectively. The (1, m) numbers in part b refer to Al,Rh,H,,,". In part c, the fragments for
hydrogenated n = 5—9 species with multiple H, (m > 2) are not given because of their negligible contributions.

of a second dopant atom can further enhance the reactivity of
nanostructured materials toward hydrogen. Singly vanadium
doped aluminum clusters, for example, are relatively inert
toward hydrogen except for a few sizes,'* whereas most of their
doubly doped counterIparts react with hydrogen under the same
reaction conditions.”” In a comparison of rhodium doped
aluminum clusters of the same size, Al Rh* and Al,Rh,* (n = 10
to 12), the doubly doped species are more reactive toward
hydrogen than the singly doped ones.”**” Similarly, Nonose et
al. observed a gradual, monotonous increase in reactivity of
cobalt doped aluminum clusters with an increase in the number
of cobalt atoms."® Theoretical work by Chaudhuri et al. suggests
that for the bulk metal hydride sodium alanate, the catalytically
active site in the hydro%enation reaction consists of at least two
neighboring Ti atoms.”

In previous work, we investigated the interaction of H, with
singly Rh doped AL Rh* (n = 1 to 12) clusters and found a
significant size-dependent reactivity of AL, Rh*, with n =1 to 3
and 7 being the most reactive sizes. Furthermore, it was observed
that H, favorably adsorbs molecularly on ALRh* and AL;Rh",
while it prefers dissociative adsorption on the other studied sizes.
The initial molecular adsorption of H, was identified as the
determining step for hydrogenation of the Al,Rh" clusters, since
the calculated molecular adsorption energies of H, correlate well
with the experimental abundances of the hydrogenated clusters.
In the current study, we use mass spectrometry, infrared
multiple photon dissociation spectroscopy (IRMPD), and
density functional theory (DFT) calculations to study the
interaction of H, with a series of doubly Rh doped Al,Rh,* (n=1
to 9) clusters with the aim to further explore the cluster size
dependency of a possible cooperative effect between the two
dopant atoms.

7625

2. METHODS

2.1. Experiments. The Al Rh," (n = 1 to 9) clusters are
produced in a dual-laser dual-target ablation source with rotating
pure Al and Rh rods.” Helium carrier gas is introduced by a
pulsed valve into the source, which is kept at room temperature,
and initiates clustering of the ablated material. Molecular
hydrogen is injected through a separate valve, located close to
the nozzle of the source.” Expansion from the high-pressure
region of the source into vacuum generates a beam of metal
clusters and cluster-hydrogen complexes. The cationic particles
are orthogonally extracted into a reflectron time-of-flight mass
spectrometer. IRMPD spectra are obtained by scanning the
wavelength of the free-electron laser (FEL) of the Fritz-Haber-
Institut der Max-Planck-Gesellschaft’® in the range of 800—
2100 cm ™" (~50 mJ in a ~10 ys long pulse, S—10 cm™" fwhm
bandwidth). The FEL is focused and overlapped with the cluster
beam right before the clusters enter the extraction zone of the
mass spectrometer. If the infrared light is in resonance with one
of the IR active vibrational modes of the cluster-hydrogen
complexes, multiphoton absorption takes place, heating up the
cluster via internal vibrational redistribution.’® When sufficient
photons are absorbed, the cluster-hydrogen complex is
fragmented and the intensity of that complex is reduced. The
IRMPD cross section ¢ at a specific wavelength v is calculated as

3 log(I1/1,)
P(v)

o) = (1)

in which I and I are the abundances of the hydrogenated
complex in the mass spectrum with and without laser excitation,
respectively, and P(v) is the energy per pulse at that wavelength.
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2.2, Computations. DFT calculations are performed with
the aid of the Gaussian 09 package using the PBE exchange-
correlation functional’” in conjunction with the Def2-TZVP
basis set.”® This computational method performed well in our
earlier studies of H, adsorption on single and double rhodium
doped clusters, Al,Rh* (n = 1 to 12)*® and Al,Rh,* (n = 10 to
13).” The PBE functional was shown to be reliable for the
properties of pure and doped aluminum clusters by comparison
with CCSD simulations and experimental data.’” Global
optimizations are carried out for pure and hydrogenated
ALRh,* (n =1 to 9) clusters whose initial guess structures are
generated by the CALYPSO methodology."”*" The lower
energy isomers of each species are collected and optimized for a
range of possible spin multiplicities. For molecular and
dissociative single H, adsorbed species, Al,Rh,-H," and
ALRh,H," (n = 1 to 9), a large number of structures are
constructed and tested by adding one H, molecule or two H
atoms to the lower energy isomers of Al,Rh,"*. Various sites are
considered for the H atoms (terminal, bridging, and facet) and
the H, molecules (on both Al and Rh atoms). Harmonic
vibrational frequency calculations confirmed that the obtained
structures are minima on the potential energy surface and allow
making zero-point energy (ZPE) corrections to the electronic
energies. Reported relative energies are differences in Gibbs free
energy at the source temperature of 298 K, AG,g . The
calculated harmonic IR spectra are presented without any
scaling. The D3 version of Grimme’s dispersion correction with
Becke-Johnson damping (GD3BJ)* is employed to include
dispersion forces. The optimization of transition structures (TS)
is performed using the Berny algorithm*’ from initial structures
obtained through relaxed potential energy surface scans with
appropriate internal coordinates. Vibrational frequency calcu-
lations are also performed to check that the reaction
intermediates and transition structures have zero and only one
imaginary frequency, respectively. Intrinsic reaction coordinate
(IRC)* calculations are carried out to verify that each transition
structure connects the two relevant local minima. Charge
distributions have been analyzed on the basis of natural
population analysis (NPA) as implemented in the Gaussian 16
package.”

3. RESULTS

3.1. Mass Spectra. Mass spectra of bare and hydrogenated
ALRh," (n=1t09) clusters are shown in parts a and b of Figure
1, respectively. The smallest clusters, AIRh," and ALRh,", are
the most reactive species and adsorb up to seven H, molecules.
For AL;Rh,*, complexes with up to five H, molecules are
detected. For the larger n = 4 to 9 sizes, the singly hydrogenated
complexes dominate the observed abundances. Figure 1c shows
the fractions of AL, Rh,H,,* (1 = 1 to 9), which are obtained
from the abundances (I) in the mass spectrum of Figure 1b by
the expression

I(AlnR}12H2m+)
2,7:0 I(AlnRh2H2i+)

[F(H,,)] =
)

These fractions provide a quantitative means to assess the
reactivity of the AL,Rh,"* (n=1t09) clusters toward H,. Sizes n =
1 to 4 and 7 are the most reactive species in the investigated size
range, followed by n = 8. The n =5, 6, and 9 clusters, in contrast,
show very low reactivity. This distinct size-dependency is
discussed in detail below.
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3.2. Comparison of the IRMPD Spectra with Calculated
IR Spectra. IRMPD spectra are recorded for the cluster-
hydrogen complexes Al,Rh,H,,,* (m =3 and 4), Al,Rh,H,* (n =
3 and 4), and Al,Rh,H," (n =4, 7, and 8). These are, for each n,
the most abundant hydrogen complexes in the mass spectra. For
n =25, 6 and 9, the abundances of the hydrogenated complexes
are too small to obtain spectra with a good signal-to-noise ratio.
The experimental IRMPD spectra are compared in Figure 2 with
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Figure 2. IRMPD spectra (top panels, the crosses are the original data
points and the full lines correspond to three-point running averages) of
ALRh,H,," (m=3and 4), Al,Rh,H, * (n=3 and 4), and Al,Rh,H," (n
= 4, 7, and 8) and calculated IR spectra (bottom panels) of the
corresponding lowest energy isomers. For Al,Rh,H," (n =7 and 8) and
Al,Rh,H,", the IR spectra of additional isomers are included. The
reported relative energies are differences in Gibbs free energy at 298 K,
AG,gg k- The experimental cross section o(v) and the calculated IR
molar absorptivity ¢ are given in arbitrary units and M™' cm™,
respectively.

harmonic IR spectra for the computed lowest energy isomers
and, where relevant, some additional low energy isomers.
Infrared spectra of more isomers are given in Figures S1—S3 in
the Supporting Information (SI). We note that calculated
harmonic IR spectra are typically reliable to reproduce the
number and the frequencies of the vibrational modes that are
seen experimentally but are less accurate for predicting the
relative intensities of those modes. The main reasons are the
multiple photon aspect and the statistical dissociation of the
cluster-hydrogens complexes in the experiment, which are not
included in the computations.*®

For ALLRh,H,", one intense broad band is observed in the
IRMPD spectrum around 880 cm™'. A comparison with the
calculated IR spectrum of the lowest energy structure allows
assigning this band to the symmetric stretches of two Rh—H,
bonds. A similar spectrum is recorded for Al,Rh,Hy", showing a
broad band around 890 cm™" that is assigned to the symmetric

https://dx.doi.org/10.1021/acs.jpcc.9b 11230
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stretching mode of Rh—H,. The IRMPD spectrum of Al;Rh,H,"
shows an incompletely measured band around 790 cm™' and
one (or multiple) band(s) around 1400—1500 cm™. The
calculated IR spectrum of the lowest energy structure, which has
both H, molecules bound molecularly to Rh, agrees reasonably
well with the experiment. The calculated symmetric and
asymmetric stretching modes of the Rh—H, bonds are located
at 893 and 1407 cm ™', respectively.

For Al,Rh,H,*, only one band around 1300 cm™ is
discernible in the IRMPD spectrum. The calculated IR spectrum
of the lowest energy structure, with molecular hydrogen
attached to one of the Rh atoms, is consistent with the
experiment. The calculated adsorption band at 1246 cm™" agrees
well with the measured band around 1300 cm™. The calculated
Rh—H, symmetric stretching mode at 823 cm ™' may be outside
the experimental spectral range. Also in our earlier study of
ALRhH," (n = 1 to 12), the calculated harmonic Rh—H,
symmetric stretching modes in the 800—900 cm ™' range seemed
to be systematically blue-shifted compared to the experiment.
This could partly be attributed to the particular anharmonic
character of those vibrations.”® As shown in Figure S16, the
dissociation of the molecularly adsorbed H, requires over-
coming an energy barrier of 0.67 eV (AG,s x) with respect to
the separated reactants Al,LRh," and H,. This suggests that the
isomer detected in the experiment is the one with molecularly
adsorbed H, and the dissociation is blocked by the energy
barrier. The IRMPD spectrum of AL,LRh,H," shows one side of
an intense band at 790 cm ™" and a weaker peak at around 1560
cm™". The calculated spectrum of the lowest energy isomer
significantly differs from the measured IRMPD spectrum. A
better agreement is found for an isomer located 0.10 eV above
the ground-state structure, having one H, molecule attached to
each of the Rh atoms. Considering the systematic blue-shift of
the calculated Rh—H, modes, the calculated Rh—H, stretching
mode at 905 cm ™! is in fair agreement with the measured band at
around 790 cm™'. The better agreement between the experi-
ment and the calculation for the molecular H, adsorption state
(0.10 eV isomer), suggests the existence of an energy barrier for
H, dissociation in Al,Rh,H,".

For Al,Rh,H,", there is no agreement between the calculated
harmonic IR spectrum of the lowest energy isomer and the
IRMPD spectrum. The IRMPD spectrum shows no sign of an
Al—H stretching mode around 1900 cm™". Instead, two higher
energy isomers are able to reproduce the measured bands
around 780, 1280, and 1440 cm™". One isomer (+0.31 eV) has
the H, molecule bound to a Rh atom and has both symmetric
and asymmetric Rh—H, vibrational modes at 898 and 1479
cm™, respectively. The other one (+0.33 eV) has both H atoms
bound to Al—Al bridging sites with Al-H—Al vibrational modes
at 871, 1243, and 1416 cm™". This indicates that for Al,Rh,*, the
calculated lowest energy isomer is not detected in the
experiment. The calculations show a submerged barrier for the
dissociation of H, on Al,Rh," (Figure S25 in the Supporting
Information). However, there could be barriers involved in the
transfer of the H atoms from Rh to the Al sites to reach the
lowest energy isomer. The experimentally probed species is
likely a mixture of the molecularly hydrogenated isomer (+0.31
eV) and the isomer with dissociated hydrogen (+0.33 eV).

For AlgRh,H,", similar to Al,Rh,H,", there is no agreement
between the IRMPD and calculated IR spectrum of the lowest
energy structure with dissociated hydrogen, because the
calculated intense Al-H stretching mode at 1922 cm™" is not
observable in the IRMPD spectrum. Better agreement is found
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for an isomer (+0.29 eV) with H, adsorbed molecularly. As is
shown in Figure S28, the H, dissociation on AlgRh," is
characterized by an energy barrier of 0.79 eV (AG,og ). The
IRMPD spectrum has an intense band around 860 cm™, which
could correspond to the calculated Rh—H, stretching mode at
1013 cm™" (again significantly blue-shifted).

To conclude this discussion, even though exact structural
assignment of the hydrogenated clusters is not possible by using
only the recorded IRMPD data, it is possible to distinguish
molecular from dissociative hydrogen adsorption. Interestingly,
the presence of Al-H—Al bonds in AL,Rh,H* implies H,
dissociation and spillover of H from the Rh dopants to the
aluminum framework.

3.3. Calculated Structures of the Bare Clusters and the
Cluster-Hydrogen Complexes. Figure 3 shows the optimized
lowest-energy structures for the bare ALRh,* (n = 1 to 9)
clusters as well as molecular and dissociative single H,
adsorption complexes, Al Rh,-H," and Al,Rh,H,". The lowest
energy structures prefer the lowest possible spin states, ie.,
doublet for the odd electron systems (n = 2, 4, 6 and 8) and
singlet for the even electron systems (n = 3, S, 7 and 9), with the
exception of a triplet state for AIRh,*. Additional isomers of
Al Rh,*, Al Rh,-H,", and Al Rh,H,"* are provided in Figures
S4—S8 in the Supporting Information.

3.3.1. Structures of the Bare Al ,Rh," (n =1 to 9) Clusters. As
is shown in the left column of Figure 3, the AL, Rh,* (n=1t0 3,7,
and 9) clusters have symmetric Rh atoms, which is not the case
for n =4to 6 and 8. The two Rh atoms form a Rh—Rh bond for n
= 1 and 2, while there is no such bond for n = 3 to 9. The
coordination number of both Rh atoms increases with cluster
size. In the smaller clusters Al,Rh," (n =1 to 3), all Al atoms bind
to both Rh atoms. The geometric configurations of AL,Rh," and
ALRh," can be obtained by sequentially adding Al atoms to one
of the Rh atoms in AL;Rh,". Al;Rh," also is based on the
structural motif as Al;Rh," but with elongated Rh—Rh distance
and the three additional Al atoms bound to bridge sites. The
Al Rh," consists of a distorted tetrahedral pyramid, formed by
five Al atoms, with the remaining Al atoms and the Rh atoms
binding to this moiety by forming Al—Al and Rh—Al bonds.
AlgRh," and Al,Rh," are obtained by adding Al atoms on top of
the Rh atoms in Al,Rh,*, via single Rh—Al bonds. Because of the
small energy differences (within 0.10 eV) between the most
stable isomers of the bare Al,Rh," (n =S to 9) clusters, presented
in Figure S4 in the Supporting Information, it is possible that
multiple structural isomers coexist in the experiment.

3.3.2. Single H, Adsorption and Dissociation on Al,Rh,* (n
=1 to 9) Clusters. Considering the cluster—hydrogen complexes
with molecularly adsorbed H,, Al,Rh,-H,* (middle column in
Figure 3), the H, molecule prefers to bind to one of the Rh
atoms for all sizes. For sizes n =1 to 3, 7, and 9 with two identical
Rh atoms, only one structure of Al,Rh,-H," is presented for each
size. While for sizes n = 4 to 6 and 8 with nonidentical Rh atoms,
two structures are given corresponding to the H, molecule
attached on each of the Rh atoms. For n = 4 to 5 and 8, the
preferred adsorption site is the least coordinated Rh atom.

Figure 4 shows the calculated reaction pathways for single H,
adsorption and dissociation on the smallest AIRh," and Al,Rh,*
clusters. The intrinsic reaction coordinates (IRCs) and potential
energy curves (PECs) are given in Figures S9—S12. As is shown
in Figure 4a, H, dissociation happens barrier-free for AlRh,"
with the transition states lying lower in energy with respect to
the intermediates before them. Note that a transition state
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Figure 3. Optimized lowest energy structures of Al,Rh,*, A, Rh,-H,",
and AL, Rh,H,* (n=1to 9). Blue, pink, and cyan spheres represent Rh,
Al, and H atoms, respectively. For n = 4 to 6 and 8, the structures for H,
adsorption on both Rh atoms are shown. The distances, d, ,, of Rb—Rh
bonds are shown for the bare Al Rh," clusters. For the hydrogenated
species, relative Gibbs free energies are given with respect to the lowest
energy isomer.

should be higher in energy than its connecting intermediates,
while the AG,gg ¢ energies of TSI and TS2 are 0.03 eV lower
than the intermediates (AlRh,-H," and I1) before them. This is
due to the relatively high ZPE corrections to the energies of the
intermediates under the formation of the Rh—H, (AIRh,-H,")
and Rh—H (I1) bonds. This phenomenon was also observed in
the gas-phase reactlon of manganese oxide cluster anions with
hydrogen sulfide.” For interaction of H, with AL,Rh,* (Figure
4b), submerged barriers are encountered to reach the complex
with dissociated hydrogen. All involved transition states are
significantly lower (0.38, 0.29, 0.04, and 0.05 eV, correspond-
ingly) in Gibbs free energy than the entrance channel (AL,Rh," +
H,). Thus, the formation of the structure with dissociated
hydrogen is both thermodynamically and kinetically favorable.
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Supporting Information. For those sizes, we calculated the
barrier to dissociate the hydrogen starting from the molecular
complex but not the entire energy profile to reach the lowest-
lying structure, thereby ignoring other (possibly even higher)
barriers for the migration of the hydrogen atoms to reach the
lowest-energy structure. These (incomplete) energy profiles are
sufficient to investigate possible kinetic trapping of the systems
in the molecular adsorption state.

As shown in Figure S13 in the Supporting Information, the
dissociation of the molecularly adsorbed H, on AL;Rh," requires
the overcoming of an energy barrier of 0.73 eV with respect to
the separated reactants AL;Rh," and H,. In addition, the isomer
Al,Rh,-H,", with molecularly adsorbed H,, is thermodynami-
cally more stable (AG,gq ¢ of —0.52 eV) than Al;Rh,H," with
dissociated hydrogen. Therefore, it can be stated with
confidence that H, adsorbs molecularly on AL,Rh,*. Also on
ALRh," (Figure S16), H, dissociation suffers from energy
barriers. The involved transition state is 0.93 eV higher than the
molecular complex (AG,g5 0.67 eV above the entrance channel
ALRh," + H,). In addition, the molecular complex has a lower
Gibbs free energy (0.02 eV lower) than the complex with
dissociated hydrogen, supporting the IRMPD observation of
molecular H, adsorption. For Al;Rh,* and AlgRh," shown in
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Figures S19 and S22, the dissociation of the molecularly
adsorbed H, suffers from high barriers of 0.67 and 0.41 eV,
respectively, indicating that the molecularly adsorbed species are
more likely to be detected in the experiment rather than the
dissociative ones. Whereas for Al,Rh,*, as is shown in Figure
S25, the transition state is 0.21 eV lower in Gibbs free energy
than that of the reactants Al,Rh," + H,. The small submerged
barrier of 0.06 eV (AGyyg ) with respect to the molecular
complex may hinder the dissociation of the hydrogen molecule,
which could explain why we do not observe the most stable
isomer in the experiment (Figure 2) but the molecular complex
and a lower energy isomer with dissociated hydrogen (+0.33
eV). H, dissociation on AlgRh," (Figure S28) again suffers from
an energy barrier which is 0.79 eV higher than the entrance
channels (AlgRh," + H,). Such a calculated barrier supports the
IRMPD observation of molecular H, adsorption under the
experimental conditions. For Al,Rh,*, the H, molecule is weakly
attached to one of the Rh atoms and it is repulsed by the cluster
as it gets closer to the Rh atom (Figures S31 and S32 in the
Supporting Information). This implies that it is even more
difficult for the H, molecule to dissociate on AlRh," even
though the dissociative species has a lower Gibbs free energy.
Table 1 summarizes the calculated adsorption energies
—E,4(H,) and —E4(2H) (AG, ¢ in €V) for molecular and

Table 1. Adsorption Energies (AG,o4 ¢ Values, Accounting
for Entropic Effects) for Molecular [—E,4,(H,)] and
Dissociative [—E, 4(2H)] Adsorption of a Single H, Molecule
on ALLRh," (n = 1 to 9) Clusters. For the Molecular
Complexes, also the H—H Distances [d(H—H)] and Rh—H,
Distances [d(Rh—H,)] are Given”

n  —Eg(Rh—H,)/ eV d(H-H)/A d(Rh-H,)/A —E4(2H)/eV
1 0.42 0.89 1.69 0.90
2 0.47 0.87 1.74 1.01
3 0.63 0.84 1.77 0.11
4 0.26/0.08 0.82/0.83 1.84/1.85 0.24
5 0.06/-0.02 0.79/0.76 2.01/2.52 029
6 0.04/0.01 0.82/0.79 1.87/1.98 0.46
7 027 0.86 1.76 0.58
8 0.12/-0.24 0.80/0.82 1.93/191 0.30
9 0.02 0.76 2.85 0.43

“In case of clusters containing asymmetric Rh atoms, values are
provided for molecular H, adsorption on each Rh atom (see Figure
3), with the value before (after) the dash corresponding to that of the
lower (higher) energy isomer.

dissociative H, adsorption, respectively. Also included are the
H-H bond distances, d (H—H), and the Rh—H, distances, d
(Rh—H,), in case of molecular H, adsorption. The molecularly
single H, adsorption on Al,Rh," clusters is exothermic, though
the adsorption energy is very small for n = S5, 6, and 9. The
molecular adsorption energies, —E,4,(H,), range from 0.02 to
0.47 eV, with values above 0.2 eV for n = 1 to 4 and 7. The high
molecular adsorption energies for sizes n = 1 to 4 and 7, suggest
the formation of Kubas complexes during the initial hydrogen
adsorption process.” The H—H distances (0.79—0.89 A) for n =
1 to 8 are elongated by 0.04—0.24 A as compared to the bond
length of the free H, molecule (d.,,(H-H) = 0.74 A*¥d (H-
H) = 075 A at the PBE/Def2-TZVP level in this work),
indicating an activation of the adsorbed H,. For n = 9, the H-H
bond distance (0.75 A) is essentially the same as the bond length
of the free H, molecule, indicating that H, is not activated in this
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case. For dissociative adsorption of a single H, molecule,
Al Rh,H,", the preferred adsorption sites for the H atoms
strongly depend on the cluster size. In AIRh,H,", both H atoms
are bound in a bridging configuration between the two Rh
atoms, while in ALRh,H,* and ALRh,H,", each H atom is
attached to one of the Rh atoms via a Rh—H bond. Forn =4, §,
and 9, both H atoms bind on top of an Al site. For n = 6 to 8,
while one of the H atoms binds on top of an Al atom, the other
binds at a Rh—Al (n = 6 and 8) or an Al—Al bridge site (n = 7).
Note that the structures of AL,Rh," (n =1 to 9) do not change
noticeably upon molecular H, adsorption, while they do in the
case of dissociative adsorption, in particular, for sizes n =4, 6, 8,
and 9.

The geometric structures and adsorption energies for the
sequential hydrogen adsorption are analyzed for the smallest
sizes n = 1 to 3. The lowest energy structures of Al,Rh,H,,,* (n=
1to2,m=2to7),AbRh,H,," (m=2to5),and Al,Rh,H,,* (n
=4t09, m=2) are given in Figures $33—S36 in the Supporting
Information. The adsorption energies of the consecutive H,
adsorption are tabulated in Table S2 in the Supporting
Information. For AlRh,", only the first two H, molecules are
dissociatively adsorbed and the subsequent (m = 3 to 7) H,
molecules are molecularly adsorbed on one of the Rh atoms. The
adsorption energies tend to generally decrease with m, except for
a maximum at m = 2. For A,Rh,*, as many as five H, molecules
can be adsorbed and three of them are dissociated. The
adsorption energies decrease with the increment of the number
of attached H, molecules. For AL;Rh,", up to five H, molecules
can be adsorbed of which only two H, molecules are dissociated.
The adsorption energies evolve nonmonotonously with m.

The calculations reveal that both molecular and dissociative
single H, adsorptions are thermodynamically and kinetically
feasible for AIRh," and ALRh,*; however, the dissociative
adsorption is thermodynamically favored. For Al;Rh," and
Al,Rh,*, molecular adsorption is thermodynamically favorable;
furthermore, dissociation of H, is hindered by an energy barrier.
In the case of n = 5, 6, 8, and 9, though the dissociative
adsorption states have lower Gibbs free energies than the
molecular adsorption states, they are kinetically difficult to reach
due to considerable energy barriers. The presence of molecular
H, adsorbed complexes for n = 4 and 8 are supported by
comparisons of the IRMPD spectra of Al,Rh,H," and
AlRh,H," to the corresponding calculated IR spectra. For n =
7, from the comparisons of the IRMPD and the calculated IR
spectra for ALLRh,H," in Figure 2, the calculated IR spectrum of
the dissociative isomer 0.33 eV higher in energy (the two H
atoms are bond at bridging sites) agrees better with the IRMPD
than that of the molecular isomer (0.31 eV higher).
Furthermore, the dissociation of the H, occurs almost barrier-
free (Figure S25). So, it is likely that the 0.33 eV higher isomer is
the one that is detected in the experiment, while the lowest
energy dissociative isomer (0.00 eV) cannot be reached due to
energy barriers involved in the transition of the two H atoms
rather than the dissociation of the H,.

As is shown in Figure S, the fractions Z;:IP(HM) of the
hydrogenated clusters in the experiment (part a), which
represent the size-dependent reactivity toward hydrogen, are
strongly correlated with the calculated molecular adsorption
energies, —E,4(H,) (panel b). In part ¢, the calculated
dissociative energies, —E,;(2H), are adopted for AlRh,*,
ALRh,*, and ALRh," (+0.33 eV isomer), while —E,4(H,)
energies are used for the other sizes. The energies in part c are
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Figure 5. Comparison of (a) the total abundances, 2;:1 F(H,,,), of
ALRh,H,," (n=1to 9) with the calculated adsorption energies (AGqq
k) for (b) molecular single H, adsorption on AL,Rh," (n=1to 9) and
(c) preferred adsorption type for different sizes (dissociation for n = 1,
2, and 7 and molecular for n = 3 to 6, 8, and 9).

uniformly denoted as —E, 4 for clarity. The good correlation
between ZZn= F (H,,,) and —E,4(H,)/—E,4 suggests that the
initial molecular H, adsorption is the key step for H, interaction
with ALLRh," (n = 1 to 9) clusters and the molecular H,
adsorption complexes are those detected in the experiment for
n =3 to 6, 8, and 9, while dissociative single H, adsorption is
preferred by the smallest clusters, AIRh," and AL,Rh,*. For
AlRh,", complexes with molecular and dissociative hydrogen
may coexist. Considering the calculated molecular and
dissociative adsorption energies (Table 1) and the possibility
to dissociate molecularly adsorbed H, on AL Rh,* clusters
(Figures 4, S9—S32), it can be concluded that the dissociation of
molecular adsorbed H, is the rate-determining reaction step.

4. DISCUSSION

Details of both the geometric structure and electronic properties
of small clusters are expected to be important for the reactivity
toward H,.*"™> Correlations of the reactivity with ionization
energies or electron affinities were found and explained by a
charge-transfer model.”"*” In the current work, a strongly size-
dependent reactivity of Al,Rh,"* clusters toward H, is observed,
with n =1 to 4 and 7 being the most reactive sizes. In view of the
correlation between the calculated H, adsorption energies with
the abundances of the hydrogenated clusters (Figure S), the
molecular H, adsorption state is identified as the final product
for sizes n = 3 to 6, 8, and 9 or as the rate-determining step for
sizesn=1,2,and 7. For n = 1 and 2, the molecular H, adsorption
states essentially provide the H, molecule energy and time to
probe the potential energy surfaces for possible dissociation
pathways. Energetically stable molecular H, adsorption states
have also been observed in reactions of transition metal clusters
M, (M = Fe, Co, Ni, and W) with H,/D,.” In order to elucidate
the size-dependent reactivity of Al,Rh,* toward H, adsorption,
the coordination of the Rh dopants, the charge distributions
within the clusters, and the charge transfer between Al,Rh," and
the adsorbed H, molecule are analyzed.

4.1. Steric and Coordination Effects. Table 2 summarizes
the natural population analysis (NPA) charge distributions and
coordination numbers (CN) of the two Rh atoms in Al,Rh,* (n

Table 2. Calculated NPA Charge Distributions [q(Rh)] and
Coordination Numbers [ CN] for both Rh Atoms in Al,Rh,"
(n =1 to 9) Clusters, as well as the Charge Distributions
[q(Rh)—H, and q(H,)], for the Rh Atom and H, Molecule in
Al Rh,"H," (Values from PBE/Def2-TZVP Computations)

n q(Rh)/e CN q(Rh)—H,/e q(H,)/e

1 0.051 2 —0.213 0.150

2 —0.435 3 -0.777 0.164

3 —1.080 3 —1.587 0.236

4 —1.114/-2.269 3/4 -1.512/-2.297 0.186/0.253
S —0.987/-2.886 3/ —1.267/-2.926 0.120/0.024
6 —1.849/-1.221 5/4 —2.308/—1.588 0.240/0.158
7 —1.260 4 —2.068 0.288

8 —1.192/-2.418 4/5 —1.614/-2.439 0.172/0.223
9 —2.306 S -2.312 0.027

=1t0 9) as well as the charge distributions of the two Rh atoms
and the H, molecules in Al,Rh,-H," (for the case of single H,
molecular adsorption). The CN of the two Rh atoms in AL,Rh,"
clusters gradually increases with the growing of cluster size; the
Rh atoms become partially surrounded by Al. Generally, higher
reactivity is identified for the bare clusters in which at least one
Rh atom is low coordinated (CN = 2 to 4) and not shielded by
the Al framework, namely, sizes n = 1 to 4 and 7. Lower reactivity
is observed for the other sizes (n =5, 6, 8 and 9), with one or two
highly coordinated (CN = 5) Rh atoms and at least one of the Rh
atoms partially encapsulated by Al atoms. Therefore, the
geometric locations and coordination numbers of the Rh
atoms seem to play decisive roles in determining the adsorption
site of the H, molecule.

4.2. Charge Distribution and Transfer. As shown in
Table 2, the NPA charges on the Rh atoms in Al Rh," clusters
generally get more negative with increasing cluster size. Electron
transfer occurs from H, to Al,Rh,", and the charge on the Rh
atoms becomes more negative than that in the bare Al Rh,"
clusters. Figure 6 shows the electron density difference maps for
the initial molecular H, adsorption on AL,Rh," (n =1 to 9)
clusters. For those sizes with nonidentical Rh atoms (n =4 to 6

g @e giw
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Figure 6. Electron density difference maps for H, molecular adsorption
on Al,Rh,* (n =1 to 9). The green and violet isosurfaces (+0.001 and
—0.001 au, respectively) represent regions in which the electron density
is increased and decreased after formation of the complex, respectively.
Values are from PBE/Def2-TZVP computations.

https://dx.doi.org/10.1021/acs.jpcc.9b 11230
J. Phys. Chem. C 2020, 124, 7624—7633


http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b11230/suppl_file/jp9b11230_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b11230?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b11230?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b11230?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b11230?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b11230?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b11230?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b11230?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b11230?fig=fig6&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.9b11230?ref=pdf

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

and 8), only the lowest energy complexes are presented. For
sizes n = 1 to 8, complex formation leads to significant increment
of the electron density in the region between the H, molecule
and the Rh adsorption site. This indicates that electron density
shifts from the cluster and the H, molecule toward the region
between them to enhance the interaction of the clusters with the
H, molecule. Furthermore, for n = 1 to 4 and 7, the electron
density also shows a significant increase inside the clusters,
corresponding to Rh—Al or Al—Al interactions. For sizesn =5 to
6 and 8, instead, the electron density increases slightly inside the
clusters. For the interaction of AlRh,* with H,, there is no
effective charge transfer between the cluster and the H, molecule
to facilitate the interaction. Thus, the interaction of AlyRh," with
the H, molecule is very weak. This size-dependent charge
transfer trend is consistent with the calculated molecular H,
adsorption energies (Table 1) and it is very similar to the case for
H, adsorption on singly Rh doped ALRh* (n = 1 to 12)
clusters.”® However, for the doubly Rh doped Al,Rh," (n =1 to
9) clusters, the other Rh atom in Al,Rh,-H," is still accessible for
additional H, adsorption, especially for those sizes n =1 to 3 in
which there are appreciable electron density changes on the
unoccupied Rh atom. Thus, the second Rh atom acts either as an
additional active site for further H, adsorption or as a promoter
to facilitate the charge transfer during the process for H,
adsorption on the first Rh atom.

4.3. Comparisons with the Singly Rh Doped Clusters.
In our previous work about H, adsorption on singly Rh doped
ALRh* (n = 1-12) clusters,”” a size-dependent reactivity was
found, with sizes n = 1 to 3 and 7 being the most reactive. This
was mainly attributed to the location of the Rh atom, with minor
contributions coming from charge transfer effects. For the
doubly Rh doped AL, Rh," (n =1 to 9) clusters studied in this
work, similarly, the reactivity is strongly size-dependent, with
sizes n = 1 to 4 and 7 being the most reactive ones. Calculations
revealed that the initial molecular adsorption of H, is mainly
controlled by the coordination and a steric effect (the
coordination number of Rh atoms and whether the Rh atoms
are shielded or not). The charge transfer between cluster and H,
plays an important role to stabilize the hydrogenated complexes.
The energy barriers involved in H, dissociation determine
whether the molecularly or dissociatively hydrogenated
complexes are detected in the IRMPD experiment. In addition,
the total charges on the Rh atoms, the Eyg and Eyg, of the bare
clusters, have minor influences on the size-dependent reactivity
of AL Rh," (n =1 to 9) clusters, as shown (Figure S37 in the
Supporting Information) for their correlation with the total
abundances of the hydrogenated species.

For the singly Rh doped clusters, as many as four H,
molecules can be attached to the small sizes n = 1 to 3, and
nearly all are bound dissociatively. For the doubly Rh doped
clusters, instead, five to seven hydrogen molecules are adsorbed
for n =1 to 3, with most of the hydrogen adsorbed molecularly.
The enhanced hydrogen capacity of A[,Rh," (n=1to 9) clusters
can be attributed to the second Rh atom which acts as an
additional reactive site. From this point of view, it can be
confirmed that the Rh atoms are the reactive center for initial
molecular hydrogen adsorption and the number of the Rh
dopant atoms in the clusters determines the H, adsorption
capacity. Therefore, it is the number of the active Rh atoms that
makes the difference for the reactivity of the singly and doubly
Rh doped AlLRh" and Al Rh," clusters. Nevertheless, this
requires that the Rh atoms are low coordinated and geometri-
cally unshielded by the Al atoms. Indeed, the most reactive
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ALRh* (n=1to 3,and 7) and AL,LRh,* (n=1to 4 and 7) clusters
contain low-coordinated and relatively unshielded Rh atoms.
Such a dopant content enhanced reactivity toward hydrogen
adsorption has also been observed for vanadium and cobalt
doped aluminum clusters.'*'>*" For both the singly and doubly
Rh doped clusters, the initial molecular adsorption of H, is
identified as the key step for the hydrogenation of Al,Rh* (n =1
to 12) and ALRh," (n = 1 to 9) clusters. In addition, the
geometrically easily accessible Rh centers with lower coordina-
tion are the preferred reactive sites for initial molecular hydrogen
adsorption and contribute mainly to the size-dependent cluster
reactivity. For singly Rh doped Al,Rh*, molecular H, adsorption
is favorable for sizes n = 2 and 3, while dissociative H, adsorption
is preferred for other sizes. For doubly Rh doped Al Rh,",
dissociative H, adsorption is only reachable for sizesn =1, 2, and
7, while H, adsorbs molecularly for n = 3 to 6, 8, and 9, either due
to energetic preferences (n = 3 and 4) or considerable energy
barriers involved in the processes of H, dissociation (n = S, 6,
and 8) and the approaching of H, toward the cluster (n = 9).

5. CONCLUSION

The gas-phase interaction of H, with AL,Rh,* (n =1 to 9) was
investigated by a combination of mass spectrometry, IRMPD
spectroscopy, and DFT calculations. A strongly size-dependent
reactivity of AL Rh," toward H, was found, both experimentally
and theoretically. DFT calculations indicate that the position
and the coordination numbers of the Rh atoms are the main
determinants for the initial molecular H, adsorption. The most
reactive Al,Rh," (n =1 to 4 and 7) contain accessible Rh atoms
with low coordination, while the Rh atoms of the less reactive
sizes (n=S5, 6,8,and 9) are highly coordinated and at least one of
them is geometrically shielded to thus hinder H, adsorption.
Besides, the natural charge distributions of the Rh atoms as well
as the charge transfer between Al Rh,* and H, contribute to the
size-dependent reactivity of the clusters. In our previous work on
singly Rh doped AL Rh* (n = 1 to 12) clusters, dissociative H,
adsorption was identified for the majority of the studied sizes (n
= 1,4 to 12), while molecular H, adsorption is only favorable for
small sizes n = 2 and 3. In this work, however, dissociative H,
adsorption is only reached for sizes n = 1,2, and 7; while forn =3
to 6, 8, and 9, molecular H, adsorption is preferred over
dissociative adsorption, either due to energetic preferences (1 =
3 and 4) or considerable energy barriers involved in the
processes of H, dissociation (n = 5, 6, and 8) and the
approaching of H, toward the cluster (n = 9). This investigation
on the size-dependent reactivity of Al,Rh,* (n =1 to 9) clusters
emphasizes the energy barriers involved in the H, interaction
with the clusters and the effect of the Rh doping content on the
hydrogen capacity. Both of them are vital issues involved in
hydrogen storage with respect to molecular or dissociative
hydrogen adsorption.
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