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The dissociative chemisorption of molecular hydrogen on charged and neutral aluminum clusters Al;,X
(X = Mg, Al, Si) was investigated using DFT and a modified G3(MP2)-RAD procedure. Reaction barriers
and enthalpies were determined for both neutral and singly charged clusters. The lowest barrier for dissociative
adsorption of H, on a neutral cluster was found for the Al;;Mg cluster, whereas the highest barrier was found
to be on the closed-shell Al,Si. The interaction of H, with Al;3" is found to proceed via an association
complex that is 0.07 eV lower in energy than the isolated species and from which the barrier to H, dissociative
adsorption is only 0.16 eV. The most exothermic reaction of H, with Al;,X occurs for the Al;3"/H, system.
In comparison, reactions with the closed-shell Al;;~ and Al,Si clusters are found to be endothermic. The
barriers for H, desorption from the dihydrogenated clusters are generally quite substantial.

1. Introduction

There has been considerable interest in the interaction of
hydrogen with light metals in order to discover inexpensive
lightweight materials for hydrogen storage. For this to be
successful, the interaction of hydrogen with the material must
be thermodynamically and kinetically favorable. This means that
the barrier for dissociative adsorption of H, onto the materials
should be relatively low and the binding of hydrogen to the
material should be only slightly exothermic.

Alane (AlH3) and dialane (Al,Hg) are stable molecules with
high hydrogen content (10.07 wt %). Thermodynamics indicate
that alane easily decomposes at normal conditions;' however,
rehydrogenation occurs only at extremely high pressures,” which
is in accord with theoretical®*® and experimental® studies that
indicate that aluminum is a poor metal surface for dissociative
adsorption of H,. Alanates (M,(AlH,4),) offer the advantage of
improved stability over alane and generally dissociate into the
metal hydride (MH), aluminum, and H,; however, rehydroge-
nation is also often difficult.” Bogdanovic and Schwickardi®
demonstrated that doping alkali metal hydrides with a few mol
% of Ti can lead to reversible decomposition at reasonable
temperatures and pressures. Theoretical studies®!? of Ti-doped
NaAlH, indicate that the Ti dopant is responsible for catalyzing
H, chemisorption by altering the electrostatic field at the defect
site. when the Ti atoms are in specific local arrangements.
However, the cyclable hydrogen content of these materials is
low (~4%). The challenge therefore remains to combine high
hydrogen content with favorable kinetics for adsorption and
desorption of H,.

One possible alternative to these bulk materials is cluster-
based materials. The reactivity, electrostatic fields, and surface
features of small metal clusters can differ significantly from
those of bulk materials and are often dependent on not only the
composition but the size of the clusters. Clearly, for many
applications the stability of the cluster is also of practical
importance. Experimental and theoretical studies have shown
that among the small aluminum clusters, Al; and Aly; are
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particularly stable!! ™! because their valence electronic con-
figurations approach closed-shell magic configurations, as
characterized by the jellium model.'>!® It has also been proposed
that adsorption of hydrogen on Al;; can provide the necessary
electron to complete its electronic configuration, and therefore
Al;;H may be suitable for the preparation of new cluster-
assembled materials.'” 2> Moreover, Al; and derivatives have
been theoretically demonstrated to strongly bond significant
numbers of hydrogen atoms (Alj;3H3 and Al;;Hyg).2>23

Whereas the interaction of the hydrogen atom with aluminum
clusters is thermodynamically favored, experimental studies have
suggested that the kinetics for chemisorption of the hydrogen
molecule on pure aluminum clusters are less favorable. Cox et al.!®
found that chemisorption of D, on neutral Al clusters is relatively
slow and strongly size specific, with only Als and Al; exhibiting
significant reactivity. Upton and co-workers**? theoretically
investigated the interaction of H, with Als and found that although
electron transfer from the highest occupied molecular orbital
(HOMO) of the cluster to the o* orbital of H, plays a role in
weakening the H—H bond that this may not be the most important
factor determining the height of the activation barrier. In conjunc-
tion with this specific interaction, significant changes in the cluster
populations are necessary to initially minimize repulsive interactions
between the cluster and H; and then subsequently enable formation
of the new Al—H bonds. Jarrold and Bower? studied chemical
reactions between Al," (n = 3 — 27) and D, as well as
chemisorption of deuterium to give metastable Al,D," adducts,
using low-energy ion beam techniques. For Al;," and the larger
clusters, the main reaction product was generally Al, D" with
smaller amounts of Al,—;D™. Significantly, they found that Al,D,*
adduct formation occurred in the ion beam for all clusters in the
size range of Algt to Aly; ", except for Al;3™, and that these adducts
arise from single collisions. However, their results indicate that
the activation barriers for chemisorption on Al, cluster ions with
n = 10—27 are quite high, such that the rate constants at room
temperature are effectively zero. Cui et al.”’ investigated Al,D,~
(n = 3, 6—15) anions using photoelectron spectroscopy, which
was able to reveal the nature of the interaction between D, and
the Al,” cluster. Their results suggest that for the closed-shell Al,~
(n=29, 11, 13, and 15), D, is physisorbed on the clusters, whereas
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for the open-shell Al,” (n = 8, 12, and 14) the spectra suggest
that D, is chemisorbed on the clusters. In comparison, for Al,D,~
(n =3, 6,7, and 10), completely different spectra are obtained,
which suggest that D, is dissociatively adsorbed onto the clusters.
These results clearly demonstrate the size and charge dependence
of reactivity of small aluminum clusters, which relates directly to
the total number of valence electrons for the cluster.

It is therefore of interest to investigate theoretically what
factors contribute to the slow kinetics for dissociative hydrogen
adsorption on pure aluminum clusters, in particular Al;s;, and
to determine what effects charge and the presence of dopants
(Mg, Si) have on the reaction barriers and thermodynamics. In
this study, we investigate the interaction of molecular hydrogen
with a series of neutral and charged aluminum clusters (Al X%,
X =Mg, Al, Si, and z = —1, 0, +1) using DFT and a modified
form of the high-level G3(MP2)-RAD procedure.

2. Computational Procedures. Standard DFT and ab initio
calculations?? were performed using the DMolF,** Gaussian
033" and MOLPRO? computer programs. All geometries were
calculated with the PBE functional® using the double numerical-
polarized (DNP) and 6-311G(d,p) basis sets. Both of these basis
sets include a d-type polarization function on heavy atoms and
a p-type polarization function on hydrogen. It was previously
shown that an all electron basis set with the addition of d
functions is essential for a proper description of high-valence
Al atoms.> The computationally economical DNP basis set is
comparable in size to the Gaussian-type 6-31G(d,p) basis set
and has been found to give similar performance for Al cluster
geometries and binding energies.®

In all DMoP calculations, atom centered grids were used for
the numerical integration with the Fine option that includes about
2000 grid points for each atom. The real space cutoff of 10.0 A
was imposed for numerical integration. Self-consistent-field
(SCF) convergence criterion was set to the rms change in the
electronic density to be less than 2.7 x 107> eV. The
convergence criteria applied for geometry optimization were
2.7 x 107* eV for energy, 0.054 eV/A for force, and 0.005 A
for displacement. The thermal occupation option in DMol,
which uses a finite-temperature Fermi function to compute
fractional occupations by mixing virtual orbitals into the
occupied space, is often necessary to achieve SCF convergence
in metallic systems. Therefore, we have assessed the perfor-
mance for the neutral systems using both standard Fermi
occupations (PBE/DNP) and the thermal occupation level set
at 0.136 eV (PBE/DNP(Thermal)).

Vibrational frequency analysis was performed to characterize
all stationary points reported here as true minima or transition
structures. Intrinsic reaction coordinate (IRC) calculations were
performed to confirm that all transition structures were truly
linked to the corresponding reactant and products. All energies
determined in the present study have been corrected for zero-
point vibrational energy.

Reaction barriers and enthalpies were evaluated at each level
used for geometry optimization and compared with benchmark
values obtained with a modified form of the high-level
G3(MP2)-RAD procedure.*® Modifications in the present study
include the use of PBE/6-311G(d,p) geometries and unscaled
PBE/6-311G(d,p) zero-point vibrational energy corrections.
Partial atomic charges were determined using the atomic polar
tensors approach of Cioslowski.?”

3. Results and Discussion

A. Assessment of Procedures for Transition-State Struc-
tures and Reaction Energies. Recently,® we assessed the
performance of DNP, 6-31G(d,p), and 6-311G(d,p) basis sets
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Figure 1. Front and side views of (a) hollow and (b) bridge transition
structures. (c) Definitions of H adsorption sites on Al;,XH, clusters.

TABLE 1: Geometric Pararoneters of Al;X/H, (X = Al, Si,
Mg) Transition Structures (A)

PBE/DNP PBE/DNP

system distance (A) thermal Fermi  PBE/6-311G(d,p)
[Al,Mg---H,|*  d(Al'-H'") 1.707 1.701 1.707
d(AI>—H?) 1.884 1.890 1.883
d(H'—H?) 1.131 1.142 1.152
[Alj3---H,]™ d(Al'—H") 1.731 1.725 1.729
d(AI>—H?) 1.940 1.960 1.957
d(H'—H?) 1.051 1.056 1.066
[AlpSic-H*  d(Al'—H") 1.736 1.736 1.740
d(AI>—H?) 2.058 2.060 2.062
d(H'—H?) 1.133 1.134 1.135

with the PBE and PW91 functionals for the evaluation of
geometries and energies of Al and Al;,Si clusters, their cations,
anions, and mono- and dihydrides. We found that PBE/6-
311G(d,p) gave very close agreement with the benchmark
CCSD/6-31G(d,p) level for ground-state geometries and pro-
vides a suitable secondary benchmark level. The economical
PBE/DNP level also gave good performance against the CCSD/
6-31G(d,p) level and provides a suitable alternative to more
computationally expensive procedures.

In this section, we present a brief assessment of the
performance of PBE/DNP with and without the inclusion of
thermal occupations against our secondary benchmark level,
PBE/6-311G(d,p), for the evaluation of transition structures for
dissociative adsorption of H, on the neutral X-centered Al;,X
clusters (X = Mg, Al, Si). These systems are representative of
the reaction of triplet (Al;;Mg),’*3? doublet (Al,3), and singlet
(Al;,Si) clusters with Hy. We have identified two possible types
of transition structure for these processes, which can be
described as bridge and hollow structures (Figure 1). In both
of these transition structures, one hydrogen atom is dissociating
toward the atop position of the nearest aluminum atom, whereas,
as the names imply, the second hydrogen atom is located
approximately in bridge and hollow positions, respectively. We
do not rule out the possibility that other pathways to dissociative
adsorption of H, onto the clusters exist. Figure 1 displays the
main features of hollow and bridge transition structures with
identification of the key atoms described in Table 1.

It is clear from Table 1 that there is generally very close
agreement in the key transition structure distances for all three
levels. Interestingly, the inclusion of thermal occupation at the
0.136 eV level is generally found to have a negligible effect on
these key distances. This differs from our observations for the
isolated clusters where the inclusion of thermal occupations was
found to eliminate Jahn—Teller distortions resulting in the
shortening of some bonds and an increase in symmetry.

Table 2 presents reaction barriers (AH™) and enthalpies (AH)
for the reaction of H, with Al;;Mg, Al;3;, and Al,,Si respectively
at the PBE/DNP level with and without thermal occupations
and compared against the benchmark G3(MP2)-RAD level.
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TABLE 2: Effects of Thermal Occupations on Reaction
Energies (eV) of Al;;X/H, Systems

PBE/DNP PBE/DNP
system property Thermal Fermi G3(MP2)-RAD
[Al;;)Mg++-H,]* AH™ 0.525 0.219 0.447
AH —0.410 —0.540 —0.422
[Alj3+-HyJ” AH™ 0.797 0.539 0.976
AH —0.043 —0.285 0.047
[Al,Sis=*H,]”  AH™ 1.368 1.375 1.798
AH +0.238 —+0.240 0.617
MAD AH”/AH 0.229/0.159 0.362/0.274
MD AH?/AH —0.117/—0.151 —0.362/—0.274

Previously,* we found that the PBE/DNP and PBE/6-311G(d,p)
levels gave close agreement with a modified form of the high-
level G3(MP2)-RAD benchmark level for binding energies,
ionization potentials and electron affinities of Al;; and Al;,Si
clusters and the H binding energies for Al;,XH,, (X = Al or Si,
n = 1 or 2). We also found that the thermal occupations
procedure generally lowers the energy of open-shell species
relative to closed-shell species contributing to slightly poorer
performance for binding energies, ionization energies, and
electron affinities, which require the determination of the
difference in energy of closed- and open-shell species. However,
as we can see from the mean absolute deviations in Table 2,
the PBE/DNP(Thermal) level actually provides closer agreement
with G3(MP2)-RAD than standard PBE/DNP for both reaction
barriers and enthalpies. Inspection of the data reveals that the
binding energy for closed-shell H, is significantly underesti-
mated by PBE/DNP (—0.257 eV), regardless of the inclusion
thermal occupations. Therefore, the overestimation of the
binding energy of open-shell Al;;X by PBE/DNP(Thermal) is
generally canceled by the underestimation of the binding energy
of H,, whereas for standard PBE/DNP, where the binding
energies of the clusters are only slightly underestimated, the
errors add together. Consequently, PBE/DNP systematically
underestimates the barriers and enthalpies for these reactions
relative to G3(MP2)-RAD, whereas at PBE/DNP(Thermal) the
errors are somewhat more random depending on the multiplicity
of Al;,X. We would therefore recommend that for investigation
of chemisorption of H, on larger Al, clusters where the
G3(MP2)-RAD procedure may not be computationally feasible,
that the standard PBE/DNP level be used with the addition of
a correction of +0.36 eV to barriers and +0.27 eV to enthalpies.
For the remainder of this study, we will provide both PBE/
DNP and G3(MP2)-RAD energies.

B. Transition Structure Geometries. Key distances of the
transition structures for hydrogen dissociation on charged and
neutral Al;,X clusters, calculated at the PBE/6-311G(d,p) level,
are presented in Table 3. Overall, the shortest transition structure
distances are generally observed for the Al;;Mg-based systems,
whereas the values for the Al;; and Al;,Si systems are longer
and tend to span a smaller range. As we noted in the previous
section, two possible types of transition structures are possible
for these systems; however, we were only able to locate both
bridge and hollow transition structures for the neutral Al;3/H,
system. For the remaining systems, there is a preference for
hollow-type transition structures for the positively charged
systems (Alj;* and Al},Sit), whereas for the remaining systems,
bridge-type transition structures are favored. Because it is
difficult to compare directly the distances of the hollow and
bridge type TSs, due to the different geometric requirements
of these structures, we discuss each group separately.

First, we consider the hollow TS structures, and interestingly
we find that, whereas the 37 valence electron Al;;Mg™" system
has the shortest Al'—H! distance, the 38 valence electron Al;5"
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TABLE 3: Geometric Parameters of Neutral and Charged
Al;2X/H, (X = Al, Si, Mg) Transition Structures and
Products (A) at the PBE/6-311G(d,p) Level

system d(AL—H)) (A) d(Al,—H,) (A) d(AL—H,) (A)
Association Complex
Alj3T/H, 2.443 2.583/2.689 0.784
Transition Structures
[Al,Mg* e+« H,]7 bollow a 1.699 2.047/2.219 1.199
[Al;;Mg -+« H,]™ bridee 1.707 1.883 1.152
[Al;;Mg ™+« H,]™ bridee 1.750 1.991 1.054
[Alj3* e s HyPhollow 1.802 1.992/1.992 1.087
[Al5+++Hy]” bridee 1.729 1.957 1.066
[Alj3++H,]™ hollow 1.728 2.164/2.164 1.086
[Al}3™ == Hp*bridee 1.763 2.085 1.087
[A1}5Si T+« Hy[Fhollow 1.728 2.134/2.135 1.069
[Al,,Si+++ Hy]*bridee 1.740 2.062 1.135
[Al}5Si™+»+ Hy*Pridee 1.757 1.952 1.201
Product
Al ,MgH," (A1B1,2) 1.592 1.741/1.832 2.753
AlMgH, (A1B1,2) 1.599 1.744/1.857 2.772
AlMgH,™ (A1A2) 1.615 1.712 2.639
Al;;Hy™ (A1B2,2) 1.593 1.806/1.805 3.263
AljsH, (A1B1,2) 1.602 2.639 1.721
Al3H, (A1H1,2,2) 1.601 1.916/1.916 2.739
Alj3H,™ (A1A2) 1.614 1.614 3.272
AlSiH,™ (A1HL,2,2) 1.596 1.902/1.902 2.713
Al},SiH, (A1H2,2,3) 1.611 1.670 5.494
Al,SiH,™ (A1A2) 1.628 1.628 4.730

“ Transition structure contains second imaginary frequency (—45
-1
cm ).

system has the longest value, with the value for Al;,Sit
intermediate between these extremes. In comparison, the Al>—H?
distances exhibit the opposite trend with the Al;3*/H, system
having the shortest value and Al;;Mg*/H, and Al;,Si*/H, having
significantly longer values. The H!—H? distances generally
decrease with the number of valence electrons.

For the neutral bridge systems, the Al'—H' and Al>—H?
distances increase with the number of cluster valence electrons
but the H'—H? distances do not follow this trend. Interestingly,
the reverse seems to be true for the negatively charged systems,
with a gradual increase in the H!'—H? distance with the number
of cluster valence electrons but no clear trend for the Al'—H!
and AI’—H? distances.

We note that generally the Al'—AI? distances in the transition
structures are longer than in the bare clusters indicating that
during the reaction there is a distortion of the cluster geometry.

We compare these results with the study of Hammer et al.?
who investigated the full minimum energy pathway for the H,
molecule to absorb and dissociate on an Al(110) surface using
a Car/Parrinello LDA approach. They found that the H,
molecule dissociates from a fairly open long bridge site with
d(H'—H?) ~ 1.3 A, which is somewhat longer than our values
for the cluster-based reactions. They also found that for a (1 x
1) overlayer of atomic hydrogen chemisorbed on the Al(110)
surface, the most stable location for the hydrogen atoms is the
atop positions. Similarly, for our systems we find that the bridge
transitions structures generally lead to the atop(l)—atop(2)
(A1A2) or atop(1)—bridge(1,2) (A1B1,2) isomers of Al;,XH,
(part ¢ of Figure 1). The only exception to this is the neutral
Al},Si system for which the product is the atop(1)—hollow(2,2,3)
isomer (A1H2,2,3).*° The hollow-type transition structures
generally lead to atop(1)—hollow(1,2,2) (A1H1,2,2) or atop(1)—
bridge(2,2) (A1B2,2) isomers of Al;,XH,.

Cui et al.?’ reported that under their experimental conditions
D, is physisorbed on the closed-shell Al;;™ rather than forming
the Alj3H,™ dihydride. Therefore, we attempted to locate local
minima corresponding to the physisorbed Al;;"/H, adduct.
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Figure 2. Association complex for the Al;;*/H, system.

TABLE 4: Reaction Energies for Al;;X/H, Systems (eV) at
the PBE/DNP (in Parentheses) and G3(MP2)-RAD Level

system AHt(forward) AH¢{reverse) AH
[Al;;Mg*++-H,]" (0.231) (0.856) (—0.624)
0.598¢ 0.971¢ —0.373¢
[Al;;Mg-+-H, ™ (0.219) (0.759) (—0.540)
0.447 0.869 —0.422
[Al;;Mg ™ ++-H, ™ (0.640) (1.139) (—0.500)
1.061 1.109 —0.048
[Alj3T e+ H, ™ (—0.445) (0.541) (—0.986)
0.081 0.579 —0.498
[Aly3e+-H,]™bridee (0.539) (0.824) (—0.285)
0.976 0.929 0.047
[Aly3++ - H,]=hollow (0.536) (0.878) (—0.341)
0.969 0.979 —0.010
[Alj;3"++-H,J™ (1.342) (1.136) (0.206)
1.770 1.178 0.592
[Al}pSiTe++H,]™ (0.591) (0.830) (—0.239)
1.010 0.910 0.099
[Al;,Si-++H,]™ (1.375) (1.135) (0.240)
1.798 1.181 0.617
[Al;,Si™ =+ H,]™ (1.040) (1.329) (—0.289)
1.574 1.548 0.025

¢ PBE/DNP corrected value.

Similarly, we tried to locate stable H, adduct structures for each
of the clusters in our study. However, the only system for which
we could identify a stable H, adduct structure on the PBE/DNP
and PBE/6-311G(d,p) potential-energy surfaces was for the
Alj3*/H, system (Figure 2). This is surprising in light of the
fact that Alj;;™ was the only cluster cation for which Jarrold
and Bower? did not experimentally identify the formation of
an adduct. Alternatively, they note that the main product of the
reaction of D, with Alj;T is Al;;DT. We will discuss this aspect
further in the next section. The fact that we were unable to
identify Al;,XH, adducts for the remaining systems, in particular
Alyj;~, may indicate the need to use a procedure that better
describes dispersion-type interactions, which will be significant
in these species.

C. Comparison of Reaction Barriers and Enthalpies for
Al,X/H, systems. Forward and reverse reaction barriers and
reaction enthalpies calculated at PBE/DNP (in parentheses) and
G3(MP2)-RAD levels are presented in Table 4. As noted in
section 3A, PBE/DNP underestimates the binding energy of H,
and therefore systematically underestimates the barriers and
enthalpies for these reactions; however, we provide these values
in Table 4 for comparison. In the text, we will predominantly
discuss the high-level G3(MP2)-RAD values.

The first point to note from Table 4 is that the barrier for
dissociation of H, on Al;s™ is calculated as 0.081 eV; however,
as indicated in the previous section, we have identified an
association complex for Al;;*/H, system, and this adduct is
0.074 eV lower in energy than the isolated reactants and the
subsequent barrier for H, dissociation from this complex is 0.155
eV.*! The next lowest forward barrier for these systems is
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Figure 3. Plot of barrier height versus reaction enthalpy.

predicted for the isoelectronic Al;;Mg/H, system. Interestingly,
both Alj3* and Al;;Mg have 38 valence electrons, and the
addition of H; to the cluster should lead to a very stable 40
electron closed-shell configuration, and in fact these systems
are also predicted to have the largest exothermicities of all of
the systems considered. In comparison, the forward barriers for
the 39 electron systems (Al;Mg~, AlpPidee Aljhollow  and
Al},Sit) are considerably higher and cover only a narrow range
(0.969—1.061 eV). It is also interesting to note that the forward
barriers for the bridge and hollow pathways of the Al;s/H,
system are very similar. The enthalpies for the 39 electron
systems also show a small variation in values from the slightly
exothermic Al;;Mg~ system (—0.048 eV) through to the slightly
endothermic Al;,Sit system (+0.099 eV). For the closed-shell
40-electron systems (Al;;~ and Al;,Si), there is a further increase
in the barrier heights, and both of these reactions are also
predicted to be significantly endothermic (4+0.592 and +0.617
eV, respectively). Moving on to the 41-electron Al;;Si™ system,
the barrier is also predicted to be quite high but slightly lower
than that of 40-electron systems. Interestingly, this reaction is
almost energy neutral, with a reaction enthalpy of only +0.025
eV. For the 37-electron Al;;Mg" system, we were unable to
obtain a G3(MP2)-RAD energy for the Al;;Mg*t cluster,
therefore we report a corrected PBE value. These results suggest
that there is some correlation in the reactivity of these clusters
with the predictions of the Jellium model.

In Figure 3, we plot the barrier heights versus reaction
enthalpies. Nine of the points in this plot lie on a line of best fit
with an R? = 0.9686 indicating a very strong Bell-Evans—
Polanyi*? type correlation between barrier height and reaction
enthalpy for these closely related systems. If the remaining point
is included in the regression analysis, the R? value falls to
0.8581. The first point to note from this plot is the fact that
these systems are largely driven by thermodynamics. Second,
9 of the 10 systems are closely related within the Jellium model
by the fact that they have a filled or nearly filled 2p valence
Jellium orbital. However, the outlier occurs for the Al;,Si™,
which has a partially filled 1g valence Jellium orbital and
therefore differs from the other systems.

Cox et al."® found experimentally that chemisorption of D,
on neutral Aly; was extremely slow, such that the rate constants
at room temperature are effectively zero. Despite our calcula-
tions indicating that there are two separate pathways to Al;;H,,
the barriers for both of these processes are quite high, in
agreement with the experimental results. However, when they
added D, directly to the helium carrier gas (which enables D,
decomposition), then product peaks were observed for Al;;H,
(n = 1—3). This is in agreement with our previous study?®® that
demonstrated that there is no barrier for the addition of 1 or 2
H atoms to the Al;; cluster and that the binding of the H atoms
is quite strong.*’ In the theoretical study of H, chemisorption
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TABLE 5: Partial Atomic Charges®
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AH" X Al H! H AP? (A1)
AlMg* —0.034 +0.078 — 4+0.091
[Al,Mg* e+ H,* 0.598" —0.240 +0.146 —0.035 +0.035 +0.141 (+0.100)
Al;Mg —0.147 —0.049 — +0.025
[Al, Mg+ H,|* 0.447 —0.274 +0.072 —0.117 +0.052 +0.065
Al;Mg~ —0.257 —0.031 — —0.093
[Al, Mg+ H,|* 1.061 —-0.253 +0.069 —0.165 +0.080 —0.088
Al;* —0.438 +0.110 — +0.130
[Al;5 e H,]* 0.081 -0.513 +0.172 —0.034 —0.042 +0.133 (+0.133)
Aljs —0.452 +0.034 — +0.041
[Albridee e 1= 0.976 —0.410 +0.109 —-0.123 +0.070 +0.020
[Al}srelow e 0.969 —0.420 +0.101 —0.114 —0.049 +0.020 (+0.019)
N —0.469 —0.044
[Al;; - H,]* 1.770 —0.419 +0.040 —0.257 +0.161 —0.119
AlpSit —0.627 +0.134 — +0.137
[Al,Sit e+ H,]” 1.010 —0.557 +0.178 —0.087 +0.048 +0.120 (+0.120)
Al},Si —0.576 +0.048
[Al},Si++H,]” 1.798 —0.535 +0.071 —0.239 +0.187 —0.021
AlpSi™ —0.473 —0.036 — —0.084
[Al,Si~ - Ho]™ 1.574 —0.488 +0.084 —0.225 +0.005 —0.028

@ Atom labels as show in Figure 1. X = core atom of cluster.  PBE/DNP corrected value.

on the Al(110) surface, Hammer and co-workers® obtained a
barrier height of 0.25 eV with LDA and 0.54 and 0.70 eV for
GGA with different supercells respectively, which may indicate
intermolecular H—H interactions due to periodic boundary
conditions. These values are somewhat lower than our G3(MP2)-
RAD values for the Al;3/H, cluster systems.

As noted earlier, Jarrold and Bower?® found that adsorption
of D, onto Al cluster cations occurred in the ion beam for all
clusters in the size range of Alg™ to Aly™, except for Al;s™,
and that these adducts arise from single collisions. Further to
this, they indicate that the main product of the reaction of Al,*
(n > 12) with D, is Al,D* rather than Al,D,". In comparison,
we find that the formation of an association complex (adduct)
is an energetically favorable process, and the barrier to dis-
sociative adsorption of H, onto the cluster from this complex
is quite small. Therefore, the fact that Al;;H,™ (or Al;3D,%) is
not observed experimentally suggests that either an alternative
lower-energy reaction occurs to produce Alj;DT or that the
Al;3D," species is only an intermediate that subsequently
undergoes further rapid reaction or decomposition.

Cui et al.?” investigated Al,D,~ (n = 3, 6—15) anions using
photoelectron spectroscopy, and their results suggest that for
the closed-shell Aly;~, D, is physisorbed onto the cluster rather
than chemisorbed. Our calculations clearly indicate that there
is a large barrier to dissociative adsorption of H, onto Al;;™,
which is in agreement with the experimental results. However,
as noted earlier, we were unable to locate any stable structures
on the potential energy surface corresponding to H, physisorbed
on the cluster.

D. Electronic and Orbital Analysis. We begin our detailed
analysis of these systems by first considering changes in the
partial atomic charges. Table 5 presents atomic polar tensor
(APT) partial atomic charges on key atoms of the bare clusters
and the transition structures for each system.

First, we note that, for the neutral clusters, the central atom
always carries a negative partial atomic charge and that the
magnitude of this charge increases with the electronegativity
of the core atom. Naturally, the charge is balanced by an even
distribution (within each symmetry) of positively charged cage
atoms. When we consider the cluster cations, we find that for
Al;,Mg™ there is a significant decrease in the charge of the core
atom and it increases in the positive charges of the cage atoms.
However, for Al;z™ and Al;,Si", while there are increases in
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Figure 4. Plot of barrier height versus H' partial atomic charge.

the positive charges of the cage atoms, there is only a slight
decrease in the charge of the core atom of Al;", and for Al;,Si™
there is in fact an increase in the negative charge on Si. For the
negatively charged Al;,Mg™, there is an increase in the negative
charge on Mg, and the cage atoms also adopt a slight negative
charge. For Al;;™, there is only a slight increase in the negative
charge on the core Al but all of the cage Al atoms become
negatively charged, whereas for Al;,Si~ there is actually a
decrease in charge on Si while again the cage aluminums adopt
negative charges. These trends reflect the significant differences
in electronic environments brought about by the change in
electronegativity of the core atom, with electronegative Si
generally drawing greater charge from the cage Al atoms and
electropositive Mg generally donating greater charge to the cage
atoms for the same overall cluster charge.

For the transition states, there is generally a polarization of
charge across both the cluster and the H, molecule. In particular,
Al! always adopts a partial positive charge regardless of the
overall charge state of the cluster. Similarly, H' always carries
a partial negative charge in the transition structures. Generally,
H? is positive and the magnitude of the charge on H? is smaller
than that on H'. However, for the Al;;* and Al3M°% systems,
H? carries a small negative charge. The charge on Al, varies
significantly in both sign and magnitude across the 10 systems.

We also note that there appears to be a correlation between
the magnitude of the charge on H' and the reaction barriers as
shown in Figure 4. This indicates that, in addition to the
thermodynamic driving factors described in the previous section,
the degree of charge transfer also makes an important contribu-
tion to the barrier height in these sytems.

These observations compare favorably with the study of
Hammer et al.,>~> who found that the dipole moment of H, as
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TABLE 6: Reaction Barriers and Energies of Frontier
Orbitals (eV)

Al 12)(HOMO_ HZHOMO_

AH®= HOMO LUMO H,-UMo Al XEMO
AlpMgt/H,  0.598¢ —8.269 —6.740 9.922 3.582
Al ,Mg/H, 0.447 —4911 —3.474 6.564 6.848
AlpMg™/H, 1.061 —1.679 —0.302 3.332 10.020
Alj57/H, —0.137 —8.533 —8.137 10.186 2.185
Aly5/H, 0976 —5.129 —3.373 6.782 6.949
Al /H, 1.770  —1.968 —0.054 3.621 10.268
AlpSit/H, 1.010 —8.588 —6.587 10.241 3.735
Al»Si/H, 1.798 —5.205 —3.159 6.858 7.163
AlSi™/H, 1.574 —0.461 —0.019 2.114 10.303

¢ PBE/DNP corrected value.

it approaches the Al(110) surface is seen to first increase and
then level off and finally to change sign during the course of
the reaction. The initial increase is due to an orthogonalization
of the metal states to the bonding state of H,, which causes the
surface electrons to be repelled from the region occupied by
the H, bonding electrons toward the surface and a net inward
shift of electrons results. Closer to the surface, the dipole
moment changes sign because there is charge being transferred
from the surface to the antibonding orbital of H,, which is
associated with the breaking of the H—H bond. Finally, there
is a large negative dipole moment in the final stage associated
with the outshift of charge needed to form the covalent bond
between the surface and the two H atoms.

Next, we focus on the energies of the frontier orbitals of the
species involved in these reactions. As can bee seen from Table
6, the Al XHOMO—H,LUMO oqp is consistently lower than the
corresponding H,"OMO—A],XWMO oap for the neutral and
negatively charged cluster/H, interactions. This compares favor-
ably with the theoretical study of Upton and co-workers® for
the interaction of H, with Alg, where they found that generally
electron transfer from the HOMO of the cluster to the LUMO
(o* orbital) of H, was slightly more important than the transfer
from the H,"MO (o orbital) to the cluster LUMO. Transfer of
electron density into the H,"YM© is an important contribution to
the weakening of the H—H bond during the reaction. However,
despite this observation for the Alg/H, system, there does not
appear to be a strong correlation between Alj,XHOMO—H,LUMO
and the barrier heights for our systems. These results suggest
that the frontier orbital interactions are not the major contributor
to the activation barrier heights, also in agreement with Upton
and co-workers.?*? For the positively charged systems, the
H,FOMO—A],XEUMO  oap is actually smaller than AlxX
HOMO_HzLUMO.

The important finding of the Al¢/H, study was that the
activation barrier is dominated by Pauli repulsion at large
interaction distances, similar to the observations of Hammer et
al.373 for the Al(110)/H, system. The energy of the system rises
because significant changes in the cluster populations (orthogo-
nalization) are necessary to initially minimize repulsive interac-
tions between the cluster and H, and then subsequently to enable
formation of the new Al—H bonds. We note in the transition
structures for a number of these systems that there is significant
distortion of the Al;,X clusters away from their ground-state
symmetry particularly for systems with high activation barriers.
In fact, if we plot the barrier heights versus the distortion
energies of the clusters in the TSs (Figure 5) we find quite a
reasonable correlation for 9 of the 10 systems. The one outlier
occurs for the Al;;Mg system for which our calculations suggest
that a triplet singlet crossing also contributes to the energy

Henry and Yarovsky

2 7 Barrier
(eV)

y =4.9775x + 0.3249

1 R?=0.8197
0.5 - AAI12M9
A Distortion E (eV)
0 L) L) L) L
0 0.1 0.2 0.3 0.4

Figure 5. Plot of barrier height versus cluster distortion energy.

difference. However, the correlation for the majority of systems
clearly indicates that the distortion of the cluster geometry, as
a result of orthogonalization of the cluster orbitals with respect
to H,, makes a significant contribution to the barrier heights
for these reactions.

4. Conclusions

The dissociative chemisorption of molecular hydrogen on
charged and neutral aluminum clusters Al;xX (X = Mg, Al, Si)
was investigated using DFT and a modified G3(MP2)-RAD
procedure. Reaction barriers (AH™) and enthalpies (AH) were
determined for both neutral and singly charged clusters. The
lowest barrier for dissociative adsorption of H, on a neutral
cluster was found for the Al;;Mg cluster, whereas the highest
barrier was found to be on the closed-shell Al;,Si. The
interaction of H, with Al;3* is found to proceed via an
association complex, which is 0.07 eV lower in energy than
the isolated species and from which the barrier to H, dissociative
adsorption is only 0.16 eV. The most exothermic reaction of
H, with Al;»X occurs for the Al;3*/H, system. In comparison,
reactions with the closed-shell Al;z~ and Al,Si clusters are
found to be slightly endothermic. These results indicate that
there is some correlation between the reactivity of these clusters
with H, and the predictions of the Jellium model. The barriers
for H, desorption from the dihydrogenated clusters are generally
quite substantial.

Whereas our calculations indicate that there are two separate
dissociative adsorption pathways to Al;3H,, the barriers for both
of these processes are quite high, in agreement with the
experimental results. For the Al;3"/H, system, we find that the
formation of an association complex (adduct) is an energetically
favorable process, and the barrier to dissociative adsorption of
H, onto the cluster from this complex is quite small. Therefore,
the fact that Al;sH,* (or Alj3sD,") is not observed experimentally
suggests that either an alternative lower-energy reaction occurs
to produce Al;3sD™ or that the Al;3D," species is only an
intermediate that subsequently undergoes further rapid reaction
or decomposition. Our calculations clearly indicate that there
is a large barrier to dissociative adsorption of H, onto Al;5™,
which is in agreement with the experimental results. However,
we were unable to locate any stable structures on the PBE/DNP
or PBE/6-311G(d,p) potential energy surfaces corresponding to
H, physisorbed on the cluster.

Importantly, our analysis of the reaction energetics indicates
that these processes are largely controlled by thermodynamics.
However, we have also determined that there are strong
correlations between the degree of charge transfer in the
transition state with the reaction barriers and also between the
barriers and cluster distortion energies.
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