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ABSTRACT: Low-energy structures and electron affinities (EAs)
for aluminum hydride clusters AlnH (n = 3−13) have been
calculated using ab initio and density functional calculations.
Geometries were optimized at the PBE0/def-2-TZVPP level of
theory, which has been shown to match the currently accepted
lowest-energy structures for the all-aluminum clusters Aln and their
anions. Neutral hydride clusters with n = 4, 7, and 9−12 are
predicted to adopt terminal structures with the hydrogen atom
bound to only one aluminum atom and with only minor alterations
of the aluminum atom arrangement from that of the all-aluminum
cluster. Clusters with n = 3 and 13 are predicted to adopt “face-
centered” geometries, and the n = 6 cluster is predicted to prefer an
isomer with the hydrogen atom bridging two aluminum atoms, also
with little or no distortion to the aluminum atom arrangement from the all-aluminum cluster. Addition of a hydrogen atom to
clusters with n = 5 and 8 is predicted to distort the aluminum atom arrangement significantly from that of the corresponding all-
aluminum cluster. In the anionic clusters, terminal clusters are preferred for all cluster sizes except for n = 6 that prefers a face-
centered arrangement. Minor distortions in the aluminum scaffolding for Al11 and Al12 were found, while all other anionic clusters
adopt structures with little or no deviation in the aluminum atom arrangement from the corresponding all-aluminum cluster. Raw
adiabatic electron affinities were computed using CCSD(T)/aug-cc-pVTZ single-point energies for the anionic and neutral hydride
clusters at their respective DFT geometries. Isodesmic electron affinities for the hydride clusters were computed relative to their all-
aluminum counterparts and show an even-odd alternation with cluster size. Derived EAs alternate in magnitude between even- and
odd-numbered clusters, with the even-numbered clusters having relatively larger EAs.

■ INTRODUCTION

Aluminum is of interest as a potential energy storage medium
and fuel additive, but its facile reaction with molecular oxygen
in the bulk phase hampers its utility. Early work by Jarrold et
al.1 and Castleman2 and co-workers showed that certain small
aluminum cluster ions (Al7

+, Al13
−, and Al23

−) were resistant to
reaction with molecular oxygen. These “magic number”
clusters are consistent with closed-shell species from the so-
called “jellium” model that treats the cluster nuclei as a united
atom with a corresponding number of s and p valence
electrons.3 The magic number cluster ions have 20, 40, and 70
electrons. Interestingly, Castleman and co-workers also noted
that there was an even-odd variation with cluster size in the
efficiencies of the reaction in both the cationic and anionic
clusters.2 For example, in Aln

− clusters, even-numbered clusters
react more favorably than odd-numbered clusters. Since odd-
numbered cluster anions are ground-state singlets, the reaction
with triplet oxygen molecules is formally spin-forbidden, and
this was thought to be the cause for the decrease in reaction
rates.2 Burgert et al. presented results also implicating spin

conservation in the differing reactivity of these clusters.4 By
examining the reactivity of AlnH

− clusters, which have an
additional electron, they showed that the even-odd reactivity
trend was reversed. That is, odd-numbered AlnH

− clusters
reacted more favorably.4

In recent work from our laboratory, we studied the
temperature dependence of the reactions of aluminum cluster
anions Aln

− (n = 3−17) with molecular oxygen allowing us to
determine Arrhenius parameters for the reactions.5 Interest-
ingly, the pre-exponential factors kpre, which correspond to the
rate constants at infinite temperature, were found to decrease
as a function of n−1 for both the even and the odd clusters,
suggesting a similar mechanism. In addition, the pre-
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exponential factors for the odd clusters were found to be a
factor of ∼3 times larger than those for the even clusters
despite their slower overall rates at room temperature. The
difference in kpre can be rationalized by a proposed mechanism
in which the first step is electron transfer from the cluster
anion to the O2 molecule, similar to oxidation of an aluminum
surface.6,7 Transfer of an electron from a ground-state singlet
odd-numbered cluster anion to O2 results in a reactive triplet
surface. In contrast, electron transfer from a ground-state
doublet even-numbered cluster anion can result in either a
reactive doublet surface or an unreactive quartet surface.
Under spin-conservation, electron transfer on the adiabatic
doublet surface can proceed on a surface diabatically correlated
to1Aln +

2O2
−, while electron transfer on a quartet surface must

reach a potential diabatically correlated to excited state 3Aln +
2O2

−, resulting in a larger energetic barrier and greatly
diminished reactivity for the quartet. Thus, the even-numbered
cluster anion reactivity is decreased by a factor of ∼3. This
implies that the spin constraint is actually for the even-
numbered clusters (doublets) rather than for the odd-
numbered clusters (singlets), in contrast to the proposed
mechanism based on room temperature kinetics data. Given
that the rate-limiting step in the proposed mechanism is an
initial electron transfer from the cluster anion to O2, we
postulated that the experimentally-derived activation barriers
should track the experimental electron affinities of the clusters.
This was indeed the case for aluminum clusters with n > 9.5

Addition of a single hydrogen atom to the cluster anions
causes a change in spin with the even-numbered hydride
clusters having doublet ground states and the odd-numbered
hydride clusters having singlet ground states. Previous room
temperature studies of the reactivity of AlnH

− with molecular
oxygen also showed an even-odd alternation of the rate
constant with the odd clusters reacting faster than the even
clusters.4 These studies were originally used as further proof of
the spin conservation effect. In our recent work, we also
measured temperature-dependent rate constants for reactions
of five AlnH

− cluster anions (n = 3, 4, 10, 11, and 12) with
oxygen.5 The results pointed to a similar mechanism to that for
the all-aluminum clusters: odd clusters react faster than even
clusters, even clusters have larger kpre than odd clusters, and
even clusters have larger activation barriers than odd clusters.5

These results suggested that the reactivity should also track the
electron binding energy of the AlnH

− clusters. Experimental
electron affinities were not available for the aluminum
hydrides, so we calculated them using coupled-cluster single-
point energies at density functional theory-derived geometries:
CCSD(T)/aug-cc-pVTZ//PBE0/def2-TZVPP. Preliminary
estimates for adiabatic electron affinities were calculated for
hydride clusters with 3, 4, 10, 11, and 12 aluminum atoms
using isodesmic calculations with the corresponding all-
aluminum clusters serving as the reference. As for the all-
aluminum clusters, for n > 9, the experimentally derived
activation barriers for the reaction of the hydride clusters with
O2 were found to track the computed electron affinity of the
cluster. In preparation for additional studies of AlnH

− reactivity
studies, we decided to carry out a more detailed study of the
calculated low-energy structures and electron affinities for
aluminum hydride clusters (n = 3−13), the results of which are
presented here.

■ COMPUTATIONAL METHODS

All calculations were performed using either the Gaussian 098

or Gaussian 169 suite of programs. For geometry optimiza-
tions, restricted calculations were used for all ground-state
singlet molecules and unrestricted calculations were used for
all ground-state doublet molecules. For CCSD(T) single-point
energy calculations,10 we used restricted calculations for
ground-state singlet molecules and restricted-open-shell
calculations for ground-state doublet molecules due to an
unreasonable amount of spin-contamination in the unrestricted
Hartree−Fock (UHF) wave function used for generating
CCSD configurations. Relative energetics are presented by
comparing 0 K energies obtained from adding the zero-point
vibrational energy calculated from unscaled harmonic vibra-
tional frequency calculations to the total electronic energy
obtained from single-point energy calculations performed at
the minimized geometry.

Geometry Optimizations. The lowest energy geometries
for neutral, anionic, and cationic aluminum clusters up to n =
13 have been established using a variety of techniques,
including genetic algorithm tight-binding calculations,11

genetic algorithm basin hopping methods,12 and quantum
Monte Carlo methods,13 to sort through the various low-
energy structures followed by density functional theory
calculations for geometry optimizations. The hybrid-general-
ized gradient approximation (hybrid-GGA) density functional
method PBE0 has been used in numerous studies for final
geometry optimization based on recommendations by Chuang
et al.,11 Ahlrichs and Drebov,12 Kiohara et al.,14 and
Paranthaman et al.15 A recent study by Paranthaman et al.
showed that single-point energy calculations at the PBE0/def2-
TZVPP geometries gave energetic parameters including
vertical and adiabatic electron affinities that were in close
agreement with experimental and higher-level theoretical
studies.15 We chose to use this geometry optimization method
for the AlnH and AlnH

− clusters based on its performance with
the all-aluminum clusters.
Aluminum clusters Aln and Aln

− (n = 3−13) were re-
optimized at the PBE0/def2-TZVPP level16,17 using the
structures and symmetries available in the literature as starting
points.11−13,18 Final geometries and symmetries were in
agreement with published data from Chuang et al.,11 Drebov
and Ahlrichs,12 Candido et al.,13 Kiohara et al.,14 and
Paranthaman.15 These cluster geometries were also used for
CCSD(T) single-point energy calculations10 that were then
used for isodesmic calculations of the adiabatic electron
affinities of the hydride clusters (see below). We also used the
PBE0 structures for the all-aluminum clusters as starting points
for determining low-energy isomers for the hydride clusters.
Candidate structures for the singly hydrated clusters were
generated by adding a hydrogen atom to each symmetry-
unique terminal atom of the corresponding all-aluminum
cluster. Additional candidate structures were generated with
hydrogen atoms occupying symmetry-unique “face” and “edge
(bridge)” positions of the clusters. Initial geometry screening
of candidate structures was carried out at the PBE0/def2-
TZVPP level for AlnH/AlnH

− with n ≤ 9 and at PBE0/3-21G19

level of theory for n > 9. Several of the low-lying isomers for
the larger clusters were then re-optimized at the PBE0/def2-
TZVPP level of theory. Frequency calculations were carried
out for each conformer to ascertain whether the structure was a
minimum or a transition state. Any transition states were
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subjected to intrinsic reaction coordinate (IRC) calculations,
and the calculated minima were re-optimized, albeit under
lower symmetry conditions. At the request of a reviewer, we
investigated several other geometry optimization methods for
Al3/Al3H and their anions including B3LYP20,21/def2-TZVPP,
M06-2X22/def2-TZVPP, G2,23 G3,24 G3B3,25 and CCSD26/
aug-cc-pVTZ. Results for these calculations are given in the
Al3H section below.
Electron Affinities. A variety of different single-point

energy methods have been employed to determine total
electronic energies for aluminum clusters, including numerous
DFT functional combinations,11−13,18 multi-reference CI (Aln
up to n = 4),27 and coupled-cluster calculations (Aln up to n =
10).27 The coupled-cluster calculations of Ahlrichs and Drebov
are of the highest quality and made use of a quadruple zeta
quality basis set, which precluded using them on clusters larger
than 10 atoms.27 Paranthaman et al. used CCSD(T) single
points at the def2-TZVPP geometries, also for clusters up to 10
aluminum atoms, in their study of electron affinities.15

We investigated several single-point energy methods in
order to try to reproduce the adiabatic electron affinity of Al3,
which has been measured to be 1.92 eV.28 The results of these
calculations are shown in Table S1 of the Supporting
Information. Raw electron affinities were computed by
subtracting the zero-point energy-corrected energy (at 0 K)
of the anionic cluster from that of the neutral cluster. The zero-
point energy was obtained from the harmonic vibrational
frequencies at the PBE0/def2-TZVPP geometry for each
species and was not scaled. The raw electron affinity (EA)
obtained from PBE0/def2-TZVPP calculations (126 basis
functions, 207 primitive Gaussian functions for Al3) on Al3 and
Al3

− is 1.57 eV, which is underestimated by nearly 0.35 eV.
Similar results were seen from raw EAs for Al3 calculated with
different functional combinations, B3LYP/def2-TZVPP and
M06-2X/def2-TZVPP, as shown in Table S2. These methods
also underestimate the EA of Al3 by 0.36 and 0.37 eV,
respectively. Even geometry optimizations using the CCSD/
aug-cc-pVTZ method (Table S2) give an underestimated EA
for Al3 of 1.78 eV.
Given the success of single-point energy calculations at the

CCSD(T) level in previous studies on aluminum clusters, we
performed single-point energy calculations using the CCSD-
(T)/def2-TZVPP level of theory at the PBE0/def2-TZVPP
geometries. The resulting EA of 1.75 eV is in better agreement
with the experimental EA than the PBE0 value of 1.57, but it is
still underestimated. It is perhaps not surprising that the
electron affinities are underestimated for calculations using this
basis set as diffuse functions are normally required for correct
treatment of anions, and the def2-TZVPP basis set does not
contain them. Incorporating diffuse functions into the basis set
improves the results. The def2-TZVPPD basis set (144 basis
functions, 228 primitive Gaussians) for aluminum was taken
from the basis set exchange website,29 and single-point energy
calculations at the CCSD(T)/def2-TZVPPD//PBE0/def2-
TZVPP level give an EA for Al3 of 1.84 eV, which is still
somewhat low. Re-optimizing both Al3 and Al3

− using the
def2-TZVPPD basis set gives nearly identical geometries to
those from the def2-TZVPP basis set, and the raw EA for Al3
derived from the PBE0/def2-TZVPPD calculations was within
0.3 meV of the EA from the def2-TZVPP calculations (1.57
eV). Thus, including diffuse functions in the single-point
energy calculations had a much larger effect on the derived EAs
than on the optimized geometries, so we stayed with the def2-

TZVPP basis set for geometry optimizations on the larger
clusters.
Further increasing the basis set size of the CCSD(T) single-

point energy calculation to Dunning’s aug-cc-pVTZ basis set
(150 basis functions, 345 primitive Gaussians)30 gives an EA
for Al3 of 1.89 eV, in excellent agreement with the
experimental EA. Interestingly, single-point energies at the
CCSD(T)/aug-cc-pVTZ level at the B3LYP/def2-TZVPP,
M06-2X/def2-TZVPP, and CCSD/aug-cc-pVTZ geometries
lead to virtually identical derived EAs for Al3 of 1.89, 1.88, and
1.89 eV, respectively (Table S2), in agreement with both the
PBE0/def2-TZVPP computational result (1.89 eV) and the
experimental EA (1.93 eV). All of these CCSD(T) calculations
used the frozen core approach in which only the three valence
electrons are used in the correlation calculation. We did
perform CCSD(T)(Full)/aug-cc-pVTZ calculations on the Al3
system at the PBE0 geometries, which lead to a raw electron
affinity of 1.88 eV (Table S2), which is only 0.01 eV lower than
the frozen core results. Frozen core CCSD(T) calculations
were used for all subsequent calculations.
Realizing that the CCSD(T)/aug-cc-pVTZ single-point

energy calculations would be quite expensive for the larger
clusters, we tried less expensive PBE0/aug-cc-pVTZ single-
point calculations at the PBE0/def2-TZVPP geometries, which
gave an EA of 1.68 eV for Al3. Thus, single-point energy
calculations using both coupled-cluster methods and the
Dunning augmented triple-zeta basis set were needed to
reproduce the experimental EA for Al3, and therefore, despite
the cost, this method was used for all of the Aln and AlnH
clusters. Total electronic energies at the PBE0/def2-TZVPP
and CCSD(T)/aug-cc-pVTZ levels, zero-point energy correc-
tions, and E0 values for the lowest-energy structural isomer of
all neutral and anionic Aln and AlnH clusters are given in
Tables S4 and S5 of the Supporting Information.
The experimental EA values for Aln (n = 4−13) were taken

from the study of Li et al. using photoelectron spectroscopy at
193 nm.31 In most of the recent computational literature on
aluminum clusters, these are the experimental electron
affinities to which computed EA values are compared13−15,18

and are the recommended experimental values from a 2002
review by Schaefer III et al.32 Despite this, the NIST web-
book33 lists the values from a photoelectron spectroscopy
study by Kawamata et al.using the fourth harmonic of a
Nd:YAG laser at 266 nm as the preferred values (and in their
list of searchable EAs).34 While their data are in accord with
the study of Li et al. for Al3−Al5, for clusters Al6−Al13, their
electron affinities are on average 0.28 eV lower than those of Li
et al.’s study and are not in agreement with high-level
calculations.31 As an extreme example, Kawamata et al.’s EA for
Al13 is 0.57 eV lower than Li et al.’s. Given the agreement of
high-level calculations with the electron affinities from Li et
al.,13−15,18 we have chosen to use these values for our
isodesmic approach (see below). Table 1 shows that the
CCSD(T)/aug-cc-pVTZ//PBE0/def2-TZVPP approach gives
a mean unsigned deviation of 0.08 eV for the raw calculated
EAs compared to the literature electron affinities for Aln with n
≤ 13.31 We expect that raw EAs for the aluminum hydride
clusters should be of the same quality.
In addition to the raw EAs for the hydrides, we calculated

isodesmic predictions for the electron affinities using eq 1.
CCSD(T)/aug-cc-pVTZ single-point energy calculations were
performed at the PBE0/def2-TZVPP geometries for all four
species in eq 1, giving the relative EA between the aluminum

The Journal of Physical Chemistry A pubs.acs.org/JPCA Article

https://doi.org/10.1021/acs.jpca.1c10431
J. Phys. Chem. A 2022, 126, 1648−1659

1650

https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.1c10431/suppl_file/jp1c10431_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.1c10431/suppl_file/jp1c10431_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.1c10431/suppl_file/jp1c10431_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.1c10431/suppl_file/jp1c10431_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.1c10431/suppl_file/jp1c10431_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.1c10431/suppl_file/jp1c10431_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.1c10431/suppl_file/jp1c10431_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.1c10431/suppl_file/jp1c10431_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.1c10431/suppl_file/jp1c10431_si_001.pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.1c10431?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


hydride cluster and its all-aluminum counterpart. This
difference is combined with the experimental electron affinity
to give an isodesmic prediction for the electron affinity of the
hydride cluster, which is shown in Table 1.

Al Al H Al Al Hn n n n+ → +− −
(1)

Vertical electron affinities were calculated by performing
CCSD(T)/aug-cc-pVTZ single-point energy calculations on
the neutral AlnH clusters at the corresponding AlnH

−

geometry. The derived vertical EAs are also shown in Table 1.

■ RESULTS AND DISCUSSION
AlnH (n = 3−6). Al3 and Al3

− both possess D3h symmetry,
so there is only one unique terminal position to place a
hydrogen atom, as shown in Figure 1. For neutral Al3H, this
creates a molecule of C2v symmetry (term in Figure S1), which

is a minimum on the potential energy surface calculated at the
PBE0/def2-TZVPP level. We explored two additional hydro-
gen placements, a C2v structure with the hydrogen atom
bridging two aluminum atoms in a plane (bridge) and a C3v,
face-centered arrangement with the hydrogen atom above the
plane of the aluminum atoms (face). Interestingly, even for this
relatively simple molecule, previous computational studies by
Kawmaura et al.35 and Loukhvitski et al.36 disagree on the
lowest-energy structure. Kawamura used B3LYP/6-311 + G*
calculations and found that the “face-centered” isomer is ∼92
kJ/mol more stable than the “bridged isomer” but did not
mention the terminal isomer.35 In contrast, Loukhvitski et al.
found that the terminal isomer was the lowest-energy isomer at
the B97-2/aug-cc-pVTZ level of theory.36 Figure S1 of the
Supporting Information shows the three structures. At the
PBE0/def2-TZVPP level of theory, the face-centered arrange-
ment is the lowest-energy structural isomer (Figure 1), lying
4.0 kJ/mol lower than the terminal isomer and 64.9 kJ/mol
lower than the bridged isomer. In addition to the PBE0/def2-
TZVPP calculations, we optimized the geometries using the
B3LYP/def2-TZVPP, M06-2X/def2-TZVPP, and CCSD/aug-
cc-pVTZ methods. Table S3 shows that the face-centered
arrangement is also the lowest-energy isomer at these levels.
The C2v terminal isomer is not a minimum at either the
B3LYP/def2-TZVPP or M06-2X/def2-TZVPP levels. The
hydrogen atom prefers a bent Cs geometry that lies 4.9 or
15.4 kJ/mol higher in energy than the face-centered arrange-
ment (see Table S3), similar to the terminal structure for
Al3H

− (see discussion below and Figure 1 and Figure S1). The
bridged isomer is also not a minimum at the B3LYP/def2-
TZVPP or M06-2X/def2-TZVPP levels. All bridged structures
either isomerize to the face-centered isomer or are transition
states upon using the B3LYP and M06-2X functionals. We also
performed CCSD/aug-cc-pVTZ geometry optimizations on
the three Al3H isomers and found the same energy ordering
with the face-centered isomer having the lowest E0 and the
terminal and bridged isomers lying 2.9 and 68 kJ/mol higher in
energy.

Table 1. Derived Electron Affinities for Aln and AlnH at the
CCSD(T)/aug-cc-pVTZ//PBE0/def2-TZVPP Level of
Theory

Aln
EA

(raw)a
EA

(expt) AlnH
EA

(raw)a
EA

(iso)b
EA

(vertical)c

3 1.89 1.92d 3 1.66 1.69 1.69
4 2.33 2.20e 4 2.21 2.08 2.27
5 2.20 2.25e 5 1.94 1.99 2.07
6 2.54 2.63e 6 2.69 2.78 2.85
7 2.27 2.43e 7 1.87 2.03 2.10
8 2.12 2.35e 8 2.47 2.70 2.69
9 2.75 2.85e 9 2.50 2.60 3.07
10 2.56 2.70e 10 2.95 3.09 3.16
11 2.79 2.87e 11 2.45 2.53 2.74
12 2.71 2.75e 12 2.93 2.97 3.08
13 3.53 3.62e 13 2.69 2.78 3.22

aRaw electron affinity obtained from E0 values for neutral at its
optimized geometry and anion at its optimized geometry. bIsodesmic
electron affinity obtained from E0 values using reaction 1. cVertical
electron affinity obtained from E0 values for neutral and anion both at
the anion optimized geometry. dRef 28. eRef 31.

Figure 1. Lowest energy structures for Aln, Aln
−, AlnH, and AlnH

− (n = 3−6).
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CCSD(T)/aug-cc-pVTZ single-point energy calculations at
the PBE0 geometries confirm that the face-centered and
terminal isomers are very close in energy with an electronic
energy difference of only 1.3 kJ/mol, which drops to a 0.9 kJ/
mol 0 K energy difference when zero-point energy effects are
considered. Similar differences (<2.0 kJ/mol) were obtained
from CCSD(T) single-point energies using the B3LYP, M06-
2X, and CCSD geometries as shown in Table S3.
In the Al3H

− anion, the C2v terminal structure is a transition
state between two Cs structures at the PBE0/def2-TZVPP
level. An IRC calculation was performed to locate the
symmetry-related minima associated with the transition
structure. One of these was re-optimized to obtain a final E0
value for the terminal isomer. The optimized geometry has a
distorted Al3 arrangement with the hydrogen atom bent to give
an H−Al−Al angle of ∼144° (Figure S1). Geometry
optimization for the face-centered Al3H

− isomer was
performed starting in C3v symmetry. After two optimization
steps, the point group changed to C1 and resulted in a “Cs-like”
structure with two long Al−Al bonds (2.680 Å), one shorter
Al−Al bond (2.491 Å), and the hydrogen atom ∼1.1 Å above
the plane of the aluminum atoms. This structure is a transition
state at the PBE0/def2-TZVPP level between two symmetry-
related C1 structures. An IRC calculation was performed to
locate the associated minima, which were then re-optimized to
give the final C1 structure shown in Figure S1. The C2v-bridged
isomer is a minimum at the PBE0/def2-TZVPP level and is
also shown in Figure S1. For the anion, the terminal isomer
(term, Figure 1) has the lowest zero-point-corrected E0 at the
PBE0 level followed by the face-centered isomer (face) and the
bridged isomer (bridge). CCSD(T) single-point energy-
derived E0 differences are +24.3 and + 29.1 kJ/mol for the
face-centered and bridged isomers, respectively.
As with the neutrals, we investigated B3LYP/def2-TZVPP,

M06-2X/def2-TZVPP, and CCSD/aug-cc-pVTZ geometries
and found the same ordering of the three isomers (Table S3).
CCSD(T)/aug-cc-pVTZ single-point energy calculations at
these geometries give final differences in E0 of 22.1, 23.2, and
22.7 kJ/mol between the terminal and face-centered isomers.
The bridged isomer is the least stable isomer at the B3LYP and
M06-2X geometries as well, with E0 differences of 28.5 and
28.1 kJ/mol, respectively. We were unable to get the CCSD/
aug-cc-pVTZ geometry calculations for the bridged anion to
converge.
A raw adiabatic electron affinity for Al3H was obtained from

single-point energy calculations at the RCCSD(T)/aug-cc-
pVTZ level for the face-centered isomer of Al3H and at
ROCCSD(T)/aug-cc-pVTZ for the terminal isomer of Al3H

−,
both at the PBE0/def2-TZVPP geometries. In each case, the
unscaled zero-point energy from the PBE0/def2-TZVPP
frequency calculations was added to the CCSD(T) electronic
energy to give a 0 K energy E0 (CCSD). A raw adiabatic
electron affinity of 1.66 eV was obtained for Al3H using the
terminal anion and the face-centered neutral. We also
calculated the RCCSD(T)/aug-cc-pVTZ single-point energy
for the terminal neutral Al3H, which leads to an adiabatic EA of
1.67 eV for terminal Al3H to terminal Al3H

−. Given the small
size of this cluster and the good performance of the method in
replicating the EA for Al3, the raw EA should be quite accurate.
However, there is a somewhat larger deviation in the calculated
EAs for the larger clusters (see Table 1) compared to the
experimental values. We therefore chose to also calculate
isodesmic electron affinities for each hydride cluster using

reaction 1. Using the experimental value of 1.92 eV for the EA
of Al3 gives isodesmic predictions of 1.69 eV for the adiabatic
electron affinity for face-centered Al3H and 1.70 eV for the
terminal Al3H, both to terminal Al3H

−. Finally, a vertical
electron detachment energy of 1.69 eV was obtained by
performing a CCSD(T)/aug-cc-pVTZ calculation of neutral
Al3H at the optimized terminal Al3H

− geometry.
Similar results were obtained from CCSD(T) calculations

using the B3LYP, M06-2X, and CCSD geometries. Table S2
shows that both the raw and isodesmic EA values derived from
these calculations differ by ≤0.02 eV. CCSD(T)(Full) single-
point energy calculations were also carried out on all Al3H/
Al3H

− isomers at the PBE0/def2-TZVPP geometries, and the
derived raw and isodesmic electron affinities also differ by
≤0.02 eV from the frozen core calculations. We also
investigated three of the QCISD(T)-based Gx methods,
namely, G2, G3, and G3B3, as alternatives to the CCSD(T)-
based approach. These methods overestimate the electron
affinity of Al3 by between 0.17 and 0.25 eV (Table S2) and
give isodesmic electron affinities for Al3H that are more than
0.24 eV smaller than the CCSD(T)-based methods. Due to
their poor performance for Al3/Al3H and the computational
cost of these methods for larger clusters, the Gx methods were
not pursued further. Since the CCSD(T)/aug-cc-pVTZ single-
point energy approach gives nearly identical derived electron
affinities for Al3H regardless of the method used for geometry
optimization, this gives us confidence in using PBE0/def2-
TZVPP geometries for the larger clusters.
Similar calculations were carried out for the larger aluminum

hydride clusters. Isomer searches for Al4H, Al6H, and Al7H
found that the neutral and anionic clusters for these three
hydrides have low-energy structures in which the arrangement
of the aluminum atoms does not deviate greatly from that of
their all-aluminum counterparts. In contrast, the lowest-energy
conformers for both Al5H and Al8H and their anions have
structures in which the aluminum atoms are in a different
arrangement than in the all-aluminum clusters. Figure 1 shows
the low-energy minima for the neutral and anionic all-
aluminum clusters and their hydrides. Al4 and Al4

− are both
diamond shaped with Cs symmetry, and Al5 is a planar
molecule with C2v symmetry, whereas Al5

− has a Cs structure in
which the central atom is above the plane of the other four. Al6
and Al6

− are both distorted octahedra with D3d symmetry. Al7
and Al7

− have C3v structures in which the seventh aluminum
atom is appended to one of the faces of Al6 (Al6

−).
For Al4H, the lowest-energy structure at the PBE0 level is a

C2v terminal isomer (term1) with the hydrogen atom on the
shorter axis of the diamond structure as shown in Figure 1 and
Figure S2. For clusters with 4−6 aluminum atoms, our naming
scheme denotes the position of the hydrogen (term, bridge, or
face) and the relative ordering by CCSD(T)/aug-cc-pVTZ E0,
that is, term1 is the lowest-energy terminal structure and term2
is the next higher-energy terminal isomer. The terminal isomer
with the hydrogen atom on the longer axis of the diamond
(term2, Figure S2) is not a minimum on the C2v surface but
distorts to a Cs structure with a zero-point energy-corrected
CCSD(T) energy difference of +32.2 kJ/mol compared to
term1. A bridging isomer was also located +7.6 higher in
CCSD(T) E0. Placing a hydrogen atom in the face-centered
position of neutral Al4 results in a puckering of the aluminum
atom framework and a C2v structure that lies +9.5 kJ/mol in
CCSD(T) E0 above the term1 isomer. The relative energetics
for the neutral clusters are consistent with the study of
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Loukhvitski et al. who also found the term1 structure as the
global minimum at the B97-2/aug-cc-pVTZ level of theory.36

Similar to the Al3H case, Kawamura did not mention the
terminal isomer but again listed the bridged isomer as the
global minimum at the B3LYP/6-311 + G* level.35

For Al4H
−, the relative ordering of the isomers is the same as

for the neutral cluster with the term1 isomer as the ground
state and the face, bridged, and term2 isomers lying 2.3, 12.6,
and 50 kJ/mol higher in E0 at the CCSD(T)/aug-cc-pVTZ
level. The face-centered isomer for Al4H

− is not puckered but
has its aluminum atoms in a nearly square-planar arrangement
with identical Al−Al bond lengths of 2.570 Å. A raw adiabatic
electron affinity of 2.21 eV was calculated for Al4H based on
the term1 structures for Al4H and Al4H

−. An isodesmic
adiabatic EA of 2.08 eV is derived relative to the experimental
EA of Al4 (2.20 eV), and a vertical EA of 2.27 eV is derived
from CCSD(T) single-point energy calculations on Al4H at the
Al4H

− term1 geometry. We also performed CCSD(T)(Full)
single-point energy calculations on the Al4H/Al4H

− isomers,
and the derived electron affinities were within 0.01 eV of the
frozen-core calculations.
Placing a hydrogen atom onto Al5 causes a distortion of the

geometry of the aluminum atoms from the all-aluminum
cluster. As shown in Figure 1 and Figure S3a, the lowest-energy
conformer at the PBE0/def2-TZVPP level has the aluminum
atoms in a pryamidal-like arrangement with the hydrogen
attached terminally (term_pyr1). The terminal isomer in
which the hydrogen atom is attached to the planar Al5
structure (term1) is very close in energy lying 1.5 kJ/mol
higher in E0 at the CCSD(T)/aug-cc-pVTZ level. Additional
higher-lying face-centered and bridging isomers (Figure S3a)
were located lying 23.9 (face-pyr1), 27.8 (face1), 38.3
(bridge1), and 40.4 (bridge2) kJ/mol higher in E0 at the
CCSD(T) level. These results are in general agreement with
Kawamura et al.’s previous study except for the relative stability
of the two low-lying isomers (top and top-side in their
nomenclature corresponding to term1 and term_pyr1 in
ours).35 They found that the planar arrangement was lower
in energy than the tetrahedral-like arrangement at the B3LYP/

6-311 + G* level, confirming that these two isomers are very
close in energy.35

For the anionic Al5H cluster, the two terminal isomers
(term1 and term_pyr1) are again the lowest-energy isomers,
but in this case, the term1 planar arrangement is lower in E0 by
1.6 kJ/mol as shown in Figure 1 and Figure S3b. Eight
additional isomers (Figure S3b) were located that lie between
18.7 and 43.0 kJ/mol above the global minimum structure. A
raw EA for Al5H of 1.94 eV is derived from the term1 isomer
of Al5H

− and the term_pyr1 isomer of Al5H. An isodesmic
adiabatic EA of 1.99 eV is derived based on the experimental
EA for Al5 of 2.25 eV. A vertical EA of 2.07 eV is derived from
calculations of the neutral and anion at the term1 geometry.
Al6 has a distorted octahedral D3d structure, and placing a

hydrogen atom on a terminal position causes the aluminum
atoms to distort to a Cs structure (term) as shown in Figure S4.
Placing a hydrogen atom in a bridging position between two
aluminum atoms causes a similar but less drastic distortion of
the structure, resulting in a bridged Cs structure (bridge, Figure
S4). At the PBE0/def2-TZVPP level of theory, the C3v face-
centered isomer is a transition state between two Cs structures
(face). The bridged isomer and the face-centered isomer were
found to be very close in energy with the bridged structure
lying 1.3 kJ/mol lower at the CCSD(T) single-point level. The
terminal structure lies 34.1 kJ/mol above the bridged structure.
These findings are in disagreement with the previous study of
Kawamura et al. who does not mention the bridged structure
or terminal isomers.35

For Al6H
−, the C3v face-centered arrangement is a minimum,

and we were unable to locate any stable terminal or bridged
isomers as all starting structures eventually isomerized to the
face-centered isomer. A raw adiabatic EA of 2.69 eV was
derived using the bridged neutral and face-centered anion. An
isodesmic adiabatic electron affinity of 2.78 eV is derived using
the experimental EA of 2.63 for Al6. Finally, a vertical EA of
2.85 eV is derived from a calculation of the neutral Al6H
cluster at the Al6H

− geometry.
AlnH (n = 7−10). For Al7, the preferred structure has a

single aluminum atom appended to a face of the Al6 cage.

Figure 2. Lowest energy structures for Aln, Aln
−, AlnH, and AlnH

− (n = 7−10).
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According to the “magic rule” model of Kiran et al.,37 Al7H
with its hydrogen in a terminal arrangement on this “extra”
atom should be a magic cluster with 20 “free” valence electrons
according to the jellium model as the terminal arrangement of
the hydrogen atom ties up its valence electron along with one
of the electrons from the aluminum atom. The PBE0 method
confirms that placement of a hydrogen atom terminally is
preferred energetically (term7, Figure 2 and Figure S5). For
clusters with seven or more aluminum atoms, our name
scheme changed to indicate the position (terminal, bridging, or
face) of the hydrogen atom relative to the atom numbers of the
original all-aluminum clusters. Terminal isomers with hydro-
gens on the other aluminum atoms all rearranged back to the
term7 structure or to a different structure (structure_2) in
which the aluminum atoms have rearranged to a C2v
arrangement (term3_2). This isomer lies 12.8 kJ/mol higher
in E0 at the CCSD(T) level. Additional higher-lying isomers
were located in which the hydrogen atom occupies one of two
face-centered positions as shown in Figure S5. For the smaller
clusters up to Al6H, we performed CCSD(T)/aug-cc-pVTZ
single-point energy calculations on all isomers we found in our
conformer search to determine relative zero-point energy-
corrected E0 values at the CCSD(T) level. Due to the cost of
CCSD(T) single-point energy calculations on the larger
clusters, we only performed these calculations on selected
low-energy isomers (generally within 20 kJ/mol of the global
minimum structure as determined by PBE0 E0 values) for Al7H
and larger clusters. The face-centered isomers for Al7H are
energetically disfavored, lying 95.6 and 109.6 kJ/mol above the
term7 isomer in zero-point energy-corrected E0 at the PBE0/
def2-TZVPP level. Other isomers with the hydrogen bridging
two aluminum atoms all collapsed to either the terminal or
face-centered isomers during the optimization. This isomer
ordering agrees with the results from the B3LYP study of
Kawamura et al. in which they confirm that the terminal Al7H
molecule is “magic” with respect to its large HOMO-LUMO
gap and significant decrease in binding energy for a second
hydrogen atom.35 Al7H was included in a quantum Monte
Carlo simulation of electron correlation effects in small
aluminum hydride clusters by Damasceno et al., which also
agrees that the terminal arrangement is the preferred isomer.38

Similarly in Al7H
−, the terminal isomer is energetically

favored over face-centered and bridging isomers as shown in
Figure S5. A raw adiabatic EA of 1.87 eV is derived from the
terminal isomers of the neutral and anionic clusters. An
isodesmic EA of 2.03 eV is derived from the experimental EA
of 2.43 eV for Al8, and a vertical EA of 2.10 eV is derived from
calculations of the neutral and anion at the anion geometry.
To our knowledge, this is the first study in which a

systematic investigation of the structures of larger clusters
Al8H−Al12H has been carried out, so the results will be
presented in more detail than those from previously studied
clusters Al3H−Al7H and Al13H. Al8H is a second example of a
hydride cluster in which the geometrical arrangement of the
aluminum atoms changes from the all-aluminum cluster. Al8
has a C2h arrangement of atoms that is derived from the Al6
scaffold in which the two additional aluminum atoms occupy
opposite threefold symmetric face sites as shown in Figure 2.
When an additional hydrogen atom is placed terminally on one
of the “face” aluminum atoms, the other aluminum “face” atom
migrates from the position opposite the terminal site on the
other hemisphere of the cage to one that is on the opposite
side but on the same hemisphere as shown in Figure 2 and

Figure S6a (term1). Numerous attempts were made to locate
terminal structures with the original Al8 scaffold, but they all
either isomerized to the term1 aluminum atom arrangement or
were much higher in energy (see structure term4 in Figure
S6a). Additional bridged and face-centered isomers were
located lying between 24 and 64 kJ/mol higher in energy than
the term1 structure and are also shown in Figure S6a. The
lowest-energy conformer with the aluminum atoms in their Al8
arrangement is a bridged structure lying 24.1 kJ/mol higher
than the term1 isomer, whereas the lowest-energy face-
centered isomer lies 51.6 kJ/mol higher in energy.
The lowest-energy isomer for Al8H

− also has its hydrogen
atom attached terminally to one of the “extra” aluminum
atoms, which causes the other additional aluminum atom to
migrate to the plane of the four aluminum atoms in the middle
of the distorted octahedron (term1). Other higher-energy
terminal isomers were located in which the aluminum atoms
are in the original Al8 arrangement (term4) or are no longer in
a capped octahedral arrangement (term2). In addition, several
bridged and face-centered isomers were located lying >45 kJ/
mol above the term1 structure. The lowest lying bridged
isomer is 45.6 kJ/mol less stable than term1, whereas the
lowest-energy face-centered isomer lies 56.7 kJ/mol higher in
energy. A raw adiabatic EA of 2.47 eV is derived from the
term1 structures of the neutral and anion clusters. An
isodesmic adiabatic EA of 2.70 eV is derived based on the
experimental EA for Al8 of 2.35 eV. A vertical EA of 2.69 eV is
derived from calculations on the neutral and anionic clusters at
the anion geometry.
Al9 has a Cs structure that is again based on the Al6

framework with the three additional aluminum atoms on the
same side of the distorted octahedron as shown in Figure 2.
We investigated several terminal, bridging, and face-centered
placements of a hydrogen atom on this scaffolding, and low-
energy structures within 65 kJ/mol of the global minimum
isomer are shown in Figure S7a,b. In addition to those
structures based on the lowest-energy Al9 structure in Figure 1
(structure_1), we found several Al9H cluster geometries based
on a different arrangement of aluminum atoms that we will
refer to as structure_2 (Figure 2). This isomer has two
aluminum atoms on one side of the distorted octahedron and
the third occupying a face-centered position on the other
hemisphere. Despite the fact that this arrangement lies 24.2 kJ/
mol in E0 above structure_1 in the all-aluminum cluster at the
PBE0/def2-TZVPP level, several Al9H and Al9H

− cluster
geometries based on the structure_2 aluminum atom arrange-
ment lie within 10 kJ/mol of their respective global minima.
For Al9H, the lowest-energy isomer is a terminal arrangement
(term9) with the hydrogen atom on one of the “additional”
aluminum atoms outside of the octahedral core. Placing the
hydrogen atom on the ocatahedral core (term1 and term3)
results in isomers lying 7.1 and 29.0 kJ/mol higher in E0. Three
terminal structure_2 isomers were located within 20 kJ/mol of
the term9 isomer. For structure_2 isomers, the numbering
scheme is different than for the structure_1 isomers and is
based on the numbering of the aluminum atoms of
structure_2. Additional higher-lying bridged and face-centered
isomers based on the structure_1 and structure_2 arrange-
ments were also located and are shown in Figure S7a,b.
Interestingly, isomers with two additional aluminum atom
arrangements were located that arose from starting geometries
based on structure_1 and structure_2. These arrangements
have the aluminum atoms in geometries that are based on the
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top part of an icosahedron in which a central atom is
surrounded by rings of other aluminum atoms and a “capping”
atom. As shown in Figure 2, as the size of the all-aluminum
clusters increases, the most stable structures shift from the
“octahedral” core of Al6−Al10 toward icosahedral-like struc-
tures of Al11−Al13 with such central atoms, rings, and capping
atoms. Terminal and bridging isomers of structure_3 with a
single capping atom were located 35.6 and 37.3 kJ/mol above
term9, and terminal and bridging isomers of structure_4 with
two capping atoms were located 46.5 and 61.2 kJ/mol above
term9. CCSD(T) single-point energy calculations were
performed on the four lowest-energy isomers and confirmed
that the term9 isomer is the global minimum.
Similar results were found for Al9H

−, except that the
ordering of the term3 and term9 isomers switches, with term3
lying 5.0 kJ/mol lower in E0 as shown in Figure S7c. A second
term3 isomer was located with a compressed structure_1
arrangement in which the three “additional” atoms are
significantly closer to the octahedral core, which lies 17.1 kJ/
mol above the global minimum (term3b). The lowest-energy
structure_2 isomer is a terminal arrangement (term7_2) that
lies 17.8 kJ/mol above term3. Thirteen additional terminal,
bridged, and face-centered structure_1 and structure_2
isomers were located with 75 kJ/mol of term3 and are
shown in Figure S7c,d. In addition, structure_3 and
structure_4 isomers were located lying >45 kJ/mol above
term3. An adiabatic electron affinity of 2.50 eV was derived
from the term9 isomer of Al9H and the term3 isomer of Al9H

−.
Using the experimental EA of 2.85 eV for Al9 gives an
isodesmic adiabatic EA of 2.60 eV for Al9H. A vertical EA of
3.07 eV is derived from a calculation of neutral Al9H at the
Al9H

− term3 geometry.
Al10 has a structure that is based on the structure_1 Al9

scaffold in which the additional aluminum atom is appended to
a threefold face on the other hemisphere as shown in Figure 2.
The Al10H isomer with the hydrogen atom appended to the
“extra” hydrogen is the lowest-energy isomer at the PBE0 level
(term1). Numerous higher-lying additional terminal, bridges,
and face-centered isomers were located during an isomer
search at the PBE0/3-21G level of theory as shown in Figure
S8a. The term1 structure and the two next lowest-energy
terminal isomers, term7 and term5, were re-optimized at the

PBE0/def2-TZVPP level, and then CCSD(T) single-point
energy calculations were performed to give relative 0 K
energetics. Term7 and term5 isomers lie 16.5 and 34.0 kJ/mol
higher in E0 at the CCSD(T) level. All of the other terminal,
bridged, and face-centered isomers lie at least 25 kJ/mol higher
in energy at the PBE0/3-21G level. For the lowest-lying
isomers, the arrangement of the aluminum atoms is nearly the
same as for the all-aluminum clusters, but some of the higher-
lying isomers show deviations from the all-aluminum cluster
geometry.
Similar results were found for Al10H

− in which the lowest-
energy isomer is also in a terminal arrangement as shown in
Figure 2. We located 12 additional isomers in our PBE0/3-21G
search, which are shown in Figure S8b. As with the neutral
cluster, most of these isomers have an aluminum atom
arrangement that is similar to that of the all-aluminum anionic
cluster. We re-optimized the two lowest-energy isomers at the
PBE/def2-TZVPP level and then performed CCSD(T) single-
point energy calculations as with the other clusters to
determine the relative E0 for these two isomers. The term2
isomer lies 35.1 kJ/mol higher in E0. All the other isomers had
PBE0/3-21G energies of at least 45 kJ/mol higher than the
term1 isomer. A raw adiabatic EA of 2.95 eV is derived from
the term1 isomers of the neutral and anionic Al10H clusters.
Using the experimental EA of 2.70 eV for Al10 provides an
isodesmic adiabatic EA of 3.09 eV. Finally, a vertical EA of 3.16
eV is derived from calculations of the neutral and anion at the
term1 anion geometry.

AlnH (n = 11−13). For clusters larger than Al10, the
arrangement of the aluminum atoms includes one or more
atoms on a central axis and multiple ring structures, which
build toward the icosohedral arrangement of Al13. For Al11, the
lowest-energy structure has a Cs structure shown in two aspects
in Figure 3. A conformer search found 10 unique terminal,
bridged, or face-centered isomers as shown in Figure S9a,b. At
the PBE0/def2-TZVPP level, the lowest-energy structure has a
terminal hydrogen placement (term7). Two additional
terminal isomers (term11 and term8) were located with the
aluminum atoms distorting from the Al11 scaffolding and lying
6.0 and 6.8 kJ/mol higher in energy. Seven high-lying bridged
and face-centered arrangements were located that were >20
kJ/mol in E0 above the term7 isomer. Most of these higher-

Figure 3. Lowest energy structures for Aln, Aln
−, AlnH, and AlnH

− (n = 11−13).
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lying isomers have aluminum atoms in an arrangement that is
quite similar to that of the all-aluminum cluster. CCSD(T)
single-point energies were calculated for the two lowest-energy
isomers, and the final difference in E0 is 9.9 kJ/mol with the
term7 isomer lying lower.
Al11

− has a similar aluminum atom arrangement to the
corresponding neutral cluster. The two lowest Al11H

− isomers
are terminal with isomer term1 having an aluminum atom
scaffold similar to the all-aluminum cluster geometry and
isomer term3 having a more icosahedral-based scaffold (Figure
S9c). These two structures are very close in energy with a
difference of 0.2 kJ/mol in E0 at the PBE0/def2-TZVPP level
and 2.7 kJ/mol at the CCSD(T) level. In both cases, the term3
isomer is lower in energy. A third terminal isomer, term11, has
a geometry that corresponds to the term11 neutral Al11H
cluster and lies 5.8 kJ/mol higher in E0 at the PBE0/def2-
TZVPP level. Eleven additional terminal and bridged isomers
were located within 75 kJ/mol of the term3 isomer (Figure
S9c,d). The aluminum atom arrangements in these clusters are
all similar to the term 3 arrangement. A raw adiabatic electron
affinity of 2.45 eV is derived for Al11H based on the term7
neutral and term3 anion. Using the experimental EA of 2.87 eV
for Al11leads to an isodesmic adiabatic EA of 2.53 eV for Al11H.
A vertical EA of 2.74 eV is derived from calculations of neutral
Al11H at the term3 anion geometry.
Al12 has an icosahedral-like structure missing the bottom

capping atom from the full icosahedral Al13 cluster as shown in
Figure 3. In an icosahedron, the two five-membered rings are
parallel, of the same size, and rotated 36° with respect to each
other. In Al12, the two rings are of different sizes, are eclipsed in
rotation, and the bottom ring is tilted with respect to the axis
of the top ring giving the molecule Cs symmetry that is actually
closer in structure to a decahedron. Numerous terminal,
bridged, and face-centered isomers were generated based on
the Al12 scaffold and were optimized at the PBE0/def2-TZVPP
level of theory. Fourteen minima were located within 70 kJ/
mol of the lowest-energy structure. The four lowest-energy
isomers at this level have terminal arrangements with varying
distortions of the Al12 aluminum scaffold (Figure S10a,b). Two
terminal isomers (term8 and term12) are essentially
isoenergetic with term 1 and term3 isomers lying 6.5 and
11.0 kJ/mol higher in energy. The lowest-energy bridged
structure is bridge18, which lies only 15 kJ/mol higher in E0 at
the PBE0/def2-TZVPP level, and the lowest-energy face-
centered arrangement is face2-3-11, which lies 51.7 kJ/mol
higher in energy. When CCSD(T) single-point energy
calculations are carried out, the term1 isomer becomes the
lowest energy structure by 3.3 kJ/mol over the term8 isomer,
6.1 kJ/mol over term12, and 14.6 kJ/mol over term3.
Al12

− has a structure that is closer to a true icosahedral
arrangement in which the two five-membered rings are
staggered with respect to each other, though they are not
planar, which gives the molecule Cs symmetry. Twelve terminal
and bridged minima were located at the PBE0/def2-TZVPP
level. The lowest-energy Al12H

− structure has a hydrogen atom
on the top capping aluminum atom (term8a) of the cage
structure. However, placing a hydrogen atom causes a
significant rearrangement of the aluminum atoms in which
one of the atoms from the bottom five-membered ring moves
upward toward the top ring. Two views of this structure are
shown in Figure 3 and Figure S10c. A second terminal isomer
with the hydrogen atom on the top atom of the cage (term 6b)
was located with a more severe distortion of the aluminum

scaffold (term 8b), which lies 4.5 kJ/mol above term8a. Five
additional terminal structures were located within 15 kJ/mol in
E0 of term8a. Each of these isomers has an aluminum atom
arrangement that is subtly distorted from the all-aluminum
anionic cluster. In addition to the terminal isomers, five
bridged isomers were located, all of which lie greater than 22
kJ/mol higher in E0. CCSD(T) single-point energy calculations
were performed on the three lowest-energy terminal isomers,
and term8a is still the lowest-energy structure by 6.4 and 12.1
kJ/mol over term1 and term8b, respectively. Using the term8a
isomer for Al12H

− and the term1 isomer for Al12H leads to an
adiabatic electron affinity of 2.93 eV. The experimental
electron affinity of Al12 is 2.75 eV, which can be used to
derive an isodesmic adiabatic EA of 2.97 eV. A vertical EA of
3.08 eV is derived from calculations of the neutral Al12 at the
minimized Al12

− geometry.
Al13 has a nearly icosahedral structure as shown in Figure 3.

Due to the size and symmetry of the Al13 molecules, we only
considered three Al13H isomers: terminal, bridged, and face-
centered. These three isomers have been considered in detail
in previous work by many different groups.35,39−42 The most
recent study is by Moc in which second-order Moller−Plessett
perturbation theory was used for geometry optimizations and
the determination of the nature of the stationary points.43

CCSD(T) single-point energies were then used to determine
the relative stability of the three minima types. They found that
only the face-centered isomer is a minimum at the CCSD(T)/
aug-cc-pVTZ//MP2/6-311++G(2d,2p) level of theory, where-
as the terminal and bridged isomers are transition states that
connect different face-centered minima. Moreover, the barrier
for interconversion between face-centered sites was calculated
to be only 10.9 kJ/mol, which suggests that the proton
mobility across the surface of the cluster is high. These results
were compared with DFT approaches using a number of
different XC combinations including generalized gradient
approximation (GGA: PBE, BP86), hybrid-GGA (PBE0,
B3LYP), meta-GGA (TPSS), and hybrid-meta-GGA (M05-
2X). They found that the terminal and bridged isomers are
minima using density functional theory methods including
PBE0 and that, in some cases, they lie lower in energy than the
face-centered isomer.43 Our results are in accord with this
study and indicate that the bridged and face-centered isomers
are extremely close in energy. At the PBE0/def2-TZVPP level
of theory, the bridged isomer lies only 1.4 kJ/mol below the
face-centered isomer in E0, but this stability inverts at the
CCSD(T)/aug-cc-pVTZ level with the face-centered isomer
lying 2.4 kJ/mol lower in E0 as shown in Figure 3 and Figure
S11. The C5v terminal isomer is a transition state at the PBE0/
def2-TZVPP level, which connects two Cs-symmetry terminal
isomers in which the hydrogen atom is tilted off of the C5 axis.
This isomer lies 23.1 kJ/mol above the face-centered isomer at
the CCSD(T) level.
Al13

− has a perfect icosahedral structure and with 40
electrons is considered a magic cluster with a filled shell
according to the jellium model. Moc also studied the Al13H

−

cluster and, in contrast to the neutral, found that the C5v
terminal structure is the global minimum at all levels
studied.43,44 Our results are in accord with those of Moc’s in
which we find that the terminal isomer (Figure 3 and Figure
S11) lies 72 kJ/mol lower in energy than the C3v face-centered
isomer at the PBE0/def2-TZVPP level. The C2v bridged
isomer is a transition state at this level connecting two terminal
isomers.
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Negative ion photoelectron spectroscopy (NIPES) experi-
ments were performed on Al13H

− by Burkart et al., and they
found three peaks in the spectrum at electron binding energies
of 2.2, 3.8, and 4.3 eV.45 The difference of around 1.6 eV
between the two low-energy peaks is an estimate of the
HOMO-LUMO gap and indicates that neutral Al13H is very
stable. Al13H has 40 valence electrons similar to Al13

− and is a
closed-shell molecule according to the jellium model, which is
in agreement with the large HOMO-LUMO gap found in the
PES experiment. A similar experiment was performed by
Grubisic et al. in which they were able to measure electron
binding energies for two different Al13H

− isomers.42 One of
these (isomer A, the spectrum of which matches that of the
Burkhart study) was determined to be a metastable species
with a vertical detachment energy of 2.2 eV. The other (isomer
B) is a more thermodynamically stable species with a vertical
detachment energy of 3.15 eV and was not observed in the
Burkhart study. By careful varying of the timing between
cluster formation in the source and the photo-detachment
pulse, they were able to record the spectra that allowed for the
separation of the contributions of the two isomers. Through a
comparison with calculations, they assigned the metastable
isomer A to the face-centered isomer of Al13H

− and the more
stable isomer B to be the terminal isomer. Our computed EA
values are in accord with these findings42 and with the
theoretical study of Moc.44 A vertical EA of 3.22 eV is derived
for the terminal isomer of Al3H at the CCSD(T) level, in
excellent agreement with the 3.15 eV feature from the PES
spectrum. A raw adiabatic EA of 2.69 eV is derived using the
face-centered isomer of Al13H and the terminal isomer of
Al13H

−. Using the experimental EA of Al13 of 3.62 eV leads to
an isodesmic adiabatic EA of 2.78 eV, which is somewhat larger
than the adiabatic EA of 2.63 listed in the Grubisic study42 but
is in excellent agreement with the 2.80 eV thermodynamic EA
value of Moc.43

Trends. The electron affinities for the all-aluminum clusters
alternate from high to low beginning with Al9. Results from
photoelectron spectroscopy31 indicate that signatures from s
and p shells begin to overlap at n = 9, and s-p hybridization is
evident in clusters larger than n = 9. They point out that such
hybridization of s and p electrons is a requirement for bulk-like
behavior in larger clusters. Even-numbered neutral all-
aluminum clusters are ground-state singlets and have relatively
smaller electron affinities, and odd-numbered clusters are
ground-state doublets with relatively higher EAs. In our
previous variable-temperature kinetic study of the reaction of
Aln

− (n = 3−17) with O2, we showed that experimentally
derived Arrhenius parameters can be rationalized by an early
barrier involving long-range electron transfer to the O2
molecule, similar to surface oxidation of bulk aluminum.5−7

In addition, we showed that the derived activation barriers
track the experimental electron affinities for clusters greater
than n = 9. Even-numbered clusters with low electron affinities
have a lower barrier at the initial electron transfer to O2 and
vice versa with the odd-numbered clusters.
Our results for AlnH clusters indicate that the trends reverse

with odd-numbered clusters now having the relatively lower
electron affinities. This is consistent with the addition of a
hydrogen atom changing the overall spin of the cluster.
Comparison of the previously measured barriers for AlnH

− (n
= 3,4,10−12) with the presently calculated EAs is shown in
Figure 4. Clusters of n = 10−12 all fit well with the linear fit for
n ≥ 9, while those of n = 3 and 4 deviate. This suggests that

there is an increased s-p hybridization for n = 10−12, making
them more akin to bulk and the primary perturbation of H
being a change in spin. For the smaller clusters, this is not the
case, and the calculated electron affinities of AlnH

− tend to
mirror the Aln

− cluster as opposed to the Aln+1
−.

■ CONCLUSIONS
Adiabatic and vertical electron affinities for AlnH clusters with
n = 3−13 have been derived from coupled-cluster calculations
at density functional theory-optimized geometries. Structures
with terminal, bridging, and face-centered placements were
investigated for each neutral and anionic clusters. The
identities and relative energetics of the different isomers for
clusters with n = 3−8 and 13 are in excellent agreement with
previous literature studies. This gives us confidence that the
CCSD(T)/aug-cc-pVTZ//PBE0/def2-TZVPP method is ap-
propriate for such studies on clusters with n = 9−12, for which
this is the first comprehensive study of the relative energetics of
different isomers.
Derived adiabatic electron affinities for AlnH show an even-

odd alternation with even-numbered clusters having relatively
larger EAs than odd-numbered clusters. The relationship
between the presently calculated electron affinities and the
previously observed Arrhenius barrier in the reaction with O2 is
consistent between Aln

− and AlnH
− for n ≥ 9, suggesting a

common mechanism by which reactivity is limited by a long-
range charge transfer from the anion to O2. This more bulk-
like behavior suggests that s-p hybridization becomes
prominent in a similar size regime for both the Aln

− and
AlnH

− clusters.
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(I) Derived electron affinities for Al3 at different levels of
theory, electron affinities (eV) for Al3 and Al3H
calculated with different methods, relative zero-point-
corrected energies (kJ/mol) for Al3H and Al3H

− clusters
calculated with different methods, and total electronic
energies, zero-point energies, and E0 values for Aln ,Aln

−,
AlnH, and AlnH

− (Tables S1−S5); cartesian coordinates

Figure 4. Experimentally derived activation energies for oxidation of
Aln

− (black circles, as published in ref 5 and AlnH
− (green squares)

clusters as a function of electron binding energy. The barrier for bulk
Al (111) as calculated in ref 7 as a function of the aluminum bulk
work function is also shown.
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for the lowest energy structures for AlnH and AlnH
− (n =

3−13); (III) low-energy structures and relative en-
ergetics for AlnH and AlnH

− (n = 3−13) (Figures S1−
S11) (PDF)
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