J_]OURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JACS

Can an Electron-Shell Closing Model Explain the Structure and
Stability of Ligand-Stabilized Metal Clusters?

Jaehoon _]ung,Jr’§ Hyemi Kim," and Young-Kyu Han*"

*Corporate R&D, LG Chem., Ltd., Research Park, Daejeon 305-380, Republic of Korea

Division of Materials Science, Korea Basic Science Institute, Daejeon 305-333, Republic of Korea

e Supporting Information

ABSTRACT: We investigated the structure and stability of
several aluminum hydride complexes to understand the essence
of “superatom chemistry” and to gain a right perspective on the
ligand (L)-stabilized metal (M) clusters. We successfully inter-
pret the structure and stability using molecular orbital analysis,
which clearly shows the failure of an electron-shell closing
model (or a superatom model) to explain it. The structure
and stability of Al H,, are closely associated with the molecular
orbital stabilization owing to the effective orbital overlap

Ligand-stabilized
metal cluster

Superatom
complex

between Al,, (M,,) and nH (nL). The importance of retaining the electronic structural integrity of M,, in M,,L,—within an
electron-shell closing model—has been underestimated or even disregarded, and this has created the current controversies in the

scientific community.

B INTRODUCTION

Metal clusters of a given element can have chemical and
electronic properties resembling those of a different atom. Such
clusters, or “superatoms”, can be described using an electron-
shell closing model that results from quantum confinement of the
valence electrons, which parallels the electron-shell closure of
atoms. Ligand-stabilized metal clusters have been a subject of
great interest in recent years due to their highly structured optical
absorption, intense circular dichroism, luminescence visible to
the eye, sizable nonlinear optical properties, and nanoscale
catalytic activities."

Bergeron et al? reported that Al;3 and Al,, are halogen-like
and alkaline earth-like superatoms in the Al;3I, (n=1—12) and
Al L, (n = 1—11) complexes, respectively; the authors sug-
gested a new form of “superatom chemistry” in which a supera-
tom behaves like an atom when it reacts with other molecules.
Since then, a variety of studies on superatom complexes have
been actively pursued.’ Kiran et al.* reported that H atoms select
between the on-top and bridge (or face) sites on the Al clusters of
the most stable Al,,H,, complexes (m/n = 2) in a way that makes
the total number of valence electrons attain electronic shell
closure. Walter et al.’ showed that the superatom model
straightforwardly accounts for the particular stability of thiolate
(RS)-coordinated gold clusters such as Au,s(SR) 5~ and Aug,-
(SR)44. This demonstrates that the number of available Au 6s
electrons must be a “magic number” obtained by filling shells
quantized by angular momentum. The superatom model or
electron-shell closing model, therefore, has been widely regarded
as a simple and powerful tool for explaining the structures
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Figure 1. Optimized structures of Al;H, Al;3H, and Al,3;H; along with
the relative energies (in eV).

and stabilities of many ligand-stabilized metal clusters M,,L,
(M = metal and L = ligand).

On the other hand, there have been totally different view-
points for ligand-stabilized metal clusters. Han et al.® showed
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that Al;; and Al;; have no superatomic characteristics in
ALL"~ and AlI;" (n = 11—15) complexes, respectively.
Zhang et al.” also reported that Al;; cannot be simply
considered as a superatom when it interacts with sulfur for
AlLS™ (n=3—15)and Al,S,” (n=7—15) complexes. In terms
of the exceptional stability of Aujg,(SR)44 Reimers et al.®
reported that the superatom model is inadequate for predict-
ing of the thermodynamic stability of sulfur-stabilized gold
nanoparticles. Instead, the authors showed that local structural
effects dominate the chemistry.

To understand the essence of such controversies, we used
first-principles calculations to investigate the structure and
stability of M,,L,, (M = Al and L = H) complexes, as a con-
tentious issue and a representative example: 1o, 1b Al;H, 1f,
1o Al;3H, and 201b, 102b Al;3;H; (see Figure 1; o: on-top, b:
bridge, f: face). The work of Kiran et al.* mentioned above
needs to be focused in that their electron counting rule

Table 1. Energy Differences between On-Top and Bridge (or
Face) Forms for Al,H, Al,I, Al,3H, and Al,;1. Units are in eV

on-top bridge (or face)*
ALH 0.00 0.92
ALI 0.00 0.58
Al ;H 0.28 0.00
Alj5l 0.23 0.00

“ Bridge, AlH, Al;1, Al;3]; and face, Al;;H.

(hereafter the KEC rule), based on an electron-shell closing
model, determines the structure as well as the stability of
ligand-stabilized metal clusters. It is very challenging to clearly
analyze the electronic structures of ligand-stabilized metal
clusters because of their complexity. We successfully interpret
the structure and stability using molecular orbital (MO)
analysis and show that there is no relationship between the
electron-shell closing model (or a superatom model) and the
stable structures of the Al H, complexes. Instead, our results
confirm that the structure and stability of Al,,H, complexes
are closely associated with the effective orbital overlap be-
tween M,, and #nL and the resulting MO stabilization by the
attached ligands.

B COMPUTATIONAL DETAILS

Kohn—Sham density functional theory (DFT) was used to investi-
gate the detailed electronic structures of Al,,H,, clusters. DFT calcula-
tions were performed with the gradient-corrected exchange-correlation
functional proposed by Perdew, Burke, and Ernzerhof (PBE)® and the
correlation-consistent triple-G (cc-pVTZ)'® basis set. Scalar relativistic
effects were treated with the energy-consistent small-core (25 valence
electrons) pseudopotential (PP) for iodine."" The correlation-consis-
tent triple-{ (cc-pVTZ-PP) basis set was used for iodine.'> For each
specific cluster size, an exhaustive search for minimum energy structures
was carried out without any symmetry constraint."® To judge whether
the obtained structures are local minima, all of the vibrational frequen-
cies were calculated using the analytic second derivatives evaluation of
the energy with respect to nuclear coordinates. We present all the orbital
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Figure 2. Molecular orbital diagrams for (a) Al,” and 1o Al,H and (b) Al,” and 1b Al,H.
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Figure 3. Molecular orbital (MO) diagrams for (a) Al;;~ and 1f Al;3H and (b) Al;;~ and 1o Alj;H.

energies of the systems considered here in the Supporting Information.
All the calculations were carried out with the Gaussian 03 program."*

B RESULTS AND DISCUSSION

The lowest-energy structures of 2b AlgH,, 1o Al;H, 20l1b
Al;H;, 40 AlgH,, 1f Al;3H, and 20 Al 4H, clusters fulfilled the
predictions of KEC rule, i.e., the number of valence electrons N
equals the electron-shell closing number, the magic number 20 or
40. Simple electron counting as N = 3, 1, and —1 for Al, bridge
(or face) H, and on-top H, respectively, and the valence electrons
in the six Al,,H, complexes can satisfy the electron-shell closing
model.* Furthermore, Reveles et al.'® also reported that Al is a
multivalent superatom based on DFT calculations. Interestingly,
hot-issued aluminum iodide complexes Al,I and Al;;I also have
on-top and bridge forms, respectively, similar to the aluminum
hydride complex analogues (see Table 1). This leads us to believe
that our results and discussion are valid for various M,,L,
complexes.

Can an electron-shell closing model or superatom model
really determine the structure and stability of Al H, complexes?
To answer this question, we first performed MO analysis for the
lo and 1b AlH structures. All of the optimized structures
considered in this work are shown in Figure 1, along with the
relative energies. The 1o isomer is more stable than the 1b form

by 0.92 eV (21 kcal/mol). According to the KEC rule, the N
value for the lowest-energy 1o form is the magic number of 20
[3(Al) x 7 — 1(on-top H)], while it is 22 [3(Al) x 7 + 1(bridge
H)] for the 1b form. We present the molecular orbitals and
orbital energies of 1o and 1b Al;H in Figure 2, and include the
MO analysis results of Al;~ for comparison. If a minor perturba-
tion of the metal cluster by H attachment would leave the
electronic shell structures virtually unchanged, then the elec-
tron-shell closing (or superatom) model should remain valid.
However, our MO analysis shows that even one H attachment
leads to a significant loss of degeneracy of the electronic states in
the cluster orbital shells. It is worth noting that the highest
occupied molecular orbitals (HOMOs) of Al,, 1f orbital, forms
a stable bonding MO with the on-top H atom, resulting in a low
orbital energy of —5.60 €V, even below the 1d* (—5.11 €V) and
2s* (—5.16 €V) orbitals in 1o AlH. This indicates that Al,
overlaps with H very eftectively, when the H atom occupies the
on-top position. On the other hand, for 1b Al H, the 1£ HOMO
(—4.72 eV) is still located above the 1d* (—5.03 €V) and 2s°
(—S5.14 eV) orbitals, similar to Al,”. The MO reordering does
not occur, despite the slight loss of orbital degeneracy due to the
attachment of a bridge H atom. Hence, the gap between the
HOMO and the lowest unoccupied molecular orbital (LUMO) of
1b ALH (1.10 V), a factor determining the stability of the complex,
is much lower than 1.70 eV of 10 Al,H. We note that the 1b Al,H is
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Figure 4. Molecular orbital (MO) diagrams for (a) Al;3~ and 201b Al;3H; and (b) Al;3~ and 102b Al 3H;.

unstable, because it has a shell-structure similar to that of Al,, that
is, the small perturbation of the Al; cluster by an attached H atom.

Second, we compare the MO diagrams of 1f and 1o Al;;H
with that of Al;3™ in Figure 3. In contrast to Al;H, the 1f form is
more stable than the lo form by 0.28 eV (6.5 kcal/mol).
According to the KEC rule, the N value for the lowest-energy
1f form is the magic number of 40 (3 X 13 + 1), while it is 38
(3 x 13 — 1) for the 1o form. It is worth noting that the quadruply
degenerated HOMOs of Al;3 ™, the 1f orbitals (1£%), do not have a
preference for a specific direction, unlike Al,” HOMO. The face H
atom in 1f Al;;H provokes the MO reordering, that is, the 2p°
(—1.97 eV for Al;; and —5.30 €V for Al;3H) and 1£® (—1.92 eV
for Al;3~ and —5.45 eV for Al;3H) orbital orders are exchanged;
the (25)2(1f) (2p)%(1f)® valence orbitals of Al;;~ become the
(2s)*(16)*(1D)*(1f)*(1f ) *(1f)? (2p)6 orbitals in 1f Al;3H. On the
other hand, no MO reordering was observed in the case of the less
stable 10 Al;;H (see Figure 3b). It is noteworthy that one attached
H atom on the z-axis significantly lowers the orbital energy of
the unoccupied z-type 1g lowest unoccupied molecular orbitals
(LUMOs) (—4.29 eV) of lo Al;3H, and slightly affects the
x,y-type 1g orbitals. Thus, the HOMO—LUMO gap of 1o Al;3sH
(0.91 eV) becomes only half that of 1f Al;;H (1.87 eV).

Lastly, let us turn to the Al;3Hj; case, which does not fulfill the
electron-shell closing model."> The 201b Al;;H; complex is
more stable than the 102b form by 0.76 eV (18 kcal/mol).

6093

According to the KEC rule, the N value for the lowest-energy
201b formis 38 (3 X 13 — 2 + 1), while it is the magic number of
40 (3 x 13 — 1 + 2) for the less stable 102b form. We compare
the MO of the lowest energy structure, 201b, with Al;; MO in
Figure 4a. Although the MO perturbation is more complex by
three H attachment, the MO results can be explained in a way
similar to the Al;H and Al,;H cases The most notable thing is
the significant energy lowering of 1g>. It is not surprising that the
LUMO of Al,;, the 1g orbital (—0.03 eV for Al;3~ and —5.99
eV for Al;3H3), forms a very stable bonding orbital with three H
atoms because of the 42 (39 + 3) total valence electrons for
Aly3Hs. The 2p” orbital (—8.17 eV) is also significantly stabilized
by the attachment of three H atoms, with a result below even that
of the 2s orbital (—7.93 eV) Asa result, there is a considerable
MO reordering; the (2s)*(1f)° (2 )6 (lf’) (1g )2 valence orbitals
of Al;;~ become the (2p)*(2s)*(1f) (lg) (1H)*(1H)*(1f)*

(2p)*(2p)*(1£)*(1f)* orbitals in 201b Al;;H;. On the other
hand, the MO splitting by three hydrogen atoms is rather small,

and the MO reorderlng occurs at a very restrictive level; that is,
the (2s)> (lf) (2 ) (IF) (1g)? valence orbitals of Al;3~ become
the (2s)*(1£)*(16)*(1f) (1f)4(2p) (1f) (2p)4(1g)2 orbitals in
the 102b Al;3H;, as shown in Figure 4b. We note that both the
HOMO and LUMO are 1g orbitals and the HOMO-
(1g)—LUMO(1g) gap (1.29 eV) of the 1o2b form is much
lower than the HOMO(1f)—LUMO(1g) gap (1.87 eV) of the
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Scheme 1. Schematic Diagrams for Two Different View-
points (a and b) for Ligand-Stabilized Metal Clusters
(L: Ligand)

(a) (b)

lowest-energy 201b form. This can be interpreted as stemming
from the significant energy lowering of 1g orbitals in the latter
structure.

Conclusively, the ligand H atoms are attached to the metal
cluster (M,,) in a way that makes an effective orbital overlap
between the metal cluster and ligands, and does not make the
total number of valence electrons attain electron-shell closure.
The effective orbital overlap between M,, and #nL and the
resulting MO stabilization by attached ligands are closely asso-
ciated with the structure and stability of Al,,H,, complexes. Our
MO interpretation clearly shows large MO splitting and con-
comitant MO reordering by attached ligands, which significantly
deteriorates the superatom character, that is, the atom-like shell-
type electronic structural character of pure metal clusters. Thus,
there is no link between superatom-shell filling and the stable
structures of Al H, complexes.

We need to recognize two extremely different viewpoints to
understand the characteristics of M,, L, complexes (see scheme 1).
From the first view, the structural integrity and chemical
identity of M,, are retained and the influence of ligands is small
(scheme 1a). Both the superatom model and electron-shell
closing model are based on this viewpoint. From another point
of view, the structural integrity and/or chemical identity of M,,
disappears due to significant perturbation by ligands (scheme 1b).
Most researchers recognize that a real complex system would have
mixed characteristics of schemes 1a and 1b, and a superatom unit
must retain its structural integrity in the assembled unit. However,
the importance of retaining its electronic structural integrity has
been underestimated or even disregarded, and this has created the
current controversies in the scientific community. Our MO
interpretation clearly confirms that a real complex system has
characteristics very close to those of scheme 1b; that is, the
perturbation by ligands is much more significant than generally
believed.

It should be mentioned that Schnéckel et al.'* have synthe-
sized various types of Al,,—L, complexes, where L is usually an
electronegative ligand; The authors call the cluster type of
scheme 1b “metalloid” clusters, because these clusters are
metastable intermediates on the way to the metals."

Bl CONCLUSIONS

We investigated the structure and stability of several alumi-
num hydride complexes to understand the essence of superatom
chemistry and further to provide a reasonable perspective on the
ligand (L)-stabilized metal (M) clusters. Our elaborate MO
analysis shows the failure of an electron-shell closing model (or
a superatom model) in explaining the structure and stability of

the ligand-stabilized metal clusters. Instead, the structure and
stability of Al,,H, can be well described by the MO stabilization
owing to the effective orbital overlap between Al,, (M,,) and nH
(nL). The influence of ligands on the electronic structure of M,
moieties should be investigated to deeply understand the struc-
ture and stability of M,,L, complexes and to avoid further
controversies concerning superatom chemistry in the scientific
community. We suggest that our approach based on MO analysis
is a powerful tool and theoretically sound for explaining and
understanding the structure and stability of ligand-stabilized
metal clusters.
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