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Abstract: It is a challenge to synthesize clusters having a certain shape associated with a desirable property.
In this study, we perform density functional calculations on ligand-protected Al; and Al clusters. It is found
that small ligands such as NH; still prefer the compact structure of bare Al clusters. However, large ligands
such as N(SiMe3), stabilize the experimentally observed shell-like structures due to the steric effect. This
is different from the Gas,4 cluster case where small ligands can stabilize the experimental shell-like Gag,
cluster. Our study suggests that the shape, and thus the properties, of clusters (for instance, Cs;, Al; cluster
has a finite dipole moment in contrast to the centrosymmetric D cluster) can be controlled by using ligands

with different sizes.

Introduction

Metal clusters are increasingly the subject of investigation
by experimentalist and theoretician because of their special
properties in the transitional region between molecular and solid-
state chemistry. As aluminum is the most earth abundant metal
element with 8.1 wt % and has found many uses in everyday
life, nanoclusters of aluminum have been attracting a lot of
attention because of their potential mass-production applications
in microelectronics' and nanocatalysis.>? Extensive theoretical
studies have been performed to search the ground-state structures
of small Al, clusters.* 2 Al, clusters with n < 5 were found
to be planar.* The lowest-energy structures for Al, with n =
6—10 are all based on the octahedron of Als which serves as
the nucleation center for the growth of these clusters.®'® When
n = 23, Al, clusters tend to have a bulklike motif with close-
packed (111) facets to obtain lower surface energy and fewer
dangling bonds.'?

Experimentally, crystals containing ligand-passivated Al
clusters'>~'> have been synthesized and characterized by the
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X-ray diffraction.'® The bulky ligands such as N(SiMes), (Me
= —CH;) were used to protect the Al clusters from reacting
with each other. These ligand-protected Al clusters are called
as “metalloid clusters” because there are more metal—metal
bonds than metal—ligand bonds. Interestingly, the Al core of
these metalloid clusters does not preserve the geometrical feature
of the bare Al clusters. In [Al;{N(SiMe3),}6]”, the central Al
atom is surrounded by a distorted octahedron of six further Al
atoms, each of which is saturated with one N(SiMe3), ligand."?
The arrangement of seven Al atoms is dramatically different
from that in the lowest-energy structure of bare Al; where an
additional Al atom bonds with three Al atoms of the Alg
octahedron.'® The [Al7{N(SiMes),}2]?~ cluster has a shell-
like structure:'3 it has a central Al atom surrounded by three
concentric polyhedral shells containing 12, 44, 20 Al atoms.
[Algo{N(SiMes),}15]>~ has a similar onion-like structure.'* The
shell-like structures of Al, clusters with n > 23 are unusual
because it is expected that the ground-state structures of bare
Algo and Aly; should have a face-centered cubic (fcc) bulk-like
motif.'? Besides the N(SiMe3), ligand, the Cp* [Cs(CHs)s] ligand
was used to prepare the metalloid cluster, i.e., Alsy Cpl,."” In
the center of the metalloid cluster, there is an Alg moiety with
a distorted square-based antiprism geometry. The different
topologies of Al atoms was tentatively attributed to the electronic
and steric effects of the ligands.'® The difference between the
Al core of the metalloid clusters and bulk fcc Al was also
discussed in terms of the mean atomic volume.'*'® However,
it remains a mystery why the ligand-protected Al clusters have
such unusual and interesting structures.

In this report, we perform density functional calculations on
the ligand-protected Al, clusters to address this issue. Our
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Figure 1. (a) Ground-state Al; cluster (point group: Cs,) and (b) the Al;
cluster (point group: D3,) derived from the observed [Al;{N(SiMes),}¢]™
cluster. The numbers give the relative energies. Here A, B, and C in (a)
denote three inequivalent Al sites in the Cs, cluster.

theoretical investigations lead to a deeper understanding of the
interactions between the ligands and the Al core.

Computational Method

Our first-principles density functional theory (DFT) calculations
were performed on the basis of the projector augmented wave
method®® encoded in the Vienna ab initio simulation package®'
using the generalized-gradient approximation (GGA)** and the
plane-wave cutoff energy of 400 eV. For relaxed structures, the
atomic forces are less than 0.05 eV/A. Cubic supercells with large
lattice constants (a = 20 A and 30 A for Al and Al respectively)
were adopted. The energy correction from the dipole—dipole
interaction was found to be less than 1 meV. Except for the isolated
NH, and N(SiMes),, spin-unpolarized calculations were performed.
For bare metal clusters, we only consider the neutral charge state.
The experimentally determined charge state of the ligand-protected
cluster was used in the calculations. However, test calculations on
neutral clusters lead to a similar conclusion.

Al; Cluster

For simplicity, we first focus on the Al; cluster. For the bare
Al cluster, the ground-state structure has the Cs, symmetry, as
shown in Figure la. The seven Al atoms of the [Al;-
{N(SiMe;), }6]~ cluster displays the D, symmetry (Figure 1b).
Our calculation shows that the (3, cluster is more
stable by 3.716 eV than the Ds, cluster, confirming the ground-
state nature of the C;, cluster. We note that C;, Al; cluster has
a finite dipole moment (about 0.8 D) in contrast to the
centrosymmetric D3, cluster.

Now, we discuss the effect of ligand protection on the relative
stability of the Al; cluster. As a first step, we consider the NH,
ligand which has a similar electronic property as N(SiMes),. It
is noted that the NH; ligand was adopted by others to simulate
the electronic property of the N(SiMe;), protected Al cluster.'?
For the C;, Al; cluster, all Al atoms are exposed to the surfaces
and are able to bond with ligands. Due to the symmetry, there
are only three inequivalent Al sites (we refer these three
inequivalent Al sites as A, B, and C, which are four-, five-, and
three-fold coordinated, respectively). Therefore, there are only
three possible NH,-protected isomers of the [Al;{NH,}¢]™
cluster based on the Cj;, Al; cluster (considering only the on-
top configurations, shown in Figure 2a—c). Replacing the
N(SiMe;), ligand of the experimental structure by NH,, we
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Figure 2. Upper panel shows the isomers of the [Al;{NH,}s]™ cluster.
(a—c) Based on the C;3, Al cluster (Figure 1a) with a naked Al atom at A,
B, and C sites, respectively. (d) Based on the D3, Al cluster (Figure 1b).
Lower panel shows the corresponding isomers of the [Al;{N(SiMes),}6]™
cluster.

obtain another isomers of the [Al;{NH,}¢]~ cluster (shown in
Figure 2). Our calculation shows that all isomers based on the
C3, Al; cluster have lower energy than the isomer based on the
Ds, cluster. The most stable isomer of the [Al;{NH,}¢]™ cluster
is the structure with one five-fold coordinated B site Al atom
unpassivated. We can also see that after passivated by six NH,
ligands, the energy difference between the Cs, Al cluster and
the Ds, Al cluster decreases by about 3 eV. To understand the
origin of this energy decrease, we calculate the binding energy
between a NH, ligand and the Al; cluster: E, = E(NH,) +
E(Al;) — E([Al;NH,]). Here we fix the positions of all Al atoms
to avoid the large deformation of the Al cluster to obtain a well-
defined binding energy on a given Al site. We find that the
binding energies for the C;, Al; cluster are 3.401, 3.352, and
4.119 eV for the adsorption on the A, B, and C sites,
respectively. And for the D3, Al; cluster, the binding energy is
4.125 eV. Thus, we can see that the binding energy depends
on the coordination number of the Al atom that the ligand is
bonded with. For smaller coordinated Al sites, the binding
energy is larger. Especially for the three-fold coordinated Al
sites (C site in the C;, cluster, and the surrounding Al atoms in
the Ds, cluster), the binding energy is larger than four- and five-
fold coordinated Al sites by about 0.7 eV. This could be
attributed to an easier charge transfer from the Al atom with a
smaller coordination number to NH,. The charge transfer from
Al to N atoms was found in the study of Al;; N> The
adsorption energy on the four-fold coordinated Al site (A) is
slightly larger than that on the five-fold coordinated Al site (B).
This explains why one of the B sites is naked when there are
six NH; ligands.

Above, we found that the Cs, cluster is still more stable than
the Ds, cluster after NH, ligand protection, which is against
the experimental observation, although the energy difference
is reduced. So, we considered the Al; cluster with the real ligand
N(SiMejs),. To our best knowledge, such calculations have never
been attempted in previous studies. Similar to our above
calculations, we considered three different isomers for the Cs,
cluster, as shown in Figure 2e—g. Interestingly, the experimental
structure with the D3, Al cluster has a lower energy by at least
0.9 eV than the isomers based on the Cs, cluster. Also, similar
to the NH, ligand case, the isomer with a naked B site Al atom
is most stable among the isomers based on the Cj;, cluster. The
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Figure 3. (a) Quasi-fcc-like ground-state structure of Al; and (b) the shell-
like structure derived from the observed [Al;;{N(SiMes),}20]>~ cluster. (c,
d) Optimized structures of the [Al;7{N(SiMe3),},0]>~ clusters based on the
fce-like structure and shell-like structure, respectively. The numbers give
the relative energies between the isomers.

optimized structures of the Cj,-derived Al; isomers show that
some Al—Al bonds are broken, and thus the Al clusters are
largely distorted. This is due to the strong repulsion between
neighbor ligands and between Al atoms and closed-shell atoms
(not the N atom) of the ligand. We note that the difference
between NH, and N(SiMe;), in stabilizing the Al clusters is
not due to their chemical difference because the binding energy
of N(SiMe;), on the Al clusters is almost the same as that of
NH; in the absence of space restriction [the binding energy
of N(SiMejs), on the three coordinated Al sites (both the C site
of the C;, cluster and surrounding Al atoms of the Ds, cluster)
is about 4 eV, which is only 0.1 eV smaller than that of NH,].
Thus, the stability of the experimental structure is actually due
to the steric effect.

Al;; Cluster

Next we try to see if similar situation occurs in the ligand
protected Aly; cluster, which is the largest Al cluster whose
structure has been resolved experimentally.'® The study of this
large cluster also helps to provide insights into the crossover
between molecular species and the bulk metal. Since the ground
state of the bare Als; cluster is not known, we construct a quasi-
ground state of the bare Aly; cluster by maximizing the Al—Al
bonds with the fcc Al framework. This is achieved by the Monte
Carlo simulation.® The resulting structure possesses the (111)
fcc facets, as shown in Figure 3a. Our calculation shows that
the fcc-based structure has a lower energy than the bare shell-
like Al cluster of the experimental structure by 3.440 eV. After
passivating some lowest-coordinated Al sites with NH,, the
energy difference between the [Al;7{NH,},]?>" clusters de-
creases to 1.360 eV. To construct a model of the
[Al;7{N(SiMe3), }»0]>~ cluster based on the fcc-like Al cluster,
we select surface Al atoms that are far from each other to bond
with the N(SiMes), ligands. The results show that the experi-
mental structure has a lower energy by 7.404 eV than the fcc-
based model cluster. We can see a huge distortion of the fcc-
based cluster: The Al core no longer resembles the fcc Al bulk,
and the Al atoms bonded with the N(SiMe;), ligands move
outward from the surface, resembling the shell-like cluster. In
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Figure 4. Density of states of the experimental (a) [Al;7{N(SiMes),}20]*~
cluster and (b) [Gags{N(SiMe3),}20]*" cluster. The partial DOSs for
N(SiMes),, N, and Al (Ga) are also shown. (Inset) Enlarged plot of the
DOS near the Fermi level. The DOS was calculated with 0.1 eV broadening.

contrast, the Al atoms move little when passivated with NH; in
form of [Al;7{NH,}4]>". This evidences the steric effect.
The basic electronic structure of the experimental
[Al;7{N(SiMe;),}20]*>~ cluster is shown in Figure 4a in terms
of the density of states (DOS). The valence states from the
N(SiMe;), ligands locate between —9 to —2 eV. It is found
that the large DOS between —8 and —5 eV is contributed from
CHj; groups. The hybridization between Al and N mostly occurs
around —4.5 and —2.3 eV. The system is metallic with the states
around the Fermi level contributed mostly from Al atoms, and
the stability could not be explained in terms of the jellium
model®° because the total number of electrons of the cluster is
odd. Instead, the DOS displays a pseudo gap around the Fermi
level, which is consistent with the stability of the cluster.
The Al valence state in the [Al;7{N(SiMe3),}20]>~ cluster is
an interesting issue. Nominally, the average valence state for
Al is (20 — 2)/77 = 0.234. However, there are many different
kinds of Al atoms. As mentioned above, the central Al atom is
enclosed by three polyhedral shells containing 12, 44, 20 Al
atoms. To characterize the valence state from first-principles,
we perform the charge-transfer analysis for the [Als;-
{N(SiMe;3)1}20]*~ cluster through Bader anallysis.25 Our result
is shown in Figure 5. The center Al atom has a +0.15 valence.
Each of the 20 Al atoms of the outer shell loses almost 0.9
electron due to the formation of AI—N bonds. For the first (12-
Al atoms) and second Al (44-Al atoms) shells, the valence state
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Figure 5. Valence states of Al atoms of the experimental [Als;-
{N(SiMe3),}20]*" cluster from Bader’s charge analysis. The central Al atom,
and three shells are enclosed by ellipses. The innermost two Al atoms of
the 44-Al atoms shell are denoted by blue balls.

can be either negative or positive. The 12-Al atoms shell gains
0.47 electron in total with the magnitude of the valence less
than 0.23. Interestingly, two innermost Al atoms of the 44-Al
atoms shell gain as many as 0.94 electron. Overall, the second
shell gains 3.08 electrons. The complicated valence distribution
of the Al atoms is surprising and interesting since one might
expect that all Al atoms should have a positive valence between
0 and 1, and the valence decreases when approaching the center
Al atom. Our first-principles calculations reveal a very high
degree of mixed valency with the valence ranging from —0.94
to 0.96 and is consistent with an enhanced Coulombic interaction
picture. It is noted that a small negative valence (the magnitude
less than 0.2 e) of Ga was found in the density fuctional-based
tight binding study>*> of [Gags{N(SiMes),}20]*".

To investigate the effect of different ligands on the stability
of the Aly; cluster, we also study OH and OSiMe; passivated
Al;; clusters. We choose OH because of the strong binding
between OH and the Al cluster: the binding energy for the D5,
Al; cluster is 4.995 eV, which is larger than that (4.125 eV)
between NH; and the Ds, Al; cluster. This is due to the larger
electronegativity of O than that of N. And the OSiMe; ligand
is chosen since it is smaller than N(SiMe;),, and thus the steric
effect is weaker. By replacing the NH, ligands of the
[Al77{NH;},0]*>" clusters with OH ligands, we find that the fcc-
based [Al;;{ OH},]*~ cluster is more stable than the shell-like
cluster by 1.753 eV, similar to the NH, case. Using the same
method of the construction of the fcc-based [Al;7{N-
(SiMe3),}20]>” cluster, we obtain a fce-like [Al7{OSiMe; }20]>~
cluster. The relaxed structures of [Al;7{OSiMes},0]>~ clusters
are shown in Figure 6. Our calculation shows that the fcc-based
[Al;7{OSiMes}2]*~ cluster has a higher energy than the shell-
like structure by 1.720 eV. In this case, the fcc-based cluster is
less stable than the shell-like cluster, as in the N(SiMes), case.
However, the energy difference is much smaller. This is
understandable because of the reduced steric repulsion in the
OSiMej; case, which can be seen from the fact that the fcc Al
core is kept in the relaxed structure of fcc-based [Als;-
{OSiMes )]~ cluster (Figure 6a).

Our above calculations considered the ligands which bind
strongly to the Al clusters. To understand the interaction between
inert ligands and the Al clusters, we carry out some calculations
with Aly; cluster covered by 20 closed-shell H,O or O(SiMes),
ligands, respectively. In both cases, after structural optimizations,
some of the 20 ligands are not bound to the Al cluster, and the
fce-based cluster is always more stable than the shell-like cluster.

1.720 eV |

Figure 6. (a and b) Optimized structures of the [Al;7{OSiMes}]*>~ clusters
based on the fcc-like structure and shell-like structure, respectively. The
numbers give the relative energies between the isomers.

(b |

f -

1.865 eV J

Figure 7. (a) Quasi-fcc-like ground-state structure of bare Als; and (b)
the shell-like Als; structure derived from the observed [Al;;{N(SiMes), }20]*~
cluster. (c, d) Optimized structures of the [Al;7{NH,}5]*~ and
[Al;7{N(SiMe;),}20]>" clusters obtained by passivating the fcc-like bare Als;
cluster using 20 Al-NH, and AI-N(SiMes),, respectively. The numbers give
the relative energies between the isomers.

Thus, to favor an open structure of the Al cluster, the ligand
should be not only bulky but also reactive.

Als; Cluster

By collisions with argon atoms in the gas phase,® the
[Ga,3(GaR)s]™ cluster”’ (R = C(SiMe;);) fragments by detaching
step by step neutral GaR units and finally leading to the stable
40-electron bare metal cluster [Ga,;3]~. This might suggest that
Als; could be taken as an alternative bare metal cluster
underlying the [Al;7{N(SiMes),}5]>", ie., [Als; {AIN-
(SiMes), }20]>7, cluster. Therefore, we also consider the bare Als;
cluster and the passivation of 20 Al-R [R = NH,, OH,
N(SiMe;),, OSiMes;, H,0, and O(SiMes),] groups to the Als;
cluster. Extensive first-principles molecular dynamics simultions
show that the structure shown in Figure 7a is the ground-state
structure of the bare Als; cluster. This fcc-like Als; cluster with
distorted fcc (111) facets is more stable by 1.865 eV than the
bare Als; cluster [Figure 7b] derived from the experimental
[Al;7{N(SiMes),}2]*~ cluster. After addition of 20 Al-NH, to
suitable positions of the fcc-like Als; cluster that maximize the
number of Al—Al bonds and minimize the strain [Figure 7c],
we find the [Al;7{NH,}»]>~ cluster based on the fcc-like Als;
cluster has a lower energy by 0.778 eV than that based on the
experimental shell-like structure. However, when large ligands,
i.e., AI—=N(SiMej3),, are bonded to the Als; cluster, the experi-
mental shell-like structure becomes more stable by 8.056 eV
than the [Al7{N(SiMe3),}2]?>~ cluster [Figure 7d] based on the
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Figure 8. (a) Quasi-fcc-like ground-state structure of Gagy and (b) the shell-
like structure derived from the observed [Gags{N(SiMes), }20]*™ cluster. (c,
d) Optimized structures of the [Gag4{NH,}2]*" clusters based on the fcc-
like structure and shell-like structure, respectively. The numbers give the
relative energies between the isomers.

fce-like Als; cluster. The Al-OH and Al-OSiMes cases are
similar to AI-NH, and Al1—N(SiMej;), cases, respectively. And
for ligands R [R = H,0 and O(SiMes),] that are weakly binding
to Al, the addition of 20 Al-R to the bare Als; cluster results in
a partially dissociated structure. Therefore, using Als; as the
starting point leads to qualitatively the same results as we found
in the Aly; case.

Gas4 Cluster

Recently, Ga (a member of the same group in the periodic table
as Al) metalloid clusters have been synthesized besides Al metalloid
clusters. Of particular interest is the [Gags{N(SiMes), }20]*~,2® which
shows bulk superconductivity below 7, = 8 K in the crystalline
ordered structure.”® Tt is interesting to compare the
[Gags{N(SiMe;), }20]*~ cluster to [Al7{N(SiMes),}»0]*~ because
these two clusters have the same number and kind of ligands.

First, we try to find the ground-state structure of the bare
Gag, cluster. It is well-known that the element gallium is on
the borderline between real metals to semimetals or nonmetals
having a great variety of seven different modifications including
the fcc Ga. It was found that o-Ga which can be described as
a molecular metal made up of Ga, dumbbells has the lowest
energy.*® We construct two models of Gagy by maximizing the
number of Ga—Ga bonds with the fcc or a-Ga frameworks. It
is found that the fcc-based bare Gagy cluster has a lower energy
by about 1.0 eV even though bulk fcc-Ga is less stable than
a-Ga. We also choose about 30 geometries from a first-
principles molecular dynamics simulation at 1200 K, which are
subsequently relaxed until the atomic forces are less than 0.05
eV/A. However, no local minimum with lower energies than
the fcc-based bare Gagy cluster is found. The lowest-energy
structure of the bare Gag, cluster from our calculation is shown
in Figure 8a. Our calculations show that the fcc-based bare Gagy
cluster is more stable than the core Gags cluster of the
experimental [Gag,{N(SiMes),}20]*~ cluster by about 0.55 eV.
The small energy difference is consistent with the fact that the
fece structure is not the ground state of bulk Ga. We also calculate

(28) Schnepf, A.; Schnockel, H. Angew. Chem., Int. Ed. 2001, 40, 711.
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(30) Gong, X. G.; Chiarotti, G. L,; Parrinello, M.; Tosatti, E. Phys. Rev. B
1991, 43, 14277.

8526 J. AM. CHEM. SOC. = VOL. 131, NO. 24, 2009

the energies of the [Gag4{NH;}2]*" clusters made from the fcc-
like and experimental Gag, clusters (Figure 8c and d). The results
show that the [Gags{NH,}]*" cluster with the experimental
Ga core has a lower energy by 3.13 eV. And the [Gags-
{NH,}2]*" cluster based on the fcc-like Gag, cluster distorts
drastically from the fcc framework. The N(SiMe;), ligands
covered fcc Gagy cluster is found to be unstable with a very
high energy. Thus, the large N(SiMes), ligands further stabilize
the more open experimental [Gag,{N(SiMes),}20]*~ cluster, in
agreement with the experimental observation.”” Comparing the
Gag, cluster with the Aly; case, we find that the main difference
is that small ligands such as NH; can stabilize the experimental
core Ga cluster but not for the Al;; case. This is understandable
because of the small energy difference between the bare Gags
clusters. The consideration of the Gags cluster gives similar
results. Thus, the experimental observed Gagy structure should
not be attributed to the size effect of the ligands.

For comparison with the [Al;;{N(SiMe3),}20]* cluster, we
show the electronic DOS of the experimental shell-like
[Gag4{N(SiMes),}20]*~ cluster in Figure 4b. Similar to the
[Al;7{N(SiMe3), }0]*>~ cluster case, the DOS of the valence states
between —9 and —2 eV is dominated by the contribution from
the N(SiMes), ligands. And the DOS near the Fermi level is
mostly contributed by Ga atoms. However, there is an important
and interesting difference in the DOS around the Fermi level
between these two clusters: The Fermi level of the
[Gag4{N(SiMe3), }20]*" cluster locates at a peak of the DOS, and
the [Gag4{N(SiMes),}20]*" cluster has a much larger DOS at
the Fermi level than the [Al;7{N(SiMes),}20]*>~ cluster, which
might be responsible for the superconductivity observed in the
crystalline ordered compound containing [Gags{ N(SiMes); }20]*~
clusters.’® We note that there are substantial differences in the
DOS of the [Gag,{N(SiMes),}20]*~ cluster, especially near the
Fermi level, between our result and that computed by the density
functional-based tight binding method.*'

Conclusion

In conclusion, our calculations explain why experiments
observed a more open structure of the Al clusters instead of
the compact ground-state structure in the presence of large
ligands such as N(SiMe;),. Our study demonstrates that the size
of the ligand plays a decisive role in selecting the shape of a
cluster. The general results obtained here pave a way of
controllable synthesis of clusters with desirable properties (e.g.,
high catalytic activity)*> by using ligands with different sizes.
In addition, our first-principles calculations indicate that some
Al atoms of the Al metalloid clusters have unexpectedly large
negative valences.
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