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Treatment of aluminum nitrate with an organic nitroso-containing
compound yields the “flat”, tridecameric nanocluster Al13(µ3-
OH)6(µ2-OH)18(H2O)24(NO3)15 (Al13) in good yield on a preparative
scale under ambient conditions. Synthetic procedures yielding two
different single-crystal forms of the Al13 cation with two varying
counterion compositions are described.

Aluminum is the third most abundant element and the most
abundant metal in the earth’s crust, found in many minerals
and ores. Aluminum complexes are widespread in our
environment, occurring in natural waters and clays usually
as hydrated salts or clusters containing multiple aluminum
ions held together through various bridging groups.1–8

Despite the widespread prevalence of natural aqueous
aluminum oligomers, relatively few have been synthesized
on a preparative scale and analyzed by single-crystal X-ray
diffraction (XRD).3 Furthermore, existing syntheses of many
of these inorganic aqueous clusters suffer from long reaction
times and/or poor yields (in cases where yields have been
reported), hampering efforts to study the applications and
bulk properties of these materials.3,6,7,9 Herein we report

facile syntheses that yield bulk-scale single crystals of
inorganic Al13(µ3-OH)6(µ2-OH)18(H2O)24

15+ clusters with
various counterions (Scheme 1).

Oligomeric aluminum clusters are found in two general
structure types: (1) structures similar to the ε-Keggin tri-
decameric clusters composed of a central tetrahedral metal
ion surrounded by edge-shared octahedral AlO6 units3,4,10–13

and (2) clusters comprised entirely of octahedrally coordi-
nated aluminum cations (such as “flat” Al13; Figure 1). Only
a few reports of the latter class of clusters exist.3,6,7,9 We
report the synthesis of the purely inorganic salt Al13(µ3-
OH)6(µ2-OH)18(H2O)24(NO3)15 (Al13), a member of the latter
class. The synthesis of purely inorganic aluminum salts has
been reported as difficult and often elusive:3 the synthesis
reported herein proceeds in reasonable isolated yields under
ambient conditions and in preparative scales in a manner
similar to the route we reported recently for the Ga13

congener.14

Two recent syntheses of the “flat” Ga13 Keggin-like
structure Ga13(µ3-OH)6(µ2-OH)18(H2O)24(NO3)15 were inde-
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Scheme 1. Synthesis of a “flat” Al13 nanocluster using the organic
reductant nitrosobenzene (A) or N-nitrosodi-n-butylamine (B). The
average Al-(µ3-O), Al-(µ2-O), and Al-O(H2O) distances (Å) are
1.879(7), 1.850(9), and 1.917(15) and 1.877(6), 1.848(5), and 1.92(2),
respectively, in 1 and 2. base ) KOH, NH4OH, or Al(OH)3. (Note: in
the case of Al(OH)3, the use of 1.3 equiv of base necessitates only an
additional 11.7 equiv of Al(NO3)3)
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pendently reported using gallium nitrate and an organic
additive such as nitrosobenzene14 or cucurbituril.15 A related
Al13 core structure has been reported previously: structures
supported by both exogenous aminocarboxylate ligands and
the inorganic chloride salt are known.7 However, the
synthesis of the chloride salt suffers from a four and a half
month preparation, and only data on a single crystal were
reported. Therefore, we sought to apply our synthetic strategy
using nitroso organic compounds to prepare the analogous
Al13 structures.

We have previously shown that the simple conversion of
Ga(NO3)3 into the flat Ga13 nanocluster proceeds in the
presence of nitrosobenzene. In this reaction, nitrosobenzene
is believed to act as a scavenger for the nitrate counterions,
in effect forcing the Ga3+ cations to form a higher-nuclearity
species. The stoichiometry for the process involves the
reaction of 13 equiv of Ga(NO3)3 with 24 equiv of ni-
trosobenzene to prepare 1 equiv of Ga13 in gram quantities
and up to 65% yield.14 Modification of this method to form
the related tridecameric aluminum cluster involves a key
modification (Scheme 1): The reaction to form Al13 requires
the addition of 1.3 equiv of base, presumably a result of the
increased pKa of hydrated aluminum complexes over gal-
lium.16–18 Single crystals of Al13 were isolated in unoptimized
yields of up to 47% in under 2 weeks from a methanolic
solution of aluminum(III) nitrate nonahydrate, KOH, and
nitrosobenzene. A similar procedure using N-nitrosodi-n-

butylamine also affords Al13 in reasonable yields (15–60%,
depending on the base) and provides for a far easier workup
because crystals are isolated from the remaining liquid
nitrosoamine rather than the tarry sludge left over from the
nitrosobenzene procedure.17 We have also found that this
nitrosoamine provides higher yields of the related Ga13

complex as well as a series of related mixed-metal clusters,
all of which can be isolated in gram quantities.19

A drawback to the use of KOH as the base in this
procedure is isolation of pure Al13 from the powdery KNO3

that presumably forms in the reaction as well. To avoid this
time-consuming workup, we have successfully employed
Al(OH)3, NH4OH, and NBu4OH as alternate bases; all of
the salts that form as byproducts are soluble in the final oily
mixture from which the Al13 crystals are collected (route B,
Scheme 1).

The single-crystal X-ray structure of the “flat” Al13 cluster
reveals a planar centrosymmetrical Anderson-type20 Al(µ3-
OH)6Al6(µ2-OH)6 core fragment surrounded by six aluminum
ions.21,22 The outer six aluminum cations alternate above
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Figure 1. (A) Polyhedral representation of “flat” M13 nanoclusters. (B)
Polyhedral representation of ε-Keggin M13 structure-type comprising 12
octahedral metal centers (blue) that share vertices with a central tetrahedral
(purple) metal center.23
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and below the planar core defined by the central seven metal
ions, and they are coordinated by four terminal aquo ligands.
Two µ2-bridging hydroxide ligands connect each of these
Al(H2O)4 fragments to each other and to the central core.1,7,14

Two different single-crystal forms were obtained from the
syntheses; however, the cluster cations are nearly identical
(see the bond lengths in Scheme 1 and Supporting Informa-
tion). Synthetic routes A and B (base ) KOH or Al(OH)3)
both provide structure 1 (Al13·9H2O), whereas route B (base
) NH4OH) provides structure 2 [Al13(NO3)(NH4)(H2O)10],
which has extra nitrate and ammonium counterions.

The “flat” Al13 polycations determined in this work have
a structure similar to that of the “flat” Ga13 cluster cation in
which all of the metal centers are octahedral (Figure 1A).14,15

In the crystal structures, both of the Al13 clusters are
centrosymmetric, in contrast to the j3 crystallographic sym-
metry of the Ga13 cluster cation, although the idealized
symmetry of the Al13 cluster cations is close to j3. In 1, the
Al13 clusters are surrounded by NO3

- anions and solvent-
–water molecules forming O-H···O hydrogen bonds (see the
Supporting Information). In the case of the crystals grown
from the reaction using NH4OH as the base, one molecule
of NH4

+ also cocrystallizes, necessitating the presence of
an extra NO3

- counterion (16 total) for charge balance. The

hydrogen atoms of both the coordinating water molecules
and the bridging µ-OH ligands are involved in numerous
intermolecular hydrogen bonds. Similar hydrogen bonding
is observed between clusters in Ga13 as well.

Our method has allowed for the facile synthesis of Al13

clusters, showing the generality of our strategy for preparing
inorganic nanoclusters. A procedure for synthesizing pre-
parative amounts of clusters of this type may have utility to
researchers in the field trying to use these clusters as discrete
molecular mimics of minerals or as single-source precursors
for thin film oxide materials.3,4,19
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