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ABSTRACT: [AlxIny(μ3-OH)6(μ-OH)18(H2O)24](NO3)15 hydroxy−
aquo clusters (AlxIn13−x) are synthesized through the evaporation of
stoichiometrically varied solutions of Al13 and In(NO3)3 using a
transmetalation reaction. Several spectroscopic techniques (1H NMR,
1H-diffusion ordered spectroscopy, dynamic light scattering, and
Raman) are used to compare AlxIn13−x to its Al13 counterpart. A thin
film of aluminum indium oxide was prepared from an Al7In6 cluster
ink, showing its utility as a precursor for materials.

■ INTRODUCTION

Transparent electronics and devices have emerged as one of the
most promising developments for next-generation technologies.
Solution-processed multicomponent materials such as indium
gallium oxide (IGO) and aluminum indium oxide (AIO) offer
routes to enable new or enhanced performance levels in large
area electronics and energy devices such as flat-panel displays,
solar cells, and LEDs.1−6 Here we present a transmetalation
process that yields the new hydroxy−aquo cluster [Al7In6(μ3-
OH)6(μ-OH)18(H2O)24](NO3)15 (Al7In6) (Figure 1) by direct
treatment of the related Al13 cluster with indium nitrate. To the
best of our knowledge this is the first instance of direct
transmetalation of metal ions into the exterior shell of such
hydroxy−aquo cluster species. We show that this route not only
enables the synthesis of previously reported heterometallic Ga/
In clusters, but is the most reliable route to form Al/In
congeners.
We have reported the synthetic route to an array of

nanoscale Group 13 tridecameric hydroxy−aquo clusters
composed of gallium and indium.7,8 The utility of these
clusters as precursors/inks for metal oxide semiconductors was
previously demonstrated in an IGO thin film device formed
from Ga7In6.

8 The resulting dense, uniform, and pinhole-free
film represents an emergent example of low-temperature
solution processing of thin film transistors (TFTs) in which a
completely inorganic cluster was used as a precursor material.
This process provides a low-temperature alternative for
producing thin films as compared to the deposition and

sputtering techniques traditionally used to create similar
devices.6 As a result, we began to explore the use of other
inorganic aqueous precursor solutions for materials applica-
tions.
Aluminum-containing materials in particular show promise as

precursor candidates in several applications including dielectric
layers and capacitors.9−13 However, the current number of
soluble, dynamic precursors for low-temperature aqueous
processing is limited to [Al13(μ3-OH)6(μ-OH)18(H2O)24]-
(NO3)15 (Al13),

13−15 [Al8(OH)14(H2O)18](SO4)5·16H2O
(Al8),

16 and [Al4(OH)6(H2O)12][Al(H2O)6]2(Br12) (Al4).
17,18

The synthesis of Al13 originally required the addition of a base
(NaOH or NH4OH) and the carcinogenic additive dibutylni-
trosoamine (DBNA).14 In the case of the heterometallic Al/In
clusters, the product was difficult to reproduce under the same
conditions. Transmetalation eliminates the need for base and
organic reagents and provides a reliable synthesis for preparing
these otherwise inaccessible heterometallic clusters, in partic-
ular Al7In6. Furthermore, we show that the resulting clusters
can be used as precursors for smooth, amorphous aluminum
indium oxide (AIO) thin films that are comparable to films of
similar content produced by atomic layer deposition or
sputtering deposition.9,10,19 In addition, transmetalation is an
unusual reaction for aqueous coordination clusters.
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The metal-exchange phenomenon has been exhibited in
several examples of polyoxometalate structures.20−23 Electro-
spray ionization mass spectroscopy (ESI-MS) characterization
was used to identify mixed-metal phosphate-centered Keggin
ions in aqueous tungsten and phosphododecametalate
solutions.20,21 Similar experiments for niobate/tantalate22 and
Mo/V−selenite23 systems showed additional mixed-metal
species. Altering the pH conditions of monomeric salt solutions
has led to the substitution of the central metal ion of Keggin
Al13 by Ga, Fe, or Ge as well as a variety of di- and trivalent
metal ions into the Anderson cluster [Mo7O24]

6−.24−29 We
explored the potential for metal exchange in tridecameric
clusters and discovered that such a process occurs when mixing
Al13 and In(NO3)3. As a result indium ions substitute into the
exterior metal sites of the cluster to produce Al7In6 (Figure 1).
The ability of Al13 to easily convert into Al7In6 hints at dynamic
metal and ligand exchange that might occur in solution and
influence speciation of Al13 and related Al clusters.
While this report focuses on the Al derivatives,30 related

studies reveal that the previously described Ga7In6 cluster
8 can

also been synthesized via transmetalation. For example, a 1:12
ratio of Ga13/In(NO3)3 produces Ga7In6 (see Experimental
Section). The reverse reaction is also possible: when excess
Ga(NO3)3 is added to Ga7In6, Ga13 forms. This provides
further evidence of a dynamic equilibrium between the M13 (M
= Al or Ga) cluster and M(NO3)3 monomer. Nuclear magnetic
resonance (NMR) spectroscopy, diffusion ordered spectrosco-
py (1H-DOSY), dynamic light scattering (DLS), and Raman
spectroscopy have been used to provide valuable information in
the characterization of these inorganic cluster species.31−33 We
have specifically used these techniques in tandem to identify
size and structural differences between Al13 and Al7In6 in
solution.

■ EXPERIMENTAL SECTION
General Methods. All reagents were purchased from commercial

sources and were used as received. Aluminum nitrate nonahydrate
(99.0% Al), indium nitrate hydrate (99.999% In), and gallium nitrate
hydrate (99.99% Ga) were purchased from Strem Chemicals.
Methanol (MeOH) was used as received. Unless specified otherwise,
all reactions were conducted in standard 20 mL scintillation vials. 1H
NMR and 1H-DOSY spectra were obtained on a Varian INOVA-500
MHz NMR Spectrometer. The bipolar pulse pair stimulated echo
(Dbppste) pulse sequences were used to acquire diffusion data with a
50 ms diffusion delay, 200 ms gradient length, 20 gradient levels, and
nt = 16 scans. The Varian DOSY package was used for processing and
measuring the diffusion coefficient (Dt). The hydrodynamic radius
(Rh) was calculated using the Einstein−Stokes equation (Rh = KbT/
6πηDt) where Kb = the Boltzmann constant, T = temperature in kelvin,
η = viscosity, and Dt = translational diffusion coefficient.31 Percent

error was calculated using measured values for ferrocene in
dimethylsulfoxide (DMSO).34,35 DLS measurements were taken
using the Mobiuζ from Wyatt technologies. The samples were filtered
using a 0.1 μm polytetrafluoroethylene (PTFE) syringe tip to remove
any particulate matter followed by immediate analysis (t < 1 min).
Dynamics software was used and averaged over 20 measurements with
a 5 s integration time per acquisition. Raman spectra of the Al7In6
single crystals were collected using an Alpha 300S SNOM confocal
Raman microscope. The spectra from each sample were averaged over
2000 accumulations at 0.5 s exposure time per scan. Thin films were
fabricated via spin coating (3000 rpm for 30 s) a 0.2 M aqueous
solution of Al7In6 onto a p-type Si wafer pretreated with a piranha
solution (7:3 v/v ratio of concentrated H2SO4 and 35% H2O2). Prior
to spin coating, the solutions were filtered through a 0.1 μm PTFE
syringe tip to remove any particulate matter and/or potential
agglomerates. The subsequent films were then annealed at 300 °C
for 30 min prior to analysis.

General Procedure for the Synthesis of Al7In6 and Ga7In6. A
solution of Al13 (0.078 g, 0.037 mmol)14b and In(NO3)3 (0.27 g, 0.90
mmol) in MeOH (10 mL) was left open to air to evaporate. After
several days crystals of Al7In6 formed (10% product yield with respect
to starting amount of Al13). Single-crystal X-ray diffraction reveals a
structure identical in geometry to the previously reported hetero-
metallic clusters.8 Ga7In6 was synthesized following the same method
as for Al7In6. A solution of Ga13 (0.100 g, 0.037 mmol) and In(NO3)3
(0.27 g, 0.90 mmol) in MeOH (10 mL) was left open to air to
evaporate. Ga7In6 crystals formed after several days (20% yield with
respect to the amount of Ga13). Both Al13 and Ga13 were used as is
following a wash with acetone. See Electronic Supporting Information
for specific spectral details.

■ RESULTS AND DISCUSSION

The 1H NMR spectra of Al13 and Al7In6 reveal several
differences between the compounds (Figure 2). The peaks
between 9.10 and 9.32 ppm in Al13 (A) that are indicative of
Al(NO3)3 (inset, C) are mostly absent from B. It appears that
the species present in the 1H NMR spectrum of Al(NO3)3
remains once the crystallization of Al13 occurs. Subsequent
recrystallization to produce Al7In6 removes this species.
Another set of peaks is observed between 7.04 and 7.21 ppm.
The observed 1:1:1 triplet is associated with a spin one-half
nucleus (such as 1H) coupling to an S = 1 nucleus (such as
14N). Al13 is produced by the reduction of Al(NO3)3 by zinc
powder.14 The reduction of nitrate ions by zinc metal is
thermodynamically feasible (eqs 1−3), particularly in acidic
environments.36 Therefore, it seems reasonable that the triplet
is a result of that reduction process of nitrate to ammonium at
an acidic pH. Again, as a consequence of recrystallization, those
peaks disappear when Al7In6 is formed and isolated.

Figure 1. Simple representation of the transformation from Al13 to Al7In6 upon addition of In(NO3)3. In
3+ ions (green) displace Al3+ ions (purple)

on the labile outer shell of the cluster. Images are wireframe and ball structures generated from the crystal structures of Al13 and Al7In6.
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1H-DOSY was performed to compare the sizes of Al13 and
Al7In6 in solution. The Rh of Al13 and Al7In6 were essentially
equivalent (Rh = 1.1 ± 0.3 nm and 1.0 ± 0.3 nm, respectively)
in DMSO-d6 although we expected the Rh for Al7In6 to be
slightly larger than that of Al13 based upon the size of the
atomic radii for Al (1.431 Å) and In (1.65 ± 0.03 Å)37 and the
average calculated Al−O (1.839 Å) and In−O (2.086 Å) bond
lengths.
Utilizing DLS as a corroborative technique to DOSY, we also

determined the size of both the Al13 and Al7In6 clusters in
DMSO-d6 as well as in aqueous solutions. In a direct solvent
comparison with the DOSY experiment, the Rh of Al13 and
Al7In6 in DMSO-d6 is very close to that measured with DOSY
at 1.0 ± 0.3 nm and 0.9 ± 0.4 nm, respectively (Figure 3). In
water, DLS shows that the Al13 cluster is 1.0 ± 0.1 nm (Figure
3). By comparison, the measured Rh for Al7In6 is 15.7 ± 2.0
nm, roughly an order of magnitude larger in water than its
homometallic counterpart, suggesting that the discrete Al7In6
cluster is not a stable species in water but rather aggregates
favoring the formation of larger, apparently stable nanoparticles.
The Rh of Al13 in water is the same as in DMSO-d6,

suggesting the cluster is stable in both solvents. However, the
autocorrelation function suggests higher polydispersity for the
cluster in DMSO-d6 than in H2O. This difference is likely due
to the viscosity effects of DMSO-d6 (2.0 cP vs 0.89 cP for
DMSO and H2O, respectively, at 25 °C) that would cause
fluctuations in cluster rates of diffusion in solution. Solution
studies are currently in progress to fully understand the solution
speciation and other dynamic characteristics of these clusters in
various solvents. Nevertheless, it is clear that the two clusters
behave differently in aqueous solution and these techniques can
provide a routine platform for understanding the solution
chemistry of hydroxo-aquo clusters in general.

Solid-state Raman spectroscopy is a valuable technique for
characterizing single crystals of this cluster type. In previous
work, quantum mechanical computations were used to identify
the various vibrational modes associated with Al13.

33 Upon
investigation of Al7In6, the incorporation of indium into the
cluster changes the vibrational features of the cluster, and
therefore each cluster has its own unique Raman signature
(Figure 4).
The spectrum of Al7In6 reveals several new modes that

distinguish it from Al13 (Figure 4). The most significant
difference between the two clusters is the disappearance of the
breathing mode of Al13 at 478 cm

−1 in the spectrum for Al7In6.
The broad peak with medium relative intensity at 428 cm−1 can
be attributed to Al−OH−In stretching vibrations. A narrower
band with slightly less intensity at 374 cm−1 corresponds to the
vibrations of In and the coordinated waters (In−OH2) of the
exterior cluster shell. The lower wavenumber peak at 212 cm−1

can be also be assigned as an In−O bending mode due to the
lack of spectral evidence for a bound nitrate to the cluster.38

More specifically, there are no signs of peak splitting in the
antisymmetric and symmetric NO3

− peaks (720 and 1048
cm−1, respectively) that denote the existence of an indium
nitrato species (In(NO3)(H2O)5

2+).38 The vibrational modes
typically associated with the free NO3

− ions in Al7In6 are
consistent with those observed in Al13 (721 cm−1, 1048 cm−1,
1350 cm−1, and 1411 cm−1) suggesting that the nitrates behave

Figure 2. 1H NMR of Al13 (A), Al7In6 (B), and Al(NO3)3 (C).
Crystals of Al13 (confirmed using single-crystal XRD) were used for
1H NMR spectroscopic characterization.

Figure 3. (top) (A) Autocorrelation function of 2 mM Al13 (black)
and 2 mM Al7In6 (gray) in DMSO-d6 (traces stack on top of each
other). Hydrodynamic radii of Al13 (B) and Al7In6 (C) in DMSO-d6
are displayed in the insets. (bottom) (A) Autocorrelation function of
0.2 M Al13 (black) and 0.2 M Al7In6 (gray) in H2O. Hydrodynamic
radii of Al13 (B) and Al7In6 (C) in H2O are displayed in the insets.
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similarly in the two clusters. There are also several weaker
modes present between 450 and 650 cm−1 that are attributed to
the Al−O vibrations, similar to what has been previously
reported for Al13.

33

Thin films were prepared as a single layer from an aqueous
solution at 0.2 M total metal concentration of the Al7In6
cluster. Both transmission electron microscopy (TEM) and X-
ray reflectivity (XRR) measurements show a film thickness of
close to 6 nm (5.7 nm for scanning electron microscopy (SEM)
and 5.5 ± 0.2 nm for XRR). TEM and atomic force microscopy
(AFM) images reveal that Al7In6 produces uniform and
atomically smooth thin films from spin-coating when used as
a solution precursor (Figure 5). As compared to the IGO
solution-processed film formed from Ga7In6, we see with TEM
that the AIO film surface morphology is also dense and
pinhole-free with minimal signs of inhomogeneity.8 The 16
μm2 AFM image shows that the Al7In6 film is very smooth
across the surface (root mean square (RMS) roughness = 0.145
nm), despite film thinness. Energy dispersive X-ray spectros-
copy (EDX) analysis confirms the existence of an oxide
composed of Al and In in the film (aluminum indium oxide,
AIO). The relative composition measurements show a ratio of
Al1.02In0.98O2.95, close in comparison to the aforementioned
IGO thin-film device.8 Device performance and applications
will be reported in due course.

■ CONCLUSION
In summary, we were able to synthesize the heterometallic
Al7In6 hydroxo−aquo cluster via a transmetalation reaction. 1H
NMR and Raman spectroscopies reveal that in the solution and
solid states, respectively, the Al7In6 cluster has distinct spectral
features in relation to the Al13 cluster.

1H-DOSY and DLS show
that these clusters persist in solution as multiple discrete
species. In addition a dense, smooth, uniform, thin film of AIO
was fabricated using Al7In6. By utilizing these techniques to
identify Al7In6 in the solid and solution phases, we are better
equipped to explore and understand the complex solution
dynamics and exchange reactions of these clusters. These
clusters also serve as potential precursors for solution
deposition of metal−oxide thin films. Heterometallic clusters
also provide the additional advantage of tuning the metal ratios
at the molecular level in spin-coating applications.
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