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ABSTRACT: Keggin-type polyaluminum cations belong to a 

unique class of polyoxometalates (POMs) with their large positive 

charge, hydroxo bridges, and divergent isomerization/oligomeriza-

tion. Previously reported oligomerizations of the polyaluminum 

cations were driven solely by the δ-Keggin isomer, which created 

Al26, Al30, and Al32 dimeric species.  We herein report the isolation 

of largest ever Keggin-type structure for this system through a 

unique mode of self-condensation among four ε-GeAl12
8+ to form 

[NaGe4O16Al48(OH)108(H2O)24]21+(Ge4Al48). Elemental analysis 

confirms the Ge4+ substitution, and dynamic light scattering exper-

iments indicated that these larger species exist in the thermally aged 

solutions. DFT calculations have revealed that a single atom Ge 

substitution in tetrahedral site of ε-Al13
7+ is the key for the for-

mation this cluster because it activates the deprotonation at certain 

octahedral sites to assist self-condensation in a specific mode.  

Since the discovery of Keggin-type polyoxometalates (POMs) 

in 1933,1 chemists and material scientists have been fascinated by 

their unique structural features and applications in energy, medi-

cine, and water purification. The Keggin topology was first identi-

fied as a phosphotungstate and contains a central tetrahedrally co-

ordinated cation encapsulated by 12 additional metal octahedra that 

are bridged through OH- or O2- groups.  The exterior metal cations 

can connect via shared edges or corners, which leads to five differ-

ent isomeric (α, β, γ, δ, and ε) forms. The chemical diversity for 

anionic POMs is vast, with the five Keggin isomers formed by oc-

tahedrally coordinated V, Mo, W, Nb, and Ta ions incapsulating P, 

Si, Ge, or As cations.2 Structural topologies associated with cati-

onic aluminum-based POMs are notably less diverse, with over 

90% of the known species related to the δ-, and ε-Keggin topology 

cations.  Chemical diversity for the cationic aluminum POMs are 

also much more limited than what is observed for the anionic spe-

cies, with only Ga3+ and Ge4+ full substitution reported for the tet-

rahedral position and Ga3+ and Cr3+ partial substitution reported in 

octahedral position.3-6 The chemical diversity of the Keggin-topol-

ogy and the reactivity of these nanoscale clusters has resulted in 

their use within industrial catalysis and water purification.7-9  Ad-

ditional efforts are ongoing to explore their use as metallodrugs for 

cancer treatement10, electrodes for Li+ batteries and energy stor-

age11-12, multifunctional sensor13 and redox-based nonvolatile 

memory materials14. The metal oxo Keggin clusters containing alu-

minum, iron and others have also been found in natural systems and 

believe to control different geochemical processes.15-17   

Keggin isomers can also undergo additional hydrolysis reac-

tions or coordination with linkers that result in the formation of 

larger (>1 nm) oligomers.  For the anionic POMs, formation of la-

cunary structures based upon the α- and β-Keggin motif results in 

the formation of these larger clusters, with the Wells-Dawson to-

pology as a well-known example.  Additional linkages occur 

through use of either organic linkers18 or octahedral/heteroatom 

substitution18 to create an array of larger anionic POMs based upon 

two to four Keggin clusters. For polyaluminum Keggin cations, the 

δ-isomer is the only known synthon and either condenses to form 

the Al26 species or bridges through additional aluminum octahedra 

to create only two additional topologies (Al30 or Al32).19-20  Cur-

rently, the largest known cationic POM topologies contains only 

contains two Keggin units and reflects a lack of understanding on 

the condensation process within the Al3+ system. 

Previous studies have demonstrated that heteroatom substitu-

tion is important for the oligomerization process and can lead to a 

new understanding of the condensation process for cationic POMs.  

For example, Mothé-Esteves et al., indicated that octahedral sub-

stitution in Keggin units within anionic POMs can enhance for-

mation of reversible H-bond with other units, which further can 

condensate into bridging oxygen bond between two metals.21 This 

strategy has been employed to synthesize trimers 22-23 and tetram-

ers24-30 of lacunary or tri-lacunary Keggin units within polyanionic 
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Figure 1. (a) Polyhedra representation of NaGe4Al48
21+ Keggin cluster with Al3+, Ge4+ and Na+ represented in blue, purple, and yellow, 

respectively. (b) Ball and stick representation for the formation of NaGe4𝐀𝐥𝟒𝟖
+𝟐𝟏 from individual ε-GeAl12

8+ building block. The surface 

H2O groups that have undergone self-condensation are depicted by translucent red spheres.   

 

POMs. In the case of cationic systems, previous computational 

work31 and experimental observations32-33 demonstrated that tetra-

hedral heteroatom substitution at center of Al13
7+ Keggin can tune 

the chemical behavior of terminal H2O groups attached to octahe-

dral metal ions. This surface reactivity is vital to the condensation 

process and may be utilized as synthetic strategy in Al3+ Keggin 

systems to generate larger POMs with novel chemical properties. 

In the present study, we describe the synthesis and characteri-

zation of a giant (~2.4 nm) Keggin-type aluminum oxo polycation 

[NaGe4O16Al48(OH)108(H2O)24]21+ (Ge4Al48) composed of four ε-

GeAl12 Keggin units, without the use of lacunary structures or or-

ganic linkers. Additional investigations of the solution phase using 

Dynamic Light Scattering (DLS) provides evidence of the larger 

cluster within the solution phase. Density Functional Theory (DFT) 

calculations also provide an energetic understanding of the for-

mation pathway and additional insights into the role of the counter-

ions in the hydrolysis and condensation processes.    

The Ge4Al48 cluster was synthesized by thermal aging of an 

aqueous solution containing Al3+ and Ge4+ cation.  Initially, a 

mixed Al3+/Ge4+ solution was partially hydrolyzed at 80 °C, which 

is the standard procedure for forming the 

[GeO4Al12OH24H2O12)]8+(ε-GeAl12) Keggin.4 Evaporation of the 

solution at this point with addition of selenate anions results in the 

crystallization of the [GeO4Al12(OH)24(H2O)12](SeO4)4 •14 H2O 

phase. Additional thermal aging of this solution at 90 °C for seven 

days, followed by addition of the 2,6- napthalenedisulfonate (2,6-

NDS) ion yielded small, transparent crystals of  

[NaGe4O16Al48(OH)108(H2O)24](2,6-NDS)7Cl7(H2O)45 with ap-

proximate yields of 15% based on Al3+. 

Structural features of the solid-state material was analyzed us-

ing single crystal X-ray diffraction and indicated that the Ge4Al48 

cluster is based upon the ε-Keggin unit. Each ε-isomer is composed 

of a tetrahedral Ge(O)4 unit surrounded by 12 Al(OH)6 octahedra 

that are connected via edge-sharing µ2-OH groups between 

Al3(OH)6(H2O)3 trimers (Fig. 1). The Ge-O bond distances ranged 

from 1.760(11) to 1.806(10) Å and are similar to the isolated ε-

GeAl12
8+ Keggin (Ge-O = 1.809(8) Å).4 Ge4Al48 is formed when 

four ε-GeAl12 units are linked via twelve µ2-OH bridging groups 

(two linkages per trimeric unit) in a tetrahedral (Td) arrangement. 

A 0.9 nm cavity exists at the center of the Ge4Al48 cluster, but X-

ray diffraction could only identify a single Na+ cation within this 

space.  The [Na(Ge4Al48)]21+ unit is charge balanced by seven  2,6-

napthalenedisulfonate and seven chloride ions for an overall com-

pound formula of [NaGe4O16Al48(OH)108(H2O)24](2,6-

NDS)7Cl7(H2O)45. The 2,6-napthalenedisulfonate ions are arranged 

within two separate channels in the [010] and [101] directions.  

These anions aid in the crystallization of the Ge4Al48 cluster by en-

gaging in both π−π interaction between the naphthalene rings and 

electrostatics with the positively charged clusters.19  

The structural topology observed in Ge4Al48 is unique because 

it is the only giant cationic tetrahedron formed through non-lacu-

nary ε-isomers within the POM family of compounds.  A handful 

of large tetrahedron forms have been reported for polyanions, but 

they only occurs through Dawson lacunary clusters29-30, 34 or other 

lacunary fragments.27-28, 35-36 Only one compound reported by 

Hussain et al. contains direct linkages between the β-Keggin iso-

mer [(β‐Ti2SiW10O39)4]24− but forms a circular wheel instead of a 

larger tetrahedral unit.37 The wheel also contains three K+ ions, one 

present in the central cavity and another two act as “wheel caps”. 

The presence of the Ti4+ cations as a surface reactive species was 

found to be key to the formation of this larger Keggin-based cluster 

as it provides an avenue for additional hydrolysis and condensation. 

Additional chemical characterization of this system confirms 

the heteroatom content and the presence of the oligomerized 

Ge4Al48 cluster in thermally aged solutions.  Solid-state crystals 

were dissolved in an acidic solution and the elemental content was 

analyzed by ICP-MS.  The theoretical Al:Ge ratio for the 

Ge4Al48
20+ cluster is 12 and our experimental value was 12.43± 0.45 

(Table S1), which is within error of the expected value.  Formation 
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of the Ge4Al48
20+ tetramer in solution was also supported by the hy-

drodynamic diameter measurement of Keggin ions by Dynamic 

Light Scattering (DLS) measurements (Fig. 2). The unaged, par-

tially hydrolyzed Ge4+/Al3+ stock solution displays one peak in the 

 

 

 

Figure 2. Particle size distribution from DLS of as prepared 

GeAl12 solution and after aging 7 days at 90 °C. 

DLS plot with a peak centroid at 1.2 nm.  This value is consistent 

with the theoretical value for the size of ε-GeAl12 cluster.  Upon 

thermal aging, the single peak in the DLS plot broadens and shifts 

to a higher particle size.  The peak centroid in the aged solutions is 

at 2.8 nanometers, which is now consistent with the formation of 

the Ge4Al48
20+ tetramer.  

One important aspect of the formation of the Ge4Al48
20+ te-

tramer is the divergence from the previously studied Al3+ and 

Al3+/Ga3+ systems.5, 19  Oligomerization within these systems ini-

tially begins with the conversion of the ε-Keggin form to the δ-

isomer.  Previous studies have postulated that rotated trimer of the 

δ-Al13 and δ-GaAl12 is a reactive site, which can form larger clus-

ters by self-condensation µ2-OH bridging or use of additional Al3+ 

octahedra to link fragments together.5, 19 In the Al3+/Ge4+ system 

there is no experimental evidence for the formation of the δ-isomer 

and the Ge4Al48
20+ tetramer offers the glimpse into the structural 

features of the condensation product within this system.  Our initial 

hypotheses regarding the formation of the Ge4Al48
20+ tetramer is 

that the ε-GeAl12 synthon has reactive  terminal H2O groups that 

allow for condensation into Ge4Al48
20+. We use Density Functional 

Theory (DFT) calculations to test this hypothesis and provide ad-

ditional insights into the system.  

The surface reactivity of the ε- and δ-isomers for Al13 and 

GeAl12 clusters was investigated to further evaluate the condensa-

tion process. We have previously used modeled outer-sphere ad-

sorption of sulfate as a probe of cluster surface reactivity. In some 

cases, the adsorption leads to the deprotonation of different surface 

sites over the course of geometry optimization, thus identifying rel-

atively labile protons While sulfate anions are not present in the 

thermally aged solution, they are effective as a probe adsorbate to 

identify the most acidic proton that can act as the driving force for 

the formation of this tetramer. This modeling approach has been 

applied to the δ-GaAl12 cluster, where it was used to establish that 

the driving force for oligomerization is deprotonation of the rotated 

trimer.5 Here, we again use modeled adsorption with a sulfate probe 

to study how Ge4+ substitution effects on surface reactivity (in 

terms of adsorption energies and ease of deprotonation) of the ε and 

δ-isomers for the Al13 and GeAl12 and the formation of Ge4Al48
20+ 

(additional details in SI).  

We model sulfate-cluster interactions starting from two chem-

ically-distinct starting configurations (referred to as Sites 1 and 2) 

for ε-Al13 and ε-GeAl12 Keggin clusters (Fig. 3b). In Site 1, the an-

ion is positioned to interact with two terminal η1-H2O groups on 

two different Al3(OH)6(H2O)3 trimers, corresponding to point 

where the ε-GeAl12 Keggin clusters oligomerize into the Ge4Al48
20+ 

tetramer. In Site 2, the sulfate anion can engage with a mixture of 

η1-H2O and µ2-OH groups on the surface of one Al3(OH)6(H2O)3 

trimer unit. We compare changes in the Mulliken population (Δqm) 

to deprotonation events. Of the four ε-Keggin interactions, only 

Site 1 sulfate interactions with ε-GeAl12 (Table S2 and Figure 2) 

result in deprotonation and a Δqm value greater than 0.50 e. All 

other interactions have Δqm values of less than 0.50 e and did not 

exhibit deprotonation, similar to previous observations on Keggin-

anion interactions.5, 31, 38   

To bridge the understanding between isomers and heteroatom 

identity with regard to condensation reactions, we also assessed the 

δ-isomers for GeAl12 and Al13 using the sulfate anion as our probe 

adsorbate (Table S3 and Figure S1). The ε-isomer has four equiva-

lent edge-sharing trimers whereas the δ-isomer has three edge-shar-

ing trimers and one rotated, corner-sharing trimer. The number of 

corner- versus edge-trimers influences the surface reactivity of the 

nanocluster. For the δ-isomer, three chemically distinct sites can be 

found on Keggin surface that correspond to interactions with η1-

H2O and µ2-OH groups on the different Al3(OH)6(H2O)3 units.  For 

δ-Al13, deprotonation only occurs associated with the reactive tri-

mer (rotated Al3(OH)6(H2O)3 group), whereas higher charge trans-

fer and deprotonation is observed for all sites on the δ-GeAl12 clus-

ters (Table S3). Our calculation confirms that deprotonation events 

for the reactive site on the δ-Al13 leads to the formation of Al26, Al30 

or Al32.  However, the high charge transfer on all surface sites as-

sociate the δ-GeAl12 cluster suggests that random condensation will 

occur and likely form amorphous precipitates.   

In summary, we have reported the synthesis and characteriza-

tion of a new cationic POM tetramer (Ge4Al48
20+) composed solely 

of ε-Keggin units without any lacunary features or organic linkers.  

DLS experiments indicate that this large tetramer occurs in partially 

hydrolyzed solutions containing Al3+ and Ge4+ after thermal aging 

for seven days. DFT calculations indicated that Ge4+ substitution at 

the central tetrahedral site of the Keggin topology is key to the for-

mation of the tetramer because it specifically deprotonates η1-H2O 

to form symmetric µ2-OH bridges, which can be linked to the for-

mation of the tetramer. This work has demonstrated the importance 

of the metal cation identity to control stability and reactivity, even 

when it is located at the center of the Keggin cluster.  More broadly, 

it provides additional details in the nucleation process of metal ox-

ide and hydroxide phases from POM synthons that can be used to 

provide additional controls on the development of functional mate-

rials. 

 

 



4 

 

 

Figure 3. Different surface sites of ε- GeAl12   and ε- Al13 interacting with SO4
2- ion. The abstracted proton is highlighted with a 

green circle. Blue and purple polyhedra are used to represent Al and Ge atoms, respectively. Red, yellow and white balls are used 

to represent O, S, and H atoms, respectively. 
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The proposed mechanism for the formation of tetrameric Na[Ge4O16Al48(OH)108(H2O)24]20+ (NaGe4Al48
21+) resulting from 

self-condensation of ε-GeAl12
8+ upon thermal aging. 


