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Abstract 

 

Group (IV) metal oxo clusters are a diverse class of compounds with rapidly growing 

applications in catalysis, materials chemistry, electronics and optics. They possess unique 

structural stability, reactivity and electronic properties; however, their potential remains 

underexplored due to the gaps in fundamental understanding about their structure, intrinsic 

features, and nuances in their synthesis that overall would allow for greater tunability of their 

properties. In this context, here we review the chemistry of discrete zirconium, hafnium, and 

titanium metal oxo clusters reported in the literature in order to provide a critical overview of 

the structural features, properties and reactivity disclosed to date. While a comprehensive 

summary of Zr and Hf clusters is presented, only the most recent Ti oxo clusters are 

discussed in addition to some key compounds that have been revised elsewhere. Envisioning 

the growing relevance group (IV) metal oxo clusters for the synthesis of nanostructure 

materials and in catalysis, we also summarize key principles of their surface chemistry, and 

the photoactivity of Ti oxo clusters, given the paramount importance of these properties for 

the development of future applications.  
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1. Introduction 

 

Metal oxo clusters (MOCs) are a large and diverse class of molecules typically formed by 

groups III-VI metals in their highest oxidation state linked by oxygen atoms, resulting in 

discrete polyhedral nanosized clusters which are stabilized by capping ligands. At the 

atomic/molecular-level, MOCs are between isolated complexes and extended solids, and can 

be therefore regarded as models for studying the surface chemistry of related materials. They 

have been used to probe the reaction pathways for the formation of thin solid films and 

materials,[1, 2] and to study molecular features of metal oxide based catalysts.[3-6] In this 

context, fundamental knowledge about the isolation, structure characterization, and solution 

chemistry of MOCs is of paramount importance for rationally advancing areas of metal oxide 

based materials or metal oxide catalysts, among others. 

 

Although similar in nature, MOCs and polyoxometalates (POMs) are frequently distinguished 

in the literature since POMs are intrinsically anionic compounds, while MOCs consist of 

cationic inorganic cores stabilized by organic (eg. carboxylate) or inorganic (eg. sulfate and 

peroxide) capping ligands, rendering final compounds typically neutral. POMs are very well-

known and extensively studied cluster compounds,[7-13] and they have been broadly applied 

in catalysis,[14, 15] including biologically relevant reactions,[16-21] CO2 conversion,[22] and 

photo-/electrocatalytic reactions.[23-26] Further, POMs have been used as building blocks 

for materials with a wide range of applications,[10, 27-29] such as memory devices,[30] 

energy production[31] and storage,[32] and as contrast agents for medical imaging.[33-35] 

Such versatility observed for POMs highlights the high potential of cluster compounds based 

on metals and oxygen, prompting the exploration of other classes of clusters as well.  

 

In comparison with POMs, MOCs are far less explored as discrete species. Nevertheless, 

MOCs have been widely used as building blocks for hybrid materials,[36, 37] including the 

intensively studied metal-organic frameworks (MOFs).[38-41] Notably, MOC-based hybrid 

materials find applications across many areas of science such as catalysis, thin-films, 

magnetism, or gas adsorption/storage,[41-46] making the design and tuning of MOCs’ 

properties an important challenge to further develop the technological potential of these 

materials. For example, the type of MOC used as a secondary building unit for a given MOF 

directly impacts the structural features such as surface area and pore apertures.[41] Similarly, 
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the number, arrangement and the density of functional groups on the surface of MOCs affect 

the crosslinking density of the final extended material, which in turn influences its mechanical 

and thermal properties.[42] Therefore, MOCs arguably are among the most promising class 

of compounds for the development novel materials, and a broader understanding of their 

fundamental chemistry is essential to advance this and related fields like the heterogeneous 

catalysis.  

 

In order to support and inspire some new directions in the development of metal oxo based 

materials, we compile here key fundamental aspects of MOCs formed by group IV transition 

metals (Zr, Hf and Ti). A larger number of studies have been disclosed with group IV based 

MOCs in comparison to other elements like lanthanides and late transition metals, most likely 

due to their good overall stability and easily isolated structures.[47-50] Thus, the unique 

properties of group IV based MOCs can be used to illustrate key principles that shall support 

the development of MOCs based on metals that have been little explored so far.  

 

To this end, we review the current state of the art in Zr oxo, Hf oxo, Ti oxo clusters. Titanium, 

Zirconium, and Hafnium present several similarities between them. They all have +4 oxidation 

state (d0 configuration) as the most common one, which imparts a strong Lewis acidity to 

these cations. Such Lewis acidity makes their intrinsic reactivity challenging to control, given 

that minor amounts of water can react with the metallic species in solution, forming stable 

metal-oxygen bonds. Consequently, their organometallic complexes usually require handling 

under strict inert atmosphere to avoid decomposition, which shadows their utility to activate 

organic substrates towards useful transformations. In this sense, many compounds, including 

the metal oxo clusters discussed in this review, have been devised over the decades in order 

to understand, control and leverage this reactivity in a fruitful manner. Notably, such demand 

grew rapidly in the last few years due to their relative high abundancy compared to late 

transition metals and rare-earth elements.[51]  

 

On the other hand, Titanium, Zirconium, and Hafnium have important intrinsic differences, 

such as for example their atomic size, that likely influence their reactivity. Titanium is the 

smallest in the series, with an atomic radius of 140 pm, while both Zr and Hf’s have atomic 

radius of 155 pm, even though Hf is one row below Zr in the periodic table.[52] In line with 

their atomic size, Ti(IV) ions in the clusters favor (with few exceptions) an octahedral 6-
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coordinated ligand sphere. In contrast, Zr(IV) and Hf(IV) centers usually vary between 7- or 

8-coordination sphere. Another difference is the M-O bond strength between these elements, 

which increases in the order of Ti < Zr < Hf.[53] This difference in bond strength might play a 

role in the cluster synthesis and solution dynamics. For example, Ti oxo clusters have a richer 

dynamics in solution due to the relative facile ligand exchange, which can even involve 

complete rearrangement of the metal oxo core structure. This flexibility, which makes 

challenging to rationalize their synthesis routes, might result from the weaker Ti-O bond 

compared to Zr-O and Hf-O bonds. Accordingly, Zr and Hf oxo clusters are more prone to 

preserve their inorganic core, and ligand exchange rarely causes the clusters to collapse. 

Besides ligand exchange, metal-oxygen bond strength seems to also influence cluster 

synthesis. For example, Hf compounds usually require heating in aqueous solutions to favor 

the formation of oxo clusters, imparting easier control over the products formed. Between Ti 

and Hf, Zr seems to present a good balance between reactivity and cluster stability allowing 

for great exploration of oxo cluster formation, as clearly observed by the larger number of 

examples reported for Zr clusters in comparison with Hf. 

 

In the following sections, we discuss the chemistry of group IV MOCs first by introducing their 

structures, and pointing out the similarities and differences among them. Moreover, we 

present the reaction conditions in which they are formed in order to give an overview of key 

factors driving the formation of a specific cluster structure, such as the stoichiometric ratio 

between metal precursors and ligands.  

 

At first, we introduce the Zr oxo clusters (ZrOC). These compounds have essentially been 

prepared by two distinct approaches, which differ by the aqueous or organic nature of the 

reaction medium. For aqueous solutions, sulfate and peroxide are common capping ligands, 

and their concentration clearly affects the reaction outcome. On the other hand, organic 

solutions were found to conveniently provide some control over the remarkable tendency of 

these tetravalent ions to hydrolyze even in very acidic aqueous solutions.[54] This resulted 

in the formation of several discrete ZrOCs,[55] featuring nuclearities from 3 to 26 Zr atoms. 

Moreover, the relatively well-established and structural stability of tetra-, hexa- and 

dodecanuclear clusters enabled a more detail study of the ligand sphere dynamics, including 

examples of clusters with mixed-carboxylate ligands.[56] We will highlight how the 

composition and structure of these ZrOCs depends on the metal alkoxide, the carboxylic acid, 

and the stoichiometric ratio between them.[56, 57]  
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Following the detail discussion about ZrOCs, Hf oxo clusters (HfOCs) that have been 

described to date are discussed in the second part. HfOCs are generally formed at higher 

temperature than ZrOCs in aqueous conditions, while the few HfOC synthesized in organic 

medium have been obtained under essentially the same conditions used for ZrOC. The great 

similarity between the cluster shapes, metal coordination numbers and chemical properties, 

results in HfOCs being often isomorphous to the ZrOCs. The similar reaction conditions used 

for the synthesis of these clusters likely entails from the similar atomic sizes and chemical 

properties of Hf4+ and Zr4+ ions.[1, 58] Moreover, we will discuss also HfOCs such as the 

nonamer and the undecamer, which have been only observed when hafnium was used as 

the source of metal, and have no known Zr counterpart described yet.[58]  

 

In the last section, given that structure and applications of Ti oxo clusters (TiOCs) has been 

reviewed in detail recently,[40, 59, 60] we present only selected representative TiOCs to 

emphasize their distinct properties such as photocatalytic and redox abilities, and also their 

prominent role as building units of well-defined nanostructured composites. Moreover, since 

the coordination mode and chemical reactivity of Ti4+ is different from those of Hf4+ and Zr4+, 

the similarities and differences between Ti-oxo and Zr/Hf-oxo clusters are briefly discussed. 

 

2. Structure and properties of Zirconium oxo clusters (ZrOC)  

 

2.1 Formation of Zr oxo cluster in aqueous medium and their chemical relationship 

 

The tetrameric structure [Zr4(OH)8(OH2)16]8+ is the primary hydrolysis product when 

ZrOCl₂·8H₂O salt is dissolved in water. A crystal with the composition of 

[Zr4(OH)8(OH2)16]Cl8•12H2O was first isolated and analyzed using single-crystal X-ray 

diffraction by Clearfied et al, which disclosed a tetragonal crystal structure in which the four 

zirconium atoms were located at corners of a square.[61] Later, a tetrameric zirconium cluster 

was also isolated in a supramolecular complex with cucurbituril.[62] Patterson and Fourier 

projections, from which the distribution of the interatomic vectors in the structure can be 

obtained, illustrates that the metal ions are connected through double hydroxo bridges, and 

that four water molecules are bound to each zirconium to complete a distorted square 
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antiprismatic configuration (Figure 1a).[61] The viscosity measurements of the zirconyl 

chloride solutions showed that the formation of larger polymeric structures was generally not 

favored.[61] Increasing pH and refluxing the zirconyl chloride solution can lead to additional 

polymerization of tetramers. Such polymerization results in two-dimensional sheet-like 

structures that turn into amorphous gels or precipitates with monoclinic or tetragonal phases, 

but the formation of species other than tetramers has not been postulated.[63]  

Early observations about the formation of other structures depending on the pH were 

consistent with later measurements by small-angle X-ray scattering (SAXS),[64] which have 

shown that [Zr4(OH)8(H2O)16]8+ is in equilibrium with an octameric species depending on the 

acidity of the ZrOCl2 solution. After considering the effect of chloride ions on the scattering 

intensity, the calculated scattering curves of tetrameric [Zr4(OH)8(OH2)16Cl6]2+ and octameric 

[Zr8(OH)20(H2O)24Cl12] (Zr8 cluster) species were scaled to the experimental curve. According 

to SAXS measurements, in a highly acidic solution ([H+] > 0.6M) the tetramer is the main 

species present in solution. Upon lowering the acid concentration, the octamer starts to form 

by stacking of two tetramers on top of each other with four single OH━ bridges, and it becomes 

the most dominant species when [H+] ≤0.05M. Further indication of octamer formation 

stemmed from the radius of gyration (the root-mean-square distance of all scattering 

elements from the center of the gravity), which has been determined to be 3.7 Å for the 

tetramer, while the value for the octamer was around 5.0 Å, suggesting that larger polynuclear 

species were formed.[64] However, despite being identified in solution, the octamer has not 

been isolated yet.  

Reacting the primary tetramer [Zr4(OH)8(H2O)16]8+ with different ligands, namely the Kläui 

Tripodal ([CpCo{P(O)(OEt)2}3]−, LOEt) and peroxide ligands, led to the isolation of new 

structures (Figures 1b and 2a, respectively). Dilution of a HNO3 solution containing Zr(NO3)4 

and NaLOEt provided Kläui Tripodal capped tetranuclear [(LOEt)4Zr4(μ3-O)2(μ-

OH)4(H2O)2](NO3)4 (Zr4-1 cluster, Figure 1b). In this structure, the three aqua ligands bound 

to each zirconium in the [Zr4(OH)8(H2O)16]8+ are replaced by one Kläui Tripodal ligand, and 

four of the original hydroxo bridges are replaced by two μ3-O ligands, thereby reducing the 

coordination number of two zirconium atoms from eight to seven. Zr4-1 cluster decomposed 

to mononuclear species when the pH <1.  Moreover, this cluster hydrolyzed (4-

NO2C6H4O)2P(O)OH (BNPP) in 2.5 h, forming [(LOEt)4Zr4(μ3-PO3)4] (Zr4-2 cluster), which has 

intercalated Zr and P atoms at the corners of a cube (volume ~41 Å3) with O atoms at the 

middle of the edges (Figure 1c).[65] Attempt to independently synthesize Zr4-2 cluster by 

adding Na3PO4 to the original solution led to isolation of a distinct trinuclear cluster with the 
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formula of [(LOEt)3Zr3(μ3-O)(μ-OH)3(μ3-PO4)](NO3), in which zirconium atoms are seven-

coordinated by one μ3-LOEt, two μ2-OH, one μ3-O2- and one μ3-PO43-.[65] 

 

 

 

Figure 1. (a) Ball and stick representation of [Zr4(OH)8(H2O)16]8+. (b) Ball and stick representation of 

[(LOEt)4Zr4(μ3-O)2(μ-OH)4]4− (Zr4-1 cluster). (c) Ball and stick representation of [(LOEt)4Zr4(μ3-PO3)4] 

(Zr4-2 cluster). Color code: Zr (teal), O (red), P (gold), C (light gray). LOEt = [CpCo{P(O)(OEt)2}3]−. 

Hydrogens omitted for clarity. 

 

Addition of peroxide ligands to a solution of [Zr4(OH)8(OH2)16]8+ induced its transformation to 

tetrahedral [Zr4(OH)4(μ-O2)2(μ4-O)(H2O)12](ClO4)6•4H2O (Zr4-3).[66] This tetrameric cluster 

is formed from a 10:1 peroxide/Zr solution that slowly evaporates over 20 days, through the 

disassembly and reassembly of the [Zr4(OH)8(OH2)16]8+. According to the single-crystal X-ray 

diffraction study, Zr4-3 has C2 symmetry in which the zirconium coordinates eight oxygen 

atoms with a distorted square antiprism geometry (Figure 2a). The edges of Zr-tetrahedron 

are connected by four hydroxyl and two peroxide ligands. ESI-MS analysis in methanol and 

water gave evidence for the existence of other species like Zr3, Zr5, and Zr6, which 

interestingly, had different charge depending on the solvent. These species exhibit negative 

charge in methanol and the positive charge in water, which is consistent with the strong 

Lewis-Brønsted acid behavior of Zr4+.  
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Figure 2. (a) Ball and stick representation of [Zr4(OH)4(μ-O2)2(μ4-O)(H2O)12](ClO4)6•4H2O (Zr4-3 

cluster). (b) Ball and stick and (c) polyhedron representation of 

[Zr25O10(OH)50(O2)5(H2O)40](ClO4)10•xH2O (Zr25 cluster). Color code: Zr (teal), O (red), peroxide (pink 

wires), {ZrO8} (teal). Hydrogen and chloride atoms omitted for clarity. 

 

[Zr25O10(OH)50(O2)5(H2O)40](ClO4)10•xH2O (Zr25 cluster) was isolated from a similar system 

used for the synthesis of Zr4-3.[66] A mixture of 1:1 peroxide acid and zirconium carbonate 

in aqueous solution was slowly evaporated over 4 days, yielding crystals of Zr25 cluster. The 

reaction pathway involves disassembly and reassembly reaction of [Zr4(OH)8(OH2)16]8+, 

which is partially reversible depending on the solution pH. Single-crystal X-ray diffraction 

shows that the pentagonal topology of this cluster contains an inner five-membered ring 

connected to the outer ring via μ3-oxo and hydroxyl groups (Figure 2b). The inner Zr atoms 

are connected via two bridging hydroxyl groups, and the external ring consisting of five 

tetrameric units are linked together by disordered peroxo and hydroxyl groups. All the 

zirconium atoms have the same square antiprism coordination geometry. Zr25 cluster 

assembles in an orthorhombic space group Cmcm oriented along a bidimensional plane with 

an interlayer distance of 6Å between adjacent planes. Curiously, the Zr25 cluster is completely 

soluble in common organic solvent such as MeOH and DMF, and comparison between 

simulated and experimental SAXS data for these solutions strongly suggests the Zr25 

structure remains intact upon dissolution. On the other hand, ESI-MS spectrum of Zr25 

methanolic solution is dominated by Zr8 clusters, which were only observed in negative mode, 

probably resulting from ionization-promoted fragmentation. ESI-MS analysis of aqueous Zr25 

in positive mode predominantly detected Zr3 and Zr5 species.[66] 

 

2.1.1 Effect of sulfate on the formation of ZrOC  
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In general, the addition of sulfate anions to Zr solutions leads to the formation of larger Zr oxo 

clusters, which can be also isolated from solution after crystallization. Based on the methods 

reported so far, it is clear that the amount of sulfate influences the degree of condensation. 

In general, lower concentration of sulfate affords larger clusters, while the higher amounts of 

sulfate tend to inhibit the condensation of discrete ZrOC (similar behavior is also observed 

for the formation of HfOC, see discussion on Hf section below), though the increase of the 

temperature may promote the formation of clusters with higher nuclearity.[67, 68] The specific 

role of sulfate is still under debate. It has been suggested that the sulfate anions can disrupt 

the Zr tetramers which form when Zr4+ first dissolve in water, affording mono-/dimeric species 

that would more easily condense into larger clusters.[1] Moreover, the greater extension of 

Zr-sulfate oligomers condensation resulting in larger clusters would be facilitated by the 

charge balancing effect of anionic sulfate groups. This effect would lead to a lower positive 

surface charge of the particles that would decrease the electrostatic repulsion between 

them.[69] On the other hand, increasing amounts of sulfate would gradually replace the Zr-

(OH2)-Zr bridges, disfavoring the formation of large clusters in favor of oligomeric Zr-SO4 

structures.[1]  

 

A pinwheel shaped molecule, [Zr17O8(OH)24(OH2)12(HCOO)12(SO4)8]•6HCl·30H2O (Zr17 

cluster), is produced in the form of colorless octahedral crystals at room temperature by 

evaporation of an aqueous solution consisting of ZrOCl2•8H2O, H2SO4 and HCOOH, in which 

[H2SO4] < 0.15 M.[70] This cluster can also be prepared through hydrothermal treatment of 

the same solution at 40 to 100ºC by sealing the reaction mixture with a rubber stopper.[70] 

Single-crystal X-ray diffraction shows that heptadecameric Zr17 cluster adopts S4 symmetry, 

with the size of ‘square shape’ measuring 17Å (Figure 3a), and having the core composed of 

four {Zr5} building blocks. Each zirconium is coordinated by eight oxygen atoms, and the 

terminal oxygen atoms are doubly protonated based on the bond valence sum calculation. 

The sulfate groups chelate to the exterior of the Zr oxo core through a bidentate coordination 

mode, and the cluster affinity for water molecules is suggested to contribute for the enhanced 

ionic conductivity of Zr17 in comparison to smaller Zr6 clusters of similar composition that were 

obtained under similar reaction conditions (Figure 4).[70]  
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Figure 3. (a) Ball and stick representation of the structure 

[Zr17O8(OH)24(OH2)12(HCOO)12(SO4)8]•6HCl∙30H2O (Zr17 cluster) with a zoom of the {Zr5} building 

block. (b) The polyhedral arrangements of the Zr17 cluster. Color code: Zr (teal), O (red), {ZrO8} (teal), 

{SO4} (yellow). Hydrogen atoms omitted for clarity. 

 

Interestingly, a new compound, [Zr6O4(OH)4(OH2)8(HCOO)4(SO4)4], was obtained from the 

same solution when the concentration of H2SO4 was higher than 0.15 M (Figure 4). This 

hexanuclear cluster has an octahedral [Zr6O4(OH)4]12+ core, similar to other Zr6 clusters 

commonly formed in organic medium (Figure 9). A study of reaction conditions revealed that 

the nature of final products was influenced both by the concentration of H2SO4 and 

temperature. At high temperatures (90-100 ºC), only larger clusters with higher condensation 

degrees on the order of 17mer were formed. At lower temperatures, the larger cluster was 

favored when the concentration of sulfate was lower than 0.10 M, regardless of the 

concentration of formic acid. When the concentration of sulfate increases to 0.15 M, the 

hexamer was formed, suggesting that sulfate passivates the cluster surface, inhibiting further 

aggregation.[70] 
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Figure 4. (a) Ball and stick representation of [Zr6O4(OH)4(OH2)8(HCOO)4(SO4)4]. (b) The structure of 

[Zr6O4(OH)4]12+ core of cluster in (a). Color code: Zr (teal), oxygen (red), {SO4} yellow. Hydrogen atoms 

omitted for clarity. 

 

In the absence of formic acid, [Zr18O4(OH)38.8(SO4)12.6]•33H2O, a Zr18 cluster crystallizes out 

of acidic solutions diluted with HClO4 or HCl, when the Zr:SO4 molar ratio is around 1:0.6.[1, 

71] On the outer sphere of this discrete compound there is a ring of ten Zr atoms connected 

by oxide or hydroxide bridges. In the center, an octahedral Zr hexamer shares opposite edges 

with two Zr pentamers. Based on the single-crystal X-ray structure, the hexagonal crystals 

connect to the remaining Zr via μ2-hydroxo, μ3-hydroxo/oxo, and μ4-oxo (Figure 5b). The 

crystal structure also reveals that 16 Zr atoms are coordinated by eight oxygen atoms with 

square anti-prismatic or dodecahedral geometry while the remaining two are coordinated by 

seven oxygen atoms (dark blue in Figure 5b) adopting capped trigonal prismatic geometry. 

The sulfate anions located at the perimeter have little influence on the Zr framework and 

adjacent 18mer clusters are linked into chains via bridging bidentate sulfate anions. [1, 71]  
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Figure 5. (a) Front and back views of polyhedron representation of [Zr18O4(OH)38.8(SO4)12.6]•33H2O 

(Zr18 cluster). Chelating sulfate ligands are highlighted by red dashed circle and tridentate sulfate 

ligands by red solid circle. (b) Ball and stick representation of Zr18 cluster featuring insets with hexamer 

(black circle) and pentamer (red squares) building block structures. Color code: Zr (teal), oxygen (red), 

μ4-oxo (pink), {ZrO8} teal, {ZrO7} dark blue, {SO4} yellow. Hydrogen atoms omitted for clarity. 

 

The Zr18 cluster mentioned above was the largest species crystallized from aqueous sulfate-

containing solutions until toroidal  Zr70(SO4)58(O/OH)146.x(H2O) (Zr70) cluster was isolated 

from solutions with an excess of sulfate (Zr:SO4 molar ratio 1:~2.1) in the presence of several 

metal nitrates as co-crystallization agents.[68] The solutions were hydrothermally reacted 

(185 ℃) for 24 h before resting at ambient conditions to afford the final compound. Common 

structural features observed between Zr18 and the Zr70 clusters, and the similar final Zr:SO4 

molar ratio observed for both products suggest that the higher temperature induces further 

oxolation of oligomeric species leading to the formation of larger species. Zr70 cluster 

structure shows a pseudo-10-fold rotational symmetry with repeating Zr6 sub-units bridged 

by an additional Zr center in the outer rim. Zr units are connected by two tridentate sulfates 

parallel to each other in the inner rim, while in the outer rim 4 to 5 Zr-Zr pairs are linked by 
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bridging bidentate sulfate, leaving these Zr atoms hepta-coordinated. Monodentate sulfates 

have been observed on the side of the torus for all structures obtained. Interestingly, the co-

crystallizing species influenced the observed packing mode, and a permanent porosity was 

observed when a tetragonal phase was obtained (BET surface area of 241 m2g-1). Zr70 cluster 

exhibits very poor solubility in water and in ethanol. 

 

Figure 6. (a) Ball and stick and (b) polyhedron representation of Zr70(SO4)58(O/OH)146.x(H2O) (Zr70 

cluster). Color code: Zr (teal), O (red), S (yellow). Hydrogen atoms omitted for clarity. 

 

 

2.1.2 Summary of ZrOC formation in aqueous systems 

 

Based on the formation of ZrOC in aqueous solution discussed in this section, we developed 

a roadmap for the synthesis of these clusters, which could be used to direct the formation of 

novel structures (Scheme 1). In general, the Zr-tetramer [Zr4(OH)8(OH2)16]8+ is ubiquitous in 

acidic solutions. However, the introduction of different ligands leads to the formation of 

diverse compounds. For example, comparing the formation reactions of Zr17 and Zr18, the 

sulfate concentration used for Zr17 synthesis is lower than for Zr18, even though the sulfate 

will generally suppress the condensation to a larger cluster. This might be due to the addition 

of carboxylates to the system that afforded Zr17, which could help to inhibit the formation of 

larger clusters in the presence of lower amounts of sulfate. Furthermore, the concentration 

of the ligands also plays a role in the final product structure. For example, a 1:1 ratio of 

peroxide acid/zirconium source results in Zr25 cluster, while a ratio of 10:1 of peroxide 

acid/zirconium source leads to Zr4-1. Meanwhile, sulfate has been also shown to inhibit the 
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condensation of the clusters, as an increase of sulfate concentration leads to the decrease 

of the nuclearity from 17/18 to 6. Finally, the synthesis of Zr70 cluster shows that further tuning 

might be achieved by varying the temperature, with higher nuclearities obtained at higher 

temperatures without significant change in the nature of the ligand and/or its concentration. 

 

  

 

Scheme 1. Chemical relationship between the ZrOCs discussed in this section, and the key 

factors influencing the structure of the cluster obtained.  

 

2.2 Formation of Zr oxo clusters in organic medium: interplay between alkoxy and 

carboxylate ligands 

 

Formation of ZrOC is not restricted to aqueous solutions, as several examples of ZrOC 

prepared in organic solvents have been reported. However, instead of sulfate or peroxide 

ligands, alkoxy and carboxylate moieties have been predominantly used to stabilize the ZrOC 

formed. One of the main assets of the reactions in organic medium is their dependence on 

the condensation between organic species (e.g., the organic part of the precursor and the 

solvent), which could allow some control of the reactivity in future works. In aqueous solution, 

hydrolysis and condensation reactions responsible for the formation of M-O-M bonds, and 

subsequently MOCs, are directly mediated by the aqueous solvent. For the reactions in the 

organic medium, clusters are presumably formed by a three-step mechanism, in which the 

second step involves formation of water. This is presumably a key step, since the water 
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necessary to trigger metal hydrolysis and condensation is formed upon reaction of the 

carboxylate ligands and the alcoholic solvent to give an ester by-product (Scheme 2).[72, 73] 

 

 

 

Scheme 2. A three-step mechanism for the formation of carboxylate-based clusters, R = alkyl 

group, R1,R2 = alkyl, alkenyl or aryl. 

 

In organic medium, Zr alkoxides (e.g., Zr(OPr)4, Zr(OBu)4) are commonly used as a Zr source, 

and clusters containing 3 to 26 zirconium centers have been reported using mostly carboxylic 

acids as ligands, though other ligands have been also used. Carboxylated tetra-, hexa- and 

dodecanuclear Zr oxo clusters (Zr4, Zr6, Zr12 clusters, respectively) have been more 

commonly reported, while other structures remain largely unexplored as a whole. Given its 

apparent greater stability and easier formation, the more numerous Zr6 and Zr12 clusters 

based on octahedral Zr oxo cores provided opportunities to study the ligand-exchange 

dynamics of these species and probe the formation of mixed-carboxylate species. Though 

these findings have yet to be experimentally extended to other clusters, they provide a useful 

platform for further developing the metal oxo cluster chemistry. In this section, we initially 

introduce known structures, which were organized by nuclearity, and then present an 

overview about the ligand exchange in Zr6 and Zr12 clusters.  

 

Zr3 Clusters: [Zr3(μ3-O)(DMPD)4(DMPDH)2] (Zr3-1) (DMPDH2= 2,4-dimethylpentane-2,4-

diol) is synthesized by reacting of Zr(OnPr)4 with 2,4-dimethylpentane-2,4-diol in toluene at 

room temperature. This Zr3 cluster features a central μ3-O within the plane formed by three 

Zr atoms, which were each additionally capped by one chelating DMPD moieties on one side 

of the plane (two of the DMPD were monoprotonated), and by another chelating-bridging 

DMPD group on the other side.[74] Similarly, [(Cp2Zr)3(μ2-OH)3(μ3-O)](BPh4) has been 

obtained by hydrolyzing [Cp2ZrCH3(tetrahydrofuran)](BPh4) with a 5-fold excess of H2O in 

dichloromethane/tetrahydrofuran at -78 ℃. This cluster is approximately C3v symmetric and 

features the same O-centered Zr3 plane of Zr3-1, with two Cp ligands bound to each Zr (Figure 
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7a), and surrounded by three H-bonded tetrahydrofuran molecules.[75] Variants of this Cp-

containing cluster having a carboxylate ligand bridging the Zr centers instead of only oxygen 

atoms have also been reported (Figure 7b).[76] Later using the carboxylates proved to be 

valuable for the assembly of supramolecular cages, either by a carboxylate exchange step[77] 

or by having another metal coordination site in the carboxylate moiety and then combining it 

with other metals.[78] 

 

 

Figure 7. Ball and stick representation of (a) [(Cp2Zr)3(μ2-OH)3(μ3-O)]+ and (b) [(CpZr)3(μ2-OH)3(μ3-

O)(OOCH)3]+. Color code: Zr (teal), O (red), C (light gray). Hydrogen atoms omitted for clarity. Cp = 

cyclopentadienyl.  

 

Interestingly, a trinuclear Zr oxo cluster featuring a similar planar O-centered Zr3 core has 

formed in the binding cleft of bacterial transferrin protein when [Zr(NTA)2]2– (NTA = N,N-

bis(carboxymethyl)glycine) was reacted with the apo-protein in a HEPES buffer solution 

(HEPES = 2-(4-(2-hydroxyethyl)-1-piperazinyl)ethanesulfonic acid) at pH 7.4 containing 

phosphate as synergistic anion. Crystal structure showed all the zirconium to be seven-

coordinated with the coordination sphere being completed by two oxygen atoms of tyrosine 

residues of the protein, water and phosphate.[79]    

 

Zr4 clusters: [Zr4O2(OMc)12] (OMc = methacrylate) is the reaction product of Zr(OnPr)4 

solution in n-propanol and a 15-fold excess of methacrylic acid.[57] This cluster has non-

symmetric butterfly shape with a distorted arrangement of the Zr centers, which contrasts the 

planar arrangement of Zr atoms observed for the solid state structure [Zr4(OnPr)16] of 

Zr(OnPr)4 (Figure 8a).[80] Three Zr atoms of the [Zr4O2(OMc)12] cluster are coordinated by 
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eight oxygen atoms while the remaining one is seven coordinated. Two carboxylate ligands 

chelate two Zr [Zr(2) and Zr(3)] atoms and nine carboxylate ligands bridge Zr-Zr edges, 

except for the edge between Zr1 and Zr4. The remaining carboxylate not only chelates to Zr(4) 

atom, but also coordinates to Zr(2) via the oxygen [O(41)] (Figure 8c). An isomer of 

[Zr4O2(OMc)12] with a planar rhombic Zr4 core is obtained with only a seven fold excess of 

methacrylic acid, prompting methacrylate ligand containing [O(41)] to convert to a bridging 

mode, which makes the structure symmetric. Both isomers provide the same NMR spectra 

in solution, suggesting they interconvert in solution.[81] Notably, when acetylacetone was 

added to a solution of [Zr4O2(OMc)12], the core of the cluster was completely degraded to 

monomeric species.[82] Finally, formation of tetranuclear ZrOCs has also been observed as 

the hydrolysis products of dinuclear Zr complexes.[83, 84]  

 

 

 

Figure 8. (a) Top and (b) side view of tetramer [Zr4(OnPr)16]. (c) Top and (d) side view of 

[Zr4O2(OMc)12] cluster. Color code: Zr (teal), O (red), C (light gray). Hydrogen atoms omitted for clarity. 

OMc = methacrylate. 

 

Zr5 cluster. Although isobutyric acid has been shown to provide a Zr6 cluster, the reaction of 

Zr(OnPr)4 with 4 equivalent of 2-bromoisobutyric acid resulted in the formation of the only Zr5 

cluster reported so far.[55] Curiously, [Zr5O4((CH3)2BrCCO2)10(OnPr)2(nPrOH)4] cluster 
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structure can be regarded as an {Zr6} octahedron with a missing Zr center, which suggests 

that the additional steric hindrance posed by the replacement of H by Br hampered the 

accommodation of a sixth metal in the structure, given that a Zr6 cluster having isobutanoate 

ligands has been reported (Table 1). Such additional hindrance might also be responsible for 

the unusual monodentate coordination of some carboxylates to Zr5, since they usually 

coordinate Zr6 clusters in a chelating or bridging mode. Visual inspection of the structure 

suggested the bromine groups are exposed on the cluster surface, rendering them amenable 

to further transformations. Such reactivity has been showcased by Zr5 use as macro initiator 

in an atom transfer radical polymerization that afforded inorganic-organic core-shell 

nanoparticles.  

 

Zr6 clusters: Essentially three groups of Zr6-carboxylate clusters have been reported in the 

literature, those featuring an octahedral Zr6O8 core being the most prevalent. Additionally, 

open structures bridging two trimeric units have also been observed, and recently a stacked 

variant of this bridged structure has been disclosed. However, the use of other ligands such 

as phosphates or ligand containing additional coordinating groups have generated unique 

structures, showing that several factors may influence the final cluster structure. Our 

discussion below emphasizes the most comonly studied octahedral structures, and then 

highlights the other two groups of Zr6 clusters. 

 

The oxo zirconium methacrylate clusters [Zr6(OH)4O4(OMc)12] (OMc = methacrylate) 

crystallizes when Zr(OnPr)4 is reacted with a 4-fold excess of methacrylic acid (OMc) in n-

propanol for one day.[57, 72] Analysis by X-ray diffraction shows that all Zr atoms have an 

octahedral arrangement. The compound has a C3v symmetry with C3 axis passing through 

the center of opposite faces of the octahedron (Figure 9a). The triangular faces of the Zr6 

core are capped by alternate μ3-O and μ3-OH ligands. From the twelve methacrylate ligands, 

three chelate the zirconium atoms [Zr(1), Zr(2), Zr(3)] of one μ3-O capped face and nine 

carboxylate groups bridge all the edges of the Zr6 core apart from the ones in the chelated 

face (Figure 9b). Each zirconium  is square-anti prismatically coordinated by eight oxygen 

atoms. NMR and HPLC analysis indicated fast formation of the ester in solution, which is 

presumably catalyzed by the Zr alkoxide, consistent with the mechanism proposed in 

Scheme 2.[72]  
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When the ratio of methacrylic acid to Zr(OnPr)4 is increased to 9:1, the cluster 

[Zr6(OH)4O4(OMc)12(nPrOH)]•3McOH is formed, in which one bridging methacrylic acid 

ligand becomes monodentate, and the vacant site on the Zr is occupied by a propanol 

molecule (Figure 9c).[85] The methacrylic acid molecules not coordinated to Zr are hydrogen-

bonded to cluster’s periphery, and help stabilizing the structure. When Zr(OnBu)4 is reacted 

with seven equivalents of iso-butyric acid, [Zr6O4(OH)4(iso-butanoate)12(H2O)] forms with a 

water molecule capping the coordination site ‘opened’ by conversion of one of the bridging 

carboxylates into a monodentate ligand.[56] Likewise, other related clusters were obtained 

using similar conditions. For example, [Zr6(OH)4O4(BzO)12(BzOH)]•4BzOH (BzO = benzoate) 

was obtained by reacting Zr(OnPr)4 with a 20-fold excess of benzoic acid (BzOH),[85] and 

[Zr6O4(OH)4(OOC–Norb)12] (OOC–Norb = endo-5-Norbornene-2-carboxylate) resulted from 

the mixture Zr(OBu)4 with a 7-fold excess of endo-5-norbornene-2-carboxylic acid,[86] among 

others (see Table 1 and 5 for a detailed list of similar Zr6 clusters).  
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Figure 9. (a) Top and (b) side view of the structure of the hexamer [Zr6(OH)4O4(OMc)12]. (c) Structure 

of [Zr6(OH)4O4(OMc)12(PrOH)]. Propanol ligand is represented by black wire. (d) Structure of 

[Zr6(OH)8(H2O)8(HGly)4(Gly)4]12+. Color code: Zr (teal), O (red), C (light gray), N (blue gray). Hydrogen 

atoms and molecules non-coordinated to Zr omitted for clarity. HGly: (–O2CCH2NH3
+), Gly: (–

O2CCH2NH2). 

 

The same reactivity reported in organic solutions was also observed in aqueous medium, as 

evidenced by the synthesis of a Zr6 glycine-based cluster, in which glycine coordinated to the 

hexazirconium octahedral cluster through its carboxylic group (Figure 9d).[87] By mixing 

hydrated zirconyl chloride, glycine, and sulfuric acid in a molar ratio of 1:14.07:2.76 in water, 

the product [Zr6(OH)8(H2O)8(HGly)4(Gly)4](SO4)6•14H2O was obtained. The colorless 

column-like crystals turned opaque white due to the loss of solvent after separation from the 

mother liquor. This structure has an approximate diameter of 13.4 Å, and contains a 

hexanuclear zirconium core [Zr6(OH)8]16+ with a pseudo D4h symmetry. Eight faces are 

capped by μ3-OH━ groups and zirconium atoms in the equatorial plane connect to the apical 

zirconium by eight glycine carboxylate groups in a syn-syn mode (Figure 9d). Glycine was 

present in two different protonation states (━OOC-CH2-NH3+ and ━OOC-CH2-NH2), which 

together with six sulfates keeps the overall neutral charge balance of the cluster. In addition, 

14 water molecules have been found to bind to the cluster via H-bonding interactions, further 

contributing to stabilization of the cluster. Additional reports of an isostructural Zr6-glycine 

cluster having chloride anions instead of sulfates,[88] and the Zr6 cluster [Zr6(μ3-O)4(μ3-

OH)4(OOCMe)12],[89] which were both prepared from aqueous solutions, further attested that 

the reactivity of carboxylates with Zr cations is similar in water and organic mediums. In these 

works, the beneficial effect of the temperature on the cluster formation, and the influence of 

carboxylate concentration on the formation of Zr6 cluster have also been demonstrated by 

means of Dynamic Light Scattering and extended X-ray absorption fine structure 

spectroscopy (EXAFS). Essentially, higher temperature and higher carboxylic acid 

concentration favor the conversion of the Zr tetramer [Zr4(OH)8(H2O)16]8+ into the 

thermodynamically stable [Zr6(OH)8]16+ cluster structure, via presumable involvement of 

monomeric or dimeric Zr species.  

 

Table 1. Tetrameric and octahedral hexameric ZrOC clusters obtained from carboxylic acids 

and Zr alkoxides at room temperature.  
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(1) Molar ratio. (2) Sulfuric acid was added into the solution to provide acid environment and as counterions 

for charge balance. OMc = methacrylate, BzO = benzoate, OOC–Norb = endo-5-Norbornene-2-carboxylate 

 

Cluster Zr RCOOH Solvent 

Time 

(day

s) 

RCOO

H/ Zr(1) 

[Zr4O2(OMc)12] [57] Zr(OnPr)4 
Methacrylic 

acid 
nPrOH 7 15:1 

[Zr4O2(OMc)12][81] Zr(OBu)4 
Methacrylic 

acid 
nBuOH 1 7:1 

Zr6 clusters 

[Zr6(OH)4O4(OMc)12] [57] Zr(OnPr)4 
Methacrylic 

acid 
nPrOH 1 4:1 

[Zr6O4(OH)4(iPrCO2)12(H2O)] 

[56] 
Zr(OBu)4 Isobutyric acid iBuOH 28 7:1 

[Zr6(OH)4O4(OMc)12(PrOH)] 

•3McOH [85] 
Zr(OPr)4 

Methacrylic 

acid 
nPrOH 11 9:1 

[Zr6(OH)4O4(BzO)12(BzOH)] 

•4BzOH [85] 
Zr(OPr)4 Benzoic acid nPrOH 14 20:1 

[Zr6O4(OH)4(OOC–Norb)12] 

[86] 
Zr(OBu)4 

endo-5-

Norbornene-

2-carboxylic 

acid 

n-heptane  7 7:1 

[Zr6O4(OH)4(OOCtBu)12][90] Zr(OiPr)4 Pivalic acid 
n-Hexane: 

iPrOH (1:1) 
1 2:1 

[Zr6O4(OH)4(OOCC(CH3)2Et)12

][90] 

Zr(O 

C(CH3)2E

t)4 

2,2-

Dimethylbutan

oic acid 

n-Hexane: 

Et(CH3)2C

OH (1:1) 

1 2:1 

[Zr6(OH)8(H2O)8(HGly)4(Gly)4]

(SO4)6 •14H2O [87] 
ZrOCl2 Glycine H2O(2) 7 14:1 
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A large excess of carboxylic acids seems not to be strictly necessary to prepare these clusters 

since [Zr6O4(OH)4(OOCtBu)12] and [Zr6O4(OH)4(OOCC(CH3)2Et)12] were obtained by 

treating Zr(OiPr)4 with only two-fold excess of HOOCR’ (R′ = tBu, C(CH3)2Et) at room 

temperature under Ar atmosphere. However, in this case all the carboxylate ligands adopt 

bidentate bridging mode. IR and X-ray analysis suggest proton migration between oxygen 

bridges, while stability of the clusters in the solution was demonstrated by 13C NMR 

analysis.[90]  

 

On the other hand, further reduction in the amount of carboxylic acid used might result in only 

partial ligand exchange of the precursor. For example, when Zr(OnBu)4 reacted with 1.6 

equivalents of methacrylic acid, the mixed ligands cluster [Zr6O2(OBu)10(OMc)10] was formed. 

Probably related to the short supply of carboxylate ligands, this cluster shows a lower degree 

of condensation, and instead of an octahedral core, the structure consisted of two Zr3 units 

dimerized through two bridging butoxy ligands (Figure 10a). This structure is centrosymmetric 

with Zr(1) adopting pentagonal bipyramidal, and Zr(2) and Zr(3) adopting capped trigonal 

prism coordination geometry. Further tuning of the Zr precursor reactivity was probed by 

triggering a partial butoxy-methoxy ligand exchange with 1 equivalent of (3-

methacryloxypropyl)trimethoxysilane. In the presence of the latter, the mixture of Zr(OnBu)4 

and 7 equivalents of methacrylic acid also resulted in a dimeric [Zr3-Zr3] core, namely 

[Zr6O2(OMe)4(OBu)2(OMc)14], but with the previous terminal butoxy groups replaced by 

methacrylate ligands and four of the six butoxy groups replaced by methoxy ligands (Figure 

10b).[91]  
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Figure 10. (a) Ball and stick representation of [Zr6O2(OBu)10(OMc)10]. (b) Ball and stick 

representation of [Zr6O2(OMe)4(OBu)2(OMc)14]. Bridging butoxy and methoxy groups represented by 

black and red wires, respectively. Color code: Zr (teal), O (red), C (light gray). Hydrogen atoms omitted 

for clarity. 

 

The presence of a second coordinating group in the carboxylate ligand afforded a rather 

‘open’ Zr6 cluster structure. Specifically, the reaction of Zr(OPr)4 in propanol with 10 

equivalents of 1-hydroxy-2-naphthoic acid (C10H6(OH)CO2H) formed the cluster 

[Zr6O2(OPr)16(O2C(O)C10H6)2(PrOH)2]. This structure has two μ3-O atoms, ten terminal and 

six bridging propanoate ligands, two propanol molecules, and two anionic tetradentate 

[C10H6(O)CO2]2- moieties (Figure 11). This centrosymmetric cluster has Zr(1) hepta 

coordinated with a pentagonal-bipyramidal geometry, and Zr(2) and Zr(3) six coordinated with 

octahedron geometry. The carboxylate group of dianionic [C10H6(O)CO2]2- ligand forms a 

chelate with Zr(1), while Zr(2) is stabilized by the aryloxide group and one of the oxygen 

atoms of carboxylate, forming a 6-membered metallacycle.[92] Considering that the formation 

of an octahedral Zr6 core unit was observed when the ligand’s naphtalene ring was replaced 

by a benzene ring (see details on Zr10 clusters below), not only an additional coordinating OH 

group but also the ligand’s steric hindrance might be responsible for the open nature of the 

resulting structure. 

 

 

 

Figure 11. (a) Ball and stick and (b) polyhedron representation of 

[Zr6O2(OPr)16(O2C(O)C10H6)2(PrOH)2]. Bridging propanoate ligands are represented by black wires. 

1-hydroxy-2-naphthoate ligands are represented by two colored-wires. Color code: Zr (teal), O (red), 

C (light gray). Hydrogen atoms omitted for clarity. 
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The effect of additional coordinating group in the ligand on the final cluster structure was also 

observed in the Zr6 oxo cluster obtained in the presence of a tridentate oxime/cathecol ligand. 

Mixing ZrCl4 and 2,3-dihydroxybenzaldehyde oxime (H3dihybo) in the presence of Bu4NOH 

in methanol afforded the cluster [Zr6(μ3-O)2(μ-O)3(μ-Hdihybo)6(OH2)6]·2Bu4NCl·2CH3OH 

(Zr6-1, Figure 12).[93] This structure features a trigonal-prismatic arrangement of the six Zr 

atoms, in which all the Zr atoms are seven coordinated with a pentagonal-bipyramid geometry, 

and can be seen as an stacked variant of the Zr3 clusters reported previously (Figure 7). In 

fact, both the hexanuclear metal core and its Zr3 subunits have been observed by ESI-MS in 

methanol. Within a Zr3 unit, Zr are connected by an μ3-O and three bridging chelating Hdihybo 

ligands (Figure 12c). The two Zr3 are connected by three O atoms, and DFT calculations 

showed that the Zr3 rings exhibit metalloaromaticity. Finally, a thorough NMR study evidenced 

cluster integrity in methanol and in aqueous solutions, showing that the structure is also 

hydrolytically stable.  

 

 

 

Figure 12. (a) Ball and stick and (b) polyhedral representation of [Zr6(μ3-O)2(μ-O)3(μ-

Hdihybo)6(OH2)6] (Zr6-1). (c) Ball and stick representation of [Zr3(μ3-O) (μ-Hdihybo)3(OH2)3]. Color 

code: Zr (teal), O (red), C (gray), N (blue gray). Hydrogen atoms omitted for clarity. 

 

A similar stacked architecture was observed also when using tridentate phosphonate ligands 

instead of carboxylates. The phosphonate-substituted ZrOC [Zr6(μ3-O)2(μ2-OBu)12(O3PPh)4] 

was isolated upon incubation of Zr(OBu)4 with bis(trimethylsilyl)phenylphosphonate in n-

butanol (molar ratio = 2:1) at room temperature for 16 weeks. The long reaction was attributed 

to the slow esterification of phosphonic acid group. Similar to the Zr6-1 core described above, 

this structure features two Zr3 units (Zr3(μ3-O)(μ2-OBu)3(OBu)3) linked together, though by 

four phenyl phosphonate groups instead of simple oxygen atoms. Another key difference is 

that the Zr3 units are not planar as in the Zr6-1 cluster, with the bridging oxygens above and 

below the Zr plane. Such structural accommodation most likely derives from the geometry of 
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the tridentate phosphonate ligands. Interestingly, in this structure Zr atoms are octahedrally 

coordinated with three butoxy groups existing as bridging ligands, while the remaining three 

act as terminal ligands (Figure 13a). The phosphonates adopt tridentate modes, binding two 

zirconium atoms in one Zr3 unit and one zirconium atom in the other Zr3 unit.[94]   

 

Zr7 cluster: A Zr7 cluster was also obtained under slightly modified conditions to those 

reported for the Zr6-phosphonate cluster discussed above. Addition of water and methacrylic 

acid to a mixture of Zr(OiPr)4 and bis(trimethyl)silyl(3-bromopropyl)phosphonate in 

isopropanol resulted in the formation of [Zr7O2(µ 2-OiPr)6(OiPr)6(O3PCH2CH2CH2Br)6]. 

Methacrylic acid was added envisioning a mixed ligand environment, but curiously only 

phosphonate ligands have been incorporated into the final structure. This cluster consists of 

the same two [Zr3(μ3-O)(μ2-OBu)3(OBu)3] units which in this case are connected through a 

central zirconium atom. All the zirconium atoms are octahedrally coordinated, while each 

phosphate coordinates two zirconium atoms within one Zr3 unit and the central zirconium 

atom (Figure 13b).[94]  

 

 

 

Figure 13. (a) Ball and stick representation of [Zr6(μ3-O)2(μ2-OBu)12(O3PPh)4]. (b) Ball and stick 

representation of [Zr7O2(µ 2-OiPr)6(OiPr)6(O3PCH2CH2CH2Br)6]. Bridging alkoxide groups are 

represented by black wires. Color code: Zr (teal), P(gold), O (red), C(gray), Br (green). Hydrogen 

atoms omitted for clarity. 
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Zr8 clusters: Octanuclear Zr clusters have not been observed as discrete species yet, but 

their formation has been observed in the synthesis of a Zr-porphyrin metal-organic 

frameworks (MOFs).[95] The solvothermal reaction of zirconium chloride and M’-TCPP (M’= 

Fe, Co, Cu, no metal, TCCP = tetrakis(4-carboxyphenyl)porphyrin) in N,N-

dimethylformamide generated a MOF with the formula [M8O6(M′–TCPP)3], which features a 

Zr8O6 cluster as a secondary building unit (Figure 14). In this cluster, the eight Zr atoms have 

a distorted octahedral coordination environment, and are found at the vertices of an 

idealized Zr8 cube, having the six μ4-O located at the cube’s faces. Interestingly, each edge 

of the cube is capped by a carboxylate group of a TCCP ligand, resulting in a twelve 

connected [Zr8O6(CO2)12]8+ unit. Interestingly, this structure is Oh symmetric, similar to the 

more common Zr6O8 cores observed within MOF structures, though the carboxylate 

arrangement in both is very distinct. 

 

 

 

Figure 14. Ball and stick representation of [Zr8O6(CO2)12]8+ cluster observed inside of a Zr-porphyrin 

MOFs. Color code: Zr (teal), O (red), C(gray). Hydrogen atoms omitted for clarity. 

 

Zr9 clusters: Similarly to the Zr8 cluster discussed above, a nonanuclear Johnson-type Zr9 

oxo cluster has only been observed as a MOF secondary building unit.[96] The 

[(CpZr)3(κ2,O′,O″C−C5H4N)3(μ3-O)(μ2-OH)3]+ (Zr3-2) precursor underwent a disassembly-

reassembly process upon the introduction of Pb2+ cations (originating from PbI2 or Pb(NO3)2) 

that led to the formation of the 2D heterometallic MOFs JMOF-1 and JMOF-2. JMOF-1 has 

a six-connected nonanuclear ZrOC clusters ([Zr9(μ3–O)8(μ3–OH)6(COO)6], Figure 15b) as 

the secondary building unit, while JMOF-2 features a twelve-connected one ([Zr9(μ3–O)8(μ3-
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OH)6(COO)12], Figure 15c) (COO = carboxylate ligand). In this cluster, the nonameric [Zr9(μ3–

O)8(μ3–OH)6] core has octacoordinated zirconium atoms, and can be regarded as a 

triaugmented triangular prism (J51 Johnson solid), with faces capped by μ3-O or μ3-OH 

groups (Figure 15d).  

 

 

 

Figure 15. Ball and stick representation of (a) [(CpZr)3(κ2,O′,O″C−C5H4N)3(μ3-O)(μ2-OH)3]+ (Zr3-2 

precursor), (b) [Zr9(μ3–O)8(μ3–OH)6(COO)6], (c) [Zr9(μ3–O)8(μ3-OH)6(COO)12], and (d) [Zr9(μ3–

O)8(μ3–OH)6]. COO = carboxylate ligand. Color code: Zr (teal), O (red), C (gray), N (blue gray). 

Hydrogen atoms omitted for clarity.  

 

Unlike the Johnson-type nonanuclear ZrOC above, the Zr9 cluster 

[Zr9O6(OBu)18(OOCC≡CEt)6] has been isolated as a discrete species.[97] It has been 

formed by adding small amount water into a equimolar mixture of Zr(OBu)4 and 2-pentynoic 

acid in butanol. This cluster is similar to [Zr10O8(OBu)16(OOC–C6H4–CH2Cl)8] discussed 

below (Figure 17), except that one zirconium and its carboxylate chelating ligands are 

removed, and μ4-O/μ3-O bridges are replaced by μ3-O/μ2-OBu moieties to keep charge 

neutrality.  

 

Zr10 clusters: A condensed structure [Zr10O6(OH)4(OOC–C6H4OH)8(OOC–C6H4O)8]·6PrOH 

has been formed when Zr(OPr)4 was reacted with 10 equivalent of salicylic acid in 

propanol.[92] This C2 symmetric structure consist of a central Zr6 octahedron with four of the 

edges in the axial plane, capped by the carboxylate groups of the salicylate ligands. On each 

side of the core, two zirconium atoms are linked together through two bridging bidentate 

salicylate ligands. These two Zr centers are connected to the octahedral Zr6 core through 

eight bridging-chelating salicylate ligands with tetradentate binding mode (Figure 16). The 

two additional Zr(2) and Zr(3) atoms on each side of the core are seven coordinated, while 
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Zr(1) atom and its symmetry equivalent are 9 coordinated. The remaining zirconium atoms 

of the Zr6 octahedron are eight-coordinated, as in other Zr6 clusters discussed above.   

 

Figure 16. (a) Ball and stick, and (b) Polyhedron representations of [Zr10O6(OH)4(OOC–

C6H4OH)8(OOC–C6H4O)8]. The bridging-chelating salicylate ligands are represented by two-colored 

wires. Color code: Zr (teal), O (red), C (gray). Hydrogen atoms omitted for clarity. 

 

[Zr10O8(OBu)16(OOC–C6H4–CH2Cl)8], a second Zr10 type cluster, which is related to the 

discrete Zr9 mentioned above, is formed by reaction of Zr(OBu)4 with 4-(chloromethyl)benzoic 

acid in butanol.[97] This structure is analogous to the [Zr6O4(OH4)(OOCR)12] cluster, but four 

carboxylate ligands are replaced by eight butoxy groups, which act as bridging ligands 

between the four additional zirconium atoms and the Zr6O8 core (Figure 17). These additional 

four Zr atoms are located over alternate faces of the Zr6O8 octahedron. They coordinate the 

μ3-OH group on these faces, which becomes deprotonated. Moreover, each additional Zr 

also binds two other Zr atoms of the Zr6 core by two bridging butoxy ligands. Four of the 

carboxylate groups ‘shift’ their coordination mode to reach the additional Zr atoms, thus 

reducing the coordination number of four zirconium atoms from eight to seven. The zirconium 

chelated by two carboxylate ligands and the one on the opposite site of the Zr6O8 core are 

coordinated by eight oxygen atoms while the remaining zirconium atoms of the Zr6O8 core 

are seven-coordinated. The octahedral coordination of additional zirconium atoms are 

completed by two terminal and two bridging butoxy ligands, one μ4-O and one oxygen of the 

carbonyl group.  
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Figure 17. (a) Top view of [Zr10O8(OBu)16(OOC)8]. (b) Polyhedron representations of Zr6O8 core in 

[Zr10O8(OBu)16(OOC)8]. Bridging butoxy groups are represented by black wires. Terminal butoxy and 

chelating carboxylate groups are represented by two-color wires. For (a) and (b), carbon chain of 

butoxy groups omitted for clarity. (c) Top view and (d) side view of [Zr10O8(OBu)16(OOC)8] with the 

core represented by thick wires. For (c) and (d), the terminal butoxy groups, the carbon chain of 

bridging butoxy groups and carboxylate groups omitted for clarity. Color code: Zr of the octahedron 

(teal), additional Zr (dark blue), O (red), μ4-O (pink), C (gray). Hydrogen atoms, and carbon chain of 

butoxy ligands omitted for clarity. 

 

Zr12 clusters: Formal Zr6 dimers of the type [Zr6O4(OH)4(OOCR)12]2 (Zr12) are the only Zr12 

clusters reported so far. They have been synthesized with a broad range of carboxylate 

ligands under reaction conditions similar to those that afforded  Zr6 clusters. Although the 

existence Zr6 monomer and Zr12 dimer has been extensively supported by crystallographic 

evidence, the reasons that lead to their formation are still not fully understood. Some evidence 

points to the importance of the acidity of the employed carboxylic acid, since this can 
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influence the rate of ester formation, as well as the bond strength of the coordinated 

carboxylate ligand.[98] Interestingly, interconversion between Zr6 monomer and Zr12 dimer 

has not been observed, and mixtures of Zr6 and Zr12 are typically not detected in the same 

reaction. In fact, generally only one type of product is obtained for a given reaction 

condition.[98] 

 

Zr12 clusters described so far have all been synthesized using essentially one experimental 

protocol, which involved mixing the Zr source with an excess of a carboxylic acid under inert 

atmosphere at room temperature, and letting the reaction mixture stand until crystals are 

obtained. For example, mixing Zr(OnPr)4 in n-propanol with 6.5 fold acrylic acid results in the 

formation of a Zr6 dimeric structure, [Zr6(OH)4O4(OAcr)12]2 (OAcr = acrylate), in which four of 

the carboxylate ligands bridge the two Zr6 cluster units together (Figure 18).[85] The basic 

features of the [Zr6(OH)4O4(OAcr)12] are preserved in the Zr12 cluster, except that the two 

originally bridging carboxylates situated opposite to the chelate face convert to an 

‘intermolecular mode’ bridging between both Zr6 units (Figure 18). Such conversion has little 

effect on the rest of the structure. Apart from this cluster, others of formula 

[Zr6O4(OH)4(OOCR)12]2•nRCOOH, (R = Me, Et, allyl, n = 6; R = isobutenyl, 2-mercaptoethyl, 

n = 4) have been produced by treating Zr(OBu)4 with an excess of acetic acid (10 fold), 

propionic acid (2-10 fold), vinyl acetic acid (7 fold) and 3,3’-dimethylacrylic acid (4 fold), 3-

marcaptopropionic acid (MPAH, 7 fold) respectively (Table 2).[98, 99] In these clusters, six 

carboxylate acid groups interact with the cluster through hydrogen bonds, with the exception 

of dimethylacrylate and 3-mercaptopropionate which form only four hydrogen-bonds, most 

likely due to steric hindrance. Finally, an example featuring oxo/hydroxo bridges instead of 

carboxylate ones, has been observed when 3,3-dimethylbutyric acid has been used as the 

carboxylate source.[100] 
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Figure 18. Structure of the [Zr6(OH)4O4(OAcr)12]2. Dashed blue boxes mark the chelating ligands. 

The four carboxylate ligands bridging the two Zr6 sub-units are represented by two-color wires. Color 

code: Zr (teal), O (red), C (gray). Hydrogen atoms omitted for clarity. 

 

Table 2. Dodecanuclear ZrOC obtained from carboxylic acids and Zr(OBu)4 at room 

temperature.  

Zr(OBu)4
R OH

O
+

r.t.

[Zr6O4(OH)4(OOCR)12]2

 

Cluster RCOOH Solvent Time RCOOH:Zr(1) 

[Zr6O4(OH)4(OOCCH=CH2)12]2 [85] Acrylic acid iPrOH 
3 

days 
6.5:1 

[Zr6O4(OH)4(OOCMe)12]2 [98] Acetic acid  nBuOH 3 h 10:1 

[Zr6O4(OH)4(OOCEt)12]2 [98] Propionic acid nBuOH 7-8 h 2-10:1 

[Zr6O4(OH)4(OOCCH2CH=CH2)12]2 

[98] 

Vinylacetic 

acid 
nBuOH 

2 

days 
7:1 

[Zr6O4(OH)4(OOCCH=CMe2)12]2 

[98] 

3,3’-

Dimethylacrylic 

acid 

nBuOH 
20 

days 
4:1 

[Zr12(μ3-O)8(μ3-OH)8(MPA)24] [99] 
3-Mercapto 

propionic acid 
nBuOH 

3 

days 
7:1 

[Zr6(μ3-O)4(μ3-

OH)4(OOCCH2tBu)9]2 [100] 

3,3-dimethyl 

butyric acid 

n-Hexane: 

iPrOH (1:1) 

1 

day 
2:1 
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(1) Molar ratio. 

 

Zr13 cluster. A single example of a tridecazirconium oxide of formula of [Zr13O8(OCH3)36] was 

obtained by mixing a dilute NaOH methanolic solution and a zirconium alkoxide (Figure 

19).[101] The structure of this cluster is similar to the Keggin structure observed for 

polyoxometalates, in which a central plane containing seven Zr atoms is capped by three 

additional Zr centers above and below this plane. The central zirconium atom is eight-

coordinated, while others are seven-coordinated, and feature bridging and terminal 

methoxide groups completing their coordination sphere. This compound was reported to be 

highly sensitive to ambient air and moisture. 

 

Figure 19. (a) Ball and stick, and (b) Polyhedron representations of [Zr13O8(OCH3)36]. Color code: Zr 

(teal), O (red), C (gray). Hydrogen atoms omitted for clarity. 

 

Zr18 cluster. An octadecanuclear Zr cluster has been also prepared through a reaction in 

organic medium, but the structure is completely different to the Zr18 cluster prepared in 

sulfate-containing aqueous solution. By reacting ZrCl4 and benzoic acid in dried acetonitrile 

in the presence of thiourea as an essential additive, the Zr18 cluster [Zr18O21(OH)2(OOCPh)28] 

was obtained (Figure 20).[102] This cluster has a C2 symmetric structure in which the Zr 

atoms are organized around a pentagonal {Zr5Zr(μ-O)5} unit, adopting 6-, 7- or 8- coordination 

modes. Remarkably, this cluster is thermally stable (up to 200 ℃), and photoactive in the 

visible region with an estimated optical band gap of 2.75 eV, which has been attributed to the 

oxygen vacancies in the cluster rather than the benzoate ligands. Proof-of-concept for H2 

production in the presence of platinum nanoparticles has also been disclosed.  
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Figure 20. (a) Ball and stick of [Zr18O21(OH)2(OOC)28]. (b)(c) Top view and side view of 

[Zr18O21(OH)2(OOC)28] respectively with the pentagonal {Zr5Zr(μ-O)5} building units being represented 

by teal polyhedron. Color code: Zr (teal), O (red), C (gray). Hydrogen atoms omitted for clarity. 

 

Zr26 cluster. [Zr26O18(OH)30(HCOO)38]·5(HCOOH)·kH2O (Zr26) has been obtained from a 

ZrOCl2·8H2O solution in DMF in the presence of a high concentration of formic acid after four 

days at 140 ℃.[103] Successful scale up allowed for ~1 g synthesis of the Zr26 cluster, which 

is interesting considering the potential of this cluster to show permanent porosity. This cluster 

is the extension of an octahedral {Zr6} cluster, with a central {Zr6} unit connected to the other 

four {Zr6} moieties through corner sharing mode (Figure 21). Bridges of μ-OH and μ-COOH 

ligands linked the four external {Zr6} units, forming a ring structure. All zirconium atoms are 

eight-coordinated with the coordination sphere completed by 26 bridging, 8 terminal and 4 

chelating carboxylate ligands. Defects caused by the substitution of bridging or terminal 

carboxylate groups by aqua ligands were evident by single crystal X-ray diffraction studies 

(SCXRD).   
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Figure 21. (a) Ball and stick, and (b) Polyhedron representations of [Zr26O18(OH)30(HCOO)38]. Color 

code: Zr (teal), O (red), C (gray). Hydrogen atoms omitted for clarity. 

 

2.2.1 Zr6/Zr12 with mixed carboxylate ligands: direct synthesis and ligand exchange in solution 

 

ZrOCs with mixed carboxylate ligands are an important class of compounds due to the 

possibility of tuning the cluster properties by adding ligands with additional functional groups, 

different hydrophobicity and/or size, among others. However, this apparently simple problem 

is in fact quite complex given that site selectivity, rate and extent of carboxylate 

exchange/incorporation and structural integrity of the inorganic core during ligand-exchange 

steps are quite challenging to prove experimentally, especially in solution. Consequently, 

these compounds are still marginally understood, though great insights have been obtained 

in some studies using ZrOC. In this section we present an overview of these studies, which 

targeted mainly the more prevalent Zr6 and Zr12 clusters, likely due to their stability, availability, 

and experimental versatility. 

ZrOC with mixed carboxylate ligands can be obtained by direct synthesis or by post-synthetic 

ligand exchange. In the direct synthesis, clusters are formed under similar reaction conditions 

but using a mixture of carboxylic acids. These reactions afford single products that can be 

easily isolated using the same techniques developed for non-mixed ligand clusters. However, 

the few examples known preclude a clear rationalization of the structures obtained, 

particularly in terms of which ligand is incorporated preferentially, and what controls the site 

where these ligands are incorporated in the structure.  

Besides direct synthesis, mixed-carboxylate clusters have been obtained by full or partial 

carboxylate exchange after the synthesis, which can be done by adding another carboxylic 

acid in solution or even another cluster.[104] However, a key challenge in this process is to 

keep cluster’s inorganic core integrity, which has been shown for a few examples reported 

so far. This alternative is rather appealing in terms of experimental control that can be 

achieved over the process, and consequently the post-synthetic ligand exchange has been 

attracting increasing attention. Such approach is particularly interesting given that it might 

enable: i) introducing ligands that are difficult to directly introduce during cluster synthesis; ii) 

controlling the ratio of different functional carboxylate ligands, thereby tuning the properties 

of the final product;[105] and/or iii) controlling the assemble of hybrid structures like MOFs, 
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since di- or tricarboxylate units used to connect the clusters can be introduced for the 

preparation of MOFs through a ligand exchange process.[106]  

 

Direct synthesis: Mixed carboxylate Zr6 clusters can be obtained directly from two different 

carboxylic acids. When Zr(OBu)4 in n-butanol was mixed with 3.5 molar equivalents of both 

methacrylic acid and isobutyric acid, the crystalline mixed-carboxylate species 

[Zr6O4(OH)4(OMc)8(iso-butanoate)4(BuOH)] was formed (Scheme 3).[56] In this structure, 

a bridging carboxylate opposite of the chelating face converts to a monodentate form, and 

the vacant site is occupied by a n-butanol ligand. This butanol molecule can be removed 

through solvent elimination, indicating that this conversion is reversible. The cross-peaks 

between different types of carboxylate ligands in ROESY and NOESY NMR spectra illustrates 

that the locations of carboxylic acids with similar acidity are not specific, which means that 

these two kinds of carboxylate ligands are distributed uniformly in the cluster. 

 

Scheme 3. Structure of the [Zr6O4(OH)4(OMc)8(iso-butanoate)4(BuOH)] obtained from 

equimolar mixtures of isobutyric and methacrylic acids with Zr(OBu4). Iso-butanoate ligands 

are represented by dark red wires, n-butanol is represented by black wire, and ball and stick 

model represent methacrylate ligands. Color code: Zr (teal), O (red), carbon (gray). Hydrogen 

atoms omitted for clarity. 

 

Mixed-ligand Zr12 clusters can also be obtained by directly mixing a Zr alkoxide with two 

different carboxylic acids (Table 3). [Zr6O4(OH)4(OOCEt)3(OMc)9]2 •McOH•5EtCOOH (Zr12-

1) (OMc = methacrylate) was obtained by reaction of Zr(OBu)4 with a 2:5 or 1:6 mixture of 

propionic and methacrylic acid.[98] Similarly, [Zr6O4(OH)4(OOCMe)8(OMc)4]2•6MeCOOH 

(Zr12-2) was prepared by reacting Zr(OBu)4 with five equivalents of methacrylic acid/acetic 

acid mixture in 1.4 : 3.6 molar ratio.[98] An example in which acetic acid has been generated 

in situ, presumably from the Zr(acac)4 precursor (acac = acetylacetonate), and resulted in the 
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mixed-carboxylate cluster [Zr12(μ3-O)16(OOCEt)12(OOCMe)8(μ2-OOCEt)4] has also been 

reported.[107] 

 

1H/13C Heteronuclear Multiple Bond Correlation (HMBC) NMR investigations revealed that 

the Zr12 clusters have either C2h or Ci symmetry. For Zr12-1, three propionate ligands of each 

Zr6 subunit are located at the face which is opposite to the intermolecular bridging face of Zr6 

octahedron, where four propionates bridge the two Zr6 subunits (Figure 22). For Zr12-2, 

prepared with a lower ratio of methacrylate ligand, the acetate ligands bind the sites opposed 

to the chelating face, while the methacrylate ligands prefer the chelating sites. Moreover, 

following the formation of Zr12-1 by 1H/13C HMBC NMR spectra revealed that only butyl 

proprionate ester was formed, despite the presence of two carboxylic acids. In light of this 

discovery, the rate of ester formation was suggested to play a role in determining whether a 

Zr6 or a Zr12 cluster is formed, as ester formation provides the water necessary for cluster 

formation (Scheme 2).[72] Such selective formation of one ester over the other, could also 

be related to the preference of carboxylate ligands to remain in opposite or chelating faces, 

thus indicating that the cluster design could be achieved by controlling the pKa and/or by the 

steric hindrance of the carboxylic acid substrates. 

 

 

 

Figure 22. Structure of [Zr6O4(OH)4(OOCCH2Me)3(OMc)9]2 (Zr12-1 cluster), the six propionate ligands 

are represented by wires, and the methacrylate ligands are represented by balls and sticks. Color 

code: Zr (teal), O (red), C (gray). Hydrogen atoms omitted for clarity. 
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Table 3. Dodecanuclear Zr-oxo clusters featuring a mixed-carboxylate coordination sphere 

obtained by reacting a mixture of carboxylic acids with Zr(OBu)4 in n-butanol.(1) 

 

Cluster RCOOH RCOOH/Zr(2) 

[Zr6O4(OH)4(O2CEt)3(OMc)9]2 (Zr12-1)[98] 
Propionic (1) and 

Methacrylic acid (2) 
(1:2 = 2:5):1 

[Zr6O4(OH)4(O2CMe)8(OMc)9]2 (Zr12-2)[98] 
Methacrylic acid (2) and 

Acetic acid (3) 

(2:3 = 

1.4:3.6 ):1 

[Zr12(μ3-O)16(μ2-OOCEt)4(OOCEt)12(OOCMe)8] 

[107] 
Propionic acid(3) 26:1 

(1) Mixture of the carboxylic acids added dropwise to an 80% solution of Zr(OBu)4 in nBuOH. (2) Molar ratio. (3) 

Zr(acac)4 used as Zr source; acetate ligands formed in situ presumably from the acac ligand.  

 

Ligand exchange in solution: Mixed carboxylate Zr6 clusters have also been formed by 

ligand exchange in solution with other carboxylic acids. When [Zr6(OH)4O4(OMc)12] was 

reacted with a large excess of propionic or isobutyric acids, all the methacrylate ligands were 

replaced, generating the [Zr6O4(OH)4(OOCCEt)12] [98] or the [Zr6O4(OH)4(iso-butanoate)12] 

[56] clusters, respectively. However, using only 3 – 6 molar equivalents of propionic and 

isobutyric acids, only partial exchange was clearly observed by NMR.[56] The initial structure 

of the Zr6 core was retained based on the conserved pattern of the NMR signals before and 

after the exchange. Comparison with single carboxylate model compounds suggested that 

the ligand exchange is a substitution-driven rather than a disassemble/re-assemble process. 

Similar observations were reported for the [Zr4O2(OMc)12] cluster. [108]  

 

The possibility of post-synthetic ligand exchanged in Zr12 clusters was evident from the 

reaction of Zr12-1 cluster with an excess of propionic acid, in which all the methacrylate 

ligands were exchanged and the structure of the final product 

[Zr6O4(OH)4(OOCEt)12]2•6EtCOOH (Zr12-3) was similar to the one prepared through the 

direct method (Table 2). To confirm whether the bridging sites are susceptible to carboxylate 

exchange, Zr12-3 was reacted with an excess of acetic acid. The 1H NMR showed that the 

ratio of acetate to propionate was 3:1, which indicated that the carboxylate ligands bridging 
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the two Zr6 subunits (the ‘intermolecular sites’) were not accessible for ligand exchange in 

solution.[98] These experiments illustrates that apart from the ligands bridging the two Zr6 

subunits (the ‘intermolecular sites’ occupied by propionate ligands in Figure 22), ligands 

bound to the other remaining sites can be easily substituted by other carboxylate ligands 

without affecting the inorganic core structure.  

 

Noteworthy, ligand exchange of Zr12 clusters Zr6O4(OH)4(OOCEt)12 and 

[Zr6O4(OH)4(OOCCH2CH=CH2)12]2 with a non-carboxylate ligand, namely acetylacetone, has 

also been probed.[109] Reaction of these clusters with 50 molar equivalents of acetylacetone 

led to exchange of one chelating carboxylate ligand on each Zr6 unit, resulting in the formation 

of [Zr6O4(OH)4(OOCR)11(acac)]2 (acac = acetylacetonate). These results indicate that for 

ligands other than carboxylates, site-selective exchange might be possible, based on the 

lability of the carboxylate group coordination mode. Moreover, this single substitution despite 

the large excess of acetylacetone used, sharply contrasts with the complete disassembly of 

the inorganic core observed for [Zr4O2(OMc)12] (see Zr4 clusters).[82] This suggests a greater 

stability of the Zr6 unit in comparison with the tetramer of [Zr4O2(OMc)12], and directly 

implicates the stability of the inorganic core structure for the outcome of the reaction.  

 

The mechanism of these ligand exchange reactions is only partially understood. Based on 

the reported cases, a plausible five-step mechanism for the post-synthetic ligand exchange 

has been proposed by Schubert (Scheme 4): 1) the original bidentate carboxylate convert to 

monodentate; 2) the vacant site is occupied by the entering acid group; 3) proton transfer 

between the entering and leaving carboxylates; 4) the departure of the original carboxylate 

group; 5) the entering monodentate carboxylate group changes to the bidentate mode of 

binding.[104] 

 

  

Scheme 4. Mechanism for the carboxylate exchange proposed by Schubert.[104] 
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The proposed mechanism is supported by the recurring examples of cluster core stability 

upon ligand exchange, detailed spectroscopic evidence, and molecular dynamics studies of 

the dynamics of carboxylate ligands on the cluster surface.[108, 110] These studies 

evidenced the dynamic nature of the carboxylate ligands, which constantly switch between 

chelating and bridging coordination mode through a metastable intermediate in which the 

moving carboxylate is H-bonded to the facial μ3-OH group, thereby momentarily leaving a Zr 

center with a vacant site that can be approached by an external ligand.[110] Such scenario 

also implies that the ligand exchange is an equilibrium that can be driven by the concentration 

of the carboxylates in solution, which has been elegantly demonstrated for the [Zr4O2(OMc)12] 

cluster.[108] Finally, additional evidence of the dynamic nature of these clusters has been 

observed through an interesting carboxylate scrambling reaction. In this reaction, equimolar 

amounts of [Zr4O2(OMc)12] and [Zr4O2(OPiv)12] (OPiv = OOCtBu) were mixed in solution 

affording the mixed-carboxylate cluster [Zr4O2(OMc)6(OPiv)6] as the single product, which 

presents an interesting prospect for using such approach in preparation of mixed clusters. 

Importantly, cluster stability after scrambling has been thoroughly confirmed by infrared (IR) 

analysis supported by Density Functional Theory (DFT) calculations of the Zr-O bridges 

vibrations in the region below 600 cm-1.[108] 

 

2.2.2 Summary of ZrOC formation in organic systems 

 

Based on the syntheses discussed above, the ratio of carboxylate acid with respect to Zr 

source seems to play an important role in the formation of ZrOC in organic medium. The 

variation of the ratio can lead to different clusters as the increase of the ratio may favor the 

cluster with lower nuclearity, as exemplified by the formation of [Zr4O2(OMc)12] and 

[Zr6(OH)4O4(OMc)12]. In addition, comparison of the reaction conditions used in the formation 

of [Zr6(OH)4O4(OMc)12] and [Zr6(OH)4O4(OMc)12(PrOH)]•3McOH also suggests higher 

carboxylic acid/Zr ratios can prompt a carboxylate ligand bridging two Zr into monodentate 

binding mode, opening a vacant site on one Zr that is then filled by XOH (X= H, Pr, Bu). 

Moreover, the steric hindrance may also affect the formation of the cluster, since the formation 

of [Zr6(OH)4O4(BzO)12(BzOH)]•4BzOH required a higher excess of benzoic acid compared 

to smaller acids, while the formation of [Zr6O4(OH)4(OOCCH2CH=CH2)12]2 required longer 

reaction time in comparison to [Zr6O4(OH)4(OOCMe)12]2. Moreover, ZrOCs with mixed 

carboxylate ligands can be obtained by either one-pot synthesis or post-synthetic ligand 
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exchange, allowing to introduce different functional groups and tune the structure and 

properties of the final product. Finally, ligands with additional coordinating groups or non-

carboxylate ones have afforded a variety of structures having different sizes and shapes, 

showing that many more clusters might be obtained by continuous evolution of ligand 

structures.   

 

3. Structure and properties of Hafnium oxo clusters (HfOC)  

 

In comparison with Zr and Ti oxo clusters, far less HfOC compounds have been reported. 

Moreover, many of the examples available in the literature have been mainly studied under 

the general assumption that Hf and Zr cluster chemistries are similar in nature due to the 

similar atomic radii and comparable chemical properties of Zr4+ and Hf4+. For example, both 

metals give isostructural clusters such as Zr4/Hf4,[61, 62] Zr6/Hf6,[57, 111] Zr12/Hf12,[98] 

Zr17/Hf17 [70] and Zr18/Hf18.[71, 112] Despite the similarities between Zr and Hf oxo clusters, 

there are also some important differences between them. Below, we highlight the structure 

and properties of the main HfOC reported to date, pointing out their similarities and 

differences with respect to their Zr counterparts. The discussion is organized according to 

nuclearity only, since less HfOC examples than ZrOC have been reported, and several 

aspects discussed for ZrOC also apply to HfOC. A list of the HfOC structures available in the 

literature is given in Table 5. 

 

Hf4 clusters: In the absence of sulfates or other complexing ligands, [Hf4(OH)8(H2O)16]8+ 

(Hf4), which has similar structure and properties as zirconium tetramer [Zr4(OH)8(OH2)16]8+, 

is formed in aqueous solutions (Figure 23a).[113] Crystals of Hf4 were obtained by heating 

HfOCl2•8H2O salt in 1M HCl solution, followed by addition of cucurbituril (C36H36N24O12), 

which results in the isolation of adduct [Hf4(OH)8(H2O)16]Cl8•(C36H36N24O12)•16H2O (Hf4-1) 

(Figure 23b).[62] The cation [Hf4(OH)8(H2O)16]8+ can also be isolated as its p-

toluenesulfonate salt, [Hf4(OH)8(H2O)16][(p-toluenesulfonate)8]•4H2O, by simply adding 

diluted 1 M p-toluenesulfonic acid solution to a 0.13 M aqueous solution of hafnium 

triflate,[114] or by evaporation of a perchloric acid solution.[115] The MOC cations in these 

crystals are very similar, except for minor differences in angles of bridging hydroxo or aqua 

ligands.  
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In contrast to the cluster rearrangement to a tetrahedral geometry observed for 

[Zr4(OH)8(OH2)16]8+, addition of peroxide ligands to a solution of [Hf4(OH)8(H2O)16](ClO4)8 led 

only to a formal replacement of one or two OH ligands, depending on the amount of peroxide 

added. Two peroxide containing compounds [Hf4(μ-OH)6(μ-O2)(H2O)16]•(ClO4)8•15H2O 

(Figure 23c) and [Hf4(μ-OH)4(μ-O2)2(H2O)16]•(ClO4)8•5H2O (Figure 23d) crystalized when 

peroxide/Hf molar ratios were respectively 20:1 and 1:1, within which one and two bridging 

OH pairs were replaced by peroxide ligands, causing a small distortion of the tetramer.[115]   

 

 

Figure 23. (a) Ball and stick representation of [Hf4(OH)8(H2O)16]8+. (b) Structure of 

[Hf4(OH)8(H2O)16]Cl8•(C36H36N24O12) (Hf4-1), cucurbituril group is represented by wires, 

[Hf4(OH)8(H2O)16]8+ (Hf4) is represented by ball and stick. (c) Ball and stick representation of [Hf4(μ-

OH)6(μ-O2)(H2O)16] and (d) [Hf4(μ-OH)4(μ-O2)2(H2O)16] with peroxide ligands represented by pink 

wires. Color code Hf (blue), O (red), C (gray), N (gray blue). Hydrogen and chloride atoms omitted for 

clarity. 

 

Tetrameric HfOCs featuring organic (thio)carboxylates have also been reported. For example, 

[Hf4O2(OMc)12] cluster, which is isostructural to [Zr4O2(OMc)12], was obtained when 

Hf(OBu)4 was mixed with a 4-fold excess of methacrylic acid in BuOH and let to crystallize 

for 1-2 weeks at 4 ℃. 1H NMR analysis indicated a fast exchange of the methacrylate ligands. 

Interestingly, formation of this highly substituted cluster needed a lower amount of methacrylic 

compared to  [Zr4O2(OMc)12] (4 vs. 15 molar equivalents, respectively), which has been 

attributed to the difference in reactivity of the precursors. [111] Furthermore, the tetranuclear 

planar HfOC [Hf4(μ2-SAc)6(μ2-BuO)4(BuO)2(μ3-O)2] [SAc = CH3C(O)S] has been obtained 

by reaction of hafnium butoxide with thioacetic acid. This structure is centrosymmetric with 

all hafnium atoms being seven-coordinated. They are connected to each other by four 

bridging butoxy group and two thioacetate groups with the triangular Hf3 units capped by μ3-
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O ligands (Figure 24). The coordination sphere of hafnium atom is completed by terminal 

butoxy and chelating thioacetate ligands.[116]  

 

Figure 24. Ball and stick representation of [Hf4(μ2-SAc)6(μ2-BuO)4(BuO)2(μ3-O)2]. The bridging 

butoxy groups are represented by black wires. Color code Hf (blue), O (red), C (gray). Hydrogen 

atoms omitted for clarity. 

 

Hf6 clusters: Apart from the carboxylated octahedral [Hf6O4(OH)4(OMc)12(BuOH)] cluster, 

[111] which is isostructural to the [Zr6(OH)4O4(OMc)12(PrOH)] (Figure 25a), two different 

structures of hexanuclear Hf clusters have been identified, with and without the participation 

of sulfate ligands into the Hf framework. Without sulfate ligands, [Me3NH]6[Hf6(μ-O2)6(μ-

OH)6(OH)12]•38H2O (Hf6-1) was isolated from basic solutions containing peroxides, in 

contrast to other Hf6 clusters obtained from acidic medium (Figure 25b).[117] X-ray 

crystallographic analysis indicates that Hf6-1 belongs to a triclinic crystal system and contains 

a hexanuclear Hf ring with a radius of 5.5Å. The eight-coordinated Hf(IV) ions are connected 

by μ-peroxo and μ-hydroxo ligands, and the terminal hydroxy ligands are critical for further 

condensation both in solid state and in solution. The existence of peroxide ligands was 

confirmed by Raman spectroscopy, and the ratio of Hf to peroxide was determined by 

potassium permanganate titration. The amount of water was determined quantitively by 

thermogravimetric analysis (TGA). The ESI-MS analysis of Hf6-1 in water indicated the labile 

character of hydroxo ligands in solution, and the robustness of the hexameric ring. Small-

angle X-ray scattering (SAXS) study detected the formation of elongated particles when 

cluster was dissolved in water, suggesting formation of oligomers through terminal hydroxo 

ligands.[117]  
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On the other hand, introduction of sulfate results in the formation of  

(NH4)5[Hf6(O4OH)(SO4)10(H2O)7] (Hf6-2) cluster, which features a planar centered pentagon 

structure.[58] The Hf6-2 was formed when the mixture of HfOCl2•8H2O (0.3 M), (NH4)2SO4 

(1.5 M) and H2SO4 (1.25 M) has reacted at 95 °C for 3 days (Figure 25c). X-ray diffraction 

analysis showed that Hf6-2 consists of a pentagonal bipyramid with one Hf in the center, and 

five other Hf atoms surrounding it. Each of the hafnium atoms has one in-plane H2O ligand 

pointing away from the center. Every Hf is coordinated by seven oxygen atoms, with the 

central Hf having pentagonal bipyramid geometry and the remaining Hf ions are coordinated 

in monocapped trigonal prism geometry. Sulfate groups which are located above and below 

the mirror plane bind the central Hf, while remaining sulfates bridge two adjacent hafnium 

atoms along the central plane.[118]  

 

Figure 25. (a) Structure of the Hf6 clusters: (a) Hf6O4(OH)4(OMc)12(BuOH), (b) [Me3NH]6[Hf6(μ-

O2)6(μ-OH)6(OH)12] (Hf6-1), and (c) (NH4)5[Hf6(O4OH)(SO4)10(H2O)7] (Hf6-2). Color code: Hf (blue), O 

(red), S (yellow). Hydrogen atoms omitted for clarity. 

 

Hf9 cluster: The cage-like nonamer with D3h-like symmetry (NH4)14[Hf9O8(OH)6(SO4)14] 

•nH2O (Hf9) is one of the two structures that were only reported for hafnium (see Hf11 below 

for the other one), as opposed to other clusters that have also been described for zirconium. 

Hf9 is formed by heating a mixture of HfOCl2•8H2O (0.2 M), (NH4)2SO4 (2 M) and H2SO4 (0.5 

M) at 80ºC for 10 days. Crystallographic data revealed that this cluster crystallizes in the 

monoclinic space group P21/c. Each hafnium coordinates eight oxygen atoms, with μ3-O and 

μ3-OH ligands connecting three Hf atoms. Curiously, there are no H2O ligands present in the 

structure (Figure 26). Twelve sulfate groups arranged above and below the equatorial plane 

bridge two adjacent Hf atoms, while the remaining two sulfates link three Hf atoms on the top 

and bottom face of the cluster.[58, 119] In contrast to most of the clusters presented so far, 

Hf9 is strongly negatively charged, most likely due to the presence of many sulfate ligands 

that stabilize the core HfOC structure.  
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Figure 26. (a) Ball and stick and (b) polyhedron representation of nonameric cluster 

[Hf9O8(OH)6(SO4)14]14– (Hf9). Color code: Hf (blue), O(red), S (yellow), {SO4} (yellow polyhedron), 

{HfO8} (pale blue polyhedron). Hydrogen atoms omitted for clarity. 

 

Hf11 cluster: The other structure that has been only reported for HfOC but not for ZrOC, is 

the undecamer (NH4)11[Hf11O7(OH)11(SO4)15(H2O)6]•nH2O (Hf11). Heating a mixture of 

HfOCl2•8H2O (0.3M), (NH4)2SO4 (4M) and H2SO4 (0.25M) at 60-95 °C for 3 days results in 

the formation of (NH4)11[Hf11O7(OH)11(SO4)15(H2O)6]•nH2O. The core of Hf11 consists of 

octahedral hexamer surrounded on one side by five hafnium atoms, similar to what is 

observed in 18-mers of the same type. Alike Hf9, Hf11 is strongly anionic (charge = –11), and 

it contains five bidentate, eight bridging, and two μ3-sulfate ligands (Figure 27).[58]  

 

Figure 27. (a) Ball and stick and (b) Polyhedron representation of [Hf11O7(OH)11(SO4)15(H2O)6]11– 

(Hf11). Color code: Hf (blue), O (red), {HfO8} (pale blue polyhedron), {SO4} (yellow polyhedron). 

Hydrogen atoms omitted for clarity. 
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Hf12 clusters: Hf12 clusters analogous to Zr12 carboxylate clusters such as [Hf12(μ3-O)8(μ3-

OH)8(MPA)24•5(MPAH)[99] (MPA = 3-mearcaptopropionate) and 

[Hf6O4(OH)4(OOCMe)12]2•6MeCOOH•6CH2Cl2[98] have been disclosed along with their Zr 

counterparts. Their structure and properties are largely similar to Zr-based clusters. See Table 

5 for a detailed list of the reported structures.  

 

Hf17 clusters: A pinwheel structure [Hf17O8(OH)24(OH2)12(HCOO)12(SO4)8]•6HCl•30H2O, that 

is isostructural to the Zr17 cluster, has been synthesized under similar conditions reported for 

its zirconium counterpart, except that HfCl4 was used as the precursor instead of the 

ZrOCl2.[70] In addition to this analogous structure, an alternative Hf17 cluster has been 

isolated from a solution prepared by addition of diluted sulfuric acid (1 M) to an aqueous 

solution of hafnium triflate (0.13 M) at room temperature. Slow evaporation of this solution at 

room temperature resulted in the formation of [Hf17O8(OH)28(SO4)11(H2O)23][SO4]•32.25H2O 

(Hf17-1) monoclinic crystals (Figure 28b).[114] This structure is similar to the one observed 

for the Zr18 and Hf18 clusters (Figure 28a), except for a few differences deriving from the 

“removal” of one Hf atom. In contrast to the Zr18/Hf18 cluster structure that has a Zr/Hf-

pentamer above the central octahedral hexameric unit, Hf17 features a tetramer ring in 

analogous position (black squares in Figure 28). Consequently, Hf17 has no μ3-SO42– group, 

which would hold the fifth Hf atom in place. Likewise, only one μ4-O2━ is present in the 

structure, instead of the two that are found in the structure of Zr18/Hf18 clusters. Finally, there 

are no sulfate groups that link different Hf17 clusters as observed in the crystal structure of 

Zr18/Hf18 clusters.  
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Figure 28. (a) Ball and stick representation of Zr18 and (b) [Hf17O8(OH)28(SO4)11(H2O)23]2–. Color code: 

eight-coordinated Zr (teal), seven-coordinated Zr (dark blue), eight-coordinated Hf (blue), seven-

coordinated Hf (cyan), O (red), μ4-O (pink), S (yellow). Hydrogen atoms omitted for clarity. 

 

 

Hf18 cluster: The 18-mer [Hf18O10(OH)26(SO4)13(H2O)33] (Hf18) crystallizes in space group 

P63/m from a mixture of HfOCl2•8H2O (0.3 M), (NH4)2SO4 (0.5 M) and H2SO4 (0.75 M) that 

was heated at temperatures 60−95 °C for 5 days (Figure 29b). Contrary to Zr18 clusters 

formed at room temperature, formation of Hf18 needs higher temperatures. [120] The Hf18 is 

isostructural to Zr18; however, the coordination of two Hf atoms (marked with red circles in 

(Figure 29) has been proposed to be either eight or seven, due to the uncertainty of one water 

ligand coordination. [2, 112] 

 

 

Figure 29. (a) Ball and stick representation of Zr18 and (b) Hf18O10(OH)26(SO4)13(H2O)33] (Hf18). Color 

code: eight-coordinated Zr (teal), seven-coordinated Zr (dark blue), eight-coordinated Hf (blue), 

seven-coordinated Hf (cyan), O (red), μ4-O (pink), S (yellow). Hydrogen atoms omitted for clarity. 

 

 

3.1 Summary of HfOC formation  

 

Similar to the chemistry observed with Zr, the well-characterized [Hf4(OH)8(H2O)16]8+ is 

ubiquitous in aqueous solutions, but the introduction of additional ligands triggers the 

formation of other HfOC. For example, Hf6-1 clusters were obtained when peroxides were 

added, and the addition of sulfuric acid afforded Hf17 cluster. Further, using the 
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HfOCl2•8H2O/(NH4)2SO4/H2SO4 mixtures, clusters of different nuclearity have been 

synthesized through modification of the reaction conditions (Table 4). Careful analysis of the 

reaction conditions indicated that the formation of HfOC is affected by the acidity of the 

solution and the concentration of SO42━. The largest cluster Hf18 forms at low sulfate 

concentration. At low acid concentration, further addition of sulfate leads to Hf11 and Hf9, while 

increasing the acid concentration results in the formation of Hf6-2. The sulfate ligands seem 

to exert a double role in these systems: in small quantities, they promote the oligomerization 

by mediating the condensation of Hf centers, while in large quantities they impede the growth 

of the clusters by blocking the cluster surface to the approach additional metal centers.  

 

Table 4. Different HfOC synthesized using the HfOCl2•8H2O/(NH4)2SO4/H2SO4 systems at 

temperatures 60−95 °C. 

 

Cluster 
HfOCl2•8H2O 

(M) 

H2SO4 

(M) 

(NH4)2SO4 

(M) 

Crystallization 

time (days) 

Hf18 0.3 0.75 0.5 5 

Hf11 0.3 0.25 4 3 

Hf9 0.2 0.5 3 10 

Hf6-2 0.3 1.25 1.5 3 

 

4. Structure and properties of Titanium oxo clusters (TiOC)  

 

The chemistry of titanium oxo clusters (TiOC) has been more extensively explored than that 

of Zr and Hf clusters, and many excellent reviews addressing different aspects of TiOCs have 

been published in the last decade.[40, 59, 121, 122] In comparison to the relatively well-

behaved chemistry leading to Zr/Hf-oxo clusters, the design and synthesis of Ti coordination 

compounds is harder to achieve or predict due to the extremely favorable hydrolysis of Ti4+ 

in the presence of water. Consequently, no general rationale for the conditions required to 

form a particular cluster is currently available, even though the steric hindrance of alkoxy 

capping ligand has been proposed to play a key role in determining the condensation degree 

in the final compounds.[121] For example, the compact [Ti7O4(OEt)20] structure exhibiting 
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six-coordinated Ti4+ centers has been obtained by hydrolysis of titanium tetraethoxide.[123, 

124] However, hydrolysis of Ti4+ with bulkier ligands often results in titanium oxo clusters with 

an open structure which reduces the steric repulsion between the ligands.  

 

Compared to Zr and Hf clusters, a much larger number of TiOC structures has been described, 

with cluster nuclearity ranging from as low as 2 to up 52 titanium centers. These clusters have 

a combination of alkoxides and carboxylates as the most commonly present capping ligands, 

albeit phosphorous and nitrogen moieties have also been reported. The synthesis of these 

compounds is also experimentally more complex compared to Zr- and HfOCs, as they require 

strict inert conditions to control the hydrolysis of titanium alkoxides precursors. Similar to Zr/Hf 

clusters, functional groups on the cluster surface of TiOCs can be introduced directly by 

mixing metal alkoxides with carboxylate ligands during the synthesis or post-synthetic ligand 

modification, which can proceed with or without rearrangement of the inorganic core. Finally, 

although lower or higher coordination numbers have been observed, Ti4+ generally adopts a 

six-coordinated octahedral environment in which TiO6 units are connected to each other by 

μ2-oxo or μ3-oxo bridges, in contrast to the 7/8-coordination sphere for Zr and Hf compounds.  

 

In this context, this section focus on representative Ti-oxo clusters, including two building 

units of Ti-MOFs. Specifically, [Ti6O6(OR)6(OOCR’)6] (Ti6) clusters, which are starting 

materials for the formation of MOFs like PCN-22, and have a similar structure to Zr6 clusters 

used as secondary building units in Zr-based MOFs are presented here. Likewise, 

[Ti8O8(OOCR)16] (Ti8) clusters are highlighted. Ti8 clusters are key precursors for MIL-125 

MOFs, a key achievements in porous Ti-based materials.[40] Moreover, inspired by a recent 

report of Hf18 unique hydrolytic nanozyme reactivity,[125] we also highlight two 

octadecanuclear Ti-oxo clusters with distinct structures from the corresponding Zr18/Hf18 

clusters. Finally, the highly promising optical properties and the unique ligand exchange 

chemistry of Ti-oxo clusters, which proceed with either retention or reorganization of the metal 

oxo core, are also briefly discussed. [121, 126, 127] A list of the TiOC discussed here are 

presented in Table 5. For comprehensive tables of TiOC reported to date, previous reviews 

should be consulted.[40, 59, 121, 122] 

 

4.1 Overview of selected TiOC structures 
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Ti6 clusters: Among the hexanuclear titanium-oxo clusters disclosed, the 

[Ti6O6(OiPr)6(OOCH)6] (Ti6-1), which can be described as two staggered Ti-trimers 

connected through μ3-oxo and μ2-OOCH bridges (Figure 30a), is one on the most similar to 

the Zr6 clusters discussed above. It has been isolated from reactions between titanium 

isopropoxide and formic acid in a molar ratio of 1:2.[128] In this Ti6-1 cluster, each titanium 

has a distorted octahedron geometry and is coordinated by three μ3-oxo, two μ2-OOCH and 

one terminal alkoxide ligands. The six carboxylate ligands connecting the two staggered Ti-

trimers form an alternate up and down chain in [Ti6O6(OiPr)6(OOCH)6] (Figure 30a), which is 

similar to the ‘belt’ region of [Zr6(OH)4O4(OMc)12] (Figure 30b). On the other hand, the Ti 

atoms in the Ti6 cluster are capped by alkoxide ligands, while in the [Zr6(OH)4O4(OMc)12] 

cluster the triangular units are capped by bidentate bridging and chelating carboxylate ligands. 

Moreover, considering the metal oxo core alone, there are two extra μ3-oxo ligands in the Zr6 

cluster which connect the three zirconium atoms of each triangular unit. These differences 

probably arise because of the higher coordination number of Zr4+ in comparison to Ti4+.  

A Ti analogue of the stacked hexazirconium cluster [Zr6(μ3-O)2(μ-O)3(μ-Hdihybo)6(OH2)6] 

(Figure 12) has also been obtained under similar conditions. However, in structural terms 

K2[Ti6(μ3-O)2(μ-O)3(OCH3)4(CH3OH)2(μ-Hdihybo)6]•CH3OH is more similar to the decked 

Ti18 cluster discussed below, due to the oxygen bridge between layers than to the staggered 

Ti6 structure highlighted here (Figure 30).[93] Notably, a similar stacked Ti6 cluster has been 

reported, which interestingly, also contains tridentate ligands like H2dihybo.[129]  
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Figure 30. (a) Polyhedron representation of [Ti6O6(OR)6(OOCH)6] (Ti6 cluster). (b) Polyhedron 

representation of [Zr6(OH)4O4(OMc)12]. (c) The [Ti6O6] core of [Ti6O6(OR)6(OOCH)6]. (d) The 

[Zr6(OH)4O4] core of [Zr6(OH)4O4(OMc)12]. Color code: {TiO6} steel blue, Ti (violet), oxygen(red), 

carbon (grey). Triangular units are highlighted by red circles. Hydrogen atoms omitted for clarity.  

 

Ti8 cluster: Octameric oxo clusters of formula [Ti8O8(OOCR)16] [R = C6H5, C(CH3)3, CH3] 

have been obtained by reacting a titanium alkoxide with 10-fold of benzoic, pivalic and acetic 

acid respectively in acetonitrile at 100 ºC. X-ray diffraction of the Ti8 compounds revealed a 

ring of eight [TiO6] moieties connected via corner-sharing, arranged in a wheel-shape 

geometry. 13C and 1H NMR spectroscopic measurements helped to distinguish the two 

crystallographically different carboxylate ligands, with eight carboxylates pointing up or down 

from the equatorial plane defined by the ring, and the remaining eight carboxylates 

coordinated in equatorial positions (Figure 31). These nanoclusters can be modified after 

synthesis by reaction with other organic acids, but such exchange often triggers a 

rearrangement of the metal oxo core. The exact mechanism of this reorganization is not yet 

fully understood.[130]  
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Figure 31. (a) Top and (b) side view of polyhedron representation of [Ti8O8(OOCR)16] clusters. The 

color code is {TiO6} steel blue, carbon (grey), R ligand (orange). 

 

Ti18 clusters: [Ti18O28H][OtBu]17(Ti18-1 cluster) has been synthesized by reacting Ti(OtBu)4 

with ca. 1 equivalent of water in tert-butyl alcohol for 5 days at 100 ºC. As revealed by single-

crystal X-ray crystallography, the Ti18 metal oxo framework consists of a Keggin unit capped 

by five TiO moieties, which lie above five of the six approximately square faces defined by 

the metals in the Keggin unit (violet polyhedrons in Figure 32). Each of the five capping 

titanium centers adopt a distorted trigonal-bipyramidal geometry with the coordination 

number of 5. All seventeen terminal oxygen atoms are capped by tert-butyl groups. Some of 

the tert-butoxide groups, which are coordinated to Ti4+, could be replaced by 2-

methylbutoxide groups upon reaction with an excess of 2-methylbutanol with the Ti18O28 

oxide core retention based on O17 NMR. In addition, proton exchange can convert the cluster 

symmetry from Cs to C2v.[131] 
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Figure 32. (a) Side and (b) top view of the polyhedron representation of [Ti18O28H][OtBu]17 (Ti18-1 

cluster). Color code: carbon (gray), oxygen (red), {TiO6} and {TiO4} (steel blue polyhedron), {TiO5} 

(violet polyhedron). 

 

Recently, another 18-mer TiOC structure, [Ti18O27(OH2)30(SO4)6]Cl6•6TBAC•12H2O (Ti18-2 

cluster) (TBAC = tetrabutylammonium chloride), has been isolated.[132] Similarly to 

observed for Zr- and HfOCs, introduction of sulfate anions in the reaction mixture led to 

isolation of a distinct structure. Ti18-2 cluster was synthesized at room temperature by slow 

evaporation of an aqueous mixture of TiCl4, H2SO4 and TBAC with a ratio of 1:0.33:1. Later 

it was reported that simple dissolution of TiOSO4 in water results in spontaneous self-

assembly into {Ti18}, in a similar way to the prompt formation of [Zr4(OH)8(OH2)16]8+ upon 

dissolution of ZrOCl2 in water, although a low pH of solution inhibits the stacking or the 

formation of {Ti(Ti5)} pentamers.[133] This cluster shows good solubility and stability in polar 

solvents like acidic water, alcohols and acetonitrile. The core of Ti18-2 cluster can be regarded 

as a decked trimer of three planar pentagonal {Ti(Ti5)} building units connected by μ2-O ligand 

(Figure 33), with the 3.6 Å distance between the layers. Within the pentagonal {Ti(Ti5)} 

building unit, the central Ti adopts coordination number of seven, while the five Ti at the 

vertices are six coordinated and connected through μ3-O atoms. Six sulfates cap the core 

through bridging bidentate coordination. This compound can be used for the surface 

modification of graphene oxide and as active titanium oxide photocatalysts.[132]  

 

Figure 33. (a) Polyhedron representation of [Ti18O27(OH2)30(SO4)6]Cl6 (Ti18-2 cluster).(b) The metal 

oxo core of the [Ti18O27(OH2)30]18+. Color code: Ti (violate), carbon (gray), oxygen (red), { SO4} (yellow 

polyhedron), {TiO6}, { TiO7} (steel blue polyhedron). 
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Ti42 clusters: A fullerene-like shell structure of H6[Ti42(μ3-O)60(OiPr)42(OH)12] has been 

successfully synthesized through mixing of Ti(OiPr)4 with formic acid.[134] This spheric 

structure consists of a series of pentagonal-bipyramidal {TiO7} units connected to five 

tetragonal-pyramidal {TiO5} moieties through sharing edges, which in turn share corners with 

four adjacent {TiO5} groups (Figure 34). The 12 Ti atoms at the center of {TiO7} units are 

seven-coordinated, while others are only pentacoordinated. The external surface features 42 

isopropoxide molecules as terminal ligands. The highly symmetrical nature of this structure 

is evident from the Platonic {Ti12} icosahedral arrangement of {TiO7} units, and the 

Archimedean {Ti30} icosidodecahedron formed by the {TiO5} moieties. The shell structure has 

an internal diameter of ~1.05 nm and outside sphere of 1.53 nm, not including the 

isopropoxide ligands.  

 

 

 

Figure 34. (a) Ball and stick representation and (b) polyhedron representation of the {Ti42O60} core of 

cluster H6[Ti42(μ3-O)60(OiPr)42(OH)12]. Color code: Ti (violate), oxygen (red), {TiO7} (steel blue 

polyhedron), {TiO5} (lavender polyhedron). 

 

 

4.2 Overview of TiOC properties and reactivity 

 

4.2.1 Ligand exchange in TiOC  
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The unique ligand exchange chemistry of Ti oxo clusters can be used to modify their surface 

connectivity, and to tailor the properties of the resulting compounds, which allows for the 

elaboration of diverse nanostructures with potential applications in catalysis, thin-films, 

magnetism, or gas storage.[121, 135] However, the metal oxo core can either remain intact 

or rearrange during the ligand exchange process, depending on the ligands being exchanged.  

 

Ligand exchange with retention of metal oxo core structure. Metal oxo clusters are 

usually stable when the leaving and entering ligands have the same charge and coordination 

denticity and geometry. Ligand exchange with retention of metal oxo core structure has been 

demonstrated by trans-alcoholysis reaction with [Ti11O13(OiPr)18], [Ti12O16(OiPr)16] and 

[Ti16O16(OEt)32]. Among these clusters, [Ti11O13(OiPr)18], and [Ti12O16(OiPr)16] are potentially 

interesting building blocks for hybrid materials due to their ability for selective alkoxide 

exchange on the hexanuclear crown of pentacoordinate titanium atoms (violet polyhedron in 

Figure 35a, [Ti11O13(OiPr)18] has one less {TiO5} in this crown).[136] Similarly, [Ti16O16(OEt)32] 

can undergo trans-alcoholysis in a controlled fashion. For example, with the linear aliphatic 

alcohols like n-propanol, only 8 terminal ethoxy groups on more electrophilic titanium atoms 

are replaced (Figure 35b). A sterically hindered alcohol will decrease the effectiveness of 

ligand exchange, while using an alcohol with increased acidity, such as phenol, leads to 

substitution of all terminal ligands. This can be explained by mechanism of the trans-

alcoholysis reaction, which is a nucleophilic substitution involving a nucleophilic addition of 

the entering group. This substitution is followed by proton transfer from the entering group to 

the leaving group, and hence the increase of the acidity favors the ligand substitution.[137]  
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Figure 35. Ball-stick and polyhedron representation of (a) [Ti12O16(OiPr)10(OEt)6] and (b) 

[Ti16O16(OEt)24(OnPr)8]. Color code: {TiO5} (violet polyhedron), {TiO6} (steel blue polyhedron), carbon 

(gray ball). n-propanol (black wires). Hydrogen atoms omitted for clarity. 

 

Ligand exchange with rearrangement of metal oxo core. As highlighted above, the 

probability of rearrangement or degradation of the metal-oxo core decreases if the leaving 

and entering groups have the same charge and coordination ability. However, even when 

these criteria are satisfied, a rearrangement of the metal oxo core can still take place. For 

example, when [Ti16O16(OEt)32] reacted with an excess amount of acetylacetone (acac) in 

C6D6-toluene, the bridging OEt groups were replaced by acac groups, leading to cleavage of 

[Ti16O16(OEt)32] and the formation of Ti(OEt)2(acac)2.[138] Similarly, the reaction between 

[Ti7O4(OEt)20] and benzoic acid results in the formation of [Ti6O4(OEt)14(OOCPh)2] with a 

major rearrangement of the cluster core despite the presence of μ2-OR groups in the starting 

cluster (Figure 36).[127] This exchange imparts different orientation of the two M-O vectors 

due to the different bite angle of μ2-OR and μ2-OOCR ligands, which may have a strong 

influence on the overall structure. 

 

 

 

Figure 36. Ball and stick and polyhedron representation of (a) [Ti7O4(OEt)20] and (b) 

[Ti6O4(OEt)14(OOCPh)2]. Color code: {TiO6} (steel blue polyhedron), carbon (gray ball). Hydrogen 

atoms omitted for clarity. 

 

Besides the alkoxy-carboxylate exchange mentioned above, a carboxylate-carboxylate 

exchange in carboxylate-based clusters can also trigger a structural rearrangement. For 

example, the highly porous MOF MIL-125 [Ti8O8(OH)4(O2CC6H4CO2)6] is prepared through 
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the reaction of [Ti8O8(OOCR)16] (R = C6H5, C(CH3)3, CH3) and terephthalic acid in a DMF–

methanol mixture at 150ºC (Scheme 5). In this case, terephthalate triggers the complete 

rearrangement of [Ti8O8(OOCR)16] starting unit, and a new cluster is present in the hybrid 

material. Specifically, the eight {TiO6} units are connected via corner-sharing in 

[Ti8O8(OOCR)16], while in the [Ti8O8(OH)4(O2CC6H4CO2)6] the {TiO6} are connected through 

both edge- and corner-sharing. This rearrangement changes the overall connectivity from 16 

in [Ti8O8(OOCR)16] to 12 in [Ti8O8(OH)4-(O2CC6H4CO2)6]. The reasons for this structural 

transformation are still unclear.[121] 

 

 

 

Scheme 5. Structural rearrangement of [Ti8O8(OOCR)16] in the synthesis of 

[Ti8O8(OH)4(O2CC6H4CO2)6] (MIL-125). Color code: {TiO6} steel blue polyhedron, R ligands 

(brown), carbon (gray), oxygen (red). Aromatic rings omitted for clarity. 

 

4.3 Optical properties 

 

In contrast to Zr and Hf oxo-clusters, discrete Ti oxo clusters are commonly photoactive in 

the UV and visible region. The band gap, which can be determined by diffuse reflectance 

spectroscopy, results from the interaction between the metal oxo core and its organic ligands. 

Thus, the presence of organic ligands not only stabilizes the metal oxo core but also provides 

unique way to modulate the band gap by introduction of different organic moieties. For 

example, the absorption threshold of [Ti3O(OiPr)8(O2CR’)2] (R’ = C6H4Cl, C4H7) is localized 

in the UV region. However, when R’ = C13H9, and C6H4NO2, the absorption shifts to the visible 

region of the spectra. Likewise, a series of {Ti6} hybrid clusters have been synthesized using 

different O-donor ligands such as carboxylate, phosphonate, and sulfonates, through ligand 

exchange of the [Ti6O4(OiPr)10(O3PPhen)2(OAc)2] cluster in order to investigate the effect of 
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these ligands on the bandgap. In this case, electron-withdrawing organic ligands, such as 

aromatic carboxylates, reduce the bandgap of the correspondent Ti oxo compound.[139, 140]  

 

These observations make the rational design of photocatalytic materials based on Ti oxo 

clusters very attractive. For example, MOFs built from Ti-oxo clusters demonstrated 

prominent photoactivity. The high porosity of MIL-125 allows for alcohol adsorption, which 

results in a reversible photochromic behavior upon UV-visible light irradiation. The high 

photonic sensitivity is promoted by the formation of a Ti(III)–Ti(IV) mixed-valence state under 

irradiation.[141] Moreover, hybrid organic-inorganic material based on TiO2 and 

poly(hydroxyethyl methacrylate) network shows that the photonic sensitivity depends on their 

microstructure, which can potentially be used for producing new materials for photonic 

devices.[142] 

 

 

5. Conclusion  

 

In summary, discrete group IV metal oxo clusters are a diverse and versatile class of 

compounds, and a variety of structures has already been reported. The strong Lewis acidity 

of group IV metals favors their hydrolysis in the presence of water, and leads to the formation 

of M-O-M polymeric chains. However, such highly unpredictable reactivity is ‘tamed’ by the 

presence of alkoxides and/or chelating ligands like carboxylates, sulfates and phosphates, 

which leads to the formation of well-defined discrete cluster structures. The final cluster 

structure is clearly determined by the nature of the metal used. Due to the resemblance of 

Zr4+ and Hf4+, several Zr and HfOCs are structurally similar, even though small adjustments 

in the reaction conditions for their synthesis are sometimes needed. On the other hand, 

smaller size and strong oxophilic character of titanium makes the control of its hydrolysis 

much more challenging than for Zr/Hf. Moreover, Ti usually adopts 6-coordination structure, 

which is distinct from the 8-coordination environment typically observed in Zr/Hf chemistry, 

thus probably contributing to structural differences between Ti and Zr/Hf clusters. 

Furthermore, the nature and the ratio of ligands present in the reaction mixture also influences 

the structure of cluster formed, as showcased by the different structures observed for Zr/Hf 

clusters in the presence or absence of sulfate ligands. Finally, the chemical properties of 
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ligands such as steric hindrance and acidity also play a role in the final cluster structure, with 

a classic example being the formation of carboxylate-based ZrOCs.  

 

While synthesis and structure of these clusters have been extensively studied, their 

applications have been mostly focused on the synthesis of novel nanocomposites and metal-

organic framework (MOF) materials for a variety of purposes. Such emphasis on new 

materials is closely related to the reasonable control achieved so far in the post-synthetic 

ligand exchange chemistry of carboxylate-based clusters for all three metals. A clear example 

of the success of this approach are the Zr-/HfOC-based MOFs that have gained prominence 

in catalysis and in gas/water adsorption over the last decade, due to their superior stability 

compared to other MOFs.[41, 143] Likewise, TiOCs have proved useful in the synthesis of 

photoactive Ti-based MOF and other nanomaterials, since the straightforward tuning of the 

optical gap can be achieved by changing the organic ligands that stabilize the cluster. The 

rather wide portfolio of materials obtained so far implicates understanding of the surface 

chemistry of MOCs as one of the fundamental challenges in order to enable the development 

of novel materials. 

 

So far, the catalytic activity of group IV MOCs has been less explored compared to their use 

in the synthesis of new materials. Most of the relevant catalytic applications are those in which 

the MOCs are embedded in MOFs, such as the highly promising activity of Zr(IV) or Hf(IV) 

MOFs towards decomposition of nervous agents,[144] and in hydrolysis of amide bonds in 

peptides and proteins.[145-147] On the other hand, the catalytic activity of discrete MOCs 

remains virtually unexplored.[148] One of the few examples being disclosed recently, in which 

the hydrolytic potential of the discrete Hf18 cluster towards protein was evaluated using horse-

heart myoglobin.[125] In this case, Hf18 cluster has been proposed as an efficient 

heterogeneous nanozyme for the hydrolysis of proteins, showcasing that MOCs in itself have 

quite attractive and unique catalytic features. In this sense, MOCs promising catalytic activity 

can be developed in two directions, either as discrete clusters or as part of more complex 

hybrid materials.  

 

The chemistry of group IV MOCs presented here has been also supporting further 

developments in the structural and applied chemistry of mixed-metal clusters [97, 109, 149] 
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and tetravalent lanthanides like Ce(IV),[150, 151] and actinides (Th(IV), U(IV), Np(IV) and 

Pu(IV)).[152]  

 

Table 5: Discrete of Ti, Zr and Hf oxo clusters presented in this review 

Nuclearity Oxo cluster Main ligands Ref. 

Zr3 [(LOEt)3Zr3(μ3-O)(μ-OH)3(μ3-PO4)][NO3] [CpCo{P(O)(OEt)2}3]− [65] 

Zr3 [Zr3(μ3-O)(DMPD)4(DMPDH)2] 
2,4-Dimethylpentane-

2,4-diol 
[74] 

Zr3 [(Cp2Zr)3(μ2-OH)3(μ3-O)](BPh4) Cp [75] 

Zr3 [(CpZr)3(μ2-OH)3(μ3-O)(OOCH)3]Cl Cp, formate [76] 

Zr3 
[Zr3(μ3-O)(μ-OOCMe)3(OOCMe)2(μ-

OiPr)2(OiPr)3] 
Acetate, propoxide [153] 

Zr3 [Zr3(μ3-O)(μ3-ONep)(μ-ONep)3(ONep)6] 
2,2-Dimethyl-1-

propoxide  
[153] 

Zr3  [Zr3(μ3-O)(μ-OOCMe)3(μ-ONep)2(ONep)5] 
Acetate, 2,2-Dimethyl-1-

propoxide 
[153] 

Zr4 [Zr4(OH)8(OH2)16]Cl8•12H2O  [61] 

Zr4 [(LOEt)4Zr4(μ3-O)2(μ-OH)4(H2O)2][NO3]4 
[CpCo{P(O)(OEt)2}3]− 

(Kläui Ligand) 
[65] 

Zr4 [(LOEt)4Zr4(μ3-PO3)4] [CpCo{P(O)(OEt)2}3]− [65] 

Zr4 [Zr4(OH)4(μ-O2)2(μ4-O)(H2O)12](ClO4)6•4H2O Peroxide, H2O [66] 

Zr4 [Zr4O2(OMc)12] Methacrylate 
[57] 

[81] 

Zr4 [Zr4(OnPr)16] Propoxide [80] 

Zr4 [Zr4O2(OMc)6(OPiv)6] Pivalate [107] 

Zr4 [Zr4(μ4-O)(μ-O)(μ-OOCH)2(μ-OiPr)4(OiPr)6] Propoxide, Formate [153] 

Zr4 [Zr2(μ-iso-butanoate)2(μ-OiPr)2(OiPr)4]2 Isobutanoate, Propoxide [153] 
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Zr5 
[Zr5(μ-O)3(μ-iso-butanoate)6(μ-

ONep)2(ONep)6] 

Isobutanoate, 2,2-

Dimethyl-1-propoxide 
[153] 

Zr5 [Zr5O4((CH3)2BrCCO2)10(OnPr)2(nPrOH)4] 
2-Bromo-isobutanoate, 

Propoxide 
[55] 

Zr5 
[Zr5(μ-O)3(μ-ONc)6(μ-ONep)2(ONep)6]•(H-

ONep)•1/2(C7H8) 

3,3-Dimethylbutanoate, 

2,2-Dimethyl-1-

propoxide 

[153] 

Zr6 [Zr6(OH)4O4(OMc)12] Methacrylate 
[57, 

72] 

Zr6 [Zr6(OH)4O4(OMc)12(nPrOH)]•3McOH Methacrylate [85] 

Zr6 [Zr6O4(OH)4(iso-butanoate)12(H2O)] Isobutanoate [56] 

Zr6 [Zr6(OH)4O4(OOCPh)12(BzOH)]•4BzOH Benzoate [85] 

Zr6 [Zr6O4(OH)4(OH2)8(HCOO)4(SO4)4] Formate, SO42– [70] 

Zr6 [Zr6(μ3-OH)8(OH)8(κ2-bdmpza)8] 
bis(3,5-Dimethylpyrazol-

1-yl)acetate 
[154] 

Zr6 [Zr6O4(OH)4(OPiv)12] Pivalate [90] 

Zr6 [Zr6O4(OH)4(OOCC(CH3)2Et)12] 2,2-Dimethylbutanoate [90] 

Zr6 [Zr6O4(OH)4(OOC–Norb)12] 
endo-5-Norbornene-2-

carboxylic acid 
[86] 

Zr6 [Zr6(OH)8(H2O)8(HGly)4(Gly)4]•(SO4)6•14H2O Glycine [87] 

Zr6 [Zr6O2(OBu)10(OMc)10] Methacrylate, Butoxide [91] 

Zr6 [Zr6O2(OMe)4(OBu)2(OMc)14] 
Methacrylate, 

Methoxide, Butoxide  
[91] 

Zr6 [Zr6O2(OPr)16(O2C(O)C10H6)2(PrOH)2]. 1-Hydroxy-2-Naphthoate [92] 

Zr6 
[Zr6(μ3-O)2(μ-O)3(μ-Hdihybo)6(OH2)6] 

•2Bu4NCl·2CH3OH 

2,3-Dihydroxy 

benzaldehyde oxime 
[93] 

Zr6 [Zr6(μ3-O)2(μ2-OBu)12(O3PPh)4] Phenylphosphonate [94] 

Zr6 [Zr6(μ3-O)4(μ3-OH)4(OOCCH2tBu)9] 3,3-Dimethylbutanoate [100] 
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Zr6 [Zr6O4(OH)4(OMc)8(iso-butanoate)4(BuOH)] 
Methacrylate, 

Isobutanoate 
[56] 

Zr6 [Zr6(μ3-O)2(4-aPhaa)4(OnPr)12] 4-Aminophenylarsonate [155] 

Zr6 [Zr6(μ3-O)2(tbpa)4(OnPr)12]  tert-Butylphosphonate [155] 

Zr6 H2[Zr6(μ3-O)(μ2-O)(tbpa)5(OnPr)12]  tert-Butylphosphonate [155] 

Zr7 [Zr7O2(µ 2-OiPr)6(OiPr)6(O3PCH2CH2CH2Br)6] 
(3-Bromopropyl) 

phosphonate 
[94] 

Zr8 
[Zr8O6(carboxylate)12]8+ 

([M8O6(M′–TCPP)3] M’= Fe, Co, Cu, no metal) 

5,10,15,20-tetrakis(4-

Methoxycarbonylphenyl)

porphyrin (TCCP) 

[95] 

Zr8 [Zr8(OH)20(H2O)24Cl12]  [64] 

Zr9 [Zr9(μ3–O)8(μ3–OH)6(carboxylate)6] 4-Picolinate [96] 

Zr9 [Zr9(μ3–O)8(μ3-OH)6(carboxylate)12] 4-Picolinate [96] 

Zr9 [Zr9O6(OBu)18(OOCC≡CEt)6] 2-Pentynoate [97] 

Zr10 
[Zr10O6(OH)4(OOC–C6H4OH)8(OOC–C6H4O)8] 

•6PrOH 
Salicylate [92] 

Zr10 [Zr10O8(OBu)16(OOC–C6H4–CH2Cl)8] 
4-(Chloromethyl) 

benzoate 
[97] 

Zr10 H4[Zr10(μ4-O)4(μ3-O)4(ppa)4(OnPr)20] Phenylphosphonate [155] 

Zr12 [Zr6(OH)4O4(OAcr)12]2 Acrylate [85] 

Zr12 [Zr6O4(OH)4(OOCMe)12]2•6MeCOOH Acetate [98] 

Zr12 [Zr6O4(OH)4(OOCCH2Me)12]2•6MeCH2COOH Propanoate [98] 

Zr12 
[Zr6O4(OH)4(OOCCH2CH=CH2)12]2•6CH2=CH 

CH2COOH 
Vinylacetate [98] 

Zr12 
[Zr6O4(OH)4(OOCCH=CMe2)12]2•4Me2C=CHCO

OH 
3,3’-Dimethylacrylate [98] 

Zr12 [Zr12(μ3-O)8(μ3-OH)8(MP)24]•4(MPA) 3-Marcaptopropionoate [99] 

Zr12 [Zr6O4(OH)4(OOCEt)11(acac)]2 
Propanoate, 

Acetylacetonate 
[109] 
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Zr12 [Zr6O4(OH)4(OOCCH2CH=CH2)11(acac)]2 
Vinylacetate, 

Acetylacetonate 
[109] 

Zr12 
[Zr6O4(OH)4(OOCEt)3(OMc)9]2 

•McOH•5MeCH2COOH 

Propanoate, 

Methacrylate 
[98] 

Zr12 [Zr6O4(OH)4(OOCMe)8(OMc)4]2•6MeCOOH Acetate, Methacrylate [98] 

Zr12 [Zr12(μ3-O)16(OOCEt)12(OOCMe)8(μ2-OOCEt)4] Propanoate, Acetate [107] 

Zr13 [Zr13O8(OCH3)36] Methoxide [101] 

Zr17 
[Zr17O8(OH)24(OH2)12(HCOO)12(SO4)8] 

•6HCl·30H2O 
Formate, SO42– [70] 

Zr18 [Zr18O4(OH)38.8(SO4)12.6]•33H2O SO42– [71] 

Zr18 [Zr18O21(OH)2(OOCPh)28] Benzoate [102] 

Zr25 [Zr25O10(OH)50(O2)5(H2O)40](ClO4)10•xH2O Peroxide, Water [66] 

Zr26 [Zr26O18(OH)30(HCOO)38]·5(HCOOH)·kH2O Formate [103] 

Zr70 Zr70(SO4)58(O/OH)146.x(H2O) SO42– [68] 

 Hafnium clusters   

Hf4 [Hf4(OH)8(H2O)16]8+  [113] 

Hf4 [Hf4(OH)8(H2O)16]Cl8•(C36H36N24O12)•16H2O  [62] 

Hf4 [Hf4(OH)8(H2O)16](p-toluenesulfonate)8•4H2O  [114] 

Hf4 [Hf4(μ-OH)6(μ-O2)(H2O)16]•(ClO4)8•15H2O O22– 
[115

] 

Hf4 [Hf4(μ-OH)4(μ-O2)2(H2O)16](ClO4)8•5H2O O22– 
[115

] 

Hf4 [Hf4O2(OMc)12] Methacrylate [111] 

Hf4 [Hf4(μ2-SAc)6(μ2-BuO)4(BuO)2(μ3-O)2] Thioacetate [116] 

Hf6 [Hf6O4(OH)4(OMc)12(BuOH)] Methacrylate [111] 

Hf6 [Me3NH]6[Hf6(μ-O2)6(μ-OH)6(OH)12]•38H2O Peroxide [117] 

Hf6 (NH4)5[Hf6(O4OH)(SO4)10(H2O)7] SO42– [118] 
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Hf9 (NH4)14[Hf9O8(OH)6(SO4)14] •nH2O SO42– 
[58, 

119] 

Hf11 (NH4)11[Hf11O7(OH)11(SO4)15(H2O)6]•nH2O SO42– [58] 

Hf12 [Hf12(μ3-O)8(μ3-OH)8(MP)24•5(MPA) 3-Mercaptopropanoate [99] 

Hf12 [Hf6O4(OH)4(OOCMe)12]2•6MeCOOH•6CH2Cl2 Acetate [98] 

Hf12 Hf12O8(OH)14(carboxylate) 
4,4′-biphenyl 

dicarboxylate 
[156] 

Hf17 
[Hf17O8(OH)24(OH2)12(HCOO)12(SO4)8]•6HCl•30

H2O 
Formate, SO42– [70] 

Hf17 [Hf17O8(OH)28(SO4)11(H2O)23][SO4]•32.25H2O SO42– [114] 

Hf18 [Hf18O10(OH)26(SO4)13(H2O)33] (Hf18) SO42– 
[2, 

112] 

 Titanium clusters   

Ti3 [Ti3O(OiPr)8(OOCR’)2] 

Carboxylate (OOCR’) R’ 

= C6H4Cl, C4H7, C13H9, 

and C6H4NO2 

[140] 

Ti6 [Ti6O6(OiPr)6(OOCH)6] Isopropoxide, Formate [128] 

Ti6 
K2[Ti6(μ3-O)2(μ-O)3(OCH3)4(CH3OH)2(μ-

Hdihybo)6]•CH3OH 

2,3-Dihydroxy 

benzaldehyde oxime 
[129] 

Ti6 [Ti6O4(OEt)14(OOCPh)2] Ethoxide, Benzoate [127] 

Ti6 [Ti6O4(OiPr)10(O3PPhen)2(OAc)2] 
Isopropoxide, 

Phenylphosphate 
[138] 

Ti7 [Ti7O4(OEt)20] Ethoxide 

[123]
,[124

] 

Ti8 [Ti8O8(OOCR)16] 
Carboxylate (OOCR)  

R = C6H5, C(CH3)3, CH3 
[130] 

Ti8 [Ti8O8(OH)4(O2CC6H4CO2)6] Terephthalate [121] 

Ti11 [Ti11O13(OiPr)18] Isopropoxide [136] 
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Ti12 [Ti12O16(OiPr)16] Isopropoxide [136] 

Ti16 [Ti16O16(OEt)32] Ethoxide [137] 

Ti18 [Ti18O28H][OtBu]17 tert-Butoxide [131] 

Ti18 [Ti18O27(OH2)30(SO4)6]Cl6•6TBAC•12H2O SO42– 
[132] 

[133] 

Ti42 H6[Ti42(μ3-O)60(OiPr)42(OH)12] Isopropoxide [134] 

 a Cp = cyclopentadienyl, BzO = benzoate, OOC–Norb = endo-5-Norbornene-2-carboxylate, TPPCOOMe = 

5,10,15,20-Tetrakis(4-methoxycarbonylphenyl)porphyrin, HONep = 2,2-Dimethyl-1-propanol, HONc = 3,3-

Dimethylbutanoate, tbpa =  tert-Butylphosphonate, bdmpza = bis(3,5-Dimethylpyrazol-1-yl)acetate, 4-aPhaa = 

4-Aminophenylarsonic acid 
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