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Group (IV) metal oxo clusters represent a unique family of molecular species that are increasingly being
utilized in applications ranging from catalysis and materials chemistry to electronics, and sensors. These
clusters exhibit distinctive structural features, chemical reactivity, and electronic structure. Nevertheless,
their full potential has yet to be fully realized due to the lack of deeper understanding regarding their
structure and formation mechanisms, inherent traits, and intricacies in their design, which could ultimately
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enable significant customization of their properties and overall behaviour. Considering the recently
observed reignited interest in the chemistry of group IV molecular species, the scope of this article is to
bring to the readers the main chemical characteristics of the family of titanium, zirconium, and hafnium-

rsc.li/dalton

“Department of Chemistry, KU Leuven, Celestijnenlaan 200F, 3001 Leuven, Belgium.
E-mail: tatjana.vogt@kuleuven. be

bSchool of Chemistry, The University of Glasgow, Glasgow G12 8QQ, UK.

E-mail: charalampos.moiras@glasgow.ac.uk

‘Department of Chemistry, University of Cyprus, Nicosia 2109, Cyprus.

E-mail: akeramid@ucy.ac.cy

Section of Inorganic and Analytical Chemistry, Department of Chemistry, University
of Ioannina, Ioannina 45110, Greece. E-mail: tkampano@uoi.gr

T The authors contributed equally.

Stamatis S. Passadis received his
Bachelor’s degree in Chemistry
from the University of Ioannina,
Greece, in 2015. He completed
his Ph.D. in Chemistry at the
University of Ioannina in 2022
under the  supervision of
Professor Themistoklis Kabanos.
Since 2023, he has been a post-
doctoral fellow at KU Leuven,
working in the Laboratory of
Bioinorganic Chemistry (LBC)
group led by Professor Tatjana
N. Parac-Vogt. His research
focuses on the synthesis and characterization of metal-oxo clusters
for photocatalytic applications.

Stamatis S. Passadis

18400 | Dalton Trans., 2024, 53,18400-18419

based clusters, their structural features and their potential in future applications.

1. Introduction

Metal oxo clusters (MOCs) are a diverse class of molecules con-
structed by group III-VI metals in their highest oxidation state,
connected by oxygen atoms and frequently stabilized by
capping ligands. Compared to nanoparticles and 2D metal
oxide materials, these molecular species exhibit two main
advantages. Firstly, the detailed structural information of
these crystalline materials can be revealed using X-ray tech-
niques, which provide precise structural information and are
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crucial for the deeper understanding and elucidation of their
formation mechanism and their mode of function in various
applications. The rapid and vast improvements in single
crystal data collection processes and instrumentation that have
been observed in the last decades were a crucial factor for the
development of new multinuclear structural motifs, allowing
the research groups to not only focus on the design of new
clusters, but to start shifting the focus towards the engineering
of more complex molecular systems with multiple functional-
ities and tailored properties for specific applications. As a
result, molecular metal oxides can be used as excellent models
for investigating the surface chemistry of related 2D materials.
They have been used to probe reaction pathways and structural
intricacies related to doping processes or generation of appro-
priate vacancies that are crucial for the underlying processes
of metal oxide-based catalysts. Secondly, solution processable
metallic cores stabilized by various ligands which are soluble
in organic solvents, and are appropriate for recrystallization
and post-functionalization, can serve as building blocks for
the bottom-up assembly of a variety of novel functional
materials and engineering of complex multinuclear architec-
tures giving rise to new properties and phenomena. Therefore,
understanding the formation, structure characterization, and
solution chemistry of MOCs is crucial for advancing molecule-
based metal oxide materials and catalytic systems. Metal oxo-
clusters garner a lot of attention due to their unique and inter-
esting electronic properties, which can lead to different appli-
cations including catalysis, sensing, medicine and other
industries."* In marked contrast to polyoxometalates (POMs)
which are a well-studied and diverse series of clusters based
primarily on group V & VI metals in their highest oxidation
state, group IV clusters are comparatively less explored. One
key contrasting property between Ti, Zr and Hf clusters and
other common molecular metal oxides is the absence of a
terminal-oxo bond. The terminal oxo bond seen in species
such as molybdate, tungstate and vanadate is conducive to the
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formation of discrete clusters as it leads to a distortion in geo-
metry of the metal centre, in which the metal centre will adopt
a “bent” geometry when condensing with other metal centres
to form spherical or toroidal species. This absence in group IV
metals encourages the formation of 2- and 3-dimensional poly-
mers, and thus, careful choice of ligands and capping moieties
is required. Organometallic species of Zr and Hf can serve to
alleviate this to some extent, as species such as (Cp),ZrCl, and
(Cp)HfCl; (Cp~ = cyclopentadienyl) have been shown to form
molecular clusters due to the capping n’-cyclopentadienyl
ligands preventing extensive growth in 3 dimensions
(vide infra). Group IV metal-organic compounds (MOCs) have
the tendency to form a number of neutral species in the pres-
ence of appropriate ligands. This characteristic influences
their solubility and subsequent solution processability in
marked contrast to other multinuclear clusters such as polyox-
ometalates (POMs).> The photochemical properties of these
metals are particularly intriguing, with some group IV group
MOCs potentially being direct band gap semiconductors,
unlike their bulk counterparts such as anatase, ZrO, and
HfO,, which typically have indirect band gaps.** ZrO, and
HfO, have similar bandgaps (5 eV for ZrO,, and 5.3-5.7 eV for
HfO,) which are much larger than that of TiO, (~3.2 eV).>° By
controlling speciation and nuclearities precisely, new Lewis
acid catalysts and photocatalytic materials for various reac-
tions could be created, including the degradation of organic
pollutants, photochemical oxygen evolution and oxidation
reactions.

2. Titanium(iv) chemistry

2.1. Synthetic considerations

Titanium(v) ions tend to rapidly and spontaneously undergo
hydrolysis in water, causing the uncontrolled precipitation of
TiO,. Due to this issue, several synthetic methods have been
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developed to produce highly crystalline titanium-oxo clusters.
The use of Ti(OR), in aqueous solutions often results in the
formation of polymeric phases as a white precipitate, which
complicates its use as a starting material for reactions invol-
ving water as a solvent for titanium oxo-cluster (TOC) for-
mation. This is the main reason that there are only limited
examples of Ti(OR), hydrolysis with small amounts of water in
alcoholic solutions to prepare TOCs.”® One potential approach
to utilize Ti(OR), in water is by employing acidic solutions to
inhibit hydrolysis.'® Other titanium salts that have been used
in the synthesis of TOCs in aqueous medium include TiCl,
and TiOSO,4, which form highly acidic solutions upon
dissolution.""? TiCl, has also been used in the synthesis of
TOCs in organic solvents under ambient conditions.”*™° As
explained above, due to the facile hydrolysis of Ti(OR),, many
titanium oxo clusters have been synthesized under strict inert
conditions. For their synthesis, dry solvents were used under
nitrogen atmosphere, employing standard Schlenk line and
glove box techniques.'®™°

2.1.1. Solvothermal & ionothermal synthesis. The solvo-
thermal technique is the most commonly employed approach
for synthesizing TOCs. Solvothermal synthesis is a method
used to produce oxo-clusters, often nanoparticles or crystalline
materials, in a solvent under high temperature and pressure.
In this process, the solvent acts as both a medium for chemi-
cal reactions and a temperature-regulating environment. The
reaction usually occurs in a sealed vessel, such as an autoclave,
where temperatures above the solvent’s boiling point can be
achieved. This method allows for the use of a wider variety of
starting materials, resulting in increased structural and func-
tional diversity in the final products due to the high-tempera-
ture and high-pressure conditions.?*>> Moreover, the reaction
parameters can be easily manipulated by adjusting the temp-
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erature at various stages of the reaction, and controlling the
cooling time. One example of the solvothermal method is the
reaction of salicylhydroxamic acid, acetic acid, isopropyl
alcohol, and Ti(OiPr), in an autoclave at 80 °C for three days,
which led to the formation of the cluster, Tig(p-O)(pts-
0),(O'Pr);9(0OAC),(L), (H;L = salicylhydroxamic acid). Under the
same conditions, using ethanol instead of isopropyl alcohol
resulted in the formation of yellow crystals of the cluster
Ti,(13-0),(OEt)15(L),.>* In many cases, the synthesis under
inert atmosphere can be combined with the solvothermal
method.'®?**?°

Compared to traditional solvent-based synthesis, ionother-
mal synthesis involves the use of ionic liquids that can be cus-
tomised based on specific needs through the adjustment of their
physical properties like melting point, viscosity, solubility, and
density.”® Tonic liquids can be used not only as solvents, but also
as templates for the formation of desirable products.”” Moreover,
ionic liquids can solubilize a large variety of starting materials at
low temperatures, stabilize the Ti-O cores, and prevent dis-
ordered aggregation into precipitation by utilizing charge-balan-
cing cations of appropriate size and functional groups. For
example, two titanium(wv) oxo sulfate clusters, a toroidal shaped
Tiys and a capsule shaped Tiy, were synthesized by employing
the ionothermal synthetic approach (Fig. 1).*®

2.1.2. TOCs as precursors. Besides the typical precursors
like Ti(OR), and TiCl,, titanium oxo-clusters can also serve as
precursors for the synthesis of TOCs. These clusters can
undergo modification through a ligand exchange process in
which the stability of the metal-oxo core depends on the
balance between the reactivity and lability of the ligands.
Metal oxo clusters tend to remain stable when the exchanging
ligands possess the same charge, coordination ability, and geo-
metry. Nevertheless, even if these conditions are met, the
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Fig. 1 Left: Toroidal shaped Tiye. Right: Capsule shaped Tis4. Hydrogen atoms are omitted for clarity. Colour code: Ti, cyan; S, yellow; O, red.

metal oxo core can still undergo rearrangement. The reaction
of [Ti;O04(OEt),,] in the presence of benzoic acid leads to the
formation of a new cluster, [TigO4(OEt);4(OOCPh),], which
adopts a substantially different configuration, due to the
different coordination angles of the p-OEt and p-OOCPh
ligands, which may significantly affect the overall structure
(Fig. 2).%° On the contrary, the treatment of [Ti;,0,6(0O'Pr);6]
and [Ti11013(OiPr)13] with ethanol led to alkoxide exchange
and the formation of [Tilzole(OiPr)lo(OEt)G] and
[Ti;;0,5(0O'Pr)3(OEt)5] with retention of the parent structural
features.® Similarly, when [Ti;0,6(OEt)s,] reacts with linear
aliphatic alcohols like n-propanol, only 8 terminal ethoxy
groups attached to the more electrophilic titanium atoms are
replaced.® The efficiency of ligand exchange decreases with
sterically hindered alcohols, while alcohols with higher acidity,
such as phenol, lead to the substitution of all terminal
ligands. This occurs because, in trans-alcoholysis, a nucleophi-
lic substitution takes place, followed by a proton transfer from
the entering ligand to the departing one. As the acidity of the
entering ligand increases, the probability of ligand substi-
tution also increases accordingly. TOCs can also be used as
precursors in MOF synthesis. The solvothermal reaction of
[TigZr,01,(MeCOOH);4] in the presence of terephthalic acid as

a linker led to the formation of a photoactive MOF.?! Using the
preformed cluster as the starting material is crucial for obtain-
ing a pure MOF, as it helps to avoid numerous competing side
reactions. In contrast, synthesizing the MOF from a mixture of
stoichiometric Zr'¥ and Ti" metal salts results in a low-crystal-
linity MOF with UiO-66 impurities.>" Additionally, an excess of
carboxylic acid as a modulating agent is essential for achieving
a highly crystalline product. The carboxylic acid competitively
coordinates with the metals, slowing crystal growth and aiding
in the production of highly crystalline materials.

2.2. Importance of ligand design: oxime and catechol
stabilized titanium-oxo cores

Many TOCs have been synthesized by the coordination-
delayed-hydrolysis (CDH) method using organic ligands that
can prevent fast hydrolysis.*” The organic ligands coordinate
to Ti(wv) centres, preventing water molecules from contacting
the titanium ions and leading to a controlled hydrolytic aggre-
gation and formation of crystalline products (Fig. 3). The
proper choice of ligand can result in different hydrolysis pro-
cesses of titanium ions, resulting not only in novel structural
motifs but also in modification of the structure. The choice of
appropriate ligands can prevent or diminish the impact of

S =)

Fig. 2 Formation of [TigO4(OEt)14(OOCPh),] upon the reaction of [Ti;O4(OEt),0] with benzoic acid. Hydrogen atoms are omitted for clarity. Colour

code: Ti, cyan; O, red; C, grey.
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Fig. 3 Coordination-delayed-hydrolysis (CDH) method.

these challenges, paving the way for the stabilisation of new
cores and the discovery of new phenomena. Recently our
group made use of oxime and catechol-based ligands**** to
give rise to new structural motifs not only in the Ti(v) chem-
istry, but also in the chemistry of Zr(iv) and Hf(v), which we
will discuss below.

2.2.1. Oxime-substituted titanium oxo clusters. A large
number of the discovered titanium oxo-clusters are typically
sensitive to moisture and subsequent hydrolysis due to the
presence of alkoxy groups. One way to address this challenge is
the utilization of organic chelating ligands to protect the
metal-oxo core from uncontrolled hydrolysis. The oxime-sub-

72HCOOH + 72iPrOH > 72HCOOIPr + 72H,0

View Article Online
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stituted ligands also allow a greater structural variety due to
the different coordination modes of the oxime moiety.>*> Most
synthesized TOCs are carboxylate-supported.®>® The carboxy-
late groups apart from providing appropriate carboxylate-
bridges, they also act as an in situ water source through esterifi-
cation of the alkoxo leaving group.”” For example, the Tis-0x0
cluster, Hg[Tis(113-0)so(O'Pr)s,(OH)y,), is formed from the reaction
of Ti(OiPr), with isopropanol and formic acid under solvothermal
conditions (Fig. 4a).>" Although formates do not appear as stabi-
lizing ligands, they are essential for the cluster formation, poss-
ibly by controlling the rate of hydrolysis and regulating the water
content of the reaction. Additional examples include the for-
mation of the larger Tiz-oxo cluster, Tigy(jp-OH)y(po-O)sa(ps-
0)30(HPA),(PA)44(HFA),(FA),(H,0), (PA™ = propionate, FA~ =
formate),®® and the largest titanium-oxo cluster to date, Tisy(p-
OH),(11-0)14(113-0)50(114-0)s(PA)34(O'Pr),5 (Fig. 4b).>°

On the contrary, even though N-doping can tune the band
gap of TiO,, there are not many examples of TOCs with all-N
donor ligands due to the low coordination affinity of nitrogen
towards Ti(v). Oximes are significant members of the mixed
O/N-donor ligand family and can be used as hydrolysis-delay-
ing ligands, with their nitrogen being slightly basic and the
hydroxyl group slightly acidic. Both nitrogen and oxygen can
exhibit different coordination modes. By modifying oxime
ligands and the synthetic conditions, a series of crystalline
TOCs from Ti, to Ti;g were reported, with Ti;g being the
highest nuclearity oxime-derived TOC to date (Fig. 5).>* The
oxime ligands not only induce structural diversity to the
system, but also influence to a great extent the cluster’s light-

74C,H;COOH + 74iPrOH -> 74C,H;COOIPr + 74H,0

A2TI(O'Pr), + 72H,0 > Hy[Ti(13-0)5o(O'P1)o(OH) 5] + 126IPrOH  52Ti(O'Pr), + 74H,0 + 34C,H.COOH - Tig,01,(OH),(C,H;CO0),(iPrOH),, + 180iPrOH

68C,H;COOH + 68iPrOH -> 68C,H;COOiPr + 68H,0

44Ti(O'Pr), + 68H,0 + 48C,H,COOH + 4HCOOH > Ti,,04,(OH)(C,HCOOH),(C,HLCO0),(HCOOH),(HCOO),(H,0), + 176iPrOH

Fig. 4 Overview of the synthesis and structures of (a) Tisz, (b) Tisp, and (c) Tigs-oxo clusters utilizing carboxylates as hydrolysis delayed ligands (a
proposed reaction process is depicted). This figure has been adapted/reproduced from ref. 32 with permission from American Chemical Society,

copyright 2022.
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Fig. 5 Oxime-substituted titanium-oxo clusters: (a) Tis, (b) Tis, (c) Tisg.
Hydrogen atoms are omitted for clarity. Colour code: Ti, cyan; O, red; N,
blue; C, grey.

harvesting and photocurrent responses, with the lower nucle-
arity TOCs typically performing better.

2.2.2. Catechol-based titanium oxo clusters. In a similar
manner, catechol adsorbed to TiO, serves as a representative
model for molecules that exhibit strong binding affinity with
metal oxides, resulting in a significant electronic coupling
between the localized catechol orbitals and the delocalised
electron levels of the TiO, conduction band.*>*' Catechol func-
tions as a type II sensitizer, where charge injection occurs from
the ground state of catechol to the TiO, conduction band.*?
Catecholate-functionalised titanium-oxo clusters have attracted
significant interest as structural models for catechol-TiO,
systems, in order to provide atomic-scale representations of col-
loidal TiO, nanoparticles modified with catechol.*>™** The two
oxygens of catechol can have different coordination modes when
they are bonded to titanium atoms, and up to now, five different
coordination modes have been reported: (A) monodentate, (B)
chelate bidentate, (C) doubly bridging chelate, (D) bridging
chelate p,-(0,0'), and (E) bridging (Fig. 6), with (B) and (E) being
the most common binding modes.*® The coordination modes of
catechol depend on several factors such as, the size of the
cluster, synthetic conditions and defective surfaces.”” The cate-
chol ligands have a significant influence on the photoelectro-
chemical and photocatalytic properties of titanium-oxo clusters,
with charge transfer from catechol to the Ti-O metallic core
playing an important role in enhanced photocurrent conversion
under visible light irradiation.”**

2.2.3. Oxime-catechol-substituted titanium oxo clusters.
Our group envisaged that incorporating both catechol and oxime
groups within the same chelating system, as in the organic

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Coordination modes of catechol (A—E).

ligand 2,3-dihydroxybenzaldehyde oxime (Fig. 7), could lead to
the exploitation of the structural and electronic effects of both
groups to modulate the material’s band gap.'® Moreover, the elec-
tron-withdrawing -C=N-OH group on the aromatic ring is
expected to greatly reduce the catechol protonation constant,
making it more acidic and enhancing its effectiveness as a
sequestering ligand at neutral or even acidic pH values. Indeed,
the use of the catechol-oxime ligand led to the synthesis of the
hexanuclear  cluster, Ky[Til (j13-0)x(1-O)3(OCH;)4(HOCH),(p-
n',n*n'-Hdihybo-0,0’N)¢], (Hsdihybo = 2,3-dihydroxy benz-
aldehyde oxime) under mild conditions (Fig. 7). This Tis species
exhibits a rare structural motif with very interesting properties,
such as a very low band gap value and metalloaromaticity."®

2.3. Structural diversity of Tis-oxo clusters

The hexanuclear titanium-oxo clusters exhibit the greatest
structural diversity among all TOCs,*® with many different
skeletal arrangements reported to date (Fig. 8). The skeletal
arrangements of Tic-oxo clusters are: (i) two Tig(p,-O)e con-
figurations (Fig. 8a and b),*>*° (ii) two Tig(j,-0),(j15-0), con-
figurations (Fig. 8c and d),*“** (iii) Tig(ns-0)s (Fig. 8e),>* (iv)
Tig(13-0)s (Fig. 8f),”" (v) Tis(120)a(p5-0), (Fig. 8g),” (vi) Tie(po-
0)(u5-0), (Fig. 8h),>® (vii) Tig(j1,-0)s (Fig. 8i),>” (viii) Tig(1t3-0)a
(Fig. 8j),>® (ix) Tig(112-0)3(115-0), (Fig. 8k).™*

OH
" catechol
OH

A B

Fig. 7 2,3-Dihydroxybenzaldehyde oxime (Hsdihybo) (A), and its Tig
cluster (B). Hydrogens are omitted for clarity. Colour code: O, red; N,
blue; C, grey. Polyhedral colour code: TiOg, cyan.
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Fig. 8 Skeletal arrangements of the Tig-oxo-metallic cores (a)—(k). This figure has been adapted/reproduced from ref. 14 with permission from

Royal Society of Chemistry, copyright 2019.

3. Band gap in titanium-oxo clusters

The large band gap value of 3.2 eV for TiO, limits its appli-
cation in photocatalysis to the UV region.>*®® However, UV
light constitutes only 5% of the irradiation reaching the
Earth’s surface. Therefore, reducing this band gap is crucial to
expand its applications into the visible region. One effective
method to reduce the band gap is to raise the valence band
through a non-metal-ion doping.°’ In contrast, metal-ion
dopants introduce impurity levels within the band gap.®®
Transition metal ions possess multiple valence states and
unfilled d-electron orbitals, allowing them to accept additional
electrons, create impurity levels within the band gap of TiO,,
and act as shallow traps for photogenerated electrons or holes,
which help to reduce the recombination of electron-hole
pairs.®® Crystalline TOCs provide a chance to bridge the gap
between dye-sensitized TiO, and doped-TiO, nanomaterials
with theoretical models, considering both atomic structures
and electronic states. Currently, there are only a limited
number of studies focusing on band gap modulation of TOCs,
especially without altering their metallic core. Coppens et al.
reported a study of Tij; nanoclusters with the formula
Ti;;(MX)O,4(O'Pr);, (M = Mn(u), Fe(u), Co(u) and X = CI~, Br~,
I7), in which the iron-doped TOC exhibits the lowest band gap
value due to the higher energy of the t,;, f HOMO orbital,
which is positioned midway between the valence and conduc-
tion bands. In contrast, the occupied p orbitals in the Co"
complex are found at much lower energy levels, and as
expected, these orbitals remain unoccupied in high-spin
Mn™.%* In the case of Fe™ and Mn" clusters, the different halo-
gens linked to the transition metals do not affect the band gap
significantly. However, in another study, the absorption edge
of the clusters, Till(CoX)OM(OiPr)17 and Till(NiX)OM(OiPr)17

18406 | Dalton Trans., 2024, 53, 18400-18419

(X=cl7, Br7, I') follows the order: Ti;;MCl < Tiy;MBr < Ti;;MI
(M = Co", Ni""). The band gaps are all smaller than those of the
pristine, [Ti;,0,4(0'Pr)4], due to the appearance of new states
that effectively hybridize with the O 2p orbitals. The halogen
orbitals are mixed with metal orbitals, generating two new
states just above the valence band maximum.®® The dimen-
sions of materials can also influence their physical properties
in various ways. Zhang et al. conducted a study on the precise
assembly engineering of TOCs incorporating copper halide
dopants®® and reported Tig clusters connected to various poly-
nuclear copper halides, such as [Cu,X;], [CusX,], and [Cu,X,—
DABCO-Cu,X,] (DABCO = 1,4-diazabicyclo[2.2.2]octane),
leading to the formation of 1D chains, 2D layers, and 3D
diamond frameworks (Fig. 9). The polymetallic doping and the
different dimensions significantly affect the light absorption
of TOCs.

Moreover, the same group, exploited the labile coordination
sites of the [Tig0,(O'Pr),o(O3P-Phen),(OAc),] cluster (O;P-Phen
= phenylphosphonate), and conducted a study to investigate
the band gap modulation by introducing various O-donor
ligands, such as carboxylates, phosphonates, and sulfonates,
along with additional transition metals (Fig. 10A).°” The incor-
poration of transition metals and the increasing electron-with-
drawing effect of the ligands led to a reduction in the band
gap values (Fig. 10B).

4. Metalloaromaticity

Metalloaromaticity is a concept used to describe the aromati-
city of all-metal ring-shaped cores.®®”’° The phenomenon of
metalloaromaticity was reported for the first time in titanium-
oxo clusters by our group.'* Besides providing stability to the

This journal is © The Royal Society of Chemistry 2024
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Fig. 9 (a) {Cu,Cl,} doped 1D Ti—O material, (b) {Cu,Cls} doped 2D material, (c) {Cu4Brs} doped 3D material, (d) {Cu4ls-DABCO-Cuyls} doped 3D
material. Hydrogens are omitted for clarity. Colour code: Ti, cyan; Cu, green; Cl, light green; Br, brown; |, purple; P, pink; S, yellow; C, grey; O, red; N,
blue. This figure has been adapted/reproduced from ref. 66 with permission from American Chemical Society, copyright 2017.
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structure, this phenomenon can also contribute to reduced
band gaps as discussed above. The concept of metalloaromati-
city is important for a better understanding of the chemical
bonds, electronic properties, and surface characteristics of
metal oxides and mixed-metal clusters.”* A better understand-
ing of metalloaromaticity has led to the discovery of new
metalloaromatic species, including metallo-benzenes” and
clusters such as Al,>~ (ref. 73) and AusZn",”* which have a wide
range of applications in molecular electronics,”® aerospace
engineering,”® drug development, and molecular magnets.””
In contrast to organic aromatic rings, where the electron delo-
calization occurs only through = molecular orbitals (MOs), in
all-metal cyclic species, delocalization occurs through o, w, §,
and ¢ MOs.”” In 2019, our group reported the first Ti-oxo
cluster exhibiting metalloaromaticity."* We used the nucleus-
independent chemical shift (NICS) criterion, which is one of
the most powerful and reliable methods available to study aro-
maticity. The NICSzz scan curves can be effective indicators of
the aromaticity or antiaromaticity of cyclic metallic ring
cores.”®’® The negative NICS,,(1) and NICS,,(—1) values, calcu-
lated to be —4.3 ppm and —23.2 ppm respectively at 1 A above
and below the centre of a molecular ring, suggest that the
cyclo-Tiz(p-0)5(n5-0) ring of the cluster, Ke{Til¥(pz-0),(p-
0)3(CH;0)6[12n" " ,n>-Hpidiox-O,N,0"[p-n",n" ,n*-pidiox-O,N,
0'],}, exhibits weak aromaticity (Fig. 11)."* We also calculated
the NICS,, scan curves for the model system [TiY (j5-O)(p-
Hdihybo);(OCHj;);(OH);], in which the NICS,,(0) and NICS,,(1)
values are —14.5 ppm and —18.4 ppm, indicating that the
metallic ring core is aromatic.'®> Therefore, the magnitude of
aromaticity in the cyclo-Ti; trinuclear rings is affected and
potentially modulated by the type of surrounding ligands.

5. Applications of titanium-oxo
clusters

TOCs can exhibit important chemical and physical properties
such as solubility, stability, and photoactivity. Based on these
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Fig. 11 NICS,, scan curves for the [cyclo-Tiz(u,-0)s(uz-O)l,. This figure
has been adapted/reproduced from ref. 14 with permission from Royal
Society of Chemistry, copyright 2019.
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properties, researchers investigate potential applications not
only in the photo-related fields, but also in other areas.
Consequently, numerous new potential applications of TOCs
have been reported in recent years. In 2011, Chen et al.
reported the synthesis of black titanium oxide (B-TiO,) using a
hydrogen atmosphere.?® B-TiO, exhibits a lower optical band
gap and improved physicochemical properties compared to
conventional TiO,. The altered properties of the black TiO,
nanomaterials have been attributed to the structural and/or
chemical changes, such as surface lattice disorder, oxygen
vacancies, and the presence of Ti'™ ions, Ti"-OH and Ti"V-H
groups.®! These differences naturally arise from the various syn-
thetic methods used in producing black TiO, nanomaterials. For
example, B-TiO, demonstrates better nonlinear optical (NLO) per-
formance, with a nonlinear absorption coefficient p at least two
orders of magnitude larger than that of conventional TiO,.** This
makes B-TiO, a good candidate for techniques like Q-switching
and mode-locking, which are used for generating short and
intense laser pulses. One way to better understand the structure—
property correlations of B-TiO, materials is through the synthesis
of black titanium oxo-clusters. These clusters are considered
molecular analogues of B-TiO, and are easier to study for
mechanistic and theoretical investigations. B-TOCs are quite rare
with only the first few examples reported in recent years.'>5*%
Our group reported the synthesis of a B-TOC in 2020 with the
lowest band gap value of 1.48 eV for a homometallic TOC to date.
This was accomplished by reacting TiCl, with 2,3-dihydroxyben-
zaldehyde oxime (Hsdihybo) under mild conditions.”® The
cluster consists of [Til (3-O),(p-O)s] core, in which the six tita-
nium(iv) atoms are arranged in a trigonal-prismatic configuration
(Fig. 7).

By increasing the concentration of catechol in the reaction
system of Ti(O'Pr),, formic acid, and isopropanol, under solvo-
thermal conditions, Zhang et al., synthesized three B-TOCs
with a very low band gap and high stability in air, in different
solvents, across a wide pH range, and even under laser
irradiation (Fig. 12).%* The band gaps of the compounds decrease
as the ratio of catechol/Ti increases, indicating the significant
impact of the catechol. These compounds are also the first
examples of homometallic TOCs with promising NLO properties.
Recently, it was reported that the reaction of Ti(O'Pr), with cate-
chol and formic acid in toluene at 100 °C led to the formation of
the first all-catechol protected Ti-oxo cluster (TOC), [Tije(ps-
0)4(p3-OH)g(,-0)4(Cat)yp), in which the [Ti;c046] core is sur-
rounded by 20 catechol ligands and consists of two [TigOs] cages
linked together through four p;-O atoms (Fig. 12).** The Ti;q
cluster exhibits high stability in different environments and very
good photoelectric and photothermal properties, due to its very
low band gap. The reported studies clearly demonstrate that
B-TOCs are not only important for extending the chemistry of
TOCs, but also because their low band gap value endows the
clusters with many interesting properties.

5.1. Photocatalytic hydrogen production

Photocatalytic hydrogen production through water splitting
offers a viable solution for addressing the global energy crisis.

This journal is © The Royal Society of Chemistry 2024
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Fig. 12 Structures of black titanium oxo-clusters with their band gaps. (a) [Ti'g’(p3-0)2(p-0)3(0CH3)4(HOCH3)2(Hdihybo)G], (b) Tiya(p2-0O)s(pz-0)alps-
o)z(PA)1o(Cat)1o (HCat)4, (C) Ti14(p2-O)6(p3-O)G(PA)m(Cat)m(HCat)z, (d) Tis(pz-0)2(p3-o)2(PA)8(Cat)4, and (e) Ti16(p3-0)4(p3-0H)g(p2-0)4(Cat)20.
Hydrogens are omitted for clarity. Colour code: Ti, cyan; O, red; N, blue; C, grey.

Despite the large number of reported titanium-oxo clusters,
research on photocatalytic water splitting remains quite
limited, with most experiments conducted under UV-visible
light irradiation. Recently, the solvothermal reaction of Ti
(OiPr), and H,SO, in DMF and isopropanol led to the for-
mation of the cluster
[(CH3)ZNHZ]Z[TimOZg(OiPr)IZ(DMF)G(SO4)8], which consists of
six pentagonal {Ti(Ti)s} motifs connected through corner-
sharing or edge-sharing patterns.®®> The Ti,; cluster is very
stable and exhibits excellent UV/Vis light-driven water-splitting
for H, production, which might be enhanced due to the pres-
ence of {Ti(Tis)} units. When the Ti,,; cluster is irradiated by
UV/Vis light, electrons are excited to the conduction band and
the holes are generated in the valence band. H,PtClg acts as a
co-catalyst to separate the photogenerated electrons, while tri-
ethanolamine (TEOA) acts as a hole scavenger (Fig. 13).

Some studies have shown that replacing oxygen with sulfur
in specific TiO,-based nanomaterials enhances their photo-
catalytic activity under visible light,**®” but there are limited
examples of S-heterocyclic ligand modified TOCs. Two tita-
nium-oxo clusters, [Ti,("BuO)s("PrO),(1,2-TC4A)] and [Tig(p-O)
(13-0)(0x)("PrO),(c-TC4A)] (H,TC4A = p-tert-butylthiacalix[4]
arene), where the ligand has 1,2-alternate and cone-shaped
conformations (Fig. 14), respectively, were synthesized under
solvothermal conditions.®® Both clusters exhibit photocatalytic
H, production under visible light, with the Ti, cluster showing
5 times better performance. Additionally, the Ti, cluster exhi-
bits a better photocurrent response compared to the Tig
cluster. DFT calculations indicate that the different confor-

This journal is © The Royal Society of Chemistry 2024
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Fig. 13 Photocatalytic H, production by the Ti,; cluster. This figure has
been adapted/reproduced from ref. 85 with permission from Wiley-VCH
GmbH, copyright 2023.

mations of TC4A™" are the reason for the varying performance,
with the shorter Ti-S bond in Ti, affecting not only the band
gap values, but also the charge separation.

5.2. Adsorption

One of the applications for which TOCs have been used is the
selective adsorption of dyes, though there are not many
reports on this topic. In 2022, Zhu et al. synthesized the TOC
compound, [TigO;3(O'Pr),4(TTFTC)], (TTFTC*" = tetrathiafulva-
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Fig. 14 Conformations of p-tert-butylthiacalix[4]arene. Left: 1,2-Alternate, right: cone. This figure has been adapted/reproduced from ref. 88 with

permission from American Chemical Society, copyright 2020.

lene-tetracarboxylate), in which four Tis-oxo clusters are
linked through four TTFTC linear connectors, forming a cyclic
ring structure (Fig. 15a and b).'® This cluster self-condenses to
form a polymeric organic-inorganic material that retains its
cyclic structure. Given the material’s porous structure and the
high electron density of the TTF moiety, which can host and
trap cationic guests, it was investigated for its ability to remove
dye molecules through selective adsorption. The material
demonstrates exceptional efficiency in adsorbing cationic dyes
and can selectively capture methylene blue (MB) not only from
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solutions containing both cationic and anionic dyes, but also
from those with mixed-cationic dyes. The suggested mecha-
nism for the adsorption of MB is supported by several factors,
including electrostatic interactions, cyclic effects, hydrogen
bonding, and =---n stacking between the adsorbent and the
MB dye (Fig. 15c). Control experiments indicated that the
primary forces driving the adsorption are the strong electro-
static attraction and the cyclic effect of the adsorbent.
Recently, the same group reported a rectangular ring TOC,
[TiGOG(OiPr)S(TTFTC)(phen)z]2 (phen = 1,10-phenanthroline),

,
~
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e S

T
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Fig. 15 (a) [TigO3(O'Pr)4(TTFTC)l4, (b) cyclic ring structure of [TigO3(OPr)14 (TTFTC)L4, (c) suggested mechanism for the adsorption of MB. Hydrogen
atoms are omitted for clarity. This figure has been adapted/reproduced from ref. 16 with permission from American Chemical Society, copyright

2022.
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Fig. 16 (a) The structure of [TigOg(O'Pr)g(TTFTC)(phen),l,, (b) TOC-MOF formed by condensation of isopropanol groups. Hydrogen atoms are
omitted for clarity. This figure has been adapted/reproduced from ref. 89 with permission from American Chemical Society, copyright 2024.

in which the width of the rectangle is 3.5 A and the length is
11.32 A (Fig. 16a).*° The cluster undergoes topotactic conver-
sion via the condensation of isopropanol groups, preserving
the ring structure and resulting in the formation of a stable
TOC-MOF (Fig. 16b). The TOC-MOF can adsorb cationic dyes
due to the rich electron density of the TTF moiety, and it
exhibits selective adsorption of crystal violet among other
cationic dyes, most likely due to the host-guest structure
matching.

The ionothermal reaction of Ti(O'Pr), and sulfuric acid in
1-ethyl-3-methylimidazolium ethyl ester sulfate ([EMIm]

Fig. 17

This journal is © The Royal Society of Chemistry 2024

EtOSO;) ionic liquid led to the formation of the first molecular
Ti-O  nanotube,  {(EMIm);[(H,0)CTigOs(H2-OH)3(SO4)6]}n
(EMIm = 1-ethyl-3-methylimidazolium), which consists of hex-
agonal TigOg rings supported by sulfate ligands and counterba-
lanced by EMIm cations (Fig. 17a and b).°® At room tempera-
ture, a rare phenomenon of water molecule nanoconfinement
was observed within the pores of the Ti-O nanotubes
(Fig. 17c). The nanotubes exhibit selective water adsorption
over methanol and ethanol, indicating promising potential for
separating miscible solvent mixtures, particularly in industrial
applications such as bioethanol purification.

bt

ﬂ |
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(a) Ti-SO4—Ti nanotube array of [TigOg(l2-OH)3(SO4)el,. (b) [TisOes(SO4)e] hexagonal hole, (c) water molecule nanoconfinement within the
pores of the Ti—-O nanotubes. Colour codes: Ti, cyan; S, yellow; O, red; H,

white; SO, yellow polyhedron.
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6. Zirconium(iv) and hafnium(iv)
chemistry

6.1. Synthetic considerations

Zirconium(v) and hafnium(wv) are classified as group IV
elements and are known to be strong Lewis acids. They exhibit
high affinity towards oxygen, which influences their chemical
behaviour significantly. Similar to 3d metals, which tend to
form polymeric and bulk oxides under basic conditions, these
elements can undergo condensation reactions even at relatively
low pH levels (>2).°" The formation of discrete oxo-clusters is
further complicated by the limited structural diversity, as
exemplified by [M4(0)4(OH)4(H,0)1,]*** and
[M4(OH)5(H,0)16]*" (M = Zr, Hf) which are among the most
common structural motifs (see Fig. 18), especially in aqueous
environments.”® This is to say that attempts to form novel
architectures often instead results in a limited number of
known structural motifs, due to their high thermodynamic
stability. Thus, careful consideration must be given to the
choice of ligands and reaction conditions to overcome this.
These clusters are also resistant to further growth - dimers of
M clusters are known, however M, is not comprised of (Mg);
units for example, and adopts a different structure
(vide infra).’>®® These metals exhibit very similar chemical
behaviour due to their close proximity in the periodic table
and nearly identical sizes resulting from lanthanide contrac-
tion (with ionic radii of 0.78 A for Hf and 0.79 A for Zr), often
displaying comparable coordination numbers and geometries
(typically 8, although this may vary).”* This trend significantly
differs from most d-block elements that tend to become softer
as they descend a group. Some of the main differences
between Ti and Zr/Hf lies in their coordination number and
size, and their reduction potential despite their similar reactiv-
ity, as Ti(u) species are somewhat stable and have been
reported for various applications,”*°> whereas Zr(u)/Hf(m) are
far scarcer (particularly outside of organometallic systems,
however the binary halides have been reported for each).”* Zr/
Hf metals are predominantly utilized in catalysis and in semi-
conductors as supports or functional components, along with
niche applications in organic synthesis, like olefin
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polymerization.’®®® Some other factors to consider are the
ceramic properties of the bulk materials and their tendency to
react with atmospheric oxygen/water, leading to the spon-
taneous formation of stable clusters over time. This process is
virtually irreversible in a laboratory setting, with the exception
of the sulfate salts.”® As a result, there is a limited number of
starting materials available to synthetic chemists for these
transition metals.

In aqueous environments, the sulfate anion is typically pre-
ferred due to its stability in water, which prevents spontaneous
cluster formation.°> On the other hand, chlorides and other
halides, with or without Cp~ ligands, are prone to hydrolysis,
making them more suitable for use in organic solvents.”’
Alkoxy salts are also commonly utilized in organic solvents
because of their natural solubility and the absence of a need
for additional base in reaction mixtures.”> When it comes to
halides, their reaction with protic solvents in organic con-
ditions will release HX (X~ = Cl7, Br™, I") and will necessitate
additional base to form oxo/hydroxy clusters.”® However, an
exception to this occurs, when amide solvents are used in a
solvothermal setting, as the thermal degradation of the amide
solvent releases the free amine in situ.”®

Synthetic methodologies can be broadly categorized based
on whether they are carried out in aerobic or anaerobic con-
ditions, and whether they are conducted in aqueous or organic
solvents.”” The common salts of Ti, Zr and Hf tend to polymer-
ize, under mildly basic conditions, and thus, it is often necess-
ary to employ inert techniques, like Schlenk or glovebox
manipulation.”® The utilization of these techniques is crucial
due to the reactivity and oxophilicity of the metals involved,
allowing for the use of organometallic complexes and starting
materials, and expanding the range of solvents/conditions and
enhancing ease of handling.”* Alternatively, the predictability
of hydrolysis products can be strategically utilized to form
well-defined clusters as secondary building units (SBUs).”
This approach is frequently employed, for instance, in the UiO
family of MOFs, which have been synthesized using various
methods (such as solvothermal, mechanochemical) for a wide
range of applications.'”® These MOFs are comprised of the
aforementioned Zr, cluster, and variable dicarboxylate ligands
of the general formula [Zr¢O,(OH),L¢] (H,L = dicarboxylic

Fig. 18 Zre (left) and Hf4 (right). Colour code: Zr, light purple; Hf, dark purple; O, red; H, white.
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Fig. 19 Schematic diagram of the reaction path towards Zr/Hf clusters discussed in this article. The reaction path is applicable to both Zr(iv) and Hf
(), (M = Zr, Hf), unless otherwise stated. L* can be either Hzdihybo or Hspidiox, L? is 3,3,3",3"'-(anthracene-9,10-diylidenebis(methane-1,1-diyl-1-

ylidene))tetrabenzoic acid.

acid). Due to their remarkable stability, the resulting MOFs
have been used for a variety of applications, such as gas separ-
ation, host-guest catalytic systems etc.'”* "% In Fig. 19, it is
depicted a schematic diagram of the reaction path towards the
formation Zr/Hf clusters discussed in this article.

6.2. Applications

Prior work by our group led to publication of a series of com-
plexes of group IV metals displaying reduced band gaps or
metalloaromaticity as in the case of Ti discussed above.'>*%3*
The complexes utilised ligands with multiple binding sites
and modes (catecholate and hydroxamate) in order to make a
series of layered trimers and distorted tetrahedra (Fig. 20). The
two clusters featuring trigonal prismatic Hfs motifs were iso-
lated using triethylamine and pyridine as bases, exhibiting sig-
nificantly low band gaps of 2.36 and 2.51 eV, respectively, posi-
tioning them as promising options for photocatalytic appli-
cations.*® Additionally, reacting the ligand (2Z,6Z)-piperidine-
2,6-dione dioxime (Hjpidiox) with ZrCl, in methanol and
adjusting the pH of the solution allowed the manipulation of
the resulting products (Fig. 21).>* There are not many examples
of pentanuclear Zr and Hf oxo-clusters reported in the litera-
ture, with the Hf; cluster being the only one reported to date.>*

The structures of discrete Zr,Lg and Zr,L, clusters, shown
in Fig. 22, are produced through the hydrolysis product of

This journal is © The Royal Society of Chemistry 2024

(Cp,)ZrCl, reacting with di- and tricarboxylic acids to form
tetrahedral clusters.'® The clusters can be considered as frag-
ments or “pores” of the extended UiO MOF species, which,
because of their molecular nature, can be dissolved in
different organic solvents. This dissolution enables the exam-
ination of bulk structure properties and opens up possibilities
for applications in homogeneous catalysis, solution dynamics
studies, and easier characterizations using single crystal X-ray
crystallography compared to their bulk forms. Furthermore,
they maintain many of the appealing features of MOFs, such
as modularity and reticularity. Hf(iv) congeners may be syn-
thesised in an analogous manner due to their paralleled reac-
tivity. Butyl substituted cyclopentadienyl clusters of the same
type have also been shown to be a viable means for potential
treatment of nerve agent poisoning/degradation,'®® and
control over linker molecules serves as a possible tool for cata-
lysis in confined spaces as has been demonstrated in similar
Ga, tetrahedra.'®® Substitution of the dicarboxylic acids for
viologen derived carboxylates also resulted in a stable photo-
and electrochromic material, with potential applications in
smart windows, sensing, memory devices and optical switches
(Fig. 23).'%7

Both Zr and Hf MOCs have been applied to promote selec-
tive protein hydrolysis, an important step in proteomics and
biotechnology.'°®'% Due to their high reactivity as Lewis acid

Dalton Trans., 2024, 53,18400-18419 | 18413
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Hf1

Fig. 20 Layered Hf trimers displaying metalloaromaticity. Isostructural Zr species were also reported. The structure of the catecholate—oxime Hfg
species (A). The HfsOs core (B). The top-down view of the coordination with catecholate—oxime ligands featuring the central ps-oxo group (C). Hfs
species displaying a distorted tetrahedral geometry with a central octacoordinated Hf (D) and (E) respectively. Colour code: Hf, purple; C, black; N,

blue; O, red; H, white.

MeOH
HCl

[Zr¢(13-0),(1-0)3(OCH3) ¢(n,-Hpidiox) ((n,-pidiox),]

Fig. 21 pH-Dependent formation of Zr-oxo clusters.

catalysts, and their stability they have been shown to be site
selective catalysts for the scission of various proteins such as
equine skeletal muscle myoglobin, which Zr (Fig. 18, left) was
able to selectively hydrolyse the protein within 24 hours yield-
ing protein fragments of lower molecular weights,'*® while
Hf,g3 acted as heterogeneous site-selective catalysts for the
hydrolysis of horse heart myoglobin (Fig. 24, left).
Furthermore, due to the solubility of the Zry cluster, detailed
mechanistic studies were able to be undertaken in an effort to
elucidate the mechanism for Zrs promoted hydrolysis of
peptide bonds. In both cases, the species showed selectivity

18414 | Dalton Trans., 2024, 53, 18400-18419

towards aspartame residues, which is believed to arise from
combination of their potent Lewis acidity and their Bronsted
acidic surfaces.'”’

6.3. Limitations in cluster nuclearity

While POMs can display very high nuclearities of up to 368,
such as Mo,54,""® and Moseg clusters,"*" group IV clusters con-
taining Zr and Hf typically exhibit lower nuclearities. Only a
few instances of clusters with more than 20 metal centres have
been observed. The largest known isolated Zr MOC, composed
solely of zirconium oxo-clusters is Zr,o(O/OH);46(SO.)s55-xH,O

This journal is © The Royal Society of Chemistry 2024
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Fig. 22 Zr, tetrahedra displaying control over pore size and aperture
through ligand substitution, with potential applications in catalysis.

Fig. 23 (CpsZrs(uz-O)(p2-OH)z),Ls, L = 1,1'-bis(4-carboxyphenyl)-4,4'-
bipyridinium dichloride, Cp = cyclopentadienyl. Colour code: Zr, light
purple; C, grey; N, blue; H, white. Counter ions omitted for clarity.

(Zr,o) (with capping sulfates).'? Interestingly, this species

highlights the effect of temperature and sulfate concentration
on nuclearity of the resulting clusters, as lower temperatures/

View Article Online

Perspective

higher sulfate concentration led only to the isolation of the
previously reported Zr;g (Zr130,0(0OH),6(H20)23.5(SO04)12.7)- It is
believed that excess of sulfate anions in solution creates a
sulfate “passivation” layer, preventing further growth. It is also
worth noting the Zr,, species is the largest cluster bearing no
organic motifs. A larger, Zr,, structure was reported, com-
prised of six (Zry,(p3-O)s(3-OH)g(2-OH)s) cluster-based build-
ing blocks linked by twelve organic tetracarboxylates."”® The
Zr;, clusters can be considered as a dimer of the Zrs archetype
bridged by six OH™ groups. Interestingly, unlike Zr, superclus-
ters of Hf have remained elusive. Given the relatively recent
discovery of Zr superclusters such as Zr;o/Zr,,, it may yet be
feasible to isolate such species. Thus, the largest Hf cluster
reported to date is the Hf analogue of Zryg (as shown in
Fig. 24), which is formed under similar reaction conditions
with the exception that it requires higher temperatures, which
is a characteristic difference between Zr and Hf.*>''*

At this point, it is worth noting that the largest titanium-
oxo clusters to date are: (1) Hg[Tiss(13-0)g0(O'Pr)ss(OH)y,], with
a core diameter exceeding 1.5 nm.?" The core consists of 42
titanium atoms bridged by 60 p;-O atoms and 12 pentagonal
Ti(Tis) units, forming a spherical structure (Fig. 4a). (2) Tisy(p-
OH),(1-0)14(13-0)50(14-O)s (PA)34(O'Pr),g, which is a 3.6 nm
Tis, cluster, with a boat-like interlayer structure, constructed
from Ti, units (Fig. 4b).>° (3) By adjusting the type and concen-
tration of acid, it was synthesized a series of TOCs with varying
nuclearities, including three Ti,, clusters with a large {Ti44O¢6}
core of 2.8 nm, which exhibits the second-highest nuclearity
among titanium-oxo cores (Fig. 4c).*® The previously men-
tioned studies represent a major step forward in developing
large Ti-oxo nanoclusters that are comparable to TiO,
nanoparticles.

6.4. Entrapment of Zr(iv) and Hf(iv) metallic cores

The well-researched properties and abundant oxygen content
of POMs make them an effective tool for not only capturing

Fig. 24 Zrg cluster (left), which is isostructural to Hf;g. Lowering sulfate concentration and increasing temperature led to the rearrangement to the
toroidal Zr;q cluster (right, top-down view). Colour code: Zr, light purple; S, yellow; O, red. Counter ions and solvate omitted for clarity.

This journal is © The Royal Society of Chemistry 2024
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unique nuclearities of group IV metals, but also for enhancing
the solubility of these species to improve their processability
in solutions. Rather than simply substituting existing POMs
with Zr/Hf centres, a range of nuclearities have been identified
through the use of POMs and lacunary POMs as
metalloligands.’*>™"” Moreover, the possibilities for post-syn-
thetic modifications and synergistic catalysis present numer-
ous potential future applications.’*®**! In Fig. 25, the poten-
tial for trapping irregular nuclearities of group IV clusters is
emphasized, where the solubility of the final product is also
maintained. Interestingly, the authors point out that the

Fig. 25 Polyhedral representation of [Ms(OH)s]°* cluster sandwiched
between two tri-lacunary Keggin POMs. M = Zr, Hf. Keggin = [A-
a-PWo0341°~. Colour code: W, grey; P, orange; Zr, light purple; O, red.
The Hf congener is isostructural.

Fig. 26 The co-crystallisation of a Zrg benzoate with a silicotungstate
Keggin POM showed synergistic enhancements in photochemical pro-
perties. The crystallisation resulted in ionic channels in the bulk struc-
ture, which the authors note as being a key aspect of its properties in
photocatalysis.

18416 | Dalton Trans., 2024, 53,18400-18419
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Fig. 27 Structure of the Zr; species isolated through use of Keggin
POM ions. Colour code: W, grey; Ge, light blue; Sb, dark blue; Zr, light
purple; O, red. Counter ions and solvate omitted for clarity.

central M; species remain unsaturated, showcasing their
potential as Lewis acid catalysts."*>

Another interesting example is the POM/MOC hybrid
material (Fig. 26) which demonstrated superior photochemical
oxidation towards methylene blue relative to its constituent
materials, highlighting potential applications of such
materials in remediation of organic pollution and the under-
lying synergistic effects that it may be possible to control.'** As
depicted, the Zrg cluster has been embellished with a sub-stoi-
chiometric quantity of benzoate, resulting in the cationic
nature of the cluster — a key driving force in the formation
process in the presence of negatively charged SiW,, Keggin
POM."** Similarly, the isolation of a Zr, cluster through the
use of two tri-lacunary and two monolacunary Keggin ions was
demonstrated to be a successful heterogeneous catalyst for the
oxidation of sulfides to the corresponding sulfones with H,O,.
The Zr, core can be considered as a Sb-substituted Zr,, with
the monolacunary Keggin-based building blocks serving to
trap the additional two edge sharing Zr centres (Fig. 27)."**

7. Conclusions and perspectives

Given the relatively underexplored nature of the heavier group
IV elements, it becomes clear that there is a huge potential for
development of their novel applications and undiscovered
species. Overcoming synthetic challenges/limitations will be
crucial to harnessing the untapped potential of group IV
materials. Further control of ligands, rational design of con-
stituents and careful consideration of system components are
a necessary step towards the discovery of novel species with
potentially interesting properties. Herein, we have highlighted
some conceivable means of realising these new structures and
given insight into possibly fruitful synergistic properties. As
discussed, of particular interest are the photochemical and

This journal is © The Royal Society of Chemistry 2024
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catalytic properties of these materials, considering an increas-
ing trend to move towards sustainability and away from fossil
fuels. Harnessing the potential of renewable energies, such as
solar power, will be a vital and necessary step in this endea-
vour, and materials with appropriate band gaps and tunability
for this purpose will become ever more sought after. Indeed,
beyond solar power, applications of MOCs in catalysis,
environmental remediation, proteomics and biotechnology are
also very intriguing, while some unique properties they
display, such as metalloaromaticity, could potentially pave the
way towards the discovery of new functionalities. Further
research into the speciation, solution dynamics, mechanistic
aspects and reactivity of this unique class of compounds
should enable the discovery and subsequent design of new
materials with exciting properties.
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