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More versatility than thought: large {Zr26}
oxocarboxylate cluster by corner-sharing of
standard octahedral subunits†

Bahareh Nateghi, a Ishtvan Boldog, *a

Konstiantyn V. Domasevitch b and Christoph Janiak *a

The largest known zirconium cluster with an idealized formula of

[Zr26O18ĲOH)30ĲHCOO)38] was obtained via solvolysis of ZrOCl2 in

DMF/HCOOH. The observed
5
{Zr6} structural organization

suggests generalization, with an outlook for even larger clusters

promising in the context of organo–inorganic composites and

porous materials including MOFs.

MĲIV)-oxo/(hydroxo,alcoxo)-carboxylates, MaObĲOH/OR)cĲRCOO)d
(M = Ti, Zr, Hf), together with other rarer anion analogues, e.g.
phosphonates,1 are a relatively small class of compounds,2

further referred to as MĲIV)-oxoclusters, which have recently
attracted a surge of interest as building blocks for materials
chemistry. These compounds typically form under controlled
hydrolysis of MĲOR)4 species and hence they are traditionally
associated with sol–gel chemistry. The organic moiety bearing
an alkene functionality could be cross-linked during polymeri-
zation, yielding polymers with altered mechanical properties
and increased chemical stability.2,3 However, the strongest de-
velopmental impetus came recently from the area of promising
Zr metal–organic frameworks (MOFs/PCPs)4 with especial im-
portance of the octahedral {Zr6} cluster as a secondary building-
unit (SBU).

The field of MĲIV)-oxoclusters neighbors the field of the
classical polyoxometalates (POMs; XxMaOb

− (m > x, x ≥ 0),
M(V, VI) = V, Mo, W, Nb, Ta; X – another element or anion),5 as
well as M(II, III)aOb(OH/OR)c(OOCR)d compounds of primarily
3d metals including some single molecular magnets, like the
paradigmatic [Mn12O12ĲOAc)16ĲH2O)4]·2AcOH·4H2O,

6 antiferro-

magnetic ‘ferric wheels’ like [FeĲIII)ĲOCH3)2ĲO2CCH2Cl)]10,
7

and important MOF-SBUs such as M3OXĲRCOO)6 (MĲIII) = Fe,
Cr, V, Al, In; X = OH, F) and Zn4OĲRCOO)6 (for similar MOF-
SBUs see also ref. 8). It is also worth mentioning the loose
structural analogies with halogenido-bridged clusters like
[M6Hal12]

n+ of low valent (∼2) Zr (ref. 9 and 10) as well as the
principal closeness to polymeric metal-oxide compounds, pri-
marily zeolites and analogies with POM chemistry, where
polymeric objects like POMzites are also targeted.11 These
neighboring areas attracted surges of interest fueled by their
magnetic and/or catalytic properties as well as porosity in the
case of polymeric species.

The area of classical POMs is the oldest field and closest
to MĲIV)-oxoclusters. The larger oxygen/metal ratio allows
POMs without dedicated counter-cations, while in the latter
case capping ligands are mandatory to prevent further aggre-
gation. POMs are often highly complex and the majority of
large structures in inorganic structure databases are repre-
sented by them. While the complexity reaches maximum in
the case of Mo with the famous gigantic {Mo368} cluster (no-
tably, Mo-POMs obtained under non-reductive conditions are
much smaller, ≤57 Mo atoms12), POMs consisting of more
than 20 metal atoms are considered large and relatively rare
for other metals.13

The known Zr-oxoclusters are typically small in size, even
compared to the largest fullerene-like {Ti42}

14 and elongated
{Ti52} ∼

P
{Ti6},

15 both reported recently. The main types are:
the triangular {Zr3} ∼ ({Zr6})1/2 cluster additionally supported
by cyclopentadienyl ligands,16 the parallelogram-shaped
{Zr4},

17 the incomplete-octahedral {Zr5} ∼ {Zr(6−1)},
18 the ar-

chetypal ‘standard’ octahedral {Zr6} (Fig. 1) and the alterna-
tive non-octahedral {Zr6},

19 the cubic {Zr8} known only as a
part of an ftw MOF framework,20 the {Zr9} ∼ {Zr(6–1+4)}

21 and
{Zr10} ∼ {Zr(6+4)}

21 clusters both related to the archetypal octa-
hedral cluster, the pseudo-{Zr12} ∼ {Zr6}ĲCOO)4{Zr6}, the un-
stable expanded cubic {Zr13}

22 and the largest {Zr18} cluster
also, even if not straightforwardly, interpretable as an expan-
sion of the {Zr6} cluster.23 The standard {Zr6} with the
invariable {Zr6Ĳμ3-O/OH)8} core has the highest importance,
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and the other clusters could be often viewed as its deriva-
tives, which are either incomplete forms or expansions. The
octahedral {Zr6} (Fig. 1) is more dense compared to the well-
known Lindqvist POM, [M6O19]

n− (M = NbĲV), TaĲV), MoĲVI),
WĲVI)), as the former possesses no central oxygen atom and
features μ3- instead of μ2-(O/OH) ligands as well as demands
stabilizing edge-capping carboxylates, residing at the vertices
of a cuboctahedron. The carboxylate-complete {Zr6} cluster is
primarily the SBU in very numerous UiO-66 type compounds,
while carboxylate-incomplete versions sustain the absolute
majority of other known Zr-MOFs. The high predictability of
the {Zr6} cluster formation in DMF-based solvent mixtures,
also tolerating significant amounts of water,24 plays an impor-
tant role in the rational design of MOFs. Systematic exceptions
are rare: the MOF-140 type isoreticular series25 with 1D chain
SBUs is the single most important among them. Facile ligand
exchange on the surface of the clusters26 allows deep post-
synthetic modifications and functionalization of Zr-MOFs,27

while the presence of coordinatively unsaturated Lewis acidic
sites and the possibility to generate defects via elimination of
the carboxylato ligands are interesting for catalysis.

Clusters other than {Zr6} are usually obtained by con-
trolled hydrolysis in non-aqueous, primarily alcoholic, me-
dium. This method is also used for the preparation of
{Zr18},

23 [Zr18O21ĲOH)2ĲRCOO)28], the largest known true mo-
lecular Zr-oxocluster to the best of our knowledge (the non-
individual {Zr24} cluster, stabilized by capping lacunary POM
germanovanadates, is also worth mentioning as the largest
structurally characterized finite Zr-oxocluster28). However, it
is conceivable, even if not straightforwardly, that the arche-
typal {Zr6} cluster might itself be a building block for larger
aggregates by vertex, edge or face sharing, to some extent
similar to the role of {Mo8} in giant polyoxomolybdates.13 In
this contribution we report the synthesis and structural char-
acterization of the largest known individual Zr-cluster, {Zr26},
built precisely on this principle.

Attempted synthesis of a {Zr6} cluster-based PCP using
((adamantane-1,3-diyl)-diphen-4-yl)dicarboxylic acid (Scheme
S1†) in N,N-dimethylformamide at 130 °C did not yield well

crystallized products, seemingly because the angular ligand
was not compatible with the suitable periodic structure based
on the {Zr6}-cluster. Optimization studies were performed fo-
cusing primarily on the nature and concentration of the mod-
ulator. The use of a high concentration of formic acid led to
the formation of very small needle-like single crystals of 1,‡
and the product turned out to incorporate no significant
amounts of the adamantane ligand, which was confirmed by
1H NMR (Fig. S10†) of a digested sample and the IR spectrum
(Fig. S9†). Repeated experiments showed that 1 could be pro-
duced also without the presence of the adamantane ligand.
Even if the size of the single-crystals was slightly smaller, the
phase purity according to powder XRD (Fig. S6†) was gener-
ally satisfactory. Scaling-up was successful on ∼1 g quantity
(see also the ESI†).

According to the single crystal X-ray diffraction studies
(SCXRD) of 1,§ the product consists of molecular {Zr26} clus-
ters (Fig. 2a), one per unit cell situated on the inversion

Fig. 2 The structure of 1; the guest molecules and hydrogen atoms
are not shown for clarity. (a) Classic polyhedral representation at the
level of the {ZrO8} units with a near square-antiprismatic shape and (b)
representation at the level of the {Zr6} subunits, shown as octahedra.

Fig. 1 The prototypal {Zr6Ĳμ3-O)4Ĳμ3-OH)4ĲRCOO)12} cluster. The μ3-
O/OH ligands share the same sites.
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center of the P1̄ space group (Fig. 2b). The idealized molecu-
lar formula of the cluster, with an assumed complete carbox-
ylate environment, is [Zr26O18ĲOH)30ĲHCOO)38]·5ĲHCOOH)
·kH2O, 1-id (k = 2–10, id stands for idealized). The experimen-
tal crystal structure evidences that some of the bridging car-
boxylate ligands are defected by site sharing with water mole-
cules and the actual formula of the compound is
[Zr26O21ĲOH)27ĲHCOO)35ĲH2O)5]·5HCOOH·kH2O, 1 (the descrip-
tion of those imperfections is given below; see also the ESI†).

The asymmetric unit, which effectively constitutes half of
the molecule, could be viewed as composed of three parts, as-
sociated with the formal {Zr6}-subunits (Fig. 3). The crystallo-
graphically independent ‘corner’ sub-units are the {[Zr6Ĳμ3-
O)4Ĳμ3-OH)4Ĳμ-HCOO)7−δ(H2O)2δ} (Fig. 3.1) and {Zr6Ĳμ3-O)4Ĳμ3-
OH)4Ĳμ-HCOO)6ĲHCOO)2−δ′(H2O)n+δ′)]} (Fig. 3.2) fragments (the
delta values, δ = 0.6 + 0.4 and δ′ = 0.5, are associated with
structural disorder, as explained below). Together with the
inversion symmetry equivalents, four {Zr6} ‘corner’ sub-
units form a ring, the outer rim of which is reinforced by
two sets of inter-subunit 4 × μ-(OH−) and 2 × μ-(HCOO−)
bridges. The inner four zirconium atoms are ‘capped’ by
two symmetry related {ZrĲO)1+δ″/(OH)3−δ″(μ-HCOO)2} (δ″ = δ +
δ′ = 1.5) fragments formally completing a fifth central {Zr6}
sub-unit, whose four equatorial vertices are shared with the
‘corner’ sub-units. Hence the structure could be interpreted

as a {4 × {Zr6} + 2Zr} ∼ {Zr4×6+2} cluster or as a
5
{Zr6} ver-

tex shared union.¶ Doubling the sum of the symmetry-
independent fragments yields the molecular formula, in
which the ligands are distinguished also by the coordina-
tion mode, [Zr26Ĳμ3-O)18+m+nĲμ3-OH)22−m−nĲμ-OH)8Ĳμ-HCOO-
κ2O:O′)26−mĲHCOO-κ2O:O′)4ĲHCOO-κO)8−nĲH2O)2m+n]·5HCOOH
·kH2O, where m = 2 and n = 1 are the total number of
‘defected’ bridging and terminal carboxylates, respectively
(i.e. m = 2δ and n = 2δ′), site-sharing with aqua ligands, as
established by SCXRD. The simplified systematic name of

the idealized, carboxylate-complete composition of 1 is,
accordingly, octadecaĲμ3-oxo)doicosaĲμ3-hydroxo)octaĲμ-
hydroxo)hexaicosaĲμ-formato-κ2O:O′)tetraĲμ-formato-κ2O:O′)-
octaĲformato-κO)hexaicosazirconium, solvated with formic
acid and water.

The μ3-(O
2−) and μ3-(OH

−) ligands are precisely identifiable
only for the corner {Zr6}-subunits, dĲZr–O) < 2.12 Å and
> 2.20 Å respectively, while for the central subunit they are
evidently site-sharing, with average dĲZr–O) ∼2.15 Å (Fig. 3;
see also the ESI,† chapt. 2 for the detailed discussion). The
actual 5 : 3 ratio is defined by electroneutrality and hence, the
number of possible ‘defected’ sites, associated with the loss
of formates, might be variable and potentially dependent on
the method of crystallization. The electroneutrality could be
reinstated by deprotonation of the hydroxo-ligands, which oc-
curs in the central subunit (it is worth noting that the fine
structural observations, discussed further in the ESI,† suggest
a tendency to maintain the ratio of μ3-(O

2−) and μ3-(OH
−)

close to unity in average also in the central subunit, which
would be reached at δ″ = 1 or m + n = 2). Whether the ob-
served structural ‘disorder’ is correlated, i.e. some of the for-
mates are missing in each and every molecule, or it is rather
statistic and additionally dependent on the conditions of
preparation is an open question. This makes the descriptive
approach based on the idealized formate-complete version
the most purposeful (the attempted ESI and TOF MALDI MS
studies of 1 were expectedly not successful due to the insta-
bility of such heavy clusters under the measurement
conditions).

The molecular packing of 1 is remarkably loose, with
31.7% solvent accessible residual space, or 1180 Å3 per for-
mula unit.29 The vdW dimensions of the channels are ∼8 ×
3+ Å for the structure with excluded guest molecules (Fig.
S5b;† the calculated30 ‘maximal free sphere’ diameter, which
could pass freely, is 3.8 Å). The SCXRD data establish five
formic acid molecules in the areas of the structure, where the

Fig. 3 The corner-sharing {Zr6} subunits of the Zr26-cluster, 1. The numbers correspond to the parts shown in Fig. 2b. The Zr−μ3-O/OH bonds are
given in blue and the broken-off ‘dangling’ bonds in green (note that redundant duplicates are shown for clarity, as the inter-subunit OH and
HCOO bridges and the corner-sharing Zr atoms together with their immediate environment in subunit 3). The O2− sites are outlined by dashed cir-
cles or their fragments, 0.75 or 0.5, indicating their share in mixed O2−/OH− sites. The site-sharing ligands are depicted semi-transparent, with
dashed bonding. Hydrogen atoms are not shown for clarity.
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clusters are near each other and the guest molecules partici-
pate in multiple H-bonded contacts (Fig. S5a†), and no mo-
lecular fragments, which could be associated with DMF, are
found (the absence of the latter is confirmed by 1H NMR of a
digested sample). The 20.9% solvent accessible space and the
analysis of the residual electronic density in the pores sug-
gest the presence of k = ∼10 additional guest water
molecules.

The crystallosolvate of 1 quickly loses solvent in air and
the precise solvent amount depends on the preparation of
the sample. The elemental analysis on a fresh, only moder-
ately dried sample is consistent with a content of 5 formic
acid molecules, k = ∼10 water and 7 DMF molecules per for-
mula unit, with the latter evidently being surface adsorbed
solvent molecules (which is also confirmed by the IR spec-
trum of a dried sample, Fig. S9†). The thermogravimetric
analysis on a sample, dried until permanent weight, could be
interpreted as consistent with k = ∼2 (see Fig. S7 and 8 and
the related discussion in the ESI†).

The powder XRD pattern demonstrated good coincidence
of peak positions in the experimental and simulated patterns
(Fig. S6†), provided that the measurement was performed on
a freshly synthesized sample soaked with the mother liquor.
Even short drying causes noticeable changes in the PXRD,
however without complete loss of crystallinity.

The potential intrinsic porosity31 of the {Zr26} cluster-
based solids is a question, which evidently posed itself upon
examination of the structure. Supercritical CO2 drying with
subsequent degassing at 190 °C, which was established as
close to optimal (see the ESI†), yielded a solid with SBET =
∼146 m2 g−1. The adsorption isotherm (Fig. S11†) features an
H2-type hysteresis, which is characteristic of mesoporous
solids with ‘ink-bottle’ pores. The activated material adsorbs
0.55 mmol g−1 CO2 at 273 K and 0.25% wt H2 at 1 bar and 77
K, which are close to the expected values for the given surface
area (see the ESI†). The observed surface area is reasonably
high for a material with intrinsic, i.e. non-framework, poros-
ity as a significant part of the micropore openings should not
be permeable to nitrogen after imminent structure collapse
during activation of a molecular solid. The observation of
measurable surface area suggests enhancements for derived
materials, where the {Zr26} molecules/moieties are kept fur-
ther apart, preferably by the use of coordination bonded
linkers.

Conclusions

In conclusion, the observation of 1, arguably the largest Zr26
zirconium carboxylate cluster known to date, suggests the ex-
istence of even larger clusters, possibly similar aggregates of
the ‘standard’ {Zr6} octahedral cluster. The new ‘superclu-
sters’ might serve as secondary building units in porous coor-
dination polymers, introduced via established methods of li-
gand exchange under mild conditions. The fact that such
structures are not yet reported might be explained by their
low solubility and hence inaccessibility of single crystals (the

success of this report also crucially relied on the use of the
most modern state-of-the-art diffractometer). Despite the
large clusters, which could be quite labile, being tough ob-
jects for investigation, they are definitely interesting targets.
The putative poly-{Zr6} compounds together with the derived
supramolecular structures and organo–inorganic composites
have potential to demonstrate permanent porosity either in
the as-synthesized or in the partially condensed form as a re-
sult of thermal treatment. This includes the possibility of
thorough calcination yielding porous zirconium oxides,
which are valued as catalyst supports.
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