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One oxyfluorotitanophosphate cluster compound, K16[Ti10P4O16F44]
(1), has been synthesized and structurally characterized. As far
as we know, it is the first cluster compound for titanophosphate.

Despite having been known for almost 200 years,1 cluster
compounds still attract considerable interest because of their
molecular and electronic structural diversity and their
significance in catalysis, medicine, and materials science.2

In particular, the recent enormous expansion of work on
metal-organic frameworks3 and molecular sieves4 has driven
up the level of interest in clusters because they can be
considered as the secondary building unit in those com-
pounds.

Since the pioneering work on microporous aluminophos-
phate materials reported in 1982,5 metal phosphates have
been developed as important molecular sieves.6,7 Among
them, open-framework titanium phosphates (TiPOs) are very
valuable because of their anticipated potential in catalysis.
Substantial difficulties are encountered in their synthesis8

despite the existence of many one-dimensional, two-
dimensional, and even closely packed three-dimensional
TiPOs.9 It seems highly interesting and potentially very
useful to find a way to prepare new open-framework TiPOs.
During such efforts, a series of one-dimensional fluoroti-
tanophosphates, (NH4)xK4-x[Ti2PO4F9] (x ) 0, 0.70, 1.00,
and 1.25), have been synthesized by us.10 Here we report
the synthesis and structural characterization of a new
oxyfluorophosphate cluster compound, K16[Ti10P4O16F44] (1),
which is, to our knowledge, the first example of a TiPO
cluster compound, which may be potentially useful in the
synthesis of new open-framework TiPOs.

Colorless octahedral crystals of 1 were obtained under
hydrothermal conditions in Teflon-lined stainless steel au-
toclaves, starting from acidic suspensions of K2TiF6 and
phosphoric acid in a molar ratio of 2.0:1.0:7.0 (K/Ti/P). As
a typical example, a mixture of 3.00 g (12.5 mmol) of K2TiF6

(C.R.) and 6.0 mL (87.6 mmol) of H3PO4 (85%, A.R.),
together with 3.0 mL of N2H4·H2O (85%, A.R.), was loaded
into a 50-mL Teflon-lined stainless steel autoclave. The
autoclave was sealed, heated to 200 °C under autogenous
pressure for 5 days, and then cooled to room temperature at
a rate of 5 °C/h. About 1.70 g of product (yield 60% based
on K2TiF6), appearing as octahedral single crystals, was
isolated by washing the product with hot distilled water and
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dried at ambient temperature. 1 is stable and insoluble in
water and in most organic solvents.

Single-crystal X-ray analysis revealed that 1 crystallizes
in the monoclinic space group P21/n,11 with 8 K, 5 Ti, 2
P, 8 O, and 22 F atoms in the asymmetric unit, which
comprises half of the large oxyfluorotitanophosphate
cluster [Ti10P4O16F44]16-, with the other half being related
through a center of symmetry, as shown in Figure 1. The
[Ti10P4O16F44]16- cluster consists of four PO4 tetrahedra,
two TiO3F3 octahedra, two TiO2F4 octahedra, and six
TiOF5 octahedra. The range of bond lengths is 1.518–1.543
Å for P–O, 1.917–1.982 Å for Ti-O, and 1.800–1.878 Å
for Ti-F, in good correspondence with the reported values
for similar compounds such as Na5TiP2O9F, K3Ti3P5O20,
and TiF4.12 In the solid-state 31P NMR spectrum (Figure
2), two separate resonances of similar intensity were
observed in the upfield region at δ ) -21.8 and -26.0
ppm, suggesting the presence of two magnetically non-
equivalent P atoms in the asymmetric unit,13 which
corresponds to the two crystallographically distinct P

atoms in the asymmetric unit of 1. Two PO4 tetrahedra
and two TiO3F3 octahedra are connected by vertex sharing
to form a single four ring (S4R), as shown in Figure 1.
This S4R further connects to two groups of vertex-sharing
PO4 tetrahedra and a TiO2F4 octahedron with common O
atoms at both sides. Such a linkage has been observed in
the three-dimensional compound NaZnPO4·H2O, the layer
compound [Zn2(HPO3)2(C14H14N4)]·0.4H2O, and Zn2-xCox-
(HPO4)3·C3N2H12.14

Compound 1 is constructed from discrete [Ti10P4O16F44]16-

clusters with the K+ counterions disposed around the clusters
as shown in the view onto the ac and bc planes (Figure 3).
Thermogravimetricanalysis-differentialscanningcalorimetry-mass
spectrometry (TGA-DSC-MS) measurements and X-ray
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Figure 1. Cluster anion presented in 1 (top) and the corresponding
topological linkage (bottom). The P, Ti, O, and F atoms are shown as orange,
blue, red, and green spheres, respectively. Symmetry code: (i) 1 - x, -y,
1 - z.

Figure 2. Solid-state 31P NMR spectrum of 1.

Figure 3. Projections of the structure of 1 along the a axis (top) and along
the b axis (bottom): TiOxF6-x, green octahedra; PO4, yellow tetrahedra; K,
small red sphere.
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diffraction studies have demonstrated that compound 1 is
stable up to 400 °C under an argon atmosphere (see the
Supporting Information).

As far as we know, K16[Ti10P4O16F44] is the first TiPO
cluster compound, although there were many reports describ-
ing aluminum and zinc phosphate clusters.15,16 The appear-
ance of such a compound may benefit from the use of K2TiF6

as the source of titanium in hydrothermal synthesis. Com-
paratively, several fluorotitanophosphates have been reported
in the literature; their structure varied from three dimensions
to two dimensions without the use of K2TiF6 as the source
of titanium. For example, the compounds Ti2F(PO4)2·2H2O17

and Na3[Ti2P2O10F]9a were three-dimensional where the F
atoms were bridging bonded (Ti-F-Ti) and were synthe-
sized using TiCl3 and Ti(SO4)2, respectively. The layered

fluorotitanophosphates, such as Ti2(PO4)2F4·N2C3H12·H2O18a

and [Ti3O2F2(PO4)4]·(NH3(CH2)2NH3)3·(H2O)2
18b with all the

F atoms terminally bonding, were synthesized using hydrous
TiO2 and TiO2, respectively. One-dimensional TiPO com-
pounds were rare. The first example was
[Ti3P6O27]·5[NH3CH2CH2NH3]·2H3O.19 Recently, the second
example, a series of one-dimensional fluorotitanophosphates
(NH4)xK4-x[Ti2PO4F9] (x ) 0, 0.70, 1.00, and 1.25),10 was
reported by our group; these were synthesized using K2TiF6.
It is expected that more similar compounds will appear when
more hydrothermal syntheses are performed with K2TiF6 as
the source of titanium.
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