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The first organically templated tin(1iv) phosphate has been
isolated and its structure solved from powder X-ray diffrac-
tion data; it exhibits a one-dimensional inorganic network
built up from chains of trimers of tin(1v) octahedra on which
phosphate tetrahedral groups are grafted interacting with
water molecules and organic moieties.

Metallophosphates have attracted a lot of interest in the past
decade and a large number of three-dimensional solids
containing metals such as Zn, Ni, Co, Al, Ga, Fe, Zr, V... have
been characterized to datel! Among them, tetravalent phos-
phates such as the titanium phosphates «TiP,2 yTiP3 or KTP,4
are very attractive materials for their applications in ion
conductivity, ion exchange and non-linear optics. Anincreasing
number of open framework solids have been isolated recently
using zirconium or titanium(iv) cations.>-16 Concerning tin(iv)
phosphates, results are still very scarce and only the lamellar
apha-SnP and its partially ammonium exchanged form have
been characterised to date.1” A large number of open framework
tin(i1) phosphate have however been reported in the last few
years by the groups of Cheetham and Rao.18-25 However, the
tin(i1) and tin(iv) chemistries in water are very different with a
threefold coordination in the case of tin(in) and an octahedral
environment for tin(iv) centres.

We reported recently some hexagonal and cubic mesoporous
tin(v) phosphates using a fluoride route and alkylammonium
surfactants.26 Herein we describe the synthesis and structure
from powder data of the first organically templated tin(iv)
phosphate obtained under hydrothermal conditions.

MIL-76 was isolated as a pure (MIL for Material of Institut
Lavoisier), polycrystalline powder from a reaction mixture of
composition 1.0 SnCl4xH,0 :1.0 H3PO, :1.0 HF :3.0 en : 280
H,O (en = ethylenediamine) that was held at 180°C in a
Teflon-lined autoclave for 5 days. The pH remains basic (> 10)
throughout the synthesis. The light white solid product was
recovered by filtration, washed with deionized water, and dried
at room temperature. A laboratory powder X-ray diffraction
pattern showed that a novel crystalline phase had been
produced. It was not possible to obtain crystals of suitable size
whatever the synthesis conditions. Without any HF in the
starting solution, only poorly crystallised resulting materials are
isolated. Elemental analysis indicated P/Sn, C/Sn, N/Sn and H/
Cratios of 1.35(5), 1.71(4), 1.70(4) and 5.9(1) which isin good
agreement with the formula based on the structure determina-
tion (calc: 1.33, 1.67, 1.67 and 5). Only residua traces of
fluorine have been detected (<200 ppm). Therma anaysis
(TGA2050 TA apparatus, O, flow, heating rate 5 K min—1) has
shown three weight losses between 298 and 873 K. Thetwo first
(~3.1and 2.3%, respectively) at 373 K and 423 K are attributed
to the departure of the free and bound water molecules,
respectively. Thethird weight loss (~ 18.4%) at 573 K isrelated
to the departure of the organic template. These losses are in
agreement with the theoretical values (calc. : 3.6, 1.8 and

T Electronic supplementary information (ESI) available: tables of X-ray
crystallographic dataand TGA of MIL-76 under air atmosphere. See http://
www.rsc.org/suppdata/cc/b3/b304900k/
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15.3%). The residua solid has been identified as a mixture of
poorly crystallised tin(iv) oxide and a dense tin(1v) phosphate.
The pattern of MIL-76 was indexed with the Dicvolgv
program?2 and a monaoclinic solution with adequate figures of
merit was found.F

The pattern matching was performed with Fullprof2k using
the Winplotr software package.4 Structure determination was
realised using the EXPO package.’> The structure of MIL-76
was then refined using also Fullprof2k. Seventeen experimental
point values were introduced during the refinement to adjust the
background. The peak profile was determined using a Pseudo-
Voigt function and two asymmetry parameters. Soft distances
constraints, two thermal parameters, one for tin atoms and one
for lighter atoms (P, O, N, C) and a preferred orientation vector
were used. Satisfactory reliability factors were obtained for this
complex structure (38 independent atoms) despite the use of
laboratory data: Rgragg = 6.7% and Rp = 8.2%. Bond valence
calculation givesfor tin values above 4 (4.2—4.6) confirming the
tetravalent state of the tin centres. The structure determination
was consistent with analytical results leading to a Sns'V-
Oz(Hzo)(H PO4)4'{ H2N—CzH4—NH2} 2_5'{ Hzo} 2 formula for
MIL-76. The fina Rietveld plot is shown in Fig. 1. Details of
the structure determination are reported in the ESI. T

MIL-76 exhibits a one-dimensional structure. It is built up
from tin(iv) octahedra and phosphate tetrahedral groups (Fig.
2). The tin octahedra share pz 0x0 groups to produce trimers of
octahedra and finally chains of tin octahedra along the ¢ axis
(Fig. 3). The remaining oxygen atoms of the tin octahedra are
shared with the phosphorus atoms. Organic moieties and free
water molecules are located between the chains and interact
with terminal P-OH and Sn—H,0 groups (Fig. 2). Interatomic
distances are in agreement with those usually observed for
tetravalent phosphates (M = Ti, Zr, Sn): Sn—O distances are
between 1.90 and 2.14 A. Unlike in the case of distorted
titanium oxo chains observed previously, Sn—(uzO) distances
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Fig. 1 Fina Rietveld refinement plot for Sns'VOx(H20)(HPO,4)4{ HoN—
CoHs4—NH2}25{H20} > (MIL-76) in the space group P2;/c. Observed,
calculated and difference profiles are plotted on the same scale. Bragg peaks
are indicated by tick marks.
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are similar to other Sn—O distances, within 1.92 and 2.14 A. P—
O, N-C and C-C distances are typical, (1.4-1.58 A and
1.49-1.54 A, respectively).

The ligands around the three octahedrally coordinated tin
atoms are different. Sn(1) has three oxygens bridging tin and
phosphorus atoms, two uzO atoms, relating tin centres, and one
terminal water molecule (O(19)). Sn(2) and Sn(3) atoms exhibit
similar environments with respectively four and two u,O and
uz0 atoms. Three phosphorus atoms ((P(1), P(3), P(4)) exhibit
three bridging oxygens and one terminal group while the last
phosphorus atom (P(2)) exhibitstwo u,0 and two terminal P-O
groups. Due to powder data, the accurate nature of the terminal
P-O groups (O(6), O(8), O(10), O(11) and O(12)) cannot be
determined using only interatomic distances. However, con-
sidering the basicity of the synthesis medium and the relative
pKa of HaPO,4 and ethylenediamine species (2.1/7.2/12.7 for
H3PO,4 and 7.3 and 9.8 for en), amino groups would be better
described as non protonated and P-O groups as P-OH entities.
An exception concerns the two terminal P-O groups of P(2)
where neutrality of MIL-76 imposes the presence of one PO,
and one HPO,4 group. This latter case has been observed
previously on a gallofluorophosphate.2”

Thestructure of MIL-76 isorigina for several reasons. First,
its inorganic chains exhibit a topology never encountered
before, whereas chains are usually built up either from trans-
linked corner sharing octahedra related to the mineral Tancoite
typez8 (M = Ti) or from corner sharing M Og octahedraand PO,
tetrahedra. These chains can also be described as areminiscence
of the mineral Leucophosphite type.2° However, the tetramers
present in the structure of Leucophosphite are isolated from
each other which is not the case for MIL-76 where two
consecutive trimers of octahedra can be decomposed into one

Fig. 2 Polyhedral representation of the structure of ML -76 along the c axis.
Tin, phosphorus, oxygen, carbon and nitrogen atoms are represented in
cyan, purple, white, black and dark grey, respectively.

Fig. 3 Polyhedral representation of an inorganic chain of MIL-76. Tin, and
phosphorus atoms are represented in cyan and purple, respectively.

Leucophosphite tetramer and one dimer of edge-sharing
octahedra. Secondly, under similar synthesis conditions, iso-
structural aluminium, iron, vanadium and titanium phosphates
with the ULM-11 type were previously obtained;3031 the
organic molecule was found to be directly bounded to the metal
centres. Thisis not the case for M1 L -76 where organic moieties
are neutral. Thiswould allow the synthesis of other organically
tin(v) phosphate under basic conditions where template
extraction could be performed without any charge compensa-
tion.

Finally, we report a tin(iv) phosphate incorporating organic
template with an original inorganic complex chain of octahedra.
This opens the way to the synthesis of new open-framework
materials based on tin(iv) centres with potentia applications.

Notes and references

T Powder X-ray diffraction data were collected from MIL-76 at room
temperature on a Siemens D5000 diffractometer using CuK « radiation (A =
1.5418 A). Crystal datafor MIL-76 : monoclinic space group P2,/c with a
= 11.152(1) A, b = 22.193(1)A, ¢ = 9.532(2) A, p = 95.57(1)°. CCDC
209927.
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