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Two new oxovanadium borophosphates have been hydro-
thermally synthesized; they are structural analogues and are
both constructed by [(VO)12{O3POB(O)2OPO3}6]182

12-member ring clusters with NH4
+ and K+ cations encapsu-

lated in the rings, respectively; an extended network of
hydrogen bonds between anions, cations and crystal water
molecules link the structures in three dimensions.

Template synthesis of novel compounds utilizing intrinsic host–
guest relationships has opened up a new field for chemists to
create microporous, host or cluster structures and has resulted in
numerous novel metal phosphates with open frameworks.1–5

The current interest in vanadium phosphates derives from their
notable catalytic properties and structural diversity. Vanadium
can bind to oxygen in a variety of valences to form tetrahedra,
square pyramids, octahedra or large aggregates by condensation
of polyhedra through shared oxygen atoms. Template controlled
linking of these units has led to a large number of oxovanadium
phosphates with open framework structures.6 Notably the
successful synthesis of [NH2Me2]K4[V10O10(H2O)2(OH)4-
(PO4)]·4H2O demonstrates that inorganic species can also
mimic biologically relevant structures.7 The three-dimensional
frameworks [HN(CH2CH2)3NH]K1.35[V5O9(PO4)2]·xH2O and
Cs3[V5O9(PO4)2]·xH2O provide the largest cavities of open-
framework structures known up to now.8

While metal phosphates have been expansively exploited,
few reports on the synthesis of metal borophosphates have
appeared. The introduction of boron into the framework has
been proved to generate novel motifs and unique structures and
several microporous aluminoborates have been prepared.9
Recently the synthesis and structures of several new vanadium
borate clusters were reported10 stimulating chemists to incorpo-
rate boron into further inorganic systems. CoB2P3O12-
(OH)·C2H10N2 was reported as the first microporous metal
phosphate.11 The synthetic MIMII(H2O)2(BP2O8) (MI = Na, K;
MII = Mg, Fe, Co, Ni, Zn),12 MII[BPO5] (MII = Ca, Sr),
Ba[BP3O12],13 Zn[BO3PO4],14 CoBP3O14,15 Ln7O6(BO3)-
(PO4)2 (Ln = La, Nd, Gd, Dy)16 and two mineral phases
Mg3B2P2O8,17 MnBPO4(OH)6

18 are also examples of bor-
ophosphates. Recently Zubieta et al. reported the synthesis and
structures of VOBOPO-1, a three-dimensional oxovanadium
borophosphate [H3NCH2CH2NH3]2(VO)5(H2O){O3PO-
B(O)2OPO3}2]·1.5H2O19 and VOBOPO-2, the first oxometa-
late borophosphate molecular cluster, (H3NCH2CH2NH3)2[Na-
(VO)10{HO3POB(O)2OPO3H}5]·22.5H2O.20 More recently, a
borophosphate anion [N2C6H14]2VO(PO3OH)4(B3O3OH)·H2O
containing a single vanadium atom was reported.21 Never-
theless metal borophosphates are still relatively undeveloped.
Herein we report the synthesis and structures of two 12-member
ring oxovanadium borophosphates, denoted VBP-J1 and VBP-
J2 (J = Jilin University), templated by triethylenetetraamine.

Compounds VBP-J1 and VBP-J2 were hydrothermally
synthesized using H3BO3 (99.5%), H3PO4 (85 wt%), NH4VO3
(99%), V2O5 (99%), KCl (99.5%) and triethylenetetraamine
( > 95%) as the starting materials. Typical synthesis of VBP-J1
was performed as follows: 1.0 g H3BO3, 3.4 g H3PO4 and 1.9 g

NH4VO3 were first dispersed into 20 ml water under vigorous
stirring. Then 1.6 g of triethylenetetraamine were added. The
final mixture was sealed in a 40 ml Teflon-lined stainless steel
autoclave and heated at 180 °C for two days under autogenous
pressure. In the synthesis of VBP-J2, NH4VO3 was replaced by
0.75 g V2O5 and 2 g KCl. The blue rhombic crystals obtained in
both cases were filtered off, washed with water and dried at
room temperature. The products were characterized by powder
X-ray diffraction, IR, TG, chemical analysis (elemental ratio
2V+2P+B) and single crystal determinations. Single crystals of
VBP-JI (0.15 3 0.10 3 0.05 mm) and VBP-J2 (0.18 3 0.15 3
0.06 mm) were selected for structure analysis.‡

VBP-J1 and VBP-J2 are both constructed by 12-member ring
[(VO)12{O3POB(O)2OPO3}6]182 clusters which are charge
compensated by protonated triethylenetetraamine. An extended
network of hydrogen bonds between anions, cations and crystal
water molecules link the structures in three dimensions.

The asymmetric unit of VBP-J1 and VBP-J2 both contain six
vanadium atoms, six phosphorus atoms and three boron atoms
(Fig. 1). The vanadium atoms are all coordinated by five oxygen
atoms to form square pyramids with one short vanadyl (VNO)
bond [1.593(5)–1.615(5) Å]. The neighboring two vanadium
atoms form an edge-sharing binuclear unit, which shows an
anti-configuration of the vanadyl groups with respect to the
{V2O2} bridging group. Each binuclear unit is linked to four
PO4 groups by four oxygen atoms. Bond valence calculations
give a bond valence for vanadium atoms of 4.22

The six phosphorus atoms are each coordinated by four
oxygen atoms. The P–O distances range from 1.486(6) to
1.576(6) Å and the O–P–O angles lie between 106.4(3) and
113.0(3)°. In each PO4 tetrahedron, two oxygen atoms are
shared with the VO5 square pyramid and one oxygen atom is
shared with the BO4 tetrahedron. The remaining oxygen atom is
unshared and pendant. Each of the boron atoms is coordinated
by four oxygen atoms with B–O distances in the range
1.430(9)–1.505(9) Å. The BO4 group shares two oxygen atoms
with the neighboring two PO4 tetrahedra and forms a dense
{O3POB(O)2OPO3}72 borophosphate unit. Similar {O3PO-
B(O)2OPO3}72 trimers have been found in VOBOPO-1,
VOBPO-2 and [N2C6H14]2VO(PO3OH)4(B3O3OH)·H2O.19–21

The {BO4} group contributes a m3-bridging oxygen to each of
two neighboring binuclear {V2O10} moieties. In this fashion
each {O3POB(O)2OPO3}72 exhibits three-point attachment to
each of two binuclear {V2O5} sites. The linking of six {V2O10}
moieties and six borophosphate ligands produces the 12-mem-
ber ring structure with NH4

+ or K+ cations encapsulated in the
rings (Fig. 2). In VBP-J1, the NH4

+ cation is linked to the six
endo oxygen atoms of the vanadyl by hydrogen bonds. In VBP-
J2, the K+ cation is six-coordinated by the six endo oxygen
atoms of the vanadyl groups.

The ring diameters are 5.856(O8A–O8B) 3 5.411(O35A–
O35B) 3 5.560(O22A–O22B) Å and 5.415(O24–O24A) 3
5.415(O10–O10A) 3 5.235(O36–O36A) Å for VBP-J1 and
VBP-J2, respectively. Differences may be accounted for by the
difference of the ion diameter between NH4

+ (1.66 Å) and K+

(1.44 Å).
In conclusion, two new oxovanadium borophosphates have

been hydrothermally synthesized. They are structural analogues
and have a similar motif to VOBOPO-1 and VOBOPO-2.19,20
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This successful synthesis leads to the possibility to synthesize
larger rings using larger cations than NH4

+ and K+. Furthermore
the various vanadium oxygen polyhedra with numerous linkage
forms of the vanadium oxygen polyhedra, boron oxygen
polyhedra and PO4 tetrahedra are expected to lead to a variety
of oxovanadium borophosphates.
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Notes and references
‡ Crystal data: VBP-J1: C24H120B6N17O86P12V12, M = 3071.15,
orthorhombic, Pbca, a = 21.454(11), b = 16.315(6), c = 29.651(12) Å, V
= 10378(8) Å3, Z = 4, Dc = 1.966 g cm23, T = 293(2) K, l = 0.7103 Å,
m = 1.343 mm21; final R1 = 0.0586, Rw = 0.1708.

VBP-J2: C28H128B6KN20O84P12V12, M = 3076.38, orthorhombic, Pbca,
a = 21.537(2), b = 16.2667(13), c = 29.717(4) Å, V = 10410.8(18) Å3,

Z = 4, Dc = 2.027 g cm23, T = 293(2) K, l = 0.7103 Å, m = 1.381 mm21;
final R1 = 0.0576, Rw = 0.1540.

CCDC 182/1429. See http://www.rsc.org/suppdata/cc/1999/2219/ for
crystallographic files in .cif format.
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Fig. 1 The asymmetric unit of VBP-J1.

Fig. 2 The 12-member ring clusters of (a) VBP-J1 with NH4
+ encapsulated

in the center and (b) VBP-J2 with K+ encapsulated in the center.
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