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The novel tubular framework of [(VIVO)3(µ4-PO4)2(2,2′-bpy)(µ-OH2)]‚
1/3H2O, which was synthesized from hydrothermal reaction,
possesses some attractive structural features: (i) OdVIVO4(OH2)
octahedra and PO4 tetrahedra linked together by corner-sharing
and face-sharing into a cylinder-shaped channel including 6 water
molecules per cell unit, and (ii) (VO)(2,2′-bpy) groups regularly
arranged around the tube, so that the 2,2-bpy ligands constitute
an organic shell around an aqueous polar channel.

The widespread contemporary interest in metal (particu-
larly transition metal) phosphates has been dominated by their
diverse compositions, various structural aesthetics, and
potentially useful catalytic, electrical, optical, and magnetic
properties.1 Recently, hydrothermal or solvothermal synthetic
methods using organic amines as templates have been
extensively devoted to the exploration of new open frame-
works with elements other than Al, Si, and P, resulting in
many new classes, such as gallophosphates2 and transition
metal phosphates, as reviewed by Prof. Fe´rey et al.1 In these
materials, the amines are usually introduced as compensating
charges and/or space filler;3 on the other hand, they may act
as a ligand directly coordinated to the metal centers within
the framework rather than as a countercation. As an example
of the latter, a microporous gallophosphate, [Ga2(DETA)-
(PO4)2]‚2H2O, has been reported,4 in which the diethylen-

etriamine (DETA) binds in a tridentate fashion to half of
the Ga centers within the framework. One may expect that
such open framework metal phosphates incorporating organic
ligands exhibit novel potential shape-selective and catalytic
activities. However, only a few examples are known.5-8 On
the basis of these findings, we attempted using 2,2′-bpy to
synthesize new metal phosphates and have produced a novel
oxovanadium phosphate tubule, [(VIVO)3(µ4-PO4)2(2,2′-bpy)-
(µ-OH2)]‚1/3H2O (1).

Complex 1 was originally synthesized from the hydro-
thermal reaction of V2O5, VOSO4, 2,2′-bpy, H3PO4, and H2O
in a molar ratio of 0.75:1.5:2.6:4.5:1000 at 195°C for 3 days
and isolated as sapphire-colored hexangular columns (∼40%
yield based on V) by hand from light green crystals, which
proved to be [(VIVO2)2(HPO4)(2,2′-bpy)2]‚H2O9 by X-ray
structural analysis. Monophasic crystals of1 in high yield
(90-95% based on V) were obtained in the presence of
excessive 2,2′-bpy, or by addition of a certain amount of
reducing reagent NH2OH‚HCl into the reaction system.10

However, when using VOSO4 as the single vanadium source,
various reactions with different stoichiometry, temperatures,
and reaction times only produced shallow blue amorphous
powder of1. The coloration of the crystals indicated that all
vanadium atoms in1 are tetravalent with valence sums of
3.894-4.034.11 The assignment of oxidation states for
vanadium atoms is consistent with their coordination geom-
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etries and the overall charge balance of the compound, and
it is confirmed by the ESR spectrum. The ESR spectrum at
room temperature exhibits a paramagnetic center withg )
1.9611, which is divided into two signals (g ) 1.9617 and
1.9636, respectively) at 77 K, attributed to the two different
coordination environments of vanadium atoms (Figure 1a).
The IR spectrum exhibits a strong bond at 897 cm-1 assigned
to ν(VdO) and a series of characteristic bands for both the
phosphate group (964-1146 cm-1) and 2,2′-bpy (1317-1614
cm-1).

The X-ray diffraction analysis12 of a single crystal of1
revealed that the one-dimensional tubule is constructed from
the neutral [(VIVO)3(PO4)2(2,2′-bpy)(OH2)] unit (Figure 1a).
There are three crystallographically distinct vanadium sites.
V(1) is coordinated by one terminal oxygen and two nitrogen
atoms from a 2,2-bpy ligand and by two corner-sharing
oxygen atoms that are connected to two phosphate groups.
V(2) and V(3) possess a distorted octahedral coordination
geometry with one terminal oxygen atom [V-(t-O), ca. 1.585
Å] opposite to one bridging H2O group [V-(µ2-OH2), ca.

2.458 Å] and four equatorial oxygens (V-O, 1.958-2.089
Å) that are connected to four phosphate groups. The V-N
distances (ca. 2.121 Å) are clearly in the range observed for
a formal V-N single bond. The presence of direct V-N
(ligand) bonds is uncommon, but not unprecedented, in some
vanadophosphate structures.13 Two crystallographically dis-
tinct PO4 groups exhibit similar coordination modes: both
are connected to five vanadium atoms via oxygen atoms and
have oneµ3- and threeµ2-oxygen atoms.

From bond valence analysis, it is clear that O(12) is a water
molecule, as well as O(13) and O(14). Although V(2)-O(12)
and V(3)-O(12) bonds are abnormally long, it is really
important to include O(12) in the coordination of V(2) and
V(3) because the water molecule is responsible of the
curvature which leads to the tubule. The neutral [(VIVO)3-
(PO4)2(2,2′-bpy)] unit can be divided into two parts, namely,
the (VO)2(PO4)2(µ-OH2) subunit and (VO)(2,2-bpy) group.
The former contains a{V2} cluster of face-sharing octahedra
(VIV-VIV, 3.0711(9) Å) and is linked by corners into a 1-D
tube. If we take into account the radius of the oxygen atoms,
the external and internal diameters of the tube are 11.05 and
3.53 Å, respectively. The view illustrated in Figure 1c shows
that the tube consists of{P(1)6}, {V6}, and {P(2)6} cross
sections arranged alternately in an ABCBABCB manner
along thec axis direction. The A‚‚‚A or C‚‚‚C intercept is
9.575 Å, a value equal to the cell parameter ofc ) 9.5745-
(2) Å. The wall of the tube is composed of 8-membered rings
defined by two V, two P, and four O atoms. As shown in
Figure 1b, three of four oxygens of each PO4 tetrahedron
bond three{V2} clusters, so that each{V2} cluster forms
six eight-membered rings and three rings for each P center.
These rings display interesting bending with various O-P-O
and O-V-O angles subtended at the apex. The degree of
curvature favors the formation of the tube. The fourth oxygen
of each phosphate group is opposite to the wall of the tubule
links a VO(2,2′-bpy) group, so that 2,2-bpy ligands constitute
an organic shell around the polar tube (Figure 2). There are
six channel water molecules with two crystallographically
distinct positions per cell unit, a number that is consistent
with the result from thermogravimetric analysis (TGA).
Channel water molecules are loosely bound to the inner tube
via weak hydrogen bonding (O‚‚‚O distances of 3.03-3.17
Å).(10) Synthesis of [(VIVO)3(µ4-PO4)2(2,2′-bpy)(µ-OH2)]‚1/3H2O (1). Re-

agents were purchased from Aldrich Chemical Co. and used without
further purification. Method 1: A mixture of V2O5 (0.136 g), VOSO4
(0.245 g), 2,2′-bpy (0.234 g), H3PO4 (wt 85%, 0.519 g), and H2O (18
mL) in a molar ratio of 0.75:1.5:1.5:4.5:1000 was heated at 195°C
for 3 days. After slowly cooling, sapphire hexagonal column crystals
of [(V IVO)3(PO4)2(2,2′-bpy)]‚4/3H2O (1) (∼40% yield based on V)
isolated by mechanical separation from light green crystals proved to
be [(VO2)2(HPO4)(2,2′-bpy)2]‚H2O11a by X-ray structural analysis.
Method 2: A mixture of V2O5 (0.136 g), VOSO4 (0.245 g), 2,2-bpy
(0.547 g), H3PO4 (wt 85%, 0.519 g), and H2O (18 mL) in a molar
ratio of 0.75:1.5:3.5:4.5:1000 was heated at 200°C for 5 days. After
slowly cooling, monophasic crystals of1 were obtained in 95% yield.
Method 3: Monophasic crystals of1 were also obtained in high yield
(90%) from the hydrothermal reaction of V2O5, NaVO3‚H2O, 2,2-
bpy, NH2OH‚HCl, H3PO4, and H2O in a molar ratio of 0.55:1.5:1.5:
5.0:6.5:1000 at 200°C for 4 days. Anal. Calcd for1: C, 21.04; H,
1.88; N, 4.91; P, 10.85; V, 26.77%. Found: C, 19.97; H, 1.92; N,
4.93; P, 10. 78; V, 26.72%. IR (KBr, cm-1) for 1: 3450b, 3138m,
3076m, 1647w, 1614m, 1606s. 1576w, 1502w, 1473s, 1448s, 1317m,
1254w, 1146vs, 1105vs, 1049s, 1001vs, 964s, 897vs, 810w, 777s,
733m, 654m, 644m, 607w, 552m, 467s, 411vs.
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Figure 1. (a) Neutral structural unit for1 with atom labeling (symmetry
modes: #1x, y, z + 1; #2 x - y + 1/3, x - 1/3, -z - 1/3; #3 x - y + 1/3,
x - 1/3, -z - 4/3; #4 y + 1/3, -x + y + 2/3, -z - 1/3; #5 y + 1/3, -x + y
+ 2/3, -z - 4/3; #6 x, y, z - 1). (b) Cutaway view showing that the wall of
the tube consists of{V2P2O4} 8-membered rings. (c) Assembly model of
the proposed tubule (P(1) tetrahedra crossed pattern, P(2) tetrahedra dashed
line pattern, and vanadium octahedra blank).
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Although the extensive exploration of hydrothermal syn-
thesis of the V-O-P system has generated numerous
oxovanadium phosphates possessing interesting structures,3

few example of inorganic-organic hybrid open-famework
oxovanadium phosphates was reported. Compound1 is of
very interest not only because of the presence of an
unprecedented neutral structural unit but also because of 2,2-
bpy ligands directly coordinating to vanadium sites within
the framework and constituting an organic shell around the
polar tubule.

TGA studies of1 were performed under N2 from 50 to
850 °C using a 10°C/min rate. From the structural result,
we expected to observe two steps in the dehydration: one
for O(13)H2 and O(14)H2, which are loosely bound to the
inner tube, and the other for O(12)H2, which belongs to the
vanadium octahedra. Although such a difference cannot be
seen in the TGA curve, the TGA result displays 4.17% total
weight loss from 50 to 175°C, which is consistent with the
removal of4/3 water molecules per [(VIVO)3(µ4-PO4)2(2,2′-

bpy)(µ-OH2)]‚1/3H2O unit (calculated: 4.20%). There is no
significant weight loss within the temperature range 175-
310°C. Interestingly, when crystals of1 were heated at 250
° for 5 h, cooled to room temperature, and exposed to moist
air for 12 h, the broad absorption band ofν(H2O), 3365 cm-1,
similar to that of the original solid (3450 cm-1), reappeared
in the IR spectrum of the sample. However, the X-ray powder
diffraction patterns do not quite match before and after
thermal treatments (250°C) (there are a few intense peaks
missing in the high angle region), indicating that the
hydration/dehydration process is not fully reversible. Over
the range 310-663 °C, the mass loss should correspond to
the removal of 2,2-bpy. However, the observed mass loss
(14.36%) was much lower that the expected value (calcd
27.32%). The lower reduction in mass loss was likely due
to the retention of carbon in the solid residue. Beyond 663
°C, the residual carbon was slowly removed from the solid
residue, resulting in (VO)3(PO4)2 as the final product with a
residual weight of 68.72% (calcd 68.48%).

In summary, we described here the hydrothermal synthesis
and structure of a novel organic-inorganic hybrid tubular
oxovanadium phosphate. The successful synthesis of1
provides an interesting example of the use of chelating
organic ligands to construct new open framework materials
incorporating organic ligands. Given the large variety of
organic chelate reagents that can be used in this synthetic
system, and the range of elements observed in metal
phosphates, the scope for the further synthesis of other novel
metal phosphates in this class appears to be very inspiring.
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Figure 2. Polyhedral diagram showing the tubular channel orthogonal to
the paper plane, which can accommodate solvent (V-O polyhedra dashed
lines, PO4 parallel lines).
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