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[V6O12(CH3O)4(phen)4 � 4H2O]

(phen¼ 1,10-phenanthroline)
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An oxo-vanadium cluster [V6O12(CH3O)4(phen)4 � 4H2O] (phen¼ 1,10-phenanthroline) was
synthesized hydrothermally and characterized by IR, XPS, TG-DTA and single crystal
X-ray diffraction analysis. It crystallizes in the triclinic space group P�11, with cell parameters
a¼ 9.709(1), b¼ 11.701(1), c¼ 13.365(2) Å, �¼ 74.430(2)8, �¼ 77.073(2)8, �¼ 87.982(2)8,
V¼ 1425.0(3) Å3, Z¼ 2. The crystal is built up as an organic–inorganic hybrid compound
with an unusual oxo-vanadium skeleton and water molecules. Water molecules make up a
tetramer linking neighboring oxo-vanadium clusters to form one-dimensional chains, and
then further build up three-dimensional supramolecular arrays through the �–� stacking
interactions of phen.

Keywords: Vanadium oxides; Phenanthroline; Hydrothermal Synthesis; Inorganic–organic
hybrid

1. Introduction

Oxovanadate compounds have received attention in solid-state materials chemistry for
their various structural features and potential practical interest in catalysis, biology,
magnetism and photochemistry [1–4]. More recently, many researchers have focused
their attention on the preparation of inorganic–organic hybrid materials constructed
by inorganic vanadium oxides with various organic ligands or other molecular frag-
ments with metal ions. A number of oxovanadate compounds with unusual structures
have been synthesized, such as the 1-D structure: [V4O10(Phen)] [5], [VO2(phen)2] �
6H2O [6], [(VO)2(HAsO4)2(phen)2] [7]; 2-D structure: [V4O7(HAsO4)2(phen)2] [8],
[Cu(phen)V4O10]8 [9], [Ni(phen)2V4O11] [10]; and 3-D net structure: [Co(phen)3]
[V10O26] �H2O [11]. However, in contrast to the abundant polyoxovanadates,
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compounds with two kinds of organic ligands coordinated directly to the oxo-
vanadium skeleton are rare. In this article, we report a new inorganic–organic hybrid
material with two organic compounds as ligands linking directly to the oxo-vanadium
backbone. To the best of our knowledge, it is the first cluster compound with the
methoxyl group as bridge-sharing ligand coordinated to two vanadium atoms in
the oxo-vanadium skeleton.

2. Experimental section

2.1. Hydrothermal synthesis

All the chemicals are purchased and used without further purification. A mixture of
V2O5 (0.100 g) and phen (0.108 g) was poured into a thick-wall Pyrex tube
(6mm ID). Then a mixture of water and methanol with the volume ratio of 1 : 3 was
added. After sealing it was kept at 1108C under autogenous pressure for 7 days.
Black quadrate crystals were isolated in ca. 40% yield (based on phen) by mechanical
separation from a yellow-brown amorphous solid. This compound is insoluble in water
and common organic solvents; it is stable in air.

2.2. X-ray crystallography

A single crystal of [V6O12(CH3O)4(phen)4 � 4H2O] (0.2� 0.2� 0.1 cm3) was used for
data collection on a Bruker Smart CCD diffractometer using graphite-monochromated
Mo/K� radiation (�¼ 0.071073 nm) and the !-scan technique. The structure was solved
by the direct method and refined by full-matrix least-squares on F 2 using the
SHELXTL-97 software. All non-hydrogen atoms were refined anisotropically.
The hydrogen atoms attached to carbon were located in calculated positions and
those attached to oxygen atoms were located from difference Fourier maps.
Structure solution and refinement based on 2188 independent reflections with
I>2�(I ) and 407 parameters gave R1¼ 0.0681. A summary of crystal data and
structure refinement for the compound is given in table 1. Some selected bond lengths
and angles are listed in table 2.

3. Results and discussion

3.1. The crystal structure of the compound

Single crystal X-ray analysis reveals that the asymmetric unit of [V6O12(CH3O)4
(phen)4 � 4H2O] (figure 1) includes three crystallographically independent V atoms,
five O atoms, two methoxy groups and two phenanthrolines. The V(1) displays a
trigonal bipyramidal coordination geometry (VO5) with two unshared oxygens and
three bridging oxygens, two of which are oxygens from methoxy groups linking V(2)
and V(3A) atoms, respectively. The other oxygen atom is coordinated to three
V atoms (V(1), V(2) and V(3A)) simultaneously. The V(2) site exhibits (VN2O4)
octahedral geometry with two nitrogens from the same phen ligand, one terminal
oxygen, one oxygen from methoxy group connecting with V(1) atom and two
bridging oxygens linking V(3) and V(3A) atoms. The coordination environment
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Table 2. Selected bond lengths (Å) and angels (8) for
[V6O12(CH3O)4(phen)4 � 4H2O].

Bonds
V1–O1 1.625(4) V2–O6 1.802(5)
V1–O2 1.641(5) V2–O8 1.889(4)
V1–O3 1.977(4) V3–N3 2.160(5)
V1–O4 1.973(4) V3–N4 2.340(6)
V1–O8 1.986(5) V3–O4 2.024(5)
V2–N1 2.170(5) V3–O6 1.889(5)
V2–N2 2.332(5) V3–O7 1.589(4)
V2–O3 2.064(5) V3–O8 1.921(4)
V2–O5 1.593(4)

Angles
V1–O3–V2 100.64(19) O6–V2–N2 81.36(19)
V1–O4–V3 102.0(2) O8–V2–N2 88.37(19)
V2–O6–V3 150.3(2) O3–V2–N2 81.74(18)
V2–O8–V3 147.8(3) N1–V2–N2 72.6(2)
V2–O8–V1 106.7(2) O7–V3–O6 100.0(2)
V3–O8–V1 105.3(2) O7–V3–O8 107.0(2)
O4–V1–O3 148.2(2) O6–V3–O8 95.60(19)
O1–V1–O8 116.0(2) O7–V3–O4 98.8(2)
O2–V1–O8 135.8(2) O6–V3–O4 160.85(19)
O4–V1–O8 75.27(18) O8–V3–O4 75.54(18)
O3–V1–O8 76.26(18) O7–V3–N3 92.2(2)
O6–V2–O8 96.70(19) O6–V3–N3 92.24(19)
O5–V2–O3 95.5(2) O8–V3–N3 157.6(2)
O6–V2–O3 161.89(19) O4–V3–N3 90.4(2)
O8–V2–O3 76.36(18) O7–V3–N4 164.5(2)
O5–V2–N1 90.0(2) O6–V3–N4 80.42(19)
O6–V2–N1 97.3(2) O8–V3–N4 88.33(18)
O8–V2–N1 154.3(2) O4–V3–N4 82.4(2)
O3–V2–N1 83.7(2) N3–V3–N4 72.3(2)
O5–V2–N2 162.5(2)

Table 1. Crystal data and structure refinement for
[V6O12(CH3O)4(phen)4 � 4H2O].

Formula V6C52H52N8O20

M 1414.66
Crystal system Triclinic
Space group P�11

Unit cell dimensions
a (Å) 9.709(1)
b (Å) 11.701(1)
c (Å) 13.365(2)
� (8) 74.430(2)
� (8) 77.073(2)
� (8) 87.982(2)

U (Å3) 1425.0(3)
Z 2
Index ranges �12<h<12, �14<k<14, �16<l<14
Reflections collected/unique 7272/5161
Reflections used (I>2�(I )) 2188
Final R indices (I>2�(I )) R1¼ 0.0681/wR2¼ 0.1271
R indices (all data) R1¼ 0.1784/wR2¼ 0.1642
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of V(3) is topologically similar to V(2), and each of them is approximatively a mirror-
symmetric isomer.

The asymmetric units build up a whole cluster structure by inversion (figure 1). In the
structure, four (VN2O4) octahedrons are linked by sharing a common corner to form an
eight-member oxo-vanadium ring (V4O4). This ring and two trigonal bipyramids (VO5)
are zygomorphously linked together by sharing the common edge to construct the
unusual oxo-vanadium skeleton of the cluster compound (see figure 1). Each trigonal
bipyramid is linked with two (VN2O4) octahedra by two neighboring edges to form
four four-member and one eight-member rings in the oxo-vanadium skeleton.
The connectivity among the trigonal bipyramids and octahedra results in an interesting
phenomenon in that there are two terminal oxygen atoms in the trigonal
bipyramid and one terminal oxygen atom in the octahedron. The main skeleton is
close to a rectangle.

A tetramer of water molecules observed in the crystals plays an important role in
the formation of the crystal (figure 2). In the tetramer the water molecules construct
a rectangle by hydrogen bonding at distances of 2.8 Å and 3.2 Å (O � � �O), respectively.
As linker, it connects the adjacent clusters via strong H-bond interactions between
water molecules and the terminal oxygen atoms of oxo-vanadium trigonal bipyramids
in the rectangle skeleton at O � � �O distances of 2.8 Å to form a one-dimensional infinite
chain belt (see figures 2 and 3). In one chain belt, each terminal oxygen of the trigonal
bipyramids participated in formation of the hydrogen bond, so a pair of hydrogen
bond chains were observed as shown in figure 2. Each water molecule forms three
hydrogen bonds, two as donors and one as acceptor for protons. This structure

Figure 1. View of the crystal structure (the hydrogen atoms are omitted for clarity).
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is unusual and contributes to the stability of the oxo-vanadium skeleton and
the crystals. The one-dimension infinite chains are linked together by �–� stacking
interactions of the phen groups to form the three-dimensional supramolecular crystals
(see figure 3).

Figure 3. The packing array of compound viewed along the a-axis direction.

Figure 2. The one-dimension chain via 5-4-5-net H-bond interaction.

Novel inorganic–organic hybrid material 321

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
3
4
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



The shortest distance between planes of the phen groups on the different infinite
chains is about 3.37 Å, which indicates strong �–� stacking interactions. The same
effect was also found in [V4O10(phen)2] [5] and [(CuCl)2(phen)]8 [9].

The V–O distance is in the reasonable range from 1.589(4) to 2.064(5) Å. The
V(2)–O(3) distance (2.06 Å) is the longest, which may be due to low valence of V(2)
and the strong steric effect between the methoxy and phen groups.

3.2. Bond valence analysis through X-ray photoelectron spectra

Bond valence sum calculations [12] give the values of 5.0, 4.6, and 4.3 for V(1), V(2)
and V(3), indicating that V(2) and V(3) are mixed-valence vanadium with þ4.5
oxidation state [13]. Presumably one electron is delocalized between the V(2) and V(3)
sites via an oxygen bridge. This conclusion is further supported by X-ray photoelectron
spectra (XPS). The result shown in figure 4 indicates the existence of two kinds of
vanadium in þ4 and þ5 oxidation state corresponding to the peaks at 515.5 and
516.7 eV, respectively. In comparison, the binding energy of the vanadium in this
crystals is smaller than the reported vanadium binding energy values 516.0 eV (V2O5)
and 517.2 eV (VO2) [14], indicating an electron-rich environment around vanadium
and the dislocation of an electron in the oxo-vanadium skeleton. Furthermore, the
ratio of the area for the two peaks is about 2.1 in good agreement with the bond valence
sum calculation.

3.3. Thermal analysis

The TG thermal analysis (figure 5) is carried out at a heating rate of 108C/min in
nitrogen. The TG curve is divided into three steps of weight loss. The first weight
loss is 5.35% corresponding to the release of all the crystal water molecules. It agrees
well with the calculated value 5.08%. The weight loss in the second step is about

535 530 525 520 515 510

Binding Energy (eV)

516.7 eV

515.5 eV

Figure 4. The X-ray photoelectron spectra (XPS) of the compound.
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28% in the temperature range from 180 to 4908C, which is less than the theoretical
value (51%) for loss of 1,10-phenanthroline. It may arise from the part decomposition
of phen groups and accompany the carbonization on heating. Higher than 6908C,
continued weight loss was observed on the TG curve. This phenomenon may have
been attributed to decomposing of the organic fragments and the vaporization of the
vanadium oxides on further heating.

3.4. Infrared spectra of compound

The IR spectrum (figure 6) exhibits a complex pattern, The bands at 867, 847, 773, 723
and 574 cm�1 are attributed to �(V¼O) or �(V–O–V) vibrations. The band at 949 cm�1

indicates the existence of a (C–O) bond. Bands in the 1626–1065 cm�1 regions are
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Figure 6. The IR spectra of the compound.
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due to phen rings. The broad band in 3412 cm�1 can be attributed to O–H stretching.
These results are consistent with X-ray single crystal analysis.

4. Conclusions

We have synthesized hydrothermally a novel organic–inorganic hybrid compound with
an unusual oxo-vanadium skeleton. In the crystal, a tetramer of water molecules is
observed which link neighboring oxo-vanadium clusters to form one-dimensional
chains belts, and then further build up three-dimensional supramolecular arrays
crystals through the �–� stacking interactions of the phen group.
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