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Synthesis, Crystal Structure and Characterization of a Novel
Three-Dimensional Polymer: [Cu,V,;(OH),Og]

Chuan-De Wu,!?l Can-Zhong Lu,*!*! Hong-Hui Zhuang,!?! and Jin-Shun Huang!?!
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The three-dimensional polymeric compound [Cuy.
V5,(OH),0g] (1) has been synthesized by the hydrothermal
reaction of sodium vanadate and copper acetate in an aque-
ous solution basified with a 35% aqueous ammonia solution.
Detailed experiments suggest that pH values within the
range 8.5-11.3 are best for the formation of crystals of com-
pound 1. X-ray diffraction analysis reveals that the structure
of 1 is a three-dimensional polymer constructed from wave-

like polymeric oxocuprate layers linked by vanadate tetra-
hedra, of which the sub-layer is formed by joining the zigzag
ribbons together in cis zigzag way. Thermogravimetric ana-
lysis (TGA) suggests that the structure of compound 1 is quite
stable in the temperature range 40-440 °C.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2003)

Introduction

As oxygen is the most abundant and highly reactive ter-
restrial element, the transition metal oxides represent an ex-
panding class of materials, which are ubiquitous as both
naturally existing and synthetic materials.l' 3] Because of
their stability, diversity of chemical composition and variety
of topological architectures, they exhibit a vast range of
solid-state properties giving rise to wide applications in
areas as diverse as catalysis, sorption, ion-exchange, molec-
ular electronics, energy storage, optical materials and cer-
amics, heavy construction and biomineralization. The syn-
thesis and characterization of metal oxide-based solids has
provoked significant contemporary interest.[* 1]

Since the discovery of the high-temperature oxide super-
conductors, oxocuprates have been a focus of interest,[!?]
particularly the study of the relationship between crystal
structures and physical properties. It has been found that
the coordination environments of copper atoms and the
linkages of these coordination polyhedra seem to be crucial.
Inorganic chemists have devised many approaches to syn-
thesize such kinds of materials. One very important way
is the hydrothermal synthesis method, which operates at a
relatively low temperature (110—220 °C) under autogenous
pressure and provides a suitable technique to bring suitable
metal-oxide building units together to generate polymeric
oxometallic materials.['3710]

The ability of vanadium in its higher oxidation states to
form various polynuclear anionic metal-oxygen clusters is
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well known, and many polyvanadates with an extraordinary
variety of relevant topological and electronic structures
have been reported.['”~2!1 On the other hand, copper(ir) cat-
ions tend to form various oxygen- and/or hydroxyl-bridged
polymers under different reaction conditions.'?! There have
been a large number of copper vanadates and related com-
pounds reported in the past decades.>>~481 Neutral copper
vanadates were first described by solid-state chemists (and
later found to occur naturally; for example Blossite,?%2]
Stoiberite,?* Ziesite,>) McBimeyite,[*®! Volborthite,?”-?®]
Vesignieite,[*’! Calciovolborthite,?% Mottramite,*!] Averiev-
ite,3? Sengierite,’3! Fingerite,[** Lyonsite,[** Howardevans-
ite,3% etc.), and Cu;(VOy,),, for instance, exists in two allo-
tropic forms, one with the spinel structurel*l and the
other?®! being isotypic with Cus(POy),.[*7 Based upon the
inherent properties of vanadium and copper atoms, we re-
port here the hydrothermal synthesis, X-ray crystal struc-
ture and characterization of a three-dimensional polymeric
compound [Cu,V,(OH),0Oq] (1).

Results and Discussion

Dark-blue crystals of compound 1 were synthesized by
the hydrothermal reaction of sodium vanadate and copper
acetate in an aqueous solution basified with 35% aqueous
ammonia solution. Detailed experiments suggest that pH
values within the range 8.5—11.3 are best for the formation
of crystals of compound 1. When the pH value is below
8.5, only green sediments are obtained instead of crystals.
It is very interesting that the crystal size increases with the
pH value of the reaction solutions. However, no product
was obtained at pH values above 11.3. The aqueous am-
monia solution plays a significant role in the formation of
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compound 1, which might help the formation of polyoxoc-
uprate fragments and monomeric vanadate. However, if the
concentration of NH; is above the value where the
[Cu(NH;)4?" cation is stabilzed, the formation of polyox-
ocuprate is prevented. A bond-valence sum calculation>"
reveals that two oxygen atoms are protonated, of which
each hydroxyl group bridges three copper centers. Multiple
bands from ¥ = 947 to 559 cm ™! in the IR spectrum of 1
are attributed to the V—O stretching or the bridging
[Cu—O—V(Cu)} group absorptions, while the band at 1620
cm™ ! is attributed to the O—H bending.!]

The X-ray diffraction analysis reveals that the structure
of 1 is a neutral three-dimensional polymeric compound
constructed from wave-like polymeric oxocuprate layers
linked by vanadate tetrahedra. The asymmetric unit in 1
consists of two {VO,} tetrahedra, two {CuQOs} square pyra-
mids and one {CuOg} octahedron (Figure 1). The oxocupr-
ate layer is built up from three crystallographically indepen-
dent copper(11) atoms, of which two copper centers exhibit
a square-pyramidal geometry with Cu—O distances in the
1.881(10)—2.213(9) A range; the other copper center has an
octahedral geometry with Cu—O distances in the
1.914(7)—2.318(8) A range. These copper atoms form a rib-
bon through edge sharing in a zigzag arrangement with all
copper atoms coplanar (Figure 2). Adjacent ribbons are
further joined together by bridging oxygen atoms also
through edge sharing. Interestingly, as shown in Figure 3,
these ribbons turn by an angle of 47.3(1)° and shift one
polyhedral length at the “step” junction. Consequently, the
adjacent ribbons are joined together in a cis zigzag manner
to form a wave-like layered sub-framework. The wave-like
oxocuprate sub-layer can also be seen as being constructed
from twelve-membered copper rings, which are formed by
edge sharing copper square-pyramids or octahedra. These
chair-shaped rings are further attached into wave-like
layers through edge-sharing copper square-pyramids or
octahedra (Figure 4).

Figure 1. The symmetry-expanded unit in 1, showing the atom con-
nectivities and the coordination environments (the small right-
hatched rings represent hydrogen atoms)

Two crystallographically independent vanadium atoms
are both coordinated by four oxygen atoms in tetrahedral
geometries. The V—O distances range from 1.638(8) to
1.77509) A, with O—V-O angles in the range
107.9(4)—111.4(5)°. The tetrahedrally coordinated va-
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Figure 2. The one-dimensional zigzag ribbon in 1 constructed by
linking {CuOg} octahedra and {CuOs} square pyramids

Figure 3. Side view of the linkages between the coplanar chains
achieved through bridging oxygen atoms along the b axis (the ad-
jacent angle between two planes is 47.3°)

Figure 4. The layered sub-framework of 1 viewed down the a axis
(right: polyhedral representation of a twelve-membered copper ring
in 1, which is outlined on the left-hand side)

nadium(v) centers link the wave-like sub-layers together to
form a three-dimensional polymeric framework (Figure 5)
where each vanadate is coordinated to seven or eight
{CuOg¢} octahedra and {CuOs}square pyramids by corner
sharing.

The overall structure of 1 suggests that it should be very
stable, and this was confirmed by the thermogravimetric
analysis (TGA). The TGA data, recorded from 40 to 1000
°C under inflowing N», show that the weight of 1 is almost
unchanged from 40 to 440 °C (Figure 6). Above 440 °C,
compound 1 began to decompose gradually. The observed
weight loss (3.32%) is slightly lower than that of losing one
water molecule per empirical formula unit (3.47%). This
fact suggests that the hydroxyl groups are changed into
H,O after a complicated reaction process and released from
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Figure 5. Polyhedral representation of the {CuOg} octahedra and
{CuOs} square pyramids as well as a ball-and-stick representation
of the {VO,} tetrahedra, showing the three-dimensional polymeric
framework of 1

the sample above 440 °C. The TGA chart shows that the
weight is almost unchanged in the next stage (490—700 °C).
Above 700 °C, the product begins to decompose completely.

Table 1. Selected bond lengths (A) and angles (°) for compound 112

100
98
96

94

Weight (%)

92 4

90

T T T T T
200 400 600 800 1000

Temperature (°C)

Figure 6. Thermogravimetric (TGA) analysis of 1 between 40 and
1000 °C

Conclusion

In conclusion, we have synthesized a three-dimensional
polymeric compound under hydrothermal reaction con-
ditions. This result shows that basic reaction conditions can
help the formation of polymeric oxocuprate building blocks
and monomeric vanadate, and that the pH value of the re-
action conditions is a very important impact factor for the
formation of novel target materials. The thermogravimetric

Cu(1)-0(7) 1.914(7) O(7)—Cu(1)—0(5)
Cu(1)-0(5) 1.943(10) O(7)—Cu(1)-0(3)
Cu(1)-0(3) 2.154(9) 0(5)—Cu(1)-0(3)
Cu(1)-0(1) 2.318(8) 0@3)—Cu(1)-0(3)
Cu(2)—0(7) 1.939(5) O(7)—Cu(1)-0(1)
Cu(2)—-0(3) 1.963(7) 0(5)—Cu(1)-0(1)
Cu(2)—0(6) 1.966(7) 0(3)—Cu(1)-0(1)
Cu(2)—O(1)i 2.020(6) 0(3)—Cu(1)—O(1)
Cu(2)-0(2) 2.213(9) O(1)—Cu(1)—O(1)
Cu(3)-0(4) 1.881(10) 0(7)—Cu(2)-0(3)
Cu(3)—O(8)ii 1.930(8) 0(7)—Cu(2)—0(6)
Cu(3)-0(6) 1.937(10) 0(3)—Cu(2)—0(6)
Cu(3)-0(1)i 2.206(9) O(7)—Cu(2)—O(1)i
V(1)-0(Q2)" 1.674(12) 0(3)—Cu(2)—O(1)i
V(1)-0(4) 1.679(10) 0(6)—Cu(2)—O(1)i
V(1)—0(3)vi 1.739(9) 0(7)—Cu(2)—0(2)
V(2)-0(8) 1.638(8) 0(3)—Cu(2)-0(2)
V(2)-0(5) 1.704(10) 0(6)—Cu(2)—0(2)
V(2)—O(1) 1.775(9) O(1)i—Cu(2)—0(2)

O(4)—Cu(3)—0(8)
0(4)—Cu(3)—0(6)
O(8)ii—Cu(3)—0(6)
0(4)—Cu(3)—O(1)"
O(8)ii—Cu(3)—O(1)i
0(6)—Cu(3)—O(1)i
O(1)¥—Cu(3)—O(1 )i

172.4(4) 0(2)"-V(1)-0(®4) 110.1(5)
78.8(2) 0(2)"—V(1)—0@3)vi 109.3(3)
106.1(3) 0(4)—V(1)—0(3)"i 108.8(3)
96.0(5) 0(3)"i—V(1)—O(3)Vii 110.6(6)
88.0(2) 0(8)—-V(2)-0(5) 107.9(4)
86.5(3) 0(8)—-V(2)—O(1)* 109.1(3)
87.9(3) 0(5)—-V(2)-0(1)* 109.6(3)
165.1(3) O(1)*=V(2)—O(1)* 111.4(5)
84.9(4) V(2)i—0(1)—Cu(2)x 120.7(5)
83.1(3) V(2)i—0(1)—Cu(3)* 112.33)
178.7(4) Cu(2)*—0(1)—Cu(3)* 91.8(3)
97.8(4) V(2)i—0(1)—Cu(1) 132.1(4)
94.4(3) Cu(2)*—0(1)—Cu(1) 98.3(3)
172.8(3) Cu(3)*—0(1)—Cu(l) 91.3(4)
84.7(4) V(1)~0(2)—Cu(2) 136.6(2)
86.7(3) Cu(2)—0(2)—Cu(2) 85.1(4)
96.8(4) V(1)¥—0(3)—Cu(2) 121.7(5)
94.2(3) V(1)-0(3)—Cu(l) 138.9(4)
89.7(4) Cu(2)—0(3)—Cu(l) 94.5(3)
96.3(4) V(1)-0(4)—Cu(3) 146.5(7)
166.6(5) V(2)—0(5)—Cu(l) 133.2(6)
97.1(4) Cu(3)—0(6)—Cu(2) 102.2(4)
90.1(3) Cu(2)'—0(6)—Cu(2) 102.6(5)
134.5(2) Cu(1)-0(7)—Cu(2) 103.5(3)
80.5(3) Cu(2)—0(7)—Cu(2) 101.0(4)
90.3(4) V(2)-0(8)—Cu(3)il 169.3(5)

[al Symmetry transformations used to generate equivalent atoms: i): x, —y + 1/2, z; ii): —x + 1/2, —y, z + 1/2;ii)) —x + 1, =y, —z + 1;
W) —x + 12,y = 12, z+ 1/2;v): x, =y — 1/2, z; vi): —x + 1, —y, —z + 2; vii): x, y, z + 1; viii): x, =y — 1/2, z + 1;ix): —x + 1/2,

3, z—= U2 %) —x + 12,y + 1/2,z — 1/2;xi): x, y,z — 1.
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analysis suggests that the framework of compound 1 is
stable up to 440 °C.

Experimental Section

General Remarks: All chemicals were of reagent grade and were
used as received. Infrared spectra were recorded on a FTS-40 spec-
trophotometer using pressed KBr pellets. Thermogravimetric
analysis (TGA), using a universal V2.4F TA Instrument, was per-
formed on a powdered sample of 1 under inflowing N, with heating
rate of 10 °C'min~! in the temperature range 40—1000 °C.

[CuV,(OH),04] (1): NaVO,2H,O (0.079 g, 0.5mmol) and
Cu(CH;COO),'H,O (0.10 g, 0.5 mmol) were dissolved in H,O
(16 mL) at room temperature. The pH value of the solution was
adjusted to 8.67 by adding 35% aqueous ammonia solution drop-
wise, resulting in a deep-blue solution. The solution was transferred
into a 30 mL polytetrafluoroethylene-lined Parr acid digestion ves-
sel. The vessel was then sealed and heated at 195 °C for five days
under autogenous pressure. After cooling, dark blue crystals were
filtered off and washed with water and ethanol. Yield: about 76%
(based on Cu). IR (KBr pellet): v = 1620 m cm™!, 947 m, 877 s,
822 m, 769 s, 559 m.

X-ray Crystallographic Study: Cu,H,O0,,V,, M = 518.06, orthog-
onal, space group Pnma, a = 14.9251(1), b = 6.0607(1), ¢ =
8.5460(1) A, V = 773.042) A3, Z = 4, D, = 4451 grem 3, p =
13.167 mm~!, F(000) = 976, crystal size = 0.32 X 0.26 X 0.12
mm?3. The determination of the unit cell and the data collection for
a dark-blue crystal of compound 1 were performed on an
Enraf—Nonius CAD4 diffractometer with graphite-monochrom-
ated Mo-K,, radiation (A = 0.71073 A) in the ®-20 range 2.73 < 0
< 30.03°. Lorentz-polarization corrections and an empirical ab-
sorption were applied to the data. The structure was solved by di-
rect methods and refined by full-matrix least-squares, leading to a
convergence with final R1 = 0.0734, wR2 = 0.1279 and S = 1.089
for 705 reflections with F, > 4c(F,) and 87 parameters. The struc-
ture analysis and refinement were carried out using the SHELXL-
97 software package.l*? Selected bond lengths and angles are listed
in Table 1.

Further details of the crystal-structure investigation may be ob-
tained from the Fachinformationzentrum Karlsruhe, 76344 Egg-
enstein-Leopoldshafen, Germany, on quoting the depository num-
ber CSD-412990.
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