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Two new decavanadate metal compounds, [Co(pyim);]o[V0O25]-7H,O (1) and [Ni(pyim);],
[HoV10028]-4H,0 (2) (pyim=2-(2-pyridyl)-imidazole), have been synthesized under hydrothermal
conditions and characterized by elemental analysis, single-crystal X-ray diffraction analysis, infra-

red spectra, powder X-ray diffraction analysis, and thermogravimetric analysis. Crystallographic
analysis reveals that 1 is constructed from [V10025]®~, metal cation [Co(pyim)3]3+, and water.

[V10025]°” clusters are connected by waters through O-H---O hydrogen bonds to form a sheet
structure which is further connected by N-H:--O hydrogen bonds to form a 3-D supermolecular
framework. In 2, although [Ni(pyim);]*" is similar to [Co(pyim);]** in 1, the M—O cluster anion is
protonated [H2V|0023]47.

Keywords: Hydrothermal synthesis; Polyoxovanadates; Organic—inorganic hybrid material; Crystal
structure; Hydrogen bond

1. Introduction

Polyoxometalates (POMs) are significant because of their intriguing architectures [1-3]
and potential applications in catalysis, medicine, biology, and materials science [4-8]. A
hot research area in POM chemistry is to construct organic—inorganic hybrid materials by
using POMs as inorganic building blocks, further linked by metal-organic units [9, 10]. In
cage-like or sheet-like POMs in organic—inorganic hybrid materials, ligand usually bridges
metal ions [11, 12]. As a branch of POMs, polyoxovanadates (POVs) play an important
role in POM chemistry. V-O clusters exhibit a range of different dimensionality due to
various polyhedral fragments built of VO,, units (n=4, 5, 6) [13—15]. As there are diverse
types of VO,, VOs, and VOg polyhedron building units, VO,, units can connect by edge-
sharing, corner-sharing or surface-sharing to construct various V-O compounds, for
instance, [VsO14]"~ [16], [V19O26]"™ [17], [V1oO2s]°™ [18], [V12032]"~ [19], [V13034]*
[20], [Vis04]"?" [21], etc. POVs as discrete clusters, 1-D chains, 2-D sheets, or 3-D
frameworks have been reported [22-24]. As an important member in POVs, different deca-
vanadate compounds have been reported [25-32]. Decavanadate compounds are made of
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[V]0028]6* units; sometimes [V]OOZS](’* units can be protonated as [HV10028]5 -,
[H2V10028]4_, [H3V10028]3 -, or [H4V10028]2_ [30, 31]. To produce new compounds
based on [V10028]6_, numerous approaches have been developed, such as controlling the
synthetic route, temperature, mole ratio, pH, counter ion, etc. [33]. The counter ion associ-
ated to [V,00»5]°" can be organic or inorganic cations, [Na(H,0)g],H,V19025-4H,0 [34],
[NH3(CH2)4NH3][Hzpip]z[vloozg]'6H20 [35], and KZZn2V10028'16H20 [36] Decavana-
dates with transition metal ions coordinated by large organic ligand have been less
reported [25-29]. Organic ligands based on pyridyl imidazoles have not been reported in
vanadate compounds. It is significant to design hybrid POVs with transition metals coordi-
nated by pyridyl imidazoles to explore the mechanism of formation and the properties. In
this article, we report two POV-based hybrid compounds, [Co(pyim);][V100,5]-7H,O (1)
and [Ni(pyim);]>[H,V10025]-4H,0 (2). The rigid bi-heterocyclic N-donors are connected
by cobalt and nickel. Although the structure of [Ni(pyim);]*" is similar with [Co(pyim);]**
in 1, the M—O cluster anion is protonated [H2V10028]47 in 2.

2. Experimental

2.1. Materials and physical techniques

2-(2-Pyridyl)-imidazole was prepared according to literature methods [37], while other
chemicals were of reagent grade obtained from commercial sources and used without puri-
fication. C, H, and N elemental analyses were performed on a Perkin-Elmer 2400 CHN
elemental analyzer. Infrared spectra were recorded as KBr pellets on a Nicolet 410 FTIR
spectrometer. TG analyses were carried out in nitrogen from 25 to 800 °C at a heating rate
of 10°Cmin~" on a Diamond TG/DTA (Perkin-Elmer) thermal analyzer. Solid state lumi-
nescence properties were carried out using a F-4600 FL Spectrophotometer.

2.2. Syntheses

2.2.1. [Co(pyim)s]>[V19055]-7TH,0. Both compounds were prepared by a solvothermal
method. In a typical synthesis of 1, a mixture of NH,VO; (0.0747g, 0.64 mM),
Co(CH3CO,),-4H,0 (0.1000g, 0.4 mM), and 2-(2-pyridyl)-imidazole (0.0288 g, 0.2 mM)
was added into a mixed solvent of 2mL CH3;CH,OH and 5mL H,O and stirred for
30 min. Then, the pH was adjusted to 6.0 with 2.0 ML ™' NaOH, and the solution was
stirred for one more hour. Then, the resulting mixture was transferred into a 25mL
Teflon-lined stainless-steel autoclave and heated to 160°C for 4days. After cooling to
room temperature, the product was washed with water and dried in air for 1day to give
orange rhombic crystals (0.0423 g, yield 32% based on V). Elemental analysis found (%):
C, 28.78; H, 2.71; N, 12.27 (Caled (%): C, 27.85; H, 2.63; N, 12.18).

2.2.2. [Ni(pyim)3],[H;V190,5]-4H,0. The synthetic process of 2 was similar to 1, but
Co(CH3CO0,),°4H,0 was replaced by Ni(CH3CO,),4H,O (0.1000 g, 0.4 mM). Orange rod
crystals were obtained (0.0477 g, yield 37% based on V). Elemental analysis was found
(%): C, 29.32; H, 2.67; N, 12.55 (Caled (%): C, 28.54; H, 2.59; N, 12.48).
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2.3. X-ray crystallography

The single crystals of 1 and 2 were glued onto a thin glass fiber by epoxy glue in air for
data collection. Single-crystal XRD data were obtained from a Bruker Apex II CCD with
Mo-Ka radiation (A1=0.71073 A) at 296 K using w-20 scan method. The crystal structures
of 1 and 2 were solved by direct methods and refined by full-matrix least-squares methods
on F* using SHELX97 program package [38]. All nonhydrogen atoms were refined aniso-
tropically. Hydrogens of organic ligands were refined in calculated positions, assigned iso-
tropic thermal parameters, and allowed to ride on their parent atoms. Further details of the
crystal data and structure refinement are listed in table 1. Selected bond distances and
angles are listed in tables S1 and S2.

3. Results and discussion

3.1. Synthesis

Many factors influence growth and structures of the crystals. Choosing appropriate solvent
is crucial in such reactions. The pyim has higher solubility in ethanol than in water, while
the other reactants are more soluble in water than in ethanol, so we use water and ethanol

Table 1. Crystal data and structure refinement for 1 and 2.

Compound 1 2

Empirical formula C4gH54C0,N 3035V C4gH55N1gNi,03,V o

Formula weight 2070.35 2019.90

Temperature (K) 296(2) 296(2)

Wavelength (A) 0.71073 0.71073

Crystal system Monoclinic Triclinic

Space group P2,/c P2;/c

Unit cell dimensions (A, °)

a 10.9327(13) 13.2575(17)

b 24.113(3) 12.5556(16)

c 14.4257(17) 20.760(3)

o

B 93.159 97.462(2)

y

Volume (A%) 3797.13(80) 3426.4(8)

VA 2 2

Calculated density (g/cm®)  1.81068 1.958

Absorption coefficient 1.691 1.933
(mm™ )

F(000) 2064 2016

Crystal size (mm®) 0.16 x0.13 x 0.12 0.17 x0.16 x 0.13

Limiting indices —1I<h<13;-28<h<28,—17<I<17T —15<h<15;—-14<k<14,-24<I<24

Reflections collected/ 26,432/6680 [Riiny = 0.0626] 23,839/6042 [R inry=0.0390]
unique

Max. and min. 0.8229 and 0.7737 0.7872 and 0.7347
transmission

Refinement method Full-matrix least-squares on /> Full-matrix least-squares on £

Data/parameters 6680/523 6042/511

Goodness-of-fit on F> 1.097 1.057

Final R indices [/>20()] R;=0.0634, wR,=0.2148 R,=0.0409, wR,=0.1036

R indices (all data) R,;=0.1027, wR,=0.2334 R,=0.0564, wR,=0.1096
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as mixed solvent to increase solubility. The pH is also important in the reactions. Parallel
experiments showed that we can only obtain the two compounds when pH 6.0.

3.2. Crystal structure

The crystal structure of 1 contains two [Co(pyim)3]3+, one [V0025]°~, and water as shown
in figure 1. The discrete [V,00,5]°~ has been reported in many articles with almost the same
structures [25, 27, 29, 30, 32]. The differences of these decavanadates are the counter cat-
ions and the solvent molecules. For example, counter cations and solvent in decavanadate
[NH,4]o[Mn(salen)(H,0),]4[V10025]-6H,0O are [NH,]", [Mn(salen)(H,0),]", and H,O [25].
The [V00,5]® of 1 exhibits a cage-like structure, made up of 10 edge-sharing VOg octahe-
dra as illustrated in figure 1. Vanadium in [V100,5]° " are distorted octahedral. There are six
vanadiums in the equatorial plane and two above and two below the plane. Oxygens in
[Vi0O2s]®” can be divided into four different types: terminal (O(9), O(10),
0(12), O(14)), > (O(1), O(5), O(6), O(7), O), O(11), O(13)), 5 (O(2), O)), and s
(O(3)). The bond lengths of V-O are 1.595(4)-1.608(4) A for terminal, 1.680(4)-2.054(4) A
for 1,—0, 1.906(4)-2.038(4) A for u3-O and 2.108(4)-2.325(4) A for ue—O. The O-V-O
angles range from 74.08(14)° to 174.9(2)°, consistent with previously reported [V0025]°~
clusters [25-32]. In [Co(pyim);]*", Co®" is coordinated by six nitrogens from three 2-(2-pyr-
idyl)-imidazole molecules to form a [CoNg] octahedral structure. The Co—N bond lengths
are 1.890(5)-1.948(5) A. Waters disperse around [Co(pyim);]*" and [V00,5]®~. Compound
1 has a 3-D supramolecular structure assembled through extensive hydrogen—bonding inter-
actions, O—H- - -O, and N-H- - -O, with the O- - -O and O- - -N distances in the range 2.65(2)—
3.266(11) A and 2.658(6)-2.962(12) A (table S3). The waters have very strong hydrogen
bonding interactions with each other to form two types of water clusters: (H,0)s and (H,0),
in 1, with average O---O distance of 2.759-2.817 A (figure 2). The water clusters in 1 are
reminiscent of other hydrate-supramolecular aggregates [39, 40]. There are some disorders

Figure 1. The structures of [Co(pyim);]5[V002s]- 7H,O with atom-labeling schemes (hydrogens are omitted for
clarity).
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Figure 2. The (H,0)q water cluster and (H,O), water cluster in 1.

for O3w, O4w, and O5w with occupancy factors being 0.5, 0.5, and 0.5, respectively.
[V10025]°" clusters are linked by (H,0), water clusters via Olw—H---09, O3w—H- - -Ol,
and O3w—H- - -O2 hydrogen bonds to form a 1-D chain (figure 3). Adjacent 1-D chains are
linked by O2w and its crystallographic partners of the (H,O)s water clusters using hydrogen
bonds to make a 2-D H,O—[V;,0,5]°" soft layer, which is shown in figure 4. [Co(pyim);]*"
are inserted between adjacent layers, while H,O—[V00,5]°~ layers are further connected by
[Co(pyim);]*" using N9-H---04 and N6-H---O13 hydrogen bonds to generate a 3-D
supermolecular open framework, as depicted in figure 5.

The oxidation state for Co in 1 is calculated based on bond valence sum calculations
[41]. The calculations indicate that Co is +3.25, confirming oxidation state +3 for Co ion,
and in agreement with the formula of 1.

Replacing Co(CH53CO,),-4H,0 by Ni(CH5CO,),4H,0, we got 2, whose structure is
quite different from 1. Compared to 1, the cations of 2 are [Ni(pyim);]**. Due to the inver-
sion center, protonation at O(9) generates diprotonated decavanadate unit [HyV0045]*
(figure 6). A hydrogen was clearly found from the difference map and the O(9)-H(9) bond
distance is 0.804(9) A. The Ni-N distances vary from 2.045(3) to 2.151(3)A. The V-O
distances vary from 1.595(2) to 2.365(2) A. The O-V-O angles are 73.71(8)°-174.18(11)°.
Distances and angles of the hydrogen bonds in 2 are listed in table S4. There is only one
type of (H,O), water cluster in 2 (figure 6); (H,O), water clusters link [HyV,002]*
anions to form a 2-D sheet structure, as shown in figure 7. O2w is a H-acceptor connect-
ing Olw by hydrogen bonds with O---O distance of 2.681)A, and then (H,O), clusters
connect three adjacent [H,V;00»5]*" anions to form a {[H,V,O.s] - -(H,0),}, layer.
There are [Ni(pyim);]*" cations between the inorganic layers. Adjacent 2-D layers are
connected by N-H---O hydrogen bonds to make a 3-D supermolecular open framework
(figure 8).

Figure 3. The 1-D chain constructed by [Vszg]G’ anions and (H,O),. (The decavanadate anions are
represented in aqua polyhedron mode.)
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water cluster

o ‘o

[Co(pyim);]** filled between adjacent polyanion layers by hydrogen bonds to make a 3-D framework.
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Figure 6. The structure of [Ni(pyim);],[H,V0025]-4H,0 with the atom-labeling schemes.

" (H,0), water cluster

Figure 7. The structure of inorganic layer in 2 viewing along the a-axis.

Assignment of oxidation states for V of 1 and 2 are calculated based on bond valence
sum calculations [42]. The calculations indicate +5V in both 1 and 2.

3.3. IR spectrum

IR spectra of 1 and 2 are shown in figure S1. The strong band at 960 cm™"' is due to

v(V=0); bands at 580-840cm ™" are attributed to v(O—V-0) and v(V-Oy). Typically sharp
peaks for 2-(2-pyridyl)-imidazole are 1100-1620cm™"'. In addition, bands at 3400 cm ™'
are due to v(O-H).

3.4. PXRD analysis

PXRD measurements for 1 and 2 were determined at room temperature. As shown in fig-
ures S2a and S2b, the peak positions of the experimental and simulated XRD patterns of 1
and 2 are in agreement, indicating the phase purity of 1 and 2.
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3.5. Thermal analysis
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Thermal analyses of 1 and 2 were performed from 25 to 800 °C. As shown in figure S3a,
weight loss of 5.98% from 25 to 310°C corresponds to the removal of H,O (Calcd
6.09%). Weight loss of 41.51% from 310 to 800 °C can be attributed to decomposition of
pyim (Caled 41.97%).
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Total weight loss of 2 (figure S3b) from 25 to 800 °C is 46.56% (Caled 46.69%), due to
removal of H,O and pyim.

3.6. Fluorescence spectrum

The fluorescence spectra of 2 were recorded in solid at room temperature. The maximum
excitation and emission wavelengths of 2 are 376 and 601 nm, as shown in figure 9. Fluo-
rescence of 2 is attributed to [Ni(pyim)3]2+. The maximum emission of 2 has a red shift
compared to pyim (370 nm) [43]. It can be assigned to m—n* fluorescence and the ligand-
to-metal charge transfer. The enhanced fluorescence efficiency of 2 is due to coordination
of pyim, which reduces the energy loss by radiationless thermal vibrations. Fluorescence
of 1 is not observed, due to fluorescence quenching.

4. Conclusions

Two new decavanadate metal compounds based on [V;0,5]®” and pyridyl imidazole
[Co(pyim)3]2[V10025] 7TH,O (1) and [Ni(pyim);]o[H,V19025]'4H,O (2) are synthesized
under solvothermal condition. Although pyim was used as ligand in 1 and 2, the V-O
cluster anions are different. The structural analysis of both the compounds demonstrate
transition metal complexes acted as balance cations and play an important role in
formation of M—O cluster anions.

Supplementary material

CCDC 922345 and 922346 for 1 and 2 contain the supplementary crystallographic data.
The date can be obtained free of charge via http://www.ccdc.com.ac.uk/conts/retrieving.
html, or from Cambridge Crystallographic Data Center, 12 Union Road, Cambridge CB2
1E2, UK; Fax: +44 1223 336 033; or Email: deposit@ccdc.cam.ac.uk.
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