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In the recent years, remarkable progress has been made in the area of 

polyoxometalate (POM) chemistry, where several POM anions, for example, 

decavanadate and mixed addenda Lindqvist anions are given significant 

importance. In this chapter, a brief introduction on the POM cluster chemistry 

including the history, synthesis of relevant compounds in macro-/nano-size as well 

as applications are discussed. The synthesis and characterization of macro-sized as 

well nano-sized crystals of POM cluster-containing compounds have drawn 

considerable interest. The key to the rapid growth of this research area is mainly 

due to the tendency of these materials to meet the vast range of applications in the 

field of catalysis, medicinal and industrial science. This chapter gives a general 

overview on the POM associated compounds in terms of introduction and research 

progress which mainly deal with applications and synthetic procedures. 
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1.1. Introduction 

Over the past few decades, much progress has been made in the development of POM 

materials. Today, POM chemistry is a key emerging area that promises to allow the 

development of sophisticated designers molecule‐based materials and devices that exploit 

developments in instrumentation, nano-science and materials fabrication methods.
1 

Inorganic metal-oxygen cluster anions (for example, POM anions) form a class of 

compounds that is unique in its topological and electronic versatility and is important in 

several disciplines. POMs have found applications in the areas of analytical chemistry, 

catalysis (including photocatalysis), biochemistry, medicine (antitumor, antiviral, and even 

anti-HIV activity),
2
 and especially in materials science owing to their chemical, structural 

and electronic versatility. POM like metal-oxygen clusters are also present in geosphere 

and biosphere.  

1.2. Historical background of POM chemistry  

Although the first compound of POM   was reported more than 150 years ago, new types 

of POM clusters continue to be discovered for exploring new class of materials with novel 

functional properties. Berzelius noted the formation of an yellow (heteroployanion) 

product from the reaction of molybdate with phosphate or arsenate in 1826.
3
 The first 

heteropolytungstates were discovered and characterized by Marignac in 1862. During the 

next years, POMs were intensively investigated, and hundreds of such compounds were 

described in the Gmelin volumes, published in the 1930s.
4
 In 1893, Alfred Werner 

proposed his monumental theory
5a

 of coordination complexes. Pauling, for an important 

class of compounds, proposed structures that were based on corner-sharing of MO6 

octahedra,
5b

 but it was not until 1933, Keggin reported the structure of the heteroploy acid 

[H3PW12O40]·6H2O (by analysis of 32 powder X-ray lines),
6a

 whereby the importance of 

more compact edge-shared polyhedral arrangements were revealed. A new polyanion 

structure was reported by Anderson
6b

 in 1937 which was finally confirmed by Evans
6c

 in 

1948. Later, other POM cluster anions, namely,  Lindqvist,
6d

 Strandberg,
6e

 Dawson types 

of polyoxoanions were characterized. In 1971, a review
 
published, where 25 X-ray 

investigations were listed.
7
 During the 1987 and 88, almost 66 structures were published 

due to the development of the X-ray crystallographic hardware and software techniques. 

Later the development of Raman, 
17

O NMR
8
 and other spectroscopic methods with the 
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combination of electrochemical measurements and new analytical techniques, such as fast 

atom bombardment (FAB) mass spectroscopy,
9
 established the important link between 

solid and solution structure. New classes of structures of more than 70 different elements, 

with ―coordination numbers‖ ranging from 3 to 12, had been confirmed, dozens of 

stoichiometries and structures were known. This chemistry is well known since 200 years 

and interest have been increasing worldwide. 

1.3. General perspective of POM chemistry 

The POMs are a large family of metal-oxygen cluster anions, which are particularly 

formed by the early transition metals such as Mo, W, V, Nb and Ta (―addenda atoms‖).  

These have been considered as ideal inorganic building blocks for the design and 

construction of multi-functional materials.
10a

 A large number of potential coordination 

sites (both terminal and bridging oxygen atoms) from the POM cluster-surfaces are the 

main source for the multifunctional activity. In general, POM clusters are known in 

anionic forms, and hence appropriate cations are needed for their successful isolation.  

The formation of POMs depends on: 

(i) the appropriate relationship of coulombic factors of ionic radius and charge 

(cationic radius should be within the range of 0.65  0.80 Å; for addenda atoms 

V
5+

 (0.68 Å), Mo
6+

 (0.77 Å), W
6+

 (0.74 Å), whereas for Cr
6+

 (0.58 Å). 

(ii) on the accessibility of empty d orbital for metaloxygen bonding; this is why, the 

formation of POM clusters are limited to only above mentioned inner-transition 

metals and not from other metals. 

There are two generic families of POMs: the isopolyanoins (IPA), that contain only d
0
 

metal cations and oxide anions, [MmOy]
p-

, and the heteropolyanions (HPA), that contain 

one or more heteroatoms in addition to the other ions, [XxMmOy]
q-

, (x  m) where M 

atoms are the addenda atoms and X is hetero element, namely, P, S, Si, As, etc. The 

heteroatoms in the heteropolyoxometalates can reside in either buried (not solvent 

accessible) or surface (solvent accessible) positions in the POM structure. Over half of the 

elements in the periodic table are known to function as heteroatoms in 

heteropolyoxometalates. As heteropoly compounds are more numerous and their structural 

and electronic properties are easier to modify synthetically than those of the isopoly 

compounds, the former members have dominated the medically oriented research on 
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POMs to date. POM anions can also be classified into three types, based on the presence 

of number of oxygen atoms, attached to the addenda atom. The ―mono-oxo‖ (C4v) class or 

type I, which have one terminal oxo group in which lowest unoccupied molecular orbital 

(LUMO) is approximately non-bonding and metal centered and hence type I class POMs 

may be reduced reversibly to mixed valence species. Whereas in type II or ―cis-dioxo‖ 

(C2v) class, there are two terminal oxo groups,
4b

 where LUMO for the octahedral is 

strongly anti-bonding with respect to the M = O bonds. Type III anions (which is observed 

very rarely) had both kinds of M atom sites. The above entire discussion is offered in the 

following scheme 1.1. 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 
Scheme 1.1.  Classification of POM anions, based on composition and unshared oxygens attached 

to M atom.  

 

The structures of heteropoly and isopolyanions appear to be governed by the electrostatic 

and radius-ratio principles, observed for extended ionic lattices. Therefore, it is convenient 

to describe these structures in terms of assemblages of metal-centered MOn polyhedral, 

that are linked by shared corners, edges and faces. The metal ion does not lie at the center 

of its polyhedron of oxide ions   but it is displaced strongly towards  the exterior   of    the 
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polyanion structure. There are two main principles of describing the structures:  

Lipscomb: There are no polyanion structures, which contain MO6 octahedra with more 

than two unshared oxygen atoms.
1
 

Pope: Two kinds of metal atom displacement are observed in polyanions: type I, towards 

one, always terminal oxygen atom, and type II, towards two cis, usually terminal oxygen 

atoms.
10a 

1.3.1. Structure 

POMs can be regarded as packed arrays of pyramidal MO5 and octahedral MO6 units 

(building blocks) and these entities can be considered as similar as the –CH2– in organic 

chemistry. These MOn units can be packed to form different shapes, but there are some 

simple rules for them to join one another in order to build the POM frameworks. The 

molecules as a whole are built by edge- and/or corner sharing MOn polyhedra, and very 

rare by face-sharing (Figure 1.1). The most stable linkages are the edge- and corner-

sharing models (A and B in Figure 1.1), in which the Mn
+
 ions are far enough from each 

other in order to decrease the columbic repulsion between them (Table 1.1). In the case of 

the face-sharing contact (C in Figure 1.1), the metallic centers are closer than in A or B. At 

such distances, the repulsion is not balanced by the stabilization due to the chemical 

bonding.
 

 
 

Figure 1.1. Illustration of the self-assembly process, whereby the tetrahedral metal {MO4} 

expands into octahedra {MO6} and then condenses into larger assemblies sharing oxygen ligands, 

where M commonly is Mo, W, or V. There are three different sharing modes: (a) corner sharing, 

(b) edge sharing, and less commonly (c) face sharing. Color scheme: M, gold (polyhedra); O, 

red.
10b
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Nevertheless, Linking of MO6 octahedra by face-sharing was first reported by Dexter and 

Silverton in 1968, observed in the structure of [CeMo12O42]
8–

.
11

 This species consists of 

six pairs of face-shared octahedra (Mo2O9 unit) resulting in an icosahedral geometry. The 

molybdenum atom positions are characterized with Mo···Mo separations of 3.18 and 3.84 

Å (face and corner-shared contacts respectively).
10a 

Table 1.1.  M···M distances (Å) of corner- and edge- sharing octahedra in POMs 

 

Metal Ion corner- sharing edge- sharing 

 

V(V) 3.50 3.20 

W(VI) 3.70 3.41 

Mo(VI) 3.70 3.41 

 

1.3.2. Some common structures  

1.3.2.1. Isopolymetalates, [MmOy]
n−

 

1.3.2.1.1. Hexametalate structures  

One of the prominent examples of hexametalate structures are Lindqvist structure, such as, 

observed in the cluster anions [Nb6O19]
8-

, [Ta6O19]
8-

, [Mo6O19]
2-

 and [W6O19]
2-

. The 

structure is built by repeating octahedral units with shared edges. In Figure 1.2(a), it can 

be seen that the metal atom is not in the centre of the octahedral structure, so the structure 

is called ―quasi-octahedral‖.
10a,12   

Two polyanion structures are based on the arrangements 

 

 

Figure 1.2 Polyhedral representation of (a) Lindqvist anion [M6O19]
2-

; (b) heptamolybdate anion 

[Mo7O24]
6-

 and (c) Anderson anion [TeMo6O24]
6-

. The gold-colored {MO6} octahedra represent the 

addenda metal M (Mo, W, V, etc.); the light green {MO6} represents the central heteroatom 

octahedron); O, red.
10b
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of seven edge-shared octahedral as shown in Figure 1.2(b) and 1.2(c) respectivley. The 

planar structure was originally proposed by Anderson for the heptamolybdate anion, 

[Mo7O24]
6-

, and 6-molybdo-anions, such as [IMo6O24]
5-

, and these are  generally known as 

the ―Anderson structure‖.
13a

  Later, Lindqvist showed that [Mo7O24]
6-

 has a bent structure 

(Figure 1.2(b)) (b) and the first authentic Anderson
10a

 structure (Figure 1.2(c)) was 

observed for [TeMo6O24]
6-

.  

1.3.2.1.2. Mixed addenda Lindqvist clusters 

Vanadium–tungsten mixed isopolyanions were firstly described by Finkener
13b

 and 

Rosenheim,
13c

 then in 1894 by Friedheim
13d-e

 and in 1915 by Prandtl
13f

. In 1963, Chauveau 

and Souchay
13g

 confirmed the V/W = 2:4 stoichiometry and determined the pH range for 

the stability of this species. In 1971, Flynn and Pope
13h

 gave efficient methods to prepare 

the complexes [VxW6–xO19]
–2–x

 (x = 1, 2). These clusters are shown in Figure. 1.3. IR and 

Raman spectroscopic studies in solution and in the solid state have shown that these 

anions have likely the Lindqvist structure
13i-j

 with respectively one or two tungsten atoms 

being replaced by vanadium. The stability in aqueous solution of such species depends 

strongly on the pH.
13k-l

 The high charge and large size of the isopolyanions (Figure 1.3) 

make them nice building units for self assembly.
13m 

 

 

 

 

 

 

 

 

Figure 1.3. Polyhedral representation of (a) [VW5O19]
3–

, (b) [V2W4O19]
4–

 and (c) [V3W3O19]
5–

. The 

gold-colored {MO6} octahedra represent the addenda metal, M (W); the light green {MO6} 

represents the substituted addenda metal atom, M (V); O, red.
10b 
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1.3.2.1.3. Decametalate structures 

Examples of these structures are [HnV10O28]
(6–n)–

, [W10O32]
4–

 and  [Mo10O34]
8–

.  In these 

three clusters, decavanadate cluster is the predominant and it was first characterized in 

1956.
13n 

Decavanadate cluster anion (Figure 1.4) is one of the foremost polyoxovanadate 

(POV) cluster anion. The structure of decavanadate anion, consisting of six fused VO6 

octahedra having D2h symmetry, is closely related to the representative POM, known as 

Lindqvist-hexamer, [M6O19]
n–

 which has approximately Oh symmetry. The decavanadate 

anion contains three sets of equivalent vanadium atoms.
13o

 These include two central VO6 

octahedra and four peripheral tetragonal-pyramidal VO5 groups. There are seven unique 

groups of oxygen atoms, two of these bridges to six vanadium centers, four oxygen atoms 

bridge three vanadium centers and fourteen of these oxygen atoms span edges between 

pairs of vanadium centers and eight oxygen atoms are peripheral. 

 

 

 

 

 

 

 

 

Figure 1.4.  Polyhedral representation of decavanadate anion [V10O28]
6-

. The gold-colored {MO6} 

octahedra represent the addenda metal, M (V) ); O, red.
10b

 

1.3.2.2. Heteropolymetalates,[XxMmOy]
q− 

1.3.2.2.1. The Keggin clusters 

Compared to the M6O19 and XM6 structures described above, Keggin structure is much 

more complex. As shown in Figure 1.5, a central tetrahedron, surrounded by twelve 

octahedral, arranged in four groups of three edge-shared octahedral units, M3O13. These 

groups are linked by shared corners to each other and to the central tetrahedron. This 

structure is known as the Keggin structure, called after the scientist who first characterized 

it.
10a,14
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Figure 1.5. Polyhedral representation of the (a) Keggin anion [XM12O40]
n–

 and (b) Trisubstituted 

Keggin anion. The gold-colored {MO6} octahedra represent the addenda metal, M (Mo, W, V, 

etc.); the light green {MO6} represents the central heteroatoms; the dark green {MO6} represents 

the substituted addenda; O, red.
10b

 

1.3.2.2.2. Mixed addenda Keggin clusters 

The M atoms in the Keggin anion [XM12O40]
n–

 can be partially substituted by a second 

heterometal atom to form ‗substituted‘ heteropoly Keggin anions, XM12–yZyO40
p–

, where Z 

is a second heterometal (e.g. vanadium). Numerous examples of such ‗mixed-addenda‘ 

compounds have since been described.
14b

 Pope and Flynn
13o,14c

 reported syntheses and 

characterizations of these tungstovanadate heteropolycomplexes. The reported preparative 

studies reveal that these heteropoly anions can be considered to be derivatives of the 

unknown (hypothetical) 12-tungstovanadate (V) with partial replacement of tungsten(VI) 

by vanadium(V), i.e., [VW12–nVnO40]
(3+n)–

 with n = 2, 3 or 4. Among these ‗mixed-

addenda‘ compounds, [VW10V2O40]
5–

, [VW9V3O40]
6–

 and [VW8V4O40]
7–

 are of particular 

interests because vanadium-substituted Keggin anions have been used as catalysts in 

oxidation of organic compounds.
14d-e

 

1.3.2.2.3. The Wells-Dawson clusters 

It is a dimeric heteropolyanion of the formula [X2M18O62]
x–

, where M= W(VI) or Mo(VI). 

The anion is viewed as a fusion between two A-α-XW9 units through all six oxygens of 

the lacuna resulting in a virtual D3h  symmetry cluster of the α isomer type (Figure 1.6).  
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Figure 1.6. Polyhedral representation of the (a) Wells-Dawson anion (b) Trisubstituted Wells-

Dowson anion. Color scheme: The gold-colored {MO6} octahedra represent the addenda metal, M 

(Mo, W, V, etc.); the light green {MO6} represents the central heteroatom tetrahedron; the dark 

green {MO6} represents the substituted addenda; O, red.
10b 

Two sets of tungsten form this polyanion, six ―polar‖ and twelve ―equatorial‖ positions 

constituting the two caps and the two belts of the anion respectively. The β isomer forms 

when one of the caps is rotated by 60°. Similar to the β Keggin, the β Wells-Dawson is 

more easily reduced. 

1.3.3. Current trends in synthesis and properties of POM clusters  

In practice, POMs are most frequently prepared by one-pot  proton-induced condensation-

dehydration reactions in an aqueous medium. The mechanism of the formation of POMs is 

still not clear and usually described as self assembly. Therefore it is not possible to design 

a multi-step sequence for the synthesis of novel POM cluster anions. The successful 

isolation of POM cluster anions depends on many factors during the course of the reaction, 

such as (i) concentration of the reactants, (ii) pH of the medium, (iii) temperature, (iv) 

solvent, (v) sequence of adding reagents, and (vi) presence of reducing agents/additional 

ligands etc. 

(a) Synthesis of POMs from aqueous and non-aqueous medium: 

The acidification of an aqueous solution contains simple oxoanions such as MoO4
2

 or 

WO4
2

 resulting in the formation of isopolyanion (IPA) and heteropolyanion (HPA) with 

necessary added heteroatom. The formation of isopolyanion and heteropolyanion can be 

described as  

7MoO4
2

 + 8H
+
  [Mo7O24]

6
 + 4H2O 
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6MoO4
2

 + [Al(H2O)6]
3+

 + 6H
+
           [Al(OH)6Mo6O18]

3
 + 6H2O 

 

The important isopolyanion is decavanadate.  The aqueous chemistry of V(V) has been 

extensively studied and a large variety of molecular species have been described.
14f

 Two 

basic reactions, hydrolysis and condensation, occur when vanadium salt is dissolved in 

water. Aqueous vanadate (V) compounds undergo various self-condensation reactions.
14g

 

Depending on pH, major vanadate anions in solution include VO2
2+

, VO4
3–

, V2O7
3–

, 

V3O9
3–

, V4O12
4–

 and V10O26
6–

. Many of these vanadate ions can be reversibly 

protonated.
14h

   

 

Decavanadate anion is formed according to this equilibrium: 

10 [VO2(OH2)4]
+

(aq) ⇌ H2V10O28
4–

(aq) + 14 H
+

(aq) + 32 H2O 

 

Decavanadate is most stable in the region of  pH 4–7. Solutions of vanadate turn bright 

orange at pH 6.5, indicating the presence of decavanadate cluster anion. All other 

vanadates are colorless. Below pH 2.0, a brown V2O5 hydrate gets precipitated. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.7. V(V) solute species in aqueous solutions as a function of pH and concentration. .
14i

 

 

 

In non-aqueous solutions, the hexa- and deca-tungstate anions are well characterized. The 

syntheses of isopolyanions from an organic solution were performed by Jahr and Fuchs.
15

 

The relevant synthesis was performed by the hydrolysis of the metal esters in the presence 
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of organic bases. The formation of hexa-tungstate in non-aqueous medium can be 

described as  

WO(OEt)4 + NR4OH +  H2O                  [NR4]2[W6O19] 

 

(b) Functionalization of POMs 

The functionalization of the POM cluster anions to explore more selective applications is 

an interesting aspect in recent POM chemistry. The functional POM frameworks have 

been achieved by using either pure organic linkers or inorganic linkers, e.g.,  transition / 

alkali metals. The covalent attachment of organic/inorganic groups to POM via linkages 

extends their potential uses in various applications.
16 

It is interesting that some of the 

transition/alkali metal linkers can form pure inorganic  POM-based polymeric compounds 

through covalent bonds.
16

  

Coordination dimension mainly depends on the number of possible coordination sites 

available in POMs cluster and transition metal complexes. By taking the advantage of the 

ability of POMs in forming variety of multidimensional structures,   1D, 2D and 3D 

structures containing compounds have been synthesized  either hydro-thermally or by 

solution based techniques. A significant contribution was made by Jon Zubieta  and co-

workers
17a

  in this particular field of research work; some of the reported structures are 

known with open framework containing well defined cavity.
17b

  POV clusters have also 

been used as linker for constructing functional vanadium framework structures, for 

example, reported vanadium MOF (VMOF).
17c

 Ramanan and co-workers have made 

considerable contribution on fully oxidized vanadium based polyoxoanions in the presence 

of cage like hexamine as a structure directors.
17d-e

  

1.3.4. Applications 

1.3.4.1. POMs in catalysis 

The use of POM associated compounds as catalysts continues to be one of the most 

popular application, especially in industry with hundreds of papers and many patents 

published every year covering this topic. The redox properties of these POMs make them 

important as catalysts for a number of oxidation and dehydrogenation reactions of organic 

substrates. The main role of POM
18a

 cluster anions in catalysis is to activate  peroxides, 

such as  hydrogen peroxide, alkylhydroperoxide etc. As a result of the activation of 
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peroxides, an inorganic peroxo, hydroperoxo, alkyl peroxo, or acyl peroxo intermediates 

are formed and those are very reactive species and hence lead to oxygenation of the 

organic substrate. The superiority of POMs as catalysts, compared to other catalysts, is 

reflected by their affinity towards strong oxygen donors, such as molecular oxygen and 

hydrogen peroxide. 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.8. POM-catalyzed reaction systems: catalytic oxidation reaction and photo-catalytic 

reduction. 

 

Mostly transition metal substituted POM clusters or POM supported transition metal 

complexes show applications in catalysis. The literature shows that about 85% of the 

patents and applications of POMs are related with catalysis.
18b

 A cesium salt of a 

divanadium-substituted phosphotungstate compound. catalyzes  the hydroxylation of 

alkanes with a complete stereospecificity and regiospecificity.
19

 The di-aluminum 

substituted silicotungstate  shows catalytic activity for the intramolecular cyclization of 

citronellal derivatives, such as citronellal and 3-methylcitronellal without formation of 

byproducts.
20

 POM–MOFs also show interesting catalytic properties. Cationic crown-

ether/POM ion pairs exhibit catalytic activities. The cation [Pd(II){(H3O)[15]crown-5-

phen}Cl2]∙(phen = phenanthroline) and [PV2Mo10O40]
5–

 anion can catalyze Wacker-type 

alkene oxidation in essentially quantitative yield using N2O instead of O2 as the oxidant.
21

 

The hybrid complex [Re(I)(15-crown-5-ether)(CO3)CH3CN-MHPW12O40] (M=Na
+
, H3O

+
) 

catalyzes the reduction of CO2 to CO in the presence of H2 under light.
22

  The mechanism 

and kinetics of ether and alkanol cleavage catalyzed by POMs have been examined.
23
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Finally, H5PMo10V2O40 has been tested as a catalyst and a co-catalyst for methane 

oxidation in a microfluidic device, to implement genetic algorithms.
24 

1.3.4.2. POMs in magnetism  

The unique ability of POMs to act as electron sponges hosting a variable number of 

electrons in the POM framework can provide an efficient way to tune the strength of the 

exchange coupling as well as the electron delocalization in the cluster and, consequently, 

its spin state. Such a control can be achieved either physically, by an electrical gating in a 

single molecule setup, or chemically, during the synthesis of the POM. Due to chemical 

control of electron population, POVs represent a remarkable class of high-nuclearity 

mixed valence clusters.
25a

 These compounds are therefore ideal systems for studying the 

influence of the number of delocalized electrons on the magnetic properties. It is well 

known that, only two isopolyanions [V10O28]
6(13o)

 and [V12O32]
4(25b)

 are known in which 

all the vanadium centers are in +5 oxidation state. Several polyoxovanadates are known in 

mixed valence (nearly all ratios of V
4+

 to V
5+

 are known) and some of them are known in 

which all the vanadium centers are in V
4+

(d
1
).

25c
 Especially, the mixed valence (V

5+
/V

4+
) 

and reduced (only V
4+

) vanadium clusters show an interesting magnetic behavior. In such 

a way, fully reduced vanadium clusters (containing only V
4+

) can be viewed as fully 

magnetic cluster in which S = ½ spins for each V
4+

 and V
4+

 centers are anti-

ferromagnetically coupled. Consequently, the intermolecular magnetic interactions are 

expected to be a maximum which opens up a new gateway in molecular magnetism.  

1.3.4.3. POMs in electrochemistry 

There is a potential for exploitation of their electronic and optical properties. The first 

attempts of electrical measurements on POM‐based systems have been carried out by the 

groups of Glezos and Tour.
26,27

 POMs were examined as components of polymeric 

materials with potential use in nanolithography, molecular devices and also properties 

such as charging and electron tunneling through molecules in quantum switching 

applications. An important requirement in this case is that the guest POM molecule should 

not interact chemically with the polymer host material. The transport properties of these 

materials were investigated by varying the inter-electrode spacing and the POM 

concentration. Another interesting result obtained was resonant tunneling at room 
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temperature condition for film thickness in the range of 10nm.
26

 Quantum tunneling 

effects depends strongly on three factors, primarily on a) the POM concentration and 

therefore the intermolecular distance, b) the electrode distance, and less on c) the electrode 

material.
27

 This study concluded that the selective charging of POMs can be exploited in 

future memory devices. 

1.3.4.4. POMs in medicine  

Two general types of POM biological activity, anti-viral and antitumoral, have been 

known for some time. The putative applications of poly-, oligo- and mono-oxometalates in 

biochemistry, biology, pharmacology and medicine have rapidly been attracting interest. 

In particular, these compounds may act as potent ion pump inhibitors and have the 

potential to play a role in the treatment of e.g. ulcers, cancer and ischemic heart disease.
28

 

The mechanism for the antitumoral activity of POMs is proposed by Yamase.
29 

The first 

antiviral activity of POMs was reported in 1971. The inhibition of viral adsorption / fusion 

as a function of POM structure in a cell-based assay was first studied by Hill et al.
30 

They   

showed that the POM anions [SiW12O40]
4

, [BW12O40]
5

 and [NaSb9W21O86]
18

 were able 

to completely inhibit cell fusion in HIV-infected lymphocytes.  

 

 

 

Figure 1.9. E1–E2 ATPases, a family of cation pump enzymes, are known targets whereas 

decavanadate binds to a pocket formed by protein domains at the cytoplasmic side. Decavanadate 

and other POMs need to cross the bilayer before targeting the ion pumps, something which 

probably occurs through transport membrane systems such as channels, or specific transporters 

and/or pumps. In contrast, established organic drugs do not apparently need to cross the 

membrane, and probably for V10 this mechanism of action cannot be completely excluded. Na
+
/K

+,
 

H
+/

K
+
, and Ca

2+
 stand for Na

+
, K

+
-ATPase, H

+
, K

+
-ATPase, and Ca

2+
-ATPase, respectively. SR 

denotes sarcoplasmic reticulum.
28 
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The mode of action of decavanadate and the other oxometalates implies that the main 

focus of the interaction is on the cytoplasmic domain of the protein, more specifically at 

the nucleotide or phosphorylation domains or at a pocket involving several cytoplasmic 

domains. Although decavanadate interacts most strongly with the E2 conformation of the 

Ca
2+

-ATPase, as do some of the other drugs, decavanadate also interacts with other 

conformations (Figure 1.9). Therefore, decavanadate exhibits a particular feature that may 

be useful for the understanding the mode of action of ion pump inhibitors in general.
28

 

Besides, the specific behavior of decavanadate towards ion pumps may guide the 

development of new drugs that would have these pumps as therapeutic targets.  

1.3.4.5. POMs in nuclear waste treatments 

Much research work has been focused on safe disposal of the long lived radioactive 

isotopes, like Np-237, etc. Owing to its highly oxophilic and higher coordination number, 

the f-block elements are better candidates for forming ideal POM based compounds, 

which finds applications in nuclear waste treatment process.
31 

For example, POM anions 

like AsW9
32 

and P2W17O61
33 

have been used as coordinating ligand in radioactive waste 

treatment via sequestration of trans-uranium elements. The outstanding similarity in 

coordination chemistry of POMs may have great significance of the development of new 

waste treatment technologies. 

1.3.4.6. Supramolecular interactions in POMs 

POMs are basically oxo-clusters, which contain many number of oxygen atoms on the 

cluster surface and also crystallized with significant number of lattice water molecules. 

Due to the presence surface oxygen atoms/ lattice water molecules, the relevant crystal 

structure is often stabilized by OH···O hydrogen bonding interactions (in case of hybrid 

compounds CH···O, NH···O, CH···N are also included). Basically supramolecular 

chemistry has been varied by changing the cation. Recently various reports have come in 

the context of supramolecular chemistry of decavanadate- and mixed addenda Lindqvist-

based cluster containing compounds.
34 
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1.4. Uniqueness of nano-materials  

In materials science, a new dimension is now added by ‗size‘, a feature that controls 

properties in the world of nano-materials. Size, shape and size-distribution in nanoscale 

regime permit the control of fundamental properties of the materials without changing the 

materials, chemical composition and lattice structure. The term ―nano” originates 

etymologically from the Greek, and it means ―dwarf‖. The term indicates physical 

dimensions that are in the range of one-billionth (10
9
) part of a meter. Nano-materials 

show unique properties because of their surface as well as the small physical size.
35

 Atoms 

on the surface have less number of neighbors than in the bulk, and the increasing ―surface 

to volume ratio‖ at small physical sizes leads to unusual effects like change in melting 

points and phase transition temperatures. In a broad sense, nanoscience can be defined as 

the study of phenomena and manipulation of materials at atomic, molecular and 

supramolecular level, where properties differ significantly from those at a macroscopic 

scale,
36a

  and become size-dependent. 

Nano-materials had made a strong impact already and will continue to impact upon a 

range of areas like energy, environment, textiles, cosmetics, food and information 

technology. The unusual facets of nano-materials ensure that these are unique materials for 

futuristic path breaking investigations and novel applications.                  

1.4.1. POMs in nano-size 

POMs are ideal models for the construction of organic-inorganic hybrid systems and are 

regarded as potential candidate to be transformed into nanometer-sized materials. It is 

believed that the assembly of POMs-based composite on the nanometer scale can provide 

a path for exhibiting their unique properties in many fields. The synthesis of organic–

inorganic hybrid compounds using POM clusters as nano-building blocks is an attractive 

idea that can utilize the myriad and potentially important functions of POMs in areas as 

diverse as catalysis, molecular magnetism, photochemistry and medicine. The rational 

design of POM multi-component materials with well defined supramolecular 

architectures, represent the next milestone to implement POMs into functional materials 

and devices. Cronin and co-workers reported silver decavanadate and other 

polyoxotungstate based nanostructures.
36b
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The POM based clusters can serve as both the reductants and the stabilizers
 37 

and the 

process may provide an effective approach for the synergic catalysis of the oxidation and 

hydrogenation. Thus, developing a simple method to combine POMs and metal 

nanoparticles (MNPs) in one confined domain in a well dispersed state is of considerable 

interests in terms of both fundamental and  practical importance. Currently, most of the 

reported examples include the POM reduction in aqueous solutions,
37

 films,
38 

liquid-liquid 

interface,
39

 and in bulk silica.
40,41  

Metal oxide based nanocapsules of the type {(M
VI

)M
VI

5}{Mo
V

2}30 (≡{M
VI

72Mo
V

60}) and 

{(M
VI

)M
VI

5}12{M′}30 (M = Mo or W; M′ = VO
2+

, Fe
3+

, or Cr
3+

) are popularly called 

Keplerates. In POM chemistry, the concept of ―transferable‖ building blocks (for example, 

the pentagonal unit [(Mo) Mo5O21(H2O)6]
6−

) is the key point to understanding the 

formation of very large cluster entities of diverse architectures, e.g., giant spheres, giant 

wheels, etc (Figure 1.10).
42 

 

 

 

 

 

 

 

 

Figure 1.10. Schematic representation demonstrating the thermal stability of a giant nano-object in 

an aqueous solution.
42

 In the absence of acetic acid, this nano-capsule leads to the formation of 

nano-ferric molybdate at boiling water.
42 

1.4.2. Synthesis of nano-sized POMs  

In recent years, systematic methods for POM synthesis and derivatization have been 

explored, providing an expanding range of robust ‗‗designer‘‘ components for ‗‗bottom-

up‘‘ method in materials synthesis. Generally, two methods are applied to the 

incorporation of POMs into the polymer matrix. (i) Two-step method (Figure. 1.11A): A 

polymer film is first deposited on the substrate by spin-coating or electro-polymerization 

and then soaked in the solution containing POMs to allow its passive diffusion into the 

polymer matrix. The electrostatic interaction between cationic polymer matrix and POM 
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anions is stronger than that between the polymers and small counter anions such as sulfate, 

chloride, and perchlorate in the electrolyte. Hence, POMs are efficiently immobilized in 

the polymer matrix. (ii) One step method (Figure. 1.11B): The incorporation process 

involves the chemical or electrochemical oxidation of a polymerizable monomer to form a 

polymer film in the presence of POM solution.
48b

 In this way, nano structured films are 

prepared and the heteropolyanions are trapped within the framework of the polymer 

matrix (Figure. 1.11C).
43 

 

 

 

Figure 1.11 Scheme of preparation of POM—polymer matrix via two-step (A) and one-step (B) 

methods. (C) Schematic diagram of the structure of the hybrid polypyrrole/PMo12O40
3−

.
43 

1.4.2.1. Self-organized nanomaterials based on POMs and cationic surfactants 

Self-organization of surfactants and POMs usually results in nano-structured organic—

inorganic hybrid materials. These materials are analogous to the known organic 

polyelectrolyte- surfactant materials. It is a non-covalent synthesis strategy that makes use 

of the electrostatic interactions between positively charged surfactants and oppositely 

charged POMs. Owing to the structural incompatibility of the surfactant alkyl tails and 

POMs via the ionic connection, phase separation is achieved on a molecular scale, leading 

to the formation of nano structured materials. In 1994, Ichinose et al. used bilayer 

membranes and isopolyanions, V10O28
6−

, as hosts and guests, respectively, to prepare a 

composite material with a layered architecture by an ion exchange technique.
44

 

Afterwards, the layered and hexagonally ordered mesostructured materials were 

constructed with different types of POMs such as H2W12O40, PW11O39
7−

, SiW12O40
4-

, 

[W10O32]
4− 

and surfactants, respectively (Figure 1.12).
45
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Figure 1.12. Assembly mechanism of (DODA)4SiW12O40 under different conditions, including 

initial formation by encapsulation, inverted-vesicle assembly in organic solvent, and 

rearrangement at the air/water interface. Much work on the intercalation of various POMs into the 

interlayer of layered double hydroxides (LDHs), a kind of inorganic lamellar solids, and have 

investigated the catalytic properties of these materials.
45

 

1.4.2.2. Langmuir—Blodgett technique  

So far, several publications have been reported on the incorporation of POMs into the 

microspaces of LB films.
37 

The fabrication of photoluminescent multibilayer composite 

films, consisting of a rare-earth-containing POM, Na9[EuW10O36] and 

dimethyldioctadecylammonium chloride (DODA), can be achieved by the ion-exchange 

method.
46 

 

The surfactant encapsulated POM
47

 (SEP) is an organic- inorganic supramolecular 

complex. By co-condensation with the alkylorthosilicate, the SEP complexes were 

covalently doped into SiO2 spheres. The hybrid silica spheres display obvious advantages: 

the complexes are well dispersed in the silica spheres uniformly and well fixed in inner 

spheres chemically; the POMs are located at the microenvironment formed by the 

hydrophobic surfactants; the structure and stability of POMs are well retained and the 

POMs in the hybrid spheres can communicate with outside stimulus, such as 

photoreduction, which can be employed for the in situ preparation of metal nanoparticles 

(MNPs). More significantly, the hybrid nanospheres integrated multicomponents, serving 

as the catalyst carrier, should be potentially useful for the oxidation and hydrolysis of 

some organic molecules through the synergetic catalysis of POMs and MNPs as well as 

the hydrophobic microenvironment.
48 
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1.4.2.3. Layer-by-layer (LbL) assembly technique  

The layer-by-layer (LbL) deposition technique, developed by Decher,
49a

 falls into the 

category of template assisted assembly and involves the adsorption of a single species 

in each adsorption step. The resulting multilayer film has a defined layer sequence 

depending on the deposition sequence. The LbL assembly method provides a powerful 

tool for the formation and development of POM-based functional films and devices. The 

only requirement is that the inter-layer has sufficiently strong interactions in order to 

adsorb irreversibly at the interface. This approach has spread from laboratory to industry 

because it combines several advantages. In 1996, Kuhn and Anson
49b

 firstly reported the 

deposits of multilayers of Os(bpy)3
2+

—P2Mo18O62
6−

 on different electrode surfaces by 

using this method. Later, Moriguchi et al.
49c

 prepared the ultrathin films self-assembled 

from poly (diallyldimethylammonium) (PDDA) chloride and sodium decatungstate, and 

studied their electrochromic properties. Incorporation of nanoparticles into POM-

containing multilayer films allows an interesting combination of the properties from both 

POMs and nanoparticles.  

Wang et al. reported a new route to fabricate POM based nano-/micrometer composite 

films by the electrophoretic deposition (EPD) method, in which surfactant-encapsulated 

complexes (SEC) can be deposited on an ITO electrode from colloidal dispersion.
49d

 

1.4.3. Applications of nano-sized POMs 

Currently, catalysis and materials science are still the two main fields of applications of 

POMs. A major challenge in POM application is to devise general methods for 

constructing functional nano-scale architectures from these versatile building blocks. The 

integration of POMs into functional architectures and devices (Scheme 1.2), however, 

requires the development of methods to position, orient and integrate these nano-clusters 

in well-defined architectures, thin films, or meso phases.
 49e 
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Scheme 1.2. Brief summary of preparation (bottom half) and application (top half) of POM-based 

nanostructured thin films.
 49e

 

1.4.3.1. Catalysis  

Several groups reported the electrocatalytic application of POM-based composite films by 

LbL technique,
50

 especially the multilayer films consisting of POMs and other types of 

nanomaterials like nanoparticles and carbon nanotubes.
51

 For example, Dong and co-

workers
51g

  alternately deposited iron oxide nanoparticles and P5W30 on quartz and ITO 

substrates. Kulesza et al. deposited platinum nanoparticles on electrocatalytic network 

films with POMs as inorganic templates,
51d-e

 which showed remarkable electrocatalytical 

activity for the hydrogen evolution reaction. Ma and co-workers
50c

 demonstrated that a 

composite film consisting of K3PMo3W9O40 and silver nanoparticles exhibited 

electrocatalytic activity towards the reduction of NO
2 −

, H2O2, ClO
3 −

, BrO
3−

 and IO
3–

 

through tungsten-centered and molybdenum-centered redox processes of POM. Song and 

co-workers
 
have prepared a nanotubular catalytic reactor composed of a parallel array of 

Pt-loaded POMs/polyelectrolyte nanotubes.
51f

  The Pt based POM nanotubular reactor 

with smaller inside diameters showed higher catalytic activities for cyclohexene 

hydrogenation, indicating promising potential in designing reactors with specific sizes for 

specific reactions. Also, a hybrid carbon nanotube– POM can electrocatalytically oxidize 

methanol when the POM modified carbon nanotube electrode is coated by Pt–Ru 
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nanoparticles.
51h 

The electrocatalytic activity of POM-based nanostructured films can be 

used for chemical (bio) sensing. For instance, Kurth and co-workers explored that some 

ordered POM-containing multilayer films had potential application for NO sensing.
52

  Gu 

and co-workers demonstrated that the POM/TiO2 film had great potential for gas 

sensitivity at lower temperatures.
53

 

1.4.3.2. Photocatalyic activity of POM containing nanofilms  

Several reports have also been made on photocatalytic application of POM-containing 

composite films. Cao and co-workers
54

 have reported the LbL films incorporating Keggin-

type POMs showed high photocatalytic activity to degradation of methyl orange.
49e

  

1.4.3.3. Photoluminescent devices 

Since an intramolecular energy transfer from the oxygen-to metal charge transfer (O→M 

CT) to a lanthanide cation can occur in the POM lattice, the photoluminescence (PL) 

behavior of some POMs-containing lanthanide cations is observed.
55

 Xu et al.
56

 

incorporated several types of polyoxotungstoeuropate anions into ultrathin multilayer 

films and found that the PL behavior of the multilayer films was essentially identical to 

that of the POMs solids. Hu and co-workers have reported the photoluminescent properties 

of Na9[EuW10O36]/PAH, K17[Eu(P2W17O61)2]/PAH and K13[Eu(SiW11O39)2]/PAH 

multilayers.
57

 Wu et al. found that polarized emission from the Eu
3+

 centers could be 

observed in the complexes of various Eu-containing POMs and DODA.
58

 Furthermore, 

Zhang et al.
59

 produced a range of inorganic sandwiched heteropolytungstomolybdate 

K13[Eu(SiW9Mo2O39)2] and [EuP5W30O110]
12−

 with a series of commercial and novel 

cationic surfactants, and systematically investigated the effects of surfactants on 

luminescent properties. 

1.4.3.4. Photo- and electrochromic devices  

Interestingly, most POM-based composite films, especially POM LbL multilayers, exhibit 

excellent photochromic properties and good photochromic reversibility,
60

 although only 

few pure POM solids have been reported to exhibit good reversible coloration. The 

Preyssler-type POM/poly (4-vinylpyridine) LbL multilayer could reversibly change color 

from transparent to blue by photo- and/or electroinduced stimulation.
60a

 Zhang et al. 

investigated the electrochromic behavior of cast film of surfactant-encapsulated 
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[EuP5W30O110]
12−

 polyanion.
60b

 The complexes of [EuP5W30O110]
12−

 polyanion with alkyl 

chain surfactants and viologens exhibited a visible and reversible electrochromism. 

1.5. Motivation of the present work  

Above mentioned discussion presents general over-view of POMs and their related topics. 

Since the time first POM based compounds discovered, the application of POMs as a 

material has been emerging step by step. Currently we are in the position to seek out such 

categories of materials with some unique properties. Further work on developing reliable 

and versatile functional materials with useful properties is essential. The studies on solid 

state properties of POMs-based crystalline materials in new perspectives open up 

unexplored solid state aspects on their possible applications in the interdisciplinary areas. 

In general, POMs are in anionic forms which can be isolated as crystalline material with 

appropriate cations and the properties of the same also can be tuned to a large extent.  

This present work describes POM-based materials in terms of their synthesis, crystal 

structures in macro-size as well as nano-size and their possible studies. The mixed 

addenda Lindqvist anion containing compounds are known since 1960s and also important 

in the context of catalysis; these compounds are not well explored, so we have discussed 

such systems in chapter 2. Some of the mixed addenda Lindqvist clusters with organic 

ligand HMTA and also with transition metals were described. The decavanadate anion 

based clusters are well known in literature; there are huge numbers of compounds reported 

with various organic ligands and transition/alkali metals. The nano-sized decavanadate 

based clusters were not well explored, and thus motivated us to study the morphological 

variation of decavanadate based clusters using the sonochemical synthesis in various 

solvents as discussed in the chapter 3. Functionalized POMs gives rise to vast diversity of 

materials, used as building blocks for creating highly classy hierarchical systems with 

various interdependent functionalities. Presently, the functionalization of the POM cluster 

anions to explore more selective applications is more interesting scenario. The essential 

step in the assembly of functional POM frameworks has so far been achieved by using 

either organic linkers or by ligand supported transition metal bridges; both the approaches 

however are limited by the reduced framework stability intrinsic to metal–organic 

framework materials. Thus the assembly of purely inorganic POM based networks offers 

high potential for the formation of new type of materials. The planned synthesis of pure 
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inorganic based clusters, polyanion-polycation polymeric compounds is a big challenge in 

modern inorganic chemistry because of their essential applications in the various fields. 

The functionalization of the decavanadate anion gives different dimensionalities and also 

influences the properties of the resulting material. This motivated us to synthesize the  

pure inorganic cations like sodium, and transition metals as linking units in conjunction 

with larger isopolyoxometalates to construct the 1D to 3D  frameworks containing 

compounds. These results have been discussed in the chapters 4 and 5. 
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Chapter 2 describes four vanadium substituted Lindqvist type tungsten 

heteropolyanion containing compounds with molecular formulae 

[HMTAH]2[H2V2W4O19]·4H2O (1), [Na2(H2O)4]n[H2V2W4O19]n·2nHMTA· 

2nH2O (2), [HMTAH]2n[Na2(H2O)8(V2W4O19)]n·4nH2O (3), 

[HMTAH]2[Cu(H2O)6][V2W4O19]·4H2O (4), where HMTA is hexamethylene-

tetramine. Compounds 1 and 4 are discrete, whereas, compounds 2 and 3 are 

coordination polymers. Compounds 1-4 are characterized by routine elemental 

analyses, FT-IR spectroscopy and single crystal X-ray crystallography. The 

presence of vanadium in the cluster anion is confirmed by 51V NMR 

spectroscopy, EDS and ICP analyses. The crystal structures of compounds are 

refined in orthorhombic space group Immm (compound 1), monoclinic space 

group C2/c (compound 2) and triclinic space group P-1(compounds 3-4). In the 

crystal structure of compound 1, the supramolecular architecture is 

characterized by C–H···O and O···O weak interactions. Compound 2 has a 3-

dimensional framework, based on the coordination of sodium aqua-complex 

with the [V2W4O19]4 cluster anion and hexamethylenetetramine, whereas 

compound 3 is a 1-dimensional coordination polymer, based on the 

coordination of di-sodium aqua-complex cation with the cluster anion. 

Compound 4 is a discrete compound with the [V2W4O19]4 cluster anion, 

protonated hexamethylenetetramine and hexa-hydrated copper complex 

cations. 

2 
Synthesis and structural characterization of Lindqvist 

type mixed-metal cluster anion [V2W4O19]4– in discrete 

and coordination polymer compounds 
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2.1. Introduction 

A variety of shapes, sizes, charges and  constituting metals of POMs  make them 

promising materials in diverse research areas, such as, catalysis, materials-, medicinal- and 

analytical chemistry, nano-science and magneto-chemistry.1-6 Among the POMs, some 

polyoxovanadates,6-7 polyoxotungsates8-9 and vanadium substituted polyoxotungstates10 

are biologically important compounds. POM clusters offer diverse architectures with 

different charge,  shapes and sizes, which are interesting in supramolecular relevance.11-12  

In several cases, it is possible to change the anionic charge of the POM cluster anions, 

keeping unchanged their structures.13-14 The variation of charges and large size of the 

isopolyanion (IPA) type POM anion with amine ligands make them promising building 

units for the self assembly resulting in two-dimensional and three-dimensional networks 

containing compounds. Among this series of IPAs, a great number of studies were 

particularly focused on Lindqvist type anions of general formula M'xM(6−x)O19
n- (M' = V, 

Nb, Ta, Mo; M = W, Mo). Furthermore, the substitution of addenda atoms, e.g., W6+ by 

V5+ or Nb5+, modifies the anionic charge of the cluster, leading to a complex chemistry, 

when the stability of  the  species M'xM(6−x)O19
n- is strongly dependent on pH and the 

nature of  M and M' ions. The early literature had described a variety of vanadium–

tungsten heteropoly complexes including the species with V:W mole ratio of 1:2. The 

existence of [V2W4O19]4– species in solution was confirmed by Chauveau15; later Flynn 

and Pope16-19 proposed this cluster in solution at the pH 4-7. In recent time, there are 

several reports, based on [V2W4O19]4– cluster anion, that are characterized by single crystal 

X-ray diffraction studies; however, all these di-substituted cluster anions are 

crystallographically disordered, 20-25 where definite positions of vanadium cannot be 

located. Extended structures (for example, coordination polymers), based on mixed 

addenda POMs, are not much explored. In the relevant reported crystal structure of 

compound (NH4)2Na3(V3W3O19)(H2O)12, the mixed addenda Lindqvist clusters align in 

one-dimensional chains, whereas,  the compound Na(TMA)2(VW5O19)(H2O) shows three-

dimensional network in its crystal structure.26-28  
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The compounds described in this chapter are 

[HMTAH]2[H2V2W4O19]·4H2O (1) 

[Na2(H2O)4]n[H2V2W4O19]n·2nHMTA·2nH2O (2) 

[HMTAH]2n[Na2(H2O)8(V2W4O19)]n· 4nH2O (3) 

[HMTAH]2[Cu(H2O)6][V2W4O19]·4H2O (4) 

The four compounds are based on mixed-addenda Lindqvist type cluster anion 

[V2W4O19]4–, which is nothing but di-vanadium substituted hexatungstate anion.  

Compounds 1, 4 are discrete compounds and compounds 2 and 3 are coordination 

polymers.  

2.2. Experimental Section 

2.2.1. Materials and Methods  

All the reactions were performed in an ambient condition. The starting materials, sodium 

metavanadate, sodium tungstate dihydrate, oxalic acid, nickel chloride hexahydrate, 

HMTA were obtained from SISCO, Loba Chem.  and distilled water was used throughout 

the experiment. Micro analytical (C, H, N) data were obtained with a FLASH EA 1112 

Series CHNS Analyzer. Infrared (IR) spectra were recorded on KBr pellets with a JASCO 

FT/IR-5300 spectrometer in the region of 400–4000 cm-1. Field emission scanning 

electron microscope (FESEM) imaging with energy dispersive X-ray spectroscopy (EDS) 

was carried out on a Carl Zeiss model Ultra 55 microscope. 51V NMR spectra were 

recorded on Bruker DRX–400 spectrometer using VOCl3 as an internal standard. The 

relevant sample was prepared by dissolving in DMSO–d6. The metal contents of the 

sample were analyzed using a Varian 720-ES Inductively Coupled Plasma-Optical 

Emission Spectrometer (ICP-OES) for the composition. Sample for the concerned analysis 

was prepared by dissolving a known weight of the crystals in 100 mL DMSO. 

2.2.2. Synthesis 

2.2.2.1. Synthesis of compound [HMTAH]2[H2V2W4O19]·4H2O (1) 

A mixture of sodium tungstate dihydrate (7.0 g, 21.2 mmol), sodium metavanadate (2.0 g, 

16.4 mmol) in 100 mL water was kept at 70 °C for one day; to this pale yellow solution, 

conc. hydrochloric acid was added to maintain the pH 5.0 followed by the addition of  
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10 mL aqueous solution of hexamine (2.0 g, 14.2 mmol). It was then concentrated to 50 

mL and then it was kept at an open condition for crystallization. Orange colored crystals 

were noticed in the solution after 24 h, and washed with water followed by acetone and 

dried in air. Yield: (1.0 g). CHN analysis: Anal. calcd. (%) for C12H36N8O23V2W4: C, 9.62; 

H, 2.42; N, 7.48; V, 6.80; W, 49.10. Found C, 9.55; H, 2.45; N, 7.46; V, 6.59 (ICP); W, 

49.12 (ICP).  IR (KBr pellet) (υ/cm-1) for 1: 3368 (br), 1653 (m), 1467 (m), 1388 (w), 

1317(w), 1263(s), 1147(sh), 1097(sh), 1043(sh), 1020(sh), 993(sh), 958(s), 796(s), 

661(w), 592(m), 505(w), 445(m) (w, weak; br, broad; m, medium; s, strong; sh, shoulder). 

2.2.2.2. Synthesis of compound [Na2(H2O)4]n[H2V2W4O19]n·2nHMTA·2nH2O (2)  

The same synthetic procedure was used to synthesize 2 as that for 1 except oxalic acid (1.0 

g, 7.9 mmol) was added and pH was maintained at 5.0 using acetic acid. Orange colored- 

crystals were formed after one week that were filtered and washed with water followed by 

acetone and dried in air. Yield: (1.5 g) CHN analysis: Anal. calcd. (%) for  

C12H38N8O25Na2V2W4   : C, 9.14; H, 2.42; N, 7.10; Na, 2.91; V, 6.46 ; W, 46.61. Found C, 

9.16; H, 2.44; N, 7.17, Na, 3.01 (ICP); V, 6.11 (ICP); W, 45.33(ICP). IR (KBr 

pellet)(υ/cm-1) for 2: 3410(br), 3184(br), 1653(m), 1419(s), 1390(sh), 1249(s), 1147(m), 

1039(sh), 1014(sh), 991(sh), 956(s), 856(m), 827(br), 746(m), 655(w), 592(m), 503(w), 

468(w)(w, weak; br, broad; m, medium; s, strong; sh, shoulder).  

2.2.2.3. Synthesis of compound [HMTAH]2n[Na2(H2O)8(V2W4O19)]n·4nH2O (3)  

The same synthetic procedure was used to synthesize 3 as that for 1 except nickel chloride 

hexahydrate (1.0 g, 4.2 mmol) was added and pH is maintained at 5.0 using acetic acid.  

Yellow color crystals were formed after one week, filtered and washed with water 

followed by acetone and dried in air. Yield: (1.3 g) CHN analysis: Anal. calcd. (%) for  

C12H50N8O31Na2V2W4 : C, 8.54; H, 2.98; N, 6.64; Na, 2.73; V, 6.04; W, 43.62. Found C, 

8.74; H, 2.99; N, 6.17; Na, 2.85; V, 6.21 (ICP); W, 43.52 (ICP).. IR (KBr pellet)(υ/cm-1) 

for 3: 3369(br), 2988(w), 1651(m), 1467(m), 1390(m), 1356(w), 1249(s), 1147(m), 

993(sh), 958(br), 827(sh), 792(br), 644(m), 596(w), 507(w), 439(m). 

2.2.2.4. Synthesis of compound [HMTAH]2[Cu(H2O)6][V2W4O19]·4H2O (4) 

The same synthetic procedure was used to synthesize 4 as that for 1 except cupric chloride 

dihydrate (1.0 g, 5.8 mmol) was added and pH is maintained at 5.0 using acetic acid.  



 
Chapter 2 

 

35 
 

Yellow color crystals were formed after one week, filtered and washed with water 

followed by acetone and dried in air. Yield: (1.6 g) CHN analysis: Anal. calcd. (%) for  

C12H46N8O29CuV2W4 : C, 8.64; H, 2.78; N, 6.72; V, 6.11; Cu, 3.81; W, 44.10. Found C, 

8.62; H, 2.99; N, 6.77; V, 6.17 (ICP); Cu, 3.86 (ICP); W, 44.18 (ICP). IR (KBr 

pellet)(υ/cm-1) for 4: 3369(br), 2988(w), 1651(m), 1467(m), 1390(m), 1356(w), 1249(s), 

1147(m), 993(sh), 958(br), 827(sh), 792(br), 644(m), 596(w), 507(w), 439(m). 

2.2.3. Single crystal X-ray structure determination of the compounds 1-4  

The data were collected at 298(2) K on a Bruker SMART APEX CCD area detector 

system [λ(Mo-Kα) = 0.71073 Å], graphite monochromator, 2400 frames were recorded 

with an ω scan width of 0.3o, each for 10 s, crystal-detector distance 60 mm, collimator 0.5 

mm. The data were reduced by using SAINTPLUS29 and a multi-scan absorption 

correction using SADABS29 was performed. Structure solution and refinement were done 

using programs of SHELX-97.30 All non hydrogen atoms were refined anisotropically. 

Hydrogen atoms on the C atoms of the hexamine were introduced on calculated positions 

and were included in the refinement riding on their respective parent atoms. Hydrogen 

atoms of the crystal water could not be found in the crystal structures of compounds 1 and  

2. The crystallographic information of compounds 1, 2 and 3 has been listed in Table 2.3, 

whereas for the compound 4 has been listed in Table 2.10.  

2.3. Results and discussion 

2.3.1. Synthesis 

Compounds 1-4 have been synthesized by a direct one pot reaction of sodium 

metavanadate, sodium tungstate dihydrate with hexamine at temperature 70 °C in an acidic 

aqueous medium. It was reported in the literature that the best pH range for the preparation 

of [V2W4O19]4– cluster compounds was around 5.0, that has been maintained in our present 

synthesis. Compounds 1 and 2 have been synthesized from an aqueous medium of pH 5, 

varying different acids and other ingredients of the reaction medium. The strong acid 

favors the formation of discrete compound 1, where as the weaker acid supports the 

formation of extended structure (coordination polymer) in compound 2. Even though 

oxalic acid has been used in the synthesis of compound 2, it does not exist in the relevant 

crystal structure. Also nickel chloride hexahydrate is used in the synthesis of compound 3, 
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though it does not exist in crystal structure of compound 3. However, without using the 

oxalic acid and nickel chloride hexahydrate during the syntheses of respective compounds, 

compounds 2 and 3 cannot be isolated. 

2.3.2. Infrared spectroscopy 

The IR spectra of compounds 1, 2, 3 and 4 are very similar due to the presence of a 

common di-vanadium substituted Lindqvist anion [V2W4O19]4– and 

hexamethylenetetramine in all the four compounds, that show characteristic vibrational 

bands for classic Lindqvist type POM structure. The spectra of the compounds 1, 2, 3 and 

4 are similar to those for compounds K4V2W4O19∙8H2O16, Co(H2O)6K2V2W4O19
22 and 

[Co(H2O)6]2V2W4O19
22 reported earlier and the relevant important IR bands have been 

tabulated in Table 2.1.   

 
Table 2.1. Selected IR data (in cm-1) for compounds K4V2W4O19∙8H2O, Co(H2O)6K2V2W4O19, 

 [Co(H2O)6]2V2W4O19, compounds 1, 2, 3 and 4. 

                

 

 

The broad bands around 3368 cm-1 (compound 1), 3410 cm-1 (compound 2), 3369 cm-1 

(compound 3) and 3063 cm-1 (compound 4) can be ascribed to the absorptions of lattice 

water molecules and coordinated water molecules. The two C−N stretching modes 1263 
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cm-1, 1020 cm-1  (compound 1), 1249 cm-1, 1014 cm-1 (compound 2),  1249 cm-1, 1043 cm-

1 (compound 3), 1211 cm-1, 1037 cm-1 (compound 4) as well as  −CH2 wagging and −CH2 

deformation modes 1388 cm-1, 1467 cm-1  (compound 1), 1390 cm-1, 1419 cm-1 (compound 

2), 1390 cm-1, 1467 cm-1 (compound 3) and 1440 cm-1, 1485 cm-1 (compound 4) are 

assigned to hexamethylenetetramine, which is  present in all the compounds. The 

stretching modes for terminal oxygen atoms (W/V=Ot bonds) of the cluster anion appear 

at 993 cm-1, 958 cm-1 (compound 1), 991 cm-1, 956 cm-1 (compound 2), 993 cm-1, 958 cm-1 

(compound 3) and 1005 cm-1, 945 cm-1 (compound 4). Among the bridging oxygen atoms, 

the asymmetric modes of W/V–Ob bonds appear at 796 cm-1 (compound 1), 746 cm-1 

(compound 2), 792 cm-1 (compound 3) and 765 cm-1 (compound 4); the relevant 

symmetric modes appear at 592 cm-1, 445 cm-1 (compound 1), 592 cm-1, 468 cm-1 

(compound 2), 596 cm-1, 439 cm-1 (compound 3) and 603 cm-1, 420 cm-1 (compound 4). 

The cation–anion supramolecular interactions in the four compounds are reflected by some 

shift of these IR bands to relatively lower wave numbers.24,27 

The stoichiometric compositions of the oxoanions in compounds 1, 2, 3 and 4 are 

consistent with those in previously reported similar di-vanadium hexatungstate cluster 

anions. The positional disorder with respect to the vanadium atoms, which is present in the 

crystal structures, is quite common for the substituted hetero-polyanions. The single 

crystal X-ray data can be explained assuming the random orientation of vanadium atoms 

in the tungsten frame work. The stoichiometry of the substituted heteropolyanions in the 

single crystal X-ray crystal structures can only be inferred from the relative site 

occupancies, but this kind of analysis is intrinsically associated with large errors. Thus, the 

presence / existence of vanadium atoms in such di-vanadium substituted hexatungstate 

cluster containing compounds can be confirmed by the 51V NMR, EDS and ICP analyses, 

which have been discussed in the following sections. 

2.3.3. Powder XRD analysis 

The powder XRD analyses were done for the confirmation of phase purity for compounds 

1, 2, 3 and 4 (Figure 2.1). As experimental / observed PXRD patterns for compounds 1, 2, 

3 and 4 are in good agreement with the PXRD patterns, simulated from their 

corresponding single crystal X-ray data, it indicates the phase purity of the bulk 

compounds. 
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Figure 2.1.  Powder X-ray patterns of compounds 1, 2, 3 and 4. 
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2.3.4. 51V NMR  

 

 

Figure 2.2. 51V NMR spectra of compounds 1, 2, 3 and 4. 
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The 51V NMR spectra of the compounds 1, 2, 3 and 4 are shown in Figure. 2.2. All four 

compounds show a narrow resonance at around -508 to -510 ppm. For the reported 

[V2W4O19]4– cluster containing compounds, the 51V NMR spectra always exhibit the 

resonance peak in the range of -500 to -515 ppm.1,20  Thus the presence of two vanadium 

atoms in the cluster in compounds 1, 2, 3 and 4  is supported by 51V NMR spectroscopy. 

2.3.5. EDS and ICP  

The composition of compounds 1, 2, 3 and 4 are determined by energy dispersive X-ray 

spectroscopy (EDS). This confirms the presence of two vanadium atoms along with four 

tungsten atoms in the common cluster anion in compounds 1, 2, 3 and 4. The wt % of 

compounds 1, 2, 3 and 4 confirms that the total cluster can be formulated as [V2W4O19]4−. 

ICP analyses confirm the formulation [HMTAH]2[H2V2W4O19]·4H2O (1) 

[Na2(H2O)4]n[H2V2W4O19]n·2nHMTA·2nH2O (2), [HMTAH]2n[Na2(H2O)8(V2W4O19)]n· 

4nH2O and [HMTAH]2[Cu(H2O)6][V2W4O19]·4H2O (4) in terms of 1:2 ratio of V:W.  

2.3.6. Description of crystal structures 

Compounds 1-4 crystallize in orthorhombic Immm (compound 1), monoclinic space group 

C2/c (compound 2) and triclinic space group P-1(compounds 3-4), respectively. The 

common cluster anion in these compounds is [V2W4O19]4–, which is iso-structural with the 

parent cluster anion [W6O19]2–, the so-called Lindqvist type isopolyanion. This versatile 

cluster anion is build with six edge sharing octahedra with overall octahedral symmetry. 

There are three types are M–O bonds, present in the cluster anion: six terminal (M–Ot) 

bonds, twelve bridging (M–Ob) bonds and one central (M–Oc) bond.                  

The comparison of M–O bond distances in the crystal structures of mixed metal Lindqvist 

anion [V2W4O19]4–  in compounds 1, 2, 3 and 4 with those of [W6O19]2– and some reported 

[V2W4O19]4– structures has been tabulated in Table 2.2, that shows the values M–O bond 

distances of in the crystal structures of all four compounds are close / comparable to those 

of previously reported [V2W4O19]4–.21,31 The cluster anion in the present study is slightly 

distorted octahedron as shown in the Table 2.2.  
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2.3.6.1. Structural description of [HMTAH]2[H2V2W4O19]·4H2O (1) 

The molecular structure of [HMTAH]2[H2V2W4O19]·4H2O (1) reveals that it is a discrete 

cluster in which the vanadium substituted Lindqvist anion and protonated 

hexamethylenetetramine crystallize with four lattice water molecules. ORTEP diagram of 

compound 1 is shown in the Figure 2.3.  

 
Figure 2.3. Thermal ellipsoidal plot of the crystal structure of compound 1 with 30 % probability 
(hydrogen atoms and solvent molecules are omitted for clarity).  

Selected bond lengths and bond angles in the crystal structure of compound 1 are 

described in Table 2.6. In the crystal structure of compound 1, an extensive hydrogen 

bonding interactions are observed. Two lattice water molecules (O7 and O8: one of them 

O8 is crystallographically related) generate a non-linear water trimer (O8···O7···O8;   

taking O···O interaction as hydrogen bond, because relevant hydrogen atoms could not be 

located in the crystal structure)32. These water trimers (Figure 2.7) and [V2W4O19]4– 

cluster anions are extensively involved hydrogen bonding interactions to form a three-

dimensional supramolecular network as shown in Figure 2.4.    

 

 
Table 2.2. Comparison of M–O average bond distances of the cluster anion in compounds 1, 
2, 3 and 4 with those in reported cluster anions. 
 
ANION M–Oc (Ǻ) M–Ob (Ǻ) M–Ot (Ǻ) 

[W6O19]2– (15) 2.33 1.92 1.69 

[V2W4O19]4– (25) 2.305 1.922 1.695 

Compound 1 2.271 1.892 1.697 

Compound 2 2.280 1.898 1.692 

Compound 3 2.283 1.912 1.683 

Compound 4 2.286 1.903 1.677 
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Table 2.3. Crystallographic data for [HMTAH]2[H2V2W4O19]·4H2O (1), 
[Na2(H2O)4]n[H2V2W4O19]n·2nHMTA·2nH2O (2) and [HMTAH]2{Na2(H2O)8(V2W4O19)}·4H2O 
(3) 

 

 1 2 3 

Formula C12H36N8O23V2W4 C12H38N8O25Na2V2W4 C12H50N8O31Na2V2W4 

FW 1497 1577 1685 

Crystal system Orthorhombic Monoclinic Triclinic 

Space group Immm C2/c P-1 

a/Å 9.4000(19) 17.950(4) 9.831(4) 

b/Å 11.200(2) 11.440(2) 10.432(4) 

c/Å 16.200(3) 17.850(4) 10.749(4) 

α [°] 90.00 90.00 63.387(6) 

β [°] 90.00 118.35(3) 89.126(6) 

γ [°] 90.00 90.00 69.573(6) 

Z 2 4 1 

ρcal/ Mg m-3 3.473 3.010 2.889 

Goodness-of-fit on F2 1.222 1.163 1.145 

R1(F2
0) [ I > 2 σ(I)] 0.0735 0.0391 0.0464 

wR2 (F2
0) [ I > 2 σ(I)] 0.1925 0.0861 0.1184 

R1(F2
0) (all data) 0.0787 0.0417 0.0531 

wR2 (F2
0) (all data) 0.1961 0.0874 

0.1451 
Largest diff. peak and 
hole [e.Å-3] 

3.198 and -2.209 1.420 and -1.199 
 

1.725 and -1.638 

 
   

 
 
Figure 2.4. (a) A view showing a water trimer connecting four [V2W4O19]4– cluster anions by 
hydrogen bonds. (b) Three-dimensional supramolecular network, generated due to hydrogen 
bonding interactions between water trimers and [V2W4O19]4– cluster anions in compound 1. 
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Table 2.4.  Selected bond lengths [Å] and angles [°] for compound 1 

W(1)-O(1) 1.68(3) W(1)-O(2) 1.889(13) W(1)-O(3) 2.2604(18) 
W(2)-O(2) 1.905(12) W(2)-O(3) 2.2832(13) W(2)-O(4) 1.893(12) 
W(2)-O(5) 1.71(2) W(2)-O(6) 1.884(15) C(1)-N(2) 1.44(3) 
C(2)-N(1) 1.45(2) C(2)-N(2) 1.44(2) C(3)-N(1) 1.42(3) 
      
O(1)-W(1)-O(2) 102.4(4)   O(1)-W(1)-O(3) 180.0(2) O(2)-W(1)-O(3) 77.6(4) 
O(2)-W(2)-O(3) 76.7(4) O(4)-W(2)-O(2) 86.5(5) O(4)-W(2)-O(3) 75.3(6) 
O(5)-W(2)-O(2) 103.3(4) O(5)-W(2)-O(3) 176.0(15) O(5)-W(2)-O(4) 100.7(16) 
O(5)-W(2)-O(6) 106.7(17) O(6)-W(2)-O(2) 87.2(5) O(6)-W(2)-O(3) 77.2(7) 
O(6)-W(2)-O(4) 152.5(10) C(3)-N(1)-C(2) 108.9(12) C(1)-N(2)-C(2) 107.0(16) 

                                  

Cation-anion ionic interactions play a vital role to stabilize inorganic compounds. The 

crystal structure of compound 1 also shows an extensive hydrogen bonding interactions 

between cation (protonated hexamethylenetetramine) and [V2W4O19]4– cluster anion, that 

give an extra stabilization. As shown in the Figures. 2.5(a) and 2.5(b), the three-

dimensional supramolecular network, viewed along crystallographic a axis and b axis, are 

due to C–H···O hydrogen bonding interactions between hexamethylenetetramine and the 

cluster anion, where the maximum O···H distance has been considered as 2.594 Ǻ.  

 

 

 

Figure 2.5. Three-dimensional supramolecular network, formed due to C–H···O hydrogen bonding 
interactions: (a) along crystallographic a axis; (b) along crystallographic b axis. 

Hydrogen bonding environment around the cation, due to C–H···O interactions, is shown 

in Figure 2.5, where four [V2W4O19]4– cluster anions are found to be H-bonded to the 

cation (taking O···H distances in the range of   2.594 – 2.578 Ǻ).33  Full list of hydrogen 

bonding distances and angles are listed in Table 2.5. 
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Table 2.5. Hydrogen bonding parameters in the crystal structure of compound 1[Å and °] 

D-H···A d(D-H) d(H···A) d(D···A) <(DHA) 
C(1)-H(1A)...O(4)#1 0.97 2.59 3.56(3) 173.7 
C(1)-H(1B)...O(4) 0.97 2.59 3.56(3) 173.7 
C(2)-H(2A)...O(2) 0.97 2.58 3.53(2) 168.9 
C(2)-H(2B)...O(2)#2 0.97 2.63 3.55(2) 157.1 
C(3)-H(3A)...O(6)#3 0.97 2.72 3.62(3) 154.5 
C(3)-H(3B)...O(6)#4 0.97 2.72 3.62(3) 154.5 
 
Symmetry transformations used to generate equivalent atoms: 

#1 -x,-y,-z    #2 -x+1/2,-y+1/2,-z+1/2    #3 -x+1/2,-y+1/2,z+1/2  #4 x-1/2,y-1/2,z+1/2 

2.3.6.2. Structural description of [Na2(H2O)4]n[H2V2W4O19]n ·2nHMTA ·2nH2O (2) 

 

Figure 2.6. (a) Ball- and stick-representation of the total molecule of compound 2  (solvent     
molecules and hydrogen atoms are omitted for clarity) (b) The coordination environment of di-
sodium aqua-complex with neighboring cluster anions and hexamine in compound 2. 

The full molecular structure of compound [Na2(H2O)4]n[H2V2W4O19]n ·2nHMTA· 2nH2O 

(2) is shown in Figure 2.6. Compound 2 is a coordination polymer, in which each sodium 

ion is coordinated by two [V2W4O19]4– cluster anions and one hexamethylenetetramine 

molecule. Rest three coordination sites are occupied by three water molecules. Two such 

sodium coordination complexes (sodium atoms are crystallographically related) form a di-
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sodium aqua-complex (by sharing two common crystallographically related (O12) water 

molecules, as 2-type bridging ligands), that acts as the cation in compound 2 (Figure 

2.6.).  

Thus the coordination geometry of each sodium ion can be described by a distorted 

octahedral arrangement, in which each sodium ion is coordinated to five oxygen atoms 

(three water molecules and two terminal oxygen atoms from two different cluster anions) 

and one nitrogen atom from hexamethylenetetramine molecule as shown in Figure 2.6. 

The repetitions of this coordination between hexamethylenetetramine associated sodium 

dimmer and the [V2W4O19]4– cluster anion, finally, lead to a three-dimensional 

coordination polymer as shown in Figure 2.7.   

 

 
Figure 2.7. Three-dimensional coordination polymer, formed by linking of sodium-aqua-hexamine 
coordination complex cation and  [V2W4O19]4– cluster anion, in the crystal structure of compound 2 
(a) along a axis; (b) along b axis. 

The cluster anion is assumed to be protonated for charge compensation. The picture of 

hydrogen bonding environment around HMTA in the crystal structure of compound 2 is 

shown in Figure 2.8. The list of hydrogen bonding distances and angles are presented in 

Table 2.6. Selected bond lengths and bond angles in the crystal structure of compound 2 

are described in Table 2.7. 
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Figure 2.8. Hydrogen bonding environment around the hexamethylenetetramine cation due to  
C–H···O interaction, observed in the crystal structure of compound 2. 
 

Table 2.6. Hydrogen bonding parameters in the crystal structure of compound 2 [Å and°] 

D-H···A d(D-H)    d(H···A) d(D···A) <(DHA) 
C(1)-H(1B)...O(8)#1 0.97 2.24  3.168(11)   160.6 

C(2)-H(2A)...O(11)#1 0.97 2.70         3.514(12)    141.4 

C(2)-H(2A)...O(4)#1 0.97 2.54     3.428(11)    152.8 

C(2)-H(2B)...O(2)#2           0.97 2.53         3.438(11) 156.1 
C(2)-H(2B)...O(7)#3          0.97 2.60 3.407(12) 140.8 

C(3)-H(3B)...O(10)#4 0.97 2.77 3.664(11)  153.5 

C(3)-H(3A)...O(6)#3 0.97    2.71     3.557(12)  146.7 

C(3)-H(3B)...O(7)#4          0.97         2.77         3.628(11)    147.1 

C(4)-H(4B)...O(3)             0.97    2.30         3.244(12)    163.5 

C(4)-H(4A)...O(10)#4       0.97         2.85         3.728(12)    150.6 

C(5)-H(5B)...O(2)#5           0.97         2.45         3.388(11)    162.2 

C(5)-H(5B)...O(3) 0.97 2.88      3.674(10)  139.3 

C(5)-H(5A)...O(6)#3           0.97         2.54         3.430(12)    152.8 

C(5)-H(5A)...O(7)#3          0.97         2.84         3.594(11)    135.1 

C(6)-H(6A)...O(5)              0.97         2.31         3.261(11)    168.0 

C(6)-H(6B)...O(5)#1 0.97         2.42         3.331(11)    155.4 

C(6)-H(6B)...O(8)#1       0.97         2.68         3.497(11)    142.3 

 
Symmetry transformations used to generate equivalent atoms: 

#1 -x+2,-y+1,-z+1    #2 x-1/2,y-1/2,z    #3 -x+3/2,y-1/2,-z+1/2  #4 x,y-1,z  #5 -x+2,y,-z+1/2. 
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Table 2.7.  Selected bond lengths [Å] and angles [°] for compound 2 

W(1)-O(1) 1.724(6) W(1)-O(2) 1.894(6) W(1)-O(3) 1.925(5) 
W(1)-O(4) 1.888(6) W(1)-O(5) 1.933(6) W(1)-O(9) 2.275(6) 
W(2)-O(5) 1.886(6) W(2)-O(6) 1.684(6) W(2)-O(7) 1.912(6)   
W(2)-O(8) 1.875(7) W(2)-O(9) 2.2798(7) W(3)-O(4) 1.931(6) 
W(3)-O(8) 1.929(6) W(3)-O(9) 2.287(6) W(3)-O(10) 1.890(5) 
W(3)-O(11) 1.670(7) Na(1) - O(12) 2.364(7)   Na(1) - O(13) 2.303(7) 
C(1)-N(3) 1.475(11)          C(1)-N(4) 1.470(12) C(2)-N(1) 1.540(11)          
C(2)-N(4) 1.433(12)      C(3)-N(2) 1.470(12)       C(3)-N(4) 1.467(11) 
C(4)-N(2) 1.472(12) C(4)-N(3) 1.466(11)     C(5)-N(1) 1.522(11)        
C(5)-N(2) 1.450(12)    C(6)-N(1) 1.503(12)         C(6)-N(3) 1.440(11) 
      
O(1)-W(1)-O(2) 105.0(3) O(1)-W(1)-O(3) 101.9(3) O(1)-W(1)-O(4) 104.1(3) 
O(1)-W(1)-O(5) 100.2(3)   O(1)-W(1)-O(9) 176.3(2)            O(2)-W(1)-O(3) 87.09(19) 
O(2)-W(1)-O(5) 154.7(3) O(2)-W(1)-O(9)    78.06(19)          O(3)-W(1)-O(5) 85.35(19) 
O(3)-W(1)-O(9) 76.0(3) O(4)-W(1)-O(2) 89.3(3) O(4)-W(1)-O(3)   153.8(3)            
O(4)-W(1)-O(5) 86.9(3) O(4)-W(1)-O(9)   77.8(2) O(5)-W(1)-O(9) 76.66(18)   

O(5)-W(2)-O(7)   154.6(3)           O(5)-W(2)-O(9) 77.4(2) O(6)-W(2)-O(5) 100.3(3) 
O(6)-W(2)-O(7) 104.9(3)  O(6)-W(2)-O(8) 103.4(3) O(6)-W(2)-O(9) 177.3(3) 

O(7)-W(2)-O(9) 77.3(2)             O(8)-W(2)-O(7) 87.5(3) O(8)-W(2)-O(5) 89.4(3) 
O(8)-W(2)-O(9) 78.2(2) O(8)-W(3)-O(4) 85.5(3) O(4)-W(3)-O(9) 76.7(2) 
O(8)-W(3)-O(9)   76.98(19) O(10)-W(3)-O(4) 155.4(3) (10)-W(3)-O(8) 87.3(2) 
O(10)-W(3)-O(9) 78.7(3) O(11)-W(3)-O(4) 102.1(3)           O(11)-W(3)-O(8)   102.4(3)           
O(11)-W(3)-O(9) 178.7(3) O(11)-W(3)-O(10) 102.4(3) O(13)-Na(1)-O(12) 87.2(3) 
C(2)-N(4)-C(1) 109.6(8) C(3)-N(4)-C(1) 109.7(7)    C(2)-N(4)-C(3) 109.3(8)     
C(3)-N(2)-C(4) 108.9(7)     C(4)-N(3)-C(1) 108.2(7)             C(5)-N(1)-C(2) 108.4(7) 
C(5)-N(2)-C(3) 109.0(7)       C(5)-N(2)-C(4)               109.8(7)             C(6)-N(1)-C(5)               108.5(7)            
C(6)-N(1)-C(2)                107.3(7)          C(6)-N(3)-C(1)   108.6(7)   C(6)-N(3)-C(4)            109.9(7)  

                                                                                  
  
2.3.6.3. Structural description of [HMTAH]2n[Na2(H2O)8(V2W4O19)]n·4nH2O (3) 
 
The molecular structure of compound 3, as shown in the Figure 2.9, is also a coordination 

polymer. Similar to compound 2, the coordination polymer formed by di-sodium aqua-

complex cation supported by substituted Lindquist cluster anion [V2W4O19]4–. Two 

hexamine cations and four lattice water molecules are also present in the relevant crystal 

lattice.  The coordination environment around the di-sodium aqua-complex in the crystal 

structure of compound 3 is different from that in compound 2; In the case of compound 3,  

each sodium has an octahedral geometry (Figure 2.11(a)) with four coordinated water 

molecules and two coordinated terminal oxygen atoms from the cluster anion.   
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Figure 2.9.  Thermal view of the compound 3 with 30 % probability (hydrogen atoms are omitted 
for clarity).  
 

The coordination of di-sodium aqua-complex cation to [V2W4O19]4– anion and its 

repetition result in the formation of an one-dimensional chain as shown in  Figure 2.10.  

 

 

 

 

 

Figure 2.10. Polyhedral representation of 1-dimmensional chain viewed along c axis, generated 
due to coordination of di-sodium aqua-complex cation with cluster anion [V2W4O19]4– in 
compound 3. 
 

 

Figure 2.11. (a) The coordination environment of di-sodium aqua-complex with neighboring 
cluster anions and hexamine in compound 3; (b) 3-dimensional frame work established due to 
O···O interactions in compound 3.  
 
 



 
Chapter 2 

 

49 
 

In the crystal structure of compound 3, an extensive hydrogen bonding interactions exist 

due to the presence of four lattice water molecules, sodium coordinated water molecules, 

hydrogen atoms of hexamine cation and weak O···O interactions. As a result, 3-

dimmensional framework is established in compound 3 (Figure 2.11(b)). Full list of 

relevant hydrogen bonding parameters are described in Table 2.8. Selected bond lengths 

and angles in the crystal structure of compound 3 are listed in the Table 2.9. 

Table 2.8. Hydrogen bonding parameters in the crystal structure of compound 3 [Å and°] 

D-H···A d(D-H)    d(H···A) d(D···A) <(DHA) 
C(1)-H(1B)...O(3)#7 0.97 2.52  3.403(16) 151.8 

C(1)-H(1A)...O(7)#5 0.97 2.39 3.291(16) 155.1 

C(2)-H(2B)...O(8)  0.97 2.49 3.363(17) 149.7 

C(2)-H(2A)...O(8)#7 0.97 2.78  3.655(16) 149.8 

C(2)-H(2B)...O(10) 0.97 2.73  3.487(17) 135.8 

C(3)-H(3B)...O(7)#5  0.97 2.60  3.446(17) 145.7 

C(3)-H(3A)...O(8)  0.97    2.56 3.420(16) 147.2 

C(4)-H(4A)...O(9)  0.97         2.48 3.385(17) 156.0 

C(4)-H(4B)...O(9)#6 0.97  2.40 3.348(18) 165.2 

C(4)-H(4A)...O(10)  0.97         2.71 3.476(17) 136.4 

C(5)-H(5A)...O(6)#3  0.97         2.67 3.596(18) 160.8 

C(5)-H(5B)...O(16)#4  0.97 2.59 3.47(3) 150.9 

C(6)-H(6B)...O(1)#3  0.97         2.75 3.489(18) 133.0 

C(6)-H(6A)...O(1)#7  0.97         2.59 3.433(16) 145.7 

C(6)-H(6B)...O(4)#3  0.97         2.37 3.291(17) 159.2 

 

Symmetry transformations used to generate equivalent atoms:  

#1 -x+1,-y,-z    #2 -x+2,-y,-z+1    #3 x,y,z+1 #4 -x,-y+1,-z+1    #5 -x,-y+1,-z     

#6 -x+1,-y,-z+1 #7 -x+1,-y+1,-z  
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Table 2.9.  Selected bond lengths [Å] and angles [°] for compound 3 

W(1)-O(1) 1.680(9)                       W(1)-O(2) 1.920(8) W(1)-O(3) 1.917(8) 
W(1)-O(4) 1.920(9) W(1)-O(5) 2.2706(10) W(2)-O(4) 1.891(9)                     
W(2)-O(5) 2.2974(9) W(2)-O(6) 1.921(9) W(2)-O(7) 1.688(10) 

W(2)-O(8) 1.912(9) W(3)-O(3) 1.913(9) W(3)-O(5) 2.2813(9) 
W(3)-O(8) 1.893(8) W(3)-O(10) 1.681(10) W(3)-O(9) 1.913(9) 

Na(1)-O(10) 2.378(11) Na(1)-O(11) 2.414(13) Na(1)-O(12) 2.382(11) 
Na(1)-O(13) 2.360(11) Na(1)-O(14) 2.397(12) N(1)-C(1) 1.472(18) 
N(1)-C(3) 1.479(17) N(1)-C(2) 1.489(17) N(2)-C(3) 1.491(18) 
N(2)-C(4) 1.487(18) N(2)-C(5) 1.459(18) N(3)-C(1) 1.503(17) 

N(3)-C(5) 1.487(16) N(3)-C(6) 1.494(18) N(4)-C(2) 1.516(19) 
N(4)-C(4) 1.500(17) N(4)-C(6) 1.494(17)   
O(1)-W(1)-O(2) 106(4) O(1)-W(1)-O(3)  103.1(4) O(1)-W(1)-O(4) 100.8(4) 
O(1)-W(1)-O(5) 178.4(3) O(3)-W(1)-O(2) 87.2(4) O(3)-W(1)-O(5) 77.4(3) 

O(3)-W(1)-O(4) 88.1(4) O(2)-W(1)-O(5) 77.9(3) O(4)-W(1)-O(5) 77.6(3) 
O(4)-W(1)-O(2) 155.6(4) O(4)-W(2)-O(5) 77.5(3) O(4)-W(2)-O(6) 87.5(4) 

O(4)-W(2)-O(8) 88.1(4) O(7)-W(2)-O(4) 103.2(4) O(7)-W(2)-O(6) 103.3(5) 

O(7)-W(2)-O(5) 179.0(3)   O(7)-W(2)-O(8) 102.1(4) O(6)-W(2)-O(5) 77.4(3) 

O(8)-W(2)-O(5) 77.2(3)                   O(8)-W(2)-O(6) 154.5(4) O(3)-W(3)-O(5) 77.2(2) 

O(3)-W(3)-O(9) 154.3(4) O(8)-W(3)-O(3) 88.3(3) O(8)-W(3)-O(5) 77.9(3) 

O(8)-W(3)-O(9) 87.7(4) O(10)-W(3)-O(3)  103.7(4) O(10)-W(3)-O(5) 179.0(3) 

O(10)-W(3)-O(8) 102.5(4) O(10)-W(3)-O(9) 102.0(4) O(10)-Na(1)-
O(11) 

89.7(4) 

O(10)-Na(1)-
O(12) 

167.9(4) O(10)-Na(1)-O(14) 81.3(4) O(12)-Na(1)-
O(11) 

102.3(5) 

O(12)-Na(1)-
O(14) 

87.3(4) O(13)-Na(1)-O(10) 81.5(4) O(13)-Na(1)-
O(11) 

98.6(5) 

O(13)-Na(1)-
O(12) 

94.6(4) O(13)-Na(1)-O(14) 90.2(5) O(14)-Na(1)-
O(11) 

166.3(4) 

C(1)-N(1)-C(2) 108.5(10) C(1)-N(1)-C(3) 108.4(10) C(3)-N(1)-C(2) 109.4(10) 

C(4)-N(2)-C(3) 109.9(10) C(5)-N(3)-C(1) 107.1(10) C(5)-N(3)-C(6) 109.0(10) 

C(6)-N(4)-C(2) 108.9(11) C(6)-N(4)-C(4) 107.2(10)   
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2.3.6.4. Structural description of [HMTAH]2[Cu(H2O)6][V2W4O19]·4H2O (4) 

 

The asymmetric unit in the crystal structure of compound 4 consists of the half of 

substituted Lindquist cluster anion [V2W4O19]4–, half of hexa-hydrated copper cation 

(copper is in the special position), one protonated HMTA cation and two lattice water 

molecules. Thus the formulation of compound 4 is given as [HMTAH]2[Cu(H2O)6] 

[V2W4O19]·4H2O and the relevant molecular structure is shown in Figure 2.12. The crystal 

structure does not reveal any coordination between the POM cluster anion and the copper 

hexahydrated complex cation resulting in the compound 4 discrete. The Cu-O bond 

distances are in the expected range of 1.946 Ǻ to 2.222 Ǻ.  

 

 
Figure 2.12. Thermal ellipsoidal plot of molecular structure of compound 4 (hydrogen atoms are 
omitted for clarity). 
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2.4. Conclusion  

In conclusion, we have described a coordination polymer of di-sodium substituted 

Lindquist- type cluster, which has been structurally characterized by single crystal X-ray 

crystallography. The composition of [V2W4O19]4 cluster anion, common in compounds 1-

4, is confirmed by 51V NMR, EDS and ICP spectroscopy, in addition to crystal structure 

determination of the concerned compounds. Compound 1 is a discrete cluster containing 

compound and in its crystal structure, the supramolecular architecture is characterized by 

C–H···O and O···O weak interactions. Compound 2 is a 3-dimensional framework based 

on the coordination of sodium aqua-complex with the [V2W4O19]4 cluster anion and 

hexamethylenetetramine. Catalytic applications of these materials are under the progress 

in our laboratory. Compound 3 is an one-dimensional coordination polymer based on the 

Table 2.10. Crystallographic data for [Cu(H2O)6][HMTAH]2[V2W4O19]·4H2O (4)                        

 

 4 

Formula C12H46CuN8O29V2W4 

FW 1667 

Crystal system Triclinic 

Space group P-1 

a/Å 9.1742(9) 

b/Å 10.5954(12) 

c/Å 11.4898(12) 

α [°] 67.207(10) 

β [°] 69.447(10) 

γ [°] 65.600(10) 

Z 1 

ρcal/ Mg m-3 2.847 

Goodness-of-fit on F2 1.094 

R1(F2
0) [ I > 2 σ(I)] 0.0871 

wR2 (F2
0) [ I > 2 σ(I)] 0.2383 

R1(F2
0) (all data) 0.0931 

wR2 (F2
0) (all data) 0.2433 

Largest diff. peak and hole [e.Å-3] 2.335 and -2.294 
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coordination of di-sodium aqua-complex cation with the cluster anion; in the relevant 

crystal structure,  a 3-dimmensional supramolelcular network is formed due an extensive 

hydrogen bonding interactions along with  weak O···O interactions.  
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Chapter 3 describes the ultra-sonication assisted morphological evolution in 

hexagonal macro-crystals of {V10O28} type polyoxometalate system 

[C5H11N]6[V10O28]∙4CH3COOH∙2H2O (1) as a function of sonication 

temperatures. Field emission scanning electron microscopy (FESEM) as well as 

transmission electron microscopy (TEM) studies reveals that at room 

temperature, sonication of macro-crystals results in formation of spherical 

nanoparticles that are transformed to nano-rods at the sonication temperature of 

50 °C. The morphology is transformed from nano-rods to micro-flowers through 

hexagonal shaped microcrystals as the sonication temperature rose from 50 to 

80 ºC. It is observed that the hexagonal morphology of the original crystal is 

retained after a complete cycle (from 80 ºC to complete evaporation of solvent) of 

morphological transitions. Compound 1 is unambiguously characterized by 

single crystal X-ray structure determination. 

RT 

50oC 

60oC 
70oC 

80oC 

Reversible morphological transition between nano-
rods to micro-flowers through micro-hexagonal 
crystals in a sonochemical synthesis based on a 
polyoxovanadate compound 3 
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3.1. Introduction 

POV clusters are belonged to an important class of POMs, studied extensively in recent 

years because of their potential applications in the fields of medicine, materials science 

and industrial chemistry.1-6 Synthesis and characterization of  POV-based compounds have 

been explored in terms of their structural aesthetics, magnetic properties and catalysis.7-11 

Nano-scale preparation of  POV compounds is important as far as catalysis work is 

concerned.12-14 There are only few reports on nano-scale synthesis of POM based 

compounds.15-17  Studies on nano-scale preparation of POV based compounds are scarcely 

known.18-19 Generally, nano-structured materials, synthesized by various physical and 

chemical methods exhibit interesting morphology, such as, spherical particles, nano-rods 

and nano-tube. Many of the physical and chemical properties of these nano-materials 

depend on their size, shape and structure. Thus morphology is a crucial parameter that 

controls the properties and functionality of the pertinent material. Therefore, the 

phenomenon of morphological changes is an important aspect of a nano-material. Here, 

we describe ultrasonication-assisted synthesis of nano-scale particles of POV compound 

[C5H11N]6[V10O28]∙4CH3COOH∙2H2O (1), which undergoes morphological transitions 

from nano-rod to micro-flowers through hexagonal micro-sized crystals in a reversible 

cycle as a function of sonication temperature. 

3.2. Experimental section 

3.2.1. Materials and instrumental methods  

The materials sodium metavanadate (extrapure) was purchased from Sisco chem. Pvt Ltd. 

Piperidine, acetonitrile (HPLC grade), DCM (HPLC grade) were purchased from Fischer 

chemicals. Millipore water was used throughout the experiments. All chemicals have been 

used as received without any further purification. 

Single crystal X-Ray diffraction data was collected at 298(2) K on a Bruker SMART 

APEX CCD area detector system [λ(Mo-Kα)= 0.71073 Å] with graphite monochromator. 

Field emission scanning electron microscope (FESEM) imaging with energy dispersive X-

ray spectroscopy (EDS) was carried out on a Carl Zeiss model Ultra 55 microscope. 

Transmission electron microscope images were recorded in a  FEI Tecnai G2 S-Twin, FEI 

electron microscope operated at 200 kV using Gatan CCD camera. The materials were 
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prepared as KBr pellets and FTIR spectra were collected in transmission mode using a 

JASCO FTIR-5300 spectrometer, wavenumbers (ν) are given in cm-1.  Micro analytical 

(C, H, N) data were obtained with a FLASH EA 1112 Series CHNS Analyzer. Powder X-

ray diffraction patterns were recorded on a Bruker D8-Advance diffractometer using a 

graphite mono-chromated Cu-Kα1 (1.5406 Å) and Kα2 (1.54439 Å) radiations. 

3.2.2. Synthesis 

3.2.2.1. Synthesis of compound [C5H11N]6[V10O28]∙4CH3COOH∙2H2O (1)   

2.0 g of sodium metavanadate (16.4 mmol) was dissolved in 50mL of water by gradual 

heating; to the resulting solution, 10 mL glacial acetic acid was added and pH was 

adjusted to 2 by drop wise addition of conc HCl. The above solution was filtered into a 

100 mL beaker. In order to diffuse piperidine vapor into the resulting reaction mixture, the 

100 mL of beaker containing reaction mixture was placed in 250 mL beaker containing 

piperidine and was covered with aluminum foil. After 10 days of exposure to the 

piperidine vapor, the reaction mixture was out taken from 250 ml beaker and exposed to 

atmosphere at room temperature. After three weeks, deep orange color crystals of 

compound 1 precipitated out from the reaction. Yield: 0.98 g (35 % based on sodium 

metavanadate).  Anal. Calc. for C38H86N6O38V10: C, 26.16; H, 4.97; N 4.82. Found: C, 

26.0; H, 4.88; N, 4.81 %. IR (KBr, cm-1): 3418(br), 2964(w),1707(sh), 1628(sh), 1568(s), 

1410(s), 1263(s), 1089(m), 1022(s), 800(s), 659(w), 619(w), 555(w),434(w). 

3.2.2.2. Synthesis of [C5H11N]6[V10O28]∙4CH3COOH∙2H2O (1) nanoparticles 

The general synthetic procedure for the synthesis of nanoparticles of compound 1 is 

described as follows: a hexagonal macro crystal (shown at the centre of Figure 3.6) of 

compound [C5H11N]6[V10O28]∙4CH3COOH∙2H2O (1) is taken in a measured quantity of  

acetonitrile solvent in which the crystal of compound 1 is not soluble and is ultra-

sonicated for a constant time in the ultra-sonication bath maintained at different 

temperatures. The resulting suspension is analyzed using various spectroscopic and 

electron microscopic techniques. Anal. Calc. for nanoparticles:  C, 26.16; H, 4.97; N 4.82. 

Found: C, 26.28; H, 4.46; N, 4.86 %. IR (KBr, cm-1): 3418(br), 2964(w),1709(sh), 

1628(sh), 1581(s), 1410(s), 1263(s), 1087(m), 1018(s), 798(s), 657(w), 625(w), 

557(w),437(w). 
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3.2.2.3. SEM-samples preparation 

Compound 1 (0.3 mg/mL, 1.7 × 10-4 M) was placed in acetonitrile/ acetonitrile-

water/dichloromethane solvent to obtain a suspension of compound 1. One drop of this 

suspension was drop casted on a glass slide using micro-pipette and dried at room 

temperature.  

3.2.2.4. TEM-samples preparation 

As described above one drop of compound 1 suspension (0.3 mg/mL, 1.7 × 10-4 M), was 

drop casted on carbon coated copper grid.  

3.2.3. Single crystal X-Ray diffraction 

The data were collected at 298(2) K on a Bruker SMART APEX CCD area detector 

[λ(Mo-Kα) = 0.71073 Å], graphite monochromator, 2400 frames were recorded with an ω 

scan width of 0.3o, each for 10 s, crystal-detector distance 60 mm, collimator 0.5 mm. The 

data were reduced by using SAINTPLUS and a multi-scan absorption correction using 

SADABS was performed. Structure solution and refinement were done using programs of 

SHELX-97. All non hydrogen atoms were refined anisotropically. Hydrogen atoms on the 

C atoms of the hexamine were introduced on calculated positions and were included in the 

refinement riding on their respective parent atoms. Hydrogen atoms of the crystal water 

could not be found in the crystal structures of compound 1 and 2. The crystallographic 

information of compound 1 is listed in Table 3.1 (below).   

3.3. Results and discussion 

3.3.1. Synthesis of macro-size crystals of compound 1 

Hexagonal-shape macro-crystals of compound [C5H11N]6[V10O28]∙4CH3COOH∙2H2O (1) 

were isolated by slow diffusion of piperidine in the form of vapor into the sodium meta-

vanadate (pH 2) solution acidified with  acetic acid at room temperature. The as 

synthesized crystals of compound 1 have been characterized by infrared spectral studies, 

elemental analysis, and unambiguously by a single-crystal X-ray diffraction technique.    
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3.3.2. Description of crystal structure of compound 1 

The asymmetric unit in the crystal structure consists of half of the cluster unit, three 

piperdinium cations, two acetic acid molecules and one water molecule as shown in Figure 

3.1, left (the other half of the cluster shown without atom labeling). Thus the molecular 

formula of compound 1 includes six piperdinium cations, one [V10O28]6 cluster unit, four 

acetic acid and two water molecules.  

 
Figure 3.1. Left. Thermal ellipsoidal plot of the asymmetric unit in the crystal structure  
of compound 1. Right. Hydrogen bonding situation around the [V10O28]6 cluster anion.  
 

Since the vanadium cluster anion has surface oxygen atoms (terminal and bridging) that 

can act as hydrogen bond acceptors and piperidinium cation has CH groups along with 

lattice water and acetic acid molecules, extensive hydrogen bonding interactions are 

expected to be observed in the relevant crystal. Figure 3.1(right)] demonstrates the 

hydrogen bonding situation involving the cluster anion, piperdinium cation, solvent water 

and acetic acid molecules; this leads to a ribbon type of supramolecular arrangement in the 

crystal structure of compound 1 as shown in Figure 3.2.  
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Figure 3.2. Ribbon-like supramolecular arrangement formed by hydrogen bonding interactions 
that involve all components in the crystal of compound 1. The cluster anion is shown in polyhedral 
representation O∙∙∙∙H separation of 2.5 Å was taken as a maximum limit.  
 

Table 3.1.  Crystal data and structure refinement for compound 1. 
 

 1 

Formula C38H86N6O38V10 

FW 1744.53 

Temperature 298(2) K 

Crystal system Monoclinic 

Space group P2(1)/c 

a/Å 11.6610(7)  

b/Å 23.7205(14)  

c/Å 12.0286(7) 

β [°] 96.9790(10)o 

Volume 3302.5(3) Å-3 

Z 2 

ρcal/ Mg m-3 1.754 Mg/m3 

F(000)                             1780 

Crystal size 0.36 x 0.24 x 0.20 mm3 

Theta range for data collection 1.72 to 26.42o 

Reflections collected / unique     35176 / 6764  

Data / restraints / parameters     6764 / 0 / 425 

Goodness-of-fit on F2 1.072 

R1(F2
0) [ I > 2 σ(I)] 0.0626  

wR2 (F2
0) [ I > 2 σ(I)] 0.1522 

R1(F2
0) (all data) 0.0731 

wR2 (F2
0) (all data) 0.1584 

Largest diff. peak and hole [e.Å-3] 1.096 and -0.888  
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Table 3.4. Hydrogen bonding parameters in the crystal structure of compound 1 [Å and °] 

D-H···A d(D-H)    d(H···A) d(D···A) <(DHA) 
 

C(2)-H(2B)...O(1)#6             0.97 2.72 3.518(7)     140.0 

C(2)-H(2A)...O(6)  0.97                  2.65         3.593(7)     164.5 

C(3)-H(3A)...O(16) 0.97   2.55         3.442(8)     153.0 

C(4)-H(4A)...O(5)#6             0.97   1.82         2.793(5)     177.5 

C(4)-H(4B)...O(18) 0.97 1.90 2.764(6) 146.7 

C(5)-H(5A)...O(9)#5 0.97 2.82 3.553(7) 132.6 

C(6)-H(6B)...O(12)#4 0.97 2.82 3.489(8) 127.1 

C(6)-H(6A)...O(14)#1 0.97 2.82 3.765(9) 165.9 

 C(9)-H(9A)...O(6)             0.97 2.63 3.440(8) 141.3 

C(10)-H(10B)...O(7) 0.97 1.97         2.908(6)     163.1 

C(10)-H(10B)...O(8) 0.97 2.57         3.268(6)     128.8 

C(10)-H(10A)...O(19)       0.97 1.87         2.823(8)  168.2 

C(11)-H(11A)...O(2)#3    0.97 2.80         3.449(6)     124.6 

C(11)-H(11A)...O(3)#3   0.97 1.96         2.923(6)     169.2 

C(12)-H(12A)...O(7)#6         0.97         2.69         3.562(7)     149.2 

C(12)-H(12B)...O(14)#3       0.97            2.83 3.596(7)     136.7 

C(12)-H(12A)...O(13)#5   0.97         2.70 3.537(7) 145.4 

C(14)-H(14B)...O(6)#2  0.97         2.89 3.498(8) 121.9 

C(14)-H(14A)...O(13)#5   0.97         2.72 3.560(8) 144.7 

C(14)-H(14A)...O(14)#5   0.97         2.83 3.568(8) 133.2 

C(15)-H(15B)...O(1)#3 0.97 2.72 3.514(7) 139.7 

C(17)-H(17A)...O(18)  0.96 1.63 2.568(6) 165.5 

C(19)-H(19C)...O(12)#5       0.96 2.57         3.394(6)     144.6 

C(19)-H(19C)...O(11)#5   0.96 1.82         2.615(5)     138.3 

 

      Symmetry transformations used to generate equivalent atoms  

      #1 -x+1,-y+1,-z; #2 -x+1,y-1/2,-z+3/2;  #3 x,-y+1/2,z+1/2 ;  #4 -x,-y+1,-z;  

      #5 x, y, z+1; #6 -x+1,-y+1,-z+1. 
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3.3.3. Synthesis of nanoparticles of compound 1 

The general synthetic procedure for synthesis of nanoparticles of compound 1 is described 

as follows: a hexagonal macro crystal of [C5H11N]6[V10O28]∙4CH3COOH∙2H2O (1) is 

taken in a measured quantity of acetonitrile solvent in which the crystal (compound 1) is 

not soluble, and the mixture is ultra-sonicated for a constant time in the ultra-sonication 

bath maintained at different temperatures. The resulting suspension is analyzed using 

various spectroscopic and electron microscopic techniques. Anal. Calc. for nanoparticles:  

C, 26.16; H, 4.97; N 4.82. Found: C, 26.28; H, 4.46; N, 4.86 %. IR (KBr, cm-1): 3418(br), 

2964(w),1709(sh), 1628(sh), 1581(s), 1410(s), 1263(s), 1087(m), 1018(s), 798(s), 657(w), 

625(w), 557(w),437(w). 

3.3.4. Infrared Spectroscopy 

The Fourier-transform infrared (FTIR) studies (Figure 3.3) demonstrate that the nano-

crystalline samples are identical to that of macro-sized crystals of [C5H11N]6[V10O28]∙ 

4CH3COOH∙2H2O (1) indicating the conservation of {V-10} cluster in the nanoparticles.  

 

 

 
Figure 3.3. IR spectra of nano-crystals (top) and macro-crystals (bottom) of compound 1. The 
units are in cm−1. 1. 3418.17 (5.7); 2. 2964 (7.5); 3. 2534.69 (13.4); 4. 1701.16 (14.6); 5. 1628.07 
(11.9). 6. 1568.27 (6.9); 7. 1410.09 (7.9); 8. 1263.49 (10.2); 9. 1098.88 (13.3); 10. 1022.36 (11.5). 
11. 956.78 (19.2); 12. 800.53 (11.3); 13. 659.71 (18.5); 14. 619.21 (12.5); 15. 555.55 (21.4). 
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The infrared spectra of macro-crystals and nanoparticles show a strong band at 1022 cm-1 

which is characteristic of the terminal V=O bond stretching.20 In the Figure 3.3., the band 

appeared at 800 cm-1 is assigned to bridging V–O–V asymmetric vibrations, while band at 

around 550 cm-1 is assigned to symmetric V–O–V vibrations.  The bands at 3418 and 1568 

cm-1 have been assigned to N–H stretching and bending of organic piperidinium cations.   

3.3.5. Powder XRD analysis 

The observed PXRD patterns of nanoparticles along with macro-crystals and the simulated 

pattern (obtained from relevant single crystal data) are shown in Figure 3.4. The overall 

similarity of the observed PXRD pattern of the nano-crystalline samples with that, 

simulated from the single crystal data of as synthesized macro-crystals (compound 1), 

indicates the phase identity.  

 

 
Figure 3.4. Top: powder X-ray diffraction pattern of nano-crystals; middle: powder X-ray 
diffraction pattern of macro-crystals; and bottom: simulated from single crystal data of 
compound 1. 

From Figure 3.4, it is observed that the PXRD pattern of nanoparticles is not one to one 

consistent with simulated PXRD pattern, especially at higher 2θ angles.  This 

inconsistency can be attributed to the presence of some kind of strain in the sample, which 

is probably induced by sonication process.21 
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The selected area electron diffraction (SAED) pattern taken from a micro-flower (Figure 

3.5, left and middle) and lattice planes were indexed to compound 1; the measured d 

spacing values (SAED) are 7.450 Å, 3.305 Å and 2.450 Å, correspond well to the lattice 

spacing of (111), (043) and (371) planes of monoclinic macro-crystals of compound 

[C5H11N]6[V10O28]∙4CH3COOH∙2H2O (1). The energy dispersive x-ray spectroscopy 

(EDS) spectra given in Figure 3.5 (right) further confirms the presence of vanadium, 

carbon and nitrogen (other peaks are from glass substrate). 

3.3.6. Morphological study 

The macro-crystals of compound 1 are subjected to ultra-sonication at different 

temperatures in different solvents. The solvents used are water, acetonitrile, DCM, 

acetonitrile and water mixture (9:1). The polymer polyethyleneglycol also used to check 

the morphology of the particles. The morphological studies were done based on SEM and 

TEM images. In water the crystals are completely soluble, where as in acetonitrile and 

DCM they are dispersed.  

  

 

Figure 3.5. Left: TEM picture of a micro-flower; middle: selected area electron diffraction 
pattern of the micro-flower; right: energy dispersive spectrum of the micro-flowers. 
 
In acetonitrile solvent the nanoparticles dispersed, are giving rise to various 

morphologies, such as, spherical nanoparticles, nano-rods, micro-flowers etc. The 

morphological variations are studied by using TEM and FESEM microscopy.  
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3.3.7. Reversible morphological transition observed in acetonitrile solvent starting 

from an as-synthesized macro-crystal as a function of sonication temperatures 

The field emission SEM images of particles formed at room temperature ultra-

sonication, are shown in Figure 3.6. The ultra-sonication at 50 oC leads to the formation 

of nano-rods with 35 nm to 300 nm thickness, 50 nm to 200 nm width  and 200 nm to 5 

µm length (Figure 3.6, 50 oC), whereas the sonication at 60 oC results in the formation 

of micro-flowers (Figure 3.6, 60 oC).  

 

 
 

Scheme 3.1. The mechanism of reversible transition observed in the compound 1. 

 

The morphology of the structures, obtained from the substance, which was ultra-sonicated at 

70 oC, suggests that a transition occurs by the fusion of the micro-flower aggregates (Figure 

3.6, 70 oC); micrographs of the samples, obtained by further 10oC rise in sonication 

temperature, shows further fusion into a prototype morphology of as synthesized macro-scale 

crystal as shown in Figure 3.6 (80 oC).  Finally, the treatment of the suspension beyond 80 oC 

to dryness of the acetonitrile solvent leads to the hierarchical aggregation transforming back 

to the micro-crystal (Figure 3.6, top) of morphology, identical to the starting macro-crystal 

(centre of Figure 3.6) of compound 1. Therefore, these morphological transformations 

illustrate the top-down and bottom up synthetic processes in a reversible cycle as presented in 

scheme 3.1.  
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Figure 3.6. SEM images demonstrating reversible morphological transitions starting  
from an as-synthesized macro-crystal (at the centre) as a function of sonication 
temperatures.  

This reversible morphological transition can be described as a result of breaking 

down of a macro-size as-synthesized crystal into nano-crystals (Figure 3.6) and 

wielding back to micro-sized crystal (Figure 3.6) as a function of sonications at 

different temperatures (external stimulus). Thus in the present study, the formation 

of these nano-structures from a macro-sized crystal needs an external stimulus.22  

The turning back of the nano-crystals to a micro-crystal form after drying the 

concerned acetonitrile solution at 80 oC can be argued as crystallization process to 

obtain a higher ordered form at higher temperature.  

3.3.8. Solvent effects on the morphology  

The solvent effects on the morphology of  sono-synthesized particles have been 

studied. The deposition of compound 1 from solution of water/acetonitrile (1:9 v/v) 

at room temperature leads to the formation of rhombohedral shaped nanoparticles; 

at higher tem perature, the particles transform to flower like aggregates without 

formation of rod-shape nanoparticles (see following scheme 3.2). However, it did 

not result in the transformation of the aggregates as has been observed in the case 
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of pure acetonitrile solvent. Moreover, the flower-like morphology, obtained in the 

case of water / acetonitrile solvent, is different from those, derived from pure 

acetonitrile.  

 
Scheme 3.2. Schematic representation of SEM and TEM images of compound 1,  
sonicated in water / acetonitrile (1:9) and Dichloromethane. 
 

The ultrasonication synthesis in dichloromethane solvent resulted in the formation 

of nano-cubes at room temperature; at higher temperatures (50 oC and above) the 

cubes tend to deform without any well defined morphology (see scheme 3.2). 
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3.4. Conclusion 

In summary, we have demonstrated a simple synthetic strategy to obtain different 

nano-morphologies of [C5H11N]6[V10O28]∙4CH3COOH∙2H2O (1). The interesting 

aspects of this work are (i) ultra-sonication assisted top down synthesis of 

nanoparticles of compound 1; (ii) different morphologies of nanoparticles can be 

obtained as function of solvent temperature; (iii) to our knowledge, this is the first 

report of reversible morphological transitions from a polyoxometalate compound. 
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Chapter 4 describes two decavanadate based compounds, 

[HMTA]2[Na(H2O)6]2[H2V10O28]∙6H2O (1) (HMTA = hexamethylene-tetramine) 

and [Na3(H2O)9]2n[V10O28]n (2), which have been synthesized in aqueous 

medium. Compound 1 (a discrete compound) is synthesized with organic and 

inorganic cations, wheeas compound 2 (a coordination polymer) has been 

isolated using only inorganic cations. An acidified aqueous solution of sodium 

metavanadate, on heating at 70 °C followed by addition of acetonitrile, results in 

the isolation of compound 2, the crystal structure of which showing it to be a 

two-dimensional coordination polymer, formed from the decavanadate cluster 

anion and the tri-sodium aqua-complex cation. Compounds 1 and 2 have been 

characterized by routine elemental analyses, FT-IR spectroscopy and 

unambiguously by single crystal X-ray crystallography. Among these two 

compounds, compound 2 exhibits an emission in the visible region at room 

temperature in its solid state (on excitation at 380 nm). Nano-crystals of 

compound 2 in the size range 50–70 nm were synthesized by ultrasonication of 

macro-crystals of compound 2 in acetonitrile solvent (0.5 mM). The 

nanoparticles were characterized by FT-IR and PXRD studies. The morphology 

of the nanoparticles of compound 2 were studied using FE-SEM, TEM and AFM 

techniques. As expected, these nanoparticles also display emission spectra at 

room temperature. The connectivity of the decavanadate oxygens with the metal 

cations plays an important role in compound 2 exhibiting emission spectra, 

because decavanadate cluster (as such) containing compounds generally do not 

show emission. 

Decavanadate-based discrete compound and 
coordination polymer: synthesis, crystal structures, 
spectroscopy and nano-materials 

 

4 
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4.1. Introduction 

Polyoxometalates (POMs) are extremely versatile building blocks for the construction of 

inorganic functional materials with a range of physical and chemical properties that are 

significant for their applications in the areas of materials science1, magnetism2, medicinal3 

and industrial chemistry.4 Functionalized POMs give rise to vast diversity of materials, 

being used as building blocks for creating highly classy hierarchical systems with various 

interdependent functionalities.5 The functionalization of the POM cluster anions to explore 

more selective applications6 is an interesting aspect in recent POM chemistry. The 

functional POM frameworks have been achieved by using either pure organic linkers7 or 

metal coordination complexes (with organic ligands) as linkers;8 however, both these 

approaches are limited by the reduced stability of the concerned framework, because both 

linkers contain organic moieties that are not thermally stable. The assembly of a purely 

inorganic POM building unit offers high stability to the concerned network for the 

formation of new type of pure inorganic materials.9 Thus, the planned synthesis of pure 

inorganic based materials, for example, the synthesis of polyanion-inorganic cation based 

polymeric compounds, is a big challenge in modern inorganic chemistry.10 Programmable 

POM-based multi-functional nano-structures are reported on silica surfaces, that yield 0-

D, 2-D and 3-D architectures, including nano-dots, discs, porous networks and layer-by-

layer assemblies.11 POMs are dynamically entered into the realm of the synthesis of metal 

nano-particles, and serve both as catalytic agents and stabilizers for the synthesis of Ag, 

Au, Pd and Pt nano-particles of reasonably good dispersity.12 Silver and gold nano-

particles containing POM-based organic–inorganic nano-composites find applications in 

the areas of sensing materials, catalysis and composite materials.13 The large scale 

synthesis of POM-based spheres-, belts-, flake-, cube-, prism-, trigonal- and snowflake-

like nanocrystals/nanoparticles were performed by a solution phase route using a wide 

range of surfactants.14 Among the POMs, polyoxovanadates (POVs) are an important class 

of materials that have various applications in the fields of materials science, industrial 

chemistry and biology.15 POV clusters have also been used as linkers for constructing 

vanadium framework containing materials, which can be called vanadium MOFs 

(VMOFs).16 Among several POV cluster anions, the decavanadate cluster anion [V10O28]6− 

seems to be best known in the solid state phase.17 Several discrete decavanadate cluster 

containing compounds have been isolated with alkali metals and transition metals as 
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macro-crystals.18  Ramanan and co-workers have made a considerable contribution to fully 

oxidized vanadium based polyoxoanions in the presence of cage-like 

hexamethylenetetramine as a structure director.19 Cronin and his group have described 

silver linked POM open frameworks for the directed fabrication of silver nano-materials.20 

The electrical properties of ammonium decavanadate single crystalline nano-rods have 

been reported by Mai and Han.21 Pure inorganic polymeric complexes based on 

decavanadate complexes are relatively less explored. We have been exploring the self-

assembly process of the decavanadate cluster, including its nano-morphological studies.22  

The decavanadate cluster anion [V10O28]6− as the central core, two decavanadate based 

compounds [HMTAH]2[Na(H2O)6]2[H2V10O28]∙6H2O (1) (HMTA = 

hexamethylenetetramine) and [Na3(H2O)9]2n[V10O28]n (2) were discussed. A pure 

inorganic linker is chosen to extend the dimensionality of the decavanadate cluster in 

compound 2. In the crystal structure of compound 2, a tri-sodium-aqua cluster (supported 

on the decavanadate anion by a coordinate covalent bond) is observed. Overall, in this 

chapter the supramolecular assembly of the decavanadate cluster anion [V10O28]6− using an 

organic linker, hexamethylenetetramine (compound 1), and the coordination assembly of 

the decavanadate cluster anion using an inorganic linker, the tri-sodium aqua cluster cation 

(compound 2) were discussed. The nano-crystals of compound 2, which are synthesized 

by ultra-sonication of the macro-crystals of compound 2 in acetonitrile solvent are 

discussed. The compound [Na3(H2O)9]2n[V10O28]n (2) is unique in the sense that it is an 

emissive inorganic coordination polymer based on a decavanadate cluster. 

The compounds described in this chapter are 

[HMTAH]2[Na(H2O)6]2[H2V10O28]∙6H2O (1), 

[Na3(H2O)9]2n[V10O28]n (2). 
 

 

 

 

 

 

 

 

 

 



 
Chapter 4 

 

73 

 

4.2. Experimental details 

 

4.2.1. Materials and physical methods 

All the reactions were performed under ambient conditions. The starting materials, sodium 

metavanadate and HMTA were obtained from SISCO, acetonitrile from Sigma Aldrich 

and distilled water was used in all the experiments. 

4.2.2. Characterization 

Micro analytical (C, H, N) data were obtained with a FLASH EA 1112 Series CHNS 

analyzer.  Infrared (IR) spectra were recorded on a KBr pellet with a JASCO FT/IR-5300 

spectrometer in the region 400–4000 cm−1. Electronic absorption spectra were obtained on 

a Cary 100 Bio UV–Vis spectrophotometer. Emission spectra were recorded on a 

spectrofluorimeter (FluoroLog-3, Horiba Jobin Yvon). Confocal fluorescence microscopic 

images of compound 2 nanoparticles were recorded on a Leica Laser Scanning confocal 

microscope (TCS SP2 AOBS), Germany. The morphology of the nanoparticles of 

compound (2) was obtained using a field emission-scanning electron microscope (FE-

SEM) (Carl Zeiss, Ultra55). Transmission electron microscopic studies were carried out 

on a FEI Tecnai G2 S-Twin, FEI electron microscope operating at 200 kV and using a 

Gatan CCD camera. The vanadium content of the compound [Na3(H2O)9]2n[V10O28]n (2) 

was analyzed using a Varian 720-ES Inductively Coupled Plasma-Optical Emission Spec-

trometer (ICP-OES).  

 

4.2.3. Synthesis  

 

4.2.3.1. Synthesis of the compound [HMTAH]2[Na(H2O)6]2[H2V10O28]∙6H2O (1) 

  

To the 100.0 mL aqueous solution of sodium metavanadate (2.0 g, 8.26 mmol) and 

hexamine (0.14 g, 1 mmol), acetic acid was added to maintain the pH value at 4.0. The 

resulting reaction mixture was stirred for 2 h and kept for crystallization. After 10 days, 

yellow needle shaped crystals of compound 1 appeared and were isolated by filtration. 

Yield: 40% based on V. IR (KBr, cm−1): 3452(br), 2947(w), 2865(w), 1649(m), 

1457(m),1369(m), 1238(s), 1013(s), 986(br), 953(sh), 805(m), 778(sh), 668(w), 509(w). 
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Anal. Calc. for. C12H64N8Na2O46V10 (1612.05): C, 8.94; H, 4.00; N, 6.95. Found: C, 

8.91; H, 3.84; N, 6.91%.  

4.2.3.2. Synthesis of the compound [Na3(H2O)9]2n[V10O28]n (2) 

A 100.0 mL aqueous solution of sodium metavanadate (2.0 g, 8.26 mmol) was heated for 

2 h at 70 °C. To this hot solution, acetic acid was added to maintain the pH value at 5.0; 

subsequently 60.0 mL acetonitrile was added to crystallize yellow color block-shaped 

crystals of 2. Yield: 50% based on V. IR (KBr, cm−1): 163 3463(br), 1621(s), 953(s), 

849(s), 739(s), 602(w), 526(w), 449(w). Anal. Calc. for. V10Na6O46H36 (1419.42): V, 

35.88; H, 2.55. Found: V, 35.02 (ICP-OES); H, 2.43%.  

4.2.3.3. Synthesis of compound 2 nanoparticles 

Nanoparticles of compound 2 were synthesized by the simple ultrasonication method. 

Hexagonal macro-crystals of compound 2 were taken in acetonitrile solvent and 

ultrasonicated for an hour under an ambient atmosphere. The solution drop was casted 

onto a glass plate and analyzed using various spectroscopic and microscopic techniques. 

IR (KBr, cm-1): 3567(br), 1621(s), 986(sh), 947(s), 843(m), 723(w). Anal. Calc. for 

nanoparticles: H, 2.55. Found: H, 2.48%.  

4.2.4. Crystal structure determination 

 Single crystal X-ray diffraction data were collected at 298(2) K on a Bruker SMART 

APEX CCD area detector system with Mo Ka radiation (k = 0.71073 Å) and with a 

graphite monochromator. 2400 frames were recorded with an x scan width of 0.3°, each 

for 10 s with a crystal detector distance of 60 mm and collimator distance of 0.5 mm. The 

data were reduced using SAINTPLUS23 and a multi-scan absorption correction was 

performed using SADABS.23 Structure solution and refinement were done using the 

programs of SHELX-97.24 All non-hydrogen atoms were refined anisotropically. 

Hydrogen atoms on the C atoms of the hexamine were introduced in calculated positions 

and were included in the refinement, riding on their respective parent atoms. The Na atom 

in compound 1 suffers from a significant disorder problem which resolving was tried by 

applying the restraints ISOR or SIMU to the displacement parameters, but this was not 

successful. The hydrogen atoms of the water molecules were located in the crystal 
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structures of 1and 2 through Fourier electron density maps. The crystallographic details 

and refinement parameters of compounds are listed in Table 4.1.  

4.3. Results and discussion  

4.3.1. Synthesis  

The syntheses of polyoxovanadates have classically been performed in aqueous solutions 

(wet synthesis) or under hydrothermal conditions.25 Compound 1 has been synthesized by 

the direct one pot reaction of sodium metavanadate aqueous solution together with 

hexamethylenetetramine (HMTA) at an ambient temperature. The pH of the concerned 

reaction mixture was adjusted to 4.0 by adding acetic acid. Addition of acetonitrile solvent 

to the hot acidified aqueous solution of sodium metavanadate at pH 5.0 results in the 

formation of compound 2, which is a purely inorganic polymer with a trisodium-aqua 

complex as the cation. Notably, the decavanadate (POV) cluster anion exists in the di-

protonated state in the compound [HMTAH]2[Na(H2O)6]2[H2V10O28]∙6H2O (1). It is well 

known that under an aqueous conditions, a number of vanadium species, for example 

[H6V10O28], [H5V10O28]−,[H4V10O28]2−, [H3V10O28]3−, [H2V10O28]4−, [HV10O28]5−, 

[V10O28]6− etc. can exist in equilibrium, depending upon the pH of the concerned reaction 

mixture. 19 

4.3.2. Infrared spectroscopy 

The infrared (IR) spectra exhibit characteristic features of the decavanadate cluster anion 

for all the compounds 1 and 2. Compound 1 also shows the IR bands for 

hexamethylenetetramine. The IR spectra of the three compounds are shown in Figure 4.1. 

The V–O vibrations of the decavanadate anion are observed in the region 450–1000 cm−1; 

the strong IR bands at around 950 cm−1 for all the three compounds (1 and 2) are attributed 

to stretching vibrations of the V–O terminal oxygen atom. The bands in the 750–600 cm−1 

region are due to bridging V–O–V groups. The asymmetric vibrations of the V–O–V 

bridges are observed at 778 cm−1 (compound 1), 739 cm−1 (compound 2), while the 

symmetric bands are observed at 668 cm−1 (compound 1) and 602 cm−1 (compound 2). 
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Figure 4.1.   FT-IR spectra of macrocrystals of compounds 1 and 2. 

4.3.3. Thermal properties 

Thermogravimetric analyses (TGA) were performed in the temperature range 30–1000 °C 

on polycrystalline samples in the air. The TG curve for the compound 

[HMTAH]2[Na(H2O)6]2[H2V10O28]∙6H2O (1) shows a first weight loss of 6.85% in the 

temperature range 94–153 °C. This weight loss corresponds to the loss of six water 

molecules (calculated mass loss for six water molecules is 6.7%). This includes six non-

coordinated lattice water molecules. The second weight loss of 31.7% in the temperature 

range 120–219 °C might be due to the loss of two hexamine moieties and twelve sodium 

coordinated water molecules (calculated mass loss for two hexamine moieties is 17.53% 

and for twelve water molecules is 13.4%). The TG curve for the compound 
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[Na3(H2O)9]2n[V10O28]n (2) shows a weight loss of 22.34% in the temperature range 42–

164 °C, which corresponds to the loss of 18 water molecules, coordinated to the tri-sodium 

cation (calculated 22.8% for 18 sodium coordinated water molecules). On further heating, 

the cluster disintegrates. The TG curves of the two com pounds 1 and 2 are graphically 

presented in Figure 4.2. The thermal behavior of the related compound [Na2(H2O)10] 

[H3V10O28[Na(H2O)2]·3H2O19a, which on heating around 250 °C forms the cluster 

decomposition product NaxV2O5, is quite comparable to that of compound 2 (present 

study). Similar thermal plots have been observed for the related decavanadate cluster 

containing compounds (NH4)2[Ni(H2O)5(NH3)]2[V10O28]·4H2O and (NH4)2[Zn(H2O)6]2 

V10O28·4H2O.27,28  Thus it is always not true that the assembly of purely inorganic POM 

building units offers high stability to the concerned network. 

 

 

Figure 4.2. Thermogravimetric analysis for compounds 1, 2 and 3. 
 

4.3.4. Description of the crystal structures 

4.3.4.1. Compound [HMTAH]2[Na(H2O)6]2[H2V10O28]∙6H2O (1) 

The asymmetric unit of compound 1 consists of half of the decavanadate cluster anion, one 

hexa-hydrated sodium coordination complex cation, one protonated HMTA cation and 

three lattice water molecules (Figure 4.3.). Thus the formulation of compound 1 is given 

as [HMTAH]2[Na(H2O)6]2[H2V10O28]∙6H2O. The oxygen atoms of the decavanadate 

cluster are not coordinated to either the sodium cation or the HMTA cation directly, 

resulting in 1 being a discrete compound.  
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Figure 4.3. Ball and stick representation of the asymmetric unit in the crystal structure of 
compound 1 (hydrogen atoms are omitted for clarity); (b) 3-d network established due to          the  
O–H ·····O interactions as well as C–H···O interactions in the compound 1. 
 

In the decavanadate polyanion, all the V–O oxygen bond lengths (V−Ot, V−Ob and V−Oc) 

are in the expected ranges according to reported literature (Table 4.2.). The sodium cation, 

coordinated to six water molecules, forms a octahedral coordination complex cation 

[Na(H2O)6]+. The Na–O bond distances are in the expected range of 2.012–2.110 Å. Along 

with the sodium cation, the monoprotonated HMTA cation is present in the crystal 

structure. Two protons have been added to the decavanadate cluster anion to neutralize the 

overall charge (see the formula of compound 1). The possibility of di-protonation to 

HMTA has been ruled out, because it is generally very difficult for the 

hexamethylenetetramine (HMTA) molecule to be di-protonated and is rarely known, 

especially at a pH value of 4.0 (it is the pH, at which compound 1 has been synthesized).  

  
Table 4.2. Selected V–O distance range (Å) in compounds 1 and 2 

 {H2V10O28}4- 

      1 
{V10O28}6- 

       2 
V–O(t)a 1.599(3)-1.610(3) 1.597(2)-1.610(1) 
V–O(µ2)a 1.690(5)-2.063(4) 1.683(3)-2.047(2) 
V–O(µ3)a 1.910(3)-2.015(4) 1.894(1)-2.014(2) 
V–O(µ6)a 2.087(3)-2.343(4) 2.110(2)-2.316(2) 
 

a t, µ2, µ3 and µ6 are terminal, doubly, triply and hexa bridged oxygen atoms respectively. 
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Table 4.3. Hydrogen bonding parameters in the crystal structure of compound 1 [Å and °] 

 
D-H···A 

 
d(D-H)    

 
d(H···A) 

 
d(D···A) 

 
<(DHA) 
 

O(15)-H(15A)...O(6)  0.80(3)              2.07(3)                   2.871(3)           177(3) 

O(16)-H(16A)...O(8) 0.76(4) 1.89(4) 2.643(3)   173(4) 
O(16)-H(16B)...O(21)#5 0.79(3) 1.87(4) 2.644(3) 166(3) 
O(17)-H(17B)...O(3)#2 0.76(4)          1.95(4)            2.713(3)    176(4) 

O(17)-H(17A)...O(1)#1 0.73(4) 1.95(4) 2.679(3) 172(4) 

O(18)-H(18A)...O(4)#2 0.78(4) 1.90(4) 2.673(3) 178(4) 
O(19)-H(19B)...O(2)#2 0.71(3) 2.02(3) 2.717(3) 172(3) 

O(19)-H(19A)...O(23)#3         0.77(4) 1.97(4) 2.711(3) 162(3) 

O(20)-H(20A)...O(23)#3 0.69(4) 2.13(4) 2.760(3) 151(4) 

O(21)-H(21B)...O(5)#7   0.85(4) 1.95(4) 2.783(3) 169(3) 

O(21)-H(21A)...O(18)#6 0.82(4)                 2.03(4)                     2.830(3)   165(4) 

O(22)-H(22B)...O(10)#7 0.81(4)                 2.49(4)                     3.237(3) 154(3) 

O(22)-H(22B)...O(11)#7          0.81(4)                 2.44(4)                     3.098(3)             139(3) 

O(22)-H(22B)...O(13)#7    0.81(4)                 2.70(4)                     3.283(3)             130(3) 

O(22)-H(22A)...O(12)#8          0.76(5)                 2.43(5)                     3.160(3)       160(5) 

O(23)-H(23B)...O(14) 0.80(4)                 2.00(4) 2.798(3)             171(4) 

C(1)-H(1A)...O(4)#8 0.96(3)                 2.34(3)                     3.220(3)             151(2) 

C(2)-H(2A)...O(1)#2                0.97(3) 2.75(3) 3.681(3) 160(2) 

C(4)-H(4A)...O(12)#7 0.96(3)                 2.66(3)                     3.275(3)      123(2) 

C(4)-H(4A)...O(13)#7 0.96(3)   2.35(3)                     3.244(3)             154(2)            

C(5)-H(5B)...O(5)#9   0.96(3)   2.44(3)                     3.156(3)             131(2) 

C(5)-H(5A)...O(21)#10 0.94(3)   2.64(3) 3.316(3) 130(2) 

 

Symmetry transformations used to generate equivalent atoms: 

 #1 -x,-y+1,-z+1    #2 x+1,y,z    #3 x+1,y,z+1  #4 x,y+1,z    #5 x,y+1,z+1    
 #6 -x+2,-y+1,-z+1  #7 -x+1,-y+1,-z+1    #8 x,y-1,z    #9 -x+1,-y+1,-z+2  #10 -x+1,-
y,-z+1 
 

Due to presence of the sodium coordinated water molecules and lattice water molecules, 

extensive supramolecular interactions have been observed involving surface oxygen atoms 

of decavanadate anion (O−H∙∙∙Odec) as well as lattice molecules (O−H∙∙∙∙Owater). The 

hexamethylenetetramine (HMTA) cation, having twelve protons, is also involved in 
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hydrogen bonding interactions (C−H∙∙∙O) with the surface oxygen atoms of the 

decavanadate cluster anion and with the lattice water molecules. Each HMTA cation 

interacts with four adjacent decavanadate cluster anions. The combination of both 

O−H∙∙∙∙O and C−H∙∙∙∙O hydrogen bonding interactions results in the formation of a 3-D 

supramolecular network, as observed in the crystal structure of compound 1. The relevant 

hydrogen bonding parameters are presented in Table 4.3.  

 

4.3.4.2. Compound [Na3(H2O)9]2n[V10O28]n (2) 

 

The asymmetric unit in the crystal structure of compound 2 consists of half of the 

decavanadate cluster anion that supports the tri-sodium aqua-complex cation. The 6− 

charge of decavanadate cluster anion [V10O28]6− is counter-balanced by two [Na3(H2 O)9]3+ 

cations, and accordingly compound 2 can be formulated as [Na3(H2O)9]2n[V10O28]n (it is a 

coordination polymer). The full decavanadate cluster anion with two attached coordinated 

tri-sodium aqua-complex [Na3(H2O)9]3+ cations is shown in Figure 4.4(a). In the trisodium 

cluster, two sodium cations, namely Na3 and Na2, have an octahedral geometry, whereas 

the Na1 ion has a square pyramidal geometry. The Na3 octahedron is furnished by two 

bridging water molecules (O19 and O20), two monodentate coordinated water molecules 

(O22 and O23) and two terminal oxygen atoms (O9 and O12) from two different {V10} 

cluster anions. On the other hand, the coordination of the Na2 octahedron is completed by 

five bridging water molecules (O16, O17, O18, O19 and O20) and one monodentate 

coordinated water molecule (O21); notably no {V10} cluster oxygen atoms are 

coordinated to the Na2 cation, unlike the Na3 cation. The square pyramidal geometry 

around the Na1 cation can be described by three bridging water molecules (O16, O17 and 

O18), one monodentate coordinated water molecule (O15) and one l3-oxygen atom (O3) 

of the {V10} cluster anion.  
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Figure 4.4. (a) Ball and Stick representation of  compound 2 (hydrogen atoms are omitted for 
clarity) (b) The trisodium cation coordinated with the decavanadate anion (c) 2-D network 
established in the coordination polymer of compound 2, along ac plane. 
 

 

Figure 4.5. The tri-sodium aqua cation coordinated with the three surrounding decavanadate 
anions in compound 2. 
 

In total, two water molecules (O19 and O20) bridge between the Na3 and Na2 cations, and 

three water molecules (O16, O17 and O18) bridge between the Na2 and Na1 cations to 

form a tri-sodium-aqua-cluster [Na3(H2 O)9]3+, as shown in Figure 2(b). The terminal 

sodium cations Na1 and Na3 are connected to the oxygen atoms of the {V10} cluster 

anions to extend the dimensionality into the layer-like structure, as shown in Figure 2(c). 

Interestingly, the mode of connectivity of the terminal sodium cations (Na1 and Na3) with 

surrounding different decavanadate clusters is different from each other: the Na3 cation is 

connected to two different V=O type terminal oxygen atoms (O9 and O12) from two 

different decavanadate cluster anions, whereas the Na1 cation is connected to the µ3-O 
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type oxygen atom (O3) of the decavanadate cluster. This interesting connectivity from the 

µ3-O type oxygen atom of the {V10} cluster to a sodium cation is very rare in 

decavanadate chemistry; this mode of connectivity probably causes the deviation of the 

geometry of Na1 polyhedron from a normal octahedral geometry to an unusual square 

pyramidal geometry around sodium. The coordination of the terminal Na1 with the {V10} 

cluster through the µ3-type oxygen atom (O3) precludes water molecules from entering 

into its (Na1) coordination sphere, thereby it forms relatively longer bonds with the µ2-

type bridging water oxygen atoms. Overall, in the crystal structure, each tri-sodium aqua-

cluster connects to three {V10} cluster anions (Figure 4.4(b) and also Figure 4.5) and 

extends its dimensionality along a layer to form a 2D coordination polymer, as shown in 

Figure 4.4(c).  

 
 
Fig. 4.6.  (a) The O−H∙∙∙∙O interactions between the water molecules of  tri-sodium aqua cation 
with its surrounding five decavanadate anions in compound 2. (b) The O−H∙∙∙∙O hydrogen bonding 
interactions between the anion and cation showing extension from  2D coordination polymer/sheet 
to a 3D-supramolecular  network in compound 2. 
 

The water hydrogen atoms of the tri-sodium aqua-complex cation show extensive 

hydrogen bonding interactions (O−H∙∙∙∙O) with the surrounding five decavanadate cluster 

anions. These O−H∙∙∙∙O interactions between the anion and cation extends the 2D 

coordination polymer/sheet into a 3D-supramolecular network (Figure 4.6). The relevant 

hydrogen bonding parameters are presented in Table 4.4. The bond lengths and bond 

angles are presented in Table 4.5.  
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Table 4.1.  Crystal data and structure refinement for compounds 1 and 2. 
 

 1 2 

Molecular formula C12H64N8Na2O46V10 H36Na6O46V10 

Formula weight 1612.08 1419.63 

Temperature 298K 298K 

Wavelength 0.71073 Å 0.71073 Å 

Crystal system Triclinic Triclinic 

Space group P-1 P-1 

a/Å 9.6133(15) 8.5430(11) 

b/Å 11.9795(19) 10.8231(14) 

c/Å 12.611(2) 11.6268(15) 

α [°] 100.204(2) 105.485(2) 

β [°] 105.023(2) 99.414(2) 

γ [°] 113.619(2) 101.233(2) 

Volume[Ǻ3]  1218.7(3) 989.4(2) 

Z 1 1 

ρcal/ Mg m-3 2.194 2.383 

Goodness-of-fit on 

F2 

1.050 1.104 

R1(F2
0) [ I > 2 σ(I)] 0.0324 0.0251 

wR2 (F2
0) [ I > 2 

σ(I)] 

0.0863 0.0716 

R1(F2
0) (all data) 0.381 0.0265 

wR2 (F2
0) (all data) 0.0897 0.0727 

Largest diff. peak 
and hole [e.Å-3] 

0.724/-0.621 0.324/-0.460 
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Table 4.4. Hydrogen bonding parameters in the crystal structure of compound 2 [Å and °] 

D-H···A d(D-H)    d(H···A) d(D···A) <(DHA) 
O(15)-H(15A)...O(11)#10 0.85(3) 2.06(3) 2.890(2) 167(3) 
O(15)-H(15B)...O(12)#1 0.80(3) 2.26(3) 3.049(2) 170(3) 

O(16)-H(16B)...O(2)#10 0.77(3) 2.18(3) 2.939(3) 168(3) 

O(16)-H(16A)...O(14)#9 0.73(3) 2.20(3) 2.927(3) 178(3) 

O(17)-H(17A)...O(6) 0.75(4) 2.40(4) 3.126(3) 164(4) 

O(17)-H(17B)...O(15)#7  0.73(3) 2.18(3) 2.898(3) 171(3) 

O(17)-H(17A)...O(14)#1 0.75(4) 2.64(4) 3.088(2) 120(3) 

O(18)-H(18A)...O(5) 0.79(4) 2.05(4)  2.781(2) 155(4) 

O(18)-H(18B)...O(8)#4 0.84(4) 2.20(4) 2.965(2) 152(4) 

O(19)-H(10B)...O(13)#9 0.71(3) 2.23(3) 2.927(2) 167(3) 

O(19)-H(10A)...O(23)#8 0.90(3) 1.91(3) 2.798(3) 170(3) 

O(20)-H(20B)...O(12)#6 0.73(3) 2.69(4) 3.191(4) 128(4) 

O(20)-H(20A)...O(21)#2 0.64(5) 2.45(5) 3.079(4) 166(6) 

O(21)-H(21B)...O(7) 0.58(5) 2.32(5) 2.890(3) 165(7) 

O(21)-H(21A)...O(7)#6 0.80(4) 2.57(4) 3.260(3) 145(4) 

O(22)-H(22B)...O(6)#6 0.71(3) 2.17(3) 2.827(3) 156(3) 

O(22)-H(22A)...O(11)#5 0.69(4) 2.11(4) 2.775(2) 164(4) 

O(23)-H(23A)...O(10)#5 0.64(3) 2.10(3) 2.735(2) 170(4) 

O(23)-H(23B)...O(22)#5 0.87(3) 2.02(3) 2.888(3) 175(3) 

 

Symmetry transformations used to generate equivalent atoms:  

#1 -x+1,-y+1,-z+1    #2 -x+2,-y+1,-z    #3 x-1,y,z  #4 x+1,y,z    #5 -x+1,-y,-z   

#6 -x+1,-y+1,-z  #7 -x+2,-y+2,-z+1    #8 x,y+1,z    #9 x+1,y+1,z  #10 -x+2,-y+1,-z+1  

 

4.3.5. Comparison of the crystal structures 

The compound [HMTAH]2[Na(H2O)6]2[H2V10O28]∙6H2O (1) is a doubly protonated 

discrete decavanadate cluster anion with a sodium hexahydrate coordination complex and 

protonated HMTA as the cations. The synthesis of compound 1 is a very simple and well 

known method to isolate the decavanadate cluster with protonated organic cations. In the 

relevant crystal structure (compound 1), the singly protonated HMTA cation neither 

coordinates to the sodium octahedral hexa-aqua complex nor coordinates to the 

decavanadate cluster anion; this is because the N atoms of the organic ligand 
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hexamethylenetetramine (HMTA) are generally reluctant to be involved in any metal ion 

coordination. The compound [Na3(H2O)9]2n[V10O28]n (2) is a purely inorganic coordination 

polymer with an interesting tri-sodium aqua-complex cation, which is supported by the 

decavanadate cluster anion. The further coordination of these [Na3(H2O)9]3+ cations, 

supported on the [V10O28]6– cluster anion, to other surrounding [V10O28]6– cluster anions 

result in the formation of a two-dimensional (2D) extended structure (coordination 

polymer) in the crystal structure of compound 2. 

Interestingly, in the crystal structure, the tri-sodium cluster cation connects to the 

decavandate cluster anion involving terminal oxygen atoms as well as µ3-type bridging 

oxygen atom. The connectivity through this µ3-type bridging oxygen atom is very rare in 

POV chemistry. Each tri-sodium aqua-complex cation connects with three surrounding 

decavanadate cluster anions (Figure 4.5) in a cation to anion ratio of 1:3, resulting in a 2D 

sheet. These 2D sheets are further extended into a 3D supramolecular network due to 

extensive hydrogen bonding interactions between the water molecules of the tri-sodium 

aqua complex cations and surface oxy gen atoms of the decavanadate anion. The 

connectivity of the disodium aqua cations to the decavanadate cluster anions are vastly 

reported in the literature; however, to our knowledge, the coordination connectivity of a 

tri-sodium aqua cluster cation to the decavanadate cluster anion is not much explored.  

This the cage-like organic cation HMTA (protonated hexamethylenetetramine) forms a 

zero-dimensional (0D) structure in case of compound 1, the tri-sodium aqua cluster forms 

a 2D structure in case of compound 2.  

4.3.6. UV –Visible and Flourescence Spectroscopy 

The electronic absorption spectra of solid macro-crystals of compounds 1 and 2 were 

measured at room temperature (Figure 4.10(a)). The UV–Vis spectra of compounds 1 and 

2 are very similar due to the presence of same decavanadate cluster anion in both 

compounds. The electronic spectra of these compounds reveal peaks at around 220 nm and 

a shoulder at 280 nm (compound 1) and 380 nm (compound 2), which have been assigned 

to O→V charge transfer transitions. 
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Interestingly, compound 2 exhibits emission in the solid state as well as in its nano-particle 

suspension state in acetonitrile. The macro-crystals of compound 2, upon excitation at 380 

nm, show an emission peak at around 460 nm, as shown in Figure 4.10(b). On the other 

hand, compound 1 does not exhibit any emission (on excited at a wavelength of 290 nm), 

even though compound 1 contains the same POV cluster anion as contained by compound 

2. The most striking difference in coordination chemistry between compound 2 and 

compound 1 is the coordination of the triply-bridged oxygen atom of the decavanadate 

cluster anion to a sodium atom of tri-sodium aqua-complex cation [Na3(H2O)9]3+ in the 

crystal of compound 2, which is absent in compound 1. This special coordination of a 

triply-bridged oxygen atom of the decavanadate cluster anion to a sodium cation (in 

compound 2) can be correlated with a charge transfer from the ‘p’ orbital of the oxygen 

atom to the ‘d’ orbital of vanadium. Thus upon excitation at 380 nm, compound 2 exhibits 

an emission at around 460 nm which can be attributed to the O→V charge transfer 

transition.26 

  

 

Figure 4.10. (a) Diffuse reflectance (solid state electronic absorption) spectra of compounds 1 and 
2; (b) The emission spectra of the macro-crystals of compounds 1 and 2. 
 

Nanoparticles have large surface area: can this surface area be contributed in photo-

luminescence emission or enhanced non-radiative transition for compound 

[Na3(H2O)9]2n[V10O28]n (2). In view of this, we have prepared and characterized nano-

crystals of compound 2 and performed their photo-emission studies, that are described in 

following section.  
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4.3.7.1. Synthesis, characterization and photo-physical studies of nano-crystals of 

compound [Na3(H2O)9]2n[V10O28]n (2) 

The macro-crystals of compound 2 were subjected to ultrasonication in acetonitrile 

solvent. During the ultrasonication in acetonitrile solvent, the macro-crystals are dispersed 

into smaller sized nanoparticles. The nanoparticles are synthesized at two concentrations, 

1 mM (14.2 mg in 10 mL of solvent) and 0.5 mM (7.1 mg in 10 mL of solvent) by 

ultrasonication for 1hr. The FT-IR spectra of the nanoparticles exhibits the decavanadate-

type characteristic features in the range 450–1000 cm-1. V–O terminal oxygen vibrations 

are found at 947 cm-1.   

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4.11. FT-IR spectra of nanocrystals and macrocrystals of compound 2. 
 

The asymmetric vibrations of V–O–V bridges are observed at 723 cm-1, while the 

symmetric bands are located at around 590 cm-1. The FT-IR spectra of the nanoparticles 

and macro-crystals are shown in Figure 4.11. The observed powder x-ray diffraction 

pattern of the nanocrystals were matched with the theoretical powder pattern, simulated 

from single crystal data of the corresponding macro-crystal data (Figure 4.12.).  
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Figure 4.12. Powder X-ray diffraction pattern of nanocrystals, macrocrystals and simulated from 
single crystal data of compound 2. 
 

The chemical composition of compound 2 nanoparticles was confirmed by EDS equipped 

with FE-SEM, which shows that the obtained nanoparticles have the same elemental 

composition as the bulk macro-crystals (Figure 4.15.).  

 

 

 

 

 

 

 

 

 

 

 
Figure 4.13. (a) TEM (scale bar = 0.2 µm) image of nanoparticles of compound 2 (0.5 mM) 
[Index: SAED pattern]; (b) FE-SEM (scale bar = 100 nm) image of nanoparticles of compound 
2(0.5 mM). 
 

The morphology of these nanoparticles was studied using the TEM, FE-SEM and AFM 

techniques. The sizes of the nanopaticles (synthesized from 1 mM concentration) span the 

range 100 to 500 nm, with no particular morphology (Figure 4.14). For the nanoparticles 
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synthesized from 0.5 mM concentration, the TEM  and FE-SEM images show a uniform 

size distribution (about 70-50 nm range) which are well dispersed in the solution with 

nearly spherical morphology. 

The selected area electron diffraction (SAED) pattern of the nanoparticles (Figure 4.13(a) 

inset) shows that the nanoparticles are crystalline in nature. From the SAED pattern, the 

measured d-spacing values of 5.89, 3.31, 3.08, 2.96, 2.78, 2.74, 2.69 and 2.29 correspond 

to the hkl planes (101), (121), (-203), (222), (-104), (2-32), (-302) and (-1-43) 

respectively. These lattice planes belong to triclinic macro-crystals of compound 2, as far 

as single crystal X-ray data are concerned. 

 

 
Figure 4.14.  (a) TEM (scale bar = 0.1 µm); (b) SEM (scale bar = 1 µm) images of nanoparticles 
of compound 2 (1 mM). 
 
The morphology of these nanoparticles was studied using the TEM, FE-SEM and AFM 

techniques. The sizes of the nanopaticles (synthesized from 1 mM concentration) span the 

range 100 to 500 nm, with no particular morphology (Figure 4.14). For the nanoparticles 

synthesized from 0.5 mM concentration, the TEM  and FE-SEM images show a uniform 

size distribution (about 70-50 nm range) which are well dispersed in the solution with 

nearly spherical morphology. 
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Figure 4.15. (a) EDS image nanoparticles of compound 2(0.5 mM) (b) 2D and 3D views 
of AFM topography images of nanoparticles of compound 2 (0.5 mM). 
 

Examination of the AFM images, (Figure 4.15.) reveals that the size of the nanoparticles 

are consistent with the TEM and FE-SEM studies.  

 

 

 

 

 

 

 

 

 
Figure 4.16. (a) UV-visible spectra of nanoparticles, solution (5x10-4 M) and macro-crystals of 
compounds 2; (b) The fluorescent spectrum of the nanoparticles and solution (5x10-4 M) of 
compound 2. 
 

The nanoparticles, formed by drop-casting the solution on a quartz plate, on excited at 

wavelength 380 nm, show an emission band at around 460 nm, as displayed in the Figure 

4.16, like that shown by the corresponding macro-crystals. Thus, the re-sizing of the 

particles from macro-size to nano-size does not have any influence on the emission 

features of compound 2. The laser confocal fluorescence microscopy images of 

(a)

(b)
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nanoparticles of compound 2 (Figure 4.17) also display a blue emission maximum peak at 

460 nm (on excitation with a 380 nm Ar+ laser), which is consistent with the conventional 

emission spectroscopic data. 

 

 

 

 

 

 

 

 
Figure 4.17. Laser confocal microscopy images of nanoparticles of compound 2; (a) After 
excitation at 380 nm; (b) Before excitation; and (c) The fluorescence spectrum recorded by 
excitation at 380 nm.   

4.4. Conclusion 

In summary, we have synthesized and characterized two decavanadate based compounds, 

where compound 1 is a discrete cluster containing compound with the protonated organic 

ligand HMTA and sodium hexahydrate as cations and compound 2 is an organic free 

inorganic coordination polymer, which contains the decavanadate cluster anion supported 

tri-sodium-aqua-cluster cation. The connectivity of terminal and triply bridging oxygen 

atoms of the decavanadate cluster anion with the trisodium aqua cations (in the case of 

compound 2), extends the dimensionality to a 2-D sheet-like structure. We have 

successfully synthesized and characterized nanoparticles of compound 2 by ultrasonication 

of the relevant macro-crystals. It is worth mentioning that compound 2 displays emission 

at room temperature in both the macro-crystal and nanoparticle states, which is a rare 

example for a decavanadate cluster system. 
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This chapter describes the syntheses and crystal structures of three 

decavanadate based extended structures containing compounds 

[{Na3(H2O)8(µ2-H2O)6Ag2}HV10O28]n·6nH2O (1), 

[Co(H2O)6]n[{Na2(H2O)6(µ2-H2O)4Co(H2O)2}V10O28]n·4nH2O (2) and 

[Zn(H2O)6]n[{Na2(H2O)6(µ2-H2O)4Zn(H2O)2}V10O28]n·4nH2O (3). 

Compounds 1, 2 and 3 crystallize in triclinic space group P-1. Compound 1 

is a three-dimensional inorganic solid, whereas compounds 2 and 3 are 

isomorphous one-dimensional inorganic polymers. In the crystal structure 

of compound 1, the silver (I) cation is coordinated to the terminal oxygen as 

well as bridging oxygen atoms of decavanadate anion and it is also 

connected to bridging oxygen atom of trimeric sodium aqua cluster cation. 

In the crystals of compound 2, one hexa-hydrated cobalt cation is present as 

a counter cation and one “di-sodium cobalt aqua-complex” cation is 

supported on the [V10O28]
6–

 cluster anion by coordinate covalent bond. 

Compound 3 is isostructural with compound 2, with Zn
2+

 present (in 

compound 3) in the place of Co
2+

 (in compound 2). The crystal structures of 

compounds 1, 2 and 3 are further analyzed by O–H∙∙∙O hydrogen bonding 

interactions. Compounds 1, 2 and 3 are characterized by routine elemental 

analyses, FT-IR spectroscopy and unambiguously by single crystal X-ray 

crystallography. 

 

 

Organic free decavanadate based materials: inorganic 

linkers to obtain extended structures 

 5 



Chapter 5 

 

96 

 

5.1. Introduction 

The modern chemical research on polyoxometalate-based inorganic materials has attracted 

synthetic chemists because of their prospective applications in various research areas, such 

as catalysis,
1-3

 conductive materials,
4
 medicinal chemistry,

5-6 
and materials science.

7 

Polyoxometalates
8-10

 cover a wide range of metal-oxide based compounds that are 

versatile as far as size and topology of the concerned polyoxometalate (POM) cluster are 

concerned. The important step in the assembly of well-designed POM clusters in obtaining 

metal-oxide based frameworks has so far been achieved by using transition metal 

coordination complex (with organic ligands) fragments as linkers or by using pure organic 

linkers. Both these approaches, however, are limited by the reduced framework stability 

intrinsic to metal–organic framework materials, because organic fragments of metal-

organic frameworks are not thermally stable.  In contrast, pure inorganic POM-based 

frameworks offer higher thermal stability. Thus, designing and synthesizing new 

materials,
11

 formed from POM cluster anion and pure inorganic cationic entity (organic 

free) are of considerable interests in modern inorganic chemistry as far as metal-oxide 

based inorganic materials are concerned.  

Among polyoxometalates (POMs), the polyoxovanadates (POVs) are important in many 

areas, for example, biological sciences,
12-15

 industrial chemistry,
16 

material chemistry,
17-18 

electrochemistry
19

 and magnetochemistry
20

. The decavanadate cluster anion, [V10O28]
6-

 is 

one of the important building block among POVs in constructing inorganic-organic hybrid 

materials.
21-22

 Decavanadate-based pure inorganic compounds are also reported
23-26 

including [Ni(H2O)6]2[Na(H2O)3]2[V10O28]·4H2O,
27

   Na4Ni(V10O28)·23H2O
28

 and 

CuNa4V10O28·23H2O
29

. We have been working on POM / POV based organic free 

polymeric inorganic materials,
11,30-32

 which were reported in literature are interesting 

because of the assembly of POM building units by purely inorganic linkers offers high 

stability to the concerned network of the resulting inorganic materials. Inorganic linkers 

are generally metal-aqua coordination complexes, that are generally formed in situ during 

synthesis. Metal ions, that act as linkers, include generally  Na
+
, K

+
, Ln

3+
 (lanthanides), 

transition metal cations etc. The literature on silver ion as a linker to link POV cluster 

anions into extended structures is hardly known.
33-35

 In these extended structures, the 

silver ion linker is stabilized  with organic ligands (mostly organic solvent molecules). 

Pure inorganic silver ion linker, that connects POV cluster anions into a material, is not yet 
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known. In this chapter, the synthesis and crystal structure of a decavanadate based material 

[{Na3(H2O)8(µ2-H2O)6Ag2}HV10O28]n· 6nH2O (1), in which  the decavanadate cluster 

anions (building blocks) are linked by sodium-aqua-silver-aqua cluster cation resulting in 

an extended three-dimensional structure, have been described.  In this chapter, two more 

decavanadate based compounds decavanadate based compounds 

[Co(H2O)6]n[{Na2(H2O)6(µ2-H2O)4Co(H2O)2}V10O28]n·4nH2O (2) and 

[Zn(H2O)6]n[{Na2(H2O)6(µ2-H2O)4Zn(H2O)2}V10O28]n·4nH2O (3) have been described for 

comparison reason, though the nickel analogue of these two compounds (compounds 2 

and 3) has  already been reported earlier.
27 

The compounds described in this chapter are  

[{Na3(H2O)8(µ2-H2O)6Ag2}HV10O28]n·6nH2O (1) 

[Co(H2O)6]n[{Na2(H2O)6(µ2-H2O)4Co(H2O)2}V10O28]n·4nH2O (2) 

[Zn(H2O)6]n [{Na2(H2O)6(µ2-H2O)4Zn(H2O)2}V10O28]n·4nH2O (3) 

5.2. Experimental details 

5.2.1. Materials and general consideration  

The starting materials, sodium metavanadate, sodium tungstate dihydrate, cobalt chloride 

and zinc chloride were obtained from SISCO, acetonitrile was from Sigma Aldrich; 

distilled water was used throughout the experiment. Micro analytical data (only for 

hydrogen in the present work) were obtained with a FLASH EA 1112 Series CHNS 

Analyzer. Infrared (IR) spectra were recorded on a JASCO FT/IR-5300 spectrometer with 

KBr pellets of corresponding compounds in the region of 400–4000 cm
-1

. Powder X-ray 

diffraction patterns were recorded on a Bruker D8-Advance diffractometer using graphite 

monochromated Cu Kα1 (1.5406 Å) and Kα2 (1.54439 Å) radiations. Thermogravimetric 

analyses were carried out on a STA 409 PC analyzer and corresponding masses were 

analyzed by QMS 403 C mass analyzer, under the flow of N2 gas with a heating rate of 5 

°
C min

-1
, in the temperature range of 30-1000 

°
C. 
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 5.2.2. Synthesis  

The title compounds have been synthesized by simple one-pot reactions at room 

temperature as described below.  

5.2.2.1. Synthesis of compound [{Na3(H2O)8(µ2-H2O)6Ag2}HV10O28]n·6nH2O  (1) 

100.0 mL aqueous solution of sodium metavanadate (2.0 g, 8.26 mmol) was heated for 6 

hrs at 70 °C. To this hot solution, acetic acid was added to maintain the pH 5.0; 

subsequently 25.0 mL of aqueous solution of silver oxide (0.5 g, 2.15 mmol) and 60.0 mL 

acetonitrile were added to crystallize reddish-yellow color block-shaped crystals of 

compound 1. The crystals of compound 1 have been isolated by filtration. Yield: 45% 

based on vanadium. IR (KBr, cm
-1

): 3473(br), 1616(s), 1145(w), 99(sh), 958(s), 849(m), 

739(m), 597(m), 520(w). Anal. Calcd. For. Ag2H41Na3O48V10 (1603):  H, 2.58. Found: H, 

2.71. 

5.2.2.2. Synthesis of compound [Co(H2O)6]n[{Na2(H2O)6(µ2-H2O)4Co(H2O)2} V10O28]n· 

4nH2O  (2) 

100.0 mL aqueous solution of sodium metavanadate (2.0 g, 8.26 mmol) was heated for 6 

hrs at 70 °C. To this warm solution, acetic acid was added to maintain the pH 5.0; 

subsequently 25.0 mL of an aqueous solution of CoCl2. 6H2O (0.5 g, 2.10 mmol) and 60.0 

mL acetonitrile were added to crystallize yellow color block-shaped crystals of 2. The 

crystals of compound 2 have been isolated by filtration. Yield: 50% based on vanadium. 

IR (KBr, cm
-1

): 3547 (br), 1616 (s), 991(sh), 953(s), 843(s), 805(w), 745(m), 591(w), 

526(w). Anal. Calcd. For. Co2H44Na2O50V10 (1517):  H, 2.92. Found: H, 2.86. 

5.2.2.3. Synthesis of compound [Zn(H2O)6]n[{Na2(H2O)6(µ2-H2O)4Zn(H2O)2}V10O28]n· 

4nH2O (3) 

This synthesis is same as the procedure described for compound 2 except the addition of 

anhydrous ZnCl2 (0.5 g, 3.66 mmol) in place of CoCl2. 6H2O (which was used for the 

synthesis of compound 2).  The crystals compound 3 were isolated by filtration.  

Yield:50% based on vanadium. IR (KBr, cm
-1

): 3424 (br), 1632 (s), 991(sh), 964(s), 

843(s), 810(w), 750(m), 597(w), 531(w).   Anal. Calcd. For. Zn2H44Na2O50V10 (1530) :  H, 

2.90. Found: H, 2.83. 
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5.2.3. X-ray crystallography   

The data were collected at 298(2) K on a Bruker SMART APEX CCD area detector 

system [λ(Mo-Kα) = 0.71073 Å] with  graphite monochromator; 2400 frames were 

recorded with an ω scan width of 0.3
o
, each for 10 second exposure.  Crystal-detector 

distance was 60 mm with   collimator diameter of 0.5 mm. The data were reduced by using 

SAINTPLUS
36

 and a multi-scan absorption correction was performed using SADABS.
37

 

Structure solution and refinement were done using programs of SHELXS-97 and 

SHELXL-97 respectively.
38-39

 All non hydrogen atoms were refined anisotropically. 

Hydrogen atoms of the lattice water molecules as well as coordinated water molecules 

could not be found in the crystal structures of the title compounds. The crystallographic 

information of compounds 1, 2 and 3 is described in Table 5.4.   

5.3. Results and discussion  

5.3.1. Synthesis 

The synthetic method for these compounds is simple one pot wet fashion reaction. 

Compound [{Na3(H2O)8(µ2-H2O)6Ag2}HV10O28]n·6nH2O (1) is synthesized by adding the 

acetonitrile and aqueous silver oxide to the hot acidified aqueous solution of sodium 

metavanadate at pH 5.0, which is a purely inorganic polymer, where the di-silver  tri-

sodium aqua complex {Na3(H2O)8(µ2-H2O)6Ag2}
5+

 act as the cation. When, in the same 

synthesis, a first row transition metal salt, namely, cobalt chloride is added instead of 

silver oxide, compound [Co(H2O)6]n[{Na2(H2O)6(µ2-H2O)4Co(H2O)2}V10O28]n·4nH2O (2) 

is formed, whereby the mono-cobalt di-sodium aqua-complex {Na2(H2O)6(µ2-

H2O)4Co(H2O)2}
4+

 and [Co(H2O)6]
2+

 act as the cations to counter valance the negative 

charge of the decavanadate anion. Zinc analogue (compound 3) of compound 2 has been 

isolated by adding zinc chloride instead of cobalt chloride. Decavanadate exists in mono-

porotonated form in compound 1 and in compounds 2 and 3, the decavanadate cluster is 

not protonated, even though all the compounds 1−3 have been isolated at the same pH 5.0.  

In this synthesis, silver ion plays an unique role in the sense that a different type silver-

sodium aqua cluster cation {Na3(H2O)8(µ2-H2O)6Ag2}
5+ 

is formed (in the case of 

compound 1) in contrast to a common mixed metal cation {Na2(H2O)6(µ2-

H2O)4M(H2O)2}
4+

 (M = Co
2+

, Zn
2+

, Ni
2+

) observed in the case compounds 2 and 3 and for 

nickel analogue [34]. We believe that soft nature of silver ion makes this difference, as 
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evidenced by the fact that silver ion is penta-coordinated with oxygen donors (compound 

1) and cobalt and zinc ions are hexa-coordinated with oxygen donors in compounds 2 and 

3 respectively. 

5.3.2. Infrared spectroscopy 

 

Figure 5.1. FT-IR spectra of compounds 1, 2 and 3. 

The vibrational spectra of the three compounds are shown in Figure 5.1. The IR spectra 

exhibit characteristic features of the decavanadate anion in all the three compounds as in 

all these compounds, decavanadate anion is common.  The decavanadate V–O vibrations 

are found in the region 980–950 cm
-1

.  Thus the strong IR bands at 958 cm
-1

 (compound 
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1),  at 953 cm
-1

 (compound 2) and at 964 cm
-1

 (compound 3) are attributed to asymmetric 

and symmetric stretching vibrations of respective  V=O terminal oxygen atom. The bands 

in the 750–600 cm
-1

 region are due to bridging V–O–V groups. The asymmetric vibrations 

of V–O–V bridges are observed at 739 cm
-1

 (compound 1), at 745 cm
-1

 (compound 2) and  

at 750 cm
-1

 (compound 3).
 
  

      5.3.3. Powder XRD analysis 

 

 

 
 

 

 

 

 

Figure 5.2.  PXRD pattern of compounds 1, 2 and 3. 

 

The X-ray powder diffraction data for the grinded crystals of the compounds 1−3 have 

been  recorded for the confirmation of phase purity (Figure 5.2). As experimental / 

observed PXRD patterns for compounds 1, 2 and 3 are in good agreement with the PXRD 

patterns, simulated from their corresponding single crystal X-ray data, it confirms the 

phase purity of the bulk compounds. 
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5.3.4. Thermal Properties 

TGA studies were carried out under flow of N2 for crystalline compounds 1–3 in the 

temperature range of 30–1000 °C. The TG curve for compound [{Na3(H2O)8(µ2-

H2O)6Ag2}HV10O28]·6H2O (1) shows the first weight loss of 6.71 % in the temperature 

range 73–135 
°
C, which corresponds to loss of six lattice water molecules (calculated mass 

loss of six water molecules is 6.73 %); the second weight loss of 15.55 % in the 

temperature range of 136-314 
°
C corresponds to loss of fourteen coordinated water 

molecules (calculated mass loss of fourteen water molecules coordinated to tri-sodium 

cation and silver cations is 15.72 %). Further weight loss is due to decomposition of 

decavanadate anion.  

 

 

Figure 5.3. TG graphs of compounds 1, 2 and 3. 

Compounds [Co(H2O)6]n{[Na2(H2O)6(µ-H2O)4Co(H2O)2]V10O28}n ·4nH2O (2) and 

[Zn(H2O)6]n{[Na2(H2O)6(µ2-H2O)4Zn(H2O)2]V10O28}n·4nH2O (3) are isomorphous and 

hence show identical TG/mass curves. Each compound contains four water molecules 

(four lattice water molecules), which are evolved in the temperature range of 70–125 
°
C 

with a loss of 4.65 % for 2, and 4.71 % for 3 (calculated weight loss for four water 

molecules:  4.73 % for 2 and 4.73 for 3). The second weight loss corresponds to 18 water 

molecules (calculated mass loss of twelve water molecules coordinated to di-sodium 

cobalt cation and six water molecules coordinated hexa-aqua cobalt cation), which are 

evolved in the temperature range of 110-220 
°
C with a loss of 20.96 % for 2 and 21.03 % 
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for 3 (calculated weight loss for eighteen water molecules:  21.31 % for 2 and 21.16 % for 

3) and further weight losses are due to the structural decomposition of decavanadate anion. 

Thermogravimetric curves of the compounds 1-3 are shown in Figure 5.3. 

 

 5.3.5. Description of the crystal structures 

 

5.3.5.1. Crystal structure of [Na3(H2O)8(µ2-H2O)6Ag2HV10O28]n·6nH2O (1) 

 

The asymmetric unit in the crystal structure of compound 1 consists of half of the 

decavanadate cluster anion, one Ag
+
 ion, two Na

+
 ions (one in general position and the 

other one in special position), four terminal waters (coordinated), three µ2-bridging water 

molecules and three lattice water molecules as shown in Figure 5.4.(a).  

 

 

 

 

Figure 5.4. Thermal ellipsoidal plot of the asymmetric unit of compound 1 with 50% probability 

(excluding lattice water molecules) and (b) molecular structure of compound 1. 
 

Accordingly, compound 1 is formulated as [{Na3(H2O)8(µ2-H2O)6Ag2}HV10O28]·6H2O, 

considering the number of cations present and charge of decavanadate. The molecular 

structure of compound 1 is shown in Figure 5.4.(b). The crystal structure of compound 1 

consists of monoprotonated decavanadate cluster anion [HV10O28]
5-

, stabilized with a 

mixed metal cation {Na3(H2O)8(µ2-H2O)6Ag2}
5+

 and six lattice water molecules. The 

cation {Na3(H2O)8(µ2-H2O)6Ag2}
5+

 is formed by the dimeric silver(I) cation [Ag2(µ2-

H2O)2]
2+ 

(in which the µ2-bridging waters, namely two crystallographic related O15 water 

molecules, do not bridge between the silver atoms in the dimer but bridge this dimer to 

two sodium ions from two different sodium trimer from both sides of the silver dimer) and 
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trimeric sodium(I) cation [Na3(H2O)8(µ2-H2O)4]
3+

. Thus these two cations are connected 

with a bridging water molecule (O15) to form the resulting mixed metal pentameric cation 

(Figure 5.5). 

 

 

 

Figure 5.5.  A view of the linkage of  silver dimer with tri-sodium-aqua cation  in the crystal 

structure of compound 1 (hydrogen atoms are omitted for clarity). 

In the crystal structure, the decavanadate anion has a framework, similar to that reported 

by Evans in 1966.
40

   Interestingly, the silver dimer, observed in the crystal structure, is 

unique in the sense that this silver dimer is exclusively formed from two 

crystallographically related  µ2-O atoms (namely O3 in the crystal structure) from two 

different decavanadate cluster anions. Thus in the silver dimer, these bridging oxgens are 

µ4-type, each bridging two silver atoms in the dimer  and two vanadium atoms of the 

decavanadate cluster anion as shown in Figures 5.6 and 5.7. 

 

Figure 5.6. Linking of silver dimers around a decavanadate cluster anion in compound 1. 
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Figure 5.7. Coordination of a silver dimer to its surrounding decavanadate cluster anions and tri-

sodium-aqua cluster cations. 

In the crystal structure, each   monoprotonated decavanadate cluster anion [HV10O28] is 

linked with its surrounding four dimeric silver {Ag2(µ4-O)2}
2+

 cations: two dimers  

through its doubly bridged oxygen atoms (O3 and O12) and two dimers through terminal 

oxygen atoms (O11) as shown in Figure 5.6.  Each silver dimer is additionally stabilized 

by its terminal linkage to a µ2-bridging oxygen (O12), terminal oxygen (O11) of 

decavanadate cluster anion and to a water molecule (O15) of the tri-sodium-aqua cluster 

(Figure 5.7).  

 

 

 

 

 

Figure 5.8.  (a) 2-Dimensional layered structure established by the decavanadate cluster anion and 

silver dimer in the compound 1 along ab plane; (b) 3-dimensional network established in the 

polymer of compound 1 due to interlinking of  2D sheet with the trimeric sodium cation along b-

axis. 
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Table 5.1.  Selected bond lengths [Å] and angles [°] for compound 1 

V(1)-O(1) 1.607(6) V(3)-O(9) 1.606(6) V(1)-O(7)#3      2.019(6) 

V(1)-O(2) 1.829(6) V(3)-O(10)       1.811(6) V(2)-O(4)#3 2.118(6) 

V(1)-O(3) 1.831(6) V(3)-O(13) 1.845(6) V(3)-O(4)#3 2.225(5) 

V(1)-O(4) 2.250(5) V(4)-O(8) 2.056(6) V(4)-O(1)#3 1.852(6) 

V(1)-O(5) 1.992(6) V(4)-O(10) 1.886(6) V(3)-O(7)#3 1.999(5) 

V(2)-O(4) 2.141(5) V(4)-O(11) 1.601(6) O(4)-V(5)#3 2.315(6) 

V(2)-O(5)        1.949(5) V(4)-O(12) 1.829(6) V(5)-O(6)#3 2.039(6) 

V(2)-O(6) 1.688(6) V(5)-O(12)       1.844(5) V(4)-O(4)#3 2.303(5) 

V(2)-O(7) 1.913(5) V(5)-O(13) 1.827(6) V(5)-O(3)#3 1.921(6)  

V(2)-O(8) 1.688(6) V(5)-O(14) 1.581(7) V(5)-O(4)#3 2.315(6) 

V(3)-O(5) 1.982(6) O(6)-V(5)#3      2.039(6) O(3)-Ag(1)#3 2.556(6) 

Ag(1)-O(3)#3 2.556(6) Ag(1)-O(15) 2.528(7) Ag(1)-O(3)#2 2.409(5) 

O(11)-Ag(1)#1 2.365(6) O(3)-Ag(1)#4 2.409(5) Na(1)-O(15) 2.471(9) 

Na(1)-O(16) 2.357(10) Na(1)-O(17) 2.025(16) Na(1)-O(18) 2.629(13) 

Na(1)-O(19) 2.263(11) Na(2)-O(20)#5 2.345(8) Na(1)-O(20) 2.407(11) 

Na(2)-O(20) 2.345(8) Na(2)-O(21) 2.417(7) Na(2)-O(19)#5    2.372(9) 

      

O(1)-V(1)-O(2) 102.4(3) O(2)-V(1)-O(3) 104.4(3) O(2)-V(1)-(7)#3 98.5(3) 

O(1)-V(1)-O(3) 95.1(3) O(2)-V(1)-O(4) 173.6(3) O(5)-V(1)-O(4)              76.5(2) 

O(1)-V(1)-O(7)#3 89.7(2) O(3)-V(1)-O(5) 90.6(2) O(7)#3-V(1)-O(4)       75.6(2) 

O(5)-V(2)-O(4)#3          80.4(2) O(4)#3-V(2)-O(4)      78.7(2) O(9)-V(3)-O(10) 103.8(3) 

O(5)-V(2)-O(4)            80.1(2) O(8)-V(2)-O(4)#3 87.5(3) O(9)-V(3)-O(13) 102.1(3) 

O(6)-V(2)-O(4)#3         165.4(2) O(8)-V(2)-O(7) 98.4(3) O(9)-V(3)-O(5)           100.0(3) 

O(6)-V(2)-O(4) 86.8(2) O(8)-V(2)-O(5) 97.4(3) O(9)-V(3)-O(7)#3         99.7(3) 

O(6)-V(2)-O(5) 96.3(3) O(8)-V(2)-O(4)           166.2(3) O(9)-V(3)-O(4)#3         175.3(3) 

O(6)-V(2)-O(7) 97.5(3) O(5)-V(3)-O(7)#3          76.3(2) O(10)-V(3)-O(7)#3        155.2(2) 

O(13)-V(5)-O(12)     93.3(3)   O(14)-V(5)-O(3)#3   100.6(3) O(14)-V(5)-O(4)#3   174.2(3) 

O(14)-V(5)-O(6)#3      99.7(3) O(14)-V(5)-O(12)    104.3(3) O(14)-V(5)-O(13) 103.2(3) 

O(15)-Na(1)-O(18) 171.2(4) O(16)-Na(1)-O(20)     174.0(4) O(17)-Na(1)-O(18)      92.0(5) 

O(16)-Na(1)-O(18) 88.7(4) O(17)-Na(1)-O(19)    170.7(5) O(17)-Na(1)-O(20)   83.7(5) 

O(17)-Na(1)-O(16)   99.9(5) O(19)-Na(1)-O(16)  85.2(4) O(19)-Na(1)-O(20)   90.6(4) 

O(19)-Na(1)-O(18)        80.3(3) O(19)#5-Na(2)-O(21)      90.5(3) O(20)-Na(2)-O(20)#5   180.0(4) 

O(20)-Na(2)-O(19)#5        90.5(3) O(20)-Na(2)-O(21)        88.5(3) O(20)#5-Na(2)-O(21)        91.5(3) 

O(20)-Na(1)-O(18)      86.3(4) O(20)-Na(2)-O(21)#5      91.5(3) O(21)-Na(2)-O(21)#5   179.9(1) 

O(3)#2-Ag(1)-O(15)   93.1(2) O(15)-Ag(1)-O(3)#3      151.4(2) O(11)#1-Ag(1)-O(15)     82.4(2) 

Symmetry transformations used to generate equivalent atoms: 

#1 -x+1,-y+2,-z+1    #2 x,y-1,z    #3 -x,-y+3,-z+1   #4 x,y+1,z    #5 -x+1,-y+1,-z+2 

The repetitive linking of this {Ag2(µ4-O)2}
2+

 dimer,  in which each silver shows a  

distorted square pyramidal geometry, with its surrounding decavanadate cluster anions 

results in the formation of a two-dimensional network (Figure 5.8(a)). These two-

dimensional layers are further perpendicularly / laterally connected by [Na3(H2O)8(µ2-

H2O)4]
3+ 

cluster cations resulting in the construction of a three-dimensional (3D) 
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framework (Figure 5.8(b)). The formation of 3D network can logically be described by the 

fact that the AgO15 water bond is perpendicular to the 2D layer, formed by the silver 

dimers and decavanadate anions.  All the sodium ions in the tri-sodium aqua-complex 

cation are in octahedral geometry. In the tri-sodium aqua-cluster cation, the Na2 is central 

sodium ion, which connects two terminal sodium ions (Na1). The four equatorial positions 

of Na2 octahedra are furnished by four bridging water molecules (two crystallographically 

related O19 and two crystallographically related O20) and axial positions are coordinated 

by two crystallographically related  O21 water molecules. It is interesting to note that the 

tri-sodium aqua-cation acting as a secondary linker (a pure inorganic cation) extends the 

dimensionality of the silver–decavanadate 2D sheet (Figure 5.8(a)) to 3-D network  

(Figure 5.8(b)). The selected bond lengths and bond angles of compounds 1 are presented 

in Table 5.1. 

5.3.5.2. Description of Crystal Structures of [Co(H2O)6]n{[Na2(H2O)6(µ2-H2O)4 

Co(H2O)2]V10O28}n·4nH2O (2) and [Zn(H2O)6]n{[Na2(H2O)6(µ2-H2O)4Zn(H2O)2] 

V10O28}n·4nH2O (3) 

Compounds 2 and 3 are isomorphous. Therefore one of these two crystal structures will be 

discussed in details. The crystal structure of compound 2 consists of a decavanadate 

cluster anion, that supports the di-sodium cobalt aqua-complex cation by coordinate 

covalent bond, a hexahydrated cobalt cation and four lattice water molecules. The thermal 

ellipsoidal plot of the molecular structure of compound 2 is shown in Figure 5.9.  

The six negative charges of  decavanadate cluster anion  counter-balanced by one 

[Na2(H2O)6(µ-H2O)4Co(H2O)2]
4+

 cation and a hexa coordinated cobalt aqua complex 

[Co(H2O)6]
2+

 cation.  In the tri-nuclear di-sodium cobalt aqua complex cation, the central 

Co(II) ion, having an octahedral geometry, is bridged by two crystallographically related 

O18 water molecules and two crystallographically related O20 water molecules to two 

adjacent crystallographically related sodium ions. The axial positions of central cobalt ion 

are coordinated by two crystallographically related O19 water molecules as shown in 

Figure 5.10(a).  
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Figure 5.9. Thermal view of the compound 2 with 50 % probability (hydrogen atoms and solvent 

water molecules are omitted for clarity). 

In the crystal structure, the decavanadate moiety is coordinated to di-sodium cobalt aqua-

complex cation via O11 terminal oxygen atom of decavanadate cluster anion, thereby 

extending into a 1D chain as shown in Figure 5.10(b). In the di-sodium cobalt aqua-

complex, two sodium atoms namely Na1 (crystallogriphically equivalent) are octahedral 

geometry and cobalt atom namely Co1 is also in octahedral geometry. The other discrete 

hydrated cobalt cation is coordinated with six water molecules (O21, O22, O23 and their 

crystallographically related halves) with an octahedral environment. Due to presence of 

the coordinated water molecules and lattice water molecules, an extensive supramolecular 

hydrogen bonding interactions have been observed involving surface oxygen atoms of 

decavanadate anion (O−H···Odec) as well as lattice molecules (O−H···Owater) in the crystal 

structures of both the compounds 2 and 3, leading to a 3D supramolecular network (Figure 

5.11).  The selected bond lengths and bond angles of compounds 2 and 3 are presented in 

Tables 5.2 and 5.3 respectively. 
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Figure 5.10. (a) Chain like arrangement, formed by decavanadate cluster anion and di-sodium 

cobalt-aqua cluster cation. Na1 and Na1p are crystallographically related atoms; similarly O11 and 

O11p are crystallographically related atoms. p, 2-x, 1-y, 1-z;  (b) 1-D chain established by 

coordination of di-sodium-cobalt aqua cation with the decavanadate anion in compound 2 along a-

axis. 

 

Figure 5.11. 3-D network established in the compound 3 due to O–H∙∙∙O hydrogen bonding 

interactions  involving coordinated and lattice water molecules, along a-axis. 
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Table 5.2.  Selected bond lengths [Å] and angles [°] for compound 2 

V(1)-O(1) 1.816(7) V(3)-O(9)   1.676(7) V(5)-O(9) 2.038(7) 

V(1)-O(2) 1.591(7) V(3)-O(7)#1 1.927(6) V(5)-O(10)   2.319(6)        

V(1)-O(3) 1.857(6) V(3)-O(10)#1           2.113(7) V(5)-O(13)                     1.842(6) 

V(1)-O(4) 2.037(6) V(3)-O(10) 2.116(6) V(5)-O(14) 1.598(7) 

V(1)-O(10)#1 2.297(6) V(3)-O(8) 1.897(6) Na(1)- O(11) 2.380(7) 

V(1)-O(12)#1                   1.886(6) V(4)-O(7) 1.972(6) Na(1)-O(16) 2.303(10) 

V(2)-O(3) 1.814(7) V(4)-O(8)                      1.983(6) Na(1)-O(15)                    2.336(9) 

V(2)-O(5) 1.795(7) V(4)-O(10) 2.223(6) Na(1)-O(17) 2.380(8) 

V(2)-O(6) 1.598(6) V(4)-O(11) 1.591(6) Na(1)-O(18) 2.535(8) 

V(2)-O(7) 1.979(6) V(4)-O(12) 1.788(6) Na(1)-O(20)#3 2.559(8) 

V(2)-O(8) 1.985(6) V(4)-O(13) 1.844(7) Co(1)-O(18)#3 2.097(7) 

V(2)-O(10)#1 2.199(6) V(5)-O(1)#1 1.829(7) Co(1)-O(18) 2.097(7) 

V(3)-O(4)    1.670(6) V(5)-O(5)#1 1.879(6) Co(1)-O(20) 2.137(6) 

Co(1)-O(20)#3 2.137(6) Co(1)-O(19) 2.072(6) Co(1)-O(19)#3 2.072(6) 

Co(2)-O(21) 2.063(7) Co(2)-O(21)#2 2.063(7) Co(2)-O(22)                    2.129(7) 

Co(2)-O(22)#2 2.129(7) Co(2)-O(23) 2.063(8) Co(2)-O(23)#2 2.063(8) 

      

O(1)-V(1)-O(2) 103.3(4) O(1)-V(1)-O(3) 91.7(3) O(1)-V(1)-O(4) 156.4(3) 

O(2)-V(1)-O(3) 101.7(3) O(2)-V(1)-O(4) 100.2(3) O(3)-V(1)-O(4)        84.2(3) 

O(3)-V(2)-O(7) 156.6(3) O(3)-V(2)-O(8) 90.9(3) O(5)-V(2)-O(3)                95.4(3) 

O(5)-V(2)-O(7) 89.9(3) O(5)-V(2)-O(8)            155.2(2) O(6)-V(2)-O(3) 102.3(3) 

O(6)-V(2)-O(5) 102.7(3) O(6)-V(2)-O(7) 98.8(3) O(6)-V(2)-O(8)                99.3(3) 

O(7)-V(2)-O(8)                75.6(3) O(4)-V(3)-O(7)#1              96.5(3) O(4)-V(3)-O(8)                99.0(3) 

O(8)-V(3)-O(10)               79.8(2) O(9)-V(3)-O(7)#1              96.2(3) O(9)-V(3)-O(8)                98.6(3) 

O(9)-V(3)-O(10)             87.2(3) O(9)-V(3)-O(10)#1          165.3(3) O(10)#1-V(3)-O(10)         78.1(3) 

O(7)-V(4)-O(8)       75.8(3) O(7)-V(4)-O(10)    76.5(2) O(8)-V(4)-O(10)    75.4(2) 

O(11)-V(4)-O(7)              101.0(3) O(11)-V(4)-O(8) 99.5(3) O(11)-V(4)-O(10)             174.7(3) 

O(13)-V(4)-O(7)              154.6(3) O(13)-V(4)-O(8)               88.8(3) O(13)-V(4)-O(10)              80.2(2) 

O(1)#1-V(5)-O(13)             92.5(3) O(5)#1-V(5)-O(9)              81.9(3) O(9)-V(5)-O(10) 74.1(2) 

O(13)-V(5)-O(9) 84.3(3) O(13)-V(5)-O(10) 77.7(2) O(14)-V(5)-O(1)#1 104.4(3) 

O(14)-V(5)-O(9) 100.1(3) O(14)-V(5)-O(10) 174.2(3) O(14)-V(5)-O(13) 102.3(3) 

O(11)-Na(1)-O(18)            87.8(3) O(15)-Na(1)-O(11)             81.5(3) O(15)-Na(1)-O(17)             87.7(3) 

O(15)-Na(1)-O(18) 114.1(3) O(16)-Na(1)-O(11) 168.6(4) O(16)-Na(1)-O(15) 88.4(4) 

O(16)-Na(1)-O(17) 98.5(4) O(16)-Na(1)-O(18) 91.7(4) O(17)-Na(1)-O(11) 86.3(3) 

O(17)-Na(1)-O(18) 156.2(3) O(18)-Co(1)-O(20) 93.7(3) O(19)-Co(1)-O(18)  91.4(3) 

O(19)-Co(1)-O(20)             89.7(3) O(21)#2-Co(2)-O(21)          180.0 O(21)-Co(2)-O(22)             87.3(3)             

O(21)-Co(2)-O(23)             85.7(3) O(21)#2-Co(2)-O(23)        94.3(3) O(23)-Co(2)-O(22)          90.4(3) 

Symmetry transformations used to generate equivalent atoms: 

#1 -x+1,-y+1,-z    #2 -x,-y,-z     
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Table 5.3.  Selected bond lengths [Å] and angles [°] for compound 3 

V(1)-O(1) 1.592(2) V(1)-O(2) 1.820(2) V(1)-O(3) 1.882(2) 

V(1)-O(4) 2.049(2) V(1)-O(5) 2.324(2) V(1)-O(12)#3 1.859(2) 

V(2)-O(3) 1.808(2) V(2)-O(5) 2.220(2) V(2)-O(6) 1.814(2) 

V(2)-O(7) 1.607(2) V(2)-O(8)#3 1.991(2) V(2)-O(10) 1.991(2) 

V(3)-O(4) 1.681(2) V(3)-O(5)#3 2.111(2) V(3)-O(5) 2.120(2) 

V(3)-O(8) 1.906(2) V(3)-O(9) 1.675(2) V(3)-O(10) 1.939(2) 

V(4)-O(5)#3 2.238(2) V(4)-O(8)#3 2.015(2) V(4)-O(10) 1.977(2) 

V(4)-O(11) 1.603(2) V(4)-O(12) 1.842(2) V(4)-O(13) 1.803(2) 

V(5)-O(2)#3 1.821(2) V(5)-O(5)#3 2.309(2) V(5)-O(6)#3 1.869(2) 

V(5)-O(9) 2.043(2) V(5)-O(13) 1.891(2) V(5)-O(14) 1.596(2) 

Na(1)-O(11) 2.392(3) Na(1)-O(15) 2.336(4) Na(1)-O(16) 2.371(3) 

Na(1)-O(17) 2.313(4) Na(1)-O(18) 2.539(3) Na(1)-O(20)#1  2.557(3) 

Zn(1)-O(18) 2.098(3) Zn(1)-O(18)#1  2.098(3) Zn(1)-O(19) 2.062(2) 

Zn(1)-O(19)#1  2.062(2) Zn(1)-O(20) 2.141(2) Zn(1)-O(20)#1 2.141(2) 

Zn(2)-O(21) 2.129(3) Zn(2)-O(21)#2 2.129(3) Zn(2)-O(22) 2.053(3) 

Zn(2)-O(22)#2 2.053(3) Zn(2)-O(23) 2.084(3) Zn(2)-O(23)#2 2.084(3) 

O(1)-V(1)-O(2) 103.97(12) O(1)-V(1)-O(3) 102.54(12) O(1)-V(1)-O(4) 100.14(11) 

O(1)-V(1)-O(5) 174.24(11) O(1)-V(1)-O(12)#3 102.37(12) O(2)-V(1)-O(3) 90.73(10) 

O(3)-V(2)-O(10) 90.11(9) O(6)-V(2)-O(5) 81.23(9) O(6)-V(2)-O(8)#3 90.39(10) 

O(6)-V(2)-O(10) 156.28(10) O(7)-V(2)-O(3) 102.80(11) O(7)-V(2)-O(5)  174.00(10) 

O(10)-V(4)-O(8)#3 75.90(8) O(11)-V(4)-O(5)#3 174.69(10) O(11)-V(4)-O(8)#3 99.70(11) 

O(12)-V(4)-O(5)#3 80.32(9) O(12)-V(4)-O(8)#3 88.82(9) O(12)-V(4)-O(10) 154.54(9) 

O(13)-V(4)-O(5)#3 81.39(9) O(13)-V(4)-O(8)#3 155.47(9) O(13)-V(4)-O(10) 91.37(9) 

O(13)-V(4)-O(12) 94.74(10) O(2)#3-V(5)-O(13)  91.52(10) O(2)#3-V(5)-O(6)#3 91.74(10) 

O(2)#3-V(5)-O(9) 155.91(10) O(6)#3-V(5)-O(13)  154.54(10) O(6)#3-V(5)-O(5)#3 77.74(8) 

O(11)-Na(1)-O(18) 87.62(10) O(15)-Na(1)-O(16) 87.87(12) O(11)-Na(1)-O(20)#1 88.61(10) 

O(15)-Na(1)-O(11) 80.88(12) O(16)-Na(1)-O(11) 86.46(10) O(15)-Na(1)-O(20)#1 168.48(13) 

O(15)-Na(1)-O(18) 114.45(12) O(17)-Na(1)-O(15)  88.92(19) O(17)-Na(1)-O(20)#1 102.00(17) 

O(17)-Na(1)-O(11)  168.18(14) O(17)-Na(1)-O(18) 91.2(3) O(16)-Na(1)-O(20)#1 86.78(10) 

O(17)-Na(1)-O(16) 99.2(2) O(16)-Na(1)-O(18) 155.65(12) O(18)-Zn(1)-O(18)#1 180.00(14) 

O(19)-Zn(1)-O(18) 91.98(11) O(18)-Zn(1)-O(20) 93.54(10) O(18)-Zn(1)-O(20)#1 86.46(10) 

O(21)#2-Zn(2)-O(21) 180.0(10) O(22)-Zn(2)-O(21) 87.06(11) O(22)-Zn(2)-O(21)#2 92.94(11) 

O(22)#2-Zn(2)-O(22)   180.0 O(22)-Zn(2)-O(23)  84.54(11) O(22)-Zn(2)-O(23)#2 95.46(11) 

O(23)#2-Zn(2)-O(21) 90.91(12) O(23)-Zn(2)-O(21) 89.09(12) O(23)#2-Zn(2)-O(23) 180.00(17) 

 

Symmetry transformations used to generate equivalent atoms: 

#1 -x+1,-y+2,-z+1    #2 x,y-1,z    #3 -x,-y+3,-z+1   #4 x,y+1,z    #5 -x+1,-y+1,-z+2 
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Table 5.4. Crystallographic data for compounds [{Na3(H2O)8(µ2-H2O)6Ag2}- 

HV10O28]n·6nH2O (1), [Co(H2O)6]n[{Na2(H2O)6(µ2-H2O)4Co(H2O)2}V10O28]n·4nH2O (2) and 

[Zn(H2O)6]n [{Na2(H2O)6(µ2-H2O)4Zn(H2O)2}V10O28]n·4nH2O (3). 

 

 Compound 1 Compound 2 Compound 3 

Molecular formula Ag2H41Na3O48V10 Co2H44Na2O50V10 Zn2H44Na2O50V10 

Formula weight 1603 1517 1530 

Temperature 298K 298K 298K 

Wavelength 0.71073 Å 0.71073 Å 0.71073 Å 

Crystal system Triclinic Triclinic Triclinic 

Space group P-1 P-1 P-1 

a [Ǻ]   8.8270(6) 8.3427(16) 8.3477(7) 

b [Ǻ]     10.3400(8) 10.7951(16) 10.8486(12) 

c [Ǻ]   

           

11.1153(8) 12.491(2) 12.5864(11) 

α[deg]                                               89.006(6) 109.842(14) 109.934(9) 

β [deg]   79.878(6) 93.151(14) 93.329(7) 

Γ[deg]                                               71.080(6) 100.017(14) 100.051(8) 

Volume[Ǻ
3
]                           943.90(12) 1034.1(3) 1046.55(17) 

Z 1 1 1 

Calculated density[Mg m
-3

]         2.821 2.437 2.428 

F[000]              782 750 756 

Crystal size [mm]   0.26 x 0.18 x 0.18 0.26 x 0.20 x 0.18 0.28x 0.18 x 0.16 

θ range for data collection [deg]       2.82 to 24.71 2.89 to 29.08 2.86 to 24.71 

Reflections collected/unique 5701 / 3212 5865/3925 6579/3557 

R (int)                                                0.0411 0.0768 0.0259 

Data/restraints/parameters 3212/ 15 / 330 3925/0/292 3557/33/380 

Goodness-of-fit on F
2
 1.042 1.033 1.089 

R1/wR2 [I > 2σ(I)] 0.0585/0.1475 0.0762/0.1843 0.0317/0.0792 

R1/wR2 (all data) 0.0865/ 0.1669 0.1228/0.2617 0.0374/0.0826 

Largest diff. Peak/hole [e
–
Ǻ

3
] 1.908/ -1.921 1.041/-1.480 0.463/-0.813 
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5.3.6. Comparison of the crystal structures: 

The compound 1, is polyanion-polycation inorganic polymer with monoprotonated 

decavanadate cluster anion and pentameric silver (I) and sodium (I) aqua- complex cation. 

The synthesis of the compounds 1-3 is a very simple one pot reaction. It is very interesting 

to note that on changing the metal linker cation from Ag
1+

 to Co
2+

 / Zn
2+

 transition metal 

ion in the same synthesis, the dimensionality of the extended structures is changed. 

Although the decavanadate based clusters with the transition metal cations and with other 

organic cations are very well known, the polymeric compounds with the pure inorganic 

polycation are not well-explored. The copper containing decavanadate cluster containing  

polymeric compound was characterized with 3D framework
29 

and nickel containing 

decavanadate based polymeric structure was characterized with 2D framework
28 

in 

literature.  We also found 3D structure in silver containing system (compound 1). The 

basic difference between the crystal structures compound 1 and isomorphous compounds 2 

/ 3 is in the case of compound 1, the primary linker is silver dimer forming a 2D sheet-like 

arrangement and sodium trimeric-aqua complex cation is the secondary linker, that 

connect the 2D layers laterally resulting in the formation of 3D network. However, in the 

case of compound 2 / 3, the only linker di-sodium cobalt aqua complex / di-sodium zinc 

aqua-complex cation links the decavanadate anion from opposite sides and form a one-

dimensional chain-like structure.  

5.4. Conclusion  

In this chapter, three decavanadate based polyanion-polycation polymers of transition 

metal and sodium cations have been described. In compound 1, the decavanadate anion is 

coordinated with surrounding dimeric silver cations through coordinate covalent bonds 

(using both terminal and bridging oxygen atoms of the decavanadate cluster) and its 

repetition result in the formation of a 2D sheet. These 2D sheets are intern connected 

laterally by trimeric sodium-aqua cation, thereby extending the dimensionality to the 3D 

framework. In the case of compound 2 / 3, di-sodium cobalt aqua-complex cation / di-

sodium zinc aqua-complex cation acts as the linker, linking decavanadate anions  into 1D 

chains.  To the best of our knowledge, compound 1 is a unique example, in which a silver 

oxo-dimer {Ag2(µ4-O)2}
2+

 is formed exclusively from oxygen atoms of decavanadate 

cluster anions.  
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This chapter demonstrates the future scope of this thesis work. In second chapter of the 

thesis, we have described the synthesis of mixed addenda Lindqvist cluster containing 

compounds. According to literature studies, the mixed addenda cluster associated 

compounds can be used as good catalysts. The crystal structures and properties of 

decavanadate-based compounds with organic cations have been demonstrated in the 

chapter 3. This chapter is also described by nano-crystals, that have been characterized by 

microscopic techniques. Chapter 4 depicts the isolation and supramolecular property of 

pure inorganic polymeric materials based on decavanadate anion by changing the counter 

cations, for example, hexamethylenetetramine, tri-sodium aqua-complex cation. The final 

working chapter 5, describes the isolation of 3-dimensional to 1-dimensional decavanadate 

based cluster containing compounds, where the decavanadate is functionalized with metal 

cations.  

 

Synthesis of some more mixed addenda cluster anions (with appropriate cations) and 

various polymeric decavanadate cluster containing materials including their catalytic 

applications are our future dream. We wish to extend our work concerning the nano-

crystals of decavanadate cluster containing compounds to obtain silver and gold 

nanoparticles supported decavanadate clusters, which can be used in catalysis and 

medicine. The nano-sized POM anions can also be stabilized and isolated with various 

surfactants to synthesize the nanopartices of POMs (below 10 nm size). The relevant 

efforts have already been undertaken in our laboratory. 

 

 

 

 

 

 

 

 

Summary and future scope 
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