
CHAPTER 1
Heteropoly Compounds as Catalysts - Their Potential


Introduction
Catalysis by acids and bases are an important branch of science in this field.   Mineral acids such as H2 SO4, HF and ALCl3 are widely used in the industry.   Especially the petroleum Refining industry has been using yearly ~2.5 M tons sulphuric acid and ~ 500 tons of anhydrous HF. Now a days a variety of solid acid catalysts like zeolites, SAPOs, Clays, Pillared clays, ion-exchange resins, oxides, sulphates, mixed oxides, heteropoly acids, immobilized enzymes, and carbonates are exploited as catalysts in industry.   The list of reactions promoted by acids and bases are many and a chosen list is given in Table 1 for a feel of the extent of invasion of them in industrial exploitation.
	S. No
	Type of solid acid or bases as catalyst
	Approximate number of Processes

	1
2
3
4
5
6
7
8
9
	Zeolites
Oxides and complex oxides
Ion exchange resins
Phosphates
Other solid acids
Clays
Immobilized Enzymes
Sulphates and Carbonates
Sulphonated poly siloxanes
	74
54
16
16
7
4
3
3
3


One can notice that among the typical acid base catalysts employed in industrial processes, above 40% of them employ zeolites as catalysts.
The metals of groups VB (Vanadium, Niobium, and Tantalum) and VIB (Chromium, Molybdenum, and Tungsten) in +5 and +6 oxidation states, respectively, form weak acids that readily condense (polymerize) to form anions containing several molecules of the acid anhydride. If these condensed acids contain only one type of acid anhydride, they are termed isopoly acids, and their salts are called isopoly salts. The acid anhydrides also can condense with other acids (e.g., phosphoric or silicic acids mostly) to form heteropoly acids, which can form heteropoly salts. The condensation reactions, which occur reversibly in dilute aqueous solution, involve formation of oxo bridges by elimination of water from two molecules of the weak acid. The best-known and simplest example is the condensation of yellow chromate ion (CrO42−) to form the orange isopoly dichromate ion (Cr2O72−), an equilibrium reaction the extent of which depends on the pH. In acidic solution the isopoly anion Cr2O72−, predominates while in basic solution the simple ion CrO42− predominates.
The condensation can vary and thus a series of heteropoly acids and anions can be visualised.   When the condensation involves Mo or W, there are possible anions with P or Si ions.   When the condensation involves cations like [XM12O40]n-, these systems are known as Keggin anions.  This particular anion has been extensively studied and also the acid is employed as catalysts.  There can be other anions involving these two cations (namely Mo or W) and the central cation (P or Si) and the well-known ones are given in Table.1 with their structural features. 
 Inherent fundamental, protected protons and superior characteristics of heteropoly compounds (heteropolyoxometalates) in the solid state make them suitable for catalyst design at the atomic/molecular levels.   The possibility of   dispersion of charge over large anion makes them possess a variety of heterogeneous site on the surface and thus make them suitable for a variety of electron transfer reactions.  First, the molecular nature of heteropolyanions (metal oxide clusters or condensed state), in the solid state, enables control of the acid and redox properties over a wide range of activity. Second, the presence of hierarchical structures (primary, secondary and tertiary structures) can lead to three catalysis modes—surface-type, pseudo-liquid (or bulk-type I) and bulk-type II. Precise control of textural property like pore size is possible through the understanding of the microstructure, which results in unique shape selectivity for various reactions. Heteropoly compounds are green catalysts functioning in a variety of reaction fields and efficient bifunctional catalysts when combined with other components. The elucidation of catalytic processes is also possible at the atomic/molecular level due to their molecular nature. The positions and dynamic nature (free movement within the cage) of protons as well as of organic reaction intermediates in the pseudo-liquid phase are amenable for examination by spectroscopic techniques. 






Table 1.   Typical anion structures of well-known heteropoly acids
	Name and coordination
	Anion formula
	Structure

	Keggin Structure (1:12)

	[XMo12O40]n-
	[image: Hexamolybdate]

	Wells-Dawson structure (2:18),
	[X2M18O62]n-

	[image: Dawson ion]

	Anderson-Evans structure (1:6)
	[XM6O24]n-

	[image: Anderson ion]

	Dexter-Silverton structure (1:9)
	[XM12O42}n-

	[image: Dexter–Silverton polyoxometalate]

	Strandberg Structure-

	[HP2Mo5O23]n

	[image: ]

	Allman-Waugh structure

	[XM9 O32 ]n-

	[image: Allman–Waugh ion]

	Weakly-Yamase structure

	[XM10O36]n-

	[image: Weakley–Yamase polyoxometalate]



Structure of heteropoly anions
Before dwelling the unusual acid and redox catalytic behaviour of heteropoly compounds let us look some generalities in the structure of these cluster species. The catalytic behaviour of these type of cluster species is mainly due to the structure adopted by them.   The acidic proton which is general counter cation in heteropoly acids are in protective environment of these anions and hence their acidity behaviour is unique and exceptional. This aspect will be taken up subsequently. Generally, the structures adopted by heteropoly compounds (or anions) consist of polyhedron of the addenda atoms around the polyhedron of the hetero atom.  For example, in Keggin type (1933) heteropoly anion (PWMo12O40)3- MoO6 octahedron is present around the PO4 tetrahedron and how these share edges, faces or points result in a variety of structures.  For example, the addenda atom octahedral polyhedron involves M-O bond with π character and this causes the central metal is displaced to the peripheral vertices in the polyhedron. Secondly, in general, the structures adopted by heteropoly anion does not contain addenda atom octahedron with more than two free vertices. This statement goes by the name Lipscomb principle. In the centre of the structure the PO4tetrahedron is enclosed by 12 octahedrons sharing corners and edges as shown in Fig.1. The 12 octahedrons can be conceived of four M3O13 groups, each group formed by three edge sharing octahedrons with a common oxygen atom which also have a central tetrahedron in common.
[image: ]
Fig.1. The projections of the Keggin (α) structure [XM12O40]n-8
 Rotation of each M3O13 groups by 60 degrees about its C3 axis will result β isomer. The other isomers, γ, δ or ε -isomers can be obtained by rotating two, three or all four M3O13 units respectively.   The treatment of the Keggin unit with base gives rise to mono or di-lacunary polyoxometalates like [XM11O39](n+4)- and [XM10O36]9n+5)-
Other Heteropoly anion structures
Wells-Dawson structure:  The Dawson anion [X2M18O62]8- consists of two truncated XM9 Keggin units symmetrically assembled to form X2M18 cluster as shown in Fig.2.
[image: ]
Fig.2. Pictorial representation of the construction process for a Keggin to Dawson structure
The Anderson Evans structure
This structure consists of six edge-sharing octahedra around a central edge-sharing heteroatom of the Oh symmetry resulting in a planar arrangement. The oxygen atoms are found in three different coordination modes namely six triple bridged oxygen atoms link the heteroatom and two metal addenda atoms, six double bridged oxygen atoms link two metal addenda atoms and two terminal atoms are linked to each of the six metal addenda atoms (see the figure 3). This type of multiple type of oxygen species is characteristic of almost all the hetero-poly metalates and this relevance of this type of species in catalysis is already well-known. This aspect will be considered in subsequent sections.
The Dexter-Silverton structure
A type of 12-heteropoly anions which is not so common is [XM12O42]n-12.   The arrange is pictorially shown in Fig.4.   The molecular formula is similar to that of Keggin type except that it has two more oxygen atoms in such anions, 12 oxygen atoms surround the central atom to form an icosahedron as the central 
[image: ] 
Fig,3, The ball and stick and polyhedral models of the Anderson-Evans polyoxo-metalates [XM6O24]8-

polyhedron. The MO6 octahedrons are arranged in face-sharing pairs so that the anion is comprised of six M2O9 units each formed by two octahedrons sharing a face. The M2O9  units in turn share corners with four adjacent M2O9  units to construct the complete anion.
                             [image: ]
           Fig.4. The Dexter-Silverton structure for [XM12O42]n-12  anion.
General Properties of heteropoly compounds                                                           Solubility                                                                                                                     The science of HPAs is employed in the fields of catalysis, photochemistry, oxidation chemistry and biochemistry in addition to its use as inorganic drugs.   Generally, chemistry of metal oxides in solution is limited due to their limited solubility whereas HPAs are exceptions. The analogy between the solid-state chemistry of the metal oxides and the chemistry of large polyanions  has imported on them a behavior called the pseudo-liquid behavior.  These isolated anions are water-soluble and also in organic solvents. The acidic character of heteropoly acids is well documented in literature. In general, the heteropoly acids in solution are stronger than the normal mineral acids like sulphuric acid, hydrochloric acid and nitric acid (see Table 2)
Table 2 Dissociation constants of heteropoly acids in acetone at 298 K 
	
	pK1
	pK2
	pK3

	H3PW12O40
H4PW11VO40
H4SiW12O40
H3PMo12O40
H4SiMo12O40
H2SO4
HCl
HNO3
	1.6
1.8
2
2
2.1
6.6
4.3
9.4
	3
3.2
3.6
3.6
3.9
	4
4.4
5.3
5.3
5.9


The acidity of the Keggin heteropoly acids depends on their compositions. Tungsten acids are stronger than molybdenum acids. The acid strength and catalytic activity of a Bronsted acids is best quantified in terms of its dissociation constants as well as the Hammett acidity function. In the same sense, the hardness of the acid or the softness of the corresponding base are among the significant parameters in the hard/soft acid/base theory and related to the polarizability of the species and hence belong to the class of Lewis acids and bases.  Solubility of heteropoly compounds is determined by cation-anion and the nature of interactions in solution.  Solubility trends from various polyoxometalate-cation pairs are significantly varied depending on the polyoxometalate type. Polyoxometalates of group 5/6 which are formed in acid (V, Mo, or W) show high solubility when paired with small alkali metal cations (Li+  or Na+) while their salts with larger alkali metal cations  (Cs+) exhibit poor solubility in water. This trend is rationalized on the basis of hydration energy and lattice energy and the electrostatic interaction (ion pair formation) which is responsible for the solubility trend observed in these salts.
[image: ]
Fig.5.General solubility trends observed with the salts of polyoxometalates. Keggin anion is chosen as a representative.[figure reproduced from ref 1]
Table 3. Dissociation constants for heteropoly acids and phosphoric acid in aqueous solution at 298 K
	
	H5PMo10V2O40
	H6PMoV3O40
	H7PV12O36
	H8NbMo12O42
	H8CeMo12O42
	H8UMo12O42 
	H3PO4

	pK4
	1.16
	1.25
	1.4
	1.24
	-
	-
	2.12(pK1)

	pK5
	2/14
	1.62
	4.9
	3.43
	2.12
	-
	7.20(pK2))

	pK6=
	
	2.00
	6.4
	3.64
	1.98
	2.13
	11.9(pK3)

	pK7
	
	
	7.9
	4.26
	2.99
	3.02
	

	pK8
	
	
	
	5.73
	4.16
	4.31
	



Pseudo-liquid phase behaviour: 

The flexible structure adopted by the heteropoly acids, it is natural some polar molecules or molecules with basic character  can be absorbed into the solid lattice in the cavities formed by the polyanions of the lattice.   This can also result in the expansion of the lattice parameter.   In this situation, the reactant molecules experience three-dimensional field by lattice in this sense it can be akin to what is obtainable in solution, however the surrounding is slightly ordered as compared to a solution.    In this sense, the heteropoly acid can be termed as a catalytically active solid solvent. 




Table 4  Summary of the features and advances of heteropoly anion catalysts
	1. Catalyst design at atomic/molecular levels
Multiple Properties ( andic and redox properties)
These properties are controlled by Type of the anion, the nature of the addenda atom and heteroatom, the nature of the counter cation.
2. Nature of active sites and multi-functionality like acid-base, redox, multi-electron transfer, photoactivity and so on
Ternary structure, bulk type behaviour, molecularly metal oxide cluster, molecular design of catalysts
3. Cluster models for the metal oxide component and the relation between solid and solution catalysts
Description of the catalytic process at atomic/molecular levels, characterization of the catalysts by spectroscopic measurements and the realistic stoichiometry of the species, models of the reaction intermediates
4. Pseudo liquid and bulk type behaviour which can be considered to be similar to three-dimensional environment for catalysis
5.  Catalytic behaviour  like heterogeneous catalysis, Phase-transfer catalysis, photocatalysis shape (pore geometry selectivity, unique basicity of the polyanion 



Misono and coworkers [2] have defined the catalytic activity of heteropoly acids essentially in two different types of reactions. This can be understood in terms of surface interaction of reactants and produces (surface reaction) or in the three-dimensional bulk (bulk catalysis).

[image: ]
 Fig.6. Three typical models for catalysis by heteropoly systems. [reproduced from ref.1]

1. Surface type catalysis
In this type of catalysis, the catalytic reaction takes place on the surface of the solid phase and has to be naturally proportional to the external surface area (pore walls) of the catalyst.  Double bond isomerization promoted by H3PW12O40  and the reactions catalyzed by partial cesium salts of 12 heteropoly tungstate show a correlation to the surface area of the catalysts employed. [3,4].
1. Bulk Type catalysis (Type 1)
In the bulk type I (pseudo-liquid phase) catalysis polar molecules on acids and salts of heteropoly anion takes place at rather low temperatures and the reaction takes place inside the solid lattice. In this process, the solid behaves as if it is a solution and a three-dimensional reaction field. In these cases, the reaction rate is proportional to the volume of the catalyst and also to the total bulk acidity.  This sort of catalysis has been observed for both the gas-solid and liquid-solid reaction systems. The dehydration of alcohols has been shown to proceed in this type of catalysis and rate of adsorption of the alcohol is faster than the dehydration rate [5].  
2. Bulk type II catalysis

Some oxidation reactions, like oxidation of hydrogen and oxidative dehydrogenation at high temperatures, belong to  bulk-type II catalysis on heteropoly catalysts. In this sort of catalytic oxidation, the main reaction may proceed on the surface, but the whole solid bulk participates in the redox catalysis process due to rapid migration of redox carriers, i.e., protons and electrons. In such cases, the reaction rate is ideally proportional to the catalyst volume. . A monotonous correlation can be seen between the rates of catalytic oxidation of acetaldehyde and methacrolein (surface-type reaction) and the reduction rate of catalysts by CO (surface oxidizing ability). 

Catalytic Properties of Heteropoly compounds

The heteropoly compounds are unique with respect to its properties, like tunable acidity, redox behaviour, fairly high thermal stability, inherent resistance to oxidative decomposition, response to photon and electrical field and this variety makes them suitable catalysts for many types of reactions.   Only the essential catalytic behaviour alone is considered in this section.   Due to the compositional and structural variety these systems can adopt, they are employed as catalysts in industry like hydration of propene[6], isobutene [7] and 2 butene [8] to the corresponding alcohols, oxidation of isobutyraldehyde with molecular oxygen to isobutyric acid [7] polymerization of tetrahydrofuran [9,10] amination of ketones to imines[11], oxidation of ethylene with molecular oxygen to acetic acid [12] and esterification of acetic acid with ethylene to ethyl acetate[13].
Heteropoly compounds are versatile catalysts because of
1. They contain multiple active sites like protons, oxide ions and other cations.
2. Both acidic sites (Bronsted and Lewis acid sites) and basic oxide ions like more negative charge on specific sites
3. They have presence of sites promoting ( especially W and Mo compounds) oxidation reactions.

Stability of heteropoly compounds

In the case of heteropoly compounds, the catalyst stability in terms of thermal, hydrolytic and oxidative stability.  Heteropoly acid compounds have fair thermal stability so that they can be used as catalysts in gas-phase reactions at high temperatures.  However, the thermal stability of heteropoly acids is only relative. For example, phosphor-tungstic acid (H3PW12O40) loses its protons around 723 K and complete decomposition occurs at around 823K.  The catalyst regeneration and also coking of the catalyst in hydrocarbon conversion reactions ( decoking is normally done by burning coke)  normally take place at high temperatures and the value of temperature has to be lower than the decomposition temperatures.  In addition, to the heteroatoms, substituting metals and the counter cations may considerably influence the thermal stability of the heteropoly acid.   Substituted heteropoly anions are more labile than their unsubstituted counterparts. 

Typically, heteropoly acids have a significant hydrolytic and oxidative stability owing to the absence of organic ligands.   In aqueous medium, the polyanion and are stable in aqueous medium up to certain pH.   In addition, heteropoly anions persist against oxidizing agents.   These features enable the heteropoly acids as catalysts in water and in the presence of hydrogen peroxide and thus can be used for oxidizing organic substrates.

Photocatalysis by Heteropoly Compounds

Photon excitation takes place from the charge transfer from oxide ions to the transition metal.   For example, in poly-tungstate anion, [PW12O40]-3- photoexcitation involves a charge transfer from O2-  to W6+ this results in the formation of a pair consisting of trapped electron centre (W5+) and hole centre  (O-).   Even those systems which promote oxidation reactions at high temperatures, they can facilitate the oxidation reduction reaction at room temperature by irradiation.   The values of the band gap of the heteropoly compounds possibly facilitate the effective charge transfer by preventing the recombination. Some of the important photo-oxidative reactions catalyzed by heteropoly compounds are oxidation of alcohols[14], benzene [15], and phenol [16],oxidative bromination of arenes and alkenes[17] and reduction of carbon dioxide [18]. In addition, these systems can be effectively utilized for the photodegradation of aqueous organic pollutants and allow heavy metal elimination from water [19]. The main advantages of heteropoly compounds in photocatalysis are facile  and intense photo-absorption 9both UV-Vis), high molecular absorption coefficients, high structural stability, high redox activity, multielectron redox capability and easy reoxidation of the reduced species. Many conventional supports like fullerene, TiO2SiO2Zro2 have been explored for persistent photoactivity.

Electrocatalysis

Heteropoly anions can go through several one or two electron reversible reductions and also further multielectron reductions without the parent system disintegrating due to the high oxidation states of the M atoms in the peripheral metal-oxygen polyhedrons of the MOx units of heteropoly anions. Since the anion is a geometrically large the net charge on individual sites can be modulated. Depending on the net negative charge on the anion, the net basicity of the polyanion is also tunable.  Depending on the pKa of the generated anions, the reduction can be accompanied by protonation. In organic solutions or neutral aqueous where protonation is not possible, both Keggin or Dawson type heteropoly anions can undergo successive one-electron reductions thus functioning as oxidative or reductive electrocatalysts. These systems demonstrate featured electrochemical behaviour because of their particular value redox potential, pKa and stability.

Applications of Heteropoly Compounds
There are more than 20 subdivisions in which heteropoly compounds find applications. The sub-divisions include catalysis, medicine, coatings, amplification in analytical chemistry, processing of radioactive wastes, in separation technology, gas absorption, membranes, sensors, electro-optics, as electrodes in electrochemistry, capacitors, dopants for polymers, cation exchanges, flammability control devices, clinical analysis, food chemistry and many other fields. This variety of applications is due to its variety of properties. The numerous and varied applications of polyoxometalates are primarily  due to their ionic charge, redox behaviour  and many other properties which are listed in Table 
Table 5.  The characteristic properties responsible for applications
	S. No
	Characteristic Property of heteropoly compounds

	1
2
3
4
5
6
7
8
9
10
11
12
13
14
	They exhibit metal oxide behaviour
They act as anionic species with variable charge from -3 to -14.
They are stable in water, air, and temperature They are processable
These species have large size (diameter 6-25 Å)
Discrete size, structure Protected protons
High value of ionic weight (103-104)
They can undergo oxidation states fully oxidized to reduced state
Variable oxidation states for the addenda atoms
Colour of the oxidized and reduced forms
These species are photo-reducible
Can accommodate 70 different elements, thus processing advantage
Acid behaviour with pKa <1
They show solubility in various solvents, thus have processing facility
Hydrolysable to form deficient structures, processing possibility


             
Industrial Exploitation of heteropoly compounds

The first industrial process using the heteropoly catalyst started in 1972 fir the hydration of propylene in the liquid phase.   The role of the Keggin structure in solid heteropoly catalyst was shown in 1975 in the patent dealing with the catalytic oxidation of methacrolein. [20,21]  Anisole and xylene are acylated with benzoic anhydride and acetic anhydride in the presence of Cs salt (Cs2.5).   Carboxylic acids are less reactive as acylating agents than the corresponding anhydrides.
Alumina supported H3PW12O40 catalyzed propylene-ethylene co-dimerization at 573 K to form pentenes with a selectivity of nearly 56%. Propylene oligomerization proceeded on various kinds of salts of phosphor-tungstic acid and the activity follow the order Al>Co>Ni, NH4>H, Cu>Fe,Ce>K [22,23].
In addition, heteropoly compounds have been employed as catalysts for the oxidation of various organic compounds.   Mixed addenda species such as Mo and V was found to be efficient catalyst for the aerobic oxidation of olefinic compounds in the presence of iso-butyraldehyde.    Direct oxidation of amines and hydrocarbons with molecular oxygen has also been reported.
The initial attempts for the use of heteropoly compounds as catalysts for the partial oxidation of propane was reported in 1980[24]. Since then, many different heteropoly compounds have been tried for this reaction.
Some research groups have also used heteropoly compounds containing Mo and P for the preparation of hydrotreating catalysts. Due to its acidic character, these systems are also employed as catalysts for isomerization reactions.
The mixed-addenda atoms affect the redox properties  and are used as industrial oxidation catalysts.  Differences in redox properties between solutions and solids and thermal or chemical stability of heteropoly compounds  and the effect of counter cations in solids have been suggested and exploited. 
Oxy-functionalization of lower paraffins like methane, ethane, propane and butanes has received attention. Oxidation of butane to maleic anhydride is an industrial example [25,26]. The oxidation of propane and isobutane with heteropoly compounds was first reported in 1979 [27]. The oxidation of lower paraffins especially propane, isobutane and pentane has also been reported [28].

PRIMARY, SECONDARY, AND TERTIARY SYTR UCTURES OF HETEROPOLY COMPOUNDS

Heteropoly anions and iso-poly-anions are considered as polymeric oxo-anions (polyoxometalates.      The structure of a heteropoly-anion or polyoxoanion molecule itself is called a “primary structure. There are various kinds of polyoxoanion structure. In solution, heteropoly-anions are present in the unit of the primary structure, being coordinated with solvent molecules and or protonated. Most heteropoly-anions tend to hydrolyze readily at high pH. Protonation and hydrolysis of the primary structure may be major structural concerns in solution catalysis. Heteropoly compounds in the solid state are ionic crystals (sometimes amorphous) consisting of large polyanions, cations, water of crystallization, and other molecules. This three-dimensional arrangement is called the “secondary structure.” For understanding catalysis by solid heteropoly compounds, it is important to distinguish between the primary structure and the secondary structure). Recently, it has been realized that, in addition to these structures, tertiary and higher-order structures influence the catalytic function. These structures are exemplified in Fig. 7.


[image: ]
Fig. 7.  Primary, secondary and tertiary structures of heteropoly compounds (a) Typical Keggin structure (b and c) secondary structure (d) tertiary structure

Primary Structure of the Heteropoly Compounds

Keggin Structure .  The Keggin anions are the popular heteropoly anions in catalysis. The ideal Keggin structure consists of a central tetrahedral XO4 (X is a typical heteroatom or central atom) surrounded by twelve MO6 octahedra( M= addenda atom).   The twelve MO6 octahedra comprise of four groups of three edge-shared octahedra.  These M3O13 triple have a common oxygen connected to the central tetrahedron of the central heteroatom. The oxygen atoms in this structure fall into four classes and the resulting structure is known as α-structure.  The known addenda atoms and heteroatoms incorporated in the common heteropoly anions are summarized in the Figure 8.
Heteropoly compounds in the solid state are ionic crystals (it can also be amorphous) consisting of large polyanions, cations, water of crystallization and other molecules. In essence these components can be considered as a cluster species possibly exhibiting charge exchange.   This is a different concept and can be dealt with separately.   The three-dimensional arrangement of these clusters is known as secondary structure.  These secondary structure gives rise to higher order structures as shown in Fig.7.

Table 6.  Various Metal-oxygen bond lengths (Å) in MoO6 and WO6 groups and XO4 group in heteropoly compounds

	Heteropoly Compound
	M-Oa
	M-Oc
	M-Ob
	M-Oa
	X-Oa

	H3PW12O406H2O
	1.71
	1.90
	1.91
	2.44
	1.53

	H3PMo12O4013H2O
	1.66
	1.96
	1.97
	2.43
	1.53

	H3PMo12O4030H2O
	1.68
	1.91
	1.92
	2.44
	1.54

	H4SiMo12O4013H2O
	1.67
	1.94
	1.96
	2.35
	1.62

	K4SiW12O40 16H2O
	1.68
	.1.91
	1.96
	2.38
	1.63


The designations used in this table are shown in Fig. 8. 

[image: ]
Fig. 8. The possible addenda atom)and hetero- (O) atoms incorporated in heteropoly compounds.

Secondary Structure of Heteropoly compounds

The protons in heteropoly acids is unique in the force field of the large anion. The acidity of the parent compound thus is capable of exhibiting various degrees of Bronsted acidity. The protonic sites also function as linking the neighbouring heteropoly anions and also depending on the extent of hydration (the hydration number n =14,21,24,29 typically for the Keggin structure) , the molecularity of the hydronium ion also varies. All these situations impart varying degrees of acidity.  In the secondary structure also accommodates other organic molecules are also known.

Tertiary structure of solid Heteropoly compounds

The size of the primary and secondary particles, pore structure, distribution of protons and cations are the essential components of the tertiary structure. The counter cations influence the tertiary structure of the heteropoly compounds. The salts of small cations like Na+ behave similar to the primary acid form in several respects.   These salts are soluble in water and in organic solvents.   Polar molecules are adsorbed in the interstitial positions of the secondary structure.  Salts of large cations like Cs+  are insoluble in water and also low absorptivity for polar molecules. These two types of salts differ in the surface area values and also in their thermal stability.

.
Fig.9.  Known addenda atom (     ) and Hetero-atom (O) that can be incorporated in Heteropoly compounds [ Figure reproduced from reference 4]

[image: ]


Lacunary Keggin Anion

The kegging anion when present in solution, several species are present in equilibrium and is dependent on pH. In the case of [PW12O40]3- the lacunary species {PW11O39]7- is formed at pH =2. The degradation of [PW11O39]7- to give [PW9O34]9- takes place at pH>8. It appears various stoichiometric species can be formed as a function of pH and the reactivity of these species has to be taken into account.

Synthesis

Heteropoly acids are prepared by acidifying and heating in the appropriate pH range.   For example 12-tungtophosphate is formed according to the equation 1

12WO42-  +HPO43-  + 23H+   →  PW12O403-  + 12H2O    (1)

The two ways the free acid are either extraction with ether from acidified aqueous solution or by ion exchange from salts of heteropoly acids.

Mixed addenda heteropoly anions with specific substitution can be prepared by the use of lacunary heteropoly anions.   If they are prepared from aqueous solutions of the corresponding oxo-anions, the products obtained are mixtures of heteropoly anions with varying compositions of addenda atoms.   The appropriate reference for the synthesis of these compounds is [29].

Versatility of Heteropoly Compounds

Heteropoly compounds have been exploited as materials for a variety of applications. Even though, the major application of heteropoly compounds is in the field of catalysis, there are other various applications of heteropoly compounds and some of them are listed in Table

Table 7.  List of other areas where heteropoly compounds are applied
	S. .No
	Areas where heteropoly compounds find application

	1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
	Catalytic applications
Medicine
Coatings
Analytical Chemistry – amplification methodology
Processing of radioactive wastes and management
Separations technology
Sorbents for various gases
Membranes for various devices including fuel cells
Sensors
Dyes and Pigments
Electro-optics
Electrochemical applications especially electrodes
Capacitors
Dopants for nonconducting polymers
Dopants for conducting polymers
Cation exchangers
Flammability control
Bleaching of paper pulp
Clinical Analysis
Food Chemistry 
Dopants in sol0gel matrices



In all these applications, heteropoly compounds add value and accuracy for the various measurements.
In order to establish, the usefulness of heteropoly compounds, the catalytic activities of heteropoly compounds for various reactions are compared with the corresponding activity of conventional catalyst Silica-Alumina in terms of ratio of the activities of these two catalysts. These data are given in Table

Table 8. Comparison of catalytic activities of heteropoly compounds (acids) with those of Silica-alumina [data from ref 1]

	Reaction
	Catalyst
	Temperature (K)
	Ratio

	Dehydration of 2-propanol
Isobutene+CH3OH→MTBE
Dehydration of ethanol
Acetic acid + ethanol → ethyl acetate
	H3PW12O40
H3PW12O40/SiO2
H3PW12O40
H3PW12O40/Carbon
	398-423
363
473
423

	30-100
300
>100
>4



 
 The catalytic activity of solid catalysts is often affected in aqueous medium.   However, H-ZSM 5  with high Si:Al ratio has been shown to have tolerance for aqueous solution. Cesium salts of heteropoly acids are catalysts show high tolerance for water in hydration of olefins and hydrolysis of esters [30].   Some of these results are assembled in Table to demonstrate this superior water tolerance behaviour of heteropoly catalysts. 

Table 9.   Water tolerant catalytic activities of solid acids for the hydrolysis of cyclohexyl acetate
	Catalyst
	Rate

	
	Per weight
	Per acid amount
	Per volume

	Cs2.5H0.5PW12O40
H-ZSM-5
SO4/ZrO2
H-Y Zeolite
Nb2O5
	5.3
1.5
1.1
0.0
0.0
	35.3
3.8
5.8
0.0
0.0
	12.6
0.5
2.5
0.0
0.0



Active sites on Heteropoly Compounds

There are multiple active sites on heteropoly compounds which can be grouped as protons, oxide ions and metal ions. The presence of protons in the acid form of these compounds can be recognized as Bronsted acid sites, but they are present inside a large anion and hence the extent of Bronsted acidity can vary from system to system. The exposed oxide ions on the surface ( the charge is also not uniform  and depend on the location of the oxide ions in the structure of the anion] carry different charges and the charge distribution decides the basicity of the active site. This is reflected in the proton abstraction ability  and thus the organic molecules undergo various transformations. The metal ions in the structure are the active sites for all oxidation reactions and also for some of acid-catalyzed reactions and a majority of other reactions promoted by heteropoly compounds.  The fact that there systems exhibit  various M-O bond distances and hence the basicity of these systems is also heterogeneous thus also varying activity of basic sites. 

Electrochemical Properties of Heteropoly Compounds

The science of electrochemical behaviour of heteropoly compounds is interesting and since these systems can undergo various stages of oxidation and reduction.  The electrochemistry of the Keggin anions have been extensively studied in both aqueous and nonaqueous media.  The values of redox potentials of heteropoly anions are dependent on pH.   The presence of the protons as counter-cations also influences the redox potential values. The first and second  redox potential values have been tabulated in various media in reference 1. On the whole, under neutral conditions, the redox potentials of heteropoly-molybdates are more positive than those of the corresponding heteropoly-tungstates. For example,  PMo12 > PW12 and  SiMo12 > SiW12.   Furthermore, there is a linear correlation between the first redox potentials of heteropoly anions of the same framework and the anion charge in any solvent.   For example,  SMo12 > PMo12 > SiMo12 [31]   Various attempts have been made to rationalize the observed values of redox potential with various physico-chemical properties of the heteropoly species and one of the general correlations reported in literature is the correlation between the ion-transfer potential and their size and charge [32].  Different metal ions can be introduced in to the defective sites of lacunary heteropoly anions to form metal substituted anions.   Depending on the nature of the introduced metal ions, the resulting anion demonstrate varying chemical property.   The electrochemistry of the metal substituted heteropoly anions are different from those of the parent anion.  In the case of metal-ion substituted heteropoly anions show the redox signal at more positive potentials than those due to the reduction of W((VI).V).   In general, the redox properties of heteropoly species open up various possibilities of redox behaviour.

Heteropoly Blues

These are a group of mixed valence complexes usually obtained by reduction of the heteropoly anions.   Heteropoly blues entail several numbers of complexes because a single polyanion may result in more than 10 mixed valence species and almost most of these species in the reduced form are intensively blue in colour. There is evidence supporting the idea that the first added electrons in a heteropoly blue were weakly trapped by the individual metal atoms, and the reduced metal species in the polyanion occupying a symmetrical site and the extra electron occupying a wave function with d-orbital symmetry.   Therefore, electron delocalization in heteropoly blues may be regarded as combination of two factors that is the thermally activated exchange from one metal site to another as well as the ground state delocalization of wave functions of bridging oxide ions (π character) and that of the reduced metal ions with its neighbours.

Acidity of Heteropoly Compounds

Heteropoly compounds can be considered to be strong acids.   In general, the acidity is determined by dissociation constants as well as the Hammet acidity function [33]. The heteropoly acids have variable replicable protons in aqueous medium and can dissociate from the anion.   This is because in heteropoly acids the negative charge on the anion are spread over on larger anions compared to those of mineral acids and thus the electrostatic interaction between the protons and the anion is less in heteropoly acids. Another factor is the possibility of the charge or electron delocalization over the whole anion. The strengths and the number of acid centres along with the related properties of parent heteropoly acids and partially substituted systems may be adjusted by the structure and composition of heteropoly anions, the extent of hydration, the nature of the support and the thermal conditions imposed on the heteropoly compounds. Solid heteropoly acids like H3PW12O40.xH2O and the molybdenum analog are Bronsted acids and stronger than conventional solid acids like silica-alumina, H-X and H-Y zeolites [34].   Since the Keggin anion of heteropoly acid, has different type of surface oxide ions, namely terminal and corner and edge sharing species and these species protonate and gives rise to different degrees of Bronsted acidity. The strength of these Bronsted acidity is determined by thermal desorption of ammonia or pyridine ( typical probe basic molecules) adsorbed.  The Bronsted acid strength order among the heteropoly acids is [35]

H3PW12O40 > H4SiW12O40 > H3PMo12O40 > H4PMo12O40

The significantly higher Bronsted acidity of heteropoly compounds in relation to acidity of the traditional mineral acids and solid acid catalysts is important for application of these systems as catalysts. However, heteropoly acids are stronger than the corresponding individual acids of the heteroatoms[36]. This is probably due to the fact that the heteropoly anion has been shown to contain more external oxide ions capable of sufficiently delocalization of the increased than the anion receives in the dissociation process [33].

Basic properties of heteropoly Compounds

Even though, the acid property of heteropoly compounds has been explored for catalysis, base catalysis has been studied only to a limited extent [37]. Based on their structures, polyoxometalate base catalysts are grouped into four groups like (1) monomeric metalates (2) iso-polyoxometalates, (3) Heteropoly-oxometalates and (4) transition metal substituted polyoxometalates.

[image: ]

Fig.  Molecular Structures of the different types of polyoxometalate anions  employed as base catalysts (a) Monomeric metalates (B) iso-polyoxometalates (C) Hetero-polyoxometalates and (d) Transition metal substituted polyoxometalates [reproduced from reference 1]. The special features of  heteropoly compounds as bases are (1) The charge is distributed uniformly in the structure of the heteropoly compounds (2) These systems are more thermally and oxidative stable than other organic bases. (3)  The metal-oxo-fragment activates nucleophilic substrates in a specific manner. The basicity of the heteropoly compounds is determined by the extent of the negative charge on oxide ions and these are distributed on the surface.
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