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AIM OF EXPERIMENTS 

CHAPTERl 

INTRODUCTION 

This study utilized a series of laboratory experiments to explore the feasibility of 

applying redox techniques for the remediation of ground water contaminated with 

chlorocarbons and heavy metals. Considerable success in achieving the above objective 

was gained by using molybdenum and tungsten hydrogen bronzes as reducing agents to 

remediate wastewater. These hydrogen bronzes are simply products obtained from 

hydrogen insertion into tungsten and molybdenum trioxides. While much is known about 

the structure and properties of these bronzes, there are not many reports available in 

literature documenting the different types of chemical reactions feasible by the use of the 

bronzes. In this investigation, numerous interesting results were obtained upon using 

these bronzes as reagents in various chemical conversions. Therefore, this thesis will 

provide an account of the chemical transformations that can be effected by these bronzes 

and the potential applications of these in synthetic and environmental chemistry. 

INTRODUCTION TO OXIDE BRONZES 

Insertion compounds of transition metal oxides are called " bronzes" due to their 

similarity to metallic bronzes in color and luster [1]. Therefore, it is appropriate to term 

these compounds as "oxide bronzes" so that they can be easily differentiated from 

metallic bronzes. Oxide bronzes are a group of well-defined, non-stoichiometric, 

insertion compounds having the general formula MxTy02 , where, (i) Mis a relatively 
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electropositive metal like Na, K, Group II metals, lanthanides, or hydrogen, (ii) Tis a 

transition metal, (iii) TyOz is the metal's highest binary oxide state, and (iv) xis a 

variable falling in the range O<x<2. Such compounds are intensely colored, possess 

electrical conductivity (either metallic or semiconductor), and show sequences of various 

crystalline phases as "x" is varied. Particular phases can possess definite values of x or 

can exist over a wide compositional range. Although the bronzes constitute a unique class 

of non-stoichiometric compounds, they show similarities to other inorganic systems. 

They resemble the silicates and tungstosilicates in their structural properties; the alloys in 

the wide range of homogeneity of successive phases; and the solutions of alkali metals in 

liquid ammonia due to their typical free electron behavior that underlies their optical and 

electrical properties [2]. 

The structures of these oxide bronzes depend upon not only the character of the 

T yOz subarray, but also on the choice of element M, the concentration of the guest ion, 

and on the temperature of preparation. Each phase of the bronze has a compositional 

range, the limits of which vary with the equilibrium temperature. The number of 

crystallographic sites available to the M atoms approaches saturation as the value of x 

increases, but the value ofx for which the phase MxTyOz stops being thermodynamically 

stable is generally less than the concentration of crystallographically available sites. 

Typically, for the value of x corresponding to crystallographic saturation, either another 

phase stabilizes with a slight variation in structure, or there is a disproportionation into 

two or three phases in equilibrium [3]. More complex oxide bronzes than the phases of 

Mx T yOz are known to exist. For example, two transition metals may occupy the covalent 
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subarray, or on the other hand, M atoms may be introduced by a more complex 

substitutional mechanism in which the TyOz network expands with the loss ofT atoms 

[3]. 

The study of oxide bronzes is interesting not only because of the great variety in 

their structures, but also in the width of their compositional ranges, which are generally 

greater than those of other non-stoichiometric binary compounds. This width gives rise to 

the possibility of a considerable change in the electrical properties as we traverse the 

different phases, a possibility that is further enhanced in the recently studied phases by 

the increased complexity of their chemical formulae. In addition to either metallic or 

semiconducting properties, these oxide bronzes possess the versatility of liquid mixtures 

in terms of compositional variety. It has been proposed that such compounds offer a rich 

storehouse for future technology [2]. 

HYDROGEN BRONZES OF TRANSITION METAL OXIDES 

Hydrogen bronzes are non-stoichiometric, hydrogen insertion analogues of oxide 

bronzes, represented by the formula, HxMOn or HxMM10n. They are formed by the 

ambient temperature reaction of hydrogen with a wide range of binary and ternary 

transition-metal oxides. The phase diagrams of these compounds are composed of 

biphasic regions containing solids of fixed composition in equilibrium, separated by 

single-phase regions of variable hydrogen content. Table 1.1 lists all known phases of 

tungsten and molybdenum hydrogen bronzes, the materials of concern to this 

investigation. Powder X-ray diffraction has demonstrated that the lattice parameters of 

the parent oxide do not change very much on hydrogen insertion, implying that the metal­

oxygen framework is retained in most cases. In some cases, a few amorphous products 
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are formed at high values of x and this can be attributed to a structure collapse of the 

parent oxide. Hydrogen insertion depends on both the structural factors and the redox 

characteristics of the metal oxidation states involved. 

Table 1.1 

Hydrogen Bronzes of Tungsten and Molybdenum Oxides 

Oxide Established Phase Color/ crystal structure Xmax References 
Ranae 

I) Corner-sharing octahedra 

W03 0.09<x<0.16 Dark blue I tetragonal A 0.4 [4, 5] 

0.3l<x<0.5 Dark blue I tetragonal B 

0.5<x<0.6 Dark blue I cubic 

P-Mo03 Dark blue I cubic 1.23 [6, 7] 

hex-W03 O.l<x<0.47 Dark blue I cubic 0.5 [8-10] 

II) Edge-sharing octahedra 

a-Mo03 0.2<x<0.43 Blue I orthorhombic 1.7 [11-14] 

0.85<x<l .03 Blue I monoclinic 

1.55<x<l.72 Red I monoclinic 

x=2 Green I monoclinic 

Initial investigations of hydrogen bronzes focused on the apparent similarities 

between the electronic and structural properties of the hydrogen bronzes and the alkali 

metal hydrogen bronzes ( alkali metal ions are located in cavities present in the parent 

oxide matrix). The analogies in electronic properties of alkali metal bronzes and 

hydrogen bronzes are successfully drawn because both these classes share a common 
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redox insertion process given by the reaction, shown in Equation 1.1, where A= H or 

alkali metal, and Ai represents an ionized donor located at an interstitial site and eM is an 

electron donated to a metal based orbital. 

Eq. 1.1 

The high formal oxidation state of Min MOn assures the existence of a suitable acceptor 

orbital, leading to, either, the progressive filling of a broad conduction band as in 

metallic conductors like Ax W03, or localization of the electron at a particular metal site 

leading to formation of semiconductors such as Ax V 20 5. The formation of a 

semiconductor or a metallic conductor depends on the parent metal oxide and not on the 

nature and location of Ai· It is known that the mode of attachment of hydrogen in HxMOn 

does not control the electronic properties, but it is presumed to be important in 

influencing the actual crystal structure adopted by the bronze and will also affect the 

properties that depend on hydrogen mobility. For this reason, analogies drawn between 

structures of alkali metal bronzes and their hydrogen counterparts are misleading. In the 

alkali-metal bronzes, the alkali metal has a definite ionic radius, which is usually greater 

than 0.2 nm, whereas the hydrogen atoms in the hydrogen bronzes are attached to 

oxygen as -OH or -OH2 groups, with a bond length of about 0.1 nm. This same mode of 

hydrogen attachment is found in many of the naturally occurring oxy-hydroxides and 

oxide hydrates such as haggite, V404(0H)6, and protodoloresite, V30 3(0H)s. Complete 

crystal structure determinations have been carried out for most of the hydrogen bronzes 

and based on these results it would be wise to classify the hydrogen bronzes as oxy­

hydroxides MOn-x(OH)x rather than as H/MOn(xe), which might seem to imply the 
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chemically unrealistic possibility of the existence of isolated protons in the hydrogen 

bronzes. 

LOCATION OF HYDROGEN IN HYDROGEN BRONZES 

Complete structural characterization of these types of bronzes is difficult due to three 

mam reasons: 

1) Conventional X-ray diffraction often cannot be used because the products 

obtained using the usual ambient temperature preparative routes are poorly 

crystalline and frequently inhomogeneous. 

2) Sometimes, even when single crystals of these bronzes are available, X-ray 

diffraction techniques are not of much use because these techniques are not 

suitable for determination of the exact location of hydrogen atoms in presence of 

heavier metal atoms. 

3) The products formed are invariably non-stoichiometric and a random or partially 

ordered arrangement of hydrogen atoms amongst a surplus of available and near 

equivalent sites is the most likely outcome. 

Powder neutron diffraction provides the solution for the first two difficulties. This 

technique measures only the Bragg reflections, by which only the sites and occupancies 

of the average unit cell are determined; however, no information can be obtained on the 

local ordering or clustering of hydrogen. Therefore, for complete structural 

determination, other techniques that probe the local proton environment, such as NMR, 

and neutron scattering methods, such as incoherent inelastic neutron scattering (INS) or 

elastic neutron scattering, are necessary to supplement the data obtained. INS has an 
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advantage over IR and Raman spectroscopies in that it is applicable to metallic materials 

for which IR and Raman spectroscopies are not. It is also sensitive to vibrational modes 

involving hydrogen atom displacement. Despite all the available techniques, complete 

structural determinations have been completed for a relatively few phases of the bronzes 

listed in Table 1.1. They are: 

Group I) Ho.sW03 and P-Ho_99Mo03 

Group II) Ho.34Mo03 and HuMo03 

The compounds belonging to Group I have the Re03 type of structure [ 15], a cubic phase 

based on comer-sharing M06 octahedra that are linked at vertices via two-coordinated 

oxygen (Figure 1.1 ). 

Unit cell contents: 
W6+: Sx(l/8) = 1 
0 2·: 12x(l/4) = 3 

Figure 1.1: Structures based on Re03 Structure, a) W03 b) AxW03 [Adapted from 
P. G. Dickens and A. M. Chippindale, Chem. Solid State Mater., 2,101, (1992)] 

Figure 1.1 (b) shows the structure of alkali metal tungsten bronze with the alkali 

metal placed in the center of the cavity. The structure of the tungsten hydrogen bronze is 
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similar to that shown above, except that the hydrogen atom is attached to one of the 

comer sharing oxygen atoms. 

Among the Group II compounds, H0_34Mo03 [16, 17] has orthorhombic geometry, 

while H1.7Mo03 [18] has a monoclinic structure. Both these bronzes have structures 

similar to a-Mo03, which has a layered structure of double chains of edge-sharing M06 

octahedra linked through vertices to form corrugated layers. a-Mo03 has three types of 

oxygen atoms- two-coordinate (02), three-coordinate (01), and terminal (03) types of 

oxygen. All the phases of a-HxMo03 have this same basic heavy-atom framework. 

H034Mo03 has hydrogen atoms located within the Mo03 layers attached to bridging two­

coordinate oxygens (02) as -OH groups [20] (Figure 1.2a). In H1.1Mo03 most but not all 

of the hydrogen atoms are located at the terminal oxygen (03) as-OH2 groups [22] 

(Figure 1.2b). The structures of the remaining phases of bronzes in Table 1 are 

undetermined in the sense that their average unit cells are still undefined by diffraction 

methods. Crystallographic data only provides the dimensions and types of Bravais lattice, 

which establishes the fact that the hydrogen bronzes are topotactically.related to the 

parent oxides, but provides no information about the exact location of hydrogen. In such 

cases, vibrational spectroscopic methods, like IR and Raman spectroscopies, and proton 

NMR spectroscopy play a key role in obtaining information about the mode of 

attachment of hydrogen. 
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Figure 1.2: (a) Structure of Ho.34Mo03, (b) Structure ofH1.7Mo03 [Adapted from 
P. G. Dickens and A. M. Chippindale, Chem. Solid State Mater., 2,101, (1992)] 

APPLICATIONS OF METAL BRONZES 

The longest known and best studied oxide bronzes are those of tungsten, but in 

recent years analogous compounds of molybdenum, vanadium, niobium, tantalum and 

titanium have been prepared and found to have similar properties. Several reviews cover 

different aspects of the hydrogen insertion compounds formed by transition metal oxides. 

Unlike their parent oxides, the hydrogen bronzes are formally mixed-valence compounds 

and are often deeply colored. They possess high conductivity and can behave as good 

metallic conductors or semiconductors. This controllable variation in electronic 

properties has been exploited in electrochromic displays, which utilize the color changes 

induced by hydrogen insertion [19]. The hydrogen bronzes can also be used to construct 

sensors that respond to conductivity or optical changes in oxides on hydrogen 

incorporation [20]. It was speculated that these hydrogen bronzes could also be used as 

hydrogen storage materials based on the hydrogen recovered from the bronzes upon 

heating in the case of favorable systems with high values of x [21]. Investigations have 
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also been carried out on the function ofHxMOn as a hydrogen source in hydrogenation 

reactions and the reactivity of the inserted hydrogen towards neutral Lewis bases such as 

NH3 and organic amines [22, 23]. 

Ion-exchange properties of bronzes can be assumed due to their ionic structure 

and have been widely reported [24, 25]. It is reported that the lattice forming ions are not 

C 

exchanged, but the protons of the water molecules are adsorbed on the surface [26] are 

exchanged according to the equation 1.2, where =W020H is the active site on the bronze 

site where the ion exchange takes place. 

(Eq. 1.2) 

The ion exchange equilibrium is given by {(100-f)/vf}= 1/Z(ce+ c0 ) where the amount of 

water(%) adsorbed on the surface is given by f; v gives the volume of the solution (cm3) 

and z gives the amount of cations bound in the monomolecular adsorption layer (the ion 

exchange capacity of the bronze in mol g-1). C0 (mol cm-3) is a parameter characteristic 

for the particular system and Ce is the equilibrium concentration of the exchanging ion in 

solution. The equilibrium concentration, Ce, can be calculated by the measurement off 

and the knowledge of the original concentration (c) of the solution and is given by the 

equation 

Ce= {(100-f)/lOO}x c 

The constants 1/z and c0 /z of the above equation are characteristic of a particular system 

[27]. The potassium ion exchanging capacity was determined for some tungsten bronze 

10 



samples in this manner and they were found to have higher iori exchanging capacity than 

the corresponding tungsten trioxide sample [27]. 

Many insertion compounds can be prepared by following ion exchange methods. 

Most of the successful reactions reported involved layered oxides rather than those 

having framework structures. In the latter case, ion exchange is usually incomplete and 

the products formed are often amorphous. One example is the exchange of hydrated 

alkali-metal cations in Nax(H20)yMo03 by ion exchange methods from an aqueous 

electrolyte [28] according to the equation 1.3 

Eq. 1.3 

The replacement of sodium ions by other alkali and alkaline earth metal ions is rapid. The 

electrolyte solutions must be buffered and neutral in order to avoid a partial replacement 

of the cations by protons [29]. Ion exchange in dilute acids produces phases 

Hx(H20)yMo03 which on dehydration produce phases of HxMo03 [30]. 

Besides ion-exchange properties, there have not been many reports that discuss the 

various types of chemical transformations that are possible using these bronzes. In this 

investigation it was determined that the bronzes could be effective for dechlorination of 

chlorocarbons and removal of heavy metal contaminants from wastewater samples. It is 

known that halocarbons and heavy metals are the most common contaminants of 

groundwater and one of the more complex technical challenges faced by scientists and 

environmental-engineers is the remediation of water contaminated with these materials. 

Earlier remediation efforts involved extraction and treatment of groundwater with the 

sole objective ofrestoring aquifers to pristine conditions. As these efforts progressed, it 

became apparent that the groundwater could not be restored to an uncontaminated 
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condition in a reasonable period of time or economically by "pump and treat" operations. 

Groundwater researchers attributed this difficulty in restoration to the complexity of the 

aquifer. Many leading environmentalists took up the challenge to advance the 

development of novel remediation techniques. One such innovative method has been the 

use of permeable reactive barriers (PRB), which has been considered by many ground 

water chemists to be one of the major advances in groundwater treatment over the last ten 

years. The concept of a PRB is a relatively simple one, in which groundwater 

contaminants are destroyed or immobilized in a subsurface treatment zone [31]. The 

PRB is placed in the subsurface to intersect the flow of the contaminant plume and it can 

typically be oriented vertically or horizontally depending on the direction of the 

movement of the contaminated plume. Figure 1.3 (a) shows the lateral orientation of a 

PRB, in which a PRB is placed downstream to a chemical plume in order to prevent it 

from migrating further. Figure l.3(b) shows the vertical orientation of a PRB, in which a 

PRB is placed immediately below a contaminant source and prevents the plume from 

entering the aquifer. Most of the known practical applications of PRB'!? have been to 

prevent laterally spreading plumes. The PRB is designed in a way such that it is 

permeable and the groundwater flow is not impeded. However, PRB's can alter existing 

ambient hydraulic conditions and care must be taken in designing a PRB so as to avoid 

any unintended consequences. 

The use of reactive barriers to prevent the spread of pollutants in aquifers is a 

promising technology that can greatly curtail any environmental endangerment. 

Furthermore, the reagents used for construction of reactive barriers are generally also 

amenable to application in pump and treat operations or for treatment ofwastewaters. In 
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1989, the use of granular iron was proposed for in situ remediation of groundwater 

containing chlorinated organic contaminants. Since that time, the technology has been 

adopted at numerous sites and has been applied to remediation of other types of organic 

compounds, inorganic species, and radionuclides [32-35]. 

Waste Area 

Aquifer 

Permeable 
Reactive 
Barrier 

Permeable Reactive Barrier 

------. ......__~-.------..... :.....,..._ ________ ....,2'---"="~--------------------
A quit a rd 

Figure 1.3: Typical Representation of Permeable Reactive Barriers (PRB): (a) 
Laterel Orientation. (b) Vertical Orientation [Adapted from S. D. Warner and D. 
Sorel in " Chlorinated Solvent and DNAPL Remediation", Edited by S. M. Henry 
and S. D. Warner, ACS Symposium Series 837, (2003), 36-50] 

In this investigation, we determined the reactivity of tungsten and molybdenum 

hydrogen bronzes to a variety of environmental contaminants such as chlorocarbons, 
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heavy metals and radionuclides. During the course of this research, other unusual and 

useful transformations of organic compounds were also discov~red. 

CONCLUSIONS 

It is concluded that the hydrogen bronzes are structurally distinct compounds with 

hydrogen directly bonded to the oxygen atoms within the oxide framework. At low 

hydrogen contents, the bronzes are considered to be mixed-valence oxy-hydroxides and 

the structures adopted contain only -OH groups. At higher hydrogen contents, -OH2 

groups are present and the compounds are considered as oxide hydrates. 

This thesis makes an attempt to discuss the various types of chemical transformations 

that take place by the use of these bronzes. The next chapter discusses the synthesis and 

characterization of these bronzes. The remainder of the thesis will be devoted to the study 

of several different types of chemical transformations that might be possible utilizing 

these bronzes. The following three chapters discuss the reactions with chloromethanes, 

chloroaromatics and alkenes, respectively. The final chapter will be devoted to the study 

of remediation ofwastewaters using these bronzes and also will discuss the feasibility of 

using these bronzes as PRB's for metal reduction. 
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CHAPTER2 

SYNTHESIS OF TUNGSTEN AND MOLYBDENUM HYDROGEN BRONZES 

BACKGROUND 

The reduction of highly valent transition metal oxides with dissociated hydrogen 

at ambient temperatures often produces non-stoichiometric hydrogen insertion 

compounds called hydrogen bronzes, having the general formula HxMOn. The structure 

of the bronzes are usually derived with small changes from the structure of the parent 

metal oxide and the amount of hydrogen inserted depends on both the structure of the 

parent metal oxide and the oxidation state of the metal in the parent metal oxide. The 

reduction of metal oxides can take place by a variety of methods such as: 

1) Hydrogen Spillover method: Hydrogen insertion takes place via heterogeneous 

reduction with H2 in the presence of a noble-metal catalyst (Equation 2.1) [1- 3]. 

W03 + x/2 H2 (g) 
Pt 

(Eq.2.1) 

2) Dissolving Metal Reduction: Reduction occurs via nascent hydrogen generated by 

reaction of an active metal with an acid (Equation 2.2) [4]. 

Zn/HCI 
(Eq. 2.2) 

3) Ion-exchange method: Hydrogen insertion compounds are formed by ion-exchange 

reactions from the corresponding alkali- or hydrated alkali-metal insertion compounds 

(Equation 2.3) [5-7]. 
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(Eq. 2.3) 

It is of importance to note that the product formed by this method retains the Li2Mo03 

structure [7 ,8], and is structurally different from the bronze formed by the Zn/HCl 

method [9]. 

4) Hydrothermal synthesis [10]: Hydrogen bronzes are synthesized hydrothermally by a 

comproportionation reaction (Equation 2.4) 

x/2Mo + (1-x/2)Mo03 + x/2H20 ------ HxMo03 (Eq. 2.4) 

5) Electrochemical reduction in aqueous media [5,11]: In this method, hydrogen can 

be incorporated into oxides of tungsten [12] and molybdenum [13) by cathodic reduction 

in aqueous solutions (Equation 2.5). Thus hydrogen bronzes of tungsten and 

molybdenum are formed electrochemically from aqueous solutions of mineral acids .. 

(Eq. 2.5) 

Most of the preparations of bronzes are carried out under an inert atmosphere 

since the majority of the hydrogen bronzes are sensitive to oxygen. The hydrogen content 

of the bronze is determined by redox titration, thermogravimetric analysis, or from the 

curve of E versus x when the electrochemical method of synthesis is used. The bronzes 

are classified on basis of their color, crystal structure and hydrogen content. Bronzes that 

differ widely in their hydrogen content show different phases and are classified 

separately. Table 2.1 shows the classification of all known phases of tungsten and 

molybdenum hydrogen bronzes. 
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Table 2.1 

Classification of hydrogen bronzes of tungsten and molybdenum 

Oxide Established Phase Range Color Crystal Structure 

0.2<x<0.43 Blue Orthorhombic 

0.85<x<l .03 Blue Monoclinic 

l.55<x<l.72 Red Monoclinic 

x=2 Green Monoclinic 

0.09<x<0.16 Dark blue Tetragonal A 

0.31<x<0.5 Dark blue Tetragonal B 

O.Sl<x<0.6 Dark blue Cubic 

The blue orthorhombic phase (0.2<x<0.43) of molybdenum bronze and the dark 

blue, tetragonal B phase (0.31 <x<0.5) of tungsten bronze were used as reagents for the 

experiments reported within this thesis. 

Most methods of synthesizing bronzes, discussed above, involved the use of high 

temperatures, corrosive-reagents and vigorous conditions. Recent research has focused on 

exploring simple means of inserting hydrogen into transition metal oxides such as Mo03 

and W03. P. G. Dickens et al [14] suggested that any reducing couple with E0 < 0.34 V 

should, in principle, reduce the above mentioned oxides and hence mild reducing agents 

could be employed for the reduction. Alcohols and glycols are excellent reducing agents 

for the preparation of metal particles from their salts[15]. Ayyappan et al [16] reported 

the successful synthesis of the transition metal bronzes by using alcohols and glycols as 
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reducing agents. In our research we extended this study further by carrying out synthesis 

by using a series of alcohols, the results of which are discussed in this chapter 

EXPERIMENT AL 

All reagents were commercial grade (ACS Reagent grade or higher) and were 

used without further purification. X-ray powder diffraction (XRD) patterns were recorded 

on a Bruker AXS D-8 Advance X-ray powder diffractometer using copper Ka radiation. 

Quantitative standards for determination of percent composition of molybdenum 

hydrogen bronze (MB) were prepared by mixing carefully weighed amounts of Mo03 

and MB. Crystalline phases were identified using a search/match program and the PDF-2 

database of the International Centre for Diffraction Data (ICDD) [17]. 

Thermogravimetric studies (TGA) were performed using 10-20 mg samples on a Seiko 

ExStar 6200 TGA/DTA instrument under a 50 ml/min flow of dry air. The temperature 

was ramped from 25°C to 600°C at a rate of 5°C/min. The surface areas were ~easured 

on a Quantachrome Nova 1200 surface area analyzer via nitrogen adsorption isotherms, 

using the BET method and six points in the range of 0.05 to 0.30 PIP 0 • 

Screening tests using various alcohols for synthesis of molybdenum hydrogen 

bronzes 

A 2.88 g. sample of molybdenum trioxide (Mo03) and alcohol were mixed in a 

1 :20 ratio in a 100 ml glass media bottle. The bottle was sealed and placed in a furnace at 

120°c for 24 hours. The bottle was then removed from the furnace, cooled to room 

temperature and the mixture was filtered through a 45 µm nylon membrane filter. The 

solid was collected, dried in a vacuum oven and the composition was determined by X-

ray powder diffraction. 

/ 
( 

'\ 
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Preparation of Molybdenum Bronze 

A round bottom flask was charged with 30.00 g ofMo03, 300 ml ofn-butanol 

and 5 ml of concentrated HCl . The mixture was refluxed for 6 hours at which time it had 

turned a very dark blue color. At this point, the reaction mixture was cooled to mom 

temperature and was filtered through a fine sintered-glass filter funnel. The dark blue 

solid was washed with n-butanol and was then dried in a vacuum oven at room 

temperature. The yield was 29.50 g (98% ±0.2). The XRD pattern of the product 

corresponded to that ofM0205(0H) in the ICDD data base. 

Preparation of Tungsten Bronze 

. Tungsten trioxide (30.0 g) and 56.8 g of granular zinc metal, 5 ml of water, and a 

large stirring bar were placed in a 1000 ml filtration flask. A paraffin oil-filled bubbler 

was attached to the flask's hose connector with a short length ofTygon tubing. Next a 

dropping funnel containing 200 ml of concentrated hydrochloric acid was placed in the 

. mouth of the flask using a one-hole rubber stopper to make an air-tight connection. The 

flask was then placed in a water bath and the hydrochloric acid was added drop-wise to 

the magnetically-stirred reaction mixture ( caution must be yXercised with this reaction 

since it vigorously evolves hydrogen gas, an explosion hazard). The yellow solid rapidly 

turned blue. After the HCl addition was complete and hydrogen evolution had stopped, 

the reaction mixture was filtered through a 45 µm nylon membrane filter and was 

thoroughly washed with water. After drying in a vacuum oven at room temperature the 

yield of dark royal blue solid was 30.5 g (99% ±0.2) (the excess mass is due to hydration 

of the product). The XRD pattern of the product corresponded to that ofW30 9(0H) in the 

ICDD data base. 
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Reactions between molybdenum hydrogen bronze and alcohols 

Reactions between molybdenun;i hydrogen bronze and alcohols were performed in 

teflon-lined stainless steel bombs using an excess of the blue reagent (2.5 g) and 0.25 g of 

the alcohol at l 50°C, under autogenous pressure. The amount of reactants and products in 

the reaction mixtures were determined by cooling the bombs, sampling the headspace 

with a gas-tight syringe, and analyzing by gas chromatography/mass spectroscopy. 

Compounds were identified by comparison of their mass spectra to the NIST database. 

Product identity was confirmed by measuring the retention times of authentic samples of 

the compounds identified by mass spectroscopy. 

RESULTS AND DISCUSSION 

This study utilized a series of test reactions between Mo03 and a variety of alcohols 

in order to determine the effectiveness of the alcohols for the production of the bronze. 

The alcohols used in this study were methanol, ethanol, propanol, isopropanol, butanol, 

isobutanol, secbutanol, tertbutanol, 3-methyl-1-butanol, allyl alcohol and benzyl alcohol. 

The reactions were carried out at 120°C for 24 h in order to limit the conversion ofMo03 

to the molybdenum bronze to less than 25%. In this fashion, the rate of the redox 

reactions were approximated by the initial slopes method. The extent of conversion of 

Mo03 to molybdenum bronze was determined by X-ray powder diffraction using the 

. 0 
areas of one X-ray reflection due to Mo03 (28 = 25.10 A) and one due to molybdenum 

bronze (28 = 26.10°A ). A calibration curve (Figure 2.1) was constructed using the raw 

data presented in Table 2.2, for six different standards. 
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Table 2.2 

XRD data for various Mo03 :Molybdenum bronze (MB) mixtures 

Mo03:MB Mo03 area MB area Ratio Mo03/MB 

80:20 21.21 75.36 0.28 

75:25 25.54 57.23 0.45 

60:40 26.63 29.11 0.92 

50:50 46.69 33.72 1.38 

60:40 48.85 24.70 1.98 

20:80 48.95 19.42 2.52 

3 

2.5 y = 0.0388x - 0.5255 

m R2 = 0.9875 
:ii: 2 -CV, 

0 
0 1.5 :ii: 

0 
1 :;:; 

ftl 
D:: 

0.5 

0 
0 20 40 60 80 100 

Percent MB 

Figure 2.1: (Graphl) Graph of Percent MB Vs. Ratio (AreaM0m/ AreaMB) 

The ratio of the areas of the two peaks was used rather than the raw areas to eliminate 

errors due to sample size or placement in sample holder. Using the linear fit to the 

calibration curve, the amount of molybdenum bronze in the products obtained from the 
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reaction of Mo03 with alcohols could be calculated using Equation 2.6. The results are 

given in Table 2.3 

% Molybdenum Bronze= (Ratio of Areas+ 0.5255)/ 0.0388 (Eq. 2.6) 

Al<;ohol 

Methanol 

Ethanol 

Propanol 

isoPropanol 

Butanol 

isoButanol 

secButanol 

tertButanol 

3-Me-1-butanol 

Methoxyethanol 

Allyl Alcohol 

Benzyl alcohol 

Table 2.3 

Percentage of bronze produced from alcohols 

Percentage Molybdenum Bronze Produced 

0 

13.6 

15.7 

0 

21.7 

3.8 

0 

0 

13.6 

12.8 

14.6 

19.4 

All of the primary alcohols with the exception of methanol were effective in the 

synthesis of the bronze with butanol giving the greatest yield of the bronze. The failure of 

tert-butanol to reduce Mo03 is not surprising since it contains no a-hydrogen atoms. The 

lack ofreaction of isopropanol and sec-butanol with Mo03 indicates considerable steric 
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constraints on the redox reaction. Indeed, iso-butanol with a methyl branch on the (3-

carbon was also ineffective for the synthesis of molybdenum br~mze. Only when the 

methyl group is introduced into the gamma position ( as in 3-Me-1-butanol) does it not 

interfere with the bronze production. The ability of alcohols to reduce Mo03 likely 

involves a carbocation mechanism in which a hydride ion is first extracted. In order to 

gain a betterunderstanding of the hydrogen insertion process, the alcohols (filtrate) 

obtained on the reaction between Mo03 and alcohols were analyzed. Aldehydes were 

found to be the major products. The results of the analysis are given in Table 2.4. 

Alcohol 

Propanol 

Butanol 

Benzylalcohol 

Table 2.4 

Analysis of alcohol used in molybdenum bronze synthesis 

Major Product 

Propanaldehyde (95%) 

Butyraldehyde (96%) 

Benzaldehyde (95%) 

Minor Product 

Di-isa-propylether, di-n-propyl 

ether, isapropyl-propylether 

(5%) 

Sec-butylether, dibutylether, 

isobutyl-butylether ( 4 % ) 

Dibenzyl eth~r (5%) 

The aldehydes are observed as the oxidation products but small amounts of ethers are 

also observed. It was suspected that the hydrogen bronze catalyzed the conversion of the 

alcohols to the ethers. This was confirmed by separate experiments between the bronze 

and alcohols (Table 2.5). 
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Table 2.5 

Results of reaction between molybdenum bronze and alcohols 

Alcohol Major Product Minor Product 

Propanol di-isopropyl ether /sopropyl-propyl ether (4%), di-propyl 

(95%) ether (1 %) 

Butanol di-secbutyl ether (97%) di-butyl ether (3%) 

Benzyl alcohol di-benzyl ether ( 99%) 

Note, that the major ether products from butanol and propanol have undergone a 

rearrangement of the alkyl groups from.primary to secondary moieties. This suggests a 

carbocation mechanism. Also, the fact that both the alkyl groups are rearranged in the 

major ether products suggests that the isomerization of alcohols occurs prior to 

condensation to the ether. Both results indicate a possible Brnnsted acid catalyzed 

mechanism that is shown in Figure 2.2 for propanol. The preponderance of diisopropyl 

ether suggests that isomerization of the alcohol occurs more rapidly than ether formation 

so that the dipropyl ether and propyl isopropyl ether are formed only in .small amounts in 

the early part of the reaction. 
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0 
PrOPr + H 

Figure 2.2: Proposed Mechanism for Reaction of Alcohols with Molybdenum Blue 

The formation of ethers in the interaction of the molybdenum hydrogen bronze 

with the alcohols suggests that the bronze has considerable acidity. This possibility was 

tested by the reaction of acetonylacetone with molybdenum hydrogen bronze. The 

interaction of acetonylacetone with both acids and bases is shown on Figure 2.3. It 

produces 2,5-dimethyl furan on reaction with an acid and 3-methylcyclopent-2-ene-1-one 

on reaction with a base. Therefore, based on the products obtained, it can readily be 

determined whether the reaction is acid catalyzed or base catalyzed [18]. 

Acetonylacetone on interaction with molybdenum hydrogen bronze produces 2,5-

dimethyl furan as the product establishing the fact that molybdenum hydrogen bronze 

possesses considerable acidic character. Reaction of the bronze with fluorescent pH 

indicating dyes established that the surface acidity of the molybdenum hydrogen bronze 

was less than O based on the change in fluorescence of Eosin Y from green to non-

fluorescent when adsorbed on molybdenum bronze [19]. 
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Figure 2.3: Interaction of acetonylacetone with acids and bases 

The reaction of alcohols with Mo03 undergoes a lag period with very little or no 

blue coloration present and undergoes rapid acceleration once the blue becomes visible .. 

This suggests an autocatalytic effect in which the molybdenum bronze catalyzes the 

alcohol/ Mo03 reaction. In keeping with its acidity, this likely occurs through protonation 

if the alcohol by the bronze. A test of this hypothesis using HCl as an acidic catalyst 

showed that all primary and secondary alcohols rapidly reduced Mo03 under acidic 

conditions. Once butanol was established to be the best alcohol for the synthesis of the 

bronze, bulk synthesis of the bronze was carried out as described earlier. Using catalytic 

amount of acid enabled rapid conversion ofMo03 to the bronze within 6 hours in 98% 

yield. Tungsten hydrogen bronze was not obtained on reaction of tungsten trioxide with 

alcohols under the reaction conditions used for these investigations, hence the tungsten 
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hydrogen bronze was prepared from zinc/HCl mixture was described earlier in 

experimental section. 

CHARACTERIZATION OF THE BRONZES 

The tungsten and molybdenum hydrogen bronzes synthesized were characterized by 

X-ray powder diffraction, infrared spectroscopy, thermogravimetric analysis and 

scanning electron miscroscopy. The BET surface areas of the bronzes were determined 

by nitrogen adsorption methods 

BET Surface Area Analysis 

The specific surface area of the molybdenum hydrogen bronze synthesized was 22.21 

m2/g (± 0.01 m2/g) and that of tungsten hydrogen bronze was 20.45 m2/g (± 0.01 m2/g) 

using 9 measurements for 9 independently synthesized samples. 

X-ray Powder Diffraction 

The X-ray powder diffraction pattern of the molybdenum hydrogen bronze obtained 

from butanol matched that of Mo20 5(0H) in the ICDD database (ICDD # 14-0041). A 

similar pattern was obtained for the molybdenum hydrogen bronze synthesized from 

zinc/HCI. 

The X-ray pattern of tungsten hydrogen bronze synthesized from zinc/HCI corresponded 

to the pattern of tetragonal W30 9(0H) in the ICDD database (ICDD # 23-1449). 

Infrared Spectroscopic Data: The infrared spectral data was obtained using KBr pellets. 

The data is as follows: 

Mo20 5(0H) (KBr/ cm-1): 3450cm-1 (w), 998 cm-1 (m), 857 cm-1 (m), 572 cm-1 (s) 

W30 9(0H) (KBr/ cm-1): 3325 cm-1 (w), 1263 cm-1 (s), 890 cm-1 (m), 425 cm-1 (w) 
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Theromogravimetric Analysis: Dickens and coworkers [20] studied the 

thermochemistry of the bronzes and found that they lose hydrogen and water fairly easily 

in vacuum and at relatively low temperature. Orterstag and Collins [21] reported that the 

bronzes decompose between 470K and 670K. Our experiments confirm the above results 

for the decomposition range for both tungsten and molybdenum bronze. 

Scanning Electron Microscopy (SEM): The morphology of the tungsten and 

molybdenum hydrogen bronzes prepared were studied by SEM. SEM images ofMo03 

and molybdenum bronze are shown in Figure 2.4 (A) and 2.4 (B) respectively. The 

images show that original size and morphology of the parent oxide are maintained in the 

bronze. The hydrogen intercalation reaction therefore proceeds without reconstruction of 

the parent oxide. This might suggest that reduction with alcohol takes place at the outside 

edges and the electrons and the hydrogen atoms are shunted inwards as the reduction 

proceeds. This could account for the fact that partial reduction gives only mixtures of 

Mo03 and HM0206 with no intermediate reduced phases. SEM images of W03 and 

tungsten hydrogen bronze are shown in Figure 2.4 (C) and 2.4 (D) respectively. The 

bronze maintains the original size of the tungsten oxide, but the surface morphology has 

changed. The parent W03 has a fuzzy surface with many small agglomerates on the 

surface. In the final products these have mostly disappeared. This suggests that a 

dissolution/ reprecipitation reaction might have led to the growth of larger particles at the 

expense of smaller particles. Also, these larger particles have numerous visible stress 

cracks. 
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Figure 2.4: Scanning Electron Micrographs {from left to right and top to bottom} 
of (A) Molybdenum Trioxide (B) Molybdenum Hydrogen Bronze (C) Tungsten 

Trioxide and (D) Tungsten Hydrogen Bronze (SEM = 5000 x magnification) 
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CHAPTER3 

REACTION OF CHLOROMETHANES 

INTRODUCTION 

Cleavage of the carbon-halogen bond is of importance from a fundamental as well 

as a practical point of view. The cleavage of this bond has played a major role in 

elucidation of the mechanism of organometallic transformations, particularly oxidative 

addition to transition metal centers [ 1]. The formation of Grignard reagents, which has 

been a mainstay of organic synthesis for over half a century takes place by cleavage of a 

carbon-halogen bond [2]. From a practical point of view, breaking of the carbon-halogen 

bond, particularly the carbon-chlorine and the carbon-bromine bond is important since 

these compounds are generally toxic and carcinogenic in nature [3]. Most of the major 

classes of erstwhile pesticides that persist in the environment are chlorocarbons [ 4]. The 

most common chemical warfare agent, mustard gas (MD) is also a chlorocarbon [4]. 

Chlorofluorocarbons also play a major role in the destruction of the ozone layer. The 

cleavage of the carbon-halogen bond can be accomplished by the use of reducing 

reagents. Therefore, such agents can play an important role in the destruction of 

environmental contaminants such as freons, chlorinated solvents, and chlorinated 

pesticides. 

The reductive transformation of chlorocarbons occurs via a number of processes. 

One interesting method of chlorocarbon reduction involves the passing of chloroorganics 

or CFCs through a packed bed of powdered sodium oxalate, (COONa)z, at 270 to 290°C 
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[5]. The generated reaction products are NaCl (as well as NaF in the case of CFCs), CO2, 

and elemental carbon. Another approach for the reductive transformation of chlorocarbons 

involves the use of base metals. For example, Gillham and co-workers reported the 

degradation of halocarbons in groundwater in the presence of galvanized steel, stainless 

steel, aluminum, and iron [6]. Tratnyek and co-workers reported the reduction of chlorinated 

methanes by iron metal [7]. Further investigation indicated that increasing the clean surface 

area of iron increased the rate of degradation and that increasing the pH decreased the rate 

of degradation. Additionally, active metals such as sodium, zinc, or aluminum are highly 

reactive with chlorocarbons [8]. They operate by dechlorinating the chlorocarbon, producing 

a metal salt. This is highly advantageous in that the metal salt can be precipitated out of 

solution to allow for easy disposal of this solid waste. Unfortunately, these metals are highly 

reactive (in some cases, explosively) with water and air. 

During an investigation of molybdate-based nucleophilic catalysts for hydrolytic 

dechlorination of chlorocarbons [9-12], a different type of reducing agent was 

discovered. In the course of this study, the use of solvents other than water was 

investigated as a means of enhancing the solubility of chlorocarbons and, thus, their 

interaction with heterogeneous and homogeneous catalysts. It was discovered that, the 

interaction of molybdenum trioxide and carbon tetrachloride in ethanol had a lengthy lag 

period in which chloride generation was gradual and the organic product was diethyl 

carbonate. However after 18 hours at 100°C, chloride generation accelerated by a factor 

of 50 and the organic product was found to be chloroform. Concomitant with this 

alteration in the dechlorination reaction was a change in color of the solid catalyst from 

white to blue. Subsequent analysis by X-ray powder diffraction and follow-up 
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experiments has shown the molybdenum trioxide had been converted to molybdenum 

blue, Mo20 5(0H) via an oxidation/reduction reaction with ethanol. This reaction is 

catalyzed by hydrochloric acid produced in the initial dechlorination process. These 

results prompted an investigation of the ability of molybdenum blue to react with 

chlorocarbons such as carbon tetrachloride, chloroform, and dichloromethane. These 

experiments and those of the related tungsten blue are reported herein. 

EXPERIMENT AL 

Hydrogen bronzes of tungsten and molybdenum were prepared according to the 

procedures given in Chapter 2. X-ray powder diffraction (XRD) patterns were recorded 

on a Bruker AXS D-8 Advance X-ray powder diffractometer using copper K, radiation. 

Gas chromatographic/mass spectroscopic analysis (GC/MS) was performed on a Hewlett 

Packard Gl800A instrument equipped with 30 m x 0.25 mm HP5 column (Crosslinked 

5% PhME silicone). The temperature program used was an initial hold of 2 min at 35°C, 

a ramp of 5°C/min to 170 °C, and a final hold of 5 min. The helium flow rate was 1 

ml/min and the injection port was set at 250°C. 

Dechlorination Reactions 

Reactions between molybdenum and tungsten blue were performed in Teflon-lined 

stainless steel bombs using an excess of the blue reagent (2.5 g) and 0.25 g of the 

chlorocarbon (CC14, CHCh, or CH2Clz). The sealed reactors were placed in a digitally­

controlled oven at various temperatures under autogenous pressure. The amount of 

reactants and products in the reaction mixtures were determined by cooling the bombs, 

sampling the headspace with a gas-tight syringe, and analyzing by gas chromatography/ 

mass spectroscopy. Compounds were identified by comparison of their mass spectra to 
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the NIST database. Product identity was confirmed by measuring the retention times of 

authentic samples of the compounds identified by mass spectroscopy. 

Dechlorination Reactions using excess chlorocarbon reagent 

Reactions between tungsten blue and the chloromethanes were performed in sealed 

glass tubes using 0.25 g. of the blue reagent and 0.25 g of the chlorocarbon (CC14, CH Ch, 

or CH2Clz). The sealed glass tubes were placed in an oven at 150°C under autogenous 

pressure. The gas chromatography/mass spectroscopy analyses of the reaction mixture 

were done as described above 

Absorption Equilibrium Constants 

Tungsten blue ( 4.5 g) was placed in a 4. 77 ml vial which was then sealed with a 

screw cap Minilnert valve. A 20 ml sample of air saturated with CC14, CHCh, or CH2Clz 

was withdrawn from a container containing the liquid chlorocarbon. The needle of the 

syringe was inserted into a vial so that it reached as close to the bottom as possible and 

then the plunger was compressed rapidly so that the vial was completely flushed with 

chlorocarbon-saturated air. In this manner, three samples of each tungsten 

blue/chlorocarbon combination were prepared along with three control samples for each 

chlorocarbon in which empty vials were used. After 12 hours equilibration at 25°C, the 

headspace of the vials were sampled with a gas tight syringe and 20 µL samples were 

injected into a GC/MS. The concentrations of the chlorocarbons were determined from 

the area of the chromatogram peaks using response factors that were obtained using 

chlorocarbon in pentane standard solutions. In the case of methyJene chloride, which co­

elutes with pentane, the response factor was determined using a saturated CH2Clz sample 

in air and the literature value for methylene chloride's vapor pressure at 25°C. The 
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amount of chlorocarbon adsorbed by the tungsten blue was calculated from the difference 

in chlorocarbon concentrations between the sample and control vials. The equilibrium 

distribution constants were then calculated as the ratio of the chlorocarbon concentration 

per gram of tungsten blue to the equilibrium gas-phase concentration of chlorocarbon. 

RESULTS AND DISCUSSION 

The reaction of molybdenum blue, Mo20 5(0H), with carbon tetrachloride at 

150°C produced tetrachloroethene (PCE) as the major product. The formation of PCE is 

also observed in reductions of carbon tetrachloride with iron metal and is believed to 

result from coupling of dichlorocarbenes to give PCE or dimerization of trichloromethyl 

radicals to yield hexachloroethane [13]; followed by reduction to PCE. Since the 

interaction of Mo20 5(0H) with CC14 in the presence of alcohols does not produce PCE 

but only CH Ch, it is likely that the dimerization of trichloromethyl radicals is the 

reaction mechanism leading to PCE formation (Figure 3.1 ). This hypothesis is reinforced 

by the fact that hexachloroethane reacts with tungsten blue to give PCE as the exclusive 

organic product. The formation of trichloromethyl radicals on the molybdenum blue 

surface suggests that the first step in dechlorination is electron transfer from a Mo(V) 

center to CC14 rather than hydride attack on the CC14• However, a condensation reaction 

between the Mo v -OH linkage to yield what is essentially a trichloromethoxide ion 

attached to a Mo(V) center is also a possibility that cannot be ruled out. Whatever the 

first step, it is apparent that hydrogen transfer to the trichloromethyl fragment to yield 

chloroform is much slower than the coupling reaction to yield tetrachloroethene. 
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Figure 3.1: Proposed Mechanism for Reaction between CCl4 and Molybdenum 

Bronze 

The formation of tetrachloroethene is unfortunate due to the fact that it is more toxic 

and refractory in the environment then CC4. In order to avoid the radical coupling 

reaction, a tungsten hydrogen bronze, W30 9(0H), was used as the hydrodechlorinating 

reagent in place of molybdenum blue. With this substitution, carbon tetrachloride was 

reduced to chloroform without any detectable carbon-carbon bonded side products. The 

effectiveness of substitution of tungsten for molybdenum for the prevention of 

tetrachloroethene formation remains to be determined. It may be due to electronic factors 

but since the materials are structurally dissimilar (molybdenum blue has a layered 

structure while tungsten blue has a 3-dimensional structure with the hydrogen atoms in 

tunnels) steric interactions may also play a role. Kinetic factors may also influence the 

product distribution since the tungsten reagent is significantly more reactive towards 

oxidants that the molybdenum reagent. 

At 150°C, the disappearance of CC4 was found to be exponential and was nearly 

complete after 24 hours (Figure 3.2(A)). A plot of the natural logarithm of the carbon 
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tetrachloride concentration versus time, shown in Figure 3.2(B), demonstrated that the 

reduction was pseudo-first-order in carbon tetrachloride and ha~ a rate constant of 

2.66x10-3 min-1 (from the slope of the graph). During the course of the reaction, the 

tungsten blue began to be converted to a yellow solid and started to display reflections in 

it's X-ray diffraction pattern that were typical of tungsten trioxide. Infrared spectroscopy 

and elemental microanalysis of the spent reagent showed no build-up of organics or 

chloride on the tungsten blue. 
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Figure 3.2: (A)Concentration of CCI4 (mole percent) versus time for reaction with 
tungsten blue at 150°C. (B) First order reaction kinetics (In of concentration versus 
time) for reaction of CCI4 with tungsten blue at 150°C. 

39 



When chloroform and methylene chloride are reacted with excess tungsten bronze the 

organic products from these reactions are either too volatile to be observed by our 

GC/MS instrument or react away at a similar rate to their formation. Significantly, 

CH2Ch was not observed as a product from CHCh, under these conditions. The pseudo 

first order rate constants for disappearance of CC14, CH Ch and CH2Ch at 150°C with 

excess tungsten bronze are given in Table 3.1. 

Chlorocarbon 

CCl4 

CH Ch 

CH2Ch 

Table 3.1 

Pseudo first order rate constants at 1S0°C 

Rate Constant (min-1) 

2.66 X 10-3 (± 0.05) 

1.93 X 10-3 (± 0.05) 

2.93 X 10-3 (± 0.05) 

The pseudo first order rate constants for disappearance of CH Ch and CH2Ch at 

150°C are l.93x10-3 (± 0.05) min-1 and 2.93x10-3 (± 0.05) min-1, respectively. The two 

rate constants are close enough to each other to expect that if methylene chloride was 

formed, its steady state concentration would have been detectable providing that both 

chlorocarbons have similar adsorption equilibria with tungsten blue (see below). Also, it 

is notable that the rate constant for the methylene chloride reaction is higher than that of 

chloroform. This is opposite what is observed in iron-mediated reduction of 

chloromethanes in which carbon tetrachloride is sequentially dechlorinated via 

chloroform to methylene chl.oride (3). For these iron reductions, the initial rate of each 

reaction step became substantially slower with each step so that carbon tetrachloride 
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typically disappeared in several hours but no significant reduction of methylene chloride 

was observed after one month. These dissimilarities are suggestive of different solid­

state reaction mechanisms (including adsorption equilibria) for the W 309(0H) reactions 

with CH Ch and CH2Ch. In order to try to shed some light on the mechanism of the 

chloroform reaction, deuterochloroform was used as a substrate to see if there was an 

isotope effect. It was found that CDCh reacted at the same rate as CHCh and this 

absence of an isotope effect demonstrates that the cleavage of the C-H bond is not 

involved in the activated complex of the rate-determining step. Therefore, a possible 

mechanism where the hydrogen is abstracted leading to formation of dichlorocarbene in 

the rate-limiting step may be ruled out. The absence of an isotope effect however 

prompted carrying out the dechlorination reactions with an excess of halocarbon so that 

the initial halocarbon can effectively compete to adsorption and reactive sites on the 

bronze. In this manner, CH2Ch was found in the reaction products from CHCh and 

CH3Cl was detected in the CH2Ch reaction. CC4 was found to dechlorinate sequentially 

as CCl4=> CHCh=> CH2Ch=> CH3Cl, eventually producing methane. 

The apparent activation energies for the reactions of methylene chloride, chloroform 

and carbon tetrachloride with tungsten blue were determined by measuring the pseudo 

first order rate constants for three temperatures over a range of temperatures from 140-

1700C. An Arrhenius plot of In k versus 1/T yielded straight lines with slopes that 

corresponded to activation energies of 104 kJ/mol and 122 kJ/mol for CHCh and CC4, 

respectively. Table 2 shows the apparent activations energies for the chlorocarbons used 

in this study. 
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Chlorocarbon 

Table 3.2 

Apparent Activation Energies of Chloroc~rbons 

Activation Energy (kJ/mol) 

122 (± 0.5) 

104 (± 0.5) 

-12.6 {± 0.5) 

Methylene chloride was actually found to react faster at lower temperatures and thus 

displayed a negative apparent activation energy. This occurs in heterogeneous reactions 

when the adsorption enthalpy, a negative number, is higher in magnitude than the true 

activation energy for the rate-controlling reaction step. In this situation, the apparent 

activation energy ( equal to the sum of the adsorption enthalpy and the true activation 

energy) becomes negative. This means that adsorption equilibria play an important role in 

the tungsten blue/chlorocarbon reactions. For this reason, the equilibrium adsorption 

constants for CH2Ch ,CHCh and CC4 on tungsten blue were determined by equilibrating 

chlorocarbon-saturated air with tungsten blue. The results of this characterization are 

presented in Table 3 and the constants are reported both in terms of per gram of catalyst 

and per unit surface area (the specific surface .area of the tungsten blue was found to be 

20.43 m2g-1). 
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Table 3.3 

Adsorption Data for Cblorocarbons onto Tungsten Blue at 25°C 

Chlorocarbon Surface Gas Phase Ko Ko 
Concentration Concentration (L/m2) (L/g) 
(mmol/m2) (mmol/L) 
0.0297 4.21 7.05 X 10-3 0.144 

CH Ch 7.30 X 10-5 2.81 2.60 X 10-5 5.31x10-4 

9.67 X 10-5 1.42 6.83 X 10-5 1.40 X 10-3 

It was determined that the adsorption constants for CHCh and CC4 were 

comparable to each other with the latter chlorocarbon having a slightly higher (2.6 times) 

adsorption constant. The higher adsorption constants for the more chlorinated compound 

is in keeping with Van der Waals forces being primarily involved in binding the 

chlorocarbons to the tungsten blue surface. By comparison, the Ko for adsorption of CC14 

onto U02, calculated from Stakebake and Goad's data [14], is 5.10 xl0-3 L/m2. However, 

this result is for CC1JU02 equilibria in the absence of air, so the lower value found in this 

study is not unexpected. In this experiment, the surface coverage by CC14 is much less 

than a monolayer (2.15%) based on the theoretical area ofCC14 being 37 A2. It is quite 

likely that the CC14 occupies specific sites on the tungsten blue in accordance with 

Machin's observation that CC4 is adsorbed onto metal oxides in a localized manner and 

is dependent on the adsorbent structure [15]. Interestingly, methylene chloride has a 

much higher adsorption constant onto tungsten blue as compared to chloroform and 

carbon tetrachloride. The stronger binding of methylene chloride to tungsten blue is in 
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agreement with the observation of negative activation energy for the reaction between the 

two materials. More importantly, the fact that Ko for CH2Clz is 271 times that of CH Cb 

can explain why methylene chloride is not observed in the reduction of chloroform in 

presence of excess bronze. The higher binding of CH2Clz would allow it to be 

preferentially reduced providing that both chlorocarbons were competing for the same 

binding sites. Since the rate constant for the CH2Clz is greater than the rate constant for 

CH Cb, the steady state concentration of CH2Clz is low when the reaction of CH Ch is 

carried out using a large excess of tungsten blue. This also explains why CH2Clz is not 

observed in the reduction of CH Cb, when using excess reagent. 

Mechanistic Studies 

The reaction of carbon tetrachloride with tungsten bronze was chosen as a model 

reaction by which an attempt was made to propose a mechanism for the reaction. In order 

to predict a mechanism for the dechlorination reactions with tungsten bronze, it became 

necessary to take stock of the experimental evidence gathered so far: 

1) Reactions carried out by varying the amount of tungsten bronze and varying CC14 

concentrations establish the process to be first order in both reactants, thus the rate 

law can be given by rate= k{Tungsten bronze)(CC4) 

2) The only direct product observed for the reduction of CC4 is CH Ch, and is 

typical of the product derived from free organic radical intermediates. Similar 

reactivity has been observed in the reactions between alkyl halides and 

polyoxotungstates. Some of the reduced polyoxotungstates have been known to 

reduce organic radical intermediates to carbanions in solvents such as 

acetonitrile [16]. 
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3) The best evidence for the presence of radical intermediates in dechlorination 

reactions can be obtained by trapping the intermediates with a variety of radical 

scavengers. However, no significant information could be obtained since in all 

cases tried, reaction of tungsten bronze with the scavengers was faster than the 

reaction with CC14. This was also observed in the reactions of reduced 

polyoxotungstates with alkyl halides [17]. 

In an earlier research by Sattari and Hill [18], the fate of such radicals was 

determined by carrying out a reaction between polyoxotungstates and 2-methyl-2-

phenyl-1-chloropropane ( commonly called neophyl chloride, CPPM). The 

corresponding radical, neophyl radical, is known to rearrange by a 1,2-phenyl shift to 

the benzyldimethylcarbinyl radical. The oxidation of this radical takes place 

simultaneously and results in the benzyldimethylcarbinyl carbocation, which further 

produces well-documented products (the major product is the thermodynamically 

most stable alkene). Alkyl radicals and carbocation intermediates were ruled out for 

dechlorinations carried out using polyoxotungstates based on these experimental 

results [18]. In order to find out if dehalogenations with tungsten hydrogen bronze 

followed a similar pathway, the reaction between CPPM and tungsten hydrogen 

bronze was performed under the experimental conditions used in this study. The 

various products obtained from this reaction are shown in Figure 3.3. 
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Figure 3.3: Reaction between 2-methyl-2-phenyl-1-chloropropane and tungsten 
hydrogen bronze 

The formation of isobutylbenzene along with the most substituted alkene provides 

the evidence for the presence of both alkyl radicals and carbocation intermediates. 

Also observed are electrophilic aromatic substitution products from the reaction of 

carbocations with CPPM. Isomers of CPPM (species with 168 AMU parent ions and 

one chlorine present) are also observed by GC-MS analysis. These may be due to 

reactions of the alkene products with the evolved HCI. The results suggest that the 

initial reaction between CPPM and the bronze results in hydrodechlorination to yield 

the neophyl radical. This radical in subsequently oxidized by the bronze to the 
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carbocation. Experimental data obtained from pulse radiolysis studies [ 19], kinetic 

and product analysis studies [20] suggest that the oxidized forms of some 

polyoxotungstates oxidize organic radicals to carbocations at very high rates in 

solution. 

All the data collected upto this point suggest that the reductive dehalogenation 

reactions proceed via the formation of radical intermediates. Generation of these 

species via dehalogenation reactions can proceed through two mechanisms, the 

electron transfer mechanism (ET) and the atom transfer process (AT). The general 

reaction pathway for reductive dehalogenation occurring through both ET and AT 

processes is shown in Figure 3 .4 
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Figure 3.4: AT and ET mechanisms for reductive dehalogenations 

The experimental evidence and background information available from literature. 

do not allow us to rule out either electron transfer process or atom transfer process as 

operable for the dehalogenations of chloromethanes using tungsten hydrogen bronzes. 

The decreasing rate of dehalogenation with increasing degree of chlorination suggests an 
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AT mechanism. If it were ET one would expect the rate of reduction of the more easily 

reduced CC14 to be the fastest. However, more experimental information needs to be 

gathered to ascertain the mechanism. The best approach would be to use deuterated 

tungsten or molybdenum bronze to see ifthere is an isotope effect. 

CONCLUSIONS 

Molybdenum bronze was found to be unsuitable for reductive dechlorination of 

carbon tetrachloride in the absence of a solvent to act as a proton donor because coupling 

reactions dominated to produce tetrachloroethylene. Tungsten bronze, on the other hand, 

cleanly converted the chloromethanes according to the sequence CC14~ CHCh~ 

CH2Ch~ CH3Cl, eventually producing methane. Adsorption equilibria suggest that 

chloroform is reduced to methylene chloride but the latter compounds is preferentially 

reduced further because of it's stronger binding to tungsten bronze. The dehalogenations 

are fairly slow and follow a pseudounimolecular rate law, when excess of tungsten 

bronze is used. The carbon-halogen bond cleavage involves either halogen atom 

abstraction (atom transfer) or, electron transfer, which is dissociative in nature, in the rate 

determining step. More experiments are required to establish the exact process. These 

reagents show promise for reductive dechlorination reactions but the slow kinetics at 

ambient temperature might be restrictive for their environmental applications. Their 

ability to strongly adsorb chloromethanes may be a mitigating factor that would allow 

sufficient contact time between the reducing agent and the substrate in aquifers to allow 

chlorocarbon reduction to occur. 
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INTRODUCTION 

CHAPTER4 

REACTIONS OF BENZYLIC HALIDES 

Transition metal catalyzed dehalogenative coupling of organic halides, resulting 

in the formation of carbon-carbon bond is of great importance to organic chemistry [ 1]. 

These metals in low oxidation states haye been extensively used as reagents for reductive 

coupling of benzylic halides. The earliest known coupling process to convert aromatic 

halides to coupled aromatic hydrocarbons utilized copper powder and was reported by 

Ullman in 1901 [2]. Since then, titanium [3], vanadium [4], chromium [5], tungsten [6] 

and nickel [7] have been used for the reductive coupling ofbenzylic halides. These 

catalysts could be prepared in situ by reducing the respective metal halide with strong 

reducing agents like lithium aluminium hydride or lithium metal in presence of 

naphthalene. 

Metal complexes of nickel(!) [8, 9], cobalt(!) [10] and vanadium (II) [11] or metal 

carbonyls of nickel [12 ], cobalt [13], iron [14], molybdenum [15] and tungsten [6], as 

well as metallic iron [ 16] and nickel [ 1 7] have also been utilized as reagents for the 

reductive coupling ofbenzylic mono- and polyhalides. The biggest disadvantage of using 

most of the above coupling reagents was the moderate to low yields due to side reactions 

(e.g., the formation of toluene derivatives from hydrogenation ofbenzylic halides). 
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Another disadvantage was that the low-valent reagents prepared by the lithium 

aluminium hydride reduction of metal halides were incompatible with functional groups 

such as nitro or cyano. The cobalt (I), vanadium (II) complexes, and metallic iron were 

efficient in producing coupled products with benzylic halides, however, the examples 

reported were limited to only benzylic halides that did not contain nitro or cyano groups. 

Tungsten and molybdenum carbonyls were also reported as homocoupling reagents but 

their reactivity towards sensitive functional groups has not yet been reported. Tungsten 

carbonyls and tungsten hexachloride-lithium aluminium hydride (WC16-LiAlH4) systems 

have been found to cause coupling of benzylic dihalides and benzylic mono halides to 

give olefinic and bibenzyl derivatives, respectively [6]. Based on the experimental 

evidence, the reaction was believed to proceed via the formation of a carbene 

intermediate [ 6]. 

The dehalogenation of chlorocarbons such as carbon tetrachloride and chloroform 

using tungsten and molybdenum hydrogen bronzes was discussed earlier in Chapter 3. It 

was shown that the carbon tetrachloride reduction with tungsten hydrogen bronze 

produced chloroform as the major product while the reduction with molybdenum 

hydrogen bronze produced tetrachloroethene as the major product. Hence, tungsten 

bronze produced the hydrogenated product as the major product whereas molybdenum 

bronze produced the coupled product as the major product. The next logical step was to 

test the effectiveness of the tungsten and molybdenum hydrogen bronzes for the 

reduction of aryl halides such as benzylic mono and poly halides. This chapter addresses 

the results of such reactions. 
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EXPERIMENT AL 

The molybdenum and tungsten bronzes, used here as red_uctive coupling agents, 

were prepared according to the procedures reported earlier in Chapter 2. X-ray powder 

diffraction (XRD) patterns were recorded on a Bruker AXS D-8 Advance X-ray powder 

diffractometer using copper K,c radiation. Gas chromatographic/mass spectroscopic 

analysis (GC/MS) were carried out on a Hewlett Packard G1800A instrument equipped 

with 30 m x 0.25 mm HP5 column ( crosslinked 5% PhMe silicone). The temperature 

program followed was an initial hold of 2 min at 70°C, a ramp of 5°C/min to 270°C, and a 

final hold of 10 min. The helium flow was 1 ml/min. The injection port and detector were 

set at 250°C and 280° C respectively. 

Reactions of the benzylic mono- and polyhalides with the metal bronzes 

The reduction reactions were carried out in Teflon-lined stainless steel bombs 

using an excess of the blue reagent (2.5 g) and 0.25 g of the chloro-aromatic compound. 

These reactors were sealed and placed in a digitally-controlled oven at various 

temperatures under autogenous pressure. The amount of reactants and products in the 

reaction mixtures were determined by cooling the bombs, extracting with methylene 

chloride, sampling 1 µl of this extract with a syringe, and analyzing by GC/MS. 

Compounds were identified by comparison of their mass spectra to the NIST database. 

Product identity was confirmed by measuring the retention times of authentic samples of 

the compounds identified by mass spectroscopy. For the reaction ofbenzyl chloride with 

tungsten bronze, the polymeric product obtained was purified by evaporation of the 

methylene chloride filtrate and redissolution in benzene, washing with water, drying over 

magnesium sulfate, and was finally precipitated by pouring into excess methanol. The 
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polymer thus precipitated was washed several times with methanol and dried in a vacuum 

oven. The purified polymer was used for the determination of its thermal stability, IR and 

elemental analysis. A polymer prepared by the reaction of benzyl chloride with FeCh and 

was used to compare the IR data with that of the polymer prepared by using tungsten 

bronze. 

RESULTS AND DISCUSSION 

Table 4.1 

Reactions Between Molybdenum Bronze and Benzylic Halides 

Benzylic Halide 

a,a,a trichlorotoluene 

a,a,- dichlorotoluene 

benzyl chloride 

Product 

Benzoic acid (100%) 

Benzaldehyde (100%) 

Polybenzyl (100%) 

Table 4.1 shows the results of the reactions between the benzylic halides and 

molybdenum hydrogen bronze. a,a,a trichlorotoluene produces benzoic acid exclusively 

whereas a,a,-dichlorotoluene and benzyl chloride produced benzaldehyde and a 

polymeric product, respectively. These results suggest that molybdenum bronzes 

underwent substitution reactions with benzylic polychlorides to transfer a hydroxide and 

produce the hydrolysis products. The dehydroxylation of molybdenum bronze yielded a 

black solid that had a XRD pattern that did not match any known molybdenum 

containing phase. Dissolution in base followed by chloride analysis by ion selective 

electrode demonstrated a 15% chloride content. On this basis, it may be concluded that 

the product was a reduced molybdenum oxychloride, a previously unknown type of 
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molybdenum bronze. Since no coupled products were observed, the molybdenum 

bronzes could not be used as reagents for coupling of benzylic di- and tri- halides. 

However, they are effective for neutralizing these toxic compounds. Tungsten hydrogen 

bronze, on the other hand, reacted differently with the benzylic halides and produced 

coupled products, the results of which are given in Table 4.2 . 

Table 4.2 

Reactions Between Tungsten Bronze and Benzylic Halides 

Benzylic Halide 

a,a,a trichlorotoluene 

a,a,- dichlorotoluene 

benzyl chloride 

Product 

cis- and trans-1,2 -dichloro-1,2-diphenylethene ( 100%) 

trans-stilbene (77%), cis-stilbene (12%), 1,2-dichloro-1,2-
diphenylethane (11 %) 

Polybenzyl (100%) 

The reaction of a,a,a trichlorotoluene with tungsten hydrogen bronze resulted in 

the formation of a mixture of cis- and trans-1,2 -dichloro-1,2-diphenylethene (Figure 

4.1 ). No diphenylacetylene was detected by GC/MS analysis. The cis- isomer was the 

major product and was obtained in 85% yield while the trans isomer was obtained in 15% 

yield. 

--~---qp/J I/ ~ + 0- Tungsten bronze 
\ I CCl3 
,, 11 100°C, 1 hr. Cl Cl 

major minor 

Figure 4.1: Reaction between tungsten bronze and a,a,a trichlorotoluene 

The formation of the cis isomer suggests a surface-mediated coupling which would favor 

a mechanism in which the phenyl groups are facing away from the surface. 
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a,a,- dichlorotoluene gave cis-stilbene as the major product in 77% yield. Small 

amounts of the trans-stilbene (12 %) and l,2-dichloro-1,2-diphenylethane (11 %) were 

also produced in minor amounts (Figure 4.2). This result suggests that the dichloroethane 

derivative is formed first followed by hydrodechlorination to the stilbenes (Figure 4.3). 

Tungsten bronze 

100°c, 1 hr. qp+ 
H H 

77% 

+ 

12% 

Figure 4.2: Reaction between tungsten bronze and a,a dichlorotoluene 

11% 

Reductive coupling ofbenzylic polyhalides is known to occur either via a carbene 

or carbene-transition metal intermediate, or via a step-by-step dehalogenation 

mechanism. Coffey suggested a carbene mechanism for the reaction catalyzed by iron 

pentacarbonyl [14]. Later, carbenoid and carbene-transition metal complex intermediates 

were suggested on basis of trapping of the cyclopropane derivatives in the reaction of 

Ni(COD)z, Fe(C0)5, Co2(C0)9 [18] or W(C0)6 [6] with benzylic dihalides. A step-by-

step mechanistic pathway was also suggested for the reaction of benzylic polyhalides 

with Co2(C0)8 [13] or metallic iron [19]. 

The reaction of a,a,a trichlorotoluene with tungsten hydrogen bronze was carried 

out in the presence of an excess of an electron-deficient olefin ( cyclohexene) in order to 

attempt the trapping of a possible carbene intermediate. The formation of a cycloadduct 

could not be detected and hence the possibility of the reaction proceeding through a 

carbene intermediate was ruled out. The presence of cycloadducts could also not be 

detected in the reaction between tungsten bronze and a,a dichlorotoluene. 
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The coupling reaction between a,a,a trichlorotoluene and tungsten bronze, 

carried out under milder conditions ( 60°C, 1 hr), was found to produce 1, 1-diphenyl-

1, 1,2,2,-tetrachloroethane as the major product (70% yield). Hence, the reactions 

between tungsten bronze and benzylic tri-halides were believed to proceed in a stepwise 

manner as shown below (Figure 4.3). 

Tungsten Bronze 

100°C ,. [PhyCl-yCIPhJ----PhCCl=CCIPh 
Cl Cl 

P C Tungsten Bronze l ] hCH 12 --10-0-oc----• PhyH-yHPh ----- PhCH=CHPh 
Cl Cl 

Figure 4.3: Stepwise mechanism for reaction between tungsten hydrogen bronze 
with a.,a.,a. trichlorotoluene and a.,a. dichlorotoluene 

1,2,-dichloro-1,2,-diphenylethane reacted with tungsten bronze at 1 oo0c, to yield 

cis-stilbene (90% yield) and a small amount of trans-stiibene (10%). This result 

established that the second step in dehalogenation reactions of benzylic dihalides 

( a,a dichlorotoluene) with tungsten bronze proceeds by the sequence of reactions shown 

above (Figure 4.3). 

The reaction of benzylic monohalides with tungsten or molybdenum bronze 

however did not produce bibenzyl (the homocoupled product expected) or toluene (the 

product expected ifreduction reaction were to occur). The product actually obtained was 

a polymeric product, identified as para substituted benzyl polymer by infrared 
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spectroscopy. A similar reaction was observed on reaction ofbenzyl chloride with 

molybdenum hydrogen bronze. 

Tungsten bronze 

100°c, 1 hr. 

Figure 4.4: Reaction between benzyl chloride and tungsten bronze 

Benzyl chloride, in presence of Lewis acid catalysts is known to undergo a self 

condensation reaction to produce polybenzyl with the evolution ofHCl gas as shown in 

Equation 4.1. 

(Eq. 4.1) · 

The formation of polybenzyl is known to be a predominant side reaction in the 

various homogeneously [20, 21] and heterogeneously [22- 24] catalyzed benzylation 

reactions of aromatic compounds. Choudhary et al [24, 25] reported polycondesation 

reactions over Fe, Ga and In-containing solid catalysts and also studied the effect of 

temperature and solvent on the rate of these polycondensation reactions. 

The polycondensation ofbenzyl chloride is believed to follow a typical Friedel-

Crafts mechanism wherein the first step is the formation of a stable benzyl carbonium 

ion. In the second step, another molecule ofbenzyl chloride attacks the benzyl carbonium 

ion to form a dimer as shown in Figure 4.5. The dimer once formed competes with the 

benzyl chloride to be attacked by the benzyl carbonium ion. Earlier studies by Hass et al 

[26] showed that the presence of the chlorine atom in benzyl chloride considerably 

reduces its affinity to be attacked by the benzyl carbonium ion. At such a time, the dimer 

present is presumed to be preferentially attacked by the benzyl carbonium ion. Hence, the 
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reaction proceeds to form a polymer, rather than forming a simple dimerized product. 

The proposed mechanism is shown in Figure 4.5. The formation of radicals by 

hydrodechlorination followed by their conversion to cations by oxidation was observed 

for the reaction of 2-methyl-2-phenyl-1-chloropropane (CPPM) with tungsten bronze 

(Chapter 3). The formation of a benzyl radical is supported by the identification of 

bibenzyl in the reaction of benzene with benzyl chloride catalyzed by tungsten bronze 

(see Table 4.3) 

(±) 
C5H5CH2 

1 C5H5CH2CI 

(±) 
C5H5CH2-C5H4CH2CI + H 

Figure 4.5: Proposed Mechanism for reaction between benzyl chloride and tungsten · 
bronze 

The product obtained was characterized by infrared spectroscopy and thermal 

gravimetric analysis. A similar polymer was prepared by carrying out a reaction between 

benzyl chloride and FeCi). The infrared spectra of the polymer prepared by both the 

methods matched perfectly, indicating that the product obtained from both the reactions 

was the same. Thermogravimetic analysis of the polymer showed that it was stable up to 

400°C beyond which it starts decomposing, undergoing complete combustion by 595°C. 

In order to confirm that Friedel-Crafts products are the major products of this 

reaction, a reaction between benzyl chloride and benzene was carried out under exactly 

the same reaction conditions. The product obtained was diphenylmethane confirming that 

the reaction proceeds via the Friedel-Crafts pathway. Similar benzylated products were 

obtained on reaction of other aromatic substrates with benzyl chloride, the results of 

which are shown in Table 4.3 
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Substrate 

Benzene 

Toluene 

Anisole 

Napthalene 

Table 4.3 

Reactions between Benzyl Chloride and Aromatic Substrates 

Product 

Diphenylmethane (95%), bibenzyl (5%) 

4-benzyl toluene ( 65% ), 2-benzyl toluene (31 % ), 4-phenyl toluene (3% ), 

I-phenyl toluene (1 %) 

4-benzyl anisole (62%), 2-benzyl anisole (35%), 4-phenyl anisole (3%) 

2-benzyl naphthalene (55%), 1-benzyl naphthalene (45%) 

The experimental results obtained thus far suggest that the reaction ofbenzyl chloride 

with tungsten bronze follows the normal electrophilic substitution mechanism and the 

polymerized product obtained is formed due to the attack of the benzyl carbonium ion on 

the benzyl chloride. The effect of substituents at various positions on the substrate was 

studied in this investigation and the results are shown in Table 4.4. 

60 



Table 4.4 

Reactions ·of various benzylic monohalides with tungsten bronze 

Substrate Polymeric Oligomers Alkylbenzenes 
Product ( dimers + trimers) 

Benzyl chloride 100% 0% 0% 

2-Me-benzyl chloride 78% 0% 22% 

4-Me-benzyl chloride 82% 0% 18% 

4-Cl-benzyl chloride 70% 0% 30% 

2,6-dimethyl benzyl 73% 0% 27% 
chloride 

2,4-dimethyl benzyl 0% 66% 34% 
chloride 

2,4-difluorobenzyl 0% 62% 38% 
chloride 

Substituents on the aromatic substrate do influence the product distribution from 

the substitution reaction. For example, benzyl chloride produces the polymer in nearly 

quantitative yield, while other substituted benzylic monohalides such as 4-methyl benzyl 

chloride, 2-methyl benzyl chloride undergo electrophilic aromatic substitution reaction to 

produce both polymer and minor amounts of alkyl benzenes. The latter result from 

hydrogenative dechlorination, so that, for example, o-xylene was produced from 2-

methyl benzyl chloride and 4-methyl benzyl chloride produced p-xylene. The aromatic 

carbon-halogen bonds of the chloro- and fluoro- derivatives ofbenzyl chloride were 

unreactive towards tungsten hydrogen bronze. In general, substitution in the 2- position 

of the aromatic ring leads to oligomers, possibly due to steric and inductive effects. The 

polymerization termination step is hydrodechlorination, so, in the cases where oligomers 
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are observed (2,4-dimethyl benzyl chloride and 2,4-difluorobenzyl chloride), yields of the 

alkylbenzenes are also high. 

The reaction between cc-chloroisodurene and tungsten bronze gave unexpected 

products (Figure 4.6) and was therefore studied in greater detail, so as to see the effect of 

reaction time on the products obtained. Eight sets of batch reactors were set up to carry 

out 8 simultaneous reactions between 0.25 g of cc-chloroisodurene and 2.5 g of tungsten 

hydrogen bronze according to the procedure described in the experimental section. One 

batch reactor was removed from the furnace at time intervals of 15 min, 30 min, 60 min, 

90 min, 120 min, 150 min, 300 min and 600 min. The products were analyzed as 

described in the experimental section. The general reaction of cc-chloroisodurene with 

molybdenum bronze is shown in Figure 4.6 

3MB 

6MB 

2 isomers 

Dimers + Trimers of the starting 
materials that have lost one or more 
methyl groups 

Figure 4.6: Reaction of ac-chloroisodurene with Tungsten Bronze 

cc-chloroisodurene reacts with tungsten bronze to produce a variety of products 

that include trimethyl benzene (3MB), two isomers oftetramethyl benzene (4MB), 

pentamethylbenzene (5MB), hexamethylbenzene (6MB) and dimers and trimers of the 
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starting compound that have lost one or more methyl groups. For sake of simplicity the 

products were classified broadly into two categories. The methyl benzenes (3MB, 4MB, 

5 MB and 6MB) were grouped together while the dimers and trimers of the starting 

compound were grouped separately (PAM). Table 4.5 shows the percentage of various 

products formed as a function ofreaction time. A graph of the percentages of oc­

chloroisodurene and the reaction products obtained versus time is shown in Figure 4. 7. 

As seen from the plot shown in Figure 4.7 and Table 4.5, oc-chloroisodurene 

reacts almost completely within a reaction time of 10 hours. The yield of the 

alkylbenzenes was 48% while the yield of the oligomerized product was 51 %. The 

formation of coupled products takes place at short reaction times and seems to be the 

major product initially formed. At the start, the reaction probably proceeds by 

electrophilic aromatic substitution. This is supported by the detection of small amounts 

of the chloroaromatic derived from Friedel-Crafts alkylation of chloroisodurene with 

another chloroisodurene. However, this appears to react rapidly with another 

chloroisodurene to produce a trimer that is the first identifiable coupled product. This 

trimer is unusual in that it appears to have been demethylated, having a mass that 

corresponds to the loss of one methyl group. This result suggests that addition of the 

second tetramethylbenzyl group proceeds by displacement of a methyl group rather than 

a proton. The initially formed product appears to react away with time. The percentage 

of alkylbenzenes formed increases with time and finally at the end of 10 hours, the 

percentages of starting compound, alkylbenzenes and oligomers are 0.85, 47.67 and 

51.48 respectively. Using FeCb instead of the bronze, the major product obtained is a 

trimer of the starting compound minus a methyl group. 
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Table 4.5 

Reaction between 0.25 g of oc:-chloroisodurene and 2.5 g of Tungsten Hydrogen 

Bronze at 1 oo0 c 

Time (min) oc:-chloroisodurene Alkyl Benzenes (%) PAM(%) 

15 

30 

60 

90 

120 

180 

300 

600 

(%) 

50.14 

39.06 

25.99 

18.99 

9.84 

4.24 

2.08 

0.85 

100 

90 
80 

~ 70 - ........ 

1.86 

2.08 

4.66 

12.98 

24.32 

33.93 

40.66 

47.67 

49 

58.86 

69.35 

68.03 

65.84 

61.83 

57.26 

51.48 

__.,_ Chloroisodurene 

-+-Alkylbenzenes 

-•-PAM 

Cl) 60 
C) 
Ill .. 

I -· --. . ---·--------. 
C 
Cl) 
u ... 
l_ 30 

20 
10 

0 100 200 300 400 500 600 

Time (min) 

Figure 4. 7: Graph of oc:-chloroisodurene reaction with tungsten hydrogen bronze 
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It has previously been shown that the reaction of polymethylbenzenes with 

concentrated sulfuric acid gives rearranged polymethylbenzenesulfonic acids. Under 

identical conditions halogenated polymethylbenzenes undergo isomerization as shown in 

Figure 4.8. Such a rearrangement is known as Jacobsen Rearrangement [27] and is 

believed to proceed by displacement of methyl cations by protons followed by 

realkylation. 

Me e Me 

Me Me Me 

Me 

Me Me Me Me e Me 

2 + 

Me Me 
Me 

Figure 4.8 : General reactions of polyalkylbenzenes with acids 

Many alkyl-aromatics are known to isomerize under acidic conditions and the 

alkyl group migrates from one aromatic ring to another. The reaction of 

oc-chloroisodurene with tungsten bronze is believed to proceed by this alkylation­

dealkylation mechanism and is a consequence of the high acidity of the bronze. 

Therefore, an experiment was carried out between durene and tungsten bronze to see if 

the scrambling of the methyl groups took place. It was found that this did indeed occur 
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and the products produced were 2,4,6-trimethylbenzene (25%); 1,2,4,5- and 1,3,4,5-

isomers of tetramethylbenzene (30% ); pentamethylbenzene ( 15% ); hexamethylbenzene 

(30%) and a mixture of diarylmethanes (10%). 

Reactions between oc-chloroisodurene and tungsten bronze were also carried out 

in presence of the activated aromatic substrates, benzene, naphthalene, and anisole. 

Ar-CH2 --Ar products were obtained as the major product along with trimethylbenzene 

and the "normal" aromatic electrophilic substitution products (Ar-CH2C6H2(CH3)3). The 

general reaction is shown in Figure 4.9. Deuterium incorporation into the bridge was not 

observed when deuterated aromatic substrates were used. The proposed mechanism for 

the formation of Ar-CH2 --Ar is shown in Figure 4.10. 

CH3 

CID 

CH3 Ar 

100°c Ar-CHrAr + I + Other Products 
H3CVCH3 

Ar = anisole or napthalene ~ 

CH3 

3MB 

Figure 4.9 Reaction between CID and tungsten bronze in presence of aromatics 

Table 4.6 
Reaction between oc:-chloroisodurene and tungsten bronze in anisole 

Product 

1,3,5-trimethylbenzene 
a-substituted Ar-CH2-Ar 
p-substituted Ar-CH2-Ar 
Ar-CH2C6H2(CH3)3 
Trimers 

Percentage (%) 

20 
25 
40 
9 
6 
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CH2CI 

-HCI 

-Mo03 

+ 

Figure 4.10: Proposed mechanism for the formation of Ar-CH2 -Ar 
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CONCLUSIONS 

Molybdenum bronze was found to be useful for the conversion of benzylic halides 

to relatively non-toxic species by either polymerization or by the replacement of the 

halide by hydroxide and subsequent condensation. The latter products were obtained 

along with a novel molybdenum oxychloride. Tungsten bronze, on the other hand, 

produced a mixture of cis and trans dichlorostilbenes from a,a,a trichlorotoluene. It also 

reacted with a,a, dichlorotoluene to produce cis-stilbene as a major product. A step-wise 

mechanism was suggested for these reactions on basis of absence of addition products 

when the reaction was carried out in presence of electron deficient species like 

cyclohexene. The reaction of the bronzes with benzyl chloride however produced a 

polymeric product and the reaction is believed to proceed via the formation of a benzyl 

carbonium ion followed by Friedel-Crafts aromatic substitution. These results show that 

tungsten bronze is an effective reagent for the reductive coupling reactions of benzylic 

polyhalides and that the reaction follows different mechanisms for the reaction with 

benzylic monohalides versus those of the benzylic polyhalides. Tungsten bronze was 

also found to be an effective reagent for catalyzing Jacobsen's rearrangement of poly 

substituted aromatics. 
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CHAPTERS 

REACTION OF ALKENES WITH MET AL BRONZES 

BACKGROUND 

During the investigation of the dechlorination of CCl4 by molybdenum bronze 

(Chapter 3), one possible mechanism that was investigated was the formation of 

dichlorocarbene as a reaction intermediate. Such an intermediate could dimerize or react 

with HCl to yield tetrachloroethylene or CHCh, respectively. Therefore an attempt was 

made to trap the carbene by reaction with norbomene leading to a characteristic 

cyclopropane [1]. However when norbomene was added to a tungsten bronze/CCl4 

reaction, analysis of the reaction mixture showed that norbomene completely and cleanly 

converted to norbomane without the formation of any addition products. Furthermore, 

complex reactions were observed with alkenes that were used as radical traps in the 

reaction of a-chlorinated benzenes with hydrogen bronzes. Therefore, the reactions of 

tungsten hydrogen bronze with various alkenes were studied, the results of which are 

presented in this chapter. 

EXPERIMENTAL 

Tungsten hydrogen bronze was prepared from zinc and hydrochloric acid according 

to the procedure described in Chapter 2. Reactions between the alkenes and the tungsten 

bronze were carried out in Teflon-lined stainless steel bombs using an excess of the blue 

reagent (2.5 g) and 0.25 g of the alkene. The sealed reactors were placed in a digitally­

controlled oven at various temperatures under autogenous pressure. The amount of 
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reactants and products in the reaction mixtures were determined by cooling the bombs, 

sampling the headspace with a gas-tight syringe, and analyzing ~y gas chromatography/ 

mass spectroscopy. Compounds were identified by comparison of their mass spectra to 

the NIST database. Product identity was confirmed by measuring the retention times of 

authentic samples of the compounds identified by mass spectroscopy. The products for 

the less volatile alkenes were isolated by extracting the reaction mixture with methylene 

chloride, and the extract was subjected to analysis by gas chromatography/mass 

spectroscopy. Compounds were identified as described above. 

RESULTS AND DISCUSSION 

Supported and unsupported tungsten and molybdenum oxide based catalysts are 

effective catalysts for olefin metathesis [2, 3 ], and isomerization reactions of alkenes [ 4, 

5] and alkanes [6, 7]. It is known that metathesis, isomerization, cyclopropanation and 

polymerization are closely related alkene transformations. The surface chemistries of 

· tungsten and molybdenum oxides have received considerable attention due to their high 

activity [8-10]. Experimental results obtained thus far suggest that the catalytic activity 

and selectivity of the products obtained vary widely with the extent of reduction of the 

catalyst and thus depend on the oxidation state of the tungsten or mo.Iybdenum present. 

In this chapter the reactions of various alkenes, ranging from linear alkenes, 

cycloalkenes, dienes, and aromatic alkenes, with tungsten and molybdenum hydrogen 

bronzes were carried out as described above and the results of the experiments are shown 

in Table 5.1. 
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Substrate 

Norbomene 
Cyclopentene 
Cyclohexene 

Dicyclopentadiene 
1-hexene 
2-hexene 
3-hexene 
1,3-hexadiene 
Stilbene 
Indene 
Styrene 
1,2-dihydronapthalene 

Table 5.1 

Alkenes used and the products obtained 

Reaction Time 
(da s) 
1 
14 
14 

14 
1 
1 
1 
1 
1 
14 
12 
7 

Composition of Reaction Mixture 

Norbomane (100%) 
Cis-decalin (67%), trans-decalin (33%) 
1-Me-cyclopentene (82% ), 
cis-1-4-dimethyl-decalin (5%), 
trans-1-4-dimethyl decalin (3 % ), 
bicyclohexyl (10%) 
No reaction 
2-hexene (40%), 3-hexene (60%) 
2-hexene (15%), 3-hexene (85%) 
No reaction 
3-hexene (100%) 
mixture of dimerized products ( 100%) 
Tetrahydro[l,2]benzanthracene (100%) 
Polystyrene (100%) 
Naphthalene (75%), 
1,2-dihydronapthalene (25%) 

Table 5 .1 shows that the alkenes react differently producing a whole range of 

products including hydrogenated products, isomerized products, and coupled products. 

The first reaction carried out was that between norbomene and tungsten hydrogen bronze. 

Norbomane was the only product observed and was produced in 100% yield. It was 

suspected that the hydrogenation was influenced by the strained ring of norbomene so a 

reaction was carried out between cyclopentene and the tungsten bronze. The reaction 

proceeded cleanly with complete conversion of cyclopentene after 14 days to a mixture 

of cis and trans decalins with the cis decalin being the major product. Numerous 

investigations have been carried out on the acid catalyzed dimerization of 5 and 6 

membered cyclic olefins [ 11-13]. The formation of decalins from cyclopentene systems 

was observed earlier during the research done by Onopchenko et al [14] and they 
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suggested that future researchers working with cyclopentene systems should look for 

decalin ring systems among the products of the reaction. Based on the results obtained, 

the proposed mechanism for the reaction between cyclopentene and tungsten hydrogen 

bronze is shown in Figure 5.1. An additional experiment performed using cyclopentyl 

chloride afforded cis- and trans- decalins in 92% yield with cis- isomer being the major 

product (75%). The remaining 8% was identified as bicyclopentyl. Under similar 

conditions molybdenum hydrogen bronze transformed cyclopentene into cis- and trans-

decalins in 90% yield along with bicyclopentyl ( 10% ), as a minor product. 

0 HW,O,o l ,~l~tloo• lco -----";......:.;:'----U WfVl)toWM V · 
I 

,. Rearrangment 

III II 

reduction • 

V VI 

Cis and Trans Decalins 

Figure 5.1: Reaction of Cyclopentene with tungsten bronze 

In order to support the above mechanism, a control experiment was performed 

between 3-cyclopentylcyclopentene and tungsten bronze under the same experimental 

conditions, but for a shorter period of time (7 days). The reaction, h~wever produced a 
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mixture of octalins ( 40%) (V) and a spirodecene ( 60% ). The formation of siprodecene 

establishes structure III in Figure 5.1 to be an intermediate in th(? dimerization ofpentene. 

Since it can be obtained by the deprotonation of structure III. It can be speculated that the 

abovereaction would produce a mixture of decalins if the reaction were carried out for a 

longer period oftime. For example, the reaction of cyclopentylcyclopentene with 

tungsten bronze in presence of cyclopentene for a period of 14 days produced a mixture 

of decalins in 70% yield with cis decalin being the major product. The remaining 

products were bicyclopentyl (5%) and a mixture of other cyclic alkenes (25%). 

Similar dimerization products were expected from the reaction between 

cyclohexene and tungsten bronze, however the reaction products obtained were 1-Me­

cyclopentene (72%), cis-1-4-dimethyl-decalin (5%), trans-l-4-dimethyl decalin (3%), and 

bicyclohexyl (20%). The results can be explained by rapid isomerization of the initially­

formed cyclohexyl cation to the more stable methylcyclopentyl radical. Formation of 1-

methylcyclopentene from cyclohexene over tungsten and molybdenum based catalysts 

has been reported earlier by Maire et al [7, 15-18]. In presence of tungsten bronze, the 

later presumably goes on to form methyl substituted decalins according to the possible 

mechanism shown in Figure 5.1. 

The formation ofbicyclohexyl suggests that the cyclohexyl radical is an intermediate in 

the reaction. Previously, in Chapter 3, it was shown that 2-methyl-2-phenyl-l­

chloropropane (CPPM) reacts to form a radical which is then oxidized to a cation by 

tungsten bronze. Thus, it can be speculated that the first step in the reaction is transfer of 

a hydrogen atom followed by oxidation to a cation. The formation of coupled radicals 

suggest that the latter reaction is slow. The possibility that the bicyclohexyl originated 
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from an electrophilic attack of cyclohexene on the cyclohexyl cation can be discounted 

based on the rapid isomerization of the latter cation. The formation of dicyclopentyl in 

the cyclopentene reaction could also be due to the dimerization of the radicals but, 

hydrogenation of proposed intermediate II (Figure 5.1) could also produce dicyclopentyl. 

The suspicion that the methylated decalins were derived from methylcyclopentene 

was confirmed when a mixture of dimethyl decalins were obtained in 85% yield in a 

separate reaction of methylcyclopentene with tungsten bronze. Cyclic dienes such as 

cyclopentadiene did not react with either tungsten or molybdenum hydrogen bronze and 

was completely recovered at the end of the reaction. 

The formation of decalins by the dimerization of cyclopentene prompted a 

reaction between indene (Figure 5.2 (A)) and tungsten hydrogen bronze. If dimerization 

were to occur, the major product would be either tetrahydronapthacene (Figure 5.2 (B)); 

or tetrahydro-[1,2]-benzanthracene (Figure 5.2 (C)); or tetrahydrochrysene (Figure 5.2 

(D) or a mixture of all of the above. 

B 

C D 

Figure 5.2: Possible products from the reaction between indene and tungsten blue 
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The GC-MS chromatogram of methylene chloride extract of the product of the 

reaction of indene with tungsten bronze showed a single peak having mass 234. This 

extract was evaporated and the residue was redissolved in CDCh and the carbon ( 13C) 

and proton (H) nuclear magnetic resonance spectra (NMR) were recorded. The 13C­

NMR spectrum shows 12 separate aromatic carbons (8 = 124.20, 124.27, 124.29, 124.48, 

125.92, 126.01, 126.25, 126.35, 143.23, 143.49, 144.37 and 146.40) and 6 separate 

aliphatic carbons (29.74, 31.28, 36.91, 37.93, 43.71 and 49.47). The 

tetrahydro[l,2]benzanthracene (Structure (C), Figure 5.2) product has two non­

equivalent, non-symmetric aromatic rings and six different aliphatic carbons and has a 

structure most consistent with the data obtained. Structures (B) and (D) can be ruled out 

on basis of their symmetrical structure. Integration of the proton signals in the proton 

NMR spectrum shows multiplets in the aromatic region corresponding to 8 protons and 

10 protons in the aliphatic region and that is consistent with the proposed structure 

(Figure 5.2 (C)). This identification of products is supported by the fact that at elevated 

temperature (200°C) dehydrogenation of the initially formed product occurs to yield 

[ 1,2]benzanthracene. 

The reaction of tungsten bronze with simple linear alkenes such as 1-hexene 

produced isomerized products. 1-Hexene isomerized to yield a mixture of2 and 3-

hexenes with the 3-hexene being the major product. 2-hexene produced a mixture of 

unreacted 2-hexene and 3-hexene, while 3-hexene did not react and remains unconverted 

after a reaction time of 24 hours. Typically isomerization of alkenes favors structures 

with the double bond farther from the end of the carbon chain, in other words part of the 

driving force in most isomerization reactions would be to produce the highest possible 
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substitution of the double bond [19]. Similar isomerizations of 1-hexene were observed 

earlier by Agronomov and co-workers [ 20, 21], using reduced tungsten and molybdenum 

blacks that were obtained on reduction of the respective amalgams. The proposed 

mechanism for the isomerization of 1-hexene is shown in the Figure 5.3. 1,3-hexadiene 

produced 3-hexene as the only product (100% yield). This means that the terminal double 

bond is hydrogenated preferentially. 

M=MoorW 
Figure 5.3: Proposed Mechanism for Reaction of 1-Hexene and Hydrogen Bronze 

78 



The aryl alkenes such as styrene and stilbene reacted differently and produced 

mainly oligomerized products. Styrene produced polystyrene in almost quantitative 

yield. The presence of polystyrene was confirmed by infrared spectroscopy of the 

extract. Stilbene produced dimerized products. The GC-MS chromatograms of the 

methylene chloride extracts of both the reactions showed the presence of dimerized 

products. The stilbene extract showed a single broad peak having a mass of 360 amu 

along with some minor peaks. Some of the minor products that could be identified were 

1,2,3,4-tetraphenylbutadiene and 1,2,3-triphenyl azulene. These compounds suggest that 

the major product is 1,2,3,4-tetraphenylbutene. Dehydrogenation of this would yield the 

butadiene which presumably undergoes dehydrogenation and rearrangement to the 

azulene. The proposed mechanism for the formation of the dimerized alkene is shown in 

Figure 5.4. 

Ph Ph H 

I I I 
Ph-CH2--CH-c===c 

\ 
Ph 

Figure 5.4: Proposed Mechanism for Dimerization of Stilbene 

CONCLUSIONS 

It may be concluded that the reaction of tungsten bronze gives a variety of 

products depending on the particular substrate. The initial reaction step appears to be 
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transfer of a hydrogen atom to give a radical. If the radical is stabilized by conjugation 

with a phenyl group, it survives sufficiently long to react with other alkenes to form 

dimers ( as with stilbene) or polymers ( as with styrene). When the radical is stabilized by 

conjugation with a second double bond, a second hydrogen atom transfer occurs to yield 

a product in which the diene has been hydrogenated at only one double bond. 

Norbomylene is also hydrogenated possibly due to steric protection of the radical. In case 

of most alkenes, however, oxidation of the radical to a cation occurs and is followed by a 

normal sequence of reactions observed for reaction of these with strong Bmnsted or 

Lewis acids. Thus n-alkenes are isomerized by double bond migration and cyclopentene 

derivatives yield decalins. Cyclohexene also yields dimethyldecalins by rearrangement of 

the initially formed cation to the methylcyclopentyl cation. Some of the above reactions 

were accompanied by dimerization of the initial radicals or hydrogenation or 

dehydrogenation of the initial products. 
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CHAPTER6 

REACTIONS OF ACETYLENES WITH BRONZES 

INTRODUCTION 

In the previous chapter reactions of various alkenes with tungsten and 

molybdenum hydrogen bronzes was discussed. This chapter addresses at the reactions of 

various alkynes ( acetylenes, C=C) with molybdenum and tungsten hydrogen bronzes. 

Hydration of unsaturated carbon compounds is one of the simplest and environmentally 

benign methods for the formation of a carbon-oxygen bond and the formation of carbonyl 

compounds from the hydration of alkynes has been extensively studied [1-3]. 

Ph-c=cH 

Figure 6.1: General Reaction for Hydration of an Alkyne 

The hydration of alkynes catalyzed by mineral acids has been known for a very long time 

[4- 6]. These catalysts, however reacted with only electron-rich acetylene compounds, 

such as alkynyl ethers, alkynyl thioethers and ynamines, and gave the corresponding 

carbonyl compounds in satisfactory yields [ 1, 7 ,8]. The reaction of simple alkynes is 

usually very slow in acids and requires the presence of other cocatalysts, typically toxic 

mercury (II) salts, to enhance the rate ofreactivity of the carbon-carbon triple bond [9]. 

Recent research focuses on the use of transition metal complexes containing Ru11' [10], 

Rum [11], Rh [12], Pt [13] and other metal centers [14, 15], to catalyze the hydration 

alkynes, but the yields obtained were not satisfactory. More recently, Teles et al 
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reported the hydration of alkynes by Au1 species in presence of other acidic cocatalysts 

[16]. The reaction produced better yields than previously reported methods, however it 

did not proceed in absence of either the Au catalyst, the acidic cocatalyst or the solvent 

[17]. It is also worth noting that the hydration reaction did not take place in absence of 

solvents, the nature of ligands present on the catalyst determines its catalytic activity, and 

the presence of acidic cocatalysts like sulfuric acid further enhanced the yields of the 

reaction. 

In Chapter 5, it was found that the reaction of molybdenum and tungsten 

hydrogen bronze were useful for the conversion of alkenes into a variety of products. 

Therefore the reaction of acetylenes with these reagents were investigated and the results 

are reported herein. 

EXPERIMENTAL 

The tungsten and molybdenum hydrogen bronzes were prepared by procedures 

reported iri Chapter 2. Hydration reactions between the alkyne and the blue reagent were 

carried out in Teflon-lined stainless steel bombs using an excess of the blue reagent (2.5 

g) and 0.25 g of the alkyne. The sealed reactors were placed in a digitally-controlled oven 

at a temperature of 100°C, under autogenous pressure for 8 hours. The amount of 

reactants and products in the reaction mixtures were determined by cooling the bombs, 

sampling the headspace with a gas-tight syringe, and analyzing by gas chromatography/ 

mass spectroscopy. Compounds were identified by comparison of their mass spectra to 

the NIST database. Product identity was confirmed by measuring the retention times of 

authentic samples of the compounds identified by mass spectroscopy. The products for 

the less volatile alkynes were analyzed by extracting the reaction mixture with methylene 
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chloride, and subjecting the extract to analysis by gas chromatography/mass 

spectroscopy. Compounds were identified as described above. 

RESULTS AND DISCUSSION 

Molybdenum hydrogen bronze (MB) and tungsten hydrogen bronze (TB) reacted 

with various alkynes (C=C) under the experimental conditions to produce the 

corresponding carbonyl compounds in excellent yields. The general reaction is shown in 

Figure 6.2 and the results obtained from the various reactions are tabulated in Table 6.1 

Figure 6.2: Reaction of C=C with tungsten and molybdenum bronzes 
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Table 6.1 

Reactions of various C=C with tungsten and molybdenum bronzes 

Entry Substrate Catalyst Major Product Minor Products 

1 PhC=CH MB PhC(O)Me (99%) 
TB PhC(O)Me (94%) 1-Ph-Napthalene (1%) 

2-Ph-Napthalene (2%) 
1,3,5-tri-Ph-Benzene (2%) 
1,2,4-tri-Ph-Benzene (1 %) 

2 n-BuC=CH MB n-BuC(O)Me (80%) 1,2-hexane diol (20%) •• 
TB n-BuC(O)Me (65%) 1,2-hexane diol (35%)** 

3 t-BuC=CH MB t-BuC(O)Me (34%) 
TB t-BuC(O)Me (28%) 

4 PhC=CMe MB PhC(O)Et (75%) 
PhCH2C(O)Me (25%) 

TB PhC(O)Et (71 %) 
PhCH2C(O)Me (29%) 

5 PhC=CEt MB PhC(O)Pr (63%) 
PhCH2C(O)Et (37%) 

TB PhC(O)Pr (66%) 
PhCH2C(O)Et (34%) 

6 PhC=CPh MB PhC(O)CH2Ph (100%) 
TB PhC(O)CH2Ph (100%) 

7 n-PrC=CH MB n-PrC(O)Me (100%) 
TB n-PrC(O)Me (100%) 

8 n-PrC=CMe MB n-PrC(O)Et (53%) 
n-BuC(O)Me (47%) 

TB n-PrC(O)Et (51%) 
n-BuC(O)Me (49%) 

MB: Molybdenum Hydrogen Bronze; TB: Tungsten Hydrogen Bronze 

** 1,2- hexane diol believed to be formed by addition of two hydroxyl groups across C=C 
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Table 6.1 shows that both terminal and internal acetylenes react almost equally 

well , with both the catalysts, provided that the substrates are no~ sterically hindered. The 

hydration of terminal alkynes followed the Markownikoffs rule and produced ketones as 

the only products (Entry # 1, 2, 3 and 7). An aldehyde would be produced if the hydration 

of alkynes took place by anti Markownikoff s rule. This is not observed and hence anti 

Markowinoff addition can be ruled out. Unhindered arylalkylacetylenes yield mixtures 

of ketones, the major product being the ketone containing the carbonyl group adjacent to 

the aliphatic moiety (Entry# 4 and 5). Symmetical diphenylacetylene produced benzyl 

phenyl ketone in quantitative yield (Entry # 6). Unsymmetrical alkyl acetylenes produce 

a mixture of the two possible ketones in almost equimolar amounts (Entry# 8). 

Most of the hydration reactions reported so far in literature are carried out in 

presence of solvents and use water as the direct source for the oxo group. In the reactions, 

reported herein the hydration of alkynes takes place in absence of a solvent or water and 

hence the ketone oxygen must be derived from the hydrogen bronze reagent. The 

proposed mechanism for the hydration of acetylenes, shown in the Figure 6.2, involves 

transfer of the hydroxyl from the metal bronze to the organic substrate. The intermediate 

is believed to be an enolate derived from the addition of a hydroxide.across the acetylene 

. The reaction on completion gives the product ketone (mixture ofketones in some cases) 

and the catalyst gets reduced to a species in which one of the metal atoms is in a (+VI) 

state and the other one is in a (+IV) state, a more reduced state. The metal atom in the 

. (+IV) state is believed to be a bare metal center. The same products were formed when 

tungsten hydrogen bronze was reacted with acetylenes and gave similar yields. 
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Figure 6.3: Proposed Mechanism for Hydration of Alkynes by Metal Bronzes 

(M=Mo orW) 

Table 6.1 shows that no oligomerized products were observed on reaction of the 

alkyne with molybdenum hydrogen bronze. Only the reactions between tungsten 

hydrogen bronze and the alkyne produced oligomerized products such as 1-

phenylnapthalene, 2-phenylnapthalene, 1,3,5-triphenylbenzene and 1,2,4-

triphenylbenzene in small quantities. The oligomerization is believed to involve the 

interaction of the bare W(+N) center generated by the hydration reaction with the 

alkyne. As predicted by this hypothesis, subsequent reuse of the tungsten hydrogen 

bronze produced increased yields of the oligomerized products. Table 6.2 shows the 

effect ofreuse of the catalyst on the yields of the oligomerized products for the reaction 

between phenyl acetylene and tungsten bronze. No oligomerized products were observed 

in the reaction between molybdenum hydrogen bronze and phenyl acetylene, even when 

molybdenum bronze was reused four times. 
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Table 6.2 

Effect of Reuse of Tungsten Bronze in the Hydration Reactions 

Tungsten Bronze Reaction Time Acetophenone (%) Oligomers (%) 
(hrs) 

Fresh 8 94 6 

Reuse# 1 8 93 7 

Reuse# 2 8 90 10 

Reuse# 3 8 84 16 

Acetophenone was the only product obtained in 90% yields when hydration of 

diphenyl acetylene was carried out in alcohols such as ethanol of methanol. Alkyne 

oligomerization products were not observed. No reaction was observed when the 

hydration was carried out in various hydrocarbon solvents such as hexane and decane. 

CONCLUSIONS 

Molybdenum hydrogen bronze and tungsten hydrogen bronze are effective 

reagents for the hydration reaction of alkynes. The reaction produces high yields of the 

hydrated product (ketones), at relatively low temperatures and in absence of solvents. 

Minor amounts of oligomerized products are formed on reaction between tungsten 

hydrogen bronze and the alkyne under the experimental conditions. Molybdenum 

hydrogen bronze, therefore can be considered as a better reagent for the hydration 

reactions of alkynes (acetylenes), under the experimental conditions. 
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CHAPTER 7 

REACTIONS OF NITRILES WITH METAL BRONZES 

INTRODUCTION 

The formation of an amide from a nitrile has tremendous industrial and academic 

interest [1]. Amides have found use in a variety of industrial applications as additives in 

detergents, drug stabilizers, lubricants and in monomers [2]. Hydration of a nitrile to 

amide can be achieved by a variety of methods such as refluxing the nitrile in strong 

acidic [3, 4] and basic [5] conditions; using alkaline hydrogen peroxide [6]; metals [1] or 

metal oxides [7]; and by enzymatic routes [8]. Cheng-Ting and co-workers [9] reported 

the hydration: of nitriles using Mn02 supported on silica! gel as a catalyst. However, the 

reaction required large reaction times, excess ofMn02, and hydrocarbon solvents to 

produce reasonable amounts of the amide. Most of the methods reported in literature 

suffer from drawbacks such as the use of strong acidic or basic medium, excessive use of 

organic solvents, elaborate procedures, less selectivity in the amide product caused by the 

hydrolysis of the product amide to an acid [10], or, long reaction times. The development 

of new hydration catalysts, or the modification of existing catalysts that will selectively 

hydrate the C=N bond without hydrolyzing the resulting amide product. In addition to 

being selective, the new catalyst must operate under reaction conditions that are mild 

enough to prevent the autocatalytic polymerization of amides to polyamides. The 

successful hydration of alkynes (acetylenes) to their corresponding 
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ketones using tungsten and molybdenum hydrogen bronzes was discussed in the 

previous chapter. The interaction of various nitriles with tungsten and molybdenum 

hydrogen bronzes is discussed in this chapter 

EXPERIMENTAL 

The tungsten and molybdenum hydrogen bronzes were prepared by procedures 

reported in Chapter 2. Hydration reactions between the alkyne and the blue reagent were 

carried out in Teflon-lined stainless steel bombs using an excess of the blue reagent (2.5 

g) and 0.25 g of the nitrile. The sealed reactors were placed in a digitally-controlled oven 

at a temperature of 100°C, under autogenous pressure for 8 hours. The amount of 

reactants and products in the reaction mixtures were determined by cooling the bombs, 

sampling the headspace with a gas-tight syringe, and analyzing by gas chromatography/ 

mass spectroscopy. Compounds were identified by comparison of their mass spectra to 

the NIST database. Product identity was confirmed by measuring the retention times of 

authentic samples of the compounds identified by mass spectroscopy. The products for 

the less volatile alkynes were analyzed by extracting the reaction mixture with methylene 

chloride and subjecting the extract to analysis by gas chromatography/mass spectroscopy. 

Compounds were identified as described above. 

RESULTS AND DISCUSSION 

Molybdenum hydrogen bronze (MB) reacted with various alkynes (C=N) under 

the experimental conditions to produce the corresponding amides in excellent yields 

(>90%). Tungsten hydrogen bronze reacted similarly but also produced minor amounts 

(6%) oftriazines when the alkyl group was sterically-undemanding (R= Me, Et, ClCH2, 
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Pr). The latter products resulted from cyclotrimerization of three nitrile molecules. The 

general reaction is shown in Figure 7.1 and the results obtained are tabulated in Table 7 .1 

100°c 
R-C==N 

tungsten hydrogen bronze 

amide 
major product 

1,3,5-triazine 
minor product 

Figure 7.1: General Reaction for Conversion on a Nitrile to an Amide 

Molybdenum hydrogen bronze reacts with nitriles and produces the 

corresponding hydrated products, amides high yields. No oligomerized products are 

observed. Table 7 .1 shows the results of reaction between various nitriles and tungsten 

and molybdenum hydrogen bronze. High yields of amides (hydrated product) along with 

minor amounts corresponding cyclized triazines (oligomerized products) are obtained. 
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Table 7.1 

Reaction of Nitriles with Tungsten and Molybdenum Bronze 

Nitrite Catalyst Unreacted Major Product (Amide) Minor Product 
Nitrile (%) (1,3,5-triazine) 

CH3CN MB 0 CH3C(O)NH2 (100%) 
TB 0 CH3C(O)NH2 (94%) 1,3,5-trimethyl-

cyclotriazine ( 6%) 

CICH2CN MB 0 CICH2C(O)NH2 (100%) 
TB 0 CICH2C(O)NH2 (97%) 1,3,5-

trichloromethyl-
cyclotriazine (3%) 

C}zCHCN MB 0 Cl2CHC(O)NH2 (100%} 
TB 0 Cl2CHC(O)NH2 (100%) 

ChCCN MB 0 ChCC(O)NH2 (100%) 
TB 0 ChCC(O)NH2 (100%) 

C2HsCN MB 0 C2HsC(O)NH2 (100%} 
TB 0 C2HsC(O)NH2 (96%} 1,3,5-triethyl-

cyclotriazine ( 4 % ) 

C3H1CN MB 0 C3H1C(O)NH2 (100%) 
TB 0 C3H1C(O)NH2 (98%) 1,3,5,-tripropyl-

cyclotriazine (2%) 

Acrylonitrile MB 0 Polyacrylamide (100%)** 
H2C=CHC=N TB 0 Polyacrylamide (100%) .. 

Adiponitrile MB 10 Adipamide (90%) 
NC(CH2)4CN TB 8 Adipamide (92%) 

H2NC(O)(CH2)4C(O) NH2 

Benzonitrile MB 12 Benzamide (88%) 
TB 6 Benzamide (94%) 

Valeronitrile MB 15 Valeramide (85%) 
H3C(CH2)3CN TB 8 Valeramide (92%) 

H3C(CH2hC(O)NH2 

Isovaleronitrile MB 13 Isovalermide (87%) 
(CH3)2CHCH2CN TB 7 Isovalermide (93%) 

(CH3)zCHCH2CN 

MB= Molybdenum Hydrogen Bronze, TB= Tungsten Hydrogen Bronze 

** product identified by infrared spectroscopy 
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Since there is no external source of water, and the reaction is carried out in 

absence of a solvent, it is believed that the surface of the molybdenum or tungsten 

hydrogen bronze plays an important role in the hydration reaction. It is, therefore 

assumed that the surface hydroxyl groups present on the tungsten and molybdenum 

hydrogen bronze serve as the source of water in the above reaction. Hydration ofnitriles 

to amines caused by surface hydroxyl groups of alumina are known and have been 

previously reported [ 11]. The proposed mechanism for the interaction of the nitriles with 

tungsten or molybdenum hydrogen bronzes is shown in Figure 7 .2 

100°c . .. 

0 

II +VI +IV 
M M / 

o'l 'c/'/ '--o/ 

M=WorMo 

Figure 7.2: Reaction of nitriles with tungsten and molybdenum bronzes 

Upon completion, the reaction gives the product amide and the catalyst gets 

dehydrated. While Figure 7.2 shows one M( + V) center being reduced to + 4 state and 

another to +6, the high electrical conductivity of the bronze averages the distribution of 

electrons so that, overall the average oxidation state of the bronze remains unchanged. 
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Therefore this is not a redox reaction per se but the formal charge of the individual metal 

centers have changed. When tungsten hydrogen bronze was reacted with acetonitrile, 

acetamide was the major product observed along with small amounts of the oligomerized 

1,2,3-trimethyl-2,4,6-triazine. Increase in reaction times, leads to increase in yields of the 

oligomerized products and subsequent reuse of the tungsten hydrogen bronze also 

produced increased yields of the triazine. Table 7.2 presents the data for the effect of 

reuse of the catalyst with respect to the yields of the oligomerized product. These 

observations suggest that the oligomerization took place due to the interaction of the bare 

W (+IV) center that was present on the bronze after the initial hydration reaction to 

produce the amide similar to what was observed for alkynes 

Table 7.2 

Effect of Reuse of Tungsten Bronze in Hydration of Nitriles 

Tungsten Bronze Reaction Time Acetamide (%) 1,3,5-trimethyl-
(hrs.) cyclotriazine (%) 

Fresh 8 94 6 

Reuse# 1 8 94 6 

Reuse# 2 8 93 7 

Reuse# 3 8 91 9 

Reuse# 4 8 88 12 . 
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CONCLUSIONS 

Tungsten and molybdenum hydrogen bronzes were effective as reagents in 

performing the hydration reactions of nitriles. Both the reagents produced high yields of 

the amide under mild conditions and in absence of a solvent. Molybdenum hydrogen 

bronze was seen to be more selective in the production of amides since no oligomerized 

products were observed, while tungsten hydrogen bronze produced minor amounts of 

triazines. The oligomerized products were believed to be formed due to the interaction 

between the nitrile and the bare M(IV) metal center produced on depletion of the surface 

OH group from the tungsten bronze. 
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CHAPTERS 
HEAVY METAL REMEDIATION USING MOLYBDENUM BRONZE 

INTRODUCTION 

Heavy metals are a common contaminant of ground water and can arise from natural 

amd anthropogenic sources. Remediation of such contaminated waters is problematic due 

to : (i) the presence of heavy metals in typically very low concentrations (I 00-500 µg/L); 

(ii) the ground water itself being found up to depths of several hundred meters below the 

surface; and (iii) the coexistence of alkali and alkaline-earth metals in much higher 

concentrations (30-300 mg/L), further complicating the remediation processes. In spite of 

all these difficulties, the remediation of ground water contaminated with metals is 

essential because of their high toxicity to humans and other living organisms [I, 2]. 

Since most of the heavy metals are cumulative poisons or exhibit biological effects in 

small doses, even low concentrations of heavy metals can be problematic. 

Commonly used above-ground water treatment processes do not provide an adequate 

solution to heavy metal remediation. Processes converting soluble metal salts to 

corresponding insoluble hydroxides proved to be ineffective because the hydroxides still 

have a small but finite solubility. Calculated equlibrium concentrations for lead, 

cadmium and mercury [3], over the entire pH range, highly exceed the permitted values 

[4]. Another approach to above ground remediation, electrochemical reduction, takes 

advantage of the relative ease ofreduction of heavy metal as compared to lighter, non-
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toxic metals. However, the very high costs of this method makes it an unattractive 

alternative for ground-water remedii;ttion [5]. 

Reactive permeable barriers (PRB's) are among the most promising methods for the 

remediation of heavy-metal contaminated groundwater. The working of a PRB and the 

factors to be taken into account before using a particular material for construction of a 

PRB have already been discussed earlier in Chapter 1. PRB's have been designed and 

proved effective for a variety of heavy metals. PRB 's consisting of zerovalent iron 

particles are one of the more successful technologies for this purpose. For example, iron 

reduces the mobile, soluble ions such as Cr04- to the non-toxic, insoluble and therefore 

immobile form cr3+. PRB's constructed using iron suffer from the drawback that they 

are nonspecific and react with a wide variety of dissolved species, leading to a period of 

life that is shorter than that would be expected from stoichiometric considerations [ 6-8]. 

In addition to iron, zeolites [9,10]; materials from biological sources such as seaweed, 

alge, and bacterial biomass [11,12]; humic acids and peat [13,14 ]; and activated carbon 

[15] have been tested as potential materials for construction of PRB's. _The low cost of 

zeolites, high uptake selectivities [16] and their stabilities make them an attractive 

material for use in PRB 's, but their low uptake capacities, slow reaction kinetics and. low 

hydraulic conductivity work against them [17]. Materials from biological sources have 

low uptake capacities and selectivities [11,12]. Humic acid and peat have high 

selectivities towards heavy metals but have poor uptake capacities and also cannot be 

used in presence of calcium and magnesium [13,14]. Activated carbon also has poor 

uptake capacities and selectivities for the uptake of heavy metals. The objective of 

research described in this chapter was to explore the effectiveness of molybdenum 
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hydrogen bronze for the uptake of heavy metals. This chapter describes the results of the 

batch tests performed to test the efficiency of using molybdenum hydrogen bronzes as a 

potential remediation reagent. 

Molybdenum hydrogen bronze, HMo20 6 is a promising reagent for environmental 

remediation. It has a number of unique properties which suggest it could perform better 

than other reductants for treatment of contaminated waters and the construction of 

permeable reactive containment barriers to prevent spread of pollutants within an aquifer. 

For example, when reductions of inorganic or organic pollutants are performed in a 

column-type reactor, the color change from royal blue to white would greatly facilitate 

monitoring of the column's remaining reductive capacity. Unlike other reductants that 

can be employed in the presence of water and oxygen (such as iron), molybdenum blue 

has an open layered structure that allows the entire reductive capacity to be used and 

enhances the rate of reaction by providing a tremendously increased area for the reaction 

to take place. Since both reduced and oxidized forms of the oxide materials have layered 

structures through which reactants and products can intercalate, passivation due to build 

up of oxidized product on the surface does not occur. This is in significant contrast to 

iron that can form a crust of rust that arrests further reaction of the iron particles with 

contaminant species. Finally, molybdenum blue is easily recycled after use in redox 

reactions since regeneration only requires treatment with hot butanol in the presence of a 

trace of HCl or with zinc/HCl. In fact, the regeneration process with butanol only 

produces butaraldehyde as a by-product and, in actual industrial production, this could be 

captured and sold as a commodity chemical. 
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EXPERIMENTAL 

All reagents were commercial products (ACS Reagent grad~ or higher) and were used 

without further purification. Thermogravimetric studies were performed using 10-20 mg 

samples on a Seiko ExStar 6200 TGA/DTA instrument under a 50 ml/min flow of dry air. 

The temperature was ramped from 25 to 600°C at a rate of 5°C/min. Bulk pyrolyses at 

various temperatures were performed in ambient air in a digitally-controlled muffle 

furnace using ca. 2 g samples, a ramp of 10°C/min and a hold time of 4 hr. X-ray powder 

diffraction (XRD) patterns were recorded on a Bruker AXS D-8 Advance X-ray powder 

diffractometer using copper Ka radiation. Crystalline phases were identified using a 

search/match program and the PDF-2 database of the International Centre for Diffraction 

Data [18]. Scanning Electron Microscopy (SEM) photographs were recorded using a 

JEOL Scanning Electron Microscope. Colorimetry was performed on a Spectronic 200 

digital spectrophotometer using 1 cm cylindrical cuvettes. 

Measurement of the Uptake of Metals by Molybdenum Bronze 

Molybdenum blue was tested for the ability to remove Pb2+, Th4+, UO/+ and Nd3+ 

from aqueous solution. HMo20 6 (1.0 g) was reacted with 100 ml of individual 

(approximately O.lM) solutions of Pb2+, Th4\ UO/+ and Nd3+. In all cases, nitrate salts 

were used with the exception of uranyl where both a nitrate and an acetate salt were 

tested. After stirring magnetically for a sufficiently long time for complete reaction, as 

indicated by complete disappearance of the blue color, the mixtures were separated by 

filtration through a 20 µm nylon membrane filter. The solid products were washed 

copiously with distilled water and then were dried in a vacuum desiccator. They were 

subsequently characterized by infrared spectroscopy, thermal gravimetric analysis, and 
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X-ray powder diffraction. The filtrates were analyzed as shown in Table 8.1. The 

uranium and neodymium concentrations in the treated solutions were analyzed using 

UVNisible spectroscopy {t-.= 415 nm and 521 nm, respectively). Solutions were treated 

with nitric acid before analysis to ensure no speciation of metal ions would interfere with 

the measurement. Lead was determined gravimetrically as lead chromate [ 19]. 

Quantitation of thorium was performed colorimetrically using the blue complex {t-.= 575 

nm) formed between thorium and carminic.acid [20]. 

Element 

Uranium 

Neodymium 

Lead 

Thorium 

Table 8.1 

Methods used to analyze filtrates of metal uptake reactions 

Method of Analysis 

Ultraviolet I Visible Spectroscopy (A = 415 nm) 

Ultraviolet I Visible Spectroscopy (A = 521 nm) 

Gravimetrically as lead chromate 

Colorimetrically using the blue complex formed between thorium 
and carminic acid {t-.= 575 nm) 

Selectivity Determination 

The selectivity of molybdenum blue for actinides was tested by competition 

experiments with calcium. Thus, the reactions between uranyl nitrate and molybdenum 

blue were repeated in the presence of 1.0, 2.0, and 5.0 molar equivalents of calcium 

nitrate per mole of uranyl ion and the uptake of uranium was determined by UV Nisible 

spectroscopy. The selectivity for heavy metals was tested by carrying out reactions 

between lead nitrate and molybdenum blue in presence of 1 molar equivalent of calcium 

101 



nitrate per mole oflead ions and the uptake oflead was determined gravimetrically as 

described earlier. 

Recovery of Uranium from the Product Molybdate 

Uranium was recovered from the iriginite phase by treatment with a strong base. 

Thus, 1.1 gram of the uranyl molybdate complex was stirred overnight with 100 ml 15% 

solution of ammonium hydroxide. The reaction mixture was separated by filtration 

through a 20 µm nylon membrane filter. The solid product was washed copiously with 

distilled water and then dried in a vacuum desiccator. The product was subsequently 

characterized by infrared spectroscopy, thermal gravimetric analysis, and X-ray powder 

diffraction. The filtrate was evaporated and the solid obtained was analyzed by infrared 

spectroscopy, thermal gravimetic analysis and X-ray powder diffraction. 

Determination of Rate of Uranium Uptake 

The rate of uranium uptake was determined was carried out by carrying out the 

following experiment. A 200 ml (O.lM) solution of uranium was stirred with 2 gm. of 

molybdenum bronze. Aliquots of 5 ml of the reaction mixture were withdrawn at regular 

intervals and the pH were measured. Uranium was quantified by the procedure described 

above. After completion of the reaction, the reaction mixture was filtered as described 

above. The residue and the filtrate were analyzed separately. 

RESULTS AND DISCUSSION 

Molybdenum bronze was tested for its ability to remove Th4+ (as a model for 

plutonium(IV)}, UO/+ (of interest in its own right and as a model for PuO/+), and Nd3+ 

(as a surrogate for the later transuranics, radioactive lanthanides, and Pu3+) from 

aqueous solution. Also, the uptake of lead as a model heavy metal was investigated. The 
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experiments that were performed were designed to determine the capacity of the blue 

reagents for the various metals and attempt to identify the mec~anism of metal uptake. 

Molybdenum bronze was reacted with an aqueous solution of each of the metals listed 

above. The stoichiometry was adjusted so that there was at least a one-fold excess of 

contaminant metal ions {on the basis of one molar equivalent of metal ion per M(V) site 

The experimental conditions and results for the molybdenum bronze/metal ion 

reactions are listed in Table 8.2 while the results of the analyses and binding capacity 

calculations are given in Table 8.3. The results shown in Table 8.3 can be represented by 

the plot shown in Figure 8.2. These show that molybdenum blue has a remarkable 

capacity for absorption of actinides and heavy metals. Molybdenum blue absorbed 122% 

by weight of uranium, 3 7% by weight of thorium, 61.6% by weight of neodymium, and 

110% by weight of lead. The substitution of acetate ions for nitrate ions had a small, 

negative effect on the uptake ofuranium. These extremely high capacities bode well for 

the eventual application of these materials in environmental remediation. 

Table 8.2 

Experimental Conditions for Metal Uptake Reac~ions 
Metal Solution Weight of Weight of Solid Color of Solid 
(O.lM) Molybdenum Product (g) Product 

Blue (g) 

Uranium acetate 1.04 2.15 
Yellow 

Uranium nitrate 1.05 2.32 
Yellow 

Thorium 1.00 1.40 
White 

Neodymium 1.10 1.48 
Grey 

Lead 1.04 2.74 
White 
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At the outset of research it was thought that adsorption of metals by molybdenum 

blue would occur either by ion-exchange or redox reactions. The latter possibility is 

negated because the colors of the final products are those of the contaminant metal ions 

in their oxidized states. The disappearance of the blue color ofMo(V) indicates that 

oxidation of the bronze has occurred. If the metal ions are not the oxidizing agents, the 

only other possibilities are nitrate ions or oxygen. Since uranyl acetate also forms a 

yellow product like uranyl nitrate, oxygen appears to be the oxidizing agent. 

Another possible mechanism for the uptake of metals is a simple ion- exchange 

reaction (Equation 8.1) involving the hydrogen ions of the molybdenum blue. 

(Eq. 8.1) 

The uptake of the metals in terms of milliequivalents per gram of molybdenum_ blue 

were 4.27 for neodymium, 5.14 for uranium, 5.29 for lead, and 1.59 for thorium. Thus, 

the moles of metal that can be absorbed by molybdenum blue varies with the charge of 

the metal ion as would be expected for an ion-exchange mechanism. Within the group of 

doubly-charged metal ions, the moles of metal absorbed are almost equivalent. In this 

case, the uptake of metals may be expressed as approximately 1.5 moles per mole of 

HMo20 6 and is therefore larger in magnitude than the number ofMo(V) centers. This 

result indicates that the molybdenum(VI) centers in molybdenum bronze also play a role 

in metal binding and a simple ion-exchange mechanism does not occur. The uptake of 

neodymium was 1.24· moles per mole of molybdenum bronze and that of thorium was 1.1 

moles per mole of molybdenum bronze, and exceeds the capacity suggested by Equation 

8.1. 
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Table 8.3 

Results of Metal Uptake Experiments 

Metal Metal 
Metal Initial Final Uptake Capacity Capacity 

Solution Cone. Cone. (mmol) (mmol/g) (weight%) 
Uranium 
Acetate 0.1 M 0.053 M 4.7 4.5 108% 

Uranium 
Nitrate 0.1 M 0.046 M 5.4 5.1 122% 

Thorium 
Nitrate 0.1 M 0.084 M 1.6 1.6 37.0% 

Neodymium 
Nitrate 0.1 M 0.047 M 5.3 4.8 69.5% 

Lead Nitrate 
0.1 M 0.045 M 5.5 5.3 110% 

Metal Vs. Metal Capacity 

125 
~ 
:: 100 
0 
ca -a.::::!:! ca o. 75 
o-
- == ca- 50 -Cl) 25 

· ~ 

0 

Metal 

Figure 8.2: Graph of Metal Capacity versus Metal Solution 
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A major concern for the application of molybdenum bronze in the field is its 

selectivity for actinides and heavy metals as opposed to benign cations normally found in 

natural waters. Therefore, the selectivity of molybdenum bronze for uranyl ion over 

calcium ions was determined. The results are displayed in Table 8.4 and demonstrate that 

molybdenum bronze is highly selective for uranium. Figure 8.3 represents a plot of 

Uranium: Calcium ratio versus weight% of uranium absorbed. Even a five-fold higher 

concentration of calcium ions over uranyl ions had little effect on the absorption of 

uranium. The results show that molybdenum bronze is highly selective for uptake of 

uranium as compared to calcium. 

Table 8.4. 

Results of Competition Experiments Between Calcium and Uranium 

Uranium: Calcium Initial Uranium Final Uranium Weight Percent of 
Ratio Concentration Concentration Uranium 

Absorbed 
1:0 O.lM 0.056M 122% 

1:1 O.lM 0.055M 121% 

1:2 O.lM 0.049M 100% 

1:5 O.lM 0.052M 111% 
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Figure 8.3: Graph of Uranium: Calcium Ratio Versus Weight Percent of Uranium 
Absorbed 

Selectivity of molybdenum bronze for lead ion over calcium ions was also 

determined. The results are displayed in Table 8.5 and demonstrate that molybdenum 

bronze is highly selective for uranium. Even a five-fold higher concentration of calcium 

ions over lead ions had little effect on the absorption of uranium. The results show that 

molybdenum bronze is highly selective for uptake oflead as compared to calcium. 

Table 8.5 

Results of Competition Experiments Between Calcium and Lead 

Lead: Calcium Initial Lead Final Lead Weight Percent of 
Ratio Concentration Concentration Lead Absorbed 
1:0 O.lM 0.045M 110% 

1: 1 O.lM 0.045M 110% 

1:5 O.lM 0.050M 111% 

Infrared spectral analysis of the various solid products and molybdenum blue was 

performed in order to gain a better understanding of the nature of the products and to 
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perhaps shed some light on the mechanism of metal uptake. The positions of the 

molybdenum-oxygen stretches are given in Table 8.6. Molybdenum blue was found to 

have a characteristic absorption at 857 cm-1 which is different from the bands observed in 

molybdenum trioxide. In all cases, except for neodymium, this band, attributable to 

Mo(V)-0 stretching vibrations has disappeared. The neodymium compound is unusual 

because the molybdenum centers appear to be freely rotating in the solid so that there is 

rotational structure to the infrared absorptions making it difficult to assign the positions 

of the vibrations. Nevertheless, the data in Table 8.6 demonstrate that the solid products 

from reaction of molybdenum blue with uranium, uranium/calcium mixtures, and 

neodymium all contain network polymers based on Mo06 octahedra, as demonstrated by 

multiple Mo-0 stretches. By contrast, the lead product had a single strong Mo-0 

absorption at 786 cm-1 attributable to a tetrahedral Mo04 center. 

Table 8.6 

Metal-Ox~gen Stretching Freguencies Observed in the Infrared S~ectra {cm-1) 

Mo03 Mo Blue 
U+ U+Ca+ Nd+ Pb+ 

Mo Blue Mo Blue Mo Blue Mo Blue 

998 998 
999 (w) 

970* 980* 972* 

884 892 901 913 

857 866 

840* 849* 

786 

569 572 551 533 572 

502 498 

* U-0 stretches of the uranyl ion 
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In addition to the M-0 stretching bands, the infrared spectra of the solids also contain 

bands attributable to a small amount of anions that are also absorbed from aqueous 

solution. The solids from reaction of molybdenum with uranyl, lead, and neodymium 

nitrate all display an infrared absorption at 1384 cm-1• Notably, this band is due to ionic 

nitrate and not nitrate covalently-bound to the contaminant metals [21]. The product from 

uranyl acetate has weak bands at 1506 and 1436 cm-1 that care due to acetate ions- again 

the positions of these bands do not correspond to acetate bound to uranium (1514 and 

1480 cm-1) that was determined from the infrared spectrum of the starting material. The 

uptake of the anions indicates that when the metals are bound, the charge is not entirely 

compensated by the negative charge of the molybdate framework. Nevertheless, the 

absorptions for the extraneous anions are weak indicating a low degree of incorporation 

into the solid products. This conclusion was supported by the fact that the ceramic yields 

derived from heating the solids to 600°C in a thermal gravimetric analyzer were quite 

high {Table 8.7). Indeed, the majority of the weight losses occur between room 

temperature and 200°C and can be attributed to dehydration and dehydroxylation 

reactions. 
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Table 8.7 

Results of TGA Experiments 

Metal Salt 
Temperature Range of 

Ceramic Yield 
Weight Loss 

25-436°C 
88.2% 

Uranium Acetate 

Uranium Nitrate 25-469°C 
90.2% 

Thorium Nitrate 25-502°C 
94.9% 

Neodymium Nitrate 25-209°C 
96.5% 

Lead Nitrate 215-495°C 
99.2% 

X-ray powder diffraction analysis of the product from lead uptake by HMo206 

revealed that it consisted mainly of PbMo04 (wulfenite, ICDD # 44-1486). (Figure 8.4). 

In this case, the interaction between HMo20 6 and Pb2+ is so strong that the molybdenum 

oxide layers are destroyed to yield a normal ortho-molybdate salt. The other metals, 

uranium and thorium also show similar behavior. The product of uranium uptake with 

molybdenum bronze was uranium molybdate (UMo20 12H6, iriginite) while that of 

thorium uptake was Th(Mo04) 2. Neodymium, however, behaved differently than uranium 

and thorium molybdate and formed an amorphous phase. However when heated to 800°C 

crystallization to neodymium molybdate, Nd2(Mo04) 3 occurred. This results suggest that 

the neodymium metal ions intercalate between the layers ofHMo206 (staging) and react 

to give what might be phases that consist of negatively-charged slabs ofMo06 octahedra 

with the contaminant ions residing between the layers, which then converts to the normal 

molybdate phase on heating. These results in combination with the infrared spectral data 

suggest that the mechanism of metal uptake by the molybdenum bronze is complete 

destruction of its layered structure and formation of a normal molybdate salt of the metal 

in which Mo is present as Mo04 tetrahedra or Mo06 octahedra 
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MB+ Pb(N03h 
Wulfenite, PbMo04 (ICDD # 44-1486) 

10 20 30 40 50 60 70 
2-Theta (degrees) 

.Figure 8.4: X-Ray Powder Diffraction Pattern For the Reaction Between Lead 
Nitrate and Molybdenum Bronze 
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Figure 8.5: SEM pictures of (A) Molybdenum Bronze (B) Uranium Nitrate Product (C) 
Thorium Nitrate Product (D) Lead Nitrate Product and (E) Uranium Acetate Product (F) 
Neodymium Product (SEM= 5000 x magnification) 
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Figure 8.5 shows the SEM photographs of the solid products obtained from the 

reaction between molybdenum bronze and various metals. Figure 8.5(A) shows the SEM 

image of molybdenum bronze and 8.5(B), 5(C), 5(D), 5(E) and 5(F) show the images of 

the reaction products with uranyl nitrate, thorium nitrate, lead nitrate and uranyl acetate 

and neodymium nitrate respectively. All the reacted solids show a change from the 

original molybdenum bronze's morphology and particle size. The SEM image of the 

product of reaction between molybdenum bronze and uranyl nitrate, shown in figure 

8.5(B), shows the product to consist oflong fibers, a complete change of morphology 

from that of the original molybdenum bronze. The formation of fibers could occur by 

formation of reactive sites on the original molybdenum bronze surface followed by 

outward anisotropic growth. Since the structure of the product consists of uranium and 

molybdenum oxide/hydroxide chains, such a growth pattern would not be surprising. In 

the case of uranium acetate, however, the structure is one of thin flakes and not fibers. It 

is well documented that in hydrothermal synthesis, the nature of the anion exerts a strong 

influence on the morphology of the generated ceramic products. In particular, strongly­

coordinating and chelating ligands such as acetate usually generate different 

morphologies as compared to non-coordinating anions such as nitrate. The difference in 

the morphologies of the uranyl nitrate and acetate products observed in this investigation 

might then suggest a second mechanistic possibility in which the molybdenum bronze 

particles are completely dissolved in a dissolution/precipitation process that generates 

new particles with different morphologies. Complete morphological rearrangement is 

also seen in the case of thorium nitrate ( Figure 8.5 (C) ), in which the product consists 

of very long relatively-flat glassy particles with embedded smaller particles. The overall 
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apperarence is one of a partially melted solid. The product of lead nitrate reaction with 

the molybdenum bronze shows an almost identical SEM image as that of the original 

molybdenum bronze, except that the surface is not as smooth as the original bronze. The 

neodymium product consists of larger chunks similar to the starting molybdenum bronze 

along with small needle-like particles. This results suggests that intercalation of 

neodymium into molybdenum blue does occur leaving apparently intact particles behind. 

The presence of small needle-like phases may be due to delamination/ reaggregation of 

molybdate layers or be due to dissolution/reprecipitation reactions. Whatever the 

mechanism, both morphologies of the product are isomorphous to X-rays. 

Recycling of Molybdenum Bronze in the Uranium Uptake Process 

The uranyl molybdate product obtained on the reaction of molybdenum bronze 

with uranyl nitrate was treated with a 15% solution of ammonium hydroxide. The 

reaction was stirred overnight and the reaction mixture was separated by filtration. The 

X-ray powder diffraction patteren of the residue corresponded to ammonium uranate 

{(NHi)2U3(0H)209.2H20}, which has applications in the nuclear power industry. The 

ammonium uranate can be further converted to U03 upon heating to 600°C. Evaporation 

of the filtrate produced ammonium molybdate , { (NHi)i( Mo20 7)}, that was identified by 

XRD (ICDD Database #). Molybdenum trioxide (Mo03) could be recovered on heating 

the ammonium molybdate product to 242°C as determined by TGA. 
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Figure 8.6: Complete Cycle of the Uranium Remediation Process 

The results of the uranium recovery experiment suggest of a complete reaction 

cycle (Figure 8.6) in which uranium is selective absorbed by the molybdenum bronze 

forming a uranyl molybdate (iriginite) phase. Uranium, in form of ammonium uranate 

can be recovered from this molybate phase by treatment with ammonium hydroxide. This 

ammonium uranate can be collected and sold to the nuclear power industry or can be 

heated to 600°C to produce U03. Mo03 can be recovered by evaporation followed by 

heating of the filtrate. Hence a complete cycle can be developed in which the only 

reagents used are ammonium hydroxide and butanol along with heat; by- products 

produced are butanal, ammonia and water and the main reaction product is ammonium 

uranate. Potentially the ammonia could be recovered and reused and the butanol could be 

used industrially. In the experiment, the recovery of uranium from iriginite was 45% and 

the recovery ofMo03 was 55%. 
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CONCLUSIONS 

In conclusion, it has been demonstrated that molybdenum blue has an extremely 

high capacity for absorption of contaminant metals. Considerable information has been 

collected concerning the mechanism of metal absorption and the results obtained so far 

suggest that the formation of normal molybdate salts of the metal. However, in case of 

neodymium, it is believed that intercalation of the metal ions between the layers of 

HM0206 followed by reaction to yield solids in which the metal ions are trapped as 

counterions to the freshly-generated molybdate sites, precedes the formation of normal 

molybdate salts. These reactions are highly selective for heavy metals or metals that are 

chemically-soft or that have a large radii from water, and suggest considerable promise 

for application in environmental remediation and as reactive barriers for the prevention of 

the spread of contaminant plumes. 
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