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G. A. Tsigdinos 

I n t r o d u c t i o n  

The subject of heteropoly compounds has been covered in many recent reviews. This 
literature has primarily dealt with the structural chemistry and electronic properties 
of these complexes and has emphasized not only the heteropoly anions of molyb- 
denum, but also those of tungsten and vanadium 1-3). Equilibria in solution of hetero- 
poly compounds have also been discussed 4). In recent years, considerable interest has 
been shown in the heteropoly compounds of molybdenum not only in the structure 
and characterization of such compounds but also in those aspects of their chemistry 
that has made them of importance to industrial applications 5). General aspects of the 
structure and properties of heteropoly compounds of molybdenum and tungsten 
have been presented in an earlier publication 6) and a critical evaluation of preparative 
procedures of heteropoly compounds has also appeared 7). The present compilation 
constitutes an extensive updating of that earlier work 6) with the primary emphasis 
directed to the preparation, structure, properties, and uses of these compounds. 
Although only heteropoly compounds of molybdenum will be discussed in detail, 
some tungsten and other analogs will be included for comparison. No attempt has 
been made to summarize the complete literature in the field. 

The heteropoly electrolytes constitute a large category of coordination-type salts 
and free acids with each member containing a complex and high-molecular weight 
anion. In these anions, two to eighteen hexavalent molybdenum (or tungsten) atoms 
surround one or more central atoms (heteroatoms). Vanadium, niobium, tantalum 
and transition metals can replace some of the molybdenum (or tungsten) atoms in 
the heteropoly structure. Typical examples are 

[PMo 12040]  - 3, [SiW12040] -4, [TeM06024] -6, [As2Mo18062 ]- 6, [MnNb 12036]- 12, 

[PMo 10V2040] -s,  and [SiMo 1 iNiO 40H2] -6, 

where p§ Si+4, Te+6, As+S, Mn+4, p+S and Si +4 are the central atoms or heteroatoms, 
respectively. Over forty different elements can function as central atoms in distinct 
heteropoly anions, many of these in more than one series of these anions as will be 
discussed later. 

In 1826 Berzelius first prepared and analyzed the heteropoly compound am- 
monium 12-molybdophosphate 8). In 1854 Strove described the heteropoly molyb- 
dates of Cr +3 and Fe +3 but postulated these as double salts 9). Marignac prepared 
12-tungstosilicic acid in 1862 and recognized such compounds as a distinct class 
rather than double salts 1~ In 1908 Miolati made the first systematic attempt to 
understand the nature of heteropoly compounds by suggesting a structure for these 
compounds based on the ionic theory and Werner's coordination theory; Miolati's 
theory was extensively developed and applied by Rosenheim and his co-workers 11). 
Although at present the nature of heteropoly compounds is well understood, these 
early theories served well as the groundwork for the future. 



Classification 

Heteropoly Compounds of Molybdenum and Tungsten 

Heteropoly compounds may be classified according to the ratio of the number of 
central atoms to the peripheral molybdenum or other such atoms. Compounds with 
the same number of atoms in the anion usually are isomorphous and have similar 
chemical propeities. Usually, the heteropolymolybdates and heteropolytungstates 
containing nontransition elements as central atoms have more structural analogues 
than those that contain transition elements as central atoms. Table 1 lists all elements 

Table 1. Elements capable of acting as central atoms (heteroatoms) in heteropoly compounds 

Periodic Element 1) 
Group 

I 
lI 

III 
IV 
V 

VI 
VII 

VIII 

H, Cu +2 
_+2 ,7_+2 

B +3, AI +a Ga +3 
Si +4, Ge +4, Sn+4(?), Ti +4, Zr +4, Th +4, Hf +4, Ce +3, Ce +4, and other rare earths 
N+5(?), p+3, p+S, As+3, As+S, V+4(?), V+5, Sb+3(?), Sb+5(?), Bi+3 
Cr +3, S +4, Te +4, Te+6 
Mn +2, Mn +4, 1 +7 
Fe +3, Co +2, Co +a, Ni +2 ' Ni +4, Rh +3, pt+4(?) 

1) Some of these elements form heteropoly compounds only with molybdenum or only with 
tungsten. A question mark after the element denotes doubtful existence of a beteropoly 
anion. 

known to be capable of acting as central atoms in heteropoly compounds. In several 
cases, the heteropoly compounds reported in the literature have not been character- 
ized. The strychnine salt of the anion [N+SMo1204o] -3  has also been reported ~2) 
but its existence needs further verification. 

Tables 2 and 3 illustrate the principal series of heteropolymolybdates and hetero- 
polytungstates, respectively, which have been reported. Table 4 represents central 
atoms that form heteropoly anions, the composition and structure of which have not 
yet been elucidated. 

N o m e n c l a t u r e  

The nomenclature of heteropoly compounds that has appeared in the literature has 
been inconsistent. Older designations consisted by prefixing the name of the central 
atom to the words "molybdate (tungstate)" or "molybdic (tungstic)" acid - for 
example, "phosphomolybdate" or "silicomolybdate". In addition, Greek prefixes 
were used to describe the numbers of atoms of the central element and molybdenum 
or tungsten, i.e., dodecatungstosilicic acid. However, the International Union of Pure 
and Applied Chemistry (IUPAC) uses a different system 13). Names of heteropoly 
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Table 4. Other species of heteropoly anions I ) 

Atomic ratio Atomic ratio Principal central atoms 
X:Mo X:W 

I : < 6  
1 : > 6  (but <12) - 
- 1 : < 6  
- 1 :>6  (but <12) 

p+3, As+3, Sb+3(?), p+5, As+S, S+4, Se+4, V+5, Co+3 
p+5, Mn+4(?) 
p+3, As+3 Sb+3(?), Al+3, V-~5, Mn+4, Bi+3 
Si+4(?), Zr +4, Ti +4, V +s, Sn+4(?), pt+4(?) 

1) Many of these species have not been characterized. It is possible that several of these are not true 
compounds. 

anions begin with an Arabic numeral designating the simplest ratio of molybdenum 
or tungsten atoms to the central atom. This is followed by the prefix "molybdo" or 
"tungsto" and then by the name of the simple anion (or acid) which contains the 
central atom in the corresponding oxidation state. In case of ambiguity, Roman 
numerals may be used to designate the oxidation state of the central atom. 

Current knowledge of the structure and properties of heteropoly compounds 
necessitates a more adequate nomenclature of such compounds by taking into con- 
sideration both the structure and degree of polymerization and oxidation of the 
central atom. 

The proposed system of nomenclature is designed to extend the current IUPAC 
names to describe heteropoly compounds more adequately in cases where informa- 
tion about structure is currently available. In this system, the oxidation state of the 
central atom is shown by a Roman numeral in parentheses. The prefix molybdo, 
tungsto, or vanado designates the peripheral atoms, whereas the italicized prefix oct, 
tet, etc., indicates the stereochemistry (octahedral and tetrahedral) about the pe- 
ripheral and central atoms. Arabic numerals designate the ratio of the number of 
peripheral and central atoms. The term dimeric, for example, preceding the name 
indicates the degree of polymerization of the heteropoly anion, when known. A 
superscript Arabic numeral at the end of the name indicates the charge of the anion. 
The Greek letter designates bridging between central atoms. 

Examples of nomenclature of the IUPAC and the proposed systems are givbn 
in Table 5. 

Use o f  the  Li tera ture  

Wider use of heteropolymolybdates, in both science and industry, has been hindered 
by the complexity and confusion of the voluminous literature that has accumulated 
since Berzelius first observed compounds of this type in 1826. Analyses reported in 
the older literature are often inaccurate since the atomic and molecular weights are 
so high that small analytical errors produce great errors in the formulas reported; 
degradation was often overlooked, and much of the work was unwittingly performed 
on mixtures. Accordingly, the earlier literature (though often extremely valuable) 
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Table 5. Nomenclature of heteropoly compounds 

Formula Tentative IUPAC Proposed Names 
Names 13 

Na3[P+SMO12040] 

(NH4)6[p~sMO180621 

Na4[NiW6024H61 

(NH4)6[Co~aMo10038H4 ] 

Cs 3HISiWl 2Oao] 

H4ISiW120401 
Na8lCe+4MO120421 

KsIp+SMol 0V204O] 

Trisodium dodecamolyb- 
dophosphat e(V) 
Hexammonium 18-molyb- 
dodiphosphate(V) 
Tetrasodium hexa- 
wolframonickelat e(lI) 
Hexammonium 10-molyb- 
dodicobaltate(l II) 
Tricesium monohydrogen 
dodecawolframolsilicate 
12-Wolframosilicic acid 
Octasodium 12-molybdo- 
cerate(IV) 
Pentapotassium deca- 
molybdodivanado- 
phosphate 

Sodium 12-oct-molybdo-tet- 
phosphate(V) 3) 
Dimeric ammonium 9-oct-molybdo-tet- 
phosphate(V) 6) 
Sodium 6-oct-tungsto-oct-nickelate(II) 4) 

Dimeric ammonium 5-oct-molybdo-#-oet- 
dicobaltate(Ill) 6) 
Cesium molyhydrogen 12-oct-tungsto- 
tet-silicate(IV) 4) 
12-Oet-tungsto-tet-silieic(IV) 4) acid 
Sodium 12-oct-molybdocerate(IV) 8) 

10-O ct-molybdo-2-oct-vanado-tet- 
phosphate(V) 5) 

should be used carefully and interpreted in the light of more recent findings. Un- 
fortunately, this trend continues to persist (though to a much smaller extent) in 
modern literature. 

Caution is especially necessary when: 
1. Formulas are reported for salts of cations that usually precipitate many dif- 

ferent species of molybdates, e.g., CNaH~ (guanidinium), Hg~ 2, Ag +, Cs § 
2. Analyses were obtained by difference (except in the case of water). 
3. Preparations involved conditions that partially decompose heteropolymolyb- 

dates. In cases where impure materials were obtained because the precipitation 
methods used often coprecipitated impurities along with undecomposed heteropoly 
anion. For example, it was ascertained that addition of silver nitrate to a solution of 
12-molybdophosphoric acid yields the desired salt partly decomposed, i.e., the Ag 
to P ratio was 2.84/1.00 and that of Mo to P 11.18/1.00 rather than 3/1 and 12/1, 
respectively s). Similarily, addition of four moles of silver nitrate to one mole of 
sodium 12-molybdosilicate yields only white insolubles whereas the same addition 
to 12-molybdosilicic acid has produced the pure salt, the effect here being one of 
pH s). The preparation of  free 12-molybdoarsenic acid from water dioxane solutions 
of sodium molybdate and arsenic acid has been described in the literature 14) involv- 
ing the addition of  perchloric acid, but it was found I s) that such procedures lead to 
high contamination by sodium and by perchlorate ions. The reported preparation of  
beta-12-molybdosilicic acid from water-ethanol mixtures 16' 17) could not be re- 
produced without considerable contamination of the product with sodium per- 
chlorate 1 s, is). Caution should also be exercised in the preparation of heteropoly 
compounds by ion exchange techniques as several of these are degraded by the resins. 

4. Commercial preparations were accepted as pure without further check. 
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S y s t e m s  of  Formulation 

The literature on heteropolymolybdates uses four systems o f  writing formulas: 
1. Empirical or oxide formulas. These express atomic ratios and oxidation states, 

but give no structural information�9 They are still used when structural information is 
lacking. 

2. Miolati-Rosenheim formulas. The elaborate Miolati-Rosenheim theory, now 
outmoded, dominated the field o f  heteropoly compounds for several decades, and 
much of  the literature is expressed with these formulas. In Miolati-Rosenheim 
formulas [MoOa] - 2  ions or the now discarded [M0207] -2  ions are represented as 
coordinated to the central atoms. The Miolati-Rosenheim formulas are still frequently 
used deliberately to indicate that modern structural information is lacking. 

3. Variants of  modern formulas. Some authors indicate whether the central atom 
is enclosed in a tetrahedron XO4 or an octahedron XO6; thus [GeMOl2040] - 4  is 
sometimes written [GeO4Mo12036] -4. Other authors rearrange formulas in different 
ways to indicate structure; for example, [Ge(MoaOlo)4] -4,  shows that four groups 
of  three MoO 6 octahedra each surround the central atom in 12-molybdogermanates. 

4. International Union of  Pure and Applied Chemistry (IUPAC) formulas. The 
official system of  the IUPAC is little used. In this system, 12-molybdosilicic acid and 
its sodium salt are written H4SiO 4 - 12 MoO 3 �9 xH20 and Na4SiO 4 �9 12 MoO 3 �9 xH20. 
Examples of  the first three systems are given in Table 6. 

Table 6. Systems of formulation 

Modern formula Empirical formula Miolati-Rosenheim formula 

Na3[PMo12040 ] �9 10 H20 

K4[NiW6024H6] �9 9 H20 
H61As2Mo18062] �9 35 H20 

3 Na20. P20 s - 24 MoO a - 20 H20 

2 K20. NiO. 6WO 3 �9 12H20 
As205 �9 18 MoO 3 �9 38 H20 

Na3H 4{P(Mo2OT)61 �9 
�9 8 H20 
K4H6INi(WO4)6 �9 9 H20 
HI2[As202(Mo2OT)9] �9 
�9 32 H20 

T y p i c a l  P r o p e r t i e s  

Many heteropolymolybdates and heteropolytungstates fall into distinct series with 
properties that differ somewhat from one series to another�9 However, the heteropoly 
compounds as a class show the following general properties: 

1. Heteropolymolybdates generally have very high molecular weights for in- 
organic electrolytes, ranging to over 4000. 

2. Free acids and most salts of  heteropoly anions are extraordinarily soluble in 
water and are often very soluble in several organic solvents as well. 

In water: Most free acids are generally extremely soluble (up to 85% by weight 
of  solution). In general, the heteropoly salts of  small cations, including those o f  many 
heavy metals, are also very soluble. Usually the larger the cation, the less soluble its 

10 
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salt with a given heteropoly anion. Cs*, Ag +, T1 +, Hg ++, Pb ++, and the larger alkaline 
earth salts are often insoluble. The NH~, K +, and Rb § salts of some of  the most im- 
portant heteropoly anions are insoluble, but these three cations form other soluble 
heteropoly salts. Salts of heteropolymolybdate and heteropolytungstate anions with 
cationic coordination complexes, alkaloids, or organic amines are usually insoluble. 
The albumins are coagulated and precipitated by most heteropolymolybdates and 
heteropolytungstates. 

In organic solvents: Many of the free acids and a few of the salts are very soluble 
in organic solvents, especially if the latter contain oxygen. Ethers, alcohols, and 
ketones (in that order) are generally the best solvents. The dehydrated salts some- 
times dissolve readily in organic solvents; the hydrated salts are insoluble. Both 
12-molybdophosphoric acid and its cobalt salt can be dissolved and recovered intact 
from molten benzoic acid solutions s). 

3. The crystalline free acids and salts of  heteropolymolybdates and heteropoly- 
tungstate anions are almost always highly hydrated. A given acid or salt will often 
form several solid hydrates. 

4. Many heteropoly compounds are highly colored, the colors ranging through 
the spectrum and occurring in many shades. 

5. Some heteropoly compounds - and especially heteropolymolybdates - are 
strong oxidizing agents and can be very readily changed to fairly stable, reduced 
heteropolymolybdates. The reduction products are colored an intense deep blue. 
In solution the blue substances obey Beer's Law of Light Absorption. The reduced 
products can in turn act as reducing agents, and the original colors of the anions are 
restored on oxidation. 

6. Recent work has shown that the free heteropolymolybdic acids are strong 
acids I s). The acids are always stronger than molybdic acid or the simple acid contain- 
ing the central atom in a corresponding oxidation state. 

The free acids generally have several replaceable hydrogen ions. Accordingly, 
numerous crystalline acid salts have been isolated. The several replaceable hydrogen 
ions of the acid are typically strong and differ little in dissociation constant. Neutrali- 
zation of successive hydrogen ions therefore proceeds simultaneously when hydroxyl 
ion is added to the solution, and breaks between successive hydrogen ions are not 
detectable in the neutralization curves. (Such curves generally show breaks correspond- 
ing to the beginning and end of degradation reactions of the complex anion by 
hydroxyl ion.) However, these breaks usually occur after neutralization of the 
replaceable hydrogen ions. 

7. All heteropolymolybdate and heteropolytungstate anions are decomposed by 
strongly basic solutions. 

The final products are simple molybdate or tungstate ions and either an oxyanion 
or a hydrous metal oxide of the central atom: 

[P2MolsO62] - 6  + 34 O H -  : 18 MoO~ -2 + 2 HPO~ "2 + 16 H20 

[NiW6024H6] -4 + 80H-------~ 6 WO~ -2 + Ni(OH)2 + 6 H20 

A limited number of heteropolymolybdates exist only in very acidic solutions. 
However, many exist in nearly neutral solutions, and some in neutral and even slightly 

11 
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basic solutions. Heteropolytungstates are more stable in acid solutions than the cor- 
responding molybdates. As a rule, heteropolytungstates are hydrolytically more stable 
than the heteropolymolybdates. 

If hydroxyl ions are progressively added to a solution containing a given hetero- 
poly anion, the pH generally rises steadily. The anion retains its identity throughout 
a range of pH until the pH of degradation for that particular anion is reached. There- 
after, the pH generally changes little as more hydroxyl ion is added until the hetero- 
poly anion is either converted to another species that is stable in a higher pH range 
or else it is completely degraded to simple ions. 

8. Throughout specific ranges of pH and other conditions, most solutions of 
heteropolymolybdates and heteropolytungstates appear to contain predominantly 
one distinct species of anion. It is generally reasonable to assume that this predomi- 
nant species is identical with the anion existing in the solid state, in equilibrium with 
the solution, or is closely related to it; some heteropoly anions are remarkably stable. 

P repara t ion  

Heteropolymolybdates are always made in solution, generally after acidifying and 
heating quantities of reactants. 

When the central atom is not a transition element, a soluble molybdate or tung- 
state may be dissolved with a soluble salt containing the central atom in the appro- 
priate oxidation state. The mixture is then acidified to an appropriate pH range. 
Sometimes barium molybdate is mixed with a sulfuric acid solution containing the 
central atom, or molybdenum trioxide is boiled with a solution containing the atom. 

When the central atom is a transition metal, a simple salt of that element may be 
mixed hot with a soluble molybdate or tungstate in a solution of appropriate pH. If 
the central atom must be raised to an unusual oxidation state, persulfate, peroxide 
or bromine water are often employed; electrolytic oxidation may also be used. Alter- 
natively, freshly precipitated hydrous metal oxides may be boiled in acidic molybdate 
or tungstate solutions, or coordination complexes may be decomposed in hot molyb- 
date solutions. Free acids are prepared in several ways: 

1. by mixing appropriate quantities of the simple acids; 
2. by double decomposition of salts (for example sulfuric acid plus a barium salt); 
3. by extraction with ether from acidified aqueous solutions 7' 19, 20); 
4. by ion exchange from heteropoly salts 7' 21); 
5. from mixed or aprotic solvents 7' 22) 
A critical evaluation of preparative procedures of heteropoly compounds through 

7, 271) 1970 has appeared . Valuable procedures for preparing phosphorus containing 
heteropoly compounds are given in Ref. 23). Refs. 8) and 24-27) give procedures for 
numerous heteropoly compounds but they should be used with caution since some 
of these are not critical. An extensive review of the literature and references to the 
preparation of heteropoly compounds through 1955 may also be found in Reffl 8). 
Preparations v/a non-ether routes for 12-molybdophosphoric and 12-molybdosilicic 

~ s) Some acid and several of their metal salts are given in K e i . .  pertinent comments on 
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the preparative aspects of common heteropolymolybdates are given below to illustrate 
some of the details of the procedures used and the precautions that need to be taken 
in preparing pure compounds. 

12-Heteropoly Anions 

Failure to recognize the hydrolytic instability of 12-molybdophosphoric acid, 
Ha[PMoI2Oao], or the equilibria that exist in H20 HaPO4 molybdate solutions has 
lead to the development of incorrect preparative procedures for this type ofhetero- 
poly compounds. For example, a commercial form of molybdophosphoric acid 
labeled as P20 s �9 20 MoO 3 �9 xH20 is a mixture consisting primarily of the 12-acid 7). 

No heteropoly species containing Mo/P ratio of I 0/1 exists 29). This composition 
was incorrectly assumed to be the 11-acid, H7 [PMo11039] �9 xH20, in physicochemical 
studies of this type of compound 3~ Reports in the literature 31, 32) that 12-molybdo- 
phosphoric acid can be prepared by boiling molybdenum trioxide in phosphoric acid 
were found to be incorrect and the reaction yielded a crude product containing Mo/P 
atomic ratios 11/1 s). The pure product can be obtained only after recrystallization 
of the cmdeacid from water at room temperature s). 12-molybdophosphoric acid can 
also be prepared as a yellow crystalline solid by ether extraction of acidified solutions 
of sodium molybdate and phosphate 23) but the crude product thus obtained must 
be recrystallized from water at room temperature to yield the desired acid, 
H3[PMol2040 ] �9 30 H20, as large yellow crystals 7). Yields of the pure product 
prepared by this method are usually low. 

All too often, the preparation of free heteropoly acids has been reported in the 
literature where the common-ion effect has been used to isolate the acid. However, 
such procedures have overlooked thepossibility of considerable contamination of 
the product by other ions. For example, the preparation of beta. 12.molybdosilicic 
acid from water-ethanol solutions has been described 33' 34). In this procedure, sodium 
molybdate and sodium silicate solutions containing Mo/Si ratios equal to 12/1 are 
acidified with perchloric acid and subsequently excess perchloric acid is used to 
precipitate the purported free beta 12-molybdosilicic acid. The product obtained by 
this method, however, was not analyzed for sodium or perchlorate ions 33' 34). It was 
found, however, that this method of preparation yields a product contaminated by 
sodium perchlorate 1 s, as). Similarly, the preparation of free 12-molybdoarsenic acid 
as described in the literature la) could not be reproduced I s). It was found that the 
addition of perchloric acid to water dioxane solutions containing sodium molybdate 
and arsenate ions resulted in the formation of yellow solids that contained 1.94- 
2.83% Na indicating considerable contamination by sodium and perchlorate ions I s). 
The free beta-12-molybdosilicic acid has been prepared with negligible sodium con- 
tents by passage of acidified (with HC1) sodium molybdate sodium silicate water 
dioxane solutions through ion exchange to remove sodium ion and subsequent addi- 
tion of hydrochloric acid to the effluent to precipitate the desired acid I s). Thus in 
view of these results and those also obtained when such precipitations are carried out 
from water ethanol mixtures, it is recommended that the procedures outlined in 
Ref. 1 s) for preparing beta-12-molybdosilicic acid by ion exchange be adapted to 
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preparing these and other heteropolyacids free of contaminants from mixed solvents 
by ion exchange. 

The alpha form of the 12-molybdosilicic acid can be prepared in quantitative 
yield by ether extraction of acidified solutions of sodium molybdate and sodium 
metasilicate a6). A quantitative preparation of this acid has been accomplished by a 
passage of a solution, prepared by boiling 12 moles MoOa, 2 moles NaOH and one 
mole Na2SiOa, through a strong cation resin in the acid form s). 

Although the synthesis of ammonium 12-molybdothorate, 
(NH4)8[ThMo12042] " xH20, was reported in the older literature 37), it could not be 
duplicated 38). The synthesis, however, was carried out by refluxing 25% ammonium 
paramolybdate solution with 15% Th(NOa)438). The product obtained had the com- 
position (NH4)8 [ThMo12Oa2] �9 7 H20. The preparation of the isomorphous 12-molyb- 
douranate anion has been reported. The free acid Hs[UMo12042 ] - 18 H20 and its 
ammonium salts have been prepared from aqueous solutions 39). 

9-Heteropoly Anions 

The dimeric 18-molybdo diphosphate anion, [P2Mo 18062 ]- 6, is the most typical 
anion in this series. It is prepared by refluxing for prolonged periods of time acidified 
solutions containing molybdate and phosphates 2 a). This anion reverts easily to the 
[PM012040] -3 in solution, ammonium ion accelerates this change by forming the 
insoluble (NHa)a[PM012040] �9 xH2 O23' 40). Recently, the preparation of a new com- 
plex of formula [PM09031 (OH)a] -6 has been carried out by mild acidification of 
solutions containing Na a [PMo 12040], Na2MoO4 and NaH2PO 4. Colorless crystals of 
composition Na3H3[PM09031 (OH)3 ] " 10 H20 have been thus obtained 41). 

6-Heteropoly Anions 

The 6-heteropoly compounds of molybdenum have been studied extensively and are 
well understood. Typical examples are the 6-molybdotellurate anion, [TeMo6024] -6, 
and the 6-molybdochromate(III) anion, [CrMo6024I-I6] -3. These are usually prepared 
by the reaction of ammonium paramolybdate with a soluble salt of the central 
atom 7). Some of these are stable only in very mild acid solution and caution should 
thus be exercised in preparing them. 

12-Heteropolymolybdate Anions with Transition Metals as Peripheral Atoms 

Such anions are prepared by converting the 12-molybdate into the 11-molybdate by 
adjusting the pH of the solution between 4-4.5 with potassium acetate or bicarbonate 
and then adding the desired divalent or trivalent transition metal salt. Typical exam- 
ples include the 11-molybdo-l-nickelo(II)silicate anion 42), [SiMo 11NiO40H2] -6. The 
anion [SiMol iCrOaoH2] -s  was prepared by adding the stoichiometric amounts of 
Cr(NO3)3 to a-molybdosilicic acid 43). Other triheteropoly anions containing transi- 
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tion elements as peripheral atoms like Cu +2, Mn +2, Mn +a, Zn +2, Co +2, Ni +2, and Fe +3 
have been described 44-46). 

Other Heteropoly Anions 

The molybdovanadophosphoric acids, H4[PMol iVO40], Hs [PMoloV2040] and 
Ha[PMo9V3040 ] can be prepared by ether extraction of acidified solutions of molyb- 
date, vanadate and phosphate 47). The 10-molybdo-2-niobophosphate anion can be 
prepared by acidification of solutions containing molybdate, 6-niobate and phos- 
phate 7). The free acid is unstable in water but stable up to one hour in butanol or 
butyl acetate. The pyridinium or tetramethylammonium salts of the 10-molybdo-2- 
niobophosphate anion, (CsHsNH)nH[PMoIoNb2040] and [(CH3)4N]4[PMoIoNb2040], 
can be precipitated from the organic phase of the acid by addition of the correspond- 
ing ammonium chlorides 7). 

Mild acidification of molybdate-phosphate solutions yielded the colorless 
[P2MosO23] -6 anion, isolated as the sodium salt 4s' 49). The heteropoly acid contain- 
ing pentavalent antimony, H3[SbMol204o] �9 48 H20, was reported to have been 
prepared by refluxing M/20 molybdic acid with M/75 potassium pyroantimonate 5~ 
however, more work is necessary to elucidate to exact nature of molybdenum hetero- 
poly compounds containing antimony. 

S t ruc ture  in the  Solid 

X-ray structural determinations have been made on several heteropoly compounds 
and also on related isopolymolybdates and tungstates. Structural work on heteropoly 
compounds in solution, although limited, has been carried out and will be discussed 
later. For convenience, Tables 2 to 4 show the heteropoly compounds on which 
structures have been determined. Details of structures will be given under each series 
or category of heteropoly species. 

Representation 

The simplest way to represent the anion structures is by polyhedra that share corners, 
edges or faces with one another. Each Mo or W is at the center of an octahedron, 
and an oxygen atom is located at each vertex of the octahedron (Figs. 1, 2, and 3). 
The Mo or W atoms are small and the 0 atoms are large. The ionic radii for Mo +6 and 
W +6 are 0.62 and 0.65 A, respectively; that of O -2 is 1.40 sl. 

An MoO6 or WO 6 octahedron can share corners or edges or both with other 
MoO6 or WO6 octahedron. When two octahedra share an edge, this means that two 
particular oxygen atoms form part of each octahedron (Figs. 4 and 5). The central 
atom (also small compared to an oxygen) is similarly located at the center of an XO4 
tetrahedron or XO6 octahedron. Each such polyhedron containing the central atom 
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Fig. 1. Locations o f  the centers o f  the  a toms  in an MoO 6 oeta- 
hedron. The black circle represents  mo lybdenum,  the  white  
circles oxygen  

Fig. 2. Diagram of  an MoO 6 octahedron.  The vertices represent  
the  centers o f  the six oxygen  a toms 

Fig. 3. Diagram of  an MoO6 oc tahedron  to t he  same scale as 
Figs. 1 and 2 bu t  with the  relative sizes o f  the  a toms  indicated. 
The m o l y b d e n u m  a toms  is the  small black circle 

16 

Fig. 4. Two octahedra  sharing an edge to 
form a structural  uni t  Mo2OlO. (This 
unit  does not  actually exist.) 
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Fig. 5. Structure of the paramolybdate ion [Mo70241-6. 
Here seven MoO 6 octahedra share edges to make the com- 
plete unit 

is generally surrounded by MoO6 or WO6 octahedron, which share corners or edges 
(or both) with it and with one another so that the correct total number of  oxygen 
atoms is utilized. Each MoO 6 or WO 6 octahedron is directly attached to a central 
a tom through a shared oxygen atom. In the actual structures the octahedra are 
frequently distorted 1' 52-61) 

Another common method of  representing structures is by a diagram showing the 
locations of  the centers o f  the various atoms. Figures 6 (a) and 6 (b) show the 
12-molybdate(tungstate) heteropoly anion by this method and by the poly-method. 
Figure 6 (c) depicts the [PMo12(Wt2)O40] -3  anion as a closed polyhedral group of  
composition Mo12040 or W12040 with the phosphorus atom in the middle. 

(a) Spatial diagram of the 
12-molybdophosphate(V) anion 
showing the locations of the 
centers of the various atoms 

(b) Polyhedral diagram of the (c) Cubooctahedron diagram 
12-molybdophosphate(V) anion of the IPMo 120401-3 or 
to the same scale as Fig. 6(a); [PWI20401-3 anion; the 
note the central tetrahedron molybdenum or tungsten 

atoms are at the corners of 
the polyhedron and the 
oxygen atoms are at the 
midpoints of the edges 

Fig. 6. Spatial, polyhedral, and cubooctahedron diagrams of the 12-molybdophosphate(V) anion 

These methods o f  representation do not give pictures o f  the anions. They are 
merely diagrams which locate the positions of  the centers o f  the atoms. They do not 
illustrate the fact that the oxygens are relatively large spheres, as shown in Fig. 3. 
Therefore, they may give the misleading impression that there are large open spaces 
within the anions. In reality, practically all of  the space within the anion structure is 
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Fig. 7. Diagram of structure of the 6-molybdo- 
chromate(III) anion represented with atoms drawn 
to the scale of their ionic radii (compare with Fig. 16) 

taken up by the bulky oxygens, which are either close-packed or nearly so. Figure 7 
represents the structure of the 6-molybdochromate(III) anion depicting such pack- 
ing4O, s8). The large circles represent oxygen atoms, the six molybdenum atoms are 
hatched and have black centers. The central atom is hatched and drawn to the scale 
of the ionic radius of Cr +a. The metal atoms lie in the octahedral interstices between 
the two layers of close-packed oxygen atoms. The locations of tetrahedral interstices 
are shown; minor distortions are not indicated in this diagram. 

S t ruc tu re  in So lu t ion  

X-ray structural analysis of saturated aqueous solutions have shown that the structure 
of  the 12-tungstosilicate anion, [SiW1204o] -4,  is maintained when the latter is dis- 
solved in water 62' 63). The same results were obtained for the 12-molybdophosphate 
anion 6a). Interatomic distances are presented in the references cited. This fact finds 
further corroboration in the similarity of the UV spectra of  solutions of isostructural 
Ha[PWl2040], H4[SiWI2040], and H6[H2W12040] 64). 

The 12-molybdosilicic acid exists in two forms in solution 1 s, 6s-67). The alpha 
form (the commonly known compound) is produced in water solution when there 
are less than 1.5 equivalents of  acid per mole of molybdate in the solution during 
formation. With more than two equivalents of  acid per mole of  molybdate, the beta 
form is produced. The two forms have the same empirical formula. The absorption 
spectra in water are similar, but the extinction coefficient of  the beta form is twice 
as great as that of  the alpha modification. Spectroscopic data (Table 7) of  the two 
isomers of this acid, obtained in 1 : 1 dioxane-water solutions, indicate that in this 
solvent the molar extinction coefficients for the beta-isomer are also roughly twice 
as large as those for the alpha isomer. However, the reported absorption curves in 
aqueous solution 65' 67) for the two isomers intersect at wavelengths slightly lower 
than the values obtained in water dioxane I s); no such intersection was found in the 
spectra of the two isomers in water dioxane solutions 1 s). 

It has been suggested that isomers of  this kind result from different kind of 
arrangement of the 12-M006 octahedra about the XO 4 group 68). However, this geo- 
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Table 7. Spectroscopic data for H4ISiMo 120401 

Wavelength (NM) Molar Extinction Coefficient E (mole -1 1 �9 cm-l )  

Alpha-form Beta-form 

450 1.3 3.9 
425 5.9 12.0 
400 1.9 3.6 
375 3.5 7.2 
10 s H4ISiMo 12040 ] M 6.4 0.64 6.7 0.66 

metrical isomerism in the Keggin structure has been resolved by an X-ray investiga- 
tion of  crystals of  beta-K4[SiWl2040 ] �9 9 H2 O69' 272). The [SiWl2040] - 4  is a geo- 
metrical isomer (Fig. 8) o f  the Keggin structure depicted for the alpha form in Fig. 6. 
The two structures differ in that in the beta form the upper right MO3Olo unit is 
notated by 180 ~ . 

Fig. 8. Model of the 3-[SiW 12040] - 4  anion. Note the 
rotation of the upper right-hand Mo 3 ~ 10 unit from 
that shown in Fig. 6 (b) for the alpha form of the 
12-anion 

It has been shown that [SiW12040] - 4  (ionic weight = 2875) and [SiMOl2040] - 4  
(ionic weight = 1820) have identical diffusion coefficients in solution. These ions 
are spherical, identical in size and structure 7~ and have a negligible degree of  
solvation72, 73). Identical diffusion coefficients prove that the thermodynamic 
radius o f  these anions (5.6 A for [SiW1204o]-4) 72), is the same as the unsolvated 
ionic radii in crystals 71), which indicates very low solvation. 

R o l e  o f  W a t e r  o f  H y d r a t i o n  

When the large heteropolymolybdate and heteropolytungstate anions pack together 
as units in the crystal, the interstices between the anions are very large compared 
either towate r  molecules or to most simple cations. In most compounds there is 
apparently no direct linkage between the individual heteropoly anions as shown in 
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the structure of Ks[CoWI2040 ] " 20 H20 sT), and K6[P2W18062 ] �9 14 H2074). Instead, 
the complexes are joined by hydrogen bonding through some molecules of water of  
hydration. 

Other water molecules are apparently often zeolitic - that is they are lost on 
heating continuously rather than stepwise at specific vapor pressures s' 74). No great 
change of crystal structure accompanies the loss of  this water. Structures thus ob- 
tained may be very porous. The ion exchange properties of various heteropoly salts 
are attributed to their porous structure and it is believed that ions are able to move 
freely through the structure so that ion exchange takes place throughout the entire 
crystal lattice and not only on the surface of the crystals 75-77). 

In many cases there are nonzeolitic water molecules, which cannot be lost con- 
tinuously or without changing the arrangement of  the complex ions. This is typified 
by the 6-molybdochromate(III), [CrMo6024I-I6] -3  (Fig. 7) and 6-tungstonickelate(II), 
[NiW6024H6] -4,  anions (shown later in Fig. 16), which contain three molecules of 
constitutional water 78). Dehydration experiments by thermogravimetric and differen- 
tial thermal analysis on K 3 [CrMo6024H6] and K4[NiMo6024H6] have shown that 
these molecules also contain three molecules of  water of  constitution 79, 8o), in agree- 
ment with X-ray studies s8, 78). In fact, in the structure of Naa[CrMo6024H6] " 8 H20, 
charge balance and hydrogen-bonding arguments suggest that the six hydrogen atoms 
of the anion are bonded to the oxygen atoms which are coordinated to the chromium 
atomSS). 

These principles are illustrated in the crystal structure of  12-tungstophosphoric 
acid hydrate, as determined by X-ray diffraction (Fig. 9) 81' 82). Of the 29 water 
molecules, 17 are held together in a well-defined group by hydrogen bonding. The 

I I 
I t ~ ~ _ ~  ?ql--t i~ t 

Fig. 9. Structure of crystalline H3[PW1204ol �9 
�9 29 H20. Open circles represented centers of 
the [PW 12040] - 3  units, and shaded circles the 
centers of the IHa �9 29 H20] +3 units 

other 12 are not directly bonded to one another or to any of the first 17. These 12, 
plus the outer 6 from the first group of 17, are responsible for linking the anions 
together by hydrogen-bonding. Linnett s6) redescribed this structure by concluding 
that the 3 H + are directly associated with the nonbridged peripheral oxygen atoms 
of the anion since there is a tendency to be negatively charged. However, a recent 
nuclear magnetic resonance investigation of the crystals of H3 [PMol204o]" 29 H20 
and H4[SiMo1204o] �9 29 H20 has shown that the protons are present as HaO + ions s3). 
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In addition, the above-mentioned compounds showed an IR band at 1730 cm- 1 
indicative of the H30 + ion s3). Hydronium ions are also present in other heteropoly 
acids such as H6[P2W18062] �9 16 H20 and NaaHa[P2W18062] �9 17 H20 84-86), as 
well as in the higher hydrates of 12-molybdoceric(IV) and 12-molybdothoric(IV) 
acids, namely, H8 [CeMo 12042 ]" xH20 and Ha [ThMo 12042 ]" xI-I20 86). More 
recently, PMR spectra of hydrates of several heteropoly compounds have been ob- 
tained. In 12-molybdosilicic and .12-tungstosilicic acids the PMR spectra show the 
hydrogen ions in the higher hydrates of the acids to be present as HaO+; however, 
evidence also indicates that there is competition between the anion and water for 
the proton 87). The interaction of H + and water molecules in the hydrates of the 
acids H6[PW9V3040 ] �9 xH20 and H7 [PWsV4040] �9 xH20 has been also studied by 
PMR. In the highly hydrated acids all of  the hydrogens are in the form of HaO +, but 
during dehydration the protons become nonequivalent which may account for the 
possibility of the stepwise basicity of the acids 8a). 

It should be noted that the protons present in the 6-heteropoly anions like 
[CrMo6024H6] -3 are directly attached to the oxygen atoms bridging the Cr and Mo 
atoms and are not neutralized prior to the decomposition of these anions with 
base 89). In fact, passage of such materials through strong cation exchange resins does 
not result in the replacement of the anionic protons with the cation of the resin 4~ 

Heteropoly salts of larger cations, such as cesium, frequently crystallize as acid 
salts irrespective of the ratio of cations to anions in the mother liquor. Furthermore, 
salts of these cations are frequently less highly hydrated than those with smaller cat- 
ions. Apparently, the larger cations take up considerable space between the hetero- 
poly anions; there is little room left for water s8). In fact, there is often not enough 
room for all the larger cations required to form a normal salt. Instead, (solvated) 
hydrogen ions fill in to balance the negative charge of  the anions, and a crystalline 
acid salt results. 

12 -He te ropo ly  Anions:  Series A 

[X + nMo(orW)1204o] -(8-n) 

The 12-heteropolymolybdates are apparently subdivided into two series. The struc- 
ture of Series A anions i~ built around a central XO4 tetrahedron and the anion con- 
tains 40 oxygen atoms 1). Series B is typified by the 12-molybdoeerate(IV) anion, 
[CeMo12042] -8, in which there are 42 oxygen atoms present within the anion 89-92) 
and in which the coordination about the cerium atom is twelve-fold 92). The 12-molyb- 
dothorate(IV) anion may have the same structure. 

The Series A 12-acids and their salts are the best known of all heteropolymolyb- 
dates and heteropolytungstates and the only compounds of this type used thus far 
on a large commercial scale. 

Tables 2 and 3 show the various central atoms and the type of 12-heteropoly- 
molybdates and 12-heteropolytungstates they form, respectively. 

The 12-heteropolymolybdates reported earlier to contain manganese and boron 
as the central atoms probably do not exist 93' 94) 
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Crystal Structure 

X-ray structure studies have been made with 12-heteropolymolybdates of p+S, As+S, 
Si +4, Ti +4, and Zr +4 l, 60, 61, 71,90, 95-99). Similar studies have been made with the 
corresponding isomorphous tungstates of B +a, Ge +4, p+S, and Si +4 71). The anions all 
have the same symmetrical structure with 12 MoO 6 octahedra or WO 6 octahedra 
surrounding a central XO4 tetrahedron. Figures 6(a) and 6(b) represent this structure. 

Each oxygen atom of the central XO4 group is shared with three Mo(W)O 6 octa- 
hedra. Each Mo(W)O 6 octahedron also shares four other oxygen atoms with other 
Mo(W) 06 groups. The sixth oxygen atom in each Mo(W)O6 group is attached to the 
molybdenum or tungsten atom alone. These 12 unshared oxygens project from the 
anion in all directions. Recently, the complete structure of the [Co+304W12036] -5 
anion has been determined sT) in the salt K s [CoOaW~2Oa6] �9 20 H20. The work con- 
firms the gross structure proposed by Keggin 9s) for the 12-tungstophosphate anion. 
The anions are arranged in spirals that surround relatively large columns of space. 
These accommodate potassium ions and zeolitic water. A feature of this structure is 
the extent to which the tungsten atoms are off-center in their respective WO 6 octa- 
hedra. All tungsten atoms are displaced toward the outside of the anion and the pe- 
ripheral oxygen atoms are drawn somewhat inward. Within each octahedron the 
longest W-O distance, 2.49 A, occurs between the tungsten and an oxygen atom in 
the interior of the complex; but the W-O distance involving those peripheral oxygen 
atoms which are not shared by other tungsten atoms is only 1.43 A s7). Infrared evi- 
dence based on spectra of 12-heteropolytungstates shows the presence of a peak at 
1170 cm -1 due to a tungsten-to-oxygen bond 1~176 This peak has the highest value 
thus far observed in any W-O bond, and it is very likely that it may be the result of 
very short W-O bonds involving peripheral oxygen atoms consistent with the short 
W-O distances (1.43 A) obtained by X-rays. 

Molecular Weight 

All 12-heteropolymolybdates have high molecular weights, generally over 1800, their 
tungsten analogs over 2800. The anions [SiMo12040] -4 and [SIW12040] -4 have ionic 
weights of 1819.5 and 2870, respectively. Determination of molecular weights by light 
scattering of such compounds has been reported in the literature ~~ 

Color 

The 12-heteropolymolybdates are generally yellow in solution and in most crystals. 
The corresponding tungstates are very pale yellow or colorless. In the 12-series the 
color also depends on the nature of the central atom. Substituting vanadium for part 
of  the molybdenum in the 12-molybdophosphate anion changes the color from yel- 
low to orange. The Cu § Ni +2, and Cu +2 salts of 12-heteropolymolybdates are green; 
the Co +2 salts are red or brown; and the Fe +3 salts may be reddish or yellow. Pre- 
cipitated salts of basic dyes usually retain the color of the original dye. 
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Solubfl~y 

Solubility of heteropoly compounds in water must be attributed to very low lattice 
energies and solvation of the cations. Consequently, solubility is governed by packing 
considerations in the crystals. The cations are fitted in between the spheres of the 
large negative heteropoly anions. Accomodations of large cations such as Rb +, Cs § 
Ag § and organic bases such as strychnine allow for stable packing in the large inter- 
stices and, hence, cause sufficient lowering of the lattice energy to produce insolu- 
bility in water. 

Although values of lattice energies for heteropoly compounds are not known, 
estimates have been obtained from the Kapustinskii equation 1~ 1o3). The lattice 
energy of K4[SiMo1204o ] was calculated to be approximately 800 kcal/mole 1~ 

Free 12-acids are remarkably soluble in water (up to 85% by weight of solution) 
and in dilute acids, alcohols, and ether. For example, 100 ml of water at 25 ~ will 
dissolve 700 g of H4[SiMol204o ] �9 8 H20; 100 ml of ethyl acetate, 550 g; and 100 ml 
of ethyl ether, 400 g. Ether solutions of heteropoly acids are oils insoluble in water 
and in ether 1~ los) and are believed to be etherates l~ However, the free acids are 
insoluble in nonoxygenated solvents such as benzene, chloroform, or carbon disulfide. 

Most metal salts are also highly soluble in water. However, rubidium, cesium, 
mercurous, and thallous salts are insoluble. Ammonium and potassium salts are often 
insoluble; this property is used in the determination of phosphorus by precipitation 
as (NH4)3[PMoI2040] " 2 HNO3 �9 xH20. 

Insoluble salts also form with many alkaloids, basic dyes, and other organic 
amines and amides, as mentioned previously. 

Similar insoluble salts form with many cationic chelates of heavy metal atoms. 
Thus, 12-molybdosilicic acid precipitates Cu § Ag +, Cd +2, Zn +2, Sn +2, Cr +3, Ni +2, 
and Co +2 in the presence of ethylenediamine, thiourea, hexamethylenetetramine, 
dithiooxamide, or similar chelating agents1~ 

The solubility of 12-molybdophosphoric and 12-molybdosilicic acids and several 
transition metal salts has been determined 5) in various solvents and is given in Table 8. 

Density of Salts 

The density of several heteropoly molybdate salts determined pycnometrically 5) is 
given in Table 9. 

Hydrates 

Most free acids of 12-heteropoly anions of Series A form isomorphous 30-hydrates. 
These melt in their own water of hydration at 40 to 100 ~ They begin to lose water 
in dry air and give up almost all 30 molecules in vacuum over sulfuric acid. The transi- 
tion metal salts of the 12-molybdophosphoric and 12-molybdosilicic acids lose water 
up to 300 ~ s). The hydrated free acids may be converted to the anhydrous 
H3[PMo1204o ] and H4[SiMo12040] by heating at 180 ~ the products thus ob- 
tained can be rehydrated at room temperature s). The hydrated acids 
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Table 9. Density of 12-heteropolymolybdate salts 

Compound Density, 
g/ml 

LaIPMol20401 �9 10 H20 
Mn3[PMo12040] 2 �9 41 H20 
NiaIPMo 1204012 �9 34 H20 
Co3[PMo 1204012 �9 34 H20 
Cu2[SiMol2040 ] - 20.5 H20 
Mn21SiMo 120401 �9 22 H20 
Ni21SiMo 12040 ] �9 19.5 H20 
Co2lSiMo 120401 �9 24 H20 
La4[SiMol204013. 71 H20 

3.673 
2.913 
3.144 
3.134 
3.078 
2.979 
3.080 
3.053 
3.009 

H3[PMol2040 ] " 5 H20, H4[SiWI2040] " 5 H20  , and Hs[BWI2040 ] - 5 H20  are iso- 
structural 61). 

Salts are nearly all highly hydrated,  and numerous isomorphous series exist. 
Some examples are given in Table 10. 

Table 10. Hydrates of 12oheteropolymolybdates 

Central atom lsomorphous hydrate series Cation M +2 

P M3[PMoI204012 �9 58 H20 Mg, Ca, Sr, Ba, Cd, Zn, Mn, Co, Ni 
P M3[PMoI204012 �9 48 H20 Ca, Sr, Ba, Cd, Mn, Ni, Co 
Si M21SiMo12040] - 31 H20 C'u, Mg, Zn, Mn, Ni, Co 
Si M2[SiMoI2040 ] - 24 H20 Ca, Sr, Ba 

Basicity and Acid Strength 

The 12-heteropolymolybdates  and 12-heteropolytungstates o f  Series A all have basic- 
i ty (8 - n) where n is in the oxidat ion state o f  the central atom. Higher basicities 
that  are reported in solution 1~ 1o7) reflect degradation of  the he teropoly  anion to 
simpler species, such as the H 3 [PMo1204o] species 4). Both the 12-molybdophosphoric  
acidlOS, lo9) and the 12-tungstophosphoric acid l ~  lO7, 1 lo-112) have been reported 

to be heptabasic instead of  tribasic. These results arose since both  he te ropoly  anions 
are extensively hydrolyzed,  especially in very dilute solutions s' 6, 7) 

The strength and degree of  basicity o f  he teropoly  acids has been recently eluci- 
dated by conduct ivi ty and pH measurements.  It was shown that the heteropoly  acids 
H4[PMol iVO4o] and H s [PMol0V204o] obey the Onsager-Fuoss theory for strong 
electrolytes in both aqueous solutions 1 s, 1 l a) and in mixed solvents I s, 114). The 

results show that  these are strong acids behaving as 1 - 4  and 1 - 5  electrolytes,  re- 
spectively. 
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Heteropoly acids and salts that undergo partial hydrolytic degradation in water 
to produce hydrogen ion can be stabilized in mixed solvents, such as water dioxane, 
water acetone, water alcohol, etc. is '  114). Thus, when Ha[PMot2040] is potentio- 
metrically titrated with base in aqueous solution, it behaves as a six to seven basic 
acid, however, when similar measurements were carried out in I : 1 water-acetone 
or water dioxane, the acid was found to be tribasic is '  114) 

Data for pH in water and water dioxane solutions show that H4[SiMOl2040 ] 
is a strong acid in both solvents, as shown in Fig. 10, and for Ha[PMot2040 ] in 
Fig. 11. The data show variation of  activity coefficients for both acids with increas~ 
ing concentrationt s, 114) 

3 . 5 - -  

3.0- 

2.s- 

o 2.0- E 

1.5 -,q / 

10 t Z I I I r I 
�9 0 1 1.5 2.0 2.5 3.0 3.5 
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Fig. 10. pH data for H4[SiMoI20401 in water 
and 20% dioxane, o in water; u in 20% di- 
o x a / ' l e  
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pCH* (calc u toted ) 

Fig. 11. pH data for H3IPMo12040 ] in water 
and 20% dioxane. A Water solution (fresh); 
o water solution after one day; o 2-% di- 
oxane solution 

The pH of  2% solutions of  salts of  the 12-molybdosilicic and -phosphoric acids 
is shown in Table 11. The phosphorus compounds have pH values "~2 whereas those 
o f  the silicon analog range from 3.2 to 3.7, consistent with the higher hydrolytic 
instability of  the phosphorus compounds s). 
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Table 11. pH of 2% aqueous solutions of salts 

Compound pH of 2% 
solution 

LalPMol20401 �9 10 H20  
Co3[PMo1204012 �9 34 H 2 0  
Nia[PMOl2040I 2 �9 34 H 2 0  
Mn3[PMo12040]2 �9 41 H 2 0  
Co2[ SiMo12040 ] - 24 H20  
Ni2[SiMo12040 ] �9 21 H20  
Mn2[SiMo12040] �9 22 H20 
Cu2[SiMOl20401 �9 20.5 H 2 0  
La4[SiMo1204013. 71 H 2 0  

1.84 
2.05 
2.01 
2.11 
3.77 
3.68 
3.90 
3.72 
3.16 

Activity coefficients of H4[SiWl204o] obtained in 0.0004 to 0.04 M concen- 
trations in queous solutions have also been reported I is). The results obtained agree 
with the Debye-Hiickel theory for I - 4  electrolytes. Osmotic coefficients of 12-tungsto- 
silicic acid have also been reported 116). 

Thermal Stability 

Thermal stability data on heteropoly compounds often reported in the literature 
must be viewed with caution since thermal stability limits of such compounds have 
been assigned on misinterpretation of thermograms. For example, sodium 12-tungsto- 
phosphate has been reported to be stable on being heated at 400 ~ while 
12-tungstosilicic acid was reported to decompose at about 300 ~ 118). 12-molybdo- 
phosphoric and 12-molybdosilicic acids have been reported to be stable on heating 
up to 400 ~ 119). These temperatures, however, are too high and as will be shown 
later, heteropoly compounds begin to decompose at lower temperatures. Such mis- 
interpretations have arisen by assigning 1 ~8-12 ~) the peak temperature in differential 
thermograms as the decomposition temperature. Such errors occurred in published 
studies of some 12-heteropolytungstates 118,120,121) as pointed out on studies deal- 
ing with the interpretation of dynamic derivative thermogravimetric curves 122). In 
fact, the correlation between thermal stability and distance between the central 
atom and nearest oxygens in isomorphous 12-heteropolytungstates 12~ has been 
shown to be incorrect 122). 

Meaningful thermal stability studies on heteropoly compounds must be accom- 
panied by solubility studies of the heated materials to ascertain actual decomposition. 
In addition, the length of heating must also be specified since such decomposition 
may be rate dependent in view of the fact that both 12-molybdophosphoric and 
12-molybdosilicic acids decompose slowly with time even at room temperature s). 
A detailed study of the thermal behavior of 12-molybdophosphoric and 12-molybdo- 
silicic acids and several of their metal salts has been carried out s) by the method out- 
lined. The upper thermal stability range obtained for the compounds indicated are 
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shown in Tables 12 and 13, respectively. DTA and TGA data for the two acids in 
quesion are shown in Figs. 12 and 13. The phosphorus  c o m p o u n d  is stable up to 
350 C whereas the silicon analog begins to decompose slowly above 200 C, the 

decompos i t ion  being comple te  at 300  C. 

Table 12. Thermal stability of 12-molybdophosphates 1) 

Compound Maximum thermal 
stability (~ C) 

H3[PMo12040 ] - 16 H20 
LaIPMol2040 ] . 10 H20 
Cua[PMo1204012 �9 25 H20 
Mn3[PMo1204012 - 17 H20 
Ni3[PMo1204012 �9 34 H20 
Co3[PMo 12040] �9 34 H20 

350 
3002 ) 
350 
300 
3002 ) 
3002 ) 

1) Samples heated in air at specified temperatures. Heated materials 
were dissolved in water to ascertain extent of decomposition 
(Ref.S)). 

2) These materials begin to show decomposition at 350 ~ 

Table 13. Thermal stability of 12-molybdosilicates l) 

Compound Maximum thermal 
stability (~ 

Hal SiMo 1 2 0 4 0 ]  " 13 H20 2002) 
No4[SiMol2040 ] - 12 H20 250 
Ag4[SiMOl20401 - 10 H20 250 
La4lSiMOl204O]3 �9 71 H20 2503) 
Mn2[SiMOl2040l �9 22 H20 300 
Cu2[SiMot2040] �9 20 H20 250 
Ni2lSiMOl2040] �9 21 H20 300 

�9 Co2[SiMo12040 ] �9 24 H20 2503) 

1) Samples heated in air at specified temperatures. Heated materials 
were dissolved in water to ascertain extent of decomposition 
(Ref. 5)). 

2) Acid decomposes slowly above 200 ~ by losing constitutional 
water, the change being complete at 300 ~ 

3) Partly stable at 300 ~ 
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Fig. 12. Thermal behavior of 
H3[PM~ 120401 " 16.5 H20 in nitrogen 
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Fig. 13. Thermal behavior of 
H4[SiMo120401 - 13.5 H20 in nitrogen 
(sample weight for tga = 0.2987 g) 

Complexes with Organic Compounds 

12-heteropoly anions react with many organic oxy-compounds such as sugars, phenols, 
or acids to give products of unknown structure 23, 36). 

Applications in Chemical Analysis 

Traces of phosphorus, silicon, and arsenic can be determined colorimetrically by 
complexing with molybdate and reducing the heteropoly anion to a very deep blue 
color. Absorpt~ion spectra in solution of heteropoly blues show charge transfer bands 
in the visible region with molar extinction coefficients of  the order 10 a to l0 s 12a), 

29 



G. A. Tsigdinos 

thus they are highly suitable for such work. Phosphate, silicate, and arsenate may be 
quantitatively separated and determined when they occur together in solution by 
forming the corresponding heteropolymolybdate complexes and selectively extract- 
ing these complexes using organic solvents at the appropriate pH 124). 

Oxidation 

The ammonium salts of 12-heteropolymolybdate anions (usually insoluble in water) 
dissolve in solutions of H202. The oxidized silicon complex is less soluble than the 
phosphorus one, and the two anions may be separated by using this difference. The 
structures and formulas of the oxidized products are unknown. A peroxy heteropoly- 
molybdate of composition (NH4) H2 [PMo409 (O2)2 ] was isolated as a pale yellow 
solid from a solution of molybdic acid in 30% H202, addition of HaPO4, and precipi- 
tation at pH 3-4  by 2-aminopyridine 12s). 

Degradation 

Treatment with alkaline compounds degrades 12-heteropolymolybdates to products 
with fewer Mo atoms. The first degradation products appear to be 11-heteropoly- 
molybdates and 10-heteropolymolybdates 4). Further treatment with bases leads to 
other stable species, mostly having ratios of one X to six or less Mo. In file phosphorus 
series, the 5-molybdodiphosphate(V) anion and its salts are well established 29' 4s, 49). 
The crystal structure of these materials is typified by the salt 
(NH4)s [(MoO3)s(PO4)(HPO4)] �9 3 H20126). Finally, excess alkali causes complete 
degradation to simple molybdates. The overall degradation requires 20 to 28 moles 
of NaOH for each mole of 12-acid, the exact number depending upon the valence of 
the central atom and the chemistry of its simple acid. 

The 12heteropolytungstates of p+S decompose into the 11-series and 10-1/2 
series 4), the latter series converts into the 11-series at low pH values. The 12-hetero- 
polytungstates of germanium like the 12-tungstosilicates, are decomposed with alkali 
to yield 11-tungstogerrnanates. At high pH, these in turn decompose into tungstates 
and germanates 127). 

Another reaction, similar to degradation, is conversion of the 12-molybdates of 
p+S to dimeric 9-heteropoly anions by treatment with bases. The conversion appears 
to proceed through the intermediate 10-heteropolymolybdates. 

The different 12-heteropolymolybdates differ markedly in their stability to 
degradation in water solution. The order of stability is Si > (Zr, Ti) > Ge > P > As. 
That is, the pH range of stability extends highest for the silicon complex, while very 
acidic solutions are required to keep the 12-heteropolymolybdates of phosphorus 
intact as 12-anions. The heptabasicity of 12-molybdophosphoric(V) acid often re- 
ported in the literature I 1, 1o7), may be attributed to hydrolytic anionic degradation s). 

The 12-molybdosilicic acid and the corresponding titanium and zirconium 
12-acids may be neutralized intact by 4 KOH. Degradation begins only on further 
treatment with KOH at about pH 4.5 for the Ti and Zr complexes and even then 
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proceeds slowly. No 11-molybdosilicate anion seems to exist; the ]2-molybdosilicate 
anion degrades directly into silicate and molybdate 93). The 12-heteropolymolybdates 
of Ti and Zr behave similarly 96). 

The 12-molybdogermanic(IV) acid is also quite stable, although degradation sets 
in before all four replaceable hydrogen ions have been neutralized. The 11.molybdo- 
germanate(IV) anion is stable in the range of pH 3.5 to 4.293). Decomposition into 
germanate and molybdate starts above pH 4.2 and is complete at pH 5.4. 

With 12.molybdophosphoric acid, hydrolytic degradation begins before neutrali- 
zation of the three acidic hydrogens is complete. The anion is almost certainly intact 
as [PMo 12040]-a in very acidic solutions s). Recent determinations of molecular 
weight by ultracentrifugation suggest that the anion exists as an 11-molybdophosphate 
species at pH 4.93~ Isolation of  the 11-salt, NaT [PMo 11039 ] " xH20, has been 
claimed. 

11-Tungstoborates cannot be obtained by direct degradation of  the 12-tungsto- 
borate anion but are prepared directly from acidified solutions of tungstate and 
borate 4). They are stable over a limited pH range. 

The 12-molybdoarsenates are even less stable than the 12-molybdophosphates. 
The free acid has not been isolated, and the complex is very easily degraded. The 
only salts known are the slightly soluble K3[ASMOl204o ] �9 6 H20 and the difficulty 
soluble (NH4)a [AsMot2040] " 6 H20. In solution, most polymolybdoarsenates are 
readily converted into dimeric 9-molybdoarsenate anions. With arsenic, these com- 
pound types are the most stable and best known heteropolymolybdates and tungstates. 
It has been shown recently that the 12-molybdoarsenate(V) anion is stable in 1 : 1 
water dioxane solutions 1 s). 

In addition to alkaline degradation, 12-molybdophosphates are decomposed by 
excess of certain acids, such as phosphoric, iodic, periodic, hydrofluoric, and con- 
centrated hydrochloric or sulfuric acid. These acidic decompositions may convert 

Table 14. Equilibria in molybdate-phosphate solutions as a function of hydrogen ion concen- 
tration (Ref. 4)) 

+ H POz~ 2 

H § 
2 [ ,I [P2 MsO23H] -5 

MoO Z j OH- . OH- 

Molybdote 

. H POi. 2 OH- tS t rong t y  

[PMon 039 ]_7 ~ i-  [ PMOl20z,01-3 
OH- 

Molybdate 

+ HPO~, 2 

Concentrated 
so lut ions 

OH- 
[P2Mo~706~] -~~ ,. " [P2Mo18062]-6 

H § + 
M o l y b d a t e  
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the complexes to heteropolymolybdates with central atoms supplied by the added 
acid, or to molybdenyl compounds. For example, Te +4 displaces silicon from 
12-molyb dosilicic acid 12 s). 

Molybdenum is of intermediate stability compared with heteropoly anions of 
other elements. With 12-heteropolytungstates and 12-heteropolyvanadates, the 
stabilities follow the order W > Mo > V. 

The equilibria that exist in solutions of phosphate and molybdate ions in water 
solution as a function of hydrogen ion concentration are presented in Table 14. 

12-Heteropolymolybdates: Series B 

[X+nMO12042]-(12 -n) 

Central Atom: Ce +a, Th +4, U +4 

Preparation 

Ammonium 12-molybdocerate(IV), (NH4)8[CeMo12042] �9 8 H20 is prepared by the 
addition of ammonium hexanitratocerate(IV) to a boiling solution of ammonium 
paramolybdate129, 13o). It can be converted to the acid salt 
(NHa)6H2 [CeMol204z] ' 12 H20 by crystallization from 2% H2SO4129). The free 
acid Hs [CeMolzO42] can be prepared in solution by ion exchange 130, 130 and iso- 
lated as a yellow glass-like mass by prolonged evaporation in air 131). The correspond- 
ing salts of the 12-molybdothorate anion (NH4) 8 [ThMol2041 ] �9 8 H20 and 
(NH4)6H6[ThMolzO42] ' xH20 are prepared by similar routes 132) but efforts to 
prepare the free 12-molybdothoric acid by ion exchange were not successful I aa). 
The free acid Hs[UMo12042] �9 18 H20 has been isolated as a yellow solid 39). 

Color 

The cerium, uranium, and vanadium compounds are yellow. The thorium compounds 
are white. 

Basieity 

The basicity of the free acids is (12 - n), where n is the valence of the central atom. 
Since the known central atoms are in the +4 state, the basicity of all known acids is 
eight. 

Solubility 

The free acids and most salts are readily soluble. The normal ammonium and potas- 
sium salts are sparingly soluble in cold water, but dissolve in warm acidic solutions. 
The silver salts are insoluble. 
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Acid Salts 

A series of  acid salts exists with the formula M6H 2 [CeMo 12042] " xH20. A similar 
series of  acid salts exists for the thorium and uranium complexes. 

Degradation 

The cerium complex can be obtained undegraded in neutral solution 13~ 

Structural Studies 

The Series B of 12-heteropoly compounds is typified by the anion [CeMol2Oa2]-a, 
the structure of which has been determined in the salt 
(NH4)6H2[CeMolzO42 ] - 12 HzO 92). This series differs from that of Series A typified 
by the [PMo1204o] -3  anion in that the anion contains 42 oxygen atoms and the 
central atom is 12-coordinate. An additional feature of this structure involves the 
first example in which MoO6 octahedra share common faces. The polyhedron formed 
by the molybdenum atoms is an icosahedron. Figure 14 depicts the structure of the 
12-molybdocerate(IV) anion. 

Fig. 14. Idealized sketch of the [CeMo12042] -8  ion 
showing the linkage of the MoO 6 octahedra 

The free heteropoly acids Hs[CeMo12042] �9 18 H20, H8[ThMo12042 ] �9 18 H20 
and Ha[UMo12042] " 18 H20 have been studied recently by spectroscopic means 3' 134) 
Vibrational spectra confirm the structure found by X-ray 92) for the [CeMo12042] - a  
and shown in Fig. 14. This structure is retained in solution as ascertained by Raman 
spectra la4). Infrared and proton magnetic resonance spectra indicate that in the acid 
Ha[CeMo12042] �9 18 H20 six protons are present as H30 + whereas the remaining 
two may possibly form hydrogen bonds between anions. Thus the acid is best formu- 
lated as (HaO)6H2[CeMo 12042] " 12 H20. The uranium can act as a polydentate li- 
gand withouf the removal of  any of the Mo atoms. Thus it reacts with ErC13 in solu- 
tion to form new complexes, the ammonium and cesium salts have been isolated 
from solution and they have the composition 2.5(NH4)20.0.66 ER20 3 - UO2. I2 MoO3 
and 1.5 Cs20 �9 0.67 Er203 �9 UO2 �9 MoO3134) 
No tungsten analog in this series is known. 
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1 1-Heteropoly Anions  

[x+n(Mo or W) 11039] - (12-n)  

Central Atom: B +3, p+S, As+S, Ge+4 

Structure 

These compounds are possible degradation products of 12-heteropolymolybdates. 
Their structure is unknown, but they may be dimeric. The 11-tungstoborate is not 
obtained by degradation of 12-tungstoborate, nor do the 11-molybdoborates or 
12-molybdoborates exist. 

Properties 

Only the 11-molybdogermanate anion is definitely known 93). It exists in solution at 
pH above 4.8 in equilibrium with germanate, molybdate, and 12-molybdogermanate. 
Decomposition is complete at pH 5.4. The corresponding 11-tungstogermanates de- 
compose above pH 7.3 into tungstates and germanates 127). 

Recent determinations of molecular weight by ultracentrifugation possibly indi- 
cate a monomeric 11-molybdophosphate as the principal species formed by dissolving 
12-molybdophosphoric acid in a buffer of pH 4.529). Other evidence more strongly 
supports the existence of 11-molybdophosphates in solution 28). Solid 11-molybdo- 
phosphates have also been reported. The 11-complexes appear to differ in properties 
from the 12-anions. For example, they are said to be relatively inert to reduction 127). 

Several heteropolytungstates earlier postulated to belong to the 11-Series 13s), 
were actually found to be 12-heteropolytungstatest 21, 123) 

10-Heteropoly  Anions  

[X +nMoloOx]-(2x- 6o-n) 

Central Atom: p+S, As+S 

Properties 

These compounds appear to be degradation products of 12-heteropolymolybdates, 
but their existence is still controversial. The reported insoluble silver and guanidinium 
salts of high basicity may not have been correctly formulated because of preparative 
and analytical difficulties. 

The structure of these anions may be dimeric. Solutions and salts of them are re- 
ported to be yellow. 

Extraction of 10-molybdophosphoric(V) acid with ether gives a system with 
three layers similar to that obtained with 12-molybdophosphates 137). The ether 
complex layer always contains an atomic ratio P :Mo of 1 : 10, although the condi- 
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tions and proportions vary in the other phases. The etherate thus appears to be a 
distinct compound of approximate composition HaPO4" 10 MoO3 �9 20 Et20" 64 H20. 
Addition of NaC1 to the aqueous phase inhibits formation of the ether complex. The 
same results are obtained when either HCI or HNOa is added to vary the pH. 

9 - H e t e r o p o l y  An ions  

[X+nMogOaz]-00-n) 

Central Atom: Mn +4, Ni +4 

Structure 

The 9-heteropolymolybdates are built around a central XO6 octahedron, as shown 
in Fig. 151381 Piezoelectric studies and the X-ray determination show that the 

Fig. 15. Strueture of the asymmetric anion 
[MnMogO321-6. Left: Exploded view show- 
ing manganese atom (black circle) and molyb- 
denum atoms (open circles). Right: View of 
complete ion 

[MnM09032] -6 anion is asymmetric. Magnetic and susceptibility studies confirm 
the oxidation states of  the central atoms. 

The salts (NH4)6[MnMogO32 ] �9 6 H20 and (NH4)6[NiM09032] �9 6 H20 were 
shown by X-ray to be isomorphous 139, 140). 

Molecular Weight 

Molecular weights of 9-heteropolymolybdates are over 1400. Ionic weight of  the 
anion [MnMo9032] -6 is 1430.5. 

The [MnMo9032] -6  and [NiMogOa~] -6  anions were shown to be monomeric 
in solution 141). 
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Color 

The 9-molybdomanganate(IV) anion is bright orange-red. The corresponding nickel 
anion is such a dark red that it is almost black. Its solutions are also very dark. 

Basicity 

This series has basicities of  (10 - n) where n is the valence of the central atom. Since 
central atoms are all in the +4 state, in practice the basicity is always six. 

Solubility 

The anions form isomorphous normal potassium and ammonium salts that are slightly 
soluble in cold water. 

Degradation 

The 9-heteropolymolybdates and their colors are destroyed in solution by excess of 
bases or strong acids and by strong reducing agents 142). 

The [MnMo9032] -6 anion is decomposed above pH 5, [NiMo9032 ]-6 decom- 
poses above pH 5.5. Unstable H6[MnMogO32 ] has been prepared in aqueous solu- 
tion141). 

Preparation 

The 9-heteropolymolybdates are prepared by oxidizing a solution of a simple divalent 
salt of the central atom and a soluble paramolybdate M6M07024 with persulfate, 
peroxide, or bromine water 141' 142). 

No corresponding tungstates in this series are known. 

6 - H e t e r o p o l y  Anions :  Series A 

[X+n(Mo or W)6024 ]-  (12 -n)  

Central Atom: Te +6, I +7 

Some compounds of unknown structure listed here with the lm-6m-heteropolymolyb- 
dates may also belong in this group. 

Structure 

Preliminary structure determination on (NH4)6[TeMo6024 ] �9 7 H20 and the iso- 
morphous K6[TeMo602a ] �9 7 H20 showed that the 6-molybdotellurate(VI) structure 
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consists o f  seven octahedra all lying in one plane. The six MoO 6 octahedra form a 
ring surrounding the central TeO 6 octahedron. Each MoO 6 shares one edge with 
each of  its two neighboring MoO 6 octahedra. Each MoO 6 also shares an edge with 
the TeO6 octahedron (Fig. 16) l, 143). The complete structure o f  the 6-molybdotel- 
lurate anion has now been obtained as it occurs in the compound 

Fig. 16. Structure of the ion [TeMo6024] - 6  
with the central Tr 6 octahedron elevated to 
show the annular arrangement of the six MoO 6 
octahedra 

(NH4)6[TeMo6024 ] �9 Te(OH) 6 �9 7 H20,  in which it forms a crystal complex with 
telluric acid 144). It is isomorphous with the 6-molybdochromate(III)  anion sS) 
(Fig. 16). 

The formation of  the [Te+6W6024] -6  anion has also been reported 14s). The 
corresponding [I*6W6024] -5 anion is ~so known146). 

Molecular Weight 

The 6-molybdotellurates have molecular weights above 1050. The [TeMo6024] -6  
anion has an ionic weight of  1087.3. The ionic weight o f  [TeW6024] -6  is 1685.1. 

Color 

The 6-heteropolymolybdates are white or yellowish. The corresponding tungstates 
are white. 

Basicity 

Basicity o f  these compounds is (12 - n) where n is the valence o f  the central atom. 
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Hydrates 

Salts of this series are usually hydrated. Some typical hydrates are: 

Na6[TeMo6024 ] - 22 H20 

Lis[IMo6024] �9 15 H20 

Lis [IMo6024] �9 9 H20 

Nas[IMo6024] �9 17 H20 

Nas[IMo6024] �9 13 H20 

Nas[IW6024 ] �9 8 H20 

Solubility 

These salts are soluble in water. 

Degradation 

The 6-heteropolymolybdates are stable at pH values above the stability range for 
12-heteropolymolybdates and 9-heteropolymolybdates. However, in neutral or basic 
solution they are degraded to compounds of lower ratio or to simple salts. 

Preparation 

The 6-heteropolymolybdates and 6-heteropolytungstates of tellurium are prepared 
by acidifying solutions containing a tellurate and a molybdate or tungstate, or by 
adding a base to a mixture of telluric and molybdic acids. 

The 6-molybdoiodates or 6-tungstoiodates are prepared similarly. The free acid 
is made directly from periodate and molybdenum trioxide. It may also be prepared 
by reaction between barium molybdate, periodic acid, and sulfuric acid. Its neutraliza- 
tion curve has been reported 147). The yellow free acid evolves gaseous products upon 
isolation 27) and, therefore, probably undergoes some decomposition. 

The formation of complexes between molybdate ions and HslO 6 has been 
studied 148, 149). The heteropoly complex first forms upon acidification and there- 
after stepwise protonation occurs with final formation of (H6IM06024) +. 

6 -He t e r opo ly  Anions:  Series B 

[x+n(Mo o r  W)6024H6] -(6-n)  

Central Atom: A1 +3, Cr +3, Fe +3, Co +3, Rh +3, Ga +3, Ni +2 (with molybdenum), Ni +2, 
Ga +3 (with tungsten) 

38 



Heteropoly Compounds of Molybdenum and Tungsten 

Structure 

A combination of magnetic susceptibility studies, X-ray investigations, ionic weights 
in solution, and chemical evidence has demonstrated that these anions have a mono- 
merit structure based on XO s octahedra 1' 79, 89, 92,150, 1S 1). Series B is distinguished 
from Series A in that three molecules of  water of constitution are required so that the 
total number of oxygen atoms within the anion is twenty-four. The 6-tungstonickel- 
ate(II) anion has the structure shown in Fig. 1678). It has been shown that the six 
hydrogen atoms in the anion are attached to the six oxygens that bridge the central 
and molybdenum atoms ss). 

Molecular Weight 

The 6-heteropolymolybdates have molecular weights above 1000. The 
[CrMo6024H6] -3  anion has an ionic weight of 1017.7. The ionic weight of the 
[NiW6024H6] -4  anion is 1551.8. 

Color 

Complexes of each central atom have characteristic color in solids and solution, for 
example, the heteropolymolybdates: 

A1 - Colorless 
Cr - Dark pink 
Fe - Colorless 
Co - Green-blue 
Rh - Amber 
Ni - Blue (for tungstate also) 
Ga - Colorless (for tungstate also) 

Basicity 

All 6-heteropoly anions have the basicity of  (6 - n) where n is the oxidation state 
of the central atom. 

Hydrates 

These complexes are highly hydrated. Water is given up by heating up to the decom- 
position temperature. For example, DTA and TGA studies have shown 79) that the 
salt K3[CrMo6024H6] �9 7 H20 loses 4 H20 at 35 ~ 1.5 H20 at 100 ~ and 
1.5 H20 at 120 ~ The last three H20, which are constitutional, are lost at 200 ~ 
at which point the compound decomposes. The presence of the three constitutional 
waters have also been confirmed by D20 experiments 79). 
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Solubility 

The free acids are insoluble in ether, although extremely soluble in water. Nearly all 
the salts are somewhat soluble in water, but insoluble in organic solvents. The anions 
precipitate alkaloids, organic amines, cesium, and cationic coordination complexes. 

Reduction 

The complexes are insensitive to mild reduction, but are decomposed by strong 
reducing agents such as zinc. The redox properties of these anions will be discussed 
later. 

Degradation 

The stability and degradation ranges of pH for the 6-heteropolymolybdates are as 
follows: 

Central Approximate 
Atom Stability Range, pH 

Approximate Range of Complete 
Degradation, pH 

AI 2-5 5-6 
Cr 5.5 5.5 -6.5 
Fe 2-4.5 4.5-5.5 
Co 5 5-6 
Ga 5 5-6 

Thermal Stability 

All of  these anions are very stable in solution and as solids, except for the iron and 
aluminum complexes, which decompose when heated in solution. However, the 
chromium and cobalt compounds are stable in hot solution, and solutions of  free 
acids may be kept unchanged for long periods of time. These complexes decompose 
when the anions lose constitutional water at about 200 ~ For example, the salt 
K4[NiMo6024H6] �9 5 H20 loses 5 waters at 80 ~ and three constitutional waters at 
180 ~176 

Preparation 

The 6-heteropolymolybdates and 6-heteropolytungstates are prepared by mixing hot 
solutions of paramolybdate or paratungstate ions and simple salts of  the central 
atom 89). An oxidizing agent such as hydrogen peroxide must be added during the 
preparation of the cobaltic complex. 

The free acids may be prepared from salts by ion exchange and are obtained as 
solids by evaporating their solutions. Upon evaporation of the pink acid of  the 
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chromic complex, a green solid separates, but this redissolves to form a pink 
solution. 

l m - 6 m - M o l y b d a t e s  

[X+nMo60x m]-m(2x - 36-n) 

Central Atom: Cu +2, p+a, p+5, As+a, Se+4, Mn+2, C0+2 

Structure 

The structure, molecular weights, and degrees of polymerization, m, of these com- 
pounds are unknown. Some may be 6-heteropolymolybdates - for example, the p+3 
and As +3 complexes. 

Color 

These compounds usually have colors characteristic of the central atom. Colors are: 

Cu - Blue Mn - Red 
P (+ 3 and + 5) - Yellow or white Co - Red 
As - Yellow 

Stability 

The Mn complex is quite unstable in solution. Stability of the other complexes is 
not known. 

Preparation 

The p+S anions are prepared from molybdic acid and a metaphosphate or pyro- 
phosphate. Manganese, cobalt, and copper form solutions of the divalent cations 
with paramolybdate anion. 

Dimeric  9 - H e t e r o p o l y  Anions  

[x~n(Mo or W)18062] -(16-2n) 

Central Atom: p+S, As+S, Be+2 

41 



G.A. Tsigdinos 

Structure 

The 9-heteropolymolybdates and 9-heteropolytungstates are dinuclear complexes 
containing two central XO4 tetrahedra surrounded by 18 MoO6 or 18 WO 6 octa- 
hedra. Although the structures of these particular heteropolymolybdates have not 
been determined by X-ray, the structure of  the corresponding dimeric 9-tungsto- 
phosphate anion has been characterized in the salt K 6 [P2WI8062] - 14 H20, 
Fig. 1714). There is little doubt that the corresponding 9-heteropolymolybdates have 
the same structure, especially since they have the identical dimeric formula, and the 
properties and methods of preparation ls~ are similar. 

Fig. 17. Structure of the dimeric anions [P2W120621-6 and 
[P2 M~ 180621- 6 

The half-unit obtained by splitting the dimer has exactly the same structure as 
the 12-tungstophosphate(V) anion minus three WO6 groups, Fig. 18. That is, if three 
adjacent WO6 groups are removed from a 12-tungstophosphate(V) anion, the half- 
unit is obtained. Two half-units need only join together to produce the dimeric 
9-tungstophosphate(V) anion. This structucal relationship is probably responsible 
for the easy inter-conversion of the two types of anions and for their many similar 
properties, especially susceptibility to reduction. 

The preparation of a 9-tungstoberyllic(II) acid has also been reported 152). Al- 
though the free acid is difficult to isolate, the guanidinium and lead salts of  this acid 
have been formulated as 3 (CNaH6)20 �9 BeO - 9 WO3 �9 3 H20 and 
3 PbO. BeO- 9 WOn " 35 H20. The 9-tungstoberyllate(II) anion may belong to the 
above-mentioned series with the formula [Be2W 18062]-12. 
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Molecular Weight 

The dimeric 9-heteropolymolybdates have molecular weights above 2750. The ionic 
weight of the [P2Mo18062] -6 anion is 2781.0. The [P2WI8062] -6 anion has an 
ionic weight of 4363.2. 

Color 

The free acids of molybdenum and their salts are nearly all bright yellow. The 
analogous tungstates are light yellow. Accordingly these compounds are sometimes 
given the trivial names "luteophosphomolybdates" and "luteoarsenomolybdates". 
Some reddish-orange hydrates exist. Nickel and copper salts are green and cobalt 
salts are brown. 

Basicity 

The acids are 6-basic. Guanidinium, cesium, silver, and thallium salts of different 
basicities have sometimes been reported but these are almost certainly mixtures. 

Hydration 

The crystalline free acids and salts are all highly hydrated. Corresponding compounds 
of the phosphorus and arsenic series differ in the amounts of water of crystallization. 
For example, each of the free acids is reported in two forms: 

H6[P2MolaO62 ] �9 33 H20 - Orange 

H6[P2MolsO62] " 37 H20 - Bright Orange 

H6[As2Mo18062] �9 25 H 2 0 -  Orange-red 

H6[As2Mo18062]" 35 H 2 0 -  Yellow 

The higher hydrates of both acids are unstable at ordinary temperatures. 

Solubifity 

The free dimeric 9-molybdophosphoric(V) and 9-tungstophosphoric(V) acids are 
exceptionally soluble in water (up to 85% by weight of solution), ether, absolute 
alcohol, and cold nitric acid. However, they are insoluble in nonpolar solvents such 
as chloroform, carbon disulfide, or hydrocarbons. The 2 : 18 arsenic acid is decom- 
posed by hydrochloric and sulfuric acids. 

Ammonium salts of both acids are readily soluble. This property may be used 
to remove traces of 12-molybdophosphoric acid from 9-molybdophosphoric acid. 
However, salts of pyridine, alkaloids, and some other organic bases are insoluble. 
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Most metal salts are readily soluble in water. However, the potassium salt of the 
9-molybdophosphoric acid is only slightly soluble in cold water. Rubidium and 
cesium salts have some solubility. In the arsenic series the lead, mercurous, silver, 
cesium, and thallous salts are insoluble. 

Degradation 

The 9-molybdophosphates are apparently degraded by small amounts of hydroxides 
or carbonates to dimeric 17-molybdodiphosphates of the type 
M 10[P2 Mo17061 ]" xH20. The analogous tungstates yield similar species. Treatment 
with HC1 regenerates the 1 : 9 acid. Addition of excess base leads to complete decom- 
position of the anion. 

The sensitivity of 12-heteropolymolybdates to reduction may be apparently a 
direct consequence of the 12-heteropoly structure, since the 11-heteropolymolyb- 
dates (formed by degradation of the 12-anions) are insensitive to mild reducing 
agents. However, the 9-heteropolymolybdates of p+S and As +s are even more sensitive 
to reduction than the 12-anions. Such reduction usually proceeds stepwise. For 
example, reduction in the 9-m olybdophosphate(V) anion proceeds in definite steps 
corresponding to the addition of 2, 4, or 6 electrons 23' ls8). 

In general, 12-heteropoly anions of Si +4 and p+S are more readily reduced than 
those of Ge +4. Furthermore, heteropolymolybdates are more readily reduced than 
corresponding heteropolytungstates. For example, in the phosphorus acids, the 
oxidizing power decreases in the order: 

1. Dimeric 9-molybdophosphoric(V) acid (strongest oxidant) 
2. 12-Molybdophosphoric(V) acid 
3. Dimeric ot-9-tungstophosphoric(V) acid 
4. Dimeric/3-9-tungstophosphoric(V) acid 
5. 12-Tunstophosphoric(V) acid (weakest oxidant) 

Ferrous salts, sulfites, urea, uric acid, hydroquinones, or other mild reducing 
agents are effective. Moderate reduction proceeds in definite steps corresponding to 
the addition of 2 or 4 electrons. However, strong reduction, as for example the 
reduction of 12-heteropolymolybdates with zinc and HC1, disintegrate s the com- 
plexes completely. In such cases, the reduced products have low molecular weights 
and give a simple molybdate on reoxidation 2a). 

Moderate reduction.of a-12-molybdosilicic acid with SnCI2 gives two com- 
pounds: first a green compound formed by the addition of four electrons; the second, 
a blue complex formed by the addition of one or more electrons on treatment with 
more SnC12. Both reduction products can be reoxidized with HNO 3 in strongly acidic 
solution to give a quantitative yield of the original alpha acid. On reductions with 
SnC12, the beta acid gives only one product, a blue compound. 

Salts of the 1 : 9 arsenic series are more stable than the corresponding phosphorus 
compounds under most conditions. However, they are slowly converted to colorless 
salts of lower complexity on long standing with the mother liquor. The 1:9 arsenates 
are also decomposed by excess sulfuric or hydrochloric acids. 
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Conversion to Other Complexes 

The 9-heteropolymolybdates may represent metastable equilibrium states in some 
ranges of pH and concentration 4). Thus dilute free acids prepared by ion exchange 
contain the 1 : 9 complexes as virtually the sole anionic species. However, other com- 
plexes may develop irreversibly if the temperature is raised above 35 ~ Still other 
complexes develop irreversibly on long standing. For example, upon standing in 
some solutions at room temperature, the 9-molybdophosphate complex very gradu- 
ally converts to the 12-molybdophosphate. 

Solutions of heteropolymolybdates appear to contain trace amounts of many 
of the other possible species in equilibrium (See Table 14). The equilibria are com- 
plicated by rate phenomena. However, removal of any one heteropoly species, as by 
precipitation, eventually leads to complete conversion to that form. Thus, ammonium 
9-molybdophosphate in solution will eventually precipitate out as the insoluble am- 
monium 12-molybdophosphate. Heating accelerates this reaction. 

The 9-molybdophosphates may also be converted to 12-molybdophosphates by 
treatment with acid. In turn, the reverse reaction may be brought about by treat- 
ment with base or additional phosphoric acid. 

The analogous tungstates exhibit similar behavior. 
Some heteropoly acids are easily decomposed in acid solution as has been shown 

by spectroscopic studies 153). The order of increasing stability is 12-molybdophos- 
phate, 12-molybdogermanate, 12-molybdosilicate, and 9-molybdophosphate 153). 

Preparation 

The 9-heteropolymoiybdates and 9-heteropolytungstates are prepared at higher tem- 
peratures, higher concentrations and under a slightly less acid condition than the 
12.anions 7, 23, 27, 28). The range of conditions necessary for formation is narrower 
than for other species. Once formed, however, the 1 : 9 anions remain undeeomposed 
under conditions in which they would not form. 

The free acids may be prepared by acidifying solutions of the salt, and extracting 
with ether. Alternatively, they may be produced from salt solutions by passage through 
an ion-exchange column. Salts of the arsenic complex may be prepared by simply 
saturating solutions of arsenates with MoO 3. The 9-molybdophosphoric acid has 
been prepared by controlled heating of the crystals of the 12-acid at 300 to 350 ~ 
followed by water extraction of the mass 1 s4). 

Oxidation-Reduction 

The investigation of the oxidation-reduction properties of heteropoly compounds of 
molybdenum in aqueous and nonaqueous solvents has received increasing attention 
in recent years. Such knowledge may not only elucidate the redox behavior of such 
compounds but it could help in the investigation of new preparative procedures for 
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heteropolymolybdates. Such investigation may also be useful in suggesting applica- 
tions in homogeneous catalysis. Heteropolymolybdates in general are very suitable 
compounds for such investigation since several of them are known to undergo revers- 
ible oxidation-reduction. 

Oxidation-Reduction Properties (General) 

The 12- and 9-heteropolymolybdates containing nontransition metals as central 
atoms are relatively strong oxidizing agents 2a' 6s, 1 ss). Consequently, they are readily 
reduced even by mild reducing agents. The corresponding tungstates are not as readily 
reduced. Heteropolymolybdates with transition metals as central atoms are usually 
close to tungstates in redox hehavior. The reduced anions are dark blue, maintain 
the same Mo: central atom ratio and show the properties of the parent anions. Many 
have been isolated as free acids ls6' 157) and as salts 23' 156--158). The reduced acids 
are readily reoxidized to their original states by bromine water, hydrogen peroxide, 
or other oxidizing agents formed by the addition of 4 electrons. The compound can 
be reoxidized, even by air, to the beta acid 6s). The atomic ratio in the reduced an- 
ions is 1 Si: 12 Mo. 

Electrochemistry 

Heteropolymolybdates and their tungsten analogs have been extensively studied 
polarographically. This lite ratu re has been summarized in Refs. 1 s, 155) and 158-160) 
Conflicting results in the literature concerning heteropoly oxidation-reduction reac- 
tions apparently arose from failure to take into consideration the hydrolytic instabil- 
ity and reactivity of these compounds with mercury. For example, the polarographic 
behavior of dilute aqueous solutions of H 3 [PM01204o] has been described in the 
literature employing the dropping mercury electrode 161). Further, the polarographic 
reduction of 12-molybdoarsenic acid, H 3 [AsM012040], in aqueous solution has been 
also described 162), although it is now known Is' a6, 114) that the [AsMo12040] - a  an- 
ion does not exist in aqueous solution. However, the greater hydrolytic stability and 
lesser oxidizing power of the corresponding tungstates has permitted their polaro- 
graphic study in aqueous solutions at the dropping mercury electrode i s9). Con- 
sequently, as will be indicated below, the study of the 12-heteropolymolybdates 
has been carried out employing a platinum electrode in water-dioxane and other 
mixed solvent media which prevent the hydrolysis of the hetero~oly anions 14' is, 114). 

163 164) This investigation was carried out by cyclic voltammetry ' and alternating 
current polarography 16a' 16s) which were applied for the first time to elucidate the 
oxidation-reduction properties of heteropoly compounds is' lss) 

The oxidation-reduction behavior, ascertained by direct current (conventional) 
polarography, and its dependence on pH in aqueous solution of the [P2MoI8062] -6, 
[As2Mo18062] -6, and [P2WlsO62] -6 anions may be found in Refs. 1s9-161). The 
polarographic behavior of the dimeric 9-molybdophosphate anion of 
(NH4)6 [P2Mo18062] was examined by cyclic voltammetry and alternating current 
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polarography] s, 155) in 1 M H2SO 4. The values of half-wave potentials thus obtained 
versus the standard calomel electrode, which are shown in Table 15 and in Fig. 19, 
are in agreement with those obtained by others I sa) for the same compound employ- 
ing direct current polarography. Addition of more than six electrons to the hetero- 
poly anion in aqueous solution resulted in decomposition of the anion although this 
effect was not observed in water-dioxane solutions I s, I ss). The reversibility of the 
oxidation reduction steps for H3[PMo 12040] in water dioxane solution as ascertained 

Table 15. Polarographie data in 1 M H2SO 4 at 25 ~ for [P2Mo180621-6 anion 

E I/2 cathodic (volt) El/2 anodic (volt) Number of electrons 

+0.47 +0.50 2 
+0.35 +0.38 2 
+0.175 +0.22 2 
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Fig. 19. Cyclic voltammogram of 2 x 10 -4  M (NH4)6[P2Mo 180621 in 1 M H2SO 4 at 25 C 

from cyclic voltammetry and shown in Fig. 20 was studied at frequencies from 0.01 
to 10 Hz. The general shape of the voltammogram indicates some reversibility of the 
first three waves at the sweep rates studied. The values of  the half-wave potentials 
versus the standard calomel electrode obtained for this compound using a rotating 
platinum electrode were +3.6, +0.22, -0 .01,  and -0 .15  V Is, lss). Although the 
polarograms of H4[PMol iVO4o] and Hs [PMoloV204o] in water solution show that 
these acids are considerably decomposed, the data in water dioxane solutions I s, I ss) 
show that dioxane stabilizes the anion structures toward hydrolysis. Four stepwise 
reductions obtained for these acids appear to be fairly reversible. 
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+ 

- 0 . 5  0 +O.SV 

Fig. 20. Cyclic voltammogram of 1 x 10 -3  M H3[PMo12040 ] in 1 N H2SO 4 (1 : 1 water- 
dioxane). 
Y axis: current (200 #a/div) 
X axis: applied potential (0.1 v/div versus SCE 
Frequency: 10 Hz 
Sweep rate: 20 v/sec 

Few studies have been made of the oxidation-reduction properties ofhetero- 
polymolybdate anions containing transition metals as central atoms. No "heteropoly 
blue" involving reduced species of these anions is known. Only a brief report has 
appeared in the literature 166) stating that some of these anions are reduced at the 
dropping mercury electrode, but no definite conclusions can be drawn from these 
data. The polarographic behavior of the anions [TeM06024] -6, [CrMo6024H6] -3, 
[AIMo6024H6] -3, [FeMo6024H6] -3, [IMo6024] - s  and of the anion 
[Co2Mol0OasHa] -6  has been examined by d.c. and a.c. polarography and by cyclic 
voltammetryl s, lSS). All of these anions showed no reduction waves at positive 
potentials with respect to the SCE, using the platinum electrode. This fact is con- 
sistent with the lower oxidizing power of these species compared with the 12-hetero- 
polymolybdates already discussed. All polarographic data on compounds with transi- 
tion metals as central atoms were taken with the dropping mercury electrode. A cyclic 
voltammogram of the [TeMo6024] -6  anion in 1 M NaAc (pH = 3.4) is shown in 
Fig. 21. It is estimated that the oxidation-reduction step invovles one electron. How- 
ever, the other six heteropolymolybdates studied exhibited different behavior. For 
example, the cyclic voltammogram (Fig. 22) of the 6-molybdochromate anion is 
typical of a system 163) which undergoes a rapid electron transfer followed by a slow 
chemical reaction. That is, the anodic peaks are considerably smaller than the cathodic 
ones (Fig. 22) suggesting that the reduced species undergo decomposition. The cyclic 
experiments for the other 6-heteropolymolybdates of A1 +3, Co +a, Fe +a, I +7 and for 
the anion [Co2Mol0OasH4] -6  gave voltammograms similar to that of the chromium 
complex, suggesting that the reduced species produced are unstable in solution, and 
isolation of any heteropoly blues is thus precluded. 
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- 0 . 9  - 0 . 7  - 0 . 5  - 0 . 3  - 0 . 1 V  

Fig. 21. Cyclic voltammogram of 3 x 10 - 4  M Na6[TeMo60241 in 1 M NaAc-HAc (pH = 3.4). 
Y axis: current (5 ~a/div 
X axis: applied potential (0.1 v/div) versus SCE 
Sweep rate (outer cycle): 3.84 v/see (inner cycles lower sweep rates) 

4- 

O 

- 1 . 2  - 0 . 8  - 0 . 4  0 +OAV 

Fig. 22. Cyclic voltammogram of 1 x 10 -3  M (NH4)3[CrMo6024H61 in 1 M NaCIO 4. 
Y axis: current (200 ma/div 
X axis: applied potential (0.2 v/div) versus SCE 
Sweep rate (outer cycle): 2 v/see (inner cycles lower sweep rates) 

Heteropolymolybdate Blue Species 

The favorable reduction potentials of heteropolymolybdates have allowed several 
workers to isolate heteropoly molybdate blues without difficulties of rapid reoxida- 
tion 23, 1 s6, 157, i s9, 160, 167-177). Most of the work has been restricted, however, to 
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the reduction of the 12-molybdophosphate and 12-molybdosilicate anions in aqueous 
solution. In an early investigation of the reduction of heteropoly 2 : 18 molybdates 23), 
treatment of acidic solutions of ammonium 18-molybdodiphosphate, 
(NH4)6 [P2Mo18062], with various reducing agents enabled the isolation of samples 
of three heteropoly blues. These materials, characterized by ignition and by titration 
with potassium permanganate, were formulated as the two, four and six-electron 
reduction products of the [P2MOlaO62] -6 anion. Recent polarographic investigation 
of the anions [P2 M018062] -6 and [As2 M018062] -6 has shown I sa) that each under- 
go three successive two-electron reductions in acidic solutions. No intermediate 
reduction steps were observed. The reduced heteropoly molybdates are weaker acids 
than the corresponding tungstates and disproportionate rapidly in neutral and alkaline 
solution. Crystalline samples of ammonium salts and solutions of the free acids of  the 
three reduced molybdophosphates were characterized. 

The thermal decomposition of alpha-12-molybdosilicic acid, H a [SiMo1204o] 
and its two and four electron reduction products, H 6 [SiMol204o] and 
Ha[SiM01204o] has been studied in detail 173-177). The reduced products decompose 
at higher temperatures than the oxidized species, the oxides of molybdenum that 
result from such decomposition have surface areas ~ 10 m2/g. The reduced product 
yield M04011 upon decomposition. 

The electronic spectra of the one-to-six-electron blue of 18-metallodiphosphates 
have been studied 178). The optical spectra of the blues obtained by reducing 
[P2M018062] -6 show that the added electrons are trapped on the molybdenum 
atoms. ESR measurements on reduced heteropolymolybdates derived from 
[SiM01204o] -4 show similar type of behavior even when they contain as many as 
six extra electrons (or Mo +s atoms) 179). The formation of reduced heteropolymolyb- 
dates has been rationalized with the availability of single unshared terminal oxygen 
atomslaO). 

O the r  H e t e r o p o l y  C o m p o u n d s  

The heteropoly anions that do not belong to any of the classifications just discussed 
are presented below. 

Decamolybdodicobaltate(llI) Anion 

When solutions containing cobaltous and paramolybdate ions are boiled in the pres- 
ence of an oxidizing agent such as bromine or hydrogen peroxide 7, 8) a blue-green 
complex is formed of composition (NH4)a [CoMo6024H6] " 7 H20. A second salt, 
emerald green in color, which forms during this reaction was formulated in the early 
literature as (NH4)6[Co2Mol0Oa6] " 10 H20. When persulfate ion is used, only the 
6-molybdocobaltate(III) anion is formed. Later studies is~ have shown that when 
hydrogen peroxide is used as the oxidizing agent in the presence of charcoal, only 
the [Co2Mol0OaaH4] -6 anion forms. The 6-molybdocobaltate(III) anion is decom- 
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posed by the charcoal 1s~ The 1:5 complex was shown to be dimeric in solution 
and to have a charge of minus six I so). A crystal structure determination has shown 
the proper formula to be (NH4)6[Co2MoI003sH4] �9 7 H20 tsl). The anion is dis- 
symmetric (point group D2) and has been resolved into optical isomers 182). It is a 
totally inorganic compound that has been thus resolved. The structure of the deca- 
molybdodicobaltate(III) anion is shown in Fig. 23. 

Fig. 23. Structure of the lCo2MoloO38H41-6 
anion. The dark octahedra represent Cn+306 
units 

12-M olybdotetraarsenate(V) Anion 

The crystal structure of ammonium 12-molybdotetraarsenate(V) tetrahydrate has 
been determined and shown 183' 273) to have the structure depicted in Fig. 24. The 
most prominent feature of this polyanion is its large cavity at the center surrounded 
by the eighteen oxygen atoms. The anion is made up of an Mo120~62~ moiety by 
adding to it four AsO4 tetrahedra as shown in Fig. 24. 

Fig. 24. Model of the [H4As4Mo 12050 ]4-- 
anion constructed by idealized MoO 6 octa- 
hedra and AsO 4 tetrahedra 

Tetramolybdo Complexes of Dialkyl- and Diarylarsinates 

Recently the synthesis and structure of novel heteropoly complexes has been reported 
that contain covalently attached groups 184). The complexes have the general formula 
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[R2 AsMo4OI4(OH)] -2 with R = CHa, C2H 5 and C6H 5. The single proton is localized 
and nontitratable. The heteropoly complexes are readily prepared from stoichio- 
metric quantities of  sodium molybdate and the appropriate arsinic acid at pH 4-5 .  
The anions formed are stable in the pH range 2-6 .  The structure of the anion, shown 
in Fig. 25, consists of  a ring of four alternately face- and edge-shared MoO 6 octahedra 
capped by the (CHa)2AsO2 tetrahedron as shown in Fig. 25. The structure represents 

Fig. 25. Structure of [(CH3)2AsMoO14OHI 2-  : 0, CH3; 
e, As; octahedra represent MoO 6 groups 

only the second example of a heteropoly complex containing face-shared octahedra, 
the other being the [CEM012042] -8 anion shown in Fig. 14. 

Three polymolybdosulfate(IV) ions, [S2MosO31] -6, [S2MosO21] -4  and 
[S3M010040] -8  have been reported in the literature, but the existence of 
[$3M010040] -8 has been regarded as doubtful. Recent preparative, X-ray and IR 
work has confirmed the first two polyanions as ammonium salts, 
(NH4)6[S2Mo8031] - 5 H20 and (NH4)a[S2MosO21 ] - 3 H2 O274) The crystal struc- 
ture of  the ammonium pentamolybdodisulfate(IV) has been determined 274). 

The solid is neither an inclusion nor a clathrate compound of sulfur dioxide gas 
but contains a discrete polyanion consisting of two SOa trigonal pyramids and five 

Fig. 26. The structure of [S2MosO2414-anion. Sulfur atoms 
occupy the apexes of the central trigonal pyramids. Five 
molybdenum atoms lie nearly on a plane to form a pentagon 

MoO 6 octahedra as shown in Fig. 26. The following reactions depict the formation 
of the polyanion in solution: 

5 Mo702-46 + 14 SO2 + 2 H+* '~7 [S2MosO21] - 4  + H20 

5 MoO~-2 + 2 S02 + 6 H% "[$2M05021]-4 + 3 H20 
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Mixed H e t e r o p o l y  Complexes  

Molybdenum and tungsten form mixed heteropoly anions in which some of the 
MoO 6 octahedra surrounding the central atom have been replaced by WO 6. Definite 
compositions may be obtained, but the exact placement of the MoO 6 and WO6 octa- 
hedra is not known. Numerous mixed heteropoly complexes have been reported in 
the literature and references to these are to be found in the references cited. Only a 
brief account of these is given here. The 12-heteropolymolybdotungstates with 
phosphorus or silicon as central atoms have been reported in the literature 18~). These 
are obtained from solutions of  sodium phosphate or sodium silicate and varying 
quantities of sodium paratungstate and sodium paramolybdate and acidifying the 
resulting solutions. The acids thus obtained correspond to compositions 
Ha[PMonWmO4o], where n + m = 12. 

The properties of these mixed compounds are usually intermediate between 
those of the corresponding heteropolymolybdates and heteropolytungstates. For 
example, the sensitivity to reduction of the mixed heteropolytungstomolybdates 
increases with molybdenum content. Thus colors formed by precipitation of basic 
dyes with 12-molybdophosphoric acid tend to darken and lose brilliance under 
exposure to light. The analogous 12-tunstophosphate pigments fade. The mixed 
tungstomolybdophosphoric acid (PTMA) gives pigments of stable intermediate 
properties 184). 

Mixed heteropolymolybdates and tungstates are present in the 6-heteropoly 
series�9 The synthesis of the ammonium salts of the 6-heteropoly anions with nickel 
as the central atom of the general formula (NH4)4[NiMo 6 _nWnO24H6] has been 
reported 187). All compounds thus obtained are light blue. The preparation of the 
free acids has also been described 187). 

Another class of 12-heteropoly anions involves the replacement of molybdenum 
by pentavalent vanadium. The molybdovanadophosphoric acids, 
H4[PMollVO40 ] - 32 H20, Hs [PMol0V2040] �9 32 H20, and H6[PMo9V3040 ] �9 
�9 34 H20 were prepared as orange crystalline solids and characterized 47). The hetero- 
poly anions were found to have unusual hydrolytic stability�9 Details of properties of 
these compounds are given in the literature 47). The preparation of the salts 
Na4[PMol 1V040 ] �9 8 H20, (NH4)3H[PMoIIVO40] �9 7.5 H20, and 
(NH4)3H2 [PMoloV2040] " 7.5 H20 has also been described 47). 

The preparation of the free 10-tungsto-2-vanadophosphoric acid, Hs [PWloV20 4o], 
has been described, as well as that of the 8-tungsto-4-vanadophosphoric acid 188). 

Niobium, like vanadium, can replace molybdenum in the heteropoly anions. The 
yellow 10-molybdo-2-niobophosphate anion has been prepared1~ The salts 
(CsHsNH)aH[PMOloNb2040] and [(CH3)4N]4H[PMoloNb2040] have been prepared 
and characterized. The free acid could not be isolated since it is unstable even in 
solution 104). 

A tungstovanadoselenous acid of composition H6 [SeMOloV2040] �9 xH20 has 
been prepared by ether extraction and partly characterized 189). 

In the Keggin structure of the 12-heteropolymolybdates and 12-heteropoly- 
tungstates, it is possible to substitute atoms other than vanadium or niobium for 
tungsten or molybdenum. 
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Heteropoly anions of general formula [XZW 11040H2] -n have been prepared 19~ 
where X = Si, Ge, or P, and Z = Co(II), Co(Ill), or Ni(II). In these series, X is the 
heteroatom that occupies the tetrahedral position within the Keggin structure, and 
Z acts as a perihedral atom along with tungsten or molybdenum. Table 16 identifies 
the heteropoly anions that have been obtained 19~ 

Table 16. Summary data on the heteropoly anions 

Anion IXZA11040H21 -n  I II III IV V VI VII 
Central heteroatom X Si Ge Ge Si Ge P Si 
Outer hetezoatom Z COO1/) CoOl) Co(Ill) Ni(II) Ni(II) Ni(II) Co(H) 
Addendum atoms A W W W W W W Mo 
Charge -5  - 6  -5  -6  - 6  - 6  -6  

Similar substitution has also been extended in the dimeric 9-heteropolytungstates 
typified by t h e  [P2WI8062]  - 6  anion 191' z92). The preparation of eleven heteropoly- 
tungstate anions, [X2 ZWlTO62H2]  - n  X = P or As; Z = Mn(II), Mn(III); Co01), 
Co(Ill); Ni(II); or Zn(II), has been described recently 191). Another work 192) describes 
similar compounds with Z = Mn(II), Fe(III), Co(II), Ni(II), Cu(II), Zn(II), Cr(III), 
and Ti(IV). Detailed description of these compounds are to be found in the references 
cited. The general preparative procedure involves the formation of a 17-tungstodi- 
phosphate anion followed by the addition of the desired metal salt 192). 

A large number of other heteropolymolybdates or heteropolytungstates has been 
reported in the literature 8' 24). These are frequently single compounds and not mem- 
bers of any series. In many cases, the compounds are probably definite double salts 
or acid salts. Further work would be necessary to clarify the nature of  these systems. 

Spec t ra  o f  H e t e r o p o l y  C o m p o u n d s  

Infrared 

Infrared spectra of some heteropoly compounds have been examined 47' lOO, 193) In 
general, the Mo-O and W-O bonds absorb in the 1000 to 800 cm -~ region. In the 
12-heteropolytungstates, the S i -O and P - O  absorptions of the central tetrahedron 
occur at 1000 and 530 cm -1 for the Si -O and at 1075 and 520 cm -1 for P-O.  For 
Zn-O,  bands are at 449 and 248 cm -1. An unusually high value of a band at 
1170 cm -1 in several heteropolytungstates has been attributed to W-O 1~176 The 
highest absorption for the W-O bond in WOg z occurs at 928 cm -1 194). It may 
therefore be concluded that the 1170 cm -1 band is associated with the W-O bond 
involving the nonbridged peripheral oxygen atoms. This very short W-O distance 
present in heteropolytungstates is consistent with X-ray W - O  distance values. 

Lattice water present in heteropoly compounds absorbs in the region 3550 to 
3200 cm -1 and also around 1600 cm -1. 
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The infrared spectra of the compounds Ha[PMo12040 ] �9 15 H20, 
H4[PMol iVO40] �9 35 H20, Hs [PMol0V2Oao] �9 32 H20, and H6 [PMo9V304o] �9 
�9 33 H20 were obtained 47), but in these the strong obsorption band found at 
1170 cm -1 in the 12-heteropolytungstates and attributed to W-O bonding 1~176 was 
not found. 

Visible and Ultraviolet Spectra 

The absorption spectra of heteropoly anions in the visible range are of two kinds: 
(a) those involving d-d transitions present in heteropoly anions containing transi- 

tion elements as central atoms, and 
(b) heteropoly anions with central atoms other than transiton elements having 

charge transfer adsorptions with motor extinction coefficients of the order of 104 
to l0 s which may be apparent in the visible spectra as found in the reduced 12- 
molybdosilicate anion. 

For example, the [P2Mo18062] -6 anion is yellow whereas  [P2WI2062] -6 is 
very light yellow. In general, for the same type of complex, molybdates absorb at 
longer wavelengths than the corresponding tungstates 127). Information of this type 
leads to an explanation of the coordination about the central atom and distinction 
between various structural isomers such as the a and/3 forms of the [P2WlsO62] -6 
anion 19 5). 

Spectra of heteropolymolybdates are also to be found in references cited dealing 
with the individual compounds. Recently, electron spin resonance spectra of molybdo- 
vanadophosphoric acids have also been reported 196). 

Physical  Measurement s  

Studies of the solution properties of heteropoly acids have been somewhat spares 
despite the general interest in these compounds for many years. Deterents to such 
studies have been primarily the instability of the compounds and the uncertainty 
concerning their composition. Conductivity and pH measurements on the heteropoly 
acids H4[PMolIVO4o] and Hs[PMoloV2040] in aqueous solutions and mixed solvents 
has already been discussed. The acids are strong 1-4  and 1-5 electrolytes, respec- 
tively. Activity coefficients of ammonium 6-heteropolymolybdates have been re- 
ported and shown these to be 1:3 electrolytes 197). 

The diffusion coefficients of the 12-tungstosilicate anion [SiW12Oao] -4 and its 
first two reduced fo rms  [SiWl2040] -6 and [SiW1204o] -8 have been determined 198) 
and found to be of the order 4.1 x 10 - 6  cm2/sec. Diffusion coefficients for 
[SIM012040] -4 and [SIW12040] -4 have also been reported by others 7~ 199). The 
diffusion coefficients of [CoMo6024H6] -3 and [CrMo6024H6]-3 were found to be 

in the order of 7.4 x 10 -6 cm2/sec. 7~ 
Other studies on heteropoly anions include electron paramagnetic resonance on 

the reduced forms of heteropoly compounds 196' 198) and thermal and in situ X-ray 
studies of some heteropoly compounds 2~176 No thermodynamic data are available 
on heteropoly compounds. 
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Uses 

A considerable amount of literature has appeared which describes the use of hetero- 
polymolybdates and their tungsten analogs in various applications. Of these, the 
main applications have centered on catalysis. Of particular importance to the catalytic 
behavior of heteropoly compounds is the solubility and solvolytic behavior in both 
aqueous and organic media and the thermal stability and oxidation-reduction be- 
havior. 

Catalysis 

The various applications of heteropoly compounds in catalytic processes up to 1950 
32) have been compiled in Ref. and for subsequent years in molybdenum catalyst 

bibliographies that are issued every two years 2~176 The examples listed below 
will serve to illustrate the diversity of applications in the area in question. 

12-M olybdophosphoric and 12-molybdosilicic acids and several of their metal 
salts have been used as catalysts in hydrodesulfurization 2~ epoxidation of ole- 
fins2OO, alkylation2OT, 2o8), preparation of saturated carbonyl compounds 2~ and 
in the direct oxidation of  benzene to phenol 21~ Ammonium t 2-molybdocerate 
promoted with tellurium has been described as a catalyst in the production of acrylo- 
nitrile from propylene, air and ammonia 211). Heteropoly compounds have also been 
used as catalysts for the vapor phase partial oxidation of naphthalene 212) and the 
vapor phase hydration of ethylene 213). The 12-tungstophosphoric and 12-tungsto- 
silicic acids have been reported as the most effective catalysts for the dehydration of 
castor oil to unsaturated oils 214). 12-Molybdophosphoric acid catalyzes the conversion 
of unsaturated hydrocarbons to carbonyl compounds 21 s) and the oxidation of olefins 
in the presence of tellurium or a tellurium compound to give a, 0-unsaturated car- 
boxylic acids 216). Heteropoly acids have been used in the polymerization of ole- 
fins 217-219) and the spent catalyst could be regenerated 219). The 12-tungstophos- 
phoric acid catalyzes the hydroxylation of alkyl alcohol to glycerol using hydrogen 
peroxide22O, 221). The 12-molybdophosphoric and 12-molybdosilicic acids have been 
reported to catalyze the hydrogenation of aromatic hydrocarbons 222). Silicon carbide 
impregnated with 12-molybdophosphoric acid catalyzes the conversion of unsaturated 
aldehydes into the corresponding carboxylic acid223). Methacrolein, acrylic, acid, and 
methacrylic acid are prepared by the catalyzed oxidation of propylene or isobutylene 
in the presence of ammonium 9-molybdomanganate(IV) and arsenic oxide 224). 

The catalytic oxidation in the presence of various heteropoly compounds of 
lower olefins to unsaturated aldehydes and subsequent conversion into unsaturated 
nitriles are described in Ref. 22s-231). Copper phthalocyanine is produced in 92% 
yield from phthalic anhydride in the presence of 12-molybdophosphoric acid 232). 

Flame Retardants 

Molybdenum compounds can act as flame retardants and smoke suppressants in 
textiles and in plastics 233' 27s). Heteropoly compounds have been found to act as 
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flame retardants for wood 234-236) and for textiles 23a). Flame-proofing action on 
polym ethylmethacrylate has been reported 237). 

Corrosion Inhibition 

The application of heteropolymolybdates as corrosion inhibitors in aqueous solution 
must be approached with caution since some heteropoly compounds undergo hydro- 
lytic degradation in very dilute solutions and are not stable above pH 3.5. For example, 
the reported corrosion inhibition of sodium 12-molybdophosphate was shown to be 
due to sodium molybdate and sodium phosphate rather than to the heteropoly 
anion 238). However, heteropoly compounds have been used as conversion (reaction) 
coatings on steel 239) and aluminum 24~ and as organic coatings on steel 241' 242) with 
anticorrosion properties. Their use on the corrosion inhibition of steel has been also 
reported 24a). 

Miscellaneous 

Certain heteropolymolybdates and heteropolytungstates, notably the 12-heteropoly- 
molybdates and 12-heteropolytungstates, are produced in large quantities by the 
color industry as precipitants for basic dyes, with which they form lakes or toners is6). 
The formation of basic dye-heteropoly acid complexes for printing anionic synthetic 
fibers has also been reported 24a). In biological and analytical chemistry, 12-hetero- 
polymolybdates and 12-heteropolytungstates of phosphorus and silicon have been 
widely used as reagents 23' 24s). Phosphorus, silicon and arsenic can be determined in 
the presence of one another by formation of the corresponding 12-heteropolymolyb- 
dates and subsequent selective extraction of the acids 124' 246). Phosphorus is deter- 
mined colorimetrically after formation of 12-molybdophosphate anion or molybdo- 
vanadophosphate 247), and arsenic is determined similarly as the tungstovanadoarsenic 
acid 247). Trace amounts of colloidal platinum can be determined by its catalytic 
action on the reduction of 12-molybdophosphoric acid by formic acid to form 
molybdenum blue 248). Colorimetric determinations employing 12-molybdophos- 
phoric acid include determination of catechol and its methylhomologue 249), penicil- 
lin in procaine penicillin G 2s~ and the determination of dihydroxypropyl-theophyl- 
line by means of 12-molybdophosphoric acid 2sl). This acid has been employed in 

252) 0 crone 2sa) developing chromatograms for thiamine and methyl test st 
12-Molybdosilic acid has been employed in the isolation of alkaloids from bio- 

logical fluids 2s4) and as a reagent for choline 2ss). The sensitivity of alkaloids and 
certain nitrogen-containing bases toward 12-tungstophosphoric acid has been utilized 
for the turbidimetric determinations of small concentrations of atropine, atropine 
sulfate, and caffeine 256). Benzalkonium chloride is gravimetrically determined after 
precipitation with 12-tungstophosphoric acid 257). 12-Molybdosilicic acid and the 
phosphorus analogue were used as spray reagents for separation by thin-layer 
chromatography ~sS). Ammonium 9-molybdophosphate has been shown to be a 
sensitive reagent for the determination of phenols and pyrroles 2s9). 
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Cigarette filters impregnated with 12-tungstophosphoric acid were shown to be 
efficient in removing nicotine (up to 50%) from smoke 26~ Potassium, rubidium and 
cesium have been separated from fission product  solutions after coprecipi tat ion with 
12-tungstophosphoric acid and subsequent separation by  ion exchange 261). Other 

applications include the use o f  he teropoly  compounds as additives in lubricating 
greases having extreme-pressure characteristics and resistance to water 262) and the 
development of  an inorganic photo t ropic  system for flashblindness protect ion 263). 
Photochromic layers containing 12-molybdosilicic acid and phenylglycolic acid are 
stabilized by the use of  the molybdenum compound 264). Heteropolymolybdates  have 
also been used in the preparat ion o f  planographic printing plates26S). 
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I n t r o d u c t i o n  

Sulfur Compounds of Molybdenum and Tungsten 

In recent years considerable interest has been shown in sulfur-containing compounds 
of molybdenum. Major interest has centered on the use of  molybdenum-containing 
catalysts in the hydrodesulfurization of petroleum and in the use of molybdenum 
disulfide as a lubricant. Although sulfur can replace oxygen isomorphously in several 
compounds, such substitution when applied to molybdenum often leads to the for- 
marion of molybdenum-sulfur compounds entirely unrelated to those containing 
only oxygen. For example, considerable differences in structure, properties, and 
composition exist between the oxides and sulfides of molybdenum l' 2). Similar dif- 
ferences are also found between the oxyhalides and thiohalides. All too often, oxy- 
gen-containing molybdenum compounds have no corresponding sulfur analogs as in 
the case of the heteropoly 3) and isopoly compounds 4). Only in the case of  the simple 
molybdates has partial or total substitution of oxygen by sulfur been effected; the 
solution behavior of the thiomolybdate species is different from that of  the corre- 
sponding oxygen analogs. The normal molybdates have been discussed elsewhere s). 
The thiomolybdates will be one of the topics discussed in the present chapter. 

The older literature on molybdenum-sulfur chemistry describes several com- 
pounds 6) that have later been shown to be either incorrectly formulated or non-exis- 
tent. In recent times, the chemistry of  molybdenum-sulfur compounds has been 
elucidated by modern techniques, both in solution and in the solid state. It is there- 
fore the purpose of  the present chapter to review and systematize the best informa- 
tion available in this area. Although the primary emphasis has been placed on molyb- 
denum-sulfur species, for completeness and correlation purposes, certain tungsten 
or selenium analogs have also been included. 

Sulfides 

While the existence of many molybdenum sulfides has been reported in the literature, 
only MoS2, Mo2 Sa, and MoS 3 are well established. The existence of molybdenum 
pentasulfide, Mo e S s , is still uncertain 7). It is doubtful that the molybdenum tetra- 
sulfide, MoSr reported in the early literature 6) to have been prepared from aqueous 
solutions, exists. No evidence was obtained for the presence of  molybdenum mono- 
sulfide in phase studies of the binary Mo-S system s). A new sulfide Mo3S 4 has been 
prepared and characterized zz2). 

Molybdenum Disulfide 

Occurrence 

Molybdenum disulfide or molybdenite (MoS2) is the principal natural source of 
molybdenum and is widely distributed throughout the world 2). The largest world 
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deposits of molybdenite are in Colorado. Of the thirteen minerals in which molyb- 
denum has been found 2), wulfenite (PbMoO4) and molybdenite are present in suf- 
ficient concentration to be considered as commercial ores. Molybdenum production 
outside of Colorado usually accompanies that of associated metals such as copper 
and tungsten. 

Although the molybdenite obtained from commercial ores is hexagonal, a rhom- 
bohedral modification of MoS2 has also been found in nature 9). Polytypism in molyb- 
denite and the distribution of naturally occurring polytypes of this mineral have been 
discussed in the literature 9- l 1) 

Preparation (Hexagonal Form) 

Hexagonal molybdenum disulfide can be prepared directly from the elements by 
heating, or by thermal decomposition of ammonium tetrathiomolybdate or molyb- 
denum trisulfide. Reports that hexagonal MoS2 can be prepared by heating molyb- 
denum trioxide in hydrogen sulfide 12) are probably incorrect. Recent evidence in- 
dicates that bulk molybdenum trioxide reacts with hydrogen sulfide at 
400-500 ~ C 13), or with H 2 S/H 2 mixtures at 300-500 ~ 14), to yield mixtures of 
MoO 2 and MoS2. Further sulfiding results in the slow conversion of MoO2 to 
MoS214). All of these methods of preparation result in the formation of the hex- 
agonal form only; no evidence for the rhombohedral form was obtained is). Samples 
of molybdenum disulfide prepared by these methods require prolonged annealing 
at 1100 ~ to obtain well-crystallized hexagonal MoS2 with sharp X-ray powder 
lines 1 s). The annealing treatment removes stacking faults found in synthetic molyb- 
denum disulfide t s). The preparation of molybdenum disulfide directly from the 
elements is carried out at ~ 1100 ~ 16). Methods of growing single crystals of MoS2 
by direct vapor transport have been described 17). 

The preparation of crystalline molybdenum disulfide by the thermal decompo- 
sition of molybdenum trisulfide was studied by X-ray diffraction, and a model for 
the crystallization process was proposed 1 s) Thus,/dos a loses sulfur when heated 
above 250 C, but the products remain amorphous up to ~ 350 ~ Crystallinity sets 
in at ~ 400 ~ when the first vague lines are observed in the X-ray diagrams. At 

500 ~ new broad lines occur which, upon further heating, become sharper. Only 
prolonged heating at 1100 ~ results in haxagonal MoS2 having crystallinity com- 
parable to that of natural molybdenite 17) Similar observations were also obtained 
in the study of the thermal decomposition of ammonium tetrathiomolybdate, 
(NH4)2MoS4 is), to yield MoS2 above 400 ~ However, the reported thermal decom- 
position of MoSa at 500-600 ~ to yield first rhombohedral MoS 2 , which upon 
further heating is converted to the hexagonal form 19) , has been questioned 15). The 
original interpretation was based on misassigument of X-ray powder lines to the 
ordered rhombohedral form that were actually due to disordered stacking in the 
hexagonal layered structure 1 s). However, the hydrogen reduction of MoSa has been 
shown to yield both forms of MoS2, the rhombohedral modification formed only at 
a reduction temperature of about 800 ~ 2~ 21) 
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A model has been proposed which describes the observations which occur during 
the thermal decomposition o f  MoS 3 and (NH4)2MoS4 Is), i.e., the appearance o f  
lines in the X-ray powder diagrams resulting from the crystallization of  MoS2. During 
thermal decomposition o f  MoS3 or (NH4)2 MoS4, gaseous sulfur, hydrogen sulfide, 
or ammonia is liberated, and the products resulting at 400 ~ are very porous. Indeed, 
when MoS 3 is heated above 250 ~ it loses sulfur, but the products remaining are 
amorphous up to about 350 ~ Crystallization begins gradually above this tempera-. 

Fig. 1. Fragment of a layer of MoS 2 
The metal atoms are indicated by small 
shaded circles, the sulfur atoms by open 
circles. The atoms drawn with double 
ckcles lie in one (110) plane 

Fig. 2. Completely random orientation of tile 
one-layer-crystallites; powder pattern shows 
(hkO) bands only 

Fig. 3. Stacking of the layers in random 
orientations about the c-axis; (hkO) and 
(001) bands 

Fig. 4. Hexagonal MoS 2 with 
stacking faults; sharp lines 
for h - k  = 3 n, lines broadened 
i f h - k ~  3n 

Fig. 5. Hexagonal MoS 2 ; 
Adjacent layers in anti- 
parallel orientation; 
sharp powder lines 

Figs. 2-6. A model for the crystallization of MOI_xS2 
]Triangles depict fragments of MOl_xS 2 layers] 

Fig. 6. Rhombohedral 
MoS2; all layers in parallel 
orientation; sharp powder 
lines 
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ture. The composition of the product at 350 ~ is Mo0.aaS 2. These crystallites, that 
may be regarded as fragments of MoS2 layers (see Fig. 1), are randomly oriented as 
shown in Fig. 2. Further heating results in their growth by the loss of  sulfur and further 
orientation. Complete crystallinity is finally obtained by heating at 1100 ~ The crys- 
tallization process described is shown in Figs. 2 through 6. 

Preparation (Rhombohedral Form) 

Rhombohedral MoS2 is prepared by the reaction of molybdenum trioxide and sul- 
fur in molten potassium carbonate at 900 ~ 22). Well-crystallized material was also 
prepared in nearly quantitative yield employing sodium carbonate instead of the 
potassium salt 1 s). Prolonged heating of rhombohedral MoS2 at 1000 ~ under 
vacuum leads to conversion into the hexagonal form I s). 

The ultrahigh-pressure, high-temperature synthesis of rhombohedral dichalcogen- 
ides of molybdenum and tungsten has been described 23). When a 1:2 elemental mo- 
lybdenum metal-sulfur mixture was hot pressed at 27 kbars at 900 ~ or 47 kbars 
at 800 ~ only hexagonal molybdenite formed after a five-minute treatment. How- 
ever, at 47 kbars and 1050 ~ C, 74 kbars and 1100 ~ or up to 70 kbars and 2000 ~ 
quantitative yields of the rhombohedral form were obtained. Normal hexagonal 
molybdenite is completely transformed to the rhombohedral form at 40-75  kbars 
at 1900-2000 ~ in 1 to 5 minutes. Apparently, the synthesis of MoS2 from its 
elements is mainly temperature dependent. The starting mixture stoichiometry also 
determines the final product. Molybdenum to sulfur mixtures with I : I atomic ratio 
produce only Mo2S 3 over the pressure and temperature ranges of  10-75 kbars and 
800-2200 ~ 

Rhombohedral molybdenum disulfide was synthesized in an autoclave under 
hydrothermal conditions 24). Sodium molybdate was converted to MoS~ -2 with hy- 
drogen sulfide and then heated. Amorphous MoS 2 was formed at 20-300 ~ and 
a solution pH ~ 6-7 ;  colloid-like MoS 2 formed at 200-300 ~ rhombohedral MoS2 
formed at 250-900 ~ in a few hours; and the hexagonal modification formed after 
22 days at 600 ~ or two hours at 1300 ~ In addition, the hydrothermal crystal- 
lization of molybdenite was studied using thiomolybdate solutions with a general 
formula M2(MoS4_xOx) where M is an alkali metal. The synthesis was carried out 
in an autoclave at 100-600 C and < 800 kg/cm 2 pressure. The thermal dissociation 
of the solution resulted in the formation of two modifications of MoS 2 hexagonal 
(2H) and rhombohedral (3R), as ascertained by electron diffraction studies 2s). 

Other Methods for Preparing MoS 2 

Several other methods for preparing molybdenum disulfide have been reported in 
the literature, but caution should be exercised in assigning a particular crystal modi- 
fication to the materials obtained on the basis of powder diagrams 1 s). Such materials 
often show stacking faults; thereby, the powder patterns show differences from those 
of natural molybdenite I s). 
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Hexagonal molybdenite was formed at 1300 C in a silicate melt containing molyb- 
denum metal, sulfur, and sodium chloride 24). Pure molybdenum disulfide of stoichio- 
metric composition was also prepared by the reaction of sulfur with molybdenum 
trioxide or calcium molybdate in fused sodium chloride or molten sodium or potas- 
sium carbonate, the material thus obtained having lubricating properties reportedly 
equal to those of the natural product 26' 27). Molybdenum disulfide has also been 
prepared from fused salt electrolysis 2s' 29), carried out at 800 ~ and involved mix- 
tures of molybdenum trioxide, sodium borate, sodium fluoride, and sodium sulfate 28). 
The reaction of  anhydrous sodium molybdate and sulfur at 500-700 ~ has been 
reported to yield molybdenum disulfide a~ 32). Other methods of preparation in- 
clude the direct reaction of sulfur with calcium molybdate, molybdenum penta- 
chloride, molybdenum trioxide, or molybdenum metal; the synthetic MoS2 thus 
produced reportedly having lubricating properties comparable to natural molyb- 
denite 29). The reaction of hydrogen sulfide with molybdenum metal at 640-700 ~ 
and at low pressure yields MoS2 with a lameUar structure 33). The electrosynthesis 
of stable molybdenum sulfide sols has also been described 34). 

Crystal Structures of MoS 2 

Molybdenum disulfide exists in two modifications: (I)  the well-known hexagonal 
form (a = 3.16, c = 12.29 A) and (2) the rhombohedral form (a = 3.17, c = 18.38 A). 
The crystal structure of molybdenum disulfide was first investigated in 1923 by 
Dickinson and Pauling on natural molybdenite as). The compound is hexagonal and 
characterized by MoS2 layers in which the Mo atoms have trigonal prismatic coordi- 
nation of six sulfur atoms. There are two molecules per unit cell. A fragment of the 
MoS2 layer is shown in Fig. 1. The crystal structure of MoS2 is shown in Fig. 7. The 
distance between molybdenum atoms and the nearest sulfur atoms is 2.41 + 0.06 A. 
The edge of the MoS 6 prism is the thickness of the MoS2 layer, 3.15 +- 0.02.8,. The 
distance between the two adjacent sulfur layers is 3.49 A, which is greater than the 
thickness of the layers themselves. 

In 1957 Bell and Herfert 22) synthesized a rhombohedral modification of MoS2 
and showed it to have a similar layer structure of the Mo atoms. By qualitative study 
of (001) reflections, an octahedral coordination was assigned. However, it was shown 
later that the coordination about Mo in rhombohedral MoS 2 is also trigonal pris- 
matic a6). Since then, rhombohedral MoS 2 has been found to occur in nature in the 
Mackenzie District of Canada 37), in Switzerland 38), in Portugal 39), and in the 
USSR4O, 41) 

Rhombohedral and hexagonal structures are different only in the method of 
stacking of the MoS 2 layers, A detailed investigation of the crystal structure ofrhom- 
bohedral MoS2 9, 42) and a systematic deduction of possible polytypes of molyb- 
denite have been carried out 9). Possible polytypes with simple structures derived 
theoretically gave one rhombohedral (3R), two hexagonal (2H1,2H2), and one 
trigonal (2T) crystal forms. Here, the R, H and T stand for the basic crystal struc- 
tures, the coefficient represents the number of molecules per unit cell, and the sub- 
script is used to distinguish between different arrangements within the same class 

71 



G. A. Tsigdinos 
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Fig. 7. Crystal structure of MoS 2 

| | 3R @ | 2T 

| | 

| 1 7 4 1 7 4 1 7 4 1 7 4  2HI o ~ 2 H 2  

@ | 1 7 4 1 7 4  
(a) | O O 

3R 2H1 2H2 2T 

Fig. 8. Projections of MoS 2 crystal polytypes (after Takeuchi and Nowacki 9)) 
(a) Structures of simple polytypes along the c-axis; (b) structures of simple polytypes projected 
along the a 2 axis. Note: Figs. 8(a) and 8(b) can be thought of as plan and elevation views 
respectively of the various MoS 2 simple polytype structures if the MoS 2 platlet were resting 
with its base plane on a horizontal plane. The solid circles represent the molybdenum atoms, 
and the open circles represent the sulfur atoms. In Fig. 8(a), a solid circle inside an open circle 
represents the Mo and S atoms situated one above the other 

o f  crystal structures (see Fig. 8). In addition, the 112 theoret ical ly possible poly types  
o f  molybdeni te  with less than seven layers have been derived 1~ Of the 108 specimens 
o f  naturally-occurring molybdeni te  studied, representing 83 localities throughout  
the word, 80 percent o f  these were the 2H 1 polytype,  three were the 3R polytype ,  
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and the remainder were mixtures of 2H1 and 3R in varying proportions 11). No new 
modifications of naturally-occurring molybdenite were found 11). So far, only the 
3R and 2H 1 polytypes have been definitely identified in natural or in synthetic MoS2. 
Projections of the atoms for the four polytypes 3R, 2H1,2H2 and 3T are shown in 
Fig. 8. 

The trigonal prismatic bond orbital configuration in MoS2 has been discussed 4a). 
X-ray absorption and emission L spectra of this compound have also been ob- 
tained4a, as). The results are consistent with a d4sp hybridization in MoS2. 

Properties 

The properties of molybdenum disulfide have been given elsewhere 12). However, an 
updated version and recent references to the literature will be given here. 

Tab. 1. Physical properties of MoS 2 

Molecular Weight 
Color 
Melting Point 
Specific Gravity 
Crystal Structure 

Hardness 
Magnetism 

160.08 
Blue-Gray to Black 
Decomposition 1) 
4.8 to 5.0 
Hexagonal (usual form) or Rhombohedral. Each Mo atom is surrounded 
by a trigonal prism of S atoms 
1, Mohs Scale; 12-60 Knoop 
Diamagnetic 

1) In vacuum to Mo2S3; in air to MoO 3. 

PhysicalProperties. The pertinent physical properties of molybdenum disulfide are 
given in Table 1. Although a melting point of 1185 ~ for MoS2 has been reported 
in the older literature z2), it is most likely incorrect 46). No melting was observed 
when molybdenum disulfide was heated under high vacuum at 1800 + 20 ~ for 
10 minutes 46), although it is doubtful that molybdenum disulfide remains intact at 
those temperature 47). Also, no melting of  this material was observed at 1600 ~ 
under 1 atmosphere of  hydrogen, although decomposition into molybdenum metal 
and sulfur was observed 48). 

Electrical, Magnetic, Optical, and Thermal Expansion Properties. The electri- 
cal and magnetic properties of MoS2 have been summarized elsewhere 12). Molyb- 
denum disulfide is diamagnetic and a semiconductor. Recent work on the electrical 
properties of MoS2 is given in Refs. 49) through sl). Electron spin resonance mea- 
surements on molybdenum disulfide suggest that the signal obtained is due to 
mobile charge carriers rather than to free radical centers 52). 
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The optical properties and photoeonductivity of  thin crystals of  molybdenum 
disulfide have been investigated sa-s8). The thermal expansion properties of MoS2 
have also been reported s9). The coefficient of thermal expansion is 
10.7 x 10-6/deg K. 

Thermal Conductivity. The thermal conductivity of molybdenum disulfide in 
the temperature range of - 3 1 5 ~  (between liquid-oxygen and liquid-nitrogen 
boiling temperatures) to 1090 ~ (above the service temperature of MoS2 in air) 
has been determined 6~ The data were determined with a guarded double-cylinder 
apparatus which provides an accuracy of -+10% at -315 ~ and -+5% at 90 ~ and 
the tested specimens were maintained at a pressure of 10 -1 tort throughout the 
cooling and heating cycle. The thermal conductivity values for all the MoS2 speci- 
mens evaluated between -315 ~ and 1090 ~ are within the range of 0.020 and 
0.085 Btu/hr]in./~ A graphical presentation of the data is given in Fig. 9. 

0.12 

0.10 

F 0.08 
"~.~ 
8 ~ o.06 

~ 0.04 

~- 0.02 

--90F 

~ ~  . . . . .  315F 
. . . .  1090F 

0 I I l I I I I I I I I 

3.7 3.8 3.9 4.0 4.1 4.2 4.3 4.4 4.5 4.6 4.7 
Density (g/cm 3) 

Fig. 9. Thermal conductivity of compacted MoS 2 as function of density for various temperatures 

Thermodynamic Properties. Low temperature heat capacity and entropy data 
on MoS2 have been developed 61). The heat capacity exhibits approximately T 2 
dependence between 20 and 60 K. For MoS2 (e), an entropy of S~ 14.96 
-+0.02 cal deg - l  mole -1 has been reported 62). The values for the heat of  forma- 
tion, AH ~ -56.1 kcals/mole, and for the free energy of formation, AG~ =--54.1 
kcals/mole, have been calculated 63). 

Thermal Behavior. The thermal behavior of molybdenum disulfide and its 
dissociation products under heating have been extensively investigated. Earlier 
studies on the equilibrium phases during the reduction of MoS2 with hydrogen up 
to I000 ~ indicated that no lower sulfide than MoS2 existed64); however, more 
recent work established that Mo2S 3 and not MoS2 is in equilibrium with molyb- 
denum metal in the vicinity of 1100 ~ 6s). High purity molybdenum metal can be 
produced by the direct dissociation of molybdenum disulfide in vacuum at 
1600-1700 ~ 66). In practice, the dissociation temperatures are above 1370 ~ 
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and the sulfur is continuously withdrawn to permit the reaction to proceed to com- 
pletion. Such dissociation occurs in two discrete steps vt~ the formation of Mo2S3 
and $2 66). Further studies of the equilibrium Mo2Sa-sulfur at 1100 ~ indicate that 
$2 is the predominant molecular species at 1100 ~ and high pressures; the MosS3 
phase obtained was found to be stoichiometric 67). The equilibria that exist between 
the sulfides of molybdenum and mixtures of hydrogen and hydrogen sulfide have 
also been studied 16), but they will be discussed later. 

The dissociation of MoS2 at normal pressures and in reducing atmosphere at 
1500 ~ proceeds to M02S368'69). In vacuum the dissociation proceeds at lower 
temperatures47, 68,69). Mo2S 3 begins to dissociate above 1500 ~ but at a pressure 
of 1 mm Hg, it dissociates at 1250-1300 ~ 47' 68, 69). At higher vacuum (~10 -2 to 
10 -4 mm Hg), dissociation of Mo2S3 to the metal takes place at 1100-1200 ~ 
When MoS2 was heated in an evacuated (1 x 10 -5 mm Hg) quartz tube at 
1280-1300 ~ Mo2S3 was obtained free of molybdenum metal 7~ 

Chemical Properties. Molybdenum disulfide is generally unreactive chemically. 
Molybdenite is converted, on a commercial scale, to molybdenum trioxide by roast- 
ing in air at 500-600 ~ The oxidation proceeds v/a highly exothermic reactions 71). 
The kinetics of the oxidation of molybdenite have been studied in the temperature 
range 400-650 ~ 7"/1--73). The oxidation proceeds v/a intermediate MOO2; the for- 
mation of MoO 3 does not proceed to completion until all sulfur has been removed 
from the solid 71). The oxidation of molybdenum disulfide lubricant at several tem- 
peratures has been reported 74'76). The oxidation of MoS2 to MoO3 was studied by 
thermogravimetric analysis at 435,466, and 516 ~ the data indicated the formation 
of 10, 50, and 90% MOO3, respectively. The kinetics of the oxidation of synthetic 
and natural MoS2 have been compared 77). Higher temperatures were required for 
the oxidation of natural MoS2, the oxidation process in this case being highly 
dependent on particle size 77). 

Molybdenum disulfide dissolves in strong oxidizing agents such as aqua regia, 
hot concentrated sulfuric and nitric acids to give soluble hexavalent molybdenum 
species. With nitric acid, the degree of oxidation of MoS2 to MoO3 �9 xH20 increases 
with the concentration of HNO3 up to a certain limit typical of each temperature. 
The effect on oxidation was not significant for concentrations of HNO3 above 
30% 78). The oxidation of molybdenite by potassium permanganate in sodium car- 
bonate has been examined, the process being limited by diffusion 79). Molybdenite 
is also oxidized to Na2MoOa in sodium hydroxide solution by cupric oxide at 
250-290 ~ s~ 81). The dissolution of MoS2 in alkaline solution was examined over 
the temperature range of 100-175 ~ and pressure (of oxygen gas) range 
0 to 700 psig. The rate of leaching by potassium hydroxide was a linear function of 
oxygen over-pressure and concentration of potassium hydroxide s2). 

The oxidation of MoS2 with chlorine monofluoride proceeds smoothly at 
25 ~ to yield MoF6 s3). Excess chlorine gas reacts with natural molybdenite at 
550-600 ~ to yield as main products the volatile MOO2C12 and MoOCI4. This pro- 
cess has been proposed for the recovery of molybdenum from marginal ores sa). 
Carbon dioxide begins to react with natural molybdenite at 200-250 ~ the maxi- 
mum reaction rate is attained at 900-1000 ~ to yield MOO2, SO2, CO, S, and some 
MoO3 and COS ss). A low carbon, low oxygen molybdenum metal is produced by 
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the reduction of MoS2 with tin s6). No nitrides were formed under the conditions 
studied when MoS2 was heated in nitrogen 87). Reduction of MoS2 with hydrogen 
gas proceeds to the metal vta the formation ofMo2S 316). During oxidative roasting 
of molybdenum concentrates, rhenium oxides react with MoS2 to form ReO2 when 
rhenium is present in the ore aa). 

Molybdenum disulfide is not soluble in ordinary solvents. However, sodium 
hydrochlorite solutions oxidize MoS2 slowly a9). The solubility of MoS2 was deter- 
mined in sodium sulfide solutions at 60 ~ and found to be very slight (0.89 x 10 -s  
mole/l) 9~ The solubility of MoS2 was determined electrochemically using molyb- 
denite electrodes; weak dc currents increased the solubility; increases in pH general- 
ly lowered the solubility 91). Molybdenum disulfide dissolves in potassium cyanide 
by complex formation 12). 

Intercalation Compounds ofMoS2. Like graphite, the lamellar structure of 
molybdenum disulfide permits it to form interlamellar compounds. For example, 
powdered MoS2 adsorbs ammonia from -63.5 to -78  ~ the maximum amount 
of ammonia taken up corresponding to 50 mole percent 92). The adsorption is 
reversible and without hysteresis, although attainment of  equilibrium on desorption 
is slow. No change in X-ray parameters or expansion of the lattice was found during 
the sorption of ammonia. Thus there is appreciable room within the MoS2 lattice to 
incorporate the ammonia molecules. This is corroborated by the fact that MoS 2 
specimens, when subjected to very high pressures (up to 120 katms) at room temper- 
ature, undergo a linear compression to 60% of the original value. Re-expansion upon 
reducing the pressure is almost without hysteresis. The presence of ammonia between 
the planes is postulated to involve the presence of NH~ and NH~- ions 92). 

Other intercalation compounds of molybdenum disulfide and related species 
have been reported. Like graphite, MoS2, MoSe2 and WS2 react with metal dissolved 
in liquid ammonia to form intercalation compounds, the magnetic behavior of which 
indicates that while these compounds have metallic character, there is a transition 
toward the formation of ionic sulfur or selenium bonds 93-95). The intercalation 
compounds reported are given in Table 2. The compounds are prepared by the 
reaction of molybdenum disulfide or the other chalcogenides at - 4 0  to - 5 0  ~ 
with liquid ammonia in which the specified metal has been dissolved 93). The products 

Tab. 2. Intercalation compounds of MoS2, WS2, Moge 2 and WSe 2 

Parent Lattice 

MoS 2 MoSe 2 or MoTe 2 WS 2 WSe 2 

Cso.sMoS2 Ko.sMoSe 2 CSo.sWS2 
RbMoS 2 Eu0.TMoSe 2 Rbo.sWS2 
Ko.6MoS2 Eu0.4MoTe 2 Ko.sWS2 
Na0 .6MoS2  Eu0.5(NH3)o.sMoS 2 Na0.sWS2 
Nao.8(NH3)0.2MoS2 Lio.s (NH3)o.6WS2 
Li0. 8 (NH 3)0.8 M~ Nao. 6 (NH 3 )0.1WS 2 
Lil.1 (NH3)0.6MoS2 Cao.6 (NH3)o.6WS2 

K0.4WSe2 
EUo.sWSe2 
Eu0.4WSe2 
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are washed with ammonia and dried in vacuum at room temperature. Although they 
are diamagnetic like the parent compounds, incorporation of the alkali metals into 
the lattice decreases the diamagnetism 94). It is postulated that polar species like 
M+(MoS2) - exist within the intercalated compounds. The metallic behavior of the 
compounds is consistent with their pyrophoric properties or reaction with water to 
yield the parent sulfide, metal hydroxide, and hydrogen gas. No hydrogen sulfide is 
formed during hydrolysis 94). Analysis indicates the structure consists of  alternating 
layers of  metal and matrix material 94' 9s). It has been shown that Ni +2 or Co +2 ions 
can be intercalated between the MoS2 layers in octahedral holes situated adjacent 
to the exposed molybdenum atoms. The materials obtained are catalysts in hydro- 
genation of  benzene 96). 

Molybdenum disulfide intercalation compounds have been considered for 
application in electrical energy storage superbatteries 22a-22s). 

Lubricating Properties. Molybdenum disulfide owes its lubricating properties 
primarily to its lamellar molecular structure (see Fig. 7); coefficients of friction of 
this material as low as 0.017 have been measured 12). One study examined the varia- 
tion of the coefficient of friction with crystal orientation; it was found that the 
minimum friction occurs when the basal plane is parallel to the sliding surfaces and 
maximum when the basal plane is perpendicular to the sliding surfaces 97). Upgraded 
natural molybdenite is used commercially as a solid lubricant. It can be applied as a 
burnished film, as a bonded coating, or mixed with grease or suspended in oil. 
Detailed discussions of the lubricating properties of molybdenum disulfide are to 
be found in Refs. 98-1~ 

Catalytic Properties. Molybdenum disulfide is used as a catalyst in a variety of  
hydrogenation-dehydrogenation reactions involving complex hydrocarbon mixtures 
such as petroleum and coal tars. Detailed lists of the reactions where MoS2 acts as a 
catalyst have been compiled m3-107). For maximum surface area, the MoS2 is usually 
prepared on the carrier vta thermal decomposition of  ammonium tetrathiomolybdate 
or reduction of ammonium molybdate with hydrogen sulfide. High surface area 
MoS2 was prepared from MoS 3 at 450 ~ by fast reduction with hydrogen or by 
thermal decomposition in helium. Surface areas as high as 158 m2/g were thus ob- 
tainedl~ 

Molybdenum Sesquisulfide 

Molybdenum sesquisulfide, Mo2S3, is the lowest sulfide in the Mo-S system. Contrary 
to previous claims 64), it has now been established 6s) that Mo:S3, and not MoS2, is in 
equilibrium with molybdenum metal and sulfur vapor in the vicinity of 1100 ~ The 
presence of Mo2S 3 has also been established in equilibrium studies in the molyb- 
denum-sulfur-hydrogen system between 850 and 1200 ~ 

Preparation 

Molybdenum sesquisulfide has been obtained by heating MoS2 in an arc furnace at 
atmospheric pressure in the absence of air 2'1~ The product was separated from the 
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reaction mass by treating with aqua regia. This material has also been prepared by 
heating molybdenum metal and sulfur (2 : 3 atomic ratio) in evacuated quartz 
ampoules at 1300-1400  ~ 11~ 

Properties 

The sesquisulfide is inert towards cold, dilute aqua regia, and it is not  attacked by 
concentrated hydrochloric or sulfuric acids; M02S 3 is readily converted to MoO3 
by warm concentrated nitric acid 2). M02S 3 reacts with sulfur vapors at high temper- 
atures to form MoS2 76). The physical properties o f  M02S 3 are given in Table 3. 

Tab. 3. Physical properties of Mo2S 3 

Formula Weight 
Color 
Crystalline Form 

Structure 

Microhardness 

288.08 
Steel-Gray 
Needles; Monoclinic, two Mo2S 3 units per unit cell; 
Calculated Density = 5.806 g/cc 1 ) 
Distorted octahedral configuration of S atoms about Mo. Below -80 ~ 
Mo2S 3 structure distorts to triclinic symmetry 2) 
350 to 510 kg/mm 2 3) 

1) Refs 121) and 122). 
2) Ref. 122). 
3) Ref. 123). 

The standard free energy of  formation of  Mo2S 3 has been determined113) and 
found to follow the equation: 

AG~ Mo2S3) = -41 ,700  (+- 1000) + 17.3 (+-0.6) T -+ 300 cal 

between 1092 and 1337 ~ Similar results have been obtained in another study16). 
A computer estimation of  the standard heat o f  formation of  Mo2S3, AH ~ has 
yielded a value equal to - 5 3  kcal/mote +-i5 t 14). The refractory nature o f  Mo2S 3 
has been used for impregnating porous ceramics with this material lls). 

Structure 

The structure o f  molybdenum sesquisulfide has been determined tu) on a sample o f  
composition Mo2.06S3 prepared in vacuum at 1300 ~ from molybdenum and sulfur. 
An electron density projection 11~ of  Mo2S 3 is shown in Fig. 10. The Mo2S3 thus 
examined is monoclinic, with a = 6.092 A; b = 3.208 A; c = 8.6335 A; ~3 = 102.43 ~ 
Below +37 C, the structure is a superstructure of  the one described, all axes being 
doubled. At - 8 0  ~ the lattice of  Mo2.06S 3 undergoes a distortion to triclinic 
symmetry. As shown in Fig. 10, the molybdenum atoms are in octahedral holes of  
sulfur atoms but are displaced from the octahedron centers in such a way that 
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Fig. 10. Electron density map of Mo2S 3 
[Mo-S bonds are indicated by full lines, the Mo-Mo chains by broken lines. The outline of the 
unit cell is also indicated.l 

infinite zig-zag Mo-Mo chains are formed. The Mo-Mo distances in these chains are 
2.86 ~-, which are only slightly longer than those present in molybdenum metal 
(2.725 A). The lack of chemical reactivity of Mo2S 3 is consistent with its structure. 
An orthorhombic modification of Mo2S 3 that has been reported ll2) has been shown 
to be incorrectly assigned 11~ Only the monoclinic form exists. 

Up to one half of  the molybdenum atoms in Mo2S 3 can be replaced by nio- 
bium 1H). The solid solutions of  (Mol_x, Nbx)2.o6S3, the high temperature crystal 
structure of MO2.o6S 3 is retained down to low temperatures if 0.025 < x < 0.50 tit). 

Thermal Behavior 

Molybdenum sesquisulfide decomposes to the metal and sulfur when heated above 
1600 ~ the rate of decomposition depending on the rate of removal of sulfur and 
the pressure of the system 66). Thermogravimetric analysis of  Mo2S 3 in a nitrogen 
atmosphere showed no weight change up to 800 ~ and a very slight (0.5%) weight 
gain in going to 1200 ~ However, when the TGA was carried out in air (see 
Fig. 11), no weight change occurred up to 350 ~ where a very sharp weight loss 
occurred up to 430 ~ thereafter, the sample attained almost its original weight. 
This change is associated with the conversion of Mo2S 3 to 2 MoO 3, a process ulti- 
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Fig. 11. Thermal Behaviour of Mo2S 3 in Air 
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mately associated with no weight change. Further weight loss beyond 650 C corre- 
sponds to the volatilization of molybdenum trioxide 7). 

Molybdenum Trisulfide 

Since the precipitation of molybdenum as the trisulfide is a classical analytical 
separation technique, a considerable amount of chemistry has been reported on 
MoS3. Although this compound has not been used for a gravimetric technique 
because of the variable composition of the precipitate, it has been reported that a 
compound having the exact composition MoS 3 - 2 H20 can be prepared 116'117). It 
is also reported that the compound loses its water of hydration above 200 C but 
does not oxidize below 390 ~ More definitive work ~9) however indicates 
that regardless of  the method of  preparation from solution, the composition of 
molybdenum trisulfide was MoS3+x �9 yH20, where 0 < x < 1 and y > 0. This 
excess sulfur cannot be washed out with carbon disulfide. Other work also indi- 
cates that molybdenum trisulfide precipitated from solution has variable composi- 
tion such as 3 MoS 3 �9 H2S �9 H2 O118), or MoS3 "H2 Ol19). 

Preparation 

Molybdenum trisulfide can be prepared by the thermal decomposition of 
(NH4)2MoS 4 in an inert atmosphere 7'1s'19), or by heating the ammonium piperidi- 
nium and piperizinium tetrathiomolybdates at 200 ~ in vacuum ts). The "crystal- 
line MoS3" reported in the literature 12o)was based on microscopic evidence only. 
So far, no real X-ray evidence has been found for the existence of a crystalline form 
of molybdenum trisulfide 1s'21). It has been suggested that at present there is no con- 
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clusive evidence which shows that MoS 3 is a definite chemical compound rather than 
an intimate mixture of subcrystalline MoS2 and amorphous sulfur 21). 

Thermal Behavior 

The thermal decomposition of molybdenum trisulfide to the disulfide is irrevers- 
ible 12D. Thermal studies on MoS 3 under inert atmosphere conditions show that it 
begins to lose sulfur at --~250 ~ 15'19), but the products obtained are amorphous up 
to 350 ~ ls'12~ Crystallization of the MoS2 produced begins at this temperature as 
already indicated, but thermal degradation of MoS3 yields only the hexagonal form 
of MoS2 is) rather than the rhombohedra119). The latter conclusion was reached 19) 
on misinterpretation of the X-ray powder diagrams Is). Heated MoS3 yields hexag- 
onal MoS2 with considerable stacking faults is). Thermogravimetric analysis of 
MoS3 produced by the decomposition of (NH4)2MoS4 in the presence of air showed 
that oxidation of the trisulfide begins at 200 ~ 7). 

Molybdenum Pentasulfide 

The preparation of this compound was reported in 1916122), but no recent reports 
have appeared in the literature. The preparation involves the reduction with zinc of 
an ammonium molybdate solution in 10% H2SO4 and precipitation of Mo2Ss �9 3 H20 
with hydrogen sulfide. The solid was described as brown which, upon careful heating 
in carbon dioxide, gave the black solid Mo2Ss. Efforts in this laboratory 7) to repro- 
duce it by the method described in the literature yielded materials containing 
variable S/Mo atomic ratios. The solids thus obtained were amorphous to X-rays 
and their infrared spectra showed the presence of Mo-O bands other than those due 
to water. It therefore appears that the preparation of pure Mo2S s is still in doubt. 

Other Molybdenum Sulfides 

A tetrasulfide of molybdenum, MoS4, was first reported by Berzelius 6'123), but 
efforts to reproduce this failed 7). No monosulfide of molybdenum exists 8), but a 
mixed molybdenum monosulfide, "stabilized" by tin, of composition Mo6SnS 7 and 
specific gravity of 5.69, has been prepared as a black crystalline material by heating 
under vacuum a mixture of molybdenum, tin, and sulfur 8). No further work on this 
material has been reported. A new sulfide, Mo384, that is isostructural with Mo3Se4 
has been prepared. Its rhombohedral structure consists of an Mo6S 8 unit formed by 
a Mo 6 octahedral cluster inscribed in a deformed cube of sulfur atoms. The Mo-Mo 
distances in the cluster are 2.69 A and 2.86 A 222). 

Other Related Materials 

Tungsten disulfide, like molybdenum disulfide, exists both in the hexagonal and 
rhombohedral forms is). Thermal decomposition of WS3 is similar to that of MoS3: 
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The rhombohedral form is prepared from melt solutions is). W-S mixtures, in 1 : 2 
ratio compressed at 45 kbars and heated at 1800 ~ for 2 to 3 minutes, gave a 
silver.gray product which was completely rhombohedral 23). No evidence was found 
for the existence of lower tungsten sulfides, such as W2S a 15). 

A three-layered rhombohedral form of MoSe 2 has been produced by subjecting 
the two-layered hexagonal form to pressures of 40 kbars at 1500 ~ This new form 
is isostructural with rhombohedral MoS2124). The phases previously regarded as 
Mo2Se a and MoETe a were found to correspond to the composition MoaX 4 and are 
better described as MouSe4 and MoaTe4, respectively 111). 

Mixed molybdenum chalcogenides like M02 SaSe, M02 SaTe, M02 SeaS, Mo2SeaTe, 
Mo2TeaS, and Mo2TeaSe were synthesized by heating stoichiometric amounts of 
Mo2X 3 and X 1 (X or X 1 = S, Se or Te) for 15 hours at 1000 ~ in an evacuated quartz 
tube. The products are gray, crystalline and metallic in appearance. They have hexag- 
onal symmetry and are isostructural with the corresponding MoX 2 125). 

Oxysul f ides  

The number of known metal oxysulfides is relatively smaU 126). Three types have 
been well established; these are: ZrOS, La202S, and ThOS 126). A variety of molyb- 
denum oxysulfides have been postulated to exist. The existence of MoOS2 and 
MoO2 S has been claimed to occur during the oxidation of MoS272,127-129) The 
presence of molybdenum oxysulfides was also claimed la~ to be the result of the 
decomposition of sulfur-containing organic compounds of molybdenum. The 
oxysulfide MoOS was claimed to be present in sulfided molybdenum-containing 
catalysts lal), but it is now believed that this material may be a mixture of MoO2 
and MoS2 132). 

The following three preparative routes to molybdenum oxysulfides have 
appeared in the literature: 
1. Reaction of MoO2Cl 2 with Na2S in ethanol as given by ter Meulenlaa): 

M002C12 + Na2S > MoO2S + 2 NaC1 

2. Reaction of MoS2 and H20 as described by Cannon92'134): 

MoS2 + H20(g) ~ MoOS2 + H 2 

3. Thermal decomposition of (NH4)2MoO2S2 as proposed by Spengler and Weberla~ 

A 
(NH4)2MoO2S2 ) MoOS2 + 2 NH a + H20 

Work was carried out in this laboratory to reproduce these reactions 7). Attempts 
to prepare MoO2 S did not yield a simple molybdenum oxysulfide or a molybdenum 
sulfide, but a mixture of unidentifiable products. The reaction of MoS2 with water 
vapor yielded neither hydrogen nor hydrogen sulfide. The thermal decomposition of 
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(NH4)2MoO2S 2 under nitrogen was studied by thermogravimetric analysis, and the 
results are shown in Fig. 12. The weight loss up to 150 ~ corresponds to 18.5%; 
beyond this and up to 350 ~ there is a gradual loss up to 22.7%, the expected 
weight loss due to NH3 + H20 being 22.8%. A sample of (NH4)2MoO2S:, when 
heated at 250 ~ for two hours under helium, showed a weight loss of 20.7%. The 
product consisted of  very small, shiny black needle-like crystals, but these were 
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Fig, 12. The thermal decomposition of 
(NH4)2MoO2S2 under nitrogen (sample 
weight 134.9 mg) 

amorphous to X-rays; the Mo : S ratio found was 1 : 1.93. Further heating up to 
500 ~ resulted in the evolution of sulfur dioxide. Although the chemical analysis 
does not differentiate between MoOS2 and a 2:1 mixture of MoS 3 and MOO3, the 
X-ray evidence rules out the presence of MOO3. 

The postulated existence of the oxysulfide MoOS can be ruled unlikely on the 
basis of the structures of MoO2 und MoS2. Molybdenum dioxide has a three- 
dimensional structure with distorted octahedral coordination (d 2 sp 3 hybridization) 
about the molybdenum atoms126)while MoS2 has a layer structure with a trigonal 
prismatic coordination about the molybdenum atoms (d4sp hydridization). Conse- 
quently, any existence of a MoOS species may be expected to be only transient. 

Th ioha l ides  

The literature on the thiohalides of  molybdenum and tungsten is sparse and relatively 
recent. A red-brown solid of composition MosSsC19 has been reported 13s) which 
was prepared by the reaction of molybdenum metal with $2C12 in a carbon dioxide 
atmosphere. Tungsten metal similarly treated gave the dark red solid W2S7C18135). 
The tungsten-containing solid was found to be insoluble in water and alkalies and 
decomposed when sublimed. The product was not further characterized las). Other 
molybdenum thiohalides that were characterized only by analysis include MoSCI 2, 
which was isolated as an intermediate in the chlorination of MoS2 with chlorine gas 
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at 400 ~ 136), and MoS2CI 3, a yellow,cinnamon powder obtained by the reaction 
of MoCI s with $2C12 at 250 ~ in a sealed tube 137). The solid, MOS2C13, slowly 
decomposed upon exposure to air and was found to be insoluble in alcohol, benzene, 
chloroform, and carbon tetrachloride. The solid was formulated as a dimer, 
Mo2S4C16, analogous to molybdenum pentachloride, but no proof for this structure 
was provided 137). 

Tab. 4. Thiohalides of molybdenum and tungsten 

Molybdenum compounds Ref. Tungsten compounds Ref. 

MoSC12 136) 
MoS2CI3(Mo2S4C16 ) 137) 
MoSC13 142) 
MoS2CI 2 138,139,141) 
MoS2Br 2 139) 
Me 2 $4C15 139) 
Mo2S5C13 139) 
Mo2SsBr3 139) 
Mo2S4OC12 138) 
M03S7C14 144) 
Mo3SeTC14 144) 

WS2C12 141) 
WSCI 3 142) 
WSC14 137,142) 
WSBr 4 142) 

The reported thiohalides of molybdenum and tungsten are given in Table 4. 
The reaction of metals and their oxides with disulfurdichloride has been inves- 

tigated13S, 139). Molybdenum metal reacts with $2C12 at 475 ~ to yield a dark 
brown sublimate which, after extraction with carbon disulfide, analyzed as 
MOS2C12138). Similarly, the compounds MoS2CI 2 and MoS2Br2 (X = C1 or Br) in 
1 : 1 molar ratio at 500-525 ~ These materials are brown, hydrolyze slowly 
when exposed to the air, and decompose in a nitrogen atmosphere above 500 ~ 
to MoS2 and the free halogen. X-ray powder diagrams indicate that the chloride 
and bromide are isomorphous 139). When Me metal is heated with excess $2X2 
(X = C1 or Br) at temperatures lower than 450 ~ the species Mo2SsC13 and 
Mo2SsBr 3 result 139). 

The MoS2X2 and Mo2SsX 3 species prepared are diamagnetic; the oxidation 
state of  molybdenum is believed to be +4 in analogy with the corresponding 
NbS2X2139). The vibrational spectra of Mo2SsX 3 (X = CI or Br) suggest that they 
contain S 2 groups that bridge two Me atoms, similar to those in NbS2X2 rather 
than those in pyrites types 14~ The MoSsBr3 compound can also be prepared by 
the reaction of sulfur with MoBr2140) 

Molybdenum trisulfide reacts with $2C12 at 350--400 ~ to give the brown 
solid Mo2S4CIs, and with $2C12 or S2Br2 at 420--480 ~ to yield the red solids 
Mo2SsC13 or M02S s Brs, respectively 139). They are stable in air; their X-ray powder 
patterns have been given. Thermogravimetric analysis in nitrogen shows that the 
thiohalides are stable up to 370 ~ beyond which they decompose to yield MoS2. 
Molybdenum trioxide is formed when the thiohalides are heated in oxygen at 
250 ~ 139) 
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Molybdenum and tungsten oxytetrachlorides, MoOC14 and WOC14, react with 
anhydrous H2S in boiling benzene to form the brown solids MOS2C12 and WS2C12141). 

The synthesis of the thiohalides MoSCI3, WSCI3, and WSX4 (X = CI or Br) has 
been reported 142). The compound WSCI4 is obtained in 70% yield by the reaction 
of stoichiometric quantities of WCI 6 and Sb2S 3142). The reaction of sulfur with 
WCI6137'142) or WCI s 142) gives in 100% yield WSC14 (mp 142-146 ~ Even when 
excess sulfur is used, WSCI4 is the only thiochloride formed 142). The reaction of 
Sb2S 3 at 150 ~ with the pentachlorid~s MoCls and WCls gives the thiohalide 
MSC13. Attempts to prepare WSCI 3 by the reduction of WSC14 with aluminum were 
not successful. All of these thiohalides are unstable in air and evolve hydrogen 
sulfide and hydrogen halide. WSC14 sublimes in vacuum to yield diamagnetic 142) 
ruby-red crystals 137' 142), whereas WSBr 4 volatilizes at 180-200 ~ to give dark 
green crystals 142). The thiochlorides MoSC13 (greenish-black) and WSCI 3 (black) 
are nonvolatile 142). Low magnetic moments (0.75 BM for MoSC1 a and 0.54 BM for 
WSCI3) are attributed to interactions of electrons on adjacent metal atoms through 
a non-linear M-S-M systems 142). The absence of infrared peaks above 383 cm -1 in 
the spectra of MSCI a is consistent with polymeric structure with M-S-M bridg- 
ing 140'142). Bands at 569 cm -1 for WSC14 and 555 cm -1 for WSBr 4 have been 
assigned to terminal W=S bonds 142). A recent crystal structure determination of 
WSC14 and WSBr 4 has been carried out 143). The structure of WSC14 (see Fig. 13) 
shows that the arrangement of the five ligands around the tungsten atom is square 
pyramidal, where two molecules of  WSCI 4 associate through the weak W-CI bonds 
across a center of symmetryto form W2S2X8 dimeric units 143). 

The reaction of molybdenum trichloride with sulfur or selenium at 450 ~ in 
a sealed tube was reported to give, in 20-24  hours, MoaSTC14 or Mo3SeTC14, 
respectively 144). The X-ray powder diagrams of these materials were obtained. The 
sulfur compounds decompose at 530 ~ to give MoS2, whereas the selenium analog 

\ 
Fig. 13. The contents of the unit cell of WSC14 
in the b projection (large open circles, tungsten; 
small open circles, chlorine; small closed 
circles, sulphur) 
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gives MoSe2 at 450 ~ The same decomposition products are obtained when the 
parent compounds are reduced with hydrogen gas at 285 and 265 ~ respect- 
ively144). 

The product, MosS8CIg, obtained by the reaction of Mo metal and SzC1213s) 
when washed with boiling water gave a solid which was shown by analysis to be 
Mo2S4OC12138). The same compound, Mo2S4OC12, resulted when MoO 3 was reacted 
with $2C12 at 350 ~ for 8 hours, the resulting amorphous yellow-brown solid 
being washed with carbon disulfide before analysis. This oxythiochloride of molyb- 
denum was not further characterized 138). The reaction of tungsten metal with $2C12 
in a nitrogen atmosphere was found to yield only WCI 6 and free sulfur rather than 
W257C] 8135). When the same reaction was carried out in the presence of air, WOCI4 
formed 138). Tungsten trioxide reacted with $2C12 to yield WOClarather than a 
tungsten oxythiochloride 138). 

Th iomolybd i t e s  

The thiomolybdites are a class of molybdenum-sulfur compounds which contain 
molybdenum in a low oxidation state, usually +3. Two main types of such materials 
exist. The first type has the formula MMoSz where M is a monovalent cation, 
usually an alkali metal. The second type has the formula MMozS4 where M is a 
divalent cation, usually a transition metal. There are other thiomolybdite species, 
of composition other than that described above, which have been identified in 
ternary phase studies involving the M-Mo-S system (M = a transition element), but 
these have not been well characterized. 

Thiomolybdites of Type MMoSz 

The sodium, potassium, rubidium, and cesium thiomolybdites, namely NaMoS2 
(brilliant black), KMoSz, RbMoS 2 and CsMoS2 (all black with a metallic lustre), 
were prepared by the reaction of the corresponding alkali metal sulfide with 
Mo2S 3145). They all have identical X-ray powder patterns. The potassium, rubidium, 
and cesium compounds undergo decomposition with the evolution of sulfur when 
heated at 320,380 and 420 ~ respectively 14s). 

When the alkali metal molybdates or tungstates are treated with CS2 or H2S 
vapors at 300-320 ~ materials of composition MzMo(or W)S4 result, but so far 
they have not been fui-ther characterized 14s). The sodium, potassium, and rubidium 
thiotungstates thus prepared, when reduced by hydrogen, yield the thiotungstites 
NaWS2, KWS2, and RbWS2 which are black solids having a metallic lustre. They are 
stable up to their fusion point. Unlike the corresponding thiomolybdites, these 
cannot be prepared from the alkali sulfide and W2S 314s) since the latter does not 
exist Is). The RbWS2 cannot be prepared free of Rb2WS4, but the latter can be 
removed by washing with water 14s). The lithium and cesium thiotungstites could 
not be prepared. The X-ray patterns of MWS2 are identical with those of the corre- 
sponding molybdenum compounds. 
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Lithium thiomolybdite, LiMoS2, has been prepared by the hydrogen reduction 
of Li2MoS3. s at 600 ~ The latter is obtained by the reduction of lithium thio- 
molybdate 14s). Reduction of K2MoS4 with hydrogen at 650 ~ gives the homoge- 
neous solids K6M03S 8 with formation of hydrogen sulfide 146). These are black 
metallic-looking solids (density = 2.63 and 3.47 g/cm 3, respectively) which are 
unstable in air. The presence of KMoS2 could not be detected during the reduction 
of K2MoS 4 with hydrogen 146). A thallous thiomolybdite of composition TIMoS2 
has been described 147) and was reportedly prepared by the addition of H2S to 
solutions of  molybdate and thallous ion. The solid is amorphous to X-rays, but no 
other data are given. It is unlikely that a thiomolybite could be produced under 
these conditions. 

Thiomolybdites of Type MMo 2 $4 

Thiomolybdites of divalent transiton elements having the formula MM02S 4 
(M = Ti, V, Cr, Mn, Fe, Co, Ni) were prepared recently for the first time 148). Their 
preparation consisted of heating mixtures of M + 2 Mo + 4 S or M + 2 MoS2 in a 
silica tube under vacuum at 1100 ~ for periods of 20 hours. The nickel compound 
could be prepared only if reactive nickel [obtained from the decomposition of 
Ni(CO)4] was used. These materials are black crystalline solids that are stable in air. 
Their X-ray powder diagrams have been given 148). 

The solid COM02S4 was also prepared by heating the elements at 1100 ~ in 
an evacuated silica tube j49). The solid has one unpaired electron localized on the 
cobalt atom, the formula of the solid thus being Co+2Mo2+3S4 . X-ray structure 
determination has shown 149'150) that the Co and Mo atoms are within distorted 

sulfur octahedra, the Mo-Mo distance being 2.85 A, indicative of metal-metal bond- 
ing 149). Crystallographic parameters for the monoclinic FeM02S4 and COM02S4 have 
also been reported 151). Recent X-ray diffraction on crystal of CoM02S 4 and FeM02S4 
has shown these to be monoclinic and their structures to consist of octahedral chains 
of MoS6 and CoS6 or FeS6 extending along the a and b axes 152). 

The phases of the chromium-molybdenum-sulfur system have been examined in 
detail 153). The solids found are: monoclinic CrMo2S4, and triclinic CrMozS 2 and 
CrMoaS4. The solids have a magnetic moment of 4.9 BM; the chromium is postulated 
to be present as high spin Cr +2, the molybdenum not contributing materially to the 
magnetic moment due to Mo-Mo bonding 153) as found in COM0254149). 

Other Metal Thiomolybdites 

The preparation of metal thiomolybdites or thiotungstites of type AMSy, where A 
is Fe, Co or Ni; M is Mo or W; and y is 2.5 to 3, was carried out by heating mixtures 
of the metal sulfides of  A and M in the ratio of 1:2 from 500-1300 ~ in an inert 
atmosphere 154). The metal sulfides were also prepared in situ from the metals or 
their oxides by treatment with H:S. Thus, the solids FeMoS2.5, FeWS3, NiMoS3, 
and CoMoS 3 were obtained. They were shown to be new compounds by X-ray 
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powder pattern analysis. The iron compounds are ferromagnetic. The tungsten solid 
is gray-black, whereas the molybdenum compounds are steel-gray metallic crystals. 
These products were suggested for use as ceramic pigments ~s4). 

The preparation of new sulfides of  formula M+2MonSn+l has been reported lss). 
The compounds are stoichiometric when M is Ag, Sn, Ca, Sr, Pb, or Ba. If M is Ni, 
Co, Fe, Cr, Mn, Cu, Mg, Zn, Cd, solid solutions are observed with 2 ~< n ~< 6. The 
series of  formula M2MonSn+ 1 was also prepared where M is an alkali metal and n is 
2 or 5. These phases obtained are generally rhombohedral with an eventual tri- 
clinic distortion lss). 

The ternary system Cu-Mo-S has also been investigated at 800 ~ The presence 
of the compound CuMo2S a was ascertained 156). Data obtained on the reaction of 
Cu with MoS2 at ~750 ~ indicate that the products formed are Cu2S and 
CuMo2S37). The ternary system Fe-Mo-S has also been studied, and the compound 
MosFeSll stable below 600 ~ was found lsT). 

No further characterization of these materials is available at present. 

R e a c t i on  o f  M o l y b d e n u m  C o m p o u n d s  wi th  H 2 S/H2 

Current emphasis in hydrodesulfurization of fuels has generated considerable interest 
in the reactions of molybdenum compounds with hydrogen sulfide or mixtures of 
H2S/H2. The following section will outline some of the pertinent reactions of molyb- 
denum compounds with hydrogen sulfide or mixtures of H2S/H2. Details of the 
chemistry of hydrodesulfurization catalysts containing molybdenum are referenced 
later in this report. 

Equilibria in the M-S-H2  System 

The various sulfides of molybdenum have already been discussed. The equilibria 
which exist between the lower sulfides of  molybdenum and mixtures of hydrogen 
and hydrogen sulfide between 850 and 1200 ~ have been studied by Stubbles and 
Richardson 116) using a radiochemical method. The results obtained, shown in Fig. 14, 
indicate that Mo2S 3 does not exist below 600 ~ under the conditions described and, 
therefore, it is doubtful that it is present in sulfided hydrodesulfurization catalysts. 
As pointed out earlier, these results are in agreement with those obtained by 
McCabe 6s) concerning the presence of Mo2S3 in equilibria of  this type and contrary 
to those obtained by others 64) denying the existence of Mo2S 3. 

The reaction of powdered molybdenum or tungsten with hydrogen sulfide has 
been examined. These metals, when treated at low pressures and at 640-700 ~ 
and 350-450 ~ respectively, yield MoS 2 and WS 2 with a lamellar structure 158). 

Reactions of MoO 3 with H2S/H 2 

The reaction of  molybdenum trioxide and lower oxides with H2 and/or H2S has 
been reported. Romanowski studied 13) the reaction of  MoO 3, Mo4Oll and MoO2 
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Fig. 14. Equilibria involving Mo+ Mo2S 3 and Mo2S 3 + MoS 2 between 700 and 1200 ~ 
Full Lines: Stubbles & Richardson's resultslT); Broken Lines: (1) Parravano & Malquori, 
allegedly Mo + MoS2; (2) McCabe, Mo + Mo2S 3. Equilibria: @, Mo2S 3 + MoS2; ~, Mo + Mo2S 3 
(30 wt%S in mixture); o, Mo + Mo2S3 (9 wt%S). Equilibrium phases identified; ~, MoS2; 
tl, Mo2S3; o, Mo. Arrows indicate whether points were obtained after increase f or decrease 
in temperature, i .e. ,  from low or high H2S pressures 

with hydrogen sulfide at 400-500 ~ and found by chemical and X-ray analysis 
that MoO 2 and MoS 2 were the only reduction products. Richardson, however, 
reported that 10% MoO 3 on "y-A1203 sulfides completely in 2% H2S in H2 at 
400 ~ to yield MoS2132). The reaction of  MoOa in H2S has been recently examined 
in detail by Seshadri, Massoth and Petrakis t4). Their data were obtained by electron 
spin resonance and microbalance studies. Sulfiding of bulk MoO 3 with H2S/H 2 at 
300-500 ~ results in the presence of  MoO2 and MoS2 only, as found by others t3), 
but further sulfiding of MoO2 to MoS2 is very slow. Molybdenum trioxide on silica 
behaves like bulk MoOs 13). The sulfiding of  MoOs on alumina, however, proceeds 
through the formation of a pentavalent form of Mo in addition to MoS2 and M002. 
Sulfiding at lower temperatures favors the formation of  Mo(V) and MoS2, whereas 
at higher temperatures, MoO2 is formed in addition to MoS2 and Mo(V) 14). 

R e a c t i o n s  o f  M o l y b d a t e s  w i t h  H 2 S / H  2 

Major emphasis on the nature of the reduction products of  molybdates with 
H2S/H 2 mixtures has been carried out on cobalt molybdate, which is the standard 
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hydrodesulfurization catalyst. At present, however, there is still no definitive evi- 
dence indicating the exact species present on sulfided "cobalt molybdate" catalysts. 

The reduction of unsupported stoichiometric cobalt molybdate was studied 
up to 1000 ~ using dry H2S gas 159'16~ Reduction begins above 400 ~ the prod- 
ucts containing both oxyge n and sulfur up to 750 ~ Above that temperature, 
materials of composition CoMoS3.13 are indicated. At 1000 ~ the products are 
mixtures of MoS 2 and CoS 159'160). 

A magnetic study of cobalt molybdate catalysts has been carried out 132). The 
results obtained showed that when pure cobalt molybdate is sulfided in 2% H2S in 
H2, a mixture of C09S8, MOO:, and MoS2 results. The alumina-supported catalyst 
under hydrodesulfurization conditions consists of A1203, COA1204, C09S8, MoS2, 
and MoO2132). In recent work, Mitchell 160 indicated that sulfided cobalt molyb- 
date catalysts do not contain discrete sulfides of molybdenum and cobalt; molyb- 
denum is only partially sulfided, and tetrahedral cobalt or molybdenum are sulfided 
in preference to octahedral species. 

It is hoped that further work in this area carried out with modern analytical 
techniques will shed more light on the nature of the species present in sulfided 
molybdate catalysts. 

Th i omo l ybda t e s  and Thio tungs ta tes  

The thiomolybdates and thiotungstates constitute an important area of inorganic 
molybdenum-sulfur chemistry; considerable elucidation has taken place only in 
recent years. Although the thioanions MoOaS -2, MoO2 $2-2, MoOSe-2, MoS~-2, 
WO3S -2, WO2S~ -2, WOS32, and WS4 2 have been described in the older litera- 
ture 162'164), only the preparation of the ammonium and alkali salts of MoS~ -2 and 
WS~ -2 could be reproduced in recent work 16s). Attempts to prepare the MoOS~ -2 
anion according to procedures described in recent literature 166), also failed 166), 
although the corresponding WOS~ -2 anion was reproduced 16s) as described 166). The 
study of the chemistry of the thiomolybdate and thiotungstate anions has been 
primarily carried out by Mailer and co-workers at G6ttingen and is described below. 

Equilibria in Solution 

Thiomolybdate and thiotungstate anions are prepared from aqueous solutions by 
the reaction of MOO?, "2 or WO~ -2 with hydrogen sulfide. During this reaction, the 
solution assumes a yellow color which later becomes orange and finally red, 
denoting the increasing substitution of oxygen by sulfur in the molybdate or 
tungstate anion. The relative ease of isomorphous substitution of oxygen by sulfur 
in the tetrahedrally coordinated thiomolybdate or thiotungstate anions, unlike the 
molybdenum oxysulfides discussed earlier, is possible here since no condensation 
of these anions occurs 126). Condensation, which might be present in oxysulfides, 
leads to layer structures with those of oxygen being entirely different than those 
of sulfur 126). 
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The equilibria that exist in thiomolybdate solutions have been studied by 
several workers. The systems Na2MoO4-Na2S-NaOH-H20 and 
Na2WO4-Na2S-NaOH-H2 O were studied 167). In this work, Na2WS4 is claimed to 
form only in 18% NaOH, whereas Na2MoS 4 is reported to be stable in solutions 
greater than 27% NaOH. In more dilute sodium hydroxide, both compounds under- 
go hydrolysis, even in a large excess of  sulfide ion, but neither Na2MoS4 or Na2WS4 
could be isolated in pure form 167). A method for preparing Na2MoOaS has been 
described in the literature 16s), but efforts to reproduce it were not successful 7). A 
spectrophotometric investigation of equilibria present in MoO~-2/H2S solutions has 
shown the existence of the MoO~S~ -2, MoOS~ -2 and MoS~ -2 anions, but the authors 
failed to consider the presence of MoO3S -2 in these solutions in the interpretation 
of their spectra 169,170). However, Mtiller and co-workers in reexamination of  the 
electronic spectra of  solutions of MoO~-2/HzS and WO~'2/H2S have provided evi- 
dence for the existence of MoO3S -2 and WOsS -2 ~ss). The spectra for the 
MoO~-2/H2S system are shown in Fig. 15. The absorption maxima for both 
MoO~-2/HzS and WO~-2/H2S are given in Table 5. The spectra shown in Fig. 15 

0.8 
V 2 ( M o 0 3 S  - 2  ) 

v3 (Mo02S2 -2) 

0.6 "/"X ltt.d~, v2(Mo02S2 -2) 

E 0 . 4  v I (Mo03S -2) 

0 i mm i ~ ' - ~  
275 300 350 450 

mt~ 

Fig. 15. Electronic spectra of the reaction mixture containing 1 x 10 -4  M MoO4 "2 and 10 mt 
saturated solution of H2S in aqueous solution showing formation of MoO3 S-2 and MoO2S~ -2 
ions 

were taken at different reaction stages. The band at 288 m/z is first seen in the 
spectrum two minutes after mixing H2S and MoO~-2; it gains intensity quickly and 
reaches a maximum in about five minutes. Simultaneously, a weak band appears at 
392 m~t. A shoulder gradually develops at 319 m~ along with intensification of the 
392 mp band and reduction in the intensity of  the 288 m/~ band. The 288 and 
392 rn~ bands are attributed to the MoOaS -2 species 171). Similar experiments have 
shown that the WO~ 2 anion has absorption maxima at 327 and 244 m/a. Unlike 
the MoO~ -2 ion which forms tri- and tetrathiospecies readily, the reaction of the 
WO~ -2 ion under the same experimental conditions does not proceed beyond the 
WO2S~ -2 stage even after twelve hours x71). All thiomolybdate anions in solutions of  
pH lower than 7 give molybdenum trisulfide 17o). 
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Tab. 5. Electronic spectra of different thioanions of molybdenum and tungsten 1) 

Mono Di Tri Tetra 

Thiomolybdates 

v 2 = 2 8 8  v 3 = 2 8 8  v 5 = 2 4 3  v 3 = 2 4 1  
(0.30) (1.40) (2.95) 

v I =392 v 2 = 3 1 9  v 4 = 2 7 0  v 2 = 3 1 6  
(0.60) (1.80) 

u 1 = 394 v 3 = 319 v 1 = 463 
(0.30) (0.66) (1.30) 

u 2 = 392 
(0.87) 

u 1 = 460 
(0.23) 

Thiotungstates 

v2 = 244 v 3 = 244 ~4 = 243 u 2 = 276 
(0.39) (0.97) (2.85) 

v 1 = 327 v 2 = 273 v 3 = 270 v 1 = 391 
(0.69) (0.72) (1.85) 

u 1 = 327 v 2 = 330 
(0.40) (1.13) 

v I = 380 
(0.3) 

1) v = hrnax in m~. 
evalues • 104 in parentheses (in 1 �9 tool -1 �9 cm-1).  

The  ex i s tence  o f  t he  MoO3S - 2  and  WOaS - 2  an ions  in m o l t e n  sod ium f luor ide  

has  b e e n  s h o w n  b y  c ryoscopy .  Thus  MoO3 or  WO 3 react  w i t h  s o d i u m  sulf ide in 

sod ium f luor ide  to  give N a M o O a S  and  NaWOaS,  respec t ive ly ,  w h i c h  are s table  up  
to  1000  ~ 172). 

S p e c t r o p h o t o m e t r i c  ev idence  for  the  ex i s tence  o f  MoO3Se - 2  and  WOaSe - 2  in 

aqueous  so lu t i on  has  also b e e n  o b t a i n e d .  The  spec t ra  were  o b t a i n e d  o n  so lu t ions  

o f  s o d i u m  m o l y b d a t e  o r  t u n g s t a t e  in  w h i c h  H2Se was  i n t r o d u c e d .  Ev idence  for  the  

ex is tence  o f  these  a n i o n s  has  b e e n  p r e s e n t e d  for  the  first  t ime  173). The  p r e p a r a t i o n  

o f  the  su l fur -br idged  a n i o n  M 0 2 S 2 0  +2 has  b e e n  r epo r t ed  174). Th i s  ion  was  f o u n d  

to  b e  s tab le  in  10 M HC1 so lu t i on  fo r  several weeks .  

Preparation and Properties of Solids 

M o n o t h i o  A n i o n s  

The  m o n o t h i o  a n i o n s  MoO3 S - 2  and  WO3S - 2  have  b e e n  s h o w n  so far to  exis t  on ly  

in so lu t ion ,  and  i t  has  n o t  y e t  b e e n  poss ib le  to  isola te  pure  m o n o t h i o  c o m p o u n d s  171). 
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As already pointed out, efforts to prepare the salt, Na2MoO3 S, as described in the 
literature 168) were unsuccessful "0, No salts o f  the selenium analogs MoO3Se -2 and 
WO3S -2  have been isolated 173). The related monothio anions ReO3S-  and TcO3S-  
have been prepared in solution 175), but  only the thallous salt o f  the ReO3S-  anion, 
T1ReO3S, has been isolated 176). 

Dithio Anions 

The preparation and properties of  various salts o f  the Mo02S2 "2 and W02S2 -2 anions 
have been described 177). The salts (NH4)2Mo02S2, (NH4)2W02S2, and K2Mo02S 2 
are prepared 1777 according to methods established in the old literature 163' 164) by 
the passage of  hydrogen sulfide into cold solutions of  molybdate or tungstate anion 
containing the desired cation. The alkali salts are very soluble and diffficult to 
isolate 177). Addition o f  cesium chloride to solutions of  (NH4)2MoO2S2 or 
(NHa)2W02S2 gives the trithio salts CsMoOS3 and Cs2WOS3 rather than the dithio 
cesium salt 177). The formation of  the trithio salt has been attributed to the lower 
solubility o f  the cesium salt o f  the MoOS~ -2 anion. The latter anion results in solu- 
tion from the hydrolysis o f  Mo02S~ -2 which yields H2S which then reacts with 
MoO2S~ -2 to yield MoOS~ 2 according to the reaction177): 

Mo02S2 -2 + H2S > MoOS~ 2 + H20 

Only salts o f  the dithio anions with large cations can be prepared 177'17s). 
Addition of  Co § Pb § and Ce +3 to solutions o f  ammonium dithiomolybdate 
yielded solids that showed the absence of  Mo-S bonding at 4 8 0 - 4 5 0  cm -1 xTs) 
Dithio salts so far prepared 177) are given in Table 6. The salt Cs2WO2Se2 has been 
also isolated as a stable solid by  the addition o f  cesium chloride to a water solution 
o f  (NH4)2W02S 2 177). 

Tab. 6. Salts of Mo02S22 and W02S22 anions 

Salt Color Stability 

(NH4)2MoO2S2 Orange 
K2MoO2S 2 Orange 
(NH4)2WO 2 S 2 Yellow 
Ni(NH3)6MoO2S 2 Yellow 

Ni(NH 3)6wO2 S 2 Light yellow 

TI 2MoO 2 S 2 Orange 
TI2WO 2 S 2 Yellow 

Stable in air 
Stable in air 
Stable in air 
Gives off NH 3 slowly upon 
exposure of air; black solid 
remains behind 1 ) 
Gives off NH 3 slowly upon 
exposure of air; black solid 
remains behind 1 ) 
Stable in air 
Stable in air 

l) Black solid shows absence of infrared band at 480-450 cm -1 due to Mo-S bonding (Ref.193)). 
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The salts (NH4)2MoO2S2 and (NH4)2WO2S2 are soluble in water, liquid 
ammonia, dimethylsulfoxide, dimethylformamide, and morpholine but are practi- 
cally insoluble in ethyl alcohol, ether, and carbon disulfide 177). 

Trithio Anions 

Although the preparation of dithiomolybdates and tetrathiomolybdates by the intro- 
duction of H2S into molybdate solutions presents no difficulties, the preparation of 
crystalline trithiomolybdates by this route has only been recently accomplished 179). 
Thus passage of H2S into 1 : 1 NH 3 solution containing ammonium molybdate 
yielded, after the addition of excess aqueous CsC1 solution and acetic acid (up to 
pH 10), orange to red crystals of Cs2MoOS3. The less soluble T12MoOS 3 was also 
prepared by the addition of thallous nitrate to cesium trithiomolybdate solutions 179). 
The cesium salt gives a neutral reaction in solution. The equivalent conductivity of 
the MoOS~ -2 ion is A~ = 77 ohm -1 cm 2 equiv -1,  that for MoO~ -2 being 74.5 ohm -1 
cm 2 eguiv- l 179). Another technique for preparing insoluble salts of  the trithio 
anions involves the addition of the desired cation to a solution of MoO2S~ -2 or 
WO2S~ -2 which yields the MoOS~ -2 or WOS~ -2 anions upon hydrolysis, as already 
shown 166'18~ Thus the red [(CHa)4N]2MoOSa and the yellow [(CHa)4N]2WOS3 
salts as well as the corresponding tetraethylammonium derivatives have been iso- 
lated 166). Metal salts of trithio anions isolated 18~ are given in Table 7. 

Tab. 7. Salts of MoOS~ -2 and WOS3 -2 anions 

Salt Co lor Stability 

Cs2MoOS 3 Orange Stable in air 
Cs2WOS 3 Yellow Stable in air 
TI2MoOS 3 �9 Red-orange Stable in air 
T12WOS 3 Dark yellow Stable in air 
[Ni(NH3) 6 IMoOS 3 Orange-yellow Stable in dry air 
[Ni(NH3)6IWOS 3 Green-yellow Stable in dry ak 

The salts Cs2MoOS3 and Cs2WOS a are soluble in water to give orange-red and 
yellow solutions, respectively. Both salts are insoluble in alcohol or ether. The 
aqueous solutions of  these salts hydrolyze slowly to give the dithio anions 18~ 

Dithioselenomolybdate and dithioselenotungstate anions. MoOS2 Se -2 and 
WOSzSe -2, have been prepared according to the reactions: 

Mo02S~ -2 + H2Se---~ MoOS2Se -2 + H20 

W02S~ -2 + H2Se ) WOS2Se -2 + H20 

and the cesium, thallous and Ni(NH3)~ 2 salts of  these anions have been isotated 181). 
The cesium salts are soluble in water; the molybdate giving an orange-red solution, 
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the tungstate a yellow solution. The thallium and Ni(NH3)~ 2 salts are insoluble. All 
of these salts are practically insoluble in alcohol and ether. Water solutions of these 
anions form, upon long standing, red selenium and a brown precipitate. The color 
and stability of  the isolated salts prepared are given in Table 8. 

Tab. 8. Salts of the MoOS2Se -2 and WOS2Se -2 anions 

Salt Color Stability 

Cs2MoOS2Se Deep red 
T12MoOS2Se Red-brown 
INi(NH3)6]MoOS2Se Red 

Cs2WOS 2 Se Yellow-orange 
TI2WOS2Se Red-orange 
INi(NHa)6WOS2Se Yellow 

Stable in dry nitrogen atmosphere 
Slow decomposition giving a black color 
Gradual decomposition with evolution of 
ammonia and black color formation 
Relatively stable in dry air 
Stable in dry nitrogen atmosphere 
Gradual decomposition with evolution of 
ammonia and black color formation 

The preparation and properties of K2MoOS a and K2WOS3 have been reported 182), 
as well as the preparation of the K +, NH~, Rb § and Cs + salts of the anions MoOSe~ 2, 
WOSe~ -2, MoOSSe~ -2, and WOSSe~ -2 183). The compounds Ka(MoOS3)CI and 
K3(MoOS3)Br have also been prepared and characterized 184). 

Tetrathio Anions 

The tetrathiomolybdate, MoS~ -2, and tetrathiotungstate, WS~ -2, anions have been 
known for a long time. The ammonium salts of these are prepared by passing H2S 
gas into ammonium molybdate or tungstate solutions 162' 164,181). Although these 
and the potassium salts are readily isolated, the so-called tetrathiomolybdates of 
Co(II), Ni(II), Cu(II), and Zn(II) have been shown by X-ray powder diffraction, 
infrared and diffuse reflectance spectra to be mixtures of the sulfides of these 
metals and molybdenum trisulfide 18s~. Although PbMoS4 has been claimed to 
exist 186), it has also been found to be a mixture of PbS and MoSs 178). The reaction 
of Fe § Mn +2, and UO~ 2, and UO~ 2 also leads to decomposition of the MoS~ 2 
anion 178). Apparently, the size of the cation determines the stability of the MoS~ 2 
salts. For example, the salts [Ni(NH3)6]MoS4 and [Co(NHa)6]MoS4 have been iso- 
lated 16s, 180). The salts of the MoS~ -2 and WS~ -2 anions and their selenium analogs 183) 
which have been isolated are given in Table 9 along with their properties. 

The salts containing the organic cations have been prepared by Leroy 166), the 
metal ammine salts by Miiller 18~ and those of selenium also by Miiller 183). The 
decomposition of the metal ammine salts has been described as proceeding according 
to the equation 16s' 180). 

[Ni(NHa)6]MS4 > 6NH 3 + NiS + MS3 (M = Mo or W) 
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Organic salts o f  the MoS~ -2 anion, such as tri-n-butylammonium and cyclo- 
hexylammonium, are extractable in organic solvents 187). The free acids H2MoS4 
and H2WS4 have been prepared by the reaction o f  (NH4)2MoS 4 or (NH4)2WS 4 and 
HCI in dimethylether at -78~  The tungsten compound is the more stable. It decom- 
poses directly into WS 3 and H2S 18s). Aqueous solutions o f  MoS~ -2 and WS~ -2 upon 
acidification yield the insoluble trisulfides. It has been reported that the acidification 

Tab. 9. Salts of the MoS4 -2, WS42, MoSe42 and WSe4 -2 anions 

Salt Color Stability 

(NH4)2MoS 4 Red 
K2MoS 4 Red 
[Ni(NH3)6 ]MoS 4 Orange-red 
[Co(NH3)6]MoS 4 Yellow-red 

[(CH3)4NI2MoS 4 Red 
[C2Hs)4N2MoS 4 Red 
(PH4P)2MoS 4 Red 
(Ph4P2MoS4 Red 
(NH4)2WS4 Orange-yellow 
K2WS 4 Orange-yellow 
INi(NH3)6IWS 4 Lemon-yellow 
lCo (NH 3)6]WS 4 Green-yellow 

[(CH3)4NI2WS4 Orange-yellow 
I(C 2 H5)4WS4 Yellow 
(Ph4P)2WS 4 Yellow 
(Ph4As) 2WS 4 Yellow 
(NH4)2MoSe 4 
Rb 2 MoSe 4 Blue 
(NH4)2WSe 4 
Cs2WSe 4 Red 

Stable in dry air 
Stable in dry air 
Moderately stable in dry air 
Decomposes with evolution of ammonia and 
formation of yellow color 
Stable in dry air 
Stable up to 180 ~ in N 2 
Stable in dry air 
Stable in dry air 
Stable in dry air 
Stable in dry air 
Stable in dry air 
Slow decomposition with ammonia evolution and 
formation of black color 
Stable in dry air 
Stable in dry air 
Stable in dry air 
Stable in dry air 
Stable in dry air 

o f  sodium thiomolybdate by the progressive addition o f  hydrochloric acid yields the 
polymerized species Mo4Si -6, Mo2S~ -2, and Mo4Si~ 2 at the pH ranges 7.5 to 8.5, 4.2 
to 5.3, and 2.8 to 3.3, respectively; but below pH 2.5, the MoS3 �9 H20 species is 
formed 189). In view of  the difficulty in ascertaining the degree of  polymerization o f  
the more stable polymolybdates and polytungstates by  such techniques 4A9~ further 
work will be necessary to finalize these structures. Detailed preparation and prop- 
erties o f  the NH~, K +, Rb +, Cs § and T1 + salts o f  the MoS~ 2 and WS~ 2 anions 
have been presented recently 188). 
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Structures 

In a single-crystal study, ammonium tetrathiomolybdate was shown to be isomor- 
phous with/3-K2SO 4 and hence the MoS~ -2 ion is tetrahedral ~9~). A full structure 
determination of (NH4)2 WS4 has shown it to consist of discrete undistorted tetra- 
hedral WS~ -2 anions 192). The structures of (NH4)2MoS4 and (NH4)2WS 4 have been 
shown to be identical w3). Recently, th.e crystal structure of cuprous ammonium 
tetrathiomolybdate, CuNH4MoS4, has been determined and is shown in Fig. 16194). 

I I I I I I 

0 1 2 3 4 5A 
[001l l 

[110~ ~ N H 4  O C u  Q M o  

Fig. 16. A projection of thc structure of 
CuNH4MoS 4 along the I 110l direction 
(sulfur atoms are located at the vertices 
of the tetrahedra.) 

The structure consists of a tetrahedral arrangement of sulfur atoms around each 
molybdenum and copper atom, with each tetrahedron sharing two corners with 
each of its two neighbors. The ammonium ions are located in the spaces between 
the chains. The Mo-S distance is 2.19 A in accord with those found in 
(NH4)2MoS4193) A structure determination has been carried out also on pipera- 
zinium tetrathiomolybdate, (C4 H t 2 N2)MoS419 s). The MoS~-2 anion is tetrahe dral 
with Mo-S distances 2.18 A, and the piperazinium ion is in the chair form. 

Recently, the preparation of salts of the bis(tetrathiotungsto)nickelate (II) ion, 
Ni(WS4)~ -2, has been reported and the tetraphenylphosphonium and -arsonium salts 
isolated. The structure shown in Fig. 17 has been proposed for this anion 196). 

Fig. 17. Suggested structure for INi(WS4)2] -2 
(probable symmetry D2h ) 

X-ray data for various salts of MoS~ -2 and WS~ -2 have been given tsS). X-ray 
crystallographic studies for dithio, trithto, and tetrathiomolybdates and -tungstates 
have also been reported 182'183A97). Similar data are scattered throughout several of  
the papers by MOiler, which have been cited. 
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Thermal Stability 

The thermal decomposition of (NH4)2MoS 4 and (NH4)2MoO2S 2 has already been 
discussed under molybdenum sulfides and oxysulfides. Ammonium tetrathiomolyb- 
date was found to decompose at ~150 ~ to yield MoS3 which subsequently decom- 
poses into MoS2 lS). The decomposition of  (NH4)2MoO2S2 leads to a species of em- 
pirical composition MoOS2, but no further proof of an actual oxysulflde was ob- 
tained la). The thermal behavior of (NH4)2MoO2S 2 and (NH4)2WO2S 2 has been 
examined in vacuum thermogravimetrically 177). Deflections in the TGA curve were 
obtained at -~100, ~300, and ~1200 ~ The first step corresponds to the loss of 
ammonia; however, the nature of the products obtained from this decomposition 
were not examined. The thermal decomposition of tetraethylammonium tetra- 
thiomolybdate was studied thermogravimetrically and found to proceed according 
to the equation166): 

[(C2Hs)4N]2MoS4 ~ MoS3 + (C2Hs)aN + (C2Hs)2S. 

This decomposition of the tetrathio salt occurs at ~180 ~ 
The decomposition of (NH4)2WS 4 and the nature of the resulting products has 

been studied in detail by X-ray, DTA, opical microscopy, and X-ray diffraction 198'199). 
The process occurring for the overall reaction is: 

(NH4)2WS4 - - ' ~  WS 3 + H2S + 2 NH 3 

The decomposition depicted by the above-mentioned equation begins at 
~120 ~ or higher and depends on the pressure and heating rate. The tungsten 
sulfide formed is poorly crystallized and has the composition WS2.6_3. 3. It is black 
and highly porous. At 330 ~ crystallization of WS 2 begins. The surface areas of 

2 198) WS3 and WS2 thus produced are 50-70  m / g  . 

Spectra 

The infrared, Raman, visible and ultraviolet spectra of the thiomolybdate and thio- 
tungstate species have been examined in detail and are given in several of the papers 
cited. The Mo-S and W-S stretching frequencies in these compounds are in the 
vicinity of 4 8 0 4 5 0  cm -1. The infrared and Raman spectra of some thiochalco- 
genide anions reported by Miiller 2~176 are given in Tables 10 and 11. 

The infrared and Raman spectra of the ions MOO2S72 and WO2S22 in solids 
have also been given 2~ The Raman spectra of the ions MoOS3 -2 , WOS~ -2, and 
MoS~ -2 in solids have been reported 2~ These results indicate that the symmetries 
of these anions are: MoS~ -2 (Td), MoOS~ -2 (Car), and MoO2S~ -2 (C2 v)- 

The electronic spectra of the MoOaS -2, WOaS -2, and of  the MoO2S~ -2 and 
WO2S~ -2 anions have been reported 171'177'2~ The electronic spectra of MoO2S~ -2, 
MoOS32, and MoS~ -2 have been examined in detail 2~ Those of the MoOaSe -2 and 
WOaSe -2 anions 178) and of the MoOS2Se -2 and WO2S2Se -2 species have also been 
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Tab. 10. Vibrational frequencies of tetrachalcometallate anions with T d symmetry (cm - I  ) 

Anion Vl (A 1) v 2 (E) v3(F2) v4(F2) Ref.2) 

MoO~-2 1) 897 (318) 841 318 (1) 

MoS4 -2 460 (195) 480 195 (2) 
MoSe4 -2 255 (120) 340 120 

WO42 1) 931 (324) 833 324 (1) 
WS4 -2 485 (185) 465 185 (2) 
WSe4 -2 278 (115) 310 115 

1) Raman spectra in water solution. 
2) (1) H. Siebert: Anwendungen der Schwingungsspektroskopie in der anorganischen Chemie, 

Springer 1966 
(2) A. Miiller, B. Krebs, W. Rittner, M. Stockburger: Bet. Bunsenges. Phys. Chem. 71, 182 
(1967). 

Tab. 11. Raman Spectra of (NH4)2MoO2S 2 and (NH4)2WO2S 2 showing the range of Internal 
vibrations of the anions (frequencies.in cm-  1) 

MOO2S22 WO2S~-2 CrO2CI 21) Frequencies for XY 2 Z2 

820 (m) 850 (m) 981 vI(A 1) vs(XY) 
473 (sst) 475 (sst) 465 v2(A 1) vs(XZ) 
310 (s) 310 (s) 356 v3(A 1) 6 (XY 2) 
200 (st) 196 (st) 140 v4(A1) 6 (XZ2) 
270 (s) 280 (s) 224 vs(A2) r 
800 (m) 810 (m) 995 v6(B 1) Vas(XY) 
248 (s) 235 (s) 211 vT(B1) b (XYZ) 
504 (m) ~475 (Sch) 496 v8(B 2) Vas(XZ) 
270 (s) 280 (s) 257 v9(B2) ~5 (YXZ) 

1) From H. Siebert: Anwendungen der Schwingungsspektroskopie in der anorganischen Chemie. 
Springer 1966. 

reported 181). The reflectance spectra of  the solids (NH4)2MoS4 and (NH4)2WS4 have 
been given 2~ The electronic spectra of  the deeply colored ions MoOS~ "2 and WOS~ -2 
in water  solution were measured in the range 10,000 to 45,000 cm -1 and dis- 
cussed 2~ These spectra are due to charge transfer involving the S ---+ metal  or  
Se > metal  charge transfer transitions. 

Miscellaneous 

Insoluhle salts of  the te t ra th iomolybdate  and tetrathiotungstate  anions with coordina- 
t ion metal  cations have been prepared and used for the gravimetric determinat ion of  
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molybdenum and tungsten 2~176 For example, stable salts thus prepared are 
[Cr(NH3)6C1]MoS4 and [Cr(NH3)6]2(WS4) 3. Noncorrosive lubricants for metal sur- 
faces were prepared by mixing 40 parts PbMoS4 (PbS + MoS3) and 60 parts MoS2; 
the lead "thiomolybdate" was prepared from lead acetate and ammonium tetrathio- 
molybdate 2~ Other metal "thiomolybdates" used for similar purposes in addition 
to lead include thorium, cadmium, and zinc 2m). The reduction of thiomolybdate 
solutions at high temperatures using pressurized hydrogen and carbon monoxide 
has been studied. The products obtained are mixtures of a molybdenum hydrosulfide 
and hydroxide. The reduction with hydrogen was found to be autocatalytic 211). 
Adherent lubricating MoS2 films have been reported to form on metal surfaces by 
the decomposition of alkylammonium tetrathiomolybdates 212). Synthetic lubricants 
containing MoS2 were obtained by mixing heat-resistant high molecular weight poly. 
mers with MoS2 of 1-5  particle size. The latter was prepared by reduction of 
(NH4)2MoS a at 600 ~ in a hydrogen stream and the product ground to the desired 
size213). 

Hydrodesu l fu r i za t i on  

The properties of the molybdenum-sulfur compounds described are of direct 
importance to hydrodesulfurization catalysis. Hydrodesulfurization and the nature 
of the catalysts used have been adequately described elsewhere and will not be 
presented here. References in which this system is described in detail include 
Refs. 160 and 214) through22t). 
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I n t r o d u c t i o n  

Within this century, great advances have been made in investigating phase stability 
and phase relations of various multicomponent systems. Petrologists and ceramists 
have examined numerous silicate and oxide systems of chemical, geological, and eco- 
nomic interest and determined the compositions of minerals and high temperature- 
resistant refractory oxides of technical importance. Metallurgists and extraction 
mineralogists have studied intermetallic systems including those which produce 
intermetaUic alloys with the elements nitrogen, carbon, or sulfur. New methods 
and tools have been developed for experimentation within larger temperature and 
pressure ranges, incorporating analytical techniques such as improved reflected-light 
microscopy, X-ray diffraction/fluorescence spectrometry, electron probe microanaly- 
sis, and M6ssbauer spectrometry. 

Evacuated rigid silica glass tubes and welded collapsible gold tubes as reaction 
vessels have been used in the last few decades with spectacular results for investigat- 
ing certain sulfide-type systems. The upper temperature range for the silica tube 
technique is approximately 1000-1200 ~ Owing to this limitation some important 
systems such as molybdenum-sulfur or tungsten-sulfur, and mutual reactions between 
high temperature-resistant refractory sulfides could not be investigated systematically. 

The work of laboratories of moderate resources is based upon resistance furnace 
methods. More elaborate methods, such as high-frequency induction, cooled-crucible 
arc, electron bombardment~ or mirror furnaces, with their resulting higher tempera- 
ture ranges are financially beyond the reach of these laboratories. 

Recently a fairly inexpensive way of high-temperature experimentation has been 
found to investigate refractory sulfides and related multicomponent systems up to 
temperatures of nearly 2000 ~ using resistance furnaces. These techniques are dis- 
cussed below and applied to some sulfide systems, in particular of those metals 
which belong to the VI-B group. The binary systems chromium-sulfur, molybdenum- 
sulfur, tungsten-sulfur, as well as some other ternary and quaternary systems and 
their reactions are reviewed and completed within the limits of the new experimental 
procedure. 

All the systems herein are represented as condensed systems (vapor is a stable 
coexisting phase, but its pressure is not constant). The term "vapor" is used in the 
sense defined by Morey 1) who distinguished (p. 230) 1) liquid, 2) gas, 3) vapor, and 
4) "fluid phase": "a vapor is a special case of a g a s . . ,  which can be compressed to 
a liquid". 

E x p e r i m e n t a l  P rocedures  

Starting Materials 

High-purity elements were used to synthesize the required binary and ternary com- 
pounds for further experimentation: chromium pellets of 99.999 + % from United 
Minerals & Chemical Corp.; molybdenum powder or rods of 99.99 + % and 99.95 + % 
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tungsten powder from Koch-Light Laboratories Ltd.; sulfui of 99.999 + % purity 

from ASARCO. High-purity copper, iron, and zinc were also used. 
The chromium pellets were crushed into a fine powder in a steel mortar. Contamination by 

rubbed-off traces of magnetic metal powder from the mortar was eliminated by passing a strong 
hand magnet several times over the crushed product so that all steel traces were extracted. A 
similar procedure was used to prevent contamination of the molybdenum rods or other filed 
metals. Chromium, molybdenum, and tungsten were heated before use in a high vacuum 
(10 -5 or better) at approximately 1000 ~ for about 1 hr in order to expel intergranular hydro- 
carbon gases. Before this procedure the degassing apparatus was washed with pure hydrogen. 
After vacuum cooling, the materials were checked for possible surface oxidation with a magni- 
fying binocular, and only the products without visible tarnish were subsequently used. 

Techniques 

The experimental results discussed below are basically derived from laboratory 
techniques for dry sulfide research as described in great detail by Kullerud z). At 
least these syntheses of various compounds were used for further high-temperature 
reactions. For the high-temperature procedures, the normal techniques with evacu- 

ated rigid silica glass tubes were modified to make them suitable for experimentation 
above 1200 ~ It was found that thick-walled high-purity silica glass tubes can be 

used successfully for short periods of reaction time up to 1500 or 1600 ~ They 
will even stand relatively high vapor pressures. Breakage at these high temperatures 
is due to devitrification. With increasing temperatures and reaction times, the vessels 
will devitrify, particularly in those runs that contain molybdenum, tungsten, etc. 

which exaggerate this crystallization process. To avoid this disadvantage, an inner 
shielding is used to protect the actual tube vessel, as illustrated in Fig. 1. 

A flame-polished open-ended silica glass tube holds the charge. A silica glass rod is placed 
on top of the charge, and this tube is inserted into a larger but closely fitting normal tube 
(see Fig. 1, A-B). This assembly is evacuated and sealed (Fig. 1C) in the way described by 
Kullerud 2), Subsequently that tube-in-tube arrangement is placed in a third closely fitting but 
thick-wailed tube open at one end (Fig. 1 D). Special care is necessary to avoid contamination. 

silica glass rod 
/ 

A B C D 
Fig. I. Illustration of "tube-in-tube-in-tube" reaction vessels applicable for high-temperature 
sulfide experimentation. The inner reaction vessel (A) is 2 to 4 mm I.D. (wall thickness 1 mm) 
with a total length not exceeding 25 to 30 mm. The dimensions of the closely fitting second 
tube and the outside vessel are consequently larger 
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All parts including the welded seal must be very clean. Another important feature is the necessity 
of a high vacuum in the sealed tube. The ga~pressure (excluding the partial sulfur vapor pressure 
of the sulfidic charge) in a vessel with a poor vacuum may exceed one atmosphere far below the 
desired reaction temperature. The tube-in-tube-in-tube assembly is placed vertically in a Igaphite 
block crucible (cf. Fig. 2C). Upon heating the increased internal pressure may expand the tube-in- 
tube assembly against the thick-walled block which holds the pressure. Carefully prepared assemblies 
can be used for 1 hr or more at 1400-1500 ~ Successful experiments were performed at 
1600 ~ for shorter periods. Normally a period of minutes is sufficient to obtain equilibrium 
with sulfidie charges at high temperatures. During experimentation, only the inner and partly 
the outer of the three tubes will devitrify, owing to contamination from the charge or from the 
graphite crucible, respectively. A Tammann furnace was employed for these experiments. 

To perform quenching experiments utilizing a horizontal furnace, the tube-in-tube assembly 
is modified sightly, as follows: the normally evacuated and sealed inner tube-in-tube is inserted 
into an open-ended closely fitting thick-walled tube. This assembly is placed into another closely 
fitting tube, which is evacuated and sealed. These runs were successfully carried out for experi- 
ments in platinum or in platinum-rhodium wound horizontal furnaces with temperatures 
beyond 1400 ~ After a predetermined heating period the probes were quenched in either 
air or water. 

For experiments with temperatures above the melting point of silica glass the entire tube- 
in-tube run was inserted into a closely fitting graphite crucible, as illustrated in Fig. 2 A-E.  At 
elevated temperatures, the sulfidic charge is protected by a homogeneous silica liquid 
(see Fig. 2E). Owing to the low vapor pressure of the investigated sulfides and the high viscosity 

A B  C 13 E 

Fig. 2. High-temperature sulfide experi- 
mentation vessel as described in the text. 
The inner tube (A) normally does not 
exceed 3 mm I.D. (1 mm wall thickness) 
with a length of approx. 50 mm. The 
tube is surrounded by the silica glass ves- 
sel and graphite crucible 

of the silica liquid, the charge remains near the bottom of the crucible, but completely surrounded 
by a gas bubble of its own vapor, thus preventing the surrounding silica liquid from "moistening" 
the charge. The sulfide vapor pressure can be balanced by the outside gas pressure. In our experi- 
ments, the vapor pressure of the charge was limited to the atmospheric pressure by washing the 
furnace continuously with completely oxygen-free dry nitrogen. The experiments were carried 
out with temperatures up to approximately 1900 ~ At higher temperatures SiO 2 (melt) is 
reduced by the graphite crucible to SiO. 

The heating time in the Tammann furnace up to 1800 or 1900 ~ was 2 to 3 h, and the 
furnace cools to room temperature in about 1/2 h. After switching off the electric current at 
reaction temperature, the sample is "quenched" by a very sudden cooling of the first few hun- 
dreds of degrees, at which time the siIca liquid chills. The graphite crucible was crushed after 
each run, and the silica glass regulus including the charge was easily separated for the following 
room temperature examinations: macroscopic, reflected-light microscopy, and X-ray diffraction. 
Polished sections for the microscopic studies were prepared as described by Kullerud 2). In none 
of the experiments with the Tammann furnace was the formation of carbides observed. The 
Tammann furnace temperatures were measured v/a optical pyrometry with an accuracy of 
-+50 ~ The Tammann furnace used for the above experimental procedures is situated in the 
Anorganisch-Chemisches Institut der Universitat Heidelberg. The platinum wound furnaces were 
made by ourselves and are similar to the type of nichrome wound furnaces described by 
Kullerud 2). The temperatures were measured by means of Pt/Pt-Rh thermocouples, which have 
an accuracy better than -+5 ~ 

110 



High-Temperature Metal Sulfide Chemistry 

In many cases, high-temperature modifications of sulfidic compounds cannot be 
quenched for room temperature examination. Inversion twinnings, crystal morphol- 
ogy, or other crystallographic features may indicate the appearance of polymorphism. 
Under these circumstances differential thermal analysis (DTA) can be suitable for 
the determination of the exact phase transition temperatures. DTA determinations 
are practically valuable if used in conjunction with high-temperature X-ray diffrac- 
tion methods. DTA apparatus can operate up to 1100 ~ and can be specially de- 
signed for sulfides 2 -  4): individual experimental techniques are included in these 
references. 

Recently it became possible to carry out DTA experiments with high tempera- 
ture-resistant sulfides beyond 1100 ~ An apparatus from the Soviet Union intended 
for metallurgic research up to 2350 ~ could be modified. The modification consists 
in overlaying the sulfidic charge with either crushed pyrex glass, ground silicates 
(e.g., feldspar), or quartz powder. Upon heating the silicates will melt and, because 
of the internal helium gas pressure, protect the refractory sulfide in a similar way as 
illustrated in Fig. 2E. Unfortunately, the viscosity of these melts decreases with de- 
creasing melting points from pure SiO 2 towards alkaline silicates. Also these silica 
liquids will react with the Al203 DTA crucibles. In those cases, small crucibles con- 
sisting of either graphite (as can easily be prepared from arc electrodes), boron 
carbide, or perhaps boron nitride may be used. 

The above DTA apparatus is situated in the PulvermetaUurgisches Laboratorium, Max- 
Planck-lnstitut fiir MetaUforschung, Stuttgart-Biisnau. Its principal data axe: a tungsten self- 
heating head which is inserted into a water-cooled autoclave filled with helium. DTA heating 
rates of 20 and 80 ~ per min may be used for the high-temperature experiments. The measur- 
ing thermocouples are W/W-Re (20%). Cal~ration curves are referenced to: iron (Curie-point, 
a/'r, "r/8, melting point), BeO (a/g), or gold (melting point = 1064 ~ cobalt (MP = 1493 ~ 
platinum (MP = 1769 ~ ruthenium (MP = 2350 ~ (ef. Moh et aLs)). 

Phase Identification 

All reaction products were routinely examined at room temperature. Identification 
of phases was often possible before the transparent silica glass tubes were opened. 
Examination with a magnifying glass or binocular commonly indicated the degree 
of reaction and phases present. Color and luster (metallic or nonmetallic) often en- 
abled phase identification. Textures due to sintering, recrystallization, or partial or 
complete melting were observed after quenching. Streak, hardness, specific gravity, 
and refractive indices were studied on the individual reaction products and compared 
in order to distinguish the coexisting phases. 

Small polished sections of the reaction products were prepared for reflecting- 
light microscopy by using "Caulk Kadon" or "Technovit" as a mounting medium. 
Identification of the phases either was undertaken in air or was aided by using oil 
immersion. In polished sections, depending on the optical properties of the phases 
examined, identification is often possible when as little as 0.01% of a phase is present. 

X-ray powder diffraction patterns were obtained with a Philips diffractometer, 
using Ni-filtered CUKa radiation or Mn-filtered FeK~ radiation. For routine examina- 
tions scanning of the 10 ~ to 60 ~ 2 19 region proved sufficient. 
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Binary  S y s t e m s  

Our discussion deals with sulfides formed from elements of the VI-B group. These are 
some of the most temperature-resistant sulfides, with the exception of CaS, thorium 
sulfides, and those of the rare earths. The present paper reviews the recent literature 
and supplements it to a certain extent (for literature sources, see 6-10) 

Generally the Cr-S  system is more complicated, but with increasing atomic 
weight the number of stable sulfides decreases, while their temperature stability 
increases in the Mo-S,  W-S  system. 

The Cr -S  System 

Of the V I - B  group elements, chromium has the lowest melting point, 1875 + 10 ~ 
The stable sulfides occur within a limited compositional range (nearly 50 -60  at. % S) 
at intermediate temperatures for a high-temperature system. A total of seven phases 
has been reported, and the phase relations are fairly well established over a large 
temperature scale. Recently the system was investigated by E1 Goresy and Kul- 
lerud 1 l, 12) with respect to the occurrence of extraterrestrial chromium sulfides 
(e.g., in meteorites). Modern laboratory techniques were employed, and a critical 
review of previous literature data was also included 12). New experimental results 
and those of earlier work were presented in a schematic T-X diagram covering a 
temperature range from 300 to 1900 ~ as shown in Fig. 3. The dashed lines re- 
present data of less accurate determination. The stable phases found by El Goresy 
and Kullerud 12) differ partly from compounds reported by Jellinek 13). Fig. 3 shows 
metallic chromium coexisting with a-Crl~)3 S at low temperatures. The 0~-phase can 
be observed with less than 39.61 wt. % S as an intergrowth with or exsolved from 
the Cr I - x  S phase, and with chromium. The Cr 1 - x  S phase (indicated in Fig. 3 as 3) 
occurs in three different crystallographic modifications. Quenching experiments 
indicated: 

1 .3  as a NiAs-type modification 
2. a NiAs supercell hexagonal form 
3. a low-temperature monoclinic form. 

3-Crl - x  S was found in all experiments 12) with less than 41.74 wt. % S. In quench- 
ing experiments containing 39.61 wt. % S or less, o~-Crl.o3 S has exsolved, as observed 
via reflected-light microscopy. In those experiments with less than 37.62 wt. % S, 
/3-Crl - x  S occurred together with a-Crl.o3 S and Cr. 

Hexagonal Cr I - x  S with a NiAs superstructure was obtained in experiments 
containing 42.04 to 43.53 wt. % S, whereas monoclinic Cr 1 - x  S occurred within the 
43.53 to 44.79 wt. % S range, in coexistence with rhombohedral 7-Crz. 1 S 3 solid 
solution. 

As shown in Fig. 3, the compositional range of 3 narrows at higher temperatures 
and displays a singular point (approximately 1650 ~ 

The rhombohedral 7-Cr2.1 $3 solid solution series has a stability field ranging in 
composition from 46.84 to 45.12 wt. % S, but its precise incongruent melting tern- 
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Fig. 3. The Cr-S system (partly schematic) after E1 Goresy and KuUerud I 1) Compositional 
data of the stable binary phases are given in the text 

perature is unknown, as indicated by a dashed line. The breakdown products of the 
-),-phase are/3 and liquid S. 

An additional sesquisulfide Cro.69 S reported to be of triclinic symmetry 13) was 
not encountered within the experimentation 12). The liquidus relations of the chro- 
mium-sulfur system, as taken from literature data, display the Kullerud Type 1 of 
classification of binary sulfide or selenide systems 14). This type of phase diagram is 
characterized by the occurrence of two regions of liquid immiscibility: one field with 
two immiscible liquids between metal and a congruently melting compound, and a 
second liquid immiscibility field in the region between the compound and sulfur or 
selenium respectively. As shown in Fig. 3, the first immiscible liquids field occurs 
above 1550 ~ ranging from 2.2 wt.% S (monotectic) to approximately 27.5 wt.% S. 
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The second two-liquid field above ~ 1300 ~ was assumed to be between a mono- 
tectic of approximately 55 wt.% S and a composition close to sulfur (which is super- 
critical at this temperature). The binary eutectic lies at ~ 1350 ~ with approximately 
67.5 wt.% Cr and 32.5 wt.% S between metallic chromium and the ~-phase. 

The Mo-S System 

The melting point of molybdenum, 2620 -+ 10 ~ is rather high, only surpassed by 
a few other metals, namely osmium, tantalum, rhenium, and tungsten. The most im- 
portant source of this much-desired metal is molybdenite (MoS2) which is com- 
monly related to acidic rocks and generally ascribed to pegmatitic-pneumatolytic 
origin. MoS2 can occur as normal hexagonal molybdenite with a typical layered- 
structure, in rhombohedral form 15-18), and in another form reported as occurring 
naturally, but X-ray amorphous namely, jordisite 19). Because of this polymorphism 
and because of controversial literature data about the occurrence of other sulfidic 
compounds, the binary Mo-S system has been subjected to repeated investigation. 
Nevertheless a phase diagram has not been presented, because of the high tempera- 
ture stability of the phases concerned and the inadequate experimental techniques 
employed (for instance, the reported melting points for MoS2 differ greatly, from 
1185 to ~1800 ~ as cited in6-8)). 

In addition to the disulfide, MoS2, a sesquisulfide, Mo2S 3 or MO2.o6 $3, and 
Mo3S4, Mo2S5, MoS3, MoS4, and also a polysulfide, MoS 3 �9 Sx, have been reported. 
Most of the references are given in Gmelin's Handbook 2~ and more recent data are 
compiled in 6-s). Of special interest is the Mo3S 4 compound described by Chevrel 
et al. 21). The Mo3S 4 composition could not be synthesized directly from the ele- 
ments or binary compounds, thus previously synthesized ternary phases, MxMo 3 $4, 
were leached with inorganic acids to produce the Mo3S 4 composition. 

Only two compounds of the binary Mo-S system can be synthesized directly 
from the pure elements: the sesquisulfide with a composition of Mo2.o6 $3, and 
hexagonal MoS222); no other phases were obtained by dry sulfide experimentation. 
When using molybdenum powder and sulfur as starting materials, the Mo2.o6 S 3 
phase appears above 610 + 5 ~ whereas below this temperature Mo and MoS2 co- 
exist. Heating experiments of 1 month show that, after its formation, Mo2.06 $3 
will not decompose at or below 600 ~ The sesquisulfide can be quenched to room 
temperature where it remains metastable. Due to the sluggish reaction rates of the 
system, previously synthesized MoS2 and molybdenum did not react to produce 
any sesquisulfide at 650 0C in the course of 30 days. With increasing temperatures 
the reaction kinetics will slowly increase; thus, equilibrium assemblages can be at- 
tained at 900 or I000 ~ in less than 1 week. Morimoto and KuIlerud 22) have deter- 
mined the exact composition of the sesquisulfide, Mo2.06S3, at 935 ~ this deviates 
slightly from the stoichiometric ratio. The sesquisulfide was first reported to crystal- 
lize in a tetragonal structure with a = 8.6 A, c = 10.9 A 23). Other literature data give 
monoclinic symmetry, with a = 8.6335 A, b = 3.208 A, c = 6.902 A, ~ = 102043 '24). 

Normally, MoS 2 appears in its typical hexagonal form. A rhombohedral modifi- 
cation was synthesized at about 900 ~ is), but the structural differences between the 
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hexagonal and the rhombohedral forms of MoS 2 can be explained by assuming dif- 
ferent stacking orders of the S-Mo-S layers 2s' 26). X-ray powder diffraction pat- 
terns of MoS2 synthesized at temperatures below 900 ~ give broad peaks, and the 
lower the temperature of synthesis the broader are the peaks. These poorly defined 
peaks do not fit exactly with those of the hexagonal form, nor with those of the 
rhombohedral form. On heating above 900 ~ all X-ray patterns show sharp peaks 
of the hexagonal modification 22). A transformation can be observed in heating experi- 
ments to 1000 ~ or above with natural rhombohedral molybdenite-3R or with 
X-ray amorphous jordisite, which is rarely found in low-temperature deposits. At 
high temperatures only the hexagonal form of molybdenite can be attained. Once 
synthesized, hexagonal MoS2 does not change to the rhombohedral modification or 
to any intermediate form, even at low temperatures or after prolonged heating. 

By employing high-temperature techniques for dry sulfide experimentation as 
described above, it was possible to study the temperature stability relations of the 
phases and binary reactions within the Mo-S system. Preliminary results were re- 
ported by Moh et  al. 27). The sesquisulfide was found to melt incongruently to a 
metal-rich liquid and solid hexagonal MoS2. The first reported incongruent melting 
temperature of ~ 1740 ~ seems to be a little too high. DTA experiments commonly 
show superheating and supercooling as well, which complicates the exact determina- 
tion of the incongruent melting temperature. Repeated heating and cooling of the 
same DTA run yielded lower temperatures, due to some loss of sulfur vapor, which 
would result in a steadily shifting composition of the charge towards the binary 
eutectic (cf. Fig. 7). Additional heating experiments (compare the techniques illus- 
trated in Fig. 2) yield a breakdown temperature of the sesquisulfide slightly below 
the melting temperature of silica glass. Figure 4 shows a macrophotograph of the 
sulfidic charge of such an experiment in which the silica glass tube has been nearly 
but not completely molten, whereas the charge definitely produced MoS 2 crystals. 
Figure 5 again shows a polished section of another regulus of the same heating experi- 
ment: stoichiometric MO2.o6S 3 was heated above its incongruent melting point, 
and during the subsequent cooling period most of the sulfide has again been crystal- 
lized to a coarse-grained matrix with some molybdenum metal inclusions and re- 
maining MoS 2 crystals on the edges, displaying disequilibrium conditions due to fast 
cooling. 

The eutectic temperature of the system is 1610 + 15 ~ whereas the composi- 
tion of the binary eutectic has been revised recently by Moh 4) to 42 at. % sulfur and 
58 at, % molybdenum with an accuracy of --- 1%, as illustrated in Fig. 6A, B, C. For 
exact determination of the eutectic composition, a series of quenching experiments 
was performed with charges of coexisting Mo and Mo2.06S a (previously synthesized 
from the elements) and then chilled from 1630 ~ 

A number of additional DTA experiments were undertaken with various compo- 
sitions within the binary system up to 66.6 at. % S (= MoS 2 composition). In Fig. 7 
a phase diagram is shown in which all results are incorporated. With respect to the 
above-mentioned classification of sulfide systems 14), the Mo-S system, as well as 
the Cr-S system, exhibits Type 1: two regions of immiscible liquids; one field of 
liquid immiscibility in the metal-rich portion at high temperatures, and a second 
two-liquid field in the sulfur-rich region beyond MoS2 which is not shown in Fig. 7. 

115 



G. H. Motl 

Fig. 4. A macroscopic picture of an incongruently melted molybdenum sesquisulfide regulus. 
A melting reaction has formed molybdenite (MoS2) at the edges. The initial charge (pure 
Mo2.06S3) was heated to approx. 1700 ~ and chilled within 30 min to room temperature. 
Regulus size 3.5 mm diameter. Photo Udubasa 

Fig. 5. Reflected-light micrograph of an incongruently melted Mo2.06S 3 sample, rapidly cooled 
from 1700 ~ displaying disequilibrium assemblages. During solidification, molybdenum ses- 
quisulfide has again formed as a coarse-grained, distinctly pleochroic matrix (different shades 
of  grey) with some inclusions of metallic molybdenum (white) and feathered MoS 2 crystal 
aggregates on the edges. Regulus diameter approx. 3 mm; oil immersion. Photo Udubasa 
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Fig. 6 A. Excess molybdenum metal (light) in an eutectic matrix of the Mo-S system (40 at. % S), 
chilled from 1630 ~ x 400, in air 

Fig. 6 B. Microphotograph showing a composition of 57.1 at. % Mo, 42.9 at % S, of nearly the 
binaxy Mo-S eutectic, chilled from 1630 ~ x 400, in air 
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Fig. 6 C. Crystals of molybdenum sesquisulfide (46.5 at. % S) displaying distinct cleavage, partly 
with liquid inclusions, floating in the binary Mo-S eutectic melt, chilled from 1630 ~ x 400, 
in air 

Recent high-temperature DTA experiments yielded the expected region of two 
liquids in the metal-rich portion above ~ 1950 ~ 28), but neither the exact compo- 
sition of the monotectic (liquid 1) nor that of  the coexisting liquid 2 is known. The 
DTA results of a successful experiment with a mixture of Mo and Mo2.o6S3, of ~ 18 
at. % S composition, definitely showed the eutectic temperature to be 1620 ~ the 
monotectic temperature to be 1950 ~ and a third effect at ~2050 ~ which may 
indicate a homogeneous liquid above that temperature. 

Differential thermal analyses carried out with pure Mo2.06S 3 and with mixtures 
of Mo2.o6S 3 + Mo or with Mo2.o6S 3 + MoS2 resulted in distinct thermal effects on 
both heating and cooling at ~ 1560 ~ which were interpreted as a-/3 phase transition 
for the sesquisulfide 27' 28), as indicated in Fig. 7. Cbntinuous heating at heating rates 
of or less than 20 ~ per min 28) shows the incongruent melting point of the high- 
temperature a-modification of Mo2.06S 3 to be slightly below 1700 ~ No thermal 
effects of j3-Mo2.o653 were obtained at low temperatures (~610 ~ which is in 
agreement with the sluggish reaction kinetics reported above 22). 

No thermal effects were recorded for MoS 2 in DTA experiments performed up 
to ~ 1800 ~ Some heating experiments were carried out (employing the techniques 
illustrated in Fig. 2) to obtain information about the thermal stability relations of 
MoS2. The solid sulfidic charge remained stable when shielded by the "molten" 
silica glass reaction vessel in equilibrium with the outside atmospheric pressure at 

1750 ~ Upon heating, MoS2 began to decompose and vapor was lost because of 
the increasing partial sulfur pressure of the charge. In another experiment, after a 
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Fig. 7. The condensed Mo-S system 
from 0 - 66.6 at % sulfur (= MoS 2 
composition). Vapor is present as a 
stable phase in all assemblages, and 
the vapor pressure is not constant 

short heating period up to 1800 ~ the subsequent examination of the chilled product 
indicated that more than half of the MoS2 had decomposed; thus, liquid and relics 
of MoS2 existed at this reaction temperature. These experimental results are in good 
agreement with other findings and speculations by Cannon29): the melting tempera- 
ture of MoS2 is assumed to be ~ 2375 ~ (at high equilibrium pressure). It should 
be mentioned that recent high-temperature experiments with MoS2 carried out in a 
plasma-jet melting apparatus 3~ under argon pressure indicate that molybdenite is 
stable in equilibrium with a metal-rich liquid above 2000 ~ as demonstrated in 
Fig. 8. However, exact temperature determination has not yet been possible. 

The phase diagram in Fig. 7 does not include the sulfur-rich portion. X-ray 
amorphous trisulfide of approximately MoS3 composition cannot be synthesized 
in the pure dry systemaX); however, MoS3 is reported to occur as a mineral in 
nature 32). Syntheses are possible either as precipitate in acidic aqueous solutions or 
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Fig. 8. Partly corroded molybdenite (MoS 2) fragments, strongly pleochroic, floating in a metal- 
rich sulfidic melt. Heated in a plasma-jet melting apparatus, chilled from above 2000 ~ x 2000, 
oil immersion 

by a dry breakdown reaction of (NH4)2MoS 4 between 190 and 200 ~ The trisul- 
fide obtained will decompose on heating above ~250  ~ to liquid sulfur and molyb- 
denum disulfide. Its decomposition is as follows: first, X-ray amorphous disulfide 
appears; with increasing temperatures it becomes rhombohedral, and, in turn, trans- 
forms into the hexagonal modification of MoS2 at 900 to 1000 ~ 

With regard to the above-mentioned classification of sulfide systems, a region 
of two immiscible liquids should be assumed at high temperatures, above the critical 
temperature of sulfur. These liquidus reactions are part of present investigations, the 
results of  which will be published at a later date. 

The W-S System 

With ~ 3410 ~ tungsten has the highest melting point of all metals and is only sur- 
passed by carbon. Tantalum and hafnium carbides, however, have even higher melt- 
ing points. When compared with molybdenum, tungsten has a much higher affinity 
to oxygen and a lower affinity to sulfur. The most common tungsten minerals are 
scheelite (CAW04) and wolframite (FEW04). Tungstenite (WS2) is a very rare mineral; 
but owing to its similarity to molybdenite it has been mistaken for molybdenite 18,19,a4). 

The disulfide (WS2) is the only stable compound which can be synthesized 
directly from the elements. Previous literature data are compiled in Refs. 6-8). The 
W-S system presented in Fig. 9 is based on literature data and schematically illus- 
trates possible phase relations. Normally, WS2 crystallizes hexagonally and has the 
same structure as molybdenite; under certain conditions, however, a rhombohedral 
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modification of WS2 can be prepared. The trisulfide WS3 cannot be synthesized 
directly from the elements, but, as is the case for MoS3, an X-ray amorphous phase 
has been reported; this is indictated in Fig. 9. 
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Fig. 9. Schematic illustration of the W S system, based 
on literature data 

When WS2 is prepared below 700 ~ a disordered crystal structure characterized 
by a different stacking sequence is produced. Appreciable ordering will occur on 
heating to higher temperatures 3s). Structural properties of hexagonal and rhombo- 
hedral MoS2 and WS2 are illustrated, including the various stacking faults with re- 
spect to the X-ray diffraction pattern 2s). The rhombohedral modification was ob- 
tained by experimentation in an alkali carbonate flux. The reported compositional 
range for tungsten disulfide (WS2 • was not confirmed in the 800 to 1000 ~ 
range, even by weighing the stoichiometric elements of high purity directly into the 
silica glass tubes (cf.2)). In all cases WS2 was found to be a stoichiometric compound. 
Weighings with lower sulfur contents yielded small relics of metallic inclusions in 
the tungstenite produced. However, a verification of the reported WS2 nonstoi- 
chiometry at lower temperatures was not performed. The formation of nonstoi- 
chiometric disulfide may occur metastably at low temperatures, for instance, if the 
nonschoichiometric disulfide is formed from the break-down of WS 3 under different 
conditions not belonging to the pure dry system. Thus, a slight oxidation of WS2 
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can hardly be recognized by wet chemical analytical procedures and oxidation could 
cause modifications to the diffraction pattern. 

Literature data show the impossibility of preparing a pure WS3 phase. It always 
shows distinct signs of oxidation (3-4% oxygen) and/or NH4CI contamination of 
8% or more 26' 36). On heating, the trisulfide will melt incongruently to WS2 and 
liquid S within the 270 to 500 ~ range 8), depending on the following conditions: 
vacuum, atmospheric pressure, equilibrium with excess sulfur. 

WS2 thermal stability is still obscure. At temperatures below ~ 1150 ~ no signs 
of a decomposition were noticed and WS2 was found to sublimate slowly but in 
weighable amounts, e. g., in a zone from 1000 to 900 ~ The product consisted of a 
well-crystallized hexagonal WS2 36) Heated in vacuum, WS2 starts to decompose at 
1200 ~ The congruent melting point of WS2 lies above 1800 ~ However, when 
compared with the MoS2 melting relations 29), WS2 should melt in the 2400 ~ 
range with a high equilibrium sulfur vapor pressure. 

In recent heating experiments, pure synthetic WS 2 was heated up to 1800 
to 1850 ~ using the method illustrated in Fig. 2. WS2 did not decompose, indicat- 
hag a partial sulfur vapor pressure of less than 1 atmosphere. At ~ 1850 ~ or above, 
WS2 breaks down. In one experiment at 1900 ~ from the original sulfidic charge 
only metallic tungsten remained. After a careful microscopic and X-ray examination, 
this tungsten sponge showed no indications of carbide formation caused by the pos- 
sible contamination with the graphite crucible. No sulfur was found, only metallic 
tungsten. 

Like the other systems above, the W~S system can be treated according to Kullerud's 
classification scheme for binary sulfides 14). Two regions of liquid immiscibility should 
occur at high temperatures under equilibrium pressure in both the metal-rich and 
the sulfur-rich portions of the W-S system. This is incorporated in the schematic 
diagram shown in Fig. 9. 

Te rna r y  Systems 

The previously studied ternary sulfide systems included chromium, molybdenum, 
and/or tungsten with the added elements iron, copper etc. While other isotherms 
may be available, only that of 700 ~ will be depicted. Higher temperature equilibria 
are deduced from these and their reactions are presented. Lower temperature phase 
equilibria of geologic importance are referenced. 

The Mo- W -S  System 

Of the Cr -Mo-S ,  Cr -W-S,  and Mo-W-S  ternary systems, only Mo-W-S  has been 
studied from 500-1000 ~ by Moh and Udubasa 37). Details of the binary systems 
Mo-S and W-S are given above. The metallic system Mo-W is characterized by a 
complete series of solid solutions between the endmembers with continuous liquidus 
and solidus relations 38). Complete solid solution series were also found to occur be- 
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tween the two hexagonal molybdenum and tungsten disulfides. At 1000 ~ this 
complete series coexists with liquid sulfur and metallic tungsten. The sesquisulfide 
Moz.06S 3 is stable with the complete intermetallic solid solution series. Thus, in the 
central part of the ternary system exists the univariant phase assemblage Mo2.06S 3 
+ MoS2 + W + vapor. 

By comparing sulfur activity data at or below 800 ~ from the literature, the 
ternary phase relations will change. The sesquisulfide does not coexist any longer 
with the complete intermetallic Mo-W series. This divariant region narrows with 
diminishing temperatures towards the Mo-rich portion. Simultaneously MoS 2 be- 
comes stable not only with metallic tungsten but also with an increasing part of the 
intermetallic solid solution series beginning with tungsten and extending gradually 
towards Mo-richer endmembers with decreasing temperatures. The approximate phase 
relations at ~700 ~ are illustrated in Fig. 10. Finally below 610 --+ 5 ~ the MO2.o653 
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Fig. 10. The Mo-W-S system at approx. 700 ~ 

compound is no longer stable in the Mo-S binary system, and MoS2 coexists with 
the complete intermetallic molybdenum-tungsten solid solution series, whereas pure 
tungsten is in equilibrium with the complete (Mo, S)$2 series. 

Low-temperature relations and geologic applications are discussed by Mob and 
Udubasa 37). Naturally occurring members of the MoS2-WS2 solid solution series are 
reported in Refs. 17-19). 

Related Ternary Sulfide Systems 

Some of the following ternary sulfide systems are briefly discussed with respect to 
related mineral occurrences. In addition to the 700 ~ isotherms and the temperature- 

123 



G. H. Moh 

dependent reactions, the most recent experimental studies are included and illustrated 
by micrographs. 

The Fe-Cr-S System 

E1 Goresy and Kullerud x 2) correlated the physicochemical conditions of mineral 
formations in meteorites to the F e - C r - S  system. The Cr-S  subsystem is displayed 
in Fig. 3. 

In the F e - S  binary system, at 700 ~ two binary phases are stable: pyrrhotite 
(Fe I - x  S) with a hexagonal NiAs-type structure, and pyrite (stoichiometric FeS2), 
a PA3-structure-type mineral. Pyrite melts incongruently at 743 ~ to pyrrhotite 
and liquid sulfur 4~ whereas the solid solution composition of pyrrhotite narrows 
with increasing temperature and a singular point occurs at 1192 ~ with an Feo.92S 
composition containing "~ 5 2 at. % S. Troilite, a meteoritic mineral is stoichiometric 
FeS. Power and Fine 41) include references for low temperature within the Fe -S  
system. 

The metallic Cr-Fe  system has been investigated in detail; references are sum- 
marized in 6' 7). 

The phase relations in the ternary F e - C r - S  system are influenced by the ex- 
tended ternary monosulfide solid solution series of the binary endmembers: Fe I - x  S 
and Cr 1 - x S  (see Fig. 11). This series increases rapidly with increasing temperatures 

//•L) 7oooc / \\ ~ / \\ 

FeI_xS /'///I\ ~F~~ r ~':??xS s 

- Fe ~-FeCr Cr 

Fig. 11. The 700 ~ isotherm of the Fe--Cr-S system after E1Goresy and Kullerud 12 

and becomes complete slightly above 700 ~ In the metal-rich portion of the system 
both monosulfide mixed crystal rows coexist with the metallic a-Fe solid solution, 
whereas the more Cr-rich members of the (Cr, Fe)l _x S series are also stable with 
~-FeCr and with all of the chromium solid solution series. 
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The common meteoritic mineral daubreelite, FeCr2S4, a sulfur spinel, occurs as 
a ternary phase in the sulfur-rich portion of the system. It coexists at 700 ~ with 
Cr2.1 $3, with members of both monosulfide series, with pyrite (FeS2) and with 
liquid sulfur. However, at lower temperatures, the ternary extension of both mono- 
sulfide rows will decrease, so that, e.g. at 600 ~ daubreelite is also stable with 
metallic a-Fe from the invariant reaction: 

(Fe, Cr) l_xS + (Cr, Fe) l_xS + vapor _ ~ FeCr2S 4 + c~-Fe 

which takes place at 650 -+ 50 ~ 12). 
Figure 12 shows daubreelite exsolution lamellae in troilite; the sample is from 

the Mundrabilla meteorite described by Ramdohr 42). 

Fig. 12. Coarse daubreelite lamellae (FeCr2S4) and a finely dispersed second generation exsolved 
from troilite (FeS) parallel to (0001); cleavage and cracks of shrinkage are visible. Mundrabilla 
meteorite, oil immersion, x 400 

High pressure/high temperature quenching and DTA experiments indicated that 
cubic ot-daubreelite has a monoclinic/3-polymorph at pressures of more than 14 kb; 
the reactions were discussed on the basis of a p-T diagram 43). 

The Fe-Mo-S  System 

With a view to making a complete study of the quaternary F e - C u - M o - S  system, 
the C u - M o - S  system was investigated; it is discussed below. Simultaneously, the 
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phase relations within the ternary F e - M o - S  system were considered between 500 
and 750 ~ and extended partly to 1000 ~ In comparison with the F e - C r - S  
ternary phase relations, the F e - M o - S  system and all the following ones differ 
greatly. 

Figure 13 represents the F e - M o - S  system at 700 ~ The metallic Fe-Mo 
system has frequently been investigated in great detail; references are summarized 
in s-7). At 700 ~ only c~-Fe, the hexagonal phase Fe3Mo2, and Mo occur, all with 
limited solid solution (compare the intermetallic binary solid solubility range in 46), 

/ \ 700~ 

/ \ Qt-'/. 

/ M~ 

(I -Fe Fe3Mo 2 Mo 

Fig. 13. The 700 ~ isotherm of the Fe-Mo-S system 

As shown in Fig. 13, molybdenite (MoS2) coexists at 700 ~ with FeS2 and 
Fel _x S, but not with a-Fe. Molybdenite with its layered structure is commonly used 
as a lubricant for steel alloy bearings up to elevated temperatures. The phase equilib- 
ria (Fig. 13) clearly show the unsuitability of MoS 2 lubricants at 700 ~ iron and 
MoS2 will react to form FeS and a ternary compound, which was called Y-phase by 
Grover and Moh 44). The occurrence of the ternary compound influences the phase 
relations within the metal-rich portion of the F e - M o - S  system. It crystallizes rhombo- 
hedrally 47) with a composition of approximately FeMo4S 6 coexisting with MoS2, 
Mo2.o6S 3, metallic molybdenum, Fe3Mo2, a-Fe, and with stoichiometric FeS of the 
Fel _xS solid solution series. Y-phase coexistence with FeS prevents a-Fe and MoS2 
from existing together at 700 ~ The Y-phase can be synthesized directly from the 
elements at 700 ~ or more rapidly at 1000 ~ in a reaction between iron powder 
and molybdenum sesquisulfide: 

Fe + 2 M02.06S 3 ) FeM04.12S 6 

producing a slightly Mo-rich Y-phase. The Y-phase is not a stoichiometric ternary 
compound, occurring with a considerable solid solution width as a function of the 
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formation temperature. Comprehensive reflected-light microscopy and X-ray dif- 
fraction investigations of quenched products of various compositions indicate a 
solid solution width of several per cent, with a reference composition of FeMoaS 6 
or FeMo4,12S 6 respectively 4' s, a6). The solid solution width of the Y-phase in- 
creases with temperature and shows many similarities with the analogous X-phase 
(~CuMo2S3) as found in the C u - M o - S  system; see Fig. 19. 

A great variety of  formulas for this phase can be found, e.g. 48-50). Some of 
these data are dubious, others are only correct in respect of the temperature-depen- 
dent solid solution range of the Y-phase. However, the Y-phase should be described 
as a compound with a Fe : Mo ratio of 1 : 4, as this represents the only formula 
valid for the temperature stability range from slightly below 800 ~ up to its melt- 
ing point. The Y-phase can only be synthesized above 535 -+ 15 ~ it is quench- 
able and probably remains metastable at room temperature. 

The lattice parameters are: 

arh = 6.47 )l, Otrh = 94o39 ', V = 268.7 A s (rhombohedral setting) 

or a h = 9.52 ~,, cn = 10.27 A, with an axial ratio 

aa/ca = 0.927 (hexagonal setting) 47). 

The phase relations in the system are as follows: 

500~ Since the ternary phase is not stable, MoS 2 coexists with all phases 
of the system (molybdenum solid solution, FeaM02, a-Fe solid 
solution, Fe 1 _xS, FeS2, and liquid sulfur). With increasing tem- 
peratures a number of invariant reactions take place in the presence 
of a vapor phase (v). 
(For simplicity, in the formulas below only the way of the reac- 
tions is given and the balanced equations are omitted.) 

535 + 15 ~ The Y-phase forms as a ternary reaction; 
MoSs + Mo + Fe3Mo 2 ~ Y - p h a s e  + v 

558 + 9 ~ A switch of tie lines takes place; 
MoSs + Fe3Mo2 - " Fe + Y-phase + v 

610 + 5 ~ MO2.o65 a appears in the Mo-S  binary system between MoS2 and 
Mo, and above it coexists also stably with the Y-phase. 

677 - 3 ~ Molybdenite (MoS2) becomes unstable with metallic iron; 
MoS s + Fe - " FeS + Y-phase + v 

726 -- 30C A ternary monotectic forms in the sulfur-rich portion of the system; 
MoS s + FeS 2 + S(liquid)_ ~ ternary monotectic0iquid ) + v 
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~735~  

743~ 

~973 ~ 

988 ~ 

Molybdenite (MoS2) becomes unstable with pyrite (FeS2); 
MoS2 + FeS 2 - ~ ternary monotectic(liquid) + Fe l_xS + v 

In the binary Fe-S  system pyrite melts incongruently to liquid 
sulfur and pyrrhotite; 
FeS2 ~----~Fe I - xS  + S(liquid) + V 

The ternary eutectic occurs in the metal-rich portion of the 
F e - M o - S  system; 
Fe + FeS + Y-phase~ ----~- ternary eutectic0iquid ) + v 

The ternary eutectic melt reaches the binary Fe-S  system, the 
binary eutectic occurs; 
Fe + FeS- ~ liquid + v. 

With small restrictions, the invariant reaction at 677 +- 3 ~ (i.e., the disappear- 
ance of the tie line between Fe and MoS2) can be deduced from the intersection of 
curves 2 and 3 of the sulfur activity data shown in Fig. 17; however, the Y-phase is 
not indicated in that figure. 

At even higher temperatures, various binary and ternary reactions occur, but 
only a few, which occur in the metal-rich portion, will be mentioned here. The 
Y-phase still appears in its low-temperature 7-modification. On further heating: 

1100 -+ 35 ~ 

1575 -+ 15 ~ 

the 7-modification inverts into the/3-polymorph 

a high-temperature, probably triclinic a-form 47) becomes stable. 
It was found to melt at ~ 1700 ~ 

1700 -+ 35 ~ as reported by Moh et al. s). 

Polished sections of charges of the first melting and DTA experiments indicated 
that the Y-phase melts incongruently 4' 47). In most of the cases stoichiometric 
FeMo4.12 $6 or FeMo4S 6 were used as starting materials. A number of recent high- 
temperature experiments performed according to the techniques illustrated in Figs. 1 
and 2 to minimize vapor loss, yielded either only slight decomposition or probably a 
congruent melting with a singular point at 1700 -+ 35 ~ and a composition of ap- 
proximately 8.8 wt.% Fe, 60.2 wt.% Mo, and 31 wt.% S, as calculated within the 
experimental errors of the techniques employed. In microprobe analysis, the com- 
position of the Y-phase near its melting temperature was found to be identical or 
almost identical with the chilled melt. Therefore, it cannot be determined whether 
the Y-phase melts incongruently or congruently at 1700 -+ 35 ~ Thus, the follow- 
ing reactions are possible: 

incongruent melting 
1. Y-phase - "liquid + Mo + vapor 
2. Y-phase- "liquid + Mo + vapor + trace amounts of a second FeS-rich melt 
congruent melting 
3. Y-phase _ "liquid + vapor 
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At very low temperatures the Y-phase has the approximate formula FeMo4.12 $6 
and the solid solubility increases directly with temperature. At "~973 ~ which is 
the temperature of the ternary eutectic, the Y-phase has its Fe-richest composition 

(Fe 1.11Mo4.o 3 $6). 
Above this temperature the Y-phase coexists with an Fe-rich liquid which reduces 

its solid solution width. The solid solubility increases a little towards sulfur and the 
binary Mo-S system up to the appearance of melt at "- 1500 ~ (see Fig. 7). Results 
of various heating experiments show that the Y-phase of FeMo4A2S 6 composition 
(or Mo-richer) will exsolve molybdenum metal at high temperatures (or MoS 2 at 
high sulfur fugacity). The quenched molten products from above 1700 ~ indicate 
the coexistence of a sulfidic liquid and molybdenum. Fe-rich compositions of the 
Y-phase (stable below 973 ~ show that at high temperatures an FeS-rich liquid 
exsolves and separates. Microprobe analyses of products quenched from 1650 ~ 
show that the FeS phase has dissolved up to 2.45 wt.% Mo. 

At even higher temperatures, e.g., 1800 ~ or above, the partial sulfur pressure 
of the molten Y-phase approaches or exceeds 1 atmosphere, and a vapor loss is pos- 
sible, especially for prolonged or repeated heatings. The quenched products com- 
monly consist of a sulfidic matrix with increased amounts of metallic molybdenum, 
as shown in Fig. 14. 

Fig, 14. Reflected-light micrograph of the breakdown products of FeMo4.12 $6, melting point 
1700 -+ 35 ~ The charge was heated above 1800 ~ and then rapidly cooled to room tem- 
perature. Owing to loss of vapor, metallic molybdenum (white) has exsolved in a skeletonlike 
texture of two generations: a coarse fragmented network and a second, finely distributed ex- 
solution within the cleaved sulfidic matrix (grey); oil immersion, x 630 
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The phase relations in the metal-rich portion of the Fe-Mo-S system at 
1800 ~ are as follows. Along the Fe -S  side and within a large part of the Fe-Mo 

binary region exists a homogeneous liquid. The liquid phase boundary of the whole 
Fe-corner is connected by tie lines with molybdenum metal solid solution. In the 
Mo-S  binary system (cf. Fig. 7) liquid occurs between 38 and 48 at. % S which 
extends into the ternary diagram up to or beyond Y-phase composition, as is shown 
by microprobe analysis 4) of the quenched products. It was found by microprobe analy- 
sis that liquid immiscibility occurs between this molybdenum-rich sulfidic melt and 
a melt of nearly FeS composition; both liquids coexist with molybdenum solid solu- 
tion containing 1% Fe. Figure 15 shows a light gray matrix of a quenched Mo-rich 
sulfidic melt with chilled liqufd inclusions (slightly darker) of approximate FeS com- 
position, and various inclusions of molybdenum. 

Fig. 15. Groundmass of a solidified Mo-rich sulfidic melt (light grey) with liquid inclusions of 
approximately FeS composition (dark grey) and exsolved molybdenum (white); oil immersion, 
x 2500 

The sulfur spinel, FeM02S448' 49), was not found during experimentation. How- 
ever, it is interesting to note that a real oxygen spinel was found, FeM0204, indicat- 
ing trivalent molybdenum 4). 

The reported mineral femolite, FeMo 5 $11 s l), probably stable at low tempera- 
tures, could not be synthesized in the pure dry system 46). 

The F e -  W-S  System 

The F e - W - S  system below 743 ~ (the breakdown temperature of pure pyrite 4~ 
was investigated by Stemprok s2) with regard to its geologic significance. Some reac- 
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tions were undertaken to extend the system to 1000 ~ These experimental results 
were generally identical with those of an earlier study by Vogel and Weizenkorn s3), 
who concentrated on the metallurgic aspect. 

Stemprok s2) discussed the phase relations from sulfur activity literature data, 
as shown in Fig. 16. The affinity of various metals to sulfur and their distribution in 
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Fig. ! 6. S 2 activity-temperature diagzam of selected sulfidation reactions 

nickel-iron phases and troilite (FeS) in meteorites were compared to experimental 
data s4), yielding three groups of metals, from which a few examples have been selected, 
namely those included in the present review and study: 
l. higher affinity to sulfur than Fe: Mo, Cr, Zn 
2. similar affinity to sulfur as Fe: Cu 
3. lower affinity to sulfur than Fe: W, Bi. 

Thus, tungsten sulfide is rarely found in nature, owing to its distinct affinity to 
oxygen. Because of the sulfur/oxygen fugacity ratio at ore formation, scheelite 
(CaWO4) and/or wolframite (FeWO4) occur in nature with pyrrhotite (Fe I -xS)  
and pyrite (FeS2), rather than tungstenite (WS2). The phase relations of the Fe-W S 
system at 700 ~ are shown in Fig. 17. At this temperature pyrrhotite (Fe t -  x S) can 
coexist with all stable phases of the system (ct-Fe s.s., Fe2W, FeaW2, W, WS2, and 
FeS2), except liquid sulfur. According to Ref. 6) only Fe2W and Fe3W 2 have been 
confirmed as stable binary compounds in the Fe-W system. Owing to discrepancies 
in the reported activity measurements (Fig. 16), the univariant W/WS 2 curve No. 4 
(taken from Holland 55)) occurs at lower sulfur activity, compared with the Fe/FeS 
curve No. 2; (data of the Fe/FeS curve No. 2 and the MoS2/MozS 3 curve No. 3 are 
given by Barton and SkinnerS6)). Both curves, No. 2 and No. 4, intersect at 855 ~ 
On the other hand, curve No. 2 indicates that FeS is more stable when compared 
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/ \ 
Fe S ~ \ ~ S  2 tit.-% 

r Fe2W Fe3W 2 W 

Fig. 17. The 700 ~ isotherm of the Fe-W-S system after Stemprok 52) 

with curve No. 1 (data from Kubaschewski and EvansST)). These two curves, Nos. 1 

and 2, intersect at 799 ~ 
Figure 17 demonstrates that FeS and metallic tungsten coexist stably, and ex- 

periments show these phase relations exist at least for the whole range of  hydrothermal 
and pneumatolytic-pegmatitic ore deposition. However, with reference to the experi- 
mental studies by Vogel and Weizenkorn 53), no switch o f  tie lines up to the melting 
point o f  the Fe l _ x S  compound or the appearance of  the ternary melt was found. 

Tungsten metal was found to coexist with the FeS-rich melt up to 1600 ~ 
The following invariant reactions occur within the metal.rich part o f  the sys- 

tem s 3): 

983 ~ The ternary eutectic occurs; 
FeS + Fe3W 2 + Fe s.s.- ~ liquid(E O + v 

988 ~ The ternary eutectic melt reaches the binary F e - S  system, the 
binary eutectic occurs; 
Fe + F e S -  " liquid + v 

993 ~ The ternary peritectic; 
FeS + FeaW2 ~----~liquid + W + v 

1087 ~ 
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The Cu-Mo-S System 

The reactions within the ternary Cu-Mo-S  system show similarities to the F e - M o - S  
system described above. The main difference is within the Cu-Mo system, where no 
alloys are formed. The solid solubility of Mo in Cu at 900 ~ is ,,vanishingly smalr '6), 
while ~ 1.5 wt.% (2.2 at.%) Cu is soluble in Mo at 950 ~ 7). Liquid immiscibility 
occurs in the complete system at high temperatures. 

The binary phase relations of the Cu-S system are complex and have repeatedly 
been investigated by various researchers. Covellite, stoichiometric CuS, melts in- 
congruently at 507 ~ sS) to liquid sulfur and the sulfur-richest endmember of the 
digenite (Cul.sS)-chalcocite (Cu2S) solid solution series. This cubic Cu2_xS series 
is complete above 435 ~ with increasing temperatures it narrows and finally melts 
at 1129 ~ with ~ 20.3 wt. % S as a singular point 9). The very complex low-tempera- 
ture phase relations of the system and related mineral associations are described by 
Roseboom 59), Morimoto and Koto 6~ and Mob 61). 

The Cu-Mo-S  system at 700 ~ Fig. 18, is deduced from Grover and Moh 62). 
At this temperature all stable phases, with the exception of sulfur, are solids. These 

7oooc//  Mos2 
~ 6S3 

Cu at.-*]. Mo 
Fig. 18. Phase relations of the 
Cu-Mo-S system at 700 ~ 

stable phases are: MoS2, Mo2.06S 3 , Mo, Cu, Cu 2 _xS (s.s.), and a ternary phase, 
approximately CuMo 2 S 3 . with a limited solid solution range. This ternary phase 
was first reported as X-phase by Grover63); recent single crystal studies have shown 
rhombohedral symmetry 47). 

Divariant relations between Cu2_xS (s.s.) and MoSz split the system into sulfur- 
rich and sulfur-poor portions. The X-phase in the latter region coexists stably with 
all other phases. At 700 ~ (Fig. 18), the X-phase coexists with Cu2S; however, 
below 685 --+ 5 ~ tie lines have switched and metallic copper coexists with MoS~. 

The X-phase can be synthesized above 594 -+ 4 ~ directly from the elements, 
or it forms at elevated temperatures in a reaction between copper and molybdenum 
sesquisulfide: 
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Cu + M02.06S 3 ) CUM02.06S362) 

The X-phase is quenchable and remains metastable at room temperature. The lattice 
parameters are: 

arh = 6.57 A, CXrh = 95~ ', V = 278.7 )k 3 (rhombohedral setting) 
or 
ah = 9.73 A, and Ch = 10.22 A, with axial ratio 
ah/c ~ = 0.953 (hexagonal setting) 47) 

The X-phase is similar to the Y-phase (see F e - M o - S  system above). With increasing 
temperatures the X-phase expands its compositional range s'  62) and surpasses the 
Y-phase solid solution width. But in contrast to the Y-phase, the reference composi- 
tion o f  the X-phase has at all temperatures a Cu : Mo ratio of  1 : 2. 

The ternary eutectic of  the C u - M o - S  system was found to occur at 1063 ~ 
At this temperature the X-phase shows its maximum solid solution towards the Cu- 
rich portion o f  the system which diminishes above. However, with still increasing 
temperature, the X-phase solid solution width extends towards the M o - S  side, in 
particular towards MoS 2 or sulfur, respectively. Figure 19 shows a schematic ternary 
T-X block diagram. To simplify the perspective drawing only a few isotherms are 
indicated. The extension of  the whole solid solution width of  the X-phase is pro- 
jected on the base. Thus, the variation and the shifting of  the temperature-dependent 
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Fig. 19. Schematic T-X1-X 2 diagram 
of the Cu-Mo-S system. Temperature 
stability and solid solution widths of the 
X-phase (~CuMo2S 3) in the Cu-Mo-S 
system are displayed. To simplify the 
perspective drawing a few isotherms are 
indicated with a projection onto the base, 
demonstrating the whole compositional 
X-phase solid solution 
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solid solution width becomes visible. The figure also indicates the stability ranges of 
the appropriate binary phases (e.g., MoS s is stable throughout the whole temperature 
range). 

The invariant reactions with increasing temperatures in the presence of vapor 
are as follows (the reactions are only schematic, and equations are not balanced): 

500~ Since the X-phase is unstable, molybdenite (MoS2) coexists with 
all the phases of  the system, and divariant relations exist in the 
diagram with MoS2 and Cu, MoS2 and Cu 2_xS (s.s.), and with 
MoS2 and CuS. 

507 ~ 

594+4~ 

Covellite (CuS) melts incongruently in the binary Cu-S  system; 

CuS~ -S(liquid) + ~ C U l . s S +  V 

The X-phase appears; 
Cu + Mo + MoS2 ~-----~X-phase + v 

610 -+ 5 ~ MO2.o6S 3 becomes stable in the Mo-S  binary system between Mo 
and MoS2, above which it coexists with the X-phase. 

685 -+ 5 ~ Copper and molybdenite become unstable; a switch of tie lines: 
Cu + MoS 2 ~-----~CuzS + X-phase + v 

813~ The binary monotectic liquid appears in the sulfur-rich portion of 
the Cu-S  system; liquid immiscibility occurs above; 
~CUl.sS + S(liquid) - ~ monotectic0iquia ) + v; 
analogous DTA experiments with added MoS2 contents showed 
no change of this temperature. 

The presence of the X-phase influences the reactions on the metal-rich portion 
of the system in the following manner: 

1063~ 

1067~ 

The ternary eutectic liquid appears in the C u - M o - S  system; 
Cu + Cu2 S + X-phase~- ~ ternary eutectic(liquid) + v 

The ternary melt reaches the binary Cu-S  system, the binary 
eutectic occurs; 
Cu + Cu2S=--~liquid + v 

1102 ~ A ternary monotectic liquid appears in the metal-rich portion of 
the system; 
liquid (Cu-rieh) + Cu2 S + X-phase ~ " ternary monotectic(uquid) + v 

1105 ~ The ternary monotectic melt reaches the binary Cu-S  system, the 
binary monotectic occurs; 
liquid(cu.rich) +" Cu2 S .-z--'binary monotectic(uquid) + v 
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Above 1105 ~ Liquid immiscibility occurs to a large extent on the copper-rich 
side of the C u - M o - S  system. 

1080 ~ DTA experiments show that above 1080 ~ liquid 
already appears on the CU2_xS-MoS 2 join 

1126 ~ Liquid appears on the join Cu2_xS-X-phase. 

1129 ~ Is the highest melting point of chalcocite solid solution, Cu2_xS , 
(singular point) 6' 9) 

In DTA experimentation the X-phase shows polymorphism (see similarity with 
the Y-phase, FeMo4.12S 6, above) s' 47). From 594 +- 4 ~ up to ~930  ~ the X-phase 
appears in its low-temperature 7-modification. 

930 + 10 ~ The "r-modification inverts into the ~-polymorph; 

1710 -+ 10 ~ The ~3-form inverts into another high-temperature a-modification; 

1770 -+ 10 ~ Is the melting temperature of the a-form. 

Products chilled from ~ 1800 ~ show a slight breakdown, probably due to some 
vapor loss (Fig. 20): the liquid partly separated into a second Cu2S-rich melt and 
metallic molybdenum. 

The reported mineral castaingite, CuMo 2 $5-x  64, 6s), probably stable at low 
temperatures, could not be synthesized in the pure dry system 62). 

The Cu-W-S  System 

The reactions in the C u - W - S  system, though similar, are simpler than those in the 
other systems above. For geologic reasons Moh  66) has studied the system from near 
room temperature up to 900 ~ No ternary compounds were found. Thus, the 
phases which will enter into the ternary reactions are limited to the binaries. Copper 
and tungsten coexist at all temperatures and no binary alloys occur. 

The considerably lower affinity of W (as compared to Cu) for S influences the 
ternary relations. Figure 21 shows the 700 ~ isotherm. The metal-rich portion is 
dominated by the univariant assembly, Cu + W + Cu2S + vapor. The Cu2_xS solid 
solution series produces a bivariant stability region with tungstenite (WS2). Above 
813 ~ a wide region of liquid immiscibility occurs in the Cu-S  system 9). WS2 added 
to the monotectic composition, v/a DTA and quenching experimentation, did not 
yield a temperature decrease or show the existence of a ternary monotectic 66). How- 
ever, DTA experiments in the Cu-rich portion have shown the following thermal 
effects: 

1065 ~ 
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Fig. 20. Breakdown products of melted CuMo 2.06S3, rapidly cooled from - 1800 ~ A second 
liquid of approx. Cu2S composition (dark grey) has separated at high temperature from the 
sulfidic Mo-rich charge (grey). Also molybdenum (white) has exsolved; oil immersion, x 630 

7000C / 

Cu at.-*/. W 

Fig. 21. Phase relations of the C u - W - S  system at 700 ~ 
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1067~ 

1103~ 

1105 ~ 

1107 ~ 

1126~ 

1129 ~ 

The ternary eutectic melt reaches the Cu-S system, the binary 
eutectic forms; 
Cu + Cu z S ~ liquid + v. 

A ternary monotectic liquid occurs; 
liquid(cu.rich ) + Cu 2 S + W-- "-ternary monotecticoiquid ) + v. 

The ternary monotectic melt reaches the Cu-S system, the binary 
monotectic forms; 
liquid(cu.rieh ) + Cu 2 S - ~ binary monotectic(liquid) + v; 
above which liquid immiscibility occurs. 

Liquid appears on the join C u 2 _ x S - W S  2 . 

Liquid appears on the join CU2_xS-W. 

Congruent melting of  the pure binary Cu 2_ x S phase (singular 
point). 

The B i -Mo-S  and B i - W - S  Systems 

The B i -Mo-S  system was investigated by Stemprok 31) with respect to mineral 
occurrences of the "tin-tungsten-molybdenum ore type"67). In some metallogenic 
provinces, mineral assemblages such as bismuth + bismuthinite (Bi2 $3) + molyb- 
denite (MoS2) are frequently found, because bismuth has a much lower affinity to 
sulfur as compared with molybdenum. 

Bismuth and molybdenum do not alloy together 7). One compound, Bi2 Sa, forms 
in the Bi-S binary system a). No ternary compounds are found in the B i -Mo-S  
system al). In the B i -Mo-S  ternary at low temperatures the following univariant 
assemblages appear: Bi + Mo + MoS 2 + v; Bi + MoS2 + Bi2Sa + v; Bi2Sa + MoS2 + 
S + v. Bismuth melts at 271.3 ~ With increasing temperature, liquid Bi dissolves 
increasing amounts of Bi 2 Sa a); thus, a distinct divariant region occurs between the 
metallic liquid and MoS2. At 610 --+ 5 ~ MO2.o6S 3 is stable, and coexists above with 
Bi. Figure 22 represents the ternary B i -Mo-S  phase relations at 700 ~ at this tem- 
perature the metal-rich liquid extends from pure Bi to nearly 45 at. % S. Above 
727 ~ a large region of liquid immiscibility forms in the sulfur-rich portion of the 
Bi-S system, the monotectic composition is reported to be ~67 at.% S. Bi2S 3 melts 
congruently at 760 +-- 5 ~ 

Since the natural Bi-bearing mineral associations were mentioned above 67), the 
B i -W-S  ternary phase relations will be briefly discussed. 

As the necessary sulfur activity data are available, a ternary diagram can easily 
be constructed. Bismuth has a lower affinity to sulfur than tungsten, thus bismuthinite 
would immediately react with tungsten: 

2 BizS 3 + 3 W ~ 4 B i +  3 WS2 
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700oC ///~ LI} 

Fig. 22. Phase relations of the Bi-Mo-S system at 700 ~ 

Consequently, at very low sulfur vapor pressure, Bi + W + WS 2 coexist, whereas 
with increased sulfur activity the univariant assemblage Bi + WS 2 + Bi 2 S 3 becomes 
stable. At high temperatures WS2 coexists with a liquid ranging from Bi to beyond 
Bi2S 3 composition. No ternary compounds were found to occur in the system. 

Additional Ternary Relations 

As shown in the above Bi -W-S system, phase relations and reactions can be deduced 
easily using sulfur activity data from the literature. Other systems are either incom- 
plete or require corrections, for instance when ternary phases occur, which is dis- 
cussed in the following. 

Previously reported ternary (and partly quaternary) Mo-containing sulfidic com- 
pounds are becoming more and more interesting, owing to their superconductivity. 
In 1965, Grover 65) reported the compound CuMo2S a (X-phase); one year later, 
another compound, ~ FeMo4S 6 (Y-phase), was found 44). Since then other complex 
molybdenum sulfides have been reported 48-s~ their characteristic properties 
measured 6s-7~ and methods to synthesize MoaS 4 by leaching of preliminary 
ternary compounds described 21). The compositions so far investigated may be rep- 
resented by a general formual MxMOaS 4 or MxMo6_xS6, where M can be any of 
the following: Ag, Sn, Pb, Mg, Ca, St, Ba, Zn, Cd, Cr, Mn, Fe, Co, Ni, Cu, Li, Na, Sc, 
or Y. 

The reported formulas may differ from the experimentally determined ones 
reported here; for example: CuMo 2 S 3 (X-phase) and ~FeM04S 6 (Y-phase), which 
were obtained as coarse-grained homogeneous materials 62, 46). Also the conductivity 
measurements6S, 69) may have been influenced by "contamination" of various 
amounts of the sesquisulfide M02.06S a and excess molybdenum or other phases 
acting as impurities. 
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With the large amount of research during the past two decades on the sulfide 
phase stability relations, their reactions and sulfur activity (compiled by Barton and 
SkinnerS6), Mills 71)), it is now possible with the inclusion of the ternary compounds 
reported above to construct true phase relations, at least in the metal-rich portion 
of the Mo-containing systems. A few additional experiments may help to outline 
the complete phase relations of the systems concerned. 

Qua t e rna r y  Sys tems  

The aim of the present experimental work is the study of reactions and stability 
relations within multicomponent sulfide systems of geologic interest. Such are: 
F e - M o - W - S ,  F e - C u - M o - S ,  F e - C u - W - S ,  and others. Most of the systems have 
been partially investigated, but slow reaction kinetics, especially in the metal-rich 
portions, at low temperatures produce disequilibrium assemblages. Thus, at limited 
reaction times, in some cases the reaction products may appear in such small amounts 
that they can be overlooked. However, recent experimental investigations have been 
successfully extended to cover fairly high temperatures. 

The F e - C u - M o - S  System 

The quaternary system, F e - C u - M o - S ,  is complex. In order to have a complete 
understanding of this system, all the accessory subsystems must be considered. The 
F e - M o - S  and Cu-Mo-S  ternary systems have been discussed above. The remaining 
subsystems are found below. 

The F e - C u - S  system has been completely investigated for its great geologic and 
technical importance. Of the many contributions only a few are mentioned here. 
Early workers in synthetic sulfide studies, Merwin and Lombard, in 193772), recog- 
nized its value. Since then others: Schlegel and Schiiller 73) (liquidus and high-tem- 
perature relations), Yund and Kullerud 74), and Cabri 7s) (entire system at and below 
700 ~ have added experimental data. A critical review by Kullerud, Yund and 
Moh 76) includes new high-temperature results. 

Figure 23 shows the system at 700 ~ (according to Yund and KullerudTa)). 
The abbreviations of phases or mineral names are in accordance with those suggested 
by Chace 77). 
cc = chalcocite, Cu 2 S 
bn = bornite, Cu s FeS4 
cp = chalcopyrite, ideal low-temperature composition: CuFeS2 
py = pyrite, FeS2 
po = pyrrhotite, Fe I - x  S 

Chalcocite forms a limited binary solid solution series (Cu2-x S) extending into 
the ternary diagram beyond a composition of bornite. The central portion of the 
system is dominated by the biconvex chalcopyrite stability field. Pyrrhotite displays 
binary as well as ternary solid solubility, in both cases > 4  wt.%, whereas pyrite has 
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Fig. 23. Phase relations of the Fe-Cu-S 
system at 700 ~ after KuUerud and 
Yund 76) 

no measurable solid solution remaining stoichiometric FeS2. At 700 ~ the chalcocite- 
bornite solid solution series coexists with liquid sulfur, metallic copper; a single mem- 
ber of this solid solution coexists with iron which, at this temperature, dissolves very 
little Cu. The iron-rich member of the chalcocite-bornite series coexists with the copper- 
rich portion of the chalcopyrite field and also with a Fe-rich pyrrhotite (~troilite com- 
position). The copper-deficient chalcopyrite field is stable with pyrrhotite and with 
pyrite. The complete solid solution series forms a divariant region with liquid sulfur. 

In the ternary Fe -Cu-Mo  system, copper coexists with iron, molybdenum, and 
with the intermetaUic alloy, Fe3Mo 2. 

The quaternary phase relations have been briefly discussed 44, 4s). The phase 
relations within the F e - C u - M o - S  system are influenced by the complete solid 
solution series between X-phase (~CuMo2S3) and Y-phase ('~FeMo4S6) , Fig. 24. 
It is shown as a solid bar, This solid solution series coexists with metallic molybdenum, 
Mo2.o6S 3, and MoS2 (molybdenite). Copper coexists with a Cu-rich member (i.e., 
pure X.phase) up to a Y-content of approximately 18%. Iron coexists with the solid 
solution series from ~ 18 to 75% Y-content, whereas the remainder of the solid solu- 
tion series forms divariant regions with both Fe and Fe3Mo 2. Fe3Mo 2 is also stable 
with Cu and with an iron-rich member of the bornite solid solution series. A large 
portion of the X - Y  solid solution is in equilibrium with the metal-rich portion of 
the chalcocite-bornite solid solution series. The more Y-rich members are stable 
with pyrrhotite or FeS (i.e., troilite). 

Molybdenite (MoS2) forms stable assemblages with the sulfur-rich portion of the 
chalcocite-bomite solid solution, with chalcopyrite solid solution, with the iron- 
deficient portion of the pyrrhotite solid solution, and with pyrite. Similar inter- 
growths between the respective ore minerals, stable at low temperatures, are known 
from numerous localities. 

Series of experiments were performed to outline the high-temperature phase 
relations of the X - Y  phase solid solution series s), Fig. 25. Details of the individual 
ternary reactions have been discussed above. Both endmembers, the X-phase and 
the Y-phase, stable above 594 -+ 4 ~ and 535 - 15 ~ respectively, form a complete 
solid solution series of pseudo-character, i.e., at low temperatures Cu + MoS2 + 
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Fe3Mo 2 + Mo coexist. A two-phase region of  7 + t3 expands from 930 +-- 10 ~ 
(X-phase) to 1100 -+ 35 ~ (Y-phase). 

DTA experiments indicated a second transition zone:/3 + a occurs between 
1710 + 10 ~ (X-phase) and 1575 + 15 ~ (Y-phase). Finally a continuous liquidus- 
solidus relation characterizes the high-temperature a-solid solution series with melt- 
ing temperatures of  1770 + 10 ~ (X-phase) and 1700 -+ 35 ~ (Y-phase). Melting 
experiments performed with various X - Y  phase mixed crystals resulted in inhomo- 
geneous quenched products. Since a small vapor loss could hardly be prevented, some 
exsolved molybdenum metal was always observed. 

At temperatures > 1100 ~ the whole X - Y  phase solid solution can coexist 
with a large sulfidic melt, which appears throughout the central portion of  the 
F e - C u - S  system 76). This sulfidic melt reduces the whole quaternary X - Y  phase 
solid solution width, yet  the solid solubility increases with increasing temperatures 
towards MoS2, in a similar way as for the two endmembers above. The exact shifting 
of  the X - Y  phase solid solution range within the quaternary diagram was not deter- 
mined. However, as found for the endmembers, quenched products of  molten inter- 
mediate members indicated liquid immiscibility (see Fig. 26). In the X - Y  phase 
matrix a small but visible amount of  a (darker) second melt of/aearly bornite com- 
position coexisted with metallic Mo. 

Fig. 26. Previously synthesized homogeneous material of the quaternary X-Y-phase solid solu- 
tion series (composition ~ CuFeMo6S9), heated up to ~ 1800 ~ and the melt regulus cooled 
to room temperature in less than 15 min. The figure shows relics of a darker Cu-Fe-rich sulfidic 
phase (approx. bornite composition) which separated from the Mo-rich sulfide. Thus, a large 
region of liquid immiscibility must exist throughout the quaternary system (cf. Figs. 15 and 
20). Owing to some vapor loss molybdenum (white) has exsolved and remains in small droplets 
oriented in the sulfidic groundmass. Oil immersion, x 2500 
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As mentioned earlier, the crystallization from the liquid state along the X-Y- 
phase solid solution series shows a phenomenon at and near the iron-rich endmem- 
her of the seriesS): these cooled melt reguli commonly display turbulence, which 
could have taken place during crystallization, resulting in outgrowths breaking through 
the already solidified surface. It is unknown whether this is due to an increased crys- 
tallization pressure, or whether it is caused by the establishment of a magnetic field 
from the heating current (~  2000 amps). Parallel to the lines of  the magnetic force, 
the "outgrowths" could have been pulled out of  the not yet completely crystallized 
melt. Figure 27 shows this effect on a solidified regulus, which is ground and po- 
lished on one side to illustrate the coarse-grained texture. Analogous phenomena 
were not observed on the more copper-rich parts of the X-Y phase solid solution 
series. 

Fig. 27. FeMo4S 6 melt regulus with outgrowths formed during solidification. The regulus, 5 mm 
diameter, was cut on one side and polished in order to make visible the coarse-grained crystallized 
sulfidic matrix 

Crystallographic studies of the quenched products of the completely miscible com- 
pounds CuMo 2 $3 and FeMo4S 6 show that the low-temperature 7-polymorphs crys- 
tallize in the rhombohedral system with lattice parameters of: a = 6.57 A, a = 95~ ', 
V= 278.7 A 3 for the X-phase endmember, and a = 6.47 A, a = 94~ ', V= 268.7 3, 3 
for the Y-phase endmember 47). These crystallographic data are in good agreement 
with other findings: X-phase ~ Y-phase s~ 

One of the two high-temperature polymorphs of the Y-phase endmember crys- 
tallizes in the triclinic system, with a unit cell closely related to the low-temperature 
rhombohedral cell. The lattice parameters of the high-temperature polymorph are: 
a = 6 . 4 8 0 A ,  b = 6 . 4 7 4 A ,  c = 6 . 5 0 3 A ,  
~= 91~ ', ~3 = 97~ ', 3' = 96~ ', V= 268.5 A 3 
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Indexed powder data of the CuM02 S3-FeM04S6 mixed-crystal phases are reported 
by Wang and Moh 47). 

The F e - C u - W - S  System 

The relations are comparatively simple within the F e - C u - W - S  quaternary sys- 
tem 78). The 700 ~ isotherm is shown in Fig. 28, from which the high-temperature 
equilibria can easily be deduced. Since tungsten does not form ternary or quaternary 
sulfides, the phase relations of the F e - C u - S  ternary system dominate and influence 
the whole tetrahedron. Tungsten is stable only with the very metal-rich portions of 
the pyrrhotite solid solution (~  FeS composition) and of the chalcocite-bornite 
mixed-crystal row, as a result of  its lower affinity to sulfur. Tungstenite (WS 2) can 

Fig. 28. Schematic phase diagram of 
the Fe-Cu-W-S system at 700 ~ 

coexist with the other sulfides: with the chalcocite-bornite s.s., with the whole chal- 
copyrite stability field, with pyrrhotite and, of  course, with pyrite. This is in accor- 
dance with natural occurrences ~8' ~9, 66) 

At 700 ~ an iron-rich member of  the chalcocite-bornite solid solution coexists 
with Cu, Fe s. s., and with the alloys Fe2W and FeaW 2. On cooling in the 500 to 
475 ~ region some quaternary reactions take place, due to the switch of tie lines 
within the C u - F e - S  system at 475 -+ 5 ~ 

bornite + Fe + vapor ~ Cu + FeS; 

below, the univariant volumes are stable: 
FeS + Fe2W + Fe s.s. + Cu + vapor: 
FeS + Fe2W + FeaW2 + Cu + vapor. 
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Z n - M o - W - S  Phase Equilibria 

In a recent publication zinc was considered for reactions with molybdenum and 
tungsten sulfides 4). When compared with the elements discussed above, zinc has the 
highest affinity to sulfur, and if the pure elements, e.g., Mo or W, Zn and S are 
allowed to react with each other, ZnS forms immediately, prior to the formation 
of MO2.o6S3, MoS2, or WS2, respectively. Zinc is so aggressive that molybdenum 
or tungsten sulfides are reduced at once at elevated temperatures, 

MoS2 + 2 Zn ~ Mo + 2 ZnS 
WS2 + 2 Z n - * W + 2 Z n S  

These facts were successfully used to produce Mo-W alloys directly from the 
corresponding disulfide mixed crystals: 

(Mo, W)S2 + 2 Zn ~ (Mo, W) + 2 ZnS 

Reaction kinetics within the pure Mo-W-S  system are extremely sluggish aT). 
But as the extraction of sulfur by zinc from the disulfide solid solution series is much 
faster than the disulfides can equilibrate, the step rule is surpassed (Os twa ldsche  

S tu fenrege l ) .  These phenomena were described in detail by Mob 4). 

With the aim of producing homogeneous intermetallic Mo-W solid solution 
members, the ternary and quaternary reactions referred to above have been used to 
outline the systems Zn-Mo-S ,  Zn-W-S ,  and Z n - M o - W - S :  sphalerite (ZnS) can 
coexist with all other phases, and no reactions or meltings have been observed between 
ZnS and Mo, M02.06S3, MOS2, W, WS 2 up tO nearly 1400 ~ The substitution of 
Mo or W for Zn in zinc sulfide is negligibly low and cannot be measured with our 
experimental methods. On heating, ZnS passes through its transition temperature: 
cubic ZnS (sphalerite) inverts into a hexagonal a-modification (wurtzite) at 
1013 ~ Its melting point is reported to be 1830 -+ 20 ~ under a pressure of 
150 psi 8~ 

When comparing all these findings with literature data, the occurrence of a ter- 
nary zinc-molybdenum sulfide has been reported by Chevrel et  al. s0): Z n M o n S  n + 1 ; 

n= 3 , 4 , 5 , 6 .  
Thus, three experiments were performed using pure elements as starting ma- 

terials and weighings of 1) ZnMo 3 $4, 2) ZnMo 5 $6,3) ZnMo 6 S 7. The charges were 
heated to 1000 and 1100 ~ reground and then reheated altogether for 9 days, 
but no homogeneous compounds formed. Polished sections of each experiment de- 
finitely show a mixture of three phases: in all cases an excess of molybdenum metal 
was observed, and a gray-brownish sulfide with optical similarities to molybdenum 
sesquisulfide (Mo2.o6Sa) , and an excess of ZnS in samples 1) and 2), whereas 3) 
shows the formation of a strongly pleochroic and anisotropic sulfide, distinctly 
different from, e. g., Mo2.06 S 3 . 

Two additional experiments at 1100 ~ were placed on the compositional line 
between MO2.o683 and Zn (similar to the Y-phase composition described above): 
4) ZnMo4A2S6, 5) Zno.8Mo4.12S 6. The investigation of the quenched products at room 
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temperature yielded two-phase assemblages in both cases, but no metal excess was ob- 
served: gray-brownish sulfide with some ZnS intergrowths. X-ray diffraction patterns 
of the products indicated similarities to the X-Y phase series for the gray-brownish 
sulfidic phase. 

However, the composition and temperature stability range of this ternary zinc- 
molybdenum sulfide, which is stable at elevated temperature within the 
Mo-Mo2.o6S3-ZnS triangle of the ternary Zn-Mo-S  system, is still obscure. This 
phase can also coexist with tungsten. Completely unknown are the stability rela- 
tions of the strongly anisotropic compound which partly formed in experiment 
No. 3. 

The investigations are being continued and a revised phase diagram will be pub- 
lished after completion. 

Discussion 

The outline of binary, ternary, and quaternary sulfide systems with the VI-B group 
elements (e. g., Cr, Mo, W) is not claimed to be complete. However, it does represent 
the current status of research. 

The research was investigated by mineralogists to explain further the terrestrial 
and extraterrestrial occurrence and the mutual reactions of the involved minerals. 
Since then metallurgists have examined these sulfide phase relations with new pro- 
cesses to extract the valuable metals. The temperature ranges are or can be assumed 
to be higher than the "geologically relevant temperature range". Using newly 
developed techniques, laboratory investigations up to 2000 ~ have been performed 
without the reactions actually finishing. This is demonstrated by virtue of the melting 
reactions of the phases: molybdenite (MoS2), tungstenite (WS2), and systems in 
which they are contained. 

Experimental problems still remain to be solved. The "simple" laboratory tech- 
niques for high-temperature research discussed above as yet lack a method to balance 
the sulfur vapor pressure in a "closed system". 

The binary sulfide systems discussed in this study are mostly "complete". Apart 
from the upper P - T  stability of the ~/-phase, the Cr-S system is completely de- 
scribed. 

The Mo-S system is complete up to and including MoS 2. The remaining portion 
can be performed with time and patience (see discussion above). In addition, most of 
the metal-rich reactions have been found. Refinement of the high-temperature T-X 
studies have meanwhile been published 8j). 

While the W-S system is shown schematically, recent research work predicts the 
existence of a high-temperature two-liquid region in the metal-rich portion. This and 
other results are included in the Annual Report 81). 

These subsystems contain phases of technological interest: MoS2 is used as a high- 
temperature lubricant, other suitable refractory sulfides with layered structures might 
be substituted. However, it has been experimentally proven that some M $2 com- 
pounds will not react with some nonferrous alloys up to 850 ~ even under high 
pressure. 
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The completed binary systems facilitate research of the ternary phases and/or 
ternary solid solutions. Ternary and quaternary molybdenum sulfides have recently 
been found to have interesting superconductivity properties. The X-phase 
(~ CuMo2 $3) and Y-phase (~ FeMo4S6) may be only the first of such complex sul- 
fides to be isolated, as greater attention is paid to the chemical preparation of such 
compounds of Mo-containing sulfide systems. A reported Cd-containing complex 
molybdenum sulfide shows a transition temperature at 2.5 K, while tin and lead com- 
pounds showed ~ 11 K and 13 K, respectively 6a). Transition temperatures may be 
influenced by the substitution and/or addition of the second element by one of the 
V-B group ( e. g., Nb, Ta) or III-A group (e. g., AI, Ga) forming composition con- 
jugates. For example, the transition temperature increased from ~ 11 K for SnMo s $6 
to 14.4 K for the quaternary SnAlo.sMo s S 6 compound 69). 

It has been well established that "quaternary compounds" are in reality members 
of solid solution series. In the Fe -Cu-Mo-S  system the composition CuFeo.sMo4S 6 
is such a selected "compound", situated between CuMo 2 S a and FeMoaS6, first re- 
ported by Grover and Moh 44). 

Mo-containing complex sulfide minerals are rare: femolite (FeMo s S 1 i) and cas- 
taingite (CuMo2 Ss) have not been synthesized in dry-system experiments 46' 62). The 
mineral hemusite (Cu 6 SnMoSs) has been synthesized hydrothermally between 300 
and 400 ~ 82). 

Molybdenum and tungsten have practically identical atomic radii (1.39 A, based 
on a coordination of 12). In many compounds and alloys they may substitute for 
each other. However, tungsten does not form a sesquisulfide. The same atomic radius 
and similar geochemical properties are possessed by rhenium. As dissolved Re-concen- 
trations (e. g., up to 4000 ppm) were found in molybdenite and tungstenite of the 
Kipushi ores 66), the introduction of rhenium into further laboratory experimenta- 
tion is also of geologic relevance. W (and to a certain extent Mo) is found to substitute 
for Fe in sphalerite-structure minerals found in Cu-rich sulfide ore deposits s3). The 
formation of metal-rich ternary sulfides is restricted to molybdenum, since analogous 
W-compounds have not yet been synthesized. 

Certain experimental difficulties (e. g., high temperatures, low reaction rates) 
have prevented the production of homogeneous compounds 37' 46, 62). These prob- 
lems still remain, but new insight has been gained via the simple experimental tech- 
niques referred to in the text. 

Acknowledgement. Some of the above-mentioned studies have been supported by the Deutsche 
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