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agreement with other fluorosulfates, the S=O sym- 
metric and asymmetric and S-F stretching frequencies 
occurred over a narrow 11, 14, l8,I9 Some other 
tentative assignments are also given. 

The FI9 nmr results are summarized in Table IV. 
All of the compounds showed an F19 resonance in the 
fluorosulfate region a t  about 9 -50.20 The Flg reso- 

(18) D. D. Des Marteau and G. H. Cady, Inovg.  Chem., 6, 169 (1966). 
(19) D. D. Des Marteau and G. H. Cady, i b i d . ,  6, 1829 (1966). 
(20) F. A. Hohorst and J. M. Shreeve, ibid. ,  8 ,  2069 (1966). 

nance for the fluorosulfate group was shifted downfield 
as successive replacement of chlorine by fluorosulfate 
occurred. For the thionyl fluorosulfates the S-F 
resonance was slightly broadened. For SiClZ(OS0zF)z 
the high-resolution nmr showed a sharp resonance with 
a broad resonance slightly downfield. 
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By the use of improved procedures, the free heteropoly acids Ha[PMol~VOaol . 3 4 H ~ 0 ,  H~[PMOIOVZO~O] .32HzO, and Hs- 
[ P M O ~ V ~ O ~ ~ ]  . 34H20 were prepared reproducibly as orange crystalline solids. Potentiometric titration measurements showed 
that the number of replaceable hydrogen ions in these free acids is four, five, and six, respectively. The salts Na4[PMon- 
1 7 0 4 0 ]  .8H20 and ( N H ~ ) ~ H [ P M O I ~ V O ~ ~ ]  .7.5H20 were prepared for the first time. The molybdovanadophosphate 
anion had unusually high hydrolytic stability. Infrared, visible, and ultraviolet spectra were obtained for these salts. 
Thermogravimetric and differential thermal analyses were performed on H~[PMoIIVO~O] 3 32HzO and N ~ ~ [ P M o I I V O ~ O ]  - 
8Hz0. Potentiometric titration measurements with methanol as the solvent and NaOCHs as the titrant showed that the 
H ~ [ P M O U V O ~ ~ ]  acid is tetraprotic in solvents with low dielectric constants. 

Introduction 
The heteropolymolybdovanadates constitute an im- 

portant class of heteropoly compounds on which only 
limited research has been conducted. The most well 
known of these heteropolymolybdovanadates is the 10- 
molybdo-2-vanadophosphate(V) anion prepared by 
K0korin.l In  1964, Souchay and co -worke r~~-~  were 
able to replace molybdenum in the 12-molybdophos- 
phate anion structure by up to three pentavalent vana- 
dium atoms,2 but the compounds prepared were not 
fully characterized and no analytical data were given.4 

In work published in 1964, Krivy and Krti16 assigned 
a basicity of 3 to the l0-molybdo-2-vanadophosphoric 
acid on the basis of radiometric titration studies em- 
ploying cesium-137. They gave the salt the formula 
CS&L [P(Moz07)5VzOs I .  

The present work elucidates the properties of the 
free acids and salts of the anions [ P M O ~ ~ V O ~ ~ ] * - ,  
[ P M O ~ ~ V Z O ~ ~ ] ~ - ,  and [ P M O ~ V ~ O ~ O ] ~ - .  The desired free 
acids were obtained in a reproducible manner by using 
detailed, improved procedures. Further characteri- 
zation of the properties of these anions was accom- 

(1) A.  I. Kokorin, J. Geiz. Chem. C S S K ,  24, 697 (1954). 
(2) M. P. Courtin, F. Chauveau, and P. Souchay, Compl. R e n d . ,  268, 1246 

(1964). 
(3) B. Charreton and G. Bertho, ib id . ,  261, 2903 (1965). 
(4) B. Charreton, F. Chauveau, G. Bertho, and P. Courtin, Chim. A n a l .  

( 5 )  I. Krivy and J. Kitil, Collecliolz Czech. Chern. Com?~un. ,  29, 587 (1964). 
(Paris), 47, 17 (1965). 

plished by physicochemical means discussed in this 
paper. 

Experimental Section 
Prepurified grade sodium metavanadate containing 27' water 

(Matheson Coleman and Bell) was used without further purifi- 
cation. 

Preparation of Compounds. (a) 11-Molybdo-1-vanadophos- 
phoricAcid.--NazHP04, 7.1 g, was dissolved in 100 ml of water 
and mixed with 6.1 g of sodium metavanadate that had been 
dissolved by boiling in 100 ml of water. The mixture was cooled 
and acidified to a red color with 5 ml of concentrated sulfuric acid. 
To this mixture was added a solution of 133 g of NaaMoO4.2HzO 
dissolved in 200 ml of water. Finally, 85 ml of concentrated 
sulfuric acid was added slowly with vigorous stirring of the solu- 
tion. With this addition the dark red color changed to a lighter 
red. The heteropoly acid was then extracted with 400 ml of 
ethyl ether after the water solution was cooled. In  this ex- 
traction, the heteropoly etherate was present as a middle layer; 
the bottom layer (water) was yellow and probably contained 
vanadyl species. After separation, a stream of air was passed 
through the heteropoly etherate layer to free i t  of ether. The 
orange solid that remained was dissolved in 50 ml of water, con- 
centrated to the first appearance of crystals in a vacuum desic- 
cator over concentrated sulfuric acid, and then allowed to crystal- 
lize further. The orange crystals that formed were filtered, 
washed with water, and air dried. The 
crystalline acid effloresces slowly a t  room temperature; thus the 
amount of water of crystallization varied slightly from sample to 
sample. Anal. Calcd for H ~ [ P M O I ~ V O ~ ~ ]  .32.5H20: P,  1.31; 
Mo,44.60; V, 2.15; H20,24.71. Found: P, 1.31; Mo, 44.54; 
V, 2.68; HzO (based on Mo), 24.86. The molar ratios are Mo to 
P, 10.97 to  1.00; and V to P, 1.24 to 1.00. Similar analyses were 

All other reagents used were Baker Analyzed grade. 

The yield was 28 g. 
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obtained in duplicate preparations of compounds reported in this 
paper. 

(b) IO-Molybdo-2-vanadophosphoric Acid.-Sodium meta- 
vanadate, 24.4 g ,  was dissolved by boiling in 100 ml of water and 
then mixed with 7.1 g of NaZHP04 in 100 ml of water. After 
the solution was cooled, 5 in1 of concentrated sulfuric acid was 
added, and the solution developed a red color. An addition of 
121 g of NazMoOc.2HZO dissolved in 200 ml of water was then 
made. While the solution was vigorously stirred, 85 ml of con- 
centrated sulfuric acid was added slowly, and the hot solution was 
allowed to cool to room temperature. The 10-molybdo-2-van- 
adophosphoric acid was then extracted with 500 ml of ethyl ether. 
Air was passed through the heteropoly etherate (bottom layer) 
to free i t  of ether. The solid remaining behind \vas dissolved in 
water, concentrated to first crystal formation, as already de- 
scribed, and then allowed to  crystallize further. The large red 
crystals that  formed were filtered, washed with water, and air 
dried. The yield was 35 g. The solid effloresces slolrly a t  
room temperature. Anal. Calcd for Hs[PMo,oI'~O$ '34.,5- 
H20: P, 1.31; Mo, 40.69; V, 4.32; H10, 26.33. Found: P, 
1.34; Mo, 40.69; V,4.77; H20 (based onMo) ,  26.32. Themolar 
ratios are: Mo:P,  9.80:l.OO; V:P, 2.16:l.OO. Duplicate 
preparations gave similar analytical results. 

B s  expected, this acid dissolved in ethyl ether to form an oil 
that  is insoluble in ether. However, i t  dissolves in other oxygen- 
containing solvents (ethyl alcohol, methanol, ethyl acetate, di- 
methyl sulfoxide, and tetrahydrofuran) to form single phases. 

10-Molybdo-2-vanadophosphoric acid was also prepared by 
the method used by Kokorin,] the only modification being the 
substitution of Moos for the crystalline yellow MoOn .2H20.  
In  this preparation, 30.0 g of sodium metavanadate, 3.4 ml of 
85% HaP04, and 74.0 g of molybdenum trioxide rvere refluxed 
in 800 nil of water for 8 hr. The acid was extracted with 200 
ml of ether after acidification with 145 ml of concentrated hydro- 
chloric acid and was subsequently recrystallized from water 
after the ether was removed. Anal. Calcd for HS[PMO,~- 

Found: P, 1.34; Mo, 41.34; V, 5.15; H2O (based on Mol, 
25.14. The molar ratiosare: Mo:P,9.96:1.00; V :P ,  2.33:l.OO. 

(c) 9-Molybdo-3-vanadophosphoric Acid.-K'anHPOp, 7.1 g, 
was dissolved in 50 ml of water and mixed with 36.6 g of sodium 
inetavanadate that had been dissolved by heating in 200 ml of 
water. After 5 ml of concentrated sulfuric acid n-as added to 
the cooled mixture, it attained a cherry red color. This solution 
was mixed with 54.5 g of NaaMo04.2H,0 dissolved in 150 ml of 
water, and then, while i t  was being vigorously stirred, 85 ml of 
concentrated sulfuric acid was slowly added. The hot solution 
was allowed to cool to room temperature. The free acid was ex- 
tracted with 400 ml of ethyl ethcr, the heteropolp etherate being 
the middle layer. The etherate was freed of ether when a stream 
of air was passed through the solution. The red solid remaining 
was dissolved in 40 ml of water and concentrated to crystal 
formation in a vacuum desiccator over concentrated sulfuric acid. 
The red crystals were filtered and washed with water. The yield 
was 7.2 g. The solid effloresces slovvly a t  room temperature. 
A n d .  Calcd for Ho[PMooVa04u] .34H-520: P ,  1.35; Mo, 38.76; 
17, 6.71; HrO, 26.66. Found: P, 1.38; Mo, 38.78; V, 6.89; 
H20 (based on N o ) ,  26.71. The  molar ratios are: M o : P ,  9.07: 
1.00; V:P, 3.04: 1.00. A duplicate sample preparation gave 
similar analytical results. 

Sodium 1 1-Molybdo- 1-vanadophosphate .-Twenty grams 
of H ~ [ P M O , , V O ~ ~ ]  .35H20 was dissolved in 50 ml of water, and 
the resultant solution was slowly passed through an ion-exchange 
column containing 20-50 mesh Dower 50-X8 ion-exchange resin 
in the sodium form. The resin bed was 1.25 in. in diameter and 
20 in. in height, The orange effluent containing the desired 
sodium salt was then placed in a vacuum desiccator over con- 
centrated sulfuric acid for removal of water. Evaporation was 
continued to  dryness since this sodium salt is very soluble in 
water. Anal. Calcd for Nar[PMollVO40] .8H20: Na, 4.57; P, 
1.54; Mo, 52.42; V, 2.53; H20,  7.15. Found: Na, 5.10; P, 
1.51; Mo, 50.27; V, 3.08; HlO (based on  dehydration), 7.45. 

1 7 ~ 0 ~ ~ 1  m . 5 ~ ~ 0 :  P, 1.33; hio, 40.68; v, 4.32; H ~ O ,  26.33. 

(d) 

(e) Preparation of Ammonium Salts.-Triaminoiiiuiii 11- 
molybdo-1-vanadophospliatc and trianimonium lO-molybdo-2- 
vanadophosphate were prepared by the addition of solid am- 
monium chloride to solutions of the corresponding free acids. 
The orange solids that formed were filtered and washed with 
water, and then dried in a vacuurn desiccator over concentrated 
sulfuric acid. Anal.  Calcd for (h'H4)3H[PM~ilV040] .3.5H20: 
N,2.21; P, 1.63; Mo, 55.68; V,2.69; H20,3.45. Found: N, 
2.37; P, 1.66; Mo, 55.61; V, 2.88; H20 (based on Mo), 3.32. 
Anal. Calcd for ( X H ~ ) ~ H ~ [ P M O I O T T ~ O ~ ~ ]  .7.5H20: N, 2.18; P, 
1.61; Mo, 49.88; T', 5.30; H?O, 7.02. Found: ATT, 2.48; P, 
1.65; Mo, 49.90; V, 5.85; HnO (based 011 Mo), 6.99. 

Characterization of Compounds. (a) Analytical Procedures. 
-The molybdovanadophosphates were analyzed as described in 
the literature.6 T'anadium was separated from molybdenum 
and phosphorus by ion exchange after reduction to quadrivalent 
vanadyl cation followed by elution with dilute sulfuric acid and 
subsequent titrition with standard potassium permanganate. 
Molybdenum was determined gravimetrically by the a-benzoin 
oxime procedure; phosphorus mas determined by precipitation 
as magnesium ammonium phosphate and weighing as magnesium 
pyrophosphate. 

(b) Potentiometric Titrations.-All potentiometric titration 
measurements were performed with a Beckman Model H2 pH 
meter equipped with a standard calomel electrode and a glass 
electrode suitable for high-temperature measurements. The pH 
meter readings were repeated until a constant value was reached. 
,411 solutions were magnetically stirred during the titration. 
The normality of the NaOH used was 0.1000 iV. 

The potentiometric titration of H~[PMo:IVO~~]  in methanol and 
in the m-ater-dioxane mixture was conducted using a saturated 
calomel electrode, a glass electrode, and a Precision vacuum tube 
voltmeter, PRV 63 (G. Bank Elektronik, Gottingen, West Ger- 
many). 

(c) Visible and Ultraviolet Spectra.-The absorption spectra 
of the acids H4[PMoliV040], H~[PMo10\~2040] , H ~ [ P M O I V ~ O ~ O ] ,  
and Ha[Ph'lol1040] in water were taken vith a Beckman DB auto- 
matic recording spectrophotometer employing 1-cm silica cells. 

(d) Infrared Spectra.-The infrared spectra of the three 
molybdovanadophosphoric acids and the 12-molybdophosphoric 
acid were obtained in hTujol mulls with a Perkin-Elmer 31 spec- 
trophotometer. The infrared spectrum of 10-molybdo-2-vanado- 
phosphoric acid was also obtained in a KBr disk and mas found 
to  be identical with that obtained in Xujol. 

(e) Differential Thermal Analysis (dta) and Thermogravi- 
metric Analysis (tga).-A Harrop Precision Furnace Co. dta and 
tga unit was used for the dta and tga experiments. 

Results and Discussion 
Preparation of the Compounds.-The free acids Hq- 

[ P M O ~ ~ V O ~ ~ ] ,  Hi [PMoloVzOlo], and Ha [ P M O ~ V ~ O ~ ~ ]  
were prepared in very pure form according to the proce- 
dure described in the literature. However, the acidity 
specified for extraction into ether (5  N &Sod) was 
totally insufficient to accomplish extraction. Addi- 
tional acid therefore had to be added. The analytical 
results could not be compared with those of Souchay 
and c o - ~ o r k e r s ~ - ~  since they failed to publish such 
data. However, if the procedures outlined in this paper 
are strictly followed, products of very good purity can 
be obtained. 

The 10-molybdo-2-vanadophosphate and 9-molybdo- 
3-vanadophosphate anions are not stable in the strongly 
acid media afforded by ion-exchange resins, reportedly 
the former being partially decomposed into the 11- 
molybdo-1-vanadophosphate species and V02+ cations. ' 
The H6[PMo9V3040], which is difficult to prepare, is 

(13) W. H. Priceand I<. H. Maurer, Axel. Chem.,  35,  5Y5 (1963) 



Vol. 7 ,  No. 3, March 1968 MOLYBDOVANADOPHOSPHORIC ACIDS AND THEIR SALTS 439 

10 

9 

a 

7 

6 

5' 

4 

3 

2 

E 

I I 
32 0 

l l t  4 a 12 16 20 24 2a 

MOLES OF NaOH ADDED PER MOLE OF ACID 

I 

Figure l.-potentiometric titration of 100 ml of 2 X M solutions of (a) HP[PMoIIVO~O], (b) Hs[PMoioV20401, and (c) Hs[PMop- 
V304r] with 0.1000 N NaOH. 

decomposed by both weak and strong cation-exchange 
resins in the hydrogen form. The ll-molybdo-l-vana- 
dophosphate anion is least affected by ion-exchange 
resins. The low yield of the 9-molybdo-3-vanadophos- 
phoric acid obtained in this work is consistent with such 
observations. 

The method of Kokorinl for preparing the 10- 
molybdo-2-vanadophosphoric acid was reexamined, and 
the only modification made was the substitution of the 
readily available molybdenum trioxide for the yellow 
crystalline molybdic acid, Moo3. 2H20. This reaction 
yielded the desired compound; however, the V : P ratio 
was higher than that obtained by the other procedure de- 
scribed in this paper. The predominant heteropoly 
species formed in preparations employing Moos instead 
of  MOO^^- appear to be the [ P M O ~ O V ~ O ~ O ] ~ -  anion as 
discussed previously. It is quite likely that the [P- 
MO~IVO~O]~-  and [ P M O ~ V ~ O ~ ~ ] ~ -  may form in small 
amounts along with the [PMoloV20~]~- species. 

The preparation of any of the three heteropoly acids 
in question with the proper stoichiometry depends, 
therefore, on the relative quantities of phosphate, 
molybdate, and vanadate ions initially present, as out- 
lined in the preparative procedures given. It was 
necessary to purify the acids obtained in this work to 
obtain the correct stoichiometry. 

The sodium salt of the 1 l-molybdo-l-vanadophos- 
phate anion was prepared for the first time and found to 
be a normal salt. However, the ammonium salts of the 
1 1-molybdo-1-vanadophosphate and 10-molybdo-2-van- 
adophosphate anions, namely, (NH4)gH [ P M o ~ I V O ~ ~ ]  
and (NH4)3H2 [ P M O ~ O V ~ O ~ ~ ] ,  were prepared by the 
addition of ammonium chloride to the free acids and 

were found on the basis of the analysis to be acid salts. 
This fact is qualitatively consistent with the values 
obtained by Hallada, et ~ l . , ~  for the dissociation con- 
stants of the heteropoly acids in question. 

Potentiometric Titrations.-The potentiometric 
titrations of the heteropoly acids yielded information on 
the number of replaceable hydrogen ions of the acid 
and on the charge of the anion. It was assumed here 
that the molybdovanadophosphate anions possess the 
Keggin structure, and hence the total number of oxygen 
atoms with the heteropoly anion is 40. Since the bxi- 
dation state of each element in the anion is known, the 
charges of the anions possessing one, two, and three 
vanadium atoms are -4, -5, and -6, respectively. 
The potentiometric titrations of the free acids show two 
points of inflection (Figure 1). The first point of in- 
flection corresponds to the neutralization of the re- 
placeable hydrogen ions, and the second point of inflec- 
tion corresponds to the complete degradation of the 
heteropoly anion by base. The interpretation of the 
second point of inflection depends on a knowledge of the 
nature and degree of polymerization of the vanadium 
species a t  that pH. Figure 1 shows that the second 
inflection point centers around pH 8. At that pH, the 
molybdate and phosphate species are present as Mood2- 
and HP042-, respectively. The vanadate species are 
present as HV042-  ion^.*^^ For H~[PMollV040], the 
first point of inflection confirms the presence of the 
theoretical four replaceable hydrogen ions since it 
occurs a t  4.1 moles of base added per mole of acid. 

(7) C. J. Hallada, G. A. Tsigdinos, and B. S. Hudson, submitted for publi- 

(8) F. J. C. Rossotti and H. Rossotti, Acta Chem. Scand., 10, 957 (1956). 
(9) K. Schiller and E. Thilo, Z. Anorg. Allnem. Chem., SlO, 262 (1961). 

cation in Inorg. Chem. 



440 GEORGE A. TSIGDINOS AND C. J ,  HALLAUA lnouyunic Chemistry 

The second point of inflection occurs a t  the addition of 
26 moles (pH -8.5) of base per mole of acid. Hence, 
the reaction can be written 
[ P M O I ~ V O I ~ ] ~ -  + 220H- + 

HPO4'- + llM004'- f HV04'- + lOHzO 

The titrations of the acids Hj  [ P M O ~ ~ V ~ O ~ ~ ]  and 
He [PMo9V3040] showed that these acids are penta- 
protic and hexaprotic, as expected. These data are 
also shown in Figure 1. Since anionic degradation is 
extremely slow at  25') the titration had to be performed 
at  80'. The hydrolytic stability of the molybdovana- 
dophosphate anions is remarkable in contrast to that of 
the [PRiI01~040] 3 -  anion, which undergoes degradation 
into simpler species even in acid solutions. 

Further corroboration of the charge of the [PXoll- 
V040]4- anion was obtained from the titration of Nar- 
[PMo~~VO~,,]  with base. First, the initial pH (3.6) of 
this solution ( 2  X M )  is the same as that found 
after four H +  ions of Hq[PMollV040] had been neutral- 
ized, the latter acid being of the same concentration. 
The single point of inflection occurs a t  pH -8.5 and 
corresponds to 21.3 equiv of base added, the theoretical 
being 22. This salt, as expected, is normal rather than 
acid. 

The titration of Hq[PMo11VO4~] with -0.1 ili' Na- 
OCH3, in methanol, showed a single point of inflection 
at the addition of 4 moles of sodium methoxide per 
mole of acid, indicating the tetrabasicity of the acid in 
this medium also. Despite the lower dielectric con- 
stant of methanol, differences in acidity of these four 
hydrogens were not resolved. 

The formulation by Krivy and Krtilj of the acid 
H7 [P(Mo207)jV2o6] 16H20 as tribasic, which was based 
on radiometric titration studies using cesium-137, is not 
tenable since the basicity of salts of heteropoly anions 
may be governed by packing considerations.1° For 
example, 12-tungstosilicic acid is tetraprotic, yet with 
cesium ion, only Cs3H [SiVi12040] * 2Hz0 is formed no 
matter what proportions of cesium salt and acid are 
mixed.l0 It is likely that cesium 10-molybdo-2-vana- 
dophosphate has the formula CssH2 [ P M o ~ o V Z O ~ O ] ~  
xH20, which is consistent with a charge of - 5 as found 
in this research. 

Spectra.--The infrared spectra of the compounds H3- 

Vz040] .:32H20, and H6 [PMo~V~O~,,]  .33H20 are shown 
in Table I. The peaks at  the 3400-3300- and 1610- 
1650-~m-~  regions correspond to those of water. Prob- 
able assignments for other peaks are 1055-1100 cm-I 
for P-0, 1000-900 cm-' (sharp) due to Mo-0, and 
finally 850-700 cm-I due to metal-oxygen-metal 
bridging. The V-0 absorption may be masked by that 
of Mo-0. These bands are in accordance with those 
observed for the nearly anhydrous acids of 12-hetero- 
polytungstate anions containing various central atoms.ll 
However, the strong absorption band found a t  
1170 cm-1 by Brownll and attributed to W-0 bonding 
was not found for the heteropolymolybdates examined 

[PMolzO4o] * 15Hz0, Hq [ P M o ~ ~ V O Q ] .  35H20, Hj  [PMolo- 

(lo) J. R. Santos, Proc. Roy .  SOL. (London), A160, 309 (1935). 
(11) D. H. Brown, Sgecluochim. Acta,  19, 585 (1962). 

TABLE I 
INFRARED SPECTRA OF h~OLYBDOVANBDOPHOSPHORIC ACIDSa 

Compound _-___ Absorption bands, cm-l------- 

3500 s, 1610 s, 1055 ms, 965 s, 895 s, br, 

3300 s, 1640 s, 1060 ms, 965 s, 890 s, hr, 

3400 s, 1650 s, 1100 ins, 950 s, 860 s, br, 

3350 s, 1650 s, 1100 ins. 960 s, 875 s, br 

Hs[PMo~aOro] .15Hz0 

HI[PMoIIT.'O~O] .35H20 

Hj[PMo1,,'C12O40] .32H20 

H6[PhIogTT3040] .33Ha0 

850-700 

830-700 

820-700 

830-710 
a s = strong, m = medium, br = broad. 

in this work. The strong band a t  1000-900 cm-I may 
be due to the independent Mo-0 bond present in heter- 
opoly compounds consistent with a value of 985 cm-1 
being found for an independent Mo-0 bond in the 
infrared spectra of anhydrous simple metal molyb- 
dates.12 Similarly, the peaks a t  850-700 cm-l cor- 
respond to the bridging Mo-0-110 bonding present in 
the heteropoly cage. Such peaks also appear in several 
metal molybdate spectra 

The visible and ultraviolet spectra of the three 
molybdovanadophosphoric acids show a characteristic 
absorption at  310 mp ( e  17,000-15,100) that is absent 
in the corresponding 12-molybdophosphoric acid. The 
presence of this absorption is probably associated n-ith 
the vanadium in the heteropoly cage. 

Differential Thermal Analysis (dta) and Thermo- 
gravimetric Analysis (tga).-The dta and tga results 
on H4 [ P M O ~ ~ V O ~ ~ ] ~  32H20 and Na4 [ P R I O ~ I V O ~ ~ ] ~  8H20 
showed that the 11-molybdo-1-vanadophosphate anion 
is stable up to 375'. The dta of the acid showed that 
water molecules are given off a t  25-50' and a t  65-150°, 
which is consistent with the fact that the acid begins to 
effloresce even a t  room temperature. 

Structural Considerations.-The three molybdo- 
vanadophosphate anions may have the Keggin type 
of structure proposed for the [PMOIZO~O]~-  and [PWIZ- 
O+o]d-  anion^,^^,^^ which have been further refined re- 
cently in the [ C O W ~ ~ O ~ ~ ] ~ -  anion.16 This is supported 
by the fact that the X-ray powder diagrams of the 
tricesium salts of the 12-tungstosilicate and 10-molybdo- 
2-vanadophosphate anions are identical. In this 
structure, the central atom is tetrahedrally coordinated 
to four oxygen atoms, which in turn are surrounded by 
twelve Moo6 or WOE octahedra. The total number of 
oxygen atoms within the anion is 40 The charge of the 
molybdovanadophosphate anions obtained by potentio- 
metric titrations lends further support to this formu- 
lation. 

An interesting case of structural isomerism could be 
present in [ P M O ~ ~ V ~ O ~ ~ ] ~ -  and [PMogV304ol6- as a 
result of the distribution of the vanadium atoms in the 
heteropoly cage. For example, in the lO-molybdo-2- 
vanadophosphate anion, the two vanadium atoms may 

(12)  G. M. Clarkand W. P. Doyle, i b i d . ,  22, 1441 (1966). 
(13) J. F. Keggin, Pvoc. Roy. SOL. (London), A144, 7 5  ( 1 0 , 4 ) .  
(14) A. J. Bradley and J. W'. Illingworth, ibid., A167, 113 (1930). 
(16) E. F. Yannoni. Ph.D. Dissertation, Boston University, 1961. 
(16) A. V. Ablov, T. I. Malinovskii, and V. I. Dedyu, Russ J .  1 i i u i . g .  

Chew., 4, 176 (1959). 
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The compounds BaMoO, and SrMo01 have been prepared by hydrogen reduction of the corresponding molybdates(V1). 
Magnetic susceptibilities, measured by the Gouy method, are positive, moderately large, and independent of temperature 
over almost the entire range between liquid helium and room temperature. After correction for diamagnetic constituents, 
the molar magnetic susceptibilities are 215 X cgs unit a t  290'K for BaMoO, and 201 X 10-6 cgs unit a t  291'K for 
SrMoOl. These values are considerably higher than expected on the basis of a free-electron gas model that would be con- 
sistent with the high metallic conductivity and low Seebeck effect observed. A narrow d-band model with nonparabolic 
density-of-states filling seems to be indicated, with the Fermi energy apparently lying a t  a minimum in the density-of-states 
curve. 

Introduction 
The transition metal oxide bronzes have proven to be 

valuable sources of information on the important 
problem of electron transport and magnetic interaction 
in transition metal oxides. The tungsten bronzes, 
M,W03, are slightly paramagnetic and metallic; the 
vanadium bronzes, M,VzOb, are magnetic and semi- 
conducting.2 Titanium bronzes, Na,Ti02, s and nio- 
bium bronzes, Sr,NbOa, though less well investigated, 
also apparently show metallic properties. Thus, 
there is a crude periodic correlation in that moving 
down a group or to the left in a period favors the ap- 
pearance of metallic behavior. The molybdenum 
bronzes, M,MoOa, are particularly interesting since 
they appear to be close to the line of semiconductor- 
to-metal transition. Blue potassium molybdenum 
bronze, K0.30M003, for example, shows a curious mix- 
ture of metallic paramagnetism and semiconductive- 
to-metallic conductivity.6 When, in connection with 
another investigation, we had occasion to synthesize 
samples of the metallic molybdates BaMoOa and Sr- 
Moos, i t  was thought useful to measure their magnetic 
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are reviewed in: R. P .  Ozerov, Us$. Khim., 24, 951 (1955): M. J. Sienko, 
"The Alkali Metals," Special Publication No. 22, The Chemical Society, 
London, 1967, p 429; M. J. Sienko, Advances in Chemistry Series, No. 39. 
American Chemical Society, Washington, D. C., 1963, p 224. 

(3) A. F. Reid and M. J. Sienko, Inoug. Chem., 6, 321 (1967). 
(4) D. Ridgley and R. Ward, J .  Am. Chem. Soc., 77, 6132 (1955). 
(5) G. H. Bouchard, Jr., J. Perlstein, and M. J. Sienko, Iltovg. Chem., 6, 

1682 (1967). 

susceptibility properties in the hope of gaining more 
insight into the nature of their electronic structure. 
Although they do not deviate from stoichiometry and, 
therefore, are perhaps not classifiable as true bronzes, 
they represent an important reference point in the 
series. 

Experimental Section 
Preparation of Samples .-The compounds were prepared by 

the hydrogen reduction method of Scholder and Brixner.6 
BaMoO4 and SrMoOc were made by precipitation from pH 10 
aqueous solutions of (NH4)zMoOa with the appropriate alkaline 
earth nitrate. After being dried overnight and fired in air 
to constant weight a t  SOO", the molybdates were heated under 
a slow stream of 85% argon-15yo hydrogen in scrupulously 
clean platinum boats. Reduction time was about 8-12 hr, a t  
950" for SrMoOg and 1000' for BaMoO3. Completeness of the 
reduction was monitored by weight loss and confirmed by weight 
gain on reoxidation. Agreement in each case was within 0.1% 
of the theoretical. X-Ray pictures taken with Cu Ka radiftion 
gave unit-cell spacings of 4.040 A for BaMoO3 and 3.975 A for 
SrMoO, in agreement with the reported values of B r i ~ n e r . ~  
Both materials were found to be highly conducting. 

Magnetic Measurements.-The apparatus was the same Gouy 
balance and cryogenic setup previously described.* Tubes were 
of quartz, 4 mm in diameter, and were filled to a height of about 
20 cm. Forces were measured with a Mettler H-6 microbalance 
over a field range from 1000 to 6000 G. Susceptibilities showed a 
slight field dependence (1lY0 for BaMoO3 and 13% for SrMoO,) 
compared to NiClz standard, so values of x were extrapolated 
to zero reciprocal field. The slopes of x vs .  H-l were about 13% 
greater a t  liquid helium temperature than a t  room temperature. 
Reproducibility of the extrapolated susceptibility a t  liquid 

(6) R.  Scholder and L. H. Brixner, Z .  Natuvforsch., lob, 178 (1955) 
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