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1:13 Heteropolyvanadates of Manganese (IV) and Nickel (IV)1 
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Abstract: The preparation and properties of the first heteropolyvanadates with transition metal central atoms 
and the first heteropoly anions with a 1:13 stoichiometry are reported. The complexes have been characterized by 
complete analysis of several salts, cryoscopy, magnetic susceptibility determination, and preliminary X-ray crystal-
lographic examination. The salts K7[Mn^Vi3O38]1ISH2O and K7[NiIVVi3038]-16H20 are isomorphous. Reduc­
tion of the manganate complex leads to an apparently isostructural mixed-valence anion [MnIVVvi2Viy038]8_. Al­
though unstable in solution, the reduced species has been characterized by analysis and optical and esr spectroscopy. 
A proposed structure for the anion in K7[MnVi3O38I-ISH2O, consistent with the observed unit cell symmetry, re­
quires 39 oxygen atoms (one constitutional water molecule). Two new Mn(II) double salts, K2Mn2[Vi0O28] • 12H2O 
and K4Mn[Vi0O2S]-IOH2O, have been prepared. 

There are currently between 100 and 200 reasonably 
well-established heteropoly anions of molybdenum 

and tungsten. With the possible exceptions of the 12-
vanadophosphate anion3 and some vanadium-substi­
tuted polytungstates and molybdates,4 there are no con­
firmed examples of heteropoly anions with other ad­
denda. In order to examine the factors contributing to 
the structures and stabilities of isopoly and heteropoly 
anions, we are making a systematic investigation of 
heteropoly anions of the group V transition elements. 
Recently, heteropolyniobates of manganese(IV) and 
nickel(IV),6-7 a manganese(IV) heteropoly compound 
with both niobium and tantalum,7 and chromium and 
cobalt(III) complexes with ethylenediamine and hex-
aniobate8 have been characterized. We now report 
the preparation and characterization of vanadomanga-
nate(IV) and -nickelate(IV) heteropoly anions with the 
unexpected stoichiometry M(IV): V = 1:13, together 
with a mixed-valence reduction product of the man-
ganate(IV) complex. 

Experimental Section 
Reagents. Potassium metavanadate was prepared by reaction 

of vanadium(V) oxide (1 mole) with potassium carbonate (1 mole) 
in aqueous solution. Hydrogen peroxide was added to assist 
dissolution of the V2O3. After removal of a small amount of dark 
residue, the product was precipitated by evaporating the solution 
to about 300 ml. It was isolated, washed with cold water followed 
by 95% ethanol, and air dried at room temperature or at 100-120°. 
Further evaporation of the reaction solution yielded more product. 
Anal. Calcd for KVO3: V, 36.9. Found: V, 36.8,37.1. 

Sodium pyrovanadate (Na4V2O7-ISH2O
9) was prepared in the 

same way as KVO3, substituting 4 moles of NaOH for the K2CO3. 
Final evaporation to about 600 ml and cooling in the refrigerator 
yielded the product, which was isolated, washed with ethanol-
water followed by 95 % ethanol, and air dried at room temperature. 
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Additional product was obtained by evaporating the reaction solu­
tion. The compound forms colorless leaflets. Anal. Calcd for 
Na4V2O7-18H2O: V, 16.17. Found: V, 16.19,16.21. 

Buffer solutions covering the pH range 2-6 were prepared by 
neutralizing the appropriate acid (sulfuric, dichloroacetic, mono-
chloracetic, formic, or acetic) with potassium or sodium carbonate. 

Solutions of sodium or ammonium hexacyanoferrate(II) were 
prepared by neutralizing a solution of the free acid prepared from 
the potassium salt by ion exchange on Dowex 50W-X8. All other 
reagents used were commercial products. 

Potassium Trivanadate (KV3O8). The light yellow-orange in­
soluble compound was prepared by heating a suitably acidified 
KVO3 solution.10 Its X-ray powder pattern agreed with that given 
by Kelmers.'' 

Potassium Zinc Decavanadate. A solution of KVO3 acidified 
with acetic acid to a pH near 5 was treated with a zinc nitrate 
solution10 (Zn:V = 1:5); the product precipitated quickly. Anal. 
Calcd for K2Zn2V10O28-IeH2O: V, 36.0. Found: V, 35.0, 
34.9. 

Potassium Manganese(II) Vanadates. Solutions of KVO3 
in acetic acid-potassium acetate solutions (KVO3: HOAc: KOAc 
= 3:5:5 and 3:10:2) were treated with manganese(II) sulfate 
solution and the products allowed to crystallize. For a particular 
Mn:V ratio, the products at the two acidities were the same. At 
Mn: V = 1:12, orange crystals (crusts or chunky individuals) were 
obtained. Anal. Calcd for K4MnV10O28-IOH2O: K, 11.6; Mn, 
4.07; V, 37.8. Found: K, 11.8, 12.4; Mn, 4.10, 4.10; V, 37.6, 
37.7. At Mn:V = 1:4, golden yellow rods or needles were ob­
tained. Anal. Calcd for K2Mn2Vi0O28- 12H2O: K, 5.73; Mn1 
8.08; V, 37.4. Found: K, 6.2, 6.6; Mn, 7.96, 8.00; V, 37.6, 
37.6. A mixture of these products was obtained at Mn:V = 1:6 
(identified by microscopy and X-ray powder pattern). 

Potassium Nickel(II) Vanadates. Substitution of NiSO4 for 
MnSO4 in the above experiment gave only one compound as 
orangish yellow powder or greenish-tinged yellow-orange crystals. 
Anal. Calcd for K2Ni2Vi0O28-16H2O: Ni, 8.37; V, 36.3. Found: 
Ni, 7.69, 7.71; V, 35.2, 35.4. The X-ray powder pattern and 
crystal habit are very similar to those of the corresponding zinc com­
pound. 

Potassium 13-Vanadomanganate(IV). A solution of 35.9 g 
(0.26 mole) of KVO3 in 900-1000 ml of hot water was treated with 
20 ml of 1 F nitric acid, 20 ml of 1.0 F manganese(II) sulfate, and 
10.8 g (40 mmoles) of potassium peroxydisulfate, in that order. 
The mixture was kept near 80° and stirred while reaction proceeded 
and the solution evaporated. Sometimes a brown-red precipitate 
formed initially; it later redissolved giving an orange-red to brown­
ish red solution. Later a brown-red to brown precipitate formed 
again; this appeared to be a mixture OfV2O5, Mn oxide, and KV3O8. 
After 5-7 hr the volume of the reaction mixture was about 300 ml; 
at this point the mixture was filtered and treated with 40 ml of 1 F 
potassium acetate. After standing overnight, the bright red-orange 
crystalline product was collected and washed with a little 0.5 F 
potassium acetate-0.5 F acetic acid. It was recrystallized once or 
twice from 0.5 F potassium acetate-0.5 F acetic acid to give char-

(10) H. T. Evans, Jr., Inorg. Chem., 5, 967 (1966). 
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acteristic bright red-orange octahedral crystals, often in columnar 
growths. These were washed with ethanol-water followed by 95 % 
ethanol and air dried. 

The brown-red precipitate formed in the early stage of the above 
reaction could also be produced by heating manganese(II) and vana­
date (e.g., 40 mmoles of KVO3, 10 mmoles of acetic acid, and 10 
mmoles of MnSO4 in 400 ml of water; the precipitate formed 
within 10-20 min, leaving a yellow solution, and no further reaction 
occurred in 1 hr). The product was filtered, washed with water, 
and air dried. Anal. Calcd for MnV2O6 -4H2O: Mn, 16.91; 
V, 31.4; H2O, 22.2. Found: Mn, 16.85, 16.89; V, 30.9, 31.2; 
H2O, 22.4. 

Sodium 13-Vanadomanganate(IV). A solution of peroxydi-
sulfuric acid was prepared from a solution of 9.2 g (40 mmoles) of 
ammonium peroxydisulfate in 40 ml of water by ion exchange on 
Dowex 50W-X8. A solution of 0.26 mole of NaVO3 (prepared 
from NaHCO3 and V2O5) in ca. 700 ml of hot water was treated with 
20 ml of 1 F HNO3 and 20 ml of 1.0 F MnSO1, followed by a solu­
tion of 40 mmoles of Na2S2O8 (prepared by neutralizing the acid 
with NaHCO3). The reaction was carried out as for the potassium 
compound. The final filtered solution (ca. 200 ml) was treated 
with 3.2 g (40 mmoles) OfNaHCO3, followed by a solution of 0.10 
mole each of sodium acetate and acetic acid in 40 ml of water. 
After standing for a day, the product was separated and recrystal-
lized twice from 1 F sodium acetate-1 F acetic acid. In the isola­
tion of the compound, final washing with 4:1 v/v ethanol-water 
preserved the bright red-orange crystals; thorough washing with 
95% ethanol caused the crystals to crumble to an orange powder. 
The crystals were stored over sodium sulfate decahydrate. 

If Na4V2O7-ISH2O was used as the starting material, 0.20 mole 
OfHNO3 was added, and the persulfate was added as the acid. 

Ammonium 13-Vanadomanganate(IV). Reaction of NH4VO3, 
HNO3, MnSO4, and (NH4)2S2Os was carried out as in the prepara­
tion of the potassium salt. At the end of the reaction (volume of 
mixture ca. 200 ml), 3 g (40 mmoles) of ammonium acetate was 
added and the solution was filtered. It was further evaporated to 
about 100 ml, then allowed to stand. After a few days it had evap­
orated to about 50 ml and much solid had crystallized. The crude 
product was recrystallized from 0.5 F ammonium acetate-0.5 F 
acetic acid. Slow evaporation of the solution at room tempera­
ture gave large bright red-orange rhomb-based pyramidal crystals. 
Washing with ethanol-water mixture (more than 50% ethanol) 
caused the crystals to crumble; the solid was ground under portions 
of 95% ethanol before air drying. The large crystals could be 
preserved by washing with ice-cold 50% v/v ethanol-water, blotting 
dry, and storing in the refrigerator in a tightly closed container. 

Attempted Preparation of Lithium 13-Vanadomanganate(rV). 
Two grams of potassium 13-vanadomanganate(IV) was dissolved 
in 30 ml of water containing one drop of 5 F acetic acid. The 
solution was converted to the lithium salt by ion exchange with 
Dowex 50W-X8. The eluted solution was treated with a solution 
made from 0.7 g (10 mmoles) of lithium carbonate and 8 ml of 5 F 
acetic acid. Evaporation to about 5 ml and storage in the re­
frigerator for 2 months failed to yield crystals, although no de­
composition appeared to occur. 

Potassium 13-Vanadonickelate(IV). The preparation was carried 
out as for the manganese compound, substituting nickel(II) sulfate 
for the MnSO4. The reaction mixture gradually became very dark 
red-brown over a ca. 5-hr period, during which it evaporated to 
about 300 ml. The mixture was filtered, and isolation and re-
crystallization of the product were performed in the same way as 
for the manganese compound, except that acetone was substituted 
for ethanol in washing. The compound has the same crystal habit 
as the manganese compound, but is colored black (small crystals 
under the microscope are deep cherry red). 

Reduction of 13-Vanadomanganate(IV) by Hexacyanoferrate(II). 
a. Potassium Salt. A solution containing 5.8 g (3 mmoles) of 
potassium 13-vanadomanganate(IV), 60 mmoles of potassium ace­
tate, and 60 mmoles of acetic acid in 300 ml water was treated with 
30 ml of 0.1 F potassium hexacyanoferrate(II). The orange solu­
tion immediately turned dark yellowish green, and in a few seconds 
a lustrous dark yellowish green precipitate began to form. After 
stirring the mixture for about 5 min, the precipitate was isolated 
(yellow filtrate) and washed successively with 0.2 F potassium ace-
tate-0.2 F acetic acid, ethanol-water, and 95 % ethanol, then air 
dried. The product is an olive-tinged green to lustrous dark green 
powder. 

b. Ammonium Salt. A solution of 5.3 g (3 mmoles) of ammo­
nium 13-vanadomanganate(IV)-18-water, 40 mmoles of ammonium 
acetate, and 20 mmoles of acetic acid in 100 ml of water was cooled 

to ca. 5° and treated with 30 ml of cold ammonium hexacyano-
ferrate(II). Reaction occurred as for the potassium compound. 
After about 10 min the product was isolated and washed with 
ethanol-water, followed by 95% ethanol, and air dried. The dark 
brownish green powder was contaminated by some light colored 
flocculent precipitate. Because of instability in solution, the com­
pound cannot be purified. 

Reduction of 13-Vanadomanganate(IV) by Vanadyl(IV). Po­
tassium and ammonium 13-vanadomanganates(IV) were treated 
with 0.2 F vanadyl(IV) sulfate solution in procedures like those with 
hexacyanoferrate(II), giving products similar in appearance, except 
that the ammonium salt was brighter green with olive tinge. The 
filtrate from the potassium salt was green-brown. 

Analytical. General. Determinations were nearly always done 
at least twice. Analytical procedures for manganese, nickel, 
and vanadium were found to be reliable by testing known mixtures, 
e.g., 10 V/Mn. 

a. Vanadium. The aqueous solution of the sample was treated 
with sulfuric acid and reduced to V(IV) with sodium sulfite. The 
vanadium was then determined with permanganate. Alternatively, 
the sample solution was treated with Dry Ice to exclude oxygen, 
and potassium iodide and sulfuric acid were added. The iodine 
released was titrated with sodium thiosulfate. 

b. Manganese Compounds. The aqueous solution of the 
sample was decomposed by heating with sodium hydroxide and 
hydrogen peroxide. The manganese oxide precipitate was then 
filtered, washed, and dissolved with hydrogen peroxide and nitric 
acid. The manganese was determined with EDTA at pH 10 using 
Eriochrome Black T indicator. The filtrate from the alkali de­
composition was acidified, heated to decompose peroxides, and 
reduced to V(IV). The vanadium was then determined by perman­
ganate. As a check, manganese was also determined spectrophoto-
metrically12 for potassium 13-vanadomanganate(IV). 

c. Nickel Compounds. Dissolution of the nickel(II) compound 
was speeded by addition of a little sulfuric acid. For the nickel(IV) 
compound, addition of a little sulfuric acid caused reduction to 
nickel(II). The solution was then buffered to pH 10 and the nickel 
determined with EDTA, using murexide as indicator. The solution 
was subsequently acidified and the vanadium determined ido-
metrically. 

d. Cations. For salts of stable anions, the aqueous solution 
was passed through a column of Dowex 1-X2 in the chloride form. 
The eluted solution was then titrated potentiometrically with silver 
nitrate. Potassium was determined as the tetraphenyl borate. 
Ammonium was determined by distillation of ammonia from 
sodium hydroxide solution into excess boric acid followed by titra­
tion with perchloric acid using methyl red as indicator. 

e. Water. Weight loss on heating to ca. 120-150° and to 400-
450° was determined for several compounds. At 400-450° all 
the compounds were decomposed, usually with fusion. Correction 
of these weight losses for oxygen lost on reduction of the hetero-
atom to the 2+ state13 gave the water contents. 

f. Oxidation State. The following procedure was found to give 
reliable results: an aqueous solution of the sample was placed 
into a semimicro distillation apparatus. About 20 ml of carbon 
tetrachloride followed by 10 ml of a solution 0.5 F in sulfuric acid 
and 0.2 F in potassium bromide were added. The bromine formed 
through reduction of Mn or Ni to the 2+ state was distilled with 
the carbon tetrachloride into a potassium iodide solution, and the 
liberated iodine titrated with 0.02 F sodium thiosulfate. Vana-
dium(V) is not reduced under these conditions. The reliability of 
the procedure was confirmed by reduction of aliquots of potassium 
permanganate solution. 

Acid-Base Titrations. Samples of the salts were titrated with 
sodium hydroxide or perchloric acid at 0-5, 20-25, or ca. 80°, using 
a Corning Model 7 pH meter and a glass electrode. 

Reduction of 13-Vanadomanganate(IV). Solutions of the po­
tassium salt were titrated potentiometrically with potassium hexa-
cyanoferrate(II) solution or with vanadyl sulfate solution. A plat­
inum wire indicator electrode was used against a saturated calomel 
electrode. 

Identification of Products. Qualitative identity and purity of 
compounds were determined by microscopy and by X-ray powder 
diffraction. In syntheses, attempts were always made to get well-
crystallized specimens so as to check their purity more reliably. 

(12) I. M. Kolthoff and P. J. Elving, Ed., "Treatise on Analytical 
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1961, pp 480-483. 
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Compound 
(formula wt) M' M6 H2O' 

Oxidation* 
state M'/M V/M 

Material 
balance 

K7MnV13O38-18H2O 
(1923.1) 

Na1MnVnO3, -24H2O 
(1918.4) 

(NHi)7MnVi3O38-5H2O 
(1541.5) 

K7NiVi3O38-16H2O 
(1896.9) 

(NH1V5Hc5MnVi3O38^H2Oe 
(1587.1) 

K7.6H0.5MnVi3O38-17H2O" 
(1925.2) 

K7.5Ho.5MnVi3.5039- 16H2O" 
(1948.6) 

Found 
Calcd 
Found' 
Calcd 
Found' 
Calcd 
Found 
Calcd 
Found 
Calcd 
Found 
Calcd 
Found 
Calcd 

14.2(1)' 
14.2 
8.35(4) 
8.39 
8.29(4) 
8.19 

14.6(1) 
14.5 
8.49 (3) 
8.05 

15.0(1) 
15.2 
15.2(1) 
15.0 

2.88(2)/ 
2.86 
2.86(2) 
2.86 
3.60(2) 
3.56 
3.10(2) 
3.10 
3.44(2) 
3.46 
2.82(1) 
2.85 
2.83(1) 
2.82 

34.8(2) 
34.4 
34.9(2) 
34.5 
42.7(2) 
42.9 
34.8(1) 
35.0 
42.1 (3) 
41.7 
34.5(1) 
34.4 
35.4(1) 
35.3 

16.9(1) 
16.9 
22.0(3) 
22.5 
(6.1)« 
5.8 

14.8(4) 
15.2 
(7.7)'' 
7.9 

15.9(1) 
16.1 
14.8)'' 
15.0 

3.99(2) 
4.00 

4.00 

4.00 
3.99(2) 
4.00 

3.00 
3.10(5) 
3.00 
2.61(2) 
2.50 

6.98 

7.01 

7.54 

7.47 

7.57 

13.17 

12.78 

7.07 12.94 

13.24 

13.26 

13.48 

100.8 

100.1 

99.3 

99.8 

• M' = K, Na, or NH4.
 b M = Mn or Ni. c Corrected for loss of oxygen, MO2 to MO. d Referred to Mn (or Ni). ' Error of experi­

mental results in units of last significant figure. ' 2.85 % by spectrophotometry. » Reduced by VOSO4. * Reduced by K4Fe (CN)6. * Cal­
culated by difference. ' Product washed with 95 % ethanol. 

X-Ray powder data were recorded with a Picker powder diffract-
ometer with Cu Ka radiation at 2°/min with a 3-sec time constant. 

Optical Spectra. Spectra of solutions and of solids pressed in 
KBr pellets were recorded on a Cary 14 spectrophotometer over the 
range 200-1200 nm. 

Cryoscopy in Saturated Sodium Sulfate Solution. The molec­
ular weight of the vanadomanganate(IV) species (as the sodium 
salt) was determined by depression of the transition point of the 
system Na2SO4-IOH2O-Na2SO4-H2O. The apparatus has been 
described.14 The molal depression constant was determined with 
sodium chloride as 1.8 ± 0.1° per 1000 g of water in solution. 
This compares with 1.89° found by Rollins and Baker15 and with the 
thermodynamically derived value, 1.771°, given by Fernandez-
Prini and Prue.16 Results were (Na7MnVi3038-24H20 concentra­
tion in g/kg water, temperature depression): 29.34, 0.022; 40.54, 
0.038; 61.56,0.059. 

Chromatography. A column of Sephadex G-25 (fine), 2.5 X 
45 cm, was employed. A solution 0.1 F in acetic acid and 0.1 F 
in potassium or sodium acetate was used as the eluting agent. 

Magnetic Susceptibility. Measurements were made at room 
temperature on a Faraday-type apparatus by Professor A. N. 
Thorpe and coworkers, Physics Department, Howard University. 

Electron Spin Resonance. Aqueous solutions frozen in liquid 
nitrogen were examined on a Varian V-4500 spectrometer by Dr. 
Hideo Kon, of the National Institute of Arthritis and Metabolic 
Diseases, National Institutes of Health. Solids were examined 
on a Strand Labs spectrometer by Joseph Killiany, Physics De­
partment, Georgetown University. 

Results and Discussion 

Manganese(II) and Nickel(II) Compounds. No evi­
dence was obtained for stable heteropoly complexes of 
manganese(II) or nickel(II) with vanadate. With po­
tassium ion, nickel(II) gives the double salt K2Ni2Vi0-
028- 16H2O, found by morphology and powder diffrac­
tion to be isomorphous with K2Zn2Vi0O2S

-ISH2O. 
From the crystal structure of the latter,10 the constitu­
tion is K2[Ni(OH2)B]2[V10O28]^H2O. Radau17 and 
Fock18 obtained a manganese compound K2Mn2Vi0-
O28- 16H2O, described as red crystals. A compound 
satisfying both this composition and description was 
not obtained here. Two compounds were obtained 
here, K2Mn2Vi0O28- 12H2O (yellow rods or needles) and 
K4MnVi0O28-IOH2O (orange crystals in crusts). The 
powder patterns of these differed considerably from 
those of K2Ni2Vi0O28- 16H2O or the zinc compound. 

(14) G. A. Tsigdinos, Ph.D. Dissertation, Boston University, 1961. 
(15) O. W. Rollins and L. C. W. Baker, Inorg. Chem., 8, 397 (1969). 
(16) R. Fernandez-Prim and J. E. Prue, / . Chem, Soc, A, 1974 

(1967). 
(17) C. Radau, Ann. Chem., 251, 114 (1889). 
(18) A. Fock, Z. Kristallogr., 17, 1 (1897). 

Preparation of Manganese(IV) and Nickel(IV) Com­
plexes. The slow reaction of manganese(II) ion, iso-
polyvanadate, and a moderate excess of peroxydisulfate 
ion is an efficient synthetic route to the new 13-vanado-
metallate(IV) complexes. Starting with vanadium: 
heteroatom ratios of 12:1 or 13:1 leads to yields of up 
to 70% for the manganate and around 60% for the 
nickelate. The 13-vanadomanganate(IV) complex is 
also formed starting with V: Mn as low as 10:1 or as 
high as 20:1, but in reduced yield. The synthesis reac­
tion appears to proceed efficiently in the pH range 3-5. 
At a pH near 6, manganese(II) metavanadate precipi­
tates and does not react further, while at a pH near 2, 
lower heteropoly species (see below) are formed. At­
tempts to prepare the manganate by other methods, 
e.g., with chlorine, hypochlorite, or hydrogen peroxide 
as oxidizing agent, through reduction of permanganate, 
or with manganese(II)-permanganate mixtures, all led 
to formation of much brown colloid and precipitate of 
manganese oxides. 

Stoichiometry and Constitution. The unexpected 
13:1 stoichiometry for these heteropoly complexes is 
based primarily on the analytical data for three vanado-
manganate salts and one vanadonickelate salt, shown in 
Table I. The closest 12:1 formulation gives a dis­
tinctly poorer fit to the data, as the following compar­
ison shows. Anal. Calcd for K6MnVi2O3S-16H2O: 
K, 13.4; Mn, 3.14; V, 34.9; H2O, 16.5. Found: K, 
14.2; Mn, 2.88; V, 34.8; H2O, 16.9. The possibility 
of contamination by isopolyvanadates is unlikely in 
view of the satisfactory preparations using different 
V: Mn ratios. The average results for two prepara­
tions of the potassium salt starting with a 20:1 ratio 
were (after two recrystallizations) Mn, 2.88 ± 0.01; V, 
34.6 ± 0 . 1 ; V/Mn, 12.99. 

The manganese and nickel are shown by the analyti­
cal data to possess the 4 + oxidation state (Table I). 
The equivalent weight calculations in Table Il also sup­
port the 13:1 stoichiometry. 

The electronic absorption spectra of the 13-vanado-
manganate(IV) and -nickelate(IV) show no maxima and 
consist of absorption continuously increasing with en­
ergy through the visible and ultraviolet. There is no 
evidence for a manganese(IV) d-d transition expected 
near 450 nm, as appears in the 9-molybdomanga-
nate(IV)19 and 12-niobomanganate(IV),3-7 in aqueous 
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Table II. Equivalent Weights" of Heteropolyvanadate Salts 

Equivalent weights 
Composition M = Mn M = Ni 

K6M1Wi2O35- 16H2O, calcd 875 877 
K,MIVV13038-18H2O, calcd 962 964 
K7HM111V13O38-18H2O, calcd 1924 1928 
Experimental (mean of three detns) 963 ± 10 952 ± 7 

° With respect to reduction of the heteroatom to the 2 + oxida­
tion state. 

or glycerin-ethanol solutions or in KBr disks. This is 
attributed to masking by the relatively intense absorp­
tion due to the vanadate (e ca. 3000 at 450 nm). 

The room-temperature magnetic susceptibility of 
K7[MnV13O88]-18H2O was (3.31 ± 0.03) X 10~6 emu/g. 
That of the corresponding nickelate was (0.00 ± 0.02) 
X 10-6 emu/g. Taking the susceptibility of the nickel 
compound as the diamagnetic correction to the suscep­
tibility of the manganate,20 the derived molar suscepti­
bility is 6360 X 1O-6 emu/mole. The effective magnetic 
moment is then 3.91 BM, in agreement with the value 
3.88 BM calculated for a high-spin d3(Mn(IV)) config­
uration. 

No esr signals were obtained from the 13-vanado-
manganate in solution or solid state at room tempera­
ture. At liquid nitrogen temperature, a broad asym­
metric signal at g roughly 4.0 was obtained. Frozen 
solutions of both 12-niobomanganate(IV) and 9-molyb-
domanganate(IV) were previously found to give broad 
asymmetric signals at g values of 3.8.5 

The constitution of these compounds as salts con­
taining monomeric 13:1 heteropoly anions is based 
upon the following evidence. (1) Four salts were ob­
tained as pure well-crystallized substances, and all 
analyzed as 13:1 V: M(IV) compositions. (2) The 
manganese in K7[MnVi3O3S]- 18H2O is anionic to better 
than 99.5% by ion exchange. (3) Cryoscopy of Na7-
[MnVi3O3S] -24H2O in the sodium sulfate-water system 
gave an average molecular weight of 2000 ± 200. This 
agrees well with the presence of 1 mole of cryoscop-
ically active ions per mole of salt, and in particular dis­
counts the presence of low molecular weight species to 
which this procedure is very sensitive. (4) While 
chromatography on Sephadex led to partial separation 
of species, this is attributed to reduction and decom­
position of the complex by the column material. The 
forward fractions containing the orange complex gave 
the characteristic octahedral crystals on evaporation 
with potassium nitrate. (5) Preliminary unit cell data 
for K7[MnVi3O38]- 18H2O show the crystals to be body-
centered tetragonal, a = 11.38 ± 0.01 A, c = 19.65 ± 
0.02 k,Z = 2, </expti = 2.37 g/cm3, c?Caicd = 2.51 g/cm3. 
(6) Potassium 13-vanadonickelate(IV) is isomorphous 
with the manganate by crystal morphology and X-ray 
powder diffraction. 

Chemical Properties. The solid salts appear stable 
indefinitely, although the higher hydrates of the sodium 
and ammonium salts are very efflorescent, and the 

(19) L. C. W. Baker and T. J. R. Weakley, / . Inorg. Nucl. Chem., 28, 
447 (1966). 

(20) An estimation of the diamagnetism was made by combining 
the magnetic susceptibilities of the component oxides. The result was 
positive (paramagnetic) due to the high-temperature-independent para­
magnetism of vanadium(V) oxide. The effectively zero susceptibility of 
the nickel compound indicates the magnitude of TIP in the heteropoly 
compound. 

potassium salts seem to be slightly efflorescent. In 
solution, both the manganate and nickelate are most 
stable in the approximate pH range 3-6. Mean ana­
lytical results for material recrystallized from buffers of 
pH 3, 4, 5, and 6 were Mn, 2.88 ± 0.02; V, 34.8 ± 0.3; 
V/Mn, 13.07. The manganate is stable indefinitely, 
and the nickelate decomposes slowly, within this pH 
range. The 13-vanadonickelate is perhaps more stable 
than the 9-molybdonickelate(IV) and definitely more 
stable than 12-niobonickelate(IV), decomposition being 
incomplete in 6 months at a pH near 5. At a pH near 
2, 13-vanadomanganate(IV) is converted to a dark red 
complex (V: Mn = 11:1), which has been isolated and 
is under investigation. Vanadium(V) hydrous oxide 
is also a product of the decomposition. Decomposition 
of the nickelate at pH 2 apparently does not give an 11:1 
species; vanadium(V) oxide is formed and part of the 
original complex is recovered. At a pH >6 , solutions 
of both complexes darken in color and ultimately de­
compose to isopolyvanadates with precipitation of the 
manganese or nickel as dark brown or black precipi­
tates, respectively. The alkaline decomposition is slow 
at room temperature and fast in boiling solutions, 
analogous to the situation with isopolyvanadates.21 

The solubility of potassium 13-vanadomanganate(IV) 
at room temperature appears to be 0.03-0.04 M in 
water and 0.005-0.01 M in 0.5 M potassium acetate-0.5 
M acetic acid. The solubility of the nickelate salt is 
comparable. The manganate complex is precipitated 
by cesium, barium, guanidinium, and silver ions, but 
not by mono-, di-, tri, or tetramethylammonium ions. 
The silver salt is not very insoluble; no inflection oc­
curred in a potentiometric titration of the potassium 
salt with silver nitrate. The order of solubility of alkali 
salts appears to be Cs < K < Na < NH4 < Li. 

The results of dehydration of the 13-vanadomanga-
nate(IV) salts are given in Table III. With the possible 

Table III. Dehydration of 13-Vanadomanganate(IV) Salts 
at ca. 140° 

Reaction 

K7MnV13O38-18H2O to 
dihydrate 

Na7MnV13O3S-29H2O-
to dihydrate 

Na7MnV13O38-24H2O to 
dihydrate 

(NHi)7MnV13O3S-ISH2O" 
to dihydrate 

(NH4)7MnV1303s-5H20 
to anhydrous 

Wt loss 
calcd 

15.0 

24.2 

20.7 

18.26" 

5.84" 

Wt loss 
found 

15.3 ± 0.2 

24.2 ± 0.1 

20.5 ± 0.1 

18.0 ± 0.2 

6.1 ± 0.1 

" Orange crystals stored over sodium sulfate decahydrate. Total 
water content: found, 25.8 ± 0.1; calcd, 26.0. b Large crystals 
stored in refrigerator. " Calcd for loss of 16H2O + 2NH3, 18.15. 
i Calcd for loss of 3H2O + 2NH3, 5.72. 

exception of the ammonium salts, some water remains 
at ca. 140°. However the ammonium salts could lose 
ammonia as well as water; the data do not distinguish 
this possibility (see footnotes to Table III). These re­
sults suggest the presence of constitutional water in the 
complexes. 

(21) Mi T. Pope and B» W. Dale, Quart, ReVi (London), 22, 527 
(1968). 
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Titrations of solutions of 13-vanadomanganate(IV) 
or -nickelate(IV) with perchloric acid at room tempera­
ture show no evidence for protonation reactions. De­
composition sets in at a pH near 2. Titrations of hot 
solutions of either complex with sodium hydroxide show 
only two breaks in the curves at pH values near 7 and 
9.5, corresponding to the respective reactions 

[MIVViS038]'- + 6OH- —>• MIV02 + 13VO3- + 3H2O 

VO3- + OH- —>• HVO4 »-

The breaks were not sharp, so that confirmation or 
denial of the 13:1 stoichiometry could not be obtained 
from the base titrations. 

Since the dehydration results suggest the existence of 
constitutional water in the complexes, one might expect 
deprotonation of the presumed species (e.g., [H2MnVi3-
O39]

7-) to be observed in titrations with base. How­
ever, automated titrations with 0.05 N sodium hydrox­
ide at 0-5° failed to show evidence of deprotonation re­
actions; the curves appeared no different from those 
given by addition of the sodium hydroxide to the same 
volume of water. 

The 13-vanadomanganate(IV) anion is not reduced 
by bromide ion, but is reduced slowly by iodide ion and 
quickly by vanadyl(IV) or hexacyanoferrate(II) ions. 
Excess hydrogen peroxide decomposes the complex. 
Although reaction with iodide is too slow to note color 
changes in solution, recrystallization of potassium 
13-vanadomanganate(IV) from iodide-containing solu­
tions in the pH range 4-5 gives brown to black to dark 
green octahedral crystals, brown to brownish green 
square plates, and yellow prismatic crystals (micro­
scopic observations). The yellow prisms are evidently 
an isopolyvanadate product. However, green products 
are obtained rapidly and in high yield when vanadyl(IV) 
or hexacyanoferrate(II) is employed as reductant, es­
pecially when potassium salts are used. The green spe­
cies is unstable in solution and is apparently in equilib­
rium with the reactants, judging from spectra taken at 
various concentrations. With potassium salts, the 
solubility of the product is low, and the reaction is 
driven to completion. Potentiometric titrations of 
potassium 13-vanadomanganate(IV) were done with 
vanadyl(IV) sulfate or potassium hexacyanoferrate(II) 
in acetic acid-potassium acetate buffer solutions. With 
vanadyl(IV) sulfate, endpoints were not reproducible, 
and the solutions at the endpoint were green. With 
hexacyanoferrate(II), fairly reproducible end points 
were obtained in the more concentrated solutions; the 
solutions at the end point were yellow. The average 
consumption of cyanoferrate(II) in these titrations was 
0.99 ± 0.06 mole Of[Fe(CN)6]

4- per mole of 13-vanado-
manganate(IV), showing that a one-electron reduction 
occurs to produce the green species. Addition of more 
reductant to a mole ratio of 3:1 gave no further reac­
tions. 

The 13-vanadonickelate(IV) is reduced by iodide and 
by hydrogen peroxide, although the reactions are not 
immediate at room temperature. Vanadyl(IV) and 
hexacyanoferrate(II) ions reduce the nickel(IV) com­
plex quickly to Ni(II), with no evidence of formation of 
species analogous to the green reduced manganate. 

Properties of the Reduced 13-Vanadomanganate 
Species. The green complex is formed only transiently 
on reduction at a pH near 3, but is sufficiently stable 
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Figure 1. Solid-state spectrum (in KBr disk) of the reduced form of 
potassium 13-vanadomanganate(I V). 

in the pH range 5.0-5.5 to permit recording spectra. 
The potassium and ammonium salts of the green com­
plex were isolated; analytical data are given in Table 
I. The results indicate that the 13:1 stoichiometry is 
preserved on reduction. The somewhat high V: Mn 
ratios found could be due to formation of a 14:1 com­
plex or to contamination with excess vanadium(IV) or 
-(V), especially in the products from vanadyl(IV) reduc­
tion. The products of both reductions gave yellowish 
green aqueous solutions, but the solution of the cyano-
ferrate(II)-reduced product turned yellow in a few min­
utes, while that of the vanadyl(IV)-reduced product re­
mained green much longer. The potassium salt is 
nearly insoluble in potassium acetate-acetic acid solu­
tions at room temperature; heating the mixture gave an 
orange solution which on cooling and evaporation 
yielded potassium 13-vanadomanganate(IV) as well as 
other crystalline material, apparently either or both of the 
two manganese(II) double isopoly salts described above. 
The powder diffractograms of the reduced and unre­
duced potassium salts are virtually identical, indicating 
that the compounds are isomorphous. These results, 
as well as the apparent solid solution formation of the 
reduced species in the crystals of the unreduced potas­
sium salt, and the results of the reduction titration, in­
dicate that the green complex is a one-electron reduc­
tion product of 13-vanadomanganate(IV). 

The optical spectra of a solution of the reduced 
13-vanadomanganate complex and of the potassium 
salt in a KBr disk are essentially identical. Figure 1 
shows the solid-state spectrum. A maximum occurs at 
685 ± 5 nm (14,600 cm"1) and a shoulder at ca. 1000 nm 
(10,000 cm-1)- Because of instability, the absorptivity 
in solution could not be determined, but it appears to be 
at least 500 at the 685 nm maximum. 

Solid reduced potassium 13-vanadomanganate gave 
a symmetrical broad esr signal, g = 1.98. Frozen solu­
tions (770K) gave very similar spectra for both the 
cyanoferrate(II) and vanadyl(IV)-reduced products. 
Some indication of hyperfine structure was detectable 
in the frozen solution spectra. 

Structural Considerations. The diamagnetism of the 
nickelate(IV), coupled with the isomorphism of the 
potassium salts, shows that the M(IV) atoms are in 
octahedral sites in these complexes. Dehydration of 
the potassium and sodium 13-vanadomanganate(lV) 
salts at 140° (Table III) suggests the presence of no 
more than two molecules of constitutional water in the 
anions. A possible structure, based upon edge-shared 
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Figure 2. (A) Arrangement of VO8 octahedra in the proposed 
structure for MVi3O39

8-. (B) Same structure, "exploded" along the 
C4 axis, showing the location of the octahedron containing the central 
atom (shaded). 

VO6 octahedra, as found in the isopoly decavanadate 
ion, requires 39 oxygen atoms (one constitutional water 
molecule). An arrangement of a central MnO6 octa­
hedron sharing each of its edges with a different VO6 
octahedron has Oh point symmetry and a formula 
[MnVi2O3S]12-. By placing a 13th VO6 octahedron on 
one of the fourfold axes of this group22 a structure with 
the formula [MnVi3O3S]9- results (see Figure 2). This 
structure has the tetragonal symmetry indicated by the 
X-ray investigation of potassium 13-vanadomanga-
nate(IV) in progress. The formation of [MnVi3O39]

9-

as opposed to [MnVi2O3S]12- is reasonable on electro­
static grounds, particularly in view of the pH range of 
stability of the anion. 

Adoption of the [MnVI3O39]9- structure means that 
the salts prepared here must have two hydrogen atoms. 
As mentioned above, careful base titrations of the salts 
did not reveal acidic hydrogens. However, in this con­
nection it may be noted that the six-electron reduction 
product of [P2MOi8O62]

6-, isolated as the acid salt, 
(NH4)SH6[P2MoIsO62] • aq, contained only four titratable 
protons per molecule.23 Furthermore, polarographic 
studies confirmed that the anion underwent hydrolytic 
degradation prior to the removal of the last two hydro­
gens, in contrast to the corresponding reduced hetero-

(22) Removal of three octahedra from this cluster gives the arrange­
ment of octahedra found for [MnMo8O32]

6- (J. L. T. Waugh, D. P. 
Shoemaker, and L. C. Pauling, Acta Cryst., 7, 438 (1954)); removal of 
six octahedra yields the "Anderson-Evans" structure found for many 
1:6 heteropolymolybdates and -tungstates (H. T, Evans, Jr., J. Amer. 
Chem. Soc, 90, 3275 (1968)). 

(23) E. Papaconstantinou and M. T. Pope, Inorg. Chem., 6, 1152 
(1967). 

polytungstate.24 Failure to detect acidic protons in the 
present case, therefore, is not necessarily significant. 

Electronic Structure of the Reduced Species. The 
optical and esr spectra of the reduced 13-vanadoman-
ganates clearly show that they are not manganese(III) 
species. The reduced complex is therefore a mixed-
valence species similar to the heteropoly blues of molyb­
denum and tungsten. The esr g value is within the 
range of those observed for tetragonal oxovanadium-
(IV) complexes;26 and this fact, together with the ob­
served traces of hyperfine structure in the low-tempera­
ture spectrum, suggests that the extra electron is fairly 
well trapped on a specific vanadium atom.26 Little can 
be said about the optical spectrum except to note that 
similar broad absorptions have been found in the spectra 
of other mixed-valence vanadates.27-29 Possible as­
signments include intervalence transitions or intensity-
enhanced d-d transitions. 

That an esr spectrum is observed at all indicates that 
the spin-spin interaction between the Mn(IV) and 
V(IV) centers is quite weak (although strong enough to 
affect the relaxation time of the "vanadium electron"). 
Such a weak interaction may be rationalized in terms 
of the proposed structure for the 13-vanadometallate 
framework. In this structure 12 of the vanadium 
atoms occupy VO6 octahedra which share edges with 
the central MnO6 octahedron (resulting in quite short 
Mn-V distances), whereas the unique 13th vanadium 
atom shares only one oxygen with the central atom. 
This oxygen atom participates in bonding to four other 
vanadium atoms and it may, therefore, be expected that 
the V-O-Mn bonds will be unusually long in view of 
their low formal bond order. The two structurally 
analogous "six-coordinate" oxygens which are found in 
[Vio028]

6- have V-O distances of 2.03-2.36 A.10 If it is 
presumed that it is the unique vanadium atom which is 
reduced, spin-spin interaction between V(IV) and 
Mn(IV) should be weak, as observed.30 
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