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The Keggin decamolybdodivanadophosphate ions have been studied in aqueous 0.6 M Na(C1) medium by potentiometry 
and 31P (202.5 MHz) and 51V (131.55 MHz) NMR spectrometry. An assignment of all detected resonances of 
decamolybdodivanadophosphate species to individual Keggin isomers is proposed. The five positional isomers of 
a- [ M o ~ o V ~ P O ~ ]  5- were identified and characterized. Two minor [MoloV2P04]5- species, probably @-Keggin isomers, 
were also observed. The PKa values of the conjugate monoprotonated species, [HMo1oV2PO4ol4, have been precisely 
determined from the 31P and 51V chemical shift vs pH behavior, using a-[MollVP04#- as internal standard. These 
PKa values are in the range 0-0.5 at 25 "C and in the range 0.8-1.1 at 90 "C. From quantitative NMR integral 
data the relative abundances of the a isomers at equilibrium were evaluated. The distribution among them is close 
to statistical, with little measurable change between 25 and 90 OC. 

Introduction 
As part of an ongoing study of the equilibrium speciation in 

the aqueous molybdovanadophosphate system, the decamolyb- 
dodivanadophosphate ions have been studied in 0.6 M Na(C1) 
medium by potentiometry and 31P and slV NMR spectrometry. 
The ionic formula,' [Mo~oV~PO~O]~- ,  and a-Keggin structure for 
these anions are well established.2avb 

Figure 1 shows polyhedral representations of the a- and 
0-Keggin structures. Keggin polyoxoanions, XMO40* (presently, 
X = P and M = Mo, V), contain a central XO4 tetrahedron 
surrounded by twelve MO6 octahedra arranged in four M3013 
groups of edge-sharing octahedra. The edge-sharing M3013 
groups are linked to each other and to the central tetrahedron by 
shared corners. There are five possible Keggin structures, called 
cy, 0, y, 6, and E. The a structure has the T d  symmetry shown 
in Figure 1. In the other structures, one (p), two (y), three (a), 
and four (E) of the edge-sharing M3013 groups in the a structure 
have been rotated by 60' on their X-0 axis. The 0 structure, 
also shown in Figure 1, has C3" symmetry. 

The a-Keggin structure is by far the most common. The @-form 
appears to have lower stability due to its less obtuse corner- 
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commonly written [PMo10V20a] s. We usually deiote the composition 
of a solution species by the stoichiometric integers of the components 
used in our potentiometric study of its equilibrium formation. Thus, a 
decamolybdodivanadophosphate pentaanion is written as (21,10,2,1) 
with reference to the ordered component set shown in the following 
equilibrium equation: 

21H' + 10Mo0," + 2HV0;- + HP0:- = 

(H'),, (Moo:-) *o(HVO,Z-),(HPO,Z-) 
The actual ionic formula can differ from the so-indicated composition 
by the gain or loss of water, which cannot be ascertained by potentiometry 
alone. For the decamolybdodivanadophosphates, their Keggin structure 
and, hence, ionic formula are well established.2 We find it convenient 
to also use our standard component order-H, Mo, V, P-when writing 
ionic formula, in this case Mol,-,V2P0&, as represented by the following 
equilibrium equation, a special case of the preceding one: 

21H' + 10MoO;- + 2HV0;- + HPO," = 
Mol0V2PO,'- + 12H,O 

Pope, M. T. Heteropoly and Isopoly Oxometalates; Springer-Verlag: 
New York, 1983: (a) pp 23-27. (b) p 78. (c) p 107. 
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a P 
Figure 1. Polyhedral representations of CY- and 8-Keggin polyoxoanion 
structures, with the recommended IUPAC numbering schemes. 

sharing M-0-M bonds to the rotated M3013 group.2a With less 
obtuse corner-sharing M-0-M bonds, the corresponding M-M 
distances are shortened, increasing internal electrostatic repul- 
sions, and p~ - d?r bonding may be weakened. The y, 6, and 
E forms are increasingly disfavored by internal electrostatic 
repulsions, having increasing numbers of short edge-shared M-M 
distances, and are rarely observed. Those that are reported tend 
to be synthetically constructed tungstate species and do not appear 
as significant equilibrium species. 

When a-Keggin molybdates are partially reduced, isomer- 
ization to 0 structures commonly occurs.2c Substituting V(V) in 
place of Mo(V1) in the parent a-[PM012040]~- structure is 
electrostatically similar to such reduction of Mo(V1) to Mo(V) 
and so might likewise lead to formation of isomers at equilibrium. 

For the parent T d  a-Keggin XM04* structure, all MO6 sites 
are symmetrically equivalent, so that one isomorphous substi- 
tution, at any site, results in a single a-Keggin structure. 
Accordingly, a-[Mo11VP04I4 is a single structure. For two or 
more such substitutions, however, positional isomers are possible. 
For two substitutions, as in [ M O ~ ~ V ~ P O ~ ] ~ - ,  five positional 
a-Keggin isomers are possible,3 shown in Figure 2. This positional 
isomer count considers the enantiomorphs of the dissymmetric 
isomers as single positional isomers. 

(3) Pope, M. T.; Scully, T. F. Inorg. Chem. 1975,14,953. The numbering 
scheme adopted by these authors to describe the positional isomers 
predates and differs from the IUPAC proposal later adopted by Pope7 
and used in this paper. The translation between these numbering schemes 
is straightforward using the figures provided in these references. 
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polyhedral 
structure 

designation a-l,4 a-l,2 a-l,5 
(enantiomer) (a-1 18) 

symmetry CS CS c2 
degeneracy 12 12 12 

statistical 18.2% 18.2% 18.2% 
abundance 

a-1,ll 

C1 c2v 
24 6 

36.4% 9.1% 

Figure 2. The five possible isomers of C Y - [ M O ~ ~ V ~ P O ~ ] ~ - ,  counting enantiomer pairs as single positional isomers. The VO6 octahedra are dark gray. 
The degeneracies and statistically predicted relative abundances listed for the dissymmetric isomers include both enantiomorphs. The statistically 
predicted relative abundance is among these CY isomers only and is the percent of their total degeneracy. 

Multiple 31P and 5lV WMR resonances for the decamolyb- 
dodivanadophosphates and the decatungstodivanadophosphates 
in aqueous solution evidence the coexistence of multiple positional 
isomers. In the first4*5 and ensuing6 reports observing such 
isomerism, using NMR instruments of lower field than that used 
in the present study, the resonances of the positional isomers 
were inadequately resolved to attempt their assignment to the 
individual isomers. Pope and collaborators4 did note that the 
relative intensities of two composite 31P resonances observed for 
the decamolybdodivanadophosphates species were consistent with 
the presence of all five a isomers in their expected relative 
abundances. (The statistically predicted relative abundances are 
given in Figure 2.) More recent studies of the decatungstodi- 
vanadophosphates, using higher field NMR instruments, have 
provided more resolved spectra and at least partial assignments 
of the 51V resonances to individual a 

Equilibration kinetics in molybdate polyoxoanion systems are 
well-known to be rather rapid, in contrast to the corresponding 
tungstate polyoxoanion systems in which they are relatively slow. 
The interconversion of the decatungstodivanadophosphate po- 
sitional isomers is sufficiently slow to allow partial separation of 
a- [H,W 1oV2POm] (5-z)- positional isomers by fractional extractions 
of their etherates from acidic aqueous solution.8 Specific 
positional isomers of tungstovanadophosphate can even be 
synthetically constructed and isolated.9Jo In the present mo- 
lybdovanadophosphate system, the equilibrium kinetics proved 
sufficiently rapid to conveniently allow its equilibrium analysis.11 

Nomenclature and Designations. Compositions given in brack- 
ets, as in [HMoloVzP04#-, designate the ionic formulas of 
discrete Keggin ions. To designate Keggin structures without 
regard to their protonation state and charge, the abbreviation 
M o ~ o V ~ P  is sometimes used. 

To designate the positional isomers of a- and &Keggin species, 
the recommended IUPAC numbering schemes,12 shown in Figure 
1, are used. Like Pope7 and most other authors, however, we 
indicate the vanadium positions in Keggin M ~ o V ~ P  species (M 
= Mo, W) by the lowest possible numbers (1 ,x for the a! isomers, 

(a) Pope, M. T.; ODonnell, S. E.; Prados, R. A. J. Chem. Soc., Chem. 
Commun. 1975,22. (b) Pope, M. T.; O’Donnell, S. E.; Prados, R. A. 
Adv. Chem. Ser. 1976, No. 150,85. (c) O’Donnell, S. E.; Pope, M. T. 
J. Chem. SOC., Dalton Trans. 1976, 2290. 
Kazanskii, L. P.; Fedetov, M. A.; Ptushkina, M. N.; Spitsyn, V. I. Dokl. 
Phys. Chem. (Engl. Transl.) 1975, 224, 1029. 
Maksimovskaya, R. I.; Fedetov, M. A.; Mastikhin, V. M.; Kuznetsova, 
L. I.; Matveev, K. I. Dokl. Phys. Chem. (Engl. Transl.) 1978,240,422. 
Leparulo-Loftus, M. A.; Pope, M. T. Znorg. Chem. 1987, 26, 21 12. 
Maksimovskaya, R. I.; Subocheva, 0. A.; Kuznetsova, L. I. Bull. Acad. 
Sei. USSR, Diu. Chem. Sei. 1986, 1977. 
Inorganic Syntheses; Ginsberg, A. P., Ed.; Wiley: New York, 1990; 
Vol. 27, pp 98-103. There is a misprint in Table 1 on p. 98: y in the 
bottommost formula should be 6. 
Domaille, P. J. J. Am. Chem. Soc. 1984, 106, 7677. 
Pettersson, L.; Andersson, I.; Selling, A.; Grate, J. H. Unpublished results. 
Jeannin, Y.; Fournier, M. Pure Appl. Chem. 1987, 59, 1529. 

as shown in Figure 2), not by the highest possible numbers (1 2,x 
for the a! isomers) as in the recommended IUPAC schemes. In 
this paper, all references to dissymmetric positional isomers are 
meant to refer to both enantiomorphs. Thus, references to the 
a-1,5 isomer (C2 symmetry) apply to the a-1,5 and a-1,8 
enantiomers together. References to the a!-1,6 isomer (C1 
symmetry) apply to the a-1,6 and a-l,7 enantiomers together. 

Compositions given in braces, as in ( N ~ ~ M o ~ o V ~ P O ~ ) ,  designate 
the macroscopic elemental compositions of solutions and solids 
of Keggin salts. Rigorously, they specify the known mole ratios 
among Na, P, Mo, and V present. In the solids and solutions of 
this study, Mo, V, and P are always present in Keggin proportions, 
(Mo + V) = 12 P, and are predominantly incorporated into 
[H,MO(~~-~~V~PO~~](~+~-~)- anions. Accordingly, the macroscopic 
elemental composition in braces corresponds, essentially, to the 
average polyanion formula and the countercations present that 
balance its average anionic charge. These average formulas can 
have nonintegral ratios of the elements but still the overall Keggin 
ratio. 

A 0.6 M Na(C1) ionic medium is 0.600 M Na+ with C1- 
providing counteranion balance not provided by the oxometalate 
anions. The acidity measurements are on the concentration scale, 
where pH = -log [H+], and not on the activity scale, pH = 
-log aH+. 

Experimental Section 

Concentrated Molybdovanadophosphate Solutions and Solids. Mo- 
lybdovanadophosphate sodium salt solutions were prepared, as described 
below, by the methods developed at Ca ta1~ t i ca . l~~  Free molybdovana- 
dophosphoric acid solutions were prepared, as described below, by the 
method developed by Onoda,14 with mod i f i ca t i~ns . l~~*~  These methods 
yields aqueous solutions containing only the molybdovanadophosphate 
components and countercations in Keggin proportions. Solid salts and 
free acids were recovered from them by evaporation and drying. All the 
described solids redissolve rapidly and completely in water to give solutions 
identical (31P and slV NMR) to their parent solutions. 

Starting materials were Moo3 (Climax Molybdenum Pure Grade M, 
-99.95%),  V205 (Kerr-McGee “low alkali”, 199.6%), H3P04 
(Mallincrodt 85% AR), anhydrous Na2CO3 (Mallincrodt AR), and 

(a) Grate, J. H.; Ha”, D. R.; Saxton, R. J. International Patent 
Application Publication Number WO 91/13681, 1991. (b) Grate, J. 
H.; Hamm, D. R.; Klingman, K. A.; Saxton, R. J.; Downey, S. L. 
International Patent Application Publication Number WO 9 1 / 13854, 
1991. (c) Grate, J. H.; Mahajan, S.; Hamm, D. R.; Klingman, K. A,; 
Downey, S. L. International Patent Application Publication Number 
WO 91/13853, 1991. (d) Grate, J. H.; Hamm, D. R.; Saxton, R. J.; 
Muraoka, M. T. International Patent Application Publication Number 
WO 91/13851, 1991. (e) Grate, J. H.; Hamm, D. R.; Mahajan, S. In 
Catalysis of Organic Reactions; Kosak, J., Johnson, T., Eds.; Marcel 
Dekker: New York, in press. (f) Grate, J. H.; Ha”, D. R.; Mahajan, 
S. In Polyoxometallates: From Platonic Solids to Antiretroviral 
Activity; Pope, M. T., Miiller, A., Eds.; Kluwer: Dordrecht, The 
Netherlands, 1994; pp 21 3-264. 
Onoda, T.; Otake, M. US. Patent 4,156,574,1979 (assigned to Mitsubishi 
Chemical Industries). 
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distilled water. The solution preparations were conducted in 3-necked 
Morton flasks, of 5-L or 12-L capacity, each equipped with an electric 
heating mantle, efficient reflux condenser, powder addition funnel, and 
high torque overhead mechanical stirrer. Water rinses were used for all 
solution transfers to ensure quantitative recoveries into the final solutions. 

Solution of 0.30 M (Nn&loloV2PO~). A 218.26-g amount of V205 
(1.20 mol) was suspended in 2.0 L of water in a 5-L Morton flask with 
stirring, and the mixture was heated to about 60 OC. A 127.19-g amount 
of Na2COp (1.20 mol) was slowly added in portions to the rapidly stirred 
mixture, causing CO2 liberation and dissolution of the V205 to give an 
essentially homogeneous solution. The solution was heated at the reflux 
for 1 h. The solution was then a lime green color due to dissolved VIv 
which was originally present in the V2O5. Approximately 1 mL of 30% 
H202 was added dropwise, leaving a slightly turbid, pale orange-tan sodium 
metavanadate solution. The solution was maintained at reflux for an 
additional 1 h to ensure the decomposition of excess peroxide and then 
cooled to room temperature. The solution was clarified by vacuum 
filtration to remove a brown solid (CO.1 g) which contained almost all 
the iron and silica impurities originally present in the V205. The clear, 
orangevanadatesolution was then returned to a Morton flask, and 1727.28 
g of Moo3 (12.00 mol) was added with rapid stirring. The mixture was 
heated to reflux, an additional 190.78 g of Na2CO3 (1.80 mol) was slowly 
added in portions to the stirred suspension, causing C02 liberation, and 
then 137.7 g of 85.4% (w/w) H3P04 (1.20 mol) was added. After 3 h 
at reflux, the resulting homogeneous burgundy-red solution was cooled 
to room temperature and volumetrically diluted with water to a total 
volume of 4.00 L, giving 0.30 M ( N ~ ~ M o I o V ~ P O ~ ) .  
(NasMoloV2PO40)-13.6H20. A 1.000-L volume of 0.30 M (Na5- 

M O I O V ~ P O ~ )  (0.30 mol) ina tared 2-Lround-bottom flaskwasevaporated 
to visual dryness by rotating-film evaporation at  50 OC under vacuum. 
The solid was further dried in the flask under pump vacuum for 24 h. 
The mass in the flask after drying was 627.7 g, corresponding to an 
equivalent weight of 2092 g/mol of anion. The water content of the solid 
was calculated as the difference between this equivalent weight and the 
formula weight for anhydrous salt. The recovered solid was pulverized 
toa fine powder and mixed to blend any inhomogeneities in itscomposition. 

Solution of 0.10 M (Na&lollVPOa) (4.00 L) end (Na&l011- 
VPO@)*12.4H20 (209 g from 1 .OOO L of a 0.10 M solution) were prepared 
analogously from the corresponding mole ratios of components. 

Solution of 0.317 M (H4.9Molo.lV1.9POa). Preparation of a desired 
0.30 M (HsMoI0V2P0a) (0.60 mol/L of V) solution was attempted by 
adapting the procedureof ref 14: 545.64gof V205 (3.00mol) and 43 18.20 
g of Moo3 (30.00 mol) were suspended in 4.0 L of water with moderate 
stirring. A 344.23-g amount of 85.4% (w/w) HsPO4 (3.00 mol) was 
added, the mixture was diluted to a total volume of 10.0 L with an 
additional 4.7 L of water, and the stirring mixture was heated to reflux. 
The mixture was maintained at reflux for 7 days, after which it was 
cooled to room temperature, the stirring was stopped, and the undissolved 
solids were allowed to fall for 5 days. The burgundy-red supernatant 
solution was decanted from the yellow residue. Repeatedly, the residue 
was suspended in water, the suspension was centrifuged, and the 
supernatant was decanted. The wash supernatants were combined with 
theoriginal supernatant, and the resulting solution was clarified by vacuum 
filtration. Thevolumeofthesolution wasreducedtoabout9 Lbyrotating- 
film evaporation at  50 OC under vacuum. 

The yellow residue was dried over CaC12 desiccant under vacuum to 
a dry mass of 39.46 g and was analyzed as 86% V205 and 10.5% Moo3 
by quantitative elemental analyses for P, Mo, and V. The incorporations 
of Mo, V, and P into the polyoxoacid solution were determined by 
difference: 99.9%, 93.8%, and 100.0%, respectively. The solution was 
volumetrically diluted with water to a total volume of 9.38 L to provide 
a vanadium concentration of 0.60 mol/L. 

Thecompositionofthissolutionisdesignated0.317 M (H4.9Molo.lV1,~- 
PO@] + 0.003 M H3PO4. Alternatively, the solution may be viewed as 
0.285 M { H ~ M o ~ o V ~ P O ~ )  + 0.032 M ( H I M o ~ ~ V P O ~ J  + 0.003 M H3- 
Pod. 

{ H ~ o ~ o V ~ P O ~ ~ ~ O . ~ H ~ O .  A 4.0-L volume of 0.050 M (H3MoI0V2- 
POa] was prepared analogously to the 0.30 M preparation above. On 
the basis of the dry weight and analysis of the undissolved yellow residue 
(97.2% V205), the incorporations of Mo, V, and P into the polyoxoacid 
solution were >99.99%, 99.376, and >99.99%, respectively. (More dilute 
free molybdovanadophosphoric acid preparations proceed with greater 
V205 incorporation.) The entire solution was evaporated tovisual dryness 
by rotating-film evaporation at 40 O C  under vacuum, and the resulting 
solid was further dried under pump vacuum for 24 h. The recovered solid 
was pulverized to a fine powder. Elemental analyses (Mo, V) established 
the equivalent weight of 1920 g/mol of anion. The water content of the 
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solid was calculated as the difference between this equivalent weight and 
the formula weight for anhydrous salt. 

Solution of 0.30 M (H&iollWOa). The solution was prepared at 
-0.05 M concentration and concentrated to 0.30 M: 45.47 g of V2O5 
(0.25 mol) and 791.67 g of Moo3 (5.50 mol) were suspended in 5.0 L 
of water with moderate stirring. A 57.37-g amount of 85.4% (w/w) 
H3P04 (0.50 mol) was added, the mixture was diluted to a total volume 
of 10.0 L with an additional 4.5 L of water, and the mixture was heated 
to reflux. After 2 days at reflux, 15 drops of 30% H202 was added 
dropwise to the mixture. The mixture was maintained at reflux for a 
total of 7 days, giving a slightly turbid light burgundy-red mixture. The 
mixture was cooled to room temperature and clarified by vacuum filtration. 
The volume of the solution was reduced to about 1.5 L by rotating-film 
evaporation at 50 OC under vacuum. The resulting homogeneous, clear, 
burgundy-red solution was volumetrically diluted to a total volume of 
1.667 L, giving 0.30 M ( H ~ M O I I V P O ~ ] .  

(H&follVPO~)-21.5H&. A 100“ volume of 0.30 M (H4Moll- 
VPOa] (0.030 mol) was evaporated to visual dryness by rotating-film 
evaporation at 50 OC under vacuum, and the resulting solid was further 
dried under pump vacuum. The recovered solid was pulverized to a fine 
powder. Elemental analyses for vanadium established the equivalent 
weight of 2169 g/mol of anion. The water content of the solid was 
calculated as thedifference between this equivalent weight and the formula 
weight for anhydrous salt. 

Solutions for Potentiometric and NMR Studies. The solutions for the 
potentiometric and NMR studies were mixed from stock solutions of the 
components (HCl, Na2MoO4, NaVO3, NaHzPOd), from theconcentrated 
stock solutions (0.30 M (NasMoloVzPOa] and 0.3 17 M (H4.9Molo.lV1.9- 
POU,)), or from the solid Keggin molybdovanadophosphoric acids (fH4- 
MollVPOao) and ( H ~ M O ~ O V ~ P O ~ J )  and sodium salts ((NarMollVPOa) 
and (NasMoIoVzPOa)), above. Boiled distilled water was used to prepare 
all the solutions. All solutions for potentiometric and NMR study were 
prepared to contain 0.6 M Na(C1) at  25 O C .  Sodium chloride (E. Merck 
pa) was dried at 180 O C  and used without any further purification. 

The stock solutions of the components were prepared and analyzed as 
follows: Diluted solutions of hydrochloric acid (E. Merck pa) were 
standardized against TRIS (tris(hydroxymethy1)aminomethane). Dilute 
sodium hydroxide was prepared from ‘oljelut” (50% NaOH and 50% 
HzO) and standardized against hydrochloricacid. Sodium metavanadate 
(E. Merck pa) was dissolved in hot water, and the solution was cooled 
to room temperature, filtered through porous glass G4, and standardized 
by evaporation to the solid. Sodium dihydrogen phosphate monohydrate 
(E. Merck pa) was used as received, and solutions were standardized by 
evaporation to the solid. Sodium molybdate stock solution was prepared 
as previously described.I3 

After the components were mixed, the molybdovanadophosphate 
solutions required up to 24 h at 25 OC to reach equilibrium. For 
measurements at 90 OC, solutions in tightly capped 8-mm NMR sample 
tubes were equilibrated by heating 2-3 h in a water bath. The increase 
in volume from 25 to 90 OC was estimated to be 3%, with a corresponding 
decrease in concentrations. Since the relative abundances of different 
Keggin species would not be measurably changed by a 3% decrease in 
concentration, especially not among isomeric species, no corrections for 
the concentration decrease from 25 to 90 OC were made. 

NMR Measurements. The and SIV NMR measurements were 
obtained using a Bruker AM500 spectrometer at 202.5 and 131 -55 MHz, 
respectively. The probe temperature was thermostated at (25.0 f 0.5) 
O C  or (90.0 & 1.0) OC. The field frequency stabilization was locked to 
deuterium by placing the 8-mm sample tubes into 10-nun tubes containing 
D20. The samples were spinning in all experiments. 

The spin-lattice relaxation times (TI) wereevaluated using theinversion 
recovery method. For determination of the relative abundances of species 
from their resonance intensities, spectra were recorded quantitatively 
with the relaxation delay set to at least  TI, and the free induction decay 
(FID) was multiplied by an exponential line-broadening function (LB = 
l),  using the Bruker software, to improve the signal/noise ratio. For 
recording chemical shifts for determining pK. values, the relaxationdelay 
was decreased to about 1 TI to speed data collection, and a Gaussian- 
Lorentzian double apodization was applied to the FID, using the Bruker 
software, to enhance resolution to obtain more accurate chemical shifts 
of overlapping resonances. 

The 51V chemical shifts are not measurably dependent on the 
concentration of Keggin ions, but the 3LPchemical shifts are. Presumably, 
this is a bulk susceptibility effect. (The ,IP chemical shifts are also 
dependent on the ionic medium concentration, which is held constant at 

(15) Pettersson, L. Acta Chem. Scand. 1971, 25, 1959. 
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Figure 3. 31Pchemical shift dependence on total Keggin ion concentration, 
as [PI, for the resonance V2P3 (see Figures 6 and 7) in solutions with 
[Mol = 1O[P], [VI = 2[P], and pH = 2.5-3.5 in 0.6 M Na(C1) at 25 
OC. 

0.6 M Na(C1) in the present study.) The 3lP chemical shift dependence 
on total Keggin ion concentration is illustrated for the dominant 
[ M O I O V ~ P O ~ ] ~  isomer (V2P3) in Figure 3. The 31P chemical shifts of 
the other Keggin species, including [Mol I V P O ~ ] ~ ,  show parallel linear 
behavior. A solution of 10 mM [Keggin ions] was chosen as the reference 
state, and shifts recorded at other Keggin ion concentrations werecorrected 
to this reference state. 

[MollVP0aI4- was used as an internal 3LP and 51V chemical shift 
standard. (See below.) At 25 OC, [ M o ~ ~ V P O ~ O ] ~  present in 10 mM 
{Na4MollVPOa) in 0.6 M Na(CI) has its 6p = -3.540 ppm toward higher 
frequency from capillary 85% H3P04 and its 6v = -533.6 ppm toward 
higher frequency from capillary VOC13. The spectral range set at 25 OC 
was used at 90 OC. This gave the chemical shifts for 10 mM 
[ M o ~ ~ V P O ~ ] ~  in 0.6 M Na(C1) at 90 OC at 6p = -2.83 ppm and 8v = 
-528.6 ppm. 

Emf Measurements. The acidity measurements are on the concen- 
tration scale, where -log [H+] = pH, and nor on the activity scale, 
-log aH+ = pH, and from now on we will for simplicity use pH instead 
of -log [H+]. The pH values were measured with an Orion Research 
81-03 Semimicro Ross combination electrode. The small diameter of 
this electrode made it possible to measure pH in solutions stored in the 
8-mm NMR sample tubes. The electrode was calibrated against buffer 
solutions of known [H+] in 0.6 M Na(CI) medium at 25 OC and against 
NBS standards at 90 OC. In tests where pH was measured in solutions 
of known [H+] at 90 OC, the measured pH values were in accordance 
with those calculated from the known [H+]. Thus, the two scales 
asentially coincide. 

Computer Programs. Resonance intensities were computed by inte- 
gration using the Bruker software or, for severely overlapping resonances, 
by line shape analysis using the program NMRi,I6 inputting the chemical 
shifts determined by resolution enhancement (see above). The chemical 
shifts of the individual Keggin species and the pK.values for the protonated 
species were computed from the chemical shift vs pH data using the 
least-squares program LAKE.I7 

Results 

Undecamolybdomonovanadophosphate as an NMR Chemical 
Shift Reference. Solutions of synthetic ( H ~ M o ~ ~ V P O M ) ,  (Na4- 
MollVPO40), and mixtures thereof exhibit a single slV NMR 
resonance and a single 3lP NMR resonance arising from a Keggin 
species, each at the same chemical shift in all such solutions. 
Acidic solutions (pH < -2) prepared from the components (HCI, 
Na2Mo04, NaV03, NaH2P04) in the Mo:V:P ratio of 11:l:l 
exhibit the same single 51V resonance and single 31P resonance 
arising from a Keggin species, whosechemical shifts do not change 
with pH down to pH < 0. 

Equilibrium analysis of the system H+-M0042-HV04~-- 
HP042- established the composition (22,l l , l , l ) l  for this species, 
corresponding to [MollVP0~]4- ,  and confirmed that this anion 

(16) Dumoulin, C. L.; Levy, G. C. J .  Mol. Srrucr. 1984, 113, 299. 
(17) Holmstr6m, K. Thesis, University of Umei, Umei, Sweden, 1988. 
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Figure 4. 51V NMR spectrum of a solution of 40 mM P, 400 mM Mo, 
and 80 mM V, at pH = 0.79 in 0.6 M Na(CI) at 25 OC, with (top) and 
without (bottom) resolution enhancement. (See the Experimental 
Section.) TheresonancelabeledVPisof [ M O ~ ~ V P O ~ ] ~ .  Theresonances 
labeled VzlP, Vz2P, ..., Vz5P are of the [ H , M O ~ ~ V ~ P O ~ ] ( ~ ~ - ’ ) -  species. 

does not protonate in solution down to pH values < 0.11J8 
[Mol 1VP040Ib is commonly presumed to have the a-Keggin 
structure. [ M O ~ Z P O ~ O ] ~ -  and [MOIOV~POM]~- each have the 
a-Keggin structure in hydrous c r y s t a l ~ . ~ ~ J ~ * ~ ~  For [Wl1VPO& 
in aqueous solution, 2-dimensional IE3W NMR connectivity 
patterns establish its a-Keggin structure.10 

Since the 31P and slV chemical shifts of [ M o l l V P 0 ~ ] ~  are 
invariant over pH, it could be used as an internal chemical shift 
standard for both nuclei. The chemical shifts of [ M O I ~ V P O M ] ~  
in 10 mM (NayH+y~MollVP04~J solutions in 0.6 M Na(C1) at 
25 OCarebp=-3.540andbv =-533.6ppm. SeetheExperimental 
Section. The 51V resonance line width is Aaqp = 34 Hz at  25 
OCand 12Hzat90 OC. (TheunsubstitutedKeggin [MolzP0~]3- 
has its b p  = -3.20 under corresponding conditions.21) 

Decamolybdodivanadophosphates at 25 OC. Equilibrated so- 
lutions containing decamolybdodivanadophosphates exhibited 
identical 31P and 51V NMR spectra, when at the same concen- 
tration and pH in 0.6 M Na(C1) medium, whether prepared from 
synthetic (Na5MoloV2PO~) or (HsMoIoV~PO~O) or from the 
components (HC1, NazMo04, NaV03, and NaH2P04). In all 
cases, equilibrium was established within 24 h at 25 OC, and all 
NMR and pH data reported herein are from fully equilibrated 
solutions. 

(18) Reference 8 reports that the IlP and IIV chemical shifts of undecamo- 
lybdomonovanadophosphate remain unchanged with increasing acidity 
to 3.5 N HC1 but begin to shift slightly in 5 N HCI. 

(19) DAmour, H.; Allmann, R. 2. Krist. 1976, 143, 1. 
(20) Sergienko, V. S.; Detusheva, L. G.; Yurchenko, E. N.; Porai-Kosihts, 

M. A. J .  Srrucr. Chem. (Engl. Trawl.) 1981, 22, 831. 
(21) Pettersson, L.; Anderson, I. Unpublished results. 



J " / P P K  

-520 

- 5 2 5  

- 5 3 0  

Pettersson et al. 

- 

- 

- 

m u u -  c 

- 5 3 5 1  d t/- 

- 5 L O  

0 2 3 4 
PH 

Figure 5. 51V chemical shifts of the resonances VP and V21P-V25P plotted 
vs pH, in 0.6 M Na(C1) at 25 OC. The lines through the data for the 
resonances V2IP-V25P are the monoprotonation titration curves calculated 
to fit the data. 

Figure 4 shows the 5lV NMR spectrum of an acidic solution 
(pH = 0.79) having Mo:V:P = 10:2:1 with 40 mM P. In such 
acidic solutions, the vanadium exists in an equilibrium distribution 
among [MollVPO&- (resonance labeled VP in the figure), 
[ H , M O ~ O V ~ P O ~ ] ( ~ - ~ ) -  species (resonances labeled VzlP, V22P, ..., 
V25P), [HzM~gV3P0~](6-z)-  species, and V02+. The [H,Mog- 
V3P040](6-z)- and V02+ resonances are hardly perceptible in the 
spectrum at 6v < -540 ppm. The five resonances labeled V2IP- 
V25P were confirmed to be [HzM~~~V2P04~](5-z)-  species by 
varying the Mo:V ratio among solutions while maintaining the 
Keggin proportions (Mo + V):P = 12:l. These resonances 
exhibited constant relative intensities among them, variable 
intensities relative to the other resonances, and maximum 
intensities relative to the sum of all other resonances when Mo:V 
= 10:2. 

Figure 5 shows the 51V chemical shifts of the five resonances 
V21P-V25P plotted vs pH over the range 0-4. While their shifts 
converged and diverged over this pH range, no additional 
resonances corresponding to [ H , M O I O V ~ P O ~ ~ ] ( ~ - ~ ) -  species were 
revealed. 

Equilibrium analysis established thecomposition (21,10,2,1),1 
corresponding to fully unprotonated [Mo1~V2POm]5-, for the 
species present at pH > -2, where the 51V chemical shifts in 
Figure 5 plateau." All the isomers begin to become protonated 
at  pH = 2. Four of the resonances show a similar magnitude of 
chemical shift dependence on pH. The fifth, V2IP, exhibits an 
exceptionally greater change of chemical shift with protonation 
state (note the break and change in scale on the 6v axis in Figure 
5 ) .  

LB--0.5 
GB-0 . 2  

v2p5 

V,P' 

n 

VP 

-3.4 4 . 8  

Figure 6. 31P NMR spectrum of a solution of 40 mM P, 410 mM Mo, 
and 70 mM V, at pH = 0.88 in 0.6 M Na(C1) at 25 O C ,  with (top) and 
without (bottom) resolution enhancement. The resonance labeled VP is 
of [ M O ~ I V P O ~ ] ~ ,  The resonances labeled VzPI, V,Pz, ..., VzP* are of 
[ H , M O ~ ~ V ~ P O ~ ] ( ~ ~ - ~ ) -  species. 

The pKa values of the protonated species [HMoIoV~POK,]' as 
well as the chemical shifts for the unprotonated and protonated 
species were determined from the experimental points in Figure 
5 by using the LAKE least-squares program" and are compiled 
in Table 1 with the standard deviations of these determinations, 
reported as 3u values. The precision of these determinations are, 
in our judgement, remarkably high considering that only half of 
the titration "S-curve" could be covered by experimental points 
and that the ionic medium could not be held constant into the 
most acidic solutions. (The effects of the ionic medium variation 
on the chemical shifts was, however, corrected by referencing to 
[ M O ~ ~ V P O ~ ] ~  as internal shift standard.) Table 1 also reports 
the relative intensities (as percent abundance) and line widths of 
the five resonances V21P-V25P a t  pH 3 and 0. 

Figure 6 shows the 31P spectrum of an acidic solution (pH = 
0.88) having Mo:V:P = 10.25:1.75:1 with 40 mM P a t  25 OC. 
The solution is essentially 10 mM [ M O ~ ~ V P O ~ ] ~  and 30 mM 
[ HZMoloV2P0a] (5-2)- species. Five resonances arising from 
[H,MoloV2P0m](S-z)- species were observed (labeled V2P1, V2P2, 
..., V2PS in Figure 6). Figure 7 shows the 3lP chemical shifts, a t  
25 O C ,  of these five resonances plotted vs pH over the range 
0-3.5. While their shifts converged and diverged over this pH 
range, no additional resonances corresponding to [H,Molo- 
V2P040](5-z)- species were revealed. 

As in the 5lV spectra, all the [ M o I o V ~ P O ~ ] ~ -  isomers observed 
in the 3lP spectra begin to become protonated at  pH = 2. The 

PPY 
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45% 39% 

Table 1. SlV-NMR Data, Analyses, and Assignments for the [Mo~oVZPO~O]~- Isomers at  25 "C 

+ 
a-1,l l  a-1,6 

Composition Abundanceb 
pH3 pHO 

Assignment 51 V-N M R 
resonance 

~ ~~ 

11% 15% 
a-1,4 

Mol 0v2p0405- 

H M 01 oV2PO404 

-515.74 (.11) 

-543.20 (.44) 
27.5 60 

0.48 (.02) 

M010V2P0405- 

1 0v2p040 

-531.83 (.03) 

-544.09 (.22) 
12.3 100 21 % 

a-1,2 0.26 (.02) 

-533.76 (.03) 

-541.87 (.21) 
8.1 60 21% 

a-1,5 0.26 (.02) 

-534.46 (.04) 

-544.05 (51) 
50 9.6 

11.7 

0.04 (.04) 

I 
-534.68 (.08) 

-546.42 (.32) 
40 4% 

P-4,ll 0.35 (.03) 

a - G ( H M O ~ ~ V ~ P O ~ ~ ~ ) .  b Relative abundance among the detected Mo10V2P resonances. 

Table 2. 31P-NMR Data, Analyses, and Assignments for the [Mol0VzP0~]~-  Isomers at  25 O C  

Assign men t 31P-NMR 
esonance 

Composition 

V2P1 

D 

-3.433 (.002) 

-3.168 (.014) 
-3% 0.26 

0.53 

0.75 

1.50 

0.33 (.05) P-4,lO 

and 

p-4,11 

V2P2 

0 

M010V2P0405- 

H M 01 oV2PO404- 

-3.508 (.001) 

-2.980 (.009) 
-4% 

0.37 (.02) 

Mol 0v2p0405- 

H M 01 oV2PO404 

-3.596 (.003) 

-3.159 (.043) 
0.44 0.85 -40% + 

a-1 , l l  a-1,6 0.03 (.08) 

M010V2P0405- 

H M 01 oV2PO404 

-3.627 (.003) 

-3.090 (.027) 
0.54 0.70 -40% + 

a-1,2 a - 1 3  0.24 (.05) 

-3.650 (.005) 

-2.948 (.023) 
0.70 0.95 -1 3% 

0.49 (.04) a-1,4 

a ~ ( H M O ~ ~ V ~ P O ~ ~ ~ )  - ~ ( M O ~ ~ V ~ P O ~ ~ ~ - ) .  b Relative abundance among the detected Mo10V2P resonances. 

31P spectral data were analyzed in the same manner as the 51V 
spectral data, and the results are compiled in Table 2. Again, 
the pK, values of the protonated species [ H M O ~ ~ V ~ P O ~ O ] ~  were 
determined with precision that, in our judgement, is remarkably 
high. 

Decamolybdodivanadophosphates at 90 O C .  In view of the 
utility of aqueous molybdovanadophosphates in oxidation reac- 

tions at  temperatures of -100 "C and above,13 we have also 
examined their speciation in solutions at 90 O C  (below the 
atmospheric boiling point for experimental convenience). 

Figure 8 shows the 51V NMR spectrum at 90 OC of the same 
solution (Mo:V:P = 10:2:1,40 mM P) whose spectrum at 25 "C 
is shown in Figure 4. (At 90 OC, the pH of the solution is 0.85, 
compared to 0.79 at 25 OC.) The 51V resonances exhibit much 
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Figure 7. 31P chemical shifts of the resonances VP and V2P1-V2P5 plotted 
vs pH, in 0.6 M Na(C1) at 25  OC. The lines through the data for the 
resonances V2P1-V2P5 are the monoprotonation titration curves calculated 
to fit the data. 

narrower line widths at  the higher temperature, reflecting the 
polyanions' decreased rotational correlation times.' The reso- 
nances of [HzMo9V3P04~](6-z)- species and V02+, which were 
too broad to readily discern at  25 OC, are more distinct in the 90 
OC spectra. The vanadium is seen to remain predominantly 
incorporated into Keggin molybdovanadophosphates at this 
temperature. 

Six resonances of [HzMo10V~P040](5-z)- species were identi- 
fiable in the 90 O C  spectra. The five more intense correspond to 
the five resonances observed in the 25 OC spectra and are 
correspondingly labeled Vz1P-V25P in Figure 8. The sixth, least 
intense resonance, Vz6P, was not resolved at  25 O C .  

Figure 9 shows the 51V chemical shifts, at  90 O C ,  of the six 
resonances VzlP-Vz6P plotted vs pH over the range 0-5. No 
additional resonances corresponding to [H,MOIOV~PO~O](~-~)-  
species were revealed over this pH range. The spectrophotometric 
titrationcurvesaresimilar to those at 25 OC (Figure 5) but shifted 
to higher pH. The pKa values of the protonated species 
[ H M o ~ o V Z P O ~ ~ ] ~ ,  determined by LAKE least-squares analysis, 
are included in Table 3. (Thedata were insufficient todetermine 
the pKa value corresponding to resonance V26P with any reliable 
confidence.) The pKa values corresponding to resonances V2IP- 
VZ5P at  90 OC were all 0.6-0.7 pH units higher than the 
corresponding values determined at  25 OC (Table 2 ) .  

The relative intensities among the [HzM~~0V2P04~](5-z)- 
resonances, shown in Table 3 as percent abundances, are similar 
to those at  25 O C .  (The relative intensities between resonances 
V23P and Vz4P were difficult to determine due to severe overlap 
over the entire pH range. The percent abundances given for 
them inTable 3 areapproximate, but their sum is welldetermined.) 

31P NMR spectra at  90 OC exhibit the same five resonances 
of [H,M0loV2P04o](5-~)- species observed at 25 O C ,  in approx- 
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Figure 8. 51V NMR spectrum of the solution of Figure 4 at 90 OC, with 
(top) and without (bottom) resolution enhancement. The resonancelabels 
correspond to those in Figure 4. Resonance V26P, seen in less acidic 
solutions at 90 OC, is not resolved from other V2P resonances in this 
spectrum. (See Figure 9.) 

imately the same relative intensities. At 90 OC, the resonances 
are shifted -+0.75 ppm relative to their chemical shifts at 25 
O C  and their line widths are nearly twice as broad. Figure 10 
shows the 31P chemical shifts, at  90 OC, of these five resonances 
plotted vs pH over the range 0-3.5. These titration curves are 
similar to those at 25 O C  (Figure 7) and, as in the 51V spectra, 
shifted to higher pH. Table 4 includes the pKa values of the 
protonated species [ H M ~ ~ ~ V ~ P O ~ ] ~ d e t e r m i n e d  by LAKE least- 
squares analysis. 

Discussion 

Assignment of Resonances and Characterization of a-Isomers. 
The five ~ - [ M O ~ ~ V Z P O ~ ~ ] ~ -  positional isomers will exhibit, among 
them, five potentially resolvable 3IP NMR resonances (one each) 
and six potentially resolvable 51V NMR resonances. The a-1,6 
isomer has symmetrically inequivalent vanadiums ( CI symmetry) 
and thereby two potentially resolvable 51V resonances. In each 
of the other four a isomers, the two vanadiums are related by 
symmetry elements and are thereby magnetically equivalent. The 
symmetryin someofthea-[M010V2PO&-isomers (a-l,2, a-1,5, 
a- 1 , l l ;  see below) is reduced upon monoprotonation to 
a- [ HMoIOV2POm] 4- species. Symmetry-related protonation sites 
are protonated with equal frequency, however, and the 
a-[HMolOVzPO&- species equilibrate with their conjugate 
a- [ M o I o V ~ P O ~ ]  isomers, and hence each other, rapidly relative 
to the NMR time scale. Consequently, only equilibrium ex- 
change-averaged resonances are observed-evidenced by the 
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Abundanceb 
p H 3  pHO 

’able 3. 51V-NMR Data, Analyses, and Assignments for the [ M O ~ O V Z P O ~ ] ~ -  Isomers at  90 “C 

Assignment 5’ V-N M R 
esonancc 

Mol 0v2p0405- 

HM010V2P0404 

Composition I p ~ ,  (30) 

1.08 (.05) 

-509.75 (.30) 

-534.52 (.77) 
24.8 23 

Mol 0v2p0405- 

HM010V2P0404 0.94 (.06) 

-526.10 (.15) 

-538.33 (.47) 
12.2 32 

Mol 0v2p0405- 

HM010V2P0404 0.94 (.06) 

-528.61 (.12) 

-537.26 (.40) 
8.6 19 

Mol 0v2p0405- 

HMoloV2P0404 0.78 (.06) 

-528.87 (.lo) 

-538.27 (.43) 
9.4 17 -37% -32% + 

a-1,1 1 a-l,6 

M010V2P0405- 

H M O ~ O V ~ P O ~ O ~  0.98 (.06) 

-528.82 (.15) 

-540.63 (.45) 
11.8 24 

v21 P 

0 
12% 17% 

a-l,4 

21% 
a-1,2 

V23P 

a -20% 
a-1,5 

V25P 

0 
6% 

p-4,11 

V26P 

A 
4% 

p-4,lO 

a 6(Mo10V2P0405-) - G(HMoloV2P0404-). b Relative abundance among the detected Mo10V2P resonances. 

chemical shift vs pH curves-and the number of potentially 
resolvable resonances is unchanged as the a- [ M o ~ o V ~ P O ~ O ]  5- 

isomers become monoprotonated. 
While no more than five 31P resonances and six 51V resonances 

of MoloV2P species were observed resolved in this study, we 
ultimately assigned them to seven isomers, including the five 
a-Keggin positional isomers as the most abundant species and 
two other Keggin isomers, thought to be @-Keggin isomers, in low 
relative abundance. This assignment is presented in Tables 1-4, 
and the reasons for it follow. In this assignment, the two 51V 
resonances of the a- 1,6 isomer are unresolved in a single observed 
resonance. 

The assignment is based, in part, on comparisons of the relative 
intensities of the M o ~ o V ~ P  resonances to the statistically predicted 
relative abundances of the a isomers. The statistically predicted 
relative abundances correspond to the a isomers’ degeneracies, 
and are typically cited herein as percents of the total of their 
degeneracies. (The degeneracy of each isomer equals the number 
of ways two vanadiums can be substituted for two molybdenums 
in the parent T d  a-[Mol2P040I3- structure to provide that isomer. 
For the dissymmetric isomers, a- 1,5 and a- 1,6, the degeneracies 
of their enantiomorphs are summed. See Figure 2 and ref 3.) 
The degeneracies predict one a isomer in high abundance (a- 1,6, 
36% among a isomers), three in medium abundance (a- 1,2, a- 1,4, 
and a-1,5, each 18%), and one in low abundance (a - l , l l ,  9%). 
The five observed 31P resonances and six observed 51V resonances 
of Mo1OV2P species cannot be assigned to only the five a isomers 
in any reasonable agreement with these statistically predicted 
relative abundances. For example, in the 31P spectra at 25 OC, 
there are two high-intensity resonances (each -40% of observed 
MoIoV~P 31P resonances), one medium-intensity resonance 
( - 13%), and two very low-intensity resonances (each - 34%) .  

The assignment is also based, in part, on the responses of the 
resonances’ chemical shifts to protonation of the a- [Mo10V2- 

PO401 5- isomers. Keggin polyoxometalates protonate at bridging 
oxygens, and the most basic of these should be the surface edge- 
shared oxygens (0,) within the edge-sharing M3013 groups.22 In 
the Keggin molybdovanadophosphates, the more basic of these 
oxygens are those bound to a vanadium(V) instead of two 
molybdenum(V1). Accordingly, the basicity among such oxygens 
decreases in the following order: V-Oe-V, V-Oe-MO, M0-0,- 
Mo. Among the a- [ MoloV2P0415- isomers, only the a- 1,4 isomer 
has an V-Oe-V oxygen, and it has only one of them. It is expected 
to be the most basic (highest pK,) of the a isomers.23 

(22) Protonation at the edge-shared oxygens of Keggin polyoxometalates is 
generally accepted in the field (personal communication, M. Pope), but 
we have been unable to locate any reference making such a general 
statement or any reference specifically indicating the site of protonation 
of a a-Keggin structure. For the preference for protonation at bridging 
oxygens rather than terminal oxygens, see: Barcza, L.; Pope, M. T. J. 
Phys. Chem. 1975,79,92. Protonation at edge-shared oxygens rather 
than corner-shared oxygens is expected on the basis of bond angle and 
orbital hybridization considerations and has been found in closely related 
structures. The structure of the P-Keggin anion 8- [H,PMoVIs- 
M0~40m](~-~)-indicates that three protons are bound at three equivalent 
edge-shared oxygens: Barrows, J. N.; Jameson, G. B.; Pope, M. T. J. 
Am. Chem. SOC. 1985, 107, 1771. The structure of the “bicapped 
a-Keggin” anion [HdPV14042]5- shows its four protons bound at 
“uncappedn edge-shared oxygens: Khan, M. I.; Zubieta, J.; Toscano, 
P. Znorg. Chim. Acta 1992, 193, 17. The assignments of 5*V NMR 
resonances to [Mo10V2P0~]5- isomers in the present work may be taken 
as further evidence for protonation at edge-shared oxygens. If protonation 
instead occurred at corner-shared oxygens, the most basic isomer would 
then be the a-1,2 instead of the a-1,4. However, the 5’V resonance 
having the highest pK,, and the one having the broad line width 
characteristic of corner-shared VO6 octahedra are not the same. See 
the text and ref 7. 

(23) Statistical factors affecting the isomers’ relative basicities should also 
be considered. The 1,4-a isomer has only one most basic V-0-V oxygen. 
The other a-isomers protonate at less basic V-0,-Mo oxygens, but each 
such isomer has four of them. The 1,4-a isomer also has two V-0,-Mo 
sites, however, diminishing any significant contribution of this statistical 
difference in determining the relative order of basicity. 
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Figure9. 51Vchemical shifts of the resonances VP and V21P-V26Pplotted 
vs pH, in 0.6 M Na(C1) at 90 "C. The lines through the data for the 
resonances V21P-V25P are the monoprotonation titration curves calculated 
to fit the data. 

4 5 

The other four ~ - [ M O ~ O V ~ P O ~ O ] ~ -  isomers will protonate at  
V-0,-Mo sites, of which there are four in each such isomer. In 
the a - l , l l  isomer, the four V-0,-Mo sites are equivalent by 
symmetry. Ineachofthecy-1,2 anda-1,5 isomers, thefourV-0,- 
Mo sites exist in two pairs by symmetry. In the a-1,6 isomer, 
the four V-0,-Mo sites are all inequivalent. Nonetheless, the 
chemical shift vs pH data could be explained with high precision 
by a single pKa for each resonance observed in the 31P and 51V 
spectra. We are inclined to believe this manifests indistinguishable 
pK, values for the symmetrically inequivalent V-O,-Mo sites in 
eachofthea-l,2,a-1,5,anda-l,6isomers,rather than preferential 
protonation at  only one type of V-0,-Mo site in each isomer. 

The resonances V21P in the 51V spectra and V2P5 in the 31P 
spectra have the same and uniquely highest pK, value (-0.5 at 
25 "C) in their respective spectra and matching unique intensities 
relative to other MoloVzP resonances (11-15% of all detected 
resonances at  25 "C). They are assigned to the a-1,4 isomer, 
unique in having a V-0,-V protonation site. V2lP and V2P5 
each exhibit, in their respective spectra, the greatest change in 
chemical shift on protonation. In the 31P spectra this distinction 
is modest, but in the 51V spectra it is exceptionally conspicuous. 
V21Pshifts upfyd  on protonation by more than twice the amount 
of any other Mo10V2P 51V resonance. Protonation of the a-1,4 
isomer at its single V-0,-V site occurs adjacent to bothvanadiums 
simultaneously. In contrast, monoprotonation of the other a 
isomers, at  V-Oe-Mo sites, occurs adjacent to only one vanadium 
at a time. Accordingly, the substantially greater chemical shift 
change of VzlP on protonation reinforces its assignment to the 
a- 1,4 isomer. 
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Figure 10. 3lP chemical shifts of the resonances VP and V2P1-V2P5 
plotted vs pH, in 0.6 M Na(C1) at 90 OC. The lines through the data 
for the resonances V2P1-V2P5 are the monoprotonation titration curves 
calculated to fit the data. 

When the Mo10V2P species are fully deprotonated, Vz*P is 16 
ppm from the nearest of the other M o ~ o V ~ P  resonances in the 51V 
spectra, which are all grouped within a 3 ppm range. This is 
consistent with the edge-shared vanadiums in the cy-l,4 isomer 
experiencing the environment most distinct from the vanadium 
environments in the several cy isomers in which the two VO6 
octahedra share no oxygens. The large chemical shift change of 
VllP on protonation brings its chemical shift into the range of 
the other M o ~ o V ~ P  resonances. From electrostaticconsiderations, 
the V-OH-V environment in ~ - ~ , ~ - [ H M o ~ o V ~ P O ~ ] ~ -  is more 
similar to the V-0-Mo environment in the other isomers. 

There are two plausible alternative assignments of the remaining 
major MoloVzP resonances in the 5lV and 31P spectra. Their 
differentiation focuseson theassignment of V22Pin the51V spectra. 
The alternative assignment that is not shown in the tables 
recognizes that resonances Vz2P and V23P in the 51V spectra have 
identical intensities, each 21% of the total abundance (sum of 
intensities) of detected MoloVzP resonances, and the same pKa 
(0.26 at  25 "C). There is only a single 31P resonance having this 
pK,, V2P4, and its relative abundance, -40% of all detected 
M o ~ o V ~ P  3IP resonances, is about equal to the sum of the relative 
abundances of Vz2P and V23P in the 5IV spectra. This is close 
to the statistically predicted relative abundanceof the cy- 1,6 isomer, 
36% among cy isomers. The cy-l,6 isomer is unique in having this 
high statistically predicted relative abundance, twice that of any 
other cy isomer, and in being capable of exhibiting two resolved 
51V resonances. 

Nonetheless, such assignment of Vz2P to the cy-1,6 isomer is 
disfavored for one set of reasons, and its assignment to the cy-1,2 
isomer instead is preferred for yet another. Moreover, there is 
still another 51V resonance (VZ4P) and another 3lP resonance 
(V2P3) with sufficient relative intensities, and having the same 
pKa, to account for the a-1,6 isomer. 
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Table 4. 31P-NMR Data Analyses, and Assignments for the [MoloV2P040]~- Isomers at 90 OC 

a ~(HMo~oV~PO,&) - 6(Mol0V2PO405-). Relative abundance among the detected Mo10V2P resonances. 

The assignment of V22P to the a-1,6 isomer is disfavored as 
neither its chemical shift nor its line width appear consistent with 
that assignment when compared to other 51V resonances. Like 
the a-1,6 isomer, the a-1,5 and a-1,l 1 isomers each contain 
separated V06 octahedra-respectively less and more separated 
than those in the a-1,6 isomer. Consequently, both the possible 
51V resonances of the unprotonated a- 1,6 isomer could be expected 
to fall in the same chemical shift range as the resonances of the 
unprotonated a-1,5 and a-1,ll isomers. IfV22P and V23P are 
assigned to the a- 1,6 isomer, then the a- 1,5 and a- 1,ll isomers 
must have their 51V resonances within V24P and possibly V25P, 
having chemical shifts when unprotonated within a narrow -0.2 
ppm range at 25 "C. Not only are unprotonated V22P and 
unprotonated V23P both well outside this narrow chemical shift 
range but VZ2P is even more shifted from V23P (by 1.9 ppm at 
25 "C) than V23P is from the range of V24P and V25P (by 0.7 ppm 
from V24P at 25 "C). Accordingly, it seems unlikely that these 
two resonances can both correspond to the a-1,6 isomer. 

Likewise, the line widths of the two possible 5lV resonances of 
the a-1,6 isomer are expected to be similar to those of the a-1,5 
and a- 1,ll isomers. IfV22P and V23P are assigned to the a- 1,6 
isomer, then the resonances remaining available for assignment 
to the a- 1,5 and a- 1,ll isomers (V24P and V25P) have line widths 
of v1/2 = 40-50 Hz at 25 "C. The resonance V23P is not too 
dissimilar, with v1/2 = 60 Hz at 25 "C, but V22P has a uniquely 
broad line width, v1/2 = 100 Hz at 25 "C. Again, it seems unlikely 
that Vz2P and V23P can both correspond to the a-1,6 isomer. 

The preferred assignment of the VZ2P resonance to the a- 1,2 
isomer is based on its uniquely broad line width. Leparulo-Loftus 
and Pope established' that among isostructural tungstovanadate 
polyanions, including the a-Keggin tungstovanadophosphates, 
51V resonance line widths are substantially broader in structures 
having corner-shared VO6 octahedra. On the basis of this 
criterion, they assigned the uniquely broad resonance in the 51V 
spectrum of a mixture of a-[WloV2P04]5- positional isomers to 
the a- 1,2 isomer. They confirmed this assignment by comparison 
to the reported spectral data for isolated, individual a-1,2- 

[ W ~ O V ~ P O ~ ]  5-, independently synthesized and structurally char- 
acterized (1- and 2-dimensional lS3W and 51V NMR) by 
Domaille.lO 

The V22P resonance in the present spectra of MoloV2P isomers 
is likewise assigned to the a-l,2 isomer. Moreover, this assignment 
places the unprotonated a- 1,2 resonance upfield (by 1.8 ppm at 
25 "C) from a-[MollVP04,-,I4-, as is the unprotonated a-1,4 
resonance, while all the resonances remaining available for 
assignment to all the unprotonated a isomers having separated 
V06 octahedra are closely grouped slightly downfield (within 1.1 
ppm at 25 "C) from a-[MollVP040]~.  

As a consequence of this assignment of V22P in the 51V spectra 
to the a-1,2 isomer, V2P4 in the 31P spectra must contain the 
unresolved 3lP resonances of the a- 1,2 isomer and another isomer 
whose 51V resonance is V23P. As previously noted, V2P4 is the 
only 31P resonance exhibiting the same pK, as both Vz2P and 
V23P, and its abundance among to all detected M o ~ o V ~ P  31P 
resonances (-40%) corresponds to the sum of the coequal 
abundances (each 21%) of VZ2P and V23P among all detected 
MoIOV2P 51V resonances. The only remaining a isomer having 
the same statistically predicted relative abundance (18%) as the 
a- 1,2 isomer (recalling that the a- 1,4 isomer is already assigned 
to V21P and V2P5) is the a-1,5 isomer. Accordingly, V23P is 
assigned to the a- 1,s isomer and V2P is assigned to the unresolved 
31P resonances of the a-1,2 and a-1,5 isomers. 

Also as a consequence of the assignment of V22P, and hence 
V2P4, to the a-1,2 isomer, the only remaining 31P resonance with 
sufficient intensity to assign to the a-1,6 isomer in reasonable 
agreement with its statistically predicted relative abundance 
among a isomers (36%) is V2P3 (-40% abundance among all 
detected MoloV2P 3lP resonances). The onZy observed 51V 
resonance having the same pK, as V2P3 is V24P (0.04 at 25 "C), 
and its intensity (45% among all detected unprotonated MoloV2P 
5lV resonances) is sufficient to account for the unresolved 5lV 
resonances of the a-1,6 isomer. Accordingly, V2P3 in the 31P 
spectra and V24P in the 5lV spectra are assigned, at least in part, 
to the a-1,6 isomer. 
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The only a-MoloVzP isomer remaining to have resonances 
assigned to it is the a- 1, l l  isomer. Among the a isomers, it most 
resembles the a- 1,6 isomer in having well-separated VO6 
octahedra. While the a-1,6-[HMoloV2P04~]~isomeris themost 
acidic among the observed isomers (pK, = 0.04 a t  25 "C for Vz4P 
and VzP3), the only resonances remaining unassigned in the 51V 
and 31P spectra are among the least acidic (pK, values -0.35 for 
V25P, VzP1, and V2P2 at  25 "C), second only to the a-1,4 isomer. 
Accordingly, none of these remaining unassigned resonances 
appear appropriate for assignment to the a-1,1 1 isomer. In view 
of its low statistically predicted abundance among a isomers (9%) 
and the expected similarity of its chemical shifts and pKa value 
to the a- 1,6 isomer, the observed resonances assigned to the a- 1,6 
isomer (V24P and VzP3) arealsoassigned tocontain the unresolved 
resonances of the a-1, l l  isomer. 

This overall assignment of NMR resonances to the a isomers 
is further supported by the overall trends it exhibits. The 
unprotonated a isomers' 31P chemical shifts, their 51V chemical 
shifts, and their conjugate acids' pK, values all show the same 
relative order (to the extent they are resolved), which is the order 
of the distance between the two vanadiums. In the 51V spectra, 
the unprotonated a isomers' chemical shifts appear to reflect the 
extent to which each vanadium's environment is perturbed by the 
other vanadium (relative to molybdenum). Notably, those isomers 
with separated V 0 6  octahedra (a-1,5, a-1,6, a -1 , l l )  have 
unprotonated 51V resonances shifted relatively close to each other 
and to the ~ - [ M O ~ ~ V P O . + O ] ~  resonance. In the 31P spectra, the 
unprotonated a isomers' chemical shifts appear to reflect the 
degree of polarity in the charge distribution surrounding phos- 
phorus, Notably, the a- 1,4 isomer, which has the most unbalanced 
charge distribution among the unprotonated a isomers, but the 
most uniform charge distribution among the monoprotonated a 
isomers, exhibits the greatest change in chemical shift upon 
monoprotonation, from one extreme of the unprotonated a isomers 
to the other extreme of the monoprotonated a isomers. 

The so-assigned distribution of the a isomers satisfactorily 
agrees, at  both 25 O C  and 90 O C ,  with that statistically predicted. 
(Albeit, only the sum of the abundances of the a-1,6 and a-1, l l  
could be determined since their resonances were unresolved in 
both the 5lV and 3lP spectra.) The abundance of the unprotonated 
a-1,4 isomer (11% at 25 "C, 12% a t  90 "C), however, is 
substantially depressed relative to that statistically predicted 
(18%). Its decreased stability relative to the statistical level can 
be ascribed to its most unbalanced charge distribution and its 
uniquely weaker bonding of two oxygens between two vanadium- 
(V) nuclei. Notably, its relative abundance increases toward 
that statistically predicted as it becomes monoprotonated (to 15% 
at pH 0 at  25 "C, where it is 75% monoprotonated, and to 17% 
at pH 0 at 90 O C ,  where it is 92% monoprotonated). This occurs 
at the expense of one or both of the a isomers with the most even 
charge distribution when unprotonated (a-1,6, a - l , l l ) .  

Assignment of Resonances to @-Isomers. The resonances 
remaining to be assigned in the 51V spectra (Vz5P, Vz6P) and 31P 
spectra (VzPI, V2P2) are theleast intenseof thedetected Mo1OVzP 
resonances. On the basis of their similar abundances and similar 
pK, values, these two 5lV resonances and two 3lP resonances are 
supposed to arise from the same two species. 

These least intense of the observed resonances are tentatively 
assigned to /3 isomers. The two 3lP resonances so assigned have 
the most downfield chemical shifts among the Mo~oVZP 31P 
resonances. This accords with the reported downfield 31P shift 
of a @-[WloVzP040]~- (-12.85 ppm) compared to two a-[WloV2- 
PO40l5- isomers (-13.46, -13.61 ~ p m ) . ~  

There are 14 possible 8- [ M o ~ o V ~ P O ~ O ] ~ -  positional isomers 
(counting enantiomorphs as single positional isomers).*, Eight 
possible 8 isomerscan arise by rotation of the edge-sharing M03013 
groups in the five a isomers. Their degeneracies do not predict 
a substantial statistically preferred predominance for any two or 
few of them. (The statistically predicted abundance ratios among 
these eight are 6:6:6:4:3:3:3:2.) Moreover, it appears unlikely 
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that the relative stabilities among them (factoring out statistical 
factors) would be much different than among their corresponding 
a isomers, since the relationships between the vanadiums are not 
significantly changed by rotation of the edge-sharing Mojo13 
groups. For the same reason, they appear poor candidates for 
exhibiting 51V resonances resolved from their corresponding a 
isomers. Accordingly, the two observed apparent @ isomers more 
likely result from rotation of an edge-sharing MoLXVxOl3, where 
xis 1 or 2. There are six such /3 isomers. The statistically predicted 
abundance ratios among these six are 2:2:2:2:1:1, so they cannot 
be further discriminated on that basis. 

A further winnowing of the likely structures for these two 
apparent 8 isomers is based, in part, on their pH behavior. The 
two apparent 0 resonances have pK, values -0.35 at  25 O C ,  
between those of the most basic a-1,4 isomer (0.48 at  25 "C) and 
the next most basic a isomers, a- l ,2  and a-1,5 (both 0.26 at  25 
"C). Although second only to the a-1,4 isomer in basicity, they 
do not exhibit an exceptionally large change in 51V chemical shift 
on protonation similar to the a-l ,4 isomer, which has a single 
protonation site adjacent to both its edge sharing vanadiums. 
Instead, their changes in chemical shifts on protonation are similar 
to those of the other a isomers, which protonate at  V-0,-Mo 
sites, adjacent to only one vanadium at a time. Accordingly, 
these j3 isomers are not likely to be ones having edge-shared VO6 
octahedra, related to the a-1,4 isomer by rotation of one edge- 
sharing M3O13 groups on its P-0 axes. (This rules out the 8-10,- 
11 isomer, resulting from 60" rotation of the edge-sharing 
MoV2013 group in the a-1,4 isomer, and also the two @ isomers 
resulting from rotation of the edge-sharing M03013 groups in the 
a-1,4 isomer.) On the basis of their pKa values of -0.35 a t  25 
O C ,  they more likely contain either corner-sharing VO6 octahedra 
similar to the a- l ,2  isomer (pK, 0.26 a t  25 "C) or separated VO6 
octahedra connected similar to the a- l ,5  isomer (pK, 0.26 at  25 
"C). They are not likely to contain VO6 octahedra as separated 
as in the much less basic a-1,6 and a-1, l l  isomers (pK, values 
0.04 at  25 "C). 

There are only two 8 isomers meeting these criteria. Only the 
8-4,lO isomer (with its 8-9,lO enantiomer) has corner-sharing 
VO6 octahedra with one of them in the rotated edge-sharing MOZ- 
VO13 group. (See Figure 1 for numbering scheme.) Only the 
@-4,ll isomer (with its @-9,12 enantiomer) has the same type of 
connectivity between the vanadiums as does the a-1,5 isomer: 
cis-V-O,-Mc+O,-V. (0, is a corner-shared oxygen. 0, is an 
edge-shared oxygen. cis refers to the relationship of the oxygens 
in the connecting Moo6 octahedron.) In the a-lJ isomer there 
are two such connections through different Moo6 octahedra. In 
the@-4,ll isomer, thesecond connection through a different Moo6 
octahedron is cis-V-O,-Mo-O,-V. Among the remaining 
isomers with a rotated edge-sharing MozVO13 group, the shortest 
connectivity between the two vanadiums (through molybdenum) 
is trans-V-0-Me-0-V and each such 8 isomer has only one 
such connection through a single molybdenum. This is analogous 
to the connectivity in the much less basic a-1,6 isomer. Con- 
sequently, the two observed apparent @ isomers are tentatively 
assigned to the j3-4,lO and @-4,ll isomers and their enantiomers. 
(For each, the symmetrically inequivalent vanadiums are pre- 
sumed to exhibit a single unresolved resonance.) 

When resolved in the 51V spectra of solutions at  90 "C, the 
resonance V26P exhibits a line width (-40 Hz) comparable to, 
if not broader than, that of the a-1,2 isomer at  90 OC (32 Hz). 
This is indicative of corner-sharing VO6 octahedra. (See above 
and ref 7.) In comparison, the line width of V25P (24 Hz at  90 
"C, 40 Hz at  25 "C) is comparable to the narrower line widths 
of the other a isomers, all lacking corner-shared VO6 octahedra 
(17-23 Hz a t  90 OC, 50-60 Hz at 25 "C). Consequently, VZ6P 
is plausibly assigned to the @-4,lO isomer and V25P to the &4,11 
isomer. 

These are the two 8 isomers that can be derived from the a- 1,2 
isomer by 60" rotation (+ or -) of one edge-sharing MozVOl3 
group. As the a-1,2 isomer is the only a isomer with corner- 
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sharing between the VOS octahedra in different edge-sharing 
Mo2VO19 groups, it seems reasonable that it might be uniquely 
destabilized relative to its corresponding @ isomers. This would 
reflect weaker bonding across a Vv-Oc-Vv corner relative to 
VV-O-MoV~or MoVLOc-MoV1corners. Thus, the overall comer- 
shared bonding in the @-4,ll isomer, which lacks any V-O,-V 
corner, would be stronger than that in the a-1,2 isomer. In the 
@-4,10 isomer, however, the remaining V-O,-V corner will have 
a less obtuse bond angle than in the a- 1,2 isomer (- 145O vs - 1 55°)2a and thus weaker p r  - d r  bonding a t  the same bond 
distances. If present, as tentatively assigned, shorter V-0,-V 
bonds in this @isomer, to overcompensate for the less obtuse bond 
angle, must be invoked to complete this rationalization. The 
concept that the a- 1,2 isomer is unique among a isomers in being 
destabilized relative to corresponding 0 isomers, however, does 
not find any support in its abundance relative to other CY isomers, 
which is close to that predicted statistically. (It appears in the 
same abundance as the a-1,5 isomer, with which it has equal 
statistically predicted abundance.) 

Concluding Remarks. Only by using a constant ionic medium, 
an internal chemical shift standard, a combination electrode 
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calibrated on the concentration pH scale (pH = -log [H+]), a 
high-field NMR instrument (500 MHz lH), and corrections for 
bulk susceptibility effects (Figure 3), all in combination, did it 
prove possible to precisely track the MoIoV~P 31P and 51V 
resonances as their chemical shifts converged and diverged with 
increasing acidity to pH 0. This made it possible to precisely 
determine their pKa values in the 0-0 .5  range even though only 
about half of each titration “S-curve” could be experimentally 
covered. This capability was essential to enable the assignment 
and characterization of the [MOI,-,V~POM]~- isomers reported 
herein. A partial assignment of [ HzMogV3P0~] (bz)- resonances 
to individual positional isomers has been completed and will be 
reported subsequently. 
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