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taining 0.1 g (0.18 mmol) of #z-RuCl,(tap), and 0.07 g (0.18 mmol)
of Ph,P(CH,),PPh, was boiled for 12 h. The solution color changed
from green to orange. The compound was isolated as the perchlorate
salt with a procedure similar to that given above. The purification
was done by chromatography. An orange band was eluted out by
using a 1:4 benzene-acetonitrile mixture. Crystals were obtained by
complete evaporation of the solvent. The yield was 40%. Anal. Caled
for RuCxHgN¢OoCLP,: C, 54.74; H, 4.41; N, 7.66; Cl, 6.48. Found:
C, 54.68; H, 4.72; N, 7.23; Cl, 6.20.
(1,3-Bis(diphenylphosphino)propane)bis[2- (phenylazo)pyridineJru-
thenium(II) Perchlorate Hydrate, [Ru(Ph,P(CH,);PPh,)(pap).}-
(C10,),:H,0. This was prepared by following the method given in
the cases of [Ru(Ph,P(CH,),PPh,)(tap),](ClO,),sH,0 but with
11t-RuCly(pap), and Ph,P(CH,);PPh, used instead of #2-RuCl,(tap),
and Ph,P(CH,),PPh,, respectively. The yield was 40%. Anal. Calcd
for RuC,4HNgOCLPy: C, 53.64; H, 4.23; N, 7.66; Cl, 6.49. Found:

C, 53.95; H, 4.19; N, 7.58; Cl, 6.60.
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The polytungstate ions a-XMI(OH,)W ;04" (X = B, Si, Ge, P, As; Ml = Al, Ga, In, T1) and X,M'"}(OH,)W,0,,"
(X =P, As; M = a5 above) are reported. Their stability in acidic to slightly basic aqueous solution, both with and without
supporting electrolyte, is classified in terms of X and M(III). The sensitivity to changes in M(III) of the P-O asymmetric
stretch vibration splitting in the tungstophosphates is described. All anions are reducible to W(V)-containing species; their
redox behavior resembles that of the parent lacunary anions. A series of two-electron reduced gallatotungstates has been
isolated. The crystal symmetries found for the alkali metal and ammonium salts can be classified according to the number
of cations and, to a lesser degree, the number of molecules of hydration water. Differences in behavior of the group 3A
clement substituted polyanions are generally small for a given central atom.

Introduction

Among the extensive class of heteropolyoxoanions of the
group 5 and 6 transition metals, the best studied series of
compounds are those having, or derived from, the so-called
Keggin structure? and the related Dawson structure? of general
formula XM ,0," (X = B, Si, Ge, P, As, various transition
metals; M = W, Mo) and X;M 30" (X =P, As; M =W,
Mo).

The basic unit in both structural types is a M;0,, group
consisting of three edge-sharing octahedra that are slightly
(in the case of W) or more severely (in the case of Mo) dis-
torted, the metal atoms being displaced outwardly. Several
isomers of both structures are known,*!! e.g., through rotation
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of one M;0,; unit, the most symmetric ones, generally labeled
«,” are usually thermodynamically the most stable.

Increasing the basicity of a solution of such a polyanion may
result in the formation of so-called lacunary polyanions, which
have lost one or more M—O groups while maintaining the same
basic structure.* The more easily prepared series have the
general formula XM;;03% (X and M as above) and
X,M 704" (X and M as above) (see Figure 1).

It is possible to refill the lacuna with one of numerous
transition- and main-group-metal ions!24!8 or to complex two
lacunary units around a sufficiently large central metal ion
capable of high coordination numbers (e.g., some lanthanides
and actinides).!*!® The lacunary compound may be consid-
ered as a pentadentate or tetradentate ligand, respectively.
Most 1:1 complexes that have so far been prepared contain
bivalent transition-metal ions,'>14 probably because they are
comparatively easy to synthesize and isolate as solids. Several
compounds have been studied however that contain tri-, tetra-,
or pentavalent transition-metal ions: Co(III),'2!718 Mn(III),'*
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88, 2329.
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Heteropolytungstates Containing Group 3A Elements

Figure 1. Idealized structures (metal coordination octahedron rep-
resentation) of a-XM,, (Keggin structure) (top) and a-XM,; (lacunary
Keggin structure) (bottom). The central XO, tetrahedron is omitted
for clarity.

Fe(I1I),%° V(IV), and V(V),22-% but also Al?%?"-2% and Ga.!

However, a complete series of alkali-metal salts of anions
of general formula XMI(OH,)M ;0,5 or X,MUL.
(OH;)M,;0,,7" has not been reported, except for Cr(I1I).%°

It seemed interesting to prepare several series containing
the group 3A elements Al, Ga, In, and T}, all as trivalent ions,
in order to be able to make a comparative study along a
column of the periodic table.

This paper reports the preparation, isolation, and some of
the properties of the anions XM"(OH,)W,,03," (X = B, Si,
Ge, P, As; M(III) = Al, Ga, In, T1) and X,M"(OH,)W ;04,7
(X = P, As; M(III) = as above). Analogous ions containing
central metal ions will be reported separately.*? As far as we
are aware, among these are the first reported well-charac-
terized heteropolyanions that contain indium or thallium(III).>

All compounds reported here are the stable, more symme-
trical a-isomers; this in order to obtain a homogeneous, com-
parable series.

Although the group 3A metal ions hydrolyze rapidly to form
rather insoluble basic salts or hydrated oxides in the pH range
imposed by the stability limits of the starting materials, the
most straight-forward reaction, direct addition to the lacunary
compound, proceeds sufficiently rapidly to prevent significant
precipitation of such insoluble products, especially in hot
aqueous solution. Furthermore, in most cases the addition
reaction goes to completion even when there is considerable
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precipitation, as the basic salt slowly redissolves to react.

Experimental Section

Starting Materials. The « isomers of the XW, and X, W *! series
are all stable compounds, both as solids and in aqueous solution, except
AsW /| ; their preparation is straightforward.!432 AsW,, was prepared
directly, in situ,'# just prior to the addition of the trivalent metal
ion (see next section). Ca. 1 M solutions of InCl;, In(NO,),, GaCl;,
and Ga(NO,); were prepared by slowly dissolving indium shot
(99.995%) or gallium chunks (99.99%) in the stoichiometric amount
of 1:2 HCl or HNO;, at room temperature. Thallium(III) was added
in the form of analytical grade TI(NOj;);.

Preparations. Detailed descriptions are given for the preparation
and isolation (usually as the potassium salt) of all reported alumi-
num-containing heteropolytungstates and of a few salts of every other
group 3A element containing heteropolytungstate series, the modi-
fications necessitated by these elements being relatively small.

Aluminatohetel'opolytlmgstates. KSSiAl(OHZ)W11039-~13H20. To
a stirred solution of 64.0 g (0.0200 mol) of K3SiW,,0;5.~13H,0
in 125 mL of hot water (90 °C) is added in small portions 7.58 g
(0.0202 mol) of solid AI(NO;);9H,0. After completion of the
addition, the solution is heated for 10 min and then cooled and filtered.
To the cold (5 °C) filtrate is added twice its volume of cold methanol.
The precipitated white salt is filtered off, washed with a 2:1 (v/v)
methanol/water mixture, and recrystallized three times from warm
water (50—-60 °C), to which methanol is added until the salt begins
to precipitate. After filtering, the salt is air-dried.

KsGeAl(OH,)W,,0,5:~11H,0. This preparation is similar to that
of the preceding salt, with the same amounts of AI(NQO,);-9H,0 and
KgGCWl 1039"“ 1 2H20

[C(NH,);1,AsA1(OH,)W,,0,-~8H,0. A 3.12-g (0.0100-mol)
sample of Na,HAsO, and 36.3 g (0.110 mol) of Na,WOQ,2H,0 are
dissolved separately in 80 mL of hot (80 °C) water each. The hot
solutions are mixed, stirred, heated to 90 °C, and acidified with 12.32
mL of 13.8 M HNO,. The pH of this solution should be between
3.0 and 4.0. A 3.79-g (0.0101-mol) sample of solid AI(NO;);-9H,0
is added in small portions. The solution is heated for 5 min and filtered
while still hot. The addition of a small excess of a concentrated solution
of guanidinium nitrate provokes the immediate precipitation of a white
salt, that is filtered, washed with cold water, and recrystallized twice
from hot (90 °C) water.

[C(NH,);1,PAI(OH,;)W,,035-~11H,0. This procedure is similar
to that of SiAIW,,, with the same amount of AI(NQ,),-9H,0 and
64.5 g (0.0200 mol) of K,PW,,035:~15H,0. The guanidinium salt
is precipitated and recrystallized as described above.

K¢BAI(OH,)W,,0,,-~14H,0. Because of the relative instability
of the BW,,03,° anion, the order of addition is inversed: to a hot
(90 °C) solution of 3.79 g (0.0101 mol) of AI(NQ,);:9H,0 in 50 mL
of water is added in one time 32.0 g (0.0100 mol) of KdBW;,039-~
10H,0, with vigorous stirring. After S to 10 min, all
K¢BW,,0;5~10H,0 is dissolved and reacted; the remaining white
insoluble solid (paradodecatungstate, unavoidable impurity contained
in the KoBW ;054 salt) is filtered off after the solution is rapidly cooled
to room temperature. To the filtrate is added twice its volume of cold
methanol (5 °C). The precipitated white solid is filtered, washed with
a cold 1:1 (v/v) water/methanol mixture, and rapidly recrystallized
from warm (70 °C) water.

K,P,Al(OH,)W ,04,-~22H,0. To a stirred suspension of 29.5
g (0.006 00 mol) of K ,P, W 704+ ~20H,0 in 100 mL of hot (85 °C)
water is gradually added 2.27 g (0.006 06 mol) of solid AI(NO;),
9H,O. The suspended fraction of K,oP,W;Qs; dissolves slowly, while
the solution is heated to 95 °C and slowly evaporated to ca. 50 mL.
When the solution is cooled to 2 °C, the sought-efter white salt
crystallizes. It is filtered, washed with a 1:1 (v/v) methanol/water
mixture, and recrystallized thrice from hot (90 °C) water. The yield
may be increased considerably by applying the methanol precipitation
procedure described above.

K,As,A(OH,;)W,0¢-~20H,0. This preparation is analogous to
that of the preceding salt, with the same amount of AI(NOQ;);-9H,0
and 29.6 g of K ,As,W ,0¢+~21H,0. The reaction takes place more

(31) Most formulas, XM;;03,"", etc., will be abbreviated to XM, etc., in
the remainder of the text.

(32) See, for example: Souchay, P. “Ions Minéraux Condensés”; Masson:
Paris, 1969.
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slowly (ca. 30 min instead of ca. 15 min).

Gallatoheteropolytungstates. The preparations are analogous to
those of the aluminum-containing ions, apart from the use of an
aqueous solution of the Ga(III) ion. A detailed example is given below.

KSiGa(OH,)W,; 035~ 15H,0. To a hot (90 °C) stirred solution
of 32.0 g (0.0100 mol) of KgSiW,,0,5:13H,0 in 60 mL of water is
added dropwise a solution of 1.78 g (0.0101 mol) of GaCl, in 20 mL
of water. After each addition a transient precipitate appears that
redissolves before the next drop is added. After completion of the
addition the solution is heated for 5 to 10 min. The excess gallium
precipitates, presumably as Ga(OH),, and is filtered off, after cooling
of the solution, on a PVC membrane filter. The filtrate is treated
with twice its volume of cold (5 °C) methanol. The resulting pre-
cipitate is filtered, washed with a 1:1 (v/v) methanol/water mixture,
and redissolved in warm (50 °C) water; after dissolution, methanol
is added until a white precipitate appears. After the mixture is cooled
to 2 °C, the precipitate is filtered and recrystallized twice in the same
way. It is then air-dried.

Indatoheteropolytungstates. The preparation of indium-containing
heteropolytungstates resembles closely that of the gallato anions; it
is somewhat more complicated because of the tendency of In(III) ions
to function as countercations. A detailed example is given below.

K;Siln(OH,)W,0:,-~10H,0. To a stirred solution of 32.0 g
(0.0100 mol) of KgSiW,;039~13H,0 in 60 mL of hot water (90 °C)
is added dropwise a solution of 2.23 g (0.0101 mol) of InCl; in 20
mL of water. After each addition a transient precipitate appears that
redissolves before the next drop is added. After completion of the
addition, the solution is heated for 10 min. Most of the excess indium
precipitates, presumably as a basic chloride, and is filtered off, after
cooling, on a PVC membrane filter. To the filtrate is added twice
its volume of cold (5 °C) methanol. The precipitated white salt, that
often first separates as a viscous oil before solidifying after cooling
to 2 °C, is filtered and washed with a 1:1 (v/v) methanol/water
mixture. It is redissolved in water at room temperature and passed
on an Amberlite IR-120 cation-exchange column in K* form to remove
the remaining excess indium that partly replaces potassium as
countercation. The resulting dilute solution is evaporated until the
indatotungstosilicate anion concentration is ca. 0.15 M. Twice the
volume of methanol is then added (at 5 °C), and the precipitated salt
is filtered and recrystallized twice as described for the gallato-
heteropolytungstates.

Thallatoheteropolytungstates. As hydrolysis of the thallium(III)
ion successfully competes with the addition reaction at pH values above
3.5, the heteropolytungstate solutions have to be buffered with acetic
acid just before the addition reaction is carried out. Examples of
preparations that otherwise are similar to those of the indato-
heteropolyanions are given below. Most syntheses are carried out
at pH 3.2.

K;sSiTI(OH,)W;,035:~10H,0. To an almost boiling (100 °C)
solution of 32.0 g (0.0100 mol) of KgSiW,;O34:~13H;0 in 100 mL
of water, brought to pH 3.2 with glacial acetic acid, is added dropwise
a solution of 3.98 g (0.0102 mol) of TI(NO;); in 15 mL of water.
A transient precipitate appears after each drop that redissolves slowly
before the next drop is added. Toward the end of the addition some
thallium(III) hydrolyzes and does not redissolve. The pH of the
solution after completion of the addition should be between 2.5 and
3.0. The solution is alkalinized carefully with 1 M NaOH to pH 4.5
and cooled rapidly. The excess thallium is filtered off on a PVC
membrane filter. To the filtrate is added twice its volume of cold
(5 °C) methanol. The precipitated yellowish white salt is subjected
to the ion-exchange treatment described above and recrystallized twice.

KBTI(OH,)W,,0,,-~ 12H,0. To 3.98 g (0.0102 mol) of TI(NO3),
dissolved in 100 mL of warm water (50 °C) is added 32.0 g (0.0100
mol) of solid KyBW;;O39:~10H,0. The latter slowly dissolves and
partly reacts with thallium(III) and partly decomposes in the acidic
solution. After dissolution is complete, the pH is rapidly raised to
5.0 by adding 1 M NaOH, and the solution is cooled to 2 °C. A
considerable amount of insoluble material is filtered off, and the filtrate
is evaporated slowly to yield off-white crystals of the sought salt. These
are filtered, washed, and purified by the ion-exchange method described
above and then recrystallized twice.

Hydroxo Ligand Complexes. Hydroxo ligand heteropolytungstates
of formula XM(OH)W,,05,% (X = Si, Ge; M = Al, Ga, In, Tl) and
XoM(OH)W 70,5 (X = P(V), As(V); M = as before) may be
isolated as the potassium salt by the following general method: To
an aqueous ca. 1 M solution of the chosen “regular” potassium salt

Zonnevijlle, Tourné, and Tourné

is slowly added the stoichiometric amount of KOH, dissolved in some
water (i.e., 1 mol/mol of aquo ligand anion). The resulting solution
is slowly evaporated, and the separated solid is filtered, washed with
some ice-cold water, and air-dried. Alternatively, the salt may be
precipitated by adding an equal volume of ethanol to the solution.

Reduced Gallatoheteropolytungstates. K,SiGa(OH,)-
WY, WV,0,0:~15H,0. A ca. 0.01 M aqueous solution of the “regular”
(fully oxidized) salt, buffered at pH 4.0 with acetic acid, is reduced
electrolytically under a nitrogen atmosphere at a controlled potential
of —0.85 V vs. SCE with a mercury pool cathode. After the degree
of reduction is checked (see next section), one precipitates a dark blue
crystalline salt by adding finely divided solid KCl to the solution. It
is filtered off, washed with some ice-cold water, and dried in a nitrogen
stream.

K,GeGa(OH,)WY,WV1,0,,.~ 16H,0. This preparation is similar
to that of the preceding salt. The electrolysis is carried out at —0.75
V vs. SCE and at a pH of 3.0.

KyP,Ga(OH,) WY, WV (0,,.~28H,0. This preparation is similar
to those of the preceding salts. When a 0.01 M solution is used, the
reduced form crystallizes during the electrolysis. Electrolysis con-
ditions: -0.60 V vs, SCE at pH 3.0.

K;As,Ga(OH,)WY,WV! 0, ~29H,0. This preparation is similar
to those of the preceding salts. The reduced form is again insoluble.
Electrolysis conditions: ~0.55 V vs. SCE at pH 3.0.

Acids of Lacunary and Substituted Heteropolytungstate Anions.
Solutions of these acids were prepared by an ion-exchange method:
A salt solution, the concentration of which varies from 0.02 M
(guanidinium salt) to 0.05 M (potassium salt), is passed on an Am-
berlite IR-120 cation-exchange column in H* form; the column is
cooled to 2.0 £ 0.5 °C by surrounding it with a water and ice-con-
taining jacket. The operation is repeated on the eluate. The con-
centration of the final solution is determined by calcination at 600
°C of 1 aliquot evaporated to dryness; the residue only consists of
oxides according to its X-ray powder diffractogram.

Analytical data for all isolated salts and for the acid solutions are
presented in Table I.

Analyses. Tungsten, aluminum, gallium, and indium were de-
termined gravimetrically as their 8-hydroxyquinoline complexes.?33*
Indium was also weighed as the diethyldithiocarbamate®® or determined
volumetrically (back-titration of an excess of EDTA with ZnCl,%).
Thallium was determined gravimetrically as the complex with di-
antipyrylpropylmethane® after tungsten was precipitated and removal
as WO, in strongly acidic solution.

Analysis of the central atoms consisted of determining silicon as
Si0,, of phosphorus as MgNH,PO,, of germanium as GeQ,, of arsenic
by the silver dithiocarbamate method after As was transformed to
AsH3,%* and of boron by atomic emission spectroscopy, by using a
Perkin-Elmer 5000 ICP instrument. The degree of reduction of
reduced polyanions was determined by back-titrating an excess of
iron(III) added to 1 aliquot of the solution, with bichromate.

Potassium, guanidinium, and tetraalkylammonium ions were
precipitated as the tetraphenylborate complex at an appropriate pH.3*%
Except for the last-mentioned method, every analysis was preceded
by alkaline destruction of the polyanion. The water contents was
determined by thermogravimetry.

Physical Measurements. UV-visible spectra were recorded on a
Jobin & Yvon “Maroc™ and a Cary 14 spectrophotometer. IR spectra
(mainly with KBr pellets) were obtained with a Perkin-Elmer 356
instrument. Conductivity and potentiometry measurements were
carried out with a Tacussel CD 6, Heath EU-302A, or Philips PW
9408 instrument. Polarographic experiments were conducted on a
Radiometer PO4 DME polarometer; cyclic voltammograms were
obtained with an MPI system and a polished graphite electrode
(Princeton Instruments).

(33) Erdey, L. “Gravimetric Analysis”; Pergamon Press: Oxford, 1965; Vol.
II.
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(35) Busev, A. I. “The Analytical Chemistry of Indium”; Pergamon Press:
Oxford, 1962.

(36) van Nieuwenburg, C. J.; van Ligten, J. W, L. “Quantitative Chemical
Microanalysis”, Elsevier: Amsterdam, 1963.

(37) Busev, A. I; Tiptsova, V. G.; Ivanov, V. M. “Handbook of the Ana-
tytical Chemistry of Rare Elements”; Humphrey Science Publ.: Ann
Arbor, M1, 1970.

(38) Bonnard, J. J. Pharm. Belg. 1971, 26, 135.



Heteropolytungstates Containing Group 3A Elements Inorganic Chemistry, Vol. 21, No. 7, 1982 2745

Table I. Analytical Results
found (calcd)
yield,? % central % group 3A deg of
% % cation atom® element % W % H,0¢ redn®
Salts
K,SiAl(OH,)W,,0,,°13.4H,0 80  5.95(6.19)  0.868(0.881) 0.884(0.855) 64.11(64.07)  7.65
K,GeAl(OH,)W,,0,,-12.6H,0 75 6.04(6.14)  2.310(2.278) 0.853(0.847) 63.51(63.46)  7.13
[C(NH,),],PAI(OH,)W,,0,,°9.3H,0 70 7.65(7.68)  1.012(0.989) 0.892(0.862) 64.03(64.60)  5.36
[C(NH,),],AsAl(OH,)W,,0,,-8.3H,0 65  7.57(7.62)  2.328(2.374)  0.876 (0.855) 63.86 (64.07)  4.75
K BAKOH,)W,,0,,-14.4H,0 70 7.18(7.38)  0.327(0.338) 0.843(0.846) 63.37(63.27)  8.12
K,P,AOH,)W,,0,,-22.4H,0 80  5.79(5.60)  1.262(1.268) 0.549(0.552) 64.77(63.97)  8.26
K,As,Al(OH,)W,,0,,-20.1H,0 70 5.62(5.55)  3.021(3.039) 0.545(0.547) 64.36(63.38)  7.33
K,SiGa(OH,)W,,0,,14.9H,0 80  6.15(6.06) 0.848(0.871) 2.178(2.162) 62.95(62.70)  8.30
K,GeGa(OH,)W,,0,,-14.9H,0 80  6.05(5.98)  2.178(2.219) 2.110(2.132) 62.09(61.85)  8.18
K,PGa(OH,)W,0,,-13.9H,0 40 4.86(4.93)  0.968(0.977) 2201 (2.198) 63.26 (63.76)  7.89
[C(NH,),],AsGa(OH,)W,,0,,-11.0H,0 60  7.32(7.40)  2.348(2.307) 2.155(2.147) 62.46(62.27)  6.11
K,BGa(OH,)W,,0,,-17.3H,0 80  6.81(7.13)  0.341(0.328) 2.177(2.118) 61.68(61.45)  9.47
K,P,Ga(OH,)W,,0,,-20.0H,0 90 5.72(5.60)  1.287(1.268)  1.424 (1.427) 64.01(63.98)  7.39
K,As,Ga(OH,)W,,0,,-22.0H,0 90  5.65(5.45)  2.969(2.991) 1.422(1.392) 61.73(62.39)  7.92
K,Siln(OH,)W,, 0,,-10.4H,0 75 6.45(6.13)  0.863(0.880)  3.96 (3.60) 63.20(63.40)  5.86
K,Geln(OH,)W,,0,,-12.4H,0 70 6.03(5.98)  2.207(2.220) 3.88(3.5D) 62.10(61.85  6.80
K, PIn(OH,)W,,0,,-11.9H,0 50 5.33(4.92)  1.003(0.973) 3.50(3.61) 63.40(63.56)  6.76
[N(CH,),],AsIn(OH,)W,,0,,-11.6H,0 50  9.39(8.89)  2.261(2.230) 3.10(3.42) 60.70 (60.20)  6.21
K,BIn(OH,)W,,0,,:12.2H,0 60  6.95(7.23)  0.325(0.333) 3.63(3.54) 62.48(62.34)  6.77
K,P,In(OH,)W,,0,,17.2H,0 80  6.09(5.61)  1.254(1.270) 2.38(2.35) 63.80(64.05)  6.35
K,As,In(OH,)W,,0,,-18.7H,0 75 5.64(5.48)  3.028(3.000) 2.39(2.30) 62.41(62.58)  6.74
K, SiTOH,)W,,0,,-9.7H,0 70 5.90(5.98)  0.851(0.860) 6.31(6.26) 61.95(61.91)  5.34
K.GeTI(OH,)W,,0,,-11.0H,0 60  5.88(5.86)  2.198(2.176) 6.19(6.13) 60.24 (60.63)  5.95
K PTIOH,)W,,0,,-12.0H,0 40 4.59(4.78)  1.003(0.947) 6.44 (6.25) 62.09(61.81)  6.59
[C(NH,),],ASTOH )W, ,0,,-10.9H,0 75  7.42(7.11)  2.231(2.217)  5.89 (6.05) 60.23(59.84)  5.79
K,BTIOH,)W,,0,,-12.1H,0 15 7.21(7.04)  0.316(0.324)  6.01(6.13) 61.14 (60.69)  6.56
K,P,TI(OH,)W,,0,,-17.0H,0 60  5.57(5.51)  1.258(1.248) 4.16 (4.12) 62.73(62.94)  6.17
K,As,TI(OH,)W,,0,, 18.9H,0 50  5.48(5.38)  3.002(2.945) 4.18(4.02) 61.68(61.43)  6.69
K, SiA(OH)W,,0,,-8.5H,0 90¢  7.58(7.55)  0.884(0.904) 0.864 (0.869) 64.82(65.11)  4.92
K,GeAl(OH)W ,0,,-10.4H,0 90¢  7.42(7.37)  2.237(2.279) 0.854(0.847) 63.56 (63.50)  5.89
K,P,AKOH)W,,0,,-21.4H,0 95¢  6.43(6.38)  1.248(1.263) 0.552(0.550) 63.98(63.71)  7.86
K, As, AKOH)W,,0,,-23.1H,0 95¢  6.19(6.23)  2.960(2.982) 0.544 (0.537) 62.01(62.20)  8.28
K,SiGa(OH)W,,0,,-11.5H,0 95¢  7.29(7.33)  0.886(0.877) 2.189(2.177) 63.02(63.14)  6.48
K,GeGa(OH)W,,0,,-15.0H,0 90%  6.97(7.09)  2.228(2.192) 2.112(2.106) 60.97(61.08)  8.16
K,P,Ga(OH)W,,0,,-20.4H,0 904 6.44(6.3d)  1.261(1.256) 1.404 (1.414) 63.78(63.39)  7.46
K,As,Ga(OH)W,,0,,-21.2H,0 909  6.29(6.22)  3.011(2977) 1.379(1.385) 62.04(62.10)  7.58
K,Siln(OH)W,,0,,-9.5H,0 85¢  7.35(7.30)  0.856 (0.874)  3.56 (3.58) 62.58(62.96)  5.33
K,Geln(OH)W,,0,,-12.2H,0 85¢  7.24(7.10)  2.218(2.197) 3.42(3.48) 61.42(61.20)  6.63
K,P,In(OH)W,,0,,-19.8H,0 904 6.34(6.30)  1.239(1.248)  2.29(2.31) 62.48(62.95)  7.18
K, As,In(OH)W, ,0,,-20.2H,0 904 6.23(6.18)  3.01(2.96) 2.26 (2.27) 61.45(61.77)  17.19
K,SiGa(OH,)WV WV1.0,..15.14,0 704 8.30(8.27)  0.855(0.849) 2.12(2.11) 60.92(61.14)  8.23  2.00
K,GeGa(OH )WV, wVi 0", .16.2H,0 60  816(8.12)  2.147(2.153) 2.09(2.07) 59.58(59.97) 866 1.99
K,P,Ga(OH,)WV WVI [0, -28.1H,0 904 6.88(6.89)  1.197(1.212)  1.35(1.33) 61.22(61.17)  9.91 1.9
K,As,Ga(OH,)WVY , WVI [0,,-29.7H,0  80%  6.68(6.73)  2.844(2.867) 1.33(1.33) 60.14 (59.80)  10.24 2.00
Acid Solutions

H,SiAl(OH,)W,,0,, i 5.00(5.00 ¢ 1.003 (1.014)"  76.10 (75.99)"
H,GeAl(OH,)W,,0,, i 5.00(5.000 ¢ 0.997 (0.997)"  75.26 (74.74)"
H,BAKOH,)W,,0,, i 5.70(6.00) ¢ 1.003 (1.024)%  75.24 (76.72)"
H,PAIOH,)W,,0,, i 3.80(4.00f ¢ 0.745 (1.010)" 75.82(75.68)"
H,AsAl(OH,)W,,0,, i 4.00 (4.00 ¢ 0.984 (0.993)" 74.68 (74.46)“
H,P, Al(OH,)W ,0,, i 6.84 (7.0000 ¢ 0.662(0.653)" 75.31 (75.60)"
H,As,A(OH,)W,,0,, i 6.98(7.00 ¢ 0.653 (0.646)" 74.48 (74.80)"
H,SiGa(OH,)W,,0,, i 5.02(5.00 ¢ 2.572(2.578)"  74.50 (74.79)"
H,GeGa(OH,)W,,0 i 5.00(5.00 ¢ 2.528(2.536)" 73.78 (73, 57)"
H,BGa(OH,)W,,0,, i 5.90(6.00) ¢ 2,625 (2.609)" 7572 (75. 49)
H,PGa(OH,)W,,0,, i 3.85(4.00/ ¢ 2.562(2.568)" 73.89 (74.49)"
H,AsGa(OH,)W,,0,, i 4.18 (4.00) ¢ 2533 (2.5270  73.11 (733000
H,P,Ga(OH,)W,,0,, i 7.00 (.00 ¢ 1.662 (1.669H" 74.96 (74.82)"
H,As,Ga(OH,)W,,0,, i 7.00 (7.000f ¢ 1.647 (1.635)"  72.91 (73.28)"
H,Siln(OH,)W,,0,, i 5.10(5.00f ¢ 4.15(4.18)"  73.28(73.56)"
H,Geln(OH,)W, 0, i 5.25(5.00f ¢ 4.14 (4.11) 72.12(72.39"
H BIn(OH,)W, O, i 6.00 (6.00) ¢ 4.21(4.20"  74.47 (74.24)0
H,PIn(OH,)W,,0,, i 4.00 (4.007 ¢ 4.08(4.16)" 73,18 (73. 27)'1
H,AsIn(OH,)W,, 0, i 3.80 (4.000 ¢ 3.98 (4.09" 7249 (72.1)"
H,P,In(OH,)W,,0,, i 7.00(7.00) ¢ 274 (2791 73.86 (74.00)1
H,As,In(OH,)W,.0,, i 7.00 (7.00) ¢ 2692668 7239 (72.5D)h
H,SiTOH,)W,,0,, i 5.05(5.00 ¢ 7.22(7.200F 7138 (71.24)"
H,GeTI(OH,)W,,0,, i 5.10(5.00 ¢ 7.14(7.09"  70.02 (70.14)P
H,BTIOH,)W,,0,, i 6.00 (6.00) ¢ 7.20(7.26)"  72.30 (71.88)"
H,PTI(OH,)W,,0,, / 3.90(4.00/ ¢ 7.09(7.1D%  71.34 (70977
H,ASTOH,)W,,0,, i 4.00 (4.00)f 7.03(7.06)"  70.12(69.89)"
H,P,TI(OH,)W,,0,, i 7.05(7.000 ¢ 477 (474" 7238 (72.49)"
H,As,TKOH,)W,,0,, i 7.05(7.00 ¢ 4.70(4.65"  71.19 (71.04)"

b Defined as the atom or atoms in tetrahedral site or sites (Si, Ge, B, P, or As). ¢ Excluding the aquo

(or hydroxo) ligand of the group 3A element. 4 With respect to the inijtial aquo ligand salt or, respectlvely, the fully oxidized salt.

€ Expressed in number of electrons per anion. 7 Expressed as number of mol of free protons/mol of polyanjon. £ Not determined. h with
respect to the mass of the calcined residue. ! Not applicable.

@ After recrystallization.
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Figure 2. Neutralization of a 1.30 X 1073 M solution of HsGeAl-
(OH,)W,,054: I, direct potentiometric titration, immediately after
preparation; II, direct conductometric titration, immediately after
preparation, and at various moments afterwards (solution kept at 5
°C).

Crystallographic measurements were performed with a Siemens
Kristalloflex 700 equipped with a Stoe reciprocal lattice explorer.

Results and Discussion

Stability. The heteropolyanion’s tungsten—oxygen frame-
work, although compact, is relatively flexible; comparable
W-O distances vary appreciably, depending on their spatial
relation to the lacuna (cf. the broad absorption peaks in the
infrared spectra of the lacunary compounds*’). Conversely,
the lacuna accommodates cations of widely varying size,
ranging from 53 pm (AI’*) to at least 88 pm (TI**)*! ionic
radius; the corresponding radius of the W%* ion is 58 pm. The
insertion reaction proceeds markedly slower for both indium
and thallium, however; their ionic radii are probably near the
upper limit; likewise their electronegativity is lower. The
formation constants are also smaller than for the lighter group
3A elements, although still quite high. The molar variation
method was used to verify the formation of 1:1 complexes for
every reaction and to estimate the formation constants of the
resulting complexes. The results clearly show the formation
of 1:1 complexes only; the method fails to give quantitative
information on the formation constants, except that they are
all larger than 10% qualitatively, however, differences between
the reactions involving indium and, especially, thallium, and
those with aluminum and gallium could be observed.

Once formed, these substituted polyanions are remarkably
resistant toward decomposition or rearrangement, especially
in acidic solution. This behavior is in marked contrast with
that of their homologues that contain bivalent metal ions.'434,
In order to quantitatively study their behavior as a function
of pH, it is preferable to start with the corresponding acids.

The stability of the acids and their behavior upon neu-
tralization is studied by conductometric and potentiometric
methods. Both technigues are complementary, especially when
used in different ways: first, by rapid direct and complete
titration; second, by measuring separate samples that have been
alkalinized stepwise. The first method yields information on
the proton neutralization mainly, the second one on the sta-

(39) Kolthoff, I. M.; Elving, P. J. “Treatise on Analytical Chemistry”; In-
terscience: New York, 1978; Part II, Vol. 10.

(40) Rocchiccioli-Deltcheff, C.; Thouvenot, R. J. Chem. Res., Synop. 1977,
46

41) Sh.annon, R. D.; Prewitt, C. T. Acta Crystallogr., Sect. B 1970, B26,
1076.
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Figure 3. Neutralization and alkaline decomposition of a 1.25 X 107
M solution of HsSiGa(OH,)W,,0;4: Ia, potentiometric titration of
separate, successively more alkalized samples, immediately after
preparation; Ib, as Ia but measured after ten days (solutions kept at
5 °C); 11, immediate direct conductometric titration,

bility of the anion itself. Figures 2 and 3 show some examples
of the results obtained.

Typically the acids are stable in dilute aqueous solution for
at least 1 week at 5 °C. Decomposition is accelerated by
concentrating the solution (it is not possible to isolate the solid
acids in this manner) or by raising the temperature. As a
group, only the aluminum derivatives are fairly unstable, as
are most metallotungstoborates. The destabilization of the
aluminum polytungstates may be rationalized in terms of a
preferential protonation of the comparatively more negative
oxygen octahedron around the aluminum atom. This would
cause a decrease of the distortion of this octahedron and thus
a decrease in the stabilization energy of the aluminum ion with
respect to the “simple” hexahydrated ion in solution; this de-
crease should be more important for aluminum than for the
heavier group 3A elements. The relative instability of the
tungstoborates may be attributed to the fact that the probable
primary decomposition product, the BW,,05,> ion, is not very
stable itself and does not exclusively transform to BW,0,5%;
it is then not possible to arrive at an equilibrium state for these
anions, in contrast to the others, which form stable XW,, ions.
Also, the higher negative charge of the BMW, ions promotes
the protonation of the outer oxygens of the octahedron sur-
rounding the group 3A element, thus facilitating its ejection
(see above). Conductometric titrations show that the tungs-
toborate acids contain three or four protons that are more
strongly bound than the others; all other acids possess protons
that are all equally, and strongly, acidic (see below).

The nature of the decomposition products can often be
determined by polarography. Usually the XW,, and X,W,
ions, initially formed, evolve to the XW,, and X, W ; species.
For GeAlW,,, e.g., the overall decomposition reaction may
be written as eq 1. This scheme is supported by polarographic

12GCA1(OH2)W“O395_ + 52H* + 34H20 -
llGeW1204o4_ + 12A1(H20)63+ + GCOZ (1)

estimation of the amount of GeW,, formed, and by the fact
that, e.g., after 68 days at 5 °C, a 5 X 10~ M solution of the
GeAlW,; acid was found to contain 34.6% of the total amount
of aluminum in the free hexahydrated form. Neglecting the
acidity of the “free” aluminum, this would correspond to a
consumption of 0.346 X 52/12 = 1.50 mol of H*/mol of anion.
The experimental value is 1.62 mol of H*/mol of GeAIW,,.

The titrations also show the frequent presence of one or two
additional weakly acidic protons. These protons are part of
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the H,0 ligand that completes the hexacoordination around
the group 3A element.!® Their acidity depends to some degree
on the group 3A element but more strongly on the central
atom, particularly on its charge. From the potentiometric
titration curves of the undecatungstates one can estimate the
pKal,S: ASMW”, 3_4, PMW”, ~4, GCMW”, 5_6; SiMWll,
6-7, BMW,,, 7-8. A higher charge on the central atom seems
to cause a higher acidity of the H,O ligand protons. For the
PMW,, and AsMW,, anions it is even impossible to distin-
guish potentiometrically the “free” protons from the H,O
ligand protons. The increase in acidity of these protons may
be produced by a shift in the position of the group 3A element
toward the center of the anion when the charge on the central
atom increases; this would result in a lengthening of the
M-O(H,) bond. Shifts in the frequency of the maxima of the
Fe < O charge-transfer bands with charge changes of the
central atom, observed for comparable ferratotungstates,
support this hypothesis.*> The pKa, values for the P,MW,,
and As,M W, anions are also fairly low on average, but they
vary much more, from about 3 (M = In, Tl) to about 7 (M
= Al). This order, although more difficult to rationalize,
corresponds to the hydrolysis pK; value order of the hexa-
hydrated metal ions.

As the P,MW,; and As,MW,; anions are stable up to pH
8, it is sometimes possible to obtain partial deprotonation of
the OH2 ligand, c.g., for PzInW”, AS21HW17, P2T1W17, and
As,TIW ;. In these and several other cases,*? “basic” hydroxo
ligand salts can be isolated. The deprotonation reaction is slow
and probably complex;!® the presence of acidic H,O ligand
protons is much more evident when a potentiometric titration
curve is obtained after equilibrium is reached, by using the
multiple-sample technique.

Resistance to alkaline decomposition strongly depends on
the central atom and on the relative stability of the parent
lacunary polyanion (see above); the influence of the particular
group 3A element is much smaller. The stability order is
ASMW” ~ PMW“ < GCMW“ < SIMW” ~ BMW“ <
As;MW,; < P,MW,; and follows, grosso modo, the order of
the charge on the central atom.#* Complete decomposition
of a 0.01 M solution of pH ~10 takes, at room temperature
and in the absence of a background electrolyte, from 1 week
to several months. The final decomposition products are
WO0,%, M(OH), (mainly), HSiO;~, HGeO;", BO,", HPO,",
and HAsO,".

Electronic Spectra. As might be expected, all solid salts are
white, except for a slight yellow tinge for the indium and
thallium compounds. Evidently, no d—d transitions can take
place; the UV-visible spectra are characterized mainly by an
intense slowly rising broad absorption band at (34-39) X 103
em™ (enax ~10°). This complex W < O charge-transfer (CT)
band!® is almost identical with that of the parent lacunary
compound. For the gallium and, especially, indium and
thallium compounds there is also a diffuse extension of the
W <« O CT band to longer wavelengths; this “tail”, which is
responsible for the yellow tinge, may be interpreted as a M(III)
— O CT band!? that in the case of thallium(III) just reaches
the visible region. Because of the broadness of this band and
its featureless character, a more quantitative treatment is not
feasible.

Infrared Spectra. The infrared (IR) spectra of the group
3A element-substituted heteropolytungstates closely resemble
those reported of some first-row transition element substituted
homologues.*** The conclusions of Rocchiccioli-Deltcheff
et al.* regarding the tungsten—oxygen framework distortion

(42) Zonnevijlle, F.; Tourng, C. M.; Tourné, G. F. Inorg. Chem., in press.

(43) Zonnevijlle, F.; Tourné, C. M.; Tourné, G. F. Inorg. Chem., following
paper in this issue.

(44) Peacock, R. D.; Weakley, T. J. R. J. Chem. Soc. A 1971, 1836.
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Table II. Observed Splittings (cm™") of the v,(P~O) Asymmetric
Stretch Frequency in Tungstophosphates

anion® v, (P-0) v,y Av anion®® L, (P-0) b, Av
PW,, 1080 1080 0 PMnW,, 1085,1058 1071 27
W,,  1085,1040 1062 45 PFeW,, 1084,1060 1072 24
PAIW,, 1090, 1067 1078 23 PCoW,, 1080,1060 1070 20

PGaW,, 1083,1055 1069 28 PNiW,, 1068 1068 0
1086, 1048 1067 35 PCuW,, 1105,1065 1085 40
1087, 1042 1064 45 PZnW,, 1098,1060 1079 38

¢ All measurements were made on KBr pellets of potassium salts
of the anions. ® All data in this column are taken from ref 39.

in these anions and the partial restoration of the symmetry
on filling the lacuna are also valid for this series of substituted
polyanions. As they have shown, the splitting of the distinctive
vy asymmetric stretch vibration frequency of the P-O bonds
of the distorted central PO, tetrahedron in the PMW, and
P,MW, series is a useful indirect measure of the strength of
the M—O(PO,) bond. A comparison of the splittings observed
for the first-row transition element substituted tungsto-
phosphates with those measured for the group 3A element
substituted homologues is instructive (see Table II) (for the
PleWn compounds the variations are much smaller (5-10
cm™)).

For first-row transition elements the splitting increases with
decreasing ligand field stabilization energy as calculated for
octahedral coordination by weak-field ligands (the lacunary
anions may be considered as such#).4® Thus, the splitting
is large for, say, zinc and copper; in the absence of such a
stabilization energy, the splitting is expected to be large for
group 3A elements also. The observed splitting is large for
indium and thallium but considerably smaller for aluminum
and gallium, however; there must be a strong electrostatic
interaction between the phosphorus-bound oxygen and these
two small and relatively highly charged ions.

Redox Properties. The redox properties of many hetero-
polyanions, especially the “saturated” ones, have been studied
extensively.* Many heteropolytungstates and -molybdates can
be reduced and reoxidized with complete structure retention.
The redox properties of both lacunary and group 3A element
substituted heteropolytungstates were investigated by standard
dc polarographic and cyclic voltammographic methods in the
pH range 1-8, with fresh and aged solutions of ca. 107> M in
polytungstate and 1 M in buffer and supporting electrolyte
(NaClOy) concentration.

In Figure 4 a number of half-wave potential (E, ;) vs. pH
diagrams are assembled. Assigning numbers of electrons to
each wave is not always straightforward, mainly because of
viscosity changes of the buffer solutions, but this problem can
be overcome by continuous comparison with the polarograms
of the well-studied metatungstate (H,W,) anion obtained
under identical conditions. From these and similar plots, and
the way they change with time, one can draw the following
conclusions.

The diagrams of the lacunary complexes are generally
similar to those of their "saturated“ homologues,* except for
BW,,, the stability range of which is very limited; however,
the E,, values of corresponding waves are on average 0.20
V more negative for the lacunary complexes. The negative
charge of these ions is four units higher than that of their
“saturated” homologues, and this shift may be rationalized in
terms of a simple electrostatic model,*” in which the anions
are considered as negatively charged spheres. The model
furnishes a value of —0.04 V per unit of charge change for the

(45) Peacock, R. D.; Weakley, T. J. R. J. Chem. Soc. A 1971, 1937.
(46) Souchay, P.; Massart, R.; Hervé, G. Rev. Polarogr. 1967, 14, 270.
(47) Pope, M. T.; Varga, G. M., Jr. Inorg. Chem. 1966, 5, 1249.
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Figure 4. Polarographic half-wave potential (in V vs. SCE) vs. pH
diagrams, measured immediately after preparation of solutions of (I)
K GeAl(OH)W 034, (II) K;As,Al(OH;)W,0¢,, (111) K,PGa(O-
H,) W03, and (IV) K,Siln(OH,;)W;,054. The fullness of the circles
indicates qualitatively the degree of polarographic reversibility of the
reduction wave: O, (approximately) reversible; ©, fairly reversible;
&, hardly reversible; @, (almost) irreversible.

change in E,,, value, in good agreement with the measured
value of 0.20/4 = 0.05 V per charge unit change. The
presence of a “hole” in the structure seems to have but little
influence in itself. The application of the Ilkovic and
Stokes—Einstein equations for example yields values of 560
pm for the hydrodynamic radii of XW 5, XW,, and XMW,
anions and of 1000 pm for the X,W g, X,W 4, and X, MW,
species.*”3

The slope of the E,; vs. pH plots is approximately —0.090
V/pH for the first two-electron wave of the XW,, anions and
-0.060 V/pH for most other waves. This implies that the
reduction is accompanied by protonation (one to two protons
per electron). This prevents a charge build-up of the anion,
that would otherwise be destabilized.*” Splitting of two-
electron waves in two pH-independent one-electron waves,
common for most saturated heteropolyanions,®- is infrequent,
not being favored by the increased ion charge. There are
usually two (XMW ;) or three (X,MW ;) two-clectron waves
for each substituted anion. This is in contrast to the saturated
anions that show at least three (XW,,) and sometimes four
(X,W,5) two-electron waves. There is evidence®™ that for each
two-electron wave both electrons are taken up by two tungsten
atoms of the same W;0,; group. It is then reasonable to
suppose that in the lacunary and group 3A element substituted
polyanions (see below) the first two electrons are taken up by
the W30, group trans to the lacuna, the next pair(s) by the
adjacent W30, groups, and none by the lacunary or substi-
tuted group. The multielectron wave often found at more

(48) Pope, M. T. Inorg. Chem. 1972, 11, 1973.

(49) Prados, R. A.; Meiklejohn, P. T.; Pope, M. T. J. Am. Chem. Soc. 1974,
96, 1261.

(50) Fruchart, J. M.; Hervé, G.; Launay, J. P.; Massart, R. J. Inorg. Nucl.
Chem. 1976, 38, 1627.
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Figure 5. Conductometric neutralization curves for a 1.20 X 107 M
solution of HgSiW,,0y: I, immediately after preparation of the acid;
11, after 1 day at 5 °C; III, after 10 days at 5 °C.

negative potentials probably involves a destructive reduction
of the polyanion.

The diagrams of the substituted polyanions are generally
very similar to those of the lacunary homologues. The effect
of the presence of the group 3A element is surprisingly small.
In terms of the above-mentioned electrostatic model this would
mean that the effective charge of the tungsten—oxygen “cluster”
changes little. This is also noted for bi- or trivalent transition
element substituted polytungstates,?>3* and it may be related
to the retention of the tungsten—oxygen framework distortion,
as noted above. On the other hand, a third two-electron wave
is much more frequent; it links the substituted polyanions to
the saturated complexes. It is missing in most transition-metal
homologues (e.g. iron(I11) and rhodium(II1)*?). The influence
of the particular group 3A element is limited to variations in
the shift to less negative potentials, in the frequency of ap-
pearance of a third two-electron wave, and in the frequency
of coalescence of two waves to a four-electron wave. Both
frequencies increase with the atomic number of the group 3A
element.

By repeating the polarographic measurements on solutions
kept at room temperature (27-29 °C) over a period of about
50 days, the resistance to acid and alkaline decomposition can
be estimated and checked against the conductometric and
potentiometric results. The high ionic strength of the po-
larography solutions accelerates decomposition: reduction
waves of the parent saturated anions are found for solutions
of pH <4.5 of the aluminatopolytungstates after 2 days already
and an appreciable decrease in wave heights for solutions of
pH >6.4 of the indium- and thallium-containing anions.

Solutions of lacunary anions are unexpectedly stable at high
ionic strength, both at pH 1-2 and at pH 8. A beginning of
decomposition is in both cases noticeable after several days
only, except for the unstable BW,,. At pH >7.0, PW,, and
BW,, decompose completely to non-reducible species, as do
P,W,, and As,W,,, but after a much longer lapse of time. At
pH <2.1, SiW,; and GeW,, slowly transform to the dodeca-
tungstate, characterized by one-electron waves. A solution
of PW,; at pH 2.0 shows after several days a reduction wave
with E,; = —0.55 V vs. SCE; simultaneously a crystalline
precipitate is formed, and the total height of the waves de-
creases: PW, dismutating to PW;, and P,W,,0,,% 5! P,W,,
causing the wave at —0.55 V, and K;PW,0O, being sparingly
soluble. BW;, transforms partially to BW,,, which rapidly
decomposes to nonreducible species. P,W,; and As,W, slowly
form P,W 5 and As,W 4, respectively, at pH 2.0.

(51) Souchay, P. Ann. Chim. (Paris) 1947, 2, 203.
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Table IIl. Structural Classification of the Cesium, Potassium, Rubidium, and Ammonium Salts of Lacunary and Substituted

Heteropolytungstates

no. and kind of cations
for given polytungstate
series? crystal system

space group, zb

parameters remarks

XW, ., XMW, ,: 4,56
Cs* (4: Rb* also)

cubic, face centered Pn3m, 2

XW,,, XMW, ,: 4 hexagonal

K*, Rb*, NH,*

P6,22 or P6,22, 3

Rb salts of AsMIIw |
and PMIIW | only,
most Cs salts

almost exclusive system
for this no. of cations

a~ 1190 pm

a=1900-1910 pm
¢ =1240-1250 pm

cla ~ 0.655
XW, ,, XMW, ,: 5 tetragonal, type Qg, P42m or P4m?2, 2 a ~ 1420 pm by far most common form
K*, Rb*, NH,* appr centered ¢~ 1245 pm for this no. of cations

cla ~ 0.875
XW,,, XMW, : 6 tetragonal, type Qg as above as above as above
K*, Rb*, NH,*
XW,,, XMW,,: 6 tetragonal, type Qg, as above a~1260pm not found for salts discussed here
K*, Rb*, NH,* pseudocubic ¢~ 1800 pm but common for water-rich

cla ~ 1429 =272 derivatives'#»*!
XW,,,XM,;: 7,8,9 cubic, face centered Pn3m, 2 a~ 1190 pm not found for substituted salts
K*, Rb*, NH,* discussed here, common

for lacunary compounds'?

X, MW, .. 7,8 rhombohedral for the equiv a=1980-1990 pm  almost exclusive system for these
K*, Rb*, NH,* hexagonal unit cell: 1 ¢ =1510-1540 pm serics, unit cell dimensions vary

@ Notation of ref 14. ® Number of molecules per unit cell.

These results incited us to prepare ca. 1073 M solutions of
lacunary anion acids by the described ion-exchange method
and to follow their evolution, mainly by conductometry. Figure
5 shows various conductometric titrations of HgSiW,,0;4 so-
lutions. Only HyBW ;044 decomposes very rapidly under these
conditions (see above). Immediately after preparation one
finds almost exactly the “expected” number of free protons.
The acidity of these protons varies considerably. Apart from
a number of essentially free protons, there are about four
bound protons, two much more strongly than the remaining
two. The difference may be caused by selective protonation
of the four “equatorial” oxygens surrounding the lacuna. The
absence of any metal ion in the center of the lacunary oxygen
octahedron increases the charge on those four oxygen atoms
appreciably: two belong to the amputated W,0,, group and
the other two to two different complete W3O,; groups. The
latter two would have less tendency to bind protons than the
former. Protonation would “relax” the lacunary octahedron
and increase its stability with respect to addition.

Considering the reversible character of at least the first two
polarographic waves (corroborated by cyclic voltammetry),
it should be possible to obtain quantitatively the two- or
four-electron-reduced forms of numerous substituted polyan-
ions by controlled-potential electrolysis. A restricted series
of experiments was carried out with the gallatopolytungstates.
Electrolyses were carried out in ca. 1072 M aqueous solutions
at an optimum pH as determined by polarography and cyclic
voltammetry. In this manner, all two-electron-reduced mem-
bers of this series may be isolated, except for BGaWY, WYL
which during electrolysis dismutates to nonreduced BGaW,
and to an unstable reddish brown tungsten(IV)-containing
derivative, reduced by ca. 8 electrons.

The stability of the isolated two-electron-reduced compounds
varies, although not in a systematic fashion: GeGaW",WVl
is reoxidized rapidly, As;GaWY,W"!,; more slowly; the others
are stable, when stored under nitrogen and protected against
sunlight. The latter markedly accelerates the reoxidation
process. The UV-visible solution spectra, very similar to those
reported of the reduced saturated homologues,® show that they
contain only tungsten(V) as reduced species.’® The same
substance is in fact obtained when the group 3A element is
added to the reduced lacunary anion, and there is no evidence
for charge transfer to the group 3A element. The isolated
solids are not expected to be protonated;*® this is confirmed

cla=0.76-0.77 with water contents

by the analytical data. The position of the various absorption
maxima depends only slightly on the central atom and the
group 3A element, in correspondence with the hypothesis that
only tungsten atoms are reduced.

Structural Classification. The molecular structure of the
lacunary, and derived substituted undeca- and heptadeca-
tungstates is by now well-established.’>333¢  Although the
molecular symmetry of the substituted lacunary anions is only
m, the crystal symmetry often is much higher, sometimes
approaching the 43m symmetry of the idealized Keggin anion,
This is due to a disorder effect: the lacunae are distributed
randomly over the 12 possible positions. This disorder can
sometimes be eliminated by the introduction of bulky cations
or by the exchange of the sixth, usually aquo, ligand of the
substituted element against a more voluminous ligand;* the
structure may then be solved by X-ray methods.*?

Debye-Scherrer powder diffractograms show that all po-
tassium salts of the polyanions discussed here are isostructural
with the corresponding rubidium and ammonium salts. These
three salt series can be classified in structural families. This
is possible only for these medium-sized cations; neither lithium,
sodium nor, say, tetraalkylammonium salts show extended
isomorphism. Some guanidinium salts are isostructural, but
not with other salts, whereas almost all cesium salts tend to

(52) Zonnevijlle, F.; Pope, M. T. J. Am. Chem. Soc. 1979, 101, 2731.

(53) Acerete, R.; Hammer, C. F.; Baker, L. C. W. J. Am. Chem. Soc. 1979,
101, 267.

(54) Pope, M. T.; Papaconstantinou, E. Inorg. Chem. 1967, 6, 1147.

(55) Recently, some indium-containing heteropolytungstates have been de-
scribed: Marcu, Gh,; Botar, A.; Rusu, M. Rev. Roum. Chim. 1979, 24,
1465. The authors report what they consider to be 1:2 indium hetero-
polytungstates (e.g., In(P,W,),), mentioning in passing the “regular”
1:1 compounds discussed here. Their data imply a structure for these
complexes analogous to that of the known 1:2 lanthanide and actinide
heteropolytungstates,’ the indium then possessing an improbable
eight-coordination. Considering the preparative conditions that were
used, which favor hydrolysis of the indium ion, the results may be better
explained in terms of ion associate formation;*” such outer-sphere com-
plexes are quite inert, and this would account for the only moderately
satisfactory analyses, UV and IR spectra, electrophoresis data, etc. This
hypothesis is supported by the fact that on treating an aqueous solution
of the solid, isolated as indicated by the authors, on a cation-exchanger
in K* form, the indium contents is quantitatively retained on the resin.

(56) (a) Molchanov, V. N.; Kazanskii, L. P.; Torchenkova, E. A.; Simonov,
V. L. Sov. Phys—Crystallogr. (Engl. Transl.) 1979, 24, 96. (b) Tourng,
C. M.; Tourné, G. F.; Brianso, M.-C. Acta Crystallogr., Sect. B 1980,
B36, 2012.

(57) Salamon-Bertho, G. Rev. Chim. Miner. 1972, 9, 683.
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crystallize in compact, body-centered-cubic structures that are
hardly hydrated (cf. the cubic symmetry of many dodeca-
tungstates,* usually more compact than the related undeca-
tungstate, possibly because of their lower ionic charge).

For the medium-sized cations it is primarily the number of
cations that determines the overall symmetry, the number of
molecules of hydration playing a secondary role,'# although
it is sometimes responsible for a change in structure (see Table
IIT). Another classification is based on the compactness of
the various structures;? the two criteria are of course related,
but the former is easier to use. The classification is summa-
rized in Table III.

It is clear, that there are only one or two possible crystal
symmetries for a given number of cations. It is therefore often
possible to predict accurately the crystal symmetry knowing
the number of cations (especially when the number of hy-
dration water molecules is also known) and vice versa. It
should be pointed out that the corresponding salts of the la-
cunary polyanions also obey these “rules”.

Conclusions

a-Type heteropolytungstates containing a group 3A atom
can be prepared fairly easily in aqueous solution, despite a
strong tendency to hydrolyze the heavier group members. As
far as the properties investigated in this paper are concerned,
these substituted polyanions all closely resemble their lacunary
homologues. Their properties vary little with the group 3A
element. The principal differences that have been found are,
first, their stability toward both acids and bases is higher than
that of both lacunary and saturated homologues and, second,
the variation in the splitting of the P-O asymmetric stretching
vibration frequency with the group 3A element is important.

Striking similarities include the virtually identical redox
behavior and the predictability of the crystal symmetry of the
potassium, rubidium, and ammonium salts.

It is clear that refilling the lacuna with an element very
different from tungsten or molybdenum, as all group 3A el-
ements are, does not shift the properties of the obtained po-
lyanions toward those of the saturated homologues to an ap-
preciable extent.

Acknowledgment. Generous material support by and helpful

Zonnevijlle, Tourné, and Tourné

discussions with Dr. Michael T. Pope, Georgetown University,
are gratefully acknowledged by F.Z.

Registry No. K SiAl(OH,)W 05, 81552-57-0; KsGeAl(OH,)-
W,,05, 81552-54-7; [C(NH,);],AsAI(OH,)W ,Os,, 81571-88-2;
[C(NH,);] ,PAI(OH;)W,, 059, 81571-89-3; K BAI(OH,)W, O,
81552-52-5; K,P,AI(OH,)W,,0q,, 81552:61-6; K;As,Al(OH,)-
W04, 81552-49-0; K(SiGa(OH;)W 1, Or, 81553-38-0: KSiln(O-
H,)W 055, 81553-61-9; KSiTI(OH,) W, Os, 81553-70-0; K(BTI-
(OH,)W,, Oy, 81553-04-0; K;SiGa(OH,) WY, WY,015, 81553-39-1;
K,GeGa(OH,) WY, WV,0,5, 81553-32-4; KoP,Ga(OH,)WY,W"1,;0,,.
81553-42-6; KoAs,Ga(OH,) WY, WY1, O,. 81552-79-6; K<GeGa(O-
H,)W,,04,, 81553-31-3; K,PGa(OH,)W,, 05, 81553-36-8; [C(N-
H,);]4AsGa(OH,)W, 059, 81571-90-6; K,BGa(OH,)W;,0,.
81552-97-8; K,P,Ga(OHy)W,;0q;, 81553-41-5; K;As,Ga(OH,)-
W,,041, 81552-78-5; K Geln(OH,)W O, 81553-46-0; K ;PIn(O-
HZ)W“OJQ, 81553'59'5; [N(CH3)4]4ASIH(OH2)W11039, 81552-68-3;
KBIn(OH;)W,;Os, 81553-00-6: K-P,In(OH)W,,05;, 81553-63-1:
KyAs,In(OH,)W,;05,, 81552-83-2; K;GeTI(OH,)W, O, 81553
50-6; K,PTI(OH;)W,,0;4, 81553-66-4; [C(NH,);]4,AsTI(OH,)-
W,,0s9, 81571-92-8; K,P,TI(OH,)W,,041, 81553-74-4: K,As,TI(O-
H,)W 1O, 81552-87-6; K(SIAI(OH)W, 059, 81552.59-2; KGe-
AI(OH)W, |05, 81552:55-8; KyP,AI(OH)W ,0q,, 81552-62-7:
KsAs,Al(OH) W04, 81552-50-3; K, SiGa(OH)W, O, 81553-33-5;
K¢GeGa(OH) W, 034, 81553-29-9; KoP,Ga(OH)W ;,0,, 81553-34-6;
KsAs,Ga(OH) W04, 81552-76-3; K Siln(OH)W .05, 81553-53-9:
KGeln(OH)W,,015, 81553-43-7; K;P,In(OH)W,;0,,, 81553-54-0:
K3As;In(OH)W ;0,,, 81552-80-9; HSIAI(OH,)W, Oy, 81552-58-1:
H,GeAl(OH,) Wi, Os, 81552-53-6; HBAI(OH,)W,,0,, 81552-51-4:
H,PAN(OH,)W;03q, 81552-56-9; H,AsAl(OH,) W ,0;,, 81552-47-8;
H,P,AI(OH,) W ;0y;, 81552-60-5; H,As,Al(OH,)W;041, 81552
48-9; H,SiGa(OH,)W, 05, 81553-37-9: H,GeGa(OH,) W, 059,
81553-30-2; HsBGa(OH,)W Oy, 81552-96-7; H,PGa(OH,) W, 05,
81553'35'7; H4ASGa(OH2)W“039‘ 81552'66'1; H7P2G3(OH2)'
W 1,041, 81553-40-4; H,As,Ga(OH,) W 1;0q,, 81552-77-4; H,Siln-
(OH,)W,,05, 81553-60-8; HyGeln(OH,)W,,Os,, 81553-45-9;
H,BIn(OH,)W,, 05, 81552-09-0: H,PIn(OH,)W, Oz, 81553-58-4.
H,AsIn(OH,)W 04, 81552-69-4; H,PyIn(OH,)W ;0., 81553-62-0;
H-As,In(OH,) W;04,, 81552-82-1; HsSiTI(OH,) W04, 81553-69-7,
H,GeTI(OH,)W,,0s, 81553-49-3; H,BTI(OH,) W05, 81553-03-9;
H4PT1(OH2)W“039, 81553'65'3; H4AST1(OH2)W“039, 81552'70'7,
H,P;TI(OH;)W 104, 81553-73-3; HoAs;TIOH,)W 104, 81552-86-5:
KeSiW,, 045, 37300-95-1; KsGeW,, 55, 81553-51-7; KsPW, 01,
37300-04-0; KoBW,, 05, 81553-05-1: K,oP,W,,04,, 5911-46-5:
K1oAs;W170¢), 81552-88-7; Na,HAsO,, 7778-43-0; Na,WO,
13472-45-2; HgeSiW,;04,, 81553-75-5.





