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Study of the equilibrium of formation of arsenic (1) lacunar
heteropolytungstates by Raman spectroscopy
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The formation of lacunar heteropolyanions (HPA): [AsWyOs33]°~, [As,W9Og7(H,0)]'4~,
and [As;W,;045(H,0)]'%~ in aqueous solutions was investigated by Raman spectroscopy at
[Na,HAsO;], = 0.1, [Na,WO,], = 0.9 mol L~! and pH 9.4—1.6. The [AsWyO3;]°~ HPA is
characterized by the most intense band v, (W=0) at 948 cm™! retaining its position in the pH
range from 8.9 to 7.5. Under these conditions, the equilibrium constant of [AsW9033]9*
formation from H,AsO;~ and WO,2~ ions was estimated (logK = 87.0+1.0). The asymmetrical
band at 952 cm~! corresponding to H,[As,W,90¢;(H,0)]14™~ shifts to 960 cm~! as the
pH decreases from 6.5 to 5.5, which is due to the change in HPA protonation. The
[As,W,,045(H,0)]1'9~ HPA is formed at pH 3.1—1.6; it is characterized by a band at 972 cm~!.
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Progress in the chemistry of tungsten(vi) and arse-
nic(11) heteropolycompounds (HPC) is due to the syn-
thesis of new compounds, which find use as biologically
active substances! and catalysts.2

In aqueous solutions, arsenic(i11) and tungsten(vi) form
HPC whose composition depends on the Asl to WVI
ratio, their concentrations, the nature of the cation in the
initial As'T and WY1 salts, pH, and the temperature. Pre-
viously, it was found that acidification of solutions of
sodium arsenite and tungstate ([WY1] : [As!I]] = (9—10) : 1)
results in the formation of several heteropolyanions
(HPA): [AsW,033]°~ (below, AsWo) (pH 7.5—9.0),
[As,W,9047(H,0) 4= (As,Wy9)  (pH  4.0—7.5),3
[NaAs;Wy0 407"~  (NaAsyWyo) (pH ~4), and
[As; W2 Ogs(H,0)1'0~  (As;Wy0) (pH 2—3).4 The
heteropolyanions [KAs;Wy,0,401%’~ (KAs4W,,) and
[KAssW4,0,4413~ (KAs4Wy,) were obtained from
NaAsyW,,.5 The saturated [As,W,,0¢9(H,0)]°~ HPA
(As,W,,) is formed from stoichiometric amounts of
As,05 and Na,WO, at pH < 1.6 The crystals of the
salt (NHy);[H,AsW,gO0¢] + 16H,O were prepared from a
solution of Na,WO, and As,O; at pH ~3 and at an
[As™] : [WVYI] ratio of 1 : 18.7 The potassium salt of the
[AsW¢03,AsOH]7~ complex crystallizes from a solution
of KH,AsO; and K,WO, ([WY] : [As'Tl] =9 : 1) at
pH 8—9.8 The addition of sodium tungstate to a solution
of this complex with lowering the pH to 4.2 gave the
heteropolytungstate [As,W,,07,(H,0),]'2~.? The crystals
of the Na;[As;W50,5] - 10H,0 complex precipitate from

a solution containing Na,HAsO; and WO;-H,0 when
the initial [As™T] : [WYT] ratio is 1 : 1.10

The structures of lacunar HPA, AsWy, As,W1g, As,W,,
and As,;W,,, were established by X-ray diffraction
analysis in complexes with metal cations, namely,
K;[As;W 304,Cus(H,0),]-11H,0,!!
KsCss[(Hg,),WO(H,0)(AsW4055),],!2
Rbg[As,CoW,,045(H,0),] - 10H,0,13 and
(NH) 3 [NH4As4 W40 49C0,(H,0),]-nH,0
(18 <n<20).1 Supramolecular heteropolytungstates con-
taining 3, 4, and 12 [AsWyO3;]°~ groups have been ob-
tained, in particular, [Ce,(H,0)7(AsWy033)3;(WO,),] 7,
[Ces(Hy0)y 4, (AsWgO33)4,As(WO3),, (WO5) |2~ (x<0.5),
and [Ln;p(H,0)35(AsWg033) ;5(WO,) 4 W1 Og)g(WsLnO) )76~
(Ln= CCIH, LaIII)_IS

Previously, it was found that Raman spectroscopy al-
lows one to identify iso- and heteropolyanions both in the
solid state!® and in solution!’=1! and in some cases, to
determine the concentrations of various forms of HPA.20
However, the lacunar HPA AsW,, As,W,q, and As,W,,
which form the basis for the synthesis of metal-contain-
ing heteropolycomplexes, have not been characterized
by Raman spectroscopy. In this work, we studied the
equilibrium involved in the formation of heteropoly-
compounds in the Na,HAsO;—Na,WO,—HCI system,
As'': W= 1:9 pH 9.4—1.6, by Raman spectroscopy
and estimated the equilibrium constant for the forma-
tion of the [AsWyO33]°~ HPA from the H,AsO;~ and
WO,?~ ions.
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Experimental

Samples of Na,HAsO; (0.170 g) and analytical grade
Na,WO,-2H,0 ( 2.97 g) (molar ratio As : W = 1 : 9) were
dissolved with heating in ~8 mL of H,O, and a specified amount
of 10 N HCI was added dropwise to the hot solution. The mix-
ture was heated to boiling and cooled to room temperature, and
the solution volume was brought to 10 mL. The total concentra-
tion of As!! was 0.1 mol L~! and that of WV! was 0.9 mol L™;
the solution pH was varied from 9.4 to 1.6 by adding different
amounts of HCI.

The pH was measured using a pH-121 instrument with
an accuracy of +0.02 pH units. The equilibration in the
Na,HAsO;—Na,WO,—HCI system was monitored based on
the time variation of the pH and the relative band intensity
in the Raman spectra of WO,2~ (932 ¢cm~!) and the HPA
(948—972 cm™!). The pH values and the Raman spectra of
HPC measured at room temperature 5 days after the preparation
of the solutions remained unchanged for three months.

The Raman spectra of solutions of HPC (with a 0.1 M solu-
tion of NaNOj (v = 1049 cm~!) as an internal standard) were
recorded on a DFS-24 spectrometer with an 1LM-120 laser
excitation source (A = 514 nm, linear polarization). The accu-
racy of determination of Raman band maxima was +(2—3) cm™!.
In the Raman spectra of HPC, individual Gauss components
were distinguished, similarly to the deconvolution procedure
described previously.20

IR spectra of samples as pellets with KBr were recorded on a
Specord IR-75 instrument. Phase analysis of solid HPC samples
was carried out by the differentiating dissolution (DD) method
as described previously.2! The accuracy of determination of the
Na, As, and W elements was £10% (w/w).

Results and Discussion

Figure 1 shows the Raman spectra of aqueous solu-
tions of Na,HAsO; and Na,WO, (molar ratio 1 : 9) at
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different pH in the region of 1100—800 cm~!, which is
the most characteristic for HPA.16 The Raman spectrum
at pH 9.4 (see Fig. 1, spectrum a) exhibits bands due to
the WO, ion: 932 ¢cm~! (the W=0 vibration) and
833 cm~! (the W—O—W asymmetric vibration).22 No
Na,HAsO; was found at this concentration. On the addi-
tion of HCI to a mixture of Na,HAsO; and Na,WO,, a
band at 948 cm~! appears in the Raman spectra, in addi-
tion to the WO,>~ band at 932 cm~!, and becomes more
and more intense (see Fig. 1, spectra b and ¢). The posi-
tion of this band remains the same as the pH varies from
8.9 to 7.5, while the intensity of the band at 932 cm™!
decreases. When solutions of Na,HAsO; and Na,WO, are
acidified to pH 6.5, the Raman spectrum exhibits a strong
asymmetric band at 952 cm~! (see Fig. 1, spectrum d). At
pH 5.6 and 5.0, the spectral pattern is the same; however,
the absorption maximum shifts to 956 and 960 cm~!,
respectively. When pH is 3.1—1.6, the Raman spectra
contain a strong band at 972 cm~!, the spectral pattern
remaining similar to that shown in Fig. 1 (spectrum d).

In order to interpret the Raman spectra, aqueous so-
Iutions of Na,HAsO; and Na,WO, with different pH were
concentrated to dryness at room temperature and the re-
sulting solid specimens were studied by the differentiating
dissolution procedure and by IR and Raman spectros-
copy. The contents of the major compound in the solid
specimens and its fragmentary formula determined from
the dissolution stoichiograms are listed in Table 1. The
DD data showed that Na, As, and W occur mainly (by
76—88% w/w) within the same phase with the stoichio-
metry NagAsWy (pH 7.6), NagAsWy s (pH 5.6), and
NasAsW, (pH 3.1).

The IR spectra of solids (Fig. 2) confirm the for-
mation of As!!! and WY! HPC.2! The spectra exhibit
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Fig. 1. Fragments of the Raman spectra of solutions of Na,HAsO; and Na,WO, at pH 9.4 (a), 8.4 (b), 7.9 (c), and 6.5 (d). [As'T], =
0.1 mol L=1, [WV]; = 0.9 mol L1, (1049 cm~! is the line for the NaNOj; standard).
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Table 1. Composition of solid specimens of the As!''—WVI HPC according to DD data

Solution Composition of Content (% w/w) Molecular formula

pH the major phase Maijor phase H,0 of the major substance

7.6 NagAsW, 87.6 6.04 Nag[AsWq0;5]-9H,0

5.6 NagAsW, 5 84.5 7.17 Na,H,[As,W;40¢,(H,0)] - 20H,0
3.1 Na5ASW10 76.0 6.02 Nalo[AS2W20068(H20)] . 17H20

groups of bands corresponding to tungsten—oxygen
bond vibrations in the heteropolyanions derived
from the [Asy,W,0g(H,0)]%~ anions:23 v, (W=0) at
935—950 cm~! and v, (W—O—W) at 883—890 and
795—727 cm~L.

The Raman spectra of solid HPC specimens (Fig. 3)
in the region of 1100—800 cm~! are similar to the Raman
spectra of the corresponding solutions, indicating that the
compounds are similar in solutions and in the solid state.
Thus, the band at 948 cm~! observed in the Raman spec-
trum of solutions of Na,HAsO; and Na,WOj, refers to the
AsWy HPA. The band whose position changes from 952
to 960 cm~! with pH variation from 6.5 to 5.0 was as-
signed to the partially protonated As,W;q HPA and the
band at 972 cm~! was attributed to the As,W,, HPA.

495

~
N
~

Fig. 2. IR spectra of solid specimens prepared by concentrating
solutions of Na,HAsO; and Na,WO, with pH 7.6 (1), 5.6 (2),
and 3.1 (3).

The Raman spectra recorded for As'""—WVI HPC dif-
fer from the Raman spectra of the [KAsyW;00140]%7",
[KAS,W4,0,441%7,5 or [As,W,,0ge(H,0)]¢~ HPA.23 The
frequencies of the strongest and the furthest short-wave-
length band in the Raman spectra of KAs,;W,, and
KAs,W,, are 965 and 983 cm™!, respectively, and that for
As,W,, is 986 cm~!. In the case of AsWy, As,W,o, and
As,W,,, this band shifts to higher frequencies, from 948
t0 952—960 and 972 cm™!, respectively (see Fig. 3). This
band is always present for tungsten HPA; it is due to
symmetrical stretching vibrations of the terminal oxy-
gen—tungsten bonds, which are strong double bonds in
nature, v{(W=0).24 The region of vibrations of the
W—O—W bridge (800—500 cm~!) 24 of the Raman spec-
tra contains two bands in the case of KAs;W,, (750 and
695 cm~!) and one band for KAs,;Wy, (741 cm™!). In the
case of AsWy, As,W g, As,W,, and As,W,,;,23 the bands
for the W—O—W bridge vibrations are rather weak. In the
low-frequency region (230—200 cm~!) showing the
v(W—0,) vibrations,?4 the maximum of the strongest band
is displaced to 228 cm~! for AsWy, 209 cm~! for As,W/,
and 202 cm~! for As,W,, (see Fig 3).

Using Raman spectra, we estimated the equilibrium
constant for the formation of the [AsWqO3;]°~ HPA from
the H,AsO;~ and WO,>~ ions according to the equation

H,AsO;~ + 9 WO~ + 10 HY = [AsWyO5;]% + 6 H,,0. (1)

The initial Na,HAsOj; is hydrolyzed in an aqueous
solution at pH 8.5—7.5 to give the HyAsO5~ ion.?5 The
ionic strength of the solutions was ~3 g-ion L~!. The
equilibrium concentrations of the components for reac-
tion (1) are related by the expressions: [H,AsO;~] =
(0.1 — ), [WO427] = (0.9 — 9a), and [AsWy] = a; hence,
the equilibrium constant of reaction (1) can be written in
the form

K=0/{(0.1 — 0)(0.9 — 9a)°[H*]'0}. 2)

By taking the logarithm of Eq. (2) and by using pH
instead of —log[H™], we obtain the relation

logK = logK” + 10pH, 3)
where

logK” = —8.6 + logo. — 101og(0.1 — o). )
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Fig. 3. Raman spectra of Na9[ASW9033] '9H20 (]), N312H2[AS2W19067(H20)] . 20H20 (2), NalO[ASZWZOOGS(H2O)] . 17H2O (3)

The value o = (0.1 — [WO,2"]/9) was found by deter-
mining the concentration of WO42~ from the normalized
peak intensity of the band at 932 cm~! after resolution of
the Raman spectra into components, 948 and 932 cm~!
(see Fig. 1, spectra b and ¢): [WO,2"] = (Iy30/11049)/ Ky
where k,, = 22.3+0.7 L g-ion—!,26 and [,y is the line
intensity of the standard (0.1 M NaNO3).

The resulting o values were used to calculate logK”
from Eq. (4) and logK from Eq. (3) (Table 2); thus, it was

found that logK = 87.0%1.0. Thus, the equilibrium con-
stant for reaction (1) is of the same order of magnitude as
other equilibrium constants for the formation of iso- and
heteropolyanions from simple ions. For example, the loga-
rithm of the constant for the formation of [Mo0;0,,]¢~
upon acidification of aqueous solutions of MoO,2~, found
by Raman spectroscopy, equals 53.1%0.2,27 while the loga-
rithm of the equilibrium constant (logBs g ;) for the
formation of the [PMoyOs3;(H,0);]3~ HPA from the

Table 2. Data of the Raman spectra and o, logK” and logK values for the equilibrium of formation

OfASW9
Z* pH 11049 [932 ]948 o 102 10gK, 10gK
/mol L1
mm

4.0 8.72 8.0 113 24 3.0 1.4 88.6
6.0 8.46 7.5 83 34 4.5 2.6 87.2
7.0 8.43 8.5 87 42 4.9 3.0 87.3
7.7 8.31 8.0 66 47 5.9 4.0 87.1
8.0 8.29 7.0 56 42 6.0 4.2 87.1
9.0 7.92 7.5 37 59 7.6 6.3 85.5
10.0 7.59 9.0 22 81 8.8 9.5 85.4

* Z=[HCl], : [NayHAsO;],.
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HPO,>~ and MoO,2~ ions determined by potentiometry
is 102.04.28

Table 2 also lists the intensities of the band at 948 cm™!
due to AsWg and the concentrations of AsWg (o) at differ-
ent pH values. The dependence of Ig4g/1¢49 0n the AsWy
concentration is linear; hence, it is possible to find the
proportionality factor k = (101£1) L mol~! for the equa-
tion: Zo4/11049 = K[AsWy], which allows one to estimate
the AsW concentration in aqueous solutions from Raman
spectra.

Thus, comparison of the Raman spectra of solutions
and solid specimens of sodium salts characterized by the
DD method and by IR spectroscopy demonstrated that
lacunar As'! and WYT HPA can be identified from the
Raman spectra, because they markedly differ in the posi-
tion of the strongest short-wavelength band correspond-
ing to stretching vibrations of the bond between the
W atom and the terminal O atom, vy(W=0): 948 cm~!
(AsWy), 952—960 cm~! (H,As,W,9), and 972 cm~!
(As,W,). The resolution of Raman spectra into the com-
ponents at 948 cm™! (AsW,) and 932 cm~! (WO,>") al-
lowed us to estimate the equilibrium constant for the
formation of AsW, from the H,AsO;~ and WO42~ ions in
an aqueous solution at pH 8.7—7.6 (logK = 87.0£1.0).
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