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A new procedure for the preparation of sodium—manganese paratungstate was developed
and used to synthesize Nas[Mn, s(W,,0,,(OH),)]-36H,0. This procedure implies an acidity
ratio represented as Z=C(H*")/C(WO,)=1.00 and a component ratio of C,:C,,,=6:1,
which enables the synthesis of compounds to be faster, more cost-effective, and with
lower energy consumption. The composition and single-phase nature of the compound
was confirmed by elemental analysis and scanning electron microscopy. Furthermore, the
nature of the paratungstate anion within its composition was determined by IR spectroscopy.
Thermolysis of synthesized Nas[Mn,(W,,0,,(OH),)]-36H,0 was studied, revealing that
the dehydratation process proceeds in a full accordance with the entry of water molecules
into the coordination spheres of cations and anions. The sequence of H,O removal with
increasing temperature is as follows: outer sphere; H,O molecules from the Na coordination
environment; H,O molecules from the Mn coordination environment; and constitutional
H,0O molecule from the anion composition.
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Introduction

One of the essential topics of modern research
is the optimization of synthesis conditions for various
isopoly- and heteropoly salts, as well as the
investigation of their properties and thermodynamic
stability. The lack of a reliable database of
thermodynamic characteristics for polycondensation
processes leading to the formation of polyoxometalate
anions (POMA) often hinders the development of
consistent and reproducible methods for salt
synthesis. However, some of the salts among POMA
have found applications in science, technology, and
medicine.

Notably, the use of polyoxotungstates with

their potential has also been explored in the
development of antitumor drugs and antibacterial
agents.

In the case of manganese paratungstates B,
there is limited information available regarding
synthesis methods, and no clear correlation can be
established between the composition of the resulting
compounds and the synthesis conditions. Typically,
these compounds, which exhibit poor reproducibility,
are obtained using acetate buffer solutions (pH 4.5—
6.0) through exchange reactions or self-assembly
methods.

For instance, the salt Na;[Mn, (W,,0,,(OH),)]-36H,0
was synthesized [6] through a self-assembly reaction

various cations of d- and f-metals plays a significant
role in diverse fields such as analytical chemistry,
medicine, electronics, industrial organic synthesis,
nanotechnologies, and material science [1—5]. For
instance, polyoxotungstates serve as catalysts for
olefin oxidation, materials with photochromic
properties, sorbents, proton and ion conductors,
luminescent compositions, and more. In recent years,

involving the mixing of Na,WO, and MnSO, (in a
molar ratio of 12:1) at 80°C in an acetate buffer
solution with pH 4.5. Following cooling to room
temperature, pale yellow crystals of the double
sodium—manganese(II) paratungstate B
Na,[Mn, 5(W,,0,,(OH),)]-36 H,O were isolated. The
limited reproducibility of this synthesis primarily
arises from the fact that, at such a low pH value,
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hydrohepta- and metatungstate anions [7] are
expected to predominate in the solution, which
should be incorporated into the composition of the
synthesized salt. As demonstrated in ref. [8], the use
of acetic acid as a proton source stabilizes the
paratungstate anion in the solution. Moreover,
controlling the yield based on pH value presents
challenges because this value is a function of the
solution’s concentration. Replacing it with acidity
represented as Z=C(H*")/C(WO,>"), which is
independent of the solution’s concentration, and
using nitric acid instead of an acetate buffer, can
resolve these issues.

Materials and methods

It is known that the stabilization of
paratungstate anions as a result of the formation of
ionic associates allows synthesizing d-metal
paratungstates in a wide range of acidity. The zone
of dominance of the paratungstate—B anion
corresponds to acidity range of Z=1.00—1.17.
Consequently, the lower borderline value was selected
for the synthesis process.

Furthermore, it was observed that when using
a stoichiometric ratio or an excess of metal cations,
or when conducting the reaction at an elevated
temperature, an amorphous precipitate forms in the
solution. Conversely, when the ratio falls below
stoichiometric, the solution remains homogeneous
for a certain period, after which crystals of varying
sizes and habits begin to form. All of these factors
were taken into consideration during the synthesis
of manganese paratungstate.

Synthesis of Na;Mn, {fW;,0,(0OH),]-36H,0

At the first stage of the synthesis of sodium—
manganese(Il) paratungstate, 38.60 mL of Na,WO,
solution with C=0.2591 mol/L was acidified to the
value of Z=1.00 with 25.52 mL of HNO; solution
with C=0.3919 mol/L at T=298 K. Then, 14.84 mL
of MnCl, solution, C=0.1123 mol/L, were added
dropwise to it during intensive stirring
(Cy:Cyy=6:1=0.0167 mol/L), provided that the
addition of the next portion of the solution occurred
only after the disappearance of the opalescence. In
the homogenous system obtained in this way, after
2—3 weeks, pale yellow crystals were isolated and
then filtered from the mother liquor, washed with
cold water and air-dried to a constant weight.

Infrared (IR) spectroscopy

Pressed thin discs prepared from an exact weight
(0.0030 g) of air-dry samples of the obtained salts in
the KBr matrix (puriss. spec.; 0.6000 g) were used to
capture the IR spectra of the synthesized

polyoxotungstate. The imaging was carried out on an
IR spectrometer with a Fourier transform (FTIR)
«Spectrum BXII» (Perkin-Elmer) in the
wavenumbers range of A=400—4000 cm™".

Differential thermal analysis (DTA)

Differential thermal analysis of the salts was
performed on a Shimadzu DTG-60H synchronous
TG/DTA analyzer in the temperature range from
0°C to 600°C in an air atmosphere (100 mL/min) at
a rate of 10°C/min; a-Al,O; was used as a standard.

Scanning electron microscopy

The study of the surface morphology and
confirmation of the single phase of ground air-dry
samples of synthesized salts was carried out by
scanning electron (raster) microscopy (SEM) and
EDX analysis (analytical complex JSM 6490 LV,
JEOL using air-dry samples applied to graphite tape
in the mode of backscattered electrons (BES).
Elemental analysis was performed using an energy-
dispersive X-ray spectrometer and INCA
PentaFETx3, Oxford Instruments).

Chemical analysis

For the selected salts, chemical analysis was
performed according to the following procedure. The
water content in samples of air-dry synthesized salts
was determined based on the mass loss after
calcination of samples at 773 K (§=0.5%).

Initially, to determine the tungsten content,
an exact weight of salts (=0.15 g) was treated with a
mixture consisting of 15 mL of concentrated HCI
and 5 mL of concentrated HNO; until the formation
of a precipitate of white tungstic acid. The calcination
of the precipitate at 1073 K made it possible to obtain
the gravimetric form of WO, (6=0.5%).

The content of manganese (+2) (§=0.8%) in
the filtrate remaining after separation of WO;-H,O,
was determined by complexometric titration at pH
9—10 in the presence of Eriochrome Black T.

After the separation of WO;-xH,0, in parallel
with the determination of the content of M?* Mn?*,
Co?*, Cu?* in the filtrate, the volume of which is
brought up to 200 ml, the analysis of the content of
sodium (I) (6=2%) was carried out by the method
of atomic absorption spectroscopy. The sodium(I)
content was determined using the «Saturn 3» atomic
absorption spectrometer in an acetylene-air flame
(analytical line 589.6 nm), with a high-frequency
electrodeless lamp VSB 2 as the source of resonant
radiation (operating at a current of 70 mA).

Results and discussion

The brutto formula of 2.5Na,0-2.5MnO-12WO,-37H,0
was derived from the results of chemical elemental
analysis. For the pale yellow sample, it was found
(calculated), wt.%: Na,O 4.08 (4.10), MnO 4.67
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(4.69), WO, 73.59 (73.58), H,0 17.61 (17.63), which
can correspond to NasMn,[W,,0,,(OH),]-36H,0
paratungstate.

To identify the nature of the isopolyanion, an
IR spectroscopic analysis was used. This method is
considered reliable, especially for compounds with
an island structure like metal paratungstates
synthesized from solutions. The resulting IR spectrum
of the salt shown in Fig. 1 confirms that the
compound belongs to paratungstates B, based on
the positions of the absorption maxima in the
oscillation zone of the tungsten—oxygen framework.

The paratungstate B—anion has a characteristic
IR spectrum in the range of 500—1000 cm™' both in
terms of the position of the absorption bands and
their intensity. In the spectrum, absorption bands of
tungsten-terminal oxygen (W=0) type -v(A,), valence
symmetric v,(A,) and valence asymmetric v4(B,)
oscillations of angular bridging groups tungsten—
oxygen—tungsten (C,, point group) are recorded.
Deformation v(A,) oscillations recorded in the area
of v<500 cm™ in the paratungstate anion are not
characteristic and cannot be used to determine the
nature of the anion. Thus, the IR spectrum of
2.5Na,0-2.5Mn0O-12W0;-37H,0 is in the agreement
with the IR spectra of other paratungstates B, for
which the crystal structure has already been
determined [9—11], which indicates the presence of
paratungstate B—anion [W,,0,,(OH),]""" in its
composition.

In parallel, the gross composition of the salt
and its formula NasMn, s|W,,0,,(OH),]-36 H,0 were
confirmed by scanning electron microscopy. The
averaged EDX analysis was conducted in various
zones of the crystal (Table 1) confirmed the molar
ratio of Mn:W as 2.5:12.

Table 1
Molar ratio” of elements Na:Mn:W in different zones

Q
= 2 n
Ei —~ ||| x|w| S|E e
2.2 o © o I © oS8
cs| 8| 8| 8| 8| 5| ®5sE
STIN|IN|N[(N|N|§|E2
= > =]
<
v(Na) 5.00 {5.07]5.13]5.02|5.15(5.12]5.10]0.0526
v(Mn) 2.50 12.57]2.52)2.59]|2.45(2.43{2.51]0.0709
v(W) 12.00 12.00 12.00 —

Note: * — ratio is calculated for 12 W atoms.

The SEM images of the Na;Mn, s|W,,0,,(OH),]-36H,O
sample (Fig. 2) indicates the absence of zones with
different surface morphology.

308.06 nm

161.55 nm

.

20KV, X26600°m 1um 0449 1040 SEI

Fig. 2. SEM images of the surface of
NasMn, | W,,0,0(0H),]-36H,0 salt at x5000 and x20000
magnification

The uniform contrast of  the
Na;Mn, ;| W,,0,,(OH),|-36 H,0 powder surface in the
characteristic X-ray radiation (Fig. 3) indicates a
uniform distribution of metals and allows us to
confidently state the formation of a single-phase
sample.

As already mentioned, paratungstate
Na;Mn,[|W,,0,,(OH),]-36 H,0 was previously
synthesized [6], and its structure was investigated by
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Fig. 1. IR spectrum of NasMn, s[W,,0,,(OH),]-36H,0
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Fig. 3. Surface images of NasMn, s[W,,0,,(OH),]-36H,0 powder in characteristic X-ray radiation
(O Kal, Na Kal 2, Mn Kal, W Mal)

Fig. 4. Combined polyhedral/ball-and-rod representation of a
three-dimensional Na;Mn,s|W,,0,,(OH),]-36H,0 framework
[6]

X-ray structural analysis. The resulting structure in
the form of a three-dimensional framework is shown

in Fig. 4. Modeling of water molecules made it possible
to predict its coordination to cations and present the
formula in the form
Na, {[Mn(H,0);],[H,W,0,]H[Mn(H,0);],
[Mn(H,0),][W,,04(OH),]}-(6H,0].

As evident, water molecules play a significant
role in the structure of sodium—manganese(II)
tungstate polyhydric crystal hydrate. They serve as
bridges of various types, connecting cationic and
anionic fragments. Importantly, these water
molecules are known to contribute to the thermal
stability of the salt. It is noteworthy that prior to this
study, there was a lack of investigation into the
thermal behavior of this compound, and no data
were available in the existing literature. Therefore, a
thermogravimetric analysis was conducted, and the
results are presented in the form of a
thermogravitogram in Fig. 5 and summarized in Table 2.

The results of thermogravimetric analysis for
each stage of dehydration can be reconciled according
to the data for the type of water given in ref. [6].

At the first stage (up to 75°C), 23 molecules of
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Fig. 5. Thermogravitogram of NasMn, s|W,,0,,(OH),]-36H,0 (1 — TGA; and 2 — DTA)
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Table 2

Thermolysis data on {[Na(H,0)]s;[Mn(H,0);],[Mn(H,0),],5s[W,04,(0OH),]}-23H,0 sodium—manganese(II)
paratungstate B

Stage T,°C Weight loss (exp.), % | n(exp.), mol | Weight loss (theor.), % | n(theor.), mol
1 40-75 10.75 —22.56 H,0 10.96 -23.0 H,0
11 75-158 4.21 —8.84 H,0 4.29 -9.0 H,0
111 158-350 1.85 —3.88 H,0 1.91 —4.0 H,0

v 350-405 0.43 —0.90 H,0 0.48 -1.0 H,0

outer-sphere water, which have the lowest binding
energy in the compound, are removed. Most likely,
this type of water in the compound is held due to
hydrogen bonds. When the temperature increases to
160°C in the second stage, water is released from
the [Na(H,O),] fragment, which structurally connects
adjacent 2-D layers with lamellar Na—O bonds into
a three-dimensional framework (Fig. 4).

Heating the samples to the temperature of the
first two stages does not affect the structure of the
salt anion, and IR spectra retain the oscillations
characteristic of the paratungstate tungsten—oxygen
skeleton. At the third stage of dehydration, the water
included in the fragments of the Mn?" cation is
removed. [Mn(H,0);]*" groups in the salt structure
connect adjacent clusters of paratungstate B
[W,,04(OH),]'" through double bridging groups,
forming a one-dimensional anionic chain
{IMn(H,0);],[W,0,(OH),|},**~ along the [1 1 I]
direction, and the 1D anionic chains
{{IMn(H,0);],|W,,0,,(OH),]},°* are connected by
cations [Mn(H,0),]?** with the formation of 2D layers
in the (0 —1 1) plane. Based on this, the removal of
H,O from these fragments should not destroy the
isopolyanion itself, but it was not possible to confirm
this due to the low resolution of X-ray and IR spectra.

Finally, at the last fourth stage (above 405°C),
dehydration of the last water molecule takes place,
which is accompanied by the destruction of
paratungstate B anion, and exo-effects at
temperatures of 510—520°C likely indicate the
formation of decomposition products, which can be
either Na,WO,, MnWQO,, and WO,.

Conclusions

A new procedure for the synthesis of sodium—
manganese paratungstate Nas[Mn, s(W,,0,4(OH),)|-36H,0
was developed, the feature of which is the use of
solution acidity Z=1.00, which, unlike the generally
accepted pH value, does not depend on the
concentration of the original sodium orthotungstate
solution. This approach ensures the necessary
predominance of the paratungstate B anion in the
presence of d-metal cations, achieved by using nitric

acid instead of an acetate buffer. The low pH value
(pH 4.00) of the acetate buffer typically used in such
syntheses does not guarantee the unambiguous
predominance of the target anion, leading to issues
with reproducibility. Consequently, the new synthesis
procedure proves to be more efficient, cost-effective,
and energy-efficient. It also confirms the stabilization
of paratungstate anions in an aqueous solution by
d-metal cations.

The dehydration process of the synthesized
sodium—manganese paratungstate
Nas[Mn, s(W,,0,,(0OH),)]-36 H,0 follows the
characteristic sequence of water removal in aqua-
coordinated polyoxometalates, which is associated
with varying binding energies, particularly with
respect to the available cations. Based on thermolysis
data, calculations revealed a complete
correspondence between the number of moles of
H,0 molecules within the coordination environments
of sodium(+) and manganese(2+) cations and their
subsequent dehydration. The four-stage dehydration
process can be represented as in Scheme.
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CUHTE3 TA TEPMOJII3 HATPII—-MAHTAH
HAPABOJIb®PAMATY Na,[Mn, (W,,0,,(0H),)]-36H,0

E.C. /lysanosa, C.B. Padio, I.M. Posanues, K.C. FOminrosa

Po3pobiieHa i 3acTrocoBaHa /jisl CUHTE3y HOBa METOIMKA
noOyBaHHs HaTpili—MaHraH. CUHTE3 Ta TepMoJli3 HaTpili—MaH-
ran napasosibdpamaty Nas[Mn, 5(W,0,,(OH),)]-36H,0 napa-
Bonbdpamary Nas[Mn, (W ,0,((OH),)]-36H,0, sxa monsrae y
BUKOpUCTaHHI KuciotHocti Z=C(H")/C(WO,>)=1,00 Ta
criBBimHOIIEHHSI KOMMOHEHTIB Cy:Cy,=6:1, 1110 103BOJIsIE CUH-
Te3yBaTH CIOJYKHU OUIbLI €KCIIPECHO, AeIeBO, 3 MEHLIMMU eHep-
ro3arparamu. Ckiaa ta ogHOMA3HICTb CIOJYKU MiATBEPIKEHO
METOJAMM €JIEMEHTHOTO aHali3y Ta CKaHyl04YOlO €JIEKTPOHHOIO
MiKPOCKOIIi€l0, a Mpupoy napasosibdpamar—anioHa B ii ckiai
BCTaHOBJIEHO MeTooM [Y-criekrpockorii. JJociimkeHo TepMoIti3
cuHTe3oBaHoro Nas[Mn, 5(W,,0,(0OH),)]-6H,0 i noxasaHo, 110
rnpoiiec nerinparauii BiaOyBa€eTbCsl Y MOBHIiN BiIMOBIIHOCTI 10
BXOJIKEHHSI MOJIEKYJl BOAM B KOOpAMHALiiHI cdhepu KaTioHIB
ta aHioHa. [TociigoBHICTb BUOAJIEHHS! BOAMU 3 MiABUIIEHHSIM
Temneparypu: 3oBHillHbochepHa, mosnekynru H,O 3 koopau-
HauiliHoro oroueHHs1 Na, MOJIeKyJIM BOIU 3 KOOPAMHALiiiHOroO
otoyeHHsT Mn, Mojekyna KoHctutyuiitHoi H,O 3i ckmamy
aHioHa.

Keywords: mosiokcomeranar, manras, [U-crnekrpockorris,
CUHTE3, TePMOJIi3, CKaHyIoUa eJIEKTPOHHA MIKPOCKOITisl, BOJa.
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A new procedure for the preparation of sodium—manganese
paratungstate was developed and used to synthesize
Na[Mn, s(W,0,,(OH),)]-36H,0. This procedure implies an
acidity ratio represented as Z=C(H")/C(WO,>)=1.00 and a
component ratio of Cy:C,,,=6:1, which enables the synthesis of
compounds to be faster, more cost-effective, and with lower energy
consumption. The composition and single-phase nature of the
compound was confirmed by elemental analysis and scanning
electron microscopy. Furthermore, the nature of the paratungstate
anion within its composition was determined by IR spectroscopy.
Thermolysis of synthesized Nas[Mn, s(W,0,,(OH),)]-36H,O was
studied, revealing that the dehydratation process proceeds in a
full accordance with the entry of water molecules into the
coordination spheres of cations and anions. The sequence of H,O
removal with increasing temperature is as follows: outer sphere;
H,0 molecules from the Na coordination environment; H,O
molecules from the Mn coordination environment; and
constitutional H,O molecule from the anion composition.

Keywords: polyoxometalate; manganese; IR spectroscopy;
synthesis; thermolysis; scanning electron microscopy; water.
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