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In this paper local processes and structural phase transformations of the copper
salt of 12-tungstophosphoric acid are investigated. The structural phase transformations
were followed through bands, characteristic for the host lattice, in the IR and Raman
spectra. The results of these investigations, as well as those of XRPD analysis and
impedance measurements as a function of temperature show that some local processes
provoke the change in the secondary structure of the Keggin anions.
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INTRODUCTION

The high degree of hydration of heteropolyacids (HPA) and their salts (n =
29— 15 water molecules) determines the high statistic disorder of the different proton
species and a developed network of hydrogen bonds which enable fast proton
transport.!=* As a result of thus these compounds are superionic proton conductors
at room temperature [0 = (100-1)x10-3 S/cm]. Recently, there has been many
investigations dealing with proton species (Hs02%, H3O", HyO, OH~ and H") as
charge carriers, their dynamic equilibrium and the nature and strength of hydrogen
bonds. From the literature data, 40 it is evident that the number and nature of
different proton species depend very much on the state of hydration of the com-
pounds, which in turn depends on the temperature and relative hymidity of the
surrounding. However, there is little information about the structure of the host
lattice. On the basis of XRD results of Keggin for WPA-29 H>O,” Brown, Noe-Spir-
let, Busing and Levy for the most stable WPA hydrate-hexahydrate;® and 21-hydrate
WPA determined by Noe-Spirlet and Busing? and our data,f it is evident that the
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primary crystal structure of HPC is very dependent on the degree of hydration.
Information about structural changes of the host lattice, i.e., Keggin’s anions,
induced by different proton entities and the dynamic equilibrium between them do
not exist. The secondary structure is variable due to the interaction of the host lattice
with various molecules and ions, such as water, proton species and counter-ions. As
aresult of this, it is of great interest to establish the nature of the secondary structure
and its influence on the mechanism and values of the conductivity.

In our earlier papers, the splitting of some fundamental bands in the IR and
Raman spectra was reported.>-0:10 The splitting depends very much on temperature
and it is a spectroscopic criterion for different non-equivalent groups and/or the
appearance of a new phase. The splitting is most pronounced for the v1(POg4) band
in both the IR and Raman spectra. The reason for such behavior could be found in
different local processes.

Our in situ studies of the hexahydrate of WPA by X-ray powder diffraction
and Raman spectroscopy have shown the existence of a non-convergent, reversible
transition in the 40 —100 °C temperature range, produced by the partial reduction
and oxidation of tungsten, well known as an element with mixed valence (V and
VI).14 It could be expected that this effect should be much more pronounced in the
case of salts with two ions with mixed valence, such as copper and tungsten in the
CuHWPA salt. For this reason we have performed in situ IR and Raman investiga-
tions of the copper salt of WPA (CuHWPA), as well as XRPD and impedance
measurements as a function of temperature with the aim of solving the problem of
local structure and phase structural transformation.

EXPERIMENTAL

Thermogravimetric (TGA) and differential thermal analysis (DTA) were performed using
Perkin Elmer-4 thermal analyser. Measurements of the thermal transformation were made in a nitrogen
atmosphere, with a flow rate of 50 ml min™'. The scanning rates were 3 and 10 K min”.

X-Ray powder diffraction (XRPD) patterns were obtained on a Phillips PW-1710 automated
difractometer, with a copper tube operated at 40 kV and 35 mA. Diffraction data were collected in the
20 range from 4° to 70°, counting for 0.25 s at each 0.02° 26 step. All the XRPD experiments on the
samples, previously heated at a characteristic temperature chosen from the DTA curve, were performed
at room temperature.

IR spectra were recorded in the range of 4000350 cm’! at room temperature using a Perkin
Elmer 983G spectrophotometer. Spectra at high temperature were recorded in situ with a recording
step of 10 °C, in a variable temperature cell, model VLT-2, RIIC, London.

Raman spectra were scanned with a Raman microsonde Microdil 28 Dilor using an argon ion
laser, wavelength A = 514.53 nm. The laser power was 0.4 mW. The crystal was exposed to the laser
beam for 3 min and the spectra were scanned every 10 s. The exposure times of the crystal to laser
beam correspond to the increase of temperature.

Impedance measurements were made for frequencies from 5 Hz to 500 kHz using a HP4800
A vector impedance meter in the temperature interval from 20 to 70 °C. Values of the DC conductivity
0(w- 0) were determined from the intersections of the semicircular arcs with the z’ axes in the complex
impedance plane (z" = f(z")).
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RESULTS AND DISCUSSION

From the DTA and TGA data, Fig. 1, it is evident that the CuHWPA salt is a
crystalohydrate with 25 water molecules which it looses in several steps:

25-55 65-87 125-141 180-205 °C

CuHWPA-25 — - CuHWPA-9 ——- CuHWPA-5 ——- CuHWPA-3 ——- CuHWPA-0
The CuHWPA salt is completely dehydrated at 205 °C and free protons
stabilize the Keggin’s anions® as confirmed by inelastic incoherent neutron scatter-
ing measurements (IINS).>!2 These measurements showed the existance of free
protons (H™) — free "proton gas" in the solid structure of heteropoly compounds.®-’
In the temperature interval from 205 to 500 °C, this salt looses 0.5 water molecules
which is characteristic for WPA itself and all other alkaline and earth-alkaline
salts.%12:13 The exothermic peak at 571 °C corresponds to the process of solid-solid

recrystallization and the formation of copper and phosphorus doped bronzes.!2
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Fig. 1. DTA and TGA curves of the copper salt CuH WPA. The numbers on the figure indicate the
temperatures of the phase transitions; 1-59, 2-87, 3—141, 4-205, 5-571 °C. Inserted figure is DTA
curve obtained by scanning rate of 3 °C/min.

The results of X-ray powder diffractions (XRD) are summarized in Fig. 2. It
is obvious from the observed XRD patterns that the basic Keggin’s ion configuration
remains preserved in the temperature range from 25 to 190 °C. However, dehydra-
tion of the unstable initial CuWPA-25 (curve a) starts between 25 and 55 °C. This
process is very fast and in this temperature interval practically all the CUHWPA-25
hydrate is transformed to the CUHWPA-9 hydrate (curve b). Between 65 and 87 °C
(curve b—c), the discussed dehydration is completed and the stable cubic CUHWPA-5
phase is formed (curve ¢). With prolonged calcination up to 190 °C (curve d—f) this
phase remains unchanged, which is consistent with the thermal measurements.



410 MIOC et al.

160 240

I [counts]
80
£ 7 |
-
_—
£ £

QO
£ __
N
Q
7
E &

- b C
Fo
2
L _ TO
K7
o

Fig. 2. XRPD traces of the copper salt CUuHWPA .25 H>O at different temperatures: a) 20; b) 55;
¢) 65; d) 90; e) 145; ) 190 °C.

DTA and TGA data, as well as XRPD show that this salt is stable in the
temperature interval from 87 to 141 °C, but the IR spectra scanned in this temperature
interval, Fig. 3, and the Raman spectra, Fig. 4, show that the v{(PO,) band at about
1000 cm ! is split into three bands at 994, 981 and 968 in the IR and at 1010, 995 and
975 cm ! in the Raman spectra, respectively, the intensities of which change with
temperature, being more pronounced in the Raman spectra. These bands, evident in
both spectra, shange their intensities in a way which indicates a structural phase
transition, Fig. 5 a and b. These changes could be correlated with the change of
secondary structure, while the primary structure of Keggin anions is preseserved. The
intensities as a function of temperature show discontinuities at about 60, 87 and 140 °C.
The bands at 994 in the IR, and 1010 cm™! in the Raman spectra decrease with
temperature, i.e., with the exposure time of the sample to the laser beam. The band at
1010 cm ! in the Raman spectra disappears and the band at about 995 cm ™! becomes
the most intense band in this region. After 120 s of exposure of the sample to the laser
beam the sample becomes stable. No changes in the spectra characteristics for the
formation of bronzes® are evident in the IR and Raman spectra. This means that the
structure of the Keggin anions is preserved after calcination. However, the spectral data
show that the Keggin anions are exposed to great strain provoked by different local
processes: non-equivalent PO, groups formed in interaction of protons with the PO,
group — HPO42*, interaction of protons with terminal oxyge atoms and the formation
of OH groups, interaction of water molecules with oxygen atoms,>%!0 and local
oxidation-reduction processes.!! All the above-mentioned processes in HPC can be
explained by the reaction of dissociation/association:
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Fig. 3. IR spectra of the copper salt CUHWPA at different temperatures.
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Fig. 4. Some micro-Raman spectra of the copper salt CuHWPA scaned for 3 min, with the

step of 10 s.
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Fig. 5. Bands intensities: a) in the IR spectra versus the temperature; b) in the micro-Raman spectra

H502" = H30" + H20 = H* + 2H20

Any of a given species can react with the elements of the Keggin anions and
induce the changes in the structural geometry of the Keggin anions, a charge redistri-
bution with reflections on the Keggin anions and the connections between them. The
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Fig. 6. Arrhenius plot: In (a7) vs. 1000/T for the CuHWPA salt.

consequence is that the P-O, bonds decrease and the distance between the Keggin
anions increase with incrasing temperature. This change in the bonding character
produces changes in the charge distribution within the Keggin anions and the partial
reduction of WO to W>* and Cu?" to Cu'™. These processes occur very easily and are
reversible because tungsten and copper are elements with mixed valence. The oxida-
tion-reduction process may also be followed by the change of the color of Cu(I[)WPA
sample during the process of calcination in the interval of hydration stability of the
sample. At the beginning of the calcination the sample was blue and during the
calcination the sample’s color gradually change to light green. After the cooling the
sample had the same blue color as at the beginning of the experiment.

This reduction can be provoked by covalent bonding of OH groups:
40H +2W®" o 2H20 + 0z + 2W°* +2¢”

Two electrons are sufficient to reduce not only the tungsten but also the copper.
On the basis of the above mentioned considerations, it could be expected that the
contribution of electron conductivity to the total conductivity will be more pronounced.

In such cases, when molecules or groups, such as the Keggin anions, are
exposed to large strain, the fundamental T4 symmetry of the PO4 group is disturbed.

The corresponding V1 vibration becomes active in the IR spectra and in some cases
Ag (about 1000 cor!) and By (about 995 cm~!) bands are activated.!3 So both bands

belong to the vi(PO4) vibration. The third band at about 968 in the IR and at 975cm™!
in the Raman spectra is assigned to v(W=0).
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From the temperature dependence of the conductivity, (Arrhenius diagram),
shown in Fig. 6, at temperatures above 60 °C, a deviation of In (07) from the straight
line with decreasing values of 1/T is evident. This fact is in accordance with the
phase transition registered by the IR and Raman spectra at the same temperature
and so confirms the spectral data.

We have also found a discontinuity on the static permittivity versus tempera-
ture plot. This is another fact in favour of the assumption of a phase transition at a
temperature around 60 °C.

The salt CUHWPA is a proton conductor. The condutivity was measured for two
crystallohydrates, n = 17 and n = 15, and values of 0 = 1.95x10 ¢ and 0 =2.27x10~7
S/cm, respectively, were found. These values refer to the temperature of 25 °C.

The activation energies, calculated from the Arrhenius plot, for both speci-
mens are the same, £, = 0.54 ¢V. Such an independence of the activation energy on
hydration, for lower hydrates, was obtained earlier for the sodium salts of WPA, !4
and attributed to the same mechanism of proton conduction in heteropoly com-
pounds; individual proton jumps.

CONCLUSIONS

From the spectral data it is evident that a change in the dynamic equilibrium
of the proton species H*, OH and hydrated proton entitics is closely connected to
the structural modifications of the Keggin anions and the partial reduction of Wo*
to W5t and Cu2* to Cu™. The Keggin anions are geometrically stable over the whole
investigated temperature interval, as evidenced by XRPD data, but the distances
between the oxygen atoms of the PO4 and WOg groups, as well as between the
Keggin anions are changed. Two processes have occurred: a contraction of the bonds
within the Keggin anion and an expansion of those between the Keggin anions.

Non-convergent, reversible phase transitions were confirmed by IR and
Raman spectroscopy, as well as by the conductive properties of CUHWPA. The cause
of these modifications is the partial reduction of the Keggin anion elements.
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n3BO/

IR PAMAHCKA NCTIMTUBAIBA CTPYKTYPHUX MOJINOPHNKALINIA BAKAPHE COJIN
12-BOJI®PAMPOCPOPHE KM CEJIMHE

YBABKA B. MUOY,* MAPUJA TOOOPOBUR,** CHEXXAHA YCKOKOBUR-MAPKOBUH,*** 30PAH
HEJIWH,* BOJUCIIAB CTAMEHKOBUWR* n TAMAPA YAJKOBCKM**#*

*Qaxyaitieiti 3a pusuuky xemujy, Yuusepsuitieiti y beozpady, i. iip. 137, 11001 Beozpao, **Xemujcku paxyaitieit, Yru-
eepauiticiti y Beozpady, i. ip. 158, 11001 Beozpao, ***®apmayeyiticku ¢axyaitiei, Yrnusep3suiteii y Beozpady, ii. ip.
146, 11001 Beozpao u ****Hncitiuitiyiti 3a Hykaeapre nayke, "Bunua" ii. tp. 552, 11000 Beozpao.

Y oBOM pajly UCIIUTHBAHU CY JIOKAJIHU HPOLECU U CTPYKTYpHE (pa3He TpaHchopmanuje
comu 6akpa 12-Bonppampocdopre kucenmue. CTpkTypHe (ha3ne Tpancgopmanumje npaheHe
Cy IIPEKO TpaKa KapaKTEePUCTHYHUX 3a KPUCTATHY PEIIETKY Y HH(PANPBEHAM U pAMaHCKAM
cnekTpuMa. Pe3ynraTu OBUX NCIUTHBAKa, KA0 W OHH TOOUBEHH PEHATEHO-CTPYKTYPHOM aHa-
JM30M U U3 UMIEJAaHCHUX Meperha, OHOCHO IIPOBOJJBUBOCT Y (PYHKIWJH TeMIlepaType, Ho-
Kaz3yjy fa je ¢pazHa TpaHcopManyja Be3aHa 3a IpOMEHe JIOKaIHE CTPYKTYPE, Tj. CEKyHapHe
cTpyKType KermHoBux aHjoHa.

(ITpumsbeno 27. okTpoGpa 1999, pesupupaso 24. heGpyapa 2000)
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