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In this paper the latest results of our continuing investigation of heteropoly acids
and their salts are reported. Specially attention was paid to the influence of cations on
the dynamic equilibrium of protonic species, as well as on the structure of the host lattice
itself, i.e., the Keggin anions. The investigations were done by IR and Raman spectros-
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copy within the range of 120040 cm™.
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INTRODUCTION

Although heteropoly compounds (HPC) have been the subject of detailed
investigation for more than 30 years, there are still many obscurities in their structure
and characteristics. Especially the HPC of the Keggin structure has drawn special
attention, because of the property of superionic protonic conductivity at room
temperature (0 = (100-1)x1073 S/cm).!-? Besides the host lattice made of Keggin
anions, these compounds are characterized by the presence of a great number of
water molecules. This causes the existence of a great number of protonic species®-*
that are in permanent dynamic equilibrium, which explains their high protonic
conductivity.>® On the other hand, the great number of water moleculs in the
structure also cause a dependence of their stability on external conditions, such as
temperature and relative humidity of the surrounding. In this way, there are changes
in the protonic propertics, which aggruates their application as solid electrolytes in
fuel cells Hy/O,, efc. A moderate increase of the WPA stability, without a big
reduction of the conductivity values, was noticed after the substitution of a certain
number of protons, i.e., oxonium H3OJr 1ons, with alkaline and earth alkaline cations.
* Dedicated to Professor Slobodan Ribnikar on the occasion of his 70" birthday
** Serbian Chemical Socicty active member
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Almost all the properties of these compounds are influenced by the nature of the
cation. The nature and the strength of the hydrogen bonds between the entities as
charge carriers are especially affected by the nature of the cation (ionic size,
polarizability, solvatation number, efc.).

This paper reports the results of the influence of the nature of the cation on
the host lattice of alkali WPA salts, a studied by IR and Raman spectroscopy.

EXPERIMENTAL

The examined alkali WPA salts were synthesized according to a previously reported procedure.7

The IR spectra of the samples, as KBr pellets and Nujol mulls, were recorded at room
temperature with a Perkin Elmer 983G spectrophotometer. A variable temperature cell, model VLT-2,
RIIC, London, was used for recording spectra at different temperatures. The spectra at high tempera-
tures were recorded in situ, with a recording step of 10 °C.

The Raman spectra of the polycrystalline samples, sealed in glass tubes, were recorded on a
Dilor RII instrument, using the 457.94 nm excitation line from a Spectra Physics laser, with a constant
power of 3 mW.

RESULTS AND DISCUSSION

The observed effects of the influence of the cation on the characteristics of
the investigated salts have been classified as the influence of big-strong and
small-weak cations.”-8 Thus, all the WPA salts are divided into two groups: the group
of the small-weak cations (Li", Na®, Mg2t, Ca2") and the group of the big-strong
cations (K, Rb*, Cs™, Sr2*, BaZ™). The WPA salts of the first group are transparent
cubic crystals, slightly soluble in water, which crystallize with a large number of
water molecules. During the process of calcination, these salts undergo two-step
dehydrations. The second group of WPA salts are small, white crystals, slightly
soluble in water.

The results of the IR and Raman spectroscopy will be discussed from the point
of view of the nature of the cation and the influence of the protonic species on the
host lattice. The IR spectra in the region of the stretching and bending vibration of
water and proton entities were partialy analyzed in a previous paper.’

Data obtained from XRPD show that the structure of the investigated alkali salts
is influenced by the degree of hydration. The salts of the group of small cations, with a
large number of water molecules, have the structure of WPA-29 and the salts which
belong to the group of big cations have a structure very similar to that of WPA-6.

The Raman spectra of Na;WPA and Cs; WPA, as examples of salts with small
and big cations, respectively, and that of WPA are shown in Fig. 1. The assignment
of the characteristic band frequencies is given in Table I. The Raman spectra
confirmed the difference between the two groups of alkali WPA salts in agreement
with the above mentioned division. The Raman spectra of WPA salts with small
cations are simillar to the spectrum of WPA. From Fig. 1 it is evident that the

strongest band, characteristic for the v{(PO,) vibration at about 1010 cm ! appears
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Fig. 1. Raman spectra of WPA, Na3WPA and Cs3WPA (region characteristic for host lattice vibra-
tions).

as a doublet. The WPA salts of weak cations, besides this band, show another strong
band at 989 cm™!. For the salts of the strong cations this second band appears at
992-995 cm™!. In spectra of the second group WPA salts, a band of medium intensity
at 978 cm ! appears, which is not registered in the Raman spectra of small cation
salts. There is also a difference in the band intensities of the V,(PO,) vibrations for
salts with big cations and those with small cations.

The strong cations cause a dynamic dissociation of water molecules and the
number of proton species (H*, OH™ and hydrated proton entities) increase relatively
to WPA and the small cation salts. These protonic species may interact with the
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Fig. 2. IR spectra of WPA, Na3WPA and Cs3WPA at room temperature (KBr technique).

terminal oxygen atoms in the Keggin anions and cause a change of the distances
between the oxygen atom in WO, octahedra and the PO, tetrahedra. This is reflected
on the bands at about 1000 and 530 cm™!, corresponding to the v 1 and V,(POy)
vibrations, which is also a doublet. The components of this band in the Raman
spectra of small cations salts (at 536 and 518 cm™") are of approximately the same
intensities. In the case of the big cation salts, the components have different
intensities; the band at 540 cm™' is more intense that that at 520 cm™!, which appears
as a shoulder. The frequency of the band at about 540 cm™! increases with increasing
cation radius. In the Raman spectra of the investigated compounds other doublet
bands are also noticed; for group of small cations these are at 235-220, 157148
and 103-89 cm ™!, and for the big cations at 238-218, 159148 and 107-89 co .

The IR spectra, at room temperature, of WPA, Na;WPA and Cs; WPA, in the
region below 1200 cm !, with the bands characteristic for the host lattice-Keggin
anions, arc shown in Fig. 2. The assignment of the bands is given in Table I. From
Figs. 1 and 2 it may be noticed that the most intensive bands in the IR spectra are
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very weak in the Raman spectra. From Fig. 2 and Table Iitis evident that the v{(POy,)
band (983 cm™!) is split. As the spiting could be caused by the presence of different
proton entities and/or different cations, it was of interest to investigate in more detail

TABLE I. Characteristic frequencies (cm'l) of the host lattice for WPA alkali salts

LisWPA  LisWPA  NazWPA  NazWPA  KsWPA  KsWPA  Cs3WPA  CssWPA  Assignement

Raman IR Raman IR Raman IR Raman IR
1079 vs 1078 s 1079 s 1078 s v3(PO4)
1010 vs 1010.9 vs 1009.8 vs 1010.1 vs v1(PO4)
988.7s 994 sh 988.7 s 999 sh 992.1s 995.5s 994 sh v(W=0)
982 vs 979 vs 978 m 982 978.6 m 984 s
934m 932m 919 m V(O-W-0)
908 s 906 sh 907 s 907 m
892.4m 892 m 891.4m 894 8923 w 890 m V2(WOe)
814.1w 8123 w 814 w 836.1 vw 813 w 831.5 vw
797 s 79bs

580.6 w 595 vw 578 w 597 vw 597.7 vw 596 vw 589.6 vw 595w V4(POg)

536.8m 537.6m 542.1s 5403 s v2(PO4)
518.8m 524w 524.1m 510w 5187w 526 w 525w 523w
4772w 484 sh 4772w 4717w 4744 w 482 sh
428 vw 4452 w 428 vw 429 vw
417.2vw 4163 vw 413.6 w 4154w

3734w 378 m 367.9 vw 384 m 387.1w 384 s 3825w 381s V(W-PO4)

3363 vw 336w 3355vw 3407w 340 m 3399w 337m  v(W-POy)
311.5vw 313.5w 3151w 317w
267.4 sh 2634w 256 vw  3(0-W-0)
2403 s 247.8 sh
2339s 236 vs 2358 vs
218.1vs 222.1vs 219 vs 217.5vs V(W-O-W)
205 sh R’(PO4)
197.7 sh 188.6 m 198.6 sh rlfl‘g:f;
156.7 sh 157.8 sh 159.4m 159.5m
146.4 s 149.4 vs 148.1 m 148.2
103.2s 103.4 vs 106.9 vs 107 vs
88.2s 89.3 vs 88.1 m 91s
495w

26.8 vs 26.1vs
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Fig. 3. Deconvolution of Na3WPA a) and Cs3WPA b) IR spectra (region characteristic for the
V1(POy) vibration).

the influence of the cation. Hence, this band was deconvoluted, Fig. 3. From Fig. 3
it is obvious that deconvolution of this band for the small cation salts gives three
bands: at 999, 979 and 960 for Na;WPA, as in the case of WPA, and only two bands:
at 999 and 979 cm™!, for the group of big cations. The difference in the intensities
of the common bands in these two group of sailts is also very prononced, Fig. 3.

The above mentioned results show that the nature of the cation influences the

number and quantity of proton species, as well the host lattice and because of this
ithas to have an influence on the conductivity of the salt too. The conductivity values
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for some hydrates of WPA and its alkali salts are given in Table II. The higher
hydrates of WPA have high conductivity caused by the large number of protonic
species, as charge carriers, and the well developed network of hydrogen bonds,
which enables fast proton transport. The salts with big cations also have very high
conductivities because of influence of these ions on the dynamic dissociation of
water molecules, resulting in an increased number of protons and oxonium ions.
From the obtained results and the results published in a previous paper,’ it is evident
that the influence of the nature of the cation (ionc size, polarization, hydration
number efc.) is more pronounced in the H;O-H,O than in the H,O—-H;0" interac-
tion. With increasing ionic radius, the strength of the hydrogen bond also increases,
which may be followed by the Ry_(y distances and by the shift of the band
characteristic for this interaction. The Av value of about 40 cm™! and the decrease
in the Ry _( distance from 0.282 to 0.271 nm follow the order from Li* toRb". The
changes of the Ry ¢ distances for the H207H3O+ hydrogen bonds are smaller and
decrease from 0.269 to 0.266 nm in the same order.

TABLE II: Conductivity values of WPA and its alkali salts

Compound conductivity (S/cm)
H3PW12040-29H20 8 x 102
H3PW12040-14H20 33x10*
LisPW12040-27H20 1.25x 107

NazHPW 12040-15H20 1.7 %10
NazPW12040-16H20 6.6 %107
K3PW12040-10H20 1.7 x 102
Rb3PW12040-6H20 1.7 x 102
Cs3PW12040-8H20 25x1072
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U3BOJI

CITEKTPAJTHO UCTTUTUBAIE COJIN AITKAJIHUX EJTEMEHATA 12-BOJI®PAMPOC-
OOPHE KMCEJIMHE

1. HEIUR" u HAJIA C. BOLUIIbAKOBUR”

*d)ak‘yﬂmem 3a pusuuky xemujy, Ynueepsuitieiti y Beozpady, . iip. 137, 11001 Beozpao, **XeMujcxu chaxyaitieiti, Yru-
eepauitieiti y Beozpaoy, . fip. 158, 11001 Beozpao u M(,l)ap.mmeyITJCKU axyaitieiti, Ynueepauitieiti y Beozpady, . fip.
146, 11001 Beozpao

Y 0BOM pajiy CAaONIITEHH Cy NOCTIECAHY PE3YyITaTH HAIINX CHCTEMAaTCKUX UCIIUTHBAA
XEeTePONOJUKUCENNHA U HUX0BHX col. [loceOHa maxkma nocseheHa je yTumajy KaTjoHa Ha
AMHAMMYKY PABHOTEXKY IIPOTOHCKUX BPCTA, KAO U HA CTPYKTYPY KPUCTAIHE PELIETKE, OJ{HOCHO
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KernHoBux aHjoHa. VicnuTuBama cy BpllleHa MeTofjaMa HH(panpBeHe 1 paMaHCKe CIIEKTPOCK-
omnmje y obmactu 1200-40 cm . JloOujeHn pe3ynTaTh Cy BasKHA 32 00jallbehe MEXaHm3Ma
IIPOBOJIJUBOCTH, KA0 U 32 pelIaBambe MpoOJeMa IPAKTHYHE IIPUMEHE OBHX JSAMHECHA Ko
YBPCTHX €JICKTPOJIUTA.

(ITpumsbeno 27. okroGpa 1999)
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