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Abstract

When aqueous solutions which contairft,iK* and lacunary heteropolytungstate ions, $i@4%~ or P,W;,06,1%, at high concentrations
are cooled to nearly @, the solutions separate into two layers with a clear boundary. The lower layers are very viscous, of high densities,
around 3 gcm?. The separation takes place for all the trivalent lanthanides whesxists as the univalent cation. When™Na Li* is used
instead of K, the solutions just become very thick. When"Nemixed with K* in certain ratios, two layer formation is observed. The oil-like
materials are considered as liquid hydrate salts with average chemical compositighsmM&iW,,0s4],-nH,0, wherex was varied from 0
to 5.5 andr is the molar number of water;100.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction of crystalline products, no further investigations were made.

We made sure that the separation of the concentrated solu-
Extensive studies have been conducted on the synthesesion into two layers always happens if it contains Ln(lll) and

of polyoxometalates which contain lanthanoid(lll) as het- K* or NHs*. We also observed that this viscous material

eroatoms or counter catiofis]. Since polyoxometalates are turns to glass-like transparent film on drying. In this study,

oxide anions of large ionic sizes and of unique structures, we made basic investigation to find definite conditions for the

counter cations in the formulation of secondary structures production of such non-crystalline phases and to understand

are taking important rold®]. Lacunary heteropolytungstate the nature of the substances.

ions, SiW 10398~ and BW170611%~ are known to have very

large abilities to bind metal cations at their defect sites. Sev-

eral authors have tried to crystallize salts with trivalent lan- 5 Experimental

thanoids expecting to produce materials of useful properties.

In aqueous solutions, both ions work as ligands of large ba- 2.7. Reagents

sicity such that Ln(lll) forms stable 1:1 and 1:2 complexes

[3,4]. Peacock and Weakld$] and Haraguchi et aJ6] de- Dodecatungustosilicic acid,4f5iW12040]-nH20, potas-

scribed their observation about the appearance of oil-like sub-sium undecatungustosilicate hydrateg{${W11039]-nH20

stance at the bottom of the solution when they cooled the con-[7], potassium octadecatungustodiphosphate hydrate,

centrated solution of Ln(lll) and SiY¥O3¢®~ to crystallize Kg[P2W180g2]-nH20O and potassium heptadecatungus-

the intended salt. Since their major objects were synthesesodiphosphate hydrate 1K[PoW170e1]-nH20 [8], were
synthesized according to the methods described in the

* Tel.: +81 42 329 7507; fax: +81 42 329 7508. reference. The products were analyzed for the W contents
E-mail address: akira@u-gakugei.ac.jp. by ICP-AES method. Aqueous solutions of Ln(lll) nitrate
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were prepared by dissolving respective oxides in nitric acid univalent counter cation. The volumes of the lower phases
followed by removal of excess acid by evaporation. The were about 20% of the totals. These ratios showed only slight
concentrations were determined by titration with EDTA, decreases for the heavy lanthanoids. Whehdtd.i* is used

or by ICP-AES. All the salts of alkali metals as nitrates or instead of K, the solutions just became very thick. On the
carbonates were of reagent grades, and used as receivedther hand, Nais mixed with K* in the ratios up to 50%, two

from Wako, Japan. layers formation is also observed. The oil-like layers showed
the color of the respective Ln(lll).

2.2. Procedures for the preparation of the Ln(Ill) salt Parts of clear, oil-like layers were taken into shallow petri

hydrates dishes and heated on a water bath. In a few minutes, the vis-

_ _ cous solutions turned transparent glass-like films. Once they
Solutions of Ln(lll) salts with K were prepared by use of  are transformed, they stayed as stable transparent materials.
Kg[SiW11039]-13H,0 and Ln(lll) nitrate in a molar ratio of  No clear diffraction lines were observed in the X-ray diffrac-

2:1. In a typical preparation, 10 g ofgfSiW1103g]-13H,0 tion measurement, suggesting that they are non-crystalline
(3.0x 10-3 moles) was added to 60 mL of distilled water and materials.
heated to about 78C. To the clear solution, 1.5 10~3 moles The boundary of the two layers gradually became un-

of Ln(NOs)3 was added. The volume of the solution was then recognizable if the solution was warmed to room temper-
reduced by evaporation on a water bath to about 20 mL. Theature. The oil-like bottom layers, once separated, were not
solution was cooled in an ice bath. At about"® the so-  stable, since the precipitation took place in a few hours.
lution first started to become cloudy, and as the temperaturepowder X-ray diffraction measurements indicated that the
decreased the cloudiness prevailed in the whole part of theprecipitated substances were crystalline compound, though

solution. At around 10C, the solution turned completely  poorly grown. The composition was confirmed as the formula
cloudy, and in a few tens of seconds the solution became bi-K ; 3L n[SiW1103g]2-nH20, by the analysis.

layer. The upper layer was transparent, and the bottom one
was slightly cloudy atfirst, thenitturned completely transpar- 3 ; 5 K*/Ln(LI/PsW;704,'0 system
entwhen the solution warmed to aboti@ Two layers were The concentrated solutions of Eu(lll) or Nd(lll) nitrates

separated for further characterization. Dodecatungustosilicic 5, Keo[P2W17061]-nH20 of pH~ 5 were prepared initially
acid hydrate was also used as a starting material with Use,g 5 ot solution. On cooling to 3@, separation of viscous
of the alkali carbonates to neutralize the acid. Degradation ;_jike layer was also observed. For this system, however, the

of the heteropolytungstates was effected by the adjustment;,ysiaiization proceeded more quickly even at room temper-
of the pH to 4.5. The other procedures were essentially the ;4o

same as described above.

2.3. Analysis of the composition 3.2. Characterization

The density was obtained by weighing a known volume of 3.2.1. K+/L”(1.”) system - o
the liquid. Weighed amounts of the bottom layers were dis- The analytical data of the composition of the oil-like sub-

solved in dilute nitric acid, and made up to definite volumes. Stances for the selected Ln(lll) are givenTiable 1 If the
Ln(lll) and W were determined by ICP-AES, and l&nd substances are hydrate salts obtained as liquid state of the
NH.* ions were determined by gravimetry as tetraphenylb- formula Kisln[SiW1,03]2-nH20, theoretical molar ratios

orate. of Kand W to Ln should be 13 and 22, respectively. In every
case, the analytical data are smaller than these values by var-
2.4. Luminescence spectroscopy of Eu(Ill) compounds ious degrees. It suggests the substances are mixtures of the

compound given above and Ln(lll) nitrates added as starting

Emission spectra were measured by excitation with a dye
laser beam of 394 nm and the decay of the excited state wagrable 1
detected by measuring intensity of the emission at 615 nm, Analytical data of the oil-like substances for the selected Ln(lIl) with K

; a
The samples were placed between quartz plates. All the mea@hd SW10s9

surements were made at room temperature. Ln Kfound  Lmfound W found  HO, calculaied
(%) (%) (%)
% n
La 5.17 1.98 49.1 279 109
3. Results Nd  7.23 2.19 53.9 193 76
' o Gd 5.20 2.12 50.8 256 105
3.1. Formation of oil-like layers Dy 557 2.20 521 233 95
m 5.09 2.13 485 286 126
3.1.1. M*/Ln(II1)/SiW;;0395~ systems Lu 5.40 2.23 50.7 254 111

The separation of the solutions into two layers was ob- 2 water contents were calculated on the supposition that the substances
served for all the trivalent lanthanoids whefi Exists as the  are KiaLn[SiW110z9]2-7H20.
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materials. The discrepancies must be partly due to system-Table 2

atic errors because of the large difference in mass percentage

énalytical data of the oil-like substances obtained for Nd(l11) and Eu(lll)
with K* and EW170611(P

between K, Ln and W. Densities of the oil-like layers for all
lanthanoids were within the average of 288(10) g/mL.
No trends along the series were observed. Number of moles

of water in the oil-like phases were estimated based on theygy
W determination of the samples and on the supposition thateu

Ln K, found Ln, found W, found H,0, calculated
% % % D —
(%) (%) (%) % .,
5.40 1.07 49.5 27.6 207
5.27 1.16 48.9 28.4 207

the phases are hydrates of#Kn[SiW11039]2-nH20. Widely
scattering values for from 60 to 130 were obtained. No ap-

@ The number of watern, was calculated based on the analytical

data for W, providing that the substance in each state is represented as

parent trends along the Ln(lll) series were recognized, that K17Ln[P2W170e1]2-nH20.

is, the number of water molecules is not affected by the prop-
erties of Ln(lll) such as ionic radii. The glass-like products
obtained by drying the oil-like substances were found to have
the same compositions as those reported for the crystalline
compounds. Numbers of water of hydration of the glass-like
substances were 2¥P) for La—Lu, while those of the crys-
talline compounds were 2&3), which were determined by
thermal analysis.

3.2.2. Na*/K*/Nd(II) systems

The compositions of the oil-like substances obtained
from the solutions of N&and K" mixed systems were de-
termined similarly. The contents of *Kwere determined
by gravimetry as tetraphenylborate. The results suggest
that the substances are liquid hydrates of the formula
NaxKyNd[SiW11039]2~nH20, in WhiChx+y= 13.In Fig. 1,
the estimated values efandr are plotted against the molar
ratio of Na" added to the initial solution. The water content
decreases with a decreaserin

3.2.3. K*/Ln(III)/P2W170611%~ system

The analytical data of the compositions of the oil-like sub-
stances obtained for Nd(l1l) and Eu(lIl) wittp®/170611%~
are listed inTable 2 The number of waten, was calculated
based on the analytical data for W, providing that the sub-
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Fig. 1. Composition of the oil-like substance formed in the" ad K
mixed system as N&,Ln[SiW11039]2-nH20.
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Fig. 2. Emission spectra of Eu(lll) compounds due to the transition
5Dy — “F3 (Aex=394 nm). SiW and PW refer to the compounds given in
Table 3

stances are represented ag/l[P,W17061]2-nH20. The
analytical data of the glass-like and crystalline substances
indicated that they are KLn[P2W17061]2-nH20.

3.3. Luminescence spectroscopy of Eu(Ill) compounds

In Fig. 2emission spectra of the substances of Eu(lll) are
reproduced. All spectra are very similar to each other and are
indicating that the coordination environments of Eu(lll) are
the sam¢9]. Inner-sphere hydration numbeé¥,o, was ob-
tained from the decay constants of the excited state of Eu(lll)
as given inTable 3 [10] No water coordinates to Eu(lll) in
any of the samples.

4. Discussion

From the density and the analytical data of the oil-like
substance, the “concentration” of f.n[SiW1103¢]» can be
calculated. For the samples with Ln from La to Lu, they were
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Table 3

Inner-sphere hydration number$,,0, of Eu(lll) heteropolytungstates

Compounds State kobs (Ms™1)2 Np,0°

. Oil-like 0.802 0.40

fsliﬁ)“[s'wllo”]z'”'"'?o Glass-like film 0.742 0.34
Crystalline 0.420 0.00

K17EU[P,W17061]2-nH20 Glass-like film 0.558 0.15

(PW) Crystalline 0.572 0.16

a8 Measurements alem= 615 NM,Aex =394 nm, HV =600V, slit=0.1 mm.
b N0 = 1.05 x kops — 0.44[10].

averaged to 0.354{0.025) mol/L. From the mass balance, the gaps between the large complex anions, but some part of
the material distribution between two phases is estimated asthe K" ions must be taking another role to give the oil-like
85% in the oil-like phase and 15% in the supernatant. There- substance somewhat structured state. As seéiginl, the
fore, the upper layer is a solution of the salt, the concentration oil-like substances formed from the mixtures of'Nand K"
of which is around 0.06 mol/L. However, the lower layer can- contain more water as the ratio of Niacreases. This is con-
not be a solution of the same salt as that of the upper layer be-sistent with the idea that larger number of water molecules
cause it is improbable that solutions of one chemical speciesis necessary to hydrate NaEven in the most concentrated
with different concentrations coexist as two contacting lay- solutions, the interaction between the*Nar Li* and the
ers. Therefore, the oil-like phase must be a single chemi- complex anions would not be direct, but through coordinated
cal species that has separated out as intermediate metastabigater, so that it is not enough strong to produce metastable
state. hydrates.
From the luminescence spectral measurements, the ex-
istence of the complex anions Ln[Si\Dsg]o13~ and
Ln[P2W7061]217~ in the oil-like substance is obvious. Since Acknowledgements
no water is in the inner-sphere of Ln(lll), the anions have the
same configurations as those found in the crystals by X-ray ~ The author is deeply indebted to Dr. T. Kimura and Y.
diffraction study{3,11]. It is also established that the coordi- Kato of Advanced Science Research Center, Japan Atomic
nation geometry around Ln(lll) is a skewed square antiprism Energy Research Institute, Tokai, Japan, for providing the
formed by eight oxygen atoms, four from each lacunary an- TRLSP system, for their assistance in measurements and
ion. Therefore, conformation, which would be one of the rea- discussion about the results. Part of the study has been pre-
sons why crystallization is retarded. The characteristic fea- Sented as the master's dissertation (Tokyo Gakugei Univer-
tures of these units are that they have far more larger ionic Sity, 2000) by K. Ibaraki, whom the author would like to
sizes and formal negative charges, and that they have uniquécknowledge.
conformations with two anions tied by Ln(lll) with angles.
This might be one of the reasons why such a novel phase
appears.
The _inclusion of larger num_ber of Watfer_molecules must [1] A. Miller, F. Peters, Chem. Rev. 98 (1998) 239-271.

be the important factor that brings the oil-like substance t0 (2] m. Misono, Chem. Commun. (2001) 1141-1152.
metastable phase. There are three types of water: (a) water[3] J. Bartis, S. Sukal, M. Dankova, E. Kraft, R. Kronzon, M. Blu-
of hydration of the counter cations,MM: K, Na, or NH4), menstein, L.C. Francesconi, J. Chem. Soc., Dalton Trans. (1997)
(b) water of hydration of the complex anions, probably in- 1937-1944. _ _

. . [4] C.E. VanPelt, W.J. Crooks Ill, G.R. Choppin, Inorg. Chim. Acta 340
teracting through hydrogen bonding to surface oxygen atoms
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