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Thea-1 anda-2 isomers of the monovacant WellDawson heteropolyoxoanion{®/;706,]1%~ are complexants
of trivalent rare-earth (RE) ions and serve to stabilize otherwise reactive tetravalent lanthanide (Ln) and actinide
(An) ions in aqueous solution. Aspects of the bonding of Ln ions with[P,W17061] 1%~ anda-2-[P,W17061] 1%~

were investigated to address issues of complex formation and stability. We present structural insights about the

Ln(lll) coordination environment and hydration in two types of stoichiometric complexespflLF,W17061)] 7~

and [Ln@-2-X2W17061)2]*"~ (for Ln = Sm, Eu, Lu; X= P, As). The crystal and molecular structures of,{0hk-
Lu(a-1-P,W17061)]7~ (1) and [Lu@-2-P;W17061)2]17~ (2) were solved and refined through use of single-crystal
X-ray diffraction. The crystallographic results are supported with corresponding insights from XAFS (X-ray

absorption fine structure) for a series of nine solid-state complexes as well as from optical luminescence spectroscopy

of the Eu(lll) analogues in aqueous solution. All the Ln ions are eight-coordinate with oxygen atoms in a square
antiprism arrangement. For the 1:1 stoichiometrica-t/[P,W17061]1%~ complexes, the Ln ions are bound to
four O atoms of the lacunary polyoxometalate framework in addition to four O atoms from solvent (water) molecules
as [(HO)sLn(o-1-P,W17061)]"~. This structure 1) is the first of its kind for any metal complex of
o-1-[P,W17051] 19, and the data indicate that the general stoichiometryQ{kLn(o-1-PW17061)]7~ is maintained
throughout the lanthanide series. For the 1:2 stoichiometriaA27[X ,W17061] 1%~ complexes, no water molecules
are in the Lr-Og coordination sphere. The Ln ions are bound to eight O ateimsr from each of two
heteropolyanionsas [Ln@-2-X2W17061)2]1"~. The average LnO interatomic distances decrease across the
lanthanide series, consistent with the decreasing Ln ionic radius.

Introduction In contrast, the monovacant, lacunary WelBawson poly-

The Wells-Dawson heteropolyanio-[PaW:¢Oss]®~ * forms oxoanion [BW;70s1]1%", which is obtained by removal of one
=4+ H 6— .

coordination complexes with rare-earth (RE) cations, which bind [W(V1)=OI"" group from the plenary anion {W1:0e2]"", binds

to oxygen atoms of the PA/—O framework. The stability RE ions to form coordination complexes that are considerably

constants for the binding of selected RE ions withVji2s06s7] ¢~ more stable than those formed Vf(iih the plenary ariigwo

are low and suggest the formation of weak, labile compléxes. isomersy-1 anda-?, of [PW17061] can be pre.pared. These

The poor complexant behavior af[PaW140s;]°" is attributed are _known to function as _tetradentate ligands W|th four strongly

to the weakly basic oxygen atoms on the anion’s surface in Pasic O donor itg_”lf directed at the vacant S'tel(lfﬁ by the

combination with the lack of suitable inner-sphere coordination removal of [WOJ". For both isomers of [fV17061] ™", the
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available data reveal high formation constants with transition
metal and RE ion&$9131823 The o-1- ando-2-[P,W17061] 10~
isomers are useful ligands for stabilizing tetravalent cations,
especially the otherwise reactive ones of the lanthanide (Ln)
and actinide (An) elemen#:2° As such, these polyoxometa-
lates, specifically, the:-2-[P,W17061]1% isomer, find applica-
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with one RE iof° or one transition metal id&2*and oneo-1-
[P,W17061]1% anion. Despite considerable research activity
throughout the past 30 years, there is a dearth of metrical
information about the coordination of RE ions in these otherwise
well-characterized complexes of thel and -2 isomers of
[P2W17061]1%. No complete single-crystal X-ray diffraction

tions to selected aspects of An separations science in nucleastructures have been determined before now because of dif-

waste processing.3°

As reported in 1971 by Peacock and Weakigthe first RE
complexes of [AW17061]1%~ were prepared with what is now
known as then-2 isomer and had a 1:2 stoichiometry, [RE
(0-2-P,W17061)2]"20. These complexes, with one RE
ion8~104142(n = 3, 4) or one alkaline earth i6hand twoa-2-
[P2W17061]1% anions, are of contemporary interest. Complexes

ficulties in obtaining suitable-quality crystals. The sole available
structure determination, showing the tungsten framework only,
was reported in 1979 for the 1:2 €ecomplex KgCe-
(P,W17061)2]-50H,0.4 No Ce-O distances were reported
because the O atoms were not located in the low-grRde (
19%) structure determination. We have solved and refined the
complete crystal and molecular structures of two lutetium

of thea-1 isomer have also been prepared; the prevalent onescomplexes, KlLu(a-1-P2W170e1)] (1) and KiflLu(o-2-

form with the 1:1 stoichiometry, [RE(o-1-P,W17061)]" 10,
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38, 10871091.

(17) Venturelli, A.; Nilges, M. J.; Smirnov, A.; Belford, R. L.; Francesconi,
L. C.J. Chem. Soc., Dalton Tran$999 301—-310.

(18) Spitsyn, V. I.; Orlova, M. M.; Krot, N. N.; Saprykin, A. Russ. J.
Inorg. Chem. (Translof Zh. Neorg. Khim. 1978 23, 677—680.

(19) Nomiya, K.; Miwa, M.Polyhedron1985 4, 89—95.

(20) Hamlaoui, M. L.; Vlassenko, K.; Messadi, B. R.’Acad. Sci., Ser.
Il 199Q 311, 795-798.

(21) Bartis, J.; Kunina, Y.; Blumenstein, M.; Francesconi, L.I@org.
Chem.1996 35, 1497-1501.

(22) Bion, L.; Moisy, P.; Vaufrey, F.; Meot-Reymond, S.; Simoni, E.;
Madic, C.Radiochim. Actal997, 78, 73—82.

(23) Bion, L.; Mercier, F.; Decambox, P.; Moisy, Radiochim. Actd 999
87, 161-166.

(24) Chistyakov, V. M.; Baranov, A. A.; Karbovnichii, P. N.; Erin, E. A,;
Timofeev, G. A.Sa. Radiochem. (Engl. Transl}99Q 32, 334~
337.

(25) Erine, E. A.; Baranov, A. A;; Yu, V. A.; Chistyakov, V. M.; Timofeev,
G. A. J. Alloys Compd1998 271-273 782-785.

(26) Isobe, T.; Okaue, Y. IINew Deelopment of Studies on Rare Earth
Complexes Adachi, G., Yamase, T., Inanaga, J., Komiyama, M.,
Machida, K., Eds.; The Rare Earth Society of Japan: Osaka, 1997;
pp 67—74.

(27) Kosyakov, V. N.; Timofeev, G. A.; Erin, E. A.; Andreev, V. |;
Kopytov, V. V.; Simakin, G. ASa.. Radiochem. (Engl. Transl1977,
19, 418-423.

(28) Myasoedov, B. F.; Lebedev, I. Sa. Radiochem. (Engl. Transl.)
1977, 19, 69-71.

(29) Saprykin, A. S.; Shilov, V. P.; Spitsyn, V. |.; Krot, N. Bokl. Chem.
(Transl. of Dokl. Akad. Nauk)976 226, 114-116.

(30) Bion, L.; Moisy, P.; Madic, CRadiochim. Actdl995 69, 251-257.

(31) Kamoshida, M.; Fukasawa, T.; Kawamura JFNucl. Sci. Technol.
1998 35, 185-189.

(32) Madic, C.; Bourges, J.; Dozol, J.-&IP Conf. Proc.1995 346, 628—
638.

(33) Malikov, D. A.; Milyukova, M. S.; Myasoedov, B. [Sa. Radiochem.
(Engl. Transl.)1989 31, 425-430.

(34) Malikov, D. A.; Milyukova, M. S.; Kuzovkina, E. V.; Myasoedov, B.
F. Sa. Radiochem. (Engl. Trans|)993 35, 465-471.

(35) Milyukova, M. S.; Varezhkina, N. S.; Myasoedov, B.J-Radioanal.
Nucl. Chem1986 105, 249-256.

(36) Milyukova, M. S.; Varezhkina, N. S.; Myasoedov, B.J-Radioanal.
Nucl. Chem1988 121, 403-408.

(37) Milyukova, M. S.; Varezhkina, N. S.; Myasoedov, B. Bao.
Radiochem. (Engl. Transl)99Q 32, 361-367.

(38) Myasoedov, B. F.; Milyukova, M. S.; Malikov, D. ASokent Extr.
lon Exch.1984 2, 61-77.

(39) Varezhkina, N. S.; Milyukova, M. S.; Myasoedov, B.J-Radioanal.
Nucl. Chem1989 135, 67—76.

(40) Peacock, R. D.; Weakley, T. J. R.Chem. Soc. A971 1836-1839.

(41) Bartis, J.; Dankova, M.; Blumenstein, M.; Francesconi, LJ.G&lloys
Compds. 1997 249 56—68.

(42) Bartis, J.; Sukal, S.; Dankova, M.; Kraft, E.; Kronzon, R.; Blumenstein,
M.; Francesconi, L. CJ. Chem. Soc., Dalton Tran4997 1937
1944.

(43) Spitsyn, V. I; Orlova, M. M.; Saprykina, O. P.; Saprykin, A. S.; Krot,
N. N. Russ. J. Inorg. Chem. (Transl. of Zh. Neorg. Khit®y7, 22,
1355-1357.

P,W17061)7] (2). The former structurel] is the first of its kind

for any metal complex oé-1-[P,W17061]1%". Both structures
provide information on the L3 —O coordination environments,
which are described along with metrical results from the XAFS
(X-ray absorption fine structure) analyses of the corresponding
Sm and Eu complexes as well as the optical luminescence
spectroscopy of the Eu analogues in aqueous solution. Our
results are discussed in light of available crystallographic
information for related RE polyoxoanions and RE aquo com-
plexes.

Experimental Section

Preparation of Complexes.Nine Ln(lll)-containing heteropoly-

oxotungstates, including six [Lof2-X;W17061)2]*"~ (for Ln = Sm,

Eu, Lu; X = P, As) and three [Lr(-1-P;W:7061)]7~ (for Ln = Sm,

Eu, Lu) complexes, were prepared according to literature methods as
the Li and K salt$:4142 3P and®3W NMR spectroscopy revealed the
preparation of single-phase and isomerically pure compleXes.
Selected compounds were checked by elemental analysis and*GA.

Crystallization of [Lu( a-1-P,W17061)]”~ (1). Crystals ofl for X-ray
diffraction were grown by a modification of the synthesis reported
earlier® KoLi[ a-1-P,W17061] (2.0 g) was dissolved in 20 mL of lithium
acetate buffer (0.285 M, pk 4.7). An aqueous solution of Lug(l
M, 0.6 mL) was added, and the solution was stirred for 30 min.
Potassium chloride (1.4 g) was added. The resulting suspension was
cooled in the freezer for 10 h and filtered. The filtrate was cooled in
the freezer for another 2 days to yield colorless crystals. Elemental
analysison the crystalswere performed (University of lllinois Mi-
croanalytical Laboratory) to determine the chemical species that are
disordered in the channels in the crystal structure[Li(o-1-
P2W17061)]'18.7"&0'1/2CH3COOK. Anal. Calcd for KWi/P.Lu-
OgoHizgg W, 62.34; Lu, 3.49; P, 1.23; K, 5.85; C, 0.24; H, 0.77.
Found: W, 59.49; Lu, 3.01; P, 1.15; K, 5.80; C, 0.16; H, 0.40. TGA
on the crystals shows 18.7%@. Lithium was not detected by elemental
analysis.

Crystallization of [Lu( a-2-P,W17061)2]*"~ (2). Crystals of2 were
prepared as described previouSlne milliliter of a saturated aqueous
solution of K7 Lu(a-2-P,W17061)2] was diluted with 0.3 mL of water
and one drop of a saturated KCI solution. The solution was allowed to
evaporate at room temperature over a period of 3 days to yield colorless
crystals.

Laser Excitation Luminescence SpectroscopyA Continuum
YG581 pulsed Nd:YAG laser pumped TDL50 tunable dye laser was
used to obtain the excitation spectra and luminescence lifetimes. The
"Fo — 5Dy transition of the E&" ion in [Eu(@-2-P:W17061)2]*~ was
excited as the’Do, — 7F, emission band was monitoréd.All
measurements were carried out at 2%®.1 °C. The commercially
available Peakfit program, which employs a nonlinear regression

(44) Molchanov, V. N.; Kazanskii, L. P.; Torchenkova, E. A.; Simonov,
V. . Saw. Phys. Crystallogr. (Engl. Transl}979 24, 96—97.

(45) Horrocks, W. D., Jr.; Sudnick, D. R. Am. Chem. S0d.979 101,
334-340.
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Table 1. Crystal Data and Structure Refinement foand 2

Luo et al.

empirical formula

fw

temp, K
wavelength, A
cryst syst
space group
a,

b, A

c, A

o, deg

B, deg

v, deg

vol, A3

Z

calcd density, Mg/rh

abs coeff, mm?
F(000)
cryst size, mm

6 range for data collection, deg

limiting indices

reflns collected/unique

refinement method

data/restraints/parameters

GOF onF?2

final Rindices | > 2 o(1)]

Rindices (all data)
largest diff peak and hole, e?A

KLUOgo C1P,W17 (1)
4858.70
173(2)
0.71073
monoclinic
P2,/n
18.6997(2)
26.1617(4)
19.2653(1)
90
106.417(1)
90

9040.6(2)

4
3.570
22.977
8418
0.4 0.25x 0.11
1.324.93

—21<h=21,0=k=<30,0=1=<22
53627/151(int) = 0.0749]
full-matrix least-squaresFén

15171/243/577
1.054

R1=0.0732, wR2=0.1915
R* 0.1065, wR2= 0.2076

6.103 and—3.303

Table 2. Atomic Coordinates % 10*) and Equivalent Isotropic
Displacement Parameters{A 10 for Selected Atoms (Lu and
Oxygen Atoms in Lu Coordination Sphere) for Compoutidsnd 2

X y z Ueq)? SOF
K7[(H20)4LU((1—1-P2W17061)] (l)

Lu(14) 2585(1) 1075(1) 5240(1) 24(1) 0.826(4)
0(63) 2287(14) 1610(10) 6122(14) 37(6) 0.826(4)
0(64) 2212(13) 477(9) 6056(13) 36(6) 0.826(4)
0(65) 3263(14) 1831(9) 5810(13) 37(6) 0.826(4)
0(66) 3686(15) 763(10) 6089(15) 46(7) 0.826(4)
0(9) 1305(9) 956(7) 4734(9) 22(4) 1

0(19) 2539(10) 282(7) 4669(10)  26(4) 1

0(20) 2138(10) 1720(7) 4474(9) 27(5) 1

0(26) 3393(10) 1153(7) 4566(10)  31(5) 1

K7 Lu(a-2-P,W17061)7] (2)

Lu(1) —463(1) 2429(1) 8959(1) 10(1) 1

O(1A) —1556(12) 2155(7) 9504(7) 12(3) 1

O(2A) —624(12) 3340(8) 9432(7) 15(3) 1

O(10A) 1078(12) 2909(7) 9471(7) 14(3) 1
O(11A) 191(10) 1775(6) 9516(6) 6(3) 1

0O(1B) —1411(13) 1495(8) 8421(7) 17(3) 1

0(2B) —1851(12) 2686(7) 8448(7) 12(3) 1

0(10B) 86(13) 3137(8) 8447(8) 19(3) 1
0O(11B) 526(13) 2007(8) 8451(7) 18(3) 1

aU(eq) is defined as one-third of the trace of the orthogonalizgd

tensor.

K17LUO176PsW34 (2)
10030.45

293(2)

0.71073

triclinic
P1

14.4722(6)

22.3719(8)

24.4501(9)

95.103(2)

102.618(2)

99.954(3)

7542.3(5)
2

4.417

27.101

8756
0.2x 0.05x 0.03
1.18-28.31
—19=<h=18,-29=<k=<28,0=<1=<32
65797/3430F(int) = 0.0000]
full-matrix least-squares off?

34303/0/1199

1.063

R1= 0.0860, wR2= 0.2303
R1= 0.0964, wR2= 0.2424
7.575 and-6.735

Table 3. Bond Lengths [A] for the Immediate Coordination Sphere
about the Lu(lll) in1 and2

K 7[(H 20)4LU((1-1-P2W17051)] ( 1)

Lu(14)—-0(26) 2.26(2) Lu(143-0(20) 2.24(2)
Lu(14)—-0(19) 2.34(2) Lu(1430(9) 2.34(2)
Lu(14)—-0(63) 2.39(3) Lu(143-0(66) 2.38(3)
Lu(14)—0(64) 2.45(2) Lu(14y0(65) 2.44(2)
Ki7Lu(a-2-P,W17061)2] (2)
Lu(1)—0O(10B) 2.249(18) Lu(1)yO(10A) 2.325(17)
Lu(1)—0O(11A) 2.272(14) Lu(1)yO(2B) 2.314(16)
Lu(1)—O(1A) 2.321(16) Lu(1)0O(2A) 2.326(17)
Lu(1)—-0(11B) 2.349(17) Lu(1yO(1B) 2.388(18)

coordination numbersNp) were refined as integer values and the
interatomic distances), Debye-Waller factors ¢?), and energy shifts
(AEp) were refined as real values.

Crystal Structure Solution and Refinement. 1.Data collection
and structure solution of fLu(o-1-PW17061)]+18.7H0-Y/,CH;COOK
were conducted at the X-ray Crystallographic Laboratory, University
of Minnesota. A single crystal of was attached to a glass fiber and
mounted on a Siemens SMART system for data collection at 173(2) K
with Mo Ko radiation (0.710 73 A). The space grol2/n was
determined on the basis of systematic absences and intensity statistics
(SHELXTL-Plus, version 5.0, Siemens Industrial Automation, Inc.,
Madison, WI). A successful direct-methods solution was calculated that
provided most non-hydrogen atoms from the E-map. Several full-matrix
least-squares/difference Fourier cycles were performed that located the

method, was used for data analyses. The concentration of the sampleremainder of the non-hydrogen atoms. All non-hydrogen and non-
used to obtain the excitation spectrum was 28@. For lifetime

measurements of the Eu excited state ipODthe complex was

recrystallized once and lyophilized twice from 99.99%CD

XAFS. The XAFS experiments were performed at wiggler station
4-3 at SSRL with a $2200monochromator and ca. 0.8 mm vertical

oxygen atoms were refined with anisotropic displacement parameters.
Crystal data and structure refinement parameters are listed in Table 1.
Final atomic coordinates and displacement parameters for the significant
atoms are given in Table 2. All atomic coordinates are given in Table

S1 of Supporting Information. Selected bond distances and angles about

entrance slits. With ca. 80% detuning of the incident X-ray intensity, the | y(iI1) ion are given in Tables 3 and 4, respectively. A complete
the Ln Ls-edge fluorescence XAFS was collected using a 13-element e of hond distances and angles are given in Tables S2 and S3 of
detector (Canberra) without filters. The powdered samples were Supporting Information, respectively.

maintained at 17 K in a continuous-flow LHe cryostat (Oxford CF-
1208). The EXAFS was analyzed with the EXAFSPAK progrdfns.

The crystal structure shows positional disorder in the tungsten

framework. The Lu(14) atom is disordered over two sites Lu(14)W(5)

Single-scattering phase and amplitude functions were calculated with 5q W(6)Lu(15) sites. The model constructed and refined successfully

FEFF7.02"“8and a scale factor of 1. We performed single-shelHLn
O) best integer fits of thdcy(k) EXAFS. In these, the oxygen

(47) Rehr, J.J.; de Leon, J. M.; Zabinsky, S. I.; Albers, R1.GAm. Chem.
So0c.1991 113 5135-5140.

(46) George, G. N.; Pickering, I. J. In http://www-ssrl.slac.stanford.edu/ (48) de Leon, J. M.; Rehr, J. J.; Zabinsky, S. I.; Albers, RP8ys. Re.

exafspak.html.

1991, B44 4146-4156.
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Table 4. Bond Angles (deg) for the Immediate Coordination
Sphere about the Lu(lll) i1 and 22

K7[(H 20)4LU(0.-1-P2W17061)] (1) K 17[LU((1-2-P2W17051)2] (2)

0(20)-Lu(14)-0(26)  74.9(7) O(10BYLu(1)-O(11A) 135.8(6)
O(26)-Lu(14)-0(9)  122.9(6) O(10BYLu(1)-O(2B)  76.0(6)
O(26)-Lu(14)-0(19) 75.6(7) O(L1AYLu(1)-O(2B)  147.2(5)
0(20)-Lu(14)-0(66) 143.0(8) O(10B}Lu(1)—O(1A)  145.4(6)
0(9)-Lu(14)-0(66)  145.7(8) O(11AyLu(1)-O(1A)  75.1(5)
O(20)-Lu(14)-0(63) 84.7(8) O(2BYLu(1)-O(1A)  77.9(6)
0(9)-Lu(14)-0(63)  87.6(7) O(10BYLu(1)~O(10A) 73.5(6)
O(66)-Lu(14)-0(63) 92.5(9) O(11AY¥Lu(1)-O(10A) 70.7(5)
0(26)-Lu(14)-0(65) 80.7(8) O(2BYLu(1)—~O(10A)  139.0(6)
O(19)-Lu(14)-0(65) 151.3(7) O(LAYLu(1)-O(10A)  114.8(6)
0(63)-Lu(14)-0(65) 53.1(8) O(10BYLu(1)-O(2A)  77.0(6)
O(26)-Lu(14)-0(64) 141.4(7) O(11AyLu(l)-O(2A) 115.6(5)
O(19)-Lu(14)-0(64) 75.9(7) O(2BYLu(1)-O(2A)  73.4(6)
0(63)-Lu(14)-0(64) 75.7(8) O(1AYLu(1)-O(2A)  74.1(6)
0(20)-Lu(14)-0(9)  71.2(6) O(L0AYLu(1)-O(2A)  73.5(6)
O(20)-Lu(14)-0(19) 113.6(7) O(10B}Lu(1)—O(11B) 72.3(6)
0(9)-Lu(14)-0(19)  77.8(6) O(11AYLu(1)-O(11B) 75.4(6)
O(26)-Lu(14)-0(66) 80.6(8) O(2ByLu(1)-O(11B)  117.8(6)
O(19)-Lu(14)-0(66) 85.9(8) O(1AyLu(1)-O(11B)  141.2(6)
O(26)-Lu(14)-0(63) 133.2(8) O(10AyLu(1)-O(11B) 77.7(6)
O(19)-Lu(14)-0(63) 150.6(8) O(2AYLu(1)-O(11B)  142.6(6)

O(20)-Lu(14)-0(65)  74.6(8) O(10BYLu(1)-O(1B)  115.2(6) Figure 1. Ball and stick structure of the anion [(B)lu(a-1-
O(9)-Lu(14)-0(65)  129.6(7) O(11A}Lu(1)-O(1B)  82.3(5) P2W17061)] 7, 1.
O(66)-Lu(14)-0(65)  74.4(9) O(2BYLu(1)—O(1B) 74.3(6)
0O(20)-Lu(14)—-0O(64) 141.3(7) O(1AyLu(1)—O(1B) 78.6(6) 17 potassium atoms were refined anisotropically by full-matrix least
0(9)—Lu(14)—0(64) 74.9(7) O(10AYLu(1)-O(1B)  144.3(6) squares on the? data (SHELXTL-Plus, version 5.0). All atoms were
O(66)-Lu(14)-0(64)  71.9(9)  O(2A)Lu(1)-O(1B) 141.2(6) not refined anisotropically because of a low data/parameters ratio and
O(65)-Lu(14)-0O(64)  115.8(8) absorption effects. The resulting structure was triclinic and offthe
aFor 1, symmetry transformations used to generate equivalent atoms: SPace group. The data were further subjected to an empirical absorption
HL) X — Yo, =y + Yo, 2 — Yy (#2) =X + 1, -y, —z+ 1; (#3) —x + correction by means of the program DIFABSthe refinement
Yo,y — Yo =2+ Ys; (#4) —X, =Y, —Z, #D) X + Yo, =y + Yp, 2+ Yy continued after this correction was applied. The largest residual peaks
(#6) =X + Yo, ¥y + Yo, =z + YUy, (BT) X + Yo, =y + Yo, 2 — Yy; (#8) are located close to the metal atoms in a final difference map. We
X — Yy, =y + Yy, z + Y. For 2, symmetry transformations used to  collected data on two crystals of this compound, and we have
generate equivalent atoms: (#1) 1,y,z+ 1; #2)Xx,y,z+ 1; (#3) experienced the same difficulties with absorption effects and high
x+1,y,z #4)—x+1, -y, —z+ 2, [#5)—x, —y, —z+ 2; (#6) —x residual peaks. Large residual peaks in the final difference map are a
+1,-y+1-z+2,#)x—1y— 1z #)x— 1y, z (#9) —x common problem encountered in the solution and refinement of
+1,-y+1-z+1; #0)—x —y+1, -z+2; (#1l1)-x —y+1, polyoxotungstate structur&g53-58
—z+ 1 (#12)x y,z— 1; (#13)x + 1y, z— 1; (#14)—x + 2, —y + The details of data collection and refinement are contained in Table
1L,—z+ L #O)xy -1,z (#6)x+ Ly+ 1,z #T7Nxy+ 1z 1. Final atomic coordinates and displacement parameters for the

significant atoms are given in Table 2. All atomic coordinates are given
has Lu(14) sharing the positid¥s of the time with W(5) occupying in Table S1. Selected bond distances and angles about the Lu(lll) ion
the position'/s of the time. This type of positional disorder is common  are given in Tables 3 and 4, respectively. A complete set of bond
in polyoxoanion crystal structures, and in fact, severe positional disorder distances and angles is given in Tables S2 and S3, respectively.
has been observed before for the lacuna®-[P,W170s1]1%~ species
and the Co(HO) derivative® Disorder in the countercations and water Results

{E?;igéjles are also common in heteropolyoxometalate crystal struc- Single-Crystal X-ray Diffraction. A. [Lu( a-1-PW1:062)] 7.
) The crystal structure of anioh (Figure 1) shows that the Lu-

Five of the seven potassium ions required for neutrality were found S . . e e .
in the crystal structure in proximity to the anion. The other potassium (II) ion is substituted for a [WOT unit in the “belt” region of

ions (at least eight per unit cell, two per molecule) are likely disordered the tungsterroxygen framework of the parent WettHawson
along with an unknown amount of water in the channels. The program i0n a-[P2W14062]%~.1 The bond lengths from Lu to the four
PLATON/SQUEEZE! found a potential solvent volume of 1788.8 A oxygen atoms of the framework are 2.26(2), 2.34(2), 2.24(2),
per unit cell volume of 9040.6 & or 19.8% of the total. The elemental  and 2.34(2) A. Moreover, the crystal structure shows that four
analyses of the crystals are consistent with this assessment; two to thregvater molecules are bound to Lu(lll), with £ distances of
potassium ions, water, and some acetate per molecule are disordere@_38(3), 2.44(2), 2.39(3), and 2.45(2) A, so that Lu is fully
in.the infinite channel§ that lie pa.rallel to theaxis in the unit cell coordinated with eight O atoms in a square antiprism geometry.
(Figure S1 of Supporting Information). The presence of four # molecules bound to Lu(lll) is

2. The data for K7Lu(a-2-PW17061)2]-54H,0 were collected at o qqistant with luminescence lifetime measurements of the
the University of Delaware, and the structure was solved at the

U”'Virsgy of Del'awaffﬁ and ;'“mer Coé'ege' AS.S'”g'e Créf\;iﬂg_'}as (52) Walker, N.; Stuart, DActa Crystallogr.1983 A39, 158-166.
attached to a glass fiber and mounted on a Siemens SYSteM(53) Sazani, G.; Dickman, M. H.; Pope, M. Thorg. Chem.200Q 39,

for data collection at 173(2) K with Mo « radiation (0.710 73 A). 939-943.
The raw data were corrected for Lorentz polarization and absorption (54) Ortega, F.; Pope, M. T.; Evans, H. T., Imorg. Chem.1997, 36,
effects (face-indexed numerical correction) using SAINT/SADABS. The 2166-2169.

structure was solved by direct methods. Tungsten, lutetium, and the (55) Xin, F.; Pope, M. Tinorg. Chem.1996 35, 5693-5695.
(56) Wasserman, K.; Lunck, H. J.; Palm, R.; Fuchs, J.; Steinfeldt, N.; Pope,

M. T. Inorg. Chem.1996 35, 5.

(49) Weakley, T. J. RPolyhedron1987, 6, 931-937. (57) Zhang, X. Y.; O’Connor, C. J.; Jameson, G. B.; Pope, MInorg.
(50) CaséarPastor, N.; Gomez-Romero, P.; Jameson, G. B.; Baker, L. C. Chem.1996 35, 30—34.
W. J. Am. Chem. S0d.991 113 5658-5663. (58) Jeannin, Y.; Launay, J. P.; Seid Sedjadi, M.ldorg. Chem.198Q

(51) Spek, A. L.Acta Crystallogr.199Q A46, C34. 19, 2933-2935.



1898 Inorganic Chemistry, Vol. 40, No. 8, 2001

Luo et al.

Figure 2. Ball and stick structure of the anion [La{2-PW17061)2]*"", 2.
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Figure 3. Normalized Ln L;-edge XANES |{/l,, for the solid salts of
[Ln(a-2-P.W17061)2]"~ at 17 K. The intense edge peaks at ¢2.4
eV reveal that all the Ln ions (Sm, Eu, and Lu) are trivalent in the

ligands (Supporting Information) are consistent with the struc-
ture of a-2-[P,W17061]1% and its Co(lll) compleX® The
molecule ha€, point group symmetry, consistent with A

and 83V solution NMR spectroscopic resufts.

Luminescence SpectroscopyThe excitation spectrum of
[Eu(a-2-P,W17061)2]17~ revealed a peak at 580.44 nm, which
is due to the’Fy — °Dg transition of the E&" ion. The
experimentally determined luminescence lifetin{ens) of EGF"
was measured separately in®land DO solutions. This was
done to determine the number of water molecules coordinated
to EL in [Eu(a-2-PaW17061)2]17~. We obtained the following
values: 7(H,0) = 3.0 ms andr(D,0O) = 4.8 ms. According to
the method of Horrocks and Sudnit3&®these values provide
a hydration number of 0.1 for Etin [Eu(o-2-PaW17061)2] 1.

This result indicates that in aqueous solution no water molecules
are coordinated to Bt in the complex. This finding is
consistent with the absence of water molecules in th&"Lu
coordination of2, vide supra. The excitation spectrum and
luminescence lifetime of Bd in [Eu(o-1-P,W17061)]”~ have

heteropolyoxoanion complexes. The energy origins for the individual peen reported previousfyThe data indicate that in aqueous
spectra are defined as the inflection point energies, which were obtainedsq|ution four water molecules are bound t*Ein the complex.

from the first differential XANES. These are 6718t50.1, 6979.3t
0.1, and 9246.& 0.1 eV for the Sm, Eu, and Lu spectra, respectively.
The spectra for the Bti and L complexes have been offset for
clarity.

This finding is consistent with the number (four) of water
molecules bound to & in 1 reported here, vide supra.

XAFS. A. [Ln( a-2-X,W17061)2]Y7. The Ln L XANES (X-
ray absorption near-edge structure) for the 1:2 Sm, Eu, and Lu

analogous Eu complex, which has four water molecules bound complexes with §i-2-PW170g1] 1%~ is shown in Figure 3. The

to Eu(lll).2 The water molecules are clearly an integral part of
the coordination environment of Lu ih As such, the anion’s
stoichiometry is best described by the formula JghLu(a-
1-P,W17061)]7~, which will be designated hereon AsSubstitu-
tion of Lu(lll) into the belt region results in a structure 6f
symmetry, consistent with the solutid®wW NMR data for a
series of lanthanide analogues.

B. [Lu(a-2-P,W17061)2]1"~. The crystal structure of anich
shown in Figure 2 demonstrates that the Lu(lll) ion substitutes
for two [WO]** units in the “cap” regions of twoo-2-
[PaW17061]19~. The Lu(lll) ion is in a square antiprismatic
coordination environment with eight oxygen atoms, four from
each of the twax-2-[P,W;7061]1%~ ligands. Unlikel, no water
molecules are bound to the Lu(lll) ion in this molecule. As
shown in Table 3, the LuO bond lengths exhibit a range 2.249-
(18)-2.388(18) A. The two polyoxometalate “lobes” are
disposed in a syn fashion. This structure is similar to the partial
structure of [C&™(a-2-P,W17061)2]*¢. The tungsteroxygen

and the phosphate bonds and angles of the two polyoxoanion

corresponding XANES for the [Lio¢2-As;W170s1)2]1"~ com-
plexes is indistinguishable (see Figure S2 of Supporting
Information). The intense edge peaks-e2.4 eV of ca. 6.5
fwhm are typical for the trivalent lanthanide ioffsThese are
primarily due to an electronic transition from the full Lnp
manifold to the empty 5d orbitaf8. There is no evidence for
divalent Sm or Eu, which would be apparent in the XANES of
Figure 3 at some 8 eV below the edge pe&kBuo less intense,
broad peaks at cat-17 and+35 eV arise from photoelectron
backscattering. The first one was previously shown to be
diagnostic of the oxygen near-neighbor environment. From

(59) Horrocks, W. D., Jr.; Sudnick, D. Rcc. Chem. Red.981 14, 384~
392.

(60) Lytle, F. W.; van der Laan, G.; Greegor, R. B.; Larson, E. M.; Violet,
C. E.; Wong, JPhys. Re. B 199Q 41, 8955-8963.

(61) Rdhler, J. InHandbook on the Physics and Chemistry of Rare Earths
Gschneidner, K. A., Jr, Eyring, L., Hier, S., Eds.; North-Holland:
Amsterdam, 1987; Vol. 10, pp 453545.

(62) Antonio, M. R.; Soderholm, L.; Song,J. Appl. Electrocheml997,

27, 784-792.
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with the square antiprism structure abou#tin 2 (vide supra),
which is typical of the entire series of complexes, [&-
XoW17062)2) 1.

B. [Ln(a-1-P.W17061)]”~. The Ln Ly XANES data for the
1:1 Sm, Eu, and Lu complexes (Figure S4 of Supporting
Information) are essentially the same as those of Figure 3 for
[Ln(a-2-P,W17061)2]17~, except for a slight flattening of the
weak, broad postedge peak at ¢d.6 eV. As noted above, the
T REERE presence of this feature suggests that the Ln ions inoftdn(
" P,W17061)]”~ are eight-coordinate. The positions and shapes

Figure 4. Ln Ls-edge (ak’%(k) EXAFS and (b) FT data for the solid  of the intense edge peaks-&2.4 eV are typical of the trivalent
salts of [Ln-2-PW:17061)2] " at 17 K. The solid lines are the primary | 1 'ions. There is no evidence for divalent Sm or Eu
experimental data, and the dashed lines illustrate the fit with a single ) '

k3x(k) EXAFS
spmuSeN 14

2 3 4 5 6.7 8 9 1o 0 1 2
kAl

Ln—O coordination sphere. The data for [Et2-PW17061)2]'*~ and The k3 (K) EXAFS and the corresponding FT data for [Ln-

[Lu(0-2-PsW1/061)2]*"~ have been offset for clarity. (0-1-PW17061)]7~ (Figure S5 of Supporting Information) are
» comparable to the data of Figure 4 for [lbAaR-P,W170s1)2] 1"~

Table 5. Curve-Fitting Results for the LnEdge Fluorescence Metrical parameters were obtained using the best integer

EXAFS, ksx(k), of [Ln(a-2-X2W17061)2]17‘ (X =P, As) and

[(H,0):l n(a-1-P;W110s)] - Obtained at 17 K approach that was used to model the EXAFS data for the 1.2

o-2 complexes. The interatomic distance resolution of our data
anion No® rfA  o2A?  AR° is estimated to be 0.2 A, so O distances separated by less
[Sm(0-2-PoW17061)2] "~ 2.44(1) 0.002(1) 1.9 than this amount will produce a single peak in the FT. For this
[Sm(a-Z-AsQWqul)lzf‘ 2.44(1) o0.001(1) 1.8 reason, it was not possible to distinguish between O backscat-
{Eﬂg:g:iz;’zvvbﬁgh)] - 543128 8-883% g'g tering from HO and [RW17041]1%". Consequently, the LrO
[Lu(cx-z-PzwleSZ i 2:31(1) 0:003(1) 11 interactions were treated as a single (aver_aged) coordination
[Lu(ot-2-As;W17061)2] 17 2.31(1) 0.002(1) 1.0 sphere in the fits. The metrical results obtained from the best
[(H20):Sm(a-1-PsW17061)] "~ 2.41(2) 0.006(2) 1.4 fits (shown as Figure S5) are listed in Table 5. In these three
[(H20)sEu(a-1-PW17061)] - 2.38(2) 0.005(1) —0.7 complexes, there are eight nearest oxygen atoms about the Ln
[(H20):Lu(-1-PW17062)] ™~ 2.27(1) 0.008(1) —0.1 ions at an average distance of 2.41(2), 2.38(2), and 2.27(1) A
aThe numbers in parentheses represent the estimated standardor the Sm, Eu, and Lu heteropolyanions, respectively. The
deviations ) obtained from the least-squares fits. The number of curve- oxygen coordination numbers are consistent with the environ-

fitting parameters (fourNo, r, 0% AEo) was less than the number of  ment of Li#* in 1, and the distance variation is typical of the
independent data pointlg, = 2AKAr/z = 10, whereAk ~ 8 A1 lanthanide contraction effect

andAr ~ 2 A. P The average number of oxygen atoms coordinated to '
the Ln(lll) ions obtained from best integer fits. The esd fyis +1

00 00 00 00 00 00 OO 0

O atom.© The average LrO bond lengthd The Debye-Waller factor, Discussion

which is the mean square deviation in the average Qrbond length. 1. 7— L .

¢ The energy difference between the EXAFS experiment and FEFF7.02 . [(H20)alu(e-1-P;W37061)] *~ (1). The Lu(lll) ion in 1 is

theory. eight-coordinate with a square antiprismatic environment of
oxygen atoms. Four O atoms are from the-@ framework of

studies of Ln ls XANES of Ln,CuOs and LnBaCueO; (Ln = oneo-1-[P,W17061]1%" ligand, and the remaining four O atoms

trivalent lanthanide), such a peak is observed when tie Ln  are from four bound water molecules. The average (0OH;)s

ion is eight-coordinate with O aton§3.The EXAFS results ~ Pond distance, 2.42(5) A, is 0.12 A larger than the average Lu
presented below serve to confirm the XANES of Figure 3, Oa(-1-PaW:1706)'0" distance, 2.30(4) A. The average distance
indicating that the Ln ions in [Lr-2-XsW170s1)7] 17~ are eight- for all eight Lu—0 interactions is 2.36(6) A. Because Lu is not

coordinate, and to provide the H®© interatomic distances. bound to an oxygen of a phosphate group, thé*Lion is
The k3, (k) EXAFS and the corresponding Fourier transform displaced outward and away from the normal 18th position in
(FT) data for the trivalent Ln complexes [Las@-PW17061)7] 17~ the Wells-Dawson framework. This type of bonding, also seen

are shown in Figure 4. The primary data of Figure 4a (solid N [Lu(a-2-PW17061)]]'"" (2) and for [Ce(IV)(-2-
lines) are essentially indistinguishable from the corresponding P2W170e1)2]'®", has been observed for crystal structures of
data for the [Ln¢-2-As;W1701);] 1"~ complexes (see Figure lanthanide derlvatlvgs o_f the-monovacant Keggln. ions and
S3 of Supporting Information). The Ln(IO coordinationin ~ [LN(IHW 1903¢]°~ derivatives*©°In contrast, transition metal
the heteropolytungstate complexes is evident in the FTs of I0nS bound to a phosphate oxygen and to another axial ligand,
Figure 4b (solid lines) as the single, intense peak at ca. 2 A such as a water molec_ule, to compl_ete _the octahedral coordina-
(before phase shift correction). Fitting tHéy(k) EXAFS tion sphere are seen in the Co derivative of the lacunagy
provides the metrical information shown in Table 5. The best [P2W17Oe]**" species? The eight-coordinate [Lu(O]*"

fits to the EXAFS data are shown as dashed lines in Figure 4. 2quo ion has bond lengths of 2:32.338 AS57The Lu—OH,

It is clear from Figure 4b that the conservative model we have Pond lengths il are longer than in the aquo ion, and the-@

used to fit the experimental LrO interactions is a good Ponds with the W-O framework inl are approximately the
representation of the data. The effects of the lanthanide S28Me as those of the aquo ion. The combination of the
contraction are evident from the distances of Table 5. The crystallographic results fot and the luminescence results for
average Ln(llI}-O interatomic distances for the complexes with [(H20)Eu(@-1-P;W17067)] "~ ® demonstrate that the Eh—Og

Sm and Eu (2.44 0.01 and 2.4 0.01 A, respectively) are
significantly longer than the average +O distance of 2.3% Eggg gje';‘tg;,,Y?‘Y’g;saes'f%ﬁ"cgﬁ?r'ﬂ,°gsr§f%4 5333%?1334449
0.01 A. The oxygen coordination numbers of 8 are consistent (66) Ya%ag'uch'i', T.: Nomura, M.: Wakita, H.- Ophtaki, Bi. Chem. Phys.

1988 89, 5153-5159.
(63) Tan, Z. Q.; Heald, S. M.; Cheong, S. W.; Hwang, H. Y.; Cooper, A. (67) Habenschuss, A.; Spedding, F. H.Chem. Phys1979 70, 2797
S.; Budnick, J. IPhysica C1991, 184, 229-234. 2806.
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coordination in the 1:1 Lrnd-1 complexes is the same for the
solids and their aqueous solutions.

The bond lengths in the-PW—0 framework ofl compare
favorably with those reported for the Weli®awson parent
structuré and the crystal structures of the lacunamy2-
[P2W17061]19~ isomer and the Co(lll)kD adduct!® Table S2
(Supporting Information) shows the complete list of bond

Luo et al.

to have eight to nine water molecules at 2-4345 A6.79and

the eight-coordinate Lu(lll) aquo ion has bond lengths of 2.31

2.338 A86.67 These are comparable to the average-Dg

distances for the solid polyoxometalate complexes at 17 K,

wherein the SmO, Eu—-0O, and Lu-0O distances are 2.41(2)

2.44(1), 2.38(2)2.42(1), and 2.27(BH2.31(1) A, respectively.
For all complexes in Table 5, there are eight O atoms about

lengths. For the two phosphate tetrahedra, the range of bondSm, Eu, and Lu. Our Ln 4—EXAFS is insufficient to resolve

lengths (1.53(2)1.64(2) A) and angles (106.7(9)114.0(10Y)

the O atoms of the water molecules from the O atoms of the

are well within the ranges observed in the previous structures. Wells—Dawson framework in the 1:1 series of complexes

Terminal W—0 bonds are in the 1.73(2).80(2) A range. The

[(H20)sLn(0-1-PW17061)]7~. The X-ray crystal structure df

W-—0 (phosphate) bonds extend from 2.34(2) to 2.43(2) A. The reveals a difference of 0.12 A, which is smaller than the EXAFS
W—0 bond lengths in the belt containing the Lu atom have a resolution, between the average +@(water) and L&O-

range 1.83(2¥2.03(2) A. These bonds show a significant trans
alternation where each W atom in the ring is involved in a
“short” W—0O bond trans to a “long” WO bond (see Figure
S6 of Supporting Information). This phenomenon is not
significant for the second ¥\fing. Oxygen atoms 019 and 020
bridge the Lul4 atom and W4 and W6, respectively; the-W4
019 and W6-020 bonds are shorter than for other bridging
oxygen atoms with bond lengths (1.78(2) and 1.80(2) A,
respectively) approaching terminal¥ bond lengths. In the
two caps, bridging W-O bonds range from 1.93(2) to 1.99(2)
A. The pattern of edge-shared W@ctahedra and corner-shared
WOs octahedra, observed in the WellBawson ion and the
lacunarya-2-[P,W17061] 1%~ isomer, is retained in this structure.

(framework) bond lengths. From the crystal structurd.ofve
know that four O atoms are from the tetradentatel-
[P2W17061]10~ framework and that the remaining four are from
O atoms of water molecules. For the Jnil anions, the Sm,
Eu, and Lu EXAFS results corroborate the conclusions from
luminescence measurements of JEu(0-1-P,W170g7)] 7~ 8
and [(HO)sEu(e-2-PW17061)]7~ (vide supra) as well as the
crystal structure of, all of which reveal that the Ln hydration
number () is 4. The general stoichiometry [¢B)sLn(o-1-
PW17061)]7~ is maintained throughout the lanthanide series.
From the crystal structure & we know that all eight O atoms
about Sm, Eu, and Lu in the 1:2 series of complexes ¢t2{
PW17061)2]17~ are from two tetradentate-2-[P,W170g1]10~

Both of the cap regions show edge-shared octahedra, while theanions. There are no water molecules bound to the Ln(lll) ions.

belt regions show the alternating pattern of corner- and edge-

shared octahedra. This pattern is obvious from the\W/
distances in the two cap and two belt regions. The-W/

The Ln—0O bond lengths of Table 5 are also in agreement
with other known Ln-to-polyoxoanion-O framework distances.
For example, the isomorphous Sm(lll) and Eu(lll) complexes

distances in the two cap regions range from 3.41 to 3.48 A. In of the tetradentate Lindquist isopolyanion{@{g]°~ reveal Ln-

the belt regions, the edge-shared octahedra show\WWV
distances of 3.37 to 3.42 A, and the-WV distances for the

Os coordination environments with average S@ and Eu-O
distances of 2.432.47172 and 2.41-2.43 A®573 for [Sm-

corner-shared octahedra range from 3.72 to 3.79 A. The presencéWsOig)2]°~ and [Eu(WO1s)2]°", respectively. Other direct

of the [Lu(Il)(H20)4]3* unit in one belt disrupts the pattern of

comparisons are similarly illuminating. We have found an

edge and corner sharing because the Lu is connected to the tw@verage Ce(llIn-O distance of 2.52(4) A for [Cef2-

W atoms in the belt by single bridging oxygen atoms. Overall,
the Lu(ll)(H20)4 unit introduces a relatively minor perturbation
into the parent WellsDawson framework.

[Lu(a-2-P2W17061)2]*" (2). The LWP* ion is eight-coordinate

PW17061)2]1"~ in an aqueous electrolytd. This long bond
distance is consistent with the large ionic radius of 1.143 A for
eight-coordinate Ce(l11¥ The ionic radius of 1.079 A for eight-
coordinate Sm(II® is 0.064 A smaller than for Ce(lll), which

in a square antiprismatic oxygen coordination environment. The IS consistent with the 0.08 A bond length contraction between

average Lt-O bond length is 2.32(5) A, consistent with the

the EXAFS-determined CeO and Sm-O interatomic distances

XAFS result of 2.31(1) A, and essentially the same as that in Of 2.52(4) and 2.44(1) A for [Cet2-PW17061)2] '~ and [Sm-

the [Lu(OH)g]®" aquo ion. The two polyoxometalate “lobes”

(0-2-P,W170s1)2]*"~, respectively. The shortening of the £O

are disposed in a syn fashion, and the structure is similar to distances along the Sm, Eu, and Lu series for theod22and

that found for the Ce(lV) analoguyé.As for structurel, the
details of the bond lengths and angles in the-@/framework
are consistent with the-2-[P,W17061]1%~ isomer and the cobalt
(111) complex° The combination of the crystallographic results
for 2 and the luminescence results for [Et2-PW17061)2] 7~
demonstrate that the Eh—QOg coordination in the 1:2 Lni-2

1:10-1 complexes is consistent with the effects of the lanthanide
contraction.

Conclusions

We have solved and refined the crystal and molecular
structures of [Lu@-2-PaW17061)2]1"~ and [(H:O)sLu(a-1-

complexes is the same for the solids and their aqueous solutionsP2W170s1)]"~. Until now, complete single-crystal X-ray dif-

[(H 20)4Ln(on-1-P2W17061)]7‘ and [Ln(a-2-X2W17061)2]17‘.
The average LaO bond lengths (Table 5) for all nine
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