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ABSTRACT. Eight complexes with different numbers of uranium ions K12[U(BW11O39H)2](23H2O, K19[U2KAs4W40O140](42H2O, Nam[(UO)3(H2O)6(XW9O34)2](nH2O (X = P, m = 12, n = 21; X = Si, m = 14, n = 19; X = Ge, m = 14, n = 17) and Nam[U3(XW9O33)2](nH2O (X = As, m = 6, n = 15; X = Bi, m = 6, n = 18; X = Sb, m = 6, n = 16) have been investigated by spectroscopic (IR, UV-VIS, ESR) and magnetic susceptibility methods. In all complexes the UIV ions are coordinated by eight oxygen atoms in a cvasicubic local environment. The ground state of the 3H4 multiplet is (1 for the complex with one UIV ion, but (5 for that with two uranium ions. Uranium(IV) complexation intensifies the charge transfer in the tricentric W(Ob,c(W bonds. In the complexes with two and three uranium ions, the actinides are antiferromagneticaly coupled. 

Introduction

Heteropolyoxometalates (HPOM) are molecular blocks of metal oxide formed by WO6 and/or MoO6 octahedra sharing vertices or edges. In the last years, polyoxometalates and their metallic complexes have been intensely studied for the important applications in catalysis, medicine and materials science. Different ions can coordinate the polyoxometalates by occupying their lacunary sites. This is an advantage because of the possibility of stocking the radioactive waste into the HPOM complexes.

Experimental 

IR spectra have been performed on a Specord IR-75 Spectrophotometer and FT-IR spectra on an Equinox 55 Bruker Spectrophotometer in the 4000(400 cm(1 range, using KBr pellets. Electronic spectra were performed in aqueous solutions within a range of ( = 200(800 nm using an ATI Unicam-UV-Visible Vision Software V 3.20. The magnetic susceptibility measurements were performed using a Faraday type balance in the temperature range of 77(290 K. 
Results and discussion

The K14[U(BW11O39)2](25 H2O heteropolyanion 
The K14[U(BW11O39)2](25H2O heteropolyoxometalate contains two monolacunary Keggin units linked by one uranium ion. 

(a) FT-IR data. The bands of the (as(W(Oc(W) and (as(W(Ob(W) vibrations for bonds of the edge and corner sharing WO6 octahedra respectively are the most shifted bands in the IR spectrum of the complex compared to the ligand spectrum (Table 1). This fact corelated with the change of the relative intensities of corresponding bands indicate the uranium ion coordination at the Ob and Oc atoms in the lacunary regions of the Keggin fragments. 

Table 1 

The heteropolyoxometalate frame IR bands of the K9[ BW11O39](14H2O ligand 

and K14[U(BW11O39)2](25H2O complex
Band
Ligand (cm(1)
Complex (cm(1)

(as(B(Oa)
993 (m,sp)
1000 (m,sp)

(as(W=Od)
950 (s,sp)
950 (s,sp)

(as(W(Oc(W)
920 (s,sp); 890 (s,b); 873 (s,b)
890 (s,sp)

(as(W(Ob(W)
840 (s,sp); 818 (s,sp)
835 (s,b); 820 (s,b)

(as(W(Oa)
790 (s,sp); 753 (s,sp)
770 (s,b); 750 (s,b)

 w-weak, m-medium, s-strong, sh-shoulder, b-broad, sp-sharp, vs-very strong, vw-very weak

(b) UV-spectra. The UV electronic spectra (Fig.1) exhibit two characteristic bands at (210 nm and (246 nm for the ligand and (210 nm and (252 nm for the complex assigned to the d((p( electronic transition in W=Od and W(Ob,c(W bonds respectively [1,2]. The shape of the spectra indicates the increasing of the charge transfer in the tricentric bonds after the uranium complexation.
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Fig.1  UV spectra of the (a) K27[KAs4W40O140](45H2O ligand and (b) K14[U(BW11O39)2].25H2O complex obtained in 5(10(5 mol l(1aqueous solution 
(c) Visible spectra. The visible electronic absorbtion spectrum of the complex is typical for the uranium(IV) ions into a cvasicubic configuration with 3H4 ground state. The absorbtions are due to internal transitions between the f orbitals of uranium: 3H4 ( 3P0 at 676, 691 nm, 3H4(1D2 (646 nm) and 3H4(1G4 (625 nm) and 3H4(3H6 (930 nm) [3]. The last band was used for the estimation of the spin-orbit coupling parameter (( = 978 cm(1) which confirm the presence of the UIV ion. 

(d) Magnetic susceptibility measurements. The monomeric character of the complex is indicated by the Curie-Weiss behaviour of the magnetic susceptibility in the temperature range 135(290 K [4]. The magnetic moment 
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 corresponds to the oxidation state +4 of the uranium ion. The relatively high temperature independent paramagnetism ((0 = 2.73(10-3 emu/mol) is due to the (1 ground level of the 3H4 multiplet.

The polyoxotungstate K19[U2KAs4W40O140](42H2O

The [KAs4W40O140]27( cryptand contains four trilacunary {AsW9} Keggin fragments bound by four WO6 octahedra. 
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(a) Infrared Spectra. The representative frequency range of the IR spectra for the K27[KAs4W40O140](45H2O ligand and K19[U2KAs4W40O140](42H2O complex is given in Fig.2. The coordination of the uranium ions to the cryptand is indicated by the appearance in the IR spectrum of the complex of the (as(U(O) ( 1133 cm(1 vibration and by the shift of the (as(W(Ob(W) (805, 785 cm(1 for the ligand and 810, 770 cm(1 for the complex) and (as(W(Od) (950, 970 cm(1 for the ligand and 960 cm(1 for the complex) vibration bands in the IR spectrum of the complex compared to the ligand spectrum [5]. The analysis of the IR spectra indicates the coordination of the uranium ions to the oxygen atoms from the lacunary region of the Keggin fragmnts and to the Od oxygen atoms of WO6 binding octahedra.

(b) Electronic Spectra. The UV absorption bands centered at ( 47390 cm(1 for the free ligand and at ( 45040 cm(1 for the complex are assigned to p((Od)(d(*(W) transitions into the terminal bonds and the broad bands at 41700(38400 cm(1 for the ligand and 43500(40000 cm(1 for the uranium complex are assigned to p((Ob,c)(d(*(W) transitions in the tricentric bonds. The presence of two shoulders on the absorption band indicates that the trilacunary Keggin anions have nonequivalent W(Ob,c(W bonds [6]. The visible absorption spectra of the complex (Fig.3), performed in aqueous solutions at different concentrations contain the f ( f transitions of the uranium ions situated in a cubic configuration (Table 3) and presents the ground state 3H4. 
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Table 3 

Electronic transitions of the K19[U2KAs4W40O140](42H2O complex 

Band
( (cm(1)
Assignment

L
14 720
3H4 ( 3P0

O
15 440
3H4 ( 1D2(1G4)

R
17 670
3H4 ( 3P1

V
20 160
3H4 ( 1I6

W
23 600
3H4 ( 3P2

(c) ESR Spectra. The powder ESR spectrum of the complex obtained at room temperature exhibits the most intense signals in the 3250(3400 G region. The fine structure of the ESR spectrum can be interpreted by considering one Seff = 1 effective spin for the uranium(IV) ion and a (5 sublevel of the 3H4 multiplet as ground state. The principal values of the gyromagnetic tensor g of the complex are gx = 2.045, gy = 2.050 and gz = 2.085 and the zero-field splitting parameters D = 18.31(10(4 cm(1 and E = 5.99(10(4 cm(1. 

Sandwich-type uranium(IV)(polyoxometalates with three uranium ions

           Sandwich-type uranium(IV)-polyoxometalates: Nam[(UO)3(H2O)6(XW9O34)2](nH2O (X = P, m = 12, n = 21; X = Si, m = 14, n = 19; X = Ge, m = 14, n = 17) and Nam[U3(XW9O33)2](nH2O (X = As, m = 6, n = 15; X = Bi, m = 6, n = 18; X = Sb, m = 6, n = 16) were investigated by FT-IR and UV-VIS spectroscopy. Complexes with P, Si and Ge derives from (-A trilacunary Keggin anions, the complex with As from (-B-type and complexes with Bi and Sb from (-B-type anions. The corresponding ligands are Na8H[PW9O34](14H2O, Na10[SiW9O34](15H2O, Na10[GeW9O34](14H2O, Na9[AsW9O33]( 12H2O, Na9[BiW9O33](13H2O, Na9[SbW9O33](12H2O.

(a) FT-IR spectra. The complexes FT-IR spectra contain two supplementary bands for ((U(O) vibrations which indicate the presence of non-equivalent U(O bonds (except for the complex with P which has a single band) (Fig.4) [7]. For the complexes with P, Si, Ge and As, (as(W(Oc(W) bands shift towards higher frequencies and (as(W(Ob(W) towards lower frequencies compared to the ligands bands. These indicate the coordination of every uranium ion to terminal oxygens of edge-sharing octahedra. For the complex with Bi, all tricentric frequencies are red-shifted in the complex spectrum compared to the ligand spectrum. The (as(W(Oc(W) frequency band, singular in the spectrum of the ligand with Sb, is splitted in the spectrum of the uranium complex with Sb because of the presence of nonequivalent W(Oc(W bonds.

(b) UV-VIS spectra. The UV spectra of the UIV(POM complexes and of the ligands obtained in aqueous solutions present the charge transfer bands for p((Od)(d(*(W) and p((Ob,c)(d((W) electronic transitions (Table 4). The bicentric bands are shifted towards higher wavenumbers after the complexation by uranium of trivacant Keggin units with P, Si and Sb and lower wavenumbers for the others [8,9]. The enhancement of p((Ob,c)(d((W) transition bands intensities compared to those of the ligands and the decrease of their corresponding wavenumbers show that the stability of the lacunary Keggin frameworks increases in all complexes compared to the ligands. The visible electronic spectra of the UIV(POM complexes performed in aqueous solutions indicate that the local symmetry around the uranium ions is quasicubic, with 3H4 ground level. The L band is splitted (except for germanium complex) because of some distortions of the cubic ligand field around the uranium ions [10].

Table 4 

UV transition bands (cm(1) of the ligands (L1(L6) and the complexes (1(6)

Band
L1 / 1a
L2 / 2
L3 / 3
L4 / 4
L5 / 5
L6 / 6

((p((d(*)

(W=Od)
47120 s,b

47280 s,b
46480 s,b

46800 s,b
46000 s,b

45760 s,b
46640 s,b

46480 s,b
47280 s,b

46720 s,b
46640 s,b

47280 s,b

((p((d(*)

(W(Ob,c(W)
41040 m,sh

39640 m,vb
41360 m,sh

39000 m,vb
41600 m,sh

38800 m,vb
40880 m,sh

39120 m,vb
41520 m,sh

40720 m,sh
40880 m,sh

39920 m,sh

as-strong, m-medium, b-broad, vb-very broad, sh-shoulder 
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(c) Magnetic susceptibility 

Temperature dependance of the magnetic susceptibility data for the complex with germanium is presented in Fig.5. The obtained effective magnetic moment is (eff=4.40 (B and the Curie temperature is θ=(73 K. The magnetic moment value and the negative θ correspond to a system with S=1 ground state, obtained through antiferromagnetic exchange between the uranium(IV) spins. 

Conclusions


Spectroscopic investigations of K14[U(BW11O39)2](25 H2O complex indicate the coordination of the uranium(IV) ion at two monolacunary Keggin fragments, by the substitution of W=Od units. The uranium(IV) ion is eight coordinated by oxygen atoms in a cvasicubic local environment, with a 3H4 electronic ground state. The magnetic susceptibility measurements show the absence of any exchange or dipolar interactions between the uranium ions and one Γ1 ground state into the 3H4 multiplet. 
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The IR spectrum of the K19[U2KAs4W40O140](42H2O complex contains an additional band ((as(U(O)) compared to the ligand spectrum, a proof of the coordination of the uranium ions to the oxygen atoms of the polyanion. The vibration bands of the polyoxometalate are shifted in the complex spectrum compared to the ligand spectrum due to the coordination of the uranium ions at oxygen atoms from lacunary regions of the {AsW9} units and binding WO6 octahedra. VIS and ESR spectra indicate the presence of cubic environments around the uranium ions with Γ5 ground state into the 3H4 multiplet.
FT-IR investigation of the series of uranium(IV)(polyoxometalates containing three uranium(IV) ions indicates the coordination of the uranium into the lacunary regions of two trivacant Keggin units. The UV spectra show the increased stability of the lacunary Keggin frameworks after complexation. All uranium ions are octacoordinated into a quasicubic local symmetry. 
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Fig.3 Visible electronic spectra of  the K19[U2KAs4W40O140](42H2O complex in aqueous solution at different concentrations (a)10(3 mol l(1, (b) 2.5(10(3 mol l(1, (c) 5(10(3 mol l(1, (d) 7.5(10(3 mol l(1, (e) 10(2 mol l(1)
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Fig.2 IR spectra of the (a) K27[KAs4W40O140](45H2O ligand and (b) K19[U2KAs4W40O140](42H2O  complex
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Fig.5 Temperature dependence of the reciprocal molar magnetic susceptibility of the Na14[(UO)3(GeW9O34)02](23H2O complex. Lines are the best fit of  the temperature dependence of the measured (■) data and diamagnetic corrected (●) values respectively.
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Fig.4 FT-IR spectra of the ligands with (a1) P, (b1) Si, (c1) Ge, (d1) As, (e1) Bi, (f1)  Sb and uranium complexes with (a2) P, (b2) Si, (c2) Ge, (d2) As, (e2) Bi, (f2) Sb 
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