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A novel copper-substituted polyoxoanion [Cu(H,0),(OH)sSiWi16Osg]® or [XM 103" and the Wells-Dawson species [¥11:0sq %"
(1) has been synthesized as its sodium salt, Nag-1-26H,0 (Na-1), or [Xo;M17061]% (X =P, S, Si, ...; M= W, Mo, V, ...), can
potassium salt, Kg-1-28H,0(K-1), and calcium salt, Cas-1-48H,0 coordinate to transition-metal ions (Z) to reconstitute the
(Ca-1). Compound 1 is the first dimer of dicopper-substituted complete (saturated) HPA or to form high-nuclearity cluster

structures. Nevertheless, transition-metal-substituted LHPAS,
such as [XM-Z0s4"", [XM 10-xZxOs¢"", Or [XM 11,4034,

in which the LHPA constituent atoms (M) are partly replaced
by transition-metal atoms (Z) while the original lacunary
Since the first polyoxometalate (POM) was found by skeletons are maintained, have not been observed to date.

Berzelius in 1826, POMSs of the early transition elements ~ Y/hen transition-metal atoms with low oxidation states

have witnessed a huge developmeAtthough thousands replace the M atoms, the negative charge of the substituted
of POMs have been described. their structures are limited LtHPA cluster increases and becomes more basic and reactive

to the basic frameworks such as the Keggin, WeDawson, than that of t.he unsubstituted LHPA. This property can be
and AndersorEvans types or their lacunary fragments, and used to obtain extended structures and to functionalize the
the formation mechanisms of some new POMs are still not Polyanion fragments via their active positions. Surprisingly,
well understand and are commonly described as self- little research has been done in this area.
assembly. The rational synthesis of mixed hetero-POMs and Among the hundreds of known LHPAS, the dilacunary
of magnetic clusters with diverse nuclearities and geometry Keggin polyoxoanion, j-SiW100s¢]®~ (y-SiWiy), first re-
morphologies remains a big challenge. ported by HerVest al. in 1986 has recently become a focus
The lacunary heteropolyanions (LHPAS) can be seen asof research because of its structural flexibility, which has
polydentate oxo ligands that can coordinate most transition- allowed the synthesis of plenty of derivatives starting from
metal ions, resulting in an enormous variety of structures y-SiWie. In most of them, the saturatgdskeleton was kept
with improved magnetic, catalytic, and electrochemical or isomerized to the3 isomef~° or to sandwich-type
properties-* The LHPAs and their active binding sites have
been well investigated and reviewe#letastable lacunary (4) (a) Kamata, K.; Yonehara, K.; Sumida, Y.; Yamaguchi, K.; Hikichi,

POMs, such as the Keggin species [3®44]", [XM 1¢0z¢"", S.; Mizuno, N.Science2003 300, 964. (b) Hill, C. L.; Prosser-
McCartha, C. M.Coord. Chem. Re 1995 143 407. (c) Lehmann,
J.; Gaita-Ario, A.; Coronado, E.; Loss, DNat. NanotechnoR007, 2,

y-decatungstosilicate fused in an unprecedented side-by-side
dimerization mode with a ferromagnetic coupling property.
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species!? Recently, several coppechloro- and copper
azido-containing high-nuclearity clusters with §f&i\WgM}
fragment have been reported by Mialane, Kortz, and
co-workerst011bc  [{ Coy(B-f-SiWyOs3(OH))(B-3-SiWs-
Ozg(OH)z)}z 227, [COB(H20)30{ COgC'z(OH)g,(HzO)g(ﬂ-SIWg-
Os1)a}]*", [(y-SiW1dOs6) (B-SiWaOs(OH)) Ca(OH)(H0)7] ",
and I{(‘}/-SIWE;Ogl)CLb(OH)(HzO)z-(Ng)} 3(N3)]197.

In these examples, tH&SiWg} fragments are coordinated
to a ZOyz triad (Z= Cu, Co); therefore, they do not belong _. . . .
to the [XMuo-«(2)xOs¢]"" type. The small chloro and azido rr:%lffrfirlém(33Efs'?/'(qtsdéi{lﬁiﬂﬁ%ﬂfﬁfg@fgﬁg%gn;.?ggvlvo?isgszurgtf,
ligands may have an important effect on the construction of blue; W, yellow-green; O, red; Si, dark blue.
these complexes. In fact, the controllable synthesis of the Scheme 1

. Different Combination Modes of POM Subunits
substituted LHPASs represents a remarkable challenge because

the LHPA precursors generally decompose or isomerize very o) to-A-0} 4 .
easily and the factors governing the final structure are not n n
I I I

well understood. An additional interest in the chemistry of

metal-substituted and vacant POMs comes from their ability

to self-assemble in order to build up novel structures with
high nuclearities.

In our recent research work gnSiW,o-based derivatives,

Single-crystal X-ray diffraction analys€sshow that the
polyanion1 can be regarded as a dimer composed of two
equivalent{ SiWsCw,03¢} (18) subunits (Figure 1), which

we have observed that factors such as the pH, the temperare fused through two edge-sharing \\2tahedra and two
ature, and the presence of metal ions must be controlled inedge-sharing Cugoctahedra from twda subunits, giving
order to slow down decomposition and isomerization reac- rise to an overall ideal symmetry @. To the best of our
tions of y-SiWy0.7¢ We have used various metal ions in an knowledge, the polymerization mode of the th@subunits
acidic agueous medium to react with gh&iWio polyanion in the polyanionsl is original because the POM subunits
and found that Cliions can stabilize the ¢ SiWsOs,)[=(5- are usually linked in a head-to-head mode: PO(@),—
SiW;5031)] fragment iny-SiWsCuw,Oz6 to recover the/-SiWg POM (model, in Scheme 1) or POM(O—A—-0),—POM
skeleton. Thus, by mixing-SiW;owith CL?* in a 2:5 molar (A = addenda or heteroatom; modle in Scheme 1). In
ratio in an acidt 1 M NaCl (KClI or CaC}) solution (pH= these two models, the polyanion subunits are connected by
4.5) at 50°C, we have obtained novel substituted LHPA sharing O atom(s). The typical examples are the Well
complexes where the-SiWy, skeleton is preserved although Dawson structure and various sandwich structures (e.g.,
two adjacent W' atoms are replaced by two &uions, Weakley, HerveKrebs, and Knoth type). Surprisingly, in
givingrisetothe-SiwsCu,dimeric polyanion, [Ci{HO)(OH),Sk- the two{SiWsCuw} subunits are combined by edge-sharing
W160s¢]~ (1), isolated as the corresponding sodium, potas- {WOe} and{CuQs} octahedra, i.e., the side-by-side mode,
sium, and calcium salts: NB- K-1, and Cal (see the a way never observed in POM chemistry (moldie in
Supporting Information). Electrospray ionization Fourier Scheme 1).

transform ion cyclotron resonance mass spectrometry (ESI Eachla subunit can be described as a fragment derived
FT-ICR MS) provides evidence for the dimeric species from the parenty-SiW,o polyanion, where a pair of edge-
(Figure S3 in the Supporting Information). When an organic sharing{ WO¢} octahedra is replaced by a pair of edge-
solvent or a bigger cation such as'/Rir Cs" was used, the  sharing distorted CuQs} octahedra. This dimerization can
reaction did not produce any expected salt. be easily explained by the fact that the potential sharing O
atoms, four bridging @(01, 04, 019, and 030), two O
(07 and 09), and four ®(O1A, O7A, 025, and 029) (Ob,
Oa, and OY initially marked by Herve) atoms inla, are
more basic than those in the parerBiWy,. Therefore, they
are more reactive toward protonation and coordination (or
polymerization)-:3 In Na-1, the twolasubunits are connected
via eight shared O atoms (O1, O7, 025, 029, O1A, O7A,
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Chem2005 44, 14. (c) Goto, Y.; Kamata, K.; Yamaguchi, K.; Uehara,
K.; Hikichi, S.; Mizuno, N.Inorg. Chem.2006 45, 2347.
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418246. Crystal data for H: HeiKgCwSipW16092, My = 5101.2
g-mol~%, monoclinic,P2y/n, a = 10.8635(12) Ap = 19.810(2) Ac
= 18.502(2) Af = 90.774(2),V=13981.4(7) R, Z=2,T= 193
K, D¢ = 4.201 gcm™ 8, u = 24.631 mn!, R1 = 0.0759, wR2=
0.1982, CSD 418247. Crystal data for CaH10/CaCwSiW160112,
M, = 5309.03 gmol1, triclinic, P1, a = 10.9084(8) Ap = 13.1056-
(10) A, c = 17.8439(14) A = 69.628(1), B = 101.943(6), y =
88.869(1), V=2280.3(3) B, Z=1,T=193 K,D, = 3.790 gcm 3,
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2.203 s emuK-mol™! at 2 K. This behavior indicates the presence

2.15 of ferromagnetic intradimer exchange interactiod)swith
2,107 antiferromagnetic interdimer interactior¥, @ccounting for
2.05 3 the decrease in thgm,T product at low temperatures.
200 Accordingly, we have fitted the magnetic data to a simple
195 ] dimer model with an interdimer coupling using the molecular
Ty field approximationt® This model” (the Hamiltonian is
190 written as—JSS;) shows a very good agreement over the
1853 whole temperature range, only when a monomeric contribu-
1.80 = tion is included in the fitting procedure, with the following
0 0 100 Tlfg) 200250 300 set of parametersg = 2.205(1),J = 13.7(2) cm?, j =
Figure 2. Temperature dependence of jhel product for Nal. The inset _0'93(,1) C,ml’_ and a mon_omerlc ConFrlbUtlor! of_ca. 6%
shows the low-temperature region. The solid line represents the best fit to (S0lid line in Figure 2). This monomeric contribution may
the model (see the text). be due to the presence of some vacancies in the Cu positions,
leading to isolated Clions, and/or to the presence of some
O25A, and O29A), leading to the dimeric structure observed Cu2* cations replacing some of the N#ns, in agreement
in 1. The atoms Cu2, W7A, and WB8A represent a triad (a with the slight copper excess found in the elemental analysis.
group of three edge-sharing octahedra) that is connected t0 The ferromagnetic intradimer and the antiferromagnetic
one centraf SiOy} tetrahedron by ther,-O, (O7) bridging interdimer exchange interactions can be easily explained in
O atom. Cul, Cu2, and W7A also form a triad connected {0 o of the exchange pathways and the bond angles. Thus,
another centrg| SiOy} tetrahedron by thes-O. (O9) bridge; e intradimer exchange implies one hydroxo bridge with a
the four central atoms (W7, W8, Cul, and Cu2) are almost - ,1—025-cu?2 angle of 93.6(7) which should give rise

in the same plane (Figure 1b). to a medium-strong ferromagnetic interactiéhl’ and an

In 1a the CuQ octahedra are very elongated; the axial ., 4 bridge with a Cu+09—Cu2 bond angle of 99.5(8)
Cu—O bond lengths [2.600(2) and 2.41(2) A for Cul and which should produce a weak antiferromagnetic couplfng,

2.461(2) and 2.470(2) A for Cu2_] are much longer than the giving an overall ferromagnetic intradimer interaction. The
average lengths of the equatorial €0 bonds (1.964 and  jierdimer coupling pathway implies two long bridges,-€u
1.952 A for Cul and Cu2, respectively). The other W(€u) O—W—0—Cu and Ct-O—Si—O—Cu, which are expected
Oa(b,c,d) bond lengths and angles are within the normal to give rise to weak antiferromagne’tic interactions.

values observed in the precursor SV | h thesized 't i
Bond-valence-sum calculations (BVSCSs) indicate that the n summary, we have synthesized a novel ferromagneti-
cally coupled dimer of Clssubstituted/-decatungstosilicate.

polyanionl has eight proton¥}located in the twd Cu,O10} : o .
groups. Each GiDso group has two hydroxo bridges: a- The structure of this POM shows the possibility of replacing

013 bridge (BVSGC= 1.054) connecting Cu and W centers W atoms with the first-rpw transitiqn-metal atoms in_ an

(Cul-013-W5) and auz-025 (BVSC= 1.246) bridge, already _Iacunary POM. It is also the first e_xample of a dimer
which is shared by three metals (Cul, Cu2, and W7A). 023 of classme_ll Iacuna_ry Keggin POM combmed_ In an unprec-
is a terminal water ligand (BVS& 0.477). This assignment edented side-by-side mode. Further work will focus on the
reduces the total negative chargelofrom —16 to —8, in r_nultlply substituted LHPA with interesting magnetic proper-

agreement with the presence of eight Na atoms located by!€S-

the X-ray diffraction analysis.

We suggest that the formation binvolves ay-SiW,o —
B--SiWg — y-SiWsCuw, — { y-SiWsCu} 2 process. Through
our research, we have found that®Cions have a suitable
size to enter into the vacancies and to stabilize)ti\Wsg Supporting Information Available: Experimental section,
fragment under the reaction conditions. Smaller counterions, X-ray crystallographic files in CIF format, IR spectra, thermo-
higher temperatures, and longer reaction times favor further gravimetric analyses of Na/K/Ch-ORTEP diagram of, and the
isomerizations of the POM matrix. Kortz et al. have found ESI FT-ICR MS of Nai. This material is available free of charge
that C#* stabilizes Bo-SiWy0s4.11° In fact, we also have  via the Internet at http://pubs.acs.org.
obtained the [Ci(H20)(B-0-SiWsOs2)2]'* species by pro-  |c701296Mm
longing the reaction time or increasing the pH value.

The magnetic susceptibility of Na-measured at a field

2.10 :{.-‘

XmT (emu.K.mol-1)
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(16) The molecular field approximation corrected susceptibility is

of 0.1 T in the temperature range of-300 K is shown in £ = 1 — p) + NEBOIKT 71 = gy /1 — (ZINGB g,

Figure 2 as the thermal variation of the product of the molar Yam = 2NGBIKTI3 + exp— JKT)]

susceptibility per four Cliatoms times the temperatuge,l). 17) g’;l) hLisnard, ED I?tolbech, A'z;o'\cl)lgalggi’s P(-t:) )MYarrot, J; TCOgjoll/i, E.
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increases from ca. 1.84 emtmol™t at 300 K and reaches W. H.; Richardson, H. W.; Wasson, J. R.; Hodgson, D. J.; Hatfield,

a maximum of ca. 2.14 emlki-mol~! at ca. 8 K. Below 8 W. E. Inorg. Chem.1976 15, 2107.
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