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Two novel high-nuclear copper-substituted polyoxometalates, Najs[Cuis(OH)4(H20)16(SiWgO31)4]+20.5H,0 (1) and
K1oNaz4[Cuo(H20)2(N3)4(GeWgO34)2(GEW;O31)5]*30H,0 (2), containing 14 Cu?* ions and 10 Cu?* ions, respectively,
have been obtained in aqueous solution and characterized by IR, UV, TG, element analysis, electrochemistry, and
single-crystal X-ray analyses. The polyoxoanion framework of 1 is composed of four [3-SiWsOs3;] units connected
by 14 Cu?* ions to constitute a tetrameric compound. In 2, two [3-GeWsOs;] anions and two [B-a-GeWgO3,] anions
are connected together by a [Cuio(N3)aO32(H20)] { Cuo(Ns)a} cluster to construct a novel tetrameric compound.
The results of the electrocatalytic experiments reveal that the reduced species of 1 and 2 have electrocatalytic
activities for nitrate reduction.

Introduction optics, electrochemistry, and medicihd.acunary POMs

; Possess similar capabilities, with polydentate organic ligands
to coordinate with transition-metal or rare-earth-metal ions,
leading to compounds with diverse nuclearities and structural
features combined with interesting catalytic, electrochemical,
clusters employed the polydentate organic ligands to stabilizeaanI magnetic properhééf.ln the past depades, the tnvacanﬁ
or bridge the metal ion&.For example, the polydentate polyoxotungstgtes, obtained by removing three edge-sha.nng
carboxylate is utilized to synthesize manganese oxide clusters’ corner-sharing Weoctahedra from the saturated Keggm
ranging from Mn to Mnas and cyanide is employed to or Dawson structure, have been proven to be versatile POM
connect metal cations to build single molecular maghets.
Polyoxometalates (POMs) are known as a unique class of ®)
metal-oxide clusters with impressive complexity and potential

applications in catalysis, biology, magnetism, nonlinear

The significant interest in high-nuclear spin clusters is no
only due to their intrinsic structural characteristics but also
due to their possible applications in nanomagenets, catalysis
and optical behaviorMost of the work on high-nuclear spin
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Two Multi-Copper-Containing Heteropolyoxotungstates

ligands used to construct multinuclear magnetic clusters. exhibit interesting electrochemical and magnetic propeftiés.
Commonly, those compounds constructed by such lacunaryRecently, another divacant polyoxoaniopt@GeW;oOse]®™
POM fragments have classic sandwich-type structures, andwas reported in the literatufélts structure and the synthetic
the number of the transition-metal centers among the reportedprocedure are essentially analogous to those-&ijV;¢0zq®~
examples are usually less than five. Therefore, the synthesisand might possess similar reactivity with silicon analogue
of high-nuclear metal clusters based on POM ligands is still [y-SiW;0036]8~ when reacted with transition-metal cations
a great challenge. or other electrophiles. In addition, the azido ligand can bind

Recently, much attention has been paid to the hexavacantransition-metal cations embedded in a POM diamagnetic
species [HP,W1,0,¢]'*" and the related cyclic [HPsWag- core, which can be regarded as an efficient way to generate
01843 tetramer, which can act as ligands for significantly interactions between metal centér§'
larger paramagnetic clusteéi&®dIn 2005, Gouzerh and co- With these facts mentioned above in mind, we have
workers reported multi-iron-containing polyoxoanions based focused on reactions between transition-metal ions and
on [HaP,W1,04¢) 12~ units8e8dand Kortz et al. reported Gy~ divacant polyoxoanionsyfXW1¢0s¢]®~ (X = silicon and
cluster-containing anions based on the cyclighVg01s43 germanium) with the expectation of getting paramagnetic
tetrame®8f In the reported examples, the lacunary poly- metal clusters stabilized by a tetravacant Keggin anion. Here,
oxoanions all hold the larger coordination pocket that could We report the synthesis, characterization, and crystal struc-
provide necessary donors for the larger paramagnetic clustergures of Cu,— containing and the Gu(Ns)s-containing
and make them discrete and stabilized. Accordingly, the POMs NagCui4(OH)s(H20)16(SiWgO31)4]-20.5H0 (1) and
highly lacunary polyoxoanions might be the best candidates KioNaiJCuio(H20)2(N3)a(GeWeOs4)o( GEWEO31)] -30H:0 (2).
for the incorporation of paramagnetic centers to obtain
compounds with a larger number of interacting magnetic
cations. Among the various lacunary POMs, divacant poly-  Materials and Methods. All of the chemicals were commercially
oxoanion f-SiW;¢Oz¢]®~ is chosen herein because it isomer- purchased and used without further purificatior[jKSiW;¢Osg]*
izes and decomposes easily in aqueous soldtimich can 12H,0 and Kg[y-GeWioOsq]-6H.0 were synthesized according to
result in unprecedented compounds. At a certain pH value, the literatur@!and charac_terized using an IR spectrum. Elemental
[y-SiWiOs4 8- could decompose in aqueous solution to form analyses (hydrogen and nitrogen) wgre performed qn a PerkinElmer
tetravacant fragments)dSiWeOsi] or [3-SiWeOai]), which 2400 CHN elemental analyzer; silicon, germanium, tungsten,

could embed a larger number of metal cations, such Co Sopper, sodium, and potassium were analyzed on a PLASMA-
9 ' &, SPEC(l) ICP atomic emission spectrometer. IR spectra were

Cor, Cas, and Cy-containing polyoxoanions, all of which recorded in the range 46@000 cnt! on an Alpha Centaurt FTIR
spectrophotometer using KBr pellets.

Experimental Section

®) g?o§u4hin5%n1rl L(g)%nangd J)-(: ?quéﬁg:goﬁ-:;hﬁt{vceﬂgf]rﬁéq- FC”neg-L Synthesis of 1D-Proline (0.05 g, 0.434 mmol) and Cy€aH,0
Inorg. Chem?2001, 40, 418.’(0)”Kortz, U. Al-Kassem, N. K. Savelieff, (0.34¢g,1.99 mmql) were dissolved in d|§tllled Wgter (3Q mL). The
M. G.; Al Kadi, N. A.; Sadakane, Minorg. Chem.2001, 40, 4742. pH value of the mixture was carefully adjusted with a dilute NaOH
(Ld) gafNéHDJaS/:or, NC-:hBaS-SSergégé Clcirfnfggég.;(P;)ulgroy, ch Igaker. solution (1M) to 5.30 and then stirred for 10 h. Then, 30 m- K
. . . Jo AML em. S0 3 . (e rewes, . Qi . 3
Limanski, M., E.. Krebs, BEur. J. Inorg. Chem2005 44, 1542, (f)  L/-SW1dOsel12H,0 (0.50 g, 0.167 mmol) solution was added
Wang, J. P.; Duan, X. Y.; Du, X. D.; Niu, J. YCryst. Growth Des. dropwise with vigorous stirring, and the resulting solution was
2006 6, 2266. boiling for 2 h. The filtrate was kept at room temperature with
(6) (a) Btsing, M.; Nth, A.; Loose, |.; Krebs, BJ. Am. Chem. Sot998 ; ; ;
120, 7252. (b) Yamase, T.; Botar, B.; Ishikawa, E.; FukayaCkem. Slc_)V:/dez\/]z-aosok;atlog for 2.|.W€ek‘1’\ relsl[J:Itlng(;h Lheotg;?Ncrysstzli‘_%‘
Lett. 2001, 56. (c) Xin, F.; Pope, M. TJ. Am. Chem. S0d996 118 (vield 21% based on silicon). Anal. Found: H, 0.68; Na, 3.81; Cu,
7731. (d) Laronze, N.; Marrot, J.; HETvE. Inorg. Chem 2003 42, 9.12; Si, 1.12; W, 59.2; Calcd: H, 0.78; Na, 3.69; Cu, 8.93; Si,
5857. (e) Clemente-Juan, J. M.; Coronado, E.; Gaitdd\riA.; 1.13; W, 59.0. IR (KBr pellet): vpa/cm ! 948 (m) and 892 (s),

Gimenez-Saiz, C.; Gdel, H.-U.; Sieber, A.; Bircher, R.; Mutka., H.
Inorg. Chem.2005 44, 3389. (f) Witte, P. T.; Chowdhury, S. R; 740 (s), 546(w), and 498 (w).

Elshof, J. E.; Sloboda-Rozner, D.; Alsters., R. N. PChem. Commun. Synthesis of 2.In a typical synthesis procedure f@r Kg[y-
2005 1206. (g) Mialane, P.; Duboc, C.; Marrot, J.; RiegE.; Dolbecd, GeW;(Ozg)-6H,0 (1.0 g, 0.35 mmol) was dissolved in 60 mL
@) )(Aaij Eginjetlraesée"V?]h'?—roql_JE'uBa‘]l.aIZOI\CI)GSl'Z’B]i.gEOI.-l Kortz. U Keita. _ distilled water with stirring. Then, a solution of Cu€2H,0 (0.25
B.; Nadjo, L.; Khitrov, G. A.; Marshall, A. Glnorg. Chem.2005 9, 1.46 mmol) in distilled water (30 mL) was added. Next, 0.12 g
44, 9795. (b) Anderson, T. M.; Neiwert, W. A.; Hardcastle, K. I.;  NaNs (1.84 mmol) was added, and the resulting solution was stirred
Hill, C. L. Inorg. Chem.2004 43, 7353. for half an hour at room temperature and then filtered. The filtrate
8) (a) Mialane, P.; Dolbecq, A.; Marrot, J.; Rives E.; Seheresse, F.; . .
® ,(Arzgew. Chem.. Int. Eogooa 42, 3523. (b) Mal, S. S.; Kortz, U. was k_ept_at room temperature Wl_th slow evaporation for 1 V\{eek,
Angew. Chem., Int. EQ005 44, 3777. (c) Mialane, P.; Dolbecq, A.;  resulting in the green crystals (Yield 32% based on germanium).
Marrot, J.; Rivige, E.; Seheresse, FChem—Eur. J.2005 11, 1771. Anal. Found: K, 3.06; Na, 3.21; N, 1.38; H, 0.65; Cu, 6.23; Ge,

(d) Godin, B.; Chen, Y. G.; Vaissermann, J.; Ruhlmann, L.; Verdaguer, . . . . . . . .
M.; Gouzerh, PAngew. Chem.. Int. E®005 44, 3072. (€) Godin, 3.06; W, 59.7; Calcd: K, 3.65; Na, 3.0; N, 1.57; H, 0.60; Cu, 5.93;

B.; Vaissermann, J.; Herson, P.; Ruhlmann, L.; Verdaguer M,
Gouzerh, PChem. Commur2005 5624. (f) Pichon, C.; Mialane, P.; (10) (a) Bassil, B. S.; Kortz, U.; Tigan, A. S.; Clemente-Juan, J. M.; Keita,

Dolbecq, A.; Marrot, J.; Riviee, E.; Keita, B.; Nadjo, L.; Sgheresse, B.; Oliveira, P.; Nadjo, LInorg. Chem.2005 44, 9360. (b) Bassil,
F. Inorg. Chem2007, 46, 5292. (g) Yamase, T.; Fukaya, K.; Nojiri, B. S.; Nellutla, S.; Kortz, U.; Stowe, A. C.; van Tol, J.; Dalal, N. S;
H.; Ohshima, YInorg. Chem2006 45, 7698. (h) Zheng, S. T.; Yuan, Keita, B.; Nadjo, L.Inorg. Chem.2005 44, 2659. (c) Lisnard, L.;
D. Q.; Zhang, J.; Yang, G. inorg. Chem2007, 46, 4569. (i) Zheng, Mialane, P.; Dolbecq, A.; Marrot, J.; Clemente-Juan, J. M.; Coronado,
S.T.; Yuan, D. Q.; Jia, H. P.; Zhang, J.; Yang, G.Chem. Commun E.; Keita, B.; Oliveira, P. D.; Nadjo, L.; Sheresse, FChem—Eur.
2007, 1858. J. 2007 inpress.

(9) (a) Tee A.; Herve G. Inorg. Synth.199Q 27, 85. (b) Canny, J.; (11) Nsouli, N. H.; Bassil, B. S.; Dickman, M. H.; Kortz, U.; Keita, B.;
Tézg A.; Thouvenot, R.; HerVeG. Inorg. Chem.1986 25, 2114. Nadjo, L.Inorg. Chem.2006 45, 3858.
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Table 1. Crystal Data and Structure Refinement foand 2
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resulting in monomers, they have the ionic masses of 2306 and
2365, respectively, and therefore would elute later.

1 2
empirical formula HyCuNaeOres SialVar  HorCloG e soN12Nas OreWas EIe_ctrochen_wlstry_. _General Electrochemical Methods and _
fw 9962.58 10714.15 Materials. Thrice-distilled water was used throughout the experi-
T(K) 293(2) 293(2) ments. The solution with pH 5 was a 0.4 M gEDONatCHs-
wavelength (&) 0.71073 0.71073 COOH buffer solution. Solutions were deaerated by pure-argon
cryst syst monoclinic triclinic i . h . d the el hemical cell
space group c2im P1 bubbling prior to the experiments, and the electroc emical cell was
a(h) 27.629(6) 12.309(3) kept under an argon atmosphere throughout the experiment.
2&)) ig-gggg g-ggggg Electrochemical Experiment. A CHI 660 electrochemical
a (deg) 90 10'3_05(3) workstation connected to a Pentium-1V personal computer was u_sed
B (deg) 113.65(3) 100.04(3) to control the electrochemical measurements and for data collection.
v (deg) 90 108.04(3) A conventional three-electrode system was used. The working
V (A3) 9327(3) 4268.2(15) lectrod | bon: the ref | d he Aa/
7 5 1 electrode was a glassy carbon; the reference electrode was the Ag
Deaiea(g cNT) 3547 4.168 AgCl electrode, and platinum wire was used as a counter electrode.
w (mm2) 21.362 25.102 All of the potentials were measured and reported versus the Ag/
F000 8798 4722 ; ; 4
Datalrestraints)  8327/93/607 14 041/381/1120 AgCI_ electrode. The various media bfand2 were 4x 104 M
params solutions. A pHS-25B-type pH meter was used for pH measurement.
GOF onF 2 1.023 1.027 All of the experiments were conducted at room temperature- (25
R12[I > 20(1)]  0.0584 0.0758 30°C)
wR2 0.1227 0.1753 '

aR1=Y||Fol — |Fc||/3|Fol. PWR2 = Y [w(F0? — F®)?)/ 3 [w(Fo?)3 2,

Ge, 2.71; W, 58.3. IR (KBr pellet)ymadcm=1 2081 (s) and 1293
(w), 940 (m), 884 (s), 773 (s), 708 (s), 515 (w), 491 (w), and 457
(w).

X-ray Crystallography. The measurements fdrand 2 were
performed on a Rigaku R-AXIS RAPID IP diffractometer. In all

of the cases, the data were collected at 293 K, and graphite-

monochromated Mo & radiation ¢ = 0.71073 A) was used.
Numerical absorption corrections were applied foand 2. The
structures were solved by the direct method and refined by the full-
matrix least-squares of 2 using theSHELXL-97software!? All

Results and Discussion

Crystal Structure of 1. 1 crystallizes in monoclinic space
groupC2/m. Its structure consists of twd Cu(OH),(H-0)} -
(v-SiWgOs)2] subunits (Figure 1). In each subunit, two
[5-SiWg0s4] units, which were observed very recently in the
cobalt and copper-substituted POMs, accommodate seven
CW?" ions, to constitute a hepta-copper-substituted dimeric
structure (part ¢ of Figure S3, in the Supporting Information).
Interestingly, in this dimeric structure, two equivalent
[8-SiWs031] moieties coordinate to the central sever¥Cu

of the hydrogen atoms for water molecules and protonation were lons to form the dimeric structure in different ways. One of
not located but were included in the structure factor calculations. th€m provides 10 oxygen donor atoms that are capable of
All of the structures possess apparent disorders in the range of¢oordinating with six C&" ions, to constitute the first six-
counterions and lattice water molecules, preventing a more-precisecopper-substituted Keggin polyoxoanion (part b of Figure
structural analysis. However, none of these deficiencies affects theS3, in the Supporting Information). Meanwhile, the other
structural details and reliability of the polyoxoanion structures. Their one provides eight oxygen donor atoms to coordinate with
occupancies were determined by fixing the atomic displacement four CL?* ions to constitute a tetra-copper-substituted Keggin

parameter factors (0.08) at the beginning, and then occupancypolyoxoanion { COg} (y-ClrSiWgOsq)]. Without regard to
numbers were fixed to refine their atomic displacement parameter Cu(1) and Cu(5) inf[C0g} (y-CleSiWgOsg)], the remaining

factors. Atoms with occupancies lower than 0.1liand 0.25 in2
were ignored. IrL, only partial N& ions can be accurately assigned

from the residual electron peaks, whereas the rest were directly
included in the molecular formula based on the elemental analyses

The crystal data and structure refinements Iofand 2 are
summarized in Table 1. CSD reference numbers: 417921, for
417922 for2.

Gel Filtration Chromatography. A gel filtration chromatog-

[y-CuSiWg0z6] unit possesses the paremt-$iW;¢Os6)8~
structure, which has been only observed in the trimeric anion

[{ SiWg031Cus(OH)(H20)2(N3)} 3(N3)] **~ (3),% but two ter-

minal oxygen atoms (O(37) and O(37A)) Inassociated to
the{Cw,Og} unit are replaced by an end-to-end azido ligand
in 3. Also, the tetra-copper-substituted polyoxoanion is
supported by an additional €uion in the Cu(6) site. The

raphy analysis carried out in the same experimental conditions asseven C&" ions in the central metal set could be separated

previously reportef2 reveals thatl and 2 eluted faster than
[P2W1sM02VOeg,]®~ (ionic mass= 4055). This indicates that the
molecular masses df and?2 (ionic masses: 9225 fdk and 9462
for 2) are quite different from that of p#V1sM0,VOg;]8~ and rules
out the possibility ofl and?2 breaking down into two dimers, four
monomers. and mixtures of the two. 1fand 2 were indeed the

into two parts, a [CeO15(OH)x(H20)s] (Cus) cluster and an
isolated Cé'". Also, the six Cé" ions in the Cy cluster can
be further divided into two groups according to the positions
where they are located. The first one group is composed of
the Cu(3), Cu(3A), and Cu(5) ions, which are octahedrally

dimers in the solution, they have ionic masses of 4612 and 4731 coordinated, and the three Cgi@ctahedra are edge-sharing,

g/mol, respectively, close to that of J®1sM0,VOe;]®~, which
would elute closer together. If polyoxoaniotisand 2 fall apart,

(12) (a) Sheldrick, G. M.SHELXL97, Program for Crystal Structure
RefinementUniversity of Gdtingen: Gitingen, Germany, 1997. (b)
Sheldrick, G. MSHELXS97, Program for Crystal Structure Solution;
University of Gdtingen: Gitingen, Germany, 1997.
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to constitute a triplet. The remaining three“Cions lie in

the same line, to constitute the second group. The two groups
are connected together by tw@-oxo atoms, to construct
the novel Cy cluster (part a of Figure 3). As we know, two
Cus-containing polyoxoanions [(CuGASWyOss3)]*?~ (4)

and [Cu(enMe)(B-a-SiWg034)2]} (5) have been reported in
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Figure 1. Combined polyhedral/ball-and-stick representation of polyafidrhe color codes are following: Wg®ctahedra, green; central Si@trahedra,
purple; copper atoms, blue spheres; oxygen, red spheres.

Figure 2. Combined polyhedral/ball-and-stick representation of polyagioiVOg octahedra, green; central SiQellow; Cu atoms, blue spheres; O, red
spheres.

the literature up to nowgsh but the Cy clusters in these and this is an inorganieorganic hybrid cluster. Very
two compounds are remarkably different from thatlirin recently, two Ni-containing isolated polyoxoanions [i{is-

4, the Cy core is a hexagonal structure made of six edge- OH)s(H20)s(enMe}(B-a-SiWyOs4)] and [Nig(es-OH)s(H20)s-
sharing CuQCl square pyramids, and if, the Cy core (enMe}(CH;COO)B-a-PWys034)] have been reported Al-
exhibits a belt-like structure with an edge-sharing combina- though the Nj cores in these two polyoxoanions are
tion of CuQ; octahedra, Cu§)and CuQ@N; square pyramids,  structurally similar to that of Gycluster inl, there are also

Inorganic Chemistry, Vol. 46, No. 20, 2007 8165
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Figure 3. (a) Ball and stick representation of the [fQug(OH)>(H20)s] cluster in compound.. (b) Ball and stick representation of the central {Eu
(N3)4032(H20)7] cluster in2.

remarkable differences betwe&rand the two compounds:  groups with Ca-N—Cu bridging angle® equal to 96.9(10)
(1) in 1, the Cuy core is an inorganic cluster, whereas the and 95.8(10), to constitute the saturatedKeggin structure
Nis cores in the polyoxoanions are inorgan@rganic hybrid polyoxoanion (part b of Figure S4, in the Supporting
clusters, (2) the Nicores in these two compounds are Information). The polyoxoanion/fFGeWsCwOs(N3)s] com-
connected by only one lacunary Keggin fragment and thesebines with an additional Cti ion, to constitute the 5-copper-
two compounds consist solely of Keggin polyoxotungstate substituted unit. The other one is th&¢-GeWyOs4] Keggin
monomers, whereas ih the Cu cluster is sandwiched by  unit, which is often observed in other sandwich-type POMs.
two [SiWsOs1] Keggin fragments, andl is a tetramer  The two different Keggin units are held together by a-Cu
composed of four [Si8Os;] units. Up to now, only a few  (Ny), cluster, to get an asymmetric dimeric structure (part ¢
complexes based on [Syl;] have been documented, such  of Figure S4, in the Supporting Information). In the <u

as 9-copper-substituted trimeric polyoxoanip8ilVs0x1Cl-  (Nj), cluster, the arrangement of the five Tcenters is
(OH)(Hz0)2(N3)}s(N3)]**~ and Ce-cluster-containing tri- - never reported in the POM chemistry. Four?Cions lie in
meric polyoxoanion [Cg{H;0)sof CosCia(OH)s(H20)s(/5- the same plane, to form a centrosymmetric regular rhom-

SiWeOs1)a} %", *% whereasl represents the first example of 1y gjike cluster, which has been observed in the Weakley-
a 14-c0p.per-contai'ning tetrameric polyoxoanion based ONtype sandwich structure. The tetra-copper plane and an
four [3-SiWgOs1] units. additional C&" ion are linked together by two end-on azido
Crystal Structure of 2. 2 is made of two f-GeWOs1] ligands, to constitute the central £N3), cluster. Interest-
anions, two B-o-GeWOz,] anions, and §Cuo(Na)stcluster —jngly. the two C(Ns), in 2 are linked together by twa, 1 s
(Figure 2). These could be divided into two equivalent Ns ligands with weak C&N bonds (dun = 2.794(81) A)

d@meric fragments. Each dimeric fragm.ent consists of tWo 1, construct 4 Cu(N2)s} cluster (part b of Figure 3). The
different lacunary polyoxoanions. One is thGeWs0s4] topology of the{Cw(N3)s core found in the Ci(Ns).

_unit, structurally similar to the first reporte&-[B—GeV\/gOgj].l‘* cluster can be compared to that found in the tetranuclear
in the pompound [Cs62,2-bpy)k-(H20)][GeWs0s,], which complex [-SiWio0se),Cua(e-1,1,1-N3)(u-1,1-Ns)] 12 (6)

Is obtained by the self-a_s_sembly Of MO, and GeQunder reported by Mialane et al. in 2006.In 2, the four Cd"

the hydrothermal conditiori$.However, the f-GeWOs| ions in the Cuy cluster are connected by twoe1,1,3-azido

in 2 was synthesized by routine synthetic reactions by the ligands and twai-1,1- azido ligands, and i the,fo,ur Ca+
decomposition off-GeWadOsel*" in aqueous solution. The 017 o Yinyad toé]ether by twe-1 1,1-azido ligands and

Conatite he.frat example. of the tetrametalaubstiuted 0411~ 22do igands. Furthermore, the average Cu(4)
P N—Cu(5) angle is larger i2 (fayg = 96.36) than that in6

-type saturated Keggin polyoxoanion{GeWsCuwOsA(N3)3]. . . :
3; is noteworthy that the Cu(4) centgrnis coordinated by three (0awg = 94.55). Additionally, the two asymmetrlc sandw’|ch
oxygen atoms and three nitrogen atoms from three N fragment_s are connected via two equivalent-Qi-W
ligands, leading to an axially distorted octahedral environ- bono_ls with ds-0 = 2.321(65) and @-o ~ 1.728(45) A_
ment (G oy = 1.91(2), tuay-oes = 1.950(16), @uey oes) (besides the two weak GtN bonds), leading to tetrameric
= 2.486(0), duwzyne) = 1.95(3), du-ne = 1.90(2), and polyoxoanion2.
deuw-nay = 2.794(81) A). Furthermore, Cu(5) ion is coordi- It is interesting to compare the structuresand two
nated by four oxygen atoms and bridged by two end-on azido co-substituted dimerg €Cos(B-a-SiWgOs33(OH))(B-0-SiWsOszs
(OH))}2]%" and [ (B-B-SiWsOs3(OH))(B-SiWsO29(OH))-
(13) Wang, C. M.; Zheng, S. T.; Yang, G. ¥iorg. Chem2007, 46, 616. Co3(H20)} 2,Co(H0),]?0-.102.1%¢ The two cobalt-containing

8166 Inorganic Chemistry, Vol. 46, No. 20, 2007



Two Multi-Copper-Containing Heteropolyoxotungstates

polyoxoanions are composed of two equivalent tri-cobalt-
substituted asymmetrical sandwich units §@sa-SiWgOs3-
(OH))(B-0.-SiWg029(OH),)]*t, which has been observed for
the first time by Kortz et al. The asymmetrical sandwich
unit in the half unit of the two compounds is composed of
a [B-B-SiWy033(OH)] unit and a B-3-SiWg0,9(OH),] frag-
ment linked by a nearly equilateral triangu{a@os} cluster.
For the former, the two B-3-SiWOs3(OH)] and B-f-
SiWgO,9(OH),] groups are held by two CeO—W bonds,
which are arranged almost orthogonally to each other. For
the latter, the two groups are connected throudiCaO,-
(H20),} group. But, in each subunit @ a pentanuclear Gu
(N3)2 cluster is encapsulated betweerBadeWsO3;] moiety
and a B-a-GeWyO34] fragment, and connection between the
two subunits occurs through the two equivalent-@i-W'
bonds with @, o = 2.321(65) and @0 = 1.728(45) A and
two weak Cu-N bonds. Accordingly, the subunitsBY3-
SiWy033(OH)] and B-/-SiWs0,9(OH),]) and the combina-
tion fashion in the two co-substituted compounds are different
from those of2.
The bond lengths and angles of the tungsten-oxo frame-
work in the two compounds are not unusual. Thé'dans
in the two compounds are coordinated in a strongly distorted
octahedral fashion and exhibit Jahfeller distortion with
axial elongation (the selected bond lengths and angles of
Cw?tin 1 and?2 are list in Table 1). The Cu(6) site ihis
disordered, that is, the Naand C@" units share the site
in-part, each with 50% occupancy. The oxidation states of
tungsten and copper sites are determined on the basis of the
crystal color, bond lengths and angles, charge balance
consideration, and bond valence sum calculatiéisdicat- Figure 4. (A) Cyclic voltammograms of 4« 1074 M 1 in the pH 5 (0.4
ing that the tungsten and copper sites possessand+2 M CH3;COONatCH3;COOH,) buffer solution at a scan rate of 20 m‘V/l45
oxidation states, respectively. Bond valence sum calcula- ﬁ)llfr']egt;ﬁ:gtﬂgfug Egir&dg?é%]glil:%”H;g%g}i?gf: g;:; ge of
tions'* also reveal that bridging oxygen atoms that link 100 mv s, containing N@~ concentrations of 0.0 (a), 2.0 (b), and 3.0
adjacent copper ions are monoprotonated, and the terminalc) mM. The working electrode was glassy carbon; the reference electrode
oxygen atoms associated with the copper ions are diproto- "2 A9/AJC-
nated.

Electrochemistry. Part A of Figure 4 shows the typical ¢+ 7a16 Moreover, polyoxoaniord is stable in the pH 5
cyclic voltammetric behavior of in the pH 5 (0.4 M CH- (0.4 M CH,COONa+CH;COOH) buffer solution. When the
COONat-CH;COOH) buffer solution at a scan rate of 20 sojution was stored at room temperature and the cyclic
mV s™L. It can be clearly seen that in the potential range of \gltammetric behavior ofl was detected every 24 h, and
+0.4t0—1.0V, three reduction peaks appear, and the mean getected five times totally, the same solution could be kept
peak potentials are:0.114,—0.173, and-0.603 V (vs the  ithout any changes in the voltammetric characteristics
Ag/AgCI electrode), respectively. The last redox process (Figure S5, in the Supporting Information). The YVis

corresponds to the redox of the"\atoms in the polyoxoan-  gpectrum of the same solution could give a complementary
ion framework, and the domain where the wave was located proof of this suggested stability (Figure S7).

was also observed in the other tungsten-containing  the electrochemical properties dfare also detected in
tion countgrpart, a single oxidation process locatet@066 at the scan rate of 20 mv-5(part A of Figure 5). There are

V, are attributed to the redox processes of thé'@enters. ¢, yeqyction peaks that appear in the potential range of
The two reduction waves located 0.114 and-0.173V 4451 9 v, with peak potentials located respectively at

feature the two-step reduction of €uto CW through ~0.119,~0.190,—0.636, and-0.795 \/ versus the Ag/AgCl
(14) The valence sum calculations are performed on a program of a bond EIeCtrOd,e' Th_e rgductlon peaks locatee-t119 and-0.190
valence calculator, ver. 2.00 February, 1993, written by C. Hormillosa @nd their oxidation counterpart located -80.052 V cor-

with assistance from S. Healy, distributed by I. D. Brown. _ respond to the redox processes of thé'Ceenters, similar

(15) (a) Bassil, B. S.; Kortz, U.; Tigan, A. S.; Clemente-Juan, J. M.; Keita,
B.; Oliveira, P.; Nadjo, L.Inorg. Chem.2005 44, 9360. (b)
Mbomekalle, I. M.; Keita, B.; Nierlich, M.; Kortz, U.; Berthet, P.; (16) Keita, B.; Mbomekalle, I. M.; Nadjo, LElectrochem. Commug003
Nadjo, L.Inorg. Chem2003 42, 5143. 5, 830.
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the explored potential domain, no reduction of nitrate could
be obtained on the GC electrode in the absence of PGMs.
The results indicate that the reduced specieslofas
electrocatalytic activity for nitrate reduction.

The electrocatalytic reduction of nitrate was also detected
for 2 under conditions similar to that df (part B of Figure
5). The results indicate that the two reduced species have
electrocatalytic activity for nitrate reduction. It was also noted
that the second reduced species showed better electrocatalytic
activity, that is, the catalytic activity is enhanced when the
extent of the polyoxoanion reduction is increased.

FTIR spectroscopy.The IR spectrum of shows a broad

band at 3402 cnt and strong peak at 1620 cfnattributed

to the lattice and coordinated water molecules. The features

at 948(m), 892 (s), 740 (s), 546(w), and 498 (w) can be

attributed tov(W—-0d) »(W—0a), »(W—0b), andv(W—

Oc) in the polyoxoanion framework (Figure S9, in the

Supporting Information}2 The IR spectrum o2 also exhibits

the characteristic bands of water molecules at ca. 3428 and

1620 cn1l. The absorption band at 2081 chassigned to

the asymmetric stretching vibration of the azido ligandg.(

The symmetric stretching vibration of the azido ligands is

also observedif) at 1293 cm.88" The other peaks located

at 940 (m), 884 (s), 773 (s), 708 (s), 515 (w), 491 (w), and

457 (w) can be attributed to the vibration of-¥® in the

polyoxoanion of2 (Figure S10, in the Supporting Informa-

tion).

TG Analyses.To examine the thermal stability dfand

2, thermal gravimetric (TG) analyses were carried outifor

and 2. A TG curve of1 (Figure S11, in the Supporting
Figure 5. (A) Cyclic voltammograms of 4 1074 M 2 in the pH 5 (0.4 Information) shows two continuous weight loss steps from
M CH3COONa-CH3;COOH) buffer solution at a scan rate of 20 m4s 33~360 °C. attributed to the loss of all of the lattice and
(B) Electrocatalysis of the reduction of NOin the presence of & 104 . ' . .
M 2in a pH 5 medium (0.4 M CECOONa+CH,COOH), at a scan rate  coOrdinated water molecules In The total weight loss is
was 100 mV s, containing N@~ concentrations of 0.0 (a), 2.0 (b), 3.0 about 8.21%, a little higher than the calculated value of
(c), and 4.0 (d) mM. The working electrode was glassy carbon; the reference g 9g94. The reason could be that the solvent accessible voids
electrode was Ag/AgCl. . .

of about 200 & (as determined bPLATONprogram) exist

in the unit cell of 1, which could accommodate several

disordered water molecules in the formula unit, and also,
to that of1. The last two peaksHyc = —0.636 and-0.795  hare could be some solvent water molecules existing in the

V) are chemically reversible and are assigned to the processegample after dryness at room temperature.

of W"in the polyoxoanion framework of.1%%1° The The TG curve of2 shows a weight loss of 5.28% in the

stability of 2 is also studied. In the pH 5 (04 M GH  range of 38-265 °C (Calcd 5.38%), which corresponds to
COONat-CH3;COOH) buffer solution, cyclic voltammetric  the loss of all non-coordinated and coordinated water

behavior of2 was detected every 24 h and detected five molecules (Figure S12, in the Supporting Information).
times, and the UVvis spectra were detected every 6 h, and Another weight loss of 1.42% appears in the temperature
detected six times. These curves were virtually unchangedrange of 406-495 °C, attributed to the decomposition and
with time (Figures S6 and S8, in the Supporting Information), 10ss of Ni~ ligands and in agreement with the calculated
indicating that2 is stable in the pH 5 (0.4 M CH value of 1.57%.

COONat-CH3;COOH) buffer solution. i
Conclusions

Electrocatalysis of NO;~ Reduction. The electrocatalytic
reduction of nitrate forl was studied in the pH 5 (0.4 M In con_clusion, two novel high-nucle_ar copper-substit_uted
CHsCOONa+CH:;COOH) buffer solution. Polyoxoanioh tetrrimjenc P_OM§ have been synth_eS|zed by the Efactlon of
displays electrocatalytic activity toward the reduction of Cu? lons with divacant polyoxoaniong{XW1Osq*~ (X
nitrate. Upon the addition of modest amounts of nitrate, the = Si and Ge). The two compounds both contain a large
reduction peak currents at the potential domain of the (17) Keita, B.. Abdeljalil, E.. Nadjo, L. Contant, R.; Belghiche, R.
tungsten wave increase dramatically (part B of Figure 4). In Electrochem. Commur2001, 3, 56.
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