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Effect of Cyanato, Azido, Carboxylato, and Carbonato Ligands on the
Formation of Cobalt(II) Polyoxometalates: Characterization, Magnetic, and
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Abstract: Five Co" silicotungstate com-
plexes are reported. The centrosym-
metric heptanuclear compound
Kool {(B-B-SiWyOss(OH)) (B-SiW,Os-

(OH),)Co;3(H,0)},Co(H,0),]-47H,0

(1) conmsists of two {(B-B-Si-
WyO33(OH))(B-SiW3O04(OH),)Cos-

(H,0)} units connected by a {CoO,-
(H,0),} group. In the chiral species K-
[Co, s(Hy0)7)][(v-SiW14036) (B-SiW5Os50-
(OH))Co4(OH)(H,0),]-:36 H,O (2), a
{y-SiW(O5} and a {B-SiWyO05(OH)}
unit enclose a mononuclear {CoO,-
(H,0),} group and a {Co;0,(OH)-
(H,0)s} fragment. The two trinuclear
Co" clusters present in 1 enclose a -
O atom, while in 2 a p;-OH bridging
group connects the three paramagnetic
centers of the trinuclear unit, inducing
significantly larger Co-L-Co (L=p,-O
(1), i-OH (2)) bridging angles in 2

Introduction

The structures of lacunary polyoxometalate ligands!"! allow
the inclusion of well-isolated clusters of transition metal cat-

(Oavicorcy=99.1°) than in 1 (O cor-
coy=92.8°). Weaker ferromagnetic in-
teractions were found in 2 than in 1, in
agreement with larger Co-L-Co angles
in 2. The electrochemistry of 1 was
studied in detail. The two chemically
reversible redox couples observed in
the positive potential domain were at-
tributed to the redox processes of Co"
centers, and indicated that two types of
Co" centers in the structure were oxi-
dized in separate waves. Redox activity
of the seventh Co" center was not de-
tected. Preliminary experiments indi-
cated that 1 catalyzes the reduction of
nitrite and NO. Remarkably, a reversi-

Keywords: cobalt - electrochemis-
try - ligand effects - magnetic prop-
erties - polyoxometalates

ble interaction exists with NO or relat-
ed species. The hybrid tetranuclear
complexes  KiNa;[(A-0-SiWy0s,)Co,-
(OH)3(CH;CO0);]-18H,0 (3) and
KsNa;[(A-0a-SiW,034)Coy(OH)(N3),-
(CH;COO);]-18H,0 (4) were charac-
terized: in both, a tetrahedral
{Coy(L))(L,)2(CH;CO0)5} (3: Li=L,=
OH; 4: L,=0H, L,=N;) unit capped
the [A-a-SiW,04,]"" trivacant polyan-
ion. The  octanuclear  complex
KsNag[(A-0-SiW,4034),Cos(OH -
(H,0),(CO,);5]*52H,0 (5), containing
two {Co,04(OH);(H,0)} units, was also
obtained. Compounds 2, 3, 4, and §
were less stable than 1, but their partial
electrochemical characterization was
possible; the electronic effect expected
for 3 and 4 was observed.

ions. The number of metallic ions incorporated in the poly-
oxometalate matrix as well as the size, charge, solubility,

and acidity of these molecular metal oxide compounds® can
be modulated so that their properties, such as magnetic be-
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havior® or catalytic activity, can be fine-tuned.' Monomeric
polyanionic species inserting from one to nine paramagnetic
cations have been reported for magnetic polyoxometalates.
It is also possible to increase the number of vacancies in the
polyoxometalate ligand by assembling diamagnetic polyoxo-
metalate subunits into larger anionic species, and thence to
obtain magnetic systems of higher nuclearities.”) For exam-
ple, Kortz et al. have shown recently that the pre-formed
tetrameric [H,PsW,50,5,]** ligand can accommodate 20 Cu"
centers connected by hydroxo groups.! On the other hand,
the in-situ reaction of multilacunary monomeric polyanions
with paramagnetic cations can lead to oligomeric high-nu-
clearity species. This is generally achieved by acid-base con-
densation,”” but supramolecular assemblies around small
anions such as halides can also be effective.’! Recently, in-
sertion into paramagnetic polyoxometalate matrices of exog-
enous ligands and especially that of the azido anion” has
shown that such polydentate ligands can also allow the as-
sembly of magnetic polyoxometalate subunits,'! but in addi-
tion could impose ferromagnetic interactions within the clus-
ter.[ll,]Z]

Co" polyoxometalate compounds containing from two to
nine interacting paramagnetic centers have been reported.
The monomeric Keggin complex [Co(H,O)(CoW;;03)]*,
consisting of two p-O-bridged Co" centers in a tetrahedral
and an octahedral environment (Figure 1a) was reported in
1956.31 More recently, synthesis of dimeric sandwich-type
polyoxometalates has made it possible to isolate di-, tri-,
tetra-, and pentanuclear Co" compounds. The tetranuclear
species are all composed of a {Co,O,s} rhomb-like cluster
(Figure 1b) encapsulated between two trilacunary Keggin-
type [B-XW,05]" (X=P", As", n=7; X=Zn", n=10) or
Dawson-type [X,W,s05]*~ (X=P", As") moieties, with all

Figure 1. Polyhedral representation of the geometries of (a-h) the poly-
oxometalate-encapsulated Co" clusters previously reported and (i, j) the
new clusters reported herein.
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the cobalt centers in an octahedral environment.'¥ (The A
and B nomenclature in this manuscript refer to the different
vacancy types found in the Keggin structures.) Related tri-
nuclear compounds are obtained by the formal replacement
of a Co" center belonging to the {Co,0,} tetranuclear unit
by a tungsten or a sodium cation (Figure 1c)."”! Analogously,
the replacement of two cobalt centers of the {Co,O} core
by two sodium ions leads to a dinuclear Co™ sandwich poly-
oxometalate (Figure 1d)."™! The pentanuclear species
[CosW(H,0),(CoW,05,),]"*", in which two tetrahedral Co"
centers are connected to three octahedral Co" ions by two
wy-O atoms (Figure 1le), is also derived from these sandwich-
type structures.">!! Three trimeric Co" phosphotungstate
compounds based on the {Co;(B-PW,O3,)} building unit in
which a triangular {Co;0,;} group (Figure 1f) caps the triva-
cant Keggin anion have also been characterized. The hexa-
17 and heptanuclear™ (Figure 1g) complexes are construct-
ed of two subunits connected by a [PW:O,]"'~ fragment
and a [CoW;0,,(OH),]!*" group, respectively, while in the
nonanuclear compound the three subunits are linked by two
[HPO,]* groups (Figure 1h).! In contrast with the hepta-
and nonanuclear compounds, in the hexanuclear complex
the two {Co0;0;;} units are pseudo-isolated magnetically.

The chemistry of Co™ polyoxometalates with di- or penta-
valent heteroatoms has been widely explored; there is a
huge diversity of compounds. Surprisingly, it was only in
2005 that the first Co' silicotungstate complexes with mag-
netically coupled paramagnetic ions were reported. The tri-
nuclear complex! [Co;(B-B-SiWy033(OH))(B--SiWgO0,-
(OH),)]'" contains a {Co;(B-SiW,0;,)} unit which can be
compared with the {Co;(B-PW,0O5,)} unit previously men-
tioned, while the nonanuclear compound®! [Co,ClL,(OH);-
(H,0)4(B-SiW405,);]'"~ is related to the nonanuclear phos-
photungstate complex described above, with two chloride
anions instead of two protonated phosphato groups connect-
ing the trinuclear units. Pursuing our efforts toward the
functionalization of magnetic polyoxometalate compounds
by exogenous ligands, we report here the characterization of
five new Co" silicotungstate complexes synthesized in the
presence of carboxylato, cyanato, azido, and/or carbonato li-
gands. Both the unfunctionalized species Ky[{(B-f-Si-
WyO33(OH))(B-SiWs0,9(OH),)Cos(H,0)},Co(H,0),]-47H,0
(1), obtained in the presence of acetato ligands, and
K;[Co, s(Hy0)7)][(v-SiW 10036) (B-SiWO5,(OH))Co,(OH)-
(H,0),]-:36 H,O (2), obtained in the presence of acetato and
cyanato ligands, enclose the triangular {Co;0;3} unit repre-
sented in Figure 1f, but while in 1 the three Co" centers are
connected by a central pu-O ligand arising from a {SiO,}
group, the paramagnetic ions are bridged by a p;-OH group
in 2. Whereas these two complexes are related to Co" poly-
oxoanions including the {Co;0,5} fragment,l!'”! the success-
ful grafting of acetato, azido, or carbonato ligands onto the
paramagnetic centers embedded in the polyanionic matrix
has afforded complexes inserting paramagnetic clusters un-
precedented in the chemistry of Co" polyoxometalates. In
the hybrid complex KsNas[(A-a-SiWy0;,)Co,(OH);-
(CH;COO);)-18H,0 (3), a tetrahedral {Co,(OH);-
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(CH;COO);} unit (Figure 1i) caps the [A-0-SiW,03,]"" tri-
vacant polyanion. Two bridging hydroxo ligands can be sub-
stituted by two azido anions, leading to KsNaj[(A-a-
SiW,034)Co,(OH)(N3),(CH;COO0);]-18 H,O (4). This com-
plex represents, to the best of our knowledge, the first exam-
ple of a polyoxometalate compound in which the magnetic
centers are connected by two kinds of exogenous polyatomic
ligands. In the presence of carbonate, KgNag[(A-a-
SiW403,),Cog(OH)4(H,0),(CO5);]-52H,0 (5) has been ob-
tained, corresponding to the first polyoxometalate complex
containing a double-tetrahedral Co" unit (Figure 1j). The
magnetic properties of complexes 1 and 2 have been investi-
gated, making it possible to determine the exchange cou-
pling constants characterizing these compounds. The stabili-
ty in solution of all these complexes has been examined by
UV/Vis spectroscopy. The stability of 1 in the pH 0-7
domain has allowed its electrochemistry to be studied in
detail; preliminary experiments have indicated that this
compound catalyzes the reduction of nitrite and NO. Re-
markably, the existence of a reversible interaction with NO
or related species was observed.

Results and Discussion

Synthesis and IR spectroscopy: The complexes 1 and 2 were
both synthesized in water (pH 5) at room temperature by
mixing Kg[y-SiW,,O34]-12H,0 with cobalt acetate (2 equiv).
In the case of 2, potassium cyanate was added to the react-
ing medium. The decomposition of the precursor into the
{B-B-SiW,03,} and {3-SiWgO3} units has been observed and
discussed previously.'*?2  The {(B-B-SiW,0;5(OH))(B-
SiW;0,,(OH),)Co5(H,0)} unit can be obtained under vari-
ous reaction conditions (medium, temperature, concentra-
tion),® highlighting the stability of this sandwich polyoxo-
metalate entity. While the presence of KNCO has a strong
influence on the formation of the resulting compound, the
insertion of this ligand into the polyoxometalate matrix has
not been achieved. The complex 3 was obtained starting
from the Na;o[A-0-SiWyO3,]-19H,0 precursor in the pres-
ence of a stoichiometric amount of Co" in an aqueous solu-
tion of potassium acetate (1M, pH 8) with gentle heating.
After removal of an abundant precipitate (3a), 3 was ob-
tained as a pure crystalline phase in poor yield from the fil-
trate. The elemental analysis of the powder™ suggested that
3a is the sandwich-type compound K,,[(A-a-SiW,0;4),Cos-
(H,0),]-(47-n)H,0, which can be compared with the
Ko[(A-0-PW,03,),(Fe(H,0),);]20H,0 complex reported by
Hill et al.” FTIR analysis confirmed the absence of acetato
ligands in 3a, while four bands characteristic of COO vibra-
tions” were found in the 1650-1400 cm™ range for complex
3 (Vaym=1606 and 1556 cm™'; v, =1443 and 1421 cm™).
This indicates the presence of two types of non-equivalent
acetato ligands. The vy, and v, modes can be correlated
by considering the relative intensities of the bands. The cal-
culated A values, defined as Vu—Vym' | are A=
163 cm™? and A,=135cm™'; they suggest a bidentate
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bridging mode coordination for both ligands, even if the A;
value is close to that found for the ionic sodium acetato
compound (A =164 cm™). The complex 4 was synthesized in
good yield under conditions analogous to those used for 3,
except that a threefold excess of sodium azide was added to
the reaction medium. Even with a larger excess of the N;~
ion, it was not possible to substitute the three p;-hydroxo li-
gands present in 3 by three azido ones. The number of graft-
ed azido ligands has been determined by considering both
the XRD data and the elemental analysis. FTIR spectrosco-
py confirmed the presence of equivalent asymmetric azido
ligands: a strong v,,,, band was observed at 2098 cm!and a
weak v, band appeared at 1283 cm".***"l As for 3, four
bands suggesting the presence of non-equivalent bidentate
bridging acetato ligands were found in the FTIR spectrum
of 4 (Vuym=1594 and 1555 cm™', v, =1437 and 1417 cm™;
A, =157 cm ™! and A, =138 cm™!).%®l The complex K Nag[(A-
a-SiW,04,),Cog(OH)(H,0),(CO5);]-52H,0 (5) was synthe-
sized in similar conditions to those used for 4, but with
sodium azide replaced by an excess of potassium carbonate.
Its FTIR spectrum showed two intense bands at 1482 and
1379 cm™!, which were ascribed to carbonate-based asym-
metric stretching modes.”

Solid-state structures

Kyl{ (B-B-SiWo033(OH)) (B-SiWs0,9(OH),) Cos(H,0)},Co-

(H,0),]-47 H,0O (1): Compound 1 (Figure 2) is composed of
two equivalent {(B-B-SiW,0,;(OH))(B-SiW;0,4(OH),)Cos-
(H,O)} units which have been described already for the re-
lated compound [{(B-B-SiW,0:(OH))(B-SiW0,(OH),)-
Co;(H,0)},]* (1a).2” In each subunit, a nearly equilateral
triangular {Co;} cluster is encapsulated between a [B-f3-
SiW,04;(OH)]’" unit and a [B-SiWO,(OH),]*” fragment.
Two {W;0,;} groups of the {(B-B-SiW,O33(OH)} fragments
constituting 1 are disordered over two positions related by a

Figure 2. Polyhedral representation of the [{(B-B-SiW,0:;(OH))(B-
SiW;0,,(OH),)Co;(H,0)},Co(H,0),]*’~ polyanion in 1. Gray octahedra,
{WOg}; black octahedra, {CoOg}; white tetrahedra, {SiO,}.
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60° rotation. For 1 and 1a, the two {(B-B-SiW,0;(OH))(p-
SiW0,,(OH),)Cos(H,0)} groups are held by Co-O-W
bonds. Nevertheless, while in the chiral compound 1a the
connection between the two subunits occurs through the
two trinuclear Co" clusters, in the centrosymmetric com-
pound 1 the connection occurs through a {CoO,(H,O),}
group, which lies on an inversion center. As a result, where-
as in 1a the two equivalent sandwich fragments are almost
orthogonal to each other, a parallel arrangement of the sub-
units is found in 1. The number of potassium counterions in
1, determined by elemental analysis, indicates that this com-
plex is hexaprotonated and, in agreement with calculations
performed on 1a,”! bond valence sum calculations
(BVSC) indicate that the protons are located on p,-bridging
oxygen atoms.

K3[Co,5(H0)7)][(1-SiW10056) (B-SiWsO3(OH) ) Co,(OH)-

(H,0),]-:36 H,O (2): Complex 2 is built from a [y-
SiW,,05]% and a [B-SiW;0;,(OH)]’~ Keggin unit connected
by a mononuclear {CoO,(H,0),} group and a {Co;O,(OH)-
(H,0)s} fragment (Figure 3). The {CoO4(H,0),} unit is coor-

Figure 3. Polyhedral

representation of  the
SiW;05,(OH))Co,(OH)(H,0),]'"~ polyanion in 2. Gray octahedra,
{WOq}; black octahedra, {CoOg}; white tetrahedra, {SiO,}.

[(v-SiW1,056) (B-

dinated to two oxygen atoms of the [y-SiW,,05]*" polyoxo-
metalate and two oxygen atoms of the [B-SiWzO,,(OH)]*~
polyanion, while the {Co;0,(OH)(H,0O);} fragment is di-
coordinated to the divacant Keggin unit and pentacoordinat-
ed to the tetravacant polyoxotungstate ligand. Five water li-
gands complete the coordination sphere of these octahedral
paramagnetic ions. A central ps-hydroxo ligand [BVSC(us-
O(H))=1.09]® connects the cobalt centers. An additional
{CoO;(H,0);} group (Figure S1) with an occupation factor
of 0.5 is coordinated by three p-oxo atoms to the tetravacant
Keggin unit, capping the [B-SiW;O05,(OH)]’~ fragment. Ele-
mental analysis data and electroneutrality considerations led
us to propose that this {CoO;(H,0);} group is disordered to-
gether with two protons. Then, 2 can be described as the su-
perposition of the [(y-SiW;iOs5)(B-SiW05,Co(H,0);)Co,-
(OH)(H,0),]""  and  [(y-SiW;¢Os6)(B-SiW500(OH),)Co,-
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(OH)(H,0),]°" units. Due to the disorder, it has not been
possible to support the presence of the protons by bond va-
lence sum calculations, but the charge stated for the {f-
SiWg0;,} fragment in 2 does agree with that found for the
same subunit in the complexes 1 and 1a. The presence of a
supplementary Co" ion capping this Keggin unit indicates,
as postulated by Kortz et al.,”” that it is possible to connect
additional metallic atoms to the surface of the {-SiW3O;,}
group after filling its vacancies, highlighting the basicity of
this fragment. Interestingly, it is the first time that such a tri-
angular {Co;} fragment connected to a polyoxometalate
ligand has been found to enclose a central y;-OH ligand; all
the analogous compounds previously characterized pos-
sessed a central u-O belonging to an {XO,} hetero group
(X=PY, Si'"). This induces a noticeable increase in the Co-L-
Co angles (L=p,-O in 1 and 1a, and p;-OH in 2; O,yco1.co)
=92.8°in 1, 92.9° in 1a, and 99.1° in 2). On the other hand,
the protonation of the central oxygen atom does not signifi-
cantly influence the Co-O-Co angles involving the peripher-
al oxo ligands (0. co0.cy=93.9° in 1, 93.4° in 1la, and
94.7° in 2). Very few sandwich-type polyoxometalate com-
pounds containing two different Keggin units have been
characterized. Apart from 1 and 1a, [Zr(PMo,,04)-
(PMoy,Os)]" ™ and [Niy(OH),(H,0)(COs),(HCO:)(A-a-
SiW0,,) (B-SiW,05,)]'° B represent the first sandwich-
type polyanions made from a divacant and a tetravacant
polyoxoanion.

K;sNas[(A-a-SiW,03,)Co,(OH);(CH;COO);/-18 H,O (3) and
K;sNa;[(A-a-SiW,03,)Co,(OH)(N;),(CH;COO);]-18 H,O

(4): Compound 3 can be described as a [A-a-SiW,O3,]"" tri-
vacant polyanion accommodating a {Co;(u;-OH),} fragment,
each cobalt center being tricoordinated to the polyoxotung-
state. A fourth Co" ion connected to these paramagnetic
centers through three p,-acetato ligands caps the trinuclear
fragment (Figure 4). All the Co" centers are thus in an octa-
hedral environment. While the overall symmetry of 3 is
close to GC;, the crystallographic symmetry of the [(A-o-
SiW,03,)Co4(OH);(CH;COO);]* unit is C,, with a mirror
plane containing the Co2, Co3, and silicon atoms intersect-

Figure 4. Polyhedral and ball-and-stick representation of the [(A-o-
SiW,05,)Co,(OH);(CH;COO);]* polyanion in 3. Gray octahedra,
{WOq}; white tetrahedra, {SiO,}; gray cross-hatched spheres, Co; black
spheres, C; white spheres, O.
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ing the polyanion. It follows that only two of the three ace-
tato ligands are crystallographically equivalent, in agree-
ment with the IR data. For the Col and Co2 centers, the
equatorial plane is defined by two O(W) atoms of the [A-a-
SiW,05,]' unit and two hydroxo groups (dc, on=2.022(5)-
2.046(9) A; Co-O(H)-Co=130.3(5)° and 132.4(7)°), the
apical positions being occupied by an O(Si) atom (d¢y—og=
2.280(10) and 2.328(14) A) and an oxygen atom of an aceta-
to ligand (dcy-0ocns=2.107(16) and 2.136(12) A) Consider-
ing the Co3 center, the two Co3—OH bonds involving the
two hydroxo groups connecting the three crystallographical-
ly independent cobalt centers are long (dc,-on=2.116(9) A,
Co-O(H)-Co=91.4(4)° and 91.7(4)°), the four other bonds
being in the range 2.067(11)-2.080(13) A (Co-O(H)-Co=
93.4(4)°). The structure of 4 is derived from that of 3, with
two ;;-azido ligands replacing two ps-hydroxo bridges
(Figure 5). In 4, a C; axis contains the silicon and the Co2

Figure 5. Polyhedral and ball-and-stick representation of the [(A-a-
SiW,05,)Co,(OH)(N;),(CH;COO);]*~ polyanion in 4. Gray octahedra,
{WOq}; white tetrahedra, {SiO,}; gray cross-hatched spheres, Co; black
spheres, C; light gray cross-hatched spheres, N; white spheres, O.

centers, inducing a crystallographic disorder between the ps-
ligands L' (L'=N;", OH") bridging the three Co" ions em-
bedded in the polyoxometalate matrix (dco =2.072(5) A
and dcyy 1 =2.114(4) A; Col-L'-Col=129.4(2)° and Col-L'-
C02=91.60(16)°). Complex 4 can also be regarded as a di-
meric compound, a sodium ion hexacoordinated to six
oxygen atoms of six acetato ligands ensuring the connection
between two [(A-a-SiWy0;,)Co,(OH)(N;),(CH;COO),]*
subunits (Figure S2). Few polyoxometalates containing
bridging carboxylato ligands have been reported.’"* More-
over, 3 and 4 represent rare cases of tetranuclear complexes
capping a Keggin-type polyanion, but the {Co,O,L;-
(CH;COO);} tetrahedral cluster can be compared with the
{Ni,Oy(OH);(CO;);} tetranuclear unit found in the complex
[Ni;(OH)4(H,0)(CO5),(HCO;3)(A-a-SiW,Os,) (B-
SiW,05)]"0."

KsNas[(A-0-SiWo03,),Cos(OH)s(H;0),(CO5)5/-52 HO  (5):

The octanuclear compound 5 can be described as two {(A-
a-SiW,05,)Co,(OH);(H,0)} subunits connected through
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three carbonato groups (Figure 6). Two crystallographically
independent [(A-a-SiW,0;,),Cos(OH)s(H,0),(CO5)5]'*" en-
tities are found in the unit cell. A pseudo-mirror plane con-
taining the carbon atoms of the carbonato ligands relates

Figure 6. Polyhedral and ball-and-stick representation of the [(A-a-
SiW,05,),Cos(OH)4(H,0),(CO;);]"*" polyanion in 5. Gray octahedra,
{WOg}; white tetrahedra, {SiO,}; gray cross-hatched spheres, Co; black
spheres, C; white spheres, O.

the two {(A-a-SiW,0;,)Co,(OH);(H,0)} groups. The tetra-
nuclear subunit can be compared to the [(A-a-
SiW,05,)Co4(OH);(CH;COO0);]* unit found in 3 and 4. As
in these compounds, a {Co;(u;-OH);} fragment completes
the trivacant [A-a-SiWy05,]'""" ligand (dco-on=2.035(8)-
2.073(7) A; Co-O(H)-Co=126.8(4)-132.5(4)°), the three ps-
OH ligands also being connected to a Co" ion capping the
trinuclear group (dc, on=2.086(7)-2.132(7) A; Co-O(H)-
Co=190.6(3)-97.9(3)°). Two wn'm'm* CO,*" ligands ensure
the connection of a Co™ center of the {Co,(pus-OH)s} unit to
the apical Co" ion, but additionally to the corresponding
Co" centers of the adjacent subunit (dc, ocor=2.069(8)-
2.116(8) A). The third carbonato group acts as a p-1'm’
ligand, connecting the two apical Co" ions of the two tetra-
hedral {Co,} units (dc, ocor»=2.032(8)-2.059(9) A). Such an
arrangement is close to that found in the carbonato hepta-
nuclear Ni" complex [Ni,(OH),(H,0)(CO;),(HCO;)(A-o-
SiW,0,,)(B-SiW,057)]'*" reported recently.”!! It is likely
that in 5 the w,-n"n' carbonato ligand is deprotonated, the
C—0 bond involving the terminal oxygen being significantly
shorter (de_o=1.272(16) and 1.277(14) A) than those found
for similar protonated groups (1.35<dco<1.50 A).B1 A
water molecule completes the coordination sphere of the
two Co" ions not bonded to a carbonato ligand.

Magnetic properties: Both y\7 versus T curves of 1 and 2
(Figures 7 and 8, respectively) exhibit a continuous decrease
from room temperature (yy7=43.1 emuKmol™' for 1 and
30.7 emuKmol ™' for 2) to a minimum at 42 K. Below this
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Figure 7. Thermal behavior of y\7 for 1 at different fields: 0.1, 0.5, 1, and
2.5 T in the range 2-20 K. Inset: experimental y,7 of the same sample at
0.1 T in the range 2-300 K.
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Figure 8. Thermal behavior of yyT for 2 at different fields (0.1, 0.5, 1,
and 2.5T) in the range 2-20 K. Inset: experimental yy7 of the same
sample at 0.1 T in the range 2-300 K.

temperature, a sharp peak is observed with a maximum at
6.5K for 1 (yyT=472emuKmol™") and at 7.5K for 2
(ymT=30.3 emuKmol ). These maxima clearly depend on
the magnetic field (Figures7 and 8). When the magnetic
field increases, the maximum decreases in value and be-
comes broader. The decrease from room temperature can
be attributed to the spin—orbit coupling of Co". The Co"
atom in an octahedral coordination has a high-spin ground
state “T, with first-order spin-orbit coupling. This ground
state is split into six anisotropic Kramers doublets. At low
temperature when the y\7 versus T curves present a peak
only the lowest Kramers doublet is populated. This indicates
that the ferromagnetic ground state for the clusters is due to
the anisotropic exchange between the lowest Kramers dou-
blets with effective spins 1/2.
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Taking into account all the aspects mentioned above, the
effective exchange Hamiltonian for compounds 1 and 2 can
be written as Equation (1), in which J is the only exchange
pathway involved if we suppose that the three Co" in the tri-
nuclear units are equivalent.

=27 J,(585 + 8586 + 8589) (1)

a=x.y.z

This exchange Hamiltonian is valid for both compounds
and we need only to add the contributions of the isolated
Co" units in the appropriate ratio. A simultaneous fit of the
four magnetic susceptibilities at different fields was per-
formed by numerical diagonalization of the full eigenma-
trix®! and gives the following sets of parameters for each
compound: J.=114cm™, J,=91cem™', J,=73cm™, g.=
5.77 and g,,=4.85 (R=3.4x107)" for 1 and J,=9.8 cm™’,
J,=52em ', J,=39cm ™, g.=7.64 and g,,=4.69 (R=3.8x
1074 for 2.

The ferromagnetic sign of the exchange parameter can be
explained by the orthogonality of the magnetic orbitals in
the edge-sharing CoOy octahedra (Co-O-Co angles close to
90°). The magnitude of the exchange parameters falls in the
range of values found in other related systems with polyoxo-
tungstates encapsulating Co! jons.**1*42 Nevertheless,
the intensity of the ferromagnetic coupling is higher for 1
than for 2. This can be justified easily by considering that
the Co-(s-L)-Co angles (L=OH, O) are significantly larger
in 2 than in 1 (O4(co-(uy1)-cop=99.1° in 2 and 92.8° in 1).

Electrochemical experiments

Cyclic voltammetry: All the compounds studied in this sec-
tion have both tungsten and cobalt centers the electrochemi-
cal activities of which become apparent in quite distinct po-
tential domains. For clarity, the phenomena observed in the
negative and positive potential domains (versus SCE) are
described separately. The phenomena observed in one
domain had a negligible influence on those in the other
domain.

UV/Vis spectrophotometry showed that 1 is stable in
media at pH 0-7 over at least 24 h. The possibilities of 1
breaking down into two monomers or of a Co" atom falling
out of the main polyoxometalate structure have been ruled
out by gel filtration chromatography (see Supporting Infor-
mation).

To investigate the reduction of W centers, two cyclic vol-
tammograms were obtained at pH 3 and pH 5 for complex 1
(Figure 9a). In both media, these waves were close to the
potential limit imposed by the buffer; they were chemically
reversible, which is usual for the electrochemical behavior
of the majority of polyoxometalates. When the pH was de-
creased from 5 to 3, the wave shifted toward the positive po-
tentials, an indication that protons were involved in the re-
duction process. Since no electron-transfer kinetics study of
this type of phenomenon was carried out, it was not possible
to correlate the cathodic peak potential shift of 75 mV per
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Figure 9. Cyclic voltammograms of 2x 10~*m complex 1 obtained in three
media at different pH values, addressing just the redox processes of the
W centers. The scan rate was 10 mVs™, and the reference a saturated
calomel electrode. a) Comparison of the voltammograms obtained at
pH3 and pHS5; b) comparison of the voltammograms at pH 0.33 and
pHS.

pH unit with the number of protons participating in the re-
duction. A careful analysis of Figure 9a reveals an incipient
cathodic wave splitting for the curve obtained at pH 3.

In Figure 9b, two cyclic voltammograms obtained at
pH 0.33 and pH 5 are compared: at pH 0.33 four chemically
reversible waves were obtained, the reduction peak poten-
tials of which were —0.142, —0.250, —0.476, and —0.604 V
versus SCE. The first two may be considered to have re-
placed the single wave observed at pH 5. This remarkable
phenomenon confirms and amplifies the splitting trend no-
ticed in the voltammogram obtained at pH 3. It is paradoxi-
cal that W waves coalesce more frequently than they split
when the buffer pH is decreased. This unusual behavior as a
function of pH has already been mentioned in the litera-
ture.?"¥! It may be rationalized by the inversion of several
pK, values in the reduced forms of polyoxometalates. Acidi-
ty inversion has been demonstrated for various reduced spe-
cies of 18-molybdo-2-arsenate.”” The same phenomenon
has been observed for the crown heteropolyanion
[H,PW ,50,5,]** 7" and the satellite-shaped compound [Co,-
(H,0)30{CosCl(OH)3(H,0)o(B-SiW505)3)]~.* The pK, in-
version may well be the general explanation for such a be-
havior in electrochemistry. The W waves of 1 show strong
analogies in both the potential position and the behavior
with  the complex [Cos(H,0);30{CoyCL(OH);(H,0)s(p-
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SiW;05,);}]°~ and also with “banana”-type complexes such
as [NigAs;W,,044(H,0),]""~ and [Ni;Mn,P;W5,00,-
(H,0),]""~ ¥ Such analogies are useful in order to estimate
the number of electrons involved in each W wave by com-
paring the peak current intensities recorded under identical
experimental conditions. Although potential-controlled cou-
lometry is feasible with the analogues mentioned above, it is
impossible to perform it on the single W wave of 1 observed
at pH 5: in this case, and even when the potential was set to
—0.950 V (that is, roughly 100 mV before the peak maxi-
mum), proton reduction catalysis led to consumption of
over 41 electrons per molecule. In summary, this proton re-
duction catalysis carried out by the 1 reduced species pre-
vents determination of the number of electrons involved in
the W center wave by coulometry in this medium.

At pH 5, two chemically reversible couples were observed
in the positive potential domain versus SCE voltammogram
(Figure 10a). The anodic (E,,) and cathodic (E,.) peak po-
tentials for these couples were: E,,;=40.852V; E, =
+0.758 V; E,,=+1.028 V; E,,=40.948 V. These two waves
were assigned to processes involving the Co" centers of 1, as
confirmed by potential-controlled coulometry. Indeed, a
first oxidation carried out at 4+0.860 V, just beyond the oxi-
dation peak of the first redox couple, took 2.0+0.1 electrons
per molecule, and the solution color changed from pale pink
to peach. This solution was stable under an argon atmos-

a)

I1pA

b) EIVvs. S CE

ITpA

EI/Vvs.SCE

Figure 10. Cyclic voltammograms of 2x10™*m complex 1, addressing just
the redox processes of the Co'"! centers, obtained in two media with dif-
ferent pH values. The scan rate was 10 mV s~!, and the reference a satu-
rated calomel electrode. a) pH 5; b) pH 3.
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phere, and when it was submitted to cyclic voltammetry
only the features of the second redox couple remained un-
changed. When this solution was subjected to a second elec-
trolysis at an imposed potential of +1.050 V, a value slightly
more positive than the oxidation peak potential of the
second redox couple, the peach color darkened as the reac-
tion proceeded. This oxidation required 4.2+0.1 electrons
per molecule, and these results are in agreement with the
oxidation current ratio that may be calculated from Fig-
ure 10a. When the re-reduction processes were carried out,
the final voltammogram retraced the one obtained at the
beginning of the experiment, the intensity and the potential
position of the waves being identical in both cases. All of
these results taken together led to the following conclusions:
1) the redox activity of the seventh Co™ has not been detect-
ed and 2) the other six Co" centers may be oxidized to Co™,
in two distinct groups, in quasi-reversible electron-transfer
steps. The separation of the oxidation processes into two dif-
ferent groups must be attributed to the existence of two dis-
tinct types of Co" centers in the structure. Hence, the first
wave observed when varying the potential toward more pos-
itive values was bielectronic, and may represent the redox
behavior of two structurally identical Co™ atoms; the second
wave, which involved four electrons, must be associated with
the other four Co™ atoms, which are also structurally identi-
cal. To the best of our knowledge, these observations con-
cerning 1 constitute a second example, after that of complex
[{Co3(B--SiWyOs3(OH))(B-B-SiWOy(OH),1]*~* multi-
substituted Co" center polyoxometalates exhibit almost re-
versible electrochemical behavior. In summary, starting
from 1, which will henceforth be written (Co"), for clarity,
the mixed-valence compounds (Co™),(Co™)s and (Co™),-
(Co") have been obtained successively. Spectroelectrochem-
istry experiments confirmed that these three compounds
were different. These three species were stable enough in
the reaction media to be characterized by their UV/Vis
spectra (see Figure S3). Before the electrolysis, the (Co™),
spectrum was characterized by a well-defined band at
550 nm, followed by a slight shoulder around 525 nm. The
spectrum of (Co™)s(Co™) also exhibited a well-defined band
but at 725 nm, and in the intermediate case of the mixed-va-
lence (Co™),(Co™)s, bands at 725 and 550 nm were ob-
served, with the above-mentioned shoulder at 525 nm. A
six-electron complete re-reduction of (Co™),(Co™) at 0.0 V
regenerates a product with the same UV/Vis spectrum as
(Co™),. Since these compounds are stable, it would be inter-
esting to isolate the (Co™),(Co™)s and (Co™)s(Co™) forms in
order to study them by X-ray crystallography and to verify
that the structure remains that of 1.

Electrocatalysis: Compound 1 was tested for its electrocata-
lytic properties regarding the reduction of NO,. As far as
NO;™ is concerned, no changes, or very small ones, occurred
in the voltammograms even at y=1000 (the excess parame-
ter y is defined as y = C’psrae/ Corom)-

The situation was rather different with NO, : in 0.5Mm
H,SO, (pH 0.33), this anion was reduced catalytically at the
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first wave, with a peak at —0.100 V (at 2 mVs™') and satura-
tion reached for y =20, for which a current increase of over
30-fold was observed when compared with the situation
without NO,™. In 0.2m Na,SO, (pH 3.00 buffer), similar be-
havior was observed, with a peak potential at —0.640 V (at
2mVs™) for y =20, corresponding to a current increase of
over 20-fold. This decrease in current intensity as the pH in-
creases is classical for numerous POMs and is not shown
in detail here. The following sequence is known:
HNO,2H*+NO,  (pK,=3.3 at 18°C) and HNO, dispro-
portionates in fairly acidic solution: 3HNO,=HNO;+
2NO+H,O0. The rate of this reaction is known to be low.
This designates HNO, and NO as the main active species in
the pH media.’’

Interestingly, the presence of oxygen in the electrochemi-
cal cell led to a decrease in the catalytic current in both buf-
fers, hinting again at the participation of a transitory NO
adduct. Experiments carried out with this species (NO-satu-
rated solutions; NO concentration falling between 1 and
2mm) revealed a pronounced catalytic current which
evolved with time (Figure 11). In 0.5m H,SO, (pH 0.33), the

11 pA

before adding NO

just after adding NO

- 30 min after adding NO
1 h after adding NO

-03 -02 -041 0.0 0.1 0.2 0.3
EIVvs.SCE

Figure 11. Cyclic voltammograms of 10 *M complex 1, addressing just the
first redox processes of the W centers, without NO and at several time in-
tervals after saturation with NO ([NO]=1-2 mm). The scan rate was
2mVs™, and the reference a saturated calomel electrode.

reduction peak was at —0.110 V, immediately after the solu-
tion had been saturated with NO, and the current increased
10-fold compared with the situation without NO. This new
peak was roughly 30 mV more positive than the former first
W wave. This hints at the formation of a complex between 1
and NO or a related species. The response evolved with
time; the current ratio was over 50:1 after 3 h. The time-
dependence profile suggested the existence of an induction
period. In addition, the baseline current drifted to increas-
ingly negative values with time, a behavior indicative of
changes in the nature of the electrode surface, and therefore
of the electric double layer. Such surface phenomena must
operate,* as was seen previously in this work during the
electrocatalysis of nitrite reduction, or even with NO alone.
They are particularly enhanced in the presence of 1 and NO.
These processes were shown to be perfectly reversible, since
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the curves obtained at the beginning of the experiment and
after the NO had been driven out of the solution by bub-
bling with argon were virtually the same (Figure S4). Hence,
if a complex forms it has to be labile, since the effect of NO
is suppressed by bubbling with argon. Similar behavior was
observed for saturated polyoxometalates such as
[P,W,304]% and [SiW,,04]*", but in these cases the current
increase was not so pronounced and there was no noticeable
activation of the reduction of NO. Maybe the nature of 1 is
more suitable for an interaction with NO with subsequent
catalysis of its reduction, but further studies are required
before other conclusions can be drawn. The currents mea-
sured for NO in the absence of 1 under the same experi-
mental conditions at —0.130 V were negligible.

In 1M CH;CO,Li/CH;CO,H (pH 4.00), 1 gave rise to a
redox process with a reduction wave at —0.840 V. Under
these experimental conditions, NO exhibited a very large re-
duction wave (with a peak at —0.890 V at 10 mVs™!), and
the voltammograms were subsequently reversed at
—0.600 V. At this potential, the reduction current obtained
with both 1 and NO present in the solution was roughly two
times that measured with NO alone. Interestingly, the re-
sponse remained very stable over 3 h, while in the case of
NO alone a loss of 25% was observed. NO was removed
from the solution upon bubbling with argon, but whereas
one hour was sufficient to eliminate it in the absence of 1, at
least two hours were needed when the polyoxometalate was
present.

Complex 1 shows the most complete and typical set of
properties and behaviors. For all the other POMs containing
cobalt described in this paper, UV/Vis spectrophotometry
studies revealed a low stability. Nevertheless, partial electro-
chemical characterization of these compounds was possible.
As in the preceding studies, the waves associated with the
W and the Co centers have been addressed separately. The
most convenient media were chosen for each compound.
The corresponding details are described in the Supporting
Information.

Conclusion

Five new Co'silicotungstate complexes have been synthe-
sized starting from the [A-a-SiW,053,]'"" and [y-SiW;,O5]*"
precursors. In the experimental conditions used here, the di-
vacant polyoxometalate ligand may decompose into the {f3-
SiW;0;,} and/or {B-B-SiWO3,} units. The two sandwich-type
compounds 1 and 2 enclose the trinuclear Co" cluster
{Co30,5}, with a central p,-O atom and a p;-OH group, re-
spectively. This difference induces a weakening of the ferro-
magnetic interactions in 2 compared with 1. The stability of
1 in solution has allowed its electrochemistry to be studied
in detail. Preliminary experiments with NO, indicate that 1
catalyzes the reductions of nitrite and NO. The remarkable
existence of a reversible interaction with NO or related spe-
cies has been observed. Complex 1 also has potential appli-
cations in catalysis and electrocatalysis due to the reversible

Chem. Eur. J. 2007, 13, 3525-3536

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

behavior of its Co" centers. Starting from the [A-o-
SiW,0,,]"" polyoxometalate, two tetranuclear complexes
with {Co,(L")(L?),(CH;COO);} units (L'=L?=0H (3); L'=
OH, L>=N; (4)) capping the trivacant polyanion have been
obtained, confirming the higher stability of this polyanion
than the [y-SiW,,O5]*" precursor. The octanuclear complex
5 with carbonato groups bridging the paramagnetic centers
has also been obtained. Such tetrahedral (3 and 4) and
double-tetrahedral (5) paramagnetic clusters have never
been observed previously in Co" polyoxometalate chemis-
try; their presence highlights the fact that the inclusion of
exogenous ligands in polyoxometalate matrices allows the
formation of magnetic polyanions with unprecedented top-
ologies. The magnetic behavior of compounds 1 and 2 have
been modeled by using a single {/,,J/,,/,} exchange parame-
ter set. In contrast, two and four sets of values for the mod-
eling of the magnetic behaviors of complexes 3 and 4, re-
spectively, are required. For 5, a simplified model would
imply at least three sets of values. It follows that detailed in-
formation concerning the magnetic exchange interactions
for these systems can be obtained only by combining experi-
mental techniques. As inelastic neutron scattering (INS)
spectroscopy has proved to be a valuable tool for the deter-
mination of exchange interactions, in particular for the pa-
rameters connected with magnetic anisotropy,4e1516.3%
such experiments should be performed on compounds 4 and
5, and the results will be reported elsewhere. Considering
that complex 3 is obtained in poor yield and that relatively
large amounts of it would be needed for INS measurements,
the magnetic study of this compound is not envisaged. The
solution studies of compounds 2, 3, 4, and §, even if mainly
qualitative, led to the conclusion that the structure and the
atomic composition seemed to have a strong influence on
the voltammetric behaviors of both the W and Co centers.
However, the impossibility of studying all the compounds at
all pH values excludes a more detailed comparison of the
electrochemical behaviors. In the cases of 3 and 4, the ex-
pected electronic effect has been observed. The study of
these cobalt compounds in nonaqueous solvents may bring
about new insights.

Experimental Section

Chemicals, reagents, and analyses: All chemicals were used as purchased,
without purification. The lacunary precursors Na;,[A-a-SiW,04,]-19H,0
and K[y-SiW,05]-12H,O were synthesized as previously described.””!

Elemental analysis was performed by the Service Central d’Analyse of
the CNRS, 69390 Vernaison (France). Infrared spectra (KBr pellets)
were recorded on an IRFT Nicolet 550 apparatus.

K[ {(B-B-SiW,03,(OH)) (B-SiW;0,4(OH),) Co;(H,0)},Co(H,0),]-47 H,0
(1): Kq[y-SiW,4054]-12H,0 (0.4 g, 0.13 mmol) and Co(CH;COO),-4H,0
(0.067 g, 0.27 mmol) were dissolved in water (10 mL). The reaction mix-
ture was stirred at room temperature for 1 h. Then the pH was adjusted
to 5 with HCl (0.5M) and maintained at this value for 15 min. The result-
ing solution was allowed to evaporate at room temperature; after one
week, purple parallelepipedic crystals suitable for X-ray diffraction were
filtered and washed with KCI (2m) solution (yield 0.074 g, 22 % based on
tungsten). FTIR (KBr pellets): =987 (sh), 946 (m), 893 (s), 845 (s), 798
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(s), 720 (s), 629 (sh), 534 (w), 490 cm ™" (w); elemental analysis calcd (%)
for H;1,C07KO,5;81,W3,: W 58.98, Co 3.89, K 7.39; found: W 59.30, Co
4.04, K 6.93.

K;[Coy5(H,0),) 1[(7-SiW14O34) (B-SiW303(OH))Co,(OH) (H,0),]-36 H,O
(2): After dissolution of Kg[y-SiW,;05]-12H,0 (0.4 g, 0.13 mmol) and
Co(CH;COO0),-4H,0 (0.067 g, 0.27 mmol) in water (10 mL), solid potas-
sium cyanate (0.021 g, 0.26 mmol) was added. The reaction mixture was
stirred at room temperature for 1 h. Then the pH was adjusted to 5 with
HCI (0.5m) and maintained at this value for 15 min. The resulting solu-
tion was allowed to evaporate at room temperature; after one week,
purple parallelepipedic crystals suitable for X-ray diffraction were fil-
tered and washed with KCl (2m) solution (yield 0.12 g, 30% based on
tungsten). FTIR (KBr pellets): 7=1002 (w), 991 (w), 943 (m), 902 (sh),
869 (s), 792 (s), 773 (m), 557 (w), 528 cm ™' (w); elemental analysis calcd
(%) for H;(,Cos5KgO415S1, W, 5: W 55.58, Co 5.44, K 4.60; found: W 55.16,
Co 5.58, K 4.68.

K;Na;[(A-0-SiW,0;,)Coy(OH);(CH;COO0);]-18H,0  (3):  Naj[A-a-
SiW,0;,]-19H,0 (1 g, 0.35mmol) and Co(CH;COO),4H,0 (0.346 g,
1.42 mmol) were dissolved in an aqueous solution of potassium acetate
(Im, 8 mL) adjusted to pH 8 with HCI (1m). The solution was stirred at
40°C for 30 min, then cooled to room temperature. The purple suspen-
sion was centrifuged to remove insoluble solids, and allowed to evaporate
slowly. After one week, purple parallelepipedic crystals suitable for X-
ray diffraction were filtered and washed with KCl solution (2m) (yield
0.095 g, 8% based on tungsten). FTIR (KBr pellets): #=1606 (m), 1556
(m), 1443 (sh), 1421 (s), 1348 (w), 983 (w), 944 (sh), 933 (s), 889 (s), 858
(sh), 808 (s), 742 (w), 674 (s), 539 (m), 523 cm™! (m); elemental analysis
caled (%) for CgH3Co,KsNa;Og; SiW,: W 50.45, Co 7.19, K 5.96, Na 2.10,
C2.20.; found: W 48.76, Co 7.42, K 5.85, Na 1.50, C 2.01.
K;Na;[(A-a-SiW,03,) Co,(OH)(N;),(CH;C00);]-18H,0 (4): Na,[A-a-
SiWy0,,-19H,0 (1g, 035mmol) and Co(SO,)-7H,0 (0.400 g,
1.42 mmol) were dissolved in an aqueous solution of potassium acetate
(0.5m, 8 mL) adjusted to pH 8 with HCI solution (1m). Sodium azide
(0.140 g, 2.15 mmol) was added and the solution was stirred at 40°C for
30 min. It was cooled to room temperature, then the purple suspension
was centrifuged to remove insoluble solids and allowed to evaporate
slowly. After one week, purple parallelepipedic crystals suitable for X-
ray diffraction were filtered and washed with KCl solution (2m) (yield
0.405 g, 34 % based on tungsten). FTIR (KBr pellets): 7=2098 (s), 1594
(m), 1555 (m), 1437 (m), 1348 (w), 1283 (w), 984 (w), 933 (m), 888 (s),
855 (m), 804 (s), 771 (w), 698 (s), 673 (sh), 524 cm™! (m); elemental anal-
ysis caled (%) for CgH, sNgCo,KsNa;O5SiW,y: W 49.69, Co 7.08, K 5.87,

Table 1. Crystallographic data for complexes 1-5.

Na 2.07, C 2.16, N 2.52; found: W 45.68, Co 7.43, K 5.74, Na 2.14, C 2.11,
N 2.42.

K;Nag[ (A-0-SiW,03,),Co5(OH)((H,0),(CO3);1-52H,0  (5):  Naj[A-a-
SiW,05,]-19H,0 (1g, 035mmol) and Co(SO,)-7H,0 (0.400 g,
1.42 mmol) were dissolved in an aqueous solution of sodium acetate
(0.5M, 20 mL) adjusted to pH 8 with HCI (1M). An aqueous solution of
potassium carbonate (2m,0.714 mL, 1.42 mmol) was added and the result-
ing solution was stirred for 1 h at room temperature. The purple suspen-
sion was centrifuged to remove insoluble solids and allowed to evaporate
slowly. After three days, purple plate-like crystals suitable for X-ray dif-
fraction were filtered and washed with KClI solution (2m) (yield 0.709 g,
62% based on tungsten). FTIR (KBr pellets): 7=1482 (m), 1417 (sh),
1379 (m), 983 (w), 933 (w), 884 (s), 858 (sh), 797 (s), 681 (m), 528 cm™"
(w); elemental analysis caled (%) for C;H;;,CosK¢NagO,5;Si,Wis: W
49.56, Co 7.06, K 4.68, Na 2.75, C 0.54; found: W 47.72, Co 7.44, K 4.85,
Na 2.76, C 0.61.

X-ray crystallography: Intensity data were collected with a Siemens
SMART three-circle diffractometer for complexes 1, 2, and 3 and with a
Bruker Nonius X8 Apex 2 diffractometer for complexes 4 and 5, each
equipped with a CCD bidimensional detector using the monochromated
wavelength 1(Moy,)=0.71073 A. All the data were recorded at room
temperature except those for complex 4 for which, due to its instability, a
single crystal was mounted on a glass fiber in Paratone-N oil and intensi-
ty data were collected at 100 K. The absorption correction was based on
multiple and symmetry-equivalent reflections in the data set using the
SADABS program“”! based on Blessing’s method.*!! The structures were
solved by direct methods and refined by full-matrix least-squares using
the SHELX-TL package.” In all the structures there is a discrepancy be-
tween the formulae determined by elemental analysis and those deduced
from the crystallographic atom list because of the difficulty in locating all
the disordered water molecules and alkali counterions. Disordered water
molecules, alkali metals, and cobalt counterions were refined with partial
occupancy factors. Crystallographic data are given in Table 1. Further de-
tails of the crystal structure investigations for 1, 2, and 5, may be ob-
tained from the Fachinformationszentrum Karlsruhe, 76344 Eggenstein-
Leopoldshafen, Germany (fax: (+49)7247-808-666; e-mail: crystdata@
fiz-karlsruhe.de) on quoting the depository numbers CSD-416950 (1),
CSD-416951 (2), and CSD-416949 (5). CCDC-619251 and CCDC-619252
contain the supplementary crystallographic data for compounds 3 and 4.
These data can be obtained free of charge from the Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

1 2 3 4 5
formula H1,C0K50015551W3y  HypC055K7011581,Wig  CeHygCoKsNazOg SiWy - CiHyNgCoKsNazOs50SiWy - C3Hy14CogKgNagO,37S1,Wig
M, 10546.9 5953.9 32793 3329.3 6676.3
T [K] 293(2) 293(2) 293(2) 100(2) 293(2)
crystal system triclinic triclinic monoclinic rhombohedral triclinic
space group Pl Pl P2,/m R3 Pl
a[A] 12.3165(2) 16.8134(5) 10.7959(15) 12.1420(8) 11.9057(2)
b [A] 17.6051(1) 17.7692(5) 14.803(3) 12.1420(8) 24.2828(5)
c[A] 19.3340(1) 17.8630(5) 19.137(5) 76.137(7) 41.7373(9)
a[°] 84.858(1) 119.398(1) 90 90 78.452(1)
B°] 78.032(1) 98.058(1) 93.407(18) 90 89.463(1)
v [°] 85.501(1) 91.492(1) 90 120 80.751(1)
vV [A7] 4076.91(7) 4575.7(2) 3053(1) 9721.0(13) 11665.2(4)
VA 2 2 3 6 4
Peata [gCM ] 3.877 3.994 3.548 3.300 3.488
 [mm™] 24.921 23.950 18.434 17.280 19.190
data/parameters  20308/1107 22615/1198 8256/441 6401/285 66979/2995
Ry 0.0540 0.0909 0.0557 0.0362 0.0489
goodness of fit 0.841 0.990 1.034 1.315 1.118
R [I>20(1)] R,=0.0816 R,=0.0740 R,=0.0571 R,=0.0364 R,=0.0412
wR,=0.1374 wR,=0.1095 wR,® =0.2062 wR,=0.1700 wR,=0.1119

fa] Ri =2 [o] =
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Magnetic properties: Variable-temperature susceptibility measurements
were carried out in the range 2-300 K at a magnetic field of 0.1 T and in
the range 2-20 K at a magnetic field of 0.1, 0.5, 1, and 2.5 T on a poly-
crystalline sample with a magnetometer (Quantum Design MPMS-XL-5)
equipped with a SQUID sensor. The susceptibility data were corrected
for the diamagnetic contributions using Pascal’s constant tables.

UV/Vis spectroscopy: Before the redox properties of polyoxometalates
were studied, it was necessary to determine their stability domains over
the pH scale being used. It is known that polyanions may undergo chemi-
cal transformations or decompose completely, depending on the pH of
the solution in which they are dissolved. For the stability tests, UV/Vis
spectra of polyoxometalate-containing solutions recorded as a function of
time were compared. All solutions were 2x 10 M in polyanion and were
placed in quartz cuvettes with an optical path of 1 cm. Spectra were re-
corded with a Lambda 19 Perkin-Elmer spectrophotometer.

Electrochemical experiments: Ultrapure water was used, obtained by
successive purification cycles in a Millipore RiOS 8 system, followed by
passage through a Milli-Q Academic module. All chemicals were reagent
grade of commercial origin. Pure NO (N20 grade) was purchased from
Air Liquide, France. NO was introduced into an oxygen-free electro-
chemical cell through a catheter connected to a sealed purging system
previously filled with argon which excluded oxygen and allowed contami-
nants such as NO, to be scavenged in KOH (9m). NO was bubbled
through the electrolyte in the electrochemical cell for 30 min, resulting in
an NO-saturated solution (1-2mm). The electrochemical cell was
checked for leaks by keeping solutions saturated with NO for several
hours and using them for electrocatalytic reduction of this substrate;
after chasing NO by bubbling pure argon in, no electroactivity of NO or
a related species could be detected in the potential range from +0.8 V to
—0.8 Vat pH 0.33.

The composition and pH of the media used in this work, both in the elec-
trochemical experiments and in the stability studies by spectrophotome-
try, were: 0.5m H,SO,, pH 0.33; 0.4M CH;COONa+ CICH,COOH, pH 3;
0.4m CH;COONa+CH;COOH, pHS5; 04m NaH,PO,+NaOH, pH6
and pH 7.

For all compounds, the polyanion concentration was 2x107*M, unless
otherwise indicated. The solutions were de-aerated thoroughly for at
least 30 min with pure argon and kept under a positive pressure of Ar
during the experiments. The source, mounting, and polishing of the glassy
carbon (GC, Tokai, Japan) electrodes has been described.”” The glassy
carbon samples had a diameter of 3 mm. The electrochemical setup was
an EG&G 273A potentiostat/galvanostat driven by a PC with the EG&G
M270 software. Potentials were measured versus a saturated calomel
electrode (SCE). The counter electrode was a platinum gauze of large
surface area. All experiments were performed at room temperature.
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