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The synthesis, X-ray crystal structures, cyclic voltammetry, and IR and *'P NMR characterizations of five new Wells—
Dawson-type polyoxometalates are reported, the formulas of which being [(Cu(H20)4)2 s][HP2W1g0g2] - 11.33H,0 (4),
[(Cu(H20)4)2.4][H1 2P2W12M0gOg2] - 11.4H,0 (5), [(Cu(H20)4)2.3][H1.4P2W15M030g2] - 10.1H,0 (6), [Co(H20)4)2.5)-
[H1 4PoW14M040¢,]- 18.8H,0 (7), and [Ni(H20)4)1 g5][H2.3P2W15M030g,] - 20.6H,0 (8). These compounds are
obtained as crystalline materials from the corresponding acids by substitution of a transition metal in aqueous
solution. Compounds 4, 5, and 6 are isostructural; their crystal structure consists of 2D polymeric hexagonal layers
where each Wells—Dawson anion is connected to six neighbors by [CuQg] octahedra. On the other hand, compounds
7 and 8, which are also isostructural, present a 3D structure where the Mo-substituted [P,W;4M040s,] units are
connected by [MOg] octahedra (M = Co", Ni"). Different types of substitution modes of Mo ions are observed within
polyanions. Cyclic voltammetry shows that Cu" derivatives have similar behavior but different from that of the starting
compounds. No electrochemical activity has been detected for the Ni-containing compound 8.

Introduction

Heteropolyanions or polyoxometalates (POMs) are metal
oxide clusters of general formula [XM,O,]"", where X
represents a heteroatom and M a 4d or 5d transition metal
ion. They have a great deal of structural diversity! ® and
various applications in different areas, including catalysis,’
material sciences,'” medicine, and biology.!" Several types
have been characterized, and each of them is defined by the
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M/X ratio used in the polycondensation under acidic
conditions. The two best known heteropolyanions are the
Keggin-type [XM,040]"~ with M/X ratios = 12" and 9,
the latter ones called the Wells-Dawson type [(X""),-
M 5065]"* 72"~ 373 The latter is composed of two lacunar
Keggin anions [XMoOs4]”~ linked together, leading to the
[XsM 5062]°~ species. It is worth mentioning that the
phospho-tungstic potassium salt K¢[P>W;30¢,]-20H,0, for
example, leads by stercospecific alkaline degradation and,
depending on the pH, to the [P,W; Og]'" monovacant
species,” the trivacant [P,W;s 305 10~ species,6 or the hex-
avacant [PaW, ¢Ous]' > species.” These compounds are
subject to addition reactions, gielding new monovacant
species such as [P,W;5sM0,0¢;]'" > [PaW,sMos 0410,
or saturated mixed species such as [P,W:MogOg]*~

The intrinsic property of lacunar compounds to give mixed
complexes by the addition of 3d metallic elements has been
widely investigated in order to prepare compounds of for-
mulas [MI(OHQ)P2W]2MOSO6]]8_ and [M/(OHQ)PZW]SMOZ'
O *” (M’ = Ni, Cu, Co, etc.) with the divalent elements.> >’
On the other hand, it has been shown that the extraction
of the acidic form of the saturated species by the etherate
method is quite possible and leads to HgP,W 304, 24H,0,
H6P2W12M06062'24H20, and H6P2W15MO3062'24H20.&12

(12) Abbessi, M. These de Doctorat, Université Pierre et Marie Curie,
Paris VI, Paris, 1989.

© 2009 American Chemical Society



Article

It was shown also that the position of the metallic element
introduced in lacunar species influences significantly the
redox potential of the considered species.'* The introduction
of metallic elements into the environment of the saturated
species and the determination of their position by X-ray
diffraction structure analysis have not been really investigated
yet. Therefore, it would be interesting to compare the effect
of this modification on the physical and chemical properties
of the obtained species. Additionally, it might be judicious to
prepare the heterometallic compounds from the acidic form.
In fact, it was reported in a recent study that the proton of the
acidic form of saturated species could be exchanged with a
cobalt ion through a polymeric membrane.'* Thus, this route
will be explored to synthesize the target products. Once
synthesized, the Dawson-type structures and their derivatives
were often deduced from *'P NMR and recently refined by
183 NMR measurements.'> The analysis of their IR spectra
has shown that some metallic ions fit into the cavities, while
others remain outside the cavity. Wells—Dawson POMs have
been investigated as catalysts; however, information on their
catalytic properties is scarce.” A recent catalytic study based
on the reduction potentials and UV —visible absorption edge
energies of mixed W/Mo Wells—Dawson heteropolyacids has
been reported.'® The present work focuses on the addition of
divalent metal ions to the [HgP,W;30¢,]-24H,O and
[HeP2Wi5..M0,0¢5] - 24H,0 (n = 3, 6) acidic forms in order
to study the effect of the nature of the added element on the
physicochemical properties of the synthesized complexes. In a
subsequent step, we are planning to investigate the correlation
between catalytic properties and structural features of this
kind of POM.

Experimental Section

Synthesis and IR and *'P NMR Spectroscopy. The hetero-
polyanion precursors [H6P2W18062]'24H20 (1), [H6P2W|2-
M06062]'24H20 (2), and [H6P2W15MO3O62]'24H20 (3) were
synthesized according to published procedures,®!”1® and their
purity was confirmed by *'P NMR spectroscopy. The IR spectra
were recorded on KBr pellets using a Shimadzu FTIR-8400s
spectrophotometer. *'P NMR spectra were recorded on
a Bruker 2000 apparatus operating at 110 MHz in the Fourier
transform mode. The *'P shifts were measured for 10> M
solutions of polyanions in D,O solution and were referenced
to 85% H;3PO,4. Elemental analyses were determined with a
SPECTRO CIROS VISION inductively coupled plasma (ICP)
spectrometer. About 20 mg of the solid sample was dissolved in
25 mL of 2 vol % HNOj solution for each analysis.

[(CU(H20)4)2.5][HP2W18062] . 11.33H20 (4). A total of
0.556 g of solid CuCl,,2H,0 (3.26 mmol) was added to 20 mL
of a water solution of 5 g (1.088 mmol) of HgP,W 304, at room
temperature. The mixture was then stirred for 10 min. Blue
crystals of 4 suitable for X-ray diffraction were obtained after
five days by slow evaporation, 70% yield. IR (KBr pellet, cm™):
1100(s), 1025(w), 960(s), 910(s). NMR of 4. *'P NMR: 6 —12.36.
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Anal. calcd for 4: Cu, 3.24; W, 67.44; P, 1.26. Found: Cu, 3.81;
W, 62.91; P, 1.22.

[(CU(H20)4)2_4][H1_2P2W12M06062] . 11.4H20 (5). A total of
5 g (1.2 mmol) of HgP,W{2Mo0Og, was dissolved in 20 mL
of water at room temperature, and 0.608 g (3.56 mmol) of solid
CuCl,-2H,0O was then added. The mixture was stirred for
10 min. Dark green crystals of 5 suitable for X-ray diffraction
were obtained after six days by slow evaporation, 60% yield.
IR (KBr pellet, cm™1): 1100(s), 1025(w), 960(s), 910(s). NMR
of 5. *'P NMR: 6 —9.34. Anal. caled for 5: Cu, 3.49; W,
50.50; Mo, 13.18; P, 1.42. Found: Cu, 4.01; W, 47.63; Mo,
11.50; P, 1.37.

[(CU(H20)4)2_3][H1.4P2W15M03062]'10.1H20 (6). A total of
5 g (1.1 mmol) of HgP,W{5sMo030g, was dissolved in 20 mL of
water at room temperature. Solid CuCl,-2H,0 (0.572 g, 3.35
mmole) was then added. The mixture was stirred for 10 min.
Green crystals of 6 suitable for X-ray diffraction were obtained
after six days by slow evaporation, 65% yield. IR (KBr pellet,
cm ™ 1): 1088(s), 1025(w), 959(s), 916(s). NMR of 6. *'P NMR: ¢
0.80. Anal. calcd for 6: Cu, 3.18; W, 60.01; Mo, 6.26; P, 1.35.
Found: Cu, 3.47; W, 59.41; Mo, 6.16; P, 1.31.

[(CO(H20)4)2_3][H1_4P2W14M04062] . 18.8H20 (7). A total of
5 g (1.2 mmol) of HgP,W{,M040g, was dissolved in 20 mL of
water at room temperature. Solid CoCl,-6H,0 (0.848 g, 3.56
mmol) was then added. The mixture was stirred for 10 min.
Brown crystals of 7 suitable for X-ray diffraction were obtained
after five days by slow evaporation, 65% yield. IR (KBr pellet,
em™ ) 1100(s), 1025(w), 960(s), 910(s). NMR of 7. *'P NMR:
0 —10.10. Anal. caled for 7: Co, 2.91; W, 55.31; Mo, 8.25;
P, 1.33. Found: Co, 2.98; W, 55.16; Mo, 7.60; P, 1.21

[(Ni(H20)4)1.851[H2.3P2W15sM0306;] - 20.6H,0 (8). A total of
5 g (1.1 mmol) of HgP,W5sMo030¢, was dissolved in 20 mL
of water at room temperature. Solid NiCl,-2H,O (0.496 g,
3.35 mmole) was then added. The mixture was stirred for
10 min. Green crystals of 8 suitable for X-ray diffraction were
obtained after five days by slow evaporation, 70% yield.
IR (KBr pellet, cm™"): 1088(s), 1025(w), 958(s), 915(s).
NMR of 8. *'P NMR: 6 11.02. Anal. calcd for 6: Ni, 3.18;
W, 58.49; Mo, 6.10; P, 1.31. Found: Ni, 2.67; W, 58.50; Mo,
5.85;P, 1.25

Crystallographic Data Collection and Structure Determina-
tion. Single crystals were mounted on a Nonius four-circle
diffractometer equipped with a CCD camera and a graphite
monochromated Mo Ka radiation source (4 = 0.71073 A),
from the Centre de Diffractométrie (CDFIX), Université de
Rennes 1, France. Data were collected at 293 K. Structures were
solved by direct method using the STR-97'° program and refined
with the full-matrix-least-squares method on F° using the
SHELXL-97 program.”® Several oxygen atoms from water
solvent molecules were refined, but no SQUEEZE subroutine
was used to remove the scattering from the remaining highly
disordered water solvent molecules. Crystallographic data are
summarized in Table 1.

Cyclic Voltammetry. Cyclic voltammetry experiments were
performed on an EDAQ e-corder 401 potentiostat. All experi-
ments were carried out using a three-electrode cell configura-
tion with a glassy carbon working electrode, a saturated
calomel reference electrode (SCE), and a platinum auxi-
liary electrode. All experimental solutions were deaerated
thoroughly by bubbling pure N, through the solutions for
10 min. All cyclic voltammograms were recorded at a scan
rate of 50 mV s~ '. All experiments were performed at room
temperature.

(19) Altomare, A.; Burla, M. C.; Camalli, M.; Cascarano, G. L.;
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Results and Discussion

Synthesis IR and >'P NMR Spectroscopy. The addition
of Cu" and Ni" ions to Wells—Dawson acidic forms
[HePoW 306>] - 24H,0 or [HgP2Wi5.:M0,0¢5] +24H50
(n = 3, 6) in an aqueous medium, with a 3:1 stoichio-
metric amount, leads to a substitution of some protons by
Cu" and Ni" jons, yielding crystals of the title compounds:
[(Cu(H20)4)2 5[HP2W 15062] - 11.33H,0 (4), [(Cu(H20)4)2 4]
[H 2P2W2M06Ogo] - 11.4H0 (5), [(Cu(H,0)4)2 3][H; 4P>-
W15M030¢,]- 10.1H,0 (6), [(Co(H20)4)2 3][H; 4P2W14Moy-
Og] 18.8H,0 (7), and [(Ni(H20)4); 85)[H2.3P2W15M0306] «
20.6H,0 (8).

The addition of a 3:1 stoichiometric amount of Co' to
the acid form HgP>W,Mo04¢Og, in an aqueous medium
leads to powder and a few crystals of the compounds in
which the Wells—Dawson transition metal ratio W/Mo is
changed from 6:12 to 4:14 and some protons are sub-
stituted by Co' ions: [(Co(H50)4)»5][H; 4P2W 4Moy-
O¢>]* 18.8H,0 (7). The presence of metals and their ratios
are confirmed by electron scanning microscopy and
X-ray diffraction. The IR spectrum of acidic Wells—
Dawson compound HgP,W 3O is characterized by the
elongation of P—O bands at 1100 cm~' and W—0
terminal and inter- and intra-W—0O—W bands at 960,
910, and 780 cm ™', respectively.21 However, the incor-
poration of transition ions in the structure generates a
weak band at 1050 cm ™! attributed by Rocchioccioli-
Deltchef and Thouvenot to a perturbation of one of the
phosphorus atoms of the compound.?' This means that
the distribution of metallic ions is not equivalent around
the two phosphorus atoms. It is well-known that phos-
phorus NMR is an appropriate and powerful way to
check the purity of the product. Equivalence of the two
phosphorus atoms is often because of a lack of couplin%
due to the remoteness of these atoms in the structure.'
The NMR spectra of 4, 6, and 8 reveal pure products
with two equivalent phosphorus atoms with single reso-
nance peaks at 6 = —12.36 ppm, 6 = 0.80 ppm, and
0 = 11.02 ppm, respectively.

3P NMR of powder sample 5 gives two peaks, with a
strong one at 6 = —9.38 ppm which corresponds to the
major compound [(Cu(H>0)4)24][H12P2W1:M0606s] -
11.4H,0. The weak peak (6 = —10.16 ppm) must be
assigned to [P,W4,Mo040¢,]" . Although the four atoms
of molybdenum are not well-localized, the presence of one
single peak in the >'P NMR spectrum means that they are
equivalently distributed around the two phosphorus
atoms.

The *'P NMR spectrum of 7 also reveals two peaks. In
agreement with what is observed with their equivalent
potassium salts,'” the weak peak observed at & = —10.10
ppm can be attributed to [(Co(H,0)4)>3][H| 4P2W4-
Mo040¢,]- 18.8H,0 and the strong one (6 = —9,34 ppm)
to [P,W2Mo0¢Og,]°". It is probably due to the partial
degradation of the [HgP, W ,M0¢Os,] - 24H,0 acid form
in solution, followed by a recombination of W and Mo to
give a well-crystallized species [P,W,4M040¢,]° in equi-
librium with the amorphous form [P,W,Mo0¢Os,]®"
species'” and other compounds issued from decomposition.
NMR spectra are presented in the Supporting Information.
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Figure 1. ORTEP view with 30% probability level of asymmetric unit of
4 with symmetry codes (i1)2 — 3,2 + x —y,z; (il)) 2 — »,2 — x, z; (V): x, 2 +
x—y,zM=W)

Crystal Structures. Compounds 4, 5, and 6. Com-
pounds 4, 5, and 6 are isostructural. They crystallize in
the R3m space group; the refinements were performed in
the related hexagonal axes. The asymmetric unit consists
of two phosphorus atoms, four transition metal ions, and
a Cu"ion linked together by oxygen atoms (see Figure 1).
In compound 4, metallic sites are fully occupied by
tungsten, giving rise to the [P,W,30¢]® anion, whereas
in 5 and 6, statistic distribution between tungsten and
molybdenum is observed for all metal sites. The occupa-
tion factors are about 1/3 W for M1 and M4 and 2/3 W for
M2 and M3 for 5. For 6, the statistic disorder between
tungsten and molybdenum is observed for only two sites
(M1 and M4) with occupation factors of tungsten of
0.7 and 0.3, respectively; it corresponds to the occupation
of the 3-fold cap of the complex by three molybdenums.?>
The remaining M2 and M3 sites are fully occupied by
tungsten. Both phosphorus atoms P1 and P2 as well as
oxygen atoms O14 and O17 are lying on the 6c Wyckoff
position in 3m symmetry. Metallic atom sites M1, M2,
M3, and M4 are lying in the middle of oxygen octahedra.
Due to the space group symmetry, the six equivalent M2
and M3 atoms form two parallel distorted hexagonal
(M2)¢ and (M3)g rings (see Figure 2). One can notice that
014 (and O17) is sharing three MOg octahedra and the
PO, tetrahedron. The tetrahedral coordination sphere of
the phosphorus atoms is completed with O15 (and O16)
atoms, respectively, lying on the mirror plane of the 18h
Wyckoff position. Both oxygen atoms O1, O4, OS5, O7,
08,010,013 and metals M1 and M4 as well as the copper
ion are also located on the 18h Wyckoff position.

Considering the molybdenum and tungsten radius
differences (the M4 site is fulfilled at 70% with Mo),
the bond distances and angles observed in the three
compounds are homogeneous; they do not exceed a 1%
difference. As commonly observed in Wells—Dawson

(21) Rocchioccioli-Deltchef, C.; Thouvenot, R. Spectrosc. Lett. 1979, 12,
127-138.

(22) Kozik, M.; Hammer, C. F.; Baker, L. C. W. J. Am. Chem. Soc. 1986,
108, 2748-2749.
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(b)

Figure 2. View of4(a) perpendicular and (b) along the polyoxometalate C; axis. Symmetry codes (i) —x + y, y, z; (i) 2 — »,2 + x — p, z; (i) 2 — y,2 — x, z;
V) —x+32—xzMV)x,2+x—y,z(vi)l —p,2 + x—y,zz(vi)) —x + p, | —=x,z;(vill)) —x + »,2—x,z;(x) 1 + x,1 + y,z

Figure 3. (a) Hexagonal packing of polyoxometalates onto the ab plane for 4. (b) Packing of staggered ABC hexagonal network along the ¢ axis. The B
plane is drawn in blue polyhedra, and below and above this plane, there are two other staggered similar hexagonal planes, A in red and C in green.

polyoxometalates salts,”> the shortest metal—oxygen

bond distances are observed for terminal oxygen atoms

(mean distances of 1.7135, 1.7045, and 1.6995 A), whereas
those involving oxygen atoms of PO, are the long-
est (2.3867, 2.3727, and 2.3687 A) for 4, 5, and 6,
respectively. Mean M—O bond distances involving other
oxygen atoms are found to be equal to 1.919, 1.920, and
1.910 A for4,5, and 6 respectively. All bond distances are
given in Table S1 (Supporting Information); acute O—
M -0 angles involving adjacent bridging O’s range from
72.39(19) to 89.6(2)°.

The copper ion is lying at the center of an octahedral
oxygen coordination sphere, slightly Jahn—Teller-dis-
torted. The apical positions are filled with O3 oxygen
atoms belonging to the polyanion with Cu—O3 distances
equal to 2.432(5), 2.438(6), and 2.421(5) A for 4, 5, and 6,
respectively. The octahedron is completed with four
oxygen atoms from water molecules. The occupation
factors of both Cu and O atoms within the [CuO,(H,0)4]
octahedron were assumed to ride together and were found
equal to be 0.417, 0.404, and 0.370. The equatorial square
plane is quite regular for 4, with Cu—O bond distances
ranging from 1.968(9) to 1.978(9) A, while it is less regular

(23) D’Amour, H. Acta Crystallogr. 1976, B32, 729-740.

for5and 6, with distances ranging from 1.959(11) to 1.983
(11) and from 1.938(13) to 1.957(12) A, respectively. In
the ab plane, each Wells—Dawson anion unit is bridged to
six other polyoxometalates and bridged via six copper
ions.

In the ab plane, each Wells—Dawson anion unit is
bridged to six other neighboring ones via six copper ions,
leading to a hexagonal 2D network (see Figure 3).

_Compounds 7 and 8. Both compounds crystallize in the
P1 triclinic space group. Crystal data are given in Table 1.
The asymmetric unit of both compounds consists of
one Wells—Dawson [P,W5_,M0,04,]°" polyoxometa-
late (n = 4 and 3 for 7 and 8, respectively), 3d transition
metal ions surrounded by water molecules, and free water
solvent. Despite the two unit cell parameters of both 7 and
8 being quite similar, large differences can be observed
between their structures, especially concerning the Mo
substitution sites. As commonly observed for Wells—
Dawson polyoxometalates, two kinds of metal—metal
distances through one oxygen are observed: the short
ones are of about 3.4—3.5 A, the others are found to
be around 3.7—3.8 A. One can notice that it is possible to
build three M units as elongated hexagonal cycles with a
boat conformation with all M—M distances within the
cycle of about 3.7 A. These cycles surround the two
central phosphorus ions, and all of the M—M distances
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Table 1. Crystallographic Data
compound 4 5 6 7 8
empirical P>Wi50s3.33 P>W1:Mo40g3 PoW5sMo030s; 33- P,W 4sMo0409 P,W,5Mo030,
formula Haz.66Cuzs Hu32Cus.40 HyoCus 3 Hs7.4Co23 Hsg 3Nij g5
fw 4907.44 4369.02 4595.31 4653.00 4714.89
cryst syst trigonal trigonal trigonal triclinic triclinic
spage group R3m R3m R3m P1 Pl
a(h) 15.2890(9) 15.2387(9) 15.1940(11) 13.125(2) 12.9160(10)
b (4) 15.2890(9) 15.2387(9) 15.1940(11) 14.8355(17) 14.6630(10)
c (A) 55.9800(10) 56.1227(10) 55.6570(10) 21.072(8) 20.9770(10)
o (deg) 90 90 90 84.609(19) 84.956(10)
f (deg) 90 90 90 88.62(2) 88.707(10)
v (deg) 120 120 120 66.763(10) 66.299(10)
V(A3) 11332.4(10) 11286.6(10) 11127.4(12) 3753.0(16) 3623.3(4)
6 6 6 2 2
Dmcd (g cm ) 4314 3.856 4.115 4.117 4.328
u (mm™ Y 28.130 20.055 24.418 22.670 24.890
R¢ 0.0316 0.0441 0.0411 0.0503 0.0454
wR,” 0.0597 0.0897 0.1054 0.1166 0.1050

“For reflections where I > 20(I) with R, = S F,| — |FJI/S]|F,|. * For reflections where I > 20(I) with wR, = {3 [w(F,> — F2)?)/ S Iw(F,2 >

Figure 4. (a) Metal site standard labeling scheme of metal position in Wells—Dawson polyoxometalate, with short-distance (3.4—3.55 A) contacts in bold
lines and long distances (3.7—3.8 A) in thin lines. (b, ¢) Labeling scheme of polyoxometalate in 7 and 8, respectively (i: 1 — x, 1 — y, 2 — z). Metallic sites fully
occupied with tungsten are drawn as balls and sticks; the centers of octahedra are statistically occupied with tungsten and molybdenum.

between Mg cycles are of about 3.4 A. Figure 4a gives the
details of the 18 metal positions of the Wells—Dawson
polyoxometalate.

In both compounds, 12 of the 18 transition metal
positions are fully occupied with tungsten atoms, whereas
the six remaining metal positions are statistically occu-
pied with tungsten and molybdenum ions, but the loca-
tion of the six tungsten ions differs (see below). In both
compounds, all MOg octahedra present a short bond
distance from the metal to the terminal oxygen atom
(from 1.686(9) A t0 1.749(10) A in 7; from 1.674(8) to 1.723
(1 0) Ain 8) and a long bond distance involving the O atom of
PO~ anions (from 2.338(9) to 2.413(8) A and from 2. 320(7)
to 2.421(7) A, respectively] in the opposite vertex of the
octahedron. The O—M—O0 angles range from 168.8(4)° to
174.2(4)°[170.1(3)° to 173.6(4)°]. All of the other M—O bond
lengths are in the same range with a mean value of 1.930
[1.909] A (from 1.806(8) to 2.114(8) A [1.839(9) to 2.016(7)

A]). As reported in tungsten-based Wells—Dawson polyox-
ometalates, no alternatmg M—O short and long bond length
distortions are observed.

Compound  [(Co(H20)4)2.3|[H;.4P2W14M040¢;] - 18.8
H,O (7). The four molybdenum ions are delocalized onto
the six positions of one single Mg cycle (see Figure 4b)

(24) Yan, L.; Lopez, X.; Carbd, J. J.; Sniatynsky, R.; Ducan, D. C.;
Poblet, J. M. J. Am. Chem. Soc. 2008, 130, 8223-8233.

with occupation factors ranging from 0.614(5) to 0.679(5)
for M3 and M 13, respectively; the mean value for tung-
sten atom is 0.65(2). The octahedra involving Mo are less
regular than WOyg octahedra; the range of W—O bond
lengths (excluding terminal and central oxygen) is re-
duced to 1.849(8)—2.014(8) A. Three sites in general
positions are fulfilled with a 3d transition metal (M"1,
M2, and M"3); their occupation factors were found
respectively to be equal to 1, 0.383, and 0.934, yielding
2.3 cobalt ions per Wells—Dawson anion. Each ion is
surrounded by six oxygen atoms, but each one has its own
coordination molecules. M1 is lying in the structure as a
free hexa-aquo ion, surrounded with six water molecules.
M2 is bonded to one Wells—Dawson ion through its
terminal oxygen O15, and five oxygens from water sol-
vent molecules complete its octahedral coordination
sphere. M3 is bridging three polyoxometalates thanks
to Ol, O4, and O16 terminal atoms; its octahedral
coordination sphere is completed with three water mole-
cules. The Co—O bond distances are quite homogeneous
for Col and Co2 with a mean bond distance Co—O of
2.105 A (see Table S2, Supporting Information). Co3
adopts an elongated octahedral geometry with an elonga-
tion axis determined by oxygen atoms O1 and O4'. As the
opposite vertexes Ol and 04 of Co30;(H,0); are
the terminal oxygen atoms of two Wells—Dawson poly-
anions, Co3 acts as a bridging metal between them.
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Figure 5. Polyhedral representation of 7: (a, left) two ribbons in the (201) plane build of polyanions connected with Co3 cations, (b, right) the same two-

ribbons view along the b axis.

Furthermore, in one Wells—Dawson polyanion, the two
terminal oxygen atoms O1 and O4 belong to two close
WOg octahedra, which share one of their vertices. Due to
these geometrical reasons, the two polyanions are, in fact,
bridged with two Co3 cations. The last oxygen atom of
the Co303(H,0); unit, labeled O16", is also bridging a
third polyanion. This packing yields along the » direction
an infinite double chain of polyanions bridged with a Co3
cation (see Figure 5). This double chain forms a kind of
ribbon parallel to the (2 0 1) plane. One can notice that the
W/Mo positions are lying in the border of the ribbon
(Figure 5). The Co205(H,0) octahedra are linked above
and below this ribbon, and Col(H,0)¢ is located between
the ribbons.

Compound [(Ni(H0)4); 85l[H2.3P2W5M030¢;| - 20.6H,O
(8). As commonly observed in P,M;sM’; Wells—Dawson
polyanions, the six W atoms statistically occupy six M”
sites in the two opposite triads, with a W/Mo occupation
factor of ca. 0.5 (octahedra in Figure 4c). Only 1.85ions of
nickel were found per Wells—Dawson in 8, and only M”'1
and M"2 positions are fulfilled with nickel ions, with
occupation factors of about 0.933 and 0.917, respectively.
A low electronic density was observed for the third
position M3, but it was not possible to affect
a nickel ion. The Ni—O bond distances are quite homo-
geneous with a mean bond distance of 2.028 A. Addi-
tionally, as shown in Figure 6, there exists a strong
hydrogen bond network involving free water molecules,
the two Ni(H,O), cations, and the terminal oxygen atoms
from the Wells—Dawson.

Cyclic Voltammetry. The following study is restricted
to the reversible redox processes for compound 4, 5, 6,
and 8 and their pH dependencies.>>>~®

Compound [(Cu(H;0),), 5/[HP,W304,]- 11.33H,0 (4).
The cyclic voltammetry data of 4 at pH = 3 show reduc-
tions over the range —0.1 to —1 V/SCE and oxidations

(25) Keita, B.; Lu, Y. W.; Nadjo, L.; Contant, R.; Abbessi, M.; Canny, J.;
Richet, M. J. Electronal. Chem. 1999, 477, 146-157.

(26) Contant, R.; Abbessi, M.; Canny, J.; Richet, M.; Belhouari, A.;
Keita, B.; Nadjo, L. J. Inorg. Chem. 2000, 3, 567-574.

(27) Keita, B.; Abdeldjalil, E.; Nadjo, L.; Avisse, B.; Contant, R.; Canny,
J.; Richet, M. Electrochem. Commun. 2000, 2(3), 145-149.

(28) Keita, B.; Abdeljalil, E.; Nadjo, L.; Contant, R.; Belghiche, R.
Electrochem. Commun. 2001, 3, 56-62.

Figure 6. Structural arrangement in 8 with hydrogen-bonding network.

over the range —0.7 to +0.3 V. These results are in
agreement with the 2Previous studies on heteropolyanion
electrochemistry.?®*® In Figure 7a, at pH = 3, the voltam-
mogram shows three redox systems. The first wave situated
at —0.15 V/SCE is assigned to the reduction of the copper.
The waves corresponding to the reduction of tungsten
appear at 0.6 and 0.85 V/SCE. The reduction wave of
copper is well-separated from the tungsten wave reduction.
Upon reduction, a deposition jprocess on the working
electrode is observed for the Cu" complexes.” %’ Subse-
quently, after oxidation of the copper film, the initial
complex is restored quantitatively.?® At pH 5, the reduc-
tion of copper is performed in two steps, and the reduction
wave of tungsten moves in the positive direction of
potentials.

[(Cu(H20)4)2.4][H;.2P2W12M0606:] - 11.4H,0 (5). The
cyclic voltammetry data of 5 at pH = 3 show reductions
over the range +0.5 to —0.8 V/SCE and oxidation
over the range —0.7 to 0.6 V/SCE.* As shown in
Figure 7b, the voltammogram shows five redox systems.
In heteropolyanions, molybdenum is reduced before
tungsten, and if we refer to the voltammogram of 4, the

(29) Tommasino, J. B.; Contant, R.; Michet, J. P.; Roncin, J. Polyhedron
1998, 17, 357-366.
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Figure 7. Cyclic voltammograms on Pt working electrode vs SCE, scan rate 50 mV s ™', for 103 solutions of (a) compound 4 at pH = 3 and pH = 5, (b)
compound 5 at pH = 3 and pH = 5, (c) compound 6 at pH = 3 and pH = 5, and (d) compound 8 at pH = 3.

first wave situated at 0.42 V/SCE is assigned to the
reduction of molybdenum atoms. The second wave situ-
ated at —0.15 V/SCE characterizes the reduction of
copper. The last three waves correspond to the reduction
of tungsten. At pH = 5, the Mo and W centers are more
easily reducible than at pH = 3. This is due to the
presence of a high Mo/W ratio, as already observed for
related compounds.®
[(Cu(H20)4)2.3][H;.4P2WsM030¢;] - 10.1H,0 (6). The
cyclic voltammetry data of 6 at pH = 3 show reductions
over the range +0.3 to —0.7 V/SCE and oxidations over
the range —0.6 to +0.1 V/SCE. The voltammogram
shows three redox systems. The first wave situated at
0.25 V/SCE is assigned to the reduction of molybdenum
atoms. The second wave situated at —0.1 V/SCE is
attributed to the reduction of copper. The third wave
corresponds to the reduction of the tungsten atom. For
tungsten, two reoxidation waves are observed. On the
other hand, the reoxidation wave of molybdenum is
not observed. So, molybdenum and copper are reoxi-
dized simultaneously. The same behavior is observed at
pH = 5, which is in agreement with the reported data.*

(30) Keita, B.; Girard, F.; Nadjo, L.; Contant, R.; Belghiche, R.; Abbessi,
M. J. Electroanal. Chem. 2001, 508, 70-80.

In 5, the oxidation wave of molybdenum is well-separated
from the copper oxidation wave, in contrast to the waves

observed for 6.
[(Ni(H20)4)1.851[H2.3P2W15sM030¢;] - 20.6H,O (8). The
cyclic voltammetry data of 8 at pH = 3 show re-
dox systems over the range —0.6 to +1 V/SCE. The
voltammogram shows the same redox systems as those
observed for the starting compound. Thus, Ni*" under-
goes no redox reaction in the explored range. At both
pH = 3and pH = 5, copper reduction occurs at the same
potential for 5 and 6 and slightly shifted to negative
potentials for 4. As usual, in the Ni-containing POM,*
we did not observe the Ni redox system for 8 in the

potential domain that we explored.

Conclusion

Five new heteropolyanions with the general formula [(M-
(H,0))J[Hs—2:P2W5-,M0,06,]- zH,O (M = Cu", Co",
Ni'") have been synthesized in an aqueous medium, from acid
forms of their related saturated species and metallic ions.
Structural determinations revealed that 4, 5, and 6 are
1sostructural, as are 7 and 8. Different kinds of Mo substitu-
tions are observed in 5 and 6; the Mo atoms are statistically
distributed over all 18 of the metal sites of the polyanion. In 8,
the Mo atoms are distributed on the opposite top and bottom
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M3 triads, while in 7, the substitution takes place on the side
M6 hexagon. *'P NMR and X-ray diffraction showed that,
under our reaction conditions, the reaction of the acid form
and Co" leads to [(Co(H20)4)s5][H; 4PoW;4M0404,]- 18.8
H»O (7), following a rearrangement within the heteropoly-
anion. The crystal structures of 4, 5, and 6 consist of 2D
polymeric hexagonal layers where each Wells—Dawson an-
ion is connected to six neighbors by [CuOg] octahedra, whe-
reas compounds 7 and 8 have a 3D structure where the Mo-
substituted [P,W4M040¢,] units are connected by [MOg]
octahedra M = Co'" and Ni", respectively. Additionally, a
strong hydrogen-bonding network exists in compound 8.
The cyclic voltammetry analysis showed that copper-
containing compounds 4, 5, and 6 have redox behavior
different from their precursors, while nickel compound 8
and the initial compound have the same one. The decomposi-

Inorganic Chemistry, Vol. 48, No. 13,2009 6033

tion process has been observed for Cu salts. From pH = 5 to
pH = 3, the copper wave is shifted to higher positive
potentials.
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