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ABSTRACT: The two Ni’*"-containing heteropolytungstates
[Nil4(OH)6(H20)IO(HPO4)4(P2W15056)4]34_ (Niy4) and [Nis(OH),(H,0),-
(f-GeW,0,,) (B-GeW03,(OH))]"~ (Nig) have been successfully synthe-
sized in aqueous, basic media under conventional reaction conditions, and
they were characterized by single-crystal X-ray diffraction, IR spectroscopy,
thermogravimetric and elemental analyses, electrochemistry, and magnetic
studies. The cyclic voltammetry (CV) patterns of Ni;, and Nig showed
chemically reversible multielectronic waves for slow scan time scales. For Ni,,
an important acidity inversion effect between its reduced forms was observed.
Magnetic studies revealed dominant ferromagnetic interactions among the
nickel(II) ions in both polyanions.
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B INTRODUCTION virtue of POMs can be related to organic polydentate ligands,
which are also known to coordinate to transition metal ions.* In
this context, transition metal-containing polyanions represent a
large subclass of POM chemistry, and the paramagnetic
derivatives are particularly interesting.®

To date, many Ni**-containing POMs have been reported,
most of them comprising less than 5 Ni** ions, but some larger
nickel—oxo/hydroxo cores could also be constructed.®™'*'® To
the best of our knowledge, the largest number of nickel ions
incorporated in a Keggin-type POM is 12. Wang’s group
reported the dodecanickel(II)-containing 35-tungsto-3-

Polyoxometalates (POMs) are discrete inorganic anions with
potential applications in a variety of fields, such as analytical
chemistry, molecular magnetism, nanotechnology, medicine,
electrochemistry, photochemistry, and catalysis.1 POMs usually
comprise octahedrally coordinated tungsten, molybdenum, or
vanadium ions in high oxidation states, with the polyhedral
shared via edges or corners.” Polyanions containing an
additional, central element are known as heteropolyanions,
such as the highly symmetrical Keggin ion [XW,0,,]°” (X =
Si"¥, Ge™, PV, AsY, etc.). The Keggin ion is composed of a g o
central, tetrahedral XO, hetero grofg surrounded bypfour edge- P hc‘)sphate(.V) [Nij,(OH) 9WO4(W7026(OH)) (PW?Q34) 37] »

shared W;0,; “triads”. Another well-known plenary structure is (Nllz): Wh'ICh was syn.thesmed unde%‘ reflux conditions.” In
the Wells—Dawson ion [X,W;s04,]¢~ (X = DY, As"), which can this pol}ramon, three {Ni;-PW,05,} units are connflcfed to each
be viewed as being constructed of two fused [A-a-XW,Oy,]" other via a WO, tetrahedron and a.[W702§(OH)] fragrr'lent.
units. The Keggin and Wells—Dawson ions can be transformed, T h e nonanuclear, trim elg_l € PO lyanion
via base hydrolysis, to lacunary (vacant) derivatives by loss of [ng(OH)§(HZO)ﬁ(HPO4).2(PW9034)3] (NIQa)r reported 1.3}’
one or more WOy octahedra.” The resultant structural defects Coronado’s group, consists of three {N13PW9O34} units
or voids tremendously enhance the reactivity of POMs as connected to e;a_ch othersby three hydroxo brlqges a’nd two
multidentate oxo ligands toward various electrophiles, making central (HPO,)*” groups.” On the other hand, Mialane’s group
them good candidates for the encapsulation of polynuclear d-
and f-block metal—oxo fragments, leading to products with Received: January 8, 2013
interesting magnetic and electrochemical properties.” This Published: July 19, 2013
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Table 1. Crystal Data for NaRb-Ni,, and K-Nig

NaRb-Ni,,

empirical formula

formula wt, g/mol 19189.9
cryst syst triclinic
space group PT

a, A 15.6062(5)
b, A 24.9652(9)
o A 49.490(2)
a, deg 90.601(3)
P, deg 92.688(2)
7, deg 90.439(2)
vol, A3 19258.9(12)
Z 2

Do g/cm® 3.309

abs coeff 18.888
cryst size 0.40 X 0.13 X 0.12
theta range, deg 3.40—-20.82
reflns collected 271892
indep reflns 39724
R(int) 0.1449
obsd (I > 26(1)) 23300
goodness-of-fit on F2 1.008

Ry[I > 26(1)]* 0.1067
wR, (all data)? 0.2772

“R = YIIF,| — IFA/YIF. PR, = [Xw(F,2 — F2)*/ Yw(E,2)*]"2

NaBZ.SRb1.5[(Ni14(OH)6(HZO)IO(HPO4)4(P2W15056)4] : 109H20

K-Nig
Ky3[Nig(OH)4(H,0),(GeW,05,) (B-GeWs040(OH)) -32H,0
11660.2
triclinic
P1
18.4924(4)
21.8208(4)
25.2971(6)
81.7470(10)
73.8930(10)
85.1010(10)
9694.4(4)

2

3.995
22.319

0.20 X 0.16 x 0.09
3.40—26.37
230290
39077
0.1227
27241
1.004
0.0529
0.1566

and some of us reported the nonanuclear, dimeric, asymmetric
polyanion [Nig(OH)s(H,0)s(CO3)3(SiWs03,),]'*  (Nigy,),
which is composed of two [Ni,(OH);(SiWy05,)]°>~ subunits
connected by three carbonato ligands and an additional Ni**
center.” This group also reported the octa-Ni**-substituted
derivatives [Na{Ni,(CH;COO);(OH);(SiWy0;,)},]"~ (Nig)
and [Na{Ni ;(CH;CO0);(OH),(N;)(SiW,03,)},]"*"
(NigN,).? These dimeric, octanuclear polyanions contain two
{Ni,(SiW,034)} subunits linked via a {Na(CH;COO),} group
in Nig and a {(CH;COO)¢(N;),} group in NigNj, with six -
hydroxo ligands in Nig being substituted by two azido ligands in
NigN;. Wang’s group also synthesized a hepta- and a hexa-Ni'-
substituted derivative, [Ni,(OH),(H,0)(CO;),(HCO,)-
(SiWg034) (SiW100;7)]'*" (Niy,) and  [{Nig(H,0),(s,-
H,0),(u5-0H),}(SiW,05,),]'°" (Nig), respectively. The for-
mer consists of [SiW,03,]"" and [SiW,¢O3,]'°" units linked
by a {Ni,} core and three carbonate ions, whereas in the latter
the {Nigz} core is stabilized by two [SiW,05,]"~ units.'® The
same group also reported the hepta-Ni**-substituted, dimeric
species [Ni,(OH)4(H,0),(SiWs051),]"2” (Ni,,) and the
penta—NiZ+-substituted, dimeric, asymmetric [H,{Nij(OH);-
(H,0)4(SiWy05,) (SiW05,)},1%7.'" Hybrid organic—inor-
ganic POMs based on a single trivacant Keggin fragment
capped by a hexa-Ni** or hepta-Ni** unit have also been
synthesized under hydrothermal conditions.'> Several other
classical nickel-containing sandwich and monomeric structures
based on lacunary Keggin ions have also been reported.'* Very
recently, Yang’s group prepared a series of solid state POM
assemblies comprising between 20 and 40 Ni centers, by using
hydrothermal conditions and in the presence of organic amines
(ethylenediamine, 1,2-diaminopropane).® These compounds
were synthesized by interaction of nickel(II) salts with different
lacunary Keggin-type precursors in the presence of the
respective amine, leading to symmetrical (two identical POM
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caps) as well as unsymmetrical (two different POM caps)
sandwich derivatives.

Several Ni-containing Wells—Dawson-based polyanions are
also known, but the number is smaller than for the Keggin
system. Cronin’s group reported [(Ni,P,W;c040);]*°" (Nig),
which is a trimeric polyanion containing six Ni** centers in a
structure comprising three dinickel(II)-substituted
[Ni,P,W,4040]'"" fragments linked via six {Ni—O—W}
bridges.'"* Wang’s group reported a crown-type macrocyclic
polyanion with 6 Ni** ions inside the triangular [{WO-
(H,0)};(P,W1,0.45)3]"® host."> Reaction of the trilacunary
Wells—Dawson ion [P,W;s04]">~ with nickel(I) ions has
resulted in Weakley-type sandwich structures, such as
[NaNij(H,0),(P,W;5054),] '77, [CoN-
i5(H,0),(P,W15056),]'", and [Niy(H,0),(P,W,5055),]'¢7.1¢
The macrocyclic 48-tungsto-8-phosphate [H,PgW,50,5,]%> "7
has attracted much attention in recent years, in particular after
the report on [CuyCl(OH),,(H,0) ,,(PgW,50,54)1°7,'® and
has resulted in the nickel(II)-containing [Niy(H,0) 4-
(PsW,450154) (WO, (H,0),),]*~."

Here we report on the synthesis of novel Nis- and Nij 4
containing heteropolyanions, as well as their magnetic and
electrochemical properties.

B EXPERIMENTAL SECTION

General Methods and Materials. All reagents were used as
purchased without further purification. The trilacunary tungstophos-
phate precursor salt Na;,[P,W;;0s]-24H,0 was prepared by Finke’s
procedure,”® and the dilacunary tungstogermanate precursor salt Kg[-
GeW,(0;4]-6H,0 by Kortz’s procedure.’! The purity of both
compounds was confirmed by infrared spectroscopy.

Synthesis of Naj, sRb; s[Ni;4(OH)s(H,0),o(HPO,),-
(P,W;5056),1:109H,0 (NaRb-Ni,,). NiClL,-6H,0 (0.15 g, 0.63
mmol) was dissolved in 20 mL of H,0. Then solid
Na,[P,W,;0]-18H,0 (0.86 g, 0.20 mmol) was added, and the
mixture was stirred until a clear, green solution was obtained. The pH
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Figure 1. Combined polyhedral/ball-and-stick representation of Niy,. Color code: WO octahedra (green), PO, tetrahedra (yellow), Ni (dark

green), OH (pink), H,O (blue).

of the resulting mixture was adjusted to 8.0 with 4 M NaOH, and the
mixture was stirred for 10 min at room temperature. Then solid
Na;PO, (0.50 g, 3.0 mmol) was added to this solution in small
portions, while the pH was maintained at 8 with HCl,;. The mixture
was stirred at room temperature for 1 h, and then the precipitate was
allowed to settle down, followed by filtration and addition of 0.20 mL
of 1 M RbCI solution. Slow evaporation at room temperature led to
the appearance of green, crystalline NaRb-Ni,, after about 10 days,
which was filtered off and air-dried. Yield: 0.40 g (42%). IR (2% KBr
pellet, v/cm™): 1085(s), 1051(m), 1011(w), 938(m), 912(w),
880(w), 813(s), 728(s), 599(w), 562(w) 520(s), 458(w). Elemental
analysis (%) calc (found): Rb 0.67 (0.62), Na 3.90 (4.13), Ni 4.28
(4.26), W 57.5 (55.0), P 1.94 (2.04).

Synthesis of K;3[Nis(OH),(H,0),(f-GeW,03,)(f-Ge-
W;5030(0H))]1-32H,0 (K-Nis). 0.16 g (0.63 mmol) of Ni(OAc),-4H,0
were dissolved in 20 mL of distilled water, and then 0.58 g (0.20
mmol) of Kg[y-GeW,(O;4]-6H,0 were added. The pH of the resulting
clear, green solution was adjusted to 8 by using 2 M K,COj; and then it
was left stirring at room temperature for 1 h. The resultant turbid
solution was filtered, and slow evaporation of the filtrate resulted in
green crystals of K-Nij after about three weeks. Yield 0.05 g (9%). IR
(2% KBr pellet, v/cm™): 936 (s), 871 (m), 791 (s), 694 (m), 550
(w), 458 (s). Elemental analysis (%) calc (found): K 8.72 (8.30), Ni
5.03 (5.33), W 53.6 (52.8), Ge 2.49 (2.59).

IR, TGA, and Elemental Analysis. Infrared (IR) spectra were
recorded on a Nicolet Avatar 370 FT-IR spectrophotometer using KBr
pellets. The following abbreviations were used to assign the peak
intensities: w = weak, m = medium, and s = strong. Elemental analyses
for NaRb-Ni,, and K-Nis were performed by CNRS, Service Central
d’Analyze, Solaize, France. Thermogravimetric analyses (TGA) were
carried out on a TA Instruments SDT Q600 thermobalance with a 100
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mL/min flow of nitrogen; the temperature was ramped from 20 to
1000 °C at a rate of 5 °C/min.

X-ray Crystallography. The crystals were mounted on a
Hampton cryoloop in light oil for data collection at 173 K. Indexing
and data collection were performed on a Bruker D8 SMART APEX II
CCD diffractometer with kappa geometry and Mo Ka radiation
(graphite monochromator, 4 = 0.71073 A). Data integration was
performed using SAINT.”> Routine Lorentz and polarization
corrections were applied. Multiscan absorption corrections were
performed using SADABS.* Direct methods (SHELXS97) success-
fully located the tungsten atoms, and successive Fourier syntheses
(SHELXL97) revealed the remaining atoms.”* Refinements were full-
matrix least-squares against |F* using all data. In the final refinement,
all non-disordered heavy atoms (W, Ni, Ge, P, Rb, K) were refined
anisotropically; oxygen atoms and disordered counter cations were
refined isotropically. No hydrogen atoms were included in the models.
For overall consistency we show in the CIF files the same formula
units as in the text with the exact numbers of counter cations and
crystal waters (based on elemental analysis and TGA), as this reflects
the true bulk composition of NaRb-Ni,, and K-Ni;. Crystallographic
data are summarized in Table 1.

Magnetic Susceptibility Measurements. The magnetic suscept-
ibility measurements were obtained on a Quantum Design SQUID
magnetometer MPMS-XL. This magnetometer works between 1.8 and
400 K for dc applied fields ranging from —7 to 7 T. Measurements
were performed on polycrystalline samples of 33.0 mg of NaRb-Ni,
and 30.8 mg of K-Nig, respectively. For both compounds ac
susceptibility measurements were also performed, with an oscillating
ac field of 3 Oe and ac frequencies at 1000 Hz, but the out-of-phase
component was found to be absent. The magnetic data were corrected
for the sample holder and diamagnetic contributions.
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Figure 2. Ball-and-stick representation of the [(Ni;4,(OH)4(H,0),,(HPO,),]"** core in Ni,,. The color code is the same as in Figure 1.

Electrochemical Experiments. The electrochemical setup was an
EG & G 273 A driven by a PC with the M270 software. Potentials are
quoted against a saturated calomel electrode (SCE). The counter
electrode was a platinum gauze of large surface area. All experiments
were performed at room temperature. The source, mounting, and
polishing of the §lassy carbon (Le Carbone-Lorraine) electrodes have
been described.* The glassy carbon samples had a diameter of 3 mm.
The solutions were deaerated thoroughly for at least 30 min with pure
argon and kept under a positive pressure of this gas during the
experiments. Spectra were recorded with a Lambda 19 Perkin-Elmer
spectrophotometer. The solutions were placed in quartz cuvettes with
an optical path of 0.2 cm. The composition and pH of the media used
for both the electrochemical experiments and the stability studies by
spectrophotometry were as follows: 1 M LiCH;COO/CH;COOH
(pH 4, 5, 6); 0.4 M NaH,PO,/NaOH (pH 7).

B RESULTS AND DISCUSSION

Synthesis and Structure. The Ni;;,-Containing
[Ni;4(OH)6(H50)1o(HPO ) 4(PW;5056) 4**~ (Niy,). The 14-
nickel(II)-containing 60-tungsto-12-phosphate
[Nij4(OH)s(H,0)1o(HPO,),(P,W15056),]**™ (Niyy) was syn-
thesized in a one-pot reaction of the trilacunary polyanion
precursor [P,W,;0]">” with Ni*" ions in a phosphate buffer
at pH 8. The novel Ni,, crystallized as the hydrated sodium—
rubidium salt Na;; (Rb; ([Ni4(OH)4(H,0),,(HPO,),-
(P,W044),4]-109H,0 (NaRb-Ni;,) in the triclinic space
group P1. Single crystal X-ray diffraction analysis on NaRb-
Ni;, revealed that the polyanion is composed of two
{(Ni;0,0H)(P,W,s04)} subunits (denoted {Ni;oy}), two
{(Ni;0,)(P,W,50+)} subunits (denoted {Ni;o}), and a
central {Ni,(OH),(H,0)(PO,),} assembly (denoted {Ni,}),
see Figure 1. As expected, three nickel ions occupy the vacant
site of each trilacunary Wells—Dawson ion. Each {Nis ou}
subunit is connected to a {Ni; o} subunit by two Ni—OH—Ni
bridges. The resulting two dimeric assemblies are connected to
the central {Ni,} group. As a result, the two Ni** ions in {Ni,}
are in different coordination environments, with one of them
connecting two Wells—Dawson units via two ;-OH groups,
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and the other bridging the remaining two Wells—Dawson units
by two u,-OH groups, resulting in two terminal aqua ligands
(Figure 2). The structure of Niy,, besides being unprecedented,
is also asymmetric, with idealized C, point group symmetry
(the C, axis passing through the two nickel ions of the central
{Ni,} group). The previously reported, structurally related,
tetrameric polyanions have the transition metal substituted
Keggin or Wells—Dawson subunits connected via either M—
O—M bridges***’* or phosphate linkers.>’

The presence of four phosphate groups is crucial for the
formation of Niy,. The structure-stabilizing effect of small
anions such as phosphate is well-known in POM chemis-
try.”**”*® The coordination environments of the four capping
phosphate groups in Niy, are not all equivalent, as two of them
(P10 and P11) are coordinated to three yi;-oxo bridges and a
terminal hydroxo ligand, whereas the other two (P9 and P12)
are coordinated to only two pi3-oxo bridges, a py,-oxo bridge,
and a terminal hydroxo ligand (all these bridges connect to
nickel centers, see Figure 2). The 14 Ni** ions in Niy, are
coordinated by six oxygen atoms in idealized octahedral
geometry with Ni—O bond lengths in the range 1.98(4)—
2.19(4) A and O—Ni—O bond angles in the range 78.7(14)—
178.3(16)°. Bond valence sum (BVS) calculations® indicate
the presence of six monoprotonated oxygens (two y, and four
U5 bridging OH) and 10 terminal diprotonated oxygens (aqua)
in the 14-nickel core of polyanion Ni,, (Figures 1 and 2). The
BVS value ranges for mono- and diprotonated oxygens are
0.70—1.15 and 0.32—0.40, respectively. Moreover, all the
phosphate caps have a terminal hydroxo group each, with a
BVS range of 1.09—1.28. In Table S1 in the Supporting
Information the BVS values for all protonated oxygens in Ni,,
are listed. Polyanion Ni;, can hence be described as comprising
a cationic [(Ni,(OH)4(H,0),,(PO;0H),]'*" core stabilized
by four trilacunary [P,W,O5]">" units. This leads to a total
charge of 34— for Niyy, which is balanced by 32.5 sodium and
1.5 rubidium counter cations in the solid state. In addition,

dx.doi.org/10.1021/ic400943j | Inorg. Chem. 2013, 52, 8399—8408
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partial a/f disorder was observed crystallographically on the
W;0,5 “cap” of the {P,Ws} units, with the f-conformation
disorder ranging from 5% for the W31/W32/W33 triad to 20%
for the W46/W47/W48 one. This disorder is limited to the
triad cap and does not protrude to the rest of the polyanion
structure, and could hence be easily modeled using partial
occupancies of the affected atoms. The number of counter
cations was determined by elemental analysis (see Experimental
Section), whereas the number of water molecules was
determined by thermogravimetric analysis (TGA). To the
best of our knowledge, the title polyanion Ni;, contains the
largest coherent nickel—oxo cluster known to date in
polyoxotungstate chemistry. It should be realized that the
previously reported solid state polytungstate assemblies with
“20—40” Ni** ions (vide supra) do not contain coherent
nickel—oxo cores, but contain rather two or more isolated,
smaller clusters, and hence these species do not represent
discrete polyanions.® These materials were synthesized under
hydrothermal conditions, and no solution studies were reported
(most likely due to lack of solubility/stability).

The Nis-Containing [Nis(OH),(H,0),(p-GeW,0;,)(p-Ge-
Wg030(OH))J"~ (Nis). Interaction of Ni** ions with the
dilacunary precursor [y—GerOO36:|8_ in a 3:1 ratio in aqueous
pH 8 medium resulted in the penta-Ni**-containing, dimeric
polyanion [Nis(OH),(H,0)4(B-GeWo0;,){f-Ge-
W;03,(OH)}]"™ (Nig, see Figure 3). This polyanion crystal-
lized as a hydrated potassium salt K;;[Nis(OH),(H,0),(f-
GeW,0,,) (5-GeW05,(0OH))]-32H,0 (K-Niy) in the triclinic
space group PI. Single crystal X-ray analysis of K-Nig revealed
two isolated, discrete Nis polyanions, each comprising a
hydroxo-bridged penta-nickel(II) moiety capped by a trilacu-
nary [f-GeW,03,]'°" and a tetralacunary [j-Ge-

Figure 3. Combined polyhedral/ball-and-stick representation of Nis.
Color code: WOy octahedra (green), rotated WO, octahedra (teal),
GeO, tetrahedra (red), Ni (dark green), OH (pink), H,O (blue).
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W403,(OH)]’” Keggin unit, resulting in a structure with
idealized C, point group symmetry (Figure 3). Considering that
Nig was prepared by using the dilacunary, metastable y-Keggin
isomer [y-GeW,y054]%7, the [$-GeW,0,;,]'" and [B-Ge-
W;03,(OH)]®" fragments must have been generated in situ
by isomerization (rotation of edge-shared WOy octahedra)
accompanied by loss of one or two WOg4 octahedra,
respectively. Such transformations are not unprecedented in
the chemistry of [y-XW,003]%™ (X = Ge, Si).”*>*° The novel
polyanion Nig can also be described as a dimer, consisting of a
tri-Ni**-substituted -Keggin-unit {f-Ni;GeW,05,} linked by
three p3-OH groups to a di-Ni**-substituted y-Keggin unit {y-
Ni,GeW;0;,} (Figure 3). The interesting aspect here is that
this linkage results in an edge-shared assembly of three NiOg
octahedra.

The [B-GeW,y03,]'"" unit is composed of a central,
tetrahedral GeO, hetero group which is surrounded by two
equivalent {W;0,;} triads, a rotated {W,0,,} diad, and a
{WOg} octahedron. The lacunary sites in this unit are occupied
by three nickel(II) ions resulting in a {f-Ni;GeW,03,} unit. In
the [-GeW;O4,(OH)]°" unit the single {WO4} octahedron
mentioned above is missing. Two nickel ions occupy two
formally rotated, edge-shared vacancies resulting in a {y-
Ni,GeW;O;,} assembly (Figure 3). This motif was first seen in
[Hz{Nis(Hzo)s(OH)3(ﬁ'SiW9O34)(ﬂ'Siwso31)}z]24_; re-
ported by Wang’s group."' Our group has already reported
other examples of sandwich-type polyanions containing a {f-
XWy0;,} and a {f-XW,0;;} unit (X = Si, Ge), such as the
tricobalt(II) containing 17-tungsto-2-silicate in [Cos(H,0)(f-
SiW,0,3(OH))(-SiW0,9(OH),)]"'", and the trimanganese-
(II) containing 17-tungsto-2-germanate [Mn(H,0),-
{Mn3(HZO)(ﬁ-GeW9033(OH))(/}-GeW8030(OH))}2]22_.31

Bond valence sum (BVS) calculations™ on Nig confirmed
that the terminal oxygens of Ni are all diprotonated, and all ;-
and pi,-oxo ligands bridging the nickel ions are monoproto-
nated, resulting in a [Ni,(OH),(H,0),]* magnetic core,
stabilized by a [$-GeW,05,]'" and a [B-GeW05,(0OH)]~
unit (Figure 4). The protonation within the [f-Ge-
W403,(OH)]’™ unit occurs at oxygens bridging two tungstens,
namely, W1—O—W?3 (BVS 1.11) for one of the two polyanions
in the asymmetric unit, and W19—O—W21 (BVS 1.37) for the

Figure 4. Ball-and-stick representation of the [Nis(OH),(H,0),]*
core in Nig. The color code is the same as in Figure 3.

dx.doi.org/10.1021/ic400943j | Inorg. Chem. 2013, 52, 8399—8408
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other. Table S2 in the Supporting Information lists the BVS
values for all protonated oxygens in Nis. The total charge of Nig
is therefore 13—, which is balanced by 13 potassium counter
cations in the solid state. All the Ni** centers are
hexacoordinated with a distorted octahedral geometry. The
Ni—O bond lengths and O—Ni—O bond angles are in the
ranges 2.010(13)—2.150(11) A and 76.2(5)—177.7(5)°,
respectively.

Thermogravimetric analysis (TGA) was performed on K-Nig
in order to estimate the number of crystal waters per formula
unit, and we identified ca. 32 water molecules (Figure S4 in the
Supporting Information). It should be noted that the TGA data
for NaRb-Ni, as well as K-Nig (Figures S3 and S4 in the
Supporting Information) showed a lower amount of crystal
water compared to the results of elemental analysis (97 vs 109
for NaRb-Ni,, and 29 vs 32 for K-Niy). This can be explained
by the fact that the samples used for TGA measurements were
dried slightly more than those used for elemental analysis.

Magnetic Measurements. Solid state dc susceptibility
measurements on both compounds NaRb-Ni,, and K-Ni; were
performed in the temperature range 1.8—300 K under a field of
1000 Oe. Plots of the product of the magnetic susceptibility and
temperature versus temperature for NaRb-Ni,, and K-Ni; are
shown in Figure S. The yT product for both continuously
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Figure S. Temperature dependence of the yT products of NaRb-Ni,,
and K-Nig at 1000 Oe.

increases to reach a maximum and then rapidly drops on
lowering the temperature. This type of behavior suggests the
presence of dominant ferromagnetic interactions within both
clusters. The final decrease of the yT product is due to the
presence of magnetic anisotropy of the Ni** ions or possibly
weak antiferromagentic interactions. The T product at 300 K
is 19.61 cm® K/mol for NaRb-Ni,, and 6.97 cm® K/mol for K-
Ni;, respectively. These values are consistent with those for 14
and S uncoupled Ni*" ions with g & 2.36. Upon lowering the
temperature, the yT product reaches a maximum value of 97.66
cm?® K/mol for NaRb-Ni,, at 2.2 K and 8.14 cm® K/mol at 11
K for K-Nig, respectively (see the inset in Figure S). These
maxima suggest a ground spin state of 13 for NaRb-Ni,,
(assuming g = 2.07) and 3 for K-Nig (assuming g = 2.32), both
lower than the expected S = 14 (105 cm® K/mol) and S = § (15
cm® K/mol) values with g = 2, if all spins were coupled
ferromagnetically. This suggests that antiferromagnetic inter-
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actions are in competition with ferromagnetic ones within the
cores. Examining the structures, it can be seen that in both
compounds the Ni** ions are mostly bridged via y3-oxo groups
into triangular arrangements with the Ni—O—Ni angles ranging
from 89.576(4)° to 124.757(5)° for Niy, and 94.010(2)° to
129.718(2)° for Nij, respectively. Based on experimental and
theoretical studies on Ni**-containing polyoxoanions,”® it is
well-known that Ni—Ni ferromagnetic exchange pathways are
dominant when the Ni—O—Ni angles are in the range 90 +
14°. In both Niy, and Nis, some Ni—O—Ni angles are 120° or
even larger, which should mediate antiferromagnetic inter-
actions. Therefore, we can expect the coexistence of both ferro-
and antiferromagnetic couplings in both polyanions. In spite of
many attempts to model the magnetic susceptibility data, this
did not prove possible. This may be because of the following:
(a) there are at least three or even more coupling pathways
present between adjacent Ni** ions; (b) intertriangle exchange
between different Ni; triangles is not negligible; (c) the
dominant ferromagnetic interactions are not significantly larger
in magnitude than the antiferromagnetic ones; (d) the local
single-ion anisotropy of the Ni** ions cannot be excluded from
the exchange Hamiltonian.

UV-Visible Spectroscopy and Stability Studies. Both
Ni,, and Nig exhibit a broad band in the near-UV region of the
spectrum. In the case of Niy,, the band is at 260 nm in 1 M
lithium acetate, pH 4 (£, ca. 2 X 10° M™" ecm™), and blue
shifts to 254 nm upon increasing the pH to 6. The band of Nig
clearly has a smaller extinction coefficient (&, ca. 8 X 10* M™
cm™" at 260 nm). Another broad band with a very weak
absorbance is detected at 700 nm for both polyanions and is
attributed to the Ni centers (Figure SS in the Supporting
Information).*

Before studying the redox properties, it was necessary to
determine the stability of Ni;4 and Nis in these electrolytes. In
fact, it is known that polyanions may undergo chemical
transformations or completely decompose depending on the
pH of the solution in which they are dissolved. This was
checked by recording and comparing their UV—vis spectra over
a period matching the duration of an electrochemical
experiment (which may last up to several hours). The stabilities
of Ni,, and Ni; were assessed in several media. The polyanions
were considered stable when the evolution of their spectra with
time was negligible for at least 5 h, a period of time considered
to be long enough to carry out a complete electrochemical
experiment. Comparatively, Ni; is far less stable than Ni,. The
most favorable electrolytes are phosphate medium at pH 7 for
Nig and acetate media (pH ranging from 4 to 6) for Nij,. A
complementary cross-check of the stabilities of Niy, and Nig
was obtained by cyclic voltammetry experiments (vide infra).

Electrochemistry. The electrochemistry of Niy, and Nig
was carried out in various aqueous solutions. For this purpose,
the stabilities of the two polyanions, in these media, were
assessed by monitoring their respective UV—visible spectra. A
complementary cross-check of this stability was obtained by
cyclic voltammetry (CV). Only the tungsten centers are
expected to give rise to an electrochemical response, with the
Ni** ions being silent at our experimental conditions.*®

In a phosphate pH 7 medium, the CV of Nij exhibits a sharp
reduction wave at —1.254 V vs SCE, which is very close to the
solvent discharge (Figure S6A in the Supporting Information).
The characteristics of this chemically reversible W-wave
undergo progressive transformation. The voltammograms
recorded at different times show that the polyanion evolves:
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the currents of all waves regularly increase, and an additional
reduction wave progressively appears at —0.950 V (Figure S6B
in the Supporting Information). This behavior is indicative of
the relatively low stability of Nis in this buffer. Unlike Nig, the
larger Niy, is stable in various media. Figure 6 features the CVs

504 an
Ni ,
0.5
0.0 -
%-0.5-
" =057V
-1.01 —E_=0.74V
—E_=-0.92V
-1.5- rev
T T T T T T T
1.0 08 06 -04 02 00 02
E/Vvs. SCE

Figure 6. Cyclic voltammograms obtained at different reverse
potentials with a § X 107> M solution of Ni;, in 1 M LiCH;COO/
CH;COOH, pH = 4, at 10 mV s7h

of Ni,, obtained at 10 mV s~ at different reverse potentials, in
a pH 4 acetate medium. The CVs are restricted to the two
chemically reversible W-reduction waves peaking at —0.638 and
—0.808 V vs SCE, respectively. The first wave is composite, as
revealed by the presence of a reduction shoulder at ca. —0.510
V vs SCE, but its deconvolution was not observed even at a
scan rate as small as 2 mV s™'. In contrast, two well-separated
oxidation waves are observed on potential reversal at —0.418
and —0.578 V vs SCE, respectively, thus confirming the
composite nature of the first cathodic W-wave. These
chemically reversible processes are diffusion-controlled as
revealed by the peak current dependence on the square root
of the scan rate (Figure 7). The second W-wave is followed by a
large intensity wave (not shown) which is a combination of
irreversible multielectron reduction of Ni;, and electrolyte
discharge. Reductive deposition processes are associated with
this wave. Such phenomena have been described for different
POMs.”**

The exact positions and number of the W-reduction waves
evolve upon increasing the pH of the supporting electrolyte
(Figure 8). As expected, the whole CV pattern moves toward
negative potentials when the pH increases. Table 2 contains the
CV characteristics of these waves and the peak potential
differences as a function of pH. Considering just the reduction
scan, the W-waves gradually merge when the pH is sequentially
increased from 4 to 6. Interestingly, the single reduction wave
observed at pH 6 is not completely deconvoluted even at scan
rates as slow as 2 mV s~ (Figure 9). This observation is
remarkable because usually W-waves are more likely to split
rather than merge upon increasing the electrolyte pH. The
same behavior as a function of pH has been previously
reported, namely, for the large, macrocyclic [H,PsW,504,]%"
and for a few other polyanions,® and was rationalized by an
inversion of some pK, values upon reduction.® Indeed, it is
well-known in POM electrochemistry that a multiple electron
uptake often proceeds through either an electrochemical—
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Figure 7. Cyclic voltammograms as a function of the scan rate for a 5
X 107° M solution of Niy, in 1 M LiCH;COO/CH;COOH, pH = 4.
Inset: cathodic peak current intensity variation as a function of the
square root of the scan rate.
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Figure 8. Comparison of the cyclic voltammograms obtained with 5 X
1075 M solutions of Ni;, in 1 M LiCH;COO/CH,;COOH, pH = 4, §,
and 6, at 10 mV s~

chemical—electrochemical (ECE)- or an electrochemical—
electrochemical—chemical (EEC)—tgpe process, in which the
chemical steps are protonations.® It is worth noting that
proton consumption is already observed when Ni,, is dissolved
in media with a mediocre buffer power in agreement with
previous results obtained with other, large polyanions.>*™>" A
test carried out with Niy, in a 1 M lithium chloride solution
revealed that the pH increased from 3.31 up to 3.92 when a
solution having a concentration as low as 1.3 X 107> M was
prepared, corresponding to a striking 30 proton uptake per
polyanion. This hints at the fact that Ni;, may work as an
efficient proton reservoir and could turn out to be particularly
suitable for the hydrogen-evolution reaction (HER), as
described in the literature for other POMs.*® In fact, controlled
potential coulometry, performed at —0.670 V vs SCE, revealed
that the number of electrons transferred to each Ni,, depends
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Table 2. Anodic (E,,) and Cathodic (E,.) Peak Potentials
and Their pH Shifts (AE,, and AE,,) for the Electron
Transfer Processes Discussed in the Text”

pH E,, E,. AE,’ AE,”
4 —0.418 ~—0.510
—0.578 —0.638
—0.724 —0.808
s —0.466 —0.048
—0.636 —0.740 —0.058 —0.102
—0.792 —0.870 —0.068 —0.062
6 —0.460 —0.042
—0.702 —0.124
—0.864 —0.948 —0.140 -0.310

“The values are taken from voltammograms recorded at 10 mV s~ All
values are in V vs SCE. “The different potential shifts were calculated
with respect to the results obtained at pH = 4.

05]A
0.0
« 05
==
" .0
10 mVs™
1.5
42 1.0 -08 -06 04 -02 0.0
E/Vvs. SCE
0.2{B
0.0 Ni,
« 021
-
-0.44 2mvs"
0.6
40 -08 -06 -04 -02 0.0
E/Vvs. SCE

Figure 9. Comparison of the cyclic voltammograms obtained with a §
X 107 M solution of Niy, in 1 M LiCH;COO/CH;COOH, pH = 6,
at scan rates of (A) 10 mV s™! and (B) 2 mV s\,

on the number of available protons in the medium. For
example, at pH 4 and at a concentration of 1.3 X 107* M for
Niy, up to 16 electrons were consumed. The electrocatalytic
proton reduction by reduced forms of Ni,, prevents the
determination of the exact number of electrons related to the
W-waves by controlled potential coulometry.
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B CONCLUSIONS

We have successfully synthesized two novel nickel(II)-
containing heteropolytungstate derivatives by interaction of
Ni** ions with the trilacunary [P,W,;0]"*” and the dilacunary
[y-GeW,4034)% in slightly basic aqueous medium. These
polyanions were characterized by single-crystal X-ray diffrac-
tion, IR spectroscopy, thermogravimetric analysis, elemental
analysis, electrochemistry, and magnetic measurements. The
14-Ni’"-containing 60-tungsto-12-phosphate(V)
[Niy4,(OH)§(H,0)1(HPO,),(P;W15056),]**™ (Niy,) was pre-
pared using a simple, one-pot procedure by reacting
[P,W,s05)"*” with Ni** ions in a pH 8 phosphate buffer.
The novel polyanion Ni,, is composed of four Wells—Dawson
type {Ni;P,W,s} subunits encapsulating a central
{Ni,(OH),(H,0)(PO,),} group resulting in a tetrameric
aggregate. To date, Ni,, represents the largest nickel—oxo—
hydroxo cluster in POM chemistry. The S-Ni**-containing 17-
tungsto-2-germanate(IV) [Nig(OH),(H,0),(5-GeW,04,)(f-
GeW;03,(OH))]"™ (Nig) was also prepared using a simple,
one-pot procedure by reacting [y-GeW,,04]®~ with Ni*" ions
in an aqueous pH 8 medium. The sandwich-type Nis comprises
two nonequivalent lacunary Keggin units linked by a hydroxo-
bridged, pentanickel(II) magnetic core. Dominant ferromag-
netic interactions are present in both Ni;, and Nis. Electro-
chemical studies show that Ni,, and Ni; give rise to chemically
reversible responses in cyclic voltammetry (CV) which are
attributed to the W centers. The two main reduction waves of
Ni,, progressively merged upon increasing the pH, which is
attributed to an acidity inversion effect between redox centers
upon reduction.
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Infrared spectra, thermograms, UV—vis spectra, and cyclic
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