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Synthesis and characterization of three new solid polyoxometalates
based on Wells-Dawson-derived sandwich-type polyanions
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Abstract: Three polyoxometalate-based hybrid coordination materials, [Co,(H,0),,(pz),{Co,(H,0),P,W,,0,,,}1-16H,0 (compound 1),
[H;01[Coy(H,0),,(p2),{Co,(H,0),P,W;0,,}]-21H,0 (compound 2), and [H,0],[Co (H,0),,{Co,(H,0),P,W,,0,,,}]-29H,0 (compound
3) (pz=pyrazine), were built from the linkage of [Co,(H,0),(P,W,,0,,),]'" (abbreviated as {Co,P,W,,}) polyanions and pz and/or
cobalt(II) cations. Although compounds 1 and 2 consisted of the same components, their lamellar networks were quite different.
The inorganic lamellar network in compound 3 was constructed by connecting {Co,P,W,;} units with cobalt(Il) cations. This
work demonstrates that the coordination modes of {Co,P,W,} are very sensitive to synthesis conditions, while the ring-belt
tetrametals are easily substituted by different transition metal cations under mild reaction conditions.
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1 Introduction

Polyoxometalates (POMs) are a unique class of
nano-sized metal-oxygen clusters, which provide abun-
dant oxygen donors to combine with transition metal
cations for the construction of hybrid organic-inorganic
coordination materials which exhibit distinctive topo-
logical framework structures and properties (Ma et al.,
2019; Liu et al., 2020). Accompanying the development
of synthesis strategy, the chemistry of POMs-based solid
hybrid materials has been highly enriched by combin-
ing POMs, transition-metal cations, and organic moi-
eties in organic-inorganic hybrid materials (Du et al.,
2014; Ye and Wu, 2016; Li et al., 2021; Liao et al.,
2021; Zhao et al., 2021).

The Weakley-type POMs, [M,(H,0),(X,W ,O,),]"
(abbreviated as {M.X,W.,}, X=P", Si", As", and Ge",
M=Mn", Co", Cu", and Zn"), consist of tetrametal ring
belts between two {X,W O,} units, and have been
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used to modulate the properties of organic-inorganic
hybrid materials for potential applications in different
fields (Weakley and Finke, 1990; Gomez-Garcia et al.,
1994; Kirby and Baker, 1995; Mbomekalle et al., 2003a,
2003b). The 30 {WO,} octahedra in the {M X,W,}
polyanion can be classified into three types that are
grouped in two sets, including six cape, 12 middle, and
12 waist {WO,} octahedra, which are readily avail-
able to coordinate to metal cations for the construction
of solid-state coordination materials (Fig. 1). However,
incorporation of {M . X,W,,} in a hybrid is not easily
achieved with traditional synthesis methods, even us-
ing the most basic cluster [a-P,W ,0,]" as the start-
ing material (Li et al., 2008, 2009). To understand the
coordination ability of {M . X,W,;}, we report here on
a “step-by-step aggregation” technology for rational
fabrication of three {Co,P,W, }-based hybrid materials:
[Coy(H,0),,(pz),{Co,(H,0),P,W;,0,,}]-16H,0  (com-
pound 1), [H,0],[Co(H,0),,(pz),{Co,(H,0),P,W 0.} |
21H,0 (compound 2), and [H,0],[Co,(H,0),,{Co,(H,0),
P,W,0,,}1-:29H,0 (compound 3) (pz=pyrazine). The
results reveal the important role of synthesis condi-
tions in the formation of different {Co,X,W,,}-based
hybrid coordination networks.
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Fig. 1 Schematic of the Weakley-type polyanion [M,(H,0),
(X,W,.0,),]" and the classification of the 30 {WO} octahedra
in the polyanion

2 Experimental
2.1 Materials and methods

All of the chemicals were obtained from com-
mercial sources and were used without further purifi-
cation, except for Na,[Co,(H,0),P,W,0,,] (abbreviated
as {C04P4W30}) and Nals[Zn4(H20)2P4W300112] (abbre'
viated as {Zn,P,W,;}), which were synthesized as
described by Finke et al. (1987). Infrared (IR) spec-
tra were recorded from KBr pellets on an FTS-40
spectrophotometer (Bio-Rad, the USA) in the 4000—
400 cm™ region. We carried out thermogravimetric anal-
yses (TGA) in N, atmosphere on a NETZSCH STA
409 PC/PG instrument (NETZSCH, Germany) at a
heating rate of 10 °C/min. Powder X-ray diffraction
(PXRD) data for Cu-Ka radiation were recorded on a
RIGAKU D/MAX 2550/PC (1=1.5406 A) (Rigaku In-
ternational Corporation, Japan). Inductively coupled
plasma mass spectrometry (ICP-MS) analysis was
performed on an XSeries II instrument (Thermo Fisher
Scientific, the USA) by dissolving the crystalline sam-
ples in concentrated nitric acid. Cyclic voltammo-
grams were obtained at room temperature with a CHI
630 electrochemical workstation (Shanghai Chenhua
Instruments Limited, China). Platinum gauze was used
as a counter electrode, and a saturated calomel elec-
trode (SCE) was used as the reference electrode. The
chemically bulk-modified carbon-paste electrodes (CPEs)
were used as working electrodes.
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2.2 Synthesis of compound 1

We dissolved {Co,P,W,} (0.1 g, 0.012 mmol) in
20 mL distilled water and adjusted the pH value to 5.3
with dilute HCI aqueous solution (pH=1). Co(NO,),"
6H,0 (0.2 g, 0.69 mmol) was added to the mixture,
which was heated and stirred at 65 °C for 12 h. We
added pz (5 mg, 0.063 mmol) in 5 mL hot water drop-
wise into the solution. After heating the mixture at
65 °C for 8 d, red crystals were isolated by filtration,
washed with water, and dried at room temperature.
The yield was 35% (based on {Co,P,W,}). Elemental
analysis results were as follows. Analysis calculated for
CH,,Co,,N,O,.P,W,, (%) were 7.40 for Co and 57.72
for W. Found results (%) were 7.21 for Co and 56.33 for
W. IR peaks (KBr pellet, cm™) were found at 1635 (m),
1425 (w), 1162 (w), 1086 (s), 1050 (m), 935 (s), 907 (s),
770 (s), and 727 (s) (Fig. S1 of the electronic supple-
mentary materials (ESM)).

2.3 Synthesis of compound 2

The preparation procedure for compound 2 was
similar to that for compound 1, except that we used
{Zn,P,W,;} (0.1 g, 0.012 mmol) instead of {Co,P,W,}.
The yield was 28% (based on {Zn,P,W,}). Analysis
calculated for CH,,,Co,N,O,,,P,W,, (%) were 5.94 for
Co, and 61.73 for W. Found results (%) were 5.61 for
Co, 0.35 for Zn, and 60.07 for W. IR peaks (KBr pel-
let, cm™) were found at 1624 (m), 1421 (w), 1166 (w),
1084 (s), 1051 (w), 1015 (w), 935 (s), 905 (w), and
716 (s) (Fig. S2).

2.4 Synthesis of compound 3

The preparation procedure for compound 3 was
also similar to that for compound 1, except that we used
4,4'-bipyridine (4,4'-bpy) (0.5 mg, 0.003 mmol) in-
stead of pz. The yield was 10% (based on {Co,P,W,}).
Analysis calculated for H,,,Co,,0,,P,W,, (%) were 6.54
for Co and 61.18 for W. Found results (%) were 6.21
for Co and 60.73 for W. IR peaks (KBr pellet, cm™)
were found at 1617 (m), 1489 (w), 1435 (m), 1409 (w),
1223 (w), 1086 (s), 1047 (w), 935.6 (s), 907 (s), and
769 (s) (Fig. S3).

2.5 Typical procedure for the preparation of CPEs
based on compounds 1, 2, and 3

The solid material-modified CPE was fabricated
as follows: 0.05 g graphite powder and 0.02 g solid
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sample were mixed together with an agate mortar and
pestle to achieve an even dried mixture. Next, 0.5 mL
paraffin oil was added to the mixture and stirred with
a glass rod. The resulting homogenized mixture was
packed into a 3 mm inner diameter glass tube, and the
surface was wiped with weighing paper. Electrical con-
tact was established with a copper rod through the
back of the electrode (Wang et al., 2010).

2.6 Single-crystal X-ray data collection and
structural determination

We performed the determination of the unit cells
and data collection for the crystals of each compound
on an Oxford Xcalibur Gemini Ultra diffractometer
with an Atlas detector. The data were collected using
graphite-monochromatic Mo-Ka radiation (2=0.71073 A)
at 293 K and the datasets were corrected by empirical
absorption correction (Oxford Diffraction Ltd., 2010).
The structures were solved by direct methods, and
refined by full-matrix least-square methods with the
SHELX-97 program package (Sheldrick, 1997). All
non-solvent atoms were located successfully from Fou-
rier maps. The solvent molecules in compounds 1-3
were highly disordered, and we used the SQUEEZE
subroutine of the PLATON software suit to remove
the scattering from the highly disordered water mole-
cules (Spek, 2003). The resulting new files were used
to further refine the crystal structures. The relatively
high R, values for all three compounds should be as-
cribed to the relatively large system. The data-collection
parameters, crystallographic data, and final agreement
factors are collected in Table 1.

3 Results and discussion

The purity of the bulk samples of each compound
was confirmed by comparing the PXRD diffraction peaks
of simulated and experimental patterns (Figs. S4—S7).
All of the typical vibrations were clearly visible in the
IR spectra of the compounds. The IR spectra all exhib-
ited strong bands around the peak of 1080 cm™, which
we attributed to the asymmetric stretching vibration
of the P-O bond (Finke et al., 1987). The characteris-
tic bands of the terminal W-O vibrations of the Wells-
Dawson units appeared at 935 cm™ for compound 1,
934 cm™ for compound 2, and 936 cm™ for compound
3. The vibrations of the corner-sharing W-O-W moieties

Table 1 Crystal data and
compounds 1-3

structure refinements for

Parameter Description

Compound 1 Compound 2 Compound 3
Formula weight 9555.56 8934.80 9015.59
Crystal system Triclinic Triclinic Monoclinic
a(d) 14.2766 (8) 14.3599 (19)  28.113(6)
b (A) 14.6461 (8)  14.619(2) 14.5015 (14)
c(A) 19.3539 (10) 20987 (3)  22.634 (3)
a(®) 91.280 (4) 84.802 (10) 90.00
B(©) 90.004 (4) 88.526 (10)  115.88 (2)
7(°) 105.867 (5)  73.651 (12) 90.00
Volume (A’) 3891.6 (4) 42104 (9) 8302 (2)
Space group P1 P1 C2/m
VA 1 1 2
p (g/em’) 4.077 3.524 3.607
F(000) 4264 3963 8000
u (mm™) 23.486 21.400 21.808
Reflections 54475 20449 16664

collected
Data/parameters ~ 13714/928  11963/485 7639/415
R, 0.0993 0.1384 0.0813
R, (I>20(1)) 0.1227 0.1389 0.1380
WR(F*) (I>20(I)) 0.2782 0.2884 0.3147
Goodness of 1.378 1.074 1.461
fiton F*

a, b, ¢, a, B, and y: unit cell parameters; Z: the number of molecules
in a unit cell; p: calculated density; F(000): the total number of electrons
in a unit cell; g absorption coefficient; Data/parameters: number of
independent reflections/number of structure refinement parameters; R, :

int*

closeness of agreement in intensities for supposedly equivalent reflections;
R=S (F|-IF )X |F |, wR=[S w(F ' =F)"/S w(F’Y1"*; I intensity
of the reflection; o: standard uncertainty of a parameter; /°: observed
structure factor amplitude; F: calculated structure factor amplitude.

were found in the following bands: 906 cm™ for com-
pound 1, 906 ¢cm™' for compound 2, and 907 cm™" for
compound 3. The vibrations of the edge-sharing W-O-
W moieties presented at 769 cm™ for compound 1,
760 cm™ for compound 2, and 765 cm™ for compound
3 (Harmalker et al., 1983; Finke et al., 1987). We attri-
bute the bands in the region of 1424—1162 cm™ to the
pz ligand in compounds 1 and 2 (Kong et al., 2006).
Heating a mixture of {Co,P,W,;}, Co(NO,),"6H,0,
and pz in an acidified aqueous solution at 65 °C for 8 d
afforded red crystals of compound 1. Single-crystal X-
ray diffraction analysis revealed that compound 1 con-
sisted of 2D lamellae based on {Co,P,W,,}, cobalt(II)
cations, and pz ligands in P-1 symmetry (Fig. 2). In
compound 1, {Co,P,W,} was built from two B-type
{o-P,W 0.} fragments and a sandwiched belt with



Fig. 2 (a) Ball-and-stick and polyhedral representations of
the local structure for compound 1; (b) View of the 1D chain
of {CoP,W,} connected by the coordination connection
between cobalt(II) cations and {WO_} octahedra in compound
1; (c¢) View of the 1D chain of {Co,P,W,} connected by the
coordination connection between pz ligands and cobalt(I)
cations; (d) Side view of the 2D lamellar coordination network
in compound 1 (color codes: cyan: W; orange: P; purple and
blue: Co; grey: C; yellow: N; red: O). References to color
refer to the online version of this figure

four cobalt(Il) cations, and all of the bond lengths and
angles of {Co,P,W,,} were within the normal ranges
and consistent with those described in the literature
(Finke et al., 1987).

The {Co,P,W,} unit acted as a decadentate li-
gand to coordinate to 10 cobalt(IT) cations with 10 ter-
minal oxygen atoms of 10 {WO,} octahedra (Fig. 2a).
According to the coordination environment, there were
three kinds of octahedrally coordinated cobalt(Il) cations
in compound 1, besides the cobalt(Il)cations in the
sandwiched ring belt of {Co,P,W,}. The first cobalt(Il)
cation coordinates to one cape oxygen atom in
{Co,P,W,}, one waist oxygen atom in the neighbor-
ing {Co,P,W,}, and four aqua ligands. Accordingly,
two octahedrally coordinated cobalt(Il) cations linked
up two neighboring {Co,P,W,,} units by coordinating
to one cape and one waist {WO,} octahedron to ex-
tend into a linear network structure (Fig. 2b). The sec-
ond cobalt(Il) cation coordinated to one waist oxygen
atom in {Co,P,W,}, four water molecules, and one pz
ligand, which further propagated into a polymeric
chain linked by pz-bridging ligands (Fig. 2¢). As a re-
sult, the {Co,P,W,,} units were linked by cobalt(II) cat-
ions and pz bridging ligands to form an interesting
thick lamellar network (Fig. 2d). The remaining two
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cobalt(IT) cations terminated on the {Co,P,W,} unit,
with five water ligands to fulfil the octahedral coor-
dination environment. The TGA curve shows that a
weight loss of 9.8% occurred between 30 and 245 °C,
corresponding to the loss of water molecules (Fig. S8).

When we used {Zn,P,W,,} instead of {Co,P,W,}
under the same synthesis conditions used for compound
1, a lamellar coordination network of compound 2
was isolated as red crystals. Elemental analysis re-
vealed that most of the zinc cations had been replaced
by cobalt(I) cations. Since there was no Na' cation in
the crystal lattice, according to the elemental analysis
results, we deduced that hydronium was maintaining
the charge balance. Single-crystal X-ray structural
analysis revealed that compound 2 was a lamellar net-
work built from connecting cobalt(Il) cations with
{Co,P,W,,} and pz units in P-1 symmetry (Fig. 3). It
is worth noting that the coordination mode of a
{Co,P,W,,} unit in the lamellar network of compound
2 was different from that in compound 1. Each
{Co,P,W,} acted as an octadentate ligand to coordinate
to eight cobalt(Il) cations by four middle and four
waist oxygen atoms (Fig. 3a).

There are two kinds of cobalt(I) cations, classi-
fied according to their positions on {Co,P,W,}. The
first kind is penta-coordinated to two middle oxygen

(c) (d)

Fig. 3 (a) Ball-and-stick and polyhedral representations
of the local structure for compound 2; (b) View of the
1D chain of {Co,P,W,} connected by cobalt(Il) cations
coordinating to the middle {WO,} octahedra in compound
2; (c) View of the 1D chain of {Co,P,W,} connected by pz
bridging cobalt(Il) cations in compound 2; (d) Side view
of the 2D lamellar coordination network in compound 2
(color codes: green: W; orange: P; purple and blue: Co;
grey: C; yellow: N; red: O). References to color refer to
the online version of this figure
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atoms of two neighboring {Co,P,W,,} units and three
water molecules, which links up the {Co,P,W,,} units
so that they can propagate into a linear network (Fig. 3b).
Similar to the coordination mode in compound 1, the
pz ligand was bidentately coordinated to the second
kind of cobalt(Il) cation in the waist of different
{Co,P,W,,} clusters, propagating into the second kind
of chain (Fig. 3c). As a result, the {Co,P,W,;} units
were linked in two different ways to form a thick la-
mellar network (Fig. 2d). The TGA curve shows that
a weight loss of 10.0% occurred between 30 and 185 °C,
corresponding to the loss of water molecules (expected
9.9%) (Fig. S9).

When we used 4,4'-bipyridine (4,4'-bpy) instead
of pz ligand under the same synthesis conditions used
for compound 1, an interesting inorganic lamellar co-
ordination network of compound 3 was isolated as
red crystals. In the absence of 4,4'-bpy ligand under
the same reaction conditions, only pink powder was
isolated. This result indicates that 4,4'-bpy might play
a crucial role in the formation of the crystals of com-
pound 3. As there was no Na' cation in the crystal
lattice (according to elemental analysis results), the
charge-balance cation should be hydronium. Single-
crystal X-ray diffraction analysis revealed that com-
pound 3 crystallized in the monoclinic C2/m space
group, which consisted of 2D inorganic lamellae of
{Co,P,W,,} bridged by cobalt(Il) cations (Fig. 4).

Fig. 4 (a) Ball-and-stick and polyhedral representations
of the local structure for compound 3; (b) Top view of the
2D sheet in compound 3 (color codes: cyan and green: W;
orange: P; purple: Co; red: O). References to color refer
to the online version of this figure

There are four cobalt(I) cations located on the
middle of {Co,P, W, }, while the remaining eight co-
balt(Il) atoms are around the waist (Fig. 4a). Each
{Co,P,W,,} unit acted as a twelve-dentate ligand to
coordinate to 12 cobalt(Il) cations, besides the ring

belt cobalt(I) ions in {Co,P,W,,}. The cobalt(Il) cat-
ion octahedrally coordinated to one middle oxygen at-
om in {Co,P,W,} and one waist oxygen atom in the
neighboring {Co,P,W,,} unit on the apical sites, as
well as four aqua ligands on the equatorial positions.
As a result, each {Co,P,W,,} cluster was bridged by
12 cobalt(ll) cations to link up six neighboring
{Co,P,W,} units, and further propagated into a lamellar
network (Fig. 4b). The TGA curve shows that a weight
loss of 11.1% occurred between 30 and 193 °C, corre-
sponding to the loss of water molecules (expected
11.4%) (Fig. S10).

Because compounds 1-3 are insoluble in water
and common organic solvents, these compounds have
been used as modifiers to fabricate chemically modi-
fied CPE (Mbomekalle et al., 2003a, 2003b). We re-
corded the cyclic voltammetric behaviors for 1-, 2-,
and 3-CPE in 1 mol/L H,SO, aqueous solution at differ-
ent scan rates. Compounds 1-3 exhibited three pairs
of redox peaks in the potential range of 800 to —800
mV (Fig. 5). There were three reversible redox peaks:
I-I', II-II', and III-III", which should be ascribed to
three consecutive two-electron processes of W centers
(Ruhlmann et al., 2002, 2004, 2007; Bi et al., 2005;
Mbomekalle et al., 2005; Schaming et al., 2009; Am-
mam et al., 2010). The half-wave potential E,, was
calculated by (E,+E,)/2 (mV), where E, and E, are
potential of oxidative peak and potential of reductive
potential, respectively. They were —15.85 mV (I-I),
—-220.1 mV (II-1I'), and -397.1 mV (III-1II") for com-
pound 1 (scan rate: 40 mV/s), 5.5 mV (I-I'), =221.5 mV
(II-11"), and -391.5 mV (UI-III") for compound 2 (scan
rate: 100 mV/s), and —13.1 mV (I-I'), =201.6 mV (II-
II"), and —400 mV (III-1II") for compound 3 (scan rate:
200 mV/s). When the scan rate was gradually in-
creased from 40 to 400 mV/s for these CPEs, the ca-
thodic peak potentials were shifted in the negative di-
rection and the corresponding anodic peak potentials
were shifted in the positive direction. As shown in
Fig. 5d, the cyclic peak currents are proportional to
the scan rates (from 40 to 350 mV/s), suggesting that
the redox process should be surface-controlled (Song
et al., 1999; Ruhlmann et al., 2002, 2004, 2007; Scham-
ing et al., 2009). It is worth noting that these CPEs
were very stable after 20 manifold cyclic voltamme-
try cycles at a scan rate of 80 mV/s in the potential
range of +0.8 to —0.6 V, revealing the high stability of
these hybrid materials (Fig. S11).
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Fig. 5 Cyclic voltammetric behaviors (I-E) in 1 mol/L H,SO, solution at different scan rates } (from inner to outer: 40,
80, 120, 160, 200, 240, 280, and 320 mV/s) for (a) 1-CPE, (b) 2-CPE, and (c) 3-CPE; (d) Dependences of cathodic peak
(IT) and anodic peak (II') currents (1)) for 1-CPE on scan rates from 40 to 350 mV/s

4 Conclusions

In summary, we successfully synthesized three
{Co,P,W,,} cluster-supported hybrid coordination ma-
terials under ambient reaction conditions. The slight
differences in metal cations in the ring belt of {M,P,W,}
are responsible for the formation of different hybrid
materials with distinctive framework structures. More-
over, this work demonstrates for the first time that
ring-belt tetrametals are easily replaced by environ-
mental transition metal cations under ambient condi-
tions. We believe that this work provides valuable in-
formation for the rational design and assembly of
POM-based organic-inorganic hybrids for various po-
tential applications.
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