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Three supramolecular compounds based on Keggin phosphomolybdate and different flexible ligands,
Cus(bei)s(PMo;,040)26H,0 (1), (Hbbi)(Hbbi)(PMo0;,0.4)2H>0 (2), and (Hbpp)s(PMo;2040)2'6H,0
(3) (bei = 1,1'«(1,2-ethanediyl)bis(imidazole), bbi = 1,1'-(1,4-butanediyl)bis(imidazole), bpp = 1,3-bi
(4-pyridyl)propane)), have been hydrothermally prepared and characterized by elemental analysis, IR, TG,
XRD, and single-crystal XRD. Crystal data analysis reveals that 1-3 are composed of discrete [Cu(bei),]*"
complex cations, protonated bbi and bpp cations, respectively, with [PMo1,040]> . All three compounds
exhibit interesting supramolecular frameworks via electrostatic interactions and hydrogen bonds. Their
electrochemistry, electrocatalytic behavior, and solid state fluorescence at room temperature have been
investigated.

Keywords: Supramolecular; PMOIZOig ; Flexible ligand; Electrochemical character; Fluorescent
property

1. Introduction

Design and synthesis of organic—inorganic supramolecular compounds have received
attention for structural diversity and versatile physical and chemical properties, such as
catalysis, sorption, magnetism, electrical conductivity, biological activities, nonlinear optical
materials, molecular recognition, and photosensitive materials [1-11]. Organic—inorganic
supramolecular compounds have widespread interest [12, 13]. However, compounds
composed of polyoxometalates (POM) and flexible ligands are scarce. Therefore, it is
necessary to enrich this branch, which may obtain more POM-based supramolecular
compounds.

POMs, as a large family of metal-oxygen clusters, are outstanding inorganic building
blocks due to their structures, controllable sizes, shapes, and high negative charges [14-21].
In this subfamily, the Keggin species [XM,040]" (X = B, P, Si, etc.; M = Mo and W),
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especially, [PMo0;,040]°~ POMs remain comparatively less to be employed as candidates to
incorporate transition metals and organic ligands into multidimensional topological architec-
tures, probably because of their unstable structure, and only a few compounds have been
reported [22-25].

Flexible ligands, in particular, alkyl-based bis(imidazole) or bis(pyridine) ligands with
flexible skeletons, the —(CH,),— spacers, allow themselves to bend and rotate freely so as to
conform to the coordination geometries of POM anions to yield fascinating structures in the
assembly process [26-28]. However, more attention has been paid to assembly of
[PMo1,04]>~ POM complexes with rigid cations [29-33]. Compounds composed of
alkyl-based bis(imidazole) or bis(pyridine) flexible ligands are still very rare [34-36], and
most are metal—organic coordination polymers [37-39]. Both [PMo;,040]°~ and alkyl-based
bis(imidazole) or bis(pyridine) flexible ligand cations coexist in only one supramolecular
compound.

Herein, based on our previous work [40—42], we chose the classical Keggin-type POM
([PMo1,040]>7) as inorganic building block and three flexible ligands, bei, bbi, and bpp.
Three new PMo,-based supramolecular compounds, Cus(bei)s(PM01,049), 6H,O (1),
(szbl)(prl)(PMO]2040)ZHQO (2), and (szpp)3(PM012040)2'6H20 (3), have been
prepared and characterized. Their electrochemistry, electrocatalytic behaviors, and solid
state fluorescence at room temperature have been studied; all the title compounds have good
electrocatalytic activity and are potential fluorescent materials.

2. Experimental

2.1. Materials and general procedures

All reagents were purchased commercially and wused without purification. Hj
PMo,04¢13H,0 was prepared according to a literature method [43] and verified by the IR
spectrum. Elemental analyzes (C, H, and N) were performed on a Perkin—Elmer 2400 CHN
Elemental Analyzer. P, Mo, and Cu analyzes were performed on a PLASMA-SPEC (I)
inductively coupled plasma atomic emission spectrometer. IR spectra were obtained on an
Alpha Centaurt FT/IR spectrometer with KBr pellets from 400 to 4000 cm™'. Thermal
gravimetric analyzes (TGA) were carried out in N, on a Perkin—Elmer DTA 1700 differen-
tial thermal analyzer with a rate of 10 °C/min. XRD patterns were collected on a Rigaku
Dmax 2000 X-ray diffractometer with graphite-monochromated Cu Ko radiation
(4 =0.154 nm) and 26 ranging from 5° to 50°. Fluorescence spectra were performed on a
Hitachi F-4500 fluorescence/phosphorescence spectrophotometer with a 450 W xenon lamp
as the excitation source. Electrochemical measurements were taken with a CHI660 electro-
chemical workstation. A conventional three-electrode system was used. The working elec-
trode was a carbon paste electrode (CPE), a Pt wire was the counter electrode, and Ag/
AgClI (3 M KCI) electrode was used as a reference electrode.

2.2. Synthesis of 1

A mixture of H3PMo,049'13H,0 (0.6187 g, 0.3 mM), (CH3COO),Cu-H,O (0.16 g,
0.8 mM), bei (0.0324 g, 0.2 mM), and H,O (16 mL) was stirred for 30 min in air until it
was homogeneous. When the pH of the mixture was adjusted to 4-5 with 1 M HCI, the
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solution was transferred and sealed in a 30-mL Teflon-lined stainless steel autoclave, which
was heated at 160 °C under autogenous pressure for 3 days. The dark green block crystals
were isolated and collected by filtration, washed thoroughly with distilled water, and dried
at room temperature (56% yield based on Mo). Anal. C4gH7,CuzMo0,4N40g6P, (4927.87):
C, 11.89 (Calcd 11.86); H, 1.34 (1.46); N, 6.89 (6.92); P, 1.31 (1.28); Mo, 47.49(47.45);,
Cu, 3.83(3.90) wt.%.

2.3. Synthesis of 2

A mixture of H3PMo0,04-13H,0 (0.4125 g, 0.2 mM), bbi (0.0760 g, 0.4 mM), and H,O
(16 mL) was stirred for 30 min in air until it was homogeneous. When the pH of the
mixture was adjusted to 4-5 with 1 M HCI, the solution was transferred and sealed in a
30-mL Teflon-lined stainless steel autoclave, which was heated at 170 °C under autogenous
pressure for 5 days. The light green block crystals were isolated and collected by filtration,
washed thoroughly with distilled water, and dried at room temperature (43% yield based on
Mo). Anal. CyoH,gM05NgO4,P (2238.75): C, 10.64 (Caled 10.72); H, 1.29 (1.43); N, 4.93
(5.00); P, 1.42 (1.38); Mo, 51.57 (51.46) wt.%.

2.4. Synthesis of 3

A mixture of (NH4)¢M07,0,44H,0 (0.5 g, 0.4046 mM), bpp (0.10 g, 0.5044 mM) H,O
(10 mL), and C,HsOH (5 mL) was stirred for 30 min in air until it was homogeneous.
When the pH of the mixture was adjusted to 4-5 with 1 M HCI, the solution was
transferred and sealed in a 30-mL Teflon-lined stainless steel autoclave, which was heated
at 140 °C under autogenous pressure for 5 days. The dark green block crystals were isolated
and collected by filtration, washed thoroughly with distilled water, and dried at room
temperature (56% yield based on Mo). Anal. C39Hs4P,M0,4NgOgg (4350.38): C, 10.71
(Caled 10.76); H, 1.29 (1.24); N, 1.88 (1.93); P, 1.42 (1.43); Mo, 52.98 (52.93) wt.%.

2.5. Preparation of 1-, 2- and 3-CPEs

Complexes 1, 2, and 3 modified CPEs 1-, 2- and 3-CPEs were prepared as follows: 300 mg
of graphite powder and 30 mg of complex were mixed and ground together by agate mortar
and pestle to achieve a uniform mixture. To the mixture, three drops of Nujol was added
with stirring. The homogenized mixture was packed into a glass tube with 3 mm inner
diameter, and the surface was pressed tightly onto weighing paper with a copper rod
through the back. Electrical contact was established with a copper rod through the back of
the electrode.

2.6. X-ray crystallography

The crystal structures of the three compounds were determined from single-crystal XRD
data. Intensity data were collected on a Bruker SMART CCD diffractometer equipped with
graphite-monochromated Mo-Ka radiation (1 = 0.71073 A). The structure was solved by
direct methods and difference Fourier map with SHELXIL.-97 [44, 45] and refined by
full-matrix least-squares on F~. Anisotropic thermal parameters were used to refine all
non-hydrogen atoms. The positions of hydrogens of organic molecules were calculated
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Table 1. Crystal data and structure refinement details for 1-3.

1 2 3
Empirical formula C4gH72M0,4N»4056P>Cus C,oH,3M01,NgO4,P C39H54M0,4NOgcP>
M 4927.87 2238.75 4350.38
MA 0.71073 0.71073 0.71073
T/K 273(2) 296(2) 273(2)
Crystal dimensions/mm 0.26 x 0.24 x 0.20 0.26 x 0.24 x 0.24 0.26 x 0.24 x 0.20
Crystal system Trigonal Triclinic Trigonal
Space group R -3 P-1 R-3

Unit cell dimensions

a=20.4798(4),
b=20.4798(4),

a=11.3208(8),
b=11.6816(9),

a=18.3213(6),
h=18.3213(6),

c=24.1147(11), c=11.8596(9), ¢=25.3251(16),
a=90, a=102.0810(10), a=90,
£=90, £=98.0630(10), £=90,
y=120 y=116.8150(10) y=120
VIA3 8759.2(6) 1318.31(17) 7362.0(8)
Z 3 1 3
DJ/Mg m™> 2.755 2.815 2.942
wmm™! 3.157 2.896 3.106
F(©000) 6807 1059 6168
0 range/° 2.45-28.37 2.29-28.26 2.942-28.28
Measured reflections 21,984 10,713 18,595
Independent reflections 4874 6284 7856
Data/restraints/parameters 4874/0/283 6284/12/394 7856/1/472
Rine 0.0169 0.0165 0.0176
R\(I>2a(D)* 0.0318 0.0425 0.0201
WR, (all data)® 0.0818 0.1102 0.0473
Goodness-of-fit on F? 1.043 1.035 1.001

Ry =Y [Fol = [Fcll/ > FoliwRy = > [w(Fg — F2)*1) Y _w(F3)*)'>.

theoretically and refined using a riding model. Hydrogens of water were not treated. The
crystal data and refinement parameters of 1-3 are summarized in table 1. Selected bond
lengths and angles of 1-3 are listed in table S1.

3. Results and discussions

3.1. Crystal structure of 1, 2 and 3

XRD analysis reveals that the structures of 1-3 contain the similar Keggin [PMo;,040]>~
cluster, which is composed of a central PO, tetrahedron surrounded by four vertex-sharing
Mo50,3 trimers from association of three edge-sharing MoOg octahedra. In 1, the P-O
distances range from 1.530(2) to 1.537(4)A, O-P-O bond angles are 109.32(10) and
109.62(10)°, respectively. All Mo have a {MoOg} octahedral environment. Mo—-O
distances fall into three classes: Mo—-Od (terminal) 1.697(3)-1.724(3) A, Mo-Ob/c
(bridge) 1.858(3)-1.975(3) A, and Mo—Oa (central) 2.411(2)-2.452(2) A, respectively. The
[PMo;,040]>~ polyoxoanion is distorted Keggin structure in 2; the P is located at the
inversion center and surrounded by a cube of eight oxygens with each oxygen site
half-occupied. The P-O distances range from 1.494(7) to 1.561(7) A and O-P-O bond
angles from 68.9(4) to 179.999(1)°. This structure often appears in XMo;,040" Keggin
structures, explained by several groups [46, 47]. In 3, the P-O distances range from
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1.525(5) to 1.545(3) A, O-P(1)-O bond angles are 109.46(12) and 109.49(11)°, respec-
tively; O—P(2)-O bond angles are 109.75(11), 109.20(11), and 109.19(12)°, respectively.
Molybdenum has a {MoOg} octahedral environment with the Mo—O distances falling into
three classes: Mo—Od (terminal) 1.669(3)-1.683(3) A, Mo—Ob/c (bridge) 1.828(3)-1.994(3)
A, and Mo—Oa (central) 2.422(3)-2.446(3) A, respectively. According to bond valence sum
calculation [48], all Mo have oxidation state +VI (average Calcd value = 5.99), consistent
with the overall charge balance of these compounds.

Compound 1 is constructed from three Cu" ions, two Keggin-type [PMo0;,040]*~ polyan-
ions, six bei ligands, and six lattice waters. Each Cu" joins two bei ligands via Cu—N bonds
to form a waved short chain (Cu(bei)%*). Each [PMo;,040]°” polyanion join three waved
short chains to form a wind-wheel shaped structure. [PMo0,,040]°" as the wheel hub is
located in the center, three waved Cu(bei)g+ short chains as the vanes are around it in the
same direction. Two adjacent [PMo;,040]°" polyanions share a Cu(bei)%+ short chain to
form an infinite 2-D netty structure (figure 1). 2-D layers are further extended to form the
3-D structure via supramolecular interactions. Seen along the crystallographic ¢ axis, the
whole structure is a honeycomb composed of countless corner-sharing and edge-sharing
hexagonal metal-organic ligand units with [PMo;,040]>” polyanions in the cavities of the
hexagonal honeycomb (figure 2).

Compound 2 is composed of one Keggin-type [PMo1,040]°", two bbi and two lattice
waters, one bbi is mono-protonated, the other is di-protonated. [PMo;,040]°>" polyanions
are arranged in a line. Bbi are arranged end to end to form an infinite chain; another chain
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Figure 1. The 2-D supramolecular structure of 1. All hydrogens were omitted for clarity.
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Figure 2. The 3-D supramolecular structure of 1. All hydrogens were omitted for clarity.

is parallel and misplaced to it. In this way, a double-chain structure is made up. Two such
double-chains are located on either side of [PMo;,040]° polyanions to form a 1-D chain
structure (figure 3). Adjacent chains form 2-D layers through sharing of the same double-
chains (figure 4). 2-D layers are further extended to form a 3-D structure via supramolecular
interactions (figure 5). Water molecules are regularly distributed in the interspace between
[PMo;,040]>" chains to stabilize the structure.

Figure 3. The 1-D structure of 2. All hydrogens were omitted for clarity.
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Figure 4. The 2-D structure of 2. All hydrogens were omitted for clarity.

Figure 5. The 3-D structure of 2. All hydrogens were omitted for clarity.

Compound 3 consists of two Keggin-type [PMo;,040]>~, three di-protonated bpp, and six
lattice waters. A terminal O(8) and a bridge O(10) of each Keggin cluster centered on the
{P(2)O4} tetrahedron are connected with O(2W) and O(1W), respectively, while the two
waters are connected with N(1) and N(2) of bpp, respectively. Each bpp is linked with adja-
cent Keggin clusters through two waters to form an infinite chain (figure 6). The typical
hydrogen bonds are as follows: O(1W)...N(2) 2.716(6) A; O(2W)...N(1) 2.696(6) A; O
(IW)...0(10) 2.867 A; O2W)...0(8) 2.932 A. Each Keggin cluster is also linked with
another independent Keggin cluster via supramolecular interactions (O(10)...0(23) 3.023 A;
0(26)...0(23) 3.000 A). Each independent Keggin cluster of the 1-D chain is connected with
crystallographically different Keggin cluster of the third chain via hydrogen bonds between
0O(8) and O(2W), O(2W) and bpp, bpp and O(1W), and O(1W) and O(10), where O(8) and
0O(10) belong to two crystallographically different Keggin clusters. This leads to a 2-D layer
shown in figure 7. These two-dimensional layers are further extended to a 3-D supramolecu-
lar network via hydrogen bonds between O(2W) and N(1), and O(2W) and O(8) (figure 8).
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Figure 6. The 1-D chain structure of 3. All hydrogens were omitted for clarity. The hydrogen bonds are shown
by red dotted lines (see http://dx.doi.org/10.1080/00958972.2013.844801 for color version).

Figure 7. The 2-D layer structure of 3. All hydrogens were omitted for clarity. The hydrogen bonds are shown by
red dotted lines (see http://dx.doi.org/10.1080/00958972.2013.844801 for color version).

Figure 8. The 3-D network of 3. All hydrogens were omitted for clarity. The hydrogen bonds are shown by red
dotted lines (see http://dx.doi.org/10.1080/00958972.2013.844801 for color version).

3.2. IR spectrum and XRD

The IR spectra of 1-3 are shown in figure S1. All exhibit the typical bands of Keggin
anions from 700 to 1100 cm '; characteristic bands at 952, 872, 798, and 1057 c¢m !


http://dx.doi.org/10.1080/00958972.2013.844801
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for 1; 952, 873, 798, and 1057 cm ' for 2; 967, 886, 787, and 1069 em™ ! for 3
correspond to v(Mo—Od), v(Mo—Ob—Mo), v(Mo—Oc—Mo), and v(P-O) [49]. Bands at
3126, 1623-1234 cm™' for 1; 2851-3449, 2367, 1623-1163 cm' for 2; and 3444,
3141-1070 cm™' for 3 can be assigned to vibrations of water and the ligands [50].

To confirm the purity of 1-3, powder XRD has been performed. The powder XRD
patterns of bulk products of 1-3 are in agreement with the calculated pattern based on
the result from single-crystal XRD, which indicates bulk products for 1-3 are pure
(figure S2). The difference in intensity may be due to the preferred orientation of the
powder sample.

3.3. TG analysis

Thermal stabilities of 1-3 were determined under nitrogen by TGA (see figure S3) from 25
to 900 °C. For 1, TGA curve displays two weight losses. The initial weight loss (2.19%)
from 117 to 145 °C is attributed to removal of lattice water (Caled: 2.23%). The second
weight loss (19.98%) from 250 to 510 °C corresponds to bei (Calcd: 20.01%). For 2, TGA
curve displays two weight losses. The initial weight loss (1.58%) from 94 to 148 °C is
attributed to removal of lattice water (Calcd: 1.61%). The second weight loss (17.04%)
from 220 to 476 °C corresponds to bbi (Calcd: 17.00%). For 3, TGA curve also displays
two weight losses. The initial weight loss (2.52%) from 150 to 200 °C is attributed to
removal of six lattice waters (Calcd: 2.48%). The second weight loss (13.71%) from 300 to
450 °C corresponds to three bpp (Calcd: 13.73%). The result further confirms the formulas
of 1-3.

3.4. Fluorescent properties

Luminescent compounds are of interest for various potential applications [51]. Fluorescence
spectra of 1-3 in the solid state at room temperature were determined (figure 9). Intense
emissions occur at ca. 406 nm (Ao, = 347 nm) for 1, 453 nm (Ao, = 396 nm) for 2, and 486
and 503 nm (4ex = 370 nm) for 3. Emission peaks of 1-3 are close to the emission bands of
free bei (410 nm) [52], bbi (438 nm) [53], and bpp (446 nm) [54]. Emission maxima of
1-3 have blue or red shifts. It is possible that a combination of several factors [55], includ-
ing a change in the highest occupied molecular orbital and lowest unoccupied molecular
orbital energy levels of deprotonated bbi and bei ligands and the intraligand emission from
the protonated ligands, contribute to the changes. The results indicate that 1-3 are efficient
fluorescent materials.

3.5. Voltammetric behavior

Owing to the insolubility of 1-3 in water, CPE becomes an optimal choice to study the
electrochemical properties. The electrochemical behaviors of 1- to 3-CPEs have been
studied. The cyclic voltammograms in 1 M H,SO,4 aqueous solution at different scan rates
are presented in figure S4. Three reversible redox peaks appear in the potential range —0.8
to 1.0 V. The half-wave potentials E,,=(Ep, + Epc)/2 (scan rate: 20 mV s") are 0.4905
(I-1), 0.0429 (II-1I"), and —0.2472 (III-1I1") V for 1-CPE; 0.4866 (I-1'), 0.0577 (1I-1I'), and
—0.2455 (III-111") V for 2-CPE; and 0.4986 (I-1'), 0.0243 (II-1I'), and —0.2758 (III-11I") V
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Figure 9. Fluorescence spectra of 1-3.

for 3-CPE, in accord with three consecutive two-electron processes of Mo(VI/V) couples
from PMoy, [56, 57]. However, the expected oxidation peak of copper for 1-CPE is not
observed, perhaps due to overlap with the Mo""/Mo" redox peak, frequently observed in
similar PMo/Cu systems [58]. Peak potentials vary gradually following the scan rates from
20 to 160 mV s~ ! with the cathodic peak potentials shifting toward the negative direction
and the corresponding anodic peak potentials to the positive direction with increasing scan
rates.

3.6. Electrocatalysis

Keggin POMs can be used as electrocatalysts for reduction in nitrite and hydrogen peroxide
in aqueous solutions [59, 60]. Figure 10 exhibits cyclic voltammograms for the electrocata-
lytic reduction in H,O, at 1- to 3-CPEs in 1 M H,SO,4 aqueous solution from —0.8 to
1.0 V. The 1- to 3-CPEs display good electrocatalytic activity toward reduction in H,O,.
With increasing H,O, concentration, all three reduction peak currents gradually increase
while the corresponding oxidation peak currents markedly decrease, demonstrating that
H,0O, is reduced by two-, four-, and six-electron reduced species of PMo;, anions [61].
Catalytic activities were improved with increasing extent of POM anion reduction. In
contrast, the reduction in H,O, at a bare electrode generally requires a large overpotential,
and no obvious response was observed at a bare CPE.
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Figure 10. Cyclic voltammograms of the 1-, 2- and 3-CPEs in 1 M H,SO, solution containing 0.0, 2.0, 4.0, 8.0
and 16.0 mM H,0,; scan rate: 20 mV's .

4. Conclusions

We have prepared and structurally characterized three new supramolecular compounds
based on Keggin phosphomolybdate and [Cu(bei),]*" complex cations or protonated bbi or
bpp cations. In 1-3, Keggin-type POM ([PMo,,04]%") joins to organocations via hydrogen
bonding interactions to form various 3-D supramolecular frameworks. This work provides
examples of hydrogen bonding interaction in guiding self-assembly of high-dimensional
POM-based inorganic metal-organic/organic hybrid supramolecular complexes, opening a
pathway for design and synthesis of multifunctional hybrid materials based on POMs and
flexible ligands. Further studies are being conducted in our laboratory. Fluorescence exhibits
that 1-3 are potential fluorescent materials. Electrochemical analysis shows that 1-, 2-, and
3-CPEs display redox properties and good electrocatalytic activity to H,O,.

Supplementary material

CCDC 856073, 921874, 678823 contain the supplementary crystallographic data of 1, 2
and 3, respectively. These data can be obtained free of charge from The Cambridge
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Crystallographic Data Center via www.ccdc.cam.ac.uk/data request/cif. Related figures and
tables, IR spectra, XRD spectra, TG curves and the electrochemical properties for 1-3 can
be found in supplementary material. Supplemental data for this article can be accessed
http://dx.doi.10.1080/00958972.2013.844801.
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