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Mn?" and unusual pentanuclear fragments {[Nay s(H,0)o.5]-Mn(OH)4(H,0),[Nag s(H,bim)],} are
introduced into {P,Mos} system to yield an infinite 2-D supramolecular layer with two cage-like
pores. Compound 1 displays good electrocatalytic activity on reduction of hydrogen peroxide, and
fluorescent properties in the solid state at room temperature.

An organic-inorganic hybrid based on {P,Mos} clusters, (H,bim);[{Nags(H>0)os}>{Mn
(OH)4(H,0),} {Nag 5s(H,bim) }» {Mn(H,0)4(P.M05073),}1-4H,O (1) (bim = 2,2'-biimidazole), was
hydrothermally synthesized and characterized by elemental analyses, IR, TG, UV, and single crystal
X-ray diffraction analyses. In 1, four Na ions, one Mn, and two bim ligands are linked by four p—O
bridges to form unusual pentanuclear fragments [{Nays(H,0)gs}2{Mn(OH)4(H,0),}{Nay s(Hs-
bim)},]. Each pentanuclear segment links adjacent to four Standberg units to form supramolecular
dimer chains, which are further connected by Mn(H,0), linkers to yield infinite 2-D layer. Two
kinds of cage-like pores are observed in alternating type along the crystallographic b axis in which
protonated H,bim ligands fill one sort of pores. Electrochemical and fluorescent properties of 1 have
been investigated.

Keywords: Hydrothermal synthesis; [P2M05023]"7 polyanions; Electrochemistry; Fluorescent
properties; Pentanuclear fragment
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1. Introduction

Synthesis of organic—inorganic hybrid materials has attracted interest due to their fascinat-
ing structural topologies and potential applications in catalysis, medicine, sorption, electrical
conductivity, magnetism, and photochemistry [1-6]. An important strategy for the synthesis
of POM hybrids is introduction of transition metal or transition metal complexes (TMCs),
which can decorate and bridge, grafted into the framework of POM via covalent bonds
[7-10] or weak intermolecular interaction. The introductions of the bridging units not only
dramatically enrich the inorganic backbone, but also improve their chemical properties.
New POM-based inorganic—organic hybrid compounds with 0-D, 1-D, 2-D, or 3-D frame-
works have been reported [11, 12]. However, most of the POM-based compounds are modi-
fied by mononuclear TMCs or transition metals [13, 14]. Multinuclear segments decorating
POM-based inorganic—organic hybrid compounds are less common. Thus, it would be a
challenging but attractive area to synthesize this kind of compound.

Construction of POM-based multinuclear assemblies involves the selection and design of
appropriate POM building blocks, organic ligands, and metal-connecting nodes [15]. As a
unique class of metal oxide clusters, [HXM05P2023](67")7 (abbr. as P,Mos; x =0, 1, 2), has
been regarded as suitable anionic templates to build up organic—inorganic hybrid structures.
On one hand, the smaller size of polyanion leads to high negative charges of the whole
clusters, which can induce more cationic linking units into the crystal structures and lead to
plenty of structural topologies. On the other hand, the two extruding {PO,} fragments pro-
vide versatile coordination modes to various linking units. Moreover, the {P,Mos} clusters
are easily available clusters that can be in sifu synthesized with simple starting materials in
routine synthesis or hydrothermal environment. Organic ligands play crucial roles in the
construction of POM-based multinuclear hybrids because changes in the flexibility, length,
and symmetry of the organic ligands can influence microstructure and character of hybrid
materials. As a rigid organic ligand, 2,2'-biimidazole with four N-donors not only may
coordinate with secondary metal to make frameworks robust but also have z-electron sys-
tems. Manganese ions have been widely used as the linking units to construct POM-based
complexes due to their relatively strong coordination with both terminal oxygens of POMs
and nitrogens of organic ligands [7—10]. Sodium ions usually act as the other type of linkers
to construct POM-based assemblies, due to their more flexible coordination modes, low
positive charge, and relatively high concentration in the starting materials. Recently, a series
of compounds based on {P,Mos} modified by copper—H,biim complexes were reported
[16-19]. However, most studies are linked by transition metals, TMCs, or alkaline earth
metals [20]; it is relatively rare that mixed pentanuclear metal fragments are linkers for con-
struction of {P,Mos}-based hybrids.

We report an inorganic—organic hybrid, (H,bim)s[{Nag s(H,0)g 5}>{Mn(OH)4(H,0),}
{Nay 5(H,bim)}, {Mn(H,0)4(P.M05053),}]-4H,0, which is the first 2-D supramolecular
layer based on {P,Mos} cluster bridged by Mn(II) and mixed-metal pentanuclear segments.

2. Experimental

2.1. Materials and general procedures

All reagents were purchased commercially and used without purification. Elemental
analyses (C, H, N) were performed on a Perkin-Elmer 2400 CHN elemental analyzer.
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P, Mo, Mn, and Na analyses 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™'. The thermal gravimetric analyses
were carried out in N, on a Perkin-Elmer DTA 1700 differential thermal analyzer with a
heating rate of 10 °C min~'. Diffuse reflectance UV—vis spectra (BaSO,4 pellets) were
obtained with a Varian Cary 500 UV-vis NIR spectrometer. 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 performed
with a CHI660 electrochemical workstation. A conventional three-electrode system was
used. The working electrode was a carbon paste electrode (CPE), a Pt wire as the counter
electrode and Ag/AgCl (3 M KCl) electrode was used as a reference electrode.

2.2. Synthesis

Compound 1 was prepared by the hydrothermal method: A mixture of Na,MoQ4-2H,0O
(1.25 g, 5.17mM), MnCl,-2H,0 (0.25 g, 1.55 mM), 0.5 mL H3PO,, biimidazole (0.268 g,
1.97 mM), and H,O (18 mL) was stirred for 2 h in air until it was homogeneous. After the
pH of the mixture was adjusted to 3.5 with 1 M HCI, the solution was transferred and
sealed in a 30 mL Teflon-lined stainless steel autoclave, which was heated at 160 °C under
autogenous pressure for five days. The light yellow cubic crystals were isolated and col-
lected by filtration, washed thoroughly with distilled water, and dried at room temperature
(53% yield based on Mo). Elemental analysis for C3gHggMn,Mo;oN,oNa,Og1P4 (2279.13):
Calcd (%): Mn, 4.82; Mo, 42.10; Na, 2.02; C, 15.81; N, 12.29; P, 5.44; H, 2.92. Found:
Mn, 4.86; Mo, 42.05; Na, 2.07; C, 15.76; N, 12.33; P, 5.41; H, 2.90.

2.3. Preparation of 1-CPEs

Compound 1-modified carbon paste electrode (1-CPEs) was fabricated 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 were added
with stirring. The homogenized mixture was packed into a glass tube with 1.2 mm inner
diameter, and the tube surface was wiped with paper. Electrical contact was established with
a copper rod through the back of the electrode.

2.4. X-ray crystallography

The crystal structure of 1 was determined from single crystal X-ray diffraction data. Inten-
sity data were collected on a Bruker SMART CCD diffractometer equipped with graphite
monochromated Mo Ka radiation (k= 0.71073 A). The structure was solved by direct meth-
ods and difference Fourier map with SHELXL-97 program [21], and refined by full-matrix
least-squares techniques on F2. For 1, all non-hydrogen atoms except solvent water were
refined anisotropically. The positions of hydrogens of organic molecules were calculated
theoretically, and refined using a riding model. Hydrogens of water molecules were not
treated. Graphics were obtained with Diamond [22]. The crystal parameters, data collection,
and refinement results for the compound are summarized in table 1. Selected bond
lengths and angles for 1 are listed in table (S1, see online supplementary material at
http://dx.doi.org/10.1080/00958972.2014.946414).
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Table 1. Crystal data and structure refinement details for 1.

Empirical formula

M

2 (A)

T (K)

Crystal dimensions/mm
Crystal system

Space group

Unit-cell dimensions

V(A%
z

DCalcd(l\{lg m?)
p(mm )

F(@©O00)

6 Range (°)

Measured reflections
Independent reflections
Data/restraints/parameters
Rinl

Ry (I> 20(D))*

WwR,; (all data)®
Goodness-of-fit on F*
Apmax, min (e A73)

C30HgsMnyMo;gN2Na,Og; Py
2922.17

0.71073

273(2)

0.34 x 0.32 x 0.26
Triclinic

P-1
a=11.1994(9)

b =11.2440(9)

¢ =20.5567(16)

o =97.2980(10)
£=91.1190(10)

y =116.9960(10)
2279.1(3)

1

2.129

4.641

1426
2.36-28.40
18,562
10,968
10,968/0/616
0.0206
0.0355
0.1063

1.054
1.307/-0.680

“Ry = Y||Fol = [Fcl/XIFol; wRy = T[w(Fo® = FP VI w(Fe™y 1.

(@)

(b)

Figure 1. (a) Ball and stick representation for the basic building unit of [P2M05023]67 and (b) its polyhedral
representation.

3. Results and discussion

3.1. Crystal structure

Single crystal X-ray structural analysis reveals that 1 was based on biphosphopentamolyb-
date. As shown in figure 1, the [P,Mos0,3]%" cluster can be described as a ring of five
MoOg octahedra with two PO, tetrahedra capping. Five distorted MoOg octahedra generate
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a pentagonal ring by sharing edges and corners, and two PO, tetrahedra connect to each
side of the ring, sharing three oxygens with different MoOg units. All the P-O and Mo-O
distances are in the normal ranges.

Bond-valence sum (BVS) calculations [23] show 6.02—6.05 for all molybdenum ions and
4.92-4.96 for all phosphorus ions in 1, indicating that all Mo are +6 and P are +5. BVS
calculations are from 1.25 to 1.27 for the protons of the phosphato groups and 0.79-0.92
for hydroxyl groups linked to Mn centers. The terminal water ligands linked to Mn and Na
centers (0.26—0.34) are also determined by the BVS calculations. The Mn and Na are +2
and +1 oxidation states, respectively, in 1.

The basic unit of 1 contains two [P,MosO,;]®" clusters, one [{Nag 5s(H,O)o.5}2{Mn
(OH)4(H;0),} {Nag 5(H,bim)},] pentanuclear segment, one {Mn(H,0),} linker, three pro-
tonated H,bim ligands, and four lattice waters (see figure S1). In 1, there are two crystallo-
graphically independent manganese ions which adopt octahedral coordination geometry.
Mn(2) exhibits a distorted {MnQOg} octahedral geometry surrounded by two oxygens from
two adjacent [P,Mos] clusters and four from water molecules with Mn(2)—O bond distances
of 2.167(3)-2.172(4) A. In the pentanuclear unit [{Nays(H,0)os}»{Mn(OH),(H,0),}
{Nag s(Hbim)},], the central Mn(1) ion also adopts distorted {MnOg} octahedral geometry
surrounded by four p—O from adjacent Na cations, and two waters with Mn(1)-O bond dis-
tances of 2.178(4)—2.186(4) A. The sodium cations are half-occupied and exhibit two kinds
of coordination geometries. Na(1) cations adopt rare distorted trigonal bipyramid coordina-
tion environment [24] with one p—O from central Mn, three oxygens from {MoOg} octahe-
dra of adjacent {P,Mos} clusters, and a nitrogen from bim. Na(2) cation has a distorted
tetrahedral center with one p—O from central Mn, two oxygens from {MoOg} octahedra of
{P,Mos} clusters, and one water. The Na—N distance is 2.950 A and the Na—O distances
vary from 2.664 to 2.826 A. In this linkage mode, four Na ions, one Mn center, and two
bim ligands are bonded together by four u—O bridges to form unusual pentanuclear frag-
ments [{Nag s(H,O0)5}>{Mn(OH)4(H,0),} {Nay s(H,bim)},] (figure 2). Each pentanuclear
segment links four adjacent Standberg units to form infinite supramolecular dimer chains.
These dimer chains are parallel with each other and further connected by Mn(H,0), linkers
to yield unique 2-D layer (see figure 3). Two different types of cage-like pores are observed
in alternating type along the crystallographic b axis. Two {P,Mos0,3} clusters and two
pentanuclear  fragments [{Nag s(H>0)0.5}2{Mn(OH)4(H,0),} {Nay s(Hybim)},] are
connected alternately to form pore A, which is filled by protonated H,bim ligands (see
figure 3). The bigger pore B is formed by four {P,Mos0,3} cages, two Mn(H,0)4 units,

Figure 2. The 1-D dimer chain of the poly(oxo molybdophosphate) based on [P,Mos] and pentanuclear
[{Nao 5(H20)0.5}2{Mn(OH)4 (H0),} {Nag s(H,bim)}] linkers in 1.
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Figure 3. The 2-D layer of 1 connected by Mn(H,0), linkers and the linkage detail and dimension of the A and
B holes.

Figure 4. View of the 3-D framework of 1 constructed by 7—= stacking interactions forming a 2-D plane.

and two Na(bim) fragments (see figure 3). The dimension of pore A is 11.199 x 13.266 A
with Mn(1)-Mn(1) distance of 11.199 A and Na(1)-Na(1) distance 13.266 A. The dimen-
sion of pore B is 11.199 x 13.998 A with Mn(2)-Mn(2) distance 11.199 A, Na(1)-Na(1)
distance is 13.998 A. In the packing arrangement, the adjacent 2-D layers are further linked
to form a 3-D structure by z—r interactions between aromatic groups of bim ligands
(figure 4 and figure S2).

3.2. Spectroscopic and thermal analyses

3.2.1. IR spectrum. IR spectrum of 1 was measured at room temperature (shown in
figure S3). The broad bands at 3431 and 3153 cm™' can be assigned to v(N-H) and/or
v(O-H) of the protonated ligands and isolated solvent water molecules. The peaks at 1032,
909, 778, and 687cm ' are attributed to w(P-O), V(Mo = Od), v(Mo-Ob-Mo), and
v(Mo—Oc—Mo), respectively, of the P,Mos polyanions. Absorption peaks at 1209-
1645 cm™ ! are associated with v(C-N) vibrations of bim ligands.
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3.2.2. Powder X-ray diffraction analysis. The simulated and experimental Powder X-ray
diffraction patterns of 1 are presented in figure S4. The diffraction peaks of both simulated
and experimental patterns match in the key positions, indicating the phase purity of 1. The
difference in intensity may be due to the preferred orientation of the powder samples.

3.2.3. TG analysis. In the TG curve of 1 (see figure S5), the first weight loss of 8.51%
from 100 to 170 °C corresponds to release of water, in accordance with the calculated value
of 8.06% (13H,0). The second weight loss of 23.34% from 273 to 386 °C is attributed to
the loss of all biimidazole organic ligands, which is close to the calculated value of
23.07% (~5 bim). The third weight loss of 19.23% from 470 to 700 °C is ascribed to the
release of P,Os. The weight losses from the TG curves are consistent with the molecular
formula of 1.

3.2.4. UV spectrum. The UV—vis absorption spectrum of 1 is shown in figure S6. Absorp-
tions at 237 and 296 nm are attributed to (LMCT) p7 (Oterminal) —dz™ (Mo) electronic tran-
sitions in the Mo=0 bonds and dr—pn—dn electronic transitions between the energy levels
of the Mo—O—Mo bonds [25].

3.3. Fluorescent properties

The fluorescence spectrum of 1 in the solid state at room temperature is shown in figure 5.
Compound 1 exhibited fluorescence with an emission maximum at 454 nm upon excitation
at 382 nm. The small red shifts compared to that of free bim (emission maximum at
ca. 436 nm upon excitation at ca. 335 nm [26]) may be a combination of several factors
[27] including the LMCT emission [28] and a change in the highest occupied molecular

Emission Spectrum
L 454 nm
Excitation Spectrum
382nm
=
L]
g
o
=
3
-
30 360 380 400 420
T v T ¥ T ¥ T ¥
300 350 400 450 500

Wavelenghth/ nm

Figure 5. Fluorescence spectra of 1 in the solid state at room temperature.
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Figure 6. Cyclic voltammograms of 1-CPE in 1 M H,SO, solution containing hydrogen peroxide at different con-
centrations (potentials vs. SCE. Scan rate: 50 mV s ™).

orbital and lowest unoccupied molecular orbital energy levels of intraligand emission from
the protonated ligands [29]. The results indicate that 1 is a potential fluorescence-emitting
material.

3.4. Electrochemical and electrocatalysis properties

The cyclic voltammetric behavior of modified carbon paste electrode for 1 (1-CPE) in 1 M
H,SO,4 aqueous solution was recorded at different scan rates from 1.0 to —0.8 V (figure S7).
There exist three reversible redox peaks with half-wave potentials £, = (Epa + Ep)/2 at I-I'
(+421 mv), II-II' (+181 mv), and II-III' (+480mv) (based on 50 mV s '), ascribed to three
consecutive two-electron processes of Mo [18, 19]. However, the expected oxidation peak of
Mn centers is not observed, perhaps due to overlap with the Mo"'/Mo" redox peak. When
scan rates varied from 50 to 290 mV s, the peak potentials change gradually with the catho-
dic peak potentials shifting to the negative direction and the corresponding anodic peak
potentials to the positive direction with increasing scan rates. Furthermore, 1-CPE displays
good electrocatalytic activity on reduction of hydrogen peroxide (figure 6). At the 1-CPE,
with the addition of H,O,, all three reduction peak currents increased, while the correspond-
ing oxidation peak currents dramatically decreased, suggesting that H,O, was reduced by all
three reduced polyoxoanion species.

4. Conclusion

Mn?* and unusual pentanuclear fragments are introduced into {P,Mos} system to yield an
infinite 2-D supramolecular layer with two cage-like pores. The fluorescence and the elec-
trocatalytic activity of 1 are reported. Further work on the introduction of other metal ions
as well as organonitrogen ligands into {P,Mos} hybrids is under way.
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Supplementary material

CCDC 981689 contains the supplementary crystallographic data for this article. These data
can be obtained free of charge from The Cambridge Crystallographic Data Center via www.
ccdc.cam.ac.uk/data_request/cif. Supplementary data associated with this article can be
found in the online version.
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