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Design and Synthesis of the Purely Inorganic 3D 

Frameworks Composed of Reduced Vanadium Clusters 

and Manganese Linkers 

Yang-Yang Zhou,a Shuang Yao,*,a Jing-Hui Yan,a,b Li Chen,b Ting-Ting Wang,b Chun-Jie Wang,b 

and Zhi-Ming Zhang*,b 

Two purely inorganic three-dimensional (3D) frameworks [Mn4(H2O)11V
IV

18O42(PO4)]
7- (1) and 

[Mn2(H2O)7V
IV

18O42(PO4)]
11- (2) were synthesized under hydrothermal conditions and fully characterized by single-crystal 

X-ray structural analysis, IR spectroscopy, thermogravimetric analysis and PXRD. Structural analysis revealed that these 

two compounds contained a similar all reduced polyoxoanion [VIV
18O42(PO4)]

15- linked by different amount of manganese 

centers into the 3D framework materials. The V centers in these two compounds were all reduced into the +IV oxidation 

state, resulting in an all reduced heteroblue, which was firstly used as building block for constructing the 3D framework 

materials. The all reduced typical polyoxoanion [VIV
18O42(PO4)]

15- with 15 negative charges supplied enough charge amount 

to accept TM cations. In these two structures, the anions were surrounded by 12 and 5 Mn2+ ions, respectively, adjusted by 

varying the feeding amount of the MnCl2·4H2O. Electrocatalytic study revealed that compound 1 exhibited electrocatalytic 

activity for reduction of H2O2.

Introduction 

Metal-organic frameworks (MOFs), composed of the 
inorganic metal-connecting node and organic linking ligand, 
have attracted much more attention as they could provide a 
major opportunity for designing functional materials. In the 
past decades, various methods have been explored to realize the 
design and synthesis of a large number of MOFs with 
versatility by judicious choices of bridging ligands and 
metal/metal cluster connecting points.1-3 Polyoxometalates 
(POMs), a kind of pure inorganic metal-oxo clusters covering 
an enormous range in size and structure, have been proven as 
one kind of ideal inorganic ligands usually with high thermal 
stability to construct the POM-based framework materials.4 
This has been regarded as one novel and efficient method for 
constructing pure inorganic framework materials, although the 
studies on their design and synthesis are quite scarce.5 

Polyoxovanadates (POVs), as a subfamily of the POMs, with 
distinct structure and chemical property, have led to numerous 
applications in catalysis, magnetism, biology, luminescence, 
and electrochemistry.6-8 The diversity of coordination geometry 
(VO4 tetrahedra, VO5 square pyramids and VO6 octahedra) and 

the multiple oxidation states (V5+, V4+ and V3+) of the 
vanadium ions make them tend to form various cage-type 
POVs in the self-assembly process.9,10 Up to date, two types of 
POVs, isopolyoxovanadates and heteropolyoxovanadates were 
usually synthesized and reported. The isopolyoxovanadate 
clusters, only composed of the vanadium centers and oxygen 
atoms, such as the common POV clusters: [V6O19]

8-, [V10O28]
6-, 

[V12O32]
4-, [V13O34]

3-, [V15O36]
5-, [V15O42]

9-, [V17O42]
4-, 

[V18O42]
12-, [V19O49]

9- and [V34O82]
10-,11,12 have been widely 

studied in the past decades. Also, the incorporation of 
heteroatoms into the vanadate cages can produce novel 
polyoxoanions with excellent properties in a domain. One 
important progress in vanadate chemistry is that the arsenic 
atom was introduced into the polyoxovanadate, which attracts 
great attention in this field.13 Afterwards, more and more 
heteroatoms were introduced into POVs including main group 
elements, transition metals (TMs) or even rare earth metal, 
which had greatly enriched the structural variety and properties 
of the POVs.14 So, the POV clusters could be regarded as 
enormous candidates for constructing the 3D framework 
materials. As well known, most of the TM cations were 
introduced into the POV chemistry with the assistance of the 
organic ligands, resulting in inorganic-organic hybrid 
compounds.15 However, all-inorganic molecular metal-oxo 
networks composed of the POV clusters are rare.16 For the 
manganese center, it has emerged in the POV chemistry for a 
many years, such as the well-known [MnV13] unit, where the 
Mn4+ ion resided in the center of the V cage, acting as the 
heteroatom. The [MnV13] anion could also coordinate with the 
rare earth or TM cations as the bridging units forming extended 
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structural materials, which exhibited unique catalytic 
properties.16 However, the Mn2+ ions were rarely observed in 
the POV chemistry.17 Herein, reactions of vanadate, manganese 
ion, phosphoric acid with the reducing agent 1,2-
diaminopropane under hydrothermal condition afforded two 
purely inorganic 3D frameworks, [Mn4(H2O)11V

IV
18O42(PO4)]

7- 
(1) and [Mn2(H2O)7V

IV
18O42(PO4)]

11- (2), where the manganese 
cations acted as the inorganic linkers to connect the all reduced 
POV clusters. Electrochemistry and the electrocatalytic 
reduction of H2O2 of 1 were investigated.  

Results and discussion 
Crystal structure. X-ray single-crystal diffraction analysis 
revealed that compound 1 crystalizes in the tetragonal crystal 
system, space group I41/acd, and exhibits a unique 3D framework 
structure, composed of [VIV

18O42(PO4)]
15- clusters (abbreviated 

as {PV18}) and Mn2+ linkers. As shown in Fig. 1a and S1, the 
{PV18} was composed of one [PV8] “cycle” and two [V5] “cap” 
units. In the [PV8] unit, four square pyramids VO5 and four 
octahedra VO6 connected each other alternatively through edge-
shared pattern into a ring, and a [PO4] tetrahedron located in the 
center of the ring through ligating to four oxygen atoms on the 
inner side of V-O octahedra (Fig. S1), with the P-O bond length 
of 1.544(6)-1.557(7) Å. Further, two [V5] clusters composed of 
three distorted square pyramids and two octahedra, capped on 
the [PV8] “cycle” through edge-sharing to build up the {PV18} 
anion. The bond length of V-O is in the range of 1.604(7)-
2.445(6) Å. Bond valence calculations revealed that the V 
centers in the {PV18} anion are all in the oxidation state of +4 
(Table S1). Previously, the similar isolated {PV18} and {VV18} 
anions were reported in the literatures, where the vanadium 
 

 

Fig. 1 (a) Polyhedral representation of polyoxoanion 1; (b) The 2D 

layer structure on b,c-plane in 1; (c) Ball and stick representation of the 

3D structure in 1 with the space-filling Mn centers on a,c-plane; (d) 

Mixed polyhedral and ball-stick representation of the 3D structure in 1. 

Color code: V (gray), Mn (amethyst), P (yellow), O (red). 

 

centers are in the mixed oxidation states of +4 and +5.18 In 
compound 1, three are three six-coordinated Mn2+ cations: 
Mn(1) coordinated with one {PV18} cluster through a µ2-O 
atom and a µ4-O atom, and offered another two µ2-O atoms to 
connect another two {PV18} clusters; Mn(2)O6 octahedron 
acting as a bridge between two {PV18} clusters through two 
corner-sharing modes with the VOx octahedra; Mn(3) center 
disordered into two sites and coordinated with the {PV18} 
cluster through a µ2-O atom. And, two {PV18} clusters 
coordinated with the Mn(3) center through a µ2-O atom and a 
Mn-O-V bridge. The average bond distance is 2.183 Å for 
Mn(1)-O, 2.165 Å for Mn(2)-O and 2.208 Å for Mn(3)-O.  

In this structure, two neighbouring {PV18} clusters are linked 
together by two Mn(1) atoms to form a one-dimensional (1D) 
polymer chain alone c-axis (Fig. S2). Then, each chain 
connected to another two parallel chains through Mn(2) atoms 
to form a two-dimensional (2D) sheet (Fig. 1b). Finally, the 
adjacent 2D sheets polymerized to form a 3D framework by the 
Mn(3) linkers (Fig. 1c and 1d). In this network, each POM 
anion is linked by twelve Mn2+ cations into a 3D framework. 
Each POM anion {PV18} could be regarded as a polydentate 
ligand to coordinate with 12 Mn2+ cations through V–O–Mn 
bonds (Fig. 1a), forming the POV-based 3D framework (Fig. 1c 
and 1d). 

As well known, the polyoxoanions were usually decorated by 
the TM or Ln cations via the terminal or µ2-oxo atoms, which 
usually coordinated by the 1 to 9 TM2+ cations,19 as the limited 
charge amount and volume of the typical polyoxoanions. 
Recently, the sandwich polyoxoanions and other TM-
substituted polyoxoanions were reported to coordinate with 
more TM2+ cations as the increase of their charge amount and 
volume.20 Here, one polyoxoanion coordinated by 12 TM2+ 
cations was achieved by using an all reduced typical 
polyoxoanion [VIV

18O42(PO4)]
15-, which was rarely observed in 

the POM chemistry. 

Fig. 2 (a) Polyhedral representation of polyoxoanion 2; (b) The 2D 

layer structure in 2; (c) Space-filling of the 3D framework of 2; (d) 

Page 2 of 6Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3 

Please do not adjust margins 

Please do not adjust margins 

Polyhedral representation of the 3D porous framework of 2. Color 

code: V (gray), Mn (amethyst), P (yellow), O (red). 

 

Structure analysis revealed that compound 2 crystalizes in 
the orthorhombic crystal system, space group P212121, and 
consists of a [VIV

18O42(PO4)]
15- cluster, two Mn2+ linkers, and a 

protonated 1,2-diaminopropane ligand. The POV anion 
[VIV

18O42(PO4)]
15- here is a little different from that of 1, which 

drives from the coordination diversity of the vanadium ion. As 
shown in Fig. 2a and S3, the {PV18} in 2 consisting of one 
[PV8] “cycle” and two different [V5] “cap” units. The [PV8] 
“cycle” here, is composed of six distort square pyramids and 
only two VO6 octahedra. And, one of the [V5] “cap” is same as 
that in 1 and the other one constructed from one distorted 
square pyramid on the top, one square pyramid and three 
octahedra at the bottom. The bond length alteration and 
structure distortion resulted in the chiral skeleton, which was 
constructed by removing the symmetry center or mirror in 
POM. The flack parameter of 0.02(3) confirmed compound 2 
with an absolute chiral configuration. It crystallized into the 
chiral crystalline materials via the chiral symmetry breaking. 
This is the first chiral materials constructed from the reduced 
POVs, obtained from achiral precursors. Besides the {PV18} 
cluster, there are two crystallographically independent Mn2+ 
ions in the asymmetric unit of 2, which both adopt a distorted 
octahedral coordinated geometry by two oxygen atoms from the 
{PV18} cluster and four water molecules. The band length 
located in the range of 2.140(7)-2.224(8) Å for Mn(1) and 
2.099(7)-2.270(11) Å for Mn(2). It is interesting that each 
{PV18} acts as a 5-dentate ligand coordinating with five 
Mn(H2O)4

2+ cations, forming an inorganic 3D porous 
framework with the pore size of 3.8 Å×6.4 Å (Fig. 2c and 2d). 
As shown in Fig. S4, the neighboring {PV18} clusters are firstly 
linked by the Mn(2) ions to form a 1D wavy chain along c-axis, 
and then each chain is connected to another two parallel chains 
through Mn(1) ions alone a-axis to yield a 2D layer on a,c-
plane (Fig. 2b and S5). Further, such a 2D layer was linked to a 
3D purely inorganic framework through additional Mn(1) 
cations (Fig. 2d). 

Electrochemical and Electrocatalytic properties 

POMs, a class of metal-oxo clusters that can undergo fast 
reversible and stepwise multi-electron-transfer reactions without 
changing their structures, can be used for the assembly of chemically 
bulk-modified carbon paste electrodes (abbreviated as CPEs). These 
CPEs have been widely used for the electrochemical study due to 
their low cost and high sensitivity. The electrochemical and 
electrocatalytic property of compound 1 was measured through 
cyclic voltammetry (CV) in pH = 6.5 0.20 M Na2HPO4-NaH2PO4 
buffer solution. And, the reproducibility of CV proved that 1-CPE 
was stable in such solution. Fig. 3a shows the unique CV curve of 1-
CPE in the potential region of -0.9 to 1.1 V with a scan rate of 40 
mV s-1. Four pairs of redox peaks are detected with the peak 
potentials E1/2 = 602.5, 256, -31, and -265 mV, (E1/2 = (Epc + Epa)/2), 
which can be ascribed to the redox process of the V centers in the 
anion cluster. The effect of the scan rates (ν) on the peak currents (ipa  

Fig. 3 (a) CV of 1-CPE in 0.20 M pH = 6.5 Na2HPO4-NaH2PO4 buffer 

solution. Scan rate: 40 mV s-1; (b) CV of 1-CPE in 0.20 M Na2HPO4-

NaH2PO4 buffer solution with different scan rates from 10 to 200 mV s-

1; (c) The corresponding plots of peak II and II’ current versus scan 

rates from 40 to 200 mV s-1; insert: the corresponding plots of the 

square root of peak current versus scan rates from 10 to 40 mV s-1; (d) 

The evolution of CV of 1-CPE in 0.2 M Na2HPO4-NaH2PO4 and 0.3 M 

KCl buffer solution containing various H2O2 concentrations (a: 0 mM, 

b: 5 mM, c: 10 mM, d: 15 mM, e: 20 mM, f: 25 mM, g: 30 mM). Scan 

rate: 75 mV s-1. 

 
and ipc) has been investigated in the range of 10 – 200 mV s-1. As is 
shown in the Fig 3b, the peak potentials changed gradually 
accompanying with the scan rate shift from 10 to 200 mV s-1. As 
illustrated in Fig. 3c, when the scan rates are higher than 40 mV s-1, 
the relationship between the peak currents and scan rates is liner, 
indicating that the electrochemical process is surface controlled; 
however, the redox processes is a diffusion-controlled process, when 
scan rates are lower than 40 mV s-1. 

The hydrogen peroxide was widely used as processing aid in 
food industry, thereby widely existed in our daily life. Also, the 
discharge of hydrogen peroxide can cause toxicosis of the 
aquatic organism. Therefore, the design and synthesis of the 
electrocatalysts for decomposition of the H2O2 was a significant 
project. The electrocatalytic reduction of H2O2 for 1 was 
studied in 0.2 M pH = 6.5 Na2HPO4-NaH2PO4 and 0.3 M KCl 
buffer solution. Fig. 3d showed the CV curves of 1-CPE 
accompanying with different concentrations of the H2O2. When 
the hydrogen peroxide were added to the buffer solution, the 
reduction peak currents increased, meanwhile the opposite 
oxidation peak currents decreased. The experimental data 
proved that compound 1 had the electrocatalytic activity for the 
reduction of the hydrogen peroxide.  

Experimental Section 

Synthesis of 1. A mixture of NH4VO3 (0.20 g, 1.71 mmol), 
MnCl2•4H2O (0.15 g, 0.76 mmol), L-proline (0.058 g, 0.51 
mmol), and 10 mL distilled water was stirred for 30 min. Then 
1,2-diaminopropane (0.10 ml) and H3PO4 (0.10 ml, 7.50 mol•L-
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1) were added to the mixture. The mixture was transferred to a 
Teflon-lined autoclave (25 mL) and kept at 150 °C for 4 days. 
After slowly cooled to room temperature at a rate of 10 °C•h-1, 
the black crystals were filtered off, washed with distilled water, 
and dried at room temperature to give a yield of ca. 22% (based 
on vanadium). Anal.Calcd (%) for 1: Mn, 10.08; V, 42.04; P, 
1.42; Found: Mn, 9.98; V, 42.26; P, 1.34. IR (KBr pellet) for 1: 
Ũ = 1612 (s), 1411 (s), 1044 (s), 883 (m), 674 (w), 607 (w), 566 
(w). 
Synthesis of 2. A similar procedure for compound 1 was used 
for the isolation of 2, only the quality of the MnCl2•4H2O 
changed to (0.10 g, 0.51 mmol). The black crystals were 
filtered off, washed with distilled water, and dried at room 
temperature to give a yield of ca. 5% (based on vanadium). 
Anal.Calcd (%) for 2: C, 1.69; N, 4.61; Mn, 5.17; V, 43.12; P, 
1.46; Found: C, 1.54; N, 4.72; Mn, 5.08; V, 43.36; P, 1.39. IR 
(KBr pellet) for 2: Ũ = 1616 (s), 1403 (s), 1044 (s), 902 (m), 
676 (w), 617 (w), 566 (m).  
 
X-ray Crystallography 

The measurement for compounds 1 and 2 was performed on a 
Bruker SMART CCD diffractometer. In all cases, the data was 
collected at 293 K, and graphite monochromated Mo-Kα 
radiation (λ = 0.71073 Å) was used. These structures were 
solved by direct methods and refined by full-matrix least 
squares on F2 using the SHELXL-97 software. In the 
refinement, the restraint command 'isor' was employed to 
restrain several O and Mn atoms so as to avoid the ADP and  
 

Table 1 Crystal data and structure refinements for 1 – 2. 

aR1 = Σ||F0| − |Fc||/Σ|F0|; wR2 = Σ[w(F0
2 – Fc

2)2]/Σ[w(F0
2)2]1/2 

NPD problems in the crystal data. Such refinement led to the 
restraint value of 36 for 1 and 72 for 2. All H atoms on solvent 
water molecules were directly included into the final molecular 
formula. The hydrogen atoms attached to organic ligands in 2 
were fixed in calculated positions. The crystal data and 
structure refinements of compounds 1 and 2 were summarized 
in Table 1. CCDC-1428572 for 1, and CCDC-1421262 for 2 
will supply further details of the crystal structure. 

Conclusions 

In conclusion, two purely inorganic 3D frameworks based on 
POV clusters were designed and synthesized, which enriched 
the class of the 3D POM chemistry. In these 3D frameworks, 
the V centers were all in the +IV oxidation state, resulting in an 
all reduced polyoxoanion, which was firstly used as the 
building block for constructing the 3D framework materials. 
The all reduced typical polyoxoanion in 1 with 15 negative 
charges was surrounded by 12 Mn2+ ions, which was rarely 
observed in the POM chemistry. The bond length alteration and 
structure distortion in 2 resulted in the chiral skeleton. The 
absolute chiral configuration was confirmed by the flack 
parameter of 0.02(3). Electrocatalytic study revealed that the 
anion cluster exhibited electrocatalytic activity for reduction of 
H2O2. 
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Design and Synthesis of the Purely Inorganic 3D Frameworks 

Composed of Reduced Vanadium Clusters and Manganese Linkers 

Yang-Yang Zhou,
a
 Shuang Yao,

*,a
 Jing-Hui Yan,

a,b
 Li Chen,

b
 Ting-Ting Wang,

b
 Chun-Jie Wang,

b
 and 

Zhi-Ming Zhang,
*,b 

 

Two 3D purely inorganic frameworks [Mn2(H2O)7V
IV

18O42(PO4)]
11-

 (1) and 

[Mn4(H2O)11V
IV

18O42(PO4)]
7-

 (2), based on the all reduced polyoxovanadates were firstly 

designed and synthesized.  
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