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ABSTRACT: Two new ε-Keggin-type polyoxometalate-based 3D frameworks,
Na1 . 5H11 . 4 [ε -Zn

I IMoV
1 0 . 9MoV I

1 . 1O40{Zn
I I } 2] and (NH4)2 . 1H7 . 5 [ε -

MnII0.2MoV6MoVI6O40{MnII}2], are prepared, and their structures are determined
by powder X-ray diffraction, Fourier transform infrared, Raman spectroscopy, and
elemental analysis. ε-Keggin-type polyoxomolybdate units, [ε-ZnMo12O40] and [ε-
Mn0.2Mo12O40], are linked with Zn2+ and Mn2+, respectively, in a tetrahedral
fashion to form 3D frameworks. They show zeolite-like ion-exchange properties
and redox properties. The ε-Keggin-based 3D framework shows high chemical
composition diversity and can incorporate different elements in the framework.

■ INTRODUCTION

Polyoxometalates (POMs) are anionic metal oxide clusters
comprised of mainly early transition metals such as tungsten,
molybdenum, niobium, and vanadium.1−3 POMs have attracted
much attention because they are applicable to functional
materials, such as catalysts and electrode, optical, and magnetic
materials. Furthermore, their molecular properties, such as
multielectron-transfer, strong acidic, and magnetic properties,
are tunable by changing their structures and incorporating
metal components in the structures.
POMs are also known to be well-defined building units for

the construction of nanostructured materials and well-ordered
crystalline materials, such as polyoxometalate−organic frame-
works (POMOFs),4−10 macrocations−POM materials,11−18

and complex metal oxides.19−21 These materials have been
prepared by the assembly of POMs with other structural
building blocks. The resulting materials exhibit interesting
properties and have various applications, such as adsorp-
tion,11,12,22,23 separation,11,12 catalysis,16,20,24−27 ion exchange,28

and electrocatalysis.6 The most popular POM building unit is
the α isomer of a Keggin-type POM.
In the case of POMOF materials, the ε isomer of a Keggin-

type POM composed of one central XO4 tetrahedron and 12
metal−oxygen octahedra with Td symmetry is of great interest.
Four hexagonal faces of the ε-Keggin POM are bound to metal
ions (Figure 1), and linking of these four metal ions by a
bidentate organic ligand results in the formation of a 3D-

ordered framework of POM and an organic moiety.4,6,7

Recently, we have reported the first all-inorganic 3D framework
composed of ε-Keggin POM, [ε-VMo9.4V2.6O40], with a
bismuth linker (denoted as Mo−V−Bi oxide). A total of 10
[ε-VMo9.4V2.6O40] units surround a cage that is connected by
channels, forming a zigzag 3D pore system.29 Compared with
POMOFs, the Mo−V−Bi oxide is thermally more stable so that
water and ammonium cations presented in the pores can be
removed by thermal treatment, and the opened pores are
analyzable by the N2 adsorption−desorption technique.
Furthermore, ammonium cations are exchangeable with other
cations.
One of the important properties of POMs is diversity of the

elements in the structures, and it is desirable for many kinds of
elements to be able to be incorporated into the structures of ε-
Keggin POM-based 3D frameworks and their properties, such
as stability, ion-exchange property, acidity, and redox, magnetic,
and pore properties, to be easily tuned.
Here, we describe the synthesis and structural character-

ization of two new members of all-inorganic ε-Keggin POM-
based 3D frameworks, ε-Keggin polyoxomolybdates with metal
i o n s ( Z n I I a n d M n I I ) , N a 1 . 5 H 1 1 . 4 [ ε -
ZnIIMoV

10 . 9MoVI
1 . 1O40{Zn

I I}2] and (NH4)2 .1H7.5[ε -
MnII0.2MoV6MoVI6O40{MnII}2], denoted as Mo−Zn oxide and
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Mo−Mn oxide, respectively. Structures of the materials are
determined by powder X-ray diffraction (XRD), Fourier
transform infrared (FT-IR), and elemental analysis. The
thermal stability of the materials is investigated, and it is
found that the existing guest molecules can be mostly removed
by heat treatment. The materials are found to have selective
ion-exchange properties that are similar to those of zeolites.

■ EXPERIMENTAL SECTION
Materials. All chemicals were of reagent grade and were used as

supplied, and house-made distilled water was used throughout. Mo−
V−Bi oxide was prepared according to our paper.29

Synthesis of Mo−Zn Oxide. Na2MoO4·2H2O (2.823 g, 11.7
mmol based on Mo) was dissolved in 40 mL of distilled water. Metal
Mo (0.2 g, 2.1 mmol) and ZnCl2 (0.453 g, 3.3 mmol) were added to
the mixture sequentially, followed by adjustment of the pH to 4.8 with
1 M H2SO4. The mixture was introduced into a 50 mL Teflon liner of
a stainless-steel autoclave. The autoclave was placed in an oven heated
at 448 K for 24 h. After the autoclave had been cooled to room
temperature, the mixture was placed in a 100 mL beaker. For solid
recovery, 60 mL of water was added to the beaker, and the beaker was
kept at room temperature for 5 min. Then the upper 50% part of the
suspension was collected by filtration. The recovery process was
repeated three times. The resulting solid was washed with 10 mL of
water three times and dried at 353 K overnight. Then 0.28 g of Mo−
Zn oxide (yield: 14% based on Mo) was obtained. Elem anal. Calcd for
Na1.5Zn3Mo12O45H21.4: Zn, 9.24; Mo, 54.22; Na, 1.62; H, 1.02. Found:
Zn, 9.63; Mo, 54.14; Na, 1.54; H, 1.18.
Synthesis of Mo−Mn Oxide. (NH4)6Mo7O24·4H2O (2.060 g,

11.7 mmol based on Mo) was dissolved in 40 mL of distilled water.
Metal Mo (0.2 g, 2.1 mmol) and MnO (0.235 g, 3.3 mmol) were
added to the mixture sequentially (pH of 5.1). The mixture was
introduced into a 50 mL Teflon liner of a stainless-steel autoclave. The
autoclave was placed in an oven heated at 448 K for 24 h. After the
autoclave had been cooled to room temperature, the mixture was
placed in a 100 mL beaker. For solid recovery, 60 mL of water was
added to the beaker, and the beaker was kept at room temperature for
5 min. Then the upper 50% part of the suspension was collected by
filtration. The recovery process was repeated three times. The resulting
solid was washed with 10 mL of water three times and dried at 353 K
overnight. Then 0.32 g of Mo−Mn oxide (yield: 16% based on Mo)
was obtained. Elem anal. Calcd for N2.1Mn2.2Mo12O44H23.9: Mn, 5.95;
Mo, 56.72; N, 1.45; H, 1.19. Found: Mn, 5.91; Mo, 56.45; N, 1.62; H,
1.23.
Ion Exchange. As-synthesized material (Mo−Zn oxide or Mo−

Mn oxide, 0.3 g) was dispersed in 15 mL of water containing 0.61
mmol each of LiCl, NaCl, NH4Cl, KCl, RbCl, CsCl, BeSO4, MgCl2,
CaCl2, SrCl2, and BaCl2. The mixture was stirred at 353 K for 6 h. The
resulting solid (M−Mo−Zn oxide or M−Mo−Mn oxide, where M =
Li, Na, NH4, K, Rb, Cs, Be, Mg, Ca, Sr, and Ba) was collected by
filtration, washed with water (3 × 10 mL), and dried at 353 K
overnight. To synthesize a proton-exchanged sample, 0.5 mL of
concentrated HCl was dissolved in 14.5 mL of water. Then 0.3 g of as-
synthesized material (Mo−Zn oxide or Mo−Mn oxide) was added.

The mixture was stirred at 353 K for 6 h. The resulting solid was
recovered by filtration, washed with water (3 × 10 mL), and dried at
353 K overnight.

E lementa l Ana ly s i s . H−Mo−Zn ox ide . Ca l cd fo r
Na0.6Zn3Mo12O45H22.3: Zn, 9.32; Mo, 54.73; Na, 0.66; H, 1.07.
Found: Zn, 9.18; Mo, 54.98; Na, 0.67; H, 1.38.

Li−Mo−Zn oxide. Calcd for Li0.7Na0.8Zn3Mo12O45H21.4: Li, 0.23;
Zn, 9.29; Mo, 54.51; Na, 0.87; H, 1.15. Found: Li, 0.07; Zn, 9.19; Mo,
54.88; Na, 0.72; H, 1.19.

NH4−Mo−Zn oxide. Calcd for Na0.1N1.4Zn3Mo12O45H27: Na, 0.11;
Zn, 9.27; Mo, 54.40; N, 0.93; H, 1.29. Found: Na, 0.08; Zn, 9.32; Mo,
54.37; N, 1.19; H, 1.45.

K−Mo−Zn oxide. Calcd for K1.4Na0.1Zn3Mo12O45H21.4: K, 2.55; Zn,
9.14; Mo, 53.65; Na, 0.11; H, 1.01. Found: K, 2.31; Zn, 9.26; Mo,
53.43; Na, 0.07; H, 1.16.

Rb−Mo−Zn oxide. Calcd for Rb1.3Na0.2Zn3Mo12O45H21.4: Rb, 5.04;
Zn, 8.90; Mo, 52.22; Na, 0.21; H, 0.98. Found: Rb, 5.02; Zn, 8.93; Mo,
52.02; Na, 0.07; H, 1.10.

Cs−Mo−Zn oxide. Calcd for Cs1.5Zn3Mo12O45H21.4: Cs, 8.71; Zn,
8.57; Mo, 50.31; Na, 0; H, 0.94. Found: Cs, 8.73; Zn, 8.67; Mo, 50.47;
Na, 0; H, 1.01.

H−Mo−Mn oxide. Calcd for N1.7Mn2.2Mo12O43H20.7: Mn, 6.03;
Mo, 57.43; N, 1.19; H, 1.04. Found: Mn, 5.78; Mo, 57.75; N, 0.95; H,
1.47.

Li−Mo−Mn oxide. Calcd for Li0.1N2.0Mn2.2Mo12O43H21.5: Li, 0.03;
Mn, 6.01; Mo, 57.26; N, 1.39; H, 1.08. Found: Li, 0.04; Mn, 6.12; Mo,
57.15; N, 1.28; H, 1.47.

Na−Mo−Mn oxide. Calcd for Na0.4N1.7Mn2.2Mo12O43H20.3: Na,
0.46; Mn, 6.00; Mo, 57.18; N, 1.18; H, 1.02. Found: Na, 0.52; Mn,
5.89; Mo, 56.99; N, 1.20; H, 1.38.

K−Mo−Mn oxide. Calcd for K1.4N0.7Mn2.2Mo12O43H16.3: K, 2.68;
Mn, 5.92; Mo, 56.41; N, 0.48; H, 0.80. Found: K, 2.63; Mn, 6.37; Mo,
56.53; N, 0.38; H, 1.16.

Rb−Mo−Mn oxide. Calcd for Rb1.5N0.6Mn2.2Mo12O43H15.9: Rb,
6.07; Mn, 5.72; Mo, 54.49; N, 0.40; H, 0.76. Found: Rb, 6.03; Mn,
5.81; Mo, 54.55; N, 0.12; H, 1.07.

Cs−Mo−Mn oxide. Calcd for Cs1.4N0.7Mn2.2Mo12O44H18.3: Cs,
8.49; Mn, 5.52; Mo, 52.56; N, 0.45; H, 0.84. Found: Cs, 8.65; Mn,
5.44; Mo, 52.65; N, 0.17; H, 1.08.

Be−Mo−Zn oxide. Calcd for Be0.3Na0.9Zn3Mo12O44H19.4: Be, 0.13;
Zn, 9.37; Mo, 54.97; Na, 0.99; H, 0.93. Found: Be, 0.12; Zn, 9.72; Mo,
54.72; Na, 1.04; H, 1.13.

Mg−Mo−Zn oxide. Calcd for Mg0.6Na0.3Zn3Mo12O46H23.4: Mg,
0.69; Zn, 9.22; Mo, 54.09; Na, 0.32; H, 1.11. Found: Mg, 0.62; Zn,
9.68; Mo, 53.77; Na, 0.44; H, 1.16.

Ca−Mo−Zn oxide. Calcd for Ca1Zn3Mo12O47H24.9: Ca, 1.85; Zn,
9.06; Mo, 53.19; Na, 0; H, 1.16. Found: Ca, 1.75; Zn, 8.95; Mo, 52.79;
Na, 0.03; H, 1.22.

Sr−Mo−Zn oxide. Calcd for Sr0.8Na0.1Zn3Mo12O45H21.2: Sr, 3.24;
Zn, 9.08; Mo, 53.27; Na, 0.11; H, 0.98. Found: Sr, 3.29; Zn, 9.28; Mo,
52.94; Na, 0.13; H, 1.13.

Ba−Mo−Zn oxide. Calcd for Ba1.4Zn3Mo12O45H20.1: Ba, 8.43; Zn,
8.60; Mo, 50.50; Na, 0; H, 0.89. Found: Ba, 8.30; Zn, 8.16; Mo, 50.34;
Na, 0.02; H, 1.08.

Figure 1. (a) Polyhedral representation, (b) ball−stick representation, and (c) metal skeleton representation of ε-Keggin-type POM with four
capping metal ions. Central metal site: gray. Surrounding metal site: blue. Linking metal: purple. Oxygen: red.
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Be−Mo−Mn oxide. Calcd for Be0.2N1.7Mn2.2Mo12O45H24.3: Be,
0.09; Mn, 5.92; Mo, 56.37; N, 1.17; H, 1.20. Found: Be, 0.07; Mn,
5.95; Mo, 56.01; N, 1.20; H, 1.36.
Mg−Mo−Mn oxide. Calcd for Mg0.6N1.2Mn2.2Mo12O43H18: Mg,

0.73; Mn, 6.01; Mo, 57.29; N, 0.84; H, 0.90. Found: Mg, 0.75; Mn,
6.10; Mo, 57.42; N, 0.86; H, 1.12.
Ca−Mo−Mn oxide. Calcd for Ca0.9N1Mn2.2Mo12O45H20.8: Ca, 1.75;

Mn, 5.86; Mo, 55.80; N, 0.68; H, 1.02. Found: Ca, 1.78; Mn, 5.95; Mo,
55.60; N, 0.69; H, 1.28.
Sr−Mo−Mn oxide. Calcd for Sr0.8N1Mn2.2Mo12O45H21: Sr, 3.34;

Mn, 5.76; Mo, 54.89; N, 0.67; H, 1.01. Found: Sr, 3.43; Mn, 5.55; Mo,
54.74; N, 0.67; H, 1.22.
Ba−Mo−Mn oxide. Calcd for Ba1.6Mn2.2Mo12O44H14.4: Ba, 9.94;

Mn, 5.47; Mo, 52.09; N, 0; H, 0.66. Found: Ba, 10.13; Mn, 5.24; Mo,
51.96; N, 0; H, 0.88.
Characterization. N2 sorption isotherms were obtained by a

BELSORP-max (BEL Japan Inc., Osaka, Japan) sorption analyzer at 77
K. The surface area was calculated by the Brunauer−Emmett−Teller
(BET) method using an adsorption branch. Mo−V−Bi oxide was
evacuated at 573 K for 2.5 h and the samples of Mo−Zn oxide and
Mo−Mn oxide were evacuated at 473 K for 2.5 h before measurement.
Powder XRD patterns were obtained on RINT2200 (Rigaku) with Cu
Kα radiation (tube voltage, 40 kV, tube current, 20 mA). Scanning
electron microscopy (SEM) images were obtained with a HD-2000
microscope (Hitachi). Transmission electron microscopy (TEM)
images were taken with a 200 kV transmission electron microscope
(JEOL JEM-2010F). FT-IR analysis was carried out on a PARAGON
1000 analyzer (PerkinElmer). Raman spectra were recorded with a
Renishaw inVia Raman microscope. Thermogravimetric−differential
thermal analysis (TG-DTA) measurements were carried out up to 773
K at a heating rate of 10 K min−1 under nitrogen (flow rate, 10 mL
min−1) and air (flow rate, 30 mL min−1) flow with Thermo plus TG-
8120 (Rigaku). Temperature-programmed desorption mass spectrom-
etry (TPD-MS) measurements were carried out from 313 to 893 K at
a heating rate of 10 K min−1 under helium (flow rate, 50 mL min−1).
Samples were set up between two layers of quartz wool. A TPD
apparatus (BEL Japan, Inc.) equipped with a quadrupole mass
spectrometer (M-100QA; Anelva) was used to detect NH3 (m/z 16),
H2O (m/z 18), O2 (m/z 32), and N2 (m/z 28). For TPD-MS
measurements of the materials after heat treatment, the samples were
heated at 473 K under high vacuum for 2.5 h in a TPD instrument
before measurements. X-ray photoelectron spectroscopy (XPS) was
performed on a JPS-9010MC spectrometer (JEOL). The spectrometry
energies were calibrated using the C 1s peak at 284.8 eV. Diffuse-
reflectance (DR) UV−vis spectra were obtained using a JASCO V-570
spectrophotometer equipped with an ISN-470 reflectance spectrosco-
py accessory. Elemental compositions were determined by an
inductive coupling plasma atomic emission spectroscopy (ICP-AES)
method (ICPE-9000, Shimadzu). The CHN elemental composition
was determined at Instrumental Analysis Division, Equipment
Management Center, Creative Research Institution, Hokkaido
University.
Structure Determination and Computer-Based Simulation.

The structures of Mo−Zn and Mo−Mn oxides were determined by
powder XRD. Powder XRD patterns were recorded on a RINT2200
diffractometer (Rigaku) with Cu Kα radiation (tube voltage, 40 kV;
tube current, 40 mA; scan speed, 1 deg min−1; step, 0.01 deg). First,
the powder XRD pattern was indexed by programs, including
DICVOL0630 and X-cell,31 which gave the same results. After Pawley
refinement was performed, the most reasonable space group was
obtained. Then the Le Bail method32 was applied for intensity
extraction with the EdPCR program. The initial structure was solved
by a charge-flipping algorithm.33 The positions and types of heavy-
metal atoms (Mo, Zn, and Mn) were obtained by analyzing the
generated electron density maps. Most of the O atoms and cations
were assigned according to the residual peaks, which were indicated by
the charge-flipping algorithm, with consideration of the crystal
structure of Mo−V−Bi oxide. The initial structures from the charge-
flipping algorithm are shown in Supporting Information (SI) Tables
S1 and S2.

The initial structures of Mo−Zn and Mo−Mn oxides were refined
by powder XRD Rietveld refinement.34 The lattice and pattern
parameters of the material were first refined by Pawley refinement.
Then isotropical temperature factors (see the SI for detailed
information) were given for every atom in the initial structure.
Rietveld analysis was started with the initial model of the material and
lattice and pattern parameters from Pawley refinement. Every atom
position was refined. The occupancy of atoms in the framework was
fixed without further refinement, and occupancies of atoms in
micropores were refined with consideration of the elemental analysis
results. Finally, the pattern parameters were refined again for obtaining
the lowest Rwp value. Crystallographic and Rietveld analysis parameters
are shown in SI Tables S3−S6.

Material modeling, the X-cell program, and Pawley and Rietveld
refinement were performed with the Materials Studio v6.1.0 package
(Accelrys Software Inc.). DICVOL06 and EdPCR were carried out with
the Fullprof package. The charge-flipping algorithm was performed
with Superf lip in Jana2006, and electron density maps were generated
with Chimera 1.8.1.

The Connolly surfaces and free space of POM-based materials were
simulated by the Atom Volume & Surfaces program in Materials Studio.
The diameters of the cage and channel were estimated from the
Connolly surfaces of the cage and the channel with a Connolly radius
of 1 Å,35 and the shortest values are presented.

■ RESULTS AND DISCUSSION
Preparation of Mo−Zn and Mo−Mn Oxides. Two novel

POM-based crystalline metal oxides, Mo−Zn and Mo−Mn
oxides, are synthesized under hydrothermal conditions. The
hydrothermal reaction of Na2MoO4·2H2O, Mo metal, and
ZnCl2 at 448 K for 24 h produces Mo−Zn oxide, and the
powder XRD profile of the solid is presented in Figure 2b. A
profile similar to that of Mo−V−Bi oxide is observed. XRD
peaks corresponding to ZnMoO4, MoO2, and unreacted Mo
metal are also obtained in the crude solid.

The desired solid is isolatable by settlement of the obtained
crude solid in water and decantation of the upper solution,
because the desired Mo−Zn oxide is smaller than ZnMoO4,
MoO2, and Mo metal (Figure 3 and SI Figure S1). The XRD
profile of isolated Mo−Zn oxide is similar to that of Mo−V−Bi
oxide (Figure 2c).

Figure 2. XRD patterns of (a) Mo−V−Bi oxide, (b) a crude solid of
Mo−Zn oxide, (c) Mo−Zn oxide after purification, (d) a crude solid
of Mo−Mn oxide, and (e) Mo−Mn oxide after purification. PDF
number: ZnMoO4, 00-025-1024; MnMoO4, 01-082-2166; MoO2, 00-
050-0739; Mo, 00-004-0809.
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Crystalline Mo−Mn oxide is prepared by the same method
as that used for Mo−Zn oxide except for replacement of ZnCl2
by MnO. A powder XRD profile similar to that of Mo−V−Bi
oxide is observed in the profile of the resulting solid (Figure
2d). XRD peaks corresponding to MnMoO4 and unreacted Mo
metal are also detected.
The desired product is separated by settlement of the

obtained crude solid in water and decantation of the upper
solution, because the desired Mo−Mn oxide is smaller than
MnMoO4 and Mo metal (Figure 3 and Supporting Information
Figure S1). The XRD profile of the isolated Mo−Mn oxide is
also similar to that of Mo−V−Bi oxide (Figure 2e).

Structural Characterizations of Mo−Zn and Mo−Mn
Oxides. The powder XRD profiles of Mo−Zn and Mo−Mn
oxides are similar to that of Mo−V−Bi oxide with a slight shift
of 2θ and different intensity ratios (Figure 2 and SI Figure S2a),
and XRD pattern indexing and Pawley refinement show that
these three materials are cubic systems with the same space
group of Fd3 ̅m and similar lattice parameters (Table 1). Mo−

Zn and Mo−Mn oxides have octahedral morphologies that are
similar to that of Mo−V−Bi oxide (Figure 3). Therefore, we
consider the structures of Mo−Zn and Mo−Mn oxides to be
similar to that of Mo−V−Bi oxide. The structure of Mo−V−Bi
oxide has been determined by single-crystal X-ray analysis,29

which showed that the material is comprised of ε-Keggin POM
units, ε-VMo9.4V3.6O40, with a BiIII linker (Figure 1). A V−O
tetrahedron is surrounded by 12 M−O (M = Mo and V)
octahedra to form the ε-Keggin-type POM, which is linked by
BiIII to form a diamond-like framework. There are three metal
sites in the framework of the materials: a central metal site,
surrounding 12 metal sites, and linking metal sites in an
asymmetric unit.
SEM images (Figure 3) of Mo−Zn and Mo−Mn oxides

show that both of these materials are too small to perform
single-crystal analysis (100−200 nm in one diameter).
Therefore, structure analysis based on powder XRD is carried
out.
For Mo−Zn oxide, the results obtained by using the charge-

flipping algorithm reveal the three most intensive peaks of the
electron density map with intensity order of surrounding metal
sites > central metal site ∼ linking metal site (Figure 4a−c and

Figure 3. SEM images of (a) Mo−V−Bi, (b) Mo−Zn, and (c) Mo−
Mn oxides.

Table 1. Refined Parameters and Agreement Factors of
Rietveld Analysis for Mo−Zn and Mo−Mn Oxides

Mo−Zn oxide Mo−Mn oxide

empirical formula O45.6Na1.56Zn3Mo12 O47.9Mn2.24Mo12
cryst syst cubic cubic

space group Fd3 ̅m Fd3 ̅m
a = b = c (Å) 19.4675 19.6578

α = β = γ (deg) 90 90

V (Å3) 7377.86 7596.34

agreement factors

Rwp (%) 7.10 6.19

Rwp(w/o
bck) (%)

12.09 11.92

Rp (%) 5.35 4.66

pattern parameter
peak-shape
function

pseudo-Voigt pseudo-Voigt

fwhm U = 1.24597, V = −0.65679,
W = 0.13636

U = 0.64154, V = −0.26116,
W = 0.05624

profile parameter
line shift

NA = 1.02040, NB = −0.005
10

NA = 1.03398, NB = −0.008
52

instrument
geometry

Bragg−Brentano Bragg−Brentano

zero point −1.01992 −0.31358
shift#1 0.93425 0.18755

shift#2 0.09903 0.08589

correction method Berar−Baldinozzi Berar−Baldinozzi
parameter P1 = 0.19643, P2 =

−0.10651, P3 = −0.48315,
P4 = 0.20029

P1 = 1.67562, P2 = 0.35040,
P3 = −3.51892, P4 =
−0.73820

background
coefficients

polynomial = 100 polynomial = 100

preferred
orientation
March−Dollase

R0 = 1.536 23 R0 = 1.456 85
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SI Table S1). Elemental analysis of Mo−Zn oxide reveals that
the ratio of Mo:Zn is 12:3. These results indicate that Zn is
present in the central and linking metal sites and that Mo is
present in the surrounding metal sites. In the case of Mo−Mn
oxide, the two most intensive peaks of the electron density map
correspond to the surrounding metal sites and linking metal
sites, where the intensity of the surrounding metal sites is much
higher than that of the linking metal site (Figure 4d−f). A weak
peak is found at the central metal site, indicating that the
position is occupied partly or by light atoms (SI Table S2).
Elemental analysis of Mo−Mn oxide reveals that the ratio of
Mo:Mn is 12:2.2. These results indicate that Mo is present in
the surrounding metal sites, Mn is present in the linking metal
site, and the central metal site is occupied by Mn with 0.2
occupancy. Other sites are assigned as O atoms of the Keggin
unit, countercations, and O atoms of water.
The initial structures of Mo−Zn and Mo−Mn oxides are

refined with Rietveld refinement. Figure 5 shows the simulated
powder XRD patterns of Mo−Zn and Mo−Mn oxides. The Rwp
values of Mo−Zn and Mo−Mn oxides are 7.10% and 6.19%,
respectively. The results of Rietveld and elemental analyses
demonstrate that the POM building blocks of Mo−Zn and
Mo−Mn oxides are ε-Keggin POMs ε-ZnMo12O40 and ε-
Mn0.2Mo12O40, respectively (Figure 6a). A total of 12 MoO6
octahedra surrounded an MO4 (M = Zn or Mn) tetrahedron to
form the ε-Keggin cores, which are connected by metal ions
(Zn or Mn) in a tetrahedral fashion to form a 3D framework

(Figure 6b). In the case of other ε-Keggin POMs, there are four
capping metal ions for one ε-Keggin POM.36−39 In the case of
Mo−V−Bi, Mo−Zn, and Mo−Mn oxides, capping metal ions
connect the POM units.
FT-IR and Raman spectra (SI Figure S3) of Mo−Zn and

Mo−Mn oxides are similar to those of other ε-Keggin
polyoxomolybdates, [ε-H2Mo12O40Ni4(H2O)]36 and [ε-
H2Mo12O40Co4(H2O)].

40 [ε-H2Mo12O40Ni4(H2O)] and [ε-
H2Mo12O40Co4(H2O)] are composed of ε-Keggin polyoxomo-
lybdate [ε-H2MoVIxMoV12−xO40] and four Ni2+ or Co2+ on the
hexagonal surfaces of the ε-Keggin polyoxomolybdate. These
results confirm that the surrounding metal sites in the ε-Keggin
cores are mostly occupied by Mo in Mo−Zn and Mo−Mn
oxides.
High-resolution transmission electron microscopy

(HRTEM) images are obtained to further confirm the
structures. Figure 7 shows a comparison of the generated
polyhedral image using the crystal structure of Mo−V−Bi oxide
with HRTEM images of the materials along the (101)
direction. HRTEM reveals characteristic face-centered-cubic
lattice images for Mo−Zn and Mo−Mn oxides. The ordering of
the rhombic black and white spots in the HRTEM images is
exactly the same as the ordering of ε-Keggin POM building
blocks and pores. The lattice parameters of the unit cells and
distances of the (111) plane are also obtained from the
HRTEM images, and they are in good agreement with the

Figure 4. Schematic representations of the charge-flipping algorithm results: (a) electron density map from the charge-flipping method showing
positions of the intensive peaks [surrounding metal sites (Q1; gray), linking metal sites (Q2; red), and central metal sites (Q3; blue)] in a unit cell;
(b) ε-Keggin unit with four linking metal sites; (c) intensity difference of the peaks of Mo−Zn oxide; (d) electron density map from the charge-
flipping method showing positions of the intensive peaks [surrounding metal sites (Q1; gray) and linking metal sites (Q2; red)] in a unit cell; (e) ε-
Keggin unit with four linking metal sites; (f) intensity difference of the peaks of Mo−Mn oxide.
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results obtained from crystal structures of the materials (Figure
7d).
The oxidation states of the metal elements in Mo−Zn and

Mo−Mn oxides are studied by XPS, and the results are
presented in SI Figure S4. For linker metals, the bond valence
sum (BVS) values of Zn and Mn are 2.13 and 1.93, respectively.
For center metals, the BVS values of Zn and Mn are 2.14 and
2.24, respectively, confirming that the oxidation states of both
ZnII and MnII are 2+. The surrounding 12 Mo atoms are mostly
reduced, as in the case of other ε-Keggin polyoxomolyb-
dates.7,36,38 In the case of Mo−Zn oxide, the ratio of MoVI:MoV

is 0.1:1.0. The ratio of MoVI:MoV in Mo−Mn oxide is 1.0:1.0.
The detailed chemical formulas of these two POM units are
estimated to be [ε-ZnIIMoV10.9MoVI1.1O40{Zn

II}2]
12.9− and [ε-

MnII0.2MoV6MoVI6O40{MnII}2]
9.6−.

The presence of water in Mo−Zn oxide and the presence of
water and NH4

+ in Mo−Mn oxide are confirmed by FT-IR
analysis. The FT-IR spectrum (SI Figure S2b) of Mo−Mn
oxide shows peak maxima at 1628 and 1401 cm−1,
corresponding to water and NH4

+, respectively. For Mo−Zn
oxide, a peak at 1630 cm−1 corresponding to water is observed.
The cationic species of Mo−Zn oxide is Na+, which results
from the starting agent of Na2MoO4·2H2O. The amounts of
cationic species (NH4

+ and Na+) and water are estimated by
elemental analysis. The detailed formulas of Mo−Zn and Mo−
Mn oxides are Na1.5H11.4[ε-Zn

IIMoV10.9MoVI1.1O40{Zn
II}2]·

5H2O and (NH4)2.1H7.5[ε-MnII0.2MoV6MoVI6O40{MnII}2]·
4H2O, respectively.

Cages and channels exist in the materials. One cage is
surrounded by 10 ε-Keggin POM units with metal-ion linkers
(BiIII, ZnII, or MnII).29 The cages are connected with channels
in a tetrahedral fashion to form a periodical 3D pore system as
FAU-type zeolites (Faujasite) do. The sizes of the cages are
estimated from the Connolly surfaces (see details in the
Experimental Section) to be 7.7, 7.6, and 7.6 Å and the sizes of
the channels are estimated to be 3.4, 2.9, and 2.9 Å for Mo−V−
Bi, Mo−Zn, and Mo−Mn oxides, respectively (Figure 6c). The
pore systems of these materials are unique. In one direction, the
tunnel of the pore is not straight but in a zigzag fashion (Figure
6d). The existing NH4

+ (or Na+) and water occupy the cages
and channels in the as-synthesized materials.
TPD-MS analysis under helium flow shows that the water

and NH4
+ in the materials desorb with heat treatment (SI

Figure S5). m/z 16, 18, 28, and 32 are attributed to the signals
of NH3, water, N2, and O2, respectively. TPD-MS (m/z 16)
shows that Mo−V−Bi oxide has two NH4

+ desorption
processes when the temperature is increased to 873 K. One
NH4

+ has a weak interaction with the framework and desorbs at
433 K, and the other has a strong interaction with the
framework and desorbs at 633 K.29 Mo−Mn oxide only shows a
peak at 593 K in the TPD profile (m/z 16), indicating only one
kind of NH4

+ in the framework. Mo−Zn oxide does not have
any NH4

+ in the structure, and therefore no signal of m/z 16 is
found in the TPD profile. For water desorption, TPD profiles
of these three materials show two water desorption processes.
TG-DTA of Mo−Zn and Mo−Mn oxides under nitrogen flow
(SI Figure S5d,e) shows weight losses of 8.2% and 7.2% until
ca. 620 K for Mo−Zn and Mo−Mn oxides, respectively. The
theoretical weight loss related to removal of the included water
calculated from the chemical formula is 4.2% for Mo−Zn oxide,
and that related to removal of the included water and
ammonium cation is 5.4% for Mo−Mn oxide, which are
remarkably smaller than the observed weight losses of the
oxides. It is known that heating of POMs generates water from
protons and O atoms of POM.41,42 The calculated weight losses
of removal of the included water, ammonium cation, and water
generated from protons and O atoms of polyoxomolybdate are
8.7% and 8.7% for Mo−Zn and Mo−Mn oxides, respectively,
which are close to the observed values. Therefore, we conclude
that heating Mo−Zn and Mo−Mn oxides generates water from
protons and O atoms of polyoxomolybdates.

Thermal Stability. Mo−V−Bi oxide is stable, and the
structure of the framework is maintained under the condition of
heat treatment at 623 K under a nitrogen gas atmosphere. The
stabilities of these two materials are tested by calcination at
different temperatures under nitrogen gas. The materials are
stable up to 523 K. The powder XRD patterns (SI Figure S6)
of the samples calcined at 573 K show that the peak intensities
decreased remarkably and FT-IR spectra of the materials also
change (SI Figure S7), indicating that both Mo−Zn and Mo−
Mn oxides start to collapse at 573 K and are less stable than
Mo−V−Bi oxide.
The guest molecules, ammonia and water, in the as-

synthesized POM-based materials can be removed by sufficient
heat treatment without structural decomposition. Mo−V−Bi
oxide is calcined at 623 K for 2 h under a nitrogen atmosphere
followed by treatment at 573 K for 2.5 h under high vacuum.
Mo−Zn and Mo−Mn oxides are treated at 473 K for 2.5 h
under high vacuum. Most of the guest molecules occupying the
cages and channels are removed by heat treatment (SI Figure
S8) without collapse of the structures (SI Figure S6). TPD-MS

Figure 5. Comparison of the experimental XRD patterns with
simulated XRD patterns using the Rietveld method: (a) Mo−Zn
oxide, Rwp = 7.10%; (b) Mo−Mn oxide, Rwp = 6.19%.
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(m/z 16 and 18) profiles of the samples treated at 473 K for 2.5
h under high vacuum show that small amounts of strongly
bound water and ammonia remained.
N2 adsorption−desorption measurement of calcined Mo−

V−Bi oxide at 623 K shows a characteristic type I isotherm
(Figure 8), indicating that the material is a microporous
material. Mo−Zn and Mo−Mn oxides are heated at 473 K for
2.5 h under high vacuum, which are expected to remove most
of NH3 and water, before sorption measurement (SI Figure
S8). The results show that the micropores of Mo−Zn and Mo−
Mn oxides are also opened, although the adsorbed volume of
N2 on the materials is lower than that on Mo−V−Bi oxide.
Surface areas are calculated as 60, 37, and 27 m2 g−1 for Mo−
V−Bi, Mo−Zn, and Mo−Mn oxides, respectively, using the
BET method. The largest BET surface area mainly results from
the highly opened micropores of Mo−V−Bi oxide. The less
opened micropores of Mo−Zn and Mo−Mn oxides might be
caused by the remaining NH4

+ and Na+, which would block
pores and decrease the pore volume of the materials.29

Ion-Exchange Property. POM-based materials that show
ion-exchange property are interesting.43,44 Mo−V−Bi oxide
shows an ion-exchange property similar to that of zeolite.29

There are two kinds of NH4
+ in Mo−V−Bi oxide, a strongly

bound one and a weakly bound one. Small cations, including
H+, Li+, and Na+, selectively replace the weakly bound NH4

+,
and large cations, including K+, Rb+, and Cs+, selectively replace
the strongly bound one. We confirm that K+ is present in the
channel and that strongly bound NH4

+ exists in the channel.
Mo−Zn and Mo−Mn oxides show ion-exchange properties.
The countercations, NH4

+ in Mo−Mn oxide and Na+ in Mo−
Zn oxide, are exchangeable with other cations. Various
countercations, including H+, Li+, Na+, K+, Rb+, and Cs+,

were tested for ion exchange with Mo−Zn and Mo−Mn oxides.
After the ion-exchange process, the ion-exchanged samples are
characterized by powder XRD (SI Figure S9), which shows that
all of the characteristic peaks of Mo−Zn and Mo−Mn oxides
are retained in the corresponding ion-exchanged materials and
demonstrate that the basic structures of the materials are
unchanged. For K+-, Rb+-, and Cs+-exchanged samples, powder
XRD patterns reveal that the relative peak intensity of ion-
exchanged samples changes compared with that of the as-
synthesized sample. Moreover, diffraction peaks shift, especially
after ion exchange with Rb+ and Cs+, which implies a slight
alteration of the lattice parameters (SI Figure S9). In FT-IR
spectra of the materials, the vibration peaks of the POM moiety
are unchanged, indicating the high stability of the materials
during the ion-exchange process. A decrease of the NH4

+ peaks
in FT-IR spectra of Mo−Mn oxide also indicates that NH4

+ is
replaced by other countercations (SI Figure S10).
Elemental analysis confirms that the cations are exchanged

with NH4
+ or Na+ and introduced into the materials. The

chemical formulas of the ion-exchanged samples are summar-
ized in Table 2. The results show that the ion-exchange
properties of the materials depend on the size of the ions. Large
cations, including K+, Rb+, and Cs+, show a high ion-exchange
capacity for both Mo−Zn and Mo−Mn oxides. Small ions, H+,
Li+, and Na+, are not as efficient as the large ions to replace
NH4

+ or Na+ in as-synthesized materials of Mo−Zn and Mo−
Mn oxides. Elemental analysis further shows that the amounts
of Mo, Zn, and Mn remain constant after the ion-exchange
process, indicating that Mo, Zn, and Mn are in the frameworks
of the materials.
Furthermore, the ion-exchange properties of Mo−Zn and

Mo−Mn oxides with alkaline-earth metal ions are also

Figure 6. Polyhedral representations of (a) ε-Keggin POM with capping metal ions. (b) Unit cell. Surrounding MoO6 octahedra: blue. Central MO4
tetrahedra: gray. Metal-ion linkers (Bi, Zn, and Mn): purple. Oxygen: red. (c) CPK (Corey, Pauling, and Koltun) representations of the (110) plane.
Framework oxygen: red. Species in the channel: yellow. Species in the cages: deep blue. (d) Connolly surface of the materials in the (110) plane. The
pink arrow shows the pore tunnel along the (110) plane, and the blue arrow shows the pore tunnel perpendicular to the (110) plane.
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investigated. After ion exchange, the basic structures of the
materials do not change, as indicated by powder XRD patterns
(SI Figure S11) and FT-IR spectra (SI Figure S12). Elemental
analysis shows that the alkaline-earth metal ions are successfully
replaced by the original cations in the materials. Chemical
formulas calculated from elemental analysis show that heavy
alkaline-earth metal ions, such as Ba2+ and Sr2+, can exchange
not only with cation species (Na+ or NH4

+) but also with
protons in the materials (Table 3).
Redox Behavior. A comparison of TG-DTA of Mo−Zn

and Mo−Mn oxides under nitrogen and air flow (SI Figure S5)

shows that weight losses in air flow are less than those in
nitrogen flow. These results indicate that Mo−Zn and Mo−Mn
oxides are oxidized by air. After heating of these oxides in air at
398 K for 2 h, all characteristic peaks of the XRD patterns (SI
Figure S13) are retained with a peak shift to higher angles.
These results indicate that the structures of these oxides are
stable under the heating conditions and the lattice parameters
become smaller. Oxidation of MoV to MoVI is confirmed by
XPS (Table 4 and SI Figure S14 and Table S7).
Furthermore, reduction of the materials is conducted under

hydrogen flow at 423 K. After reduction, the basic structures of

Figure 7. HRTEM images of (a) Mo−V−Bi, (b) Mo−Zn, and (c) Mo−Mn oxides with comparison of (d) the polyhedral representation. Inset:
power spectra.

Figure 8. (a) N2 adsorption−desorption isotherms of Mo−V−Bi, Mo−Zn, and Mo−Mn oxides and (b) the low pressure range.
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the materials do not change (SI Figure S13). XPS results
(Table 4 and SI Figure S14 and and Table S7) demonstrate

that the Mo ion in Mo−Zn oxide can be reduced to MoV and
MoIV, while the Mo ion is not reduced in Mo−Mn oxide under
the current conditions. Furthermore, redox treatments of the
materials affect the DR UV−vis spectra of the materials (SI
Figure S15).
These results indicate that these oxides can accept and

release electrons without collapse of the structures. Further
investigations to understand and control the redox behavior of
these materials are now in progress in our group.

■ CONCLUSION
Two new ε-Keggin polyoxomolybdate-based 3D framework
materials, cubic Mo−Zn and Mo−Mn oxides, have been
successfully synthesized and characterized. In both oxides, ε-
Keggin polyoxomolybdates with 12 Mo atoms, [ε-ZnMo12O40]
or [ε-Mn0.2Mo12O40], are linked by ZnII or MnII ions to form
3D diamond-like frameworks. The guest molecules in as-
synthesized materials can be mostly removed by heat treatment
(473 K), although they are thermally less stable than the
previously reported Mo−V−Bi oxide. These oxides show ion-
exchange properties similar to those of zeolite materials.
Furthermore, these oxides can accept and release electrons
without collapse of the structures. Our results, indicating that a
variety of transition metals can be incorporated into the ε-
Keggin polyoxomolybdate-based materials, open a door for the
development of ε-Keggin polyoxomolybdate-based 3D frame-
work materials as functional materials, such as ion-exchange,
catalyst, adsorption, and magnetic materials.
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