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ABSTRACT: A new type of polyoxometalate-based porous
material was successfully synthesized. The new material is the
first fully inorganic Keggin-type polyoxometalate-based micro-
porous material with intrinsically ordered open micropores and
is the third member of the small family of octahedral molecular
sieves (OMSs). Twelve MoOg or VO octahedra surround a
central VO, tetrahedron to form &-Keggin polyoxometalate
building blocks (e-VMoy 4V, ¢O0,0) that are linked by Bi"" ions
to form crystalline Mo—V—Bi oxide with a diamondoid
topology. The presence of a tetrahedral shape of the e-Keggin
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polyoxometalate building block results in arrangement of microporosity in a tetrahedral fashion which is new in OMSs. Owing to
its microporosity, this Mo—V—Bi oxide shows zeolitic-like properties such as ion-exchange and molecule adsorption.

B INTRODUCTION

Polyoxometalates (POMs) are anionic metal oxide clusters of
early transition metals such as molybdenum, vanadium, and
tungsten. These materials have been widely applied to various
fields such as catalysis, photocatalysis, materials science,
magnetism, biology, and medicine.' ¢

Crystalline solids based on POMs with porosity are of great
interest, because properties of POMs such as redox and acidic
properties can be combined with pore-based properties such as
size selective sorption of molecules and ions. A classical
example of porous POM materials was microporous and/or
mesoporous cesium or ammonium salts of a-Keggin-type
POMs.*”~'% The porosity of the materials was derived from
aggregation of nanometer-size crystallites of POMs, and the
pores were present between the crystallites. Control of the
pores was an important factor for enhancing catalytic activity of
these materials.

Recently, new approaches to form porous POMs have
attracted much attention. Mizuno’s group successfully
developed a method to use large cation molecules (macro-
cations) to synthesize porous POMs. The large cation
molecules, which were composed of three chromium cations
and six organic carboxylate such as [CryO{RCO,}¢L;]* (L =
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ligand), and POMs formed crystalline materials with intrinsic
micropores in their crystal structure.' ™' Pore properties were
tunable by selection of organic moiety, metals, and/or POMs,
and selective adsorption and catalytic reaction in the pores have
been achieved.

Another new approach is assembly of POMs to form
microporous complex metal oxides.'” ™' We have succeeded in
synthesizing orthorhombic and trigonal Mo—V oxides by
assembly of pentagonal [(Mo)MosO,,]% polyoxomolybdate
units of giant POMs, {Mo;3,}*° or {Mo,,Vy},>" with other
MoOyg and VOg octahedra. The microporosity of the materials
resulted from 7-member-ring channels of octahedra. Thus
formed Mo—V oxides were redox active and showed out-
standing catalytic activity for selective oxidations of light
alkanes,””>* acrolein,”® and alcohols.”**” Furthermore, the
microporous properties were reversibly tunable by redox
treatment.”® Recently, the orthorhombic Mo—V oxide was
applied as high capacity electrode materials for rechargeable

lithium batteries.’
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There have been a few reports on inorganic POM-based
frameworks.**>* Linking of POM units with metal ions formed
the frameworks with internal spaces. However, some organic
molecules and/or ions occupied the spaces and were difficult to
remove, and the pore of these materials could not be opened.

Another example of POM-based frameworks was achieved by
using POMs as building blocks for construction of metal
organic frameworks (so-called POMOFs).***73¢ In POMOF
materials, the e-isomer of Keggin-type POMs is an ideal
building block because &e-Keggin POMs have a truncated
tetrahedral shape (T,;) with four hexagonal faces that can
coordinate to metal ions (capping metal ions), such as Nj, Cu,
Co, Bi, and La, by three oxygen atoms on one of the hexagonal
faces (Figure 1).>°* The capping metal ions can be

Figure 1. Representations of &-VMoy,V,40, Keggin core with
capping Bi"" ions: (a) ball-and-stick representation and (b) polyhedron
representation. Central V: gray. Bi: purple. Mo or V: blue. O: red.

coordinated by multidentate organic ligands that bridge the
&-Keggin POMs to form POMOFs.>* However, the organic
linkers result in materials with low oxidative and thermal
stabilities, and the materials therefore cannot survive under
harsh conditions.>* Thus, no porosity was found in POMOFs
due to molecules occupying the pores that cannot be removed
without framework collapse.”* A more inventive way would be
to use metal jons to bridge e-Keggin POMs without any
organic linkers. So far, no example has been reported following
this strategy.

Here, we report the first all-inorganic microporous material
based on e-Keggin-type POM (&-VMoy 4V, 0,4, designated as
Mo—V—Bi oxide), in which intrinsic micropores can be
opened. These POM units are connected by Bi'' ions to
form a three-dimensional (3D) network. Mo—V—Bi oxide has a
3D pore system like FAU zeolite (Faujasite)*' and shows
zeolitic-like properties such as selective molecule adsorption,
ion-exchange, and catalysis.

Moreover, Mo—V—Bi oxide contained mostly octahedral
coordinating metals and can be called “octahedral molecular
sieves (OMSs)”. Two kinds of OMSs have been reported, the
family of microporous Todorokite-type Mn and Fe oxides™*
and Mo—V mixed oxides,'”*® and both of these have one-
dimensional channels as with MTW-type (ZSM-12) zeolite.**
Mo—V—Bi oxide is the third member of OMSs, and the 3D
pore system is new in OMS materials.

B EXPERIMENTAL SECTION

Material Preparation. (NH,);Mo,0,,-4H,0 (8.828 g, SO mmol
based on Mo) was dissolved in 110 mL of water. VOSO,-SH,0 (3.219
g, 12.5 mmol) was dissolved in 110 mL of water. After the solids had
been dissolved, the solution of VOSO,-SH,0 was poured into the
solution of (NH,)¢Mo,0,,-4H,0. After the mixture was stirred at
room temperature for 3 min, Bi(OH); (0.438 g, 1.67 mmol) was
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added. Then, the mixture was stirred for 7 min followed by N,
bubbling for 10 min. The mixture was introduced into a 300-mL
Teflon liner of a stainless-steal autoclave with the help of 20 mL of
water. A Teflon sheet (4 m X 0.1 m X 0.1 mm) was inserted into the
liner. The autoclave was placed in an oven heated at 448 K for 48 h.
After the autoclave had been cooled down, the black solid on the
bottom of the liner was transferred into centrifuge tubes with the help
of water (200 mL) and separated by centrifugation (2000 rpm, 3 min).
The collected solids were dispersed in water (200 mL) and separated
by centrifugation (2000 rpm, 3 min). This washing process was
repeated 6 times. The obtained solid was dried at 353 K overnight, and
0.45 g of Mo—V—Bi oxide (yield: 3.3% based on Mo) was obtained.
FT-IR (KBr pellets, v/cm™): 1620, 1402, 991, 955, 856, 813, 718,
698, 642, and 546 cm™.Anal. Calcd for Bi,Mog ,V;¢N, O,7,H,<: Bi,
17.98; Mo, 38.80; V, 7.89; N, 1.68; H, 1.15. Found: Bi, 18.45; Mo,
38.41; V, 7.51; N, 1.66; H, 0.97.

lon-Exchange. As-synthesized Mo—V—Bi oxide (0.3 g) was
dispersed in 15 mL of water that contained KCI (0.045S g), LiCl
(0.0259 g), NaCl (0.0367 g), RbCl (0.074 g), or CsCl (0.103 g). The
mixture was stirred at 353 K for 6 h. The resulting solids were
collected by filtration, washed with water (3 X 10 mL), and dried at
353 K overnight. For ion-exchange with protons, 0.5 mL of HCI
(36%) was dissolved in 14.5 mL of water, and 0.3 g of Mo—V—Bi
oxide was added to the solution. The mixture was stirred for 6 h at 353
K. The solid was recovered by filtration, washed with water (3 X 10
mL), and dried at 353 K overnight. The ion-exchanged materials were
designated as M—Mo—V—Bi oxide (M = H, Li, Na, K, Rb, or Cs).

Elemental Analysis. H—Mo—V—Bi oxide ((NH,),;H,,Hgole-
VMoy 4V,604Bi,]-7.2H,0), Caled for Bi;Mog4V36N, 1047,Hs44: Biy
18.08; Mo, 39.00; V, 7.93; N, 1.27; H, 1.06. Found: Bi, 18.13; Mo,
39.11; V, 7.54; N, 1.29; H, 0.98.

Li—-Mo—V—-Bi oxide ((NH,),Lis,Hos[e-VMoo 4V, ¢O40Bis]-
72H,0), Caled for Lig,Bi,Mog,V3N,¢O4r,Hasr: Bi, 18.00; Mo,
38.84; V, 7.90; Li, 0.06; N, 1.57; H, 1.11. Found: Bi, 18.55; Mo, 38.41;
V, 7.68; Li, 0.05; N, 1.48; H, 0.94.

Na—Mo-V=Bi oxide ((NH,),,NagsHos(e-VMoy,V;60,0Bi,]:
7.2H,0), Calcd for Nay¢Bi,Mog,V;6N,,0,7,H,.1: Bi, 17.96; Mo,
38.75; V, 7.88; Na, 0.59; N, 1.32; H, 1.04. Found: Bi, 18.51; Mo,
38.69; V, 7.44; Na, 0.58; N, 1.05; H, 0.86.

K-Mo—V-Bi oxide ((NH,)ooK;oHoo[e-VMoy 4V, 040Bis]-
6.1H,0), Caled for K;4Bi,Moy,V;¢NgoOuHigs: Bi, 17.83; Mo,
38.47; V, 7.82 K, 3.17; N, 0.54; H, 0.70. Found: Bi, 18.03; Mo, 38.27;
V, 7.42; K 3.15; N, 0.42; H, 0.67.

Rb—Mo—V—Bi oxide ((NH,)y,Rb, Hyo[e-VMoy,V, (OqoBis]-
7.2H,0), Caled for Rb,;Bi,Mo,,V;Ny;04,Hg1: Bi, 16.95; Mo,
36.58; V, 7.44; Rb, 7.28; N, 0.40; H, 0.73. Found: Bi, 16.58; Mo,
37.21; V, 7.52; Rb 7.12; N, 0.20; H, 0.53.

Cs—Mo—V=Bi oxide ((NH4)o5Cs;0Hoole-VMo0g4V,6040Biy]:
7.2H,0), Caled for Cs,Bi,Mog,V;¢NysO4r,Higs: Bi, 16.36; Mo,
3531; V, 7.18; Cs, 1041; N, 0.44; H, 0.73. Found: Bi, 16.81; Mo,
34.97; V, 6.89; Cs, 10.49; N, 0.21; H, 0.57.

Calcination. The synthesized Mo—V—Bi oxide (1 g) was placed in
a glass tube in a furnace, heated at 2 K/min to 623 K under N, (50
mL/min), and then maintained for 2 h at 623 K.

Crystal Growth. Low concentration of the precursor, long
synthesis time, and seed were applied to obtain a large single crystal
for X-ray single crystal analysis. An aqueous solution (110 mL) of
(NH,)sMo0,0,,-4H,0 (7.062 g, 40 mmol based on Mo) was mixed
with 110 mL of an aqueous solution of VOSO,-SH,0 (2.575 g, 10
mmol). After the mixture was stirred at room temperature for 3 min,
Bi(OH); (0.438 g, 1.67 mmol) was added, and synthesized Mo—V—Bi
oxide (100 mg) was added as a seed. Then, the mixture was stirred for
7 min followed by N, bubbling for 10 min. The mixture was
introduced into a 300-mL Teflon liner of a stainless-steel autoclave
with the help of 20 mL of water, and a Teflon sheet (4 m X 0.1 m X
0.1 mm) was inserted into the liner. The autoclave had been heated at
448 K for 96 h. After the autoclave was cooled down to room
temperature, the black solid on the bottom of the liner was transferred
into centrifuge tubes with the help of 200 mL of water and separated
by centrifugation (2000 rpm, 3 min). The collected solids were
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dispersed in water (200 mL) and separated by centrifugation (2000
rpm, 3 min.). This washing process was repeated six times, and the
obtained solid was dried at 353 K overnight. The obtained solid was
used as a seed again. After repeating this crystal growth procedure four
times, the crystal of Mo—V—Bi oxide was large enough for single
crystal analysis.

To obtain a large crystal of K—Mo—V—Bi oxide for single crystal
analysis, the large crystal of as-synthesized Mo—V—Bi oxide (S0 mg)
was dispersed in 2.5 mL of water followed by addition of KCl (7.6
mg). The mixture was heated at 353 K for 6 h. The solid was
recovered by centrifugation, washed with water three times, and dried
at 353 K overnight.

Characterization. Redox titration: The concentration of KMnO,
solution was determined by using H,C,0,H,0 as a standard
compound. H,C,0,-2H,0 (0.1157 g) was dissolved in 30 mL of
water, followed by acidification with 15 mL of 16% H,SO,. Titration
was performed at 343—358 K. The concentration of KMnO, was
0.04848 mol/L. Then, Mo—V—Bi oxide (0.2867 g) was dissolved in 40
mL of 50% of H,SO, that was degassed by N, bubbling in a 100-mL
beaker. A Horiba D-52 pH meter with a metal (ORP) electrode was
used to detect the potential of the Mo—V—Bi oxide solution. The
solution of Mo—V—Bi oxide was titrated with the standard solution of
KMnO, at room temperature. Measured potential was plotted against
amount of KMnO, solution. Molecule (CO,, CH,, C,H,, and C;Hj)
adsorption was performed on Mo—V—Bi oxide by a BELSORP MAX
(BEL Japan Inc.) sorption analyzer at 298 K. The samples were
evacuated at 573 K for 2 h before the measurement. Nitrogen
isotherms were obtained by a BELSORP MAX (BEL Japan Inc.)
sorption analyzer at 77 K. Surface area was calculated by the BET
method using an adsorption branch, and pore distribution was
estimated by the SF method using an adsorption branch. The samples
were evacuated at 573 K for 2 h before the measurement. Powder X-
ray diffraction (XRD) patterns were obtained on RINT2200 (Rigaku)
with Cu Ka radiation (tube voltage 40 kV, tube current 20 mA).
Scanning electron microscopy (SEM) images were obtained with an
HD-2000 (HITACHI). Transmission electron microscopy (TEM)
images were taken with a 200 kV TEM (JEOL JEM-2010F). Carbon
was deposited on the sample prior to TEM observation to reduce
charging-up of the sample. Fourier transform infrared spectroscopy
(FT-IR) was carried out on a PARAGON 1000 (Perkin-Elmer).
Thermal analysis (TG-DTA) was performed on Thermo Plus,
TG8120 (Rigaku). Temperature-programmed desorption mass
spectrometry (TPD-MS) measurements were carried out from 313
to 893 K at a heating rate of 10 K min~" under helium (flow rate: 50
mL min~!). The Mo—V—Bi oxide sample was set between two layers
of quartz wool. A TPD apparatus (BELJAPN, Inc.) equipped with a
quadrupole mass spectrometer (M-100QA; Anelva) was used to detect
NH, (m/z = 16), H,0 (m/z = 18), O, (m/z = 32), and N, (m/z =
28). X-ray photoelectron spectroscopy (XPS) was performed on a JPS-
9010MC (JEOL). The spectrometer energies were calibrated using the
C Is peak at 284.8 eV. Elemental compositions were determined by an
inductive coupling plasma (ICP-AES) method (ICPE-9000, Shimad-
zu). CHN elemental composition was determined at Instrumental
Analysis Division, Equipment Management Center, Creative Research
Institution, Hokkaido University.

Computer-Based Simulation. All computer-based simulation
was performed using Materials Studio v 6.1.0 (Accelrys Software Inc.).
Rietveld analysis™ of a powder XRD pattern was performed using
“Reflex” tool in Materials studio. The lattice parameter and pattern
parameters were refined by Pawley refinement based on the structural
data obtained by single crystal structure analysis. All peak indexes were
listed in Supporting Information (Table S1). Connolly surfaces,
solvent surfaces, free space of Mo—V—Bi oxide, and volume of an
C,H¢ molecule were simulated by “Atom Volume & Surfaces”
program in Materials Studio. The diameters of the cage and the
channel were estimated from the Connolly surfaces of the cage and the
channel with Connolly radius of 1 A, and the shortest values were
presented.* The theoretical accessible space of Mo—V—Bi oxide
(without ammonium cations and water) was obtained by solvent
surface calculation with solvent radius of 1.4 A.*® The volume of an
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C,Hy molecule was obtained by Connolly surface calculation with
Connolly radius of 1 A.

Single Crystal Analysis. Since the crystals that had been grown
were still too small for the diffractometer in the laboratory system, data
collection was performed on a high-precision diffractometer installed
in the SPring-8 BL40XU beamline.*”*® The synchrotron radiation
emitted from helical undulator was monochromated by using a
Si(111) channel cut monochromator and focused with a Fresnel zone
plate. A Rigaku Saturn724 CCD detector was used. The measurement
was performed at 100 (2) K. An empirical absorption correction based
on Fourier series approximation was applied. The data were corrected
for Lorentz and polarization effects. The structure was solved by direct
methods and refined by full-matrix least-squares (SHELX-97),* where
the unweighted and weighted agreement factors of R = X||F,| — IF,||/
ZIF| (I > 2006 (I)) and wR = [Zw(F}? — F2)¥/Zw(F2)*"?
respectively, were used. Position of K in the structure of K—Mo—V—Bi
oxide was determined from differential Fourier map. Nitrogen atoms
of ammonium cations were modeled as oxygen atoms because
nitrogen atoms could not be distinguished from oxygen atoms. Oxygen
atoms of water in Mo—V—Bi oxide were refined isotropically, and
other atoms were refined anisotropically. Total amounts of water and
ammonium cations estimated by elemental analysis were slightly larger
than those obtained by single crystal structure analysis. This is because
of the difference in the crystal sample and bulk sample. The sample for
elemental analysis may contain surface waters. Crystallographic data of
Mo—V-Bi oxide and K—Mo—V—Bi oxide were listed in Table 1.

Table 1. Crystallographic Data of Mo—V—Bi Oxide and K—
Mo—V—Bi Oxide

Mo—V—Bi oxide K—Mo—V—Bi oxide

formula Hi4.10Bi;M0g 404705V Hi.07Bi2K; 7M05,404503V3.6
M, 2270.19 2300.21
cryst syst cubic cubic
space group Fd3m Fd3m

a (A) 19.662(3) 19.6850(6)
V (A% 7600.9(18) 7627.9(4)
T (K) 100(2) 100(2)

z 8 8

Peaea (g em™) 3.968 4.006

Fooo 8273 8369

2 (A) 0.830 77 0.83112

u (mm™) 14.593 14.838
measured reflns 3748 10 887
unique reflns 372 430

RI(I > 20(I)) 0.0580 0.0344
wR2(all data) 0.1552 0.0646
GOF 1.091 0.904

Anisotropic displacement ellipsoids were presented in the Supporting
Information Figure S1. Metal—oxygen bond lengths, atom coordinates,
and atom occupancies are summarized in Table 2 and Supporting
Information Tables S2 and S3, respectively. CIF data are available in

Table 2. Metal—-Oxygen Bond Lengths from Single Crystal
Analysis of As-Synthesized Mo—V—Bi Oxide”

bond length of Mo—V—Bi bond length of K—Mo—V—Bi

oxide (A) oxide (A)
V1-04 1.76(2) 1.719(9)
Bi2—03 2.355(12) 2.335(6)
M3-01 1.640(12) 1.674(6)
M3-02 1.894(5) 1.906(3)
M3-03 1.964(8) 1.980(4)
M3-04 2.428(12) 2.454(6)

“M includes V and Mo.
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Supporting Information. CSD-425857 and CSD-426125 contain the
crystallographic data for Mo—V—Bi oxide and K—Mo—V—Bi oxide
(data available from CrysDATA@FIZ-Karlsruhe.de).

Catalytic Test, Catalyst Recovery, and Filtration Experiment.
For the catalytic test, the calcined Mo—V—Bi oxide (20 mg) and 10
mmol of benzyl alcohol were added to a reaction tube. Some cotton
(50 mg) was set at the uppermost part of the tube to adsorb the water
generated during the reaction. The reaction tube was heated at 403 K
for 3 h. After the temperature had cooled to room temperature, the
cotton was removed, and 4 mmol of tridecane and 10 mL of acetone
were added to the reaction tube. The mixture was stirred at room
temperature for S min. Yield, conversion, and selectivity were
measured by GC-FID. For catalyst recovery, the catalyst was recovered
by centrifugation (S min, 3000 rpm), washed with 5 mL of acetone 3
times, and dried at 353 K overnight. For the filtration experiment, 20
mg of calcined Mo—V—Bi oxide, 10 mmol of benzyl alcohol, and 0.8
mmol of tridecane were added to a reaction tube. A 50 mg portion of
cotton was set at the uppermost part of the tube to adsorb the water
generated during the reaction. The reaction tube was heated at 403 K.
After reaction for 45 min, the material was removed using a syringe
with a disposable syringe filter unit (PTFE, 0.2 ym) when the solution
was still hot, and the filtrate kept on reacting. The reaction was
monitored by GC.

B RESULTS AND DISCUSSION

Synthesis and Structural Characterization. Hydro-
thermal reaction of (NH,)sMo,0,,-4H,0, VOSO,-5H,0, and
Bi(OH); produced crystalline Mo—V—Bi oxide, the powder
XRD pattern of which is presented in Figure 2a. SEM images

111

Intensity (a.u.)
%%g 911 753

|

40 50 60 70 80 90

2 theta (degree) (Cu-Ka)

10 20 30
Figure 2. Comparison of (a) the experimental XRD pattern with (b)
simulated pattern using structural data obtained by single crystal
structure analysis with lattice parameter refinement (a = 19.79 A, R,
= 10.49%), and (c) difference of experimental pattern and simulated
pattern.

showed that the resulting solids were polyhedral crystals that
were too small (less than 1 ym in one dimension) to perform
single crystal structure analysis (Supporting Information Figure
S2a). Therefore, crystal growth experiments were performed
using the synthesized Mo—V—Bi oxide as a seed in the reaction
mixture. After repeating the crystal growth procedure, crystals
of Mo—V—Bi oxide large enough (~S$ ym in one diameter) for
single crystal analysis were obtained (Supporting Information
Figure S2b).

Single crystal structure analysis and elemental analysis
(Mo:V:Bi = 9.4:3.6:2) of the as-prepared Mo—V—Bi oxide
and K-exchanged sample (designated as K—Mo—V—Bi oxide,
with ion-exchange presented in a later section) revealed that the
building block of Mo—V—Bi oxide was an e-Keggin-type
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polyoxovanadomolybdate, e-VMog 4V, O, that was formed by
one central VO, tetrahedron surrounded by 12 distorted MO
(M = Mo or V) octahedra (Figure 1). The central atom of this
POM was a 4-fold coordinated vanadium with bond length of
V-0 being 1.76(2) or 1.719(9) A for Mo—V—Bi oxide and K—
Mo—V-Bi oxide, respectively. Bond valence sum (BVS)
calculation revealed that valence of the central V was 5+,
which is often observed in polyoxometalate compounds.***°
Four edge-sharing M;0;; (M = Mo or V) units were anchored
to this tetrahedral VO, to form the &-Keggin POM. Disordering
of the molybdenum and vanadium atoms in the surrounding 12
positions was detected, as has been often observed in
polyoxomolybdates®® and Mo—V-based complex metal ox-
ides.'” Three oxygen atoms in each hexagonal face of the POM
coordinated to Bi, and an adjacent POM supplied three oxygen
atoms in the hexagonal face to the Bi to form a diamond-like
3D framework (Figure 3). The bond length of Bi—O was
2.355(12) or 2.335(6) A for Mo—V—Bi oxide and K—Mo—V—
Bi oxide, respectively, and BVS calculations revealed that the
valence of the Bi linker was 3+.

Figure 3. (a) Polyhedral representation of Mo—V—Bi oxide. Central
V: gray. Bi: purple. Mo or V: light blue. O: red. (b) Schematic
representation of Mo—V—Bi oxide, POM unit: blue tetrahedron, Bi:
purple.

The powder X-ray diffraction pattern of Mo—V—Bi oxide was
similar to the simulated pattern obtained by using crystal data
from single crystal structure analysis (Figure 2). Furthermore,
there were no additional peaks in the experimental data,
indicating that the powder sample of Mo—V—Bi oxide was
pure.

Figure 4 shows a comparison of the generated polyhedral
image and the high-resolution transmission electron micros-

Figure 4. Comparison of polyhedron representation of Mo—V—Bi
oxide with HRTEM. (a) Polyhedral representation and (b) HRTEM
image (insert: power spectrum) of Mo—V—Bi oxide, viewed along the
101 direction. Mo—V—Bi oxide was not so stable under TEM
condition, and an amorphous-like part was produced during
observation.
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copy (HRTEM) image of Mo—V—Bi oxide along the 101
direction. The HRTEM revealed a characteristic face-centered
cubic lattice image for Mo—V—Bi oxide. Ordering of the
rhombic black and white spots in the HRTEM image was
exactly the same as the ordering of &-VMoy,V, 40,y building
blocks and pores. The unit cell lengths and distances of the
(111) plane were obtained from the HRTEM image: 19.7 A
and 11.4 A, respectively.

The oxidation states of the metal elements were studied by
X-ray photoelectron spectroscopy (XPS) (Figure S), which
indicated that reduced states of molybdenum (Mo") and
vanadium (V) existed, and the oxidation state of bismuth was
3+. Furthermore, XPS showed that 25% of the molybdenum
and 50% of the vanadium were Mo" and V", respectively. The
total reduced metal content (molybdenum and vanadium) was
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Figure 5. XPS and curve fitting results of Mo—V—Bi oxide of (a)
molybdenum, Mo®/Mo** = 3, (b) vanadium, V**/V* = 1, and (c)
bismuth. Blue: experimental data. Purple: sum of every simulated peak.
Red: simulated peak.
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32%. Manganometric redox titration also confirmed that ca.
28% of the total metal (molybdenum and vanadium) was
reduced (Figure 6). Partial reduction was in good agreement
with other reported e-Keggin POM molecules. In the case of
[8'M0V1M0V12040(CsMesRhIII)8]2+152 [e-
PVM0V8M0V14036(OH)4{L31H(H20)4}4]5+;38 and [e-
H,Mo",0;,(OH),{Ni'"(H,0),},],” all or part of the
surrounding 12 metal ions are reduced. Thus, the detailed
formula of the e-Keggin POM framework was [e-
Vvl.0M0V2.3M0VI7.1VW1.8VV048040BiIHz]3'%-

There were cages and channels in Mo—V—Bi oxide. A cage
was composed of 10 e-VMoy 4V, 4O, building blocks that were
connected by Bi'" ions (Figure 7a)b). The internal diameter of
the cage was ca. 7.7 A. One cage was tetrahedrally connected
with four other adjacent cages by four channels (Figure 7c,d).
The diameter of the channel was ca. 3.4 A. The cages and
channels constructed a periodical 3D pore system for Mo—V—
Bi oxide in a tetrahedral fashion. In one direction, the tunnel of
the micropore was not straight but in a zigzag-like fashion
(Figure 7e and Supporting Information Figure S3), which is
new in OMSs.

Single crystal structure analysis of Mo—V—Bi oxide revealed
that there were two types of sites for water or NH,* (10 sites
per one &-VMoy 4V, O, unit). One was in the cage, and the
other was in the channel. Nitrogen (represented NH,") could
not be distinguished from oxygen (represented H,O) by single
crystal analysis (Figure 7e). An FT-IR spectrum (Supporting
Information Figure S4a) of Mo—V-Bi oxide showed the
presence of water (1620 cm™) and NH," (1402 cm™)
together with bands at 991, 955, 856, 813, 718, 698, 642, and
546 cm™!, which were attributed to the framework. The
amount of NH," was estimated by elemental analysis to be ca.
2.8 for one &-Keggin POM. Therefore, the detailed formula can
be expressed as (NH,), ¢Hy o[e¢-
Vvl.0M0V2.3M0VI7.1VW1.8VV0‘8040BiIHz] -7.2H,0.

The NH," and H,O in Mo—V—Bi oxide were removable by
heat-treatment. TG-DTA of Mo—V—Bi oxide indicated that
there were two weight losses: one was between ca. 310 and 490
K, and the other was between ca. 580 and 710 K (Supporting
Information Figure SS). Temperature programmed desorption
(TPD) analysis revealed that the first weight loss corresponded
to desorption of water and NH; and that the second weight loss
corresponded to desorption of water, NH;, and N, (Supporting
Information Figure SS). N, was produced by decomposition of
NH,". Total weight loss from room temperature to 773 K was
ca. 7.8%, which was in accord with the total amount of NH,"
and water estimated by elemental analysis. TPD results showed
that there were two kinds of NH," in the material. One NH,,
which had a strong interaction with the framework, desorbed at
633 K (peak top) and is denoted as NH,*(S). The other, which
had a relatively weak interaction with the framework, desorbed
at 443 K (peak top) and is denoted as NH,"(W). These results
indicated that NH," and water co-occupied two different
positions in the as-synthesized material: one was in the cage,
and the other was in the channel. Total NH," amount
estimated by TPD was slightly less than NH," amount
estimated by elemental analysis, because some NH," were
released as N, (Table 3, entry 1).

Microporosity. The NH," and water were removed by
calcination (2 K/min, 623 K for 2 h, N, flow rate of 50 mL/
min) without structural collapse (Supporting Information
Figure S6a,b). However, further heating (calcination at 673
K) caused the framework of Mo—V—Bi oxide to collapse
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Figure 6. Manganometric redox titration curves of (a) H,C,0,-2H,0 and (b) Mo—V—Bi oxide.
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Figure 7. Polyhedral representations of (a) a front image of the cage, (b) the back image of the cage, (c) filling representation of the pore system
with framework, with gray curved surface described the morepores, (d) filling representation of the pore system without framework and linkage of a
cage by channels, gray curved surface described the morepores (central V, gray; Bi, purple; Mo or V, blue; O, red), (e) CPK (Corey, Pauling, and
Koltun) representations of the (110) plane of Mo—V—Bi oxide (N or O in cage, blue; N or O in channel, green), and (f) K—Mo—V—Bi oxide. K:

yellow. N or O in cage: blue.

(Supporting Information Figure S6c). The nitrogen adsorp-
tion—desorption isotherm of calcined Mo—V—Bi oxide was
best described as a type I isotherm, indicating that Mo—V—Bi
oxide was a microporous material (Figure 8a,b, black). The
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BET surface area and pore volume of this material were
calculated to be 60 m*/g and 0.0202 cm®/g, respectively, which
are similar to those of other reported POM-based porous
materials (Supporting Information Table S4). The pore size
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Table 3. Changes in Formulas by Ion-Exchange

amount of NH," per
one &-

VM09.4Vz.sO4oh
entry cation formula® NH,"(W) NH,*(S)
1 before ion- (NH,), sHyole- 0.7 1.4
exchange VMo, 4V, 604Bi,]
2 H* (NH,),  Ho;Hyy[e- 0 1.6
VMo,,4V;,6040Bi,]
3 Li* (NH,),¢Lig,Hool - 0.3 14
VMo,,4V;,6040Bi,]
4 Na* (NH,),,Nag¢Hyole- 0.2 14
VMo,,4V,,6040Bi,]
S K* (NH,)0K; oHg o[ €- 0.6 0
VMo,,4V,,6040Bi,]
6 Rb* (NH,)o,Rb, Hos[e- 02 0
VMoy,4V;,6040Bi,]
7 Cs* (NH,)o5Cs,0Hogle- 0.3 0
VMo,,,V,,6040Bi,]

“Estimated by elemental analysis. “Estimated by TPD.
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Figure 8. Nitrogen adsorption—desorption isotherms: (a) P/P, 0—1,
(b) low P/P, range. Black: calcined Mo—V—Bi oxide. Red: K—Mo—
V-Bi oxide. (c) Pore size distribution of calcined Mo—V—Bi oxide
using the SF method.

distribution curve (obtained by the SF method) showed that
the average diameter of the micropores was 5.5 A, attributed to
the cages and channels in the framework (Figure 8c). The
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powder XRD pattern of the material after adsorption
measurement showed that the structure of the material did
not change, indicating that the framework was stable under the
measurement conditions.

Mo—V—Bi oxide selectively adsorbed different molecules
depending on the size of the molecule (Figure 9). The size of

0 20

40 60
P (kPa)

80 100

Figure 9. Molecule adsorption isotherms of Mo—V—Bi oxide (a) CO,,
(b) C,Hy, (c) CH,, and d) C,H;,.

the channel (3.4 A) of Mo—V—Bi oxide was similar to that of C
(34 A) and O (3.04 A) atoms. Therefore, the straight
molecules (CO,, CH,, and C,Hy), in which skeleton atoms (C
and O) were in a straight line, were able to pass the channel
and adsorbed in the material. C;Hg whose carbon skeleton was
bent and larger than the channel was not adsorbed.
Interestingly, Mo—V—Bi oxide adsorbed C,Hy at low pressure
from 0.002 to 0.06 kPa (type I isotherm, Figure 9b). The
theoretical accessible space of a cage (49.84 A®) was similar to
the volume of a C,H, (47.28 A%) molecule, so that C,Hg could
fit in the cage, which may be the reason for the type I
adsorption of C,Hy.

lon-Exchange. The ammonium cation in the micropores
was exchangeable with other cations in aqueous solution, such
as HY, Li*, Na*, K%, Rb*, and Cs* (corresponding materials
designated as M—Mo—V—Bi oxide, M = H, Li, Na, K, Rb, and
Cs). The powder XRD patterns showed that the basic structure
of ion-exchanged Mo—V—Bi oxide did not change (Supporting
Information Figure S6d—g,ij). Table 3 summarizes the
formulas and amounts of NH,*(S) and NH,*(W) after ion-
exchange estimated by elemental analysis and TPD, respec-
tively. Moreover, TPD profiles (m/z = 16 for NH;) of
exchanged Mo—V—Bi oxide indicated that smaller cations such
as HY, Li", and Na® selectively replaced the weakly bound
ammonium cation NH,*(W), whereas larger K*, Rb*, and Cs*
cations selectively replaced the strongly bound ammonium
cation NH,"(S) (Supporting Information Figure S7d—j).

In K—Mo—V—Bi oxide, in which only NH,"(S) was
exchanged, ca. 1.9 NH," per one &-VMo,,V,O,, building
block were exchanged with K*. In the case of H-Mo—V—Bi
oxide, in which only NH,*(W) was exchanged, ca. 0.7 NH,* per
one &-VMoy,V, O, building block were exchanged with H*.
From this result, we estimated the ratio of NH,"(W) and
NH,*(S) to be ca. 0.7—0.9:1.9—2.1. Single crystal analysis of
K—Mo—V—Bi oxide revealed that 89% of K" selectively
occupied the channel and that the remaining 11% of K7,
NH,*, and H,0 occupied the cage in K—Mo—V—Bi oxide
(Figure 7f). Therefore, we speculate that K* replaced NH," in
the channel and that the NH,"(S) was located in the channel
and NH,"(W) was located in the cage. The K* blocked the
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micropores of Mo—V—Bi oxide and could not be removed by
calcination. The material lost microporosity with decrease in
BET surface area (4.4 m?/g) after ion-exchange with K* (Figure
8a, red).

Activity as an Acid Catalyst. Removal of NH; from
NH,*(W) and NH,'(S) produced weak and strong H* acid
sites on the Mo—V—Bi oxide, respectively. Table 4 shows

Table 4. Benzyl Alcohol Dehydration To Form Dibenzyl
Ether Catalyzed by Mo—V—Bi Oxide”

entry catalyst conv (%) yield (%) sel (%)

1 as-synthesized Mo—V—Bi oxide 3 3 100
2 calcined Mo—V—Bi oxide at 623 K 95 94 99

3 calcined Mo—V—Bi oxide at 473 K 92 91 99

4  H-Mo—V—Bi oxide 99 95 9s”
N recovered catalyst in entry 2 100 97 97

6 calcined Mo—V—Bi oxide at 673 K 98 91 93¢
7 no catalyst S 0 0

“Reaction conditions: 20 mg of Mo—V—Bi oxide, 10 mmol of benzyl
alcohol, 403 K, 3 h. After the reaction, 4 mmol of tridecane was added
as an internal standard. “Approximately 3% of benzaldehyde was
formed. “Approximately. 4% of benzaldehyde was formed.

results of catalytic performance of Mo—V—Bi oxide for benzyl
alcohol etherification. Mo—V—Bi oxide without calcination was
not active (entry 1). Calcined Mo—V—Bi oxide showed
catalytic activity (entry 2). Mo—V—Bi oxide calcined at
temperatures over 473 K (entries 2 and 3), and proton-
exchanged H-Mo—V—Bi oxide (entry 4) showed catalytic
activity. These results indicated that a weak acid had sufficient
catalytic activity for this reaction. Filtration experiments (Figure
10) showed that calcined Mo—V—Bi oxide was a heterogeneous

100 . .
80
S
z Removal of catalyst
S 60+
(2
9 .
8 L] A
8 401 . .
.
20+
L ]
0 T T T T 1
0 50 100 150 200

Reaction time (min)

Figure 10. Filtration experiment on calcined (at 623 K) Mo—V—Bi
oxide. Squares presented the reaction with catalyst. Triangles
presented the reaction after removal of catalyst.

catalyst. The material could be reused without loss of activity
(entry S). The XRD pattern and IR of the recovered catalyst
(Supporting Information Figure S8) confirmed high stability of
Mo—V—Bi oxide during catalytic reaction. Benzyl alcohol was
larger than the pore size; thus, the reaction occurred on the
surface of Mo—V—Bi oxide. Therefore, Mo—V—Bi oxide
calcined at 673 K, which did not contain micropores
(Supporting Information Figure S9), was also active (entry
6). However, Mo—V—Bi oxide showed higher conversion of
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benzyl alcohol, and the yield of dibenzyl ether compared to
other reported heterogeneous catalysts (Supporting Informa-
tion Table SS), which indicates that Mo—V—Bi oxide has high
potential as an acid catalyst.

B CONCLUSION

The first all-inorganic Keggin-type polyoxometalate-based
microporous material with intrinsically ordered open micro-
pores, Mo—V—Bi oxide, was successfully synthesized and
characterized. Structural characterization showed that the
material constructed by assembly of e-Keggin POMs with
Bi'™ jons in a tetrahedral fashion. Heat treatment can remove
the existing NH," and H,O from the material to open the 3D
micropores. The 3D micropore system of Mo—V—Bi oxide
resulted from cages and channels in the material. Mo—V—Bi
oxide exhibited zeolite-like properties such as molecule
adsorption, ion-exchange, and acid catalysis. POMs have a
diversity of elements, and they can incorporate other metals in
the structure. We believe our results will open a door for
production of new porous materials based on e-Keggin-type
POM building blocks with tunable properties.
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