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A New Series of Nanoporous Ionic Crystals Based on Polyoxometalates –
Synthesis, Crystal Structures, and Adsorption Properties
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Based on polyoxometalate cluster anions and macrocations,
KH2[Cr3O(OOCCH3)6(H2O)3][α-GeMo12O40]·10H2O (1),
K1.5H1.5[Cr3O(OOCCH3)6(H2O)3][α-GeW12O40]·9.5H2O (2),
NaH2[Cr3O(OOCCH3)6(H2O)3]3[α-P2W18O62]·32H2O (3), and
Na3[Cr3O(OOCCH3)6(H2O)3]3[α-As2W18O62]·34H2O (4) have
been prepared by a conventional method and characterized
by single-crystal X-ray diffraction, IR and UV/Vis spec-
troscopy, elemental analysis, thermogravimetric analysis

Introduction

In recent years, much attention has been paid to the fab-
rication of inorganic or organic–inorganic hybrid nano-
porous materials. Due to the well-defined pores and shape-
or size-selective adsorption, such materials can be widely
applied to adsorption, separation, and heterogeneous catal-
ysis.[1]

Polyoxometalates (POMs), a fascinating class of transi-
tion metal oxide cluster anions with unique physical and
chemical properties, have potential applications in diverse
fields including magnetism, catalysis, materials science,
photochemistry, medicine, and chemical analysis.[2]

Furthermore, POMs in nanosize structures are suitable in-
organic building blocks to form multidimensional and
microstructured compounds by rational combination with
other inorganic or organic components. Therefore, the de-
velopment of POM-based solid state materials with various
functional properties has received attention.[3] In particular,
the design and preparation of POM-based microporous
materials similar to zeolites are of considerable significance
for application as efficient catalysts.

Recently, Kwon and coworkers reported a combination
of POM cluster anions with large aluminium oxo cluster
cations to produce ionic crystals with some new features
including a nanocomposite nature, porous structure, and
sorption properties.[4] Mizuno’s group subsequently pub-
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(TGA) and powder X-ray diffraction (PXRD). In addition, the
gas adsorption properties of these four compounds for meth-
anol and ethanol have been investigated. The adsorption
studies display an apparent difference between methanol
and ethanol vapor adsorption and demonstrate that such
microporous materials could be applied as new molecular si-
eves for selective sorption from a mixture of C1 and C2

alcohols.

lished their work on the synthesis, structure, and selective
sorption/catalysis properties of nanoporous compounds
constructed from the interaction of POMs with macro-
cations.[5] In addition, we have reported analogous ionic
crystals based on a large trinuclear chromium cluster,
[Cr3O(CH3COO)6(H2O)3]+, and investigated their geomet-
ric framework and supermolecular architecture by em-
ploying various building blocks with different molecular
sizes, symmetries, and anion charges.[6] Izarova et al. re-
ported similar compounds by choosing simple inorganic
salts of Fe(III) and POMs as reactants,[7] although further
studies on the properties of these compounds have not been
conducted. Kortz’s group has also synthesized this type of
solid state material using [Ru3O(OOCCH3)6(CH3OH)3]+ as
a macrocation.[8] Little work has been conducted to investi-
gate the effect of larger Keggin- and Wells–Dawson-type
polyanions on the ionic crystal architecture, though the
ionic crystals of larger polyanions may lead to unusual
nanosized channels with new adsorption properties. To
date, there has been only one report of ionic crystals with
a Dawson-type polyanion.[5d]

Herein, we present the synthesis and characterization of
four porous ionic crystals based on the [Cr3O(CH3COO)6-
(H2O)3]+ macrocation and Keggin- and Wells–Dawson-type
polyanions, KH2[Cr3O(OOCCH3)6(H2O)3][α-GeMo12O40]·
10H2O (1), K1.5H1.5[Cr3O(OOCCH3)6(H2O)3][α-GeW12O40]·
9.5H2O (2), NaH2[Cr3O(OOCCH3)6(H2O)3]3[α-P2W18O62]·
32H2O (3), and Na3[Cr3O(OOCCH3)6(H2O)3]3[α-
As2W18O62]·34H2O (4). In addition to the introduction of
larger Wells–Dawson-type polyanions, we are also inter-
ested in the ionic size effect between [α-GeMo12O40]4– and
[α-GeW12O40]4–. Interestingly, 1–4 can selectively adsorb
methanol molecules with a high uptake between C1 and C2

alcohols, disregarding of the size of the polyanion.
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Results and Discussion
Synthesis

Compounds 1–4 were all synthesized by a conventional
method in acidic aqueous solution. The main change to the
synthetic procedure, is that an acetate buffer was selected
as the medium for the preparation of 2 and 4. Moreover,
unlike compounds 1, 3, and 4, which were prepared using
the plenary Keggin, [α-GeMo12O40]4–, or Wells–Dawson
polyanions, [α-P2W18O62]6– and [α-As2W18O62]6–, 2 was
synthesized using the trivacant Keggin-type polyanion [α-
GeW9O34]10– precursor and the lacunary polyanions trans-
formed into the plenary species in the acetate buffer system.
This indicates that such porous ionic crystals can also exist
at pH value of 4.8 in addition to the pH of 2.0 reported in
the literature.[5a–5d,7]

Structure Description

Compounds 1–2 and 3–4 are isostructural, respectively.
The basic packing profiles and the pore characteristics are

Figure 1. Detailed illustration of the crystal structure of 1. (a) Coordination environment of the K+ ion. (b) A view of double-layer zigzag
chain along the b axis. (c) Combined polyhedral/ball and stick representation of 1 viewed along the b axis showing the hexagonal
honeycomb. Aquamarine octahedra: MoO6, purple tetrahedra: GeO4, salmon octahedra: CrO6, light pink balls: K atoms, light yellow
balls: C atoms. (d) Space-filling representation of 1 consisting of straight channels. Dark blue balls: Mo atoms, yellow-green balls: Cr
atoms, red balls: O atoms, light pink balls: K atoms, light yellow balls: C atoms. Lattice water molecules and hydrogen atoms are omitted
for clarity.
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identical. Herein, we describe the structures of 1 and 3 as
representative examples. The structure of 1 is composed of
a [α-GeMo12O40]4– polyanion, [Cr3O(OOCCH3)6(H2O)3]+

macrocation, K+ cation, and crystallization water mole-
cules. The [α-GeMo12O40]4– anion retains its original α-
Keggin structure, with a central GeO4 tetrahedron sur-
rounded by four Mo3O13 units consisting of edge-sharing
MoO6 octahedra. The bond valance sum calculation sug-
gests that all Mo atoms are in the +6 oxidation state with
an average value of 6.110 and all O atoms are in the –2
oxidation state with an average value of –1.902. It indicates
that all O atoms within the polyoxoanions are not proton-
ated. The macrocation [Cr3O(OOCCH3)6(H2O)3]+ is a tri-
nuclear μ3-oxobridging complex containing an equilateral
triangle of chromium atoms with an oxygen atom at the
center, six edge-bridging propanoate groups, and three
equatorial aqua ligands.[9] As 1 was formed from acidic
aqueous solution, two protons are attached to isolated
water molecules to compensate for the charge balance. As
shown in Figure 1, the K+ ion has a eight-coordinate envi-
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ronment, coordinated to four oxygen atoms from three po-
lyanions and three oxygen atoms from one macrocation and
one water molecule. The K···O distances are 2.665–3.273 Å.
As shown in Figure 1 (b), oppositely charged inorganic
cluster ions linked by K+ form a double-layer zigzag chain
along the a axis, and the two neighboring 1D chains lead
to the formation of a 2D hexagonal honeycomb in the ac
plane. Seen along the b axis, the packing of the 2D hexago-
nal honeycomb sheets generate a straight 1D channel with
an accessible dimension of about 15.6�5.6 Å2 (see Fig-
ure 1, c). These channels are occupied by water molecules,
which are coordinated to K+ ions or hydrogen-bonded
(OW···O 2.549–3.032 Å) to the oxygen atoms of the POMs
or macrocations in the vicinity. Multiple hydrogen bonds as
well as electrostatic interactions exist between the neigh-
boring layers.

Figure 2. Crystal structures of 3. Lattice water molecules, hydrogen,
and Na atoms are omitted for clarity. (a) Ball and stick/polyhedral
representation viewed along the b axis (b) ball and stick/polyhedral
representation viewed along the c axis. Dark blue octahedra: WO6,
deep pink tetrahedra: PO4, yellow-green octahedra: CrO6, light
green balls: C atoms.
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The structure of 3 consists of a [α-P2W18O62]6– anion,
[Cr3O(OOCCH3)6(H2O)3]+ macrocation, Na+ cation, and
crystallization water molecules. As 3 was formed from
acidic aqueous solution, two protons are attached to iso-
lated water molecules to compensate for the charge balance.
Unlike the structures of 1 and 2, two types of pillars can be
noticed in the structure of 3: Dawson-type polyanions and
macrocations arrayed alternately along the b axis to consti-
tute pillar I, and macrocations constitute pillar II. As
shown in Figure 2 (a), six parallel I pillars stack next to
each other to generate a straight hexagonal honeycomb-like
1D channel, which forms a cavity for pillar II. In addition,
each of the hexagonal honeycomb-like channel of I pillars
alternates with polyanions and macrocations. Lattice water
molecules occupy the residual space and form hydrogen
bonds with the oxygen atoms of the POMs and macrocat-
ions in the vicinity (OW···O = 2.436–3.01 Å). As shown in
Figure 2 (b) another type of channel is observed along the
c axis. In 1–4, oppositely charged cluster ions self-as-
sembled by coordination of K+/Na+ ions, electrostatic inter-
actions, and hydrogen bonds to form a new 3D framework.
The compounds with channels can offer potential adsorp-
tion properties.

UV/Vis Spectroscopy

The electronic properties of 2 and 4 were investigated in
the range 200–800 nm. In the UV absorption spectrum of
2, the band with a maximum at around 265 nm assigned to
the Ob(c)–W charge transition is observed, which is charac-
teristic for Keggin-type POM anions. In the UV absorption
spectrum of 4, two bands at around 240 and 310 nm are
assigned to Od–W and Ob(c)–W charge transfer transitions,
respectively. In the visible region, both 2 and 4 exhibit two
bands at 439 and 582 nm which can be ascribed to
4A2g�4T1g and 4A2g�4T2g d–d transitions of Cr3+ in the
macrocation, respectively (Figures S5–S8).

Thermal Analysis

The thermal stabilities of 1–4 were determined by TGA.
The TG curve of 1 exhibits four weight loss steps (Figure
S9). The first weight loss of 4.95 % in the temperature range
of 25–181.3 °C corresponds to the removal of 7.5 crystalli-
zation water molecules (calcd. 5.06%). The second weight
loss of 1.68% between 181.3–203.5 °C is attributed to the
loss of 2.5 crystallization water molecules (calcd. 1.7 %).
The third weight loss of 1.9% in the range of 203.5–315 °C
is ascribed to the release of the three water ligands of the
macrocation (calcd. 2.02%). Further weight loss occurs
around 315–472 °C, which is due to the loss of six propano-
ate ligands from the macrocation. Above 472 °C, complete
decomposition of 1 occurs forming mixed metal oxides. The
total weight loss (20.83%) agrees with the calculated value
(21.07%).

TGA performed on 2 shows three weight loss steps (as
shown in Figure S10). In the range of 47–325 °C, consecu-
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tive two step weight losses observed with a total weight loss
of 5.9 % are due to the loss of 9.5 crystallization water mole-
cules and three coordinated water molecules of the macro-
cation (calcd. 6.1%). The last weight loss of 8.7% from 325
to 595 °C is ascribed to the release of six propanoate li-
gands from the macrocation (calcd. 9.5 %). The total weight
loss (14.6%) agrees with the calculated value (15.6%).

The TGA plot of 3 shows two weight loss steps (as
shown in Figure S11). The first weight loss is 11.2 % at
45.6–287.4 °C, corresponding to the loss of 32 crystalli-
zation water molecules and nine coordinated water mole-
cules from the macrocation (calcd. 11.1%). The second
stage, which occurs from 287.4 to 500 °C, is attributed to
the loss of 18 propanoate ligands from the macrocation
(calcd. 15.8%). The observed weight loss (24.4%) is in
agreement with the calculated value (26.9 %).

In the TG curve of 4 (as shown in Figure S12), a weight
loss of 11.2% occurs at around 22.7–283.4 °C, correspond-
ing to the consecutive loss of 34 crystallization water mole-
cules and nine coordinated water molecules from the
macrocation (calcd. 11.3%). The subsequent weight loss of
12.9 % from 283.4 to 482 °C is attributed to the release of 18
propanoate ligands from the macrocation (calcd. 15.5 %).
Above 567.5 °C, the framework of the polyoxoanion de-
composed gradually. The total weight loss (24.1%) is close
to the calculated value (26.8%).

Sorption Studies

The methanol and ethanol adsorption isotherms of 1a–
4a at 298 K were investigated to quantify the adsorption
properties. P and P0 are the vapor pressure of the adsorbate
in adsorption measurements and the saturated vapor pres-
sure of the adsorbate, respectively, and P/P0 denotes the
relative pressure of the adsorbate.

As shown by Mizuno for this class of nanoporous mate-
rials, the amount of guest molecule adsorption is inversely
proportional to the number of carbon atoms and the
charges of polyanions.[10] In this paper, the amount of
alcohol uptake of 1a–4a is also inversely proportional to
the increase of the number of carbon atoms in agreement
with Mizuno. In addition, these polyanions (Keggin- or
Wells–Dawson-type) selected for our work have the same
charge, so the relationship of the adsorption properties with
the charges of polyanions was not established.

As shown in Figure 3, the value of methanol uptake of
1a increased with an increase in P/P0 and reached approxi-
mately 5.11 wt.-% at P/P0 = 0.72. The slope became steeper
above this point and the uptake reached approximately
12.87 wt.-% at P/P0 = 0.96. Whereas, the isotherm for etha-
nol showed plateaus and the value of ethanol uptake ad-
sorption was only 1.14 wt.-% at P/P0 = 0.95.

The results of methanol and ethanol adsorption iso-
therms for 2a at 298 K were analogous to that of 1a. For
the adsorption curve in Figure 4, the amount of methanol
uptake increased monotonically with P/P0 and reached ap-
proximately 8.08 wt.-% at P/P0 = 0.97. On the other hand,
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Figure 3. Adsorption isotherms of methanol and ethanol at 298 K
with 1a.

the amount of ethanol uptake adsorption was 0.45 wt.-%
even if the P/P0 value approached 0.95, which was negligi-
ble compared to the methanol uptake.

Figure 4. Adsorption isotherms of methanol and ethanol at 298 K
with 2a.

Figure 5 shows the methanol and ethanol adsorption iso-
therms of 3a at 298 K. Steep methanol uptakes were ob-
served in the isotherms at low relative pressure (P/P0 =
0.15); subsequently, the amount of sorption increased with

Figure 5. Adsorption isotherms of methanol and ethanol at 298 K
with 3a.
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the increase in the vapor pressure and achieved approxi-
mately 18.59 wt.-% at P/P0 = 0.97. For ethanol, the iso-
therm showed almost a plateau and the value of uptake
adsorption was only 3.32 wt.-% at P/P0 = 0.95.

Figure 6 shows the adsorption isotherms of 4a. It is sim-
ilar to that of 3a with 16.21 wt.-% methanol uptake at P/
P0 = 0.97 and 2.47 wt.-% ethanol uptake at P/P0 = 0.96,
respectively.

Figure 6. Adsorption isotherms of methanol and ethanol at 298 K
with 4a.

According to the adsorption studies above, we find obvi-
ously different adsorption isotherms between methanol and
ethanol for 1a–4a even if the difference between the meth-
anol and ethanol molecules is only one methyl group. This
demonstrates that guest inclusions of 1a–4a can selectively
adsorb methanol molecules with a high uptake between C1

and C2 alcohols. These distinctive guest inclusion properties
do not change whether Keggin (1a–2a) or Dawson (3a–4a)
type POM anions are the building blocks.

To further investigate the influence of the anion clusters
over methanol adsorption uptake, comparisons between
1a–2a and 3a–4a were studied, respectively.

As shown in Figure 7, both the values of methanol up-
take of 1a–2a increased with an increase in P/P0 (P/P0 �
0.78), the slope of methanol adsorption isotherms of 1a be-
came steeper above P/P0 = 0.78 and reached approximately
12.87 wt.-% at P/P0 = 0.96; whereas the sorption branch of
2a increased monotonically with the same slope and
reached 8.08 wt.-% at P/P0 = 0.97. This shows that when
the charges of the POMs and the heteroatom are the same,
the difference of WVI/MoVI in the POMs may affect the
methanol adsorption uptake. In addition, both the meth-
anol adsorption isotherms and the amounts of the meth-
anol adsorption uptake for 3a were nearly the same as that
for 4a. This illustrates that the effect of the heteroatom di-
versity (P/As) in POMs on methanol adsorption could be
negligible. That is to say that the type of POMs (WVI or
MoVI) is another factor related to the amount of the meth-
anol adsorption in addition to the charges of the POMs,
the molecular sizes, and dipole moments of guest molecules
that have been reported in literature.
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Figure 7. Methanol adsorption isotherms of 1a and 2a at 298 K.

Conclusions

In summary, a series of new nanoporous crystals com-
posed of macrocation [Cr3O(CH3COO)6(H2O)3]+ and four
different POM anion clusters have been synthesized and in-
vestigated. The polyanions and macrocations form a frame-
work with nanosized channels through the coordination of
K+/Na+ ions, electrostatic interactions, and hydrogen
bonds. Adsorption studies demonstrate that these micro-
porous materials have potential applications as new molecu-
lar sieves for selective sorption from a mixture of C1 and
C2 alcohols.

Experimental Section
Materials and Methods: All chemicals were reagent grade and used
as received without further purification. Distilled water was used
throughout. [Cr3O(OOCCH3)6(H2O)3]NO3·nH2O was synthesized
and characterized by IR spectroscopy according to the published
procedure.[9] H4-[α-GeMo12O40]·nH2O, K8Na2[α-GeW9O34]·
25H2O, H6[α-P2W18O62]·nH2O, and Na6[α-As2W18O62]·nH2O were
all synthesized according to the literature methods[11] and identified
by IR spectroscopy. Elemental analyses were performed with a Per-
kin–Elmer 2400 CHN elemental analyzer; Ge, P, As, Cr, Mo and
W were analyzed with a Plasma-Spec (I) ICP atomic emission spec-
trometer and with a PE-3030 atomic absorption spectrophotometer
for K and Na. IR spectra were recorded with an Alpha Centaurt
FTIR spectrophotometer in the range of 400–4000 cm–1 using KBr
pellets. UV/Vis spectra were recorded with an in situ Varian
Cary 50 Conc UV/Vis spectrophotometer. TG analysis was con-
ducted with a Perkin–Elmer TGA7 instrument in flowing N2 with
a heating rate of 10 °C/min. PXRD measurements were performed
with a Rigaku D/MAX-3 instrument with Cu-Kα radiation in the
2θ range of 3–40° at 298 K.

Vapor Adsorption: The methanol and ethanol vapor adsorption
measurements were performed with a Hiden Isochema Intelligent
Gravimetric Analyser (IGA-100B). The samples (ca. 100 mg) were
evacuated to a constant weight at 323 K (for 1–2) and 353 K (for
3–4) under a high vacuum (� 10–6 mbar). The liquid used to gener-
ate the vapor was fully degassed by freeze-pump-thaw cycles. The
saturated vapor pressures of methanol and ethanol at 298 K were
15.6 and 6.67 KPa, respectively.



A New Series of Nanoporous Ionic Crystals Based on Polyoxometalates

Synthesis of Crystals of 1–4

KH2[Cr3O(OOCCH3)6(H2O)3][α-GeMo12O40]·10H2O (1): To dis-
tilled water (15 mL) was added H4[α-GeMo12O40]·nH2O (0.37 g,
0.20 mmol). The mixture was stirred at room temperature until
H4[α-GeMo12O40]·nH2O was completely dissolved, [Cr3O-
(OOCCH3)6(H2O)3]NO3·nH2O (0.15 g, 0.20 mmol) was slowly dis-
solved in to the reaction mixture, and the obtained green solution
was stirred for 40 min. Then KCl (2.5 mL of 1 mol·L–1 solution)
was added, and the mixture was stirred for 1 h at 303 K. After
cooling to room temperature, the solution was filtered into a 50
mL beaker. Slow evaporation of the solvent at room temperature
led to green crystals of 1 suitable for X-ray diffraction after 7 d;
yield 55%. FTIR (KBr): ν̃ = 1611.9 [νas (OCO)], 1454.6 [νs (OCO)],
962.8 [νas (Mo=Od)], 914.1 [νas (Mo–Ob–Mo)], 792.7 [νas (Ge–Oa)],
664.3 [νas (Cr–O)] cm–1. C12H46Cr3GeKMo12O66 (2665.4): calcd. C
5.41, H 1.74, K 1.47, Cr 5.85, Ge 2.73, Mo 43.19; found C 5.30,
H 1.82, K 1.43, Cr 5.77, Ge 2.67, Mo 43.27.

K1.5H1.5[Cr3O(OOCCH3)6(H2O)3][α-GeW12O40]·9.5H2O (2):
K8Na2[α-GeW9O34]·25H2O (0.62 g, 0.20 mmol) was dissolved in
KAc/HAc buffer (15 mL, pH = 4.8) followed by addition of
[Cr3O(OOCCH3)6(H2O)3]NO3·nH2O (0.15 g, 0.20 mmol) and KCl
(2.0 mL of 1 molL–1 solution). The mixture was stirred for 40 min
at room temperature and for another 1 h at 303 K. After cooling
to room temperature, the solution was filtered into a 50 mL beaker.
After 10 d green crystals of 2 were isolated by evaporating the sol-
vent slowly at room temperature; yield 70%. FTIR (KBr): ν̃ =
1609.1 [νas (OCO)], 1452.5 [νs (OCO)], 977.2 [νas (W=Od)], 891.4
[νas (Ge–Oa)], 827.7 [νas (W–Ob–W)], 779.1 [νas (W–Oc–W)], 666.5
[νas (Cr–O)] cm–1. C12H44,5Cr3GeK1,5O65,5W12 (3730.4): calcd. C
3.86, H 1.20, K 1.57, Cr 4.18, Ge 1.94, W 59.14; found C 3.78, H
1.09, K 1.50, Cr 4.07, Ge 1.88, W 59.31.

NaH2[Cr3O(OOCCH3)6(H2O)3]3[α-P2W18O62]·32H2O (3): To dis-
tilled water (15 mL) was added H6[α-P2W18O62]·nH2O (0.45 g,
0.10 mmol). The turbid solution was stirred and slightly heated un-
til it was clear. [Cr3O(OOCCH3)6(H2O)3]NO3·nH2O (0.15 g,
0.2 mmol) and NaCl (2.5 mL of 1 molL–1 solution) were added.
After stirring for 1 h at 303 K, the solution was cooled to room
temperature, filtered into a 50 mL beaker, and the filtrate was al-
lowed to evaporate slowly at ambient temperature. Green crystals
of 3 were obtained after 2 weeks; yield 60%. FTIR (KBr): ν̃ =
1613.1 [νas (OCO)], 1454.6 [νs (OCO)], 1094.1 [νas (P–Oa)], 962.7
[νas (W=Od)], 914.1 [νas (W–Ob–W)], 792.9 [νas (W–Oc–W)], 663.5
[νas (Cr–O)] cm–1. C36H138Cr9NaO142P2W18 (6705.6): calcd. C 6.45,
H 2.07, Na 0.34, P 0.92, Cr 6.98, W 49.35; found C 6.38, H 2.18,
Na 0.30, P 0.99, Cr 7.07, W 50.08.

Na3[Cr3O(OOCCH3)6(H2O)3]3[α-As2W18O62]·34H2O (4): To
NaAc/HAc buffer (15 mL, pH = 4.8) was added Na6[α-As2W18O62]·
nH2O (0.47 g, 0.10 mmol). The turbid solution was stirred and
slightly heated until it was clear. [Cr3O(OOCCH3)6(H2O)3]-
NO3·nH2O (0.15 g, 0.2 mmol) and NaCl (2.5 mL of 1 molL–1 solu-
tion) were added. After stirring for 1 h at 303 K, the solution was
cooled to room temperature, filtered into a 50 mL beaker, and the
filtrate was allowed to evaporate slowly at ambient temperature.
Green crystals of 4 were obtained after 2 weeks; yield 60%. FTIR
(KBr): ν̃ = 1618.8 [νas (OCO)], 1454.8 [νs (OCO)], 967.0 [νas

(W=Od)], 900.6 [νas (W–Ob–W)], 865.9 [νas (As–Oa)], 775.3 [νas (W–
Oc–W)], 666.7 [νas (Cr–O)] cm–1. C36H140As2Cr9Na3O144W18

(6873.5): calcd. C 6.29, H 2.03, Na 1.00, Cr 6.81, As 2.18, W 48.14;
found C 6.38, H 2.10, Na 1.11, Cr 6.92, As 2.09, W 48.31.

X-ray Crystallography: Single-crystal XRD data of compounds 1–
4 were collected with a Bruker SMART APEX II CCD single-
crystal diffractometer using Mo-Kα radiation (λ = 0.71073 Å) at
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room temperature. All of the structures were solved by direct
method using the program SHELXS-97[12] and refined by full-ma-
trix least-squares method on F2 with the use of the SHELXL-97
software package.[13] Absorption corrections were applied using the
multiscan technique. In the final refinements, all the metal atoms
and most of the oxygen atoms were refined with anisotropic tem-
perature factors. Hydrogen atoms for water molecules were not de-
termined in the crystal structure refinements. A summary of the
crystal data and structure refinement for 1–4 are provided in Table
S1.

CCDC-808179 (for 1), -808180 (for 2), -808181 (for 3), and -808182
(for 4) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): IR spectra, UV/Vis spectra, TG curves, PXRD data, methanol
adsorption isotherms of 1a–2a and 3a–4a at 298 K, a summary
of the crystal data and structure refinement for 1–4, and selected
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