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Storage and selective sorption of molecules by porous
materials such as zeolites and metal–organic frameworks
(MOFs) have been areas of intensive research because of
their importance in industrial and environmental fields.[1]

Recent studies have focused on rational design of porous
materials by careful choice of precursors and starting
materials.[1] For example, the pore sizes and volumes of ZnII

dicarboxylates are finely controlled by the lengths of the
dicarboxylate ligands.[1j] On the other hand, ion exchange is a
facile method to control the pore structures and sorption
properties of porous materials.[2–7] Pore sizes and guest
affinities of zeolites can be controlled by cation exchange.
For example, K+ resides in the pores of K-LTA zeolite, and
the effective pore diameter is 3 �. The effective pore size is
increased to 4 � by exchange of K+ with the smaller Na+.[2]

The amounts of methane and water adsorbed by alkaline
earth metal ion-exchanged and alkali metal ion-exchanged
FAU zeolites increase with increasing ionic potential Z/r (Z
and r are the charge and radius of the ion, respectively) of the
countercations.[3, 4] The control of pore structures and sorption
properties of MOFs by ion exchange is still rare compared
with zeolites. For example, the pore volumes of AI indium
tetracarboxylates,[5] and the H2 sorption properties of MII

benzene tris-tetrazolates and AI indium imidazole dicarbox-
ylates[6] are largely controlled by the kind of cations (AI:
alkali metal ions, MII: divalent transition metal cations). Ni2+–
1,2-bis(4-pyridyl)ethane shows anion-exchange properties,
and exchange of N(CN)2

� with N3
� leads to modification of

the pore structure and the increase in the amount of adsorbed
CO2.

[7]

Polyoxometalates are nanosized metal oxide multivalent
anions and can form nanostructured ionic crystals in combi-
nation with appropriate cations.[8] Some ionic crystals have
channels in the crystal lattice and can sorb guest molecules,
and the sorption properties are finely tuned by the choice of

starting materials.[8b,c,e,g–j] However, to the best of our knowl-
edge, control of sorption properties by cation exchange has
never been reported for polyoxometalate-based ionic crystals,
probably because of the strong Coulomb interactions
between the multivalent polyoxometalates and counterca-
tions. Here we report zeotype organic–inorganic ionic crystal
K2[Cr3O(OOCH)6(mepy)3]2[a-SiW12O40]·2H2O·CH3OH (1-
K+, mepy = 4-methylpyridine) with one-dimensional chan-
nels occupied by K+. The guest-free phase 2-K+ sorbs water
and methanol, while exclusion of larger molecules such as n-
propanol, dichloromethane, and ethylene reveals size-selec-
tive sorption. More interestingly, the potassium ions in 1-K+

can be exchanged with other alkali metal ions in water at
room temperature without structure change, and the guest
sorption properties of the guest-free phases 2-A+ (A = Na, K,
Rb, and Cs) largely depend on the alkali metal ion.

The structure of 1-K+ is shown in Figure 1. The distances
between adjacent mepy rings of about 3.5 and 4.0 � are

Figure 1. Crystal structure of 1-K+. A) Local structure showing the p–p

interactions, B) arrangements of the constituent ions, C) narrowest
opening of the channel, D) and E) cross sections of the channels from
different views. Green and orange polyhedra in A) and B) correspond
to [WO6] and [CrO5N] units, respectively. The figures in A) are
distances between the mepy rings. Blue, pink, and black sticks in A)
are C�N, C�H, and C�C bonds, respectively, and all of these bonds
are shown in black in B). Purple spheres are potassium ions. Dark
blue and pink ovals in B) are channels and spaces surrounded by the
mepy ligands, respectively. Red, black, pink, and blue spheres in the
space-filling models of C)–E) are oxygen, carbon, hydrogen, and
nitrogen atoms, respectively. The dark blue lines in D) correspond to
the channel walls.
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indicative of p–p interactions (Figure 1A), and polyoxometa-
lates and K+ are surrounded by the macrocations (Figure 1B).
Compound 1-K+ has one-dimensional channels along the a
axis. The channel walls are composed of polyoxometalate
anions and macrocations, and K+ is located in the channels.
Figure 1C shows the narrowest opening of the channel, and
Figure 1D and E show the cross section of the channel from
different views. The potassium ions are located in the vicinity
of the polyoxometalate anions (K�O ca. 3.0 �). The channels
are winding and the narrowest cross section area of the
opening is about 25 �2. The volume of the channel, shown by
the dark blue ovals in Figure 1B, was calculated to be 159 �3

per formula unit (2.17 � 10�2 cm3 g�1) with the PLATON
program.[9] Besides the channel, two kinds of spaces are
present, indicated by the pink ovals in Figure 1 B. These
spaces are surrounded by the mepy ligands and are accessible
from the channels. The volumes of both of these spaces are
35–40 �3 per formula unit (4.79–5.47 � 10�3 cm3 g�1). Thus, the
total void volume of 1-K+ is 234 �3 per formula unit (3.20 �
10�2 cm3 g�1).

Compound 1-K+ contained water and methanol as solvent
molecules, which were desorbed by evacuation at 298–303 K
for 3 h to give guest-free phase 2-K+. The powder XRD
pattern of 1-K+ agreed well with that calculated from the
single-crystal data (Figure S1A, Supporting Information).
The powder XRD pattern of 2-K+ was slightly different
from that of 1-K+, and its lattice parameters were calculated
by Pawley refinement (Figure S1B, Supporting Informa-
tion).[10] The changes in the lattice lengths and volume from
1-K+ to 2-K+ were �2.5– + 0.5% and �3.5%, respectively.
The sorption properties of 2-K+ were investigated by recoding
sorption–desorption isotherms (298 K). As shown in Figure 2,

2-K+ sorbed water (cross-sectional area: 10.5 �2) and meth-
anol (17.9 �2).[11] The desorption plots overlapped with the
sorption plots, and hysteresis was not observed. Larger
ethylene (20.5 �2), propylene (25.7 �2), dichloromethane
(24.4 �2), and n-propanol (27.1 �2) molecules were excluded.
Thus, 2-K+ shows size-selective sorption properties.

Next, the exchange of K+ in 1-K+ with other alkali metal
ions (Na+, Rb+, and Cs+) was attempted. The sorption

properties of zeolites,[2–4] MOFs,[5–7] and layered com-
pounds[12] can be finely controlled by cation exchange,
because 1) the size of the channel opening can be controlled
by that of the cation and/or 2) the cation can act as a site for
guest sorption, and the host–guest interaction can be con-
trolled by the ionic potential Z/r of the cation. The powder
XRD patterns of 1-Na+, 1-Rb+, and 1-Cs+ (Figure S2,
Supporting Information) are similar to that of 1-K+.[13] The
narrowest cross section of the channel of 1-Cs+ is very similar
to that of 1-K+, that is, the size of the channel opening is
hardly changed by the exchanging K+ for the larger Cs+

(Figure S3, Supporting Information). Immersion of 1-Na+

and 1-Cs+ in an aqueous solution of KNO3 at room temper-
ature gave 1-K+, that is, cation exchange of the zeotype
organic–inorganic ionic crystal occurs reversibly in water at
room temperature without changes in the structure.

Water sorption isotherms of 2-A+ at 298 K (Figure 3A)
consist of two steps, and the sorbed amounts after the first
step were about 2 molmol�1 (ca. 1 � 10�2 cm3 g�1) for all

compounds. The desorption plots overlapped with the sorp-
tion plots and no hysteresis was observed (Figure S4, Sup-
porting Information). The amounts of water sorbed under
constant vapor pressure increased in the order 2-Cs+< 2-
Rb+< 2-K+< 2-Na+. The same order was observed for water
sorption by alkali metal ion-exchanged FAU zeolites, and this
order is explained by the ion–dipole interactions between
host and guest, which increase with increasing ionic potential
of the alkali metal ions.[4,14] The amount of methanol sorbed
by 2-Cs+ (Figure S5, Supporting Information) was very small
(ca. 5 � 10�3 cm3 g�1 = 1 molmol�1) below P/P0< 0.4, and a
gate pressure was observed around P/P0 = 0.4. On the other
hand, 2-K+ showed pronounced sorption even at very low

Figure 2. Sorption–desorption isotherms of 2-K+ for various com-
pounds at 298 K. Full and empty symbols indicate sorption and
desorption branches, respectively.

Figure 3. A) Water sorption isotherms of 2-A+ at 298 K. B) and C) Geo-
metrical optimization of 2 molmol�1 and 3 molmol�1 of water mole-
cules in 2-K+, respectively.
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relative pressures (Figure 2). The change in the methanol
sorption property can be explained by the increased ion–
dipole interaction between host and guest because of the
higher ionic potential of K+.

This hypothesis was supported by geometrical optimiza-
tion (Figure 3B and C) and the in situ IR spectrum (Fig-
ure S6, Supporting Information) of the water molecules
sorbed in 2-K+. The first 2 mol mol�1 of water molecules
sorbed are located in the vicinity of the potassium ions (K···O
< 3.5 �) (Figure 3B) and the remaining 1 mol mol�1 of sorbed
water molecules are located either in the space left in the
channels or in the space surrounded by the mepy ligands
(Figure 3C).[16] The states of water molecules sorbed in 2-K+

can be characterized by in situ IR spectroscopy, since the
n(OH) bands shift to lower wavenumbers due to hydrogen
bonding.[17] The in situ IR spectrum of the water molecules
sorbed in 2-K+ at 298 K and P/P0 = 0.75 showed a broad band
in the range of 2700–3600 cm�1 (Figure S6, Supporting
Information). The broad band was deconvoluted into three
bands at 3470, 3300, and 3050 cm�1 with integrated intensity
ratio of 2:1:1. According to the assignments of the water
molecules sorbed in zeolites,[18] layered compounds,[19] and
carbon nanotubes,[20] the bands at 3470, 3300, and 3050 cm�1

were respectively assigned to the n(OH) bands of water
molecules sorbed on the potassium ion, those in the channel,
those within hydrogen-bonding distance of the oxygen atoms
of the polyoxometalate anion and/or macrocation, and those
in the space surrounded by the mepy ligands, which probably
experience OH–p interaction.

To investigate the water sorption kinetics of 2-A+, the
amounts of sorbed water as a function of time were measured.
Figure 4 shows the experimental water sorption profiles of 2-
A+ at water vapor pressures giving similar amounts of

sorption at equilibrium (Me� 1.0 � 10�2 cm3 g�1). The sorbed
amounts increased and leveled off after about 1500, 800, 250,
and 150 s for 2-Na+, 2-K+, 2-Rb+, and 2-Cs+, respectively. The
experimental profiles were fitted with the Fickian diffusion
model,[21] and the calculated profiles are shown along with the
experimental profiles.[23] The diffusion coefficients increased
in the order 2-Na+ (1.1 � 10�12)< 2-K+ (3.3 � 10�12)< 2-Rb+

(7.6 � 10�12)< 2-Cs+ (1.5 � 10�11 cm2 s�1), and thus increases
with decreasing ionic potential of the alkali metal ions, which
suggests that water diffusion is controlled by the type of alkali
metal ion. The same order was observed for water diffusion in
small- to medium-pore alkali metal ion-exchanged zeolites
such as LTA (pore diameter: 3–5 �) and MFI (pore
dimensions: (5.7–5.8) � (5.1–5.2) �2). This order is explained
by the strong ion–dipole interactions between the alkali metal
ions and water molecules resulting in clustering and immobi-
lization of water molecules around the ions.[24] On the other
hand, water diffusivities in large-pore alkali metal ion-
exchanged zeolites such as FAU (pore diameter: 8–12 �)
and alkali metal ion-exchanged polymers such as Nafion
increase with increasing ionic potential of the cation.[25] Since
the channels of 2-A+ are one-dimensional and their openings
are small and comparable to the size of a methanol molecule,
strong ion–dipole interactions between the alkali metal ions
and water molecules probably hinder diffusion of water in the
channels.

In conclusion, zeotype organic–inorganic ionic crystal
K2[Cr3O(OOCH)6(mepy)3]2[a-SiW12O40] shows size-selective
sorption and cation-exchange properties. The exchanged
cations control the guest-sorption properties, and such facile
cation exchange may be applicable to the production of novel
sorbents for storage and selective sorption processes.

Experimental Section
Synthesis of K2[Cr3O(OOCH)6(mepy)3]2[a-SiW12O40]·2H2O·CH3OH
(1-K+): H4[a-SiW12O40]·nH2O

[26] (0.75 g) and CH3COOK (0.5 g) were
dissolved in 160 mL of methanol (solution A). [Cr3O(OOCH)6-
(mepy)3](ClO4)·nH2O

[27] (0.5 g) was dissolved in 120 mL of 1,2-
dichloroethane, and then CH3COOK (0.5 g) dissolved in the mini-
mum amount of methanol was added. This solution was filtered to
remove KClO4 (solution B). Solution A was added to solution B with
vigorous stirring, and the resulting solution was kept at 298 K for 24 h.
Brown crystals of 1-K+ were isolated in 50% yield. FTIR: 1641 (br),
1375 (m), 973 (m, nasym(W=O)), 923 (br, nasym(Si�O)), 888 (w, nasym(W-
Oc-W)), 801 (br, nasym(W-Oe-W)), 641 cm�1 (m, nasym(Cr3O)). Ele-
mental analysis calcd for 1-K+: C 13.19, H 1.40, N 1.88, Cr 6.99, K 1.75,
Si 0.63, W 49.43; found: C 13.20, H 1.56, N 1.87, Cr 7.09, K 1.74, Si
0.63, W 49.17.

Exchange of K+ in 1-K+ with Na+, Rb+, or Cs+: 1-K+ (0.25 g) was
added to an aqueous solution of NaNO3, RbNO3, or CsNO3 (1m,
10 mL), and the solution was stirred at 298 K for 24 h followed by
filtration and washing of the solid. This procedure was repeated.
Cation exchange proceeded at lower concentrations (e.g., 0.3m) and
with other salts (e.g., chlorides). The present conditions (1m of
nitrates) were chosen because higher concentrations (i.e., smaller
solution volumes) shorten the filtration time and the solubilities of
alkali metal nitrates in water are high. The chemical formulas of 1-
Na+, 1-Rb+, and 1-Cs+ (Table 1) were determined by inductively
coupled plasma atomic emission spectroscopy and atomic absorption
spectroscopy. The elemental analyses of the filtrates showed that
leaching of polyoxometalate did not occur. The leached amount of

Figure 4. Amounts of water sorbed at 303 K as a function of time.
A) 2-Na+ (P/P0 = 0.05), B) 2-K+ (P/P0 =0.13), C) 2-Rb+ (P/P0 = 0.24),
and D) 2-Cs+ (P/P0 = 0.63). The circles indicate experimental data, and
black lines calculated data according to the Fickian diffusion model.
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macrocation of about 1% was probably due to exchange of [Cr3O-
(OOCH)6(mepy)3]

+ with alkali metal ions. Notably, synthesis of 1-
Na+, 1-Rb+, and 1-Cs+ by substitution of CH3COOK with the
corresponding acetates in the synthetic procedure of 1-K+ was
unsuccessful.

Guest-free phases 2-A+ were prepared by evacuation of 1-A+ or
exposure of 1-A+ to a dry N2 or He gas at 298–303 K for 3 h. The IR
spectra of 2-A+ showed characteristic bands of the macrocations and
polyoxometalate anions, indicating that the molecular structures of
the constituent ions were retained on loss of the solvent molecules.

Single-crystal X-ray diffraction: Diffraction measurements and
structure analyses were performed on a Rigaku Saturn diffractometer
with graphite-monochromated MoKa radiation (l = 0.71069 �) and a
CCD 2D detector and Crystal structure crystallographic software
package (Rigaku/MSC), respectively. A single crystal of 1-K+ was
immersed in Araldite paste and mounted on a glass capillary, and the
diffraction data were collected at 153 K. The structure was solved by
direct methods, expanded by Fourier techniques, and refined by full-
matrix least-squares calculations on F2. Three crystallographically
independent potassium ions were located with occupancies of 0.76,
0.71, and 0.53. The solvent molecules and hydrogen atoms were not
included in the calculations. The tungsten and chromium atoms were
refined anisotropically, while other atoms were refined isotropically.
The potential solvent area (i.e., channel volume) of 1-K+ was
calculated with PLATON by including the geometrically located
hydrogen atoms.[9] CCDC 785157 contains the supplementary crys-
tallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via www.
ccdc.cam.ac.uk/data_request/cif. Crystal data for 1-K+: Triclinic P1̄,
a = 13.523(4), b = 20.353(4), c = 20.355(5) �, a = 74.936(2), b =
71.939(8), g = 71.974(8)8, V= 4980.91(2) �3, Z = 2, 1calcd =

2.895 gcm�3, crystal size 0.10 � 0.10 � 0.02 mm3, T= 153.1 K, m-
(MoKa) = 14.630 cm�1, 26388 reflections collected, 672 parameters,
R1[I>2s(I)] = 0.1071, wR2 = 0.3320, GOF = 1.541. Structure analysis
with a Laue class of higher symmetry failed.

Powder X-ray diffraction: Powder X-ray diffraction (XRD)
patterns were measured with an XRD-DSCII (Rigaku Corporation)
and CuKa radiation (l = 1.54056 �, 50 kV, 300 mA) at 303 K. The
diffraction data were collected in the range of 2q = 4–388 at 0.018
points and 5 s/step. The measurements for 1-A+ and 2-A+ were
carried out under ambient conditions and under a dry N2 flow,
respectively. The crystallographic parameters were calculated by
using Materials Studio Softwares (Accelrys Inc.) by unit-cell indexing
and space-group determination with X-cell followed by peak profile
fitting by Pawley refinement.[10, 28]
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