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Size-Selective Sorption of Small Organic Molecules in One-
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Hybrid Compound Stabilized by p–p Interactions**
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The design and syntheses of porous materials such as zeolites
and metal–organic frameworks (MOFs) are areas of intense
research because of their unique properties in gas storage,
separation, and heterogeneous catalysis.[1] Crystalline micro-
porous zeolites show shape-selective adsorption properties
because the sizes of the channel apertures formed by the
covalently bonded [TO4] (T= Si, Al, P, Ti, etc.) and/or [MO6]
(M = V, Mn, Mo, etc.) units can be controlled.[1e,l–n] In
contrast, the pore sizes of MOFs, which are constructed
from coordinatively bonded metal ions and organic ligands,
can be controlled by the lengths and functional groups of
organic ligands.[1j,k] In particular, the use of aromatic units
induces p–p interactions[2] and enables the rational control of
the complexation of the building units.[3] In addition, the
presence of the aromatic moieties means that the resulting
framework would show unique structural and guest-sorption
properties. For example, the guest sorption in a CuII

dihydroxybenzoate/4,4’-bipyridine MOF[3c] causes the gliding
of p–p-stacked building units, which leads to the change in the
framework structure, and a CoII benzenetricarboxylate
MOF[3e] separates the aromatic units from the aliphatic
hydrocarbons.

Trinuclear metal carboxylates have often been used as
building units for the construction of MOFs,[1i,4] which mostly
contain dicarboxylates as bridging ligands to connect the
trinuclear metal units, and do not show p–p interactions
among the building units.[1i, 4a–c] The use of aromatic units as
terminal ligands of trinuclear metal carboxylates would
induce p–p interactions, which lead to the unique structural
and guest sorption properties. Based on these considerations,
we have used pyridine as a terminal ligand of the trinuclear
metal carboxylate macrocation [Cr3O(OOCH)6(pyridine)3]

+

in this work. Ionic crystals normally possess densely packed

crystal lattices because of the strong and isotropic coulombic
interaction, and thus are nonporous. The pores of ionic
crystals exist mainly between the primary particles.[5] There-
fore, the size of the counter-macroanion is important in the
creation of porosity within the lattices of ionic crystals, and a
nanosized polyoxometalate may function as a pillar in the
framework.[6, 7]

Small organic molecules are important raw materials in
the petrochemical industry. The separation of these molecules
from the mixtures remains a challenge because of their similar
molecular properties (size, weight, etc).[8] There are only a few
examples of crystalline compounds that have well-defined
pores and can distinguish small organic molecules (especially
�C3), regardless of their polarities and functional
groups.[1m, 9–12]

Herein, we report that the complexation of a macrocation
([Cr3O(OOCH)6(pyridine)3]

+) with a nanosized Keggin-type
silicotungstate ([a-SiW12O40]

4�) and potassium ions results in
a porous ionic crystal K1.5[Cr3O(OOCH)6(C5H5N)3]2[Cr3O-
(OOCH)6(C5H5N)(CH3OH)2]0.5[a-SiW12O40]·2 CH3OH·8H2O
(1). The guest-free phase of 1 (2) possesses one-dimensional
winding channels and size-selectively sorbs small molecules
such as hydrocarbons, alcohols, halocarbons, regardless of
their polarity and functional groups, at room temperature.

Figure 1a, b shows the crystal structures of 1 along the a
and b axes, respectively.[13] The polyoxometalates line up
along the a axis to form columns, and the potassium ions
linked the adjacent polyoxometalates (K�O = 2.74–3.39 �).
The macrocations also line up along the a axis to form
columns; the distance between the planes of the adjacent
pyridine rings is 3.44–3.59 �, which indicates a p–p inter-
action. Compound 1 possesses winding one-dimensional
channels along the a axis; the narrowest channel opening
and channel volume were approximately 30 �2 and 4.7 �
10�2 cm3 g�1 (360 �3 per formula), respectively (Figure 1c, d).
The channel walls are composed of p–p-stacked pyridine
rings, and the columns of polyoxometalates act as pillars to
stabilize the channeled structure. Solvent molecules were
present in the vicinity of the polyoxometalates and were
hydrogen-bonded to the oxygen atoms of the polyoxometa-
lates. The distances between the closest polyoxometalates
along the b axis and those in the ac plane were 18.17 � and
14.39 �, respectively (Figure 1 a).

Figure 2b shows the powder XRD pattern of 2,[14] which is
similar to that calculated for 1 (Figure 2a). The Pawley
refinement[15] of the powder XRD pattern of 2 showed that
the changes in the lattice lengths and unit cell volume from
those of 1 were less than 1% and 1.7%, respectively (Table S1
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in the Supporting Information).[13, 16] Therefore, the crystal
structure of 1 was essentially maintained after the desorption
of methanol and water, and the channel volume of 2 was
estimated to be 4.1 � 10�2 cm3 g�1 (310 �3 per formula unit).[17]

This result contrasts a significant structural change caused by
the desorption of the water of crystallization in K3[Cr3O-
(OOCH)6(H2O)3][a-SiW12O40]·16H2O, which possesses one-
dimensional channels and no terminal aromatic ligands.[7i,j]

Therefore, the structural rigidity of 2 is probably due to the p–
p interactions that occur in its structure.

Compound 2 sorbed 1.5 � 10�2 cm3 g�1 (2.4 molmol�1) of
methane at 9.0 MPa; the desorption plots almost overlap with
those of the sorption (Figure S1 A in the Supporting Infor-
mation).[19] Small hydrocarbons such as ethane, ethylene,
propane, propylene, methyl acetylene, and 1-butene were
sorbed, while larger n-butane, isobutene, and 1-pentene were
excluded. Water and small alcohols such as methanol,
ethanol, and 1-propanol were sorbed, while the larger 2-
propanol and butanol were excluded. Small halocarbons such
as dichloromethane, 1,2-dichloroethane, and 1-bromo-2-
chloroethane were sorbed, while the larger 1,2-dichloropro-
pane was excluded (see Figure S1 B, C, Figure S1D, and
Figure S1 E in the Supporting Information for hydrocarbons,
water and small alcohols, and small halocarbons, respec-

tively). The desorption plots for small unsaturated hydro-
carbons (ethylene, propylene, methyl acetylene, and 1-
butene) and alcohols (methanol and ethanol) do not overlap
with those of the sorption, and show large hystereses that
extend to the lower relative pressures. A hysteresis loop in the
N2 adsorption isotherm (77 K) is characteristic of mesoporos-
ity. On the other hand, the observation of hystereses that
extending to lower pressures, as observed in the sorption
isotherms of unsaturated or polar organic molecules (Fig-
ure S1 in the Supporting Information), is explained by the
specific host–guest interaction.[20]

Figure 3 summarizes the effects of sizes[21] and dipole
moments[23] of guest molecules on their sorption at 298 K.[24]

Compound 2 sorbed various kinds of molecules such as
hydrocarbons, water, alcohols, and halocarbons with cross-
sectional areas smaller than around 30 �2, regardless of their
polarities. The sorption of methanol and ethanol at P/P0 = 0.4
were 4.9 � 10�2 cm3 g�1 and 4.1 � 10�2 cm3 g�1, respectively,
which are comparable to the channel volume of 2 (4.1 �
10�2 cm3 g�1).[27] The sorption of hydrocarbons (< 3.5 �
10�2 cm3 g�1), halocarbons (< 2.1 � 10�2 cm3 g�1), water (1.6 �
10�2 cm3 g�1), and propanol isomers (< 1.8 � 10�2 cm3 g�1) at P/
P0 = 0.4 were smaller than the channel volume of 2. The
powder XRD patterns of 2 after the sorption of methanol,
ethanol, or dichloromethane were similar to that of 2, which is
consistent with the observation that the amounts of guest
sorption were smaller than or comparable to the channel
volume of 2 (Figure S2 in the Supporting Information).[27]

The amounts of ethane sorbed by 2 gradually increased
and leveled off after 500 s (Figure 4a). The equilibrium
amount of ethane was 3.0 � 10�3 cm3 g�1, which is much larger
than that of the surface adsorption (1.8 � 10�4 cm3 g�1). The

Figure 1. Crystal structure of 1 along the a) a axis and b) b axis. The
K–O distances are a =3.20 �, b = 3.34 �, c =3.03 �, d =3.39 �, and
e = 2.74 �. c) Cross section of the narrowest channel opening and
d) space-filling model of the channel. The [WO6] and [CrO6] units are
shown as green and orange polyhedra, respectively. The [CrO6] units of
the macrocation with an occupancy of 0.5 are shown as gray
polyhedra. The potassium ions are shown as blue spheres. The one-
dimensional channels running along the a axis are shown as pink
dotted circles in (a) and (c). The channel surface and p–p interactions
between the pyridine rings in (d)are shown by dark blue lines and red
dotted lines, respectively.

Figure 2. Powder X-ray diffraction patterns of a) 1 (calculated) and b) 2
(Calculated pattern c, observed pattern *). The differences between
the calculated and observed data are shown under the patterns. The
Miller indices of the signals are also shown.
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cross-sectional area of the ethane molecule is 22 �2, which is
smaller than the opening of the channel (ca. 30 �2) in 2.
Therefore, ethane molecules are probably included in the
channel of 2. The sorption profile could be adequately
reproduced by the Fickian diffusion equation for a system
of uniform spherical particles [Eq. (1)]: [28,29]

@C
@t
¼ D

@2C
@r2 þ

2
r

@C
@r

� �� �
ð1Þ

where C, D, and r are the concentration, diffusivity, and radial
coordinate, respectively. The solution for Equation (1) was
given by Equation (2)
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where Mt , Me , and a are the uptake at time t, uptake at
equilibrium, and particle radius, respectively. The particle
radius value of 1.0 � 10�4 cm was used, which was calculated
from the surface area and density. As shown in Figure 4a, the
value of D = 3.4 � 10�8 cm2 s�1 gave the best fit for the
experimental profile for ethane. The changes in the amounts
of the ethanol sorption (cross-sectional area = 23 �2) by 2 as a
function of time are shown in Figure 4b. The equilibrium
amount (2.8 � 10�2 cm3 g�1) was larger and the diffusivity
(7.7 � 10�10 cm2 s�1) was smaller than those for ethane (equi-
librium amount and diffusivity are 3.0 � 10�3 cm3 g�1 and 3.4 �
10�8 cm2 s�1, respectively). This is probably because of the
stronger interaction of ethanol molecules with the channel
surface by hydrogen-bonding and ion–dipole interactions.

The in situ 13C MAS NMR spectrum of 2 exposed to
ethanol (P/P0 = 0.4) showed signals at d = 20.9 and 60.8 ppm
(Figure S3 in the Supporting Information), which are shifted
downfield compared to those of pure ethanol in CDCl3 (d =

18.5 ppm (methyl carbon atom) and d = 57.4 ppm (methylene
carbon atom)).[31] Since such downfield shifts were observed
in the 13C MAS NMR spectra of ethanol molecules sorbed in
the micropores of zeolites,[32] the observed downfield shifts
(which imply deshielding) are caused by the confinement of
ethanol molecules in the molecule-sized cavities of 2. More-
over, the signals showed spinning sidebands over 20 kHz,
which probably arise from large 13C chemical shift anisotropy
and/or 13C–13C dipolar coupling.[33] These observations indi-
cate that ethanol molecules are rigidly bound to the channel
surface of 2. Such a specific host–guest interaction would lead
to the large hystereses that extend to lower pressures, as
observed in the sorption isotherms of unsaturated or polar
organic molecules (Figure S1 in the Supporting Information).

In conclusion, an organic–inorganic porous ionic crys-
tal K1.5[Cr3O(OOCH)6(C5H5N)3]2[Cr3O(OOCH)6(C5H5N)-
(CH3OH)2]0.5[a-SiW12O40] (2) possesses winding one-dimen-
sional channels. The channel volume and cross-sectional area
of the opening were estimated to be 4.1 � 10�2 cm3 g�1 (310 �3

per formula) and 30 �2, respectively. Compound 2 sorbed
(298 K) molecules with cross-sectional areas smaller than
around 30 �2, such as ethane, ethylene, water, ethanol, and
1,2-dichloroethane, while the larger n-butane, 1-pentene, 1-
butanol, and 1,2-dichloropropane molecules were excluded.
These results showed the size-selective sorption of industri-
ally important small organic molecules at room temperature.

Experimental Section
Syntheses of 1 and 2 : Compound 1 was synthesized as follows: H4[a-
SiW12O40]·nH2O

[34] (0.30 g, ca. 0.1 mmol) and CH3COOK (0.10 g, ca.
1.0 mmol) were dissolved in methanol (40 mL; solution A). [Cr3O-
(OOCH)6(pyridine)3](ClO4)·nH2O

[35] (0.20 g, ca. 0.25 mmol) was dis-
solved in 1,2-dichroloethane (40 mL) followed by the addition of
CH3COOK (0.20 g, ca. 2.0 mmol) dissolved in a minimum amount of
methanol. The solution was filtered to remove KClO4 , and solution A
was added under vigorous stirring. The resulting solution was kept at
298 K for 3 h. Brown crystals of 1 were isolated in 50% yield. FTIR:
~nn = 1634 (br, nasym(O�C�O)), 1610(w), 1491(s), 1449(w), 1378(m,

Figure 3. Effects of sizes and dipole moments of guest molecules on
the amounts of sorption by 2 at 298 K. The amounts are measured at
P/P0 = 0.40 or at the following pressures shown in parentheses.
a) Methanol, b) ethanol, c) 1-propanol, d) 2-propanol, e) 1-butanol,
f) 2-methyl-1-propanol, g) 2-butanol, h) chloroform, i) dichlorome-
thane, j) 1,2-dichloroethane, k) 1-bromo-2-chloroethane, l) 1,2-dichloro-
propane, m) methane (9.0 MPa), n) ethane, o) propane, p) n-butane,
q) ethylene (P/P0 = 0.32), r) propylene, s) 1-butene, t) isobutene, u) 1-
pentene, v) water, w) benzene, x) toluene, y) cyclohexane, z) cyclohex-
ene, and aa) methyl acetylene.

Figure 4. Changes in the amounts of a) ethane (100 kPa, P/
P0 = 2.2 � 10�2) and b) ethanol (3.1 kPa, P/P0 =0.3) sorbed by 2 at
303 K as a function of time. The solid lines show the experimental
data and solid circles show the calculated data according to the
Fickian diffusion equation.
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nsym(O�C�O)), 1222(w), 1071(w), 1048(w), 1016(w), 972(m, nasym(W=

O)), 923(br, nasym(Si�O)), 887(w, nasym(W�Oc�W)), 803(br, nasym(W�
Oe�W)), 644(m, nasym(Cr3�O)) cm�1. Elemental analysis calcd for 1
(C50.5H75.5N6.5Cr7.5K1.5O83.5SiW12): C 12.66, H 1.59, N 1.90, Cr 8.14, K
1.22, Si 0.59, W 46.03; found: C 12.62, H 1.80, N 2.09, Cr 8.18, K 1.22,
Si 0.60, W 44.30. The guest-free phase 2 was prepared by the
evacuation of 1 or the exposure of 1 to dry N2 or He gas at 298–303 K
for more than 3 h. The weight loss of 1 was 4.3–4.4 wt %, which was in
reasonable agreement with the amount of solvent molecules (4.34
wt %). TG-MS measurements confirmed that 1 lost solvent molecules
of water (m/z 18) and methanol (m/z 32 and 31 (fragment)) upon
treatment to form 2, and that 1 did not contain 1,2-dichloroethane
(m/z = 98; Figure S4 in the Supporting Information). The data from
single crystal X-ray structure, and elemental and TG-MS analyses
suggest that 1 has one methanol molecule and 6.5 pyridine molecules
as terminal ligands of the macrocations, which were retained in 2 and
were lost by the heat treatment of 2 above 323 K. The IR spectrum of
2 showed characteristic bands of the macrocations and polyoxometa-
lates, which indicated that the molecular structures of the constituent
ions are retained upon the loss of the solvent molecules.

Powder X-ray diffraction studies: The powder X-ray diffraction
(XRD) pattern of 2 was measured with XRD-DSCII (Rigaku
Corporation) and CuKa radiation (l = 1.54056 �, 50 kV–200 mA) at
303 K under a flow of dry N2. The diffraction data were collected in
the range of 2q = 3–388 at 0.018 point and 5 s per step. The
crystallographic parameters were calculated using Materials Studio
Software (Accelrys Inc.) by unit-cell indexing and space-group
determination with X-cell[36] and peak profile fitting with the
Pawley refinement.[15] The Rwp value for 2 was 25.30%.

High-pressure hydrocarbon gas measurements: Fine crystals of 1
(ca. 1 g) were well ground, and pellets were prepared by pressing 1
under a pressure of 10 kgfcm�2 for 2–3 s. The pellets were evacuated
at 298 K to form 2 until the weights remained almost unchanged
(� 0.1 mgh�1). The high-pressure hydrocarbon gas sorption isotherms
were measured with a gravimetric high-pressure gas sorption
apparatus with a magnetic suspension balance MSB-AD-H (BEL
Japan Inc.).

Vapor sorption measurements: Fine crystals of 1 (ca. 0.1 g) were
well ground and evacuated at 298 K to form 2, and the isotherms were
measured using a Hydrosorb or Autosorb (Quantachrome Corpo-
ration) volumetric sorption apparatus. The sorbed amounts were
calculated assuming that the density of the sorbed phase at 298 K is
the same as that of the bulk liquid at the same temperature.

Gas sorption kinetics: Fine crystals of 1 (about 10–15 mg) were
well ground and treated under a dry He gas flow at 303 K for more
than 3 h to form 2. The amounts of ethane gas and ethanol vapor
sorption were measured with a thermogravimetric analyzer Thermo
Plus 2 (Rigaku Corporation) using a-Al2O3 as a reference at 303 K.
No significant changes were observed among the rates and equilib-
rium amounts of the different runs.
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