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Abstract

This review describes the design and syntheses of nano-structured ionic crystals with selective sorption properties. The complexation of Keggin-
type polyoxometalates of [a-XW,040]"~ (n=3-6) with a macrocation of [Cr;O(OOCH)s(H,0);]* and alkali metal ions forms ionic crystals
with hydrophilic channels. The ionic crystals can recognize small polar molecules such as alcohols, nitriles, and esters by the difference of one
methylene chain. On the other hand, the use of a macrocation of [Cr;O(OOCC,Hs)s(H,0);]* forms both hydrophilic and hydrophobic channels in
the ionic crystals, and the channel-selective sorption and collection of hydrophilic and hydrophobic molecules has been successfully carried out.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Crystalline solids with molecular-sized spaces have attracted
the attention of chemists because of their interests in the unique
guest sorption, ion exchange, and catalytic properties. These
solids can be classified into three groups by the kinds of chemi-
cal bonds, which construct the framework: (i) inorganic zeolites
(covalent bonds) [1-5]; (ii) metal organic frameworks or coor-
dination polymers (coordination bonds) [6—10]; (iii) layered
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compounds and ionic crystals (hydrogen bonds and/or ionic
bonds) [11-13]. Inorganic zeolites are composed of covalently
bonded [TO4] (T=Si, Al, P, etc.) and [MOg] (M =Ti, Zr, Sn,
etc.) units, contain stable nano-sized pores (ca. 3—15 A), and
show the molecular sieving effects depending on the framework
geometry and pore size. A classical example is a Ca—A zeo-
lite, which possesses eight-membered ring and pore size of 5 A,
and adsorbs straight-chain organic molecules but not those that
are branched [5]. As for the separation of inorganic gases, the
titanosilicate, of which the effective pore size can be finely tuned
by the dehydration at elevated temperatures, can separate 3—4 A
molecules such as N»/CHy, Ar/O», and N»/O, with the pressure-
swing adsorption [3]. Recently, much attention has been paid
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Fig. 1. Classification of porous polyoxometalate compounds: (a) NH4*; (b) self-organization; (c) [Cr;0(OOCH)s(H20)3]1*.

toward the syntheses of metal organic frameworks or coordina-
tion polymers constructed with the coordination bonds between
the metal and organic building units. The framework geometry,
pore surface, and guest sorption properties can be finely tuned
by the choice of building blocks. For example, Yaghi and co-
workers have synthesized a series of metal-organic frameworks
with zinc-benzenecarboxylates, and IRMOF-16 shows the high-
est free volume (91.1%) and the lowest density (0.21 gcm_3)
among those reported for porous crystalline solids [14]. Kita-
gawa and co-workers have shown that acetylene molecules form
arrays in the micropore of a copper coordination polymer by
the hydrogen bonding with the pore surface. Stable storage of
acetylene at a density of 200 times the safe compression limit
of free acetylene at room temperature has been achieved [15].
Layered compounds such as montmorillonites and mixed-metal
layered hydroxides possess cations or anions in the interlayer
space and the layered structures are stabilized by the ionic bonds
and hydrogen-bonds. The layered compounds swell in water
and polar organic molecules with the expansion of the inter-
layer space [16]. Recently, the control of the porosity of ionic
crystals such as metal carbonates and sulfates has been exten-
sively attempted [ 13]. Since ionic bonds are formed by the strong
Coulomb interactions between anions and cations, the bonds are
isotropic and the ions are often densely packed in the crystal lat-
tice. Therefore, pores exist mainly between the primary particles
of ionic crystals, and the extent of porosity is controlled empiri-
cally by changing the degree of supersaturation of the synthetic
solution [17].

Polyoxometalates, which are nano-sized metal-oxide
macroanions and show unique redox or acidic properties,
can create molecular-sized spaces within them or in the solid
state with the combination of appropriate cations [18-26].
As shown in Fig. 1, porous polyoxometalate compounds can
be classified into three groups with regard to the location of
the pores; compounds with pores in (a) the intercrystallite

space [27-29], (b) the molecular structure of polyoxometalates
[30,31], and (c) the crystal lattice created by the arrangements
of polyoxometalates and molecular cations (macrocations)
[32—41]. The examples of (a)—(c) are described below.

As shown in Fig. 1a, (NH4)3[a-PW204¢] is non-porous sin-
gle crystal when synthesized at 473 K, while submicron-sized
dodecahedron particle form by the self-organization of 5-10 nm
nanocrystallites at 368 K [28]. The crystallographic analysis of
the single crystal shows that NH4* and [a-PW 20403~ are
closely packed in the crystal lattice, and no pores exist. On the
other hand, the dodecahedron particle shows type-I N> adsop-
tion isotherm characteristic of compounds with micropores. The
surface area (65 m? g~ 1) is larger than the outer surface area of
the dodecahedron particle (4 m? g 1), and the calculated crystal-
lite size is 10 nm. The electron diffraction of the dodecahedron
particle shows discrete spots, indicating that the nanocrystallites
are crystallographically ordered in the particles. Therefore, it is
probable that the (NHg)3[a-PW2040] dodecahedron particle
is formed by the self-organization of nanocrystallites and the
micropores exist in the intercrystallite space.

As shown in Fig. 1b, ring shaped or spherical nano-sized
polyoxometalate clusters are formed by the self-organization of
several tens to more than hundred molybdenum atoms in acidic
solution with reducing reagents [30] or under UV irradiation
[31]. Water of crystallization exists in the ring or sphere, and a
part of the water molecules can be exchanged with amphiphilic
molecules such as methanol and formic acid.

The assembly of polyoxometalates (macroanions) and
molecular cations (macrocations) can create ionic crystals with
specific structures (Fig. 1¢) [32—41]. By the control of the shape,
size, and charge of the macroions, it is possible to predetermine
their arrangement and to create molecular-sized spaces in the
crystal lattice. The expected properties of the ionic crystals are
summarized below: (i) while ionic crystals are usually dense
and non-porous because of the strong and isotropic ionic bonds,
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Fig. 2. Construction of ionic crystals.

the use of macroions would reduce the Coulomb interaction and
enable the construction of space within the crystal lattice; (ii)
ionic crystals formed by the complexation of inorganic poly-
oxometalate and organic macrocations are inorganic—organic
hybrids and may show pore surface and guest sorption properties
different form inorganic zeolites and organic coordination poly-
mers; (iii) incorporation of catalytically active polyoxometalates
will enable the heterogeneous catalysis in the crystal lattice. In
the case of coordination polymers, there is difficulty in the cre-
ation of coordinatively unsaturated metal sites for the catalytic
reaction, and the catalysis of coordination polymers remains
largely unexplored.

@

[Cr30(OOCH)s(H20)a]"

[-XW12040]™

Cs*

As shown in Fig. 2, we have reported that (1) the com-
plexation of Keggin-type polyoxometalates of [a-XW12040]"~
(n=3-6) with a macrocation of [Cr;0(O0OCH)s(H,0)3]* and
alkali metal ions forms ionic crystals with hydrophilic channels.
Itis also demonstrated that (2) the channel sizes of ionic crystals
of Dawson-type polyoxometalates of [a-Pszwlg_xO62](6+")_
increase with the decrease in x and can be controlled. While
the use of a macrocation of [Cr30(O0CH)g(H,0)3]* forms
only hydrophilic channels, (3) the use of a macrocation
of [Cr3sO(0O0CC;Hs)6(H20)3]* forms both hydrophobic and
hydrophilic channels in the crystal lattice. In this review, our
recent works on (1) and (3) are highlighted [42—49].

Fig. 3. Syntheses of ionic crystals with Keggin-type polyoxometalates of different anion charges.
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2. Ionic crystals with hydrophilic channels and selective
guest sorption

2.1. Syntheses and crystal structures

The schematic illustration of the syntheses and crys-
tal structures of the compounds Nay[Cr3O(OOCH)g
(H20)3][a-PW12040]-16H,0 [1a], K3[Cr;O(O0CH)s(H20)
3][a-SiW12040]- 16H,0 [2a], Rbs[Cr30(0O0CH)6(H20)3][x-
BW12040]~16H20 [33], and CS5[CI’30(OOCH)6(H20)3][OL-
CoW12040]-7.5H,0 [4a] is shown in Fig. 3 [42,44.48].
Elemental analyses of la—4a showed that the macroca-
tion/polyoxometalate ratios were 1:1 and the stoichiometry in
the complexes formed did not change among 1a—4a, while the
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macrocation/polyoxometalate ratio in the synthetic solution
was varied. The surplus anion charge was neutralized by the
alkali metal ions. The polyoxometalates and macrocations
lined up alternately to form columns, which were arranged in a
honeycomb (1a, 2a) or layered structure (3a), or densely packed
(4a). The distance between the carbon atoms of the bridging
formates in the macrocations and the oxygen atoms of the poly-
oxometalates in the same column were in hydrogen-bonding
distances (C-H---O distances were 3.25-3.37, 3.09-3.27,
2.79-3.06, and 2.81-3.07A for la—da, respectively). The
spaces between the columns were occupied with the water
of crystallization and the space volumes for la—4a corre-
sponded to 36%, 36%, 32%, and 17% of the crystal lattices,
respectively.
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Fig. 4. Effects of the cross-section areas and the dipole moments of guest molecules on the sorption properties of 1b—4b (P/Py=0.8 at 298 K). (A) 1b, (B) 2b, (C)
3b, and (D) 4b. (a) Water, (b) methanol, (c) ethanol, (d) 1-propanol, (e) 2-propanol, (f) 1-butanol, (g) 2-butanol, (h) iso-butanol, (i) fert-butanol, (j) acetonitrile, (k)
propionitrile, (I) butylonitrile, (m) iso-butylonitrile, (n) valeronitrile, (o) benzonitrile (313 K), (p) methyl formate, (q) methyl acetate, (r) ethyl acetate, (s) methyl

propionate, and (t) ethyl propionate.
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ethylpropionate, respectively.

The water of crystallization in 1a—4a was either in the vicin-
ity of the alkali metal ion or hydrogen-bonded to the constituent
ions (polyoxometalate and macrocation) or to the other water
molecules. The water of crystallization in 1a—3a was completely
desorbed by the evacuation at room temperature, while about
50% of the water of crystallization in 4a was desorbed. The
respective 1a—4a after the evacuation at room temperature were
denoted by 1b—4b. The observed XRD patterns of 1b—4b were
fairly well reproduced by the structures 1b—4b, respectively, as
shown in Ref. [48]. The structures 1b—4b showed the close pack-
ing of the columns. The calculated cell volumes per formula
(VIZ) decreased in the order of 1b (1497 A3) > 2b (1467 A%)>3b
(1412 A3)>4b (1406 A%). The decrease in the cell volumes
would be related to the increase in the anion-cation interac-
tions because of the close packing of the constituent ions with
increase in n of [a-XW,040]"~ (X=Co, B, Si, P). The BET
surface areas of 1b—4b were small (<2 m? g_l) in accord with
the close packing of the columns where no micropores existed.
The crystal structures of 1a—4a were completely restored by the
exposure of 1b—4b to the saturated water vapor.

2.2. Selective sorption of small polar molecules

The compound 1b reversibly sorbed various kinds of polar
(hydrophilic) organic molecules such as alcohols, nitriles, and
esters as well as water. Neither hydrophobic dichloromethane
and dichloroethane nor molecules without or with small polar-
ity such as nitrogen monoxide, dinitrogen, and methane were
sorbed despite the small sizes. The compound 2b sorbed water,
methanol, ethanol, acetonitrile, and methyl formate. The com-
pound 3b sorbed water and methanol, and 4b sorbed only
water. Fig. 4A-D show effects of molecular sizes and dipole
moments of guest molecules on the sorption properties of 1b—4b
(P/Py=0.8,298 K). The sorption properties of 1b—4b depended
on not only the molecular sizes but also the dipole moments.

Fig. SA—C show effects of the charges of the polyoxometa-
lates on the amounts of sorption of alcohols, nitriles, and esters.

The compounds 1b-3b sorbed alcohols up to C4 (1-butanol),
C2 (ethanol), and C1 (methanol), respectively, and 4b sorbed no
alcohols. The compound 1b sorbed nitriles up to C5 (valeroni-
trile) while 2b sorbed only acetonitrile (C2), and 3b and 4b
excluded even acetonitrile. The compound 1b sorbed esters up
to methyl propionate (C4) while 2b sorbed only methyl for-
mate, and 3b and 4b excluded even methyl formate. Thus, polar
small organic molecules such as alcohols, nitriles, and esters
(<C5) could be discriminated with 1b—4b, and the increase in
n of [a-XW12049]"~ enabled the sorption of molecules with
the shorter methylene chain. The sorption properties of 1b—4b
were applied to the separation of molecules of mixtures of alco-
hols, nitriles, and esters as reported in Refs. [42,44,48]. Such
selectivity has not been reported for zeolites, coordination poly-
mers, and layered compounds, and the sorption properties of
1b—4b were compared with the other compounds in Table 1.
The amounts of water and small alcohol sorption per volume
were comparable to or larger than the other compounds while
the amounts per weight were smaller due to the larger density
of 1b—4b (3.75-4.83cm3 g~ 1).

2.3. Nature of sorption property

The nature of the sorption by the ionic crystal of 1b can be
explained as follows: since the structures of 1b showed the close
packing of the constituent ions, the lattice volumes of 1b need
to increase with the sorption. As shown in Fig. 6, the energy
needed for the lattice expansion (£, which is a positive value)
is compensated by the ion-dipole and hydrogen bonding inter-
actions between the alcohols and 1b (Ejy, which is a negative
value). If the absolute value of Ejy is larger than E, the alco-
hols can be sorbed into the solid bulk. Ejy is proportional to
the dipole moment of the alcohol and inversely proportional
to the ion-dipole (host-guest) distance. The dipole moments of
C1-C4 alcohols (1.59-1.70 debye) are almost independent of
the number of carbon atoms while the sizes (4.78-6.34 A in
diameter) increase with the number of carbon atoms (Fig. 4A).
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Table 1

Amounts of water and small alcohol sorption for various compounds (mmol/cm?) ((mmol/g))*°

Compound Water Methanol Ethanol Propanol Reference
Zeolites

1. Na-Y (Si/Al=2.47)¢ - 9.8 (7.0) 7.0 (5.0) 5.6 (4.0) [50]
2. ZSM-5 (Si/Al=990)¢ - 5.7@3.3) 4.7 2.7) 4224) [51]
3.3A° 9.2 (4.9) - 0.1 (0.1) - [52]
4. 5Af 13(7.7) - 1.2 (0.7) - [52]
MOF or coordination polymers

5. [CoT(p-CO2)PPCo; 5(C5H5N)3(H,0)]8 29(15) 29(1.5) 2.1(1.1) 1.8 (0.9) [53]
6. [Ni(Cp0H32Ng)][CsHo(COOH), (COO)],-4H, 0" - 8.5(6.4) 5.7 (4.3) - [54]
7. [Ni(CagH32Ng3)][CeHo(COO0)3 15 - 16H,OP - 14(12) 11(9.3) - [54]
8. [Niy(4,4’-bipyridine)3(NO3)4]-2C, Hs OH® - 6.1 (4.5) 3.1(2.3) - [55]
9. [Nip (4,4 -bipyridine)3(NO3)4]-2CH; OHP - 4.2 (3.3) 58(2.7) - [55]
10. [Niz(Ca6Hs2N19)]3(btc)s-4H, O" - 12(11) 6.3(5.7) 2.52.2) [56]
11. [NiL]5(btc),- 14H, 0% - - 14(1.2) - [57]
12. [Cu(iso nicotinate),]° - 5.0(@3.3) 7.9(3.3) 3524 [58]
13. Zny (btc)(NO3)-(H,0)(C,HsOH)s>h - - 9.6 (11) - [59]
14. [Gd(imidc), (H0)3](H,0)P-¥ 13.8 (5.0) 0.0 (0.0) - - [60]
15. Tb(bdc)(NO3)-2[(CH3), CONH]Y! - 72(5.2) 54@3.9) 3.6 (2.6)! [61]
16. [Tb(H,L)3]-2H,0™ 4.0 (2.3) 1.8 (1.0) 0.0 (0.0) - [62]
17. [KaMgp{U»(C,04)7 }-2H,0]-9H,OP - 3.0(1.4) 2.3 (1.0 - [63]
Layered compounds

18. Montmorillonite®" 16(8.0) 7.3 (3.6) 552.7) 5929 [64]
19. VOPO4-2H, 0P - 12(6.2) 12(6.2) 5.8(3.1) [65]
Polyoxometalate compounds

20. (NH4)3PW 2049 - 2.7(0.9) 2.1(0.7) 2.0 (0.7) [51]
21. Naz[Cr30(O0CH)6(H20)3][a-PW2040] 18(4.7) 10(2.7) 7.0 (1.9) 6.7 (1.8) [48]
22. K3[Cr3sO(OOCH)s(H20)3][-SiW12049] 18(4.6) 18 (4.6) 10(2.7) 0.0 (0.0) [48]
23. Rbs[Cr30(O0CH)(H20)3][a-BW12049] 19(4.4) 9.5(2.2) 0.0 (0.0) 0.0 (0.0) [48]
24. Cs5[Cr30(0O0CH)6(H20)3][-CoW12049] 6.5 (1.4) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) [48]
25. K3[Cr3O(0O0CC,Hs)6(H20)3]2[-SiW 120401 34(1.1) 7.5(2.5) 5.0(1.7) 1.6 (0.6) [48]
26. [Calix[4]arene-Na]3[a-PW2040] 1.9 (0.8) 3.9(1.7) 1.9 (0.8) - [39]

2 Figures show the amount in (mmol/cm?) (amount per volume of desolvated compound). Figures in parenthesis show the amount in (mmol/g) (amount per gram

of desolvated compound).

b Cell volume of the solvated phase is used for the calculation since that of the desolvated phase is unknown.

¢ Nass3Alss3Si136.70384-

4 Sigy0195.

¢ K12Al12Si12048.

f Ca6A1125i12043.

& TPP: tetraphenylporphyrin.

" btc: benzenetricarboxylate.

i Amount of isopropanol.

i L: 3,10-bis(2-ethyl)-1,3,5,8,10,12-hexaazacyclotetradecane.
k imidc: 4,5-imidazoledicarboxylate.
! bdc: benzenedicarboxylate.

™ L: (S5)-O3PCH,NC4H7CO5.

" (NaCa)o 3(AlMg),SisO10(OH),.

Therefore, the absolute values of Ej,; do not change significantly
with the increase in the number of carbon atoms [66]. On the
other hand, the volumes of alcohols are proportional to third
power of the sizes and increase with the increase in the num-
ber of carbon atoms, resulting in the increase in E;. Therefore,
the absolute value of Ej, becomes smaller than E; at a certain
alcohol (tert-butanol) and 1b sorbs alcohols up to 1-butanol.
E| much increases with the increase in n of [a-XW2040]"~
(from 1b to 4b); for example, 18,37,67,and 104 kJ mol~! for the
sorption of methanol by 1b—4b, respectively. On the other hand,
the absolute values of Ej,; do not change significantly because
the number of the alkali metal, which can work as a sorption
site in addition to the macrocation and the polyoxometalate,

increases from 2 (1b) to 5 (4b) while the ionic radii increase and
the interaction is weakened [67]. Therefore, the difference in the
absolute values of Ejy; and E| decreases from 1b to 4b and the
upper limit of the number of carbon atoms of alcohols sorbed
into the bulk of 1b—4b decreases with n [43,48].

3. Ionic crystals with both hydrophilic and hydrophobic
channels

3.1. Syntheses and crystal structures

The ionic crystals 1a—4a/lb—4b with the macrocation of
[Cr;O(O0CH)s(H,0)3]* possessed only hydrophilic channels
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Fig. 6. Schematic model of the energy changes in the guest sorption.

in the crystal lattice. Therefore, the complexation of macrocation
of [Cr3;O(00CC;Hs)s(H;0)3]t with the Keggin-type [a-
SiW1,040]* polyoxometalate was attempted [47]. Fig. 7 shows
the schematic illustration of the synthesis and crystal structure of
K>[Cr;0O(0O0CC,Hs)6(H20)3]2[a-SiW12040]-3H20 [5a]. The
compound Sa was composed of layers running along the ac-
plane, the layers were stacked along the b axis, and K* resided
between adjacent layers. Straight channels surrounded by pro-
pionate ligands of macrocations ran along the a-axis between
the two layers and no water of crystallization was found.
The opening of the channel was ca. 2.5 x 5.1 A. On the other
hand, winding hydrogen bond networks of the water of crys-
tallization existed along the [1 1 0] direction through the layers.
The narrowest and widest opening of the hydrophilic network
channel was ca. 2.5A and 4.3 A, respectively. The water of
crystallization in 5a was completely desorbed by the evac-
uation to form guest free phase 5b. Single crystal structure
analyses of 5b showed that the crystal structure was essentially
the same with Sa. Hereafter, the straight channel surrounded
by the propionate ligands of the macrocation is designated
as hydrophobic channel and the winding channel containing
the water of crystallization is designated as the hydrophilic
channel.

[CrsO(00CC2Hs)s(H20)3]* ¢ K+, Cs*

+ —_—

[a-SiW12040]™

3.2. Sorption of ethanol in hydrophilic and hydrophobic
channels

The guest sorption property of Sb was investigated, and
it was found that Sb sorbed various kinds of hydrophilic
and amphiphilic molecules such as water, alcohols, esters,
and nitriles. The amounts of sorption of C1-C3 alco-
hols were larger than that of water. Neither hydrophobic
dichloromethane and dichloroethane nor molecules without
or with small polarity such as nitrogen monoxide, dini-
trogen, and methane were sorbed despite the small sizes.
The compound 5b showed the amphiphilic sorption property,
while K3[Cr3;O(OOCH)g(H>0)3][@-SiW12049] [2b], sorbed
only water and methanol under the same conditions.

The changes in the amounts of water sorption for Sb
(P/Pp=0.60) as a function of time are shown in Fig. 8. The
amount gradually increased and was almost leveled off after
200s. The water sorption could be reproduced by the linear
driving force mass transfer model,

M; = M.{1 — exp(—ki1)} ey

where M, and M, are the amounts of sorption at time ¢ and
equilibrium, respectively, and k; is the rate constant [55].

5a, 6a

Fig. 7. Syntheses of ionic crystals with hydrophilic and hydrophobic channels.
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M.=15.6pLg™! (3. 71molmol™!) and k;=23x10"2s"!
gave the best fit for the water sorption in Fig. 8A. In contrast,
rapid sorption was initially observed and then the amount grad-
ually increased for the ethanol sorption (P/Py=0.60) as shown
in Fig. 8B, and the profile could not be reproduced by Eq. (1).
Therefore, two kinds of barriers were considered according to
Eq. (2), as in the case of the alcohol sorption for the Ni-bipyridine
compound [55].

M; = Mei{1 — exp(—ki0)} + Mex{1 — exp(—k21)} @)

where M. and M, are the contributions of the each of the two
processes controlling the overall sorption (i.e., Me1 + My = M,:
amounts of sorption at equilibrium), and k| and k, are the rate
constants. The best fits for the ethanol sorption were given
by M =222pLg~! (1.63molmol™!), k;=2.2x 107257,
Mo =229uLg™! (1.68molmol™"), and kr=4.2 x 107*s!
(Fig. 8B). The two processes probably describe the sorption
into the hydrophilic and hydrophobic channels. In the in situ IR
spectra (v(OH) region: 3000-3600 cm™!) of ethanol sorbed in
5b, two bands at 3290cm™! and 3470 cm™! appeared, which
were assigned to v(OH) bands of ethanol in the hydrophilic
channel and hydrophobic channel, respectively. The 3290 cm ™!
band intensity steeply increased with the increase in the ethanol
vapor pressure and did not much increase above ca. P/Py=0.4,
while the 3470 cm~! band intensity gradually increased with
the increase in the ethanol vapor pressure and steeply increased
around P/Py=0.5. Therefore, ethanol are mainly sorbed into the
hydrophilic channel at the low vapor pressure, while the sorption
into the hydrophobic channel was dominant above P/Py=0.5.

3.3. Channel-selective sorption and collection of
hydrophilic and hydrophobic molecules

In the crystal structure of 5b, K* resided between the
layers, and the change of K* to larger Cs* would increase
the interlayer distance and the opening of the hydropho-
bic channel. The opening and volume of the hydrophobic
channel increased from 2.5A x5.1A and 23 uL in 5b to

4.0 A x 5.2 A and 30 pL in Cs,[Cr3O(00CC;Hs )6(H20)312[ar-
SiW12040] [6b] [49]. The guest sorption property of 6b
was investigated at 298 K. The compound 6b sorbed various
kinds of hydrophilic molecules such as water and alcohols
as well as hydrophobic molecules such as dichloromethane
and dichloroethane. The amount of dichloromethane reached
23 uLg™! (1.6molmol~') at P/Py=0.94. The changes in the
amounts of dichloromethane sorption by 6b as a function of
time were reproduced with a single rate constant, showing
that a single barrier existed for the sorption. The amount of
dichloromethane sorption by 6b at P/Py=0.60 (298 K) upon
the pre-sorption of water (224 1 wL g, 5.5 4 0.2H,0 per 6b)
was 9.3+0.5uLg™! (0.66+0.03CH,Cl, per 6b) and fairly
agreed with that 10 0.5 pL g~ ! without the pre-treatment. The
opening of the hydrophobic channel in 6b (4.0 A x 5.2 A) was
comparable to the diameter of the dichloromethane molecule
4.2 A). These facts show that dichloromethane is accommo-
dated into the hydrophobic channel in 6b and that the amount is
not influenced by the pre-sorption of water.

When 6b was exposed to a gas flow (He balance) contain-
ing water (P/Pp=0.60) and dichloromethane (P/Py=0.40),
the weight increased as shown in Fig. 9. The best fits for
the experimental data were given by k;=1.7x1072s71,
Mg =164puLg™!  (1.64wt%), ky=3.0x10"3s"!, and
Mo =7.0 MLg_1 (0.93wt%). The k; and M. values were
close to those of water sorption at P/Py=0.60 and the k, and
M, values were close to those of dichloromethane sorption
at P/Py=0.40. Therefore, the rate and equilibrium amount o
f the dichloromethane sorption into the hydrophobic channel
and those of water into the hydrophilic channel of 6b were
independent of each other, and the phenomenon was different
from those of zeolites and activated carbons, of which the
amounts of dichloromethane sorption are decreased by the
presence of water [68].

The collection of dichloromethane and water from the
gas mixture was attempted with 6b according to Scheme 1.
Compound 6a was evacuated at 298K for 6h to form
6b followed by the exposure to the gas mixture of water
(P/Py=0.85) and dichloromethane (P/P¢=0.71) at 298 K for
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Fig. 9. Changes in the weight of 6b by the exposure to a gas mixture of water
(P/Py=0.60) and dichloromethane (P/Py=0.40) at 298 K. Solid line (a) shows
the experimental data. Solid lines (e) and (f) show the experimental sorption data
of water (P/Py=0.60) and dichloromethane (P/Pg=0.40), respectively. Solid
circle (b) shows the calculated data, and open circles (c) and (d) show the two
components for the calculation.

H20 (2.7 kPa, P/Po = 0.85)
CH2Clz (41.0 kPa, P/Po=0.71)
6b 5.4+ 0.2H20 .80+ 0.05CH2ClI2

298K, 12h
0.70+ 0.05CH2Cl12
0.0H20 5.2+ 0.2H20
e 6b *5.4% 0.2H20 6b

evac. at 203K 273K, 1.5h
(removal of
coexisting gases)

evac. at 298 K, 1.5h

Scheme 1.

12h to form 6b-5.4 £0.2H,0-0.8 + 0.05CH,Cl,. After the
removal of the coexisting gases, the sample was heated at 273 K
and kept for 1.5h. The amount of dichloromethane evolved
was 9.940.5uLg™! (0.70 £0.05CH,Cl, per 6b). Then the
sample was evacuated at 298 K for 1.5h and the amount of
water collected was 22 4 1 wL g ! (5.2 4 0.2H, O per 6b). Thus,
dichloromethane and water sorbed in 6b were successfully col-
lected.

4. Conclusion

This review described our recent studies on the design and
syntheses ionic crystals of polyoxometalates, macrocations, and
alkali metal ions with hydrophilic/hydrophobic channels and
the selective sorption properties. The followings are the future
goals to be achieved: (1) separation of azeotropic mixtures and
close-boiling mixtures: systematic change of the size, shape,
hydrophilicity/hydrophobicity of the molecular-sized spaces in
the ionic crystals would control the interaction between the guest
molecules and the solid hosts, leading to the separation and col-
lection of mixtures. The target separations are water/alcohol,

alkane/alkene, stereo-isomers, etc. (2) Catalysis in the ionic
crystals: polyoxometalates catalyze oxidation or acid-base reac-
tions, and the catalytic properties can be controlled at atomic
or molecular levels. Complexation of polyoxometalates with
macrocations would work as heterogeneous catalysts. Moreover,
a unique reaction would proceed in the molecular-sized space
or by the cooperation with the macrocation.
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