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A mesoporous ionic crystal is synthesized with a polyoxometalate  

and a macrocation with polar cyano groups. The compound 

possesses one-dimensional mesopores with an opening of 3.0 × 

2.0 nm. The compound shows high proton conductivity and 

catalytic activity, which is due to the water molecules in the 

mesopores. 

Porous materials have attracted wide attention in chemistry 

due to their well-defined pore structures, which are useful in 

gas storage, separation, catalysis, proton conduction, and so 

on. According to the IUPAC definition, porous materials are 

divided into three classes: Microporous (pore size < 2 nm), 

mesoporous (2−50 nm), and macroporous (> 50 nm) materials. 

Zeolites and metal-organic frameworks (MOFs) are 

representatives of microporous materials and are utilized as 

adsorbents and catalysts.1 However, microporous materials 

have limitations in diffusion especially when large guest 

molecules are involved, so that an important line of research 

has focused on the enlargement of pore sizes into the 

mesopore range.2 

 Among the mesoporous materials, MCM-41 and FSM-16 

with highly ordered array of one-dimensional pores and 

amorphous silica pore walls have been extensively 

researched.2 In addition, mesoporous organosilicates,3 non-

silica metal oxides,4 metals,5 and semiconductors6 have been 

synthesized. Recently, mesoporous MOFs have been 

synthesized by the design and modification of organic linkers 

and applied to asymmetric diethylzinc and alkynylzinc 

additions,7 co-oxidation of 4-aminoantipyrine and phenol,8 

cycloaddition reaction of CO2 with carbonates,9 proton 

conduction,10 and so on.  

 On the other hand, ionic crystals (e.g., NaCl) are normally 

non-porous because of the isotropic and long-range Coulomb 

interaction.11 We and other research groups have reported 

that the use of molecular ions with appropriate elements, 

charges, sizes, shapes, or ligands enables anisotropic packing 

and/or utilization of anisotropic interactions such as π-π 

interactions and hydrogen-bonding, resulting in the formation 

of micropores.12 Strong electrostatic fields are generated at 

the internal surfaces of micropores due to the constituent 

ions, and the micropores are suitable for sorptive separation of 

small molecules such as CO2.12e,f 

 Polyoxometalates (POMs) are nano-sized metal-oxide 

macroanions with unique catalytic, electrochemical, magnetic, 

and luminescent properties, and have stimulated research in 

broad fields of science.13 Particularly, giant polyoxomolybdates 

with nano-sized cavities can be obtained by the aggregation of 

simple clusters in water under controlled-pH conditions, 

reducing reagents, and templates.14 Recently, nano-structured 

materials have been fabricated by the combination of these 

giant polyoxomolybdates with surfactant molecules or 

nanocrystals.15,16 Since POMs bear negative charges, they are 

potentially useful as building blocks of mesoporous 

compounds in combination with appropriate macrocations. 

However, in order to construct mesopores, a strategy is 

required to prevent close-packing of ionic building blocks. In 

supramolecular chemistry, it is well known that hydrogen-

bonded water clusters (H2O)n serve as templates in the 

formation of complexes with nano-sized cavities, and polar 

functional groups or hydrogen-bonding sites are often 

required to stabilize the water clusters.17 

 Based on these considerations, we synthesized a 

mesoporous ionic crystal Cr[Cr3O(OOCCH2CN)6(H2O)3]3[α-

PW12O40]2∙69H2O [I] with a α-Keggin-type POM [α-PW12O40]3− 

and a macrocation [Cr3O(OOCCH2CN)6(H2O)3]+ with polar cyano 

groups (CN). M(III)-carboxylates (M = Cr, Fe, Mn, Ru, etc.) with 

a general formula of [M3O(OOCR)6(L)3]+ have been studied as 

building blocks of solid materials because of the versatile 
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selection of the ligands (R, L) and unique acid properties.18,19 

Compound I possessed one-dimensional mesopores with an 

opening of 3.0 × 2.0 nm, and the mesoporous structure was 

maintained by water molecules as templates.  

 Fig.1 (a) Molecular structures of the constituent ions and crystal structure of I (ab-

plane). (b) Crystal structure of I (ac-plane). Mesoporous structure of I (ab-plane) 

represented in (c) polyhedral and (d) space filling models. Hydrogen atoms are omitted. 

Size of the mesopores (3.0 × 2.0 nm) is shown in (a). Red lines in (b) show the possible 

dispersion force between the cyano groups. Blue and gray spheres in (a)-(c) show the 

nitrogen and carbon atoms, respectively, of the CN groups of the macrocation. Blue, 

gray, and red spheres in (d) are the nitrogen (r = 1.5 Å), carbon (r = 1.7 Å), and oxygen (r 

= 1.7 Å) atoms, respectively, depicted in their van der Waals radii. Pink and light blue 

spheres show the chromium ion as a counter cation and the water of crystallization, 

respectively. The water of crystallization is omitted for the clarity in (b)-(d). 

Compound I was obtained as green crystals via in situ 

formation of [Cr3O(OOCCH2CN)6(H2O)3]+ from Cr(NO3)3 and 

cyano acetic acid in acetone, followed by the addition of an 

aqueous solution containing Cr(NO3)3 and H3[α-PW12O40].‡ 

Single crystal X-ray diffraction (XRD) analysis§ showed that 

POMs and macrocations were arranged alternately in the ab-

plane, and formed a ring and a mesopore with an opening of 

3.0 × 2.0 nm (Fig. 1a). The distances between adjacent ions in 

the ring were in the range of 3.142−3.330 Å (C(H)-O), showing 

weak hydrogen-bonding between POMs and macrocations. CN 

groups of macrocations pointed toward the center of the 

mesopore and interacted with the water of crystallization (see 

below). While the existence of Cr3+ as a counter cation was 

suggested by the charge balance and elemental analysis of I, 

Cr3+ sites could not be determined by single crystal XRD 

analysis.§§ POMs and macrocations lined up along the c-axis, 

and CN groups of adjacent macrocations were aligned parallel 

to each other with distances of 3.593 Å, suggesting that weak 

dispersion force existed between the CN groups (Fig. 1b). The 

void volume of I was 44.2% of the crystal lattice (11285 Å3 per 

unit cell) and was the largest among the porous ionic crystals 

reported to date (Figs. 1c and 1d, Table S1†). 

 Thermogravimetry (TG) (Fig. S1†) and elemental analysis 

suggested the existence of 69 mol mol−1 of water of 

crystallization. The water molecules desorbed in two steps: 

About 54 and 15 mol mol−1 desorbed by the treatment with 

dry N2 at room temperature (rt) and between rt−423 K, 

respectively. Single crystal XRD analysis could locate 14 mol 

mol−1 of water molecules at the periphery of the mesopore. 

These water molecules were hydrogen-bonded to the 

constituent ions (i.e., oxygen atoms of POM, water ligands or 

CN groups of macrocation (O-O: 2.660−3.060 Å, N-O: 

3.111−3.119 Å)). Solid state 1H-MASNMR spectrum of I 

showed a sharp signal at 4.8 ppm (Fig. S2†). Since hydrogen-

bonding causes a low-field shift in the 1H-NMR signal of water 

(cf. H2O in C6D6 0.40 ppm, H2O in D2O 4.79 ppm),20 a hydrogen-

bonding network of water molecules is probably formed in the 

mesorpore. Moreover, the signal was sharp like that of liquid 

water, suggesting that the water molecules are highly mobile. 

Fig.2 (a) Calculated and (b) experimental powder XRD patterns of I. 

 Powder XRD pattern of I is shown in Fig. 2. The 

experimental data of I (Fig. 2b) well agreed with that 

calculated from the crystal structure of I (Fig. 2a), showing that 

the mesoporous structure is stable under ambient conditions. 

The pattern of I broadened after evacuation at rt (Fig. S3†), 

showing that water molecules are necessary to maintain the 

mesoporous structure. These results indicate that I shows low 

porosity and BET surface area based on N2 adsorption,# while it 

is well known that such kind of host-guest systems also show 

interesting properties in guest-exchange,21 proton 

conduction,22 etc. In order to characterize the states of guests 
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(i.e., water molecules) in the mesopores, proton conductivity 

measurements and heterogeneous acid-catalyzed reaction 

were carried out. 

Fig.3 (a) Nyquist plots of the impedance spectra of I at 303−323 K. (b) Arrhenius plot of 

the conductivities at 95% RH. 

 Fig. 3a shows the Nyquist plots of the impedance spectra of 

I at 303−323 K under 95% relative humidity (95% RH).⊥ The 

proton conductivity estimated from the spectrum at 303 K was 

1.0 × 10−4 S cm−1, and reached up to 2.2 × 10−4 S cm−1 by the 

temperature increase to 323 K. On the other hand, the proton 

conductivity dropped to 6.7 × 10−5 S cm−1 by the decrease in 

RH to 55% (Fig. S4†). The activation energy determined from 

the proton conductivities at 95% RH as a function of 

temperature using the Arrhenius equation was 0.34 eV (32.6 kJ 

mol−1) (Fig. 3b). While the proton conductivity (1.0 × 10−4 S 

cm−1) was lower than acid hydrates of POMs (e.g., 

H3PW12O40∙29H2O:23 0.18 S cm−1 at 298 K, 80% RH), the value 

was higher than those of POM-based salts (Table S2†). The 

activation energy (0.34 eV) was relatively lower than those of 

POM-based salts (Table S2†). The relatively high proton 

conductivity and low activation energy can be explained by the 

hydrogen-bonding network of water molecules in the one-

dimensional mesopores, which facilitates the exchange and/or 

diffusion of protons throughout the whole bulk solid.  

 

Scheme 1 

 
Fig.4 Time course of the allylation of benzaldehyde with allyltin catalyzed by I (353 K). 

Circle and square plots show the amounts of reactants and products, respectively. 

 Porous materials based on POMs24 (POM-MOFs) have been 

recently studied as catalysts in aerobic oxidation,25 assymetric 

dihydroxylation of olefins,26 visible-light-driven H2 

production,27 and so on. Allylation of aldehyde with allyltin 

(Scheme 1) is a typical acid-catalyzed reaction performed in 

water and a useful method for C-C bond formation.28 Fig. 4 

shows the time course of changes in the amounts of reactant 

(benzaldehyde) and product (1-phenyl-3-butene-1-ol). The 

reaction proceeded smoothly, and the conversion and yield 

after 48 h were 91% and 76% (turn over number (TON) = 39), 

respectively. The activity of I was comparable to those of 

scandium triflate-grated mesoporous silica with Lewis acid 

sites (yield 81−91% at 353 K in water).29,** The existence of 

acid sites in I was confirmed by IR spectroscopy: Difference 

spectrum of I treated with pyridine as a basic probe molecule 

(Fig. S5†) suggested that the pyridine molecules were adsorbed 

on Brønsted acid sites (1534 cm−1), Lewis acid sites and/or 

experiencing hydrogen-bonding (1440 cm−1).30  

 This work was supported by JST-PRESTO and Grant-in-Aids 

for Scientific Research from the Ministry of Education, Culture, 

Science, Sports, and Technology of Japan. Prof. Motoyuki 

Matsuo and Dr. Katsumi Shozugawa (Univ. of Tokyo) are 

acknowledged for providing access to the ICP instrument. 

Notes and references 
‡Synthesis of Cr[Cr3O(OOCCH2CN)6(H2O)3]3[α-PW12O40]2∙69H2O 
[I]: Cr(NO3)3∙9H2O (6.0 g, 15 mmol) and cyano acetic acid (3.0 g, 
35 mmol) were dissolved in 30 mL of acetone, and the solution 
was stirred at 323 K for 18 h (Solution A). Solution A was 
concentrated by evaporation followed by the addition of 280 mL 
of water. 40 mL of the aqueous solution was placed in a screw 
cap storage bottle (50 mL) followed by the addition of 
Cr(NO3)3∙9H2O (6.0 g, 15 mmol) and H3[α-PW12O40]∙nH2O (0.6 g, 
0.2 mmol) in 1 mL of water. Green crystals of I were obtained 
after 24 h (yield 60%). IR absorption peaks: 1655 νasym(OCO), 
1437 νasym(CH), 1383 νsym(OCO), 1080 νasym(P-O), 981 
νasym(W=O), 898 νasym(W-Oc-W), 818 νasym(W-Oe-W), 597 
νasym(Cr3-O). Elemental analysis (%) calcd for I: C 7.02, H 2.09, N 
2.73, Cr 5.63, P 0.67, W 47.75; found: C 6.80, H 1.80, N 2.42, Cr 
5.97, P 0.64, W 47.79. 
§Single-crystal X-ray structure analysis: X-ray diffraction data of I 
was collected at 93 K with a CCD 2D detector by using a Rigaku 
Mercury diffractometer with graphite-monochromated MoKα 
radiation (λ = 0.71069 Å). The structure was solved by direct 
methods (SHELX97), expanded by Fourier techniques, and 
refined by full-matrix least-squares against F

2 with the SHELXL-
2014 package. CCDC-1405050 contains the supplementary 
crystallographic data. Crystal data for I: Monoclinic C2/c (#15), a 
= 57.01(2), b = 24.477(11), c = 18.797(7), β = 103.494(11), V = 
25506(18), Z = 4, R1 = 0.0636, wR2 = 0.1841, GOF = 1.064. 
§§There are four Cr3+ in a unit cell because Z is 4. On the other 
hand, there are eight equivalent sites in space group C2/c. 
Therefore, Cr3+ sites are intrinsically disordered. One of the 
oxygen atoms of the water of crystallization showed a relatively 
small isotropic temperature factor, and may be a possible 
candidate for the Cr3+ site. Notably, in the case of zeolites, the 
extraframework cations are also frequently unlocated because 
of severe disordering, and the locations have been suggested by 
computational methods31  
#Theoretical surface area can be estimated from the crystal 
structure of I. There are two channel openings (3.0 × 2.0 nm) in 
the ab-plane per unit cell of I. Circumference and length of the 
channel are 1.6 × 102 Å and 1.9 × 101 Å, respectively. The 
formula weight of I without guests is 8.0 × 103 g mol−1. 
Therefore, the theoretical surface area [m2 g−1] of I can be 
estimated by the following equation: {2 × (1.6 × 102) × (1.9 × 101) 
× 10−20} / {8.0 × 103 × 4 / (6.0 × 1023)} = 1.1 × 103 m2 g−1. This 
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value is comparable to the BET surface area of mesoporous silica 
MCM-41 (9.8 × 102 m2 g−1).32 
⊥Alternating current (AC) impedance spectroscopy: Impedance 
measurements were carried out in a thermo-hygrostat chamber 
(ESPEC) with a VMP3 multi-channel potentiostat/galvanostat 
(BioLogic Science Instruments) over the frequency range of 5 Hz 
to 500 kHz. About 100 mg of the compounds were compressed 
at 100 kgf cm−2 into pellets of 10 mm in diameter and ca. 0.5 
mm in thickness. Gold electrodes were attached on both sides of 
the pellet. Bulk conductivities were estimated by semicircle 
fitting of Nyquist plots. Activation energies were determined 
from the conductivities as a function of temperature using the 
Arrhenius equation. 
*Acid-catalyzed heterogeneous reaction: The reaction was 
carried out in a glass reactor equipped with a magnetic stirrer. In 
a typical run of Barbier reation, a mixture of benzaldehyde (0.5 
mmol), allyltributyltin (1.0 mmol), 1,4-dioxane (0.5 mmol, 
internal standard), and I (0.1 g, 11 µmol) in water (1 mL) were 
stirred under air at 353 K. The reaction progress was followed by 
gas chromatography using a GC-2014 (Shimadzu) fitted with a 
TC-WAX capillary column and a flame ionization detector. 
**It has been reported that Dawson and Keggin-type POMs 
grafted with Lewis acid sites catalyze various C-C bond formation 
reactions under mild conditions in organic solvents.33 In contrast, 
the allylation of benzaldehyde with allyltin and I was probably 
promoted by Brønsted acid sites as reported in ref.28(b), which 
originated from the water of crystallization. 
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A mesoporous ionic crystal is synthesized with a polyoxometalate and a macrocation with polar 

cyano groups. The compound possesses one-dimensional mesopores and shows high proton 

conductivity and catalytic activity, which is due to the water molecules in the mesopores. 
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