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Porous materials with structurally well-defined nanoscale
cavities (e.g., carbon nanostructures, zeolites, mesoporous
silica, and coordination compounds)!'®! are of great interest
because of their unique properties such as adsorption,
separation, exchange, and catalysis, which are all associated
with the presence of a functional nanospace. In this respect,
polyoxometalate clusters, which are nanosized metal-oxide
macroanions built from molecular precursors with a range of
unique redox and acidic properties, are ideally suited for the
development of functional nanospaces but have not yet been
thus explored.*! Indeed, ring-shaped POMs have a great
deal of potential for allowing creation of an exceptionally well
defined and accessible nanosurfaces and nanospaces. These
ring clusters date back to 1995, when the synthesis and
structural analysis of gigantic mixed-valent ring-shaped POM
cluster (NH,)z5[Mo,54(NO)14045H14(H,0)7] ({Moys,} ting)
was first reported by Miiller et al.," and later this was
followed by a much more facile synthesis of the analogous
compound Nay4[M0154046,H14(H,0)]- 400 H,O 1,
Scheme 1;%>9 for further information on ring properties,
see Ref. [5fj]) The diameter of the POM ring and inner void
space are about 3.9 and 1.7 nm, respectively, while the height
of ring is about 1.8 nm."”! Despite the great potential of ring-
shaped POMs to form porous materials, POM clusters have
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Scheme 1. Protection of {Mo,s,} ring by DODA cations.

been greatly under-utilized and -investigated, probably due to
poor stability.[!

Because of this fundamental limitation, we opted to
examine the stability and functionality of a {Mo,s,} ring
encapsulated by dimethyldioctadecylammonium (DODA)
cations (Scheme 1), because the DODA cation, with a
length of about 2.5 nm, introduces amphiphilic-like properties
into the POM-—cation hybrid, and POM-DODA hybrids have
shown some interesting properties, for example, for formation
of Langmuir-Blodgett films."!! Further, we hypothesized
that encapsulation by DODA will also help to increase the
stability of the nanoscale wheel cluster. Not only will nano-
scale molecular assembly of the hybrid material be controlled
by electrostatic interactions between the {Mo,s,}-ring polyan-
ion and DODA cations, hydrophobic interactions between
the alkyl chains should contribute to stabilization of the
hybrid material in the solid state. As reported previously,”
the POM-DODA hybrid shows high stability in CHCl;
solution, while the ring structure of 1 is not robust in aqueous
solution and the solid state (see Figures S1-S4, Supporting
Information).

Here we report on the inner nanospace functionality of
POM-DODA hybrid (DODA),;[M0,5,0,5,Hs]-n H,0 (2).'"
Initially, dynamic light scattering (DLS) experiments were
conducted to confirm the presence of the {Mos,} ring of 2 in
solution and showed that the particle diameter in a solution in
THF is about (4.0 & 0.6) nm, similar to the size of the {Mo;s,}
ring (Figure S5, Supporting Information). Hence, these data
are consistent with the hypothesis that the {Mo,s,} ring is
stabilized after reaction of 1 with DODA, whereby the
DODA cations effectively encapsulate the outer part of the
ring, as shown in Scheme 1. Thermogravimetric analysis of 2
shows a weight loss of 4.7% in the temperature range from
298 to 440 K (Figure S6, Supporting Information), which
corresponds to about 95 H,O molecules. To confirm removal
of all H,O molecules, the temperature dependence of the IR
spectrum was measured. The OH stretching and OH bending
bands at 3400 and 1620 cm™!, respectively, are observed at
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room temperature. As the temperature increases, the inten-
sity of these bands decreases (Figures S7 and S8, Supporting
Information). At 433 K, these bands almost disappear, that is,
all H,O molecules are removed from 2. On the other hand,
bands due to the DODA cation and the POM ring scarcely
change. The UV spectra of 2 before and after removal of all
H,O in CHCI,; solution are similar to each other (Figure S9,
Supporting Information). These results suggest that removal
of all H,O molecules has little influence on the ring structure
of 2. The irregular assembly of the ring-shaped POMs, as
shown in Scheme 1, was confirmed by XRD patterns, in which
only some of the broad peaks of 2 were identifiable
(Figure S10, Supporting Information), and this gives a very
interesting perspective for future design of these architec-
tures, since a regular assembly of POMs with designed (e.g.,
rigid) cations has potential to give access to a more prominent
nanospace.

In the case of hybrid 2, it is important whether the DODA
cations are located inside or outside the {Mos,} ring. The
"H NMR spectra of 2 in CDCL,” indicate that the electrostatic
interaction between the negatively charged {Mo,s,} ring and
positively charged nitrogen atom of DODA reduces the
motional freedom of the head group of the DODA cation,
and the relatively large thermal motions of the two octadecyl
chains of DODA cations are maintained. In addition, the
observation that 2 is highly soluble in nonpolar solvents such
as toluene, CH,Cl,, and CHCl;, as well as the fact that the
DODA cation is considerably larger than the inner space of
the wheel, indicates that the DODA cations are predom-
inately located on the outside of the {Mo,s,} ring. Further-
more, the maximum adsorbed amount of H,O molecules also
supports our suggestion. This idea can be expanded further by
considering that the inner volume of the {Mo;s,} ring
calculated from the inner diameter and the height is about
4.1 nm®, while up to 150H,0 molecules can be adsorbed per
{Mo,s,} ring. Considering the liquid density of H,O, the
adsorbed H,0O molecules occupy a volume of about 4.5 nm?,
which is similar to the inner volume of the {Mo,s,} ring.
Further, the amount of H,O adsorbed by 2 is significantly
lower than the amount in as-synthesized 1 (ca. 470). In the
case of as-synthesized 1, a large amount of H,O is located on
the outside of the {Mos,} ring, while the outer space of 2 is
occupied by alkyl chains of DODA cations, which decrease
the amount of H,O adsorbed by 2. Considering the high
hydrophilicity of H,O, it can be concluded that the inner space
is largely filled with H,O molecules, and the outer surface is
covered by the DODA cations.

To confirm the presence of the nanospace after removal of
all H,O molecules, gas and vapor adsorption isotherms were
measured on samples that had been dried at 353 K under
vacuum. Figure 1 shows the adsorption isotherms of N, and
CO, at 77 and 195 K. Dehydrated “unprotected” 1 shows no
adsorption of N, and CO, over the entire pressure range, and
this indicates that dehydrated 1 has no accessible space for
these gases. In contrast, the adsorption isotherms of desol-
vated “protected” 2 show gradual uptake, that is, dehydrated
2 has a permanent and accessible nanospace. The adsorption
isotherms of H,O, MeCN, and benzene for dehydrated 2 at
298 K (Figure 2) also show gradual uptake by the nanospace.
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Figure 1. Adsorption isotherms of N, and CO, in dehydrated 1 (N,:
circles, CO,: squares) and 2 (N,: triangles, CO,: diamonds) at 77 and
195 K (adsorption: empty symbols, desorption: filled symbols).

Figure 2. Adsorption isotherms of H,O (circles), MeCN (squares), and
benzene (triangles) in dehydrated 2 at 298 K (adsorption: empty
symbols, desorption: filled symbols).

All isotherms for dehydrated 2 show a gradual increase in the
amount of gas adsorbed. In addition, the higher the mea-
surement temperature is, the more the adsorbed amount
increases. These results support that the gases and vapors
diffuse into densely aggregated alkyl chains of DODA cations
with structural transformations, that is, positional displace-
ments of alkyl chains. The fact that the hydrophilic H,O,
hydrophobic benzene, and medium-polarity MeCN are all
adsorbed by dehydrated 2 indicates coexistence of a hydro-
philic nanospace formed inside the {Mo,s,} ring and hydro-
phobic nanospace existing inside the aggregated alkyl chains.

Infrared spectra of pyridine-loaded 2 (Figure 3) were
measured to explore the presence of Lewis and Brgnsted
acidic sites inside the {Mos,} ring. The positions of in-plane
vibration bands of a pyridine ring strongly depend on its
binding state.'” The bands at 1539 and 1456cm™' are
attributed to pyridine adsorbed on Brgnsted and Lewis
acidic site, respectively, and a band at 1442 cm™', derived
from hydrogen-bonded pyridine, is also observed. Because of
the high affinity for H,O molecules, H,O molecules are easily
adsorbed by 2 during the handling of dehydrated 2 in the
atmosphere, which was confirmed by TG and IR measure-
ments (see Figures S6 and S11, Supporting Information).
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Figure 3. IR spectra of pyridine-loaded 2 (solid line) and 2 (dashed
line).

Therefore, it can be concluded that dehydrated 2 has both
Lewis and Brgnsted acid sites on the inner surface of the
{Mo,s,} ring. Adsorption of pyridine at acid sites of the {Mo 4}
ring clearly supports that the inner nanospace is accessible for
guests. To our knowledge, this is the first time that a ring-
shaped POM has been demonstrated to have an open, stable,
and accessible nanospace after removal of all the H,O
molecules.

Protection by DODA cations makes 2 insoluble in H,O, so
we hypothesized that 2 may be a potential water-tolerant acid
catalyst that is environmentally friendly with respect to
corrosiveness, safety, waste generation, ease of separation,
and recovery.!"”! To investigate this, hydrolysis of ethyl acetate
in the presence of excess water, which is a useful standard
reaction for investigating water-tolerant solid acid catalysts,
was preliminarily performed with 2 as catalyst. The conver-
sion after 1 h was about 6.4%, comparable with those of
Cs,sHysPW,04 (ca. 6%) and H-ZSM-5 zeolite (ca. 5%),
which are typical water-tolerant solid acids."*¥ No by-product
was observed and these results indicate that 2 has high
potential as a water-tolerant acid catalyst.

In conclusion, we have succeeded in stabilizing ring-
shaped POM-DODA hybrid 2 in the solid state. Our studies
have demonstrated, for the first time, that it is possible to
utilize the {Mo,s,} big-wheel species as a functional nanospace
and stabilize the dehydrated form; lack of stability has been a
major stumbling block for wider application of these species
until now. Further, we showed that hybrid 2 not only has
adsorption properties for gases and vapors but also high-
performance water-tolerant catalytic properties, comparable
to those of Cs,sH,sPW,,0,, and H-ZSM-5 zeolite, which are
well-known strong acid catalysts. In future work we will
investigate the self-assembly of 2 into a range of phases
(including a tubular phase) using cation control, as well an
expanded study to explore the catalytic properties of 2 in
more detail.

Experimental Section

2: A blue solution of 1 (600 mg, 1.94 x 10~ mmol) in H,O (15 mL)
and a colorless solution of DODA-CI (273 mg, 4.65 x 10~! mmol) in
CHCI; (15 mL) were mixed together and stirred for 1 h. The organic
phase was separated and allowed to stand overnight. After evapo-
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ration of organic solvents, the residue was recrystallized from CHCly/
EtOH (15/15mL). The absence of Cl~ anions was confirmed by
elemental analysis. Elemental analysis of 2 ((DODA )»;[Mo0,5,045,Hs]*
70H,0) caled (%) for CgyH 9gsM0;54,N»;053,: € 29.07, H 5.54, N 0.89,
Cl 0; found: C 29.28, H 5.43, N 1.00, CI 0. The quantity of adsorbed
H,0 molecules in 2 was checked by thermogravimetric analysis.

Physical measurements: Dynamic light scattering was measured
with an Otsuka Electronics FPAR-1000 in THF solution at 298 K.
Thermogravimetric analyses and differential thermal analyses were
performed with a Rigaku Thermo plus TG8120 apparatus in the
temperature range between 298 and 773 K in a N, atmosphere and at
a heating rate of 10 Kmin~'. XRD data of powder samples were
collected on a Rigaku RINT-Ultima III diffractometer with Cuyg,
radiation. The adsorption isotherms for N, and CO,, and benzene
were measured with BELSORP-max volumetric adsorption equip-
ment. The adsorption isotherms for H,O and MeCN were measured
with BELSORP-18 volumetric adsorption equipment. The IR spectra
were measured on a Perkin-Elmer Spectrum 2000 with samples
prepared as KBr pellets. A high-temperature transmission cell, HT-32
(Thermo Spectra-Tech), was used to measure the temperature
dependence of the IR spectra.

Pyridine-loaded 2 was prepared as follows: After heating 2 at
353 K under vacuum for 4 h, the dehydrated 2 obtained was exposed
to anhydrous pyridine (Wako Pure Chemicals) for 1 h and then dried
at room temperature under vacuum for 2 h.

Hydrolysis of ethyl acetate was carried out in an ampoule
(10 cm®) at 333 K with a 5wt% aqueous solution of ethyl acetate
(3 cm®, 1.7 mmol of ethyl acetate). The weight of catalyst used was
80 mg. The reactants were commercial-grade reagents (Wako Pure
Chemicals) and were used as received. All solutions were prepared
from Milli-Q ultrapure water (Millipore). Products were analyzed
with a gas chromatograph (Shimazu GC-14B, FID) equipped with a
ZB-WAX column.
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