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Hybrid inorganic—organic crystals containing a- and S-type
octamolybdates (®-Mog and 3-Mog) were successfully prepared
by using hexadecylpyridinium (Ci¢py). Although both hybrid
crystals consisted of alternate stacking patterns of monolayers of
Mog anions and interdigitated bilayers of C,¢py cations, the Mog
inorganic monolayers had different packing patterns between the
hybrid Cspy—@-Mog and Ci¢py—B-Mog crystals. Each o-Mog
was isolated by the inserted C4py cations, while S-Mog formed
one-dimensional chains together with sodium cations.

Hybrid inorganic—organic layered crystals exhibit higher
structural flexibility than purely inorganic compounds owing to
organic components. Conductive hybrid crystals'= composed of
organic molecules and inorganic anions have potential as solid
electrolyte. In such hybrid layered crystals, molecular structure
and arrangement of components should be precisely controlled
for the emergence of conductive functions.

A combination of polyoxometalate anions and surfactant
cations is promising for functional layered inorganic—organic
hybrids. Polyoxometalates can add various physicochemical
properties for an inorganic component,*> and surfactants lead to
controllable layered structures as a structure-directing organic
component.®® Several hybrid polyoxometalate—surfactant mate-
rials’ and hybrid layered crystals!*'® have been reported. Some
kinds of polyoxometalates have isomers.!”2! Selective usage of
suitable isomers could allow finer design of the structures and
functions of the hybrid crystals.

Here, we report the structures of hybrid layered crystals
containing hexadecylpyridinium (C;¢py) and octamolybdate
isomers, o-MogO,6*~ (@-Mog) and B-MogOy*~ (B-Mog). The
difference in the Mog structure induced the different composition
and structure of the hybrid crystals.

The hybrid crystal containing a-Mog (C¢py—¢-Mog) was
synthesized by a modified procedure in the literature.’>>> The
crystal structure of Cigpy—-Mog, [CsHsN(C;¢Hs3)]s[-Mog-
0], was determined by X-ray structure analysis.?*?> C,¢py—ct-
Mog consists of alternating a-Mog inorganic monolayers and
Ci6py organic layers (Figure 1a). The periodicity of the layers is
23.0A. The hexadecyl chains of Cjepy interdigitate in the
bilayers of Cj¢py, and all C—C bonds except one terminal C-C
bond (C41-C42) have anti-conformation. The hydrophilic heads
of Ciepy penetrate into the «-Mog inorganic monolayers
(Figure 1b) as in the C,¢py—hexamolybdate crystal'? and isolate
each «-Mog anion. There are two independent pairs of pyridine
rings with a slight overlap, suggesting the presence of weak -
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Figure 1. Crystal structure of Cigpy—a-Mog (C: gray, N:
black, H: white; ®-Mog in polyhedral representations): (a) a axis
projection and (b) molecular arrangement in the ab plane. The
hexadecyl groups are omitted for clarity.

stacking interaction (distance between pyridine rings: 3.24-
3.64A).

Ci¢py-@-Mog has C-H--O hydrogen bonds’®?’ at the
interface between the a-Mog and Cepy layers. The C--O
distances of the hydrogen bonds are 3.23-3.98 A (mean value:
3.64A). Most hydrogen bonds are formed between oxygen
atoms of &-Mog and the hydrophilic head of C;¢py (i.e., pyridine
rings or methylene groups near nitrogen).

Powder X-ray diffraction patterns®® of C;epy—-Mog
(Figure 2b) are identical to the pattern calculated from the
results of single-crystal X-ray analysis (Figure 2a, Supporting
Information®#), indicating that C¢py-a-Mog is formed as a
single phase.

Figure 3 shows the structure of hybrid crystal composed of
Ciepy and SB-Mog measured at 173K (C;spy—B-Mog-173).2°
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Figure 2. Powder X-ray diffraction patterns of a) simulation
from single-crystal data of C;spy—-Mog, b) observed data for
Ci6py—-Mog, ¢) simulation from single-crystal data of Cicpy—
B-Mog-273, and d) observed data for C;epy—B-Mog. All the
measurements were carried out at ambient temperature with
CuKa radiation.

Figure 3. Crystal structure of Cispy—f-Mog at 173 K (C: gray,
N: black, H: white; Na: gray (larger spheres); -Mog in
polyhedral representations): (a) a axis projection and (b)
molecular arrangement in the ab plane. The hexadecyl groups
are omitted for clarity.

Single-crystal X-ray analysis revealed the composition of
Ciepy—B-Mog to be [CsHsN(CjgHs3)sNa[8-MogOa]- CH3-
CN.?%3% The crystal structure of Cjspy—B3-Mog-173 consists of
alternate stacking of f-Mog inorganic monolayers and Cigpy
organic layers with a periodicity of 18.6 A (Figure 3a). As in the
Ci¢py—¢-Mog crystal, the hexadecyl chains of Ciepy interdigi-
tate, and all C-C bonds except one (C7-C8) have anti-
conformation. Cjspy—B-Mog-173 also has C-H--O hydrogen
bonds at the interface between the f-Mog and Ciepy layers
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Figure 4. Crystal packing of Cigpy—B-Mog at 173 (blue) and
273K (red) in wireframe representations: (a) a axis and (b) b
axis projection. The hydrogen atoms are omitted for clarity.

(C-O distance: 3.28-3.96 A; mean value: 3.61 A). Observed and
calculated powder diffraction patterns of C;gpy—B-Mog are
shown in Figures 2d and 2c, respectively.

The B-Mog anions are considered to be formed by the
isomerization of c-Mog. Cpy—3-Mog was obtained by keeping
the Cj¢py—-Mog powder in acetonitrile. Therefore, slightly
dissolved Cigpy—0t-Mog seems to isomerize into S-Mog to
reprecipitate as Cigpy—B-Mog. Such isomerization between
a-Mog and 8-Mog in acetonitrile has been reported.!”'

C6py—B-Mog contains Na™ as counter cation as observed in
other salts of 8-Mog.>!*2 The Na* cations connect S-Mog anions
to form one-dimensional B-Mog—Na' chains (Figure 3b). The
inorganic monolayers of Cispy—B-Mog-173 are composed of the
one-dimensional S-Mog-Na™ chains, inserted C4py cations and
acetonitrile molecules (solvent of crystallization). The space
between the S-Mog—Na™ chains are filled by pyridine rings of
Ci¢py and acetonitrile molecules, which are located in the
vicinity of Na* cations. There seems to be no interaction between
pyridine rings nor between pyridine ring and acetonitrile.

The hybrid crystal of Cjspy—S-Mog exhibited a phase
transition, which is common for compounds with long aliphatic
chain.’® Figure 4 shows the crystal packing of Cspy—B-Mog
measured at 173 and 273K (C;spy—B-Mog-173 and Cspy—p-
Mog-273). The ¢ axis is more tilted with respect to the ab plane
in Cy¢py—B-Mog-273. The packing features and molecular
conformations are similar, while slight expansion in each axis
of the lattice is observed in Cjgpy—f3-Mog-273. Several torsion
angles in the C¢py tails and tilt angles of the hexadecyl tail to
the pyridine ring in the C¢py cations are different between
C16py—B-Mog-173 and C4py—B-Mog-273, which may cause the
phase transition. The structures of the one-dimensional 8-Mog—
Na® chains are identical before and after the phase transition,
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suggesting the stability of the B-Mog—Na™ chains. C;spy-pB-
Mog-273 has similar C-H--O hydrogen bonds (C--O distance:
3.13-3.97 A; mean value: 3.65A) to C¢py—B-Mog-173. As for
C,6py—¢-Mog, it was not possible to find appropriate conditions
for the observation of phase transition.

In conclusion, we have reported hybrid layered inorganic—
organic crystals composed of polyoxomolybdate isomers,
[CsHsN(Ci6H33)]a[-MogOas] (C16py—@-Mog) and [CsHsN(Ci6-
H33)]3Na[ﬂ-M08026]-CH3CN (C16py—ﬂ-MOg). Both had the
alternate stacking of polyoxomolybdate monolayers and C,¢py
interdigitated bilayers. The difference in the molecular structure
of Mog led the change in the composition and Mog arrangement.
The crystal structure of hybrid polyoxometalate—surfactant
crystals is controllable by changing the isomer structure of
polyoxometalate.

The synchrotron radiation experiment was performed under
the approval of the Photon Factory Program Advisory Commit-
tee (Proposal No. 2007G639). This study was supported in part
by Research and Study Program of Tokai University Educational
System General Research Organization, and The Murata Science
Foundation.
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