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ABSTRACT: Two polyoxometalate-based silver(I) com-
pounds including a three-dimensional porous crystalline array
and a double-helicate bisupporting cluster were achieved using
metal�organic helicates and Keggin [PMo12O40]

3� as sec-
ondary building blocks.

The design and construction of multifunctional porous materi-
als is currently of great interest because of their potential

applications in several technological areas such as molecular
adsorption and separation processes, heterogeneous catalysis,
and artificial storage.1 Polyoxometalates (POMs) are regarded as
one kind of outstanding inorganic building blocks for the synthesis
of inorganic�organic hybrid materials because of their attractive
discrete, nanometer-sized, electronic, and molecular properties.2,3

These solid materials are attractive to chemists not only for their
variety of topologies and intriguing frameworks but also for their
attractive electric, magnetic, catalytic, and optical properties.4,5

One of the remarkable approaches in the design of functionalized
materials based on POMs is to utilize the incorporation between
polyoxoanions and different transition-metal complexes.

On the other hand, the use of discrete molecular units in the
assembly of open porous frameworks is an attractive synthetic
approach because the structural integrity of the building units can
be maintained throughout the reaction, and the desired physical
properties can be imparted to solid-state materials.6 Helicates,
which are composed of one or more covalent organic strands
wrapped around a series of ions defining the helical axis, are one
kind of excellent discrete building blocks for the assembly of
chiral materials from achiral components.7 Using metal helicates
to synthesize POM-based porous structures is more attractive
given the following considerations: (i) The basic features of the
design necessary to assemble metal helices are now fairly well
established, allowing us to probe systematically the effect of metal
helical second building units (SBUs) through which we are
attempting to control the precise topography of the complexes.
(ii) The large size of metal helicate could result in porous
structures with high rigidity and without a tendency to inter-
penetrate. (iii) Because the selected helicates are ionic species,
the electrostatic interactions driven by the POM anions are an
essential factor influencing molecular formation and crystalliza-
tion. (iv) The intrinsically chiral character of helicates provided
an opportunity to translate chirality from one helicate to others
and to achieve the complicated chiral species.8,9 Therefore, this

strategy is anticipated to obtain POM-based large porous struc-
tures with metal helicates acting as SBUs, even to realize
spontaneous resolution of chiral helicates at the supramolecular
level. While a number of POM-based hybrid materials have been
assembled by the reactions of different transition-metal organic
units with POMs,10 the use ofmetal helicates as SBUs to construct
a POM-based multifunctional composite is still lacking.11

The L1 and L2 chosen here have been used to assemble the
anion-dependent silver helicates in previous reports.12,13 As part of
our studies on the construction of chiral metal�organic species
and POM-based compounds,5,9 in this paper we report the synthe-
sis and characterization of two interesting POM-based inorganic�
organic hybrid materials constructed from silver(I) double heli-
cates and a [PMo12O40]

3� cluster (Figure 1). The compounds
referred to include a three-dimensional (3D) porous crystalline
array, [Ag2L

1
2]6(PMo12O40)4 3 5DMF 3 3H2O (1), and a double

helicate bisupporting cluster, [(PMo12O40)(Ag2L
2
2)2]OH 3 3H2O

(2). To the best of our knowledge, 1 is the first example of a POM-
based large porous compound with discrete metal helicates as
building blocks.

Single-crystal structural analyses for 1 and 2 have unequivocally
confirmed that both of them are constructed from double-helical
architectures and [PMo12O40]

3� anions (Figures 2 and 3).14

Compound 1 crystallizes in a centrosymmetric space group P1;
consequently, there are three double-metal helices [Ag2L

1
2]
2+, one

and two half [PMo12O40]
3� anions with a phosphorus atom lying

at the symmetric center (Figure S1 in the Supporting Information,
SI). The silver centers exhibit ΔΔ[Ag(1), Ag(2)], ΔΔ[Ag(3),
Ag(4)], andΛΛ[Ag(5), Ag(6)] absolute configurations. In other
words, there are two P helicates and oneM helicate in the current

Figure 1. Ball-and-stick representations of silver(I) double helicate:
[Ag2L

1
2]
2+ (left), [Ag2L

2
2]
2+ (middle), andKeggin [PMo12O40]

3� (right).
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asymmetric unit (Figure S2 in the SI). For each helical cation, the
two silver centers are coordinated by two coupled ligands with
Ag 3 3 3Ag separations of 4.69 Å for Ag(1) 3 3 3Ag(2), 4.64 Å for
Ag(3) 3 3 3Ag(4), and 4.66 Å for Ag(5) 3 3 3Ag(6). Each silver ion is
coordinated to two imine and two pyridyl nitrogen atoms, forming
a distorted tetrahedral geometry. There are weak coordination
interactions between the silver atom Ag(5) and the oxygen atom
O(67C) of the [PMo12O40]

3� anion with a Ag 3 3 3O distance of
2.71 Å (symmetry code C:�x,�y, 1� z). Additional C�H 3 3 3N
hydrogen bonds are found in the double-helical architecture and
also play an important role in stabilizing the structure (Table S4
in the SI).

As expected, it is interesting to note that 1 is a porous 3D
frameworkwith cooperative intermolecular multiformC�H 3 3 3O
hydrogen bonds (Figures 2 and S3 in the SI). The low density
of Fc = 1.865 g 3 cm

�3 compared to that of 2 (Fc = 2.357 g 3 cm
�3)

and the analogue (Fc = 2.04 g 3 cm
�3),11 suggested a porous

structure. Taking account of the larger-pore structural feature
for 1, a PLATON program analysis indicates that approxi-
mately 11% of the crystal volume becomes available to the
solvents, and the value increases to 30% after removal of the
lattice solvent molecules. It is worth noting that intermole-
cular interactions have the potential to assemble smaller and
simpler fragments into desired cavities under favorable conditions,

which is important in host�guest chemistry and has applications in
chemistry, biology, and materials science.

As shown in Figure 3, 2 shows one [PMo12O40]
3� supporting

two silver(I) double helicates. 2 crystallizes in centrosymmetric
space group P1; consequently, the two supporting double heli-
cates occur as a racemic mixture of ΛΛ and ΔΔ configuration
enantiomers, whereby the equivalent fragments are interrelated
by the inversion center of the phosphorus atom (Figure S4 in the
SI). The helicate consists of two silver(I) ions chelated and
bridged by two L2 with a Ag(1) 3 3 3Ag(2) separation of 4.64 Å.
The five-coordinated Ag(1) ion exhibits a triangular-bipyramidal
configuration, which is defined by one terminal oxygen atom
from the [PMo12O40]

3� core with a Ag(1)�O(4) distance of
2.687(8) Å and four nitrogen atoms of the two pyridylimine
units. Ag(2) is coordinated by two pyridylimine units from each
of the two ligands to form a tetrahedron configuration. The imine
nitrogen atoms form hydrogen bonds with the carbon atoms of
the methyl groups, stabilizing the helical structure.

Intermolecularπ�π stacking interactions between the pyridyl
ring [C(15)�C(19)N(5)] and the symmetry-related ring from
an adjacent molecule (symmetry code: 1 + x, 2 + y, 2 + z) link the
double-helicate bisupporting clusters one-by-one to form one-
dimensional infinite chains with a centroid�centroid separation
of 3.76 Å and a shortest interplanar atom 3 3 3 atom separation of
3.65 Å (Figure S5 in the SI). Otherwise, multiform C�H 3 3 3O
hydrogen bonds are found in the network and also play an
important role in stabilizing the network (Table S7 in the SI).

Despite the fact that both the rigidity of the ligands and the
close proximity of the two metal centers seem to be unfavorable
for the formation of helicates, the absolute configurations of the
two metal centers in each molecule are identical. The nonplanar
bridging mode in double helicates with two pyridylimine units
linked by a single �N�N� might be essential for such kinds of
ligands to encode metal ions in the formation of helicates.8 In this
paper, the dihedral angles of the two pyridine rings of the ligands
are in the ranges of 81�91� for 1 and 74� and 85� for 2, which are
similar to those in related helical compounds.12,13 Consequently,
these results indicate that metal helicates as building blocks are
larger in size and very stable in structure in the presence of POMs,
which is helpful for making multifunctional porous compounds.

The X-ray photoelectron spectrometry spectra give two peaks
at 232.1 and 235.2 eV for 1 and 232.3 and 235.4 eV for 2, ascribed
toMo6+ 3d5/2 andMo6+ 3d3/2, respectively (Figures S7 and S8 in
the SI). The results indicate that all of the molybdenum centers
in the two compounds are in the 6+ oxidation state.

The luminescent properties of two compounds have been
investigated in the solid state at room temperature. Upon excitation
at 220 nm, two compounds also exhibit solid-state emission
spectra. Compound 1 shows emission bands at 318, 378, and
396 nm, while L1 exhibits emission bands at 322, 372, and 395 nm
(Figure S7 in the SI). Compound 2 shows emission peaks at 335
and 397 nm, while the emission peaks of ligand L2 are at 314 and
395 nm (Figure S8 in the SI). In addition, two metal helicates
exhibit emission bands at 332, 379, and 396 nm for [Ag2L

1
2](NO3)2

and 321 and 397 nm for [Ag2L
2
2](NO3)2 upon excitation at

220 nm. Compared to that of the corresponding ligands L1 and L2,
the two compounds and metal helicates themselves both exhibit
weaker fluorescence signals, which have been commonly observed
in other Schiff base complexes.15

Although the identical phase of the bulk sample was confirmed
by X-ray photoelectron diffraction measurements, the most
intense peaks observed in the patterns are consistent with those

Figure 2. Molecular packing of compound 1 showing the large void.
The solvent molecules are omitted for clarity. Average Ag�N bond
distances (Å): Ag(1)�N 2.355(15), Ag(2)�N 2.363(13), Ag(3)�N
2.339(12), Ag(4)�N 2.368(12), Ag(5)�N 2.349(12), Ag(6)�N(17)
2.354(11).

Figure 3. Polyhedral and space-filling packing representation of the
double-helicate bisupporting cluster [(PMo12O40)(Ag2L

2
2)2] in 2.

Selected bond distances (Å): Ag(1)�N(1) 2.251(8), Ag(1)�N(2)
2.432(8), Ag(1)�N(7) 2.454(10), Ag(1)�N(8) 2.254(10), Ag(1)�
O(4) 2.687(8), Ag(2)�N(3) 2.413(8), Ag(2)�N(4) 2.252(8),
Ag(2)�N(5) 2.220(10), Ag(2)�N(6) 2.517(10).
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calculated from single-crystal diffraction data (Figure S11 in the
SI). The Brunauer�Emmett�Teller measurements for 1 have
been performed several times, but none of them was successful.
This may be due to the existence of plenty of intermolecular
interactions, making it very difficult to remove the solvent
molecules from 1 under mild conditions.

In conclusion, two POM-based silver(I) compounds were
achieved based on metal helicates and a Keggin [PMo12O40]

3�

cluster, and their fluorescent emissions in the solid state at room
temperature have been determined. Not only the POM ions but
also the silver(I) helicates maintained their structural integrity in
the final products. This strategy is to make use of the incorpora-
tion of secondary building blocks including large silver(I) double
helicates and POMs in the fascinating hybrid materials and from
which the synthesizing porous framework has been realized.
Studies on the assembly of other types of metal helicates and
POMs and control of the chirality transfer between helicates are
currently underway.
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