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A Supramolecular Derivative of a Nanoporous Molybdenum Oxide Based
Inorganic Keplerate with Self-Defocusing Nonlinear Optical Properties
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A new derivative of the highly charged inorganic Keplerate
of the type {pentagon}12{linker}30 � {(Mo)Mo5O21-
(H2O)6}12{Mo2O4(SO4)}30 with the formula (NH4)28(NH2-
CHNH2)6Gd3[{(NH2CHNH2)20 + Gd3 + (H2O)50} � {(MoVI)-
MoVI

5O21(H2O)6}12 {MoV
2O4(SO4)}30]·ca.250H2O was isolated

and characterized by elemental analysis, IR and UV/Vis
spectroscopy, single-crystal X-ray analysis, and magnetic
susceptibility measurements. Three Gd3+ ions are found in-
side the internal cavity of the capsule. The coordination
sphere of each Gd3+ ion is completed by the oxygen atoms
of SO4 groups that act as bidentate ligands to a {Mo2} linker
and by the oxygen atoms of the encapsulated new two-shell

Introduction

Polyoxometalates (POMs) formed by the early transition
metals, incorporating nearly every element of the periodic
table, constitute a vast class of inorganic cluster systems
characterized by an intriguing variety of architectures and
topologies, and find applications in catalysis, biology, mag-
netism, nanoscience, optics, and medicine.[1]

It is known that increasing the size and the complexity
of POMs can generate multifunctionality of interest to ma-
terials science.[2] In an effort to design well-defined nano-
scaled giant polyoxometalates from simple inorganic build-
ing blocks, the nanosized inorganic super fullerenes of the
type {pentagon}12{linker}30 � {(Mo)Mo5O21(H2O)6}12-
{Mo2O4(ligand)}30 were first synthesized by Müller’s
group.[3a] The giant polyoxometalate cluster possesses
unique features including 20 {Mo9O9} type pores with
crown-ether like functionality that can be opened and shut
with noncovalently bonded substrates such as guanidinium
cations[3b] and 20 channels directly connected with the
pores. The size and charge of the capsule can be tuned by
changing the linkers, and the shell functionality of the inner
cavity can be tuned by changing the ligands. Many proper-
ties and applications of these clusters have been found and
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underoccupied [{H2O}60+20 + {H2O}20] water cluster that acts
as polydentate ligand. Twenty HC(NH2)2

+ cations interact
with the twenty {Mo9O9} pores through hydrogen bonds be-
tween the O and H atoms of the two NH2 groups, which dem-
onstrates a surface supramolecular chemistry. Of importance,
a third-order nonlinear optical investigation, using the Z-
scan technique, shows for the first time that the derivative
demonstrates a strong self-defocusing third-order nonlinear
optical effect with large third-order nonlinear optical suscep-
tibility. This observation implies that these unique inorganic
Keplerates and their derivatives might find applications in
nonlinear optical materials science.

developed[3] such as modeling passive cation transport
through membranes,[3c] encapsulation and nanoseparation
chemistry,[3d] generating structures of confined water,[3e] co-
ordination chemistry under confined conditions,[3f] as well
as modeling ligand exchange at oxide mineral surfaces.[3g,3h]

Besides the interesting properties and applications noted
above, the inorganic super fullerenes of the type {(Mo)-
Mo5O21(H2O)6}12{Mo2O4(ligand)}30 comprise 72 MoVI

atoms with empty 4d orbitals and 60 MoV atoms, and are
categorized as type I within the Robin–Day classification
for mixed-valence compounds.[4] This characteristic could
be important to materials science as it may result in exten-
sive polarization of charge when the molecules are exposed
to electromagnetic radiation, which would bring about a
good nonlinear optical (NLO) response.

Herein we report the preparation, characterization, mag-
netic and self-defocusing third-order nonlinear optical
properties of a new derivative of the highly charged
inorganic Keplerate[3j] with the formula (NH4)28-
(NH2CHNH2)6Gd3[{(NH2CHNH2)20 + Gd3 + (H2O)50} �
{(MoVI)MoVI

5O21(H2O)6}12{MoV
2O4(SO4)}30]·ca. 250H2O

(1).

Results and Discussion

Structure Description of 1

According to the single-crystal X-ray structure analysis,
capsule 1a shows the characteristic spherical skeleton
{pentagon}12{linker}30 � {(Mo)Mo5O21(H2O)6}12{Mo2O4-
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Figure 1. (a) Part of the structure of 1a: The underoccupied 30 Gd3+ ion positions inside the capsule form, together with the {H2O}60+20

cluster shell positions [the {H2O}60 is shown in red and the {H2O}20 in pink] and the inner {H2O}20 cluster shell positions (in green), a
new type of spherical cluster shell (Gd dark blue, O red and pink). A fragment of the metal oxide skeleton of the capsule is also shown
(polyhedral representation; Mo blue or cyan, O red) symmetrically coordinated to one sulfate group (ball-and stick representation; S
yellow). (b) Space filling representation of the encapsulated formamidinium cations (disordered in agreement with the C3 axes passing
through the pores; C black, N green) plugging the 20 {Mo9O9} type pores on the surface of the molybdenum oxide skeleton shown in
polyhedral representation. (c) The interatomic distances for the {Mo9O9} rings in 1a reflecting the interaction between the receptors and
substrates. These are comparable with those known from related single host–guest systems with classical macrocycles.

(SO4)}30,[3e] built up from 12 {Mo6} fragments of the type
{(Mo)Mo5}, linked by 30 {Mo2} fragments of the type
{Mo2O4(SO4)}30 with bidentate sulfate ligands as stabiliz-
ers. This construction principle leads to capsules with 20
{Mo9O9} type pores (Figure 1). The high symmetry of the
anion is also proven by the presence of just a few lines in
the Raman spectrum, which is quite similar to that of com-
pound 2 (Figure S1). All of the O atoms of the 132 Mo–
Oterm groups lie on the outer sphere surface, and corre-
spondingly the trans-positioned H2O ligands of the 72
MoVI centers point to the center of the sphere (Figure 1).

Of further interest is the interior of the cavity of 1a,
which hosts an interesting new water cluster (Figure 1a)
consisting of two shells: an outer {H2O}60+20 shell and an
inner {H2O}20 shell, a situation that differs from those
found in compounds 2,[3e] 3,[3f] and 4.[3i] The cavity of 2a
hosts a fully occupied two-shell water {H2O}80 cluster, the
outer shell is a {H2O}60 cluster forming a strongly distorted
rhombicosidodecahedron and the inner is a {H2O}20 cluster
forming a dodecahedron. The water cluster in 3a is similar
to that in 2a, but it is half occupied. In 4a, the encapsulated
water molecules form a partially occupied {H2O}60+20 shell,
formally described as {H2O}60 + {H2O}20, which is dif-
ferent from that in 2a. Of interest in 1a is that the encapsu-
lated water molecules form a small inner underoccupied
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{H2O}20 shell that is similar to that found in 3a and an
underoccupied outer {H2O}60+20 shell (i.e., a distorted
rhombicosidodecahedron + a dodecahedron with the O
atoms located on the C3 axis) similar to that found in 4a.
The distances from the capsule center to each vertex of the
inner dodecahedron range from 4.921 to 4.980 Å with the
O···O distances in the range of 3.368–3.717 Å (average
3.533 Å), whereas the distances from the capsule center to
each vertex (i.e., the O atoms located on the C3 axis) of the
outer dodecahedron composing the {H2O}60+20 shell range
from 6.984 to 7.378 Å (average 7.257 Å) with the O···O dis-
tances in the range of 1.963 to 3.025 Å (Table 1). The ab-
normality of some of the O···O distances is rationally attrib-
uted to low occupancy/disorder of the water molecules.

Each of the three encapsulated Gd3+ cations, disordered
over 30 equivalent positions and thereby forming an (un-
deroccupied) icosidodecahedron, is coordinated to a sulfate
group that acts as a bidentate ligand to a {Mo2} linker, six
water molecules from the encapsulated outer water shell,
and two from the inner shell. Each Gd3+ ion has a distorted
bicapped square prism environment with Gd–O bond
lengths in the range of 2.19–2.90 Å (average 2.59 Å). In this
sense, the two water shells behave as polydentate/macro-
cyclic ligands.[3f,3i] The coordination of the Gd3+ cations to
the sulfate ligands can be seen from the influence of the
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Table 1. The O···O distances in the water aggregate.

O···O distances in the {H2O}60+20 type aggregate

Atom Atom Distance [Å] Atom Atom Distance [Å]

O109 O102 1.973 O105 O101 2.666
O111 O99 2.107 O102 O108 2.688
O100 O110 2.128 O104 O109 2.743
O103 O112 2.213 O102 O99 2.757
O111 O106 2.299 O104 O100 2.773
O103 O101 2.397 O108 O110 2.797
O110 O107 2.504 O108 O106 2.868
O105 O111 2.506 O105 O100 2.897
O106 O107 2.513 O103 O104 2.934
O101 O109 2.637 O107 O99 3.025

O···O distances in the inner small {H2O}20 type aggregate

Atom Atom Distance [Å] Atom Atom Distance [Å]

O95 O98 3.368 O96 O98 3.642
O95 O96 3.439 O95 O97 3.717
O96 O98 3.499

cation on the characteristic splitting of the νas(SO4) =
ν3(F2) bands (Figure S2).

In addition, the overall anion, with encapsulated Gd3+

cations, is categorized as type I within the Robin–Day clas-
sification for mixed-valence compounds, which is clearly ev-
ident from its UV/Vis spectrum showing a broad band at
approximately 460 nm (Figure S3), as well as from the red-
brown color of the substance.[3a,4]

The 20 pores of the {Mo9O9} type are completely closed
by the 20 HC(NH2)2

+ guest cations, which interact through
hydrogen bonds with the ring oxygen atoms, demonstrating
super-supramolecular chemistry (Figures 1b and 1c). Due
to their smaller size and lower affinity to the {Mo9O9} rings
relative to guanidinium cations,[3b] the 20 guest cations are
swallowed by the capsule and are located on average ap-
proximately 0.4 Å below the centers of the {Mo9O9} rings.
The abundance of the HC(NH2)2

+ guest cations in 1 is also
proven by the appearance of the characteristic IR bands at
1722, 1623, and 1326 cm–1 (Figure S2).

The external Gd3+ cations and HC(NH2)2
+ cations can-

not be located from single-crystal X-ray diffraction analysis
probably due to serious disorder in the crystal lattice,
though the elemental analysis and magnetic susceptibility
measurement (see below) prove their presence in the crystal.

Magnetic Properties

Figure 2 shows the product of magnetic susceptibility
and temperature (χMT) as function of temperature for 1.
The χMT (where χM is the molar magnetic susceptibility) at
290 K has a value of 44.89 cm3 Kmol–1, which is close to
the spin-only value of 46.77 cm3 Kmol–1 (for g = 1.99) and
corresponds to the presence of six isolated Gd3+ (8S7/2) cen-
ters,[5] which is in good agreement with our X-ray crystallo-
graphic study and elemental analysis result. The χMT value
gradually decreases to 43.79 cm3 K mol–1 on decreasing the
temperature to 11 K, it then abruptly reaches the minimum
(31.43 cm3 Kmol–1) at 2 K. The nature of the plot reveals

Eur. J. Inorg. Chem. 2010, 2471–2475 © 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 2473

the presence of very weak antiferromagnetic interactions
between the metal centers. The Curie–Weiss fit of the
susceptibility data as a function of temperature (Figure S4)
gives a Curie constant of 45.00 cm3 Kmol–1, which is in ex-
cellent agreement with the room-temperature value of χMT.
The small Weiss temperature of θ = 1.0 �0.2 K shows that
the magnetic centers are only very weakly interacting,
which is not surprising since there is a large separation be-
tween them.

Figure 2. χMT vs. T plot of compound 1.

Nonlinear Optical Properties

The nonlinear optical properties of 1 were primarily in-
vestigated by single beam Z-scan technology, a well-known
and efficient technique for the determination of the non-
linear optical parameters of a material, providing simulta-
neously the third-order nonlinear susceptibilities, the mag-
nitude of the nonlinear absorption, and the magnitude and
sign of the nonlinear refraction of the material under
study.[6]

Our Z-scan experiments were performed by using an
EKSPLA NL303 Q-switched Nd:YAG laser at 532 nm with
a pulse duration of 5 ns and a repetition rate of 10 Hz. The
laser beam, after being focused by a 20 cm focal length lens
into the sample placed in a quartz cell with a 1 mm path
length, was passed through a large-area beam splitter. The
transmitted beam was passed through an aperture in the far
field and then measured by a photomultiplier. The reflected
beam was collected by a large-aperture lens (ensuring col-
lection of the total light transmitted through the sample)
and then measured by a photomultiplier. The variation of
the transmission of the focused laser beam in these two
cases, as a function of the sample distance from the focal
plane, gives rise to closed- and open-aperture Z-scan mea-
surements, respectively. The beam waist radius at the focus,
ω0, was determined to be about 16 µm, and the sample po-
sition with respect to the focal plane of the laser beam was
controlled by a computer-controlled stepper motor.
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The nonlinear refraction and absorption of the aqueous

solution of 1 at a concentration of 1.0� 10–5 mol/L was
measured by the Z-scan setup described above. From Fig-
ure 3, it is known that the depth of peak and the valley
are almost symmetrical, which indicates that the nonlinear
absorption is weak; this is also confirmed by the open-aper-
ture Z-scan experiment, which shows that the depth of the
valley of this curve is so small that it can be ignored.

Figure 3. The normalized closed-aperture transmittance curve for
compound 1 (1.0�10–5 molL–1) in water under closed- (a) and
open- (b) aperture configurations with 532 nm, 5 ns laser pulses.
The optical path is 1 mm. The solid curves are the theoretical fit
based on Z-scan theory.

The following formulas are used to calculate the third-
order nonlinear refractive index n2 and the real part of the
third-order optical nonlinear susceptibility χ(3) [Equa-
tions (1), (2), (3), (4), and (5)].

∆Tp–v = 0.406(1 – s)0.25|∆Φ0| (1)

∆Φ0 = KLeff γI0 (2)

Leff = (1 – e–α0L)/α (3)

n2 (esu) = (cn0/40π)γ (4)

Reχ(3) (esu) = (cn0/160π2)γ (5)
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Where, ∆Tp–v is the difference between the normalized
peak and valley transmittance, s is the transmittance of an
aperture, I0 is the intensity of the light at focus, ∆Φ0 is the
phase shift of the beam at the focus, Leff is the effective
length of the sample, α0 is the linear absorption coefficient,
γ is the optical Kerr constant, L is the true optical path
length through the sample, n0 is the linear refractive index,
c is the speed of light, n2 is the third-order refractive index,
and Reχ(3) is the real part of the third-order optical non-
linear susceptibility.

The parameters ∆Tp–v, s, I0, L, and α0 were measured as
0.28, 0.25, 4.22�1012 W/m2, 1.0 mm, and 221 m–1, respec-
tively, and the values of n2 and χ(3) were subsequently calcu-
lated to be –5.27� 10–11 and –5.76�10–12 esu, respectively.
For comparison, the NLO properties of 1.0�10–5 molL–1

aqueous solutions of compound 2 and the parent com-
pound (NH4)42[Mo132O372(CH3COO)30(H2O)72]·ca.300H2O·
ca.10CH3COONH4 (5),[3a] in which the anions possess sim-
ilar structures and the cations are simple NH4

+, were also
measured by the Z-scan technique under similar experimen-
tal conditions at a wavelength of 532 nm with a pulse dura-
tion of 5 ns and a repetition rate of 10 Hz. The calculated
values of χ(3) were –0.85�10–12 for 2 and –4.21 �10–12 esu
for 5, respectively. Interestingly, compounds 1, 2, and 5 all
show negligible NLO absorption under open-aperture con-
ditions as show in Figure 3b, and the magnitudes of the
values of χ(3) are comparable with each other. However, it
is too early to conclude that the role of the water clustering
or the presence of the Gd3+ and NH2CHNH2

+ ions has an
effect on the NLO properties on the basis of the current
data, and we prefer to believe that the NLO properties
come from the anion skeleton itself instead of Gd3+ and
other cations.

The compounds described herein show strong self-defo-
cusing properties under current experimental conditions,
which may lead to applications in the protection of optical
sensors.

Conclusions
In summary, we have synthesized and thoroughly charac-

terized a new derivative of the highly charged inorganic su-
per fullerene of the type {pentagon}12{linker}30 � {(Mo)-
Mo5O21(H2O)6}12{Mo2O4(SO4)}30. The internal surface of
the capsule is decorated with Gd3+ ions coordinated via co-
valent bonds and, at the outer surface, 20 crown ether type
pores are covered by 20 hydrogen-bonded HC(NH2)2

+ cat-
ions, demonstrating a surface supramolecular chemistry.
Within the cavity of the capsule a new underoccupied two-
shell [{H2O}60+20 + {H2O}20] water aggregate is located,
which acts as a polydentate ligand towards the Gd3+ cat-
ions. Importantly, the compound shows good self-defocus-
ing third-order nonlinear optical properties. This work has
led us to believe that a variety of derivatives of the inorganic
super fullerenes with enhanced NLO responses can be syn-
thesized by modification of the electronic structure, which
may open new perspectives in the field of functional materi-
als.
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Experimental Section

Materials and Instrumentation: All reagent grade chemicals and sol-
vents were used as received. IR spectra were recorded with a
MAGNA-IR 750 (Nicolet) spectrophotometer by using KBr pellets
in the range 400–4000 cm–1. Elemental analyses were performed
with an Elemental Vario EL III analytical instrument. UV/Vis ab-
sorption spectra were recorded with a Shimadzu UV-2550 spectro-
photometer. Raman spectra were recorded with a T64000 research
Raman spectrometer. Magnetic susceptibility measurements were
carried out on a freshly prepared polycrystalline sample with a
Quantum Design SQUID magnetometer MPMS-XL. Magnetic
measurements of dc type were performed with an applied field of
1 T in the 2–290 K temperature range. Diamagnetic corrections
were made from the Pascal constants.[7]

X-ray Crystallographic Studies: Single crystals of 1 were removed
from the mother liquor and immediately cooled to 113(2) K on a
Smart APEX CCD X diffractometer using graphite-monochro-
matized Mo-Kα radiation (λ = 0.71073 Å) and the ω-scan tech-
nique. Lorentz polarization and multiscan absorption corrections
were applied. The structure was solved by direct methods and re-
fined with full-matrix least-squares techniques using the SHELXS-
97 and SHELXL-97 programs.[8] CCDC-763784 contains the sup-
plementary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif. The details
of the X-ray crystallographic data are summarized in Table S1.

1: To an aqueous solution (20 mL) of 2 (0.065 mmol, 1.91 g) was
added GdCl3·6H2O (2.64 mmol, 0.98 g) in H2O (10 mL), and the
mixture was stirred for 5 min at room temperature. NH2CH(=NH)·
HCl (3.01 mmol, 0.24 g) was added to the solution and stirring was
continued for an additional 30 min before H2SO4 (2.5 mL, 2 ) and
NH4Cl (9.51 mmol, 0.51 g) were added. After stirring for a further
30 min, the solution was filtered, and dark brown crystals of 1 pre-
cipitated after 1 d. Crystals were collected by filtration, washed
with ice-cold water, and dried in air. Yield: 0.4 g, 20% (based on
Mo). C26H986Gd6Mo132N80O864S30 (30820.33): calcd. C 1.01, H
3.22, N 3.64, Gd 3.06; found C 1.1, H 2.9, N 3.6, Gd 2.9. Charac-
teristic IR bands (KBr pellet): ν̃ = 1722 (m), 1623 (m) [δ(H2O)],
1407 (m–w) [δ(NH4

+)], 1182 (w), 1134 (m–w), 1064 (w) [υas(SO4)],
972 (sh, s) [υ(Mo=O)], 855 (s), 798 (vs), 726 (vs), 633 (m), 570 (s),
474 cm–1. Characteristic Raman bands assignable to the irreducible
representations A1g and Hg (solid state, KBr dilution, λe = 488 nm):
ν̃ = 954 (w), 873 (s), 718 (w), 374 (s), 301 (m–s) cm–1. Characteristic
UV/Vis band (H2O): λ = 460 nm.

Supporting Information (see footnote on the first page of this arti-
cle): Crystallographic data for 1, Raman and IR spectra of 1 and
2, UV/Vis spectrum of 1, and the Curie–Weiss fit of the suscep-
tibility data of 1 as a function of temperature.
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