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Framework Solids Possessing Both Hydrophobic and Hydrophilic Pores
Constructed by Face-Sharing Keplerate-Type Heterometal–ACHTUNGTRENNUNGOrganic
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The exploratory synthesis and investigation of properties
of metal–organic framework (MOF) solids have received
much interest in the last two decades,[1–6] driven largely by
their useful applications in catalysis,[2] separations,[3] sen-
sors,[4] electronics,[5] and gas storage.[6] Over the course of
these investigations, the use of simple metal complexes and
clusters as structural and functional building blocks have
been extensively studied.

A more recent development in MOF construction makes
use of metal–organic polyhedra (MOPs) as building units,
prompted by their significantly larger size and high symme-
try, traits that are propitious for making functional MOFs
due to the enhanced control over the topology and size of
the porous structures and the flexibility of incorporating de-
sired functionalities.[7–10] A large number of MOFs featuring
MOPs as supermolecular building blocks have in fact ap-
peared in the literature.[11–12] Notwithstanding such progress,
framework materials composed of heterometal MOPs are
rare, particularly those that contain lanthanide elements, al-
though such materials are probably more desirable for the
realization of multifunctional materials with the possibility
of facile property tailoring and performance optimization.
On the other hand, research into 3d–4f compounds has

mainly focused on the synthesis and magnetic studies of
nonpolyhedral complexes;[13–14] obtaining 3d–4f MOPs has
been a challenge due largely to the difficulty in simultane-
ously satisfying the distinctly different coordination require-
ments of transition and lanthanide elements.

We have, nevertheless, obtained a fascinating double-
sphere Keplerate structure[15] that features an outer icosido-
decahedron of 30 NiII ions that encapsulates an inner dodec-
ahedron of 20 LaIII ions.[16] Shortly thereafter, a giant Russi-
an doll-like cluster composed of four cube-shape metallic
shells was also achieved.[17] In both cases, the metallopoly-
gons are encapsulated by iminodiacetate ligands that form
mononuclear complex units with the NiII ions. While pursu-
ing these novel heterometal MOPs, we have come to realize
that the products are sensitively dependent on the reaction
conditions, including the metal/ligand ratio, pressure, and
the nature of the lanthanides.[18] More recently, while inves-
tigating how similar ligands may influence the reaction out-
come, we obtained two novel porous framework solids that
are constructed by face-sharing Keplerate-type 3d–4f
MOPs,[19] as opposed to the discrete clusters previously re-
ported.[16,17] The products, formulated as {[Ln12Ni12-12Ni12ACHTUNGTRENNUNG(DCTA)12 ACHTUNGTRENNUNG(H2O)x]·[Ni ACHTUNGTRENNUNG(H2O)6]3· ACHTUNGTRENNUNG(ClO4)18· ACHTUNGTRENNUNG(H2O)y}n (1: Ln= La,
x=60, y=30; 2 : Ln=Gd, x=24, y=80; H4DCTA= trans-
1,2-diaminocyclohexane-N,N,N’,N’-tetraacetic acid) based on
crystallographic studies and supported by satisfactory ele-
mental analysis, were obtained by concentrating aqueous
solutions that contained Ni ACHTUNGTRENNUNG(NO3)2·6 H2O, H4DCTA, Ln-ACHTUNGTRENNUNG(ClO4)3 (Ln=La (1), Gd (2)), and NaOH.

Crystallographic analysis revealed a complex yet regular
framework structure with two distinct types of pores
(Figure 1) for the two isostructural compounds, which differ
only in the number of aqua ligands and water molecules of
crystallization. Thus, only the structure of compound 1 is
discussed below to illustrate the common salient structural
features. The basic building unit is a heterometal–organic
cage composed of 24 La atoms and 12 units of metalloligand
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[Ni ACHTUNGTRENNUNG(DCTA)]2� (Figure 2) with the (DCTA)4� carboxylate
groups bridging the two different types of metal atoms. Con-
necting the La atoms generates a perfect rhombicuboctahe-
dron (Figure 3a), an Archimedean polyhedron with eight tri-
angular and eighteen square faces. Six of the squares are

characterized by the fact that they only share vertices with
the triangles. It is by sharing these unique faces of the het-ACHTUNGTRENNUNGero ACHTUNGTRENNUNGmetal–organic rhombicuboctahedra that the overall
framework structure of 1 is achieved. Each of the remaining
and unshared twelve square faces is capped by a [Ni-ACHTUNGTRENNUNG(DCTA)]2� moiety. Linking the Ni atoms generates a cuboc-
tahedron (Figure 3a), a different Archimedean polyhedron
with 24 identical edges, in the middle of each of which re-
sides a La atom. This double-MOP structure featuring an
outer rhombicuboctahedron encapsulating an inner cubocta-
hedron represents a rare example of two nesting Archime-
dean polyhedra.[20–22] The outer La24 cage has a diameter of
21.0 �, whereas the inner cage of Ni12 has an interior dimen-
sion of 13.7 �. Within the individual cages, the separations
between neighboring metal atoms are 8.7352(6) and
8.6873(5) � (La···La) and 9.6850(11) � (Ni···Ni).

Connecting neighboring metal atoms in these two cages
results in an aesthetically pleasing 36-metal (24 La and 12
Ni) assembly (Figure 3b). It may be viewed as a construct of
eight chair-like La3Ni3 hexagonal units by sharing the Ni ver-
tices or of six crown-like La4Ni4 units by sharing the four Ni
atoms along its bottom edge. The separation between the
nearest La and Ni atoms is 6.2073(1) �.

A further analysis of the crystal structure reveals that the
(DCTA)4� ligand utilizes its two N atoms and four O atoms,
one from each of the carboxylate groups, for Ni coordina-
tion; the other carboxylato O atoms are left for La coordi-
nation, which renders [NiACHTUNGTRENNUNG(DCTA)]2� a tetratopic metallo-ACHTUNGTRENNUNGligand (Figure 4a). On the other hand, each La atom is

nonacoordinate with five aqua ligands and four [Ni-ACHTUNGTRENNUNG(DCTA)]2� metalloligands; each of the latter contributes
only one carboxylato O atom (Figure 4b). In fact, the com-
pounds are prepared modularly by first forming the [Ni-ACHTUNGTRENNUNG(DCTA)]2� metalloligand,[23] followed by coordination with
a lanthanide ion. The ability to obtain isomorphous com-
plexes with different lanthanide ions suggests that the pres-
ent molecular design is rational and reliable. Furthermore,
an interesting view of the framework arises due to these two
unique building blocks: The same structure can alternatively
be viewed as being built by the face-sharing [Ni-ACHTUNGTRENNUNG(DCTA)]24La12, a heterometal–organic rhombicuboctahe-
dron that is structurally equivalent to the aforementioned

Figure 1. The space-filling plots of the hydrophobic and hydrophilic chan-
nels and the connecting motifs in between. The trapped guest species,
ClO4

� and [Ni ACHTUNGTRENNUNG(H2O)6]
2+ ions, are omitted for clarity.

Figure 2. The structure of La24[Ni ACHTUNGTRENNUNG(DCTA)]12, the polyhedral heterome-
tal–organic building unit of 1.

Figure 3. a) The outer rhombicuboctahedron of La24 encapsulates the
inner cuboctahedron of Ni12. b) The La24Ni12 cage can be viewed as con-
structed by eight chair-like units of La3Ni3 or six crown-like units of
La4Ni4.

Figure 4. a) The structure of the metalloligand [Ni ACHTUNGTRENNUNG(DCTA)]2� and b) the
coordination sphere of an La3+ ion.
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La24[Ni ACHTUNGTRENNUNG(DCTA)]12. In such a scenario, the 24 vertices of the
rhombicuboctahedron are the metalloligands and each of its
twelve unique square faces is capped by a La atom (Fig-
ure 5a). Correspondingly, these La atoms form a cuboctahe-

dron. The Ni24 cage possesses a nanoscopic interior of
21.0 �, whereas the inner cuboctahedron of 12 La atoms has
a diameter of 12.3 � (Figure 5b). The separations between
neighboring metal atoms are 7.3441(16) and 9.6850(11) �
(Ni···Ni) and 8.7352(6) � (La···La).

The 3D framework is constructed by using the heterome-
tal–organic rhombicuboctahedra La24[Ni ACHTUNGTRENNUNG(DCTA)]12 or [Ni-ACHTUNGTRENNUNG(DCTA)]24La12 as the secondary building unit through shar-
ing of their quadrangle faces. Because of the equivalency of
these two building blocks, the framework structure may be
viewed as interpenetrating cubic arrays of the La24 and Ni24

cages (Figure 6). Each La24 cage is situated in an octahedral

interstitial site formed by six identical La24 cages (Fig-
ure 7a). When placed with respect to the framework com-
posed of Ni24 cages, each La24 cage is located in a cubic in-
terstitial site formed by eight Ni24 cages (Figure 7b), which
forms a CsCl-type structure.

Notably, there are two types of pores in the structure with
distinctly different interior environments, one hydrophobic

and the other hydrophilic. The former can be clearly identi-
fied when one looks at the interior of the La24[Ni ACHTUNGTRENNUNG(DCTA)]12

cage, whereas the latter is the central void present in the
cube formed by eight such face-sharing rhombicuboctahedra
(Figure 1a). Analogously, the hydrophilic pores can be read-
ily discerned by building the framework with the equivalent
[Ni ACHTUNGTRENNUNG(DCTA)]24La12 units; forming a cube using eight of such
rhombicuboctahedra leaves a body-centered hydrophobic
pore (Figure 1b). A view through the cell body diagonal of
La24[Ni ACHTUNGTRENNUNG(DCTA)]12 and [Ni ACHTUNGTRENNUNG(DCTA)]24La12 reveals two hexa-
gon-shaped rings (Figure 8a and b) that were found at 24.4

and 23.5 �, respectively, between the opposite vertices
(M···M distances); the (DCTA)4� cyclohexanyl rings are
positioned in the interior of the La24[Ni ACHTUNGTRENNUNG(DCTA)]12 cage, ren-
dering it hydrophobic, whereas the interior of the structural-
ly equivalent [NiACHTUNGTRENNUNG(DCTA)]24La12 cage is decorated with
La-bound aqua ligands with the organic moieties pointing
away from it, and is thus hydrophilic. Occupying the hydro-
phobic pores are ClO4

� ions, whereas [Ni ACHTUNGTRENNUNG(H2O)6]
2+ ions are

found trapped in the hydrophilic pores and the areas at
which the face-sharing occurs.

Thermogravimetric analyses (Figure S1 in the Supporting
Information) of 1 and 2 gave essentially the same results.
For compound 1, an initial weight loss of 18.1 % between

Figure 5. a) The structure of the heterometal–organic cage [Ni-ACHTUNGTRENNUNG(DCTA)]24La12 and b) the outer rhombicuboctahedron of Ni24 that encap-
sulates the inner cuboctahedron of La12.

Figure 6. Packing view of a) the Ni12@La24 array and b) the La12@Ni24

array.

Figure 7. a) View of the individual La24 cages within the cubic array
formed by these nanoscopic building blocks and b) the CsCl-type struc-
ture constructed from interpenetrating cubic arrays of La24 and Ni24 cages
viewed along the [100] direction.

Figure 8. a) The La6Ni6 ACHTUNGTRENNUNG(DCTA)6 unit in La24[Ni ACHTUNGTRENNUNG(DCTA)]12 viewed along
the cell body diagonal [111] direction and b) the La6Ni6ACHTUNGTRENNUNG(DCTA)6 unit in
[Ni ACHTUNGTRENNUNG(DCTA)]24La12 viewed along the cell body diagonal [111] direction.
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room temperature and 200 8C suggests the loss of water mol-
ecules of crystallization and the aqua ligands (calcd 18.7 %).
No further weight loss was observed between 200 and
350 8C, which indicates that the composition of the dehy-
drated product remains unchanged over this temperature
range. Variable-temperature X-ray powder diffraction
(XRD) patterns were obtained to identify any structural
transitions that accompany the temperature change (Fig-
ure S2 in the Supporting Information). Upon heating from
30 to 80 8C, the number of diffraction peaks decreases dra-
matically with peak broadening. Further temperature in-
creases to 120 and then 250 8C caused complete disappear-
ance of the remaining peaks. Intriguingly, cooling of this
sample to 30 8C followed by exposure to air for 48 h gave
the same XRD patterns as produced by the as-synthesized
sample, which suggests that the framework structure sur-
vived the dehydration process and that the original structure
can be restored. The featureless XRD pattern may reflect
possible severe crystallographic disorder associated with the
necessary reorganization of the inherently flexible coordina-
tion sphere of the La3+ ions upon removal of the aqua lig-ACHTUNGTRENNUNGands.

The dehydrated sample was then exposed to dry methanol
and tetrahydrofuran. The XRD patterns in both cases re-
mained essentially featureless (Figure S4 and S5 in the Sup-
porting Information), which suggests that these solvent mol-
ecules were not taken into the porous structure, and is prob-
ably a reflection of the enhanced steric hindrance with re-
spect to a water molecule.

The magnetic susceptibilities of 1 and 2 were measured in
an applied field of 1000 Oe over the temperature range of 2
to 300 K and are shown as plots of cMT (Figure 9) and cM

�1

(Figure S5 and S6 in the Supporting Information) versus T.
For compound 1, the cMT value of 14.88 cm3 K mol�1 at
300 K is close to the value of 15.00 cm3 K mol�1 calculated
for 15 uncorrelated NiII ions (S= 1, g= 2.00). This value re-
mains essentially constant between 20 and 300 K, indicating
the paramagnetic nature of this compound in this tempera-
ture range. Upon lowering of the temperature, the cMT
drops to 6.11 cm3 K mol�1 at 2 K, which suggests very weak

antiferromagnetic coupling NiII centers within the molecule,
but possibly combined with the effect of zero-field splitting
of the NiII ground-state terms.[24]

For compound 2, the cMT value of 116.66 cm3 K mol�1 at
300 K is slightly larger than the value of 109.56 cm3 K mol�1

calculated for 15 uncorrelated NiII ions (15.00 cm3 K mol�1,
S= 1, and g= 2.00) and 12 uncorrelated GdIII ions in the 8S7/2

ground state (94.56 cm3 K mol�1, g= 2.00). Over the tempera-
ture range of 30 to 300 K, cMT remains essentially constant.
Upon further lowering of the temperature, cMT increases
rapidly and reaches a value of 128.51 cm3 K mol�1 at 2 K,
which suggests ferromagnetic interactions between the NiII

and GdIII ions. The temperature dependence of the molar
susceptibility between 300 and 2 K is described well by a
Curie–Weiss law, c= C/ ACHTUNGTRENNUNG(T·V), in which C=

116.4 cm3 K mol�1 and V =0.49 K, consistent with weak fer-
romagnetic coupling between the NiII and GdIII ions. This in-
teraction is emphasized by the temperature dependence of
the difference in cMT between the two compounds, D=

(cMT)(2)�ACHTUNGTRENNUNG(cMT)(1), as shown in Figure S7 in the Supporting
Information. The rapid increase in D as T approaches 2 K
can be ascribed to Gd–Ni ferromagnetic interactions, assum-
ing that the Gd–Gd coupling is negligibly small due to the
confinement of the f electrons.

In summary, two novel framework structures based on un-
precedented 3d–4f heterometal–organic polyhedra have
been reported. The polyhedral building unit possesses a
Keplerate-type double-Archimedean solid structure that
features an outer rhombicuboctahedron encapsulating an
inner cuboctahedron. Face-sharing of these units leads to
frameworks with both hydrophilic and hydrophobic pores of
nanoscopic dimensions. Thermal analysis coupled with varia-
ble-temperature XRD studies suggest that the framework
integrity is maintained upon dehydration and that the origi-
nal structure can be reinstated on rehydration, and that the
overall structure is dynamic and exhibits both the “regulari-
ty” and “softness” characteristic of flexible metallo–organic
framework structures.[26] Presently we are exploring the pos-
sibility of incorporating suitable ancillary ligands (e.g. pyri-
dine) into the pores by carrying out the synthesis in the
presence of such “guest species” to help the pore structure
survive dehydration. Prompted by the drastically different
magnetic properties exhibited by two isomorphous com-
pounds that differ only in the nature of the lanthanide ions,
we will also be focusing on the systematic synthesis and
property tailoring of closely related analogues by using vari-
ous combinations of metals and functionalized ligands. Ef-
forts to create pore structures capable of recognizing and
storing guest species based on chiral discrimination by using,
for example, 1,2-diaminopropane-N,N,N’,N’-tetraacetic acid
(a chiral analogue of DCTA), are also in progress.

Experimental Section

Synthesis of 1: An aqueous solution (10 mL) containing Ni ACHTUNGTRENNUNG(NO3)2·6H2O
(0.58 g, 2.0 mmol) and trans-1,2-diaminocyclohexane-N,N,N’,N’-tetraace-

Figure 9. Plots of cMT vs. T for compounds 1 (bottom) and 2 (top).
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tic acid monohydrate (H4DCTA·H2O; 0.728 g, 2.0 mmol) was stirred at
80 8C, and its pH was adjusted to 6 with the addition of aqueous NaOH
(1.0 m). The resulting mixture was heated at reflux for 10 min, after which
aqueous La ACHTUNGTRENNUNG(ClO4)3 (1.0 m, 2 mL) was added. The pH of the resulting mix-
ture was readjusted to �6 with aqueous NaOH (1.0 m). After heating at
reflux for 2 h, the reaction mixture was filtered to afford a deep blue so-
lution from which crystals of the product were obtained upon standing
under ambient conditions for two months (yield: 45.0 % based on Ni-ACHTUNGTRENNUNG(NO3)2). Elemental analysis calcd (%) for {[La12Ni12 ACHTUNGTRENNUNG(DCTA)12-
(H2O)60]·[Ni ACHTUNGTRENNUNG(H2O)6]3· ACHTUNGTRENNUNG(ClO4)18·ACHTUNGTRENNUNG(H2O)30}n (La12Ni15C168N24O276H432Cl18, Mr =

10391.05 based on 30 water molecules of crystallization): C 19.42, H 4.19,
N 3.24; found: C 19.30, H 4.12, N 3.36.

Synthesis of 2 : Compound 2 was prepared by using GdACHTUNGTRENNUNG(ClO4)3 in place of
La ACHTUNGTRENNUNG(ClO4)3 under otherwise identical conditions as those described above
for the synthesis of 1 (yield: 40.0 % based on Ni ACHTUNGTRENNUNG(NO3)2). Elemental anal-
ysis calcd (%) for {[Gd12Ni12 ACHTUNGTRENNUNG(DCTA)12ACHTUNGTRENNUNG(H2O)24]·[Ni ACHTUNGTRENNUNG(H2O)6]3· ACHTUNGTRENNUNG(ClO4)18·
(H2O)80}n (Gd12Ni15C168N24O290H460Cl18, Mr =10862.99 based on 80 water
molecules of crystallization): C 18.57, H 4.27, N 3.09; found: C 18.22, H
4.21, N 3.19.

Crystal data for 1 and 2 are given in the Supporting Information. CCDC-
744657 (1) and -751621 (2) contain the supplementary 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.
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