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‡Physikalisches Institut, Universitaẗ Stuttgart, Pfaffenwaldring, D-70550 Stuttgart, Germany

*S Supporting Information

ABSTRACT: A series of heterometallic [3 × 3] grids
have been synthesized readily through a one-pot
solvothermal reaction. Given metal ions carrying distinct
electronic, magnetic, and optical information can be
addressed precisely at specific locations in the array.

The self-assembly of grid-type arrays has received consid-
erable attention in recent years because such nanoscale-

layered structures are promising candidates for data storage and
nanodevices.1 Particularly, manipulating heterometallic grids
with ordered arrangements of specific metal ions is of practical
interest. Such well-organized arrays allow information to be
written and read out at specific locations. However, reports on
heterometallic grids are quite rare.2−14 The multicomponent
system gives rise to additional difficulties and uncertainties for
the self-assembly process. Stepwise synthetic procedures have
been explored to construct several heterometallic [2 × 2] grids,
generally by introducing metal ions sequentially in the order of
increasing coordination lability.2−8 One-pot synthesis9−11 is an
alternative strategy, using a ligand coded with different structural
information that can recognize different metal ions.
Previously, we designed and synthesized a series of intriguing

homometallic cluster helicates through the self-assembly of a C2-
symmetric tritopic ligand, 2,6-bis[5-(2-pyridinyl)-1H-triazol-3-
yl]pyridine (H2L; Figure 1), with metal (Fe, Mn, or Cd) halogen
salts.15 Coordination chemistry of triazole−pyridine ligands was
also well developed by Vos et al.16 We recently considered that
such a bidentate−tridentate−bidentate segmental ligand could
also assemble to a [3 × 3] grid if appropriate metal ions are
introduced to stabilize the subsequent tetrahedral and square-
pyramidal coordination geometries.
Herein we report a programmed one-pot synthesis of a series

of heterometallic [3 × 3] grids [MIICuII4Cu
I
4L6]Cl2·nH2O [M =

Fe (1), Ni (2), Cu (3), and Zn (4) and n = 35−40 for 1−4].17
Crystals of those complexes were obtained in good yield (c.a.
80%) by the solvothermal reaction of H2L with CuCl,
CuCl2·2H2O, and MCl2·nH2O in a ratio of 6:4:4:1. In this
system, not only can different metal ions be addressed precisely
at specific locations in the array but also diverse MII ions can be
introduced selectively into the central octahedral coordination
site. Namely, CuI ions occupy the tetrahedral sites at the corners,
CuII ions take the square-pyramidal sites on the edges, and a third

transition-metal ion MII (M = Fe, Ni, Cu, or Zn) sits on the
octahedral center.
The composition of the grid cation was confirmed by

electrospray ionization mass spectrometry (ESI-MS; Figures
S1−S4 in the Supporting Information, SI). The only intense peak
with isotopic distributions at m/z 1378.0, 1379.0, 1381.5, and
1383.0 for the four complexes corresponds to the nonanuclear
heterometallic core [MIICuII4Cu

I
4L6]

2+ [M = Fe (1), Ni (2), Cu
(3), and Zn (4)].
Single-crystal X-ray diffraction measurements were carried out

for 1−4. They are isostructural and crystallize in the cubic space
group I4̅3m. The structure of the [3× 3] cationic grid is shown in
Figure 1. As expected, six tritopic ligands arrange in two
orthogonal groups above and below the metal planes, resulting in
three types of coordination geometries: four tetrahedral
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Figure 1. Top: schematic diagram of the tritopic ligand. Middle: crystal
structure of the [3 × 3] grid. Color code: CuI, green; CuII, yellow; MII,
red; C, gray; N, blue. Bottom: coordination geometries of different
metal ions. H atoms are omitted for clarity.
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coordination environments at the corners, four square-pyramidal
coordination geometries on the edges, and one octahedral
coordination site in the center. Those coordination sites are
occupied by four CuI ions, four CuII ions, and one MII ion,
respectively. The ligands in each group stand in an offset parallel
arrangement with separations of ca. 3.3 Å, indicating the presence
of strong π−π interactions (Figure S5 in the SI). The two
diagonal CuI ions have the same chirality and are heterochiral to
the other two CuI ions, resulting in a mesomeric cation. A total of
18 grid molecules occupy 12 edges and 6 faces of the cubic unit
cell, forming a nanocage with the diameter of ca. 15 Å (Figure S6
in the SI), which is occupied by disordered Cl− anions and water
molecules.
In this series of [3 × 3] grids, such a high toposelectivity

toward specific metal ions is mainly attributed to their different
coordination preferences: CuI predominantly exhibits a tetrahe-
dral geometry, whereas CuII favors a square-planar geometry or a
five- or six-coordination format;18 FeII, NiII, and ZnII ions give
abundant examples of octahedral coordination geometry. It has
been well acknowledged that coordination algorithms between
ligands and metal ions play an important role in the self-assembly
process.19 The controlled synthesis of different metalloarchi-
tectures reported by Lehn et al. is a nice example showing that
reasonable utilization of coordination algorithms may allow the
directed generation of specific and predictable architectures. In
their case, the long and flexible ligand containing bidentate and
tridentate subunits requires either a set of tetrahedral +
octahedral coordinated metal ions or tetrahedral + trigonal-
bipyramidal coordinated metal ions.20−22 Here, in comparison,
the combination of six relatively short and rigid ligands requires
three kinds of coordinated metal ions: tetrahedral + square-
pyramidal + octahedral. It should be noted that CuI ions always
appear in the final product regardless of whether they are
involved as the starting reagent, which may be attributed to an in
situ reduction of CuII ions. In addition to the coordination
geometry factor, such a composition is also stabilized by a lower
charge preference, namely, a 2+ charge for the [MIICuII4Cu

I
4L6]

cation versus a 6+ charge for the [MIICuII8L6] cation. However, if
neither CuI nor CuII ions are introduced, the grid-type structure
could not be obtained, at least in the same or similar conditions,
because of the mismatch for the tetrahedral and square-
pyramidal coordination sites. Concerning the central position,
it can accommodate a variety of metal ions, including FeII, NiII,
CuII, and ZnII. The coordination geometry of this site is regular
and highly constrained because of the specific arrangement of the
ligands and thus is disliked by the CuII ion with a Jahn−Teller
distortion tendency. Consequently, the thirdMII ion will take the
site in priority to CuII instead of forming a solid solution. It is
interesting to note that the FeII ion in complex 1 stays in the low-
spin state in the entire operating temperature range (average Fe−
N bond length is 1.95 Å), although it is usually found to exhibit a
temperature-dependent spin transition when wrapped by similar
2,6-dipyrazolylpyridine fragments.23,24 Stabilization of the low-
spin state may also be ascribed to structural restriction. For the
same reason, the insertion of ions with larger radii such as
lanthanide was unsuccessful.
The existence of CuI and CuII as well as the third metal ion was

confirmed by X-ray photoelectron spectrometry (XPS) analysis
(Figures 2 and S7 and S8 in the SI) The peaks at 954.7 and 934.8
eV were assigned to the 2p1/2 and 2p3/2 doublet of the Cu

II ion.
The satellite peak around 943 eV corresponds to the typical
shakeup line that chemically denotes the CuII oxidation state.
The 2p1/2 and 2p3/2 doublet of Cu

I was observed at 951.7 and

931.8 eV. The 2p3/2 peaks of Fe, Ni, and Zn in complexes 1, 2,
and 4 appear at 710.3, 855.5, and 1021.3 eV, respectively. The
2p3/2 peak of the Cl

− counteranion was observed at 196.2 eV.
Inductively coupled plasma atomic emission spectroscopy was

carried out in order to confirm the ratio of different metal ions.
Cu/Fe, Cu/Ni, and Cu/Zn molar ratios are 7.94, 8.04, and 7.88,
respectively, which are consistent with the 8:1 ratio deduced
from other measurements.
Electron paramagnetic resonance (EPR) spectra were

performed on frozen solutions of 1−4 at 5 K (Figure 3). 1, 3,

and 4 display a typical EPR signal with g = 2.093, 2.098, and
2.100, respectively, corresponding to the paramagnetic CuII ions
in the grids. No hyperfine splitting was resolved. 2 is EPR-silent,
denoting an integer spin ground state due to antiferromagnetic
coupling between the central NiII and surrounding CuII ions (see
the following magnetic studies). Variable-temperature magnetic
susceptibility behaviors of those complexes are dependent on the
central metal ion (Figure 4). 1 and 4 show almost constant χMT
values of ca. 1.6 emu K mol−1 between 300 and 2 K,
corresponding to four isolated CuII ions. Magnetic coupling is
blocked by the diamagnetic CuI ions at the corners and FeII (in
the low-spin state) or ZnII ions in the center. In the cases of 2 and
3, their χMT values decrease upon cooling because of
antiferromagnetic coupling between the central paramagnetic
metal ion and the four CuII ions. Fitting the experimental curves
of 2 (above 20 K) and 3 by the Hamiltonian model25 (see the SI
for details) gives J =−4.46 cm−1, zJ =−0.2 cm−1 and g = 2.17, for
2 and J = −3.68 cm−1 and zJ = −0.55 cm−1 with a fixed g value of

Figure 2. XPS spectrum of the Cu 2p level revealing the presence of CuI

and CuII.

Figure 3. EPR spectra of 1−4 measured at 5 K on freshly prepared
solution samples. Experimental settings: microwave frequency, 9.47
GHz; microwave power, 0.01 mW; field modulation, 0.2 mT.
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2.098 for 3, where J corresponds to an exchange coupling
constant between the central metal ion and CuII ions on the
edges and zJ represents intercluster magnetic coupling.
The −−H plots of 1−4 were well reproduced using energy

levels calculated by the above mentioned fitting parameters
(Figure S11−S13 in the SI).
The UV−vis spectra of 1−4 in a MeOH solution show similar

shapes (Figure S9 in the SI). The intense absorption bands in the
UV region at 240 and 280 nm are ligand-centered transitions.
The weak band at 400 nm with a shoulder at 330 nm could be
assigned to CuI-to-ligand charge-transfer (MLCT) transition.
For complex 1, there is an additional band centered at 490 nm,
which is reasonably attributed to MLCT from FeII to ligand. The
absorption spectra explain the color of those complexes: reddish
for 1 and yellowish green for 2−4 (Figure S9 in the SI).
In summary, as a forward step in the construction of a

heterometallic [2 × 2] grid, we presented a successful one-pot
self-assembly of a multicomponent [3 × 3] grid. Different metal
ions can be addressed precisely at specific positions based on
different binding preferences. Particularly, the central metal ion
can be altered systematically, thus allowing an easy modification
of the magnetic, electronic, and optical properties of the grid.
Such a well-organized heterometallic grid with controllable
properties is of practical interest for the development of
molecular information storage and processing devices.
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Figure 4. Temperature dependence of χMTmeasured in an applied field
of 5000 Oe on polycrystalline samples of 1−4. The solid lines represent
the best-fitting curves. Inset: magnetic exchange coupling pathways in
those complexes.
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