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Four cubane-like Cusls units are assembled around an iodine atom
to form the giant, mixed-valent Cu'Cu'ysly7 cluster. The Cu'Cu'ysls7
cluster and a bipyrazole linker form a 3D open framework with
paramagnetic and thermochromic properties. This paper also
touches on the resemblance of this cluster to the self-similar object
of a Sierpinski tetrahedron.

One prominent trend in the field of metal—organic
frameworks (MOFs) is to use secondary building units
(SBUs) with rigid and regular geometry for interlinking of
the organic molecules, in order to achieve advanced structural
features as well as solid-state properties. Compared with the
single metal ion, the SBU consists of several metal centers
and the associated donor species, serving to enlarge the
metric scale of the solid-state network and to enrich the
structural and functional possibilities. For instance, SBUs
of metal carboxylate clusters have been widely used to direct
and effect the construction of highly symmetrical 3D
frameworks with diverse topological and porous character-
istics.'*

In contrast to the generally weak electroactivity of the
metal carboxylate systems, cluster units of the more polariz-
able chalcogenides® > and halides®’ tend to impart richer
electronic features to the resultant networks. Among the
numerous MOFs involving chalcogenide or halide clusters,
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the ones with 3D open-framework features are especially
notable>® because of the aesthetic appeal as well as the
possibility of combining porosity and enhanced electronic
properties in these systems. Overall, it remains of great
interest to uncover electronically active cluster systems that
can be effectively integrated into crystalline MOFs.

As part of our effort to achieve electroactive MOFs, we
here report a 3D framework based on a large, mixed-valent
Cul'CulsI;; cluster and the ligand tmbpzH,,® 3,3",5,5'-
tetramethyl-4,4’-bipyrazole [Cu"Cu';5I;7(tmbpzH,)s, hence-
forth called 1]. Compound 1 features a simple cubic net (i.e.,
the a-Po net) that topologically parallels the prototypical
sodalite and zinc(IT) carboxylate MOF-5,'® while displaying
marked differences in both the local bonding motifs and
crystallographic acentricity. Among the reported discrete
Cu—I cluster SBUs of coordination networks,’®’ the
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Figure 1. (a) Tetrahedral building unit of Cu"CulisI;7 in 1, consisting of
one iodine atom at the center and one Cuyls subunit at each corner; Cu-++Cu
interactions are shown as dark gray bonds, and the crystallographically
independent copper and iodine atoms are labeled. (b) Simplified picture of
part a: the longer links between the Cul atoms along the tetrahedral edges
highlight the tetrahedral shape and do not indicate chemical interaction. A
large gray sphere is placed inside to enhance the 3D effect. (¢) Two
neighboring truncated tetrahedra linked by two tmbpzH, ligands.

Cu"Cul;51;7 cluster in 1 is quite unique in its mixed-valent
state and its giant size. Generally, MOFs with integrated
mixed-valent features remain relatively undeveloped, even
though mixed-valent tin and gold halides templated with
organic ammonium cations have been achieved.'® In the
present system, the Cu"Cu';sI;7 cluster gives rise to distinct
fluorescent emission and thermochroism, and the mixed-
valent feature generates paramagnetic behavior in the solid-
state network. In spite of the serendipitous nature of its
discovery, the above features of 1 serve to highlight the rich
potential of halide cluster building blocks in tackling the
topical issue of combining open-framework features and
accentuated electronic properties.

Crystals of 1 were obtained in a solvothermal reaction of
equimolar amounts of tmbpzH,, CuSCN, and excess KI in
water at 140 °C (see the Supporting Information). 1 crystal-
lizes in the acentric space group P43n (No. 218),'! featuring
three types of crystallographically independent iodine sites
(11, 12, and 13, with respective site occupancy factors /3, 1
and '/15), two types of copper sites (Cul and Cu2, with
respective site occupancy factors 1 and '/3), and half of the
tmbpzH, moieties. The Cu"Cu';sl;; cluster belongs to the
rare T point group (Figure la), with an iodine atom (I3) at
the center of the tetrahedron and a Cusl4 cubane-like subunit
at every vertex (the Cugly subunits are related by the C, axes
bisecting the Cs axes; there is no reflection symmetry for
the overall cluster). The central iodine atom bonds to one of
the copper atoms (Cu2) of the Cuyly subunit with a Cu—I
distance of 2.744 A. The other three copper atoms (Cul) in
the Cuyly subunit are related by the C; element, and they
form an equilateral triangle with a Cu-++Cu interaction of
2.710 A. With its C; axis coinciding with that of the overall
Cu"Cul}sI;7 cluster, the Cul triangle approaches the Cu2
atom, forming a slightly elongated Cuy tetrahedron, with a
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Figure 2. (a) Single net of Cul'Culys51}7 clusters and tmbpzH, molecules in
1 (Cu—N distance: 2.016 A). (b) Topological representation of 1 showing
the 2-fold interpenetration (sphere: center of the cluster).

longer Cul +++Cu2 distance at 2.892 A. Each of the four faces
of the Cuy tetrahedron is then capped by an iodine atom to
complete the distorted cubane of the Cu4ly subunit. The
rotational and reflection symmetries of the Cu4 tetrahedron
are preserved in the Cuyly subunit, with the Cul equilateral
triangle capped by the 11 atom (Cul—I1 distance: 2.588 A)
and the three isosceles triangles by the crystallographically
equivalent I2 atoms (distances: Cul—12, 2.849 A; Cu2-12,
2.615 A). The symmetry of the CullCul;sI}; cluster indicates
that the Cu®" site is either delocalized at the X-ray crystal-
lography time scale or localized but crystallographically
disordered.

The tetrahedrally shaped Cu"Cu'jslj; clusters are inter-
linked by the linear tmbpzH, ligands into a 3D open
framework that can be topologically represented as the
primitive cubic net (i.e., the a-Po net; Figure 2a), with each
rod of the net involving two bridging tmbpzH, ligands and
each node standing for the Cu''Cu';sI;7 cluster. The crystal
structure consists of two interpenetrated cubic nets thus
formed (Figure 2b) but remains noncentrosymmetric (P43n),
with the two homochiral interpenetrated nets being related
by the translational vector (/5, /5, /).

Complexes of the Cu4ly cluster often display two distinct
emission bands with temperature-dependent relative intensi-
ties (i.e., luminescent thermochromism).”>®!? As seen in
Figures S1 and S2 in the Supporting Information, the
emission maximum of 1 occurs at 482 nm at 10 K and
continuously red shifts to 542 nm at 300 K with increasing
temperature, which is consistent with the intensity evolution
observed of Cuslypys; i.e., the high-energy emission domi-
nates at low temperature, and the low-energy band intensifies
at high temperature. However, the tapering features of the
emission peaks (beyond 700 nm), as well as the significantly
blue-shifted low-energy emission, point to substantial dif-
ferences of the electronic structures between 1 and the Cuyly
complexes.

The mixed-valence character of 1 is supported by the
magnetic property measurements, in spite of the relatively
weak paramagnetism due to the diluted copper(Il) character.
Notice that, with only one copper(Il) center for every unit
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Figure 3. (a) Sierpinski tetrahedral motif in the unit cell of 1, consisting
of one Cuygl;7 cluster at the body center and four at the vertices. Only the
Cul (green) and I1 (red) atoms are shown. The longer Cu—Cu and I—I
links along the tetrahedral edges outline the tetrahedral shape and do not
signify chemical interaction. (b) Sierpinski tetrahedron model with a fractal
order of 5. Reprinted with permission from http://textodigital.com. Copyright
2006—2008 Rafael Millan.

of Cuel17(CioH14Ns)e (formula weight: 4315), the molar
paramagnetic susceptibility, expected to be about 1.25 x 1073
cm® mol™! at room temperature, is already rivaled by the
molar diamagnetic susceptibility (—1.603 x 1073 cm? mol ™',
calculated from the Pascal constants). After correction for
diamagnetism, paramagnetic susceptibility (y,) data for 1
were obtained from 300 to 2 K at an applied field of 1000
Oe (Figure S3a in the Supporting Information). At 300 K,
amT = 0.39 cm® K mol™! is in apparent accordance with
one unpaired electron (0.375 ¢cm?® K mol™! for § = ') in
each cluster unit of Cu"Cu'sI;7. The value of yuT decreases
in an almost linear fashion and reaches 0.01 cm® K mol ™! at
2 K, which, in a superficial fitting of the Curie—Weiss
formulation, would suggest strong antiferromagnetic interac-
tion. However, the large separation provided by the molecule
tmbpzH, should obviate significant coupling across the
Cujgli7 clusters, and therefore factors other than antiferro-
magnetic coupling across the tmbpzH, molecules should be
invoked to account for the temperature dependence of ymT.
Interestingly, the plot of 1/ym versus temperature features a
steep descent below 50 K, indicating an attendant sharp
decrease of the Curie constant C (and thus the effective
magnetic moment geg). The underlying change in the
electronic states populated by the unpaired electron is
apparently profound, and further studies are needed to
elucidate the magnetic behavior in this mixed-valence system.
Additionally, the deconvoluted X-ray photoelectron spec-
troscopy (XPS) spectrum consists of two peaks in an
approximate ratio of 1:15, with the weaker peak at higher
energy, consistent with the Cu';sCu™ assignment (Figure S5
in the Supporting Information). 1 is electron spin resonance
silent at room temperature.

We now comment on the distinct self-similar motif of the
tetrahedral geometry within the unit cell of 1. For visualiza-
tion, let us focus on the distribution of the individual Cuygli7
clusters (to highlight the tetrahedral shape, only the I1 and
Cul atoms are shown in Figure 3a). The clusters are located
at the vertices and the body center of the unit cell, and they
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are related by translation symmetry and oriented in the same
direction. Of these, the eight clusters at the vertices belong
to the same coordination net, whereas the one at the center
belongs to the other net.

Featured in Figure 3a are four of the vertex-occupying
clusters that, in turn, form a larger tetrahedron. Notice that
the vertices and edges of this larger tetrahedron coincide with
those of the constituent clusters. On the level of the individual
Cuyely7 cluster, one finds a similar geometric relationship
between the overall cluster and the smaller tetrahedra formed
by the Il and Cul atoms at the corners. The self-similar
features thus extracted resemble the famous Sierpinski
tetrahedron (Figure 3b), which, in the second order of fractal,
is obtained by cutting a tetrahedron at the midpoints of the
edges to make four smaller tetrahedra (the octahedral volume
at the center is hollowed out). One repeats the same process
on the resultant tetrahedra to generate the third order of
fractal, and so on. In this regard, the overall tetrahedral
structure (without the cluster at the center) in Figure 3a has
an order of fractal of 3, while the one in Figure 3b has an
order of 5.

In a broad sense, an infinite and periodic lattice invariably
imbeds self-similar features; for example, in a square net,
the primitive square cell is surrounded by six contiguous
peers that, in turn, form a larger square cell. By comparison,
the formation of self-similarity not directly resulting from
translation symmetry (e.g., within a unit cell or a discrete
chemical entity) appears to be a more meaningful exercise,
as is reflected in dendrimers and other fractal constructs.'
As another example, the widely publicized supertetrahedral
chalcogenide clusters'* also feature the Sierpinski tetrahedral
motif. The concept of self-similarity is ubiquitous,'> and shall
find even more use in structural chemistry.
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