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The bifunctional molecule tetrakis(methylthio)-1,4-benzenedicar-
boxylic acid (TMBD) interacts with the increasingly harder metal
ions of Cu', Cd", and Zn" to form the coordination networks of
Cu,TMBD, CdTMBD, and Zn4O(H,0)3(TMBD)s, where the carboxyl
group consistently bonds to metal ions, while the softer methylthio
group binds with preference to the softer metal ions (i.e., chelation
to Cut, single-fold coordination to Cd?*, and nonbonding to Zn2*).
Diffuse-reflectance spectra show that the metal—thioether interac-
tion is associated with smaller electronic band gaps of the solid-
state networks.

In the field of coordination networks,’ carboxylic acids?
and thioethers® represent two distinct classes of widely used
molecular building blocks. The chemically hard carboxylate
unit bonds to metal centers with distinct ionic character, and
the resultant frameworks are often robust enough to sustain
extensive porosity; the electronic systems of the metal centers
and the organic core are, however, largely isolated from each
other, and the overall electronic properties of the networks
often remain similar to those of the individual building
blocks. By comparison, the thioether S atom is soft and more
polarizable and interacts with metal centers in more pliant
coordination modes; the resultant networks are thus more
soluble in polar organic solvents (e.g., acetone and tetrahy-
drofuran). Recent works also indicate that the metal center
and the organic m-electron system can be electronically
coupled via the thioether site, while the solubility of the
metal —thioether network allows for solution processing of
the potential semiconductor network.* Overall, thioethers and
other sulfated molecules’ figure prominently in the field of
organic electronics.
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This paper builds on tetrakis(methylthio)-1,4-benzenedi-
carboxylic acid (TMBD), as part of an effort to combine
the carboxyl and thioether groups within metal—organic
frameworks (MOFs). The potential advantages of such a
bifunctional building block are manifold. For example, the
robustness from the carboxylate—metal bonds, combined
with the electronic communication mediated by the thioether—
metal interaction, could lead to strong porous networks with
enhanced electronic properties. Also, the thioether S atom
can be conveniently anchored to various other groups (e.g.,
alkyls and aryls), so as to modify the volume as well as the
functionality of the molecular building block. Presented here
are a number of networks based on TMBD and the ions of
Cu', Cd?*, and Zn>" (see the Supporting Information for
synthetic procedures) with varying chemical hardness 7
values of 6.3, 10.3, and 10.8, respectively.® Together these
networks exhibit the salient features of simultaneous bonding
of the carboxyl and thioether groups to metal centers and
extensive decoration of a channel structure with free-standing
thioether groups, features that have remained unexplored in
MOF systems and could open new possibilities for func-
tionalizing these solid-state materials.

Simultaneous bonding of the carboxyl and thioether groups
is observed in compounds Cu,TMBD (1) and CATMBD (2).”
Compound 1 crystallizes in P2,/n, with TMBD adopting a
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Figure 1. Local coordination environment of ligand TMBD and Cu' centers
(left) and an overview of the 3D coordination network of 1 (right).
centrosymmetric conformation. The O and S atoms of the
TMBD molecule are fully engaged in coordinating to the
Cu' center (Figure 1, left). Specifically, each TMBD dianion
is bonded with six Cu' ions: two are chelated by the
methylthio groups (Cu—S distances, 2.328 and 2.242 A), and
the other four are bonded to carboxyl O atoms in a single-
fold coordination mode (Cu—QO distances, 1.999 and 2.093
A). Overall, the six Cu! ions form an octahedral geometry
around the TMBD molecule, and the individual Cu' ion
features a tetrahedral geometry consistent with its d'°
electronic configuration. With chelation between the Cu' ion
and the S atoms treated as a single connection, the network
in 1 can be rationalized as a rutile-like (TiO;) net, with each
TMBD molecule acting as the six-connected node and the
Cu ion as the three-connected node (see Figure 1, right, and
Figure S4 in the Supporting Information).

With the harder CdY, the thioether—metal interaction in 2
becomes less extensive: whereas all S atoms are bonded to
the Cu' ions in 1, only half of the S atoms from TMBD are
bonded to the Cd™ ion. The Cd—S bond acts in concert with
one nearby carboxyl O atom to form a 2-fold chelation motif

(2) (a) Li, H.; Eddaoudi, M.; O’Keeffe, M.; Yaghi, O. M. Nature 1999,
402, 276. (b) Chen, B. L.; Eddaoudi, M.; Hyde, S. T.; O’Keeffe, M.;
Yaghi, O. M. Science 2001, 291, 1021. (c) Chae, H. K.; Siberio-Perez,
D. Y.; Kim, J.; Go, Y. B.; Eddaoudi, M.; Matzger, A. J.; O’Keeffe,
M.; Yaghi, O. M. Nature 2004, 427, 523. (d) Sudik, A. C.; Millward,
A. R.; Ockwig, N. W,; Cote, A. P.; Kim, J.; Yaghi, O. M. J. Am.
Chem. Soc. 2005, 127, 7110. (e) Bradshaw, D.; Prior, T. J.; Cussen,
E. J.; Claridge, J. B.; Rosseinsky, M. J. J. Am. Chem. Soc. 2004, 126,
6106. (f) Ma, S.; Sun, D.; Ambrogio, M.; Fillinger, J. A.; Parkin, S.;
Zhou, H.-C. J. Am. Chem. Soc. 2007, 129, 1858. (g) Wang, X.-S.;
Ma, S.; Sun, D.; Parkin, S.; Zhou, H.-C. J. Am. Chem. Soc. 2006,
128, 16474. (h) Chen, B.; Liang, C.; Yang, J.; Contreras, D. S.; Clancy,
Y. L.; Lobkovsky, E. B.; Yaghi, O. M.; Dai, S. Angew. Chem., Int.
Ed. 2006, 45, 1390. (i) Chen, B.; Yang, Y.; Zapata, F.; Lin, G.; Qian,
G.; Lobkovsky, E. B. Adv. Mater. 2007, 19, 1693.

(3) (a) Gan, X.; Munakata, M.; Kuroda-Sowa, T.; Maekawa, M. Bull.
Chem. Soc. Jpn. 1994, 67, 3009. (b) Inoue, M. B.; Inoue, M.; Bruck,
M. A.; Fernando, Q. Chem. Commun. 1992, 515. (c) Zhong, J. C;
Misaki, Y.; Munakata, M.; Kuroda-Sowa, T.; Maekawa, M.; Suenaga,
Y.; Konaka, H. Inorg. Chem. 2001, 40, 7096. (d) Suenaga, Y.; Konaka,
H.; Kitamura, K.; Kuroda-Sowa, T.; Maekawa, M.; Munakata, M.
Inorg. Chim. Acta 2003, 351, 379. (e) Li, K.; Xu, Z.; Xu, H.; Carroll,
P. J.; Fettinger, J. C. Inorg. Chem. 2006, 45, 1032. (f) Fu, Y.-T.; Lynch,
V. M.; Lagow, R. J. Chem. Commun. 2004, 1068. (g) Do, L.; Halper,
S. R.; Cohen, S. M. Chem. Commun. 2004, 2662. (h) Chen, B.; Lee,
S.; Venkataraman, D.; DiSalvo, F. J.; Lobkovsky, E.; Nakayama, M.
Cryst. Growth Des. 2002, 2, 101.

(4) (a) Li, K.; Xu, Z.; Xu, H.; Ryan, J. M. Chem. Mater. 2005, 17, 4426.
(b) Li, K.; Xu, H.; Xu, Z.; Zeller, M.; Hunter, A. D. Inorg. Chem.
2005, 44, 8855.

(5) (a) Gingras, M.; Raimundo, J.-M.; Chabre, Y. M. Angew. Chem., Int.
Ed. 2006, 45, 1686. (b) Shirota, Y.; Kageyama, H. Chem. Rev. 2007,
107, 953. (c) Dimitrakopoulos, C. D.; Malenfant, P. R. L. Adv. Mater.
2002, 74, 99. (d) Briseno, A. L.; Miao, Q.; Ling, M.-M.; Reese, C.;
Meng, H.; Bao, Z.; Wudl, F. J. Am. Chem. Soc. 2006, 128, 15576.

(6) Parr, R. G.; Pearson, R. G. J. Am. Chem. Soc. 1983, 105, 7512.

7460 Inorganic Chemistry, Vol. 47, No. 17, 2008

Figure 2. 3D coordination network of 2 (left) and the chainlike coordination
motif of TMBD and the Cd" centers (right).

Figure 3. Crystal structure of 3: (a) ZnsO(H,0)3(COO)s cluster as a ball-
and-stick model; (b) same cluster with the ZnOj4 tetrahedra in green and
the hydrated Zn?" centers as blue polyhedra; (c) coordination net of 3, with
a large yellow sphere highlighting the 3D feature.

(Figure 2). Each Cd" center entertains two sets of such
chelation interactions (Cd—S distances, 2.672 and 2.723 A;
Cd—O distances, 2.368 and 2.324 A). The Cd" further bonds
to two O atoms from a neighboring chelation unit to complete
an octahedral geometry made of two axial (trans) S atoms
and four equatorial O atoms. The Cd atoms are thus
integrated into a linear chain (see Figure 2, right), which is
then linked into a 3D net through the phenylene units.
Treating the above O—Cd—S chelation mode as a single rod,
one can denote TMBD and the Cd center as two types of
four-connected nodes, and the resultant net is topologically
equivalent to PtS. No substantial porous feature or fluores-
cence was observed in the crystal structures of 1 and 2, and
both compounds are stable in air.

By contrast, the even harder Zn>" ion bonds exclusively
to the carboxyl groups of TMBD, leading to the 3D frame-
work Zn,O(H,0);(TMBD); (3) with channels decorated by
the free-standing methylthio groups. Complex 3 crystallizes
in the space group /4/acd and features an unusual water-
containing ZnsO(H,0)3(COO)s cluster (Figure 3) as its
secondary building block. Unlike the more common
Zn,0(COO0)¢ cluster (7, symmetric, with the Zn ions
tetrahedrally bonded to the central u4-O atom and each



carboxyl group bridging two Zn ions along the tetrahedral
edge),zz1 the Zn4sO(H,0)3(COO); cluster is based on two four-
coordinated and two hydrated Zn>* centers: the former bonds
to three carboxyl O atoms and the central O atom and
resembles the Zn>' environment in ZnyO(COO)g; the latter
have additional aqua ligands (Zn—O distances, 2.07 and 2.40
A) to furnish five- and six-coordinated Zn>** centers. Con-
sequently, the Zn4O tetrahedron is distorted, featuring two
Zn—Zn distances of 3.08 and 3.32 A and two Zn—0O
distances of 1.92 and 1.98 A. The current case provides
another water-containing zinc carboxylate cluster® and might
offer additional clues to the hydrolysis mechanism of the
widely reported ZnsO(COO)¢-based networks.’

The ZnsO(H,0)3(COO)qcluster (as a slightly distorted
octahedral node) and TMBD (as a linear rod) build up a 3D
net topologically equivalent to that of the familiar MOF-5
and o-Po (Figure 3c).?* The methylthio groups of TMBD
do not coordinate to the Zn>* ions, and they remain free-
standing in the void space of compound 3 (solvent-accessible
volume: about 40.6% of the unit cell, calculated with the
Platon software). Although the crystals of 3 are stable in a
mother liquor, they lose crystallinity within a few minutes
in air. The making of thioether-decorated porous structures
with enhanced stability is needed for advanced applications
such as selective absorption of heavy-metal species.

As part of our ongoing study on the impact of metal—thio-
ether interaction on solid-state electronic properties,*'® we
here present the diffuse-reflectance spectra of 1—3 (Figure
S6 in the Supporting Information). By fitting of the steepest
slope on the absorption edge (wherein the Kubelka—Munk
function is proportional to the absorption coefficient o) versus
the photon energy and extrapolation to a = 0, the band gaps
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(E,) of 2.349, 2.973, and 3.165 eV were obtained for 1—3,
respectively. This band-gap order fits well with the decreas-
ing order of metal—thioether interactions in 1—3, indicating
that the metal—thioether interactions serve to enhance the
electronic interaction in the solid state and reduce the band
gap as a result. In addition, the shoulders and the slow slopes
in the absorption spectra of 1—3 suggest that indirect
interband transitions might significantly contribute to the
absorption edge features, as is commonly observed in other
indirect band-gap semiconductors (e.g., Ge).'! Further
electronic structure studies are, however, needed to reveal
more details regarding the mechanisms of the optical
transitions observed here.

Taken together, the decreasing hardness in Cul, Cd", and
Zn" correlates well with the steadily lesser participation of
the soft thioether groups in the coordination motifs of 1—3,
although in future studies the coordination behavior of the
thioether groups might also be susceptible to other factors
such as the reaction medium, crystal packing forces, and
chemical environment around the thioether groups. Such
bonding flexibility points to the rich structural diversity that
could potentially be achieved in coordination networks from
the carboxyl—thioether combination. For example, a porous
robust system with extensive thioether—metal interaction may
enhance the electronic properties in the solid state, whereas
a thioether-decorated pore could selectively take up metal
(e.g., Pd, Ru, Hg) salts for applications such as catalysis and
sensing.
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