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The first examples of coordination polymers based on the polymers is the result of the low electroactivity of the organic
tetrathioterephthalate dianion as the bridging ligand are reported. bridging units and their weak electronic coupling with metal
Two novel compounds, [M(S;CCsHsCS,)(DMF),](DMF) (M = Zn, centers’2 The donor atoms are usually hard, such as O or
Mn; DMF = dimethylformamide), have been synthesized, and their N, resulting in strong electronic barriers between the metal

centers and the rest of the organic molecule. Therefore, the
proper selection or design of the organic ligand is a key
element, and in accordance with the above considerations,

Coordination polymers are an important class of functional examples based on aromatic multifunctional ligands with
solids in which strong coordinative chemical bonds between chalcogenide donor atoms, such as S, have been reported.
metal centers and organic bridging ligands exist at least in  Our approach involves the use of chalcogenide-substituted
one dimension:2 Although they have a long history, cur- aromatic polycarboxylate-based ligands, such as the tetrathio-
rently there is enormous research activity in the design andterephthalate dianion (tftp). The parent terephthalate di-
synthesis of porous coordination polymers for potential anion (1,4-benzenedicarboxylate, BDC) is a robust bridging
application primarily in the field of gas storage and cataly- ligand that has been used extensively for the construction
sis13In addition to these efforts, there is a steadily increasing of important porous metalorganic frameworks (MOFS).
interest for the development of metairganic solids with In terms of electronic properties, the substitution of O by S
interesting optoelectronic properties and, in particular, with decreases the lowest unoccupied molecular orbital (LUMO)
semiconductive or conductive behavioFor example, the  energy of the ligand because-S  bonds are weaker than
development of three-dimensional (3D) metatganic net-  C—O & bonds and also increases the highest occupied
works that combine accessible porosity with useful electronic molecular orbital (HOMO) energy because S is less elec-
properties similar to those found in pure inorganic chalco- tronegative than @.The decrease in the HOM&.UMO
genide-based materials is highly desirable. The lack of thesegap may lead to enhanced electronic communication between
properties in the overwhelming majority of coordination the ligand and metal centers. Therefore, the synthesis and
characterization of new coordination polymers based on the

*To whom correspondence should be addressed. E-mail: ptrikal@ tttpz’ dianion is highly attractive because it may open the
Ch?”d'nsitvrg'riﬁ;'%%rete. pathway to a novel class of optoelectronically active,

¥ Northwestern University. multifunctional metat-organic materials.
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our knowledgel represents the first example of an extended,
metal-organic solid in which &H--+S hydrogen bonds are
essential elements in the crystal structiire.

The synthesis of porous MOFs based on the BDC ligand
relies on the formation of secondary building units (SBUS)
through slow deprotonation of the acidic form of the ligahd.

In contrast, when the anionic form of this ligand reacts
directly with divalent metal ions such asZnno SBUs are
formed and the products are nonporous 1D coordination
polymers with 1:1 metal-to-ligand stoichiometry, similar to
that of 1.1* Therefore, the instantaneous reaction between
the ttt@~ dianion and the labile Zf cations most likely

Figure 1. (a) Representative view df looking approximately down the
a axis. (b) Coordination environment of the Zn atoms lin Selected
crystallographic distances (A) and angles (deg): Z81 2.430(2),
Znl—-S2 2.648(2), StZn1l—-S2 70.30(7), ZntS3 2.507(2), ZntS4

2.498(2), S3-Zn1-S4 71.45(7), Znt 01 2.134(5), Zn+ 02 2.057(6). H

atoms are omitted for clarity.

Figure 2. (@) Interchain C(sp—H-+-S hydrogen bonds id. (b) Addi-
tional C(sf)—H:-*S hydrogen bonds along théd axis between
[iZn(SzCC6H4CSz)(DMF)2] chains from adjacent layers, exclusively via
interdigitated DMF-1 molecules. Selected distances and angl@si-s2
=2.864 A, 0csnp-s2 = 137.7, andgpz-s2-c1 = 152.0 anddcio-H7-s2 =
2.897 A, 601(}H7-—SZ = 159.0, and(p}-n-szfcj_ = 87.4¢ (see ref 9).

[LZn(SCCsHLCS)(DMF),] chains are running parallel and
side by side along the [102] crystallographic direction and
stack one on top of the other along tle axis. This

prohibits the formation of an extended open-framework
structure. It is important to note here that the#ttpigand is
expected to form various types of SBUs similar to the
molecular clusters that have been observed in the case of
the dithiobenzoate ligand. These clusters or SBUs are
different from those obtained with carboxylate ligands
because the S atom is larger than the O atom and, more
importantly, because S has the ability to form three-
coordinated sites. For these reasons, novel porous architec-
tures may be accessible based on the SBU strategy, using a
suitable precursor of the tttp ligand and appropriate synthetic
conditions. It is noteworthy that a similar approach is not
feasible in the case of aromatic thiolate ligaRds.

Thermal gravimetric analysis (TGA) performed on a
polycrystalline sample df showed that the DMF molecules
are completely removed in two distinct steps (Figure S3 in
the Supporting Information). The first weight loss of 28.7%
at 125°C corresponds to the removal of two DMF molecules
per formula unit (28.5% calculated) and the second of 14.0%
at 180°C to the removal of one DMF per formula unit
(14.2% calculated). Interestingly, no weight loss was ob-
served in the temperature range 800 °C, indicating the
formation of a stable phase formulated as Z268(GH/CS).2
These results prompt us to investigatieirther and especially
to explore the chemistry associated with the labile DMF
molecules. We found that whehis treated with CHGl at
room temperature, all DMF molecules are completely
removed and the final solid, designated Zascontains no

arrangement reveals the existence of an extended two-solvent molecules. This is confirmed by TGA and IR spect-

dimensional (2D) network of C(8p-H---S hydrogen bonds
between adjacent chains and the formation of infinite

supramolecular zigzag layers (see Figures 1a and 2a). The

layers are packed efficiently via interdigitation of the
coordinated DMF molecules along the axis and held
together by additional C(8p-H--S hydrogen bonds (Figure
2b). The resulting 3D supramolecular network features small
cavities running along tha axis, in which noncoordinated
DMF molecules reside (see Figure 1a). These molecules form
relatively strong @+-H—C hydrogen bonds with the coor-
dinated DMF-1 molecules.

In the absence of any ionic interactionslinthe packing
arrangement of the neutrd;,Zn(SCCsH4CS)(DMF),]
chains is clearly influenced by the----S interactions
between them. Moreover, the fact tHagrows in the form
of single crystals demonstrates their significant role in both
directing and stabilizing the final structure. To the best of
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(8) Single-crystal X-ray diffraction data: triclinic, space groRp, a =

7.0008(10) Ab = 9.7164(11) Ac = 16.693(2) Ao = 94.219(109,

B =99.415(11y, y = 92.663(10), V= 1115.2(3) B, Z = 2, pcaica=

1.527 g/cm, T = 100.0(3) K, @ = 50.06. Refinement of 253

parameters on 3204 independent reflections out of 14 818 measured

reflections Rt = 0.1433) led to R1= 0.0724 [ > 20(1)], wR2 =

0.1277 (all data), an® = 1.19 with the largest difference peak and

hole of 0.60 and-0.54 e/&.

We have identified €H---S hydrogen bonds using common criteria.

These are the sum of the van der Waals radii for H and S (H, 1.20 A;

S, 1.80 A) and the angles-€H++:S () and H+-S—C (¢). See: (a)

Cosp, A.; Larrosa, I.; Anglada, J. M.; Bofill, J. M.; Romea, P.; Urpi,

F. Org. Lett.2003 5, 2809. (b) Novoa, J. J.; Rovira, M. C.; Rovira,

C.; Veciana, J.; Tarres, Adv. Mater. 1995 7, 233. (c) Bondi, AJ.

Phys. Chem1964 68, 441.

(10) Li, H.; Eddaoudi, M.; O’'Keeffe, M.; Yaghi, O. M\ature1999 402,
276-279.

(11) Guilera, G.; Steed, J. WChem. Commuril999 1563-1564.

(12) Kano, N.; Kawashima, T. Chalcogenocarboxylic Acid Derivatives.
Topics in Current ChemistrySpringer: Berlin, 2005; Vol. 251, pp
141-180.

(13) No Bragg peaks were observed in the PXRD pattern of the solid
obtained after heating at 180°C under an Ar flow.
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20, deg. (CuKa) precursor salt of the ligand and the corresponding coordination polymers

Figure 3. PXRD pattern (Cu I& radiation) of (a) the as-made material recorded at room temperature.

(b) the corresponding solid after DMF removal with CHQ treatment, the n— x* transition of the—CSS™ chromophoré? In con-
and (c) the solid obtained after reintroduction of DMF. L . .

trast, the coordination polymers show optical absorptions that
roscopy (Figure S3 in the Supporting Information). Most sur- are clearly red-shifted and strongly depend on the nature of
prising is the fact tha2 shows crystalline order, as evidenced the transition metal. In the case of [Ma(SCsH4CS)(DMF)J)-
by the diffraction lines observed in its powder X-ray diffrac- (DMF), the absorption occurs at 925 nm (1.34 eV), in
tion (PXRD) pattern, albeit broadened and dissimilalto  accordance with its almost black color, while the isostructural
(see Figure 3b). Remarkably, upon reintroduction of DMF, zn analogue X), having dark-red color, absorbs at 660 nm
the solid exhibits the same PXRD patternlasis shown in  (1.88 eV) (see Figure 4). The energies of these electronic
Figure 3c. This facile and reversible removal of both coordi- transitions, which most likely originate from ligand-to-metal
nated and noncoordinated DMF molecules is quit impressive, charge-transfer processes, are among the lowest that have
especially if we take into account the fact tas made of  been observed in the entire family of extended metatjanic
1D chains held together only by-€H--S hydrogen bonds,  networks, featuring no metametal bond, metats interac-
which usually are considered to be very weak with no clear tions, orz— stacking? A possible semiconductive behavior
role in the solid staté It is entirely possible that i2 the of these materials is currently under investigation.
[«ZN(SCCHICS)] chains maintain their  side-by-side In conclusion, the present work demonstrates that it is
C—H---S hydrogen bonds (see Figure 2a) and the 2D possible to construct crystalline coordination polymers based
supramolecular network is therefore susceptible to reversibleon the tetrathioterephthalate dianion as the bridging ligand.
removal of DMF molecules. In other words behaves like We anticipate that the two novel 1D [M{SCsH4CS)-
a layered material with intercalation propertiés4oreover, (DMF)2](DMF) (M = Zn, Mn) compounds represent the first
because this solid-to-solid-to-solid transformation involves members of a new family of optoelectronically active metal
only solvent molecules and occurs at room temperature, theorganic materials.

structure of2 should be closed to that df Therefore, it is Acknowledgment. We are grateful to Prof. Mercouri G.
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the low-angle region with a spacing of 10.4 A, IESL-FORTH for the magnetic measurements.
The reaction between the tttpanions and M#&™ under _ ) ) . .
Supporting Information Available: Instrumentation, experi-

the same experimental conditions as those used in themental procedure, X-ray crystallographic file fbin CIF format,

synthesis ofl leads to the formation of thq isostructural and additional characterization data. This material is available free
compound [Mn(8CCeH.CS,)(DMF);](DMF) as judged from ¢ cparge via the Internet at http://pubs.acs.org.
its PXRD pattern and elemental analysis (Figure S6 in the
Supporting Information). In addition, magnetic susceptibility
measureme_nt confirms _the presence QfZMfF|gure S7in (14) Bond, A. D.; Jones, WJ. Chem. Soc., Dalton Trang001, 3045.
the Supporting Information). However, in contrast to the Zn (15) WhlenZI is treart‘ed With_dsomethéng Otl?eflktfllan_DMF COOfdinatilT_g
: : H molecules, such as pyridine and small alkylamines, new crystalline

analogue, this material does not show a reversible removal materials are formed. The corresponding PXRD patterns are provided
of the DMF molecules. in the Supporting Information. However, the atomic structures of these

The optical properties of the materials were investigated solids are currently unknown because the quality of the crystals does

. . . not allow single-crystal X-ray analysis.

by solid-state diffuse-reflectance UWis/near-IR spectros-  (16) A possible porosity ir2 was investigated by recording the nitrogen
copy, and the results are shown in Figure 4. The freé tttp <':10|50r|0ti0nt isothezm at 77 ‘|k§|' TftleI restulits tﬁhow tgat th‘lare lis (no
. : e ER . permanent porosity, accessible at least by this probe molecule (see
in the form of |Fs dipiperidinium salt shows a yvgll-deflned Figure S4 in the Supporting Information).
optical absorption at 590 nm (2.10 eV) that originates from (17) Furlani, C.; Luciani, M. Linorg. Chem.1968 7, 1586-1592.

IC701414V

PAGE EST: 3 Inorganic Chemistry C



