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Three zinc coordination compounds were hydrothermally obtained from a scarcely investigated
bithiophene dicarboxylate acid. The N-donor co-ligands have a large effect on the resulting
structures. The compounds and ligands exhibit photoluminescent properties at room temperature.

Three zinc compounds assembled from a bithiophene dicarboxylic acid (H,DMTDC) and different
N-donor co-ligands, [Zn(DMTDC)(bpt)(H,0)], (1), {[Zn(DMTDC)(5,5-dmbpy)]:0.5DMF-1.5H,0},,
(2), and {[Zn(DMTDC)(1,3-bimb)]-2DMF-H,0},, (3) (H,DMTDC = 3 ,4-dimethylthieno[2,3-b]thiophene-
2,5-dicarboxylic acid, bpt=4-amino-3,5-bis(4-pyridyl)1,2,4-triazole, 5,5'-dmbpy =5,5'-dimethyl-
2,2"-bipyridyl, 1,3-bimb = 1,3-bis(imidazol-1ylmethyl)benzene), were solvothermally synthesized
and characterized. Compounds 1 and 2 are 1-D linear and zigzag chains with different supramolecu-
lar structures. In 1, adjacent chains form zipper-like structures through N—H---N interactions. In 2,
however, chains in adjacent layers are stacked in an unusual unparallel level through C-H---O inter-
actions. Compound 3 features a highly corrugated 2-D (4,4) layer and the layers are penetrated by
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each other to give 3-D polycatenations. Right- and left-handed helical Zn-bimb chains are arranged
alternately within and between the layers, leading to mesomeric property of the whole network.
Thermal stability and the decomposed products of all compounds were investigated. Luminescent
properties of the ligands and compounds in the solid state at room temperature have also been
explored. Moreover, the luminescence intensities of the compounds in different solvents are largely
dependent on the solvent.

Keywords: Zinc; Coordination polymer; 3,4-Dimethylthieno[2,3-b]thiophene-2,5-dicarboxylic acid,;
N-Donor co-ligands

1. Introduction

Coordination polymers have been researched extensively stemming from both fascinating
architectures and potential applications including luminescence, magnetism, gas storage,
etc. [1, 2]. As essential construction units, organic ligands are important to the assembly of
these compounds. O- and N-containing ligands, especially aromatic multicarboxylates and
N-containing heterocyclic ligands, have been widely employed for their various coordina-
tion modes and strong affinities for transitional metal ions [3—8]. Only a few S-containing
carboxylic ligands, however, have been reported. Limited investigation is mostly focused
on thiophene dicarboxylic acid (H,tda) [9—13]. Several compounds have been reported from
bithiophendicarboxylic acids, such as thieno[3,2-b]Jthiophene-2,5-dicarboxylic acid [14],
2,2'-bithiophene-5,5'-dicarboxylic acid [15, 16], 2,6-dithieno[3,2-b:2’,3'-d]thiophenedicarb-
oxylic acid [17], and dithieno[3,2-b:2',3"-e]benzene-2,6-dicarboxylic acid [18]. Su et al
have recently reported two metal-organic frameworks based on 3,4-dimethylthieno[2,3-b]
thiophene-2,5-dicarboxylic acid (H,DMTDC), which have been applied as a chromato-
graphic column for separating transition metal ions [19]. The structures and properties of
these thiophene-based derivatives vary considerably depending on the z-conjugation modes
at the thiophene subunits and may be a highly promising platform for construction of a new
class of materials.

Our research is focused on the coordination chemistry of multicarboxylic acids. A series
of coordination compounds have been constructed from several aromatic multicarboxylic
acids, such as N,N',N"-1,3,5-triazine-2,4,6-triyltrisglycine) [20], 2,2',2"-[1,3,5-triazine-2,4,6-
triyltris(thio)]tris-acetic acid [21], N,N',N"-tris(carboxymethyl)-1,3,5-benzenetricarboxamide
[22], and 4,4'-methylenebis(3-hydroxy-2-naphthalenecarboxylic acid [23]. Herein, we report
three zinc coordination compounds based on 3,4-dimethylthieno[2,3-b]thiophene-2,5-dicar-
boxylic acid (H,DMTDC). By introducing different N-donor co-ligands, 4-amino-3,5-bis
(4-pyridyl)-1,2,4-triazole (bpt), 5,5'-dimethyl-2,2'-bipyridyl (5,5’-dmbpy), and 1,3-bis(imida-
zol-1-ylmethyl)benzene (1,3-bimb), three zinc coordination polymers, [Zn(DMTDC)(bpt)
(H,0)], (1), {[Zn(DMTDC)(5,5"-dmbpy)]-0.5DMF-1.5H,0}, (2), and {[Zn(DMTDC)(1,3-
bimb)]-2DMF-H,0}, (3), were hydrothermally synthesized. 1 and 2 are 1-D chains with
different supramolecular structures. In 1, adjacent chains form zipper-like structures through
N—H:---N interactions. In 2, however, neighboring chains in adjacent layers are stacked in
unparallel directions. 3 features a highly corrugated 2-D (4,4) layer with right- and left-
handed helical Zn-bimb chains arranged alternately and the layers are penetrated by each
other to give 3-D polycatenations. Luminescent properties of the compounds at room
temperature have been explored.
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2. General methods

H,DMTDC was synthesized according to previous report [24]. Other reagents were com-
mercially available and used as purchased without purification. Elemental analyses were
carried out with a Perkin-Elmer 240C elemental analyzer. FT-IR spectra were recorded as
KBr pellets from 4000 to 400 cm ™' on a VECTOR 22 spectrometer. Powder X-ray diffrac-
tion (PXRD) data were collected over the 26 range 5-50° on a Philips X’pert diffractometer
using Cu-Ko radiation (1=1.5418 A) at room temperature. Thermal analyses were per-
formed on a thermogravimetric analysis (TGA) V5.1A Dupont 2100 instrument from room
temperature to 700 °C with a heating rate of 10 °C min~' under flowing nitrogen. The emis-
sion/excitation spectra were recorded on a Hitachi 850 fluorescence spectrophotometer.

2.1. Synthesis of [Zn(DMTDC)(bpt)(H,0)], (1)

A mixture of H,DMTDC (0.025 g, 0.1 mM), Zn(NO;),-6H,O (0.030 g, 0.1 mM) and bpt
(0.008 g, 0.05 mM) in H,O (6 mL) and DMF (6 mL) was placed in a Parr Teflon-lined stain-
less steel vessel and heated to 80 °C for 2 days. Then, the reaction system was cooled to
room temperature slowly and brown block crystals of 1 were obtained. After filtration, the
crystals were washed with water and dried in air (0.017 g, yield 29.5% based on
H,DMTDC). Anal. Calcd for C,,HgN¢OsS,Zn (1): C, 45.84; H, 3.12; N, 14.58. Found: C,
45.71; H, 3.19; N, 14.49. IR (KBr pellet, cm™'): 3339(vsbr), 1622(vs), 1498(s), 1461(m),
1371(m), 1333(s), 1223(m), 1113(w), 1069(w), 1026(m), 975(w), 824(w), 742(m), 698(m),
628(w), 504(w).

2.2. Synthesis of [Zn(DMTDC)(5,5'-dmbpy)]-0.5DMF-1.5H,0},, (2)

Similar procedures to 1 were performed to obtain colorless crystals of 2, except that 5,5'-
dmbpy was used instead of bpt (0.028 g yield 47.3% based on H,DMTDC). Anal. Calcd
for Cys5.5H545N5506S,Zn (2): C, 51.74; H, 4.14; N, 5.92. Found: C, 51.64; H, 4.18; N,
5.87. IR (KBr pellet, cm™"): 3440(vsbr), 1676(vs), 1594(m), 1568(m), 1499(s), 1482(m),
1380(s), 1371(m), 1359(s), 1147(w), 1089(m), 1046(m), 975(w), 924(w), 839(m), 820(m),
786(m), 657(w), 539(w).

2.3. Synthesis of {{Zn(DMTDC)(1,3-bimb)]-2DMF-H,0},, (3)

Similar procedures to 1 were performed to obtain colorless crystals of 3, except that 1,3-
bimb was used instead of bpt (0.019 g, yield 26.3% based on H,DMTDC). Anal. Calcd for
C3oH36Ng05S,Zn (3): Caled C, 49.85; H, 4.98; N, 11.63. Found: C, 49.80; H, 4.92; N,
11.67. IR (KBr pellet, cm™"): 3450(vsbr), 1663(vs), 1610(m), 1524(w), 1383(m), 1365(m),
1339(m), 1239(w), 1093(w), 1025(w), 952(w), 924(w), 813(m), 787(m), 728(m), 657(m).

3. X-ray crystallography

Suitable single crystals of 1-3 selected for indexing and intensity data were measured on a
Siemens Smart CCD diffractometer with graphite-monochromated Mo-Ka radiation
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Table 1.  Crystal data and structure refinement information for 1-3.

Compound 1 2 3

Formula Co4H 1gN,04S,Zn C5,H g§NO5S,Zn C3oH36NgO7S,Zn

Formula weight 527.89 57591 722.14

T (K) 293(2) 293(2) 293(2)

Crystal system Orthorhombic Monoclinic Orthorhombic

Space group Pnna C2/c Pbca

a (A) 15.7431(5) 24.8708(8) 14.2691(4)

b (A) 21.6956(6) 12.3386(3) 21.0560(6)

c(R) 7.6456(4) 14.7957(5) 23.3214(6)

a(°) 90 90 90

Q) 90 97.269(3) 90

y(° 90 90 90

V(A% 2611.40(18) 4503.9(2) 7006.9(3)

VA 4 8 8

Deatea (gcm ™) 1.343 1.699 1.369

u (mm™ ") 1.130 1.327 0.872

6 Range 2.59-25.02 2.98-25.02 2.56-25.02

Index ranges —-18<h<18 —29<h<25 -16<h<16

—25<k<23 —-14<k<14 —25<k<25
-9</<9 -17<1<17 —27<1<26

Ry wRy [I>20(1)] 0.0627; 0.1875 0.0345; 0.0743 0.0647; 0.1787

GOOF 1.037 1.044 1.028

Ry = LIF|FE ). wRy = [Ew(LF ~F A Iw(E, Y1
Table 2.  Selected bond lengths (A) and angles (°) of 1-3.
Compound 1
Zn(1)-O(1A) 1.969(4) Zn(1)-0(1) 1.969(4)
Zn(1)-N(1) 2.075(5) Zn(1)-N(1A) 2.075(5)
O(1A)-Zn(1)-O(1) 120.2(3) O(1A)Zn(1)-N(1) 97.7(2)
O(1)-Zn(1)-N(1) 129.32(19) O(1A)-Zn(1)-N(1A) 129.32(19)
O(1)-Zn(1)-N(1A) 97.7(2) N(1)-Zn(1)}-N(1A) 79.4(3)
O(1A)-Zn(1)-C(1A) 28.5(2)
Compound 2
Zn(1)-0(4A) 1.9320(19) Zn(1)-0O(1) 1.9442(19)
Zn(1)-0(5) 1.991(2) Zn(1)-0(5) 1.991(2)
Zn(1)-N(1) 2.056(2) O(4)-Zn(1) (B) 1.9320(19)
O(4A)Zn(1)-O(1) 144.95(10) O(4A)-Zn(1)-0O(5) 105.02(8)
O(1)-Zn(1)-0(5) 103.15(8) O(4A)-Zn(1)-N(1) 94.71(9)
O(1)-Zn(1)-N(1) 98.10(9) O(5)-Zn(1)-N(1) 104.37(9)
Compound 3
Zn(1)-0(4A) 1.987(3) Zn(1)-0(1) 1.993(3)
Zn(1)-0(1) 1.993(3) Zn(1)-N(1) 2.030(4)
Zn(1)-N(4B) 2.034(4) O(4)-Zn(1-D) 1.987(3)
O(4A)—Zn(1)-N(1) 102.95(15) O(4A)Zn(1)-O(1) 130.92(15)
O(1)-Zn(1)-N(1) 107.67(16) O(4A)-Zn(1)-N(4B) 104.54(15)
O(1)-Zn(1)-N(4B) 101.41(15)

Notes: Symmetry codes: 1, A, x, =y +1/2, =z+3/2; 2, A, x, y+ 1,2, B, x,y— 1,23, A, —x+1/2, y—1/2, z; B,
X, —y+1/2,z+1/2; Cyx, =y +1/2,z—1/2; D, =x+ 1/2, y + 1/2, z.

(A=0.71073 A) at 298 K. The raw data frames were integrated into SHELX-format
reflection files and corrected using SAINT [25]. Absorption corrections based on multiscan
were obtained by SADABS [26]. The structures were solved with direct methods and
refined with full-matrix least-squares method using the SHELXS-97 and SHELXL-97
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programs [27], respectively. Displacement parameters were refined anisotropically and the
positions of hydrogens were generated geometrically, assigned isotropic thermal parameters,
and allowed to ride on their parent carbons before the final cycle of refinement. In 2, atoms
of the thiophene ring are disordered over two general positions (C3/C3’, C4/C4', C5/C5’,
C6/C6’, S1/S1'), which were refined isotropically with a site-of-occupancy of 0.50/0.50.
The lattice DMF and H,O molecules are disordered. The SQUEEZE program was used to
remove scattering from these highly disordered solvent molecules and a new .HKL file was
generated. The structure was solved by using the new .HKL file [28]. Details regarding the
crystals and structure determination are provided in table 1, and selected bond lengths and
angles are listed in table 2.

4. Description of the structures

4.1. Description of [Zn(DMTDC)(bpt)(H0)],, (1)

X-ray diffraction (XRD) indicated that 1 crystallizes in the space group C2/c with the crys-
tal system of monoclinic and exhibits a 1-D chain structure. As shown in figure 1(a), the
asymmetric unit consists of one Zn(II), one DMTDC?", one bpt, and one coordinated water.
The Zn(Il) ion adopts four-coordinate tetrahedral geometry with two carboxylate oxygens
(O1 and O4A) from two different DMTDC?™ ligands, one pyridine nitrogen (N1) from bpt
and one water (O5). The Zn—O and Zn—N bond lengths lie in the normal range of 1.932
(2)-2.056(2) A. The DMTDC?" adopts the (x'-x°)-(x'-k")-u» mode, connecting Zn(II) ions
into 1-D linear arrays along the b-axis with the terminal bpt ligands decorated on the same
side of the chain [figure 1(b)]. The adjacent intrachain Zn---Zn distance is 12.3386(6) A.
From the topological view, the coordinated water could be omitted and each Zn(Il) ion
viewed as a three-connected T-shaped node. As a consequence, the extension of such T-
shaped nodes results in the formation of a 1-D chain motif with grooves. The linear arrays
display a unique packing structure. As depicted in figure 1(c), the dangling bpt ligands from
one chain interdigitate into the grooves of a neighboring chain through N-H---N and
N—H:-:S interactions existing between amino nitrogen (N6) and thiophene sulfur (S1),
resulting in a zipper-like structure. These zippers are further connected through O-H:--O
interactions between the coordinated water (O5) and uncoordinated carboxylate oxygens
(02 and O3), forming a 2-D layer along the ac plane. The overall 3-D supramolecular
structure is formed through 7z--z-stacking interactions between aromatic rings (figure S1,
see online supplemental material at http://dx.doi.org/10.1080/00958972.2014.933211).

4.2. Description of [Zn(DMTDC)(5,5"-dmbpy)]-0.5DMF-1.5H,0)},, (2)

Compound 2 crystallizes in the space group Pnna with orthorhombic crystal system and
also displays a 1-D chain structure. As described in figure 2(a), the asymmetric unit consists
of half of a Zn(II) ion, half of a disordered DMTDC?", and half of a 5,5'-dmbpy. The Zn
(IT) adopts four-coordinate tetrahedral geometry with two carboxylate oxygens (O1 and
OlA) from two different DMTDC? ligands and two nitrogens (N1 and N1A) of chelating
5,5'-dmbpy. The Zn-O and Zn-N bond lengths are normal, 1.969(4)-2.075(5)A. The
DMTDC?™ also adopts the (x'-x”)-('-k")-11, mode, connecting Zn(II) ions into 1-D zigzag
chains along the b-axis with 5,5'-dmbpy at each node at the same side [figure 2(b)]. The
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Figure 1. (a) Local coordination environment of 1. All hydrogens are omitted for clarity. Symmetry codes for the
generated atoms: A: x, 1+y, z. (b) View of weak interactions between the adjacent chains along the b-axis.
(c) View of the topological representation of the zipper-like structures based on T-shaped nodes.

Zn---Zn distance within the chain is 12.3386(6) A. Hydrogen (H9) on C9 of the pyridine
ring of 5,5'-dmbpy and coordinated carboxylate oxygen Ol form C-H:---O interactions,
extending these chains into the overall 3-D supramolecular structure [figure 2(c)]. The
C---O distance and C-H---O angle are 3.325(10) A and 163.4(5)°, respectively. The chains
in adjacent layers exhibit interesting arrangement through stacking in two different direc-
tions, not parallel as in normal chain structures [figure 2(d)]. Through this special packing
mode, 1-D channels along the g-axis are generated which are filled with disordered DMF
and H,O molecules (figure S2). The potential solvent-accessible volume in the unit cell is
574.9 A3, which accounts for 22.0% of the total cell volume as calculated by PLATON
[28].
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Figure 2. (a) Local coordination environment of 2. All hydrogens are omitted for clarity. Symmetry codes for the
generated atoms: A: x, —y+1/2, —z+3/2; B: =x+2, —y, —z+ 1. (b) View of the zigzag chain structure of 2 along
the b-axis. (c) and (d) View of the 3-D supramolecular structure of 2 along the ¢- and a-axes, respectively, showing
the special stacking mode of the chains.
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Figure 3. (a) Local coordination environment of 3. All hydrogens are omitted for clarity. Symmetry codes for the
generated atoms: A: —x+1/2, y—1/2, z; B: x, =y +1/2, z+ 1/2. (b) View of the 2-D conjugated layer of 3 showing
the connectivity of the Zn-bimb chains. (¢) and (d) View of the 3-D supramolecular structure along the q-axis and
b-axis, respectively.
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4.3. Description of {{Zn(DMTDC)(1,3-bimb)]-2DMF-H,0}, (3)

Compound 3 crystallizes in the space group Pbca with orthorhombic crystal system
and features a 2-D highly conjugated layer structure. The asymmetric unit contains one
Zn(Il), one DMTDC?", one 1,3-bimb, one H,O, and two lattice DMF molecules. As
described in figure 3(a), Zn(Il) also adopts four-coordinate tetrahedral geometry with
two carboxylate oxygens (O1 and O4A) from two different DMTDC*™ ligands and two
nitrogens (N1 and N4B) of two 1,3-bimb ligands. The Zn—O and Zn-N bond lengths
lie in the normal range of 1.987(3)-2.034(4)A. 1,3-bimb ligands in GC conformation
connect adjacent Zn(Il) centers to form infinite 1-D helical chains along the c-axis,
which are further linked by («%-x")-(k’-k")-u» DMTDC?” anion ligands to generate a
corrugated helical monolayer along the bc plane [figure 3(b)]. Within the layer, adjacent
Zn-bimb—Zn-bimb helices exhibit opposite helicity and both right and left helices
extend the 2-helical axis with a pitch of 23.32(1) A. As a result, the whole crystal is
mesomeric and does not exhibit chirality. The dihedral angle between the two imidazole
rings is 67.9°. Topologically, the 2-D layer can be viewed as a (4,4) network with both
DMTDC?™ and 1,3-bimb ligands acting as bidentate linkers. The window size of the
grid is 11.66(4) x 12.65(1) A based on the Zn--Zn distances. Adjacent layers further
interacted with each other through weak interactions between the aromatic rings along
the g-axis [figure 3(c) and (d)]. 1-D channels are generated, which are filled with
disordered DMF and H,O molecules (figure S3). The potential solvent-accessible vol-
ume in the unit cell is 2859.0 A3, which accounts for 40.8% of the total cell volume
as calculated by PLATON.

5. Properties

5.1. PXRD diffractions and TGA

PXRD diffractions of 1-3 are shown in figures S4-S6. All the peaks measured were
similar to those in the simulated patterns, indicating the purity of all the compounds.
TGA were performed on 1-3 to investigate the thermal stability of these polymers
(figure S7). The TGA curve of 1 displays steady weight loss from 150 to 230°C

(a)
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Figure 4. XRD patterns of the products by solid-state decomposition of (a) 1, (b) 2, and (c) 3, respectively.
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(found 3.6%), corresponding to the loss of coordinated H,O (Calcd 3.4%). The decom-
position of the whole structure corresponds to the rapid weight loss from 380 to
600 °C. For 2, the loss of the lattice DMF and H,O molecules (Calcd 10.7%) occurs
at 130-200°C (found 11.3%) and the rapid weight loss in the temperature range
300-350 °C indicates decomposition of the structure. The curve of 3 displays rapid
weight loss from 150 to 270°C from loss of lattice DMF and H,O molecules (Calcd
22.7%, found 23.0%). No weight loss occurred until 600 °C, indicating the decomposi-
tion of the whole structure from then on. To identify the decomposition products
of all compounds, TEM and XRD measurements were performed. As shown in

Figure 5. TEM images of the products by solid-state decomposition of 1 ((a) and (b)); 2 ((c) and (d)); and 3 ((e)
and (f)).
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figures 4 and 5, all the decomposition products display pure phase ZnO nanoparticles
with diameter of 60—120 nm.

5.2. Photoluminescent properties

The photoluminescence spectra of the compounds and free ligands were measured in the
solid state at room temperature (figures 6 and S8). H,DMTDC and 1,3-bimb show almost
no emission. 5,5'-dmbpy and 1,3-bimb show emission peaks at 577 nm (1, =340 nm) and
570 (Aex =368 nm), respectively. These emissions may be ascribed to the intraligand 7—7*
or 7*—n transitions [29, 30]. Compounds 1 and 3 display similar emission behaviors with
respective maxima at 435 nm (4 =338 nm) and 467 nm (Aex =367 nm), respectively. Zn(II)
and Cd(II) ions are difficult to oxidize or to reduce. As a result, the emission bands should
be ascribed to neither MLCT nor LMCT, but intraligand transitions [31-33]. Blue shift of
the spectra may be attributed to ligation of the ligand to the metal center. The coordination
enhances the “rigidity” of the ligand and thus reduces the loss of energy through a radia-
tionless pathway [34, 35]. The difference of the peaks and intensity may result from differ-
ent metal centers, ligands with different coordination and conformations. Additionally,
weak interactions, especially 77 stacking interactions in the crystalline lattice, may affect
the rigidity of the whole network and further the energy transfer involved in luminescence
[36-39].

To examine the potential sensing of small solvent molecules, fluorescent properties of the
ligand and compounds were investigated in different solvents. The suspensions were pre-
pared by introducing 2 mg of finely ground sample of the ligand and 1-3 into 4 mL sol-
vents, including methanol, ethanol, acetonitrile, dichloromethane, and tetrahydrofuran.
Before measurements, the suspension was treated with ultrasonication for 30 min. As shown
in figure 7, the luminescence intensities depend on different solvent molecules for different
compounds. This may be attributed to interactions of the solvents with some sites of the
compounds, which can influence the energy transfer process [36, 40—43].

compound 1
1.0 4 compound 3
0.9+
=}
2
T 0.8-
E
5]
c
0.7 4
0.6 4

400 450 500 550
Wavelength/nm

Figure 6. Solid-state photoluminescence properties of 1 and 3 at room temperature.
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Figure 7. Emission spectra of (a) DMTDC (4., =286 nm) and compounds; (b) 1 (Aex =283 nm); (¢) 2 (ex =273 nm);
and (d) 3 (Aex =235 nm) in different solvents.
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6. Conclusion

Three zinc coordination compounds were hydrothermally obtained from a bithiophene
dicarboxylate. The N-donor co-ligands affect the resulting structures. The compounds and
ligands exhibit photoluminescent properties at room temperature.

Supplementary material

X-ray crystallographic files in CIF format, additional tables and figures, XRD, TG, and pho-
toluminescent spectra are available in supporting material section. The CCDC reference
numbers 983015, 983016, and 983014 are for 1-3, respectively. These data can be obtained
free of charge from the Cambridge Crystallographic Data Center via www.ccdc.cam.ac.uk/
data_request/cif.
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