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Syntheses, Crystal Structures and Characterization of Ca(Il) and Ba(ll)
Coordination Polymers Derived from Thiophene-2,5-dicarboxylate
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Abstract: Two new alkaline earth metal coordination polymers [Ca(tdc)(DMF),], (1) and [Ba(tdc)], (2) (Hatde=2,5-
thiophene dicarboxylate) have been synthesized under solvothermal condition. They were characterized by
elemental analysis, IR spectroscopy, single crystal X-ray diffraction, powder X-ray diffraction, thermogravimetric
analysis, and fluorescent analysis. Complex 1 exhibits a two-dimensional (2D) layer structure with a uninodal
(4,4)-connected (4" - 6% topological type; whereas, complex 2 features a 3D framework consisting of elongated
hexagonal channels. Solid-state photoluminescent properties indicate that complex 1 shows noticeable fluorescent

emissions upon excitation in comparison to that of complex 2. CCDC: 1509673, 1; 1509674, 2.
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0 Introduction materials such as storage, separation, catalysis,
luminescence, ion exchange, drug delivery, electrical

The design and synthesis of metal-organic coor- conductivity, and molecular magnetism!™". Although
dination polymers (MOCPs) have attracted considerable many efforts and great progress have been made in
attention due to their appealing structural, topological the construction of diverse architectures, the rational
novelty and potential applications in functional design and controllable preparation of the coordination
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polymers still remain a great challenge in the field of
crystal engineering. It is well known that the assembly
process of MOCPs is deeply influenced by many
factors, such as connectivity of organic building blocks
or metal ions, solvents, molar ratio of reactants, temp-
erature, the counter anions, pH value and so on!*",
Of all these, the judicious selection of organic linkers,
such as flexibility, shape, length, steric effects, and
substituent group is crucial to the structural archite-
ctures and functionalities of MOCPs. Polycarboxylic
ligands are considered to be good candidates because
of their versatile coordination modes!®*. Although a
substantial number of coordination polymers incor-
porating various kinds of aromatic polycarboxylic
acids and even including N-heterocyclic derivatives
have been reported, there have been far less focus on
the investigation of S-containing polycarboxylic acid
ligands. Out of the different carboxylate based ligands,
2,5-thiophene dicarboxylate (Hytdc) has two carboxyl
groups that may be completely or partially
deprotonated, leading to abundant coordination modes
and readily adjustable geometries to different metal
centers™*.. The unique V-shaped arrangement of this
ligand between the two carboxyl groups enables non-
centrosymmetric structures, which is a prerequisite for
preparing nonlinear optical materials. Furthermore,
the lone electron pair of the hetero-S atom in the
Hytde ligand is more likely delocalized within the
thiophene ring and can easily promote charge transfer
associated with the target coordination polymers™. Tt
is expected to be an important intermediate in the
development of photoluminescent materials.

On the other hand, in contrast to abundant
research in d-block transition metal or f-block rare
earth metal polymers, the coordination behavior and
potential applications of alkaline earth metal coor-
dination polymers have remained largely an unex-
plored area due to their relatively weak complexing
ability™. However, alkaline earth metal ions have
considerable advantage for constructing MOCPs, such
as low molecular weight, high charge density plus the
relative abundance with low cost. Out of the different
magnesium and calcium

alkaline earth metals,

perform numerous biological functions in all life forms
and some Mg and Ca-based MOFs exhibit exceptional
gas adsorption properties and photoluminescence
properties”™.  Barium and strontium metals have been
known as antagonists for potassium and calcium,
respectively™.

Taking into account all these contexts, we have
strategically ~ combined  2,5-thiophenedicarboxylate
(Hatde) organic linker with alkaline earth metal ions to
build new metal-organic coordination polymers. In the
present paper, two new polymers, namely, [Ca (tdc)
(DMF),], (1) and [Ba(tdc)], (2) have been successfully
synthesized. Their single crystal structures, solid state
thermal studies and fluorescent properties have also

been investigated.
1 Experimental

1.1 Materials and physical measurements

All reagents used in the syntheses were comm-
ercially available and used as purchased. Elemental
analyses for C, H, N, S were performed on a LECO
CHNS-932 Elemental Analyzer. FT-IR spectra were
recorded using KBr pellet on a Perkin Elmer
Spectrum 100 Spectrometer in the 4 000~600 cm ™
region. The powder X-ray diffraction (PXRD) data were
collected on a Bruker D2 PHASER equipped with a
graphite monochromator using Cu Ko radiation (A=
0.154 060 nm) in 26 range of 7°~50° at room temp-
erature, operated at 30 kV and 10 mA. Thermogravi-
metric analyses (TGA) were performed on a SDT Q600
V20.9 Build 20 analyzer under nitrogen atmosphere
with a heating rate of 10 °C-min™" in the range of 30~
800 “C. The fluorescence spectra were measured on a
FLS920 fluorescence spectrophotometer.
1.2 Synthesis of the complex [Ca(tdc)(DMF),], (1)

A mixture of CaCl,-4H,0 (18.3 mg, 0.10 mmol)
and Hotde (17.2 mg, 0.10 mmol) was dissolved in 5
mL of DMF/H,0 (4:1, V/V) in a 10 mL glass vial.
After ultrasonication for about 30 min, the resulting
solution was placed in an autoclave and heated at 90
°C for 5 days. After the mixture was slowly cooled to
room temperature, a large amount of colorless block

(Yield: 69% based on

crystals of 1 were collected.
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Ca). Elemental analysis Caled. for Cj,HsCaN,OgS(%):
C, 40.44; H, 4.52; N, 7.86; S, 8.99. Found (%): C,
40.39; H, 4.60; N, 7.80; S; 8.94. FT-IR (KBr pellet,
em™) selected bands: 1 597(s), 1 564(s), 1 524(m),
1 457(w), 1 355(s), 1 332(s), 1 251(w), 1217(w), 1 121
(m), 1 035(m), 847(w), 776(s), 683(m).
1.3 Synthesis of the complex [Ba(tdc)], (2)
Complex 2 was synthesized with the same
procedure as that of 1, except that CaCl,-4H,0 was
substituted with BaBr,-2H,0. Light yellow crystals of
2 were obtained after filtration, washed with DMF,
and dried in air. The yield was 60% based on Ba.
Elemental analysis Caled. for CsH,Ba0,S(%): C, 23.44;
H, 0.66; S, 10.43. Found(%): C, 23.54; H, 0.75; S, 10.38.
FT-IR (KBr pellet, cm™) selected bands: 1 517(s), 1 457
(w), 1 360(s), 1 334(m), 1 316(m), 1 248(m), 1 215(w),
1 126(w), 1 043(m), 849(w), 805(s), 772(s), 683(m).
1.4 X-ray crystallographic studies

The single crystals of complexes 1 and 2 were

mounted on a Bruker SMART APEX CCD with graphite
-monochromatized Mo Ka radiation (A=0.071 073 nm)
by using the w scan technique at 193 K. Empirical
absorption corrections were applied by using the
SADABS program™. The structures were solved by
direct methods and refined by the full-matrix least-
squares on F? with anisotropic thermal parameters for
all non-hydrogen atoms™. All hydrogen atoms were
added in idealized positions and refined isotropically.
Further details of the structure analysis were
summarized in Table 1. Selected bond lengths and
bond angles are listed in Table 2. In complex 2, the
sulfur atom of the thiophene ring shows serious
disorder over two positions and was refined in two
complementary positions with 0.94 and 0.06 occupa-
ncies. Regardless of the disorder problems, the results
are clearly sufficient to establish the connectivity of

the molecule without any ambiguity.

CCDC: 1509673, 1; 1509674, 2.

Table 1 Crystal data and structure refinement for the complexes

Complex 1 2
Empirical formula C,HsCaN,0S CeH-Ba0.,S
Formula weight 356.41 307.48
Crystal system Monoclinic Monoclinic
Space group C2/c C2/e
a/nm 1.503 47(15) 1.929 10(19)
b/ nm 0.569 50(6) 0.595 57(6)
¢/ nm 1.792 00(18) 0.693 01(7)
B/(° 94.565 2(14) 110.678(1)
Volume / nm* 1.529 5(3) 0.744 92(13)
Z 4 4
F(000) 744 568
Crystal size / mm 0.32 x 0.16 x 0.05 0.14 x 0.08 x 0.06
D./ (g cm™) 1.548 2.742
Absorption coefficient / mm™ 0.576 5.575
0 range / (°) 3.4~30.0 4.5~30.1
Reflection collected 13 819 6 788
Independent reflection (R;,) 2 229 (0.024) 1 102 (0.022)
Reflection observed [/>207(])] 2 084 956
Data, restraint, parameter 2229, 0, 104 1102, 5, 80
Goodness-of-fit on F* 1.080 1.134

R, wRy (I>20(1))
Ry, wRy® (all data)
Largest diff. peak and hole / (e*nm™)

0.027 8, 0.077 0
0.029 6, 0.078 7
396 and -197

0.021 5, 0.053 8
0.025 4, 0.058 8
2 385 and 516

Ri=XNFJ-IF) AE); "wR =] S w(F2—F) X aw(F2)]"
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Table 2 Selected bond lengths (nm) and angles (°) for complexes 1 and 2
1
Cal-O1 0.235 77(7) Cal-03 0.234 19(9) 03-C4 0.124 23(15)
Cal-O1' 0.235 78(7) Cal-02" 0.236 22(8) N1-C5 0.144 95(17)
Cal-03' 0.234 19(9) Cal-02" 0.236 22(8) S1-C1 0.171 60(10)
NI1-C4 0.132 09(14) NI1-C6 0.144 63(17)
03-Cal-01 92.79(3) 01-Cal-O1' 180.0 (C2-01-Cal 142.75(7)
03-Cal-O1" 87.21(3) 03-Cal-02" 94.01(3) C1-S1-C1* 92.27(7)
01-Cal-02" 98.57(3) 01-Cal-02" 81.43(3) 03-Cal-02" 85.99(3)
2
Bal-02’ 0.264 6(2) Bal-O1" 0.2721(3) Bal-02' 0.274 8(3)
Bal-02 0.264 6(2) Bal-02 0.2748(3) €1-02 0.126 9(3)
Bal-01" 0.272 1(3) S1-C2 0.1720(3) €1-01 0.125 7(3)
01%.Bal-01" 180.00(10) 02-Bal-01" 90.95(11) €1-02-Bal 101.42(18)
02-Bal-O1" 89.05(11) 02-Bal-02" 95.78(7) €1-02-Bal® 139.1(2)
02i-Bal-02" 84.22(7) 02-Bal-01" 90.95(11) Bal®-01-Bal 101.51(9)
O17-Bal-02" 73.84(9) C1-01-Bal 82.3(2) 01"-Bal-02" 106.16(9)
(2-S1-C2" 91.49(19) Bal*-02-Bal 115.77(9) C1-01-Bal® 135.8(3)

Symmetry codes: ' —x+1, —y+1, —z+1; " —w+1, —y, —z+1; ", y+1, 23 ¥ —w+1, y, —z+1/2; Vx, y=1, 2z for 1; ', =y, 2=1/2; " —x+1/2, y+
172, —z4+1/2; %, —y+1, z=1/2; ™ —x+1/2, y=1/2, —2+1/2; ¥ —x+1/2, —y+1/2, —z; " —x+1, y, —2+3/2 for 2.

2 Results and discussion

2.1 Crystal structure of [Ca(tdc)(DMF),], (1)
Single-crystal X-ray analysis reveals that the
complex 1 crystallizes in a monoclinic system with
space group C2/c. As shown in Fig.1a, the asymmetric
unit of 1 contains one Ca(ll) ion, one tde>™ anion and
two coordinated DMF molecules. Each Ca (I) ion
acquires a distorted octahedral geometry, which is
provided by four carboxylate oxygen atoms from four
different tde* moieties which are occupied in the
equatorial position and other two oxygen atoms from
the coordinated DMF molecules in the axial position.
The bond lengths of equatorial plane are 0.235 77(7)
nm (Cal-O1) and 0.236 22(8) nm (Cal-02) respe-
ctively. The axial Cal-O3 bond length is 0.234 19(9)

oo A\

S

O O—=~Ca
mode I

Ca O—=Ca

Ca

Scheme 1

nm. The bond angles around the Ca(Il) center are
lying in the range of 81.43(3)°~180.00(3)°. In 1, each
tde?™ anion adopts uen'm'n' ' bis-bidentate coor-
dination mode (Scheme 1, mode I), connecting four
Ca(Il) ions to form an infinite one dimensional chain
along the ¢ axis, and the Ca---Ca distance across the
is 0.896 00(9) nm. Further the 1D

chains are linked together by carboxylate groups from

bridging tde*

two individual tdc?~ ligands down the b direction
generating a two-dimensional (2D) layer (Fig.1b). The
neighboring Ca ions are separated by 0.569 50(6) nm.
If the Ca(ll) ion is simplified as a 4-connected node
and tde?” ligand is considered as linear linker, thus

the structure of 1 can be described as a 4-connected
uninodal net with Schlifli symbol of (4*:6% (Fig.1c).

Ba Ba
/O O
Ba Ba
S
O 6]
Ba/ \Ba
mode II

Coordination modes of the tde* ligand in complexes 1 and 2
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(c)

Thermal ellipsoids are shown at the 30% probability level; H

atoms are omitted for clarity; Symmetry codes: ' —x+1, —y+1, —z+

1% —xt1, =y, —z+1; " x, y+1, 2 ¥ —x+1, y, —2+1/2; * x, y—1, z in

(a); Coordinated DMF are simplified for clarity

Fig.1 (a) Coordination environment of Ca(ll) center in

complex 1; (b) View of the 2D layer structure
along the a axis; (¢) Schematic view of the 4-
connected net in 1 (teal nodes for tde* ligand

and purple nodes for Ca(ll) centers

2.2 Crystal structure of [Ba(tdc)], (2)

Complex 2 crystallizes in the monoclinic system,
with C2/c space group. As illustrated in Fig.2a, the
asymmetric unit of 2 is composed of one Ba(ll) ion and
one tdc?” anion. Each Ba(ll) center is hexa-coordinated

with the contribution of the six carboxylate oxygen

atoms from six different tde?~ ligands which results a
distorted octahedral geometry. The Ba-O bond lengths
are measured in the range of 0.264 59(2)~0.274 78(2)
nm, and the bond angles around the Ba(ll) center are
lying in the range of 73.84(9)°~180.0(1)°. In 2, The
tde”” ligand displays coordination modes usn'n*n'n?
to bridge six Ba(ll) ions through its four oxygen atoms
(Scheme 1, mode II'), which are different from those
in 1. The identical Ba(ll) ions are bridged by the gs-
1" n*tdc* ligands to form a 2D layer on the be plane,
and the neighboring Ba---Ba distance are 0.456 88(3)
nm for Bal-Bal® and 0.595 57(6) nm for Bal™-Bal™

(Fig.2b). Furthermore, the adjacent layers are interco-

(©
Thermal ellipsoids are shown at the 30% probability level; H

atoms are omitted for clarity; Symmetry codes: ' x, —y, z—=1/2; " —x
+1/2, y+172, —z+1/2; ¥ x, —y+1, 2=1/2; ¥ —x+1/2, y=1/2, —z+1/2;
V112, —y+1/2, =z —x+1, y, —2+3/2
Fig.2 (a) Coordination environment of Ba(ll) center in
complex 2; (b) View of the 2D layer structure
along the a axis; (c) 3D framework of complex 2

along the b axis
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nnected through the tdc?~ ligands to generate a 3D
extended network consisting of elongated hexagonal
channels with approximate dimensions of 1.013 52
nmx0.792 17 nm (diagonal distances).
2.3 Thermal stabilities and powder X-ray

diffraction

To investigate the stability of the complexes 1
and 2, thermogravimetric analysis (TGA) experiments
have been performed on single crystal samples under
N, atmosphere. As shown in Fig.3, the TGA curve
of complex 1 exhibits an initial weight loss (19.2%)
between 30 and 450 “C, corresponding to the release
Then the
significant weight loss occurred from 450 to 500 °C,

of coordinated DMF solvent molecules.

which could be attributable to the decomposition of
the organic ligand tdc*. Unlike 1, Complex 2 is stable
up to 450 °C and undergoes an abrupt weight loss
(30.2%) in the temperature range of 450~550 °C,
which corresponds to the collapse of the main frame-

work. The final residues are detected with the weight

80

70+

Weight / %

0 200 400 600 800
Temperature / 'C

Fig.3 TGA curves for the complexes 1 and 2

of 48.67% for 1 and 69.8% for 2.
In order to confirm the phase purity of the bulk
(PXRD) experi-

ments were carried out on complexes 1 and 2 at room

materials, powder X-ray diffraction

temperature. The experimental PXRD patterns (Fig.4)

are in good agreement with the corresponding

simulated ones except for the relative intensity

because of the preferred orientations of the crystals.

1-experimental
m 2-experimental
M ;.. — N
1-simulated I I | 2-simulated
" 1 " L . I 2 1 . ) . L " L . L " 1 x i
10 20 30 40 50 10 20 30 40 50
20/ (%) 20/(%)

Fig.4 PXRD patterns of the complexes 1 and 2

2.4 Photoluminescent properties

Photoluminescent coordination polymers have
aroused great interest with their various applications
in chemical sensors, photochemistry and electrolu-

31 Therefore, the luminescent

minescent display
properties of complexes 1 and 2, as well as free Hytde
ligand were investigated in solid state at room
temperature. As shown in Fig.5, the free Hstde ligand
shows a wide emission band in the range of 325~375

(A4=302 nm), which

nm with a maximum at 344 nm

may be attributed to the 77#—n or 7r*—7r transition™",
Upon an excitation band at 302 nm, intense emissions
are observed at 350 nm for 1 and 354 nm for 2,
respectively. The emissions for the two complexes are
quite similar to that of the free Hjtde ligand in terms
of position and band shape. The enhancement of
luminescence intensity compared to the free ligand
perhaps result from the coordination interactions of
the ligand to the metal center, which effectively

increases the rigidity of the ligand and reduces the
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