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Four pairs of transition-metal [Co(II), Zn(II), Ni(II) and Cu(I)] coordination polymers have been prepared
and characterized based on a pair of isomeric linear and V-shaped rigid thiophene-centered ditriazole
bridging ligands [2,5-di(1H-1,2,4-triazol-1-yl)thiophene (L1) and 3,4-di(1H-1,2,4-triazol-1-yl)thiophene
(L2)]. They are formulated as {[Co(L1)2(H2O)2](ClO4)2}n (1), {[Zn(L1)2(H2O)2](ClO4)2}n (2), {[Ni(L1)2

(H2O)2](ClO4)2}n (3), {[Co(L2)2(H2O)2](ClO4)2}n (4), {[Zn(L2)2(H2O)2](ClO4)2}n (5), {[Ni(L2)2(H2O)2]
(ClO4)2}n (6), [Cu(L1)(CN)]n (7) and [Cu2(L2)(SCN)2]n (8), where distinct metal/ligand ratios (1:2, 1:1
and 2:1) and dimensions [one-dimensional (1D), two-dimensional (2D) and three-dimensional (3D)]
have been observed because of the alterations of the coordination modes of central metal ions, the shape
and conformation of ligands and the participancy of counterions. X-ray single-crystal diffraction analyses
reveal that 1D chains have been formed in the cases of 4–6, while 2D planes have been built in 1–3. In
contrast, 3D networks have been constructed in 7 and 8 with different topologies because of the further
linkage of CN� and SCN� counterions.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Supramolecular p-functional materials have attracted signifi-
cant interest in coordination chemistry in recent years, partially
for their intriguing structures diversities [1] and potential applica-
tions in molecular junctions [2], dye-sensitized solar cells [3],
polymer light-emitting diodes [4], chiral sensing [5] and cell imag-
ing [6]. Among various synthetic methods for constructing self-
assembled metal coordination polymers (MCPs), one of the effec-
tive strategies is utilizing multidentate triazole/tetrazole based
derivatives as the main ligands and certain aromatic compounds
as the auxiliary ligands [7,8].

Investigations on the self-assembled metal coordination poly-
mers (MCPs) with specific network topologies are one of the inter-
esting and challenging topics. The topologies of MCPs mainly
depend on the results of various forces including strong coordina-
tion interactions between transition metal ions and ligands, the
nature of ligands and the noncovalent interactions such as
hydrogen bonding, p–p stacking, anions-p, and metal–metal inter-
actions [9,10]. So the rational design and selection of central metals
and organic bridging spacers are the foremost influencing factors
to obtain the desired type and architecture of MCPs. Some rigid lin-
ear bridging ligands, such as 4,40-bipyridine, 1,4-di(1H-imidazol-4-
yl)benzene have played important roles in the construction of a
variety of MCPs [11,12]. However, the exploration is still limited
on the influence of steric effect for the thiophene-based functional
building blocks on the structures and properties of MCPs deriva-
tives [13].

In our previous studies, two imidazole groups have been suc-
cessfully introduced to 2,5 or 3,4 positions of the central thiophene
rings, respectively, through the carbon–nitrogen bond cross-cou-
pling reactions. A series of fluorescent and semiconducting Ag(I)
coordination polymers have been obtained in the presence of dif-
ferent counterions and their structures have been fully character-
ized [14]. Recently, a pair of 1D Ag(I) coordination polymers has
been reported by using two triazole/thiophene/triazole/heterocy-
clic aromatic bridging ligands L1 and L2 [15]. As an extensive study
in this area, herein we aim to replace the Ag(I) ion with some other
transition metal ions possessing higher coordination numbers and
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more complicated coordination geometry to build a series of MCPs
bearing linear and V-shaped bridging ligands L1 and L2, and at the
same time explore the influences of central metal ions, conforma-
tion of organic spacers and counterions on the final dimensions
and architectures of MCPs. As a result, four pairs of transition-metal
[Co(II), Zn(II), Ni(II) and Cu(I)] coordination polymers of a pair of
isomeric bridging ligands (L1 and L2) have been synthesized
with the formulae of {[Co(L1)2(H2O)2](ClO4)2}n (1), {[Zn(L1)2(H2

O)2](ClO4)2}n (2), {[Ni(L1)2(H2O)2](ClO4)2}n (3), {[Co(L2)2(H2O)2]
(ClO4)2}n (4), {[Zn(L2)2(H2O)2](ClO4)2}n (5), {[Ni(L2)2(H2O)2]
(ClO4)2}n (6), [Cu(L1)(CN)]n (7) and [Cu2(L2)(SCN)2]n (8). Architec-
tural variations from 1D to 2D and 3D frameworks have been
observed in eight MCPs, where distinct metal/ligand ratios (1:2,
1:1 and 2:1) and molecular conformation of ligands are present.
2. Experimental

2.1. Materials and measurements

All melting points were measured without correction. The
reagents of analytical grade were purchased directly from com-
mercial sources and used without any further purification. Linear
and V-shaped thiophene-based ditriazole ligands L1 and L2 were
prepared by our previously reported Ullmann condensation reac-
tions [15]. Column chromatography was carried out on silica gel
(300–400 mesh) and analytical thin-layer chromatography (TLC)
was performed on glass plates of silica gel GF-254 with detection
by UV light. Standard techniques for synthesis were carried out
under argon atmosphere.

Caution! Although no problem was encountered in our experi-
ments, transition metal perchlorates are potentially explosive
and should be carefully performed in small quantities.

Elemental analyses were measured with a Perkin-Elmer 1400C
analyzer. Infrared spectra (4000–400 cm–1) were collected on a
Nicolet FT-IR 170X spectrophotometer at 25 �C using KBr plates.
UV–Vis spectra were recorded on a Shimadzu UV-3100 double-
beam spectrometer using a quartz glass cell with a path length of
10 mm at room temperature. Luminescence spectra were recorded
on an F–4600 fluorescence spectrophotometer at room tempera-
ture (25 �C). Powder X-ray diffraction (PXRD) measurements were
performed on a Philips X0pert MPD Pro X-ray diffractometer using
Cu Ka radiation (j = 0.15418 nm), in which the X-ray tube was
operated at 40 kV and 40 mA at room temperature. TGA-DSC
(thermogravimetry analysis-differential scanning calorimeter)
experiments were carried out by a NETZSCH STA449C thermo-
gravimetric analyzer instrument in the nitrogen flow from 10 to
800 �C at a heating rate of 10.0 �C�min�1.
2.2. Preparation of complexes 1 and 4

Ligand L1 (21.8 mg, 0.10 mmol) and Co(ClO4)2�6H2O (18.3 mg,
0.05 mmol) were placed in a thick-walled Pyrex tube (ca. 25 cm
long), and then tert-butyl alcohol (2.5 cm3) and water (0.1 cm3)
were added. The mixture was put into an ultrasonator for one min-
ute to obtain a solution, and it was frozen with liquid N2, evacuated
in vacuo and sealed with a torch. The tube was then placed inside an
oven at 102 �C under solvothermal conditions for 4 days to furnish
pink block crystals. The crystalline product was filtered off, washed
with distilled water and dried in air to produce complex 1 in a yield
of 16.0 mg (43.8%). Anal. Calc. for [C16H16Cl2N12CoO10S2]: C, 26.31;
H, 2.21; N, 23.01. Found: C, 26.53; H, 2.09; N, 23.27%. Main FT-IR
absorptions (KBr pellets, cm�1): 3383(b, s), 3120(s), 1669(m),
1580(s), 1516(s), 1456(m), 1433(m), 1363(m), 1279(m), 1263(m),
1221(m), 1135(vs), 1074(vs), 1036(s), 985(m), 950(s), 931(m),
884(m), 814(m), 670(m), 625(m), 548(m), 484(m). Complex 4 was
synthesized by the treatment of Co(ClO4)2�6H2O (18.1 mg,
0.05 mmol) and ligand L2 (21.8 mg, 0.10 mmol) under the same
experimental condition mentioned before, pink block crystals were
obtained after 5 days’ heating. Yield: 14.1 mg (38.6%). Anal. Calc. for
[C16H16Cl2N12CoO10S2]: C, 26.31; H, 2.21; N, 23.01%. Found: C,
26.44; H, 2.07; N, 23.33%. Yield: 14.1 mg (38.6%). Main FT-IR
absorptions (KBr pellets, cm�1): 3470(b, m), 3386(b, s), 3167(m),
3152(w), 3131(m), 3111(m), 1617(w), 1545(m), 1520(m),
1445(w), 1348(w), 1280(m), 1238(w), 1218(m), 1134(vs), 1107(s),
1057(s), 1016(m), 985(m), 932(w), 917(w), 895(m), 870(m),
812(m), 672(m), 652(m), 619(m), 529(w).
2.3. Preparation of complexes 2, 3, 5 and 6

Complexes 2 and 5 were synthesized by the treatment of
Zn(ClO4)2�6H2O (18.8 mg, 0.05 mmol) and ligand L1 (21.8 mg,
0.10 mmol) / or ligand L2 (21.8 mg, 0.10 mmol) under the same
experimental condition as that of 1. Colorless block crystals of 2
were collected after 8 days’ heating. Yield: 26.6 mg (72.3%). Anal.
Calc. for [C16H16Cl2N12ZnO10S2]: C, 26.08; H, 2.19; N, 22.81. Found:
C, 26.35; H, 2.08; N, 22.92%. Main FT-IR absorptions (KBr pellets,
cm�1): 3396(b, s), 3120(s), 1665(m), 1579(s), 1516(s), 1457(m),
1364(m), 1279(m), 1263(m), 1221(m), 1133(b, vs), 1075(s),
1035(s), 986(m), 950(s), 931(m), 884(m), 814(m), 669(m),
625(m), 547(m), 483(m). Colorless block crystals of 5 were
obtained after 7 days’ heating. Yield: 21.6 mg (58.6%). Anal. Calc.
for [C16H16Cl2N12ZnO10S2]: C, 26.08; H, 2.19; N, 22.81. Found: C,
26.21; H, 2.31; N, 22.87%. Main FT-IR absorptions (KBr pellets,
cm�1): 3490(b, s), 3397(b, s), 3167(m), 3131(m), 3111(s),
1614(m), 1546(s), 1520(s), 1446(m), 1349(m), 1284(s), 1238(m),
1218(s), 1134(vs), 1106(s), 1061(s), 1016(s), 985(m), 933(m),
917(m), 895(m), 870(m), 812(s), 671(s), 652(m), 620(m), 423(m).

Complexes 3 and 6 were produced by the treatment of
Ni(ClO4)2�6H2O (18.3 mg, 0.05 mmol) and ligand L1 (21.8 mg,
0.10 mmol) / or ligand L2 (21.8 mg, 0.10 mmol) under the afore-
mentioned experimental condition. Light blue block crystals of 3
were collected after 5 days’ heating. Yield: 20.6 mg (56.3%). Anal.
Calc. for [C16H16Cl2N12NiO10S2]: C, 26.32; H, 2.21; N, 23.02. Found:
C, 26.47; H, 2.11; N, 23.56%. Main FT-IR absorptions (KBr pellets,
cm�1): 3387(b, s), 3121(s), 1678(m), 1579(s), 1517(s), 1457(m),
1434(m), 1364(m), 1280(s), 1263(m), 1221(s), 1134(b, vs),
1075(vs), 1036(s), 987(m), 950(s), 931(m), 902(m), 883(m),
814(s), 669(s), 625(s), 549(m), 485(m). Light blue block crystals
of 6 were obtained after 5 days’ heating. Yield: 21.4 mg (58.6%).
Anal. Calc. for [C16H16Cl2N12NiO10S2]: C, 26.32; H, 2.21; N, 23.02.
Found: C, 26.43; H, 2.17; N, 23.34%. Main FT-IR absorptions (KBr
pellets, cm�1): 3498(b, s), 3395(b, s), 3171(m), 3156(m),
3134(m), 3113(m), 1620(m), 1546(s), 1522(m), 1446(w),
1350(w), 1284(s), 1239(w), 1219(s), 1134(vs), 1059(vs), 1017(m),
988(s), 933(w), 917(w), 895(m), 812(s), 672(s), 653(m), 620(m),
513(w).
2.4. Preparation of complex 7

Complex 7 was synthesized by the treatment of CuCN (8.9 mg,
0.10 mmol) and ligand L1 (21.8 mg, 0.10 mmol) in the mixed sol-
vent of acetonitrile (2.5 cm3) and water (0.1 cm3) under similar
experimental condition as that of 1. Colorless block crystals were
collected after 8 days’ heating. Yield: 16.2 mg (52.5%). Anal. Calc.
for [C9H6CuN7S]: C, 35.12; H, 1.96; N, 31.85. Found: C, 35.37; H,
1.85; N, 31.97%. Main FT-IR absorptions (KBr pellets, cm�1):
3414(b, w), 3142(w), 3112(s), 2360(w), 2108(vs), 1820(w),
1580(vs), 1537(w), 1504(s), 1437(s), 1355(w), 1289(m), 1272(m),
1222(m), 1138(s), 1026(s), 948(vs), 927(w), 913(w), 862(m),
798(s), 667(s), 628(m), 544(m).



Table 1
Crystal data and structure refinement parameters for complexes 1–8.

Complex 1 2 3 4 5 6 7 8

Chemical formula C16H16Cl2N12

CoO10S2

C16H16Cl2N12

ZnO10S2

C16H16Cl2N12

NiO10S2

C16H16Cl2

N12CoO10S2

C16H16Cl2N12

ZnO10S2

C16H16Cl2N12

NiO10S2

C9H6CuN7S C10H6Cu2

N8S3

Formula weight 730.38 736.84 730.14 730.38 736.84 730.14 307.83 461.54
Crystal system monoclinic monoclinic monoclinic monoclinic monoclinic monoclinic orthorhombic orthorhombic
Space group C2/c C2/c C2/c P21/c P21/c P21/c P212121 Pbcn
a (Å) 17.624(4) 17.629(3) 17.501(2) 7.493 (2) 7.5049(17) 7.4935(18) 5.755(2) 20.077(9)
b (Å) 20.230(4) 20.241(3) 20.105(2) 24.294(4) 24.391(6) 24.295(6) 8.999(4) 10.095(5)
c (Å) 7.644(2) 7.6253(13) 7.660(1) 8.054(2) 8.0661(18) 8.055(2) 22.796(9) 7.476(3)
a (�) 90 90 90 90 90 90 90 90
b (�) 94.675(3) 94.610(3) 95.071(1) 115.837(2) 115.808(2) 115.810(3) 90 90
c (�) 90 90 90 90 90 90 90 90
V (Å3) 2716.4(10) 2712.1(8) 2684.4(5) 1319.6(4) 1329.3(5) 1320.2(6) 1180.6(8) 1515.2(12)
Z 4 4 4 2 2 2 4 4
Dcalc (g cm�3) 1.786 1.805 1.807 1.838 1.841 1.837 1.732 2.023
F(000) 1476 1488 1480 738 744 740 616 912
l (Mo Ka, mm�1) 1.058 1.332 1.154 1.089 1.359 1.173 2.018 3.229
Refs collected/unique 6726/2383 6751/2375 6686/2357 6127/2310 6590/2328 6458/2311 5928/2076 7028/1330
Reflections [I > 2r(I)] 1614 1902 1763 1732 2122 2112 1605 1132
Parameters 211 211 211 196 196 196 163 105
Flack parameter – – – – – – �0.005(18)
R1 [I > 2r(I)] 0.0499 0.0548 0.0492 0.0414 0.0313 0.0269 0.0362 0.0263
wR2 (all data) 0.1269 0.1638 0.1427 0.0955 0.0911 0.0713 0.0505 0.0691
S 0.95 1.07 1.11 1.03 1.10 1.04 0.90 1.08
Max./Min. Dq (e Å�3) 0.84/�0.77 1.67/�1.43 0.81/�0.93 0.37/�0.39 0.32/�0.40 0.37/�0.36 0.33/�0.29 0.69/�0.70

R1 =
P

||Fo|�|Fc||/
P

|Fo|, wR2 = [
P

[w(Fo2 � Fc2)2]/
P

w(Fo2)2]1/2.
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2.5. Preparation of complex 8

Complex 8 was synthesized by the treatment of CuSCN
(24.4 mg, 0.20 mmol) and ligand L2 (21.8 mg, 0.10 mmol) in the
mixed solvent of acetonitrile (4.0 cm3) and water (0.2 cm3), the
mixture was then placed inside an oven under similar experimen-
tal condition as that of 1 except at 110 �C. Colorless block crystals
were collected after 8 days’ heating. Yield: 19.2 mg (41.7%). Anal.
Calc. for [C10H6Cu2N8S3]: C, 26.03; H, 1.31; N, 24.28. Found: C,
26.31; H, 1.17; N, 24.44%. Main FT-IR absorptions (KBr pellets,
cm�1): 3405(b, w), 3139(w), 3111(m), 3081(s), 2287(b, w),
2173(s), 2106(vs), 1543(s), 1508(s), 1443(m), 1320(m), 1282(s),
1207(s), 1129(s), 1063(w), 1016(s), 983(m), 913(m), 887(m),
860(m), 809(s), 754(m), 675(m), 650(m).
2.6. X-ray crystallography

All single-crystal samples of 1–8 were covered with glue and
mounted on glass fibers for data collection with Mo Ka radiation
(k = 0.71073 Å) on a Bruker SMART 1 K diffractmeter equipped
with a CCD camera. Data collection was performed by using SMART

program and cell refinement and data reduction were made with
the SAINT program [16]. The crystal systems were determined by
Laue symmetry and the space groups were assigned on the basis
of systematic absences using XPREP, and then the structures were
solved by direct method and refined by least-squares method on
F2

obs by using full-matrix least squares methods with SHELXTL version
6.10 [17a]. All non-H atoms were anisotropically refined and all
hydrogen atoms were inserted in the calculated positions assigned
fixed isotropic thermal parameters and allowed to ride on their
respective parent atoms. All calculations were carried out by the
SHELXTL PC program package and molecular graphics were drawn by
using XSHELL and DIAMOND software [17b]. The summary of the data
collection and refinement for 1–8 is given in Table 1, whereas the
selective bond lengths and angles of these metal coordination poly-
mers are listed in Table 2. Hydrogen bonding interactions in 1–8 are
summarized in Table SI1 in Supporting information.
3. Results and discussion

3.1. Spectral characterizations

UV–Vis absorption spectra of MCPs 1–8 in methanol are illus-
trated in Fig. 1. No peaks can be observed in the UV–Vis absorption
spectrum of 8 [Cu2(L2)(SCN)2]n, indicating its very low solubility in
methanol. By comparing the electronic spectra of eight MCPs, one
can see that they are obviously divided into two groups where
large hypsochromic shifts are found from MCPs of L1 to MCPs of
L2. The characteristic absorption peaks for each group are almost
identical to those of ligands L1 and L2, which can be ascribed to
the dissociation of transition-metal complexes in solution. Further-
more, linear heterocyclic aromatic ligand L1 and its d10 Zn(II) MCP
2 are fluorescence active and their solid fluorescence emission
spectra are shown in Fig. SI1 in Supporting information. Compared
with the fluorescence emission peak of ligand L1 at 435 nm, Zn(II)
coordination polymer 2 displays a hypsochromic shift to 402 nm,
indicative of the alterations of molecular conformation as well as
supramolecular interactions in the crystal packing for 2,5-di(1H-
1,2,4-triazol-1-yl)thiophene in free ligand L1 and bridging unit in
complex 2 before and after metal-ion complexation.

The pure phase of all eight MCPs 1–8 in this work has been con-
firmed by PXRD patterns (Fig. SI2 in Supporting information),
where the simulated and as-synthesized spectra are almost the
same. TGA–DSC results of complexes 2, 5, 7 and 8 are shown in
Fig. SI3 in Supporting information, where all transition-metal coor-
dination polymers exhibit high thermal stability. TGA–DSC study
of 2 reveals that it keeps unchangeable until 311 �C. After that, it
starts to decompose with a large and quick weight loss of 50.34%
from 312 to 328 �C. A sharp endothermic DSC peak is observed at
a high tempeterature of 321 �C, suggesting high thermal stability
contributed by the 2D framework in 2. With regard to 3D copper(I)
frameworks 7 and 8, two different DSC peaks are observed for both
samples. Namely, they have the same exothermic DSC peak at
262 �C which may correspond to the oxidation of copper(I) ion.
The other endothermic DSC peak at 301 and 294 �C for 7 and 8,
respectively, indicative of the decomposition of complexes. For



Table 2
Selected bond lengths (Å) and bond angles (�) for complexes 1–8.

1

Co1–O1 2.119(3) Co1–N1a 2.179(3)
Co1–N1 2.179(3) Co1–N6b 2.134(3)
Co1–O1a 2.119(3) Co1–N6c 2.134(3)
O1–Co1–N1 90.7(1) O1a–Co1–N6c 91.0(1)
O1–Co1–O1a 177.2(1) N1–Co1–N1a 85.1(1)
O1–Co1–N1a 87.2(1) N1–Co1–N6b 175.4(1)
O1–Co1–N6b 91.0(1) N1–Co1–N6c 90.8(1)
O1–Co1–N6c 90.9(1) N1a–Co1–N6b 90.8(1)
O1a–Co1–N1 87.2(1) N1a–Co1–N6c 175.4(1)
O1a–Co1–N1a 90.7(1) N6b–Co1–N6c 93.4(1)
O1a–Co1–N6b 90.9(1)
2

Zn1–O1 2.151(4) Zn1–N1a 2.198(4)
Zn1–N1 2.198(4) Zn1–N6b 2.131(4)
Zn1–O1a 2.151(4) Zn1–N6c 2.131(4)
O1–Zn1–N1 90.6(2) O1a–Zn1–N6c 91.4(1)
O1–Zn1–O1a 176.1(1) N1–Zn1–N1a 84.3(1)
O1–Zn1–N1a 86.5(2) N1–Zn1–N6b 174.9(1)
O1–Zn1–N6b 91.4(1) N1–Zn1–N6c 91.2(1)
O1–Zn1–N6c 91.3(1) N1a–Zn1–N6b 91.2(1)
O1a–Zn1–N1 86.5(2) N1a–Zn1–N6c 174.9(1)
O1a–Zn1–N1a 90.6(1) N6b–Zn1–N6c 93.5(1)
O1a–Zn1–N6b 91.3(1)
3

Ni1–O1 2.095(3) Ni1–N1a 2.122(3)
Ni1–N1 2.122(3) Ni1–N6b 2.085(3)
Ni1–O1a 2.095(3) Ni1–N6c 2.085(3)
O1–Ni1–N1 90.6(1) O1a–Ni1–N6c 91.0(1)
O1–Ni1–O1a 176.9(1) N1–Ni1–N1a 85.2(1)
O1–Ni1–N1a 87.2(1) N1–Ni1–N6b 176.1(1)
O1–Ni1–N6b 91.0(1) N1–Ni1–N6c 91.3(1)
O1–Ni1–N6c 91.1(1) N1a–Ni1–N6b 91.3(1)
O1a–Ni1–N1 87.2(1) N1a–Ni1–N6c 176.1(1)
O1a–Ni1–N1a 90.6(1) N6b–Ni1–N6c 92.2(1)
O1a–Ni1–N6b 91.1(1)
4

Co1–O1 2.097(3) Co1–N1d 2.165(3)
Co1–N1 2.165(3) Co1–N6e 2.147(2)
Co1–O1d 2.097(3) Co1–N6f 2.147(2)
O1–Co1–N1 91.6(1) O1d–Co1–N6f 90.7(1)
O1–Co1–O1d 180.0 N1–Co1–N1d 180.0
O1–Co1–N1d 88.4(1) N1–Co1–N6e 89.9(1)
O1–Co1–N6e 90.7(1) N1–Co1–N6f 90.2(1)
O1–Co1–N6f 89.4(1) N1d–Co1–N6e 90.2(1)
O1d–Co1–N1 88.4(1) N1d–Co1–N6f 89.9(1)
O1d–Co1–N1d 91.6(1) N6e–Co1–N6f 180.0
O1d–Co1–N6e 89.4(1)
5

Zn1–O1 2.134(2) Zn1–N1d 2.177(2)
Zn1–N1 2.177(2) Zn1–N6e 2.158(2)
Zn1–O1d 2.134(2) Zn1–N6f 2.158(2)
O1–Zn1–N1 91.8(1) O1d–Zn1–N6f 90.6(1)
O1–Zn1–O1d 180.0 N1–Zn1–N1d 180.0
O1–Zn1–N1d 88.2(1) N1–Zn1–N6e 90.2(1)
O1–Zn1–N6e 90.6(1) N1–Zn1–N6f 89.8(1)
O1–Zn1–N6f 89.4(1) N1d–Zn1–N6e 89.8(1)
O1d–Zn1–N1 88.2(1) N1d–Zn1–N6f 90.2(1)
O1d–Zn1–N1d 91.8(1) N6e–Zn1–N6f 180.0
O1d–Zn1–N6e 89.4(1)
6

Ni1–O1 2.088(2) Ni1–N1d 2.121(2)
Ni1–N1 2.121(2) Ni1–N6e 2.110(2)
Ni1–O1d 2.088(2) Ni1–N6f 2.110(2)
O1–Ni1–N1 91.9(1) O1d–Ni1–N6f 90.8(1)
O1–Ni1–O1d 180.0 N1–Ni1–N1d 180.0
O1–Ni1–N1d 88.1(1) N1–Ni1–N6e 90.4(1)
O1–Ni1–N6e 90.8(1) N1–Ni1–N6f 89.6(1)
O1–Ni1–N6f 89.2(1) N1d–Ni1–N6e 89.6(1)
O1d–Ni1–N1 88.1(1) N1d–Ni1–N6f 90.4(1)
O1d–Ni1–N1d 91.9 (1) N6e–Ni1–N6f 180.0
O1d–Ni1–N6e 89.2(1)
7

Table 2 (continued)

1

Cu1–N1 2.117(3) Cu1–N6g 2.138(3)
Cu1�C9 1.881(4) Cu1–N7h 1.967(3)
N1–Cu1–C9 112.3(1) N6g–Cu1–C9 110.5(1)
N1–Cu1–N6g 100.5(1) N7h–Cu1–C9 128.1(2)
N1–Cu1–N7h 104.5(1) N6g–Cu1–N7h 96.7(1)
8

Cu1–S2 2.431(2) Cu1–N4i 1.944(2)
Cu1–N1 2.024(2) Cu1–S2j 2.394(2)
S2–Cu1–N1 107.4(1) N1–Cu1–N4i 121.8(1)
S2–Cu1–N4i 100.6(1) S2l–Cu1–N1 104.7(1)
S2–Cu1–S2j 102.6(1) S2l–Cu1–N4j 117.7(1)

Symmetry codes: a = �x, y, 1/2 � z; b = �1/2 + x, �1/2 + y, z; c = 1/2 � x, �1/2 + y,
1/2 � z; d = 2 � x, �y, 1 � z; e = 1 + x, y, 1 + z; f = 1 � x, �y, �z; g = 1/2 � x, 2 � y,
�1/2 + z; h = �1 � x, 1/2 + y, 3/2 � z; i = 1/2 � x, �1/2 + y, z; j = x, �y, �1/2 + z.

Fig. 1. UV–Vis spectra of complexes 1–8 in methanol at room temperature.
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1D complex 5 of L2, it has a weight loss of 29.93% from 343 to
359 �C accompanied by a sharp endothermic DSC peak at 355 �C,
corresponding to the loss of one bridging ligand (Calcd. 29.62%).
Considering that 1 and 3 are the isomorphic complexes of 2, while
4 and 6 are the isomorphic complexes of 5, only one representative
complex for each has been characterized by TGA–DSC.

3.2. Crystal structures of [Co(L1)2(H2O)2](ClO4)2 (1),
[Zn(L1)2(H2O)2](ClO4)2 (2) and [Ni(L1)2(H2O)2](ClO4)2 (3)

Complexes 1, 2 and 3 are isostructures with different divalent
cations [cobalt(II) in 1, zinc(II) in 2 and nickel(II) in 3]. They all
crystallize in the monoclinic space group C2/c having half a diva-
lent metal cation, one ligand L1, one water molecule and two
halves of perchlorate anions in the asymmetric unit. As shown in
Fig. 2, every metal center in 1, 2 and 3 is six-coordinated by four
nitrogen atoms from four ligands and two oxygen atoms from
two coordination water molecules, forming a slightly distorted
octahedron. Every ligand L1 serves as a bidentate bridging unit
with distinct dihedral angles between adjacent triazole and thio-
phene rings. One is in the range of 26.0(2)–27.6(2)�, while the
other is in the range of 59.2(2)–59.9(2)�. With the help of the linear
bridging ligand L1, the central metal ions are connected to form
three similar robust 2D planes in 1, 2 and 3.

It is noted that the 2D layer packing frameworks of 1, 2 and 3
are composed of continuous rhombus-shaped tetranuclear units.
The side lengths of three rhombuses (the distances between two
neighboring metal centers) are 13.415(3) Å in 1, 13.412(3) Å in 2
and 13.327(3) Å in 3, respectively, and the included angles (acute
angles) of them are the same as 82.1(2)�. There are p–p stacking
interactions between the thiophene rings from adjacent 2D



Fig. 2. ORTEP drawing (at 30% level) of the cations of 1, 2 and 3 with the atom-numbering scheme (perchlorate anions are omitted for clarity) and perspective view of the
two-dimensional network as well as the packing mode in their crystal structures.

Fig. 3. ORTEP drawing (at 30% level) of the cations of 4, 5 and 6 with the atom-numbering scheme (perchlorate anions are omitted for clarity) and perspective view of the
one-dimensional chain in the crystal packing.
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networks with the centroid-to-centroid separations of 3.934(5) Å
in 1, 3.927(6) Å in 2 and 3.945(5) Å in 3.

3.3. Crystal structures of [Co(L2)2(H2O)2](ClO4)2 (4),
[Zn(L2)2(H2O)2](ClO4)2 (5) and [Ni(L2)2(H2O)2](ClO4)2 (6)

Similar to complexes 1, 2 and 3 of ligand L1, complexes of 4, 5
and 6 of ligand L2 are also isomorphic structures except that differ-
ent divalent cations are present [cobalt(II) in 4, zinc(II) in 5 and
nickel(II) in 6]. They all crystallize in the monoclinic space group
P21/c and every asymmetric unit comprise of half a divalent metal
cation, one ligand L2, one water molecule and one perchlorate
anion. As displayed in Fig. 3, every metal center in 4, 5 and 6 is
six-coordinated by four nitrogen atoms from four L2 ligands and
two oxygen atoms from two coordination water molecules, form-
ing a slightly distorted octahedron. With two nitrogen atoms at
the two sides of the V-shaped ligand, L2 also serves as a bidentate
bridging ligand with the dihedral angles between the adjacent tri-
azole and thiophene rings of 40.7(2)� and 66.5(2)� in 4, 41.2(2)�
and 66.5(2)� in 5 and 41.8(2)� and 66.1(2)� in 6, respectively.

In comparison with the 2D polymeric frameworks of 1, 2 and 3
constructed by the linear bidentate bridging ligand L1, infinite 1D
chains are constituted in 4, 5 and 6 through the double l-bridging
ligand L2. The M� � �M distances between neighboring divalent
metal cations are 8.271(3) Å in 4, 8.287(3) Å in 5 and 8.275(3) Å
in 6. In addition, the thiophene rings of two opposite V-shaped
ligands in every dinuclear unit are parallel, and they are positioned
toward the outer sides of 1D chains. No p–p stacking interactions



Fig. 4. (a) ORTEP drawing (at 30% ellipsoid probability level) of the cation of 7 with the atom-numbering scheme, (b) perspective view of the three-dimensional network in
the crystal packing, and (c) topological view of 7 (CuII acts as four-connected node, while L1 acts as two-connected node).

Fig. 5. (a) ORTEP drawing (at 30% ellipsoid probability level) of the cation of 8 with the atom-numbering scheme, (b) perspective view of the three-dimensional network in
the crystal packing, and (c) Schematic representation of the (3,4) topological net (CuII acts as four-connected node, while L2 acts as two-connected node).
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can be found between neighboring aromatic rings in the crystal
packing structures of 4, 5 and 6.

3.4. Crystal structure of [Cu(L1)(CN)] (7)

ORTEP view of complex 7 with the atom labeling scheme is pre-
sented in Fig. 4a, where the asymmetric unit of 7 includes one Cu(I)
cation, one ligand L1 and one cyanide anion. It crystallizes in the
orthorhombic space group P212121 and a reasonable Flack param-
eter of �0.005(18) demonstrates the right specification of chirality
[18]. The central Cu(I) ion is four-coordinated in tetrahedral geom-
etry by two nitrogen atoms from two ligands, one carbon atom
from one cyanide anion and one nitrogen atom from another
cyanide anion. The dihedral angles between adjacent triazole and
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thiophene rings are 39.2(2)� and 36.9(2)�, respectively. Ligand L1
acts as a longer bidentate bridging ligand while the cyanide anion
as a shorter one, extending the structure into an infinite three-
dimensional framework with the Cu–Cu distances of 13.279(3)
and 4.998(3) Å (Fig. 4b).

The phenomena of interpenetration are frequently found in the
self-assembly process especially for those 3D frameworks. To fur-
ther explore the packing structure of 7, a topological analysis has
been carried out by using TOPOS [19,20] where the Cu(II) ions
are considered as topological nodes. As demonstrated in Fig. 4c,
every Cu(II) center can be regarded as a 4-connected nod. There-
fore, 7 can be reduced into a uninodal (6,6)-connected net with a
diamond structure, and the point (Schlafli) symbol for the net is
(66).

3.5. Crystal structure of [Cu2(L2)(SCN)2] (8)

ORTEP view of complex 8 with the atom labeling scheme is pre-
sented in Fig. 5a. It crystallizes in the orthorhombic space group
Pbcn and one Cu(I) cation, half a ligand L2 and one SCN� anion
comprise the asymmetric unit. The Cu(I) center is four-coordinated
by one nitrogen atom from one ligand L2, one nitrogen atom from
one SCN� anion and two sulfur atoms from two SCN� anions. Both
dihedral angles between adjacent triazole and thiophene rings are
at 51.5(2)�. Similar to metal complexes 1–7, L2 in 8 serves as a
l-bridging ligand. Nevertheless, the linear SCN� anion acts as a
l3-bridging ligand linking three adjacent Cu(I) ions, where the
sulfur atom of thiocyanate ion links two Cu(I) ions with the Cu–
Cu distance of 3.891(3) Å and the nitrogen atom links the
third Cu(I) ion with the Cu–Cu separations of 5.285(3) and
5.672(3) Å between this one and previous two Cu(I) ions. With
the assistance of above-mentioned two kinds of bridging ligands,
an infinite 3D framework in 8 comes into being, as can be seen
in Fig. 5b.

A better insight into the unique architecture of 8 can also be
acquired via topological analysis by considering both S atom of
SCN- anion and Cu(I) cation as topological nodes. As shown in
Fig. 5c and 5d, every S atom is a 3-connected node and every
Cu(I) ion is a 4-connected one with the Cu–Cu distance of
8.513(3) Å. Therefore, complex 8 can be reduced into a (3,4)-con-
nected binodal net with the fsc structure and the point (Schlafli)
symbol for the net is (63)(65.8).
4. Conclusion

In summary, we have successfully obtained eight transition-
metal coordination complexes based upon a pair of isomeric
ligands (L1 and L2) with the same triazole/thiophene/triazole skel-
eton but distinct metal/ligand ratios, molecular conformation of
ligands and 1D, 2D and 3D dimensions. 1:2 Co(II), Zn(II) and Ni(II)
complexes 1–3 of linear bridging ligand L1 are isostructures show-
ing 2D frameworks. 1:2 Co(II), Zn(II) and Ni(II) complexes 4–6 of V-
shaped bridging ligand L2 are also isomorphic but exhibiting 1D
chains. 3D topological networks are found in 1:1 and 2:1 Cu(I)
complexes 7 and 8 because of the presence of additional bridging
anions CN� and SCN�, respectively. The comparisons of eight com-
plexes have been further analyzed by TGA–DSC, UV–Vis, PXRD and
fluorescence spectra.
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