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a b s t r a c t

A pair of new linear and V-shaped acceptor–donor–acceptor (A�D�A) thiophene-centered ditriazole
structural isomers, i.e., 2,5-di(1H-1,2,4-triazol-1-yl)thiophene (L1) and 3,4-di(1H-1,2,4-triazol-1-yl)thio-
phene (L2), has been synthesized and characterized. They are used as μ2-bridging ligands to prepare a
pair of silver(I) coordination polymers formulated as [Ag(L1)(NO3)]n (1) and [Ag(L2)(NO3)]n (2), which are
also structural isomers at the supramolecular level. X-ray single-crystal diffraction analyses for 1 and 2
reveal that they exhibit the same one-dimensional (1D) coordination polymers but different structural
architectures because of the distinguishable shape and configuration of isomeric ligands (L1 and L2) and
the alterations of the coordination numbers. More interestingly, compared with the free ligands, 1D
silver(I) polymeric isomers 1 and 2 show significant enhancement of solid-state conductivity to different
extents (1.42�104 and 2.17�103 times), where 6.96 times' enhancement of solid-state conductivity
from 1 to 2 has been observed. The formation of Ag–N coordinative bonds and the configurational
discrepancy of L1 and L2 are believed to play important roles in facilitating the electron transport
between molecules, which can also be supported by Density Function Theory calculations of their
band gaps.

& 2014 Elsevier Inc. All rights reserved.

1. Introduction

Over the past decades, investigations on the supramolecular π-
functional materials have attracted significant attention since they
combine the intriguing structures and topological characteristics
of complexes with readily tailored optical, electrical and magnetic
properties of functional organic molecules [1]. In particular,
potential applications of these materials in catalysis [2], magnet-
ism [3], gas adsorption [4], electric conductivity [5], non-linear
optics [6], and other optoelectronic devices [7] have motivated the
development of synthesis and processing methods of metal
coordination polymers (MCPs) with unique properties.

As we know, rational design and synthesis of MCPs on the basis
of self-assembly of a variety of metal ions and multi-functional
organic ligands are one of the interesting and challenging issues.
Thiophenes and their derivatives have been widely studied in the
field of molecular-based materials. Furthermore, studies on the
thiophene-based functional building blocks and their MCPs in

terms of self-assembly chemistry provide an opportunity to finely
tune the resulting supramolecular architectures and corresponding
optoelectrical properties [8]. Specifically, α,α' and β,β' substituted
thiophene-based heterocyclic aromatic compounds, which can be
synthesized by the cross-coupling reactions such as Suzuki–Miyaura,
Negishi, Ullmann, Kumada–Tamao–Corriu, Migita–Kosugi and so on,
have shown a great many differences on size, symmetry, conforma-
tion, solubility, reaction activity, band gap, and electronic and fluores-
cence spectra [9].

In our previous work, several symmetric/asymmetric thiophene/
oligothiophene-centered and imidazole/pyridine terminated bridging
ligands have been designed and synthesized with the carbon–
nitrogen bond cross-coupling reactions, in the investigations on the
semiconducting and fluorescent Ag(I), Zn(II), and Cd(II) coordination
polymers with abundant supramolecular architectural diversity
[8c,10]. However, the combination of functional triazole and thio-
phene heterocyclic aromatic rings and the following construction of
their MCPs have not been explored. Herein, we report a pair of new
isomeric 2,5 and 3,4 triazole-terminated thiophene ligands prepared
from 1,2,4-triazole and 2,5-dibromothiophene and 3,4-dibromothio-
phene, namely, 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). This pair of structural isomers
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has been used to react with silver(I) nitrate by the liquid diffusion
method, forming a pairs of one-dimensional (1D) Ag(I) polymeric
isomers formulated as [Ag(L1)(NO3)]n (1) and [Ag(L2)(NO3)]n (2).
Compared with the free ligands, 1 and 2 show significant enhance-
ment of solid-state conductivity to different extents (1.42�104 and
2.17�103 times), where 6.96 times' enhancement of solid-state
conductivity from 1 to 2 has been observed. The formation of Ag�N
coordinative bonds and the configurational discrepancy of L1 and L2

are believed to play important roles in facilitating the electron
transport between molecules, which can also be supported by
Density Function Theory (DFT) calculations of their band gaps.

2. Experimental section

2.1. Materials and measurements

All melting points were measured without corrections. The
reagents of analytical grade were purchased directly from com-
mercial sources and used without any further purification. 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. Standard
techniques for synthesis were carried out under argon atmosphere.
1H and 13C NMR spectra were obtained using chloroform-d (CDCl3)
as the solvent.

Elemental analyses were measured with a Perkin-Elmer 1400C
analyzer. Infrared spectra (4000–400 cm–1) were collected on a
Nicolet FT-IR 170� spectrophotometer at 25 1C using KBr plates.
Ultraviolet–visible (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 spectrophot-
ometer at room temperature (25 1C). 1H and 13C NMR spectro-
scopic measurements were performed on a Bruker AM-500 NMR
spectrometer, using TMS (SiMe4) as an internal reference at room
temperature. Electrospray ionization mass spectra (ESI-MS) were
recorded on a Finnigan MAT SSQ 710 mass spectrometer in a scan
range of 200–2000 amu. Powder X-ray diffraction (PXRD) mea-
surements were performed on a Philips X0pert MPD Pro X-ray
diffractometer using Cu Kα radiation (λ¼0.15418 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 thermogravimetric analyzer instrument in the nitrogen
flow from 10 to 800 1C at a heating rate of 10.0 1C min�1.

2.2. Syntheses of compounds

2.2.1. Compound L1

A DMF solution (40 cm3) containing 2,5-dibromothiophene
(2.55 g, 10.54 mmol), 1,2,4-triazole (14.56 g, 210.80 mmol), K2CO3

(2.91 g, 21.08 mmol) and CuI (100.9 mg, 0.53 mmol) was heated to
150 1C for 36 h under argon atmosphere. The reaction mixture was
cooled to room temperature and filtered, and then the filter cake
was rinsed thoroughly by CH3OH. The filtrate was concentrated
using a rotary evaporator to give dark oil. The residue was
dissolved in ethyl acetate (250 cm3) and washed thoroughly by
brine to remove excess 1,2,4-triazole which could be detected
by TLC (iodine fuming). The organic layer was separated, dried by
anhydrous Na2SO4 and filtered. The solvent was evaporated under
reduced pressure and the solid residue was purified by silica gel
column chromatography (ethyl acetate:petroleum ether¼1:1) to
provide the desired disubstituted product L1 as pale yellow solid in
a yield of 1.87 g (81.4%). The light colorless block single crystals of
L1 suitable for X-ray diffraction determination were grown from

a solution of CHCl3 by slow evaporation in air at room temperature
for one week. Melting point: 242–243 1C. Anal. Calcd. for C8H6N6S:
C, 44.03; H, 2.77; N, 38.51%. Found: C, 44.25; H, 2.45; N, 38.79%.
Main FT-IR absorptions (KBr pellets, cm�1): 3405 (b, w), 3115 (m),
3086 (w), 1709 (w), 1580 (s), 1538 (w), 1499 (m), 1437 (s), 1353 (m),
1285 (m), 1268 (vs), 1224 (w), 1197 (w), 1144 (s), 1066 (w), 1030
(vs), 981 (w), 949 (s), 933 (w), 906 (w), 856 (m), 797 (m), 668 (s),
634 (m), 518 (w), 430 (w). 1H NMR (500 MHz, CDCl3): δ¼8.48
(s, 2 H, triazolyl), 8.10 (s, 2 H, triazolyl), 7.10(s, 2 H, thiophenyl). 13C
NMR (125 MHz, CDCl3): δ¼152.81, 141.84, 115.78. ESI-MS (m/z):
Calcd. for [C8H6N6S]þ 218.24, found 219.08, [MþH]þ . UV–vis in
methanol, λmax¼292 nm. Fluorescence emission in solid, λmax¼
435 nm.

2.2.2. Compound L2

L2 was prepared by a similar method to L1 by using 3,
4-dibromothiophene (2.13 g, 9.76 mmol), 1,2,4-triazole (13.48 g,
195.16 mmol), K2CO3 (4.05 g, 29.28 mmol) and CuI (92.9 mg,
0.49 mmol) in DMF (50 cm3). The desired compound L2 was
separated by silica gel column chromatography using ethyl acet-
ate/petroleum ether as gradient eluents affording light gray solid
in a yield of 1.45 g (67.9%). Melting point: 177–178 1C. Anal. Calcd.
for C8H6N6S: C, 44.03; H, 2.77; N, 38.51%. Found: C, 44.18; H, 2.52;
N, 38.84%. Main FT-IR absorptions (KBr pellets, cm�1): 3414 (b, w),
3102 (s), 3085 (s), 1828 (w), 1564 (m), 1529 (s), 1509 (m), 1429 (m),
1398 (w), 1336 (m), 1273 (vs), 1226 (m), 1151 (s), 1060 (m), 1015
(m), 997 (m), 958 (m), 918 (m), 881 (m), 805 (s), 674 (s), 647 (m),
556 (w). 1H NMR (500 MHz, CDCl3): δ¼8.19 (s, 2 H, triazolyl), 8.06
(s, 2 H, triazolyl), 7.68(s, 2 H, thiophenyl). 13C NMR (125 MHz,
CDCl3): δ 152.8, 144.0, 121.9. ESI-MS (m/z): Calcd. for [C8H6N6S]þ

218.24, found 219.08, [MþH]þ . UV–vis in methanol, λmax¼214
and 240 nm.

2.2.3. 1D Ag(I) polymeric isomers [Ag(L1)(NO3)]n (1) and [Ag(L2)
(NO3)]n (2)

A buffer layer of a mixed solution (13 cm3) of acetonitrile/
methanol in a ratio of 1:1 was carefully layered over a solution of
L1 (5 cm3, 1.0 mmol/L) or L2 (5 cm3, 1.0 mmol/L) in methanol. Then
a solution of AgNO3 (5 cm3, 1.0 mmol/L) in acetonitrile was layered
over the buffer layer. Colorless crystals of 1 were isolated after one
week. Yield: 1.6 mg (82.6%). Anal. Calcd. for C8H6N7AgO3S: C,
24.76; H, 1.56; N, 25.26%. Found: C, 24.92; H, 1.42; N, 25.49%. Main
FT-IR absorptions (KBr pellets, cm�1): 3395 (b, w), 3123 (m), 1743
(w), 1573 (s), 1505 (m), 1458 (m), 1427 (w), 1350 (vs), 1265 (s), 1229
(w), 1139 (s), 1030 (s), 984 (m), 889 (w), 861 (w), 821 (m), 787 (m),
662 (m), 637 (m), 523 (m), 446 (w). Colorless crystals of 2 were
also isolated after one week. Yield: 0.9 mg (56.4%). Anal. Calcd. for
C8H6N7AgO3S: C, 24.76; H, 1.56; N, 25.26%. Found: C, 24.89; H, 1.38;
N, 25.52%. Main FT-IR absorptions (KBr pellets, cm�1): 3106 (s),
3056 (w), 1763 (w), 1655 (s), 1533 (m), 1533 (w), 1375 (vs), 1273 (s),
1226 (w), 1149 (m), 1061 (w), 1014 (m), 962 (w), 916 (w), 879 (w),
833 (w), 806 (m), 673 (m), 646 (m), 555 (w).

2.3. X-ray crystallography

The two single-crystal samples were covered with glue and
mounted on glass fibers for data collection with Mo Kα radiation
(λ¼0.71073 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 [11]. 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
F2obs by using full-matrix least squares methods with SHELXTL
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version 6.10 [12]. 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 softwares [13]. Although it is
very difficult to get high-quality single-crystal sample of 2, the
refined structure and its checkCIF result are still reliable. The
summary of the data collection and refinement for L1, 1, and 2 is
given in Table 1, whereas the selective bond lengths and angles of
these metal coordination polymers are listed in Table 2. Hydrogen
bonding interactions in L1, 1, and 2 are summarized in Table SI1 in
Supporting information.

3. Results and discussion

3.1. Syntheses and UV–vis absorption spectra

Linear and V-shaped thiophene-based ditriazole ligands L1 and
L2 were prepared in satisfactory yields via the carbon-nitrogen
bond cross-coupling reaction between 2,5-dibromothiophene (or
3,4-dibromothiophene) and 1,2,4-triazole using Ullmann conden-
sation methods [14], as displayed in Scheme 1. The peaks in 1H, 13C
NMR, and ESI-MS spectra of ligands L1 and L2 (Fig. SI1 and SI2 in
Supporting information) clearly manifest the formation of desired
heterocyclic aromatic compounds. Ag(I) coordination polymers 1
and 2 were synthesized by the diffusion method rather than the
solvothermal method because of the low thermal stability of silver
(I) salts.

UV–vis absorption spectra of ligands L1 and L2 in methanol are
illustrated in Fig. SI3 in Supporting information. A large hypso-
chromic shift of 52 nm is observed from 292 nm in L1 to 240 nm in
L2, corresponding to the π–π transitions between the heterocyclic
aromatic rings of two ligands, which can be ascribed to the
differences in their molecular conformation. In our case, V-shaped
molecule L2 has worse delocalized π-system than linear molecule
L1 due to the stronger steric hindrance effect between the two 3,4-
substituted triazole rings, which results in larger dihedral angles
between the central thiophene and the side triazole rings in ligand
L2. Furthermore, we only found linear heterocyclic aromatic ligand
L1 and its d10 Ag(I) coordination polymer 1 are fluorescence active
and their solid fluorescence emission spectra are shown in Fig. SI4.
Compared with the fluorescence emission peak at 435 nm for
ligand L1, complex 1 displays a hypsochromic shift to 425 nm,
indicating the alterations of molecular conformation of ligand L1

and the supramolecular interactions between adjacent molecules
after metal–ion complexation.

3.2. PXRD patterns and TGA

The phase purity of Ag(I) polymeric isomers 1 and 2 has been
confirmed by the PXRD patterns (Fig. SI5 in Supporting informa-
tion), in which the simulated and as-synthesized spectra are
almost the same. TGA–DSC results of complexes 1 and 2 are
illustrated in Fig. SI6 in Supporting information exhibiting high
thermal stability. TGA–DSC study of complex 1 indicates that it
decomposes with a large and quick weight loss of 48.50% from 256
to 262 1C, where a sharp endothermic DSC peak is observed at
260 1C. In contrast, complex 2 has an extremely quick weight loss
of 40.28% within a very small temperature range of 231–234 1C,
and then a sharp endothermic DSC peak is observed at 233 1C.

3.3. Description of single-crystal structures of L1, 1, and 2

The molecular structure of L1 with the atom-numbering
scheme is shown in Fig. 1. It crystallizes in the orthorhombic Pbca
space group and two side triazole rings are almost coplanar to the

Table 1
Crystal data and structure refinement parameters for ligand L1 and two Ag(I)
complexes.

Complex L1 1 2

Chemical formula C8H6N6S AgC8H6N7O3S AgC8H6N7O3S
Fw 218.25 388.14 388.13
T (K) 291(2) 291(2) 291(2)
Crystal system Orthorhombic Monoclinic Triclinic
Space group Pbca P21/c P1
a (Å) 7.046(3) 3.882(1) 7.470(4)
b (Å) 11.145(4) 13.091(2) 8.222(4)
c (Å) 23.822(9) 23.402(4) 10.497(5)
α (deg) 90 90 90.650(7)
β (deg) 90 96.072(3) 108.675(6)
γ (deg) 90 90 94.946(6)
V (Å3) 1870.7(13) 1182.6(3) 608.0(5)
Z/Dcalcd (g/cm3) 8/1.550 4/2.180 2/2.120
F (000) 896 760 380
μ(Mo Kα, mm�1) 0.319 1.902 1.850
Refs. collected/unique 9365/1648 5786/2088 4386/2130
Reflections [I42s(I)] 1022 1714 1871
Parameters 136 181 169
R1 (I42s(I)) 0.0470 0.0340 0.0960
wR2 (all data) 0.1315 0.0880 0.2371
S 0.95 1.10 1.02
Max./Min. Δρ (e Å–3) 0.22/�0.29 0.88/�0.79 4.39/�3.44

R1¼S||Fo|� |Fc||/Σ|Fo|, wR2¼[Σ[w(Fo2�Fc
2)2]/Σw(Fo2)2]1/2.

Table 2
Selected bond lengths [Å] and bond angles [1] for L1, 1, and 2.

L1

N1–C1 1.312(5) C7–N6 1.311(5)
N1–C2 1.342(4) C8–N6 1.332(5)
N2–N3 1.361(4) N4–N5 1.347(3)
N3–C3 1.408(4) N4–C6 1.415(4)
C3–S1 1.717(3) C6–S1 1.707(3)
C1�N1�C2 103.0(3) C7�N6�C8 102.4(3)
C1�N3�N2 109.0(3) C7�N4�N5 109.0(3)
C2�N2�N3 102.3(3) C8�N5�N4 102.3(3)
C3�S1�C6 89.2(1)

1
Ag1�O1 2.538(4) Ag1�N6a 2.162(3)
Ag1�N1 2.143(3)
O1�Ag1�N1 108.9(1) N1�Ag1�N6a 162.5(1)
O1�Ag1�N6a 88.2(1)

2
Ag1–N1 2.212(10) Ag1–O1 2.644(10)
Ag1–N6b 2.202(10) Ag1–O2 2.587(10)
N1–Ag1–N6b 142.4(4) O1–Ag1–O2 48.0(4)
N1–Ag1–O2 82.9(4) O1–Ag1–N6b 88.3(4)
O2–Ag1–N6b 133.7(4) O1–Ag1–N1 129.3(4)

a Symmetry codes¼�2þx, 1/2�y, �1/2þz.
b Symmetry codes¼x, y, zþ1.

Scheme 1. Preparation of linear and V-shaped heterocyclic aromatic structural
isomers L1 and L2.
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central thiophene ring. They are staggered at each side of the
thiophene plane with the dihedral angles of 8.3(2)1 and 8.0(3)1. In
the crystal packing of ligand L1, π–π stacking interactions are
found between adjacent aromatic molecules with the centroid–
centroid separations of 3.875(4) and 3.857(5) Å. As a result, a
two-dimensional (2D) supramolecular network is condensely
packed with the assistance of π–π stacking and hydrogen bonding
interactions.

The structure of complex 1 with the anisotropic displacement
ellipsoids and atom numbering scheme is shown in Fig. 2a, and the
asymmetric unit consists of one Ag(I) cation, one bidentate
bridging ligand L1 and one NO3

� counter anion. It crystallizes in
the monoclinic space group P21/c and the coordination geometry
around the Ag(I) center can be described as a three-coordinate
plane with the sum of three angles as 359.7(2)1. Moreover, the
bond length between the silver(I) ion and the oxygen atom (2.538
(4) Å) is much longer than those between the silver(I) ion and the
nitrogen atoms (2.143(3)–2.162(3) Å). The two dihedral angles
between adjacent triazole and thiophene rings are 14.2(2)1 and
12.7(2)1, respectively, and the Ag…Ag distance is 13.553(3) Å.

Ascribed to the linear bridging ligand L1 and the approximate
straight coordination angle of 162.5(1)1 for N1�Ag1�N6A
(�2þx, 1/2�y, �1/2þz), a one-dimensional polymeric chain is
built in the crystal structure of 1, as shown in Fig. 2b. Furthermore,
a condensely packed framework has been constituted, where π�π
stacking interactions are found between all the triazole and
thiophene rings of contiguous1D chains with the same centroid-
to-centroid separation of 3.882(5) Å (Fig. 2c).

ORTEP view of Ag(I) coordination polymer 2 with the atom
labeling scheme is presented in Fig. 3a. It crystallizes in the
triclinic space group P 1, and one Ag(I) cation, one ligand L2, and
one NO3

� anion comprise the asymmetric unit. The coordination
geometry of Ag(I) center is a four-coordinate distorted tetrahedron
by two nitrogen and two oxygen atoms. The nitrogen atoms come
from two L2 ligands, and the other two oxygen atoms are from one
NO3

� anion with longer Ag–O bond lengths of 2.644(10) Å. Ligand
L2 in 2 acts as a μ2-bridging ligand with large dihedral angles
between the adjacent triazole and thiophene rings of 42.9(12)1
and 40.8(11)1, respectively. The corresponding Ag…Ag separation
is 10.497(10) Å and the two Ag…S distances are 7.726(10) and
7.784(10) Å. Similar to complex 1, a condensely packed framework
is consitituted in the crystal packing of complex 2. Nevertheless,
stronger π–π stacking interactions are found between the triazole
rings of contiguous 1D chains with the centroid-to-centroid
separations of 3.543(18) and 3.634(17) Å, as depicted in Fig. 3b.
In addition, multiple C�H…O hydrogen bonding interactions have
been found between all three oxygen atoms of nitrate anions and
the hydrogen atoms of imidazole and thiophene rings. With the
assistance of above-mentioned H-bonds and π�π stacking inter-
actions, an infinite and condensely packed three-dimensional
supramolecular framework comes into being.

3.4. Structural comparisons of polymeric isomers 1 and 2

In comparison with α,α'-thiophene based heterocyclic aromatic
derivatives, which are generally in the linear configuration, β,β'-
thiophene ones preferably adopt the V-shaped configuration. On
the other hand, since monovalent Ag(I) ion has lower coordination
numbers (2–4) compared with other divalent transition metal ions
in the solid state, lower dimensions of MCPs can be expected.
Furthermore, compared with the first-row transition-metal ions, a
larger monovalent Ag(I) ion is much easier to be polarized, which
can significantly facilitate the electron transport within MCPs.

Fig. 1. ORTEP drawing (at 30% level) of the molecular structure of L1 with the atom-
numbering scheme and perspective view of the 2D supramolecular network
containing the π–π stacking and hydrogen bonding interactions indicated by
dashed lines.

Fig. 2. ORTEP drawing (at 30% level) of the molecular structure of 1with the atom-numbering scheme and perspective view of the one-dimensional chain as well as the π�π

stacking interactions in the crystal packing.
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So in this work, we design and prepare a pair of linear and
V-shaped A�D�A thiophene-centered ditriazole structural iso-
mers, and use them as organic building blocks to react with the
same Ag(I) salt in order to construct corresponding structural
isomers of Ag(I) polymeric isomers. As a result, a pairs of
supramolecular structural isomers 1 and 2 has been obtained
exhibiting different supramolecular architectures because of the
distinguishing shape and configuration of V-shaped and linear
structural isomers L1 and L2 as well as the dihedral angles between
adjacent five-membered aromatic rings within molecules.

3.5. Solid-state conductivity

Solid-state conductivity of condensed plates of ligands L1 and
L2 as well as complexes 1 and 2 has been further determined for
comparison in Fig. 4. The pressure of infrared tablet press is
controlled at 4.0�106 Pa and the thickness of plates is 0.36 mm
for L1, 0.35 mm for L2, 0.38 mm for 1 and 0.31 mm for 2. A thin
layer of gold is coated on condensed plates via a steelless mask
with 1�2 mm2 gap area, and the I–V curves are recorded between
the gold pair of electrodes in the voltage range of �100 V to 100 V
at room temperature by means of a Lake Shore CRX-4K four-probe
system. Reproducible I–V curves are recorded in all our solid-state
conductivity experiments. No obvious conductance is found in the
cases of L1 and L2, indicative of insulating behavior. However, the
I–V curves of 1 and 2 are almost linear (ohmic) and the current can
reach as high as the μA order in the measured voltage range,
indicative of semiconducting properties. Linear fitting of the I–V
curves gave an average conductivity of 1.46�10�9 S m�1 for L1

and 1.38�10�9 S m�1 for L2, while a control experiment gave
the average conductivity of 2.08�10�5 S m�1 for complex 1 and
2.99�10�6 S m�1 for complex 2, showing 1.42�104 and 2.17�
103 times' enhancement of solid-state conductivity, respectively.

Considering that there are no Ag � � �Ag, Ag � � � S, S � � � S and
Ag–π interactions in the crystal packing structures of 1 and 2,
which are believed to be effective pathways for the electron
transfer between adjacent molecules [15], and only conventional
π�π stacking interactions can be observed between polymeric
chains with the centroid–centroid separations in the range of 3.543
(18)–3.882(5) Å [16], the only possible reason for the enhancement of

solid-state conductivity after Ag(I) ion complexation is suggested to be
the formation and the linkage of Ag�N coordinative bonds, which has
been found in our previously reported diimidazole-terminated bithio-
phene based Ag(I) coordination polymers [10a]. Furthermore, the
conformational differences between linear and V-shaped thiophene-
based ditriazole structural isomers have significant effects on the
charge delocalization between molecules in 1D silver(I) coordination
polymers 1 and 2, where 6.96 times' enhancement of solid-state
conductivity from 1 to 2 has been observed [10,17]. However,
complexes 1 and 2 always tends to grow as tiny needle-like single
crystals and attempts to determine the solid-state conductivity of
single-crystal samples for further comparisons are not successful.

3.6. Density function theory computational studies

DFT computational studies are made to reveal the differences
between the band gaps of two pairs of structural isomers (L1, L2, 1,
and 2). All the DFT computations herein are carried out with the
Gaussian 03, Revision C.02 programs [18] using the MPW1PW91
method and the LanL2DZ basis set. The fixed atom coordinates of 1
and 2, originating from the structural parameters determined by

Fig. 3. ORTEP drawing (at 30% level) of the molecular structure of 2with the atom-numbering scheme and perspective view of the one-dimensional chain as well as the π�π

stacking interactions in the crystal packing.

Fig. 4. I–V curves for ligand L1, ligand L2, complexes 1 and 2 in the voltage range
�100 to 100 V.
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the X-ray diffraction method, are used as the input files for the
total energy calculations. The resulting band gaps of ligands L1 and
L2 are 5.07 and 6.14 eV, and those of asymmetric units of 1 and 2
are 2.98 and 3.33 eV, respectively. The differences of band gaps of
L1 and L2 as well as 1 and 2 are consistent with their alterations of
molecular conformation and solid-state conductance results. It is
concluded that the significant decrease of band gaps after silver
(I) ion complexation facilitates the electron transport within the
1D coordination polymers of 1 and 2, thereby increasing their
solid-state conductivity.

4. Conclusion

In summary, we have prepared a pair of structural isomers (L1

and L2) both containing the triazole/thiophene/triazole skeleton but
with distinct molecular shapes. A pairs of polymeric isomers of their
silver(I) coordination polymers has been yielded, where distinct
molecular conformation of ligands has been observed. Determina-
tion of the solid-state conductivity of two pairs of structural isomers
(L1, L2, 1, and 2) demonstrates extraordinarily enhanced solid-state
conductance of 1 and 2 compared with the free ligands L1 and L2

(1.42�104 and 2.17�103 times for each), where 6.96 times'
enhancement of solid-state conductivity from 1 to 2 has been
observed. The formation of Ag–N coordinative bonds and the
configurational differences of linear and V-shaped structural iso-
mers L1 and L2 are suggested to play important roles in facilitating
the electron transport between Ag(I) ions and linear/V-shaped
A�D�A ligands, which are supported by their DFT band gap
calculations. Additionally, comparisons of TGA�DSC, UV�vis, PXRD
and fluorescence spectra for related compounds are included.

Supporting Information

1H and 13C NMR, ESI-MS of L1 and L2, UV−Vis and fluorescence
spectra, TGA−DSC and PXRD diagrams as well as Table of inter-
molecular hydrogen bonding interactions for related MCPs. CCDC
reference numbers 982429 (L1), 817135 (1) and 831621 (2) contain
the supplementary crystallographic data in this paper. These data
can be obtained free of charge at www.ccdc.cam.ac.uk/conts/
retrieving.html [or from the Cambridge Crystallographic Data
Centre, 12, Union Road, Cambridge CB2 1EZ, UK; Fax: (internat.)
þ44-1223/336-033; E-mail: deposit@ccdc.cam.ac.uk].
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