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Abstract: A novel three-dimensional Cd(II) coordina-
tion framework, [Cd(PTA)(BTBP)0.5 · H2O]n (1) (BTBP =  
4,4′-bis(1,2,4-triazol-1-ylmethyl)biphenyl; H2PTA =  
p-phthalic acid), has been prepared and characterized 
through IR spectroscopy, elemental and thermal analy-
sis, and single-crystal X-ray diffraction. The complex is a 
5-connected network with the {45 · 66} topology based on 
Cd-μ2-H2O-Cd chains. It exhibits strong fluorescent emis-
sion in the solid state at room temperature. Moreover, 
complex 1 shows high photocatalytic activity in the degra-
dation of methylene blue under UV irradiation.

Keywords: 4,4′-bis(1,2,4-triazol-1-ylmethyl)biphenyl; 
5-connected network; cadmium; coordination polymer; 
photocatalytic activity; photoluminescence.

1   Introduction
In recent years, the design and construction of coordina-
tion polymers has made considerable progress in the fields 
of supramolecular chemistry and crystal engineering not 
only because of their fascinating topological structures 
but also because of their potential applications in the 
areas of gas storage, catalysis, magnetism, and lumines-
cence [1–4]. It is well known that the structures of coordi-
nation polymers are influenced by various factors such as 
the solvent system, metal ions, organic ligands, reaction 
conditions, and noncovalent interactions such as hydro-
gen bonding [5]. Among them, the choice of the organic 
ligand is the key factor that influences the construction of 
coordination polymers.

Organic aromatic poly-carboxylate ligands such as 
4,4′-oxybis(benzoic acid) (H2OBA), 4,4′- sulfonyldibenzoic 
acid (H2SDBA), and p-phthalic acid (H2PTA) have 
been widely employed to manipulate the structures of 
 coordination polymers, taking advantage of their strong 
coordination ability and variable coordination modes 
[6–8]. The triazol-based ligands, as an important family of 
N-donor ligands, are frequently used in constructing coor-
dination polymers because of their excellent coordinat-
ing capabilities [9, 10]. However, coordination polymers 
based on 4,4′-bis(1,2,4-triazol-1-ylmethyl)biphenyl (BTBP) 
(Scheme  1) as a flexible triazol ligand are  relatively rare 
[11, 12]. Because of the aforementioned points, we explored 
the self-assembly of a polymer based on Cd(II), H2PTA, 
and BTBP under hydrothermal conditions and obtained 
a novel 3D coordination polymer [Cd(PTA)(BTBP)0.5 · H2O]n 
(1). Here we report its synthesis, crystal structure, and 
physical properties.

2   Experimental

2.1   Chemicals and reagents

The 4,4′-bis(1,2,4-triazol-1-ylmethyl)biphenyl (BTBP) 
ligand was prepared according to the previously reported 
procedure [13]. All other reagents and solvents used in the 
experiments were purchased from commercial sources 
and used without further purification.

2.2   Physical measurements

The C, H, and N elemental analyses were carried out on 
a Vario EL III elemental analyzer. Infrared spectra were 
recorded from KBr pellets in the range 4000–400  cm−1 
on a VECTOR 22  spectrometer. Thermogravimetric anal-
ysis (TGA) was performed on a Perkin-Elmer Pyris 1 
TGA analyzer from T = 298–1073  K with a heating rate of 
20  K min−1 under nitrogen. Fluorescence spectra were 
recorded on a Fluoro Max-P spectrophotometer. The UV/
vis absorption spectra of aqueous solutions of methylene 
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blue (MB) were measured using a Perkin Elmer Lambda 
25 spectrophotometer.

2.3   Synthesis of complex 1

A mixture of H2PTA (16.7  mg, 0.1  mmol), BTBP (31.6  mg, 
0.1  mmol), Cd(NO3)2 · 6H2O (34.5  mg, 0.1  mmol), NaOH 
(14.1  mg, 0.35  mmol), and H2O (10  mL) was placed in a 
 Teflon-lined stainless steel vessel, heated to 453 K for 5 days, 
and then cooled to room temperature over 24 h. Colorless 
crystals of 1 were obtained. Yield: 34% based on Cd. Ele-
mental analysis (%) calcd. for C17H14CdN3O5: C 45.10, H 3.12, 
N 9.28; found C 45.21, H 3.13, N 9.31. IR (KBr, cm−1): 3457(w), 
2934 (w), 1636(s), 1409(s), 1298(m), 964(w), 778(w), 692(s).

2.4   Photocatalytic measurement

Methylene blue (MB) was selected as a model organic dye 
pollutant to investigate the photocatalytic activity of the 
Cd(II) complex at ambient temperature (T = 298 K). Samples 
of complex 1 (30 mg) and 30% H2O2 (50 μL) were added to 
50 mL of an aqueous solution of the dye (10 mg L−1). The 
mixture was stirred for 30 min in a dark environment to 
obtain a balance between adsorption and desorption. 
Then, the solution was stirred constantly under irradia-
tion with a mercury vapor lamp (300 W). Samples of 1 mL 
from the reaction system were taken every 10 min, and the 
supernatant liquid was separated by centrifugation for 
the UV/vis analysis. Degradation of the organic dye under 
UV light without complex 1 was also measured for com-
parison. The concentration of MB was determined by the 
absorbance at λ = 665 nm, which is directly related to the 
structural change of its chromophore.

2.5   X-ray crystallography

Crystallographic data for complex 1 were collected 
on a Bruker SMART APEX II CCD-based diffractom-
eter with graphite-monochromatized Mo Kα radiation 

(λ = 0.71073 Å) at room temperature. Absorption correction 
was performed by using the program Sadabs [14]. The 
structure was solved by direct methods using the program 
Shelxs-2014 and refined by the full-matrix least-squares 
technique on F2 with Shelxl-2014 [15]. All non-hydrogen 
atoms were located in the difference Fourier maps and 
refined anisotropically. All hydrogen atoms were refined 
isotropically, with the isotropic vibrational parameters 
related to the non-H atom to which they are bonded. The 
crystallographic data are summarized in Table 1. Selected 
bond lengths and angles are listed in Table 2.

Table 1: Crystal and experimental data of 1.

Empirical formula C17H14CdN3O5

Formula weight 452.71
Crystal system Orthorhombic
Space group Pbca
a (Å) 5.9165(7)
b (Å) 21.327(2)
c (Å) 25.569(3)
V (Å3) 3226.3(6)
Z 8
Dcalc (g·m−3) 1.86
μ (mm−1) 1.39
F(000) (e) 1800
Refl. measured 17151
Refl. unique, Rint 3171, 0.0885
Param. refined 223
R1, wR2 [I > 2σ(I)]a,b 0.0442, 0.0882
R1, wR2 (all data) 0.0945, 0.1002
GOF (F2)c 1.001
Δρfin (max, min) (e Å−3) 0.47, –0.65

aR1 = Σ | | Fo | – | Fc | | /Σ | Fo |. bwR2 = [Σw(Fo
2 − Fc

2)2/Σw(Fo
2)2]1/2, 

w = [σ2(Fo
2) + (AP)2 + BP]−1, where P = (Max(Fo

2, 0) + 2Fc
2)/3. 

cGOF = S = [Σw(Fo
2 – Fc

2)2/(nobs – nparam)]1/2.

Table 2: Selected bond distances (Å) and angles (deg) for 1a.

Cd(1)–O(1) 2.303(3) Cd(1)–O(2) 2.446(4)
Cd(1)–O(5) 2.446(3) Cd(1)–N(1) 2.317(5)
Cd(1)–O(3)#1 2.326(3) Cd(1)–O(4)#1 2.413(4)
Cd(1)–O(5)#2 2.456(3)
O(1)–Cd(1)–O(2) 55.31(13) O(1)–Cd(1)–O(5) 82.71(13)
O(1)–Cd(1)–O(3)#1 163.72(14) O(1)–Cd(1)–O(4)#1 138.76(14)
O(1)–Cd(1)–O(5)#2 83.24(12) O(1)–Cd(1)–N(1) 90.51(16)
O(2)–Cd(1)–O(5) 88.12(11) O(2)–Cd(1)–O(3)#1 140.45(14)
O(2)–Cd(1)–O(4)#1 85.38(12) O(2)–Cd(1)–O(5)#2 138.54(11)
O(2)–Cd(1)–N(1) 93.95(16) O(5)–Cd(1)–O(3)#1 92.71(12)
O(5)–Cd(1)–O(4)#1 84.18(12) O(5)–Cd(1)–O(5)#2 85.34(7)
O(5)–Cd(1)–N(1) 170.11(14) N(1)–Cd(1)–O(3)#1 91.83(16)
N(1)–Cd(1)–O(4)#1 105.61(15) N(1)–Cd(1)–O(5)#2 86.72(15)
O(3)#1–Cd(1)–O(4)#1 55.46(13) O(3)#1–Cd(1)–O(5)#2 80.82(13)
O(4)#1–Cd(1)–O(5)#2 134.28(11)

aSymmetry transformations used to generate equivalent atoms: #1, 
x – 1/2, y + 1/2, z; #2, x + 1/2, y, −z + 1/2.

Scheme 1: Schematic drawing of the ligand BTBP.
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CCDC entry 1407963 contains the supplementary crys-
tallographic data for this paper. These data can be obtained 
free of charge from the Cambridge Crystallographic Data 
Centre via www.ccdc.cam.ac.uk/data_request/cif.

3   Results and discussion

3.1   Description of structure

Single-crystal X-ray diffraction revealed that complex 
1 crystallizes in the orthorhombic space group Pbca 
with an asymmetric unit consisting of a cadmium atom, 
one fully deprotonated H2PTA ligand, and one-half of a 
BTBP ligand situated across a crystallographic inversion 
center along with an aqua ligand. As is shown in Fig. 1, 
the coordination sphere of the Cd atoms consists of four 
oxygen donor atoms from two different PTA2− ligands in 
a chelating fashion (Cd1–O1 = 2.303(3), Cd1–O2 = 2.446(4), 
Cd1–O3i = 2.326(3), Cd1–O4i = 2.413(4) Å, symmetry code: 
(i) −x – 1/2, y + 1/2, z), two oxygen donor atoms belong-
ing to two different aqua ligands (Cd1–O5 = 2.446(3),  
Cd1–O5ii = 2.456(3) Å, symmetry code: (ii) x + 1/2, y, 
−z + 1/2), and one triazole nitrogen donor atom of a BTBP 
ligand (Cd1–N1 = 2.317(5) Å), forming a distorted {CdNO6} 
pentagonal bipyramid. The equatorial plane of the pen-
tagonal bipyramid is occupied by four oxygen atoms from 
two different PTA2− ligands and one oxygen atom from a 
coordinated aqua molecule, while the axial positions are 

taken up by one triazole nitrogen atom from a BTBP ligand 
and an oxygen atom from another aqua ligand.

The most intriguing structural feature of complex 1 
is that two neighboring Cd centers are bridged by a water 
molecule (O5) in an approximately symmetric bridg-
ing mode with the bond angle of 125.5° to form a Cd-μ2-
H2O-Cd chain along the b-axis (Fig. 2). Furthermore, the 
bis(chelating) PTA2− ligands connect neighboring Cd-μ2-
H2O-Cd chains into layers (viewed along the c-axis, as 
shown in Fig. 3).

Adjacent [Cd(PTA) · H2O]n layers are connected to form 
a 3D [Cd(PTA)(BTBP)0.5 · H2O]n coordination polymer by 
bridging the BTBP ligands. Between neighboring layers, 
the metal-metal distances are 18.25 Å (Fig. 4).

Further insight into the nature of this intricate frame-
work could be obtained using topological analysis with 
the Topos software [16]. From a topological point of view, 
each Cd atom is connected to five Cd atoms, and the PTA2− 
and BTBP ligands are 2-connected nodes. According to 
the simplification principle, the whole framework can be 
described as a 5-connected network with the {45 · 66} topol-
ogy (Fig. 5).

3.2   Thermal analysis

As shown in Fig. 6, TGA of complex 1 reveals two steps of 
weight loss. The first weight loss of 3.2% below T = 403 K 
corresponds to the loss of the water molecules (calculated 
3.97%). The following trace from T = 428–753  K (found 
28.9%, calculated 28.36%) indicates the decomposition of 
the organic ligands, leading to the generation of CdO.

3.3   Photoluminescence properties

Considering the excellent luminescent properties of coor-
dination compounds containing d10 metal centers, the 
solid-state photoluminescence property of complex 1 was 
investigated at room temperature. Complex 1 exhibits a 
strong emission centered at ~370  nm upon excitation at 
317 nm (Fig. 7). Because the Cd(II) ion is redox-stable due 
to its d10 configuration, the emissions are based neither 

Fig. 1: View of the local coordination of the Cd(II) cations in 
complex 1, showing the atom numbering scheme. Only the 
crystallographically unique half of the ligand BTBP is shown. 
Displacement ellipsoids are drawn at the 30% probability level 
(symmetry codes: i, −x – 1/2, y + 1/2, z; ii, x + 1/2, y, −z + 1/2).

Fig. 2: View of the Cd-OH2-Cd chain of complex 1 in the crystal.

www.ccdc.cam.ac.uk/data_request/cif
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on metal-to-ligand nor on ligand-to-metal charge transfer 
[17, 18] and can be attributed to ligand-centered electronic 
transitions.

3.4   Photocatalytic properties

In order to study the photocatalytic activity of complex 1, 
MB, as a model dye contaminant, was selected for evalu-
ating the photocatalytic activity in the decomposition of 

organic pollutants in wastewater. In addition, MB is com-
monly used as a representative of widespread organic 
dyes that are very difficult to decompose in waste streams 
under UV irradiation [19]. The photocatalytic performance 
of complex 1 for the photodegradation of MB was studied 
under UV irradiation. As shown in Fig. 8, the maxima of 
the absorption peaks of MB decreased with the reaction 
time, and about 93% degradation of MB was observed 
after 110 min. In the presence of UV light, HOMO-LUMO 

Fig. 4: View of 3D structure of complex 1 along the crystallographic 
a-axis.

Fig. 5: Network perspective of the 5-connected 3D (45 · 66) point 
symbol in complex 1. The green circles represent the Cd atom 
nodes of the 5-connected net, and the PTA2− and BTBP ligands are 
2-connected nodes.

Fig. 3: View of a [Cd(PTA) · H2O]n layer.
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charge transfer presumably takes place involving the 
donor atoms (i.e., Cd atoms) [20, 21]. The electron of the 
excited state in the LUMO is generally easily lost, while 
the HOMO strongly demands one electron to return to its 
stable state [22]. Therefore, electrons are captured from 
the water molecules to produce the active OH· species, 
which can destroy the organic dye efficiently to complete 
the photocatalytic process [23, 24].

4   Conclusion
A novel three-dimensional Cd(II) coordination frame-
work, [Cd(PTA)(BTBP)0.5 · H2O]n (1) (BTBP = 4,4′-bis(1,2,4-
triazol-1-ylmethyl)biphenyl; H2PTA = p-phthalic acid), was 
synthesized and characterized through IR spectroscopy, 
elemental and thermal analysis, and single-crystal X-ray 
diffraction. Its photocatalytic activity was evaluated by 
studying the degradation of the dye MB. 
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