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Based on 4-(5-(1H-Pyrazol-4-yl)-4H-1,2,4-triazol-3-yl)pyridine
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Abstract: Two new Cd(Il) coordination polymers, namely {[Cdy(Hptp),(OAc),]-7H,0}, (1) and {[Cd(Hptp)Cl(H,0)]-
H,0}, (2), have been obtained through hydrothermal reaction of a new asymmetric rigid triazole derivatives Hyptp
(Hoptp =4-(5-(1H-pyrazol-4-yl)-4H-1, 2 A-triazol-3-yl)pyridine) and cadmium salts. Complex 1 shows one
dimensional (1D) ladder chain. Adjacent chains are further extended to a two dimensional (2D) supramolecular
layer via 7 --- 7 stacking interactions. Water chains comprised of double pentanuclear water cluster formed by
hydrogen bonds were presented between the two layers. Complex 2 exhibits a unique 2D double layered motif
which is further expanded to a 3D supramolecular structure through hydrogen bonding. Furthermore, the

photoluminescence properties of these two complexes have been investigated in the solid state. CCDC: 1429655,

1; 1415769, 2.
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0 Introduction

In recent decades, the rational design and constr-
uction of novel metal-organic frameworks (MOFs) has
achieved chemist’s great attentions not only for their
intriguing variety of architectures and topologies, but
also for stems from their potential applications in gas
storage, luminescence, magnetism, and catalysis!?.
Though numerous MOFs have been achieved, it still
remains a long-term challenge to rationally and

s Generally, the

predictably prepare desired crystal
resulting framework is mainly influenced by several
factors, including the structural characteristics of
ligands, the coordinated modes of centre metal ions,
the solvent system, the counter-anions, and so on!®",
In particular, the organic linkers plays crucial role in
the construction of the targeted MOFs, because the
ligand could adopt different conformations in the
crystallization and further leads to structural isomerism.
On this point, the suitable ligands selection is
considerable significant to regulate and control the
topology of coordination frameworks!"'2.

As is well known, the triazole ring possessing
aromaticity and variable coordination modes can
afford multiple coordinating sites for linking closely
situated metal ions to form complex with novel
structure " Tn this context, a new type of triazole
derivatives with the 3- and 5- sites substituted by two
different azaheterocycles may be a good candidate
because the multiple N atoms in this kind of ligands
are more in favor of construction of MOFs with
interesting structure and attractive properties. Taking
these into account, 2-(3-(1H-pyrazol-4-yl)-1H-1,2,4-
triazol-5-yl)pyridine  (H,ptp), an anisomerous triazole
derivative, which contains one potential bidentate
chelating site and three monodentate ones, was used
as ligand to construct MOFs. Consequently, two novel
Cd(I)  coordination polymers, {[Cd,(Hptp),(OAc),] -
7H,0}, (1) and {{Cd(Hptp)CI(H,0)]-H,0}, (2) had been
obtained. These compounds are characterized by
elemental analysis, IR spectra, and X-ray crystallo-
graphy. In addition, their photoluminescent properties

have also been investigated.

1 Experimental

1.1 Materials and measurements

All chemicals were commercially purchased and
used without further purification. Elemental analyses
for carbon, hydrogen and nitrogen were performed on
a Thermo Science Flash 2000 element analyzer. FT-
IR spectra were obtained in KBr disks on a Perkin
Elmer Spectrum One FTIR spectrophotometer in 4 000~
450 cm™ spectral range. Solid-state (diffuse reflectance)
electronic spectra were measured as polycrystalline
samples on a Perkin Elmer Lambda2S spectrophoto-
meter, within the range 400~1 100 nm. The powder
(PXRD) analyses were performed
with a Bruker AXS D8 Discover instrument (Cu Ko
radiation, A=0.154 184 nm) over the 26 range of 5°~
50° at room temperature. Thermogravimetric analyses
(TGA) were performed using a TG-DTA 2010S MAC
apparatus between 30 and 500 °C in N, atmosphere

X-ray diffraction

with heating rate of 10 “C min~". The photolumine-
scent properties were measured on an F-4500 FL
Spectrophotometer.
1.2 Preparations of the complexes 1 and 2
{{Cdy(Hptp),(OAc),] - 7TH,0}, (1). A mixture of H,ptp
(0.05 mmol, 10.60 mg), Cd(OAc),-2H,0 (0.10 mmol,
26.65 mg), absolute ethanol (5 mL) and H,O (5 mL)
was placed in a Teflon-lined stainless steel vessel (25
ml), heated to 120 °C for 3 days, and then cooled to
room temperature at a rate of 5 “C-h™. Yellow block
crystals of 1 were obtained and picked out, washed
with distilled water and dried in air. Yield: 16.5 mg,
56% (based on Cd). Elemental analysis Caled. for
CyH3CdoN O (%): C 32.55, H 3.18, N 18.98; Found
(%): C 32.15, H 3.08, N 18.87. IR (KBr, em™): 3 244,
1 610, 1 550, 1 435, 1 355, 958, 754.
{[Cd (Hpp)CI (H.0)] - HO), (2).
synthesized in the similar way as that described for 1,
except that Cd(OAc),-2H,0 was replaced by CdCl,-
2H,0 (0.1 mmol, 20.13 mg). Colourless block crystals
of 2 were obtained and picked out, washed with
distilled water and dried in air. Yield: 15.3 mg, 63%
(based on H,ptp). Elemental analysis Caled. for CoHy,
CdCINgOy(%): C 30.39, H 2.80, N 21.27; Found(%): C

Complex 2 was
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30.21, H 2.68, N 21.18. IR (KBr, em™): 3 184, 1 629,
1 463, 1 435, 1 384, 947, 873.
1.3 X-ray crystallography

X-ray Single-crystal diffraction analyses of 1 and
2 were carried out on a Bruker SMART APEX II
CCD diffractometer equipped with a graphite mono-
chromated Mo Ko radiation (A=0.071 073 nm) by using
@-w scan technique at room temperature. The structures
were solved via direct methods and successive Fourier
difference synthesis and refined by the full-matrix

least-squares method on F?* with anisotropic thermal

parameters for all non-H atoms (SHELXL-97)", The

empirical absorption corrections were applied by the
SADABS program"”. The H-atoms of carbon were
assigned with common isotropic displacement factors
and included in the final refinement by the use of
geometrical restraints. H-atoms of water molecules
were first located by the Fourier maps and then
refined by the riding mode. The crystallographic data
for complexes 1 and 2 are listed in Table 1. Moreover,
the selected bond lengths and bond angles are listed
in Table 2 and Table 3.
CCDC: 1429655, 1; 1415769, 2.

Table 1 Crystal data and structure refinement details for complexes 1~2

Complex 1 2
Formula CoHyuCdoN Oy CioHeCdCINGO,
Formula weight 891.43 390.06
Crystal system Triclinic Monoclinic
Space group Pl C2/c
a/nm 0.902 8(3) 1.519 4(11)
b/ nm 0.972 5(4) 1.528 6(11)
¢/ nm 1.063 4(4 1.367 2(10)
al(°) 84.027(5) 90
B/(° 72.615(6) 120.155(10)
y /() 88.451(6) 90
V[ nm® 0.886 1(6) 2.745 67(346)
A 1 8
D./ (g-em™) 1.670 1.841
p/ mm™! 1.270 1.794
Reflections collected, Unique (R;,) 4533, 3 088 (0.020 1) 7 131, 2 417 (0.029 7)
Data, restraints, parameters 3088, 3, 221 2417, 0, 181
Goodness-of-fit (GOF) on F? 1.076 1.097
R, [I>20(])] 0.032 0 0.030 2
wR [1>20(1)) 0.076 9 0.080 8
R, (all data) 0.038 9 0.038 3
wR; (all data) 0.081 4 0.085 9

Table 2 Selected bonds (nm) and angles (°) for 1

Cd(1)-NQ2) 0.227 2(2) Cd(1)-N@3Y
Cd(1)-N(6) 0.231 7(2) Cd(1)-N(1)
N(2)-Cd(1)-N(3)' 104.05(8) N(2)-Cd(1)-N(6)
N@)-Cd(1)-0(2) 135.30(7) NB3)-Cd(1)-0(2)
N(2)-Cd(1)-N(1) 71.94(8) N(3)-Cd(1)-N(1)
0(2)-Cd(1)-N(1) 83.88(7) N(2)-Cd(1)-0(1)
N(6)'-Cd(1)-0(1) 149.50(7) 0(2)-Cd(1)-0(1)

0.228 4(2) Cd(1)-02) 0.237 8(2)
0.241 4(3) Cd(1)-0(1) 0.242 65(18)
120.86(7) N(3)-Cd(1)-N(6) 89.88(8)
100.46(7) N(6)'-Cd(1)-0(2) 95.74(7)
175.55(7) N(6)'-Cd(1)-N(1) 90.64(8)
88.27(7) N(3)-Cd(1)-0(1) 91.49(7)
54.09(7) N(1)-Cd(1)-0(1) 90.30(7)

Symmetry transformations used to generate equivalent atoms: ' x, 1+y, z; " x, =14y, z
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Table 3 Selected bonds (nm) and angles (°) for 2
Cd(1)-N(2) 0.226 9(3) Cd(1)-Cl(1) 0.251 51(16) Cd(1)-N(6)' 0.228 6(3)
Cd(1)-Cl(1)" 0.275 6(2) Cd(1)-0(1) 0.234 0(4) Cd(1)-N(1) 0.237 2(3)
N(2)-Cd(1)-N(6)i 89.62(11) N(2)-Cd(1)-CI(1)? 88.77(10) N(2)-Cd(1)-0(1) 92.79(12)
N(6)-Cd(1)-CI(1)f 88.68(9) N(6)A-Cd(1)-0(1) 89.32(12) 0(1)-Cd(1)-C1(1) 177.45(8)
N(2)-Cd(1)-N(1) 71.58(11) N(1)-Cd(1)-CI(1)? 92.07(9) N(6)-Cd(1)-N(1) 161.16(11)
CI(1)-Cd(1)-CI(1)* 86.41(5) O(1)-Cd(1)-N(1) 90.33(12) O(1)-Cd(1)-CI(1) 92.42(9)
N(2)-Cd(1)-CL(1) 168.28(8) N(1)-Cd(1)-CI(1) 97.90(9) N(6)-Cd(1)-C1(1) 100.94(9)

Symmetry transformations used to generate equivalent atoms:

2 Results and discussion

2.1 Crystal structures of complexes 1~2

The X-ray diffraction analysis reveals that complex
1 crystallizes in the triclinic system, space group Pl.
There are one Cd(Il) ion, one Hptp~ ligand, one coor-
dinated acetate anion and three and a half free water
molecules in the asymmetric unit of 1. As shown in
Fig.1a, the Cd center is six-coordinated by two O
atoms (O1 and O2) from one acetate anion and four N

atoms (N1, N2, N3" and N6%) from three Hptp~ ligands

Y, =y, 124z 0

1/2-x, 12—y, -z

to form a distorted octahedral geometry. The apical
positions are occupied by two nitrogen atom (N1,
N3A) from two Hptp~ ligands with the N1-Cd1-N3'
angle of 175.6(5)°. The ligand is partial deprotonation
and coordinates to three Cd(Il) ions by one chelating
fashion through N1 and N2 atoms and two monodentate
linkages via N3, N6 atoms. As shown in Fig.1b, two
asymmetric units give rise to a dinuclear secondary
building unit which connected with each other to form
a 1D ladder chain. Aromatic 77 --- 7 stacking interac-

tion between adjacent benzene rings connected the

Symmetry codes: ' —x, 2—y, 1-z; " x, 1+y, z in (a); " 1—x, 1-y, —z;

Fig.1

iy, 1-y, —z; i

—l4x, 2-y, 1=z; ¥ 1=x, 1=y, 1=z; ¥ =x, 1—y, 1=z in (d)

(a) ORTEP drawing of 1 with 30% thermal ellipsoids; (b) [Cdy(Hptp)(OAc),] dinuclear unit and the 1D ladder chain of 1;

(¢) ar--+ar stacking interactions in 1; (d) 3D supramolecular architecture and the one dimensional water chains in 1
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chains to form a 2D supramolecular layer along the b
axis (Cgl---Cg2 0.339 8 nm) (Fig.1c).

As we all know, hydrogen bonding interactions
are usually important in the construction of supra-
molecular architectures. Exactly, double pentanuclear
water cluster was formed by intermolecular O—H--- O
hydrogen bonding between the lattice water molecules
located into the cavity of two adjacent layers in
complex 1. The adjacent water clusters are further
expended to a water chain by hydrogen bonds of 03—
H3B---03" (Fig.1d). Moreover, the water chain is fixed
to the structure of 1 by the strong hydrogen bonds of
04 —H4B --- N4*, N5-H5--- 06 and O3 -H3B --- 02
(Fig.1d). These hydrogen bonding interactions not only

(@

make the skeleton of the structure more stable, but
also link the 2D network to form a 3D supramolecular
architecture (Fig.1d).

Structural analysis show that 2 crystallizes in the
monoclinic system, space group C2/c. As shown in
Fig.2a, the asymmetric unit of 2 contains one Cd(Il)
ion, one chloride anion, one Hptp~, one coordinated
water molecule as well as one free water molecule.
Each Cd(Il) ion is in a distorted octahedral environment
with three nitrogen atoms from two Hptp~ ligands, one
oxygen atom from a coordinated water molecule, and
two bridging chlorine anions. The apical positions are
occupied by Ol and CI1 (Cd1-O1 0.233 2(3), Cd1-Cl1
0.275 6(2) nm). The equatorial plane is completed by

Symmetry codes: ' x, =y, 1/2+z, " 1/2—x, 1/2-y, —z in (a); ' 1/2-x, 1/2—y, —z; " x, =y, =1/2+z in (d)

Fig.2 (a) ORTEP drawing of 2 with 30% thermal ellipsoids; (b) Zigzag chains in 2; (¢) 2D double layer in 2;
(d) Hydrogen bonds in 2; (e) 3D supramolecular architecture connected by hydrogen bonds in 2



1228 Jd Hl fk

#o% 4R

Table 4 Hydrogen bond parameters in 1 and 2

D-H---A d(D-H) / nm d(H-A) / nm d(D---A) / nm ZDHA / (°)
Complex 1
N5-H5---06 0.086 0.194 0.278 5(5) 169.6
06-H6B---03' 0.085 0.204 0.279 9(5) 148.0
06-H6A---01" 0.085 0.202 0.275 5(5) 143.9
04-H4B---N4* 0.085 0.221 0.294 4(5) 1453
04-H4A---05 0.085 0.194 0.276 2(8) 162.2
05-H5A---06 0.085 0.193 0.275 1 160.7
05-H5B---05 0.085 0.222 0.281 5(6) 136.5
03-H3B---02" 0.085 0.202 0.274 9 143.6
03-H3A---03" 0.085 0.232 0.273 7 110.2
Complex 2
N5-H5---N3' 0.094 0.199 0.287 3(4) 154.6
02-H2A---N4* 0.089 0.201 8 0.305 7(4) 170.8
02-H2B---N4* 0.089 0.194 0.280(4) 164.8
O1-HIA---CI1" 0.085 0.236 0.316 8(3) 158.5
O1-HIB---02' 0.085 0.186 0.269 3(4) 165.4
Symmetry transformations used to generate equivalent atoms: ' —x+1, —=y+1, —z; * —x, =y+1, —z+1; " —x+1, —=y+1, —z+1; ¥ —x+2,

—y+1, =z; ¥ —x+1, =y+2, —z+1 for 1; ' 1—x, +y, 1.5-z; " 0.54x, 0.5-y, 0.5+z; ™ +x, =y, 0.5+z; ™ —x, y, =z—1/2; " x—1, y, z—1 for 2

N1, N2, N6 and Cl1 with the mean deviations of
0.126 1 nm from the plane (Cd1-N1 0.237 2(3), Cd1-
N2 0.226 7(3), Cd1-ClI1 0.214 8(15), Cd1-N6 0.228 5(3)
nm). The Hptp~ ligand coordinates to two Cd(Il) ions
by one chelating fashion through N1 and N2 atoms
and one monodentate linkage via N6 atom. As depicted
in Fig.2b, the adjacent Cd(I) ions are bridged by
Hptp - ligands to form a 1D zigzag chain. Adjacent
zigzag chains in one plane are connected by the
bridging chlorine anions to form a novel 2D double
layer (Fig.2c).

The hydrogen bonds also play an important role

(@)

As-synthesized

I|| ||| l|| I l Simulated

in the construction of the supramolecular architectures
of 2. The lattice water molecules (02) are trapped
inside the gap of the 2D double layer by three kinds
of powerful hydrogen bonds: 02-H2A---N4, 02-H2B
-+N4" and O1-HIB---02 (Fig.2d and Table 4). The
2D layers are further expanded to a 3D network by
O1-H1A---CI1 hydrogen bonds and O1-HI1B:--02
hydrogen bonds (Fig.2e).
2.2 Powder X-ray diffraction analysis

To check the phase purity of the products,
powder X-ray diffraction (PXRD) experiments have

been carried out for these complexes (Fig.3). The peak

(b)

I I As-synthesized
Simulated

20/ )

10 20 30 40 50

%bmw

20 30 40
20/ ()

Fig.3 Powder XRD pattern for 1 (a) and 2 (b)
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positions of the experimental and simulated PXRD
patterns are in good agreement with each other,
indicating that the crystal structures are truly
representative of the bulk crystal products. The
differences in intensity may be owing to the preferred
orientation of the crystal samples.
2.3 Thermal analysis
Thermogravimetric analysis (TGA) was carried
out for complex 1 and 2 and the results are shown in
Fig.4. For 1, the weight loss of about 14.5% before
260 C corresponds to the release of four lattice water

(Caled. 15.98%). The high release temper-

molecules

1004 @
90
804
70

60+

Weight / %

504

404

304

T T 14 T T L4 T T T 1
0 100 200 300 400 500 600 700 800 900
Temperature / 'C

ature confirms the existence of strong hydrogen-
bonding interactions between water molecules and
acetate anions in 1. The TGA of 2 displays that the
lattice and the coordinated water molecules are
released in the same temperature range (110~205 °C)
(Found 9.06%; Calcd. 9.23%), which may be attributed
to the strong hydrogen bonds of 02 (02-H2A---N4,
02 -H2A --- N4 and O1 -HIB :-- 02). Then the Cl-
anions were loosed in the 320~440 °C range (Found
17.85%; Caled. 18.46%) and subsequently the complex

2 decomposed.

100 4
90 4
80 4

704

Weight / %

60 4

509

40 4

0 100 200 300 400 500 600 700 800 900
Temperature / 'C

Fig.4 TGA diagram for 1 (a) and 2 (b)

2.4 Photoluminescence properties

Coordination polymers composed of d" metal
centres and organic ligands have been investigated to
exploit their fluorescence property because of their
potential ~applications as luminescent materials,
especially those involving Cd(I) ions as coordination
centres™".  Although the synthesis of the desired
luminescent materials is still a challenge in this area,
it is undoubted that appropriately incorporating
conjugated organic ligands and anionic components
into a coordination polymeric system is an efficient
method to adjust luminescent properties of the materials,
such as excitation/emission wavelength, intensity,
lifetime, and so forth. In this study, luminescence
properties of all compounds and the free ligand have
been explored at room temperature in the solid state
because they are virtually insoluble in most common
such as methanol, chloroform,

solvents acetone,

benzene, water, and so forth. Upon excitation at ca.

386 nm, the H,ptp ligand shows emissions at ca. 467
nm (Fig.5), which is assigned to m—7* transitions.
However, the strongest emissions occur at 441 nm for
1, 426 nm for 2 upon excitation at 385 nm, respectively,
showing a significant blue shift compared with the

free ligand. The emissions of complexes 1~2 can be

H,ptp

Complex 1

— Complex 2

350 400 450 500 550 600 650
Wavelength / nm

Fig.5 Solid state luminescence spectra for Hyptp, 1 and

2 at room temperature
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attributed to the ligand-to-metal charge transfer ™!,

The different coordination behaviors of Hptp~ and
different counter anions in the framework are probably
responsible for the shift difference of the emission
bands in 1~2. These observations suggest that these
compounds can serve as candidates for potential

photoactive materials.
3 Conclusions

of Cd () salt and the new

asymmetric rigid triazole derivatives, H,pbt, two new

By assembling

Cd () coordination polymers has been obtained.
Complex 1 shows one dimensional (1D) ladder chain,
which is further extended to a two dimensional (2D)
supramolecular layer via 7 ---7r stacking interactions.
The 2D layers are further linked by hydrogen bonding
to form a three dimensional (3D) supramolecular
network. Complex 2 exhibits a unique 2D double
layered motif which is further expanded to a 3D
supramolecular structure through interlayer 7 --- 7
stacking interactions and hydrogen bindings. In
addition, the photoluminescence properties investigation
compounds can serve as

suggests that these

candidates for potential photoactive materials.
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