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Five coordination compounds assembled from the pyridyl based ligand, Ni(PBN)4(N3)2, 1; {[Co(PPT)2⋅(H2O)2]⋅
2H2O}n, 2; [Cu(PPT)]n, 3; {[Zn2(PPT)3(OH)]⋅2H2O}n, 4, and [Cd(PPT)2]n, 5 (PPT ¼ 5-(3-pyridylphenyl)tetrazole
and PBN ¼ 4-(3-pyridyl)benzonitrile) have been solvothermally synthesized and characterized by single-crystal Xray diffraction, powder XRD, elemental analysis, IR spectroscopy, solid state ﬂuorescence and TG analysis. The
PPT ligand in the complexes is generated via the in situ [2 þ 3] cycloaddition in the reaction of the cyano groups
of the organonitrile and sodium azide. Single-crystal X-ray diffraction analyses reveal compound 1 is an oligomer
of 6-coordinated Ni(II) compound where the 6 coordination sites are occupied by six nitrogen atoms from four
distinct PBN ligands and two azide ions, respectively. Compound 2 exhibits a 1D chain structure where the 6-coordinated cobalt centers are double connected by two upside down μ2-PPT ligands. Both compound 3 and
compound 4 present the 2D sheet structures constructed by μ2-tetrazole-linked copper(I) dimmer and μ2-hydroxyconnected zinc(II) dimmer, respectively, with both centers of 4-coordinated fashions. Compound 5 is a dense 3D
framework with the PPT ligand of a μ3-bridging mode. Structural analyses indicate the structural varieties of the
dimensionalities in these compounds result from the coordination diversity of the PPT ligands. In addition,
compound 3 represents a rare example of copper(II) that is experienced the self-reduction process during the in
situ [2 þ 3] cycloaddition and exhibits a blue emission at room temperature. Thermal stability analyses indicate
the compounds 4 and 5 are stable up to 300  C and the temperature dependent PXRD reveal the residues of
compounds 4 and 5 are ZnO and CdCO3, respectively.

1. Introduction
Metal organic frameworks (MOFs) have attracted increasing interest
in the ﬁeld of chemical, material, and environmental sciences owing to
their structure diversity and the potential applications in luminescence,
molecular recognition, gas storage, catalysis, etc. [1–4] Considering from
the viewpoint of crystal engineering, the intrinsic properties of such
materials are strongly dependent on the coordination fashions of the
metal centers, the organic linkers, and even the carriers where the materials are located [5–9]. Rational design of the synthetic strategy
including the selection of the proper starting center metals and the
appropriate organic linkers with suitable conﬁguration, functionality,

ﬂexibility, and symmetry thus plays a crucial role in the preparation of
these metal-organic frameworks materials with speciﬁc properties [10,
11]. At the same time, the preparation of the expected MOFs with desired
structures has always been a challenge due to so many factors, such as the
metal centers, the organic ligands and the experimental conditions, etc.
[12–17] which may actually affect the ﬁnal products of the practical
synthesis [1].
As the modern chemistry develops, more accurate and effective
strategies towards the syntheses of MOFs with the speciﬁc sophisticated
organic functional groups have also been developed which may avoid the
pre-synthesis of the organic part of the MOFs [18]. As one of the most
widely used synthetic routes, the in situ [2 þ 3] cycloaddition of an azide
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MOFs.
As part of our continuous research on the syntheses and characterization of metal-tetrazole complexes [39,40] and motivated by the potential applications of MOF-based materials in the area of sensors,
batteries, supercapacitors, adsorbents, catalysts as well as the
energy-related functions [41–47], we have been focusing on the construction of coordination polymers by in situ reaction as well as the
physical properties of the resulting compounds. In this work, four new
coordination compounds based on 3d metals: Ni(PBN)4(N3)2, 1;
{[Co(PPT)2⋅H2O]⋅2H2O}n, 2; [Cu(PPT)]n, 3 and {[Zn2(PPT)3(OH)]⋅
2H2O}n, 4 are reported to be synthesized through the in situ reaction of
metal sulfate, sodium azide and 4-(3-pyridinyl)benzonitrile. Among
these, compound 1 is an oligomer of 6-coordinated Ni(II), compound 2
exhibits a 1D chain structure and both compounds 3 and 4 present the 2D
layer structures. In addition, the same synthetic strategy of the in situ [2
þ 3] cycloaddition also results in another cadmium framework,
[Cd(PPT)2]n, 5, whose skeleton has been ﬁrstly reported as directedly
synthesized from PPT ligand and Cd(II) salt [48]. The structures, Infrared
spectra, the thermal stabilities as well as the ﬂuorescence properties of
these compounds have been also investigated.

to a nitrile with the existence of Lewis acids offers a new approach to the
preparation of tetrazole containing coordination polymers [19]. On the
other hand, the in situ formed tetrazole ligands possess as many as 9
coordination fashions when participating in the complexing process
(Scheme 1). The four nitrogen atoms on the tetrazole ring may bridge and
chelate metal cations or act as the monodentate ligand. The size and the
electron-delocalized ring structure of tetrazole offers alternative tether
lengths, different charge-balance requirements, as well as orientations of
donor groups. These features make the tetrazole an ideal candidate for
constructing metal organic framework materials with rich architecture
[20–24].
Based on the careful investigations of the above methods, Xiong and
his coworkers established a relatively complete synthetic strategy towards the preparation of transition metal (TM) coordination polymers
based on tetrazole almost a decade ago [19]. In his elaboration, the metal
salts of TMs (in most cases are zinc and cadmium salts), such as halides
and nitrates, are usually used to react with different organic cyanides
under mild hydro/solvo-thermal conditions to produce the transition
metal based coordination polymers that contain simple alkyl-tetrazoles
[25,26], pyridyl-tetrazoles [27,28], bis-tetrazoles [29,30], as well as
chiral tetrazoles [31,32]. Since then, the research on the syntheses and
properties of metal-tetrazole polymers via in situ cycloaddition reactions
has been booming up and a series of TM-tetrazole MOFs have been
successfully prepared with the transition metal species not only limited to
the d10 metal [33] but expanded to IB [34] and VIIIB elements [35–38] as
the variety of the acidity of the Lewis acids though the majority of this
category of compounds is still limited to the zinc and cadmium tetrazole

2. Experimental section
2.1. Materials and methods
All the commercially available chemicals are of reagent quality and
used as received without further puriﬁcation. The organic ligand of 4-(3-

Scheme 1. Nine distinct types of coordination modes of tetrazole.
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information may be obtained free of charge from the Director, CCDC, 12
Union Road, Cambridge, CB2 1EZ, UK, Fax (int.code)-44(1223)336-033
or E-mail: deposit@ccdc.cam.ac.uk or http://www.ccdc.cam.ac.ck.
CCDC No. 1973862, 973860, 1973861, 1950631 for compounds 1–4.

pyridinyl)benzonitrile was acquired from Changsha Luxing Biological
Technology Co., Ltd. Sodium azide and metal salts were purchased from
Shanghai Aladdin Biochemical Technology Co., Ltd. The Infrared (IR)
spectra were measured on a Cary6400 FTIR spectrometer in the range
4000-400 cm1 by using KBr Pellets. Elemental analyses of C, H and N
were performed on a Perkin-Elemer 240C analyzer. The powder X-ray
diffraction patterns (PXRD) were recorded on a Bruker D2 PHASER
diffractometer with a Cu Kα radiation (λ ¼ 0.15406 nm) at a tube-voltage
of 30 kV and tube-current of 10 mA. Simulation of the Powder XRD
spectra were carried out by the single-crystal data and diffraction crystal
module of the Mercury (Hg) program available free of charge via the
Internet at http://www.iucr.org. The thermogravimetric analyses (TGA)
were performed on a simultaneous TGA Q500 thermal analyzer under
ﬂowing air (20 mL/min) from 25  C to 800  C at the heating rate of 10  C
min1 pH values of the reaction systems were determined by the
STARTER 3C pH meter. The surface morphology was observed from a
Hitchi S–3400 N scanning electron microscope (SEM). The excitation and
emission spectra of the samples were measured by a Cary Eclipse ﬂuorescence spectrophotometer with the xenon ﬂash lamp as the excitation
source. The decay curves were recorded by an Edinburgh FS5 spectrophotometer system. All the luminescent characteristics of the samples
were investigated as solid state at room temperature.

2.3. Syntheses
Ni(PBN)4(N3)2, 1. NiSO4⋅6H2O (26.3 mg, 0.1 mmol), 4-(3-pyridinyl)
benzonitrile (PBN) (9.05 mg, 0.05 mmol) and 0.1 mL of 0.5 mol/L sodium azide were dissolved in the mixture of water (8 mL) and ethanol (2
mL) at room temperature. The reaction system was sonicated to make it
uniform and then heated at 100  C for three days. The greenish plate
crystals were obtained in ~18% yield based on Ni after the reaction was
cooled to room temperature at rate of 5  C h1. The starting and ending
pH values of the reaction system were 6.57 and 4.93, respectively. Elem
Anal. Calcd. C48H32N14Ni (863.57): C, 66.76; H, 3.74; N, 22.71. Found:
C, 67.32; H, 3.95; N, 21.94. IR (KBr pellets, cm1): 3558s, 3472s, 3419s,
1642 m, 1615 m, 1416w, 1382w, 1277w, 1063vw, 632w, 471w, 404w.
{[Co(PPT)2⋅(H2O)2]⋅2H2O}n, 2. CoSO4⋅7H2O (56.2 mg, 0.2 mmol),
4-(3-pyridinyl)benzonitrile (PBN) (18.1 mg, 0.1 mmol) and 0.3 mL of 0.5
mol/L sodium azide were dissolved in the mixture of water (8 mL) and
ethanol (2 mL) at room temperature. The reaction system was sonicated
to make it uniform and then heated at 100  C for three days. The pink
plate crystals were obtained in ~13% yield based on Co after the reaction
was cooled to room temperature at rate of 5  C h1. The starting and
ending pH values of the reaction system were 6.38 and 5.18, respectively.
Elem Anal. Calcd. C24H24CoN10O4 (575.46): C, 50.10; H, 4.20; N,
24.34. Found: C, 50.62; H, 4.66; N, 23.97. IR (KBr pellets, cm1): 3584s,
3497s, 3440s, 2099w, 1714 m, 1642 m, 1465w, 1420w, 1400w, 1315w,
1158w, 1092w, 1066w, 909w, 864w, 850w, 674w, 530w, 452w.
[Cu(PPT)]n, 3. CuSO4⋅5H2O (50.0 mg, 0.2 mmol), 4-(3-pyridinyl)
benzonitrile (PBN) (18.1 mg, 0.1 mmol) and 0.15 mL of 0.5 mol/L sodium azide were dissolved in the mixture of water (8 mL) and ethanol (2
mL) at room temperature. The reaction system was sonicated to make it
uniform and then heated at 110  C for three days. The light greenish
yellow to colorless plate crystals were obtained in ~11% yield based on
Cu after the reaction was cooled to room temperature at rate of 5  C h1.
The starting and ending pH values of the reaction system were 5.23 and
3.67, respectively. Elem Anal. Calcd. C12H8CuN5 (285.77): C, 50.10; H,
4.20; N, 24.34. Found: C, 50.77; H, 4.81; N, 24.11. IR (KBr pellets, cm1):
3544s, 3526s, 3413s, 1637 m, 1617 m, 1448w, 1400w, 1385w, 1336w,

2.2. Single-crystal X-ray crystallography
The X-ray diffraction data for single crystals of 1–5 were measured on
a Bruker P4 diffractometer with graphite-monochromated Mo Kα radiation (λ ¼ 0.71073 Å). The program SAINT [49] was used for integration
of the diffraction proﬁles. Semi-empirical absorption corrections were
carried out using SADABS program [50]. Program SHELXTL [51] was
used to solve structure directly. Zinc and cadmium atoms were located
from the E-maps and other non-hydrogen atoms were located in successive difference Fourier syntheses and reﬁned with anisotropic thermal
parameters on F2. The hydrogen atoms of the ligand (PBN) were generated theoretically onto the speciﬁc atoms and reﬁned isotropically with
ﬁxed thermal factors. It should be noted that the highly disordered guest
molecules in compound 4 cannot be modeled properly, and therefore the
corresponding diffused electron densities were removed by the SQUEEZE
routine in PLATON [52]. Detailed information about their crystal data
and structure determination are summarized in Table 1. Selected interatomic distances and bond angles are given in Table 2. Copies of this
Table 1
Crystallographic data for compounds 1–4.
Compound

1

2

3

4

Formula
Color
Habit
Mr
Crystal system
Space group
a (Å)
b (Å)
c (Å)
α( )
β ( )
γ( )
V (Å3)
Z
Dc (g cm3)
μ (mm1)
T (K)
R1a
wR2b (all data)
GooF on F2c

Ni(C12N2H8)4(N3)2
green
block
863.57
Monoclinic
P2/n
11.3605 (3)
15.6938 (4)
12.7269 (3)
90
116.037 (1)
90
2038.78 (9)
8
1.407
0.53
293
0.044
0.11
1.054

Co(C12N5H8)2(H2O)2⋅2H2O
pink
plate
575.46
Triclinic
P1
6.2928 (13)
10.019 (2)
10.237 (2)
109.64 (3)
93.99 (3)
94.37 (3)
603.0
1
1.585
0.78
293
0.045
0.094
1.069

Cu(C12N5H8)
greenish-yellow
plate
285.77
Triclinic
P1
5.9041 (2)
8.8253 (3)
11.3042 (3)
75.8882 (13)
87.4348 (12)
71.5378 (12)
541.50
2
1.753
2.00
273
0.039
0.090
1.005

Zn4(C12N5H8)6(OH)2⋅2H2O
colorless
block
1661.91
Monoclinic
P2/n
17.4993 (16)
8.3422 (7)
24.392 (2)
90
102.886 (4)
90
3471.2 (5)
4
1.618
1.44
296
0.05
0.12
1.04

a
b
c

P
P
R1 ¼ (Fo – Fc)/ Fo.
P
P
wR2 ¼ { [w(F2o – F2c )2]/ w(F2o)2}1/2.
P
2
2 2
GOF ¼ { [w(Fo – Fc ) ]/(n – p)}1/2.
3
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Table 2
Selected interatomic distances (Å) and bond angles ( ) for compounds 1–4.
Compound 1
Ni1–N4
Ni1–N4i
N4–Ni1–N4i
N1–Ni1–N4i
N1i—Ni1—N5i
N1i—Ni1—N5
N5i—Ni1—N4i
Compound 2
Co1–O1ii
Co1–N1
O1ii—Co1—O1
O1ii—Co1—N1
O1ii—Co1—N4ii
N1–Co1–N1ii
N4–Co1–N1
Compound 3
Cu1–N1
Cu1–N4
N2–Cu1–N1
N3–Cu1–N1
Compound 4
Zn2–N15
Zn2–N3
Zn1–N9iii
N15–Zn2–N3
O1–Zn2–N15
N13–Zn1–N9iii
O4–Zn1–N8iv

2.1707 (19)
2.1708 (19)
180.0
92.62 (8)
86.84 (8)
93.16 (8)
93.48 (7)

Ni1–N1i
Ni1–N1
N1i—Ni1—N4i
N1i—Ni1—N4
N1–Ni1–N5i
N5–Ni1–N4i
N5i—Ni1—N4

2.0713 (19)
2.071 (2)
87.38 (8)
92.62 (8)
93.16 (8)
86.52 (7)
86.52 (7)

Ni1–N5i
Ni1–N5
N1–Ni1–N4

2.1535 (19)
2.1535 (19)
87.38 (8)

N1–Ni1–N5
N5–Ni1–N4

86.84 (8)
93.48 (7)

2.0706 (18)
2.190 (2)
180.0
88.99 (8)
87.03 (7)
180.0
86.31 (8)

Co1–O1
Co1–N4
O1ii—Co1—N1ii
O1–Co1–N1
O1–Co1–N4
N4–Co1–N1ii
N4ii—Co1—N1

2.0706 (18)
2.187 (2)
91.01 (8)
91.01 (8)
87.03 (7)
93.69 (8)
93.69 (8)

Co1–N1ii
Co1–N4ii
O1–Co1–N1ii
O1ii—Co1—N4
O1–Co1–N4ii
N4ii—Co1—N1ii

2.190
2.187
88.99
92.97
92.97
86.31

2.1244 (17)
2.0758 (14)
112.57 (7)
102.59 (6)

Cu1–N2

2.0173 (14)

Cu1–N3

2.0521 (14)

N2–Cu1–N3
N3–Cu1–N4

107.28 (6)
130.33 (6)

N2–Cu1–N4
N4–Cu1–N1

108.92 (5)
93.69 (6)

1.987 (3)
2.043 (3)
2.029 (3)
104.21 (13)
105.72 (12)
117.35 (12)
103.59 (12)

Zn2–N1
Zn1–N13
Zn1–N8iv
N1–Zn2–N15
O1–Zn2–N1
O4–Zn1–N13
N8iv—Zn1—N13

1.978 (3)
2.011 (3)
2.006 (3)
121.58 (14)
111.43 (11)
111.15 (10)
109.27 (13)

Zn2–O1
Zn1–O4

1.932 (2)
1.8900 (17)

N1–Zn2–N3
O1–Zn2–N3
O4–Zn1–N9iii
N8iv—Zn1—N9iii

106.65
106.08
103.06
111.42

(2)
(2)
(8)
(7)
(7)
(8)

(13)
(13)
(13)
(13)

Symmetry code: (i) x, y, zþ1. (ii) x, yþ1, z; (iii) x, y, z1; (iv) xþ1/2, yþ1, zþ1/2.

2H2O}n, 4, and {Cd(PPT)2}n, 5 have been solvothermally synthesized
under similar in situ synthetic conditions (Scheme 2). Although compound 5 was previously reported somewhere else as directed synthesized
from PPT ligand and Cd(II) salt [48], the in situ synthetic process of all
ﬁve compounds in this work are quite unique. Compared to the pH values
of the starting condition, the resulting pH values decreased and the ΔpH
of the synthetic systems for compounds 2–5 are 1.2, 1.56, 0.83 and 1.08,
respectively, consistent with the fact of the low pKa of the resulting
products of tetrazoles, which indicates the [2 þ 3] cycloaddition between
cyano group and azide anion occurs with the releasing of the hydrogen
ions [53]. However, the ΔpH of compound 1 is 1.64 which is larger than
the rest of the values, probably due to the coordination of the azide ions.
As shown in Fig. 1, the analysis of the IR spectra for resulting ﬁve compounds and the PBN ligand shows the absorptions of the cyano and the
azide groups that are typical for the PBN ligand are at 2230 cm1
– N) & νs(C–
– N)) and 2170 cm1 respectively, and the comparisons
(νas(C–
–
–
of the IR spectra between the starter of PBN and the resulting ﬁve compounds show the lack of the bands in the range of 900–850 cm1(νtetrazole-ring) for the PBN ligand as well as for compound 1, respectively,
suggesting the completion of the [2 þ 3] cycloaddition between cyano
group and azide anion occurs in compounds 2–5 [54–56]. In addition,
the intensities of the serials of absorptions for the pyridine and the

1276vw, 1163vw, 1150vw, 1105 ms, 1080 ms, 1065 ms, 1050 ms, 1033
ms, 1009 ms, 1043w, 843w, 803w, 764w, 701w, 632w, 617w, 604w,
560w, 486, 478w, 400w.
{[Zn2(PPT)3(OH)]⋅2H2O}n, 4. ZnSO4⋅7H2O (57.5 mg, 0.2 mmol), 4(3-pyridinyl)benzonitrile (PBN) (18.1 mg, 0.1 mmol) and 0.3 mL of 0.5
mol/L sodium azide were dissolved in the mixture of water (8 mL) and
ethanol (2 mL) at room temperature. The reaction system was sonicated
to make it uniform and then heated at 140  C for three days. The colorless
sheet or block crystals were obtained in ~58% yield based on Zn after the
reaction was cooled to room temperature at rate of 5  C h1. The starting
and ending pH values of the reaction system were 5.55 and 4.72,
respectively. Elem Anal. Calcd. C36H29N15O3Zn2 (850.48): C, 50.84; H,
3.44; N, 24.70. Found: C, 51.32; H, 3.65; N, 23.91. IR (KBr pellets, cm1):
3537s, 3478s, 3404s, 1637 m, 1617 m, 1436w, 1409w, 1384w, 1352w,
1268vw, 1162vw, 1130w, 1105w, 1070w, 1043w, 846w, 811w, 761w,
617w, 478w.
[Cd(PPT)2]n, 5. CdSO4⋅8/3H2O (154.1 mg, 0.6 mmol), 4-(3-pyridinyl)benzonitrile (PBN) (18.1 mg, 0.1 mmol) and 0.3 mL of 0.5 mol/L
sodium azide were dissolved in the mixture of water (8 mL) and ethanol
(2 mL) at room temperature. The reaction system was sonicated to make
it uniform and then heated at 150  C for three days. The colorless sheet
crystals were obtained in ~60% yield based on Cd after the reaction was
cooled to room temperature at rate of 5  C⋅h1. The starting and ending
pH values of the reaction system were 6.22 and 5.14, respectively. Elem
Anal. Calcd. C24H16N10Cd1 (556.86): C, 51.76; H, 2.90; N, 25.15.
Found: C, 51.41; H, 2.65; N, 24.94. IR (KBr pellets, cm1): 3548 m, 3480
m, 3407 m, 1637s, 1616s, 1436w, 1406w, 1385w, 1352w, 1269w,
1159vw, 1118vw, 1088w, 1047vw, 1027vw, 1008vw, 848w, 800w,
757w, 690w, 622 ms, 481 ms.
3. Results and discussion
3.1. Synthesis
Five coordination polymers based on 3d metals, Ni(PBN)4(N3)2, 1;
{[Co(PPT)2⋅H2O]⋅2H2O}n, 2; [Cu(PPT)]n, 3 and {[Zn2(PPT)3(OH)]⋅

Scheme 2. Synthetic route and optical image of crystals of compounds 1–5.
4
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Fig. 3. The coordination environment of Ni(II) in compound 1.

for the nickel center in compound 1 may be determined according to the
BV model and based on this model, the sum of all the bond valences
around any ion is equal to its ionic charge or valence [58]. Here, the bond
valence (s) is calculated as s ¼ exp[(r0-r)/B] where B ¼ 0.37 and r0 ¼ 1.75
for Ni(II)–N pairs, with the calculated BV value of the Ni center in 1 being
2.15, which is comparable to the normal valence state of II in most nickel
compounds. This is also consistent with the outlook color of green of
typical Ni(II) compounds.
{[Co(PPT)2⋅(H2O)2]⋅2H2O}n, 2. Single crystal X-ray diffraction
analysis of compound 2 indicates it is a chain structure that crystallizes in
the triclinic space group of P1. Each asymmetric unit consists of one
cobalt(II) center, four PPT ligands, two coordinated water molecules and
two guest water molecules. The coordination environment of center
Co(II) may be described as a distorted octahedron, as shown in Fig. 4.
Each Co(II) center coordinates to two pyridyl nitrogen atoms from two
different PPT ligands, two tetrazole nitrogen atoms from another two
distinct PPT ligands and two oxygen atom from two water molecules. The
Co–Npyridyl and Co–Ntetrazole are similar which are 2.190 Å and 2.187 Å,
respectively. The Co–O bond is shorter than Co–N bond which is 2.071 Å
and these values are comparable to the typical corresponding bond
lengths [59]. Bond valence sums at the cobalt center is calculated as 2.28
[58], which is in consistent with the typical II oxidation state for most
cobalt compounds and it is also conﬁrmed by the color of the resulting
compound 2. The cis-angles corresponding to the Co(II) center range
from 86.31-93.69 and the trans-angle is 180 . The tetrazole of the PPT
ligand in compound 2 affords the monodentate coordination mode with
its α-nitrogen atom on the ﬁve-member ring of tetrazole and the overall
coordination fashion of the tetrazole is type 2 as shown in Scheme 1. The
pyridyl nitrogen atom of each PPT ligand monodentately coordinates to
one cobalt center, making the PPT ligand in the compound 2 an overall

Fig. 1. IR spectra of compounds 1–5 and PBN ligand.

tetrazole rings ranging from 1500 cm1 to 1000 cm1 decrease as the
coordination to the metal ions [54]. Herein, the 3d metal ions play the
roles of Lewis acid catalyst when they react with the PBN ligands. All the
ﬁve resulting compounds are highly crystalline products as shown in the
optical images in Scheme 2, however, only the purities of the compounds
4–5 have been conﬁrmed by the powder X-ray diffractions due to the low
yield for compounds 1–3, as shown in Fig. 2, both experimental PXRD
patterns are consistent with the corresponding simulated ones based on
the crystal structures.
3.2. Crystal structures
Ni(PBN)4(N3)2, 1. Compound 1 crystallizes in the monoclinic space
group of P2/n and it is a oligomer with four PBN ligands and two azide
ions. As depicted in Fig. 3, the center Ni(II) ion coordinates to six nitrogen atoms from four distinct PBN pyridyl rings and two azide ions,
respectively. The Ni(II)–N bond lengths are 2.171 Å and 2.154 Å for
Ni(II)–Npyridyl and 2.071 Å for Ni(II)–Nazide, comparable to typical Ni(II)–
N bond distances [57]. And as a result, the overall coordination geometry
for the Ni(II) center may be described as a slightly distorted octahedron
with the equatorial plane deﬁned by the pyridyl nitrogen atoms and the
axial sites of azide nitrogen atoms. There is no solvent molecule in the
structure, by link with which, the oligomer may further extend to a
structure with higher dimensionality. The sum of the bond valence (BV)

Fig. 2. Experimental and simulated PXRD patterns for compounds 4–5.
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coordination geometry of center copper(I) ion may be regarded as a
distorted tetrahedron. The bond distances of Cu–N range from 2.017 to
2.124 Å and the bond angles of N–Cu–N are between 93.69 and 112.57
which suggests the Cu(I) center in compound 3 lies in a highly unsymmetrical fashion [60]. The divalent copper ions may experience a
self-reduction process when involved in the synthesis and under these
circumstances, the copper(I) ions usually afford the 4-coordination tetrahedron geometry in the resulting compounds, as observed in compound 3 [56,61]. Bond valence sums at copper center of compound 3 is
calculated as 1.17 [58],indicating the oxidation state of I for copper. This
result also is in agreement with the molecule formula for compound 3 in
structural analysis. In compound 3, each tetrazole ring of the PPT ligand
coordinates to three distinct Cu(I) ions by using of its two α-nitrogen
atoms and one β-nitrogen atom and the neighboring Cu(I) centers along
the a direction thus are double connected either by the two α-nitrogen
atoms or by one α-nitrogen atom and one β-nitrogen atom from two
different PPT ligands, respectively, to form the dimer subunits. Each PPT
ligand links two dimers by using its pyridyl nitrogen atom as well as the
tetrazole ring nitrogen atoms to adopt a μ2-bridging fashion with overall
coordination fashion of the tetrazole of type 8, as shown in Scheme 1,
thus the dimers are double connected by two PPT ligands to form a chain
structure along the diagonal of b and c axis, as shown in Fig. 6b. From
another perspective view, the dimers stack with each other along a direction to form a 1D chain and PPT ligands further connect the neighboring chain to give an overall 2D layer structure on the ac plane.
{[Zn2(PPT)3(OH)]⋅2H2O}n, 4. Compound 4 crystallizes in the
monoclinic space group of P2/n and each asymmetric unit of compound 4
contains two crystallographically unique Zn(II) ions, ﬁve PPT ligands,
two hydroxy groups, and two guest water molecules, as depicted in
Fig. 7a. Both Zn(II) ions adopt similar four-coordinated geometry in
which the Zn1 center is coordinated with two tetrazole nitrogen atoms
(N3 and N7) from two PPT ligands, one pyridyl nitrogen atom (N15) from
the third PPT ligand and one oxygen atom (O2) from the hydroxy group.
Comparable to Zn1, the Zn2 center coordinates to two pyridyl nitrogen
atoms (N1 and N10) from two PPT ligands, one tetrazole nitrogen atom
(N11) from the third PPT ligand and one oxygen atom (O1) from the
hydroxy group. The bond lengths of Zn(II)–N are in the range of
1.978–2.043 Å, and the bond distances of Zn1–O2 and Zn2–O1 are 1.89
Å and 1.932 Å, respectively. These distances are similar to those reported
values of four coordinated zinc tetrazolates [28]. The Zn(II)–N(tetrazolate nitrogen) bond (1.978, 1.987 and 2.006 Å) are obviously shorter
than Zn(II)–N(pyridine nitrogen) bond (2.011, 2.029 and 2.043 Å),
which are also consistent with the reported zinc compounds containing
both pyridine and the tetrazolate rings [19,28]. The bond valence sums at
Zn1 and Zn2 centers are calculated as 2.15 and 2.14 [58],respectively,
suggesting the oxidation state of II for both zinc ions in compound 4
which is typical for most zinc coordination compounds. Each PPT ligand

Fig. 4. The coordination of compound 2. (a) The coordination environment of
the center Co(II) ions; (b) the ladder-like chain structure of compound 2.

μ2-bridging mode with each PPT connects two Co(II) center along c direction. On the other hand, the second μ2-bridging PPT ligand links the
same Co(II) centers in an upside down fashion and makes the two Co(II)
ions double connected to form a ladder-like chain, as shown in Fig. 4, b.
The water molecules (O2) that insert between the chains act as both
hydrogen-bonding acceptors that accept hydrogen (H1B) from the coordinated water molecules and the donors with the hydrogen bonding
acceptor of nitrogen atoms of the tetrazole rings (N2). These hydrogen
bonding interactions, including O2 ⋯H1B (1.836 Å) and N2⋯H2A
(2.113 Å) along the b axis and N3⋯H2B (1.946 Å)along the c axis, further
extend the 1D chain structures into 3D supramolecular frameworks, as
shown in Fig. 5, with D–H⋯A angles in the range of 151.94–167.36 .
[Cu(PPT)]n, 3. Single-crystal X-ray diffraction analysis indicates that
compound 3 crystallizes in the triclinic P1 space group and exhibits a
layer structure. The molecule of compound 3 contains one Cu(I) ion and
one PPT ligand, indicating the Cu(II) in the starting material of copper
sulfate has been reduced to Cu(I). Most known Cu(I) compounds are easy
to be oxidized at room temperature though compound 3 is insoluble in
common organic solvents. The Cu(I) center adopts four coordination
fashion with four coordination sites occupied by three tetrazole nitrogen
atoms from three distinct PPT ligands and one pyridyl nitrogen from the
fourth PPT ligand, respectively, as shown in Fig. 6a. The four nitrogen
atoms are two α-nitrogen atom, one β-nitrogen atom and one pyridyl
nitrogen atom, respectively, from four different PPT ligands and the

Fig. 5. The perspective view of the 3D supramolecular structure connected by hydrogen-bonding of compound 2 in different directions (a) and (b) with hydrogen
bond of two-colored bold dash lines.
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Fig. 6. The coordination of compound 3. (a) The coordination environment of the center Cu(I) ions; (b) the dimer in compound 3; (c) the chain structure constructed
from the dimer; (d) the 2D layer structure of compound 3.

Fig. 7. The coordination of compound 4. (a) The coordination environment of the center Zn(II) ions; (b) the dimer in compound 4; (c) the 2D layer built from the
wave-like chains of dimers.

connects two different Zn(II) centers to give an overall μ2-bridging coordination mode and the tetrazole ring thus adopts the type 2 coordination fashion as mentioned in the structure section of compound 2
(Scheme 1). The μ2-O atom of hydroxy group links two symmetrical
Zn(II) centers to form the dimer subunits of Zn2 which are triple-linked
by three μ2-PPT bridges along the c direction, forming a wave-like
chain structure, as depicted in Fig. 7b and c. The neighboring chains
are further connected by the PPT ligands in between to form the 2D sheet.
The range of bond angles related to the Zn(II) centers are 103.06 and
121.58 . These angles are comparable to those corresponding values in
similar reported zinc tetrazolate compounds [28] and make the local
geometry of distorted tetrahedron for both Zn(II) centers.
As discussed before, there are nine distinct coordination modes for
tetrazole ligands that are involved in the construction of pyridine contained MOFs. Compared to compound 5, where the tetrazole adopt the
only 2,3-bridging mode (mode 4), the tetrazole rings exhibit the only
monodentating mode (mode 2) in both compounds 2 and 4, and exhibit
tridentating mode (mode 8) in compound 3. However, compared to the
double-linked cobalt centers in compound 2, the zinc centers in compound 4 are triple-connected with each other, resulting in a higher
dimensionality in the overall structure. In addition, the diversity of the
coordination type of the tetrazole rings also increases the complexity of
the resulting structure and as a result, the higher dimensionality occurs
for compound 3 where the tetrazole ring adopts tridentating fashion

rather than the lower dimensionality exhibits in compound 2 where the
tetrazole ring adopts only monodentating fashion. The multicoordination modes are more favorable as the synthetic temperature
increases in the synthesis of tetrazole-containing compounds according
to those reported examples, as a result, the overall 3D frameworks are
usually obtained at higher temperature [19]. In the case of compound 4,
the center Zn(II) ions are coordinated by either two tetrazole nitrogen
atoms, one pyridyl nitrogen atom and one oxygen atom from the hydroxy
group or by two pyridyl nitrogen atoms, one tetrazole nitrogen atom and
one oxygen atom from the hydroxy group. The μ2-oxygen atoms act not
only as the linkers that connect the both symmetrical Zn(II) ions to form
the Zn2 subunits, but also as the stoppers that prevent the Zn2 subunits
from forming the three dimensional structure. This is common in those
Zn(II) tetrazolates with tetrahedral coordinated zinc where one of the
coordination site of Zn(II) is occupied by solvent molecules results in the
overall 2D sheet structures [27,28]. Similar situation may also be
observed in the case of compound 3 where the lack of more coordination
site for the 4-coordinated Cu(I) center stops the metal ions from
extending the 2D layer to a 3D framework.

3.3. Characterization
Thermogravimetry (TG) curves produced with a linear heating rate of
5  C min1 in air shown in Fig. 8 demonstrate the thermal decomposition
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processes of compound 4–5 in which, both of the compounds show two
obvious two mass-loss stages. As shown in Fig. 8, the ﬁrst structural
collapses of the structures for compound 4–5 occur at the temperature
around 300  C and 350  C, respectively. The second weight losses for
compounds 4–5 occur at around 450  C and 465  C, respectively. The
decomposition temperatures for compound 5 (465  C) is higher than that
for compound 4 (450  C) though the both compounds contain the same
ligand of PPT. The denser arrangement and more complex coordination
in 3D framework of compound 5 probably result in the higher decomposition temperature for 5. Both compounds 4–5 present relatively high
thermal stability compared to other reported tetrazole containing compounds [34,62]. As shown from Fig. 8, the TGA curve of 4–5 show two
signiﬁcant weight losses at 465  C (30%), 450  C (19%) and 350  C
(36%), 300  C (64%), respectively. TGA is in good agreement with the
ﬁnal products of ZnO with the residue of 19% for compound 4 and CdCO3
with the residue of 34% for compound 5. The experimental data shows
around 19% and 34% of the starting mass retain for compound 4 and 5,
respectively, after the thermal processes complete, suggesting the ﬁnal
products do not contain the decomposed material of PPT ligands. It is
most likely that the weight loss is due to the loss of either free water (for
4), the tetrazole rings and the pyridine rings in both structures. The
temperature dependent PXRD data also support the main residue of the
cadmium carbon oxide of CdCO3 as shown in Fig. 9 [63].
Considering the potential optical application of d10 metal-containing
compounds, the photoluminescence of the organic ligand and compounds 3 and 4 were investigated at room temperature in the solid state
since the luminescent property of compound 5 has already been reported
[48]. As illustrated in Fig. 10, upon excitation, the PBN ligand as well as
the compounds 3 and 4 display the maximum emission peaks at 416 (λex
¼ 360 nm), 409 (λex ¼ 358 nm) and 557 nm (λex ¼ 398 nm), respectively.
The blue shift of the emission of compound 4 compared to that of the PBN
ligand is quite similar to the reported emission of compound 5 and the
red shift of the emission of compound 3 compared to that of the PBN
ligand is also observed. The emission bands of the selected compounds
may be attributed to the ligand-centered nature of the emission and the
emission band of compound 3 also indicates the observed d10 ion in
compound 3 which supported the valence state of I for copper center in
compound 3 [64]. The blue/red shifts may probably due to the conformation and molecular orbitals of ligands are regulated by the coordination of the center metal ions in both compound 3 and 4 [48].

Fig. 9. Temperature dependent XRD of compound 5.

Fig. 10. The solid-state ﬂuorescence of the PBN ligand and compounds 3–4.

4. Conclusion
Five 3d-metal containing coordination complexes, Ni(PBN)4(N3)2, 1;
{[Co(PPT)2⋅(H2O)2]⋅2H2O}n, 2; [Cu(PPT)]n, 3; {[Zn2(PPT)3(OH)]⋅
2H2O}n, 4 and [Cd(PPT)2]n, 5 which are from same ligand have been
solvothermally synthesized and characterized. Compound 1 is an oligomer of Ni-pyridyl-nitrile whereas compounds 2–5 are based on the same
in situ formed tetrazole ligand. Structural analyses indicate compounds
1–5 exhibit a variety of dimensionalities from oligomer, one dimensional
chain, two dimensional layers to three dimensional framework. The
failure of the [2 þ 3] cycloaddition between cyano group and azide anion
results in the discontinuous of the extendibility of compound 1. The high
complexity of the coordination fashions of both the in situ formation of
the tetrazole ligands as well as the larger numbers of the overall coordinated ligands of PPT favor the high dimensionality in the resulting
compounds, which is conﬁrmed in the cases of compounds 2–5. In
addition, both the coordination of solvent molecules and the lack of the
coordination sites prevent the further connectivity of the resulting
structures as conﬁrmed in compounds 3 and 4. Both the BV calculation
and the ﬂuorescence property show the compound 3 represents an
example of monovalent compound of Cu(I). TGA and temperature
dependent PXRD indicate the three-dimensional framework of the compound 5 has a relatively high thermal stability.

Fig. 8. TGA patterns for compounds 4–5.
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