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Abstract—Two novel coordination polymers obtained by hydrothermal reaction of Ag(I) nitrate and Cd(II)
acetate salts with 3,5-dichloroisonicotinic acid and 1,3-bis(4-pyridyl)propane flexible ligand have been syn-
thesized and characterized by single crystal X-ray diffraction (CIF files nos. 2082469 (I) and 2082471 (II)),
elemental analyses, thermogravimetric analyses, powder X-ray diffractions and fluorescent spectra, formu-
lated as {[Ag(Bpp)](Dcia)}n (I) and [Cd(Dcia)2(Bpp)2]n (II) (HDcia = 3,5-dichloroisonicotinic acid,
Bpp = 1,3-bis(4-pyridyl)propane). The single-crystal X-ray diffractions reveal that two complexes show dif-
ferent 2D {63} hcb topological nets and (4,4) grid layers displaying remarked structural sensitivity to metal cat-
ion. Among them, complex I displays 2D unusual cationic layer developed by T-shaped Bpp-bridging Ag–
Ag building units. Complex II exhibits 2D grid layer jointed by Dcia ligand with dangling Bpp ligand, which
further interlinked into 3D supramolecular architecture by π–π interactions. In addition, luminescent prop-
erties of both complexes are also systematically investigated.

Keywords: coordination polymer, hydrothermal reaction, 3,5-dichloroisonicotinic acid, luminescent proper-
ties
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INTRODUCTION
The metal-organic coordination polymers (CPs),

known as complexes combining the features of inor-
ganic metal ions and organic ligands, have been
becoming one of the most rapidly developing fields in
chemical and material science not only because of
their highly diversified topologies, but also due to their
potential applications in many areas, such as sensing
[1, 2], conductivity [3, 4], magnetism [5, 6], catalysis
[7, 8], luminescence [9, 10] and so on. At present,
many multitopic organic ligands have been widely
employed to prepare such crystalline materials either
O-donor ligands (such as 1,2-benzenebicarboxylate
[11–13], 1,3,5-benzenetricarboxylate [14–16] and
1,2,4,5-benzenetetracarboxylate [17–19]), or N-do-
nor ligands (such as 4,4'-bipyridine [20–22], 1,2-
bis(4-pyridyl)ethylene [23–25] and 1,3-bis(4-pyr-
idyl)propane [26–28]) as linkers. Notably, isonico-
tinic acid as polydentate bifunctional ligand has been
widely used due to the ingenious combination of car-
boxyl group and a pyridyl ring [29–31]. On the one
hand, the carboxyl group may be conductive to the
formation of discrete metal center and infinite build-
ing blocks by M–COO–M linkages. On the other

hand, pyridyl group may have the ability to link these
units to an intricate extended network.

As a novel isonicotinic acid derivative, the 3,5-
dichloroisonicotinic acid (HDcia) is also ideal bifunc-
tional connector in the exploration for CPs. Though as
a good bifunctional ligand, HDcia remains largely
unexplored, and only few CPs have been reported. So
far, we know of only five known structures that have
been reported [32–36]. In this regard, we hope to
reveal more structural factors of the HDcia for domi-
nating the self-assemblies of CPs, and this will provide
more useful information of the substituent effect. Fur-
thermore, the addition of neutral dipyridyl coligands
can provide much more complicated and fascinating
structures in view of their cooperative coordination.
As a result, the insertion of additional ligands in the
synthesis media can have a crucial effect on the
dimensionality of the resulting network.

With these considerations in mind, we choose the
bifunctional 3,5-dichloroisonicotinic acid (HDcia) as
bridging ligand, and flexible 1,3-bis(4-pyridyl)pro-
pane (Bpp) as the coligand in this synthesis system. In
this work, systematic studies have been carried out in
our laboratory by the reaction of Ag(I) nitrate and
118
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Fig. 1. PXRD pattern for complexes I (a) and II (b). 
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Cd(II) acetate with the HDcia and Bpp flexible ligand
producing two coordination polymers with the range
of structure from 2D {63} hcb topology layer developed
by T-typed building units, {[Ag(Bpp)](Dcia)}n (I) to
2D grid Cd(II) carboxylate layer, [Cd(Dcia)2(Bpp)2]n
(II). The details of their synthesis conditions, coordi-
nation structures and luminescent properties are
reported below.

EXPERIMENTAL

Materials and physical measurements. All reagents
were commercially purchased and used directly with-
out further purification. Elemental analyses for C, H,
and N were performed on a Flash EA 2000 elemental
analyzer. The powder X-ray diffraction (PXRD) pat-
terns of the products were recorded with a Bruker AXS
D8 Advance diffractometer using monochromatic
CuKα radiation (λ = 1.5418 Å; generator current:
40 mA; generator voltage: 40 kV; scanning scope: 2θ =
5°–50°). The thermogravimetric analyses (TGA) were
carried out on a SII EXStar6000 TG/DTA6300 ana-
lyzer with a heating rate of 10°C min–1 under N2 atmo-
sphere. Luminescence spectra of the solid samples
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
were performed at the room temperature on a Hitachi
F-4500 spectrophotometer with xenon arc lamp as the
light source.

Synthesis of compound {[Ag(Bpp)](Dcia)}n (I) was
carried out by the solvothermal methods. A mixture of
HDcia (0.1 mmol, 19.2 mg), Bpp (0.1 mmol, 19.8
mg), AgNO3 (0.1 mmol, 17.0 mg) and H2O (6.0 mL)
was placed in a 23 mL Teflon liner stainless steel reac-
tor. The vessel was heated to 393 K for 4 days, then
cooled slowly to the room temperature. Colourless
crystals were obtained, and further crystals were fil-
tered off, washed with mother liquid, and dried under
ambient conditions. The yield was 39% (based on
HDcia ligand). The PXRD patterns of the bulk prod-
ucts are in well agreement with the simulated patterns
based on the structure solutions (Fig. 1a).

Synthesis of [Cd(Dcia)2(Bpp)2]n (II) was carried
out by using similar method as complex I, except that
AgNO3 was replaced by Cd(OAc)2·2H2O (0.1 mmol,
26.7 mg). Colourless crystals were obtained. The yield
was 42% (based on HDcia ligand). The PXRD pat-
terns of the bulk products are in well agreement with
the simulated patterns based on the structure solutions
(Fig. 1b).

X-ray crystallography. Single-crystal X-ray diffrac-
tion data for complexes I and II were recorded at room
temperature on a Bruker SMART APEX II CCD dif-
fractometer equipped with graphite-monochromated
MoKα radiation (λ = 0.71073 Å). Using Olex2 [37], the
structure was solved with the Olex2.solve [38] struc-
ture solution program using Charge Flipping and
refined with the ShelXL [39] refinement package
using Least Squares minimisation. Semi-empirical
absorption corrections were applied using SADABS.
The structures were solved using direct method and
refined by full-matrix least-squares on F2. All non-
hydrogen atoms were refined anisotropically, and the
hydrogen atoms were placed in calculated positions
and refined isotropically with a riding model except
for those bound to water molecules, which were ini-
tially located in a difference Fourier map and included
in the final refinement by use of geometrical restraints
with the O–H distances being fixed at 0.85 Å and
Uiso(H) equivalent to 1.5 times of Ueq(O). Crystal data
and experimental details for compounds I and II are
contained in Table 1. Selected bond distances/angles

For C19H16N3O2Cl2Ag
Anal. calcd., %: C 45.91 H 3.24 N 8.45
Found, %: C 45.88 H 3.42 N 8.49

For C38H32N6O4Cl4Cd
Anal. calcd., %: C, 51.23 H, 3.62 N 9.43
Found, %: C, 51.28 H, 3.71  N 9.40
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Table 1. Crystallographic data and structure refinements for complexes I and II

Parameter
Value

I II

Empirical formula C19H16N3O2Cl2Ag C38H32N6O4Cl4Cd

Formula weight 497.12 890.9

Crystal system Monoclinic Monoclinic

Space group P21/n P21/c

a, Å 9.4393(6) 11.4333(6)

b, Å 8.8570(5) 11.5552(5)

c, Å 23.5721(11) 14.6094(6)

α, deg 90 90

β, deg 91.311(5) 107.579(5)

γ, deg 90 90

Volume, Å3 1970.2(2) 1839.97(15)

Crystal size, mm 0.32 × 0.28 × 0.22 0.36 × 0.31 × 0.28

Z 4 2

ρcalcd, g cm–3 1.676 1.551

µ, mm–1 1.313 0.932

F(000) 992.0 837.0

θ Range, deg 3.28–25.5 3.42–25.49

Reflections collected 10754 9968

Independent reflections (Rint) 3630 (0.0286) 3384 (0.0277)

Parameters 3630/0/244 3384/0/241

Goodness-of-fit 1.020 1.056

Final R indices (I > 2σ(I)) R1 = 0.0357, wR2 = 0.0608 R1 = 0.0263, wR2 = 0.0571

R indices (all data) R1 = 0.0515, wR2 = 0.0648 R1 = 0.0324, wR2 = 0.0601

Largest diff. peak and hole, e Å–3 0.41/–0.41 0.32/–0.28
and hydrogen bonds are listed in Table 2 and Table 3,
respectively.

Crystallographic data for the structural analysis
have been deposited with the Cambridge Crystallo-
graphic Data Center (CCDC nos. 2082469 (I) and
2082471 (II); deposit@ccdc.cam.ac.uk or http://www.
ccdc.cam.ac.uk).

RESULTS AND DISCUSSION

Complex I exhibits a unusual 2D cationic layer

with 3-connected {63} hcb topology. As revealed by
single-crystal X-ray diffraction, the asymmetric unit
of complex I contains one Ag(I) cation, one Bpp
ligand and uncoordinated Dcia anion, as shown in
Fig. 2a. Each silver(I) is linked to two nitrogens of dif-
ferent but symmetry-equivalent Bpp molecules in a
nearly linear coordination (the Ag–N bond lengths
are 2.180(2) and 2.183(2) Å, ∠NAg(2)N(3A)
160.75(9)°, which are in the normal range (Table 2)
RUSSIAN JOURNAL OF C
[28, 40]) to form extended chains. Adjacent chains are
cross-linked in an almost perpendicular fashion
(Ag(1)–Ag(1A) bond length is 3.1130(6) Å,
∠N(2)Ag(1)Ag(1A) 94.44(6)°, ∠N(3B)Ag(1)Ag(1A)
97.97(7)°, which are in the normal range (Table 2) [41,
42]) by Ag–Ag bonds leading to a 2D cationic layer as
represented in Fig. 2b.

From a topological perspective, complex I can be

described as a 3-connected net with {63} hcb topology
(Fig. 2c), in which each Ag(I) metal center as 3-con-
nected node is linked to another Ag(I) center and two
Bpp ligands as bridges. Adjacent cationic layers
depend on the H-bonding interaction between the
donor H atoms of benzene ring in Bpp ligands and the
oxygen atoms of carboxylate ionic groups (C(11)–

H(11)…O(1)#1 and C(12)–H(12)…O(2)#2 (Table 3) to
develop into two-dimensional thick layer, as shown in
the Fig. 2d. The adjacent 2D layers stack in a slightly
off-set parallel fashion with the weak effect of van der
Waals force to further extending 3D architecture.
OORDINATION CHEMISTRY  Vol. 48  No. 2  2022
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Table 2. Selected bond lengths (Å) and angles (deg) for compounds I and II*

* Symmetry codes for compounds: #1 –x, 1 – y, 1 –z; #2 –1/2 + x, 1/2 – y, –1/2 + z (I); #1 1 – x, 2 – y, 1 – z; #2 1 – x, 1/2 + y, 1/2 –
z; #3 x, 3/2 – y, 1/2 + z (II).

Bond d, Å Bond d, Å

I

Ag(1)–N(2) 2.180(2) Ag(1)–N(3)#2 2.183(2)

Ag(1)–Ag(1)#1 3.1130(6)

II

Cd(1)–O(1) 2.2888(14) Cd(1)–O(1)#1 2.2889(14)

Cd(1)–N(1)#2 2.4262(17) Cd(1)–N(1)#3 2.4262(17)

Cd(1)–N(2) 2.3002(18) Cd(1)–N(2)#1 2.3002(18)

Angle ω, deg Angle ω, deg

I

N(2)Ag(1)Ag(1)#1 94.44(6) N(2)Ag(1)N(3)#2 160.75(9)

N(3)2Ag(1)Ag(1)#1 97.97(7)

II

O(1)Cd(1)O(1)#1 180.00(6) O(1)#1Cd(1)N(1)#2 87.10(6)

O(1)Cd(1)N(1)#2 92.90(6) O(1)#1Cd(1)N(1)#3 92.90(6)

O(1)Cd(1)N(1)#3 87.10(6) O(1)Cd(1)N(2) 86.20(6)

O(1)#1Cd(1)N(2) 93.80(6) O(1)Cd(1)N(2)#1 93.80(6)

O(1)#1Cd(1)N(2)#1 86.20(6) N(1)#3Cd(1)N(1)#2 180.0

N(2)#1Cd(1)N(1)#3 88.11(6) N(2)#1Cd(1)N(1)#2 91.89(6)

N(2)Cd(1)N(1)#3 91.89(6) N(2)Cd(1)N(1)#2 88.11(6)

N(2)Cd(1)N(2)#1 180.0

Table 3. Geometric parameters of hydrogen bonds for compounds I and II*

* Symmetry codes for compounds: #1 1/2 – x, –1/2 + y, 3/2 – z (I); #2 1/2 + x, 1/2 – y, 1/2 + z; #1 1 – x , 2 – y, 1 – z (II).

D–H···A
Distance, Å

D–H H···A D···A ∠DHA, deg

I

C(11)–H(11)…O(1)#1 0.93 2.56 3.336(4) 141.2

C(12)–H(12)…O(2)#2 0.93 2.55 3.250(4) 132.2

II

C(11)–H(11)…O(2)#1 0.95 2.55 3.466(3) 162.2
Complex II exhibits a 2D layer structure developed

by Dcia molecules, while Bpp molecules works as a

terminal ligand with uncoordinated pyridine N atoms.

The asymmetric unit of complex I consists of half a

Cd(II) atom, one Dcia anion and one Bpp coligand

(Fig. 3a). Each Cd center has an octahedrally coordi-

nated geometry with the basal plane occupied by two

oxygen atoms and two pyridyl N atoms from four Dcia

ligands (among them, two Cd–O bond lengths are
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
2.2888(14) Å and two Cd–N bond lengths are
2.4262(17) Å), while two Bpp pyridyl N atoms occupy
the apical sites (Cd–N 2.3002(18) Å) (Table 2), which
are in the normal range [43, 44]. The [CdO2N4] envi-

ronment is best described as slightly distorted octahe-
dron.

The carboxylate groups with monodentate coordi-
nated modes and pyridyl N atoms of Dcia ligands
bridge the adjacent Cd(II) atoms to yield a
  Vol. 48  No. 2  2022
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Fig. 2. View of the coordination environment of Ag(I) in I (symmetry codes: (A) –0.5 + x, 0.5 – y, –0.5 + z; displacement ellip-
soids are drawn at the 50% probability level and all hydrogen atoms of carbon atoms are omitted for clarity (a); view of 2D cationic
layer developed by T-shaped building units (b); schematic representation of 3-connected {63} hcb topology for II (c); view of 2D
thick layer via H-bonded interactions (d). 
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[Cd(Dcia)]n (4,4) grid layer (Fig. 3b). Interestingly,

the 2D layer involves two kinds of helical chains,

where the right-handed and left-handed helical chains

are in an alternate array by sharing the Dcia bridging

ligand, as shown in Fig. 3c. The pitch of each helical

chain is equivalent as the length of the b-axis, and the

Bpp molecules as the terminal ligands like “fish” bite

the Cd(II) center lying in the two sides of helical

chain. So, the whole structure features 2D carboxylate

layer developed by helical chains with dangling lateral

arms. Weak π–π stacking interactions (the face-to-

face distance is 3.935 Å) existing between both pyridyl

rings of Bpp ligands from two adjacent layers, result in

3D supramolecular structure (Fig. 3d). π–π Stacking

plays an important role in stabilizing the large struc-

ture. Here, by using the Atomistix ToolKit 2020 pack-

age [45, 46], we simulate the Bloch state of the com-

pound II dependent on the density functional theory

(DFT). Here, we adopted the approximation of the

generalized gradient approximation (GGA) and the
RUSSIAN JOURNAL OF C
Perdew–Burke–Ernzerhof (PBE) functional [47].
Some Bloch states below the Fermi level are in Fig. 4.
Figure 4b shows there is a π-like chemical bond in
each ring. The A and B rings are stacked with a π–π
bond. To investigate the inter-ring interaction, we cal-
culated the binding energy by the following formula:
Eb = (Et – EA – EB)/n. Et is the total energy of A and B

when they are at the position as shown in Fig. 4a and
EA and EB are the energy of isolated pyridine rings, and

n is the total atom numbers. The calculated binding
energy between A and B is only 3.1 meV/atom which is
even smaller than that in graphene of 25 meV/atom
[48]. Thus, it is a typical weak π–π stacking of inter-
molecular interactions. Besides, the inter-ring dis-
tance is 3.935 Å, which is larger than the van de Waas
inter-layer distance of many two-dimensional materi-
als. This also implies the inter-ring π–π interaction is
very weak.

TGA for complexes I and II were performed on
crystalline samples from room temperature to 900°C
OORDINATION CHEMISTRY  Vol. 48  No. 2  2022
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Fig. 3. View of the coordination environment of Cd(II) in II (symmetry codes: (A) 1 – x, 0.5 + y, 0.5 – z; (B) 1 – x, 2 – y, 1 – z;
(C) x, 1.5 – y, 0.5 + z; displacement ellipsoids are drawn at the 50% probability level and all hydrogen atoms of carbon atoms are
omitted for clarity) (a); view of a [Cd(Dcia)]n (4,4) grid layer (b); view of a 2D layer constructed via the left- and right-handed
helical chains in II (c); view of 3D networks via π–π stacking interactions with face to face distance is 3.935 Å (d). 
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under a N2 atmosphere to investigate their degradation

behavior, as shown in Fig. 5. For compound I, no evi-
dent degradation process is observed before 192°C. It
is proved the lamellar structure of compound I is sta-
ble before 190°C, and complete decomposition fin-
ishes at ~760°C. The observed final mass remnant of
23.99%, and mainly represented deposition of Ag
phase which is agreed with the PXRD patterns of
residuum (Fig. 6a). For complex II, the decomposi-
tion of the frameworks appears at ~200°C. After that,
a series of consecutive weight losses until ~495°C cor-
responds to decomposition of organic ligands, and the
remnant is 13.50%, and mainly represented CdO
phase which is agreed with the PXRD patterns of
residuum (Fig. 6b).

Coordination polymers with d10 metal centers are
of great interest owing to their potential applications in
chemical sensors and photochemistry, but researches
concerning silver luminescent compounds are limited.
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
The solid-state photoluminescent properties of the

free ligands and complexes I and II have been investi-

gated in the solid state at room temperature, as shown

in Fig. 7. The emission peak of free Bpp ligand is

observed at about 440 nm (under excitation at 348 nm)

resulting from the π–π* or n–π* transitions [49],

whereas the Dcia ligand shows almost no contribution

to the emissions of the compounds due to its very weak

fluorescent emission. On complexation of Bpp ligand

with Ag(I) atom, complex I exhibits maximum emis-

sion band observed at 375 nm under excitation at

260 nm. In contrast to the emission of the free Bpp

ligand, complex I shows blue-shift of ~65 nm, which

may be assigned to the ligand-to-metal charge transfer

(LMCT) from the Bpp ligand to the Ag(I) ions [50].

However, the emission peak for complex II occurs at

about 401 nm under excitation at 323 nm with blue-

shift of ~39 nm with respect to the emission shown by

the Bpp ligand. They can probably be assigned to the
  Vol. 48  No. 2  2022



124 XIN et al.

Fig. 4. Local structure of pyridine rings in complex II (a); crystal structure and valence electron density (b). (The color represents
a phase of Bloch state. A with red circle Stands for pyridine rings in Bpp molecule and B with red circle stands for another pyridine
rings.)
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intraligand charge transfer of Bpp ligand, whereas the
blue-shift may be attributed to the coordination effects
of the Bpp ligands to Cd(II) cations, which increases
the ligand conformational rigidityit and reduces the
nonradiative decay of the intraligand [51, 52].
Although more detailed theoretical and spectroscopic
studies may be necessary for better understanding of
the luminescent mechanism, the f luorescence emis-
sion of both complexes make it potentially useful pho-
toactive material.

In summary, two novel Ag(I)/Cd(II) coordination
polymers with different structure motifs have been
synthesized by the hydrothermal reaction. Although
two complexes are contrasted by the same ligands, the
structure of them reveal entirely different 2D net-
RUSSIAN JOURNAL OF C

Fig. 5. TGA curve for co
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works: the 2D cationic layer with 3-connected {63} hcb
topology of I is developed by T-shaped Bpp-bridging
Ag–Ag building units, whereas complex II shows
Dcia-bridged grid layer joined by the right-handed
and left-handed helical chains. The luminescent
properties of I and II indicate that the coordination of
metal ion can affect the emission peak of the organic
material. Further studies and physical characteriza-
tions of other transition metals with the HDcia ligand
are also underway in our lab.

FUNDING

This work was supported by the National Natural Sci-

ence Foundation of China (grant no. 21571093).
OORDINATION CHEMISTRY  Vol. 48  No. 2  2022

mpound I (a) and II (b). 

900

Compound II

Compound I

8007006005004000

perature, °C



CRYSTAL STRUCTURES AND FLUORESCENT PROPERTIES 125

Fig. 6. The PXRD patterns of thermolysis residuum for compounds I (a) and II (b). 
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Fig. 7. Solid-state emission spectra of compounds I, II and the free Bpp ligand at ambient temperature. 
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