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Constructing two 1D coordination polymers and
one mononuclear complex by pyrazine- and
pyridinedicarboxylic acids under mild and
sonochemical conditions: magnetic and CSD
studies†

Azam Hassanpoor,a Masoud Mirzaei, *a

Hossein Eshtiagh-Hosseinia and Anna Majcherb

In this work, we report the synthesis and crystal structure of two 1D coordination polymers and one mono-

nuclear complex based on pyrazine-2,3-dicarboxylic acid (H2pyz-2,3-dc), pyridine-2,3-dicarboxylic acid

(H2py-2,3-dc) and pyridine-2,6-dicarboxylic acid (H2py-2,6-dc) ligands, namely {[2-Hatz]2ĳCuĲpyz-2,3-

dc)2]}n (2-atz = 2-aminothiazole) (1), {[2-Hatz]2ĳCuĲpy-2,3-dc)2]}n (2) and [CuĲpy-2,6-dc)Ĳ2-atz)ĲH2O)] (3).

Single crystal X-ray diffraction analyses showed that utilizing different structural isomers (2,3- and 2,6-) of

dicarboxylic acid led to geometrical and structural diversity. Two coordination polymers have a distorted

octahedral geometry, in which the (pyz-2,3-dc)2− and (py-2,3-dc)2− moieties act as tridentate bridging li-

gands in 1 and 2 so that 1D chains are in a similar fashion, while complex 3 exhibits a 3D supramolecular

network with a square pyramidal geometry. Moreover, to investigate the influence of particle size on physi-

cal properties such as magnetic behavior and thermal stability, nanostructures of the mentioned polymers

were synthesized by a sonochemical method and characterized by scanning electron microscopy (SEM),

elemental analyses, powder X-ray diffraction (PXRD), infrared spectroscopy (IR), and thermogravimetric

(TGA) analyses. Investigation of the magnetic properties of compounds 1, 2 and the corresponding nano-

structures indicates that there are weak antiferromagnetic interactions between the CuII ions in the tem-

perature range of 1.8–300 K.

Introduction

In the past few decades, the rational design and synthesis of
coordination polymers (CPs) with magnetic properties have
attracted considerable attention because they provide genuine
opportunities to explore the fundamental aspects of magnetic
interactions and magneto-structural correlations in molecular
systems.1 In general, the construction of these chain com-
pounds depends mainly on several factors including the coor-
dination geometry of spin carriers, template, counter ions,
temperature and especially shapes of bridged ligands.2 The
magnetic anisotropy of the spin carriers is the key factor that

affects the magnetic behavior of such 1D systems and for this
purpose, the paramagnetic 3d transition metal ions such as
Mn, Fe, Co, Ni and Cu are considered reasonable candidates.3

Another important factor that plays a crucial role in the con-
struction of CPs is the clever choice of the right ligand. Ac-
cordingly, various multifunctional ligands containing both
carboxylate and N-heterocyclic groups such as pyridine,
pyrazole, pyrazine and imidazole polycarboxylates were re-
vealed to be excellent building blocks to design polymeric net-
works due to multiple and flexible coordination sites4–6 and
their ability to transfer magnetic coupling.7 Pyrazine-2,3-
dicarboxylic acid and pyridine-2,3- and -2,6-dicarboxylic acids
contain two carboxylate groups and nitrogen donor sites on
pyrazine and pyridine rings which provide diverse possible co-
ordination modes. Thus, they are considered well-suited tools
to form extended coordination polymers with interesting
physical properties in molecular magnetism or selective guest
adsorption fields.8–11 According to the results obtained from
the Cambridge Structural Database (CSD version 5.38/Feb
2017), there are a large number of coordination networks
containing these aromatic dicarboxylic acids (246, 258 and
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1253 examples for H2pyz-2,3-dc, H2py-2,3-dc, and H2py-2,6-dc,
respectively), in which the metal centers were occupied mostly
by Cu, Zn, Co, and Ni atoms. It is demonstrated that 2,3-iso-
mers are more capable of building CPs (with 214 and 215
polymeric structures for the mentioned ligands) because they
are able to be partially or fully deprotonated and generate
(Hpyz-2,3-dc)−, (Hpy-2,3-dc)−, (pyz-2,3 dc)2− and (py-2,3-dc)2−

anions at different pH values, introducing monodentate,12

bidentate,13 bis-bidentate bridged,14 tridentate bridged15 and
tetradentate bridged16 coordination modes. In contrast,
2,6-isomers tend to form mononuclear complexes.17–19 Nano-
sized particles of CPs are fascinating to explore due to their
interesting size-dependent physical and chemical properties
such as magnetism, luminescence and thermal stability
which are not observed in their bulk analogues.20 A simple
and common method to produce nanoparticles of CPs is the
sonochemical method. Ultrasound induces chemical or physi-
cal changes during cavitation, a phenomenon involving the
formation, growth, and instantaneously implosive collapse of
bubbles in a liquid, which can generate local hot spots having
temperatures of roughly 5000 °C, pressures of about 500 atm,
and a lifetime of a few microseconds. These extreme condi-
tions drive chemical reactions; however, they are also able to
promote the formation of nano-sized particles, mostly by in-
stantaneous formation of a plethora of crystallized nuclei.21

In this work, 2,3- and 2,6-isomers of pyrazine- and pyridinedi-
carboxylic acids were employed to synthesize multifunctional
CPs and investigate the effect of different ligands on the for-
mation and structures of the target complexes. We success-
fully synthesized and structurally characterized two 1D coordi-
nation polymers with weak antiferromagnetic properties and
one mononuclear complex formulated as {[2-Hatz]2ĳCuĲpyz-

2,3-dc)2]}n (1), {[2-Hatz]2ĳCuĲpy-2,3-dc)2]}n (2) and [CuĲpy-2,6-
dc)Ĳ2-atz)ĲH2O)] (3). In addition, to investigate the effect of
particle size on the magnetic behavior and thermal stability,
the nanostructures of the corresponding CPs were prepared
by a sonochemical method.

Experimental
Chemicals and apparatus

All reagents and solvents employed in the synthesis and anal-
ysis of the products in this project were commercially avail-
able and used as received. The IR spectra in the 4000–400 re-
gion were measured in KBr pellets, using a Perkin-Elmer 580
spectrophotometer. Elemental analyses were carried out on a
Thermo Finnigan Flash-1112EA microanalyzer. Melting
points were determined using a Barnstead Electrothermal
9300 apparatus. The TGA runs were carried out on a TGA-50/
50H standard type thermal analysis system. A multiwave ul-
trasonic generator (Misonix Sonicator 4000 (S-4000), Qsonica,
LLC, Newtown, CT, USA; equipped with a generator, con-
verter, converter cable, and 1/2 inch replaceable tip horn, op-
erating frequency at 20 kHz with a maximum power output
of 600 W) was employed for ultrasound irradiation. The wave
amplitude in this experiment was 40 and the ultrasonic en-
ergy dissipated was set at 5.96 W through a calorimetric
method.22 The size and morphology of the nanoparticles of
CPs have been studied by SEM using a Leo 1450 VP electron
microscope (Germany). Single crystal X-ray diffraction data
were collected for 1–3 at 100 K using an Oxford Supernova At-
las diffractometer with Mo-Kα and Cu-Kα radiation (λ =
0.71073, 1.54184 Å) and an ω scan mode. The data were
corrected for Lorentz and polarization effects (see Table 1).

Table 1 Crystal data and structure refinement parameters for 1–3

Empirical formula C12H4CuN2O8·2ĲC3H5N2S) C14H6CuN2O8·2ĲC3H5N2S) C10H9CuN3O5S

Formula weight/g mol−1 598.06 596.08 346.82
Temperature/K 100(1) 100(2) 100(1)
Wavelength λ/Å 0.71073 1.54184 1.54184
Crystal system Triclinic Triclinic Triclinic
Space group P1̄ P1̄ P1̄
a/Å 6.3497(3) 6.4091(3) 6.6360(3)
b/Å 8.0041(4) 8.0567(4) 8.3292(5)
c/Å 11.1477(4) 11.3265(5) 11.6684(6)
α/° 71.782(4) 70.675(4) 107.729(5)
β/° 85.993(4) 85.308(4) 97.995(4)
γ/° 83.431(4) 81.872(4) 97.962(4)
V/Å3 534.28(4) 545.98(5) 597.05(6)
Z 1 1 2
Dc/mg m−3 1.859 1.576 1.929
F000 303 303 350
μ/mm−1 1.29 1.813 4.48
Crystal size/mm3 0.08 × 0.13 × 0.18 0.30 × 0.13 × 0.05 0.29 × 0.20 × 0.19
Space range/° 3.8 to 29.1 4.1 to 76.2 4.0 to 76.3
Reflections collected 11 423 10 888 6809
Reflections, independent 2335 2253 2461
R1, wR2 [I > 2σ(I)] 0.034, 0.075 0.032, 0.083 0.033, 0.086
R1, wR2 (all data) 0.044, 0.080 0.033, 0.0839 0.035, 0.089
Goodness of fit on F2 1.06 1.03 1.14
Largest difference peak and hole/e Å−3 0.48 and −0.36 0.34 and −0.65 0.39 and −0.63

CrystEngCommPaper



CrystEngComm, 2018, 20, 3711–3721 | 3713This journal is © The Royal Society of Chemistry 2018

All structures were solved by direct methods (Olex2.solve)23

and refined by the full-matrix least-squares method on all F2

data (SHELXL).24 Data collection and refinement statistics
are summarized in Table 1. X-ray powder diffraction (XRD)
measurements were recorded on a Philips diffractometer
manufactured by X'pert with graphite monochromatized Cu-
Kα radiation. Simulated XRD powder patterns were calculated
by using Mercury based on the single crystal data.

Synthesis of {[2-Hatz]2ĳCuĲpyz-2,3-dc)2]}n (1)

Compound 1 was synthesized by a direct combination reac-
tion of H2pyz-2,3-dc (0.12 mmol, 0.02 g) with CuCl2·2H2O
(0.06 mmol, 0.01 g) in the presence of 2-atz organic base
(0.24 mmol, 0.02 g) in a 15 mL H2O/EtOH mixture (1 : 3 v/v).
The resulting mixture was stirred for 2 h at room tempera-
ture and blue block-shaped single crystals suitable for X-ray
diffraction were obtained after two days by slow evaporation
of the solvent. Yield: 54% (based on Cu). Anal. calcd. for
C12H4CuN4O8·2ĲC3H5N2S): C, 36.13; H, 2.60; N, 18.73; S,
10.70. Found: C, 36.04; H, 2.57; N, 18.23; S, 10.42%. IR (KBr

pellet, cm−1): 3154–3081Ĳm); 1648(s); 1620(s); 1591(s); 1386(s);
1338(s); 875(m); 560(m). M.p. 261 °C.

Synthesis of {[2-Hatz]2ĳCuĲpy-2,3-dc)2]}n (2)

The synthetic procedure for 2 was the same as for 1, except
that H2py-2,3-dc (0.11 mmol, 0.02 g) was used as a ligand.
Blue rod-shaped single crystals of 2 were obtained after five
days. Yield: 57% (based on Cu). Anal. calcd. for C14H6CuN2O8

·2ĲC3H5N2S): C, 40.28; H, 3.02; N, 14.09; S, 10.74. Found: C,
40.16; H, 2.98; N, 13.88; S, 10.51%. IR (KBr pellet, cm−1):
3442(b); 1667(s); 1580(s); 1424(m); 1330(s); 1330(s); 1133(s);
890(w); 778(w). M.p. 263 °C.

Synthesis of (1) and (2) nanostructures by a sonochemical
process

To prepare the nanostructures of compounds 1 and 2, a 15
mL aqueous solution of CuCl2·2H2O (0.05 M) was positioned
in a high-density ultrasonic probe operating at 20 kHz with a
maximum power output of 600 W. Then, 15 mL aqueous so-
lution of organic acid (0.1 M) and 2-atz (0.2 M) was added

Scheme 1 The synthetic procedure of compounds 1–3 and their nanosheets.
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dropwise to the previous solution. After 30 minutes, the
obtained precipitates were filtered off, washed with water
and then dried in air.

Product (1): yield: 61% (based on Cu). Anal. calcd. for
C12H4CuN4O8·2ĲC3H5N2S): C, 36.13; H, 2.60; N, 18.73; S,
10.70. Found: C, 35.89; H, 2.62; N, 18.58; S, 10.35%. IR (KBr
pellet, cm−1): 3154–3065Ĳs); 1648(s); 1620(s); 1591(s); 1387(s);
1339(s); 875(m); 561(m). M.p. 258 °C.

Product (2): yield: 66% (based on Cu). Anal. calcd. for
C14H6CuN2O8·2ĲC3H5N2S): C, 40.28; H, 3.02; N, 14.09; S,
10.74. Found: C, 40.11; H, 3.00; N, 14.02; S, 10.49%. IR (KBr
pellet, cm−1): 3441(b); 1666(s); 1584(s); 1446(m); 1130(s);
882(w); 754(w). M.p. 260 °C.

Synthesis of [CuĲpy-2,6-dc)Ĳ2-atz)ĲH2O)] (3)

A mixture of H2py-2,6-dc (0.11 mmol, 0.02 g) and 2-atz (0.12
mmol, 0.01 g) in 10 mL ethanol was added to 5 mL aqueous
solution of CuCl2·2H2O (0.12 mmol, 0.02 g). The green trans-
parent solution was stirred for 2 h at room temperature.
Green block-shaped single crystals of 3 were obtained after
two days by slow evaporation of the solvent. Yield: 68%
(based on Cu). Anal. calcd. for C10H9CuN3O5S: C, 34.60; H,

2.60; N, 12.11; S, 9.22. Found: C, 34.65; H, 2.62; N, 12.21; S,
8.93%. IR (KBr pellet, cm−1): 3451–3082Ĳb); 1661(s); 1613(s);
1571(s); 1386(s); 1320(m); 1120(m); 849(w). M.p. 205 °C.

Magnetic measurements

Magnetic properties were measured using a Quantum Design
MPMS 5XL SQUID magnetometer in a magnetic field up to
50 kOe and in the temperature range 1.8–300 K. Samples, in
the form of powder, were pressed inside gelatin capsules and
fitted into measurement straws. All DC measurements were
corrected for the diamagnetic contribution of the sample
holders and constituent atoms (Pascal's tables).25

Results and discussion

The reaction between pyrazine- or pyridine-2,3-dicarboxylic
acid and 2-aminothiazole with copperĲII) chloride led to the
formation of two 1D coordination polymers 1 and 2. Nano-
sheet structures of 1 and 2 were obtained from the aqueous
solution by ultrasonic irradiation, while single crystals of
compounds 1 and 2 were obtained under mild conditions. All
synthetic procedures are shown in Scheme 1. Careful analy-
ses of the crystal structures of 1 and 2 and the related

Fig. 1 Asymmetric units of compounds 1–3 with the atom numbering scheme.
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nanostructures obtained by the sonochemical method indi-
cate that they are identical.

IR spectra

IR spectra of the nanostructures and those of the single crys-
talline materials are indistinguishable. Compounds 1 and 2
and the corresponding nanostructures exhibit similar IR spec-

tra in the regions associated with the [CuĲpyz-2,3-dc)2]
2− and

[CuĲpy-2,3-dc)2]
2− units due to the presence of similar chains

of anions. Thus, bands at 1591 cm−1 for 1 and 1580 cm−1 for 2
can be assigned to anti-symmetric νasĲCOO

−) stretching vibra-
tion and bands at 1338 cm−1 for 1 and 1330 cm−1 for 2 can be
attributed to symmetric νsĲCOO

−) stretching vibration. The
resulting value of Δν (Δν = νas − νs) is 253 and 250 cm−1 for 1

Fig. 3 Crystal packing of compound 1 showing the H-bonds along the a axis with a schematic representation of graph sets at the bottom of the
figure.

Fig. 2 Crystal packing of compound 1 showing the arrangement of anionic complexes and counter cations.
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and 2, respectively. These Δν values are characteristic of the
monodentate bonding mode of the carboxylate group.26 The
absence of an absorption band at ∼1700 cm−1 reveals that all
carboxylic groups of the (pyz-2,3-dc)2− and (py-2,3-dc)2− ligands
in the obtained polymers are deprotonated. Aromatic ν(CC,
CN) stretching vibrations for 1 and 2 appear in the 1386–
1648 cm−1 and 1424–1667 cm−1 regions, respectively. The
bands at 3442 and 3081 cm−1 are correlated to the asymmetri-

cal and symmetrical N–H stretching modes of the –NH2 group
which belongs to 2-atz. Although the IR spectrum of com-
pound 3 resembles those of the two previous compounds,
there are some differences. The presence of medium intensity
broad bands in the 3082–3451 cm−1 region corresponds to the
coordinated H2O in complex 3. Moreover, the band at 1613
cm−1 is evidence of the existence of coordinated 2-atz in 3.27

These findings are supported by the solid state structures
obtained from X-ray diffraction measurements.

Description of the crystal structures

Crystal structures of {[2-Hatz]2ĳCuĲpyzdc)2]}n (1) and {[2-
Hatz]2ĳCuĲpydc)2]}n (2). Complexes 1 and 2 are analogous
and both crystallize in the triclinic system with the space
group P1̄ (Table 1). Thus, only the structure of 1 as a repre-
sentative will be discussed in detail here. The molecular
structure of 1 is composed of anionic coordination poly-
mers of [CuĲpyz-2,3-dc)2]

2− units and (2-Hatz)+ cations in a
1 : 2 molar ratio (Fig. 1a). In the polymeric chain {[CuĲpyz-
2,3-dc)2]

2−}n, each CuII center is six-coordinated, residing in
a distorted octahedral geometry. Two nitrogen atoms (Cu–
N1, 1.97 (19) Å) and two oxygen atoms (Cu–O1, 1.95(15) Å)
of two discrete (pyz-2,3-dc)2− ligands form a basal plane and
two oxygen atoms (Cu–O4, 2.55(16) Å) belonging to the
neighboring [CuĲpyz-2,3-dc)2]

2− entities fill the axial

Fig. 5 Crystal packing of compound 3 showing the H-bonds along the ab plane with a schematic representation of graph sets at the bottom of
the figure.

Fig. 4 Partial view of the crystal packing of 1 with indication of the
π–π stacking interaction along the c axis.
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positions of the CuII center. The average Cu–Npyrazine ring

and Cu–Ocarboxylate bond lengths for 1 are close to the
reported values for complexes with the general formula
{[HB+]2ĳCuĲpyz-2,3-dc)2]

2−}n (the Cu–O distances range from
1.946 to 2.550 Å and the Cu–N distances range from 1.976
to 2.000 Å).8a,b The geometric parameters related to the co-
ordination environment are presented in Table S1.† Each
(pyz-2,3-dc)2− ligand binds to a copper center by one oxygen
atom and one nitrogen atom to form a five-membered che-
late ring and bridges adjacent units by a second carboxylate
group in a tridentate coordination mode to form a 1D cova-
lently bonded chain along the a axis. Notably, two carboxyl-
ate groups of the (pyz-2,3-dc)2− ligand have different config-
urations toward the pyrazine core; the carboxylate group
involved in chelation is almost coplanar with the pyrazine
ring (dihedral angle: 5.83°), while the other is bent about
62.66°. In addition to covalent coordinated bonds producing
1D chain polymers, there is an extensive system of hydro-
gen bonding between the carboxylate anions and the coun-
ter ions (Table S2†). The (2-Hatz)+ moieties are aligned
along the opposite edges of the anionic chains (along the a
axis) through N–H⋯O hydrogen bonds to generate an array
with a ring having the graph-set notation R2

2(8) and R2
2(12)

(N3⋯O3 = 2.735(2) Å, N4⋯O3 = 2.846(3) Å, and N4⋯O4 =
2.887(2) Å (Fig. 2 and 3)). Also, these 1D units are further or-
ganized into an infinite two-dimensional structure through

π–π stacking interactions (centroid to centroid distances
Cg1⋯Cg1 = 3.486 Å) running along the c axis (Fig. 4).

Crystal structure of [CuĲpy-2,6-dc)Ĳ2-atz)ĲH2O)] (3). Com-
plex 3 crystallizes in the triclinic system with the space group
P1̄ (Table 1) and displays a discrete mononuclear structure.
As shown in Fig. 1c, the molecular structure of 3 consists of
one CuII cation, one doubly deprotonated anionic (py-2,6-
dc)2− ligand, one neutral 2-atz ligand and one coordinated
water molecule. Each metal center is five-coordinated and ex-
hibits a distorted square-pyramidal geometry (τ = 0.20°) of
the N2CuO3 bond set,28 so that the basal plane is formed by
two carboxylate oxygen atoms and one nitrogen atom from
the (py-2,6-dc)2− ligand (Cu1–O1 = 2.018(17), Cu1–O3 =
2.046(18) and Cu1–N1 = 1.913(2) Å) and one nitrogen atom
belongs to the 2-atz ligand (Cu1–N1 = 1.940(2) Å). The coordi-
nated water molecule occupies the apical position. The aver-
age Cu–Npyridine ring and Cu–Ocarboxylate bond lengths for 3 are
close to the reported values for complexes with the general
formula [CuĲpy-2,6-dc)ĲLN)ĲH2O)] (LN = N donor aromatic co-li-
gands) (the Cu–O distances range from 1.981 to 2.078 Å and
the Cu–N distances range from 1.868 to 1.963 Å) (results
obtained from CSD). Covalent connectivity within the coordi-
nation compound is supplemented by O–H⋯O (O/O distance
is 2.79(3) Å) and N–H⋯O (N/O distances are 2.82(3) and
2.83(3) Å) hydrogen bonds between the amino group of 2-atz,
carboxylate groups of (py-2,6-dc)2− and water molecules. The

Fig. 6 Partial view of the crystal packing of 3 with indication of the π–π stacking interactions along the c axis.
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coordinated water molecules act as a gluing factor to connect
discrete complexes, generating 1D chains with the ring hav-
ing the graph-set notation R2

4(8) along the crystallographic a
axis. Additionally, infinite 1D chains join via N–H⋯O hydro-
gen bonds between amine and carboxylate groups along the
crystallographic b axis which leads to the formation of a hon-
eycomb network (see Fig. 5). It is worth mentioning that the
(py-2,6-dc)2− and 2-atz ligands in adjacent layers in an anti-
parallel arrangement play an important role in the self-
assembly via C–H⋯π (3.366 Å) and π–π (centroid to centroid
distances of 3.672 (Cg1⋯Cg1) and 3.766 (Cg1⋯Cg2) Å and
dihedral angles of 18.03 and 21.37°) stacking interactions
along the crystallographic c axis (see Fig. S1 and S6†). These
non-covalent interactions make the solid-state structure of 3
more stable and assembled as a 3D supramolecular network
(Fig. 6).

CSD search. Some analyses based on the CSD data have
been performed to explore the ligand isomerism and co-
ligand roles in the determination of the overall structures
(ESI†). These results clearly demonstrate that more than 80%
of the reported compounds with H2pyz-2,3-dc and H2pyz-2,3-
dc are polymers, while the use of the H2py-2,6-dc ligand leads
to the formation of mononuclear complexes in most cases.
This is due to the difference in the position of carboxylate
groups which -2,3- and -2,6-isomers make bridging and che-
lating ligands, respectively. It is also inferred that the coordi-
nation behavior of the co-ligand to form the final structures
is influenced by several factors such as the nature of the li-
gand, co-ligand and their substituents.

Table 2 presents compounds with the general formula
[CuĲpy-2,6-dc)ĲL1N)ĲH2O)] (L1N = aromatic co-ligands with five-
membered ring) and 3 which have a square-pyramidal coordi-
nation geometry. In order to investigate the steric effects of
the substituent on the geometry, τ values were evaluated. As
one can see, the τ value reduces with substituent distance
from a N-donor site and it could be the result of reduction of
steric hindrance. In addition, the incorporation of a six-
membered ring into the co-ligand increases its rigidity and
decreases the τ value, and the geometry approaches the ideal
state.

Analysis of powder X-ray diffraction patterns and SEM
images

Fig. 7 and 8 exhibit the simulated XRD patterns from single
crystal X-ray data of compounds 1 and 2 (Fig. 7a and 8a) in
comparison with the XRD patterns of the resulting products
by an ultrasonic method (Fig. 7b and 8b). There is excellent
agreement between the simulated and experimental powder
X-ray diffraction patterns of nanostructures except very slight
differences in 2θ. All diffraction peaks can be readily indexed
to 1 and 2, and no noticeable peaks of impurities can be
detected in these XRD patterns. Furthermore, the significant
broadening of the peaks in Fig. 7 and 8b indicates that the
structures obtained by the sonochemical process are in nano-
scale. These findings are in agreement with the results

obtained from the SEM images (Fig. 9(a–d)). Rod-shaped crys-
tals of 1 and 2 with the size of about a thousand microns
(Fig. 9a and c) are converted to nanosheet structures in the
range of 75–100 nm for 1 and 2 (Fig. 9b and d) when ultra-
sound irradiation was used for synthesis.

Thermogravimetric analyses (TGAs)

In order to probe and compare the thermal stability of the
single crystals of compounds 1–3 and the two nanosheet
structures 1 and 2 to that of their bulk crystalline samples,
thermal gravimetric analyses (TGAs) were performed from 5
to 1000 °C with a heating rate of 10 °C min1− (see Fig. S11Ĳa–
c), S12 and S13†). The TG curves of compounds 1 and 2 in
the range of 250–480 °C exhibit a similar two-step weight loss

Table 2 Comparison of τ values (°) within some [CuĲpy-2,6-dc)ĲLN)ĲH2O)]
complexes

Compounds LN τ (°) Ref.

[CuĲpy-2,6-dc)ĲLN1)ĲH2O)] 0.20 3

[CuĲpy-2,6-dc)ĲLN2)ĲH2O)] 0.20 29

[CuĲpy-2,6-dc)ĲLN3)ĲH2O)] 0.18 29

[CuĲpy-2,6-dc)ĲLN4)ĲH2O)] 0.15 30

[CuĲpy-2,6-dc)ĲLN5)ĲH2O)] 0.16 31

[CuĲpy-2,6-dc)ĲLN6)ĲH2O)] 0.12 32

[CuĲpy-2,6-dc)ĲLN7)ĲH2O)] 0.11 33

LN1 = 2-aminothiazole, LN2 = 1H-pyrazol-3-amine, LN3 =
1-methylimidazole, LN4 = 5-methylimidazole, LN5 = 1H-benzimidazole,
LN6 = 6-nitro-1,3-benzothiazol-2-amine, LN7 = 9H-purin-6-amine.
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with the overall mass loss of 87.72.09% and 84.21% for 1 and
2, respectively (Fig. S11†). The weight loss of 55.00% (calcd
50.00%) in 1 and 50.00% (calcd 50.16%) in 2, for the first
stage, occurs between 250 and 275 °C, respectively, which
corresponds to two 2-Hatz counter cations and one dicarboxy-

late ligand. The second weight loss of 24.18% in 1 and
23.32% in 2 is a double stage sequential process from 275 to
480 °C due to the combustion of pyz-2,3-dc and py-2,3-dc
molecules (calcd: 28.02% (1), 28.01% (2)). For 3, the TG curve
exhibits three-step weight loss processes. Obviously, the
weight loss of 4.60%, 43.22%, and 18.40% for 3, occurring in
the temperature ranges of 60–75, 210–278, and 280–392 °C,
respectively, can be attributed to the removal of the

Fig. 9 SEM photographs of macrocrystals 1 (a), nanosheets 1 (b),
macrocrystals 2 (c) and nanosheets 2 (d).

Fig. 8 XRD patterns. (a) Simulated pattern based on single crystal data
of compound 2 and (b) nanosheets of compound 2 prepared by the
sonochemical process.

Fig. 7 XRD patterns. (a) Simulated pattern based on single crystal data
of compound 1 and (b) nanosheets of compound 1 prepared by the
sonochemical process.
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coordinated water molecule, 2-atz with the two carboxylate
groups of py-2,6-dc, and the residual skeleton of py-2,6-dc
(calcd. 5.19%, 44.40% and 23.12%). Comparing the curves il-
lustrates that the two coordination polymers are more stable
than the mononuclear complex containing the (py-2,6-dc)2− li-
gand. Also, decomposition of nanostructures 1 and 2 starts
about 50 degrees earlier (Fig. S12 and S13b†) than their sin-
gle crystals, probably due to the reduction of the particle size
of the coordination polymers to a few dozen nanometers and
much higher surface to volume ratio that leads to lower ther-
mal stability.

Magnetic properties

Magnetic properties were measured for compounds 1–3 in
the crystalline form and also in the form of nanosheets for 1
and 2. The product of molar magnetic susceptibility and tem-
perature measured in 1 kOe plotted as a function of tempera-
ture can be found in Fig. 10. χT stays linear in almost the
whole temperature range, and at high temperatures in each
case reaching the value close to the value predicted for one
Cu atom with g = 2.2 and spin s = 1/2, equal to 0.45 cm3 K−1

mol−1. However, the lowering signal at low temperatures indi-
cates weak antiferromagnetic interactions between the mag-
netic centres. This is confirmed by Curie–Weiss law fits to
the high-temperature inverse magnetic susceptibility in 1 kOe
(Fig. 10, inset) – the values of the Curie constant from the fits

(0.46 cm3 K−1 mol−1 in each case) agree well with the pre-
dicted 0.45 cm3 K−1 mol−1, and the Weiss temperature in ev-
ery case stays weakly negative, indicating weak antiferromag-
netic interactions between Cu atoms. Detailed values of the
fit parameters can be found in Table 3.

Zero field-cooled/field-cooled susceptibilities as a function
of temperature can be found in Fig. 11, with low-temperature
magnetization as a function of applied magnetic field in the in-
set. Magnetization in 50 kOe is close to the predicted 1.1 μB
per Cu in almost every case, with the exception of 1 in the form
of nanosheets, where the high field magnetization is notably
lower. As can be seen in Fig. 10, this is also the sample in
which a peak starts to appear at the lowest temperatures,
suggesting the onset of a phase transition. No difference be-
tween zero field-cooled and field-cooled susceptibilities sug-
gests the character of the possible low-temperature ordered
phase to be antiferromagnetic. For the rest of the samples, no
magnetic ordering is visible in the available temperature range.

Conclusions

Several 1D coordination polymers and mononuclear com-
plexes have been synthesized by employing some flexible poly-
carboxylate ligands with emphasis on the relationship be-
tween their coordination modes and the structures of the
products obtained via a proton transfer mechanism. In order
to investigate the effect of ligand isomerism and co-ligands
on the product, some analyses based on the CSD have been
performed. The results clearly indicate that even small struc-
tural changes in the organic ligands such as the symmetry
and flexibility or position of functional groups can produce
obvious differences in the final coordination networks. Also,
to determine the changes in physical properties depending on
the size (such as magnetic properties and thermal stability),
nanosheets of two coordination polymers were prepared by a
sonochemical method. Magnetic measurements exhibited
weak antiferromagnetic interactions between Cu centres in 1,
2 and their corresponding nanosheets.

Fig. 11 Zero field-cooled/field-cooled magnetic susceptibilities of 1–3
measured at 50 Oe as a function of temperature. Solid and dashed
lines are a guide to the eye. Inset: isothermal magnetization of 1–3
measured at 1.8 K.

Table 3 Results of the fits of the Curie–Weiss law to inverse magnetic
susceptibility for samples 1–3 and 1 and 2 in both crystal and nanosheet
form

Sample ΘCW (K) C (cm3 K−1 mol−1)

1 −1.1 0.46
1 nanosheets −7.4 0.46
2 −5.6 0.46
2 nanosheets −1.0 0.46
3 −3.4 0.46

Fig. 10 Product of magnetic susceptibility of 1–3 measured in 1 kOe
and temperature as a function of temperature. Solid line: theoretically
predicted high-temperature χT value. Inset: inverse magnetic suscepti-
bility of 1–3 measured in 1 kOe with respective Curie–Weiss law fits
(solid and dashed lines).
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