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Abstract
Four new complexes [M(3-tba)2(H2O)4] (1–3) and [Co(4-tba)2(H2O)4] (4) {M = Zn (1), Ni (2), Co (3), 3-Htba = 3-(1H-1,2,4-
triazol-1-yl)benzoic acid, 4-Htba = 4-(1H-1,2,4-triazol-1-yl)benzoic acid} have been synthesized under solvothermal conditions
and structurally characterized by single crystal X-ray diffraction. Complexes 1–4 are also determined by elemental analysis, X-
ray powder diffraction, IR and electronic spectroscopy. Single crystal X-ray diffraction reveals that complexes 1–3 are
isostructural and they crystallize in the orthorhombic space group of Pbca, while complex 4 belongs to triclinic system with
Pī space group. Based on different intermolecular hydrogen bonding and π···π stacking interactions, complexes 1–4 further
assembled into 3D supramolecular frameworks. Hirshfeld surface analysis was used to further study the intermolecular interac-
tions of the complexes. The thermogravimetric analyses (TGA) reveal that these complexes possess good thermal stability, and
the differential scanning calorimetry (DSC) analyses show intense exothermic phenomena in the decomposition processes of
triazole groups. Besides, the photoluminescence property of complex 1 in the solid state is also determined.
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Introduction

In recent years, supramolecular chemistry continues to attract
great research interest not only for their appealing structures
but also due to their diversified applications in various fields
[1–3]. Molecular self-assembly is a spontaneous process for
setting the disordered molecules into an organized structure or
pattern via non-covalent interactions without external direc-
tion [4]. Non-covalent interactions, such as hydrogen bond-
ing, electrostatic, π-π stacking, anion-π, and others, are criti-
cal for the formation of supramolecular assemblies and crystal

packing [5–8]. So far, a great number of 1D, 2D, and 3D
supramolecular architectures have been synthesized by
utilizing coordination bonds and non-covalent interactions
as the driving forces. Ligands with a combination of do-
nor groups such as carboxylates, imidazoles, and triazoles
are of interest in coordination chemistry [9–11]. As
multidentate ligands, the triazole-carboxylate derivatives
are particularly attractive due to their different coordina-
tion modes and bridging functions [12]. Recently, many
coordination complexes constructed by different triazole-
benzoic acids and metal ions have been reported; some of
them not only have novel structures, but also promising
chemical and physical properties [13–17]. However, the
mononuclear coordination complexes based on triazole-
benzoic acids ligands with supramolecular architectures
are seldom obtained, unless the appropriate reaction con-
ditions are employed [18].

Herein, we report the syntheses and crystal structures of
four new transition metal complexes, namely, [Zn(3-
tba)2(H2O)4] (1), [Ni(3-tba)2(H2O)4] (2), [Co(3-tba)2(H2O)4]
(3), and [Co(4-tba)2(H2O)4] (4) using 3-(1H-1,2,4-triazol-1-
yl)benzoic acid (3-Htba) and 4-(1H-1,2,4-triazol-1-yl)benzoic
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acid (4-Htba) as ligands (Scheme 1). Intermolecular hydrogen
bonding and π···π stacking interactions for complexes 1–4 are
particularly discussed in the text. Besides, spectroscopic and
thermal properties of the prepared complexes are also
investigated.

Experimental

Materials and methods

All chemicals included ligands that were purchased from com-
mercial sources and used as received. FTIR spectra were re-
corded from KBr pellets in the range of 4000–400 cm−1 on a
Varian 640-IR spectrometer. The elemental analysis for C, H,
and N was carried out with a Perkin-Elmer 2400 Series II
element analyzer. The crystalline phase of the prepared metal
complex was identified by a Bruker D8 Advance X-ray dif-
fractometer equipped with Cu Kα radiation (λ = 1.5406 Å).
UV–Vis absorption spectra were measured on a Persee TU-
1901 (Beijing) spectrometer. The solid-state luminescent
spectroscopywas performed on aHitachi F-4500 fluorescence
s p e c t r om e t e r e q u i p p e d w i t h a x e n o n l am p .
Thermogravimetric analyses (TGA) and differential scanning
calorimetry (DSC) analyses were carried out with a Mettler
Toledo TGA/DSC 1/1600 (Switzerland) thermal analyzer
from room temperature to 800 or 900 °C under N2 atmosphere
at a heating rate of 10 °C min−1. Molecular Hirshfeld surface
calculations were performed by using the CrystalExplorer 3.1
program, and all the Hirshfeld surfaces were generated using a
high surface resolution.

Synthesis of [Zn(3-tba)2(H2O)4] (1)

A mixture of ZnCl2 (27 mg, 0.2 mmol) and 3-Htba (19 mg,
0.1 mmol) in 6 mL solvent (DMF 2 mL, H2O 4 mL) was
firstly stirred at room temperature for 15 min; then, the mixed
solution was sealed into a pressure glass bottle (15 mL)
equipped with a Teflon lid and heated at 120 °C for 48 h.
Colorless needle crystals of complex 1 were obtained (yield
70%, based on ligand). Anal. Calcd. (%) for C18H20N6O8Zn:
C, 42.08; H, 3.92; N, 16.36. Found (%): C, 42.12; H, 3.95; N,
16.31. IR (KBr, cm−1): 3273 (br, m), 3125(m), 1558(s),
1366(s), 1234(s), 991(m), 754(m), 669(m).

Synthesis of [Ni(3-tba)2(H2O)4] (2)

A mixture of NiCl2·6H2O (24 mg, 0.1 mmol), 3-Htba (19 mg,
0.1 mmol), and 5 mL water was sealed into a 25-mL Teflon-
lined autoclave and then heated at 150 °C for 48 h. After
cooling to room temperature, green block crystals of complex
2were obtained (yield 37%, based on ligand). Anal. Calcd. (%)
for C18H20N6O8Ni: C, 42.63; H, 3.98; N, 16.57. Found (%): C,
42.58; H, 3.93; N, 16.46. IR (KBr, cm−1): 3265 (br, m),
3125(m), 1556(s), 1367(s), 1234(m), 991(m), 770(m), 654(w).

Synthesis of [Co(3-tba)2(H2O)4] (3)

Synthesis of 3 was similar to that of 1, but with CoCl2·6H2O
(24 mg, 0.1 mmol) instead of ZnCl2. Red needle crystals of
complex 3 were obtained in 68% yield based on ligand. Anal.
Calcd. (%) for C18H20N6O8Co: C, 42.61; H, 3.97; N, 16.57.
Found (%): C, 42.57; H, 3.94; N, 16.49. IR (KBr, cm−1): 3263
(br, m), 3125(m), 1556(s), 1367(s), 1232(m), 991(m), 771(m),
652(w).

Synthesis of [Co(4-tba)2(H2O)4] (4)

A mixture of Co(NO3)2·6H2O (29 mg, 0.1 mmol) and 4-Htba
(19mg, 0.1mmol) in 8mLmixed solvent (DMF 2mL, CH3OH
4 mL, H2O 2 mL) was firstly stirred at room temperature for
15min; then, themixed solution was sealed into a pressure glass
bottle (15 mL) equipped with a Teflon lid and heated at 100 °C
for 48 h. Pink block crystals of complex 4 were obtained (yield
73%, based on ligand). Anal. Calcd. (%) for C18H20N6O8Co: C,
42.61; H, 3.97; N, 16.57. Found (%): C, 42.58; H, 3.92; N,
16.50. IR (KBr, cm−1): 3400(br, m), 3117(m), 1531(s),
1387(s), 1150(m), 978(m), 785(m), 673(w), 509(w).

X-ray structure determinations

Crystals of complexes 1–4 having good morphology were cho-
sen for three-dimensional intensity data collection. The X-ray
diffraction measurement of complexes was performed on a
Bruker SMART APEX II CCD area detector using graphite
monochromated Mo Kα radiation (λ = 0.71073 Å). Structures
were solved using the direct methods procedure in SHELXS-
97 [19] and refined by full-matrix least squares on F2 using
SHELXL-97 [20] and SHELXL-2014 [21]. The non-
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Scheme 1 The molecular
structures of 3-Htba and 4-Htba
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hydrogen atoms were refined anisotropically, and all hydrogen
atoms were added theoretically. CCDC numbers 1537386,
1537387, 1537388, and 1537389 for 1–4, respectively, contain
the supplementary crystallographic data for this paper. Details
of the crystal parameters, data collection procedure, and refine-
ment results for complexes 1–4 are summarized in Table 1.
Selected bond lengths and angles are listed in Table 2.

Results and discussion

Structural description of complexes 1–3

Single crystal X-ray diffraction studies reveal that complexes
1–3 are isostructural with different central metal ions, and they
all belong to the orthorhombic system with Pbca space group.
Here, the structure of complex 1 will be discussed in detail as
an example. The asymmetric unit of 1 consists of one half
occupied Zn(II) atom, one 3-tba− ligand, and two coordinated
water. As shown in Fig. 1, the central Zn(II) ion is six-
coordinated and adopts a distorted octahedral coordination
geometry, defined by two N atoms from triazole rings of dif-
ferent ligands and four O atoms from coordinated water mol-
ecules. The bond length of Zn–N is 2.1062(14) Å, while the
Zn–O(w) distances are ranged from 2.0944(11) to
2.1572(11) Å. The carboxylate group of ligand 3-tba is
deprotoned but not coordinate with Zn(II) ion.

Classical O−H···O hydrogen bonds are found in the pack-
ing structure of complex 1. As shown in Fig. 2a, all of the four

water molecules coordinated with central Zn(II) ion partici-
pate in the formation of hydrogen bonds with non-coordinated
carboxylate oxygen, and the hydrogen bonding networks are
formed. Every coordinated water molecule acts as H donor to
form two hydrogen bonds with carboxylate oxygen atoms

Table 1 Crystallographic and structure refinement data for complexes 1–4

Complex 1 2 3 4

Empirical formula C18H20N6O8Zn C18H20N6O8Ni C18H20N6O8Co C18H20N6O8Co
Formula weight 513.79 507.11 507.33 507.33
Temperature/K 293(2) 293(2) 296(2) 293(2)
Wavelength 0.71073 0.71073 0.71073 0.71073
Crystal system Orthorhombic Orthorhombic Orthorhombic Triclinic
Space group Pbca Pbca Pbca P-1
Crystal size, mm 0.63 × 0.16 × 0.05 0.16 × 0.15 × 0.14 0.40 × 0.35 × 0.30 0.28 × 0.26 × 0.24
a, b, c/Å a = 6.8088(11)

b = 13.154(2)
c = 21.988(3)

a = 6.8762(11)
b = 13.201(2)
c = 21.877(3)

a = 6.8121(10)
b = 13.120(2)
c = 22.006(3)

a = 6.1574(9)
b = 6.9999(10)
c = 12.1791(18)

α, β, γ/° α= β= γ= 90 α= β= γ= 90 α= β= γ= 90 α= 80.373(2),
β= 88.153(2),
γ= 72.233(2)

Volume/Å3 1969.3(5) 1985.8(5) 1966.8(5) 492.76(12)
Z 4 4 4 1
Calculated density, g/cm3 1.733 1.696 1.713 1.710
2θ range for data collection/° 3.7 to 56.68 3.724 to 49.99 3.7 to 56.84 3.392 to 49.99
F(000) 1056 1048 1046 261
Independent reflections 2417, Rint = 0.0548 1753, Rint = 0.0493 2471, Rint = 0.0460 1741, Rint = 0.0157
Restraints, parameters 0, 151 0, 151 0, 166 0, 161
Final R indices [I > 2σ (I)] R1 = 0.0260, wR2 = 0.0557 R1 = 0.0350, wR2 = 0.0832 R1 = 0.0278, wR2 = 0.0678 R1 = 0.0309, wR2 = 0.0888
R indices (all data) R1 = 0.0426, wR2 = 0.0616 R1 = 0.0563, wR2 = 0.0892 R1 = 0.0355, wR2 = 0.0725 R1 = 0.0356, wR2 = 0.1058
Goodness-of-fit on F2 1.021 1.020 1.042 1.173
Largest diff. peak/hole, e Å3 0.27/− 0.23 0.32/− 0.41 0.48/− 0.40 0.35/− 0.29

Table 2 Selected bond lengths (Å) and angles (°) for complexes 1–4

Complex 1

Zn(1)-O(3) 2.1572(11) O(4)-Zn(1)-N(3) 90.14(5)

Zn(1)-O(4) 2.0944(11) O(4)-Zn(1)-N(3)1 89.86(5)

Zn(1)-N(3) 2.1062(14) O(4)-Zn(1)-O(3) 88.32(5)

O(4)-Zn(1)-O(3)1 91.68(5) N(3)-Zn(1)-O(3) 90.35(5)

Complex 2

Ni(1)-O(3) 2.1071(16) O(4)-Ni(1)-N(3)2 89.91(7)

Ni(1)-O(4) 2.0638(16) O(4)-Ni(1)-O(3) 89.02(7)

Ni(1)-N(3) 2.077(2) O(4)-Ni(1)-O(3)2 90.98(7)

O(4)-Ni(1)-N(3) 90.09(7) N(3)-Ni(1)-O(3) 90.24(7)

Complex 3

Co(1)-O(4) 2.0794(10) O(4)-Co(1)-N(3)3 89.59(4)

Co(1)-N(3) 2.1140(12) O(4)-Co(1)-O(3)3 92.19(4)

Co(1)-O(3) 3 2.1442(10) O(4)3-Co(1)-O(3)3 87.81(4)

O(4)-Co(1)-N(3) 90.41(4) N(3)-Co(1)-O(3)3 90.10(4)

Complex 4

Co(1)-O(3) 2.081(2) O(3)-Co(1)-N(3) 85.53(8)

Co(1)-N(3) 2.140(2) O(3)4-Co(1)-O(4)4 88.44(9)

Co(1)-O(4) 2.146(2) N(3)4-Co(1)-O(4)4 87.96(8)

O(3)-Co(1)-N(3)4 94.47(8) N(3)-Co(1)-O(4)4 92.04(8)

Symmetry transformations used to generate equivalent atoms: 1− x + 1,
− y − 1, − z; 2− x, 1 − y, − z; 3− x, 1 − y, − z; 4 1 − x, 1 − y, − z

Struct Chem (2018) 29:1013–1023 1015



from different ligands. Furthermore, as the H acceptor, O1
from carboxylate group interacts with three water molecules
to form three hydrogen bonds, while O2 only forms one hy-
drogen bond with water molecule. In complex 1, the d(H···A)
of four different hydrogen bonds are 1.875, 1.996, 2.015, and
2.020 Å, respectively. The similar hydrogen bonds are also
found in the packing structure of complexes 2 and 3. The
structural parameters of hydrogen bonds for complexes 1–3
are shown in Table 3. It is noteworthy that the H···A distances
in complexes 1–3 are ranged from 1.848 to 2.042 Å, and the
angles of hydrogen bonds are ranged from 159.3 to 177.2°,
which indicate the strong intermolecular hydrogen bonding
interactions in complexes 1–3.

As shown in Fig. 3, strong face-to-face π···π stacking
interactions between the adjacent benzene rings and tri-
azole rings can be obviously observed. For complex 1,
the centroid to centroid distances between triazole ring
(Cg5) and the two adjacent benzene rings (Cg6) on both
sides are 3.546 and 3.772 Å (3.597 and 3.799 Å for 2;
3.539 and 3.771 Å for 3). Interestingly, for the same 3-
Htba ligand, the centroid to centroid distances between
benzene ring (Cg6) to two adjacent triazole rings (Cg5)
on both sides are 3.772 and 3.546 Å, respectively,
which indicate that the two adjacent aromatic rings are

not exactly parallel and the dihedral angle between the
two adjacent planes is 1.599°. The π···π stacking mode
between adjacent aromatic rings in complexes 1–3 can
be simpl i f ied as ( · · ·Cg5· · ·Cg6· · ·Cg5· · ·Cg6· · · ) n .
Complexes 1–3 are further connected by water–carbox-
ylate hydrogen bonds and π···π interactions to form a
stable 3D supramolecular structure (Fig. 2b).

Structural description of complex 4

X-ray crystallographic analysis demonstrates that complex 4
belongs to triclinic crystal system with P-1 space group.
Compounds 4 and 3 are isomeric structures with different
ligands [22]. The asymmetric unit of 4 consists of one half
occupied Co(II) atom, one 4-tba− ligand, and two coordinated
water. As shown in Fig. 4, the central Co(II) ion is six-
coordinated and defined by two N atoms from triazole rings
of 4-tba− ligands and four O atoms from coordinated water
molecules. The bond length of Co–N is 2.140(2) Å, while the
Co–O(w) distances range from 2.081(2) to 2.146(2) Å.
Similarly, the carboxyl group of ligand 4-tba is deprotoned
and not coordinates with Co(II) ion.

Figure 5a shows the rich hydrogen bonds in the
packing structure of complex 4 (dashed lines), in which

Fig. 1 Coordination environment of Zn(II) atom in complex 1, symmetry transformations used to generate equivalent atoms, A: 1 − x, 1 − y, 2 − z

Fig. 2 a The packing structure of complex 1 showing intermolecular hydrogen bonding interactions (The hydrogen bonds are represented by dashed
lines). b Supramolecular framework of complex 1 (view along a axis)

1016 Struct Chem (2018) 29:1013–1023



the four coordinated water molecules act as H donors,
while the two oxygen atoms from carboxylate groups
act as H acceptors. As shown in Fig. 5a, every coordi-
nated water molecule forms two hydrogen bonds with
carboxylate oxygen atoms from different ligands.
Moreover, O1 from carboxylate group interacts with
three coordinated water molecules to form three hydro-
gen bonds, while O2 interacts with one coordinated wa-
ter molecule to form one hydrogen bond. For complex
4, the d(H···A) of four different hydrogen bonds are
1.858, 1.907, 2.050, and 2.090 Å, respectively
(Table 3).

As shown in Fig. 5b, the motif of π···π stacking interac-
tions in complex 4 is different to that of 1–3. The centroid to
centroid distance between triazole (Cg5) ring and adjacent
benzene ring (Cg6) is 3.768 Å, while the centroid to centroid
distance between the two adjacent benzene rings (Cg6) is
3.852 Å. The π···π stacking mode between adjacent aromatic
rings in complex 4 can be simplified as Cg5···Cg6···Cg6···
Cg5. Complex 4 further packed into a 3D supramolecular
framework through different water–carboxylate O−H···O hy-
drogen bonds and strong face-to-face π···π interactions (Fig.
5c). Different coordination modes are found in other transition
metal(II) complexes of 4-Htba ligand. For example, in the

Table 3 Structural parameters of hydrogen bonds for the complexes 1–4

D−H···Aa d(H···A)/Å d(D···A)/Å Angle (°) Symmetry code of A

Complex 1

O3−H3A···O1 1.996 2.805 177.20 − x + 1, y − 1/2, − z + 3/2

O3−H3B···O1 2.020 2.800 162.84 − x + 1/2, − y + 1, z + 1/2

O4−H4A···O1 2.015 2.751 167.09 − x + 3/2, − y + 1, z + 1/2

O4−H4B···O2 1.875 2.733 171.93 − x + 1, y − 1/2, − z + 3/2

Complex 2

O3−H3A···O2 2.042 2.914 175.70 − x, y + 1/2, − z + 1/2
O3−H3B···O2 1.984 2.816 159.28 − x + 1/2, − y + 1, z − 1/2
O4−H4B···O2 2.004 2.766 167.25 − x − 1/2, − y + 1, z − 1/2
O4−H4A···O1 1.866 2.741 169.21 − x, y + 1/2, − sz + 1/2

Complex 3

O3−H3A···O1 1.988 2.793 169.32 − x + 1/2, − y + 1, z − 1/2
O3−H3B···O1 1.990 2.814 176.93 − x, y + 1/2, − z + 1/2
O4−H4A···O1 1.992 2.745 168.59 − x − 1/2, − y + 1, z − 1/2
O4−H4B···O2 1.848 2.724 169.85 − x, y + 1/2, − z + 1/2
Complex 4

O4−H4A···O1 1.907 2.728 159.81 − x + 1, − y + 1, − z + 1
O3−H3A···O1 2.050 2.882 161.82 − x + 1, −y + 1, −z + 1
O4−H4B···O1 2.090 2.861 166.81 x, y + 1, z − 1
O3−H3B···O2 1.858 2.617 169.86 x − 1, y + 1, z − 1

D donor atom, A acceptor atom

Fig. 3 π···π stacking interactions of 1–3 between the adjacent benzene rings and triazole rings

Struct Chem (2018) 29:1013–1023 1017



crystal structure of complex [Zn(4-tba)2]n, the Zn(II) center
has a tetrahedral coordination geometry, and the 4-tba− li-
gand acts as μ2-linker to connect the Zn(II) atoms via one
triazole N atom and one carboxylate O atom, forming a
fivefold interpenetrating diamondoid network [14].
However, in complexes [M(4-tba)(CH3COO)·solvent]n
(M =Mn or Co), the central metal atoms adopt distorted
octahedral coordination geometry, and the 4-tba− ligand
acts as μ3-linker to connect the metal atoms via one triazole
N atom and two carboxylate O atoms, giving a 3D frame-
work [23].

Hirshfeld surface analysis

Hirshfeld surface analysis was used to further study the inter-
molecular interactions of the two different crystal structures.
Hirshfeld surface gives a detailed explanation on the immedi-
ate environment of a molecule in a crystal [24, 25]. The 3D
Hirshfeld surface and 2D fingerprint plots of complex 3 (as an
example) are illustrated in Fig. 6. The 3D Hirshfeld surfaces
have been mapped over dnorm, shape index, and curvedness.
The surfaces are shown as transparent to allow visualization of
the molecular moiety around which they were calculated. As

Fig. 4 Coordination environment
of Co(II) atom in complex 4,
symmetry transformations used to
generate equivalent atoms, A: 1 −
x, 1 − y, − z

Fig. 5 a The intermolecular hydrogen bonding interactions of complex 4
(the hydrogen bonds are represented by dashed lines). b Packing diagram
of the complex 4 showing π···π stacking interactions between adjacent

aromatic fragments; coordinated water molecules are omitted for clarity. c
Supramolecular framework of complex 4 (view along b axis)

1018 Struct Chem (2018) 29:1013–1023



shown in Fig. 6a, the deep red spots on the dnorm Hirshfeld
surface indicate the close-contact interactions, which are
mainly responsible for the significant intermolecular hydro-
gen bonding interactions. The deep red spots labeled as 1a and
1b in Fig. 6a can be assigned to the hydrogen bonding inter-
actions formed by carboxylate group and coordinated H2O,
respectively. The shape index is most sensitive to very subtle
changes in surface shape; the red triangles on them represent
concave regions indicating atoms of the π···π stacked mole-
cule above them [25]. In the case of complex 3, the red trian-
gles are π···π intermolecular interactions. The curvedness is
the measurement of Bhow much shape^; the flat areas of the
surface correspond to low values of curvedness, while sharp
curvature areas correspond to high values of curvedness, in-
dicating interactions between neighboring molecules [25].
The large flat region indicated by a blue outline on the
curvedness surface refers to the π···π stacking interactions of
the molecule (Fig. 6c). The π···π stacking information con-
veyed by the shape index and curvedness plots are consistent
with the crystal structure analyses. Hirshfeld 2D fingerprint
plots allow a quick and easy identification of the significant
intermolecular interactions map on the molecular surface [26,
27]. As shown in Fig. 6e, the strong O···H/H···O hydrogen
bonding interactions cover 33.5% of the total Hirshfeld sur-
face with two distinct spikes in the 2D fingerprint plots, indi-
cating hydrogen bonding interactions are the most significant
interaction in the crystal. As shown in Fig. 6f, in the middle of
scattered points in the 2D fingerprint plots, H···H interactions
cover 32.5% of the total Hirshfeld surface. However,

according to the de and di value, the H···H interactions are
not very strong in the crystal. Besides the above interactions,
the presence of relatively weak N···H (7.2%) and C···H (7.8%)
interactions is also observed, as shown in Fig. S1.

The Hirshfeld surfaces of 4 are illustrated in Fig. 7; the deep
red spots on the dnorm Hirshfeld surface (Fig. 7a) indicate the
significant intermolecular hydrogen bonding interactions
formed by carboxylate groups (labeled as 2a) and coordinated
H2O molecules (labeled as 2b). The red triangles on the shape
index surface (Fig. 7b) correspond to π···π intermolecular inter-
actions. The flat region indicated by a blue outline on the
curvedness surface (Fig. 7c) also refers to the π···π stacking
interactions of the molecule. The decomposition of the finger-
print plot shows that the O···H/H···O hydrogen bonding interac-
tions appear as two distinct spikes in the 2D fingerprint plot
which cover 33.0% of the total Hirshfeld surface (Fig. 7e).
The H···H intermolecular interactions appear as a small spike,
which have the most significant contribution to the total
Hirshfeld surfaces, comprising 34.9% (Fig. 7f). The proportions
of N···H and C···H interactions comprise 6.6 and 6.5% of the
total Hirshfeld surfaces (Fig. S2), respectively.

XRD patterns

X-ray powder diffraction data for complexes 1–4 were col-
lected (2θ range, 5–50°). As shown in Fig. 8, the experimental
XRD patterns agree well with the simulated patterns generated
on the basis of the single-crystal analyses for complexes 1–4,

Fig. 6 Hirshfeld surface mapped with dnorm (a), shape index (b), curvedness (c), and fingerprint plots (d–f) for complex 3

Struct Chem (2018) 29:1013–1023 1019



which suggest the good phase purity and homogeneity of the
synthesized samples.

IR spectra

As shown in Fig. 9, the isostructural complexes 1, 2, and 3
have the similar IR spectra. In the IR spectra of complexes 1–
3, no strong band is found in the region 1690–1730 cm−1

which indicates deprotonation of the carboxyl groups [28,
29]. The asymmetric and symmetric stretching vibrations of
carboxyl groups are observed at about 1556 and 1367 cm−1,
respectively [30]. The peaks at about 3125 cm−1 are attributed
to sp2 C–H stretching vibrations of the aromatic rings [31],
and the broad bands appeared between 3200 and 3400 cm−1

can be assigned to O–H vibrations of coordinated water mol-
ecules. The IR spectrum of complex 4 shows two strong bands
at 1531 and 1387 cm−1, which can be assigned to the asym-
metric and symmetric stretching vibrations of carboxyl
groups, respectively. In addition, the peak at 3117 cm−1 is
attributed to sp2 C–H stretching vibrations.

Electronic spectra and luminescent property

Electronic spectra of complexes 1–4 and their organic li-
gands were measured in methanol solution at ambient
temperature (concentrations are ca. 10−4 M). As shown
in Fig. 10a, complexes 1–3 and free 3-Htba display

similar absorption bands in the UV region. The strong
bands centered at 232, 216, and 231 nm for 1, 2, and 3
are attributed to the ligand-centered π→ π* transitions,
which show blue shift of 7, 23, and 8 nm when compared
with free ligand 3-Htba (239 nm), respectively. The weak
bands at about 282 nm for complexes 1–3 may be
assigned to n→ π* transitions of the triazole group of
ligand. As shown in Fig. 10b, complex 4 exhibits two
strong absorption bands at 207 and 255 nm, which can
be assigned to π→ π* electron transitions [28]. The two
bands of complex 4 show blue shift of 6 and 3 nm when
compared with the bands of free ligand 4-Htba.

The solid-state emission properties of Zn(II) complex (1)
and free ligand (3-Htba) were investigated at room tempera-
ture using powder samples. As shown in Fig. 11, ligand 3-
Htba exhibits a fluorescent emission band at 349 nm (λex =
302 nm), which can be assigned to the π*→ π transitions
[32]. Complex 1 displays a strong blue fluorescent emission
band at 356 nm, when excited at 290 nm. The emission of 1 is
probably attributed to the intraligand π*→ π transitions.
Complex 1 exhibits red shift of 7 nm when compared to free
ligand 3-Htba, which mainly due to a metal-to-ligand or
ligand-to-metal charge transfer [33]. The high intensity of lu-
minescence in d10 complexes can be attributed to the ligand
chelation to the metal ion causing the increased rigidity of the
ligand and the reduction of energy loss by radiation-less decay
[34, 35]. Complexes 2–4 do not exhibit detectable emission.

Fig. 7 Hirshfeld surface mapped with dnorm (a), shape index (b), curvedness (c), and fingerprint plots (d–f) for complex 4
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Thermal analyses

Based on the isostructures of complexes 1–3, the thermal be-
haviors of [Co(3-tba)2(H2O)4] (3) and [Co(4-tba)2(H2O)4] (4)

will be discussed in detail as an example. The thermal gravi-
metric analyses (TGA) have been performed under a flow of
nitrogen. As shown in Fig. 12, in the TGA curve of complex

Fig. 8 PXRD patterns for complexes 1–3 (a) and 4 (b) in solid state

Fig. 9 IR spectra of complexes 1–4

Fig. 10 The electronic spectra for complexes 1–4 and the free ligands in
the UV region at room temperature

Fig. 11 Solid-state emission spectrum of complex 1 (excited at 290 nm)
and 3-Htba (excited at 302 nm) at room temperature
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3, the first step takes place in the range of 130–200 °C with a
weight loss of 14.4%, corresponding to the release of four
coordinated water (calcd. 14.2%). Then, a rapid and signifi-
cant weight loss of 26.3% is observed in the range of 340–
440 °C, which could be assigned to the decomposition of
triazole group of 3-Htba− ligands (calcd. 26.8%). Further
heating leads to more weight loss, which corresponds to the
continue decomposition of the remaining skeleton. In the case
of complex 4, the TGA curve shows a 14.2% weight loss at
about 114–227 °C, corresponding to the loss of four water
molecules (calcd. 14.2%). Similarly, a rapid weight loss of
26.6% can be discerned in the range of 284–402 °C, corre-
sponding to the collapse of triazole groups of 4-Htba− ligands
(calcd. 26.8%). Following this, a continuous mass loss is seen
until 900 °C with a residual mass rate of 12.4%, and the
remaining part may decompose completely to CoO (calcd.
14.7%).

Complexes 3 and 4 are also characterized by differential
scanning calorimetry (DSC) analyses. In the DSC curve of
complex 3 (Fig. S3), the endothermic dehydration process
occurs in the temperature range of 110–200 °C, with a peak
temperature of 168 °C. In addition, a strong exothermic pro-
cess from 240 to 275 °C with a peak temperature of 258 °C
can be assigned to collapse of the triazole groups. In the case
of complex 4 (Fig. S4), the endothermic dehydration process
occurs in the temperature range of 110–230 °C, with a peak
temperature of 193 °C. Moreover, a moderate exothermic pro-
cess from 297 to 360 °C with a peak temperature of 308 °C
may be ascribed to collapse of the triazole groups.

Conclusion

In summary, four new transition metal complexes based on
3-(1H-1,2,4-triazol-1-yl)benzoic acid and 4-(1H-1,2,4-triazol-
1-yl)benzoic acid have been synthesized under solvothermal

conditions. The structures of the complexes were determined
by single-crystal X-ray diffractions. The four complexes are
further constructed into 3D supramolecular structures via dif-
ferent intermolecular hydrogen bonds and interesting π–π
stacking interactions. Moreover, Hirshfeld surface analysis
was used to further study the intermolecular interactions of
the synthesized complexes; the results agree well with their
single-crystal structure analyses. The packing structure of
complex 4 is different to the other three complexes, which is
just effected by the position of carboxylate group of the li-
gand. Thermal behavior investigations indicate that the struc-
tures of complexes 3 and 4 possess good thermal stabilities,
with obvious exothermic phenomena in the decomposition
processes. Besides, complex 1 shows a strong emission band
at 356 nm when excited at 290 nm. Further studies based on
triazole-carboxylate ligands are under way in our laboratory.
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