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A B S T R A C T   

A novel structurally characterized salamo-like ligand H2L contained double terminal pyridine groups was 
designed and synthesized. The single crystals of the Cu(II) and Ni(II) complexes are grown up through coordi-
nation of H2L with Cu(II) and Ni(II) ions, respectively, determined as [Cu(LH)]NO3⋅CH3CH2OH and [{Ni 
(L)}2]n⋅n3C5H5N⋅nCH3COCH3. The Cu(II) atom is located at the N2O2 cavity of the deprotonation ligand (L)2−

moiety, but the N atoms of the terminal pyridine groups of the ligand (L)2− moiety is not involved in the co-
ordination, and forms a four-coordinated twisted quadrilateral geometry. While the Ni(II) atom (Ni1 or Ni2) is 
sited in the N2O2 cavity of the deprotonation ligand (L)2− moiety and forms a plane, the terminal pyridine N 
atoms from the two adjacent [Ni(L)] moieties also coordinated with the Ni(II) atom in the axial positions to form 
a slightly distorted octahedral geometry with six-coordination. In the formation of MOFs, the benzene and 
pyridine rings of the ligand (L)2− moiety are rotated and create an angle, result to form a chiral MOFs using an 
achiral ligand (L)2− moiety. View of MOFs in the C direction, the Ni(II) complex has four different size of ap-
ertures in its structure, and presences a large amount of protonic hydrogen. Spectroscopic analyses of H2L and its 
Cu(II) and Ni(II) complexes are performed using IR, UV–Vis and fluorescence spectroscopy. Compared with the 
Cu(II) complex, the Ni(II) complex has better thermal stability. The magnetic analyses were also carried out. 
Hirshfeld surfaces analyses are carried out to analyze various short-range interactions in H2L and its Cu(II) 
complex.   

1. Introduction 

Salen-like compounds [1–7] are relatively common and versatile li-
gands in modern coordination chemistry, because they can provide 
stable N2O2 coordination sites, various metal complexes with novel 
structures can be obtained. In 2012, Feng et al. designed and synthesized 
a six-dentate salen-like ligand and obtained eight Ln(III) complexes, 
conducted detailed studies on their near-infrared luminescence and 
magnetic properties [8]. In 2014, Sandip et al. obtained three structur-
ally different complexes by changing the solvent system and changing 
the ratio of the ligand with Cu(NO3)2. DFT calculations were used to 
reasonably explain their magnetic analysis [9]. In 2017, Kousik et al. 
synthesized three mononuclear Co(II) complexes, of which two com-
plexes showed activities similar to phenoxazinone synthase [10]. In 
2018, Angelica et al. designed and synthesized a salen-like ligand and its 
three transition metal complexes, and studied their spectral properties 
[11]. In addition, salen-like metal complexes also have potential 

application prospects in other aspects [12–18]. Due to the introduction 
of O atoms in the alkyl chain, salamo-like compounds [19–22] have 
better stability than salen-like compounds. Nearly decade, investigation 
on salamo-like ligands and their metal complexes [23,24] has been 
gradually deepened, and they have been found in ion recognition 
[25–34], antibacterial activity [35–38], catalysis [39], luminescence 
[40,41], magnetic [42] and other fields have good application prospects, 
the theoretical analyses were performed by DFT calculation [43] and 
Hirshfeld surface analysis [44–48]. 

Metal-organic frameworks (MOFs) [49–58] are attractive due to 
their regular pore channels with large porosity. In 2017, Guo et al. 
constructed a MOF using a pyridyl-terminal base ligand with auxiliary 
ligand, and applied to selectively separate Th(IV) from Ln(III) [59]. In 
2018, on the basis of previous research, Ren et al. realized the replace-
ment of metal ions in MOFs by introducing different metal ions, and 
obtained 6 isomorphic MOFs with excellent catalytic performances [60]. 
In 2019, Xia et al. developed a ligand containing pyridine group, and 
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constructed three isomorphic MOFs via terephthalic acid and Cd(II), 
which were studied for gas adsorption and could be used as excellent 
catalysts [61]. 

In conclusion, the introduction of terminal pyridine groups into the 
ligand [59–61] can provide two potential coordination sites. When 
different metal ions are added to the ligand, it can cooperate with stable 
N2O2 coordination site to obtain structurally novel structures of com-
plexes. Based on the in-depth study of salamo-like ligands, a novel 
salamo-like ligand H2L contain double pyridine terminal groups was 
designed and synthesized, and obtained its crystal structure. By added 
different transition metal ions to the ligand H2L, two complexes with 
large structural differences were formed, and novel MOF structure of the 
Ni(II) complex and mononuclear Cu(II) complex were obtained. 

2. Experimental 

2.1. Materials and physical measurements 

Details of the materials and instruments for the experiment can be 
found in the Supporting Information. 

2.2. Preparation of the ligand H2L 

The synthetic route to the ligand H2L is shown in Scheme 1. Ac-
cording to the reference [58], 5-bromo-3-tert-butyl-salicylaldehyde and 
3-tert-butyl-5-(4-pyridyl) salicylaldehyde have been synthesized. 1H 
NMR spectra are shown in Figs. S1 and S2, respectively. 1,2-Bis(amino-
oxy)ethane was synthesized by reported reference [28]. 10 mL of 
anhydrous ethanol of 1,2-bis(aminooxy)ethane (0.21 g, 2.28 mmol) was 
added to 1.14 g (4.47 mmol) of 3-tert-butyl-5-(4-pyridyl) salicylalde-
hyde of 20 mL anhydrous ethanol solution. Reaction at 60 ℃ for 12 h, 
when the temperature was reduced to 20 ◦C, a white solid was precip-
itate. 1H NMR spectrum of H2L is shown in Fig. S3. Yield: 57.6% (744.24 
mg). M. p.: 129–131 ℃. 1H NMR (500 MHz, CDCl3) δ 10.55 (s, 1H, –OH), 
8.62 (d, J = 6.0 Hz, 2H, –ArH), 8.34 (s, 1H, –N=CH), 7.57 (s, 1H, –ArH), 
7.43 (d, J = 6.2 Hz, 2H, –ArH), 7.29 (s, 1H, –ArH), 4.56 (s, 2H, –CH2), 
1.47 (s, 9H, –CH3). 

5.67 mg (0.01 mmol) of the ligand H2L was dissolved in 1 mL of 
acetone, and then 4 mL of n-hexane was added. After the solution was 
mixed, the solution was filtered and sealed with tin foil. After stood for 
more than 1 week, the colourless block-shaped single crystal was ob-
tained. Yield: 59%. Elemental analysis: Anal. calc. for H2L 
(C34H38N4O4): C, 72.06; H, 6.76; N, 9.89. Found: C, 72.34; H, 6.71; N, 

Scheme 1. Synthetic route to H2L.  

Scheme 2. Synthetic route to the Cu(II) and Ni(II) complexes.  
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9.82. 

2.3. Preparations of the Cu(II) and Ni(II) complexes 

The synthetic route to the Cu (II) and Ni (II) complexes is depicted in 
Scheme 2. 

The Cu(II) complex: 5.81 mg (0.01 mmol) H2L was dissolved in 3 mL 
acetone, 2.42 mg (0.010 mmol) Cu(NO3)2⋅3H2O was dissolved in 3 mL 
anhydrous ethanol. The dissolved anhydrous ethanol solution was 
added into the above acetone solution, the mixed solution immediately 
turned dark green, continuously stirred for 10 min, then filtered, sealed 
and remained still. After about 4 days, black block-shaped crystals 
suitable for X-ray diffraction were gained. Yield: 63%. Elemental anal-
ysis: Anal. calc. for [Cu(LH)]NO3⋅CH3CH2OH (C36H43CuN5O8) (%): C, 
58.64; H, 5.88; N, 9.50; Cu, 8.62. Found (%): C, 59.71; H, 5.72; N, 9.41; 
Cu, 8.57. 

The Ni(II) complex: 5.73 mg (0.01 mmol) H2L was dissolved in 4 mL 
acetone, 2.47 mg (0.010 mmol) Ni(CH3COO)2⋅4H2O was dissolved in 2 
mL anhydrous ethanol. The dissolved anhydrous ethanol solution was 
added dropwise into the above-obtained acetone solution. The mixture 
immediately turned yellow green and became turbid during the stirring 
process, 5 drops of pyridine was added into the mixed solution, and the 
mixture became clear, stirred continuously for 35 min, then filtered and 

sealed. After about 1 week, yellow block-shaped single crystals suitable 
for X-ray diffraction were obtained. Yield: 54%. Although the single- 
crystal diffraction showed the product have the formula [{Ni 
(L)}2]n⋅nC5H5N⋅nCH3COCH3, the products can be best formulated as 
[{Ni(L)}2]n⋅n3C5H5N⋅nCH3COCH3 on the basis of microanalysis and 
TGA. Calcd for C86H93Ni2N11O9 (%): C, 66.98; H, 6.08; N, 9.99; Ni, 7.61. 
Found (%): C, 67.73; H, 5.91; N, 9.82; Ni, 7.52. 

2.4. X-ray structure determinations of H2L and its Cu(II) and Cd(II) 
complexes 

In the N2 atmosphere, X-ray single crystal diffraction data of H2L and 
its Cu(II) and Ni(II) complexes were collected under 100 K graphite 
monochromatic Mo-Kα radiation (λ = 0.71073 Å). The structures were 
solved by using the program (SHELXS-2015) [62,63], and Fourier dif-
ference techniques, and refined by full-matrix least-squares method on 
F2. For other detailed information about crystal structure determination, 
please refer to the Supporting Information. The crystal data and struc-
ture optimization of H2L and its Cu(II) and Ni(II) complexes are listed in 
Table 1. 

3. Results and discussion 

3.1. IR spectra analyses 

As shown in Fig. 1, there are various absorption peaks in the range of 
4000–400 cm− 1 for the ligand H2L and its Cu(II) and Ni (II) complexes. 
In the ligand H2L, there is a large absorption peak at about 3450 cm− 1, 
which is caused by the stretching vibration of hydroxyl group in the 
ligand H2L molecule, the strong absorption peak at about 1603 cm− 1 is 
caused by the typical C––N stretching vibration, and the absorption peak 
at about 1260 cm− 1 is the typical Ar-O stretching vibration. In the Cu(II) 
complex, there is a large absorption peak at about 3400 cm− 1 due to the 
presence of water molecules in the manufactured of KBr lamination, 
while the typical C––N and Ar-O stretching vibrations appear at about 
1586 and 1240 cm− 1, respectively, with significant low wavenumber 
displacements, indicate that coordination has taken place [64,65]. In 
addition, there are two medium absorption peaks at about 513 and 468 
cm− 1, respectively, which are the absorption peaks of Cu–O and Cu–N 
bonds [66], show that Cu(II) ions are coordinated with the ligand H2L. In 
the Ni(II) complex, a large absorption peak at about 3400 cm− 1 due to 
the presence of water molecules in the manufactured of KBr lamination, 
while the typical C––N and Ar-O stretching vibrations appear at about 

Table 1 
The crystal data and structure optimization of H2L and its Cu(II) and Ni(II) 
complexes.  

Compound H2L The Cu(II) 
complex 

The Ni(II) complex 

Empirical 
formula 

C34H38N4O4 C36H37CuN5O8 C76H83N9Ni2O9 

Molecular 
weight 

566.68 737.29 1383.93 

Crystal size 
(mm) 

0.12 × 0.11 ×
0.10 

0.11 × 0.1 × 0.08 0.12 × 0.11 × 0.09 

Habit Block-shaped Block-shaped Block-shaped 
Crystal system Monoclinic Triclinic Tetragonal 
Space group P21/C P-1 P43 

Temperature/K 100.01(10) 100 100.01(10) 
Wavelength (Å) Mo Kα (λ =

0.71073) 
Mo Kα (λ =
0.71073) 

Mo Kα (λ =
0.71073) 

a (Å) 6.1109(6) 7.3356(8) 21.0168(13) 
b (Å) 10.6805(11) 15.399(2) 21.0168(13) 
c (Å) 22.413(2) 16.432(2) 20.7903(19) 
α (◦) 90 92.948(10) 90 
β (◦) 92.528(8) 91.095(9) 90 
γ (◦) 90 100.092(10) 90 
V (Å3) 1461.4(3) 1824.3(4) 9183.2(14) 
Z 2 2 4 
Dcalc (g ⋅ cm− 3) 1.288 1.342 1.001 
μ (mm− 1) 0.085 0.655 0.459 
F(000) 604.0 774.0 2920.0 
2θ range for data 

collection (◦) 
4.226 to 58.978 4.966 to 49.996 4.344 to 50 

Index ranges − 6 ≤ h ≤ 8, − 14 
≤ k ≤ 10, − 29 ≤ l 
≤ 25 

− 9 ≤ h ≤ 8, − 18 
≤ k ≤ 18, − 20 ≤ l 
≤ 19 

− 24 ≤ h ≤ 20, − 19 
≤ k ≤ 24, − 24 ≤ l 
≤ 24 

Reflections 
collected 

6925 12,480 29,090 

Independent 
reflections 

3441 [Rint =

0.0462, Rsigma =

0.0875] 

7168 [Rint =

0.0626, Rsigma =

0.1617] 

14,467 [Rint =

0.0944, Rsigma =

0.1720] 
Data/restraints/ 

parameters 
3441/0/266 7168/200/510 14467/336/879 

GOF 1.107 1.086 0.982 
Final R1, wR2 

indices 
0.0640,0.1153 0.0669, 0.1562 0.0718, 0.1349 

R1, wR2 indices 
(all data) 

0.1069,0.1386 0.1077, 0.1957 0.1116, 0.1580 

Largest diff. 
peak and hole 
(e⋅Å− 3) 

0.25/− 0.29 1.45/− 0.65 0.59/− 0.43  

Fig. 1. IR spectra of H2L and its Cu(II) and Ni(II) complexes.  
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1591 and 1220 cm− 1, respectively, with significant low wavenumber 
displacements, indicate that coordination has occurred. Besides, there 
are two medium absorption peaks at about 518 and 543 cm− 1, respec-
tively, which are the absorption peaks of Ni-O and Ni-N bonds [66]. 

3.2. UV–Vis spectra analyses 

The UV–Vis spectra of H2L (DMF, 5 × 10− 5 M) and its Cu(II) and Ni 
(II) complexes (DMF, 5 × 10− 5 M) are shown in Fig. 2. In the absorption 
curve of the free ligand H2L, there is a strong absorption peak at ca. 326 
nm, which can be attributed to the π-π* transition of oxime group 
[67,68]. Compared with the free ligand H2L, the absorption peak at ca. 
326 nm in the Cu(II) complex has a red-shift to 333 nm (343 nm for the 
Ni(II) complex), this result may be due to the ligand to metal charge 
transition (LMCT) [69], which is consistent with the previous report, 
and similar to the ligand to metal charge transition in salen-like com-
plexes [70]. In the Cu(II) complex, a new absorption peak at ca. 381 nm 
appears. The absorption peak at 381 nm is ultraviolet absorption, cor-
responding to a green color of the substance color (visual color), this is 
consistent with the observed phenomenon. 

The titration curves of the Cu(II) and Ni(II) complexes are shown in 
Fig. 3. In Fig. 3a, with the addition of Cu2+ (1 × 10− 3 M), the absorption 
peak intensity at ca. 326 nm increases gradually and the absorption peak 
shows an obvious red-shift. When 1 equiv. Cu2+ is add, the absorption 
peak has a red-shift to ca. 333 nm and the intensity reaches the 

maximum. After Cu2+ is continuously added, the absorption intensity at 
333 nm does not changed any more. The results of titration show that 
the optimal ratio of H2L to Cu2+ is 1:1. In Fig. 3b, with the addition of 
Ni2+ (1 × 10− 3 M), a similar phenomenon appears, and the absorption 
peak has a red-shift to ca. 343 nm, and an isoabsorption point appears at 
ca. 304 nm. When 1 equiv. Ni2+ is add, the absorption intensity at ca. 
343 nm will not increased any more, indicating that the optimal com-
bination ratio of H2L and Ni2+ is 1:1, which is consistent with the ob-
tained single crystal structure by X-ray diffraction analysis. 

3.3. Description of the crystal structures of H2L and its Cu(II) and Ni(II) 
complexes 

X-ray crystallographic analyses show that H2L and its Cu(II) and Ni 
(II) complexes crystallize in different crystal systems, the selected bond 
lengths (Å) and angles (◦) are listed in Table S1. Hydrogen bond and π⋅⋅⋅π 
stacking interactions are listed in Table S2. 

3.3.1. Crystal structure of H2L 
As shown in Fig. 4, the ligand H2L exists as a linear molecule in 

monoclinic system with the molecular formula of C34H38N4O4, and the 
whole molecule has a symmetrical structure. 

As shown in Fig. S4, there are three pairs of obvious intramolecular 
hydrogen bonds (C(14)–H(14C)⋯O(1), C(15)–H(15A)⋯O(1) and O(1)– 
H(1)⋯N(1)) in the ligand H2L molecule. In addition, there is a π⋅⋅⋅π 
stacking effect (Cg(1)⋯Cg(2)) between the two molecules, as shown in 
Fig. S5. 

3.3.2. Crystal structure of the Cu(II) complex 
As shown in Fig. 5, the Cu(II) complex is mononuclear. The complex 

consists of a completely deprotonation ligand (L)2− moiety and one Cu 
(II) atom. The Cu (II) atom (Cu1) is surrounded by two O atoms and two 

Fig. 2. UV–Vis spectra of H2L and its Cu(II) and Ni(II) complexes.  

Fig. 3. (a) Continuous addition of Cu2+ (1 × 10− 3 M) to H2L (5 × 10− 5 M) leads to a change in absorbance intensity; (b) Continuous addition of Ni2+ (1 × 10− 3 M) to 
H2L (5 × 10− 5 M) leads to a change in absorbance intensity. 

Fig. 4. The crystal structure of H2L (hydrogen atoms are omitted for clarity).  
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N atoms of the ligand (L)2− moiety, forming a slightly distorted planar 
quadrilateral geometry. Among them, two O atoms are phenolic oxygen 
atoms of the deprotonation ligand (L)2− moiety, and two N atoms are 

oxime N atoms of the deprotonation ligand (L)2− moiety. 
In addition, there are four pairs of intramolecular hydrogen bonds (C 

(14)–H(14A)⋯O(1), C(15)–H(15C)⋯O(1), C(27)–H(27A)⋯O(4) and C 
(28)–H(28C)⋯O(4)) in the Cu(II) complex, as shown in Fig. 6. 

There are also 4 kinds of π⋅⋅⋅π stacking interactions (Cg(6)⋅⋅⋅Cg(6), Cg 
(7)⋅⋅⋅Cg(2) , Cg(8)⋅⋅⋅Cg(5) and Cg(5)⋅⋅⋅Cg(4)) between adjacent mole-
cules (Fig. S6a), and has one pairs of intermolecular hydrogen bond (N 
(2)–H(2)⋅⋅⋅N(4)) in the Cu(II) complex molecules (Fig. S6b). A 2-D su-
pramolecular structure is obtain through the intermolecular hydrogen 
bond and the π⋅⋅⋅π stacking interactions (Fig. 7). 

3.3.3. Crystal structure of the Ni(II) complex 
In the Ni(II) complex (Fig. 8), the Ni(II) atom (Ni1 or Ni2) is sur-

rounded by two O atoms (O1, O4 or O5, O8) and four N atoms (N1, N2, 
N6, N8 or N4, N5, N3, N7), which two O atoms (O1, O4 or O5, O8) and 
two N atoms (N1, N2 or N4, N5) are provided by the N2O2 cavity of the 
deprotonation ligand (L)2− moiety to form a plane, while the other two 
N atoms (N6, N8 or N3, N7) are come from the terminal pyridine groups 
of adjacent two [Ni(L)] units, and coordinated with the Ni(II) atoms in 
the axial positions to form a slightly distorted hexa-coordinated octa-
hedral geometrical configuration. There are soft alkyl chains in salamo- 
like ligands, which may lead to a certain distortion of the plane formed 
by N2O2 cavity, lead to the existence of two six-coordinated Ni(II) atoms 
in the smallest symmetry unit, but the coordination modes and 

Fig. 5. (a) View of the molecular structure of the Cu(II) complex (hydrogen atoms are omitted for clarity). (b) and (c) Coordination polyhedron of the Cu(II) atom.  

Fig. 6. The intramolecular hydrogen bonds of the Cu(II) complex.  

Fig. 7. 2-D supramolecular structure of the Cu(II) complex.  
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geometries are similar. The coordination modes of the Ni(II) atoms lead 
to the self-assembly of three-dimensional metal organic framework 
(MOFs) with Ni(II) atom as the node, and regular channels can be seen in 
the C direction. 

On account of the benzene ring and pyridine ring in the ligand H2L is 
linked by a single bond, they can rotate freely. As shown in Fig. S7, there 
are 4 different dihedral angles in the smallest symmetric unit, which 
leads to the possibility of many more combinations of the ligand H2L and 
Ni(II) atoms in the formation of MOFs. Due to a certain distortion be-
tween the benzene ring and the pyridine ring that leads to form a MOFs 
possessing a chiral space group while used the non-chiral ligand H2L. In 
Fig. S8, four apertures of different sizes are observed in the C direction. 
Fig. 9 is a 3D topological diagram of the Ni(II) complex. 

In addition, there are 14 pairs of obvious intramolecular hydrogen 
bonds (C(4)–H(4B)⋯N(8), C(15)–H(15)⋯N(5), C(20)–H(20B)⋯N(7), C 
(54)–H(54A)⋯O(4), C(31)–H(231)⋯O(4), C(34)–H(34C)⋯O(8), C(35)– 
H(35A)⋯O(8), C(42)–H(42C)⋯O(5), C(43)–H(43A)⋯O(5), C(61)–H 
(61A)⋯O(1), C(48)–H(48)⋯O(8), C(50)–H(50)⋯O(5), C(62)–H(62C)⋯ 
O(1) and C(53)–H(53C)⋯O(4)) in the Ni(II) complex (Fig. 10), and two 
pairs of intermolecular hydrogen bonds (C(29)–H(29)⋯O(7) and C(46)– 
H(46)⋯O(9)) between the Ni(II) complex molecules and between the Ni 
(II) complex and the solvent acetone molecule (Fig. 11). 

3.4. Hirshfeld surfaces analyses 

Hirshfeld surfaces analyses of H2L and its Cu(II) complex are carried 
out. In Fig. 12, the Hirshfeld surfaces of H2L and its Cu(II) complex are 
mapped to dnorm, shape index and curvature. Take H2L as an example, 
in the map of dnorm, the red region represents the O⋅⋅⋅H/H⋅⋅⋅O inter-
action in H2L, the darker the color, the stronger the interaction; the other 
regions represent other short-range interactions. In the two-dimensional 
fingerprint, gray represents the whole fingerprint, while the blue area 
represents the proportion of each short-range effect. 

Taking the O⋅⋅⋅H/H⋅⋅⋅O interactions as an example, the O⋅⋅⋅H inter-
action is mainly concentrated in the peak position at the bottom right of 
the fingerprint, while the H⋅⋅⋅O interaction is mainly concentrated in the 
peak position at the top left of the fingerprint. The proportion of O⋅⋅⋅H/ 
H⋅⋅⋅O interactions is 6.5%. The proportions of C⋅⋅⋅H/H⋅⋅⋅C, N⋅⋅⋅H/H⋅⋅⋅N 
and H⋅⋅⋅H interactions in H2L are 25.7%, 10.2% and 55.2%, respectively. 
Therefore, H–H interaction is the main interaction in H2L. In the Cu(II) 
complex, the proportions of O⋅⋅⋅H/H⋅⋅⋅O, C⋅⋅⋅H/H⋅⋅⋅C, N⋅⋅⋅H/H⋅⋅⋅N and 
H⋅⋅⋅H interactions are 5.8%, 7.2%, 2.2% and 68.6%, respectively. 
Therefore, H⋅⋅⋅H interaction is the main interaction in the Cu(II) 
complex. 

Fig. 8. (a) View of the molecular structure of the Ni(II) complex (hydrogen atoms are omitted for clarity). (b) and (c) Coordination polyhedrons of Ni(II) atoms.  

Fig. 9. Three-dimensional topology of the Ni(II) complex.  
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3.5. TGA analyses 

Weigh out 5 mg of the Cu(II) and Ni(II) complexes respectively, 
control the heating rate at 10 ℃/min, the thermal stabilities of the two 
complexes were measured using thermogravimetric analyzer. As shown 
in Fig. 13, the weight loss of the Cu(II) complex is mainly divided into 
two stages. The weight loss is 25.7% in the range of 35–254 ◦C, and the 
weight loss of the crystallized ethanol molecule and one nitrate group in 
the Cu(II) complex is calculated as 14.7%, so this result should be a 
weight loss due to the loss of the crystallized solvent molecule and the 
nitrate group in the Cu(II) complex. In the range of 303–425 ℃, the 
weight loss is caused by the decomposition of the main framework of the 
Cu(II) complex. After 500 ℃, the weight will not be lost, the remaining 
weight was 11.6%, and the theoretical analysis of CuO was 10.9%. The 
two values are close, so it is inferred that the Cu(II) complex will 
generate its oxide after being heated at 500 ℃. 

The weight loss of the Ni(II) complex can be divided into two stages. 
The weight loss is 25.3% in the range of 43–264 ◦C, and the weight loss 
of the crystallized acetone and three crystallized pyridine molecules in 
the Ni(II) complex is calculated as 19.2%, so this should be a weight loss 
due to the loss of solvent molecules in the Ni(II) complex. After 550 ℃, 
the weight will not be lost, the remaining weight was 10.01%, and the 
theoretical analysis of NiO was 9.7%. The two values are close, so it can 
be concluded that the Ni(II) complex will generate its oxide after being 
heated at 550 ℃. Thermogravimetric analyses show that the two com-
plexes could withstand the high temperature of more than 300 ℃, while 
the Ni(II) complex could withstand the high temperature of more than 
360 ℃ and keep the structure intact, indicating that the Ni(II) complex 
has better thermal stability compared with the Cu(II) complex. 

3.6. Fluorescence properties 

With 350 nm as excitation wavelength and 10 / 20 nm as slit, the 
ligand H2L and its Cu(II) and Ni(II) complexes use anhydrous ethanol as 
solvent. The fluorescence spectra of H2L (5 × 10− 5 M) and its Cu(II) and 
Ni(II) complexes (5 × 10− 5 M) are shown in Fig. 14. 

The ligand H2L has an emission peak at approximately 466 nm, 
which may be due to the π-π* transition within the ligand [71]. While 
the emission peaks of the Cu(II) and Ni(II) complexes at 466 nm 
disappear significantly, decrease of fluorescence intensity in the Cu(II) 
and Ni(II) complexes may be due to the introduction of the Cu(II) and Ni 
(II) ions into the ligand [72]. 

The titration curves of the Cu(II) and Ni(II) complexes are shown in 
Fig. 15. In Fig. 15a, with the addition of Cu2+ (1 × 10− 3 M), the fluo-
rescence intensity at appromately 466 nm decreases gradually. When 1 
equivalent Cu2+ is add, the emission peak at 466 nm is reduced to the 
minimum. In the wake of continued to add Cu2+, the fluorescence in-
tensity at 466 nm will not change any more. The titration results show 
that the optimal binding ratio of the ligand H2L to Cu2+ is 1:1, which is 
consistent with the single crystal structure obtained by X-ray diffraction 
analysis. In Fig. 15b, a similar phenomenon occurs with the addition of 
Ni2+ (1 × 10− 3 M), when 1 equivalent Ni2+ is add, the fluorescence 
intensity at 466 nm will not decrease any more, indicating that the 
optimal binding ratio of the ligand H2L to Cd2+ is 1:1. 

3.7. Magnetic analyses 

The variable temperature magnetic susceptibility data of the Cu(II) 
and Ni(II) complexes were measured under an external magnetic field of 
10,000 Oe. 

Fig. 10. The intramolecular hydrogen bonds of the Ni(II) complex.  

Fig. 11. The intermolecular hydrogen bonds of the Ni(II) complex.  
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The variable temperature magnetic susceptibility of the Cu(II) 
complex is shown in Fig. 16. At 300 K, the χMT value of the mononuclear 
Cu(II) complex is 0.379 cm3 K mol− 1, the χMT value decreases with the 

decrease of the temperature, and the decreasing speed begins to increase 
when the temperature drops to about 10 K. When the temperature drops 
to about 2 K, the χMT value decreases to 0.334 cm3 K mol− 1, which 

Fig. 12. (a) Hirshfeld surface analysis mapping and various 2D fingerprints of H2L. (b) Hirshfeld surface analysis mapping and various 2D fingerprints of the Cu 
(II) complex. 

Fig. 13. TGA curves of the Cu(II) and Ni(II) complexes.  
Fig. 14. Fluorescence spectra of H2L and its Cu(II) and Ni(II) complexes.  
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indicates that there is a weak antiferromagnetic effect in the Cu(II) 
complex. In the range of 2 ~ 300 K, the Curie-Weiss theorem (χM = C/ 
(T–θ)) is used to fit the obtained data reasonably, and the fitting constant 
C = 0.385 cm3 K mol− 1 and Weiss constant θ = − 0.899 K are calculated. 
The Weiss constant is negative, and according to the change trend of the 
molar susceptibility of the Cu(II) complex in the temperature range of 2 
~ 300 k, there is a weak antiferromagnetic effect in the Cu(II) complex. 

The variable temperature magnetic susceptibility of the Ni(II) com-
plex is shown in Fig. 17. At 300 K, the χMT value of the Ni(II) complex is 
1.319 cm3 K mol− 1, the χMT value increases with the decrease of tem-
perature. When the temperature decreases to about 30 K, the χMT value 
reaches the maximum value of 1.564 cm3 K mol− 1, and then decreases 
with the decrease of temperature. When the temperature decreases to 2 
K, the χMT value decreases to 0.980 cm3 K mol− 1, which indicates that 
there is weak ferromagnetism in the Ni(II) complex. In the range of 2 ~ 

300 K, the Curie-Weiss theorem (χM = C/(T-θ)) is used to fit the obtained 
data reasonably, and the fitting constant C = 1.365 cm3 K mol− 1 and 
Weiss constant θ = 5.056 K are also calculated. The Weiss constant is 
positive. According to the change trend of the molar susceptibility of the 
Ni(II) complex in the temperature range of 2 ~ 300 K, there is weak 
ferromagnetism in the Ni(II) complex. 

4. Conclusion 

A novel salamo-like ligand containing double terminal pyridine 
groups was synthesized and characterized structurally. The single 
crystals of H2L were obtained by natural volatile solvent method. Two 
novel Cu(II) and Ni (II) complexes were obtained by adding Cu(II) and 
Ni (II) ions into H2L. Among them, the Cu(II) complex is a common 
mononuclear complex, which forms a one-dimensional supramolecular 

Fig. 15. (a) Continuous addition of Cu2+ (1 × 10− 3 M) to H2L (5 × 10− 5 M) leads to a change in fluorescence intensity; (b) Continuous addition of Ni2+ (1 × 10− 3 M) 
to H2L (5 × 10− 5 M) leads to a change in fluorescence intensity. 

Fig. 16. χMT / T and χM
− 1 / T curves of the Cu(II) complex (the red solid line is the fitted curve). (For interpretation of the references to color in this figure legend, the 

reader is referred to the web version of this article.) 
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structure through intermolecular hydrogen bonds; while a metal-
–organic framework (MOFs) with regular pore size is self-assembled via 
the coordination of the Ni(II) ion with H2L. Fluorescence and UV–Vis 
analyses of the two obtained complexes are carried out, and TGA anal-
ysis determines that the two complexes had better thermal stabilities. By 
Hirshfeld surface analysis, a theoretical analysis of the presence of 
various interactions in H2L and its Cu(II) complex are carried out. The 
results of magnetic analyses show that there is weak antiferromagnetic 
interaction in the Cu(II) complex and weak ferromagnetic interaction in 
the Ni(II) complex. 
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