


Synthesis of bis(1-ethyl-1H-imidazole)(dimaleato)-copper(II) and bis(1-ethyl-1H-imidazole)(dimalonato)-zinc(II) complexes. Spectroscopy study, X-ray structure determination, TAG and DSC analysis



ABSTRACT
	Polymer carboxylates coordination complexes formulated as [Cu(malea)(1-Etim)2]n (1) and  [Zn(malon)(1-Etim)2]n (2) (malea = maleato, malon = malonato and 1-Etim = 1-ethyl-1H-imidazole) were prepared from maleic acid and malonic acid in the presence of 2-ethylimidazole as co-ligand. The complexes were characterized by elemental analysis, UV-visible and FTIR spectroscopies, thermogravimetry analysis (TGA), differential scanning calorimetry (DSC) analysis and X-ray diffraction. Complex 1 crystallizes in the tetragonal system space group I41cd with a = 16.0188 (14) Å, c = 26.1287 (4) Å, V = 6704.67(13)Å3 and Z= 16 whereas  2 crystallizes in the monoclinic system space group P21/n with a = 7.2539(2) Å, b = 25.1372(7) Å, c = 9.0422(3) Å,  = 111.8405(8)°, V = 1530.43 (8) Å3 and Z= 4. In complex 1, the copper (II) is situated in a N2O3 site, and its coordination sphere is best described as strongly distorted square pyramidal. The Cu(II) ion is linked to two nitrogen atom from two 1-ethyl-1H-imidazole molecules and one oxygen atom from a maleate dianion. The coordination sphere is completed by two oxygen atoms from a maleate group of a neighboring complex molecule. In complex 2, the Zn(II) center is coordinated by two nitrogen atom from two 1-ethyl-1H-imidazole molecules and one oxygen atom from malonate dianion. The fourth position is occupied by an oxygen atom of a maleate unit of a neighboring complex molecule. The environment around Zn(II) is  described as distorted tetrahedral geometry. Thermogravimetric analysis of the complexes were carried out at 25–700 °C and showed that the complex 1 decomposes in the temperature range 138-438 °C while complex 2 decomposes between 118 and 415 °C.
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Introduction
Imidazole-derived ligands in the presence of co-ligands give coordination compounds with interesting structures and properties. The combination of these ligands has made it possible to design compounds with supramolecular structures (Batool et al., 2018; Chen et al., 2010). Coordination chemistry based on imidazole ligand or imidazole derivatives has played an important role in the design and construction of various molecules with antibacterial (Atria et al., 2011; Fudulu et al., 2021), anticancer (Alshehri et al., 2022; Khan et al., 2021) or antifungal (Banfi et al., 2006; Gałczyńska et al., 2019). Ligands containing carboxylate groups allow the preparation of coordination complexes with variable structures (Efimenko et al., 2011; Rao et al., 2004). Indeed, carboxylate ligands offer several coordination modes. They can be monodentate, bidentate syn-syn or syn-anti, and bridging (Darensbourg et al., 1994; Dey et al., 2007; Su et al., 2015; Vasile Scaeteanu et al., 2024). Carboxylate groups can link several metal ions to form chains or three-dimensional structures (G.-C. Liu et al., 2019; Singh & Baruah, 2012; L. Zhang et al., 2009). Complexes with open structures possessing porous channels that give them catalytic properties have been obtained from carboxylates (L. Zhang et al., 2009; T. Zhang & Croué, 2014). When an imidazole derivative is combined with a ligand bearing one or more carboxylate groups, original structures are generated (H. Liu et al., 2024; Obaleye et al., 2020; Park et al., 2020). Coordination compounds with both an imidazole derivative and a carboxylate ligand are reported in the literature. They possess important physical properties such as magnetism (Brezovan et al., 2020; Zhou et al., 2020), catalysis (Czylkowska et al., 2020; Mukred & Aly, 2025), luminescence (Sardaru et al., 2021) and thermal (Zhou et al., 2020). Furthermore, the simultaneous use of succinic acid and an imidazole derivative makes it possible to generate transition metal complexes with interesting structures and properties (Alshehri et al., 2022; Atria et al., 2011). Supramolecular structures based on significant interactions between co-ligands derived from imidazole and succinate flexibility are reported in the literature (Banfi et al., 2006; Batool et al., 2018). In the present work, we have mixed, at the same time, maleic, 2-ethylimidazole and copper acetate or malonic acid, 2-ethylimidazole and zinc acetate in 1:1:1 ratio to prepare the title complexes.
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Scheme 1. Schematic illustration of complexes (1) and (2).
Experimental
Material and methods
Malonic acid (HO2C-CH2-CO2H) and  maleic acid (HO2C-(CH=CH)-CO2H) were purchased from Merck Chemicals (Hohenbrunn, Germany), while 1-ethyl-1H-imidazol (C5H9N2), Zn(CH3COO)2 and Cu(CH3COO)2  were acquired from Sigma-Aldrich (Steinheim, Germany) and used without any further purification. Elemental analyses were carried out using a VxRio EL Instrument. The Atomic Absorption Spectroscopy was performed using an ICE 3000 Thermos Fischer Atomic Absorption Spectrophotometer. The IR spectra were recorded on a FTIR Spectrum Two of Perkin Elmer (4000–400 cm-1). The UV–Vis spectra were run on a Perkin-Elmer UV/Visible spectrophotometer Lambda 365 (1000–200 nm). DSC curves were measured using a DSC 821 Mettler Toledo instrument. Prior to measurements, the instrument was calibrated using indium. Standard 40 μL aluminum crucibles were used. The heating rate was 2 °C/min over the range from 25 to 700 °C. TGA was performed using a TGA/SDTA 851 Mettler Toledo instrument. The heating rate was 2 °C/min over a range from 25 to 700 °C. All experiments were carried out under nitrogen atmosphere (a flow rate of 50 mL/min).
Synthesis of Cu(O2C(CH=CH)CO2)(C5H8N2)2 (1) 
0.348 g (3 mmol) of HO2C(CH=CH)CO2H acid and 0.288 g (3 mmol) of C5H9N2  (1-ethyl-1H-imidazole) were dissolved in 30 mL of ethanol. After a few minutes of stirred up, a solution 10 mL of ethanolic solution containing 0.543 g (3 mmol) of Cu(CH3COO)2 was added.  The colorless solution obtained after two hours under stirring at room temperature, give blue powder after one week of slow solvent evaporation. The blue powder was recrystallized in 10 mL of methanol and submitted to a slow evaporation of the solvent, at room temperature (25 °C). After one week, blue crystals suitable for X-rays diffraction were recovered. Yield : 44 %. FTIR (, cm1): 3401 (br), 2985 (s), 1560 (s), 1598 (s), 1300 (s), 1374 (s). UV (, nm): 304, 658. 
Synthesis of Zn(O2C(CH2)CO2)(C5H8N2)2 (2) 
(0.312 g, 3 mmol) of HO2C(CH2)CO2H acid and 0.288 g (3 mmol) of C5H9N2 were dissolved in 30 mL of water. After a few minutes of stirred up, 0.546 g (3 mmol) of Zn(CH3COO)2 dissolved in 10 mL of ethanol was added. The colorless solution obtained after two hours stirring at room temperature, give yellowish powder after one week of slow solvent evaporation. This powder is recrystallized in 10 mL of acetonitrile and submitted to a slow evaporation of the solvent, at room temperature (25 °C). After a week, colorless suitable crystals for X-ray analysis were collected. Yield : 37 %. FTIR (, cm1): 3115(m), 2979 (w), 2937 (w), 1605 (s) 1535 (s), 1521(s), 1352 (s), 1374 (s). UV (, nm): 304. 
X-ray crystallography
Two single prism shaped crystals were selected: one blue single crystal of copper(II) complex (0.39 mm × 0.14 mm × 0.03 mm) and one single colorless crystal of the zinc(II) complex (0.35 mm x 0.14 mm x 0.08 mm). Details  of  the  X‐rays  crystal  structure solution  and  refinement  are  given  in  Table  1.  The two single crystals are used for data collection using a Bruker Instrument Service v8.5.5.6 device type Bruker D8 Venture monochromator multilayer mirror operating at T = 100 K (CuK). The structures were solved by SHELXT (Sheldrick, 2015b) and then refined by full-matrix least square refinement of |F|2 using SHELXL (Sheldrick, 2015a). Non-hydrogen atoms were refined anisotropically. Hydrogen atoms were located from a difference Fourier map. Hydrogen atoms were refined in the riding model with isotropic temperature factors fixed at 1.2Ueq of the parent atoms (1.5Ueq for the methyl group).  Molecular graphics were generated using ORTEP (Farrugia, 2012).
Table 1. Crystallographic data and refinement parameter for the complexes (1) et (2).
	Chemical formula
	C14H18CuN4O4 (1)
	C13H18ZnN4O4 (2)

	Mr
	369.86
	359.68

	Crystal system
	Tetragonal
	Monoclinic

	Space group
	I41cd
	P21/n

	Temperature (K)
	297
	100

	a (Å)
	16.01880 (14)
	7.2539 (2)

	b (Å)
	
	25.1372 (7)

	c (Å)
	26.1287 (4)
	9.0422 (3)

	V (Å3)
	6704.67 (16)
	1530.43 (8)

	 (°)
	90
	90

	 (°)
	
	111.8405(8)

	 (°)
	90
	90

	Z
	16
	4

	Dcalc (g cm3)
	1.466
	1.561

	Radiation type
	Cu Kα
	Cu Kα

	µ (mm−1)
	2.06
	2.45

	Crystal size (mm)
	0.23 × 0.17 × 0.15
	0.35 × 0.14 × 0.08

	Tmin, Tmax
	0.648, 0.747
	0.481, 0.821

	No. of measured measuredindependent and
observed [I > 2σ(I)] reflections
	71496
	26457

	No. of independent
	3621
	3267

	No. observed [I > 2σ(I)] reflections
	3603
	3256

	Rint
	0.034
	0.030

	R[F2 > 2σ(F2)]
	0.024
	0.029

	wR(F2)
	0.065
	0.075 

	GOF
	1.09
	1.15

	No. of reflections
	3621
	3267

	No. of parameters
	211
	201

	No. of restraints
	1
	0

	Δρmax, Δρmin (e Å−3)
	0.24, -0.21
	0.31, -0.50



Results and discussion
Elemental analysis and Atomic Absorption Spectroscopy
For the synthesized Cu(O2C(CH=CH)CO2)(C5H8N2)2 (1) and Zn(O2C(CH2)CO2)(C5H8N2)2 (2) complexes, the elemental analysis results confirm the 1:1:2 ratios M/diacid/1-ethyl-1H-imidazol (M = Cu (II) and diacid = malonic acid ; M = Zn (II) and diacid = maleic acid). The metal contains of complexes 1 and 2 are obtained from Atomic Absorption Spectroscopy results. The results of data collection for these two technics are summarized in Table 2. 
Table 2. Elemental analysis results (C, H, N) and Atomic Absorption Spectroscopy results (Cu, Zn) of the synthesized complexes.
	Complex
	% C
	% H
	% N
	% Metal

	
	Calc.
	Meas.
	Calc.
	Meas.
	Calc.
	Meas.
	Calc.
	Meas.

	1
	45.46
	45.43
	4.91
	4.85
	15.15
	15.12
	17.18
	17.13

	2
	43.41
	43.39
	5.04
	4.99
	15.58
	15.52
	18.18
	18.13



Spectroscopic study of complexes 1 and 2
The FTIR spectra of the complexes are used to study the coordination modes of the carboxylates moieties in the copper (1) and zinc (2) complexes. The stretching vibrations centered at about 1598 cm-1 and 1560 cm-1 for complex 1 are assigned, respectively, to the asymmetric as and the symmetric s vibrations mode of the carboxylate groups. The FTIR spectrum of complex 2 shows two bands at 1605 cm-1 (as) and 1388 cm-1  (s).  = as-s is a criterion to distinguish the possible coordination modes of the carboxylate moiety according to Deacon and Philips (Deacon & Phillips, 1980), when the  (164 cm-1) of ionic acetate was taken as reference. Increasing of  is indicative of monodentate bonding carboxylate group, while decreasing of  is indicative of bidentate chelating carboxylate group. For bidentate bridging mode of carboxylate group,  remains similar to free anion  value. The  values of 38 cm-1 and 217 cm-1 are indicative of bidentate chelating carboxylate in complex 1 and monodentate bonding carboxylate in complex 2.  Some peaks belonging to aromatic imidazole ring stretching vibrations are also observed at about 1470–1350 cm-1 (Risoluti et al., 2016). At ca.1240 cm-1 there are peaks corresponding to C–O stretching vibrations. Vibrations pointed at 1531 cm-1 (1) and 1535 cm-1 (2) can be assigned to C=N of the imidazole ring (Yazicilar et al., 2009). Additional bands due to the C-H are pointed at 2986 cm-1 (1) and 2980 cm-1 (2). The electronic spectrum of the two complexes show a band at 304 nm which can be attributed to the * transitions in the imidazole rings (H.-B. Zhang et al., 2020). No MLCT were observed in the UV spectrum in complex 1. The UV-visible spectrum of Cu complex (1) showed a broad band centered at 658 nm which envelops the three allowed transitions 2B1g→2A1g, 2B1g→2B2g and 2B1g→2Eg in six-coordinated copper(II) complex (Kotek et al., 2003). The broadness of the band is probably due to the Jahn-Teller effect (Conradie, 2019). These observations suggest that the copper(II) is situated in a distorted square pyramidal environment (H. Liu et al., 2007).
Thermal study of complexes 1 and 2
Complex 1 is thermally stable up to 138°C. Above this temperature, it begins to decompose rapidly. The unique mass loss of the Cu(O2C(CH)2CO2)(C5H8N2)2 complex (1) is observed in the temperature range of 138 to 438°C, with a significant exothermic effect at 420°C. This mass loss corresponds to the release of two molecules of 1-ethyl-1H-imidazole and one unit of 4-oxobut-2-enoate (78.42/78.49%, experimental/theoretical). The black color of the final product indicates the presence of CuO (21.58/21.51%, experimental/theoretical).
The diagram of Thermogravimetry analysis of ZnO2C(CH2)CO2)(C5H8N2)2 complex (2) present three parts. The first stage corresponds to the thermal stability of the complex up to 118°C. The second stage corresponds to rapid mass loss between 118 and 415°C, with a significant exothermic effect at 376°C. The mass loss corresponds to the release of two molecules of 1-ethyl-1H-imidazole and one unit of 3-oxopropanoate (77.42/77.38%, experimental/theoretical) as observed for the Cu complex. The third stage occurs after 418°C in which no mass loss is observed. The grey residue represented ZnO (22.58/22.62%, experimental/theoretical). 
[bookmark: _Hlk207459652]Structure Description of the complex 1
In the crystal structure of the coordination polymer, [Cu(C14H18N4O4)]n (1), the repeat unit of which is shown in (Figure 1), the Cu(II) center is pentacoordinated by two nitrogen atoms from two molecules of 1-ethyl-1H-imidazole and one oxygen atom in 1-mode from a di-maleate unit, and by two oxygen atoms in 2-mode from a arm of a di-maleate unit of an adjacent complex molecule. This latter contact bridges the Cu(II) cations to form a one-dimensional coordination polymer along the crystallographic b axis (Figure 2). The coordination environment can be best described as strongly distorted square pyramidal. The basal plane around the Cu(II) ion is formed by two N atoms from the 1-ethyl-1H-imidazole molecules with a Cu1—N2 distance of 1.981(2) Å, and a Cu1—N4 distance of 1.969(2) Å, two oxygen atoms : one from a maleate unit (O1) and the second from a maleate unit of an adjacent complex molecule (O3i), with a Cu—O distances of 1.9429(16) Å and 2.0336(16), respectively (Table 3). These bond lengths are similar to the values found in similar complexes (Lazarou, Boudalis, et al., 2009). The apical position of the distorted square pyramid is occupied by one oxygen atom from the neighboring maleate unit with a Cu1—O4i distance of 2.471(2) Å. This high distance value of Cu1—O4i is due to the Jahn Teller effect (Lazarou, Raptopoulou, et al., 2009). This distance is longest than those found in similar compound (TANG et al., 2009). The transoid angles in the basal plane O1—Cu1—O3i and N4—Cu1—N2 deviate severely from linearity with values of 155.05(7)° and 148.34(10)° (Table 2). These two largest angles around the CuII ion give a  parameter of 0.1118 which is indicative of a distorted square pyramidal environment around the Cu(II) ion (Addison et al., 1984). The two imidazole rings in the complex are twisted with dihedral angle of 49.40(1)°. The crystal structure of 1 is determined by a coordination synthon in which each maleate ligand is coordinated to two metal centers, giving rise to infinite one-dimensional polymer chains along the b axis (Figure 2). Adjacent chains are linked together by intermolecular hydrogen bonds C—H···O (Table 4), leading to a 3D network structure (Figure 3).
Table 3. Selected geometric parameters (Å, °). 

	N4—Cu1
	1.969 (2)
	Cu1—N2
	1.981 (2)

	Cu1—O1
	1.9429 (16)
	Cu1—O3i
	2.0336 (16)

	Cu1—O4 i
	2.471 (2)
	
	

	O4 i —Cu1—N4
	102.82 (8)
	O4 i —Cu1—O3i
	57.46(7)

	O4 i —Cu1—N2
	105.47 (8)
	O4 i —Cu1—O1
	97.67 (7)

	O1—Cu1—N4
	95.83 (8)
	O1—Cu1—O3i
	155.05 (7)

	O1—Cu1—N2
	94.20 (8)
	N4—Cu1—O3i
	92.27 (8)

	N4—Cu1—N2
	148.34 (10)
	N2—Cu1—O3i
	91.12 (7)


Symmetry code: (i) y−1/2, −x+1, z−1/4.
Table 4: Hydrogen-bond geometry (Å, °).
	D—H···A
	D—H
	H···A
	D···A
	D—H···A

	C6—H6B···O4i
	0.960
	2.426
	3.351 (13)
	161.68

	C7 —H7B···O1ii
	0.970
	2.474
	3.426(2)
	166.99

	C9—H9···O2
	0.930
	2.456
	3.160
	132.46

	C10—H10···O2iii
	0.930
	2.125
	3.036(2)
	166.01

	C2—H2A···O4iv
	0.970
	2.384
	3.319(13)
	161.90

	C3—H3···O2iv    
	0.930
	2.531
	3.310(17)
	141.38


(i) x, -y+2, z-1/2; (ii) -y+1, -x+3/2, z-1/4; (iii) y-1/2, -x+1, z-1/4; (iv) -x+1/2, y-1/2, z
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Figure 1. An ORTEP view of the repeat unit of the coordination polymer 1, showing the atom-numbering scheme. Displacement ellipsoids are drawn at the 50% probability level. Symmetry codes: (i) y−1/2, −x+1, z−1/4.
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Figure 2. The polymer expansion of complex 1, showing an infinite chain propagating along the b-axis direction.
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Figure 3. A view of the crystal packing of complex 1. Hydrogen bonds are drawn as dashed lines.
Structure Description of the complex 2
Compound 2 crystallizes in the monoclinic system with a space group P21/c. The selected bond lengths and angles are summarized in Table 5. The ORTEP diagram is illustrated in Figure 4.  The asymmetric unit contains one Zn(II) ion, one succinate unit, and two 1-ethyl-1H-imidazole. The Zn(II) ion is tetracoordinated by two nitrogen atoms from two molecules of 1-ethyl-1H-imidazole, one oxygen atom from a malonate unit and one oxygen atom from a malonate unit of a neighboring complex molecule. The Zn ion is situated in a N2O2 site. The geometry around the tetracoordinated Zn1 is determined using the distortion index or the tetragonality parameter (Yang et al., 2007) which is stated as follows 4 = (360 -  - ) / 141 ( and  are the two largest angles around the central atom). 4 = 0 designates a perfect square planar geometry and 4 = 1 gives a perfect tetrahedron. The value of 4 = 0.9055 is indicative of a distorted tetrahedral geometry around Zn1 (Figure 4). In fact, the bond angle values of 108.34(5)° [O1—Zn1—O3i], 102.67(5)° [O1—Zn1—N1], 120.06(5)° [O1—Zn1—N3], 104.21(5)° [O3i—Zn1—N1], 108.12(5)° [O3i—Zn1—N3]  , 112.27(6)° [N3—Zn1—N1]  are severely deviated from the ideal value of 109.28° for a perfect tetrahedral geometry. The bond lengths of Zn1—O1 = 1.9446(11) Å, Zn1—O3i = 1.9602 (11) Å are shorter than the values reported for similar complex [[Zn(-suc)(H2O)2(nia)2].2H2O]n (suc = succinate and nia = nicotinamide) (Demir et al., 2009). The distances Zn1—N1 = 2.0146(13) Å and Zn1—N3 = 1.9990(14) Å are comparable to values reported for the complex [Zn(im)2(suc)]n (suc = succinate and im = imidazole (Demir et al., 2012). The two imidazole rings in the complex are twisted with dihedral angle of 71.57(8)°. The crystal structure of 2 is determined by a coordination synthon in which each succinate ligand is coordinated to two metal centers, giving rise to infinite one-dimensional polymer chains along the b axis (Figure 5). Adjacent chains are linked together by numerous intermolecular hydrogen bonds C—H···O (Table 6), leading to a 3D network structure (Figure 6).
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Figure 4. An ORTEP view of the repeat unit of the coordination polymer 2, showing the atom-numbering scheme. Displacement ellipsoids are drawn at the 50% probability level. Symmetry codes: (i) y−1/2, x+1, y, z.
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Figure 5. The polymer expansion of complex 2, showing an infinite chain propagating along the b-axis direction.
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Figure 6. A view of the crystal packing of complex 2. Hydrogen bonds are drawn as dashed lines.

Table 5: Selected geometric parameters (Å, °). 
	Zn1—O1
	1.9446 (11)
	Zn1—N3
	1.9990 (14)

	Zn1—O3i
	1.9602 (11)
	Zn1—N1
	2.0146 (13)

	O1—Zn1—O3i
	108.34 (5)
	O1—Zn1—N1
	102.67 (5)

	O1—Zn1—N3
	120.06 (5)
	O3i—Zn1—N1
	104.21 (5)

	O3i—Zn1—N3
	108.12 (5)
	N3—Zn1—N1
	112.27 (6)


Symmetry code: (i) x+1, y, z.
Table 6: Hydrogen-bond geometry (Å, °).
	D—H···A
	D—H
	H···A
	D···A
	D—H···A

	C2—H2···O3i
	0.950
	2.543
	3.374
	146.21

	C3—H3···O1ii
	0.950
	2.510
	3.290
	139.36

	C4—H4A···O2i
	0.990
	2.420
	3.404
	172.24

	C4—H4B···O4iii
	0.990
	2.652
	3.409
	170.54

	C5—H5B···O1ii
	0.980
	2.613
	3.583
	170.54

	C7—H7···O4iv
	0.950
	2.419
	3.235
	143.76

	C8—H8···O2v
	0.950
	2.543
	3.466
	64.00

	C9—H9B···O4iv
	0.990
	2.660
	3.540
	148.18

	C12—H12A···O3iii
	0.990
	2.474
	3.451
	169.34


(i) -x, -y+1, -z; (ii) -x+1, -y+1, -z+1; (iii) -x, -y+1, -z+1; (iv) x+1/2, -y+3/2, z-1/2; (v) x+1, y, z 

Conclusion
In the present work, we report the synthesis and characterization of two new polymeric complexes of copper(II) and zinc (II) prepared, respectively, from maleic acid and succinic acid used as ligand. In both reaction, 1-ethyl-1H-imidazole was used as co-ligand. Complexes of ratio 1:1:2 (Metal/Diacid/1-ethyl-1H-imidazole  were recovered. The structure of the complexes are elucidated by infrared and UV-visible spectroscopies, thermal study and X-ray crystallographic analyze. In the copper(II) complex the metal center is pentacoordinated and the metal ion is situated in N2O3 inner. The environment around the Cu(II) ion is best described as a distorted square pyramidal environment. The coordination complex is a polymeric structure, in which each bridging maleate ion acts in 1:2:2-mode. In the zinc(II) complex the metal center is tetracoordinated and the metal ion is situated in N2O2 inner. The environment around the Cu(II) ion is best described as a distorted tetrahedral geometry environment. The coordination complex is a polymeric structure, in which each bridging succinate ion acts in 1:1:2-mode.
Supporting information
[bookmark: _GoBack]CCDC- 2430216 and 2432731 contain the supplementary crystallographic data for the copper (II) complex(1) and the zinc(II) complex (2). These data can be obtained free of charge via Available https://www.ccdc.cam.ac.uk/ structures/, or by contacting The Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK.
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