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Abstract  

The synthesis, crystal structures and magnetic property of an uncommon oxalate-containing 

copper(II) chain of formula [Cu(L)(Ox)2(H2O)]n (2), where L = 3,5 dimethyl-1-(2΄-pyridyl)-

pyrazole and a mononuclear Cu(II) complex [Cu(L)(NO3)2] (1) derived from the same ligand, 

which can be used as the precursor of compound 2 are reported. The structure of 2 consists of 

tridentate oxalate-bridged (µ1,2,3) copper(II) chains, ligand (L) and crystallization water 

molecules. Variable-temperature magnetic susceptibility measurements of 2 show the 

occurrence of a weak ferromagnetic interaction through the oxalate bridge [J = +1.95 ± 0.08 

cm-1]. The small J value can be interpreted as a consequence of the almost nil overlap 

between the Cu(II) ions through the bridging ligand due to the different character (axial and 

equatorial), giving quasi-orthogonal magnetic orbitals. DFT calculations have been used to 

rationalize several aspects including the magnetic coupling mechanism and the interesting 

noncovalent interactions observed in the solid state architecture of compounds 1 and 2. 

 

Keywords: X-ray crystal structure; Tridentate µ1,2,3 oxalate bridging; Ferromagnetism; DFT 

calculations; Noncovalent interactions 
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Introduction 

Inorganic chemists have shown interest in synthesizing coordination complexes of 

heterocyclic base ligands because of their broad applicability in catalysis, in designing 

molecular ferromagnets, in biological modeling as liquid crystals and as heterogeneous 

catalysts.1,2 It is well known that the careful selection of the organic ligands is one of the key 

factors for the synthesis of the coordination compounds with novel structures.  

Oxalate ion has been demonstrated to be excellent connector for the construction of 

organic–inorganic hybrid polymeric compounds. The oxalate group (dianion of the 

ethanedioic acid, H2Ox) is a classical ligand in coordination chemistry and in magneto-

structural studies due to the great number of coordination modes that it exhibits in its metal 

complexes3–6 together with its remarkable ability to mediate strong magnetic interactions 

between the paramagnetic metal ions when acting as a bis-bidentate bridge, the metal-metal 

separation being larger than 5.4 Å.6 In the available oxalate copper(II) complexes, the µ1,2,3,4-

bis-chelating mode is more frequently exhibited, while the number of structurally 

characterized complexes in which the oxalate group acts as tridentate ligand is scarce7 that 

exhibit weak antiferromagnetic interactions between copper(II) ions.8–13 The ferromagnetic 

complexes with tridentate coordination mode are very rarely reported. Here, we report a weak 

ferromagnetic tridentate oxalato bridged 1D Cu(II) polymeric complex along with a 

monomeric Cu(II) complexes derived from strongly coordinating bidentate pyridyl-pyrazole 

(L) ligand. Magnetic susceptibility measurements reveal a weak ferromagnetic interaction 

between the adjacent Cu(II) ions separated by 5.399 Å. There are several oxalato bridged 

Cu(II) complexes among which some are antiferromagnetic in nature and some other shows 

ferromagnetic behaviour (vide infra). Keeping all these results in mind we extend our work 

beyond the monomeric Cu(II) complex (complex 1) derived from pyridyl-pyrazole (L) ligand 

and finally have synthesized a weak ferromagnetic tridentate oxalato bridged 1D Cu(II) 

polymeric complex (complex 2) from the same ligand in two different ways (Scheme 1). The 

first one was synthesized by 1:1 condensation between K2[Cu(Ox)2] and the ligand ‘L’ in 

methanol solvent and the second one was synthesized from the condensation of the complex 

1 with oxalic acid in aqueous media. Even though a great variety of oxalato-bridged 

polynuclear complexes have been structurally and magnetically characterized (from discrete 

dimers to three-dimensional systems), to the best of our knowledge only a few weak 

ferromagnetically one-dimensional µ1,2,3 tridentate oxalato-bridged copper(II) compounds are 

known.14 Moreover, compound 2 is the first example of a the tridentate oxalate-bridged 

(µ1,2,3) copper(II) based on pyridyl pyrazole ligand. Finally, we also report herein density 
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functional theory (DFT) calculations where we analyze two interesting aspects of the 

complexes. First, we study the interesting π-hole noncovalent interactions involving the 

coordinated nitro ligands in compound 1. As a matter of fact, the importance of this particular 

interaction in supramolecular chemistry has been recently investigated15 combining a 

comprehensive analysis of the CSD and theoretical calculations. Second, the magnetic 

properties of compound 2 have been rationalized using the broken-symmetry approach and 

analyzing the spin density of a Cu2 dimeric model of the polymeric chain. 

Experimental section 

Materials 

All chemicals were of reagent grade, purchased from commercial sources and used without 

further purification. 2-chloro pyridine, acetyl acetone and hydrazine hydrate (Aldrich) were 

used without further purification. 

Physical Measurements 

Elemental analyses (C, H and N) of the ligand and the metal complexes were determined with 

a Perkin–Elmer CHN analyzer 2400. Magnetic susceptibilities were measured on a Quantum 

Design MPMSXL5 (SQUID) magnetometer. Diamagnetic corrections were estimated from 

Pascal’s constants for all constituent atoms. The electronic spectra of the complexes in 

methanol solution were recorded on a Hitachi model U-3501 spectrophotometer. FT–IR 

spectra were recorded on a Perkin Elmer; model RX–1(KBr disk, 4000–400 cm–1) 

spectrometer. 

Synthesis of 3,5 dimethyl-1-(2΄-pyridyl) pyrazole (L) 

The ligand L (3, 5 dimethyl-1-(2΄-pyridyl) pyrazole) was synthesized following the reported 

method.16
 

Synthesis of Compound [Cu(L)(NO3)2] (1) 

A methanolic solution (10 mL) of the ligand L (0.173g, 1 mmol) was added drop wise to a 

solution of Cu(NO3)2, 6H2O (0.295g, 1 mmol) in the same solvent (10 mL) with constant 

stirring which continued for 2 h. The separated resulting green compound was filtered and 

dried over silica gel in desiccators. Then the solution was left for slow evaporation. After one 

week deep green X-ray quality crystals of 1 were isolated. (Yield: 62%). Anal. Calc. for 

C10H11CuN5O6: C,33.26; H,3.05; N,19.40. Found: C,33.21; H,3.01; N,19.42. µeff (at 298K) = 

1.72 B.M. λmax/nm = 287 and 327 (Fig. S1). Main FT-IR absorptions, (KBr pellets): ν = 1429 

(s), 1315 (s), 1051 (m) (Fig. S2).  
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Synthesis of Compound [Cu(L)(Ox)2(H2O)]n (2) 

The methanolic solution of K2[Cu(Ox)2]·2H2O (0.354 g, 1 mmol) was added to an aqueous 

methanolic solution of the ligand L (0.173 g, 1 mmol). The mixture was stirred for 2 h, 

filtered and kept for slow evaporation. After one week blue X-ray quality crystals of 2 were 

obtained. (Yield: 69.5%). Anal. Calc. for C24H24Cu2N6O9: C,43.14; H,3.59; N,12.58. Found: 

C,43.11; H,3.57; N,12.60. λmax/nm = 291 and 318 (Fig. S3). FT-IR absorptions, (KBr pellets): 

ν = 1640 (s), 1484 (m), 1341 (s), 1059 (m), 795 (s) (Fig. S4).  
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X-ray crystallographic data collection and refinement 

Selected crystal data for 1 and 2 are given in Table S1 and selected metrical parameters of the 

complexes are given in Table S2. For both complexes 1 and 2 data collections were made 

using Bruker SMART APEX II CCD area detector equipped with graphite monochromated 

Cu and Mo Kα radiation (λ = 0.71073 Å) source in φ and ω scan mode at 90(2) and 150(2) K 

respectively. Cell parameters refinement and data reduction were carried out using the Bruker 

SMART and Bruker SAINT softwares17 for all the complexes. The structure of all the 

complexes were solved by conventional direct methods and refined by full-matrix least 
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square methods using F2 data. SHELXS-97 and SHELXL-97 programs18 were used for 

structure of all the complexes solution and refinement respectively. For both complexes non 

hydrogen atoms were refined anisotropically till the convergence is attained.  

Theoretical methods 

The energies of all complexes included in this study were computed at the BP86-D3/def2-

TZVP level of theory. We have used the crystallographic coordinates for the theoretical 

analysis of the non-covalent interactions observed in the solid state. This level of theory has 

been shown useful and reliable to study noncovalent interactions like those analyzed 

herein.19a,b The calculations have been performed by using the program TURBOMOLE 

version 6.5.20 For the calculations we have used the BP86 functional with the latest available 

correction for dispersion (D3).21 The Bader’s "Atoms in molecules" theory has been used to 

study the interactions discussed herein by means of the AIM all calculation package.22  
 

 The magnetic coupling constants are described using the Heisenberg model. The 

hybrid B3LYP functional23a-c has been used in all calculations as implemented in Gaussian-

09,24 using the 6-31+G* basis set for all atoms. The approach used to determine the exchange 

coupling constants for dinuclear and trinuclear complexes has been described before in the 

literature.25a-d 
 

Results and discussion 

Crystal Structure Description of Complex 1 

The perspective view of molecular structure of complex 1 with atom numbering scheme is 

shown in Fig. 1. Complex 1 crystallizes in space group P-1 in which the unit cell is 

comprised of two molecules.  
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Fig. 1 Molecular structure of complex 1 with ellipsoids drawn at 50% probability. Color 
code: Cu(II), sky; O, red; N, blue; C, grey; H, light green. 

Complex 1 is distorted octahedral where the ligand L, spans the adjacent positions [N1–Cu1–

N3=81.54(6)o] as a neutral bidentate NN donor via one pyridyl nitrogen (N3) and one 

pyrazolyl nitrogen (N1). The other four positions of the octahedral geometry are occupied by 

two oxygen atoms from two different bidentate nitrate anions (O1, O2 and O4, O5). The Cu – 

N bond distances [Cu1–N1=1.947(18) Ǻ, Cu1–N3=1.977(17) Ǻ] and the copper-oxygen 

bond lengths [Cu1–O1=2.419(16) Ǻ, Cu1–O2=1.972(16) Ǻ, Cu1–O4=2.481(16) Ǻ and Cu1–

O5=1.991(16) Ǻ] are in accord with those values reported previously for similar type of six 

coordinated octahedral Cu(II) complexes.26–28 Cu(II) atom sits in the same mean plane 

constituted by N1N3O5O2 atoms. The three trans angles are N1-Cu1-O5 (160.05o), N3-Cu1-

O2 (163.47o) and O4-Cu1-O1 (128.69o) departed from the ideal trans angle of 180o due to 

some steric obligations. This is most likely due to the small bite angles [O1–Cu1–

O2=58.05(5)o and O4–Cu1–O5=56.74(5)o] of the bidentate nitrate ligand, which may induce 

a distortion in the geometry of the complex.29 In this coordination game the pyridyl part is 

slightly twisted by 9.25o with respect to the pyrazole part. There are two types of anion–π 

interactions involving the non coordinating atoms O(6) and O(3) of the nitrate anions that are 

orientated towards the π-face (Fig. 2) of the ligand, pointing to the middle of the N2–C4 bond 

(the anion–π distances are summarized in Table 1). It is remarkably the short distance 

observed for the N(5)-O(6)···π contact (< 3.0 Å) that is indicative of a strong interaction. As 

demonstrated below in the theoretical study by molecular electrostatic potential (MEP) 

calculations this part of the π-system is the most adequate for interacting with electron rich 

moieties. 

 

Fig. 2 Anion–π interaction along a axis in 1 to form an infinite 1D chain. Distances to the N–
C ring centroid are given in Å. Hydrogen atoms are omitted for clarity. Color code: Cu(II), 
sky; O, red; N, blue; C, grey.  
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Table 1 Geometric features (distances in Å and angles in degrees) of the anion–π interactions 

observed in complex 1 (Cg = centre of gravity C4–N2 bond) 

Interaction O···N O···C ∠N–O···Cg ∠O···Cg–N 

N(4)-O(3)···π 

N(5)-O(6)···π 

3.128(5) 

2.964(5) 

3.387(6) 

2.974(7) 

132.8 

134.4 

79.1 

89.6 

 

Structural description of complex 2 

The Perspective view of complex 2 with atom numbering schemes is shown in Fig. 3. The 

complex crystallizes in space group C2/c. The crystal structure of title compound reveals the 

presence of water molecule of crystallization with the neutral [Cu(Ox)(L)] moiety. The unit 

cell of 2 comprises of four molecules. The complex units are stacked in parallel and linked 

one to other through long Cu-O distances forming a one dimensional chain along the  

 

Fig. 3 Molecular structure of complex 2 with ellipsoids drawn at 50% probability. Color 
code: Cu(II), sky; O, red; N, blue; C, grey; H, light green. 

crystallographic ‘a’ axis (Fig. S5). As indicated in the structural part of 2 two oxygen atoms 

of one bridging oxalate anions (O2 and O4), one oxygen of other bridging oxalate anion (O1) 

and two cis-coordinated nitrogen atoms [one from pyrazole (N3) and other from pyridine 

(N1)] of the ligand constitute a slightly distorted tetragonal square pyramid surrounding the 
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Cu(II) ion. Two copper atoms are crystallographically indistinguisible. The equatorial Cu – 

Obasal [Cu1-O2 (1.951Å) and Cu1-O4 (1.924Å)] and Cu–N [Cu1-N1 (1.988Å) and Cu1-N3 

(1.988Å)] bond distances are comparatively shorter than Cu–Oaxial bond distance (Cu1–O1 = 

2.284Å). The lengthening of the axial bond distance can be explained by the fact that the 

informing the axial bond less s- character has been utilized. In this situation the unpaired 

electron resides in a dx
2

-y
2 type orbital pointing to the four atoms with short metal–ligand 

distances (in the basal plane). The overlapping density between σ type orbitals should be 

rather small, while the 2p orbitals of the bridging axial oxygen (O1) atom, which is involved 

in the axial interaction, is approximately orthogonal to the dx
2

-y
2 orbital of the Cu(II) ion. Cu 

atom is displaced by 0.226Å from the N2O2
 least square plane (N1O2O4N3) towards the axial 

O1 atom. The angles around the copper atom in it are close to ideal angle 90o. The metal- 

metal separation (Cu–Cu) within the chain of stacked molecules is 5.393Å. These values are 

more or less similar to the intramolecular Cu–Cu distance (5.399Å) in the  asymmetrical 

binuclear cation [(dien)Cu(µ-ox)Cu(H2O)2-(tmen)]2 (dien = diethylenetriamine and tmen = 

NNN′N′-tetramethylenediamine),30 but are somewhat longer than the value of 5.29 Å, 

reported for the sheet like polymer [Cu2(ox)2(pyz)3]n (pyz = pyrazine).31 Pyrazole part is 

slightly twisted by an angle 2.31o with respect to the pyridyl ring. The oxalate and pyridyl 

part is twisted by an angle 17.03o whereas the same with pyrazole part is 17.8o. 

 

Fig. 4 π–π interaction along c axis in 2 to form 2D sheet. Hydrogen atoms are omitted for 
clarity. Color code: Cu(II), sky; O, red; N, blue; C, grey. 
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A two-dimensional supramolecular sheet (Fig. 4) is formed in complex 2 by multiple 

face-to-face π–π stacking interactions between the 1D infinite chains that involve the pyridine 

rings [Cg(4)], N1-C1-C2-C3-C4-C5] of one chain with the symmetry related (1-X,-Y,1-Z) 

pyridine rings [Cg(4)] of the neighboring chain (Table 2). Each molecule of [Cu(L)(Ox)] is 

assembled by C–H/π interactions along c-axis (Fig. 5) involving the one C(methyl)–H group, 

C(10)–H(10B) donor group of pyrazole ring and another pyridine ring Cg(4) [the ring 

centroid defined by N1-C1-C2-C3-C4-C5 atoms] of symmetry 3/2-X,1/2-Y,1-Z and another 

type involving C(10)–H(10C) donor group of pyrazole ring and aromatic pyrazole ring Cg(3) 

(the ring centroid defined by N2-N3-C6-C7-C8 atoms) of symmetry 3/2-X,-1/2-Y,1-Z (Fig. 

5) (Table 3).  

 

 

Table 2 Geometric features (distances in Å and angles in degrees) of the π–π interactions 

obtained for 2 

Cg(Ring I)–

Cg(Ring J) 

Cg–Cg Cg(I)٠٠٠Perp Cg(J)٠٠٠Perp Α Β Γ Symmetr

y 

Cg(4)–Cg(4) 3.731(3) 3.372 3.372 0.02 25.34 25.34 1-X,-Y,1-

Z 

α = Dihedral angle between ring I and ring J (°); β= Cg(I)-->Cg(J) or Cg(I)-->Me vector and 

normal to plane I (°); γ = Cg(I)-->Cg(J) vector and normal to plane J (°);Cg-Cg = Distance 

between ring Centroids (Å); CgI----Perp = Perpendicular distance of Cg(I) on ring J (Å); CgJ-

---Perp = Perpendicular distance of Cg(J) on ring I (Å); Cg(4) = centre of gravity of ring [N1-

C1-C2-C3-C4-C5] for complex 2. 

 

Table 3 Geometric features (distances in Å and angles in degrees) of the C–H/π interactions 

obtained for 2 

C–H···Cg(Ring) H···Cg 

(Å) 

C–H···Cg (°) C···Cg (Å) Symmetry 

C10 – H10B···Cg(4) 
 
C10 – H10C···Cg(3) 

2.82 
 

2.60 

165 
 

138 

3.752(4) 
 

3.368(3) 

3/2-X,1/2-Y,1-Z 
 

3/2-X,-1/2-Y,1-Z 
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For complex 2, Cg(4) = centre of gravity of ring [N1-C1-C2-C3-C4-C5], Cg(3) = centre of 

gravity of ring [N2-N3-C6-C7-C8].  

 

Fig. 5 C-H/π along a axis to form 2D sheet in 2. Non related hydrogen atoms are omitted for 
clarity. Color code: Cu(II), sky; O, red; N, blue; C, grey; H, light green. 

Magnetic Properties 

The magnetic property of complex 2 is shown in Fig. 6 as χMT vs. T and M/NµB vs. H (inset) 

respectively. The values of χMT at 300 K are 0.5 cm3mol-1K which is as expected for 

magnetically quasi-isolated spin doublets (g > 2.00). Starting from the room temperature χMT 

values remain practically constant up to 50 K and below 50 K it increase quickly to 1.1 

cm3mol-1K at 2 K. This global feature is characteristic of very weak ferromagnetic 

interactions. The M/NµB value at 5 T is close to 1.1 and the curve practically follows the 

Brillouin law, assuming g > 2.0, logical for any Cu(II) ion. Complex 2 is, actually, a one-

dimensional system in which the copper atoms are linked by oxalato bridging ligands in 

axial-equatorial form. This feature gives a uniform S = ½ system (with J = coupling 

parameter for the Cu-bridge-Cu pathway). The fit of the magnetic data has been carried out 

using the formula given by Kahn for this kind of uniform ferromagnetic S = ½ chains32. 

According to Kahn’s model6,32, the coupling constant ‘J’ can be decomposed into two terms, 

one positive (ferromagnetic, JF) and the other negative (antiferromagnetic, JAF), the 

expression being J = JF + JAF. In such a model, the value of the negative term is proportional 

to the square of the overlap integral (S2) between the two metal centered magnetic orbitals. In 

the case of complex 2, the poor overlap between the two parallel magnetic orbitals through 

the two OCO oxalate set of atoms would lead to a weak ferro- or antiferromagnetic coupling. 
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The best-fit parameters obtained with this model are J = +1.95 ± 0.08 cm-1, g = 2.21 ± 0.01 

and R = 1.1 x 10-4. This result is a signature of the very weak ferromagnetic coupling 

mediated through the bridging ligands. The small J value can be interpreted as a consequence 

of the almost nil overlap between the Cu(II) ions through the ligand due to the different 

character (axial and equatorial), giving quasi-orthogonal magnetic orbitals. The symmetry of 

the Cu(II) ion is distorted square-pyramidal (τ parameter = 0.18; 0 for square pyramidal and 1 

for trigonal bipyramidal). The major tendency to adopt the square pyramidal geometry avoids 

the necessary molecular overlap because the electronic density in a square pyramidal is in the 

dx2-y2 orbital. No important density is in the dz2 orbital (which corresponds to axial direction). 

The calculated J value must be taken with care, because being so small, any interchain 

coupling will be of the similar order of magnitude (but antiferromagnetic).  

 

Fig. 6 χMT  vs. T and M/NµB vs. H (inset) for complex 2. 

Magneto-structural comparison  

The versatility in coordination modes of oxalate ion in metal complexes (Fig. S6) constitutes 

the basis for the development of synthesis and magneto-structural investigation of oxalate 

bridged complexes [here Cu(II) complex] where the magnetic metal centers are as far away 

as 5 Å. The magnetic coupling in oxalato complexes ranging from weak ferromagnetic (6-

9)32,33,35,36 to weak antiferromagnetic (3-5)33,34 through the moderate (10,11)37,38 to strong 

(12,13)39,40 antiferromagnetic are shown in Table S3 (our synthesized oxalato bridged copper 

complex is listed as number 2). Detailed analysis of oxalate bridged Cu(II) complexes 

establish that their magnetic exchange interactions are strongly dependent on the geometry 
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around the Cu(II) ion, sensitive to the orientation of the magnetic orbital of each Cu(II) ion 

relative to the oxalate plane and the bridging mode of the oxalate group. It has been found in 

oxalate-bridged copper(II) complexes that strong antiferromagnetic coupling (J ranging from 

-260 to -400 cm-1) results when the short Cu(II)–ligand bonds are coplanar with the bridging 

ligand (topology A in Fig. S7) and the singly occupied molecular orbitals (SOMO’s) are built 

up from metal ‘d’ orbitals (dx
2

-y
2 type orbitals in square pyramidal or elongated octahedral 

geometry) well oriented to interact with the bridging ligand. When one of the Cu(II)– oxalate  

bridge distance is long (oxalate bridge is asymmetrically coordinated) the two metal–centred 

magnetic orbitals are parallel to each other and perpendicular to the bridging oxalate 

(topology B in Fig. S7) and the interaction is poor which results a weak magnetic coupling (J 

ranging from +3 to -45 cm-1). An intermediate case is that for which one of the magnetic 

orbitals is coplanar with the oxalate bridge whereas the other one is perpendicular to it 

(topology C in Fig. S7),37 as in complex 2. 

Theoretical study  

We have divided the theoretical study into two parts. Firstly, we have analyzed the 

noncovalent interactions energetically focusing our attention to the C–H/π, anion–π and π–π 

interactions observed in the solid state of compounds 1 and 2. In addition, we have also 

examined the antiparallel intermolecular NO3···NO3 interaction observed in compound 1. 

Similar interactions have been recently attracted attention due to their increasing interest in 

supramolecular chemistry and crystal engineering.41 Secondly, we have used DFT 

calculations combined with the broken symmetry approach to gain insight into the qualitative 

theoretical interpretation on the overall magnetic behavior of the complex. 

Noncovalent interactions  

We have focused the theoretical study of compound 1 to the supramolecular 1D chain found 

in its solid state structure that is characterized by the presence of self-complementary anion–π 

interactions (Fig. 2). First of all, we have computed and analyzed the MEP surface of 

complex 1 (X-ray asymmetric unit), that is shown in Fig. 7A. It can be observed that the most 

positive electrostatic potential isovalue is located close to the aromatic hydrogen atoms of the 

ligand, which that are more acidic than in the free ligand due to the coordination to the CuII 

ion. The blue (positive electrostatic potential) contours also include the π-system and, 

remarkably, the countour corresponding to the isovalue = +30 kcal/mol reaches the region of 

the N2–C4 bond. The electrostatic potential over the center of the pyridine ring is smaller 

(+26 kcal/mol). This result is helpful to explain the location of the uncoordinated oxygen 
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atom (O6, see Fig. 7B) of the nitrate in the X-ray geometry that is pointing to the middle of 

the C–N bond. We have computed the interaction energy of the self-assembled dimer (see 

Fig. 7B), which is large and negative (∆E1 = –22.4 kcal/mol). A detailed analysis of this 

dimeric unit reveals that the coordinated nitrate ligands are also interacting to each other (see 

Fig. 7C). That is, the O4 oxygen atom of one complex is located at 3.065(5) Å from the N5 

nitrogen atom of the other complex and vice versa (the O4···N5 distance is slightly shorter 

than the sum of van der Waals radii that is 3.07 Å). This interaction is similar to antiparallel 

CO···CO interactions described in the literature;42  however, it should emphasized that in 

complex 1 the antiparallel NO···NO interaction involves two anionic ligands (even though 

part of the charge is transfer to the metal center). Therefore this interaction can be considered 

as a pseudo antielectrostatic interaction that has been recently described for hydrogen 

bonds.43 In order to investigate if this NO···NO interaction is energetically favored we have 

used a theoretical model (see Fig. 7D) where the aromatic ligands have been eliminated and 

only the NO···NO interaction is evaluated. As a result the computed interaction energy is ∆E2 

= –9.1 kcal/mol that indicates a favorable contribution of this interaction. It should be 

mentioned that this is only a rough estimation of the NO···NO interaction energy because the 

coordination environment of the Cu ion has changed in this reduced model with respect to 

complex 1. However, it likely demonstrates (at least qualitatively) that this pseudo 

antielectrostatic interaction is energetically favorable. Moreover, in an effort to evaluate the 

anion–π interaction, we have used an additional theoretical model where the nitrate 

counterions have been replaced by nitrite ligands (see Fig. 7E). This model does not have the 

contribution of the O6···π interaction that can be then estimated by comparing ∆E1 and ∆E3. 

As a result the contribution of the anion–π interaction (O6···π) to the formation of the dimer 

is ∆E1 – ∆E3 = -9.8 kcal/mol. We have also used the Bader’s “atoms-in-molecules” to further 

characterize and these interactions and the results are discussed in the SI.  

In the polymeric complex 2 we have evaluated energetically the noncovalent 

interactions that are relevant to rationalize the crystal packing described in Figs. 4 and 5. We 

have used a repeating structural unit of the polymeric chain of compound 2 for the 

calculations. The theoretical models to analyze the CH/π and π–π interactions are shown in 

Fig. 8. The interaction energy of the C–H/π self-assembled complex (Fig. 8A) is larger in 

absolute value (∆E4 = –15.0 kcal/mol) than expected for this type of interaction.45 This is 

likely due to additional electrostatic forces between the anionic oxalate ligands and the 

hydrogen atoms of the methyl groups that are separated by ~3.8 Å (see Fig. 8A). We have 
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also computed a theoretical model where only the organic ligands are considered (see Fig. 

8B). As a result the interaction energy is reduced to ∆E5 = –6.8 kcal/mol indicating that each 

C–H/π interaction contributes in 3.4 kcal/mol. The π–π interaction mode observed for the 

coordinated pyridine rings in antiparallel. Previous studies46 have demonstrated that this 

arrangement is energetically favored over the parallel binding model. The interaction energy 

of the π–π model dimer is ∆E6 = –6.7 kcal/mol that is similar to previously reported in 

coordinated pyridine and pyrimidine rings (see Fig. 8C).46 We have also examined the 

distribution of critical points of both dimeric complexes and a good agreement with the 

energetic analysis is found (see Fig. S9 in ESI for the results). 

 
Fig. 7 A) MEP surface computed for 1. B and C) Two views of the self-assembled dimer 
observed in the solid state of 1. (D) Theoretical model without the organic ligands. (E) 
theoretical model where the nitrate ligands have been replaced by nitrite ligands.  
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Fig. 8 Theoretical models used to evaluate the noncovalent interactions observed in the solid 
state of 2 (A-C).  

Finally, we have analyzed the the magnetic coupling interaction theoretically in a 

dinuclear model of compound 2 by computing the spin density distribution. According to the 

molecular orbital theory, spin delocalization is the result of electron transfer from the 

magnetic centers to the ligand atoms. A spin-exchange model was generated for theoretical 

studies using the crystal structure geometry. The theoretical model has been simplified, i.e. 

hydrogen atoms instead of methyl groups have been used in order to keep the size of the 

system computationally approachable (Figs. 9A and 9B). The calculation of the individual 

pair-wise exchange constant has been carried out by means of spin-unrestricted DFT 

calculations using the B3LYP method and employing the 6-31+G* basis set. The theoretical J 

value calculation has been performed computing the difference between the energy values of 

the highest spin state and the broken-symmetry state. Using this methodology and the 

simplified dinuclear model the theoretical J is 2.4 cm–1 that is in good agreement with the 

experimental value (1.95 cm–1) and confirms the weak ferromagnetic coupling between both 

metal centers. The Mulliken spin population analysis (Table 4) indicates that a significant 

spin (ca. 0.73 e) is delocalized through the ligands, and the rest (1.27 e) is carried by the 

copper atoms. The spin density plot is shown in Fig. 9C for the high spin state of 2. The spin 

density distribution shows a delocalization mechanism in which the Cu atoms carry 64 % of 

net spin and the remaining part is delocalized through coordinating atoms.  

Table 4 Mulliken spin densities (e) computed for the high spin configuration of the Cu2 

dimer model of compound 2. See Fig. 9 for numbering scheme 

Atom Label Spin density  Atom Label Spin density  

Cu1 0.62 N1 0.07 

Cu1’ 0.65 N1’ 0.10 

O1 0.01 N3 0.05 

O2 0.10 N3’ 0.06 

O3 0.03 C11 -0.00 

O4 0.15 C12 -0.01 

 

In a square-pyramidal CuII complex, the dx2−y2 orbital contains the unpaired electron; 

consequently these orbitals along with the local orbitals of the bridging ligands are involved 

in the super-exchange pathway, which is confirmed by the spin density plot shown in Fig. 9C. 
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The spin density at the O1 is very small (0.01 e) therefore a very weak ferromagnetic 

coupling is mediated through the bridging ligand communicating the quasi-orthogonal 

magnetic orbitals. Interestingly, the spin density computed at the carbon atoms of the 

bridging oxalate group C11 and C12 are negative (-0.003 and −0.010 e, respectively), 

indicating a spin polarization mechanism that facilitates the ferromagnetic interaction. 

 

 
Fig. 9 X-ray, theoretical model and spin density plot (isovalue = 0.004 e Å−3) of the dinuclear 
fragment of complex 2. 
Conclusion 

A new one-dimensional oxalate-containing copper(II) complex, namely [Cu(L)(Ox)2(H2O)]n 

(2) has been synthesized by condensing the metal salt with the  ligand in methanol solvent 

and then again by condensing the precursor complex [Cu(L)(NO3)2] (1) with oxalic acid in 

aqueous media. The geometry around each Cu(II) in 2 is axially elongated square pyramidal 

with the intrachain copper-copper separation being 5.399 Å. The magnetic studies reveal a 

weak ferromagnetic interaction through the oxalate bridge, its nature and magnitude being in 

a good agreement with available magneto-structural data for oxalate-bridged copper(II) 

complexes where the same out-of-plane exchange pathway is involved. The DFT calculations 

combined with the broken symmetry approach provide a good estimate of the weak 

ferromagnetic coupling that is mediated through the tridentate µ1,2,3 oxalate bridging ligand as 

corroborated by the spin density plot. Moreover, the interesting noncovalent interactions 

observed in the solid state have been studied by means of DFT calculations assigning discrete 

energetic values to them. The most important finding is the pseudo antielectrostatic 

interaction between the nitrato ligands that has been characterized both energetically and 

using the “atoms-in-molecules” methodology. 
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For Table of Contents Use Only 

The synthesis of an uncommon oxalate-containing copper(II) chain of formula 

[Cu(L)(Ox)2(H2O)]n (2) and a mononuclear Cu(II) complex [Cu(L)(NO3)2] (1) are reported. 

The uncommon π-hole interactions observed in 1 are rationalized using DFT calculations. 
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