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A B S T R A C T   

Two heterometallic complex salts, as polymorphs of a solvate, consisting of three different mononuclear units, 
[CuCl(phen)2][Cu(H2O)(phen)2][Cr(C2O4)3]⋅nH2O [n = 5 (1) and n = 8 (2); phen = 1,10-phenanthroline] were 
obtained in reactions in which [Cr(C2O4)3]3− was used as a building unit. The polymorphs of a solvate are 
obtained in crystalline forms that differ in type or stoichiometry of included solvent molecules, mostly obtained 
under different conditions. In this [CuIICrIII] system, the used solvents and crystallization method influence the 
final product, i.e., the formation of a specific solvatomorph. From the reaction of an aqueous solution of K3[Cr 
(C2O4)3]⋅3H2O and acetonitrile solutions containing phen and CuCl2⋅2H2O, compound 1 was formed when the 
layering technique is used; and compound 2 can be obtained from the mixture of these reactants, but using 
methanol instead of acetonitrile. Based on the index parameter for the degree of trigonality, τ, the geometry of 
copper(II) atoms of the [Cu(H2O)(phen)2]2+ cations in 1 and 2 are distorted from square pyramidal toward 
trigonal bipyramidal conformation, while those of [CuCl(phen)2]+ have a trigonal bipyramidal geometry. 
Interestingly, in the presence of [NBu4]+ cations, and applying slow liquid diffusion, partial decomposition of the 
building block [Cr(C2O4)3]3− occurred and the homobinuclear oxalate-bridged complex [{Cu(bpy)Cl}2(µ-C2O4)]⋅ 
CH3OH (3; bpy = 2,2′-bipyridine) was formed. Consequently, the oxalate ligand released from the coordination 
sphere of CrIII was coordinated to CuII ions during the crystallization process. The obtained oxalate-based 
compounds 1–3 were characterized by IR spectroscopy and single-crystal X-ray diffraction.   

1. Introduction 

There is a constant search for novel metal–organic complexes with 
potential applications as functional materials in catalysis, gas storage, 
separation, conductivity and magnetism, underpinning development of 
modern materials science. The interest of scientists, working in various 
fields such as coordination chemistry, crystal engineering and materials 
chemistry, in coordination compounds with high dimensionality is 
associated with both structural and functional versatility [1–3]. 

Among the numerous organic ligands used to construct high- 
dimensional systems, oxalate ligand (C2O4

2− ) gains special attention 
due to its rigidity, good donor ability and a variety of coordination 
modes. Moreover, this ligand is frequently used for the design and 
synthesis of molecule-based magnets, because it can mediate the mag-
netic exchange interaction between metal centres when coordinated as a 
bridge between two paramagnetic metal atoms. Most of the oxalate- 

based molecular magnets described so far have been obtained by the 
“complex-as-ligand approach”. In this synthetic strategy, a molecular 
building block, the tris(oxalato)metalate [MIII(C2O4)3]3− anion (MIII =

Cr, Fe, Ru, Rh, Mn, or V), is used as a ligand toward other metal cations. 
The dimensionality and nuclearity of these oxalate-bridged compounds 
are controlled by a templating counterion, namely its size, charge and 
geometry as well as synthetic conditions. The combination of oxalate- 
based magnetic coordination polymers with organic/inorganic func-
tional cations provides a suitable approach for designing hybrid mag-
netic materials exhibiting multifunctional properties [4–6]. For 
example, several compounds were reported to be formed by inserting 
the complexes of FeIII, such as [Fe(sal2-triene)]+ or [Fe(bpp)2]2+

(H2sal2-triene = N,N’-disalicylidene triethylenetetramine; bpp = 2,6 
(bispyrazol-3-yl)pyridine), between 2D [Mn2

II(C2O4)3]n
2n− and 

[MnIICrIII(C2O4)3]n
n− layers, or by encapsulating in a 3D 

[MnIICrIII(C2O4)3]n
n− network, in order to obtain materials with a 
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coexistence of magnetic ferromagnetic order and spin-crossover, where 
the critical temperature of the magnet can be tuned by an external 
stimulus (light and pressure) acting on the spin-crossover component 
[7–12]. 

The use of the tris(oxalato)chromium(III) anion, [Cr(C2O4)3]3− , in 
the reactions with organic and inorganic cations leads to various types of 
structures, from discrete polynuclear metal compounds to polymeric 
one- (1D), two- (2D) or three-dimensional (3D) assemblies that exhibit a 
range of different magnetic properties [13–24]. In general, the intro-
duction of organic ligands containing N-donors, such as 2,2′-bipyridine 
(bpy) or 1,10-phenanthroline (phen), into the metal–oxalate systems 
prevents the formation of very insoluble oxalate species and can also 
stabilize the structure in the solid state. 

Continuing our research on the structural diversity of oxalate-based 
compounds, which affects their magnetic and, more recently, their 
electrical properties [25–28], we report here two heterometallic com-
plex salts, [CuCl(phen)2][Cu(H2O)(phen)2][Cr(C2O4)3]⋅5H2O (1) and 
[CuCl(phen)2][Cu(H2O)(phen)2][Cr(C2O4)3]⋅8H2O (2), which were ob-
tained by a layering technique (compound 1) or from the reaction 
mixture (compound 2), using [Cr(C2O4)3]3− as the complex ligand. The 
prepared complexes crystallize with a different number of solvent 
molecules. Polymorphism is related to materials with the same chemical 
composition that differ in lattice structures and/or molecular confor-
mation, and are studied in many fields (chemistry, materials, pharma-
ceutics sciences…). The obtained polymorphs have different physical 
and thermodynamic properties, spectroscopic, kinetic, surface, me-
chanical and chemical properties. Solvatomorphism applies to crystal-
line forms with solvent molecules as an integral part of the structure 
(isolated lattice sites, lattice channels or metal-ion coordinated sol-
vates). The solvatomorphs are obtained in crystalline forms that differ in 
nature or stoichiometry of included solvent molecules, mostly obtained 
under different conditions (solvent ratio and crystallization techniques) 
[29,30]. In this article, similarities and differences between the struc-
tures of both solvates 1 and 2 are considered. 

Interestingly, the slow liquid diffusion of the [Cr(C2O4)3]3− building 
block in the presence of [NBu4]+ cations {[NBu4]+ = tetrabutylammo-
nium cation} results in its partial decomposition, producing free oxalate 
anions that are used to form the methanol solvated oxalate-bridged 
binuclear complex [{Cu(bpy)Cl}2(µ-C2O4)]⋅CH3OH (3). The [NBu4]+

cations were used to investigate the influence of bulkier cations as 
templating agents on dimensionality and nuclearity of the products. 

Compounds 1–3 were characterized by single-crystal X-ray diffrac-
tion, and IR spectroscopy indicating stretching vibrations of the biden-
tate oxalate groups coordinated to chromium(III) ions in 1 and 2 and 
those of the bis(bidentate) oxalate group bridging copper(II) centres in 
3. 

2. Experimental 

2.1. Materials and physical measurements 

All chemicals were purchased from commercial sources and used 
without further purification. The precursor salt Ag3[Cr(C2O4)3]∙nH2O 
was obtained by metathesis from the corresponding potassium salt, 
K3[Cr(C2O4)3]∙3H2O, prepared according to the method described in 
the literature [31]. Elemental analyses for C, H and N were performed 
with a Perkin–Elmer Model 2400 microanalytical analyzer. The infrared 
spectra were recorded in the 4000–200 cm− 1 region with samples as KBr 
pellets with an ABB Bomem FT model MB 102 spectrometer. 

2.2. Synthesis 

2.2.1. Preparation of [CuCl(phen)2][Cu(H2O)(phen)2][Cr(C2O4)3]⋅5H2O 
(1) 

An aqueous solution (4 mL) of K3[Cr(C2O4)3]⋅3H2O (0.049 g; 0.1 
mmol) was layered with an acetonitrile solution (4 mL) of 1,10- 

phenanthroline (0.02 g; 0.1 mmol). Then an acetonitrile solution (4 
mL) of CuCl2⋅2H2O (0.018 g; 0.1 mmol) was carefully laid above these 
layers into a test tube. The blue-green prismatic single crystals of 1 
formed after 5 days, together with blue needles of known compound [Cu 
(C2O4)(H2O)(phen)]⋅H2O [32–34], were mechanically separated, 
washed with a small amount of water and dried in air. Yield: 40%. Anal. 
Calc. for C54H44ClCrCu2N8O18 (Mr = 1307.50): C, 49.61; H, 3.39; N, 
8.57. Found. C, 49.52; H, 3.31; N, 8.65%. IR data (KBr, cm− 1): 3450 (s), 
1708 (vs), 1685 (vs), 1658 (vs), 1639 (sh), 1602 (vs), 1519 (w), 1456 
(w), 1427 (m), 1404 (m), 1377 (sh), 1342 (m), 1297 (m), 1259 (m), 
1224 (w), 1147 (w), 1108 (w), 1051 (w), 900 (w), 875 (w), 854 (m), 802 
(m), 721 (m), 543 (m), 474 (m), 416 (m), 329 (w), 312 (w). 

2.2.2. Preparation of [CuCl(phen)2][Cu(H2O)(phen)2][Cr(C2O4)3]⋅8H2O 
(2) 

The methanol solutions of CuCl2⋅2H2O (8 mL; 0.035 g; 0.2 mmol) 
and 1,10-phenanthroline (8 mL; 0.040 g; 0.2 mmol) were added drop-
wise to an aqueous solution (10 mL) of K3[Cr(C2O4)3]⋅3H2O (0.098 g; 
0.2 mmol). Slow evaporation of the resulting solution at room temper-
ature after few weeks led to the formation of blue-green prismatic single 
crystals of 2, together with blue needles of known compound [Cu(C2O4) 
(H2O)(phen)]⋅H2O [32–34]. Separated crystals were washed with a 
small amount of water and dried in air. Yield: 20%. Anal. Calc. for 
C54H50ClCrCu2N8O21 (Mr = 1361.57): C, 47.64; H, 3.70; N, 8.23. Found. 
C, 47.60; H, 3.74; N, 8.25%. IR data (KBr, cm− 1): 3446 (m), 1706 (s), 
1681 (vs), 1662 (vs), 1645 (vs), 1606 (sh), 1585 (m), 1517 (s), 1494 (w), 
1429 (s), 1386 (vs), 1340 (w), 1311 (w), 1251 (m), 1226 (w), 1145 (w), 
1105 (w), 1035 (w), 898 (w), 869 (w), 850 (m), 808 (m), 721 (m), 648 
(w), 538 (m), 474 (w), 412 (m), 366 (w), 322 (w). 

In contrast to compound 1, which was obtained in a test tube using 
the layering technique, compound 2 was obtained in a beaker by mixing 
the same reactants, but using a different solvent (methanol instead of 
acetonitrile). 

2.2.3. Preparation of [{Cu(bpy)Cl}2(µ-C2O4)]⋅CH3OH (3) 
To an aqueous solution (1.5 mL) of [NBu4]Cl (0.084 g; 0.3 mmol) an 

aqueous solution (3 mL) of Ag3[Cr(C2O4)3]∙nH2O (0.065; 0.1 mmol) was 
added dropwise. Formed AgCl precipitate was removed by filtration. In 
the test tube resulting clear solution was layered with a mixture of 
methanol solutions of CuCl2⋅2H2O (6 mL; 0.018 g; 0.1 mmol) and 2,2′- 
bipyridine (0.016 g; 0.1 mmol). The light-blue prismatic crystals of 3 
were formed after two weeks, washed with a small amount of water and 
dried in air. Yield based on copper: 37%. Anal. Calc. for 
C23H20Cl2Cu2N4O5 (Mr = 630.44): C, 43.82; H, 3.20; N, 8.89. Found. C, 
43.87; H, 3.25; N, 8.91%. IR data (KBr, cm− 1): 3546 (m), 1647 (vs), 
1610 (m), 1602 (sh), 1572 (m), 1564 (m), 1498 (w), 1475 (w), 1452 
(m), 1355 (w), 1315 (m), 1286 (w), 1259 (w), 1159 (w), 1058 (w), 1035 
(w), 1024 (w), 977 (w), 783 (s), 730 (m), 651 (w), 489 (w), 418 (m), 370 
(w), 337 (w). 

2.3. Single-crystal X-ray crystallographic study 

The X-ray data for the single crystals of compounds 1–3 were 
collected at 293(2) K by ω-scans on an Oxford Diffraction Xcalibur Nova 
R diffractometer using mirrror-monochromated Cu-Kα radiation (λ =
1.54179 Å, microfocus tube, CCD detector). Data reduction and multi-
scan absorption correction were performed using the CrysAlis software 
package [35]. Molecular and crystal structures were solved by direct 
methods using the program SIR92 [36] and refined by the full matrix 
least-squares method based on F2 with anisotropic displacement pa-
rameters for all non-hydrogen atoms (SHELXL-97) [37]. Both programs 
were operating under the WinGX [38] program package. Hydrogen 
atoms attached to the C atoms of the N-ligands were treated as riding in 
idealized positions, with the C–H distances of 0.93 Å and displacement 
parameters assigned as Uiso(H) = 1.2Ueq(C). Some hydrogen atoms of 
the water molecules in 2 were recognized in the difference Fourier map 
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and starting positions of other hydrogen atoms from crystal water 
molecules were located by the M. Nardelli algorithm [39] implemented 
in the WinGX program [38]. The O–H distances in those water mole-
cules were restrained to a target value of 0.95(2) Å, and the H–O–H 
angle was restrained to 104◦. Displacement parameters of all water 

hydrogen atoms were assigned as Uiso(H) = 1.5Ueq(O). Geometrical 
calculations were performed with PLATON [40], and the figures were 
made by the use of the VESTA [41], CCDC-Mercury [42], and ORTEP-III 
[38] programs. The crystal data, experimental conditions, and final 
refinement parameters are summarized in Table 1. 

3. Results and discussion 

3.1. Synthesis and crystal structures of compounds 1–3 

The blue-green prismatic crystals of compound [CuCl(phen)2][Cu 
(H2O)(phen)2][Cr(C2O4)3]⋅5H2O (1) were grown from the reaction of an 
aqueous solution of K3[Cr(C2O4)3]⋅3H2O and acetonitrile solutions 
containing CuCl2⋅2H2O and 1,10-phenanthroline in the molar ratio of 
1:1:1, by slow diffusion in three layers. When the layering technique was 
not applied, i.e. when the aqueous and methanol solutions of the same 

Table 1 
Crystallographic data and structural refinement details for compounds [CuCl(phen)2][Cu(H2O)(phen)2][Cr(C2O4)3]⋅5H2O (1), [CuCl(phen)2][Cu(H2O)(phen)2][Cr 
(C2O4)3]⋅8H2O (2) and [{Cu(bpy)Cl}2(µ-C2O4)]⋅CH3OH (3).   

1 2 3 

Chemical formula C54H44ClCrCu2N8O18 C54H50ClCrCu2N8O21 C23H20Cl2Cu2N4O5 

Mr 1307.5 1361.57 630.44 
Crystal colour, habit blue-green, prismatic blue-green, prismatic light-blue, prismatic 
Crystal size (mm3) 0.15 × 0.08 × 0.06 0.2 × 0.15 × 0.08 0.3 × 0.2 × 0.1 
Crystal system Monoclinic Monoclinic Orthorhombic 
Space group P21/a P21/c Pnma 
a (Å) 16.7172(3) 24.0787(3) 25.2196(3) 
b (Å) 14.1208(2) 13.9450(2) 13.8709(2) 
c (Å) 22.8039(4) 16.5927(2) 6.99870(10) 
α (◦) 90 90 90 
β (◦) 100.682(2) 92.2670(10) 90 
γ (◦) 90 90 90 
V(Å3) 5289.81(16) 5567.09(13) 2448.28(6) 
Z 4 4 4 
Dcalc (g cm− 3) 1.642 1.625 1.71 
μ(mm− 1) 3.797 3.674 4.528 
F(0 0 0) 2668 2788 1272 
θ range (◦) 3.700–51.670 3.664–76.402 3.505–76.654 
T (K) 293(2) 293(2) 293(2) 
Reflection collected. coll. 12,182 31,984 23,128 
Independent reflections 5689 11,559 2669 
Observed reflections 5079 10,383 2557 
No. of parameters, restraints 806, 18 848, 24 172, 0 
Rint 0.0278 0.0358 0.0472 
R1, wR2 [I > 2σ(I)] 0.0382, 0.1052 0.0629, 0.1847 0.0763, 0.2174 
R1, wR2 [all data] 0.0427, 0.1106 0.0669, 0.1910 0.0772, 0.2182 
Goodness of fit 1.022 1.081 1.163 
Δρmax, Δρmin (e Å− 3) 0.332, –0.298 0.897, –1.302 1.870, –1.159  

Fig. 1. VESTA [41] drawing of the mononuclear: (a) [CuCl(phen)2]+ cation, (b) 
[Cu(H2O)(phen)2]2+ cation, and (c) [Cr(C2O4)3]3− anion in 1, showing coor-
dination polyhedra around metal centres. The Cu and Cr atoms are depicted in 
orange and blue colours, respectively. 

Fig. 2. Structural overlay between cations and anions in compounds 1 (pink) 
and 2 (blue). 
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reactants were only mixed, the blue-green prismatic crystals of the 
heterometallic compound containing eight uncoordinated water mole-
cules, [CuCl(phen)2][Cu(H2O)(phen)2]-[Cr(C2O4)3]⋅8H2O (2), were 
obtained. These compounds could not be prepared with other ratios of 
reactants. 

Compounds 1 and 2 contain the same constituent structural units: 
two different mononuclear cations of copper(II), [CuCl(phen)2]+ and 
[Cu(H2O)(phen)2]2+, and one mononuclear [Cr(C2O4)3]3− anion 
(Fig. 1), together with five (1) or eight (2) molecules of crystal water. 
Compounds 1 and 2 are basically two solvates of the same compound 
with identical stoichiometry but different crystal structures – these two 
compounds are polymorphs of a solvate [43]. 

Structural overlay reveals that the cations and anions in compounds 
1 and 2 are almost identical (Fig. 2); the copper(II) atoms of two cations 
are coordinated with four nitrogen atoms of two phenanthroline mole-
cules and one chloride ion for Cu1, and water molecule for Cu2 (Fig. 1). 

Polymorphs of a solvate have already been observed and studied in 
our group; this phenomena was found in the complexes [M(bpy)3]2[NbO 
(C2O4)3]Cl⋅nH2O (M = FeII, CoII, NiII, CuII and ZnII) crystallizing in a 
monoclinic space group P21/c or in the orthorhombic space group 
P212121. In this system the initially formed rod-shaped monoclinic 
polymorphs having 11 crystal water molecules are slowly transformed 
in the mother liquor into the polyhedral-shaped orthorhombic poly-
morphs that crystallize with 12 crystal water molecules [44]. 

Due to the bulkiness of the phen ligand, the coordination geometry 
around the copper(II) ions is quite distorted, between trigonal bipyra-
midal and square pyramidal. Using the correlation τ = (β–α)/60, a 
simple index parameter of the degree of trigonality (or possible distor-
tion), tau (τ), can be calculated [45]. In a simple ideal square pyramidal 
geometry where L1, L2, L3, L4, and M are coplanar, the two largest basal 
angles α and β are both 180◦, leading to the value τ = 0 for a square 
pyramidal; ligand A is the axial one that does not define these angles 
(Scheme 1). For the perfectly trigonal bipyramidal geometry, α becomes 
120◦ and L1ML2 becomes the principal axis (Scheme 1), leading to τ = 1. 
In general, the structure does not have the ideal square pyramidal or 
trigonal bipyramidal geometry, so it ideally has a τ value between 0 and 
1 [46]. 

The selected geometrical parameters are given in Table 2, and the 
values of τ for five-coordinated copper(II) atoms of 1 and 2 in Table 3. 
The geometry of the copper atoms (Cu2) from the cations [Cu(H2O) 
(phen)2]2+ in 1 and 2 is 48 and 62% along the pathway of distortion 
from square pyramidal toward trigonal bipyramidal (atoms N5 and N8 
are in the apical positions), respectively, while the copper atoms (Cu1) 
from [CuCl(phen)2]+ cations in both compounds have a trigonal 
bipyramidal geometry (atoms N1 and N4 are in apical positions). It is 
possible that the subtracted value of β–α is >60◦, leading to τ > 1, as in 
the case of atoms Cu1 in 1 and 2, when the equatorial ligands bend away 
from the almost linear axial ligands and decrease their inter-ligand 

Scheme 1. A view of (a) the ideal square pyramidal and (b) trigonal bipyra-
midal geometries. 

Table 2 
Selected bond lengths (Å) and angles (◦) for compounds [CuCl(phen)2][Cu(H2O) 
(phen)2][Cr(C2O4)3]⋅5H2O (1), [CuCl(phen)2][Cu(H2O)(phen)2][Cr(C2O4)3]⋅ 
8H2O (2) and [{Cu(bpy)Cl}2(µ-C2O4)]⋅CH3OH (3).  

1 2 3 

Cu1–N1 1.988 
(3) 

Cu1–N1 1.991 
(2) 

Cu1–O1 1.997 
(3) 

Cu1–N2 2.095 
(3) 

Cu1–N2 2.129 
(2) 

Cu1–O1i 1.997 
(3) 

Cu1–N3 2.114 
(3) 

Cu1–N3 2.118 
(3) 

Cu1–N1 1.988 
(4) 

Cu1–N4 1.988 
(3) 

Cu1–N4 1.999 
(2) 

Cu1–N1i 1.988 
(4) 

Cu1–Cl1 2.2699 
(12) 

Cu1–Cl1 2.2822 
(10) 

Cu1–Cl1 2.451 
(3)  

Cu2–N5 1.999 
(3) 

Cu2–N5 1.9870 
(18) 

Cu2–O2 2.000 
(3) 

Cu2–N6 2.027 
(3) 

Cu2–N6 2.046 
(2) 

Cu2–O2i 2.000 
(3) 

Cu2–N7 2.029 
(3) 

Cu2–N7 2.037 
(2) 

Cu2–N2 1.996 
(4) 

Cu2–N8 1.994 
(3) 

Cu2–N8 2.0002 
(18) 

Cu2–N2i 1.996 
(4) 

Cu2–O13 2.239 
(3) 

Cu2–O13 2.179 
(2) 

Cu2–Cl2 2.463 
(3)  

Cr1–O1 1.977 
(2) 

Cr1–O1 1.968 
(2) 

O1–Cu1–N1 160.99 
(16) 

Cr1–O3 1.970 
(2) 

Cr1–O3 1.969 
(2) 

O1–Cu1–N1i 94.19 
(15) 

Cr1–O5 1.980 
(3) 

Cr1–O5 1.968 
(2) 

O1–Cu1–O1i 83.48 
(18) 

Cr1–O7 1.964 
(3) 

Cr1–O7 1.980 
(2) 

O1–Cu1–Cl1 99.76 
(11) 

Cr1–O9 1.957 
(3) 

Cr1–O9 1.9733 
(18) 

N1–Cu1–N1i 81.9(2) 

Cr1–O11 1.959 
(2) 

Cr1–O11 1.9685 
(19) 

N1–Cu1–Cl1 99.23 
(13)  

N1–Cu1–N2 81.13 
(13) 

N1–Cu1–N2 80.57 
(10) 

O2–Cu2–N2 92.78 
(17) 

N1–Cu1–N3 99.71 
(12) 

N1–Cu1–N3 93.34 
(10) 

O2–Cu2–N2i 157.7 
(2) 

N1–Cu1–N4 175.71 
(13) 

N1–Cu1–N4 173.72 
(11) 

O2–Cu2–O2i 84.10 
(19) 

N1–Cu1–Cl1 91.92 
(10) 

N1–Cu1–Cl1 92.41 
(9) 

O2–Cu2–Cl2 101.72 
(14) 

N2–Cu1–N3 108.41 
(11) 

N2–Cu1–N3 105.09 
(9) 

N2–Cu2–N2i 81.8(3) 

N2–Cu1–N4 94.60 
(12) 

N2–Cu1–N4 99.41 
(9) 

N2–Cu2–Cl2 100.49 
(16) 

N2–Cu1–Cl1 131.08 
(9) 

N2–Cu1–Cl1 124.54 
(7)   

N3–Cu1–N4 81.13 
(12) 

N3–Cu1–N4 80.58 
(10)   

N3–Cu1–Cl1 120.48 
(9) 

N3–Cu1–Cl1 130.31 
(8)   

N4–Cu1–Cl1 91.25 
(10) 

N4–Cu1–Cl1 92.74 
(8)    

N5–Cu2–N6 82.37 
(12) 

N5–Cu2–N6 82.32 
(8)   

N5–Cu2–N7 103.30 
(11) 

N5–Cu2–N7 96.41 
(8)   

N5–Cu2–N8 170.47 
(12) 

N5–Cu2–N8 174.82 
(9)   

N5 
–Cu2–O13 

82.39 
(11) 

N5–Cu2–O13 91.05 
(8)   

N6–Cu2–N7 141.72 
(11) 

N6–Cu2–N7 137.60 
(8)   

N6–Cu2–N8 97.67 
(11) 

N6–Cu2–N8 102.03 
(8)   

N6–Cu2–O13 113.53 
(11) 

N6–Cu2–O13 107.62 
(8)   

N7–Cu2–N8 82.63 
(11) 

N7–Cu2–N8 82.31 
(8)   

N7–Cu2–O13 104.75 
(11) 

N7–Cu2–O13 114.78 
(8)   

(continued on next page) 
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angle. 
A search of the Cambridge Structural Database (CSD) [47] found 

only three compounds containing both mononuclear copper(II) species, 
[Cu(H2O)(L)2]2+ and [CuCl(L)2]+ [48–50]. In these systems, the five- 
coordinated copper(II) centres adopt a distorted square pyramidal co-
ordination environment, whereas in compounds 1 and 2 analogous 
cations exhibit a distorted trigonal bipyramidal geometry. 

The chromium(III) ion in [Cr(C2O4)3]3− displays an approximately 
octahedral coordination geometry involving six oxygen atoms of the 
three bidentate oxalate groups (Fig. 1c, Tables S1 and 2). The values of 
Cr–O bond lengths are in good agreement with literature data [51,52]. 

In compound 1, the oxygen atoms from the oxalate groups of the [Cr 
(C2O4)3]3− anions and the water molecules of crystallization are 

involved in hydrogen bonds forming a ladder-like pattern along the a 
axis (Fig. 3a). 

The coordinated water molecules of the [Cu(H2O)(phen)2]2+ units 
also participate in hydrogen bonds with oxygen atoms from these 1D 
patterns along the c axis (Fig. 3b, Table S2) forming a 2D arrangement 
parallel to (001). The complex cations [CuCl(phen)2]+ and [Cu(H2O) 
(phen)2]2+ form separate layers parallel to (001) with extensive stacking 
between the phen ligands (Fig. 4). The stacks are not continuous, but 
four phen units are grouped into a discrete stack (Fig. 4). The crystal 
packing is thus layered, with alternating hydrophilic ([Cr(C2O4)3]3−

anions and water molecules) and hydrophobic (separate layers of [CuCl 
(phen)2]+ and [Cu(H2O)(phen)2]2+) parallel to (001) (Table S3). 

The crystal packing of 2 is similar to that of 1, although there are 
eight symmetry-independent water molecules in the asymmetric unit 
instead of five. The complex [Cr(C2O4)3]3− anions and the water mol-
ecules form a 1D ladder-like motive extending in the c direction; 
together with [Cu(H2O)(phen)2]+ units they form a 2D arrangement 
parallel to (100) (Fig. 3c; Table S2). The cationic complexes [CuCl 
(phen)2]+ and [Cu(H2O)(phen)2]2+ stack in the same way as in 1, 
forming a layered structure (Fig. 4, Table S3). 

The diffusion reaction of the methanol solution of CuCl2⋅2H2O and 
2,2′-bipyridine and an aqueous solution containing [NBu4]+ and [Cr 
(C2O4)3]3− ions prepared by metathesis from Ag3[Cr(C2O4)3]⋅nH2O, led 
to the release of the oxalate ligand from the coordination sphere of 
chromium(III), which subsequently coordinated to two copper(II) 
atoms, giving the oxalate-bridged binuclear compound [{Cu(bpy) 
Cl}2(µ-C2O4)]⋅CH3OH (3). Further standing of an open test tube with 
reaction mixture at room temperature led to a black slurry likely con-
taining chromium(III) ions. Similar behaviour of metal-oxalate building 
units, where they act as a suitable additional source of oxalate ligands, 
has recently been observed with the precursors the tris(oxalato)metalate 
(III) [25–28], bis(oxalato)chromate(III) [53] and tris(oxalato)oxonio-
bate(V) [54,55]. Interestingly, the blue-green rod-shaped crystals of 1D 
oxalate-bridged compounds {A[CrCu2(bpy)2(C2O4)4]⋅H2O}n [A = K+

and NH4
+] can be obtained by layering technique from the reaction of 

Table 2 (continued ) 

1 2 3 

N8–Cu2–O13 88.92 
(11) 

N8–Cu2–O13 84.97 
(8)   

Symmetry operator: (i) x, 1/2 − y, z. 

Table 3 
The values of parameter τ for five-coordinated copper(II) atoms in compounds 1 
and 2.  

Compound 1 2 

τ Cu1 Cu2 Cu1 Cu2 
1.12 0.48 1.14 0.62  

Fig. 3. (a) The infinite ladder-like 1D hydrogen-bonding pattern along the a 
axis of compound 1; the 2D hydrogen-bonding pattern in the ac plane of (b) 
compound 1 and (c) compound 2. Aromatic ligands are omitted for clarity. 

Fig. 4. Stacking of complex cations (a) [CuCl(phen)2]+ in 1 and (b) [Cu(H2O) 
(phen)2]2+ in 2. 

Fig. 5. VESTA [41] drawing of the molecular structure of the binuclear [Cu 
(bpy)Cl(µ-C2O4)Cu(bpy)Cl] unit of compound 3 with the atom-numbering 
scheme. Symmetry operator: (i) x, 1/2 – y, z. 
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an aqueous solution of A3[Cr(C2O4)3]⋅nH2O (A = K+ or NH4
+) and a 

methanol solution of CuCl2⋅2H2O and bpy in the molar ratio of 1:1:1 
[25]. The influence of templating cations on the reaction products is 
evident,unlike the bulkier [NBu4]+ cations that mediate the formation of 
binuclear isolated compound 3, the smaller K+ or NH4

+ cations enable 
the formation of 1D oxalate-bridged hetereometallic [CuIICrIII] coordi-
nation polymers [25]. An attempt to replace the bpy ligand in this re-
action with a larger phen did not lead to the formation of the single 
crystals. 

The crystal structure of 3 consists of the binuclear neutral unit [(bpy) 
ClCu(µ-C2O4)CuCl(bpy)] (Fig. 5) and a methanol molecule. The mirror 
plane passes through two copper ions and a bridging oxalate group as 
well as through the methanol molecule. The Cu atoms display a square 
pyramidal CuN2O2Cl coordination (τ is 0 due to the symmetry of the 
space group), involving two N atoms of the 2,2′-bipyridine ligand and 
two O atoms of the bridging oxalate group, together with a chlorine 
atom in the apical position. The Cu1 and Cu2 are located 0.299 and 
0.308 Å above the basal planes of the pyramids. The Cu–N [1.988(4) and 
1.996(4) Å] and Cu–O [1.997(3) and 2.000(3) Å] (Table 2) distances 
agree well with the corresponding bond lengths found in few related 
neutral binuclear oxalate-bridged compounds with five-coordinated 
copper(II) centres [56–58]. The values of the Cu–Cl bond lengths 
[2.451(3) and 2.463(3) Å] in 3 agree very well with those in the similar 
copper(II) compound [{Cu(bpy)Cl}2(µ-C2O4)]⋅H2O [56], but are larger 
than those [2.2629(9) and 2.3869(10) Å] for the analogous bonds in 
[{Cu(phen)Cl}2(µ-C2O4)] [57] and [{Cu(bpy)Cl}2(µ-C2O4] [58], 
respectively. The Cl atoms are syn to each other, and the Cu1⋅⋅⋅Cu2 
distances across the bridging oxalate group is 5.1906(16) Å. 

The methanol molecule is hydrogen bonded to the binuclear unit of 
copper(II) atoms via the contact O3–H3A⋅⋅⋅Cl2ii [(ii) = 1 – x, –1/2 + y, 1 
– z] (Fig. 6, Table S2). Each binuclear entity [Cu(bpy)Cl(µ-C2O4)Cu(bpy) 
Cl] is linked by intermolecular π-stack interaction through the aromatic 
rings of the 2,2′-bipyridine ligand to adjacent units forming alternating 

sandwich-like π-stacks in [001] direction (Fig. 6; Table S3). 

3.2. Infrared study 

The IR spectra of compounds 1–3 show characteristic absorption 
bands of the oxalate groups, the coordinated N-donor ligands and the 
metal–chlorine bonds. The broad bands of medium intensity with a 
maximum around 3400 cm− 1 in the spectra of compounds 1–3 can be 
assigned to the O–H stretching vibration [ν(OH)] originating from 
water or CH3OH molecules. The absorption bands corresponding to the 
stretching vibrations of bidentate oxalate groups coordinated to chro-
mium(III) ions in 1 and 2 [51,52] and the stretching vibrations of bis 
(bidentate) oxalate group bridging copper(II) centres in 3 [58] are 
summarized in Table 4. The additional band of medium intensity at 
1024 cm− 1 in the spectrum of 3 corresponds to the C–O stretching vi-
bration [ν(CO)] of the methanol solvate molecule [59]. The absorption 
bands with a maximum located at 329, 322 and 337 cm− 1 in the spectra 
of 1, 2 and 3, respectively, could be identified as ν(Cu–Cl) [60]. Other 
absorption bands in the spectra are from different vibrations of the co-
ordinated N-donor molecules: 1,10-phenanthroline (1 and 2) and 2,2′- 
bipyridine (3) [61]. 

4. Conclusion 

In this work we report the building block-based preparation, struc-
tural and spectroscopic characterization of three novel oxalate com-
plexes, two heterometallic [CuIICrIII] complex salts (1, 2) and a 
binuclear [CuII] compound (3), having coordinated N-donor ligands 
(phen or bpy). In these systems, the tris(oxalato)chromate 
[CrIII(C2O4)3]3− was used as a building block toward copper(II) ions, but 
served only as a counter anion and not as a ligand that would yield the 
heterometallic oxalate-bridged compounds. This is not surprising since 
only a few compounds have been prepared in which the [Cr(C2O4)3]3−

anion bridges the copper(II) ions [28,52]. Regardless, the obtained 
heterometallic complexes 1 and 2 are also very interesting and unique 
because they: (i) contain three different mononuclear units; (ii) 
depending on used solvent and preparation method crystallize with 
different number of solvent molecules as solvatomorphs; (iii) consist of 
five-coordinated [CuCl(phen)2]+ and [Cu(H2O)(phen)2]2+ cations with 
a distorted trigonal bipyramidal geometry; which is not so common; (iv) 
despite the different number of water molecules of crystallization in 1 
and 2, crystal packings are very similar. 

The study of solvatomorphs/polymorphs is important because even 
subtle difference in the solid state structure can lead to distinct physi-
cochemical properties. Therefore, the control of crystal formation of a 
particular solvatomorph/polymorph provides an ideal approach to 
better understanding of the structure–property relationships in molec-
ular solids, which is of great practical interest for the field of crystal 
engineering. 

In the presence of larger cations, [NBu4]+ instead K+, partial 
decomposition of the precursor of chromium(III), [Cr(C2O4)3]3−

occurred during the crystallization process and consequently a homo-
binuclear oxalate-bridged compound of copper(II) was formed. 
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Fig. 6. Aromatic stacking interactions of the adjacent binuclear [Cu(bpy)Cl 
(µ-C2O4)Cu(bpy)Cl] units in the crystal packing of 3. The halogen bonds of the 
methanol molecules with the chloride anions coordinated to the copper(II) 
atoms are shown as black dotted lines. 

Table 4 
Selected absorption bands (cm− 1) in the IR spectra of compounds 1–3.  

Compound 
bidentate oxalate group bis(bidentate) oxalate group 

ν(Cu─Cl) 
νas(CO) νs(CO) δ(OCO) νas(CO) νs(CO) δ(OCO) 

1 1708, 1685, 1658 1377 802 ─ ─ ─ 329 
2 1706, 1681,1662 1386 808 ─ ─ ─ 322 
3 ─ ─ ─ 1647 1355 783 337  
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L. Kanižaj et al.                                                                                                                                                                                                                                 

http://www.ccdc.cam.ac.uk/conts/retrieving.html
http://www.ccdc.cam.ac.uk/conts/retrieving.html
http://deposit%40ccdc.cam.ac.uk
https://doi.org/10.1016/j.poly.2021.115556
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0005
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0005
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0005
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0010
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0010
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0010
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0015
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0015
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0015
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0020
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0020
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0020
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0025
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0025
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0030
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0030
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0035
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0035
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0035
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0035
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0040
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0040
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0040
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0040
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0045
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0045
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0045
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0050
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0050
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0050
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0055
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0055
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0055
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0060
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0060
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0060
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0060
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0065
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0065
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0065
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0070
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0070
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0070
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0070
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0075
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0075
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0075
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0075
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0080
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0080
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0080
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0080
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0085
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0085
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0085
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0090
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0090
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0090
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0090
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0090
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0095
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0095
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0095
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0100
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0100
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0100
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0105
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0105
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0105
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0105
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0110
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0110
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0110
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0110
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0115
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0115
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0115
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0120
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0120
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0120
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0120
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0120
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0125
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0125
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0125
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0130
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0130
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0130
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0130
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0135
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0135
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0135
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0135
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0140
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0140
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0140
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0140
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0145
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0145
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0145
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0150
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0150
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0155
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0155
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0160
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0160
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0160
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0165
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0165
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0165
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0170
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0170
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0170
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0175
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0175
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0180
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0180
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0180
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0185
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0185
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0190
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0190
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0195
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0195
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0200
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0200
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0210
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0210
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0210
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0210
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0215
http://refhub.elsevier.com/S0277-5387(21)00538-6/h0215


Polyhedron 211 (2022) 115556

8

(bpy)3]2[NbO(C2O4)3]Cl⋅nH2O (M = Fe2+, Co2+, Ni2+, Cu2+ and Zn2+; n = 11, 12). 
Syntheses, structures and magnetic properties, Dalton Trans. (2008) 742–754. 

[45] A.W. Addison, T. Nageswara Rao, J. Reedijk, J. van Rijn, G.C. Verschoor, Synthesis, 
structure, and spectroscopic properties of copper(II) compounds containing 
nitrogen–sulphur donor ligands; the crystal and molecular structure of aqua[1,7- 
bis(N-methylbenzimidazol-2′-yl)-2,6-dithiaheptane]copper(II) perchlorate, 
J. Chem. Soc., Dalton Trans. (1984) 1349–1356. 

[46] D.C. Crans, M.L. Tarlton, C.C. McLauchlan, Trigonal bipyramidal or square 
pyramidal coordination geometry? Investigating the most potent geometry for 
vanadium phosphatase inhibitors, Eur. J. Inorg. Chem. (2014) 4450–4468. 

[47] C.R. Groom, I.J. Bruno, M.P. Lightfoot, S.C. Ward, The Cambridge Structural 
Database, Acta Crystallogr., Sect. B: Struct. Sci., Cryst. Eng. Mater. 72 (2016) 
171–179. 

[48] A. Biswas, A. Jana, S. Sarkar, H.A. Sparkes, J.A.K. Howard, N. Aliaga-Alcalde, 
S. Mohanta, Discrete systems and two-dimensional coordination polymers 
containing potentially multidentate and bridging inorganic anions: Observation of 
a new type of two-dimensional topolog, Polyhedron 74 (2014) 57–66. 

[49] B.B. Koleva, E.N. Trendafilova, M.G. Arnaudov, W.S. Sheldrick, H. Mayer-Figge, 
Spectral analysis and crystal structure of a new mononuclear copper(II) complex of 
3-aminopyridine, Transit. Met. Chem. 31 (7) (2006) 866–873. 

[50] H.Y. Wang, H.Y. Liu, Influence of anions on copper(II) complexes of a flexible bis- 
pyridyltrazole ligand: identification of a discrete water–chloride cluster 
[(H2O)10(Cl)8]8− , Transit. Met. Chem. 42 (2017) 165–173. 
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Zadro, New heterometallic (CuII and CrIII) Complexes – first crystal structure of an 
oxalate-bridged ferromagnetically coupled [CuIICrIIICuII] system, Eur. J. Inorg. 
Chem. (2006) 2701–2710. 
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