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A new inorganic–organic coordination polymer based on a copper(II) binuclear complex coordinated 29 
with pyrazole (L1), 1-(hydroxymethyl)pyrazole) (L2) and oxalate (Ox) ligands has been unexpectedly 30 
obtained. The crystal structure of this coordination polymer has been unequivocally determined from 31 
single crystal X-ray diffraction. One copper(II) center (Cu1) is fourcoordinated with two nitrogens (N2, 32 
L1 and N3, L2), one oxygen (O1, L1) and one chlorine atom, while the other copper(II) nucleus (Cu2) is 33 
five-coordinated with one nitrogen (N1, L1), three oxygens (O1, L2; O2 and O3, Ox) and one chlorine 34 
atom, giving slightly distorted square-planar and square-pyramidal geometries, respectively. To the best 35 
of our knowledge, such coordination environments have never been previously observed to coexist in 36 
the same structure. The terminal chlorine (Cl1) forms the connecting bridge between the planar 37 
binuclear [Cu2Cl(Ox)0.5-(L1)(L2)]n units ending in an attractive structural framework. An extended 38 
layered structure staggered along the b-axis is observed in the supramolecular view. Nanoindentation 39 
experiments were carried out and relevant mechanical parameters such as hardness, Young’s modulus, 40 
indentation energies and elastic recovery were determined. Additionally, a comparative analysis 41 
between the supramolecular structure and the mechanical properties is reported. 42 
 43 
 44 
 45 
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1. INTRODUCTION 47 

 48 

The design of hybrid metal–organic materials (MOMs), which is a burgeoning topic in the crystal 49 
engineering domain, is nowadays one of the fastest growing areas in the fields of Materials Science and 50 
Supramolecular Chemistry.1,2 This new class of materials attracts significant attention due to their 51 
enormous chemical, structural and topological diversity and due to their promising applications, 52 
including catalysis, gas storage, magnetism, luminescence, drug delivery, sensing or host/guest 53 
inclusion.3–6 Interestingly, such hybrid systems present strong covalent and/or intermolecular bonds to 54 
yield 1D chains, 2D layers or 3D frameworks, which incorporate 3dmetal ions and bridging ligands at 55 
the same time. The synergy between the organic and inorganic components brings about an outstanding 56 
combination of properties that are not common in purely inorganic and organic systems alone.  57 
Furthermore, the use of different ligands with similar coordination abilities but different flexibilities as 58 
building blocks could be considered as a smart procedure for obtaining periodic frameworks.7–9 59 

In contrast to the large number of recent publications describing the synthesis and characterization of 60 
MOM structures, studies focusing on understanding the mechanical properties of these hybrid materials 61 
are still scarce due to the lack of proper measurement tools.10 Nonetheless, recent advances in this field 62 
are shedding some light on the fundamental structure–mechanical property relationships, which are 63 
needed for optimized design and successful performance in diverse technological applications.11 64 
Nanoindentation has emerged as a widely adopted technique for measuring the mechanical properties of 65 
different kinds of materials, such as ceramics, organics, inorganics and MOMs at the nanoscale level.12 66 
This technique, where load (P) and penetration depth (h) are measured at high resolution, enables not 67 
only the evaluation of the mechanical properties but also the correlation between the measured responses 68 
and the underlying structural features and intermolecular interactions.13 This makes nanoindentation a 69 
complementary technique to structural analysis for the development of novel smart materials. In general, 70 
MOMs have been reported to be mechanically harder than inorganic polymers, while often exhibiting 71 
lower density values, similar to those of metallic foams.14 72 

In this paper we present for the rst time an inorganic–organic polymeric complex containing two 73 
different copper(II) cores with mixed oxalate ion and pyrazolic ligands. This new coordination polymer 74 
presents a 2D network along the b-axis formed by layers of stepped chains interconnected by bridging 75 
chlorine atoms (Cl1) through the Cu(1)–Cl(1)–Cu(2) bond. The hardness, Young’s modulus, indentation 76 
energies and elastic recovery of this Cu(II) supramolecular inorganic/organic framework have been 77 
investigated by means of the nanoindentation technique and are compared with similar examples from 78 
the literature. 79 

80 



2. EXPERIMENTAL PART 81 

 82 

2.1 Reagents and synthesis 83 

All reagents were purchased from Sigma-Aldrich and used as received without further purication. 1-84 
(Hydroxymetyl)pyrazole (L2) was synthesized as described previously.15 85 

In order to obtain the copper(II) based coordination complex, pyrazole (L1) and L2 ligands were mixed 86 
with CuCl2$2H2O (1 : 1 : 2 molar ratio) for 18 h using ethanol as the solvent under aerobic conditions. 87 
The pH was adjusted to 9 with ammonium hydroxide solution (30% NH3). The green powder obtained 88 

as the product was washed via vacuum ltration with a few millilitres of cold diethyl ether and dried at 89 
room temperature. Minority fraction and translucent blue prism-like monocrystals suitable for X-ray 90 
analysis were obtained through the crystallization of the synthesis product using an ethanol–91 
dichloromethane (1 : 1) diffusion technique. 92 

 93 

2.2 Characterization techniques 94 

For X-ray crystallographic analysis, a translucent blue prism-like specimen of C8H8ClCu2N4O3 (Mw 95 
 ¼ 370.71 g mol 1), 0.145 mm     0.252 mm  0.290 mm, was used. X-ray intensity data were 96 

measured on a D8 Venture system equipped with a multilayer monochromator and aMo microfocus (l ¼ 97 
0.71073 °A). A total of 682 frames were collected. The total exposure time was 1.89 hours. The frames 98 
were integrated with the Bruker SAINT Software Package using a narrow-frame algorithm. The 99 
integration of the data using a monoclinic unit cell yielded a total of 13 166 reflections, to a maximum q 100 

 angle of 26.37  (0.80 °A resolution), out of which 2283 were independent (average redundancy 5767, 101 
completeness ¼ 99.8%, Rint ¼ 3.44%, Rsig ¼ 2.24%) and 2121 (92.90%) were greater than 2s(F2). 102 
Elemental analysis (C, H, N) of the monocrystal-like specimen was carried out on a Carlo Erba CHNS 103 
EA-1108 instrument, separated by a chromatographic column and thermoconductivity detector. Copper 104 
elemental analysis was carried out using inductively coupled plasma mass spectrometry (ICPMS) with 105 
an Agilent 7500ce model system. Infrared (IR) spectra were recorded on a Perkin-Elmer FT 106 

 spectrophotometer series 2000, in cm 1 and as KBr pellets. Conductivity measurements were 107 
performed at  room temperature in 10 3 M methanol solutions, employing a CyberScan CON 500 108 
(Eutech instrument) conductimeter. Electronic spectra were collected on a Kontron-Uvikon 860 in 109 
methanol, between 750 and 350 nm.  110 

 111 

2.3 Mechanical properties 112 

The mechanical properties (hardness, reduced elastic modulus and elastic recovery) were evaluated by 113 
means of nanoindentation, using a UMIS device from Fischer-Cripps Laboratories, equipped with a 114 
Berkovich pyramidal-shaped diamond tip, operating in the load control mode. The nanoindentation tests 115 
were performed perpendicular to the planar base (100) of the crystal sheet. Other orientations were not 116 
possible due to the crystal exfoliation of the material. Indentations using maximum applied load values 117 
ranging from 1 to 5 mN were applied to ensure that the maximum penetration depth was much smaller 118 
than the crystal thickness. The indentations were separated from each other by 20 mm, to ensure that the 119 
stress fields underneath the indents did not overlap with each other. The thermal drift during 120 
nanoindentation was lower than 0.05  nm s 1. Proper corrections for the contact area (calibrated with a 121 
fused quartz specimen), instrument compliance, and initial penetration depth (a pre-contact load of 0.02 122 
mN was used) were applied. The hardness (H) and reduced elastic modulus (Er) values were derived 123 



from the load–displacement curves using the method of Oliver and Pharr.16 From the initial unloading 124 
slope, the contact stiffness, S, was determined as: 125 

 126 

𝑆 =   (1) 127 

 128 

The reduced Young’s modulus was evaluated based on its relationship with the contact area, A, and S: 129 

 130 

𝑆 =  𝛽
√

𝐸 √𝐴 (2) 131 

 132 

where b is the King’s factor, which depends on the geometry of the indenter ( = 1.034 for a Berkovich 133 
indenter).17 The reduced Young’s modulus takes into account the elastic displacements that occur in 134 
both the specimen, with Young’s modulus E and Poisson’s ratio n, and the diamond indenter, with 135 
elastic constants Ei and ni (for diamond, Ei ¼ 1140 GPa and ni = 0.07): 136 

 137 

=  
 

+  
 

 (3) 138 

 139 

The hardness was calculated from the following expression: 140 

 141 

𝐻 =   (4) 142 

 143 

where Pmax is the maximum load applied during nanoindentation. Finally, the elastic recovery was 144 
evaluated as the ratio between the elastic and the total (plastic + elastic) energies during 145 
nanoindentation, Wel/Wtot. The values of Wel were calculated as the area between the unloading curve 146 
and the displacement axis. In turn, Wtot is the area between the loading curve and the displacement 147 
axis.18 The results presented in this work are the statistical average of a set of 10 indentations at the 148 

applied maximum load. 149 
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3. RESULTS AND DISCUSSION 151 

 152 

3.1 Crystal structure of the binuclear copper(II) based coordination polymer 153 

The reaction of L1 and L2 ligands with CuCl2$2H2O (1 : 1 : 2 molar ratio) was carried out in ethanol. 154 
The recrystallization of the reaction product afforded minority fraction blue prism-like monocrystals. 155 
The X-ray diffraction measurements performed on the obtained monocrystals revealed that the complex 156 
crystallizes in the P2(1)/c space group with two independent Cu(II) metal centers having square-planar 157 
and square-pyramidal geometries, respectively (Fig. 1). The complex presents a polymeric structure 158 
showing a one-dimensional (1D) infinite neutral chain of planar binuclear [Cu2Cl(Ox)0.5(L1)(L2)]n 159 
units, wherein both L1–L2 ligand bridges are adjacent the different copper(II) centers. Additional 160 
characterization of these monocrystals was carried out.19 161 

The local coordination environment around the fourcoordinated Cu(II) atom (Cu1) is formed by two 162 
pyrazolyl (pz) nitrogen atoms (N2 and N3 in L1 and L2 ligands, respectively), one alcohol oxygen atom 163 
(O1, L2) and one bridged chlorine atom (Cl1). The coordination sphere of Cu1 can be described as a 164 
slightly distorted square-planar geometry with N2–Cu1–O1 and N3–Cu1–Cl1 angles bet  ween 81.17(7)  165 

 and 94.26(5) , respectively, which is within the expected range for copper(II) compounds with a 166 
square-planar geometry. The Cu1–O1, Cu1–N2 and Cu1–N3 bond distances have similar values in the 167 
1.937–1.945 °A range, indicating a stronger coordination than the Cu1–Cl1 bond (2.25 °A). The 168 
[CuClO(Npz)2] core has been previously reported in the literature20–23 but never as a building block of 169 
a polymeric structure. Selected values of bond lengths and bond angles for the complex as well as the 170 
corresponding crystallographic data are shown in Table 1 and Table 2, respectively. 171 

Regarding the five-coordinated Cu2 atom, the basal plane is formed by one pyrazolyl nitrogen atom 172 
(N1, L1), one alcohol oxygen atom (O1, L2) and two chelated oxygen atoms from the oxalate anion (O2 173 
and O3, Ox). These four coordinated atoms together with the Cu2 ion define an almost perfect planar 174 
arrangement. The Cu2 atom is slightly displaced 0.124(2) °A from the basal NO3 plane. The chlorine 175 
atom (Cl1) is coordinated to the apical position of the Cu2 site with a longer bond distance of 2.795(3) 176 
°A. The coordination sphere of Cu2 can be described as a slightly distorted square-pyramidal geometry 177 
with O(2)–Cu(2)–O(1) and O(2)–Cu(2)–O(3) angles between  84.78(6) and 95.59(6) , respectively, and 178 
Cu(2)–O(1), Cu(2)–O(2), Cu(2)–O(3) and Cu(2)–N(1) bond distances of 1.932, 1.968, 1.999 and 1.926 179 
°A, respectively. Such angles and bond distances are within the expected range for copper(II) 180 
compounds with square-pyramidal geometry. In the crystal structure of the Cu2 metal centers with 181 
square-pyramidal geometry are connected to each other via one oxalate anion (Ox) ligand through a 182 
bisbidentate chelating mode, with adjacent Cu(II) atoms at 5.164 °A (m-oxalato-1ƙ2O1,O2:2ƙO1a,O2a). 183 
The Cu–Ox distances fall within the typical range for oxalate bridged Cu(II) complexes.24–26 The 184 
Cu1/Cu2 distance of 3.350 °A is out of the limit of the interactive range between the different copper 185 
atoms (van der Waals radius of Cu(II) is 2.8 °A). The pyrazole rings are nearly parallel with a dihedral 186 

 angle of 3.15(1)  between their planes. 187 

The unexpected formation of the oxalate anion in the reaction medium could be attributed to the ethanol 188 
oxidation by dissolved O2, favored by the basicity of the medium and the catalytic properties of the 189 
copper(II) ions (the reaction took place under aerobic and basic conditions). Copper(II) ions could cause 190 

 the catalytic activation of O2 and OH  to produce reactive species (i.e. hydroxyl radicals, OHc   ) 191 
capable of oxidizing a minor fraction of the ethanol solvent. Using the spectrophotometric method, 192 
traces of oxalic acid were found after stirring a basic solution of ethanol and CuCl2 under aerobic 193 
conditions.27 Similar oxalate occurrence was reported by Jing Su et al.28 and Mansour Arab et al.29 194 
The possible reactions involved in the synthesis process of the complex presented here are illustrated in 195 
Scheme 1. 196 



The “in situ” formation of oxalic acid from solvent during the complex formation reaction has been 197 
previously reported.30,31 In addition, there are also previous reports of aerobic alcohol oxidation during 198 
the formation of copper coordination complexes or in the presence of copper salts.32–34 In all these 199 
cases the alcohol oxidation is related to the catalytic properties of copper(II) ions. 200 

Copper, with a dynamic Jahn–Teller distortion,35 efficiently catalyzes the oxidation of organic 201 
compounds under mild conditions and can provide open Lewis acid sites which are effective for 202 
catalysing various organic reactions, such as azide–alkyne cycloaddition, oxidative coupling reactions, 203 
Henry or Diels–Alder reactions,36–38 or water oxidation,39 among others.  204 

This binuclear copper(II) based coordination polymer owes its particularity to the fact that it is 205 
composed of three different ligands, where neither of the [CuClO3Npz] and [Npz–Cu–Ox–Cu–Npz] 206 
coordination environments have been reported before.40 Only the [CuClO(Npz)2] core presents a 207 
similar coordination sphere to that already described.20–23, Such special coordination spheres provide 208 
interesting structures in the network of this complex. 209 

In the supramolecular crystal arrangement, each [Cu4Cl2(Ox) (L1)2(L2)2] molecule is surrounded by 4 210 
other neighbouring molecules in the unit cell. The disposition of these molecules in the unit cell is a 211 
typical ABAB structure. Zig-zag layers of polymeric chains interconnected by chloride bridges between 212 
the intermolecular copper centers afford a 2D structure along the b axis in the supramolecular 213 
framework (Fig. 2A). The chlorine atoms (Cl1) are the bridges between one molecule and the other 214 
through the Cu2–Cl1–  Cu1 bond with a 93.02  angle. In addition, the intramolecular contacts between 215 
the N3/Cl1/N2 atoms (3.086 and 3.111 °A, respectively) contribute to support the supramolecular 216 
network (Fig. 2B). The staggered layered structure determines the mechanical properties measured for 217 
this polymer using the nanoindentation technique. 218 

 219 

3.2 Mechanical properties of the binuclear copper(II) based coordination polymer 220 

Representative nanoindentation curves, performed perpendicular to the planar base of the crystal, that 221 
corresponds to the (100) face, and up to maximum loads of 1.2 and 2.8 mN, are shown in Fig. 3a and 222 
S1.† Measurement of the mechanical properties by nanoindentacion along the other directions was not 223 
possible because of the high tendency for the crystal towards brittle fracture. Discontinuities or pop-in 224 
events in the loading segments are often observed and are ascribed to the breakage of molecular stacks 225 
and the concomitant sudden penetration of the indenter deeper into the sample. 226 

The atomic force microscopy image (Fig. 3b) of an indentation performed using a maximum load of 2.8 227 
mN shows that pile-up effects are virtually absent, while crack formation from the edge of the triangular 228 
imprint sometimes occurs, an observation which is in agreement with the occurrence of serrations in the 229 
loading segments of the indentation curves (Fig. 3a). The lack of pile-up avoids artifacts related to the 230 
determination of the contact area from the contact depth, when using the method of Oliver and Pharr.16 231 

The values of hardness, reduced Young’s modulus, indentation energies and elastic recovery (Wel/Wtot) 232 
are shown in Fig. 4a and b. Hardness remains rather constant (H z 0.4–0.5 GPa) as a function of the 233 
applied maximum load (Fig. 4a). This value is a bit higher than the ones reported by C. M. Reddy et 234 
al.41 for 2-(methylthio)nicotinic acid and similar to values reported by J. C. Tan et al. for different low-235 
symmetry polymorphs of copper phosphonoacetates [Cu1.5(H2O)(O3PCH2-CO2)].42 Conversely, the 236 
Young’s modulus is a bit lower than the values reported for some other molecular crystals13,42,43 but 237 
similar to the values reported by A. Samanta et al. for [OZn4(BDC)3]n, where BDC stands for 1,4-238 
benzenedicarboxylate anion.44 The increase of Er with the applied load indicates a higher resistance 239 
against elastic deformation as the penetration depth is progressively increased. This could be due to the 240 
larger amount of molecular bonds which hinder the elastic deformation as the applied load is 241 
progressively increased. Nevertheless, no clear changes in the elastic energy or the elastic recovery are 242 



observed in the range of applied loads used in this study (Fig. 4b). The value of elastic recovery 243 
(Wel/Wtot z 0.6) is clearly larger than those of other types of organic–inorganic materials45 and is 244 
comparable to the values in some recent reports on 3D inorganic composite films.46 245 

 246 

 247 

 248 

 249 

 250 

251 



4. CONCLUSIONS 252 

 253 

A new binuclear copper(II) complex with a polymeric structure has been unexpectedly obtained from a 254 
mixture of pyrazolic ligands and CuCl2 in ethanol. The two copper(II) centers have different 255 
coordination numbers and geometries. The Cu1 atom is four-coordinated in the [CuClO(Npz)2] core 256 
with a squareplanar molecular geometry, while the Cu2 nucleus is fivecoordinated with [CuClO3Npz] 257 
core and exhibits squarepyramidal geometry. Furthermore, the Cu2 centers of different molecular units 258 
are interconnected in the polymeric structure via one unexpected oxalate anion. The terminal chlorine 259 
atoms act as bridges between the monomeric units in this coordination polymer. As far as we know, this 260 
is the first time that the [CuClO3Npz] and [Npz–Cu–Ox–Cu–Npz] coordination environments are 261 
reported. In the supramolecular network an interesting 2D structure with layered architecture formed 262 
from polymeric chains interconnected by Cu2–Cl1–Cu1 bridges is formed along the b-axis. 263 
Additionally, the values of hardness, Young’s modulus, and elastic recovery of this structure have been 264 
determined by means of nanoindentation. The mechanical characterization of this kind of hybrid 265 
material is an important asset to crystal engineering since durability and reliability, which are dictated by 266 
the mechanical properties, are important factors for their potential applications in sensors, catalysts and 267 
gas storage, among others. 268 
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Legends to figures 365 

 366 

Figure 1. X-Ray structure of the [Cu4Cl2(Ox)(L1)2(L2)2] complex, where [Cu2Cl(Ox)0.5(L1)(L2)] is 367 

the basic monomeric unit of this polymeric chain. Colour scheme: copper, orange; oxygen, red; chlorine, 368 

green; nitrogen, blue and carbon, grey). 369 

 370 

Scheme 1. Scheme 1 Chemical reactions involved in obtaining the polymeric complex: synthesis of the 371 

L2 ligand (a), in situ formation of oxalic acid (b) and complex formation (c). 372 

 373 

Figure 2. A) Polymeric layer structure with zig-zag distribution along the b axis. (B) The close-up view 374 

displays the distances and the angles formed by the Cu1–Cl1–Cu2 intermolecular bridges. 375 

 376 

Figure 3 (a) Representative nanoindentation curves performed perpendicular to the crystal sheet, and up 377 

to maximum loads of 1.2 mN (red line) and 2.8 mN (black line). (b) Atomic force microscopy and 378 

optical (inset) images of an indentation performed using a maximum load of 2.8 mN.  379 

 380 

Figure 4. Values of (a) hardness and reduced Young’s modulus and (b) indentation energies and elastic 381 

recovery (Wel/Wtot) of the complex 382 
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SCHEME 1. 390 
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FIGURE 3. 400 
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FIGURE 4. 405 
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Table 1.  Selected bond lengths (°A) and bond angles ( ) for the (a) square-planar and (b) square-410 

pyramidal copper(II) geometries of the      complex. Symmetry code: #1 x + 1, y + 1, z 411 

 412 
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Table 2 Crystallographic data for the copper(II) complex 415 

 416 
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 418 


