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Abstract 
Quaternary ammonium salts (QASs), acylhydrazones and catechols are well 
known for their antimicrobial, antioxidant and antitumor properties. Com-

plexation of acylhydrazones and catechols with Cu(II) ions potentially leads to 
obtaining compounds with promising biological properties. In this paper, we 
present a synthesis of two binuclear copper(II) complexes based on redox-ac-
tive QASs with acylhydrazone and catechol fragments and a study of their 
structure in the solid state. The copper(II) complex with a tributylammonium 

fragment crystallizes in the triclinic space group 𝑷𝟏 with the following lattice 
parameters: a = 10.1459(5) Å, b = 15.1239(7) Å, c = 16.3279(5) Å, α = 
110.231(4)°, β = 104.689(4)°,γ = 101.637(4)°. The structure exhibits binuclear 
nature, showing the distance Cu–Cu of 3.507 Å, and Jahn-Teller distortions 
with large elongation along the axial positions. The thermal stability of the 
ligands was found to be higher than that of the corresponding complexes up to 
66–77 °C. EPR spectroscopy proved the dissociation of the complexes in the 
methanol solution into the monomeric forms. Complexation with Cu(II) cation 
shifted oxidation peaks of the ligands towards the lower potentials. The target 

compounds may be applied to create selective systems for metal ion separa-
tion, and may also possess potential antimicrobial, antioxidant, and antitumor 
properties.  
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Key findings 
● Acylhydrazone-based redox-active catechol-based quaternary ammonium salts formed a 
binuclear complex with Cu(II) cation in the solid state. 

● Complexation with Cu(II) ions lowered thermal stability and shifted potentials by 60-
70 mV for the first and 350-400 mV for the second anodic peaks of the ionic liquids 

● The structure exhibits a binuclear nature, showing the distance Cu–Cu of 3.507 Å 
© 2026, the Authors. This article is published in open access under the terms and conditions of the Creative Com-

mons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted re-
use of the work in any medium provided the original work is properly cited. 

1. Introduction 

Quaternary ammonium salts (QASs) are widely used as sur-

factants, antimicrobial agents, and mass transfer catalysts 

[1]. One of the most promising areas of their application is 

the synthesis of ionic liquids (ILs) – salts with a melting 

point below 100 °C. The connection between QASs and ILs 

is due to the ability of bulky, asymmetric quaternary am-

monium cations, in combination with large, non-coordinat-

ing anions (e.g., BF₄⁻, PF₆⁻, NTf₂⁻), to hinder crystalliza-

tion, which leads to a lower melting point [2]. These com-
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pounds possess a unique combination of properties: negli-

gible vapor pressure, high thermal and chemical stability, a 

broad electrochemical window, and, most importantly, the 

ability to vary the cation-anion composition to achieve de-

sired characteristics [2]. As a result, ILs are in high demand 

in numerous applications—including catalysis [3, 4], elec-

trolytes [5, 6], and reaction media [4, 7], as well as selective 

extraction systems [4, 8], biomedicine [9], and industry 

[10, 11]. 

Further development of the concept of ionic liquids has 

led to the creation of task-specific ILs – functionalized de-

rivatives bearing additional groups capable of achieving the 

target properties [12]. Unlike classic ILs, such compounds 

are not intended for large-scale utilization but for use as 

functional materials, given their high cost and unique prop-

erties. The increased complexity of their structures com-

pared to classic ILs often has a negative impact on their 

thermal properties. Hence, their melting points can be sig-

nificantly higher than those of conventional ILs, and may 

even exceed 100 °C [13 – 15]. In recent years, the biomedical 

applications of ILs have been actively developing, including 

their use as active pharmaceutical ingredients (so-called 

API-ILs) [16 – 18], drug delivery systems [19 – 21], and an-

timicrobial agents [22–24]. In addition, the unique solva-

tion ability of ILs enables the creation of selective systems 

for the recognition and separation of biologically signifi-

cant molecules like alkaloids, terpenoids, and flavonoids 

[11], organic compounds (via gas and liquid chromatog-

raphy or electrophoresis) [25–27], and metal ions (e.g., 

Hg(II), Cd(II), and rare-earth element ions) [28, 29]. To im-

prove the selectivity of such systems, additional structural 

fragments capable of forming complexes with specific 

metal ions can be incorporated into the IL structure, leading 

to the emergence of task-specific ILs [30, 31].  

Structural fragments that can ensure selective complex-

ation are a catechol group and an acylhydrazone moiety. 

Catechols are well known for their capability of complexing 

transition metal ions. In particular, we can highlight exam-

ples of chelation of Fe(III) [32 – 34], Cu(II) [34] and Zn(II) 

[34] by the related ligands. Acylhydrazones are also capable 

of forming complexes with d-metal cations, such as Cu(II) 

[35 – 38], Ni(II) [36 – 39], Co(II) [38, 39], Zn(II) [36, 38], 

and Cd(II) [36, 39]. The combination of acylhydrazone and 

catechol moieties within a single structure can be conven-

iently achieved using 2,3-dihydroxybenzaldehyde deriva-

tives, leading to the formation of compounds capable of 

forming mononuclear [40] and, predominantly, binuclear 

[41 – 49] complexes with tridentate coordination by the 

acylhydrazone in the imidol form and one of the OH-groups 

of the catechol fragment. However, the data on copper(II) 

complexes with ligands based on QASs with acylhydrazone 

and catechol moieties is very limited and represented by 

only two examples in the CSD databank [50, 51]. 

The biological properties of the derivatives of each indi-

vidual fragment have been extensively studied. Acylhydra-

zones often exhibit antitumor [52 – 54], antimicrobial [55 

– 57], antiparasitic [58 – 60], and anti-inflammatory [61 – 

63] properties. Catechol derivatives often possess antioxi-

dant [64 – 66] and adhesive [67 – 69] properties. QASs are 

widely known for their antimicrobial properties [70 – 72]. 

The combination of these functional groups in a single 

structure can lead to compounds with combined or im-

proved properties compared to substances containing the 

moieties separately. As demonstrated in numerous studies 

by the group of A. Bogdanov, acylhydrazones combining a 

catechol and/or quaternary ammonium moiety in their 

structure may exhibit pronounced antimicrobial [73 – 81], 

anticoagulant [73, 75], antioxidant [76] activity, and are 

also capable of inhibiting certain enzymes, such as butyryl-

cholinesterase [82]. In addition, the formation of com-

plexes with copper(II) ions can enhance certain biological 

properties. The literature contains examples of studies in 

which copper complexes of compounds exhibited higher cy-

totoxicity [83 – 86] and more pronounced antimicrobial 

[87, 88] properties. Moreover, copper chelators are widely 

used for the treatment of conditions related to impaired 

copper metabolism in the human body, such as Wilson's dis-

ease [89] and Menkes disease [90]. Studying the structure 

of such compounds will help establish a relationship be-

tween structure and properties, enabling the targeted de-

sign of systems and materials with desired properties. 

 
Scheme 1 Synthesis of the target complexes. 
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In this study, we synthesized two novel copper(II) com-

plexes of catechol-based QASs and comprehensively studied 

them with structural, thermal, electrochemical, and EPR 

techniques. The target compounds may open up the possi-

bility of creating selective systems for metal ion separation 

and may also possess potential antimicrobial, antioxidant, 

and antitumor properties.  

2. Experimental 

2.1. Reagents 

Acylhydrazones LEH2TFSI and LBH2TFSI (Scheme 1) were 

synthesized according to the literature procedures [91]. 

Methanol and Cu(NO3)2*6H2O were purified by standard 

procedures. Lithium perchlorate was purchased from Acros 

(Fair Lawn, NJ, USA).  

2.2. Synthesis of complexes 

All complexes were obtained according to the general pro-

cedure (Scheme 1). Acylhydrazone ligands LEH2TFSI or 

LBH2TFSI in an amount of 0.065 mmol with 29 mg (20% 

molar excess) of Cu(NO3)2*6H2O were dissolved in 5 ml 

MeOH in a glass vial. The vials with the resulting dark green 

solutions were left with the beaker of water (~50 ml) and 

covered with a large beaker for slow vapor diffusion. The 

system was left for 48 h. The resulting dark green crystals 

were filtered off and washed with distilled water, yielding 

the target complexes [Cu2(LE)2(MeOH)2](TFSI)2 (42.1 mg, 

83%) and [Cu2(LB)2(MeOH)2](TFSI)2 (56.2 mg, 86%). In 

the case of the complex with the ligand LB, the crystals 

formed were suitable for single-crystal X-ray diffraction. 

2.3. Single crystal X-ray diffraction 

Data set for the single crystal of 

[Cu2(LB)2(MeOH)2](TFSI)2 was collected on a Rigaku Xta-

Lab Synergy S instrument with a HyPix detector and a Pho-

tonJet microfocus X-ray tube using Cu-Kα (1.54184 Å) radi-

ation at room temperature. Images were indexed and inte-

grated using the CrysAlisPro data reduction package. Data 

were corrected for systematic errors and absorption using 

the ABSPACK module: numerical absorption correction 

based on Gaussian integration over a multifaceted crystal 

model, and empirical absorption correction based on spher-

ical harmonics according to the point group symmetry us-

ing equivalent reflections was applied. The GRAL module 

was used for the analysis of systematic absences and space 

group determination. The structure was solved by direct 

methods using SHELXT [92] and refined by the full-matrix 

least-squares on F2 using SHELXL [93]. Non-hydrogen at-

oms were refined anisotropically. The hydrogen atoms 

were inserted at the calculated positions and refined as rid-

ing atoms. The figures were generated using Mer-

cury 4.1 [94] program. Crystallographic data and structural 

refinements are summarized in Table S1. 

2.4. Powder X-ray diffraction 

Powder X-ray diffraction (PXRD) studies were made using 

a MiniFlex 600 diffractometer (Rigaku, Japan) equipped 

with a D/teX Ultra detector. In this experiment, Cu-Kα ra-

diation (30 kV, 15 mA) was used, and data were collected at 

room temperature in the range of 2θ from 3 to 100° with a 

step of 0.02° and exposure time at each point of 0.24 s with-

out sample rotation. 

2.5. FTIR ART spectroscopy 

The FTIR ATR spectra were recorded on the Spectrum 400 

FT-IR spectrometer (Perkin–Elmer, Seer Green, Llantrisant, 

UK) with the Diamond KRS-5 attenuated total internal re-

flectance attachment (resolution 0.5 cm−1, accumulation of 

64 scans, recording time 16 s in the wavelength range 400–

4000 cm−1). 

2.6. Thermal analysis 

Simultaneous thermogravimetry (TG) and differential 

scanning calorimetry (DSC) of solid samples were per-

formed using the thermoanalyzer STA 449F1 Jupiter (Ne-

tzsch, Germany) at the temperature range of 40–500 °C. 

The measurements were carried out in aluminum crucibles 

in a dynamic argon atmosphere (75 mL/min) at a tempera-

ture scanning rate of 10 °C/min. The weights of the sample 

were 4.9–10.2 mg. 

2.7. EPR spectroscopy  

X-band EPR spectra were recorded with ESP 300 spectrom-

eter at room temperature and simulated using EasySpin 

software package (version 6.0.12) [95]. For recording the 

EPR spectra, 2 thin tubes (1 mm outer diameter) with the 

samples were placed inside a single 5 mm diameter tube. 

2.8. Electrochemical measurements 

Electrochemical investigation was performed using poten-

tiostat - galvanostat CHI 440B (CH Instruments, Austin, 

USA) with a stationary three-electrode cell at room temper-

ature. Glassy carbon electrode, 2 mm in diameter, was used 

as a working electrode, Ag/AgCl (1 М NaCl) (CHI128) - as 

reference electrode, and Pt wire (CHI 129) was used as 

counter electrode. Before the experiment, the working elec-

trode was polished on silicon carbide grinding paper 

(P10000), followed by rinsing with water and ethanol. Pu-

rity of the electrode surface was controlled by recording the 

background voltammograms. 0.1 M LiClO4 in methanol was 

used as a working solution. Three cycles were recorded in 

the range of [-200; 2000] mV, the initial potential was 

200 mV, scan rate was 100m V/s. 
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3. Results and discussion 

3.1. Structural study 

The compound [Cu2(LB)2(MeOH)2](TFSI)2 crystallizes in 

the triclinic space group 𝑃1, exhibiting a binuclear struc-

ture consisting of the complex cation [Cu2(LB)2(MeOH)2]2+ 

and bistriflimide anions (Figure 1). The asymmetric unit 

[Cu(LB)(MeOH)]+ of the crystal structure is sitting on an 

inversion center; thus, forming a dimer via the symmetry 

operation (−x; −y; −z), with the copper atoms being sym-

metry equivalents. Considering the asymmetric unit, the 

copper atom is coordinating one methanol molecule and 

one ligand molecule via N and O atoms of an acylhydrazone 

part and O atom of a phenol part. This environment forms 

square planar coordination, and the second ligand LB re-

lated by the inversion center fulfills the coordination 

sphere, completing a square-pyramidal polyhedron via the 

O atom of an acylhydrazone group. Thus, this oxygen atom 

serves as a bridging one, enabling the formation of a di-

meric structure.  

Given the considerations above, we can infer that both 

copper atoms in the binuclear cation exhibit a coordination 

number of five and a square-pyramidal coordination envi-

ronment. Thus, the coordination polyhedra are connected 

by a shared edge, forming a binuclear structure. To analyze 

the coordination environment in detail, we present Figure 

2, which shows a closer look at the neighboring atoms and 

selected interatomic distances. Remarkably, the intera-

tomic distance between the Cu atom and the O atom of the 

TFSI anion (2.884(3) Å) falls into a 3 Å range, indicating a 

so-called short contact between them. This can be consid-

ered as an additional coordinated ligand, although the dis-

tance is even larger than that between the Cu atom and the 

O atom from the symmetry-related ligand (2.707(3) Å). 

Therefore, we can conclude that the second ligand and the 

TFSI anion are coordinated rather weakly.  

 
Figure 1. A unit cell of the compound [Cu2(LB)2(MeOH)2](TFSI)2 

is presented along the a axis with a 45° rotation around the verti-
cal axis. Color code: Cu – orange; S – yellow; F – green; O – red; N 

– blue; C – gray. Hydrogen atoms are omitted for clarity. Thermal 

ellipsoids represent 30% level probability of atom positions. 

 
Figure 2 Excerpt of the crystal structure of the compound 

[Cu2(LB)2(MeOH)2](TFSI)2. The distance Cu–OTFSI is 2.884(3) Å, 

the distance Cu–OLB is 2.707(3) Å, and the distance Cu–Cu is 
3.5067(8) Å n-Butyl and tert-Butyl moieties, as well as hydrogen 

atoms, are omitted for clarity. 

 
Figure 3 A coordination site of Cu in the compound 

[Cu2(LB)2(MeOH)2](TFSI)2. A quaternary ammonium fragment, 

MeOH, and a symmetry related ligand are omitted for clarity. 

A conducted review of the CSD database revealed that 

these axial interatomic distances are larger than in related 

binuclear structures, exhibiting an acylhydrazone moiety. 

For instance, comparable axial Cu–O distances in the CSD 

database have a mean value of 2.43(5) Å [96 – 98]. In par-

ticular, the similar pattern of binuclear nature and large ax-

ial distances were reported for the compounds 

[Cu(L)(EtOH)]2∙2H2O (L = 2-[(2-hydroxy-3-methoxy-

phenyl)methylideneamino]benzenesulfonic) and 

[Cu(HL)OAc]2 (HL = 2-[2-hydroxyphenyl]-4,4-diphenyl-

1,2-dihydro-4H-3,1-benzoxazine), which crystallize in the 

P21/n and 𝑃1 space groups, respectively [96, 99]. Although 

these ligands are classic Schiff bases without an acylhydra-

zone fragment, the coordination motif is closely related to 

our case with a six-membered ring formed by the imine N 

atom and the phenol O atom (Figure 3). On the contrary, 

the interatomic distances of the equatorial plane in 

[Cu2(LB)2(MeOH)2](TFSI)2 are in the literature range with 

the mean value of 1.95(3) Å [50, 51, 96–98]. This applies to 

coordination compounds containing acylhydrazone and cat-

echol moieties, exhibiting the same coordination site as 

shown in Figure 3. In particular, it was observed for 

[Cu(HL)(MeOH)]2 (HL = (E/Z)-4-(2-(1-cyano-2-ethoxy-2-

oxoethylidene)hydrazinyl)-3-hydroxybenzoic acid and 
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[Cu2(L)2(DMSO)(MeOH)] (L = N′-(4-(diethylamino)-2-hy-

droxybenzylidene)-1-naphthohydrazide, which showed 

equatorial distances in the range of [1.913(2)–1.923(2) Å] 

and [1.912(2)–1.930(2) Å], respectively [97–98]. 

Having the interatomic distances in the equatorial plane 

less than 2 Å and elongated ones (>2.5 Å) in the axial plane, 

the pronounced Jahn-Teller effect drives a lowering in sym-

metry of the coordination environment [100]. In particular, 

the symmetry decreases from octahedral coordination, 

point group Oh in the perfect case, to square-pyramidal, the 

point group C4v, if the O atom from the symmetry-related 

ligand is considered bound to the Cu atom, or to the square-

planar one, the point group D4h if not. Consequently, we ex-

pect the binuclear structure to exist only in the solid state 

or concentrated solutions and rapidly exchange axial lig-

ands in substitution reactions. This type of distortion is 

common for copper(II) complexes [38, 101], and a con-

ducted review revealed a study describing the kinetic ef-

fects of such reactions with different N-donors and amino 

acids [84]. 

Since the structure is binuclear and the Cu2+ ion is mag-

netically active due to the 3d9 configuration, magnetic in-

teractions between the Cu atoms may be expected. As Fig-

ure 2 shows, the distance between the Cu atoms is 

3.5067(8) Å, which is considered sufficient for such inter-

actions [98, 102, 103]. 

Powder diffraction technique was used to study the 

phase composition of the obtained sample. Figure S1 shows 

the comparison of the experimental and simulated powder 

patterns, which indicates the presence of multiple phases 

in it. Although the sample was initially isolated as single 

crystals suitable for structure determination, it proved to 

be unstable upon storage outside the mother liquor. None-

theless, the first three peaks of the simulated powder pat-

tern are still visible in the experimental one, showing a sig-

nificant decrease in intensities and indicating a transfor-

mation of the sample. The broadening and overlapping of 

the other reflections support this inference, as well. Since 

the recrystallization of the unsolvated complex is question-

able, the only option remaining is to determine the struc-

ture of a completely dried powder sample. However, this is 

challenging for such complex and low-symmetry struc-

tures. 

A comparison of the IR spectra of ligands and the corre-

sponding complexes reveals a shift in several absorption 

bands (Figure 4). A new absorption band at 3503–3579 cm−1 

corresponds to hydrogen-bond vibrations from the metha-

nol molecule included in the complex. The band corre-

sponding to the hydrogen bond vibrations of the ligand phe-

nolic group at 3427–3430 cm−1 has shifted to the area of 

3393–3414 cm−1, while the band at 3280 cm−1 correspond-

ing to the N-H bond vibrations of the amide fragment dis-

appeared due to amide-imidol tautomerization upon com-

plex formation [36]. Furthermore, the tautomerization of 

the ligand’s amide moiety is confirmed by the disappear-

ance of the band at 1688–1696 cm−1 (C=O bond vibrations 

in the amide moiety of the ligand), the appearance of the 

band at 1527 cm−1 (vibrations of the C=N-N=C moiety of the 

complex), as well as the appearance of new bands at 1296–

1303 cm−1 and 1089–1104 cm−1 (vibrations of the C–O- 

bond). In addition, the appearance of a new band at 481–

487 cm−1 can be attributed to characteristic Cu–O or Cu–N 

bond vibrations, as it was assigned in similar struc-

tures [104, 105]. 

3.2. Thermal properties study 

The thermal properties of the obtained complexes were in-

vestigated by simultaneous thermogravimetry-differential 

scanning calorimetry (TG-DSC). As shown in Figure 5, both 

complexes lost their methanol molecules upon mild heat-

ing, and complete methanol loss occurs at temperatures of 

110–130 °C. For both complexes, the experimental mass loss 

is slightly less than the theoretical value. For 

[Cu2(LE)2(MeOH)2](TFSI)2, the experimental value was 

3.7% compared to the theoretical 4.1%. In the case of the 

[Cu2(LB)2(MeOH)2](TFSI)2 complex, the experimental 

mass loss was only 1.3% compared to 3.7% in the theoreti-

cal estimate. This difference can be attributed to the partial 

loss of methanol from the coordination sphere during stor-

age.  

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm-1)

 [Cu2(LE)2(MeOH)2](TFSI)2

 LEH2TFSI

(a)

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm-1)

 [Cu2(LB)2(MeOH)2](TFSI)2

 LBH2TFSI

(b)

 
Figure 4 Comparison of normalized FTIR ART spectra of (a) 
LEH2TFSI and [Cu2(LE)2(MeOH)2](TFSI)2, (b) LBH2TFSI and 

[Cu2(LB)2(MeOH)2](TFSI)2 in solid state. 
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Table 1 Melting and decomposition points of ligands and corre-
sponding copper(II) complexes according to.TG/DSC data. 

Compound Melting 

point 
(°C) 

Decom-

position 
point 

(°C) 

Refer-

ence 

LEH2TFSI 184 291 [91] 
LBH2TFSI 203 300 [91] 

[Cu2(LE)2(MeOH)2](TFSI)2 172 214 This 

work 
[Cu2(LB)2(MeOH)2](TFSI)2 233a 233a This 

work 
a Melting with decomposition.    
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Figure 5 TG (green)/DSC (red) curves of (a) 

[Cu2(LE)2(MeOH)2](TFSI)2 and (b) [Cu2(LB)2(MeOH)2](TFSI)2.  

Comparing the DSC curves for both complexes, several 

variations can be observed, presumably related to struc-

tural differences in the cationic fragments. For the complex 

[Cu2(LE)2(MeOH)2](TFSI)2 with the less sterically hin-

dered triethylammonium fragment, in addition to the endo-

effects associated with the removal of methanol from the 

coordination sphere, a peak at 162 °C is observed, which 

can presumably be attributed to a solid-solid phase transi-

tion. An endo-effect at 233 °C corresponding to melting 

with decomposition is present on the DSC curve of the com-

pound [Cu2(LB)2(MeOH)2](TFSI)2. No separate melting 

peak or solid-solid transition is observed, which can be ex-

plained by the lower mobility of the ligand due to the steric 

hindrance of the tributylammonium fragment. The melting 

and decomposition temperatures of the ligands and the cor-

responding copper(II) complexes are given in Table 1. The 

data show that the coordination with Cu2+ ions leads to a 

significant decrease in the decomposition temperature by 

67 °C for [Cu2(LB)2(MeOH)2](TFSI)2 and 77 °C for 

[Cu2(LE)2(MeOH)2](TFSI)2. The thermal stability of simi-

lar compounds is poorly represented in the literature, and 

the melting and decomposition temperatures for such com-

plexes are often not considered critically significant. A 

study of copper(II) complexes with comparable hydrazone 

ligands shows that partial solvent loss in the solid state oc-

curs even at temperatures of –15 °C, leading to changes in 

their powder X-ray diffractograms [46]. For complexes 

with methanol in the coordination sphere, complete solvent 

removal was observed at temperatures of 108–176 °C, and 

irreversible decomposition with significant mass loss began 

in the temperature range of 268–300 °C, which is signifi-

cantly higher than the values in our work. This difference 

in decomposition temperatures may be attributed to the 

presence of a hydroxyl group at the 3-position of the aro-

matic ring, which significantly facilitates the oxidation and 

decomposition of the ligand due to the conjugation disrup-

tion of the aromatic ring in the quinone form. 

3.3. EPR study of the copper complex 

The EPR spectra of methanolic solutions of 5.0 mM 

[Cu2(LB)2(MeOH)2](TFSI)2 (Figure 6) and 1.0 mM 

[Cu2(LE)2(MeOH)2](TFSI)2 (Figure S2) correspond to 

mononuclear copper(II) complexes. The parameters of the 

spectra are given in Table S2. The spectra display four hy-

perfine lines, which is a characteristic of Cu2+ ions with a 

nuclear spin of I = 3/2. Superhyperfine splitting is clearly 

observed on the fourth line due to the interaction of the un-

paired electron with the coordinated nitrogen atom of the 

ligand, confirming the formation of a 1:1 complex in solu-

tion. The second-derivative spectrum also reveals weak hy-

perfine coupling with the second nitrogen atom of the lig-

and hydrazone moiety (Figure S3). Thus, EPR data indicate 

that the binuclear [Cu2(LB)2(MeOH)2](TFSI)2 and 

[Cu2(LE)2(MeOH)2](TFSI)2 complexes dissociate in meth-

anol solution into the mononuclear Cu(II) species 

[Cu(LB)(MeOH)2]TFSI and [Cu(LE)(MeOH)2]TFSI re-

spectively, as it was presumed at the section 3.1. Such a dis-

sociation was also observed in DMSO solution for similar 

binuclear Cu(II) compounds with acylhydrazone ligands 

[43, 44], the solution EPR spectra of which are typical for 

mononuclear complexes. 

3.4. Redox activity of the obtained complexes 

Although the EPR data proved that target binuclear com-

plexes [Cu2L2(MeOH)2]TFSI2 do dissociate in solution, 

electrochemical studies of the obtained complexes in meth-

anol were performed. In this section, solutions obtained by 

dissolving [Cu2L2(MeOH)2]TFSI2 complexes in methanol 

will be referred to as solutions of dissociated complexes 

[Cu(LB)(MeOH)2]TFSI with a molar concentration twice 

that which would result for a binuclear complex in the ab-

sence of dissociation. 
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Figure 6 Experimental and simulated EPR spectra of 5.0 mM 

[Cu2(LB)2(MeOH)2](TFSI)2 in methanol solution at room temper-

ature. The small signal near 3430 G belongs to a reference radical. 
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Figure 7 Cyclic voltammograms of (a) [Cu(LE)(MeOH)2]TFSI; (b) 

[Cu(LB)(MeOH)2]TFSI; (c) LEH2TFSI before and after the addi-

tion of [Cu(LE)(MeOH)2]TFSI (working solution – 0.1 M LiClO4 in 

methanol, potential range [-200; 2000] mV, scan rate 100m V/s). 

Cyclic voltammograms (CVs) of the ligands were previ-

ously recorded in acetonitrile [91] and a water-acetonitrile 

mixture (50%, v/v) [106]. Replacing the acetonitrile with 

methanol did not affect the voltammograms of LEH2TFSI 

and LBH2TFSI (Figure 7a,b). Two oxidation peaks and one 

reduction peak were recorded, indicating the electrochem-

ical irreversibility of the electrode process. CVs of the cop-

per(II) complexes are also shown in Figure 7a,b. The stud-

ied ligands retained their ability to undergo electrochemical 

transformation. However, the shift in redox peak potentials 

of the complexes was revealed compared to the signals of 

free ligands. Electrochemical oxidation of the ligands in the 

complex occurs at lower potentials. Thus, the shift of the 

first oxidation peak for [Cu2(LE)2(MeOH)2](TFSI)2 was 

about 120 mV and about 60 mV for 

[Cu2(LB)2(MeOH)2](TFSI)2. The shift of the second oxida-

tion peak was 350 and 400 mV, respectively. 

In order to confirm the absence of the studied complex 

influence on the reference electrode potential, additional 

experiments were performed. CVs of LEH2TFSI solution be-

fore and after the addition of aliquot of 

[Cu(LE)(MeOH)2]TFSI are shown in Figure 7c. Indeed, the 

resulting voltammograms show the appearance of the pre-

viously described peaks of the complex, while the positions 

of LEH2 signals remain constant. 

Numerous complexes of catechol, benzoquinone, and 

their derivatives with metal ions such as manganese [107], 

nickel [108], aluminum [109], iron [110], titanium [111], 

copper [112], etc. are known from the literature. The nature 

of the ligand largely determines the redox characteristics of 

the studied complexes. Thus, Tembwe et al. [113] demon-

strated the change in formal redox potential of (diphe-

nylphosphino)ethanecatecholate nickel complex upon var-

ying the nature of the substituent in catechol ligand. The 

change of almost 200 mV was recorded upon replacing the 

donor tert-butyl fragment with a fluoride one. In [114], the 

stability of copper(II) complexes with 3,5-di-tert-butylcat-

echols and 3,5-di-tert-butyl-o-semiquinones formed during 

the electroreduction of mixtures of copper(II) and 3,5-di-

tert-butyl-o-benzoquinone at mole ratios of 1:2 in acetoni-

trile or dimethyl sulfoxide was demonstrated. In this case, 

the addition of metal ions to the ligand solution led to a shift 

in potentials of both reduction peaks toward positive poten-

tials (by almost 300 mV for the first peak and 1000 mV for 

the second relative to the peak of the free ligand). Similar 

behavior was recorded for aluminum- and titanium-cate-

cholate complexes in water, where the oxidation peak of the 

complex occurred at less positive potentials compared to 

free catechol [109, 111]. Our data are consistent with the 

examples given. Thus, the presence of electron-withdraw-

ing fragments in the catechol core determined the signifi-

cant positive shift in peak potentials compared to catechol 

[115]. Comparison of first oxidation peak potentials, corre-

sponding to the catechol / semiquinone transition, for 

[Cu(LB)(MeOH)2]TFSI studied in this article (435 mV vs. 

Fc+/Fc couple) and for [CuII(3,6-Cat)(bipytBu)]∙THF studied 
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by Pashanova et al. [112] containing 4,4′ -di-tert-butyl-2,2′ -

bipyridyl and 3,6-di-tert-butyl-catechol ligands (-345 mV 

vs. Fc+/Fc couple) emphasizes the above-mentioned influ-

ence of the ligand nature. 

4. Limitations 

The main limitations of this research are related to the com-

plex being unstable when stored outside the mother liquor, 

which hinders it from preserving the phase purity. The 

study of the properties of the binuclear complexes, as well 

as their applications, in solution is not feasible due to their 

dissociation into their monomeric form. Furthermore, this 

study does not include investigations of potential biological 

properties. Given the new data on the stability of the com-

plexes, additional studies will be required to investigate 

these properties, taking into consideration their dissocia-

tion in diluted solutions. 

5. Conclusions 

In this work, we present two novel copper(II) complexes of 

redox-active ionic liquids containing acylhydrazone and 

catechol fragments. The target complexes were character-

ized by single-crystal and powder X-ray diffraction, FTIR 

ATR spectroscopy, and TG-DSC analysis. According to X-ray 

crystallography data, the solid-state complex with the 

tributylammonium ligand crystallizes in the triclinic space 

group 𝑃1, showing a binuclear nature with a square-pyram-

idal coordination center. The Cu–Cu distance appeared to 

be 3.507 Å, suggesting coupling interactions between them 

in the solid-state. FTIR ATR spectroscopy showed that dur-

ing complex formation for both ligands, amide-imidol tau-

tomerization of the acylhydrazone fragment occurs, fol-

lowed by deprotonation and the formation of Cu-O bonds. 

The dimeric nature of the complex, with its elongated axial 

bonds (2.707(3) Å), led to the hypothesis that the binuclear 

form exists exceptionally in the solid state or at most in 

concentrated solutions and dissociates in diluted ones. EPR 

spectroscopy in methanol solution proved the dissociation 

of the binuclear complex into a monomeric form. Superhy-

perfine splitting on the fourth line corresponds to the inter-

action of the unpaired electron with the coordinated nitro-

gen atom of the ligand, confirming the formation of a 1:1 

monomeric complex in solution. The effect of binding with 

Cu(II) ions on the properties of the initial ionic liquids was 

determined. The thermal stability of the resulting com-

plexes was found to be significantly lower than that of their 

corresponding ligands. The decomposition points of the 

complexes were 67–77 °C lower than those of their corre-

sponding ligands. Cyclic voltammetry of the dissociated 

mononuclear complexes in methanol showed a shift in the 

potentials of the ligands’ anodic peaks by 60–120 mV for 

the first peak oxidation and by 350–400 mV for the second 

one. Presumably, such changes could be related to the cat-

alytic properties of Cu(II), as its complexes are known to 

catalyze oxidation reactions, including the oxidation of cat-

echol [116, 117]. The results obtained may open up the pos-

sibility of creating selective systems for metal ions separa-

tion and may also potentially lead to antimicrobial, antiox-

idant, and antitumor substances and compositions. 
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