
Research article

Comprehensive analysis of the electronic, thermodynamic, and 
spectroscopic properties of a Cu(II)-based complex with 
1,10-phenanthroline and L-glutamine

Marinaldo V. Souza Junior a, João G. Oliveira Neto a, Walajhone O. Pereira a, Jéssica 
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A B S T R A C T

This study reports additional information’s of geometric, electronic, thermodynamic, and 
vibrational properties of a Cu(II) complex with 1,10-phenanthroline and L-glutamine ligands. The 
experimental spectroscopic analyses were corroborated by density functional theory (DFT). 
Furthermore, these properties were evaluated using an implicit solvation method with water and 
methanol solvents, including vacuum condition. The theoretical predictions provided a deeper 
understanding of the frontier molecular orbitals, chemical reactivity indices, dipole moment, and 
electrostatic potential maps. A computational analysis of the intermolecular interactions using 
Hirshfeld surfaces was also performed, which demonstrated that the H⋯O/O⋯H and H⋯H in-
teractions are mainly responsible for the structural and thermal stability of the complex. The 
calculated intramolecular vibration bands showed a good correlation with the experimental 
Raman and infrared (IR) data, although solvation effects caused some wavenumber shifts. In vitro, 
antitumor assays were performed to evaluate the cytotoxic effects of the complex against prostate 
(PC-3) and glioblastoma (SNB-19) cancer cells. Absorption, distribution, metabolism, and 
excretion (ADME) parameters, along with drug-like properties, are also presented in this work.

1. Introduction

Copper(II)-based coordination compounds have recently aroused attention of the scientific community. This interest stems from 
their potential biological activities when complexed with heterocyclic molecules, such as 1,10-phenanthroline (phen) and amino acids 
[1–5]. These activities encompass a range of properties, including antibacterial, antineoplastic, antacid, antifungal, anti-inflammatory, 
and antiviral properties [1,2,4,5]. Furthermore, the geometric nature of Cu(II) metal center depends on the ligands’ structure and may 
affect physicochemical properties, solubility, redox action, structural variability, and coordination number [6,7].
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Cu(II) allows us to obtain stable complexes with various ligands, including amino acids [8–12]. This ability supplies several ap-
plications, as pointed out by Corona-Motolinia et al. [13], in which the interaction of metal-amino acid complexes in biological systems 
was analyzed. In addition, the formation of Cu(II)-based ternary complexes can modify the physicochemical properties of amino acids, 
making them more reactive and it can alter their three-dimensional structures [14,15]. However, almost no studies exist on the 
electronic, vibrational, thermal, and chemical properties of coordination compounds, including theoretical predictions via density 
functional theory (DFT) calculations [16–19]. Such studies have primarily focused on experiments of structure determination and a 
limited number of cytotoxicity assays.

Another important aspect is the transformative effect of Cu(II) presence in the coordination structure of metal-organic complexes. 
Such inclusion can induce significant alterations in their physicochemical properties, such as chemical reactivity and physical pa-
rameters. In fact, it directly modulates thermodynamic factors and quantum descriptors [18–20], which are intrinsically associated 
with structure-function relationships on the biological properties of Cu(II)-based complexes [15].

Cu(II) has a low cost when applied in cancer therapies in comparison to those metal ions, such as ruthenium (Ru), osmium (Os), 
rhodium (Rh), and platinum (Pt), which are widely utilized in anticancer complexes [21]. Thus, these characteristics make Cu(II) a 
promising candidate for applying coordination compounds targeting biological activities. The Cu(II) ion is a biologically active metal, 
presenting hydrolytic and redox activities upon interacting with specific organic molecules [15,22]. Furthermore, it serves as an 
essential cofactor in numerous enzymatic processes crucial for the proper functioning of human organisms, including metabolic and 
breathing processes [23]. Additionally, this metal is abundantly found in several living organisms and, when coordinated by some 
biomolecules, it can exhibit a cytotoxic effect promoting cell death [24,25].

Some satisfactory and promising results of Cu(II)-based complexes with amino acids have been reported; they are named as [Cu 
(amino acid)(phen)]H2On. Valora et al. [11] investigated Cu(II) complexes containing phen as main ligand and amino acids as sec-
ondary ligands in aqueous solution to determine if the coordination geometry in the solid state is maintained. UV–Vis–NIR spec-
troscopy, electron paramagnetic resonance (EPR), and formal reduction potentials were used to obtain information on the 
characteristics and chemical behavior of the complexes in aqueous solution. On the other hand, Madden et al. [12] also studied ternary 
systems formed by Cu(II), phen, and amino acids in aqueous solution using electromotive force measurements. The data were analyzed 
with LETAGROP program to obtain species distribution diagrams as a function of pH. Wojciechowska et al. [26] have reported the 
synthesis of [CuCl(L-arginine)(phen)]Cl⋅2H2O complex and its assignment of theoretical IR- and Raman-vibration modes obtained 
from DFT calculations. The authors also calculated chemical reactivity descriptors using frontier molecular orbitals and surface 
electrostatic potential for this complex. Although some theoretical-experimental studies highlighting solvent effects on the chemical 
and biological properties of coordination compounds are reported in the literature [18], there is a noticeable gap in theoretical insights 
concerning complexes based on bivalent transition metals [27].

Oliveira Neto et al. [1] have recently performed structural, vibrational, and electronic properties studies about [CuCl(glycine) 
(phen)]3H2O complex, combined with cytotoxicity against HCT-116 abnormal cells (human colorectal cancer). The authors also 
verified a good concordance between experimental and theoretical data. Rodrigues et al. [2] have reported that the [Cu(L-methionine) 
(phen)(H2O)]Cl⋅1.5H2O and [CuCl(L-asparagine)(phen)(H2O)]H2O complexes demonstrated high antineoplastic potential against 
prostate cancer cells (DU-145 and PC-3), breast cancer (MDA-MB-231 and MCF-7), and melanoma (MV3). Additionally, Kiraz et al. 
[28] have published the synthesis, solved structure, and an antiproliferative assay on Caco-2, A549, MCF-7, and BEAS-2B cells from the 
[Cu(glutaminato)(phen)(H2O)]NO3⋅H2O complex, nominate for this study of [Cu(Gln)(phen)(H2O)]NO3⋅H2O. However, some phys-
icochemical properties, such as study of IR and Raman vibrational bands involving solvation effects, in silico pharmacokinetic analysis, 
intramolecular analysis by Hirshfeld surfaces, thermal analysis, and biological of the Cu(II) complex with phen and L-glutamine (Gln) 
ligands have not yet been reported.

This work is a review of the data partially described by Kiraz et al. [28], where we sought to clarify the electronic, thermodynamic, 
and spectroscopic properties’ studies of the Cu(II)-complex with phen and Gln, named as [Cu(Gln)(phen)(H2O)]NO3⋅H2O (the CIF file 
can be accessed from CSD under the code 1884245 or FODVOM). An experimental investigation of its vibrational properties using 
Fourier-transform infrared (FT-IR) and Raman spectroscopy is provided. The spectroscopic data were juxtaposed with theoretical data, 
which were obtained from DFT calculations, also considering solvation effects, through which the vibrational spectra were obtained 
using the integral equation formalism variant of polarizable continuum model (IEFPCM).

Our theoretical studies also encompass the determination of key molecular orbitals and electrostatic potential maps of [Cu(Gln) 
(phen)(H2O)]+ complex. In addition, we employed computational methodologies to elucidate the intermolecular interactions estab-
lished in the crystalline complex via analysis of Hirsfeld surfaces. Lastly, we assessed the selective cytotoxicity of title complex against 
prostate (PC-3) and glioblastoma (SNB-19) cancer cells and then complemented these biological assays with a computational method 
evaluating the absorption, distribution, metabolism, and excretion (ADME) properties along with drug-likeness.

2. Experimental and theoretical methods

2.1. Preparation of crystalline complex

[Cu(Gln)(phen)(H2O)]NO3⋅H2O crystalline complex was grown from a saturated solution via solvent slow evaporation using 0.5 
mmol of the following reagents 1,10-phenanthroline (Sigma Aldrich, purity 99 %), Cu(NO3)2 (Sigma Aldrich, purity ≥99.9 %), Gln 
(Sigma Aldrich, purity ≥99.9 %) and NaOH (Sigma Aldrich, purity ≥98 %), Then, all reagents were added at a solution of methanol 
(20 mL) and water (5 mL). This solution (pH 4.3) was magnetically stirred at 360 RPM for 180 min and, after was filtered. Then, the 
resulting solution was stored at a controlled temperature (35 ◦C) until we achieve adequate crystallization. After a period of one a 
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week, blue crystals have grown with prism-like morphology. This synthesis procedure was followed according to the Kiraz et al. [28].

2.2. Characterization techniques

The crystalline phase of [Cu(Gln)(phen)(H2O)]NO3⋅H2O crystals were characterized through powder X-ray diffraction (PXRD) 
using a PANalytical diffractometer (Empyrean) emitting the Kα1 radiation of Cooper (λ = 1.5418 Å), operating with 40 kV/40 mA. 
PXRD was measured in the angular range of 2θ = 5–50◦ with a step of 0.02◦ and a counting time of 2 s/step. In addition, Rietveld’s 
method was applied to the experimental pattern using EXPGUI-GSAS program [29] from previously published structural data [28].

Thermal measurements were performed simultaneously via thermogravimetry (TG) and differential thermal analysis (DTA) in a 
Shimadzu DTG-60 analyzer. Thermal measurements of powder sample (~5.16 mg) were obtained in the 303–1173 K temperature 
interval under N2 atmosphere with a 100 mL/min flow rate. In addition, differential scanning calorimetry (DSC) measurement was 
recorded with a Shimadzu DSC-60 equipment. For this analysis, ~2.10 mg of the powder sample was used, with a heating rate of 5 K/ 
min was used under inert nitrogen atmosphere with 100 mL/min flow rate, in the 300–500 K temperature interval.

FT-IR spectroscopy under room-temperature condition was performed with a Vertex 70 V spectrophotometer (Bruker) using KBr 
pastille method, in the spectral range 400–4000 cm− 1. The spectral resolution was 5 cm− 1, with an average of 32 scans.

Raman spectrum measurements under room-temperature condition were performed in the 40–3200 cm− 1 region using a LabRAM 
spectrometer coupled to a thermoelectric-cooled charge-coupled device (CCD) based on a Peltier-cooled system. The powdered sample 
was excited with a red solid-state (He-Ne) light source, wave-length 633 nm and power around 3.5 mW. A spectral resolution of 4 cm− 1 

was used. The laser was focused using an Olympus model BX41 microscope.
Molecular absorption spectroscopy in the ultraviolet (UV), visible (Vis) and near-infrared (N-IR) regions were carried out with a 

Thermo Scientific (Evolution model) spectrophotometer. The experimental setup has a deuterium lamp (double beam) and cuvette of 
quartz, with an optical path of 0.1 cm. The spectra were measured in the wavelength region of 200–1100 nm. A quantity of 20 mg of 
the Cu(II)-complex crystals were dissolved in 2 mL of water and methanol; thus, two solutions were prepared from each solvent to 
record the UV–vis absorption spectra.

2.3. Computational techniques

DFT calculations were developed on the theoretical study of the [Cu(Gln)(phen)(H2O)]+ complex using the Gaussian 16 compu-
tational package [30]. From the XRD structural data [28], the geometry optimization was performed applying the PBE1PBE 
exchange-correlation functional [31], which has been successfully employed in theoretical calculations of coordination complexes, as 
reported [2,32]. Furthermore, the 6–311++G(d,p) basis set was applied on C, O, H, and N atoms; while basis functions for valence 
electrons and Stuttgart-Dresden pseudopotential of the SDD basis set were applied on the Cu atom [33,34].

The first calculations were developed in a vacuum. Additional calculations were carried out accounting for solvation effects using 
the integral equation formalism of polarizable continuum model (IEFPCM) [35], with the solvents water (1.85 D) and methanol (1.70 
D) as dielectric mediums. The theoretical IR and Raman vibrational spectra were obtained and compared to the experimental ones. 
Further analyses were developed with the vibAnalysis software [36], implemented with a basis on the Bayesian regression method, 
applying the vibrational mode automatic relevance determination (VMARD) for the study of vibration modes [37]. The predicted 
Raman and IR modes were corrected using a scale factor of 0.9594 [38]. Then, optimized geometries obtained from the DFT calcu-
lations was used to evaluate the in silico pharmacokinetic features of the [Cu(Gln)(phen)(H2O)]+ complex. Therefore, ADME pa-
rameters and drug-likeness were estimated using the SwissADME platform [39].

Hirshfeld surfaces [40], fingerprint plots [41,42], and crystal voids were calculated using CrystalExplorer 17 program [43] for the 
[Cu(Gln)(phen)(H2O)]+ cationic complex, including the nitrate- and water-free molecules to understand better the intermolecular 
interactions between all chemical species in the crystal lattice. This study was performed starting from the structure available in 
Cambridge Structural Database (CSD) under code 1884245. The graphs of Hirshfeld surfaces were obtained according to the 
normalized distance (dnorm), considering the distances from a given point to the nearest external (de), internal (di) atom, and van der 
Waals radius (rvdW). The fingerprint plots were obtained in respect to de and di distances, which provide a description of the inter-
molecular contacts and allow a quantification of specific interactions [44].

2.4. Cytotoxic assays

To evaluate the cytotoxic effects of the [Cu(Gln)(phen)(H2O)]NO3⋅H2O complex were used the human tumor cell lines PC-3 
(prostate cancer) and SNB-19 (glioblastoma) (both at 3 × 10⁵ cells/ml in 200 μl/well), and the non-tumor murine cell line RAW- 
264.7 (murine macrophages) (5 × 10⁴ cells/ml in 200 μl/well). The cells were cultured in 96-well plates containing Roswell Park 
Memorial Institute (RPMI)-1640 medium supplemented with 10 % fetal bovine serum, 2 mM of Gln, 100 U/mL of penicillin, and 100 
μg/mL of streptomycin under temperature of 310 K with 5 % CO2. Following 24 h of incubation, the cells were treated with the [Cu 
(Gln)(phen)(H2O)]NO3⋅H2O complex at concentrations ranging from 12.5 to 0.2 μM for an additional 72 h 310 K and 5 % CO2. For 
positive control, cisplatin [PtCl2(NH3)2] (Sigma Aldrich, purity >99.9 %) was used at concentrations from 50.0 to 0.4 M. Cytotoxicity 
was evaluated utilizing the 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay. After incubation, the 
medium was replaced with 150 μL of fresh medium with MTT dye (0.5 mg/mL) added. After 3 h, the plates were centrifuged, the 
formazan was dissolved in 150 μL of DMSO, and absorbance was read at 550 nm. Nonlinear regression analysis was used to determine 
the mean inhibitory concentration (IC50) and its 95 % confidence intervals (95 % CI). The selectivity index (SI) was then calculated 
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using this equation: 

SI=
ICRAW− 264.7

50

ICTumorCells
50 

A selectivity index (SI) greater than 1 means the compounds are more selective for tumor cells than healthy cells in vitro [46].

3. Results and discussion

3.1. PXRD and Rietveld’s refinement

Fig. 1a shows the PXRD pattern and Rietveld’s refinement of [Cu(Gln)(phen)(H2O)]NO3⋅H2O crystals at room-temperature con-
dition. The compound forms crystals in triclinic system, adopting the P1

(
C1

i
)

space group, and includes two formula units per unit cell 
(Z = 2). The Rietveld refinement yielded the following unit cell parameters: a = 7.040(9) Å, b = 12.312(2) Å, c = 12.899(2) Å, α =
110.512(7)◦, β = 105.037(7)◦, γ = 97.373(7)◦, and V = 981.21(9) Å3. The accuracy of these parameters is indicated by Rwp = 4.7 %, Rp 
= 3.7 %, and S = 1.18, demonstrating that the structural analysis aligns well with previously reported crystallographic data for the [Cu 
(Gln)(phen)(H2O)]NO3⋅H2O crystal [28].

The asymmetric unit of [Cu(Gln)(phen)(H2O)]NO3⋅H2O coordination complex [28] is displayed in Fig. 1b. As one can note, the 
bonding atoms (N and O) around copper form a distorted square-pyramidal geometry, due to a spherical impediment that occurs when 
Gln binds to the transition metal already complexed with phen unit. In the unit cell (Fig. 1c), the molecules are linked across an 
equatorial plane containing the two organic compounds (phen and Gln) and one H2O molecule in the axial position. In addition, there 
are NO−

3 and H2O molecules in free form, which are established by weaker intermolecular interactions in the crystal lattice, which 
contribute to the system stability [26], though (the CIF file can be accessed from CSD using code 1884245).

A crystallographic structure similar to [Cu(Gln)(phen)(H2O)]NO3⋅H2O complex is reported in the literature [47], [Cu(L-glutamine) 
(phen)(H2O)]Cl⋅1.5H2O (the CIF file can be accessed from CSD under the code 272495). In this reported complex, the Cu2+ ion is 
coordinated in an equatorial plane by both molecules (Gln and phen), with an H2O molecule occupying the axial position. Both 
complexes exhibit a distorted square-pyramidal geometry around the copper ion. However, structural differences are observed be-
tween the complex of this work and the complex previously reported [47], such as uncoordinated molecules, symmetry, space group, 
unit cell parameters, and molecular weight.

3.2. Structure optimization and electronic studies via quantum chemical calculations

The optimized geometries of [Cu(Gln)(phen)(H2O)]+ complex considering the vacuum, aqueous, and methanolic conditions were 
obtained using PBE1PBE functional, resulting in a distorted square pyramidal geometry, as presented in Fig. S1 of supplementary 
material. A better depiction of the structural changes resulting from solvation effects is illustrated in Fig. S2 (supplementary material), 
where an overlap of the rod-modified structures under varying conditions is presented. DFT calculations were performed only on the 
coordination complex, that is, the non-coordinated NO3

− ions and H2O molecules also present in the crystal were not considered in the 
calculations, since we focused on understanding the behavior of phen and Gln ligands coordinated to the Cu(II) ion in chemical 
reactivity indices, which influences biological properties of the complex [4,5]. Each optimized geometry obtained was confirmed as a 
true minimum in the potential energy surface because all the vibrational frequencies calculated in our theoretical study are positive.

A more detailed analysis of the bond angles and dihedral angles, as well as bond lengths of the [Cu(Gln)(phen)(H2O)]+ complex 

Fig. 1. (a) PXRD Rietveld’s refinement for the powdered [Cu(Gln)(phen)(H2O)]NO3⋅H2O crystals at room-temperature condition, (b) molecular 
structure of complex, and (c) unit cell of monoclinic system in the bc plane showing some intermolecular interactions formed between coordination 
complex and H2O and NO−

3 molecules.
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under different conditions, is provided herein. A comparison between experimental [28] and theoretical data obtained with PB1PBE 
functional is given in Table S1 (supplementary material). Thus, it is possible to notice in the vacuum-calculated data that even without 
considering intermolecular interactions occurring in the crystal lattice in the calculations, a good estimate was achieved for almost all 
structural parameters predicted.

The computed Gibbs free energy of complexation in methanol is − 186.25 kcal/mol. The computed Gibbs free energy of 
complexation in water is − 178.36 kcal/mol, indicating that the complexation process is more favorable in methanol than in water. The 
Gibbs free energy of solvation for methanol and water were calculated, corresponding to − 48.82 kcal/mol and − 49.60 kcal/mol, 
respectively. These values suggest that the complex has more affinity to the solvent water, which implies stronger attractive forces 
between the solute and solvent in water than in methanol [48].

Alongside the binding and angle parameters, the geometry optimization reveals that [Cu(Gln)(phen)(H2O)]+ complex adopts a 
distorted square pyramidal geometry. This optimized structure shows a strong agreement with the experimental data. Therefore, given 
the great estimate achieved for almost all geometric parameters in an isolated monomer under different conditions, it will be possible 
to perform a good electronic properties’ study and a reliable vibrational analysis of intramolecular vibration modes.

Therefore, the study of electronic properties was conducted from the optimized geometries obtained to determine chemical 
reactivity indices. The parameters were estimated from the frontier molecular orbitals (HOMO- LUMO) [49]. Using some mathematical 
relationships and energies of HOMO-LUMO, the following quantum-chemical descriptors are determined: energy gap (ΔEg), ionization 
potential (IP), electron affinity (EA), electronegativity (χ), chemical potential (μ), chemical hardness (η), softness (ς), and electro-
philicity index (ϖ). The calculated values of reactivity indices for the [Cu(phen)(Gln)(H2O)]+ complex are shown in Table 1.

Since the complex is an open shell system, the gap HOMO-LUMO (ΔEg) is calculated considering alpha (α) and beta (β) orbitals. 
Thus, the true HOMO in solvents is α-HOMO, and the LUMO is β-LUMO; whereas in vacuum, the true HOMO and LUMO are α-HOMO 
and α-LUMO, respectively [2]. According to the data presented in Table 1, the highest values for α-HOMO and β-LUMO are observed in 
water and methanol, suggesting a significant solvation effect on the energies of the orbitals.

Besides that, high energy values related to the HOMO descriptor indicate greater electron-donating capacity, while low energies of 
LUMO describe lower resistance in accepting electrons [50,51]. The ΔEg is related to the electronic stability of a molecular system, 
since occurrence of an electronic transition is more difficult when the ΔEg is high [51]. The values of ΔEg calculated for the [Cu(Gln) 
(phen)(H2O)]+ complex in water and methanol are 4.72 eV and 4.71 eV, respectively. Also, the energies of HOMO and LUMO are 
related to the ionization energy and electron affinity descriptors. Specifically, the ionization energy is the energy needed to remove an 
electron from a complex; while the electron affinity corresponds to the energy change of a complex when an electron is added to it 
[52].

The electronegativity index indicates the ability of the complex to attract electrons [53]. Here, the electronegativity index is ob-
tained, and three positive values are determined for the different conditions considered. The electronegativity decreases in the 
following order: vacuum > methanol > water. This trend indicates an increase in the wavelength of excitation energy in the same 
sequence [1].

Hardness describes the resistance to a distortion of the electron cloud of the system under an external influence [54]; while softness 
is the inverse of hardness, and both of these parameters were calculated herein. From an analysis of Table 1, we observe that the 
calculated values suggest that the [Cu(Gln)(phen)(H2O)]+ complex is most stabilized in methanol and water due to its relatively high 
hardness, indicating that the system has significant resistance to an electron cloud distortion, which also makes an influence on the 
ease for losing electrons [55].

Another quantum descriptor derived from frontier molecular orbital energies is the electrophilicity index. This parameter indicates 
the tendency of a chemical system to accept electrons [56]. It is also associated with a decrease in energy due to the optimal flow of 
electrons between the donor and acceptor sites. For the [Cu(Gln)(phen)(H2O)]+ complex in methanol, the electrophilicity index is 
5.52 eV, suggesting that it can act as an electrophile, which implies that the complex may exhibit significant biological activity. The 
electrophilicity values found in this study are higher than those reported for other copper complexes with different ligands [57,58], 
including the well-known cisplatin complex [59,60], an antitumoral drug commonly used in cancer treatment [60–62].

In addition to the chemical reactivity indices presented above, an important property calculated is the dipole moment, which is 
associated with electronic mobility in a molecular system from the distribution of positive and negative partial charges [63]. Thereby, 

Table 1 
Chemical reactivity indices of [Cu(Gln)(phen)(H2O)]+ complex using PB1PBE functional and 6–31++G(d, p) and SDD computational levels.

Descriptor Equation Medium (eV or *1/eV*)

Vacuum Methanol Water

HOMO – − 9.53 − 7.46 − 7.41
LUMO – − 5.54 − 2.74 − 2.69
ΔEg LUMO – HOMO 3.99 4.71 4.72
IP – HOMO 9.53 7.46 7.41
EA – LUMO 5.54 2.74 2.69
χ – ½ (LUMO + HOMO) 7.54 5.10 5.05
μ ½ (LUMO + HOMO) − 7.54 − 5.10 − 5.05
η ½ (LUMO – HOMO) 1.99 2.36 2.36
ς 1/2η 0.25* 0.21* 0.21*
ϖ μ2/2η 14.25 5.52 5.40
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the dipole moment of [Cu(Gln)(phen)(H2O)]+ complex was calculated in vacuum, methanol, and water, whose values found are 7.17, 
23.21, and 21.87 D (Debye), respectively. Our findings for the dipole moment values in methanol and water solvents indicate that the 
complex allows a high electron flux and potential biological activity. As noticed, the dipole moment is most pronounced in methanol.

According to our previous research [1,50], the calculated dipole moment of [Cu(L-methionine)(phen)H2O]+ complex in water 
solvent is 18.51 D [50], whereas for the [CuCl(glycine)(phen)]+ complex is 20.17 D [1], which differ of the dipole moment calculated 
herein for the [Cu(Gln)(phen)(H2O)]+ complex, also in water, whose value found is 21.87 D. It was noticed that the dipole moment 
estimated for the [Cu(L-methionine)(phen)H2O]+ complex in vacuum is 13.52 D [50], while the value obtained in our study is found to 
be 7.17 D. Thus, it is noteworthy that the amino acid type affects the dipole moment of metal-organic complexes since this modification 
can be caused by polarity of the amino acids, as methionine and glycine are considered nonpolar, and glutamine is a polar substance. 
Table 2 gives the dipole moment values from the literature and those we obtained in this work.

To investigate the reactive sites of the [Cu(Gln)(phen)(H2O)]+ complex, electrostatic potential maps (EPMs) were predicted under 
different solvation conditions. Fig. 2a-c shows the contour surface divided into a pattern of warm colors (red, orange, and yellow) that 
characterize negative regions and cool colors (blue and green) characterizing positive regions. It is noticed that little changes are 
observed between EPMs calculated in water and methanol when compared to EPM calculated in vacuum. The negative are primarily 
concentrated over the nitrogen and oxygen atoms in the phen and Gln ligands, respectively, suggesting that these sites are nucleophilic. 
Besides that, the remaining EPM regions of the monomer exhibit charge depletion, which indicates their electrophilic character. From 
this electronic study, it is noticeable that these sites of the [Cu(Gln)(phen)(H2O)]+ complex also tend to participate in intermolecular 
interactions that can occur between the complex and other systems, including biomolecules.

3.3. Hirshfeld surfaces, 2D-fingerprint plot, and crystal voids studies

To complement the geometric and electronic properties of the [Cu(Gln)(phen)(H2O)]+ complex via DFT calculations, as we pre-
sented above, the intermolecular interactions occurring in the [Cu(Gln)(phen)(H2O)]NO3⋅H2O crystal (Fig. 3a) were analyzed in detail 
using Hirshfeld surfaces and their analogs. Fig. 3b exhibits the three-dimensional pattern obtained from a ternary color gradient, in 
which the red, white, and blue regions correspond to intense, intermediate, and weak (null interactions), respectively [64]. As 
observed, the main contacts involve the oxygen atoms present in H2O and Gln molecules, as well as nitrogen atoms belonging to the 
amino acid. The whitish sites mainly centered on the phen portion are associated with less intense contacts established between ar-
omatic rings and neighboring units.

Fig. 3c-d exhibits the Hirshfeld surface in relation to the de and di, which represent distances in the boundary area on the outer and 
inner atoms of crystalline complex lattice, respectively. In de, regions in warm tones represent the sites related to the intermolecular 
interactions, while in di, this same color pattern indicates sites responsible for making contact between monomers. Complementarily, 
the surfaces shown in Fig. 3e–f characterize topological contacts, which are used to identify molecular packing between adjacent 
molecules, as well as their stacking in the crystal [65]. The shape index pictured in Fig. 3e illustrates the concave and convex sites of 
coordination complex represented by warm and cool colors, respectively. From this distribution, it is possible to notice where two [Cu 
(Gln)(phen)(H2O)]NO3⋅H2O complex units touch each other via intermolecular interactions through which structural stability can be 
evaluated. Furthermore, the flat green areas and blue contours indicate low and high areas of curvatures, respectively, as shown in 
Fig. 3f, duly picturing the behavior of hardness surface. The intermolecular contacts constructed between complex units through the 
areas divide the surface.

In addition to the qualitative analysis of sites where intermolecular interactions occur, the 2D-fingerprint graphs are provided 
herein, as displayed in Fig. 4. This quantitative study allowed us to determine different types of contacts that stabilize the crystalline 
lattice based on the attraction and repulsion between molecular fragments constituents of the complex. Fig. 4a presents the cumulative 
2D-fingerprint plot for the [Cu(Gln)(phen)(H2O)]NO3⋅H2O crystal, in which the percentages are indicated and shown as a function of 
de and di properties characterized by a portion of points over the surface. The presence of blue dots indicates that the crystal is sta-
bilized by high percentages of distant contacts between complex units. The full graph was decomposed from this pattern into stratified 
histograms corresponding to the specific intermolecular interactions with their percentages, as shown in Fig. 4b-i.

The H⋯O/O⋯H (36.6 %), H⋯H (36.1 %), and H⋯C/C⋯H (11.6 %) contacts contribute to more than 84.0 % of the Hirshfeld 
surfaces, showing that these intermolecular interactions confer the ordering of [Cu(Gln)(phen)(H2O)]NO3⋅H2O complex units on the 
crystal lattice, as shown in Fig. 4b-i. Additionally, the sharp and high peaks observed in regions of low de and di values in the histograms 
indicate that the H⋯O/O⋯H and H⋯H present strong interactions in the crystal structure, as illustrated in Fig. 4b. Beyond that, less 
intense dispersive forces were also quantified as types: induced dipole (C⋯C, 5.3 %; O⋯O, 3.4 %), dipole-dipole (O⋯C/C⋯O, 1.6 %; 
N⋯O/O⋯N, 1.5 %), and hydrogen bonds (H⋯N/N⋯H, 2.9 %).

Table 2 
Comparison between dipole moment values of [Cu(Gln)(phen)(H2O)]+ complex of this work and dipole moment values for other coordination 
complexes previously reported in the literature.

Complex
Amino acid Theoretical dipole moment (Debye)

Water Vacuum

[Cu(L-methionine)(phen)H2O]+ Methionine 18.51 [45] 13.52 [45]
[CuCl(glycine)(phen)]+ Glycine 20.17 [1] –
[Cu(Glutamine)(phen)(H2O)]+ Glutamine 21.87 7.17
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A more detailed model of how intermolecular contacts are involved between [Cu(Gln)(phen)(H2O)]NO3⋅H2O complex fragments is 
shown in Fig. 5. The red and green dashed lines represent H⋯O/O⋯H and H⋯H interactions, respectively. This behavior strengthens 
the results discussed above (Fig. 4b-c), highlighting that the main bonds involved between coordination complex units are hydrogen 
bondings, which contribute substantially to the stability of the complex analyzed herein [20].

Complementarily, another computational analysis was carried out in the [Cu(Gln)(phen)(H2O)]NO3⋅H2O crystal (Fig. S3a of 
supplementary material) to investigate the crystal voids. Vacancies in the structural lattice are illustrated using electron density 
isosurfaces, as shown in Fig. S3b of supplementary material. These calculations provided an estimate of the free volume of primitive 
unit cell to be approximately 74.13 Å3, which is equivalent to a percentage near 7.6 %. This value is considered low, and it is related to 
good stability in lattice energy, since systems exhibiting higher percentages (>15 %) of voids have a reduction in the energy of in-
teractions and, consequently, their physicochemical properties can be affected, such as solubility, dissolution, and hardness [66]. 
Furthermore, the sites are not surrounded by isosurfaces, showing an area nearly 289.16 Å2. These regions characterize areas where 
intermolecular contacts occur.

Fig. 2. Electrostatic potential maps (EPMs) of [Cu(Gln)(phen)(H2O)]+ complex in different conditions: (a) vacuum, (b) water, and (c) methanol.
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3.4. Thermal analysis studies

Thermal behavior of powdered [Cu(Gln)(phen)(H2O)]NO3⋅H2O crystals was investigated by TG and DTA analyses, as seen in Fig. 6. 
Thermal-TG curve shows thermal decomposition of the material occurs at three stages: (I) between 314 and 403 K, a mass loss around 
6.6 % (34.77 g mol− 1) occurs due to release of two H2O molecules, one free and other of coordination. In addition, the three endo-
thermic peaks appearing at about 341, 369 and 398 K in the DTA curve are related to a dehydration process corresponding to the 
changes from the hydrate phase to anhydrous phase of [Cu(Gln)(phen)(H2O)]NO3⋅H2O crystal; (II) between 403 and 623 K, a large 
mass loss corresponding to 42.4 % (206.51 g mol− 1) appears due to the decomposition from the free NO−

3 molecule and the frag-
mentation of organic species of the complex, since it needs more than one stage for total decomposition. An exothermic peak that 
appears near 506 K confirms this partial decomposition process, intermediate compounds formed, such as ammonia, carbon dioxide, 
carbon monoxide, among others, when evaporated release energy and they can propitiate exothermic events [67]; (III) above 623 K, a 
sharp decline is observed in the TG curve, another mass loss corresponding to 23.4 % (114.13 g mol− 1), which characterizes the 
decomposition of remaining carbon chains [68]. Concomitant to this last stage, a variation in the baseline of the DTA curve occurs 
suggesting a change in the specific heat of the sample due to the increase in temperature. This event is connected to appearance of an 
exothermic peak in the DTA curve ~673 K owing to carbonation of organic compound [68], followed by partial oxidation of the metal 
ion [1]. Table 3 provides the thermodynamic parameters obtained from the thermal analyses of powdered [Cu(Gln)(phen)(H2O)] 
NO3⋅H2O crystals.

Fig. S4 (supplementary material) shows the DSC curve, which corroborates the TG and DTA results. The first three events observed 
at temperatures approximately 331, 361 and 384 K are caused by evaporation of water present in the crystalline complex. The en-
thalpies of the thermal events were determined, respectively, to be near 18.81 kJ/mol, 39.95 kJ/mol, and 7.28 kJ/mol. Therefore, the 
total enthalpy associated with the dehydration process is approximately 66.04 kJ/mol. In previous studies, dehydration enthalpy of 
monohydrated asparagine was reported to be ~49.7 kJ/mol [69] and the hemihydrated 5-methyluridine was obtained ~48.8 kJ/mol 

Fig. 3. (a) Molecular unit of [Cu(Gln)(phen)(H2O)]NO3⋅H2O coordination complex. Hirshfeld surface of [Cu(Gln)(phen)(H2O)]NO3⋅H2O complex 
mapped according to the (b) dnorm, (c) de, and (d) di, (e) shape index, and (f) curvedness.
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[70]. These values are corresponding to the vaporization of water, which is around 41 kJ/mol [67–71]. Energy difference of 24.64 
kJ/mol between water vaporization and [Cu(Gln)(phen)(H2O)]NO3⋅H2O crystals dehydration can be attributed to the intermolecular 
interactions of water in the crystal lattice, indicating that the significant role of H2O molecules is essential to the crystal structure. 
Furthermore, the thermal event noticed near 498.9 K with enthalpy of 97.29 kJ/mol occurs due to the partial decomposition of organic 
compounds, also indicating the formation of intermediate compounds, which are in agreement with the TG/DTA results.

3.5. FT-IR and Raman spectroscopy studies

As previously related by Kiraz et al. [28] and according to the PXRD study performed herein, the unit cell of [Cu(Gln)(phen)(H2O)] 
NO3⋅H2O complex contains 52 atoms and 2 formulas, totaling 104 atoms and, therefore 312 degrees of freedom. Furthermore, it was 
verified that the crystal phase corresponds to triclinic structure with C1

i group. According to theory [72], the representation describing 
the Raman and IR modes are associated with Ci-factor group is Γ = 3Ag + 3Au, where the fundamental vibrations for both Raman and 
IR activities correspond to Ag and Au, respectively. As each pair of atoms occupies Ci-site symmetry within the primitive cell, the 
occupied sites are a total of 52 resulting in a total of vibration normal modes given by Γtotal = 156Ag + 156Au. However, among them, 

Fig. 4. (a) Cumulative 2D-fingerprint plot of [Cu(Gln)(phen)(H2O)]NO3⋅H2O complex. Interaction-specific fingerprint plots: (b) H⋯O/O⋯H, (c) 
H⋯H, (d) H⋯C/C⋯H, (e) C⋯C, (f) O⋯O, (g) H⋯N/N⋯H, (h) O⋯C/C⋯O, and (i) O⋯N/N⋯O.
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the acoustic modes are given by Γac = 3Au; therefore ΓRaman = 156Ag are Raman, and ΓIR = 153Au are IR modes.
Theoretical vibrational properties of [Cu(Gln)(phen)(H2O)]+ complex are combined with experimental Raman and IR studies from 

the better geometry optimized by DFT, which was obtained using PBE1PBE functional. The intramolecular modes are calculated and 
assigned from distinct conditions. Figs. 7 and 8 show the experimental (IR and Raman) spectra, respectively, at room temperature in 
the wavenumber regions of 4000–400 cm− 1 and 40–3200 cm− 1, respectively. As noticed in both figures, the confrontation between the 
experimental spectra and predicted spectra obtained in methanol, water, and vacuum is provided for a better analysis. Experimental 
results from vibrational spectroscopy agree well with theoretical data. In addition, all IR and Raman bands’ positions in cm− 1 with 
their respective assignments are given in Tables S2 and S3 (supplementary material).

Six vibration modes are recorded in the Raman spectrum at about 58, 77, 110, 135, 170, and 180 cm− 1 (insert of Fig. 8a), they 

Fig. 5. Intermolecular contacts in the [Cu(Gln)(phen)(H2O)]NO3⋅H2O complex: red (H⋯O/O⋯H), and green (H⋯H) dashed lines.

Fig. 6. TG and DTA curves of powdered [Cu(Gln)(phen)(H2O)]NO3⋅H2O crystals obtained in the temperature interval of 300–900 K.

Table 3 
Thermal events and thermodynamic parameters of powdered [Cu(Gln)(phen)(H2O)]NO3⋅H2O crystals.

Regions
Temperature [ K ] Weight [g.mol− 1] Mass loss [ % ] ΔH [kJ.mol− 1]

Tonset Tpeak Tendset

I 330.2 355.2 279.6 34.77 6.6 − 764.48
II 493.9 522.8 315.4 206.51 42.4 446.69
III 810.6 917.2 296.4 114.13 23.4 − 4572.27
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belong to the crystalline lattice vibrations. Generally, lattice vibrations are coupled with hydrogen bonds’ vibrations [50,73–75]. 
Additionally, vibrational motions owing to metal-ligand bonds appear below 590 cm− 1 as low-intensity bands indicating the presence 
of bonds from copper with phen and Gln ligands. Thereby, in the spectral region of 510–200 cm− 1 of the two spectra appear vibration 
modes due to bending, torsion, and stretchings from the metal and ligands. On the other hand, the low-intensity band noticed nearly 
250 cm− 1 in the Raman spectrum is attributed to the bending from the aromatic ring of phen ligand. Interestingly, the peak position of 
this band is well stable for the different conditions used in the PCM-DFT vibrational calculations. According to our calculations, two 
Raman bands near 292 and 316 cm− 1 are described as bending motions involving Cu–N–C and N–Cu–O bonds, respectively. In three 
different conditions, an experimental Raman band around 508 cm− 1 is associated with combined vibrations of Cu–N stretching and 
CCO stretching from the phen and Gln molecular portions. Regarding this band, a little change is observed between experimental and 
theoretical peak positions (498, 499, and 501 cm− 1) in different mediums utilized in our PCM-DFT predictions.

The experimental IR band observed at about 411 cm− 1 corresponding to the bending of Cu–O–H. The low-intensity IR bands 
centered at 469 and 550 cm− 1 are assigned as combined motions of torsion and bending vibrations of the Cu–N–C–C dihedrals, and in 
the coordination sphere involving the Cu–N–C bond, with very low contribution of carbon chain from the phen and Gln portions. The 
corresponding theoretical IR peaks’ positions at vacuum and water mediums present notable redshift in relation to the two experi-
mental peaks (469 and 550 cm− 1). Additionally, experimental bands centered at 562 (Raman) and 586 (IR) cm− 1 are due to combined 
motions of C–C stretching and deformation of COO unit, respectively. The Raman band observed nearly 739 cm− 1 is assigned as a 
combination of stretching’s of C–C and C–N of the molecular structure of Gln. The PCM–DFT theoretical peak position calculated at 
methanol shows a large blue shift in relation to the experimental position. IR band observed near 650 cm− 1 is due to C–C–C defor-
mation and C–C stretching of amino acid. It is worth highlighting that when the peaks’ positions calculated at three different conditions 
are compared to those experimental peaks’ positions due to the motions from the structure of Gln, one can notice that the dielectric 
mediums strongly affect its PCM-DFT calculated modes, corroborating the structural modifications on the coordination complex, as 
observed in Fig. S3 of supplementary material. All IR and Raman peaks’ positions and assignment of intramolecular modes are pro-
vided in Tables S2 and S3 (supplementary material).

Vibration bands within 740–1400 cm− 1 region are associated with combined motions by several stretching and deformations of 
chemical units of the phen and Gln ligands. The Raman modes noticed nearly 723, 854, 1045, 1021 and 1523 cm− 1 are due to bending 
of aromatic rings of the phen ligand. Besides that, IR absorption modes observed around 723, 773, 824, 858, 989, 1120, and 1198 cm− 1 

are also associated with bending of aromatic rings of the phen structure. Our calculations also allowed us to infer that IR bands between 
870 and 1400 cm− 1 are due to combined motions mainly related to the stretching and bending involving the CC, CCH, CN, CO2, CH2, 
and NH2 units from the Gln ligand. Among all these vibrations, it is important to highlight that the DFT-predicted modes at about 1376 
and 1381 cm− 1 due to γ(HCH)+ν(CC)+ν(CN) which were calculated, respectively, at water and methanol solvents, present a shift to 
low wavenumbers in relation to the experimental IR mode recorded near 1387 cm− 1. Considering the Raman observations in the 
880–1400 cm− 1 region, one can notice vibrations located at about 882, 1065, 1144, 1256, 1315, 1365, and 1389 cm− 1 that correspond 
to a combination of motions of the stretching and deformation types of CH2, NH2, CO, CN, CC, HCC, and HCN units from the Gln 
structure. In the PCM-calculated bands under water and methanol solvents when compared to two experimental bands recorded at 
about 1144 and 1256 cm− 1, corresponding to the ν(C=O)+δ(HCH)+δ(HNH) and ν(C–O)+ν(C–N) vibrations, one can note a shift to 
high wavenumbers. This fact is due to the direct participation of hydrogen bonds in these vibration modes [17,76–78]. In IR and 
Raman spectra between 1400 and 1590 cm− 1 were recorded a set bands due to CC- and CN-stretching vibrations along with a 
contribution of ring bending, δ(phenring), from the Gln and phen ligands.

Fig. 7. Comparison between experimental (black) and calculated IR spectra in water methanol (green) and (blue) solvents, and vacuum (red) 
conditions, using DFT/PBE1PBE computational level for the [Cu(Gln)(phen)(H2O)]+ complex.
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Fig. 8. Comparison between experimental (black) Raman spectrum and the calculated IR spectra in methanol (green), water (blue), and vacuum 
(red) conditions using DFT/PBE1PBE computational level for the [Cu(Gln)(phen)(H2O)]+ complex in the regions: (a) 40–650 cm− 1, (b) 650–1650 
cm− 1, and (c) 2900–3200 cm− 1. The inset is theoretical spectral region of 3350–3800 cm− 1 in methanol (green), water (blue), and (red) vacuum.
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Particularly, an important vibrational analysis is related to the motion of C=O unit under solvation medium. Table S2 provides two 
Raman modes located nearly 1622 and 1680 cm− 1 are due to ν(C=O) stretching and combined stretchings of C=O and C–O units of the 
polar portion of Gln. PCM-calculated mode at water and methanol solvents present strong shifts to low wavenumbers with Δω = 29 and 
28 cm− 1, when compared to the experimental mode at higher wavenumber (1680 cm− 1).

In addition, the doublet corresponding to the IR modes around 1636 and 1680 cm− 1 are due to a combination of stretching motions 
of C–O, C-N and C=O units. In relation to the first experimental mode (1636 cm− 1), the DFT-predicted modes at water (1651 cm− 1) and 
methanol (1652 cm− 1) suffer displacements to high wavenumbers whose variations are Δω = 15 and 16 cm− 1, respectively. Never-
theless, we compared the calculated modes at water (1663 cm− 1) and methanol (1665 cm− 1) with second experimental mode (1680 
cm− 1), at which are noticed shifts to low wavenumbers which are found to be Δω = 17 and 15 cm− 1, respectively. From this analysis, 
one can note that the solvents affect the intramolecular bands that have direct connection with intermolecular forces due to the 
presence of hydrogen bonds [17,76], showing that the molecular portion most affected is the fragment of Gln.

The interactions owing to carbonyl of Gln and oxygen of the water is a strong hydrogen bond [17,77]. Under aqueous medium, 
water can connect to the oxygen atoms of glutamine through hydrogen bonds, leading to a red shift in the vibrational wavenumber of 
the carbonyl unit. The hydrogen atoms of Gln act as bond receivers, favoring the intermolecular forces due to hydrogen bonds in the 
lattice formed by water. This phenomenon is related to the changes noticed in the N–H stretching’s around 3508 cm− 1 and the 
deformation of NH2 near 1570 cm− 1, which can couple to other motions related to the vibration modes of amino acid. Theoretical IR 
and Raman bands show changes caused by the solvents, indicating the formation of new intermolecular interactions.

At high-wavenumber region within 2800–3600 cm− 1, vibration bands that appear in both IR and Raman are mainly associated with 
stretching’s of the CH, CH2, CH3, and NH2 units due to phen and Gln ligands. Specifically in this spectral region, the calculated modes 
at different solvation conditions present the smallest wavenumber deviations when compared with the experimental vibration modes 
analyzed herein. In Raman spectrum, the low-intensity bands around 3769 and 3688 cm− 1 are related to the anti-symmetric and 
symmetric stretching’s of H2O that contributes to the coordination compound.

3.6. UV–Vis–NIR spectroscopy studies

Fig. 9 shows the experimental UV–Vis absorption spectra in the region of 200–1100 nm for the [Cu(Gln)(phen)(H2O)]NO3⋅H2O 
complex in methanol and water solvents. The behavior of electronic absorption indicates that the bands noticed between 200 and 400 
nm are associated with the internal electronic transitions of the π–π* type referring to the ligands [55]; while the very broadband 
recorded from 400 to 1100 nm for the complex in both solvents is characteristic of d–d transitions. Further, the behavior associated 
with this band is connected to the overlapping of three smaller bands corresponding to the 2B1g → 2A1g, 2B1g → 2B2g, and 2B1g → 2Eg 
transitions, which are characteristic of pentacoordinate copper complexes [79], and allowed by spin and prohibited by Laporte [80]. A 
comparison between two absorption spectra measured in both solvents allows to note that the bands show slight shifts. This behavior is 
attributed to solvent polarity, which is a physicochemical property that affects the absorption wavelength of metal complexes.

3.7. Cytotoxic activity

To evaluate the anticancer potential of [Cu(Gln)(phen)(H2O)]NO3⋅H2O complex, cytotoxicity assays were conducted on two cell 
lines: prostate (PC-3) and glioblastoma (SNB-19). The results obtained through IC50 and SI parameters are given in Table 4. Notably, 
the complex demonstrates inhibitory effects on both cell types, with IC50 values of 3.3 (2.6–4.1) μM for PC-3 cells and 3.8 (3.3–4.6) μM 
for SNB-19 cells. This cytotoxic activity is more potent than other studies, including docetaxel [81] and phen:copper complex com-
bined with asparagine or methionine [2]. In addition, the standard drug, cisplatin, had IC50 values of 4.8 (3.3–7.0) μM for PC-3 cells 

Fig. 9. UV–Vis–NIR absorption spectra of [Cu(Gln)(phen)(H2O)]NO3⋅H2O complex in aqueous and methanolic mediums.
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and 2.9 (2.3–3.6) μM for SNB-19 cells. These data indicate that [Cu(Gln)(phen)(H2O)]NO3⋅H2O complex has superior efficacy in 
relation to the cisplatin for PC-3 cells.

The cytotoxicity of [Cu(Gln)(phen)(H2O)]NO3⋅H2O crystals was further evaluated on the non-cancerous cell line (RAW-264.7). The 
IC50 value observed was 4.2 (3.8–4.6) μM. Comparing this result with IC50 values for the cancer cells, the selectivity indices were 1.3 
for PC-3 and 0.9 for SNB-19. These data suggest that the complex demonstrates significant selectivity towards both cancer cell lines, 
with a slightly higher preference for the PC-3 cells.

The selectivity for the unhealthy cells can be attributed to mutation observed in cancer cells. These alterations promote interactions 
between plasmatic membrane (or DNA) and complex. Normally, the uptake of Cu2+ into cells is regulated by specific proteins in the 
plasma membrane [82]. However, the coplanarity of the phen molecule enhances its leading to increased ion permeability within the 
cells [83]. These data suggest that the complex demonstrates significant selectivity towards both cancer cell lines [84,85].

Additionally, it is well-understood that these metal-organic complexes can engage with a cell’s DNA, releasing the Cu2+ ion [85,
86]. The released ion is crucial for the formation of free radicals, which in turn cause damage to DNA, leading to cell apoptosis [85]. 
Importantly, this mechanism is more pronounced in tumorous cells. Due to their uncontrolled growth, the DNA of tumorous cells 
remains exposed for extended periods [87]. This prolonged exposure makes them more susceptible to the interactions with organic 
components of [Cu(Gln)(phen)(H2O)]NO3⋅H2O crystals, thus explaining their heightened vulnerability. Finally, based on the study 
carried out on PC-3 and SNB-19 cell lines, we believe mutations in specific regulators such as TP53, PTEN and EGFR could contribute to 
the differences in cytotoxicity values.

3.8. ADME and drug-likeness

To provide more valuable information about the application of [Cu(Gln)(phen)(H2O)]+ complex in the area of anticancer drug 
development, a computational analysis via drug-likeness and ADME was performed. ADME method (in silico) was used to investigate 
whether the coordination compound synthesized here produces any toxicity after its possible administration in the human body or 
shows a pharmacokinetic profile [88]. Besides, the optimized geometries, as described in section 3.2 were used; however, all structures 
presented equivalent values. Nevertheless, due to the good affinity of this complex with water, we chose this solvation medium to 
discuss these results. The results obtained are given in Table S4 (supplementary material), with various parameters, including topo-
logical polar surface area (TPSA), lipophilicity, solubility, gastrointestinal (GI) absorption, blood-brain barrier (BBB) penetration, 
permeability glycoprotein (P-gp), pan assay interference compounds (PAINS), among others, were calculated.

Regarding the physicochemical properties, the complex exhibits a TPSA = 117.44 Å2. This value aligns with established phar-
macokinetic models indicating strong GI absorption, anyway, the compound is unable to cross the BBB [4]. Furthermore, the calcu-
lated lipophilicity is − 4.43, which corresponds to the coefficient octanol/water partition coefficient (logP) of the complex. 
Additionally, the high lipophilicity demonstrates greater affinity of the compound with the aqueous phase, justifying the soluble class 
observed with a value near 1.78 × 10− 2 mg/mL.

The P-gp factor indicates the ability of glycoproteins on the cell membranes to expel foreign substances from cells. According to our 
results, the complex exhibits the potential to function as a substrate in this process. In addition, it is known that enzymes related to 
cytochrome P450 enzymes facilitate the breakdown of drug molecules within cells, making them more polar and water-soluble [89]. 
The inhibitory data for five enzymes (CYP1A2, CYP2C19, CYP2C9, CYP2D6, and CYP3A4) associated with cytochrome indicate that 
the complex does not inhibit any CYP enzymes tested, indicating that oral administration of the complex poses no risk of hepato-
toxicity. Furthermore, pharmacokinetics was ascertained in terms of skin permeability by LogKp. A lower Kp value indicates reduced 
permeability of the complex through the skin [90], i.e., the drug molecule cannot travel properly within the organism, does not un-
dergo biotransformation, and may have low bioavailability. The obtained value is excessively negative (Kp = − 8.65), suggesting that 
the complex cannot act as a permeator agent on the skin, i.e., the complex cannot cross the barrier imposed by the skin.

Drug-likeness was evaluated based on Lipinski’s rule of five [91]. These indicators provide a qualitative assessment of a molecule’s 
potential to become an oral drug in terms of its bioavailability. Additionally, drug-likeness is determined by the structural and 
physicochemical properties of potential compounds. In this methodology, a routine is used to filter chemical libraries to exclude 
molecules with undesirable parameters with an acceptable pharmacokinetic profile. The analysis is performed on five different filters 
(Ghose – Amgen, Lipinski – Pfizer, Egan – Pharmacia, Veber – GSK and Muegge – Bayer), which aim to enhance the quality of the initial 
compound classes [39]. Interestingly, only Ghose’s parameter is not violated, so to meet all criteria, [Cu(Gln)(phen)(H2O)]+ can act as 
a secondary drug associated with a drug already used to exhibit desired effects. The bioavailability score was 0.55. Values above 0.10 

Table 4 
IC50 (μM) and SI values obtained for the PC-3, SNB-19, and RAW-264.7 cell lines treated with [Cu(Gln)(phen)(H2O)]NO3⋅H2O complex for 72 h.

Cell line
Histotype aIC50 μM (CI 95 %)/SI

[Cu(Gln)(phen)(H2O)]NO3⋅H2O Cisplatin

PC3 Prostate 3.3 (2.6–4.1)/1.3 4.8 (3.3–7.0)
SNB19 Glioblastoma 3.8 (3.3–4.6)/1.1 2.9 (2.3–3.6)
RAW 264.7 Macrophage 4.2 (3.8–4.6) –

CI 95 %: Data are presented as IC50 values and 95 % confidence interval.
S.I.: Selectivity index - IC50 value in the non-tumor cell line (RAW 264.7) divided by the IC50 value in the tumor cell lines.

a IC50: Half-maximal inhibitory concentration.
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suggest that the compound can be used as a substrate via oral administration [91].
In addition, some alerts on medicinal chemistry properties for the [Cu(Gln) (phen)(H2O)]+ complex were also analyzed. The PAINS 

index provides information about the molecular fragment exhibiting a response against a protein target; however, this indicator was 
absent. The similarity with drugs that do not have aromatic rings in their structure was observed, such as molecules exhibiting the 
following chemical units: N–C–N, O–C–O, and S–C–S. Finally, synthetic accessibility is associated with the ease that the compound has 
in being reproduced in clinical pharmaceutical approaches. Values near 1 indicate a straightforward synthesis route, whereas values 
approaching 10 suggest more complex processes [89]. The value calculated for the [Cu(Gln)(phen)(H2O)]+ complex is 6.39, which is 
considered intermediate, suggesting a challenging synthesis with promising results.

4. Conclusions

In this study, the [Cu(Gln)(phen)(H2O)]NO3⋅H2O crystals were characterized using both experimental and theoretical techniques. 
The geometric, electronic, chemical, and vibrational properties of the complex were evaluated and the biological activity was assessed. 
DFT calculations allowed a comprehensive understanding of these properties, confirming that the complex exhibits promising bio-
logical activity. Theoretical predictions under vacuum, aqueous, and alcoholic conditions showed that the physical and chemical 
characterizations of the complex were slightly influenced by the different dielectric environments, as observed through the IEFPCM 
method. Hirshfeld surface calculations allowed us to identify the regions involved in intermolecular interactions, determining per-
centage of contacts into the crystal lattice. Isosurfaces revealed the voids within unit cell. Thermal analyses indicated that the 
powdered [Cu(Gln)(phen)(H2O)]NO3⋅H2O crystal undergo dehydration, which is linked to phase transformations owing to the loss of 
coordinated and free water. Theoretical intramolecular vibration modes were duly assigned, showing a good correlation with 
experimental data. UV–Vis–NIR analyses in aqueous and methanolic media demonstrated that the solvent affects the absorption 
wavelength of the complex. Furthermore, in vitro cytotoxicity assays suggested that the [Cu(Gln)(phen)(H2O)]NO3⋅H2O crystal ex-
hibits antitumor activity and selectivity against PC-3 and SNB-19 lines. In silico pharmacokinetic predictions indicated that the 
complex fits well within several models, displaying good gastrointestinal absorption, solubility, and no hepatotoxicity risk. Overall, 
our findings indicated that the [Cu(Gln)(phen)(H2O)]NO3⋅H2O crystal is a cost-effective material with remarkably significant physical, 
chemical and cytotoxic features, making it an important candidate at therapies against cancer treatment.
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