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The improvement of the antioxidant and antimicrobial activities of chitosan (CS) films can be realized by incorporating transition metal complexes as active components. In this context, bioactive films were prepared by embedding a newly synthesized acylpyrazolonate Zn(II) complex, [Zn(QPhtBu)2(MeOH)2], into the eco-friendly biopolymer CS matrix. Homogeneous, amorphous, flexible, and transparent CS@Znn films were obtained through the solvent casting method in dilute acidic solution, using different weight ratios of the Zn(II) complex to CS and characterized by powder X-ray diffraction (PXRD), thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), Fourier transform infrared (FT-IR), Raman, and scanning electron microscopy (SEM) techniques. The X-ray single-crystal analysis of [Zn(QPhtBu)2(MeOH)2] and the evaluation of its intermolecular interactions with a protonated glucosamine fragment through hydrogen bond propensity (HBP) calculations are reported. The effects of the different contents of the [Zn(QPhtBu)2(MeOH)2] complex on the CS biological proprieties have been evaluated, proving that the new CS@Znn films show an improved antioxidant activity, tested according to the DPPH method, with respect to pure CS, related to the concentration of the incorporated Zn(II) complex. Finally, the CS@Znn films were tried out as antimicrobial agents, showing an increase in antimicrobial activity against Gram-positive bacteria (Staphylococcus aureus) with respect to pure CS, when detected by the agar disk-diffusion method.
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INTRODUCTION
Biodegradable polymers derived from renewable resources are considered nowadays as the future generation of coating materials for food packaging as well as biomedical devices (Vendra et al., 2011; Wasilewska and Winnicka 2019; Haghighi et al., 2020; Yewale et al., 2021). Although for biomedical applications, polymeric-based materials are still widely used for implants, drug delivery, filtration, and patches, they are often subject to rejection and incompatibility with the human organism (Vendra et al., 2011; Wasilewska and Winnicka 2019). Among the most abundant biopolymers in nature, chitosan (CS) is an emerging and promising material used in several areas, such as agriculture, cosmetology, pharmaceutical, and medical devices, due to its non-toxicity, biocompatibility, biodegradability, and bioactivity (Darmadji and Izumimoto 1994; Ravi Kumar 2000; Kumar et al., 2004; Dutta et al., 2009; Aranaz et al., 2018; Afonso et al., 2019; Jiménez-Gómez and Cecilia 2020; Díaz-Montes and Castro-Muñoz 2021). CS is a linear polysaccharide of (1,4)-linked 2-amino-deoxy-β-d-glucose derived by the deacetylation of chitin, the major component of the shell of crustacea, such as crawfish, shrimp, and crab (Ravi Kumar 2000; Jiménez-Gómez and Cecilia 2020). CS is insoluble in water and organic solvents but dissolves in dilute acid solutions acquiring positive charges through the protonation of the amine groups and behaving as a polycationic water-soluble polymer (Melro et al., 2021). Once dissolved, CS can easily give rise to different formulations spanning from various sized particles to gels, fibers, and films, exhibiting antioxidant, antimicrobial, and antifungal activities, favorably used for several biomedical applications (Zhang et al., 2009; Anitha et al., 2014; Afonso et al., 2019; Dongre and Longbiao 2019; Abd El-Hack et al., 2020; Li and Zhuang 2020). The film-forming properties of CS allow the preparation of films with good mechanical properties, selective gas permeability, and good entrapping properties for biologically active compounds. Indeed, chemical modification and/or mixing with other components (including plasticizers) can improve the functional properties of CS films, receiving particular attention as a bioabsorbable polymer with drug delivery capability in its film formulation when added with pharmacologically active molecules and vaccine adjuvant (Vieira et al., 2011; Pokhrel and Yadav 2019; Rathore et al., 2019; Idris et al., 2021). Due to the presence of positive charges at physiological pH, arising from protonation of many NH2-groups, CS films may bind to negatively charged surfaces like biological tissues, giving rise to bio-adhesive property, which, combined with biocompatibility and biodegradability, yields good polymeric supports for film manufacturing (Mengatto et al., 2012). Moreover, the choice of suitable additives with different degrees of hydrophobicity can modulate the high CS film hydrophilicity, improving the durability and stability in water conditions. CS films loaded with many different drugs have been studied as transdermal drug delivery systems, proving that CS is an efficient carrier for small- and large-molecular-weight therapeutically effective drug molecules across the skin (Nair 2019). Useful approaches toward the improvement of the antibacterial and antioxidant activities of the CS film are the incorporation of silver, gold, and ZnO nanoparticles into the polymeric matrix (Lu et al., 2017; Ryan et al., 2017; Arroyo et al., 2020), as well as its functionalization with both bioactive essential transition metal ions and their metal complexes. It has been shown that Zn(II) and Cu(II) metal ions can be chelated by the amino groups on the polymeric backbone of CS, and it is worth noting that the Zn–CS composite shows interesting antimicrobial activities (Wang et al., 2004; Rogina et al., 2019). The use of transition metal complexes as active components for the functionalization of polymeric materials could represent a novel strategy toward the production of materials specifically tailored for their application, taking advantage of the inherent flexibility of transition metal complexes (Ardean et al., 2021). Functionalization of the CS backbone has proved to be an effective way to covalently bound transition metal complexes. For example, the in situ reaction between the two aldehydes of a Zn(II) vanillin complex, [Zn (phen) (van)2], and the CS amino groups yields the chemical modification of the polymeric film, effective in the treatment of cutaneous wounds of diabetic rats through the release of the active Zn(II) metal complex (de Aragão Tavares et al., 2019). Zinc (Zn) is the second-most abundant metal after iron found in the body and is essential for several cellular processes such as cell growth and cell division (Coleman 1998; Ugarte and Osborne 2014). The accumulation of Zn in the human body does not produce toxic effects, while, on the contrary, a lack of this metal ion causes severe injuries on the immune system (Stefanidou et al., 2006). Within the development of new metal-based drugs, wide interest is recently turned to the use of Zn(II) coordination complexes, with low toxicity and low side effects, in medicinal therapeutics and biosensors (Drewry and Gunning 2011; Gonnella et al., 2022). Our studies, among others, have been focused on the antitumor activity of Zn(II) complexes containing N,N-chelating ligands and acylpyrazolones, promising systems to verify the metal–ligand synergistic effects (Liguori et al., 2010; Marchetti et al., 2020). Indeed, acylpyrazolone ligands are themselves biologically active, that the conjugation with their ability to chelate transition metal ions gives rise to metal complexes showing interesting features, such as anticancer, antioxidant, antifungal, and antimicrobial activities (Marchetti et al., 2015; Marchetti et al., 2019). In this scenario, we have synthesized and structurally characterized a new homoleptic acylpyrazolone-based Zn(II) complex, [Zn(QPhtBu)2(MeOH)2], selected as a possible antioxidant and antimicrobial agent when incorporated into the CS polymer matrix using different weight ratios of the Zn(II) complex to CS. The new homogeneous, amorphous, flexible, and transparent composite films CS@(Zn)n (n = 1.25, 2.5, 5, 7.5, 10% w/w), obtained through the solvent casting method in dilute acidic solution, are characterized by powder X-ray diffraction (PXRD), thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), FT-IR, Raman, and SEM techniques. Investigation to rationalize the hydrogen-bonding interactions eventually formed between the [Zn(QPhtBu)2(MeOH)2] complex and the CS backbone structure is conducted using X-ray single-crystal analysis and hydrogen bond propensity (HBP) calculations. The effects of the different contents of the [Zn(QPhtBu)2(MeOH)2] complex on the antioxidant activity of the composite films CS@(Zn)n are tested according to the DPPH method, as well as the antimicrobial activity detected against Gram-positive and Gram-negative bacteria (Staphylococcus aureus and Escherichia coli), by the agar disk-diffusion method.
EXPERIMENTAL SECTION
Materials
CS (molecular weight: 100,000–300,000 Da; degree of deacetylation: 90%) was purchased from Acros Organics (New Jersey, United States). The ligand HQPhtBu has been prepared according to the literature (Marchetti et al., 2000). All other chemicals were of analytical grade, purchased from Sigma-Aldrich (St. Louis, Missouri, United States), and were used without further purification.
Characterization
Melting points were determined with a Leica DMLP polarizing microscope equipped with a Leica DFC280 camera and a CalCTec (Italy) heating stage. Elemental analyses were performed with a PerkinElmer 2400 CHNS/O analyzer. 1H and 13C NMR spectra were recorded on a 500Bruker Ascend (500 MHz for 1H, 125 MHz for 13C) instrument operating at room temperature relative to TMS. FT-IR spectroscopy spectra on the film samples were recorded using a Perkin Elmer Spectrum 100 FT-IR spectrometer in the mid-infrared area of 4000–450 cm−1. KBr pellets were used to only obtain the [Zn(QPhtBu)2(MeOH)2] complex spectrum. Raman spectra were collected by a micro-Raman LABRAM apparatus by Horiba Jobin–Yvon Srl equipped by a 632.8 nm laser source of 17 mW power (He:Ne laser) and a ×50 objective by Olympus lens with a focal length of 15 mm. The spectral resolutions can be valued in 2 cm−1. TGA was performed on a Perkin Elmer Pyris 6 thermogravimetric analyzer. Approximately 3 mg of each film was placed in an alumina crucible and heated from 25 to 600°C, at a heating rate of 5°C min−1, under a dry nitrogen atmosphere. DSC measurements were carried out using a TA DSC Q2000 instrument with nitrogen as a purge gas, at a flow rate of 50 ml min−1. Accurately weighed samples (1.5–2 mg of each film) were sealed in non-hermetic aluminum pans and heated from 25 to 350°C with a heating rate of 10°C/min. Moreover, to check for reproducibility, measurements were repeated on three different samples taken from the same film. The film’s morphology was studied through SEM. Images of the films’ microstructure were acquired on a Phenom ProX desktop microscope (Thermo Fisher Scientific Inc., Waltham, MA, United States) equipped with a dedicated detector for energy-dispersive X-ray spectroscopy (EDX). Samples were deposited onto carbon-conductive, double-coated tabs and were observed in a backscattering mode at a 5 kV voltage without any additional conductive coating. Membranes’ sections were performed on samples that were cut under freezing conditions after immersion in a nitrogen liquid bath to obtain samples with clean and definite profiles.
Preparation of [Zn(QPhtBu)2(MeOH)2]
The synthesis of the [Zn(QPhtBu)2(MeOH)2] was performed consistently with the existing literature (Liguori et al., 2010). Zn(CH3COO)2·2H2O (0.100 g, 0.455 mmol) was added to a solution of 30 ml of methanol containing 0.305 g (0.911 mmol) of ligand HQPhtBu. The reaction was carried out under reflux for 48 h. After cooling to room temperature, a microcrystalline white precipitate was gradually formed and was collected and washed with hot n-hexane. Yield: 82% (0.28 g). M. p. 303°C. Anal. calc. for C44H50N4O6Zn: C, 66.37% H, 6.33% N, 7.04% O, 12.06%; found C, 66.31% H, 6.37% N, 7.01% O, 12.11%. IR (νmax/cm−1) 3200–3600br (MeOH–N), 2964–2868 (CHAli), 1609s (C=O), 478 (Zn-O). (Supplementary Figure S1A). 1H-NMR (500 MHz, DMSO, ppm): 7.97 (4H, d, H8,8’), 7.48 (4H, m, H13,13’), 7.33 (8H, t, H14,14’, H9,9’), 7.12 (2H, t, H10), 3.35 (6H, s, H18 -CH3OH),1.64 (6H, s, H6 -CH3), 1.32 (18H, s, H17,17’,17″-C(CH3)3).
(Supplementary Figure S1B) 13C-NMR (500 MHz, DMSO, ppm): 16.96 (C6), 31.53 (C17), 35.05 (C16), 104.22 (C4), 119.50 (C8), 124.37 (C10), 125.19 (C14), 127.61 (C13), 128.89 (C9), 138.83 (C7), 139.71 (C12), 148.34 (C3), 153.21 (C15),166.46 (C5), 190.58 (C11).
Preparation of the CS@Znn Films
CS (0.182 g) was dissolved in 13 ml of an aqueous solution containing acetic acid at a ratio of 1% v/v and 10 ml of methanol. The solution was then stirred for 6 h at room temperature until complete dissolution. Films were prepared by adding an appropriate amount of the [Zn(QPhtBu)2(MeOH)2] complex solubilized in 10 ml of methanol. The resulting solution was added to the CS solution, prepared as previously described, and the mixture was stirred for a further 20 min. The casted CS@Znn films (n = 1.25, 2.5, 5, 7.5, 10% w/w of [Zn(QPhtBu)2(MeOH)2], in relation to the mass of CS used in the preparation of the film) were prepared by the evaporation-induced method. The above solutions were poured into a Petri dish (9 cm diameter) and then desiccated in an oven at 32°C for 48 h. After drying, the films were peeled off from the casting surface. Thus, six different formulations of CS films with [Zn(QPhtBu)2(MeOH)2] complex were prepared: five using the specific quantity of [Zn(QPhtBu)2(MeOH)2] complex and a control formulation consisting of only CS.
X-Ray Diffraction (PXRD and SCXRD) Analysis
The PXRD patterns of the CS powder, the CS films, and the [Zn(QPhtBu)2(MeOH)2] complex were acquired on a Bruker D2-Phaser equipped with a Cu Kα radiation (λ = 1.5418 Å) and a Lynxeye detector, at 30 kV and 10 mA, with a step size of 0.01° and a step time of 2 s, over an angular range of 5–40° 2θ. In order to determine the crystallinity index (CI) of the CS samples, the powder patterns, after the subtraction of the background, were deconvoluted by applying Gauss fitting procedure using Origin software. The deconvolution process allowed us to identify and separate the crystalline peaks of CS samples. Iterations were repeated until an R2 value of 0.998 was reached. CI was calculated according to the following equation:
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where Acr represents the area under the crystalline peaks and Atot is the total area under the PXRD pattern.
Single-crystal X-ray diffraction data of [Zn(QPhtBu)2(MeOH)2] complex were collected at room temperature with a Bruker-Nonius X8APEXII CCD area detector system equipped with a graphite monochromator with radiation Mo Kα (λ = 0.71073 Å). Data were processed through the SAINT (Bruker 2003) reduction and SADABS (Sheldrick 2003) absorption software. The structure was solved by direct methods and refined by full-matrix least-squares based on F2 through the SHELX and SHELXTL structure determination package (Sheldrick 2008). All non-hydrogen atoms were refined anisotropically, and hydrogen atoms were included as the idealized riding atoms. All graphical representations have been obtained by using Olex2 (Dolomanov et al., 2009) and CCDC Mercury 4.3.0. Details of data and structure refinements are reported in Supplementary Table S1. CCDC 2154719 contains the supplementary crystallographic data for this article. These data can be obtained free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html.
Hydrogen Bond Propensity Calculations
HBP calculations have been performed by using the Material Science module available as part of Mercury 2020.1 software from the Cambridge Crystallographic Data Centre (CCDC) with version 5.41 of the Cambridge Structural Database (CSD). The input file used to perform the research was built from the crystallographic data of the molecular fragment of the Zn(II) complex, [Zn(QPhtBu)2(MeOH)2], to which was added the protonated glucosamine fragment extracted from the CSD (the main repeating unit of ionic CS films). To the resulting target paired molecules of this input file, functional groups were selected as suggested by Mercury, a training dataset (between 500 and 2000 structures per functional group; total hits selected for training dataset 2601, good size) was selected, and the propensity values were calculated using a logistic regression model with an area under ROC curve of 0.83 (“good discrimination”). The propensity score for all donor/acceptor combinations is calculated from the average of the contributing propensity scores, and the coordination score is the average of the coordination scores contributing to the permutation of donors and acceptors. A statistical model based on the likelihood that a functional group participates 0, >1, >2 times is used in the calculation of the coordination scores.
Opacity Measurement
The film opacity was determined according to the method of Park et al. (Park et al., 2004) by measuring the film absorbance at 600 nm. The CS@Znn films were cut into 2 cm × 2 cm and directly placed in the spectrophotometer sample chamber. The empty chamber was used as a reference. The opacity of the films was calculated according to the following equation:
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where Abs600 is the absorbance value at 600 nm and L is the film thickness (mm). All measurements were repeated three times.
Evaluation of the [Zn(QPhtBu)2(MeOH)2] Release
The release of the complex [Zn(QPhtBu)2(MeOH)2] from the CS film CS@Zn10% was determined by UV–vis spectroscopy. Circular samples of CS@Zn10% with a diameter of 0.6 cm were immersed in 6.4 ml of PBS (pH 7.4) and kept without stirring for 23 h. Then, absorption spectra of the solution at different immersion times (0, 30, and 180 min) were recorded. For comparison, the same measurements were carried out after immersion of the pure CS film in PBS. The experiments were performed in triplicate. The release of the complex was quantitatively determined by a calibration curve prepared by dissolving [Zn(QPhtBu)2(MeOH)2] in methanol and then diluted in phosphate-buffered saline (PBS) (methanol 4% v/v) from 8.5·10−7 to 1.02·10−5 mol L−1.
Antioxidant Activity: 2,2-Diphenyl-1-picrylhydrazyl Radical Scavenging Assay
2,2-Diphenyl-1-picrylhydrazyl radical (DPPH) was dissolved in spectrophotometric grade ethanol to give a 6·10−5 M solution. Then, 10 ml of the obtained solution was poured into Petri dishes containing the free [Zn(QPhtBu)2(MeOH)2] complex (2.3 mg) or the CS films—each incorporating a different amount of [Zn(QPhtBu)2(MeOH)2]—and left at room temperature in the dark. Absorption spectra of the DPPH solutions were recorded after 3 and 24 h using a Perkin Elmer Lambda 900 spectrophotometer. The antioxidant activity of each sample was calculated by determining the decrease in the optical density at 517 nm according to the following equation:
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where A0 is the absorbance of the control (DPPH ethanolic solution) and AS is the absorbance of the working solution (DPPH ethanolic solution after incubation with the sample). The test was carried out in triplicate.
To compare the antioxidant activity of the CS@Znn films with a reference antioxidant sample, CS films loaded with ascorbic acid—CS@AAn (n = 1.25 and 10%)—were prepared. In particular, CS@AAn films were prepared as previously described above and loaded with a molar amount of ascorbic acid equivalent to that of [Zn(QPhtBu)2(MeOH)2] complex in CS@Zn1.25% and CS@Zn10%, respectively.
Antimicrobial Activity
Two bacterial strains, namely, S. aureus DSM 346 (Gram-positive) and E. coli DSM 1576 (Gram-negative) from DSMZ (German Collection of Microorganisms and Cell Cultures, Braunschweig), were used as model bacteria for the antibacterial activity test of CS films combined with [Zn(QPhtBu)2(MeOH)2] complex. S. aureus was cultured in nutrient medium tryptic soy broth (TSB) and E. coli in Luria-Bertani (LB) broth. The organisms were stored at 4°C and subcultured at regular intervals of 30 days to maintain the cell viability. Initially, each strain was cultured in its medium at 37°C for 18 h under 200 rpm rotation. Then, the bacterial cells were collected by centrifugation (4500 rpm, 15 min) and resuspended and diluted in sterile saline solution (0.9% NaCl) to reach approximately 108 cells/ml. The concentrations of bacteria were determined by measuring the optical density at 600 nm. Typically for E. coli, a OD600 nm of 0.1 corresponds to a concentration of 108 cells/ml.
Methods
All materials used in the experiments were autoclaved at 121°C for 25 min to ensure sterility. The antibacterial activity of CS@Znn films was tested for two bacteria by the agar disk-diffusion method (CLSI 2015). The nutrient agar plate used for experimental (beef extract, peptone, sodium chloride and agar), was prepared spreading uniformly 150 µl of bacterial suspension with a concentration of 108 cells/ml of tested bacterium, with a L-shaped sterile plastic. All types of membranes were cut into circular disks of 6 mm diameter using a circular knife and then, when the inoculum was absorbed, were placed on the agar surface. Each disk was pressed down to ensure complete contact with the agar surface, and then the Petri dishes were inverted and incubated at 35 ± 2°C for 24. Afterward, the plates were examined for the width of inhibition.
RESULTS AND DISCUSSION
Preparation and Characterization of the [Zn(QPhtBu)2(MeOH)2] Complex
The [Zn(QPhtBu)2(MeOH)2] complex has been prepared according to the literature method (Liguori et al., 2010). Both the FT-IR and 1H-NMR spectra confirmed the coordination of the acylpyrazolone ligand to the Zn(II) center in the O,O′-bidentate chelating mode (see Experimental Section) as well as the presence of the coordinated methanol molecules also in solution. Moreover, suitable single crystals for X-ray diffraction analysis have been obtained from slow evaporation of the [Zn(QPhtBu)2(MeOH)2] complex from a methanol solution. The molecular structure of [Zn(QPhtBu)2(MeOH)2] complex is reported in Figure 1A. Relevant bond distances and angles are reported in Supplementary Table S2. The Zn(II), located on the symmetry inversion center, results in six-coordinated by the O,O bis-chelated HQPhtBu ligand and the two oxygen atoms of the coordinated methanol molecules. The Zn–O distances are comparable with those found in analogous complexes, while the distance between the Zn(II) and the methanol molecules are relatively elongated with respect to them. The coordination of the HQPhtBu ligand gives rise to the anti isomer, considering trans to each other, the oxygen atoms of the acyl moiety, and therefore the relative two substituents.
[image: Figure 1]FIGURE 1 | Molecular structure of the [Zn(QPhtBu)2(MeOH)2] complex (A) with atomic numbering scheme and (B) crystal packing view showing the predominant O–H–N interactions [O (3)–N (1)i 2.798 (2) Å, O (3)-H (3a)...N (1) 164°, i = x, -y+1/2, z+1/2].
A relevant structural feature arises from the analysis of the intermolecular interactions existing in the 3D crystal packing. As shown in Figure 1B, each molecule behaves as a hydrogen bond donor and acceptor in the formation of O–H---N hydrogen bonds between the coordinated methanol molecules and the N(1) nitrogen atom of the pyrazole ring of the HQPhtBu-coordinated ligand.
Preparation and Characterization of CS@Znn Films
The CS@Znn films have been obtained as homogeneous, flexible, and transparent films through the solvent casting method, in dilute acidic solution (acetic acid, 1% v/v), using different weight ratios of the [Zn(QPhtBu)2(MeOH)2] complex to CS. The stability of the [Zn(QPhtBu)2(MeOH)2] complex in the mixture acetic acid/methanol was monitored spectrophotometrically. As clearly shown in Supplementary Figure S2, the absorption spectra acquired over time (0–72 h) are superimposable, providing evidence of the compound stability. In the solvent casting solution, either the CS or its derivatives CS@Znn became water-soluble polymers due to the presence of amine groups positively charged after protonation, resulting in relatively hydrophilic charged films. The CS@Znn films have been characterized by FT-IR, Raman spectroscopy, PXRD, DSC, TGA, and SEM to derive the phase structure and the extent of the interaction between CS and the [Zn(QPhtBu)2(MeOH)2] additive. Due to the presence of the hydrogen bond acceptor N(1) atom of the pyrazole ring, the -OH donor and acceptor groups of the coordinated methanol molecules, and the donor and acceptor sites of the polymer CS matrix, a complex three-dimensional structure could arise by the effect of a network of intermolecular interactions between CS and the [Zn(QPhtBu)2(MeOH)2] complex additive.
Infrared and Raman Spectroscopy
The FT-IR spectrum of the pure CS film is comparable to those reported previously in the literature (Bourtoom and Chinnan 2008; Queiroz et al., 2015). The FT-IR spectrum showed a broad peak between 3500 and 3200 cm−1 attributed to the stretching vibration of the free hydroxyl groups, which overlaps the–NH2 stretching in the same region. Moreover, the presence of residual N-acetyl groups, since CS is not completely deacetylated, in the CS film was confirmed by the presence of bands at 1647 cm−1, 1580 cm−1, and 1335 cm−1 corresponding, respectively, to the C=O stretching, the N–H bending, and the C–N stretching of the amide group. (Huang et al., 2022). FT-IR spectra of all the CS@Znn films were recorded and are reported in Supplementary Figure S3. Unfortunately from the FT-IR spectra, regardless of the [Zn(QPhtBu)2(MeOH)2] complex addition, no significant differences in band shifts have been registered. As the addition of the [Zn(QPhtBu)2(MeOH)2] complex increases, the appearance of small bands relative to the fingerprint signals of the complex arises from the FT-IR features of the CS matrix, but without any significant shifts suitable to derive any conclusion regarding the eventual interactions between the Zn complex and the polymeric matrix.
To investigate the possible interactions between the CS polymer matrix and the Zn complex, all films have been studied though Raman spectroscopy, a powerful tool for understanding of the effects of non-covalent interactions such as hydrogen bonding (Das and Agrawal 2011). The representative Raman spectra collected on a crystalline solid sample of the [Zn(QPhtBu)2(MeOH)2] complex and on the film of pure CS are shown in Figures 2A,B.
[image: Figure 2]FIGURE 2 | Representative Raman spectra collected on (A) the [Zn(QPhtBu)2(MeOH)2] complex in the solid crystalline phase in the ranges between 250 cm−1 and 1,650 cm−1 and between 2800 cm−1 and 3200 cm−1 (in the inset) and (B) on CS in the ranges between 275 cm−1 and 1750 cm−1 and between 2650 cm−1 and 3500 cm−1.
Among the different Raman features present in the spectra shown in Figure 2A of the [Zn(QPhtBu)2(MeOH)2] complex, the band at 999 cm−1 is ascribed to the aromatic ring breathing mode of the acylpyrazolone ligand, while the other bands at 1599 cm−1, 1609 cm−1, and 1626 cm−1 are assigned to the C=O stretching of acylpyrazolone in the enolic forms (Akama et al., 1996; Ueda and Akama 1994). The Raman bands at 2868 cm−1, 2906 cm−1, 2933 cm−1, 2969 cm−1, 3048 cm−1, and 3069 cm−1, shown in the inset of Figure 2A, are assigned to the C–H stretching of the pyrazolone (together with its substituents) ligand of the [Zn(QPhtBu)2(MeOH)2] complex (Chithambarathanu et al., 2003; Bahgat and EL-Emary 2013).
As shown in Figure 2B, the Raman spectra collected on the pure sample of CS in its film form show features comparable with those reported in the literature (Zhang et al., 2012; Escamilla-García et al., 2013; Kumar and Koh 2013; Mikhailova et al., 2014; Zajac et al., 2015; Menezes et al., 2020). The band at 352 cm−1 is attributed to the out-of-plane bending mode (γ) of (OH) and of the pyranoid ring (ϕ), while the two bands at 468 cm−1 and 494 cm−1 are assigned to the in-plane bending mode (δ) of the glycosidic (C–O–C) and to the δ mode of (CO–NH) + (C–CH3), respectively, while the one at 572 cm−1 is due to the γ modes of (N–H) and (C=O) and to the out-of-plane bending mode (ω) of (CH3). The Raman band centered at 1111 cm−1 is attributed to the overlapping of several peaks: two peaks that fall at 1038 cm−1 and 1087 cm−1, assigned to the deformation mode (ρ) of (CH3) and the (δ) modes of (CH) and (OH). Moreover, the stretching (ν) of (C–O–C) + ν(ϕ) + ν(C–OH) + ν(C–CH2) + δ(CH) + ρ(CH2) + ρ(CH3) is found at 1152 cm−1, conversely attributed, together with the band at 1087 cm−1, by some authors to the stretching modes of the glycosidic bond (C–O–C) and in particular symmetric and antisymmetric of C–O–C (Zhang et al., 2012; Escamilla-García et al., 2013; Kumar and Koh 2013; Mikhailova et al., 2014). The other bands have been assigned as follows: the band at 1268 cm−1 is ascribed to the δ(OH–O) hydrogen bond (HB) + ν(C–C) + ν(C–O) + δ(CH) + δ(CH2), the band at 1376 cm−1 is due to δ(CH2), other bands deform to the polysaccharide backbone and to the δ(OH) and ν(ϕ), and the band at 1463 cm−1 is assigned to the δ(CH) + ω(CH2) modes. The band at 1654 cm−1 is due to the double bond C=C. The other bands at 2750 cm−1, 2892 cm−1, and 2932 cm−1 are assigned to the ν(CH), ν(CH2), and ν(CH3) modes, respectively.
As the main spectral feature, the Raman band at 3320 cm−1 is assigned to the N–H stretching, while the other two bands at 3371 cm−1 and 3457 cm−1 are assigned to the O–H stretching mode (Menezes et al., 2020).
The Raman spectra of the CS@Znn films show the main characteristics of both [Zn(QPhtBu)2(MeOH)2] complex and CS matrix (Supplementary Figure S4). In fact, as can be seen in Supplementary Figure S4, the band that falls at 1000 cm−1, typical of the [Zn(QPhtBu)2(MeOH)2] complex, increases, as well as the complex content within the CS matrix increases. However, following the Raman bands ascribable to the CS polymer, the bands above 3300 cm−1 seem to decrease as the complex concentration increases. To quantitatively analyze this correlation, the abovementioned bands have been fitted by using Lorentzian