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Abstract

:

The recent development of the “eco-friendly” current has brought to the attention of researchers natural dyes that are biodegradable, do not cause allergies and generally have anti-UV protection, and antioxidant and antibacterial properties. In this study, we aimed to obtain hybrid materials of the dye–host matrix type, by using the sol–gel process. The silica network was generated by tetraethylorthosilicates and modified with organic siloxane derivatives: phenyltriethoxysilane, 3-glycidoxypropyltriethoxysilane, dimethoxydimethylsilane and dimethoxydiphenylsilane. The nanocomposites obtained by embedding curcumin in siloxane matrices were deposited on polyester fabric and evaluated for their properties, relative to the type of organic network modifier used. Fabrics covered with curcuminoid hybrid systems provide a hydrophobic surface, have fluorescent properties and a UPF +50, and, therefore, they can be used in various fields where it is necessary for textiles to provide signaling, self-cleaning or protection properties against ultraviolet radiation. The coated textile materials have very good resistance properties after several repeated washing cycles, and maintain the original UV protection factor at high values even after washing or during rubbing tests.
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1. Introduction


Textile materials used in signaling applications for road equipment, sports equipment, materials for special services (firefighters, police, rescue) or advertising are colored with fluorescent dyes, which cause a deep increase in color [1,2,3]. Usually, for such equipment, a polyester support is used, and the dyeing is performed by mass coloration. This process is widespread and intensively used for all types of markings and signaling on textile support. The issues related to this process consist of a limited range of shades, short fluorescence lifetime, several paths of extinguishing fluorescence by interactions of dye molecules with the support and molecules of the same type and requirements of resistance to photodegradation which leads to the need for frequent replacement of signaling material [4,5,6]. In order to increase their quality, a series of research works has been carried out on the modification of textile surfaces with nanosols generated by sol–gel processes [7]. By applying these processes, textiles with repellent, flame retardant, electroconductive, antimicrobial or UV protection properties are frequently obtained [8,9,10,11,12]. One of the most important factors for the application of nanosols on textile fibers is the adhesion between the substrate and the coating material. To date, there are various studies on the use of silica matrix as a host for the immobilization of anionic dyes and the surface dyeing of polyester and viscose [13,14], as well as for coating some natural textile fibers with direct or nonionic dyes in sol–gel systems [11,15]. The recent development of the “eco-friendly” current has brought to the attention of researchers some of the special properties of natural dyes, which are biodegradable, do not cause allergies and generally provide UV protection. They can function as antioxidants or have antibacterial activity, but, unfortunately, have poor light resistance [16,17,18,19]. Thus, in order to compensate for this shortcoming, the dyes are manufactured using transitional metal salts as mordants, and performing alkalis and other various predyeing treatments in the presence of steam, ozone or plasma, depending on the type of natural/synthetic fibers [20,21,22,23], for generating anchoring groups for dyes and/or metal ions on their surfaces.



Curcumin (1,7-bis (4-hydroxy-3-methoxy phenyl)-1,6-heptadiene-3,5-dione (1E-6E)) is the main compound separated from the mixture of dyes extracted from Turmeric root. The dye has been used in the treatment of various diseases [24,25,26] and for dyeing natural fibers in shades of yellow-brown, since antiquity [27]. In recent years, it has been the most widely used natural dye in studies for biomedical applications, as a food additive or for textile coatings [28]. Due to the antioxidant, antiviral and antimicrobial properties of curcumin, the dye has been conditioned in various forms, such as nanoemulsions, nanoparticles or nanocomposites to be deposited on textiles used for dressing and protective clothing with anti-UV or antimicrobial properties [29,30,31,32]. For the applications of the dye in textile support, different methods of dye deposition were tried using high pressure, supercritical CO2, ultrasounds, sol–gel impregnation processes, or exhaustion methods. Each of these methods leads to the development of different types of dye conditioning to improve the dyeing properties and compatibility with new types of natural or synthetic fibers [33,34,35]. The diversity of the application fields of curcumin and its derivatives results from the complexity of the properties given by a molecular structure, which is seemingly simple. The keto-enol structure and isomerism of the acetylacetone skeleton (which depends decisively on the pH and polarity of the environment in which it is located or on the existing neighborhoods in an immobile structure, in which the freedom of movement of the molecule is limited) determines the tautomeric equilibrium and, consequently, the optical properties of the compounds. Thus, the ketone form leads to a hypsochromic effect by interrupting the conjugation to the methylene carbon atom (sp3 hybridized), the molecule functioning as the sum of the two isolated chromophores. If these chromophores are different, two absorption bands characteristic of the two chromophores will appear in the visible spectrum separately, and if they are identical (i.e., the molecule is symmetrical) the absorption band will have a single maximum of double intensity, corresponding to the chromophore. The enol form leads to extensive conjugation and the formation of an intramolecular hydrogen bond. The absorption band of the extended chromophore will most likely have a wide shape that is frequently asymmetrical and batochromic, shifted from the previous ones. The most pronounced bathochromic shift would be obtained if the 4-substituted aromatic nuclei have different substituents and one of them were a strong electron donor (e.g., dialkyl amine) and the other a strong electron acceptor (e.g., nitro). In this way, the electronic contrast between the two ends of the extended chromophore would be maximum and, therefore, the most accentuated bathochromic displacement would be recorded. The influence of the substituents in the case of two substituted aromatic nuclei would have a less pronounced effect, because of the position situated closer to the heptadienone system but especially because of steric constrains that can lead to a limitation of the conjugation [36,37,38,39].



In this work we studied the conditioning of curcumin in the form of hybrid silica nanosols by the sol–gel process and the surfaces obtained after depositing film-forming materials on polyester fabrics. Curcumin was entrapped in the hybrid silica network modified with organosilane derivatives, following the compatibilization of the dye dopped silica matrices with the surface of polyester synthetic fibers. At the same time, the preservation of the optical properties of the dye after its incorporation in the siloxane host matrices was investigated.




2. Materials and Methods


2.1. Materials


To obtain nanosols, without further purification, the following substances were used: organic silane derivatives (Figure 1) from Aldrich, Saint Louis, MO, USA, with purity ≤95%, tetraethylortosilicate, TEOS (Figure 1a), phenyltriethoxysilane, PTES (Figure 1b), 3-glycidoxypropyltriethoxysilane, GPTES (Figure 1c), dimethoxydimethylsilane, DMDMS (Figure 1d), dimethoxydiphenylsilane, DMDPS (Figure 1e), hydrochloric acid (0.1 N, HCl, Chimreactiv, Bucharest, Romania) ethanol (96%, EtOH, Chimreactiv, Bucharest, Romania), N-methylimidazole (99%, NMI, Aldrich, Saint Louis, MO, USA) and tetrahydrofuran (99%, THF, Merck, Kenilworth, NJ, USA). The dye (Figure 1f) with a structure similar to that of natural curcumin, was synthesized in the laboratory in microwaves and purified, by using an already known method [40]. The fabric used was 100% polyester, PES (Figure 1g), (specific weight of 95 g/m2, tensile strength, (kg) warp 81 and weft 63, tearing strength, (kg) warp 2724 and weft 2621) obtained from Matasea Romana, Romania. The polyester fabric used for the experiments is of plane wave type, having a yarn linear density of 36 tex and warp/weft density of 28/26 threads/cm.




2.2. The Method of Obtaining Nanosols, Colored with Curcumin


The inorganic polymerization by sol–gel process involves molecular precursors (e.g., alkoxysilanes, in our case) which, through hydrolysis and polycondensation, generate an inorganic network and form a stable suspension of colloidal particles in a liquid phase. TEOS is the network generator, the component that hydrolyzes the fastest in acid catalysis and begins the formation of the silica network by homo-condensation or hetero-condensation with network modifiers (alkoxysilanes with one or two organic residues). Acid catalysis establishes a higher reaction rate for hydrolysis in relation to condensation, a process which leads to film-forming materials. Cyclic oligomerization of trialkoxysilanes leads to the formation of cyclic cages, while homo-polymerization of dialkoxysilanes leads to linear highly flexible polymers that interpenetrate the silica network. Depending on the ratios between the modifiers and TEOS, the properties of the network, in which the dye is accommodated, are fine tuned. Therefore, it is possible to obtain silica film decorated with organic residues on the surface or as definite regions inside the silica network. The diffusion process of the molecules and, implicitly, the degree of connectivity in the network, are influenced, at the same time affecting the rate of the hydrolysis reaction [41,42,43,44].



The nanocomposite solutions were obtained by the sol–gel process, in acid catalysis, at room temperature. These resulted after 3 h by mixing the TEOS network initiator (1.6 mL) with the PTES network modifying agent (0.8 mL) and GPTES/DMDMS/DMDPS alternatives (0.8 mL) in the presence of 0.1 N HCl (0.75 g), using a mixture of EtOH (2.3 mL) and curcumin (0.02–0.06 g) dissolved in THF (2 mL). Three types of nanocomposites were obtained, differentiated by the type and amount of the second silica network modifier, P1 (GPTES), P2 (DMDMS), P3 (DMDPS). A total of 0.02 g of curcumin was used for these nanocomposites, which represents the optimal dye loading to obtain uniform polyester coatings. In the case of P1 composition, N-methylimidazole catalyst (0.01 mL) was used to accelerate the homo-polymerization of the epoxy ring, while in the case of P4, the mixture was obtained without the second type of network modifier. All the obtained solutions were deposited on the polyester support.




2.3. The Method of Depositing Nanosols on the Polyester Support


Each yellow, clear solution previously obtained, was deposited on 2 g polyester fabric at a wet pick-up of 38 to 42% by the pad-drying process. The dyeing parameters of the PES fabric were established on a horizontal laboratory padding mangle Ernst Bentz (Ernst Bentz AG, Kanton Zurich, Dielsdorf, Switzerland), at a constant speed of 0.5 m/min and a pressure of 0.4 kg/cm2. The polyester fabric was passed several times through the dyeing solution, then it was dried at room temperature for 2 h. All coated materials were subjected to heat treatment at 120 °C for 1 h in a thermofixation oven.




2.4. Methods for Characterizing Dyed Polyester Fibers


FTIR-ATR spectrum measurements of nanosol coated fabrics were performed with a JASCO FT-IR 6300 instrument (Jasco Int. Co. Ltd., Tokyo, Japan), equipped with a Specac ATR Golden Gate (Specac Ltd., Orpington, UK) with KRS5 lens, in the range 400–4000 cm−1 (32 accumulations at a resolution of 4 cm−1).



The coated fabrics were mapped using a microscope produced by VICKERS-JOYCE LOEBL (M17 Microscope, York, UK) and equipped with an OPTIKA (Optika C-B3, Ponteranica, Italy) 3Mpx optical camera, and the images are processed with ProView software (5.0, 2020, Opticaproview, Ponteranica, Italy).



Total color differences in CIELAB system, using a 10° standard observer and illuminant D65, transmittance and diffuse reflectance spectra, were measured with a V570 UV-VIS-NIR (Jasco Int. Co. Ltd., Tokyo, Japan) spectrophotometer equipped with a JASCO ILN-472 (150 mm) integrating sphere, using spectralon as reference and a fluorescence cut-off filter (U-330).



The fluorescence steady state properties of the covered fabrics were analyzed by recording fluorescence spectra on a JASCO FP 6500 spectrofluorimeter (Jasco Int. Co. Ltd., Tokyo, Japan), at 25 °C.



SEM images of coated polyester samples were obtained with a scanning electron microscope FEI QUANTA 200 (FEI, Hillsboro, OR, USA) at an accelerating voltage of 10–20 kV and at magnifications up to 10,000×.



The surface morphology of coated polyester was determined using a MultiMode 8 atomic force microscope (AFM) (Bruker, Santa Barbara, CA, USA). Measurements were carried out in Peak Force (PF) Quantitative Nanomechanical Mapping (QNM) mode, in air, at room temperature using silicon nitride tips at a scan rate of 1 Hz and a scan angle of 90°. The data and images were processed with NanoScope software (version 1.20, 2009, NanoScope Tech., Bedford, MA, USA).



Water contact angles (WCA) of films were determined with a CAM 200 (KSV Instruments, Helsinki Finland) equipped with a high resolution camera (Basler A602f, Basler, Ahrensburg, Germany) and an autodispenser. WCA was measured in air, at room temperature and ambient humidity, 2 s after the drop contacted the surface of the coatings. Drops of 6 μL deionized water were dispensed on each sample, and the value of the reported WCA was the average of six measurements.



Thermogravimetric analysis was performed with a TGA Q5000IR (TA Instruments, New Castle, DE, USA) instrument. The 3–5 mg samples were analyzed in platinum pans under the following conditions: ramp 10 °C/min to 700 °C, synthetic air 5.0 (99.999%) used as purge gas at a flow rate of 50 mL/min.



Dynamic mechanical analysis was performed on a TA Q 800 instrument (TA Instruments, New Castle, DE, USA), in DMA controlled force mode, by stress/strain method using a ramp force 1 N/min to 18 N and in multifrequencies strain mode using a film tension clamp, operated at a fixed frequency of 1 Hz, oscillation amplitude of 5 µm, temperature ramp of 30 °C/min., in air, from room temperature to 200 °C, on specimens of 10 mm × 10 mm × 50 mm.



Coated fabrics were evaluated for color fastness to washing and rubbing using ISO 105-C06 [45] and ISO-105X12 [46], respectively.



The four types of coated polyester fabrics were tested in accordance with the standards for determining the change in color after 4 cycles of repeated washing tests. The sample consisting of a piece of colored polyester fabric was placed between a piece of cotton and one of wool, each of it sewn on the four sides and the sandwich type sample was washed with an aqueous solution of 1% by weight sodium dodecylsulfate at 60 °C for 2 h, on a Linitest laboratory machine (Atlas, Rock Hill, IL, USA). After washing, the sample was rinsed with hot and cold water and allowed to air dry after unsewing it on three sides so that the fabric did not remain in contact with the accompanying materials. After drying, the samples were evaluated against the original colored fabrics.



The evaluation of the coated textiles for the protection degree against ultraviolet radiation was performed by measuring the transmittance spectra in the range of 280–400 nm and calculated according to the European standard for sun protective clothing: EN 13758-1.





3. Results and Discussion


In order to follow the adaptability process of film-forming materials containing the chromophore to the textile support, we synthesized four types of nanocomposites in which the silica network modifiers were varied. Curcumin was entrapped in the host silica matrices modified with aliphatic or aromatic residues. Following the process of impregnation with nanosol solutions, four types of uniformly coated polyester specimens were obtained (Figure 2a,b) having fluorescent properties (Figure 2c). The influence of the coatings’ properties and interactions with the polyester support, related to the structure of nanocomposites, were also studied.



3.1. Structural Characterization of Coated Fabrics by FTIR Measurements


The four types of nanocomposite coated polyester materials were characterized by FTIR-ATR spectra to highlight the structural changes that occurred after the nanosol deposition onto the surface of the support (Figure 3).



The most intense signals were recorded at 1710 cm−1, corresponding to the stretching vibration of the carbonyl group belonging to the ester bonds. At 1408, 1240, 1094 and 1016 cm−1 are identified absorption bands corresponding to bending vibration δ (C–O) and asymmetric stretching vibration νas (C–O–C). Bands of the valence vibrations characteristic to the C–H and C–C bonds of the aromatic rings are recorded at 872 and 720 cm−1. The bands at 2962, 2915 and 2855 cm−1 correspond to the asymmetrical and symmetrical stretching vibrations of methylene groups. In addition, the small bands at 1504, 970 and 847 corresponds to C=C vibrational bands of the aromatic ring.



All the signals presented are characteristic to polyester structures [7]. They have a different allure or intensity due to the interactions established with the signals given by the functional groups present in the composition of the nanosols. For this reason, the presence of Si–O–Si or Si–O–C groups, which have characteristic peaks at 1010–1020 cm−1, 1120 cm−1, respectively, cannot be highlighted. However, the presence of silica composites is confirmed by the structural changes recorded in the fingerprint area of the spectra. Therefore, in the range 650–600 cm−1, wide bands corresponding to out of plane γ (OH) bending is recorded, O–Si–O bending is distinguished at 463 cm−1 and asymmetric stretching vibration νas (Si–O) is located at 519 cm−1, all of them being characteristic bands of silicates [47,48,49]. FTIR spectrum and functional group characteristics are presented in the Supplementary Materials.




3.2. Morphology by SEM Analysis


The surface morphologies of raw and coated PES textile fabrics are presented in Figure 4. From SEM images, it was found that raw PES textile materials had a smooth and uniform surface. The diameter of the fibers is situated at around 20 μm. After coating the fibers, there can be observed a uniform film-forming material deposited along the fibers. Some agglomerates are seen on the surface, but they are sporadic and no larger than a micron. The origin of these agglomerates is the leakage of the film-forming material on the surface of the fibers and formation of some agglomerates such as “stem nodes”. Therefore, for the same reason, some fabrics showed variations in the diameter of the yarns covered with nanosols.



The fluidity of the nanosol was necessary in order to be removed from the spaces between yarns by squeezing the impregnated fabric. Otherwise, it remains between wires with the formation of thick film-forming bridges, as it can be observed from Figure 4d. Such a situation leads to an increase in the rigidity of the fabric with a negative effect on the behavior of the fabric. The roughness of the film-forming material deposited onto the surface is determined by very small protrusions (tens of nanometers high), probably produced by the evaporation of solvents during crosslinking (as can be seen from the AFM images).




3.3. Morphological Properties of Nancoatings by AFM and Contact Angle Measurements


There are a lot of studies in literature regarding methods of treating polyester surfaces in order to increase the hydrophobicity of surfaces [9,50,51]. Of these, sol–gel coatings are well known and intensively studied and, therefore, in the present work, by varying the silica network modifiers, it is expected that coatings with hydrophobic properties will be obtained (Figure 5). Due to the morphology of the fabric, the polyester support used has hydrophilic properties and it was not possible to record the contact angle. Regarding the hydrophobic character, it was observed that the presence of GPTES in the nanosol composition during polymerization, in the presence of NMI, generated hydroxyl groups resulting from the opening of the epoxy ring, which determined the obtaining of more hydrophilic coatings than those with other organic groups.



The topographic analysis of the coatings highlights the formation of relatively thin films due to the linear structures of the polymeric chains generated in the presence of GPTES as a modifier of the silica network structure (Figure 5a).



It is observed that the presence of the voluminous groups introduced by PTES in the silica matrix led to π–π type stacking of the benzene rings, obtaining more thick coatings with a high peak around Rmax = 102.4 nm (Figure 5c). At the same time, a reduction in the surface roughness of P4 compared to P1 is obtained, as it can be seen in Table 1. The interactions established between benzene rings from different molecules of precursors decisively determined a significant improvement in the hydrophobic properties of the coating, characterized by a WCA of 120° (Table 1). In the case of P2-type sol–gel coatings without dye (P2 blank), a very high value of 134 (±5.13°) of WCA was recorded (Figure 6). This value does not change at high concentrations of the dye in the nanosol (135 ± 5.39°), but decreases significantly at low dye loadings (118 ± 8.1°). The change in the contact angle with the variation in the dye concentration can be explained by the hydrophobic nature of the dye, which leads to segregation processes in the silica matrix. At the same time, the structures of nanosols are also influenced by the processes of aggregation of dye molecules, at high loadings. While the concentration decreases, the dye is dispersed in the siloxane matrix and is willing to establish intermolecular bonds with the host matrix. By varying the ratio of alkyl and aryl residues in the siloxane matrix, it can be seen that the changes in the WCA of the coatings are not so dramatic, varying only by 5 to 7°.



Increasing the ratio of benzene rings in the inorganic silica network, by adding 25% by weight DMDPS, leads to the generation of a more compact film, due to the generation of linear siloxane oligomers in an interpenetrated type structure. In this way, films with Rmax = 75.5 nm, containing the aromatic groups probable to be oriented towards the film-air interface, are obtained. This arrangement determined, on the one hand, a more hydrophobic surface at the interface with air, and, on the other hand, a good compatibility with the PES support due to the π–π interactions with aromatic rings belonging to the polyester structure at the film–support interface. The P3 film has a lower roughness than P4, around 13.6 ± 1.7 nm, probably due to the compact arrangements of the organic groups and linear oligomers generated from the bifunctional network modifier DMDPS. These processes directly influenced the hydrophobic properties of the coated polyester fabric [7] and increased the WCA to about 124°.




3.4. Thermal Properties of Functionalized Polyester


3.4.1. Thermogravimetric Analysis of Composite Materials


The weight loss recorded during the thermal decomposition of polyester fibers comprises three stages and is somehow similar to that of nanosol (Figure 7). In the first step, up to 200 °C, mass loss is less than 1% and is attributed to water and residual solvents, following the thermal treatment of polyester fibers coated with nanosols. The second stage is the main decomposition step and corresponds to a weight loss of about 80%. Due to curcuminoid hybrid systems, the last phase of decomposition for all four types of samples occurs at 5–10 °C later than in the case of uncovered PES. The amount of silica deposited on the fibers’ surface can be estimated from the residue recorded at 700 °C and was situated at around 4% by weight.



Thus, it can be observed that the proportion of nanosol, in relation to the mass of the support on which it is deposited and its composition, does not significantly influence the thermal properties of the polyester fabric.




3.4.2. Thermomechanical Behavior of Coated Fabrics


The storage modulus is an indication referring to the ability of the samples to store deformation energy in an elastic manner and is closely related to the degree of crosslinking. In our study, at room temperature, the highest value of the storage modulus was recorded for P1 due to the formation of hydrogen bonds between hydroxyl groups generated by the homo-polymerization of epoxy groups and carbonyl groups belonging to the PES support. From the higher values obtained in the case of P3 or P2 compared to those obtained in the case of P4 (Figure 8a), it can be noticed that a higher degree of crosslinking of the hybrid coatings generated from trialkoxysilanes enhanced the storage modulus, while dialkoxysilane precursors, which generate linear siloxanes, lead to a more flexible coating. However, the π–π interactions, with the support, increased the storage relative to the support itself.



If we analyze the behavior of the storage modulus with temperature, we will notice that it is maintained within normal limits, without significant variations up to 110 °C, after which, due to exceeding the glass transition temperature of polyester fibers, there is a significant decrease in its value. In the particular case of P4, this phenomenon occurs later and variations are smaller.



The loss modulus (Table 2) is the dissipation component and its high values indicate that the sample is less stiff and the force is dissipated as heat. This is the case for the PES support, which has the highest value of loss modulus, while the next value is for P1, probably due to the large volume of homo-polymer generated from a glycidyl derivative, which leads to an increase in the free volume of the silica network stabilized by hydrogen bonds and to the possibility of dissipating energy through these bonds. In this case, the loss modulus becomes higher because the energy lost through viscous heating is more important during the stressing process.



As the peak height of the loss factor is associated with mobility, it was observed that, after the application of hybrid coatings, the molecular mobility was reduced, decreasing the possibility of energy dissipation through fiber–network interactions or by friction between fibers and, thus, the tan δ intensity decreases (Figure 8b). As stronger interactions are established between the coating and the polyester fabric, the peak is shifted to higher temperatures, with a direct consequence of improving the adhesion of the coating material to the textile substrate. It is obvious that the strongest interactions are established when using phenyl derivatives as modifying agents for the silica network.



However, the broader peaks recorded in all cases suggest molecular relaxations in the composites. From the stress–strain diagram (Figure 8c), it can be observed that the profile of the curves is almost linear and can be approximated by linear regression equations which fit well experimental data, with R-squared values of more than 99%. From the slope of the curves Young’s modulus was calculated (Table 2), which showed a softening of the hybrid coatings (P2, P3) when linear polymers are formed from DMDMS or DMDPS during the sol–gel process, while in the case of P1 a stiffening of the hybrid coating is recorded as a result of hydrogen bonds, as has already been established.



Overall, the intermolecular bonds between the coating material and the textile substrate occur predominantly through π–π type interactions, along with hydrogen bonds between the ester groups of the substrate and the silanol or hydroxyl groups generated during polymerization. This finding is of great importance from the perspective of obtaining coatings resistant to wet or dry detaching processes, as will be shown later.





3.5. Photophysical Properties of Nanosol Coated Fabrics


The samples obtained after impregnation were characterized by fluorescence emission and reflectance spectra. In this sense, the CIE standard color parameters (L*, a*, b*) were measured, using D65 as a light source and a 10° observer, and the obtained data are presented in Table 3. The textile samples were covered with different nanosols, but with the same type of chromophore show small differences in brightness, with hyper- and bathochromic effects. Depending on the silane components, the shade of the coatings changes slightly. As a result, the P2 coating, which contains alkyl residues in the silica network, is characterized by a positive value of the a* coordinate, and, therefore, presents a redness shift compared to the other coatings, in which aromatic residues are predominantly found. This property is due to the content of alkyl residues in the silica network, which interacts less with the functional groups of the dye sequestered in the silica network. At the same time, coatings in which aromatic residues are predominantly found, are characterized by high positive values of the b* coordinate, presenting shades shifted to yellow. Increasing the concentration of the dye in the nanosol leads to a decrease in brightness (L*). The obtained coatings have more reddish shades and are characterized by very high positive values of the a* coordinate and moderate increases in b*. These changes are caused by the intermolecular bonds established between the dye molecules, on the one side, and those established with the host matrix, on the other side. The latter are influenced by the structure of the matrix, respectively, and by the proportion of alkyl and aryl residues in the silica network. The presence of alkyl residues in P2 nanosols leads to the establishment of intermolecular hydrogen bonds with the dye and, thereby, a bathochromic shift is obtained. Moreover, due to the presence of the aryl residues in the silica network, the intermolecular bonds established with the dye are of the π–π type. Such nanosols lead to P3 type coatings with brighter shades, but with the hypsochromic shift in the color.



The coating P1, which was generated in the presence of GPTES, contains OH groups after the polymerization of epoxy rings and modifies the polarity of the host matrix, with which the chromophore more easily established hydrogen bonds. These intermolecular interactions lead to a significant decrease in absorbance (Table 3).



The influence of the host matrix in which the dye is embedded on the optical properties of the coated fabrics were evaluated using Kubelka Munk equation (Figure 9). Considering that the dye concentration is constant and the textile support on which the hybrid materials were deposited was the same, it is observed that the light absorption and scattering processes are influenced by the structure of the siloxane network and, as a consequence, by the intermolecular interactions established between the dye, as a visiting molecule, and the hosting network. Thus, the predominant intermolecular hydrogen bonds in P1 lead to a decrease in the K/S value, compared to P2, where the organic network modifiers have lower potential to establish intermolecular hydrogen bonds with the chromophore. At the same time, the presence of phenyl groups in the siloxane network directly influenced the absorption coefficient of the dye. Their presence leads to a hydrophobic environment in the network that favors the aggregation processes due to π–π interactions between phenyl residues belonging to the dye and to the hybrid network. In this case, it can be observed that there is an increase in the ratio of phenyl groups in the P3 coating, which results in a drastic decrease in the K/S coefficient, compared to the P4 nanocomposite.



All the hybrid materials obtained by using the sol–gel process show fluorescence emissions (Figure 2c). The samples were measured at the same excitation wavelength, 435 nm, and the highest intensity was recorded at an emission wavelength of 505 nm for P1 (Table 3). Of the four types of nanosols, P4 has the highest Stokes shift (Δ ~ 125 nm) and the strongest bathofluoric shift. P1 and P2 hybrid materials, due to the presence of Si-OH and C–OH groups, the last one generated from epoxy homo polymerization and phenyl groups from PTES, create neighborhoods which interact with the fluorophore. Therefore, the type of interactions influences the fluorescence intensity of the chromophore (the influence of the solvent polarity or of the dye concentration are presented in the Supplementary Materials). It can be seen that, in the case of P3, coated with nanosol containing PTES and DMDPS network modifiers, the Stokes shift is not significantly modified compared to P4, containing only PTES shows a hypo- and bathofluoric shift in the emission maximum due to a limited interaction between the aromatic rings of the host matrix and the chromophore, which leads to a pathway of extinguishing fluorescence emission. However, it is observed that the increase in the alkyl residue ratio in the silica network does not influence the fluorescence intensity, 515 nm (632), while an excess of aryl residues in the siloxane matrix leads to a bathochromic effect (540 nm) and decreases the intensity of fluorescence emission. These results are due to the extensive intermolecular π–π type interactions.



Similar to the behavior of curcumin in polar solvents (shown in the Supplementary Materials), fluorescent properties were exhibited in siloxane matrices. The variation in the fluorescence emission intensity is determined by the polarity of the cavities in which curcumin is sequestered, but also by the concentration of the dye in the composition of the nanosol. The proximity of the dye in the hybrid matrix determines interactions and, thus, pathways to extinguish fluorescence [44].



The agglomeration of the cavities with voluminous substituents can cause the fluorescence of curcumin to be extinguished, even at low loadings. Increasing the volume of the cavities can lead to the possibility of extinguishing fluorescence through interactions between several dye molecules. The existence of the possibilities of interaction through hydrogen bonds between the dye molecules and Si–OH groups in the silica network also leads to a decrease in the fluorescence intensity (the main criterion according to which the optimal concentration of dye in the network was established). By choosing the optimal conditions for the formation of the network of film-forming material, the dye concentration can be adjusted to maximize fluorescence. Increasing the concentration of the dye in the siloxane matrix induces a bathochromic effect and leads to a decrease in fluorescence intensity (530 nm (442)). These fluorescence quenching processes are due to the dye aggregation phenomena that lead to segregation processes and the obtaining of uneven coatings. The same situation was encountered in the case of WCA measurements, where the most pronounced hydrophobic character was recorded at high dyestuff loadings, when aggregation became important. For this reason, the proportion of 0.02 g curcumin was chosen as the optimal amount used in nanosols of this type, to obtain uniform coatings with good optical properties.




3.6. Evaluation of Tinctorial Performances


By coating the polyester fibers with nanocomposites in the sol–gel system, intense and uniform colored materials were obtained. The four types of specimens were subjected to a process of four successive washing cycles, to evaluate the degree of leaching. After each washing cycle, the reflectance spectrum in the visible range was measured and the color strength (K/S) was evaluated (Figure 10). In this regard, it was found that the highest loss was suffered by the nanocomposite with DMDMS around 52%, while the other coatings containing aromatic rings in the structure of the silica network lost between 20%–30%. The best results were found in the case of the PTES modified film-forming material (loss of 22%). The stability of the film-forming material on the fibers was also verified by using the second method, which consists of measuring the color differences between the sample before and after performing the washing cycle. By comparing the total color differences, ΔE*, it appears that they do not vary significantly in the case of P4 (Figure 10b), thus confirming that this nanocomposite has the best adhesion on polyester fibers. A superior performance was also observed after the friction tests. However, the sol–gel compositions with less voluminous alkyl groups had slightly better results both in dry and wet rubbing conditions (Table 4).



The very good results obtained after repeated washing and abrasion tests show that film-forming materials have good adhesion on polyester fibers. These properties are due to the intermolecular interactions established between the silica network and the skeletal or functional groups of the polyester fibers. From the results, it can be seen that nanosols containing linear polymers or functional groups that cannot hinder intermolecular interactions between coatings and support, generate film-forming materials with improved adhesion properties.




3.7. Sun Protective Performances Evaluation


In the early 2000s, the awareness of the need for protection against ultraviolet radiation became more than evident. This was due to the increase in the number of skin cancer cases and other dermatological conditions following sun exposure [52,53,54]. Regarding this process, the level of protection was studied depending on the fabric and the type of coatings. Thus, it has been observed that polyester fabrics had a higher protection factor than cotton [55]. At the same time, different types of coatings were made using modern methods, using absorbers or blockers to improve the anti-UV properties [56,57,58,59,60].



The ultraviolet protection factor (UPF) for each polyester specimen (Figure 11) was calculated based on the measured transmittance spectra. The protection level of the covered textiles was calculated (Figure 12), according to the European Standard EN 13758-1.



From the shape of the transmittance spectra, it can be intuited that the coatings have anti-UV properties. This subheading (forecast) is supported by the very low transmittance T < 0.02% in the UVB range (290–320 nm), whose values in the UVA region (Figure 11) reach around 0.03%. Thus, following the calculations in which the values of the transmitters in the range 290–400 nm are involved, according to EN 13758-1, these results confirm that all the coated polyester textiles have the ultraviolet protection factor +50 (Figure 13).



As can be found in literature [60], the sol–gel type coatings do not have anti-UV properties, but are used for this purpose by modifying the silica network with different inorganic anti-UV blockers, in the form of nanoparticles or organic absorbents of preferred dyes with antioxidant properties. In this case, the curcumin chromophore shows absorption in the ultraviolet region and has embedded in the siloxane matrix, conferring very good protection properties against ultraviolet radiation. Another factor that leads to the protective performances is probably the loading of the gaps between the fabric threads following the process of the deposition of nanocomposites on the polyester support (showed earlier in Figure 2b). In evaluating the anti-UV protection factor that fabrics offer, the effect over time is very important. It is closely related to the washing resistance of film-forming materials on the support. Considering the very good resistance properties after the washing process, measurements of the transmittance for P3 were performed and, following the calculations, it was confirmed that, after four repeated washing cycles, the coated polyester specimen maintain an UPF +50.





4. Conclusions


The fluorescent properties of the chromophore were preserved even after the process of embedding in the siloxane matrix. It was demonstrated that the optical properties of the coatings can be fine tuned by varying the type and the amount of silica network modifiers.



The thermomechanical properties of the coated fabrics can be varied because they are heavily influenced by the composition of the film-forming materials and, consequently, by the interactions established between coatings and textile support.



Polyester fabrics coated with hybrid curcuminoid systems have a hydrophobic surface, have fluorescent properties and an UPF +50, so they can be used in various fields where it is necessary for textiles to have signaling, self cleaning or protection against ultraviolet radiation.



The polyester fabrics on which the hybrid materials were deposited have very good properties, in terms of the resistance to repeated washing cycles, and maintain the original UV protection factor at high values even after four washing cycles, or during rubbing tests.
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Figure 1. Raw materials used to obtain coated textile fibers: (a)—tetraethoxylortosilicate, (b)—phenyltriethoxysilane, (c)—3-glycidoxypropyltriethoxysilane, (d)—dimethoxydimethylsilane, (e)—dimethoxydiphenylsilane, (f)—curcumin, (g)—polyester fabric. 
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Figure 2. Nanocomposite coated polyester materials (a), optical image (b) and fluorescence emission during excitation at 365 nm (c). 
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Figure 3. FTIR spectra for polyester fibers coated with nanosols. 






Figure 3. FTIR spectra for polyester fibers coated with nanosols.



[image: Coatings 12 00271 g003]







[image: Coatings 12 00271 g004 550] 





Figure 4. SEM micrographs of raw (a) and coated (b–d) PES textile fabrics. 
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Figure 5. Topography AFM images and contact angle of water on P1 (a), P3 (b) and P4 (c). 
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Figure 6. Modification of the hydrophobic properties of the coated polyester depending on the ratio between the components of the nanosol. 
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Figure 7. Thermogravimetric curves of hybrid materials. 
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Figure 8. The thermomechanical properties of coated polyester fabrics, subjected to deformation forces (a,b), stress (c,d) vs. temperature. 
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Figure 9. Color strength (K/S) of polyester textiles coated with hybrid materials and the Kubelka Munk equation, where K—absorption coefficient and S—scattering coefficient of the coated materials. 
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Figure 10. Evaluation of the films’ resistance during repeated washing cycles by the measurement of K/S values (a) and ΔE* in CIEL*a*b* system (b). 
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Figure 11. The transmittance spectra of coated fabrics. 
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Figure 12. Equation for the calculation of the ultraviolet protection factor (UPF), where E(λ) is the solar spectral irradiance; ε(λ) is the relative erythema effectiveness; T(λ) is the spectral transmittance at wavelength; and Δλ is the wavelength interval of the measurements. 
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Figure 13. UV protection factor of coated textiles calculated according to EN 13758-1. 
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Table 1. The square roughness and contact angle measured for the coated fabrics.
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	Compound
	P1
	P2
	P3
	P4





	Square roughness (standard deviation), (nm)
	79.75 (±1.1)
	-
	13.6 (±1.7)
	21.37 (±6.2)



	Contact angle (standard deviation), (°)
	81 (±14.1)
	118 (±8.1)
	124 (±6.1)
	120 (±14.8)
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Table 2. Storage modulus at 30 °C, 110 °C and 190 °C, loss modulus, tan delta and Young’s modulus.
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Sample

	
Storage Modulus (E′), MPa

	
Loss Modulus (E″)

	
Tan Delta

	
Young’s Modulus




	
30 °C

	
110 °C

	
190 °C

	
E″ (Peak Max), MPa

	
Temp, °C

	
Value

	
°C

	
GPa






	
PES

	
248.4

	
274.1

	
109.9

	
33.2

	
121.6

	
0.1622

	
131.0

	
0.5




	
P1

	
512.2

	
384.1

	
143.2

	
32.3

	
122.6

	
0.1234

	
131.3

	
0.66




	
P2

	
380.3

	
334.2

	
156.7

	
23.8

	
128.0

	
0.1051

	
138.7

	
0.51




	
P3

	
428

	
385.3

	
123.4

	
29.2

	
127.8

	
0.1373

	
138.0

	
0.53




	
P4

	
458.3

	
429.7

	
184.2

	
31.7

	
128.2

	
0.1187

	
135.5

	
0.61
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Table 3. Optical parameters of coated PES fabrics.






Table 3. Optical parameters of coated PES fabrics.





	
Sample

	
Color Parameters

	
Absorbance

(λmax 425 nm)

	
Fluorescence Emission

(λ, nm)/(Intensity, a.u.)

	
Stokes Shif (SS, nm)

	
K/S




	
L*

	
a*

	
b*

	
C*

	
h*

	
(a.u.)






	
PES

	
86.50

	
0.07

	
–2.57

	
2.57

	
271.45

	
-

	
-

	
-

	
-




	
P1

	
82.06

	
–9.58

	
38.89

	
40.05

	
103.84

	
0.4954

	
505 (921)

	
80

	
1.4878




	
P2

	
77.63

	
3.47

	
30.50

	
30.70

	
83.51

	
0.6713

	
515 (634)

	
90

	
1.6321




	
P2(2×Dye)

	
74.16

	
7.86

	
44.29

	
44.98

	
79.94

	
0.8336

	
530 (520)

	
105

	
-




	
P2(3×Dye)

	
72.68

	
11.52

	
45.82

	
47.24

	
75.88

	
0.8761

	
530 (442)

	
105

	
-




	
P2(2×DMDMS)

	
78.24

	
1.78

	
40.05

	
40.09

	
87.46

	
0.7123

	
515 (632)

	
90

	
-




	
P3

	
77.39

	
–5.01

	
36.82

	
37.16

	
97.74

	
0.6075

	
520 (542)

	
95

	
0.7310




	
P3(2×DMDPS)

	
74.87

	
4.92

	
34.60

	
34.95

	
81.92

	
0.7070

	
540 (651)

	
115

	
-




	
P4

	
81.94

	
–7.50

	
22.56

	
23.77

	
108.39

	
0.6941

	
550 (455)

	
125

	
1.1071
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Table 4. Evaluation of coating resistance.






Table 4. Evaluation of coating resistance.





	
Sample

	
Washing Fastness (Grade) ISO 105 C06

	
Rubbing Fastness (Grade)

ISO 105 X12




	
Color Change

	
Color Staining




	
Cotton

	
Wool

	
Dry

	
Wet






	
P1

	
4–5

	
4–5

	
4–5

	
4–5

	
4




	
P2

	
4

	
4

	
4–5

	
4–5

	
4–5




	
P3

	
4–5

	
4–5

	
4–5

	
4

	
3




	
P4

	
4

	
4

	
4–5

	
3–4

	
3
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