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Abstract

:

The scale of production of polystyrene has escalated in the recent past in order to meet growing demand. As a result, a large quantity of polystyrene waste continues to be generated along with associated health and environmental problems. One way to tackle such problems is to lengthen the lifetime of polystyrene, especially for outdoor applications. Our approach is the synthesis and application of new ultraviolet photostabilizers for polystyrene and this research is focused on four cephalexin Schiff bases. The reaction of cephalexin and 3-hydroxybenzaldehyde, 4-dimethylaminobenzaldehyde, 4-methoxybenzaldehyde, and 4-bromobanzaldehyde under acidic condition afforded the corresponding Schiff bases in high yields. The Schiff bases were characterized and their surfaces were examined. The Schiff bases were mixed with polystyrene to form homogenous blends and their effectiveness as photostabilizers was explored using different methods. The methods included monitoring the changes in the infrared spectra, weight loss, depression in molecular weight, and surface morphology on irradiation. In the presence of the Schiff bases, the formation of carbonyl group fragments, weight loss, and decrease in molecular weight of polystyrene were lower when compared with pure polystyrene. In addition, undesirable changes in the surface such as the appearance of dark spots, cracks, and roughness were minimal for irradiated polystyrene containing cephalexin Schiff bases. Mechanisms by which cephalexin Schiff bases stabilize polystyrene against photodegradation have also been suggested.
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1. Introduction


Plastics have many valuable applications including in the production of medical devices, electronics, construction materials, automobiles, packaging, bottles, and toys [1]. In 2018, around 360 million tons of plastics were manufactured to meet global demand [2]. Polystyrene (PS) with high molecular weight is the plastic most in demand. PS is cheap to produce, hard, light, colorless—but can be colored—durable, and resists heat, acid, and alkali [3]. It has numerous applications that range from large equipment to food packaging [4,5]. Solid PS is recyclable but foams used in insulation are not [6]. The crystallinity of PS is controlled by the arrangement of phenyl groups [7]. A random arrangement of phenyl groups leads to atactic PS which is amorphous and of commercial importance. An alternating arrangement of phenyl groups across the polymeric chains leads to the formation of syndiotactic PS which is crystalline [4]. PS has some significant disadvantages such as high solubility in chlorinated solvents, flammability, and resistance to biodegradation. In addition, PS suffers from photodecomposition when exposed to ultraviolet (UV) radiation in the presence of an oxygen source [8,9]. Photodecomposition affects the physical and chemical properties of PS leading to brittleness and stiffness, formation of cracks, and coloration mainly due to cross-linking, resulting in a material with inferior properties [10,11]. It is therefore clear that the photostability needs to be enhanced in order to increase the lifetime of PS in outdoor applications.



Various additives such as stabilizers, plasticizers, and colorants have been added to the PS matrix to enhance its photostability against photooxidation and photodegradation [12,13,14]. Ideally, additives should be harmless to the environment, not cause a change in color, are not volatile and are compatible with the PS. Additives may be in the form of powders, flakes, beads, or spheres and may act as antioxidants, UV absorbers, energy quenchers, radical decomposers, and flame retardants [15]. The most common PS additives include heterocycles [16,17,18,19], aromatics [20,21], Schiff bases [22], polyphosphates [23], and metal complexes [24]. Aromatic residues in the skeleton of additives play an important role in the improvement of resistance to harsh conditions and oxidants.



Recently, we have reported the use of various Schiff bases as additives for poly(vinyl chloride) (PVC) [25,26,27,28,29,30]. In addition, Schiff bases have the potential to be used as photo-initiators for photopolymerization [31,32]. In continuation of our research, the current study reports the synthesis and use of several cephalexin Schiff bases as additives to enhance the photostability of PS when exposed to UV radiation. Cephalexin is a β-lactamase antibiotic that is mainly used to treat Gram-positive bacteria [33]. It is a solid with a high melting point, is very stable, and contains an aromatic moiety as well as heteroatoms (sulfur, oxygen, and nitrogen). The synthesized cephalexin Schiff bases contain an additional aromatic unit (aryl ring) and heteroatoms (nitrogen, oxygen, and bromine) from the aryl aldehydes. The cephalexin Schiff bases, therefore, meet the structural requirements needed to be PS photostabilizers. We report here the successful synthesis of several cephalexin Schiff bases and their effective use as PS photostabilizers.




2. Materials and Methods


2.1. General


Polystyrene (Mw = 250,000), cephalexin, aryl aldehydes, chloroform (CHCl3), and glacial acetic acid (AcOH) were purchased from Merck (Schnelldorf, Germany). The carbon, hydrogen, nitrogen, and sulfur content were determined on a Vario EL III elemental analyzer (Elementar Americas, Ronkonkoma, NY, USA). Fourier transform infrared (FTIR; 400–4000 cm−1) spectra were recorded on a Jasco FTIR-8400 spectrometer (Jasco, Tokyo, Japan). 1H (500 MHz) and 13C NMR (125 MHz) spectra were recorded on a Bruker DRX-500 NMR spectrometer (Bruker, Zürich, Switzerland) in deuterated dimethyl sulfoxide (DMSO-d6). UV irradiation (light intensity of 6.43 × 10−9 ein dm−3 s−1 and λmax of 365 nm) of the PS films was performed at 25 °C using an accelerated weather-meter QUV tester (Q-Panel Company, Homestead, FL, USA). The surface of cephalexin Schiff bases was examined by scanning electron microscopy (SEM) using an Inspect S50 microscope (FEI Company, Czechia, Czech Republic). Optical inspection of the PS surface was carried out using a Meiji Techno microscope (Tokyo, Japan). A SIGMA 500 VP microscope (ZEISS Microscopy, Jena, Germany) was used for field emission Scanning electron microscopy (FESEM), and a Veeco 70 instrument (Veeco Instruments Inc., Plainview, NY, USA) for the atomic force microscopy (AFM). The samples were dried using a SQ-15-VAC-16 vacuum oven (MRC Laboratory-Instruments, Essex, UK).




2.2. Synthesis of Cephalexin Schiff Bases 1–4


A stirred mixture of cephalexin (1.83 g, 5.0 mmol) and an aryl aldehyde (5.0 mmol) in boiling CHCl3 (25 mL) containing AcOH (0.5 mL) was refluxed for 6 h (Scheme 1). The mixture was cooled down to room temperature and the solid formed was collected through filtration, washed with CHCl3 (10 mL), and dried to give the corresponding Schiff bases 1–4 in high yields (Table 1).




2.3. Preparation of PS Films


To a stirred solution of PS (5.0 g) in CHCl3 (100 mL) at 25 °C, a cephalexin Schiff base (25 mg) was added. The homogenous mixture was stirred at 25 °C for 2 h then poured onto glass slides containing holes that have a thickness of ~40 μm. The PS films produced were left to dry in a vacuum oven for 24 h. The PS films were then irradiated with UV light (λmax = 365 nm) at 25 °C.





3. Results and Discussion


3.1. Synthesis of Cephalexin Schiff Bases 1–4


Condensation of an equimolar mixture of cephalexin and 3-hydroxybenzaldehyde, 4-dimethylaminobenzaldehyde, 4-methoxybenzaldehyde, and 4-bromobanzaldehyde in boiling CHCl3 under acidic condition gave the corresponding Schiff bases 1–4 (Scheme 1) in 70%–82% yields (Table 1). The elemental composition of 1–4 was confirmed by the elemental analyses (Table 1). The FTIR spectra of 1–4 showed the appearance of absorption bands corresponding to the OH (3320–3489 cm−1), NH (3207–3288 cm−1), and CH=N (1568-1643 cm−1) groups and strong absorption bands due to the carbonyl groups (amide and acid) (Table 2). Some other selected FTIR absorption bands for cephalexin Schiff bases 1–4 are also shown in Table 2.



The 1H NMR spectra of 1–4 showed the appearance of the azomethine proton (CH=N) as a singlet signal in the 8.64–9.31 ppm region (Table 3) which confirms the formation of cephalexin Schiff bases. In addition, they showed the presence of two exchangeable singlets that appeared in the 12.60–13.19 ppm and 7.92–9.63 ppm regions that correspond to the carboxylic and NH protons, respectively. Moreover, the 1H NMR spectra of 1–4 showed the characteristic two doublets for the CH2 protons (which appear separately) and for the CH–CH protons within the lactam ring along with protons from the aromatic moieties. The 13C NMR spectra of 1–4 (Table 4) showed the presence of all carbons. Four peaks appeared highly downfield corresponding to the carbonyl and the CH=N carbons.




3.2. SEM of Cephalexin Schiff Bases 1–4


Cephalexin Schiff bases 1–4 were characterized further by examining their surfaces using SEM in which an electron beam is used to produce an image [34]. Figure 1 shows that the Schiff bases have smooth, homogeneous, and regular surfaces. The particles size was 40.6–56.7 nm for Schiff base 1, 40.0–49.8 nm for 2, 29.5–39.0 nm for 3, and 42.3–47.2 nm for 4.




3.3. Effects of UV Irradiation on FTIR Spectra


Photooxidation due to UV irradiation in the presence of oxygen has harmful effects (e.g., discoloration and loss of mechanical properties) on the properties of PS [35,36,37]. Such a process leads to the formation of PS free radicals and in the presence of oxygen, oxygenated free radicals are produced (Figure 2). The result is the formation of small fragments containing different functional groups with the most common residues containing the carbonyl group. Therefore, the effect of irradiation on PS can be assessed using IR spectroscopy by monitoring the intensity of the absorption peak corresponding to the carbonyl group [38,39].



Cephalexin Schiff bases were added at a concentration of 0.5% by weight to the PS, and thin films were prepared (Section 2.3). A UV light was used to irradiate the PS films for a period of time that varied from 50 h to 300 h. The FTIR spectra were recorded pre- and post-irradiation of the film. Figure 3 shows that the intensity of the C=O group absorption band (1730 cm−1) has grown significantly after irradiation confirmed photodegradation of the PS film.



The intensity of the C=O group absorbance (AC=O; 1730 cm−1) was monitored during irradiation and compared with that for the C–C bond that appears at 1328 cm−1 (AC–C). The intensity of the C–C bond does not alter during irradiation [40,41]. The carbonyl group index (IC=O) was calculated using Equation (1) and plotted against time. Figure 4 shows that values of IC=O rose sharply in the first 50 h and that the IC=O was significantly higher for the blank PS film compared with the blends containing cephalexin Schiff bases 1–4. For example, the IC=O was 1.9 for the PS (blank) film after 300 h of irradiation compared with 1.0 for the blend containing Schiff base 1. Clearly, there was a noticeable decrease in the IC=O when Schiff bases were used, and it is presumed that this is as a result of direct absorption of UV light through the aromatic rings and heteroatoms of the additives.


IC=O = AC=O/AC–C



(1)








3.4. Effect of UV Irradiation on Weight


Long-term irradiation of PS leads to the formation of free radicals and cross-linking in polymeric chains [42]. As a result, small molecular fragments may be eliminated leading to a decrease in the weight of PS [20]. Therefore, the level of damage taking place can be assessed by observing the weight loss. Equation (2) was used to calculate the percentage weight loss of the sample, from its weight pre (Wpre) and post (Wpost) irradiation. The weight loss (%) of PS blends is presented against irradiation time in Figure 5. It is clear that the weight loss is significantly lower in the presence of cephalexin Schiff bases 1–4 when compared with the pure film with Schiff base 1 (hydroxyphenyl derivative) providing the most protection to the film. For example, the weight loss percentage at the end of irradiation process was 0.62% for the pure PS film, 0.14% for the PS + 1, 0.19% for the PS + 2, 0.23% for the PS + 3, and 0.27% for the PS + 4.


Weight loss (%) = (Wpre − Wpost)/Wpre × 100



(2)








3.5. Effect of UV Irradiation on Molecular Weight (    M ¯  V   )


Photodegradation causes a decrease in the average molecular (    M ¯  V   ) of PS [22]. The degree of the reduction in the     M ¯  V    is directly proportional to the amount of damage caused by photodegradation. The intrinsic viscosity, [η], was measured for the films dissolved in THF after every 50 h of irradiation. The     M ¯  V    was calculated from [η] using Equation (3) [43]. The values of     M ¯  V    as a function of irradiation time are shown in Figure 6.


   η  = 1.63 ×   10   − 2      M v  0.77    



(3)







For the pure PS film, the decrease in the     M ¯  V    was very high in the first 50 h of irradiation having fallen by 54%. After 150 h, the pure PS had lost around 74% of its     M ¯  V   . In contrast, the reduction in the     M ¯  V    of the PS films containing 1–4 was lower. For example, the reduction in the     M ¯  V   . for the PS + 1 blend was approximately 15% after 50 h and 27% after 150 h of irradiation. At the end of irradiation, the     M ¯  V    was 143,000 for the PS + 1 blend compared with only 21,000 for the blank PS film. The results provide strong evidence that the Schiff bases play an important role in stabilizing the PS film.




3.6. Optical Microscopy of PS


Photodegradation of PS leads to irregularities in the surface and the appearance of defects such as cracks, grooves, and dark spots. These irregularities are mainly due to chain scission and cross-linking and can be assessed using optical microscopy [44,45]. The optical microscopy images (Figure 7) showed that the surfaces of the non-irradiated films were regular with few defects and no cracks or spots. In comparison, the optical image of the irradiated film of pure PS showed the presence of cracks and dark spots. The damage was much less for the PS blends containing cephalexin Schiff bases 1–4. Clearly, cephalexin Schiff bases 1–4 improved the photostability PS to a significant degree with 1 and 2 being the most effective as evidenced by their post-irradiation surfaces being regular with few dark spots and cracks.




3.7. FESEM of PS


FESEM is a powerful technique for investigating the damage on the surface of PS as a result of photoirradiation [46,47]. The technique can be used to determine the shape and size of particles, homogeneity, and cross-sections in the samples. The FESEM images for pure PS, recorded pre- and post-irradiation, along with those for the irritated blends containing cephalexin Schiff bases 1–4 are shown in Figure 8. The FESEM image for the non-irradiated PS film shows a generally homogeneous, smooth, and regular surface. The surfaces of the irradiated films showed damage post-irradiation, but the defects were more noticeable in the pure film compared with the blends containing cephalexin Schiff bases 1–4. The pore dimensions are 63.6–160.3 nm for the PS film, 34.9–89.1 nm for PS + 1, 119.3–207.0 nm for PS + 2, 42.2–267.2 nm for PS + 3, and 83.0–326.4 nm for PS + 4.




3.8. AFM of PS


The PS surface was examined further using AFM [48,49]. AFM is used to examine the roughness/smoothness, and homogeneity of a surface. Generally, the non-irradiated materials show smooth surfaces [22]. The AFM images of the PS films are shown in Figure 9.



The polymeric blends containing Schiff bases have regular and smooth surfaces compared with the blank PS film. However, the AFM images showed black dots in all cases indicating the film’s imperfection. The roughness factor (Rq) for the non-irradiated films was very low with very little variation. The Rq was 6.2 for the pure PS, 5.4 for PS + 1, 5.8 for PS + 2, 6.4 for PS + 3, and 5.6 for PS + 4. On the other hand, the Rq for the irradiated films was high as 336.2 for the pure PS, 12.4 for PS + 1, 21.2 for the PS + 2, 24.4 for the PS + 3, and 38.3 for the PS + 4. Clearly, Schiff base 1 has reduced the Rq of the PS by 27.1-fold which is very significant (Table 5). Such performance is superior to those obtained with Schiff bases of both 1,2,3,4-triazole-3-thiol [17] and biphenyl-3,3′,4,4′-tetraamine [22]. In addition, cephalexin Schiff bases 1–4 provided a reduction in Rq much higher than additives used for PVC such as Schiff bases [26,29], tin-complexes [50,51,52,53,54], and polyphosphates [55] (Table 5).




3.9. Photostabilization Mechanisms of PS


Cephalexin Schiff bases 1–4 act as good photostabilizers and protected the PS films against photodecomposition when exposed to UV light for a long time. The Schiff bases reduced the level of both photodegradation and chain cross-linking of PS. They are effective because they contain aromatic rings, heteroatoms, and azomethine bonds [56]. Cephalexin Schiff bases can absorb UV light and release the adsorbed energy harmlessly over time (Figure 10, Figure 11 and Figure 12). Schiff base 1 displays the most protection of PS and this is attributed to the extra hydroxyl group that is attached to an aromatic moiety. The hydroxyl group leads to proton transfer followed by an intersystem crossing between the intermediates in the excited state. Such a process leads to the release of the excite-state energy over time at a harmless level for PS [57]. Photooxidation of PS leads to the generation of polymeric chain radicals which can be stabilized through the formation of stable complexes with cephalexin Schiff bases 1–4 (Figure 10) [20]. In addition, cephalexin Schiff bases 1–4 act as radical scavengers and can destroy high-energy oxygenated species (chromophores) such as peroxide radicals (POO.). Cephalexin Schiff bases form complexes with peroxide radicals that are highly stable due to resonance within the aromatic rings (Figure 11). The azomethine linkage (CH=N) within the structure of cephalexin Schiff bases plays an important role in PVC photostabilization [31,32]. The CH=N bond enables Schiff bases to act as UV absorbers (Figure 12) [57]. For the potential commercial use of cephalexin Schiff bases as PVC photostabilizers, the ecotoxicological impact of their possible leakage to the surrounding environment should be assessed.





4. Conclusions


Several cephalexin Schiff bases were synthesized in high yields and their identities were confirmed by spectroscopy and elemental analysis. In the investigation, the cephalexin Schiff bases acted as efficient polystyrene photostabilizers. Blending them with polystyrene led to a decrease in the formation of small degraded fragments, weight loss, and molecular weight depression upon photoirradiation. In addition, the damage that occurred on the surface of polystyrene was low in the presence of cephalexin Schiff bases when compared with the pure polystyrene film. Moreover, the roughness factor of the polystyrene surface was reduced significantly in the presence of the cephalexin Schiff bases. The cephalexin Schiff bases stabilize polystyrene through aromatic moieties, heteroatoms, and azomethane linkages in the skeleton which act as quenchers for radicals, absorbers for ultraviolet radiation, and form stable complexes with polystyrene high energy species.







Author Contributions


Conceptualization and experimental design: E.T.B.A.-T., E.Y., D.S.A. and G.A.E.-H.; Experimental work and data analysis: A.A.Y.; writing—original draft preparation: E.T.B.A.-T., E.Y., D.S.A., B.M.K. and G.A.E.-H. writing—review and editing: E.Y., D.S.A., B.M.K. and G.A.E.-H. All authors have read and agreed to the published version of the manuscript.




Funding


The authors thank the Researchers Supporting Project number (RSP-2021/404), King Saud University, Riyadh, Saudi Arabia.




Data Availability Statement


Data are contained within the article.




Acknowledgments


We thank Al-Nahrain University for technical support. The authors thank the Researchers Supporting Project number (RSP-2021/404), King Saud University, Riyadh, Saudi Arabia.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.




References


	



Geyer, R.; Jambeck, J.R.; Law, K.L. Production, use, and fate of all plastics ever made. Sci. Adv. 2017, 3, e1700782. [Google Scholar] [CrossRef] [PubMed]

	



Plastics—The Facts 2019. An Analysis of European Plastics Production, Demand and Waste Data. Available online: https://www.plasticseurope.org/application/files/9715/7129/9584/FINAL_web_version_Plastics_the_facts2019_14102019.pdf (accessed on 1 August 2021).

	



Marfa, I.M. Pyrolysis of polystyrene waste: A review. Polymers 2021, 13, 225. [Google Scholar] [CrossRef]

	



Maul, J.; Frushour, B.G.; Kontoff, J.R.; Eichenauer, H.; Ott, K.-H.; Schade, C. Polystyrene and Styrene Copolymers. In Ullmann’s Encyclopedia of Industrial Chemistry; Wiley-VCH: Weinheim, Germany, 2007; pp. 477–484. [Google Scholar]

	



Gary, J.E. Polystyrene: Properties, Performance and Applications; Nova Science: New York, NY, USA, 2011; pp. 1–198. [Google Scholar]

	



Vilaplana, F.; Ribes-Greus, A.; Karlsson, S. Degradation of recycled high-impact polystyrene. Simulation by reprocessing and thermo-oxidation. Polym. Degrad. Stab. 2006, 91, 2163–2170. [Google Scholar] [CrossRef]

	



De Rosa, C.; Auriemma, F. Structure and physical properties of syndiotactic polypropylene: A highly crystalline thermoplastic elastomer. Prog. Polym. Sci. 2006, 31, 145–237. [Google Scholar] [CrossRef]

	



Rabek, J.F. Photodegradation of Polymers: Physical Characteristics and Applications; Springer Science & Business Media: Berlin, Germany, 2012; pp. 1–212. [Google Scholar]

	



Yousif, E.; Haddad, R. Photodegradation and photostabilization of polymers, especially polystyrene: Review. SpringerPlus 2013, 2, 398. [Google Scholar] [CrossRef]

	



White, J.R.; Turnbull, A. Weathering of polymers: Mechanisms of degradation and stabilization: Testing strategies and modelling. J. Mater. Sci. 1994, 29, 584–613. [Google Scholar] [CrossRef]

	



Hernández, C.G.; González, R.; Soto, J.J.; Rosales, I. Photo-Oxidation of Polystyrene Film Irradiated with UV-B; Springer: Gewerbestasse, Switzerland, 2016; pp. 1–372. [Google Scholar]

	



Iwata, T. Biodegradable and bio-based polymers: Future prospects of eco-friendly plastics. Angew. Chem. Int. Ed. 2015, 54, 3210–3215. [Google Scholar] [CrossRef] [PubMed]

	



Pinto, L.F.A.; Goi, B.E.; Schmitt, C.C.; Neumann, M.G. Photodegradation of polystyrene films containing UV-visible sensitizers. J. Res. Updates Polym. Sci. 2013, 2, 39–47. [Google Scholar] [CrossRef]

	



Cadogan, D.F.; Howick, C.J. Plasticizers. In Ullmann’s Encyclopedia of Industrial Chemistry; Wiley-VCH: Weinheim, Germany, 2000; pp. 599–603. [Google Scholar]

	



Torikai, A.; Kobatake, T.; Okisaki, F.; Shuyama, H. Photodegradation of polystyrene containing flame-retardants: Wavelength sensitivity and efficiency of degradation. Polym. Degrad. Stab. 1995, 50, 261–267. [Google Scholar] [CrossRef]

	



Ahmed, A.A.; Ahmed, D.S.; El-Hiti, G.A.; Alotaibi, M.H.; Hashim, H.; Yousif, E. SEM morphological analysis of irradiated polystyrene film doped by a Schiff base containing a 1,2,4-triazole ring system. Appl. Petrochem. Res. 2019, 9, 169–177. [Google Scholar] [CrossRef]

	



Ali, G.Q.; El-Hiti, G.A.; Tomi, I.H.R.; Haddad, R.; Al-Qaisi, A.J.; Yousif, E. Photostability and performance of polystyrene films containing 1,2,4-triazole-3-thiol ring system Schiff bases. Molecules 2016, 21, 1699. [Google Scholar] [CrossRef] [PubMed]

	



Goldshtein, J.; Margel, S. Synthesis and characterization of polystyrene/2-(5-chloro-2H-benzotriazole-2-yl)-6-(1,1-dimethylethyl)-4-methylphenol composite microspheres of narrow size distribution for UV irradiation protection. Colloid Polym. Sci. 2011, 289, 1863–1874. [Google Scholar] [CrossRef]

	



Yousif, E.; Salimon, J.; Salih, N. New stabilizer for polystyrene based on 2-N-salicylidene-5-(substituted)-1,3,4-thiadiazole compounds. J. Saudi Chem. Soc. 2011, 16, 299–306. [Google Scholar] [CrossRef]

	



Rabie, S.T.; Ahmed, A.E.; Sabaa, M.W.; Abd El-Ghaffar, M.A. Maleic diamides as photostabilizers for polystyrene. J. Ind. Eng. Chem. 2013, 19, 1869–1878. [Google Scholar] [CrossRef]

	



Torikai, A.; Takeuchi, T.; Fueki, K. Photodegradation of polystyrene and polystyrene containing benzophenone. Polym. Photochem. 1983, 3, 307–320. [Google Scholar] [CrossRef]

	



Yousif, E.; Ahmed, D.S.; El-Hiti, G.A.; Alotaibi, M.H.; Hashim, H.; Hameed, A.S.; Ahmed, A. Fabrication of novel ball-like polystyrene films containing Schiff bases microspheres as photostabilizers. Polymers 2018, 10, 1185. [Google Scholar] [CrossRef] [PubMed]

	



Alotaibi, M.H.; El-Hiti, G.A.; Yousif, E.; Ahmed, D.S.; Hashim, H.; Hameed, A.S.; Ahmed, A. Evaluation of the use of polyphosphates as photostabilizers and in the formation of ball-like polystyrene materials. J. Polym. Res. 2019, 26, 161. [Google Scholar] [CrossRef]

	



Yousif, E.; Haddad, R.; El-Hiti, G.A.; Yusop, R.M. Spectroscopic and photochemical stability of polystyrene films in the presence of metal complexes. J. Taibah Univ. Sci. 2017, 11, 997–1007. [Google Scholar] [CrossRef]

	



Yousif, E.; Hasan, A.; El-Hiti, G.A. Spectroscopic, physical and topography of photochemical process of PVC films in the presence of Schiff base metal complexes. Polymers 2016, 8, 204. [Google Scholar] [CrossRef]

	



Ahmed, D.S.; El-Hiti, G.A.; Hameed, A.S.; Yousif, E.; Ahmed, A. New tetra-Schiff bases as efficient photostabilizers for poly(vinyl chloride). Molecules 2017, 22, 1506. [Google Scholar] [CrossRef] [PubMed]

	



Shaalan, N.; Laftah, N.; El-Hiti, G.A.; Alotaibi, M.H.; Muslih, R.; Ahmed, D.S.; Yousif, E. Poly(vinyl chloride) photostabilization in the presence of Schiff bases containing a thiadiazole moiety. Molecules 2018, 23, 913. [Google Scholar] [CrossRef]

	



Hashim, H.; El-Hiti, G.A.; Alotaibi, M.H.; Ahmed, D.S.; Yousif, E. Fabrication of ordered honeycomb porous poly(vinyl chloride) thin film doped with a Schiff base and nickel(II) chloride. Heliyon 2018, 4, e00743. [Google Scholar] [CrossRef]

	



El-Hiti, G.A.; Alotaibi, M.H.; Ahmed, A.A.; Hamad, B.A.; Ahmed, D.S.; Ahmed, A.; Hashim, H.; Yousif, E. The morphology and performance of poly(vinyl chloride) containing melamine Schiff bases against ultraviolet light. Molecules 2019, 24, 803. [Google Scholar] [CrossRef]

	



Balakit, A.A.; Ahmed, A.; El-Hiti, G.A.; Smith, K.; Yousif, E. Synthesis of new thiophene derivatives and their use as photostabilizers for rigid poly(vinyl chloride). Int. J. Polym. Sci. 2015, 2015, 510390. [Google Scholar] [CrossRef]

	



Cano, M.; Oriol, L.; Piñol, M.; Serrano, J.L. Photopolymerization of reactive mesogenic Schiff bases and related metallomesogens. Chem. Mater. 1999, 11, 94–100. [Google Scholar] [CrossRef]

	



Li, Z.; Hu, P.; Zhu, J.; Gao, Y.; Xiong, X.; Liu, R. Conjugated carbazole-based Schiff bases as photoinitiators: From facile synthesis to efficient two-photon polymerization. J. Polym. Sci. A Polym. Chem. 2018, 56, 2692–2700. [Google Scholar] [CrossRef]

	



Nguyen, H.M.; Graber, C.J. A critical review of cephalexin and cefadroxil for the treatment of acute uncomplicated lower urinary tract infection in the era of “bad bugs, few drugs”. Int. J. Antimicrob. Agents 2020, 56, 106085. [Google Scholar] [CrossRef]

	



Mehmood, N.; Andreasson, E.; Kao-Walter, S. SEM observations of a metal foil laminated with a polymer film. Procedia Mater. Sci. 2014, 3, 1435–1440. [Google Scholar] [CrossRef]

	



Biazar, E.; Zeinali, R.; Montazeri, N.; Pourshamsian, K.; Behrouz, M.; Asefnejad, A.; Khoshzaban, A.; Shahhosseini, G.; Najafabadi, M.S.; Abyani, R.; et al. Cell engineering: Nanometric grafting of poly-N-isopropylacrylamide onto polystyrene film by different doses of gamma radiation. Int. J. Nanomed. 2010, 5, 549–556. [Google Scholar] [CrossRef] [PubMed]

	



Sharma, T.; Aggarwal, S.; Kumar, S.; Mittal, V.K.; Kalsi, P.C.; Manchanda, V.K. Effect of gamma irradiation on the optical properties of CR-39 polymer. J. Mater. Sci. 2007, 42, 1127–1130. [Google Scholar] [CrossRef]

	



Lucki, J.; Rånby, B. Photo-oxidation of polystyrene–Part 2: Formation of carbonyl groups in photo-oxidised polystyrene. Polym. Degrad. Stab. 1979, 1, 165–179. [Google Scholar] [CrossRef]

	



Kiatkamjornwong, S.; Sonsuk, M.; Wittayapichet, S.; Prasassarakich, P.; Vejjanukroh, P.-C. Degradation of styrene-g-cassava starch filled polystyrene plastics. Polym. Degrad. Stab. 1999, 66, 323–334. [Google Scholar] [CrossRef]

	



Rabek, J.F. Polymer Photodegradation: Mechanisms and Experimental Methods; Springer Science & Business Media: Berlin, Germany, 1994; pp. 1–664. [Google Scholar]

	



Rabek, J.F.; Ranby, B.G. Photodegradation, Photooxidation and Photostabilization of Polymer; John Wiley: New York, NY, USA, 1975; pp. 501–554. [Google Scholar]

	



Gaumet, S.; Gardette, J.-L. Photo-oxidation of poly(vinyl chloride): Part 2—A comparative study of the carbonylated products in photo-chemical and thermal oxidations. Polym. Degrad. Stab. 1991, 33, 17–34. [Google Scholar] [CrossRef]

	



Jellinek, H.H.G. Aspects of Degradation and Stabilization of Polymers; Elsevier: Amsterdam, The Netherlands, 1978. [Google Scholar]

	



Erlandsson, B.; Albertsson, A.-C.; Karlsson, S. Molecular weight determination in degraded oxidizable and hydrolyzable polymers giving deviation from accurate using calibration and the Mark-Houwink-Sakaruda (MHS) equation. Polym. Degrad. Stab. 1997, 57, 15–23. [Google Scholar] [CrossRef]

	



Yousif, E.; Haddad, R.; Noaman, R. Photostabilization of Polystyrene Films: Photostabilization Activity of Polystyrene; Lambert Academic Publishing: Beau Bassin, Mauritius, 2014; p. 56. [Google Scholar]

	



Schmitt, T.; Guttmann, P.; Schmidt, O.; Müller-Buschbaum, P.; Stamm, M.; Schönhense, G.; Schmahl, G. Microscopy of thin polymer blend films of polystyrene and poly-n-butyl-methacrylate. AIP Conf. Proc. 2000, 507, 245. [Google Scholar] [CrossRef]

	



Nikafshar, S.; Zabihi, O.; Ahmadi, M.; Mirmohseni, A.; Taseidifar, M.; Naebe, M. The effects of UV light on the chemical and mechanical properties of a transparent epoxy-diamine system in the presence of an organic UV absorber. Materials 2017, 10, 180. [Google Scholar] [CrossRef] [PubMed]

	



Shyichuk, A.V.; White, J.R. Analysis of chain-scission and crosslinking rates in the photo-oxidation of polystyrene. J. Appl. Polym. Sci. 2000, 77, 3015–3023. [Google Scholar] [CrossRef]

	



Shinato, K.W.; Huang, F.; Jin, Y. Principle and application of atomic force microscopy (AFM) for nanoscale investigation of metal corrosion. Corros. Rev. 2020, 38, 423–432. [Google Scholar] [CrossRef]

	



See, C.H.; O’Haver, J. Atomic force microscopy characterization of ultrathin polystyrene films formed by admicellar polymerization on silica disks. J. Appl. Polym. Sci. 2003, 89, 36–46. [Google Scholar] [CrossRef]

	



Hadi, A.G.; Yousif, E.; El-Hiti, G.A.; Ahmed, D.S.; Jawad, K.; Alotaibi, M.H.; Hashim, H. Long-term effect of ultraviolet irradiation on poly(vinyl chloride) films containing naproxen diorganotin(IV) complexes. Molecules 2019, 24, 2396. [Google Scholar] [CrossRef]

	



Mohammed, R.; El-Hiti, G.A.; Ahmed, A.; Yousif, E. Poly(vinyl chloride) doped by 2-(4-isobutylphenyl)propanoate metal complexes: Enhanced resistance to UV irradiation. Arab. J. Sci. Eng. 2017, 42, 4307–4315. [Google Scholar] [CrossRef]

	



Ali, M.M.; El-Hiti, G.A.; Yousif, E. Photostabilizing efficiency of poly(vinyl chloride) in the presence of organotin(IV) complexes as photostabilizers. Molecules 2016, 21, 1151. [Google Scholar] [CrossRef] [PubMed]

	



Hadi, A.G.; Jawad, K.; El-Hiti, G.A.; Alotaibi, M.H.; Ahmed, A.A.; Ahmed, D.S.; Yousif, E. Photostabilization of poly(vinyl chloride) by organotin(IV) compounds against photodegradation. Molecules 2019, 24, 3557. [Google Scholar] [CrossRef] [PubMed]

	



Ghazi, D.; El-Hiti, G.A.; Yousif, E.; Ahmed, D.S.; Alotaibi, M.H. The effect of ultraviolet irradiation on the physicochemical properties of poly(vinyl chloride) films containing organotin(IV) complexes as photostabilizers. Molecules 2018, 23, 254. [Google Scholar] [CrossRef] [PubMed]

	



Ahmed, D.S.; El-Hiti, G.A.; Yousif, E.; Hameed, A.S. Polyphosphates as inhibitors for poly(vinyl chloride) photodegradation. Molecules 2017, 22, 1849. [Google Scholar] [CrossRef]

	



Pospíšil, J.; Klemchuk, P.P. Oxidation Inhibition in Organic Materials; CRC Press: Boca Raton, FL, USA, 1989; pp. 1–384. [Google Scholar]

	



Kasha, M. Characterization of electronic transitions in complex molecules. Discuss. Faraday Soc. 1950, 9, 14–19. [Google Scholar] [CrossRef]








[image: Polymers 13 02982 sch001 550] 





Scheme 1. Synthesis of cephalexin Schiff bases 1–4. 
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Figure 1. SEM images of cephalexin Schiff bases (a) 1, (b) 2, (c) 3, and (d) 4. 
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Figure 2. Formation of carbonyl group fragments due to PS photooxidation. 
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Figure 3. The FTIR spectra of PS film pre- and post-irradiation. 
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Figure 4. Effect of irradiation on carbonyl index (IC=O) of PS blends. 
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Figure 5. Effect irradiation on the weight loss (%) of PS blends. 
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Figure 6. Effect irradiation on the molecular weight of PS blends. 
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Figure 7. Microscope images of (a) PS film, (b) PS + 1, (c) PS + 2, (d) PS + 3, and (e) PS + 4 blends, pre- and post-irradiation. 
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Figure 8. FESEM images of (a) PS film pre-irradiation and (b) PS, (c) PS + 1, (d) PS + 2, (e) PS + 3, and (f) PS + 4 blends post-irradiation. 
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Figure 9. AFM images of (a) PS film pre-irradiation and (b) PS, (c) P S + 1, (d) PS + 2, (e) PS + 3, and (f) PS + 4 blends post-irradiation. 
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Figure 10. Schiff bases 1–4 form stable complexes with PS radicals. 
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Figure 11. Schiff bases 1–4 act as radical scavengers. 
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Figure 12. Schiff bases 1–4 act as UV absorbers. 
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Table 1. Physical properties and elemental composition of cephalexin Schiff bases 1–4.
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Schiff Base

	
Ar

	
Color

	
M.P. (°C)

	
Yield (%)

	
Calculated (Found; %)




	
C

	
H

	
N

	
S






	
1

	
3-HOC6H4

	
Yellow

	
234–235

	
82

	
61.19 (61.28)

	
4.69 (4.72)

	
9.31 (9.24)

	
7.10 (7.02)




	
2

	
4-Me2NC6H4

	
Brown

	
201–203

	
73

	
62.74 (62.56)

	
4.48 (4.52)

	
11.71 (11.62)

	
6.70 (6.62)




	
3

	
4-MeOC6H4

	
White

	
222–225

	
70

	
61.92 (61.80)

	
4.98 (5.02)

	
9.03 (8.96)

	
6.89 (6.81)




	
4

	
4-BrC6H4

	
Orange

	
131–132

	
78

	
53.70 (53.58)

	
3.92 (3.95)

	
8.17 (8.10)

	
6.23 (6.15)
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Table 2. Common FTIR absorption bands of cephalexin Schiff bases 1–4.






Table 2. Common FTIR absorption bands of cephalexin Schiff bases 1–4.





	Schiff Base
	OH
	CH (Ar)
	NH
	C=O (Amide)
	C=O (Carboxyl)
	CH=N
	C=C (Aromatic)
	C–S





	1
	3489
	3041
	3207
	1759
	1693
	1568
	1546
	817



	2
	3464
	3059
	3271
	1768
	1683
	1620
	1564
	858



	3
	3477
	3039
	3272
	1758
	1693
	1587
	1569
	817



	4
	3320
	3041
	3288
	1768
	1728
	1643
	1541
	727
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Table 3. 1HNMR data of cephalexin Schiff bases 1–4.
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	Schiff Base
	1H NMR (500 MHz: δ, ppm, J in Hz)





	1
	13.13 (s, exch., 1H), 9.63 (s, exch., 1H), 8.64 (s, 1H), 7.66 (s, exch., 1H), 7.52–6.98 (m, 9H), 5.24 (d, J = 4.5 Hz, 1H), 5.03 (s, 1H), 4.98 (d, J = 4.5 Hz, 1H), 3.41 (d, J = 18.0 Hz, 1H), 3.30 (d, J = 18.0 Hz, 1H), 2.00 (s, 3H)



	2
	12.60 (s, exch., 1H), 8.89 (s, 1H), 8.60 (s, exch., 1H), 7.75–7.69 (m, 9H), 4.75 (d, J = 4.6 Hz, 1H), 4.68 (s, 1H), 4.52 (d, J = 4.6 Hz, 1H), 3.45 (d, J = 18.2 Hz, 1H), 3.34 (d, J = 18.2 Hz, 1H), 3.12 (s, 6H), 1.96 (s, 3H)



	3
	13.19 (s, exch., 1H), 9.31 (s, 1H), 8.61 (s, exch., 1H), 7.46–7.27 (m, 9H), 5.71 (d, J = 4.4 Hz, 1H), 5.63 (d, J = 4.6 Hz, 1H), 4.97 (s, 1H), 3.49 (d, J = 18.4 Hz, 1H), 3.46 (s, 3H), 3.41 (d, J = 18.2 Hz, 1H), 2.00 (s, 3H)



	4
	12.82 (s, exch. 1H), 9.00 (s, 1H), 7.92 (s, exch., 1H), 7.75–7.22 (s, 9H), 5.14 (d, J = 4.3 Hz, 1H), 4.92 (s, 1H), 4.76 (d, J = 4.3 Hz, 1H), 3.27 (d, J = 18.3 Hz, 1H), 3.16 (d, J = 18.3 Hz, 1H), 1.97 (s, 3H)
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Table 4. 13CNMR spectral data of cephalexin Schiff bases for 1–4.
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	Schiff Base
	13C NMR (125 MHz: δ, ppm, J in Hz)





	1
	173.7, 171.7, 169.1, 164.2, 143.7, 139.5, 129.0, 128.7, 127.9, 127.4, 126.6, 126.4, 126.2, 118.3, 122.0, 115.6, 79.3, 58.0, 56.9, 30.5, 19.4



	2
	169.7, 164.7, 161.2, 155.0, 151.2, 146.6, 136.2, 129.6, 128.2, 127.5, 126.1, 124.6, 121.3, 105.0, 74.9, 68.3, 56.3, 44.2, 28.0, 20.2



	3
	168.3, 166.7, 163.9, 163.2, 158.0, 138.9, 130.3, 129.1, 128.6, 128.4, 127.8, 126.3, 122.0, 116.6, 73.0, 64.5, 63.5, 55.9, 28.7, 19.3



	4
	173.6, 162.7, 161.1, 158.8, 141.3, 135.9, 132.7, 130.0, 129.2, 128.8, 128.5, 127.6, 126.2, 121.7, 72.4, 62.6, 60.1, 30.5, 20.1
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Table 5. Fold reduction in the Rq for polymeric materials after irradiation.
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	Polymeric Materials
	Additives
	Fold-Reduction in Rq
	Reference





	PS
	Cephalexin Schiff bases
	27.1
	Current research



	PS
	1,2,3,4-Triazole-3-thiol Schiff bases
	3.3
	[17]



	PS
	Biphenyl-3,3′,4,4′-tetraamine Schiff bases
	8.3
	[22]



	PVC
	Biphenyl-3,3′,4,4′-tetraamine Schiff bases
	3.6
	[26]



	PVC
	Melamine Schiff bases
	6.0
	[29]



	PVC
	Tin complexes
	5.2–16.6
	[50,51,52,53,54]



	PVC
	Polyphosphates
	16.7
	[55]
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