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Abstract

:

The lifetime of poly(vinyl chloride) (PVC) can be increased through the addition of additives to provide protection against irradiation. Therefore, several new tin complexes containing atenolol moieties were synthesized and their photostabilizing effect on PVC was investigated. Reacting atenolol with a number of tin reagents in boiling methanol provided high yields of tin complexes. PVC was then mixed with the tin complexes at a low concentration, producing polymeric thins films. The films were irradiated with ultraviolet light and the resulting damage was assessed using different analytical and surface morphology techniques. Infrared spectroscopy and weight loss determination indicated that the films incorporating tin complexes incurred less damage and less surface changes compared to the blank film. In particular, the triphenyltin complex was very effective in enhancing the photostability of PVC, and this is due to its high aromaticity (three phenyl rings) compared to other complexes. Such an additive acts as a hydrogen chloride scavenger, radical absorber, and hydroperoxide decomposer.
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1. Introduction


Synthetic polymers such as polyester, polystyrene, polypropylene, polyethylene, and poly(vinyl chloride) (PVC) have many applications [1,2]. Plastics can substitute for construction materials such as wood, glass, and metals. The properties of plastics (e.g., their color, rigidity, toughness, transparency, and density) can be easily controlled during the manufacturing process [3]. PVC is a versatile and valuable thermoplastic that has unique strength and durability and is widely used in packaging, electronics, chemical engineering, architecture, and transportation applications [4,5]. It has good physical and mechanical stability, resists alkaline and acidic reagents, and is inexpensive to produce. However, environmental factors such as light, irradiation, and oxidants damage PVC and shorten its lifespan, especially when used outdoors. Therefore, the photostability of PVC should be enhanced to reduce the harmful effects of photooxidation and photodegradation.



PVC undergoes photooxidation upon exposure to ultraviolet (UV) irradiation, and the damage that takes place is due mainly to the autocatalytic dehydrochlorination process [6,7]. Eliminating hydrogen chloride (HCl) from PVC leads to the formation of polymeric stretches that contain conjugated polyene residues, cross-links, and chain-scissions [8]. These result in discoloration, cracks, decreases in overall weight and average molecular weight, loss of transparency, and changes in mechanical properties [9,10,11]. To enhance resistance of PVC against irradiation, light, and heat, UV absorbers, light screeners, free-radical scavengers, excited state energy quenchers, hydroperoxide decomposers, heat stabilizers, and HCl removers should be added to polymers [12].



PVC additives should be inexpensive to produce, and effective at producing the desired stabilizing effect at low concentrations [13,14]. Also, they should be stable, nonvolatile, nontoxic, nonhazardous, compatible with PVC, and they should not change the color of polymeric blends [13,14]. PVC industrial additives include tris(di-tert-butylphenyl)phosphite, bis(2-ethylhexyl)phthalate, 3,3′,4,4′-tetrachlorobiphenyl, and inorganics such as barium-zinc stabilizers [14]. These materials mainly act as PVC plasticizers, flame retardants, and antioxidants. However, the majority of these additives have been banned from use; in particular, they cannot be added to PVC that is used in medicinal applications because they are either carcinogenic, environmentally hazardous, or require co-stabilizers [15]. Therefore, new types of additives are needed to overcome the limitations of the currently used additives.



PVC additives should act as efficient primary and secondary stabilizers, thus, their structures should contain aromatic moieties and heteroatoms to efficiently absorb UV light and to form excited state complexes that are stabilized through resonance. A number of additives have been investigated for their protective effects on PVC films. The most recent studied and commonly used PVC additives include Schiff bases [16,17,18,19,20,21,22], aromatics containing heteroatoms [23,24,25,26], polyphosphates [27,28,29,30], tin complexes [31,32,33,34,35], titanium dioxide [36,37], nanoparticles [38,39], and others [40,41,42].



Organotin complexes are highly stable and act as efficient HCl scavengers. Atenolol is a stable, nontoxic, and inexpensive white solid that contains both an aryl ring (aromatic) and heteroatoms (nitrogen and oxygen). It is expected to act as a UV absorber, and when mixed with PVC, it produces neither a color change nor environmental problems. This paper discusses, for the first time, the synthesis and use of new tin complexes containing an atenolol unit and various substitutions as PVC photostabilizers.




2. Materials and Methods


2.1. General


PVC was obtained from Petkim Petrokimya (Istanbul, Turkey). The tin reagents; namely triphenyltin chloride (Ph3SnCl; 95%), dibutyltin oxide (Bu2SnO; 98%), dibutyltin dichloride (Bu2SnCl2; 96%), and dimethyltin dichloride (Me2SnCl2; 97%) were purchased from Merck (Gillingham, UK). The electronic spectra (200–900 nm) was measured in dimethylformamide (1 × 10−3 M) using a Shimadzu-160 spectrophotometer (Shimadzu, Kyoto, Japan). FTIR spectra (400–400 cm−1) using a KBr disc technique were recorded on a Shimadzu FTIR 8300 spectrophotometer (Shimadzu, Tokyo, Japan). 1H (500 MHz) and 13C NMR (125 MHz) spectra were recorded in DMSO-d6 using a Bruker DRX500 NMR spectrometer (Bruker, Zürich, Switzerland). Energy dispersive X-ray (EDX) images were captured using a Bruker XFlash 6 10 (Bruker, Tokyo, Japan) and the microscopic images were captured by a Meiji Techno Microscope (Meiji Techno, Tokyo, Japan). The field emission scanning electron microscope (FESEM) images (15 kV) were captured by a TESCAN-MIRA3 system (TESCAN, Kohoutovice, Czech Republic). A Veeco atomic force microscope (AFM) (Veeco Instruments Inc., Plainview, NY, USA) was used to capture AFM images. An accelerated weather-meter QUV tester (Q-Panel Company; Homestead, FL, USA) was used to irradiate PVC films using UV light (λmax = 365 nm; light intensity = 6.43 × 10−9 ein dm−3s−1) at 25 °C.




2.2. Synthesis of Complexes 1–4


Atenolol (2.0 mmol) and a tin reagent (1.1 or 2.2 mmol) were mixed together in MeOH (30 mL) and then refluxed for 6–8 h (Scheme 1 and Scheme 2). The mixture was left overnight and the solid that was formed was collected by filtration, washed with water, and recrystallized using MeOH to give the corresponding tin complex.




2.3. Preparation of PVC Films


Each tin complex (25 mg) was added to a PVC (5.0 g) solution in tetrahydrofuran (THF; 100 mL) to produce a homogenous mixture. The mixture was stirred for 20 min at 25 °C and transferred into a clean glass plate containing 15 holes 40 μm deep. The plate was left at 25 °C for 24 h and the resulting films were dried in a vacuum oven at 40 °C for 6 h.





3. Results and Discussion


3.1. Synthesis of Complexes 1–4


The atenolol-tin complexes 1–4 (Scheme 1 and Scheme 2) were produced in 69%–84% yields in the form of white solids (Table 1). The 6-h reactions between atenolol and triphenyltin chloride or dibutyltin oxide (1:1 molar ratio) in dry MeOH yielded tin complex 1 or 2, respectively (Scheme 1). Similarly, reacting atenolol (two mole equivalents) with dibutyltin dichloride or dimethyltin dichloride yielded either complex 3 or 4, respectively (Scheme 2). The yields were relatively low for complexes 2 and 3, but no side-products were observed, although some materials were lost in the crystallization processes.



The structures of tin complexes 1–4 were elucidated based on the spectral data obtained from the UV, FTIR, and NMR spectroscopy along with the elemental composition analysis (Table 1, Table 2, Table 3 and Table 4). The electronic spectra of complexes 1–4 (Figures S1–S4) mainly show the presence of two absorptions bands corresponding to the π–π* (225–275 nm) and n–π* (291–431 nm).



The FTIR spectra of complexes 1–4 (Figures S5–S8) confirm the absence of the stretching vibrational band for the hydroxyl group, which appeared at 3356 cm−1 for the ligand (e.g., atenolol). The stretching vibrational band corresponding to the secondary NH bond in complexes 1–4 was slightly shifted to either lower (e.g., complexes 3 and 4) or higher (e.g., complex 1) frequencies compared to that for the ligand. This clearly indicates that the NH group takes part in the coordination with the tin atom [42]. The FTIR spectra of complexes 1–4 showed absorption bands corresponding to the Sn–C, Sn–O, and Sn–N groups that appeared at the 563–570 cm−1, 501–543 cm−1, and 447–478 cm−1 regions, respectively [43]. The asymmetric vibration bands for the carbonyl group in complexes 1–4 appeared as very strong signals at the 1639–1674 cm−1 region. The difference between the wavenumbers (ν) of the asymmetric (asym) and symmetric (sym) vibrational bands for the absorption of carbonyl groups confirms the bidentate interaction between oxygen and tin atoms in complexes 1–4 [44]. The most common FTIR absorption bands for these complexes are shown in Table 2.



The 1H NMR spectra of complexes 1–4 show the presence of aryl protons as two doublets (J = 7.8–8.0 HZ) appearing at the 7.19–6.52 ppm region. They also show exchangeable signals that correspond to the NH and NH2 protons (Table 3). The CH–O and CH2–O protons appear as broad peaks at the 4.15–3.48 ppm and 3.94–3.41 ppm regions, respectively. The spectra also show the presence of other protons at the expected chemical shifts (ppm). The 1H NMR spectrum of 1 is shown in Figure S9.



The 13C NMR spectra of complexes 1–4 provide further confirmation for their structures (Table 4). The carbonyl group carbons and the C-1 carbon of the aryl group attached to the oxygen atom appears downfield at the 172.1–172.6 ppm and 156.6–157.3 ppm regions, respectively. The carbons of the CH–O and CH2–O groups appear at regions 69.6–70.7 ppm and 65.5–68.1 ppm, respectively. The 13C NMR spectra of complexes 1–4 show all other carbons at the expected chemical shifts (ppm). The 13C NMR spectrum of 1 is shown in Figure S10.



Complexes 1–4 were added to PVC at a concentration of 0.5 wt% to produce colorless films. Previous studies suggest that this concentration provides the most desirable protection for the PVC blends [32,33]. The EDX patterns was used to identify the elements present in each tin complex. Each peak corresponds to a specific element and its height determines the relative atomic abundance. The EDX spectra of PVC films [45] show clear and highly abundant bands for the chlorine atom along with low intensity bands for tin, nitrogen, and oxygen atoms in PVC films incorporating complexes 1–4 (Figure 1). The bands assignment was in agreement with those previously reported for related elements [22,27,34].



The EDX mapping of PVC films containing additives show the distribution and relative abundance of elements within the blends (Figure 2) [46]. Clearly, the images indicate the homogenous distribution of the elements from both tin complexes and PVC. Chlorine and carbon atoms are highly abundant and distributed thought the blends. In addition, the images indicate the presence of other elements (tin, nitrogen, and oxygen) within the complexes.




3.2. FTIR Spectroscopy


The photostability of PVC is poor in the 253–310 nm region, and the role of additives is to protect PVC by absorbing the UV light, thus reducing the rate of photooxidation and photodegradation. These processes drastically change the physical properties of PVC, producing discoloration, darkness, surface cracking, and softening. In addition, photooxidation changes various chemical properties of PVC. For example, it leads to the formation of fragments that contain–OH (hydroxyl; e.g., alcohols), C=O (carbonyl; e.g., ketones and acids), and C=C (alkene; e.g., unsaturated fragments) functional groups [47]. FTIR spectroscopy was performed to test the photochemical activities of complexes 1–4 as PVC additives. The PVC films were irradiated with UV light and the FTIR spectra were recorded after 50–300 h of irradiation. The spectra of PVC (blank) at 0 and 300 h of irradiation are shown in Figure 3. The FTIR spectrum of the irradiated PVC film containing complex 1 is shown in Figure S11. During irradiation (every 50 h), the growths in the absorbance of peaks corresponding to the–OH (3500 cm−1), C=O (1772 cm−1), and C=C (1604 cm−1) groups (As) were measured and compared (using Equation (1)) with that of a standard peak (Ar; C–H bonds) that appears at 1328 cm−1 [12,48].


   I s    =    A s  /  A r   



(1)







The changes in Is (IOH, IC=O, and IC=C) were higher for the blank PVC compared to those for the films containing complexes 1–4 (0.5 wt %) (Figure 4). The changes in Is occurred very rapidly in the first 50 h of irradiation and increased steadily thereafter. The IOH values (Figure 4a) for the blank PVC film was 0.025 and 0.038 after 50 and 300 h of irradiation, respectively. At the end of irradiation process, the IOH values were 0.027, 0.031, 0.028, and 0.033 for PVC + complex 1, PVC + complex 2, PVC + complex 3, and PVC + complex 4, respectively. Thus, in terms of efficiency as PVC stabilizers, the complexes performed in the order complex 1 > complex 3 > complex 2 > complex 4. Complex 1, which contains three phenyl groups (highly aromatic) in addition to an aryl moiety in the skeleton of atenolol, provides the highest level of PVC protection against photodegradation. Similar observations are apparent for IC=O and IC=C (Figure 4b,c). For example, the IC=O and IC=C values for the blank PVC film were 0.57 and 0.83, respectively, after 300 h of irradiation. On the other hand, the IC=O and IC=C values for the PVC + complex 1 film were much lower (0.33 and 0.39, respectively) at the end of the irradiation process (300 h).




3.3. Weight Loss


Photodegradation of PVC causes its dehydrochlorination and weight loss [12]. The percentage of PVC weight loss after irradiation can be used as an indicator of the performance of complexes 1–4 as photostabilizers. Therefore, the weight losses of the films after every 50 h of irradiation were calculated from the difference between PVC weight before and after irradiation (W0 and Wt, respectively), as shown in Equation (2) [17].


  W e i g h t   l o s s    ( % )    =    [   (   W 0  −  W t   )  /  W 0   ]    ×   100  



(2)







Figure 5 shows the changes in weight loss (%) for the PVC blends as a result of irradiation. Complexes 1–4 clearly reduce in the weight loss undergone by PVC in response to irradiation. The weight losses (%) relative to PVC (blank) of PVC + 1, PVC + 2, PVC + 3, and PVC + 4 were 2.03, 0.83, 1.39, 1.16, and 1.58, respectively. Clearly, complex 1 provides the highest level of PVC protection.




3.4. Surface Morphology


Optical microscopy detects defects such as damages, irregularities, chain-scissions, and cracks on the surface of PVC after irradiation [49,50]. Moreover, optical microscopy provides information about the degree of crystallinity and roughness of PVC. Figure 6 shows that after irradiation, the surfaces of the films were rougher and contained large numbers of cracks, spots, and grooves compared to unirradiated films. These surface defects are mainly due to the elimination of HCl and the formation of small, unsaturated residues. The levels of damage to the PVC surface were generally lower in PVCs containing complexes 1–4. In particular, after irradiation, the surface of the PVC film containing complex 1 was smoother and clearer, with fewer spots and cracks compared to the surfaces of films containing complexes 2–4.



FESEM analysis provides information on particles shape and size, level of cross-sectioning, and homogeneity of PVC surfaces [51,52]. Before irradiation, FESEM images show that PVC films are highly homogeneous, with fairly smooth surfaces [30,31], and after irradiation, Figure 7 shows rough surfaces with cracking due to broken bonds and the elimination of HCl [53]. The roughness, heterogeneity, and long and deep cracks were very noticeable for the irradiated PVC (blank). In contrast, after irradiating PVCs containing additives 1–4, the surfaces were smoother with less cracking compared to the blank PVC. In particular, the surface of the film containing complex 1 was almost clear, homogeneous, and smooth, appearing similar to a non-irradiated PVC. The results clearly show that complexes 1–4 act as PVC stabilizers.



The level of roughness of the surface of irradiated PVC films was measured using AFM, resulting in estimates of the roughness factor (Rq), a measure of the degree of photodegradation due to the elimination of volatiles in response to irradiation [54]. The two- and three-dimensional AFM images of irradiated PVC films are shown in Figure 8 and their Rq values are reported in Table 5. In the presence of additives, the PVC surface was smoother and regular compared to the blank film. The PVC blends incorporating complexes 1–4 had lower Rq values than that for the blank film. Complex 1 improved the roughness factor by more than 7-fold, thus acting as an efficient PVC photostabilizer. The other complexes also provided reasonable degrees (at least 4-fold compared with the blank PVC film) of improvement in surface roughness. The performance levels of complexes 1–4 are better than many Schiff bases [18,19,22] and tin complexes containing 2-(4-isobutylphenyl) propanoate [41], naproxen [34], and furosemide [32] moieties; these complexes are comparable to tin complexes containing valsartan [31] and polyphosphates containing diethylenetriamine [27]; however, they perform less effectively compared to polyphosphates and tin complexes with high levels of aromaticity [28,41].




3.5. Photostabilization Mechanisms


Complexes 1–4 reduced the level of damage against PVC due to photoirradiation, and are thus considered PVC photostabilizers. The additives contain aromatic moieties that are cable of absorbing harmful irradiation (primary stabilizers via resonance) followed by the harmless release of energy over a long period of time [23]. The tin atom is highly acidic (Lewis acid) and therefore can efficiently scavenge HCl released during the PVC dehydrochlorination process. In addition, complexes 1–4 (in particular triphenyltin complex 1 (Figure 9)) acted as hydroperoxide decomposers with the release of free ligands (i.e., atenolol) [41]. Moreover, these additives can form stable complexes with chromophores (e.g., POO.) that transfer and release energy without damaging the polymeric materials (i.e., radical absorbers) [12]. The coordination between the polarized atoms within the PVC and atenolol can provide a secondary stabilization effect. Clearly, complexes 1–4 are able to provide PVC films with long-term protection against irradiation damage [25].





4. Conclusions


Here, we describe the synthesis of satisfactory levels of new tin complexes containing atenolol. The structures of the tin complexes were established using analytical and spectroscopic techniques. As additives to PVC, the atenolol-tin complexes provided significant photostabilization to the polymeric films. Analysis of surface morphology via infrared spectroscopy and weight loss studies prove that the triphenyltin complex is the most effective additive in terms of enhancing the photostability of the blends. This additive reduced the weight loss of PVC films by 2.4-fold and inhibited photodegradation by 1.4–2.1-fold. In addition, the triphenyltin complex improved the roughness factor of the irradiated materials by 7.5-fold. The additives acted as light absorbers, hydrogen chloride scavengers, hydroperoxide decomposers, and radical quenchers.








Supplementary Materials


The following are available online at https://www.mdpi.com/2073-4360/12/12/2923/s1, Figure S1: Electronic spectrum of complex 1, Figure S2: Electronic spectrum of complex 2, Figure S3: Electronic spectrum of complex 3, Figure S4: Electronic spectrum of complex 4; Figure S5: FTIR spectrum of complex 1, Figure S6: FTIR spectrum of complex 2, Figure S7: FTIR spectrum of complex 3, Figure S8: FTIR spectrum of complex 4, Figure S9: 1H NMR spectrum of complex 1, Figure S10: 13C NMR spectrum of complex 1, Figure S11: FTIR spectrum of PVC containing complex 1 after irradiation (300 h).





Author Contributions


Conceptualization and experimental design: G.A.E.-H., M.B., D.S.A., A.A., M.H.A., and E.Y.; Experimental work: B.S.; writing: G.A.E.-H., D.S.A., and E.Y. All authors analyzed the data, discussed the results, and approved the published version of the paper. All authors have read and agreed to the published version of the manuscript.




Funding


The authors are grateful to the Deanship of Scientific Research, King Saud University for funding through Vice Deanship of Scientific Research Chairs.




Acknowledgments


We thank Al-Nahrain and Tikrit Universities for providing technical support.




Conflicts of Interest


The authors declare that they have no conflict of interest.




References


	



Andrady, A.L.; Neal, M.A. Applications and societal benefits of plastics. Phil. Trans. R. Soc. B 2009, 364, 1977–1984. [Google Scholar] [CrossRef] [PubMed]

	



Feldman, D. Polymer history. Des. Monomers Polym. 2008, 11, 1–15. [Google Scholar] [CrossRef]

	



Crawford, C.B.; Quinn, B. Microplastic Pollutants, 1st ed.; Elsevier Science: Kidlington, UK, 2017. [Google Scholar]

	



Titow, W.V. PVC Plastics Properties, Processing, and Applications; Elsevier Applied Science Publishers LTD: Amsterdam, The Netherlands, 1990. [Google Scholar]

	



Burgess, R.H. Manufacture and Processing of PVC; Elsevier Applied Science Publishers LTD: London, UK, 2005. [Google Scholar]

	



Folarin, O.M.; Sadiku, E.R. Thermal stabilizers for poly(vinyl chloride): A review. Int. J. Phys. Sci. 2011, 6, 4323–4330. [Google Scholar] [CrossRef]

	



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

	



Pimentel Real, L.E.; Ferraria, A.M.; Botelho do Rego, A.B. Comparison of different photo-oxidation conditions of poly(vinyl chloride) for outdoor applications. Polym. Test. 2008, 27, 743–751. [Google Scholar] [CrossRef]

	



McNeill, I.C.; Memetea, L.; Cole, W.J. A study of the products of PVC thermal degradation. Polym. Degrad. Stab. 1995, 49, 181–191. [Google Scholar] [CrossRef]

	



Starnes, W.H., Jr. Structural and mechanistic aspects of the thermal degradation of poly(vinyl chloride). Prog. Polym. Sci. 2002, 27, 2133–2170. [Google Scholar] [CrossRef]

	



Yu, J.; Sun, L.; Ma, C.; Qiao, Y.; Yao, H. Thermal degradation of PVC: A review. Waste Manage. 2016, 48, 300–314. [Google Scholar] [CrossRef]

	



Sabaa, M.W.; Oraby, E.H.; Naby, A.S.A.; Mohamed, R.R. N-Phenyl-3-substituted 5-pyrazolone derivatives as organic stabilizers for rigid poly(vinyl chloride) against photodegradation. J. Appl. Polym. Sci. 2006, 101, 1543–1555. [Google Scholar] [CrossRef]

	



Lemos, M.F.; Bohn, M.A. DMA of polyester-based polyurethane elastomers for composite rocket propellants containing different energetic plasticizers. J. Therm. Anal. Calorim. 2018, 131, 595–600. [Google Scholar] [CrossRef]

	



Porta, M.; Zumeta, E. Implementing the Stockholm treaty on persistent organic pollutants. Occup. Environ. Med. 2002, 59, 651–652. [Google Scholar] [CrossRef]

	



Fu, M.; Li, D.; Liu, H.; Ai, H.; Zhang, Y.; Zhang, L. Synergistic effects of zinc-mannitol alkoxide with calcium/zinc stearates and with β-diketone on thermal stability of rigid poly(vinyl chloride). J. Polym. Res. 2016, 23, 13. [Google Scholar] [CrossRef]

	



Yousif, E.; El-Hiti, G.A.; Hussain, Z.; Altaie, A. Viscoelastic, spectroscopic and microscopic study of the photo irradiation effect on the stability of PVC in the presence of sulfamethoxazole Schiff’s bases. Polymers 2015, 7, 2190–2204. [Google Scholar] [CrossRef]

	



Yousif, E.; Al-Amiery, A.A.; Kadihum, A.; Kadhum, A.H.; Mohamad, A. Photostabilizing efficiency of PVC in the presence of Schiff bases as photostabilizers. Molecules 2015, 20, 19886–19899. [Google Scholar] [CrossRef] [PubMed]

	



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] [PubMed]

	



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]

	



Sabaa, M.W.; Oraby, E.H.; Abdel Naby, A.S.; Mohammed, R.R. Anthraquinone derivatives as organic stabilizers for rigid poly(vinyl chloride) against photo-degradation. Eur. Polym. J. 2005, 41, 2530–2543. [Google Scholar] [CrossRef]

	



Zhao, Y.; Dan, Y. Preparation and characterization of a high molecular weight UV-stabilizer based on a derivative of 2,4-dihydroxybenzophenone and its application in polymer materials. J. Appl. Polym. Sci. 2006, 102, 2203–2211. [Google Scholar] [CrossRef]

	



Tomi, I.H.R.; Ali, G.Q.; Jawad, A.H.; Yousef, E. Synthesis and characterization of gallic acid derivatives and their utilized as organic photo-stabilizers for poly(vinyl chloride). J. Polym. Res. 2017, 24, 119. [Google Scholar] [CrossRef]

	



El-Hiti, G.A.; Ahmed, D.S.; Yousif, E.; Alotaibi, M.H.; Satar, H.A.; Ahmed, A.A. Influence of polyphosphates on the physicochemical properties of poly(vinyl chloride) after irradiation with ultraviolet light. Polymers 2020, 12, 193. [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] [PubMed]

	



Alotaibi, M.H.; El-Hiti, G.A.; Hashim, H.; Hameed, A.S.; Ahmed, D.S.; Yousif, E. SEM analysis of the tunable honeycomb structure of irradiated poly(vinyl chloride) films doped with polyphosphate. Heliyon 2018, 4, e01013. [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]

	



Mohammed, A.; El-Hiti, G.A.; Yousif, E.; Ahmed, A.A.; Ahmed, D.S.; Alotaibi, M.H. Protection of poly(vinyl chloride) films against photodegradation using various valsartan tin complexes. Polymers 2020, 12, 969. [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]

	



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]

	



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]

	



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]

	



Cheng, Q.; Li, C.; Pavlinek, V.; Saha, P.; Wang, H. Surface-modified antibacterial TiO2/Ag+ nanoparticles: Preparation and properties. Appl. Surf. Sci. 2006, 252, 4154–4160. [Google Scholar] [CrossRef]

	



Birmingham, J.N. The effect of surface oxidation and titanium dioxide on exterior PVC color retention. J. Vinyl Addit. Technol. 1995, 1, 84–87. [Google Scholar] [CrossRef]

	



Mallakpour, S.; Sadeghzadeh, R. A Benign and simple strategy for surface modification of Al2O3 nanoparticles with citric acid and L(+)-ascorbic acid and its application for the preparation of novel poly(vinyl chloride) nanocomposite films. Adv. Polym. Technol. 2017, 36, 409–417. [Google Scholar] [CrossRef]

	



Sterzyński, T.; Tomaszewska, J.; Piszczek, K.; Skórczewska, K. The influence of carbon nanotubes on the PVC glass transition temperature. Compos. Sci. Technol. 2010, 70, 966–969. [Google Scholar] [CrossRef]

	



Deanin, R.D.; Reynolds, H.H.; Ozcayir, Y. Thermal stabilization of polyvinyl chloride by group II metal laurates. J. Appl. Polym. Sci. 1969, 13, 1247–1252. [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]

	



Nath, M.; Singh, H.; Kumar, P.; Kumar, A.; Song, X.; Eng, G. Organotin(IV) tryptophanylglycinates: Potential non-steroidal anti-inflammatory agents; crystal structure of dibutyltin(IV) tryptophanylglycinate. Applied Organometallic Chemistry 2009, 23, 347–358. [Google Scholar] [CrossRef]

	



Masood, H.; Ali, S.; Mazhar, M. 1H, 13C, 119Sn NMR, mass, Mössbauer and biological studies of tri-, di- and chlorodiorganotin(IV) carboxylates. Turk. J. Chem. 2004, 28, 75–85. [Google Scholar]

	



Alcock, N.W.; Culver, J.; Roe, S.M. Secondary bonding. Part 15. Influence of lone pairs on coordination: Comparison of diphenyl-tin(IV) and –tellurium(IV) carboxylates and dithiocarbamates. J. Chem. Soc. Dalton Trans 1992, 1477–1484. [Google Scholar] [CrossRef]

	



Abd Mutalib, M.; Rahman, M.A.; Othman, M.H.D.; Ismail, A.F.; Jaafar, J. Scanning Electron Microscopy (SEM) and Energy-Dispersive X-Ray (EDX) Spectroscopy. In Membrane Characterization; Hilal, N., Ismail, A.F., Matsuura, T., Oatley-Radcliffe, D., Eds.; Elsevier: Oxford, UK, 2017; Chapter 9; pp. 161–179. [Google Scholar] [CrossRef]

	



Newbury, D.E. The new X-ray mapping: X-ray spectrum imaging above 100 kHz output count rate with the silicon drift detector. Microsc. Microanal. 2006, 12, 26–35. [Google Scholar] [CrossRef] [PubMed]

	



Gardette, J.L.; Gaumet, S.; Lemaire, J. Photooxidation of poly(viny1 chloride). 1. A reexamination of the mechanism. Macromolecules 1989, 22, 2576–2581. [Google Scholar] [CrossRef]

	



Andrady, A.L.; Searle, N.D. Photodegradation of rigid PVC formulations. II. Spectral sensitivity to light-induced yellowing by polychromatic light. J. Appl. Polym. Sci. 1989, 37, 2789–2802. [Google Scholar] [CrossRef]

	



Awaja, F.; Zhang, S.; Tripathi, M.; Nikiforov, A.; Pugno, N. Cracks, microcracks and fracture in polymer structures: Formation, detection, autonomic repair. Prog. Mater. Sci. 2016, 83, 536–573. [Google Scholar] [CrossRef]

	



Valko, L.; Klein, E.; Kovařík, P.; Bleha, T.; Šimon, P. Kinetic study of thermal dehydrochlorination of poly(vinyl chloride) in the presence of oxygen: III. Statistical thermodynamic interpretation of the oxygen catalytic activity. Eur. Polym. J. 2001, 37, 1123–1132. [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]

	



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]

	



Shi, W.; Zhang, J.; Shi, X.-M.; Jiang, G.-D. Different photodegradation processes of PVC with different average degrees of polymerization. J. Appl. Polym. Sci. 2008, 107, 528–540. [Google Scholar] [CrossRef]

	



Zheng, X.-G.; Tang, L.-H.; Zhang, N.; Gao, Q.-H.; Zhang, C.-F.; Zhu, Z.-B. Dehydrochlorination of PVC materials at high temperature. Energy Fuels 2003, 17, 896–900. [Google Scholar] [CrossRef]








[image: Polymers 12 02923 sch001 550] 





Scheme 1. Synthesis of complexes 1 and 2. 
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Scheme 2. Synthesis of complexes 3 and 4. 
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Figure 1. Energy-Dispersive X-Ray (EDX) patterns for poly(vinyl chloride) (PVC) films: (a) PVC + 1, (b) PVC + 2, (c) PVC + 3, and (d) PVC + 4. 
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Figure 2. EDX mapping for PVC films: (a) PVC + 1, (b) PVC + 2, (c) PVC + 3, and (d) PVC + 4. 
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Figure 3. Fourier-transform infrared (FTIR) spectra for PVC (blank) film. 
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Figure 4. Changes in (a): IOH, (b): IC=O, and (c): IC=C for PVC films. 






Figure 4. Changes in (a): IOH, (b): IC=O, and (c): IC=C for PVC films.



[image: Polymers 12 02923 g004]







[image: Polymers 12 02923 g005 550] 





Figure 5. Changes in weight loss (%) for PVC films. 
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Figure 6. Optical images for PVC films (left) before and (right) after irradiation (300 h) at 400× magnification: (a) PVC (blank), (b) PVC + 1, (c) PVC + 2, (d) PVC + 3, and (e) PVC + 4. 
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Figure 7. FESEM images for PVC films after irradiation (300 h): (a) PVC (blank), (b) PVC + 1, (c) PVC + 2, (d) PVC + 3, and (e) PVC + 4. 
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Figure 8. AFM images for PVC films after irradiation (300 h): (a) PVC (blank), (b) PVC + 1, (c) PVC + 2, (d) PVC + 3, and (e) PVC + 4. 
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Figure 9. Complex 1 acts as a hydrogen chloride scavenger, hydroperoxide decomposer, and radical absorber. 
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Table 1. Melting point, yield, and elemental analyses for complexes 1–4.
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Complex

	
Melting Point (°C)

	
Yield (%)

	
Measured % (Calculated; %)




	
C

	
H

	
N






	
1

	
174–176

	
84

	
62.52(62.46)

	
5.97 (5.90)

	
4.50 (4.55)




	
2

	
223–225

	
70

	
51.36 (51.28)

	
7.94 (7.82)

	
5.35 (5.44)




	
3

	
208–211

	
69

	
56.69 (56.62)

	
7.99 (7.92)

	
7.25 (7.34)




	
4

	
198–200

	
76

	
53.15 (53.03)

	
7.20 (7.12)

	
8.18 (8.25)
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Table 2. Common FTIR absorption bands for complexes 1–4.
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Complex

	
Wavenumber (ν; cm−1)




	
OH

	
NH2

	
C=O

	
Sn–C

	
Sn–O

	
Sn–N




	
asym

	
sym

	
∆v (asym − sym)






	
1

	
3375

	
3178

	
1639

	
1512

	
127

	
563

	
536

	
447




	
2

	
3356

	
3167

	
1674

	
1512

	
162

	
567

	
543

	
478




	
3

	
3332

	
3178

	
1670

	
1512

	
158

	
570

	
528

	
447




	
4

	
3332

	
3174

	
1639

	
1516

	
123

	
570

	
501

	
482
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Table 3. 1H NMR data (500 MHz) for complexes 1–4.
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	Complex
	1H NMR (δ, ppm, J in Hz)





	1
	7.89–7.82 (m, 6H, Ar), 7.49–7.41 (m, 9H, Ar), 7.19 (d, J = 7.9 Hz, 2H, Ar), 6.89 (d, J = 7.9 Hz, 2H, Ar), 6.85 (s, exch., 2H, NH2), 3.94 (br, 1H, CH–O), 3.87 (br, 2H, CH2–O), 3.31 (s, 2H, CH2C=O), 2.79–2.72 (m, 2H, CH and NH), 2.61 (m, 2H, CH2), 1.02 (d, J = 7.5 Hz, 6H, 2Me)



	2
	6.72 (d, J = 7.8 Hz, 2H, Ar), 6.52 (d, J = 7.8 Hz, 2H, Ar), 6.36 (s, exch., 2H, NH2), 4.49 (s, exch., 1H, NH), 3.49 (br, 1H, CH–O), 3.41 (br, 2H, CH2–O), 2.85 (s, 2H, CH2C=O), 2.29–2.11 (m, 3H, CH2 and CH), 1.30–1.22 (m, 12H, 6 CH2), 1.06 (d, J = 7.5 Hz, 6H, 2 Me), 0.54 (t, J = 7.5 Hz, 6H, 2 Me)



	3
	7.05 (s, exch., 4H, 2 NH2), 6.75 (d, J = 7.8 Hz, 4H, Ar), 6.45 (d, J = 7.8 Hz, 4H, Ar), 3.72 (br, 2H, 2 CH–O), 3.51 (br, 4H, 2 CH2–O), 2.87 (s, 4H, 2 CH2C=O), 2.75–2.59 (m, 4H, 2 CH and 2 NH), 2.43 (m, 4H, 2 CH2), 1.27–1.21 (m, 12H, 6 CH2), 0.99 (d, J = 7.6 Hz, 12H, 4 Me), 0.44 (t, J = 7.6 Hz, 6H, 2 Me)



	4
	7.46 (s, exch., 4H, 2 NH2), 7.18 (d, J = 8.0 Hz, 4H, Ar), 6.87 (d, J = 8.0 Hz, 4H, Ar), 4.15 (br, 2H, 2 CH–O), 3.94 (br, 4H, 2 CH2–O), 3.21 (s, 4H, 2 CH2C=O), 3.05–3.01 (m, 4H, 2 CH and 2 NH), 2.87 (m, 4H, 2 CH2), 1.21 (d, J = 7.7 Hz, 12H, 4 Me), 0.72 (s, 6H, 2 Me)
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Table 4. 13C NMR data (125 MHz) for complexes 1–4.
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	Complex
	13C NMR (δ, ppm)





	1
	172.5, 157.3, 136.0, 130.0, 128.9, 128.6, 128.4, 128.0, 114.2, 70.7, 68.1, 49.7, 48.3, 41.3, 22.5



	2
	172.1, 156.9, 129.5, 128.0, 113.8, 70.4, 68.0, 49.6, 47.7, 40.9, 40.1, 32.5, 27.8, 22.5, 13.7



	3
	172.1, 156.6, 129.6, 128.3, 113.8, 69.6, 65.5, 49.0, 47.2, 40.9, 27.4, 26.8, 25.4, 19.2, 13.2



	4
	172.6, 157.0, 130.0, 128.8, 114.3, 70.0, 65.8, 49.5, 47.4, 41.3, 19.4, 5.7
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Table 5. Rq values for PVC films after irradiation.
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	PVC Film
	Rq
	Reduction in Rq (fold)





	PVC
	322
	—



	PVC + 1
	43
	7.5



	PVC + 2
	75
	4.3



	PVC + 3
	70
	4.6



	PVC + 4
	81
	4.0
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