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Abstract: Polyvinyl chloride (PVC) is a ubiquitous thermoplastic that is produced on an enormous
industrial scale to meet growing global demand. PVC has many favorable properties and is used
in various applications. However, photodecomposition occurs when harsh conditions, such as
high temperatures in the presence of oxygen and moisture, are encountered. Thus, PVC is blended
with additives to increase its resistance to deterioration caused by exposure to ultraviolet light.
In the current research, five methyldopa–tin complexes were synthesized and characterized. The
methyldopa–tin complexes were mixed with PVC at a concentration of 0.5% by weight, and thin
films were produced. The capability of the complexes to protect PVC from irradiation was shown by
a reduction in the formation of small residues containing alcohols, ketones, and alkenes, as well as
in weight loss and in the molecular weight of irradiated polymeric blends. In addition, the use of
the new additives significantly reduced the roughness factor of the irradiated films. The additives
containing aromatic substituents (phenyl rings) were more effective compared to those comprising
aliphatic substituents (butyl and methyl groups). Methyldopa–tin complexes have the ability to
absorb radiation, coordinate with polymeric chains, and act as radical, peroxide, and hydrogen
chloride scavengers.

Keywords: methyldopa–tin complexes; photolysis; polyvinyl chloride; weight loss; molecular weight
depression; surface morphology

1. Introduction

The demand for plastics is projected to keep increasing due to their versatile proper-
ties [1]. Plastics are strong, light, and inexpensive and can be produced in different forms
to suit specific applications [2–4]. Plastics are, therefore, efficient replacements for some
common construction materials, such as steel, wood, and glass. However, a drawback is
that plastics suffer from photodegradation when exposed to ultraviolet (UV) light at high
temperatures in environments rich in oxygen [5]. Photodegradation leads to deterioration
in their mechanical and physical properties resulting in color changes, deformation, and
the appearance of cracks [6]. It is, therefore, necessary to enhance the long-term resistance
of plastics to photodegradation in hot and humid conditions during manufacturing [7].

Polyvinyl chloride (PVC) is a thermoplastic polymer that ranks in the top three,
along with polyethylene and polypropylene, in terms of commercial production [8,9].
PVC is inexpensive, possesses excellent mechanical properties, is available in different
forms, and is simple to process and shape. It has many industrial applications, including
water piping, insulation, flooring, roofing, packaging, medical instruments, cars, and
furniture [10,11]. The downside, however, is that PVC waste is hazardous to humans,
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animals, and the environment. Furthermore, the photodecomposition of the material can
occur in the presence of oxygen at high temperatures if PVC is exposed to light in humid
conditions [12,13]. Two strategies are, therefore, employed to reduce PVC waste generation
and its photodecomposition. The first strategy involves recycling and reusing PVC waste.
Various effective processes have been employed for the recycling of PVC [14–16]. The
second strategy involves the addition of stabilizers to suppress the photodecomposition,
which can lead to the deterioration of properties and shortening of the duration of useful life
for PVC [17]. PVC photodegradation is autocatalytic and leads to the production of chains
that contain conjugated double bonds as a result of dehydrochlorination and the formation
of volatile products. In addition, it causes a decrease in the molecular weight, a reduction
in weight, and discoloration of PVC. The main reasons for PVC photodegradation are chain
scissions and cross-linking due to the elimination of hydrogen chloride (HCl) [18–22].

Recent research has focused on synthesizing new organic PVC stabilizers with high
aromaticity and heteroatom concentrations [5]. These additives act to protect polymeric
materials from harmful irradiation and reduce the changes in mechanical properties, crack-
ing, and discoloration [23,24]. Photostabilizers absorb energy from irradiation and quench
active and volatile species, such as radicals and HCl [25]. The additives should be non-
volatile, nontoxic, and inexpensive and used at low concentrations to avoid changes in the
color of PVC [26]. Many potentially commercial PVC stabilizers are banned mainly because
of associated hazards or the requirement for co-stabilizers [27–30]. Alternatives such as
Schiff bases, polyphosphates, and complexes containing tin and aromatic moieties were
synthesized, and their role as PVC additives has been assessed [31–35].

Tin complexes containing organic residues are highly stable and have various medici-
nal applications [36–40]. Additionally, tin complexes are used in catalysis, wood preserva-
tives, agrochemicals, disinfectants, biocides, and polymer additives [41]. Methyldopa is an
antihypertensive medication and can be used to lower blood pressure [42]. It is inexpensive,
commercially available, stable, nontoxic, and contains an aromatic moiety and heteroatoms
(36.9% by weight). Therefore, methyldopa is a good candidate for inclusion in the additives
used to protect PVC from photolysis. We report the synthesis of new methyldopa–tin
complexes and investigate their effect on PVC photodecomposition.

2. Materials and Methods
2.1. Materials and Samples Preparation

Merck (Gillingham, UK) supplied tin chlorides (95–98%), methyldopa (99%), and
solvents (analytical grades), which were used as received. The PVC (MV = ca. 180,000) was
purchased from Petkim Petrokimya (Istanbul, Turkey). The PVC blends were prepared in a
Kerry PUL 55 ultrasonic bath (Kerry Ultrasonics Ltd., Hitchin, UK). An accelerated weather
meter QUV tester (Homestead, FL, USA) was used for the irradiation (365 nm; 6.2 × 10−9

Einstein dm−3 s−1) of the films at room temperature. The tester is equipped with two
identical 40 watts fluorescent lamps (UV-B 365), one on each side. The distance between
the films and the tester was kept at 10 cm. The PVC materials were rotated occasionally in
order for the films to be irradiated equally from all sides.

2.2. Methods

The microanalytical analysis was performed using a Shimadzu AA-6880 spectropho-
tometer (Tokyo, Japan). A Shimadzu FT-IR8400S (Tokyo, Japan) was used to record the
infrared (IR) spectra (400–4000 cm−1). The nuclear magnetic resonance (NMR) spectra
were recorded in deuterated dimethyl sulfoxide (DMSO-d6) using a Bruker Advance DRX
400 MHz spectrometer (Zürich, Switzerland). An Ostwald U-Tube Viscometer (Ambala,
India) was used to measure the viscosity of solutions. A Bruker XFlash 6-10 (Tokyo, Japan)
was used to record energy-dispersive X-ray (EDX) spectra. Before the EDX spectra were
recorded, the films were coated with a thin layer (ca. 15 mm) of gold (Au). The optical
images were recorded using a Meiji Techno microscope (Tokyo, Japan). The atomic force
microscopy (AFM) images were captured on a Veeco instrument (Plainview, NY, USA). The
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scanning electron microscopy (SEM) images were recorded using an Inspect S50 microscope
(FEI Company, Czechia, Czech Republic; 15 kV).

2.3. Synthesis of 1 and 2

A mixture of methyldopa (0.21 g, 1 mmol) and Ph3SnCl (0.39 g, 1 mmol) or Bu3SnCl
(0.33 g, 1 mmol) in MeOH (30 mL) was refluxed for 6 h (Scheme 1). The white solid obtained
was filtered, washed with MeOH, and dried in a vacuum oven at 45 ◦C for 6 h to give 1 or
2 in a high yield (Table 1).
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Scheme 1. Synthesis of 1 and 2.

Table 1. Some physical data for 1–5.

Complex Melting Point (◦C) Yield (%)
Calculated (Found; %)

C H N Sn

1 105–107 83 60.03 (60.07) 4.86 (4.89) 2.50 (2.52) 21.19 (21.23)
2 174–176 74 52.82 (52.86) 7.86 (7.92) 2.80 (2.84) 23.73 (23.76)
3 123–125 84 55.43 (55.46) 9.94 (9.97) 4.04 (4.06) 17.12 (17.14)
4 108–110 81 51.47 (51.49) 6.48 (6.51) 4.29 (4.33) 18.17 (18.20)
5 178–180 78 46.42 (46.47) 5.31 (5.35) 4.92 (4.93) 20.86 (20.91)

2.4. Synthesis of 3–5

A mixture of methyldopa (0.42 g, 2 mmol) and Ph2SnCl2 (0.34 g, 1 mmol), Bu2SnCl2
(0.30 g, 1 mmol), or Me2SnCl2 (0.22 g, 1 mmol) in MeOH (30 mL) was refluxed for 8 h
(Scheme 2). The resulting white solid was filtered, washed with MeOH, and dried in a
vacuum oven at 45 ◦C for 6 h to produce 3, 4, or 5 in a high yield (Table 1).
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2.5. Preparation of PVC Films

Tetrahydrofuran (THF; 100 mL) was added to a mixture of the appropriate complex
(25 mg) and PVC (5.0 g). The mixture was stirred for 2 h at 25 ◦C to ensure the formation
of a homogenous blend. The solution was poured into a glass plate containing holes
(thickness = 40 µm). The plate was left in the air at 25 ◦C for 24 h to dry. A vacuum oven
(40 ◦C; 8 h) was used to ensure the dryness of the films.

2.6. Assessment of IR Spectra

The PVC photodecomposition process generates active species (e.g., free radicals),
which initiates the elimination of volatiles and bond cleavage [43]. As a result, fragments
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containing hydroxyl (OH; e.g., alcohols), carbonyl (C=O; e.g., ketones), and carbon−carbon
double bonds (C=C; e.g., alkenes) are produced [44,45]. The IR absorption bands corre-
sponding to the OH, C=O, and C=C groups appear at about 3497, 1714, and 1612 cm−1,
respectively. The intensities of the peaks corresponding to these functional groups can be
monitored using IR spectroscopy during irradiation. A standard peak that appeared at
1328 cm−1 (C–H bond) was chosen for comparison [46]. Equation (1) was used to calculate
the indices (Is) of the hydroxyl, carbonyl, and polyene groups (IOH, IC=O, and IC=C, respec-
tively) as a function of the absorbances of the functional groups (As) and the standard peak
(Ar).

Is =
As

Ar
(1)

2.7. Assessment of Weight Loss

PVC irradiation causes weight loss due to the formation of small fragments. Equation (2)
can be used to calculate the percentage of PVC weight loss at a time (t) of irradiation [47].
The weight loss was calculated using the weights of the non-irradiated and irradiated PVC
films (W0 and Wt, respectively) [47].

Weight loss (%) =
W0 − Wt

W0
× 100 (2)

2.8. Assessment of Average Molecular Weight (MV)

PVC irradiation decreases the Mv as a result of the elimination of small residues,
including volatiles. Following irradiation, the blends were dissolved in a solvent (THF),
and their intrinsic viscosities [η] were measured. Filtration was necessary to remove any
insoluble polymeric residues as a result of cross-linking of PVC. The decreases in Mv
are directly proportional to the [η]. The Mark–Houwink relationship (Equation (3)) was
used to calculate the Mv of the irradiated blends [48]. The viscosity of the PVC films was
determined in THF at 25 ◦C.

[η] = 1.38 × 10−4 M0.77
v (3)

3. Results and Discussion
3.1. Synthesis of Complexes 1–5

The reaction of methyldopa and trisubstituted tin chlorides in a 1:1 molar proportion
gave complexes 1 and 2 (Scheme 1) 83% and 74% yields, respectively (Table 1). The reaction
of methyldopa with disubstituted tin dichlorides in a 2:1 molar proportion gave complexes
3–5 (Scheme 2) in 78–84% yields (Table 1). The procedures were simple, effective, general,
repeatable, and high yielding. In addition, the introduction of substituents (aliphatic and
aromatic) in different numbers (di and tri) to the skeleton of the complexes was achievable.

The IR spectra of methyldopa–tin complexes 1–5 showed several absorption bands
corresponding to the OH (3217–3279 cm−1), Sn–C (511–530 cm−1), and Sn–O (443–457 cm−1)
bonds (Table 2). The presence of two absorption bands (symmetric and anti-symmetric) for
the NH2 (3473–3409 cm−1) was observed in most cases (Table 2). The vibration signal of the
asymmetric carbonyl group has shifted to a higher frequency due to coordination between
the tin atom and the carboxylate group (COO−) oxygen. The difference (∆v) between
the asymmetric (asym) and symmetric (sym) vibration frequencies of the COO− group
was calculated to be between 237 and 285 cm−1. A value of ∆v in this range indicates an
intermediate state between monodentate and bidentate (anisobidentate) asymmetry [49,50].
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Table 2. Selected FTIR spectral data for 1–5.

Complex NH2 OH C=O Asym C=O Sym ∆v
(Asym—Sym) Sn—C Sn—O

1 3450, 3415 3271 1757 1487 270 511 443
2 3473, 3409 3217 1776 1491 285 530 455
3 3452, 3427 3277 1734 1491 243 522 443
4 3444, 3427 3252 1732 1493 239 524 443
5 3431 3279 1734 1497 237 514 457

The 1H NMR spectra confirmed the presence of protons from both methyldopa and
substituted tin chloride (Table 3). It was noted that the peaks corresponding to the OH and
NH2 protons were broad, possibly due to the partial proton exchange with the deuterated
solvent (DMSO-d6).

Table 3. 1H NMR spectral data of 1–5.

Complex 1H NMR (400 MHz)

1

8.91 (br s, 1H, OH), 8.79 (br s, 1H, OH), 7.92–7.66 (m, 15H, 3 Ph), 6.60 (s, 1H, Ar),
6.52 (d, J = 7 Hz, 1H, Ar), 6.29 (d, J = 7 Hz, 1H, Ar), 3.45 (br s, 2H, NH2),

2.90 (d, J = 14 Hz, 1H, 1H of CH2), 2.65 (d, J = 14 Hz, 1H, 1H of CH2)
1.28 (s, 3H, Me)

2

9.01 (br s, 1H, OH), 7.68 (br s, 1H, OH), 6.67 (d, J = 8 Hz, 1H, Ar), 6.64 (s, 1H, Ar),
6.51 (d, J = 8 Hz, 1H, Ar), 3.81 (br S, 2H, NH2), 2.92 (d, J = 13 Hz, 1H, 1H of CH2),

2.71 (d, J = 13 Hz, 1H, 1H of CH2), 1.64 (br s, 6H, 3 CH2), 1.56–1.48 (m, 12H,
6 CH2), 1.24 (s, 3H, Me), 0.85 (t, J = 7 Hz, 9H, 3 Me)

3

9.01 (br s, 2H, 2 OH), 8.90 (br s, 2H, 2 OH), 7.41–7.30 (m, 10H, 2 Ph), 6.68 (s, 2H,
Ar), 6.62 (d, J = 8 Hz, 2H, Ar), 6.48 (d, J = 8 Hz, 2H, Ar), 3.73 (br s, 4H, 2 NH2),

2.92 (d, J = 14 Hz, 2H, 1H of CH2), 2.86 (d, J = 14 Hz, 2H, 1H of 2 CH2),
1.23 (s, 6H, 2 Me)

4

8.99 (br s, 2H, 2 OH), 8.12 (br s, 2H, 2 OH), 6.68 (d, J = 8 Hz, 2H, Ar),
6.63 (s, 2H, Ar), 6.50 (d, J = 8 Hz, 2H, Ar), 3.65 (br s, 4H, 2 NH2), 2.97 (d, J = 13 Hz,

2H, 1 H of 2 CH2), 2.81 (d, J = 13 Hz, 2H, 1H of 2 CH2), 1.66 (br s, 4H, 2 CH2),
1.51–1.42 (m, 8H, 4 CH2), 1.26 (s, 6H, 2 Me), 0.82 (t, J = 7 Hz, 6H, 2 Me).

5

88.88 (br s, 2H, 2 OH), 7.96 (br s, 2H, 2 OH), 6.65 (d, J = 8 Hz, 2H, Ar),
6.53 (s, 2H, Ar), 6.51 (d, J = 8 Hz, 2H, Ar), 3.74 (br s, 4H, 2 NH2), 2.96 (d, J = 14 Hz,

2H, 1 H of 2 CH2), 2.76 (d, J = 14 Hz, 2H, 1H of 2 CH2), 1.40 (s, 6H, 2 Me),
0.51 (s, 6H, 2 Me)

The structures of 1–5 were established further by the 13C NMR spectral data (Table 4).
The carbon atoms of the carbonyl groups were detected at very low fields in the region of
172.9–174.2 ppm.

Table 4. 13C NMR spectral data of 1–5.

Complex 13C NMR (100 MHz)

1 173.1, 145.4, 144.9, 136.7, 128.9, 128.8, 128.4, 125.6, 121.6, 118.6, 116.0, 60.7, 42.5, 23.1
2 173.5, 145.5, 145.0, 126.3, 121.7, 118.6, 116.1, 60.9, 42.6, 28.6, 27.0, 23.1, 20.9, 14.3
3 172.9, 145.6, 145.3, 136.9, 128.8, 128.7, 128.2, 124.8, 121.6, 118.2, 116.1, 60.2, 42.3, 22.3
4 173.0, 145.5, 145.2, 125.0, 121.6, 118.3, 116.1, 60.3, 42.3, 28.0, 26.1, 22.5, 22.2, 14.2
5 174.2, 145.5, 145.1, 125.5, 121.7, 118.5, 116.0, 60.6, 42.4, 23.0, 6.1

3.2. The EDX Spectroscopy of PVC Films

Homogenous, colorless thin films were produced by mixing the appropriate methyldopa–
tin complex (0.5% by weight) with PVC. EDX spectroscopy was used to evaluate the
elemental composition of the PVC blends [51–53]. The EDX spectra of the non-irradiated
films exhibited highly abundant absorption bands corresponding to the Cl atoms of PVC,
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as well as those for N and O from methyldopa and Sn, but in lower proportions (Figure 1).
The peak assignment agrees with those previously reported for PVC blends with other
additives containing tin and related elements [31].
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Figure 1. EDX spectra of PVC films.

The analysis of the EDX mapping indicated that metal complexes were completely
dispersed and compatible with the polymeric matrix. The elements from metal complexes
(Sn, N, and O) were distributed homogenously in a similar percentage. Following irra-
diation, the chlorine content dropped due to the elimination of volatiles, including HCl.
The blends containing methyldopa–tin complex showed a lesser decrease in the chlorine
content compared to the blank film. Clearly, additives 1–5 can be used to reduce PVC
photodecomposition. The irradiated PVC film containing complex 1 shows the highest
chlorine content.

It was noted that the color of the PVC films became darker as the irradiation time
increased (Figure 2).
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3.3. IR Spectral Study of PVC Films

Photooxidation of PVC causes the degradation of polymeric chains and produces frag-
ments containing alcohols (OH), ketones (C=O), and polyenes (C=C) [54,55]. The IR spectra
of the PVC films were recorded at intervals of 50 h during irradiation. The intensity of the ab-
sorption peaks corresponding to the OH (3497 cm−1), C=O (1714 cm−1), and C=C (1612 cm−1)
increased due to irradiation (Figure 3). Therefore, the intensities of these peaks were monitored
over time and compared to the C–H bond (1328 cm−1), which act as a reference. Irradiation
has little effect on the intensity of the C–H bonds since they are highly stable.Polymers 2022, 14, x  8 of 19 
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The indices of the OH (IOH), C=O (IC=O), and C=C (IC=C) groups of the irradiated films
were calculated using Equation (1) and presented graphically in Figures 4–6, respectively.
The IOH, IC=O, and IC=C increased significantly as the irradiation process progressed. The
increases were very sharp at the beginning of the irradiation and then continued to increase
steadily. The films containing 1–5 showed lower increases in the indices of functional
groups compared to pure PVC film. It was clear that methyldopa–tin complexes act as
photostabilizers to protect PVC. The additives with the highest aromaticity content (i.e., 1
and 3) showed the greatest stabilizing effect. The complexes were stabilized in the following
order: triphenyl (1), diphenyl (3), tributyl (2), dibutyl (4), and dimethyl (5). The complexes
interact with the active species (e.g., radicals), causing PVC photodegradation and the
formation of active intermediates. The stability of the intermediates is highly dependent
on the number and type of aromatic moieties present. Aromatic rings tend to reduce the
energy of intermediates through resonance. At the end of the irradiation process, the IOH
were 0.44 (blank PVC film), 0.21 (PVC + 1), 0.29 (PVC + 2), 0.26 (PVC + 3), 0.32 (PVC + 4),
and 0.35 (PVC + 5). Similar trends were observed for the IC=O and IC=C values.
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3.4. Weight Loss Investigation of PVC Films

Photodegradation of PVC leads to the elimination of volatiles and causes a reduction
in weight [56]. The weight loss percentages of the PVC films due to irradiation were
calculated using Equation (2) and are presented graphically in Figure 7. Generally, weight
loss increases as radiation time progresses, and it was sharpest in the first 100 h. The greatest
weight loss was seen for the pure PVC film, and the use of methyldopa–tin complexes as
photostabilizers led to a significant reduction in weight loss in comparison. At the end
of irradiation, the weight loss (%) was 1.45% (blank PVC film), 0.53% (PVC + 1), 0.86%
(PVC + 2), 0.66% (PVC + 3), 0.96% (PVC + 4), and 1.10% (PVC + 5). Again, highly aromatic
complexes (i.e., 1 and 3) led to the highest stabilizing effect compared to the others.
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3.5. Viscosity Average Molecular Weight (MV) Study of PVC Films

Both chain scission and cross-linking are common processes resulting from PVC
photodegradation [54,57]. These processes can lead to a reduction in Mv due to the
elimination of small fragments. The Mv for the irradiated PVC was calculated using
Equation (3) for different irradiation times and is presented graphically in Figure 8. The
viscosity of solutions of PVC dropped as irradiation time increased. The drop in Mv is
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generally massive and is initially particularly noticeable for pure PVC film. It was clear
that the additives hindered the decrease in Mv. For pure PVC, the reduction in Mv was 54%
after 50 h, 71% after 100 h, 88% after 200 h, and 96% after 300 h of irradiation. In contrast,
the irradiated PVC film containing 1 led to a decrease in Mv by 12%, 21%, 41%, and 53%
after 50, 100, 200, and 300 h of irradiation, respectively.
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3.6. Surface Assessment of the Irradiated PVC Films

Various types of microscopy techniques, including optical, SEM, and AFM, have been
utilized to assess the damage that occurs on the surface of irradiated PVC films [58–61].
These tools are good for monitoring the changes caused in the surface of polymers due to
irradiation. In addition, the AFM provides clear non-distorted two- and three-dimensional
images to provide a clear picture of the roughness factor of the irradiated surface. Generally,
non-irradiated PVC films have a high degree of homogeneity, regularity, and smooth-
ness [31]. Optical microscopy (Figure 9), SEM (Figure 10), and AFM (Figure 11) images
revealed more damage (e.g., cracks, spots, darkness, irregularities, and roughness) on
the surface of irradiated blank PVC in comparison to those containing 1–5. For example,
the SEM images indicated the random distribution and incorporation of metal complexes
within the PVC blend. The elimination of HCl and volatiles, bond cleavages, and chain
scission are the main causes of surface damage. The results provided additional evidence
for the efficacy of methyldopa–tin complexes as PVC photostabilizers. The microscopic
images of the surface of the irradiated PVC film containing complex 1 showed the least
damage in terms of heterogeneity and roughness. Thus, for example, the roughness factor
(Rq) for the irradiated films was 458.6 (blank PVC film), 28.3 (PVC + 1), 52.8 (PVC + 2),
40.2 (PVC + 3), 68.3 (PVC + 4), and 70.1 (PVC + 5). It was clear that complex 1 led to a
reduction in Rq by 16.2-fold, which is remarkable.

The use of methyldopa–tin complexes led to a significant improvement in the Rq
and showed great efficiency in stabilizing PVC compared to many other PVC additives
that have recently been reported [62–72]. For example, organotin complexes containing
naproxen [62], carvedilol [63], furosemide [64], valsartan [65], telmisartan [66], trimetho-
prim [67], norfloxacin [68], and levofloxacin [69] led to a reduction in the Rq by 5.2–15.4 fold.
On the other hand, organotin complexes with a high level of heteroatoms and aromaticity
(e.g., ciprofloxacin, 4-(benzylideneamino)benzenesulfonamide, and 4-methoxybenzoic acid)
resulted in greater improvement in the Rq (16.6–21.2 fold) [70–72].
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3.7. Suggested Mechanisms for Photostabilization

Methyldopa–tin complexes act as good PVC photostabilizers and reduce the damage
due to photodegradation. The additives act as absorbers of harmful UV light, thereby
protecting the polymer [73]. In addition, these stabilizers deactivate reactive species
produced during photodegradation [74]. For example, the tin atom (a Lewis acid) in
complex 1 can act as an acidic center and is, therefore, capable of scavenging the HCl (i.e., a
secondary photostabilizer) released during photodegradation (Scheme 3). Moreover, the
additives (e.g., complex 1) act as decomposers for the hydroperoxides (PO2H; Scheme 3)
produced by the photodegradation of PVC [75].
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The reactive species (e.g., peroxide radicals, POO•) produced during PVC photodegra-
dation can form stable intermediates with methyldopa–tin complexes (e.g., complex 1) as a
result of the resonance within the aryl ring [76]. Thus complex 1 acts as a radical scavenger
and leads to a significant stabilization of the PVC (Scheme 4).
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Scheme 4. The function of complex 1 as a radical scavenger.

Finally, the interaction between the polarized atoms within the PVC (i.e., C–Cl bonds)
and the heteroatoms (oxygen and nitrogen) within the organic motif in complexes could
stabilize the polymer (Figure 12). However, in large molecules, such as blended PVC, steric
hindrance may interfere with the effectiveness of the process.
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Figure 12. Coordination between PVC and complex 1 through polarized bonds.

4. Conclusions

A simple procedure has been used to obtain, in high yield, five methyldopa–tin
complexes containing aromatic and aliphatic substituents. Polyvinyl chloride thin films can
be damaged by ultraviolet irradiation, and the complexes have been assessed as additives
for stabilization against irradiation. The use of a small concentration of methyldopa–tin
complexes as additives significantly improved the photostability of polyvinyl chloride.
The methyldopa–tin complexes coordinate well with the polymeric chains and act by
absorbing the radiation. In addition, they act as radical, peroxide, and hydrogen chloride
scavengers. The most effective additives were the ones containing aromatic residues.
The methyldopa–tin complexes clearly have the potential for application as stabilizers
for polyvinyl chloride, but additional research is required to evaluate any health risks
associated with these additives.
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22. Valko, L.; Klein, E.; Kovařıík, 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.
[CrossRef]

23. Gao, A.X.; Bolt, J.D.; Feng, A.A. Role of titanium dioxide pigments in outdoor weathering of rigid PVC. Plast. Rubber Compos.
2008, 37, 397–402. [CrossRef]

24. Chai, R.D.; Zhang, J. Synergistic effect of hindered amine light stabilizers/ultraviolet absorbers on the polyvinyl chloride/powder
nitrile rubber blends during photodegradation. Polym. Eng. Sci. 2013, 53, 1760–1769. [CrossRef]

25. Cadogan, D.F.; Howick, C.J. Plasticizers. In Ullmann’s Encyclopedia of Industrial Chemistry; Wiley-VCH: Weinheim, Germany, 2000.
26. Braun, D. Recycling of PVC. Prog. Polym. Sci. 2002, 27, 2171–2195. [CrossRef]

http://doi.org/10.1126/sciadv.1700782
http://www.ncbi.nlm.nih.gov/pubmed/28776036
http://doi.org/10.3390/polym14061208
http://www.ncbi.nlm.nih.gov/pubmed/35335537
http://doi.org/10.1201/9781439894156
http://doi.org/10.3390/polym12081776
http://www.ncbi.nlm.nih.gov/pubmed/32784467
http://doi.org/10.3390/polym14010020
http://www.ncbi.nlm.nih.gov/pubmed/35012042
http://doi.org/10.1021/acssuschemeng.9b06635
http://doi.org/10.3390/nano10050932
http://doi.org/10.1098/rstb.2008.0304
http://doi.org/10.1002/pat.5656
http://doi.org/10.1002/jctb.1757
http://doi.org/10.1016/j.reactfunctpolym.2019.104458
http://doi.org/10.1016/S0079-6700(02)00063-1
http://doi.org/10.1016/j.compscitech.2017.10.028
http://doi.org/10.3390/polym14153035
http://www.ncbi.nlm.nih.gov/pubmed/35893999
http://doi.org/10.1007/s12613-021-2379-y
http://doi.org/10.1016/j.mineng.2022.107796
http://doi.org/10.1016/j.wasman.2015.11.041
http://doi.org/10.1016/j.polymdegradstab.2018.06.004
http://doi.org/10.1039/C6RA02354A
http://doi.org/10.5897/IJPS11.654
http://doi.org/10.1021/ef020131g
http://doi.org/10.1016/S0014-3057(00)00239-1
http://doi.org/10.1179/174328908X356545
http://doi.org/10.1002/pen.23432
http://doi.org/10.1016/S0079-6700(02)00036-9


Polymers 2022, 14, 4590 16 of 17

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

28. Grossman, R.F. Mixed metal vinyl stabilizer synergism. II: Reactions with zinc replacing cadmium. J. Vinyl Addit. Technol. 1990,
12, 142–145. [CrossRef]

29. Li, D.; Xie, L.; Fu, M.; Zhang, J.; Indrawirawan, S.; Zhang, Y.; Tang, S. Synergistic effects of lanthanum-pentaerythritol alkoxide
with zinc stearates and with beta-diketone on the thermal stability of poly(vinyl chloride). Polym. Degrad. Stab. 2015, 114, 52–59.
[CrossRef]

30. 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. [CrossRef]

31. El-Hiti, G.A.; Ahmed, D.S.; Yousif, E.; Alotaibi, M.H.; Star, 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. [CrossRef]

32. Schiller, M. PVC Additives: Performance, Chemistry, Developments, and Sustainability; Carl Hanser Verlag: Munich, Germany, 2015.
33. Yang, T.C.; Noguchi, T.; Isshiki, M.; Wu, J.H. Effect of titanium dioxide particles on the surface morphology and the mechanical

properties of PVC composites during QUV accelerated weathering. Polym. Compos. 2016, 37, 3391–3397. [CrossRef]
34. 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. [CrossRef]
35. Yang, T.C.; Noguchi, T.; Isshiki, M.; Wu, J.H. Effect of titanium dioxide on chemical and molecular changes in PVC sidings during

QUV accelerated weathering. Polym. Degrad. Stab. 2014, 104, 33–39. [CrossRef]
36. Annuar, S.N.S.; Kamaludin, N.F.; Awang, N.; Chan, K.M. Cellular basis of organotin(IV) derivatives as anticancer metallodrugs:

A review. Front. Chem. 2021, 9, 657599. [CrossRef] [PubMed]
37. Adeyemi, J.O.; Onwudiwe, D.C. Organotin(IV) dithiocarbamate complexes: Chemistry and biological activity. Molecules 2018, 23,

2571. [CrossRef] [PubMed]
38. Khan, N.; Farina, Y.; Mun, L.K.; Rajab, N.F.; Awang, N. Syntheses, characterization, X-ray diffraction studies and in vitro

antitumor activities of diorganotin(IV) derivatives of bis(p-substituted-N-methylbenzylaminedithiocarbamates). Polyhedron 2015,
85, 754–760. [CrossRef]

39. Niu, L.; Li, Y.; Li, Q. Medicinal properties of organotin compounds and their limitations caused by toxicity. Inorg. Chim. Acta 2014,
423, 2–13. [CrossRef]

40. Pellerito, C.; Nagy, L.; Pellerito, L.; Szorcsik, A. Biological activity studies on organotin (IV)n+ complexes and parent compounds.
J. Organomet. Chem. 2006, 691, 1733–1747. [CrossRef]

41. Davies, A.G. Organotin Chemistry, 2nd ed.; Wiley-VCH: Weinheim, Germany; John Wiley: Chichester, UK, 2004.
42. Mah, G.T.; Tejani, A.M.; Musini, V.M. Methyldopa for primary hypertension. Cochrane Database Syst Rev. 2009, 2009, CD003893.

[CrossRef]
43. Gardette, J.L.; Gaumet, S.; Lemaire, J. Photooxidation of poly(vinyl chloride). 1. A reexamination of the mechanism. Macromolecules

1989, 22, 2576–2581. [CrossRef]
44. Chaochanchaikul, K.; Rosarpitak, V.; Sombatsompop, N. Photodegradation profiles of PVC compound and wood/PVC composites

under UV weathering. Express Polym. Lett. 2013, 7, 146–160. [CrossRef]
45. Pi, H.; Xiong, Y.; Guo, S. The kinetic studies of elimination of HCl during thermal decomposition of PVC in the presence of

transition metal oxides. Polym. Plast. Technol. Eng. 2005, 44, 275–288. [CrossRef]
46. 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. [CrossRef]
47. Pospíšil, J.; Nešpurek, S. Photostabilization of coatings. Mechanisms and performance. Prog. Polym. Sci. 2000, 25, 1261–1335.

[CrossRef]
48. Pepperl, G. Molecular weight distribution of commercial PVC. J. Vinyl Addit. Technol. 2000, 6, 88–92. [CrossRef]
49. 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, 9, 1477–1484. [CrossRef]
50. Barroso-Flores, J.; Cea-Olivares, R.; Toscano, R.A.; Cogordan, J.A. Synthesis of the anisobidentate compound bis(2-amino-

cyclopent-1-ene-carbodithioate)diethyltin (IV). Experimental and theoretical study. J. Organomet. Chem. 2004, 689, 2096–2102.
[CrossRef]

51. Dragnevski, K.I.; Donald, A.M.; Clarke, S.M.; Maltby, A. Novel applications of ESEM and EDX for the study of molecularly thin
amide monolayers on polymer films. Colloid. Surf. A 2009, 337, 47–51. [CrossRef]

52. 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; Volume Chapter 9, pp. 161–179. [CrossRef]

53. Wang, Z.-M.; Wagner, J.; Ghosal, S.; Bedi, G.; Wall, S. SEM/EDS and optical microscopy analyses of microplastics in ocean trawl
and fish guts. Sci. Total Environ. 2017, 603–604, 616–626. [CrossRef]

54. Karayıldırım, T.; Yanık, J.; Yüksel, M.; Saglam, M.; Haussmann, M. Degradation of PVC containing mixtures in the presence of
HCl fixators. J. Polym. Environ. 2005, 13, 365–379. [CrossRef]

55. Nief, O.A. Photostabilization of polyvinyl chloride by some new thiadiazole derivatives. Eur. J. Chem. 2015, 6, 242–247. [CrossRef]

http://doi.org/10.1136/oem.59.10.651
http://www.ncbi.nlm.nih.gov/pubmed/12356922
http://doi.org/10.1002/vnl.730120305
http://doi.org/10.1016/j.polymdegradstab.2015.02.001
http://doi.org/10.1007/s10965-015-0901-5
http://doi.org/10.3390/polym12010193
http://doi.org/10.1002/pc.23537
http://doi.org/10.1016/j.eurpolymj.2005.05.015
http://doi.org/10.1016/j.polymdegradstab.2014.03.023
http://doi.org/10.3389/fchem.2021.657599
http://www.ncbi.nlm.nih.gov/pubmed/34368075
http://doi.org/10.3390/molecules23102571
http://www.ncbi.nlm.nih.gov/pubmed/30304779
http://doi.org/10.1016/j.poly.2014.08.063
http://doi.org/10.1016/j.ica.2014.05.007
http://doi.org/10.1016/j.jorganchem.2005.12.025
http://doi.org/10.1002/14651858.CD003893.pub3
http://doi.org/10.1021/ma00196a005
http://doi.org/10.3144/expresspolymlett.2013.14
http://doi.org/10.1081/PTE-200048727
http://doi.org/10.1016/0141-3910(91)90027-O
http://doi.org/10.1016/S0079-6700(00)00029-0
http://doi.org/10.1002/vnl.10229
http://doi.org/10.1039/dt9920001477
http://doi.org/10.1016/j.jorganchem.2004.03.035
http://doi.org/10.1016/j.colsurfa.2008.11.039
http://doi.org/10.1016/B978-0-444-63776-5.00009-7
http://doi.org/10.1016/j.scitotenv.2017.06.047
http://doi.org/10.1007/s10924-005-5531-2
http://doi.org/10.5155/eurjchem.6.3.242-247.1165


Polymers 2022, 14, 4590 17 of 17

56. Jafari, A.J.; Donaldson, J.D. Determination of HCl and VOC emission from thermal degradation of PVC in the absence and
presence of copper, copper(II) oxide and copper(II) chloride. J. Chem. 2009, 6, 685–692. [CrossRef]

57. Skillicorn, D.E.; Perkins, G.G.A.; Slark, A.; Dawkins, J.V. Molecular weight and solution viscosity characterization of PVC. J. Vinyl
Addit. Technol. 1993, 15, 105–108. [CrossRef]

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

59. 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.
[CrossRef] [PubMed]

60. 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. [CrossRef]

61. Kayyarapu, B.; Kumar, M.Y.; Mohommad, H.B.; Neeruganti, G.O.; Chekuri, R. Structural, thermal and optical properties of pure
and Mn2+ doped poly(vinyl chloride) films. Mater. Res. 2016, 19, 1167–1175. [CrossRef]

62. 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. [CrossRef]

63. Mousa, O.G.; El-Hiti, G.A.; Baashen, M.A.; Bufaroosha, M.; Ahmed, A.; Ahmed, A.A.; Ahmed, D.S.; Yousif, E. Synthesis of
carvedilol-organotin complexes and their effects on reducing photodegradation of poly(vinyl chloride). Polymers 2021, 13, 500.
[CrossRef]

64. 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. [CrossRef]

65. 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. [CrossRef]

66. 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. [CrossRef] [PubMed]

67. Yaseen, A.A.; Yousif, E.; Al-Tikrity, E.T.B.; El-Hiti, G.A.; Kariuki, B.M.; Ahmed, D.S.; Bufaroosha, M. FTIR, weight, and surface
morphology of poly(vinyl chloride) doped with tin complexes containing aromatic and heterocyclic moieties. Polymers 2021, 13,
3264. [CrossRef] [PubMed]

68. Fadhil, M.; Yousif, E.; Ahmed, D.S.; Mohammed, A.; Hashim, H.; Ahmed, A.; Kariuki, B.M.; El-Hiti, G.A. Synthesis of new
norfloxacin–tin complexes to mitigate the effect of ultraviolet-visible irradiation in polyvinyl chloride films. Polymers 2022, 14,
2812. [CrossRef] [PubMed]

69. Fadhil, M.; Yousif, E.; Ahmed, D.S.; Kariuki, B.M.; El-Hiti, G.A. Synthesis and application of levofloxacin–tin complexes as new
photostabilizers for polyvinyl chloride. Polymers 2022, 14, 3720. [CrossRef] [PubMed]

70. 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. [CrossRef]

71. Ghani, H.; Yousif, E.; Ahmed, D.S.; Kariuki, B.M.; El-Hiti, G.A. Tin complexes of 4-(benzylideneamino)benzenesulfonamide:
Synthesis, structure elucidation and their efficiency as PVC photostabilizers. Polymers 2021, 13, 2434. [CrossRef]

72. Hadi, A.G.; Baqir, S.J.; Ahmed, D.S.; El-Hiti, G.A.; Hashim, H.; Ahmed, A.; Kariuki, B.M.; Yousif, E. Substituted organotin
complexes of 4-methoxybenzoic acid for reduction of poly(vinyl chloride) photodegradation. Polymers 2021, 13, 3946. [CrossRef]

73. Larché, J.F.; Bussière, P.O.; Therias, S.; Gardette, J.L. Photooxidation of polymers: Relating material properties to chemical changes.
Polym. Degrad. Stab. 2012, 97, 25–34. [CrossRef]

74. Scott, G. Mechanism of Polymer Degradation and Stabilization; Elsevier: New York, NY, USA, 1990.
75. Pospíšil, J.; Klemchuk, P.P. Oxidation Inhibition in Organic Materials; CRC Press: Boca Raton, FL, USA, 1989; Volume 1, pp. 48–49.
76. Sabaa, M.W.; Oraby, E.H.; Abdel Naby, A.S.; 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. [CrossRef]

http://doi.org/10.1155/2009/753835
http://doi.org/10.1002/vnl.730150211
http://doi.org/10.1002/app.12092
http://doi.org/10.3390/ma10020180
http://www.ncbi.nlm.nih.gov/pubmed/28772538
http://doi.org/10.1016/j.mspro.2014.06.232
http://doi.org/10.1590/1980-5373-MR-2016-0239
http://doi.org/10.3390/molecules24132396
http://doi.org/10.3390/polym13040500
http://doi.org/10.3390/molecules21091151
http://doi.org/10.3390/polym12040969
http://doi.org/10.3390/molecules24193557
http://www.ncbi.nlm.nih.gov/pubmed/31581427
http://doi.org/10.3390/polym13193264
http://www.ncbi.nlm.nih.gov/pubmed/34641080
http://doi.org/10.3390/polym14142812
http://www.ncbi.nlm.nih.gov/pubmed/35890588
http://doi.org/10.3390/polym14183720
http://www.ncbi.nlm.nih.gov/pubmed/36145863
http://doi.org/10.3390/molecules23020254
http://doi.org/10.3390/polym13152434
http://doi.org/10.3390/polym13223946
http://doi.org/10.1016/j.polymdegradstab.2011.10.020
http://doi.org/10.1002/app.23402

	Introduction 
	Materials and Methods 
	Materials and Samples Preparation 
	Methods 
	Synthesis of 1 and 2 
	Synthesis of 3–5 
	Preparation of PVC Films 
	Assessment of IR Spectra 
	Assessment of Weight Loss 
	Assessment of Average Molecular Weight (MV) 

	Results and Discussion 
	Synthesis of Complexes 1–5 
	The EDX Spectroscopy of PVC Films 
	IR Spectral Study of PVC Films 
	Weight Loss Investigation of PVC Films 
	Viscosity Average Molecular Weight (MV) Study of PVC Films 
	Surface Assessment of the Irradiated PVC Films 
	Suggested Mechanisms for Photostabilization 

	Conclusions 
	References

