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Abstract: Photostabilizing polymeric materials is crucial for protecting them from damage by UV irradiation. Recent
advancements have significantly enhanced polymer resistance to photooxidation and harsh environmental conditions by
developing polymeric additives designed to act as photostabilizers. The present study assesses the significant impact of
metal oxide nanoparticles (NPs) on enhancing the surface properties of poly(methyl methacrylate) (PMMA) and paving
the way for more durable applications. The reaction of PMMA and propylenediamine led to the incorporation of amino
residues, which was followed by the attachment of various metal oxide NPs, namely nickel oxide (NiO), titanium dioxide
(Ti0,), magnesium oxide (MgO), and zinc oxide (ZnO). Thin PMMA films doped with metal oxide NPs experienced
reduced photodegradation compared to PMMA films containing the amino residues only. Of the metal oxide NPs studied,
PMMA doped with ZnO NPs exhibited the lowest level of weight loss and surface damage caused by UV irradiation.
These findings indicate the potential of metal oxide NPs in enhancing the photostability and surface properties of PMMA,
contributing to the development of more durable polymeric materials.
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Introduction

Polymers are valued for their diverse properties, low cost,
and moldability.' Physical methods modify surfaces, while
chemical processes attach functional groups to polymer chains.
Mechanical methods create microstructures.” Blending and
doping with organic materials improve polymer performance,
enhancing properties like corrosion resistance and stability.’
Continued research is crucial for advancing efficient polymer
composites for various applications, considering factors like
miscibility, dispersion, and particle size.*”

Incorporating new materials using different processes, such
as doping and blending, can greatly enhance the performance
of basic polymeric materials. Such processes can significantly
improve the morphological, structural, mechanical, and elec-
trical properties of polymers, making them suitable for a wide
range of applications.*'* The quality of polymer blends can be
enhanced by considering factors such as the compatibility of
the components, phase separation, distribution of phases, parti-
cle size, interactions between the polymer molecules, and their
crystalline arrangement."" The capability of these polymers to blend
can also be modified in the molten state.'" Organic conducting
polymers with extended n-electron conjugation are an example
of a class of materials of particular interest to researchers.
These plastics have remarkable electrical properties, morphol-
ogy, and crystallinity, which distinguish them from traditional
insulating polymers.'*"

A variety of methods are employed in the fabrication of
polymeric nanocomposite materials, showcasing the versatility
of the research. These methods include ball milling, ex-situ and
in-situ polymerization, plasma coating, injection molding, extru-
sion molding, and other techniques.'' Notably, in situ polym-
erization is exceptionally efficient in achieving a consistent distribution
of fillers within the organic structure.'®'” Poly(methyl methac-
rylate) (PMMA) is a widely used polymer due to its excellent
properties, including thermal stability, transparency, mechani-
cal strength, and electrical insulation.'® The PMMA matrix can
be enhanced by, for example, the addition of silica nanoparti-
cles. Atom transfer radical polymerization ensures an even dis-
tribution of particles throughout the polymer matrix. Friction
spot welding is a viable option for constructing nanocomposite
engineering structures.' Progress has been made in modifying
polymers for various applications. However, research contin-
ues to address the limitations of current processes.

As part of ongoing research into using additives to enhance
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the stability of polymeric materials,”* we have previously shown
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that incorporating metal complexes containing naphthalene can
effectively stabilize PMMA.?” The current study examines the
surface modification of PMMA using propylene diamine and
metal oxide NPs to significantly boost its photostability and enable
more durable applications. Nickel oxide (NiO), titanium dioxide
(TiO,), magnesium oxide (MgO), and zinc oxide (ZnO) NPs
were added to the polymeric chains containing the amino residues.
A range of techniques were used to characterize the materials,
and the results indicated that the PMMA containing metal
oxides, especially the one modified with ZnO NPs, degraded at
a slower rate compared to the original polymer.

Experimental

Materials and Methods. Materials: PMMA of a molar mass
of 74315 g/mol, metal oxides (TiO,, ZnO, MgO, and NiO) of
a purity of 97-98%, propylene diamine of a purity of 99%, and
solvents of analytical grade were purchased from Merck (Gill-
ingham, UK).

Preparation of PMMA Containing Propylenediamine:
5 g of PMMA was agitated in a 15 mL mixture of 2-propanol
and water of a 1:1 ratio for 10 min at 25 C. The polymer was
isolated and immersed in a solution containing 30 mg propyl-
enediamine (H,N(CH,);NH,) in 15 mL dimethyl sulfoxide
(DMSO). The mixture was refluxed for 1 h while being con-
tinuously stirred. Following the removal of the solvent, the
polymer was dried in air for 24 h at 25 C.

Synthesis of Modified PMMA Films Containing Metal
Oxide NPS: To incorporate metal oxide NPs into the PMMA
films, a mixture of 5 g of PMMA, 30 mg of propylene diamine,
and 0.35 mg of the metal oxide nanoparticles was subjected to
sonication in 100 mL of CHCI; at 25 “C for 1 h. Subsequently, the
blend was heated for 3 h with continuous stirring. The mixture was
left to cool, followed by casting on a plate of glass containing holes
with a thickness of 40 um. The films were left to dry at 25 C
for 24 h, followed by 3 h in a vacuum oven at 40 C.

PMMA Films Irradiation: The PMMA films were exposed
to UV irradiation (wavelength = 365 nm) utilizing a QUV accel-
erated weathering tester from Q-Panel Company in Homestead,
FL, USA. The device was equipped with a stainless-steel plate
and two 40 W UV fluorescent lamps (UV-B 365), which were
positioned on opposite sides. The PMMA films underwent UV
irradiation at a temperature of 25 C, with a light intensity of
6.2x10” Einstein /dm.s. The films were placed 10 cm from the
tester in a vertical arrangement, aligned with the fluorescent bulbs.
They were systematically rotated to provide uniform exposure.
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FTIR Spectroscopy of PMMA Films: The Fourier trans-
form infrared (FTIR) spectra were obtained using a Shimadzu
FTIR-8300 spectrometer (Tokyo, Japan) to detect the increase
in the absorption band intensity of the hydroxyl group (OH)
throughout the irradiation process. The PMMA films underwent
irradiation for various durations, ranging from 50 to 300 h in incre-
ments of 50 h. The enhanced intensity of the OH group peak at
3204 cm™ was measured and compared with that of a reference
peak at 1443 cm™ (C-H), which did not change during irradiation.
The hydroxyl group index (loy) was determined for each irra-
diation time using Equation 1 from the intensities of the absorp-
tion bands of OH and the reference (4, and A4,, respectively).®

Is = As/Ar (1)

Weight Loss of Irradiated PMMA Films: The decrease in
the weight of the PMMA film was measured to evaluate the
influence of irradiation on the photodegradation of the poly-
meric material. The weight loss percentage of the PMMA films
was determined at variant irradiation times using Equation 2,
based on the initial weight of the films () and the weight
after irradiation (W;).”

WO B Wt

0

Weight loss (%) = x 100 2)

Surface Morphology of Irradiated PMMA Films. The sur-
face damage of PMMA films due to irradiation was analyzed
utilizing several microscopy techniques. Optical microscopy images
were acquired using a Meiji Techno microscope (Tokyo, Japan).
Scanning electron microscopy (SEM) and atomic force microscopy
(AFM) images were obtained using a SIGMA 500 VP SEM
(Carl Zeiss Microscopy, NY, USA) and a Veeco AFM (Plain-
view, NY, USA), respectively.

Results and Discussion

Surface Modifications of PMMA. A simple aminolysis process

Me
o n *+ H2N\/\/NH2

OMe

reflux

was employed to modify the PMMA, resulting in the introduction
of an amine branch.***! This method is frequently used to add
amine functionality to the PMMA chain surface. The process
requires the reaction between PMMA and propylene diamine
in DMSO and involves an S\ reaction that generates an amino-
functionalized PMMA surface. The amino-functionalized PMMA
was doped with different metal oxide NPs, utilizing CHCl; as
the solvent (Scheme 1).

Examination of PMMA Films via FTIR Spectroscopy.
The process of photochemical breakdown of PMMA results in
the production of fragments that include distinct functional
groups, including hydroxyl (OH) groups. Exposure of PMMA
to UV light causes the C—-Me and C—CO,Me bonds to undergo
homolytic breakage, leading to the generation of free radicals.
Free radicals combine with oxygen to generate peroxy radicals,
which then extract hydrogen atoms from the PMMA polymeric
chain and produce hydroperoxides (O—OH). The O—OH bonds
undergo homolytic breakage, which results in the formation of
alkoxy radicals within the polymer**** The alkoxy radicals continue
to remove hydrogen atoms and produce alcohols, which can be
detected via FTIR spectroscopy. To quantify the extent of pho-
todegradation, the PMMA films were exposed to UV radiation,
and the alterations in the intensity of the OH absorption band
at 3204 cm™ in the FTIR spectra were observed and compared
to the band at 1443 cm™ due to the C-H group (Figure 1). The
increase in the intensity of the OH absorption band was used
as an indication of the degree of photodegradation in the PMMA.

The FTIR spectra of PMMA films revealed noticeable
changes after irradiated with UV light. The emergence of the
band at 3204 cm™ is associated with the generation of OH
groups. The increase in the hydroxyl group index (/oy) for ami-
nated PMMA films with metal oxide NPs is gradual (Figure 2)
but sharper at the beginning (over the first 50 h) of the irra-
diation process. The films containing metal oxide NPs have
lower oy values compared with the blank PMMA and the one
that contains amino residue (aminated PMMA). ZnO NPs led

@
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Scheme 1. Modification of PMMA by aminolysis process doped with different metal oxide NPs.
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Figure 1. FTIR spectra of blank PMMA film prior to and after irra-
diation.

—e—hblank PMMA
——PMMA
—=—PMMA/NIO NPs
——PMMA/TIO2 NPs
——PMMA/Mg0 NPs
—e—PMMA/Zn0 NPs

0.4 4

0.0

o 50 100 150 200 250 300
Irradiation time (h)

Figure 2. oy values of PMMA films through the irradiation process.

to the lowest degradation and Ioy. For example, after 300 h of
irradiation, the /oy were 1.52, 1.22, 1.01, 0.86, 0.86, and 0.75
for the blank PMMA, aminated, PMMA/NiO NPs, PMMA/TiO,
NPs, PMMA/MgO NPs, and PMMA/ZnO NPs films, respec-
tively. Metal oxide nanoparticles have properties that make
them useful in a wide range of applications. The metals are acidic
and can decompose active species, such as hydroperoxides,
that cause the photodegradation of polymers. The most signif-
icant stabilizing effect was observed when ZnO NPs were used,
but it is unclear why the PMMA film containing ZnO was more
stable than the others. The particle size of metals affects the
absorption of UV irradiation.** However, UV light absorption
is not the only factor that determines the efficiency of reducing
PMMA photodegradation.

Determination of PMMA Films Weight Loss. Photodeg-
radation of polymers results in bond cleavage and the elimi-
nation of low molecular weight fragments. Therefore, there is
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Figure 3. The percentage weight loss of PMMA films through irra-
diation.

a noticeable weight loss after the photodegradation of polymers.*>*
The weight loss percentage is commonly acknowledged as a
reliable indicator of the magnitude of photodegradation of poly-
meric materials due to photoirradiation. The weight loss (%) of
PMMA films was determined every 50 h of the irradiation pro-
cess and up to 300 h using Equation 2. The results obtained are
shown in Figure 3, and they agree with those shown from
FTIR (Figure 2). The PMMA containing ZnO NPs showed the
most stability against irradiation, and the unmodified PMMA
showed the most weight loss. The results are consistent with
the incorporation of metal oxide NPs, which contribute to the
protection of PMMA polymeric materials against UV radiation.
At the end of the irradiation process, the weight losses (%) were
1.59, 1.18, 0.98, 0.87, 0.76, and 0.68 for the blank PMMA,
aminated, PMMA/NiO NPs, PMMA/TiO, NPs, PMMA/MgO
NPs, and PMMA/ZnO NPs films, respectively.

Surface Morphology Analysis. Various microscopic tech-
niques can be used to analyze the surfaces of materials.*”*!
SEM was employed to examine the aggregation, shapes, and sizes
of polymer particles, as well as the degradation caused by irra-
diation of PMMA films. SEM images of PMMA films after
irradiation are illustrated in Figures 4(a)—(e). Prior to irradia-
tion, the polymer surface often exhibits a consistent and sleek
appearance.”” The morphology of the chemically modified
PMMA film (Figure 4(a)) exhibited a smooth texture without
any visible gaps, fissures, or clustered particles, indicating a more
compact structure. Photodegradation commonly causes weight
reduction and agglomeration because of inadequate compati-
bility between the polymer and additives, leading to the appear-
ance of voids.

The films containing metal oxide NPs generally exhibit a
sponge-like structure (Figures 4(b)+d)) with two distinct forms:
an interconnected network type and a closed-cell type made of
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(a)

Figure 4. SEM images of irradiated PMMA film with 100 and 50 pm
of magnification power: (a) Modified PMMA; (b) PMMA/NiO NPs; (c¢)
PMMA/TiO, NPs; (d) PMMA/MgO NPs; () PMMA/ZnO NPs films.

separate individual cells. An ideal asymmetric film features a
thin outer layer with a network of interconnected pores. The
high degree of interconnectedness within this porous substruc-
ture is vital for reducing resistance to mass flow, although mea-

suring this characteristic might be difficult. However, this
structure is preferred due to its superior mechanical properties
compared to other configurations.” The PMMA film doped
with ZnO NPs exhibited a honeycomb-like architecture (Fig-
ure 4(e)). The coarse texture is most likely a result of the inter-
action or coordination between the PMMA-propylene diamine
and ZnO NPs, presumably induced by cross-linking. It is an
indication that the PMMA blend led to a homogeneous matrix.
The surface had numerous circular pores, likely formed due to
the fast evaporation of CHCl;, which was employed as the sol-
vent during the fabrication of the film. The variation in pore
size is likely attributable to discrepancies in the driving power
that triggers phase separation.” Similar observations have been
made previously on the irradiation of polymeric materials.***¢

AFM is a versatile and straightforward method used in numer-
ous disciplines to obtain two- and three-dimensional images of
sample surfaces. Unlike other methods, AFM does not require
a vacuum environment to conduct the test. Figure 5 illustrates
the influence of irradiation on the morphological structure of
PMMA films. The AFM images showed similar patterns to those
observed in the SEM images shown in Figure 4. The images
demonstrate that the surface of the modified PMMA film,
which includes metal oxide NPs, maintained a high level of
smoothness and exhibited minimal roughness following irra-
diation. The enhanced surface roughness in the unaltered PMMA
film following irradiation may be attributed to the homogenous
bond breakage.”** Surface roughness describes the irregular-
ities present in a material. The roughness factor (R,) is measured
by the deviations from its ideal form along the normal vector.
Significant deviations indicate roughness, while minimal ones
suggest a smoother surface.*’ Table 1 shows that the unmodified
PMMA had the maximum roughness factor (R,; nm) of 192.4 nm,
whereas the modified PMMA film containing ZnO NPs had
the lowest roughness factor (41.3 nm). The incorporation of
metal oxide nanoparticles improved the roughness (R;) of

Table 1. Roughness Factor (R,; nm) of Modified PMMA Materials
After 300 h of Irradiation

Film R, (nm)
PMMA (blank) 1924
PMMA (modified) 155.1
PMMA/NiO NPs 80.6
PMMA/TiO, NPs 77.8
PMMA/MgO NPs 52.3
PMMA/ZnO NPs 413

Polym. Korea, Vol. 49, No. 2, 2025
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Figure 5. AFM images of irradiated PMMA film: (a) chemically
modified PMMA; (b) PMMA/NiO NPs; (c) PMMA/TiO, NPs; (d)
PMMA/MgO NPs; (e) PMMA/ZnO NPs films.

PMMA in this work compared to the films modified by the
organometallic moiety incorporated into the polymer’s back-
bone (115.8-64.9 nm)."

Conclusions
The investigation demonstrates that the introduction of metal

oxide nanoparticles onto the surface of poly(methyl methac-
rylate) chains can effectively increase their stability against UV

Zan, A]4948 A25, 20253

irradiation. The nanoparticles investigated were nickel oxide,
titanium dioxide, magnesium oxide, and zinc oxide. Modifying
poly(methyl methacrylate) allowed for a significant reduction
in the harmful effects of ultraviolet irradiation at a wavelength
of 365 nm, extending protection for up to 300 hours. The
effectiveness of the films was evaluated using FTIR spectros-
copy, weight loss measurements, AFM, and SEM. The results
showed that surface modification reduced the harmful effects
of ultraviolet irradiation. Of the metals explored, the poly(methyl
methacrylate) film containing zinc oxide nanoparticles showed
the highest protection against photodegradation. Conversely,
the film with the highest degradation was observed for the
unmodified poly(methyl methacrylate) film.
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