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Abstract

Poly(methyl methacrylate) (PMMA) is a polymer that can be used in applications requiring its exposition to gamma
radiation, nevertheless, the radiation induces main chain scission backbone, leading to modification in some properties.
Therefore, using materials such as layered double hydroxide (LDH), was evaluated as a new radiation shielding agent.
This work synthesized LDH and added to PMMA by an in-situ polymerization method. Viscosimetric analysis showed
that LDH at 0.25 wt% concentration promotes polymer radiolytic protection of 90% against damage caused by gamma
radiation. The topographic images obtained by AFM revealed increasing PMMA/LDH film roughness, which impacted
the lower film transmittance. The combined effect of LDH and gamma radiation interferes with the degradation process
of PMMA, promoting reduced rigidity, greater mobility of polymer chains, and lower optical gap energy. Thus, these
results open a promising path for using LDH as additives in polymers exposed to gamma radiation.
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1. Introduction

Layered Double Hydroxides (LDHs) are inorganic materials
that have attracted attention due to their properties, such
as large surface area, adsorption capacity, ion intercalation,
and synthesis through various synthetic routes!?. LDHs are
considered an emerging class of nanofillers for preparing
nanocomposites®l. These compounds, also known as
hydrotalcite, consist of lamellar inorganic sheets positively
charged by cations such as Zn** and Mg?>", balanced by
hydroxide ions and anions such as fluorides, chlorides, and
carbonates. LDHs have received significant attention due
to their various applications, considering their properties,
composition, thermal stability, and other physicochemical
parameters!*>..

On the other hand, poly(methyl methacrylate) (PMMA)
is a rigid thermoplastic polymer with excellent optical
properties, easy processability, and good thermal and
mechanical properties. Its use dates back to the 1930s in
manufacturing removable prosthetics, orthodontic appliances,
and splints that can be sterilized through exposure to gamma
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radiation. However, gamma radiation induces the scission of
the polymer main chain’®. In light of this, PMMA has been
studied with commercial additives!” and nanoparticles®® to
make the polymer resistant to gamma radiation.

Studies indicate that the PMMA/LDH nanocomposite
can be obtained through various methods, such as sonication,
LDH gel formation, reflux synthesis, and intercalation with
dodecyl sulfate®!%. The recorded results demonstrate an
enhancement of PMMA properties by incorporating zinc and
magnesium LDH in small proportions!'!l. One key feature
that makes the PMMA/LDH system promising is the ease
with which LDH can disperse in the polar polymeric matrix
since PMMAP'21,

However, in the sources analyzed thus far, no records
have been found regarding the effects of gamma radiation
exposure in systems composed of PMMA/LDH. PMMA
produces displays, dental materials, and artifacts subjected
to radiation sterilization!'3-'), Therefore, there is relevance
in carrying out studies that investigate the influence of LDH
on the radiolytic effects in the PMMA matrix. Consequently,

1/11


https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0003-3002-5949
https://orcid.org/0000-0002-3916-9239
https://orcid.org/0000-0002-2801-1401
https://orcid.org/0000-0003-4438-8222
https://orcid.org/0000-0002-3280-0294
https://orcid.org/0000-0002-4990-3935
https://orcid.org/0009-0007-4305-4606
https://orcid.org/0000-0001-8895-6637
https://doi.org/10.1590/0104- 1428.20240077
https://doi.org/10.1590/0104- 1428.20240077

Oliveira,D. L. S., Ledo, A. D., Ribeiro, F. 0.S., Aratjo,A. R., Silva, PRJ. C. 0., Soares-Sobrinho, J. L., Aratjo, E. S., Santos, R.F.S., &Aquino, KA. S.

there is a need to prospect new formulations in which LDH
provides radiolytic protection to PMMA. Additionally, in
this context, this study will analyze the changes that the
PMMA/LDH nanocomposite may undergo when exposed
to gamma radiation. Thus, this research may contribute to
the field of materials science by providing insights into
the interaction between radiation and the PMMA/LDH
nanocomposite to enhance its utility in situations that require
radiation resistance.

2. Materials and Methods

2.1 LDH and PMMA/LDH nanocomposites preparation

This study synthesized magnesium LDH using the constant
pH co-precipitation method in an unheated methanolic
solution as previously reported by our group!!:7-18,

The PMMA/LDH nanocomposites were produced
through an in-situ polymerization reaction. Initially,
the methyl methacrylate (MMA) monomer required a
purification process as it typically contains inhibitors and
water that can influence polymerization yield. MMA was
washed with 5% (w/v) sodium hydroxide and distilled
water. Subsequently, it was collected in a flask containing
calcium chloride to remove inhibitors, filtered, and stored in
a freezer for 12 hours at -15 °C to crystallize residual water.
The crystallized water was removed, and pure MMA was
used in the polymerization reaction. The benzoyl peroxide
(BPO) initiator was purified by solubilizing it in chloroform
(30 pg/mL), precipitating it in methanol, and storing it at
-15 °C. The crystals were filtered and dried in an oven at
40 °C until reaching a constant weight!.

In a typical in situ polymerization procedure for PMMA,
9.36 g of MM A monomer was mixed with 0.096 g of BPO
initiator, and the resulting system was shaken in an orbital
shaker for 2 hours at 80 °C. The nanocomposite systems
were removed from the shaker and kept at room temperature
for 24 hours to complete the polymerization reaction. For
nanocomposite preparation, the appropriate amount of LDH
was dispersed in the monomer, stirring for 20 minutes at
room temperature (= 25 °C) before adding BPO. PMMA/
LDH systems were obtained at 0.25, 0.5, 1.0, and 2.0 wt%
concentrations.

The PMMA/LDH nanocomposites and the synthesized
PMMA were dissolved in 20 mL of methyl ethyl ketone (MEK)
under magnetic stirring for 24 hours at room temperature.
Then, the films were obtained by casting method in an oven
at 45 °C for 4 hours>!7,

2.2 Films irradiation

PMMA and PMMA/LDH films were irradiated with
gamma rays from a *’!Co source (dose rate of 4.606 kGy/h)
at 25 kQGy (sterilization dose). The sample irradiations were
carried out in ambient air at room temperature.

2.3 Viscosimetric analysis

Solutions of 10 mL were produced in triplicate at
0.6 g/dL of concentration with PMMA and PMMA/LDH
films (irradiated and non-irradiated). The kinematic viscosity
of the solutions (v) and the solvent (v,) were determined
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at 25 °C using a Stabinger Anton Paar SVM 3000/G2s
viscometer. The relative (1), specific (r]sp), reduced (1),
and intrinsic ([n]) viscosities were obtained using the
kinematic viscosity through the equations described in
Table S1 (Supplementary Material)l>*!*2?7, The value of
[n] was used to obtain the viscosity molar mass (M ) using
the Mark-Houwink-Sakurada relationship (Equation 1)2%.

[7]=KM (1

K and a are 0.72 and 6.8 x 107 (dL/g), respectively, for
the PMMA/MEK system, at 25 °C*\. From the viscosity

molar mass values before (M, ) and after (M) irradiation,

the degradation index ( /D = [ Myo J —1) and the protection

v
D, - ID]xloo ) where calculated.

degree (p= [

o

2.4 Spectroscopic tests

Infrared spectra were acquired using the FT-IR Jasco
Spectrophotometer, model 4600, with 32 scans, a resolution
of 4 cm™, in transmission mode within the range of 4000-
400 cm™!, employing the Attenuated Total Reflectance
(ATR) technique.

UV-vis spectra were obtained using the UV-vis
Spectrophotometer Jasco, model V-730, covering the
absorption range from 200 to 800 nm. From the absorption
edge (A), determined by the position of the maximum
absorption band in the spectrum, it was possible to ascertain
the optical parameters of the films since their absorption
coefficient (o) depends on the frequency of the absorbed
photon (v) and can be defined by the Beer-Lambert law®
as shown in Equations S1-S9 (Supplementary Material).

2.5 Mechanical properties

Mechanical tensile testing was carried out on three
samples from each system on an Instron IMIC machine,
500 N, with a 2 mm/s crosshead speed. The ASTM-D822
standard was used with films measuring 7.5 x 2.5 cm. The
results were expressed as average + standard deviation, and
a p-value <0.05 was considered statistically significant after
the Tukey test. The mechanical properties analyzed were
tensile stress (MPa), Young modulus (MPa), and elongation
at break (mm).

2.6 Scanning electron microscopy

Scanning Electron Microscopies (SEM) were obtained
using HITACHI equipment, model TM3000, with an
acceleration voltage of 15 kV. Using plasma in an argon
atmosphere, the samples were metalized with gold in a
Quorum QI50R metallizer for 30 s at 20 mA.

2.7 Atomic force microscopy

The morphological analysis of the films was carried
out by Atomic Force Microscopy (AFM) in TT-AFM
equipment (AFM Workshop, USA), in intermittent contact
mode (vibrating), with a resolution of 512 x 512 pixels,
using TAP300-G silicon probes (Ted Pella, USA), with a
resonance frequency of approximately 247 kHz. The images
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were examined using the Gwyddion 2.59 program, from
which the average roughness values were extracted. Statistical
analyses were performed using the GraphPad Prism® 8.0.1
program, using one-way ANOVA with Tukey’s post-test.
The results were expressed as average + standard error of
the mean, and a p-value <0.05 was considered statistically
significant.

3. Results and Discussions

3.1 Viscosimetric tests

Figure S1 (Supplementary Material) shows a micrograph
(x50,000) of the magnesium LDH synthesized for this study.
LDH presented a flat surface morphology with platelets with
irregular edges and an average size of 100 to 200 nm in the
horizontal axis. The results of the complete characterization
of the magnesium LDH and the synthesized PMMA were
recorded in our previous work!!!l.

The PMMA and PMMA/LDH films, obtained by the
casting method, exhibited a homogeneous appearance, with
an average thickness of 0.112 + 0.002 mm. No change in
film thickness was recorded with the addition of LDH to
the system.

For the viscosimetric tests, initially, the Huggins constant
(Kh) was calculated to find out which equation would be
most suitable for obtaining the intrinsic viscosity ([1]) by a
single-point method. Figure S2 (Supplementary Material)
shows the relationship between the concentrations of non-
irradiated PMMA solutions and their respective reduced
viscosities by the Huggins model?”).

The Kh=0.49 was calculated using the obtained straight-
line equation of Figure S2, indicating the Solomon-Ciuta
equation (see Table S1 in Supplementary Material) to get
the intrinsic viscosity by a single-point method. Table 1
shows the viscosimetric results obtained for the systems
under study.

When comparing the Mv values of non-irradiated
systems, the values of systems with LDH are slightly
lower than those of pure PMMA. These results highlight
the influence of LDH on the PMMA matrix. Typically, the
PMMA molecule exhibits dipole-dipole attraction due to
electrostatic interactions between the oxygen atom of the
ester group in a polymer chain (negative pole) and the
hydrogen atom of another polymer molecule (positive pole).

Table 1. Viscosimetric results of PMMA and PMMA/LDH films.

For example, LDH molecules may induce contraction of
PMMA molecules due to a lack of chemical affinity. Thus,
the contracted coil of PMMA/LDH systems results in a
smaller hydrodynamic volume, facilitating the passage of
the polymeric solution through the capillary tube of the
viscometer and reducing its intrinsic viscosity, as shown
in Table 1P,

On the other hand, when analyzing the irradiated systems,
Mv values are lower than those of non-irradiated systems.
The decrease in Myv is attributed to the scission of the main
chain of PMMA, a well-established mechanism(®*!), Pure
PMMA exhibited a reduction in Mv of approximately 31.5%.
Unlike those with lower concentrations, the PMMA/LDH
systems at concentrations of 1 and 2 wt% showed a decrease
in Mv very close to PMMA, with a modest percentage of
radiolytic protection.

The PMMA/LDH system at a concentration of 0.25 wt%
exhibited an ID of 0.05, and the system with a concentration
0f 0.5% (w/w) showed an ID of 0.09. In other words, these
systems reduced radiolytic degradation effects. Compared
to the ID of pure PMMA (ID=0.46), protection of over
80% from LDH against the chain scission effects caused by
gamma radiation exposure was calculated. PMMA undergoes
radiolytic degradation by a radical mechanism °. Therefore, it
was inferred that LDH acts as a scavenger agent, preventing
the action of radicals formed in the radiolysis process.

Based on the results presented thus far, the sample that
demonstrated the best performance in radioprotective action
for PMMA was the one with LDH at a concentration of
0.25 wt%. The reduction in the protection factor in systems
with higher concentrations of LDH indicates that, as the
amount of LDH in the system increases, an impurity-like
behavior establishes itself, competing with its radioprotective
action. Similar outcomes were found in other studies
employing PMMA and additives with radioprotective
properties!®*3231 Consequently, the following sections will
show characterization results for the PMMA/LDH system
at a concentration of 0.25 wt%.

3.2 AFM and SEM

Figure 1 shows topographic images of irradiated and
non-irradiated PMMA and PMMA/LDH (0.25 wt%) films.
The 2D-amplitude image of the non-irradiated PMMA film
exhibits a flatter and more homogeneous surface when
compared to the PMMA/LDH samples, which show a globular

Dose (kGy) LDH Concentration [n] dL/g M, +SD (x 10%) ID Protection (%)
(% wt)) (g/mol)

0 0 0.54+£0.01 26.41 +£0.56 -
25 0.42 £0.02 18.09 +0.12 0.46
0 0.25 0.46 £ 0.01 19.97 £0.10
25 0.45+0.02 19.06 +0.31 0.05 89.61
0 0.5 0.53+£0.01 25.55+0.57
25 0.49 £ 0.02 23.53+0.18 0.09 81.36
0 1 0.51+0.02 24.14+0.16
25 0.38+£0.01 17.04 +£0.22 0.42 9.10
0 2 0.52+0.04 24.37 +0.46
25 0.40 +0.03 17.33 £0.82 0.41 11.48
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Figure 1. Topographic images of PMMA and PMMA/LDH (0.25 wt%), irradiated and non-irradiated samples, with a resolution of

512x512 pixels.

surface due to the lateral spreading of the LDH lamellae.
On the other hand, for irradiated PMMA and PMMA/
LDH films, the formation of fragments corresponds to the
degradation process induced by gamma radiation. This action
is better observed in the 2D-phase image when comparing
irradiated and non-irradiated films. For the PMMA samples,
the 2D-phase images show some polymer aggregates,
while the irradiated sample displays fragmentation of the
aggregates with a higher number of pores, likely obtained
due to chain scission in the polymer caused by radiation °.
For the PMMA/LDH films, delaminated LDH lamellae are
observed against a continuous background of PMMA, with
no significant difference between the samples except for a
reduced aggregate size.

In the 3D-phase images, the behavior of the film surfaces
can be better observed. When irradiated, PMMA exhibits the
formation of pores and increased roughness. The average
roughness value for PMMA is 2.51 £ 0.29 nm, which rises to
13.36+0.89 nm in irradiated films, representing a difference
of 10.85 nm according to the Tukey test (p=0.0018). This
result highlights the extent of radiation-induced damage to
the PMMA matrix.

The 3D images also reveal that PMMA/LDH films are
rougher than irradiated PMMA films. However, radiation has
the opposite effect on PMMA/LDH systems. The roughness
of the irradiated PMMA/LDH becomes lower than the non-
irradiated film. The average roughness value for the non-
irradiated PMMA/LDH is 57 + 4 nm, while 11 & 1 nm was
found for the irradiated film. According to the Tukey test,
this result signifies a decrease of 46 nm (p=0.001). Although
the roughness of LDH-containing samples decreased with
irradiation, no pores were observed in the irradiated film,
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which may be associated with the protective effect of LDH
in the PMMA matrix, consistent with the results obtained
in viscosimetric tests.

SEM micrographs were obtained for a more precise
structural characterization of the LDH dispersion in the
polymeric film. Figure 2 depicts the micrographs obtained
for PMMA and PMMA/LDH (0.25 wt%), non-irradiated
and irradiated samples.

Itis possible to observe that the micrograph of the non-
irradiated PMMA film (Figure 2a) exhibits some agglomeration
points referred to as clusters, which are common in films
produced by the casting method!'"). The irradiated films did
not find clusters (Figure 2b). However, many fissures indicate
the effect of radiolysis and, consequently, the degradation
of PMMA. Such fissures may explain the higher number of
pores and increased roughness in the films, as shown in the
topographic images obtained by AFM (Figure 1).

The micrographs of non-irradiated and irradiated PMMA/
LDH films exhibit a clear difference from pure PMMA samples.
Itis observed that LDH is homogeneously distributed in the
polymeric matrix. The structure found in the PMMA/LDH
samples (Figures 2c and 2d) showed a completely different
cluster form, highlighting the lamellar agglomerates. These
agglomerates may contribute to the increased roughness
of the films with LDH, shown in Figure 1. The reduction
in the roughness of the irradiated PMMA/LDH film may
be associated with the production of pores with irregular
structures formed by the radiolytic degradation of polymer
chains (Figure 2d). However, the structural preservation of
the irradiated PMMA/LDH film is evident when compared
to the film without LDH (Figure 2b). This result reinforces
the radioprotective action of LDH at 0.25 wt%.

Polimeros, 35(1), 20250001, 2025
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Figure 2. SEM images (x 10,000) for (a) PMMA 0 kGy; (b) PMMA 25 kGy; (c) PMMA/LDH 0 kGy; and (d) PMMA/LDH 25 kGy

(LDH at 0.25w1%).

3.3 Mechanical properties

Table 2 shows the results of the mechanical properties
obtained for irradiated and non-irradiated films of PMMA
and PMMA/LDH (0.25 wt%). It was observed that PMMA
non-irradiated has a higher value of elastic modulus and
higher tensile strength values when compared to the values
obtained for PMMA/LDH. These results indicate higher
stiffness of PMMA, although the polymer exhibits a higher
elongation at break.

Changes in the elongation at break, tensile strength, and
elastic modulus in non-irradiated PMMA/LDH films indicate
the adhesion between the polymer and LDH phases, as these
properties are sensitive to the transfer of load between the
components. The elastic modulus depends on the nature of
the material chemical bonding and electronic structures, while
the morphology, size of domains, and film homogeneity are
related to the tensile strength. The decrease in the tensile
strength of PMMA/LDH films may be associated with their
increased roughness (see Figure 1) and the distribution of
clusters with larger sizes (see Figure 2c¢), causing reduced
load transfer between the PMMA and LDH phases®. The
same discussion extends to irradiated PMMA films when
compared to non-irradiated samples. Figure 2b shows several
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Table 2. Mechanical properties obtained for irradiated and non-
irradiated PMMA and PMMA/LDH (0.25 wt%) films.

Sample Elastic Tensile Elongation
modulus Strength at break
(Mpa) (MPa)
PMMA (0 kGy) 2395 +763¢ 36+ 5 3.0+ 1.0°
PMMA (25 kGy) 1551 +733% 13+6° 0.9+0.1°
PMMA/LDH (0 kGy) 1485 + 685" 27 + 6 0.6+0.2°
PMMA/LDH (25 kGy) 1871 + 574° 16+ 8° 0.7+0.1¢

Different letters in the columns indicate a statistically significant
difference at p <0.05.

fissures in the film due to main chain scissions caused
by gamma radiation. Reduced load transfer is caused by
radiolytic damage, creating points of force yield, causing
lower tensile strength and a lower elastic modulus.

Comparing irradiated and non-irradiated PMMA/LDH
films, there were no significant changes (p < 0.05) in the
tensile strength or elongation at break. This result may be
associated with the lesser damage caused by radiation to
PMMA (see Figure 2d) due to the radioprotective effect of
LDH. On the other hand, the decrease in tensile strength in
irradiated PMMA/LDH films can be explained by the few
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pores and a different distribution of clusters (see Figure 2d),
which reduce the interfacial interaction between PMMA and
LDH, leading to a lower stress transfer at that location®*.
These results indicate that PMMA/LDH films, subjected
to gamma radiation sterilization, nearly maintain their
mechanical properties, strengthening the radioprotective
action of LDH in the system.

3.4 Spectroscopic analyzes

Figure 3 shows the FT-IR spectra of PMMA and PMMA/
LDH (0.25 wt%). Generally, it is possible to observe that
the bands that characterize PMMA appear at a frequency
similar to that of PMMA with LDH.

Figure 3a shows that the characteristic bands of PMMA
appear for all studied systems (see Table S2 in Supplementary
Material). Thus, the similarity between the bands or the
absence of new bands, when comparing the spectra obtained
for PMMA and PMMA/LDH, irradiated and non-irradiated,
indicates that the nanofiller at a concentration of 0.25 wt%
does not establish strong chemical bonds with the polymer.
Regarding the stereoregularity of the PMMA used in this
work, the absorption band in the region around 840 cm™ is
characteristic of syndiotactic PMMA. A doublet is found in
the region between 1240 and 1270 cm', which is attributed

a)

PMMA/LDH 25 kGy
o S
PKIMA/LDH 0 kGY

PMMA 25 kGy

PMMA 0 kGy
gy

Tansmittance (a. u.)

T T T T T T T T T 1
3000 2500 2000 1500 1000 500

wavenumber (cm™)

T T T
4000 3500

Absorbance

to the stretching of the C-O bond in the ester group with cis
conformation, which is energetically favored for syndiotactic
PMMAP",

Figure 3b shows the UV-vis spectrum for the studied
films. The absorbance between 290 and 300 nm is related
to the m-m* electronic transition. The PMMA film exhibited
absorption around 285 nm, corresponding to the C=0
groupl®*3%. The addition of LDH did not influence the
behavior of the film, but a slight shift in the absorption band
was observed in the irradiated systems, with a particular
emphasis on the PMMA/LDH. The increased load from
the LDH and the radiolysis products may contribute to
a different arrangement of molecules in the system. The
optical absorption coefficient (o) reflects the ability of
material to absorb light. Figure 4a shows the intersection
of the extrapolation of the linear part of the o versus hv
graph with the horizontal axis, providing an estimate of the
photon energy absorbed by each film. Films irradiated with
LDH exhibited lower energy than non-irradiated PMMA.
The decrease from 4.21 eV for non-irradiated PMMA to
3.93 eV for the irradiated PMMA/LDH system provides
evidence of changes in the valence and conduction band
structures of the film due to the combined action of LDH
and irradiation®”.,

b)

——PMMA 0 kGy
———PMMA 25 kGy
—— PMMAJLDH 0 kGy
—— PMMAJ/LDH 25 kGy

09+
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Figure 3. (a) FT-IR spectra for non-irradiated and irradiated PMMA and PMMA/LDH (0.25 wt%) films; and (b) UV-vis spectra for
PMMA and PMMA/LDH (0.25 wt%), irradiated and non-irradiated films.
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Figure 4. (a) Absorption coefficient (o) for PMMA and PMMA/LDH (0.25 wt%), irradiated and non-irradiated films; and (b) Transmittance
behavior of irradiated and non-irradiated PMMA and PMMA/LDH (0.25 wt%) films.
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Based on the absorbance values obtained in the UV/
vis spectrum (Figure 3b), the transmittance (T) calculation
was performed, and the results are shown in Figure 4b. The
irradiated and non-irradiated PMMA film exhibited a T
value of around 90%, indicating that the irradiation process
did not induce changes in this property. However, whether
irradiated or non-irradiated, PMMA/LDH films showed
a decrease in T of approximately 8%. This result may be
associated with the increased roughness of the irradiated
and non-irradiated PMMA/LDH systems (see Figure 1).
Nevertheless, no significant differences were found in the
refractive index (n) of the films. The n value was 1.36 for
PMMA (irradiated and non-irradiated) and 1.37 for PMMA/
LDH (irradiated and non-irradiated) at 500 nm.

The dielectric constant of the studied films, both in the real
part (Figure 5a) and the imaginary part (Figure 5b), increases

a)

8.0x10*

—— PMMA 0 kGy
—— PMMA 25 kKGy
—— PMMA/LDH 0 KGY
—— PMMA/LDH 25 kGy

7.0x10"
6.0x10"
5.0x10°
o 4.0x10" o
3.0x10°
2.0x10°

1.0x10° 4

00

T | T T
30 35 40

15 20 L
hv (eV)

50

with the photon energy. The real part (er) is related to the
speed of light and the electronic polarization of a material,
while the imaginary part (i) indicates dipolar movement
due to energy absorption generated by an electric field**!. In
Figure 5a the extrapolation of the linear portion of the curves
with the x-axis showed the lowest photon energy is absorbed
in the irradiated PMMA/LDH system. This behavior can be
explained by the presence of charges from LDH and defects
caused by irradiation in the PMMA matrix, albeit smaller
than in the LDH-free film (see Figure 2), forming dipoles
that govern the dielectric properties of the irradiated films.

The combined effect of LDH and irradiation also impacted
the optical gap (Eg) of the films. Figure 6 shows a reduction in
Eg for LDH-containing systems, particularly in the irradiated
film. E, values were obtained using the Tauc’ s model*” and
compared with the energy obtained from the i parameter
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———PMMA 25 kGy

—— PMMA/LDH 0 kGy
—— PMMAJ/LDH 25 kGy

14T T T
25 30 35
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Figure 5. The behavior of the dielectric constant (a) imaginary part and (b) real part for PMMA and PMMA/LDH (0.25 wt%), irradiated

and non-irradiated films.
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Figure 6. Optical gap energy obtained by the Tauc’s model for (a) allowed direct transition; (b) allowed indirect transition; (c) forbidden

direct transition; and (d) forbidden indirect transition.
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(Figure 5a) to identify the predominant electronic transition
in the systems. Table S3 (Supplementary Material) shows the
E, values obtained through both methods. The results suggest
that the predominant electronic transition in all systems is
the allowed direct transition, given the similarity of values
for this transition obtained by the Tauc method and &i.

The result suggests that the electronic structure of the
PMMA film undergoes changes when LDH is introduced,
when it is irradiated, and especially when there is a combined
effect of LDH and irradiation. These electronic changes may
promote a different band arrangement capable of reducing
the energy required for an electron to move from the valence
band to the conduction band!*'. This finding is consistent with
the discussion regarding the optical absorption coefficient
(o), where lower energies for LDH-containing and irradiated
systems were identified through the graph in Figure 4a.

On the other hand, optical conductivity (cnpl) informs
about the movement of charge carriers when excited by
incident electromagnetic radiation. The influence of LDH and
irradiation on the O of the films is shown in Figure 7. The
values of 6 decrease with the increase in wavelength, but
no significant changes are observed in the maximum value
of O, . for the films. However, the curve of the irradiated
PMMA/LDH system is shifted towards a longer wavelength,
which may be due to new levels within the band gap. New
levels facilitate the movement of electrons from the valence
band to the conduction band due to increased photon-atom
interaction!*”). This result corroborates with the lower E, found
for irradiated PMMA/LDH (see Table S3 in Supplementary
Material) and highlights the influence of the combined effect
of LDH and gamma irradiation on the polymeric system.

4. Conclusion

In this study, nanoscale magnesium LDH was synthesized
and incorporated into the PMMA matrix through in situ
polymerization. Viscosimetric assays revealed that Mg-LDH
0.25 wt% acts as a radioprotector in the PMMA matrix
exposed to gamma radiation at a dose of 25 kGy. In this
way, LDH provided approximately 90% protection against
the chain scission effect caused by radiolysis in the main
PMMA chain, probably as a scavenger agent.

Characterization of irradiated and non-irradiated PMMA/
LDH (0.25 wt%) films reveals that the combined effect of

ox10" ——PMMA 0 kGy
8x10” — PMMA 25 kGy
— PMMA/LDH 0 kGy
— PMMA/LDH 25 kGy

2x10"

1x10" 4 \

200 300 400 500 600 700 800
wavenumber (nm)

Figure 7. The behavior of optical conductivity (Gom) for PMMA

and PMMA/LDH (0.25 wt%), irradiated and non-irradiated films.
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LDH and gamma radiation induces changes in the polymeric
system structure. SEM images confirmed the damaging effect
of radiation on PMMA while also revealing the homogeneous
distribution of nanofillers in the system and the more
preserved appearance of the irradiated LDH-containing film.
Moreover, the higher roughness of the PMMA/LDH system
decreased the film transmittance by 8% for both irradiated
and non-irradiated conditions. The FT-IR spectra did not
show new bands or shifts when comparing systems with and
without LDH. These results indicate that there are no strong
chemical bonds between PMMA and LDH and that PMMA/
LDH films exposed to gamma radiation practically maintain
their mechanical properties, reinforcing the radioprotective
action of LDH in the system. The UV-vis analysis revealed
that PMMA and PMMA/LDH films (irradiated and non-
irradiated) absorb energy around 290 nm, attributed to the
n-electron transition of the carbonyl group.

Thus, the optical parameters were also influenced by
the combined effect of LDH and gamma irradiation. The
optical conductivity and dielectric constant values remained
the same, with peak values associated with lower energies
in the irradiated and LDH-containing systems. The impact
of this behavior was to decrease the optical gap value of
irradiated PMMA/LDH films. These results indicate that the
optical properties of PMMA/LDH films can be modulated
under gamma irradiation.
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