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Abstract: Radiation damage and the product formation chemistry in Polymethyl methacrylate (PMMA)
due to y-irradiation have been studied by SEM, XRD, FTIR, and UV-Vis spectroscopy. Co-60 gamma
source with a dose rate of 1.707 kGy/hr has been used for irradiation to a total 570 kGy dose. No
significant changes in morphology upon such irradiation. Crystallinity decreases at a lower dose and
then increases for a higher dose. Crosslinking dominates at lower doses, and chain scission overwhelms
at higher doses in the irradiated polymer. Two isosbestic points are formed, and the absorption maxima
shift towards a higher wavelength. The optical bandgap energy decreases with the addition of radiation
dose. A new FTIR peak at 1638 cm-1 appeared, suggesting the formation of an unsaturation center in
the irradiated polymer. Up to a dose of 409 kGy, FTIR absorption peak intensity increases and decreases
with further irradiation.
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1. Introduction

Polymethyl methacrylate (PMMA) is an amorphous, transparent, and colorless
thermoplastic material having good abrasion, UV resistance, and solvent resistance properties.
It is also known as Diakon, Lucite, Oroglas, Perspex, Plexiglas. PMMA in science and
technology, particularly in optics, electronics, biotechnology, photonics, space research, and
radiation shielding, in pure and composite forms, is well documented [1-18]. Polymer
properties can be modified by irradiation with ionizing radiations: x-ray, gamma radiation, and
electron & ion beams [19-28]. High energy ionizing radiation loses energy by inelastic
interaction with a polymeric material [29]. The changes in polymer properties generally depend
on radiation dose, internal polymer structure, length of chain, and the functional groups present
in the polymer [30-33]. The properties of the polymeric materials mainly depend upon the
formation of the crosslinking and chain scission. There is a competition between chain scission
and crosslinking during irradiation, controlled by the structural properties of the polymer [34].
It is a well-established fact that various types of chemical changes take place in the polymers
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during irradiation, such as elimination of low molecular weight products (H2, CO, COy), [35-
37] formation of vacancy clusters, generation of color centers, main chain scission in the
polymer molecules leads to decrease of its molecular weight, creation of new unsaturated bonds
and radical-radical combination (crosslinking with an increase in molecular weight) [38-41].

The effects of radiation on PMMA polymer have been studied by a number of
researchers, including the solid polymer of gamma-irradiated PMMA contains long-lived free
radicals, as described by [42-43], depolymerization [44] is the preeminence reaction in the
thermal degradation of PMMA polymers, with volatile product formation [35,36] is observed
in irradiated PMMA. The absorption of moisture and dimerization of the carbonyl group in
gamma-irradiated PMMA film is reported [2]. Positron annihilation lifetime spectroscopy
(PAL) [19] showed that the size and amount of free volume decrease with increasing radiation
dose due to irradiation-enhanced crosslinking in a polymer. The gamma-irradiated PMMA-
Reduced Graphene Oxide composite films can be an excellent candidate for biosensing and
biomedical applications [45-47]. PMMA film rupture [48] caused by irradiation occurred
before the start of the carbonization of the irradiated area. The gamma radiation modifies the
polymeric material's surface morphology and optical property [49].

The radiation chemistry of PMMA, after gamma irradiation, is of great technological
importance to find out mechanisms of chain scission and to crosslink in an irradiated polymer.
Although various published papers on gamma radiation damage in PMMA polymer are
reported [2,7,8,10,17,19,28,33,37,49], the damage mechanism is still not well understood. The
damages have been estimated using a scanning electron microscope (SEM), ultraviolet-visible
spectrophotometer, Fourier Transform Infrared (FTIR) Spectrometer, and X-rays
diffractometer. The bandgap energy (Eg) has been derived from optical absorption spectra. The
present work discusses schematic reaction mechanisms of product formation chemistry.
Empirical, experimental data on the behavior of gamma-irradiated PMMA have been
interpreted in terms of absorbed dose.

2. Materials and Methods

2.1. Materials and irradiation.

PMMA is an amorphous and transparent thermoplastic polymer. PMMA sheets of 0.38
mm thickness, procured from Good fellow Cambridge Limited, England, have been used
without further treatment. Samples of size 2x3 ¢cm? have been cut manually from the PMMA
sheet. Radiation damage in the polymer is greatly affected by the extent of the dose rate.
Irradiation is carried out with a dose rate of 1.707 kGy/hr using a *®°Co-gamma source at UGC-
DAE CSR, Kolkata, W.B. India, with doses up to the maximum dose of 570 kGy. The general
chemical structure of PMMA is shown in Figure 1, and the camera view of pristine and
irradiated polymer is shown in Figure 2, respectively.
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Figure 1. Chemical structure of PMMA polymer.
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Figure 2. Camera view of unirradiated and 100kGy, 375kGy, and 570 kGy irradiated PMMA polymer.
2.2. Characterization.

2.2.1. X-ray diffraction.

The XRD measurement has been done with PROTO, AXRD Benchtop Powder
Diffraction system using monochromatic CuKo (A=1.541A) line over 20 set from 10° to 70°.
The operating conditions were voltage 27 kV and current 12mA. For XRD, each sample has
been mounted on the spinning sample-holder, using clay to maintain the height of the polymer
sheet. The XRD patterns of pristine or unirradiated and different irradiated PMMA polymers
are shown in Figure 3.
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Figure 3. XRD patterns of unirradiated and gamma-irradiated PMMA polymer.

2.2.2. Scanning Electron Microscopy (SEM).

The surface morphology of gamma-irradiated and pristine or unirradiated PMMA
samples were also examined using a scanning electron microscope (JEOL: JCM- 7000
Benchtop SEM). The SEM images were used to study the morphological characteristics of
PMMA films before and after irradiation with the various gamma doses are shown in Figure 4.
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Figure 4. SEM image of PMMA (a) pristine; (b) 48 kGy; (c) 160 kGy; (d) 280 kGy; (e) 375 kGy; (f) 570 kGy.
2.2.3. UV-Visible spectrometry.

Optical absorption spectra of pristine and irradiated samples were measured in the
wavelength range 200-1100 nm, in absorption mode, using a step size of 0.5 nm, in UV-Vis
spectrophotometer (Lambda 360, India). The UV-Visible absorption spectra of pristine and
various gamma dose irradiated samples have been shown in Figure 5, in the 200 -600 nm
wavelength range.
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Figure 5. UV-Visible absorption spectra of pristine and gamma-irradiated PMMA polymer.
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2.2.4. FTIR Spectrometry.

FTIR spectra of virgin and each irradiated sample were recorded in the wavenumber
range 600 to 4000 cm™ in transmission mode using attenuated total reflection (ATR) facility
in Alpha-model FTIR spectrometer of Bruker, Germany. FTIR spectra of pristine and gamma-
irradiated PMMA polymer are shown in Figure 6.
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Figure 6. FTIR spectrum of pristine and different gamma dose irradiated PMMA polymer.

3. Results and Discussion
3.1. XRD.

The calculated distance between lattice planes (d-spacing) values, crystallite size, and
crystallinity percentage have been shown in Table 1 from the X-Ray diffraction (XRD) pattern
using Bragg's equation: d= A/2sin, where A is the wavelength of X-ray used, and 20 is the
diffraction angle. The full width at half maximum (FWHM) of the diffraction peak was
calculated by fitting the XRD data, and the crystallite size (L) was estimated by using the
Scherrer equation: L= K\ /B cos, where K is Scherrer constant, which depends upon lattice
direction and crystallite morphology, and B is the FWHM.

Table 1. Calculated lattice planes (d-spacing) values, crystallite size, and crystallinity percentage for pristine
and gamma-irradiated PMMA polymer samples.

PMMA 20 p=FWHM Crystallite size d(nm) Crystallinity Amorphous
sample (L) nm (%) (%)
Unirrad 24.56 0.21624 371.90 36.2266 56.60 43.40
100 kGy 24.50 0.19260 417.50 36.3139 54.08 45.92
375 kGy 24.54 0.24031 334.62 36.2847 54.38 45.62
570 kGy 24.54 0.23107 348.01 36.2847 57.02 42.98

From Table 1, it has been observed that there is no significant effect of radiation on the
distance between the lattice planes for the total dose of 570 kGy. The crystallite size initially
increases for 100 kGy doses and decreases with an increase in radiation dose. This seems to be
that radiation induces both chain scission and crosslinking phenomena in in the irradiated
polymer. At a lower dose, it was crosslinking dominates over chain scission behavior.
However, with an increase in radiation dose, chain scission predominates over crosslinking in
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irradiated PMMA polymer. The crystallinity initially decreases, which moderately increases
on a further dose increase. This is because the generation of free radicals and the formation of
crosslinking restrict the motion of the polymer chain, and hence the building of disorder
(amorphous regions) takes place. At the higher dose of 570 kGy, chain scission predominates
over crosslinking in irradiated PMMA polymer. This is because chain scission provides extra
mobility to the polymer chains to crystallize, increasing the crystallinity.

3.2. SEM.

From the SEM image of the PMMA films before irradiation, as shown in Figure 4, one
can note that irradiation revealed that no noticeable changes were observed in the morphology
after irradiation. At 160 kGy gamma-irradiated images (Figure 4c) show the diffusion of gas
bubbles coming out from the surface. Irradiation up to 570 kGy does not offer any remarkable
effect on the morphological characteristics of the PMMA sheet. There is a report reveals that a
lower dose of irradiation did not influence the morphological characteristics of polymeric
materials [50].

3.3. UV visible spectroscopy.

As shown in Figure 5 of pristine and the irradiated PMMA polymer, the UV-visible
absorption spectrum is recorded in the wavelength range of 200-1100 nm at room temperature
and is more sensitive in the 250-550 nm wavelength regions. Details of the spectra are given
in the proceeding text.

3.3.1. Region between 250-325 nm.

The absorption value in the range of 250-325 nm is due to the =—7* transition. It has
been noticed that the absorbance value increases with the increase in gamma irradiation dose.
On irradiation, the nature of spectra is modified, and optical density (absorption value)
increases. This is due to the detachment of more methyl carboxylate radicals (CHzOCO) [51]
and the change in the chemical structure of the irradiated polymer on increasing the radiation
dose. This increase in absorption value infers an increase in density of the chromophores within
the polymer sample that allow n—=r* transitions due to the formation of sequential (—-C=C-)
unsaturated centers in the main polymer chain.

3.3.2. Region between 325-375 nm.

The absorption value in the range of 325-375 nm is decreased with an increase in the
irradiation dose. This suggests that the chemical structure in the >C=0 system is changed after
irradiation. It is due to the decomposition of unimolecular methyl carboxylate radicals
(CH30CO) formed from the detachment of PMMA polymer. These methyl carboxylate
radicals break into small molecular weight products of carbon dioxide [51-52]; as a result,
absorbance decreases.

3.3.3. Region between 375-540 nm.

The absorption value in the range of 375-540 nm is due to the n—=* transition in the
carbonyl (>C=0) system. It has been seen that the absorbance value increases with the increase
in gamma irradiation dose. It is attributed to the irradiation-inducing unsaturated center in the

https://biointerfaceresearch.com/ 6 of 18


https://doi.org/10.33263/BRIAC132.187
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC132.187

form of conjugated dienes (-C=C-), group in the irradiated PMMA polymer chain
[2,28,30,34,53]. An increase in the density of the unsaturated dienes group in the irradiated
polymer can increase the absorption over the broad spectral range from 250-375 nm.

It has been submitted that the formation of a new band from 375 to 540 nm is due to
the presence of color centers in the polymer sample. This is due to the generation of radicals
and the development of vacancies inside the tracks of the polymer. Therefore, the trapping of
electrons and holes under irradiation occurs. Furthermore, the absorbance value of the color
center band increases on irradiation. This seems to be due to the generation of radicals resulting
from chain scission in the polymer. The chain scission improves the mobility of the polymer
chains and reduces crosslinking.

3.3.4. Isosbestic points.

We have found that in the absorption spectra (Figure 5), two isosbestic points (at
wavelength 325 nm & 373 nm) are developed, at which these absorption spectra cross each
other. Isosbestic point is a specific wavelength or frequency at which the absorbance of a
material does not change during a physical change or a chemical reaction in the sample. The
transparency of a material is directly related to the amorphous portion of polymer material.
Absorbance is wavelength-dependent material properties [54] and depends solely on the
absorption and transmission coefficient ratio. The two isosbestic points are developed because
at wavelength 325 nm and 373 nm, the absorption and transmission coefficient is
counterbalancing to each other so that the absorbance value remains unchanged.

3.3.5. Optical bandgap.

According to Tauc and Davis—Mott model [55], the shift in absorption edge from
ultraviolet towards visible region under irradiation was correlated with Eq (the bandgap energy)
as follows: ahv = B?(hv - Eg)™, where o= 2.303A/d, with A = absorbance and d = thickness of
the sample.

Direct band gap gamma irradiated PMMA

(chv)” (in eV)

0 T -~ T T T 71 ?.331 'afz'al 2;31 2|'33- 2'1|E T T T
23 24 25 26 27 28 29 30 31 3.2 33 34 35
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Figure 7. Bandgap energy evaluation of pristine and gamma-irradiated PMMA polymer.
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Also, a is the optical absorption coefficient, and v = ¢/A is the frequency of incident
photon (with A=wavelength & c= velocity of light in vacuum), h = Plank constant, B = band
tailing parameter. B (depending on transition probability) has been assumed to be constant in
the optical frequency range. Here, m is the transition index parameter. It may have values (2,
3, 1/2, and 1/3), implying indirect allowed, indirect forbidden, direct allowed, and directly
forbidden transitions, respectively [56, 57]. We have estimated the bandgap (Eg) as shown in
Figure 7 and Table 2, using equation ohv = B?(hv - Eg)™.

Table 2. Compilation of Tauc and Davis—Mott model [ahv = B%(hv - E¢)™] fit parameters for bandgap energy
(Eg) and absorption edge (Aq) parameter (here, m = for directly allowed band gap) for the PMMA samples
irradiated with different gamma doses.

Gamma Irradiation dose in (kGy) | Unirrd. | 48 100 160 375 570
Bandgap energy (Eg) in (eV) 3.15 3.08 | 3.01 2.99 295 |290

Absorption edge (Ag) in (nm) 394 403 | 412 415 420 428

In general, ionizing radiations create defects and/or enriched carbon clusters, removing

low molecular weight volatile products in the polymer due to this material's bandgap modifies.
[21, 29, 34-36, 38, 58-61]. From Table 2, it is noticed that the bandgap energy of PMMA
polymer decreases with an increase in gamma dose. This decrease in the bandgap energy is due
to the generation of defects in the irradiated PMMA. Consequently, this bond-breaking might
lead to a lower energy state in the irradiated polymer. It is reported that change in bandgap
seems to be due to the phenomenon of chain scission and crosslinking [2]. On increasing
radiation from a lower dose (100 kGy) to a higher one, chain scission dominates over
crosslinking. This induces an increase in the polymer chain flexibility, and a decrease in the
bandgap is observed.
The formation of isosbestic points suggests the rearrangement of polymer chains occurs in the
impact of the energy transfer. This transfer of energy alters the irradiated polymer so that at
wavelengths 325 nm and 373 nm, the absorbance of light is negligible. There are reports [2,58]
that suggest that the magnitude of crosslinking and chain scission mainly depends on the
structure of the polymer [62].

Here, the availability of many PMMA molecules for the chain scission and the radicals
for the crosslinking increases the absorption amplitude.

3.4. FTIR spectroscopy.

FTIR analysis was used to investigate the nature of the chemical modifications caused
by gamma irradiation in PMMA. The spectra of the gamma-irradiated PMMA polymer (refer
to Figure 6) are nearly similar to that of the pristine PMMA except for changes in the amplitude
and the locations of absorption peaks. The position of characteristics absorptions observed in
FTIR spectra is presented in Table 3. It has been observed that the absorption intensity of most
of the peaks in FTIR spectra increases after gamma irradiation up to 409 kGy, followed by
decreases up to dose 570 kGy.

The FTIR spectra peaks at 2950 and 2996 cm™ show an intense C-H symmetric and
asymmetric stretching. Attributed to the C-H stretching vibrations in carbonyl OCHs, pendent
CHs, and primary chain —CH>— group [2,34,63]. The broad peak of the C-H vibration mode is
due to pendant methyl groups influenced by neighboring chains' methyl groups [61]. The peak
at 1726 cm™ is attributed to the ester carbonyl group (>C=0) stretching vibrations, which is
found in agreement with the earlier reported results [2,30,34, 51,52, 63-64]. Band peak below
https://biointerfaceresearch.com/ 8 of 18


https://doi.org/10.33263/BRIAC132.187
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC132.187

1500 cm* shows many peaks is due to the C-H deformation mode of methyl subunit between
1500 cm™ and 1385 cm™. The peak between 1237 and 1268 cm™ is attributed to C-C-O
stretching vibrations of the methyl carbonyl group. Moreover, the peak between 1190 and 1141
cm? is due to C-O-C vibrations. The peaks 911, 964, and 985 cm™ have been assigned for C-
H rocking modes, and 751cm™ assigned for C-C skeletal mode [2,51].

Table 3. FTIR peaks (peak in cm™) assignment for pristine and gamma-irradiated PMMA polymer.

Pristine 100 375 409 570 Wave number & Reference
kGy kGy kGy kGy
751 751 751 751 751 751, C-C stretch, C-C skeletal mode [2,51,52, 63,64]
839 841 841 841 841 839, CH2 rocking, [2,51,52, 63,64]
911 909 915 913 915 911, O-CHs rock[2,51,52, 63,64]
964 966 966 964 968 964, O-CHs rock [2,51,52, 63,64]
985 985 985 985 985 985, O-CHs rock [2,51,52, 63,64]

1065 1063 1063 1065 1063 1065,C-O-C Asymmetric stretching, [2,51,52, 63,64]

1141 1141 1141 1141 1141 1141, C-O-C Asymmetric stretching, [2,51,52, 63,64]

1190 1190 1190 1190 1190 1190, C-O-C Asymmetric stretching, [2,51,52, 63,64]

1237 1239 1239 1237 1237 1237, C-C-O Symmetric stretching, [2,51,52, 63,64]

1268 1268 1268 1268 1268 1268, C-C-O Symmetric stretching, [2,51,52, 63,64]

1385 1385 1385 1385 1385 1385, C-H deformation, (C-H bending), [2,51,52, 63,64]

1434 1434 1434 1434 1434 1434, C-H deformation, (C-CHs bending, C-CH.-bending), [2,51,52,
63,64]

1640 1640 1638 1640 1635, (broad), C=CHz stretching (in a,p unsaturated carbonyl
compound), [2,51,52, 63,64]

1726 1724 1724 1720 1726 1726, C=0 stretching[2,30,34, 51,52, 63,64]

2358 2362 2358 2344 2364 2358 (free CO») [63-64]
- 2951 2951 2951 2949 2950, C-H Symmetric stretching in —CHz—, —CHz and -CH>— [2,
27-30,34,51,52, 63,64]

2998 2992 2996 2996 2996, C-H Asymmetric stretching in (-CH2—, —CHs and —CH2>— [2,
27-30,34, 51,52, 63,64]

3651 3649 3651, O-H stretching [2,51,52, 63,64]

Gamma radiation up to 409 kGy enhances the absorption intensity of most of the peaks
in the spectra, followed by a decrease in its intensity at higher doses of 570 kGy. The carbonyl
group peak shifted from 1726 cm™ to a new position at 1722 cm™ and changed its amplitude.
The peak intensity below 1300 cm™ increases up to 409 kGy irradiation. Significant broadband
between 3300 and 3750 cm™ is observed due to the formation of the hydroxyl group. In ion
irradiation, hydroxyl group formation was reported by many researchers [51,52,63,64]. The
development of hydroxyl group formation is explained in (eq. no 15) schematic presentation
of the reaction mechanism.

The new peak at 1640 cm™ was observed and attributed to an unsaturated (C=C)
stretching vibration. Its intensity increased, and the peak shifted to 1638cm™ for up to dose 409
kGy. At a higher radiation dose of 570 kGy, peak intensity decreased and moved to 1640 cm™.
In pristine PMMA polymer absence of a 1640 cm™ is peak suggests no formation of the
unsaturated group (-C=C-) in the polymer. The increase in peak intensity indicates that more
unsaturated groups are created, and the shifting of the peak in a lower position from 1640 to
1638 cm! suggests conjugation formation [2,51,52, 63,64]. Broadening of peak around 1640
cm™ means a different type of environment for (C=C) group. Formation of unsaturation is
explained in schematic reactions (5,6,9) presentation of the reaction mechanism.

The absorption peak corresponding to carbonyl group ( >C=0) vibration occurs in
pristine PMMA sample at 1726 cm™, whereas in 409 kGy gamma-irradiated samples, it appears
at 1720 cm® with the increase in intensity. This suggests that the carbonyl group environment
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being changed and peak shift to the lower value is due to the carbonyl group existing in the
conjugated environment. The formation of the carbonyl group (>C=0) is explained in the
schematic reactions (9,11,14) presentation of the reaction mechanism.

It has been noticed that the maximum increase in the absorption for 1638 and 1726 cm-
! peaks after 409 kGy irradiation, followed by a decrease in intensity for higher doses. This is
probably due to the generation of more methyl carboxylate radicals (CH3OCO) [51] and the
formation of an unsaturation center (defects). On further irradiation (up to 570 kGy), a decrease
in absorbance value suggests a more radical combination involved. As a consequence decrease
in absorption is observed. The long polymer molecular chain breaks and links among the
leading chains through radical coupling (crosslinking) that occurs in the irradiated polymer.
Breaking the molecular chain is more than crosslinking in case of a higher dose. The absorption
becomes lower at a higher dose is due to the fragmentation of the subunit methyl carboxylate
radicals into low molecular weight CO and CO: volatile products. This suppresses the intensity
of the carbonyl group. The decrease in intensity with an increase of radiation dose from 409 to
570 kGy as observed in peaks at 751, 1141, 1239, and 1726 cm™ to a negative direction
indicates the breaking of C-C, C-O-C, and C-C-O bonds [2].

It assumed the band at 1638 cm™ occurs due to the generation of unsaturation as a result
of the recombination of the radicals. Negligible change in the intensity of the peak at ~2358
cm™ (attributed to free CO2) indicates the insignificant amount of CO. gas evolved in the
present case. However, SEM images (Figure 4 c) support the evolution of gas formation. The
formation of a small molecule CO and CO; is explained in the scheme of reaction (2)
presentation of the reaction mechanism. Small-molecule CO, CO; is formed due to chain
scission dominance over crosslinking at a higher dose.

CHj CHs CHs CH
/ / / o /3 0
9w CH,~C—CH—C——CH,—C—CH——CM™. + H
c=0 c=o c=o0 c=0
/ / / /
o o o o
CH, CHs CHj CHs
(A) (B)
O]
CHa CHa . Chs CHa
s CHy G —CHy—C——CHy—C——CHy—Cn. /CO:O
() - — _
C=0 C=0 c=0
CHs CHs CHs CHa / O/ O/ / o
o}
. CHy—C—CH,—C——CH,—C—CH,—Cmww, \ \ \ CHs
rays
\ \ \ \ _y-ray CH, CHg CHsg
c=0 c=o c=0 c=0 m
J J J J \(&) © (D)
\ \ \ \
CHg CHs CHj CHj oH; oy CHs A
0
e CH,—C—CHy;—C——CH,—C—CH,—C_  + CHj
Polymethyl methacrylate (PMMA) 2 \ezo 2 —o 2 \c*oz ‘o
(1v) / T s v
Q % R QA
CHj CHj CHj CHs
(E) (F)
Chs CHs . CHs o s
w0 CHy~C—CHy—C—CH—C +  Hp G,
=0 =0 £=o =0
o) o) ¢) 0
\ \ \ \
CHs CHs CHy CHs
(G) (H)

Generation of free radicals A, B, C, D, E, F, G & H in irradiated PMMA  __ (]_)
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3.5. Schematic reaction mechanism of product formation.

The ionization and excitation phenomena occur within the polymer when
electromagnetic radiation (ionizing radiation) interacts. This is due to the transfer of energy to
the polymer molecules of the medium. Due to this, polymers endure bond cleavages after
absorbing energy, resulting in the formation of non-saturated fragments called free radicals
[58]. These free radicals are responsible for most chemical transformations reaction (I, 11, 111
& 1V), as shown in the following reaction scheme (1).

3.5.1. Generation of free radical, liberation of low molecular weight species.

The low molecular weight free radicals (B, D, F) formed in the scheme of reaction (1)
go into the radical-radical coupling and produce a low molecular weight stable volatile product,
as shown in the following scheme of reaction (2).

2H0 —> H,

CHg +H® — CH,

0
0.0 e CHy + CO
CHZO +H — > CH30OH =0 3 2
HaC—0, . CHy T~ 0
® +H —— CH,+CO, CH;0 + CO
O//
Fomation of volatile molecules and Formation of CO and CO, - (2)

3.5.2. Dimerization (radical coupling).

The bond dissociation energy for the tertiary C-H bond is much less than that of the
secondary and primary C-H bonds.

CH CH CH CH
/CH3 /CH3 /CH3 /CH3 v -rays / 3 . / 3 / 3 0/ 3 0
v CHy~C——CHy—C——CH,—C—CH,—CH  ———3  #WCH;~C—CHp—C—CH—C—CH;—C + H
e = = — c= CcC= = —
=0 =0 c=o  c=o J o J o c=o  c=o
o o
O\ O\ O\ O\ \ \ \ \
CH, CH, CHs CHs CH3 CH CH; CH,
Polymethyl Methacrylate (PMMA) tertiary-radical formation of PMMA -- (3)
CH CH CH CH CH CH CH CH
/8 s s 0/ 3 s s VA At
99 CHy =G CHy—C—CHy—C—CH,—C +  mwCH,—C——CHy—C—CHy—C—CH,—C
c=o0 c=o c=o c=o c=0 c=o0 c=o0 c=o
/ / / / / / / /
(@] (0] (@] (e} (o] (e} (o] (e}
\ \ \ \ \ \ \ \
CHj CHj CHj CHg CHj CHj CHg CHg

t-PMMA radical t-PMMA radical

l Dimerization

CHs CHa Chs CHs  CHs CHs CHs CHs
M CH,—C——CHy—C——CH,—C——CH,— C—CHy—C——CH,—C—CH,—C

2 \ 2 ‘o 2N 2N \ 2N z N Z Mo,

) ; £=o £=o0 c=o £=o £=o0 £=o

o) o] 0 o) o) o) o] o)
\ \ \ \ \ \ \ \

CHs CHs CHg CHg CHs CHg CHs CHg

Dimer (PMMA-PMMA) formation - (4)

The weak C-H bond in the tertiary compound is the most preferred dissociation of
PMMA polymer that generates the highly unstable PMMA radical. This unstable radical is
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dimerized into a PMMA-PMMA type dimer compound, as shown in the scheme of reactions
(3) & (4). This agrees with the report of dimer formation in PMMA [65].

3.5.3. Formation of unsaturation and color center.

Irradiation at first cleaves the C-H bond and occurs in the scheme of reaction (1), leading
to unstable hydrogen free radicals. Consequently, the unstable C-C bond undergoes pendent
group cleavage (OCOCHz3 and CHa), as shown in the scheme of reactions (5) & (6), resulting
in the formation of molecular fragments with one of the fragments containing C=C at the side
chain. The formation of these extended conjugation double bonds in the scheme of reaction (5)
within the irradiated sample is one of the reasons for the change in color of the film from white
to pale yellow (Figure 2).

CHs CHs CHs CHs CHa CHs s
.MWCch\—CHZ—c\—CHO—c\—CHZ—c@m. 97 CHy = C——CHp—C——CH==C—CH,—Cp. .
= f— = = B — C=0 C=0 C= c=o0 + CH
£=o £=o £=o £=o J J £=o £=o 3
o} o) 0 o)
\ \ % R \ \ \ \
CHg CHg3 CHg CH3 CHg CHg3 CHg CHg
PMMA in radical form Formation of conjugated unsaturation (color) - (5)
H H CH
/CH3 /CH3 o /CH3 /CH3 /C 3 /C 3 ;s /CH3 .
10997 CHy G CHp ™ C—— CH——C—CHp— G, 995 CHy = C——CHp—C——CH==C——CH,—Cy. =0
= = = = C=0 C=0 c=0 -+
£=o =0 g£=o0  c=0 —> J J J o
2 2 o R \ \ \ CHs
CHg CHg CHjy CHs CHs CHg CHs
PMMA in radical form Non conjugated unsaturation formation -- (6)

3.5.4. Formation crosslinking.

Irradiation at first cleaves the C-H bond occurs in the scheme of reaction (1), leading to
unstable two or more hydrogen free radicals, undergoes crosslinking as shown in the scheme
of reactions (7) and (8).

CH CH CH H CH CH CH CH
/78 s s fFHs s A A
v CH,—C——CHy—C——CH,—C——CH,—C#Ww. . CH,—C——CH——C——CH,—C——CH——Caw,
\ \ \ \ Gamma rays (hv) \ \ \ + 2H0
= = = = —_— C=0 C=0 C= C=
/c o} /c o /c o /c o} o/ o/ £=0 £=0
0 o) o) 0
\ \ O\ O\ \ \ \ \
CHs CHg CHy CHj CHs CHg CHs CHg
PMMA PMMA in di-radical form
0
H  — o, - (7)
CH CH CH CH CH CH CH CH
VP VP s Vsl Vs e
AW CH,—C——CH——C——CH,—C——CH——Cw, i CH,—C——CH—C——CH,—C——CH—C»w,
\ \ \ \ 2 \ N \
c=o0 C=0 C=0 C=0 c=o0 c=o0 Cc=0 c=o0
/ / / / / / / /
o} o) o) 0
\ \ \ \ o\ O\ O\ O\
CHg CHg CHs CHg CHg CHs CHg CHj
+ — >
CHg CHg CHg CH CH CH CH CH
/ 0/ / 0o /B S fohs Pk S,
_mvm»CHzfc\fCHfc\fCHz—c\—Cch\M"“. _mcHzfc\—CH—c\—CHz—c\—CH—cm.
\
c=o0 c=o c=o0 c=o0 = = = =
O/ o/ / / f=° f=° f=° f=°
0 e}
\ \ \ \ N % R\ R\
CHs CH3 CHj CHs CHs CHj CHs CHs
PMMA in di-radical form Cross-linking formation -- (8)
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3.5.5. Formation of chain scission, depolymerization.

The radical formed in the scheme of reaction (1), leading to the C-C bond cleavage,
undergoes main chain scission as shown in the scheme of reactions (9), (10), and (11)—
resulting in the formation of molecular fragments with one of the fragments containing C=C at
the side chain. The depolymerization of PMMA polymer into monomer is explained in the
scheme of reactions (10) and (11). This agrees with the result reported by [44].

CHg CHg CHg CHs CHg CHg CHs CHg
/ / / o/ / / / 0 /
e CHy— G CHy—CCHp—C—CH™—Cw». 0 CHp—C~CH,—C——CH=C_ Hy C—Cmw.
Cc=0 c=o0 c=0 cC=0 —>» Cc=0 c=0 cC=0 + c=o
/ / / / / / / /
O, (e} 0 e} (e} o] o) O
\ \ \ \ \ \ \ \
CHs CHj CHj CHj CHg3 CH3 CHg CHg
PMMA in radical form Formation of unsaturation Chain scission __ (9)
CH CH CH CH CH CH CH
o i ks Ve /78 s o ks A
Hy C*C\—CH2*C\7CH2*C\7CH2—C<""W‘. HZC:C\ Hy C*C\iCHZ—C\—Cchs"""".
C=0 CcC=0 C=0 c=0 —> c=o0 + C=0 C=0 cC=0
/ / / / / O/ O/ O/
0 o) 0 o)
\ \ \ \ N \ \ \
CHs CHs CHs CHs CHy CHg CHs CHs
PMMA in radical form Depolymerization -- (10)
H H H CH CH CH CH
/C 3 /C 3 /C 3 o /CH3 fHs fHs o s ., Cic/ 3
A CH,y—C——CHy—C——CH,—C——CH,— A CH,~C——CH,—C——CH,—C =
PAASN FARASN 2 & 2 C\ 2 \C LN 2 G N 2 \C_O
£=o £=0 £=o £=0 —> O/ £=0 £=0 o/
o) 0 o) 0 o o
\ \ \ \ \ \ \ \
CHg CHg CHg CHg CH3 CHg CHg CHg
PMMA in radical form Depolymerization - (12)

3.5.6. Formation of the adduct, carbonyl, and hydroxyl group.

Free radicals generated in the scheme of reaction (1) interacted with the atmospheric
oxygen and formed an adduct. This unstable adduct transforms into carbonyl and hydroxyl
groups, as shown in the following scheme of reactions (12), (13), and (14).

0

-0
CHa CHs CHs CHs CHs CH3 /CH3? SFHs
0 — —C— —_C— P
(400 CHy =G CHy G CHp— G CH—— ¢, 99 CHp ™ G CHp G CHy — G CH——C™

c=o0 c=o0 c=0 c=0 *+ 02 — £=o £=o £=o £=o

/ / / / o o o o
o o o o \ \ N \

CHs CHg CHg CHg CHa CHg CHs CHg

PMMA in radical form Adduct - (12)

Adduct formed in the scheme of reaction (13) further transforms into a carbonyl group
represented by the scheme of reaction (14). FTIR band peak at 1726 cm™ of the carbonyl group,
and its intensity increased due to the rise in the concentration of the carbonyl group (>C=0).
The chemical reaction in the scheme of reactions (15) represents the formation of the hydroxyl
group, which is observed in the irradiated PMMA polymer reported by a group of researchers
[2,51,52,63,64]. However, our study has no significant hydroxyl (O-H) band peak formation,
although we noticed slight increases in absorbance in the band range of 3200-3700 cm™.
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0

-0
CH CH CH? CH
/ 3 / 3 / 3 / 3
A CH,—C——CH,—C——CH,—C——CH—C,
\ \ \ \
c=o0 c=o c=0 c=o 0
/ / / / CH CH CH T CH
O\ O\ 0\ O\ sk Vadls: Vadls: k!
CH3 CHg3 CHg CHs A““NV‘CHZ*C\70H2*C\7CH2*C\—CH7C<""""“.
C: C: pu— p—
+ — 2X £ fFe 0 O+ 0
o0-0° o] o] o} 0
\ \ \ \
CHa CHa CHa CHa CHj CHj CHy CHj
9o CHy =€ CHy ™ C——CHy—C—CH—C.
£=0 =0 £=0 £=° Adduct in oxide form
o) o} o} o}
\ \ \ \
CHg CHs CHg CHs
Adduct - (13)
0
CH CH CH; @ CH
S St /CHBT [Hs / 3CH Vah ol /8
e CH,—~C——CH,—C——CHpy—C—CH—Cw, s CH,—C——CHy—C——CH,—C—C——C"W,
* =0 =0 o= o= i \c—o i \c—o i \c*o \c—o + W
£=o =0 =0 £=0 — O/ = O/ = = =
o) o) o) o)
\ \ o R \ \ \ \
CHg CHj CHj CHj CHs CHg CHg CHj
Adduct in oxide form Carbonyl group formation -- (14)
0
CHs CHs /CH3C‘) CHs FHs CHa §:H3(‘3H CHs
w9 CHy—C——CHp ™G ——CH,—C— CH—Cw. w9 CHy—C——CHp ™ C——CH,—C—CH— g,
0
c=0 c=0 c=o c=0 * H —> c=o0 c=0 c=o c=o0
/ / / / O/ O/ / /
o) o) 0 o)
\ \ R o \ \ \ \
CHs CHs CH3 CH3 CHg CHs CHs CHg
Adduct in oxide form Formation of hydroxyl group - (15)

4. Conclusions

The degradation reaction mechanism of the irradiated PMMA polymer has been
investigated by using SEM, XRD, FTIR, and UV-Vis spectroscopy. SEM images show no
significant change in surface morphology on irradiation up to 570 kGy. X-ray pattern shows
that percent crystallinity first decreases from pristine value and then increases with an increase
in gamma dose. This is because the generation of free radicals and crosslinking affects
crystallinity. The lowest dose (5kGy) of y-irradiation is effective and enhances optical
absorbance detected by UV-Vis spectroscopy. No significant measurable effect of radiation on
lattice planes distance. The size of crystallites is moderately affected by radiation. Radiation
induces both chain scission and crosslinking in the PMMA polymer. Crosslinking is preferred
at a lower dose; however, chain scission is higher. The formation of isosbestic points at
wavelengths 325 nm and 373 nm is due to the ratio of absorption and transmission coefficient
being unaffected so that the absorbance value remains unchanged. Due to the existence of the
isosbestic points in PMMA polymer, it can be used to determine accuracy in the wavelength
of the spectrophotometer.

A new absorption band appears in the visible spectral range due to color centers due to
the generation of defects in the PMMA polymer after irradiation. Visually coloring of the
almost colorless PMMA sample on irradiation from pristine has been observed. Color center
and bathochromic shift are due to an increase in the number of conjugation in the irradiated
polymer. The band energy gap decreases with an increase in radiation dose. FTIR results
(1635cm™?) show the development of unsaturated (C=C) centers in the irradiated polymer. The
reaction mechanism of products formation chemistry of unsaturation, low molecular weight
products, chain scission, crosslinking, dimer PMMA-PMMA, and depolymerization generation
has been discussed. The gamma irradiation in the air induces unsaturation hydroxyl group
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formation in the irradiated polymer. This modifies the molecular structure of the PMMA
polymer.
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