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Abstract

Solid-state radiophotoluminescence (RPL) dosimeters based on organic materials were developed.
Focusing on the generation of fluorescent molecules from the reaction between benzoic acid in
polymers and radicals, samples of PMMA, PVC, and PVA containing benzoic acid at different
concentrations were prepared. The responses of these samples were evaluated by measuring the
photoluminescence spectra before and after X-ray irradiation. In the PVA samples before and after X-
ray irradiation, the emission peak was observed at 412 nm and is attributed to salicylic acid. The
photoluminescence intensity increased upon X-ray irradiation. Based on the FT-IR spectra of the
samples, the increase in the photoluminescence intensity after X-ray irradiation is attributed to the
formation of salicylic acid. At the optimal benzoic acid concentration of 1 wt%, the linear response
range was 0—-60 Gy. In the PMMA samples before and after X-ray irradiation, the emission peak was
observed at 435 nm and is attributed to benzoic acid tetramers. The photoluminescence intensity
increased upon X-ray irradiation. Based on the FT-IR spectra of the samples, the increase in the
photoluminescence intensity is attributed to an increase in the photoluminescence efficiency of benzoic
acid tetramers resulting from PMMA oxidation. At the optimal benzoic acid concentration of 1 wt%,
the linear response range was 0—100 Gy. In the PVC samples before and after X-ray irradiation, the

emission peak was observed at 437 nm and is attributed to benzoic acid tetramers. The



photoluminescence intensity decreased upon X-ray irradiation. Based on the FT-IR spectra of the
samples, the decrease in the photoluminescence intensity is attributed to the decomposition of benzoic
acid tetramers. The radiation-induced reactions in the PMMA and PVA samples can potentially be

utilized as the operating principle for organic RPL dosimeters.



1. Introduction

Radiation therapy is one of the primary treatments for cancer. lonizing radiation can destroy cancer
cells or cause genetic changes resulting in cancer cell death [1]. Since it does not require surgical
resection of the tumor, radiation therapy is an effective treatment that places less strain on the body.
Radiation therapy includes external beam radiation therapy [2], in which radiation is delivered from
outside the body; brachytherapy [3], in which radioactive sources are inserted into the body; and
nuclear medicine therapy [4], in which radioactive substances are administered orally or via injection.
In external beam radiation therapy, technological advances—achievement of complex dose
distribution using multi-leaf collimators and precise control of the beam characteristics using modern
accelerators— enable the focused high dose to the tumor while minimizing the radiation dose to normal
tissues. In intensity-modulated radiation therapy, the radiation beam intensity is modulated according
to the arrangement of the target and surrounding organs [5]. In image-guided radiation therapy,
volumetric imaging performed during treatment enables precise radiation delivery to the tumor itself
or to the organ in which the tumor is located [6]. Consequently, there has been a growing demand in
recent years for accurate measurement of radiation dose distribution.

Currently, ionization chambers and semiconductor detectors are widely used as active detectors for
dose measurement in radiation therapy [7]. An ionization chamber is a device that collects ion—electron
pairs generated by radiation within a cavity filled with gas as electrical charge. Due to their excellent
stability, high linearity with respect to absorbed dose, and low directional dependence, they are widely
used for reference dose measurements in megavolt X-ray therapy [8]. Semiconductor detectors are
able to achieve excellent spatial resolution because of their high sensitivity and small sensitive volumes.
However, there is an issue of poor signal-to-noise ratio at low dose rate [9]. In addition, radiochromic
films and silver halide films are used as passive detectors. Radiochromic films achieve high tissue
equivalence and excellent spatial resolution using organic materials and are widely used in current
radiation therapy for measuring two-dimensional dose distributions. For example, GafChromic

radiochromic films produce colored images when exposed to radiation with strong absorbance in the



red spectrum (575-675 nm) [10]. Silver halide films absorb radiation and form electron-hole pairs,
and the electrons combine with silver ions at defect sites within the crystal to produce neutral silver
atoms. As a result, silver atoms accumulate and absorb visible light, thereby creating a latent image
[11]. Since many of these dosimeters used in radiation therapy are composed of materials with effective
atomic numbers and radiation absorption characteristics that differ from those of biological tissue,
discrepancies may arise between the measured dose distribution and the actual one within the human
body [12]. For this reason, there is a need to develop tissue-equivalent dosimeters.

Several luminescence phenomena are used for dose measurements, including thermoluminescence
(TL) [13], optically stimulated luminescence (OSL) [14], and radiophotoluminescence (RPL) [15]. TL
and OSL are phenomena used for quantifying dose from radiation by utilizing electrons trapped in the
materials. Upon stimulation by heat or light, these electrons can escape their traps and recombine with
holes, exhibiting luminescence with its intensity reflecting the absorbed radiation dose. Materials used
in TL dosimeters include LiF:Mg,Ti [13] and LiF:Mg,Cu,P [16], while materials used in OSL
dosimeters include Al-Os:C [14] and BeO [17]. In radiation therapy, LiF:Mg,Cu,P chips have been put
into practical use as TL dosimeters for in vivo dose measurement [ 18]. Furthermore, a lithium borate-
based material with an effective atomic number of approximately 7.3 has been developed as a tissue-
equivalent TL dosimeter [17]. RPL dosimeters have attracted attention in recent years due to their
superior characteristics—high radiation sensitivity, stability, and minimal fading—compared to TL and
OSL dosimeters. RPL is a phenomenon in which ionizing radiation generates new luminescent centers.
The intensity of luminescence of the luminescent centers reflects the absorbed radiation dose. For
example, silver-doped phosphate glass has been used as a personal dosimeter [19]. In the field of
radiation therapy, it is also used for phantom dosimetry and in vivo dosimetry [20]. However, most
RPL dosimeters are composed of inorganic materials with high effective atomic numbers. Thereby,
there is a need for the development of tissue-equivalent RPL dosimeters.

In previous studies, an aqueous RPL dosimeter using benzoic acid was developed [21]. Upon X-ray

irradiation, hydroxyl radicals are generated in the aqueous solution and react with benzoic acid to



produce salicylic acid, causing an increase in the photoluminescence intensity. Based on a similar
principle, aqueous solution dosimeters using terephthalic acid, trimesic acid, and coumarin-3-
carboxylic acid have also been developed [22,23,24]. In addition, water-based organic gel dosimeters
using benzoic acid have been developed. By using nanoclay, the dosimeters have high sensitivity in
the 1-5 Gy range [25]. Furthermore, nanoclay gel dosimeters containing terephthalic acid, trimesic
acid, and coumarin-3-carboxylic acid have been developed [25,26]. RPL dosimeters based on aqueous
solutions and nanoclay gels possess sufficient sensitivity for dose measurement in radiation therapy.
However, the measured dose distribution becomes blurred due to the diffusion of the active chemical
species within the matrix and a decrease in sensitivity at high temperatures [27,28].

Solid-state organic RPL dosimeters have been developed based on polymers and dye molecules. Upon
exposure to X-rays, the dosimeters are endowed with fluorescent properties. A PVC-based dosimeter
containing coumarin-3-carboxylic acid exhibited a linear response in the 100-500 Gy range when
exposed to X-rays (CuKa) from an X-ray generator with a dose rate of 500 Gy min~1[29]. In addition,
a PVC-based dosimeter using 2',7'-dichlorofluorescein diacetate was developed and exhibited a linear

response over a dose range of 100-4,000 Gy [30]. As a solid-state dosimeter that combines high
sensitivity with tissue equivalence, a dosimeter combining BQ and fluorescein in a PMMA-—propylene

carbonate host has been reported [31]. This dosimeter exhibited a linear response in the 2—4 Gy range.
However, there are few reports of highly sensitive materials among polymer-based solid dosimeters,
and there is a need to develop sensitive solid-state RPL dosimeters. Although sensitization using
inorganic phosphors has also been attempted, the inclusion of inorganic phosphors adversely affects
the tissue equivalence of the dosimeter [32].

In this study, we focused on the generation of fluorescent molecules such as salicylic acid resulting
from the reaction between benzoic acid in polymers and radicals. Polymethyl methacrylate (PMMA),
polyvinyl chloride (PVC), and polyvinyl alcohol (PVA) were selected as polymers for dispersing

benzoic acid. PMMA is a polymer with excellent transparency and processability, while PVC has a



high radiation chemical yield of radical generation [33]. PVA contains hydroxyl groups and is expected
to efficiently generate hydroxyl radicals upon X-ray irradiation [34]. We prepared samples of PMMA,
PVC, and PVA containing benzoic acid at various concentrations. The responses of these materials

were evaluated by acquiring the photoluminescence spectra before and after X-ray irradiation.

2. Experiments

PMMA, PVC, and PVA were used as the host polymers. Benzoic acid, PMMA, PVC, PVA, and
tetrahydrofuran (THF) were purchased from Fujifilm Wako Pure Chemical. The raw materials were
used as received without further purification.

Three kinds of materials were fabricated by adding benzoic acid to PMMA, PVC, or PVA. The PMMA
and PVC samples were prepared as follows. PMMA or PVC (5.0 g) was dissolved in 50 ml of THF in
beakers. The solutions were then divided into plastic (PFA) beakers so that each beaker contained 0.5
g of PMMA or PVC. Benzoic acid (0.5 g) was dissolved in 50 ml of THF, and the resulting solution
was added to the polymer solution. The PVA samples were prepared as follows. PVA (2.5 g) was
dissolved in 50 ml of distilled water in a beaker. The solution was then divided into PFA beakers so
that each beaker contained 0.5 g of PVA. Benzoic acid (0.5 g) was dissolved in distilled water, and the
resulting solution was added to the PVA solution. The concentrations of benzoic acid were 0.3, 0.6, 1,
3, 6, or 10 wt% with respect to the host polymers. The solutions were dried for longer than 7 d in the
dark. The solid samples were peeled off the surface of the beaker.

The samples were irradiated with X-rays at a dose rate of 1 Gy/min using an X-ray generator (Spellman
XRB80ON100) operated at a tube voltage of 80 kV and a tube current of 1.2 mA. The
photoluminescence spectra were acquired using a spectrofluorometer (Shimazu RF-5300PC) equipped
with a xenon lamp. The FT-IR spectra were measured using a Fourier transform infrared

spectrophotometer (JASCO FT/IR-6300) with the attenuated total reflection (ATR) method.

3. Results and Discussion



Fig. 1(a) and (b) show the photographs of the PMMA samples containing 1 wt% benzoic acid before
and after X-ray irradiation at 100 Gy, respectively. Similarly, Fig. 1(c) and (d) show the photographs
of the PVC samples containing 1 wt% benzoic acid, and Fig. 1(e) and (f) show those of the PVA
samples containing 1 wt% benzoic acid before and after X-ray irradiation at 100 Gy, respectively. All
the samples were colorless and transparent with no coloration due to the X-ray or the excitation light

irradiation.

(a) (b) (c) (d) (e) (f)

Fig. 1 (a) Photographs of PMMA containing 1 wt% benzoic acid before and (b) after X-ray irradiation

at 100 Gy, (c) Photographs of PVC containing 1 wt% benzoic acid before and (d) after X-ray irradiation
at 100 Gy, (e) Photographs of PVA containing 1 wt% benzoic acid before and (f) after X-ray irradiation
at 100 Gy.

Fig. 2(a) shows the excitation spectra of the PVA sample containing 1 wt% benzoic acid before and
after X-ray irradiation at 100 Gy. The emission wavelength was 412 nm. Since the excitation peak
wavelength is similar to that of salicylic acid dissolved in water, it is attributed to salicylic acid [35].
The peak wavelength of the excitation spectra did not change, and its intensity increased after X-ray
irradiation. Salicylic acid was also generated in an aqueous solution of benzoic acid: the
photoluminescence and excitation spectra of the aqueous solution of benzoic acid, longer than one day
after dissolution, were similar to those of the PVA samples. Fig. S1 shows the excitation and
photoluminescence spectra of an aqueous solution of benzoic acid stored in the dark and under room
lighting for a week. The peak wavelengths of the excitation and photoluminescence spectra of the
aqueous solution stored under room lighting were 297 nm and 417 nm, respectively, and the peak
wavelengths of the excitation spectrum and photoluminescence spectrum of the aqueous solution

stored in the dark were 294 nm and 413 nm, respectively. The peak wavelengths were similar to those



of the PVA sample. The aqueous solution stored under room lighting showed higher intensities in both
the excitation and photoluminescence spectra than those stored in the dark, indicating that room light
promoted salicylic acid production. Because the aqueous solution of benzoic acid was not completely
protected from light in my experiment, salicylic acid was produced through a photooxidation reaction
[36]. In addition, the benzoic acid reagent used in this study contained trace amounts of iron impurities
(less than 5 ppm), which may have acted as catalysts for the photooxidation reaction. Fig. 2(b) shows
the photoluminescence spectra of the PVA samples containing 1 wt% benzoic acid. The excitation
wavelength was set to the excitation peak wavelength of 300 nm. The photoluminescence peak was
observed at 412 nm and is attributed to salicylic acid [35]. The photoluminescence intensity at 412 nm
increased with increasing dose from 0 to 100 Gy. This result indicates that salicylic acid was generated
upon X-ray irradiation.

Fig. 2(c) shows the peak intensities at 412 nm of the photoluminescence spectra of the PVA samples
containing benzoic acid at different concentrations at different X-ray doses. The shapes of the
photoluminescence spectra for all the samples were similar to that shown in Fig. 2(b). The intensity on
the vertical axis is normalized to the photoluminescence peak intensity of each sample before
irradiation. The normalized intensity of the sample with 1 wt% benzoic acid increased linearly with
dose from 0 to 60 Gy. This result indicates the achievement of RPL and suggests that salicylic acid
was generated upon X-ray irradiation. During the measurements of the photoluminescence spectra in
the range of 0—100 Gy, the samples were irradiated with the excitation light for approximately 2 min.
The photoluminescence intensity of the 1 wt% benzoic acid sample decreased by 8.5% with the
excitation light irradiation at 300 nm for 2 min. Since the photoluminescence intensity increased by
14.0% after 100 Gy of irradiation, the increase in the photoluminescence intensity of the PVA samples
is due to X-ray irradiation and not to the irradiation of the excitation light. As the benzoic acid
concentration increased from 0.3 wt% to 1 wt%, the slope of the normalized photoluminescence
intensity with respect to dose became larger in the range of 0—60 Gy. This is attributed to an increase

in the number of benzoic acid molecules involved in the reaction, resulting in higher salicylic acid



production yield per unit dose. As the concentration increased from 1 wt% to 10 wt%, the slope of the
normalized photoluminescence intensity with respect to irradiation dose became smaller in the range
of 0—60 Gy. This is because the increase in benzoic acid caused an increase in the salicylic acid in the
samples before X-ray irradiation, which reduces the increase in the normalized photoluminescence
intensity by X-ray irradiation. These results indicate that the optimal benzoic acid concentration in the
PVA sample for X-ray responsivity was 1 wt%.

The photoluminescence intensities of the 0.6 and 1 wt% samples increased more gradually with X-ray
irradiation from 60 to 100 Gy compared to the range of 0—60 Gy. This result indicates that the rate of
salicylic acid degradation increased relative to the amount of salicylic acid produced by irradiation.
The photoluminescence intensities of the 0.3, 3, 6, and 10 wt% samples decreased by at least 13.0%
with X-ray irradiation from 80 to 100 Gy, which exceeds the intensity reduction caused by the

excitation light, indicating that the X-ray irradiation caused the decomposition of salicylic acid at high

dose.
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Fig. 2. (a) Photoluminescence excitation and (b) emission spectra of PVA containing 1 wt% benzoic

acid before and after X-ray irradiation. (c¢) Peak intensities in photoluminescence spectra of the PVA



samples containing benzoic acid at different concentrations at different X-ray doses

Fig. 3(a) shows the excitation spectra of the PMMA sample containing 1 wt% benzoic acid before and
after X-ray irradiation at 100 Gy. The emission wavelength was 435 nm. The excitation peaks were
observed at 380 and 396 nm. When the PMMA sample containing 1 wt% benzoic acid was irradiated
with X-rays, the peak wavelengths of the excitation spectra did not change, and its intensity at 380 nm
increased. Fig. 3(b) shows the photoluminescence spectra of the PMMA samples containing 1 wt%
benzoic acid. Because the maximum excitation peak was observed at 380 nm, the excitation
wavelength was set to the excitation peak wavelength of 380 nm. The photoluminescence peaks were
observed at 410 nm and 435 nm with a shoulder peak at 460 nm. Upon irradiation with X-rays, the
peak wavelengths of the photoluminescence spectra did not change, and the intensities at 410 nm and
435 nm, as well as the intensity of a shoulder peak at 460 nm, increased. These excitation and emission
wavelengths differ from the literature values for both benzoic acid [37] and salicylic acid [35].

We discuss the origin of the excitation peaks observed in the PMMA samples. Fig. S2 shows the
excitation spectrum of the THF solution of benzoic acid (0.01 g/ml), longer than one day after
dissolution. The excitation peak was observed at 379 nm, which is consistent with the 380-nm peak
observed in the PMMA sample. From this result, the molecules corresponding to the excitation peaks
observed in the PMMA samples were formed in the THF solution. Fig. S3 shows the excitation
spectrum of the toluene solution of benzoic acid (0.01 g/ml), longer than one day after dissolution. The
excitation peaks were observed at 306 nm and 376 nm. The latter peak indicates that the toluene
solution contains the same molecules as the PMMA sample and the THF solution. Although benzoic
acid is a common component in all the samples and solutions, benzoic acid monomers are non-
fluorescent molecules, and benzoic acid dimers have an excitation wavelength at 285 nm, which is
shorter than the observed excitation wavelength [37]. Therefore, the excitation peak at 380 nm
observed in the PMMA samples cannot be attributed to benzoic acid monomers or dimers. Next, we

discuss the origin of the photoluminescence emission peaks observed in the PMMA samples. Fig. S2



shows the photoluminescence spectrum of a THF solution of benzoic acid (0.01 g/ml), longer than one
day after dissolution. The photoluminescence peaks were observed at 409 nm and 430 nm with a
shoulder peak at 457 nm, which are consistent with those observed in the PMMA sample. Fig. S3
shows the photoluminescence spectrum of a toluene solution of benzoic acid (0.01 g/ml), longer than
one day after the dissolution. The photoluminescence peaks were observed at 414 nm and 437 nm with
a shoulder peak at 461 nm, which are consistent with those observed in the PMMA sample and the
THF solution. From these results, the molecules corresponding to the photoluminescence peaks
observed in the PMMA samples were formed in the THF and toluene solutions. Although benzoic acid
is a common component in all the samples and solutions, benzoic acid monomers are non-fluorescent
molecules, and benzoic acid dimers have an emission wavelength at 310 nm, which is shorter than the
observed photoluminescence wavelength [37]. Benzoic acid can form higher-order aggregates larger
than dimers in toluene. In a previous study, FT-IR spectroscopy and NMR chemical shift measurements
have shown that benzoic acid forms dimers through hydrogen bonding and tetramers through n—n
stacking in toluene. The proportion of the tetramers resulting from n—m stacking is less than a few
percent compared to hydrogen-bonded dimers [38]. The association of benzoic acid tetramers by n—n
stacking can also be observed in other aromatic molecules. For example, a face-to-face dimer of sym-
triphenylcycloheptatriene is known to form a relaxed excited state and exhibit a significant red shift in
its photoluminescence spectrum compared to the monomer [39]. Face-to-face n-stacking of anthracene
also caused a significant redshift in the photoluminescence wavelength of up to 150 nm [40]. Similarly
to these examples, it is expected that the excitation and photoluminescence wavelengths of benzoic
acid tetramers exhibit a redshift in both spectra compared to those of benzoic acid dimers. Hence, the
common excitation and photoluminescence peaks observed in the PMMA sample, THF solution, and
toluene solution are attributed to the benzoic acid tetramers. The origin of the 306-nm excitation peak

observed in the toluene solution could not be determined.

Fig. 3(c) shows the peak intensities at 435 nm of the photoluminescence spectra of the PMMA samples



containing benzoic acid at different concentrations at different X-ray doses. The shapes of the
photoluminescence spectra for all the samples were similar to those shown in Fig. 3(b). The intensity
on the vertical axis is normalized to the intensity of each sample before irradiation. The normalized
intensity of the sample with 1 wt% benzoic acid increased linearly with dose from 0 to 100 Gy. This
result indicates the achievement of RPL, and that new fluorescent molecules were generated or the
luminescence efficiency of existing molecules was enhanced upon irradiation. The photoluminescence
intensities of the 0.6, 3, 6, and 10 wt% samples increased more gradually with X-ray irradiation from
60 to 100 Gy compared to the range of 0—-60 Gy. The photoluminescence intensities of the 0.3 wt%
samples decreased with X-ray irradiation from 40 to 100 Gy, falling by 1.5%. This result indicates that
fluorescent molecules are decomposed upon X-ray irradiation.

During the measurements of the photoluminescence spectra in the range of 0-100 Gy, the samples
were irradiated with the excitation light for approximately 2 min. The photoluminescence intensity of
the 1 wt% benzoic acid sample increased by 2.1 % with 2-min irradiation of the excitation light at 380
nm. Since the photoluminescence intensity increased by 21.0 % after 100 Gy of irradiation, the increase

in photoluminescence intensity of the PMMA sample is mainly due to X-ray irradiation
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Fig. 3 (a) Photoluminescence excitation and (b) emission spectra of PMMA containing 1 wt% benzoic
acid before and after X-ray irradiation, (c) Peak intensities in photoluminescence spectra of PMMA

samples containing benzoic acid at different concentrations at different X-ray doses.

Fig. 4(a) shows the excitation spectra of the PVC sample containing 1 wt% benzoic acid before and
after X-ray irradiation at 100 Gy. The emission wavelength was 437 nm. The excitation peaks were
observed at 363 nm, 377nm, and 401 nm. The peak wavelength of the excitation spectra did not change,
and its intensity decreased after X-ray irradiation. Fig. 4(b) shows the photoluminescence spectra of
the PVC samples containing 1 wt% benzoic acid. Because the maximum excitation peak was observed
at 377 nm, the excitation wavelength was set to the excitation peak wavelength of 377 nm. The
photoluminescence peaks were observed at 414 nm and 437 nm with a shoulder peak at 463 nm. The
photoluminescence intensities at 414 nm and 437 nm decreased after X-ray irradiation. The excitation
and photoluminescence peaks in the PVC samples are consistent with those observed in the PMMA
sample. The origin of the excitation and photoluminescence peaks in the PVC samples is identified as

the benzoic acid tetramer, for the same reasons as in the case of the PMMA samples.



Fig. 4(c) shows the peak intensities at 437 nm of the photoluminescence spectra of the PVC samples
containing benzoic acid at different concentrations at different X-ray doses. The shapes of the
photoluminescence spectra for all the samples were similar to those shown in Fig. 4(b). The intensity
on the vertical axis is normalized to the intensity of each sample before irradiation. The normalized
intensities of all the samples decreased with dose from 0 to 100 Gy. Although the decrease in
normalized photoluminescence intensity varied with benzoic acid concentration, no systematic

concentration dependence was observed.
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Fig. 4 (a) Photoluminescence excitation and (b) emission spectra of PVC containing 1 wt% benzoic
acid before and after X-ray irradiation, (c) Peak intensities in photoluminescence spectra of the PVC

samples containing benzoic acid at different concentrations at different X-ray doses.

Fig. 5(a) shows the FTIR spectra of the PVA containing 1 wt% benzoic acid before and after 100-Gy
irradiation, and Fig. 5(b) shows the difference spectra. We focused on the three peaks attributed to
(A) C-O stretching vibration, (B) C=0 stretching vibration, and (C) O—H stretching vibration in Fig.
5(b). The peak intensities of the C—O stretching vibration (1240 cm™!) and the C=0 stretching vibration

(1734 cm™?) increased after X-ray irradiation. The broad peak of the O—H vibration shows both an



increase (3100 cm™) and a decrease (3500 cm™!), which indicates that the peak position of the O-H
stretching vibration has shifted toward the low wavenumber side. A previous study has shown that
irradiation of PVA reduces the number of hydroxyl groups (FTIR peak at 3340 cm™) and generates
hydroxyl radicals and hydrogen radicals within PVA. Hydrogen radicals react with oxygen to form
hydroperoxyl radicals, which then react with PVA to form hydroxyl groups. When two hydroxyl groups
bonded to the same carbon atom react, a carbonyl group and a water molecule are formed [41,42].
Therefore, the increase in the peak intensity of the C=0 stretching vibration indicates that carbonyl
groups were formed as a result of the reactions described above. Salicylic acid is known to have a
broad O-H vibration peak at 3248 cm™ and a sharp peak at 3585 cm™ in its FTIR spectrum. The
sharp band is assigned to the O—H stretching vibration in the carboxylic group. This peak could not be
detected in the FT-IR spectra in this study, possibly owing to the superposition of the broad peak of
the O—H vibration. The broad one is attributed to the phenolic OH hydrogen-bonded to the neighboring
carboxyl group within the molecule [34]. Therefore, the increases in the peak intensities of the C-O
stretching vibration and the low-wavenumber shift of the O—H vibration peak indicate the addition of
a hydroxyl group to benzoic acid. These results indicate that hydroxyl radicals generated from PVA
reacted with benzoic acid to form molecules such as salicylic acid. Based on the FTIR results, the
increase in photoluminescence intensity upon X-ray irradiation is attributed to the formation of

salicylic acid.
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Fig. 5 (a) FTIR spectra of PVA containing 1 wt% benzoic acid before and after 100 Gy irradiation
and (b) difference FTIR spectrum. (A) C-O stretching vibration, (B) C=0 stretching vibration, (C)

O-H stretching vibration.



Fig. 6(a) shows the FTIR spectra of PMMA containing 1 wt% benzoic acid before and after 100-Gy
irradiation, and Fig. 6(b) shows the difference spectra. The peak intensities of the (A) C-O stretching
vibration (1140 cm™1) and (B) C=O stretching vibration (1734 cm™1) increased after X-ray irradiation,
which suggests that the hydroxylation of benzoic acid or the oxidation of PMMA occurred. Previous
studies have shown that irradiating PMMA with gamma rays cleaves the C-H bond, generates
hydrogen radicals and carbon-centered polymer radicals on the polymer chains, and the polymer
radicals react with oxygen to form carbonyl groups [43]. The peak wavelengths in the excitation
(Fig.3(a)) and photoluminescence (Fig.3(b)) spectra did not change upon X-ray irradiation, and a
significant increase in the intensity of O—H stretching vibration peak was not observed. Therefore, it
is unlikely that new molecules like salicylic acid were formed. Instead, these results indicate that the
oxidation of PMMA restricted the molecular motion and suppressed non-radiative relaxation, thereby

improving the photoluminescence efficiency of the benzoic acid tetramers.
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Fig. 6. (a) FTIR spectra of PMMA containing 1 wt% benzoic acid before and after 100-Gy irradiation
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Fig. 7(a) shows the FTIR spectra of PVC containing 1 wt% benzoic acid before and after 100-Gy
irradiation, and Fig. 5(b) shows the difference spectrum. The peak intensities of the (A) C—Cl stretching
vibration (611 cm™?), (B) C-O stretching vibration (1250 cm™1) and (C) C=O stretching vibration
(1713 cm™1) decreased after X-ray irradiation, which indicates that PVC and carboxy groups of
benzoic acid were decomposed. Therefore, the decrease in photoluminescence intensity upon X-ray
irradiation was due to the reduction in benzoic acid tetramer.
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Fig. 7. (a) FTIR spectra of PVC containing 1 wt% benzoic acid before and after 100-Gy irradiation
and (b) difference FTIR spectrum. (A) C—Cl stretching vibration, (B) C—-O stretching vibration, (C)

C=0 stretching vibration.

4. Conclusions

Organic RPL materials were designed by focusing on reactions of radicals generated by X-ray
irradiation and benzoic acid to form fluorescent molecules such as salicylic acid. Benzoic acid was
dispersed in PVA, PMMA, or PVC. The RPL characteristics were evaluated by measuring the
photoluminescence spectra before and after X-ray irradiation. In both the PVA samples before and after
X-ray irradiation, the emission peak was observed at 412 nm and is attributed to salicylic acid. The
photoluminescence intensity increased with increasing irradiation dose due to the formation of
salicylic acid. At the optimal benzoic acid concentration of 1 wt%, the linear response range was 0—-60
Gy. In both the PMMA samples before and after X-ray irradiation, the emission peak at 435 nm was
observed and is attributed to benzoic acid tetramers. The photoluminescence intensity increased with

increasing irradiation dose. This increase in intensity is possibly attributed to the restriction of



molecular motion caused by the oxidation of PMMA and suppression of non-radiative relaxation,
thereby improving the photoluminescence efficiency of the benzoic acid tetramers. At the optimal
benzoic acid composition of 1 wt%, the linear range was 0—100 Gy. In both PVC samples before and
after X-ray irradiation, the emission peak was observed at 435 nm and is attributed to benzoic acid
tetramers. The photoluminescence intensity decreased with increasing irradiation dose due to the
decomposition of benzoic acid tetramers. The radiation-induced reactions in the PMMA and PVA

samples can potentially be utilized as the operating principle for organic RPL dosimeters.
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