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The detailed dose analysis at the extremities remains a challenge, without affecting operators’ mobility and their tactile sense.
Using films loaded with optically stimulated luminescence (OSL) crystals have been studied in order to overcome some of these
challenges in 2D dosimetry. In this work, we investigated flexible polymeric films loaded with MgB4O7:Ce,Li to acquire a
better understanding of the dependence of the dosimetric signal characteristics on the production process and the influence
of using different powder grain sizes. In film production, five different solvents were used: acetone–benzene, dichloromethane,
chloroform, tetrahydrofuran and formic acid. Our results indicate that acetone–benzene is the solvent mixture that less influences
the signal emitted by treated crystals, in comparison with the signal emitted by the pristine crystal powder. Conversely, by using
formic acid, the crystalline structure of the sample was most severely modified, leading to a drastic reduction of the emitted OSL
signal. We found that the extent of the grain surface in contact with the solvent in the process is important and should be taken
into consideration when choosing the proper grain size to be used.

Highlights

• Polymeric films loaded with MgB4O7:Ce,Li crystals were produced using different solvents.• Different effect on the OSL signal was found depending on the used solvent.• Among the evaluated solvents, acetone–benzene was the one that less affected the OSL signal.

INTRODUCTION

Ionising radiation dosimetry is an important area,
considering the increasing use of ionising radiation in
different fields. One dosimetric challenge is to deter-
mine complex entrance dose distributions. For exam-
ple, in extremity dosimetry, a major challenge is to
develop a dosemeter that allows an easy and reliable
dose quantification for different parts of the hands
without interfering with the handling abilities. Several
studies have been performed aiming to overcome this
limitation with regards to 2D dosimetry, including
the promising use of polymeric films combined with
light-emitting materials(1), which could generate dosi-
metric films so flexible that it is possible to produce
gloves(2).

Some polymeric films present adequate charac-
teristics to be used in medical applications, as well as
technological innovations, and have been investigated
for drug delivery(3), temporary skin replacement(4)

and radiation dosimetry(5, 6). There are several

advantages in using polyvinyl chloride (PVC) to
produce polymeric films, such as low production cost,
high chemical resistance, impermeability to liquids
and gases and transparency to visible light(7, 8).

Among several potential candidates as the OSL
emitter, magnesium tetraborate doped with cerium
and lithium (MgB4O7:Ce,Li) draws attention, espe-
cially because the host MgB4O7 crystalline structure
has been studied for decades(9–12). This material has
been used as the matrix for several thermolumines-
cence dosemeters when doped/co-doped with specific
ions(13, 14) and, more recently, its optically stimulated
luminescence (OSL) signal has been investigated(15,

16). MgB4O7:Ce,Li has been analysed with respect
to its TL and OSL signals(5, 16, 17), which showed
great potential for use in ionising radiation dosimetry.
Among its appealing features for luminescent
dosimetry, one can quote: tissue-equivalent effective
atomic number, high sensitivity(12), linear response
behaviour over a wide dose range(14, 18), and the
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possible use as thermal neutron detector (thanks to
the 10B isotope). The potential use of MgB4O7:Ce,Li-
based films for 2D dosimetry, associated with its OSL
emission characteristics, was recently explored(19).
In that study, MgB4O7:Ce,Li was produced by
combustion synthesis, whereas a Kraton™ FG1901X
solution (Kraton Co.) in toluene and low molecular
weight methyl polysiloxane were used for the films.
Further studies on the use of MgB4O7:Ce,Li were
warranted by the authors, due to the need to better
understand processes that lead to sensitivity changes
and fading of the emitted signal.

In this context, the main objective of the present
work was to demonstrate the feasibility of produc-
ing a highly flexible film with PVC loaded with
MgB4O7:Ce,Li and find the most suitable PVC
solvent to produce these films. The effect of the
solvents on the crystal characteristics was evaluated
based on OSL signal analysis and X-ray diffraction
(XRD). A first study of the effect of the solvents
on different grain sizes of MgB4O7:Ce,Li was also
performed.

MATERIALS AND METHODS

Solid-state synthesis was used to produce both the
undoped and doped/co-doped varieties of magne-
sium tetraborate (MgB4O7) samples. Four different
varieties of crystals were produced: pure (undoped)
magnesium tetraborate (MgB4O7), cerium-doped
magnesium tetraborate (MgB4O7:Ce0.5%) and cerium-
doped magnesium tetraborate co-doped with lithium
(MgB4O7:Ce0.5%Li0.1% and MgB4O7:Ce0.5%Li0.5%).
Magnesium oxide (MgO; Sigma-Aldrich, 98% purity)
and boric acid (H3BO3; Sigma-Aldrich, 99% purity)
were used to obtain the crystal matrix of MgB4O7.
The doping process included cerium oxide (CeO2;
Sigma-Aldrich, 99% purity) and lithium carbonate
(Li2CO3; Sigma-Aldrich, 99% purity), which were
added based on the total weight. After mixing
and milling stoichiometric number of reagents, the
mixture was calcinated in an electric furnace (EDG-
1800) for 7 h at 900 ◦C (coolant temperature rate
of 10 ◦C per min). Four batches were produced; the
obtained powder was sieved and separated based on
the grain size: smaller than 45 μm and between 45
and 75 μm.

To confirm the crystal structure obtained, XRD
was performed using samples with grain sizes smaller
than 45 μm. This technique is very well established
for this purpose, being the obtained peaks related
to the specific constructive interference patterns
that happen differently (different angles and relative
intensities, for example) depending on the crystal
structure, which is analysed by using a specific X-ray
beam. A Bruker D8 Advance diffractometer was used
for the measurements with the following settings:

40 kV/25 mA, CuKα , scan range from 10 to 80o

and steps of 4o/min. Rietveld refinement was used to
determine the proportions of the crystalline phases
presented in the produced samples.

When pellets were used for the analysis, they were
obtained by mixing/homogenising the powder sam-
ples with Teflon (at 1:1 ratio) and pressing the mix
under 50 kgf/cm2. A thermal treatment of 350 ◦C for
30 min followed by 400 ◦C for 1 h was performed for
the produced pellets. The obtained pellets had mass,
diameter and thickness approximately equal to 0.04 g,
6 mm and 1 mm, respectively.

Five different types of solvents were used to
investigate their influence on the OSL response of
MgB4O7:Ce0.5%Li0.5%: acetone–benzene (0.4C3H6O-
0.6C6H6; Neon, 99.5% purity and Sigma-Aldrich,
99.5% purity, respectively), dichloromethane (CH2Cl2;
ISOFAR, 99.5% purity), chloroform (CHCl3; Synth,
99.8% purity), tetrahydrofuran–THF (C4H8O; Sigma-
Aldrich, 99% purity) and formic acid (CH2O2; Sigma-
Aldrich, 99%). A well-defined amount of powder
was completely immersed in each type of solvent
(proportion of 1:10) and placed on agitation until
the end of solvent evaporation. This procedure was
performed for two crystal grain sizes: smaller than
45 μm and between 45 and 75 μm.

Highly flexible films loaded with grains of
MgB4O7:Ce,Li can be manufactured with various
techniques available to our consortium of labo-
ratories: solvent-evaporation, pressure casting or
bubble blowing of polymer blends. The polymer films
produced by the casting technique are composed
of a mixture of polymer, plasticiser and solvent at
fairly low temperatures. The solvent-evaporation is
a relatively easy technique, and it allows the rapid
production of small test-samples; however, it requires
a careful selection of organic solvents to avoid
affecting the luminescent properties of the dispersed
grains. For this work, we present the results of the
films produced by the casting technique(20), like that
described by Souza et al.(1) with regards to both the
process applied and size specifications of the samples
used to perform OSL measurements.

A Cs-137 gamma source was used for the irradia-
tion that preceded the OSL analysis, and pellets were
placed at 1 m distance where a dose rate of 0.32 mGy/s
was delivered. During the irradiation, the pellets were
inserted between 3-mm thick Polymethyl methacry-
late (PMMA) plates guaranteeing electronic equilib-
rium. The time interval between the irradiation pro-
cess and the OSL reading was no more than 20 min,
and during this period the samples were kept in a dark
container, in order to avoid signal losses by optical
stimulation. Previous work(19) reported that fading of
the signal is not significant during the first 20 min.

OSL measurements were carried out with a Risø
TL/OSL DA-20 reader, using the continuous wave
mode of stimulation (CW-OSL) during 60 s, with
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Figure 1. XRD patterns for (a) the obtained sample, (b)
ICSD 34397—MgB4O7 of reference, (c) ICSD 24711—boric
acid and (d) ICSD 34190—hydrated magnesium tetraborate.

blue LED (peak emission at 470 nm; full width at
half maximum = 20 nm) as stimulation source. The
reader is equipped with an EMI 9235QB Photomulti-
plier tube (maximum quantum efficiency at ∼200 and
380 nm) for emitted light detection, and a Hoya U-
340 filter (transmission between 290 and 390 nm) to
discriminate stimulation light from OSL signal. Post-
readout optical annealing consisted of exposing the
samples to a white fluorescent lamp for 1 h, and it
was used after every cycle of measurements. Dose–
response curves were achieved by irradiating samples
with 10, 40, 60, 80 and 100 mGy. For this analysis,
the subtraction of the value recorded in the first
10 channels (2.4 s of emission) and the value from
the last 10 channels was used as the parameter. All
OSL analyses were performed in triplicate and the
uncertainties are shown in the graphs.

Reproducibility was investigated by submitting 15
pellets and 12 small pieces of films of each batch to
5 cycles of beta (90Sr + 90Y) irradiation (169 mGy),
reading process and annealing (same configurations
mentioned before). Only pellets/films that presented
a variance lower than 10% were used in the analysis,
the only exception being the pellets exposed to formic
acid, which had a drastic change in their emission
characteristics.

RESULTS AND DISCUSSION

XRD analysis (Figure 1) shows a predominant
formation (70%) of the magnesium tetraborate
crystalline phase (ICSD 34397). The two other
detected phases, with proportions quantified by

Rietveld refinement, were 11% of hydrated magne-
sium tetraborate (ICSD 34190) and 19% related to
boric acid (ICSD 24711).

The dopant/co-dopant concentrations were cho-
sen based on a previous work(21), which showed
the optimal signal being achieved with 0.5% Li
concentration in the MgB4O7:Ce0.5% production, by
using the solid-state synthesis process. The same study
also showed that the addition of greater amounts of
Li would not be suitable for dosimetry purposes, as
it induces a reduction on the OSL emitted signal,
probably due to the quenching effect. OSL mea-
surements were carried out for all doped/co-doped
pellet samples, identifying which batch presented
the most intense luminescent signal for the settings
applied. All samples were irradiated with a dose of
100 mGy of Cs-137 gamma rays. Figure 2a shows
a considerable increase in the OSL signal when
MgB4O7:Ce0.5%, was co-doped with Li. This result
is consistent with previous publications(16, 17), which
indicate Li acting as a charge compensator, helping
Ce3+ to substitute Mg2+, and thus contributing
to the increment of OSL signal when used as
co-dopant. Figure 2b exhibits the normalised OSL
curves for MgB4O7:Ce0.5%, MgB4O7:Ce0.5%Li0.1% and
MgB4O7:Ce0.5%Li0.5%, from which a superposition of
the co-doped samples curves is clear. Co-doping the
sample with Li changed the exhibited OSL emission
pattern, producing a slightly faster initial decay;
however, its increment in concentration does not
affect the pattern of decay.

The sample with 0.5% Li presented the most
intense OSL signal (the emission with 0.1% Li
doping corresponds to 46% of the intensity emitted
with 0.5% Li, considering the very first 0.24 s of
the measurement), and therefore, it was chosen
for subsequent analysis. Using this composition,
pellets were produced with different grain sizes (X):
X < 45 μm and 45 < X < 75 μm, which were
previously sieved. Figure 3a shows that the pellets
made with a smaller grain size presented a more
intense OSL signal. Diverging opinions on how the
size of the grains affects the intensity of OSL and
TL signals have been recently reported as to different
materials in literature(22–24).

Figure 3b presents the intensity of the OSL signal
emitted by samples with different grain sizes. To bet-
ter analyse the effect of grain size on OSL measure-
ments, the curves were divided into three integration
intervals, with times of 1, 10 and 60 s using the Origin
software. The intervals were chosen considering the
initial drop, the part with an almost total drop in
the signal, and the total curve obtained. The results
show that, for a 1-s integration, the signal emitted
by samples with grain sizes between 45 and 75 μm
corresponds to ∼82% of the signal emitted by samples
with smaller grains. For longer integration times, the
smaller gains are still more intense but larger grains
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Figure 2. OSL signal emitted by (a) the MgB4O7:Ce0.5%, MgB4O7:Ce0.5%Li0.1%, and MgB4O7:Ce0.5%Li0.5% samples after
a dose of 100 mGy by using a Cs-137 gamma source (inset: zoom on the Ce-doped decay); (b) mormalised OSL signal.

Figure 3. (a) OSL emission from pellets produced with grains of X < 45 μm and 45 < X < 75 μm irradiated with gamma
dose of 100 mGy. (b) Intensity of the OSL signal emitted by samples with the different sets of grains, integrated in different

intervals (1, 10 and 60 s).

approach the same levels, being ∼90% for 10 s and
94% for 60 s integration times.

Considering their more intense OSL emission,
samples with grains smaller than 45 μm were chosen
to test the effect on the OSL signal of the use of
different solvents, which is an important aspect of the
production process of dosimetric films. For this test,
different powder samples of MgB4O7:Ce0.5%Li0.5%
were completely immersed in the different types of
solvents that can be used to produce PVC films.
After evaporation and complete desiccation, XRD
analysis was performed on the powder, and pellets
were produced using each type of sample. As shown
in Figure 4a, the use of the solvents decreased the
initial OSL intensity, but in different levels. Acetone–
benzene had the lowest impact and reduced the OSL
emission by ∼ 20% in the first 0.24 s of stimulation

(corresponding to the first channel of the light
collection), and it was the option that less interfered
in the original intensity. Conversely, formic acid
had the highest impact on the result and the initial
OSL intensity was reduced by > 98% compared with
the untreated sample. The use of dichloromethane,
chloroform and tetrahydrofuran reduced the signal
intensity by ∼26%, 29% and 49%, respectively. Except
for formic acid, one can observe a similar decay
pattern for the samples treated with all solvents, as
seen in Figure 4b.

Figure 4c shows a different level of decrease in
the OSL intensity emitted by the powder sample of
MgB4O7:Ce0.5%Li0.5% before and after treatment with
different solvents. For a 1-s emission integration,
the sample treated with acetone/benzene presented
a signal equivalent to ∼81% of the untreated sample,
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Figure 4. (a) OSL signal obtained from pure MgB4O7:Ce0.5%Li0.5% and under influence of a previous mix with different
solvents (inset: comparison of the emission in the first 0.24 s); (b) Selected normalised curves. (c) OSL signal comparison,
integrated for the first second of emission, of the undoped MgB4O7 and this compound after mixed, and completely dried,

with different solvents. All the analyses were performed after 100 mGy gamma irradiation.

which agrees with the discussion for Figure 4a.
The signals emitted by the other treated samples
are also lower in comparison to the untreated one,
being equivalent to 73%, 71%, 52% and 2,5% for
dichloromethane, chloroform, tetrahydrofuran and
formic acid, respectively, when compared with the
emission of the untreated samples.

All these modifications may derive from changes
in the number/characteristics of traps presented in
each material, resulting from different effect on the
crystalline structure by the treatment with each sol-
vent. Figure 5 shows the XRD powder pattern per-
formed at the end of the solvent evaporation.

The use of formic acid clearly changes the diffrac-
tion pattern exhibited by the sample. The presence of

new highly intense peaks as well as the disappearance
of peaks or changes in their position are clear indica-
tions of the solvent effect on the crystalline structures.
For the other solvents, crystalline changes are very
subtle. Suggestions that modifications in crystalline
structures, made by the action of solvents, can be
identified by parameters as crystal volume, interpla-
nar distances, etc., has been quoted in literature(25).
Quantitative analyses of the obtained XRD patterns
were not part of the current study, but they will be
performed as a next step. For the samples treated with
acetone–benzene, dichloromethane, chloroform and
THF, we hypothesise that changes in those param-
eters, as well as the impact of these changes in the
energy levels introduced by the presence of the dopant
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Figure 5. Powder pattern XRD of the samples treated with
different types of solvents after their evaporation.

and the co-dopant, can be the explanation of the
changes in the OSL intensity.

Considering its lower impact on the OSL signal,
acetone/benzene was chosen as the solvent for film
production with MgB4O7:Ce0.5%Li0.5%. In order to
analyse the impact of the film production process
on the OSL signal characteristics, PVC films were
produced with both powder grain sizes: X < 45 μm
or 45 < X < 75 μm. As seen in Figure 6a, no OSL
signal was detected from the pure polymer film,
with no crystals added, when previously irradiated
with a dose of 400 mGy. Figure 6b shows a more
intense initial signal from the film with crystal grains
of 45 < X < 75 μm, differently from the previous
discussion illustrated in Figure 3a. Factors such as
the total contact surface area of the grains may
play an important role in the description of the
solvent impacts on the signal from different grain
sizes.

Figure 6c presents a histogram comparing the
OSL emission from films produced with the addition
of different grain sizes. Results were obtained from
time integration in 1, 10 and 60 s. A more intense sig-
nal was recorded from the bigger grain size samples,
as discussed before. In this case, the emissions from
the smaller grain size samples correspond to ∼82%
of the emission from the larger grain size samples,

no matter which time interval was considered in the
analysis. Figure 6d illustrates the flexibility obtained
in the produced films.

Dose–response curves were obtained for films pro-
duced with each cited grain sizes and different film
thicknesses (100, 300 and 400 μm). For the purpose,
137Cs gamma doses ranging from 10 to 100 mGy
were used, and the emission in the first 0.24 s of
the measurements was evaluated. Increasing the dose
was always followed by an increment in the OSL
signal, as seen in Figure 7. As expected, the average
value of the signal also increased with increasing
thickness of the film, since a greater thickness corre-
sponds to a larger amount of crystal powder. Clearly,
in our preparation procedures, a larger amount of
powder was added to the thicker films, even though
it was not possible to determine exactly the amount
in each case. The signal differences for a same thick-
ness of the film, but different grains, is more clearly
observed for the 300-μm film. The standard devia-
tion bars overlap in most of the 100 and 400 μm
film cases, which is a clear indication of the lack of
statistical significance. Therefore, despite some indi-
cation of a greater influence of the solvents in grains
with a smaller size (greater surface contact), a more
detailed characterisation should be performed. While
this investigation focused on the role of the PVC
solvents, studies examining MgB4O7:Ce0.5%Li0.5% fad-
ing and changes in sensitivity after several cycles of
irradiation-reading-bleaching are warranted, as was
also previously reported(19).

CONCLUSIONS

This work demonstrated the influence of using dif-
ferent solvents in the production of films loaded with
crystals of MgB4O7:Ce,Li regarding its OSL. Of the
five solvents analysed, formic acid was the one that
more dramatically changed the crystalline structure,
which was seen both in the XRD measurements and
in the OSL signal of the samples. Using acetone–
benzene proved to be less influential in the lumines-
cence of the material, although a reduction of about
19% in the first 0.24 s of OSL signal integration is still
present in comparison with untreated samples. The
dose–response curves, obtained with the films pro-
duced using acetone–benzene, showed an increment
in the signal as the dose increased.

Regarding the influence of the grain size in
the OSL signal intensity we observed that without
solvents the pellets produced with grains < 45 μm
presented a more intense initial signal in comparison
with grains between 45 and 75μm. The opposite
occurred when analysing films loaded with different
grain sizes, which is a strong indication of the more
intense action of the solvents in the grains with more
contact surface.

1235

D
ow

nloaded from
 https://academ

ic.oup.com
/rpd/article/198/16/1230/6648167 by Biblioteca do C

onj. das Q
uím

icas-U
SP user on 25 N

ovem
ber 2022



C.C. SANTOS ET AL.

Figure 6. (a) Normalised OSL signal from the polymer film with no added crystals after irradiation of 400 mGy, (b)
Comparison of the OSL signal emitted from films (400 μm thick) with different grain size crystals added after irradiation
of 400 mGy (inset: comparison of the emission in the first 0.24 s). (c) Comparison of the OSL signal, emitted by the films
with different sets of grains inserted, integrated into different time intervals (1 s, 10 s, and 60 s). (d) Picture of a produced

film sample.

Figure 7. Dose–response curves for the films with dif-
ferent thicknesses (100, 300 and 400 μm) and grain sizes

(x < 45 μm; 45 < x < 75 μm) added to them.

These studies support the development of crystal-
loaded polymer films as a method for extremity
dosimetry, which may provide accurate and reliable
results while not interfering with the tactile sense of
the operators.
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