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a b s t r a c t

By polymerization of gadolinium methacrylate (Gd (MAA)3), lead methacrylate (Pb(MAA)2) and methyl
methacrylate (MMA), Gd and Pb were chemically bonded into polymers. The X-ray shielding perfor-
mance was evaluated by Monte Carlo simulation method, and the results showed that the more metal
functional organic monomer, the better the shielding performance of terpolymers. When the X-ray
energy is 65 keV, Gd (MAA)3-containing polymers have better shielding performance than Pb(MAA)2-
containing polymers. Gd could compensate for the weak absorption region of Pb. Therefore, polymers
containing both Gd and Pb enhanced shielding efficiency against X-ray in various low-energy ranges. For
obtaining terpolymers with uniform monomer compositions, the relationship between the monomer
composition of the terpolymers and the conversion level was optimized by calculating the reactivity
ratios. The value of reactivity ratios of r (Gd (MAA)3/Pb(MAA)2), r (Pb(MAA)2/Gd (MAA)3), r (Gd (MAA)3/
MMA), r (MMA/Gd (MAA)3), r (Pb(MAA)2/MMA) and r (MMA/Pb(MAA)2) was 0.483, 0.004, 0.338, 2.508,
0.255, 0.029. The terpolymers with uniform monomer composition could be obtained by controlling the
monomer compositions or conversion levels. The results can provide new radiation protection materials
and contribute to the improvement in nuclear safety.
© 2021 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

X-ray used inmedical diagnosis and treatment has brought huge
progress and convenience to themedical field [1,2]. However, it also
brought potential harms to patients, medical staff or medical fa-
cility that exposed to the scattered rays and leaked radiation.
Therefore, development of anti-X-ray materials is necessary. Radi-
ation protection polymers have attracted more and more attention
to the advantages of high performance, easy processing, light
weight, and simple preparation method. etc. [2] Pb is commonly
used to against low-energy X-ray through the photoelectric effect
because of its larger atomic number [3], while Gd can compensate
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for the weak absorption region of Pb in the region of 40e88 keV
[4,5]. Therefore, polymers containing both Gd and Pb are good low-
energy X-ray shielding materials. Monte Carlo N Particle Transport
Code (MCNP program) is commonly employed to access shielding
properties of materials [6].

The preparation of metal-containing polymers by polymeriza-
tion of organometallic salts and organic monomers is a very
interesting method. Metal functional organic monomers, gadolin-
ium methacrylate (Gd (MAA)3) and lead methacrylate (Pb(MAA)2)
were synthesized and both could undergo free-radical co-poly-
merization with methyl methacrylate (MMA) [7,8]. In our previous
work [9,10], the polymerization kinetics of self-polymerization and
co-polymerization of Gd (MAA)3 and Pb(MAA)2 was studied,
respectively. The results showed that metal functional organic
monomers was more inclined to self-polymerize, which led to
uneven dispersion of shielding elements in the material. However,
the uniform distribution of shielding elements is an important
factor of the stability and reliability of shieldingmaterials, while the
MCNP program is based on the ideal uniform distribution of the
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Fig. 1. Schematic diagram of Monte Carlo simulation method calculation of material
radiation shielding performance.
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elements. Compositions and sequence distributions of metal-
organic copolymers were influenced by the monomer reactivity
ratios, Therefore, it is necessary to estimate reliably the monomer
reactivity ratios of this ternary system [11e14].

In this work, based on the photon shielding theory, the X-ray
shielding performance of polymers containing different metal el-
ements (including Gd-containing copolymers (poly (Gd (MAA)3-
MMA)), Pb-containing copolymers (poly (Pb(MAA)2-MMA), and
terpolymer containing both Gd and Pb (poly (Gd (MAA)3-
Pb(MAA)2-MMA)) were assessed by the MCNP program. The ki-
netics of the systems, namely the ter-polymerization of the Gd
(MAA)3/Pb(MAA)2/MMA in solution was studied. The relationship
between terpolymer compositions and monomer feeding compo-
sitions, as well as conversion levels were obtained.

2. Materials and methods

2.1. Materials

Gadolinium methacrylate (Gd (MAA)3) and lead methacrylate
(Pb(MAA)2) were made in the laboratory with their purity over 99%
[9,10]. N,N-dimethylformamide (DMF, AR), methyl methacrylate
(MMA, CP), methanol, ethanol, azobisiobutyronitrile (AIBN, CP)
were obtained from Sinpharm Chemical Reagent Co. Ltd. China.
Refining MMA by vacuum distillation, and AIBN was purified by
recrystallization before use.

2.2. Ter-polymerization

Under nitrogen atmosphere, the ter-polymerization of Gd
(MAA)3, Pb(MAA)2, and MMA with different feed compositions (as
shown in Table 1) were carried out with 80wt% DMF as the reaction
medium. The reaction temperature was 70 �C. Based on total
monomers, the initiator (AIBN) concentration was 5 wt%. Dissi-
pating the heat generated during the polymerization process by
stirring. The products were precipitated with methanol as a pre-
cipitant and then separated by filtration, washed with ethanol and
dried in vacuum at 60 �C to a constant weight. The conversion level
was calculated by weighing measurement.

2.3. Characterization

2.3.1. Monte Carlo simulation method
MCNP is a computer algorithm based on random sampling, and

it is one of the most famous Monte Carlo simulation codes. The
radiation source is defined by inputting the type, energy, geometric
position and incident direction of incident particles, which are
tracked by probability statistics. After a particle passing through the
Table 1
Random conversion level data set.

Sample Gd/(MAA)3/Pb(MAA)2/MMA (wt%) f (mol%)

1 5/30/65 1.64/10.72
2 5/60/35 2.57/33.77
3 5/70/25 2.71/41.46
4 5/80/15 3.24/56.69
5 5/90/5 4.03/79.35
6 20/25/55 7.30/9.98/
7 20/55/25 10.92/32.8
8 40/15/45 16.54/6.78
9 40/45/5 26.50/32.5
10 60/10/30 30.84/5.62
11 60/30/10 44.78/24.4
12 80/5/15 54.32/3.71
13 80/15/5 68.38/14.0
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transmission plane, it stops tracking and starts to simulate the next
particle until all the particles are simulated. The distribution of
particle intensity and dose can be obtained by means of the data
recorded by the detectors during the tracking process. The simu-
lated geometric model was shown in Fig. 1. The source term was
defined as a single-energy photon point source. The photon exits
right along the x-axis, the energy of the radiation source was
defined as from 30 keV to 100 keV. The calculated number of par-
ticles was 106. The detector was a cylinder with a diameter of 7 cm,
with the incident surface of the detector as the detection surface.
Counting with a F1 card to calculate the shielding rate of the ma-
terial to X-ray. The shielding materials were metal-containing
functional polymers with different metal content. Then using
defining the thickness of composites as 4, 8, 12, 16, 20, 25, 30, and
40 mm. The elemental compositions of different copolymers were
given in supporting information (Table S1, Table S2 and Table S3).

Themass attenuation coefficient (MAC) is suitable for describing
the attenuation of various radiation doses. The MAC is independent
on the density and physical state of the material, which provides
great convenience for practical applications. The attenuation of
photons in the shielding material can be expressed by the Beer-
Lambert law Eqn 1 [15]:

I¼ I0 e�mx (1)

mx ¼
m

r
(2)

where I0 and I represent the initial (before the sample) and final
(after the model) photon intensities, respectively; m is linear
F (mol%) Mass conversion (%)

/87.64 4.06/41.54/54.40 14.89
/63.66 3.32/61.35/35.33 43.53
/55.83 2.67/58.37/38.96 34.50
/40.07 2.21/71.17/26.62 15.28
/16.62 1.69/61.99/36.32 8.86
82.72 15.36/47.33/37.31 10.45
3/56.25 12.18/67.84/19.98 17.62
/76.68 32.02/21.92/46.06 18.34
7/40.93 20.22/49.35/30.42 23.79
/63.54 46.07/12.14/41.79 22.96
7/30.75 34.94/32.78/32.28 26.58
/41.97 52.25/4.35/43.30 30.60
1/17.61 43.01/12.66/44.33 41.79
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attenuation coefficient and x is thickness of shielding material Eqn
2. The mm is the slope of the straight-line equation as the folumla
(2), where r is the density of material [16,17].
2.3.2. X-ray diffractometer
D8 Advance X-ray diffractometer was used to obtain the X-ray

diffractometer (XRD) pattern. The scanning angle (2q) was from 5�

to 60�, and the scanning speed was 2 omin�1.
2.3.3. Fourier transform infrared spectroscopy
Attenuated total reflectance-Fourier transform infrared spec-

troscopy (ATR-FTIR) analysis of the synthesized sample was con-
ducted using the Cary 610/670 micro-infrared spectrometer of
American Varian Company. The scanning range was
4000e400 cm�1, 4 cm�1 resolution and scanned 32 times
continuously.
Fig. 3. The mass attenuation coefficient of poly (Gd (MAA)3-Pb(MAA)2-MMA).

Fig. 4. Shielding rates of different functional polymer materials under different en-
ergies (The mass percentage of Gd (MAA)3 and Pb(MAA)2 in the copolymer was 30 wt
%; the thickness of the copolymer was 20 cm).
2.3.4. The composition analysis of terpolymers
The external beam particle-induced X-ray emission technique

(PIXE) and ash method were employed to determine the compo-
sition analysis. Gd (MAA)3, Pb(MAA)2, and MMA polymerized to
form cross-linked terpolymer. Therefore, it was difficult to quanti-
tatively analyze the element content using general elemental
analysis methods. PIXE technique is a method of qualitative and
quantitative analysis of materials by bombarding a sample with a
proton beam of a certain energy, and according to the energy and
intensity of characteristic X-ray generated after the atoms in the
sample are excited [18e21]. Grinding the sample into a fine powder
with a mortar, and then dried under vacuum at 80 �C, for 6 h until
completely dry. Sticking the sample on the double-sided tape and
placing it upright on the sample holder. The elemental composition
of the samples was determined by particle-induced X-ray emission
(PIXE) at the 2 � 1.7 MV Tandetron accelerator of the Beijing
Normal University. A 2.5 MeV proton beam was selected with a
beam diameter of 6.8 mm and the beam current was controlled at
1e2 nA. Each PIXE spectra were collected by a computer-based
multichannel analyzer with a data acquisition time of about 30 s.
The AueSi surface barrier detector was added to measure beam
charge integration synchronously, by monitoring the proton's
backscattered signal [22,23]. The element concentration is based on
the collected PIXE spectral data, calculated with the GUPIXWIN
software package, after inputting the determined geometric con-
ditions and related experimental parameters [24e26].

Terpolymers were calcined in a muffle furnace at 800 �C, for 2 h
to obtain the metal oxides (i.e. Gd2O3, PbO).
Fig. 2. The mass attenuation coefficient of the functional polymer.
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2.4. Reactivity ratio estimation

It is correct and reliable to determine the ternary reactivity ra-
tios by using the experimental data from the ter-polymerization
directly to estimate reactivity ratios for each system [27,28].
Alfrey and Goldfinger (AG model) described the ternary polymer-
ization reaction mathematically and derived the first composition
equation of the ternary system [29]. Combined the AG model with
direct numerical integration (DNI) to estimate the ternary reaction
ratio rate can includemore experimental information and avoid the
limitation of data collection at low conversion levels. The error-in-
variables model (EVM) is a parameter estimation method, which
applied to linear and non-linear model that takes into account the
problem of errors in all dependent and independent variables [30].
It is considered as the most statistically correct method for reac-
tivity ratio estimation in multi-component polymerization sys-
tems, and it is very suitable for the AG model [31,32].
2.4.1. Cumulative ter-polymerization composition models
Kazemi et al. [33] modified the original form of the AG model

(Eqn 3, 4 and 5). The instantaneous molar fraction of monomer i in
the terpolymer chain in the model is expressed as Fi, and fi repre-
sents the molar fraction of unreacted monomer i in the polymer-
izing mixture. formula (6) is the definition of monomer reaction
rate (rij), and the rate constant of the reaction between the group i
and the monomer is represented by kij.
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r12 ¼
k11
k12

; r13 ¼ k11
k13

; r21 ¼ k22
k21

; r23 ¼ k22
k23

; r31 ¼ k33
k31

; r32 ¼ k33
k32

(6)

To solve the problem of calculating the cumulative terpolymer
composition at each conversion level, Kazemi et al. [34] had pro-
posed the direct numerical integration approach (DNI) based on the
famous Skeist equation which is given by formula (7), where fi,0,
and fi are the mole fractions of monomer i in the initial and
remaining mixture, respectively, (Fi) is the cumulative terpolymer
composition, and Xn represents the total molar conversion in the
polymerization medium [35,36]. The molar fraction of unreacted
monomer in the polymerization medium can be obtained by
solving the differential terpolymer composition equation (formula
(8)) of the terpolymer. The conversion level that can be directly
measured through experiments is the weight conversion level
(Xw), which needs to be converted to Xn by formula (9).

Fi ¼
fi;0 � fið1� XnÞ

Xn
or i¼1;2; and 3 (7)

dfi
dXn

¼ fi � Fi
1� Xn

for i ¼ 1;2 and 3 (8)

Xn ¼Xw
Mwifi;0 þMwjfj;0 þMwkfk;0
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þMwkFk (9)
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Table 2
Monomer reaction rates estimated by EVM.

r12 r21 r13 r31 r23 r32

0.483 0.004 0.338 2.508 0.255 0.029

*1:Gd(MAA)3, 2:Pb(MAA)2, 3:MMA.

Fig. 5. Typical PIXE spectra of Terpolymer Composition.
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2.4.2. Error-in-variables model
Reactivity ratio estimation is a non-linear parameter estimation

problem, but its dependent variables have a large error. Parameter
estimates obtained by basic linear regression are not accurate.
Therefore, EVM is the best method to estimate the multi-
component polymerization's reactivity ratios. The basis of the
EVM parameter estimation method is first proposed by Reilly and
Patino-Leal [37]. Dube et al. [38] and Polic et al. [39] have confirmed
that this method is suitable for estimating the reactivity ratios of
copolymerization systems. Later, Duever et al. [28] developed an
EVM program based on ter-polymerization data to estimate the
ternary reactivity ratios, and according to the computational re-
quirements of the ternary problem and the problems in the original
form of the AGmodel, several modifications were made to the EVM
program.

In some ter-polymerizationworks of literature which have been
published, there were detailed explanations of the EVM program
[40,41], so the details would not be given in this paper.
Fig. 6. Ternary reactivity ratios with 95% JCRs for Gd (MAA)3/Pb(MAA)2, Gd (MAA)3/
MMA, and Pb(MAA)2/MMA from analysis of random conversion data set with cumu-
lative composition models. *1:Gd (MAA)3, 2:Pb(MAA)2, 3:MMA.
3. Results and discussion

3.1. The mass attenuation coefficient of metal functional polymers

The shielding rates of the X-ray of different functional polymers
were shown in the supporting information (Fig. S1, Fig. S2 and
Fig. S3). The MAC of poly (Gd (MAA)3-MMA) and poly (Pb(MAA)2-
MMA) for different low-energy X-ray are shown in Fig. 2. As the
content of metal functional monomers in the polymer increased,
the MAC gradually rose, indicating that the shielding performance
of the material against X-ray became better and better. The MAC of
poly (Gd (MAA)3-MMA) for X-ray energy of 65 keV was higher than
that for energy of 100 keV, while the result of poly (Pb(MAA)2-
MMA) was the opposite. It is because that 65 keVwas located at the
weak absorption energy region of lead.

Fig. 3 illustrates the MAC of poly (Gd (MAA)3-Pb(MAA)2-MMA).
The total content of metal functional organic monomers remained
constant, and for X-ray with an energy of 65 keV, the MAC
increased along with the growth content of Gd, while for 100 keV,
the MAC decreased along with the decreasing of the content of Pb.
The results of MAC disclosed that to have better shielding perfor-
mance against X-ray in various low energy ranges, it was better to
prepare materials containing both Gd and Pb.
4134
3.2. Comparison of X-ray shielding performance

Fig. 4 illustrates the shielding rate of poly (Gd (MAA)3-MMA)
and poly (Pb(MAA)2-MMA) against X-ray with an energy range of
30e100kev. The K shell absorption edges of Gd and Pb are 50.2 and
88 keV respectively. As the X-ray energy increased, the shielding
rate of the copolymer gradually decreased. When the X-ray energy
reached the absorption edge of the K layer of themetal element, the
shielding rate increased sharply and then decreased with the
increasing of energy. It is because that in the low energy range, the
greater the probability of the photoelectric effect, the better the X-
ray shielding performance. The probability of the photoelectric
effect is inversely proportional to the third power of energy. But
when the energy equaled to the K shell absorption edge of the
shielding element, the energy can be completely absorbed by the
electrons, which greatly increased the probability of the photo-
electric effect. Therefore, the shielding rate increased sharply when
the energy reaches the K shell absorption edge of the shielding
element [17]. When the energy of X-ray was outside the weak



Fig. 7. Prediction cumulative composition of terpolymer under different Gd (MAA)3/Pb(MAA)2/MMA composition.
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absorption range of lead, the shielding rate of poly (Pb(MAA)2-
MMA) was higher than that of poly (Gd (MAA)3-MMA). This is
because that the probability of the photoelectric effect is propor-
tional to the fourth power of the atomic number of the shielding
element. In the “lead feeble absorbing area”, Gd can compensate for
the absorption of X-ray. But Pb is the non-radioactive element with
the largest atomic number, considering the shielding effect, Pb
should not be completely replaced. Therefore, polymers containing
both Gd and Pb could better shield a wide range of low-energy X-
ray.

3.3. Ternary reactivity ratios

3.3.1. Terpolymer composition
In the XRD (Fig. S4) and FTIR (Fig. S5) spectra of poly (Gd

(MAA)3-Pb(MAA)2-MMA), the characteristic diffraction peaks of
Pb(MAA)2 and Gd (MAA)3 were not observed, and no stretching
vibration peak of C]C double bond. All of the above phenomena
indicated that Gd and Pb elements were chemically bonded into
copolymers by ternary polymerization of gadolinium methacrylate
(Gd (MAA)3), lead methacrylate (Pb(MAA)2) and methyl methac-
rylate (MMA). The compositions of the terpolymers could be ob-
tained by the PIXE technique and ash method for elemental
analysis. Fig. 5 depicts a typical PIXE spectrum obtained for sample
7. The feed compositions, terpolymer compositions, and mass
conversion levels are summarized in Table 1.

3.3.2. Estimation of ternary reactivity ratios through analysis of
random conversion data

The estimated reactivity ratio of the three comonomer pairs can
be obtained from the comprehensive data. The values of reactivity
ratios are given in Table 2. The corresponding 95% JCRs and the
specific values between the two reaction rates are shown in Fig. 6. It
is seen from the minimum joint confidence area that the result of
ternary reactivity ratios estimation was quite accurate.

As function of conversion level and AG recast form, the obtained
ternary reactivity ratios can be used to predict the accumulative
compositions of terpolymers, as shown in Fig. 7a, b and 7c, which
illustrated themodel predicted composition of the terpolymer with
different monomer feeding compositions. The content of Gd
(MAA)3 in the terpolymer decreased slowly along with the
increasing of conversion level, while the content of Pb(MAA)2 in the
terpolymer firstly remained constant, then decreased sharply as the
conversion level gradually increased. The higher the Pb(MAA)2
content in the monomer composition, the abrupt drop point
appeared at the higher the conversion level. Therefore, using the
prediction of this model, the metal-organic polymer material with
uniform composition distribution in the terpolymer could be
4135
obtained by controlling the conversion level. For example, in Fig. 7c,
when the monomer composition conversion level was not to
exceed 80%, the F value of each component in the terpolymer
remained almost unchanged as the conversion level increased. The
terpolymer with uniform composition could be obtained. As a
result, the shielding performance was stable and reliable.
4. Conclusion

In this paper, polymers containing both Gd and Pb were pre-
pared by chemically bonding. The shielding performance of metal-
containing functional polymers on X-ray was related to the content
of shielding elements and the thickness of the material. To achieve
higher shielding performance, the content of Gd and Pb should be
increased, or increased the thickness of the shielding material. Gd
can make up for the lead feeble absorbing area. Therefore, the
polymer containing both Gd and Pb could shield X-ray in various
energy rangesmore effectively. The combination of the DINmethod
and AG model avoided calculation errors caused by component
drift. The EVMprogramwas used to calculate the reaction reactivity
ratios of the terpolymer, and the calculation result was accurate and
reliable. By calculating the reaction reactivity ratio of the
terpolymer (Gd (MAA)3/Pb(MAA)2 and MMA), it was effectively to
predict the composition of the components in the terpolymer. The
terpolymers with uniform monomer composition could be ob-
tained by controlling the feeding ratio and conversion level. It is
hoped that this research can provide a little help for the design and
production of more types of X-ray shielding materials in the future.
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