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Abstract. New inherently radiopaque nanocomposites were prepared using iodine-containing poly(methyl methacrylateco-acrylamide) and graphene oxide. For this purpose, P(MMA-co-AA) was synthesized via copolymerization of methyl
methacrylate and acrylic acid, and modified with 4-iodophenyl isocyanate and 3,4,5-triiodophenyl isocyanate to form
poly[(methyl methacrylate-co-(N-4-iodophenyl)acrylamide)] (1I-P(MMA-co-AA)) and poly[(methyl methacrylate-co(N-3,4,5-triiodophenyl)acrylamide)] (3I-P(MMA-co-AA)), respectively. For comparative evaluation, the non-iodinated
copolymer (PIC-P(MMA-co-AA)) was prepared via reaction of the P(MMA-co-AA) with phenyl isocyanate to investigate the effect of iodinated substituents on the morphology and thermal characteristics of the nanocomposites. All the
nanocomposites were characterized by X-ray diffraction analysis, scanning electron microscopy, X-radiography and thermogravimetric analysis. The results proved that thermal properties of the nanocomposites improved by the introduction of
different amounts of graphene oxide into the copolymers’ matrix. Radiopacity measurements showed the excellent radiopacity of iodinated nanocomposites and proved that 3I-GO-5 had radiopacity equivalent to that of an aluminium wedge with
2-mm thickness.
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1. Introduction
Radiopaque polymers are the materials of choice for numerous
biomedical applications such as preparation of orthopaedic
prosthesis, dental implants, embolization and drug delivery systems. Radiopacity is the most important characteristic of radiopaque materials that facilitates investigation of medical devices via the cheap and non-destructive
X-radiography technique [1–7]. Radiopaque materials can
be easily located via modern radiological diagnostic process. The usual polymers consist of elements such as C,
H, N and O that have low electron density and low specific gravity. Therefore, there is no significant contrast to
X-ray. Many solutions have been investigated to overcome
this defect. Preparation of physical mixtures using polymers and metal powders or salts of heavy atoms is one
of the common approaches to fabricate radiopaque polymers [8,9]. Usually the bone cements contain micro-sized
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filler particles such as barium sulphate and zirconium oxide.
The main purpose of using these fillers is the modification of mechanical and radiopacity properties of the
polymers. However, heterogeneous dispersion and agglomeration of the particles decrease fracture toughness of the
cements. On the other hand, small size of fillers preserves
mechanical characteristics as well as radiopacity of the
products. For example, the effect of different morphologies of filler on the mechanical and radiopacity properties
of the polyurethane (PU)–BaSO4 nanocomposites has been
investigated [10,11]. The poly(amidoamine) dendrimers templates have been designed for the synthesis of tin–dendrimer
nanocomposites and using them in the X-radiography process [12]. Various percentages of tantalum oxide (Ta2 O5 )
have been used in the glycerol dimethacrylate (GDMA) or
a bisGMA, TEGDMA and bisEMA resin [13]. Hydroxyapatite powder has been considered in restorative dentistry for
the preparation of the glass–polyalkenoate cement due to its
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biocompatibility, hardness and intrinsic radiopacity. Also, the
nanohydroxyapatite–silica/glass ionomer cement has been
synthesized via sol–gel method [14,15]. The preparation
of poly(vinyl acetate)/silver nanocomposite via suspension
polymerization is used in the embolization process has
been investigated [16]. The embolic materials have been
synthesized based on poly(vinyl pivalate/vinyl acetate) and
various radiopaque nanoparticles such as TiO2 , Ti, Ag, Au
and Pt [17]. Metal oxide mixtures such as Ta2 O5 /SiO2
[18,19], Yb2 O3 /SiO2 [20] and TiO2 –SrO/nanotube have
been used for the preparation of poly(methyl methacrylate)based bone cements [21]. Tungsten nanoparticles have been
introduced into the PU matrix to impart radiopacity to
the polymer [22]. However, in some cases, leaching out
of the non-covalent radio-pacifying agents and heterogeneous environment of these systems cause loss of biocompatibility, physical and radiopacity properties of the
final product. The preparation of complexes, via chelating
of polymeric ligands to heavy metal salts such as bismuth bromide or uranyl nitrate, is another route to impart
radiopacity to polymers. Copolymerization of metal salts
of vinyl monomers with other monomers has also been
considered, but the ionic nature of these radiopaque polymers leads to considerable water absorption and hydrolysis of the final product [23–25]. Therefore, the substantial
deficiency of these radiopaque systems convinced the scientists to design and synthesize polymers with inherent
radiopacity. In recent years, covalent binding of iodine
atom to the monomers or polymers has been frequently
considered. Due to the safety, excellent radiopacity, high
stability and non-toxicity, the iodinated compounds are
the most widely used contrast agents for the synthesis of
radiopaque polymers [26,27]. Radiopaque materials are also
made via grafting of iodinated substituents on the polymer chains or polymerization of iodine-containing monomers
[11,28–30].
Since 2004, graphene has been the centre of interest due
to the superior characteristics. The large surface area, high
transparency, mechanical strength and thermal conductivity
of graphene (and its derivatives) have brought it to a focal
point in medicinal and industrial applications [31–35], and it
is an ideal candidate for the synthesis of hybrid nanomaterials
used in diagnostic imaging process such as fluorescent imaging [36], magnetic resonance imaging (MRI) [37], computed
tomography (CT) [38] and radionuclide imaging [39].
As a part of our interest in the synthesis and investigation of nanostructures [40–43], and due to the intrinsic deficiency of the metal–polymer nanocomposites, in
this work, radiopaque nanocomposites were prepared using
iodine-containing poly(methyl methacrylate-co-acrylamide)
and graphene oxide (GO) as the reinforcement agent. Based
on the previous work [29], methyl methacrylate and acrylic
acid were copolymerized (P(MMA-co-AA)) and subsequently reacted with 4-iodophenyl isocyanate and 3,4,5-triiodophenyl isocyanate as radio-pacifying agents to form
poly[(methyl methacrylate-co-(N-4-iodophenyl)acrylamide)]
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Scheme 1. The synthesis route of P(MMA-co-AA), 1I-P(MMAco-AA) and 3I-P(MMA-co-AA).

(1I-P(MMA-co-AA)) and poly[(methylmethacrylate-co(N-3,4,5-triiodophenyl)acrylamide)] (3I-P(MMA-co-AA),
respectively. Thermal properties of radiopaque copolymers
were modified with various amounts of GO.
2. Experimental
2.1 Materials
GO (research-grade GO nanoplatelets, 99.5+%, and thickness 2–18 nm with less than 32 layers) was supplied from
US Research Nanomaterials. Phenyl isocyanate (PIC) and
acetone were obtained from Merck (Germany), and used as
obtained. Toluene was purchased from Merck (Germany) and
dried over sodium before use.
2.2 Synthesis of 1I-P(MMA-co-AA) and 3I-P
(MMA-co-AA)
Following a literature procedure [29], 1I-P(MMA-co-AA)
and 3I-P(MMA-co-AA) were prepared through copolymerization of methyl methacrylate and acrylic acid and subsequently modified with 4-iodophenyl isocyanate and 3,4,5triiodophenyl isocyanate, respectively. For synthesis of isocyanate moieties, 4-iodobenzoyl azide and 3,4,5-triiodobenzoyl azide were separately refluxed in dry toluene. The
solutions obtained were cooled to room temperature and then
filtered using a Buchner funnel. The filtrates were reacted with
the swelled P(MMA-co-AA) in dry toluene in an ice bath and
Ar atmosphere. The mixtures were stirred for 2 h at 0◦ C and
then further for 5 h at 100◦ C. The final products were obtained
as flexible precipitates, washed with toluene and dried at room
temperature for 24 h.
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Figure 1. Schematic structure of the nanocomposites.

Table 1.
Entry
1
2
3

3. Characterization

Sample abbreviations.
Copolymer

Sample code

GO (wt%)

PIC-P(MMA-co-AA)
1I-P(MMA-co-AA)
3I-P(MMA-co-AA)

PIC-GO-X
1I-GO-X
3I-GO-X

X = 1, 2, 5, 10

2.3 Synthesis of poly[(methyl methacrylate-co-(N-phenyl)
acrylamide)] (PIC-P(MMA-co-AA))
A 3 g of the swelled P(MMA-co-AA) in dry toluene was
made to react with 20 ml PIC at 0◦ C in Ar atmosphere. The
mixture was stirred in an ice bath for 2 h; later the temperature
was slowly raised to 100◦ C, and the reaction continued for
5 h at this temperature. The final product was isolated as a
flexible precipitate, washed with toluene and dried at room
temperature for 24 h.
2.4 Preparation of nanocomposites
Various amounts of GO (1, 2, 5, 10 wt%) were dispersed
in 20 ml acetone using an ultrasonic homogenizer; 0.2 g of
PIC-P(MMA-co-AA), 1I-P(MMA-co-AA) and 3I-P(MMAco-AA) were separately dissolved in acetone and added to the
GO suspensions. The mixtures were homogenized ultrasonically and stirred at room temperature for 24 h. The solvent
was evaporated at ambient pressure and the products were
dried in a vacuum oven at 50◦ C for 24 h.

X-ray diffraction (XRD) analysis was performed on a
STOE-STADV (CuKα radiation, k = 0.15405 nm). The morphology of the nanocomposites was investigated using a
VEGA\\TESCAN-XMU scanning electron microscope. The
thermogravimetric analysis (TGA) data for the polymers and
nanocomposites were taken on a Mettler Toledo TGA 1 system in an N2 atmosphere at a heating rate of 10◦ C min−1 . The
X-radiographs were obtained using a standard clinical X-ray
machine (Xgenus, DeGotzen, Italy) at 60 keV.

4. Results
Considering the importance of radiopaque materials in the
medical fields, radiopaque nanocomposites were synthesized using iodine-containing poly(methyl methacrylate-coacrylamide) and GO. For this purpose, the P(MMA-co-AA)
was prepared via copolymerization of methyl methacrylate
and acrylic acid in the presence of 2,2 -azobis(isobutyronitrile) (AIBN) as initiator. The P(MMA-co-AA) was reacted
with 4-iodophenyl isocyanate and 3,4,5-triiodophenyl isocyanate to obtain 1I-P(MMA-co-AA) and 3I-P(MMA-co-AA),
respectively (scheme 1). For comparative evaluation and
investigation of the effect of bulky iodine atoms on the properties and morphology of the nanocomposites, the P(MMA-coAA) was modified with PIC. The radiopaque nanocomposites
were characterized using TGA, XRD, scanning electron
microscopy (SEM) and X-radiography. To investigate the

42

Page 4 of 10

Bull. Mater. Sci.

Figure 2. XRD patterns of (a) PIC-GO-X nanocomposites, (b) 1I-GO-X nanocomposites and (c) 3I-GO-X nanocomposites.
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Figure 3. SEM images of (a) PIC-P(MMA-co-AA), (b) PIC-GO-5, (c) PIC-GO-10, (d) 1I-P(MMA-co-AA),
(e) 1I-GO-5, (f) 1I-GO-10, (g) 3I-P(MMA-co-AA), (h) 3I-GO-5 and (i) 3I-GO-10.

effect of filler amount on the thermal properties, various
percentages of GO (1, 2, 5 and 10 wt%) were used for the
synthesis of the nanocomposites. The nanocomposites were
prepared via the solution method using acetone as the solvent
(figure 1). The sample abbreviations are mentioned in table 1.
4.1 XRD analysis
The morphology and structure of the nanocomposites were
evaluated by XRD analysis. The XRD patterns of GO and the
PIC-GO-X nanocomposites are shown in figure 2a. The basal
peak of GO emerged at an angle of 10.60◦ , which is attributed

to the 8.37-nm d-spacing. As can be seen, this peak has
diminished in the XRD patterns of the PIC-GO-X nanocomposites. Similarly, the basal peak of GO is not visible in the
diffraction patterns of the 1I-GO-X and 3I-GO-X nanocomposites (figure 2b and c). These observations confirmed
that the PIC-P(MMA-co-AA), 1I-P(MMA-co-AA) and
3I-P(MMA-co-AA) copolymers are structurally compatible with GO. In addition, the adaptability of the copolymers structure and GO has a considerable effect on the
final structure of the nanocomposites. The d-spacing values prove exfoliation and good dispersion of the GO layers
within the PIC-P(MMA-co-AA), 1I-P(MMA-co-AA) and
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Figure 4. Thermal properties of PIC-P(MMA-co-AA), PIC-GO-1, PIC-GO-2 and PIC-GO-5.

3I-P(MMA-co-AA) polymer matrix. It was found that the
large size of iodinated moieties on the copolymer chains plays
an important role in the delamination of the GO sheets and
subsequent penetration of the chains into the GO galleries.
4.2 SEM
The surface structures of the nanocomposites and the pure
copolymers were investigated by SEM (figure 3). The dispersion of the GO layers into the matrix of the PIC-P(MMAco-AA), 1I-P(MMA-co-AA) and 3I-P(MMA-co-AA)

copolymers is confirmed well by the SEM images. The
micrographs show the considerable changes on the surface
of the nanocomposites compared with the pure copolymers.
Furthermore, there is no significant agglomeration of the GO
layers on increasing the amount of filler. These observations
proved the compatibility of the 1I-P(MMA-co-AA) and 3I(MMA-co-AA) with the GO layers. Moreover, SEM images
confirmed the results of XRD analysis. As can be seen, penetration of the chains into the GO galleries led to exfoliation
and good dispersion of the layers within the copolymers’
matrix.
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Figure 5. Thermal properties of 1I-P(MMA-co-AA), 1I-GO-1, 1I-GO-2 and 1I-GO-5.

4.3 Thermal analysis
Thermal stabilities of the nanocomposites and the pure
copolymers were measured via TGA. As shown in figure 4,
the PIC-GO-X series have more thermal stability than that
of PIC-P(MMA-co-AA). The TGA graph of the PIC-GO5 sample shows 5 and 10% weight loss at 180 and 201◦ C,
while the related values for the pure copolymer are about 152
and 188◦ C, respectively. Additionally, thermal behaviour of
the samples containing 1 and 2 wt% of the filler improved

when compared with the pure copolymer. These observations
prove the effective interaction of the GO layers with the PICP(MMA-co-AA) chains.
Similarly, presence of GO sheets in the 1I-P(MMAco-AA) matrix led to improved thermal stability of the
copolymer. According to the TGA results, the 1I-GO-1 sample lost 5 and 10 wt% at 223 and 253◦ C, respectively.
These observations proved that thermal stability of 1I-GO-1
is about 70◦ C higher than that of pure 1I-P(MMA-co-AA)
(figure 5).
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Figure 6. Thermal properties of 3I-P(MMA-co-AA), 3I-GO-1, 3I-GO-2 and 3I-GO-5.

The heat durability of the 3I-P(MMA-co-AA) copolymer
has also been improved by the introduction of the GO layers into the copolymer matrix. The TGA results exhibited 5
and 10% weight loss of the 3I-GO-1 sample at 277 and
298◦ C, which are about 70 and 100◦ C more than those
of the pure copolymer, respectively (figure 6). Thermal stabilities of the samples with 2 and 5 wt% loading of the GO
have also significantly increased. It was found that the GO
sheets have a considerable effect on the thermal stability of the

3I-P(MMA-co-AA) stability even at high levels of loading.
The results of thermal analysis are summarized in table 2.
4.4 Radiopacity
The X-ray visibilities of PIC-GO-5, 1I-GO-5 and 3I-GO5 were evaluated by radiography technique and compared
to aluminium wedges with different thicknesses (0.5–3
mm). All the samples were prepared as discs with 2-mm

Bull. Mater. Sci.

(2020) 43:42

Page 9 of 10

Table 2. Thermal characteristics of the pure copolymers and the
nanocomposites.
Sample
PIC-P(MMA-co-AA)
PIC-GO-1
PIC-GO-2
PIC-GO-5
1I-P(MMA-co-AA)
1I-GO-1
1I-GO-2
1I-GO-5
3I-P(MMA-co-AA)
3I-GO-1
3I-GO-2
3I-GO-5

T5 (◦ C)

T10 (◦ C)

152
177
177
180
150
223
161
216
225
277
273
260

188
225
216
201
221
253
210
248
288
298
298
291

thickness. The radiographic images prove that the
iodine-containing nanocomposites have excellent radiopacity and contrast when compared with the PIC-GO-5 sample
(non-iodinated nanocomposite, figure 7). The 3I-GO-5 sample has the maximum contrast among the samples, which is
equal to that of the 2-mm aluminium wedge. It is found that
heavy elements (iodine) have an important role in imparting radiopacity to the polymers and the radiopacity increases
on increasing the number of iodine atom in the structure of
polymer.
5. Conclusion
New radiopaque nanocomposites were synthesized using
iodine-containing poly[(methyl methacrylate-co-(N-phenyl)
acrylamide)] and GO as the reinforcement agent. The
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radiopaque copolymers were prepared through two steps.
The first step involves the copolymerization of methyl
methacrylate and acrylic acid in the presence of AIBN.
In the second step, P(MMA-co-AA) was reacted with 4iodophenyl isocyanate and 3,4,5-triiodophenyl isocyanate
separately as the radio-pacifying agents for the synthesis of 1I-P(MMA-co-AA) and 3I-P(MMA-co-AA), respectively. To evaluate the effect of filler on the thermal properties of the radiopaque copolymers, different amounts
of GO (1, 2, 5 and 10 wt%) were used for the preparation of the nanocomposites. PIC-P(MMA-co-AA) was
also prepared via reaction of P(MMA-co-AA) with PIC
in order to investigate the effect of iodine atom on the
thermal properties and morphology of the nanocomposites.
The structure and morphology of the samples were analysed by XRD and SEM techniques. The SEM images and
XRD curves of the PIC-GO-X , 1I-GO-X and 3I-GO-X
nanocomposites proved complete exfoliation and significant distribution of the GO layers within the copolymers
matrices. Effective interactions between the GO layers and
copolymer chains were confirmed clearly by the results of
the thermal analysis. The TGA and DTG curves showed
the higher thermal stability of the nanocomposites than the
pure copolymers. These observations indicate the excellent
structural compatibility of the copolymers and the filler.
The X-ray images show the superior radiopacity of the
radiopaque nanocomposites. Due to the presence of three
iodine atoms in its repeating unit, the 3I-GO-5 sample
exhibits the maximum contrast rather than the other samples, which is similar to the aluminium wedge with 2-mm
thickness. It was found that higher number of iodine atoms
in each repeating unit of a polymer has enhanced the X-ray
visibility.

Figure 7. X-ray images of aluminium wedge, (a) PIC-GO-5, (b) 1I-GO-5 and (c) 3I-GO-5.
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