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Abstract
In this work, a procedure for synthesis of Hg and Cd-free PMMA �lms via emulsion polymerization using
different concentrations (0.000025 - 0.00025 g mol/L) of Hg and Cd-diphenylcarbazone complexes
(Hg(or Cd)DPC) as a catalytic chain transferring agent was reported. The extraction of either HgDPC or
CdDPC from resultants polymers was con�rmed using UV-Vis spectrophotometry and the neat polymers
presented no cytotoxicity to human Hep G2 Cells. Well dispersity of PMMA (DPI of ca. 1.3) and the
optimal performance in MMA polymerization was achieved using 0.00020 g mol/L HgDPC, which
exhibited a PMMA yield of ca. 98%. Thermal behavior studies proved that PMMA �lms became highly
thermally stable suggested as due to the elimination of head-to-head growing PMMA chains and
disproportionation mechanistic steps. Therefore, the degradation process is mainly due to the random
main chain scission, which on turn demonstrated a positive impact on its melting, decomposition and,
glass transition (Tg) temperatures where, Tg of PMMA samples understudy  increased in the following
order: blank(60°C) CdDPC(69°C) HgDPC(84°C).The radiation shields and mechanical properties of PMMA
�lms were also studied to evaluate the anti-radiation a�nity of these complexes where, a tensile strength
of 85.0 MPa of resultant PMMA using HgDPC was acquired. 

1. Introduction
Free radical polymerization of some vinyl monomers such as methyl methacrylate (MMA) suffer the
presence of mixture of chain structure and length. The presence of a small fraction of polymer chains
that acquire head-to-head linkages, or unsaturated ends which are considered generally as thermally
unstable that would initiate weak links and so forth to decompose into MMA monomer molecules below
300 °C. Such unzipping reaction negatively in�uence the polymer overall thermal stability that even
though most of the polymer chains free defects are thermally stable at that temperature or higher [1, 2].
Therefore, the key to increase the thermal stability of the free radical polymerized polymethylmethacrylate
(PMMA) is mainly to minimize the relative properties of weak links, head-to-head linkages or unsaturated
chain ends towards suitability to complex with a variety of catalytic chain transferring agent to achieve
an encouraging target of favorable polydispersity [3–5]. On the other hand, PMMA is said to be inert and
non-toxic. However, it can contain varying amounts of residual MMA and catalysts such as benzoyl
peroxide depending on the production method and polymer stability [6, 7]. The challenge is to establish a
new catalytic polymerization processes to produce PMMA free of MMA and catalyst.

Catalytic polymerization of methyl methacrylate using organometallic compound as catalysts has been
studied extensively in last 20 years. It is found that a huge divergence in PMMA structure and stability
was acquired depend on the used central metals atom of organometallic compound [8]. Organometallic
compounds that comprise of IIB metals are amusing because they own interesting coordination forms
and structural features which come from d10 conformation [9]. Several Cd and Zn complexes have been
investigated in the �eld of MMA polymerization [10–16]. Previously the effectiveness of alkyl- and aryl-
Zn and Cd compounds in polymerization of MMA was investigated [10]. Recently, Cd and Zn complexes
containing ancillary ligands, pyridyl-imines and N-substituted 2-iminoalkylpyridines have been applied for
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MMA polymerization [11–16]. N,N-di(2-picolyl) cyclohexylamine based Zn (II), and Cd(II) complexes were
found to be active catalysts for the MMA polymerization to produce syndiotactic PMMA [11]. Nayab and
his coworkers have also been investigated the performance of Cd(II) and Zn (II) complexes with
bispyridylamine, iminopyridine and 2-iminoalkylpyridines derivatives in MMA polymerization [12–15].
Moreover, they have been synthesized Cd (II) and Zn(II) containing 4-bromo‐N‐(2‐pyridinylmethylene)
benzenamine and N-methyl-N-((pyridine-2-yl)methyl) benzeneamine ligands [15, 16]. It was clear from
polymerization data that Zn(II) complexes resulted in higher activity at 60°C compared to the Cd(II)
cognate under same experimental conditions [16]. However, wider polydispersity indexes of produced
PMMA ranged from 2.33 to 2.58 were observed. In addition, syndio-enriched (67–68%) PMMA has been
yielded with all the synthesized complexes, disregarding of their coordination forms and catalytic
activities. It is also evident that the syndiotacticity was not su�ciently affected by change of the metal
center carrying same ligand framework. Even though mechanical properties of PMMA polymer are an
essential factor to identify the suitability of polymer for a variety of engineering applications however, the
mechanical properties of the PMMA materials obtained by using these Zn and Cd complexes were not
reported [17, 18].

On the other hand, the catalytic performance of group IIB metals (viz., Zn, Cd, and Hg) diphenylcarbazone
complexes (MDPC) was investigated in bulk polymerization of MMA [5, 19]. The MDPC exhibited good
performance in MMA conversion, but the resultant polymers were contaminated by these toxic
complexes. However, the promising results (viz., thermal, and mechanical properties) of applying of Zn
carbazone in the bulk polymerization of MMA as catalysts [5], encouraged us to investigate the catalytic
performance of Hg and Cd carbazone in polymerization of MMA. In contrast to zinc and cadmium,
mercury has a stable monovalent oxidation state, and thus exhibits an appreciable chemistry as Hg(I)
and Hg(II), which are stable in aqueous environment [20]. Even though, the mercury compounds are used
in several applications especially as catalysts [21–23]. However, for the toxicity reason the use of
mercury has declined signi�cantly in recent years [24, 25].

In this study, the catalytic performance of M(Cd and Hg)DPC was investigated in MMA polymerization.
We have been tried to overcome the presence of Cd and Hg in the resultant PMMA by applying emulsion
polymerization [26]. In addition, an extraction method was applied to remove the remained MDPC in the
resultant PMMA and the separation of MDPC from polymer was veri�ed by using UV-Vis
spectrophotometry. Moreover, the cytotoxicity of resultant neat PMMA was investigated using human
Hep G2 cells. The fact that our objective is not limited only to produce speci�c PMMA but also to shed a
light to process which can be used for polymerization of other vinyl monomer. On the other hand, we have
been tried to develop a more sustainable route to improve the polymer thermal, mechanical and radiation
shielding properties. The thermal stability pro�les of PMMA synthesized in presence of the metals (Cd
and Hg) diphenylcarbazone, particularly mercury, were assessed functionally as to enhance its
application even further at elevated temperatures.

2. Experimental
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2.1. Synthesis of Materials

2.1.1. Synthesis of Diphenylcarbazone (DPC)
Diphenylcarbazone was prepared by the oxidation of diphenylcarbazide (ACS reagent grade (Sigma-
Aldrich 259225)) with 3% hydrogen peroxide in alcoholic potassium hydroxide [27]. On neutralization and
recrystallization, the red-orange mixture of both diphenylcarbazone and diphenylcarbazide was obtained.
This product was treated with sodium carbonate in hot ethanol and diphenylcarbazide was extracted with
ether. Then acidi�cation of the aqueous solution with hydrochloric acid produced a red powder melting at
127° which is pure diphenylcarbazone [27, 28].

2.1.2. Synthesis of Hg and Cd Diphenylcarbazone
Complexes
Solutions of the mercury and cadmium perchlorate salts, in an alcohol-water mixture (20:80, v/v) react
immediately with solutions of diphenylcarbazone in the same solvent to form blue/violet color in the case
of mercury and pink color in the case of cadmium complexes [29–32]. The concentrations of both
reagent and salts were 0.002 g mol/L for each cation. The pH had to be chosen at a special value, for Hg
complex pH was adjusted at 3.0 using citric acid and sodium phosphate dibasic (Na2HPO4) buffer (0.2
M) while, for Cd complex pH was adjusted at 7.5 using acetic acid and sodium acetate buffer (0.2 M). In
both two cases the complex solutions show the Tyndall effect, and the colloids particles were �occulated
on addition of sodium nitrate electrolyte. After about 30 min to await complete �occulation, the
precipitate was �ltrated, and then washed with 96% ethanol and water. The precipitated complexes were
kept in dark and dried over night at room temperature with this precipitate the polymerization reactions
were performed.

As shown in Fig. S1(a) the UV − visible spectrum of the mercury dipenylcarbazone exhibited the
characteristic band of Hg(II)DPC at ca. 558 nm [29, 30]. In addition, a shoulder 460–528 nm detected in
the same spectrum, may characterize the Hg(I)DPC [29, 30]. On the other hand, the spectrum of cadmium
diphenylcarbazone shows a broad peak centered at 482 nm. [30], which may be linked with the formation
of Cd(II)DPC (Fig. S1(b)). Moreover, similar bands characteristic of Hg(II)DPC, Hg(I)DPC, and Cd(II)DPC
were observed in the resultant PMMA solutions (Fig. S1 (a and b)).

2.2. Synthesis of polymethyl methacrylate.

2.2.1. Catalytic Polymerization Reaction
The main purpose of the using emulsion polymerization of MMA method in presence of either HgDPC or
CdDPC as catalysts is that the most of diphenylcarbazone complexes were transferred to the �ltrates and
the remained complexes in PMMA �lms were removed. All other chemicals used were of ACS reagent
grade (Sigma-Aldrich). 1.0 mL of Polysorbate 80 as emulsi�er was mixed with 0.5 mL of 0.1 M
ammonium persulfate solution and dissolved in 100 ml distilled water. The solution was charged in a 500
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ml three-necked round �ask isolated from light. The round �ask was �tted with condenser in water bath
at 70°C with continuous magnetic stirring. Then 15 grams of inhibitor-free methyl methacrylate monomer
were mixed with the two metal diphenylcarbazone complexes separately at various concentrations
(0.000025 to 0.00025 g mol/L) in dry glass ampoules. When the temperature of the round �ask reached
70 °C, the monomer was charged from one neck to the �ask with continuous stirring, the color of solution
was changed depending on the type of metal complex, and the reaction mixture was subjected to re�ux
for 4 hours. After the elapsed time, the �ask was left to cool to ambient temperature and then the polymer
formed was precipitated using 95% dry methanol. Polymer precipitate was dried in vacuum at 65°C
overnight until constant weight then polymer yield (wt.%) was measured.

2.2.2. Removal of Diphenylcarbazone Complexes from
Polymer
Cd and Hg diphenyl carbazone extraction from different polymer materials was carried out by soaking
PMMA polymer precipitate (as prepared in Sect. 4.2.1) in 200 mL toluene 25°C for 14 days, the
experiment was carried out in darkened glassware. Polymer formed was precipitated using methanol-
water mixture (20:80 v/v). First the, the non-�occulated complex colloidal solution was decanted and then
polymer was �ltrated using Whatman �lter grade 541 paper where, the complexes particles form colloidal
solutions as is obvious from the Tyndall-effect and they suspended in �ltrate [29, 30]. The separation of
complex from polymer was followed by measuring the decrease in absorbance of complex remained in
treated polymer in toluene solution after each run by using UV-Vis spectrophotometer in the wavelength
range 400 to 700 nm (Fig. S1) where the complexes obey Beer’s law in the concentration range used. The
steps above were repeated 2 to 5 times. In addition, to verify the presence or absence of Hg in polymer
(PMMA) after carrying out extraction experiment, Hg was measured using a cold vapor method. The
results indicated the absence of Hg in polymer �lms synthesized using HgDPC of concentration in the
range between 0.000025 and 0.0002 g mole/L. However, the PMMA �lm prepared using HgDPC of
0.00025 g mole/L showed the presence of 0.038 mg mol/L Hg after applying removal process.

2.2.3. Preparation of Polymethylmethacrylate Film.
Finally, PMMA polymer �lms with a thickness of ∼1 mm, were prepared by casting the Hg and Cd free
polymer solutions into a clean glass Petri dish (10-cm diameter), left to dry under ambient condition for
24h, then placed in a vacuum oven at 70 °C to remove any residual solvent.

2.3. Cytotoxicity Assessment of PMMA solution.
The study of cytotoxic activity of polymer was performed using Hepatocellular carcinoma (HePG-2) cell
line [33–36]. The cell line was obtained from ATCC via Holding company for biological products and
vaccines (VACSERA), Cairo, Egypt. The cell line mentioned above was used to determine the inhibitory
effects of compounds on cell growth using the MTT assay. This colorimetric assay is based on the
conversion of the yellow tetrazolium bromide (MTT) to a purple formazan derivative by mitochondrial
succinate dehydrogenase in viable cells. Doxorubicin was used as a control anticancer drug for
comparison. The PMMA solution in dimethyl sulfoxide (DMSO) of different concentrations (viz., 1.56 and
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3.125 µg/mL) (prepared from polymer �lms (see Sect. 4.3.2)), were disinfected with 15 ml of phosphate
buffer solution (PBS) (containing potassium chloride and potassium phosphate) and an antibiotic (a
mixture of Penicillin G Potassium and Streptomycin Sulphate) for 30 minutes, as suggested in literature
[34]. Hep G2 Cell Line human was grown in RPMI-1640 medium - containing 10% fetal bovine serum.
Then antibiotics (100 units/ml penicillin and 100 µg/mL streptomycin) were added, and the cell line was
seeded in a 96-well plate at a density of 1.0x104 cells/well and cultured in a humidi�ed incubator �lled
with 5% CO2/95% air mixture at 37°C for 48 h. After incubation, the cells were treated with different
concentration of polymer solutions and incubated for 24 h. The cell culture assay was done triplicate.
After the designated incubation time, the cytotoxicity activity was evaluated using MTT assay to check
cell viability as described in literature [35]. Next, 20 µl of thiazolyl blue tetrazolium bromide solution (MTT,
Sigma) in DMEM-LG (5mg/mL) was added, and the plate was incubated in the dark for 4 hours at 37°C.
The MTT solution was removed, and 100 µl of DMSO was added into each well to dissolve the purple
formazan formed. The colorimetric assay was measured and recorded at absorbance of 570 nm using a
plate reader (EXL 800, USA). The relative cell viability in percentage was calculated as (A570 of treated
samples/A570 of untreated sample) X 100.

2.4. Gamma (g)- irradiation.
Different polymeric samples under investigation were irradiated to different doses of g-radiation using
60Co gamma source at the National Center for Radiation Research and Technology, Nasr city, Cairo. The
gamma irradiation was carried out in atmospheric air at a dose rate of 0.45 Mrads/h.

2.5. PMMA Films characterization.
The molecular weights (Mw and Mn) of the polymer samples and their polydispersity were determined
using Gel permeation chromatography (see results in Fig. S2 as an example) (Agilent GPC 1100 series,
Germany, PL gel 100, 1000, 100000 on series and the porosity of 5 micrometers and refractive index
detector). Thermogravimetric studies (TGA) studies were carried out for all polymer samples using
LINSIES analyzer (STA PT 1600). About 10 mg of polymer samples were tested at temperature range of
30o to 800 °C under nitrogen atmosphere with a �ow rate of 50.0 ml/min and a heating rate of 5 °C/min.
From the TGA results, differential thermogravimetric plots (DTG) were calculated as the �rst derivatives
of the TGA curves. Differential scanning calorimetry (DSC) The thermal transition behavior of all prepared
samples was determined by Differential Scanning Calorimetry model netzsch DSC 200F3 over a
temperature range from ambient up to 500° C with a heating rate of 20 °C/min under a nitrogen gas at a
�ow rate of 50.0 ml/min. 1H-NMR analysis were carried out by using Spectro spin-Brucker AC 200 MHz
NMR Spectrometer. Mechanical properties: tensile strength (TS) and percentage tensile elongation at
break (E) of the �lms were determined at room temperature using EMIC universal testing machine model
DL10000, in general accordance with ASTM D638. Data for yield strength and elongation at break were
obtained in tests executed at a crosshead speed of 10 mm/min. An EMIC extensometer, having a gage
length of 25 mm, was used. Between 10 and 15. Mercury was measured using a cold vapor method with
a Perkin Elmer Mercury Hybrid system (MHS-10). Analysis was carried out according to procedures in the
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operator’s manual. Ultraviolet–visible spectroscopy (UV-Vis) measurements were performed using
Thermo Fisher Scienti�c Evolution 300 spectrophotometer.

3. Results And Discussion
3.1. Yield, Molecular Weight and Polydispersity of PMMA

The change of the yield of emulsion polymerization of MMA with concentration of both CdDPC and
HgDPC catalysts are depicted in Fig. 1. In general, the presence of diphenylcarbazone complexes
enhanced the percentage yields of PMMA from 47% of blank up to 84% and 98% in the case of CdDPC
and HgDPC at 0.00015 and 0.00020 g mol/L, respectively. As shown, percentage yield increased with
increasing Cd complex concentration reached a maximum value at 0.00015 g mol/L, followed by a
significant decrease up to 0.00025 g mol/L. However, percentage yield increased with increasing Hg
complex concentration in the range between 0.00015 and 0.00020 g mol/L. Also, it is clear from Fig. 1
that HgDPC was the most suitable one for production of PMMA which exhibited a yield to PMMA of 98%
with a concentration of 0.0002 g mol/L at 70 °C. According to UV-visible results (see Fig.15) it appears
that the observed higher performance of HgDPC to PMMA than CdDPC can be attributed to the
coexistence of Hg(I)DPC together with Hg(II)DPC in the complex.   Which may be promoted Hg(I)/Hg(II)
redox reaction for enhancing free radical catalytic chain transferring polymerization of MMA in liquid
phase. However, further study seems to be still needed to con�rm such suggestion.

The number average and weight average molecular weights of the PMMA �lms were measured using Gel
permeation chromatography and are represented graphically in Fig. 2. As revealed, CdDPC start to
increase the number average molecular weight of PMMA passing through a maximum at 0.00005 g
mol/L followed by a significant decrease and these decreases increased gradually with concentration.
While in case of HgDPC, the number average molecular weight showed a slow decreasing with increasing
complex concentration. The weight average molecular weight in both cases showed rapid deceases in
values and then remained almost constant up to concentration 0.00025 g mol/L in the case of HgDPC. 

The polydispersity of all polymer samples prepared by emulsion technique are calculated and
represented in Fig. 3. As presented, and the most interesting results is that using CdDPC or HgDPC
catalysts, PMMA prepare �lms were assured of better polydispersity indexes at the different
concentration and generally at about 1.30 and 1.36 respectively, for high concentration (0.0002 g mol/L).
In addition, the obtained polydispersity index of PMMA in this study is still much better than that one
reported by Park et al. and Cho et al. in literature [15,16]. From the above achieved results, it is evident
that Hg and Cd diphenylcarbazone complexes proved of having a selective catalytic activity on the rate
propagation and termination steps through the emulsion polymerization of MMA. 

3.2.  Thermogravimetric analysis 

Thermogravimetric analysis of native PMMA prepared �lm and those prepared in presence of CdDPC or
HgDPC complexes under nitrogen atmosphere are represented in Fig.s 4 and 5. From these pro�les, we
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can conclude that, PMMA removed �rstly water content and/or residual solvent below ~ 120 °C which is
hardly visible. At higher temperatures, the pure polymeric material starts to degrade in three major steps.
The �rst one proceeds from Tonest @ 120 °C up to Tend1 @ 200 °C which can be attributed to the scissions
of head-to-head linkages. The second step proceeds from Tend1 up to Tend2 @ 290 °C due to scissions of
unsaturated chain ends which formed during disproportionation. The third step proceeds from Tend2 up to
Tend3 @ 380 °C due to random scissions of the most resisting polymer chains to thermal degradation
which are quite agree to those reported earlier [37].

A signi�cant in�uence on the thermal degradation of PMMA �lms; prepared in presence of both CdDPC or
HgDPC complexes, especially at high complex concentration, whereas, the �rst step of degradation is
completely absent, Fig.s 4 and 5. Also, the respective peculiar temperatures are shifted to higher values
with increasing the residual material depending on the type and concentration of the complex.3 This can
be attributed to the presence of both complexes that enhance the thermal resistance of PMMA �lms.
These results were con�rmed by DTG thermograms of all samples, Fig.s 6 and 7. As shown, pure PMMA
�lms exhibited the three decomposition peaks (DTGmax1, DTGmax2 and DTGmax3) at @ 145, 240 and
340 °C. PMMA �lms prepared in presence of CdDPC complex and at low concentration (0.000025 g
mol/L) illustrated that the �rst step is completely absent which means that the elimination head-to-head
linkages through the termination step. The second and third steps, which assigned mainly to the
unsaturated ends and the random scissions within the polymer chains are shifted to high
temperature @ 280 and 390 °C with a lower mass loss rate. At a higher complex concentration (0.00005
to 0.00025 g mol/L), the �rst two steps are completely absent, with a much lower mass loss rate at the
third peak (DTGmax3) with a higher shift up to 410, 460, 500, 560 and 590 °C (Fig. 6). By using HgDPC
instead of CdDPC, Fig. 7, the �rst two steps were completely absent at all concentrations. For the third
peak (DTGmax3), a much lower mass loss rate occurs with a higher shift up to 670 °C at 0.00025 g mol/L.
From the above results we can concluded that, the presence of these complexes through the emulsion
polymerization of MMA enhancing the thermal stability of PMMA �lms which can attributed to its
catalytic role on the termination step which decrease the head-to-head linkages and number of
unsaturated ends [5,38].

3.3.   Differential scanning calorimetry

DSC is most usually used to delimit the transition temperatures of a polymeric material such as glass or
melting transitions. However, it measures only the total heat �ow and the sum of all thermal transitions.
In addition to associated enthalpy for each process [39]. The thermal properties of PMMA samples were
examined by DSC to estimate how the thermal transitions of these samples are affected due to the
presence of CdDPC or HgDPC complexes through the polymerization process. Fig. 8 illustrates the DSC
thermogram of pure PMMA �lm and that in presence of 0.000025 g mol/L CdDPC or HgDPC. The
measurements from the DSC for all samples are presented in Table 1.

From Fig. 8 and Table 1 we can conclude that the increasing of the glass transition temperature (Tg) of
PMMA of �lms is mainly due to organization role played by CdDPC and HgDPC complexes through the
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emulsion polymerization process. Such venture can be attributed to a reduced mobility action imposed by
plausible crosslinking [40]. In addition, the two major endothermic peaks observed at 238 and 317 °C are
mainly depicted to the decomposition of pure PMMA sample. These endothermic peaks slightly shifted
towards higher values due to the presence of diphenylcarbazone complexes. The decomposition
temperature of any polymeric material depends on its purity, molecular weight, and crystallinity and as an
a�rmed deduction the highest the crystallinity the higher the decomposition or degradation temperature
[41]. The changes in heat of fusion and increase of the melting temperatures can suggest that the
crystallinity and perfection of the crystal structure are reduced with increased of cross-linking [41].

The generation of new exothermic peaks at ~ 285 and 310°C in the presence of CdDPC and HgDPC,
respectively indicates the nonoxidative in character which appear to play an important role in the
formation of structure features that retard the �ammability, resembling dehydration and cross-linking
actions, especially in the case of HgDPC [42,43]. Around 450 °C, a large exotherm appear for all polymer
samples under investigation due to oxidative reactions of the polymeric material and combustion of the
char residue, moreover, it is indicated from the acquired results that the addition of CdDPC or HgDPC to
MMA through emulsion polymerization augments their thermal stability which agrees with previously
reported results [44].

3.4.  g-ray degradation and protection e�ciency

The effect of gamma irradiation on PMMA prepared in the presence and absence of diphenylcarbazone
complexes were investigated at 0.5, 1.5, 2.5, 5.0, 7.5, and 10.0 Mrads. The weight loss was calculated and
the results of which are represented in Fig.s 9 and 10 [45]. Pure PMMA clearly showed a high degree of
degradation as exposed to g-ray with nearly complete destruction at 10.0 Mra ds. On the contrary, those
prepared in presence of diphenylcarbazone complexes gained diverse degree of protection. To clarify the
effect of g–ray on the of all PMMA �lms tacticity were followed up using 1H NMR spectroscopy. The
stereoregularity of all samples were determined from the intensity of the peaks shifted at d (ppm) 0.85,
1.02, and 1.21 for syndiotacticity, heterotacticity, and isotacticity, respectively Fig. S3) and the results are
given in Table 2. As revealed, pure PMMA showed a 68.2% heterotacticity which indicated that it is nearly
amorphous [26]. In the presence of cadmium and mercury complexes, the tacticity of all samples was
signi�cantly improved as shown in Table 2, reducing in turn the amorphous region that is the most
susceptible for all physical and chemical interactions and degradation compared to the crystalline region
[45]. The overall results clearly indicate the direct outcome of the carbazone complexes role as catalyst
and regulator during the emulsion polymerization of MMA which enrich the prepared polymers with an
explicated effectiveness against radiation. 

3.5. Mechanical properties 

Fig.s 11 and 12 depict the mechanical properties, in term of tensile strength and elongation at break, for
all PMMA �lms under investigation. It is evident that presence of CdDPC or HgDPC complexes during the
emulsion polymerization process signi�cantly improved the mechanical properties of PMMA �lms.
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Whereas an increase in tensile strength 85.0 and 90.0 MPa in the case of PMMA produced using 0.0020
and 0.0025 g mol/L HgDPC respectively was observed and consequent decrease in elongation at break
as the concentration of both complexes increased. These results can support the fact of the generated
inter-crystalline links between lamellae that is regarded as a main reason for these deeds [46,47].
According to mechanical properties results, it can thus be suggested that the resultant PMMA in this work
can be used in bone cement as intraocular and as screw in bone �xation and in acrylic glass
manufacture because it has both good transparency and high fracture (tensile) strength compared with
that one reported in other studies in literature (48 to 76 MPa) [48-51].

3.6. Hg Cytotoxicity of PMMA �lms.

The cytotoxicity results (Fig. 13) indicated that the 1.56 μg/mL solution of PMMA �lms synthesized using
HgDPC complex of concentration in the range between 0.00005 to 0.00025 g mol/L, in dimethyl sulfoxide
(DMSO), presented no cytotoxicity to hepG2 cells with cell viability values of 100%. However, the 3.125
μg/mL solution PMMA �lm synthesized using HgDPC complex of concentration of 0.00020 and 0.00025
g mol/L exhibited cytotoxicity of ca. 3.2 and 9%, respectively. On the other hand, PMMA solutions (1.56
μg/mL PMMA in DMSO) of �lms synthesized using different concentration of CdDPC complex (0.00005
to 0.00025 g mol/L) did not also show cytotoxicity to HepG2 cells with cell viability of 100% however, the
3.125 μg/mL solution of PMMA �lm synthesized using CdDPC complex of concentration of 0.00025
exhibited only cytotoxicity of ca. 2.0 (Fig. S4). Which can be attributed to stronger interaction of Hg
complex with MMA than Cd complex.

4. Conclusions
The results in this study, clearly demonstrated that the controlled emulsion polymerization of methyl
methacrylate using mercury diphenylcarbazone, as a catalytic chain transferring, in producing of
polymeric �lms free of hazardous Hg with excellent thermal and radiation stability. Where, Hg complex
exhibited higher performance in conversion of methyl methacrylate to PMMA polymer than Cd complex.   

TG and DTG results indicated that using diphenylcarbazone complexes eliminated head-to-head chains
and unsaturated ends consequently, the degradation process of PMMA became resistant up to higher
temperatures compared to that of natively prepared polymer. The higher thermal stability of PMMA �lms
prepared in the presence of these complexes can be attributed to the role of diphenylcarbazone complex
in controlling the polymerization process to get more ordered polymer, so that, preventing quick and full
diffusion of the heat into the polymeric material. In addition, DSC investigation, also proved the glass
transition temperature uphill from 60.0 up to 70.0 °C for CdDPC and up to 84.0 °C for HgDPC. The
superiority of mercury can be attributed to its highest molecular weight polymer that re�ects positively on
its stability. Yet, Tg of 84.0 °C for HgDPC catalyst is still lower than that one founded by by Park et al. and
Cho et al. [15,16], namely, Tg of ca. 130.0 °C for the Cd and Zn containing 4‐bromo‐N‐(2‐
pyridinylmethylene) benzenamine and N-methyl-N-((pyridine-2-yl) methyl) benzeneamine complexes.
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However, from the polymerization data reported in these previous studies, it is also clear that the Tg value
is little higher than that one (i.e., 120°C) recorded for the blank sample [15,16]. 

Furthermore, study of g-irradiation effect on the PMMA �lms stability and the subsequent direct impact
on the mechanical characteristics displayed the positive role of diphenylcarbazone complexes in
producing a signi�cant increase in both shielding and tensile strength of PMMA �lms compared to pure
polymer �lms.   This indicating the role of these complexes as catalytic regulator which is positively
re�ected on its crystallinity and negatively re�ected on its elongation at break [52]. 
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Table 1: Values of transition temperatures and associated heat of fusion for PMMA �lms.
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Concentration 

(g mol/L)

Tg

(°C)

1st endothermic peak 2nd endothermic peak exothermic peak

Peak
temp.

(°C)

Heat
release

(J/g)

Peak
temp.

(°C)

Heat
release

(J/g)

Peak
temp.

(°C)

Heat
release

(J/g)

¾ 60 238 -36.53 317 -15.62 ¾ ¾

CdDPC 2.5´10-

5

65 250 -45.31 325 -25.35 285 17.28

5.0´10-

5

66 254 -39.22 326 -27.21 287 19.11

10.0
´10-5

66 255 -41.44 329 -28.65 288 20.21

15.0
´10-5

68 259 -41.62 327 -26.13 291 20.67

20.0
´10-5

70 266 -44.25 331 -30.71 299 21.55

25.0
´10-5

69 271 -46.55 334 -30.92 298 18.22

HgDPC 2.5´10-

5

70 260 -49.92 337 -21.62 310 13.55

5.0´10-

5

72 265 -52.56 342 -25.55 315 17.43

10.0
´10-5

75 269 -55.71 346 -27.11 317 18.26

15.0
´10-5

79 275 -57.42 345 -30.31 320 18.05

20.0
´10-5

82 274 -57.11 351 -28.56 319 21.83

25.0
´10-5

84 277 -60.20 366 -32.91 329 22.66

Table 2: Variation of PMMA tacticity with metal diphenylcarbazone complexes. The stereoregularity (%)
of all samples were determined from the intensity of 1H NMR peaks shifted at d (ppm) 0.85, 1.02, and
1.21 for syndiotacticity, heterotacticity, and isotacticity, respectively.
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Concentration

g mol/L

Syndiotactic

(%)

Heterotactic

(%)

Isotactic

(%)

Blank 26.6 68.4 5.0

CdDPC 2.5´10-5 45.7 45.6 8.7

5.0´10-5 49.4 41.2 9.4

10.0´10-5 54.2 33.1 12.7

15.0´10-5 49.9 37.2 12.9

20.0´10-5 55.3 36.7 8.0

25.0´10-5 48.1 37.5 14.4

HgDPC 2.5´10-5 47.5 42.2 10.3

5.0´10-5 48.4 38.5 13.1

10.0´10-5 51.6 33.9 14.5

15.0´10-5 53.2 31.7 15.1

20.0´10-5 60.4 35.0 4.6

25.0´10-5 52.2 33.3 14.5

Figures
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Figure 1

Effect of Hg and Cd diphenylcarbazone concentration on the yield of polymethyl methacrylate.
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Figure 2

Effect of Hg and Cd diphenylcarbazone concentration on the weight average (Mw) and number average
(Mn) molecular weights of polymethyl methacrylate.
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Figure 3

Effect of Hg and Cd diphenylcarbazone concentration on the dispersity of polymethyl methacrylate.
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Figure 4

TG thermograms of PMMA �lms prepared in presence of different concentration of CdDPC complex.
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Figure 5

TG thermograms of PMMA �lms prepared in presence of different concentration of HgDPC complex.
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Figure 6

DTG thermograms of PMMA �lms prepared in presence of different concentration of CdDPC complex.
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Figure 7

DTG thermograms of PMMA �lms prepared in presence of different concentration of HgDPC complex.
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Figure 8

DSC analysis of PMMA �lms prepared in presence and absence of CdDPC and HgDPC complexes.
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Figure 9

Weight loss versus the irradiation dose for PMMA �lms prepared in presence of different concentration of
CdDPC complex.
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Figure 10

Weight loss versus the irradiation dose for PMMA �lms prepared in presence of different concentration of
HgDPC complex.
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Figure 11

Effect of Hg and Cd diphenylcarbazone concentration on the tensile strength of PMMA �lms.
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Figure 12

Effect of Hg and Cd diphenylcarbazone concentration on the elongation at break of PMMA �lms.
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Figure 13

Concentration of HgDPC complex as a catalyst. Using different concentration of PMMA in DMSO (Red
bar: 1.56 μg/mL and blue bar: 3.125μg/mL).
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