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Abstract: The synthesis and characterization of ZnS/PMMA (poly(methyl methacrylate)),
CdS/PMMA and HgS/PMMA nanocomposites are presented. Hexadecylamine
(HDA)-capped ZnS, CdS and HgS nanoparticles were synthesized using dithiocarbamate
single molecule precursors at 180 °C. FTIR (Fourier transform infrared spectroscopy)
spectra measurement confirmed the dispersion of the metal sulfide nanoparticles in the
PMMA matrices to form the metal sulfides’PMMA nanocomposites. Powder X-ray
diffraction confirmed the presence of the amorphous PMMA in the nanocomposites.
The ZnS and HgS particles were indexed to the cubic phase, while the HgS particles
correspond to the hexagonal phase. Thermogravimetric analyses showed that the metal
sulfide nanocomposites are thermally more stable than their corresponding precursor
complexes. The TEM (Transmission electron microscope) analyses revealed that the ZnS
nanoparticles have a particle size of 3—5 nm; the crystallite size of the CdS nanoparticles is
6—12 nm, and HgS nanoparticles are 6—12 nm.
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1. Introduction

Nanocomposites derived from nano-scale inorganic/organic particles that are dispersed in a polymer
matrix homogeneously have attracted considerable attention [1-5]. The diverse properties of numerous
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polymers to choose from are well documented, including both plastics and elastomers, which are
the main two types of polymers [6]. Organic/inorganic hybrid materials offer highly interesting
and versatile applications when incorporated with a polymer [7]. Among the inorganic/polymer
nanocomposites, metal sulfides/polymer nanocomposites have been researched extensively due to
their interesting optical, electrical and mechanical properties [8]. Their excellent physical and chemical
properties in various fields, such as catalysis, sensors, solar cells, photo detectors, light emitting diodes
and laser communication, have made them very attractive and promising materials [9]. The defense
applications of nanocomposites have also been reviewed [10]. Semiconductor particles immobilized in
a polymer matrix with nano-scale grain size show different properties relative to the same material in
bulk form because of quantum size effects [11-13]. Many different synthetic approaches, like thermal
evaporation, chemical bath deposition, chemical vapor deposition (CVD), laser ablation, hydrothermal,
homogeneous precipitation in an organic matrix, sonochemical and sol-gel methods, have been
employed for the synthesis of metal sulfide nanoparticles [14—17]. The single-source precursor method
has been demonstrated as a versatile method to synthesize several kinds of high-quality metal sulfide
nanomaterials [18-20]. In this work, ZnS, CdS and HgS/poly(methyl methacrylate) (PMMA)
nanocomposites were synthesized by embedding the metal sulfide nanoparticles into the PMMA
matrix [21,22]. The optical and structural properties of nanocomposites were studied by FTIR
(Fourier transform infrared spectroscopy), TGA (Thermogravimetric analyses), XRD (X-ray diffraction),
SEM (scanning electron microscopy) and TEM (Transmission electron microscopy).

2. Experimental Section
2.1. Materials

All manipulations of air-sensitive compounds were carried under inert atmosphere using standard
Schlenk techniques. All chemicals and reagents are analytical grade and were used as purchased from
Sigma-Aldrich (St. Louis, MO, USA). ZnS, CdS and HgS were prepared from (N-phenyl-N,N-ethyl
phenyl dithiocarbamato)M(II) complexes [23].

2.2. Synthesis of Metal Sulfides/PMMA Nanocomposites

The nanocomposites were prepared from their respective metal sulfide nanoparticles using a
modified literature procedure [21,22]. In a typical experiment, 1.5 g of PMMA in 20 mL toluene were
stirred for an hour. This was followed by the addition of a solution containing 0 and 3% (0.0 and
0.045 g) weight percent of ZnS nanoparticles in toluene. The mixture was heated and stirred
vigorously. The resulting turbid solutions were poured onto Petri dishes and allowed to dry.
White ZnS/PMMA nanocomposites were obtained. A similar procedure was used for the synthesis of
CdS/PMMA and HgS/PMMA nanocomposites. The products were obtained in good yields of
85%—-95%, with a thickness of 0.1-0.2 mm.

2.3. Characterization

Infrared spectra were recorded on a Perkin—Elmer (Waltham, MA, USA) 2000 FT-IR spectrometer.
Powder X-ray diffraction patterns were recorded on a Bruker-D§ ADVANCE powder X-ray
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diffractometer (Bruker AXS GmBH, Karlsruhe, Germany) instrument operating at a voltage of 40 kV
and a current of 30 mA with Cu Ko radiation. TGA experiment was carried out on a Perkin Elmer
thermogravimetric analyzer (TGA 7) fitted with a thermal analysis controller (TAC 7/DX). The SEM
images were obtained in a Jeol (Tokyo, Japan), JSM-6390 LV apparatus, using an accelerating voltage
between 15 and 20 kV. Energy dispersive spectra were processed using energy dispersive X-ray
analysis (EDX) attached to the instrument with Noran System six software. The TEM images were
obtained using a ZEISS (Oberkochen, Germany) Libra 120 electron microscope operated at 120 kV.
The samples were prepared by placing a drop of a solution of the sample in toluene on a carbon-coated
copper grid (300 mesh, agar). Images were recorded on a MegaView G2 camera using iTEM Olympus
software (Olympus, Miinster, Germany).

3. Results and Discussion
3.1. Infrared Spectra Studies

FTIR spectra of the PMMA (Figure 1) showed C—H stretching vibration at 2977 cm ', a strong
C=0 peak around 1730 cm ™' and C—O-C stretching and deformation vibration peaks at 1157, 1199
and 1265 cm '; the peaks observed at 999 cm ' and 858 cm ' correspond to the bending vibrations of
C-H, and the peak at 746 cm ' is attributed to the vibrations of the polymer chains [4].

Figure 1. FTIR spectra of PMMA and the metal sulfide nanocomposites.
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The spectra of pure PMMA and those of ZnS/PMMA, CdS/PMMA and HgS/PMMA
nanocomposites are almost identical, which could be attributed to the metal sulfides crystallites being
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in the pores of PMMA networks without disturbing the continuous three-dimensional network in the
polymer matrices, and both are independent in their chemical behavior [24]. All of the stretching
vibrations observed in the PPMA appeared in the nanocomposites with higher intensity. The
van der Waals interactions between PMMA and the metal sulfide nanoparticles are very
weak [25,26], and the amount of nanoparticles used does not affect the transparency of the
nanocomposites [27]. The stretching vibrations around 405-265 cm™' due to the M—S bond could not
be observed, since it was beyond the extent of our measurement [28].

3.2. X-ray Diffraction Studies

Powder X-ray diffraction (XRD) patterns of free PMMA and the metal sulfidess/PMMA
nanocomposites are shown in Figure 2. The broad hump diffraction peak present in PMMA and
the nanocomposites around 20 = 15° is ascribed to amorphous PMMA [29]. In ZnS/PMMA
nanocomposites’ XRD patterns, the other peaks with 26 values of 29.9°, 42.4° and 52.3° corresponded
to the ZnS cubic phase assigned to the (111), (220) and (311) crystalline planes of ZnS, consistent with
the literature data of JCPDS 5-0566 [30]. All of the XRD peaks of ZnS are relatively broad, which
confirms the small size of ZnS nanoparticles in the composite.

Figure 2. XRD diffraction patterns PMMA, ZnS/PMMA, CdS/PMMA and HgS/PMMA nanocomposites.
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The average particle size calculated from the X-ray diffraction study using the Debye—Scherrer
formula [31] was found to be 1.08 nm. The XRD pattern of as-prepared CdS/PMMA nanocomposites
and PMMA also indicate the characteristic peaks of the cubic crystal structure corresponding to (111),
(220) and (311) reflections. The broad XRD peaks indicate the small crystallite size of the CdS
particles in the nanocomposites. A calculated average particle size of 2.3 nm was obtained from
the X-ray diffraction study using Debye—Scherrer formula. The XRD patterns of HgS/PMMA
nanocomposites shows three characteristic peaks at 20 = 29.5°, 42.5° and 52.5°, corresponding to
Miller indices (111), (220) and (311) [32—34]. An average particle size of 1.8 nm has been calculated
from X-ray diffraction for HgS.
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3.3. Thermogravimetric Analysis of the Metal Sulfides/PMMA Nanocomposites

Figure 3 shows the TGA decomposition curves for the metal sulfides’/PMMA nanocomposites, pure
PMMA matrix and their respective precursor complexes. The major decomposition of CdS/PMMA
nanocomposites occurs at about 272-435 °C, indicating that the thermal stability of CdS/PMMA

nanocomposites, which could be ascribed to strong interactions between the CdS nanoparticles and the
PMMA polymer matrices.

Figure 3. TGA curves for precursor complexes, pure PMMA and their corresponding
metal sulfides/PMMA nanocomposites.
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The residue observed could be ascribed to the presence of CdS nanoparticles in PMMA matrix.
The thermal stability of CdS/PMMA nanocomposites in comparison to the precursor complex might
be due to the combination of CdS nanoparticles in the polymer matrix, which yielded a stronger
binding force due to the interactions between CdS nanoparticles and the polymer backbone [35,36].
The TGA curve for HgS/PMMA nanocomposites shows outstanding thermal stability compared to the
PMMA matrix and precursor complex, confirming that the nanoparticle-polymer interaction is strong.
The major decomposition occurs at about 300—750 °C, accompanied with about a 90% weight loss of
the nanocomposites. This may be due to the volatilization of HgS at the high temperature, leaving a
small amount of HgS/PMMA nanocomposite residue. Since only 3 wt% of metal sulfide nanoparticles
is present in the nanocomposites, it could be expected that the interaction between the PMMA matrix
and the metal sulfide nanoparticles increases with the increase in the amount of nanoparticles dispersed
into the PMMA matrix [37]. The main degradation step of ZnS/PMMA nanocomposites is around
264-427 °C and has more thermal stability than pure PMMA, which can be due to the amount of ZnS
nanoparticles embedded into the PMMA matrix. This clearly indicates that the thermal stability for the
ZnS/PMMA nanocomposites has been improved significantly at a higher decomposition temperature
compared to pure PMMA [38].

3.4. SEM and EDX Studies of the Nanocomposites

The SEM micrograph and EDX spectrum of the nanocomposites are presented in Figure 4.
It shows spherical morphologies indicating that all ZnS nanoparticles are within PMMA matrices
having spherical particles with a smooth surface and narrow, distributed particle sizes [39,40].
Energy-dispersive X-ray spectroscopy (EDX) showed improved Zn:S stoichiometry and reduced
oxygen content in the spectra of ZnS/PMMA nanocomposites, confirming the presence of ZnS
nanoparticles in PMMA matrix [41].

The CdS/PMMA composite confirms the existence of CdS nanoparticles, which are homogeneously
dispersed in the PMMA matrix [42]. It shows that PMMA played an important role in controlling the
size and mono-dispersion of CdS nanoparticles. The absence of agglomerates is ascribed to the role
played by the PMMA matrix, because it is adsorbed onto the different planes of the incipient CdS
nuclei, and it prevents the particles from agglomeration [43]. The EDX spectra of CdS/PMMA
nanocomposites also reveal that the prepared nanocomposites are mainly composed of Cd and S,
confirming the presence of CdS nanoparticles in the PMMA matrix [44].

The micrograph of HgS/PMMA nanocomposites shows evenly distributed spherical particles with
agglomeration. The EDX spectrum reveals that the prepared nanocomposites are mainly composed of
Hg and S, confirming the presence of HgS nanoparticles within the host PMMA matrix. The EDX of
all nanocomposites reveals the presence of traces of elements, like C, O and Au. Carbon and oxygen
are observed, possibly due to the use of carbon tape and retained solvent after the deposition step [45].
The intense Au peaks are due to the gold and palladium coating, which was used to overcome the
charging of the samples.
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Figure 4. SEM images and EDX for ZnS/PMMA (a,b,c); CAS/PMMA (d,ef) and
HgS/PMMA (g,h,i) nanocomposites.
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Figure 4. Cont.
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3.5. TEM Studies of Nanocomposites

The TEM image of ZnS/PMMA nanocomposites (Figure 5) indicates that the particles are
monodispersed in PMMA, although there is a small agglomeration. The TEM picture shows
nanocomposites having a narrow size distribution of the particles ranging from 3 to 5 nm, which is in
agreement with those estimated from XRD. The image also indicates that the ZnS nanoparticles have
their size in the nano regime, even after being dispersed to the PMMA matrix [46—48]. The TEM
image of CdS/PMMA nanocomposites shows that CdS particles were homogeneously dispersed in the
PMMA polymer matrix with a standard deviation of about two. The particle sizes found in TEM are
slightly different from those obtained from the XRD. This slight difference in particle size estimation
through the XRD and TEM is due to the intrinsic twining and dislocations present in the lattice of the
sample. The CdS particles become agglomerated. A TEM image of HgS/PMMA nanocomposites
prepared from HgS nanoparticles is shown in Figure 5. The TEM image shows nanoparticles in the
5-12 nm range. All of the transmission electron microscopy (TEM) images confirm the nanocrystalline
nature of the ZnS, CdS and HgS nanocomposites studied.
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Figure 5. TEM micrographs for ZnS/PMMA (a); CdS/PMMA (b) and HgS/PMMA (¢).
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4. Conclusions

Metal sulfide nanoparticles/poly(methyl methacrylate) nanocomposites formulated as ZnS/PMMA,
CdS/PMMA, and HgS/PMMA were synthesized from their metal sulfide nanoparticles in the presence
of the poly(methyl methacrylate) matrix. All of the prepared nanocomposites showed a reasonably
good interaction between metal sulfide nanoparticles and the PMMA matrix. The PMMA acted as a
good host matrix, since it did not affect the shape and properties of the metal sulfide nanoparticles
dispersed to it, but provided combinations of functionalities. Metal sulfide nanoparticles in the PMMA
matrix showed enhanced thermally stability as compared to pure PMMA, but less thermally stability
compared to their respective metal dithiocarbamate complexes, which were used during metal sulfide
nanoparticles syntheses. The CdS/PMMA revealed relatively broad XRD peaks, which indicate that
CdS nanoparticles in the nanocomposites were small size. The average particle size of the metal
sulfide nanoparticles in the PMMA ranges from 3 to 11 nm.
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