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A new series of nanocomposite containing polyamide and graphene nanosheets PAS/GNSs.q has been fabricated
based on different weight proportions of GNS (1%, 3%, 5% and 10%) throughout the same experimental procedure.
Before that the polymerization procedure was successfully produce polyamide which include sebacoyl derivative

(PAS) through low-temperature polycondensation method. The polymerization was occurred by the interaction
between the previously synthesized monomer 2, aminothiazole diphenylsulfide M2 and sebacoyl chloride in
dimethylformamide DMF with potassium carbonate anhydrous K,CO; as a catalyst. Additionally, the desired
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PAS/GNSs,.q nanocomposites were characterized through certain characterization tools, including FT.IR, solubility,
gel permeation chromatography GPC, and X-ray diffraction analysis XRD. Thermogravimetric data displayed a
strong enhancement in the thermal stability behavior of PAS/GNSs,.4 with the different GNS percentages. Moreover,
the morphology measurements for chosen nanocomposites polymers were evaluated by using scanning electron

microscope SEM and transmission electron microscope TEM, which detected the formation of PAS/GNSsy 4. The
images from the TEM demonstrated a homogeneous distribution of the GNS throughout the polymer matrix.

1. Introduction

Polymer nanocomposites are made up of two different components,
the first of which is concerned with the organic matrix (in this case,
polymers), and the second is concerned with the nanomaterials
(nanofiller) that are combined on a macroscopic scale [1]. These
classes have been quite important in recent years because of the
qualities that the final material affects. The final materials combine the
characteristics of each component leads to cover a wide range of
industrial applications, especially low density, low cost, high efficient
biological activity along with massive environmental sustainability,
interesting sensing eventuality, electrostatic discharge, mechanical
performance, incredible coating performance, high operating
temperature range and photoconductivity for electronics and other
amazing properties mentioned in the literature [2-8]. Nanofillers with
a few percent or less amount of carbon black, carbon nanomaterials,
silica, metal and metal oxide or others are used to increase the
polymers' physical, chemical, thermal, optical, and mechanical
characteristic features [9-11]. Additionally, good distribution and
significant transmission intensity through interfacial areas are required
for optimal performance [12,13]. Moreover, graphene and carbon
nanotubes CNTs are examples of carbon nanomaterials which have
wide attention in various fields owing to their remarkable properties
such as low density (1.2-2g/cm?®) with Young’s modulus (~130 GPa
and ~1 TPa, respectively) and ultrahigh strength [10,14,15]. It is
important to know that the graphene nanosheets (GNSs) have
electrical behaviors, making them appropriate to change the
conducting behavior of any material. Moreover, CNTs and GNSs were
used in several industrial fields such as catalysts, solar cells, sensors,
inorganic pollutant treatment, medical applications, fuel cells,
photonics, and composites [14].

Polyamides (PAs) are engineering thermoplastics that have a lot of
outstanding features instance high strength, good barrier properties,
abrasion resistance, and elasticity. The essential applications areas of
polyamides are in films and coatings, electrical equipment, automotive
parts, and electronic products. However, polyamides still have a
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number of drawbacks due to consist a numerous amide hydrogens and
carbonyl oxygens which can form readily hydrogen bonds [16].
Therefore, the presence of thiazole ring in the sulfur-based polymers
has an important role [17]. First of all, the thiazole is a heterocyclic
ring containing nitrogen and sulfur atoms. Thiazole derivatives are
widely used as bioactive agents, liquid crystals, sensors, catalysts, etc
[18]. In addition, introduce the thiazole ring as the nucleus of the
derivatives considered from a medicinal chemistry perspective [19].
Thiazole-containing polyamides exhibit fire retarding properties,
electronic conductivity, chemical resistance, high thermal stability,
high mechanical properties, photo-curing properties, and biological
activity [20,21]. Recently, much more attention has been given to
nanofillers on sulfur-containing polymer chains. A new category of
polyazomethine/graphene nanocomposites and
polyazomethine/multi-wall carbon nanotubes was synthesized, which
exhibited the conducting properties [22,23].

In this research, the major aim is to study nanofillers' effect on
polyamide chains and evaluate (GNSs). Synthesis of polyamide and
its nanocomposites PAS/GNSsa-q is a requirement to achieve this aim.
Both structures of pure polyamide (PAS) and related nanocomposites
PAS/GNSsa.d were confirmed by FT-IR measurements. Then, all new
polymers were investigated through typical characterization tools such
as thermal analysis, X-ray diffraction analysis, scanning electron
microscope and transmission electron microscope. This is as we
mentioned earlier because the thiazole containing polyamides have
various interesting features, besides, the electrical behavior of (GNSSs)
makes them a good material of conducting polymers.

2. Results and discussion
2.1. Chemistry and characterization tools

The target polyamide derivative PAS was fabricated with various
percentages of GNSs using in-situ polycondensation polymerization
process. Before polymerization the monomer M1 bis-4-chloroacetyl-
diphenylsulfide and monomer M2 2-aminothiazole-diphenylsulfide
were prepared as presented in the experimental section. The obtained
monomers have been measured the melting point by An Automated
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Melting Point Apparatus with a Digital Image Processing Technology,
and the result was in agreement with the results obtained in [24,25].
Besides, their chemical structures were characterized using spectral
common techniques such as NMR and FT.IR, that showed the
expected structures as presented in the experimental section. The
synthetic route for synthesizing the PAS/GNSsa.q nanocomposites by
in-situ polymerization procedure is demonstrated in Figure 1.
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Figure 1. synthesis process of the polyamide nanocomposites PAS/GNSS,.q.

The polymerization reactions are the same way as the
polymerization procedure for pure polyamide. The fabrication process
is based chiefly on fixed weight 2-aminothiazole diphenylsulfide M2
and sebacoyl chloride in the presence of various loading of GNSs. The
chemical structure of these new nanocomposites was gained using also
FT.IR spectroscopy. As a result, the polymers showed absorption
bands at 3113-3122 cm* (NH of urea derivative) and 1615 cm™ (C=0
of urea derivative). The FT.IR measurements show apparent proof for
the physical interaction between PAS and the GNSs (a, b, c, d)
nanomaterials, which is considered as a recognized way of bonding
between the polymer matrix and its nanofiller. Figure 2 (a) spectrum
gives intensive characteristic absorption bands for pure PAS, and (b-
e) gives the FT.IR spectrums for PAS/GNSsaa nanocomposites. The
spectrum of PAS/GNSsa.¢ nanocomposites is clearly observed that the
absorption bands as same as the spectra of pure PAS, but there are
somewhat changes in the spectrum of pure polyamide after immersion
of the GNSs into PAS polymer matrix. The absorption bands of GNSs
are prominent in the spectra of our nanocomposites [23].
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Figure 2. FT.IR of pure PAS and PAS/GNS,.q.

2.2. Enhance properties

The following general methods characterized the new polyamide
and its fabricated nanocomposites: solubility and gel permeation
chromatography GPC. The solubility of polyamide was evaluated at
ambient temperature using many organic solvents such as protonic
solvents, aprotic solvents, and non-polar solvents. The polyamide PAS
was strongly soluble in concentrated HCOOH and in concentrated
H2S04 as a protonic solvent. In addition, PAS was soluble in THF,
DMF, DMSO, and acetone as organic aprotic solvents, whereas they
were partially soluble in other aprotic organic solvents such as DCM
and chloroform. The polyamide showed bad solubility behavior in
benzene as non-polar solvents. Table 1 offerings the solubility
behavior for the produced polyamide PAS in various solvents. This
observation is owing to the presence of hetero aromatic sulfur ring
(thiazole ring) units in the main chain of the polyamides [21].

Table 1. Solubility characteristics of PAS.

Polyme THF DMF Formic CHCI DCM DMSO Sulfuric Benzene Acetone

r code acid 3 acid
PAS + + + +— | +- + + - +

+ Soluble at room temperature.
+ — Partially soluble.
— Insoluble.

The GPC gel permeation chromatography is a common technique
used for measuring molecular weight. This molecular weight of PAS
was measured by GPC, as clarified in the experimental section. The
value was recorded and calculated by a computer program [7,23, 26,
27]. The average number, weight average molecular weights, and
polydispersity index, and the average number of repeating units (Mw,
Mn, Pw, and PDI) of polyamide were measured, and their data are
represented in Table 2. According to the outcomes, it was found that
the polyamide has a medium chain (Mw = 38591.55) [22].

Table 2. The GPC results for PAS.

GPC results
Mw ®Mn ‘Pw PDI

sample formula

34458.24 ~170 1.12

PAS CagH280,SsN, | 38591.55

a\Weight-average molecular weight
SNumber-average molecular weight
°Average number of repeating units

XRD and TGA also characterized the produced polyamide and its
related nanocomposites to determine the crystallinity and the thermal
stability, respectively. The thermal properties of sulfur-containing
polyamide PAS and its fabricated PAS/GNSsa-d Were evaluated by
TGA, as seen in Figure 3. Various temperatures for various percentage
weight losses of pue PAS and PAS/GNSsad nanocomposites are
presented in Table 3, in which values of Tio-Ts denote the
temperatures for variable weight losses % at 10%, 20%, 30%, and
40%. The PAS and PAS/GNSsa.¢ nanocomposites were heated up to
800°C at the rate of 10°C/min in N2 atmosphere and showed multi-step
processes decomposition. The TG curves showed the loss of moisture
tied solvents, which might lose a small weight in the range 1% and 5%
for PAS/GNSa-c, pure PAS and PAS/GNSq, respectively. This step
starts at ambient temperature and ends before 100°C for PAS/GNSa-c
nanocomposites and ends at around 294°C for pure PAS and
PAS/GNSq. The decomposition for PAS/GNSa- is led to the nature of
these polymers and occurs mainly in overlapped one step in the range
of 100-185°C. The first decomposition step starts at 100 and ends at
272°C. Additionally, the second decomposition step starts at 279 and
ends at 424°C, and the third decomposition step starts at 446 and ends
at 600°C.

The second step indicates the decomposition of polymers due to
pyrolytic oxidation of (C=C) that separate from many bonds with the
elimination of free shorter chains depending on the nature of these
polymers and creation of char as end products [21, 27]. In general, the
decomposition in the second step is faster than the decomposition in
the first step. On the other side, the pure PAS and PAS/GNSq4 show
considerable separation between the two degradation steps. The first
decomposition step starts at 300°C and ends at 408°C. The second
decomposition step starts at 440°C and ends at 560°C. The solid residue
left (char end products) at around 670°C. In Table 3, various % weight
losses percentage at 10, 20, 30, and 40 in T1o0— T4o temperature values.
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Table 3. Thermal Properties of pure PAS and PAS/GNSs,.g.

Temperature (°C) for various
percentage decompositions

code IDT? FDT? 10% 20% 30% 40%
PAS 334.9 630.9 367 470 562 679
PAS/GNS, 103.65 @ 630.9 165 239 434 569
PAS/GNS, 103.65 @ 630.9 172 391 482 583
PAS/GNS, 103.65 = 630.9 264 415 508 628

PAS/GNSq 334.9 630.9 356 463 563 698

8The values were determined by TG curves at heating rate of
10°C/min
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Figure 3. TGA curves of Pure PAS/GNSs,.q (1%, 3%, 5%, 10%) at a heating
rate of 10°C/min.

X-ray Diffractograms were detected by X-ray Diffractometer model
type (RIGAKU ULTIMA_IV) (Mannai Technical Services) over the
20 region = 10-80°C. The data confirms the nature of pure PAS and its
nanocomposites PAS/GNSsa-4, as presented in Figure 4. The pattern
of PAS was changed from semi crystalline to crystalline in the
nanocomposite polymers with increased GNS ratio. Most likely, the
bulky hetero-cyclic rings throughout the polyamide backbone are the
fundamental reason of their crystallization properties. It is possible to
determine the order of crystallinity based on the presence of a polar
C=0 as well to several C=C bonds. The orneriness and hence
crystallinity are the results of this condition [28]. In addition, the
formation of our selected composites products was clearly elucidated
by XRD diffractograms for all PAS/GNSa¢ nanocomposites with
various GNS loading. The GNSs present a diffraction peak at around
22 attributed to amorphous carbon material and around 26° (002)
related to graphite planes [29, 30].
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Figure 4. XRD of PAS/GNSs,.q (1%, 3%, 5%, 10%).

The morphologies of new polyamide and its nanocompos ites were
studied by SEM and TEM measurements. The SEM images of chosen

samples PAS/GNSp and PAS/GNSq were illustrated in Figure 5. At
low magnification X= 800, the PAS/GNS}y, surface were flower shape,
with aggregation of GNS on the polymer surface. In addition, at
magnification of X= 1500-3000 in PAS/GNSq4 the morphology of the
surface as same as flowers covered with thin slices of 10 wt.% GNSs.
However, these structures were destroyed when magnification was
increased. These morphological properties exposed excellent
homogenous size distribution of GNS on the surface of polyamide.

Figure 5. SEM images for PAS/GNS;, and PAS/GNSq.

The TEM morphologies of PAS/GNSp,q in Figure 6 exhibited that
the GNS immersed with polyamide with homogenous size, shape, and
distribution without aggregation or concentration in any specific areas.
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Figure 6. TEM images for PAS/GNS;, and PAS/GNS;.
3. Materials and Methods
3.1. Measurements

Melting points described for two monomers are evaluated on An
Automated Melting Point System Device with a Digital Image
Processing Technology. The FT.IR measurements were recorded on
an IR-470 in the wavenumber range 4000-400 cm* PerkinElmer. The
NMR (*H and *3C) spectra were conducted on Brucker Advanced 850
MHz CRYO PROBE 4 CHANNELS 1H 31P 13C 15N using DMSO-
ds and CDCls as a solvent without TMS. The solubility of PAS was
inspected at room temperature using various solvents. A mixture of
0.05 g of the solid polymer with 1 ml of the selected solvent and the
solution was analyzed by visual examination. Tetrahydrofuran (THF),
dimethyl sulfoxide (DMSO), acetone, benzene (CsHs), chloroform
(CHCl3), dimethylformamide (DMF), dichloromethane (CH:Cl2),
concentrated formic acid, and concentrated sulfuric acid were used as
selected solvents. Gel permeation chromatography used to determine
the molecular weights and molecular weight distributions were
performed by Agilent-GPC manufacturing by Agilent Technologies
furnished with a differential refractive index detector. The Eluent was
DMF at a flow rate of 1.0 ml/min, and the reference polymer was
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polystyrene and polymethylmethacrylate. The GPC tools was run with
the following conditions: flow rate = 2.000 ml/min, injection volume
= 100.000 pL, and sample concentration = 1.000 g/L. The XRD
diffractograms of the pure polyamide and its related PAS/GNSSsa.d
nanocomposites were conducted on a (Mannai Technical Services) X-
ray Diffractometer model type (RIGAKU ULTIMA_1V) with Ni-
filtered CuKo radiation. The last measurements were registered at 40
kV and 40 mA over a scanning range (20) between 10°- 80° at a scan
speed/duration time of 4.0000 deg/min. The thermogravimetric
analysis TGA for pure polymer and its nanocomposites PAS/GNSSa-d
was examined on a DTG-60H analyzer. All samples were tested in a
nitrogen atmosphere and heated up to 800°C at 10°C/min. The
morphological topographies of selected samples PAS/GNShg
composites were estimated via SEM and TEM. Field emission
scanning electron microscopy FESEM (Jeol JSM-7600F) using
Quanta 250 coating with gold alloy. The TEM measurements were
examined only for PAS/GNS nanocomposites (b-d) using a JEM.1010
High-Resolution model at 25X magnification and 100 kV.

3.2. Reagents and solvents

Graphene nano-sheets were obtained from NANO TECH Co. LTD
Egypt. Aliphatic diacid chloride (sebacoyl chloride) from (Sigma-
Aldrich), 97%. Chloroacetyl chloride and diphenylsulfide from
(Merck) were used as purchased. Anhydrous Aluminum chloride
AICls from (Sigma-Aldrich) was used as received. Carbon disulfide
CS: dried over molecular sieves 5A overnight (Merck). Dimethyl
formamide DMF dried over molecular sieves 5A for two days
(Merck). Thiourea, anhydrous potassium carbonate K2COs, sodium
hydrogen carbonate NaHCOs, and anhydrous sodium acetate
CH3COONa were obtained from (Fluka). Methanol absolute 99.8%
and ethanol absolute 99.9% from (Fisher Chemical) were used as
purchased. Concentration hydrochloric acid and acetone were
purchased from BDH. All chemicals (solvents or reagents) were high
purity (99-98-97%) and were used without any extra purification.
Distilled water was used in all experimental studies.

3.3. Monomer synthesis
3.3.1. Bis-4-chloroacetyl-diphenylsulfide (M1)

The titled compound was prepared as described in previous
literature [24]. As presented in Figure 7.

3.3.2. 2-Aminothiazole-diphenylsulfide (M2)

The titled compound was prepared as described in previous
literature [25]. As presented in Figure 7.
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Figure 7. Synthesis of bis-4-chloroacetyl-diphenylsulfide (M1) and 2-
aminothiazolediphenylsulfide (M2) monomers.

3.4. Polymer synthesis
3.4.1. Polymerization process (diacid chloride) synthesis of
polyamide polymers PAS

Polyamide containing thiazole units and sulfur linkages was
synthesized as follows: a mixture of monomer M2 (0.002 moles) was
dissolved in 15 ml dry DMF with (0.5 g) anhydrous K2COs as a
catalyst. The previous mixture was added to three-necked round flask
connected with a condenser under a nitrogen atmosphere. Besides, a
solution of (0.004 moles) sebacoyl chloride was dissolved in 15 ml
DMF and added in a small portion under stirring at 0°C. After that, the
polymerization was done at room temperature for 10-12 hours, as
illustrated in Figure 8. Then, added the produced solution into ice
water to give a white-brownish precipitate (PAS). A recently prepared
dilute solution of NaHCOs (5%, 100 ml) was poured. The solid
polymer was separated by filtration and all unreacted monomer and
biproducts had been removed by washed with distilled water, ethanol,
and acetone. The polymer product had been dehydrated at 70°C under
reduced pressure (LmmHg) for two days [31]. The FT.IR spectrum for
new product displayed the characteristic absorption bands at 3124 cm-
L according to the (NH of the secondary amino group) amides. Besides,
the other characteristic absorption bands at 1615 cm™* (C=0O of
carbonyl amide bond) as exhibited in Figure 2.

N——{ S—{i:_%-r-l\ GL‘ i
i =/ w4 N - PR ~
N g g7 TNH, d (CHa)p——C
M2 sebacov] chloride

Low-Temperature Polycondensation

In DMF as asolvent

Polyamide derivatives PAS

Figure 8. synthesis of polyamide derivative (PAS).
3.4.2. Polyamide-based GNS nanocomposites fabricated process

The PAS/GNSsa-d Were synthesized using an in-situ polymerization
method depending basically on a low-temperature polycondensation
process. This process has occurred in a saturated nitrogen atmosphere
at every step of the interaction for 10-12 h, and the rest procedure was
achieved as same as the way that for the synthesis of pure PAS
discussed in the previous section. First, graphene nano-sheets loadings
of 1%, 3%, 5%, and 10% were appointed for each composite, as shown
in Table 4. The PAS/GNSsa-a were synthesized by suspended GNS
(1%, 3%, 5%, and 10%) into (M2) 2-aminothiazole diphenylsulfide
(0.002 moles) all dissolved in 20 ml dry DMF with (0.5g) K2COz
anhydrous, then the mixture was ultrasonicated for 15 min. Second,
the other mixture was prepared by dissolved (0.004 moles) sebacoyl
chloride in 15 ml dry DMF were added to the first mixture in a drop-
wise manner with stirred during the addition. Third, a recently
prepared dilute solution of NaHCOs (5%, 100 ml) was poured at the
end of the reaction. The obtained nanocomposites were separated out
by filtration, all unreacted monomer and biproducts were removed by
washed with distilled water, ethanol, and acetone. Finally, the desired
products were dried under vacuum (1mmHg) at 70°C for 48h as
presented in Figure 1.

Table 4. Polyamide and its related GNS doped nanocomposites symbols and
codes.

code G nano-sheets (%) GNS wt. (9)

PAS 0 0
PAS/IGNS, 1 0.002
PAS/GNS, 3 0.006
PAS/GNS, 5 0.01
PAS/GNS4 10 0.02

4. Conclusion

In summary, a novel polyamide containing thioether and thiazole
units and its nanocomposites were successfully synthesized by the
low-temperature polycondensation method in high yield. Prior to the
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polymerization reaction, a new monomer, namely 2-aminothiazole
diphenylsulfide, was prepared. The desired polyamide and PAS/GNS.-
d nhanocomposites structures were confirmed through FT.IR and
characterized by XRD, TGA, SEM and TEM. The TGA values
indicated a great enhancement in the thermal stability of polyamide
and its PAS/GNS..4 nanocomposites, with increasing the proportion of
the GNS graphene nano-sheets. Comparing PAS/GNSad
nanocomposites to pure polymer, thermogravimetric analysis exposed
high thermal stability for all PAS/GNSa-¢ nanocomposites. The SEM
images showed a flower-shape in high and low magnifications these
morphological behaviors offered excellent distribution of GNS on
polyamide surface.
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