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ABSTRACT: In current work, halogenated sunflower oil was reacted with Na2S3 to produce
sunflower oil-based polysulfide polymer. Cloisite 30B as organomodified nanoclay was used
in different contents to investigate its effect on the properties of the synthesized polymer.
All nanocomposites were prepared via in situ polymerization method in aqueous media. Fourier
Transform-InfraRed (FT-IR) spectroscopy revealed the inclusion of nanoclay in a polymeric matrix.
X-Ray Diffraction (XRD) and Transmission Electron Microscopy (TEM) were used to study the degree
of intercalation/exfoliation of nanoplatelets in matrices. Proton Nuclear Magnetic Resonance
(1H NMR) was utilized to study the molecular weight of synthesized polymers. Thermal stability of
nanocomposites was determined by means of Thermal Gravimetric Analysis (TGA) and Differential
Scanning Calorimetry (DSC) was used to investigate thermophysical properties. According to results,
nanocomposite with 1 wt. % of Cloisite 30B showed an exfoliated morphology whereas the higher
amount of nanoclay resulted in intercalated nanoplatelets with different degrees of intercalation. Also,
adding more Cloisite 30B nanoplatelets led to more decrease in molecular weight. After the
introduction of nanoclay into nanocomposites structure and increasing its content, the thermal
stability of nanocomposites was improved whereas no significant improvement of thermal stability was
observed by increasing clay content from 3 to 5 wt. %. Also, all samples showed only the glass
transition temperature (Tg) and no distinct peak related to melting was observed. Adding more
nanoclay resulted in higher Tg value due to the confinement effect of nanoplatelets.
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INTRODUCTION
Polysulﬁde polymers are widely used in different
applications such as adhesives, sealants, etc. [1-2]. They

are commonly produced by the polymerization of shortchain dichlorohydrocarbons with aqueous sodium
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polysulfide [3]. Equation (1) states the general polycondensation
mechanism to produce polysulfide polymers.

n  Cl  R  Cl   n  Na 2Sx  

(1)

RSx  n  2n NaCl
Polysulfide polymers with polysulfide linkages
in their structure show rubbery behavior with low thermal
stability [4]. In this field, fabrication of their nanocomposites
with different nanoparticles including clay nanoplatelets [5],
titanium dioxide nanoparticles [6], carbon nanotubes [7]
and graphene nanosheets [8] has been applied to improve
thermophysical properties of polysulfide polymers. Among
different nanoparticles, relatively low loadings of clay
nanoplatelets result in significant improvements in mechanical
properties [9] and thermal stability [10-11] of polymer
matrices. Additionally, dispersion quality of clay platelets
in matrix severely affects the aforementioned properties [12].
Due to a variety of polymerization systems and methods,
in situ polymerization is one of the most interesting techniques
for nanocomposite preparation where a high degree of
dispersion of nanoparticles can be achieved [13].
Recently, a new class of polysulfide polymers based on
sunflower oil has been introduced [14] in which double bonds
of sunflower oil are halogenated to give polyhalide.
Polymerization of halogenated oil with disodium polysulfide
yields sunflower oil-based polysulfide polymer. However,
similar to other polysulfide polymers, sunflower oil-based
polysulfide polymer shows low thermal stability. In this work,
an effort was made to synthesize sunflower oil-based
polysulfide polymer/Cloisite 30B nanocomposites by in situ
polymerization. The effects of the amount of nanofiller on the
properties of the nanocomposites were investigated. The
molecular weight was monitored via proton Nuclear Magnetic
Resonance (1H NMR). Structural and morphological
characteristics of the nanocomposites were studied by X-Ray
Diffraction (XRD) and Transmission Electron Microscopy
(TEM) analyses. Also, the thermophysical properties of
nanocomposites were investigated by Thermal Gravimetric
Analysis (TGA) and Differential Scanning Calorimetry
(DSC).
EXPERIMENTAL SECTION
Materials
Benzoyl peroxide (BPO, 75%, Merck, Darmstadt,
Germany) was purified via recrystallization from
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methanol. Sunflower oil was supplied by FRICO, Tehran,
Iran. Aqueous hydrochloric acid (HCl, 37%, Mojallali,
Tehran, Iran), calcium chloride (CaCl2, 97%, Mojallali,
Tehran, Iran), sodium hydroxide (NaOH, 97%, Mojallali,
Tehran, Iran), sulfur (S, 99%, Merck, Darmstadt,
Germany) and Cloisite 30B (montmorillonite that goes
through an ion-exchanged reaction with methyl tallowbis2-hydroxyethyl quaternary ammonium surfactant,
Southern Clay Products, Gonzales, TX) was used
as received.
Preparation of Polysulfide/Clay Nanocomposites
Halogenated oil and Na2S3 were synthesized
according to previously described methods [14]. At first,
BPO (1.0 g, 4.1 mmol) was added to CaCl2-dried
sunflower oil (100 mL, 104.4 mmol) and the mixture was
stirred for 10 min at 70 °C. Then, the mixture was placed
in an ice-water bath and HCl vapor was purged into the
reactor for 5 h. Finally, halogenated oil was filtered via 0.2
μm-pore size nitrocellulose membrane filters and dried
in a vacuum oven at 50 °C overnight. To prepare Na2S3,
NaOH (10.0 g, 311.9 mmol) was dissolved in water (100 mL)
at room temperature. After addition of sulfur (11.371 g,
363.9 mmol), the mixture was stirred for 24 h at room
temperature to make a homogeneous orange-colored
solution. To synthesize nanocomposites, Cloisite 30B
was dispersed in an aqueous solution of Na2S3 via 30-min
sonication at room temperature. After increasing
temperature to 70 °C, 20 mL of halogenated oil was
added slowly and the reaction was continued for 24 h at 100
°C. Finally, the product was washed with water to remove
NaCl salt and subsequently by HCl to reduce the pH to 5.
Final products were dried in a vacuum oven at 50 °C
overnight. The content of Cloisite 30B was considered 0,
1, 3 and 5 wt. % with respect to halogenated oil and
nanocomposites were named P0, P1, P3, and P5
respectively. Scheme 1 shows the synthetic route
to prepare above-mentioned nanocomposites.
Separation of polymer chains from clay platelets
The prepared nanocomposites were dissolved
in chloroform. By high-speed ultracentrifugation (10000 rpm)
and then passing the solution through a 0.2 μm
regenerated cellulose (RC) filter, free polymer chains
were separated from nanoclays. Finally, polymer chains
were dried overnight in a vacuum oven at 50 °C.
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Scheme 1: Synthetic route to prepare polysulfide polymer/clay nanocomposite.

Instrumentation
FT-IR spectra were recorded on a Bomem FT-IR
spectrophotometer, within a range of 500-4000 cm−1
using a resolution of 4 cm−1. An average of 32 scans
has been reported for each sample. Cell pathlength
was kept constant during all the experiments. The samples
were prepared on a KBr pellet in vacuum desiccators
under a pressure of 0.01 Torr. X-Ray Diffraction (XRD)
spectra were collected on an X-ray diffraction instrument
(Siemens D5000) with a Cu target (λ = 0.1540 nm)
at room temperature. The system consists of a rotating
anode generator which operated at 35 kV and 20 mA.
The samples were scanned from 2θ = 2 to 10 ° at the step scan
mode; the diffraction pattern was recorded using
a scintillation counter detector. Transmission Electron
Microscope (TEM), Philips EM208, with an accelerating
voltage of 120 kV was used to study the morphology of
the nanocomposites; the samples of 70 nm thickness
were prepared by Reichert ultramicrotome (type OMU 3).
Thermal gravimetric analyses were carried out with a PL
thermo-gravimetric analyzer (Polymer Laboratories, TGA
1000, UK). The thermograms were obtained from ambient
temperature to 600 °C at a heating rate of 10 °C/min.
A sample weight of about 10 mg was used for all

the measurements and nitrogen were used as the purging
gas at a flow rate of 50 mL/min. Differential scanning
calorimetry was carried out using a DSC instrument
(NETZSCH DSC 200 F3, Netzsch Co., Bavaria,
Germany). Nitrogen at a rate of 50 mL/min was used as
the purging gas. Aluminum pans containing 3 mg of
sample were sealed using the DSC sample press.
The sample was heated from -20°C to 180°C at a heating rate
of 10 °C/min. Tg was obtained as the inflection point of
the heat capacity jump.
RESULTS AND DISCUSSION
To confirm the incorporation of Cloisite 30B into
the polymer matrix, FT-IR spectra of Cloisite 30B, P0 and
P1 are shown in Fig. 1. In all spectra, characteristic peaks
at 2930 and 2850 cm-1 are related to the asymmetric and
symmetric stretching vibration of C-H bonds respectively
[15-16]. Also, = C-H bonds show a stretching vibration
at 3010 cm-1 in P0 and P1 samples and an out-of-plane
stretching vibration at 915 cm-1 in all spectra [17]. Vibration
peak at 1750 cm-1 is ascribed to carbonyl groups of oil
structure [18] and stretching vibrations of C = C bonds
are observed at 1655 cm-1. Scissoring and bending vibrations
of -CH2- appears at 1465 and 725 cm-1 respectively.
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Fig. 1: FT-IR spectra of Cloisite 30B, P0, and P1.

Fig. 2: XRD patterns of Cloisite 30B, neat polysulfide and
prepared nanocomposites.

The characteristic peak at 1050 cm−1 in Cloisite 30B and
P1 samples are ascribed to vibration of Si-O-Si bonds of
the octahedral nanoplatelets of clay structure [19]. As
a result, this peak in P1 is much broader than P0 sample.
These results show that nanoplatelets are incorporated
in the polymeric matrix successfully.
XRD analysis was used to study the dispersion
of nanoplatelets in polymeric matrices. Fig. 2 shows
the XRD patterns of Cloisite 30B, neat polymer (P0)
and all nanocomposites in diffraction angles of 2θ = 2–10°.
Cloisite 30B shows a diffraction peak at 2θ = 4.7° with
a basal distance of 1.87 nm due to (001) basal plane (d 001)
[20].
Morphology
of
nanoplatelets/polymer
nanocomposites is categorized in several ways including
immiscible, intercalated, partially exfoliated, and
exfoliated [21]. Such a morphology is affected by
nanoplatelets content, chemical nature of the surface, and
synthesis method. Generally, exfoliation occurs in low
nanofiller contents with appropriate surface nature
whereas higher nanoparticle contents result in
intercalated morphology. Cloisite 30B contains some
hydroxyl groups on its surface those can interact with
ester moieties of sunflower oil-based polysulfide
polymer. Accordingly, no obvious peak related to
Cloisite 30B is observed in P1 whereas P3 and P5 show a
weak peak at 2θ = 3.9 (d-spacing = 2.19 nm) and 4.1 °
(2.10 nm) respectively. Combining these results with
images obtained from TEM shows that P1 nanocomposite

has an exfoliated morphology whereas P3 and P5 contain
intercalated nanoplatelets with different intercalation
degrees. Forasmuch as there is no difference between
interactions of matrices with nanoplatelets in prepared
nanocomposites, nanofiller content is the most important
parameter that affects the morphology of samples.
In the case of the content of nanofiller, higher filler
content results in a lower degree of exfoliation and
commonly occurring intercalation of nanoplatelets [22].
Also, neat polysulfide polymer and all nanocomposites
show a very broad peak with the climax of 6.2 ° that
may be attributed to the amorphous structure of samples
containing polysulfide moieties.
1
H NMR analysis was carried out in CDCl3 for all
samples after separation of clay nanoplatelets where
characteristic signals of all samples were same except
their area of peaks. The characteristic signals of
synthesized polymers were as follow: δ((CH2)nCH3) =
0.86-0.89 ppm, δ((CH2)n) = 1.25-1.31 ppm,
δ(CH=CHCH2(CH2)n, CHSx, CHSxCH2) = 2.00-2.08
ppm, δ(CH=CHCH2CH=CH) = 2.75-2.79 ppm,
δ(COOCH2(CH2)n) = 2.29-2.33 ppm, δ(CH=CH) = 5.295.39 ppm, δ(CH2-OCO and CH-OCO) = 4.15-4.29 ppm,
δ(–S-SH) = 2.42 and δ(–S-S-SH) = 2.54 [14, 23]. Results
from 1H NMR were used to calculate the molecular
weight of samples according to Equation (2):
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Fig. 3: TEM image of P1, P3, and P5.

Where A means the surface area of the related peak,
MWrepeating unite is the molecular weight of oil as a
repeating unit and MW-SxH is the molecular weight of end
groups. A(-CH3-) is divided by 9 due to the presence of 9
-CH3- proton atoms in oil structure and A(-SxH-) is
divided by 2 because of two thiolic end groups. The peak
area ratio of CH3 protons to thiolic protons corresponds to
a molecular weight of 8800, 8370, 7730 and 7560 g/mol
for P0, P1, P3, and P5 respectively. Results show that
adding more Cloisite 30B nanoplatelets results
in a decrease of molecular weight slightly.
Thermal stability of samples was investigated
by TGA as depicted in Fig. 4. All samples showed
two stages of degradation. The first stage of degradation
is ascribed to the degradation of oxygen-containing groups [24-25]
of oil structure which takes place between 190 and
240 °C in P0 sample. However, by loading Cloisite 30B
and increasing its content in nanocomposite composition,
the degradation temperature of first stage increases due to
nanoclay-induced thermal stability. Also, the weight loss
of samples decreases in the first stage of degradation as
the content of nanoclay increases. The second and main stage
of degradation is related to the random chain scission that
occurs between 250 and 313 °C with Td,max = 296 °C for P0
sample. This Low thermal stability of the neat polymer
is related to weak C-S bonds, aliphatic carbon structure
and low molecular weight [26-28]. After the introduction
of nanoclay into nanocomposites structure and increasing
its content, thermal stability of nanocomposites becomes
better. Accordingly, T 0.1 and T0.5 (temperatures of 10 and
50 wt. % of mass loss) increase whereas P5 shows the
highest improvement of thermal stability. Although
nanoclay content has a significant effect on the thermal
stability of nanocomposites, results show that there is

no significant improvement of thermal stability by
increasing clay content from 3 to 5 wt. %. Considering the
molecular weight of the matrix, the higher molecular weight
of polymers results in higher thermal stability [29].
According to 1H NMR results, the neat polymer has higher
molecular weight and higher content of Cloisite 30B leads to
the lower molecular weight of the matrix. Thus, the low
molecular weight of the matrix in a higher content of
Cloisite 30B results in less improvement of thermal stability.
Also, the origin of improvement of thermal stability is the
ability of layered nanoparticles to obstruct the volatile gas
produced by thermal decomposition. According to “barrier
model” [30], thermal decomposition commences
from the surface of nanocomposites and leads to
an increase in the content of nanosheets and formation
of a protective layer by nanosheets. Also, according
to nanoconfinement theory [31], newly formed radicals
derived from the degradation of the polymer are confined
by platelets followed by a variety of bimolecular reactions.
As degradation progresses, nanoplatelets migrate gradually
to the surface and form a barrier due decrease in surface
free energy.
The thermophysical properties and thermal transitions of
all samples were investigated by DSC under a nitrogen
atmosphere as shown in Fig. 5. Each sample was initially
heated from ambient temperature to 180 °C in order
to remove residual volatile components and thermal history.
Then, all samples were cooled to -20 °C at the cooling rate
of 10 °C/min, followed by heating from -20 to 180 °C
at the same heating rate. According to results, all samples
showed only glass transition temperature (Tg)
and no distinct peak related to melting was observed. This
predicates that all samples have an amorphous structure and
inclusion of nanoclay does not change the structure

189

Iran. J. Chem. Chem. Eng.

Moqadam S. et al.

100

Vol. 37, No. 1, 2018

0.7

90
0.65

Endothermic heat flow (a.u.)

80

Wight (%)

70
60
50
40
30
20

0.6

0.55

0.5

0.45

10
0

0.4
100

200

300

400

500

600

Temperature (°C)

-20

0

20

40

60

80

100 120

140

160

180

Temperature (°C)

Fig. 4: TGA thermograms of neat polysulfide polymer (P0)
and P1, P3 and P5 nanocomposites.

Fig. 5: DSC curves of neat polysulfide polymer (P0) and P1,
P3 and P5 nanocomposites.

of polysulfide polymer except for its molecular weight as
proved by 1H NMR results. The backbone structure of
synthesized polysulfide polymer and soft C–S and S–S
linkages are the main reasons those prevent the formation
of crystalline structure [32]. The effect of chain
confinement due to nanoplatelets steric hindrance was
evaluated
by comparing Tg values of neat polysulfide polymer and
nanocomposites. Adding nanoclay results in higher Tg
value compared to neat polymer due to the confinement
effect of nanoplatelets. The rigid two-dimensional
platelets exert a confinement on the steric mobility of
chains, and hence the motions of molecule segments,
which causes higher Tg values [33]. However, more clay
content results in intercalation

nanocomposites demonstrated that exfoliated structure has
been obtained for P1 and nanocomposites with
a higher amount of nanoclay had intercalated morphology.
TGA results showed that thermal stabilities of all the
nanocomposites were higher than the neat polymer whereas
the improvement of thermal stability was related to the
molecular weight of matrix and thermal stability of the
nanosheets. According to DSC results, all samples exhibited
only glass temperature and no distinct Tm was observed for
samples. These results showed that amorphous structure is
more predominant in all samples. Also, adding nanoplatelets
resulted in higher Tg values compared to neat polymer due to
the confinement effect of nanoparticles. However, when the
content of nanoclay increases, dueto intercalation of
nanoclays instead of exfoliation, nanoclays play an
insufficient role to improve thermophysical properties and
results in lower Tg compared to P1 sample.

CONCLUSIONS
A number of batch experiments were carried out
to synthesize sunflower oil-based polysulfide polymer/Cloisite
30B nanocomposites via interfacial condensation
polymerization. Different amounts of Cloisite 30B were
used to investigate the effects of clay content on the
properties of nanocomposites. 1H NMR results showed
that Cloisite 30B nanoplatelets led to a decrease in
molecular weight due to depression of chains' diffusion
and hindrance effect of nanoclay. The nanocomposite
with 1 wt. % of Cloisite 30B showed no characteristic
peak in XRD. Additionally, TEM micrographs of
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