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Abstract. Physical exercise, especially intense exercise and high intensity interval training (HIIT) by trampoline, can lead to
muscle injuries. These effects can be reduced with intelligent products made of nanocomposite materials. Most of these
nanocomposites are polymers reinforced with silicon dioxide, alumina, and titanium dioxide nanoparticles. This study presents a
polymer nanocomposite reinforced with silica. As a result of the rapid reaction between tetraethyl orthosilicate and ammonia in
the presence of citric acid and other agents, silica nanostructures were synthesized. By substituting bis (4-amino phenoxy)
phenyl-triptycene in N, N-dimethylformamide with potassium carbonate, followed by catalytic reduction with hydrazine and
Pd/C, the diamine monomer bis (4-amino phenoxy) phenyl-triptycene is prepared. We synthesized a new polyaromatic (imide)
with triptycene unit by sol-gel method from aromatic diamines and dianhydride using pyridine as a condensation reagent in
NMP. PI readily dissolves in solvents and forms robust and tough polymer films in situ. The FTIR and NMR techniques were
used to determine the effects of SiO, on the sol-gel process and the structure of the synthesized nanocomposites. By using a
simultaneous thermal analysis (DTA-TG) method, the appropriate thermal operation temperature was also determined. Through
SEM analysis, the structure, shape, size, and specific surface area of pores were determined. Analysis of XRD results is used to
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determine how SiO; affects the crystallization of phases and the activation energy of crystallization.
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1. Introduction

Polymer composites are one of the most common types
of composites. The global consumption of these composites
exceeds 95% (McGrath et al. 1999). In organic-mineral
polymer nanocomposites, one component in these structures
is a mineral reinforcement (at least one dimension in a nano
size), and the other is a polymer matrix. Synergistic effects
between these two components determine the final
properties of the nanocomposite (Ma et al. 2019). By
combining different reinforcement types and contexts,
synergistic effects may improve mechanical properties such
as hardness, toughness, and electrical and optical thermal
resistance (Liu et al. 2021, Ning et al. 2021, Sheng et al.
2021). A nanocomposite’s properties are not just determined
by its components’ properties but also by its morphology
and how its components interact (Guo et al. 2019). An
excellent and stable nanocomposite must possess both
nanoscale and microscale properties. Until the development
of polymer-based composites, sports equipment primarily
consisted of wood, steel, and aluminum alloys (Rasheed and
Khalid 2014). Among the numerous advantages of fiber-
reinforced composite materials compared to conventional
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materials are lightness, excellent mechanical properties,
ease of design and molding, and low cost (Khalid and
Chang 2022). Equipment such as tennis and squash rackets,
golf sticks, fishing sticks, skis, bicycles, and skis are made
from polymer-based composites (Bai and Li 2022). The
extraordinary efficiency of composites has led to increased
consumption of sports equipment and racing boats (Khalit
et al. 2015).

Porous reinforcements have been introduced as a
solution for problems related to nanocomposites (Delozier
et al. 2002). Absorbent support increases the chances of
polymer chains and particles engaging mechanically (Lin et
al. 2007). Mesoporous materials such as silica can serve as
reinforcement in polymeric materials (Wang et al. 2017).
Silica aerogels, with their very high specific surface area,
high porosity, and weight, are suitable for use as
reinforcement materials (Dubey et al. 2015). The addition
of silicon aerogels to polymeric surfaces increases their
thermal insulation properties (Li et al. 2021b, Lu et al.
2022, Zhang et al. 2022c). Polyimides are high-
performance macromolecules prepared by condensation
polymerizing monomeric dianhydride and diamine molecules
(Jin et al. 2012). In industrial products, these materials are
used instead of glass and metals because of their high
hardness and thermal and chemical resistance (Zhao et al.
2021, Han et al. 2022, Zhang et al. 2022b). Polyimides are
used in electronic industries, tele-communication, protective
coatings, and composites due to their high thermal stability
(Lin et al. 2014). Silica nanoparticles and their surface
chemistry have been investigated in this study to determine
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Fig. 1 Image from FT-IR of PI/SiO; 10 wt%
nanocomposite
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Fig. 2 SiO, nanoparticles X-ray

how they affect nanocomposites’ properties (Babanzadeh et
al. 2013).

A trampoline’s net is easily torn by continuous jumping
since they are made of polyethylene and polypropylene. As
a result of torn or punctured jump nets, head injuries, knee
injuries, and ankle injuries are common. Silica nano-
composites are used to produce its plates to minimize these
possible damages and increase their strength, resistance,
and flexibility. In this paper, a novel polyamide with
aromatic dianhydride in NMP solvent and pyridine as
condensing agents are synthesized and identified. Then
using the sol-gel method (Rafiee 2015), new polyimide/
silicate oxide composites will be synthesized. Finally,
several desirable properties of P1/SiO, composites have
attracted attention lately, such as mechanical strength, light
stabilization, and antibacterial activity.

2. Results and discussion

Nanocomposite trampoline nets containing silica
nanoparticles were synthesized to protect athletes from
injury and increase useful life. A polyimide formed by
direct condensation of 1,4-bis (4-amino phenoxy) triptycene
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Fig. 4 Image of P1/SiO; 10 wt% nanocomposite by X-ray

monomer and aromatic dianhydride using acetic anhydride
and pyridine as condensing reagents (Li et al. 2021a, 2022,
Si et al. 2021, Wang et al. 2022, Zhang et al. 2022a, Zhao et
al. 2022, Cao et al. 2023). Using NMP solvent, 86% vyield
was obtained. An FT-IR diagnostic method was used for
identifying and  diagnosing  polyimide’s  chemical
composition. The peaks appear at 1735 cm™ (asymmetric
C=0 stretching vibration), 1728 cm™ (symmetric C=0
stretching vibration), 1371 cm™ (C-N stretching vibration),
1222 cm™ (C-O-C stretching vibration), and 728 cm™
(modification of the imide ring), verifying the presence of
the imide group. Also, the vibrational bands in the region of
1285 cm™ are emitted by the Si-O-Si band, which indicates
that silicate nanoparticles are present in the polymer tissue
(Fig. 1).

A series of X-ray diffraction analyses were conducted
on pure P, pure SiO2-NPs, and P1/SiO; nanocomposites, as
shown in Figs. 2-4. Results indicate that Pl is entirely
amorphous, lacking sharp peaks in diffraction. The
diffraction peaks in XRD patterns of SiO, powder have
been indexed to the hexagonal wurtzite structure. According
to Fig. 4, P1/SiO, nanocomposite with a ten wt% SiO;
content displays peaks at 22°, 28°, and 36° associated with
SiO2’s (101), (111), and (200) crystallines. Compared with
XRD analysis of pure SiO, with that of a 10%
nanocomposite, the spectrum of the 10% nanocomposite
does not show any crystallized areas. In this case, SiO; is
produced as an amorphous state in the sol-gel
nanocomposite.

Scherrer’s equation can be used to calculate average
particle size. Scherrer’s equation accurately calculates the
average particle size to be 80 nm, which matches the value
observed in the SEM image. The morphology of PI/SiO,
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Table 1 An analysis of the thermal properties of pure PI as
well as P1/SiO, nanocomposites

Sample Pl P1/5%SiO2 P1/10%SiO2
Ts? 243 310 323
Ti® 289 363 389
Char Yield 30 26 19
LOI 29.5 27.9 241

aUnder nitrogen atmosphere, at 10°C min-1, 5% weight loss was recorded
by TGA.
®Under nitrogen atmosphere, at 10°C min-1, 10% weight loss was recorded
by TGA.
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Fig. 5 Nanocomposite of PI/SiO, 5 wt% imaged using
FE-SEM

nanocomposite (5 wt%) determined by FE-SEM micro-
graphs is shown in Fig. 5. In the photograph, there is no
evidence of particle aggregation. A homogeneous dispersion
of SiO,-NPs in the Pl matrix was confirmed by this image
(average particle size 80 nm).

Under a nitrogen atmosphere, TGA equipment was used
to study the thermal properties of pure Pl and PI/SiO;
nanocomposites at 5 and 10 wt%.and the results are shown
in Fig. 6. A summary of the thermolysis results for these
samples can be found in Table 1. Thermal stability studies
have shown that the nanocomposites can withstand
temperatures up to 300 °C. In Pl and PI/SiO; nano-
composites with a 5 and 10 wt% weight loss, the 10 %
weight loss temperature was recorded at 289, 363, and 389
°C. At 800°C, these nanocomposites’ residues (char yields)
exceeded 17. The thermal stability of the resulting
nanocomposites is higher than pure PAI due to the excellent
compatibility of polymer matrix with SiO, nanoparticles
have high thermal stability due to their large surface area,
so the incorporation of these nanoparticles can improve the
thermal resistance of nanocomposites.

3. Experimental
3.1 Materials

We used chemical companies, Merck and Aldrich, to

supply all reactants and did not purify them before we used
them.

3.2 Techniques

A Bruker Avance 400 MHz spectrometer was used to
record proton-nuclear magnetic resonance (*H NMR)
spectra, and proton resonances were identified as singlets
(s) and multiplets (m). With a Jasco-680 (Japan)
spectrophotometer, FT-IR products were recorded in KBr
powder in the range of 400 to 400 cm™. A Bruker D8
Advance diffractometer was used to record the X-ray
diffraction patterns of related materials. STA503 win TA is
used for thermal gravimetric analysis (TGA) at a
temperature of 25 to 800 °C under a nitrogen atmosphere
with a heating rate of 10 °C/min.

3.3 An overview of monomer synthesis

3.3.1 A novel method for synthesizing triptycene
benzoquinone

Triptycene benzoquinone 3 precipitation was prepared at
130 °C by reacting 1.1 g (1.113 x 102 mol) anthracene 1
with 1.334 g (1.23 x 10°1% mol) benzoquinone 2 for 3 hours.
The black precipitate formed on the filter paper was washed
with hot distilled water to remove excess benzoquinone
after reflux. During recrystallization, yellow crystals were
obtained (Scheme 1).

3.3.2 A method for synthesizing 1,4-dihydroxy-
triptycene precipitate (4)

Under a temperature of 110 °C, the sediment obtained
from the previous step (3) was refluxed with acetic acid
solvent for four hours. A few drops of hydrobromic acid
were added to the balloon after the reflux. As the solution
cooled, it was poured into a beaker containing distilled
water, and a white precipitate was obtained (Scheme 2).

3.3.3 Obtaining 1,4-dinitrophenoxytriptycene (6) as a
monomer

A reaction mixture of 0.5 g (1.74 x 10 mol) precipitate
4 and 6 ml DMF with 0.550 g (3.51 x 10 mol) para-
chloronitrobenzene 5 was added to the reaction mixture and
refluxed. Following complete dissolution, 0.530 g (3.8 x 10
% mol) of potassium carbonate was added to the reaction
mixture at 130 °C and allowed to reflux for 8 hours. Green
precipitates occur after the cooled solution of the reaction
mixture is poured into a beaker containing distilled water
(Scheme 3).

3.34 An efficient method for synthesizing bis
(4aminophenoxy) phenyl triptycene
This experiment consisted of adding 0.5 g (9.4 x 10 mol)
of precipitate 6, 0.05g of palladium/carbon catalyst, and
20ml of ethanol to a round-bottomed flask with a volume of
100 ml. 12 hours were spent refluxing the reaction mixture
in an oil bath at 60 °C. During the reflux, 8 ml of hydrazine
hydrate was added to the balloon mixture. Adding 12 ml of
THF to the solution after 12 hours of reflux completed the
reaction. Hot filtration was used to separate palladium and
carbon from the resulting solution. As a result, yellow
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Fig. 6 An image of P1/SiO; nanocomposites (4 and 10 wt %) taken with a TGA
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Scheme 4 An efficient method for synthesizing bis (4aminophenoxy) phenyl triptycene
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Scheme 6 A sol-gel method for preparing P1/SiO, nanocomposites

crystals (7) are obtained (Scheme 4) with a melting point of
204 °C and a weight of 0.28 grams (equivalent to 65%).

3.4 Using compression polymerization to prepare
polyimides

Add 0.0465 g (0.2 x 10 mol) pyromellitic dianhydride
8 (PMDA) to a 25 ml round-bottomed flask, along with 0.1
g (1.2 x 10* mol) diamine monomer 7 and 2 ml NMP. In a
glass container, one ml of acetic anhydride and 0.5 ml of
pyridine were mixed and added to the reaction mixture at
room temperature for 2 hours under a nitrogen atmosphere.
During the three-hour reaction, the mixture was heated to
120°C. At room temperature, 50 ml of methanol were added
to the flask’s contents after cooling. As soon as the
precipitates had formed, they were washed with 30 ml of
methanol, followed by 90 ml of hot distilled water, and
dried. The polyimide produced had a weight of 0.123, an
efficiency of 86%, and a light brown color (Scheme 5).

3.5 Making SiO, nanopatrticles

Alcohol and ammonia are mixed with water, and
alkoxysilane is mixed with the rest of the alcohol. By
mixing these two different solutions, the system becomes
homogeneous. The molar ratios used in synthesizing these
particles determine the time of hydrolysis and condensation.
Hydrolysis of the alkoxysilane in an aqueous medium
occurs after preparing this solution. According to this
reaction, the carboxyl group replaces the hydroxyl group
(Omidi et al. 2013, Ebrahimi and Shafiei 2017, Ehyaei et al.
2017, Shafiei et al. 2019).

3.6 A sol-gel method for
nanocomposites

preparing PI/SiO2

Equivalent molar ratios of diamine and dianhydride
were dissolved in DMF. Two hours of reaction were
conducted at room temperature to produce poly (amic acid).
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The poly (amic acid) solution was then stirred for 12 hours
with silica nanoparticles added. For polymer and SiO; beds,
weight ratios of 5%, 10%, 15%, and 20% are used (Scheme
6).

4., Conclusions

New aromatic polyimides bearing pendent triptycene
groups were successfully synthesized with high purity and
good vyields. With the aid of sol-gel synthesis, PI/SiO;
nanocomposites were successfully synthesized to improve
the properties of flexibility and strength and eliminate
damage caused by the tearing of trampoline nets. Nano-
composites of P1/SiO; were successfully synthesized using
sol-gel technology. FT-IR spectroscopic studies proved the
utilization of poly (amic acid) and the simultaneous
formation of SiO2 nanoparticles from the hydrolysis of its
precursor. FT-IR spectra confirmed Si-O-Si bonding, and
SiO, presence in the matrix was confirmed. As the
percentage of silica increases in the nanocomposites, the
charring efficiency increases. XRD confirmed the
amorphous nature of the silica nanoparticles. Nanoparticles
of SiO; were uniformly dispersed within the macromolecule
matrix of NCs, as revealed by SEM (Ghadiri et al. 2016,
Ebrahimi et al. 2017, Mirjavadi et al. 2017a, b).

5. Supporting information
5.1 Experimental section

5.1.1 The general method of PI/SiO2 NC film
synthesis using sol-gel

Pl was synthesized by adding diamine to synthesized
dianhydride, NMP, and pyridine and refluxing at 120°C
under nitrogen pressure for two hours. Finally, methanol
was added to the viscous mixture and stirred for 3 hours at
room temperature by a magnetic stirrer. After receiving the
sediment, it was washed with hot water and dried.
Polyimide was mixed with silica nanoparticles in

proportions of 2, 4, 6, 8, and 10, and then DMF was added.
Following 12 hours of stirring, the solvent was removed,
and the sediment was put in a 300-degree oven for two
hours (Shafiei et al. 2016a, Shafiei et al. 2016b, Mirjavadi
et al. 2017c, Mousavi et al. 2017).

5.2 Analyses of the IR spectrum, 1H NMR spectrum,
and C

5.2.1 Poly imide

Brown powder, M.P: 345 °C, decompose: 1475, 1507
(C=C, Ar), 1089, 1222 (C-O-C), 1371 (C-N), 2918 (C—H,
sp?stretch), 1735, 1728 (C=0 imide), IR (KBr) (vmax/cm™?)

'H NMR, § (ppm): 5.7 (s, 2H), 6.9-8.35(m, 9H), (400
MHz, DMSO-d6). Fig. 7.

5.2.2 SiO, nanoparticle 3.5 Making SiO, nanoparticles
White powder: 1285(Si-O-Si bond), 879 (bending mode
Si—OH), IR (KBr) (vmax/cm™).
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