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Abstract: In this study, thiol-functionalized ladder-like polysesquioxanes end-capped with methyl
and phenyl groups were synthesized via a simple sol-gel method and characterized through gel
permeation chromatography (GPC), Fourier transform infrared spectroscopy (FTIR), nuclear magnetic
resonance (NMR), and thermogravimetric analysis (TGA). Additionally, epoxy blends of different
formulations were prepared. Their structural, flame-retardant, thermal, and mechanical properties,
as well as volatile organic compound (VOC) emissions, were determined using differential scanning
calorimetry (DSC), dynamic mechanical analysis (DMA), TGA, scanning electron microscopy (SEM),
limiting oxygen index (LOI), cone calorimetry, and a VOC analyzer. Compared to epoxy blends with
flame retardants containing elemental phosphorus alone, those with flame retardants containing
elemental phosphorus combined with silicon and sulfur exhibited superior thermal, flame-retardant,
and mechanical properties with low VOC emissions. SEM of the residual char revealed a dense
and continuous morphology without holes or cracks. In particular, LOI values for the combustion
of methyl and phenyl end-capped polysilsesquioxane mixtures were 32.3 and 33.7, respectively,
compared to 28.4% of the LOI value for the blends containing only phosphorus compounds. The
silicon–sulfur–phosphorus-containing blends displayed reduced flammability concerning the blends
using a flame retardant containing only phosphorus. This reflects the cooperative effects of various
flame-retardant moieties.

Keywords: epoxy resin; polysilsesquioxane; residual char; flame retardant; cooperative effects

1. Introduction

Epoxy resins (EPs) are important thermoset materials that are extensively used in
chemical, electrical, transport, and defense industries [1–4]. These materials can be used
in various applications, such as coatings, adhesives, electrical and electronic parts, fiber
reinforced, optical fiber, and flame retardant material, because of their excellent chemical
resistance, adhesive strength, mechanical strength, electrical insulation, thermal stability,
dimensional stability, and cost-effectiveness [5–11]. However, EPs are highly flammable
materials with a limiting oxygen index (LOI) for combustion of ≤19.8 [12,13]. Moreover,
application is limited by the production of large amounts of smoke and toxic gases during
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combustion [14,15]. Therefore, for most applications, EPs need to be modified by adding
flame retardants [16]. Flame retardants include inorganic materials like metal hydrates [17],
halogen-based materials containing bromine or chlorine [18], phosphorus-based materials
centered on phosphoric acid esters [19], and nitrogen-based materials, like melamine
cyanurate [20]. Recent developments include biomaterial wood composites that exhibit
flame retardancy and biomimetic properties [21].

Two primary methods exist for enhancing the flame retardancy of EPs. The first
involves the incorporation of brominated bisphenol A. The second entails blending flame
retardant additives into the residual matrix, which is the most common process. However,
halogenated flame retardants can produce toxic volatile dioxins from the polymer matrix
during thermal decomposition in the event of an actual fire. Additionally, additive flame
retardants are susceptible to migration [22,23].

Among various additive flame retardants, phosphorus-based compounds are the most
effective alternatives to halogenated flame retardants. Because their presence provides
excellent flame retardancy, and they do not promote the generation of toxic gases during
combustion [24,25]. Furthermore, in contrast to other additive flame retardants prone
to migration from the polymer matrix, phosphorus compounds typically exhibit good
compatibility with polymers, preventing delamination [26].

Notably, the acidic thermal decomposition products in phosphorus compounds exert
a strong dehydration effect, promoting cationic crosslinking and the formation of a char
layer at the polymer surface [27,28].

This char layer acts as a physical barrier, insulating the polymer materials from further
heat and flame exposure, slowing down its thermal decomposition, and suppressing the
release of flammable gases that could feed the fire [29]. Currently, Diethyl (hydroxymethyl)
phosphonate (DEHMP), a phosphorus compound with excellent compatibility with various
polymers, is attracting interest as a potential flame retardant for polymer-based materials,
such as epoxy resins [30]. However, adding flame retardants may reduce the thermal
or mechanical properties of resins. Therefore, in addition to providing sufficient flame
retardancy, minimizing resin property degradation is essential for tuning a flame-retardant
additive [31].

Functionalized polysilsesquioxanes are widely regarded as a new generation of high-
performance materials and hybrid organic–inorganic structures [32]. Methods for the
synthesis of silsesquioxanes include sol-gel [33], hydrosilylation [34], ring-opening poly-
merization [35], and step-growth polymerization [36]. The sol-gel method is the most
popular synthesis method because it provides a uniform environment for hydrolysis and
condensation reactions and relatively mild reaction conditions, making it compatible with
various organosilane precursors and functional groups, and allowing the synthesis of
organic-inorganic hybrids [37].

Siloxanes are widely used as silicon-based flame retardants because they provide
polymer blends with excellent mechanical properties, high thermal stability, and superior
flame retardancy, even in small amounts [38]. Recently, much attention has been paid to
flame retardants containing silicon, phosphorus, and sulfur [39]. Because of the cooperative
effects of phosphorus–silicon and sulfur, compounds containing all these elements have
been found to have excellent flame-retardant performance [40]. They work together to
form a thermally stable carbon-residue surface, blocking heat and mass transfer during
polymer decomposition.

Additive manufacturing, mainly 3D printing, represents a significant application area
for epoxy resins. Recent studies have explored DGEBA epoxy blends containing various
functional additives, including mixtures with photo-curable acrylic resin for 3D printing
carbon fiber composites [41–43].

However, the issue of VOC emissions during 3D printing remains a concern. Minimiz-
ing VOC emissions from the epoxy resins used in the thermal curing process of 3D printing
is a viable solution [44,45]. The thermal, mechanical, and flame retardant properties of
epoxy systems containing phosphorus, silicon, and sulfur have been investigated [46,47].
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However, the impact of these additives on VOC emissions during combustion has not
been examined. This study aims to manufacture an epoxy blend that increases mechan-
ical properties and flame resistance while minimizing VOC emissions. It also proposes
a high-functionality epoxy blend that alleviates the issue of VOC emissions during the
thermosetting of epoxy used in additive-manufacturing 3D printing.

Polysilsesquioxanes with a ladder structure, end-capped with CH3 and phenyl groups,
respectively, have been synthesized for potential flame-retardant applications. They were
characterized using gel permeation chromatography (GPC), Fourier transform infrared
spectroscopy (FTIR), nuclear magnetic resonance (NMR), and TGA. Additionally, epoxy
blends with different formulations were prepared for comparison with the properties
of blends containing phosphorus-only flame retardants. The structure, flame retardancy,
thermal, mechanical, and VOC emission properties of the cured epoxy blends were assessed
using differential scanning calorimetry (DSC), a universal testing machine (UTM), dynamic
mechanical analysis (DMA), thermogravimetric analysis (TGA), cone calorimetry, scanning
electron microscopy (SEM), LOI determination, and a VOC analyzer.

2. Experimental
2.1. Materials

For thermal curing, the diglycidyl ether of bisphenol A (DGBEA, YD-128) with an
epoxy equivalent weight of 172–176 g/eq was purchased from Kukdo Chemical (Seoul,
Republic of Korea). It was vacuum-dried at 80 ◦C for 3 h and then stored in a dryer for use.
m-Xylylenediamine (m-XDA, 99%), supplied by Sigma-Aldrich (Saint Louis, MO, USA), is
an aromatic amine in the liquid state, chosen for its excellent compatibility with DGEBA at
room temperature. It facilitates the formation of an efficient curing system with epoxy resin.
Diethyl (hydroxymethyl) phosphonate (DEHMP, 97%), supplied by TCI (Tokyo, Japan), is
a liquid at room temperature, making it easily mixable with various additives, including
epoxy resins. It was chosen for its ability to enhance flame retardancy without adversely
affecting the material’s processing characteristics. TCI Chemicals supplied materials such
as (3-Mercaptopropyl)trimethoxysilane(95%), Methoxytrimethylsilane (MTMS, 98%), and
Methoxytriphenylsilane (MTPS, 98%) that are suitable for forming polysilsesquioxanes
through the sol-gel process. All materials were used as received, without any additional
purification.

2.2. Synthesis of Thiol-Functionalized Ladder-like Polysilsesquioxane End-Capped with Methyl
Groups (TFLPM)

First, 30 g of solvent (tetrahydrofuran [THF]) and 5 g of (3-mercaptopropyl) trimethoxysi-
lane monomer (25.46 mmol) were added to a 250-mL two-necked flask and stirred using a
magnetic stirrer. Second, a 0.05N sodium hydroxide aqueous solution (1.5 g) was added to
the mixture. Then, the solution was heated at 50 ◦C for 16 h under a nitrogen atmosphere.
After the reaction, MTMS (0.58 g, 5.57 mmol) and 0.91 g of hydrochloric acid (36.5% aque-
ous solution, 25 mmol) were added and stirred at 50 ◦C for 8 h. After removing the solvent
from the reaction mixture, it was washed several times with dichloromethane and distilled
water. Then, dichloromethane and impurities were removed using a rotary evaporator and
dried in a vacuum oven at 100 ◦C overnight.

TFLPM: 1H NMR (300 MHz, CDCl3, ppm): δ = 0.07–0.20 (m, Si–CH3), 0.71–0.84 (s,
Si–CH2), 1.25–1.48 (m, Si–CH2–CH2–CH2–SH), 1.63–1.79 (d, Si–CH2–CH2), 2.49–2.66 (d, Si–
CH2–CH2–CH2), 13C NMR (100.62 MHz, CDCl3, ppm): δ = 1.34 (Si–CH3), 11.18 (Si–CH2),
27.77 (Si–CH2–CH2–CH2–SH). Yield: 78%.

2.3. Synthesis of Thiol-Functionalized Ladder-like Polysilsesquioxane End-Capped with Phenyl
Groups (TFLPP)

First, 30 g of solvent (THF) and 5 g of (3-mercaptopropyl) trimethoxysilane monomer
(25.46 mmol) were added to a 250 mL two-necked flask and stirred using a magnetic stirrer.
Second, a 0.05 N sodium hydroxide aqueous solution (1.5 g) was added to the mixture.
Then, the solution was heated at 50 ◦C for 16 h under a nitrogen atmosphere. After the
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reaction, MTPS (0.52 g, 1.79 mmol) and 1.56 g of hydrochloric acid (36.5% aqueous solution,
43 mmol) were added and stirred at 50 ◦C for 8 h. After removing the solvent from the
reaction mixture, it was washed several times with dichloromethane and distilled water.
Then, dichloromethane and impurities were removed using a rotary evaporator and dried
in a vacuum oven at 100 ◦C overnight. The synthesis of TLPM and TFLPP is shown in
Scheme 1.

Polymers 2024, 16, x FOR PEER REVIEW 4 of 20 
 

 

2.3. Synthesis of Thiol-Functionalized Ladder-Like Polysilsesquioxane End-Capped with Phenyl 
Groups (TFLPP) 

First, 30 g of solvent (THF) and 5 g of (3-mercaptopropyl) trimethoxysilane monomer 
(25.46 mmol) were added to a 250 mL two-necked flask and stirred using a magnetic stir-
rer. Second, a 0.05 N sodium hydroxide aqueous solution (1.5 g) was added to the mixture. 
Then, the solution was heated at 50 °C for 16 h under a nitrogen atmosphere. After the 
reaction, MTPS (0.52 g, 1.79 mmol) and 1.56 g of hydrochloric acid (36.5% aqueous solu-
tion, 43 mmol) were added and stirred at 50 °C for 8 h. After removing the solvent from 
the reaction mixture, it was washed several times with dichloromethane and distilled wa-
ter. Then, dichloromethane and impurities were removed using a rotary evaporator and 
dried in a vacuum oven at 100 °C overnight. The synthesis of TLPM and TFLPP is shown 
in Scheme 1. 

 
Scheme 1. Synthesis scheme of TFLPM and TFLPP. 

TFLPP: 1H NMR (300 MHz, CDCl3, ppm): δ = 0.71–0.88 (s, Si–CH2), 1.25–1.51 (m, Si–
CH2–CH2–CH2–SH), 1.61–1.82 (d, Si–CH2–CH2), 2.45–2.68 (d, Si–CH2–CH2–CH2), 7.28–7.67 
(m, Si–PH). 13C NMR (100.62 MHz, CDCl3, ppm): δ = 11.75 (Si–CH2), 27.31 (Si–CH2–CH2–
CH2–SH), 127.82 (Ortho-C), 130.28 (Para-C), 134.06 (Meta-C). Yield: 72%. 

2.4. Preparation of Epoxy Blends (EP, EP-DP5, EP-TM5-DP5, and EP-TP5-DP5) 
Flame retardants (TFLPM, TFLPP, and DEHMP in a total weight ratio of 10 wt%) 

were added into DGBEA, with the weight of the curing agent m-XDA fixed at 10 wt%. 
The mixture was stirred magnetically at 400 rpm for 30 min, followed by curing at 130 °C 
for 1 h and at 150 °C for an additional 1 h. The formulations for the flame-retardant EP 
specimens are detailed in Table 1. 

Table 1. Formulations of EP blends. 

Blends 
Formulation (wt%) 

EP TFLPM TFLPP DEHMP m-XDA 
EP 90 0 0 0 10 

EP-DP5 85 0 0 5 10 
EP-TM5-DP5 80 5 0 5 10 
EP-TP5-DP5 80 0 5 5 10 

2.5. Characterization of TFLPM, TFLPP, and Epoxy Blends 
TFLPM and TFLPP were structurally analyzed using a Spectrum-400 FTIR spectrom-

eter (Perkin Elmer, Waltham, MA, USA) that conducted 100 scans in the wavenumber 

Scheme 1. Synthesis scheme of TFLPM and TFLPP.

TFLPP: 1H NMR (300 MHz, CDCl3, ppm): δ = 0.71–0.88 (s, Si–CH2), 1.25–1.51 (m,
Si–CH2–CH2–CH2–SH), 1.61–1.82 (d, Si–CH2–CH2), 2.45–2.68 (d, Si–CH2–CH2–CH2),
7.28–7.67 (m, Si–PH). 13C NMR (100.62 MHz, CDCl3, ppm): δ = 11.75 (Si–CH2),
27.31 (Si–CH2–CH2–CH2–SH), 127.82 (Ortho-C), 130.28 (Para-C), 134.06 (Meta-C).
Yield: 72%.

2.4. Preparation of Epoxy Blends (EP, EP-DP5, EP-TM5-DP5, and EP-TP5-DP5)

Flame retardants (TFLPM, TFLPP, and DEHMP in a total weight ratio of 10 wt%) were
added into DGBEA, with the weight of the curing agent m-XDA fixed at 10 wt%. The
mixture was stirred magnetically at 400 rpm for 30 min, followed by curing at 130 ◦C for 1 h
and at 150 ◦C for an additional 1 h. The formulations for the flame-retardant EP specimens
are detailed in Table 1.

Table 1. Formulations of EP blends.

Blends
Formulation (wt%)

EP TFLPM TFLPP DEHMP m-XDA

EP 90 0 0 0 10

EP-DP5 85 0 0 5 10

EP-TM5-DP5 80 5 0 5 10

EP-TP5-DP5 80 0 5 5 10

2.5. Characterization of TFLPM, TFLPP, and Epoxy Blends

TFLPM and TFLPP were structurally analyzed using a Spectrum-400 FTIR spectrome-
ter (Perkin Elmer, Waltham, MA, USA) that conducted 100 scans in the wavenumber range
of 650–4000 cm−1. The ATR crystals at room temperature received the samples (10 µm)
through dropping. All spectra were adjusted through CO2 reduction, noise removal, and
baseline fitting. 1H, 13C, and 29Si NMR spectra were performed with CDCl3 as the solvent
and using 300-MHz NMR equipment (Bruker, Billerica, MA, USA, Avance 300) at room
temperature.
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The molecular weights of TFLPM and TFLPP were determined through size exclusion
chromatography using an EcoSEC HLC-8320 GPC from TOSOH Corporation (Tokyo,
Japan). A 0.15% solution (wt/vol) of TFLPM or TFLPP in THF was injected into the GPC
system. Separation utilized a combination of Guard Super MP (HZ)-M+2 and TSK Gel
Super-multipore HZ-M columns (150 mm × 4.6 mm, 3 µm). The mobile phase comprised
high-performance liquid chromatography-grade THF, flowing at a rate of 0.45 mL/min.
The column temperature was set at 40 ◦C. The GPC system was calibrated with a range
of thin polystyrene molecular weight standards: 580, 2980, 9960, 30,230, 69,650, 128,600,
325,600, and 660,500 Da.

The thermal stability of the samples was determined using a TGA-4000 thermal
analyzer (Perkin Elmer, Waltham, MA, USA). Here, 5–10 mg samples were heated in a
nitrogen environment at a rate of 10 ◦C/min from 50 ◦C to 800 ◦C.

A DSC (Perkin-Elmer DSC-8500, Waltham, MA, USA) was used to investigate the ther-
mal behavior of EP, EP-DP5, EP-TM5-DP5, and EP-TP5-DP5. A 5 to 10 g sample was placed
in an aluminum pan for the DSC, and the experiment was conducted under a nitrogen
atmosphere of 5 ◦C/min in the 30–200 ◦C range. The thermal stability and decomposition
temperatures of the fully cured epoxy compound were measured by TGA using a Perkin
Elmer Pyris 1 thermal analyzer. Samples weighing 5–10 mg were placed on a ceramic
pan and heated in a nitrogen atmosphere to prevent oxidation. The heating process was
performed at a constant rate of 10 ◦C/min from 50 ◦C to 800 ◦C. The thermogravimetric
analysis (TGA) was carried out on TGA Q5000 IR thermal gravimetric analyzer (TA In-
struments, New Castle, DE, USA). About 4–10 mg of epoxy resins was heated from room
temperature to 800 ◦C under air or nitrogen purges. Cone calorimetry tests were conducted
using the cone calorimeter (Fire Testing Technology, East Grinstead, UK) following ISO
5660 standard [48] procedures. Each specimen, with dimensions of 130 × 130 × 3 mm3,
was prepared, mounted on aluminum foil, and irradiated horizontally at a heat flux of
35 kW m−2.

Thermomechanical properties were measured using DMA under the nitrogen atmo-
sphere in tensile mode. The constant frequency was 1 Hz, and the heating temperature
was from −50 ◦C to 200 ◦C. The dimension of the specimens was 25 mm × 25 mm. The
total VOC (TVOC) emission from the samples was quantified using a thermal extractor
(TE, Gerstel, Linthicum, MD, USA) with flow regulation (10–300 mL/min). The VOCs
were released from the samples by carrier gas at a 134 mL/min flow rate and collected
in an adsorption tube. A separate glass extraction tube was used for each 25 mg sample.
The TE consisted of a controllable (room temperature) furnace that heated the glass tube
(178 mm, diameter 13.6 mm) containing the sample. VOC analysis was performed ac-
cording to ES 02603.1: “Methods for measurement of VOC emissions from interior and
construction materials—Solid absorber tubes and GC-MS/FID method”. VOCs were ex-
tracted using a Tenax TA adsorption tube (Supelco, Bellefonte, PA, USA) and a micro-pump
(MP-30, SIBATA, Saitama, Japan) under a steady flow of pure nitrogen gas. A total of 1 L
of gas was sampled during the thermal extraction procedure at 25 ◦C ± 5 ◦C for 30 min.
Individual calibration lines for the following compounds were used for the qualitative
analysis: TVOC, benzene, toluene, ethylbenzene, o-, m-, p-xylene, and styrene. The TVOC
concentration (µg/m3) was calculated using the toluene calibration curve for the total area
of the chromatogram between n-hexane and n-hexadecane. The epoxy cure blends of LOI
were determined using an LOI tester (FTT, Derby, UK) by making specimen dimensions
130 × 6.5 × 3.0 mm3 according to the ASTM 2863 standard [49]. After placing the speci-
men vertically in the LOI tester, a constant flow of high-purity nitrogen and oxygen was
introduced from the bottom, and the combustion behavior was checked by igniting the
leading edge of the specimen. SEM analysis was performed using Nova Nano FE-SEM 450
(FEI Company, Hillsboro, OR, USA).

The LOI value was calculated using the following Equation (1).

LOI =
[O2]

([O2] + [N2])
× 100, (1)
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where [O2] is the oxygen flow rate (L/min−1) and [N2] is the nitrogen flow rate (L/min−1).
The flammability of epoxy-cured blends materials was measured following the ASTM 3801
standard [50] with a specimen size of 130 × 130 × 3 mm3, pretreatment at 23 ◦C ± 2 ◦C,
and 50% ± 5% relative humidity for 48 h. A universal material testing machine model
5567 (universal testing machine, UTM, Instron, Norwood, MA, USA) was used to measure
the tensile strength of the epoxy blends following ASTM D638 [51]. Tensile tests were
performed at a 10 mm/min test speed, 10 tests were performed for each specimen, and
the mean value was used. A lap shear test was performed to measure the mechanical
properties of the specimen. The test specimen consisted of an aluminum plate with an area
of 25.4 × 10 mm2 coated with a 0.2 mm thick epoxy adhesive layer. Tests were performed
according to ASTM D1002 [52], using a model 5567 universal testing machine (Instron,
Norwood, MA, USA) at a speed of 1.3 mm (0.05 in)/min. Before testing, specimens were
cured for 3 h at 130 ◦C in an oven. Lap shear strength was calculated as an average of five
samples for each configuration, with error bars representing one standard deviation.

3. Results and Discussion
3.1. Structural Analyses of TFLPM and TFLPP

Figure 1 displays the FTIR spectra of TFLPM and TFLPP, highlighting several charac-
teristic signals confirming the successful synthesis of the synthetic materials. The presence
of sharp and intense signals at 845 and 1255 cm−1 in TFLPM corresponds to the bending vi-
brations of Si−CH3. These signals were detected with high intensity only in TFLPM. TFLPP
also identified vibration absorption signals at 1431 and 1589 cm−1, which were the C−C
stretching vibrations. The C−H stretching vibrations of the phenyl groups were detected at
809 and 3058 cm−1, respectively. In both TFLPM and TFLPP, the mercapto S−H stretching
mode of the mercapto groups shows a weak signal at 2555 cm−1, and the absorption bands
at 2851 and 2958 cm−1 were assigned to the alkane−CH2 groups. For ladder-structured
polysilsesquioxanes, TFLPM and TFLPP exhibited characteristic horizontal and vertical
silsesquioxane signals at 1020 and 1105 cm−1. In general, closed cage structures, such as
polyhedral oligomeric silsesquioxane (POSS), display a single strong absorption signal near
1100 cm−1, while ladder-like structures around 1050 and 1150 cm−1 exhibit two absorption
signals [53]. The TFLPM and TFLPP absorption signals exhibited a similar pattern to those
observed in previous studies of ladder-like polysilsesquioxanes [54].
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Figure 1. FTIR spectra of the synthesized TFLPM and TFLPP.

Structural analysis of NMR spectra for TFLPM and TFLPP is provided in the
Supporting Information. Specifically, Figure S1a,b presents the 1H NMR spectra of TFLPM
and TFLPP, respectively, while Figure S2a,b displays their corresponding 13C NMR spectra.
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Gel permeation chromatography (GPC) was employed to determine TFLPM and TFLPP
molecular weights. Table 2 presents the results, indicating an average molecular weight
of 3782 for TFLPM and 4682 for TFLPP, based on polystyrene calibration. The polydisper-
sity indexes (PDIs) were measured as 1.78 and 1.95 for TFLPM and TFLPP, respectively.
Figure S3a,b presents the Maldi-TOF MS spectra of TFLPM and TFLPP, respectively.

Table 2. Molecular weights of TFLPM and TFLPP.

Sample Mn (g/mol) Mw (g/mol) PDI (Poly Dispersity Index) [Mw/Mn]

TFLPM 2122 3782 1.78
TFLPP 2340 4682 1.95

An XRD analysis was conducted to investigate the structures of TFPLPM and TFLPP,
as presented in Figure 2. According to the literature [55], laddered polysilsesquioxanes
typically manifest two characteristic diffraction signals. Two distinct diffraction signals
were observed around 8◦ and 20◦, corresponding to the distance between their organic
groups (designated as a) and the length of their siloxane bond (Si-O-Si) (designated as b),
respectively [56]. The dimensions corresponding to the a and b diffraction signals were
calculated to be 14.1 and 4.1 Å for TFLPM and 14.7 and 4.4 Å for TFLPP.
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Table 3. Thermal data obtained from TGA thermograms of TFLPM and TFLPP. 
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Doyle’s integral procedural decomposition temperature (IPDT) provides a quantita-
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sistent regardless of the number of decomposition steps observed in TGA analysis. A* is 
a simplified value that combines the residual mass and temperature and can be expressed 

Figure 2. XRD pattern of TFLPM and TFLPP.

3.2. Comparative Analysis of Thermal Characteristics of TFLPM and TFLPP

Figure 3a,b display the decomposition curves of TFLPM and TFLPP, respectively.
As seen in Table 3, TFLPP exhibits a higher maximum decomposition temperature than
TFLPM. This includes the decomposition temperature at a 5% weight loss (Tdec−5%), the
decomposition temperature at maximum weight loss (Tmax), thermal stability indices (A*,
K*), and the integral procedural decomposition temperature (IPDT). The decomposition
temperature at a 5% weight loss was 407.38 ◦C for TFLPM and 429.77 ◦C for TFLPP.
Additionally, due to the formation of the polysilsesquioxane structure, the residual mass of
TFLPM and TFLPP reached 43.82% and 47.53%, respectively.

Table 3. Thermal data obtained from TGA thermograms of TFLPM and TFLPP.

Tdec−5% (◦C) Tmax (◦C) A* · K* IPDT (◦C) Residual Mass (%)

TFLPM 407.38 501.02 0.67 706.31 43.82
TFLPP 429.77 526.17 0.72 725.74 47.53
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Figure 3. (a) TGA and (b) DTG curves of TFLPM and TFLPP under nitrogen atmospheres.

Doyle’s integral procedural decomposition temperature (IPDT) provides a quantitative
measure of thermal stability [57]. Calculated as a ratio of areas, IPDT remains consistent
regardless of the number of decomposition steps observed in TGA analysis. A* is a
simplified value that combines the residual mass and temperature and can be expressed as
a ratio of the total area under the TGA thermal analysis curve and the residual mass. In
this case, thermal stability was mainly influenced by initial decomposition temperature
and residual mass. To calculate IPDT and assess the thermal stability of TFLPM and TFLPP,
the area under the decomposition curve was integrated using Equation (2):

IPDT (◦C) = A* · K* (Tf − Ti) + Ti, (2)

where
A* is the area ratio of the total curve and total TGA thermo-gram ((S1 + S2)/(S1 + S2 + S3)),
K* is the coefficient of A* ((S1 + S2)/S2),
Ti is the initial experimental temperature (50 ◦C), and
Tf is the final experimental temperature (800 ◦C).
Figure 4 presents a schematic for calculating IPDT. S2 is obtained by multiplying the

residual amount by the temperature interval. S1 is the difference between the total area
under the decomposition curve and S2. S3 represents the remaining area under the baseline.
As shown in Table 3, both TFLPM and TFLPP exhibited excellent thermal stability and heat
resistance, with IPDT values of 706.31 and 725.74 ◦C, respectively. The observed difference
in thermal stability can be attributed to the varying molecular weights and properties of
phenyl and methyl groups. Polymers with higher molecular weights generally exhibit
greater resistance to high temperatures due to enhanced van der Waals intermolecular
forces [58].

Additionally, the difference in thermal stability between silsesquioxanes with phenyl
and methyl groups can be explained by the bond dissociation energies (BDEs) of Sp2 and
Sp3 hybridized C-H bonds. Sp2 hybridized C-H bonds in aromatic rings, like phenyl groups,
exhibit higher BDEs than Sp3 hybridized C-H bonds in methyl groups. This disparity is
due to the Sp2 carbon atoms’ larger s-character (33%) and the resulting shorter, stronger
bonds from the greater overlap between carbon and hydrogen s-orbitals, compared to the
25% s-character in Sp3 hybridized carbons [59,60]. Therefore, more energy is required to
break Sp2 C-H bonds than Sp3 C-H bonds, making silsesquioxanes with phenyl groups
less susceptible to bond cleavage under thermal conditions.
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Figure 4. Schematic of S1, S2, and S3 for A* and K*.

3.3. Comparative Analysis of the Thermal Stability of Epoxy Blends

Figure 5a,b display the TGA and DTG curves of epoxy blends in a nitrogen atmosphere,
while Figure 5c,d show the TGA and DTG curves of epoxy blends in an air atmosphere.
Based on the thermal analysis, important thermal safety factors, temperature of decomposi-
tion at 5% weight loss (Tdec−5%), the decomposition temperature at maximum weight-loss
(Tmax), thermal stability indexes (A*, K*), and IPDT, were calculated and presented in
Table 4.
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Figure 5. Thermogravimetric analysis (TGA) and derivative thermogravimetric (DTG) curves of 
epoxy blends in nitrogen (a,b) and air (c,d) atmospheres. 

Table 4. Epoxy blends’ thermal stability data obtained from TGA thermograms. 

Blends Atmosphere Tdec−5% (°C) Tmax1 (°C) Tmax2 (°C) A* · K* IPDT (°C) Residual Mass (%) 
EP 

N2 

305.54 414.77 - 0.57 630.73 18.63 
EP-DP5 270.49 372.68 - 0.49 603.47 21.26 
EP-TM5-DP5 400.95 487.46 - 0.64 675.52 24.22 
EP-TP5-DP5 432.56 504.67 - 0.69 700.83 28.49 
EP 

Air 

293.13 357.41 541.06 0.53 609.54 14.84 
EP-DP5 262.54 311.39 484.51 0.44 584.26 17.11 
EP-TM5-DP5 383.51 373.77 546.98 0.59 653.61 19.97 
EP-TP5-DP5 417.33 481.55 605.76 0.62 688.27 21.56 

Pure EP exhibited a decomposition temperature of 305.54 °C at a 5% weight loss in 
the nitrogen atmosphere, with a char yield of 18.63% at 800 °C. The char yield showed a 
linear increase to 21.26 (EP-DP5), 24.22 (EP-TM5-DP5), and 28.49% (EP-TP5-DP5) for the 
phosphorus-only and silicon–sulfur–phosphorus flame retardant-added blends, respec-
tively. EP-DP5, containing only phosphorus flame retardant, showed a remarkable de-
crease in decomposition temperature (270.49 °C) at a 5% weight loss compared to pure 
EP. EP-DP5 with phosphorus flame retardant alone likely led to a plasticizing effect, re-
ducing the epoxy’s crosslinking density and glass transition temperature, as evidenced by 
the decrease of temperature of decomposition at 5% weigh loss [61]. In particular, EP-TP5-
DP5 displayed superior thermal stability and char yield due to its high phenyl content, 
which enhances molecular chain stiffness and improves thermal stability [62].  

Under air conditions, the TGA curves for epoxy blends reveal a two-step degradation 
process: the decomposition of the epoxy chain followed by the decomposition between 
the char residue and oxygen [63]. Compared to nitrogen environments, the epoxy blends 

Figure 5. Thermogravimetric analysis (TGA) and derivative thermogravimetric (DTG) curves of
epoxy blends in nitrogen (a,b) and air (c,d) atmospheres.



Polymers 2024, 16, 842 10 of 19

Table 4. Epoxy blends’ thermal stability data obtained from TGA thermograms.

Blends Atmosphere Tdec−5% (◦C) Tmax1 (◦C) Tmax2 (◦C) A* · K* IPDT (◦C) Residual Mass (%)

EP

N2

305.54 414.77 - 0.57 630.73 18.63
EP-DP5 270.49 372.68 - 0.49 603.47 21.26
EP-TM5-DP5 400.95 487.46 - 0.64 675.52 24.22
EP-TP5-DP5 432.56 504.67 - 0.69 700.83 28.49

EP

Air

293.13 357.41 541.06 0.53 609.54 14.84
EP-DP5 262.54 311.39 484.51 0.44 584.26 17.11
EP-TM5-DP5 383.51 373.77 546.98 0.59 653.61 19.97
EP-TP5-DP5 417.33 481.55 605.76 0.62 688.27 21.56

Pure EP exhibited a decomposition temperature of 305.54 ◦C at a 5% weight loss in
the nitrogen atmosphere, with a char yield of 18.63% at 800 ◦C. The char yield showed
a linear increase to 21.26 (EP-DP5), 24.22 (EP-TM5-DP5), and 28.49% (EP-TP5-DP5) for
the phosphorus-only and silicon–sulfur–phosphorus flame retardant-added blends, re-
spectively. EP-DP5, containing only phosphorus flame retardant, showed a remarkable
decrease in decomposition temperature (270.49 ◦C) at a 5% weight loss compared to pure EP.
EP-DP5 with phosphorus flame retardant alone likely led to a plasticizing effect, reducing
the epoxy’s crosslinking density and glass transition temperature, as evidenced by the
decrease of temperature of decomposition at 5% weigh loss [61]. In particular, EP-TP5-DP5
displayed superior thermal stability and char yield due to its high phenyl content, which
enhances molecular chain stiffness and improves thermal stability [62].

Under air conditions, the TGA curves for epoxy blends reveal a two-step degradation
process: the decomposition of the epoxy chain followed by the decomposition between
the char residue and oxygen [63]. Compared to nitrogen environments, the epoxy blends
in air exhibit slightly lower Tdec−5% (◦C), T max (◦C), and IPDT values. The observed
thermal stability of the epoxy blends suggests their stability for applications even under
oxidative conditions.

3.4. LOI Test and UL94-V Ratings for Epoxy Blends

The limited oxygen index (LOI) is a widely used metric to assess polymeric materials’
flammability and flame retardancy [64]. Materials exhibiting an LOI above 30% are catego-
rized as flame retardants [65]. Such materials must also receive a UL 94 V-0 rating to be
considered flame retardant [66]. Details regarding the UL 94 V test requirements can be
found in Table S1.

The LOI and UL-94 V tests evaluated the flame retardancy of the EP system, with
results presented in Figure 6. Pure EP exhibited high flammability, evidenced by a low
LOI of 20.8% and an NR rating in UL-94 testing due to the melt-dropping phenomenon.
EP-DP5 systems containing phosphorus flame retardants increased the LOI to 28.4% and
achieved a UL-94 V-1 rating. Furthermore, the EP-TM5-DP5 and EP-TP5-DP5 systems,
incorporating silicon, sulfur, and phosphorus, reached a UL-94 V-0 rating and achieved LOI
values of 32.3 and 33.7%, respectively. These results suggest a cooperative effect within the
EP-TM5-DP5 and EP-TP5-DP5 systems, which incorporate silicon, sulfur, and phosphorus
flame retardants, leading to enhanced flame retardancy compared to systems containing
only phosphorus additives.
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Figure 6. LOI and UL-94V test results for the cured epoxy blends.

3.5. Cone Calorimeter Test of Epoxy Blends

The cone calorimetry test (CCT) is a widely adopted method for evaluating the flame
retardancy performance of polymers. The test results directly correlate with the actual
calorific value of combustion and offer important combustion parameters, making it one of
the most advanced methods for combustion behavior assessment [67]. Figure 7 presents
the characterization curves for heat release rate (HRR) and total heat release (THR). Cone
calorimetry data (CCT), such as time to ignition (TTI), maximum HRR, and total THR, are
listed in Table 5.
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Table 5. The cone calorimeter results of the pure EP and its blends.

Blends TTI (s) HRR (KW/m2) THR (MJ/m2)

EP 73 868.5 94.3
EP-DP5 77 703.1 76.4
EP-TM5-DP5 85 619.8 66.8
EP-TP5-DP5 91 539.2 56.7

Figure 7a,b demonstrates a significantly lower heat release rate (HRR) and total heat
release (THR) for EP blends compared to pure EP. Additionally, as shown in Table 5, the
time to ignition (TTI) is significantly extended to 85 s for EP-TM-DP5 and 91 s for EP-TP5-
DP5, compared to 73 s for pure epoxy. This extended TTI suggests a longer potential escape
window for individuals in the event of a fire. These fire test results, therefore, demonstrate
that the sulfur and phosphorus–silicon system combination effectively enhances the flame
retardancy of EP.
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3.6. Morphology of Epoxy Blends

Scanning electron microscopy (SEM) analysis was used to investigate the connec-
tion between the microstructure and flame retardancy of the EP system’s char layer after
combustion [68,69]. The findings are presented in Figure 8a–d. Figure 8a reveals a dis-
continuous surface for the pure EP, characterized by numerous holes and identifiable
cracks on the char residue. This structure is ineffective in preventing the migration of
flammable decomposition volatiles and the penetration of oxygen and heat, leading to
poor flame-retardant properties. Figure 8b demonstrates that incorporating a phosphorus-
containing flame retardant results in a more continuous and dense char layer with fewer
holes and more char residue, indicating improved flame retardancy. Figure 8c,d shows
that adding a silicon–sulfur–phosphorus-containing flame retardant further enhances the
char layer’s continuity and density, accompanied by increased char residue, improving the
flame retardant performance.
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Figure 8. Residual char morphologies: (a) EP; (b) EP-DP5; (c) EP-TM5-DP5; and (d) EP-TP5-DP5.

Energy-dispersive X-ray spectroscopy (EDX) analysis determined the elemental com-
position of the epoxy blend char residue (C, O, N, Si, P, and S), as shown in Table 6. Com-
pared to pure EP, both EP-DP5 (containing phosphorus) and the silicon- and phosphorus-
containing blends, EP-TM5-DP5 and EP-TP5-DP5, exhibited an increased carbon weight
percentage. This increase in EP-TM5-DP5 and EP-TP5-DP5 is attributed to the stabilizing
effect of silica residue. Especially, EP-TP5-DP5, with the highest sulfur content, also dis-
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played the highest carbon weight percentage. These results suggest that EP-TP5-DP5, due
to its high sulfur content, releases relatively more SO2, a non-combustible gas that dilutes
the atmosphere and enhances flame retardancy.

Table 6. Elemental analysis of epoxy blends of combustion residual.

Blends
Element Content, wt%

Carbon (C) Oxygen (O) Nitrogen (N) Silicon (Si) Phosphorus (P) Sulfur (S)

EP 78.71 16.53 4.76 - - -
EP-DP5 79.12 15.13 4.31 - 1.44 -
EP-TM5-DP5 81.67 8.61 4.11 3.67 1.46 0.48
EP-TP5-DP5 83.03 6.62 3.92 4.34 1.51 0.58

3.7. Comparative Analysis of the Thermomechanical Properties of Epoxy Blends

Quantifying internal structure and rheological changes during thermoset gelation
remains a significant challenge. Therefore, dynamic viscoelasticity measurements are
typically performed post-reaction. These measurements offer insight into physical and
mechanical properties through rheological parameters like viscosity and dynamic moduli.
Specifically, the storage modulus (G′) characterizes the elastic behavior, while the loss
modulus (G′′) reflects the viscous component. In particular, at the gelation point, the loss
tangent becomes independent of frequency. Additionally, the point of overlap between
G′ and G′′ (tan δ = 1), as proposed by Tung and Dynes [70], can be determined as the
gelation point.

tanδ =

(
G′′

G′

)
= tan

(nπ
2

)
. (3)

Both the loss modulus (G′′) and loss tangent (tan δ) exhibit sensitivity to material
molecular motion and transitions. As crosslinked epoxy molecules initiate micro-Brownian
motion, both viscoelastic properties increase. This increase is reflected as a peak in the tan δ

graph, signifying segmental diffusion and marking the gelation point. The corresponding
temperature at this point is designated as the glass transition temperature.

The glass transition temperature (Tg) is an important parameter for thermosetting
resins, and it was measured using DSC. Figure 9a reveals a single Tg for all epoxy blends,
indicating good dispersion of additives within the epoxy matrix. As evident in both
Figure 9a and Table 7, EP, EP-DP5, EP-TM5-DP5, and EP-TP5-DP5 exhibited Tg values
of 105.33, 101.03, 107.58, and 109.40 ◦C, respectively. The highest Tg is observed for EP-
TP5-DP5, which can be attributed to the increased rigidity imparted by the relatively high
number of benzene rings introduced by the phenyl end-caps [71]. On the other hand,
incorporating phosphorus-only flame retardants decreased Tg compared to pure EP. This
can be explained by their plasticizing effect [72], which weakens interactions between
polymer chains and increases free volume within the material [73].
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Table 7. Glass transition temperature (Tg) and storage modulus (MPa) of epoxy blends.

Blends Tg (DSC) (◦C) Tg (DMA) (◦C)
Storage Modulus (MPa)

50 ◦C Tg + 40 ◦C

EP 105.33 105.43 1947.16 10.49
EP-DP5 101.03 102.47 1394.17 8.91
EP-TM5-DP5 107.58 107.66 2090.30 23.07
EP-TP5-DP5 109.40 109.88 2274.33 31.29

This is consistent with the Tg values measured by DSC, as shown in Figure 9a.
Figure 9b presents the storage modulus measured in the DMA analysis. As shown

in Table 7, the EP-TP5-DP5 exhibited the highest storage modulus at 50 ◦C, reaching
2274.33 MPa. In particular, high storage moduli were also observed across all other tem-
peratures. Figure 9c shows the tan δ curve obtained via DMA, with corresponding glass
transition temperatures determined from the peaks. These Tg values (105.43, 102.47, 107.66,
and 109.88 ◦C for EP, EP-DP5, EP-TM5-DP5, and EP-TP5-DP5, respectively) closely match
the Tg values measured by DSC in Figure 9a.

3.8. Comparative Analysis of the Mechanical Properties of Epoxy Blends

Tensile and flexural tests were conducted to evaluate the mechanical properties of
epoxy blends. Figure 10 shows the tensile stress–strain curves, and Table 8 summarizes
the corresponding tensile and flexural data. Particularly, EP-DP5 with added phosphorus
exhibits a significantly reduced crosslinking density in the cured epoxy resin, resulting
in a marked decrease in tensile stress and strain. On the other hand, in the case of EP-
TM5-DP5 and EP-TP5-DP5 with polysilsesquioxane, the inorganic Si-O-Si core acts as a
high-functional anchor, and the flexible organic branches have a reinforcing effect on the
DGEBA matrix [74], leading to improved tensile strength and mechanical properties.
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Table 8. Mechanical property results of the pure Ep and its blends.

Blends Tensile Strength (MPa) Tensile Modulus (GPa) Flexural Strength (MPa) Flexural Modulus (GPa)

EP 68.5 ± 1.6 3.16 ± 0.09 97.4 ± 2.7 2.92 ± 0.19
EP-DP5 61.8 ± 1.9 2.42 ± 0.16 89.2 ± 3.4 2.58 ± 0.09
EP-TM5-DP5 75.6 ± 2.8 3.72 ± 0.09 106.8 ± 2.3 3.21 ± 0.15
EP-TP5-DP5 85.3 ± 2.2 4.34 ± 0.19 123.3 ± 1.9 3.58 ± 0.11
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Furthermore, EP-TP5-DP5 end-capped with phenyl groups displays superior mechan-
ical properties compared to EP-TM5-DP5 end-capped with methyl groups. The phenyl
group is larger and bulkier than the methyl group, affecting the packing and arrangement
of the polymer chains, and can increase mechanical properties through steric effects of
intermolecular interactions [75,76].

Figure 11 compares the lap shear strengths of various epoxy blends, revealing a general
decrease in mechanical properties with the addition of phosphorous flame retardants, as
reported in the literature [77]. Consistent with expectations, EP-DP5 exhibited a lower
lap shear strength than EP. In particular, both EP-TM5-DP5 and EP-TP5-DP5 displayed
increased strength compared to EP, as evident in the Figure 11. Among the epoxy blends,
EP-TP5-DP5 achieved the highest lap shear strength of 13.26 MPa, representing a 25%
improvement over EP. This enhancement can be attributed to the cooperative effect of
silicon–sulfur–phosphorus.
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3.9. Analysis of the VOC Emissions of Epoxy Blends

Table 9 presents the VOC factors for the epoxy blends. These factors include five
specific VOCs (benzene, toluene, ethylbenzene, xylene, and styrene) known to be harmful
to human health and the environment, as well as the total VOCs (TVOCs), which measure
the entire concentration of volatile organic compounds and other organic substances that
evaporate into the air, regardless of their potential harm. Table 9 reveals TVOC emissions
of 268.45, 230.30, 189.22, and 168.12 µg/m3 for EP, EP-DP5, EP-TM5-DP5, and EP-TP5-
DP5, respectively. Especially, EP-TM5-DP5 and EP-TP5-DP5, incorporating silicon–sulfur–
phosphorus flame retardants, exhibit significantly lower TVOC emissions (<200 µg/m3).
The observed reduction in VOC emissions can likely be attributed to the high molecular
weight of TFLPM and TFLPP. Generally, higher molecular weights correlate with lower
vapor pressure, reducing volatility and, consequently, minimizing emissions [78]. These
results are consistent with previous findings [79] and suggest that by reducing the potential
for vaporization, the release of VOCs during combustion can be minimized, consequently
mitigating potential risk in the event of an actual fire.
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Table 9. Comparison of VOC emissions for EP, EP-DP5, EP-TM5-DP5, and EP-TP5-DP5.

[µg/m3] EP EP-DP5 EP-TM5-DP5 EP-TP5-DP5

TVOC 268.45 230.30 189.22 168.12
5VOCs 6.81 6.4 5.9 4.9
Toluene 0.92 0.9 0.83 0.6
Benzene 5.89 5.3 4.1 3.3

Ethylbenzene 0 0 0 0
m, p-Xylene 0 0 0 0

Styrene 0 0 0 0

4. Conclusions

This study successfully developed novel ladder-structured polysilsesquioxane flame
retardants, end-capped with methyl (CH3) and phenyl groups, respectively, via the sol-gel
method. Epoxy blends incorporating TFLPM and TFLPP demonstrated superior flame
retardancy compared to phosphorus-only flame retardants, which is attributed to the
cooperative effects of silicon, phosphorus, and sulfur. The enhancement is ascribed to
the cooperative effect of silicon–phosphorus–sulfur. Epoxy blends incorporating silicon–
sulfur–phosphorus achieved a UL 94 V-0 rating. The non-flammable gas produced by
sulfur decomposition played a crucial role in gas-phase flame retardation by diluting the
combustible gas and reducing oxygen concentrations. Among the epoxy blends, those con-
taining TFLPP exhibited the highest LOI value (33.7%) and residual char content according
to the LOI Test and TGA analysis. SEM results further indicated that blends containing
TFLPP generated a dense, uniform char layer. Epoxy blends enriched with phenyl groups,
particularly those containing TFLPP, showed increased stiffness and glass transition tem-
perature (Tg), resulting in a higher storage modulus and a 25% improvement in lap shear
strength compared to pure epoxy (EP). Importantly, these blends also demonstrated the
lowest volatile organic compound (VOC) emissions.

The developed epoxy blend also provides significant advantages for using 3D printing
in additive manufacturing. It improves mechanical strength and flame retardancy while
reducing the emission of volatile organic compounds (VOCs). This reduction mitigates
potential environmental and health issues that could arise during the thermal curing
process of 3D printing.
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spectra of (a) TFLPM and (b) TFLPP. Table S1: Specific requirements of the UL 94 V test.

Author Contributions: Conceptualization, Y.-H.K.; methodology, Y.-H.K. and J.J.B.; validation, J.J.B.
and K.C.C.; formal analysis, Y.-H.K. and J.J.B.; investigation, K.C.C.; data curation, Y.-H.K.; writing—
original draft preparation, Y.-H.K.; writing—review and editing, H.S.L. and M.-S.C.; supervision,
W.-G.K. and G.S. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Technology Innovation Program Development Program-
(2001-5254) funded by the Ministry of Trade, Industry & Energy (MOTIE, Republic of Korea).

Institutional Review Board Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to privacy or ethical restrictions.

Acknowledgments: The authors thank the Intelligent Clean Materials Common Lab of Korea institute
of Industrial Technology for the supporting equipment.

Conflicts of Interest: The authors declare no conflicts of interest.

https://www.mdpi.com/article/10.3390/polym16060842/s1
https://www.mdpi.com/article/10.3390/polym16060842/s1


Polymers 2024, 16, 842 17 of 19

References
1. Shundo, A.; Yamamoto, S.; Tanaka, K. Network Formation and Physical Properties of Epoxy Resins for Future Practical

Applications. JACS Au 2022, 2, 1522–1542. [CrossRef]
2. Aradhana, R.; Mohanty, S.; Nayak, S.K. A review on epoxy-based electrically conductive adhesives. Int. J. Adhes. Adhes. 2020,

99, 102596. [CrossRef]
3. Verma, C.; Olasunkanmi, L.O.; Akpan, E.D.; Quraishi, M.; Dagdag, O.; El Gouri, M.; Sherif, E.-S.M.; Ebenso, E.E. Epoxy resins as

anticorrosive polymeric materials: A review. React. Funct. Polym. 2020, 156, 104741. [CrossRef]
4. Fu, X.; Ma, L.; Chen, L.; Zhang, C.; Chen, X.; Li, X.; Fu, F.; Fu, C.; Lin, T.; Mao, W. Study on Blending Modification of Bisphenol A

Epoxy. Polymers 2023, 15, 3263. [CrossRef]
5. Zaghloul, M.M.Y.; Zaghloul, M.M.Y.; Fuseini, M. Recent progress in Epoxy Nanocomposites: Corrosion, structural, flame

retardancy and applications—A comprehensive review. Polym. Adv. Technol. 2023, 34, 3438–3472. [CrossRef]
6. Zhou, M.H.; Yin, G.Z.; Prolongo, S.G.; Wang, D.Y. Recent Progress on Multifunctional Thermally Conductive Epoxy Composite.

Polymers 2023, 15, 2818. [CrossRef]
7. Zabihi, O.; Ahmadi, M.; Nikafshar, S.; Preyeswary, K.C.; Naebe, M. A technical review on epoxy-clay nanocomposites: Structure,

properties, and their applications in fiber reinforced composites. Compos. Part B Eng. 2018, 135, 1–24. [CrossRef]
8. Qi, B.; Zhang, Q.X.; Bannister, M.; Mai, Y.W. Investigation of the mechanical properties of DGEBA-based epoxy resin with

nanoclay additives. Compos. Struct. 2006, 75, 514–519. [CrossRef]
9. Jilani, W.; Gouadria, S.; Bouzidi, A.; Al-Harbi, F.F.; Omri, K.; Guermazi, H.; Yahia, I.S. DGEBA epoxy polymer composite panels

(MB: DGEBA-EPCPs): Structural, optical, and dielectric properties-leanings and appliances in optical electronics. Opt. Quantum
Electron. 2023, 55, 257. [CrossRef]

10. Han, X.; Ding, L.; Tian, Z.; Song, Y.; Xiong, R.; Zhang, C.; Han, J.; Jiang, S. Potential new material for optical fiber: Preparation
and characterization of transparent fiber based on natural cellulosic fiber and epoxy. Int. J. Biol. Macromol. 2023, 224, 1236–1243.
[CrossRef]

11. Yang, Y.; Wang, D.Y.; Jian, R.K.; Liu, Z.; Huang, G. Chemical structure construction of DOPO-containing compounds for flame
retardancy of epoxy resin: A review. Prog. Org. Coat. 2023, 175, 107316. [CrossRef]

12. Li, Y.; Jiang, J.; Chen, Z.; Chen, Z.; Ni, L. Preparation and characterization of microencapsulated aluminum hypophosphite and its
performance on the thermal, flame retardancy, and mechanical properties of epoxy resin. Polym. Compos. 2021, 42, 1818–1834.
[CrossRef]

13. Bao, Q.; Wang, B.; Liu, Y.; Wang, Q.; Yang, Z. Epoxy resin flame retarded and toughed via flexible siloxane chain containing
phosphaphenanthrene. Polym. Degrad. Stab. 2020, 172, 109055. [CrossRef]

14. Ai, Y.F.; Liu, X.D.; Bai, W.B.; Lin, Y.C.; Xie, R.R.; Jian, R.K. From herbicide to flame retardant: The lamellar-like phosphorus-bridged
amitrole toward high fire safety epoxy resin with light smoke and low toxicity. Chemosphere 2022, 291, 132704. [CrossRef]

15. Zhang, H.; Di, Y.; Yang, Q.; Zhou, X. Composites of Layered Double Hydroxide Nanosheets, Hydroxy-Functionalized Carbon
Nanotubes, and Hydroxyapatite Nanoparticles as Flame Retardants for Epoxy Resins. ACS Appl. Nano Mater. 2021, 4, 11753–11762.
[CrossRef]

16. Liu, Q.; Wang, D.; Li, Z.; Li, Z.; Peng, X.; Liu, C.; Zhang, Y.; Zheng, P. Recent developments in the flame-retardant system of epoxy
resin. Materials 2020, 13, 2145. [CrossRef]

17. Trovato, V.; Sfameni, S.; Ben Debabis, R.; Rando, G.; Rosace, G.; Malucelli, G.; Plutino, M.R. How to Address Flame-Retardant
Technology on Cotton Fabrics by Using Functional Inorganic Sol–Gel Precursors and Nanofillers: Flammability Insights, Research
Advances, and Sustainability Challenges. Inorganics 2023, 11, 306. [CrossRef]

18. Saba, N.; Paridah, M.T.; Jawaid, M.; Alothman, O.Y. Thermal and Flame Retardancy Behavior of Oil Palm Based Epoxy
Nanocomposites. J. Polym. Environ. 2018, 26, 1844–1853. [CrossRef]

19. Lindsay, C.I.; Hill, S.B.; Hearn, M.; Manton, G.; Everall, N.; Bunn, A.; Heron, J.; Fletcher, I. Mechanisms of action of phosphorus
based flame retardants in acrylic polymers. Polym. Int. 2000, 49, 1183–1192. [CrossRef]

20. Sun, X.; Xu, Y.; Zhou, R.; Jiang, J. Effects of melamine cyanurate and aluminum hypophosphite on the flame retardancy of
high-impact polystyrene. J. Mater. Sci. 2021, 56, 17860–17873. [CrossRef]

21. Han, X.; Wang, X.; Tian, W.; Wang, Y.; Wang, J.; Lam, F.; Jiang, S. A Strong, Tough and Fire-Retardant Biomimetic Multifunctional
Wooden Laminate. Polymers 2023, 15, 4063. [CrossRef]

22. Zhi, M.; Yang, X.; Fan, R.; Yue, S.; Zheng, L.; Liu, Q.; He, Y. A comprehensive review of reactive flame-retardant epoxy resin:
Fundamentals, recent developments, and perspectives. Polym. Degrad. Stab. 2022, 201, 109976. [CrossRef]

23. Carja, I.D.; Serbezeanu, D.; Vlad-Bubulac, T.; Hamciuc, C.; Coroaba, A.; Lisa, G.; López, C.G.; Soriano, M.F.; Pérez, V.F.; Sánchez,
M.D.R. A straightforward, eco-friendly and cost-effective approach towards flame retardant epoxy resins. J. Mater. Chem. A 2014,
2, 16230–16241. [CrossRef]

24. van der Veen, I.; de Boer, J. Phosphorus flame retardants: Properties, production, environmental occurrence, toxicity and analysis.
Chemosphere 2012, 88, 1119–1153. [CrossRef]

25. Liu, B.W.; Zhao, H.B.; Wang, Y.Z. Advanced Flame-Retardant Methods for Polymeric Materials. Adv. Mater. 2022, 34, 2107905.
[CrossRef]

26. Laoutid, F.; Bonnaud, L.; Alexandre, M.; Lopez-Cuesta, J.-M.; Dubois, P. New prospects in flame retardant polymer materials:
From fundamentals to nanocomposites. Mater. Sci. Eng. R Rep. 2009, 63, 100–125. [CrossRef]

https://doi.org/10.1021/jacsau.2c00120
https://doi.org/10.1016/j.ijadhadh.2020.102596
https://doi.org/10.1016/j.reactfunctpolym.2020.104741
https://doi.org/10.3390/polym15153263
https://doi.org/10.1002/pat.6144
https://doi.org/10.3390/polym15132818
https://doi.org/10.1016/j.compositesb.2017.09.066
https://doi.org/10.1016/j.compstruct.2006.04.032
https://doi.org/10.1007/s11082-022-04496-9
https://doi.org/10.1016/j.ijbiomac.2022.10.209
https://doi.org/10.1016/j.porgcoat.2022.107316
https://doi.org/10.1002/pc.25937
https://doi.org/10.1016/j.polymdegradstab.2019.109055
https://doi.org/10.1016/j.chemosphere.2021.132704
https://doi.org/10.1021/acsanm.1c02336
https://doi.org/10.3390/ma13092145
https://doi.org/10.3390/inorganics11070306
https://doi.org/10.1007/s10924-017-1087-1
https://doi.org/10.1002/1097-0126(200010)49:10%3C1183::AID-PI584%3E3.0.CO;2-7
https://doi.org/10.1007/s10853-021-06470-4
https://doi.org/10.3390/polym15204063
https://doi.org/10.1016/j.polymdegradstab.2022.109976
https://doi.org/10.1039/C4TA03197K
https://doi.org/10.1016/j.chemosphere.2012.03.067
https://doi.org/10.1002/adma.202107905
https://doi.org/10.1016/j.mser.2008.09.002


Polymers 2024, 16, 842 18 of 19

27. Zhao, W.; Kumar Kundu, C.; Li, Z.; Li, X.; Zhang, Z. Flame retardant treatments for polypropylene: Strategies and recent advances.
Compos. Part A Appl. Sci. Manuf. 2021, 145, 106382. [CrossRef]

28. Guo, Y.; Cheng, C.; Huo, T.; Ren, Y.; Liu, X. Highly effective flame retardant lignin/polyacrylonitrile composite prepared via
solution blending and phosphorylation. Polym. Degrad. Stab. 2020, 181, 109362. [CrossRef]

29. Howell, B.A. Thermal Degradation of Organophosphorus Flame Retardants. Polymers 2022, 14, 4929. [CrossRef]
30. Zemła, M.; Prociak, A.; Michałowski, S.; Cabulis, U.; Kirpluks, M.; Simakovs, K. Thermal Insulating Rigid Polyurethane Foams

with Bio-Polyol from Rapeseed Oil Modified by Phosphorus Additive and Reactive Flame Retardants. Int. J. Mol. Sci. 2022, 23,
12386. [CrossRef] [PubMed]

31. Wang, R.; Zhuo, D.; Weng, Z.; Wu, L.; Cheng, X.; Zhou, Y.; Wang, J.; Xuan, B. A novel nanosilica/graphene oxide hybrid and its
flame retarding epoxy resin with simultaneously improved mechanical, thermal conductivity, and dielectric properties. J. Mater.
Chem. A 2015, 3, 9826–9836. [CrossRef]

32. Parola, S.; Julián-López, B.; Carlos, L.D.; Sanchez, C. Optical Properties of Hybrid Organic-Inorganic Materials and their
Applications. Adv. Funct. Mater. 2016, 26, 6506–6544. [CrossRef]

33. Kaneko, Y.; Iyi, N. Sol-gel synthesis of ladder polysilsesquioxanes forming chiral conformations and hexagonal stacking structures.
J. Mater. Chem. 2009, 19, 7106–7111. [CrossRef]

34. Grzelak, M.; Januszewski, R.; Marciniec, B. Synthesis and Hydrosilylation of Vinyl-Substituted Open-Cage Silsesquioxanes with
Phenylsilanes: Regioselective Synthesis of Trifunctional Silsesquioxanes. Inorg. Chem. 2020, 59, 7830–7840. [CrossRef]

35. Lin, H.; Ou, J.; Zhang, Z.; Dong, J.; Zou, H. Ring-opening polymerization reaction of polyhedral oligomeric silsesquioxanes
(POSSs) for preparation of well-controlled 3D skeletal hybrid monoliths. Chem. Commun. 2013, 49, 231–233. [CrossRef]

36. Alves, F.; Nischang, I. Tailor-made hybrid organic-inorganic porous materials based on polyhedral oligomeric silsesquioxanes
(POSS) by the step-growth mechanism of thiol-ene “click” chemistry. Chem. Eur. J. 2013, 19, 17310–17313. [CrossRef]

37. Ciriminna, R.; Fidalgo, A.; Pandarus, V.; Béland, F.; Ilharco, L.M.; Pagliaro, M. The sol-gel route to advanced silica-based materials
and recent applications. Chem. Rev. 2013, 113, 6592–6620. [CrossRef]

38. Hamdani, S.; Longuet, C.; Perrin, D.; Lopez-Cuesta, J.-M.; Ganachaud, F. Flame retardancy of silicone-based materials. Polym.
Degrad. Stab. 2009, 94, 465–495. [CrossRef]

39. Ling, C.; Guo, L. Recent developments and applications of hyperbranched polymers as flame retardants. J. Anal. Appl. Pyrolysis
2023, 169, 105842. [CrossRef]

40. Song, D.; He, C.; Zhang, G.; Wang, Y.; Liang, Z.; Jiang, Z.; Ma, S. The Effect of a Polymeric Flame Retardant Containing
Phosphorus–Sulfur–Silicon and a Caged Group on Unsaturated Polyester Resin. J. Inorg. Organomet. Polym. Mater. 2022, 32,
1902–1912. [CrossRef]

41. Peerzada, M.; Abbasi, S.; Lau, K.T.; Hameed, N. Additive Manufacturing of Epoxy Resins: Materials, Methods, and Latest Trends.
Ind. Eng. Chem. Res. 2020, 59, 6375–6390. [CrossRef]

42. Tosto, C.; Pergolizzi, E.; Blanco, I.; Patti, A.; Holt, P.; Karmel, S.; Cicala, G. Epoxy based blends for additive manufacturing by
liquid crystal display (LCD) printing: The effect of blending and dual curing on daylight curable resins. Polymers 2020, 12, 1594.
[CrossRef]

43. Tosto, C.; Saitta, L.; Latteri, A.; Cicala, G. Epoxy-Based Blend Formulation for Dual Curing in Liquid Crystal Display 3D Printing:
A Study on Thermomechanical Properties Variation for Enhanced Printability. Polymers 2024, 16, 358. [CrossRef] [PubMed]

44. Min, K.; Li, Y.; Wang, D.; Chen, B.; Ma, M.; Hu, L.; Liu, Q.; Jiang, G. 3D Printing-Induced Fine Particle and Volatile Organic
Compound Emission: An Emerging Health Risk. Environ. Sci. Technol. Lett. 2021, 8, 616–625. [CrossRef]

45. Mendes-Felipe, C.; Oliveira, J.; Etxebarria, I.; Vilas-Vilela, J.L.; Lanceros-Mendez, S. State-of-the-Art and Future Challenges of UV
Curable Polymer-Based Smart Materials for Printing Technologies. Adv. Mater. Technol. 2019, 4, 1800618. [CrossRef]

46. Zhang, C.; Duan, H.; Wan, C.; Liu, C.; Zhao, H.; Ma, H. Simultaneously improving the thermal stability, mechanical properties
and flame retardancy of epoxy resin by a phosphorus/nitrogen/sulfur-containing reactive flame retardant. Mater. Today Commun.
2022, 30, 103108. [CrossRef]

47. Fang, M.; Qian, J.; Wang, X.; Chen, Z.; Guo, R.; Shi, Y. Synthesis of a Novel Flame Retardant Containing Phosphorus, Nitrogen,
and Silicon and Its Application in Epoxy Resin. ACS Omega 2021, 6, 7094–7105. [CrossRef]

48. ISO 5660; Reaction-to-Fire Tests—Heat Release, Smoke Production and Mass Loss Rate—Part 1: Heat Release Rate (Cone
Calorimeter Method). ISO: Geneva, Switzerland, 2002.

49. ASTM 2863; Standard Test Method for Measuring the Minimum Oxygen Concentration to Support Candle-like Combustion of
Plastics (Oxygen Index). ASTM International: West Conshohocken, PA, USA, 2020.

50. ASTM 3801; Standard Test Method for Measuring the Comparative Burning Characteristics of Solid Plastics in a Vertical Position.
ASTM International: West Conshohocken, PA, USA, 2000.

51. ASTM D638; Standard Test Method for Tensile Properties of Plastics. ASTM International: West Conshohocken, PA, USA, 2014.
52. ASTM D1002; Standard Test Method for Apparent Shear Strength of Single-Lap-Joint Adhesively Bonded Metal Specimens by

Tension Loading (Metal-to-Metal). ASTM International: West Conshohocken, PA, USA, 2005.
53. Chang, S.; Matsumoto, T.; Matsumoto, H.; Unno, M. Synthesis and characterization of heptacyclic laddersiloxanes and ladder

polysilsesquioxane. Appl. Organomet. Chem. 2010, 24, 241–246. [CrossRef]
54. Choi, S.S.; Lee, A.S.; Lee, H.S.; Jeon, H.Y.; Baek, K.; Choi, D.H.; Hwang, S.S. Synthesis and characterization of UV-curable

ladder-like polysilsesquioxane. J. Polym. Sci. Part A Polym. Chem. 2011, 49, 5012–5018. [CrossRef]

https://doi.org/10.1016/j.compositesa.2021.106382
https://doi.org/10.1016/j.polymdegradstab.2020.109362
https://doi.org/10.3390/polym14224929
https://doi.org/10.3390/ijms232012386
https://www.ncbi.nlm.nih.gov/pubmed/36293244
https://doi.org/10.1039/C5TA00722D
https://doi.org/10.1002/adfm.201602730
https://doi.org/10.1039/b910345g
https://doi.org/10.1021/acs.inorgchem.0c00947
https://doi.org/10.1039/C2CC36881A
https://doi.org/10.1002/chem.201303759
https://doi.org/10.1021/cr300399c
https://doi.org/10.1016/j.polymdegradstab.2008.11.019
https://doi.org/10.1016/j.jaap.2022.105842
https://doi.org/10.1007/s10904-022-02260-w
https://doi.org/10.1021/acs.iecr.9b06870
https://doi.org/10.3390/polym12071594
https://doi.org/10.3390/polym16030358
https://www.ncbi.nlm.nih.gov/pubmed/38337247
https://doi.org/10.1021/acs.estlett.1c00311
https://doi.org/10.1002/admt.201800618
https://doi.org/10.1016/j.mtcomm.2021.103108
https://doi.org/10.1021/acsomega.1c00076
https://doi.org/10.1002/aoc.1607
https://doi.org/10.1002/pola.24942


Polymers 2024, 16, 842 19 of 19

55. Hwang, S.O.; Lee, J.Y.; Lee, J.H. Effect of the silsesquioxane structure on the mechanical properties of the silsesquioxane-reinforced
polymer composite films. Prog. Org. Coat. 2019, 137, 105316. [CrossRef]

56. Wang, Y.; Liu, F.; Xue, X. Morphology and properties of UV-curing epoxy acrylate coatings modified with methacryl-POSS. Prog.
Org. Coat. 2015, 78, 404–410. [CrossRef]

57. Doyle, C.D. Estimating isothermal life from thermogravimetric data. J. Appl. Polym. Sci. 1962, 6, 639–642. [CrossRef]
58. Kawaguchi, Y.; Itamura, Y.; Onimura, K.; Oishi, T. Effects of the chemical structure on the heat resistance of thermoplastic

expandable microspheres. J. Appl. Polym. Sci. 2005, 96, 1306–1312. [CrossRef]
59. Cao, C.T.; Chen, M.; Fang, Z.; Au, C.; Cao, C. Relationship Investigation between C(sp2)-X and C(sp3)-X Bond Energies Based on

Substituted Benzene and Methane. ACS Omega 2020, 5, 19304–19311. [CrossRef]
60. Allouche, A. Rehybridization as a General Mechanism for Maximizing Chemical and Supramolecular Bonding and a Driving

Force for Chemical Reactions. J. Comput. Chem. 2012, 32, 174–182. [CrossRef] [PubMed]
61. Jia, P.; Xia, H.; Tang, K.; Zhou, Y. Plasticizers derived from biomass resources: A short review. Polymers 2018, 10, 1303. [CrossRef]
62. Mathew, D.; Reghunadhan Nair, C.P.; Ninan, K.N. Phosphazene-triazine cyclomatrix network polymers: Some aspects of

synthesis, thermal- and flame-retardant characteristics. Polym. Int. 2000, 49, 48–56. [CrossRef]
63. Ma, C.; Sánchez-Rodríguez, D.; Kamo, T. A comprehensive study on the oxidative pyrolysis of epoxy resin from fiber/epoxy

composites: Product characteristics and kinetics. J. Hazard. Mater. 2021, 412, 125329. [CrossRef]
64. Yang, C.Q.; He, Q.; Lyon, R.E.; Hu, Y. Investigation of the flammability of different textile fabrics using micro-scale combustion

calorimetry. Polym. Degrad. Stab. 2010, 95, 108–115. [CrossRef]
65. Sun, H.; Zhang, Y.; Wu, Y.; Zhao, Y.; Zhou, M.; Liu, L.; Tang, S.; Ji, G. Broadband absorption of macro pyramid structure based

flame retardant absorbers. J. Mater. Sci. Technol. 2022, 128, 228–238. [CrossRef]
66. Dasari, A.; Yu, Z.Z.; Cai, G.P.; Mai, Y.W. Recent developments in the fire retardancy of polymeric materials. Prog. Polym. Sci. 2013,

38, 1357–1387. [CrossRef]
67. Feng, C.; Zhang, Y.; Liang, D.; Liu, S.; Chi, Z.; Xu, J. Flame retardancy and thermal degradation behaviors of polypropylene

composites with novel intumescent flame retardant and manganese dioxide. J. Anal. Appl. Pyrolysis 2013, 104, 59–67. [CrossRef]
68. Zhou, R.; Wu, X.; Bao, X.; Wu, F.; Han, X.; Wang, J. The Effect of Polyepoxyphenylsilsesquioxane and Diethyl Bis(2-

hydroxyethyl)aminomethylphosphonate on the Thermal Stability of Epoxy Resin. ACS Omega 2022, 8, 2077–2084. [CrossRef]
69. Shen, Z.Q.; Chen, L.; Lin, L.; Deng, C.-L.; Zhao, J.; Wang, Y.-Z. Synergistic effect of layered nanofillers in intumescent flame-

retardant EPDM: Montmorillonite versus layered double hydroxides. Ind. Eng. Chem. Res. 2013, 52, 8454–8463. [CrossRef]
70. Tung, C.M.; Dynes, P.J. Relationship between viscoelastic properties and gelation in thermosetting systems. J. Appl. Polym. Sci.

1982, 27, 569–574. [CrossRef]
71. Jiang, G.; Xiao, Y.; Qian, Z.; Yang, Y.; Jia, P.; Song, L.; Hu, Y.; Ma, C.; Gui, Z. A novel phosphorus-, nitrogen- and sulfur-containing

macromolecule flame retardant for constructing high-performance epoxy resin composites. Chem. Eng. J. 2022, 451, 137823.
[CrossRef]

72. Bai, L.; Ghiassinejad, S.; Brassinne, J.; Fu, Y.; Wang, J.; Yang, H.; Vlad, A.; Minoia, A.; Lazzaroni, R.; Gohy, J.-F. High Salt-Content
Plasticized Flame-Retardant Polymer Electrolytes. ACS Appl. Mater. Interfaces 2021, 13, 44844–44859. [CrossRef] [PubMed]

73. Forrest, J.A.; Dalnoki-Veress, K.; Dutcher, J.R. Interface and chain confinement effects on the glass transition temperature of thin
polymer films. Phys. Rev. E Stat. Phys. Plasmas Fluids Relat. Interdiscip. Top. 1997, 56, 5705–5716. [CrossRef]
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