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1. Characterization

Proton and phosphorus nuclear magnetic resonance (NMR) spectra were obtained
on an AVANCE III 400 NMR spectrometer (Bruker, Germany). Before the
measurements, the samples were dissolved in deuterated dimethyl sulfoxide.

Fourier transform infrared (FTIR) spectra were recorded on a Nicolet 6700
spectrometer (Nicolet Instrument Co., USA) using the KBr disc method. The scanning
time was 32, and the wavenumber ranged from 4000 to 400 cm—1. In addition,
attenuated total reflection (ATR) mode was also conducted with a range from 4000 to
400 cm™.

The thermal decomposition behavior of the samples was evaluated under a
nitrogen atmosphere using a Q5000 thermogravimetric analyzer (TGA) (TA
Instruments, USA). The sample (approximately 5.0 mg) was heated from 50 to 700 °C
at a ramp rate of 20 °C/min.

The non-isothermal curing kinetics were investigated using a Q2000 differential
scanning calorimeter (DSC) (TA Instruments, USA) under nitrogen. The mixture of
epoxy monomer and curing agent was heated at various ramp rates of 5, 10, 15, and 20

°C/min. The glass transition temperature (T,) of the epoxy composites was measured



using a Q2000 differential scanning calorimeter under a nitrogen atmosphere at a
heating rate of 10 °C/min.

Dynamic mechanical analysis (DMA) was conducted using a Q800 instrument
(TA Instruments, USA) from RT to 200 °C at a heating rate of 5 °C/min in air. A three-
point bending mode was used, with a measurement frequency of 1 Hz. The dimensions
of the cured samples were 55 mm x 10 mm % 3 mm.

The tensile properties were measured by an electromechanical universal testing
machine (MTS Criterion 43, USA) according to the ASTM D3039-08 method, and the
test for each sample runs at a speed of 2 mm/min. The average value from at least 5
repetitive measurements was reported. The sample size was 100 mm X 10 mm X 4 mm.

The Charpy impact test of the un-notch samples was carried out on a ZBC1400-A
pendulum impact instrument (MTS, China) according to GB/T1043.1-2008. The
impact energy was 4 J, and the sample size was 100 mm % 10 mm X 4 mm.

Dielectric properties were measured using a ZJD-C type dielectric constant (Dy)
and dielectric loss (Dy) tester (Beijing Zhide, China) at different frequencies. The
dimensions of the cured samples were 50 mm (diameter) x 3 mm.

Limiting oxygen index (LOI) measurements were carried out on an HC-2 LOI
apparatus (Jiangning, China) following ASTM D2863-97, and the dimensions of the
samples were 100 mm X 6.5 mm x 3 mm.

The anti-flammability of the samples was studied using a UL-94 vertical burning
chamber following ASTM D3801-20a. The specimen dimensions were 125 mm x 13
mm X 3 mm. The burning behavior of different materials in the vertical orientation was
evaluated using a 20 mm blue flame applied in the vertical position. During the test, the
flame was applied twice for 10s each. The second flame application was initiated
immediately after the first flame extinguished, if ignition occurred, or immediately after
the first flame application if ignition did not occur.

Cone calorimeter measurements were performed on a TESTECH cone calorimeter
(Suzhou, China) at 35 kW/m? following ISO5660-1. The specimens (100 x 100 x 3
mm) were wrapped with aluminum foil, with the top and bottom surfaces covered and
the excess foil folded upward around the edges to seal the specimen. The wrapped
sample was then placed horizontally in a metal sample holder. A refractory fiber blanket
was positioned beneath the specimen as backing insulation, and the holder was secured

with a retaining frame to fix the sample during testing.



The morphology of the char residues was observed using an SU8200 field
emission scanning electron microscope (Hitachi, Japan) at an accelerating voltage of 3
kV.

The microstructure of the char residues was studied using a LabRAM-HR
Confocal Raman Microprobe with a 514.5 nm argon-ion laser.

The elemental composition of the char residues was obtained by an ESCALAB
250Xi X-ray photoelectron spectrometer (XPS) (Thermo Fisher Scientific, USA).

Thermogravimetric analysis coupled with Fourier transform infrared spectrometry
(TGA-FTIR) was performed on a Q50 TGA (TA Instruments, USA) connected to an
iS50 FTIR instrument (Nicolet, USA) under nitrogen, with heating from room

temperature to 800 °C at a ramp rate of 20 °C/min.

2. Results and discussion

We have introduced a comparative system using dimethyl phosphite (DMP) as a
phosphorus-only flame retardant. Both the DMP-based and TFDP-based systems were
designed with the same base polymer matrix (EP) and identical phosphorus content (2
wt.% P). The DMP-based sample was prepared using the same method as the EP-TFDP
sample, as detailed in section 2.3 of the manuscript. The UL-94 rating, limiting oxygen
index (LOI), tensile strength, and impact strength were systematically compared. The
detailed formulations and corresponding results are summarized in Table S1. Fig. S1
shows the real-time burning photographs of the EP, EP-DMP-2, and EP-TFDP-2
samples during the UL-94 vertical combustion test. The results indicate that, compared
with the EP-TFDP system, the EP-DMP system exhibits inferior flame-retardant
performance. Specifically, the UL-94 rating decreases from V-0 (EP-TFDP-2) to V-1
(EP-DMP-2), and the LOI value decreases from 28.0% to 26.5%. In addition, the
mechanical properties are significantly deteriorated, with both tensile strength and

impact strength showing noticeable reductions. These findings clearly demonstrate that



when only a phosphorus component is used, the flame-retardant efficiency is reduced
and the mechanical performance is compromised. This can be attributed to that DMP
acts as an additive-type flame retardant, which does not chemically bond to the epoxy
network during curing and may migrate within the matrix, thereby weakening the
mechanical properties. In contrast, TFDP functions as a reactive flame retardant and
co-curing agent that is chemically incorporated into the epoxy network. As a result, it
delivers more effective flame retardancy along with a better balance of overall
properties. This comparison confirms that TFDP is not merely a phosphorus source, but
provides a P-N synergistic effect and structural contribution that cannot be achieved by
conventional phosphorus additives.

Table S1. Performance Comparison of DMP-based and TFDP-based Systems

Sample EP"| DETDA | DMP | TFDP conlzent UL- | LOI :;::118;1‘; sItIrlgr)lagiL
4 ()
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Fig.S1. Real-time photos of UL-94 vertical combustion experiments for (a) EP, (b)

EP-DMP-2, and (c) EP -TFDP-2

To ensure a fair and rigorous comparison, we carefully selected representative

studies from the literature in which phosphorus-containing amine curing agents were

employed in epoxy systems under comparable conditions (similar epoxy matrices such

as DGEBA, phosphorus content around ~2 wt.% P, specimen thickness of ~3.0mm, and

standardized testing protocols). The relevant data have been summarized in Table S2.

Table S2. Performance Comparison of EP Systems

A
P
UL- | LOI | ApHRR | ATSP ATHR Tensile | Dielectric
Sample EP content Ref.
94 (%) (%) (%) (%) strength | constant
(wt%)
(%)
3mm .
EP-TFDP-2 DGEBA 2 V-0 28.0 -73.1 -80.8 -48.4 41.3 2.424 This work
) 3mm .
EP10/Si-DP7 DGEBA 1.5 - 347 -43.4 214 -28.7 40.4 Not given [1]
3mm .
EP/7.5CPMM/7.5APP | DGEBA | ~2.5 V-0 30.5 -81.5 -67.5 -44.0 67.1 Not given [2]
3mm .
EP/20%PVDE DGEBA 1.6 V0 38.0 -31.3 -6.4 -29.8 24.9 Not given [3]




3
EP@ZIF-8@DMMP | DGEBA | 1.9 \r/nrln 36| -455 | 280 | 215 | -19.0 3.6 [4]
3mm
DGEBA | ~Ls | 77[320 | 443 | 222 | 32 | 43 2.9 [5]
3mm Not
DGEBA | 1.5 334 | 543 12.5 227 _ 2.7 [6]
V-0 given
3mm
DGEBA | 15 | 7| 380 | -289 5.1 40.7 4.4 2.0 [7]
EP@8APP/2PNCo- 3mm
DGEBA | 29 | 'V [346 | -28 | 489 | 610 3.7 3.302 [8]
3mm
DGEBA | Lo | NN 1303 | 505 | 376 | -406 45 3.6 [9]

Previous studies have demonstrated that phosphorus-functionalized amine curing
systems can indeed achieve excellent flame retardancy. However, these improvements
are often accompanied by trade-offs in other key properties. For example: excessive
crosslinking may lead to mechanical deterioration or embrittlement of the material. In
addition, an increased dielectric constant can limit their applicability in electronic
packaging, where low dielectric properties are essential. Furthermore, high loadings of
additives or fillers may result in poor dispersion and structural inhomogeneity, thereby
adversely affecting the overall performance of the system. These limitations highlight
the ongoing challenge of achieving a balanced combination of flame retardancy and
multifunctional properties. In contrast, the primary objective of this work is not to
maximize a single parameter (e.g., LOI or ATHR), but to achieve a balanced
multifunctional performance, including flame retardancy, mechanical strength, and
dielectric reliability. This balance is particularly critical for advanced applications such
as battery encapsulation materials.

Through the above controlled experimental comparisons and literature

comparisons under similar conditions, the TFDP-based formulation demonstrates a




well-balanced performance in terms of flame retardancy, thermal stability, mechanical
and dielectric properties, highlighting its strong competitiveness. Therefore, the
performance improvements reported in this study are not merely speculative, but are
supported by both experimental evidence and systematic comparisons.
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Table S3. Materials Classifications

Criteria Conditions V-0 V-1 V-2
Afterflame time for individual ti <10s | <30s <30s
Afterflame time for individual t2 <10s | <30s | <30s

Total afterflame time per set

< <2 <2
> (t1 + t2) for 5 specimens <505 | <2505 | <250

Afterflame + afterglow

. <30s | <60s | <60s
t2 + t3 for each specimen

Cotton indicator ignited by flamingparticles or drops No No Yes

Afterflame or afterglow of any specimenNoup to the

holding clamp No No No




