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EXPERIMENTAL PROCEDURES



Materials

PLA (3052D) was manufactured by Nature-Works (USA); phenylphosphoryl
dichloride (urity>98%) was obtained from Macklin Reagent Co., Ltd. (China);
tetrahydrofurfurylamine and furfurylamine (urity>98%) were purchased from Aladdin
Chemical Reagent Co., Ltd. (China); dichloromethane (urity>98%) and triethylamine

(urity>98%) was purchased from Sinopharm Chemical Reagent (China).
Synthesis of F-FR

Tetrahydrofurfurylamine (22 mmol) and triethylamine (22 mmol) were dissolved
in the dichloromethane under N, atmosphere. Then phenylphosphoryl dichloride (10
mmol) for 2 hours was added under 0 - 5 °C environment. After that, the temperature
warmed up the room temperature for 20 hours. The mixture was separated by a
Buchner funnel. Afterwards, the filtrate was purified multiple times using water.
Finally, the light yellow liquid F-FR was steamed and obtained in vacuum at 60 °C.

The synthetic route of F-FR was shown in Figure 18S.
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Figure 1S. Synthesis route of F-FR
Fabrication of PLA/F-FR composites

Dried PLA with different loading F-FR were plasticized by torque rheometer
Polylab OS mixer with 70 rpm/min at 175 °C for 5 min. After that, the specimens with
desired dimensions 185 “C were pressed by a CREE-6014A-30 hot presses. Finally,
the specimens for the tensile testing at 175 °C were prepared by injection molding

(Donghua Machinery, China).



Structure characterization

'"H NMR measurement was carried out using a DRX Bruker 400 MHz instrument
using CDCl; as the solvent. FT-IR result was conducted using a Nicolet Thermo 6700
instrument. MS testing was investigated by an Agilent 5977 B instrument (America).
Fire safety measurements

The UL-94 Vertical burning (size: 13 mm X 130 mm X 3 mm) measurement was
conducted on a CZF-2 Jiangning measurement in accordance with ASTM D 3801
standard. LOI (size: 6.5 mm x 120 mm % 3 mm) measurement was investigated by a
JF-3 Jiangning measurement in accordance with ASTM D2863 standard. Cone-
calorimeter (100 mm % 3 mm X 100 mm) measurement was investigated by a FTT
measurement (35 kW/m? Britain) in accordance with ISO 5660-1 standard.

Thermal behavior measurements

TGA testing was investigated by a DSC 200F3 Netzsch measurement in nitrogen and
air atmosphere at 10 K-min! from 50-700 °C.

Tensile measurements

Tensile (TS, size: 165 x13 x3.2 mm?) measurement was conducted on an Instron 2382
instrument at the stretch rate of 10 mm-min-!.

Dynamic mechanical analysis measurements

DMA (size: 120 x 1 x 4 mm?) measurement was conducted on a Q 800 apparatus TA
instrument (three-point bending model).

Crystallization behavior measurements

DSC testing was investigated by a DSC 200F3 Netzsch measurement. For non-



isothermal crystallization behavior, the specimens (5.0-10.0 mg) were firstly heated to
eliminate heat history. After that, the composites were secondly heated up to 200 °C.
For isothermal crystallization testing, the specimens (5-10 mg) was firstly treated with
the same procedure at 80 K-min'! to eliminate thermal history on a DSC 200F3
Netzsch under N,, and then cooled to a predetermined temperature (100°C, 105°C,
110°C, 115°C), and record the curve of isothermal crystallization. Polarizing optical
microscope (POM) measurement was conducted on a DM 2700P LEICA instrument.
Fire safety mechanism analysis

SEM testing was investigated by a JEOL JSM-6700F measurement. Raman testing
was carried out using a Thermo Fisher DxRxi instrument. Py-GC-MS testing was
investigated by an Agilent 5977 B connected with Agilent 8790 B under He
atmosphere. TG-FTIR measurement was conducted on a Netzsch TG209F1
instrument connected with a Vertex70 Bruker instrument.

Fire safety mechanism simulation

The bonding energy of degradation and combustion behavior were conducted on a
Material Studio software (version 2018). In this simulation, combustion products and
compositions were analyzed from Py-GC-MS and TG-FTIR. The radical trapping
mechanisms of HOMO and LUMO were simulated by Dmol® included in Material

Studio software.
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Table 1S. Thermal properties of F-FR, pure PLA and PLA/F-FR composites

Samples T onset Tinax Rinax Residue (%)




(°C)  (°C)  (%/°C) 500 °C 600 °C

F-FR 205 313 1.1 17.1 16.2

PLA in N2 332 369 32 0.3 0.1
PLA/0.5%F-FRinN2 331 348 438 1.7 1.6
PLA/0.8%F-FRinN2 328 361 3.9 1.8 1.7
PLA2% F-FRinN2 322 362 2.8 1.9 1.8
PLA in air 335 373 3.3 1.7 1.7
PLA/0.5% F-FRinair 335 376 3.5 2.6 1.7
PLA/0.8% F-FRinair 332 382 2.7 2.7 1.6
PLA/2% F-FR in air 327 380 22 2.5 1.7

Table 2S. The gas products of F-FR after degradation
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Table 3S. The non-isothermal crystallization results (second heating) of pure PLA

PLA/F-FR composites

Tee AH,, Th AH,, X,

Samples
0 (O (O (J/g) (%)
PLA 107.3  30.62  170.3 36.64 6.4

PLA/0.5%F-FR 101.5 27091 167.7 37.27 10.35

PLA/0.8% F-FR 101.4  25.65 166.2 36.02 11.17

PLA/2% F-FR 1004 3326 1652 43.95 12.72

Table 4S. Isothermal crystallization results of PLA and PLA/F-FR composites from

Avrami formula

Samples T (°C) n Ink k ti
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Table SS. The tensile results of PLA and PLA/F-FR composites

Tensile
Modulus Elongation at break
Samples strength
(MPa) (%)
(MPa)

PLA 65.4+1.3 210549 5.1+£0.3
PLA/0.5%F-FR 65.2+1.8 2192+11 4.94+0.2
PLA/0.8% F-FR 61.2+2.8 2153£13 4.8+0.3
PLA/2% F-FR 56.3+4.3 2142415 3.5+£0.2

Captions of Figures

Fig. 18S. Synthesis route of F-FR



Fig. 2S. FTIR results of tetrahydrofurfurylamine, phenylphosphoryl dichloride and F-
FR

Fig. 3S. 'H NMR results of F-FR

Fig. 4S. MS results of F-FR

Fig. 5S. TGA results of (a) F-FR in N, (b) pure PLA and PLA/F-FR composites in
N, and (c) pure PLA and PLA/F-FR composites in air, DTG results of (d) F-FR in N,
(e) pure PLA and PLA/F-FR composites in N,, and (a) pure PLA and PLA/F-FR
composites in air

Fig. 6S. The screenshot results of (a) pure PLA, (b) PLA/0.5% F-FR, (c)PLA/0.8%
F-FR and (d) PLA/2% F-FR composites in UL-94 test

Fig. 7S. Digital images results of (a) pure PLA and (b) PLA/0.8% F-FR composites;
SEM of the (¢) inner surface and (d) of PLA/0.8% F-FR composites after cone-
calorimeter tests

Fig. 8S. Raman result of PLA/0.8% F-FR composites after cone-calorimeter tests
Fig. 9S. 3D image TG-FTIR of (a) pure PLA and (b) PLA/0.8% F-FR composites
Fig. 10S. The possible pyrolysis of PPDF and F-FR

Fig. 118. The possible pyrolysis of PLA

Fig. 12S. The degradation or pyrolysis products were simulated by Material Studio
software

Fig. 13S. Non-isothermal crystallization results of pure PLA and PLA/F-FR
composites

Fig. 14S. Isothermal crystallization of In[-In(1-Xt)] vs. In(t) results of pure PLA and



PLA/F-FR composites at (a)100°C, (b)105°C, (c) 110°C and (d)115°C

Fig. 15S. POM images of pure PLA and PLA/F-FR composites at 115 °C for 0, 5 and
10 min

Fig. 16S The tensile results of PLA and PLA/F-FR composites

Fig. 17S The DMA results of PLA and PLA/F-FR composites

Fig. 18S. The transparency results of (a) pure PLA, (b) PLA/0.5%F-FR, (c)

PLA/0.8%F-FR and (d)PLA/2%F-FR composites
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Fig. 1S. Synthesis route of F-FR
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Fig. 2S. FTIR results of tetrahydrofurfurylamine, phenylphosphoryl dichloride
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Fig. 3S. 'H NMR results of F-FR
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Fig. 6S. The screenshot results of (a) pure PLA, (b) PLA/0.5% F-FR, (c)PLA/0.8%

F-FR and (d) PLA/2% F-FR composites in UL-94 test
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Fig. 7S. Digital images results of (a) pure PLA and (b) PLA/0.8% F-FR composites;
SEM of the (c¢) inner and (d) outer surface of PLA/0.8% F-FR composites after cone-

calorimeter tests
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Fig. 8S. Raman result of PLA/0.8% F-FR composites after cone-calorimeter tests
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Fig. 9S. 3D image TG-FTIR of (a) pure PLA and (b) PLA/0.8% F-FR composites
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Fig. 10S. The possible pyrolysis of PPDF and F-FR
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Fig. 118. The possible pyrolysis of PLA




Fig. 128. The degradation or pyrolysis products were simulated by Material Studio

software
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and 10 min.
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Fig. 16S The tensile results of PLA and PLA/F-FR composites
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Fig. 17S The DMA results of PLA and PLA/F-FR composites



Fig. 18S. The transparency results of (a) pure PLA, (b) PLA/0.5%F-FR, (c)

PLA/0.8%F-FR and (d)PLA/2%F-FR composites



