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A B S T R A C T

Based on sustainable development strategy and practical application requirement, it is crucial to develop high- 
strength, recyclable, and flame-retardant polyurethane (PU) elastomers. Hence, a flame-retardant, reprocessable, 
high-performance polyurethane elastomer (PU-DP 1–7) with dynamic boronic ester bonds and phosphorus- 
containing groups was well-designed and prepared. The chemical structure of PU-DP 1–7 was confirmed by 
Fourier transform infrared spectrometry (FTIR) and X-ray photoelectron spectroscopy (XPS). PU-DP 1–7 shows a 
transmittance of about 60 % at the wavelength of 900 nm, and phosphorus and boron elements are evenly 
distributed within its surface, confirming the formation of uniform cross-linking network. The inclusion of 
phosphorus-and boron-containing groups endows PU-DP 1–7 with a vertical combustion (UL-94) V-0 rating, 
indicative of desired flame retardancy. In addition, PU-DP 1–7 exhibits a tensile strength of 42.7 MPa and an 
elongation at break of 616.9 %, with high adhesion strengths towards various substrates due to abundant 
hydrogen bonds within its network. Furthermore, the dynamic borate ester bonds endow PU-DP 1–7 with su
perior physical recycling and shape-memory properties. After hot-pressing at 130 ◦C, the reformed PU-DP 1–7 
film shows an 83.6 % recovery efficiency in terms of elongation at break. This work presents an integrated 
strategy to create flame-retardant, recyclable polyurethane elastomers with great mechanical and shape-memory 
performances by introducing phosphorus-containing segments and dynamic boronic ester bonds.

1. Introduction

Polyurethane elastomers are extensively used in aerospace [1,2], 
automotive industry [3,4], electronic skin [5], medical equipment [6,7], 
and wearable electronic devices [5,8,9] due to their high mechanical 
strength and elasticity. However, with the increasing plastic pollution, 
more and more attention has been paid to the development of recyclable 
and reprocessable polyurethane elastomers. Additionally, as traditional 
polymeric materials, the polyurethane elastomers are highly flammable 
and produce great deal of molten droplets upon ignited, restricting their 
applications. Compared with introducing flame retardant additives, 
covalently linking flame-retardant groups into the network of poly
urethane elastomers can avoid the degradation of flame retardant per
formances in long-term application due to the migration problem [10].

Many works have confirmed that chemically introducing P-con
taining groups into polyurethane elastomers can effectively enhance 
flame retardancy. Zhao et al. [11] synthesized a waterborne poly
urethane coating (SPU) using 1,4-butane diol (BDO) and [bis 
(2-hydroxyethyl)amino]-methyl- phosphonic acid dimethyl ester (BH), 
of which the limiting oxygen index (LOI) can be up to 28.2 % and the 
tensile strength can be obviously increased due to the introduction of 
BH. Song et al. [10] developed a P-containing PU, which showed a high 
LOI of 32.8 %, a UL-94 V-0 rating, and a high toughness of 460 MJ m− 3. 
Xue et al. [12] prepared a thermoplastic polyurethane (PU-RD) by using 
an abietic acid-based, phosphaphenanthrene-containing compound as a 
hard segment and polycaprolactone diol (PCL) as a soft segment, and 
physically cross-linked it with cellulose nanocrystals (CNC). The 
PU-RD/3.0CNC with 3.0 wt% of CNC exhibited a tensile strength of 9.1 

* Corresponding authors.
E-mail addresses: sqhuo@hotmail.com, Siqi.Huo@unisq.edu.au (S. Huo), able.ztliu@wit.edu.cn (Z. Liu). 

Contents lists available at ScienceDirect

Polymer Degradation and Stability

journal homepage: www.journals.elsevier.com/polymer-degradation-and-stability

https://doi.org/10.1016/j.polymdegradstab.2024.111047
Received 6 August 2024; Received in revised form 9 October 2024; Accepted 18 October 2024  

Polymer Degradation and Stability 230 (2024) 111047 

Available online 19 October 2024 
0141-3910/© 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

mailto:sqhuo@hotmail.com
mailto:Siqi.Huo@unisq.edu.au
mailto:able.ztliu@wit.edu.cn
www.sciencedirect.com/science/journal/01413910
https://www.journals.elsevier.com/polymer-degradation-and-stability
https://doi.org/10.1016/j.polymdegradstab.2024.111047
https://doi.org/10.1016/j.polymdegradstab.2024.111047
http://crossmark.crossref.org/dialog/?doi=10.1016/j.polymdegradstab.2024.111047&domain=pdf
http://creativecommons.org/licenses/by/4.0/


MPa and an elongation at break of 560 %, with a UL-94 V-0 rating. 
Furthermore, PU-RD/5.0CNC with 5.0 wt% of CNC can be recycled in N, 
N-dimethylacetamide (DMAc). Wang et al. [13] developed a 
cyclotriphosphazene-containing polyurethane composite (FPCM-4) 
based on reversible furan/maleimide Diels–Alder (DA) reaction. FPCM-4 
achieved a tensile strength of 19.8 MPa, an LOI value of 23.9 %, and a 
self-healing rate of 93.1 %. Therefore, these works have confirmed that 
the recyclable PU can be developed based on the reversible 
covalent/non-covalent bonds and covalently linking P-containing 
groups to polyurethane network can enhance flame retardancy. How
ever, the reported PU elastomers usually suffered from poor mechanical 
properties. Hence, achieving the performance portfolio of superior me
chanical, flame-retardant, and recycling properties is still a huge chal
lenge [14-17].

To achieve the ideal flame-retardant effect, introducing synergistic 
flame-retardant elements, such as nitrogen, boron, and silicon, into P- 
containing flame-retardant systems has been proven to be an effective 
method [18-21]. Boron-based flame retardants mainly function in the 
condensed phase during combustion, which can form a glassy char on 
the matrix surface to suppress the heat release and the generation of 
molten droplets [22]. Thus, integrating boron and phosphorus into 
polyurethane network may effectively enhance the flame retardancy 

and anti-dripping performances of polyurethane elastomers. Moreover, 
forming abundant boronic esters within the polyurethane network 
contributes to achieving recyclability and reprocessability due to the 
dynamic characteristics of reversible boronic ester bonds [23].

Hence, in this work, we developed high-performance phosphorus/ 
boron-containing polyurethane (PU-DP) elastomers with abundant dy
namic borate ester bonds using poly(tetrahydrofuran) as a soft segment, 
a phosphorus-containing diol (DPDF) and isophorone diisocyanate as 
hard segments, and boric acid as a cross-linking agent. The chemical 
structure, transmittance, thermal stability, mechanical and adhesive 
properties, flame retardancy, physical recyclability, and shape-memory 
performances of PU-DP elastomers were studied comprehensively. In 
addition, the flame-retardant modes-of-action of PU-DP elastomers in 
the gas and condensed phases were investigated by different tests.

2. Experiment section

2.1. Materials

Dibutyltin dilaurate (DBTDL, 98 %), N, N-dimethylacetamide 
(DMAc, 99.8 %), poly(tetrahydrofuran) (PTMEG, number average mo
lecular weight: ~2000), isophorone diisocyanate (IPDI, 98 %), boric 

Fig. 1. (a) Synthesis route of DPDF, (b) preparation route of PU-DP elastomers, (c) digital image of PU-DP film, and (d) schematic diagram of PU-DP network.

T. Zhang et al.                                                                                                                                                                                                                                   Polymer Degradation and Stability 230 (2024) 111047 

2 



acid (98 %), paraformaldehyde (96 %), diethanolamine (98 %) and 
diphenylphosphine oxide (DPPO, 98 %) were provided by Sarn Chem
ical Technology Co., Ltd. (Shanghai, China). All chemicals were used 
directly without further purification.

2.2. Synthesis of a phosphorus-containing diol (DPDF)

The synthesis of DPDF was based on a previous work [24], as shown 
in Fig. 1a. Diethanolamine (10.62 g, 100 mmol) and paraformaldehyde 
(3.19 g, 102 mmol) were introduced into a single-necked flask, which 
was equipped with a magnetic stirrer and a nitrogen inlet. The mixture 
was stirred at 80 ◦C under nitrogen atmosphere for 1 h to form a 
transparent solution, and then diphenylphosphine (20.63 g, 100 mmol) 
was added at this temperature and stirred for 3 h The resulting crude 
product was transferred to a vacuum oven and dried under reduced 
pressure at 90 ◦C for 6 h to obtain liquid DPDF.

2.3. Synthesis of the phosphorus/boron/nitrogen-containing PU (PU-DP) 
elastomers

The synthesis process of PU-DP is illustrated in Fig. 1b, and its 
formulation is shown in Table 1. PTMEG was firstly dried in a vacuum 
oven at 100 ◦C for 2 h PTMEG (10 g, 5 mmol), IPDI (4.45 g, 20 mmol), 
and DBTDL (1 or 2 drops) were added to a three-necked glass flask, and 
the mixture was stirred at 80 ◦C for 2 h under N2 atmosphere. DPDF (2.6 
g, 6.25 mmol) was dissolved in 20 mL of dry DMAc, and the resulting 
solution was added to the flask and stirred at 120 ◦C under N2 atmo
sphere for 6 h Then, a DMAc solution (10 mL) containing boric acid 
(0.36 g, 5.83 mmol) was added to the flask and stirred for 15 min. The 
obtained solution was poured into a container and cured in an oven at 90 
◦C for 10 h to obtain a yellow transparent film (see Fig. 1c and d). 
PTMEG was used as the soft segments, and IPDI and DPDF were applied 
as the hard segments. For PU-DP 1–5, PU-DP 1–7, and PU-DP 1–9, the 
molar ratios of their soft segments to hard segments were 1:5, 1:7, and 
1:9, and the molar ratio of -OH to -NCO was 1:1. The PUBC sample 
without DPDF was prepared by the same method as the PU-DP samples, 
and its molar ratio of soft segment to hard segment was the same as that 
of PU-DP 1–7 (1:7).

2.4. Characterization

The chemical structures of different raw materials and products were 
characterized by 1H and 31P nuclear magnetic resonance spectroscopy 
(NMR, DD2 400-MR, Agilent, USA), and DMSO-d6 was used as a solvent. 
The FTIR spectra were recorded on a Nicolet 6700 spectrometer 
(Thermo Fisher, USA) with KBr pellets. The transmittance of PU-DP 
films (thickness: 0.20 ± 0.02 mm) was investigated by an ultraviolet- 
visible (UV–vis) spectroscope (Lambda35, PerkinElmer, USA). XPS 
was applied to investigate the chemical components of PU-DP 1–7 and 
its char on a Leybold instrument (Thermo Fisher Company, USA) with Al 
Ka radiation (1486.6 eV). The surface morphology and phosphorus and 
boron distribution of PU-DP 1–7 were investigated using a scanning 
electron microscope (SEM, Gemini SEM 300, Carl Zeiss, Germany) 
equipped with an energy dispersive X-ray spectroscope (EDX).

The tensile properties of PU-DP films (dumbbell-shaped, size: 0.8 
mm × 4.0 mm × 50) were investigated by a universal testing machine 
(INSTRON 5966, USA) at a speed of 50 mm/min. The single-lap shear 

strengths of PU-DP 1–7 towards different substrates were investigated 
on the above machine at a speed of 5 mm/min based on ASTM D316. 
The results reported were the average of five samples. The cyclic tensile 
behaviors of PU-DP 1–7 sample with the size of 0.8 mm × 4.0 mm × 50 
mm were investigated by the above machine at a strain rate of 50 mm/ 
min. The experiments involved a cyclic stretching procedure with strain 
levels ranging from 50 % to 500 %.

Thermogravimetric analysis (TGA) was performed using a Q600SDT 
thermogravimetric analyzer (Netzsch, Germany). The test conditions 
include air/nitrogen condition, heating rate of 10℃/min, and test 
temperature of 30–800 ℃.

Dynamic mechanical analysis (DMA) was conducted by using a Q800 
instrument (TA Instruments, USA) with a ramp-up of 3 ◦C/min at a 
frequency of 1 Hz in N2 condition. Stress relaxation behaviors of PU-DP 
1–7 (dimension: 30.0 mm × 6.0 mm × 1.0 mm) were carried out on the 
same instrument. A pre-loading force (0.001 N) was applied to the 
specimen, and the specimen was stabilized at the testing temperature for 
10 min. The specimen was then stretched by 1.0 %, and the strain was 
maintained during the test. The relaxation modulus of the specimen was 
recorded.

Based on ASTM D3801, the UL-94 rating of the specimens (dimen
sion: 120 mm × 13.0 mm ×3.0 mm) was determined by a Jiangning 
CFZ-3 equipment (China). In accordance with ASTM D2863, the LOI of 
the specimens was recorded using a Jiangning JF-3 oxygen index 
apparatus (China), and the specimen size was 100 mm × 6.5 mm ×3.0 
mm. Cone calorimetry test (CCT) was conducted on a Yangyi VOUCH 
6810 equipment under an external flux of 35 kW/m2 based on ISO 5660. 
The specimen size was 100 mm × 100 mm ×3.0 mm. Microcalorimeter 
(FTT, UK) was also applied to investigate the flame retardancy of the 
specimens (powdered, ~5.0 mg).

Thermogravimetric analysis/infrared spectrometry (TG-IR) was 
conducted by a TGA2 (METTLER TOLEDO, Switzerland) integrated with 
a TENSORII spectrometer (BRUKER, Germany). The powdered specimen 
(~8 mg) was heated from 30 to 800 ◦C at a ramp-up of 20 ◦C /min under 
nitrogen atmosphere.

3. Results and discussion

3.1. Characterization of DPDF and PU-DP

The 1H and 31P NMR spectra of DPDF are presented in Fig. S1. In the 
1H NMR spectrum, the signals between 7.8 and 7.2 ppm belong to the 
protons of benzene ring, and those at 4.5, 3.8, 3.4, and 2.7 ppm are 
assigned to the protons of -OH, -P-CH2-, -CH2-O-, and -N-CH2- groups, 
respectively. Notably, the chemical shift of P-H group at 8.7 ppm can be 
observed in the 1H spectrum of DPPO, which disappears in the 1H 
spectrum of DPDF. Additionally, there is only one peak at 26.9 ppm in 
the 31P NMR spectrum of DPDF. All these results confirm the successful 
synthesis of DPDF.

The chemical structures of PU-DP elastomers were investigated using 
FTIR and XPS. The FTIR spectra of PU-DP elastomers and their building 
blocks are shown in Fig 2a and b. There is no characteristic absorption 
peak at 2250 cm− 1 in the FTIR spectra of elastomers, indicating that the 
N=C=O group had been completely reacted [25]. The characteristic 
peaks at 3500 cm− 1 for -OH (DPDF and PTMEG) and 3250 cm− 1 for 
B-OH also vanished, confirming their participation in the reaction pro
cess. Furthermore, the peaks at 3310, 2920, 2850, 1700, 1243, and 695 

Table 1 
The formulations of PU-DP and PUBC elastomers.

Sample PTMEG (mmol) IPDI (mmol) DPDF (mmol) Boric acid (mmol) PTMEG ( wt%) IPDI ( wt%) DPDF ( wt%) Boric acid ( wt%)

PUBC 3 21 0 12 52.6 40.9 0 6.5
PU-DP 1–5 5 20 5 6.67 60.8 27.0 9.7 2.5
PU-DP 1–7 5 25 10 6.67 52.1 29.0 16.7 2.2
PU-DP 1–9 5 30 15 6.67 45.7 30.5 21.9 1.9
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cm− 1 are attributed to the -NH, -CH=, -CH2-, -C=O, -P=O, and -B-O 
groups [23,24]. These results confirm the existence of phosphorus, ni
trogen, and boron within PU-DP network. The reaction between IPDI 
and boric acid was also confirmed by 1H NMR. The reaction equation 
and the 1H NMR spectra of the reaction product (BI), IPDI and boric acid 
are shown in Fig. S2. Compared with IPDI and boric acid, BI shows new 
chemical shifts between 5.5–6.7 ppm due to the protons of newly formed 
-NH- groups, demonstrating the reaction between IPDI and boric acid. 
Thus, boric acid can serve as a crosslinker in PU-DP system.

The transparency of PU-DP films was investigated by UV–vis testing, 
with the spectra shown in Fig. 2c. The transmittance of PU-DP 1–9 film 
reaches 80 % at the wavelength between 800 to 900 nm, demonstrating 
good transparency. The transmittance of both PU-DP 1–5 and PU-DP 1–7 
is about 60 % at the wavelength of 900 nm. Due to the ultraviolet 
shielding effect of diphenyl group in DPPO, the transmittance of PU-DP 
films between 200 to 400 nm decreases with increasing DPPO content 
[26]. The XPS full-scan and high-resolution C1s, O1s, N1s, P2p, and B1s 
spectra of PU-DP 1–7 are shown in Fig. 2d-i. The C1s spectrum of PU-DP 
1–7 demonstrates the deconvoluted peaks at 284.1 (C-C), 285.5 
(C=O/C-O), and 288.2 (-C-N) eV. The O1s spectrum shows the peaks at 
529.6 (O=P), 531.1(O=C), and 532.3 (O-C) eV. The P2p spectrum dis
plays the peaks at 131.7 (P=O) and 128.2 (P-C) eV, and the N1s and B1s 
spectra show the peaks at 398.1 (N-C) and 189.2 (B-O-C) eV [27-29], 

respectively. The surface morphology of PU-DP 1–7 is shown in Fig. S3a, 
and the distribution of phosphorus and boron on its surface is displayed 
in Fig. S3b and c. The surface of PU-DP 1–7 film is continuous and intact, 
and phorsphorus and boron elements are evenly dispersed, confirming 
the formation of uniform crosslinking network. Based on these analyses, 
the P/N/B-containing PU-DP elastomers were successfully prepared in 
this work.

3.2. Mechanical performances of PU-DP samples

As shown in Fig. 3a, the glass transition temperature (Tg) values of 
PU-DP 1–5, PU-DP 1–7, and PU-DP 1–9 are -57.1, -57.9, and -53.5 ◦C, 
respectively. Since the PU-DP 1–9 sample contains the highest hard 
segment content among all samples, it shows the highest Tg and storage 
modulus at 25 ◦C (see Fig. 3b). According to previous works [30,31], the 
crosslinking density (V) of PU-DP elastomers was calculated, with the 
results shown in Table 2. The cross-linking density of PU-DP 1–5 is 36 
mol/m3. With the increase of the hard segment content, the cross-linking 
density of PU-DP samples shows an increasing trend, which may be 
because of the enhanced π-π stacking between DPDF parts. Obviously, 
the increase in the cross-linking density also leads to the increase in the 
Tg of PU-DP samples (see Table 2).

As shown in Fig. 3c and d, the PU-DP elastomers show high tensile 

Fig. 2. (a) FTIR spectra of PTMEG, boric acid, and DPDF, (b) FTIR spectra of PU-DP 1–5, PU-DP 1–7, and PU-DP 1–9, (c) UV–vis transmission spectra of PU-DP films, 
(d) XPS full-scan spectrum of PU-DP 1–7, and XPS high-resolution (e) C1s, (f) N1s, (g) O1s, (h) P2p, and (i) B1s spectra of PU-DP 1–7.
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strength and toughness. In detail, PU-DP 1–7 features a tensile strength 
of 42.7 MPa, an elongation at break of 616.9 %, and a tensile toughness 
of 106.9 kJ/m3 (see Table 2). With the increase of IPDI and DPDF 
contents, the π-π stacking between DPDF parts are enhanced and the 
cross-linking density of PU-DP elastomer is increased, leading to the 

increased rigidity and thus the decreased elongation at break and 
toughness. Compared with PUBC, the PU-DP 1–7 elastomer shows 
comparable mechanical properties, suggesting that the introduction of 
DPDF does not significantly affect the mechanical performances. The 
cyclic tensile test was conducted on PU-DP 1–7 sample to study its self- 
recovery ability [32]. The cyclic tensile stress-strain curves of PU-DP 1–7 
under different strains (50 %-500 %) are shown in Fig. 3e, and those 
under 100 % strain for different cycles are displayed in Fig. 3f. In Fig. 3e, 
the hysteresis loop and dissipated energy increase gradually with 
increasing tensile strain. Under the constant strain of 100 %, the hys
teresis area reduces as the tensile cycle increases (see Fig. 3f). When the 
recovery time prolongs to 1 h, the stress-strain curve is close to that of 
the first cycle, indicative of the time-dependent self-recovery ability of 
PU-DP 1–7. During stretching, abundant hydrogen bonds within the 
PU-DP 1–7 network are broken and reformed, leading to the dissipation 
of energy, thus achieving great mechanical properties [28,33-35]. In 
addition, 0.7 g of the rectangular PU-DP 1–7 sample (size: 100 mm × 5 
mm × 0.7 mm) can lift a 10 kg item without breaking (see Fig. 3 g), 
further demonstrating its great mechanical properties.

Polyurethane is widely used as coating and adhesive in various in
dustries due to its excellent adhesive properties [26,36]. Hence, we 

Fig. 3. (a) Tan δ and (b) storage modulus curves of PU-DP 1–5, PU-DP 1–7, and PU-DP 1–9, (c) tensile stress-strain curves of PUBC, U-DP 1–5, PU-DP 1–7, and PU-DP 
1–9, (d) tensile toughness and strength of PUBC, PU-DP 1–5, PU-DP 1–7, and PU-DP 1–9, (e) cyclic tensile stress-strain plots of PU-DP 1–7 under different strains, (f) 
cyclic tensile stress-strain plots of PU-DP 1–7 under 100 % strain, (g) the digital photo of PU-DP 1–7 specimen loaded with 10 kg item, (h) schematic illustration of 
single lap shear test, and (i) adhesion strengths of PU-DP 1–7 on different substrates.

Table 2 
Mechanical properties of PUBC and PU-DP samples.

Sample Tg 

(℃)
V 
(mol/ 
m3)

Molar 
ratio of 
soft to 
hard 
segments

Tensile 
strength 
(MPa)

Elongation 
at break ( 
%)

Toughness 
(kJ/m3)

PUBC / / 1–7 58.1 
±4.5

476.3 
±44.0

135.8±6.3

PU-DP 
1–5

-57.1 36 1–5 38.2 
±1.7

890.6 
±17.0

129.7±5.7

PU-DP 
1–7

-57.9 71 1–7 41.8 
±1.5

657.3 
±50.3

106.9±3.8

PU-DP 
1–9

-53.5 127 1–9 29.7 
±1.3

516.9 
±23.7

88.6±4.0
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conducted the single lap shear tests of PU-DP 1–7 on steel, cuprum, 
wood, epoxy resin (EP), and glass substrates, respectively. The speci
mens were prepared by fixing the PU-DP 1–7 mixture between the 
substrates and curing it at 90 ◦C for 4 h (see Fig. 3h). As presented in 
Fig. 3i, the adhesive strengths of PU-DP 1–7 to steel, cuprum, wood, EP, 
and glass are 2.24, 2.17, 5.21, 2.88, and 0.81 MPa, respectively. These 
results demonstrate that PU-DP 1–7 exhibits great mechanical and ad
hesive properties because its network contains a great deal of hydrogen 
bonds, making it suitable for various applications [28].

3.3. Thermal stability of PU-DP samples

The thermal stability of PU-DP samples in air and N2 conditions was 
studied by TGA. The thermogravimetric (TG) and derivative TG (DTG) 
curves of PU-DP samples are shown in Fig. S4, and the corresponding 
thermal stability data are listed in Table S1, including the temperature at 
5 % weight loss (T5 %), the temperature at the maximum weight loss rate 
(Tmax1 and Tmax2), and the char yield at 800 ◦C (CY). In air condition, the 
T5 % and Tmax1 of PU-DP 1–5 are 259 and 403 ◦C, and those of PU-DP 1–9 
are decreased to 245 and 387 ◦C, which is probably because of the 
catalytic decomposition effect of phosphorus-containing group. 
Compared with PU-DP 1–5 (0.8 %), the CY of PU-DP 1–9 is increased to 

2.0 %, indicating the promoting carbonization effect of P-containing 
group.

Under N2 atmosphere, the PU-DP sample shows two decomposition 
stages: the first stage is attributed to the decomposition of P-containing 
group and the cleavage of carbamate [37], and the second stage is 
assigned to the gradual decomposition of polyols and carbonyls in the 
soft segment [24]. In nitrogen condition, the T5 %, Tmax1 and Tmax2 of 
PU-DP 1–5 are 266, 323 and 425 ◦C, respectively, and these values are 
gradually decreased with increasing phosphorus content. In addition, 
the CY increases from 2.3 % of PU-DP 1–5 to 3.2 % of PU-DP 1–9. Hence, 
the introduction of P-containing group reduces the initial decomposition 
temperature of PU-DP samples but enhances the char-forming ability.

3.4. Flame retardancy of PU-DP samples

The LOI and UL-94 results of PUBC and PU-DP samples are shown in 
Fig. 4a and Table 3. The UL-94 tests of PUBC and PU-DP are recorded in 
Video S1-S4. The polyurethane elastomer is a class of highly flammable 
polymers and will generate lots of melting droplets during burning, thus 
its LOI is about 20 % and it cannot pass the UL-94 test [38]. Without the 
phosphorus element, the PUBC sample shows a low LOI of 19.5 % and it 
cannot pass the UL-94 test. As DPDF is introduced, the PU-DP samples 

Fig. 4. (a) LOI and UL-94 rating of PUBC and PU-DP samples, (b) heat release rate, (c) total heat release, (d) total smoke production, and (e) smoke production rate 
curves of PU-DP samples obtained from CCT, (f) heat release rate curves of PU-DP samples obtained from MCC, and digital photographs of (g) PU-DP 1–5, (h) PU-DP 
1–7, and (i) PU-DP 1–9 chars after cone calorimetry.
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show higher LOI values and UL-94 ratings than PUBC sample. For 
instance, the PU-DP 1–5 sample passes a UL-94 V-2 rating and achieves 
an LOI of 23.5 %. With increasing P content, the burning time of PU-DP 
1–7 and PU-DP 1–9 is shortened during UL-94 tests, and no droplets are 
generated. Therefore, PU-DP 1–7 and PU-DP 1–9 obtain a UL-94 V-0 
classification, and their LOI values are up to 24.8 % and 25.5 %. PU-DP 
1–9 with the highest P content shows the greatest flame retardancy.

The cone calorimetry test was conducted on PU-DP materials to 
further investigate the flame retardancy, with the results presented in 
Fig. 4b-e and Table 4. The time to ignition (TTI) of PU-DP 1–5 is 28 s, and 
that of PU-DP 1–9 is reduced to 25 s, further confirming the catalytic 
decomposition effect of P-containing group [41-43]. As shown in Fig. 4b
and Table 4, the peak heat release rate (PHRR) values of all PU-DP 
samples are close. With the increase of P content, the total heat 
release (THR) decreases from 121.2 MJ/m2 of PU-DP 1–5 to 105.7 
MJ/m2 of PU-DP 1–9 (see Fig. 4c), which demonstrates that the P-con
taining decomposition products from DPDF segments can suppress the 
heat release of the PU matrix during combustion. With the increase of P 
content, the total smoke production (TSP), peak smoke production rate 
(PSPR), and average CO yield (ACOY) of PU-DP samples gradually in
crease (see Fig. 4d and e and Table 4), and the average CO2 yield 
(ACO2Y) reduces, indicating the increased incomplete burning degree 
[44]. The digital images of char layers obtained from cone calorimetry 
tests are presented in Fig. 4 g-i. Clearly, the PU-DP 1–9 char is more 
compact and denser than other chars, further demonstrating the cata
lytic carbonization effect of P-containing group.

The micro-cone calorimetry (MCC) tests were also conducted on PU- 
DP samples. The peak heat release rate values of all PU-DP samples were 
about 370 W/g (see Fig. 4f). Meanwhile, with the increase of P content, 
the total heat release of PU-DP samples is gradually decreased, further 
confirming the positive effect of P-containing group on suppressing heat 
release during combustion.

3.5. Flame-retardant action in the condensed phase

To explore the flame-retardant mode-of-action of PU-DP in the 
condensed phase, X-ray photoelectron spectroscopy was used to analyze 
the chemical composition of the PU-DP 1–7 char residue after CCT. The 
PU-DP 1–7 char is composed of carbon, oxygen, nitrogen, phosphorus, 
and boron (see Fig. 5a). The C1s spectrum of PU-DP 1–7 char in Fig. 5b
can be divided into two peaks at 285.3 and 284.2 eV, corresponding to 

C-C/N and C=O bonds, respectively. The N1s spectrum shows two peaks 
at 400.0 and 399.8 eV, which belong to -N-C and -NHCO structures. The 
O1s spectrum can be divided into two peaks, which are assigned to O-C 
(531.6 eV) and O=C/P (529.8 eV) structures, respectively. The P2p 
spectrum confirms the existence of P-C (134.8 eV) and P=O (133.5 eV) 
bonds [45], and the B1s spectrum displays a peak of -B-O/C structure at 
192.3 eV [22]. In addition, the phosphorus and boron contents (9.3 and 
15.2 wt%) of PU-DP 1–7 char are much higher than those (1.9 and 3.0 wt 
%) of PU-DP 1–7 sample (see Table S2), demonstrating that many 
phosphorus- and boron-containing decomposition products participate 
in the carbonization and promote the formation of a protective char 
layer on the PU surface to suppress the heat release and enhance the 
flame retardancy [41,42,46].

3.6. Flame-retardant action in the gas phase

TG-IR analyses were performed on PU-DP 1–7 and PU-DP 1–9 sam
ples under N2 atmosphere to study their gaseous products during ther
mal degradation, with the curves shown in Fig. 6. As presented in 
Fig. 6c, e and f, the main gas products of PU-DP 1–7 and PU-DP 1–9 
samples during thermal decomposition include water (3738 cm− 1), 
hydrocarbons (2864 cm− 1), carbon dioxide (2354 cm− 1), carbonyl 
compounds (1740 cm− 1), aromatic hydrocarbons, (1464–1362 cm− 1), 
ether derivatives (1102 cm− 1), P-O-pH (920 cm− 1), and amino groups 
(727 cm− 1) [24,38]. It is worth noting that the thermal decomposition 
intensity of PU-DP 1–9 is less than that of PU-DP 1–7 (see Fig. 6a, b, and 
d), indicating that with increasing P content and crosslinking degree, the 
thermal decomposition products of PU-DP gradually decrease, and the 
char yield increases. Hence, the TG-IR results further confirm the pro
moting carbonization effect of P-containing group, which is conducive 
to flame retardancy.

3.7. Physical recycling

To investigate the physical recycling and reprocessing capabilities of 
PU-DP 1–7, it was segmented, and the obtained fragments were hot 
pressed at different temperatures for 20 min under 8 MPa to reform the 
films (see Fig. 7a and b) [31]. The tensile properties of the reformed 
PU-DP 1–7 films were investigated, with the stress-strain curves shown 
in Fig. 7c. The results prove that the PU-DP 1–7 film can be recycled. By 
hot-pressing the PU-DP 1–7 fragments at 140 ◦C, the complete film can 
be reproduced, of which the tensile strength and elongation at break are 
75.3 % and 83.6 % of those of the original PU-DP 1–7 film, respectively 
(see Fig. 7d). When reducing the hot-pressing temperature to 130 ◦C, the 
intact PU-DP 1–7 film can still be remade. Obviously, the PU-DP 1–7 
features recyclability and reprocessability due to the existence of 
abundant dynamic borate ester bonds. The performances of PU-DP 1–7 
were compared with previous flame-retardant PU samples in Table S3. 
Compared with previous PU samples, our PU-DP 1–7 shows a higher 
tensile strength of 41.8 MPa due to the introduction of boric acid as a 
crosslinking agent. Meanwhile, incorporating boric acid also allows PU 
DP 1–7 to achieve reprocessability because of the formation of dynamic 
borate ester bonds.

Due to the presence of dynamic boronate bonds, the crosslinking 
network of PU-DP 1–7 can be rearranged when it is heated above the 
topological freezing transition temperature (Tv) [47-49]. Therefore, the 
Tv of PU-DP 1–7 and the activation energy (Ea) of boronic ester exchange 
reaction within PU-DP 1–7 network were studied by stress relaxation 
test. Fig. 7e shows the stress relaxation curves of PU-DP 1–7 at different 
temperatures. According to Maxwell’s model, the relaxation time (τ) of a 
polymer is usually defined as the time for its modulus (G) to decrease to 
1/e of the original modulus (G0) [50]. For stress relaxation tests of 
PU-DP 1–7, the temperatures were set as 90, 110, and 130 ◦C, respec
tively. Obviously, the relaxation time decreases with increasing tem
perature, from 140 s (90 ◦C) to 5 s (130 ◦C). According to Fig. 7f, the 
relationship between testing temperature (T) and τ of PU-DP 1–7 follows 

Table 3 
The LOI and UL-94 rating of PUBC and PU-DP samples.

Sample LOI (%) UL-94 result (3 mm)

av-(t1+t2) a (s) Dripping Rating

PUBC 19.5 >90 Yes NR
PU-DP 1–5 23.5 13.5±5.3 Yes V-2
PU-DP 1–7 24.8 2.6±1.0 No V-0
PU-DP 1–9 25.5 3.3±0.2 No V-0

a t1 represents the burning time after the first ignition, t2 represents the 
burning time after the second ignition, and av-(t1+t2) is the average of t1 and t2 
[39,40].

Table 4 
Cone calorimetry results for PU-DP samples.

Sample TTI 
(s)

PHRR 
(kW/ 
m2)

THR 
(MJ/ 
m2)

TSP 
(m2)

PSPR 
(m2/s)

ACOY 
(kg/kg)

ACO2Y 
(kg/kg)

PU-DP 
1–5

28 999.1 121.2 8.02 0.06 0.06 6.23

PU-DP 
1–7

27 1191.3 109.6 8.34 0.07 0.11 5.99

PU-DP 
1–9

25 1060.2 105.7 8.40 0.07 0.16 5.43
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the Arrhenius Eq. (1) from 90–130 ◦C: 

lnτ =
Ea

RT
− lnA (1) 

where A is the preexponential factor, and R is 8.314 J mol− 1 K− 1.

Through linear fitting (R2 = 0.9799), the Ea of the boronic ester 
exchange reaction within the PU-DP 1–7 network is determined to be 
107.38 kJ/mol, which is within the range of Ea value for boronic ester 
exchange reaction reported in previous works [31,48,49]. This result 
confirms that PU-DP 1–7 can undergo the boronic ester exchange 

Fig. 5. (a) XPS spectrum of char residue for PU-DP 1–7, and XPS high-resolution (b) C1s, (c) N1s, (d) O1s, (e) P2p, and (f) B1s spectra of PU-DP 1–7 char after cone 
calorimetry test.

Fig. 6. 3D TG-IR spectra of pyrolysis products for (a) PU-DP 1–7 and (b) PU-DP 1–9, (c) FTIR spectra of gas decomposition products for PU-DP 1–7 and PU-DP 1–9 at 
Tmax1, (d) absorbance vs. temperature plots of PU-DP 1–7 and PU-DP 1–9 at 1106 cm− 1, and FTIR spectra of gas decomposition products for (e) PU-DP 1–7 and (f) PU- 
DP 1–9 at different temperatures.
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Fig. 7. The digital images of (a) PU-DP 1–7 fragments and (b) reformed PU-DP 1–7 specimens after hot-pressing, (c) tensile stress-strain curves of the reformed PU- 
DP 1–7 specimens, (d) recovery efficiency of the reformed PU-DP 1–7 sample at 140 ℃, (e) stress relaxation curves of PU-DP 1–7, and (f) the linear fitting curve of 
PU-DP 1–7 based on the Arrhenius equation.

Fig. 8. Digital photographs of the shape memory process for PU-DP 1–7 specimens with different shapes: (a) four-leaf petal, (b) hand, and (c) dumbbell.
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reaction under external stimulation, such as heat.
The Tv is the temperature at which the viscosity reaches 1012 Pa⋅s 

[49]. The relationship between the viscosity and modulus of a polymeric 
material follows the Eq. (2) and (3): 

η = Gsτ (2) 

Gs =
E’

2(1 + v)
(3) 

where Gs is the estimated shear modulus, η is the viscosity of the ma
terial, E’ is the storage modulus at the rubber plateau, v is the Poisson’s 
ratio, and τ is relaxation time [51-55].

According to the Eq. (1)-(3), the Tv of PU-DP 1–7 can be calculated to 
be 57.5 ◦C. All these results confirm that PU-DP 1–7 can be easily 
recycled in mild conditions due to abundant borate ester bonds in its 
network.

3.8. Shape memory properties

To demonstrate the shape memory ability of PU-DP 1–7, the samples 
were cut into different shapes, including four-leaf petal (see Fig. 8a), 
hand shape (see Fig. 8b), and dumbbell strip (see Fig. 8c). The obtained 
samples were programmed at room temperature and their shapes were 
then fixed at -60 ◦C for about 5 s, finally the samples were placed at 50 
◦C to recover. As shown in Fig. 8, all these specimens can recover to their 
original shapes after placing at 50 ◦C for different time, confirming the 
good shape memory properties of PU-DP 1–7. Obviously, the topological 
structure of PU-DP 1–7 can be rearranged under heating due to the 
exchangeable boronic ester bonds, thus exhibiting shape memory 
property [36,56,57].

4. Conclusion

In this study, we developed a flame-retardant polyurethane (PU-DP) 
elastomer based on dynamic borate esters, which exhibited good me
chanical, shape memory, and physical recycling properties. Due to a 
large number of hydrogen bonds within the crosslinking network, PU- 
DP 1–7 shows a tensile strength of 42.7 MPa and an elongation at 
break of 616.9 %, with high adhesion strengths on different substrates. 
At the same time, the introduction of phosphorus and boron elements 
enables PU-DP 1–7 to achieve superior flame retardancy, as reflected by 
an LOI of 24.8 % and a UL-94 V-0 rating. Moreover, the dynamic boronic 
ester bonds endow PU-DP 1–7 with great reprocessing and shape- 
memory performances. This work provides an integrated design strat
egy for the development of flame-retardant, recyclable, and shape- 
memory polyurethane elastomers with high mechanical properties 
based on dynamic borate ester bonds, which are expected to be used as 
fire-retardant coatings and polymers in different industries.
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