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TR (ADH) N R AR, 3R RS B R W R
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1 SCIEERyY

1.1 SRR

4,45 AR — HR T (ODPA, 4l 99%)+
4,4'- " 3 T IEBKODA, 4F 99%), T H K
NBEMERHEERAR; C R Bt ADH,
47 99%), W H il kAR A TR A A
N-FR LML BE(NMP), T8 H 1 24 52 A A5 G5
FRA®] . Hrp, NMP T FiikRK.

1.2 BEBERRA RN &

ODA H1 ADH N —iZ 5.4k, ODPA JJy it 5.
i, ¥4 ODA 5 ADH FIEE/R LG, SR #2574
#F T — RV G B R WL, 5yl 4
H-TPI-0. H-TPI-1. H-TPI-2. H-TPI-3 #1H-TPI-4,
Nk 1 frox . LLH-TPI-1 A6, BRI E 1By
7N: YK ODA (7.26 g, 36 mmol) & T K& b T
A HEFEAE R, 0.5 h 5% ADH (0.70 g,
4.0 mmol) A . 1 h B J5 SR VKK I F AR
MEEREZ 0 °C, SR J5 4+ 5> # i X ODPA
(12.49 g, 40 mmol), TEZ/GFHE FHiERMN 12 h,
13 BN HR R BRI R (PA A .

Table 1 Feeding ratios of the 3 kinds of monomers during
the polymerization of H-TPI.

) n(ODPA) n(ODA) n(ADH)
Series
(mol%) (mol%) (mol%)
H-TPI-0 100 100 0
H-TPI-1 100 90 10
H-TPI-2 100 80 20
H-TPI-3 100 70 30
H-TPI-4 100 60 40

1.3 SBEFRMEBH H-TPIEERER &

K B 11 o B PR I R
R R, SRR AN 2 B . F SRR R
V038 I R DX 3 9 S e B R T T I I B B AR b
BE 5 43 79 7E 40 60 °CALHE 2 h, i J5 80 °CAb#
20 h, 355 NMP 78 73 7% K 5 T8 BC5R I i 12
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Fig. 1 Polymerization process of the H-TPI.

Fig. 2 Scheme for the preparation of H-TPI films.
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2=0.154 nm), WK X 8] Ky 5°~50°, =4 14 2 A
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K H] Netzsh 209F3 #4 & 43 #7 4 (TGA) ik
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instrument 2 &) Q800 2 B S ML 73 HT (L (DMA)
A H-TPE R I AR R, F9H54% 4 1 Hz,
M EVE A 50~350 °C, FHEIEF A 5 °C/min.
FH 25 [B TA 13 2% 24 & 1 TA Q20 7 2 19 i 8 X
(DSC)FRAE PI 1) B B EL AR T (T, A i i
9 5~10 mg, KR FE N 50~400 °C, FHRIE 2R
410 °C/min, S IE 50 mL/min. f# H K& H
BEA H] ) WDW3020 24 75 Ge A RHRAGSATL I X 78 5
(715 kg, MGE 28 S mm/min,  IHAAE
% P29 5 mm. H4 A TR T VIS PHE — ik,
KHMENEAT A RS2, e B g
HBEMR, RN AR50 %
PERE.

2 FHR5iTE

2.1 {LFEEHRIE

H-TPI (K] 'TH-NMR i B0 3(a) s, 7
5=10.8 P H BB B 76— CO—NH— )X B
TIRHIEVE, RO &SR EE = 50k ADH B Rk
DGR PLoy T8Eh . B ADH #RHL 25
T e s [ AR 1 06 (1 5 P55t B 2 2 . 1 3(b) o HI-
TPI-3 R "H-NMR [, H-TPI_L&/Ni T #RE
A R REAE VX B . Horp, H-TPI 4544+ ADH
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Fig. 3 Characterization on the chemical structures of the H-TPIs. 'H-NMR spectra of H-TPIs (a) and H-TPI-3 (b); FTIR
spectra of H-TPIs (c) and the enlarged areas in the range of 4000-1500 cm™! (d).
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(125 PR a0 . (EE R 12 & ADH 85 B 3L
H-TPI, HHV Al J B £ 250 °C R AT, X
ik T 1% 4 ODPA/ODA & & TPI 1) #4 V. i A4 il F&
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Fig. 4 Study on the hydrogen bonds within the H-TPIs:
(a) FTIR spectra of H-TPI films at 1800-1600 cm™,;
(b) Proposed hydrogen-bonding interaction within the H-TPI;
(¢) Variable-temperature FTIR spectra of H-TPI-3 in the
temperature range of 50-220 °C.
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Fig. 5 Optical transmittance of the H-TPI films. The inset
shows a representative photograph of the H-TPI-2 film.

2.3 XRD & #h

FILFH XS 2407 50 AN [F] ADH 75 =11 TPT
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HIL— AT AT, IINEE = /K ADH )5,
13.66° &b 177 5 06 3% 47 % 22 20.31°, I H H-TPI
JELATT SR 0 4 Dy i 06, 15 B N\ ADH ) H-TPI i
RNICTE TGN ARYEAT RIS T FE A = 2dsing, @iT
N2 AT S e R o B T SR N S 2 4 TR TR R R



38 FRTAPEE: BT SRR I 110 A0 I 1k 58 0 S0 e Y M 1 i 48 S L FLB SR PR et 9 659
0.6
@ H-TPI-4 100 1@
-
H-TPI-3 — — H-TPI-0 o
M é 80 - H-TPI-1 8
= -- H-TPI-2 N
z H-TPI-2 2 ol - HTPIS DTS =
g 4 -~ - H-TPI-4 ey
E 3 - Jo &
H-TPI-1 S 401 Z
[}
w 024
20t
H-TPI-0
, , , , Y 404
10 20 30 40 50 0 100 200 300 400 500 600 700 800
26 (°) Temperature (°C)
21 . 16
(b) 0.647 )
10.65 (b)
200 ©° — 031 ;
19 1956 1.2 0 \"
, ] 2t — H-TPI- At
18.79 060 -~ H-TPL-1 i1
18 1 -~ H-TPI-2 ohi
» 055 w -~ H-TPI-3 A
< 177 g £ 08 -~ H-TPI-4 AE
[\l ~ had N v‘ :
16 | 10.50 i
15 0.468 04+ P
8 O 1
0444, i
0.435{0.45
14l 1366 o— 04

3 - - - - - 0.40
H-TPI-0 H-TPI-1 H-TPI-2 H-TPI-3 H-TPI-4
Series

Fig. 6 (a) XRD patterns of H-TPI with different ratios of
ADH; (b) 26 degree and the molecular chain spacing (d) of
H-TPIs.
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Fig. 7 Thermal properties of the H-TPI films: (a) TGA-
DTG curves, (b) DMA curves, (¢) DSC curves.

Table 2 Summary on the thermal properties of the H-TPIs.

Series Tys (°C) T4 (°C) T, 2-DMA T, ¢-DSC
H-TPI-0 547 566 274.8 271
H-TPI-1 510 548 268.6 258
H-TPI-2 433 507 260.2 249
H-TPI-3 406 468 2593 229
H-TPI-4 389 417 243.5 217

&K N ADH [ 5I N S8 H-TPI £ H &6 K&
T 1 g o e 4 A R O e B . B AR I i 5 (R
R A B SE B8 T ArF RIPEF 70, AR T T,
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Fig. 8 Mechanical properties of the as-prepared H-TPIs (a, b) and those after self-healing (c, d). Tensile stress-strain curves
(a) and tensile strength and modulus of the as-prepared H-TPI films (b). Tensile stress-strain curves (c¢) and tensile strength
and modulus of H-TPI films after self-healing (d).
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Table 3  Self-healing efficiency of H-TPI films.

Series Healing efficiency (%)
H-TPI-1 80.6
H-TPI-2 80.0
H-TPI-3 81.3
H-TPI-4 84.6
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Fig. 9 Self-healing of crack in H-TPI-0 at 260 °C for 0 min (a,), 5 min (a,), and 8 min (a;); Self-healing of crack in H-TPI-4 at

260 °C for 0 min (b,), 2 min (b,), and 5 min (b;).
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Fig. 10 (a) H-TPI-4 film before and after self-healing; (b) Tensile stress-strain curves of H-TPI-4 film.
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Table 4 Solubility of H-TPI films in some representative solvents.

TPI NMP DMAc DMF m-Cresol DMSO CHCl,4 THF Acetone
H-TPI-0 — — — - - — — —
H-TPI-1 ++ ++ ++ + + +- — —
H-TPI-2 ++ ++ ++ + + +- — -
H-TPI-3 ++ ++ ++ + + +- — -
H-TPI-4 ++ ++ ++ + + +- - —_—

. Cut 350 °C
B — B —
20 MPa
Fig. 11 Reprocessing of H-TPI films by hot-press method using H-TPI-2 film as an example.
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Research Article

Preparation and Self-healing Performance Study of Thermoplastic
Polyimide Films Based on Flexible Hydrazide

Wei-ping Guo, Guang He, Qing-song Xu", Jia-lin Zhang, Xiu-ting Li, Jie Dong, Xin Zhao, Qing-hua Zhang
(State Key Laboratory of Advanced Fiber Materials, College of Materials Science and Technology, Donghua University,
Shanghai 201620)

Abstract Polyimide (PI) materials are widely used in many fields due to their excellent properties. During
service, these materials inevitably suffer from mechanical damages, which seriously impair their service performance
and lifetime, and may even lead to serious accidents. Therefore, the design and development of polyimide
materials with self-healing properties have become great significant. However, for intrinsic self-healing PI, there
exists a trade-off between self-healing performance and mechanical properties. To address this issue, in this study,
flexible adipic dihydrazide (ADH) containing hydrogen bond donors/acceptors was introduced into traditional
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polyimide via ternary polycondensation, resulting in a hydrogen bond-containing thermoplastic polyimide
(H-TPI) film that combines excellent mechanical properties and self-healing capabilities. Studies showed that
after copolymerization with flexible ADH, a temperature-responsive hydrogen bond network could be formed
between adjacent molecular chains. On one hand, this significantly enhanced the mechanical properties of H-TPI,
with the tensile strength increasing from 111.7 MPa to 130.5 MPa. On the other hand, it improved the mobility of
polymer molecular chains, thereby endowing the TPI film with excellent self-healing ability. Specifically,
self-healing could be achieved within 5 min at 260 °C and 15 MPa, with a healing efficiency of 84.6%. This research
provides a new idea and approach for the design and preparation of high-performance self-healing materials.
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