539 % 440 [T (e S i R 4 Vol. 39, No. 4
2026 4 4 H POLYMER BULLETIN April, 2026

R i -

TR TR S B IV i SR iE Re 1 BE
BER AtE ¥ O£ %k ¥
(FERZE MABEEEESALKE KD 410083)

FHEE : 2 %) SR Wk 0 )i (spirofluorene polyimide, SFPI) & — 8 H & KARFAWINPE MR 25 46 K4 1 58 95 37 )i (polyimide,
PI), 38 % A %5 ) 338 40 5 AR IR FE (T,>350 °C) B K41 il 45 4, B 4% 76 v R AR 3 26 58 F T 12 fif ik
N7 770 AW 90 DL SFPI A % Be v 2 4, B 7 51 N 3L B 5 21 o 1 A 2 ok, 38 X Ak i 3 (CL
Br) B HEAT T 0F 70, X 2 H A7 & i A R & AT 58 84 1 07 o 3d 3 4 27 30 i A0 V5 ) 4% 45 2
3 Fofr o AR 27 SR TBE D i - FFPIGHRUIAR ) - CFPIGRUIAR )« BFPIGRHAR ). 7E 150 °C Flfigf BERL A (1)>90% I¥)
SR, o ob BFPLAfik A6 % B2 5 5, A Ug=4.54 J/em?®, H1LL SFPI(R &1 T i ik 2 ¥ Ug=2.07 J/em®) 42
FET 100% LL o X FRBER T 50 LAAL, HoAth i ot 22 B B2 38 T TR & W7 il 1 il BB M Ak (0 &g 12

KIRIE: AR AW mEAE AR 1B KB KR H R

Regulating High Temperature Energy Storage Performance of
Spirofluorene Polyimides by Halogens
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Abstract: Spirofluorene polyimide (SFPI) is a type of polyimide (PI) with a large-volume rigid spirofluorene
structure. It typically exhibits a high glass transition temperature (7, >350 °C) and twisted structure, which
suggests its potential applicability in extreme environments. In this study, SFPI was employed as the
matrix for chemical modification; besides the typical halogen modification of fluorination, substitutions
with other halogens (Cl, Br) were also investigated, a research direction that is currently scarce in the field
of high-temperature dielectric polymers. In this study, three halogenated SFPIs were synthesized via a one-
step chemical polymerization method, namely FFPI (fluorine-substituted), CFPI (chlorine-substituted),
and BFPI (bromine-substituted). Ultimately, at 150 °C and with an energy storage efficiency (7)>90%,
BFPI achieved a maximum energy storage density of 4.54 J/cm3, which represents an increase of more than
100% compared with SFPI (whose energy storage density was 2.07 J/cm3 under the same conditions). This
indicates that besides fluorination, substitution with other halogen elements is also an effective approach
to enhance the high temperature energy storage performance of polymers.
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Figure 1 Synthesis route to 2, 2'-bis(4-amino-3-bromophenyl)

spirofluorene diamine
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Figure 2 Synthesis route to polyimides
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Figure 3 'H-NMR spectra of polyimide diamine
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Figure 4 3C-NMR spectrum of polyimide diamine
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Figure 5 FTIR spectra of polyimide films
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Figure 6 XRD patterns of polyimide films
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Figure 7 UV-Vis spectra of polyimide films
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Figure 8 DSC curves of the four polyimides
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Figure 9 TGA curves of the four polyimides
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Figure 10  Electronic energy levels calculated via DFT
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Figure 11  Analysis of surface electrostatic potential of molecular models for SFPI (a), FFPI (b), CFPI (¢), and BFPI (d)
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Figure 12 Polarity analysis of surface electrostatic potential
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Figure 13 Molecular dynamics simulation
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