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Preparation and properties of low dielectric polyimide resins based on low temperature thermal rearrange-
ment and phenylethynyl crosslinking reactions
LUO Dan, WANG Xiaodong, LIU Zejian, LI Xiuting, ZHAO Xin, DONG lJie, XU Qingsong, ZHANG Qinghua
(1.State Key Laboratory for Advanced Fiber Materials, College of Materials Science and Engineering, Donghua University, Shanghai 201620, China)

Abstract : Thermally stable thermosetting polyimide resins are indispensable for aerospace radomes and high-frequency
communication devices. However, conventional polyimides cannot combine a low dielectric constant with high stability in a wide
temperature range. Thermal rearrangement to form benzoxazole is an effective strategy to lower the dielectric constant, However, the
high reaction temperature (350—500 °C) makes it difficult for the small molecular gases generated during thermal rearrangement to
escape after curing, leading to interfacial defects and degradation. Here, an ortho-hydroxyamide structure was introduced into
phenylethynyl-terminated polyimides that undergoes a low temperature thermal rearrangement at 280—360 °C to transforms into the
benzoxazole unit, while phenylethynyl end-groups were crosslinked at 370—380 °C, effectively separating the two types of reactions
within the temperature window. This avoids the escape of small molecular gases generated by thermal rearrangement after the resin
has completely cured, thereby preventing interface defects caused by this. By adjusting the ortho-hydroxyamide content, the thermal
behavior, rheological properties of the prepolymer, as well as the thermal stability and dielectric properties of the cured film were

systematically studied. Mechanistic studies reveal two pathways:intramolecular cyclodehydration to form benzoxazole, and intermo-
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lecular CO, removal reaction with the adjacent imide ring to form crosslinks. The low polarizability of benzoxazole and increased

interchain free volume synergistically reduce the dielectric constant. With the increase of the content of ortho-hydroxyamide unit,the

dielectric constant of the prepared cured resin decrease from 3.6 to 3.0 at 10 Hz, with the dielectric loss being less than 0.017. At a

molar fraction of 60% for ortho-hydroxyamide-containing diamine monomers in total diamine monomers, the change rate of dielec-

tric constant within the temperature range of =150 to 250 °C is less than 1.5%, and the glass transition temperature is as high as

374 °C, the 5% mass loss temperature is 519 °C, demonstrating strong potential for aerospace radomes and high-frequency communi-

cation components.

Keywords : low-temperature thermal rearrangement ; phenylethynyl crosslinking ; benzoxazole ; low dielectric constant ;

intermolecular crosslinking
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Fig. 1 Synthetic route of PI-co-HPA-60 prepolymer

%1 PI-co-HPA-x AR MR AL
Tab. 1 Composition of PI-co-HPA-x prepolymer

Amount of substance for monomers/mol

Samples
a-BPDA  M-6FDAP BAPP PEPA
PI 0.04 0 0.05 0.02
PI-co-HPA-10 0.04 0.005 0.045 0.02
Pl-co-HPA-20 0.04 0.01 0.04 0.02
PI-co-HPA-40 0.04 0.02 0.03 0.02
PI-co-HPA-60 0.04 0.03 0.02 0.02
PI-co-HPA-100 0.04 0.05 0 0.02
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(b) '"H NMR spectra
2 Pl-co-HPA-x BRI A5 HFRAE
Fig. 2 Structural characterization of PI-co-HPA-x prepolymer

SEBREY 43T B (M) Y FE 4 300~5 000 3 Bl , 5 8
WA (%14 500) 8238, B2 0 B8 5 PD) AT 1.6
1.8 Z[0] o (EASEE B AR, SEl M, K 53w v T
PRISAE , 13X A RE S HH T GPC AR IE 245 NAREE , 1
AN R NIPEBE B SRR RAETE 25 J TS, IE A
U o T 23 NI o i St | o0 N S T S 1
RYTE NMP F1 DMAc X B 1A PR R BT 75500 i)
R W3R 2 BT, T T 2R ) 1) A AR R
45%, BfifF M-6FDAP 7% & [ $E Tt , 15 A B itk — 20 4
FHE] 50% LA I, 33 S PR A i 1 A 20 ¥ S i 1A R 8
P 1o TR AE AR M 300 v A Vs A, DT 2l T 70
RPN T A% A5 30 e [ e T2 e e R
SRR SR

F2 Pl-co-HPAxTIRYINHD FERENH ERRE
Tab.2 Molecular weight, distribution, and solubility of PI-co-HPA-x prepolymer

Solubility/% . 4 GPC
Samples Theoretical M /(g-mol ) - -

NMP DMAc M /(g-mol ) M /(g mol ) PDI

PI >45 >45 3544 4493 8161 1.817
PI-co-HPA-10 >45 >45 3641 4689 8390 1.791
PI-co-HPA-20 >50 >50 3738 4733 8331 1.760
PI-co-HPA-40 >50 >50 3932 4923 8438 1.714
PI-co-HPA-60 >50 >50 4126 4737 8350 1.765
PI-co-HPA-100 >50 >50 4514 4344 7121 1.639

Notes: M, is number-average molecular weight; M is weight-average molecular weight; PDI is polydispersity index.
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Fig. 3 Thermal properties, structural changes during curing, and thermal rearrangement and crosslinking mechanisms of the PI-co-HPA-x prepolymer
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Tab.3 Thermal properties and thermal rearrangement (280-360 °C) conversion rates of PI-co-HPA-x prepolymer
PEPA content/ HPA content/ AH/ c/q- 1% (mmol
It T /° TML/9 AML/Y ’ °
Sample /€ (mmol-g™")  (mmol-g™") J-gh mmol ") /% % g a/%
PI 217 0.445 1 0 74.52 167.4

PI-co-HPA-10 218 0.426 5 0.275 70.92 166.3 0.49 0.41 1.49 83.7
PI-co-HPA-20 226 0.422 6 0.535 68.82 162.9 0.96 0.83 1.55 86.5
PI-co-HPA-40 223 0.406 3 1.017 57.48 141.5 1.83 1.68 1.65 91.8
PI-co-HPA-60 237 0.4222 1.454 52.32 124.0 2.62 2.59 1.78 98.8
PI-co-HPA-100 261 0.460 4 2.215 38.46 83.5 3.99 3.36 1.52 84.2

Notes: T, is glass transition temperature; AH is enthalpy change; C is AH/(PEPA content); TML is the theoretical mass loss; AML is actual mass

loss; fis (AML)/(HPA content); « is (AML)/(TML)*100%.
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Fig. 4 Melt rheological behavior of the PI-co-HPA-x prepolymer, and

chemical structure and aggregated state structure characterization of the

cured PI-co-PBO-x resins
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Fig. 5 Thermal properties (TG/DMA) and mechanical properties of the
cured PI-co-PBO-xresins
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Tab.4 Mechanical and thermal properties of the cured PI-co-PBO-x resins

Samples Tensile strength/MPa Tensile modulus/GPa Elongation at break/% T, ona/°C 7,,/°C T ./°C

PI 55.08 1.30 4.97 331 497 520

PI-co-PBO-10 47.52 1.74 3.56 338 504 528

PI-co-PBO-20 40.19 1.57 2.65 373 510 529

PI-co-PBO-40 35.63 1.96 1.77 363 497 529

PI-co-PBO-60 43.08 1.94 2.43 374 519 553

PI-co-PBO-100 352 529 561
Notes: T, i, is the glass transition temperature determined by DMA (peak of tandy,,); 7', is temperature at 5% mass loss determined by TG analy-

sis; T, is the temperature at maximum mass loss rate derived from TG analysis.
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Fig. 6 Dielectric properties of the cured resins



B, 5 TR HE 58 2SI IR i SR L e i ol i Sk A 93

x5 EUREEEETHANRERMNRIRFE

Tab. 5 Dielectric constant and dielectric loss of cured resin at room

temperature
Samples ¢, (10Hz—1 MHz) tand, (10 Hz—1 M Hz)
PI 3.31-3.62 0.0 062-0.017
PI-co-PBO-10 3.28-3.50 0.0 039-0.012
PI-co-PBO-20 3.17-3.31 0.0 034-0.010
PI-co-PBO-40 3.12-3.35 0.0 057-0.012
PI-co-PBO-60 3.11-3.27 0.0 044-0.012
PI-co-PBO-100 2.90-3.06 0.0 040-0.017

Notes: ¢, is relative dielectric constant; tand,, is dielectric loss

tangent.
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