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“IC-Display-Device/Gas separation-Composite’——Breakthroughs in
Core Technologies, Performance Optimization, and Application
Exploration of Multifunctional Polyimide Materials
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(School of Materials and Energy, Guangdong University of Technology , Guangzhou 510006, China)

Abstract As a key representative of high-performance polymers, polyimide plays an irreplaceable role in strategic
emerging fields such as integrated circuits, new energy, and aerospace, owing to its exceptional thermal resistance,
outstanding mechanical properties, and remarkable dielectric characteristics. However, with the rapid development
of cutting-edge areas such as flexible electronics, efficient energy conversion, and the “dual-carbon” strategy,

traditional polyimide materials still face significant challenges in terms of dielectric properties, flexibility, functional
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integration, and thermal management. In response, this paper systematically reviews the innovative research achieve-
ments in multifunctional polyimides, focusing on five key dimensions: “IC, display, device/gas separation, com-
posite.” Specifically, at the “IC” level, material systems with ultra-low dielectric constants and high strength have
been developed for advanced chip packaging. At the “dsiplay” level, highly transparent and flexible films with excel-
lent folding endurance have been fabricated to meet the demands of flexible displays. In the “device/gas separation”
dimension, applications in energy devices and aerospace thermal management have been expanded, while structural
designs have significantly enhanced gas separation performance, contributing to the “dual-carbon” goals. At the
“composite” level, breakthroughs in thermal management capabilities of composites have been achieved by
constructing multi-dimensional thermal conduction networks. This study not only demonstrates the considerable
functional plasticity of polyimides but also provides important theoretical and technical support for addressing key
material challenges in related scientific and technological fields.

Keywords Polyimide; High frequency with low dielectric constant; Film; Gas separation; Thermal management
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Fig.1 Method for synthesizing polyimide through the reaction of a dicarboxylic acid diester with a diamine
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Table 1 Characteristics of negative/positive photoresist polyimide

Characteristic Negative-tone photosensitive polyimide Positive-tone photosensitive polyimide
Core mechanism Photo-induced crosslinking Photo-induced increase in solubility
Photosensitive groups Acrylate groups, epoxy groups, vinyl ether, etc. Diazonaphthoquinone(DNQ) compounds, etc.
Development result Exposed areas are insoluble and retained Exposed areas are soluble and removed
Features Mature process, widely applied, good adhesion, Higher resolution, good pattern precision

fast photosensitivity, low cost

Application scenarios Advanced packaging, insulating buffer layers High-density integrated circuits, fine pattern transfer
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Fig. 2 Three major strategies for low-temperature curing of photosensitive polyimide
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Fig. 3 Preparation process of quaternary block copolyamide acid(co-PAA) and copolyamide salt(co-PAS)™
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Fig. 4 Schematic diagram of the synthesis of high-frequency low-dielectric PI*!
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Fig. 5 Synthetic route of MPIs"
(i) Methanesulfonic acid, 160 C; (ii) Pd(PPh3)4, Na,CO, aqueous solution(2 mol/L.), toluene, 95 °C;
(iii) dimethylacetamide(DMAc), r. t. ; (iv) thermal imidization.
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Fig. 6 Differences of modification strategies between CPI and PI
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Fig. 7 Synthesis and strategic analysis of transparent polyimide'®
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Fig.8 Future research directions of low-expansion PI”!
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Table 2 TPI application areas and their use scenarios

Application field Application
Mechanical TPI, with excellent mechanical properties and friction resistance , can replace titanium alloys for manufacturing engine
industry inner covers, dense parts, and clutch rings
Aerospace TPI exhibits good flame retardancy, applicable to producing aircraft components and reducing fire-related damage risks
Electronics & In harsh environments (high temperature, pressure, humidity), TPI maintains good electrical insulation, used for
communications walfer carriers, electronic insulating films, and connectors
Medical Artificial bones made from TPI resin are lightweight, non-toxic, and highly corrosion-resistant
Power TPI, featuring good thermal stability and dielectric properties, is applied in wires, cables, and power equipment
Coatings Coating metal surfaces with TPI fine powder creates coatings with excellent insulation, corrosion/heat/water

resistance , widely used in chemical anticorrosion, home appliances, electronics, and machinery
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Fig. 9 Synthetic route to TPI"**
(i) Potassium hydroxide, THF, r. t.; (ii) Pd(PPh3)4, Na,CO, aqueous solution(2mol/L), ethanol and toluene, 70 °C,

(iii) DMAc, r. t.; (iv) thermal imidization.
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Fig. 10 Schematic for the fabrication of PEQ/CMC-Li@PI hybrid solid polymer electrolyte membrane
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Fig. 11 Preparation of the graphite-like @Cu composite film"”
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Fig. 12 Schematic graph of the fabrication process of EP-BN, EP-BN@CL and n-docosane based SSOPCCs™!
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Fig. 13 Schematic diagram of the preparation of PNT-X"¢
PNT-X: polymer nanotubes-X(X=different target temperatures).
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Fig. 15 Research achievements in the application of polyimide to gas separation
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Fig. 16 Schematic illustration of CMS membranes derived from two types of cross-linked precursors
(Types A and B)(A), schematic diagram of the rigid cross-linked mechanism(B), illustration of
sub-nanometer pore structural transformation in the CMSMs during pyrolysis of the dual cross-

linked precursor(C)>!

Table 3 Comparison of the performance of the prepared gas separation membranes with some reported
CMS membranes(tested at 35 °C and 0.2 MPa)

Permeability ( Barrer) Ideal selectivity (aX/Y)
Membrane Ref.
H» CO, N, CH4 H»/CH,4 H»/CO,

6F-D-S-CMS 3464 904 12 0.91 3807 2.7 [24]
6F-D-S-CMS-850 523 35 0.32 0.08 6538 149 [24]
PEK-C-900 2919 26.3 12.3 1.57 1859 110 [21]
6F-DABA-75-CM576 5832 3573 113 69 84.3 1.6 [55]
BAPP-PMDA-900 323 192 2 1 323 1.7 [56]
TR-CMS-0.5 3843 901 14.6 6.3 610 4.3 [57—59]
Ti-MOF 6444 4633 118 118 54.6 1.4 [60]
CMS/10X-7.5 1709 691 16.2 3.1 551 2.5 [61]
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S KSR TR 2 2 SR Tk IV g 95 125 P - e B AN L0 7 5OR m . A RIER) T A i A%
I DA BB, AR TS B S PR E . IR B I TR T PR IR ) 40, 18]
T W BB BR 43 2 4

20224, APLEL Pl I R R A A T 2 LI gk A (ATP) B35 1) PLE G, Wi 17 i
. WFFE R, GG ATP o] B B4R TR B M (= 3T 160% ) T AP S Bt . RAE A 45 4 IE
52, ATPAESEAAR TP 4 5], T AR KB I R A i ARF. i ATP & S 80B0R R4, sl
R A RIS R RS, B TR IR R AR
53 fTHEBRY FIFlREGH-1EaeAE

AT HE B0 7 BB o AT IR AR I T S i A T 24, nIRAS U LS4 , R AR 2 100 T 1)
N . A BTSRRI AL A, R ME TR LR T, SEB R 800 -0 43 . ISR T A5 S0
R , T FH T e e T AT 2 43 B A

20244, ARYSEIL O TF & T R RN HER A S TS BR A , 2 AR ARAS MR RE AR 43T B 6F - AP/
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Fig. 17 Preparation flow chart of PI/ATP composite membranes'®
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Fig. 18 Synthetic routes(A) and schematic representation(B) of molecular chain conformation of
the 6F-AP/ODA, 6F-AP/ODA-TR and TR-CMS membranes™®
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Fig. 19 SEM images of the GTs grown in situ on PI/CaCO, carbon film(A—D), precursor of GTs
at 900 °C(E, F) and schematic diagram of GT synthesis(G)*"
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Fig. 20 Schematic diagram of graphite PI membrane preparation™"
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Fig. 21 Preparation process of thin film samples of UCC/PI film(A) and graphite film(B)'*®
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