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a
aerogels

electromagnetic interference shielding
183

PI 66, 118–120
alicyclic rings 106–109

steric rigid structures 107–109
aliphatic/alicyclic-containing diamines

211, 212
aliphatic/alicyclic-containing

dianhydrides 211, 212
aliphatic structure 22–25
all organic polyimide composite

dielectrics
blended polyimide-based composite

dielectrics 90
multilayer polyimide 90–92
organic semiconductors 90

5-amino-2-(4-aminophenyl)benzoxazole
(APBO) 66, 67

amino-functionalized mesoporous silica
(AMS) 114

γ-aminopropyltriethoxysilane
(APTES/APTS) 119, 121, 242, 272

(3-aminopropy)triethoxysilane (APTES)
119, 242, 272

aminoquinoline functionalized graphene
oxide (AQL-GO) 112

anisotropic materials 187
aromatic diamines 27, 31, 50, 51, 207,

208, 211, 214, 215, 259
atomic oxygen (AO) 237

erosion mechanism of polyimide
238–240

erosion processes 239
irradiation test 239

erosion protection 243–244
Chinese space station Tianhe

243–244
International Space Station 243

formation and characteristics 238
protection technology for polyimide

240–243
material modification protection

241
surface protection 242–243

resistance modification of polyimide
271–275

bulk phase modification techniques
272–275

surface modification techniques
272

resistant polyimide films 269–275
polymer role 270–271

b
benzocyclobutene (BCB) 214
3,3′,4,4′-benzophenone tetracarboxylic

dianhydride (BTDA) 11, 13, 18,
21, 25, 50, 52, 63, 209

biaxial oriented polypropylene (BOPP)
5, 9, 10, 15, 19, 23, 27, 33, 77

film 9

Functional Polyimide Dielectrics: Structure, Properties, and Applications, First Edition.
Edited by Jun-Wei Zha.
© 2025 WILEY-VCH GmbH. Published 2025 by WILEY-VCH GmbH.



�

� �

�

280 Index

bicyclo[2.2.2]octane-7,2,3,5,6-tetra-
carboxylic dianhydride (BCDA)
211

3,3′,4,4′-biphenyl tetracarboxylic
dianhydride (BPDA) 13, 21, 50,
118, 209

1,3-bis (4-aminophenoxy) benzene
(BAPB) 252, 262

2,2′-bis(4-(4-aminophenoxy)phenyl)-
propane (BAPP) 61

9,9′-bis(4-aminophenyl)fluorene (BAFL)
214

bis(aminopropyl)tetramethyldisiloxane
(BATMS) 111

2,2′-bis[4-(5-amino-2-pyridyloxy)pheny-
l]propane (BAPDP) 209

1,3-bis(4-amino-2-trifluoromethyl-
phenoxy)benzene (mBATB) 209

bis(2-cyano-4-aminophenyl)amine (BCA)
15

4,4′-bis(4,4′-isopropylidenebiscyclo-
hexyloxy)biphenyl dianhydride
(HBPADA) 214

bisphenol A type diethyl dianhydride
(BPADA) 9, 15, 27, 34, 35, 64,
252, 262

2,2-bis[4-(2-trifluoromethyl-4-amino-
phenoxy)-3,5-dimethylphenyl]
propane (BTADP) 209

bis(trifluoromethyl)-(1,1′biphenyl)-
4,4′amine (TFDB) 112, 214

blended polyimide-based composite
dielectrics 90

boron nitride nanosheets (BNNS) 19, 78,
113, 120

breakdown strength, energy storage
81–83

breakdown voltage 38, 81

c
cabon black (CB) 173
capacitive energy storage 4–5, 29, 38, 78
carbon nanofiber (CNFs) 173
carbon nanotubes (CNTs) 132, 168,

172–173, 253

carbon nitride nanosheets (CNNS) 145
carbonyl iron (CI) particles 169
carboxylic group 18–21
charge transfer complexes (CTCs) 29,

107, 206–209, 216, 224, 226
chemical crosslinking 10, 34, 190
chemically modified graphene oxide

(CMG) 142
chemical synthesis 49
Clausius–Mossotti equation 5, 81
coefficient of thermal expansion (CTE)

111, 116, 117, 149, 237
colorless shape memory polyimide

(CSMPI) 264
core-shell structure 92, 148, 189
covalent bond 144–147, 258, 259
covalent organic framework (COF) 117,

118
crosslinked PI (CPI) 36, 66, 109, 118, 119
crosslinked PI aerogel (CPA) 66, 118,

119
cross-linking agent 34, 36, 66, 109,

118–119
cycloaliphatic PIs 25, 26
1,2,3,4-cyclobutanetetracarboxylic

dianhydride (CBDA) 25, 26, 64,
95, 213, 216

cycloaliphatic PIs based 26
1,2,4,5-cyclohexanetetracarboxylic

dianhydride (CHDA) 52, 58, 211

d
density functional theory (DFT) 23, 77,

109, 224
diamine,

bis(4-aminophenyl)-1-adamantane
amide phosphine oxide (DAAPO)
108

1,6-diaminohexane (DAH) 23, 25
4,4′-diaminodiphenyl disulfide (DTDA)

262
4,4′-diaminodiphenyl ether 251
dianhydride (DAn), aliphatic and

aromatic 211
dibutyl phthalate (DBP) 114
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dielectric energy storage mechanism
79–80

dielectric loss, energy storage 83
dielectric permittivity 3, 5, 78, 79, 80–81,

87, 95, 105–106, 165
Diels Alder (D–A) cycloaddition reactions

258
N,N-dimethylacetamide (DMAc) 4,

51–53, 55, 56, 58, 61, 62, 205
2,2′-dimethylbenzidine (DMBZ) 118
dimethyl sulfoxide (DMSO) 205
3,3′,4,4′-diphenylsulfonyl tetracarboxylic

dianhydride (DSDA) 11, 17, 18,
50

dipolar glass polyimide dielectrics 86–87
dipolar polarization 3, 25, 80, 81, 84
dynamic covalent bonds 258, 259

e
effective absorption bandwidth (EAB)

167, 171–173, 177, 188, 189, 190
electrical breakdown 82, 95, 96
electrical-driven SMPI 253–254
electrical engineering 6, 65, 66, 98
electrical insulation 47, 66, 67, 134, 148,

153–154, 203
electrical polarization 80–81
electroactive shape memory polyimide

(EASMPI) 254
electroless metal deposition (ELD) 183
electromagnetic absorbers 169
electromagnetic interference (EMI) 148,

151, 163–194, 267
electromagnetic interference shielding

151
future development and prospects

extreme conditions 192
high durability 191
multifunctional EMI PI 191–192
next 6G technology 193
recoverable or shape memory EMI PI

192–193
ultralight, ultrathin and ultra-flexible

190–191
microwave interaction 164

nanofillers 168–174
carbon nanofiber 173
carbon nanotubes 172–173
graphene 171–172
magnetic filler 168
metals 169–170
MXene 170–171

structural design 183–190
aerogel 183–184
anisotropic structure materials

187–188
core-shell structure 189
foam 184–185
gradient conductive structure 188
metalized PI fibric 183
sandwich and multilayer film

structure 185–187
ternary composites 174–182

electromagnetic interference shielding
effectiveness (EMI SE) 165, 166

electromagnetic shielding shape memory
PI (EMSMPI) 193

electromagnetic wave (EMW) pollution
163, 164, 167, 169, 170, 173, 174,
177, 179, 187–189, 191, 192

electronic breakdown 82
electronic devices 5, 48, 52, 120, 133,

151, 153–155, 163, 178, 186, 192,
220, 223, 263–265

electronic polarization 21, 81, 83, 113
electrostatic interactions 29, 33, 90, 91,

147
electrostatic potential (ESP) 22, 30, 87,

91, 109, 110
ellipsometry 205
energy storage

breakdown self-healing mechanism
85–86

dielectric breakdown strength 81–83
dielectric energy storage mechanism

79–80
dielectric loss 83–85
electrical polarization and dielectric

permittivity 80–81
structure and application 78
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environmental protection 6, 7
extreme environment

atomic oxygen
erosion protection 243–244
protection technology for polyimide

240–243
formation and characteristics 238

f
6FDA 11, 23, 29, 31, 51, 64, 107–109,

207, 209, 210, 216, 251
filled composites polyimide

effective strategies 141–151
directional structure design

141–144
multi-layer structure design

148–151
non directional structure design

144–148
polymer composites 140–141

fluorinated PI (FPI) 107, 207, 209, 216
fluorinated sponge graphene (FSG)

113
fluorine/carbon (F/C) ratio 111
fluorine-containing graphene quantum

dots (FGQDs) 113
fluorine functional groups 207–211
fluoroelastomers (FEMs) 113
fractional free volume (FFV) 33,

107–109, 116, 118, 122, 224, 226
fraction free volume (FFV) 33, 107–109,

116, 118, 224, 226
free volume fraction (FFV) 33, 107, 117,

204
freeze-drying method 172, 184, 185,

189

g
gradient conductive structure 178, 188
graphene, nanofillers 171–172
graphene oxide (GO) 111, 112, 121, 142,

148, 171, 243, 267
graphene oxide/expanded graphite

(GO/EG) 148
ground carbon fibers (GCFs) 254

h
heat deflection temperatures (HDT) 64
heat-driven SMPI 251–252
heat-resistant polymers 21
highest occupied molecular orbital

(HOMO) energy levels 50
high-temperature dielectrics

all organic polyimide composite
dielectrics 89–92

capacitors 77
intrinsic polyimide dielectrics 86–89
polyimide-based nanocomposite

dielectrics 92–94
self-healing polyimide dielectrics

95–96
structure and application 78

high thermal conductivity
filled composites polyimide 140–151

effective strategies 141–151
polymer composites 140–141

intrinsic polyimide with 134–140
intermolecular interaction 139–140
molecular chain orientation

137–139
molecular chain structure 135–137

multifunctionalization 151–155
electrical insulation 153–154
EMI shielding 151–153
low dielectric properties 154–155

high-transparency, low-dielectric PI
fluorine functional groups 207–211
molecular simulation and data science

223–226
monomers containing cycloaliphatic

structures 211–214
monomers with bulky and pendant

substituents 214–216
monomers with non-coplanar

structures 216–218
porous and composite structures

221–223
silicon-based particles 220

hollow-polydopamine microsphere
(H-PDA) 118

honeycomb structure 189, 190
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hybrid electric vehicles (HEVs) 5, 62
hydrofluoric acid (HF) 112, 115
hydrogenated

3,3′,4,4′-biphenyltetracarboxylic
dianhydride (HBPDA) 55

hydrogenated pyromellitic dianhydride
(HPMDA) 52, 64

1R,2S,4S,5R-hydrogenated pyromellitic
dianhydride (ctHPMDA) 64

1S,2R,4S,5R-hydrogenated pyromellitic
dianhydride (ccHPMDA) 64

hydrogen bonding 61, 113, 139, 144,
147–149, 258, 262

i
indium tin oxide (ITO) 203, 272
inorganic fillers possess 115
inorganic functional filler 111–113
π-π interaction 144, 148
intermolecular interactions 135,

139–140, 145, 148, 211, 214, 258
International Space Station (ISS) 243,

245, 271
Internet of Things (IoT) 163
intramolecular charge transfer (CT) 2,

208, 209
intrinsic low-k PI 106

alicyclic rings or steric rigid structures
107–109

fluorinated structures 107
alicyclic or rigid side groups 109

intrinsic polyimide
high thermal conductivity 134–140
intermolecular interaction 139–140
molecular chain orientation 137–139
molecular chain structure 135–137

intrinsic polyimide dielectrics
dipolar glass polyimide dielectrics

86–87
wide bandgap polyimide dielectrics

87–89
intrinsic self-healing materials 259
intrinsic self-healing polyimide 261–263

[4,4′-(4,4′-isopropylidenediphenoxy)
bis(phthalic anhydride)] (IDPA)
61

k
Kapton film 1, 239

l
laser-induced graphene (LIG) 193, 268,

269
foam 193, 268, 269

limiting oxygen index (LOI) 58, 122
liquid crystal polyimide (LC-PI) 137, 138
low-dielectric constant materials 221
low dielectric permittivity (low-k) PIs

composites 111–113
inorganic functional filler 111–113
organic functional fillers 113

fundamental principles for 105–106
future direction and challenges

122–123
intrinsic low-k PI 106–111

alicyclic or rigid side groups 109
alicyclic rings or steric rigid

structures 107–109
fluorinated structures 107
rigid anthracene-based structures

108
multifunctional 120–122
porous low-k PIs 113–120

low Earth orbit (LEO) 237, 238,
243–245, 269, 273

lower dielectric constants 25, 206, 213,
214

lowest unoccupied molecular orbital
(LUMO) 36, 50

energy levels 50

m
magnetic nanofillers 187
metalized film capacitor (MFC) 85, 886
metalized PI fabric 183
microcapsules process 258
microwave interaction 165
Mimosa smart thin film 263
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molecular chain orientation 56, 135,
137–139

molecular dynamics (MD) 18, 109, 113,
139, 224, 226

molecular necking strategy 223
molecular orbital (MO) theory 50, 51
multifunctional EMI PI 191–192
multifunctionalization, thermally

conductive polyimides
electrical insulation 153–154
EMI shielding 151–153
low dielectric properties 154–155

multilayer polyimide 90–92, 94
multilayer polyimide-based

nanocomposite dielectrics 94
MXene, nanaofillers 170–171

n
nanodielectric polymer 59
nanofillers

carbon nanofiber 173
carbon nanotubes 172–173
graphene 171–172
MXene 170–171
PI

magnetic filler 168–169
metals 169–170

1,4,5,8-naphthalene tetracarboxylic
dianhydride (NTCDA) 90

near-Earth orbit (NEO) 237
next 6G technology 193
nitrile groups (—C≡N) 10
N-methyl-2-pyrrolidone (NMP) 51–55
non-covalent interaction 148
non-solvent-induced phase separation

(NIPS) 114
norbornene dicarboxylic anhydride 36

o
octa(aminophenyl)silsesquioxane (OAPS)

67, 116, 117, 122, 221
1,2,3,4,5,6,7,8-octahydroanthracene-

2,3,6,7-tetracarboxylic dianhydride
(OHADA) 214

optically driven shape memory polymers
254

organic functional fillers 111–113
organic light-emitting displays (OLED)

264
organic semiconductors 90
organic thin film transistors (OTFTs) 51,

264
4,4′–oxydianiline (ODA) 47
4,4′-oxydiphthalic anhydride (ODPA)

13, 15, 17–21, 23, 31, 50, 209

p
partial discharge inception voltage (PDIV)

54, 58
partially fluorinated alumina layer (PFAL)

153
perfluorocyclobutyl biphenyl ether-based

PI (PFCBBPPI) 208
phenoxy-phosphazene (PPZ) 58
phenylethynyl groups (PEPA) 34
phosphotungstic acid subnanosheets

(PWNS) 29
physical crosslinking 29, 34, 249
PI/conductive components with diverse

dimensions 177–182
PI/conductive components/magnetic NPs

174–177
PI nanofibers (PINFs) 171
plasma-enhanced chemical vapour

deposition (PECVD) technology
244

polar groups
carboxylic group 18–21
nitrile groups 10–15
pyridine and urea group 21
sulfonyl group 15–18

polarization 80
effects 205
types of 80

poly(amic acid) (PAA) 4, 11, 169, 210
advantage of 56
layer 169
salt 117
thermal imidization process 3
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polyamide acid (PAA) 50, 145
polycarbonate (PC) 9, 77
polycondensation reactions 23, 50, 52,

205
polydopamine (PDA) 94, 143, 144, 183,

254
polyester ammonium salt (PEAS) 267
polyetherimide (PEI) 9, 10, 27, 34, 37,

77, 88, 90, 92, 215
characteristics of 10

polyethylene glycol (PEG) 115, 222
polyethylene terephthalate (PET) 77
polyhedral oligomeric silsesquioxane

(POSS) 64, 109, 114–117, 241
poly (methyl methacrylate) (PMMA)

151, 186, 187, 192
polyimide (PI)

aerogel 118–120
aerogel dielectrics 65–67
3,4-APBN/PMDA 11
applications of 4–6
aromatic dianhydrides 23
benzonitrile 13
characterization and evaluation of

properties 205–206
composite foams 185
cycloaliphatic 25–28
dielectrics classification of 49
fabrication of 4
films 55–58
in 5G and 6G applications 203
high-transparency, low-dielectric

206–226
fluorine functional groups 207–211
molecular simulation and data

science 223–226
monomers containing cycloaliphatic

structures 211–214
monomers with bulky and pendant

substituents 214–216
monomers with non-coplanar

structures 216–218
porous and composite structures

221–223
silicon-based particles 220

TFMOB/TFMB 210
incorporate metal particles or fibers

170
intramolecular charge transfer 2
medical materials 6
nanodielectric films 58–61
nitrile groups 11
noteworthy review articles 203–204
polymer class 1
structure design 1–3
synthesis and molecular structure

design 204–205
trifluoromethoxy groups 210
precursor varnishes 53–55

polyimide-based nanocomposite
dielectrics

composite dielectrics doped with
nanofillers 92–94

multilayer 94
polyimide-based shape memory polymers

(SMPs) 252–255, 271
polyimide dielectric (PID) 47

bulky substituents 28–31
crosslinking structures 34–37
molecular orbit theory 51
non-conjugated structures 21–28

aliphatic structure 22–25
cycloaliphatic structure 25–28
non-coplanar structures 28–33

polar groups 10–21
carboxylic group 18–21
nitrile groups 10–15
pyridine and urea group 21
sulfonyl group 15–18

processing technology
PI precursor varnishes 53–55
PI films 55–61
thermoplastic 61–65

spiro structures 31–33
synthetic chemistry 49–53
two–step thermal imidization 50

polymer composites 3, 94, 116, 140–141,
173, 264

polymer dielectrics maxmium usable
temperatres 47–48
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polymers
electrical properties 3
mechanical properties 2

polymers heat transfer mechanism 135
polymer thermally conductive composites

133
polymethyl methacrylate (PMMA) 151,

186, 187, 192
polyoxometalates (POMs) 174
polyoxymetal (POM) 117, 121
polystyrene (PS) 77, 116, 118, 260, 267
polytetrafluoroethylene (PTFE) 1, 9, 77,

187, 221, 243
polyurethane (PU) 66, 189, 260, 267

self-healing mechanism 261–263
Poole–Frenkel emission 31, 84
porous low-k PI

phase separation induced pores 114
physically or chemically induced pores

114–115
PI aerogel 118–120
porous inorganic fillers 115–117

porous structures 5, 114, 115, 204, 221
POSS-diamines 116
pyridine and urea group 21
pyromellitic dianhydride (PMDA) 47,

50, 52, 56, 64, 213

r
recoverable/shape memory EMI PI

192–193
reduced graphene oxide (rGO)/PI

composite films 171
remote-driven SMPI 253–256

s
sandwich and multilayer film 185–187
Schottky barrier 85
Schottky emission 84
self-healing

development status 259–263
mechanism 85–86
polymer materials 256–263

self-healing polyimide 95–96, 256–263
dielectrics 95–96

sensing performance 268–269
shape memory effect (SME) 193,

248–252, 256, 264
graphene reinforced polyimide 251

shape memory molecular mechanism
249–250

shape memory performance test
250–251

shape memory polyimide (SMPI) 247,
248, 252

based flexible optical/electronic devices
263–265

electrical-driven 253–254
heat-driven 251–252
optical-driven 254–256
remote-driven 253–256
shape recovery process 251–252

shape memory polymer (SMP) 247, 248
classification drive type 248
shape programming 248–249

silicon-based particles 207, 220, 226
SiO2 hollow spheres (SHS) 116
smart polyimide dielectrics

heat-driven SMPI 251–252
remote-driven SMPI 253–256

electrical-driven SMPI 253–254
optical-driven SMPI 254–256

self-healing 256–259
development status 259–263

shape memory molecular mechanism
249–250

shape memory performance test
250–251

shape memory polymer 248–251
SMPI-based flexible optical/electronic

devices 263–265
smart polyimide foam 265

electromagnetic interference shielding
performance 267–268

sensing performance 268–269
shape memory function 269–275

sodium dodecyl benzene sulfonate (SDS)
147

sol-gel method 60, 116, 272, 274
space technology 237, 269
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spiral-structured dielectric PIs 31
π-π stacking 25, 28, 31, 33, 38, 148
π-π stacking effect 25, 28, 31
Stöber method 240
sulfonyl-containing polyimide (SPI) 15,

18
sulfonyl group (-SO2-) 15–19, 21, 22

t
terephthaloyl chloride (TPC) 208
ternary composites 174

PI/conductive components with diverse
dimensions 177–182

PI/conductive components/magnetic
NPs 174–177

tetraethoxysliane (TEOS) 272
thermal conductivity pathway theory

141
thermal decomposition 108, 116, 222,

242, 272
thermally induced phase separation

(TIPS) 114
thermally stimulated depolarization

current (TSDC) test 92, 93
thermoplastic PI dielectrics 61–65
Tianhe Core Module 243
Tröger base (TB) 108, 213
transparent metal mesh 254, 265
triallyl isocyanurate (TAIC) 109
thermoplastic polyimide (TPI)

62, 191
dielectrics, chemical structures 63

transition temperatures (Tg) 2, 11, 30,
38, 50, 55, 58, 77, 138, 193,
204, 224, 248, 249, 253, 254, 261,
272

2,4,6-triamino-pyrimidine (TAP) 37

2,2′-bis(trifluoromethoxy)biphenyl-4,4′-
diamine (TFMOB) 210

2,2′-bis(trifluoromethyl)biphenyl-4,4′-
diamine (TFMB) 25, 29, 52, 64,
210

2,2′-bis(trifluoromethyl)biphenylamine
(TFDB) 112, 214

2,2′-bis(trifluoromethyl)-4,4′-diamin
obiphenyl (TFMB) 25, 29, 52, 64,
210

1,3,5-tris(4-aminophenoxy) benzene
(TAB) 118, 119

1,3,5-tris(4-aminophenyl) benzene (TAB)
36, 37, 118

v
vacuum ultraviolet (VUV) radiation 238,

239, 269, 273, 274
van der Waals forces 2, 139, 147, 259
variable frequency drive (VFD) 58
vertical graphene nanosheet (VGSs)/PI

composites 189
volatile organic compounds (VOC) 62

w
waterborne polyurethane (WPU) 189
water vapor-induced phase separation

(WVIPS) 114
Weibull distribution 81
white polymer light emitting diodes

(WPLEDs) 264, 265
wide-angle X-ray diffraction (WAXD) 11
wide bandgap polyimide dielectrics

87–89

y
Young’s modulus 83, 224
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