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P AR G5 ) SR W T (PY) TR K 22 S B 0
o, X IR AT RS A (CTC) RN, (5
ma,  RPERIE i R S AR ) i S
TR B 2 MR A TR, sl i
(RS . BRI, FRATTAT DAad i 9855 CTC 3R ik
3 CPI IR 1 Y6 2= MR RES). H AT 9% 55 CTC RN Y
TEEBER: (1) I NKERMIEE, REE Bz
31, BEA& TR FA FE RS AR FHOT; (2) 51 NGRS
IR, WG| A FEE N AL TR R B LA, B
i 7 STt =R )i Ny N SR 1 IR
PRTE] ) BRSO, (3) BINARFREE M, bl T i 7 ik
SRR R TR T, R R )
(V) R FRFE 23 AT LUR KRR P M A L HUPE 9855
ST WA TRERI AT 78, X BIFRTHM BHE
BIMER B oo, 4) 5l NFRERER, W0 T
BERIRI DD, SR1T, Bl CTC 0N 19858 J e
EMERERTE, CPIH R 1) R e M 5 WU M R
SRR R R Rk, Al S O 2 i e S A
o MURTEEREZ RIIE R, & LEA TR T 1
CPIVEAR, 2 1 F A f AR ke 1) S ]

N SIZE CPI i 5 2 1 BE 5 #A— LA I RE 11
FEPRA, 51N S 7 [ AE ELAE A DA ) B B 4
BB — A R o1 BT SR . G Xia 0314
&1 ST S A ML A — ek, 50
27 T ) 2 TR G I U iz (PAT),  HR TR fZ B 2
[T RSB T 7 FIMAH AR, B
T PERE, R ERE IR AR R T,
402 °C, AJEMK RELCTE N 17x107/K. 21 ,
TEFR AR I SEBR IR S, Se BROM RN i
I BRI FE L, R ARZ SIS S 5K
LHMERIIER, TRESI R THEWZ. A hfk
MU AR KR S5k A4k, NS EOG P Re
5775 RE AN AT g ek . PR, R VRAE CPI
WAL BT 5 R ERM T PR R A
B, R RS, TR BoR A
MK SEE R B I ER, B
BFxE CPT RS R i 25 4 M S i 48 A 2 A 1 RE T
TRUNERZ . U Yang SEUAE 10K — A HL )
7 5k 4k Kapton f& £ 3t 5l &t —Fh 47 &
BEPL, 7F0.5 mm 12420 J3 RS Y5 TCH BT
IR . Zheng S5US15 BT — R B E5 A0 2K I 0K A B
ZR LG ) o R A PT 4T 4, 7R KA 168 h
J& . AR TR AR LT 4 94% I H AR 5R T . AR,

Sof TR AP E AL TR H CPI 3 8 ' 2 M BE T el 1) 20
FHLER, SEREAR R S D2 AR L Y
TERBE MR Z IR RSB TT; LA, dnfeIfE (R
— R R REIN SEIEE R . KRR T SR
5i a5 4 S LA e ROk, 5 2 ET CPIA
BHE T 0Pk .

A TAEAEDAL SRR 5ok}, i 778N
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588 FL A7 MR = 90 R P I S e S B (4],
a7 HAG AN A BE A BAE S HEAR % FE Y CPLAR
R, HEH XTI 5 TR A6,
ME EHARFR > E . B A EE R S B S S O 2 T
RGN T T 5% 20 Re RS HL) . 78
BEHER b, AR TR S A E (50 STk,
R=2 mm) 5%/ MEIE (365 nm, 165 mW/cm?)Z&1F
TRIEREEARAT N, RIS I T BB E )
A SRR R, TSNS AR T b
SER R SRR IR A3 R RS IR B SE AL )
WSE T MR IR R e M. AR TR N R &
F L I e e S K IR AT SE T 2R
PSR S AR B fE T 1R SRS S ER
Az .

1 SEIGERSH

1.1 ERFLF

2,2'-3U(3,4- " FRER) /N H A b - BF(6FDA, 4k
FE99%) 4,4'- " SR KL (DABA, 4%
98%)~ 1,2,3,4-3 T ke VY FHEE —JiF (CBDA, 4
99%). XMy A ! ik —JF(BPADA, i/ 99%).
4,4'- £ 2Tk — IF(ODPA, 411 99%). 9,9-X(4-%
FHEF)JI(FDA, 4l 99%) 4 [ R EARZE R K
RIEAHRAR; NN-—H 3 L F % (DMAc). it
WE. CIREFE A EZER BRI AR,
FA T4 e T80 1) 73 7 T AL 2
1.2 KR

WE PR, REAMSEIGER S T SR
[ &5/ CPL R A, LA CPI-6FDA Jfil, HAik
B AR R . T = HE A
R PRIERE M RE, mHAMA DMAC,
DABA, £ & 835 5) J5 /- ik im N 6FDA (LA
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Fig. 1 Synthesis of colorless transparent polyimide.

80%- 95%- 99%. 100% [ ELBIR AT, H
REHE TUOKBHHRE 18 hy, 159 2 J Mt % R
(PAA) KR} . FEAE 5 IR T 1) A W I NI BE
CERWE, 3Rtk 24 h, 1532 REEW IR AW,
B HEEMEN OIS, moHAE. k. 0
L TR 2 R ME e # K . CPI-X A 7E DABA-
6FDA 4 & [1) 254l _E 73 71l L5 60% LL 1Y) CBDA
BPADA. ODPA. FDA (41 CPI-CBDA /&7 DABA-
6FDA & & I35 60% [ CBDA).

CPI i (1) 1) 2%« 410 SR 0. Jie 4y oK ¥ A A
DMAc H fil] £ [ J57 5 73 #5015 wi%e M R &, il
RIFEE AR , F&I &P, fERA
HEAE 80 °C FRRIA T 24 h, FFEFR A MAE
200 °C NAALEE 1 h, HARFRIRYA H 5 K B3 iR
WAEEB KB EEBENRE, B3)EEZL N
40 pm (1) CPI 3 i .

1.3 kA&

X Fi Nicolet 2 ] #illif [t NRXUS-6700 H1 T 4+
FEREACI 2L A0, R TE LA 4000~
500 em™'; >R Bruker 24 4E 7 [1) AVANCEIII600
BUAZ B LA e T ASORT Ve JE AT A R SR U (' H-
NMR)JMR, 57N DMSO-ds; K JH Rigaku 4 7=
1) D/max-2550PC Y X i} £k % & i1 54 A (XRD) I
E R RS54 . >R H Polymer Laborato 2F
7= 1 GPC-50 AT 7 T MR, sl AH v i 2
DMAc. ¥ H Materials Studio (MS)% A4 % PI 7 ¥
AR R HE AT 3 AR BL(FFV). &850 (number
of H-bonds) Fl % FR4F1E Eb /S IR L, BE KN

30, fmIEHIAEEEEE N 0.1 g/em’, Forcite iEER 1% B
N COMPASSII /737, hZSAE40 K NPT 48 4%
JE, 4% 7E 800 K-1. 600 K-0.5. 400 K-0.01.
300 K-0.0001 GPa F#EATAAL, FFV 150 i A
PREFK/NA 0.1 nm.

K F TA Instrument 2 7] 4277 (1] Q800 Y B 25
AL 7 B 1 (DMA) W38 A Jofi 452 FE K] 24 (tand) ,
HIAIZ N 1 Hz, W8 FETEHEIH 30~500 °C, FHIR
N 5 °C/min; ] TA Instrument 23 7] 1 245 44
HUBR 3 TS (TMAY) (1 JL) 038 A5 ) A ik 2 8
(CTE), >KH 5 °C/min {7+ HE 2% ; KM Netzsch
N F AR P I TG209F3 YA A0 T A (TG A) Ik 7
JE R FFRENE, Ny, FHEE 2 Y 10 °C/min.

K H PerkinElmer A 7] 4 7= i) Lambda 950 %4
SAHM-TT DL HE T A3 B ] % T A e 2 P e
FH KN 800~250 nm; RN ERHEH
PR & 2R 72 ) CS-82 1N 78 &5 2o e il € S0 A 7
JEE (P BB S 25 i . >R FH 32 [ Instron-5966 A 4%
BEAT 1 2E AR, R R (K < B R
50 mm x 5 mm. K 3 E KINO A ] ] SL200KS
YRR Bl i A FE A A DO AT FE Al A DK IROK
PR B 50 mmx50 mm K /N, 7E B A
100 °C'F T/ 1 h G FRE, FREUREIL A m, (),
2 Ja B R A L BT K, REFIE25 °CF
JE 24 h, HUHERFE ST, B EICHN

my (). WK % (Wer %) 24 = WA=L2";’"1 x
1
100% 5, HUS Ul EH)ME .
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2 ZHRE5TR

2.1 LEMIRIE

] £ 1) 5 Tt CPT i3 JBE (1) 42 i 0 B ] 2(a)
B, 1E0=3.8 M NHEH IR T e &i 104, o=
8.5~7.0 Ab [P UEEXT BRI 2RI F I C—H 4, 6=10.7 4k
AT DA %% 38 e e 2 P v N— H B R AR 0, I
BRI EIN T Wi A . B 2(0) N FE S L0 A e i

B, 1781 11725 em™ Ab 3 A EE LG 3R | C=0
B (AN O BR AR FR AR 4 IR B0, 1371 em™ Ak
T i 30 | C—N B 4k 20, 719 e 4b 2Ky
P IV e 30 B AR AR S, 1315, 1254 1171 em™! Ak
HIL T C—F MBS 3R 306, 3380 cm™ 4b 2
Pk L A B N—H BRI RRAE I, 2R BH & = U &
TR e 225 ) 14D SR8 I ST e ) % 1 2

O
(@) N@?{\I ONMNW

™
a -
|2, CPLFDA
"A I CPI-6FDA [ - -
| cPLCBDA ! 'e
- |
| 4| CPI-ODPA | -
| |
i |, CPI-BPADA
11 10 8 4
o
(b) © X
—C=0(v,) _
% 1 =661 nm CPI-FDA
y
. | =0 Imide ring d=6,54 nm CPI-6FDA
2 ) = M
< A —,
£ g d=6.17nm CPI-CBDA
2 £ M
<

Wavenumber (cm™!)

CPI-6FDA

(d  CPI-FDA

3600 3000°1800 1600 1400 1200 1000 800

CPI-CBDA

d=6.50 nm CPI-ODPA
v
d@=6.51 nm CPI-BPADA
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260 (°)

CPI-ODPA CPI-BPADA

Fig. 2 (a) "H-NMR spectra, (b) FTIR spectra and (c) XRD patterns of CPI films; (d) FFV models of CPI films obtained from

MS simulations.

SR, SR TR G 3 U DG AV I
WA AR (AR B (L088), I Bl
JEE 185 Jom R i oy AR 00 52 1] 2(b) AT LK I
—N—H B IR CGR AR R 2 5, BRG]
Z I AT ML T AN RIRE BE (K 701 6] B s RIS

C=O Y EIETR EUAFRE AR, #F—BirF
ST P S 4] 5 M i 3 A 2 N A A S A
O ik —D e g a8 8cE, RAMS I
TR RN AR, ARNE 1R, S5
EHEF~: CPI-ODPA > CPI-CBDA > CPI-6FDA >
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Table 1 MS simulations results.

Sample M,, (x10* g/mol) FFV (%) Number of H-bond ? 2 72/ 5?
CPI-FDA 4.29 23.55 73 136.9 39.9 343
CPI-6FDA 7.88 20.38 211 3254 101.6 3.20
CPI-CBDA 2.34 19.62 228 248.0 79.5 3.12
CPI-ODPA 4.33 19.80 230 229.4 91.4 2.51
CPI-BPADA 3.52 20.09 191 322.7 117.1 2.76

CPI-BPADA > CPI-FDA. ', CPI-FDA M — $#EBUSEIZIR, RILH BT, 45391 °C. b

b, HHAMEE RN —HRRE R
WCHAXS B ;1 CPI-CBDA £ CPI-ODPA i &0 5 %
R, 3R FRE A S TR R R R )
B A B TR o TREE RS, AR 32
FHEEIEL ) R e M S LR RE . RIS, AR TAE
il %% S FE S I A PR 1R, ATEURIL,
M, 7E 2.34x10*~7.88x10* g/mol YU il P, 2 9] 3
BA RS0 TR,

IR FEAS [R] AR S5 KA 0T 73 - HERFUIRZS 1) 5%
W, XERE S EEAT XRD RAE, WK 2(c)Fiw, &
FE i E 26=10°~20°78 [l P 35 3 I M 56 K B AT 5
e, 2% BF ] £ BV I A T e TR A4S . AR B b 7
T 2dsin@ = ni (=1, 2=0.1541 nm)it 55 7 8] %
EEE, WTRARIL, KARFRZHEAEEAE 7T 5
13FAHL, CPI-FDA W dfHA A, MibEE & =% H
BLM¥ 6FDA #HUR, 7 FHREMERTE IR %, dfE
N, 5MSEALITFES RN FFV (B12(d) 3% 1)
AT AIR, BRI R SRR S AU
RE AR AR SR AL 1 285 1) AL
2.2 HERE WIATERE S RUKER

7 W SN S ARV B Ja i Tl & i b 7R
B2 250 °C 75 A7 (1 v i Ak (Cn A vk J2 [ Ak B
fl s AR K Z), R, CPIA# MR RE X PEA
MR T 20E R e 5 A ol S B 3 L
DR FC o T R P IV RE R SR, AR TR
I MS 0] %44 R I35 75 AR S R (r2) 5 350 75 [ 2
FE(SHIEATIEAN, LAk, W] or1iE
BANRE . RIS | R R 1R, %
1R R4 THENITE KN A CPI-FDA > CPI-6FDA >
CPI-CBDA > CPI-BPADA > CPI-ODPA.

T I BAS AU AT O R L R B B AL A
W (TYHHATRIE, 4RWE3(@ME2HR, T,
AR 5 MS R I 1 5 R AR — B
ki, BEBIZBIETT AR, T,
m . R, S W 2 B 45 R 1Y) CPI-FDA K 437

oy HE R = T R R S A AR AR, 4
THERVESE N, TZWr 4K, b, CPI-CBDA
IR T beai b Orde 17— 2 W, HE A
WA —ERE EIRE T TEENss), ST,
MRS T FEEM, T REREDN, A
367 °C. B 3(b) ALK EIh 2k, wTLURIL,
5 FRE O 5% MRS (Tys) ¥ T 447 °C, R
H 10% MIRLE (Ty,0)3) = T 483 °C, FRIR #(R,,)
BIE T 48%,  ULEHAE M e R

Ak, RV BIR A B s R, AR
WER ThRE A i i T 2 E R S M A A
KA EGRIE, SRR BA SHMEMIT
Be (K REUCTE), HAR L3 54y FoE R
NP« MR B R % ) A ELAE S DA 56 . FF
MR ] 3(c) K 3% 2 it . CPI-CBDA & A Wil
IR T e gt , 7 7o R mE LRy, kR
PRI FRVEAR, FINESER S, =&
[FAE A RLBR I T 7 T8 HR S R i #azg
51, PRI HAKH CTE (10.52x10°9/K). CPI-
6FDA B A B m A s, H =/ PR
R EEAE — e F2 02 B38im T A R, HCTE
% = T CPI-CBDA. #itt 2 R, CPI-FDA R4 H
A MR, HFH AR 5 5 800 T REHER
i, HEREHERD, »FEEHRE 5 T
e MIE HE, [l CTE fi & . CPI-BPADA [X] fik i
(RN I 7 FREE RAEF T 51850,  [FIFE
YL CTE. th4h, R, MEERE
() TF e, RESABEN CTE 5 30 H 56 589 K 5 e/
R, XREAREVMNMESKAEMNER
AR, AME T REMM A, ff CTE Il
RS,

R R RS, SRR
R R R UL AR . W 3(d) A 3(e) s
FE i B A2 7 {H 5 E A 108.6~182.1 MPa 3 [l 1Y,
BLETE 1.2~3.1 GPaVilH . Hr, CPI-CBDA
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Fig. 3 (a) tand, (b) TGA curves under N, atmosphere, (c¢) TMA curves and instant CTE, (d) tensile stress-strain curves,
(e) mechanical properties and (f) water absorption and contact angle of CPI films.

PR (182.1 MPa) 515 (3.1 GPa)f =, HI
TH TG RALEREE R RICFFV B
S E D F AL TR EAER, S )
S R R AR AR R R R T I 43 B SR IV LTI R
Mi19), CPI-FDA U] BK| 275 0] 35 1) 4% (] 3 B 5 35
HERRRA R Abtb, JIF MR,

PERH B K P 5 A F A i S PR Re AR e PR
PIAHSC . B 3(H)ffiz~, CPI-FDA it f f K,
F101.9°, B 1 23 5 AR 5 B BoKYES, WSS
Pl BRI o T4k s, AT LA R 1ok a1
BB RO T 2 N SR 7K B ] =56
FHIEIIAETE, S IR KRN T 1.6%, 33
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Table 2 Thermal properties of CPI films.

Sample T, (°C) Tys* (°C) Tio ® (°C) R, ¢ (%) CTE ¢ (x10°9/K)
CPI-FDA 391 500 530 59.67 31.0
CPI-6FDA 373 484 518 49.25 16.1
CPI-CBDA 367 448 484 4831 10.5
CPI-ODPA 360 456 484 48.25 17.5
CPI-BPADA 311 470 495 51.49 30.9

@ The 5% mass decomposition temperature; ® the 10% mass decomposition temperature; ¢ Residual carbon rate at 800 °C;

4 CTE value was measured within the range of 50-250 °C.

RET A2 Ak ST s R ARONS B 7K VR RE O R A R
2.3 SeFlikaE

Tk e M WoR s O R RV i
bRz —, EERRBRoRE K ORISR E S B
7 EARE R i Y AN = B KU AT & A I
A P45 DR R PR 0 R SRE D A 498 SR T O Je A
7 T HEN/IBI ) CTC RN, A8 AT WO X IR B
BRI, JEH RPE bR, DL 2 R
P S 7S I8 FH R e 38 W R 19 255K . 9 i CTC &%
B2, A TARAE 7> 7 8 5] Aok i 514k —CFs,

(@)

CPI-FDA

CPI-6FDA

CPI-CBDA

FI BT 3R 5 2 AL AN, 5545
THEE 5 52 T SR (8] ) AR R R A ELVEF . o
#1005 Fp CPL R EORD HE - n B d(a) BTz, FE b
KRSHE R A i 4R, Fra s 20
R A T 3 BRI IE G 2 1 e AT e
HAE, 45 RWE 40) K3, FEaLE 380~
780 nm [¥1°F- 21151 (T, ) 7£ 83.92%~87.59% Vi
N . CPI-6FDA DX 80 sl & &, H T, & &
(87.59%). MEE LI GIN, T, B8E TP, H
H, RS E a BT, e RO R T B0 %

CPI-ODPA CPI-BPADA

S
3
g
E
= -0~ CPI-FDA
& A CPI-CBDA
20 —— CPI-BPADA
—0—CPI-6FDA
—0—CPI-ODPA
0 bzl s s :
300 400 500 600 700 800 3 2 -1 0 1 2 3
Wavelength (nm) a
Fig. 4 (a) The pictures of CPI films; (b) UV-Vis spectra and (c) the photograph of CPI-CBDA; (d) CIE Lab parameters of CPI
samples.
Table 3  Optical properties of the CPI films.
Sample /lcutoff T450 nm (%) T;W (%) L a b YI Haze (%)
CPI-FDA 371 87.07 83.92 95.93 -1.18 2.97 3.89 1.69
CPI-6FDA 348 87.71 87.59 95.85 -0.07 1.01 1.56 1.70
CPI-CBDA 349 86.53 87.02 95.97 -0.14 1.39 2.15 2.28
CPI-ODPA 367 86.55 86.01 95.50 -0.21 1.52 2.30 2.58
CPI-BPADA 367 87.48 85.97 95.82 -0.14 1.03 1.53 1.88
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7, MHEATER, Kk CPI-CBDA AR H
o622, H T, (87.02%) 5 CPI-6FDA #%
I FRER), MR K (ewor) KB, CPI-6FDA
Lj CPI-CBDA ] Aeyor 73 1 4 348 #1349 nm, #4417
TEAMX, R HAE T WG EA R A%
P AAN, SEATLRBL, T MBS
Tysonm TR AANE,  IX 2 KON I 1)1 138
R E S FEEMA R, EMRESLSH. M
TSR K.

T AR (YT MR AR 3R B A R R B2 0 G 0
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Fig. 5 (a) SEM images of inner and outer surfaces of CPI-X after 5x103 bending cycles; (b) SEM images of inner and outer
surfaces of commercial PET after 5x10° bending cycles; (c) the retention rate of 7,, for each sample after 5x10° bending
cycles; (d) the retention rate of strength and modulus for each sample after 5x103 bending cycles.
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Table 4 Optical and mechanical properties of the CPI films after UV irradiation.
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Fig. 6 (a) The pictures of CPI films before and after UV irradiation (the upper pictures were taken before UV irradiation, and

the lower pictures were taken after UV irradiation); (b) Retention rate of 7,,, strength and modulus after UV irradiation of CPI-
films; (c) Absorption spectra of CPI-films; (d) "H-NMR spectra of CPI-CBDA before and after UV irradiation; (¢) XPS Cls
spectra of CPI-CBDA before and after UV irradiation; (f) GPC curves of CPI-CBDA before and after UV irradiation; (g)
Tensile stress-strain curves of CPI-CBDA before and after UV irradiation and (h) UV degradation mechanism diagram of CPI-

CBDA film.
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Research Article

Preparation of Colorless Transparent Polyimide Films and Their
Performance Evolution under UV Aging and Dynamic Bending

Yue Zhang, Rui Shang, Wen-xin Gong, 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 Flexible display cover materials face the challenge of balancing high transparency, high temperature
resistance, and complex service reliability. In this work, a series of colorless transparent polyimide (CPI) films
were prepared by regulating the rigidity of molecular chains and free volume. It was found that as the rigidity of
the molecular chains increased, the glass transition temperature (7},) and hydrophobicity of the samples improved,
while the mechanical properties showed a stronger correlation with the packing density of the molecular chains
and the content of hydrogen bonds. Among them, CPI-CBDA, which contains a rigid non-conjugated cyclobutane
structure, has small free volume, many hydrogen bonds, and a tightly packed molecular chain, and thus combines

T,=87.02%, YI=2.15 T,=367°C
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high transparency (average transmittance 7,, in the range of 380-780 nm was 87.02%), high heat resistance, low
expansion (average thermal expansion coefficient CTE in the temperature range of 50-250 °C was 10.52x107/K),
and excellent mechanical properties. In terms of service evaluation, after 5x10° dynamic bends (bend radius R=2
mm), the 7, loss rate of most samples was less than 3%, and the tensile strength retention rate was higher than
85%, while the strength retention rate of commercial PET films was lower than 56%. It is worth noting that after
bending, the Young's modulus of some samples increased instead, possibly due to the local cyclic strain inducing
molecular chain orientation. The ultraviolet aging study shows that CPI-CBDA has the best stability. Its aging
mechanism shows a staged characteristic: initially, the cyclobutane structure decomposes, then weak bonds break,
while cross-linking reactions occur between molecular chains simultaneously, compensating for the degradation
of mechanical properties, and its 7,, retention rate after ultraviolet irradiation is as high as 97.1%, and the
retention rates of tensile strength and modulus even reach 119.4% and 140.1%.

Keywords Colorless and transparent polyimide; Molecular structure regulation; Dynamic bending durability;
UV irradiation resistance



