%36 % 4 8 M [ s S R (¢ Vol. 36, No. 8
2023 4F 8 f POLYMER BULLETIN Aug. . 2023

AR R B AR B iR R R R R

X, AR A AR
Q. P EFFRE R BN HAE R Sa FYHE S ERE S LS. KR 130022;
2.5 N Tk B 2 R A R A R L E M 2130000

T < R B I T LT A GRS Z AR AL M A MR VRS B OR BOE T R 2 S BRI R AT
TZ R . Hev BT W % WS A0 IS T O T o A T I R R e R R W Y 0 T A O
TR BT A G5 R o R Y R B A A R HG [ A R A PR RE T S EEE L TR0, X SR T I B A P SR AT T R
SR BERY o R AR TR VRO BT A S R TAERCT BB R T LR S R THERRR R TSR
FE AT Z 8] AR BE SC R A 2 T HE A SR TR AR AR SO RS T AT B AR TR AT I P R T IV VG 9 R 5 T
BRRIT 5T 308 %, A 4% — 26 A 35 1 3R It 0 e 7 S TRV R0 v ) BE AR B AR 0 T S H R AT Z M B AR B C R E5
DX 3 R AR 2% A GIRLIRE 25 ) X 20 16 SR N ) 82000 o 3 i 5 o T 4 1P R T S M 4 Y P R T 9 ) R SR R T B
AT TRE,

RBEIR ATIEMERBEG ; WM BRI RN T2

Progress in Solution Properties of Soluble Polyimides
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Abstract: Polyimide (PD can be made into films. fibers, foams and has been widely applied in many high-tech
fields such as aerospace, liquid crystal display, microelectronics and so on. Among them, the application of PI
films is particularly extensive. In the process of preparing PI films from solution. it is very important to control
the chain structure of polyimide in the solution which further influences the condensed structure and the proper-
ties of the films. Therefore, it is necessary to study the properties of polyimide solutions. The properties of poly-
mer solution include the conformation and flexibility of polymer chain in solution, the molecular parameters re-
lated to the chain conformation and their scaling relationships, and the factors affecting the chain conformation.
In this paper, recent progress on the solution properties of soluble polyimide was summarized including the chain
conformation, basic molecular parameters and their scaling relationships, the effects of structural factors and ex-
ternal conditions (temperature, etc.) on the chain flexibility of some soluble polyimides in different solvents.
The future development of the research on the solution properties of soluble polyimide is also proposed.
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Figure 1 Chemical structures of some soluble polyimides
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Table 1 Chemical structures for repeat units of two isomerized polyimides
Sample Dianhydride/diamine Chemical structure of repeat unit
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7YY FH BRI AR5 S (S0 B D R 22 R A8 E S (L0 =MD
Figure 2 SEC profiles in DMF at 35 ‘C: LS (at 90°) (full square), intrinsic viscosity (open circle) and re-
fractive index signals (full triangle) for ISO33 (a), 1SO22 (b)
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Figure 3  Chromatograms of BTDA/DDS polyimide,
NMP+0. 06 mol/L LiBr, (1) NMP as received. (2)
1 X distilled NMP, (3) 3 X distilled NMP (Reprinted
with permission from Ref. [34]; Copyright 2003 John
Wiley and Sons)
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Figure 4 LS (at 90°) signals (a) and experimental universal calibration curves (b) for ISO33 and ISO22 in

DMEF with 0.1 mol/L LiBr
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PR R RO SEC 5 28 52 A6 I 2 36 P 00445 A 45
REEAR X WIEY 1T SEC 5 =40 &% 15 M &
GEMIXZE R AT E

£2 Sk PIEESTE 0.1 mol/L LiBr/DMF th 35 CF
1275500

Table 2
DMF with 0.1 mol/L LiBr at 35 C=%

Molecular characteristics of isomerized Pls in

M, R,, Ry, 7]
Sample PDI ¢ ] 7 Lnd
(kg/mol) (nm) (nm) (mL/g) (mL/g)
1SO33 163.4 1.46 27.0 18.2 148.5 149. 8
1SO22 101. 5 1.38 20.5 13.5 102.9 101. 3

“Results from dilute solution viscometer.

3.2 A[EME PI 7E NMP A9 5EH & B R I 1
McGrath 2657 % H] SEC-RI-VIS B¢ J5 : &
JBFSE T 60 CH} 6FDA/p-PDA F 5 7E NMP+
0.06 mol/L LiBr H R R S EH 4 F R
FZ L NE 5 TR F] K =0.037, a=0. 66, BLHI4>
THEAD T R R 0 R A 4, R —E
T2 BE A W
3.3 W& Pl £ DMF A9 SEM & B I 1
1S033,1S022 ¥£ & 7£ 0. 1 mol/L LiBr/DMF
F13.1 mmol/L. TBAB/DMF il 15 49 =4~ & %
oo My (HH]F 3R 3, 76X FF G 3 46 1, 1SO33.
1SO22 ¥E 5L Y o {HAE 1. 42~1. 48 Z [a] , $235 TC
LM IEIBME 1. 50, AREER RIGE o 19V ME AL

\ 0 CFs 0 CFs o Y4
NI SO I L)
, CF3 ( ) CFs {
0 o h O 0
-0.2

-04
=
o
-0.5
-0.6
-0.7 ; ; ;
4.2 4.4 4.6 4.8 5.0
Ig My
5 6FDA/p-PDA ¥ 5 # & 4 0.06 mol/L LiBr fy

NMP 71 60 °C F i Mark-Houwink-Sakurada [ £
(2003 John Wiley and Sons AL H])

Figure 5 Mark-Houwink-Sakurada plot for 6FDA/p-
PDA sample in NMP with 0. 06 mol/L LiBr at 60 C.
(Reprinted with permission from Ref. [35]; Copyright
2003 John Wiley and Sons)

F 0.65~0.69 Z[a],v {HAF 0. 54~0.55 Z [ ,a
Fy (ELHSAE B 500 9 T B 4 AT A 4 1 3 T
P 0.1 mol/L LiBr/DMF 1 3.1 mmol/L
TBAB/DMF J& P4~ PT AL & 1 B L P o 14
TE 33X T S TR A R 349 R BT A4 AT /) 42, A o3
T4 3 B 2P 2 M B A RRAE , FL P ISO33 1Y «
B W& 5 T 18022, # Z H f fje ,
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mmol/L TBAB f{§ DMF Ht 35 °C 45 5 #4 % 5 50

Table 3

Parameters related to conformation for ISO33

and ISO22 in DMF with 0.1 mol/L LiBr or 3.1 mmol/L

TBAB at 35 C5%

Sample  Salt added a v /, (nm)
LiBr 0.67=40.02 0.5470.01 3.50
1SO33
TBAB 0.6940.01 0.5440.01 3.50
LiBr 0.65+0.02 0.55740.01 2. 81
1SO22
TBAB 0.6540.02 0.5540.01 2.62

HF— 2 F ] Kratky-Porod"*™ #& 4 1y i duok
FERTATH IS S Ak PT AR 5 7 P R SRR &R
HAg 42 KB [, ., Bohdanecky ™ % Yamakawa-
Fujii-Yoshizaki (YFY) #2 3 i | H] 43 12 Fi ke P
BB R R SR B 2 4 86 A K g AT
T ARLAR B 75 3 5 AR Y 2Rk =K

(M*/[9 D" =A, +B,M"* (12)
A, =AM ¢, (13)
T
B, =B, | " (14)
i o (M1>

H s ¢, =2.87X10% ;M (=M/L) }Hfi
RIKERN T8 W B, =1.05; TE 45 & &1
LA PTREGEY A, 3105 0. 80, @ i 52 3 I %
— Z 0 43 G R Y 43 e RR R O DL (M
Cp DYt MY? A B Hy 4P 35 43 A0 4 15 31 8 BE
A, FIEER B, ik — 2R M, fl

PIAS SR AL PT AR 6 PR 7R & (M /

AR A BE S LT 76 42 8 4 F 530 BN 3R AR 4
TAEF AP etk O R, RN A RE & 1 RER g A
22000, X AN AR 1 e DX TR EEAT LA A5 B
RER I (E , #E WA 2 AS PT ARG £, 8
TE 2.62~3.50 nm(L3 3), b PS ZEHC ke h Y
[,€0.9~1.0 nm) F1 2 H B 5 4 #2 H B (PMMA)
FEATHY £, (1.4 nm) ™ W 5 L 5 B 402K = H -
J2-2,5- W BEOR R AE A A Y £, (3.6 nm) A,
Ll =Y 3 £ 2 R AE YA A M (14, 5 nm) MU
R 2, 15 B 3 o 5 Tk IV Jie 43 1 i 2 30 HE J) 30 191
YRR, DR O L 5 B 50 o O A W T AR 2
FEIRMIBE W Ji 3R, 1SO33 (9 £, {H 1L 1SO22 W5,
1SO33 43 FHERRIPE L 1SO22 Wik, M E & o0
SRR L 1SO33 Hh T BRI R IR |, % 2R A
FBE 3R ) C— N s fy 40 7 A7 — 4~ 3L 77
FELIXXF C— N FLE Y PN e e A — 8 19 =5[] BHL A
RN o {6 P A DR 285 4 22 i) SR B S T 45 4
IR S LA E 8 @ S R R TR R e (A S CE =i
FEAR . 1SO22 WK i b 3L &7 C—N
YL ] A7 o PRI X C— N B P A o7 BEL 3 /DN
XF Ay T BE R M H 59 8 . Uk Ah, 1SO22 FE
0.1 mol/L LiBr/DMF # ) /, fH t 3.1 mmol/L
TBAB/DMF f& Z v 2 R 34 i =5 — £0, 7 fig 2
1SO22 X} 4h F A 85 A8 AL B UK 72 TBAB R & h
Ay TR ZEPERAE LiBr K & b i mg &
3.4 AN PI7E THF HFROSEM 5 K IR T
AP R R RSOGO L B AR

2000 (a) LiBr K
Is022
+ * ’
1500 f R
«Q ++++
S
S 1000+ 1SO33
500
0 1 L L
0 400 800 1200
M1/2
E 6

M"? £ Z P (2011 Springer Nature KA A

Figure 6

2000 (b) TBAB
IS022  °
OO
1500 50°°
Q
=
~
s 1000
500 1SO33
0 1 1 1
0 400 800 1200
M1/2

1S033 F1 1S022 76 %45 0. 1 mol/L LiBr (a)#l 3. 1 mmol/L. TBAB (b)) DMF 1 35 C F g (M* /[ ])"* ¢

(Mz/[nj)m versus M"? plots for 1SO33 and 1SO22 in DMF with 0.1 mol/L LiBr (a) and with

3.1 mmol/L TBAB (b) at 35 ‘C (Reprinted with permission from Ref. [36]; Copyright 2011 Springer Nature)
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%4 Poly(6FDA/PFMB) fil poly( HFBPDA/PFMB) 78 THF ' 30 °C F By 4> T 2 g7
Table 4 Parameters related to conformation for poly(6FDA/PFMB) and poly(HFBPDA/PFMB) in THF at 30 CL'*"]

Sample a v 0 [, from R, {, from [7]
Poly(6 FDA/PFMB) 0. 65 0. 57 1.83~1. 89 3.3 2.0
Poly(HFBPDA/PFMB) 0.97 0.62 1.66~1. 85 4.5 6.6

SFF RV O B TR R AR AE T R A AR R Bk
Jtiz , poly (6FDA/PFMB) Fll poly (HFBPDA/PFMB) ,
FE THF H R 3 W0 0T, o 0] FH A e R e A 780 3 5
THREMIFFSERE £, R RE T TS
BHEY TR 4,

MFE 4 AT LLEH, poly (6FDA/PFMB) HJ a v
o (H I8 7E K30 b %) JC B 26 ARG 52 97 e A 110 8
(B L 22 P 50 T 3K o 435 44 1) 2R 56 0 J¥e /2. THF th
R ITCRLR A I F 5 A oy FRE R B T 2tk
FMERE M RRAE R AT i 2 0B i R s K
JEAE 2. 0~3. 3 nm Z [, [t PS.PMMA 7&K i 7|
R £, (~1 nm) W 55, BB 4 F 8 A — 2 1Y 32 i
P, Poly(HFBPDA/PFMB) 4 o v {8 %K I TG
FRZE A 1) B e 1 BR w7 , 10 BH G R R kI i/ THEF
HR IR R 2 T Ry e R L A A R R R TR I
FRe K B Bk & L LU R PR R oy FRER 1, 2
R —NEE RS, 5 Cotrs R I8 #5881 /i
& poly ( p-PMDA-Et,/ODA) (/, = 4.5 nm)"" |
poly(m-PMDA-Et,/ODA) (/,=1.8 nm)""" | poly
(p-PMDA/p-PDA-Et,) (1, = 2.2 nm)""" | poly
(BPDA/PDA) ({,=3.0 nm) " ¥ £, 1 [7] — % i+
G, L Ty A T R A T R T M O 2 S0 R R
poly (BCPOBDA/DMMDA) (/,=1.4~1.7 nm)
M poly(ODPA/DMMDA) (I, =2.2~2.5 nm){E
CHCL, 1 ¢, & RUILE 5> F B8 5] ABEEE
PRV H2 3L 0T DU RCH 2 5 A T RE R R, LA
HoTH R B ECH B 4, BN A T RE Y 2
SR, FE GBI I

ISO33 Fl 1SO22 W AHE it 1 R P R % 5 4+
] OC R WL 7, Bk TR S e R AT o
(4 i 25 40, B A PTBESR B9 (M /[ D' b %5
MUE R B8 I 2 M B om . &t AR B 3.1
mmol/L TBAB/THF k& 5 &0 FHEM LA
KM BE a v po(WLE S, ARSI o (55
Sy HL) TC A S A 0 BRAS o {E (1. 50) FE & 235, &
THEPIRBR BRI P ML % . bR
FEH o FNy (B FRAE T 26 AT HE) 52 1) B {80 T I

Pl 4y FAEZEINA TBAB 1 THF Ji sh At £ 3
W T R SRR AE A RRAE L I LA PT 4T BE A A
SRR M Y, 23t E, 1S033 A1 1S022 7E 3.1
mmol/L. TBAB/THF H 4 £, {65 %1% 3.10 0
3.11 nm, BEA PN EER E MR PT 2 FoEdL B A
—E W R ERNIPE . #PIFRD PTAESAE 3. 1 mmol/L
TBAB/DMF #1 3.1 mmol/L TBAB/THF i sl #H
TR R A4 S50 F T A1, ISO33 78 DMF i )
A o« F12, (EHWE & T THE 5 sh A i fE, %
W1 1SO33 #£ DMF i 8l #H v 43 i Jay 755 M1 1 s 1
S, TC L Ek 1A R 2 T i1 JRE s 1SO22 78 1 A % K &

O
(¢}
[e]
2000 ISO33 © o
o %0 o0
Q
O
2 1500} \
= 1S022
S 1000}
500
0 L ! ! 1
0 400 800 1200 1600
M1/2

7 18033 (5 He) #1 1SO22 ([F ) 8 3.1 mmol/L
TBAB iy THF th 35 ‘C F i (M* /[ D" % M L&
£k (2012 Chemical Research in Chinese Universi-
ties WAL AT

Figure 7 (M*/[],)"" versus M'* plots for 1SO33
(solid square) and ISO22 (open circle) in THF with
3.1 mmol/L. TBAB at 35 ‘C (Reprinted with permis-
[ 49 ]; Copyright 2012 Chemical

Research in Chinese Universities)

sion from Rel.

%5 1S033 Ml ISO22 ¥ 5 7E 3. 1 mmol/L TBAB f§ THF
Hh 35 C AR R 4 S5

Table 5
and 1SO22 in THF with 3. 1 mmol/L TBAB at 35 C™"

Parameters related to conformation for 1SO33

Sample 0 a v {,(nm)
1SO33 1. 45 0.66+0.01 0.5540.02 3. 10
1SO22 1. 41 0.6740.01 0.5640.01 3. 11
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FH AR BE oo EEREA XA, UL E
TE 9 T 20 AH Hh 0 T R 2k P R 2 A e R B A 2
SR AE DMF I THF 3 80 AH v i 55 24 26 205 i)
9 109.1 #1 98.0 mL/g, 1] fig 1 FIH 5 DMF (¥ 3%
A A 338 58 117 3 SO0 R 28 1A A 5 T Ao e
3.5 WA PLESFHRAEES KR EINE
S AT VR LS A B 1) T A A Tk R M 0%
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1
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R EFHFESF280 W L, CO 5 WX R
J:(R,> (nm) = 4.95 X 10°° M,"" (poly-
(BCPOBDA/DMMDA)), (R,> (nm) = 1. 25 X
107" M, " " (poly(ODPA/DMMDA)) (& 9) , %
055 HUR R AR 5575 3 B A8 Flory $F#E L C. 53
M 20 F 31, LR WFSERYL, X PR PTAE %
WP BRI ML WM R, or 78 B A R 15
PR, H Tk A H B 2, 8 PR, g s
poly (ODPA/DMMDA) i 7 58 5 H H A T J& 11
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1 1
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1 OO0
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' 0
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(¢}
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Figure 8 Two soluble polyimides containing ether bonds poly(BCPOBDA/DMMDA) and poly(ODPA/DMMDA)
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Figure 9 Double-logarithmic plot of (R,», versus M,
for poly(BCPOBDA/DMMDA) (O) and poly(ODPA/
DMMDA) ([]), where the solid lines represent the
least-squares fitting of (R,), (nm) =4.95X 10 * M,**
and (R,), (nm) =1.25 X 10" % M,"*, respectively.
For comparison, the M|, dependence of (R,) for poly-
styrene in toluene is also plotted (dashed line). (Re-

printed with permission from Ref. [50]; Copyright

Q.
100
)

B 10 JEF T E I =R 3,6- R FE Y R U H i —
5T (%) 208 Ik 0 i
Figure 10

1996 American Chemical Society)

R=n-Dodecyl

Polyimides based on p-terphenylene diam-

ine and 3,6-diphenylpyromellitic dianhydride units

TCHLLR AR G2 (75 BRI DY P PT 4 T 55 R B 26
PEEPERE B9 R AE . A5 AH IR T L, 1SO33 1Y o {8
Fb 1SO22 78 &1 - d B i 3 1 0 B0 2k AT 4G 22 L s
FH R, MR H 35 CHHE ] 50 CHLISO33
() o {EFT o (E A A VEAS 16, A TR 8 s W]
f) ¥R BE M 5 7E 3.1 mmol/L TBAB/DMF

o
w

15 16
Retention volume/mL

13 14

11 18033 (a) 1 1SO22 (b) 7E & 3.1 mmol/L
TBAB f§ DMF th 30~50 “C F 9 SEC k¥ i £ (2013
Springer Nature AT 7]

Figure 11 Elution profiles for ISO33 (a) and 1SO22 (b)
in DMF with 3. 1 mmol/L TBAB at 30—50 °C (Reprinted
with permission from Ref. [45]; Copyright 2013 Springer

Nature)

B I B T = 1SO22 1) o {H AN 0. 65£0. 02 2218 Tt
R E]0.68+0.02,H v {HE A Ak, UL B 1SO22
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il JR R B AR ARAR /DN

FFH I IR B A B R BT A PTORE B AE
0.1 mol/L LiBr iy DMF {& & f 30~50 C & &
WEIN AT N B EAT RS KE (I 6),
1SO33 iy 7, {7 3.5840. 08 nm Z [a] , 7 LK i
25 FOVF Y BN I BN, U B TR B O B AR AR R R
1SO33 1535 14 Ja 74 W14 AS B il B 179 722 4k T i
A%, M BE N 30 °C Fh i E] 50 °C B, 1SO22 (1 +F
SRR 1, fHH 2. 90 nm B EREALE] 2. 70 nm, Ui
53 55 1Y Jr) 3 MM g A R, RS A T
A RE SR i R T A Ak R e A TR TR B
J7 1G5 A S T 25 0 R) B HH 5 g O BG a L fil— 2t
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£ 6 ISO33 F1 1SO22 B 7E 0. 1 mol/L LiBr 5 3. 1 mmol/L TBAB J DMF A [s] I i i #5 () #4) 52 2 450
Table 6 Parameters related to conformation for ISO33 and 1SO22 in DMF with 0. 1 mol/L LiBr or 3. 1 mmol/L TBAB at

different temperatures'"”’

0.1 mol/L LiBr/DMF

T C°C)

3.1 mmol/L. TBAB/DMF

Sample

a v l,(nm) a v {,(nm)
30 0.6740.02 0.5440.01 3.55 - - -
35 0.6740.02 0.5440.01 3.50 0.6940. 01 0.5540. 01 3.5
1SO33 40 0.6840.01 0.5540.01 3. 60 0.6740.02 0.5540.01 3.73
45 0.6840.01 0.5440.01 3.57 0.6640.02 0.55%+0. 02 3.61
50 0.6740.01 0.5740.01 3. 66 0.6740.02 0.55%+0.01 3.47
30 0.6340.02 0.5540.01 2.90 - - -
35 0.6540.02 0.5440.01 2.81 0.6540.02 0.5540.01 2.62
1SO22 40 0.64740.02 0.5640.01 2. 80 0.6640.02 0.56+0.01 2.91
45 0.6520.02 0.5520.01 2.78 0.6720.02 0.560.01 2.94
50 0.66=40.02 0.5340.01 2.70 0.6840.02 0.5540.01 3.17

BAR IR B TG 1 2 B A A ] LA S B, 7R A TR R
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SE NI 3 — R AE . 76 35~50 C 2,7, M
U B0 I 43 - 100 JR 8 P A i R X JR] P
FHAAL, FEM A E . 1SO33 /) £, {1 1SO22 )
R Uk BIAE U 2 A AR & o 1SO33 1Y 43 F 55 19 )R
FREMIPEATS K 1 1SO22 By K, X 5 0.1 mol/L LiBr
) DMF {4 & iy 45 51 — 3,

4 HFitERE

RSO 3 T WAL B K6 e A o
TR A OC 2 B I S T s AR R TH 9 R 4
AT SO A I RO AS PRAZH 7 7 ¥ e SR Tt 0 g v
05 TR AT ST kS, EECR IR 0% 5 £
G 45 Tk FH i 25/ 3l 25 OO U W R
25 R MBI ST T LA T I P SR It I e 7 A [
R EEA G AW M, R SEC Wi, 3 3
MIF R &, 40 LiBr, TBAB %, L) i Bk 0% ff 25
SRR B HE RT HEBR R0, 3o AR F 09 i 3l AH 2H A
4 0.1 mol/L LiBr/DMF. 3.1 mmol/L TBAB/
DMF.3.1 mmol/L TBAB/THF, X&)% k%
T IV ¥ 3 - 5% 78 VA T TP AR 52 3T ML £k AT Y

G2 AN )l K S A 5 1) SR T U e S B AR R 0 R 1Y
HERL G2 AR IR R W R R A G . A BF 5 IR
(30~50 °C) X Fl 544 4k PI(ISO33 F1 1SO22) 43
THEAE DMF H (9 55 #4 52 R KIS V5 00 5% e, & B8
Tt o 1B 2 SR BRUOC FL 4R A A 52, R B 40T 2 1
BEMRRAE , Hop 1SO33 M 4t 1SO22 H &,
R 0575 PR A TR0 T 55 B A SR Ak PTOAE
IR SE KR [, (EAE 2. 62~3. 98 nm., I HEB
NI AR . 2 155 MIERY 55 19 1SO22 % 45
JE BB BE 1 A8 Ak He 1SO33 T fUsk, AR 4E AR Se A 4
() — ZRBIVHIE 5 45 9L, 0] DL X — 26 mT 5 5 0 e
Vo TRME AT R R G T SR T e 1 11
W LR 4 IR SRR N TR 2 o R
I AFL AT M R I I B F 5 1 4 KR A TAE iR
5% BR E i 1 Y0 T o 11 R IR IV AR T L &5 24 45 n T
1 AR A O S L TR I A X e B X ()
F1%) S8 T IV o 5 VR 0E AT B IR A B 5T . R R R
TF R X T 5 1 R T S0 g 174 95 Y M o B LA i W
(R 25 65 K BIF 55 — 7 T ) 3k — o 2 ) o 1 e b
HLE BRI T K Tolk B R AE AR ) — 2 ) B A
M E X o — T, KT o FHERIE M A
BT TR0 X e P VR B I 4 R A T RN S S R A T
VA VR TR B I 5 LA A R

B2k

C1] TR RBBEEM. b 4250 5HaEm R Lt
B A B RAR . 2006.

[2] Miwa, T.; Numata, S. Polyimides: Materials,



« 1088 - k=1

2 R 1 ¢

2023 4

[3]

[4]

[6]

L7]

[8]

L9]

(10]

[11]

[12]

[13]

[14]

Chemistry and Characterization. Amsterdam:
Elsevier, 1989.

Landis, A.; Lau, K. 8-High-performance polyim-
ides and related thermoset polymers: past and pres-
ent development, and future research directions.
In: Handbook of Thermoset Plastics. Second Edi-
tion. Westwood, NJ: William Andrew Publishing,
1999, 302-467.
Wallach, M. L. Aromatic poly(amic acids): fun-
damental structural studies. J. Polym. Sci. .
Part A-2, 1967, 5(4), 653-662.

Wallach, M. L. Polyimide solution properties. J.
Polym. Sci. A-2 Polym. Phys., 1969, 7(12),
1995-2004.

Reimschuessel, H. K. ; Roldan, L. G. ; Sibilia, J.
P. Structure of a novel polyimide. J. Polym. Sci.
Part A 2 Polym. Phys., 1968, 6, 559-574,
Swanson, S. A.; Cotts, P. M.; Siemens, R.;
Kim, S. H. Synthesis and solution properties of
poly N, N'-( p-phenylene)-3, 3", 4, 4'-biphenyltet-
racarboxylic acid diamide. Macromolecules, 1991,
24(6), 1352-1357.

Walker, C. C. High performance size exclusion
chromatography of polyamic acid. J. Polym. Sci.
A Polym. Chem. , 1988, 26(6), 1649-1657.
Cotts, P. M. Polyelectrolyte effects in low-angle
light-scattering from solutions of polyamic acid in
Part B:

organic-solvents, J.

Polym. Phys. , 1986, 24, 923-930.

Polym. Sci. s

Cotts,s P.; Volksen, W. Solution characterization
of polyamic acids and polyimides. ACS Symp.
Ser. ,1984,242, 227-237.
Kim, S.; Cotts. P. M.; Volksen, W. Online
measurement of the rms radius of gyration and mo-
lecular-weight of polyimide precursor fractions elu-
ting from a size-exclusion chromatograph. J.
Polym. Sci., Part B: Polym. Phys., 1992, 30,
177-183.

Cotts, P.; Volksen, W. ; Ferline, S. Equilibration
of mixtures of polyamic acids studied using size-ex-
clusion chromatography and light scattering. J.
Polym. Sci. B, 1992, 30, 373-379.
Ardashnikov, A. Y. ; Kardash, I. Y. ; Pravednik-
ov, A. N. The nature of the equilibrium in the re-
action of aromatic anhydrides with aromatic amines
and its role in synthesis of polyimides.
Sci. U.S.S.R., 1971, 13(8), 2092-2100.

Kim, S. H.; Cotts, P. M.

Polym.

Light scattering and

[15]

[16]

[17]

(18]

(19]

[20]

(21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

(29]

[30]

[31]

size exclusion chromatography of semi-flexible
polyimide precursors. J. Polym. Sci. B Polym.
Phys. , 1991, 29(1), 109-117.

FAE. Bt R E M 5 PERE. . HFE R
MR AL, 2009,

Bohdanecky, M. ; Kovar, J. Viscosity of Polymer
Solutions. Amsterdam: Elsevier Scientific Publish-
ing Company, 1982.

Elias,
Weinheim: Wiley-VCH, 1997.

H. An Introduction to Polymer Science.

Burchard, W. Solution properties of branched mac-
romolecules. Adv. Polym. Sci., 1999, 143, 113-
194.

s, Brdede, Ftk. ®mao FYWHE. BT
L BB K S AR, 1990.

RAT . mE RAEO S — — AR S 4 T
MR A ) THE. In: il 3R, HIA. IS5
TRIFR IR, e w. P Tk hRAE, 1997,
100-120.

Morawetz, H. Macromolecules in Solution. New
York: Interscience Publishers, 1965.

Schartl, W. Light Scattering from Polymer Solu-
tions and Nanoparticle Dispersions. Berlin, Heidel-
berg: Springer Berlin Heidelberg, 2007.

Huggins, M. L. The viscosity of dilute solutions of
long-chain molecules. IV. Dependence on concen-
tration. J. Am. 1942, 64 (11),
2716-2718.
Kraemer, E. O.
and cellulose derivates. Ind. Eng. Chem. ., 1938,
30(10), 1200-1203.

FEFA Y. b BE B (19 A9 R — ¥ BE 1) 8 VR 6 B
IR TERE R & % T 380, 1960, (3), 159-163.
it BN BERS L. A A AR, 1980.
Striegel, A. M. ; Yau, W. W.; Kirkland, J. J.;
Bly. D. D. Modern Size-Exclusion Liquid Chroma-
tography. Hoboken: Wiley, 2009.

Podzimek, S.

Chem. Soc. ,

Molecular weights of celluloses

Light Scattering, Size Exclusion
Chromatography and Asymmetric Flow Field Flow
Fractionation: Powerful Tools for the Characteriza-
tion of Polymers, Proteins and Nanoparticles.
Hoboken: Wiley, 2015.

XN, 0N, WA, AR HE R 6% B R 7w A
THRALF BB, & F 54k, 2021, 52(9),
1221-1244.

T Bt R e BRSSOk R R
. b AREF ERAL, 2011,

Liaw, D. ]J.; Wang, K. L. ; Huang, Y. C.; Lee,



8

) 8 A6 < T A M R T IV B ) VA R BT 0

+ 1089 -

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

K. R.; Lai, J. Y.; Ha, C. S. Advanced polyim-
syntheses, physical properties and
applications. Prog. Polym. Sci., 2012, 37(7),
907-974.

Ding, Y. C.; Hou, H. Q.; Zhao, Y.; Zhu., Z.

ide materials:

T.; Fong. H. Electrospun polyimide nanofibers
and their applications. Prog. Polym. Sci., 2016,
61, 67-103.

Ding, M. X. Isomeric polyimides. Prog. Polym.
Sci. » 2007, 32(6), 623-668.

Konas, M.; Moy, T. M.; Rogers, M. E.;
Shultz, A. R.; Ward, T. C.; McGrath, J. E.
Molecular weight characterization of soluble high
Polymer-solvent-sta-

performance polyimides. 1.

tionary phase interactions in size exclusion chroma-

tography. J. Polym. Sci. B Polym. Phys.,
1995, 33(10), 1429-1439.
Konas, M.; Moy, T. M.; Rogers, M. E.;

Shultz, A. R.; Ward, T. C.; McGrath, J. E.
Molecular weight characterization of soluble high
performance polyimides. 2. Validity of universal
SEC calibration and absolute molecular weight cal-
culation. J. Polym. Sci. B Polym. Phys.,
1995, 33(10), 1441-1448.

Liu, G. H.; Qiu, X. P.; Bo, S. Q.; Ji, X. L.
Chain conformation and local rigidity of isomerized
polyimides in dimethyl formamide by size exclusion
chromatography coupled with multi-detectors.
Chromatographia » 2012, 75(1), 7-15.

Kratky, O.; Porod, G. Roéntgenuntersuchung
geloster fadenmolekiile. Recl. Trav. Chim. Pays-
Bas, 1949, 68(12), 1106-1122.

Bohdanecky, M. New method for estimating the
parameters of the wormlike chain model from the
intrinsic viscosity of stiff-chain polymers. Macro-
molecules s 1983, 16(9), 1483-1492.

Yamakawa, H.; Fujii, M. Translational friction
coefficient of wormlike chains. Macromolecules .
1973, 6(3), 407-415.
Yamakawa, H.; Fujii, M. Intrinsic viscosity of
wormlike chains. Determination of the shift factor.

Macromolecules, 1974, 7(1), 128-135.

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

Yamakawa, H.; Yoshizaki, T. Transport coeffi-
cients of helical wormlike chains. 3. Intrinsic vis-
cosity. Macromolecules , 1980, 13(3), 633-643.
Kamide, K. ; Saito, M. Cellulose and cellulose de-
rivatives: recent advances in physical chemistry.
Adv. Polym. Sci., 1987, 83, 1-56.

A, Maysj. J. W. &40 80 20 M 5 25
WHIRR. HikdHa T W, 1990, 1, 13-21.
AR, Maysj. J. W. &40 58 09 = 0 2 5 25
WHIRR. HikdHa T 5W. 1990, 2, 81-96.

Liu, G. H.; Qiu, X. P.; Siddiq. M.; Bo. S.
Q.; Ji, X. L.
conformation and local rigidity of isomerized poly-
in dimethyl Chem. Res.
Chinese U. , 2013, 29(5), 1022-1028.

Savitski, E. P.; Li, F. M.; Lin, S. H.; Mec-
Creight, K. W.; Wu, W.; Hsieh, E.; Rapold,
R. F.; Leland, M. E.; Mclntyre, D. M. ; Har-
ris, F. W.; Cheng, S. Z. D.; Kwan, S. C. M. ;

Temperature dependence of chain

imides formamide.

Wu, C. Investigation of the solution behavior of or-
ganosoluble aromatic polyimides. Int. J. Polym.
Anal. Charact. , 1997, 4(2), 153-172.

Kwan, S. C. M.; Wu, C.; Li, F. M.; Harris,
F. W.; Cheng, S. Z. D. Laser light-scattering
studies of soluble high performance fluorine-contai-
ning polyimides. Polym. Eng. Sci., 1999, 39
(3), 586-593.

Ward, 1. High performance polymers and compos-
ites: encyclopedia report series. Polymer. 1992,
33, 3317.

Lius G. H.; Qius X. P.; Bo, S. Q.; J. X. L.
Chain conformation and local rigidity of soluble
polyimides (1) : Isomerized polyimides in THF.
Chem. Res. Chinese U. , 2012, 28(2), 329-333.
Siddig, M. ; Hu, H. Z.; Ding, M. ; Li, B. Z.;
Wu, C. Laser light scattering studies of soluble
high-performance polyimides: solution properties
and molar mass distributions. Macromolecules .
1996, 29(23), 7426-7431.

Schmitz, L.; Ballauff, M. Characterization of a
stiff-chain polyimide in solution. Polymer., 1995,

36(4), 879-882.





