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n=v/c \Y; C

Sndl’'sLaw
n/ n, =s9na/snb (1-1)
e m
n=(efe; " mm)*? = (e/m)*? (1-2)
m=1
n=(e)" (1-3)
( )
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Thin-Film ~<—— Core
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Prism Couple

Russe  (23)
tan ' [K./K,] + tan [Ky/K,] + mP = Ust (1-4)
Ki = U/t = 2P | —n?["2/ | 1, (1-5)
1-4 15 i 12 3 n
m 0 t
Nett |aser
Ngr =M SN{ @ +sin“{cos(a + g)/ ny} (1-6)
1-6 a n
q
TE (
r 1 ™ (
) r=n’

1



MNre v m 0 1 n
Nre Nrm
Nre v
N M N, MNe
c e = Ne= N, Ny =M =1 Dn
Dn=n.-n, Nre - My = M - Ng= DN
(24-25)

Retardation film  Compensation film  Phase Difference
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film WV (Wide View) FIm LCD

80 LCD

TN (Twisted Nematic) STN (Super Twisted Nematic) LCD
TFT-LCD (Thin Film
Transistor-Liquid Crystal Display) STN-LCD
LCD

STN

STN

PC
PVA Polyalylate PAR Polysulfone PSU Polyolefine PO

PC

STN 3

13



TFT-LCD

IPS(In Plane Switch)
MVA(Multi-Vertical  Alignment) OCB  Optically Compensated

Birefringence

LCD TN-LCD Fuji film
1995 1996
(Polymerized Discotic Materia)
1-7

LCD
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Va-LCD without - Va-LCD 'u!.;ith
retardation film retardation film

Source:Konica Minolta Technology Report Vol.3,2006
1-7 ~ LCD

LCD

VA mode 1-8

C-plate
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Source: The Optical Films for FPD/

1-9WV film
VA
TN C-plate
VA
A+C plate
VA
1-10 A+Cplate
Cplate
JA
o <
Negative C-plate
_ A-plate
n, (nx"ny>nz) (nx>gy=nz)

VABZ 7]
idayF

+ Canxz

{m AR D ’
REF A RET LA
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Source: The Optical Films for FPD/

1-10 VA
IPS MVA 2
IPS MVA
Z AS-IPS (Advanced Super-IPS)
IPS A-plate
2003 IPS

OCB Optically Compensated Birefringence
S MPRT”
LCD
TMD SID 2005
OCB
“ MPRT” ? 6.5ms
500cd/m?
OCB IPS
Fuji film 2005

OoCB 2
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OCB Fuji film
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1-1
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1-11(26)

Cydo-olefin

PC film (Pureace)
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A+C biaxid film A-plate

STN VA OCB

Source: The Optical Films for FPD/

IPS

1-11
— Uniaxial —@ STN
Stretchin >Ny =Nz
S| eIy @ STN. IPS
nx>nz>nNy
_ VA
@ B dxz =D ocB
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nx=ny=n| | Biaxial | : @ VA
Stretching B nx=ny>ns
Nnz>Nx>MNy
<.y IPS
Nz>Nx=Ny

Source: The Optical Films for FPD/
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(Wide View Film)
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WV LLER

Source: Fuji Film

2-1
Cell
LCD
(27-29)
LCD
a

& R (WVRER)

LCD

(Cell)

LCD
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Retardation

LCD

1.C-Plate(4):

LCD

Retardation

Retardation

n=n=>n

1/8 1/4

LCD
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2-2 C-Plate Pl

C-Pae P Pl
( ) C-Plate 2-3
Pl P
P Rigid
Z
Pl
Pl
Anahrser ﬁ }F
o L i
B 1',_ 1JII 5ubﬂlm1:e
e ..1;- : i
""*-tlnt-:-rﬁtter

- u;%f
Polarise? ))z \

The refractive index elipsoid of LC (n, = n, <n,) |sd|fferent forL & R ? asymmetric

U
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- ng

iy »Rg=ny
AD = 0j =g w0y - 05 >0

oy <mp= Oy
A -n. -ng -:1 -:;1,3-:&

Negative C-plate Pl Films ( ny = ny, > n)
Source: S. Z. D. Cheng, F. Li, E. P. Savitskiy .. W. Harris: Trip 5 (1997) 51.

2-3 Pl C-Pae LCD
2. (30):
STN
(Optical Rotation) (Chirdl
Reagent)
Retardation

LCD 2-4
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Polymar

Bquid crystale H 1. Substrate
= * . :Alignmanl

— —— = |} Curable

Crrigndation layer

Polymar
fquid crysials
Fhaze-change fim
Crrientalion layer
Elliptic
polarizalion
el ) Remaoval of
erpstals Fhragi-changs im 3, Upper Substrate

2T Otentalon layer .
=4

-~
Polasizer m  Linearly polarized light

Source: S. Nishimura; T. Toyooke; T. Matsumoto; H. Itoh; T. Satoh: SID 95 Digest,
567, 1995

2.4
3 (31): P X-Z

(C-Plate)

Retardation



(Fuji Film) 1997

(32) 1-9
2-5 (33) TN mode
Fuji film
WV film
Fuji Flm




SourceH. Mori, Y. Nishiura; T. Nakamura; Y. Shinagaea: AM-LCD 96/IDW’ 96,
Proceeding of the 3" Internation Display Workshops, Kobe, V1, p189, 1996

2-5
Pl (C-Plate)
1996 Akron F. W. Haris M
TN LCD (34-35)
M C-Plate

P P

(Retardation) TN LCD
1994 Pl
VA LCD Pl
VA LCD A+C Plate
A-Plate X-Y C-Pate Z
(36-37) (38)
XY Z ? Pl C-Pate
A-Plate VA LCD
M A-Plate
A-Plate

A+C Plae

31



(38)

(39)

2-6

Polarizer flm

Uniaxial
strelching

Polarizer film

Sourcel. M. Ward: Structure and Properties of Oriented Polymers (Applied Science
Publishers, U.K) Chap.12, p.413, 1975

2-6

(40-43) NASA PI
(41) NASA

Poly(K eto-ether-imide) 43
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( ) LCD

LCD Retardation
e ny Iy
Retardation (
-KOBRA-21ADH/OSP) nn n
N ny N
Prism Coupler(44-46)
Laser Spot 3 N n
n,  Prism Coupler Bell Telephone 1969
(46)
Metricon 2010 Sairon SPA SPA
Couple Light
(47-51)
=
F Herman's Orientation Function
In-Plane Orientation



Dn°

(52-55) FTIR(56-59)

(30)

2-2

LCD

Intrinsic Birefringence(50)

D’

Dn(nre —Nw)

LCD

LCD

LCD

Fuji Flm

F

LCD

LCD

Dichloic Ratios(40,54)(Dye Doped)

ANDO

Dn°

Pl

Dn°
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TN

VA LCD )

A+C Plate LCD Pl
C-Pate
A-Plate LCD
(A+C Plate)
TAC
n=>n=>n
Pl
C-Pate
()
A-Plate
P Pl
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A-Plate VA

LCD

LCD
Prism Coupler
Laser Spot
Pl
M
Pl
Chain-Chain Interation
M

LCD

Dipole-Dipole Interaction
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"
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I |
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a.6FDA: Hexafluoro-isopropylidene diphthalic anhydride
(Aldrich,99%)

b.D2192:3,4-Dicarboxy-1,2,3,4-tetrahydro-1-naphthal enesuccinic
acid dianhydridg(TCI,<95%)

O

O
Lo~
o ()] o

\\ - "‘xl‘_:' - ":_:.-" . .f")J
"
)

O

c.PMDA: 1,2,4,5 Benzenetetracarboxylic dianhydride(Chriskev,
99%)
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e.ODPA: 4,4'-Oxydiphthalic anhydride(Aldrich,97%)

OO

f.ODA: 4,4-Oxydianiling(Fluka,>99%)

g.DDM: 4,4'-Diaminodi phenylmethane(Fluka,>99%)

NH, O CH, @NHE
CHj;

CH;

h.DMDDM: 4,4'-Diamino-3,3'- dimethyldi phenylmethang(TCI,>95
%)

=
O£ OO

CH;
I.BAPP4,4'-(4,4'-1sopropylidenediphenyl-1,1'- diyldioxy) dianiline

(Chriskev, 99%)

3-2
a.N-Methyl-2-pyrrolidone



b.Benzene Azeotrope

c.PET (75-100um) Toray

a :Ubbelohde
b. ; 200°C
C 400°C
d.
e (Gap)
(50-200um)
f. ; lum
g ; (BL-20) 0-100°C
+2°C
h. ‘TA Q400 Therma Mechanica Anadyzer(TMA)

I : Perkin Elmer LAMBDA 900 UV-VIS
(PELA-1020 by Labsphere Inc.)
J- (Haze):Perkin ElImer LAMBDA 900 UV-VIS
(PELA-1020 by LabsphereInc.)
K. ; SAIRON SPA-4000

l. . TA DMA 2980 Dynamic Mechanica



Andyzer(DMA)

m. X-ray :WAXD Dlby Bede 2 ~40°

n. (Polarized FT-IR): IFS 66v/s, Bruker,

Microscope with Polarizer, Transmission mode

0. X-ray :SAXD < 2° Nanogtar, Bruker; 40
kV, 35 mA

p.Attenuated Total Reflectance PerkinElmer
Spectrum |

3-4
Chriskev’ Aldrich  TCI
6FDA PAA 250°C
160°C 8
Chriskev  TClI  Fluka
PAA PAA -NMP
Merck PAA Benzene Azeotrope
3-5 (PAA)
? PAA



PAA

‘PMDA-BAPP ODPA-BAPP D2192-BAPP D2192-ODA

6FDA-BAPP D2192-DMDDM  D2192-DDM.

34
NMP ( / =

1.0/1.0) NMP (Complex)

4

PAA
25°C
PAA
PAA PAA
?
24 PAA
(Solid Content) 20%

3-6 (P1)

PAA

a4



Pl

(Doctor Blade) PAA

PAA A4 Sze PET(  75-100um)
70°C 3 PAA
PAA PAA PET PAA
PAA ( ) Pl

1Step _.450°C/30mins
2Steps 220°C/30mins
3Step | 300°C/60mins

Pl 20um PAA
(Gap)
3-7 (PAA)
PAA
PAA
0.5g/dl ( NMP )
Ubbelohde 25°C :
PAA ( 20mins) PAA
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NMP

PAA
Ninn = IN(t1/tp)/C (3-1)

C.PAA (0.5g/dI)

t1:PAA

to:NMP
3-8 (Tg)

Pl Tg (Therma Mechanical
Anadyzer, TMA) 20um Pl 15mm”~ 4mm
TMA (Tension Probe) 20ml/min
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0.05N 10°C/min
400°C

on-set Pl Tg

nn
Eip

1
T
-
=l
n
u

3-9 (Transparency)
Pl

380nm 780Nnm

500nm

Pl

3-10 (Haze)

Pl



Pl Haze

ASTM 1003-92 380nm
780nm Haze Pl
4 Pl
Haze:
Haze = [(T4/T,) - (T5/T1)] " 100% (32

I To airsbnbislen
alle tamcn
e sample Whits Stamdard

T
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33 N

34
311 (MA) P
gL A o
o
PI Pl
Pl ) Tg
Pl
Tg ( 260°C)
DMA
Pl o



Modulus Tg TA DMA 2980

Chamber 500-600°C
Torsion
Tension DMA
PI DMA
( 39
DMA PI ()
A. Stress Relaxation M ethod-
DMA
(<30%) Pl
necking Pl
B.Creep Method-

Pl
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DMA
(<100%) Pl P
Necking

DMA Necking

35 Pl TA DMA 2980

3-12
Pl Prism Coupling
1-3

Prest  Tien(61-62)



SAIRON Technology(63) SPA-4000

( )

1-6

(Transmission L0ss) 3-6

Match
37
shignt nx ny in-plane
D

Prisirn

—tl——}
F’hotodiodel:l

Core

Index matching Qll\‘

1I’hotodiaode |:|

Thin-Film

Underclad

I Loss Measurement

750 &b0 B50 900 9.%0

- - —— .,-T' ey g b B

10

1 Disshiarce |

3-6 SPA-4000
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nz

3-13 X-ray

e

P

DMA

Pl

(out-plane)

20um



X-ray P

Pl
WAXD
2°-40°
3-14 (Polarized FT-IR)
X-ray P
(63)
Pl
IR Pl = P
- = =
DMA - “_ f f"':
3 Polanzation
Eeflected
Un-polarized
Light "
- . P Polarization
Horzontal Lines Transmitted
- Line Width
- Period
Substrate

Graphical representation of the polarization effect
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3-8

Principal transmittance ratio or contrast =K,/K,

K, = Transmission efhiciency for normally incident polarized
lisht whose electric field vector is perpendicular to the
wire direction

K; = Transmission efficiency for normally incident polarized
lisht whose electric field vector is parallel to the wire
direction
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4-1
4-1-1 PAA Pl
Pl
Pl (Aromatic)
Hexafluoro-isoproylidene diphthalic anhydride(6FDA) (Aliphati)

3,4-Dicarboxy-1,2,3,4-tetrahydro-1-naphthal enesuccinic(D2192)

4.4 -(4,4 -1sopylidenedi-phenyl=1,1" -diyldioxy) dianiline(BAPP)

4-1 11
NMP PAA 20%,
35 PAA 36
0 O
O O
O \0
o6FDA D2192
H:N \ 0 s c— 0O—{ Y NH,
BAPP

4-1 6FDA,D2192 BAPP
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PAA

6F-B D-B

4-1-2 P
TMA

250°C(D-B)

(DMA)

Pl

Pl Pl
20um Pl
Pl
P
(BAPP)
Pl Pl
Pl LCD
Pl Tg 254°C(6F-B)
Pl Tg
Tg
( )
Tg Modulus

(Stress Relaxation)

DMA

Pl



DMA  PI S :
Per-load Force(N)  Strain(%) Isothermal Temperature(°C) Soak
Time(min)  Relaxation Time(min) Per-load Force
4 Per-load
Force Pl

260°C  Isotherma Temperature 5mins  Soak Time

4-2 DMA

20um

Pl Film

4-1-3 PI

Pl DMA

Pl 4



Pl

450

43 5 P 45° 0 45

Shfit 45°

1 D-B PI

-450 0o 450

4-3 The photos of light leakage in three viewing angle from stretched

Pl films that were sandwiched in two crossed polarizers. The
arrows in the pictures correspond to the polarization direction of
an analyzer and a polarizer.

2-5
D-B PI D-B
+45° A-Plate



Pl

RO(Retardation in x-y Plane, A plate)

Necking
P|
Prism Coupling Pl
Prism Coupling
? Laser
nx ny nz
Technology SPA-4000
S-light Pl
(Rhnx ny Pl
(nz)
Pl Necking
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Pl

1-3

Laser (632.8nm)

(1-4) (1-6)
SAIRON
P
(62) Laser
In-Plane
Laser  P-light Pl
P



Pl

D-B 6B Pl

nz 4-4

Pre-loadForce

Pre-load Force 0.0 0O.3N

0.0004 0.0176 4-4

(0.3N Pre-load Force)
( 4-2(a)) DMA
Necking

Stress Relaxation

Pl Necking

Pl 3

4-4
nx ny
Pl
D-B
D-B
(nx - ny) 4-5 4-5
Pl
D-B
Necking
2
DMA 2980
Chamber
0.3N
2



Refractive index

Refractive index

1.635

1.63
1.625

1.62

1.615

1.61 | | |
0 10 20 30 40

Elongation ratio (%)

(a)
1.62

1.615
1.61
1.605
1.6
1.595
1.59

Elongation ratio (%)
(b)

4-4 Refractive indexes of each axis, nx, ny and nz, in D-B films (a) and

in 6F-B films (b) at different elongation ratios. The arrow in the
illustration corresponds to the stretch direction applied on the Pl
films.
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Preload force (N)

(a)

0.0000 : : '
0 0.1 0.2 0.3 04

Preload force (N)
(b)

4-5 The birefringence of stretched D-B films at different preload forces.

(@) shows the hirefringence data that correspond to their measuring
sites in each sample. (b) shows the correlation between the preload
force and average birefringence of each stretched D-B film.

Pl

(Pre-load Force)



Pl
Pl

Plate) Out-of-Plane(C-Plate)

SPA-4000

In-Palne(A

RO(In-Plane) = (nx —ny) ~ d(PI film thickness) (4-1)

Rth(Out- Plane) = [(nx + ny)/2] -nz~ d(PI film thickness) (4-2)

Pl
RO Rth D-B P
(RETS-3200RF, Otsuka Electronics )
Prism Coupler
4-6 D-B PI 4-3
4-6
Necking ( 4) RO
4  Prism Coupler
Pl Dn 266.87
189.13 4 5 DMA Stress
Relaxation (Elongation
Ratio) ( Pre-load Force)

Necking
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Retardation (nm)

Retardation (nm)

300

necked 4
200 | T,
5
150 }
100 }
50 |
D 1 1 ] 1 1 1
0 1 2 3 4 5 6 7
Elongation (mm)
al
300 (@)
Highly ‘_ﬂ_ﬂi_ﬂ_ﬂ_—v
250 - necked |—— — —» Ii
200 | sample
180 |} Z
100 |
50 | 1
u 1 1 1 1 1 1
0 1 2 3 4 5 G 7

Elongation {mm)
(b}

4-6 The retardations, RO (a) and Rth (b), of the stretched D-B films

which were evaluated by a prism coupling method and a direct
retardation measurement. The marked numbers are the sample IDs.
(@ and m: by prism coupling method; [ ] and A : by direct
retardation measurement) All data are the average value of three
points on a sample including both methods.
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Prism Coupling Hi-Ni Laser Beam Size

Pl ()

Pl X-Y
Pl
4-1-4PI
Pl
4-4a D-BPI nx ‘ny nz
Pl
(D2192) (BAPP) (Soft) (Bended)
Out-of-Plane (nX — ny)
0.0007 M In-Plane
Out-of-Plane
Pl nx ny
(51)
D-B PI y z



D-B Pl
Pl ny nz
D-B PI Pl
In-Plane  Out-of-Plane
4-4(b) 6F-B PI nXx ny nz
Pl D-B P

(Elongation Ratio=0.2) 6F-B PI

Pl 6FDA  BAPP
Out-of-Plane
(=0.0012) 6F-B Pl

(Dipole Moment) Pl
Interaction 6F-BPI  D-BPI

Pl

Pl
Pl
Pl
Dipole
Pl

D-B

Chain-Chain

LCD

Tg



Prism Coupling

nx ny nz PI
Pl
LCD
4-2
Pl
In-Plane
Pl
(Modd) Pl

4-2-1 Pl

4 3

4-7 7
Pl 7 Pl PMDA-BAPP ODPA-BAPP

D2192-BAPP  D2192-ODA  6FDA-BAPP  D2192-DMDDM

D2192-DDM Pl 11

NMP PAA 20%

35 PAA 36



CHs> CH3
DMDDM

4-7 6FDA, D2192, PMDA, ODPA, ODA, DDM, DMDDM, and BAPP
used for synthesizing PIs in stretch-induced birefringence studies.
6FDA: Hexafluoro-isopropylidene diphthalic anhydride D2192:
3,4-Dicarboxy-1,2,3,4-tetrahydro- 1-naphthal enesuccinic acid
dianhydride PMDA: 1,2,4,5Benzenetetracarboxylic dianhydride
ODPA: 4,4-Oxydiphthalic anhydride ODA: 4,4'-Oxydianiline;
DDM:4,4'-Diaminodiphenylmethane DM DDM :4,4'-Diamino-3,3'-
dimethyldiphenylmethane;BAPP:4,4'-(4,4'-1sopropylidenedi phenyl
-1,1'- diyldioxy) dianiline

PAA Pl ( 3-7

) 7 Pl Inherent



Viscosity(hi):2192-BAPP=0.53,02192-ODA=0.50,02192-DDM=0.44,
D2192-DMDDM=0.34,PMDA-BAPP=1.06,0DPA-BAPP=1.46

6FDA-BAPP=1.18

Pl Pl
Pl
Pl ATR(Attenuated Tota Reflectance)
(PerkinElmer Spectrum 1) IR Pl
( ) Pl
(Transparency) (Haze)

UV/Nis Spectrometer(PerkinElmer Lambda 900)
Haze 310 31

4-8 7 Pl uv
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/ ——pD2192/ BAPP(04

T %
[6)]
o

~\
—
——

10D-2)

/ ——D2192/ DDM( 950417- 1)
——D2192/ DMDMDPM{ 50526
/ D2192/ p- ODA( 9/5.0417.2)

——ODPA/ BAPP( R95

=—=6FDA/ BAPP( 040

—PMDA/ BAPP( R95

0515-2)

36F-6)

052737

uv

500nm

80%

LCD

Haze

Haze

Haze

480 530 580 630 68
Wave Length(um)
4-87 APl uv
Pl
7 Pl
Pl
LCD
Haze 0.1%
1%
4-1 7 Pl

0 730 780

90%

Haze

Pl



4-1 Properties of Seven Polyimide Films.

Transparency Haze Thickness

Polyimide Peaksin IR spectra %) (hm) (%) (mm)

1776, 1718 (imide C=0); 1496

: 0.24 (400)
(Aromatic C=C stretch); 1376 (C-N 0.18 18
PMDA-BAPP stretch): 1229 (C-O) 83.09 (500)
1776, 1716 (imide C=0); 1496
: 39.63 (400)
] (Aromatic C=C stretch); 1370 (C-N 0.114 19
ODPA-BAPP tretch): 1230 (C-O) 87.92 (500)
1777, .1706 (imide C:.O); 1496 74.36 (400)
D2192-BAPP (Aromatic C=C stretch); 1383 (C-N 88,64 (500) 0.046 18
stretch); 1229 (C-O) '
1776, .1702 (imide C:.O); 1497 60.98 (400)
D2192-ODA (Aromatic C=C stretch); 1376 (C-N 87.8 (500) 0.107 26
stretch); 1232 (C-O) '
1783, .1720 (imide C=.O); 1498 18,67 (400)
6FDA-BAPP (Aromatic C=C:stretch); 1375 (C-N 89,58 (500) 0.13 28
stretch); 1236-(C-O& C-Fstretch) '
1778, .1702 @mide C:_O); 1501 72.28 (400)
D2192-DMDDM  (Aromatic C=C stretch); 1376 (C-N 0.125 17
87.35 (500)
stretch)
1776, .1702 (imide C:.O); 1510 70.32 (400)
D2192-DDM (Aromatic C=C stretch); 1374 (C-N 0.156 36
88.51 (500)
stretch)
4-2-2 DMA Creep
4-1-2 DMA Stress Relaxation

Pl

M ()

Pl Necking
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Pl

( ) DMA 2980
-Creep Stress Relaxation Pl

Creep

Pre-load Force(N)  Isotherma Temperature(°C)

Pl
P
Chamber Size
4-2-3 Pl
4-1-3 Prism Coupling
Pl nXx ny nz Pl In-Plane
(nx—ny)
Pl Necking Pl
3 4-9 Stress Relaxation
Creep D-B  6F-BP
Stress Relaxation 30%
Creep

130% 4-9 Error Bar
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D2192-BAPP
0.02 | # SE&R % o f

:rl? ; _ H Creep
= 0.01 r . % y = 1E-06x* + 0,0003x + 0.0002
- R = 0.9745
0.005 .+
e
-
D ’_h.:--” | | | | | |
0 20 40 60 80 100 120 140
Elongation ratio (%)
(a)
0.06
6FDA-BAPP R

0.05 | ET

0.04 |
é‘v + S&R LB & Creep
T 0.03 ,
x 3 y = -3E-06x? + 0.0009x + 0.0003

0.02 | " R® = 0.9991

¥
0.01 | j/
u f, | | | | | |

0 20 40 60 80 100 120 140
Elongation ratio (%)

(b)

4-9Variations in in-plane birefringences (Dn) induced by both s

Pl

tretching methods of stress relaxation (S&R) and creep, compared
with two polyimide films of D2192-BAPP (a) and 6FDA-BAPP
(b) structures. The Dn data of each polyimide were fit to the curve
of abinomial.
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Stress Relaxation

Creep
Pl
Pl
Creep Pl
(Binomid)
4-10 7

Viscosty) D-B Pl

Pl

ODPA-BAPP Pl

Creep
Pl
Pl
Creep
P|
(Saturation)
4-1
M
D-B P
(High Inherent
Inherent  Viscosity PMDA-BAPP

Pl
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0.20

0 PMDA-BAPP

o D2192-0DA N
0.16 {f
* GFDA-BAPP .
A D2192-DDM e
s D2192-DMDDM 7

ol I

0.12 o D2192-BAPP i

nx -ny

0.08

0.04

0.00

& ODPA-BAPP -~

0 20 40 60 80 100
Elongation ratio (%)

140

4-10 Variations in in-plane birefringences induced from elongation

change of PI films that were prepared from seven different Pls of
D2192-BAPP, D2192-ODA, D2192-DDM, D2192-DMDDM,
PMDA-BAPP, ODPA-BAPP, and 6FDA-BAPP. Each datum is

the average value of three points on a stretched sample.

Pl

4-10 7 P

4-10

PMDA-BAPP Pl
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PMDA

( Rigid)

Chan-Chain Interaction

6FDA-BAPP
PI
4-2-4 Pl
P
Model ANDO'S(50)

Dn°(Intrinsic Birefringence)

4-7
Pl
-D2192
Repeat Unit Model
ANDO’s
Gaussian 98W
Volume(V moe)
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D2192-ODA
Pl
Pl
Pl
Pl (Repeat Unit)
Repeat Unit
Pl Mode  Molar

van der WadsVolume(Vygw) Vimde



Molecular Volume(Vmgiecute)

HyperChem Pro6 Pl Model
Polarizability Tensors@,, ayy agzz) P Polarizability
Tensors Molecular Volume(V mojecuie) Pl
Repeat Unit HyperChem (HyperChem
Pro6 version 6.03) Hartree-Fock(HF)
Gaussian 98W (Verson 54) HF Density Function
Theory(DFT) 7 Pl Repeat Unit B3LYP
DFT B3LY P/6-31G(d)
Pl B3LYP/6-31+G(d)
(50)
4-2 Gaussan 98W 7 Pl

Repeat Unit (angstrom) Molecular Volumes(V mye:cm’/mol)
Polarizability Tensor(a,, ayy azz:arb. Unit)
TMA Pl Tg In-Plane  Out-of-Plane
4-2 Pl Tg,
4-2 4-11

Tg(PMDA-BAPP)
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Tg(D2192-BAPP)

Average

Polarizability per Volume(a 4/V moecue)  Average Refractive Indices(n,,)

Packing Coefficient(K,)

Intrinsic Birefringence(Dn°)

(30)

4-2 List of measured properties and simulation-estimated values of

seven polyimides

azz

axx

Aa
avy Nre Nrm Kp

N molecule

D’

Repeat
unit
length

(°C)

ODPA-BAPP 522.33

PMDA-BAPP 391.70

D2192-BAPP
0 444.10

D2192-ODA
(N

6FDA-BAPP 424.83

321.53

D2192-DMD

DM (1)

D2192-DDM

0]

D2192-BAPP

i 460.71

D2192-ODA
(n
D2192-DMD
DM (I1)
D2192-DDM
(I

367.24

345.17

324.46

391.68

31591

893.48

645.36

684.62

420.61

718.19

430.55

389.93

774.94

429.61

488.05

363.99

360.90

515.96

535.36

296.85

640.95

377.36

354.55

404.66

333.23

307.20

348.45

497.15 0.2751 1.6557 1.6554 0.319

327.40 0.3118 1.6698 1.6423 0.283

415:23 0.3021 1.6179 1.6172 0.277

335.68 0.2687 1.6307 1.6306 0.316

464.75 0.3523.1.5996 1.5984 0.232

324.60 0.2530 1.6075 1.6063 0.326

317.00 0.2523 1.6305 1.6297 0.337

460.23 0.2920 1.6179 1.6172 0.286

290.67 0.2664 1.6307 1.6306 0.319

337.34 0.2373 1.6075 1.6063 0.348

349.57 0.2758 1.6305 1.6297 0.308

0.404

0.234

0.189

0.149

0.131

0.103

0.077

0.305

0.168

0.212

0.021

30.270

25.359

27.905

17.267

29.716

18.960

17.267

27.026

17.004

19.05

174

253

311

251

289

254

281

272

251

289

281

272
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3 Polarizability
Tensor azz Pl Ayy
Azz Aq Repeat Unit
Pl (Determined the Gaussian View Program)
Z 4-2
Dn° 7  Pl(Repeat Unit )
4-10 7 Pl
4-10



D P
( )
Dn° (On) P
P
D-2192
PI Pl Repeat Unit
( 41 42  ODPA-BAPP

D2192-BAPP( )  D2192-DMDDM( ) 4-10
Pl (On) Dn°
Pl Pl
Wide-Angle X-ray Diffraction
ODPA-BAPP  PMDA-BAPP  PI
PMDA-BAPP P
D2192-BAPP PI
D2192-DMDDM Pl
D2192-DDM PI D2192-DMDDM PI

D2192-BAPP PI
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D2192-BAPP Pl

Dn° Dn°
M 4-12 ODPA-BAPP
PMDA-BAPP Pl 130% X-ray Diffractograms
o
‘»
c
Q
5
2
k7
=
[«}]
<

Angle
(b)

4-12Wide-angle X-ray diffractograms of stretched Pl films of

PMDA-BAPP (a) and ODPA-BAPP (b). The elongation of two Pl
filmsis 130%

PMDA-BAPP ODPA-BAPP PI

ANDO’s Dn°

I



Dn X-ray

Pl
Pl
P P
P
Mode Pl
P P
Pl
4-2-5 P
4-2 A a/Vmolecule
aal/Vimoecwe Pl Repeat Unit (Formul@) Pl
Formula 4-3 M
Chain-Chain Interaction Formula
Pl Dipole-Dipole Interaction Pl
Chain-Chain Interaction Pl
(Average Polarizability) AalV molecule
Dipole-Dipole Interaction Pl
Repeat Unit AalV molecule Pl



4-3 Proposed formulas for predicting effect of

chain-chain interaction on stretching of Pl
films

[(@a/Vmolecuie)/ o

Dn
Polyimide repeat unit length]®

PMDA-BAPP 0.000151 0.000151 0.234 0.234

ODPA-BAPP 0.000083 0.000083 0.404 0.404

D2192-ODA 0.000242 0.000245 0.149 0.168

6FDA-BAPP 0.000141 0.000141 0131 0131

D2192-DDM 0.000214 0.000251 0.077 0.021

D2192-DMDDM  0:000178 0.000155 0.103 0.212

D2192-BAPP 0.000117 0.000117 0.189 0.305

Pl Dipole-Dipole Interaction

Dipole-Dipole Interaction
Pl
Dipole-Dipole Interaction Pl
Pl

(Free Volume) Pl Relaxation
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Pl

Pl

Relaxation

Pl

(Saturation)

4-3
Length]
Pl
Pl

4-3

(F)

PMDA-BAPP

P F

Pl

Dipole-Dipole Interaction)

P P
P 4-10 Pl
(Saturation)
Pl Pl
(Saturation)
Formula ([(@ a/V molecue)/Repeat Unit
(Square)
Interaction Repeat Unit Length
Dr°
4-10 Pl Pl
Formula
Pl
Formula ODPA-BAPP PI
F  D2192-DMDMDDM Pl D2192-DDM

Formula
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Pl X-ray( 4-12)

Formula
Pl
Dn°
Pl
D2192-ODA Pl
6FDA-BAPP 4-3
Dn° (Evaluated using the
proposed formula) D2192-ODA 6FDA-BAPP
D2192-ODA PI  6FDA-BAPP P
( “41 4-8) D2192-ODA PI
D2192-ODA PI
6FDA-BAPP PI
Repeat Unit
Repeat Unit Repeat Unit
Repeat Unit Dn°  Repeat Unit Repeat

Unit Da(@a,— (@« +ay)/2) Repea Unit
Repeat Unit Dn° AalVmolecule

Repeat Unit Repeat Unit 4-2



Formula Repeat Unit

Repeat Unit Dn° Repeat Unit Repeat
Unit Repeat Unit Pl
Pl Repeat Unit
Pl (Conformation)
Da Dn° Pl Dn°
P P
ODA (Twist)
Pl Repeat Unit
Pl
Dn° ?
Pl Pl
Dipole-Dipole Interaction (Formula)
Pl Pl
LCD
(Methodolgy) Pl



Formula

Formula Pl




Pl C-Pate(n, = n, > n,)

Stress

Pl
Pl
A + CPlae(n,>n, > n,) LCD
DMA
Stress Relexation  Creep Pl
PlTg ) P
Pl Pl
Relaxation Pl Necking
Pl Creep
Pl
Prism Coupling Pl (nx
ny nz Pl Laser

Pl

Pl

Pl



Pl

Chain- Chain Interaction
Dipole-Dipole Interaction
Interaction
Polarizability)
Pl
P
Pl
ANDO' s(50)

Birefringence) Pl

ANDO'’s

Chain- Chain Interaction
Chain Interaction

Pl
Unit (Formula)

Pl

Pl
Pl
Pl Chan-Chain
Pl (Average

Dipole-Dipole Interaction

Mode

Dn°(Intrinsic

Model Pl
Pl

A Chan-

aa\//V molecule Pl Repeat

Pl



Dn°(Intrinsic Birefringence) aa/Vmoewe P! Repeat Unit

(Formula)Model Pl
Formula Pl
Pl X-ray
Pl
Dn°(Intrinsic  Birefringence)
Pl (Conformation) Da
Dn° Pl Dn°
? Formula
PI
Dn° Pl
Pl
Formula
Pl
Pl Intrinsic Birefringence(Dn°) P
Pl
PI PAA



Pl

A + CPlate(n, > n, > ny)

(VALCDTV)
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