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EEit. Upilex—-RMH25um,
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JSR-PILIFHN30umTHHE,
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EBREBL T

NEBOMEWE. Koros s'? Heg
LTWwaDual VolumeZ®Yr @
DEBREPHAVERETIT>Z, Fig. 3
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VA (W3 7cm?®) RUAMENB (B
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ig, 2 Chemical structures of polyimides
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EZ_BEEREBEODLOV ZAWVE, EBROFIC. TCHIORBOLEY 1 L5
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e
1. 1.3 HRUER " Upilex-R _A~35%C
IUE SRR '
Figs. 6RU7ICUpilex—
R.Ultem, RG*UIJSR-PID
CO. NESEBERT, RUN—-FX—
bW ohoNI AR\ F T, &
BWEHDCO BB TH, WELE N Sl .
CO M BLIHRICLD . BERFIICLEA ° f'c,’ atm* 20 3
TREDONERIEMYT 5K (CO23  Fig. 6 Sorption isotherms for CO; in Upilex-R.

The solid lines were calculated from Eq. 4

n
O

C/ em3(sTPYem3
o

YF4vazy 7%%) i)‘ﬁ?ﬂﬂénf W using the sorption parameters listed in
%, 5222 Uin L, ZZTHRNERY Table 1.
£ IRIZBLWTIE. BWES (25~ . N :
30atm) TOMMRBRECHTEL  30f J”*f}<f/ 1
EHTHEL SR DHOMLIEE  E " nem,s07c ]
AUTHo%, #>T. TheoRY 4 220 )
IREBUTE, CO0TRIHRIAM & plrem 2o
OHIAREATOBELIExTHELS S "Uitem t10fc 7
hEwWrEx6h3, Figs. 6RT ° T
TOWT IO REFERSERMICN L ° ff ',20 30
arm
THUEQHREZ>TED ., AELER Fig. 7 Sorption isotherms for CO, in Ultem and
OB CIBERICTIESWTWE, [RER JSR-Pl. The solid lines were calculated
from Eq. 4 using the sorption parameters
F-FliHLT, (4) XRzH#EAL., F listed in Table 1.

BEBD2REICED, N5A—F kY, C'"wELTDO'ORBEERELE,

Table 1RENIA-FVHERT, ST, k¥ (=k*+C'*D") W,
BEYOIBI3ADPTOEREE, £2K* (=C'%b*" k%) &. 20RO
Henry®¥E—kRcolERIINTZLangnuir®E—-RKTCORERD
lk2&d, Figs. BLTOERE. Bohr&ENIX-FYHEEZRANVT (4)

AL 5RO LFHEHMMTHD . EREL I —BLTWE,
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Table 1 Dual-Mode Sorption Parameters Based on Fugacity for CO, in Upilex-R,
Ultem and JSR-PI.

Polyimide C(f =20atm") kY cy! bt K! k!
[aSTPan]  [a]  [ow’GTPan™]  [atm'] {-] {a]
Upilex-R )
35°C 24.1 0.706 10.9 ’ 0.548 8.46 6.68
50°C 19.0 0.538 9.30 0.397 6.86 4.23
80°C 12.1 0.389 5.09 0.299 3.91 1.91
110°C 8.0 0.289 2.79 0.192 1.87 0.82
Ultem
50°C 26.7 0.881 10.1 0.454 5.22 5.47
80°C 16.4 0.593 5.21 0.338 2.97 2.35
110°C 12.6 0.405 3.19 0.203 1.60 1.05
JSR-PI
50°C 47.1 1.14 26.5 0.565 13.1 16.1
80°C 30.2 0.644 20.4 0.286 9.07 6.49
110Cc 21.0 0.563 12.0 0.213 4.52 3.10

(a] : em*(STP)cm~2atm™', K'=Ci'b*/k}. &'=k3+Ci1b!

EF¥ k., b*", #FLTk*Dvan’t Hoff7owbhik, Fig. 8m
EOEVWThOERTRTI LM TERE, k%, b* ZLTK"OBEROME
EhRkprEHenry®E—K, Langmuir®e—F, RUREYOICS
T5&PBEL Y FNVE—, AH®,

AH". RUAHc.o. OEME wof T R
Table 2i%d. Langmu B T
) . 0.3 __o
i rMREPREBRETHD 2D, © T 3
hofUl I RicBL . + 0.5F P =
ThORY L IFEBVTS e /k/& e
| AH®*y | < | AHY | TH o 2, o el o
. ~
T, EREIONHYTF 4 TRL woiyr . - _ Hrow,
— o ek
EReaoHERLEN, EHTRLUE e /,/o 15
(1) Kb (4) XA AREICRRE //8
.
BELSEBTER, N5A—F kot -0 . 3
2.6 2.8 3.0 3.2
Table 2 Sorption Enthalpy Changes for the VOO /T /7 K
Henry's Law and Langmuir Modes and
for the limit C--0. Fig. 8 Temperature dependence of the sorp-
Polyimide  Al} aH,  AaHL_, tion parameters, k3, b' and k' for
(kJ/mol]  [k)/mol]  [k]/mol] Upilex-R (—O—), Ultem (—-
Upilex-R -11.6 -13.1 -27.4 —A—+—) and JSR-P1 (-+++-:[J-roee0) .
Ultem =-13.5 -13.8 —28.6 Unit of k! and k': ecm*(STP) cm™®
JSR-PI ~12.4 -17.0 -28.6 atm-! :
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say %, gheh, Figs. 13RCF14KxFRY, Fig. 12~1400
&7uw hOBEE»S, Theh, Dp Dy, D*p 2 D%, RUD4LD4DE
#HERDE, FEEBarrer® ((7) R) DNNFTA—F D, Dov®ELT
DuD&MEIE. FREBD2RECLORDE, Bo5h &L OBBNN T A -5
#Table3imd,. ENIA—YHZAVEHBHE L ERELOBRELTT,
p—CH ((3)R) oHBHMEEFigs. 9 (a) RUF10 (a) KRMKT.
f-CHB ((5)R) RUFf —u® ( (8) R) OftEMHEFigs. 9 (b)
BU10 (b) LFig. 11ICRBRUMM. TEhehird., £, Bar
rer® ((7)R) otEmEEFigs. 9 (a) RF10 (a) LFigsg.
1 2 M TRY . |
Fig. 12IRTEO,. p-CBSoy bECHOEZLTED, EHM
DEORBENRTAMNBOENE, BRSO 20, 20D RPOEHNKENS
2T Bk, Barrer®o (7)) ANAYTHZLHELTNS, EE,
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THAHHBOHN, (3) RICL3EBLID HRBHEREET IRL, A
%%p—CQ&UBarrerﬁ@ﬁﬁ%?&é#atobmbf—Cﬂ((S)
£) REf—uX ((B) R) Yoy b, Figs. 13RTL4DESI.
EWiEElcBLCHEELBoTED, Figs. 9 (b)., 10 (b) RU¥11
OEH ((5) R) RUBE ( (6) X) RERRF—F LX< —HLTWE,
Mgt -CH ((5)R) ef—uB ((6) K) oFMBarrert!
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Fig. 9 Activity dependence of CO, permeabil-

! Fig. 10 Activity dependence of CO, permeabil-
ity based on (3) pressure (b) fugacity s ity based on (a) pressure {b) fugacity
driving force for Upilex-R. The solid driving force for Ultem. The solid
and dotted lines in Fig. 9(a) were cal- lines in Fig.10(3) were calculated form
culated from Eqs. 3 and 7, respective- Eq.3. The calculated lines from Eq.7
ly. using the parameters listed in almost overlapped with the corre-
Table 1 and 3. The solid and dotted sponding solid lines. The solid and
lines in Fig. 9(b) were calculated from dotted lines in Fig.1(b) were calculated
Eqs. 5 and 6, respectively. from Eqs.s and 6, respectively.
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Fig. 11 Activity dependence of CO, permeabil-
ity based on fugacity driving force for
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from Eq.5
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parison, the calculated curves from
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mined by linear least-squares analy-
sis of experimental points.
1 4 L L] L] 1 T L] T
" 30
- (o]
]
*o i /

N N
[+2] [o+]
T Y

€ [\V]
0y &

e
>

(]
n

* -
Px 10"/ cm3(sTP)icm cm™?s™' emH
w [49)

o

Ultem,80 % (1{0
-«
sl

do
6

o} 0.2 04 06 08
In(1+ b*f)/(b*f)
Fig. 14 Plots of CO, permeability based on

_19_

fugacity driving force according to
Eq.6. The solid lines were deter-
mined by linear least-squares analy-
sis of experimental points.



Table 3 Transport Parameters in three Dual-Mode Mobility Models and a Modified
Model.
P?Il.i"lpr:lg? lf/llodel DD “ lo—o:r)nbti/ls' D”a) o x 10"
Upilex-R _
35c PC 1.40 0.125 1.32
/c 1.34 0.072 1.18
Ju 1.29 0.052 1.45
Barrer 1.40 —0.016 0.127 1.35
50c PC 2.34 0.200 3.79
fC 2.22 0.144 1.75
fn 2.06 0.140 0.95
Barrer 2.20 0.372 0.158 "2.78
80c PC 6.29 0.592 4.42
fC 5.89 0.417 2.35
Ju 5.57 0.429 2.29
Barrer 6.10 0.486 0.488 3.7
110'c PC 16.1 1.52 3.72
JC 15.3 0.852 1.94
Sfu 14.8 0.976 2.57
Barrer 14.6 2.93 0.637 2.13
Ultem
50C P-C 126 2.00 31.6
fc 12.3 1.61 23.2
fu 11.2 . 1.45 27.6 -
Barrer 12.7 —0.125 2.04 32.6
80'c PC 30.9 4,97 30.7 -
JC 29.9 3.80 24.7
fu 21.9 3.69 36.2
Barrer 30.5 0.742 4.83 29.9
110c PC 66.6 12.2 28.3
fc 64.5 9.03 24.9
Sfn 61.0 9.89 32.9
Barrer 66.7 -0.125 12.3 28 .4
JSR-Pi
50c fC 15.2 0.316 19.7
80c fC 38.9 -1.24 26.0
110c  f-C 67.1 2,28 37.6
a) Dp and Dy for p-C type, DY, and DY, for f-C type D% and D% for f-u type and
Dpp and Dy for Barrer type ; 10-*cm?/s
b) Standard Error ¢ was calculated from the equation
o= [Z(Pl‘Pcalcb),] Vi /n
where P, is the experimental permeability and P.,. is the calculated values of
permeability and »n is the number of experimental data points
-20-
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Polyimide AE (DY) AE (DY)
HOERRIME TR LEBBELTWS, ‘ {kJ/mol] [kJ/mol]
#o>T. AWK TORY 4 I kOBA opplexk o B2 o
OENMO. 1BELNETVWDT, m%m% JSR-PI %6 3.2

BN ALRBOB AP EZBDEEZIBNS,

HLBERBD XD (f —CH!) Arrhenius”uv bk, Fig.
15n&>Iic. B>k, £/, D4 D4 (f—uBl) RUEDye Dy
(p—CHl) p&Arrhenius”/ov by, EREEBEHZ, LML, Ba
rrerBEORMOFVWTES NS Diw®Arrhenius/ay FOBEMEMER
d<lizhok, Fig. 15NHEHHBOMEIDRDED LD wDWE LT XN
¥—AE (D%) ., AE (D*) #Tabledicid, DAKRTD4, DRV
DuOBEMIEZ X NVF -k, Fheh, DWW D" wOELIZLALBEBLTH =,

g - BB A-—YHEOR UK DORE
BV4IRETCOCO.0WE - BROFERIEFEKRIZ. LB L>ic. 2TNHE
"BEETVDOIASTAICEILEBRR (4) R (5) Kickbh. BWESH

HEFEFCRINDZI LMD oRE, 22T, B5hENE - BRANSIA-FHEOD
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Fig. 16 Concentration dependence of effec-
tive diffusivity of CO, through
Upilex-R, Ultem, and JSR-Pl. The
solid lines were calculated from Eq.j0
using the sorption -and transport
parameters listed in Table 1 and 3.
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Fig. 17 Fugacity dependence of diffusion
time lag of CO, through Upilex-R and
Ultem. The solid lines wére calcu-
lated from Eq.11 using.the sorption
and transport parameters listed in
Table 1 and 3.
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¢ b Fig. 18 Chemical structure of BPDA-DDBT polyimide. Two
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Fig. 19 Chemical structure of polyimides.
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CO.0ONY - BREERIE, 1. 1icd~zDual VolumeHOESR
SRR ERUREEAAEERAVT. 28at mETOEHRETH -
2o BICED SEVED . BBMEECO. A LHRAICEALTY BHEBY A LT
Y OBEOBMETT -2, $2XOMEOMICEEOL - TREEREVE,
BYALS7 DD L2 0BOBMBEEHALE, RENERES AT
BB ETITok. ROMEOFICIKRB LV, WETHICHET B0IH
ERBMLD LEVHEEERALE, I8 LBROT— 71k 25 5HEVED
PEBWENALBICHEL R, ZERERBREE ST 5 CORKMI
b7 s BAME BT, |

¥¥yS5 789V E->av

HEAXHEETT (WAXD) Higll. B¥BROXETA 757 A -5 —%2H
WT. CuKaTHELE, BEIX, 3wt ) hAKEHEEAWEEBRE
IDFEBIBWTHELE, REEARBRAN (DSC) &, BEBIADORIM
EEHAIWEHEZETINODSC-7000%2HWT., ZENH 49 OCHERER
HlicbWwT, REFEE20Cmin 'TiTo k.

1. 2. 3 HRLBER
Xvy575)E-av
WAXDHBEOHER., CCTRULERVAS I RBREIIRTEEETHO L.
BPDA-DDBT®RY
1 I ROEYMEHEZ
Table 5IZARd, L

Table 5 Characterization of polyimide films?/

BoioHic, WECO.MA Polyimide T Densit 8 Vg
(98] [g em™3] [(3 e /2] [ = ]
BitEMBBR W
BPDA-DDS, BPDA-DDBT  »>490  1.372 34.1 0.125
BPDA-ODA. BU BPDA-DDS 350 1.410 32.7 0.118
. BPDA—-ODA 270 1.366 32.3 0.121
PMDA-ODARYA I PMDA-ODA 420  1.395 3.6 0.129

ROEHRT (ChesD—
N . . a) 6§ : solubility parameter,
KiMERB2ET ig. 1 free space

rREh?) o Whd

VF : fraction of
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“HHAHN” 024RL LT, XX TEESIhB3 VAW, FHATCEILE T
)—AR—ZXBR) LRREZLILT B,

Ve= (Vi—=Va) /V, (12)
ZZT. ViRUVE, #heh, ZRERVFOKIEBIZHAFOENERT.
K Vi dEESF— D oHE L=, Volik. Bond i oFEFEFSE M SEHEL
| zvan der Waals#Mol. 3 LTRDE, ViZTORE
TOENVHHBICH TS THEGER: 2 0%AaTHZ (ZOBB V' EHEI?FH
DRIGEEORELRE) . BMENSA—%SiFvan Krevelen3?
ORFHAESECIDHELE. 2 FRELERICBENT e S5FMTEDZ LD
. BPDA-DDBTHYAIKEIChBOR)A I RORDIPTROAELTR
AFHEDD, COBVAIREFZODAFNVEOBRBUBNRRD3IDOTT
IVUDNLRBIABERTH D, HIELRESFHEI»EIBLIARUCKEGLEAF
WEIZ. BAFHORIEEHETZ L EIS NS, COR)S I ROEBEBIIED
EOICRDEBELBAYD 1BOANF =NV B EHF O>DBPDA-DDSHYAL XK
EbhbihEhoiz,

E7vEHRVLIROEYHMEETable BIETT. 7VERSHRE (F]
DEBWEY A IREFLEVWCHEZERLTED., 79ROBAMBAGFHET A Y
FEAOHEEHEETEEZ b2 3, [F] BREVWBDIELCRERV 2R
SHEENH D 2. CFEOBAR. BAFHMBEEADOET RV Z O hHE
IO BAFHOFKIEEMEL, cOBEBRV - 2HMEEZI LB D,

Table 6 Polymer characterization and sorption properties of €0, for
polyimide films?)

Code Polyimides T, Density Vg 6§ [F] ¢ kp  C'y b
NG. [°¢) (g en™3) [-]
4F 6FDA—mﬁ'ODA 260 1.438 0.162 27.2 14 35.3 1.14 28.4 0.540
. 4A 6FDA-BAPHF 243 1.429 0,181 24.3 19 37.8 1.23 31.9 0.400
il 4D 6FDA-pp'ODA 299 1.432 0.165 27.2 14 41.9 1.34 34.0 0.516
38 BTDA-BAHF 298 1.437 0.153 27.7 14 47.5 1.82 34.2 0.601
‘ ) 6FDA-pPD 351 1.473  0.161 27.7 17 49.9 1.53 40.7 0.562
i 2B BPDA-BAHF 329 1.424 0.157 27.2 14 50.2 1.66 39.6 0.564
48 6F DA-BAHF 305 1.480 0.182 24.1 24 52.2 1.68 43.2 0.453
j‘ 45 6FDA-pDiMPD 355 1.390 0.175 26.8 15 53.3 1.40 45.5 0.636
M 3J BTDA-mTrMPD 397 1.293 0.1317 32.1 0 60.3 1.65 49.6 0.743
‘[ 4J 6FDA-mTrMPD 377 1.352 0.182 26.4 15 72.6 2.22 60.4 0.499
| 41  6FDA-pTeMPD 420 1.330 0.182 26.1 14 80.6 2.24 70.0 0.495

a) 6 is in (J cm'3)]/2. [F] is in 1073 mol em™3. C and C'y
are cm3(STP) cm"3. kp is in cm3(STP) cm™3 atm“]. and b is in atm™!. C is
the amount of gas sorbed at 10 atm., [F] is content of fluorine,
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Fig. 20 Effect of CO, conditioning on sorption isotherms of CO,
in BPDA-DDBT polyimide films. Data were measured at equilibrium.
As-cast films: @. Films CO, conditioned at 25 atm and 80°C for 40 h:
O, first series; O, second series immediately after first series; A, third
series after standing the samples in a vacuum at 80°C for 10 days after

the second series; @, fourth series after reconditioning at 35 atm of
CO, and 80°C for 40 h after the third series
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Fig. 21 Efect of CO, conditioning on permeability coefficient of
CO, through a BPDA-DDBT film at 80°C. O, as-cast; @, 7 days after
CO, conditioning at 35 atm and 80°C for 20 h; O, 3 months after CO,
conditioning
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Fig. 23 Variation in permeability coeflicient of CO, through a
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Table 7 Sorption parameters of CO, in BPDA-DDBT polyimide film*

Temp. c ko Cy b
°C) (cm? (s.t.p.)cm™?) (cm? (s.tp)em3aim™') (cm? (stp)em™?) (atm”') Gy b/ky

80 375 0.646 28.5 031 13.7
C 38.7 0.673 29.6 0.288 12.7
50 50.9 0.906 35.6 - 0.585 230

C 52.3 0.993 350 0.603 213
35 60.2 1.17 390 0.847 28.2
62.5 1.30 388 0.807 24.2

* Cgo is at 60 min and C,, is in the equilibrium state
b At 20 atm
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Y. WEMNECBDRY. B Fig. 26 pressure dependence of permeability coefficient of CO; (Peg)

e — through a BPDA-DDBT polyimide film. The dotted and solid lines
Epﬁjﬁa}%ﬁ T—=% ‘iﬁiﬁi)‘ 5 were calculated from equations 3 and 14, respectively

o

Px10° [em*STP)em* s'emHg']
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ARELRHELE, ChiFCOL&B3EAFHOTRIEDEDEERI BN D,
Sternbsik2TlE - BHETSNVE, HBERN (13) XOL>LAED
BB TE XN BZBEICHIRLE, 39

D=D (0) exp (BCy) (13)
CZT.D(O) oMYy /AP TCoORBYOCBII2HAE. BlXTHLBRE
BOREEXEUERTERNSA—-%, C,=Cp+F - Cuy, 2ULTFIIHIBH
Ei2F->7zLangmuiriEBo#lazRd., COEFNVICLD L. Bk
BoEHhEEHIRORXTEZX BN B,

P={D(0)/(Bp)}<exp[ Bkop{1+FK/(1+bp)}]-1> (14)
CZTKWE (C'wb ky) THPB., Fig. 26860F—%% (14) RATHITL.
BEBBNSA-YORHBERD, Table 8lrEd, Fig. 260

Table 8 Transport parameters of CO, in BPDA-DDBT polyimide film*

Temp. 10top* 10°D(0) F 10°8

C) (em? (s.tp)em™'s™'cmHg™') (cm?s™') {em®cm "3 (s.t.p.))
80 8.81 8.99 0.031 49

50 6.81 5.03 0.03t 7.8

35 6.28 339 0.033 11.5

* The values of the paramelters are for unrelaxed state

» At 20 atm

ERT (14) RofrHEMKT, ERT—I LR —BLE, Thbb, BiBRK
BoOEHEERIIHER2 sE - BBIESVTCHACERTE R, Fig. 27
4135 CREBUIBRABOENEKEE2TRT, HHOST7vERYA IR
KBWTH, BFDA-pDiMPDHEYALIEK (4S) 2R\ T. ZRFEEOD
EH&EEEHIENDEEMICE LR, (14) RNick3BFTcHsh3RR
NSA—%zTable 9QkFRYT. B7vERVALIRIIBIUZL#I
BPDA-DDBTHRUAIREBEUPEAULETH D,

1. 1T LEFig. 208V 4 3IKkD, 2. IBWTCRIPMDA-
ODA, BPDA-ODA, RUBPDA-DDSKUYASIKTIE. 25atm
FTOEHRBIEBWT, CO.OBRBFBBIEEHMMIZHEVWEDL L., (3) Xd
20E (5) ATRLLRY, LiBFEROREKEEIBRH S 2D o=,

EHOHMIZHES CO.NRBEBOMMIPMMAL FO—BOBSFRTL
Wao—2X7E57—h (CA) B DE5RHI2BOHNS ARBAFICO>WTHEX
hTwd, Sanders®*? i, FVIT—FNVINVFYBPRBELEZCO LD
AEftEh s, CO.0BBRBITEHOMWMICEWEDL L, BIEa 52N
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Fig. 27 Pressure dependence of permeability
coefficient of CO2 (PGB) through 6FDA-pTeMPD
polyimide(4I) film. The solid line was calculated

from equation 14,

Table 9 Transport parameters in polyimide films for CO, at 35 oc.a)

Code Polyimides Vg P C D D(0) F 8
no. (-] -]

2D BPDA-pp'ODA 0.121  0.57 27 ) i o.ogz *
1D PMDA-pp'ODA 0.129  2.52 37 0. . 0.08

.15
.15
.1

0.153 9.80 47.
0.157 28.3 50.
4T  6FDA-pPD 0.161 35.8 49,
4F  6FDA-mp'ODA 0.162 - 35. -
4D  6FDA-pp'ODA 0.165 16.7 41. .09

0

0

0

0

0

3B BTDA-BAHF 5
2
9
3
9 . .
4S5  6FDA-pDiMPD 0.175 49.1  53.3 . * .06
8
2
6
6

2B BPDA-BAHF

#*

4A  6FDA-BAPHF . 181 - 37.
48  6FDA-BAHF .182 59.5 52,
41  6FDA-pTeMPD 0.182 327 80.
4J  6FDA-mTrMPD 0.182 407 12.

8.7 17 .14
31 68 .1
43 90 .10

a)C is in cm3(STP) cm_3, and P is in 1010 cm3(STP) em™1 g1

cmHg™!. P, C, and D are at 10 atm. D and D(0) are in
1078 cm? s71. Bis in 1072 cm3 cm=3(sTP).
* Dy, F( =Dy / Dy ) in original dual-mode mobility model.
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AFEHPRE T, O, BAREELTWAZEMBARLTVWS DB LARZN,

SHRBICB 2008 - B
BPDA-DDBTHYA I KOTHRBICH T 3 WESRFITKBEINRED

bOLAR (1) RTL<REE, BONENESSA—yD#EETable
TieRY, RBRRBOE NS A—VELIEBTZE, CO lckbIERIEN
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A= PEEh2hMENEEKEEZSNTED, ZheBBFFO—RBEL Y
OO REARERFOOLREMNFELZhD, ChETIZ. KV I RUADOH T IR
BAFIBI3COMHEILBVWT, Sy 7Ia7NEBRC W BHS AERBERE
TgttT B3I EMRINTNS, '""CO2CH,OAY Y —RIFERE EXK
KofHDD, DNVRNVEBEANV K NVEBOSHEREOKRERE I FIZLKE
WIenHEshtnsg, ‘2 UL, BWHRBICOEZEAFICN L TOFHL
WREZEIhTWEREW, £i2, KR EHRDEE, RV IRIEBI3C0.01
¥ BB —XWELOMFRE2INE - BRETFNVERAWTRAREHRRZ 2D
ok, BiE, KBS O S5HBOE 7 vRRIA I RIEBIISC0.CH. DR
HZRBEHAR, 2RPBEETIVTHRITLE, BERBRERBROXREXIX., £
o, SRBELESFLOMEERICKRZL. FHRS THMEBEICOW S 5 EKE
THRLERITED, WEANSA—FHL-—XBELOBMRIEERLTVAEN,

1. 1R UT1l. 2HThlRELSIC. AHRTHREL THBEOEEERY
LIRIZBIBZCO.0INHE - BBREHIT2 tINE - BHETFTNVTRITTE 2,
1. 3T, CO0lHE - BRFKHL—XBELOMFREWAENICTEILZ
BRI LT, BUAIRCBUZ 2% - BHETNVONTI A-YHLBIF
OXEMMEEL OHMEZEDOMOH S AREA TN T 2 XMET 1272545747
b TRE T 3.

1. 3. 2 HRr3E

Ut o B
FMACHAREEEER) A I ROBEPHEBLISCEBIZC000H - &
BA%itEETable 10RU11licEFr®Hi, BPDA-DDS, BPDA
—ODA. RUPMDA-ODARV A IRDF—FIE, 2. 2HTRHRZER
D{Ikmas castBlcNdT35F—YTH%5, TCDA-ODAKRY A X
kKizl. 1 CHAREISR-PITH3. WFhoRVAL I RIZBVLWTH, I
FEZEKE, FHARESWE (1) K 7HYFALESWE (4) Xorbs
THHIEVEOT, HORSFOXMBEL OEBOEDHIC. EHIEIVEN
HNRIA—VHEAWS, BREBROEHEEEZRIRBR & LT,

..38_




PMDA-ODAZRWT., 7HYT 1 IEIL (5) OANRBVWOT, 7HY
FALEISEBNI A Y EEHVWS, PMDA-ODAR YA I RTIL,

(5) A&khd (3) ROAMNTF—FYEZRRLEDT, EHICEICBARNS
[FG] EANVENWBANVFVEOEERETH S,

A= 57{Ei%i,13 A 25 °

[CPIWR[FG] &7V —ZIR—ZBBV OREEERBUEEAENT X ¥
T, 8Tk ~R%, BPDA-DDBTHYA IRRUFE7VER) AL I RIZ. W

BCO.OWMELHRICLIHLBABOREKELZTUE,

(14) Kickb#

WLTHLONEZERNI A—FD (0) FREYOILBI3DcHYT S, Fi

Table 10  Polymer characterization and sorption and transport data of COZ for polyimides at 35
OC in the amorphous state.?

No. Polyimide Tg & Vg [FG] [CP] P C B  ky C4 b Dp Oy
[°c) [-] [atn]
1 BPDA-DDS 350 32.7 0.118 16.8 2.00 2.41 41 4.5 1.40 30 0.86 11.6‘ .6#
2 BPDA-ODA 280 32.3 0.121 11.9 1.49 0.57 27 1.6 0.75 23 0.55 4.3 0.4#
3 PMDA-ODA 420 34.6 0.123 14,7 1.84 2.52 37 5.2 1.12 3 0.5 14.6 1
4 PEl 215 28.8 0.143 8,7 1.36 1.17 23 3.9 1.00 14 0.56 7.4 .1#
15 TCDA-ODA 350 32.3 0.124 13.9 1.85 1.72 45 2.9 1.23 35 0.73 9.8# .3’
a) § is in (J cm'3)]/2. [FG) is in 10~3 mol cm-3. C and CH' are in cm3(STP) cm"3. kp is in

em3(STP) em™3 atm™!, P is in 10-10

cm3(STP) cm™) s~ cmHg']. D, Dp. and Dy are in 1079 cm? s71.
P, C and D are at 10 atm.

The superscript # refers to the fugacity-based quantities.
: polyimide prepared from 1,2,4-tricarboxy-3-carboxymethylcyclopentane dianhydride(TCDA) and ODA

TCDA-ODA

(JSR-PI).
Table 11 Polymer characterization and sorption and transport data of €0, for polyimides at 35 °C in
the amorphous state.?)
Code Polyimide T é VF [FG] [cPr] P C 1) kD C'H b D(0) F-D(O)
No. [°¢] [-] [atm™)

16 BPDA-DDBT  >490 34.1 0.125 15.5 1.96 6.20 46.6 10.1 1.17 39.0 0.847 33.9 1.12
4F 6FDA-mp'ODA 260 27.2 0.162 9.5 1.67 - 35.3 - 1.14 28.4 0.540 - -
4A 6FDA-BAPHF 243 24.3 0.181 6.2 1.49 - 37.8 - 1.23 31.9 0.400 - -
4D 6FDA-pp'ODA 299 27.2 0.165 9.4 1.70 16.7 41.9 30.3 1.34 34.0 0.516 55.6 5.06
38 BTDA-BAHF 298 27.7 0.153 11.6 1.82 9.80 47.5 15.7 1.82 34.2 0.601 26.4 3.83
47 6FDA-pPD 351 27.7 0.161 11.4 1.89 35.8 49,9 54.5 1.53 40.7 0.562 106 11.3
2B BPDA-BAHF 329 27.2 0.157 9.6 1.63 28.3 50.2 42.8 1.66 39.6 0.564 68.7 9.96
48 6FDA-BAHF 305 24.1 0.182 8.0 1.72 59.5 52.2 86.6 1.68 43.2 0.453 ]71* 23.4*
4S 6FDA-pDiMPD 355 26.8 0.175 10.2 1.90 49.1 53.3 70.0 1.40 45.5 0.636 229 13.5
33 BTDA-mTrMPD 397 32.1 0,131 14.8 1.95 - 60.3 - 1.65 49.6 0.743 - -
49 6FDA-mTrMPD 377 26.4 0.182 9.7 1.92 407 72.6 430 2.22 60.4 0.499 902 92.0
41 6FDA-pTeMPD 420 26.1 0.182 9.3 1.88 327 80.6 308 2.24 70.0 0.495 680 75.5
a)the unit are the same as in Table 10. D(0) and F-D(0) are in 1079 em? -1, P, C and D are at 10

atm,

F is the fraction of Langmuir sorption species having a finite mobility.
* Dp and Dy.
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LangmuirlitHenr y REHOLBRBOLEERT? 32 DT,
F-D(0) GABPOIcBIADWHETRLEZILND, 850D,
SCRKT 1025434 e X W T NB R 4 I RUADEER TS XREZFFD
35CIBITBCO%E - BifiKEE%2Table 12LFrdE,
EETvERVA IR ARBAFICLEART, TeghE, SHKE
oy <. FUT, VEDhEWEWSHHMER D, CORYA I RIZ, kB2 F KD
i bHBRE N SRR 2R U, CNREHEENMENC LIc X5, HREEH
DA IRUAOBATLDBAEL, Thid, koo C'u. RUBRMAZED MW
ThbAEWEDTHH R,
TJTyRESEAE [Fl1 BBVWEYA I RELEVWGERLTBD, 79vEDS
ADES FHBOWMEERZ2ETERBIeMbMB, [F] BREVWHODIEY
AERVeEFEHOBRANH-E, CF.EOBAL. BA4TFHMOBWEFEROET
BUZOMEMEEIL LD ES FHOKIEEMEL. TORERV-IHEMT S, &7
OERVAIREBVWEREEZTLE, ChIZFICAEREBEMEICK S, B
B o8B FiclbRTAkED o=, EETIRRVY A I RICHART, kot
C'uBAEL, bi/hamok,

Table 12 Polymer characterization and sorption and transport data of €0, for glassy aromatic polymers
at 35 °C and 10 atm.?)

[°c [ -] [atm™]
5 PPO 209 22.9 0.202 O 1.00 60 30.5 150 0,788 32.6 0.216 400' 42# 25)
6 PSF 186 25.8 0.162 5.6 1.21 5.8 22.6 19.5 0.725 19.2 0.390 39, 4.4' 25)
‘ 7 PC 145 23.0 0.166 4.7 1.1 7,0 20 26.6 0.685 18.8 0.262 62 4.9 7)
8 PS 100 18.6 0.174 0O 0.68 7.0 11.5 46 0.5 9 0.17 80 27 43)
9 PAr 190 24.3 0.166 6.7 1.38 9.0 24.7 27.7 0.98 19.8 0.30 61.5 5.5 10)
. 10 PH 94 24.9 0.140 O 0.29 0.41 9.5 3.3 0.289 10.0 0.184 8.8 0.8 44)
I ‘ﬁ 11 PPha 279 27.4 0.164 8.7 1.60 14.6 40.0 27.7 1,23 34.7 0.4 76.5 5.4 10)
h \ 12 TMPC 193 24.8 0.181 3.5 1.18 18.4 30.5 45,8 1.011 27.7 0.283 123 7.7 45)
L 13 TCPC 230 28.1 0.185 3.6 1.23 7.1 28.7 18.8 0.860 26.4 0.316 56.0 3.0 45)
14 TBPC 263 27.9 0.180 3.4 1,05 4.6 28 12.5 0.840 24.6 0.395 37.6 1.8 45)
17 PAS 126 23.2 0.212 6.6 1.9 - 19.3 - 0.769 16.8 0.221 - - 46)
18 PMxS 105 21.5 0.164 O 0.56 - 13.1 - = 0.536 14.1 0.123 - - 46)
19 NBPC 235 25.8 0.1n1 3.9 1.1 9.1 24.17 28 0.978 19.8 0.306 61 6.7 47)
20 PCZ 185 24.3 0.155 4.1 0.95 2.2 171 9.7 0.545 18.5 0.172 26 2.3 47)
21 BCPC 164 26.4 0.189 4.5 1.39 5.6 18.1 23 0.718 14.9 0.2N 49 6.1 47)

a)the unit are the same as in Table 10. P, C and D are at 10 atm.

PPO : 2,6-dimethyl-1,4-poly(phenylene oxide), PSF : polysulfone, PC : polycarbonate, PS : polystyrene,
PAr : polyarylate, PH : polyhydroxyether, PPha : poly(phenolphthalein phthalate),

TMPC : tetramethyl-polycarbonate, TCPC : tetrachloro-polycarbonate, TBPC : tetrabromo-polycarbonate.
PAS : Poly(p-acetoxystyrene), PMxS : Poly(p-methoxystyrene), NBPC : bisphenol of

norbornane polycarbonate, PCZ : bisphenol Z polycarbonate, BCPC : bisphenol of

chloral polycarbonate.
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Fig. 30 Relation between Langmuir affinity constant b
of CO2 at 35°C and content of carbonyl and_su]fony]
groups [FG] for glassy polymers. Keys as in Fig. 29.
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Fig. 31 Relation between Henry's law solubility
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polymers. Keys as in Fig. 29,
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BoTWk, PI-1, PI-2RUPI-3DEEIE. X#* 2 cBVWTHRE
EhTWBNIET 51 I R{IEVHEBEBEOROBEE L IZEFRALTCH - =,

PMDA-ODARYA I KRROBEATFHES A bOKFLOEEIL. M1
1 IFMMLBEOLRICLBRWHEMT D, CORV A I ROBEHMEICHL T,
HHS 'O 2HMEETNVERBEL WS, Tbb, OFRBMEIKRERL
BERHEILSRIARAHER2HBECHERTCES., OBFHIEEEDEARE L
BEZVERLEEHOPHIOLZRETSHS. O I REEEOHMICHEN
BRFEHOGHIRIIHEMTS, LLTW3, —f, Russe 1'"ik, #&1EM

Table 1 Characterization of PMDA-ODA polyimide films

Typical
thickness Density
Sample Imidization conditions (pm) (g/cm®) MOR*
PI-1 160°C, 8 h and 200°C, 20 b 55 1.404 —
PI-2 200°C, 20 B 38 1.405 1.029
PI-3 400°C, 1 k¥ 26 1.429 1.039
Kapton-H Commercial 25 1.431 1.176

“See the text; the values were measured at 3.98 GHz and normalized for films 30 pm thick.
®In vacuum.
In nitrogen.

Kapton-H

5 10 15 20 25 30 35
20 / deg
Fig. 2  X-ray diffraction curves of polyimide films. Radiation source: CuK,.
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DOWAXDMBRE 70— RTHESEZS I V. COBMNEERERETH
32t%E7Y, —hH., HOBPDA-ODARY A4 I KREOWAXDMEIE o
— R TCHBHRICBOVREE—- 7 NER>TWVWS, BO-2, BO-3, L
TUpilex-REBOFEXEIX. BO-1En. zh?2h2. 7. 3. 2. 2L
T2. 3%hKRERMETH 2. CThEDMRIX., TgULTHMBELEZBPDA
—ODAR) A IRENHZIBEOKFMEEZAEL. as castBIIEER
METHDICLETT, HBIFOBEVWHEIE., ChsOBBESETCHBZI T LETR
T Btz th b, RFLOEEIIBO-3>B0-2>Upilex—R)
BO-1DBTHBZtbdol,

BPDA-DDSHKRYAIFDODSCHikRiIX. BPDA-ODARYALIKRT
BHMENELOBRBE -V BRET. HSAEBICHXTZEL (350T)
OHzERLE, Fig. SIZFRTEBIC, COBYVSfIkwas castllR
UTEUETORLEBOWAX DMK, Y558, Ju— RTHESEY Y
e FTHVEREY, FEMLBICLZ3EBERE Do, ChBEDERLD,
1 BPDA-DDSHY {3 KBEMLEE L TORFREEERET, as
" castBrBUBBIYLEELEERTHEZI LMD R,
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Fig. 5 WAXD curves of BPDA-DDS polyimide films: (1) as-cast film and (2) annealed film.
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PEIERE 2w, BPDA-ODARY £ I kOMOLEIZ L3 EEOMIMNT
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PET (5%) kb /hE W, BPDA-ODARY A I ROEIFHOMKFE
tixz@ABOERILTIERS., PMDA-ODAKRVSIRDBALABROESF
SHBEOBEALDEO>THD. TEULOBET. 2—FNVESED OAEEE
NEAFHOHIRBOIVF—RA—YayZAkicL. B2 FHOLOEE T
OBt DHIRIEEDHEETLEIBND, T—FNERIRXT. XWF
ZWEGA2BTS5BPDA-DDSRKRIYASIKIZ, TeUETRULELTHER
BEZEB U Dok AVFNEEGZETIERSFHINET, c0820
AREREICXZ2BAFHOI Y F—A—2ayELREEIDIZEL VWD T,

BPDA-ODARVYAIRDLSREFBEN L ZVWEE X BN B,

W - Bl
BPDA-ODARAY A I RBICBUBCOMEFBMEF ig. 6IZRT,

flatm®)
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Upilex-R _o—"
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e
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5
5
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20
Platm)
Fig. 6  Sorption isotherms for CO, in BPDA-ODA polyimide films at 80°C.

Table 3 Sorption Parameters for CO, in BPDA-ODA Polyimide Films

Temp. : b
°C) Sample c* kp Ci (atm™?!)

Upilex-R 22.8 0.596 12.0 0.478
BO-1 28.1 0.609 179 0.392
Upilex-R 18.1 0.456 10.3 0.348
BO-1 177 0.449 10.6 0.236 '
(0.516) (9.6) (0.262) 3.0) 4.9)
BO-2 - 92 0.267 4.7 0.216 1.3 38
Upilex-R 11.6 0.335 59 0.252 1.8 44
(0.389) (5.1) (0.299) (1.9) (3.9
110 BO-1 117 0.327 7.0 0.140 1.3 3.0
110 Upilex-R 7.7 0.254 34 0.162 08 2.2

Note: C and C{; are in cm® (STP) cm ™3, kg and k are in cm® (STP) cm~2 atm ™. The values
in parentheses are for fugacity-based parameters.

“At 20 atm.

k = ky + Cib.




2RPBETNVICENEL, A5 ZARBAFLEBI3860NESRARERATE
Eha (B1LEFPR (1) XEW) .

C=k,p+C'wbp,/(1+bp) (5)
Fig. 605—%% (5) ACMITL. B#ohkE2xliBENSA-Yll%
Table 3EFR7T. {HERELT. (5) ROEHORDYICIHY T4 2 H
WERICEODBITLERENS A—HoMbTable 3lkcRd, 7HYF 4
CESWERBNI A -FYHEIIEHCESWERENSA-YELETRRST
WM, Ub5bNEFEMETAICRCERTER, UTTIk, ftoBmaFL
HBETZDOIEHWENRWY., EAICESWERBENASA—-YOMERAWVTRRT S,

EEMMICEBRVWEHEREIELL, B80CICBI3BO-20ERIIBO
—1M50% THoke ChiFko b C'WOBANBL LESLICED, kok D
HC WDAMAELBLULEZLICED, 2o ERIcHT B3 Langmu i
rifEOFSEETLE (C'ub/koflDFHD) . ZOKRIZ. PETTOHRE
$.6-8 VL WMTHD,

BPDA-ODARRYA I KRBICBIB ks, b, 2LUTkDvan’ t
Hoff7ny hhb6@BhE&8NBELTY ¥ W= (AHy, AHu ZLT
AHc.o) OfiZTable 477, HOHS ARBAFLER., AHuOA
MAHICHARTRERADETH> 2. WTFhONFEZ Y VP—H, BO-1
tUpliex~-ROMTERIZLAVROARD S, |

Table 4  Sorption Enthalpies for CO, in BPDA-ODA Polyimide

AH
Sample AH AH (kJ /mol) AHp - AH, AH_,
BO-1 -15.1 ~107 -17 6 -3
Upilex-R —144 -110 -4 3 -27

“For C at 20 atm.

Fig. 7. BPDA-ODARRVA I KBICBIIB8 0CTHOERFEN
POEHp#k#EtEE “O” T, 7HVF 1 k&% “@” CFRT, 2hThoF
—5Z2E  BHETNVD (6) ARC (7) ATHIFL. ThehoBk
NIA—5ORBEERDE (B1EFR (3) RC (5) X8M) .

P=kyDpy+C'ybDyw/ (1+Dbp) (8)
Pt=k* D%+ C’'"b"D*,/ (1+b"f) (7)
CCTC, L #BIHYF A LB I RTHHILEFRT, ThoOERVE
AR EF ig. 7L, Theh, ERRTERMTRT. 1. 1HORY A3
KERCERIC, B ( (6) ) BRWEHHEBOT -y 5EFHANh =D,

A7) X)) BBVWENOT-YETRLSKLE. 2T, BPDA-




Upilex-R '

P x10" P*x10" [em STP) emi's™ cmig']

510 ,
p, f (atm]

F 1 g. 7 .Upstream-pressure dependence of pressure-basea (©) and fugacity-based (®) permeabil-
ity coefficients for CO, at 80°C in BPDA-ODA polyimide films. The solid and dotted linés were
calculated from egs. 6 and 7, respectively.

Table 5 Transport Parameters for CO, in BPDA-ODA Polyimide

Temp. _ Dii/Dp
°C) Sample Pt D* D§ DY (-)

Upilex-R 119 0.79 1.34 0.072 0.054
BO-1 72 39 1.6 0.57 0.076
Upilex-R 1.53 1.28 22 0.14 0.065
BO-1 12.2 105 17.8 1.7 0.096
(18.8) @.1) (0.11)
BO-2 1.89 3.1 44 0.31 0.071
BO-3 2.04 3.4 4.8° 0.42° 0.088"
Upilex-R 297 39 5.9 0.42 0.071
(6.3) (0.59) (0.094)
110 BO-1 21.3 21.7 4.1 2.7 0.061
110 Upilex-R 5.6- 11.2 15.3 0.85 0.056

Note: P is in 10~ " cm® (STP) cm™! s~! cmHg . D, D, and Df are in 107° cm® s™". The
values in parentheses are for pressure-based parameters.

"At 20 atm.
bhe values were estimated by using the sorption data for BO-2 for lack of experimental data.

Table 6 Activation Energies of Permeability and Diffusion
coefficients for COy in BPDA-ODA polyimide films

Sample AR AEg AEpg AEpy

BO-1 186 334 29.8
Upilex-R 208 35.3 32.3

Note: Activation energies are in kJ /mol.
“For P and D at 20 atm.




ODARRY A IRBROBE. SBEOMRICEIHYFICHEITVEBRITS 2
—YDHEERAVWSCLILT R, ¥DfEZTable 5iIKKRYT, 20atmics
J2PLBEMEBRIS (=C/20) »oRELHLBAKTZP /S UTE
HU. Table 5i®b¥TxRdT, BPDA-ODARYAIKODWRTY
D*«wArrhenius7oyv b oRODEZEL4DRV LI ROP LEBILEFE
BoEHtox V¥ —%Table 6IFT, Upilex -ROKERIT
ANWF—EBO—-1ICRTHLULREN D,

Table 7ic. BO-2, BO-3, RUfUpilex —ROIY Bl
NIA—YH%EBO - 1DETHRBILLEHENETCELDE, BEMEOERIC
W, BO-20PRUDEBO-10D, ThZhl5%RUF30%DRE X
ETHALLE, DHRUDWOBLHRIZINENS A - YHOBLHEEID DK
Ehoiz, BO-1iclt~rT, BO-2, BO-3, EfUpilex—-RpP
OFEREKFEESD UNED o2, Thik, Langmu i r il UERIOFSMN
L BO>TVWBEDTHB,

Table 7 Relative Values of Sorption and Transport Parameters for CO, in BO-2, BO-3, and
Upilex-R at 80°C

Sample* ct kp Ch b p® o D} D
BO-2 0.52 0.60 0.44 0.92 0.15 0.30 0.25 0.18
BO-3 — —_ — — 0.17 — — —_
Upilex-R 0.66 0.75 0.56 1.07 0.24 0.37 0.33 0.24

Note: The values were normalized to the corresponding values for BO-1 presented in Tables 3
and 5

“The densities of BO-2, BO-3, and Upilex-R films are 2.7, 3.2, and 2.3% higher, respectively,
than that of BO-1 film.

®At 20 atm.

PMDA-ODA%RKRY A I REBOWNHSRMRS (5) RAicXbRTIIEMNT
Eh. Bo5hizENSA—YH%ETable 8B8IFxT. POERKERIX.
EHREIL (8) ROBFMIHYF A LE T (7)) RIDBBEWEHOT —
YFEFTCRLKERLEDT, PMDA-ODARZRRYAIRBOBRNS A -V HIT
(6) XICXDMITLEEEZAVWCHRRT S, TOBBNSA—F#H%ETabl
e QRFRT, PI-10PERBRUPHIZIPI-2LIFLAYEULTHH:=,
Table 10, PI-3¢rKapton—-HoWH BRSNS A-Vl%.
PI-20THRIEILLEENETET, BPDA-ODARY AL IKRDOBEL
B, BEMBOERICHEN., ko2 CvOBAEMNED L=, CuDBRDBRIT K,
EhbkEdD o, BRANSA—Y# (DyKRUDy) OBLBAITNE IS A —
YHOBLEEIDbAEN->RE, Kapton-—HOBRFERILT IV ¥ -
PI-2lHRTHUREDP R, AEOWEL VI NE—-DEIT NI Do,
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BPDA-DDSHY A I ROMAAPIE, as castBEIOIEFIE
BCHEERLE. ChIXC W EFHBLULEEDTHD . kit DRIFLAYEL
Lol CORVA I ROPHEMRLHEIZIDETFRIOLZ, ZhiEDHD
WMoERTHo> k. LHL. ChosnE(iE. BPDA-ODAKRJAIEKD
MIMHE I LB EICERThRDME Mo, Thid, BAECIDBELBIX
EFREoER bbb —HT 5,

Table 8 Sorption Parameters for COp in PMDA-ODA polyimide films

Temp. b
Sample (°C) c* kp Ch (atm™') kb Chb/kyp

PI-2 50 39.4 0.900 24.2 0.375 9.98 10.1
80 26.2 0.699 17.7 0.206 4.24 6.08
17.2 0.424 120 0.133 2.02 3.717
P1-3 80 17.6 0.444 10.6 0.226 2.85 5.42
Kapton-H 50 24.4 0.630 133 . 0.394 5.87 8.32
80 156.8 0.436 8.5 0.239 247 4.66
110 10.2 0.292 6.7 0.163 1.17 3.01

Note: C and C}; are in em® (STP) cm ™2, kp, and k are in cm® (STP) em™2 atm™%,
*At 20 atm.
Yk = kp + Cjib.

Table 9 Transport Parameters for COy in PMDA-ODA polyimide films

Temp.
Sample °C) pt D Dy Dy F(= Dy/Dy)

PI-1 486 28.2 55.7 5.0 0.090
PI-2 30.3 11.7 23.3 1.9 0.082
51.3 29.7 59.4 417 0.079

68.6 60.6 112 10.7 0.096

PI-3 127 11.1 20.6 1.28 0.062
Kapton-H 5.43 3.38 6.24 0.335 0.054
9.67 9.33 16.2 0.816 0.050

110 149 229 370 2.29 0.062

Note: P is in 10~"' em® (STP) cm cm~2 8~ emHg™". D, Dp, and Dy are in 10~° cm® 57,
*At 20 atm.

Table 10 The Relative Values of Sorption and Transport Parameters for CO; in P1-3
and Kapton-H at 80°C

Sample* ct kp h b p® D Dy, Dy,

PI-3 067 074 060 116 025 037 035 027
Kapton-H 060 073 048 110 019 031 027 017

Note: The values were normalized to the corresponding values for PI-2
presented in Tables 8. and 9

“The densities of PI-3 and Kapton-H were 1.7 and 1.9%, respectively,
higher than that of PI-2.

At 20 atm.
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Table 7kFETLS5I. BO-2, BO-3, RFfUpilex—R®
g - BRABUBAEBO -1 LELLARE>TWE, 72, Table 10(
TTEOIPI-2LPI-30M% -  BAFEAIEFLIAR>TWE. Ch
ENEHSHICHRMENEICLS, PI -3¢ Kapton—-Htol#H -
ERBUDOEIF,. PI-2LPI-30BICHRTIRDNEDPOE, 2O L
. BRTORAMINE -  BRICREFTERIE. REBEOERICXZ DI
RTPHhENWT LEFRT,

CO.,-PETHTI. BREICHE>SEEMMBLEBHAIVICLIPDET,
P. C. BUDOE IR E N, PIZIE. Michaels b2 HEIIC
Fhif. MilarBBcBWTEEM4. 1%MN (2.343%FP) Lk
¥ 40°C, 10cmHgTOPR55%HBPT3. FH LY LI,
Diafoi lBEBICBWTHEENS %M (s.k52%HD) LELE, 30
C. 0. 92atmTHP. C, #LTDW. #h?h, 60, 15, RUF50
%BLITB, chicsL, Table 7RUE10»56bM3 L3I, PMDA
—~ODARRUBPDA-ODARAYA I RIZBWTI, BRI/ SLEEY
Mickb, P, C, RUDHAZELH A LTWS,

PETICBU2CO..0MNE B0k 2 Dolc RIETHESHOREII 2 HlE
EFNTHPCE, > OROFEICLZHenr yHE— RTORERL
BEBROBLIE (3) RU (4) KA cEEh3, CO2HEMEETNVICEINT,
BPDA-ODAXZRYAIRICBIBZYE  BROXILEERT S, KFHO
gEEnbbhsznwoT, (3) AMMATEILEREL,. BO-2,. BO—-3,
BUUDPiLilex—RIEBLWTHEINEK MEBO-1 (g.=1) OkffiL
DS, FROEERHOGMILRZEAM- 2, ZLT, T=1/0.2LT.
. Do. RUDWKNTZLMH%E (4) KRVAROAN RO, TOHREZ
Table 11IRd, BIEVWThH1LDKEL, FEDWOLDTGN
DiskhbAkEMo7=, PMDA-ODAMRY A I RBIZOVWTHERRIC,

Table 11 Amorphous Phase Fraction and Chain Immobilization Factor for BPDA-ODA
Polyimide Films Tentatively Determined According to the Two-Phase Model

Sample . () B for D§ B for Dy
BO-1 1 — -
BO-2 0.66 26 3.7

BO-3 0.61 — —
Upilex-R 0.71 2.2 . 3.0
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Fig. 8 Correlation of the diffusion coefficients for CO, in BPDA-ODA and PMDA-ODA
polyimides at 80°C with the fraction of free space .
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Table 12 Characterization of BPDA-ODA polyimide films

Sample Preparation conditions Densitg
[g em™]

BO-1 As cast (dried at 170 °C, 20h in vacuum) 1.366
BO-2 annealed at 270 °C, 3h, in vacuum 1.403
BO-3 annealed at 300 °C, 2h in No flow 1.409
B0-4b) annealed at 285 °C, 6h in vacuum 1.399
BO—Sb) annealed at 304 °C, 6h in vacuum 1.402
Upilex-R Commercially avai]ab]ec) 1.398
BO-A1 Imidized at 230 °C, 10h in vacuum 1.375
1

BO-A2 Annealed at 290 °C, 3h in N2 flow . 403

a) Vp is the fraction of free space calculated by the method of
Bondi.

b) about 80 um thick.

c) Ube Industries Ltd.
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T57uvb%EFig. 1215 ¢. COHAMRD50CIEBIZBRERV
ERMEZTable 13177, RFLOBENHETOIEN, Puld#H D L
PiuldEMUL %=, BO—1m5BO—-3lck3ePuldl /5 icEPL. PHE
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Fig. 9 Relation of the permeability coefficients for
H,, CO, CO,, and CH, in BPDA-ODA polyimide films
at S0°C to the specific volume. The open keys are for
BO-1 to BO-5. The closed keys are for BO-Al and BO-
A2.
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Fig. 10 Relation of the diffusion coefficients for H,,  Fig. 11  Relation of the solubility cocfficients for H,,
CO, CO,, and CH, in BPDA-ODA polyimide films at  CO, CO,, and CH, in BPDA-ODA polyimide films at
50:C to the specific volume. The open keys are for BO-1 50°C to the specific volume. The open keys are for BO-1
to BO-S. The closed keys are for BO-Al and BO-A2. to BO-S. The closed keys are for BO-Al and BO-A2.
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Fig. 12  Plots of the ideal scparation factors for the
H,/CO and H,/CH, systcms versus the permeability
.cocfTicients for H, in PBDA-ODA polyimide films at 50
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Fig. 13 Plots of the ideal separation factors for the
CO,/CH, system versus the permeability coefficients for
CO, in BPDA-ODA polyimide films at 50, 80, and
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100°C, respectively. ‘




Table 13 Permeability, diffusion and solubility coefficients for Hy, and the
ratios)of each coefficient for H2/C0 and H2/CH4 in BPDA-ODA polyimide films at
50 °c?

Samp]e PH2 DHZ SHZ PHZ/PCO DHZ/DCO SHZ/SCO PHZ/PCH4 DHZ/DCH4 SHZ/SCH4
BO-1 52.0 5.9 8.8 79 280 0.28 284 2300 0.13
B0-A1 36.2 - - 96 - - 368 - -
Upilex-R 17.6 3.4 5.2 121 510 0.24 506 5000 0.10
BO-A2 13.4 - - 135 - - 663 - -
BO-3 1.2 - - 142 - - 574 - -

a) P is in 10~ cm3(STP) em! s~ cmHg‘1. D is in 10~/ em? s'].
and S is in 1074 cm3(STP) em™3 cmHg—1. '

Table 14 Permeability, diffusion and solubility coefficients and
the ratios of each coefficient for COZ/CH4 in BPDA-ODA polyimide
films at 50 °C2)

Sample  Pco, Dco, Scop Pco,/Peny Ocop/Ochy  Sco,/Schy
B0-1 8.69 2.65 3.3  47.5 10.5 4.5
BO-A1 511 1.72 3.0  52.0 10.1 5.1
Upilex-R  1.92 0.84 2.3 - 55.2 12.3 4.4
BO-A2 .20 0.70 1.7  59.4 1.4 5.2
BO-3 .07 0.64 1.6  54.9 12.0 4.4

‘a) P is in 10711 cm3(STP) em~1 s-1 cmHg']. D is in 1079 cm? s T,
and S is in 10"2cm3(STP) em™3 cmHg"’.

Table 15 Activation energies of the permeability and diffusion
coefficients and sorgtion enthalpies for HZ' C02 and CH4 in BPDA-
ODA polyimide films?

Sample Hy Co, CHy

AEp AEP AOH AEp  AEp AH OEp  AEp AH
BO-1 18 25 -7.4 16 34 -18 33 49 -15
Upilex-R 19 27 -8.3 21 39 -19 38 53 -15
BO-A2 - - - 21 38 -17 39 53 -15
BO-3 - - - 22 40 -17 38 - 53 ~-16
BO-4 21 27 -6.2 - - - - - -
BO-5 21 26 -6.3 - - - - - -

a) AEp, AEp, and AH are in kJ mo]'].
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LTHERUEZD, RV A I REBEEFY AP LUTHERLEBO-1~5CthA
TRBHBETHILFHRENE, 1 I KERBEAMBRIETES FHOBEELL %
#>5. RAFHEIAY OB EEERECREVWED ., BRARIGOR. &
AFHMNEIODBRETIDHFELVRBEICEDIZCWABLAR W, BLESIR S,
RY)V7IFBMEBUEBRERY) A I RBEBRLUABHOSGERE CEMRB MBI
ITHb, Figs. 9~111cBVWT. BO-A1RUFBO-A205 %t
BO-1~5{C8VWTHSAEHEMKRLEICHD,. BEFHOMEBICHMEIh 338
WHoEELZWIENDODZ, BNBEICHETIHEBMOBEUNICIE, BYS I
FEBUZR (BO-1~5) bR 7IRMBBMLEK (BO-A1KRUBO
—A2) rtoOMIIBXME LRI ZVWEEZIB NS,

2. 1MTOMOHFEVWLERIC., BREERBLLBABICHIZBPDA-
ODARYA I FORFREDEREZ 2HEREET NV R SIVW TR TS, BF
EHO®MS RN 0, RO E, SEDIR (1) RUE (2) KeAULETE
chs, (1) KFREEUEME{LangmuirFHOFESMINEWHe D
He M ULTLWIEBTHZ LEXBND, ¥ BO - 1IELICEFETHBLL
T(1) RERWHOSHOEILEBP S50, %KD, Table 1657,
CD@MHIE2. 1BWMTk OENRIESRDESMMEBFERULAEETH - I,

Table 16 Amorphous phase fraction and chain
immobilization factor for BPDA-ODA polyimide
tentatively determined according to the two
phase model.

Sample B
%,

Ho €O, Cco CHy
BO-1 1.0 1.0 1.0 1.0 1.0
BO-A1 0.7 - 1.4 1.6 1.3
Upilex-R  0.67 1.0 2.1 2.2 2.5
BO-A2 0.62 - 2.4 2.1 2.5
BO-3 0.55 - 2.3 2.4 2.6
BO-4 0.66 1.1 - - -
BO-5 0.63 1.1 - - -
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BME3MAICE. >¥F0L>52b00Hok, Hoehn s g, SH4IBEAE
DFEERD FEA BT IRFEHBELTWS, ChooEML, FHICHIE
RazybrzRb, TO1=y MOEEMNI) =7 (colinear) ¢h

..80...




WAFRBBEER DI ULMNERLEATWS, Sykes b, <RV A3
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1IRB. NSDBORERTEVWEBE 2RI 2L 2N, FOHEHAK
HohlzEhTWaRW, EE, WSODPOMRINV—THR) £ I RO—RBE
LRABERYERUTBRECODOVWTHELTWS, T2 —RBESKIBEBRERT
BIMECRIETREZEART 10, ARERB L ERERRIERCEBER L
BRI T IR ERMRILENHS, LHAL. ThEDHRDFLIL.

BREBEZTTRELTED ., FFBRHOBHE/I IR+ A TH B,

BIETIE., RENC-RKBENRLIERBEOR) A I R0, SESHOD
BREY . AR, RUBRERBEZLEBL. BVA I RO—KR#E (F8H0
HEEOEM, EHPO 7z VU BRONIRUFAYEROHE, 7x=V VB
EANDAFNVEBA, KEB/LRY) PEAUBBUERTCRREICRETER 2R
T35, RALEERUECHIAMBRTEAML2ETAIR I I RZ2ELLTH
b,

3. 1MEBVTE., S7TIVOREVRENICELZZBPDARRKY 4 IR
OKREFERYE R TEREZHEERN L, EHOREX, HIFIRTST7IVOD
AYBERENSEROHANZNSICRETHRICOVWTHLENICT S, 3. 2
BlcBnWTlE. 4BOBREXDL TEBODT7TIVIEBONBETVYERY
FET7VERVA I ROKGEBZBER CRBINEEZHAR, BEERRLLBERE
UHABERRMTELEBRBRE LB FOEDHE L OHBERHFTAIEICLD,
ENLOREZILREWERETHFZHLNICT S, FLT. 7vREBA, ¥
OHEFBEOHER. BEXMOHEENZERMEICLOL>REE 25X 30 205
T35, ., BR/UAIMRCBREAR—RBEOREH EER TS, 3. il
BWTR., A FNVEOBRETERUBNARENICRARZIAFVER I =V YD
TIVPE/BENDZRVAIRZAVWT, JxzoVVBEADAFVEDOBAD,
JUBZRERUTBEBREZREBESIRBZZLEFRT, 3. 4filcBVWTIE. R
YITx ) vEBEAFVEOMAZATIR)A I RKRICERABEZBHULESF
M2 R/ E 3L, FFV A XDEDKRERRBIMEAOEIREZELI<AL
SHRILMNTEBRILETRT, 3. SHMICBOWTH., EWECHAREEL DR
V14 IFBROMEEREOBREM LEBL, ToBMRLBBELAZTL. 85
BRI TIREEM ORI B 2 BB,

BLETHLBMULELDKE, RVAIREBIZCO.0NE - BREIEHI
BETZ2D. BEBELCI2ANE  BRHETNV TR LTHEZENENSIA—%
BIUBBRNI AV ZAVTRETILEND S, ttoRELCO>VWTHREAKRT
HB. UL, £ETORYA I ROBLOKEOWE - BRIcH LT, RE2RN




AEEMRUBARKOENKESE2MET 2L 3EAMTH S, BIEDEW
F—XRENRGBRERCBIREICE X 2BEERMICTE L THB, £
T, REMEBOEEN NS RBLBHEWESN (10atm) KBF3E&K
BOBRRY. BBRK. RUBREREERD. RNT 3.

EiEME WL kL, Hey CO,. CO., Oz No. RUCH.,THB. &R
#haAFOLennard-JonesDHEEHEId RUHER:s k%
Table 1EFRY, 3. 2HTHRTN, FLORYA I RIZBWVWT,
dulitNdT3logDo7oy MECOZRVWTEHBMEEZTR T, COBMRICE
3K BV A IRBRTOCO0ERICBISENAFEEIBLZ0. 35
nntRE#EShZ, RPTI2R4IHFE. H./CHFK,. H./CO%K, CO:
/CH4®R, O/ N RRUCO./N. % (BB AL EZBRIOETERT)
ThHd. BF %, BBBIRUEEEXZ LERBETHI3DFVA XOEBKERE
CHRBLRDESICRSB

H:/CH,>H./CO»CO0,/CH,>0:/N>>CO0./N:
Sk, BRERREE2E 23 LS RERBEBEEOEZENRERFEICARBZ LRD &
SI25 -

CO,/N.>CO0,/CH4 (®»H2/CH4>H./C0O) >0:/N»
H. 5% (H. /CH, R RUH./COR) KEZBRASDS BNEHEENB VD
TRERICEWE, BRAOREEHITOLADKETII10atmE Lz, ZXR
SMBISERBENEHTHRESA, £, BVEATOO0 0RO BVREEREE
TAEDT, O/ N RlcoWTik2atmtllELE,

Table 1 Lennard-Jones®

WREXd LRUTHDERE /K

Gas d.y e/ k
(nm] [K]

H. 0. 292 38

O 0. 343 113

CO. 0. 400 190
(0. 35)

co 0. 359 100

N 0. 368 92

CH, 0. 382 137
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3. 1t BPDAZRRVA I FBOKEKZBERCRREICRIET
TIVREOER

3.1. 1 8

BPDARRYS I REp—ron 7z ) —)VICE{ET. JENHIRICHEER 8
THhH., VI T, Ho D ERE UTERALER, 9 COH 2 WIKER B
UTORMBbRFEhTWS, ' UL, BPDARKY S I RO—KMBHL

KRG EAMREUCERELOBRIEESMIZIATVRWVL, T2, AYERT =
VUBREEHICETA RS IERD, NSBEROBDICHERTEVWEAY 2R
CEMEBENTVNSS DN, GERKEARERKCATERBERZSATY
ZW,

3. 1fiTH. O7IV0—RBEEFRENICEXEZBPDARRY A IRE
BU[GERAMRUTRREZERL. EHoRSEREOEM. BHEE., 722V
VEBOAYRUNSEAOHBNAG BB RTEIREICRIETRELREIL =,

‘ Structure
3.1. 2 ¥£ER o o

RWEYT Ivik4, 47 - IO —x -

%Y UFP=1YY (ODA) . ° °
4, 4° —-XAFLYIOTF=YY
(MDA) ,3, 3’ -U7X BPDA-MDA X :
7z NWANEY (nDDS) |
4, 4° - TF73I)T7x=)
ANVHY (pDDS) ., RUY BPDA-mDDS  x :
AFN-3, T-UFPI)T7
= WVWFA 75, 65—
A%HY4 KR (DDBT) TtH3,
B5hA2BPDARRYASL IR
D—XBEEFig. LIKFd, DDSIcDVWTk. mDDSepDDSLmiR
&M (pDDS/MDDS=7/3RU5/5) bWk, ALWERY 4 I Rl
k. BPDALREBES7IVENB2. LBHTCEREBPDARRYAIK
DERRUBMBHELCIDERLE, WThoRbFy X FPRRELSY ) -V I
BEL. TO%. 170C, 20BMHETEHBRLEbOEZRA W, BEIZ10~
25umTH3, HoOLBBRBOMEICIISEO~80umDdbDZHWE,

BoXyS 7y t¥—-avii2. 1HLACERLAETITo>R, BBEEK
1. 1MTclR-HREEZEREBLEAUCHEZANWT. H,, CO, CO, &

BPDA-ODA X : ~O)

o

©-

X
0%

o=nz0

BPDA-pDDS

x

N30

o
Jo

BPDA-DDBT  x :

Fig. 1 Chemical structure of polyimides
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VCCHLZDOWT, LREA1O0atmT, BE25~110CIEBVWTIToE,
TRTOTF—FE, 2H3VWIESEOWEDOERETH 5. RDITOLBFEBD
ZHBY A LT 0 BRAICEIDKRDE,

D=g2/(686) (1)
CZT LEERETHD. RPTOBRERBSIE. SBRKREPLDNSL,
S=P/D& LTRDI,

3.1. 3 HRBE®R
ODA,. MDA, pDDS, BUDDBTOHEK

YPIVMODA, MDA, pDDS, RUDDBTH5423BPDARKRKY
fIFROEMEEETable 2177, FHES FHUEM A IEWAXD
HAROE—7AERUFBragegdRickbHHLE. WThoOBRb., WAXD
HiRIE 70— RCHZESRBEMNRBER TH 2. V7IVDRBVWICKS
TeRUEBEBEDZIRED >N, BRENSIA—95, 7Y —IAR—X43#
Ve, RUdseDEEHEDODREL BP0,

H:, CO,, CO, RP'CH,D50C, 10atmicBI5BRERP. LK
FRED., RUBREGRHSO&MEE#Table 3ICFRT. HzDOD (Dya) &
BPDA-ODARVAIREBWTORMETSE 2, R ) 4 I REETIX.
HEILBERLI50umDOBROFHNNRETH>EDT,. ROISICLTHEREL
o IARBAFILBIZRBOBRERBRONKERAKDL F—KkVaryXh
EWe/ ke oMICEKNZEMMGRNHZ CLBMSNTV S, 15 Z OB
BREIBRVZFLYFLIZ79L—F (PET) LBWTHBAMEThTVWS, 'O HF
ZARBAFICBIIRBD2EWBETFNNIA =YX e /kKOAERRAKIZY
AKEWT 1T, HIZARBAFLEBWTH1InS L e/ k L OEMBRIEH
ficEsd, Fig. 21, RVI—RX-PMEBUIRUOBERERB O HE
(35C, 10atm)'"Ze/kicfLTsuy hL%E, BPDAFRKR A3
RlcB3350CTMDInSsdFig. 2ic/ny Lk, 22T, KDe/k
fHix (BREE) /1. 3»6FHAEL, ' SHZlatnAToEHATEREK
EDFEFELEHETHS. ' 1nSte/kOEHRNTHEMBRNA Y —FX
—FM:EABBPDARRYA IRICBLWTHEB B IE, COHMEENSBPD
A-pDDS ¢ BPDA-DDBTHRYAIRDSu %, BLTPu/ St
UTDu%2R®», Table 30 () AkkiRLE, ChBOMEIX10~20
PEETHS.,

BPDARBRYLSIKDOP, D, RUSOAREZIROE (Y7IVOMET
%¥) CHo7%, P; DDBT>pDDS2MDA>0DA, D; DDBT >




MDA>pDDS>0ODA, S;DDBT>pDDS>MDA>0DA, o7 3
vZODAMPSDDBTICEXZZLICEDPI, HoTB4E, CO,T9. 4%

Table 2 Characterization of BPDA-based polyimide fi]msa)

Polyimide Density d

(98] [gem3) [0 e HV21 [ ]  [am]

BPDA-ODA 270 1.366 . 0.121
BPDA-MDA 300 1.320 . 0.121
BPDA-pDDS 350 1.410 . 0.118
BPDA-DDBT  >490 1.372 . 0.125

a) 8§ : solubility parameter, VF : fraction of free space

dsp : interchain spacing distance

Table 3 Permeability, diffusion, and solubility coefficients
for H, CO,, CO, and CHy in BPDA-based polyimide films at 50 °C
and 10 atm.?2

Gas BPDA-0DA BPDA-MDA BPDA-pDDS BPDA-DDBT

Hy 5.2 9.1 1.3 31.2
590 - (730) (820)
0.088 - (0.15) (0.38)

co, .87 : 2.57
.65 .5 4.7
.28 : 5.5

. 0
.10 . .02
.31 . .62

CHy P 0.018 0. 0.059
D 0.25 0.65 0.46
S 0.73 0.97 1.28

a) P is in 10-10 cm3(STP) em~! 5] cmHg"1. D is in 1079 cm? 5—1.

and S is in 102 cm3(STP) cm™3 cmHg'].
The values in parentheses are the estimated ones (see text).




Hy COCH,CO,

Sx10?

=
N

{em3(STP)em3cmHg!)

16% s .

e/ k [K]

Fig. 2 ‘Relation between In S and ¢/k for BPDA-based polyimides and polycarbonate. BPDA-
ODA (O), BPDA-pDDS(4 ), and BPDA-DDBT ([J) at 50°C and 10 atm. Polycarbonate (@ )"
at 35°C and 10 atm,

Mm%z, Dit. HoT1. 4%, CO.T3. 2{EMML~E, H.OP RTD DY
MoBEIMOIEICLERTIhENP> =, SIX3. 7HHML =, SEAKOHE
FMicksd, 3~4{EML =,

BPDARZRAVAIRD50CIKBIBPue/ PcoRUPue/ Peua®DPu2 i
270y h%Fig. 3ICmT. WP HETTA) A I RIZEEVWPIEZ
FEMHANS BN, D73 %2pDDSHADDBTICEXZLE, PHIZEL
AYBLETICP L 3BHMLE,

T
1
[ J

2 Lol

5 ]0—10 3
[cm3(STP)cm_1s_1cmHg—1]

P

Ha

Fig. 3 Plots of P,/ Pco and Py,/Pcp, versus Py, in BPDA-based polyimide films at 50°C and
10 atm. 1. BPDA-ODA, 2. BPDA-MDA, 3. BPDA-pDDS;ﬂ. BPDA-DDBT. The open and closed
symbols are for the H,/CO and H,/CH, systems, respectively.




BPDAZRARVAIRDE50CIEBIBCO/ CHFARDPLLDPco2lc 9 3
oy brEFig. 4I0FRL. 2OBBBINFMEMEETable 4FT,
UPIVEERIBILILEB P OFE{LIEIBELOBLAEVWRBDPPD ST,
Pit, Db, RUSHOELLIEINMNEDN T2,

BPDARKRYAIRIEBIZERBOP RUDDERILZ XNVF—AE RV
AE,. TUTHELYY WP —AH%Table 5iBVWIHELE, AE,
BRUAE, OAEIRFIS7IVICELDKELRLRZD, ODA>pDDS>DDBT
OETH-. —FH. AHOD 7 IV OBBICLDB I NS o1z,

BPDA-ODA, BPDA-MDA, RUBPDA-pDDSOHIBHOR
D4 IROAFHRER. D7IVD27207 2= VBOEAEM. -0 —,
—CH:—, RUF—SO0,-tRIZ>TW3EITH5, BPDA-DDBTK

50 }

L 1 1

20 -

1
10710 107

PC02 [cm3(STP)cm-]s_]cmHg—1]

Fig. 4 Plots of Pco,/Pcy, versus Pco, in BPDA-based polyimide films at 50°C and 10 atm. 1.
BPDA-ODA, 2. BPDA-MDA, 3. BPDA-pDDS 4. BPDA-DDBT.

Table 4 Permeability, diffusion, and solubility coefficients
and the ratios of each coefficient for the COZ/CH4 system in BPDA-
based polyimide films at 50 °C and 10 atmd)

BPDA-ODA . . ) 48 10.5
BPDA-MDA ) ) . 34 8.4
BPDA-pDDS 2. . ) 44 10.3
BPDA-DDBT . . . 48 10.5

a) P is in 10~10 Cm3(STP) em™1 s~ cmHg"1. D is in 1072 cm? 5‘1.

and S is in 102 cm3(STP) em™3 cmHg"1.




Table 5 Activation energies of the permeability
and diffusion coefficients and sorption enthalpies
for Hy, COp, and CHy in BPDA-based polyimide
fi]msas.

- Gas BPDA-ODA  BPDA-pDDS BPDA-DDBT

Hy AEp 18 15 12
AEp 25 - .
AH -7. - -

O, AEp - 16 12 6.7
AEp 34 29 23
AW -18 -17 -16

CHy 0Ep 33 29 20
CBEp 49 46 34
AH =15 -17 -14

a) AEp, AEp, and AH are in kd mol~ ',

VF-' (-]

Fig. 5 Relation between Dco, at 35°C and 10 atm and Vf calculated from the method of Bondi
for glassy aromatic polymers in the amorphous state. 1. BPDA-ODA ,2. BPDA-MDA[25].
3.BPDA-pDDS ., 4. BPDA-DDBT , 5. PMDA-ODA ,6. TCDA-ODA , 7. PEI

,8.PPO [26],9. PSF[26]) ,10. PC[17] ,11.PS[27],12. PAr (28],13. PH[18] ,14.
PPha[28],15. TMPC[22],16. TCPC[22] ,17 TBP([22] .
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MDA=~0DAzpDDS, _

Table 3»5bM3I5IC. ODAZMDAHBWIpDDSICEXR
tZE, PHIE2~3{HEMLE. chid. MDAODBEBBICDOEMIZ.
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ROAEEBPDA-ODARY A IRIZHART, COTH20%EN-O %,
7%, pDDS,HSDDBTIREXBRZLICEDPIIBIEIH/EMLE. 0
IDA1. SEEMML., SH2FWMLEZLICLD. AE P ADEDL LE,
ChIZAE, OBEDICK B,
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BH(18)R) CESWT, JV—AR—ZGEVOARESTOETHEAMNTE S,
ZLOEERNS ARBAFIEO>VWTHEEATWS, 35C, 10atmTO
CODIMRBEFEB A Deoff! " 18202320 FHNT, logDco:®d
Verlled3 7oy h%2Fig. 5179, BPDA-ODA, BPDA -
pDDS, RUBPDA-DDBTOTRBLRU2ETH N EZHEERAWE,
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PDDSKRUBPDA-DDBTHYA IRDDcoldFRELD RO AREN,
ZLT, SEO4EBOBPDARR VA I RODOHBEIV-DETRHMATE
A AN ‘

B OES FHMM (M. 7Y —XR—=ZF—l) O 4 XX EDEE
TRIRT T, BDAFV A XD REROOBRBOLERIcFECEILEX
5h3, BPDA-DDBTHYA I RIFERCRBELRIFHEL L, k.
RIS XA FVEORESRLZZ SHBEORUG I SRI{BEEGR THD, BIELR
AFHBCP EBLARUMCHEALEAFNVBROBERIBAS FHOM RN AT IE
%MHETS72. BPDA-DDBTHY A IR V:DBEILTHZMHOBEAFIC
ERTRKEOHBBICHFS TERIH A XDT ) —AR—AF— NV OHENKEL.,
ZORR XEREBERLTFTILERXASNB,

BPDA-DDBT#HYA I REEWHBERE G RLE, XFa27— MES
FREUCIZBEIEVTIVOAFNEN2HBVWIALMRTEH B W8
CHEETRE, O73I0e4 I RBEOHMOEAEDD ORBEESTREhD I L
Nbohd, Fk, DTIVBAELLOOBWABRMERLOTVS, ZOED, IO
FIVHSORY AL IRED SEATFHORBAENENEN, 7 A2 MEBD




HBENTWBIHNIZARETE., BAFHORFERN 7Y — A= 5=V D
YA XzEHmEYE, hERZHRE-BROICKERRFINS Y N3 FNERTES
I3 RYAXICT2eHEABbNG, RFTEBHESBEVEIF T, —BRICKE
BYALZXD7 )= A=K - )V RERT BEENMH S h, HERIREEEL
TH5De CORDIMOSTIVDBEOBPDARRY L I RIZHERTBPD
A-DDBTHRYA I ROGBERENMBEVWEEZXB LS,
SHREASFHMBELZR) A IREERED>E, Thik, 1. SHTCO.0
PHICHLUTHSEMCLEZEDIE, TehBWERBMAMMNAEL, H5 2R
BAFIEBI 28 &0BBFICBWTAERYA 24P LangmuiriE—
FTONEBRBKENWC LIS,
CO.DARBIECH. KD XRZEVWOT, MEMHEMFEHDEDIC. —CO-H3
WE—SO.~BOSEREMNHEMT 3L CHACHT 3 C O DEME RN HIY
M3 WS58ENH D, 27U L. BPDARRYVAIRICBWT., T—F)
EORODOICANVFNVEZ2BALELE, WThoRKEDS bEUEBEMNL.
CO./CH.DSHIFELALEDBRDMD 2, '

BPDA-DDSHVAIKIEBUBAIYRUNSEAOER
BPDA-pDDS, BPDA-mDDS., RUETLSLDH#EGHAR) £ I K

ORMUEETable BIFRT, W

ThoBLEEETCHH>E, mDDSH» Table 6 Characterization of BPDA-DDS

polyimide films*
55N ERYLIIROAHPDDSH

T, Density V,
5OHDEDBHTgMNT7TOCENIIE, p-DDS/m-DDS " _3 5
gem —

—RIZAIYEROBIFOLENBNSER

10/0 603 1.407 0.119
DBOEIDHTgMBEW, FOHEBIE. 73 561 1414 0.115

5/s 551 1416 0.114
NOBRALCHERAYREOE S FDHH 0/10 533 1.422 0.110

BAF#HOa k- A—-Ya yOBHHE * For as cast films.

MAREL, IHhAREVWEEL Y b —

ERONMSTHD. 2 ’Leeld. ¥HTRL. AYBEAD7IVHE5EBELER
V41IFDOT gDERBEDBNSERSTIVDIEDHBOND9 3. 1£3. 1%

THBEILE2WELE, 2 BPDA-DDSERVAIRODBAOT gD B

hbhdsnw s K&h>%, BPDA-DDSHEAKBYASIIRDOT glkim

BEPSOFRELD E, -2,
mDDSHEDORYAIROEEIPDDSHEDBNEN 1. 1%AEH-
o BROMRIE., R (7x)—NVI72%VbA42T7%Lb—1h) 3 2DR) (=FL
YFLI7FL—R) PP RBVWTHEENhTWS, BPDA-DDSHRY A Ik
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COEBRRDEISLELENS. & Fig. 6 Dependence of permeability coefficients at
AFHORE A FOHEICH LTIE. 323K and 10atm in BPDA-DDS polyimide films on the

fraction of m-DDS. The solid lines represent smooth lines

VeZl3 T, 7)) —=Z_R—ZF—)D of the experimental points.

em3(STP) cm™ s-! emHg™! ]
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5 EIE]O) LOOIE. BPDA-DD and CH, in BPDA-DDS polyimide films*
- A, _ BPDA-DDS BPDA-DDS BPDA-DDS
S%\‘lﬁl)’f\l"(‘il’?\ 6 FDA » 73 (m)
ODA%'>Tl310, BTDA-0D " » - "

AR TIX9. 5. ELTPMDA- AE, 12 s 19
AE, 29 £ 38

ODA®RTIE2. 3THH%=, BPD AH 17
A~DDSHFHRUAIKIBYBZPD & 24
ZiORY A IRXDbAEDNOE, AH -6 ~16

Fig. 8l, 50CKBYBPu: ‘s i »
T BPue/ Pead7Oy b, Al -nm ~16
Pcozlﬁ?‘]‘?‘ﬁpcoz/pcma)'jﬂ“) '\ * AE,, AE,, and AH are at 10 atm and in kJ mol™?.
%7%¢, mD D SHAOMMIZHEN
Puo/Pooldd. 1ERML, Pyl

1/4ic8P Uk, —H. Pcoz/ 100}

Pewald 1. SHEMMU. Peosld 1/ Laq
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B4 IKRE, Ho/CORD LS 45 34&

]
o
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(o]
Pug / Pco [—]

al U S e | N
0™ 1070 °

~ Pcop or Pup [em¥STP)ems™'emHg™)
Fig. 8 Plots of Py,/Pco versus Py, (open keys) and
Peo,/Pcu, versus Pco, (closed keys) in BPDA-DDS (O,
@) and BPDA-ODA* ([J, W) polyimide films at 323K
and 10atm, and PMDA-ODA (A, A) polyimide films at
308K. 1, BPDA-DDS (p); 2, BPDA-DDS (7/3); 3,
BPDA-DDS (5/5), 4, BPDA-DDS (m).

Table 8 Permeability, diffusion, and solubility
coefficients and the ratio of each coefficient for the

C0,/CHy system in BPDA-DDS polyimide films at 323 K and 10
atm?

p-DDS/m-DDS  Pco, Dco, Scop, Pcop/Peus Pco,/OcHy  Scop/Pchg

1 2.57 4, . 44 10.3 4.3
0.90 2. . 55 12.8 4.3

0.58 1. . - - -
1 0.18 0.50 3. 83 18.8 4.4

a) P is in 10-10 cm3(STP) em™1 s~ cmHg"]. D is in 1079 cm? s~1,
and S is in 1072 cm3(STP) em™3 cmHg"].
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Table 9 Characterization of polyimide films.2)

Polyimide Code [n] dens1t§ Ve ) [ F] g—CO—] [~0-]
No. [ d1 g~ 1 3 1 (s [ -] [ 1073 mol cm=3 ]
PMDA-pm'ODA 1F 1.21 1.406 0.122 34,6 0 14.7 3.7
PMDA-pp'ODA 10  2.63  (420) 1.395  0.129 34.6 0  14.6 3.6
PMDA-BAPHF 1A 0.99 302 1.408 0.165 26.9 12 8.0 4.0
PMDA-BATPHF 10  0.48 253  1.474  0.182 24.7 21 7.0 3.5
PMDA-BAHF 1B 0.74  (380) 1.478  0.158 27.7 17 11.4 0
BPDA-pp'ODA 2D - 270 1.366 0.121 32.3 0 11.9 3.0
BPDA-BAPHF  2A  1.79 244  1.387  0.158 26.6 11 7.1 3.6
BPDA-BATPHF 20 0.53 223 1.443 0.177 24.7 19 6.3 3.2
BPDA-BAHF 28 0.77 329 1.424 0.157 27.2 14 9.6 0
BTDA-pp'0ODA 3D 1.77 266 1.374 0.124 32.7 0 14.1 2.8
BTDA-BAPHF 3A 1.54 232 1.384 0.163 27.0 10 8.6 3.4
BTDA-BATPHF 30 0.73 220 1.457 0.170 25.2 19 7.7 3.1
BTDA-BAHF 38 0.59 298 1.437 0.153 27.7 14 11.6 0
6FDA-pm'ODA  4F 0.46 260 1.438 0.162 27.2 14 9.5 2.4
6FDA-APAP 4G 0.70 260  1.361  0.163 25.8 13 8.6 2.1
6FDA-pp'GDA 4D 2.04 299 1.432 0.165 27.2 14 9.4 2.4
6FDA-BAPHF 4A 0.54 243 1.429 0.181 24.3 19 6.2 3.1
6FDA-BATPHF 40  0.71 234 1.484  0.190 23.0 25 5.6 2.8
6FDA-BAHF 4B 0.95 305 1.480  0.182 24.1 24 8.0 0

a) [n] is inherent viscosity af 0.5 wtZ and 35 C of polyimides for 6FDA-based
polyimides and of polyamic acids for other polyimides in DMAc solution.

8 dis in (J cm'3)1 2

0.20F ]
I O :
%V O .
l& 4
%Yﬁ v
w0150 :
01— 20 30

[F1x10® [mol cm™3]

Fig. 11 Relation between fraction of free space and concentration
of fluorine: (V) PMDA-based polyimides; ([J) BPDA-based poly-
imides: (A) BTDA-based polyimides; (O) 6FDA- based polyimides
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