HWAHAK KONGHAK Vol. 37, No. 3, June, 1999, pp. 459-464
(Journal of the Korean Institute of Chemical Engineers)

p-Phenylene Diamine(p-PDA)E 0|28 17|54 Z2|0|0|= Hiafol
Water Sorption &
MNZEH - o[oh} - =YY - sigpT

Qg g sskastat
(1998 69 59 HF, 19984 109 1 A=)

Water Sorption Behaviors in High Performance Polyimide Thin Films Based
on p-Phenylene Diamine(p-PDA)

Jongchul Seo, Anna Lee, Yung-1l Joe and Haksoo Han'

Dept. of Chemical Engineering, Yonsei University, 134 Shinchon-Dong, Seodaemun-Gu, Seoul 120-749, Korea
(Received 5 June 1998; accepted 1 October 1998)

2 o

Y] £7¢] pPDAZ 0|43 ZFo|n|= wuS poly(amic acid) A7A|25E EF olu|=aPg e o]&ste] A=zt
Poly(p-phenylene pyromellitimide)(PMDA-PDA), poly(p-phenylene biphenyltetracarboximide)(BPDA-PDA), poly(p-phenylene
3,3',4,4-oxydiphthalimide) ODPA-PDA), poly(p-phenylene 4,4'-hexafluoroisopropylidenediphthalimide)(6FDA-PDA). p-PDA
g o183 Zajolm= wute] FAEA; L water sorption] 52 A A A3 Thin Film Diffusion AnalyzerS ©]-8-3}4
100 % AthES, 25°Calollr 733ttt uate] 384 2 water sorption15-2 £ EAo tish 38k g =
Z2A z0lE o183l MBI gt 2o fEE AT vete] EdYdelE E815L Fickian diffusion model
of & FHEJon, ZEA F4 F=2o wle} gold water sorption ATE BFTh FEY FATE ELolv|= ¢
zo wel 1.6x107%em’sec'olA 105X 10 %m%*sec 9] k& 7HH.2n, BPDA-PDA<PMDA-PDA<ODPA-PDA<6FDA-
PDA £AE Z7leich. 28z vt U2 EF5d R e 2o wEk 1.52 wi%olA 5.80 wi%ite 2o,
BPDA-PDA<ODPA-PDA<6FDA-PDA<PMDA-PDA A2 Zto] Z7keich B Q7oA A3 p-PDA E&o|n|= vt
o 2o ST} water sorptions s $& 318HE 7o) Rjolo]| 93 FFRTIE REEX| 9 joldM 2 A
o] i ZA Yelsitt.

Abstract — Four different p-PDA based polyimides were prepared from their respective poly(amic acid)s through thermal im-
idization at 400 °C ; Poly(p-phenylene pyromellitimide) (PMDA-PDA), poly(p-phenylene biphenyltetracarboximide) (BPDA-
PDA), poly(p-phenylene 3,3'4,4"-oxydiphthalimide}( ODPA-PDA), and poly(p-phenylene 4,4'-hexafluoroisopropylidenediphthalimide)
(6FDA-PDA). Sorption and diffusion of water into films were gravimetrically measured at 100 % relative humidity and 25 °C
by using home-made Thin Film Diffusion Analyzer. Diffusion behaviors and sorption of water in thin films were interpretated
in terms of chemical affinity to water and morphological structure. The sorption behaviors in thin films were well fitted by
Fickian diffusion model regardless of their morphological heterogeneities. The diffusion coefficient of water in films varies in
the range of 1.6 X107 %m?sec™! to 10.5 X 10 %m?sec™,, and is in the increasing order : BPDA-PDA<PMDA-PDA<ODPA-
PDA<6FDA-PDA. The water uptake varies from 1.52 wt% to 5.80 wi%, and is in the increasing order : BPDA-PDA<ODPA-
PDA<6FDA-PDA<PMDA-PDA. For the diffusion and sorption of water in p-PDA based polyimide films, the morphological
structure and degree of chain mobility related to the glass transition temperatures are relatively more predominant factors than
the chemical affinities to water molecules.
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Ao} g H ZE(multichip module) 3 917)7 (chip packag-
ing)olM AHSEE WEA Egolvl=e FAe] 94, 5158 43
o] $rsie], AFe] FF Ao BRI FEF 744 AL Ay
W 7kgo] golsit). dEe] Ak (dielectric constanty’} 7] A
A sl w7] e HAAgo] $aled YA lon, 4l
X9 (propagation delayys FHAAA 5 45S BES F gl
FHE 71 AR g a7ET JrHi-3)

FHolri=s 734 329 71 ddE, passivation, 23 pro-
tective coating 5ol -S-8HTh 2L}, o]2)3 Zejoln|=: AjFo
B 52 7 78 ZAet2, 3§08 SRS Egon= A9
TS 7719, B4 DS (metal conductor)?] F21-8 7143}
A7, A HAFHE A} o)2§ Axke JH3)2 (integrated
circuit)®] 491 A2 FAol & Aa) e9lem 2gsiti2-5].

2 drlME U F79 MZ ok dianhydrided} p-PDA diamine
< 1831 poly(amic acid)(PAAYE FAsIAoH, G4 ol =3}y
(thermal imidizationys ©]-&-3le] Fejoju|= wlake A)z3lAT}s-12].
283, ZA| AZSt Thin Film Diffusion AnalyzerS ©)4-3le] =)z
S atete] kA9l water sorption AE-S Awn gt Eaojux
9] g8}y &, BE2X|9] Wl water sorption Alo)9] AEHAS
AR 98k 3lEk 2131, Wide Angle X-ray Diffraction(WAXD),
I3 fE)H)REE o)R3yr).

2. O|EX ujHd

2-1. glafol stit A

Sorption #74-& kol Uit Fick's laws 0|23l AAR B
M AgAes BEHE £ Uk S TEA g 34 22
o] XA sorption]l Tk, tF B2 Ho] gl Ao
AhE ol OiF Fick's law, & 4 (D2 FAE £ o},

-_p2€
J=-DE= M

o] A& A% WA (the equation of continuity), = 4] (2)F T3
& 4 At
2

€ _pdC

AT 2
ot x> @

A71M, e S 849 ¢ W% Ed 53 (unidirectional diffusion
mass flux), C(gem™R= x YIXIA 2 EZo) AF B2, = A
Zv 323, Dem?sec” ye AE B4 ASE veRi

HolE 382, 4 )9 e WA Yehls AE 2 Al
o 443 B B Fxo] Uig 2719} A 2Add =),
Sorption¥ 9] 2712A(F, t=0, Wute] 5= YA )) e =
B2 A7l o dojFom, B3] Cranks} £8 AEal=e] a7
7F FESITHE, 7]. o8 HAIF D Co droln), 293 0)
@&o] Py FHZ2 Pog ¥g o, vk g9 el 24 =
77zt pooj tigske HaR C,7F Aotz 7Hgsigen,
DC)9] thkst Hejoll thake oheql).

Fig. 1] Yepdl Rzt Zho] F7) L, &hd AZ 7= 387 9
2F 29] &3 89 sorption kineticss H]HA deje] i 24
(nonsteady state diffusion)o]th. t<0oM RE xo) tslo] C=0, v
00 thale] x=07} x=Lo]l tlgte 23 Aj7l0] 52 F RE xo
et =2akAl He g, AR o)zt 7pE g

M@O7F A1t €M et Yz 58 8 279 oy, HY
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Fig. 1. Scheme of the diffusion for the thin film.
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3-1. E2j0|0|= &M W ejat M=

/3ol AH&-F p-phenylene diamine(PDA), pyromellitic dianhydride
(PMDA) E=m9} §ulil N-methyl-2-pyrrolidinone(NMP)Y=  Aldrich
Chemical Co. o4 -713151.2™, biphenyltetracarboxylic dianhydride
(BPDA), 4,4-oxydiphthalic anhydride(ODPA), Z&|X 4,4"-hexafluoroi-
sopropylidene diphthalic anhydride(6FDAY= Chriskev CoollA 93}
o] AME-3IATE ARSEA p-PDA, PMDA, BPDA, ODPA, 183 6FDA
= TS o183l FAISINOH, p-PDA diamine ©]&3 Zzjo|
=] A7AR] poly(amic acid)(PAAYE Y¥HEQ) g9 S3ukg-o of
83t] $J3EATH1-31; poly(p-phenylene pyromellitamic acid)PMDA-
PDA PAA), poly(p-phenylene biphenyltetracarboxamic acid)BPDA-PDA
PAA), poly(p-phenylene 3,3'4,4-oxydiphthalamic acid)(ODPA-PDA PAA),
poly(p-phenylene  4,4-hexafluoroisopropylidenediphthalamic acid)(6FDA-
PDA PAA). 1A 53 &) 88 %L 15wt HE2 24
Stk

F4T A7A PAAE AFT HE olA(Si 100) 9ol Spinner
ASS 301 series(ABLE Co. LTD)E ©]&3kd @d3lA =3}
gEte]l FAE 10-15um ¥ YT FAE SRS 2usve
Z238%.0H, Tencor Surface Profiler(Model P-10)2 o] 83} =7
< Sk ZRE dake 80°CelA 308 E< prebakestdl o,
150, 230, 300°ClX Zkzt 308, 400°ColA 60%-7F zHz} mzz
F ¥7sien, dargr) sy Pkt 2LEE= 25
min, FZAEEE 2.0°C/min® 2 3QTHS-12]. AT Zajolu]= ut
o] 318t 2= Fig, 20 VeRIUT

3-2. #2(0jn|= uiate| A=A

E2olmlE vk Uiz BaHe B 2xle] A% damon =3
3}7] $15kd Cahn Microbalance D-200(sensitivity of 0.1 microgram
for 1.5 gram mass capacity)& ©18% A A== Thin Film Diffu-
sion Analyzers AME-SI5C, IBM/PC ATZ ZH3ITH10, 11]. 28



Zgloln|= vf2te] Water Sorption A5 461

obo

PMDA-PDA
[¢] (o]
~ IO
BPDA-PDA
o) O
(o] (o]
—N o N@‘
@7 @ ODPA-PDA
o CF, CF, o
— T T
(o] (o]

Fig. 2. Chemical structure of synthesized polyimides.

ot YT o ATFENE FR1817] 2151 electrobalance] glass
apparatusE- A|F, F-215190.21, balance chamber ¢Ho] AlEE balance
armell WlEgten, AR YR LxE 25£1°CE FAS.

g7 on=3lE £3 PAARTA o|n|=EE FRISH] ke
Genesis Series FT-IR(ATI Mattson Co.)3 ©|-&3182™, 400-2,400
cm oA 0.2°% 16 scan®] HARE "‘i‘;—“'?'ﬂ'?a‘:h

Az wfete] REax] Walg YdHBr) $)ste] X-Ray Diffracto-
meter(XRD : D/MAX, RIGAKU, JAPANYZ o] 83td 20 ol w&
3" 4L olgald 2T oln, FYE CuKa(r=1.54 A), ¥
B Nig olgslgen], XA ¥ AXE= 35kV, 40mAdlA ZHE
stk AlFe thEo® k) 24310r|13], 5-60°26) HAE
0.3-0.5 %min scan £%, 0.02°206) A% 7FHo =2 3l IBM/PC AT
& olgsle AHs A3

4, o} 5 &

4-1. o|n|E5} el
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Fig. 3. FT-IR spectra of BPDA-PDA in the range of 400-2,400 cm™.
(a) Poly(amic acid)(PAA), (b) Polyimide(fully imidized).

UuE O curing TABNA olFIESHE o 250°ColM gRBT
B Aol ARgS g0 % AF olm=3tE ERlE] A3t
FT-IR B47%82 o] 831928, Fig 3o YERNSIT. Fig.39] (2= 80
ocol A 60E7F £mE A7 % BPDA-PDA PAAS] IR spectraZ M}
ERlIE, Fig. 39 (e A% 2% 400°Ce] E3 onl=3} FA4& 73
BPDA-PDA Zgjoju|= ulete) tld IR spectrad WERdTh FI-IR
spectr’de] PAAE 1,720 cm™'ol4 9] 7k 215w (carbonyl stret-
ching band), 1,650 cm™'¢] ©]} o}m]=(secondary amide)] 7HEd
AZu]e} Az} obF| = (tertiary amide) T 7HE-AAH(carboxylic acid)
o] skl 1,540 cm™'9] o}x} o}m|=9} N-H 3k} 1,300 cm oA e o]
2} oll=9] C-N A&u7} Yehdth, 87 oln=siE Al7Y, F&
3} 0]3} olmE siSo] ZFoJE I, heterocyclic o|F|=8] FtEY ¥
o1 1,780 con”'@IIA A& %), 1,720em™'(@F AF TF), S-mem-
mbered imide Y20l W3 C-NAZAEe] B4 #Rlo] 1,380 cmd]
vJehdt). Fig. 3014 £ § JdFol, PAATZOAN E1E F qld
olml= =4 ¥l 1,780, 1,720, 1,380 cm™'e] £4 RIS IR sepe-
tra(b)ollA] B & YJYTH, 3], B Il AR YA tE,
PMDA-PDA, ODPA-PDA, 183 6FDA-PDAY) w3t ojmj=3}l% &
A3k oz RIS

4-2. Z2|o|n|= gfate] Water Serption HS
PMDA-PDA, BPDA-PDA, ODPA-PDA, 12|32 6FDA-PDAS |

A ojm=sge B3l Belol= Hukg AZSHoH, AA At
3 Thin Film Diffusion AnalyzerE ©]-8-3}[10, 11], 25°C, 100 %
Al
<]

J&E slollA] water sorption A%-S Z43IH BE BEe] T
= 10-15ume AR oH, o] 2ol water sorption AFol 2
e uAA] Pty R1EATHS-12). 33T water sorption 7
52 Fig 49 JERHY ST, Table 191 LFHAT}. AME3H Z2]ojv]
= uteto] sorption 71%-2 Fickian diffusion modelll 2 F-3=U
oHe, 7. TN, EFE BE F5 FHL 4 3 o83k st
gor, g4 Diem’sec HE 73Nt

B AT AREE Egoln|= uhehe dubA o R AJeolA F2F
o7 FAAQ] A (ordered state)9} E-F212 <1 “JEll (disordered state)
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Fig. 4. Isotherms of water sorption in polyimide films based on p-PDA
diamine measured at 25°C in 100 % R.H. The films were
prepared from their poly(amic acid)s by thermal imidization at
400 °C.
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Table 1. Diffusion coefficients and sorptions of water in thin films of
polyimides prepared from poly(amic acid)s based on p-PDA

diamine
Polymer Thickness Diffusion coefficient Water uptake
4 (um) (X 10" %cm?/sec) (WL %)
PMDA-PDA 13.50 36 5.80
BPDA-PDA 14.00 1.6 1.52
ODPA-PDA 13.02 4.1 1.72
6FDA-PDA 11.72 10.5 3.29

]l FEiet thE2H, o) ANFoz FUd ullolel= FYoM &
23 Fickian Aol o|gg @& 4 Uuh. 2}, B AToA
S A 2R el (glassy state)] Zejo]w]= wlmre] w3
EdENE B Fickian A5 2 BHHE AL AT

Fig. 49} Table 1914 & 4= Ql%o] 222} F4 7z wla} Ao
¥ water sorption HE-& BT wEto @ Frol e =
o= o me} 1.6X10 " %cmisec oA 10.5% 10~ %emlsece) ZF
2 /e, BPDA-PDA<PMDA-PDA<ODPA-PDA<6FDA-PDA &
ME F7rIth 283 et 2 F4E SR kS 1.52 wi%e]
A 5.80 wt%gre 2o, BPDA-PDA<ODPA-PDA<6FDA-PDA<
PMDA-PDA X2 o] 271819, ol2igh wlut Yz sakas
€ sl S5t o] i Sejolwls upule] g7z 2}
oM 2= 515+3 3131 (chemical affinity) X}o], mEZ=)9] 3}o)
(morphological structure)d A&R]o] A B}

4-2-1. 388 Tz Jg

vet 2o 7 gakdde sleky pxze) w88ty 308149
Aol2M A 4 gk Egojus Ak 2E Yolle & Exp}

FE T e o TFY Aol SAIE, AMEF Bienje} g2
A 729 Aolo] wet R e 239 Holr} AUTH17]. AR
Well EAJsh= 71197 (carbonyl group)¢} AHE AF(-0)e E B
Aol tigk zsbgel AT B 2o z3Mdo) thled Han?t Ree
6, 1012 FHANAR (surface energy)E FEo2A AFPoz 7
aidom, 1 9 o APAEE van Krevelen®] group contribution
We o183 88 A (solubility parameter, )= Tgro =M (18-
20] 31547 2eMd S 7). Fig. 2004 B 4 gl5o] B Aqea
AH8-% ODPA-PDAE S8 tieh 2181 719, o8l 230
FAE Wl 72 Qlok. ¥k, 6FDA-PDAE dianhydride % U]o)
T i 2547120 -C(CFy),Z 7K Y} S84 tia 88
2479k Hans} Ree®] 2HE vPO S & water sorption 715 6FDA
-PDA<BPDA-PDA<PMDA-PDA<ODPA-PDAZ. 7RI AL 49
g TG, 10,18-20]. ©] AE AT B AFoA Ales =
ZlojH|E wtete] BaA 50} xjo|2 Bon HEge o] ik
A= Aolg YT £540] 733 6FDA-PDAE Agidos 3
779¢] BPDA-PDAS} ODPA-PDARTH WL ofe] ek} = gt
£2& eIt 22]3, PMDA-PDAS 6FDA-PDANT e &
WATE BRAT, FYYES] 5L Table 1048} Po] The =
gel|= vehuch 24ufe) 3re BT}, o]9} o] B Ealol st 3
S MBS 018 AL viuke) B AL obds) Hug <=
AT b, Ba} AMs, Aol ujaky, w7 = (packing den-
sity), 2% E-&X (stacking efficiency)5 ¥g3F RE 2= 3ol
s mgic,

4-2-2. REZZx]o] gk

FejoMI= vt g ST FrASS REax9 o2
o]t 3|23l7] Y3led Wide Angle X-ray Diffraction(WAXD)S
5783121, F A9l (transmission pattern)H AR E (reflection pat-

SiRtEe 37 38 1999¢1 B

MDA
~ BPDA-PDA ]
- ODPA-PDA -
1 [ L 1 (1
— A\*{AJ’DA ]

3 1 1 1 i 1
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20
Fig. 5. WAXD transmission patterns of p-PDA based polyimide films
prepared from poly(amic acid) by thermal imidization at 400 °C.

Intensity (Arbitary Unit)

ten)®] F FFZ SAH3NATHS-12,17]. G7)1A, SEFE e vjup 3w
ol Hek(in-the-plane) 722 ARE Zn wFHHL ulek A uigk
o gt out-of-plane) 72F ARE YuiF}. p-PDAE ©]&3 Z7
olFlE wete] Fasieist wAlE] WAXD AIE Fig. 59} 69
Zzh Yeplgich. dutdo g IRA ARREe] 74 Zrlaes
TE AL Fake 71asl) o). oS o WEA o)
BE FER7F B 2Ape) S 370 32 o) wRolt). wa, AY
B 3 ANET} IS B B AgaAle] QA B 247
o gl il Bk 3, B Baly} ol 4 Qi ARgeAE
e gash Hn, F5Ee 9% F oldd A e B B
HE 54 ARBA) oJEsA etk 58], 8 BExi= Zajoju)z
o] 2734 2 #3449 ¥Roz: FaEx Qi)

Fig. 59 6ol & 4= 9l320], 400°CollA] 243] o)) =513t PMDA-
PDA ZEz]o|H|= ¥igte] £31 WAXD e o7 7)ol (ool 3™
)7} amorphous haloS RQTh. ojz)sh o2 M 3d meo) =
FAHRNM Yehhs 212 PMDA-PDA Egjo|n)=r} uju} EHe] 3
B AeF Wgoz Mg 2 FAHS 1He Y. o,
A WAXD H&2 8h4e] amorphous haloTE LERARIT), o)2)st
Ak vl HH O 2NE PMDA-PDA Eg]ojn)= slupe. uj)HA
ofF, det W wgow gl A 5 Qo =3, vt
At WAXD #€9] amorphous halo= PMDA-PDA Za)o|n]= AR
o] EHHR A=} Jths A UeRATH10]. Table 2014 2
T ARel, B SR eNE 18 BIERA A7 A2l (mean inter-
molecular distancey= FIHHENA 4.78 A(18.80 ), HAIHE A=
436 AQ207299 & 27 Btk WY wgow me 3y
Z2734¢& Hol= PMDA-PDAE =& water sorptiond-& B om,
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Fig. 6. WAXD reflection patterns of p-PDA based polyimide films
prepared from poly(amic acid) by thermal imidization at 400 °C.

Intensity (Arbitary Unit)
)
1

Table 2. Characteristics of polyimide films prepared from poly(amic
acid)s based on p-PDA diamine

Pol ng’ Mean intermolecular distance”
olymer

ym °C) Transmission Reflectance
PMDA-PDA >500 478 A(18.80°) 436A(20.72°)
BPDA-PDA 360 4.87A(18.46°) 4.94 A (18.42%)
ODPA-PDA 380 478 A(18.80°%) 4.65A(19.37°)
6FDA-PDA 350 574A(15.59°) 574 A(15.59°)

“Obtained from refs 2,3, and 10, which calculated from maxima in tan & ver-
sus temperature curves. *Calculated from the peak maximum of amorphous
halos WAXD patterns.

o]Z& PMDA-PDA g} o AAHA 99 o]9]o] water sorptiond]]
3t defecrt EATL <fvig).

PMDA-PDAS} A3 WAXD Z3E ODPA-PDACA E1E 4
k. Egolm= uwluke] £k WAXD #E2 o 7)e] (ool 34
IS Rl e, s ES s EAAEQ (hkl) Heg VER)A]
23 @A 3Rte] amorphous haloZ BT} 314 wklo 2XE 13
FaEA AL Adle S 478 A(18.80°), ¥ EIoA)
= 465 A1937°9 & 22 Byt AuiFes o AR
THEE 7L AFH71(-0)8 7R E B33k, W iS¢
9} water sorptiond®] Az} L[t}

BPDA-PDAE= ¢F¢] PMDA-PDASH= 0|3 WAXD A#HE Y&t
ict Eeloln|= dhuto] T3t WAXD Hele o] sH¢] (001 3F
sielEnk op el ¥Rl SAAQ (kD) Telg Bt 3 wielo

2XE 73 FaEA AL AZde S 487 A(1846°),
HEAIRGIAE 494 A(18.42°°]). ©l= BPDA-PDAZ} g
o ol SAME] s AT 258 UERdTh BEHRE
3 FAukske] AuE 2 AXE /1L BPDA-PDAS] ¥ 34
=9} W& water sorption®del] e Ao} dA gt

a8}, 6FDA-PDA Eg]oln|=2] WAXDE HelA A5 Ade
Aol3t AAE BT 6FDA-PDAE Fllel 7t vhAlee]l 5o
EX Q] vl VehlA] 99kon|, amorphous halo¥t HTH o=
6FDA-PDA7} EA4ZQ Azl 728 7IXA| gon, Fd3eld Ae
VEeRAT ol2ig Ak IR Al EAlsks 971 -C(CF;)0
93k okt B} ARE7F Q18T QAFofEA o7 A AbEe]
v 7 AE wioltt 3 o RE o FFEA AT
Ae S 5.74 A(15.59°), WA EECIME 574 A(15.59°)
9] zk& 747 BYrh

B2} ARz AR RS ysille A A7 B3 ElE Table
20 AFstgen, 18R 7o we} 436-574 Aol WY #S
B4t} d7)8Hbulky) 71E 71 6FDA-PDAE A¢3las & Aol
£ mo)x) «9kth. webd, 6FDA-PDA E2joju|= diuto] & FiH
Z=9} BPDA-PDAS} ODPA-PDARTH AtiE o2 Be B Fiaks
7HE R& dianhydrides] EA3hs 2718 -C(CFy),2 EAel &
Aoz ¥ & glom, BxEZke g AFE AN EFHl
o5l ZEA AKze FFel 8L AR g 7Ig
WAXDS} B Bl tid Seloln|= ubete] 3hehA zispdel] g
Ase vhe yze] St Fegae] Aael 2 2aE. 2y,
Table 164 B 4= U5%o] O A 32EAeH= €2 PMDA-PDAE
& FE F5%s /o

dutog Zejolrj=e ojw=st Y F WHHAe] AU o
BaA AR, FAZE ZasiA "oHis) o] 34 T FuEd

g 718l =, vteke] fEjHo] 2%t FUIsHAl |t o]
F &A= AA $8oA A a4 A ¥ vlAZ]F (micro-
porosityye B3 "t ol#g 84 & FIS wXE Aol A
& BA 2%0] AAEe fEde] 2xojth. € dTlA AMS§
pPDAE 7122 & Zgjolu|= dlete] fejHo] = Table 20 W
ERARITH?2, 3, 10]. PMDA-PDAS] 739 500 °C ©}3loillA & f-elziol
AFS Holx ¢ttt 23y, BPDA-PDA, ODPA-PDAS} 6FDA-
PAE 400 °C ©]3lolld f2ldo] 55 e} AF on|=3) &
X7} 400°Ce)E2E, PMDA-PDAE fE|ACElE AXX LUt
durgoz f¥o]l LEHT ¥ FHLE AHd e F$ 2
B2 AFEES 46588 7AH, AlEe] AudEY] & #F I=
7H F AT, 10, 11]. ¥, HF FH2Tt FEldelR olst
U g A AEEC] fE5AE 7] BEH, A AE
Aoz Qg H7 ATt UA Hol dibgoe g Zgjoln|=
250°C 2ol 43| o|n|=31Ew[1-3], PMDA-PDAE &
frefdo] =2 I8l ojr|=siyt Xgd & AuES sFesHA st
£ 754% 7KHA £t ©l#e PMDA-PDA ZEA ARES] &
2 AR Qe iR Akso] F HAHA o, AleEY 3
% E&€5UF B 38 Aol o] Ad= Numata®} Privalko®] 2
e} LA)$TH21, 22]. Numate= AH o2 & Ao A=
E-7317 PMDA-PDA7} BPDA-PDAKT}, 283l Privalko= PMDA-
PDA”} ODPA-PDART} @2 mj7)e] AxE Jepiriy Bt
&3, oju=s) 3 F gvie] Sy BAREH,0)9] WEe o
FAE 7139 FFo] AT Al $5A40 <8 A Yepddx
2 & Jdrh geiA, dHes & F£E FFES 7IAE PMDA-
PDAS] ZA¥e & FEdo] &2 Qg W w7 Axe} ojm=
sl A F ¥AE 7)Fe 9o Qs B 5 gk 9,

ir o 2 g

o
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PMDA-PDASR= &2 Al IEARE 7130] A=A, 400 °CRth @
& frejde] 2xe Ao & ARz $54d 8 717 o
Fol 2 yehdtx & < 9tk 25502 6FDA-PDART} 4)
Hoz e B2 AT ABE Hole PMDA-PDAVF 283} Al
ol A7l & defectel o3 & 48 F5%S VEpiUtkz Azttt

5d B

p-PDAE ©]&-3t Egjoln= uhule) i3l & Ezlo] A4 9
water sorption A5 H9le] REZAE WAXDS} fEldo] 259
zpolg olg3le] 431}, glet yl2e) SR Axe uule &
dYAoll = BT830 Fickian diffusion modeld] 2 B35glon, 3
22 F4) 2o wka) Aol water sorption A1E-S B} uht )
29 FhHAFE Egolm= 22 W} 1.6X 10 %msec A 10.5
X107 %m%ec™'e] zHS 713829, BPDA-PDA<PMDA-PDA<ODPA-
PDA<6FDA-PDA A2 F7beldtt. 28lx vt g Fd 58
9] %S 152 wi%eld 5.80 wt% 3+ 2.9.™, BPDA-PDA<ODPA-
PDA<6FDA-PDA<PMDA-PDA A2 gho] Z71819tt. Zgjoln=
vrete] B B9l water sorptionHE % B1EHH pze] 2}
ol FFHTb= ZEZR|] RoloA o F¥o| o A el
F, 7P} & 25749¢ 7ol B33 6FDA-PDAE B9
ko] Witom H|wAHOZ £ water sorption %S UERIQTH &
3, AL Ak {54 o] SRe Sl 2 gke nizoe
™, PMDA-PDAS- =& faldo] 259} Xj&e] e =M 9
3 Aleel dHRAES A% Fowrl Wtom, 3 Al o] 2
defect7} AZTh. ©12 Q18] PMDA-PDAE ¥ #itexos 232
3 & HE e water sorption % HFT)

AgHog, Zejolv|t viute] H7)A ALY U HAY = o
&< PIAE water sorption] FES FE 33k 2134, mEEx),
AkEe] f540) 8% T e42A TEEojor )

e 1

o

& Al

B ATE 90w ASHIEARe] s Sgsgon, ol 7
A=y,

AE7|E

: unidirectional diffusion mass flux
: concentration of duffusant [g/cm?]
: diffusion coefficient [cm?/sec]
rarea of film [cm?)

: thickness of film [cm]

M(t) :mass of diffusant at time t

o0«

su3et 374 H38 199U 68

M(0) : mass of diffusant at time t= oo
Pl
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