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2 ©f: Pyromellitic dianhydride (PMDA )/4,4'-oxydianiline (ODA)#ol 4] methyl (PAME),
ethyl (PAEE), n-butyl ester (PABE)o @& 4 F{2] poly(amic dialkyl ester)5& #4433t
Atk oju)=3 Al LEE alcohol €2l X S AP s PAME<PAEE<PABE &£2
2 27Uk 27194 2 AL A3t 219 190~280 ‘TN wHg&EE PAME>PAEE>
PABExo.2 olv|=3 74A] A& AXSA|g, FridAle] H3) we&eE 245 wet 3
&o] wknslo] Yeldtl, ex¥ F7194 9eE& = 190~260Col4l PAME>PAEE>PABE,
23 280~340 TolA PAEE>PABE>PAME, 380 Col4 PABE>PAEE>PAME &2
7ZAgko] widslo] Yehdth, nHEHgANA &R v Al {4 A¥EY, 843 oy
A2 FAY Zak olv|=do) wE 7129 T, 4522 93 mode7} chemical controlled re-
actionol]A] diffusion controlled reaction®.2 WEE 7] wolch A AFHE ZFoA PI
(PABE)9] 948 7|48 243 €3 A8 B2 At

ABSTRACT: The three different poly(amic dialkyl ester)s of methyl (PAME), ethyl (PAEE),
n-butyl ester (PABE) based on pyromellitic dianhydride (PMDA)/4,4'-oxydianiline (ODA)
were synthesized. The onset temperatures of imidization were increased in order of PAME <
PAEE<PABE, relative to the bond scission energy for alcohol leaving. In the initial step and
the low temperature regime around 190~280 'C, the reaction rates were in order of PAME>
PAEE>PABE which was consistent with the trend of imidization onset. In the slow last
step, the reaction rates were in order of PAME>PAEE>PABE at 190~260 °C ranges, PAEE
>PABE>PAME at 280~340 C ranges, and PABE>PAEE>PAME at 380 C. In the high
degree of imidization, the change of reaction rate is related to chain mobility of the matrix.
And the remarkably reduced activation energy is considered to be attributed to the fact that
the reaction mode changed from chemical controlled reaction to diffusion controlled reaction
due to the increased T, of the matrix. The excellent mechanical property and thermal stabili-
ty were observed from the PABE based polyimide.

Keywords: poly(amic dialkyl ester), curing behavior, polyimide, chemical controlled reaction,
diffusion controlled reaction.
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Monomers and Reagents. Pyromellitic dianhy-
dride (PMDA)®} 4,4'-oxydianiline (ODA)2 Al
drichell A} #9138k PMDA & 200 ColA A A%
sl Alg-sld o], ODAE 80 CAA 12417 $¢
AF Azsle] ALR-stdt). Methyl alcohol® ethyl
alcohol& CARLO ERBAG¢9||A], n-butyl alcohol&
Junsei Chem.o|A] 7Jsled HA| glo] A&t
N-methyl-2-pyrrolidinone (NMP) 3} N, N-dime-
thylacetamide (DMAc) &= P08 Y1 ZH53% 3,
5 A molecular sieves& ®@o} 3U Fo] AMREY
t}. Tetrahydrofuran (THF)& 5 A molecular
sievesE @o} aj 2 Alg-3}¢it}.

Bis(alkoxycarbonyl)terephthaloyl  dichloride2|
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T F,EEE w07l S8 AZF WEe A12E )
&9 Hd EE AMEER ¥, B dgdae 3
Zu] vhg o I E /A A} PMDA 109¢g
(0.05 mol)& THF £ujio] ¥m, 40 ColM myhst
o old, ¥UES AASE 5L £88 9] 94
23ule] alkyl alcohol (0.1 mol)& 24]7F Z¢1
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71 THF & A AsA 8 E2e] bis(alkoxycarbonyl)
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Scheme 1. Synthesis of bis(alkoxycarbonyl)tereph-
thaloyl dichloride.
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Scheme 2. Synthesis and chemical structure of poly
(amic dialkyl ester).
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*H-NMR Spectroscopy. Fig. 12 poly(amic

Polymer(Korea) Vol 23, No. 2, March 1999



PMDA/ODA# Poly(amic dialkyl ester) 7HE9] 437 As A% L B4

r o
fa co—c\/\/c \u@ —/}um—
I
i (/\/\C ocH,

! il )

H

s |
“ Ll - !

3
u,cn-co—c\/\/g ~H©— —@-— !~

C OtHCH.

$
3 4 s
I { 1 ™S

0 9 . 1t
nuumuwo—c.::':[ »x‘<©—o~©-.~m

7

¢ —ocnrmucu,
{ 8 5
i ‘ s
1 ' 7
P ™S
2 1414 j Fa |
1 L e Ui l

oom 10 3 3 H [ 5 4 3 2 1 []

Figure 1. 'H-NMR spectrum of poly(amic dialkyl
ester) precursors.
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29 FFRAE #Asa Aok metas ohE W
& F28 7KL A7) YRl F719 singlet 33,
parat & UEEH £4E A1 oA ©x
7R} singlet ¥]=7} WA= ojxc}. Poly(amic di-
methyl ester) (PAME)®] W3Z 34 ¥3s=
meta 7} §=8.29, 7.88 ppmol| A}, para’} §=8.05
ppmol A UEldt}.  Poly(amic diethyl ester)
(PAEE)+ meta7z} §=8.26, 7.85 ppm, para’} 8=
8.02 ppmdll A, poly(amic dibutyl ester) (PABE)
+ meta’} §=8.27, 7.84 ppm, para7} §=28.00
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PAEE7} 0.42dL/g, PABE7} 0.44dL/ge] gte
veh) it} ol ek inherent viscosity 7} 0.3 dL/g °]
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Table 1. Solubility® of Poly(amic dialkyl ester)
Precursors

solvent PAME PAEE PABE
DMAc ++ ++ ++
NMP ++ ++ ++
chloroform - - -
ethyl acetate - -— -
DMF ++ ++ ++
DMSO ++ ++ ++
dichloro ethane - - -
aniline - - -—
toluene - - -
cyclohexane - - -
methyl ethyl ketone - - —=
THF - - -
sulfuric acid -~ - -
The solubility was tested at a concentration of about 10g/L in

the solvent. ¢ ++ :Soluble, — : Partially soluble, — — : Insoluble.
Bold FL oin Byl BBE Azald) 22
® B2 2E Aoz 4w,

Table 1ol& thodst Lujol A A ATLASe] L3

2t} Poly(amic dialkyl ester) &
—'?»x‘"'é"—: DMAc, NMP, DMFe} 22 n]okziA
=4 Bl $& 834e BoiFou, THF,
ethyl ether, alcohol Bl g8l5A] ¢= Aoz
w5t

FT-IR Spectroscopy. Table 2= &%7} Z713H)
m2} poly(amic dialkyl ester) A7} polyimide
2 JAEHE, F oluj=syl gy we IR ma
A3kE Jelidel. Fig. 2& B4 poly(amic
dimethyl ester) Ao th& t}Fg ojuj= ukg
ExdMe IR FF5E Yehidth A A7H) 25
olml=gir}t s ol wa} 1775, 1380, 725 cm™'9)
olvl= ¥=7t F7HEE ¢+ Yo, 1720 cm o)
4] imide carbonyl stretch peak$} ester carbonyl
stretch peak”} ZX@HA o] #3aE ojuls uige)
BE AAoA Yeldol. E=3 1655 cm'9] amide
carbonyl stretch (amide I) #=:29} 1543 cmle]
amide I #37} ojul= yhgo] NP go) wa} Ala}
A= Ag BJAY 4 YUtk 2eln 1497 cm'e)
aromatic C=C stretch peak: o] ulg i
7o Wgata) gt ¢ ojm=sig 400 Co &
TE H3E o|g3le o e Noz zzte] o
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Table 2. FT-IR Spectrum Assignment of Poly-
(amic dialkyl ester)s and Polyimides

R pe?k intensity” assignment _

{em™) precursor polyimide
7% ’ cyclic C=0 (imide )
1106 nochange  C-O-Csym deformn
1245 nochange aromatic ether C-O stretch
1380 7 C-N stretch (imide 11)
1408 nochange  aromatic C-H band
1497 nochange  aromatic C=C stretch
1543 \ C-NH stretch (amide 11)
1611 \ ring vibration of ester
1655 N C=0 stretch (amide )
1720 ’ ester C=Ostrethch ~ C=C asym stretch (coupled!
1775 7
3067 nochange  aromaticC-Hsretch  C=Csym stretch (imide 1)
3301 \ N-H stretch

¢ »:Increasing with increasing temperature,  :Decreasing
with increasing temperature.
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Figure 2. FT-IR spectra of poly(amic dimethyl ester)
precursor in the spectral region 500-2000 cm™ at vari-
ous temperatures; multi-step and single-step (curing
for 1 h at 100, 200, 300 'C, for 15 min at 400 C).
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Figure 3. Degree of imidization for poly(amic dialkyl
ester)s using FT-IR spectra at various temperature
conditions.
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< 2ok AzbEo), 2e)y 400 CAM = Al A3
Ae 2571 vl olu|=. AREE A Hu, o
vl=3l &% SHA e thae] yhde] =gt
oA P9 feldo] && ZA 9 ¥& 2xdME
4% A% Fol= nEA FH9 Al &
Aol 73] we}A diffusion controlled reaction
o2 o] HY, JuFoz AE FEA4 @
71 *&4°ol +-AE butyl, ethyl AF7} methyl
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THEL 200 T o]ge] 2EoNE gujo] o]
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Ztgd
Thermogravimetric Analysis (TGA). o] Fal
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A7A ] TGA FHE olvj= nhe TMv Frg)
e 4 velllEs 2dile ) &4 THe B
oFa oot &d ojulz 2xE 450 C A oA
o] Hry, ojuj= uhg B &AL o]2x)9} A
o A ska Yok E=F 200~350 T WY o]y

7o A £4o] ojfojA).
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€9 ddog Q% TA- &4z HAAY. Aw
fAollA dF7 A 2o poly(amic acid) HA7H 2}
22 Al AFAle B2 A=dE= A fujrt 7
IR 7] W&o Lujel dgre Ao gl
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Figure 4. Nonisothermal TGA of poly(amic dialkyl
ester) precursors (heating rate: 10 C/min, a: PAME,
b: PAEE, ¢: PABE).

Table 3. Thermogravimetric’ Analysis of Poly-
(amic dialkyl ester)s

imidization wt loss during imidization (%) 5wi%

PreCUISOr nset () theory value actual value® degradation (C)
PAME 17768 1435 15.17 564
PAEE  187.05 19.42 1948 574
PABE  193.75 2794 2855 583

¢ Heating rate, 10 C/min. ¢ Calculated for loss of 2 alkyl alcohol
molecules/repeat unit.

kinetic parameter(k, E, A)SL Ads¥c &
< TGAE 190~380 C HYdlA 1A7F B9t 23
dtgon, ¥ TGAE 2.0~20.0 T/mino] cthokst
FeEEN ZH A

Fig. 5% 9@ $&4%0 o poly(amic di-
ethyl ester) "yl We TGA FHE HoZm
Ut $LEE7 FUhdd wel B &4 g e
L O & 258 0|51 Yt} ojej we
TGA H& o3l s2&%d] wat Al A7 9
o= Bhg AL E (Tons) & TR0, ojuj=
g AN RE $24557) 0 °C/min7lA] 94
€ AA oUE B2 HY AHALE (T o) & AN
3ot Fig. 69 olnl= uhg Y sjAexg Faf
7l A8 o4 F4& Yt 94 2o zHy
AFE Al AFA Y olul= whe Y A LEE= 7
Z PAME7} 166 C, PAEE7} 169 ¢, PABE7}
178 C2 Yelgth $24% 5 C/ming 73S, &
T deolMe TGA ojul= 7jA &%= PAME7}
176 °C, PABE7} 193 C2 3% 23 9
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Figure 5. Nonisothermal TGA of poly(amic diethyl
ester) precursor as heating rate(a:2 C/min, b:5C/
min, ¢: 10 T/min, d: 20 T/min).

WL e m———— 2
"""""" SRS
Siad T
a .
190 R
- -2
» Bl .
v; 1904 ./ S oo
§ y ‘. "’..,.-
& . e
./ "' - P
e o PAEE
' s PABE
160 . . . .
0 s 10 15 20
Heating rate { T/min)

Figure 6. Onset temperatures for the imidization of
poly(amic dialkyl ester) precursors as a function of
heating rate.
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8749 2724 amic alkyl ester7]o] wgA4 W
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state®] EAe}t Bitde 5o Az B 4 9k =
712A oA ¥18-& conformational freedomo] &
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Figure 7. Logarithmic plots of weight losses in
PABE precursor being imidized isothermally.

€}, Diffusion controlled reaction® 29} Hoj=
diffusion controlled reaction® chemical con-
trolled reaction®] time scaleo] Zo}ld uje] Yol
vt} ojml= wkg F<t, chemical controlled reac-
tionol] 3t time scale™= YA3}9, diffusion con-
trolled reaction®] time scale& Al&: §FAIF

o g4 2B AT U 54

$719) 357t 2oy s F7be 22n 87
Ael feldo] LEE ojul= ABgo] 7P
2 AoHed YA A Bges Wt v

=8 g W2 %7} Ao feldo] &% of

).

AL o, AHe FF5A0] FUtE o] ojn=3ly} Ago]
HA, oju|= sy} Frbg wel fEde] xR
d5Elo] glassy stateg wiyA "rl o] wAldA
o] ojuj=3l= wjg o PA o)

oju|= yhg-Fo] WIg T E}i 2848 d4de
Btk ol ATA 9 454 BAANIE s
o W Axd Bely Aduae] W} Fuig

7] WEolt}.
wE Zr|gAlel = F7|dAlolA kinetic pa-
" rameter 5% Table 49 B33 Q). 190~
280 CAlM A% wlE x7igAle)l A9, uhgie .
ak°] PAME>PAEE>PABE 402 Jshlx
=8 F719e 39, 190~240 ¢ HeldME
PAME>PAEE>PABE £oz, 280~340C H
Yls= PAEE>PABE>PAME &0z Jeh}
o, Plo] fejde] &% X< 380 C HHdA e

Table 4. Kinetic Parameters of Poly(amic dialkyl ester)s in Imidization Behavior

precursor PAME PAEE PABE
k conversion k conversion k conversion

step temp. (C) (x 10'3min") (%) (x 10'3min") (%) (% 10»3min—l) (%)
190 € 92.24 24.27 81.34 21.74 72.30 19.57
200 °C 177.90 41.50 151.85 36.72 149.15 35.93
220 C 251.64 52.81 210.75 47.01 187.53 43.17
initial 240 °C 355.53 65.39 275.63 56.42 252.67 50.06
step® 260 C 42224 71.64 371.78 67.38 322.15 62.12
280 C 485.19 76.82 478.37 75.77 471.13 75.48
300 C 513.01 78.37 533.58 79.96 550.30 80.95
340 C 560.15 81.51 567.62 83.07 614.54 84.02
380 C 646.90 85.76 679.49 87.09 727.55 89.07
190 T 7.47 36.16 6.14 30.84 5.08 26.25
200 C 13.56 55.72 10.94 - 48.34 9.69 4428
220 Cc 20.01 69.96 18.45 64.17 15.16 59.76
last 240 C 25.79 78.82 24.07 76.46 18.46 67.00
step® 260 C 29.35 83.20 29.56 83.12 25.19 48.01
280 C 30.97 84.39 41.27 91.58 32.39 85.73
300 C 35.14 87.90 46.37 93.99 38.64 90.36
340 45.00 93.26 49.06 94.73 45.96 93.68
380 54.02 96.08 59.59 97.26 93.67 97.86

“ Value of at min after isothermal reaction. ® Value of at min after isothermal reaction.
&2 #1238 A23 19999 3¢ 227
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PABE>PAEE>PAME &£o2 7igo] uizle]
eh}x ok Fig. 8o 843 U g Fab7] A3
In £ 1/T€ E£% 28 =& el Table
5 479 2% yHdAe 843 ouxied vix
AAEL el ¥ 25 190~200C W
AdolA wWE  Zo1dAAMel 843 AdRlE
PAME7} 28.60 kcal/mol, PAEE7} 28.94 kcal/
mol, PABE7} 31.63 kcal/mol2 AlAtsigich. =&
E715A1e] 739, PAME7} 25.96 kcal/mol, PAEE
7} 25.30 kcal/mol, PABE7} 27.78 kcal/mole] &
A3 o2& vehidch 28la 220~380 C ¥
AeliMe dEgol UF A BE wgire 27
Al e} = FridAle] FRo] o[, A3l
3z PAME 7} 3.40 £0.03 kcal/mol, PAEE 7}
4.60+0.03 kcal/mol, PABE7} 5.70+0.03 kcal/
mol2 T BAle] glo] vl Jeltl ol ¥
25 H9dlAl= chemical controlled reaction®} 9
Fo2 Bzt QU H FHol BSEEE )3}
g, Ee 2% H9olaix diffusion controlled
reaction®.2 WD, Adidoz A& FEAHEL
vddte YiE dxle] Wiz e uHE moded] A
8L QA # Uk F, 2§ Wgexd 24X @
A3} Jv=xl= PABE>PAEE>PAMEE &% 514
g, FAldl wix Qal 37| PABE>PAEE>
PAME=Z Jeh}s Aoz Hol 318t vha-Ao] 77|
7} 3x] ¥& 73S, diffusion controlled reaction
ZA4ME Hx AR Azt A4 ¥ moded
AR 8oz A9

Poly(amic acid)e] 2%, ££8& Z7MI719 ¢4
ZHE 3l U= A9} 0] complexE9] £
7} X8 =)o] o)e}gt decomplex® Lo &4 <l
gl Joldoz g F£42% Zol7t o & AP
BN Az oA g o, $5EHQ 23] 3
9]&)] o}7|5l= polar force$} dispersion force?] 7+
22 A3 st AR Basis Rez des)
= BT oy® 2 A¥ poly(amic dialkyl
ester)?] ZF¢ol= &7t A9 AFdA @) G
of 8o £42 BrldlE Y. $& TGAY DSC
A arle g £44&EE 200~220 T Yl
A BZEY, o] 2= E FAz nEe FAG
g2 e w3yt okt agA B ex i
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Figure 8. In &k vs. 1/T plot of poly(amic dimethyl

ester) precursor for determining activation energy of
imide reaction.

Table 5. Activation Energies and Pre-exponential
Factors of Poly(amic dialkyl ester)s at Various
Temperature Ranges

precursor PAME PAEE PABE
reaction step® initial last initial last initial last
step step step step step step
E,
(keal/mol) 28.60 25.96 28.94 25.30 31.53 27.78
190~200 InA
. .y 2869 2331 28.87 22.4]1 31.63 2491
(min"')
E’ 340+0.03 460+0.03 5.70+0.03
(kcal/mol) ™ ' ’ ’ R
220~380 T nA
.y 226 001 324 085 416 168
(min™)

“ Initial step : the value of 3 min after isothermal reaction, last
step : the value of 60 min after isothermal reaction.

® Activation energies for the fast initial and the slow last steps
are almost the same at 220~380 C.

210 190~200 CAlME B AF2A 2719
#g-o] chemical controlled reaction 270 g Ry
o, £& 2% 9l 220~380 CAME B A
b Fqe ojulz= AYge] WME Fl2 glassy
stateZ HEE7] q o] x7)hA] yvrgo] #Zo] A
FHog oY, dAs Fr)aA vl diffusion
controlled reactionslo]A] Zgho] H}, Yo 29}
Z2712A NN E 71do] $835 §A38} conforma-
tional freedomeo] HA=o] #Hetdg ddo] Yo s
A=A do] A g, Fr)dAY ez
AN e gelrle duAaed 9o gaerle
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Figure 9. In(¢/T? vs. 1/T plot for determining ther-
mal degradation activation energy.

Table 6. Mechanical Properties of Polyimide
using Poly(amic dialkyl ester)s

modulus  tensil strenght elongation

polyimide (o t/mm?)  (gf/mm?d (%)

PI(PAME) 280 9.92 10.29
PI(PAEE) 294 9.95 11.60
PI(PABE) 398 10.17 8.76

Fig. 99l In(@/TH 1/TE 2% 2=e
Ehfiich o] ZeEjze) y|gr|zRE] g&d 843
=& kgt Pl (PAME)7} 52.71 keal/mol,
PI(PAEE)7} 65.26 kcal/mol, PI(PABE)7} 86.
73 kcal/mole] F¥& ¥A3} JUA e Jehi
th. PI(PABE)®] d¥3l #43 oi4z|7} 52 o
frie SlddlA 288 A Zo] e AFYr 37}
g Al APEY 2 olvls AFSE A8l B
o} A P2t oz 4F o] F4E A
oz Az

ZIAA BAYLS n¥xte] spet Pt opg} A}
=] g AFFE TR o8] & P werh
Table 6 A AFAZHE A7 Pl 7AA
24 JEIdD. 97 AEE 9.92~9.95 kef/
mm? PHE Yepdon], NBEL 87~116% ¥
Adch. @H9EL 280~399 kgf/mm?e] Z+g e}
Wit B Ee Add oz P(PABE)7} A 4
ehl=dl, o]3le PI(PAME), PI(PAEE)RT}i= =
7He Alge] AR ER FE olvl= A@LA 71
T Aoz Bt 9o kinetic oA AFE A
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