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Synthesis of Reactive Polyetherimide and
Toughening of Epoxy Resin

Sin Deuk Lee

Departrment of UR Interdisaiplinary Program of Mecdwriical Engineering
Graduate School
Pukyong National University

Abstract

Amine terminated polyetherimide was synthesized by the
reaction of bis[4-(3,4-dicarboxyphenoxy)phenyl]propane dianhydride
(BPADA) and m-phenylenediamine. The amine terminated
polyetherimide was then utilized to synthesize PEI-CTBN-PEI
block copolymer and PEI-CIBN block copolymer. Carboxylated
polyetherimide was also prepared by reacting BPADA with
m-phenylenediamine and 3,5-diaminobenzoic acid. Those reactive
polyetherimides were characterized by differential scanning
calorimetry (DSC), thermogravimetric analyzer (TGA) and Fourier
transform (FI-IR) spectroscopy.

The reactive polyetherimides were used as toughening agent
to improve the toughness of epoxy resins, based on the

diglycidyl ether of bisphenol-A (DGEBA). The fracture toughness

AIV_



(Kic), morphology and solvent resistance of the toughened epoxy
resins were evaluated. The Kic of reactive polyetherimides
toughened epoxy resins were higher than that of the
polyetherimide toughened epoxy resin and particularly the
PEI-CTBN-PEI block copolymer toughened epoxy resin exhibited
much higher Kic than neat epoxy resin.

Scanning electron microscopy (SEM) was used to investigate
the relationship between the morphology of fractured epoxy
resin and fracture toughness. In reactive polyetherimide
toughened epoxy resin, the size of dispersed phase within cured
epoxy resins was smaller than that of polyetherimide toughened
epoxy resin and the dispersed particle had a indistinguishable
boundary line. The solvent resistance of reactive polyetherimide
toughened epoxy resin to dichloromethane was higher than that

of polyetherimide toughened epoxy resin.
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Figure 4. Typical test geometries used for characterizing the mode 1
fracture toughness of epoxy. (a) compact tension; (b) single

edge notch; (c) single edge notch bend; (d) double torsion .
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Hord skl 3 TR ke EnlelEEenE &5 H

st F| o). Bis[4-(3,4-dicarboxyphenoxy)phenyl]propane dianhydride

o

(BPADA) 9} m-phenylene diamine2- ¥H-&-A|# Aol <Fdtho o}

U718 2t olvlww PRI F4stdth 19n 449 opu

‘HE
e

PEI®} carboxyl terminated acrylonitrile butadiene copolymer (CTBN)
& ¥FgAlA PEI-CTBN-PEI &5335%A 2 PEI-CIBN &3 F

L

A S FASAE 28]l carboxys]E Zte 3,5-diamino benzoic

of carboxy”]% %ii= carboxylated PEIES AT sHdH wHE:
A Eddd el & FT-IRE 7x2E d<tasiar DSC 2

TGAZ ALgstel 97 S4€ 2L,

3.2 4%

3.2.1 Aok

- & Aldrich
HatgF (g/mole): 520.49
m.p., °C: 191-193
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m-Phenylenediamine
232 Aldrich
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HZN—-@—NHZ
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3,5-Diaminobenzoic acid

=] Aldrich
B 2}ek (g/mole): 152.15
m.p., °C: 66

H,N NH,

COOH

Carboxyl terminated acrylonitrile butadiene copolymer (CTBN)
25 =] Aldrich
B 2pek (g/mole): 3,600

acrylonnitrile: 18wt%

21/ Q
HO --C GH ,—CH —+CH ; —CH =CH —CH , |—|C—CH
CN /, .

CTBN

1,3-Dicyclohexylcarbodiimide (DCC)

+ a4 Aldrich
Kz} 2k (g/mole): 206.33
m.p., °C: 34~35
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SHRS

N-Hydroxysuccinimide (NHS)

& *]: Aldrich
B-2}ef (g/mole): 115.09
m.p., °C: 95~ 98

1-Methyl-2-pyrrolidinone (NMP, Aldrich)2 #4438 7SI Z

A1

Acetic_anhydride (Aldrich)< -3+
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Xylene (Aldrich)2 43 T4z AH&aalvh

CH3

CH, CH,
+

CHj

Dichloromethane (Junsei)2 %13 “1t 2 ARE-3}S o

Cl—CH, ClI

3. 2. 2 opW1d ¢ PEI ¥4

wRr7), A 2 d4e FAavF A" 1000mL 397 Sk
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3. 2. 3 PEI-CTBN-PEl B2 ZZ%4 9 34
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b e B
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3. 2. 5 Carboxylated PEI2] 34
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3.2.6 B4

A apFAd g4 (DSC)= Perkin-Elmer DSC 78 o] &3to) <
LETE 57T /min, &5 HEE 50~300T 77 2h 9718l A
2218kt dE s (TGA)T Perkin Elmer TGA-2E ©]-838l<
& 100/ mne g d4 2 TV 71§ shllA] SAs49Y. &
JE WA PRI #8d £ M2 @i 4oz 53

o

s}, AL HBr& ¢F 002 No FE 2 acetic acidol] 3] 4 A
7l & potassium hydrogen phthalate@ #3733l A}8-3l . v
2 A1 PElI A8+= dichloromethane/acetic acid (5:1, v/v)ol] 2+ 3]
=913, Ao R S4de 13 viEael At He {
S gexlog Aok FAE whe-Al PEI?] 3 % Ubbelohde
HAEAE AFEEle 25£1C oM S43814h 0. 8l dichloromethane &

3.3 23 2 uF
3. 3.1 ofl et PEI9] 94

ofglgtet PEI= Figure 83 o] BPADAE  m-phenylenediamine
BoMeAA FASAC WMo Beleln =g WA gHd
olE delulzsgl Al7]e AdIAH<R] Zelelnl= FAAPE ALESEHH
3l deln =3 JdAol M= xylenes drying agent® ARE-3}o] dol
vzl A wAEE B2 AASHT oln) m-phenylenediamine&

sheko g wrg a7l PEIS) &% gl olul/]/h el RS 5
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Table 1. Characteristics of Amine Terminated PEI

M, M, Inherent
Sample r (calculated) (end group  viscosity
analysis) (dL/g)
ATPEI 0.90 5,624 6,204 0.28
ATPEISS 0.95 11,544 11,591 0.32
ATPEIS? 0.97 19,437 16,351 0.41
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A opdidd PEIR] 4 &E @lstr] dte] FILIR EA4&
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Ve mEle) B4 F4 WEsh Uedeza ofuwd PEIE 29l

vlHol 27t dAad AR e

Thermogravimetric analyzer(TGA)E A}8-3la] §A]% olvlwret
PEI®] d¢rd AL ZAst9lch Figure 110 vhebd A 200T
Betell A of 4%l FTRF Ak dejylod ol ofvlww PEIY

wrelolel NMPeo| Zdlz A Em, oF 550C Hitoi ARz

PEI-CTBN-PEI &% 3T H# © Figure 129} o] CTBN& o}l
vhch PRI} 8-S A1 A st of o B3 &= dichloromethane
5 ARt ern], ¢4 DCC 9 NHSE 4h#eled CIBNE 2t
JfEEA 7S] WhEAE FFAE & opmjegw PRI wd ofwla
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Figure 9. FT-IR spectrum of amine terminated PEL
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Figurce 10. DSC thermogram of amine terminated PEL
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Figure 11. TGA thermogram of amine terminated PEL
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CN
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N-0—CH CHy~ GHAECHy~CH=CH-CH, -+ C-0-N
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/S \H MN—PEl Ny,
2 HN—PEl-tn,

/

1
H 9 ’ ) 9 H H o \
HN-PEF-N—¢ CH2—9H¥CH3—CHZCH—CH; HC-N-PEf—nt;  uN—PEI-R—C-4{Lo,—cHH cH,—cH-cH-cH,tE-oH
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Figure 12. Synthesis of PEI-CTBN-PEI block copolymer and

PEI-CTBN block copolvmer.
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#/d¥ PEI-CTBN-PEI EZF5gH o +25 11317 98
FT-IR 249 &}¢ich. Figure 13& FI-IR B4 A2 4 1720cm’
BzolAi= CTBNE] 71R 76 #dss &4 vlar) o
™, 1610cm™ oAM= CTBNE olFAel sidss &4 Wer}
Bk wEd 3000~3700cm” ¥-ZoA] ye Eo 2 JehtE CIBN
Ueke] OH 54 dA=7F veuyA o2 oflwd PEIY] wd

3 oz FaE g

Figure 14%= PEI-CTBN-PEI E &3 53H4] 2] DSC thermogram.©
ZA 47T} 2000 Rt A ZF blocke] Tyoll slgHEE 2709
thermogram 8448 & E 4 v} Figure 15+ PEI-CTBN-

olwl @ CTBN2] 7}& B A]7)7} u}-3

<

PEI 235342 TGA thermogram® &4 160T F-ofl A4 CTBN
2o diay FHEE T9 AL BEE 4 9 550 Hat
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oA PEI 229 &7 shds= 58 a7 Elok

3. 3. 3 Carboxylated PEI®] 4]

Z4jel carboxy 7|8 %t carboxylated PElIi= Figure 163 3ro]
BPADAE m-phenylenediamine % 3,5-diaminobenzoic acide} wb
A7l FAdetsdct o] ASom ofnldd PEISE o] 247 Zg

olo} =

BHE ASslAa clolmlmg el eld Felopu=

5
Mg ZEoln=2 AT BPADASE diamineE el Hl&
0951 & FAAA &% drkol ofgl7|7h dollA ek ')

carboxylated PEli= carboxy~]2] o] Z7Fg4% dichloromethane
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Figure 13. FT-IR spectrum of PEI-CTBN-PEI block copolymer.
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Figure 14. DSC thermogram of PEI-CTBN-PEI block copolymer.
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Figure 15. TGA thermogram of PEI-CTBN-PEI block copolymer.
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Figure 16. synthesis of carboxylated PEL
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fufo] &al7p 2 Hx] &r] wE o 3,5-diaminobenzoic acid®] H] &
& A opvle] 20wthE FdI Tk
g4l ¥l carboxylated PEIS] 325 ERl&l7] 98}l FT-IR A
& ettt Figure 178 FT-IR &4 A2 ofvlder PEI] FT-IR
s Ed g SalstA e A 1700em ! Bz ol) A carbonyl”] ¢

54 #aE FA5s F4 Wzryr #as o] PEIY carboxy )7}
y¥#Ees 4 4 Ysrt 283 3300em’ FwdlE oA
o3 broad® &4 We=rh wRE A

Figure 18-& carboxylated PEI2] DSC thermogram <1H] Tyoll 3l
5= thermograme] E&42 AR = ¢9kty. o]+ carboxy”]
o] =oll ool FAbEe] WAy o s S5 Figure
195 carboxylated PEI®] TGA thermogram $ld] 140°C 9} 290CT

Abole| A carboxy7] 9] YEINZ FAHE = Fuf AT #ERE]
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Figure 17. FT-IR spectrum of carboxylated PPEI.
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Table 2. Composition of Epoxy Resin Blend

DGEBA 100
Curing agnet 85
Catalyst 0.5
Toughening agent 5, 10, 15, 20
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Figure 20. Preparation of epoxy resin/toughening agent blend.
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Figure 22. Glass transition temperature of epoxy resin toughened

with PEIL

_69_



250

200 A

150

100 A

Glass transition temperature (°C)

O T T T T T T
0 20 40 60 80 100 120

Amine terminated PE! (phr)

Figure 23. Glass transition temperature of epoxy resin toughened

with amine terminated PEL
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Figure 24. Glass transition temperature of epoxy resin toughened

with PEI-CTBN-PEI block copolymer.
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Figure 25. Glass transition temperature of epoxy resin toughened

with PEI-CTBN block copolymer.
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Figure 26. Glass transition temperature of epoxy resin toughened

with carboxylated PEL
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Figure 29. Stress-strain curve of PEI toughened epoxy.
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Figure 31. Fracture toughness of epoxy resin toughened with

PEL
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Figure 32. Fracture toughness of epoxy resin toughened with

amine terminated PEI
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Figure 33. Fracture toughness of epoxy resin toughened with

PEI-CTBN-PEI block copolymer.
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Figure 34. Fracture toughness of epoxy resin toughened with

PEI-CTBN block copolymer.
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(a) PEI 5phr

Figure 36. Scanning electron micrographs of epoxy resin

toughened with PEL
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(b) PEI 10phr

Figure 36. Scanning electron micrographs of epoxy resin

toughened with PEIL

_90..



(C) PEI 15phr

Figure 36. Scanning electron micrographs of epoxy resin

toughened with PEL
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(d) PEI 20phr

Figure 36. Scanning electron micrographs of epoxy resin

toughened with PEL
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(a) amine terminated PEI 5phr

Figure 37. Scanning electron micrographs of epoxy resin

toughened with amine terminated PEL
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(b) amine terminated PEI 10phr

Figure 37. Scanning electron micrographs of epoxy resin

toughened with amine terminated PEL
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(c) amine terminated PEI 15phr

Figure 37. Scanning electron micrographs of epoxy resin

toughened with amine terminated PEL
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(d) amine terminated PEI 20phr

Figure 37. Scanning electron micrographs of epoxy resin

toughened with amine terminated PEL
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(e) amine terminated PEI particle (x 6000)

Figure 37. Scanning electron micrographs of epoxy resin

toughened with amine terminated PEI
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{a) PEI-CTBN-PEI block copolymer 5Sphr

Figure 38. Scanning electron micrographs of epoxy resin

toughened with PEI-CTBN-PEI block copolymer.
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b) PEI-CTBN-PEI block copolymer 10phr
poty jo

Figure 38. Scanning electron micrographs of epoxy resin

toughened with PEI-CTBN-PEI block copolymer.
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{(c) PEI-CTBIN-PEI block copolymer 15phr

Figure 38. Scanning eclectron micrographs of epoxy resin

toughened with PEI-CIBN-PEI block copolymer.
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(d) PEI-CTBN-PEI block copolymer 20phr (x 3000)

Figure 38. Scanning electron micrographs of epoxy resin

toughened with PEI-CIBN-PEI block copolymer.
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(a) PEI-CTBN block copolymer 5phr

Figure 39. Scanning electron micrographs of epoxy resin

toughened with PEI-CTBN block copolymer.
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(b) PEI-CIBN block copolymer 10phr

Figure 39. Scanning electron micrographs of epoxy resin

toughened with PEI-CTBN block copolymer.
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(c) PEI-CTBN block copolymer 20phr (x 3000)

Figure 39. Scanning electron micrographs of epoxy resin

toughened with PEI-CTBN block copolymer.
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Figure 39. Scanning electron micrographs of epoxy resin

toughened with PEIFCTBN block copolymer.
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(a) carboxylated PEI 5phr

Figure 40. Scanning electron micrographs of epoxy resin

toughened with carboxylated PEL
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(b} carboxylated PEI 10phr

Figure 40. Scanning electron micrographs of epoxy resin

toughened with carboxylated PEIL
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{c) carboxylated PEI 20phr (x 3000)

Figure 40. Scanning electron micrographs of epoxy resin

toughened with carboxylated PEI.
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(d) carboxylated PEI particle (x 6000)

Figure 40. Scanning electron micrographs of epoxy resin

toughened with carboxylated PEL
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Figure 41. Crack initiation of toughened epoxy resin.
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