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ABSTRACT

Study on the synthesis of polybenzoxazole copolymers

and their nanocomposites

by Lee, Eung-Jae
Advisor: Professor Choi, Jae—-Kon, PhD
Department of Polymer Science & Engineering

Graduate School, Chosun University

Aromatic polybenzoxazoles (PBOs) are aromatic heterocyclic polymers that show
outstanding thermo-oxidative stability, high mechanical properties, good environmental
resistance, and superior hydrolytic stability. Thus, the rigid-rod type of PBOs has
found promising applications in the fields of high strength and high modulus fibers,
aerospace materials, and photosensitive materials. Especially, PBO fibers are super
fibers with superior thermal stability, flame resistance, ultra high strength, and high
modulus, compared to other super fibers such as Kevelar, Vectran, Dyneema, and steel
fiber. Unfortunately, however, it is not easy to produce the PBO fibers using a solution
processing method because of the poor solubility of the PBO. Similar to polyimides,
most of the PBOs have high melting temperature (7.,) and glass transition
temperatures (7;) due to the presence of rigid rod polymeric nature, and they show
poor solubility in common solvents; they are soluble only in strong acids. Therefore,
they cannot be fabricated into flexible, tough films or fibers with ease. This limits
their applications of PBOs in a wide range of industrial fields. Thus, scientists keep

trying to find methods to increase the solubility of the PBOs in common solvents.

One of the successful approaches to increase solubility and processability of PBOs
without sacrificing their properties is the incorporation of flexible groups such as the

bulky fluorinated alkyl chain (6F), aryl ether groups, or aryl sulfide groups into PBO



precursors. Then, the PBO precursors are converted into PBO simply by heating via a
cyclization reaction. It should be mentioned that released water molecules during the

cyclization reaction as by-products act as a flame retardant agent.

In this work, a number of new PBO precursors were synthesized by using low
temperature solution polymerization and direct polymerization methods, and the
relationship between the chemical structure, processing, and thermal and physical
properties of the PBOs were investigated. Firstly, we carried out the synthesis of
aromatic PBO precursors, i.e. aromatic poly(o-hydroxyamide)s (PHAs) by the low
temperature solution polycondensation reaction using two types of bis(o—aminophenol)s
with various aromatic dicarboxylic acid chlorides and isophthaloyl chloride (IPC). The
PHAs exhibited inherent viscosities in the range of 0.32—0.65 dL/g at 35 °C in DMAc
solution. The hexafluoropropane (6F)-containing—-PHAs derived from the 6F-containing
bis(o—aminophenol)s showed relatively lower inherent viscosities, which might be
attributable to low nucleophilicity of the fluorine-containing monomer caused by the
presence of electron—-withdrawing 6F groups. All PHAs, except for PHA 4, were
readily soluble in aprotic solvents such as NMP, DMAc¢, and DMF. Only PHA 1 and
PHA 2 could afford the flexible and tough film by solution casting. However, the other
cast films of PHAs were cracked upon solution casting probably because of low
molecular weights. The PBOs were quite insoluble in other solvents, but only partially
soluble in sulfuric acid. The thermally converted PBOs showed relatively high 7, in
the range of ca. 265—325 °C by the DSC thermograms. The maximum weight loss
temperature and char yields of PHA 3 and 6F-PHA 3 showed the highest values of ca.
670 °C and 58.1% and ca. 575 °C and 55.1 %, respectively. The PBOs and 6F-PBOs
did not show significant weight loss below 500 °C under nitrogen or air. On the other
hand, PBO 4 and 6F-PBO 4 having less stable aliphatic groups by heating showed
dramatic weight loss above 400 °C. The activation energy for the decomposition
reaction of the PBOs were in the range of ca. 240—805 kJ/mol, which increased with a

conversion rate.

Secondly, a series of aromatic PHAs were synthesized by direct polycondensaton of

diacides containing di-imide ring with two types of bis(o—aminophenol)s including



3,3 ~dihydroxybenzidine and 2,2-bis(3-amino—4-hydroxyphenyl)hexafluoropropane. The
PHAs exhibited inherent viscosities in the range of 0.34—0.65 dL/g at 35 °C in DMAc
solution. The DPHA 1 and 6F-DPHA 1, introducing o-phenylene unit in the main
chain, showed excellent solubilities in aprotic solvents such as NMP. However, the
DPHA 3, having p-phenylene unit, was not even dissolved completely in aprotic
solvents containing LiCl salt. The 6F-DPHAs were readily soluble at room temperature
in that solvent. In addition, the 6F-DPHASs, except for the 6F-DPHA 3 were readily
soluble at room temperature in aprotic solvents. However, they showed better solubility
than DPHAs. The PBOs exhibited relatively high 7, in the range of ca. 305—310 °C.
The maximum weight loss temperature and char yields of DPHA 3 and 6F-DPHA 3
showed the highest values of ca. 658 °C and 62.6%, and ca. 653 °C,and 62.1 9,

respectively.

Thirdly, the PHAs having terephthaloyl chloride and/or 2,5-bis[w
-methoxy-poly(ethylene glycol)lterephthaloyl chloride (M-TPC) groups were
synthesized by a solution polycondensation reaction at low temperature. The inherent
viscosities of the PHAs measured at 35 °C in DMAc or DMAc/LIiCl solution were in
the range of 0.74—1.42 dL/g. The solubility of the precursors with higher M-TPC unit
increased, but the PBOs were nearly insoluble in various solvents. The degradation
temperature of the copolymer precursors were recorded in the ranges of ca. 410—665
°C under nitrogen, and char yields showed 13—59% values at 900 °C. The mechanical
properties and flame retardancy of copolymer precursors decreased with higher M-TPC
unit. The PHAs nanocomposites having various compositions of two different clays,
organically modified montmorillonite (OMMT) and Cloisite 20A, were prepared by
solution blending. From the TEM images of the materials, we confirmed that the clays
were dispersed homogeneously in the PHAs matrix and showed partially exfoliated and
intercalated. The thermal stability and char residues of the nanocomposites were
increased with increasing the amount of two different organic clays. The tensile
strength and initial modulus of the nanocomposite films increased with increasing each
clay contents, and were significantly higher, compared to those of CP-5. The tensile
strength and initial modulus of the nanocomposite containing 4 wt% OMMT, however,

decreased to 3.9 MPa and 0.2 GPa, respectively, compared to 3wt% OMMT because of

- Xii -



the poor dispersion of clays in the PHA matrix. The oxygen transmission rate of the
PHA/OMMT decreased with increasing clay content from 1 to 3 wt%, but increased
again for the nanocomposite containing 4 wt% clay, which might be due to the clay
aggregation. The above results suggested that the nanocomposites prepared by using
two different organic clays showed similar flame retardancy. Whereas, it was found
that the Cloisite 20A was more effective than the OMMT for the enhancement of the
thermal and the mechanical properties of the nanocomposites and the reduction of the

oxygen transmission rate.

Key words: poly(hydroxyamide)s, poly(benzoxazole)s, thermal cyclization reaction,

activation energy, LOI, nanocomposite
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Table 1. 1 Chemical srtucture, Glass Transition Temperature (Tg) and Melting

Temperature(Tm) of Engineering Plastics

Polymer Structure Tg(C) Tm(C)

G 0
C 0—C—-0O _
polycarbonate(PC) @ ¢ ;@ }n 150
CH;
polyphenyleneoxide(PPO) %@% 0}
cHy; "

polysulfone(PSu) %@S"g@ "@E‘j@"} 189 -
(o) 0 CH;
polyarylate(PAr) {@@@} 190 -

o
il

O ooy 217 }

=0

Q:q N

i
o

polyethersulfone(PES) {@ SOZ@ O} 225 -
9 i
. . . C C\ _R— —_
polyamideimide(PAT) 1O rﬂ 260
polyimide(PI) {((j@ C>”@U©% - -

polyetherimide(PEI) %

LCP polyester {@ (ﬁi {“i@ﬁi _ {% 400
04 foo

i i
nylon 6(PA-6) {Nf(CHz)rc«} 50 260
polybutyleneterephthalate(PBT) {@C 04CH7940} 20 224
polyethyleneterephthalate(PET) {@C 0-{CH, 90} 70 276

polyphenylenesulfide(PPS) @ S} 90 288
(0]
polyetheretherketone(PEEK) {@C@O@O} 143 334




Table 1. 2. Heterocyclic Polymers Derived from Polyimides

and Related Polymers

Ring System

Polymer Type

Functional Groups
Required

Intermediate Stage

Phenyl ester

H
_r Polybenzimidazole Polyimine
_ ‘ N% olybenzimida: + diamine \Y%
= O, Phenyl ester
—_ ‘ />— Polybenzoxazole y Polyamide
x N + o—aminophenol
7 S, Phenyl ester
‘ />— Polybenzothiazole .y . Polyamide
x N + o—aminothiophenol
N.
¢ Phenyl ester
?j Polyimidazopyrrolone y . polyamide
+ diamine
o)
{ ) Poly(1,3,4-oxadiazole) Hydrazide Polyhydrazide
N—=N
! . . . _
‘< % Poly(1,2,4-triazole) Hydrazide + amine Polyhydrzide
N—N
S\ /7 Poly(1,3,4-thiadiazole) Thiohydrazide Polythiohydrazide
N—N
f Isocyanate
*N)J\N* Polyhydantoin y. . Polyurea
R)—QO + a-amino acid
[0}
—N, N— Poly(parabanic acid) Isocyanate + HCN Polyurea

Polythiazoline

Thiourea + alcohol

Polythiourea

N— Polyimidine Lactone + amine Polyamide
s
e e _ Acid chloride _
N> o Polybenzoxazinone . i i Polyamide
I + o-aminobenzoic—acid
S 0\]/0 o Amine + o-hydroxy .
= N— Polybenzoxazinedione Polyamide
| benzoate ester
N
~ Isocyanate
- - \NCD Polyquinazolinedione . . . Polyurea
| + o—amino benzoic acid
Y Polyisoindoloquinazolinedio Anhydride .
LA N . . Polyamide
Il n + o—aminobenzamide
1 iN Tetraamine .
’2 \>‘ Polytetraazopyrene Polyamide
N= =N

+ diphenyl ester




1. 1. 2. Polybenzoxazole(PBO)

Polybenzoxazole(PBO)+= polyimide(PD e}t U &Eo] Waks Za] ofu|= A & x}of] 2

st xZQ Sz g s a8 A (heterocyclic aromatic polymer)Z 4] ¢ ol A

AFE WA ABAZA ZFolo & F& T, To& 2om WAL} fuz 3
o] FH A wEgew TR Yol Hojur wd seta A 7]AA

0

Aol g S5l §7] nEA FAAE Y $5% ARRA FAHD Yk ®
§ ASTM E-1354 A@02 FAA( @ @ga)ex 4 s A9 Wy 2xe

50 kw/m’e] & ZE2o|ME dAir} Hx P= §A
o]

[¢]

LEAZ A Qe
PBO Al fr& 4%, 1845, WEd, Wststd o] HouA e ok daag
A & (Advenced Composite Material/ACM), A& =F2] Elol® MES} Ho WHE7|g Wl
E, ¥z Fofo] QE9S E(yacht sail), HHEFA Fde] FAo]EL]  tension
member(E7FA), Autg sha] WAL B3I 323 obdE ARl dx A E B RS

of ti7ld S Bkm AeolA HEAS HAX 9 =dE AlE 7] (ballon), ¢F
Bl 2R AE So] gxg Abgs 1 kP PBO(Zylon)df A A& 197949l
"= €] Stanford Rearch Institute(SRDOIA 53 &9 %, 929 Toyobo AFe} 7] =79
Dow chemical A7} PBOA & 70Est7] 98] 35 A58 T3l 19989 U=
o EQEAE AFCo R Zylonol& dEHor gdHor AYiAsdvh
Fig. 1. 19 Zylon(PBO) ¥ %3 2 7}A] 173 A (Super Fiber ; SF)E 9 %X}?i 155
it SF= 54 9 Aad Afe A =7F 2GPags 23t A %
=(MAE)7F 20g/d(17.1eN/dtex)Q! AF24 13 = - 284E AHAHF E& High
performance Fiber2% EgH dgddolv A S AedAz 7]+
S SR E ued G E BAY1IAY SF BHAE potEr = A
Kevlare] Ea7x+= WAy 1742 2t FxA% PBO AH9 EA7xE WA
ol F el SAE gl Adste] o] Fojxl 37f el o WM AGALE PR
dElo] do] Afre] A= B E] v =& AR dElA 9

Fig. 1. 23} Table 1. 3, 1. 4] PBO fiberS H| %3 12 SF A9 71474, 944 A
29 dd 54 AAS vlugdded d R §AdES Kevlarel Hls| 28] o] 4,
£ Carbon fibere] FFolH, WA oA Kevlare] H]3] 3%+ 100C
O] E2 650CE HYa, 44 A=A (LOLI Limiting Oxygen Index)ol A%
68% =2 7wzt As2AE /Mg =L g BHJdoZA A2Adl SFE 71di= L 9l

o

rﬂ
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th PBO fiber®] 3}84 57442 aramid Aok w5 FAFske] A2olA f77]18A

]
Zefol WS AUARE, Atbell= g AshA gom, Fre(sAdTee) A=

gu= A &o vl 2~3%A % yrr) 8078

{@421@2% OOy

Zylon(PBO) Kevlar(Twaron)

II{ H
|
o~ -
(e} C H H
[ n
n (0]

Dyneema( Spectra)

n

Polyarylate(Vectran)

Fig. 1. 1. Chemical structures of Super Fibers

2500 70
@® PBO
2000 ® PBO 60
>
— [
T el
=) £ 50 -
?500 @ Carbon §’
3 L < 40 - - @ PBI
=} Dyneema (&) ® PPS
=1000 o
o @® P-Aramid = I
= E 30 - i o @ p-Aramid
E 500 Steel o m-Aramid
® g Polyester 20 @
b Polyester
0 PEI o
0 10 20 30 40 50 100 200 300 400 500 600 700
Tensile Strength(g/d) Melting or Decomposition Temp.(°C)

Fig. 1. 2. Properties of the mechanical, thermal, and flame retardant of PBO and

other polymers. 3



Table 1. 3. The properties Comparision of Super Fibers 30~31,65)

. . . Melting Temp/
. Tensile Tensile Elongation . water
Density Decomposition of | LOI )
Strength Modulus at Break . . absorption
Temp( in Air)
g/cnt (Nd=) | (GPa) | Nd=) | (GPa) (%) (C) % %
Kevlar 29 1.43 20 29 485 70 3.6 550 29 5
Kevlar 49
. 1.45 20 29 838 135 2.8 550 29 4
(p-aramid)
Vectran
2.37 22 2.7 830 106 2.4 400 27 0
UM
Vect
et 1.41 26 3.3 600 16) 3.8 400 28 0
HM
Dyneema
0.97 42 3.6 1400 121 35 150 16.5 0
SK 71
Steel
. 7.85 4 2.7 290 210 19 1600 - 0
fiber
Technora 1.39 25 3.3 503 70 4.1 500 25 2
Zylon AS 1.54 37 5.8 1150 180 35 650 638 2
Zylon HM 1.56 37 58 1720 270 2.5 650 63 0.6
Poly ester 1.38 9 1.1 125 15 25 260 17 04

PBO°l &4 3 T¢W, &4, 2213 morphologyol ¥3 A= 1979l Ba1¥ 3
3 A e e 2ol Kubota®t Nakanish™ = ¥ w@Alo]l 24 PBOE | %3}
A=d 194 = bis(o—aminophenol)s¢t ®3F= diacid chlorides®] A& & =35

238 =& Bx#ES 7FA = poly(o-hydroxyamide)s(PHAs)S Al%xstgal, 204 = A
%% PHAsE <ol ola PBOs= %%k At

Moyer™? 5& whak= dicarboxylic acid diphenyl ester$} bis(o-aminophenol)sE i1
45 TEEHA 93 1942 FHoz AHH o2 PBOsE Azt WS AlAISH

dom, Iwakura 52 polyphosphoric acid(PPA)E A} bis(o-aminophenol)s <}
W= dicarboxylic acide] 3 &< Tl o) L&FE PBOsE Azt

T3 Ueda %<&  polyphosphoric acid 4l  phosphorous pentoxidel}

_7_



methanesulfonic acidg A& =Z4 PBO M= WS AlASHA

Table 1. 4. Comparative Resistance to Chemicals of PBO and Kevlar 52)

Concen | Tempe Time Percent loss in Percent loss in
Chemical tration | rature (hour) Breaking Strength | breaking Strength
(%) () of Kevlar of PBO
Water 100 100 100 1 17
Hydrochloric Acid 37 25 100 75 38
Nitric Acid 10 25 100 41-80s: 84
Acetic Acid 100 25 100 2 1
Sulfuric Acid 70 25 100 21-40%: 76
Ammounium Hydroxyde| 28 25 100 0—10s: 6
Sodium Hydroxide 40 25 100 0—10s: 0.7
Sodium Chloride 10 121 100 41-80%x 62
Sodium Hypochloritex 25 100 41 48
Toluene 100 25 100 3 2
Xylene 100 25 100 2 5
Methylethylketone 100 25 100 3 9
Kerosine 100 25 100 5 4
Gasoline 100 25 100 4 0.1
Brake Fluid 100 121 100 6 2

*Chlorox commercial solution

*xData from Dupont

-~

Te AzE PBOs: wl§ 4AE Zre Pxd 549 2a gleld YR e
8

yrd e XNe) |

>
(o]

Aol =4 @i &

r
fll
™
O
I
g

SalEel Thede oldwor Al A ARl AEATI=H B2 o2 Arde] 3

S web mpAe] 4d ARSI A otk g wgel AA

— o]
L - 4
i) A v g9 o] & FAE 93 copolymerization



T Sl A AAE L

TZAA Y] ARG oz gk ThEade] ofelw B2 Aol ARAolth o] W& Ak
52 PBO9 A+A2 polyhydroxyamide(PHA)2 Z

A7) whge] ol g Yk

Lo
g
12
=
vk
Jou
23
oo
filo
offt
)
-
oy
@)
fru
X,

PHA= W4 2 71A4 d&o] §-3hH

PHA 94 PBOS} wha/bA2 W@ Ee] opvloA aR4zs g S4o] £4 ¢
of 7] o WS AT Uk Be AFAES PHAZ AR g S48
548 WaA/IA 23 PHAS §v 54 2 ABHL A A8 F Abse

Tx WaE B ABAL PRV LA e ATES WY Yok
_Fj!_ =

=) = o2 =W Ryu 29¢ PHAY
WAl 2 ol alkoxy/dimethylphenoxy 59 2 X 3AE w=¢lste] A3 Ao AAIEE
SR hEA, 4 54, Bdd §2 BN A8 A7 mag B9 alkoxy 2
A2 7o)t Z71EE wEsl ukrgo] =o noa] doludozm HAZeo Ao|rt
nesk el we e Fohu nusgo

3 3F&
Hsiaos™'& 7}84< Z7HA7171 918l 5 Ab&ol etheret 14-naphthalene 5=
2,6-naphthalene 1&°] =Y % AT PHAsE A& &4 T3 Wi 93] A
z3lo] gu EAo] AA FAE L flexibledt il toughdt &S dQon w3 PHAs
= 24 g3t vkgo] o8 PBOR A&HWA 3 d PP I =S char 5

B 2Ava Rusgoh Negi 577 & 7H84& 44717 918 wEo PBO
T Ab&ol ¥ 7] 2 2-hexafluoroisopropylidene(6F) 1H& =i38te] &3l=7F AA &
Z HJar, kst St =2 fe Aol 2E(Tgv AUz FAHJFS Has
AT

Liou™ ™ 24%, Wdd 22242 Axs7] 943 F ALl methyl7l 2 234

p-phenylene imide @917} =94 o2 B9 PHAsE Alxstd e, H7)sta 74
st 6F1&°] EZ3E PHAsY A5 Als WA S Walsta A F 9 (free
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volume)& @&omM 6F E#eh i PHAsol sl §31%7k 2A F/betgim
A 715 stellAl 800 T 74A] 54 € TGA &4 A3 Ax=E PBOs+= 500 CT7HA =
A £4e] gglom char F5ES A1 68%E v ¥ ¢S RAT T Az

=
L=}
¥ PBOs¢ A% #d8 o] £%7} poly(amide-imide) 2.t °F 50 T oA =& #e

i

At} Park ¢ triphenylamine 2z bis(o-aminophenol)$} #8= dicarboxyl
acidsZ A& & T Wl 98 PBOs A7AE AFxsAar, 42 13 wks
S T3 AMEE WIEFF PBOsE AUdh ol#EA Axd aEAEe PBOsY A
m-cresolo] Y} chlorophenol 59| fF7]&mje] 2 g%l oY triphenylamine @9 S
Zb= polyimide Bt e -3 A G =2 78 Ho] 25(Tge BALEZN 7}
/80 FFE 1T AEAEA L 4k ofol]l A Eo] 7He S HAalskgith
oA A3k niel #Zo] PHAE 1 AAlR s AFAs R ofye} nfeja=d
dERZY2  ufdHd  wEY Ake] 2ol F O IEHAYI B
(photopatternable insulating materials) 2] ©] &S 3 AT = o|Fojxa o,
A R AdE dsrE el WIS Eeotu=Alo] HARe] F AbhEAA
(photoacid generator)E& E3to] dAdS Foste A% s Qo)
BaikS°"e PHAZS A3t £ Aelolx] 7] WA (electrospinning) S £3] PHA

= Alxstaen dAxelE 714 PBO Hx=ds Axstdnt. ol @A Alx¥ PBO
A 9 24 WEd PBOUY: AF=E Alx 7leds Rauston fddd
wstelg, 71414 Aol 53 PBOS 25 A7IHAEA o) 01 L
= A4S 4 A5y veA AFAREAAE ¢ A A ou

ol aFEE Be Holo Abge] shsatt,

huis)
Olr

1o, o

o
ng o

S|

h

mlo e K

ofr
o
i&
Rl oo
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o2 A3tEA il Aol os) AFHor ALnrt AYFH= A S Figl. 390
vreh gL e

Polymer

Heat transter |

Radiation | * [ Heat resource

Oxidation reaction
In gaseous phase
Condensed phase — i

Fig. 1. 3. Polymer combustion process

Thermal degradation

Diffusion
In Polymer

A Ak ABES B A WAH BN obdls g sHAR HHE 9

q_ 61,63~64)

124D 7FE (Heating) 778  11#2ke] 2% 435S fFEapAv S84 Wes it
HA Feth

29A) Aol (Transition)?g: LFA7F 8 do] 2%(Tg) FYA] 2549 FA
U ufaow wit

39A) =3H(Degration)¥7 : LEAFe] FEl= AT HEHE FA AT ofg A
S s gHoE MY WEE sty B AFEe EA vE 4 B
Ao AgEol 2t wal ol FIWSe A9 d& F4te A =
E yFa BN e 2 Aol

A7) &3 (Decomposition) @ #EAFe] A vz Qs Fuwstel el 44

A EL
Table 1. 50l F8 aLidAte] gt ALLS HZS 7] SAS BEQo 234+ 4
A2 A EAel EEE Aol wel 2E 7FA7F A E =1 hallogenAl 7H, HCN,
CO, COy, nitrogenAl 7}, 34 712, dioxine, furan S©o] thiE Z o]z} a 4= gt}
Table 1. 69 Al A4 A 4=(limiting oxygen index: LOD¢} AAES W w3}
LOI&H 2baol Ao Ed7IAE AMgsto] Set28E A

=
(V) WM, Ak ARODE BehxEF, 1R, A 5 Asde dhHom

>4
(o3
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EASE o] £A7k F4E ddgol Avkm & # ek @A Ak A57} 190] 5
WE by 99, 20 oY WE Udy ol k. PVCY 4% LOI @ol 45
degel 1 $E@E oA T/ Fo Ak BRI 46%0)5%E FolEW Aol

66~67)

o
[-40
[
o
fu}
Ll
>
ap
]
¥
%0
dlo
tlo
1o
=)
o
v

2,
)

Al theFe] HCL CL$F 22 742=% 9

= 1 N
A5AA 5o Apgol AL Qo) e nRAARR BH Fol 3

N
b
ML
-
<
@

okt
Ty

Table 1. 5. Pyrolysis & Combustion products of Polymers%)

Classification PE PP PS Nylon 6 PVC PTFE
Specific heat(cal/gC) 0.55 0.46 0.32 0.38 0.2~0.28 0.25
Thermal conductivity

4 8.0~10.0 2.8 19~33 59 3.7~70 6.0

(10 “cal/sec crf)

Melting temp(C) 105 176 92(Ts) 225 219 327

Decomposition

. 335~450 | 328~410 300~400 310~380 | 200~300 | 508~538
temp(C)
Conbution temp(C) 350 0 495 424 >530 >530
Ignition temp(C) 340 570 370 420 >530 500~600
Conbution heat(cal/g) 11,367 10,905 10,393 7,357 4274 1,590
Flame o non-comb
in Air 0.014 0.032 .
spread ustible
i 258
velocity 025 0.80 0.10
(in/min) mmHg
Olefin Olefin SM Amine HCI
Pyrolysis products Parafin Parafin Dimer CO )
. . . aromatic
Cyclic Cyclic Trimer COs
CO, COy,
NH HCJ,
Combustion products | CO, CO2 | CO, COq CO, CO '.g, CO,
Amine
CO
HCN
Surface rate of ) self-extin
self-exting ) non-combus
spread 03~1.2 0.7~1.6 05~25 ) B guish ]
. ) uish ability B tible
(in/min) ahility
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Table 1. 6. LOI and Heat of Combustion®

Polymer LOI Heat of Combustion(cal/g) Note
ABS 18.8 9,486
Kevlar 28.0 6,410
Nylon 24.3 7,357
PC 24.9 7,395
PE 174 11,367
Flame retardancy
PET 20.6 5,745
PET: LOI 27
PMMA 17.3 6,383
PP 17.4 10,905
PS 17.8 10,393
PTFE 95.0 1,590 Non-combustible
PVC 45.0 4274 Excellent flame

retardancy

1. 1. 5. 282 Yyx=E3dAE (Polymer Nanocomposite)

H ArARA Zh3w= Bok 2 yx-T7](nanoscale) 2L thEE ZujA ool
)% Y= & (nanomaterials) w0k wl$- w2 S=2 A sta

Y %338k (nano science
o

glov FAd EdNe FEF B4 /50 54L 2= A8g Fxda 9
g¥Geuge Az A 2% AECay)E ASFozA E nEA 247 2

H, % w94 4 gl AA 3= 37

A
ot A, AFHEA (barrier property)s ol &40 tE dAH U=

ZHE F71 AR AgEo SAAE AW Ao

o
3
i
S

=4 S AAAE Yx==7)(10°m, B 10A)9 7] A A(filler) 7t #dshA Bt
Hol e EFAEE oudt}. Fr] 2AAE AL H 2 T A" JAbe] ek
VN2 FHAEE aEAY] BEAS
12}¢] dnp} e whgko] -

ATt A WA= E-AH 9 {F7]-

[} . Al 1?_
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. <
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= UXx FH(nano tube)t}t Y27 (whisker)2} #o] F WakEe yw=7]o] WHejo]ar,
Sk Wk Unar|iEo dopdgor Z Weo FAHEL A HAE 1EA-HE

EdAEREA FE AFEE ¢ e vYw A7]|Q Ao FHA L A7
Woll A = Yeve 27 FAE 7 e AJE(sheet) S @8] EAlst= @
Bolth ¥ P e gu 7 2 A o] S 2t AE(clay)E °]&3g V&3
ANz A G b FARe} G %‘Zﬂxﬂg} AR HE WAl wojA FX
BH7F 71E BA s HlE) AW AAER A2 Fo HEE AEst] toughness&
AA 71 A oA E =2 JAFAE, A BHEHZE AFAA, WEA, ZIAFH

= A FEANE F Anh 2" FES AU eRA 24 HEE B
F Qe dE Fig. 1. 49 Zz294d YB3z IdWUE5S(HRR: heat release

H
rate)e SAT #S Hocd HAE el AZFE HRR #ho] @A #Aaggs =

I m
L
BN
i

Fig. 1. 5ol 2% AEE H7Igto 7 A diffusion¥ = 71471 2Hdd 4

e o tortuosity7b AA diffusion® = AlZko] Aolx ZIA T o] THAaEE A2

gt RS » ™

aEz =4 AgAE  YwEdA Z(polymer/layered silicate nanocomposite,

PLSNs)oll thsgk 72 1961d %o Blumstein®] MMT(montmorillonite)clay <Fell 4b
19A Sl F3e BRI =RoA AL wxHdonPHES o)gd 1

iR E ATE AA HEE 19879 AR o] Toyotarle] AFREo 9

Hde a43FAE AgAolE T Alo]2 A7l S Ts E3l Ay AlE F1

A 7F 100A 0] S7Fele Hhe] o] Ry ol JA A AEE o] &3 {7

7] SR @3 A7 sl & o] polycarprolacton(Nylon),

ol
-— ==

polyimide, Polyaniline, polyurethane(PU), polypropylene(PP), Polybenzoxazole(PBO)&
S E3ele gYge Alaglom s gkt g Toyota A1 =3 Algtd 5

ol SAE F83] Y] 199730 &8 HEe] nEAHE clay HEACIES A}
ool AGAA NAA Edl el clay NEE BAAIE AheY YHow Fex
2343 vy 1317 & (exfoliated nanocomposites) A Z=H< wxatdct.

= = L]' H

< FUANE B Ase} 1A YeSFAEe Az Al H7bE e S

AolE e &gt AF7F & Fol A oA 7A] = UlFE dE o} v Fol A 4
I e Aol shH S8 Ho| A dEO] Toyota Asae AAl HExZ2 Yk

=

ARE olgete]l ABA AWE oy WE Au 5 AWFES Aveidnt? =
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g YreEgdAse 4F 7taAdAdo]l ml¢ $5te] food packingg filmO ®=Al A&

P =S Asdd ek &8 5ol A%
t Owatta tetat Zefs 29<l Fol A= PEO/clay H&AE 7%k
| 2 dafd Jhgeld BE& ARE AFJeH v= DuPontdt

IBMol A= 7] chromophoreE H&A4 AglAlolEd FZA]A 22 w|AE B 1A

g Qugsts A7 So| ARHUAY ¥ AeAolEE 0§43 NEA B
BE $4% BAS WE & Av: goM dome BEA 2ok % Al 33

o] ‘O Eﬂj% 1:1] ‘]L: P 7]%01 3]_.67~90)

GruaAn Az A 2% HEd ATz S5 242 UE 4 Aok A
oA o R HFA Fof B A Add d¥¢HES vA= A Ve2A A st
1 9}]\1:]_.11~32)

300 T T T

T T
< Peak HRR: 281% kWint

—*— 85% PP 15%PP-g-MA

2500
Flux = /m? >
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20000 —G— 5% Nanocomposite
—o— 10% Nanocomposite

1500
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1000F , Peak HRR: 741 kWit

500 o0
{ Peak HRR: 681 kWint K‘.«‘\\_ \Xlﬂ
2 . L
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Time
(seconds)

Fig. 1. 4. Comparison of the heat release rate (HRR) plots for silicate.

FETTT
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EEEET RIS

=
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v

Fig. 1. 5. A model for the path of a diffusing gas through polyimide/clay

(i
nanocomposite. )
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1. 1. 6. &4 AYAE (Layered Silicate)d] +& 2 #7713}

Basal spacing
‘_

«—Tetrahedral

® e
l",xchaésgeah]e cations ° O Al Fe, Mg, Li

@ ) @
v . ® on
— e
e \ o e
Q"-.' ®0
/ @ Li, Na. Rb, Cs

Fig. 1. 6. Structure of 2:1 phyllosilicates(layered silicate).

AllES] 7225 Bt 4 AgAlolEs AeE, &Fv
A of AR om FAE e HAYAlETL FFo] FHo o] FolX
A& 7= Fr1gdEelth 718 Fx5 7 19 tetrahedral sheet®}
7§19} octahedral sheet Z¢to = o] Fo|x gttt Y &BgAE Ao a4l F4
ANz FE¥= 21 T AgAoEs A4 Fo AR 9 8], Fxd
montmorillonite, hectorite, asponite, kaolinite, vermiculite, mica, illite, talc & T3k
TH7F =l A BIA Alxe] = 2ol =22 montmorillonite(MMT) o] T}
MMT= AAAANA &3] EAsts AEFE T smectic ADZA E€3 interaction
Agom YeidAs A9 T4 242 &8y do. MMTe 74 39 F

(thickness, D)= 2k 1 mm, Z°] (length, L)= 30~1,000 mmo]i = Aol z+34
(gallery)2 ¢F 0.2 mm & 7224 F9 aspect ratio (L/D)= 54 WA =9 A=
7b " MMT 24 A A o]EE octahedral =2 AP o] thalo] Mg®, Fe', Fe'
o] 0] tetrahedral =4 Sit'o] & UlAle] S¥Xx3F (isomorphous substitution)®
TEEA AAACR FHdE i dom ojuf AgE Aol wel MMTY <<
Aot gdepxlv, w3k S AdegclExs Fdol B8 <Y =4717F EAs
T ol wg- 71/\1 Tt = 3 = BAVE EAetH T3 F Abolel= Van Der

Waals o] &@4ggr %
Pz

_4

%m e

B

BN

=
R

MMTE =7+ A3 38o] 7Zste] =RAR ALL3H A25A e 1B A matrixol] micro
size2 FAbsHA HlBRE o]& Jdsty] fsiA AEE AEE 313 A WHE ol &
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st f7] AHEstd AFAHeR AAH F vk A<l Na -montmorillonitet=
Eo 98] HHol 7Hesta 1x 23 3%, 4%k alkylammonium %ol &0 2 #7713 &
AE AXH Fol9 head groupd}t A tail groups ZE F7|std ZEEEZ
E (organo-montmorillonite) = A 3tE T o] &S 7FA &= head 1H2 A AIE F
kel EAISEE Na' ol &< wsgtelm {49 tail 152 F71=3%e] ozt
1A 3 AdE S7HA #7189 3 AF5 &olatA @t} Fig. 1. 7ol F31
EA8=  alkylammonium® Al 7F4] & E|Ql lateral monolayer, lateral bilayer,

parrafin-type bilayerg R Tt o]# g FF+= alkylammonium@ ¥ ol w3

ofo
filo
ofN
=

>

_

(CEC: cation exchange capacity)®] <7} &5 lateral layerolA parrafin-type
bilayer2 Ho]¥t}, 3t alkyl chain Zo]7F 245 F3F Ael(d-spacing)’} 5 7FsHA
#rh Fig. 1. 8ol Bl AAH n&x/F44 CEIAAEE A AYE T
I urgy F-Z(exfoliated
structure) & TEETE AFY ¥ (intercalated) Y=SFAEE AZANE S As
I E AL o, kA Abso] FXF Atol2 Ay Ay g FF Aol St
st ot} v g (exfoliated) Y EFAEE A
A

A al m
A 27 FANS Bolwei e AAAE g Beso] Ban Fxolt

i)

Y

O

m
B

Z%(intercalated  structure), 2% &(flocculated),

’

W‘
#_‘_@N/\/\N

Alkylammonium

Clay

I )
I 1
Lateral monolayer

= SNV
NN SAAN

Lateral bilayer

Paraffin-type monolayer

DONONDONDON

Sees

N
Paraffin-type bilayer

Fig. 1. 7. Schematic presenting structures alkylammoniums in the basal spacing of

94
clays. )
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@Lm

One Clay Platelet
L: 100 - 200 nm in case of MMT

Intercalated Intercalated-and-flocculated Exfoliated
Fig.1. 8 Schematically illustration of three different types of thermodynamically

achievable polymer/layered silicate nanocomposites.”

L 1.7 328FA Y=EFA=8 Ax TH

aEA yYxeBEsgs AFE F3¥Gn-situ polymerization), & 94 (solution
blending), &8 (melt blending)9] 37} 2 ZA &3 4 A} P10 =39 (in-situ
polymerization)< A 13X GFAE F7istd T4 A ANE T Alo]E AYA

AR aFAT 54 AeAel

O:

E F3be] AIAA A B ¢ A Ay Aol Hatbo] yhEdk Aol
A9k AR 7hs e @A 7 ko] Qa Alx FAHo] tha Hdek whdo] gl o]
oz A

e 284 =B 5 2= Nylon, polycarprolacton, epoxy$} &
Hrh. 89 (solution blending)S DMF$} 7Z& =4 &0E o] &3l
o|EZ &ufol A7, EAE ol & Al &Hel H7

! : 21 8o
AolE 5 A

=
shel %4 el ol AYMTII o] F BAAIE A&olth G I
e ol e ARAE H4YY HeRPARE BE £ dvks Holn, vow
= AAA Weld f718e) Age] obdA B AskHolx Tahw AA Ko
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1.1. 8. 47+ W& % &3

A
A PBOZE A&A 7|z ¢t} 22} PHA 9-1;/\] Ans TxEA &0 EA AR
7hEA ol AgEol 7] wiol ol & JHA e -‘H‘SH PHAS x4 W& & 7+
As FAATI7 S B dgEe] AP v old 72 WEe v g
Aol 2xef AAst &5E UE ¥ ofYd} %‘SHEE A FEA 7Y, 718 & 7}
5 SEAES FWTIe AR deA dth & dTelA = PHAVE z2te= &
ety 91g dotow oY series®] T % T PHAsE FAdstdion 44 1
218} wkgol 93] PBOsZ A#AAT &3 o5 F AdH PHAR Yx=5JAEE
A zsA . 2 AT A AxE PHAstE o3 22 WHo= A3t
A HA seriest™ 3,3 -dihydroxybenzidine® 2,2-bis(3—-amino-4-hydroxyphenyl)hex-
afluorpanes ¥3tst= + EFY 9 bis(o-aminophenol)s ether 1&H S Zb+= Uhksk
%9] dicarboxylic acid chlorides$} isopthaloyl chlorideE #]-& &3t Hlgo ¢
d PHAs ssHAE T4ttt 48 E PHAs7E €4 183t W&o &3 PBOs=
A ekl ek T3 AFAEe] & g kinetics 97 54 TGA
AYE Fote] Ozawa 2= o]l &atdom Hgk&o] thate] logBet 1/T ¢ #AE =
Alstel 7l &7 =EH 72 Aol A3t A ks ksl
T WA seriesss o-, m- % p-phenylene @92 dZAH dimide diacidE

o

3,3’ -dihydroxybenzidine® 2 ,2-bis(3-amino-4-hydroxyphenyl)hexafluoropropanes 3

ksl 5+ EFY 9 bis(o—aminophenol)s?t A3 FTEFHS 5 PHASS A5 L,

= A e, 44 arg st whgol o3

PBOs¢ 54E =g A8t =94 dimide o] A A9 ol wp2 Jad
AE ZAFs T

Al WA seriest= 3,3 —dihydroxybenzidine®} poly(ethylene glycol)methyl ether(M-TPC)

zk= diacid chloride ™=+ terephthaloyl chloride¢}o] #& & F3+

< °ol&38 PHAs o R TdAE et o9 2 3% drAsL 452

uT

H X
TM= ol&3ste] 7|44 54 =Aek LOIE &3 ¢

o
it
©

4 B9 FAE % 49 SHE

[o =1

2
r 0

i

pendant groups<

= AxHney 54 x4
2 SEM ##ES Fd EREZAE ZAEAT. £ Alxd PHAs &+ Ad9d
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PHA(CP-5)Z2 o]&3d YwZaagas Azsdrt. yrisagae Axd Aled T
7] AE 5 OMMTE Na -MMT (Kunipia F)¢} dodecylamine} 2] ko]
3nbg-S Fa A #AAeF L, = oE 77 HEQ Cloisite 20A(southern. co)E Ak
57 HEW FHS 7217} 1~4wt% 2Este] YeBdAAaE A xearh 7

AEFF] w2 XRDY 244 = EAFE SEM 24S 535 f714E] B3

=l

W A7) AER BE DA matrixe] BAE 24 ALE q3eAd. £3 Axw
23 goa §7] e B2E HE BT wa Aeld mi uhgld o]
A% gelsty] 98 TEME o8] RZzAs #astgich TGA, UTM, LOI ¢
0, 594 A8e B Je2ggre] 94 54, /A4 54, ¢y 2 g2 w3

BEAS Hlweln 7| HES T e w T
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AlZ EIPN=2SAE 3T AFA4 48 H 54

1.2.4 3
1.2.1. N 2 A=

B oAFo| A AFE¥  isophthaloyl chloride(IPC), catechol, phenyl hydroquinone<
AldrichAt A% & 53} AAsle] A& 2, 2 3-dihydroxynaphthalene, 2,3-dihyro-
xypyridine, dodecane< AldrichAl A& AA glo] 2= AFE-8S

3,3’ —dihydroxybenzidine®} 2,2-bis(3—-amino—-4-hydroxyphenyl)hexafluoropropane<
TCIXF AlFS A glol 2dl2 AFg3tdth CaCl Junsei ARol AlES 48717 &
oF Mg HAzxste] ALE3A Tl Toluened sodium¥t 2A]7F §<F A7l & 557319
ARS8 a2 NN’ -dimethylformamide(DMF)<¢}, N,N’-dimethylacetamide(DMAc)+ 31

2% MgSO,E 9 24A7F B9k wukA 7l & 749t 25319 AL83 9
1. 2. 2. @994 &4

HoAGo A AR Go) el AL 7E AFA Had HSIaOlO7>_4 g o
T8k 40“3}9151, Scheme 1.1°] &4 222 Yetydoh

- DMF/Toluene
2F_©>_C=N " A e Nz C_<C:>>_ _©>_CEN
|
C-
|
C-

o0-A-o0
K(m/n(m I
_soeh |
Ho_  oH @
A: HO OH HO OH
HO —CH,),s—OH
O O A

Scheme 1. 1 Synthesis of monomers
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1) 4,4"-(2,3-pyridinedioxy)dibenzonitrile®] A

HE-8-71¢) 2,3-dihydroxypyridine 2.00 g(0.0180 mol)< %3 DMF/toluene=5/5(v/v) 60
mLel §3lA17l $ o] &He] KyCOs 14.50 g(0.1051 mol)= H7}ste] AlZbs<t npk
A ZATE 2HkAZl 3 140 ColA Dean-Stark traps ©]&3F9] toluenes A A3 thg,
p-fluorobenzonitrile 13.10 g(0.1082 mol)S #H7}ste] 150 TolA 69 =<k k7 AlA
b wkgol 2 § WgES AVbe SR 250 mLoll "ojrmy Aol XA d
A

=
i, FdEs SHTFE R AlFste] v vke=S AASA T o] #Al Aol A

de2 80 T Aedzx7lolA 12412 A=A § wWgss ol&sto] AZ2As3a,
ANAdd A= vhAl 80 TollA 12413 &<t AX2AA HF: A2 ddv. 34
g shg=o el FT-IR¥Y 'H-NMR 2HEg o= Qa3 on o]5S 77t Fig.
L 9ol YetAtt. olmje] =5EE 86% N, =32 172~175 TolAt.

FT-IR spectrum (KBr) :
2229 cm ((C=N, stretching)
1450~1600 cm ' (aromatic C=C)
1259 c¢m (C-O-C, stretching)
'H-NMR spetrum (CDCly):
§ 6.42~6.44 ppm(m, H;,, 1H)
§ 7.14~7.17 ppm(m, Hq, 2H)
§ 7.24~7.30 ppm(m, He, 2H)
§ 756~7.66 ppm(m, H, H,, He, 4H)
§ 7.68~7.86 ppm(d, Ha, 2H)

2) 4,4"-(2,3-pyridinedioxy)dibenzoic acid®] A

HkS-7]ol 4,4°-(2,3-dihydroxypyridine)dibenzonitrile 2.01 g (6.3879 mmol)S ¥ &
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ethanol 60 mLE Yo] &3] %t KOH 35.80 g(0.6380 mol)S o &</%=1/1(v/v)
9] &u 16 mLol| &3fA71 & 44°-(2,3-dihydroxypyridine)dibenzonitrile 2.01

mmol)& A3 A 80 TellA 20A13F &<t g7 AH T whgo] &t
Fsto] A& of Aol HC/H0E=1/1(v/v) &4 H7leto] A==
3] AHsE 80 T MaFx7IoA 12417 A=A T

ns.sz

e
it
rlo
olN
Hu
by
fr
4
o
rlo

0.05M NaOH F&9o= st A3 3329 e FT-IRY 'H-NMR ~E

FT-IR spectrum (KBr) :

2450~3150 cm '(O-H, stretching)

1700 c¢m '(C=0, stretching)

1420~1610 cm '(aromatic C=C)

1220~1265 cm '(C-O-C, stretching)
'H-NMR spetrum (CDCly) :

§ 6.39~6.44 ppm(t, Hy, 1H)

§ 6.99~7.06 ppm(t, Hr 2H)
7.49~752 ppm(m, He, 1H)
7.57~7.60 ppm(d, H,, 2H)
7.67~7.70 ppm(d, H., 1H)
7.86~7.92 ppm(d, H;, 2H)
8.04~8.07 ppm(d, Hy, 2H)

N O O O O On

12.94 ppm(s, H,, 2H)

3) 4,4"-(2,3-pyridinedioxy)dibenzoic acid chloride®] ¥4

4,4"-(2,3-pyridinedioxy )dibenzoic acid 0.50 g(1.4242 mmol)= SOCl; 3.52 mLel 2A]3F
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Fig. 1. 9. FT-IR spectrum(KBr) & "H-NMR spectrum of
4,4"-(2,3-pyridinedioxy)dibenzonitrile(CDCl3).
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Fig. 1. 10. FT-IR spectrum(KBr) & "H-NMR spectrum of

44"~ (2,3-pyridinedioxy)dibenzoicacid(DMSO-ds).
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1. 2. 3. 5% AFAY &4

B Ao F33 PBO AFA2 polyhydroxyamides(PHAs) ¢ ¥4 74 &+ Scheme
1. 20 YEMHA L, AL F5FE ol&st b 22 wHoez F3sdt. v %

AFAE F EA SR PHA 20 4 BH< 4vRw g 2o WA ojz e

s

H

171 sfell A 37+ wHE-7]o]  CaCly 0.40 g(3.6042 mmol)= DMAc 3.0 mL¢} 37 ¢

2

3] gaAI AT e o2 wkg-7]e] 3,37 -dihydroxybenzidine 0.7104 g(3.2852 mmol)&
Y2 %, DMAc 2 mLE F7bste] &3] &A1z, &A1 & isophthaloyl
chloride 0.3334 g(1.6426 mmol)3} 4,4°-(2,3-pyridinedioxy)dibenzoic acid chloride
0.6376 g(1.6426 mmol)S % 7}5}4] ice bathdloll A 4A17F FoF wh&-A17l t}3 thA] A
oA 2447 HEEAZH. BEEo]l B & A =S vldEel AMAs] "oy A

Z o
o AAEL A9

= il C & Azx7]olA 244]%F
Azxste] HF AAPAES AT o w, 3T ATA F5ES 1% ATt FAG
TEE ATFAEL FT-IRY 'H-NMR ~2HEHS o] §3lo] 722 3lsgint.
3,3 " —dihydroxybenzidine ©]&3 %3 A4 PHA 29 FT-IR%} 'H-NMR 2
HAEHL Fig. 1. 119 YEFHRA 31, 2,2-bis(3-amino-4-hydroxyphenyl)hexafluoropro—-
panes ©] &3 TFF A 6F-PHA 19 ~#EHS Fig. 1. 129 Yepiqdo,
Aol 33" -dihydroxybenzidine®ll isophthaloyl chloride®} catechol® =13t &3
HTAE PHA 1, pyridines =43 s A7AE PHA 28 38l
2.3-dihydroxynaphthalenes =% T35 A4S PHA 3, dodecanes =93 &5 3HA
& PHA 4, phenyl hydroquinones =<3+ 353 A& PHA 52} 3ttt
PHA 1o] &% a3} wkgol o3 dgd PBOE PBO 1= 3&tiar, 247 P
°] PBOE PBO 2~5¢]2 &}t
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FT-IR spectrum (KBr) :
3000~3500 cm '(O-H, -NH stretching)
1653 cm '(C=0, stretching)
1597cm '(C=N, stretching)
1233cm (C-0O-C, stretching)
'"H-NMR spetrum (DMSO-ds) :
§ 6.42~6.47 ppm(t, H,, 1H)
7.13~7.19 ppm(m, Hq, Hx, He, 10H)
7.50~7.52 ppm(d, Hs, 1H)
7.65~7.81 ppm(m, H., Hy,, H, H; 8H)
7.98~8.01 ppm(d, Hg, 2H)
8.12~8.24 ppm(m, H;, H; 4H)
8.59 ppm(s, Hi, 1H)
9.71~9.78 ppm(d, H,; 4H)
9.92~9.99 ppm(d, H,, 4H)

w3k 2 2-bis(3-amino-4-hydroxyphenyl)hexafluoropropane®]| isophthaloyl chloride$}

catechols =3 72 6F-PHA 1, pyridines =3 FTF¢A+= 6F-PHA 2,

-

2,3-dihydroxynaphthalenes =3t %534 4% 6F-PHA 3, dodecanes =gt

f
ol

% &A= 6F-PHA 4, phenyl hydroquinoneg =93 % &AE 6F-PHA 52 &F9ith
6F-PHA 1~5¢ 9% 123} ¥b& 5 %d 6F-PBO
t}.

il

747} 6F-PBO 1~5% 39

FT-IR spectrum (KBr):
3000~3500 cm ' (~OH, -NH stretching)
1648 cm* (C=0 stretching)
1223cm! (C-O-C stretching)
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1166cm ™ (CF3-C-CF;5 stretching)
'"H-NMR spectrum (DMSO-dg):
§ 6.94~6.99 ppm(t, Hy, H;, Hi, Hg, 12H)
§ 7.29~7.31 ppm(d, Hy, 4H)
§ 7.61~7.67 ppm(t, Hy, 4H)
§ 7.83~7.93 ppm(t, He, 2H )
§ 810~8.13 ppm(s, Hy, 4H )
§ 8.47~851ppm (s, He, 1H)
§ 9.48 ppm(s, H;, 4H)
§ 9.76 ppm(s, Ha, 4H)

_30_



0 f n 2
HO OH
o o 0 0
(1] (1]
. - O-Q-m-Eyr - O- QAo O ]
-HO
HO OH X Ho OH Ix],

N @ , :)QS , , —(CHp— > @O

PHA 1 PHA 2 PHA3 PHA 4 PHASS

o

CF
H2N (I: ’ NHZ Icl> " 9 9
i + cc cc 4 ac—@—o— A—O—@—CCI
CF3
HO OH
i 0 i iFs 0 "
-ncl H-HN c NH-C [WATY c NH-C 0-A-0 c
cF CF
HO : OH * Ho s OH el
X:05
® ©
N O @ —(CHa)12— s @

6F-PHA 1 6F-PHA 2 6F-PHA 3 6F-PHA 4 6F-PHA 5

Scheme 1. 2 Synthetic route of PHAs and 6F-PHAs
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Fig. 1. 11. FT-IR spectrum(KBr) & 'H-NMR spectrum of PHA 2( DMSO-ds).
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Fig. 1. 12. FT-IR spectrum(KBr) & 'H-NMR spectrum of 6F-PHA 1(DMSO-ds).
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1. 2. 4. 3% ATAY 54 =4}

Aol FAE T ATAEY 4 29 spectrometer(Shidmazu 8601PC)
¢} 'TH-NMR spectrometer(JEOL JNM-LA 300)< Alg38te] st gt 3 A7A)
°of & 54 &vl 01 mLel FFA 001 g& FolA AR 1HF M=
Ubbelohde HE=AE AF&3te] DMAc & ddA 050 g/dLe] == 35 To g2z
A st T A7AEY 94 54 DSC(METTLER New DSC 1)<
TGA(TA TGA 2050)& ©ol&3te] FA4stdom, 424 gst v 93] e
4 9aE #FEs7] flste] DSCE ol &8t A& £917] st 2 £& 10 C
/min©. & 3t 50~400 C7HA A3t 9a, & 1e st v ol 1z A= FT-IR
= ol&sto] gt T H ATAE dA nest vhsel mE T A, A
Wl 9 Ao RS A 918 TGAE o] &3t AAix o

5
S &5 = 10 T/mine & 50~900 CT7FA] A3 3. PBOse &
|

of] A &l &g gloll 1
A& Fat7] 918 TGA(TGA 2050)& AH&3ste]l A 7]5F sltollA SAs Ao, &2
£x= Zb7F 5010, 15, 20 C/mine 2 @838t 50~900 CT7FA A & 8 9d ).

1.3. 2% 42 1%
1.3. 1. T AFA ¢4nrzy 34

B oApod dA4E v5d AFAEL FT-IR% 'H-NMRS AMg3ste] @49 722
gelst et Figl. 11¢] PHA 2 £ A7#¢ FT-IR ¥ 'H-NMRe ~HEdS 1
guiglee, 54 W= 3000~3500 em '(-OH, -NH), 1653 cm Y(C=0),
1597cm (C=N)E 3HlFdozx FTF A4 FAEAASS ¢ & Ak 'H-NMR
o] ~HE Ho A= Pyridine 118 6, 4 94 chemical shift’} 765~7.81 ppm, 5 4
chemical shift”’} 6.42~6.47 ppm, isophthaloyl ©&$1¢] 2 =4+ 859 ppm 4, 6 ¥4+
7.99~801, 5 4+ 751~752, biphenylene @1 2] 2, 3, 5, 6 4 chemical shifts,
8.12~8.24, 7.13~7.19 ppm, dihydroxybenzidine ©$1¢] 2, 5, 6 443 chemical shift
= 713~719, 765~781 ppm, OH®Sl chemical shift== 9.71~9.78 ppm, -NH|
chemical shift¥ 9.92~999 ppmolAl Erskom 717+ chemical shifte] W2 H] 7}
ol A& & dAForA FT& ATAV FAHEASS AT 5 AU

Fig. 1. 120 &%3% A7 6F-PHA 1° FT-IR% 'H-NMR9| ~#HE#S el
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=, 3000~3500 cm '(-OH, -NH), 2880 cm '(C-H), 1649 cm (C=0), 1606 cm ("%
&% C=C), 1223 cm (C-O-C stretching)®] MEES 18t ¢a, 'H-NMRe ~HE
oA catechol dioxy ©9el 9+ 3, 4 424 chemical shifts 7.29~7.31 ppm,
biphenylene @19 2, 3, 4, 5 <4 chemical shifts= 6.94~6.99, 7.29~7.31 ppm,
isophthaloyl €912 2, 4, 5 6 449 chemical shift’} 7.61~7.67, 7.83~7.93, 847~
8.51 ppm, 4-hydroxyphenyl ©91¢] 3, 4, 6 49| chemical shift= 6.94~6.99, 7.83~
793 ppm, OHC| chemical shift= 9.48 ppm, -NH®] chemical shifti= 9.76 ppmol A
7Z47ke] mAES Eelatal, 6F-PHA 1 A PHA 29 wh37kA 2 747be] chemical
shift®] W2 w7} ol &ty 2 A g A

=
geld 4 Adrt Table. 1. 79 A H 53¢ A=
1

filo

=g

H = - =
FEfel tiakel UEhlTh 3 5 A7 AES] R AR g2 dlaA v
0.32~064 dL/ge] #t& Btk 42 el wkgol ofe] A4 7= d%E PBOs
¢t 6F-PBOs®| 74-¢ &t e kel Hidows &g B, 7 g2 =
SaE A ol uf HAEE FASA Redt Axd $FE A7AE T PHA 1
7} PHA 2% §913% o5& 249 dEor AZRHAJAR 1 9 BE 35T A4
52 YN brittled] A BE o= AxdhA] Repdrh dwbdow A HFEH <
PHA®| A 7bFedat &3 540 £+ @ B A7AEL o5 457 9
nEA T oAEe WY AHE OF EE f9% 94 OF ¢ =9do=EA
PHAS &858 Z7HA71E w&dg sta gop %1

olf gt AN E AFolNE T AFAEY] FA Al ether AAnegvE 2+
PHAs®} 718k CF3(6F) 1% % ether 155 A9l 2t 6F-PHAs + EFY o 353
Table. 1. 8 &5 A= &3z A34E e, &
ether A4 1 28]E 2= PHAsS &vj 54 & =
W PHA 4&5 A 2 T AFAELS aprotic €191 DMAc, NMP, DMSO,
DMF -sol LiCle] A7} §lo] % &3l T2 & 5AS BT 29y 94 e
g wkg-o = <l MEE PBOsY Ag-ols A ALst ougt o= &35

ket

As FAdst

32
P
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Table 1. 7 Inherent viscosity and film quality of PHAs

PHASs Ninh” film quality
PHA 1 0.64 Dark brown, flexible
PHA 2 0.57 ”

PHA 3 0.35 Brown, brittle

PHA 4 0.65 ”

PHA 5 0.54 Brown, brittle
6F-PHA 1 0.42 Light yellow, brittle
6F-PHA 2 0.45 ”
6F-PHA 3 0.32 ”
6F-PHA 4 0.63 ”
6F-PHA 5 0.43 Light yellow, brittle

* Inherent viscosity was measured at a concentration of 0.5g/dL. in DMAc at 35C.

H7)8 CFz 1w°] =9% 6F-PHAs 353 A7A9 &% A= g3 2
6F-PHA 1~59 2% ether 1HWHE =98 T3 AFARG o U2 &v 54
A=), aprotic &7i¢l DMAc, NMP, DMSO, DMF %9 LiCl¢] 7} gflo] #
galE s Nk ofye} SFo] &ujEHT FAo] Z2 THFA® # &afdvhs=

geg 5 AAT A aF A=l &= TAbolA F Absol I CF3 1w 0]
= 85 6F7F =P A &2 PHAsOl Hls) w2 1f A= #s 2ok
shARE FojH o2 gaert AA FEEHATE A T

° 5

y T
o o

>

al

o

o
o

4 A e oy o] freE F
= FA3 ether 253 H7)3F CF; 15°] free volumes
A o2H A& HY A”E FU7HAI7IAL, AR AMEE Y a4

3}
=g
i} 2o AsAeS wasly] wHo|al el gl BUZTIY
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Table 1. 8 Solubility of the PHAs and PBOs

Polymer Solvent

code DMAc NMP DMF DMSO CHCl; Pyridine THF m-cresol H2S04

PHA 1 @) @) @) @) x x x x o
PHA 2 @) @) @) O x X x x o
PHA 3 @) @) @) @) x x x x o
PHA 4 O Al a@ 2ol X x A x A
PHA 5 @) @) O @) x X A x o)
6F-PHA 1 O O O O X X O X O
6F-PHA 2 O O O O X X O X O
6F-PHA 3 O @) @) @) X X @) X @)
6F-PHA 4 O O O O X X O X O
6F-PHA 5 O @) @) @) X X @) X O
PBO 1 x x x x x x x x A
PBO 2 x x x x x x x x A
PBO 3 x x x x x x x x A
PBO 4 x x x x x x x x A
PBO 5 x x x x x x x x A
6F-PBO 1 x x x x x x x x A
6F-PBO 2 x x x x x x x x A
6F-PBO 3 x x x x x x x x A
6F-PBO 4  x x x x x x x x A
6F-PBO 5  x x x x x x x x A

O : soluble, O(L) : soluble with LiCl A : partially soluble, x : insoluble, DMAc : NN’
—dimethylacetamide, NMP : N-methyl-2-pyrrolidone, DMF : NN " -dimethylformamide, DMSO
. dimethylsulfoxide, THF : tetrahydrofuran
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Scheme 1. 3 Cyclization reaction of PBOs and 6F-PBOs
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C 2E AAE &9 93E Ho|tlrt 292 Col
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A aglst wkgom Qs 4
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Fig. 1. 13. DSC thermograms of PHA 2 at a heating rate of 10C/min.

ZF ATAY dAY A% F2 W] 95t AA71LE o] g3t PHA 22 350

TollA 20 &=3F EAglste] dojzl ARE o] &3t FT-IR ZHE 4o Fig. 1. 149

e oth dx8 @9 PHA 2% 3000~ 3500 cm*(fOH, ~NH), 1653 cm {(C=0)l| A
H, -NH, C=0 54 W=+ o] AFgA| At

S MESe] YEhgAw, dAe Fol
NE lgtoms 94 nels wHgow

xlo}x]jly PBO E4 wi=°l 1721 cm (C
93] PHA7} PBOZ AdsQri= 7S 3
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PBO 2
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PHA 2
4000 3000 2000 1500 1000

Wavenumber(cm™)
Fig. 1. 14. FT-IR spectra of PHA 2 and PBO 2.

Fig. 1. 15% Table 1. 120] % 5% A7AE9 DSC 14 4343 A}ES vt
gtk RE FF ATAES 99 welg wgel APgue 247t FUHaE 200~
360 T MelolA R old@ FAWAL FEF ATAS A4 el whgol
o3 PBOsZ A#s: shgold] w4 B & o8 s19d sazs, 4 34
oA FAsze mAHe HWHE T, PHA A#=el 4% o 251~202 To] 4
= X3l 6F-PHA Algl=¢] Zfol= 216~242 TE EA
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Fig. 1. 15. DSC thermograms of PHAs & 6F-PHAs.
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13~58 T ¢ 2 & Holed], olgdt ol TF A4Ae +x o ¥y

_41_
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DSC dadoA Holx= & u=e] aetu(AH) 5L Table 1. 12.0] LFERAQ T
TEH ATAEY A998 g PHA Alal_%A A% 140~251 J/gel #HE WAL,

6F-PHAs Al2]=9 7% 135~187 J/g9 #= HIAT d-dd BE PHA Algl=7)F
6F-PHAs Al&]= HU & e w9 T AT ol gt o] fr= FFHAY &

At s & F
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=9 A5 82%, 82%, 7.8%, 74% 2 75%%Z PHAs Alg]=9] gEo] v AL

T
2 5otk %, 2@Al6l BAe] T MEU} EARSE AU FEAE of
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997 =¢1¥ PBO 29 A$ 326 T2 7Md =2 Tg #S Bt 6F-PBOsolAE
264~311 C WYX Tg #S Bg=d, 9A PBO 28 wa7A= sgd @97}
T9¥ 6F-PBO 27} 311 C& 7}4 =& Tg S v, whdoe] a3 A= Al
99 S 2t 6F-PBO 47F A% M4 @& Tg @& ®3th =3 6F-PBOs7F PBOs
Hop 8~25 €T AX ¢ ¥ 20X TgE EHAtd, ol F A& =9 ¥7)s)
3 fAds CFs 98 wlZola AztE ). Hsiao™5 9] #8= Poly(ether-benzoxazol-
e)soll #3 AF A= PBO9 #A s FxE WA 98] F Al&Eel CF; ¢ 2
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Fig. 1. 19} 20+ PHA 3¢ PBO 3 ¥ 6F-PHA, 6F-PBO 3¢
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Table 1. 9 Thermal properties of the polymers

T AH  Tg In Ny ‘ I'n air
Polymer ©) U (C) Tl Td™  Residue at  Tsoi® Td™¢  Residue at
(C) (C) 900 (%) (C) (C) 900°C (%)
PHA 1 255 251 312 598 52.8 263 552 04
PHA 2 292 248 317 642 56.3 302 554 1.2
PHA 3 246 198 320 671 58.1 305 548 05
PHA 4 263 232 302 487 41.0 279 398 0.1
PHA 5 251 140 304 644 56.6 296 562 14
6F-PHA 1 234 187 291 571 52.2 289 572 1.2
6F-PHA 2 242 155 302 573 53.8 293 586 0.3
6F-PHA 3 227 155 309 575 55.1 281 590 0.8
6F-PHA 4 216 149 283 487 31.0 265 406 0.0
6F-PHA 5 230 135 292 572 54.2 289 583 1.2
PBO 1 293 566 603 62.2 481 553 2.1
PBO 2 326 620 641 62.7 519 560 3.5
PBO 3 305 608 670 63.8 521 550 3.2
PBO 4 - 454 489 50.4 350 401 0.2
PBO 5 281 593 650 63.2 490 563 2.2
6F-PBO 1 268 553 571 57.6 489 568 1.5
6F-PBO 2 311 562 576 58.0 496 589 3.2
6F-PBO 3 267 565 573 59.7 508 593 3.1
6F-PBO 4 264 468 486 34.8 346 402 0.1
6F-PBO 5 273 556 573 58.6 522 585 2.0

? Endothermic peak temperature of DSC thermograms. E Temperature at the middle pointof
baseline shift on the second DSC heating rate. 5% weight loss temperature in TGA

thermograms. ¢ Maximum weight loss temperature of DTG thermograms.
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Fig. 1. 16. DSC thermograms of PBOs and 6F-PBOs at a heating rate 10C/min.
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Fig. 1. 17. TGA thermograms of PHAs and 6F-PHAs at a heating rate of
10 C/min; (a) PHA 1, (b) PHA 2, (¢) PHA 3, (d) PHA 4, (e) PHA
5 (f) 6F-PHA 1, (g) 6F-PHA 2, (h) 6F-PHA 3, (i) 6F-PHA 4, (j)
6F-PHA 5.

_47_



50

40 -

30 I I I I I I I I I
100 200 300 400 500 600 700 800 900 1000

Temperature(°c)

Fig. 1. 18. TGA thermograms of PBOs and 6F-PBOs at a heating rate of
10 C/min; (a) PBO 1, (b) PBO 2, (¢) PBO 3, (d) PBO 4, (e) PBO
5 (f) 6F-PBO 1,(g) 6F-PBO 2, (h) 6F-PBO 3, (i) 6F-PBO 4, (j)
6F-PBO 5.
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Fig. 1. 19. Effect of oxygen on thermal decomposition of PHA 3 and PBO 3 at a
heating rate of 10 C/min.
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Fig. 1. 20. Effect of oxygen on thermal decomposition of 6F-PHA 5 and 6F-PBO 5

at a heating rate of 10 C/min.
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Fig. 1. 21. TGA and DTG curves of PBO 2 in nitrogen at different heating rate.

Table 1. 10 The Degradation Temperature of PBO 2 at Different Heating rates

B Ty Ta 5% Ta 10% Tq 15% Tq20%  Tq25%  Tq 30%
(*C/min) () (C) (C) (C) (C) (C) (C)
5 653 507 537 584 628 656 687
10 661 522 550 591 636 657 697
15 675 531 559 600 644 694 704
20 678 536 563 602 647 677 707

Ti: oneset temperature of TG T, ; peak temperature of DTG
T4 decomposition temperature of loss 5, 10, 15, 20, 25, 30% of the sample weight
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Fig. 1. 22. The TGA and DTG curves of 6F-PBO 2 in nitrogen at different

heating rate.

Table 1. 11 The Degradation Temperature of 6F-PBO 2 at Different Heating rates

B To Tq 5% Ta 10%  Taq 15% Ta20%  Ta 25%  Ta 30%
(‘C/min) (C) (C) (C) (C) (C) () (C)
5 559 502 535 552 566 584 615
10 571 519 548 565 579 599 632
15 577 523 554 571 586 608 641
20 530 553 571 o34 560 626 666

Ti: oneset temperature of TG T, peak temperature of DTG
Tq © decomposition temperature of loss 5, 10, 15, 20, 25, 30% of the sample weight
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Fig. 1. 23. Plot of log B vs. I/T of PBO 2 and 6F-PBO 2 with different
conversion(%) rate ; 0.05, 0.1, 0.15, 0.2, 0.25, and 0.3.
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Table 1. 12 Calculated Activation energies of PBOs and 6F-PBOs by Ozawa

Method
Conversion Activation energy, E(kJ/mol)*
k(o) PBO 1 PBO 2 PBO 3 PBO 4 PBO 5
0.05 299.6 248.1 304.0 240.9 295.1
0.10 316.7 280.4 330.6 271.0 365.4
0.15 329.8 457.6 529.9 276.0 458.2
0.20 454.7 457.6 565.6 280.4 501.8
0.25 532.3 463.0 583.0 280.7 585.4
0.30 556.6 482.1 807.2 283.4 744.3
Conversion Activation energy, E(kJ/mol)*
k(%) 6F-PBO 1 6F-PBO 2 6F-PBO 3 6F-PBO 4 6F-PBO 5
0.05 300.4 251.1 320.3 250.6 316.2
0.10 309.2 305.9 336.3 251.0 336.6
0.15 336.4 317.7 348.8 252.0 348.2
0.20 345.7 330.6 357.0 252.4 352.7
0.25 360.7 331.5 362.5 253.0 360.0
0.30 365.4 342.4 378.9 257.2 384.7

% The Ea value was calculated by Ozawa equation
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A 2% Di-imide RingS ¥ 33 £ A7A A4
243 EA

21. A9
2.1.1 A 2 717

A| oF
2-fluorine-5-nitrobenzen, catechol, o, m-, 2L p—phenylene diamine,
trimelliticanhydride, 5% palladium on activated carbon, hydrazine monohydrate<
AldrichAt¢F  TCIAF AES e AFEE9Y. &= 33 -dihydroxybenzidine ¥}
2,2-bis(3-amino-4-hydroxyphenyl)hexafluoropropane(6FD)& TCIA} A &S AA| §lo]
a2 ARk Th CaCl Junsel AFS] Al#S 48A17F &<t 28 Axsto] ALEsFS
T}, Toluene  sodium¥ 2A1ZF  F<  WREAIZT & FHSA] AMEEA
N ,N’-dimethylformamide(DMF)¢} N N’-dimethylacetamide(DMAc)+

F 93 AU B AN F g SR} A

rlr
)
BN
i
=
Q

w0
o

N

1 7]

oA Aga 54 2AE fE AHEE 717l v 2ok
'H-NMR spectrometer : JEOL JNM-LA300

FT-IR spectrometer : Shidmazu 8601PC

DSC @ METTLER Co. New DSC 1

TGA @ TA Co. TGA 2050

2. 1. 2. 914 A

B oAFoa A" a9Ael 12-(phenylenediimide)  trimellitic  acid,
1,3-(phenylenediimide)trimellictic acid 223 1,4-(phenylenediimide)trimellitic acid
Ao 7h7b Hsiao'lV 59 WS A3l AlE3l9 3, &4 HAZE Scheme 2. 137

Zth th & 1,2-(phenylenediimide)trimellictic acid &4 Wi S vt
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Hol(‘l E HoN NH2 Tol ﬁ |c|) 8 L
— oluene
ﬁ DMF c —N¢
o

C-1 Cc2 Cc3

Scheme 2. 1. Synthesis of C-1, C-2 and C-3
1) 1,2-(phenylenediimide)trimellictic acid &4 (C-1)

17+ ¥Fg7]e] 1,2-phenylene diamine 1.100 g(0.0101 mol)®} trimellitic anhydride
3.908 g (0.0202 mol)< ¥ 31 DMF 30 mLoll ¢kd3] =<1 th5 60 CollAl 1A% &<t
7 AT 1217 F toluene 15 mLE ¥al 150 CTolA 12417+ o4 0% g7 Al
71 & dean-stack trap= AF&3Fed 140 ColA H0% toluenes A At Yo B
T, AHES SFTFE T 3] AFGH dE Ax7]E ol &ste] 80 TollA 8AF &<t
AxAAY. Axd jbg=2 DMAcE o83t AAa4deqa, 4244 § W& =

fex]

& 94% AT S 2o oS FT-IRY 'H-NMR ~#HEHo 2 323519
o}

.

FT-IR spectrum (KBr):
3202 cm '(carboxylic ~OH)
1777 cm '(imide Asymm stretching C=0)
1731 cm '(imide Symm stretching C=0)
1625 cm (aromatic stretching C=C), 1374 c¢cm '(C-N
stretching)

"H-NMR spectrum (DMSOg):
trimellitoyl unit®] -OH chemical shift 13.8 ppm
trimellitoyl unit® 3,5,6 chemical shift 7.97~8.34 ppm
benzen unit®| 3,4,5,6 chemical shift 7.64~7.72 ppm
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Fig. 2. 1. FT-IR spectrum(KBr) & 'H-NMR spectrum of the C-1(DMSO-dg).
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2.1. 3. & AFA A
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2 AFolA dAE T ATAEY 34 BHe Y
742+ Scheme 2. 291 YER ST

WA DPHA-19] &4 ®WHS vkg-7]e SOCl; 0.4 mL(550 mmole)$ NMP 2.4 mLE
Y3 10 FQF ice bathdloll A wREAIZ o 102 F ice bathE A Asa 220l A
1027 F712 aWkAIFH T 1,2-(phenylenediimide)trimellitic  acid 0.4812 g¢(1.0215
mmole)S NMP 4.0 mLol| =¢1 8RS wkg-7]o] H7bslo] A4 30 &<t nHkA]
2l %, "8 #v)" 337 *dihydroxybenzidine 0.2209 ¢(1.0215 mmole)® CaCly, 0.12
2(1.08 mmole)S NMP 3.0 mLol &35 ¥ triethylamine 1.20 mL(8.70 mmole)E

o= AL

b
b

7bE H7FeE A HAAE] whE7]o] "ojrmwth 80 TelA 6A1%F &b AR &
of HhEE& HEEe "oy B4 AdE THAE Ao, o FdA=
Hete 2 3 A & 21y Ax7] 120 CTollA 1247 A zxse] A5 AAHES o
AL, o] B FEELS 6%AUT. T ATAES] FHS FT-IRS 'H-NMR ~¥E

I~

o= gelalom 747} Fig. 2. 201 YeEbd At

2 23 2ok WA 1,3-(phenylenediimide)trimellictic acid
0.4812 g(1.0215 mmole)= NMP 4 mLol =<1 &5 Rb&7]o H7bste] d2014 30
B oFol wukA 7l & wigl £4)¥ 2 2-bis(3-amino-4-hydroxyphenyl)hexafluoroprop—
ane 0.3741 g(1.0215 mmole)Z} CaCl: 0.12 g(1.08 mmole)S NMP 3 mLo] 43 &
33k & triethylamine 1.20 mL( 870 mmole)E 7}k &8 X3 HES-7]o =o

wHT 80 TollA 6413 &k wbgA 5 vggo] "oy 2aye] AHdd T

o)
]
)
e
s
>
N}
1o
e
oX,
ok
i)
rlo

AE AAt do7 FFAE e 2 3 A T A H7x27] 120 Tl 124]
ot Azxse] HF AAES A, o] W F5EFS I7%AT T AGrAEY T
e FT-IRY 'H-NMR ~#Edoz 3lslgon Fig. 2. 39 =1 A¥E el

t}. AYA 3,37 -dihydroxybenzidine® o-phenylene = &-#|9}¢] =3A4S DPHA-1,
m-phenylene X 3HA|¢te] F S DPHA-2, p-phenylene X &A|9te] Z&A=
DPHA-3%2} 3} a2, 2,2-bis(3—amino-4-hydroxyphenyl)hexafluoropropane®} o-pheny-
lene A 3HA 2ol FAS  6F-DPHA-1, m-phenylene X&Aele] Z&TA=
6F-DPHA-2, p—phenylene #|3-A¢le] A& 6F-DPHA-32} &% 3, DPHA 1~3
o] 44 mag W ¥ ¥ PBOE DPBO 1~3, 6F-DPHA 1~3¢] €% 1123}
HhE §, d3ke PBOE 247 6F-DPBO 1~39. % &kt
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- : N Snor-nzE €
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o o o CF
1" 1 1 1 HoN i3 NH,
HOC Co _C COH C
cNTRINSG * ¢r
1 1 HO 3 OH
o (o]
H H O o] o] o
P P RSP S S
-HCl | -
. C— _©: SN-R-NC |
CF3 1" I
HO OH o o
n
R= @S \@/ :
6F-DPHA- 1 6F-DPHA-2 6F-DPHA-3

Scheme 2. 2 Synthesis of PHAS
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Fig. 2. 2. FT-IR spectrum(KBr) & "H-NMR spectrum of DPHA-1(DMSO-ds).
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Fig. 2. 3. FT-IR spectrum(KBr) & 'H-NMR spectrum of 6F-DPHA-2(DMSO-ds).
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2.1. 4. 3% ATAY 54 2

B oA gAE a9 2 T ATAEY ¢4 F2e spectrometer(Shidmazu

8601PC)9} 'H-NMR spectrometer(JEOL JNM-LA 300)& A}83te] elstgr). =3
AFA e &uf EAL &uf 0.1 mLol =34 001 g& =44 ZAbstAL 16 A=
+ Ubbelohde HAE=AE AF83e] DMAc €904 050 g/dLe T2 35 CY g

zoA SAHsAY. T ATFAEY 94 54 DSCIMETTLER New DSC 1)¢}
TGA(TA TGA 2050)& col-&3te] FAstglow, 92 aglst wgol os vevs
¢ 9aEs #Fe7] st DSCE ol &3ste] Ax #4917 dtelA & £%2 10 C
/min® &2 3t 50~400 CT7HA F4stda, €4 aest §kg o Fx ARs
FT-IRE o] &sto] gelstdnt 8 A7A59 4

Ao Fa2E 2 Ao AAFES Ak 98 TGAE o] &3te] 4
7] &ellA 5 £ 10 C/minl 2 50~900 CT7HA A3 skql ).

2.2. 2% 4 &
2.2.1. % A7A9 4ty B2

Y,

AT g9 3 A7A5] 722 F9d7] 98 FT-IRZ 'H-NMRS A
&soto] Y B AdEE 54 vaE FAFsEAY Fig 2. 20 DPHA-1¢] FT-IR =
HEHS Yehygded, 54 w=el 2450~3600 cm (-OH, -NH), 17803 1724
m '(imide C=0), 1662 cm '(amide C=0), 1600 cm (8= C=C), 1383 cm (C-N)&
:@LJ% ow2x FiI AT} FAHYSS & 5 Atk DPHA-19] 'H-NMR9| =
Ed o= dihydroxy biphenylene @19 2, 6 <24 chemical shift= 7.07~7.14
ppm, 1,2-benzene ©$] 3, 4, 5 6 49 dhydroxy biphenylene ©$¢ 59 F4
chemical shift= 7.63~7.71 ppm, tirmellitoyl ©%] 3, 5, 6 4% 8.01~8.44 ppm, OH
&9 9] chemical shift= 9.86 ppm, NH @99 chemical shifti= 10.04 ppmol A Y}E}
WOk &gk Z} =4 chemical shifte] WA M7} o] Z2X] 9} & AXgo2M F3 2T
7} A EASS @eldd = Addrt Fig. 2. 3¢+ 6F-DPHA-2¢] FT-IR¥ 'H-NMR
o] ~2¥EHS YR Ed 54 W=l 2500~3500 cm '(-OH, -NH), 1780 cm '#
1723 cm '(imide C=0), 1650 cm '(amide C=0), 1594 cm '(#3F= C=C), 1330
em H(C-N)o] HESS FT-IR ~HE A &t}

_1

A
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'"H-NMRe] 2=l E&o| A hexafluoroisopropylidene ©$ 9] 5 6 424 chemical shift=
7.03 ppm, hexafluoroisopropylidene ©@¢ 2 449} 1, 3-benzene @9 2, 4, 5, 6 &2
9] chemical shifti= 7.58~7.80 ppm, tirmellitoyl @ 3, 5, 6 42+ 8.01~851 ppm,
OH ©$9 chemical shifti= 10.01 ppm, NH ©$ 2] chemical shifti= 10.33 ppmol A
UelbES g2l 6F-DPHA-2 A DPHA-19} w3 7kA 2 747he] 424 chemical

shifte] =2 w7} o] & Aok & AATFE ddFgod T ATAV FAHAEE
A 4 g3tk Table 2. 1o 49 T AdAEe] i dx 2 Alxd 45
el distel YERIAT. S E T AAlEe S A= 0.34~0.75 dl/g ¥l
2 Hot Azxd 3 AFAES 4F2 DPHA 1~39 A oFe A4S

6F-DPHA 1~39] 7%= 1% o4& HQdu Alxzd 4559 542 DPHA-3%
6F-DPHA-32 uj$- brittle 3t 3L, DPHA 1, 2 ¢ 6F-DPHA 1, 29 %+ brittle 3}
AAT 1 A= vlg kst

Table 2. 1. Inherent viscosity and film quality of polymers

PBO precursors Ninh" film quality
DPHA-1 0.34 Dark brown, Brittle
DPHA-2 0.75 "

DPHA-3 0.53 Dark brown, Brittle
6F-DPHA-1 0.35 Yellow brown, Brittle
6F-DPHA-2 0.56 ”
6F-DPHA-3 0.46 Yellow brown, Brittle

? Inherent viscosity was measured at a concentration of 0.5 g/dL in DMAc at 35 C.

Table 2. 20 @A T&F AFAEY &A=sE ZAtste] 1 235 Yeldde £
AFo A AT =3 AFAELS scheme 20] Heolwtel Zo] 2799 imide 128 A}
ol o-, m-, ¥ p-phenylene G = A4dH A WIFH FX2E 2= PHAsEO
t}. 3,37 -dihydroxybenzidine®} 3$4%¥ DPHA 1~359 £dE FAS HW,
o-phenylene ©9]7} =¥ DPHA-19] ¢, CHCls, THF, m-cresol, pyridine 5<%
A3 aprotic &ufjel] AoA # L= EAS BT m-phenylene ©97 &
1%l DPHA-2¢] 73 DPHA-12} &2 vede] 4% LiClel H7F sofof &af= e
W DMF ¢ DMAc ©] 4§ AoAes dFvk & HE]°1 7t sfjofwt 2k s &af &
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= 5 DPHA-1HUE ¢kt 2o gn] EAS H Yt p-phenylene @97 =

DPHA-3¢] 7%, CHCls, THF, m-cresol, pyridine <& & &o|i aprotic &mjel

DMAcY DMFo = A2 A] ¥t ol €45 7FstAY LiCls H7bslo = FiE4 o
J

2 gald ¥ kds] &t HA g bE 92 & 5A4S Bk S AnE
X2 DPHA-1°] 7F4 £2& &1 EA1S DPHA-39] 7} @& &0 EAS HY=,
A2= o-phenylene T 9] HAHE Fx2 Q1% QAF AlE He] A a3 AstE <
st &3l=7F S7FE Ao = AZtEM S2k= p-phenylene ©H1e] Aoz Ash
o AlE 7ol et AaAgy g4 w7 &z FUkE, A AbE ko] &) AE
o oy oz <ty 7Hg v g3EE H< Zolgt AZEnh CF; 717F 234
6F-DPHA 1~3¢] &3l= A¥%E =W, DPHA 1~39 A%l &al=rF £4 &okd
pyridine, THF, m-cresol SolA LiCl& #H7}3t# GuA= & &a5+= £ &) &
AL ®BArh  aprotic €99 A% 6F-DPHA 1, 2& A2ox fafxa,
6F-DPHA-3¢] 7% LiCl& #7FebA & 7hdrte=m falH= & dAAFe=
DPHA 1~3 HU= %2 &l 548 BT o= F AbEd #7|sta FAg CFs
717 EPE o2 okgh Mt A HA FAAY mdE s A FIE Ao A&
o] HF ERE AAAIAL, FAATS A ORA A AbE g &t

B2 Z7H Ao AZEgt W g7 st dkgo] o3

A2hel 2E PBOsY & 54 2AbelA= PHAsHE ti249 |S walnh 94 1
23} Whe o PBOR A& Folo gty Ze Aot AR gaEds W,
A =Adeld v=4 gvldl W3 &3 53] CR1ol =94

.
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Table 2. 2. Solubility of the polymer precursors and PBOs

Solvent
DMAc NMP DMF DMSO CHCl3 pyridine THF m-cresol  HsSO4

Polymer code

DPHA-1 o o o o x A(H) x x O
DPHA-2 OMH) O OMH) O x A(L)  x x O
DPHA-3 ol o@ am ad x x x X O
6F-DPHA-1 O O ) O X @) A O (H) O
6F-DPHA-2 ) ) ) O X @) A O (H) O
6F-DPHA-3 O(H) O(H) O(H) O(H) x o)  x o™ O
DPBO-1 X X X X X X X X A
DPBO-2 X X X X X X X X A
DPBO-3 X X X X X X X X A
6F-DPBO-1 X X X X X X X X A
6F-DPBO-2 X X X X X X X X A
6F-DPBO-3 X X X X X X X X A

O : soluble, O(L) : soluble with LiCl, O(H):soluble on heating ,O (A):partially soluble on
heating A : partially soluble, x : insoluble, DMAc : NN ' -dimethylacetamide, NMP
N-methyl-2-pyrrolidone, DMF : N,N " -dimethylformamide, DMSO : dimethylsulfoxide,

THF : tetrahydrofuran
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2.2.2. % AFAY €49 B4

Scheme 2. 3o & AFdA FAE T3 AFA=Y €44 g3t vk 93 PBO=

3= A2E YER ST

HO
n
N (o) 0
// . . \\} I "
C (of _C
o~ N—R—N{
I(l," c
"
0 o] n
R= 2@5 \@/ :
DPBO-1 DPBO-2 DPBO-3
H H O (0] (o] (o]
| CF3 I " 1" "
N | N—-C C. C C Heat
C N—R—N{ —_—
CF3 1] I
HO OH 0 o] n
CFj3
N & N 0 0
C: ]@>ICF @[ /° Snorong®
o 3 0 c ~C
1l "
o o n
6F-DPBO-1 6F-DPBO-2 6F-DPBO-3

Scheme 2. 3. Cyclization reaction of PBOs
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Fig. 2. 4o TF A 7AE2 DSC 12 gd34s Yetddrh. G334 theket &
el 4 9ass Roled 7 FHAEY F4 929 HAH 2252 U= 320~
360 T WA &g 4= 9t} o523 PHAA PBOZ 11g|s} Hkg HAoA H
A= §E yAEo|th DPHA 1~39 4993 HAH %% 327, 338, 360 C S
Ak 6F-DPHA 1~39] 7% 320, 321, 325 C& DPHA 1~3 ®t} Z+7zF 7,17, 35 C
A ogrolrl s gl & & Al THAS T2 st v Xk AdaaA
sir = ofA7A] Weks] qtH E A ol Fehel A2 ol @AWk p-phenylene T
= zl= DPHA-3¥ 6F-DPHA-3°] o-phenylene %95 2= DPHA-1%
6F-DPHA-1H2TF ¥ &2 s Hel 22 T34 F+x9 Axdad= A7 d+= A
2}

o% F2Hm ¥ @ d7v Bay olg AdAr),

[o5

6F-DPHA-1

Heat Flow(W/g)

50 100 150 200 250 300 350 400

Temperature(’C)

Fig. 2. 4. DSC thermograms of DPHAs at a heating rate of 10 C/min.

Fig. 2. 5ol €% xg3 wgoz2 HAsy PBOse DSC 9 FAE5S yEehfd.
p-phenylene w97} =¥ DPHA-3¢ 6F-DPHA-3& A9 X=E DPBOs$
6F-DPBOs&= 306~311 T ®WH{dA HF3isk {2 o] 2X(Tg)E HAth

r
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o-phenylene ©¢|E& zt'+= DPHA-13 6F-DPHA-1¢] Tg”} 311TC, 308 T HA=H
m-phenylene ©9 S 7= DPHA-29} 6F-DPHA-22] 7% Tg7} zHzF 308 C, 306 C
2 o-phenylene @92l DPHAs Bt} 3 C & 2 C O @& Tg #S HAY. o= =
A 24 AdH ez DPHA-29F 6F-DPHA-2H U= H]A &<l DPHA-13
6F-DPHA-1°] t] ®& AF5yE 92 & #AZ ¢ 52 Tgs B o=
‘@7—]{%3}'.111)

DFBO-1
PBO-2
DPBQ-

6F-DPBO-1

Heat Flow(W/g)

F-DPBO-3

50 100 150 200 250 300 350 400
0
Temperature( C)

Fig. 2. 5. DSC thermograms of DPBOs and 6F-DPBOs at a heating rate of
10 C/min.

Table 2. 3°] DSC F4 ¥3 WAo=RE ZA4s AH #s Yehhdth S 3A=9
& dE9 e DPHAsE 36~122 J/gg H3lon, 6F-DPHAsE 16~107 J/go=
DPHAs ¥t} =2 g Yetliddrh o= CFiFeol =9% DPHAsO ¢ WhEths]
Aol DPHAs B Ao =AM A4 ae]s kg Al BAE= o] o] A
o7 AokA7] el h

Fig. 2. 69 =& A5AES9 TGA 14 7tE=4ds
o] TGA =4l ol @ aelst ukgoll o3 1
Tafel sFHE T oHA 9AE Byt $F AdTAsES
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194 & &4 dA= gk 400~600 CTollA H
Atk DPHA-29] 29 194 & &4 ot 74 5 A= 200~350 CTollAl dof
wom o] s & o] C o]l FHHE F A& L7t doju=
T oA 2 dAlE #Ed 9l ol tig 19A FA 2 v E
s B DPHAsS A$ o232 oF 51%A%, AA 32 DPHA-12 7.3%,

PE
32
M
N
>
|
o,
M
:oé
i)
rr
o}
oy
N
rr

DPHA-2+= 8%, DPHA-3+= 81 Ko 22 29 3%9 AolE E S, 6F-DPHAs?]
A5 olEFS 46%ARE AA gk 6F-DPHA-12 57%, 6F-DPHA-2<& 5.5%,

6F-DPHA-3< 4.9%=4 7ztzF 1.1, 09, 0.3%<] zto]7t dpes AL & 5 =, o]
v T A AREE Sy v wkg B Tl AlAET fx B A HE] AAE A
eFek7] wiitel LAE = Aoz AZbE

Table 2. 39 ¥4 ¥ DPHAs % 6F-DPHAs®] DSCe9 TGA A= L}Ehﬂo*r:}. 47
© DPHAs® 10wt% F-7l &4 &=% 402~503 C WS 6F-DPHAsS A%+ 5
9~531 TE RAth 4 FFHEA T A B =5 BA8H, € 44 2 ddx
o Hxel A FF &4 L% DPHA 1~3 A$ 574, 649 2 658 CTE HY
6F-DPHA 1~3 7% 570, 647 2 6563 CE Rtk 1EA F AlEo] =gd o=
A Fxo e HAY FZF £24 £x = DPHAsY A$ p-phenylene @S 2zt
DPHA-3 ¥ 6F-DPHA-3¢] 7} =& #= Btk dW3d Zejotr| =9 4% para
U meta X3¥ Zgolu]=7} ortho A #E Zlolmz=rt ¥ 2 &8 %9 3
A dHoz ule orAE Al LRE 2= oz wayE npel 2ol riho %
3l¥ DPHA-13 6F-DPHA-19] 7% metha & para @95 2te STTAE B ¢
o o b S zhes oz AZtEn 6F-DPHA-29F 3°] DPHA-29F 3H.U} v+
A TF £4 252 H AL W73 CF; 717F F Ab&ol =dgol wet AbE 4
7o) 1] AstE i FAg VR st @ kAol Astd Aoz AZtET
900 T char 55 < p-phenylene ©97}F =¥ DPHA-33 6F-DPHA-3°] 62.6%
o} 621%% 7P =2 s B, ole ShollA AFd vhel o] E9lE AE

H 0_1.4;_.

[‘UN

fr

q A9 oge A 2 Agste] ARe] A2 A FaATE
A AEe o] A4 W A S P
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Table 2. 3. Thermal properties of the DPHAs and DPBOs

Polymer T, AH In N, In_air Char Residual®

b maxc b maxc
Te T Ta T  Ta

code () (J/g) in wt%
(C) () (0 (C) (C)
DPHA-1 327 110 402 574 398 573 51.6
DPHA-2 338 122 452 649 450 644 56.4
DPHA-3 360 36 503 658 498 589 62.6
6F-DPHA-1 320 85 519 570 511 545 51.1
6F-DPHA-2 321 107 531 647 528 618 55.8
6F-DPHA-3 325 16 524 653 520 561 62.1
DPBO-1 311 556 575 551 571 57.7
DPBO-2 308 604 649 598 644 61.8
DPBO-3 - 634 660 630 650 68.7
6F-DPBO-1 308 555 569 546 542 54.4
6F-DPBO-2 306 579 646 569 622 61.6
6F-DPBO-3 - 574 652 567 565 67.7

“Endothermic peak temperature in DSC thermograms, 10% weight loss temperature in TGA
thermograms, ‘maximum weight loss temperature in DTG thermograms, ‘Char residual at

900 C in nitrogen

DPHA®] 474 13t g =5=& dolr”] $3] DPHA-25 dEste] 7] ZA
250, 280 , 300, 330 CelA Z+ 1Azt 4 dAe]3 &, TGA, DSC ¥ FT-IR < %53
gostdon 1 AMES Fig 2.7, 8 2 Table 2. 4] ey lth

AA Fig. 2. 7¢] TGA TAAE dxle] 257F 250, 280, 300, 330 C Z7}&kol uf
210 wt% % 24 e dAg Ao 452 Tolden, 250 ColAE 545 T,
280 Tl M= 576 C, 300 Coll M 594 C,71@] 3L 330 ColHE 605 T2 HeozA
10 wt% % SA2=7F 938 dEn of 153 T S7Hles & o Aok =3 94
7 exo mWE 900 Coll A9 char F55E AA7 ol 5643%A A, 330 CTolA
dA2 T 6479%=2 A F Y 836% T7HASS & F Utk dAHE 2=
of W& 60 wt% s £4 & W3l E dAg de &EE 694 T AAT, 330
T 884 T2 dAe Axrt o 190 TR Z7HS Bl o|Ad PHAS 494 =
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29 HelFi Ao PHAZ 94 w23
W A rigidstn PE PBOR ARH Yt AL durin ¥ 5 ey ol

TR

40 T T T T T
100 200 300 400 500 600 700 800 900

Temperature( ’C )

Fig. 2. 6. TGA thermograms of PBO precursors at a heating rate of 10 C/min;
(a) DPHA-1, (b) DPHA-2, (¢) DPHA-3, (d) 6F-DPHA-1, (e)
6F-DPHA-2, (f) 6F-DPHA-3.
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Annl. Temp(’C)

>
% 70 - ——————  PurePHA
— e — o c— o 250

—_————— 280
300

60 4 —_—— 33

50 T T T T
200 400 600 800

Temperature( e )

Fig. 2. 7. TGA thermograms of the DPHA-2 at different annealing temperature
for 1hr.

Table 2. 4. Thermal properties of DPHA-2 as a function of annealing temperature

Annealing . e . Char Residual®
. T1006(C) Teoes () T (C) ]
Temperature(TC) in wt%
not annealed 452 694 649 56
250 545 712 647 59
280 576 756 643 63
300 594 860 645 64
330 605 338 645 65

2 10% weight loss temperature in TGA thermograms, ” 60% weight loss temperature in TGA
thermograms ,° maximum weight loss temperature in DTG thermograms, 4 Char residual at 900

C in nitrogen
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Heat Flow(W/g)

50 100 150 200 250 300 350 400

Temperature("C)

Fig. 2. 8 DSC thermograms of DPHA-2 cyclized at various temperatures for 1 hr;
(e) 330 T (d) 300 T (c) 280 T (b) 250 C (a) not annealed 25 C.

Fig. 2. 8l& A7|ZA I3 DPHA-2¢9 DSC A3} eyt dxg 9
DPHA-2% 280 C Ht9 2To A5y 4 ugs)t wgol 9t 54 yart Aztd
< AT S Q%A 4 mae dEn FH(AH)2 122 J/gdS 15Tt A g

™

5) =8
e=7b 250 Cel A 330 C2 FUhstel wel 4% nes} e Be F9 vad
Aol AR Fa¥e A AL, FE A (AW B DAY Hdel+=
122 J/gol A “X%El we7b Aedhol wet 59, 44, 31 J/go 2 A =ojEHrt 330 T
X AN Aol PBOZ gds Assel g ol 02 mth 9¢
ARz A4 et F4REE §9 9 WAl it HAld gy gtol
gole AL AT F AT olAY AAT exrt F4RSEE §d WA WA
Ak gho] Folxt AL A4 wmels} wheol o F HAzA PHAZF PBOR A3
g ou @k 3 dAY 28t S5 A FE 92 A He] A
TolA 340, 342, 344, 358 T7HA] S7kshs AL & & A%t
Fig. 2. 99l DPHA-2¢] Z} &7 dA e &= wE FT-IR 2 EeS Yeodch
dAe Ao DPHA %9 54 W=l 1721~1779 cm "ol A imide C=0 W=, 1650

o1 3
g

r_u

4

R

AN
flo
ng
rﬁ _l
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cm ' ol Al amide C=0, 1598 c¢m ‘oA aromatic C=C WE=S5< 3olslg A g, 72+ A
¥ dAg £x7b Frbstel wel dAe Aol Fslo]l ®ed, 1650 cm e amide
C=0 W=+ 300 C ol de] A 2=oAe sl AgA= A4S g0 & F+ U
b 3 dAE dole HolA 2¢kd PBOl EA4 ¥ A Eo] 1620, 1550, 1478, 1001
cm oA dAE 2=rF Frbeel welk velge A g9 sgln. %4 TGA A3
$} FT-IR 44322y dag 2% 250 ColiolA HE= DPe FE2<l
aE]sl wrgo] dojital 330 ColAolM= s 44 ueg 9go s PBOZ A
drhs AL & 5 duk™eke A ®Hel DP-29] 7ZF ©AE dAgo] og AR RE
42 g3 HES AA rigidsta A PBOZR AdEE AL Faslte], v
DPHAso| thafjx] A7 2o T 33 &5 2 7|07 PBOsE A7 t& o=
of 47 5E4ES AT

Fig. 2. 100 DPBOs$} 6F-DPBOs®] TGA 3455 vebWth d4 g8 qkgo
93] PBOs® A3ty F AU TF &4 &5+ 569~660 C=ZA] p-phenylene T 7}
=9l¥ DPBO-3¢] 7M4 =& 4 <hgAS B, 900 C olA9 char 5§ 3
DPBO-3¥ 6F-DPBO-3¢] 7}7} 687%%} 67.7%= 7} ¥ #S RAth vuvA F
G A== DPHAs® 6F-DPHAsolA Hol F3W 92 SAER 22 A4S B
FAT F AlEol CF; 1§°] =9%¥ 6F-DPHAs$ 6F-DPBOs 74$-ol= =2 4 ¢t
A4S BIARY, DPHAs® DPBOs Hth kb ©Ee char #h& 2 A2 CF; 21wl
ofgt BA} AbE F ¥ Astet KA FUhel VIQlE Zog A7t
Fig. 2. 11°] @48 T AT7ALEY Aa9 &7 FolA 4 ¢k A g3t A
A& FFAE FolA DPHA-29F DPBO-25 AEsle] TGAE o]&3 4 F4S
EbWith DPHA-29] 4% A2 FolA oF 590 T7HA = 4w FEE Holy, o] F A
A3 EalEE d A4S Bt 3] TolAE i FolAet mhRvbAE 590 T7h
A= AE FHE BIAT, oF 600 T o]F F43] el 650 CHEZoNA oA
3] EsEo] char @tel 0%l 7S & 4 Atk DPBO-29] A f-oA=
DPHA-29} 1AL A S 20 & s dh FolA oF 590 T7hA+= <HAH =
FAE Holth o]F A3 EaEE EFHE BIAN F7] FolAe= F 600 T o
Aro A A3 EalEE AL Felstdh. ol# s Ay
Aol G T FFS mAA @A, F
PHA-2¢] 7% 600 C ©]
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ol A ALHTHE 600 T o] F-o] I oA a7t AL G

Absorbance

T T T T T
1800 1600 1400 1200 1000 800

Wavenumber(cm'l)

Fig. 2. 9. FT-IR spectra of the DPHA-2 as a function of annealing temperature;
(a) not annealed, (b) 250 C, (c) 280 C, (d) 300 C,(e) 330 C for lhr.

i

Fig. 2. 129] dAe eme 9% mes g dohns] AW FHA
6F-DPHA-2% AMujste] 247} th2 xelA 147 5k Axels] DSC A4 %4
LAY SHAE A 54 93 2% 327 TE 722 280 C, 300 C, 320 C
Fob AAe S a, oo e A LE7F FABSEE D v2 A
of gast AH wels Aol wol Yol AUL @ & vk
Fig. 2. 1391= @xe 2Esh Al we 94 nes A= Solusl 99
6F-DPHA-2E& A8 7|25 o]&3ske] 280, 300, 320 TelAl 20+, 40+, 80+,
1004, 1202, 1502, 2404E, 360iE, 560 7H4] d A glste] @4 g3t vk-§ °ﬂ e 5
4 A g DSCE F Adstel el Astolth 94 mels P A4

O

ol
il
£
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<o mebA Wekl=rl 320 TellA = 12083 423k $ 100% lﬂi‘rﬂ 71 & 5]
AL, 300 CellA = 3607 A8 § 81%, 280 TeolA &= 5607 A8 $ 71%7}
agst A=k Jgd ge e ¢ Jodvh A 2=7F FE 93 HBAHA 7t

AA5E 91 et Aot Fse Ae ¢+ Uk

it
fll
_‘
d

100

60 -

50 T T T T T T T T T
100 200 300 400 500 600 700 800 900

Temperature( ’C )

Fig. 2. 10. TGA thermograms of PBOs at a heating rate of 10 C/min;
(a) DPBO-1, (b) DPBO-2, (¢c) DPBO-3, (d) 6F-DPBO-1,
(e) 6F-DPBO-2, (f) 6F-DPBO-3.
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" DP-2(in Air)

PBO-2 (inN,)

DP-2(inN,)

DPBO-2 (in Air)

100 200

Fig. 2. 11. Thermal decomposition of DPHA-2 and DPBO-2 in air and in Ny

atmosphere.
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400 500 600 700 800

Temperature(°c)
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(d)

Heat Flow(W/g)

50 100 150 200 250 300 350 400

Temperature('C)

Fig. 2. 12. DSC thermograms of 6F-DPHA-2 cyclized at various temperatures
for 1 hr; (d) 320 C (c) 300 CT(b) 280 C (a) not annealed 25 C.
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Fig. 2. 13. Cyclization rate of the 6F-DPHA-2 with temperature and time.
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o-, m- % p-phenylene 92 AZAE diimide ©HE ztE= o|dV|arEF 337
—-dihydroxybenzidine®} 2,2-bis(3—amino-4-hydroxyphenyl)hexafluoropropanes 2}7};
AH S5 S s d#e] d WIS PHAsE A stk o5 TFAES
FT-IR % 'H-NMR 5% %3 §4& &9 staa, gale 2 94 43 5& A8
A= S 2o §4%" PHAs $olA o-phenylene ©9l= 1724%¥ DPHA-1&
NMP-5¢| aprotic &vfell 2 &3l % A% p-phenylene @912 44%¥ DPHA-39 74
-+ aprotic &uel LiCle] H7ld%E &3] &3l¥A &= &

Aot 23y F AlEe CF7F =9% 6F-DPHA 1, 29 7% aprotic &wje] = &3]
% 9lal, 6F-DPHA-39 Ad-%X= <9 H7b glo] 7tdwtezne gd &dfs= 5,
DPHAs Rt} £& &v] 54& Bk PBOR 3y Fol& it FEdoz §
A= % oe gvjels A8 8aEx gtk DPBOs 2@ 6F-DPBOse] Tgt W]aL%
F2 306~311 Ce] WSS Rtk DPHAs ¢ 6F-DPHAs® Hdl 23] &%+ 727}
574~658 T 570~653 C ®HE H+=d, DPHA-3 ¥ 6F-DPHA-3°] 77} 658
T 9653 C& 7ME =& A &8 =2 B 900 ColA char 552 51.1~
626% WHWelE HE =4, DPHA-3% 6F-DPHA-3¢] 717} 62.6 3 62.1%= 7Hg =2
HeEs Btk 2 Aol AR A AlgzolA dAAor AP M
p-phenylene @7} =¥ DPHA-39 A% 7P 53 & AL S HQ HbHo

N e SRS nar

= M e S EE W
%)

U
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3.1.4 ¥
3.1.1. A 2 717

>

] oF

Aol A AFEE AleF2 terephthaloyl chloridet= AldrichAb #1%-& &3} 4 Ao
AFS-3F 21, poly(ethylene glycol)methyl ether (Mn=350), p-toluenesulfonyl chloride,
diethyl 2,5-dihydroxyterephthalatet™= AldrichA} A|%& AA §lo] 2= A3
3,3" —dihydroxybenzidine2 TCIA} A E=& AA §lo] 22 AL-&3F
N,N’-dimethylacetamide(DMAc)+= AZH MgSOE il 24413 &b nukA ]
et E573o] AFE3Fl 2™ thionyl chloride= triphenyl phosphite®} 2417k &<t
7 AR F SRSkl AR

BoAGo A Ag3 HE(clay)E kunipia F(Kuminine Ind. Co)&A] Na & X 3t¥
montmorillonite(MMT) 2 <o) w35 (CEC, catonic exchange capacity)< 119
meg/100 golt}. F7]-MMT(OMMT) Aol A8 % dodecylamine AldrichA2] Al
Fo AREstal, HCI 54318t AFS AA flo] 2= AREstlow, AldE =
A B+ Cloisite 20A(Southern. co)& A&+t

ot o

7171

FT-IR(Shimazu 8601PC)
"H-NMR(JEOL JNM-LA300)
DSC(TA Co. DSC 2010)
TGA(TA Co. TGA 2050)
UTM : INSTRON 5569
SEM : Hitach S-4700

LOI tester : Atlas LOI
FE-TEM: JEM-2100F, JEOL
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X-ray diffractometer : PANalytical Co.(X ~ Pert Pro)
OX-TRAN: Model 2/21, Mocon

3.1 2. @A FA

2 AT A A&l 25-bis[e-methoxy—poly(ethylene  glycol)lterephthaloyl
chloride(M-TPC, Mn=350)= Yoon &'¥¢] @S FA3ste] A&t Th

3.1. 3. T8 AT+A &4

O =

7] sl A wk3-7]o] DMAc 5.0 mL%} 3,3 " -dihydroxybenzidine 1.2140 g(5.6141 mmole),
CaCl, 0.5g(4.5053 mmole)S 7}3F & ice bathollA 30E7F Z wHkA|Zl & terephthaloyl
chloride(TPC) 0.2279 g(1.1228 mmole)s DMAc 25 mLol &3lAzl &3 M-TPC
3.9515 g(4.4913 mmole)= DMAc 2.5 mLell §3IA1Z] 84S Atz A A3 Hojrme] 44
&S A FEROIA RESAIZ] $- 2043 EE Aol A WEEAIZ T RESo] 2 &l

Zof dojrmy A1 IAdEs 4, 2o e AAE 9A ¢ 3] weEd SR
2 AFsa AEE e Zd?iﬂé 100 Tl & dx7]olM Hdxste] HF = &
ot Ao 14-phenylene SRS 71 53 AGA1E CP-1o]2k 3kl oligo(oxy
ethylene) X|3719He 712 &8 A4S CP-6°)8} 33t =3 TPCeF M-TPC9] & w7}
0.8/0.2, 0.6/0.4, 0.4/0.6, 0.2/0.8%0 &3 ATAE 27 CP-2, 3, 4, 58} 3ttt 49 +%
2 FEE zw-xﬂ-e—t 2F 97 128} fgol o8] PBOZ AgHt ™ CP-10] 94 gl
o3 x2k¥l PBOE CPBO-1°]} &}, 7212+ CP-2~69] PBOE CPBO 2~6¢}
st om g2 g3t vke AZE Scheme 3. 2] YERASITH

f

r]I
oo
=2
o
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OR
o o} (o} (o}
I " T "
HzNN"'z + mc@—cm + CIC ca S
DMAc
HO OH RO
H H O o H H O o
| | " " | | n "
—0-O-*+--O-4+-0-Q+H-O-
X 1-X
HO (o] HO

CP-1
CP-2
CP-3
CP-4
CP-5
CP-6

OR

H H O o H H O o

| | 1 1] | | 1] 1
-0-Q-H-O- -0 H-OH] =
—_—
x 1x[ -H20

HO OH HO OH RO

OR

4 . . “c <:> ) ‘ Y4 ‘e

CPBO-1
CPBO-2
CPBO-3
CPBO-4
CPBO-5
CPBO-6

H

X=1

X=0.8 _

X=0.6 R= —(—cmcmoﬁ-7 CHj
X=0.4 _

X=0.2 Mn= 350

X=0

Scheme 3. 1 Synthesis of PHAS

n

RO n

R= —(—CHZCHZO—)-7 CH3
Mn= 350

X=1
X=0.8
X=0.6
X=0.4
X=0.2
X=0

Scheme 3. 2 Cyclization reaction of PHAS
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3. 1. 4§18 AEOMMT)S &4

B Ao Alg" OMMTE Na -MMT(Kunipia F)2} dodecylamine®] ©]-2 ul g}yl
9o Eg AF dAstglon BIWaxy wwmo ey zul 300 mL Zefs=Lo)
24~ 130 mLe Na -MMT 2.00 g& #H7Fste] 80 CTeollA 1A13F o]4& AL
whakeith, =3k g o] &= 50 mLol HCl 1 mL¢ dodecylamine 0.80 g& A

t} & o & Na -MMT &Nl dodecylamine &S o] 1A7F o] A

&
1w 2
> B @

Y obi
e

S|
AA - fF71sk AEE A oW {718k A E(dodecyl ammonium
montmorillonite: Cio~MMT)oll Holsl= v vkS Cl & A As7] 8] &=, oes=
T3] AAstH o, 01 M AgNO; &5 o] &3te] ol& HF st f71st &
B A AF SEA 2447 Fok Ax AU

oo ¥

3.1.5. Y=EIAE A=

wH A EE OMMTSE Cloisite 20A9] 3 7b7F @ajsto] 1~4wt%e] 24
Azttt OMMT /\}%‘5}01 Ur.‘iialﬂi—i-‘é— o

o
2l #H(9x15 cm)el _%“8}71] T2kl 80 ColA 1047+ A=x3
. Alz=¥ PHA/OMMT Y5345 4

= A deem 3 AHE WEAI,
Al 79wk olghE Sl wo] ol SulE EF AT Suirt A E

WAz s EntE g feld Abolel bEAIA, 80 T WF

2
M
Ny
2
lo,
nt
of.
ol
£t o
18
e
El
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il
i)
il
filo
14
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i

[
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T
o
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Ir
o
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s
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dlo
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%-u
N
(nt
o
ofo

tH F7]1HE Cloisite 20AE AH&3F =538 Ax WS OMMTE ©| &3 4
EEIFAE Ax I fFARSEARE Cloisite 20A9] -5 DMAc & HA 39 9]
o

[e]
4o
BAAA FRE olo] 59l W Ful¥ PHA §9& 7hste] GeBgAns
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Azstgdon & AA Az }AL2 PHA/OMMT veigAas 5d¢ #44&
A .

3.1.6. %% A7A9 28 Az 2 54 =24

T ATAEE ol PO BHS AT F A%e] 5YL 24

&) =
ok g9 =3 A4 050 ¢ DMAc =+ DMAC/LICT (5 wt%) 1
]

H
gholl =XEAIZL & AZz7IA 80 TR 4A1F &< Svls SN T A4

o
il
32

(=)
3
—
=
i
2
N Ho

N
o

(80 C)ellA 10A17F &t A=A, Alxd d5s 253% AH7|E o] &sto o
2 oy W AFs &ujE Sds] A - ohAl 100 T Aadzx7]olA] 124
AzAZY. Zzte] 3 AFAELS FT-IR(Shidmazu  8601PC)#  'H-NMR(JEOL
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3.1. 7. Y=BgA5e 54 ZA

CP-59 OMMT ¥ Cloisite 20A& ©] &3 72t 24¥& Axd YeFA=E] 4
A A & A7) f18 TGA(TGA 2050)E AF&3te] A 715/ stoll A SA A
o, $&E5EE 10 T/min& & 50~900 C7hA Adedtt. Alxd B se
=} g s} wkgo] o3 4% <2l ShimadzuAh(Shidmazu 8601PC)°] FT-IR<= A}
&sto] gttt Alxd PHA H=EdA48Y T AgE 548387 98 X-ray
Diffractometer (PAN-alytical Co)& ©]&3lo] 35 KV, 20mA=Z Ni-filetered Cu-Ka
radiations ©]-&3ste] 2~10°(20)2=703to] £ 2°9] £ AF2oA 4 At o
EEFARY REEA A AxE BES dAHEL SN g8 AA vdd @
<  FAPEAEVN A (SEM-Hitach  S-4700)0.2  ##sio. E=gh Y& se
nano-clay°] ¥4t =& & F v FAAA AuA(TEMARIS 27 S8 WA
RMC CRX cryoultramicrotome= ©]-&3}e] SFAI(100 nmo]dl) Al5E Auslo] A=
< AA wWAE F3 dAvA(FE-TEM, JEOL Co)E o]&3ste] 7579k 200KVE &
Aottt =g A8e 744 B4 54L& UTM(Shimdzu)E o] &3te] 2H7}e]
wt% W2 FHlE Al gAS 29 5 mm=E FASIY A=, 27 AER A
17 t HAA G S MY FHgs st s Ao o
A5 A7l 8 Aba T3 52 (0X-TRAN Model
2/21, Mocon)& AH&3F4 a1 AH FEo WAL 5 arolal, FH EE
3T, ¥4 760 mmHgol A A3stdon, 2t A5 9 244 3F &< SA 3T
Az" YB35 A4 At A4 (Limited oxygen index, LOI)A|
At LOI AlE-8 A2 0.02 mm(T)x52 mm(w)x140 mm(L)= ASTM D2863 *H
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Fig. 3. 1o 4% 53 2 353 AFAE = CP-59 FT-IR & 'H-NMR ~2¥9E#HS
R 3000~3500 cm Y -NH, ~OH), 2880 cm ' (C-H), 1640 cm '( C=0) , 1601 cm (1%
5 C=0) W=k Hergos e ssgn

CP-59 'H-NMR 2#HE#Ho|A= 7.09~7.26 ppm(dihydroxybiphenylene), 844 ppm
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(1.4-benzene), 249~251 ppm(PEG-CHj3), 3.16~399 ppm(-CH.CHy-), 4.47
ppm(-OCH>-PEG), 7.8 ~8.13 ppm(dialkoxyphenylene), 10.49 ppm (OH), 10.59 ppm(NH)
ANAM zt FaEe] vAE g0 ¢ AUk Lejal Zzte] vla WA vl o] B3t 7 A
OB FH ATAE AANE FEEATS T 5 Ay Y FF L sTH DA
59 1 A E 9 FE JEE Table 3.1 Hepldth T3 2 53 A7A=9 1/ A

HE e 074~117 dL/g®] e nelon, BE 2% 2 F5% ATASS o5 249

st BE55 s e 8 2 5 AFAEY &l 544& Table 3. 29 YERY
Aot T ATAE T CP-19 4% 4A 3 F+x21 14-phenyleneo.& <13 DMAc, NMP
59 Sufjol A= %‘395]7‘] AW DMAC/LICl &&= 2 &39S Slstirh

5
oligo(oxy ethylene) X]&h7]9 94’3}01 AlEES WA g80] TAH
Tl ofstE] o] $HEsF F7FEY] wEolth ' 5% ATAIE]
CP-2, 3 ¥ 47MA % CP-1 A9 2 {3lEE Ho] AR oligo (oxy ethylene) *|¥7
& 2= @99 24 w57 2 CP-59] ZF-oll= CP-69F o] LiCl #7} §lo]% aprotic &7
(DMAc, DMSO, NMP, DMF &)°ll Z &3j== &n S48 ®Bvk ey 44 13
HhE-of o3l 3E CPBOS 49 SAtelwt dF =S & ofE Sufoll= de &9~

%8S Hol Fo] CPBOE 3t 7 H oligo(oxy ethylene) X3+7]7}

[e]
o
CPBOS| $31% 3o 9T A4 23 & % 9
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N o
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(NS
=2
k1
jinss
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Fig. 3. 1. FT-IR spectrum(KBr) & "H-NMR spectrum of the CP-5(DMSO-dg).
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Table 3. 1. Inherent viscosity and film quality of polymers

PBO precursors Nink film quality
CP-1 1.17 dark brown, flexible
CP-2 1.42 "

CP-3 1.40 "
CpbP-4 1.80 "
CP-5 0.79 Yellow,flexible
CP-6 0.74 Yellow,flexible

# Inherent viscosity was measured at a concentration of 0.5 g/dL in DMAc at 35 C.

Table 3. 2. Solubility of the polymer precursors and PBOs

Polymer Solvent
code DMAc NMP DMF DMSO Pyridine THF m-cresol HSOs
cp-1 ol o@m od o) x X x o
cp-2  O@M) oM oM o) x x x O
CP-3 o o@ om o) x X X o
P4 o@m om om® ol x x x ©
CP-5 0 0 o) 0 x A x @)
CP-6 o 0 e} 9) x A X ©)
CPBO-1 X X X X X X X X
CPBO-2 X X X X X X X A
CPBO-3 X X X X X X X A
CPBO-4 X X X X X X X A
CPBO-5 X X X X X X X A
CPBO-6 X X X X X X X A

O: soluble, O(L) : soluble with LiCl A : partially soluble, x : insoluble, DMAc : NN " -dimethylacetamide,
NMP : N-methyl-2-pyrrolidone, DMF : NN’ -dimethylformamide, DMSO : dimethylsulfoxide, THF :

tetrahydrofuran
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3.2.2. 3% A7AY €4 432

AdWrH oz R T ATAELS do| 93 ue|s Wk o= 3t PBOE A
ek 2 Aol 9 PHA 9A 94 aglgl wkge os PBOR z3=gle
Scheme 3. 2o YEHSTE

AT FAS T AFAEY] 44 aels v A 35 FT-IR&E *A}ske] Fig.
3. 2¢ YEeRfATE Flg 3. 32 CP-49 €4 a8} vkg A} $o] FT-IR ¥ EZEA]
PHAS] 54 wi=<l -NH, ~-OH¢] =2 3000~3500 cm ‘ol A C=02] ME=Z 1640 cm ol
Al Hef Fa1 91213%, o5 T AFAL EA MEsS 94 g3} v F 9dd Alebsla,

=N WME=ZE 1721 cm o4 Eelg o2y PHAZE 94 183} v-8 3 PBO

&7
4
r]I
oo
oﬁ
mlm

o{o
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@
¥
=
E C=N
+
)
n
£
e
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Fig. 3. 2. FT-IR spectra of CP-4 and CPBO-4.
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d e B 5 AAANE oligo(oxy ethylene) X875 2t CP-2~CP-62 M-TPC %74
HI7F ARG BEe 7 dAle] el o] il S Bk 538 CP-5% CP-69

7 A 23 HA glo] 450 T/ niE wEE ol F gheteiAl Eafve As &
T e oA &k S 98l At =E A= AFE<Q] oligo(oxy ethylene) A
3 i SAlo] A E 7] wel
Aoz AZATE™ PHAsO Ao % &2 £52 B M-TPCo ZAH|7} A-DSFE 425~
421 T2 adte A4S & & ded], oA AF3e ket éol A Aol okt oligo(oxy

A 2524900 TellA

)
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Fig. 3. 4. TGA thermograms of PBO precursors at a heating rate of 10 C/min.
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Table 3. 3. Thermal properties of the precursors

PHA T,? AH Tios’ T4 max© Residue at
() (J/g) (C) () 900 T(%)
CP-1 278 84 431 664 59
CP-2 325 19 365 425 43
CP-3 321 27 364 422 36
CpP-4 320 75 363 421 29
CP-5 329 67 361 421 24
CP-6 328 95 336 408 13

“Endothermic peak temperature of DSC thermograms. 10% weight loss temperature in TGA

thermograms.” Maximum weight loss temperature of DTG thermograms.

3.2.3. T ATAY REEA

FHE FEG ATASY REZAE A Ak FAA Hd AA Qe 2B A
W2 SEME o] §3to] wastarh

]
Fig 3. 59 (a), (b), (o), (Dol= 2t =4E=2 FAdH CP-1, CP-2, CP-4, CP-6¢
SEM Atzloltt. (a)o] M-TPC7F 5°17F4] && CP-1eA+ dytAdog AFi &5
253 WS By, (A9 TPC7F Eo7kA &2 CP-6olA & vl§- 3t 245y
oF 22 ARlE BA (@)% (D)o 95 FHA A gddoe] wg T AR
b)et ()9 AR A= M-TPCe] 24| S71EF5 (addA & 5 A= dFH A
A AR el ol HAW WEo] HAH FolA WA FHAse 5SS B 7 AT
d

SEM AHl& &3 RE2A ##ES Sal 449 =4
i
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6 5.0kV 9.1mm x30.0k SE(U) 1.00um

(c) (d)

Fig. 3. 5. Scanning electron micrographs of PHAs; (a) CP-1(x30,000), (b)
CP-2(x30,000), (c) CP-4(x30,000), (d) CP-6(x30,000).

3.2.4. % A7AY 7144 B3

Table 3. 4°] T ATAEe] 7I1A4 =4 2345 WAt TPCRES Zt= CP-1
of A5 Axd BFol UF britted] 71AH dAE SASA ekl 2 Lt

Ho ZAF F2E /M PHAS 4% 5% J34E 2 27 @48 a8

b B 6%

A

Gz Aol moia 4y A Ak o= 5w 3 37 -dihydroxybenzidine¥} isopthaloyl

3T
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chlorideoll ¢l& Ad¥ PHASY 4% A20A 137 MPad AAZE=E zton %7
BAES 594 GPad] #g zeuh'®
THAEY 72t 2A4Y A=} &S vadE B, TPCe FAo] T7hgel uf
g AFA=7E Ttk TPC/M-TPC=0.2/0.82] =421 CP-59] 4% 35.03 MPa}
1.85 GPa2l #& R oy, TPC/M-TPC=0.8/0.29] =42 CP-29] 7% 5809 MPa¥}
581 GPazZ# A7 =+ oF 1668 18] s &2 3148 S7tstsdct. ol gk o]
v A FxA TPCO I wioldty A7 FFAE 24 24 AGFES
M-TPCe] ZAH|7t AZFE T718S B CP-29 49 580%°l4, CP-5 4%
36.01%% 30.21% F7Fek gk= Btk TFAEY 7144 442> M-TPCo x/du]7}
TE AFAE} 27 @A %kol S7heS 4 4 AT o] dellA 1l DSC
A= FAS fdE =9" I M-TPC
5 Wl oligoloxy ethylene)94 oéf* ) Zoln olE59 AU ARAFE JAH E

ol Aate Aolet Azt

85
81

Table. 3. 4. Tensile strength, initial modulus, and elongation values of PHASs

Initial .
Strength(MPa) Elongation(%)
Modulus(GPa)

CP-1 - - -
CP-2 5.81 58.09 5.80
CP-3 3.20 53.86 13.57
CP-4 2.10 4756 21.16
CP-5 1.85 35.03 36.01
CP-6 0.56 19.77 51.89

3.2.5. % ATA9 ALLEA(LOI

|

T B ITH AFAE dAdE SAE7] A8 LOI AE7E o] &3k
A A4 A4 (limited oxygen index ; LODE =A3dtth LOI® miEx Edo

S Hrtste AFEA 132 AIE7F Oy/Ny 3 7F= oA d4aE o &
o] AHg}A = b4 o Ky HAEESE Te=d qtx AFr F4F dd EAo] 95429

S olm &} 1826119120

A%

M

—
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Table 3. 59l T % o5
AA|7F brittledt HAR BEFS AT = o] AL 5 Sl &
LOI #t-2 oligo (oxy ethylene) X137 & zt= @99 o] AZSFSF LOI #to] Zo}
AE AL Folst 4= 9=, oligoloxy ethylene) X372 zhe w9l o] zAlo] 7}
F A4S CP-29 A% LOI #2 265%E HE$i, CP-69 A% 182 7MY w2 3=
Btk olAd CP-69 LOI el 7Hd w& o]fr+= oligo(oxyethylene) @9l U=
AL AbEe =2 A wiEelth Fam AWSH uEA EHed gy B
229 polyphenyleneoxide(PPO)S] 7-$- LOI kol z+zb 17, 28 whak= skx}
7F R =SS Y F Ak 97]elA LOI # 19 7 e wlg e ez o
AXAE @l ARE e AFoME S T oz 94 A we
CP-59 7% LOI gto] 237%= CP-6XU 57%7t 57t 2 o= ol ddA FHd
M vl A e Ao ® ddE

juy)

Table 3. 5. LOI values of PHAs

PHAs LOI
CP-1 -

CP-2 26.5
CP-3 25.7
CpP-4 25.2
CP-5 23.7
CP-6 18

3. 2. 6. XRDE °|&% FE FHAH

HA B oA Y BIAQRE AFzd AEE £43% HENa -MMT), dodecyl
ammonium saltZ 7|3} ¥A4S AH 4" OMMT, 18] A== Cloisite 20A
9] X-A 3 d=(XRD)Z3E Fig. 3. 63 Table 3. 6°] YER]SI T

Fig. 3. 6°14 <43 HES Na -MMT+ 20 e 7.16°4 Z3 vyaE Holy =
1 ARZE 1233A Bt 3 7713 A4S AA FE OMMT 206 #2 5.58°
A A F4 ¥aE Kol F3F Al 15683A A OMMT S3F A7t &3
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Na' -MMT&9] 7.16°¢] Hl&] 35A Z7}glon, 20 Fo] e &0 7 oF3rts= AL
o 4=t} ol AL LAY 43 MMT7E 711 AH&S 714 dodecyl ammonium salt
3 771 AE=R pEAEHe] MMT %7& A7t Sk AR A
A= As st AojH, 71 WEZ} nBEAsbe] A
E Z ol i Ao AYgS °d HA o]FAAEE gt
20 gk 368°¢4 @Rtk 31" 9aE Kol OMMTREY 1.9° ¢
AR E 24.04A %2 OMMTEY Z37HAE 7 822A 0]

), o} ol#f e Al R HE OMMT Rttt ¥ 2 S3A8E
zk= Cloisite 20A° 4-¢ L&A AbE9 Ads €A & 5 ds Aolzgh A4 & =+
o) t} 130~133)

=2

ol

oS

Table 3. 6. XRD results of kunipia F, OMMT, and Cloisite 20A

20 d-spacing(A)
Na' -MMT 7.16 12.33
OMMT 558 15.83
Cloisite 20A 3.68 24.04
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Intensity

2 Theta
Fig. 3. 6. X-ray diffraction patterns; (a) OMMT (b) Na' -MMT (c) Cloisite 20A.

3.2.7. 713 HE 4 &< R Ux=EFAE A=

AT AxE 7713 HES} y=EdAAsY 4 ] s& FT-IR=
o] &3te] gttt Fig. 3. 7o =53 HE(Na -MMT)$} OMMT®] FT-IR ~#HE
gt Atolty, WA (a)¢ &5 FEAAE H71E 54 WME=Z 1039 cm (Si-0),
521 cm '(AI-0), 460 cm '(Mg-O)ellA 47zt ®olx 9tk (b2 #7138 #A4L& AR
OMMT 2=#EZo e 2853 cm '~2928 cm (CH stretching), 1469 cm (CH
bending), 1040 cm '(Si-O stretching) MEE FAFo 2 A 4713 HEZ} FHEHUS

S skt ®=3k (0)9] Cloisite 20A2] =#HEZ A= OMMTolA F2lsh
EARNAES gl 3 £ Yup o
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Fig. 3. 7. FT-IR spectra of (a) Na-MMT, (b) OMMT and (c) Cloisite
20A (KBr).

Fig. 3. 8% Fig. 3. 9o CP-5¢9F Z47}e] 7] HES kel wet Alxd yiei3A)
45 XRD A%E YE AT

Fig. 3. 8 OMMTZE o] &3] A|x3 PHA/OMMT(~4wt%)e] Y& 53}
CP-59] XRD A¥o|th. CP-59 49 20 gto] 4.62°¢14 3] ddAE R+ oA
HEAF AbEo] =lE A WS A&l oligo(oxy ethylene) X 8F7] Z1gol o]&jA] 7]
54 9az2A S AYe 191245 Bk A OMMT s 7H2F @elshd]
Az y=BdA4s Z59 45 FE & S7Hleol= &733 XRD 2 Fel A
= AR APEHE oW 54 9ar HolA ekt

Fig. 3. 9o Cloisite 20AE o]&3] FE TFS 22 Fefdte] Az PHA/Cloisite
20A(1~4wt%) Y=gz FE9 XRD 232 Yeliidt. OMMTE 33 v
Bt wel vRFAR Cloisite 20A @30l 4wtos7hA Z7lghol e Bpata ot
3| vAk HolX grol wiEA} AbEEo] 7] HE T Atol2 Aol ZHEAnaL
¢ v dutdow HES FiFo]l HeggE FAatol 4,

9

2 HE Fel Frhgl
wel HES wate] B34 o}, FES U FE oA AL T3

g o

A ako] whAl g}



a1 A YA o) XRD AHREE 7] HEY
7] AE AgAE F3F Alo]2 1 REA HEZ AT 4
27t AZFHASS ddst 5+ Ao PeAnr HEe] B

43tet ARE SEMY TEM #4104 thA] 2l

e

]
i)
ko
N
N
o)
v

PHA/OMMT 4wt%

Intensity
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Fig. 3. 8. X-ray patterns of CP-5 and PHA/OMMT nanocomposite films.
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d=19.12 A

CP-5

PHA/Cloisite 20A 4wt%

Intensity

PHA/Cloisite 20A 3wt%

PHA/Cloisite 20A 2wt%

PHA/Cloisite20A 1wt%
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6
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Fig. 3. 9. X-ray patterns of CP-5 and PHA/Cloisite 20A nanocomposite films.
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3.2.8 Yx=EgdAge 949 A=A

Scheme 3. 3o ¥ AFolA g4 3s PHA(CP-5)o 94 xg3t ¥kso €3 PBOZ
A= A28 BHoow Zh7e f7]st dEE HI7bs] Alxd yeEdAsey &<
2 FT-IRE o] &3 &13A

{fﬂ Foit oo @&ﬂ =

R= —(—CH2CH203-70H3

Mn= 350
Scheme 3. 3. Synthesis of PHA(CP-5)

Fig. 3. 101 CP-59 OMMT 2wt%S #7138 #AZz¥® PHA Jx=E2gdA4z9 dArz=
o]-§sto] 300 CTeollA 30t dAgla 44 st vl 3] PBOE gtd =
Bagz F2 FT-IR ~2HEHE 1Y

PHA/OMMT 2wt% FT-IR Z 3ol A& OHSF NHpo 54 W=7} 3000~3600 cm ol
A C=0 B4 W= 1641 cm 'olA, 282 C-H 54 WM=Z 2879 cm ', 1509 cm ol
A gl e, e RdAse] A CP-5dA & 4 glld Si-09 A
1041 cm 'l o g JuBgdgart AxE0SS st 44 1ngs
olz] PBOZ H3d vrEgAze A9, 742te] PHA YeSdA s #Z A
OH®} NH:ol 54 W=9F C=0 54 WM=7F Algbd e, PBOS 54 wH=<Ql 1722
em (C=N)S #1gtozx f7]3 HdE A¢le CP-57F 942 wglst whgo o3
PBOZ AH3H S 8ela 4= ey, WM
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T T T T T T
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1
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Fig. 3. 10. FT-IR spectra of PHA/OMMT 2wt% and PBO/OMMT 2wt%

nanocomposites.

Fig. 3. 119} 12¢] <3 HES Na -MMT, #7133 FA4HS AAH #AxE OMMT,
Cloisite 20A 2 OMMT 3&&fel] me} Alxd YxeidAs5 TGA 4 F4&

. CP-59 ztzte] #7138t FHEe Faol] wel Alxd YueHFAne] 44 54
H el AL, Table 3. 79 =B 5E59 4 HA3iE eI

WA Fig. 3. 1191 OMMT & & me} 2AdH=2 Axd 5359 TGA € =
Ae B 27] 300 CT7HA 2 2x2 wd CP-59] ¥d] OMMT &%o] 1~
AIwt% = F7hea s st 7hEEel 71E77 24 dnkeiAlE As & 5 Ak
olAL 718t ¥A4S T8 AFE dodecyl ammoniume] F3t A <+ A °

3} HES] ool Tt @ V2V disiA = Ao
-

e

A}&el oligo(oxy ethylene)*|3+7] 19 <k

5 gt FAe) Bt B B Aow grhae Be



Fig. 3. 12¢] Cloisite 20A7F #7ld Y=53dA5 TGA €34 AxE BT
OMMT Y:=EgA489 4% %7] 300 T7A OMMTE Ho] AZFE & A Ao
°k3l  dodecylammonium® &g o w7 Hej7l stEEo] &wkdk 7| &=

Cloisite 20A7} H7Fe Yx=&HdA 5 ASd+= OMMTZE H7d YeBEdA s o=

P

360 C= S 7Fskith. Cloisite 20A7} X}iﬂ% UrEgdAQse 455 HES o] &
7hghol uhel 370, 373, 374, 375 T2 Z7blEdl, OMMTSl Cloisite 20A7F 4wt% %
7be S CP-59l Hl&) 3 C, 18 T &7 =7} T Uk dRtgow At
BAe YdAe 7Fo R Swt% FA o] dAstE 2EE A A B oo
TolA = PHA 3 Al vA AAEA Xgk &y, PHAZE €4 g3t whgof <]3
Fiol AAEE FA #AFS Atste 10wt FA #= &4
d THEAN T A B3 S5 FAIGHHY, A H dAd Y HEQ A F
22 LE(T™NE CP-59 49 421 € MXlUJ, OMMT ko] 1~4wto%= Z7}
R 428, 428, 428, 429 TE BAow 4wt%el AS HAd FF &4 25718 T
7HleS & 4 At} Cloisite 20A2] &&Foll m& TGA €84 ZAAqM= /7] &
L2 AU F A E ) 427, 428, 429, 428 T2 Ho] 4wt%l
of AT HELLSE=7F CP-59 Hl&] 9 CT7F S7HS & 4 Uth o] 9 o]
shel fF7IStHESE HMFo 2N e dAsY WEdel S7Hdts o
BREA= oyt dS aiA EZ A o #F At {rIstHET}
g B4 #akS oAEy] WEow ddA Arh¥7900 C char 58S CP-5
o] AF 24%E EGAR, OMMT7F #7Fe vYxeB g5 74 Fole 32~35% 744
Z718 ghe moon, AE o] 4wt% A% CP-5ol wl& 11% Z7/13eS
% 912t} Cloisite 20A7} #7198 YreBatzae 49 AEo ko] =7}t
2} 34~39% #HS B, HAE HEo] 4wtk H7FE Aol char 55| 15%7}

utd

d
o KM ofN wt o
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oy H 12
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7hatdvk. A E kol Aol weEl char B4 &Fol Trbet= A2 7HE Al aEA v
Egxe HEVL Bl o2ZA HAEHE gas ME0] HES 234 4TS =9 =
712 2td HESSS 71dE g9 etHer ¥ ddsta FAA dHHeR
AHoEdel gk ket o] o]FS AGAA AHAHQ] AaE Wejstal Eddda

E Fel A AbEo] OMMTE A-¢-rute o 47 AdHAS Aoz e

Polyimide Wi @Al 5ol 23k Aol #7138k HEe] 24 dFo]l T7hgol wet

d A 7IAY 54 Sol S Rastdled, ol FrieR 7AdE HE A

A7b me A S 2 QoA U 2AUR BAE §718 EF nRa vE

Yrsle] 45 AHS FoAA nEA S FEHS AAGE 4L 7] W)
B o)

7(3/\3 o] %7}% 7)-12; ,%47_}_%1:]_.139~142)

Table. 3. 7. TGA results of Kunipia F, OMMT, Cloisite 20A, and nanocomposites

Compositions T6(TC) T™(C) residue(%) at 900C
Kunipia F - 754 94
OMMT 378 390 78
Cloisite 20A 323 342 70
CP-5 361 421 24
PHA/OMMT (1wt%) 357 428 32
PHA/OMMT (2wt%) 358 428 32
PHA/OMMT (3wt%) 358 428 33
PHA/OMMTYy (4wt%) 360 429 35
PHA/Cloisite 20A(1wt%) 370 427 34
PHA/Cloisite 20A(2wt%) 373 428 35
PHA/Cloisite 20A(3wt%) 374 429 38
PHA/Cloisite 20A(4wt%) 375 428 39

10% weight loss temperature in TGA thermograms, Pmaximum weight loss

temperature in DTG thermograms
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Fig. 3. 11. TGA thermograms of CP-5 and PHA/OMMT nanocomposites at
a heating rate of 10C/min;, (a) 4wt%, (b) 3wt%, (c¢) 2wt%, (d)
1wt%, (e) CP-5.
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Cloisite 20A
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100 200 300 400 500 600 700 800 900 1000

Temperature(°c)

Fig. 3. 12. TGA thermograms of CP-5 and PHA/Closite 20A nanocomposites
at a heating rate of 10C/min; (a)4wt2%, (b) 3wt%, (c¢) 2wt%, (d)
1wt%, (e) CP-5.

Fig. 3. 139 #7] #HE Cloisite 20AE ©] &3] ZA M= A|=%¥ PHA/Cloisite 20A }
w28 FT-IR 2732 B4tk FT-IR ~FEgdA §7] 33 EA W=e
C-H(2874 cm ', 1509 ecm )&t F7] 9]=e] 54 WM=<l Si-0(1052 cm )& &9l
Row fEo §713 HAESY FaFo] Sl wet oleld g AR AVIZE AA

o BLolsL o~ 134~ 136)
AeE FAT 5 Q.

4 2

i
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PHA/Cloisite 20A 4wt%

PHA/Cloisite 20A 3wt%

PHA/Cloiste 20A 2wtth ————_/ "

PHA/Cloisite 20A 1wt%

Absorbance

T T T T T

4000 3500 3000 2500 2000 11500 1000
Wave number(cm )

Fig. 3. 13. FT-IR spectra of the CP-5 and PHA/Cloisite 20A nanocomposites.

3.2.0 yeEgAEe RZzx

S XRD A9 AstelA Az B §713 HEE AHgdte] Ao 2ygEe Az
Bz ojyst 244 5a% Kol oo} vla]d ol yr2a A art A2y
T& dFatdnh ol Azd deBgAR] REZA BFS FI aEA W=

2o F4kE 77 AES ZA ARE Flste] By d e AP =S Aas

o] Az HJEA Lotz SEMZ TEMS o] &3te #zshort.

Fig. 3. 143} 159 OMMT 1@ i Cloisite 20A2] sr&o| wa} A ZFzH Y=g 59

SEM AFZ& B A Fig. 3. 14914 OMMT 7} 1~4wt% 744 74 (a), (b), (¢), (d)
|

AR A E HE FFel T/ @45 AE wdwe] 2E4 AT AWow A
FAAE @4e BAT F Avh ARTF 1wtk A @A E Sadel e 2
R AEGEAE A7 P A BEEQAT AAdor HES] Habd Jr7)

Wl FEstelvh ey AR gl Mg 2 4wt AR (D 1wl (el M)
Sl HE} FRAOR A2 FAYAKEEE EA) Bike] FHA ggrhs
Ae BT 4 Ak EF A3 F2EIH Fuo) 57 2 mol Iwtel ve)



AR 2o A WA dAF T WIFYS Kol

Fig. 3. 159 & Cloisite 20A7} H719 Yx=EdA 59 AR
=EGA M E 7713 HE el SUHEl weEl =
ol #AZE AT Cloisite 20A7F 2 71E =534 5 9 1=

= AEEA gdon HE ko] 1~4wt%Z F7FStel weEl Al HolE ut
wwol Z 245 2 Edo] AR FopAWA e 245 He e ¥

3 Qdrh AE o] 4wt%l A (D HE $FE 1wt%?d AR ()9

Hol EAFYIE AA FolA & Zo] #AHAT vk OMMTZF #H7bd v
S = et= & Cloisite 20A wt% kol F7hstel] wh& spddolA Hol= 73
3 MMT7F 7Fa =B sl vla] 0 Ho| WA steA Hol= HE ]
(s gDl "4l Ao A2 Cloisite 20A7F ¥ gasivs A
A 4 Aol B Az YeEdASES SEM #4139 ##S T FE o
S7hekel wel HE7E FEAoR S #Ato]l 4 FEs & F AdH

Fig. 3. 1691 OMMT7}F 3wt% ¢t 4wt% =013t U=53al 5] EDs #4132 &7 Ho
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(d) 4wt%

Fig. 3. 14. Scanning electron micrographs of PHA/OMMT nanocomposites.
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Fig. 3. 15. Scanning electron micrographs of PHA/Closite 20A nanocomposites.
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Fig. 3. 16. Scanning electron micrographs of PHA/OMMT nanocomposites.

B AT AR deBFAne] a1 Egs Yol dedels B 4
5] 5]
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3 HEAT

Fig. 3. 1791 OMMT7} 3wt%, 4wt% H7FEH A0S e g8tz TEM AR S
Bk ARlel A Hole= HE wezieta e Fio] uiar wlEg Xz Eibd 3

B9 AHAlE Folth WA HEZF 3wtk T AR (a), (helA = AgAE
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(a) 3wt%(x80,000) (b) 3wt%(x150,000)

(c) 4wi%(x80,000)

Fig. 3. 17. TEM micrographs of PHA/OMMT nanocomposites.
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(a) 3wt%(x80,000) (b) 3wt%(x150,000)

(c) 4wt% (x80,000) (d) 4wt%(x150,000)

Fig. 3. 18. TEM micrographs of PHA/Cloisite 20A nanocomposites.
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3.2.10. Yyx=E3dA=gY 7143 EA

Table 3. 89 CP-5¢ Z}7+e] #7] A AR Az dmEgARe VIAY 5
e dEhdit. 4 2A4E Alxzd =S5 CP-5¢9 4ol vl OMMTS]
Fol S7reel wek ZAH 540 St o 5 vk WA CP-59 A A7
L, x7] REYs AEC] 3503 MPa, 1.85 GPa, 36.01%% XHIAT, OMMT7}
3wt% 7 A% 4754 MPa, 289 GPa®, 19.30%5 X 125 MPa, 1.04 GPa <7}
slem AFES 1671% #askdth AR OMMT 3ol 4wt%d wo] A=
o 271 REds g2 OMMT 4] S7F sl =738tal, OMMT 3wt%7F 371+
NS WET 23y 7|AA 5/do] 4342 MPa, 262 GPa® 4.1 MPa, 0.27 GPa 4%
= Bow AHAES 32% F7Fstaith. Cloisite 20A7F 7 Yxesd Az 45
of wt% ol ARl met dFEE, 27 REHavE 3 SUFEE AT 3wt
7 A7k Aol 46.34 MPa, 2.97 GPa, A1 452 1890%5 EAA W, 4wtde7F 4 7Hd
4%+ 5164 MPa, 3.12 GPag HoHW, AFELS 1653%E Kol 3wt%el Blsf <l
FAEet 27| REH 27t 247 53 MPa, 0.2 GPa S7Fetd A v A4 &L 239% 7

< 2t OMMT7F #H7he YB3 Ase= Ee Closite 20A Yx=5FA 5
of A 71 AES FFo] dwtn® SR EolE Eatstal VIAH 54 AstE

7FA LA Fokes & 7 Atk OMMT 4wt% Y5 Age] A= Az A A7ty

= AR QAFE oYl ME TH 1A MEHse] HEe] Bito] £ oo}
%7) mEY2s FE9 A A9l HUky YA Ed %4 TEM Aol A
% Sl gRe]l B AFA AxE GeBgARE 4d Uy Fxh ohd PR
BAY S me APt vhel ol BAG] EAstE R @AET AZHUY) 9E
9 Aolet Azteh MY JrRgARe 4dY theRand ALY 54 aw
oA oleg Avb dukHole & AUtk SurFE Wely EelovE B

J{m

el B3k Aol M wheld YxBAse] 4y AxdeR Ad MMT 227
o

=
ool 23 Al 7] AR e dFer A VA =4 AstE st 27

B4R} QABET AEe waags ol Adsy] 9% aRAA YHe



Folr = wEse] f7] HES] Bite]l & o Tzl wed bR Rt A%
ofof gt mmahgict

Table 3. 8. Tensile strength, initial modulus, and elongation values PHAS

Initial Strength Elongation
Content(wt%)

Modulus(GPa) (MPa) (%)
CP-5 1.85 35.03 36.01
PHA/OMMT 1wt% 2.48 45.31 21.12
PHA/OMMT 2wt% 2.75 45.63 19.23
PHA/OMMT 3wt% 2.89 4754 19.34
PHA/OMMT 4wt% 2.62 43.42 22.54
PHA/Cloite 20A 1wt% 2.53 45.62 19.42
PHA/Cloite 20A 2wt% 2.83 45.81 18.50
PHA/Cloite 20A 3wt% 2.97 46.34 18.92
PHA/Cloite 20A 4wt% 3.12 51.64 16.53

3. 2. 11. Y=EFAFY FAALAS5(LOI)

Ureigaae dddS SAstrl flsl LOI Alg7IE ol &3t A AAS
(Limited oxygen index ; LODE =43} t}.
Table 3. 99 LOI 574 A& Wetgdrh CP-5¢ LOI #2 2375 E At OMMT
Shr kel wel 2AdEE Axd YeBdAsY 49 2563~294 s ®ol CP-5el
H 3l OMMT7F 4wt% <l 745 5.70] S7Fso =M HEQ ghFo] T7F &5 ddAd
o= A4S g0 5 At 239 OMMTE H7Fo =4 yehve o]y
% TGA A@olA char grol 7] A E kol wet S7HE @Jﬂrg} A A
»3].{_ 2A 77 G 718 HEe] ¢ PHA/OMMT YieB A s i
= HEAA dEEFARY d4 4d 9 dd 540 Zer] wiEoldtal AztE
D‘r. Cloisite 20A7} H7He y=EdA4 59 4% LOI 3 263~ 298% WS E HA
CP-5° Hl&] Hdl 6.1%7F 578k i, OMMT YeEgA 52 LOI gttt oft =2
AE Bt
e epoxy A dAA FHS Y& MMTES E3ste] ddd
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sgtd A7hEE MMTS @3l 371 5% g Judy 2 as 92 2

& 5 e '3 Fo] FUksle] WA o] g EHA S Bttt
A

i

B Aol Alx® PHA/OMMT YwB@Ase 49 o 7148 54 2AA
ke AR 4wtk ol el N FEAoR MEJE BAWA JAH 540 Fadt
T AYS Bl B Ah FE AFAAE ddAdo] #ad ol s, A
A B AL HE $F @] 4¥e FA vt AL & F AU

[e)
Okamoto™® 52 WA ale] gloja] Eats= A

A B e Fastded, ¢ vzky

il
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49 charg FAeto] WHads BRosta 23 A= A #AL FE8 =77

wj-ol 2 skl

2 AN AzE NPt AQGe] FA EARE FruGARY FIE FE
el B o el FAge A 19 W g Ud e 48 U
F 9

Table 3. 9. LOI values of nanocomposites

Nanocomposite LOI(%)

CP-5 23.7
PHA/OMMT 1wt% 25.3
PHA/OMMT 2wt% 27.3
PHA/OMMT 3wt% 277
PHA/OMMT 4wt% 29.4
PHA/Cloisite 20A 1wt% 26.3
PHA/Cloisite 20A 2wt% 2715
PHA/Cloisite 20A 3wt% 276
PHA/Cloisite 20A 4wt% 29.8

3.2 12 YxEgdAge A2ERT

Table 3. 109 CP-59F OMMT#$} Cloisite 20A HEe] &= Alx¥ PHA Y=
Al D2l Ak B AHE GEAAT 4 OMMTE B4e ey
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59 45 CP-59 1888 ccol Al wt% o] S 7kghel wheb 1560, 955, 875 cc® 7h2~
Ak o]l F7tske] AbA Fymrt 2 4skg A wk 4wt/o1w 238 940 ccE 3wt%
of Hla} 4k FaEFe] 65 cc TR oA Sk TEM A oA % &Qlglxol
Az EZ 2 2k fU)st AEVF AR FAUA #AstE ddom g4l
LAkl o] FolX A gkol VA FHAo]l Tt Aoz A7t Chang 5% Mica%t
Cloisite 25A 7138} A EE o] &3 HYLBEdAs F A FARE ZAMgAE A
Edtge] AAdFE AES 53 A /R Qdd vk Aol Fhshe wEs A
D]-.ZZ)

&3 Cloisite 20AE i3t Y BdA5e e HE gFo] F7F S5 1227,

987, 854, 495 cc® 7tzatdA o] Frbste] AtaFHREIE AAS] FAEAT Cloisite

N

H

AU BF AR FF OMMT theBgalmol vl /zgggel $5ate 22
5 oAda, ook 2 AP WEYs nRAd & Baw AR AAclE B
gEo] And O|BARE W] JA WAL Frhse] HAFAE AT A

Table 3. 10. O, permeabilities of PHA nanocomposite films with different

organoclay contents.

OMMT(wt%) 0 TR (cc/ [m'-day] )
OMMT Cloisite 20A
0(CP-5) 1888 1888
1 1560 1227
2 955 987
3 875 854
4 940 495
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A TH 2 TTH AFAEY B H A da Ak A3
= gy 2o §449 PHAsS FT-IR 2 'H-NMRS S T3 #4< & sk

17 dL/gel #& B, o]5 PHAse €74 1s dbg
o o8 PBOs® ¢d3] ek A& FT-IRS &3 lstddnt. =8 ¢ 353
Aol FE FANA HAHES 2%l Tpe oF 2718~329 T HHAE HAth
oligo(oxy ethylene) X375 zte= @97} 715t wet & 540 S7tstlon
CP-59] Aol CP-63 whz7bA| 2 LiCle]l H7F §lo] aprotic ol 2 &3
v PBO® Aghd ol ikt 22 Aate] REAOR GajE  ojw fujdx
S5 x erekth A ® PHAse Aol Eal 2% @2 715 slolA 408~664 C W
$1E HY3, 900 TolA char 582 13~59%& HATh 7|48 EAddA=
oligo(oxy ethylene)*|3+7]& Zt= @97} S7hshe] wel 27 & E 2 A=7F Ak
He A8 4 Ik T3k A A4 A 4= oligo (oxy ethylene) X3H7]E ZH=
@91 g Srkek @ LOI @ Hasts Felsied, CP-59 4% 237%=
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PHA/Cloisite 20A Yx=53A159 745 427~429 T HYYE Ho CP-5ol H|s] 6~
8 C Z7Ftdth 900 CelA char +5&2 CP-59 %-F 24% ¥ A ¥, PHA/OMMT
UreEgdame] 45 32~35% HHAE B ,PHA/C]OlSlte 20A Y=E3 Az 4%
34~39%K o Hd 15%7F F7tstdn. Alx GRS VA 54 2ARelA
= 7 AR F=7F Sl wEl 27 gAEY 2 A=V AFS @0 5 3
FARE, PHA/OMMT dieid g 3¢ A& =71 dwtkol A= 2818 =7] &
AEH AE7F 3wt%el HlE 0.2 GPa, 39 MPaz® Attt A4 AL v A
ZAA YA mel 44 HE 7t S7bEeE LOL #el dsskls,
PHA/OMMT¢} PHA/Cloisite 20A%] 7-% 4wt%d w 294%¢ 29.8%%  CP-59]
237%¢°l mlsf 247} 5.7%, 61%7F S7tete] HE wkol wE ddAdo] FEHENES

Fols & otk AxE eRgAnEel i HEFRAYIAE HE Frk F

-

7} 2 SrazidAo]l F7hEle] AAREIREI ZAadeE AL L S AJAT
PHA/OMMT 4wt%¢] 4d-Fo= FES 3 dde] AA 23y NHaFIHert F7
hS FRlstAnt & AFdA e dA s Az A8 Al3E = Cloisite 20A9F
713 A4S AA AzxdE OMMTZE o8 545 vag 23 AL AFLODE

= 2}0]7} O%Nx]u} o= E/H 7]7;”751

= 31 54 24 aga AdaFae dYedM s

-1 O,
Cloisite 20A7F & 9 3% =4S EAth

- 125 -



Ll

nzj_t
£
i

1. J. M. Kim and J. B. Kim, "WHEA4 %A}, Polymer Science and Technology

Vol. 1, No. 1. Jan. 1990.

2. HA, o)AS, WIS, AEd 5 LSS LR AT - 2y 2}
LA 7R EFA T I =, 50, 1994,

3. D. H. Lee, Polymer(korea), 11, 206, 1987.

4. Y. Maruyama, Y. Oishi, M. Kakimoto, Y. Iami, Macromolecules, 21, 2305, 1988.

5. J. G. Hilborn, J. W. Labadie, J. L. Hedrick, Macromolecules, 23, 2854, 1990.

6. J. L. Hedrick, J. G. Hilborn, T.D. Palmer, J. W. Labadie, and W. Volksen,

” Imide-aryl ether benzoxazole block copolymers”, J. Polym. Sci., Part A,

Polym. Chem., Vol. 28, No. 9, pp. 2255- 2268, 1990.

7. D. H. Baik, E. K. Kim ,and M. K. Kim, "Preparation of New Heat-resistant
Fiber Materials Using Polymeric Precursors to Polybenzoxazoles(1)”, J. of the
Korean Fiber Society, Vol. 40, No. 1, pp. 13-20, 2003.

8 M. H. Yi, K. Y. Choi, “Heat Resistance Polymer, Polyimide” Polymer Science

and Technology Vol. 11, No. 6. Dec 2000.

9. M. H. Yi, "Development of Wolly Aromatic Polyimides for Moldings”, Polymer
Science and Technology, Vol. 18, No. 1, February. 2007.

10. M. I. Bessonov, M. M. Koton, V. V. Kundryavtsev and L. A. Laius :

Polyimides : Consultants Bureau, 1987.
11. A84, AAA, g7, vt "Yd vy 2z Hes 9

= 8t7]& 9, 11, 1989.

r

EX.E

12. Stevens, Malcolm P., 1934- Polymer Chemistry : an introduction / Malcolm P.
Stevens. - 3" ed.

13. HAY, olFAd, & @ ojn=A g = a3z JjE S aer]ed Y,

14. C. E. Sroog : J. of Polymer Sci., Macromol., Rev., 11, 161, 1976.

15. C. E. Sroog : J. of Polymer Sci., Part C, 19, 1191, 1967.

- 126 -



16. R. S. Irwin and W. Sweeny : J. Polym. Sci., Part C, 19, 41, 1967.
A

=

17. SHi Y, o|HEF Wy @ FglojnE Y5 A9 Y B
Sk abslr] <=9 11, 1989.
18. D. S. Yoon, J. K. Choi, and B. W. Jo, “Syntheses and Characterization of PBO

7]

A
B

Precursors Containing Dimethylphenoxy and/or MPEG Pendant Groups”,
Polymer(Korea), 29, 493, 2005.

19. J. C. Won, M. H. Y1, Y. T. Hong, K. Y. Choi : High Temperature Specialty
Films, Polymer Science and Technology, 14, 2, 2003.

20. Az Ydy dxlyoly Fel~g st ad )=,
21. A= B2 dx]jolg Zel~E Polymer Science and Technology,

Vol. 1, No. 3, May 1990.

22. M. H. Jung, J. C. Kim, and J. H. Chang, ” Polyethylene Nanocomposite Films :
Thermomechanical Property, Morphology, and Gas Permeability” polym(kor),
Vol. 31, No. 5, pp 28-435, 2007.

23. D. H. Baik and W. O. Lee "A study on the High Performance nanocomposite
Fibers Based on Polybenzoxazoles(1)” Textile Science and Engineering Vol.
42, No. 5, 2005.

24. D. S. Yoon, AGE 1FS 2zt
9 =, 2A WS, 2007.

25. D. H. Baik and S. ]J. Im "Preparation of Nanofibers Using Precursor Polymers

i

guzESAE ATAY G4 D S8, A

i

to Polybenzixazoles” Textile Science and Engineering Vol. 43, No. 3. 20006.

26. G. S. Liou, "New Rigid-rod Poly(benzoxazoleimide)s Containing
Chloro-Substituted p—Phenylene Units in the Main Chain”, J. Polym. Sci
Polym. Chem, Vol. 37, 4151-4158(1999).

27. Y. Oishi, M. Kakimoto, and Y. Imai, Macromol Vol. 21, NO. 8 1998.

28. =Tl ed B S YE FIYF 24 .

29. S. H. Kim, Polymer science and Technology Vol. 7, No. 1 Feb 1996.

30. A FANLATFJALFARE: =Y+ 7 FE F7) . www. textopia. or. kr.

3l. M54 o|7lE “ZuAF PBO A", Fiber Technonogy and Industry, Vol. 11,

E‘BL

- 127 -



No. 4, 2007.

32. Evelyne Orndoff Develelopment and Evaluation of Benzoxazole Fibrous
Structure, Technical Memorandum 104814 . 1995.

33. T. Kubota, R. Nakanish, Polym. Sci., Part B, 2, 655, 1964.

34. W. W. Moyer, C. Cole, T. Anyos, J. Polym. Sci., Part A, 3, 2107, 1965.

35. Y. Imai, I. Taoka, K. Uno, Y. Iwakura, Mackromol. Chem., 83, 167, 1965.

36. M. Ueda, H. Sugita, M. Sato, J. Polym. Sci., Polym. Chem. ED., 24, 1019,
1986.

37. G. S Liou, Macromol. Chem. Phys. 201, 1141-1147(2000).

38. C. Arnold, J. Polym. Sci. Part D . Macromol. Rev, 14, 265, 1979.

39. P. E. Cassidy, "Thermally Stable Polymers”, Dekker, New York, 1980.

40. R. C. Evens, F. E. Arnold, and T. E. Helminiak, Macromolecules, 14, 925,
1981.

41. J. F. Wolfe, Encycl. Polym Sci. Eng., 11, 601, 1988.

42. H. H. Yang, "Aromatic High-strength Fibers”, John Wiley and sons, New
York, 1989.

43. D. H. Baik, H. Y. Kim, M. K. Kim and S. W. Kantor,” "Synthesis and
cyclization of aromatic polyhydroxyamides)( I ): Model compound study " Proc.
Ann. Meeting korean Fiber Soc., No. 2, pp. 37-40(1998).

44, C. Gao and S. W. Kantor, "Synthesis of Precursor Flame Suppressing
Polymers” Spring SPE Meeting in Indianapolis May &, 54th(Vol. 3), pp
3072-3073(1996).

45. J. H. Chang, M. J. Chen, and R. J. Farris, Polymer, 1998, 39, 5649-5654

46. J. Preston, W. Dewiator, and W. B. Black, "Benzheterocycle-imide and
amide-imide fibers derived from diacid chlorides containing preformed imide
groups 7, J. Polym. Sci., Vol. 10, No. 5, pp. 1377-1389, 1972.

47. G. S. Liou, and S-H. Hsiano, "Preparation and characterization of aromatic
polybenzoxazoles bearing ether and 1,4-naphthalene or 2,6-naphthalene units in
the main chain » , Macromol. Chem. Phys., Vol. 201, No. 1, pp. 42-48, 2000.

48. J. Y. Sohn, S. C. Moon, D. S. Yoon, and J. K. Choi, "Preparation and

Properties of Aromatic Polybenzoxazoles with high char yields 7, Elastomer,

- 128 -



Vol. 42, No. 4, pp. 238-248, 2007.

49. B. Y. Ryu, D. S. Yoon, S. K. Choi, J. K. Choin, and B. W. Jo, "Polybenzeno-
xazole Precursors with Dimethylphenoxy/Alkoxy Pendant Groups for Flame
Retarding Applications 7 J. korean Ind. Eng. Chem., Vol. 12, No. 6, pp.
700-704, 2001.

50. G. S. Liou, S. H. Hsiao, Macromol. Chem. Phys., 201, 42, 2000.

51. Y. S. Negi, Y. Suzuki, I. Kawamura, M. Kakimoto, Y. Imai, J. polym. Sci.
Part A © polmy. Chem. 34, 1663(1996).

52. F. W. Mercer, M. T. Makenzie, M. Bruma, B. Schulz, High. Perform. Polym.
8, 395(1996).

53. G. S. Liou, Macromol. Chem. Phys. 201, 1141-1147(2000).

54. C. P. Yang, G. S. Liou, C. C. Yang, N. W. Tseng, Polym. Bull (Berlin) 42(1),

1(1999).

55. C. P. Yang, G. S. Liou, C. C. Yang, S. H. Chen, Polym. Sci., Part A: Polym.
Chem. 24, 1019(1986).

56. K. H. Park, M-A. Kakimoto, Y. Imai , Journal of polym. Sci., Part A: Polym
Chem, Vol 36, 1987-1994(1998).

57. M. S. Lee and J. H. Kim, Recent Development on the Flame Retardants for
Polymer, Prospective of indudtrial Chemistry, Vol 8, No. 6, 2005.

58. gFwarrele]x] 94 25 (FW 20%) 1995, 11.

59. J. Green, in Fire Retardancy of Polymeric Materials, A. F. Grand and C. A.
Wilkie, Editors, New York: Marcel Deeker, Chap. 5 (2000).

60. G. L. Nelson, in Fire and Polymers II, G. L. Nelson, Editor, ACS Symposium
Series, 599, 579 (1995).

61. B. N. Jand and J. H. Choi, Polymer science and Technology Vol. 20. No. 1,
February 2009.

62. L L], YA, KISTI, 2002.

63. A.R.Horrocks et. al., Polymer Degradation and Stability, 88(3). 2005.

64. FLHpu A YY) = A5 L

65. tiet & QAl8| L, ApAlL] 73] A 5 7)o A=, 1998, 5.

66. K. W. Kim, “U9y Z&XF 7jers ¢k U 7t &3, Fiber Technology

- 129 -



and industry, Vol. 11, No. 2, 2007.

67. T. S. Hwang, B. J. Lee, Y. K. Yang, J. H. Choi, and H. J. Kim, The R&D
Trends of polymer Flame retardants Prospectives of industrial Chemistry, Vol
8. No. 6. 2005.

68. J. S. Park, J. W. Rhim, H. S. Goo, I. H. Kim, and S. Y. Nam, "Menbrane
Application of Polymer/Layered Silicate Nanocomposite” Membrane Jouranl
Vol. 15, No. 4, December, 2005, 255.

69. J. U. Park, K. H. Ahn, and S. J. Lee, "Microstructure Formation of
Polymer/Clay Nanocomposites under Electric Field” Polymer Science and
Technology Vol. 16, No. 2, April 2005.

70. S. S. Shin, S. H. Park, and Y. S. Lee ” Preparation and Nylon/Clay
Nanocomposites” J. Korean Society of Industrial Application, Vol. 12, No. 1,
5-10, Feb, 20009.

71. N. Herron and D. L. Thorn, "nanoparticles. Uses and relationships to molecular
clusters”, Adv, Mater., 10, 1173-1184(1998).

72. M. Ogawa and K. Kuroda, "Preparation of inorganic-organic nanocomposites
through intercalation of prganoammonium ions layered silicates”, Bull. Chem.
Soc. Jpn., 70, 2593-2618(1997).

73. D. Porter, E. Metcalfe, M. J. K. Thomas, "Nanocomposite fire retardants a
review”, Fire Mater., 24, 45, 2000.

74. J. Zhu, C. A. Wilkie, "Thermal and fire studies on Polystyrene—clay nano-
composite”, Poly. Inter., 49, 1158, 2002.

75. Y. S. Choi, and I. J. Chung, "Comprehending Polymer-Clay Nanocomposites and
Their Future Works” Korean Chem. Eng. Res., Vol. 46, No. 1, February, 2008,
pp. 23-36.

76. Yano. K., Usuki, A., Okada, A., Kurauchi, T. and Kamigaito, O.,“”Synthesis and
Properties of Polyimide-Clay Hybrid,”” J. Polym. Sci., Part A Polym. Chem.,
31(10), 2493-2498(1993).

77. M. B. Ko and J. K. Kim, "Clay-Dispersed Polymer Nanocomposites " Polymer
Science and Technology Vol. 10, No. 4, August 1999.

78. R. Krishnamoorti, R. A. Vaia, E. P. Giannelis, “Structure and Dynamics of

- 130 -



Polymer-Layered Silicate Nanocomposite”, Chemistry of Materials, 8, 1728, 1996.

79. G. Lagaly, "Interaction of Alkylamines with Different Types of Layered Com-
pounds”, Solid State Ionics, 22, 43, 1986.

80. T. D. Fornes, P. J. Yoon, D. L. Hunter, H. Keskkula and D. R. Paul, "Effect of
organoclay structure on nylon 6 nanocomposite morphology and properties”,
Polymer, 43, 5915, 2002.

81. X. Liu, Q. Wu, "PP/clay nanocomposites prepared by grafting—-melt
intercalation,” Polymer, 42, 10013, 2001.

82. Hu Y, Song L, JXu L, Chen Zuyao, Fan Weichemg. "Synthesis of polyurethane

/clay intercalated nanocomposites”, Colloid Polym Sci, 279, 819, 2001.

83. K. N. Park, K. H. Yoon, and D. S. Bang, "Morphology and Mechanical
Properties of Polyurethane/Organoclay Nanocomposites”, Elastomer Vol. 42, No.
4, pp 224-231(2007).

84. M. O. Abdalla, D. Dean, and S. Campbell, "Viscoelastic and mechanical
properties of thermoset PMR-type polyimide-clay nanocomposites’, polymer,
43, 5887(2002).

85. F. Gardebien, A. Gaudel-Siri, J. L. Bredas, and R. Lazzaroni, "Molecular
dynamics simulations of intercalated poly(e—carprolactone)-montmorillonite clay
nanocomposites”, J. Phys. Chem.. B, 108, 10678(2004).

86. W. J. Bae, K. H. Kim, W. H. Jo, and Y. H. Park, "Expoliated nanocomposites

from polyolaniline graft copolymer/clay”, Macromolecules, 36, 9351(2003).

87. A somwangthanaroj, E. C. Lee, and M. J. Solomon, "Early stage quiescent and
flow—-induced crystallization of intercalated polypropylene nanocomposites by
time resolved light scattering”, Macromolecules, 36, 2333(2003).

88. T. J. Pinnavaia, and G. W. Beal, "Poymer /Clay Nanocomposites’, Wiley
Series in Polymer Science, pp. 101.

89. Y. Kojima, A. usuki, M. Kawasumi, Y. Fukushima, A. Okada, T.Kurauchi, nd

O. Kamigaito, J. Mater. Res., 8, 1174,(1993).

90. S. S. Lee, M. Park, S. H. Lim, J. K. Kim, and J. T. Hwang ” Development and

Application of Nanoclay Polymer Nanocomposite” Polymer Science and

Technology Vol. 18, No. 1. February 2007.

- 131 -



91. S. G. Lyu, D. Y. Park, Y. S. Kim, Y. C. Lee and G. S. Sur, "A Study on the
Preparation of the Exfoliated Polyimide Nanocomposite and Its Characterization”,
Polymer(Korea), 26, 375, 2002.

92. J. H. Lee, J. H. Nam, D. H. Lee, M. D. Kim, J. H. Kong, Y. K. Lee and ]J. D.
Nam, "Flame Retardancy of Polypropylene/Montmorillonite Nanocomposites with
Halogenated Flame Retardants” Polymer (Korea), 27, 569, 2003.

93. M. S. Cho and Y. H. Lee,” Polymer Nanocomposites Using Nano Clay”,
Prospective of Industrial Chemistry, Vol. 9, No. 6, 2006.

94. Y. S. Choi, and 1. J. Chung, “Comprehending Polymer-Clay Nanocomposites
and Their Future Works” Korean Chem. Eng. Res., Vol. 46, No. 1, February,
2008, pp. 23-36.

95. Vaia, R. A., Teukolsky, R. K. and Giannelis, E. P., “"Interlayer Structure and
Molecular Environment of Alkylammonium Layered Silicates,”” Chem. Mater.,
6(7), 1017-1022(1994).

96. T. Kashiwagi, R. H. Harris Jr, X. Zhang, R. M. Briber, B. H. Cipriano, S. R.
Raghavan, W. H. Awad, J. R. Shields, "Flame retardant mechanism of polyamide
6—clay nanocomposites”, Polymer 45, 831, 2004.

97. M. Alexandre, P. Dubois, T. Sun, J. M. Garces, and R. Jerome, "Polyethylene-layered
silicate nanocomposites prepared by the polymerization—filling technique : synthesis
and mechanical properties”, Polymer, 43, 2123, 2002.

98. K. H Wang, M. H. Choi, C. M. Koo, M. Xu, L. J. Chung, M. C. Jang, S. W. Choi,
and H. H. Song, "Morphology and Physical Properties of Polyethylene/Silicate
Nannocomposite Prepared by Melt Intercalation 7, J. of Polym. Sci.,. Part B: Polym.
Physic., 40, 1454, 2002.

99. M. Alexandre, G. Beyer, "One-pot Preparation of Polymer/clay Nanocomposites
Starting from Na~ Montmorillonite. 1. Melt Intercalation of Ethylene-Vinyl Acetate
Copolymer”, Chem. Mater., 13, 3830, 2001.

100. J. W. Gilman, "Flammability and thermal stability studies of polymer layered-silicate
(clay) nanocomposites”, Appl! Clay Sci, 15, 31, 1999.

101. G. Beyer, "Flame Retardant Properties of EVA-nanocomposites and Improvements by
Combination of Nanofillers with Aluminium Trihydrate”, Fire Mater., 25, 193, 2001.

- 132 -



102. M. Cho and Y. K. Lee, "Polymer Nanocomposites Using Nano Clay”,
Prospectives of Industrial Chemistry, Vol 9, No. 6, 20006.

103. E. P. Giannelis, R. Krishnamorti, and E. Manias, Adv. Polym. Sci., 138,
108(1999).

104. R. A. Vaia, H. Ishi, and E. P. Giannelis, Chem. Master., 5, 1694 (1993).

105. M. Kawasumi, N. Hasegawa, M. Kato, A. Usuki, and A. Okada,
Macromolecules, 30, 6333(1997)

106. S. G. Lyu, D. Y. Park, Y. S. Kim, Y. C. Lee. and G. S. Sur, "A Study on the
Preparation of Exfoliated Polyimide Nanocomposite and Its characterization”
Polymer(Korea) Vol. 26, NO. 3. pp 375-380(2002).

107. S-H. Hsiao, C. F. Chang, S. H. Chen, "Synthesis and properties of ortholinked
polyamides based on a bis(ether—carboxylic acid) or a bis(ether amine) derived
from 4-tertbutylcatechol”, polymer, 41, 6537(2000).

108. J. G. Hilbon, J. W. Labadie, and J. L. Hedrick ” Poly (aryl ether-benzoxazoles)
" Macro, Vol. 23, No. 11, 1990.

109. J. L. Hedrick, J. G. Hilborn, T. D. Palmer, J. W. Labadie, and W. Volksen,
"Imide-aryl ether benzoxazole block copolymers”, J. Polym. Sci. Part A,
Polym. Chem., Vol. 28, No. 9, pp. 2255-2268, 1990.

101. G. Maglio, R. Palumbo, and M. Tortora, "Aromatic poly(benzoxazole)s from
multiring diacids containing (phenylenedioxy)diphenylene or (naphthalenedio—
xy)diphenylene groups: Synthesis and thermal properties”, J. Polym. Sci. Part
A Polym. Chem., Vol. 38, No. 7, pp. 1172-1178, 2000.

111. S-H. Hsiao, C. F. Chang, "Synthesis and properties of aromatic polyamides
based on 4,4'- [1,4(1,3 or 1,2)-phenylenedioxy] dibenzoic acid”, Macromol
Chem. Phys. 197, pp. 1255-1272 1996.

112. S-H. Hsiao, W. T. Chen, “Syntheses and properties of new aromatic
polybenzoxazoles bearing ether and phenylethylidene or 1-phenyl-2,2,2-trifluor—-
oethylidene linkages” J. of Polym. Sci: Part A: Polym. Chem. 41, 914, 2003.

113. S-H. Hsiao, W. T. Chen, “Syntheses and properties of Novel Fluorinated
Polyamides Based on a Bis(ether —carboxylic acid) or a Bis(etheramine)

Extended from Bis(4-hydroxyphenyl)phenyl-2,2 2-trifluoroethane” J. of Polym.

- 133 -



Sci: Part A: Polym. Chem. 41, 420-431( 2003).
114. N. Avella, G. Maglio, R. Palumbo, F. Russo, and M. C. Vignola,
” Novelaromatic polyamides based on "multing” flexible diamines and diacids,

Macromol ,Chem., Rapid Commoum. 14, pp. 545-549, 1993.

115. S-H. Hsiao, M-H. He, "Synthesis and Properties of Novel Cardo Aromatic
Poly(ether—benzoxazole)s” Journal of Polymer Science: Part A: Polymer
Chemistry, Vol. 39, 4014-4021(2001).

116. E. J. Lee, D. S. Yoon, M. S. Bang, and J. K. Choi "Synthesis and
Characterization of Polybenzoxazole Precursors having Oligo(oxy ethylene)-
pendant” J of the korea Academia—Indusrtrial cooperation Society. Vol. 14,
No. 5 pp. 2550-2558, 2013.

117. D. Y. Wee, J. K. Choi, and C. H. Lee "Synthesis and Thermal Properties of
Aromatic Polyhydroxyamides Containing Imide Ring in the main chain”,
Elastomer and Composites, Vol. 46, No. 4, pp 295-303 (2011)

118. S. M. Lomakin, J-E. Brown, R-S. Breese, and M-R. Nyden, "An investigation
of thermal stability and char-forming tendency of cross-linked PMMA polymer
degradation and stability” polymer degradation and stability 41(1993) 229-243

119. H. Zhang, R. J. Farris, and P. R. Westmoreland, "Flammability and Thermal
Decomposition Behavior of Poly(3,3'-dihydroxybiphenylisophtalamide) and Its
Derivatives 7 , Macromolecules, 36, 3944(2003).

120. D. S. Yoon, J. K. Choi, and B. W. Jo, "Physical Properties and Flame
Retardancy of Polyhydroxyamides(PHAs) Having Pendant Groups in the Main
Chain, Polymer(korea), Vol. 30, No. 6,pp 478-485, 2006

121. H. Lin, Q. Zhung, J. Cheng, Z. Liu, and Z. han "Kinetics of thermal
Degradation of Poly(p-phenylene benzobisoxazole”, Journal of Applied
Polymer Science. Vol. 103, 3675-3679(2007).

122. M. S. Kim, S. C. Oh, H. P. Lee, H. T. Kim, and K. O. Yoo, "A study on the
kinetics of thermal Degradation of Polyethylene”, J. Korean Ind. Eng.
Chem., Vol. 10, No. 4, June 1999, 548-556.

123. S. S. Kim and Y. J. Chung, "Pyrolysis Characteratics of Nylon-6 from Fishing

- 134 -



Nets”, J. Korean Ind. Eng. Chem., Vol. 14, No. 6, October 2003, 793-798.

124. R. Hooper, L. J. Lyons, M. K. Mapes, D. Schumacher, D. A. Moline, and R.

West, Macromolecules, 34, 931, 2001.
125. H. Zhao, Y. Z. Wang, D. Y. Wang, B. Wu, D. Q. Chen, X. L. Wang, K. K.
Yang, Polymer Degradation and Stability, 80, 135, 2003.

126. M. P. Stevens, "Polymer Chemistry an Introduction”, 3rd Ed. P. 375, oxford
University Press Inc., New York, 1999.

127. J. Preston, W. Dewiator, and W. B. Black, "Benzheterocycle-imide and
amide-imide fibers derived from diacid chlorides containing preformed imide
groups”, J. Polym. Sci., Vol. 10, No. 5, pp. 1377-1389, 1972.

128. Y. U. An, J. H. Chang, Y. H. Park and J. M. Park, Polymer(korea), 26,
381, (2002).

129. J. S. Yeom, J. K. Choi, and C. H. Lee, "Preparation and Flame retardancy of
Poly(benzoxazole imide) Having Trifluoromethyl Group in the main Chain”
FElastomers and Composites Vol. 47, No. 4, pp. 355-363, 2012.

130. S-H. Hsiao, G. S Liou, L. M Chang, J of App Polymer science, Vol. 80,
2067-2072 (2001).

131. Z-M. Liang. J. Yin, H. J. Xu "Polyimide/montmorillonite nanocomposites based
on thermally stable, rigid-rod aromatic amine modifiers” polymer 44(2003)
1391-1399.

132. S. L-C. Hsu, K-C. Chang "Synthesis and of properties of
polybenzoxazole—clay nanocomposites” polymer 43, (2002) 4097-4101.

133. M. H. Jung and J. H. Chang "Poly(ethylene terepthalate) Nanaocomposite
Fibers with Thermally Stable Organoclays” polym(korea), Vol. 31, No. 6, pp
518-525, 2007.

134. Y. Mansorri, S. Hemmati, P. Eghbali, M. R. Zamanoo and G. Imanzadeh "
Nanocomposite materials based on isosorbide methacrylate/Closite 20A” polym.
Int 2013; 62: 280-288.

135. S-Y. Tsay, B-K. Chen, C-P. Chen "Synteesis and Properties of Polyimide—

(Containing Naphthalene)Nanocomposites with Organo—-Modified Montmorill-

- 135 -



onites” journal of Applied Polymer Science, Vol. 99, 2966-2972 (2006).

136. P. S. G. Krishnan, A. E. Wisanto, S. Osiyemi and C. Ling :Synthesis and
Properties of BCDA-based polyimide-clay nanocomposites” polym Int 56:
787-795(2007).

137. S. G. Lee, J. C. Won, J. H. Lee and K. Y. Chot ” Flame Retardancy of
Polypropylene/Montmorillonite Nanocomposites” Polymer (korea), Vol. 29, No.
3, pp 248-252, 2005.

138. M. Aslzadeh, M. Abdouss, G. M. Sadeghi ” Preparation and Characterization
of New Flame Retardant Polyurethane Composite and Nanocomposite” J. Appl
Polym. Sci. 2013, DOI: 10.1002/APP. 37809.

139. Z. M. Liang, J. Yin, H. J. Xu, "Polyimide/montmorillonite based on thermally
stable, rigid-rod aromatin aminie modifiers, Polym, 44 (2003)1391-1399

140. Huang, Zi-kang Zhu, Jiee Yin, Xue-feng Qian, Yang—-Yang Sun,
polymer 42(2001) 873-877.

141. C. U. Lee, K. S, Bae, H. K. Choi, J. H, Lee, and G. S. Sur, polymer(korea)
Vol. 24. No. 2. pp 228-236(2000).

142. B. S. Seo and J. H. Chang, polymer(korea) vol. 25. No. 6. pp 876-833(2001).

143. W. S. Chow, Z. A. Mohd Ishak, J. Karger-kocsis, A. A. Apostolov, U. S.

Ishiaku, Polymer, 44, 7427, 2006.

144. J. H. Chang, D. K. Park, and K. ]J. Ihn, "Polyimide Nanocomposite with a
Hexadecylamine Clay: Synthesis and Characterization”, J. Polym. Sci.,, Vol.
84, 2294-2301(2002).

145. M. H. Jung, J. C. Kim, and J. H. Chang "Ultra High Weight Polyethylene
Nanocomposite Films : Thermal Property, Morphology, and Gas Permeability”
Polymer(korea), Vol. 31, No. 5, pp 428-435, 2007.

146. Y-H. Song, and K-S, Chung, "Improvement the Flame Retardancy of Epoxy
Resin by the Addituon of Montmorillonite” J. of korean Institute of Fire Sci.
& Eng Vol. 22, No. 3, 2008.

147. Ray, s. s.; Okamoto, M. Prog. Polym. Sci. 2003, 28, 1359.

148. Miran. Ham, J. C. Kim, and J. H. Chang "Characterization of Poly(vinylalcoh—

ol)Nanocomposite Films with Various Clays” Polymer(korea), Vol. 37, No. 2,

- 136 -



pp 225-231. 2013.

- 137 -



	1. 1. 서론  
	1. 1. 1 내열성 고분자(Heat resistance polymer)의 필요성
	1. 1. 2. Polybenzoxazole(PBO)
	1. 1. 3. 고분자재료의 난연성
	1. 1. 4. 고분자재료의 연소
	1. 1. 5. 고분자 나노복합재료 (Polymer Nanocomposite)
	1. 1. 6. 층상 실리케이트 (Layered Silicate)의 구조 및 유기화
	1. 1. 7. 고분자 나노복합재료 제조 방법
	1. 1. 8. 연구 내용 및 목적

	제 1 장 폴리벤즈옥사졸 공중합 전구체 합성 및 특성  
	1. 2. 실  험
	1. 2. 1. 시약 및 재료
	1. 2. 2. 단위체 합성
	1. 2. 3. 공중합 전구체의 합성
	1. 2. 4. 공중합 전구체의 특성 조사

	1. 3. 결과 및 고찰
	1. 3. 1. 공중합 전구체의 일반적 성질
	1. 3. 2. 공중합 전구체의 열적 성질
	1. 3. 3. 공중합 전구체의 kinetics
	1. 4. 결  론


	제 2 장 Di-imide Ring을 포함한 중합 전구체 합성 및 열적 특성  
	2. 1. 실  험
	2. 1. 1. 시약 및 기기
	2. 1. 2. 단위체 합성
	2. 1. 3. 중합 전구체의 합성
	2. 1. 4. 중합 전구체의 특성 조사

	2. 2. 결과 및 고찰
	2. 2. 1. 중합 전구체의 일반적 성질
	2. 2. 2. 중합 전구체의 열적 성질
	2. 3. 결  론


	제 3 장 폴리벤즈옥사졸 공중합 전구체 합성 및 나노복합재료 제조  
	3. 1. 실  험
	3. 1. 1. 시약 및 기기
	3. 1. 2. 단위체 합성
	3. 1. 3. 중합 전구체의 합성
	3. 1. 4. 유기화 점토(OMMT)의 합성
	3. 1. 5. 나노복합재료 제조
	3. 1. 6. 중합 전구체의 필름 제조 및 특성 조사
	3. 1. 7. 나노복합재료의 특성 조사

	3. 2. 결과 및 고찰
	3. 2. 1. 중합 전구체의 일반적 성질
	3. 2. 2. 중합 전구체의 열적 성질
	3. 2. 3. 중합 전구체의 모폴로지
	3. 2. 4. 중합 전구체의 기계적 성질
	3. 2. 5. 중합 전구체의 한계산소지수(LOI)
	3. 2. 6. XRD를 이용한 점토의 층간거리
	3. 2. 7. 유기화 점토 합성 확인 및 나노복합재료 제조
	3. 2. 8. 나노복합재료의 열적 성질 
	3. 2. 9. 나노복합재료의 모폴로지
	3. 2. 10. 나노복합재료의 기계적 특성
	3. 2. 11. 나노복합재료의 한계산소지수(LOI)
	3. 2. 12. 나노복합재료의 산소투과도


	3. 3. 결  론


