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ABSTRACT

Syntheses and Application of polybenzoxazoles precursors

by Yoon, Doo-Soo
Advisor : Prof. Jo, Byung-Wook, Ph. D.

Department of Polymer Science & Engineering

Graduate school, Chosun University

Aromatic polybenzoxazoles(PBOs) have been known since 1960's as high-performance
polymers with excellent thermal stability, mechanical properties, and good chemical resistance.
The excellent thermal stability and high flame resistance of PBO make it the material of
choice for high-temperature application, for example, high modulus and high strength fibers,
nonlinear optical materials, aerospace, photosensitive materials, and other industries.

However, as with aromatic polymers they are generally difficult to process because of their
high melting and glass-transition temperatures(Tg) and poor solubility in conventional organic
solvents. As a consequence, potential applications have been limited. Therefore, attempts have
been made to modify the backbone structure and improve their processibility. One successful
approach is to introduce flexible linkages or bulky side groups into the polybenzoxazole
backbone in order to increase processibility. These modifications lower the melting temperature
and lead to soluble and amorphous polymers. In general, amorphous polymers have lower
softening temperature and improved solubility compared to crystalline analogues, thus they
may open applications in the area of films, coatings, engineering plastics, polymer blends, and
composites.

Aromatic PBOs were commonly prepared by either of two methods. The first is a two step

method that involves the poycondensation of bis(o-aminophenol)s or their trimethylsilylated
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derivatives with aromatic dicarboxylic acid chlorides giving precursor poly(o-hydroxyamide)s,
followed by thermal solid-state or solution cyclodehydration yielding PBOs. The second is a
one-step process directly producing PBOs by the melt polycondensation of bis(o-aminophenol)s
with aromatic dicarboxylic acid diphenyl esters and by the solution polycondensation with
aromatic dicarboxylic acids in acidic media like polyphosphoric aicd.

Precursors polymers have the advantage that they are easier to process, do not require
strong solvents and can absorb large amounts of heat energy during cyclization process. When
cyclized they liberate water or a flame retardant during the cyclization. Hence, the precursor
will be converted to a high temperature heterocyclic polymer possibly containing a flame
retardant.

Polyhydroxyamides(PHAs) having poly(ethylene glycol)methyl ether(MPEG) and/or dimethyl-
phenoxy pendant groups were synthesized by solution polycondensation at low temperature.
This precursor polymers were studied by FT-IR, 'H-NMR, DSC, and TGA, Pyrolysis
Combustion Flow Calorimeter(PCFC) and X-ray diffractometer.

The inherent viscosities of the PHAs measured at 35 C in DMAC or DMAC/LICl solution
were in the range of 0.51~2.31 dL/g. Solubility of the precursors with higher MPEG unit
was increased, especially the polymer having MPEG(Mn=1100) was soluble or partially
soluble in ethanol, methanol, and water as well as aprotic solvents, but the PBOs were nearly
insoluble in a variety of solvents. PHAs were converted to polybenzoxazoles(PBOs) by
thermal cyclization reaction with heat of endotherm. In case of the precursors having MPEG
unit, the precursor polymers with a higher Mn were fully cyclized at a lower temperature
than one with a lower Mn.

The degradation temperatures of the polymers were recorded in the ranges of 396~482 C
in Np, and 276~397 C in air. PCFC results showed that the heat release(HR) capacity and
total heat release(total HR) values of the PHAs were increased with increasing molecular
weight of MPEG. In case of PHA 4 annealed at 290 T, the values of HR capacity were
siginificantly decreased from 253 J/gK to 42 J/gK, and 60% weight loss temperatures

_ix_



increased from 408 T to 856 C with an annealing temperature. The activation energy for
the decomposition reaction of the PHAs showed in the range of 129.3~235.1 kJ/mol, which
increased with increasing conversion. Tensile modulus of PHAs were decreased as increasing
chain of MPEG, and showed an increase more than initial modulus after converted to PBOs.

The blend of Poly(amic acid) and polyhydroxyamide having pendent was studied by
thermal properties, mechanical properties, and morphology. Solubility of the blend was
soluble in polar aprotic solvents such as DMAc, DMF, and DMSO. The 5% and max
degradation temperatures of the blends were recorded in the ranges of 348 ~407 C and
589~615 TCin N, as they were increased with increasing PAA content. After
annealing, tensile strength and initial modulus of blend were showed in the ranges of
64.63~97.50 MPa, and 2.11~2.67 GPa, as they were increased with increasing PAA
content. As morphology of blends, the domain size of PHA was 0.025~0.05 m,
degree of dispersion showed uniformly well, interfacial compatibility of two phase
confirmed good.

Nanocomposite was prepared from a PI and PBO precursor, PAA, PHA, and an
organoclay. The nanocomposite were characterized by FT-IR, TGA, X-ray diffraction,
sacnning electron microscopy(SEM), transmission electron microscopy(TEM), limitting
oxygen index(LOI). The organoclay was formed by a cation exchange reaction between
a Na -montmorillonite clay and an ammonium salt of dodecylamine. The thermal
decomposition temperature of nanocomposite was improved after adding an organoclay.
X-ray diffraction, SEM, and TEM analyzes showed that a formation of nanocomposite
as the organoclay was dispersed in the PAA matrix as a nanometer scale. The LOI
values of nanocomposite showed in the range of 40~41.3, as they were increased with
increasing an organoclay content.

Key words: poly(hydroxyamide)s, poly(benzoxazole)s, poly(amic acid), thermal

cyclization reaction, activation energy, heat release rate, blend, nanocomposite
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Table 1. 2. Properties of the PBO

. . Regular High Modulus
Properties Unit
AS HM
Filament decitex dtex 1.7 1.7
Density g/em’ 1.54 1.56
Moisture Regain
% 2.0 0.6
(65% RH)
Tensile Strength cN/dtex / GPa 37 /5.8 37/ 5.8
Tensile Modulus cN/dtex / GPa 1150 / 180 1720 / 270
Elongation at Break % 3.5 2.5
Melting Temperature T none none
Decomposition of .
o C 650 650
Temperature in Air
Cofficient of Thermal .
. ppm/ C - -6
Expansion
Limiting Oxygen Index - 68 68
Dielectric Constant at 30
100kHz '
Dissipation Factor - - 0.001
Table 1. 3. Comparison of properties of high performance fibers
Tensile Tensile Elongation . Heat
Density(g/m{) . .
strength | modulus(GPa)| Break(%) resistance( C
PBO 5.8 180~270 3.5~25 2.0~0.6 650
p-Aramid 2.8 109 2.4 1.45 550
m-Aramid 0.65 14 22 1.38 400
Steel Fiber 2.8 200 1.4 7.8 -
Carbon Fiber| 3.5~5.8 200~304 1.5 1.76~1.80 -
PBI 0.4 5.6 30 1.4 550
Polyester 1.1 15 25 1.38 260
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AEAE 9] 2= Tz PIEZA+E poly(amide-imide), poly(ether-imide),
poly(ester-imide) 5©| ATh

e (fully aromatic) PIAl X = 1962 d 22 ul=2] Du PontAle] <]3] 7
£33} % =8 Du PontAl7} Al#3stal l= PIAl A2+ AP A 59 Vespel SP, 2
5891 Kapton, =¥ prepreg?] Pyralin 2 Pyre-ML 5°] %t} 53| Kapton TP Z &

e 597 Bes) wrd] AAAY AE edEd A AAde NI BB

=

ZAolA EHAQ ZAAT. 2y 1989do] LEe] Ube Industries®] Upilex o}

g wu 9y ¥k of
Yeh, vl=9] NASAE T4Ho= PI A9 434 /AdES 9 d7x=ge 2y,
nadic acide] F7FdFS-S o] &3k PI X7} /TR om, 1968 B =FS] TRWA}F

ki

Kanegafuchi Industry®] Apical 5°] ABAtE o z2R 7}t

ols] PI3Nol& FEHoz Al#EJa, Al PMR-15, LARC-160 T2 7
gradeZ} 7= Ao} 3 19731 Z 7 ~9] Rhone-PoluencAloll A= bisnaleimiderP(©]
3l BMIZF &) A A 3A PI 412 Kerimid 6012 70, A&l =d BMIA Pl
A= nadic acidAlol] B]3te] LS HEAXAT epoxy FA9 A= A
o] H]=2gk 180~190 C H=9 2&oA Aol 7tsstnz HA Wadd A7 - A
2k A58 EFAE matrix FARA FE 3 Qth A 1975d = acrtylene=
Y72 2t= N2 F7174383 2191 HR-600°] Hughes AircraftAloll <]a) 7l
A=t 2 F o] 71$2 Gulf OilAbell A|F=©] Thermid 600°] & FFEHoZ ¥
d3tE At olek Wast] Tt 58Pl Thed E7FAA(TP) PIAl AL
MEEden o5 A7t FA= AR &l A &MHAY HlwA <

H 2melA &g7tFel e 5L /AT g

1. 1. 4. %A Y =F A (Polymer/Clay nanocomposite)

I 59 Yiz(nano)oll #3+ F4le] F7etHA] U= 7] & (nanotechnology), Y&

24| (nanocomposite), W= AH(nanoparticle), 12|31 Y= (nanostructure) 52 <
T &l tigk #A 9A ZA Frteta Utk AA7leA vk 7o dol
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Fig. 1. 3. Heat release rate of polypropylene nanocomposite.
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= otA €.
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Fig. 1. 5. The structures of polymer/nanocomposites (A) intercalation, (B) exfoliation.
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1. 2. A%
1.2. 1. Al 2 77
) A <

Poly(ethylene glycol)methyl ether(MPEG, M,=350, 550, 750, 1100), p-toluene-
sulfonyl chloride, diethyl 2,5-dihydroxyterephthalate= AldrichAF A& A A $lo] of
2 ARg3bel i, 2,6-dimethylphenol, potassium t-butoxide, dimethyl-2-nitroterephthalate
%< ACROSAF A< Ab&3&kgl el =, 3.3 "-dihydroxybenzidine-> TCIA} A2 7 Al
Slol  adlE AbEslelth N N-dimethylformamide(DMF)$} N, N'-dimethylacetamide
(DMAc)+ 71 x5 MgSOs5 %L 2447 Fob mubA 7l & 7k Fishe] Ab&-sf
%1 2w thionyl chloridet= triphenyl phosphite¢} 247t g9l 27471 & HFeke] A
4eglth. 283, triethylaminee CaH, & 23 12417+ b @747l

#1835 .
2) 7] 7

2 odTe] Ay SAEAE fH A" 17le o3 A
FT-NMR spectrometer : JEOL JNM-LA300

FT-IR spectrometer : Shidmazu 8601PC

DSC : TA Co. DSC 2010

TGA : TA Co. TGA 2050

DMTA : Polymer Lab. MKII

X-ray Diffractometer : PANalytical Co.(X "~ Pert Pro)

Pyrolysis Combustion Flow Calorimeter(PCFC) : Lyon & Walters
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1. 2. 2. 2= FA

2 dFoflA AF-E= 25-bis[w-methoxy-poly(ethylene glycol)]terephthaloyl chloride
(Mn=350, 550, 750, 1100)£} 2-(2,6-dimethylphenoxy)terephthaloyl chloride®] 32 7}
7zt Jin'®, Wolfe™ 9} Hunsaker™ SS9 WS FAste] Algslgn FAZE

Scheme 1. 1, 29} 7t} 37109

0
Il
HOCH oCH20%CH3 4 H&@s—c|
n=7, 11, 16, 24 %
0
triethylamine i
ToHel e T S— CH .0
ol , N @*P) 0~CH 5CH 20%CH 5
(1)

I OH(") "
H3CH »C0 C — boc, oy
/ K,C0 5 /Acetone
o OR
] 0
H4CH ,C0 C — COCH »CH 3 WH/E+0H>
/
OR
(2)
OR o
0
(") | socl , 0 0
HO C — COH —— > CIC cCl
A /
OR A
® (4)
R= «CH »CH 20 3CH 5
n=7, 11, 16, 24
Scheme 1. 1
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HO CHa CHg

| DMF
chz(:)g +K0—<\:—CH3 -

Dimethy|-2-nitro—
CHg terephthalate

Scheme 1. 2

1) 2,5-Bis[w-methoxy-poly(ethylene glycol)]terephthaloyl chloride®] 34

w-Methoxy poly(ethylene glycol) toluenesulfonate (1)¢] 4 : 9.1 g(0.026 mole)<]
poly(ethylene glycol)methyl etherfMPEG, Mn= 350, 550, 750, 1100)c] 18.1 mL(0.13
mole)¢] triethylamine®} 50 mL<| chloroforms 2o =gch 22l o] &AS jce
bathol| 4 0 C&E frAlsled mubAlzl & 5.08 g(0.0267 mole)2] p-toluenesulfonyl
chlorides 50 mL¢| chloroformell o] A 7}sled 8~134]2F 5ok wb-gA A et Hbg-%F
A5 dbgws oAt AR de AARY dE FRFE FESE vk
MPEGE AlAg & 3| AFZUAAE o|&3te] chloroforme Al Askdeh o] FHA <
oAl A= AFAE71(80 T)ollA 24417k Fab A xstslon A shgha o

gte]e FT-IR¥} 'H-NMR ~#ledl oz gqlslgon Fig 1. 79 8o el
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st F5ES LA wel 75~80 % oItk

FT-IR spectrum (KBr) : 2880 cm™(C-H, stretching)
1600 cm’'(aromatic C=C)

'H-NMR spectrum (CDCL):
6 2.32 ppm(s, 3H, ph-CHs)
6 3.24 ppm(s, 3H, PEG-CHs)
6 3.40~3.57 ppm(m, 26H, -CH,CH,-)
6 4.01~4.04 ppm(t, 2H, -OCH»-PEG)
6 7.02~7.68 ppm(dd, 4H, aromatic H)

Diethyl 2,5-bis[w-methoxy-poly(ethylene glycol)]terephthalate (2)¢] 34 : 270 mL<]
A A= ofAlEol 5.08 g(0.02 mole)e] diethyl 2,5-dihydroxyterephthalate, 10.72 g(0.08
mole)©] potassium carbonate, 0.064 g (0.0002 mole)2] tetrabutyl- ammonium bromide,
ZE]32 21.18 g(0.042 mole)e] w-methoxy poly(ethylene glycol) toluenesulfonate (1)<

90 BFAA BSES AR AG et TAo W @A ALdg

o 2oog dbgE AAE s 7 A oAkt Al AA 7L S AFUARAE o
&ote] ofAlE5 A AG F ethyl ethers | &3l AAES FE3I9ch 28 o
Al A SUAAE o] &3l ethyl ethers Al At om] dolxnl A= AFA=

7180 C)ol A 242417k EoF Azslelel gAe ggEe #9e FT-IRF} 'H-NMR
~dlegl o glelslglom Fig. 1. 73 8o veligln 2+ A}
of we} 35~40 % o]t

o
oft

rlo
M

2. = O
T

FT-IR spectrum (KBr) : 2880 cm'l(C-H stretching)
1728 c¢m’'(C=0)
'H-NMR spectrum (D,0) :

§ 1.20~1.24 ppm(t, 6H, -OCH,CH3)
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6 3.20 ppm(s, 6H, PEG-CHs)

6 3.50~3.75 ppm(m, 52H, -CH,CH>-)
6 4.06 ppm(t, 4H, -CH,-PEG)

6 4.21~4.26 ppm(t, 4H, -OCH,CH3)

6 7.37 ppm(s, 2H, aromatic H)

2,5-Bis[w-methoxy-poly(ethylene glycol)] terephthalic acid (3)¢] 34 : o2& 7}~
F97]8kel 4] 597 g(6.5x10° mole)2] diethyl 2,5-bis[w-methoxy-poly(ethylene glycol)]
terephthalate (2)& ol &F&oll &&lA7l & 10 mLe] KOH/o &S -85 A 7}sla 48
Al ZE Eek vbg Al A ek o] Hbg EREE FRTE 447 05 N HCl 89
< 7t ARSI AAES odelvh of 7)o 1,2-dichloroethane(DCE)E o] A
AEs FEIAL oA IJAFTHEIE ol&dted DCEE AAG + =3¢ A4+
+ dda, oA AXAEE AFAZE7)(50 T)ollA 24417 st A xsksl e A
g 335 29le FTIR¥} 'H-NMR =" Ese g #clsgloen] Fig. 1. 77 8ol

et glon] ghhee] 582 80 % olsith

FT-IR spectrum (KBr) : 3400 cm™(-OH)
2880 cm™(C-H stretching)
1736 c¢m’'(C=0)
'H-NMR spectrum (DMSO-dg) :
6 3.26 ppm(s, 6H, PEG-CHs)
6 3.42~3.87 ppm(m, 52H, -CH,CH>-)
§ 4.12~4.15 ppm(t, 4H, -CH,-PEG)
6 7.33 ppm(s, 2H, aromatic H)
6 12.61 ppm(s, 2H, -OH)

2,5-Bis[w-methoxy-poly(ethylene glycol)] terephthaloyl chloride (4)¢] 34 : 2,5- Bis
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[w-methoxy-poly(ethylene glycol)] terephthalic acid (3) g(1.09X10'3 mole)< SOCL, 2.7

1
mL(0.037 mole)oll i 2417 &3t 7417 F ZFsh5 kel #EFe] SOCLE Al A

st o F5EL 98%] sith

(3) bwtﬂ
2) w
(1)

I

T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Absorbance

Wavenumber(cm )

Fig. 1. 7. FT-IR spectra of the compound (1), (2), (3)(Mn=350, n=7)(KBr).
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J h 3)

[

— & 0@ |

10 9 & F 54 3 2 1 y
Chemical shift{ppm)

Fig. 1. 8. 'H-NMR spectra of the compound (1), (2), (3)(Mn=350, n=7).
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2) 2-(2,6-Dimethylphenoxy)terephthaloyl chloride2] 34

b )Y FA ¢ ol= b E9]7]skelA DMF 96 mLell 2,6-dimethyl-
phenol 9.76 g(0.08 mole)Z} potassium t-butoxide 9.06 g(0.08 mole)= £l A 71 & ©]
&loll dimethyl-2-nitroterephthalate 19.12 g& 7}sltaL 100Coll A 48417} &l HE-g-A]
Aok zela ASLHAAE gt wbg 2355 DMFE AlAgG & 3 57
ol F-ol¥ 3L ethylacetateE ©]-&3stel FET. FEF SHs £3 NaCl 48

%rote] ethylacetate® A A gk th, 150CelA 7shs

an

o ® AAFZ F oo
u] 1b-§-¢] 2,6-dimethylphenols A 7 &} 3 n-hexanes ©] &3l F=

=
=
&3l n-hexanes AATFL YFAol Hypste] TS Ak oA A A

i

AES AR/ S FT=9/1(v/v)E 23] AAA A FHF AAES dolew F5E2
85 %ol o H=HAL 74~75 Coldet zelx A 3= 2ele FT-IRFY
H-NMR £ =8l o= #elshgl e Fig. 1. 99F 100 HEpd gt

FT-IR spectrum (KBr) : 1734 cm’(C=0)
1228 cm’'(Ph-O-Ph)
'H-NMR spectrum (dg-acetone) :
6 2.16 ppm(s, 6H, -CH3)
6 3.90 ppm(s, 3H, COOCHj3)
6 4.03 ppm(s, 3H, COOCHj3)
6 7.21~8.10 ppm(m, 6H, aromatic H)

a5 (6)e TA : FEE (5) 3.36 g(1.23x10°mole)S ol EH-E 40 mLoll &3 471
ol NaOH &< 4 mLEs A7Fst 6417F 5ot wbgA A o] g £

THTE 24470 F 05 N HCl &85 7hete] AAdS dx Add Ade+
PN

SHFE 4 3 AFs L ATFAZZ)|(70 CylA AxzAZ ek AAdEe o el&/5 5
F=6/4(vIV)E ARG o] FE5EES 84 %ol on] HEHL 315~317 Teol
e, A 83 29le FT-IRY 'H-NMR ~fEso 2 2qléle] o Fig
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1. 99} 1001 FeRVISL B

FT-IR spectrum (KBr) : 3057 cm’'(-OH)
1697 cm™(C=0)
1292 em™ (Ph-O-Ph)
'H-NMR spectrum (dg-acetone) :
6 2.15 ppm(s, 6H, -CHxs)
6 7.09~8.03 ppm (m, 6H, aromatic H).

N
N
(o]
o,
N

3
ol

o

&

i)

ot

fo

@]

o

a

[\S)

i

2

AL
ofi

o
3!

o

o

o

o
2
=
a
.
o
=
a
—_
W
8
o
=
ofo
e
>,

i:3
A

AL 64~67 Celglrh
'H-NMR spectrum (CDCls) :

6 2.12 ppm(s, 6H, CH3)
6 7.11~8.17 ppm(m, 6H, aromatic H)
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Absorbance

|

(6)

T T T T
4000 3500 3000 2500 2000 ’1500 ’1000 500

Wavenumber(cm ™)

Fig. 1. 9. FT-IR spectra of the compound (5), (6)(KBr).

_34_



(6)

Ppm

Fig. 1. 10. 'H-NMR spectra of the compound (5), (6)(Acetone-d6).
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1.2.3. 5% A+AY A

= ddrelAd g4d" PBO T H o ATAlEe $47% =+ Scheme 1. 37
23, e AFAES L3 YR AT tEA 2 MPEG (My=350)2
Zte % AFAPHA 2)9 FoF ATA(PHA 3)9 4 He 32 2o

PHA 29 3de] HAfoe, ol E$17IskelAl 3,3'-dihydroxybenzidine 1
g(4.623x 10” mole)¥} CaCl, 0.5133 g2 DMAc 5 mLo| 7}8}L ice bathol]| A 3083t
Zb WREAIZL & 2,5-bis[w-methoxy-poly(ethylene glycol)]terephthaloyl chloride 4.1573
2(4.623x10° mole)S DMAc 5 mLol &A1l &A& s "ojm ) 427t &

b ice batholl Al WEGAIZL F 2043 &<t FellA whgAIZ] &of 5 ko Hoj

FreE AHE g5 AF Ax71(1200)94 Azt HF AdEs AJdd. F4

g T AFAEd 4L FTIRY 'HNMR ~#l=glow gelslglon] Fig 1.

FT-IR spectrum (KBr): 3000~3600 cm™ (-OH, -NH stretching)
2880cm™'(C-H stretching)
1660 cm’'(C=0)
1605 cm” (WEEF C=C)
1331 em™ (C-N stretching)
'H-NMR spectrum (DMSO-dg) :
6 2.48~2.55 ppm(s, 6H, PEG-CHs)
6 3.15~4.05 ppm(m, 52H, -CH,CH,-)
6 4.40~4.55 ppm(t, 4H, -OCH,-PEG)
6§ 7.05~7.25 ppm(m, 6H, dihydroxybiphenylene)
6 7.90~8.05 ppm(m, 2H, dialkoxyphenylene)
6 10.40~10.50 ppm(d, 2H, OH)
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6 10.50~10.65 ppm(s, 4H, -NH)

PHA 39 3de] HAfde, of=22 E$17I8kelAl 3,3 -dihydroxybenzidine 1
2(4.623x 10° mole)¥} CaCl, 0.5133 g DMAc 5 mLo| 7}8}3L ice batholl A 30%3t
ZE wHkAZl & 2 5-bis[o-methoxy-poly(ethylene  glycol)]terephthaloyl chloride 2.08
g231x10°  mole)S DMAc 25 mLol &3IA1Z1  &AF}  2-(2,6-dimethyl-
phenoxy)terephthaloyl chloride 0.75 g(2.31x10” mole)2 DMAc 2.5 mLo] &ajx71 &

¢

NS Ars] Wolm#HTE 4X7F B9 ice bathollA] HFSAIZI & 204]7F T9F AF29
o3 ]

Ak, ol FA Lo

2]
Held olstel & dimethylphenoxy 1H= 7 @553 A 4AE PHA 1°]2
st a, EAkEo] Z+7k 350, 550, 750, 110091 MPEG 92 714 %3 A4S PHA
6, 8, 123l dimethylphenoxy$} ZAFEFo] 2H2t 350, 550, 750, 1100¢] MPEGE
111 2408 2te 3353 AFAZS PHA 3, 5, 7, 98 3tttk 28]l PHA 1°] &
2 183} W3 HgdE PBOS PBO 1& 391, 22t PHA 2~99 PBOS PBO
2~92} 3kt

FT-IR spectrum (KBr): 3100~3600 cm” (-OH, -NH stretching)
2880cm™'(C-H stretching)
1660 cm’'(C=0)
1605 ecm™ (WS C=C)
1331 em™ (C-N stretching)
1272 cm’™ (Ph-O-Ph)
'H-NMR spectrum (DMSO-dg) :

6 2.15~2.30 ppm(s, H, 2,6-dimethyl)
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6 2.40~2.55 ppm(s, 6H, PEG-CHs)

6 3.15~4.05 ppm(m, 52H, -CH,CH>-)

6 4.40~4.55 ppm(t, 4H, -OCH»-PEG)

6 6.85~7.40 ppm(m, 6H, dihydroxybiphenylene)
6 7.90~8.05 ppm(m, 2H, dialkoxyphenylene)

6 10.40~10.50 ppm(d, 2H, OH)

6 10.50~10.65 ppm(s, 4H, -NH-)

Cl C ccl
QL %H- o

—(—mm

0 Hy
HJ*"*HZ ¥ mﬂ@ﬁm%
R

Ho ™
0 mo = CH(H 09, CH,
—(—mm—&@ﬂ—)ﬁ =350, 5HD, 70,1100
i 4 % Pk 2, 4, 6, 8

R ﬁ—;: :>—é
HJ" Z-|- mﬂ@ftm +C' , ’ Cﬂc'

+mm_3@ﬁw
PHA 3. 5. 7. 9
Mmm EO)by

(Hq
he

Scheme 1. 3
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i) H 0-£CH CH 0 % CH,
As b c *
C
>
d

1 f
= b

=

< 2}
]
-t

0-£CH ,CH,03; (M,

| | | | | |
4000 3500 3000 2500 2000 1500 1000

Wavenumber(l/cm)

Fig. 1. 11. FT-IR spectrum of the PHA 2(KBr).
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0-£CH ,CH 0% H,,
”’f“‘" @31
0—{—[!12[1120—);[:1
o h
f
de ‘l ah,c
I I I I I
10 & &] 4 7 0]

Chemical shift(ppm)

Fig. 1. 12. '"H-NMR spectrum of the PHA 2(DMSO-ds).
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Fig. 1. 13. FT-IR spectrum of the PHA 3(KBr).
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a b g f 0£H_ CH0XH
| =]
A Oy s
|-|g L3 H O-LCH_CH 03 CH,
3 '
et QO L,
HO OH 1 CH,
HeC i
1 k
Inmn
Z

f ahb,chijk

Mo

10 g 6 4 2
Chemical Shift(ppm)

Fig. 1. 14. '"H-NMR spectrum of the PHA 3(DMSO-ds).
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1.2. 4. £ AFAY 8 Ax € EARA

7 3% % 22T ATAS 54¢ 24 Aste] et gol BEL A
g2 DMAc T+ DMAC/LICI(5 wt%) 10 mLol] =5
Vel

=

5
o] =IAZ F, AE7]A 80T=E 2413t Ft &ujE A F A

_ﬁ'_
Z7] 80 TolA 12413F B AEAIZT. oA Axd 52 B 259 A

ol

AFdA FAHE FF 2 FTH AFAEY I AF =  Shimadzurl
(Shidmazu 8601PC)<] FT-IR¥} JEOL/\}(JEOL JNM-LA300)¢] 'H-NMRS o] &3to] g
olstgith. =3 A FA S| e LHHEE Ubbelohode HEAZS AH&3dto] 35 C
o] gexdr =Fsgon, ol &M FEE DMAc == DMAC/LICI €99
A 01 gdLZ it T3 AFAEe] 2 nelst vkgd w2 FEgAa 2 char
o] MAHES AN Yl TAALS] TGA(TGA 2050)2 AM&&tia A4 2 37
B8t A $2EEE 10 C/minS 2 50~900 C7HA] A& 3t9).
7t % 2 FTH AFAES] €4 ngst wreoz )
#2317 98le] TAAMS] DSC(DSC 2010)2 o] &3te] A4 E97]8
£ 10 T/mino 2 3to] 30~450 CT7HA] A4S 3z, olo] wa 4944 xuzs W
2ol F%591& FT-IR (Shimadzu 8601PC)S ©]-&3le] ol ek, 3 AT
%l

AEe] A8 Ay Fo] x-A A F3AE A7) 18] PANalyticalAte] x-A1 34 &
2 7](X " Pert Pro)E ©]&3le] 35 KV, 20 mA=Z Ni-filtered CuK radiations ©]-&3}%]

°om 2 ~ 10 °2 ©)7}A] scan 8} Th.
FRA 52 flammability’s mg T AZo] g flammability AHe] =g
Lyon¥} Waltersol] 2|34 7)'&% Pyrolysis Combustion Flow Calorimeter(PCFC)E ©]
&34 T ok =n]u} pano]l ©71 oF 3 mge] A 22 pyrolyzere] FEAZ F A
2 BY7Eol A 1 Cse EE2 100 CAlAEE 900 C7HA| 71 sle] AR A7)
a, Ahel A EFUFAE EABE 900 To Aavld Bl & AaAzith
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ojuf ARE Aol ¢Fo] 0, A7 oelA SHE L o]F ZABNA heat release
rte(HRRYH 235|900k £, 7} 3% A7AY FA AAA BAE 24
A AxE T AFA 2ESF Polymer Labile] DMTAE ©| &35t0] 2455 2

CT/minl. 2 F982 <% nEZ~E"} displacementE =% 3}t
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L3723 9 34
L3153 A7A 4y 44

B oApoa] " 2T A7ASe FAES 9 FT-IRY FT-NMRS A&
a9ttt Fig. 1. 116 #2t&Fo] 350¢1 PHA 29 ZA$ 23 AFAEC] FT-IR ~HE
S e, 4 ¥i=9l 3000~3600 cm’'(-OH, -NH), 2880 cm'(C-H), 1660

¢}

cm’(C=0), 1605 em'(FF=F C=0)8 FAFozA 7 ATA/}F FHHAASES &
4 etk z8l3 Fig. 1. 1201 PHA 2°] 'H-NMRO ~HEZS Vel Ed,
PEG-CH39] chemical shift7} 2.48~2.55, -CH,CH-2] chemical shifte 3.15~4.05,
-OCH»-PEG9] chemical shift= 4.40~4.55, dihydroxybiphenylene &9 2] 3, 4, 7, 8, 9,
10 44> chemical shift= 7.05~7.25, dialkoxyphenylene ©$]29] 3, 5 <4 chemical
shift+= 7.90~8.05, OH®] chemical shift= 10.40~10.50, -NH-2] chemical shift= 10.50
~10.65 ppmell A WEFETE Z47F2] chemical shifte] WA H| 7} o] X9} 2 A gto
24 T8 A7AVE FEd0sE g9 A

283, Fig. 1. 1394 253 AFA2 PHA 39 3100~3500 cm’'(-NH), 2880
em(C-H), 1660 cm'(C=0), 1605 cm'(3FZ C=C), 133lem™(C-N), 1272 cm’
(Ph-O-Ph)2] MEES FTIR AHEZA F39xm, Fig. 1. 149 'H-NMRS] ~3)
EdHA phenoxy Il Sl 2,6-dimethyl 159 44 chemical shift= 2.15~2.3
ppm, PEG-CH;9] chemical shift7} 2.40~2.55, -CH,CH,-2] chemical shift= 3.15~4.05,
-OCH,-PEG2] chemical shift:= 4.40~4.55, dihydroxybiphenylene ©¢ 2] <=4 chemical
shift= 6.85~7.40, dialkoxyphenylene ©%1¢] 3, 6 44 chemical shift= 7.90~8.05,
OH®] chemical shift= 10.40~10.65 ppm, -NH-2] chemical shift= 10.65~10.80 ppm
oM zZtzte] ¥AaEE st PHA 3 Al PHA 29 wpilriAlz= 7bzhe]
chemical shift®] HAu]7} o] &2t & AXeE gl zn FF3F AFA7 3
AEAES 49T F AdH

Table. 1. 4] 49 T 2 TTF AFAES] /3= 2 Axd ZFEE

=

H =
gate] dehiglth @HE 3 ATAE 247
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T AFAESY ASole

0
S PHA 92 A983 T AAd FA WES IS

Table 1. 4. Inherent viscosity and film quality of PHAs

PHAs Ninh" film quality
PHA 1 2.31 dark brown, flexible
PHA 2 0.74 ”

PHA 3 1.06 "

PHA 4 0.98 "

PHA 5 0.51 "

PHA 6 0.99 "

PHA 7 0.55 "

PHA 8 1.16 "

PHA 9 2.04 dark brown, brittle

a

Inherent viscosity was measured at a concentration of 0.1g/dL in DMAc or

DMAC/LICl at 35T

Table. 1. 59 @€ AFAES] &viEAS YA $& 2 358 A4
T WA % AFAY &uiEd S A EW, dimethylphenoxy 1&%He 7L

21 PHA 12 DMAC/LICl §9dl= & &= 7 LiCls ¥4 ¥ &ude &
8-l

_‘ﬂ
&S
dlo
tlo
2
4y
%0,
32,
L
& ju
rlo
re
-
N
i
o
e
N
rb

izl
i
tlo
ofy
ol
2
=
k1
iR
ol
rr
PR
rlo
=5
3
<
o
=
8
(@]
o
ne
dlo
[o
fru
X
S
>
i
(e3
=
oy

o2 WA poly(o-hydroxyamide)(PHA)®ll dimethylphenoxy 1< =%t A}, H| =
LiCI7} 715 ofof &3l =31 39Xk Table 1. 59 291 A% dimethylphenoxy L
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Table 1. 5. Solubility of the Polymer Precursors and PBOs

Pol Solvent
olymer
o
DMAc NMP DMF DMSO TFA CHCl; Methanol Ethanol H,O THF  m-cresol HySO4
PHA 1 O(L) O(L) O(L) Oow) A X X X X X X @)
PHA 2 O O 9) @) A X X X X X X O
PHA 3 o o o 0 A x ~ x X X X O
PHA 4 O O O O A X X X X X x O
iﬁ Z O O O O A X X X X X x O
PHA 7 O O O O A X X X X X x O
PHA 8 ©) ©) ©) @) A X A @) A X X ©)
PHA 9 ©) ©) ©) ©) A X A A A X X O
PBO 1 X X X X X X X X X X X A
PBO 2 X X X X X X X X X X X A
PBO 3 x X X X X X X X X X X A
PBO 4 X x X X X X X X X X X A
IIZES 2 X X X X X X X X X X X A
PBO 7 X x X X X X X X X X X A
PBO 8 X X X X X X X X X X X A
PBO 9 X x X X X X X X X X X A
O : soluble, O(L) : soluble with LiCl, A : partially soluble, x : insoluble

DMAc : N,N-dimethylacetamide, NMP : N-methyl-2-pyrrolidone, DMF : N,N-dimethylformamide,

DMSO : dimethylsulfoxide, THF : tetrahydrofuran, TFA : trifluoroacetic acid

_48_



L3.2 F8ATAY 98 44

2 apdA gAY ¢ 2 35Y AFAE 9

2
R
A
o
=

HA3E = A2 Scheme 1. 49+ 2t}

0
e OO O by, ==
HO OH

HaC
PHA 1

" \\@
PBO 1 Hac@
x5O c@
Ho oH
\\ R -CH ,0H ,0 35 CH,
Mn=350, 550, 750,1100

PBO 2, 4, 6, 8

oR
i i
—m m —C G e
S D Heat

Ho o ® -

Vo ¥

amomore—{— N NH— C

« O,
oH o o

HO
HaC

n

OO
R= -CH ,CH 50 3 CH
Mn=350, 550, 750, 1100
\\ : PBO 3, 5, 7, 9

Scheme 1. 4

_49_

PBO=



Fig. 1. 159 &3 A4 PHA 39 1349} 23 €4S el 13 34
A= 230 T FEANA &

2~

C FE FA7k AAete] 320 T F2lA S ol A
sHE Btk 919 F4 daxe €4 nelst @A 9@ vehde sazx 1
g3t wkgol dojd 22 A=l e s AR S & 5 T °l 24 PHA

7b gbds] 94 el vkge g <ld PBOE HEAEATE AS &9 F U3

AN AN

1st heating

Heat Flow(W/g)

2nd heating
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Fig. 1. 15. DSC thermograms of PHA 3 at a heating rate of 10C/min.
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Fig. 1. 16 PHA 3¢ €4 ng s} g A3 £ FT-IR ~FEg=ZA, 2183}
e FT HAFAESY EA W=l 3000-3600 cm(O-H, N-H)& 1660
23} W% o Wi=Eo] Ao AFHE & F 3l

[e]
s

=

em(C=0)¢] ME7} Bgoy 1
Attt 3 PBOY &4 wiE=<l
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Fig. 1. 16. IR spectra of PHA 3, and PBO 3.
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Fig. 1. 179 &= % ATAEY DSC 12 M ES YA Tth Dimethyl-
phenoxy T1HWHS 7FA 1 9lE PHA 19 A% g3} wkgd g+ §E IA=a

£ HQl F 375 T o] FollAFE AA3] Zafol sids e TEFHES Hof FATH
a2y MPEG @95 7H vvA] 2 AFAEe] diEe 54 93
At o] F PHA 1A PSR 1 ASHA FallEe 34U TEd3AS o
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O 9@ ddgA wEel aelst wkgo] o] Foxi UAl AL FAl o]E5c°] &
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o] mejg vh-gE W AAHE FEFS ANANEY, AATE 424 77, 32, 24%°]
o FabE ZA7F 19, 14%E2AM MPEGS] EApe] AR meba FE o] e
=2 59 & vHEA FEWAL A7t Aol &
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3 AFAEY Fd4 ZUE 3 ZAagr YAdrh Bak® & B A7 A
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E Ho F+H, o]+ o= oxazole 1127} imide Rt ¢ A3 FLRE
A 97 fEe 2 AZAEG’) DSC € AAdA dojxl ey Wi gEe
e 4212 Jge A FF AFAES Fx9 ddste] w3 AdPgS THT
T flo] g #Es BHo FAG ol olfr= 1Elst vbgF tEo] FA
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Fig. 1. 17. DSC thermograms of PBO precursors (a) PHA 1, (b) PHA 2, (c) PHA 4,
(d) PHA 6, and PHA 8.
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Fig. 1. 18. (A)e 3% HTFAQl PHA 1, 2, 4, 6, 89 TGA 44 Jehfgich
PHA 19] TGA Z1®oA Frle Waat &3] @A7F yeided A dAx 28 o
A e F 8 %o FAEHAS BHof FUL. ol nE|st shguiol wx Yrte
EEA 77 %elE2het vl F dXTES Bt dollA AW E Fig 117
°] DSC €Al Aot 2 dA ). theF 360 Tl A FH 500 T 74#%1 F
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Fig. 1. 18. (B)= dimethylphenoxy 153 MPEG 1gF°| X8 T3¢ AFAE
9l PHA 3, 5, 7, 9 ¢ TGA €A ES YEMAT. PHA 39 7% PHA 143 5
23 B &4 dAE BoFA] &gA 350 CT7HA] vlwd 4uksl 348 Bt

=
o]T L Lo E MPEGY 3o =z 450 C7HA] 73 AALES 7HA AN Hgets=

s
d FAS Holtrl 450 CTolFoll= evtstAl EalH e Fd= BT 450 TollA
o] char F5&2 54 %=ZA PHA 2(40%) Bt =2 S B9, T8 A4
of MHUE OFO 2 EX|SH= dimethylphenoxy & A1 wjFo = AztHT) o F
& AFA= It HelA= PHA 19 Hlusia Bo] "ojxx|wk d3A4de] 3
H9] ZFol= dimethylphenoxy L&©°] XA 1A PHA 13 AR B
Aot Z2ivk PHA 5, 7, 99] 7% MPEGO] Aol AAWA 43 & &
o] MPEGE #te % & AFAEC] HolE AH 2 2L d IS B9
T AP Bo FAT
Table 1. 6. Thermal properties of PBO Precursors
In N, In air
PHAs T,(C) AH(/g) oL . Residue at o . Residue at
Tso, (C) Ta™(C) . Ts% (C) Ta (C) .
900°C (%) 900°C (%)

PHA 1 312 193 322 482 55 310 369 2.7
PHA 2 328 95 344 412 28 255 299 2.5
PHA 3 325 180 332 418 37 269 397 2.1
PHA 4 322 212 340 408 27 251 287 2.3
PHA 5 313 147 329 413 33 257 383 1.3
PHA 6 297 8 337 401 20 250 281 L.5
PHA 7 302 36 320 408 26 254 360 1.1
PHA 8 279 4 334 396 13 244 276 0.8
PHA 9 291 12 313 399 19 250 355 0.7

*Endothermic peak temperature in DSC thermograms, °59% weight loss temperature in

TGA thermograms, ‘maximum weight loss temperature in DTG thermograms
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Fig. 1. 18. TGA thermograms of PBO precursors at a heating rate of 10°C/min.
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Fig. 1. 19. Thermal decomposition of PHA 1 and PHA 4 in air or in N

atmosphere.
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Fig. 1. 200 €x2] A9 &3 A4 PHA 23 Z4zte] th & 2XoA 1At &
oF dx )3 PHA 22| DSC EFAES Bt dA2 el PHA 2& 270 C
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Heat Flow(W/g)
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Fig. 1. 20. DSC thermograms of PHA 2 annealed at lhr.
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Fig. 1. 21. DSC thermograms of PHA 3 annealed at lhr.
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33 o 4 4 2AAE daggel webd e #alsl
AL webd B ATl MPEG AWE %o 48 FHAE WA szl
1,0 F FFA Gergael Azt B MPEG eSS AATORA 3E
FHAY PSP TR ARG ol F Adtel FH ATAT F

PHA 2¢} 45 A9d thg ZFo=2 AZxsta, 242 MPEGY A A7 7 A S
2 AZEE 229 300 Tk 290 CTo EA2] &4 2, 4, 6, 8, 107 tESH 7}
7y dAzgslgnh. 47 dxeld TEES TGA, FT-IRS ©]&3te] 1 EXHES =
AbstSA T,

Fig. 1. 22914 PHA 29 EAWI=9l 2500~3500 cm’(O-H, N-H), 2880 cm’'(C-H)
9} 1660 cm™(C=0)e] ME7}F A Algto] F7hgholl whal Mk AbgAw, A g
AlZro] 6A1ZE o] Fol = o] EWE=E] 8] Al E A & U ®id
o PHA 29 ¥xg % PBO9 EAWIE=C] 1721 em(C=N)9] W=7} Aj &2 FA Y=
AL geldto ma dxlg] Alzto] Z7l3te]| uwiel PHAZE PBORE A=} HSkw o] 7+
S & 4 AT} ®=3 Fig. 1. 237} Table 1. 79] TGA ZA23E52 2w PHA 29 ¢
A Agte] FAEFE 27 Fel%E 9 char Aol ¥ 7S & AUTH
A2l 5 oA 942 PHA 29 7% T JH3F 2 334 T, 28.00%A =t A8
AlZro] F7VE G5 FUbste] 300 TollA 8 Aliteet @At S A% Ta #h2
363 C, A4 e 43.69 %= Z7tste] 717 29 T9 15%% Z713S ®m9r)
ol=x dA g ARt F7tel wel PHAYE $3 24 dHES 7HX 3 9= PBO®

o wol AZHATGE AL AT & Ay gz A A FoA
MPEG @9 S°] AAHL Aty dol &dd Ados deveX, T4 A4 +
Zol MPEGS] =9do® st &al= S A 734l e wbded &4 <
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Fig. 1. 22. IR spectra of PHA 2 annealed at 300 C (a) Oh, (b) 2h, (c) 4h, (d) 6h,

and (e) 8h.
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Table 1. 7. Thermal properties of PHA 2 annealed at 300 C

Annealing e Residue at
) T4'(C) .

Time 900 C (%)
0 hr 334 28.00
2 hr 334 28.35
4 hr 342 29.61
6 hr 356 32.28
8 hr 488 43.69

* 1st weight reduction onset temperature

100
80 -
&
S 60 -
-
=
.En
&
g 40 {e)
(d)
{c)
(h)
20 - @
0 T I I I T T T l I

100 200 300 400 500 600 700 800 900
Temperature( C)

Fig. 1. 23. TGA thermograms of PHA 2 annealed at 300 T (a) Oh, (b) 2h, (c) 4h,
(d) 6h, and (e) 8h.
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Table 1. 8%} Fig. 1. 242] PHA 4°] TGA ZAIES Hw IA g A7t W
wt% 5% £ 22 dAe AL 340 CToleu, 2417 EAjgldE 408 T, 64
e 496 C, Z8]aL 10A17ES 505 CTE, 10413 3 F 5 wt% =% &4 257}
dAz] AETE ¢ 160 C F7Hg= Bk T Az At mE
£4 exdgs Byl dAe] de £xE 408 T, 2A17H655 C), 6A17H(T57
T), 10717k 856 CE Ho g AET <F 450 CHE F7HEge Eoh Eg
900 TollAe] char AdES EW EAHIHE 27% oAy 4A17H37%), 6411t
(43%), 8A1ZH(52%), 10A17tE 58%E Kol dAe HET 31%4Y S7ige Bt

oM 7l o TFAY GAEA el A Aztel weps AA FLEE HAF
= 212 PHA 4 33 AFA7F B 9402 ¢kgd s PBOR Holatd ALY, dA &
3t B WUE OFo =2 EASte AWE AlEEe] dAE At o] &dto

walEo] i er ddgdol woky] WEo® A4EY. welb PHA 4 58
123
=

60 wt% =%

-

e

AFA7F PBORS] o] B A sl B¢ THAZFE MPEG @99 o'
T2 dolr 7] a4 FT-IRS o] &3to] ZAlslsdth

Fig. 1. 25914 H<l FT-IR EAMEES B9 PBO EAWMES 1720 cm(C=N)<]
M=yl dAe Az A FA AFS Ho]l PHAZF PBOZ AEFHISS <& &
919tk T 1600 cm(C=C) ©] MEs} IR ZAFL Holx, 53] 2880~2890

em(C-H)Sl WME=7F IA] Algto]l Aol wa} ZolE57] Alztale] Az 8zt
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Table 1. 8. Thermal properties of PHA 4 annealed at 290 C

Residue
Annealing time Ts0,"(C) Te0s(C)
at 900 C(%)

0 hr 340 408 27

2 hr 364 655 29

4 hr 382 709 37

6 hr 391 757 43

8 hr 406 795 52

10 hr 427 856 58
5% weight loss temperature in TGA thermograms, 60% weight loss

temperature in TGA thermograms

Weight(%)

100

o
i
1

fep]
Lo
|

40

20

100 200 300 400 500 600 70O 800 900
Temperature("C)

Fig. 1. 24. TGA thermograms of PHA 4 annealed at 290 TC.
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Fig. 1. 25. FT-IR specta of PHA 4 annealed at 290 C.
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Table 1. 99} Fig. 1. 26° EA2]le}A] &2 PHA 2, 4, 6 9 82 XRD 3|44
9 25 YEATh A7)oA B FE d fase FF Ad7Ad =949
MPEG ©¢] Ab&EE oaliA 7199 3]d FHEZ4 PHA 2 ¢ PHA 4+ 27 2
6 7} 4.55° 9} 3.05° o]# PHA 6 = 2.60° o] PHA 82 2A3de e 3 ddfelS
Hol3dth PHA 29} PHA 4% ol Z712% 34 y32 HolF Wb PHA 6&
ol <kt 3| -™uAE 183 PHA 82 o3l |- aE HoFA Fsdtt o=
T AFA A EAste MPEG ©9l9] At&EEc] Ak 7R wet F Al&E3H
A7 A oH¥A PHA 6 ©|F H& AFAHE Hole Aoz AyAHETh
Bragg?] S o] &3&}o] d-spacingS T3+ PHA 2% 21.56 A, PHA 4% 3216 AS 1
23 PHA 6& 377 A2 B3t o]5 MPEG ©¥le] Al&Eo°] fully extended chain
o PYP= z2FHA HAHUS WS 71H S d-spacing FES AL EH, PHA 2
£ 2667 A, PHA 4% 4121 A, PHA 6& 5939 A 123 PHA 8& 8728 AS X
SATH PHA 2, 4, 6o that HA g} o] 235 A& vuwalEH 1 #ole 27 5
A, 9 A, a28]3 22 Aolth. MPEG ©@9|9] #At&o] AZFS FgECl & AolE
B =dH, o] MPEG ©91E9 ZA7|7F Aol wel Al&EE©°] fully extended chain
o FHE o & o]FA RV WEor AYAEn.

T AFA Sl dA 2d wepA uEd Ass HoleXE Flstr] ¢
A oz LxoA dA 23 PHA 29 XRD 3|2 FAES Ao Fig. 1. 279 Y
Uit dAe %9 S7keh 3 dlola9] 20 FhEol 27 240 TollA = 4.50
° 260 TollAE 4.25° 280 CTolA & 4.20° 300 ColAE 40002 A2} Aoz &
AANE AL & F UAT} d-spacing k= AAMStH A et &S PHA 29 A

- 2146 Aol 240 T2 A% 21.79 A, 260 TE 23.08 A, 280 CTE 2335 A,
300 CollA &= 2452 Acax dxe o Z7tst a4 Hal d-spacing #E°] &
7}l k. PHA 29] MPEG ©@9£°]| fully extended chain®] FE|E o] FAtta 714
322 w9 d-spacing #(26.67 A)Z AA 7R EZA A 2=rt TS
= A} fully extended chain FE| 2 Ho] 72 &Q1E 4= gIATh
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Intensi

Table 1. 9. Interchain distance of the PHA 2, 4, 6, and 8

PHAs Observed(A) Theoretical( A)
PHA 2 21.56 26.67
PHA 4 31.16 41.21
PHA 6 37.70 59.39
PHA 8 87.28

2 Theta

Fig. 1. 26. XRD patterns of the PHA 2, 4, 6, and 8.
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Fig. 1. 27. XRD patterns of PHA 2 (a) not annealed, (b) annealed at 240 T for
1h, (c¢) annealed at 260 C for 1h, (d) annealed at 280 C for 1h, and
(e) annealed at 300 C for lh.
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Fig. 1. 28 PHA 4o thdt dxg] Az} Ixlg] Fo] XRD 34 FHES Ho
FATk EAg A AZ A 207} 3.05°004 It ED 2 AR S Ho] F
T} o] 3A AL ZIA  =YE MPEG @9 AWEAIESE 7te] A A 7]

old 3H FHoZA dspacing #2894 AL HPUEH oA dxeld AE
o A FHY AF 3.65°24.19 AR olFIAeH, 44Xt dAE A5

4.05°(21.80 A)°] o}F & AN AZS BT E3F 6A]17H(5.15°, 17.15 A) T 84
3H6.0°, 1472 A)] A5 obF <kgk A7]o IAAHEAL, 10439 A AL A
Ao 31d sEE Ko Fh ol A7 IAE] Algtel] wEbA FFA L] d-spacing#t
ol AA FdExm dAE A 4AZHEEHE intensity’} <3 31 SEE Ho
T A& dA2 B & MPEG @9l AU AbEse] didldl ofs ddstuA

N
= pEAom ogse] FALEe A ZlEL Y AHHE Mol A

-71 -



Intensi

0h

2k
%W’*’W o
ey

f
2Theta

Fig. 28. XRD patterns of PHA 4 annealed at 290 TC.
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1.3. 3. 5% AFA9 flammability

=% AFAES flammabilitys= Lyon Z} Waltersll 2|34 7I=¥ PCFCZ =74 3}
AT pCECE A% AP A BEC olF A3 flammability A3 7] A 24
& mg WS A% Foz 2gobsn, clleld Qeldl HRRWIE S 374
At AngoriE AdHJT. nEA AR flammabilityE H7betEdH T
83k A<l heat release capacty(HR capacity, J/gK)= W HRR(W/g)& 7IEd&E=
%

ol A Al4kE A o]™, total heat release (total HR, KJ/g)= HRRU] Al7HE 2 A

HEste] e &9 AP AartaEe A dadS 9v|dt. Char 552

N

60 wt% = FEA e TE TGA Z oA L.

Table 1. 10°] PCFC2Y-H 4L 7} 53 A3AEe Axns3 a4 Adstd u
A AsEe Q83 A5 Atk Aol 95H PHA 1S 949 TGA Aol
ME HolFE viel o]l FF AFAE F /M 2 flammabilitys Ho] FQlh
Zt 3 AFA 52 HR capacitys Hlw s E™ PHA 2% 221 J/gKE Ht} o] F

2 PHA 1(53 J/gK)e] <F 4ufjol sl d= = ho2A MPEG Al&EEo] &alxe] &7
de dFA &5 Boy raAAdE SUAE 9 dta des Ho F
Aqom, F3 AFAE F MPEG A& Zol7t 7F4 71 PHA 8(Mn=1100)¢] 7 $=

w

328 J/gKE PHA 2Kt} °F 100 J/gK7t 571ehS Rt #5849 724 $= PHA
o] Z$E 146 J/gKE, PHA 92 A%+ 215 J/gKfé: Hol o= FFALG 2ol

MPEGS] Zo]o] Z=7}o wg} 71daAA o] Z713S Bl Total HRAIAE 6.3~15.8
kl/gel HYE BHyon o e AIHES Ho FUY. a8y FIZTAES
7]~ dimethylphenoxy HE 2§59 Jgo g dE FIAEHEY WS flammability

g Ho FAH o5 TF AFAEY @S Table 1. 109] <18&¥ & 1&A

S B EH PHA 1S A9 BE ZF3ASo] 71 A HEAEQ MPEG ©

=

A5 7 5ol = PEEUE HR capacity’} A<l 1/5 &2 B, 1EAd
A FAQ1 Kevlart} PEEK 2] &Y H| =3 58 Ho EFH oz e PHA
o] flammability® ®.o] FATH"? Fig. 1. 299l= ©= 3 HAFA S g HRR
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< AZK3E75 s)&, PHA 8°] 7P A2 AZH220 )& LR S%las HAAHh
< EAY Fig. 1. 309+ &5F AFA S gk HRRU) A|ZHS plot 3 Ao ZH

o] Al MPEG Al&EE©°] 71 PHA 99 HRRe] 7} =1 PHA 3°] 7b% %<& HRR

fe HdE &9 5 A

Table 1. 10. Flammability of the polymer precursors

PHAs HR capacity(J/gK) Total HR(KJ/g)
PHA 1 53 6.3
PHA 2 221 12.2
PHA 4 253 13.2
PHA 6 287 15.0
PHA 8 328 15.8
PHA 3 146 8.2
PHA 5 197 10
PHA 7 203 12.2
PHA 9 215 12.6
PE’ 1558 40.0
pC® 382 19.0
KEVLAR" 292 15.0
PEEK"® 163 13.0
PI° 29 9.0

® The values of literature''”
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Fig. 1. 29. Heat release rate curves for the homopolymers, PHA 1, 2, 4, 6, and 8.
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Fig. 1. 30. Heat release rate curves for the homopolymers, PHA 3, 5, 7, and 9.
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Fig. 1. 31. Heat release rate curves for polymer precursors.
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Table 1. 119 290 C2] 2] QEdA 7z} AztH =z dxe]d PHA 4 MEE2
PCFC 4827 dHolHES AUTh dellA AgFg veh Zo] dAzsA] &2 A
Z9°] - HR capacity7} 253 J/gKeolal, 2A1ZF €23k Z-$ HR capacity’} 205
JgKe Hol o] ghEth oF 50 JgKe 2 @ts E3lon, 641719 A5+ 125
JgK, 10A]17te] ZA$-E 42 J/gK & 98] ARt o 3% g e A 2" S B2
o FAth. oA | A AZF 7kl whet flammability7F Yol S HoFa, o
AN AFZ AT MZES TGA Z2Foe 2 ZAIAS HoFY Table 1.
1201 HolF uhel o] MPEG AM&EE9 S71et &7 SFAE2 flammability 7}
Z7td A= v E dxe] Azt whel flammability7} 2ol E AL Hol AL
FT-IR 3 X-ray 3]d 4 dddFelr g nke} o] MPEG AteE°] €A
g Tl TEAANA olEHAY] WEom FZHET

Table 1. 11. Flammability of PHA 4 annealed at 290 C

Annealing time HR capacity”(J/gK) Total HR*(KJ/g)
0 hr 253 13.9
2 hr 205 9.2
4 hr 160 8.9
6 hr 125 8.0
8 hr 71 3.8
10 hr 42 2.2

* PCFC results
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1. 3. 4. & AFA Y Kkinetics

B AFoE Ozawa " P 1D ol &ste] 3

NE
o

FTH ATAC
g3t ANUAE F3H7] 98l TGA 2E S std. Fig 1. 320 242+e] < o
& PHA 59 TGA €34HE2 UBd <, ¢ 2425 Z7ef < ol
A A g ZellHr] A7 dEEed U #ES log BE yFHOoE,

3

M

S
1

=
=

S
1

TS xZCo & plotste] 28] 2 =2 Fig. 1. 339 YeERAQE. o] 2 o2 R E
747ke] Mgl wWE 71e7] #HES AMNE F ded, d8qE 0.1%Y AF 7
71 -8719.10131, o] #e 2 2] Wdste] 1587 k/mole] A4St oUA @<=
HEAoZ AT F UATh o|FA AL 7t HEg wE T3 9 FF

AgAel Zall 28t ovAl g Table 1. 1201 YeER AT

et

— A Ea 1 ... ... .
logB=A —0.4567 R T (D

A=

: 122K min™)

71 A 74<7(8.314 J/mol-K)
: A3 ol ] (KJ/mol)
: A2 FA

o 02 O R® > S
f
_l

71971 =—o.4567%

Table 1. 129} Fig. 1. 32, 33914 =& 2 T AFAEY 243} ANdA= &4
Zro] Mgl web 129.3~346.3 kl/mol MU #S Ztetes AS & ¢ vk
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A F3 AFAQD PHA 19 A& we 43 duA s ABEY Zaz7]

9] 0.1% AN E I8 s A 93 B3 FF AFA] AdEQ

FoldA 7} ofgh dFEEo] EalE o] 266.1 kI/mol®] te HS

Rog Azt a8, 02%2 AEEoMd e 3463 klmole] 713 =& R &

A8t oA E EY = o= dimethylphenoxy 1 Fi-o] E3lE WA B &4
st dUA7F B estr] wEolga AZET

T g2 3 AFAC PHA 2, 4, 6, 8& 3ol & 01%Y uw] PHA 27}

phenoxy 15% 2

190.5, PHA 47} 143.1, PHA 6°] 139.0, PHA 8°] 1382 kJ/mol2X H]w 7z e g
a3t A\ AE 7RG Agso] FUHgAl wet Ax DA oAUATE Flsko
0.5%2] 73-%- 235.1, 190.0, 173.7, 165.3 kl/mol®] #t S 2 Z}7Z} 44.6, 46.9, 34.7, 27.1
kl/mol®] Ftol F7tetida= ettt e Ag&olA 2 @48 AqUAE

Holi e AT AUAY} ke AH AwEol Bej] WEoly dBEol F

NgeE AR AUATF B AeEe] AA BalEr] wel 448 uATt =
Sete Aew AzEd. w£d 233 A7AL PHA 3, 5, 7, 99 A% oA w=

2
TEAL T4 ARE dErdS A § Utk Kim 57V& Nylon-69] 3

==

A3} oA 7} AEgo wet 129~434 kI/mol HYE B, AsE Z7lq w
g A3 dUA7F FUletE o] fE Wk x7lde HlwA AgteyA|sb ks H
oA g©3leih 3gtEo] EalEa, Al7te] A e wal HRA o7 FAlEo] B

= 7] wjEolgka 3t
=% AFAQl PHA 29 T3 A9l PHA 39 w3l &3 oyxE Hd

PHA 29 2% A3gtgo) uat 1704, 192.3, 195.0, 196.9, 198.3, 225.0 kJ/mol®] <

o

7FAlaL PHA 3 190.5, 208.4, 210.6, 212.3, 225.1, 235.1 kJ/mol®] #o 2A FFT

A7AQ1 PHA 39] gtol 10.1~26.8 kl/mol H%= =55 & & Utk ol#d o]
=

rr

T AFAQ phenoxy ZFS EAE QA =2 At wiEelgta Ab

A,
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Fig. 1. 32. TGA thermograms of PHA 5 at different heating rate.
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Fig. 1. 33. Plot of log B vs. I/T of PHA 5 with different conversion(%) rate : 0.5,
0.4, 0.3, 0.25, 0.2, and 0.1.
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Table 1. 12. Degradation activation energy of PBO precursors®

Activation energy(kJ/mol)

a(%)

Polymers 0.1 0.2 0.25 0.3 0.4 0.5
PHA 1 266.1 346.3 255.1 183.7 94.3 -
PHA 2 170.4 192.3 195.0 196.9 198.3 225.0
PHA 4 143.1 158.0 163.0 170.0 179.0 190.0
PHA 6 139.0 151.6 155.5 165.1 166.9 173.7
PHA 8 129.3 149.1 154.8 158.8 162.5 165.3
PHA 3 190.5 208.4 210.6 212.3 225.1 235.1
PHA 5 158.7 170.5 173.3 175.4 188.6 197.6
PHA 7 143.9 164.3 171.9 177.9 185.4 191.6
PHA 9 138.2 151.1 170.9 174.3 182.0 185.6

* calculated by Ozawa equation

_83_



240

220 ¢ PHA2

[ ]

—

[
T

Ea(lkJ/mol)

160
100 ¢
120 ¢
100 ' ' ' ' '
01 0 03 04 05
Conversion(%)

Fig. 1. 34. Calculated activation energy at different conversions for PHA 2, 4, 6, 8.
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Fig. 1. 35. Calculated activation energy at different conversions for PHA 3, 5, 7, 9.
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1.3.5 FF A+AY 59848 &4

Zr = AFAe 9t dAEs AR 984 DMTAE Ab&ste] 53
TAE 2589 A BEHXAE)Y displacementE =7 3] Fig. 1. 35 YERH A
o Fig. 1. 34. (A)NA S AFAEY 27] I ZEH2 ¢S HW PHA 29]
107", PHA 4= 10"*, PHA 6< 10”7 MPa©]l1, PHA 3& 10°%, PHA 5& 10°%,
PHA 7 10°"' MPa® PHA®] ZA}&¢l MPEGY Zol7} Z7lstdA 9% RE# 2~
b A aTEs 4 Uk ol d A UlF JtAaA 24 Z8sE MPEG &
o7} AAAW stAhslt FmrF FketHA ZIAA ddel adty] wEelgta A

ZHeo gl 32 AFAe 27 e o]l 29 AFAY #gEng o =

¢
A7 o] 72 $oll= dimethylphenoxy “1°] EA38l7] witoleta AJ2tE ).

Fig. 1. 34. (Al ©% FgAQl PHAS <% REHAE 225 SHd ugt
22 Pt dRe] dojur] He =R AlE FAgs Holtrt €4 1)
g ato] AlZslE &% (PHA 2=194 C, PHA 4=180 C, PHA 6=176 C)%¥ tiA] 4

S35 Holm, 9A3 PBORE AZTH 300 ColFoE REHAV 7] REHA

olE TA e displacement= 1 EEH2x9te RHE @24 1Elst dAto] dof
w7l Aol 2= A& solunrt Z4zkel 44 melst whgo] AlftEE %
(PHA 2 = 194 C, PHA 4 = 180 C, PHA 6 = 176 C)°]
g dFS T A7A PHAZE €4 1ejs) wkgo g Qls] Eo] mx yrid

o
§
1%
tlo
f
o,
fr
i)
o

_O|L
i)
.{
o,
D
Kl
o
N
rht
T
2
o
.
]
(9%}
N
E
=
>,
rlr
jus)
=
'S
N
S

.
o w33 9 2R A7ASe 94 st weo] AdEE L7 MPEG
NeAolt ARG5S A AaRS Hold, oldd A4 oA FF ATA

HHEQ MPEGS| < gkolgta Al T



85
—
=~
o0
=
—
- 80 -
%
=
=
=
=R
=
==
= —— M-PHAS3
= —— M-PHA2
= — ~ ML-PHA1
70 o
L 1000
L o
=
=
=
=
I -1000 =
-
fa=]
=
L -zooo &
=3
B
L -3000 ~—
|- -ac00
T . T T . T T
50 100 150 200 250 200 350 400
Temperature(C)
95
P
=
2 o0
—
=<
% 8.5 o
=
=
=
=
=
=]
g 80 o
L
b1
=
=
L
= 75 —=—MPPHAS
——a— NIP-PHA 2
— —— NIP-PHA 1 I 2000
I 1000
=
=
- o =
=
[
o
I -1000 =
o
=
=
I -2000 g
=
I -2000
|- -ac00
T . T . T T T
50 100 150 200 250 300 350 400
Temperature( 'C)

(B)
Fig. 1. 36. Tensile modulus and displacement of PBO precursors at 1Hz. (A) PHA 2,
4, 6, and (B) PHA 3, 5, 7.
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1.4 4 &

PBOS] AFAQl PHA®l MPEGS} dimethylphenoxy MHE I1FS Egiste] 3
ATAES Ptk FHE T3 AFAY 2/ =EE 051~2319 S UE
WAL, o5 T3 AFAEL €4
oxazoles, PBOs)®2 €3] AgHTIE AL geld 4 ok

MPEG ©9l& AUE aFoz2 7I3 53 AFAEES DMAc, DMF, DMSO,

m
&
ot
i
l
Lo
:Oé
ff
&
=
N
>
I
=
S
Es
5

g
E3] ®A%Fo] 110031 MPEGE 717l PHA 89
3| t}. 28 PHAZF €4 388}
Bgo® Qe PBOE $dd ABHW Fidw ARE L8 B T ojwd
Sufoll = &3l = A ekttt

PHACI A PBOZ S| m2]3 whgo dldste FE vaEc] 280~328 o G0

A AZEAE TF R TTF ATAEY % TEELLEE MPEGY] 2AY T

N

L K
0

1

M

ofo

:Oé

o)

32

7ot A Fraeda, HAdEdeEs 371 SolA 276~397 T, A SllAE
396~482 THISIE Bt
53 AFAE9 HR capacitys 53~328 J/gke] #< Ho|lw MPEGS At&Zo]7}
S7Htel wet E& flammabilityS Ho] FJATh 290 CTellA Ex12]® PHA 49| 7
A2l AlZtoll webd HR capacity 52 253914 42 J/gKZ2 AL, 60%

[e]
o
ZH A 5= 40894 856 C = Z713S H Yt

% AgAEe &35t duA= A& wal 129.3~235.1 KI/mole] < 7f
A HEEo] F7hs wEk &35t AUyt Frbelda, A REHAE

MPEG®] AtEdel7t Z7hetel wheh ztastglon, PBOR 18€ 300 C o] Fof

rr
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A 2 F PHASH PAA EA = AZ 2 Y53

2.1.4 ¥
2. 1. 1. A1 & 717]

DA ek

PAA(LV.=2.13 dl/g, 10 wt% in DMAc solution)= £ A-TFAA 3 3te] A&}
Tk Poly(ethylene glycol)methyl ether(MPEG, Mn=350), p-toluenesulfonyl chloride,
diethyl 2,5-dihydroxyterephthalate= AldrichAb A<=, 2,6-dimethylphenol, potassium
t-butoxide, dimethyl-2-nitroterephthalate &< ACROSA} A|#-Z, 3,3 -dihydroxybenzidine
& TCIAF AEFS AHAQel a2z AE3sIA Y. NN'-dimethylformamide(DMF)<}

a3

N,N'-dimethylacetamide(DMAc)= 71 ZH MgSO,E ¥l 2443 B9F kAl & 7
o SFotd AME-3E 2w thionyl chloride= triphenyl phosphite$} 2A1%F &<t $F
'I_

et :(ru

A1 & SRS AFESA T el AL, triethylamineS CaH,& il 12A17F &<t
CRis

(clay) Na' 2 X3H MMT2A A& o] Kunipia F(Kuminine Ind. Co.)©|™,
[e]

HE
ol wEFS 100 g9 119 meqel Rt 18] 31 dodecylamine> AldrichA} A &2

e Al I, HOle Fake AFS U Agek.
2) 71 7]

= A7 A¥H SAEAE A8 AHeE 7l e 2o
FT-IR spectrometer : Shidmazu 8601PC

'H-NMR spectrometer : JEOL JNM-LA300

DSC : TA Co. DSC 2010

TGA : TA Co.TGA 2050

UTM : Shimadzu
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SEM : Hitach S-4700

LOI tester : Atlas

TEM : EM 912 OMEGA, CARL ZEISS

X-ray diffractometer : PANalytical Co.(X ~ Pert Pro)

2. 1. 2. &9 A A4

2 Aol AgE "AAE G @ 199 B9A TPET BYs”

3~105)

2. 1. 3. =8 A7A 9 g4

2 AT A8¥ PBO T AFAELS 2,5-bis[o-methoxy-poly (ethyleneglycol)]
terephthaloyl chloride(Mn=350) =2 2-(2,6-dimethylphenoxy)terephthaloyl chloride<} 3,3 °
-dihydroxybenzidine= A& &9 53 WH(A 179 & AFA I} L3
Wl olall A wEEAIA FskAT

T AFAEFT MPEGHS AHER 2t= $3 AFAe 7% M-PHAZ 3t
Ao, MPEG$} dimethylphenoxy L9 @A &¥]7F 05059 3+ AFA=
MP-PHAZ} B8ttt 181, PAAZF 94 283 ¥+2 &= PI, M-PHAE PBO I,
MP-PHA PBO 223l Wt aL, Z47; Scheme 2. 19 YERH AT

2. 1. 4. 7718 HE A

Na'-MMT 2 g2 130 mLe] & o] &% ¥ 80 ColA 1AIZF Bt AHA A
ofFth dHo R | mLe HCIE 50 mLe| & o]&d ¥ ¥, 7] dodecyl-
amine 0.8 g= ¥ & 4omA §H4E 80 TR FA g} oln] FH]"E Na-MMT

Gl dodecylamine &2 Fol A-DSHA AoAFHAM 1A Ft WA AT, &
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AAES 2eM g Adx7lo ¥o 42

#7153 AR S8 = XRDE

AR 3] AHG T pEkg Cl o] A=A 0.1 M AgNOs &
S

|

2 Fol, =

AE 718 A E(dodecyl ammonium-montmorillonite: C12-MMT)E # &

Lo|A 24A17F Fot AZEA

&

o, 1
2 TGAE AH&3le] =4 3st9d o™ Fig. 2. 29 Table. 2. 20 YERHSL
b w0 O% o
HO—(I:; C—OH
0 0
0 0
OO
0
. JO5O+O, +
0 0
OR
0 0
\ / =1 M-PHA
HO OH on X0.5 SP—PHA
ﬁ 0 R= -CH,CH ,0 - CH,
m{»HN NH ©0H1—x .
HO OH 0 CHg4
OO o8
feat 0.5 %80 2

R= +CHECH20+nCH3
\\
W+C\
;: }1 x]n
e

Scheme 2. 1
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Table. 2. 1. XRD results of kunipia F, organoclay

26 d-spacing(A)
kunipia F 7.4 11.93
organoclay 5.1 17.31
(b)
m
=
W
e (@)
a
1 1 1 1 1 I 1

2Theta

Fig. 2. 1. X-ray pattern of (a) Kunipia F, and (b) organoclay.
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Table. 2. 2. TGA results of kunipia F and organoclay

T4'(C) residue’(%)

kunipia F 753 94.4
organoclay 298 78.2

a

: 5 % weight loss temperature

® . weight percent of residue at 900°C

105

100

80

()

[ T | | | | | T T
100 200 300 400 500 600 7OO 00 800

Temperature(C)

Fig. 2. 2. TGA thermograms of (a) Kunifia F, and (b) organoclay.
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24X ZE FRE Ao A Z1AA] wHEZ|E o] &sle] A wRkAI Y. 83, T

g2 wer)d A" F713 HEQ, 2, 3, 4 wt%)S DMAce] & EAHAIZl & o]

|

n] Bdl =¥ PAAM-PHA=825 Yol 1A3t B¢t AeA Aeth adx 4L &
= Z1 3, 80 Co Az7|dA 1A12F < A2A# £ (DMAc)
g AAT T 257 AH7IE o] &3to] AEEE 3] AHs 100 T AT
HollA 122013 AZ=AIZAT Fig. 2. 3¢ =549 Az WHS YEri vk
Ao g Ao Y BEdAe dEELS SulAl A9 PAAY 47 uegE
el LES o]&ste] of2F Fh2slo A 80TollA 1A1ZE, 150 CollA 143t 18]
31200 ColA 1IAZEE Agste] & ATGAR dAel sttt

~900 CT7HA A¥E Aot E=d, vx=5FAe Ft A-E ZAR] HE
PANalyticalAt2] x-A 3 AEA7|(X" Pert Pro)E ©]&3le] 35 KV, 20 mA=E
Ni-filtered CuK radiationS ©]-83l90 2™ 2 ~ 10 °(2 ©)7}A] scan 3} T}

YieBgAe 2Eaxe guus #Fdsy] falA A" LTl Yol F83
A Hyo] dAUrE WX T mrhslo] A Aol EWHS gold sputtering
AlZl % Hitachi S-4700 SEM< ©| &3] #HEsATH X, Y=53AE2] nano-clay
PR EE ZAE7] fdte] FRAA A ZA(TEM)E ©l &3k, o W A8=
Z &< RMC CRX cryoultramicrotomes ©]-&3fo] Atste] A x3}9 T,

a8 YeBEgAe] dddS SHe7] Yl A A 4=(limited oxigen index ;
LODE S4 st =, LA T 53 & AU 0.02 mm(T) x 52mm (W) x 140
mm(L)& 3131 ASTM D 2863 o] &oto] 33] Wi S3ste] Fdgts EATH
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PAA/M-PHA=8/2

Dried in vacuum oven
in DMAC(S wt%) at 80 C for 12 hrs
Stirred organoclay
€ (C12-MMT 1,2,3 4wt %) Dipped in Et-OH
in DMAc for 6 hrs at 24 hrs

Stil:l‘ed nanocomposite — Poured on the glass plate,
in DMAc for 1hr dried in oven at 80°C for 1 hr

Fig. 2. 3. Schematic diagrams of nanocomposites.
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Table 2. 3. General properties of the Polymer Precursors

polymer precursors Ilinh" pr( ) AH(/g)
PAA 2.31 167 426
M-PHA 0.74 328 95
MP-PHA 1.06 297 180

Inherent viscosity was measured at a concentration of 0.1g/dL in DMAc or

DMAGC/LIiCl at 357, ° Endothermic peak temperature in DSC thermograms

Table 2. 4. Solubility of polymer precursors and blends

Polymer blend

Solvent

DMAc¢ NMP DMF DMSO TFA CHCl; THF m-cresol HSO4
PAA O o O O A x x X o
M-PHA O o O O A x x x o
MP-PHA O o O O A x x x o
PAA/M-PHA=9/1 O o O O A x x x o
PAA/M-PHA=8/2 O o O O A x x x o
PAA/M-PHA=7/3 O o O O A x x x o
PAA/M-PHA=6/4 O o O O A x x x o
PAA/M-PHA=5/5 O o O O A x @ x x o
PAA/MP-PHA=9/I ©O O O O A x x X o
PAA/MP-PHA=82 © O O O A x x x o
PAA/MP-PHA=73 © O O O A x x x o
PAA/MP-PHA=6/4 © O O O A x x x o
PAA/MP-PHA=5/5 © O O O A x x x o
O : soluble, A : partially soluble, x : insoluble

DMAc : N,N-dimethylacetamide, NMP :
DMSO : dimethylsulfoxide, THF : tetrahydrofuran, TFA : trifluoroacetic acid
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Heat Flow(W/g)

00 0 B N0 X N0 W 40
Temperature(C)

Fig. 2. 4. DSC thermograms of PAA/M-PHA blends.
(a) PAA, (b) PAA/M-PHA=9/1, (c) PAA/M-PHA=S/2,
(d) PAA/M-PHA=7/3, (f) PAA/M-PHA=6/4,
(e) PAA/M-PHA=5/5, (g) M-PHA
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B AFgE Alzd EES of2F 7h23ol A 80 TollA 1413, 150 CTollA
IAZE, 18]35 200 ColA 1A132 A st & AldA= 25 ol &3t IA g
ok ol epzto]l A xH FES 200 T7HA EA g ol = BEFARA A A=A
2 Folsle A AE s7] $gholm, w3k, 250 T W 300 T7HA EA 2] 38kA]
A2 PHAS| oligo(oxy ethylene) 50l F3llE WAst7] falx EAg &
TE 200 C7HA] skdth Z4zbe] @AlE FT-IR ~HER S o] &3te] 1 54 W=
g ZAMSHA T
Fig. 2. 59 @A 8]d ¥ PAA, M-PHA, 1231 PAA/M-PHA=5/5¢] FT-IR 2% E &}
S UERlTh PAAS] A= @A Tl wel PAAVE PIR HZEWA A FA
Hol: 1780 1760 cm'e] olml= w9l =0 MEE7 1650 cm'e] CONHE]
C=0 W=29} 2700~3700 cm'e] NHSH OH Wl=Eo] AlgA] Ay ol ozn) A
w skl 9& PAAZF dE% PIZ ASFHASS & F AAG M-PHAS 7

£ CONHE C=0 W=7} 1660 cm’, Wa=Z C=C M=7} 1600 cm’, 2800 cm™<

CH Wl= 2283, 3000~3600 cm'e] NH9 OH Wl=5S &Heldto 24 M-PHAY]
Aol e 3TAQl 200 T7HA €A & std® Hs @4 uelst vhgg do7|A
3 PBOR #%hE A ¢kstsS FAT + U

npz| 2o 2 PAA/M-PHA=5/5Q1 Eal=9] 5L PAAS €4 1
Hole 17807 1760 ecm'e] olw|= mele] =0 MEES AT 5 AU, 1650
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HA A FSS geldto Zn M-PHA7Z} ofd PAARte] 94 mz|sle oja oFul
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HlE gRlatdnh
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Fig. 2. 5. FT-IR spectra of (a) PAA, (b) PAA/M-PHA=5/5, and (c) M-PHA after 3rd

step(KBr).

Table 2. 59 PAA, M-PHA, MP-PHAZ A ¢} 7t 34|59 B o i3 TGA
ANES e L, Fig. 2. 6, 71 PAA/M-PHAS} PAA/MP-PHA E# =7 9] TGA

g ZHe e ATE PAAS M-PHA 3419 TGA & ZAH & 2% 3 dAe &
ArgS B FA =, 92 uest vhg 2=t WE PAAS S dAE A
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o 3 WA el dAl = M-PHAS 5543 37 AHDES] oligo(oxy ethylene) T4
o] Hajnkgo] dojupx Hole Aoz AZEW, F A T E PAAY
M-PHAS] F Al&o] EalEle Aoz Azt PAASH M-PHA, MP-PHAS] 5% <
FEAdeEEs 747 576 T} 344 T2A <F 232 C =9 & BHlow, 7F 24
N=E9] 5% FHFEAerS W e Bd s Aox PHAY 3F F71d)
CT7A A Zags ddedn.

C
gk ulho}l o] PHAC &4 2 oligo(oxy ethylene) T+9] 2]

C

&4 X9 Zo] PHAY FEs7tet &7 #4ATS EATh PAAM-PHA=9/1 £
co AS 5% THEHLEY] A9E 390 TEA £33 PAAGS76 C) £+l o]
FEALT = 604 CTEA PAA(626
FA S BAle] H e T
Az FAAdI DHI BAVE UE TGA HeolHE 2783 2eitds A5
g2 erolt} Kevlar ©F Nomex2 ol E9] o592 TGA Hle|HE HEWH A=}
B 5% sHEAeTIt 465 C, AU THEL2

£ALewrt 301 C, AU FHEALEE 506 CE BYth'? o] 5& PCFCE o] &

T 476 T ola A= 5% %

3Fo] Heat Release Rate(HRR)#t= L =4l Kevlar= 360 W/g= Nomex+ 53 W/gs
Bk W) 2 TGA AelA %7] H3l €%t Keviarrl oF 160 C A% Ex|0

A EHNESE=E 922 Nomex7F ¢F 30 C =1, FIAHL Nomex7} ¢F 68 F =
Eo2 Ho FAh ol et AAZ Nomexe= 1L HAAdS S7ste Algd 2olxn

- 103 -



ATE? o] FhollM B mie} o] Hu FH¥EASEE FAdT LRI BAS
7kAH, Bl 5 PHASY F7ket 37 <3 AAsAN 72 24U R 73 M= EF
gk PAA 9 A9 7~20 T W9le] 243 AE Zte @ES BAFAT. E3 900
TolA e ZaEe 38 a37F JE PAATL 51%S HYx, =8¢ 2 253 A
TAEL FAFEC dimethylphenoxy HHE 155 712 MP-PHAS] 749 37%, AW

= AFEZ FAE oligo(oxy ethylene) HHE = 7k

<

-PHAS] 74 %7} 30%=

a%
Mg Re ke Bglth BUEEe 2%F @ WtE SAglel PHAS Tl

Table 2. 5. TGA results of polymer precursors and blends

composition Ts0,'(C) T™(C) Residue(%) at 900C
PAA/M-PHA=10/0 576 626 51
PAA/M-PHA=9/1 390 604 48
PAA/M-PHA=8/2 366 600 47
PAA/M-PHA=7/3 359 598 46
PAA/M-PHA=6/4 352 594 42
PAA/M-PHA=5/5 348 589 39
PAA/M-PHA=0/10 344 409 30
PAA/MP-PHA=9/1 407 615 49
PAA/MP-PHA=8/2 383 612 48
PAA/MP-PHA=7/3 365 609 46
PAA/MP-PHA=6/4 359 605 45
PAA/MP-PHA=5/5 350 604 41
PAA/MP-PHA=0/10 347 412 37

5% weight loss temperature in TGA thermograms, ’maximum weight loss

temperature in DTG thermograms
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Fig. 2. 6. TGA thermograms of PAA/M-PHA blends.
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Fig. 2. 7. TGA thermograms of PAA/MP-PHA blends.
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Fig. 2. 8. TGA thermograms of PAA/M-PHA=5/5 annealed at 290 C as

time.
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Table 2. 69 EA2] & Z}zte] PAASH ERl=E9 JAFEHES YEHITY. &
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Table 2. 6. Tensile strength, initial modulus, and elongation values of blends

Tensile strength

Initial modulus

Composition Elongation(%)
(MPa) (GPa)

PAA/M-PHA=10/0 63.77 1.57 10.67
PAA/M-PHA=9/1 80.76 2.57 11.82
PAA/M-PHA=S8/2 79.40 241 12.99
PAA/M-PHA=7/3 68.55 2.38 13.97
PAA/M-PHA=6/4 66.14 2.20 14.08
PAA/M-PHA=5/5 62.63 2.11 15.81
PAA/M-PHA=0/10 - - -

PAA/MP-PHA=9/1 97.50 2.67 5.93
PAA/MP-PHA=8/2 84.09 2.49 6.63
PAA/MP-PHA=7/3 76.40 2.40 6.82
PAA/MP-PHA=6/4 74.33 2.30 7.03
PAA/MP-PHA=5/5 70.87 2.24 8.16

PAA/MP-PHA=0/10
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Apxlel A1 e} o]l PHAS 3taF ZF7het 37 PHAS T3 @Al & &84 At
W Folgtz Azt Wang 52" themoplastic polyurethane(TPU)@} ethylene-pro-

2719 AL FRE0] Kok olft
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pylene-diene elastomer(EPDM)= &g Ed I3 F SA4S AR, Ed=e =
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detA & EAtE o] 3 71AA Aol EPDM - A Fotel THE w2
S B¢ o, EPDM 10 wt% ©]o|AlE= EPDME] &3 =719} &7 EPDM domain
9| A7I7F FU1EAR I 50 wt%ollAlE EPDMQ| domainEe] FX & A4 ¥
Aael S 1o VAA AE A astdtha Bauskslth

CIETT Tt - = = B EEREARRERR]
1.00um (I

(a) (b)
Fig. 2. 9. Scanning electron micrographs of (a) PAA(x30,000), and (b)
M-PHA(%30,000).
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1.00um

(c) (d)
Fig. 2. 10. Scanning electron micrographs of (a) PAA/M-PHA=8/2(x10,000), (b) PAA
/MP-PHA=7/3(x40,000), (c) PAA/MP-PHA=5/5(x30,000), (d) PAA/M-
PHA=5/5(x30,000).
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2800 cm'e] CH WHZ=, 3000~3600 cm'e] NHS OH WM=So] AlgiA|z] ¢SS &
A3to 2 PAAZF €4 wElst whgo 93 PIZ2 FEH o2 HEEo] YB3

7 AzHYee dordd = glgup D
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Fig. 2. 11. FT-IR spectra of the nanocomposite(organoclay 3wt%) (a) st step, (b)
2nd step, (c) 3rd step(KBr).
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Table. 2. 7. TGA results of nanocomposites

compositions T,(C) T™(C) Residue(%) at 900C
PAA/M-PHA=8/2 258 600 46.8
1 wt% 332 617 49.2
2 wt% 341 618 50.2
3 wt% 324 616 51.9
4 wt% 323 615 53.2
“1st weight reduction onset temperature, ’maximum weight loss temperature in DTG
thermograms
100
90

[eue]
L]
1

————

Weight(%)
|

60 —
— PAATHA=RS2 el
STURS D, S
——- 2wi%
40 4~ Iw%
eemees 4 WD
—-— organoclay

30 T | | T | T T |
100 200 300 400 500 60O 70O 8OO 900

Temperature(C)

Fig. 2. 12. TGA thermograms of nanocomposites.
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2. 2. 7. XRDe|| 93 U H3 Ao FREA

YB3 o] 33 AE Z2AME] A8 Xeray A EA7]E o] 838t 2 °/min
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3t AEE ddA=E AFg vel o] 207) 5.1(1731 A)dA] 272 $ 34 1=
£ HE 3, PAA/M-PHA=8/29] 7% 207} 4.55°(21.56 A)°llA|
o] M-PHAS] MPEG®] °|gt <kgt 314 m a7t Bid& &0 4 Ul

F715 AEZF 1~4 wt% H7HE YeB3dAe] A5, f713 FEANA Kol Ay
PAA/M-PHA W E¥ ~oA] Kol oujgt 34 dae 2
Holx 945 &g ¢ e, old A2 #7183 HEIF S0/ VB ghA
o] 7} Fo] &3] oA v 2AdE BAEATGn A4S ¢ Tk E3, o
A A2 RE |73 JES] dAolE Fo] uve|E o PAA/PHA/clay Y=t
A7 AAEATL B2 4 Ak Hsiao 5" polyimide®t 713t HES

d

el gt oY Eelolvs dnRAst AxEUL, 99F AR o
Fadgn daggel £48 EeolvEnn oz Fdudvkn Rastdrt
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Fig. 2. 13. XRD patterns of the nanocomposites, (a) organoclay, (b) PAA/PHA=

8/2, () 1 wt%, (d) 2 wt%, (e) 3 wt%, and (f) 4 wt%.
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2. 2.8 UxE3A o mEzX
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BAHYON FIANY FRE AL, Pyl A FEAY Y PRE

- 121 -



R

1y

Pial

Bt b it o bbb s ol

HFEEReaen FEe el HE

ik

sl
N b s Eiﬂ
il T k] il 2 [l Tl [ IJ

L)

Vel .
(o o o
1.00um

(b)
Fig. 2. 14. Scanning electron micrographs of nanocomposite, (a) 2 wt%(x10,000), (b)

2 wt% (x40,000).
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2. 2. 9. Y5349 TEM #4
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2R TR B AFoa Alzd YwEdA JA] pAAl Exgm s #7135
HES ammonium salt7} o}UIEH=E EaEH T PAASY HHS3HA FX &= JdEH=E
dcta gd.

(2)

- 124 -



:

(c)
Fig. 2. 15. TEM micrographs of nanocomposite, (a) 3 wt%(x10,000), (b) 3 wt%

(x50,000), and (c) 3wt%(x100,000).
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(b)
Fig. 2. 16. TEM micrographs of annealed nanocomposite, (a) 3 wt% (x10,000), (b) 3

wt%(*50,000).
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Table. 2. 8. LOI values of nanocomposites

nanocomposite LOI
PAA/PHA=S8/2 37.4
1wt% 40.0
2wt% 40.4
3wt% 40.9
4wt% 413

LOI

0 1 2 3 4
Content(wt%)

Fig. 2. 17. Limiting oxygen index vs. clay content of the nanocomposite.
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