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20mol% ol Aol A= 245 S 5C/ming &Y S s DSC 2AA] 257 B85 9
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Abstract : Poly(ethylene terephthalate), PET, poly(ethylene-2, 6-naphthalate), PEN, and
poly (ethylene terephthalate-co-naphthalate), PET/PEN copolymer were synthesized by two-
stage esterification and polycondensation reaction. These polymers were characterized in
their copolymer composition by IR and 1H-NMR, molecular weight and molecular weight dis-
tribution by viscometry and GPC. From the characterization results, PET/PEN copolymer
synthesized from BHET/BHEN oligomer showed nearly the same copolymer composition as
feed ratio by ! H-NMR analysis. From the GPC and inherent viscosity data, it was found
that copolymer have molecular weight M between 15,000 and 26,000g/mol. The destruction
of crystallinity occured rapidly in PET/PEN copolymers with PET content of above 5mol%
and the copolymer which has PET content above 20mol% did not show crystallinity by DSC
measurement with 5°C/min heating rate. Glass transition temperature of PET/PEN copoly-
mer followed Fox’s equation. Copolymers sample containing about 5mol% PET (PEN-95)
showed slightly higher degree of crystallinity and rate of crystallization than PEN homopoly-
mer. From the isothermal crystallization experiment at 210°C, the Avrami exponent of PET
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Poly (ethylene terephthalate-co-naphthalate)2] 4 2 #A3 A%

was determined to be 2.76, and those of PEN and PEN-95 were close to 2.

Keywords  poly (ethylene terephthalate-co-naphthalate), synthesis, crystallization behavior.
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Poly (ethylene-2, 6-naphthalate) (PEN)& &
g Mole&% 2 YA Izl QR TEHA, 3
2L AFAYT 714 £4do] PETED oF 1.5v)
58 AEE 7L Aok 2R e u7
T, Nt a7HE 28 ¥ 7IE 7154 &
24 2251 gt PEN $29] 43S
25 WA BES 257 A5D | AW’
A7) 29 AR R DUE A) 1S 480 5
A7) A Rgozael 8o Wddel ¢4
bottle® polycarbonate—rX]Q}A 24 =’ | 5
AR AL $2° T SR AH 24E o8
FAMEZS $EE otk PEN) $4ol #a
72 PENo] AAA 1Ext= A triclinic 2
F7z? & 718e) #dx Qlrh. Desai9t Wilkes'
© PENS g ZAZ ds Riusgied
Buchner®} Zachmann'! & £§ ZAAsld] )3l

BT B AP 85T ol 4ol o)A
A7FE& 83t= hot filling process& ALl
PET bottle®] 3¢ UElt= heat distorsion&#)
o} Bt YEYo] £ PENE &3t 918t
oy PET/PEN?] F2& vulg, AAE 25T
24, 9% 54 2 248 ASel ol 2453
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Material. ©# %) dimethyl terephthalate
(DMT), 2,6-dimethyl naphthalate(DMN)2} eth-
ylene glycol(EG)& (F)Z 2 FoA] #|gwo} 3
Aglo] ALsTh. o 4] A}2-E zinc acetate
dihydrate (Kanto Chemical Co., Japan)2} anti-
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mony oxide( Aldrich Chemical Co.) & ¥
2 AME®E  phosphoric acid(Aldrich Chemical
Co AlekF& AAGlel TR ALgstaich
Esterification ¥Hg. 2,6-Dimethyl naphtha-
late & dimethyl terephthalate} ethylene gly-
col® 1:2.29] mol¥2 WHEAIH bis(2-hydro
xyethyl) naphthalate (BHEN)o]u} bhis(2-hy-
droxyethyl) terephthalate (BHET) oligomer2&
Agitt. o] w W1 ZojZ = zinc acetate dihy-
drateZ 1mole] DMNeojut} DMTo| tidte] 5.9 %
100 mol (100ppmoll 4H) e} B2 H7lstgict. v
A= WA Watiﬂol DMT && DMN¥ EG
11 resin kettleol] Wil Az 92| ¢bE
ghA)7] &, thermocouple®] AEEH &5 =378
S71e] &5 E 190T7H# 7Hdste] DMNo)
DMT7} =ow wybE A &etynt. o 2 =
o] o8] A wELE =)= Yzb)g
*lﬂ 150ml ofz HAGE AR W2 /&
Aslg o HELLE 230C7Hx  &#,
Z99] 95%E HI & S FEI}
2A1F 428) BHEN £2& BHET oligomer&
D] Woll aFFAIH T
Polycondensation ¥kg. Esterification tH#)
oA A4¥ BHEN, BHET ¢A%S &4 250
2l E¢Ed ¥e F, FF SR Sh, O,
200ppm=} HPFAIZ 4k 100ppmE F_UsHA
o} vk zel $XE 240CE AsAlAH BHET/
BHEN oligomer& £§A17) th& ok 40%-0) A3
2w 7h 280l
3mmHg7} 52 ATt ol e F3o
93 Aol 2718 ols) wyl £k 120rpmol
Al 30rpmo} Bu kx| W& AlLsh, 4y A7
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4 2 B4 3. IEFEAY A4S
NMR (Hitachi R-1200, 60MHz) £41& Eaf 3}
dom grjE = deuterated trifluoroacetic acid
(TFA)E AFEsIE 2™ chemical shift:= tetra-
methylsilane (TMS)o| sl ppmoZ R
t}. 234 A 859 IREAIL Digilab FTS-20/80
FT-IRS A}£3}9] 4cm™ 2) resolution© & trans-
mission spectra® AR 0™ signal/noise?] B S
S7¥et7] fIsted 256 scan®] Hpte #HolS
Alge= 1, 1, 1, 3, 3, 3-hexafluoro-2-propanol®]]
L3 AA castingdle] filme A&t ARG 0
™ PEN-903 PEN-100-& & gai=®] ggtow
ARG A
o] EatF 2 A Bxo) £ Waters Basic
GPCel] 93} o
(1/4) EF8ulE eluent® 3}l peak-position
calibration®] & o] £33t A4 18R} AEE
9] M5+ Ubbelodhe HEAE Al ZYH3N
o 0.5wt%, gul=  phenol/o-
dichlorobenzene (60:40wt%), €%+ 35C o]
At &44€ PET/PEN #5384 9 o= S8
ol €442 % AAs Ass AR flslA

+ Perkin ElmerA}e] DSC-72 o] 2351

2 FT-IR microscopyt &

o-chlorophenol/chloroform

e
O 177

Az 9 a3

TEEA =49 ¥yg. PET/PEN FEA 2
'H-NMR ~#E28} (Fig. 1)2] peak assignment
= -CH,CH, -9 HE 5.05ppm (a), naphtha-
lene ring® 1, 3, 5, 7 £x]2] Holl 23} peakE
8.18ppm (b), 4, 8 $1x2] Holl 2J& peakE 8.
80ppm (d), 28] 1! terephthalate ring®] Hej ¢
3t peakE 8.33ppm (c)Z gt o] AL Fig. |
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Table 1. PET/PEN copolymer composition by 'H-
NMR analysis

Sample No. Feed Ratio Mol% of BHEN umt
PEN-50 BHEN/BHET=50/50 50
PEN-60 BHEN,/BHET =60/40 59
PEN-70 BHEN/BHET=70/30 70
PEN-80 BHEN,BHET =80/20 30
PEN-90 BHEN/BHET=90,10 87

N

e

-_/jb/f\ \ﬁ,___w/[L_m_wmww.CJ

é g ; é 5 4 3 2 1 C‘)
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Fig. 1. NMR spectra of copolyesters :
(b) PEN-70 (¢) PEN-90

(a) PEN-50

o] FEEH F PET wh=Etieel dgfo] Aol
Zlof| u}e}l 8.33ppm (¢)®) peak?t FAdtog B
B & & At & PET 9% ¢d9 7290
= -CH, CH, -¢] Hel 213} peak”} 4.92ppm, ter-
ephthalate ring® Hell 23+ peaki= 8.24ppm9|
viebtet, mpebs] BH-EN HEEG9] mol% 2 34
g PET/PEN F&§e] 242 vhg A3
Qo] peiglom 24 A ATE Table 19 1}

ERA ST
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Poly (ethylene terephthalate-co-naphthalate)2] 34 2 ZAHE A%
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Fig. 2. Infrared spectra of copolyesters between 1,
240 and 985cme ™! @ (a) PET (b) PEN-50 (¢) PEN
-85 (d) PEN

2x 124x+4(1—x) = m:.n
xzfrr—ln— (1)
q71A x= FFFAW BHEN] g
1-x=3F%3A U} BHETY) 3
m=28.80ppm&} peak HZ
n=28.18ppm¥} peak ®A +8.33ppm&)
peak HH
PET/PEN 3584 4 o= S@AE IR &
HEZHE 985em™ -1,240cm ™ el x| S5t
Fig. 2¢] Yl PEN @& Z@e] 4%
1,215cm™oj|A] PET @& &30l A JERXR|
e U ueld gl o3 peak7t B 1L
ET o5 $8Ad = PENol s YehA] o
L 9ZE CH in-plane bendingsl] 213F peak'?7}
UebgE & 7 Ao webd 3EIA AR E
(PEN-50, PEN-85)2) 7§ PEN ol F7Hg
of we} 1,215cm™e] F47F 2781 1,018cm'
o F47h gagos ¥E AUH peak vz
HE FF8A 240 gk 9™ wurt vhs
L ¢ T A
B2 9 X9 BE. 2 H3olA FE PET
/PEN copolyester®] 7% Mark-Houwink At
(K8 a)9 gEo] dald dA &7 wiol

T

Felof 184 A55 19944 94

Table 2. Molecular weight characteristics of copo-
lyester by GPC and inherent viscosity (IV) data

GPC Dioh
Sample No. M M (dL/g)

PET 26000 55300 0.60
PEN-50 22700 50600 0.57
PEN-60 17700 41600 0.47
PEN-70 13300 37700 0.46
PEN-80 17100 39700 0.46
PEN-90 13500 36200 0.45
PEN-95 15700 33300 0.45
PEN 15100 36300 0.45

Retention Time {min)

Fig. 3. GPC chromatograms of copolyester samples
: (——) PEN, (— —) PEN-80, and (—-—)
PET

peak-position calibration W& A}g35le] £z}

& ZAsl¥ o, F58A (PEN-80), PET 2
PEN9| chromatogram$ Fig. 3oll, 2214 2 A
E& Table 26 YehlGich. Table 20 et
A7Z P9, gdubd oz PENe gako] & A&
o) ExE(M 71E)o] FolAl= AEE JER

2ich.
°|Re PET/PEN 3334 4/ 5%
$oll4} Wrgel 2712 A% rpmg 120 ¥ 302
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PENS} ghigo] & FHAY
A B Aoz ALHT w3,
We M, /M, ¢] 285 22
o 1.58 JYEPF 2R A, o] A<l
M, /M, =2, M, /M, =158¢0 =&
B¥E /M3 QLS uehiz Yot ® GPC
chromatogramo] &%k th#o] o} 1l retention
timeo] & %of tailo] &AjstE ROoZ Hof vl
2 Expgro]l 22 o] AW =AgE yeh
T 8t} pinhgte Table 2004 Hi= wle} o]
0.454114 0.60Al019) gro = vlwa & ¥¥ &
ol AL GPC ZEAoNAel £ olf = HYol
Ao,

TEHEY 94 43
HAE7) flet] AEES 20T/ming
280C7HA 718t & 583t A&sled AP S &
A8 st AA P42 quenching ¥, 0CE
HEJ20C/minel £x2  280C7Hx] 713k
thermogramg 73I3th. Fig. 40] B7}A A5 &
(PET, PEN-90, PEN-95, PEN)o| U3t
thermogramg YEhlgich. PET, PEN-95, PEN
9] ZAfo= cold crystallizationol] 23+ 4
peak(Tec) &t &0l 3 &< peak(T, )7} 33
HHER oY PET wr2thei7 oF 10mol% -
H FE5YA PEN-909} 7ol 241.3CellA 2
o] &gl o3t Y peak7} @AF] 2A e}
gog BE TEF 9% crystallizable unit®]
HaENE BT 5 AAh 20T /ming &
=2 A3 &34 Alg59 DSC thermogram
(2nd run) ZAFE Table 3o e}, Table
3914 PENe| F A4®<l PET/PEN 3Z3Al9
3¢ PET gh5asi7 7t mat T,, T, T
) 7% Z3EY = o] A& naphthalate #HE
2Bttt rigidstAl & terephthalate HHETHS
7F F8A Fallel Soi7hy] WEoR AztE
©h. ¢ Al®ES % PEN-85, 90, 95 3 PENE
20C/min2 2 4-2A], cold crystallization peak

2} melting transition peak Alo]2} FE1d TE-0]

e

A 7 g Folde
5=

A (=)
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Table 3. DSC thermal data of copolyesters
(scanning rate:20°C/min)
Sample No. T (C) T _ (C) 4 (Jp) T.(C) & ()
PET 779 136.8 -31.5 250.6 40.1
PEN-50 98.8 NA NA NA NA
PEN-60 103.2 NA NA NA NA
PEN-70 1066 NA NA NA NA
PEN-80 1091 NA NA NA NA
PEN-85 1127 NA NA 2384 06
PEN-90 114.2 NA NA 2413 1.5
PEN-95 116.1 210.1 -32.4 254.1 34.0
PEN 117.3 2185 -38.7 265.7 39.8

* NA : not available

Table 4. DSC thermal data of copolyesters (sca-
nning rate:5°C/min)

Sample No. Tg(°C) T, (C) &, U T (C) M ()

PEN-85 109.0 192.2 -28.3 2404 285
PEN-90 110.9 1904 -29.3 245.0 317
PEN-95 108.6 175.6 -40.1 256.3 53.2

PEN 112.8 189.2 -454 2700 598

Table 5. Comparision of experimental and calculat-
ed Tg values of copolyesters

Tg from Fox Tg from Fox

Sample No. Ml Mz , ,
eq n. exp t.
PET 1.00 0.00 77.9
PEN-50 0.44 0.56 95.9 98.8
PEN-60 0.35 0.65 99.6 103.2
PEN-70 0.25 0.75 104.1 105.6
PEN-80 0.17 0.83 108.0 109.1
PEN-85 0.12 0.88 110.6 112.7
PEN-90 0.08 0.92 112.7 114.2
PEN-95 0.04 0.96 115.0 116.1
PEN 0.00 1.00 117.3

RoiM, & £58 5T/ mine2 wio] SA3h
A}Z Fig. 59 Table 40 UeRNRITE. Table
49] B2 By &5 E P4 4§ PEN-
85, PEN-90¢] ZA%elx
dojups £§ dgart $24% 20C/min B}
A3 F7HE S & 4 Ao T & HAHo=R
k7} Z715lgt). Table 33} 40lA] PEN-95%

i

cold crystallization©]

o
ofN

J
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Poly(ethylene terephthalate~-co-naphthalate)2] &4 2 =2 A3 A=

Endothermic
}.
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Fig. 4. DSC thermoframs of copolyesters ; PET,
(b) Pen-90, (¢) PEN-95, and (d) PEN (scanning
rate : 20°C /min)

PENEDO &8§d (4H, )0 34 Jehdn 9w,
°l= PENel &%9 PETE 23@sozi
chain mobility7} 74814 €122 PEN homopol-
ymer®tt AASErt AR Aoz AzE
FTTA T, HaE A7 Yske] Fox equ-
ationg A3 = AL o gt

=<

(

M
I (2)
T

gl

-3

1
T
T, = 238A f2) Qo =
Tgl,ng =7 99 FA f2) Aol ex

M;, M, =2+ component®] weight fraction

Component 1& PET, component 28 PEN.S

#F2I0 A18YW A53 1994 94

i

Endothermic
g

50 100 150 200 250
Temperature('C)

Fig. 5. DSC thermoframs of copolyester : (a) PEN
-85, (b) PEN-90, (¢) PEM-95, and (d) PEN
(scanning rate : 5C/min)

28 u, AitE /2 o] L& Ad x|} vlw
&hH Table 59} 2ot MgA]7} Al4bx| B} okzt
=2 fEl ol &1 E el Y MurA o g Fox
equationg & WES & § ARG

273} kinetics - 35 §°] 233} kineticsol D]
Az FTE 2AE] 95k, 210CHA 5o
Aate Pt 2RI 7153 PET, PEN,
PEN-95, PEN-90 *151%}9] dolgs AlAs]

5& &<t

]
=

st 280C77P<l 7tgek &, QF A5}
EE AAHUES ¢ds] waAgl 3, 160°C /min
o] Wzt %Ei 210C7HA] Y2+ak 5, 210°Coll 4]
9] Algtel]l w2 o B&% E2 & ZA3)o], 210T

o
TV &, yzgl vy &xg sy, 2
3 ZBAAA el packing® =t A]71o)
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Table 6. Avrami exponents and Z values from iso- 3
thermal crystallization experiments
Sample Crystallization Avrami Z values
No. Temperature('C) exponent(n)
PET 210 276 167x10°
PEN-95 210 227 157x107
PEN 210 184 4.80x10°
=
i
-1
a
_y
=)
|
PET
3
E
z  — PEN 90
e
®
Z
PEN 95 Fig. 7. Avrami plot of isothermal DSC data for
PET, PEN-95, PEN : (O) PET, (A) PEN-95, (()
PEN.
\///;EN
In [-ln(1-X (1) ]=In K4n In t e (5)

2 4 6 8 10 12
Time (min) 210CoA 9 AL o] 23 Avrami plot Fig.
7ol YERARITH Fig. 7oA B wke} Fo) n t

Fig. 6. Isothermal DSC curves of PET, PEN-95, and PEN Zo] 2 Ao AFBAA Hojun] o] B
X =

at 210°C. Melting conditions : 280°C and 5min.

PET curve : t . =0.74min, 1 =2.14min & AAstaL A FEellMef 2Ht 71e7) we
PEN-95 curve : 1., =1.36min, t, =4.2%%min 2 YE 2N 245 29 Avrami Rl—r n
PEN curve : t ., =3.18min, t, =6.14mn e 22y k. o)A PojH FHSE Table
6ol HFejsigen A |, —PE}TO 7
o) A2l A2 ¢ 4 2leh. PEN-90S oj9h @ | geltsion Avami X% °
) _ $ oF 27605 PENE 1849 3€ vbehigich.
2 52 ZA3 244l Ho) peakE YERHA] N
(=4

APYAY £5AE 72k PENe| PETHT 34
el o], ol AL o HAS 259 ol 7]
Q157 WjE o2 AZn|gl o o AHA|3] Ad9stA
oo gr}b. Gandica®t Magill’®e guitznioz

oigkeh. A3 kineticsZ an@,apl 25}kl

Avrami equationd A3}

X (1) = 1-xXp(—KL™) rrerrrrerenseeinnaeiianianns, 3) v
Xfti n §4) apAe A Ao ARAR Uoluk £
= a ....................................
) BT, ) T8 T, 8 32008 7122 Ras)
St}
a: Area of DSC curve (from t=0 to t=t)
A:Total area of DSC curve TC . =0 5(Tm+’[‘ LI L T T T RICPPPIOURIOR (6)

706 Polymer(Korea) Vol. 18, No. 5, September 1994



Poly (ethylene terephthalate-co-naphthalate)o] 34 2 AA3 AF

o] Alog Wi PET9 PENL zHzt 160C <}
190TC ®2Y& ¢ £ 3ev, Palys$ Philli-
ps'®= PET7} ¢F 180°C %29 £xollA AR
F &7t 7B wEE Rusigdt. w3 DSC
datao s PET, PEN-95¢} PENS] T & Z7
136.8, 210.17} 2185CULS & 4 AU} o=
2 BE 210ColA= PET7} PENBU} A%3} -;a
b =2 weba @ FAYE £e4drE o
We A9E ¢ ok, a2y PEN-959 A=
210CelA] PEN @33t B Zgi& Ho
=] o]AL HAAAY mIZE 2%k Aog A7IE
2dth. Pratt®} Hobbs'’= 210°CollA] PETE %
& AA3 & A4S Avrami X453 ne 3.00)}baL
B3 e ols & A3 2RI 2.767 {AL
g gtolth.

2 &

(1) DMTs} DMNeoz o~ 2 w3 Hhg3}
%3%E 33l PET/PEN 3334 ¥ o558
g HAsdck. FFEA= BHET/BHEN
oligomer& Alg-dle] FAFlG o NMREAOE
HE 43 gEgAo] fAEE ¢ghon, feed ratio
& 2AYToRA At 24 FERAE B2
T ARG

(2) #4¥¥ PET/PEN Z3gA £AHE
GPC 2 phenol/o-dichlorobenzene €vj £ inher-
ent viscosityE =A8}G o™ 15,0000 4 26,000
Atole] R EXFE HAe A oA
.

(3) PET/PEN ¥%§d= PETS geo
5mol% o]Ar Z715tell Wl crystallizable unit]
Az QA5 T,, T, T, 0l 25 2akss o5

Folof A1849 A5% 19944 94

e

FHA e T, H3= Fox equationg WE&
AR

(4) 210C & Z2A3 Ago= FE| Avrami
247} PETe] 7 276, PENS 184, 21
PEN-95¢ 2.27& Jehigict.
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