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Crystallization Behavior of PET Modified by Pentanediol units
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x z PET (polyethylene terephthalate) = d-f % thdel $§2oko AlgHe Y& &
2z daA ul. B =FoiAe PETE 7]As8l7] 98] pentanediols] oA A Al 1,5-pentanediol(l,
5-PD) # neopentyl glycol(NPG)E A3 monomerZ EUAIA T NPGE =dAll A Sy 243 &
T7} @Aasty, 1,5-PDE /MAE PETE 1,5-PD7} ¢F 10mol% H7Hd wi7A BA 3 &=7F MA 3
Z718tdth o1& 3 A= NPGY branch® methyl7]7} 82} Algo] EHOZ HAHUA AA 3}
e Ag Wastr] W#olt

Abstract Polyethylene terephthalate(PET) is a well known commercial polymer widely available as
fibre and as a major polymer with diverse applications.

In this experiment, for the modification of PET, the pentanediol isomers, 1,5-pentanediol(1,5-PD) and
neopenty! glycol(NPG), were introduced as third monomers. Crystallization rate decreased by the added
NPG of PET modified by NPG units.

In the case of PET modified by 1,5-PD, crystallization rate had been slightly increased at all tempera-
tures until the 1,5-PD was added about 10 mol%. The decreased crystallization rate is thought to be due
to branched from methyl group of neopentyl, which greatly retards the crystallization by growing onto

the crystal surface of the diffused polymer chain.
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Zo] Ax" PETE Algstd AAAINAY
a3 EAd dig A7vh de ¥k, Axn
Feol e AARAS ey E: g whgsE
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PETA] &A] 1,6-hexanediol& =7] monomer
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#Eo] RuHx Uch o]g o] lineardt T
2 E Z'% monomerol thElME B A7t
A8 Qort, branchd 7FA 31 & diol
& PETU 583 2 Fx¢ 84 &
@ AFE obA sk
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2. AEER ¥ MEYY

1. Copolyester2] &t

copolyester® A 3l7] Yste] aciddEo
2% terephthalic acid(TPA : MIZUSHIMA
AROMA. Co.) EFAZL 50C A FstAA
calcium chloride(for drying) 2 48413 &<
FRe AAE F AE34 3L, ethylene glycol
(EG : JANSSEN CHEMICA) & #atEF o
2 52g AAY T ABERIA AE59
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diol(1,5-PD : ALDRICH CHEMICA)S& E&F
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®yu e dyoz 3¢ ch
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40.(v/v)9 vl &2 &3ty 0.3-0.6g/dle) &
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2 o]l&3le 25.0+0.05Ce F&& ol 5
B $AAZ] F viscosityE EA 31t
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-NHZ& o] &3l #2713 spectra® S
o
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NBEE =dHT 20C 52 2504 ¢
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uE ¥ Bio-RadA}¢] FT-IR 151808 o] &3}
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o] o] A<l NPGe &g FUsty] A3t
o] homopolyesterg! PET9} 7] NMR spec-
trag LUth PETY Z e 4.7ppmelA
EG¢] -CH;-proton peak7} “EMY4 3 8.1ppm
e TPAS EA peak¢l -CesHi—proton
peaks}t ueEl®  1.2ppmel4] NPGe] -CH,
proton peak 7} YEIEE B 4 Jom PET
Wel 1,5-PDE =¢YA17 B¢ 14-2.1ppmdj
4] broadstAl -(CH,);-proton peak”} ulebLt
3 4.4ppmol A 1,5-PD¢] -CH,-proton peak &
Ve AT

Aol AgomRE PETS FAlE ol
NPG¢} 1,5-PD7} & %t5Ho] US55 2 &
& Utk #zte] EA peak2 HE] 8.1ppme)
aromatic proton peak® Z &g HlE&E
E}Y © & A copolyester®] ZA-& v}l i,
2 A3 A3 monomer®] H| Lol FZ4E

T=ETT =

Table 1. Composition of Copolyester(mol% )

NPGs¢} 1,5-PDe] &4 peak’} th& dHH
&9 proton peakel] u|[djA Zr}ge & F
ek Table 12 NMR& %39 Q&
copolyester®] XA L FEAIZ Rolth. %Y
feed®] ZAL A glycold] thajx] NPGse}t
1,5-PDe &8 Ztzy 5.0, 7.5, 10, 15, 20,
30mol% 2 WA 7lAAM FHsFE, 2
A ¢kzhe] Aole oy Hl=F 4L 7
AR AL ¢ F Y3, O FAEA
diethylene glycol(DEG) 2] %gFo] A A glycol
of A 1-2mol% & AA|t2z o]H L9
FEolH UwrH &§ FHHoEN HHS
A FFol olFolFdtty BEE 5 Sl Z
z} 9] reduced specific viscosityv= 0.59-0.65g/
dizolm Uut WL resino B H§s
viscosity ©] t}.

Feed Composition Copolymer Composition*® Viscosity
Sample at 25°C

E G NPG E G NPG DEG 7sp/C(g/dl)
PEN 1 95.0 5.0 92.1 6.0 1.9 0.596
PEN 2 92.5 7.5 88.8 9.1 2.1 0.587
PEN 3 90.0 10.0 86.6 10.7 2.7 0.613
PEN 4 85.0 15.0 80.6 17.5 1.9 0.591
PEN 5 80.0 20.0 75.0 24.5 0.5 0.061
PEN 6 70.0 30.0 69.6 28.9 1.5 0.613

Feed Composition Copolymer Composition* Viscosity
Sample at 25°C

E G 1,5-PD E G 1,5-PD DEG 7sp/C(g/dl)
PEP 1 95.0 5.0 92.3 6.3 1.4 0.631
PEP 2 92.5 7.5 87.8 10.8 1.4 0.578
PEP 3 90.0 10.0 86.0 124 1.6 0.605
PEP 4 85.0 15.0 80.5 17.9 1.6 0.596
PEP 5 80.0 20.0 76.9 21.0 2.1 0.581
PEP 6 70.0 30.0 73.2 25.7 1.1 1 0.612

* From NMR spectrum
2. Copolyestere| ZZ3 7{Z(Dynamic B elhve Bdsiay Ande He AH

Crystallization Behavior)
2—-1. A& AA3 &2%5;Tcc

ABE 280ColA 15¥5<¢ L8417
HA AL WA FEAAH L wBRA
glv] PEN3# PEPE 5C/minc 2 $ &A%

=

3L
=2

o
=

3} 2%, Tecel 33 A3 monomere] JHakd
stol] w2 Teco] W3S Fig. 19 =A139 o
Fig. 194 29 PEN9] ¢ NPG9 mol% 7}
FHe5E AL A &5, Tee?d 718t
PEP9¢] 7 %o+ 1,5-PD7t ¢ 15- 20mol %
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Fig. 1. The effect of PD unit on the cold crystalli-
zation temperature of copolyester.

AAE Zastr}t or] Zrksih o8 e W
3= NPGe 7399l symmetrical3l A -CH;7)
7} branch® 2.2 steric hindranceo] ¢]3}d
2433 £xr @23 1,5-PDY 4§ lin-
eard T x| ¢ 3l copolyester?] flexibility
2 FAA AAE &2t 27)Ne FU13
U o] F71E4E 1,5-PDE] chainZ o[zt
EGol weta Aoz AAsto] o £F
o224 AAZ &xrl =

2o AAsd g FHE3Z ooz
e AASN A S AR Ao AXS
5 Ge g9 (N3 ez e 4 UAG®.

G=Go exp[(-AF*/RT)— (AG*/RT) (1)
AN, G =318 ZA HAE=(The

growth rate of the nuclea-
tion)

Go =copolyestere] E£7/9] 23
AFHEe 2x9f FaET A
4(a constant)

AF*=polymer chaino] A#A3t
e FHEAoZ [ o
gohed "aw 845 o
14 2] (The free energies of the
activation of the transition

liquid nucleus)

AG*=YdAI A7 AR Yol YA
=d 288+e #2AH3 dy
A (The free energies of the
nucleus of critical dimen-
sions)
R =714
o]t}. AF*:= Williams-Landell-Ferry'®e] A
F2o) ozt oo (2)2o2 FHY

L,
AF*=C\Tc/(Cy+Te—Tg) (2)

714 Tge HAox, Tere HAI}R
Tolx C# G &x 9t FFHI I Magill®
of 9]&td 27+ 4.12Kcal/mol, 51.6Kcal/mol
9 & Zeth T AG*s T (3)2
o2 FHE + Utk

AG* =4byo.0,/ A,

A7 Af.e LR AHEY] WETEY 2
2% Af =29 (the energy of fusion or
chain repeating unit of an infinite molecular
weight chain) & (Tm—Te)/Tm¥ o2 FHH
X, o= AW BT wike] AFHEWY
a9 BAG A{HoiAelx, o At F
Zvteke] AR EH vETY HHG 2K
A oltt. bye F fold planeAle] & Aglolx
PETe] 7% 10.75A9 #%& Z=o™. 99
AR AAET FANLZREH TgRI A
AR A Tm-Tee7l B2 (1)2] 9]
AG*e] ghol FolRt). metA 2AAF &%
of thx] EAAVF HA Zste W Tec-
Tg7l FolABZ AF*7 AAS &xo &
AR} HE & 5 UG

Fig. 2= % monomere] #3Fo] W3lg o
47k 9] Tec-Tgel W3 ¥4E& Yepdlz 9
t}. PEN& NPGe %ol Z71&4E branch
Tee-Tg7} ZA AXAYo g ZFrlsta, PEPE
1,5-PD9] ol F71&+F Tee-Tgdl ol
2235 h7) 10mol% ol ddlX e F7lste A
& B 4 2tk ol#13 AA: PNGe %o
BolAFE  © methyl7]el  9]ste] chaino]
flexibility 7} A A%z, 2FFHoE &
At o] %3 polymer chaino] ZAF R =)
idol o219 A Go(iE A chaing] F4lol
54 71 HA o9 nRA TRV AR
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Fig. 2. The effect of PD unit on the Tcc-Tg value
of copolyester.

o vlAle AdFgFe s xd FH/I)JF A
7A3 ZAdgolx, 15-PDy %7] flexible
chaing] T¢lo] ¢ 3t polymere} chaine] &
o fFdsAR 3 Fo] FHESFE EGH M
& diole] Heolrt ZolA AHZe F3tR
a7 W o) NPGoF 22 ddol Ao
2—2. Melt crystallization temperature; Tmc
e B2 228 §84A7 F 9F
3 EEZER YAAE o qHEe HEHa
TmcE Fig. 3¢) 11 @& & =A3AY. o] 2
oA PENS NPGe mol% e ZF7lol wiat
Tme7} AXA4E Yehs @& gkg 2k gl
1,5-PDE 10-15mol% AR & F7lste AL
Yeltrt o1 e REe Zadd & 4%
3 57} #EA ot 4F mol% FEE thA
=2 A A At} Fig. 4= F2A dAHEs =
A9 Tm-Tmce] & A3 Aojth o 1
HollA B e AREH w72 FF
o] 271842 Tm-Tert 78k & AA 3
Ze 7 823 1,5-PDy= %7] Tm-Tmce7}
Zastgrt gAl FAgeRA a%e 15-
PDe] =& PETY] AAH3 £x& w3l

v 5 'C/n"gn
ol U
180
160
14Q
8 120 T
g O 5 *C/min
- o B) ® 10 C/min
A 20 °C/min
A 30 °C/min
o 2
1
§ .
A
140 A
2 A 8
A
120 A
100
5 10 15 20 25

PD units mol %
Fig. 3. The effect of PD unit on the Tmc of
copolyester. (A); PEN, (B);PEP

110
® 5 °C/min
A 10 *C/min
(A) O 20 °C/min
90
@)
70 o
®
50
e
©
B
I
' 90 ® 5 °C/min
=] (8) O 10 *C/min
i A i‘n °C/min
A 30 °C/min
A
80 A
a fa s
60 9
e §‘
O
40 .
5 10 15 20 25
PD units mol %

Fig. 4. The effect of PD unit the Tm-Tmc value of
copolyester. (A) ;PEN, (B),PEP
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g RxAEge AT 1 %ol FUEFE 2
Rste] Bostzr] Eale FEol B7] wWEel
AR £57 =ATE A &F U

nEe A} AFL AHEY] 3
280°Col M 1587 ¢AsAAN F83] &84
71 % DSCWel| A cooling rated 5, 10, 20,
30°C/mine. 2 WA 7\ ZAAZ AT
Fig. 5% 2}7+e] cooling rated] m& DSC &
PARE & o] A el cooling rate
7} Zrg5E 238E 4 dehvde 24
peak’} #& exZoz olFde AL B
2 9t} Fig. 6& Zr Algo) WisiA] cooling
rate?] W3lo] @g A 2EE AT A
olty. o] APME uIAAR WH&EET}
Mesrs AR w7t B Fo2 olFd
s ¢ F Ak

5 *C/mwin
10 *C/min

20 *C/min

Exothermic —————

220 200 180 160 140 120 100 80

Temperature (°C)

Fig. 5. Exothermic crystallization of copolyester
(PEP 2) at various cooling rates.

220 |

PEN 1

_ 200 O‘\‘O\o .
P '\I\' B EP 2
p] A pep 3
180 " ® PP 1
O pen 2
160 A pen 3
L XAX)
5 10 15 20 25

cooling rate , “C/min

Fig. 6. Crystallization temperature of copolyester
at various cooling rates.

2—3 FT-IR &4

w3 87 ke 280ColA 1583 FE3
£8A2 F 150CoAAM Al 1AE FAAA
ARg & F KBrd}t @7 plated o2 TS
o] FT-IR(Bio-RadA}l) g

spectrum-2

Fig. 7#% Fig. 8& #7z+ PENg} PEP¢] A3
monomere} ko] W& IR spectra® Hl w3

Aolck.
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Fig. 7. Infrared spectra of copolyester.
( 1)PET, (I )PEN 1, (I'PEP 3, (N)PEN 5

Fig. 7914 2@ NPG @&l Z7hgel
wla} 1342cm™'e} 1128cm™ ol A peak”7} Zof
Sol M4 AHZ & ¢ F UL, 15-PD
o] A% oF 9mol% 7t FHEH AW HA
9] intensity® YERH I 12mol% of 5mol % <}
E ¥ FEE Holw, 30mol%ilMe &

4] peakE ZolE 4 glth.



o] A3,

% Transmittance

1500
Wavenumber(cm™)

Fig. 8. Infrared spectra of copolyester.
(I)PET, (I)PEP 2, (I)PEP 1, (W)PEP 5

3. ZX 8t (Degree of Crystallinity)
Dynamic Crystallization®l] o3t 2] & t}&- 9]
WHez Yeln ARFEE A4

AHe
AH°

&7l AHee ZAstd ZdA9 49 ¢
2k (the measured heat of crystallization) e} 11,
AHE PET7F 100% 238 HUEL Ao &
Foz R osd 20.2cal/gol TP, 9
(H)A o z2HE dojr & Fig. 99 =A8
gt Fig. 994 ®¥ 1,5-PDe] <fo] F718
+5 AAs=rt Frhsidst 1,5-PDe) & &
o] 10mol% AEE 7|F02 tAl 7ZAF7
Al g ol 3t A xv] AR =71
welgol] wet ARt FIhATN ol F
HNess AR FsA Rete diole]
ool Wolx7) WEoletn BB

(4)

Aoz}, A< Pentanediol unit2 /1A @ PETS AAI A%

% Crystallinity

log [ -1n (3-(D) )

107

<o

oud /00

015

0.20

.025 0.05 0.10

(1/cooling rate) ( min/deg.)

Fig. 9. Percent crystallization and heat of crystalli-
zation as a function of cooling rate for various
copolyester samples.

% crystallization= AHc/H, (AH=20.2cal/g)

4. Kinetics of dynamic crystallization

agAe] AR $E24e Avrami equa-
tion®o] ojste] HHE F AL o] T

Ozawa®™oll ostal |5 & A o] B 4

slop = -n

-0.00}F

(°C)
—-1.00} 180
—2.00F

170
—3.00}

160
~4.00}

0.6 0.8 1.0 1.2 1:4 1..6

log R

Fig. 10 Avrami plot of dynamic crystallization of
copolymer (PEP 2).
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o2 HFAA 2R Aol T (5)40]
.

1—a(T) =e KM (5)

q714 a(T)e dAF2= T ZAAsH
Ed9 ¥&ol1, k(e 4%, Re Y4
=, ng ARSI FANA 2 Avrami expo-
nento] t}.

o] A& W&z WEd ©E AA3} =
HoZ ABEE thge (6)2o2 FHH I,

log[ —1n(1—a) ]=logk —nlogR (6)

Fold 2% A log[—In(l1—a)]th log R&
plot3l®, Fig.103 o] 7]-&7)7} (-n)eolx
HA¥o] log Kl AALE A& Fig. 10025
B 28 ng & Table. 20 FA st th.

Table 2. n values of copolyester.

Copolyester Temperature (C)

190 180 170 160
PEN 1 2.56 2.78 2.39 2.41
PEN 2 - 241 2.18 2.06
PEN 3 - - 1.78 1.34
PEP 1 2.78 2.69 2.59 2.85
PEP 2 - 2.15 2.34 2.08
PEP 3 - 2.53 2.51 2.30
PEP 4 - - 2.01 1.79

# EERE FFHAS PDEF FHE
B ne] gkol 1o 7I7tAAE AL W7t
H 24 A8t dde As ¢ 5 Uk

4.4 B

o] A7 o] 1 EA3FE pentanediol unitZ 7
A% PETe A3 AL vh&d 2ol

A3 diol9] chaino] 1 ineardt 7% polymer
chaing] flexibility7} Z7}3ld AF*7} 743}
o AAs £2F F7/MAA Fvh A3 mon-
omer®] X #eo 9]3te] Tmer}l F7hshe 4§
Tm-Tme7t 748 AG*7E F743n& 7]
8 Fyo] olFHY ZAFZs AA AL
w3 4+AHE avrami equationg dynamic crys-
tallization kineticsol] 283 ZA3, FAHE
B}l ©ow Avrami exponent, n9 2 #H 39

diolo] X@B F$ I Fo FrlwsE 7
e ge Yehdth
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