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ABSTRACT: Differential thermal analysis of random terephthalate copolyesters of ethylene 
glycol and butane-1,4-diol showed that the thermal properties (Tm, Tc, flH1, flS1, and Xc) follow an 
independent curve with comonomer composition. The kinetics of thermal degradation of these 
copolyesters were studied by thermogravimetry and the major degradation mechanism was found 
to be unimolecular. 
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Thermoanalytical methods, such as differen
tial thermal analysis (DTA), thermogravim
etry (TG) and thermovolumetry have been 
employed increasingly in the investigation of 
chemical ralations in the liquid and solid states 
at elevated temperatures. These techniques 
involves the continuous measurement of a 
change in physical property, such as weight, 
volume, heat capacity etc., as sample tempera
ture is increased, usually at a programmed rate 
of heating. DT A studies provide structural 
information on comonomer distribution, tac
ticity and crystallinity of the copolymers. 1 

Over a wide range of composition, there is 
virtually no change in the melting temperature 
of block copolyesters; however, comparable 
random copolymers showed greatly depressed 
melting temperatures. During the transfor
mation of a pure homopolymer from the crys
talline or partially crystalline state to the liquid 
state, there are characteristic changes in physi
cal and mechanical properties, in morphology 

and structural features and in the thermody
namic variables. The thermodynamic defi
nition of melting temperature, T m (K), is given 
by the equation: Tm=f1Hr/11Sf where 11Hf and 
11Sf are the enthalpy and entropy of fusion 
respectively for the same amount of crystalline 
material in a polymer. 2 The heat and entropies 
of fusion represent the differences in the en
thalpy and entropy between the liquid and 
crystalline states. Unlike the low molecular 
weight crystalline substances, polymers melt 
over a wide range of temperature and it is 
customary to consider the higher temperature 
at which crystals disappear as the true melting 
temperature. 3 

Crystallization at a low temperature leads to 
the formation of a large number of small and 
imperfectly formed crystallites of correspond
ingly low melting temperatures, while at higher 
temperatures larger and more regular crystal
lites are formed with higher melting tempera
tures.3 When the sample was heated slowly, 
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the smallest and least perfect crystallites 
melted first and took part in secondary recrys
tallization at a higher temperature, improv
ing their degree of order and their size. 

Very little has been reported concerning the 
degradation of copolyesters.4 The work by 
Carothers et a/. 5 on polyesters was generally 
quoted as the standard reference for aliphatic 
polyester pyrolysis. Phol6 has studied the 
general trend of thermal degradation in poly
esters by measuring the rate of total gas 
evolution, the change in coloration and the 
formation of acid end groups. These results 
indicated that (i) the polymer containing the 
repeat unit (--CH2-CH2-) was the most stable 
and (ii) the introduction of a carboxyl group in 
the polymer chain increased the rate of deg
radation. This was attributed to the presence 
of a --CH2- group adjacent to the oxygen, since 
the replacement of the J}-hydrogen by methyl 
groups increased the stability. 

Studies by Ritchie 7 on the mechanism of 
thermal degradation of poly(ethylene tere
phthalate) (PET) using related model com
pounds established that the initial break
down in the decomposition was primary 
alkyl-oxygen scission of the J}-hydrogen 
type. While degradation of terephthalate 
acid/diethylene glycol polyester indicated 
ether linkages to be points of thermal stabili
ty.6 Marshall and Todd8 studied the kinet
ics of degradation of PET in oxygen-free 
atmosphere and proposed a radical mecha
nism, since the rate of degradation was ac
celerated by oxygen. Rafter et a/.9 studied 
the kinetics of thermal degradation of PET 
showed that the degradation rate was first or
der and evaluated the other kinetic param
eter. 

In the present study, the thermal properties 
of terephthalate copolyesters of ethylene glycol 
and butane- I ,4-diol in varying compositions 
are described. 
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EXPERIMENTAL METHODS 

The synthesis of the copolyesters are re
ported elsewhere. 10 

Differential Thermal Analysis (DT A) 
A Mettler T A 2000 DT A system differential 

thermal analyzer was used to measure the 
melting temperature (T m), crystallization tem
perature ( Tc), etc. for the copolyesters. 
Samples of 5-10 mg of the powdered polymer 
were sealed in aluminium sample pan and 
crimped empty pan was used as reference and 
placed in the DT A cell. A heating rate of 
10 K min - 1 and chart speed of 1 em min - 1 

were used for all the heating and cooling 
operations. First the sample was heated to 
10 K above the melting temperature and 
cooled to room temperature at the rate of 
10 K min - 1 to record the crystallization tem
perature. Melting and crystallization tempera
tures were determined by comparison with a 
calibration curve constructed by measuring the 
melting temperature of lead, tin, indium, 
benzoic acid, and naphthalene. For the pur
pose of these investigations, the melting tem
perature was defined as the temperature at 
which the DTA endotherm forms peak and 
the crystallization temperature was defined 
as the point at which the DTA curve forms 
an exothermic peak in the cooling cycle. The 
heats of transition corresponding to the endo
therm or exotherm was determined by cut
ting out the area under the endothermic/exo
thermic peak and comparing it with the area 
of the standard indium transition using the 
following equationY 

where 

heat of fusion of indium (6.8cal 
g-1), 

AP -area of copolymer endotherm, 
Ai-area of indium endotherm, 
RP -range setting used for copolymer DT A 
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curve, 
Ri-range setting used for indium DT A 

curve, 
Si--c hart speed used for indium DT A 

curve, 
SP ---chai"t speed used for copolymer DT A 

curve, 
Wi-weight in mg of indium sample taken, 

and 
WP -weight in mg of copolymer sample 

taken. 
Knowing !!He of the copolyesters (calcu

lated from the above equation), the percent 
crystallinity (Xc), of the copolyesters were cal
culated by means of the following equation:l2· 13 

%Xc= [l!Hc(EG· M 1)+(BD· M 2 )] 

(2) 

where 

EG-mole% of ethylene terephthalate in the 
copolymer, 

M1-molecular weight of ethylene tere
phthalate repeat unit (192), 

BD-mole % of butylene terephthalate in 
the copolymer, 

M2-molecular weight of butylene tere
phthalate repeat unit (220), and 

l!Hr0-heat of fusion per gram of repeat 
unit of PET (32.2calg- 1). 

From the area of melting endotherm, the 
enthalpy of melting was calculated and hence 
the percent crystallinity. 

Thermogravimetry (TG) 
Thermal degradation of the copolyesters 

were studied by means of dynamic thermogra
vimetry with Stanton Redcroft TG-750 model 
thermo balance. 5 mg of the sample was heated 
in nitrogen atmosphere at a heating rate of 
10 K min -I. A platinum rhodium ther
mocouple was used to measure the tempera
tures. The primary TG curves were obtained 
by plotting the percent weight residue against 
temperature CC). Kinetic treatments are the 
same as published elsewhere.14 - 18 

RESULTS AND DISCUSSION 

When the copolyesters were heated in a 
DTA cell at a rate of 10Kmin-1 , it is found 
that a sharp endotherm occurred depending 
upon the comonomer content in the copolyes
ters (Table I, Figure 1). This endotherm is 
attributed to the melting of the copolyester. 
When the melt was cooled at a rate of 
10 K min- 1 from 10 K above the melting tem
perature to room temperature, a sharp exo
therm occurred due to the crystallization of 
the polymers. The melting temperature
composition relations for these copolyesters 
follow an independent curve, so that an eu
tectic type minimum results at the intersection 
of the two curves19 -ll (Figure 2). This is a typi
cal character for random copolymers when 
studied over a wide range of compositions. 

Table I shows the variations of thermody
namic parameters like melting temperature 
( T m), crystallization temperature ( Tc), en
thalpy of fusion (l!Hr), entropy of fusion (l!Sr) 
and percent crystallinity (Xc) of copolyesters 
with BD compositions. As the BD content 

Table I. Effect of composition on the thermodynamic parameters of terephthalate copolyesters 

Tm T. I'J.H, x. I'J.S, 
Polymer Mole% ofBD 

K K calg- 1 % cal deg- 1 mol- 1 

PI 21.0 432.3 399.3 15.1 47.8 6.7 
P2 28.2 428.8 397.8 14.1 45.3 6.3 
P3 44.4 399.3 364.9 11.4 38.2 5.5 
P4 48.7 404.8 375.8 9.2 31.9 4.4 
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Figure 1. DTA curves for PET/BD Copolyesters. 

m 

t 
.E 
<( 

m 
<(' 

200 

160 

120 

80 -

0 

A 

20 40 60-A,B 

A, B: Mole'/, of B 0 

Figure 2. Variation ofT .. and T, with composition of 
PET /BD copolyesters. 

increases in the copolyester, the l:l.Hr, l:l.Sr, and 
Xc decreases. This is due to the introduction of 
long alkyl chain ( -CH2-CH2-CH2-CH2-) in 
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the backbone structure. The melting tempera
ture of a crystalline polymer depends on a 
number of intra- and intermolecular structural 
characteristics of the repeating units, the most 
important of which are22 - 25 : (a) structural 
regularity, (b) bond flexibility, (c) close pack
ing ability, and (d) interchain attraction. High 
melting temperatures are generally associated 
with either highly regular structures or rigid 
molecular structures, or capability of close 
packing of polymer chains or strong interchain 
attraction or a combination of these factors. 

Multiple melting phenomena are observed 
for all the copolyesters (Figure 1 ). The phe
nomena of double peaked fusion curves 
were reported by Kamide et a/.26 for highly iso
tactic unfractionated polypropylene. The 
multiple melting behavior of tetramethylene 
terephthalate-tetramethylene sebacate and 
dimethyl terephthalate-ethylene glycol-butane-
1,4-diol copolyesters were observed.27 The 
lower temperature peak was assigned to the 
melting of crystals originally present in the 
polymer whereas the higher melting peak was 
due to the melting of crystallites formed from 
the polymer melt. 

The decrease in T m with increasing amount 
of BD content in the copolymer is in good 
agreement with the theory of equilibrium melt
ing of random copolymers. 28 This theory pre
dicts a depression in melting temperature 
caused by the noncrystallizing units accord
ing to Flory's equation28 : 

1/Tm-l/Tm0 = -R/I:l.Hr lnXA (3) 

where Tm, the melting temperature of the 
copolymer; Tm0 , the melting temperature of 
the homopolymer; l:l.Hr, the enthalpy of fusion 
per repeat unit of homopolymer; R, the gas 
constant; and XA, the mole fraction of crystal
lizable units. The melting temperature depre
ssion is dependent on the heat of fusion per 
mol of the crystallizing unit and on the 
sequence propagation probability, p, which is 
XA for random copolymers.28 From the slope 
of a plot of T m vs. X A of PET (Figure 3), the 
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Figure 3. Melting temperatures and composition re· 
lationship for the copolyesters of PET (Flory's equation 
verification). 

value of 2.650 kcal per mol is obtained for 
the heat of fusion of PET which is significantly 
iower than the value of 5.837 kcal per mol 
reported by Smith and Dole. 29 The values of 
!lHr determined from an analysis of copolymer 
melting always differ by varying amounts from 
the values obtained by other methods.30 There 
is an apparent discrepancy which resides in 
either the experimental methods or the sub
sequent analysis. From the DTA studies, the 
!lHr is found to be 2.275 kcal per mol for 
PET. This is lower than that predicted by 
Flory's equation (2.650 kcal per mol). 

Using Flory's equation, the Tm0 calculated is 
in quite agreement with the Tm of PET ob
tained by DTA method. Tm0 calculated for 
PET by Flory's equation is 518 K. The value 
obtained by DT A method for PET is found to 
be 519 K. The melting temperature defined by 
Flory's equation is that temperature at which 
perfect crystallites composed of extremely long 
sequences of 'A' uits become unstable. It has 
been shown that the number of crystallites 
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melting will be extremely small?1•32 Thus, 
despite the use of very sensitive detectors of 
crystallinity, the observed melting tempera
tures are caused by the disappearance of "crys
tallites composed of shorter sequences. Also 
the noncrystallizable units impose restraint on 
the crystallization of PET units with result that 
the majority of PET units could not crystallize. 
As a result there is a large decrease in the T m 

values and the difference between the theoreti
cal and observed values of T m is widespread 
among the copolymers.33 

The melting temperature was shown to de
pend only on the composition and were inde
pendent of the chemical nature of coingredient 
that is introduced in the copolymers of PET 
and poly(hexamethylene adipamide). 30 By 
wide angle X-ray studies, it has been shown 
that only one of the units participates in the 
crystallization. This is in accordance with the 
random distribution of sequences in the 
copolymer. 30 

Table I shows that the !lHr value decreases 
as the concentration of the coingredient is 
increased. It decreases with composition in a 
regular fashion.34 The percent crystallinity and 
the !lSr values of the copolyester also follow 
the above mentioned trend. The !lSr values of 
PET and PBT reported in the present study are 
4.4 and 7.7 cal per degree per mol, respectively 
which is in good agreement with the values 
obtained by Conix and Van Kerpel35 by the 
polymer diluent method. The !lSr values of the 
copolyesters are in between the homopolyes
ters (PET and PBT). From the Xc values, it 
is obvious that the crystallinity is decreased 
due to the incorporation of another comono
mer into the polymer. Lenz et a/.36 reported a 
!lHr value of 8.61 cal per gram for 50% 
EG/50% BD terephthalate copolyester which 
is in good agreement with the value report
ed by the authors, 9.2cal per gram for 51.3% 
EG/48. 7% BD copolyester. 

Thermogravimetry 
The TG trace for P2 and P4 copolyesters are 
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Table II. Activation energies for the degradation of terephthalate homo· and copolyesters of ethylene glycol and 
butane-! ,4-diol according to different methods of evaluation 

Temperature Total weight 
Energy of activation 

Polymer 
range loss 

kcalmol- 1 • 

K % Coats and redfern14 Doyle15 Murray and White16 

PET 
P2 
P3 
P4 
PBTb 

584-721 
472-721 
346-702 
308-730 
558-693 

93.5 
93.6 
94.0 
88.7 
99.7 

• In SI units I cal=4.184J. 
b PBT, poly(butylene terephthalate). 
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Figure 4. Thermogravimetric curves for PET/BD co
polyesters P2 (curve A) and P4 (curve B) (cf Table I). 

given in Figure 4. The degradation reaction 
was carried out in nitrogen atmosphere. 
Decomposition occurs for PET at 584 K; for 
P2, 4 72 K; for P3, 346 K; for P4, 308 K; and for 
PBT, 558 K (Table II). The major decom
position takes place in the range 573-730 K 
for all homo- and copolyesters. The wide 
variation in the starting decomposition tem
perature for these copolyesters is due to the 
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33.0 35.7 39.0 
25.1 27.9 31.0 
9.2 10.1 7.4 

12.6 13.1 18.0 
39.0 40.7 48.0 

change in microstructure of the copolyester, 
that is, as the BD content is increased in PET, 
the polyester-ether formation37 •38 is also in
creased and hence the lower temperature of 
degradation results.6 A weight loss of 10-
20% for P2, P3 and P4 copolyesters is attrib
uted to the polyether degradation depending 
upon the composition of BD in the copolyes
ter (Figure 4). After this degradation, the TG 
trace follow a regular trend in the order of 
reaction, that is, first order degradation. 

The activation energies for the homo- and 
copolyesters have been calculated using three 
different approximation methods.14 - 16 Figure 
5 shows the calculation of activation energy 
for P2 copolyester using three different meth
ods. The activation energy for the degra
dation of copolyesters follows an eutectic type 
minimum with composition, like T m• Tc, etc. 
The activation energies calculated from vari
ous approximate methods are given in Table 
II and are in good agreement with each other 
within the experimental error except Murray 
and White method. 16 

The thermal stability of the homo- and 
copolyesters are listed in Table III. All these 
polymers degrade more than 95% weight 
around 773 K without leaving any residue. The 
activation energy for PBT is found to be 

40 kcal per mol and it is in good agreement 
with the value ( 41 kcal per mol) reported by 
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Figure 5. Calculation of activation energies for the 
degradation of copolyester P2 (cf Table I) according to 
Murray and White16 (plot A), Coats and Redfern14 (plot 
B), and Doyle15 (plot C). 

Table III. Thermal stability of the homo
and copolyesters 

Polymer 

Temperature at specific percentage 
weight loss/K 

---------------------------
10% 25% 50% 90% 

PET 624 644 664 693 
P2 594 624 644 683 
P3 488 584 634 683 
P4 393 594 664 721 
PBT 614 639 562 673 

Passalacque et a/.39 The activation energy for 
PET, calculated by authors is 35 kcal per 
mol. It was postulated that the scission of the 
ester group to olefin and carboxylic groups 
was the primary degradation reaction for 
PET.40•41 Since the copolyesters studied have 
P-hydrogen atoms in the diol portion, the 
classical cyclic mechanism observed for the 
decomposition of simple esters is applicable. 
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