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Abstract

The compositions of a series of copolyesters of ethylene- and trimethylene- terephthalate were determined by NMR. The values of

randomness parameter revealed these copolyesters were random copolymers with average-number sequence lengths varied from 1 to 10.

These copolyesters were investigated using temperature-modulated differential scanning calorimeter (TMDSC) and wide angle X-ray

diffractometer (WAXD). The crystallization behavior was evidenced from the non-isothermal DSC thermograms and WAXD patterns. The

crystallization rate and the intensity of diffraction peaks decrease with increasing the minor co-monomer content. The copolyester with equal

amounts of monomers is still crystallizable even though the average sequence length is only 2.0, and its WAXD pattern is quite different from

those of homopolymers. In the melting study, three distinct peaks of reversing melting were observed. Two peaks in the high temperature side

are due to remelting of the recrystallized crystals formed during the heating scan, whereas the highest temperature peak is attributed to the

melting of the crystals that are formed in relatively high temperature. The results of WAXD and TMDSC support the mechanism of melting-

recrystallization-remelting for the multiple melting behaviors.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Linearly polymerized esters of terephthalic acid and

glycols have been synthesized by Whinfield and Dickson in

1941, and have been patented in 1946 and 1949 [1,2]. It is

advantageous to use glycols having from 2 to 4 methylene

groups, since these give highly polymerized esters with very

high melting points. Poly(ethylene terephthalate) (PET) has

the melting point of 265 8C, whereas the melting points of

poly(trimethylene terephthalate) (PTT) and poly(butylene

terephthalate) (PBT) are nearly identical (233 and 232 8C,

respectively) [3]. For a long time, PTT did not find

commercial interest due to the limited availability of 1,3-

propanediol (3G), the monomer used for PTT synthesis.

Recently, PTT has drawn attention because of Shell’s break-

through in lower-cost monomer processes [4].
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PET is a slow crystallizing material [5,6]. PTT can be

crystallized easily without adding nucleation agents [7,8].

Modifications of the chemical composition and the

sequence distribution of semicrystalline polymers by

copolymerization will alter both the crystallization kinetics

and the morphology. Up to now, the synthesis and

characterization of poly(ethylene terephthalate-co-trimethy-

lene terephthalate) (PET/PTT) copolyesters were reported

in a few articles [9–14]. Most of these copolyesters were

crystallizable, but some were amorphous depending on the

compositions [9–11,13,14]. In 1966, Smith et al. [9]

presented the accumulated data on polyesters and copolye-

sters of the poly(methylene terephthalate) series that they

have studied. It was expected and found that a eutectic

composition existed having a minimum melting point for

the copolyesters. Under the conditions employed in the

measuring technique of differential thermal analysis (DTA),

no DTA melting points (Tm) are recorded for the PET/PTT

copolyesters containing 40–50 mol% of 3G. However, their

melting points can be found using a Fisher-Johns melting

point apparatus. Ponnusamy and Balakrishnan [10,11]

synthesized a series of random copolyesters from dimethyl
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terephthalate (DMT), ethylene glycol (2G) and 3G by melt

polycondensation techniques. However, the obtained PET/

PTT copolyesters had a low molecular weight with the

intrinsic viscosity ranging from 0.09 to 0.18 dl/g (solvent:

o-chlorophenol, 30G0.1 8C). The number average molecu-

lar weights determined from vapor pressure osmometer

were between 1500 and 3050 g/mol. As the 3G content

increases, the copolyester becomes more amorphous and

there is no melting temperature for the copolyesters with

71.0 and 77.7 mol% of 3G. When the composition of 3G

reaches 100 mol%, the copolymer becomes crystalline

again. Recently, a series of PET/PTT copolyesters was

synthesized by reacting DMT, 2G, and 3G in a two-step

reaction sequence [13]. The composition was determined by

proton nuclear magnetic resonance (1H NMR). Their

thermal properties and non-isothermal crystallization kin-

etics were studied by differential scanning calorimetry

(DSC). It was found that the copolymers containing

32.8 mol%%3G%39.3 mol% were amorphous, whereas

the copolymers with 46, 58 and 78 mol% of 3G were

crystallizable. Wu and Lin [14] mentioned that the

amorphous copolymers contained 34–56 mol% of 3G

which covers both ranges of 33–39 mol% [13] and 40–

50 mol% [9] of 3G.

In this study, 13C NMR was used to determine the

composition and the sequence distribution of the PET/PTT

copolyesters. Their intrinsic viscosities were measured in a

mixed solvent. The co-crystallization of a series of

copolyesters was evidenced from the non-isothermal DSC

thermograms and the wide-angle X-ray diffractograms

(WAXD). In addition, the origin of multiple melting

behaviors of non-isothermal crystallized specimens was

elucidated by WAXD and temperature modulated differen-

tial scanning calorimetry (TMDSC).
2. Experimental

2.1. Materials and characterization

Developmental grade PET/PTT copolyesters were

prepared by two steps. The first step was the esterification

reaction of terephthalic acid (TPA) and 3G at 245 8C for

3.5 h under nitrogen. Oligomer of bis(3-hydroxypropyl)

terephthalate (BHPT) was produced at a calculated

esterification conversion of 98.1%. In the second step,

BHPT, TPA, and 2G were reacted together in an

esterification reaction of the same condition. Then, the

esterified product was subjected to undergo a polycondensa-

tion reaction at 255 8C for 4 h under a vacuum of less than

1 Torr.

The sample codes, the feed composition of 3G and 2G

are tabulated in the first three columns of Table 1. The

intrinsic viscosity [h] of these aromatic polyesters was

measured in a mixed solvent of phenol/1,1,2,2-tetrachlor-

oethane (3/2, w/w) at 25G0.2 8C using an Ubbelohde
viscometer. Their values, ranged from 0.62 to 0.84 dl/g, are

listed in the fourth column. Gel Permeation Chromatog-

raphy (GPC) was performed at 120 8C on a Waters 150CV

GPC. HPLC gradem-Cresol was used as the mobile phase at

a flow rate of 1.0 ml/min with two Waters high temperature

(HT) Styragel columns in series. The number average

molecular weights, �Mn, and the weight average molecular

weights, �Mw, of PT62/ET38, PT50/ET50, PT22/ET78 and

PT09/ET91 samples are (2.6G0.2)!104 and (6.6G0.6)!
104 daltons/mole, respectively, as shown in the last two

columns of Table 1. Their polydispersity values are 2.5G
0.1.

The copolyester pellets were sandwiched between two

polyimide films and two copper plates, and then they were

put in a hot press machine. The compressed film had a

thickness of about 0.2 mm. Both pellets and films were dried

at 45 8C in a vacuum oven for 12 h before using. Amorphous

specimens, quenched from the melt, were prepared for the

experiments of non-isothermal crystallization.

2.2. Composition and sequence analysis

The 13C NMR and 1H NMR spectra of CDCl3/CF3COOD

(1/4, v/v) solutions were recorded on the Bruker AMX-400

NMR spectrometer at 320 K. To perform quantitative 13C

NMR measurement, one should take into account the

difference of spin-lattice relaxation time (T1) among various

carbons. The values of T1 were located between 0.16 and

3.7 s, as shown in Fig. 1. In order to have a quantitative

response, the 13C NMR spectra were determined by using a

20-s pulse cycle. This condition ensured the complete

relaxation of all the analyzed nuclei, therefore, the relative

peak areas could be measured in an automatic integration

mode.

2.3. Non-isothermal crystallization

Non-isothermal crystallization from the amorphous

states of glass and melt was conducted on a TMDSC (TA

model Q100), equipped with a refrigerated cooling system.

Nitrogen gas was used as the purge gas with a flow rate of

50 ml/min. The weight of these samples was between 2 and

3 mg. Both temperature and heat flow were calibrated by

indium standard. In the conventional mode of TMDSC, each

amorphous sample was heated at a rate of 5 8C/min from 25

to 285 8C, and then held for 3 min to remove thermal

history. Subsequently, each sample was cooled to 30 8C at

5 8C/min.

2.4. Wide angle X-ray diffraction

Melt-crystallized copolyesters were crystallized com-

pletely at a temperature of 30–40 8C below their equilibrium

melting temperatures ðT0
mÞ, as shown in the second column

of Table 4. X-ray diffractograms at room temperature

were acquired by a Siemens D5000 diffractometer using



Table 1

Sample code, feed composition, intrinsic viscosity and the relative number-average, weight-average molecular weights of aromatic polyesters

Sample code Feed composition (mol%) [h] (dl/g) Mn (10
K4) Mw (10K4)

3G 2G

PTT 100 0 0.83 N/A N/A

PT91/ET09 80 20 0.84 N/A N/A

PT71/ET29 60 40 0.70 N/A N/A

PT62/ET38 50 50 0.70 2.8 7.2

PT50/ET50 40 60 0.70 2.7 6.6

PT27/ET73 20 80 0.66 N/A N/A

PT22/ET78 15 85 0.64 2.7 7.0

PT09/ET91 5 95 0.62 2.4 5.7

PET 0 100 0.70 N/A N/A

N/A: not available.
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Ni-filtered Cu Ka radiation (lZ0.1542 nm, 40 kV, 30 mA)

at a scanning rate of 18/min. The other sets of the X-ray

diffractograms were obtained in the same way for each PET/

PTT copolyester isothermally crystallized at various

temperatures.
2.5. Melting behavior after non-isothermal cooling

Melting behavior was also investigated on a TA

Instruments Q100. The condition and the calibration are

described in the previous section. In addition, a standard

sapphire sample was used to measure the heat capacity

calibration constant. Each sample was heated at a rate of

20 8C/min to a pre-melting temperature above its T0
m (see

columns 3 and 2 of Table 4), and then held at that

temperature for 5 min to remove the thermal history.

Subsequently, each sample was cooled to 30 8C at a rate
Fig. 1. The spin-lattice relaxation time
of 5 8C/min. In the modulated mode of TMDSC, non-

isothermal crystallized specimens were heated at a rate of

3 8C/min with an oscillation amplitude of 0.318 8C and

period of 40 s, based upon the recommended specifications

given in the instrument manual [15]. The PT91/ET09

specimen was conducted at a rate of 2 8C/min and an

oscillation amplitude of 0.212 8C because 4 modulation

cycles at half-height of the melting peak could not be

achieved at 3 8C/min.
3. Results
3.1. Copolyester composition and sequence distribution

The assignment of the 13C NMR spectra of the PET/PTT

copolyesters is based on the 13C NMR results of PET and
(T1) by 100.63 MHz 13C NMR.
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PTT homopolymers. The chemical shift of quaternary

aromatic carbons is in the range of 133.6–134.0 ppm [16].

A close view of the spectra is plotted in Fig. 2 for all of this

series of polyesters. The quaternary aromatic carbons have

four peaks in the case of copolyesters. The peak height at

133.7 ppm increases as the content of ET increases from 9 to

91 mol% while the peak height at 133.8 ppm decreases.

Moreover, the peak height at 133.6 ppm is close to that at

133.9 ppm. From the chemical shift of PTT homopolymer,

133.8 ppm is assigned to the quaternary aromatic carbons

with trimethylene- units on both sides, abbreviated with a

symbol of PTP. Similarly, the chemical shifts for ETP-E

side, ETE, and ETP-P side (where E represents ethylene

glycol unit, T is terephthalate unit, and P denotes 1,3-

propanediol unit) are at 133.6, 133.7, and 133.9 ppm,

respectively. These four peaks are sufficient to characterize

the changes in the chain structure.

The total areas of four peaks in Fig. 2 are normalized to 1

for each copolyester, and their percent values of each peak

area are listed in columns 2–5 of Table 2 under the subtitles

of ETE, PTP, ETP-E side and ETP-P side. There are three

possible triad sequences in the PET/PTT copolyester - ETE,

PTP, and ETP. Two peaks of equal intensity are observed

for the unequivalent carbons in the mixed diester sequence

ETP. Then the probabilities of triads are calculated from the

normalized areas, and tabulated in columns 6–8 of the same

Table. In the case of PT91/ET09, P(ETE), P(PTP) and

P(ETP) are 0, 82.2 and 17.8%, respectively. This copolymer

is characterized to have 91.1 mol% PT unit, and 8.9 mol%

ET unit, as shown in the second row of Table 3. The
Fig. 2. The quaternary aromatic carbons of PET/PTT copolyesters by 13C

NMR.
randomness or irregularity factor B [17,18] is given by

P(ETP)/(2PPT!PET), where PPT and PET are the mole

fraction of PT and ET units. The B value is 1.10. The

average number sequence lengths [17,19] for PT and ET

units are 10.2 [2PPT / P(ETP), LnPT] and 1.0 [2PET/P(ETP),

LnET], respectively. It suggests that LnPT is much longer

than LnET for this copolyester. This finding suggests the

sequence distribution of this copolyester is nearly randomly.

In the case of PT50/ET50 copolyester, four peak areas of

the quaternary aromatic carbons are almost equivalent

(25.5–23.9%, see the fourth row of Table 2). The

components of ET and PT units are in equal amounts,

49.9 and 50.1 mol%, as shown in Table 3. The values of B,

LnPT and LnET are 0.98, 2.0 and 2.0, respectively. It can be

confirmed that ET and PT units are random distributed in

this copolymer with average sequence length of 2 ET and 2

PT units. Similarly, LnET of PT09/ET91 copolyester is

equal to 9.9 and the corresponded LnPT is 1.0; it suggests

that LnET is much longer than LnPT for the copolyester with

composition of 9.2 mol% of PT and 90.8 mol% of ET. All of

these copolymers in Table 3 have B values of about 1.0,

therefore, they may be regarded as copolyesters with

random distribution.

In this series, of PET/PTT copolyesters, the chemical

shifts of 1H NMR in the range of 4.71–4.84 ppm, 4.49–

4.64 ppm and 2.29–2.42 ppm represent the ethylene protons

in the –OCH2CH2O– unit and the methylene protons a and

b to the ester oxygen in the –OCH2CH2CH2O– unit,

respectively. For comparison, the compositions were also

determined from the integration areas of the center

methylene proton in the 3G moiety at w2.3 ppm relative

to the methylene proton in the 2G moiety atw4.8 ppm [10].

The results from the 1H NMR spectra are tabulated in

columns 7 and 8 of Table 3, which are within the

experimental error of those observed in the 13C NMR

spectra.

3.2. Non-isothermal crystallization

Fig. 3A shows the heating thermograms of the

amorphous samples from the glass state. In this figure and

the following figures, legends (a)–(i) represent PTT, PT91/

ET09, PT71/ET29, PT62/ET38, PT50/ET50, PT27/ET73,

PT22/ET78, PT09/ET91, and PET, respectively. For all

curves of these PET/PTT copolyesters, a clear glass

transition temperature (Tg), an exothermic peak of cold

crystallization, and an endothermic melting peak are

detected. Tg was between 44 8C (for PTT) and 78 8C (for

PET), and increased linearly as the composition of the ET

unit increased. All of the random copolyesters synthesized

in this study are crystallizable and the Tm’s of the

homopolyester shows at 228 and 253 8C, respectively, for

PTT and PET. The Tm’s of the copolyesters showed a

tendency to decrease to 165 8C at PT50/ET50, a copolyester

with equal amounts of PT and ET units. Also, the enthalpy

of cold crystallization and the heat of fusion showed a



Table 2

Normalized peak areas of the aromatic quaternary carbons and the triad sequence probabilities by 13C NMR

Sample code Normalized peak areas of the aromatic quaternary carbons (%) Triad sequence probabilities (%)

ETE PTP ETP-E side ETP-P side P(ETE) P(PTP) P(ETP)

PT91/ET09 0 82.2 8.8 9.0 0 82.2 17.8

PT71/ET29 9.4 50.3 21.2 19.1 9.4 50.3 40.3

PT62/ET38 14.5 38.7 23.6 23.2 14.5 38.7 46.8

PT50/ET50 25.5 25.3 25.3 23.9 25.5 25.3 49.2

PT27/ET73 53.4 8.5 18.7 19.4 53.4 8.5 38.1

PT22/ET78 61.2 5.6 16.7 16.5 61.2 5.6 33.2

PT09/ET91 81.6 0 11.4 7.0 81.6 0 18.4
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similar tendency to Tm. The shape of cold crystallization is

sharper and narrower for PTT and PT91/ET09, as shown in

curves a and b of Fig. 3A. Their peak temperatures of cold

crystallization (Tcc) are at 66 and 71 8C, respectively, which

are only 22 or 26 8C above their Tg. The Tcc’s of the

copolyesters shifts to 107 and 140 8C as the content of ET

increases up to 29 and 50 mol%, and the temperature

difference between Tcc and Tg becomes significant. The

lowest enthalpy of cold crystallization and the highest Tcc
for PT50/ET50 result in a small and broad peak of cold

crystallization. The corresponding melting peak of PT50/

ET50 is also the smallest among these polyesters. On the

other hand, the Tcc’s of the copolyesters with ET mol%R73

is between 119 and 135 8C. Their shape of cold crystal-

lization is similar. There is no tendency of shifting Tcc to

higher temperature with increasing ET. As can be seen in

the cooling thermograms of Fig. 3B, the shape of melt

crystallization peak is also sharp and narrow for PTT and

PT91/ET09. The shape for PET is broader although its melt

crystallization starts 15 8C higher than PTT does. The peak

and the peak temperature gradually become broader and

lower as the content of minor co-monomer increases.

Finally, the peak of melt crystallization disappears

completely in the cases of PT50/ET50 and PT27/ET73.
3.3. Wide angle X-ray diffraction

WAXD patterns for PTT, PET, and PET/PTT copolye-

sters are shown in Fig. 4. The crystal unit cell of PTT is
Table 3

Sample codes, the composition calculated from both 13C and 1H NMR spectra, the

and ET units

Sample code From 13C NMR

PT(%) ET(%) B L

PTT 100 0

PT91/ET09 91.1 8.9 1.10 1

PT71/ET29 70.5 29.5 0.97

PT62/ET38 62.1 37.9 0.99

PT50/ET50 49.9 50.1 0.98

PT27/ET73 27.5 72.5 0.96

PT22/ET78 22.2 77.8 0.96

PT09/ET91 9.2 90.8 1.10

PET 0 100
triclinic and diffraction peaks from (010), ð0 �12Þ, (012),

(100), ð102; 10 �3Þ, and ð1 �13Þ are observed at 2qz15.6, 17.2,

19.5, 21.8, 23.7, and 24.98, respectively [20–25]. The

diffraction patterns of triclinic PET at 2q value of z16.3,

16.8, 21.8, 22.9, 26.2, and 28.18, corresponding to the

reflection planes of ð0 �11Þ, (010), ð �111Þ, ð �110Þ, (100), and
ð1 �11Þ, respectively [26]. The WAXD patterns are divided

into three groups according to the PT content in the

copolyester. PT91/ET09 and PT71/ET29 copolyesters show

the WAXD patterns as that of PTT (see curves a–c), and the

intensity of diffraction peaks decreases with increasing

content of ET moieties. PET triclinic crystals mainly

develop above 73 mol% ET content as shown in curves f-i

of Fig. 4, and the intensity of diffraction peaks decreases

with increasing content of PT moieties. As a consequence of

comonomer inclusion, the d spacings of both crystal

structures change with the comonomer content. In the

PTT type, both the d(100) and the d(010) spacings slightly

decrease with increasing ET content. However, in the case

of PET type crystal, both the d(100) and the d(010) spacings

are almost constant irrespective of the PT content. On the

other hand, the WAXD pattern of PT50/ET50 is quite

different from those of PET and PTT, and that of PT62/

ET38 shows the mixed diffraction peaks of PT71/ET29 and

PT50/ET50.

In addition, it was found that there was no positional

change of the diffraction peaks through the WAXD

measurement [27] for the individual polyester crystallized

at various temperatures isothermally (Tc). Fig. 5 shows the
randomness parameter (B), and the average-number sequence lengths of PT

From 1H NMR

nPT LnET PT(%) ET(%)

100 0

0.2 1.0 93.1 6.9

3.5 1.5 71.7 28.3

2.7 1.6 62.3 37.7

2.0 2.0 50.8 49.2

1.4 3.8 27.2 72.8

1.3 4.7 23.4 76.6

1.0 9.9 10.2 89.8

0 100



Fig. 3. Non-isothermal DSC thermograms at heating (A) and cooling (B)

rates of 5 8C/min for melt-quenched homo- and co-polyesters of: (a) PTT,

(b) PT91/ET09, (c) PT71/ET29, (d) PT62/ET38, (e) PT50/ET50, (f)

PT27/ET73, (g) PT22/ET78, (h) PT09/ET91, (i) PET.

Fig. 4. X-ray diffraction patterns for isothermally melt-crystallized

copolyesters of: (a–i) see caption of Fig. 3. The asterisk (*) indicates the

major reflection in the diffraction peak.
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WAXD example patterns of PT91/ET09 copolyester melt-

crystallized isothermally at various Tc ranging from 183 to

207 8C in an interval of 6 8C. The pattern of diffraction

peaks, the value of 2q for each diffraction peak and crystal

cell parameters are the same as each other, suggesting that

the crystal structure of this copolyester is a triclinic system

in the same manner as is PTT. It is obvious that each

copolyester has its characteristic diffraction peaks. These

peaks become stronger as Tc increases. The results indicate

that there is only one crystal structure regardless of Tc for

the individual polyester.
Fig. 5. WAXD powder patterns of PT91/ET09 copolyester after the samples

were completely crystallized isothermally at the indicated temperature

ranging from 183–207 8C.
3.4. Melting behavior after non-isothermal cooling

Like crystallizable polymers, non-isothermal DSC cool-

ing thermogram of the PET/PTT copolyester shows a

typical single crystallization exotherm, similar to Fig. 3B.

The characteristic data of non-isothermal crystallization are

tabulated in columns 4–7 of Table 4, including the onset

temperature (Tonset), the peak temperature (Tp), the end

temperature (Tend), and the enthalpy (DHc) of crystal-

lization, respectively. It is found that the values of Tonset, Tp,
Tend, and DHc decrease as the content of minor co-monomer

increases. The first row of Table 4 shows that the PT91/

ET09 sample starts to crystallize at 195.8 8C, and reaches a

maximum at 186.0 8C. The detectable signal of non-

isothermal crystallization of PT91/ET09 disappears at



Table 4

Data of non-isothermal crystallization and thermal properties of poly(ethylene terepathalate-co-trimethylene terepathalate)s

Sample code T0
m (HW)a

(8C)

Tmolten (8C) Tonset (8C) Tp (8C) Tend (8C) DHc (J/g) TII/III (8C) TI/II (8C)

PT91/ET09 237 252 195.8 186.0 173.5 48.3 193.6 210–213

PT71/ET29 197 215 157.3 125.3 93.4 34.0 147.3 170–174

PT62/ET38 188 192 142.0 117.2 75.4 13.0 140.4 164–168

PT27/ET73 227 228 169.3 155.7 127.1 26.9 164.8

PT22/ET78 230 234 186.0 169.3 133.0 30.2 172.0

PT09/ET91 261 276 206.8 173.6 126.2 38.7 208.4 228–232

Tmolten: the pre-melting temperature before the non-isothermal crystallization. Tonset: the onset temperature, Tp: the peak temperature, Tend: the end temperature,

andDHc: the enthalpy of crystallization. TII/III: Transition temperature of regime II/III [16,33,64]. TI/II: Transition temperature range of regime I/II [27].
a Hoffman-Weeks plot from the primary melting peak measured at a rate of 50 8C/min [33].
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w173.5 8C, and its enthalpy of melt crystallization, 48.3 J/g,

is the highest one among these copolyesters. The DHc of

PT62/ET38 is 13.0 J/g, which is the smallest one. The DHc

of the rest of the four copolyesters ranges from 26.9 to

38.7 J/g.

Fig. 6 show the total heat flow curves of TMDSC for six

copolyesters. In the case of PT91/ET09 at a heating rate of

2 8C/min (curve b), two sharp melting peaks merge together

with peak temperatures at 218 and 223 8C, and a small

exothermic peak at 209 8C appears just prior the melting.

Single melting peak at 193 8C (curve c) is seen for the PT71/

ET29 sample, leading with a small melting and recrystalli-

zation curves at a heating rate of 3 8C/min. Curve d shows a

broad cold crystallization peak ranging from 80 to 125 8C

with peak temperature at 110 8C, and a single melting peak

at 178 8C for the PT62/ET38 sample. However, the

exothermic recrystallization is not detected in this curve

and curves f, g and h. In comparison, the PT27/ET73 and

PT22/ET78 samples reveal a small melting curve with a

long leading head, followed by two broad melting peaks that

overlap together, as shown in curves f and g. The PT09/

ET91 sample has a single melting peak at 242 8C, leading

with a small and long melting curve (see curve h).

Fig. 7 shows the triple melting peaks with a leading head

in the reversing curves of TMDSC for the PT91/ET09,
Fig. 6. Total heat flow of TMDSC thermograms for the copolyesters after

non-isothermal crystallization: (b–h) see caption of Fig. 3.
PT71/ET29, and PT62/ET38 samples. The middle peak is

the strongest one, as shown in curves b, c, and d. The PT91/

ET09 sample starts to melt at about 164 8C and extends up

to 228 8C with peak temperatures at 206, 218, and 223 8C.

The apparent peak temperatures are 177, 187, and 194 8C

for PT71/ET29, and are 159, 171, 182 8C for PT62/ET38,

respectively. Curves f and g present a single broad melting

peak with a small, long leading head in the low temperature

side, and a small shoulder in the high temperature side for

the PT27/ET73 and PT22/ET78 samples. A very broad

melting curve, with a long leading head starting at 152 8C, is

observed in curve h for the PT09/ET91 sample.

In the non-reversing thermograms of TMDSC (see

Fig. 8), a strong exothermic recrystallization can be found

in curves b, c, d and h, but a small and broad exothermic

signal is seen in curves f and g. In the case of PT91/ET09 at

a heating rate of 2 8C/min (curve b), the exothermic process

starts from w184 8C, increases slowly at the beginning,

reaches a distinct sharp peak at 207 8C, and finally extends

up to 215 8C, which is immediately followed with a sharp

melting peak at 223 8C. In comparison, the PT71/ET29

sample at a heating rate of 3 8C/min reveals a broad

recrystallization process, which starts from about 140 8C

and extends up to 184 8C, as shown in curve c. The PT62/

ET38 sample at a heating rate of 3 8C/min is plotted in curve

d, which presents both exothermic processes of cold
Fig. 7. Reversing heat flow of TMDSC thermograms for the copolyesters

after non-isothermal crystallization: (b–h) see caption of Fig. 3.



Fig. 8. Non-reversing heat flow of TMDSC thermograms for the

copolyesters after non-isothermal crystallization: (b–h) see caption of

Fig. 3.
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crystallization and recrystallization. The cold crystallization

starts from w77 8C, and the recrystallization ends

apparently at 168 8C. Small exothermic curves can be

seen between these two exothermic peaks. In the case of

PT09/ET91, the exothermic process starts from w160 8C,

increases slowly, and leads to a broad peak which ends

apparently at 237 8C.
4. Discussion

4.1. Random copolyesters

Tables 1 and 3 show that the content of 3G (or PT unit)

incorporated into the copolyester is always larger than that

fed in the bulk polymerization. This result might come

mainly from three reasons as follows. First, 3G has a

relatively high boiling point (214 8C) than that of 2G

(197 8C). Thus, 3G is less volatile than 2G, so that 2G

component is removed more easily than 3G in the

polycondensation, leading to a high content of 3G unit in

the resultant copolymer [13]. Second, oligomer of BHPT

was produced before the esterification with terephthalic acid

and 2G in this study. Third, the rate constants of

copolycondensation between BHPT and bis(2-hydro-

xyethyl) terephthalate (BHET) is in favor of BHPT in the

early reaction stage [28].

In Fig. 3A, PET polymer exhibits Tg at 78 8C while the

PTT polymer reveals Tg at 44 8C. The copolyesters have

intermediate Tg between those of the parent homopolye-

sters. That is, Tg in the copolyester is depressed with

increasing the content of 3G unit. Such Tg depression is

attributed to the chain flexibility enhanced by the

incorporation of 3G unit. Further, all of the copolymers

exhibit a single Tg rather than two Tg’s corresponded to

possible blocks of PET and PTT. In addition, all of these

copolyesters have B (randomness parameter) values of

about 1.0, which is obtained from the 13C NMR analysis
(see Table 3). These results have demonstrated that

comonomer placement in these copolymers is essentially

random.

4.2. Crystallizability

PET and PTT are semicrystalline polymers. The

incorporation of co-monomeric units into the polymer

backbone leads to an irregular chain structure and thereby

inhibits regular chain packing for crystallization. The

crystallization of PET/PTT copolyesters is strongly

influenced by the chain microstructure regarding co-

monomer distribution, randomness and length of the

crystallizable ET or PT sequences. The random distribution

of ET and PT units is discussed in the previous section, and

the average number sequence lengths of ET and PT units are

listed in Table 3. Generally, as the ratio of two components

of copolymer increases, the WAXD pattern is affected by

the predominant crystal unit, as shown in Fig. 4. Therefore,

the WAXD patterns of PT91/ET09 and PT71/ET29 are

influenced by the diffraction pattern of the PTT unit. Also,

in the WAXD patterns of PT27/ET73, PT22/ET78 and

PT09/ET91, the diffraction pattern of the PET unit is

dominant. In the copolyesters of PT91/ET09 and PT09/

ET91, Ln of the major component is w10 and Ln of the

minor one is 1.0 only. It can therefore be presumed that the

segments containing minor co-monomer moieties less than

10 mol% in the copolymer are not in the crystal unit cell of

the copolymer but in the amorphous phase between the

crystalline lamellae according to the exclusion crystal-

lization model of Flory [29–32].

As mentioned in Section 4.1, the content of 3G

incorporated into the copolyester is always larger than that

fed. There is no copolyester with composition of

27 mol%!3G!50 mol% in this study. By means of

isothermal [33–35] and non-isothermal [27] DSC exper-

iments, it was found that all of the random copolyesters used

in this study are crystallizable. TheWAXD patterns in Fig. 4

also prove that the PET/PTT copolyesters containing 71, 60

or 50 mol% of 3G are crystallizable. This result is different

from that reported by Smith et al. [9], Ponnusamy,

Balakrishnan [10,11], and Wu, Lin [14]. It might come

from the low molecular weight [10,11] and the pre-melting

conditions. If the pre-melting temperature is too high above

T0
m and/or the pre-melting time is too long, the nucleation

rate will decrease significantly. In addition, if the growth

rate is slow, too, the crystallization will not be detected.

Some of the measured non-isothermal DSC thermal analysis

curves are shown in Fig. 3 with a pre-melting condition of

285 8C, 3 min for all the polyesters. The homopolyesters

show relatively narrower exothermic peaks than those of

their copolyesters. The enthalpies of cold-crystallization,

fusion and melt-crystallization decreased as the content of

minor co-monomer increased. Therefore, the non-isother-

mal crystallization was not detected for PT50/ET50 and

PT27/ET73 copolyesters (see curves e and f in Fig. 3B). The
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same reason can explain the amorphous behavior of the

copolyester with 56.5 mol% 3G [14] because the pre-

melting condition of 40 8C above Tm and 20 min was too

high and too long for the copolyesters with close contents of

ET and PT.

The change of melting temperatures with the ET

compositions reveals a typical eutectic behavior (see

Fig. 3A). The minimum melting temperature is observed

at 165 8C for PT50/ET50, a random copolyester with

average sequence length of 2.0 for both ET and PT units.

If the exclusion crystallization model is applied to the PT50/

ET50 crystal, the maximum lamellar thickness (or the

length of crystallizable sequences) will be only 21.6 or

18.6 Å based on the c-axis value of PET [36] and PTT [20–

25]. The study on the crystallization process of the PT50/

ET50 sample by real-time in situ SAXS is currently

underway and will be reported in a separate manuscript.

From the DSC results of isothermal crystallization between

115 and 142 8C [34,35], the PT50/ET50 copolymer had heat

of fusion ranging from 30.2 to 36.7 J/g. These values are

about 25% absolute crystallinity based on the heat of fusion,

122 J/g and 146 J/g, for 100% crystalline PET [37] and PTT

[38], respectively. The reason for such copolyester being

able to co-crystallize could be due to the similar chemical

structure of 3G and 2G. Increasing the minor co-monomer

content, the crystallization rates of the copolymers decrease,

that is due to the lower rates of nucleation and crystal

growth [33–35].

4.3. Multiple melting behavior

DSC heating scans, after isothermal or non-isothermal

crystallization, showed multiple melting endotherms for

aromatic polyesters and copolyesters [13,16,33–35,39–51].

Traditional DSC measurements result from the summation

of endothermic and exothermic processes. They are often

confusing and sometimes misleading, thus no further

information can be used to explain the melting behavior,

especially when multiple transitions (e.g. crystallization,

melting) appear in the same temperature range. TMDSC

[52–63] provides not only a total heat flow (like traditional

DSC) but also the reversing and the non-reversing heat flow.

Therefore, TMDSC was used in this work to characterize

the melting and recrystallization behavior of the PET/PTT

copolyesters after non-isothermal crystallization. Before

proposing a model to explain the complex melting behavior

of the PET/PTT copolyesters, it must be pointed out that the

crystal form of PET/PTT did not change with the

temperature. Based on the WAXD patterns of Fig. 5 for

PT92/ET08, there is only one crystal structure formed in this

temperature range. The possibility of different crystal

structures is excluded for this copolyester. Therefore, the

multiple melting peaks may be due to the melting of two

populations of lamellar crystals and/or the melting-

recrystallization-remelting processes.

Comparing the peak temperature of non-isothermal
crystallization (see Tp in Table 4) to the temperature at the

lowest temperature peak in the reversing curve (see Fig. 7),

it can be observed that in all cases the data from the melting

is at least 20 8C higher than those from the crystallization. It

can also be observed that the recrystallization starts

immediately after melting of the crystals at lower

temperature by comparing the starting temperature of the

melting endotherm observed in the reversing curves with the

starting temperature of the exothermic signal observed in

the nonreversible curves (see Fig. 8), except one more

crystallization peak is detected in curve d. In the case of

PT62/ET38, the original crystallinity (DHcZ13.0 J/g, see

Table 4) resulting from the non-isothermal crystallization is

low. Cold crystallization can be detected in both of the total

and non-reversing heat flows (see curve d of Figs. 6 and 8)

because the time is not long enough to complete the non-

isothermal crystallization of the PT62/ET38 sample at a

cooling rate of 5 8C/min. In addition, the peak temperature

of major melting endotherms appears at 10–15 8C above the

peak temperature of the exothermic peak. For the PET/PTT

copolyesters crystallized non-isothermally from the melt at

a constant cooling rate of 5 8C/min, all the facts mentioned

above confirmed that the multiple melting behavior

originates in the melting and recrystallization of the

crystallites of the low melting endotherm with low thermal

stability. The higher melting endotherms correspond to the

melting of the crystallites with high thermal stability formed

through the recrystallization of the melt of the crystallites of

the low melting endotherms. Recrystallization can more

rapidly produce crystalline material than ordinary iso-

thermal crystallization at the same temperature because the

kinetics is enhanced by the presence of unmolten nuclei. For

the PT27/ET73 and PT22/ET78 copolyesters, the non-

reversing curves showed that the exothermic signal was

small and broad suggesting that during the TMDSC heating

scan very little recrystallization was observed. These results

indicated that the nucleation rate and growth rate were

reduced significantly by incorporating the PT unit into the

PET chain. Therefore, part of the double melting peaks in

curves f and g of Fig. 6 is due to the melting of two

populations of lamellar crystals. The experimental results

suggest that the melting behavior of PET/PTT copolyesters

in this study is most convincingly explained on the basis of

the melting-recrystallization-remelting model.

In the reversing curve, there are three distinct peaks of

melting in the case of PT91/ET09. Three broad and

overlapping peaks are also observed in the reversing

melting curves of PT71/ET29 and PT62/ET38, as shown

in Fig. 7. It is noted that one additional minor endotherm

located in the high temperature side. One additional

endotherm was also reported by Wu and Lin [14] for PTT

and PET/PTT copolyester containing 91.4 mol% PT using

conventional DSC. This phenomenon was observed only

when these two polyesters were crystallized at lower Tc’s

and it was explained as the fusion of recrystallized

crystallites with different stabilities. In this study, two
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peaks in the high temperature side are also due to remelting

of the recrystallized crystals formed during the heating scan

(see Fig. 8), whereas the highest one is attributed to the

melting of the crystals that are formed in relatively high

temperature or in regime I [27]. The transition temperatures

of regime II/III and I/II are listed in the last two

columns of Table 4 as a reference [16,27,33,64]. The

manuscripts of regime study are currently in preparation and

will be submitted soon.
5. Conclusion

A series of PET/PTT copolyesters were synthesized in a

random sequence, which was supported from the evidence

of a single Tg and a randomness value of w1.0. The results

of WAXD patterns and non-isothermal DSC thermograms

from the amorphous glass state provide a direct evidence to

support the crystallization behavior of all these copolyesters

synthesized in this study. The WAXD pattern is either PTT

triclinic or PET triclinic depending on the predominant

monomer unit. The PT50/ET50 copolyester is still crystal-

lizable even though the average sequence length is only 2.0

for both ET and PT units, and its WAXD pattern is quite

different from those of PET and PTT homopolyesters. Based

on the results of WAXD and TMDSC, the existence of two

melting mechanisms, i.e. the recrystallization process and

dual morphologies, becomes evident. It is suggested that the

melting behavior of PET/PTT copolyesters in this study is

most convincingly explained on the basis of the melting-

recrystallization-remelting model.
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