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ABSTRACT: Poly(ethylene terephthalate) copolyesters
(abbreviated as MCDP) containing 2-methyl-1,3-propane-
diol (MPD) and sodium-5-sulfo-bis-(hydroxyethyl)-iso-
phthalate (SIP) units were synthesized through a direct
polycondensation reaction. Chemical compositions of the
copolyesters were determined by 1H- and 13C- NMR
spectroscopy, respectively. Thermal properties and iso-
thermal crystallization behavior were characterized using
DSC analysis. Results exhibited that the crystallization
rate of MCDP copolyesters was depressed with increas-
ing MPD content. The equilibrium melting temperature
of MCDP copolyesters showed a marked decrease when

the composition of MPD increased, indicating the incor-
poration of MPD units lead to less perfect crystals. The
crystal structure was investigated via using WAXD pat-
terns. It was confirmed that MPD and SIP can not enter
into the crystal region. The crystal morphology observed
by using POM clearly showed that the presence of MPD
units depressed the crystallization ability of MCDP copo-
lyesters. VC 2010 Wiley Periodicals, Inc. J Appl Polym Sci 117:
2454–2463, 2010
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INTRODUCTION

Poly(ethylene terephthalate) (PET) has many out-
standing properties for textile and industrial fiber
applications, but it is difficult to dye because of its
high crystallinity, marked hydrophobicity, and lack
of chemically active groups.1–5 It is well known that
copolymerization of polyesters with ionic groups
constitutes a very effective method to improve both
chemical and physical properties of the polymer.6,7

Development of cationic dyeable polyester (CDP)
fibers has shown a success in solving a problem of
dullness of shades in regular PET fibers, because
CDP fibers contain 1–3 mol % sulfonated units
(–SO�

3 Naþ), which can get bright and lively colors by
dyeing with cationic dyes. Thus CDP are known as
the most successful modified PET for improving dye-
ability of PET fibers, but it also exhibits limitations
such as higher melt viscosity, poorer spinnablity, and
lower strength. These disadvantages are generally
attributed to the formation of ionic aggregates within
the organic matrix which act as thermo-reversible
cross-links8,9 and effectively retard the translational

mobility of the chains. More importantly, the dyeing
conditions for CDP fibers still require high tempera-
ture as well as high pressure because of the high crys-
tallinity. To overcome the shortcoming and further
develop the textiles properties of CDP, we added 2-
methyl-1,3-propanediol (MPD) into the esterification
process of CDP, and finally synthesized a novel cati-
onic dyeable copolyester (MCDP). In a related study,
Lewis and Spruiell10 found that MPD can reduce
crystallization rate of modified PET effectively. Suh
et al.11 revealed that the modified PET containing
MPD has good spinnability and possesses high com-
mercial values. However, no prior studies of adding
MPD into CDP were found.
In this work, we found that the dyeability of

MCDP fibers was much better than that of CDP
fibers with same SIP content, and MCDP fibers can
even be possibly dyed to deep color under normal
temperature and pressure conditions. All these prop-
erty changes might be related to the incorporation of
MPD units into polymer backbone, which leads to
an irregular chain structure and thereby influences
regular chain packing for crystallization. Therefore,
this article will discuss the effect of the addition of
MPD on the crystallization behavior of MCDP copo-
lyester. Relevant to these aspects, the melting behav-
ior and the crystal structure of MCDP copolyester
have also been investigated.
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EXPERIMENTAL

Materials

MCDP copolyester was synthesized by using puri-
fied terephthalate acid (PTA; Yizheng Chemical
Fibers, China), ethylene glycol (EG; Yangzi Petro-
chemical, China), 2-methyl-1,3-propanediol (MPD;
Lyondell Chemical, USA) and sodium-5-sulfo-bis-
(hydroxyethyl)-isophthalate (SIP; Yangzhou Huitong,
China).

PET homopolymer was purchased from Yizheng
Chemical Fibers, China. The intrinsic viscosity is
0.675 dL/g.

Synthesis of copolyesters

MCDP copolyester was prepared according to direct
polycondensation method commonly used for poly-
ester synthesis. The esterification of PTA, EG, and
MPD (feed molar ratio: diacids/diols ¼ 1/1.4) was
run at 180 � 240�C for 1.5 � 2 h in the presence of
antimony triacetate as catalyst, water being removed
by distillation at atmospheric pressure. Then the SIP
(feed molar ratio: SIP/PTA ¼ 3/97) was added to
esterification product before the subsequent conden-
sation reaction, which was carried out at 260 �
275�C for 1 � 1.5 h under a vacuum of less than 1
torr. Finally, MCDP copolyester was obtained.

The four copolyesters with various MPD/EG feed
molar ratios (0/100, 2/98, 6/94, 10/90) were pre-
pared, designated as CDP, MCDP2, MCDP6, and
MCDP10, respectively. The intrinsic viscosities of
these copolyesters ranged between 0.486–0.52 dL/g
(Table I), which were measured at 25�C using phe-
nol/tetrachloroethane (3 : 2, w/w) as a mixing
solvent.

Measurement and characterization

1H NMR and 13C NMR spectra were recorded using
a Bruker Avance400 NMR spectrometer. MCDP
copolyesters were dissolved in a mixture of deuter-
ated chloroform/deuterated trifluoroacetic acid (3 : 1,

v/v), and tetramethylsilane was used as an internal
standard.
Thermal analysis was performed under nitrogen

using a TA 2910 Modulated DSC. The samples were
melted for 5 min at melt-annealing temperature
about 30�C above the corresponding melting temper-
ature, and then quenched into liquid nitrogen as
quickly as possible. The heating scan was started
from 40�C at a heating rate of 20�C min�1 to the cor-
responding melt-annealing temperature, and then
kept for a period of 5 min. After that, the cooling
run was carried out at a cooling rate of 20�C min�1.
Isothermal crystallization and subsequent melting

behavior were analyzed via using a Perkin Elmer
Diamond DSC. Each sample was used only once
and all the runs were carried out under nitrogen
atmosphere to prevent thermal degradation. The
sample with weight of 5–6 mg was started from
40�C at a heating rate of 50�C min�1 to a desired
melt-annealing temperature and then kept for 5 min.
After this period, each sample was rapidly cooled
from melt-annealing temperature to a selected crys-
tallization temperature, where it was held for the
completion of the crystallization process, which was
confirmed by reaching a point where no obvious
change in the heat flow as a function of time was
further observed. Finally, the sample was heated to
300�C at a rate of 20�C min�1 for studying the melt-
ing behaviors.
Wide angle X-ray diffraction (WAXD) was

employed to determine the crystal structure changes
and apparent crystallinity of MCDP copolyesters.
The samples were firstly crystallized completely
under vacuum at 120�C for 24 h, and then these
samples in powder form were measured at room
temperature on a X-ray diffractometer (D/MAX-rB,
Rigaku), using Ni-filtered Cu Ka radiation as a radi-
ation source.
Optical micrographs were obtained with polariz-

ing optical microscopy (POM, BX51 Olympus). A
thin sample piece was sandwiched between two
glass coverslips and placed on the digital hotplate
under nitrogen. The hotplate was rapidly heated to
300�C and kept for 5 min, the melt was gently

TABLE I
Sample Code, Feed Ratio, Composition Calculated from NMR and Intrinsic Viscosity of MCDP Copolyesters

Sample

Feed ratioa
Relative amounts from

1H NMR
Relative amounts from

13C NMR
Intrinsic
viscosity
(dL/g)

DEG
content
(mol %)EG/MPD PTA/SIP EG/MPD PTA/SIP EG/MPD PTA/SIP

CDP 100/0 97/3 100/0 97.08/2.92 100/0 97.15/2.85 0.512 3.76
MCDP 2 98/2 97/3 96.86/3.14 97.00/3.00 96.91/3.09 97.09/2.91 0.512 3.55
MCDP 6 94/6 97/3 92.73/7.27 97.16/2.84 93.12/6.88 97.08/2.92 0.520 3.92
MCDP 10 90/10 97/3 87.64/12.36 97.08/2.92 87.95/12.05 97.21/2.79 0.486 3.88

a Molar ratio of EG and MPD monomers fed in polymerization.
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pressed to achieve a uniform thickness, then rapidly
cooled to a desired crystallization temperature,
where it was 75�C below the equilibrium melting
temperature, and kept for 5 min. The images were
recorded by the CCD camera.

RESULTS AND DISCUSSION

Composition of MCDP copolyesters

The chemical structure of the copolyester was ascer-
tained by NMR spectroscopy. 1H-NMR and 13C-
NMR spectra revealed clear differences in the chemi-
cal shifts of signals that arose from PTA, EG, SIP,
and MPD units. The typical 1H-NMR and 13C-NMR
spectra of MCDP10 are shown in Figure 1, together
with the chemical shift assignments. Similar spectra
were obtained for other MCDP copolyesters. In all
cases, the spectra were found consistent with the

expected structures. The inset figure of 1H-NMR
spectrum in Figure 1(a) shows that the H5 proton
has two signals due to the different sequence of PTA
and SIP units centered at MPD units. Similar behav-
ior also can be observed from the H4 proton, indicat-
ing the different sequence of PTA and SIP units
linked to EG units. The compositions of the pre-
pared copolyesters were determined from the rela-
tive integration areas of different resonances peaks
in 1H-NMR and 13C-NMR spectra,12 respectively,
using the following equations:

EG

MPD
¼ H4

4H6
or

EG

MPD
¼ C10

2C11
(1)

PTA

SIP
¼ H3

2H2
or

PTA

SIP
¼ C1

C2
(2)

The calculated values of EG/MPD and PTA/SIP of
all copolyesters are given in Table I. The results calcu-
lated from 1H-NMR are in good agreement with
those calculated by 13C-NMR. However, based on
NMR results the prepared copolyesters are slighter
rich in MPD units when compared with the given
feed composition ratios. This result could be ascribed
to the higher boiling temperature of MPD, resulting
in more MPD staying in the system during the poly-
condensation process, which finally increased the
MPD content in MCDP copolyesters.13,14

It is well known that in the polymerization of
PET, under certain conditions, the EG can undergo a
hydration reaction to produce diethylene glycol
(DEG), which may polymerize with the terephtalate
moiety. From the inset figure of 1H-NMR spectrum,
it can be found that a small amount of DEG existed
in the molecular chain (marked as asterisk in 1H-
NMR).15 The amount of this component was ana-
lyzed and reported in Table I. The DEG contents in
different samples were very similar; around 3.55–
3.92 mol %, as the DEG formation was strongly
dependent on the adopted polymerization proce-
dure.15 Thus, the effect of the small amount DEG on
the properties of MCDP copolyesters should be
equal. Moreover, Jackson and Longman16 has proven
that at a level of DEG content of 2–5 mol % and
crystallization temperatures of 140–220�C, there
should be no significant effect of DEG on crystalliza-
tion ability of polyester. Therefore, the DEG content
will not be considered as an important factor for the
following discussion.

Thermal properties of MCDP copolyesters

The thermal behavior of a polymer is affected by its
previous thermal history and, therefore, each sample
was kept under a melt-annealing temperature of

Figure 1 1H-NMR (a) and 13C-NMR (b) spectra of
MCDP10. The asterisk in 1H-NMR denotes DEG content.
TFA in 13C-NMR represents deuterated trifluoroacteic
acid.
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30�C above the corresponding melting temperature
for 5 min, and then quenched into the liquid nitro-
gen as quickly as possible, to completely prevent
crystallization and obtain polymers in completely
amorphous status. Then the so-treated samples were
heated from 40�C at a rate of 20�C min�1 to the cor-
responding melt-annealing temperature (heating
run), and kept there for a melt-annealing period of 5
min. After this period, each sample was cooled from
the melt-annealing temperature to 40�C at a cooling
rate of 20�C min�1 (cooling run). All the results are
summarized in Table II.

As expected, the Tg of CDP and MCDP copolyest-
ers gradually moved to a lower temperature when
the amount of MPD units increased, indicating the
addition of MPD units enhanced the chain irregular-
ity and increased the free volume, and therefore less
energy was required for molecular motion and rear-
rangement. In addition, all of MCDP copolyesters
exhibited a single Tg value rather than two or more
Tg values, implying that co-units placement in these
copolyesters was essentially random.

Generally, the effect of co-units on the crystalliza-
tion behavior can be characterized by a cold-crystal-
lization temperature (Tcc) and melt-crystallization
(Tmc) of MCDP copolyesters, with higher Tcc or
lower Tmc corresponding to lower crystallization
rate. As shown in Table II, it is evident that CDP
had the highest Tcc and the lowest Tmc compared
with those of MCDP copolyesters. The increasing
amount of MPD units lead to an increase of Tcc and
a reduction of Tmc, suggesting that the crystallization
ability of MCDP copolyesters was strongly affected
by the quantity of the MPD units, which probably
played a negative role in the crystallization process.

Traditional DSC measurements provide a summa-
tion of endothermic and exothermic process, which
are often confusing and sometimes misleading. Thus
modulated dsc (MDSC) was used to characterize the
crystallization behavior in this study. The total heat
flow obtained from MDSC is composed of reserving
heat flow and nonreserving heat flow. For all the
samples, the crystallization and melting enthalpy
values measured from the reserving and nonreserv-
ing heat flow were very comparable, confirming that
the starting state of samples was amorphous. The
melting peak could be detected in both of the total

and reversing heat flows (Fig. 2(a,b)). It was
observed that the increasing of MPD amount lead to
a reduction of the melting temperature (Tm) and a
widening of the melting peak, indicating that the
incorporation of MPD resulted less perfect crystals.
In the nonreserving heat flow [Fig. 2(c)], it shows
two exothermic peaks. One exothermic peak at low
temperature was attributed to the cold-crystallization
process which also can be observed in total heat
flow. The other crystallization peak at high tempera-
ture was attributed to the recrystallization process.
With increasing the MPD amounts, the nonreserving
curves showed that both of the two exothermic
peaks became weaker and weaker, suggesting that
the crystallization ability of MCDP copolyesters
were depressed by introducing MPD units into the
molecular chain.

Isothermal crystallization

The crystallization process was studied by DSC in
isothermal conditions, and the neat PET was also
included for comparison. Figure 3 illustrates the rel-
ative crystallinity h(t) versus time t plots for the
MCDP6 polymer at various crystallization tempera-
tures. Evidently, within the temperature range stud-
ied, the time for reaching the completed crystalliza-
tion increased with the increasing of crystallization
temperature. Similar behavior was observed for
other samples. From these curves, the half-time of
crystallization (t0.5) can be directly determined,
which is defined as the elapsed time from the onset
of crystallization to the point where the half-com-
pleted crystallization is reached. Figure 4 shows the
plot of the reciprocal crystallization time (1/t0.5) ver-
sus the undercooling (DT ¼ T0

m � Tc), to evaluate the
crystallization rate of different polymers in compara-
ble crystallization conditions.17,18 For all samples, the
plots indicate that the 1/t0.5 increased with increas-
ing DT. This may be explained based on the fact that
the number of athermal nuclei became stable at a
lower crystallization temperature.19 Comparing the
1/t0.5 of PET to that of CDP at a given undercooling
DT, it is evident that the crystallization rate of CDP
was lower due to the presence of SIP units. Concern-
ing CDP and MCDP copolyesters, it can be observed
that the crystallization rate of MCDP copolyesters at

TABLE II
Thermal Properties of MCDP Copolyesters

Sample

DSC heating scan DSC cooling scan

Tg (
�C) Tcc (

�C) DHcc (J/g) Tm (�C) DHm (J/g) Tmc (
�C) DHmc (J/g)

CDP 79.5 175.2 27.4 241.3 28.7 188.8 30.7
MCDP2 78.6 180.2 18.3 235.6 19.1 175.8 21.6
MCDP6 76.3 186.3 1.9 225.5 2.2 165.2 8.0
MCDP10 74.5 187.7 1.1 212.2 1.2 150.9 2.7
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a given undercooling DT were further decreased
with increasing MPD concentration, suggesting that
MPD units played a negative effect on the regular
chain packing.

In this study, Avrami equation20–22 was used to
analyze the isothermal crystallization process of
these copolyesters:

1� hðtÞ ¼ expð�ktnÞ (3)

ln½� lnð1� hðtÞÞ� ¼ n ln tþ ln k (4)

where n is the Avrami exponent and k is Avrami
rate constant. According to the equation a plot of
ln[�ln(1 � h(t))] as a function of lnt should yield a
straight line with slope equal to n, and y-intercept
equal to ln k. Figure 5 shows the plots of ln[�ln(1 �
h(t))] versus ln t according to eq. (4) for the isother-
mal crystallization of MCDP6. Other samples have
the similar quality plots with MCDP6. It is usual to
distinguish the crystallization behavior at the linear
stage, i.e., before the kinetic curve deviates markedly
from the theoretical isotherms as well as the primary
crystallization and the secondary crystallization

Figure 2 DSC curves (heating scan) of MCDP copolyest-
ers after quenching in liquid nitrogen. (a) Total heat flow;
(b) Reversing heat flow; (c) Nonreversing heat flow.

Figure 3 Relative crystallinity versus crystallization time
for MCDP6 copolyester.

Figure 4 Reciprocal half-time of crystallization 1/t0.5 as a
function of degree of undercooling.
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occur at the nonlinear stage. The primary crystalliza-
tion consists of outward growth of lamellar stacks
until impingement and the secondary crystallization,
which may overlap the primary crystallization and
fill the spherulites of interstices.23,24 In this work, we
focused only on the primary crystallization. The
results of the isothermal Avrami analysis are sum-
marized in Table III. The n values found in the case
of neat PET were in the vicinity of 2.4 6 0.1. This
probably corresponded to a three-dimensional
growth with a combination of thermal and athermal
nucleation (resulting in the fractional values of n
observed). These values are in good agreement with
corresponding literature data, reported by Lu and
Hay.25 On the other hand, it was observed that the n
values of CDP and MCDP copolyesters were very
similar; about 2.8–3.1, indicating that the growth
type also should be a three-dimensional growth.
Indeed, all the samples exhibited a spherulites-like
crystal based on the observation of the crystal mor-
phology, seen in Figure 10. Furthermore, the n val-
ues of CDP and MCDP copolyesters are different
from that of neat PET, suggesting that the addition
of SIP and MPD units into PET structure induced a
change in crystallization mechanism. In addition, it
could be presumed that MPD and SIP units play a
very similar role in affecting the chain packing for
crystallization because of their irregular molecular
chain structures.

From the kinetic data shown in Table III, k is
very sensitive to changes in the crystallization tem-
perature, deceasing with increasing crystallization
temperature, similar to the case of t0.5 previously
shown. Indeed, The Avrami rate constant k also
can be determined from the t0.5, according to the
equation:

k0:5 ¼ ln 2

tn0:5
(5)

The calculated rate constant values k0.5 are listed
for comparison in Table III. Obviously, the values
determined from the fitting of the experimental data
k were consistent with that determined from the cal-
culated k0.5.

Melting behavior and equilibrium melting
temperature

Every sample was processed to successive DSC
melting endotherms after complete isothermal

TABLE III
Isothermal Crystallization Kinetics Parameters

Sample Tc (
�C) n k (min�1) k0.5 (min�1)

PET 206 2.3 2.36 2.43
210 2.5 0.548 0.564
214 2.5 0.156 0.166
218 2.4 0.0706 0.0747

CDP 198 2.8 0.339 0.319
202 2.8 0.0891 0.0902
206 2.9 0.0435 0.0415
210 3.0 0.0162 0.0149

MCDP2 182 2.9 1.28 1.25
186 2.9 0.461 0.49
190 2.8 0.185 0.178
194 3.0 0.0239 0.0656

MCDP6 178 2.8 0.329 0.331
182 3.1 0.0985 0.103
186 3.0 0.0344 0.0495
190 3.0 0.019 0.019

MCDP10 176 2.9 0.062 0.0635
180 3.1 0.0232 0.0227
184 3.0 0.00889 0.00885
188 3.1 0.00421 0.00386

Figure 5 Avrami plots for MCDP6 copolyester at differ-
ent crystallization temperature.

Figure 6 Melting behaviors of MCDP6 after isothermal
crystallization.
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crystallization from the melt state at various crystal-
lization temperatures. It was found that all the copo-
lyesters exhibited the triple-peak melting endo-
therms. Figure 6 shows the DSC melt endotherms of
MCDP6. The peaks are labeled as I, II, and III for
low-, middle-, high-temperature melting endo-
therms, respectively. Many investigators attributed
the peak I to the melting subsidiary lamellae (from
the secondary crystallization), the peak II to the
melting of the dominant lamellae, and the peak III
to the recrystallization.26,27

The corresponding temperature values of the tri-
ple melting peaks are listed in Table IV. Based on
the results, it can be seen that the peak I and peak II
both shifted to the higher temperature as the isother-
mal crystallization temperature increased. However,
the peak III did not shift significantly with the
increasing crystallization temperature. This behavior
demonstrates that more perfect crystals formed as
the crystallization temperature increased. Assuming
the melting enthalpy of peak II is only attributed to
the crystals formed during the isothermal crystalliza-
tion process, then the equilibrium melting tempera-
ture (T0

m) can be estimated by the Hoffman-Weeks
theory28 by using corresponding temperature value
of the peak II. As seen in Figure 7, all the Hoffman-
Weeks plots of different copolyesters illustrate good
linearity. The T0

m of neat PET was 280.5�C, which is
consistent with 280�C reported in the literature for
neat PET.29 In terms of MCDP copolyesters, the T0

m

gradually decreased with increasing MPD content.
This result indicates that the incorporation of MPD
units inhibited the crystallization ability of MCDP
copolyesters, leading to formation of less perfect
crystals.

The equilibrium melting temperature was also
examined via using Flory’s30 and Baur’s equation,31

which is derived assuming that if one co-unit crys-
tallizes, the other co-units are completely excluded
from the crystals. The curves drawn in Figure 8
were calculated according to Flory’s [eq. (1)] and
Baur’s [eq. (2)] equations:

1

Tm
¼ 1

T0
m

� R

DH0
m

lnx (6)

1

Tm
¼ 1

T0
m

� R

DH0
m

ðlnx� n�1Þ (7)

where Tm and T0
m are the equilibrium melting

temperatures of the copolyesters and pure

TABLE IV
Melting Temperature after Isothermal Crystallization

Sample Tc (
�C) Tm I (�C) Tm II (�C) Tm III (�C) T0

m (�C)

PET 206 220.0 245.8 262.3 280.5
210 223.5 247.7 262.3
214 227.6 249.7 262.4
218 232.3 251.5 262.8

CDP 198 206.3 230.3 246.0 271.9
202 210.8 232.6 246.7
206 215.2 234.9 246.9
210 218.5 237.0 247.0

MCDP2 182 188.9 217.7 235.1 262.4
186 194.1 220.2 236.0
190 197.3 222.2 236.1
194 201.1 224.5 236.2

MCDP6 178 185.5 213.5 229.8 255.3
182 188.3 215.4 230.1
186 191.2 217.7 230.8
190 193.3 219.9 230.9

MCDP10 176 184.7 208.9 221.5 248.1
180 186.9 211.1 221.3
184 190.1 213.1 221.2
188 192.3 215.5 222.6

Figure 7 Hoffman-Weeks plots for samples after isother-
mal crystallization.
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homopolymer (PET, T0
m ¼ 280�C32), respectively; x is

the molar content of the crystallizable monomer, and
DH0

m is the melting enthalpy per mole of repeating
unit of the crystallizable polymer (PET, DH0

m ¼ 26.9
kJ/mol32), and R is the gas constant. In eq. (7), n ¼
1/[2x(1 � x)] represents the average length of crys-
tallizing sequence.

Figure 8 shows that the Baur’s equation provided
a much better fit to the experimental results than the
Flory’s equation. It can be supposed that both MPD
and SIP units are rejected from the crystal region. In
addition, on the basis of the assumptions of the
Baur’s equation, it is also revealed that the average
length of the crystallizing sequences decreased along
the series with MPD content in this study. Thus, the
equilibrium melting temperature was decreased as
MPD content was increased.

Crystal structure of MCDP copolyesters

To further investigate the crystal structure of differ-
ent MCDP copolyesters, the WAXD analysis was
used, and the WAXD patterns are shown in Figure
9. Compared with WAXD patterns of PET, it is
found that there was no significant positional change
of the diffraction peaks among PET, CDP, and
MCDP copolyesters. The diffraction peaks of triclinic
PET at 2h of 17.1, 22.5, 25.9, and 28.1�, corresponding
to overlapping (011, 010), overlapping (111, 110),
(100) and (111) reflection planes respectively,33,34

suggesting that the only one crystal structure of
these MCDP copolyesters was triclinic system in the
same manner as of PET. In other words, it is also
evident that only the PET segments in MCDP copo-
lyester were able to crystallize. The results appear to
further support the claim that MPD and SIP units
were excluded from the crystal region.

Figure 10 shows the crystalline morphologies of
various samples. To compare the crystallization rate,
the samples were crystallized at the same undercool-
ing (DT ¼ 75�C). Generally, it can be observed that
all the samples could grow spherulites from melt.
Furthermore, the neat PET showed largest size of
spherulites, suggesting the crystallization rate of
PET was highest due to its regular molecular struc-
ture. For CDP and MCDP copolyesters, it can be
noticed that the size of spherulites gradually
decreased as MPD content increased, indicating the
crystallization rate were reduced because MPD acts
as obstacles to inhibit the regular packing of poly-
mer chains.

CONCLUSIONS

A series of novel MPD substituted sulfonated PET
copolyesters in different chemical compositions were
synthesized. The MPD contents in final copolyesters
were slightly higher when compared with the given
feed composition ratios due to the differences in the
glycols vapor pressures. The thermal property study
and isothermal crystallization analysis revealed that
the incorporation of MPD units led to an irregular

Figure 9 WAXD diffractograms for MCDP copolyesters
after isothermal crystallization at 120�C for 24 h.

Figure 8 Composition dependence of equilibrium melt-
ing temperature (T0

m) for MCDP copolyesters. Dashed lines
and solid lines represent the Flory’s equation and Baur’s
equation, respectively.
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chain structure and thereby inhibited regular chain
packing for crystallization. Moreover, based on the
isothermal crystallization kinetics it might be
induced that MPD units played a very negative
effect on the crystallization. After isothermal crystal-
lization, multiple melting endotherms were obtained
for all samples. The equilibrium melting temperature
appeared to be well correlated to the composition by
the Baur’s equation, indicating an exclusion crystalli-
zation behavior. Only PET segments were able to
enter into the crystal lattice. WAXD patterns also
confirmed that MCDP copolyesters had the same
crystal structure to the neat PET. The crystal mor-
phology demonstrated that the crystallization rate
was depressed with increasing MPD content.
According to the results of this study, it is concluded
that the incorporation of MPD can be used to mod-
ify the crystallization properties of CDP copolyester,
and thus it would be necessary to further study the

structure and crystallization effects on the fiber
properties of MCDP in the future.
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