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ABSTRACT: A series of novel poly(trimethylene tereph-
thalate-co-1,4-cyclohexylene dimethylene terephthalate)
(PTCT) with various compositions were synthesized by
melt polycondensation of 1,3-propanediol, 1,4-cyclohexane-
dimethanol and dimethyl terephthalate The resulting
copolyesters were characterized using '>C and 'H nuclear
magnetic resonance. The average length of both trimethy-
lene terephthalate (TT) and cyclohexylene dimethylene ter-
ephthalate (CT) sequences varies from 1 to 10, and the
chain structure is statistically random. The crystallization
was investigated using wide angle X-ray diffractometer
(WAXD) and differential scanning calorimeter. The WAXD
patterns can be divided in two groups according to the

composition: copolyesters with less than 35 mol % CT con-
tent exhibit PTT-type lattice, and those with CT unit con-
tent higher than 42 mol % crystallize with the PCT-type
lattice. The crystallizability of CT sequence is higher than
that of TT sequence. Thermodynamic analysis shows that
the comonomer is excluded from the PTT-type or PCT-
type crystal of the copolyesters. The thermal decomposi-
tion temperature of copolyesters increases with increasing
CT content, and their thermal stability is improved as
compared to that of PTT. © 2008 Wiley Periodicals, Inc. ] Appl
Polym Sci 111: 2751-2760, 2009

Key words: polyester; thermal properties; crystallization

INTRODUCTION

Among the linear aromatic polyesters, poly(tri-
methylene terephthalate) (PTT) has attracted much
attention because of its outstanding properties, such
as elastic recovery and inherent stain resistance.'™
PTT is a typical semicrystalline polymer, with higher
crystallization rate and lower glass transition tem-
perature (Ty) than poly(ethylene terephthalate).
However, the high chain mobility in amorphous
regions of PTT results in decrease in stiffness.
Copolymerization with third constitutional como-
nomers is an approach frequently used to obtain
novel linear thermoplastic polyesters with modified
properties. It was reported that cyclic aliphatic diols
such as 1,4-cyclohexane dimethanol (CHDM) can
impart rigidity to polyester chains.* Improved ther-
mal stability and mechanical performance of many
copolyesters®” with cyclohexylene ring in the back-
bone have also been attributed to the rigidity of the
ring and its influence on chain mobility. Poly(1,4-
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cyclohexylene dimethylene terephthalate) (PCT)
derived from CHDM and dimethylene terephthalate
(DMT), for example, presents low T, (60-90°C) and
high melting temperature (T, = 278-318°C), which
depend on the trans diol content.®

The ever-growing applications of copolyesters of
the poly(methylene terephthalate) series have given
a strong impulse to studies on the chemical structure
and physical properties of these materials. In fact,
the crystallinity and crystallization rate are mainly
dependent on the chemical structure, including
chemical composition, sequence distribution, etc.
Okui and coworkers.”'® found that the crystalliza-
tion behavior of random copolymers of ethylene ter-
ephthalate with 1,4-cyclohexylene dimethylene
terephthalate (PETCT) is largely influenced by the
copolymer sequence distribution. T,, depression and
cocrystallization have also been observed. It is well
known that the crystallizability of copolyesters
decreases as the content of minor component
increases. Copolymers often become totally amor-
phous with intermediate compositions.

Cocrystallization can be termed as isodimorphic
and isomorphic crystallization according to the crys-
tallization mechanism. In the case of isodimorphism,
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the copolymer crystallizes into the crystal structure
of one component and changes over to the crystal
structure of the other component at an intermediate
composition. A melting temperature minimum
(eutectic T,,) can be observed. Isodimorphism has
been reported for most crystallizable copolyesters,
such as PETCT, poly(ethylene terephthalate-co-tri-
methylene terephthalate),'’'* poly(butylene tereph-
thalate-co-cyclohexylene dimethylene terephthalate),’
poly(butylene-co-1,3-cyclopentylene dimethylene ter-
ephthalate),® poly(propylene terephthalate/2,6-naph-
thalate),"”  poly(hexa-methylene  terephthalate-co-
hexamethylene 2,6-naphthalate) (P(HT-co-HN)),* pol-
y(trimethylene /butylene terephthalate),"® etc. How-
ever, copolyesters derived from DMT, CHDM, and
1,3-propanediol (PDO) have not been studied so far.

Considering the similar chemical structures of the
crystallizable PTT and PCT homopolymers, it can be
expected that poly(trimethylene terephthalate-co-1,4-
cyclohexylene dimethylene terephthalate) (PTCT) ex-
hibit cocrystallization. In this work, a series of novel
copolyesters were prepared by copolymerizing DMT
and diols with varying feed ratios of 1,3-propanediol
(PDO) and CHDM, respectively. The chemical com-
position, sequence distribution, crystallization, and
thermal properties of these copolyesters were stud-
ied by means of NMR, WAXD, DSC, and TGA.

EXPERIMENTAL
Materials

PDO, CHDM with trans/cis isomer ratio of 70/30,
and DMT were obtained from Degussa (Dusseldorf,
Germany), Eastman Chemical (Kingsport, TN), and
from Yizheng Chemical Fibers (Yizheng, China),
respectively. Zinc acetate, potassium titanic oxalate,
and antimony oxide (Sb,O3) of analytical grade were
used as catalyst of polycondensation. Phenol and
1,1,2,2-tetrachloroethane of analytical grade were
used without purification for intrinsic viscosity
measurements.

Synthesis of PTCT copolyesters

PTCT copolyesters were prepared according to the
two-step procedure commonly used for polyester
synthesis. Predetermined amounts of DMT, CHDM,
PDO, and zinc acetate were introduced into a poly-
merization autoclave equipped with heating, vac-
uum, and stirring facilities. In the first stage, the
reaction mixture was rapidly heated to 170°C under
nitrogen atmosphere, then the temperature was
slowly increased to 230°C for 2 h, methanol being
collected in a condenser. In the second stage, the
reaction temperature was raised to 300°C and main-
tained at 300°C for 1.5 h. Appearance of serious
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Weissenberg effect was observed after addition of
potassium titanic oxalate and Sb,O; used as catalyst
of polycondensation. The pressure of the reaction
system was then gradually reduced up to below 100 Pa.
Finally, the system was returned to atmospheric
pressure using nitrogen to prevent oxidation-
induced degradation, and the product was recovered
for characterization.

Structural analysis

The intrinsic viscosity was measured at 30°C in a
mixed solvent of phenol/1,1,2,2-tetrachloroethane
(5/5, w/w) using an Ubbelhode viscometer. The
original concentration of polymer solutions was
0.5 g/dL.

'H and "®C NMR spectroscopy was realized on a
Bruker AV400 NMR spectrometer at ambient tem-
perature, using deuteron trifluoroacetic acid (d-TFA,
CF;COOD) as solvent. 'H NMR spectra were
obtained with a FID resolution of 0.183 Hz/point,
corresponding to a sweep width of 12 kHz. The
pulse delay was 2 s. >)C NMR spectra were regis-
tered by using 3 s pulse delay, with a FID resolution
of 0.40 Hz/point and a sweep width of 26 kHz for
quantitative "*C NMR measurements because of the
difference of spin-lattice relaxation time among vari-
ous carbons.

X-ray diffractograms were obtained on a D/Max-
2550 PC X-ray diffractometer with Ni-filtered Cu/Ka
radiation (A = 0.154 nm, 40 kV, 300 mA). All the
samples were compression-molded into thin films
with a hot press at a temperature 20°C above the
T, then quenched in ice-water. After drying, the
samples were annealed for 30 min at 160°C for
WAXD analysis.

Differential scanning calorimetry

DSC measurements were performed with Mettler
Toledo Star DSC instruments. The samples were
melted for 5 min at temperature about 30°C above
the T,, then quenched in ice water. Heating and
cooling scans were realized in the temperature range
from 0 to 350°C at a scanning rate of 10°C/min
under nitrogen atmosphere. T, was taken as the
onset of the heat capacity increment associated with
the transition. T, cold crystallization temperature
(Tee) and melt crystallization temperature (Ty,) were
determined as the peak value of the endothermal or
exothermal peaks on the DSC curves, respectively.
To determine the equilibrium melting temperature
(T9) of the samples, isothermal crystallization for all
the samples was carried out on Perkin—-Elmer DSC
Pyris-6 equipped with an intercooler system. The
samples were first heated to the temperature 30°C
above their respective apparent T,,, held for 5 min to
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Scheme 1 Synthesis route of the PTCT random copolyesters.

completely melt the crystals, very quickly cooled to
the predetermined T, and isothermally maintained
at T, until no exothermal crystallization was
detected on the subsequent heating thermograms.
The summit of the melting peaks is taken as the T,,.
The Ts for all the samples were obtained from the
Hoffman-Weeks plots.'®

Thermogravimetric analysis

The thermal degradation studies of the PTCT copo-
lyesters were done in a universal V2.4F TA instru-
ments. The samples were scanned from 100 to 600°C
at a heating rate of 10°C min ' under nitrogen
atmosphere. From the TG curves, the thermal degra-
dation characteristics, such as the temperature of ini-
tial decomposition (Ti4), the temperature corres-
ponding to the maximum weight loss rate (Timax)
and the weight loss percentage at Tig.

RESULTS AND DISCUSSION

A series of PTCT copolymers were synthesized by
melt polycondensation of various comonomer feeds
composed of DMT, CHDM and PDO as shown in
Scheme 1. The resulting samples with different feed
ratios of CHDM and PDO are listed in Table I. The
intrinsic viscosity ([n]) of the copolyesters by extrap-
olation ranges from 0.55 to 0.88 dL/g.

Copolyester composition

The 'H NMR spectrum of PTCT5 is shown in Figure 1,
where the assignments are given based on the spec-
tra of PTT homopolymeru’17 and PETCT copoly-
mer™!%18: H'(8.05-8.31 ppm), H?(4.60-4.84 ppm),
H*(2.34-2.58 ppm), H*(4.27-4.47 ppm), H*(4.36-

4.59 ppm), and H>(1.68-2.18 ppm). Similar spectra
are obtained for all the copolyesters. The methylene
protons of equatorial and axial conformations in the
cyclohexylene group, namely H* and H*, respec-
tively, are shown on the spectrum. The copolymer
composition is calculated from the integrations of
the characteristic methylene group and of H' aro-
matic protons in the benzene ring, using the follow-
ing equations:

I L
XCT _ 4ot 14q (1)
I
Prr D o)

P_CT B 1411 +I4e

where Xcr is the molar fraction of CT units in the
copolyester, Prr/Pcr corresponds to the proportion
of TT and CT wunits, I, I, 4, and l4, correspond to
integrations of H', H?, H* and H*, respectively.
The results are given in Table L

The content in CT units of the copolyesters is
higher in all cases than that in the feeds probably
because of the higher reactivity of CHDM as com-
pared with that of PDO with DMT. It should be also
noted that CHDM presents much lower volatility
than PDO, and thus, is less inclined to evaporation
from the polymeric melt during the reaction.

Copolyester sequence analysis

The chain microstructure is of vital importance for
the properties of the copolymers. The quaternary
carbon in the benzene ring with chemical shift
around 134 ppm on the >C NMR spectra was used
to clarify the dyad sequence distribution of the mac-
romolecular chains, because it is more sensitive to

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE I
Composition, Sequence Distribution, and Randomness of PTCT Copolyesters

Samples  Feed ratio [n] (dL/g) Xcr (%) Prr/Pcr’®  Pri/Per”  Prer (%) Prec (%) Pepe (%) Lot Lacr R
PTT 100/0 0.88 0 100/0 100/0 - - - - - -
PTCT1 90/10 0.68 18 81.8/18.2 78.3/21.7 62.6 31.5 6.0 493 138 093
PTCT2 80/20 0.66 35 65.5/34.5 63.0/37.0 412 43.6 15.2 289 170 0.94
PTCT3 70/30 0.55 49 50.4/49.6  51.0/49.0 25.6 50.8 23.6 201 193 1.02
PTCT4 60/40 0.81 63 34.6/654 35.6/64.4 13.2 44.9 419 1.59 286 098
PTCT5 50/50 0.81 76 22.1/779  23.7/76.3 6.5 34.3 59.2 138 445 0.95
PTCT6 40/60 0.72 91 10.8/89.2  13.3/86.7 3.0 20.7 76.3 128 836 0.90
PCT 0/100 0.59 100 100/0 100/0 - - - - - -

2 Calculated by '"H NMR.
P Calculated by 13C NMR.

sequence effects than any other aromatic carbons
due to the occurrence of through-space and through-
bond interactions between neighboring units. The
resonances of CF;COOD appear at 110.50-119.03
ppm and at 161.06-162.67 ppm on the “C NMR
spectra, respectively, (Fig. 2). The quaternary carbon
of terephthalate is split into four signals correspond-
ing to four dyads: C° for the TPT sequence and C’
for the CPC sequence are detected at 133.91-133.96
ppm and 134.18-134.23 ppm, respectively, and two
additional signals are detected at 133.71-133.78 ppm
for the CT side (C’) and at 134.37-134.40 ppm for
the TT side (C%) for the TPC sequer1ce.8_10'12’18 The
three types of dyad, TPT, CPC, and CPT are shown
in Figure 2 with T, C, and P representing trimethy-
lene, cyclohexylene dimethylene, and terephthalate,

respectively. Figure 2 also presents the assignments
for all the carbon atoms of the copolyesters.

The selected regions in the range of 133.0-135.0
ppm belonging to aromatic carbon atoms for all the
copolyesters are shown in Figure 3. The relative
intensities of C%and C’ signals are almost equal,
whereas the intensity of C® corresponds to the addi-
tional TT molar fraction and that of C’ to the addi-
tional CT molar fraction. Thus, the molar ratio of
TT/CT in the copolyesters can be determined from
the integrations of ct 7, CS, and C°, according to
the following equation:

I + (18 +19)/2

Prr/Pcr = ——F———F5
r/Per L+ (Is+1)/2

®)
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Figure 1 'H NMR spectrum of the PTCT5 copolyester.
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Figure 2 '°C NMR spectrum of the PTCT4 copolyester with the expanded chemical shifts of aromatic alkyl carbon atoms

ranging from 133.0 to 135.0 ppm.

where Prr and Pcr represent the proportions of TT
and CT units, I, I7, Is, Iy corresponding to the inte-
gral intensities of ce, 7, C8, and C° in ¥C NMR,
respectively. The calculated results are in good
agreement with those derived from 'H NMR, as
shown in Table I. The molar fractions of three dyad
sequences TPT, TPC, and CPC can be calculated by
the following equations:

PTCTI1

PTCT4

1350 1345 134.0 133.5 PPM

PTCTS h

135.0 1345 1340 1335 PPM

PTCTé h

-TrYrrryrrrr{rrrr[rrLL
135.0 1345 134.0 133.5 PPM

1350 1345 1340 1335 PPM

PTCT2

1350 1345 1340 133.5 PPM

PTCT3
— AR NN

-rrrrrryrrrryrrrrfrereT
135.0 134.5 134.0 133.5 PPM

Figure 3 Expanded 'C NMR spectra of the PTCT copo-
lyesters with chemical shifts of aromatic alkyl carbon
atoms ranging from 133.0 to 135.0 ppm.

Is
P =V - 4
T L+ +Is + I @)
Is + o
Pgpe = —>2 "2 5
e eI + 15 + Io ©)
I
Pepe = —————— (6)

Ie+1I; +Ig+ 1o

where Prpr, Prpc and Pcpc correspond to the pro-
portions of TPT, TPC, and CPC sequences, respec-
tively. The number-average sequence length of TT
and CT units (L,rr and Lyct, respectively) and the
degree of randomness (R) are obtained using the fol-
lowing equations:

Lytt = 2Pt1/P1pC )
Luct = 2Pct/Prpc (8)
R = PTpc/Z X PTT X PCT (9)

Table I shows the number-average sequence lengths
and degree of randomness. The value of R ranges
from 0.93 to 1.02, i.e., very close to the value of 1,
which is characteristic of totally random copolymers.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 4 Dyad sequence distribution as a function of co-
polymer composition. The solid lines represent the distri-
bution calculated by Bernoullian statistics.

R becomes close to 1 with intermediate comonomer
content. On the other hand, if the sequences of the
copolymers are statistically random, the dyad
sequence percentage can be described by Bernoullian
statistics as given in the equations below:

Prpr = (1 — Xcr)? (10)
Prpc =2Xc1(1 — Xet) (11)
Pcpc = Xcr? (12)

The results derived from Bernoullian statistical
model are plotted in Figure 4 as a function of the
molar fraction of CT moieties, in comparison with
experimental data. It appears that the experimentally
determined number-average sequence lengths are in
all cases in accordance with those predicted on the
basis of ideal copolycondensation statistics with ran-
domness equal to 1. Thus, it can be concluded that
the distribution of TT and CT units is statistically
random along the copolyester chains.

Waxd analysis

The crystalline structures of the copolyesters were
examined by using WAXD to elucidate the phenom-
enon of crystallization. PTT, PCT, and PTCT copo-
lyesters were subjected to the same thermal
treatment before WAXD measurements, i.e., isother-
mally crystallization for 30 min at 160°C. Diffraction
peaks were observed on the spectra of all the sam-
ples except that of PTCT2 which appears amorphous
(Fig. 5). It has been reported that the crystal unit of
PTT is triclinic."”*® The crystal unit of PCT is also
triclinic, and the diffraction pattern of PCT with

Journal of Applied Polymer Science DOI 10.1002/app
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trans/cis isomer ratio above 68/32 is the same as
that of pure trans-PCT.*!

The WAXD patterns can be divided into two
groups. PTT homopolymer and copolyesters with
less than 35 mol % CT content, i.e., PTCT1 with 18
mol % CT content, present the same WAXD pattern.
This finding indicates that the presence of 18 mol %
CT content does not alter the crystal structure of the
copolymers as compared with that of PTT. In con-
trast, copolyesters with CT content above 49 mol %
exhibit the same WAXD pattern as PCT homo-
polymer.

Figure 6 presents the variation of d-spacing values
as a function of copolymer composition. The d-spac-
ing of different crystal planes remains almost
unchanged in the respective crystal types, only
d(012) spacing slightly declining with increasing CT
content. Interestingly, the variation of d-spacing with
composition shows a break in the region around
35 mol % CT content, indicating that the crystalliz-
able material changed from PTT-type lattice to PCT-
type lattice.

Generally, a binary A/B random copolymer can
crystallize either in an A-homopolymer or B-homo-
polymer crystal if both components are crystalliz-
able, depending on the copolymer composition. A

100

Intensity(a.u.)

10 15 20 25 30 35
2Theta (degree)
Figure 5 Wide angle X-ray diffraction profiles of PTT,

PCT, and PTCT copolyesters. The indexes of the most
intense reflections are reported.
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Figure 6 Changes of d-spacings for the heat treated sam-
ples at 160°C as a function of copolymer composition.

crystal lattice transition occurs at an intermediate
composition. The cohesive energy (E) corresponding
to each component in random copolymers is
assumed to be proportional to the copolymer com-
position.” When the cohesive energies for the two
components are identical, both components can crys-
tallize separately into different crystal lattices or coc-
rystallize into a single crystal lattice at a composition
given by the following equation.*?

X}, = Eg/(Ea + Ep) (13)

where X}, ,E5 and Eg represent the eutectic compo-
sition and cohesive energy of A or B component,
respectively. According to the group contribution
method,” the cohesive energies of PTT and PCT are
83.0 KJ/mol and 115.3 KJ/mol, respectively. The
eutectic composition X¢, where cocrystallization of
the two components occurs, is about 42 mol %. In
principle, only CT units can crystallize if Xcp is
higher than X¢, excluding TT units into noncrystal-
lized regions. If Xcr is lower than X¢, however,
only TT units will crystallize.

PTCT2 is intrinsically amorphous despite the fact
that the CT content (35 mol %) is lower than X,
which may be ascribed to the very small number-av-
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erage sequence lengths of TT and CT units, i.e., 2.9
and 1.7, respectively. In fact, Jun et al** reported
that an average sequence length higher than three is
required to form crystallites. In the cases of PTCT3
and PTCT4, however, the number-average lengths of
CT sequences are of 1.9 and 2.9, respectively. Both
copolyesters are susceptible to form PCT-type crys-
tallites because of the large molar volume of CT
unit. It appears that the crystallizability of CT units
is higher than that of TT units. Therefore, the crys-
tallization of PTCT copolyesters is strongly depend-
ent on the chain structure including comonomer
distribution or randomness, and TT or CT sequence
length.

Thermal properties

The thermal properties derived from the heating and
cooling thermograms of the melt-quenched samples
at the rate of 10°C/min are listed in Table II. PTT
and PCT homopolymers present a T,, at 229.1 and
293.7°C, respectively. T, of PTCT1 is lower than that
of PTT, whereas T,, of the other PTCT copolyesters
is lower than that of PCT and higher than that of
PTT. The AH,, of the copolyesters is lower than that
of PTT or PCT, with the exception of PTCT6. Com-
monly, degree of supercooling, the gap between T,
and T, can represent the crystallization ability of
polymers from the melt state. As expected, the gap
between T, and Ty, increases with Ty, decreasing
from PCT to PTCT4. The higher degree of supercool-
ing is characteristic of the decreasing crystallization
ability of copolyesters. However, the eutectic T,, was
not detected. In fact, PTCT2 with 35 mol % of CT
units presents no crystallization peak even at a heat-
ing or cooling rate of 2.5°C/min. In contrast, crystal-
lization is observed for PTCT1 and PTCT3 at a
cooling rate of 2.5°C/min or 5°C/min, but not at
10°C/min. Such behavior indicates that the crystalli-
zation rate or crystallizability of copolyesters is sig-
nificantly decreased by the presence of comonomer
units randomly distributed along the chains. It is
noteworthy that PTCT2 with 35 mol % of CT cannot
crystallize under the selected conditions, whereas

TABLE II
Calorimetric and Thermogravimetric Data of PTCT Copolyesters
Samples T °O) Tee (°C) T (°C) Tine (°C) AH, (/8) Tia (°C) % at Tig Tmax (°C)
PTT 46.2 67.7 229.1 174.7 69.4 371.0 14.0 397.6
PTCT1 51.3 111.2 202.5 - 42.0 374.1 13.7 400.9
PTCT2 53.9 - - - - 376.6 14.8 400.2
PTCT3 59.5 - - - - 379.6 13.5 406.3
PTCT4 71.5 142.2 236.9 160.5 23.7 387.4 18.9 408.3
PTCT5 76.4 137.7 259.5 188.2 29.6 388.3 14.7 415.5
PTCT6 77.5 127.2 277.1 210.7 50.8 390.0 15.8 407.9
PCT 85.7 126.2 293.7 246.2 443 390.8 18.1 411.0

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 7 composition dependence of T, for the PTCT
copolyesters. The solid line was calculated on the basis of
Fox equation.

PTCT4 with 37 mol % of TT units is intrinsically
semicrystalline. This finding seems to indicate that
CT sequences are more susceptible to crystallize
than TT ones.

PTT and PCT homopolymers present a glass tran-
sition at 46.2 and 85.7°C, respectively. Meanwhile,
the T,’s of all the copolyesters are also listed in
Table II. The T,’s of PTCT copolyesters increase with
increasing the CT content, which can be assigned to
the stiffening effect of the cyclohexylene ring. Figure 7
presents the variation of T, as a function of CT con-
tent, in comparison with the T, values predicted by
the Fox equation.”> A good agreement is observed
between the experimental and theoretical data.

Thermogravimetric curves of PTT, PCT, PTCT1,
PTCT3, and PTCT5 are shown in Figure 8, and Tiq4,
Tmax and the weight loss percentage at Tigq of all the
samples are listed in Table II. For PTT, PCT, and

S
w
8
g
=
T T T T
350 400 450
Temperature (°C)
Figure 8 TGA curves of PTT, PCT, and PTCT
copolyesters.
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Figure 9 Hoffman-weeks plots for obtaining the equilib-
rium melting temperatures of PTT, PTCT copolyesters.

PTCT copolyesters, degradation occurs mostly in the
temperature range of 350-450°C. PTT starts to
decompose at a temperature of 371.0°C, and PCT at
390.8°C. The thermal decomposition temperature of
all the copolyesters increases with increasing CT
content, which can be ascribed to the higher thermal
stability of cyclohexylene group as compared with
that of the trimethylene group. From Figure 8, it is
clear that the curves of copolyesters are shifted to
higher temperature compared with those of PTT,
suggesting that the thermal stability of the copolyest-
ers are better than that of PTT.

The T,, of the isothermally melt-crystallized sam-
ples is plotted as a function of the crystallization
temperature (T.), as shown in Figure 9. The T, val-
ues of PTT and PTCT are well fitted by straight
regression lines. The intersection of the T, versus T,
plots with the T,, = T, line is considered as the equi-
librium melting temperature (T)) of the samples.
The T of PTT homopolymer is 239°C, and that of
PTCT1 slightly lower (229°C). In contrast, PTCT4,
PTCT5, and PTCT6 with higher CT contents present
higher T% values, ie., 259°C, 268°C, and 279°C,
respectively.

Thermodynamics of copolymer crystallization

A number of theories have been developed to
describe the crystallization of copolymers. Two types
of model can be distinguished: the comonomer
exclusion model®**?® and the comonomer inclusion
model.***! Recently, Windling and Suter®” proposed
a new model for copolymer crystallization which
combines the Sanchez-Eby model®" (a comonomer
inclusion model) and the Baur model®® (a comono-
mer exclusion model). The Wendling-Suter model is
expressed in the following equation by introducing
the average defect Gibbs free energy &:
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where T9, and AHY, denote the equilibrium melting
temperature and the heat of fusion of homopolymer,
respectively, R the gas constant, Xz the bulk compo-
sition of B units in the copolymer, Xcg the concen-
tration of B units in the cocrystal, ¢ the average
defect free energy, and (&) the average length of the
crystallizable copolymer sequences.

In the equilibrium comonomer inclusion, the con-

centration of B units in the cocrystal is given by**'

Xeﬂ N XBefs/RT
B Xp + Xpe ¢/RT

(15)

when Xcp in eq. (14) is substituted by eq. (15),
eq. (14) is simplified to the following equilibrium
inclusion model:

1 1 R

T T(Xp)  Am, Xt Xge */RT) — (€)1

(16)

() =2(Xp — Xpe RT)(1 — Xp + Xge KT)  (17)

when Xcg = Xg and Xcg = 0 (€ — o0), eq. (14) leads
to the uniform inclusion model and the exclusion
model (the Baur model), respectively.

When the theoretical melting curves of Wendling-
Suter equilibrium inclusion model are matched with
the T% of PTCT random copolymers obtained from
Hoffman-Weeks plots, the ¢/RT value is used as an
adjustable parameter to determine the average defect
free energy. Figure 10 shows comparatively the ex-
perimental T, of PTCT copolyesters with the various
models. The AHY, of PTT and PCT homopolymers is
30 KJ/mol'® and 27.75 KJ/mol,>*® and the T° of
PTT and PCT is 239°C and 306°C,”* respectively.
The average defect free energies of PTCT copolyest-
ers, calculated from the values of ¢/ RT?H, are shown
in Figure 10. It is found that the average defect free
energy increases from 3.1 to 18.0 KJ/mol with the
CT units content from 63 to 91 mol %, indicating
that TT units are difficultly incorporated into PCT-
type crystal lattice as CT content increases. More-
over, when CT units are incorporated into PTT-type
crystal in the case of PTCT1, the defect free energy
is 1.2 KJ/mol, which is lower than those of the PCT-
type crystals, indicating that the CT unit with larger
volume is more easily incorporated into the PTT
crystal lattice. This finding is in agreement with
results reported by Jeong et al. for random copoly-
mers, such as P(1,4-cyclohexylenedimethylene ter-
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Figure 10 Comparison of the theoretical melting tempera-
ture of PTT, PCT, and PTCT copolyesters with the equilib-
rium melting points experimentally determined. Dashed,
solid, and dotted lines represent the Flory model, the Baur
model, and the Wendling-Suter equilibrium inclusion
model, respectively.

ephthalate-co-hexamethylene  terephalate),  poly
(butylenes  2,6-naphthalate-co-1,4-cyclohexylenedi-
methylene 2,6-naphthalate), and poly(1,4-cyclohexy-
lenedimethylene terephthalate-co-1,4-cyclohexylened
imethylene 2,6—naphthalate).33_35 It is generally
expected that the comonomer unit with larger vol-
ume is more difficult to incorporate into the crystal
lattice with smaller unit cell volume than the oppo-
site case.”” In this study, however, even though the
molar volume of CT is larger than that of TT, the
unit cell volume (0.359 nm?®?*" of PCT is truly
smaller than that (0.479 nm®)*® of PTT, and the CT
units of smaller unit cell volume are much more
incorporated in the PTT crystal lattice compared
with the opposite case. Comparison of the various
models shows that Flory model fits the T9, of PTCT1
better than Baur model, whereas Baur model fits
well the T? of PTCT6. Therefore, the PTT-type or
PCT-type crystal of the copolyesters with high TT or
CT content excludes another minor comonomer
according to the comonomer exclusion model.

CONCLUSIONS

A series of PTCT copolyesters with different compo-
sitions were synthesized by melt copolycondensation
of PDO, CHDM, and DMT. The distribution of
comonomers along copolymer chains is statistically
random, and the number-average sequence length
varies from 1 to 10. The randomness becomes close
to 1 with intermediate comonomer contents. WAXD
analysis indicates that copolyesters with CT contents
lower than 35 mol % develop the PTT-type lattice,
and copolyesters with CT contents above 42 mol %
crystallize  with the PCT-type lattice. The

Journal of Applied Polymer Science DOI 10.1002/app
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crystallizability of CT units appears higher than that
of TT units. PTCT copolyesters are not able to crys-
tallize with intermediate compositions due to short
number-average sequence lengths. Thermodynamics
analysis also indicated the PTT-type or PCT-type
crystals with predominant TT or CT content, which
excludes the other minor comonomer from the crys-
tals. Last but not least, thermal gravimetric analysis
indicates that the copolyesters present better thermal
stability than PTT.

The authors are indebted to the Shanghai Leading Academic
Discipline project (No. B113) and to the National Basic Re-
search Program of China (973 Program No. 2007CB935801)
for financial support.
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