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a b s t r a c t

We have synthesized poly(octamethylene terephthalate) (POT), poly(octamethylene 2,6-naphthalate)
(PON), and poly(octamethylene terephthalate-co-octamethylene 2,6-naphthalate)s [P(OT-co-ON)s] with
various comonomer composition by melt-polycondensation reaction and investigated their chain
structures, crystalline structures, melting and cocrystallization behavior by using 1H NMR spectroscopy,
wide angle X-ray diffraction (WAXD), and differential scanning calorimetry (DSC), respectively. It was
observed that P(OT-co-ON)s exhibit clear melting and crystallization peaks in DSC thermograms and
sharp diffraction peaks in WAXD patterns throughout the copolymer composition, resulting from the
cocrystallization behavior of OT and ON units in copolymers. When the melting and crystallization
temperatures of P(OT-co-ON)s are compared as a function of the copolymer composition, there exists an
eutectic point at around 23 mol% ON, where the crystal transformation from POT-type to PON-type
occurs. It was confirmed from WAXD patterns of the melt-crystallized samples that the crystal trans-
formation from POT-type to PON a-type to PON b-type occurs with the increment of the comonomer ON
content in copolymers, i.e., POT-type crystals for POT and P(OT-co-ON) with 11 mol% ON, PON a-type
crystals for P(OT-co-ON)s with 23–48 mol% ON, and PON b-type crystals for PON and P(OT-co-ON)s with
62–87 mol% ON. Both DSC and WAXD results demonstrate the isodimorphic cocrystallization of P(OT-co-
ON)s. Based on the Wendling–Suter model for cocrystallization thermodynamics, it was found that the
average defect free energy for the inclusion of OT units into PON b-type crystals is much lower than the
value of the incorporation of ON units into POT-type crystals.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Linear aromatic polyesters containing benzene or naphthalene
rings in the backbones such as poly(alkylene terephthalate) (PAT)
and poly(alkylene 2,6-naphthalate) (PAN) have gained great
interest from industry and academia for last few decades, owing to
their expanding applications for fibers, films, coatings, and ther-
moplastics [1–3]. In those polyesters, the aromatic rings give the
rigidity to polymer backbones and the linear aliphatic alkylene
units impart the flexibility. Therefore, by modifying the aromatic
ring structures as well as the alkylene lengths, a variety of engi-
neered polyesters with well-controlled thermal and mechanical
properties could be achieved [3,4].

As members of PAT and PAN family, poly(octamethylene tere-
phthalate) (POT) [5,6] and poly(octamethylene 2,6-naphthalate)
(PON), which chemical structures are shown in Fig. 1, have high
potentials as fiber and film materials but have been investigated
: þ82 54 478 7710.
.

All rights reserved.
limitedly. Thermal properties and crystal structures of poly(octa-
methylene terephthalate) [7] and poly(octamethylene 2,6-naph-
thalate) [8] have been recently reported. It was found that POT has
one crystalline phase regardless of elongation and temperature [7].
From X-ray fiber diagrams and molecular modeling methods,
the crystal structure of POT was identified as a triclinic with
unit cell dimensions of a¼ 0.456 nm, b¼ 0.560 nm, c¼ 1.870 nm,
a¼ 104.87�, b¼ 119.45�, and g¼ 100.32�. On the other hand, PON
was found to be developed in two different crystalline phases of
a- and b-forms, depending on the crystallization process: the
a-form crystal was dominantly developed from the cold-crystalliza-
tion, whereas the b-form was from the melt-crystallization [8]. The
apparent melting temperatures of a- and b-form crystals were
characterized to be 175 and 183 �C, respectively. In addition, the
crystal structure of PON b-form, developed dominantly from the
melt-crystallization, was determined to be triclinic with dimen-
sions of a¼ 0.601 nm, b¼ 1.069 nm, c¼ 2.068 nm, a¼ 155.68�,
b¼ 123.25�, g¼ 52.85�, and with the space group of P1.

It has been considered that physical properties of polyesters
could be easily modified by making copolyesters containing
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Fig. 2. Reaction scheme for synthesizing POT, PON, and a series of P(OT-co-ON)s with
different comonomer composition.
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Fig. 1. Chemical structures of (A) poly(octamethylene terephthalate) (POT) and (B)
poly(octamethylene 2,6-naphthalate) (PON).
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different contents of benzene and/or naphthalene rings by copo-
lymerization or reactive blending [4,9–13]. However, preparation,
structures, and properties of copolyesters based on POT and PON
have not been investigated. It is well-known that, in most copoly-
esters composed of two crystallizable A and B components, the
degree of crystallinity decreases with increasing the corresponding
comonomer content and as a result the copolymers often become
totally amorphous even at low comonomer content. If two crys-
tallizable components of the copolymers could coexist in their
crystal lattices (i.e., cocrystallization), thermal and mechanical
properties of the copolymers can be controlled without significant
loss of crystalline properties [14–19]. Since the crystallographic c-
axis length of POT is comparable with that of PON, it is highly
expected that poly(octamethylene terephthalate-co-octamethylene
2,6-naphthalate)s [P(OT-co-ON)s] may exhibit a cocrystallization
phenomenon. In this study, therefore, we have synthesized POT,
PON, and P(OT-co-ON)s with various copolymer composition,
characterized their chain structures using 1H NMR spectroscopy
and solution viscometry, and investigated their melting and crys-
tallization behavior by using differential scanning calorimetry and
wide angle X-ray diffraction method. The cocrystallization kinetics
and thermodynamics of P(OT-co-ON)s have been also delved based
on the isothermal crystallization experiments and the Wendling–
Suter model, respectively.

2. Experimental

2.1. Synthesis and characterization of materials

POT, PON, and a series of P(OT-co-ON)s were synthesized by the
two-step melt-polycondensation reactions of dimethyl tere-
phthalate (DMT) and/or dimethyl 2,6-naphthalate (DMN) with 1,8-
octanediol (OD) in the presence of titanium isopropoxide catalyst.
The melt-polycondensation was carried out on a custom-designed
laboratory-scale polymerisation reactor. The overall reaction
scheme for synthesizing the polyesters is represented in Fig. 2. The
first-step reaction was the ester-interchange reaction of DMT and/
or DMN with OD at 170 �C under the flow of nitrogen gas and the
second-step was the polycondensation reaction at 270 �C under
high vacuum condition. When the viscosity of products in melt
state reached a maximum value, the polycondensation reaction was
terminated by quenching the products into cold water. The final
products were dried in a vacuum oven for several days and used for
characterization and analysis without further purification.

The chemical structure and quantitative copolymer composition
of P(OT-co-ON)s were characterized with an aide of 1H NMR
spectroscopy. 1H NMR spectra of the samples in CDCl3/CF3COOD (5/
5, v/v) solution with a small amount of tetramethylsilane (TMS)
internal standard were recorded on a Bruker AMX500 FT-NMR
spectrometer operating at 500 MHz. The intrinsic viscosities of the
polyesters in the mixed solvents of phenol and 1,1,2,2-tetra-
chloroethane (5/5, v/v) were measured using an Ubbelohde
viscometer at 30 �C to evaluate the relative molecular weight of the
samples.

2.2. Differential scanning calorimetry

The melting and crystallization behavior of POT, PON, and P(OT-
co-ON)s was investigated with a differential scanning calorimeter
(Perkin–Elmer DSC-7) equipped with an intercooler. DSC
measurement was carried out under the flow of high purity
nitrogen gas at a heating and cooling rate of 10 �C/min. For the
melting and crystallization experiments, melt-quenched samples
were prepared by heating the samples to the temperature 30 �C
higher than their respective apparent melting temperatures,
holding for 3 min, quenching into cold water, and then drying for
several days under vacuum at 25 �C. The endothermic and
exothermic peak temperatures of heating and cooling thermo-
grams of the samples were taken as the apparent melting and
crystallization temperatures, respectively.

Isothermal crystallization experiments were performed to study
the crystallization kinetics and to determine the equilibrium
melting temperatures ðTo

mÞ of the samples. Isothermal crystalliza-
tion was carried out at various crystallization temperatures. The
samples were heated to the temperature 30 �C higher than their
respective apparent melting temperatures, held for 3 min to
completely melt the crystals, and rapidly cooled to a predetermined
crystallization temperature (Tc) at a rate of 200 �C/min. The
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isothermal crystallization exotherms were recorded as a function of
time. After the isothermal crystallization, the samples were then
heated to measure melting temperatures (Tm). The To

ms for all the
samples were determined from the linear extrapolation of Tm

versus Tc plots suggested by Hoffman and Weeks [20].
2.3. Wide angle X-ray diffraction

The crystalline structures of isothermally melt-crystallized films
were characterized by wide angle X-ray diffraction (WAXD). WAXD
patterns were obtained using a Rigaku X-ray diffractometer with
Cu-Ka radiation operated at 45 kV and 40 mA. The samples were
examined in the 2q range of 5–40� at a scanning rate of 3�/min. All
the film samples of 0.2 mm thickness were prepared by compres-
sion-molding on a hot press at the temperature 30 �C higher than
the apparent melting temperature of each sample, rapidly trans-
ferring to the other hot press controlled at the temperature 30 �C
lower than the apparent melting temperature, and then crystal-
lizing isothermally for hours.
3. Results and discussion

3.1. Characterization of polyesters

Copolymer composition of a series of P(OT-co-ON)s synthesized
in this study was quantitatively determined from 1H NMR spectra.
Fig. 3 shows a representative 1H NMR spectrum of P(OT-co-ON)
with 48 mol% ON with peak assignment. Since protons in naph-
thalene ring of ON unit in copolymers are separated into two
groups, f and g, due to the chemically and magnetically different
environment, the copolymer composition from respective peak
areas can be determined based on the following relation:
O

OCH2CH2CH2CH2CH2CH2CH2CH2O

O
x

e

d c b a a b c

e

e e

5678910

CHCl3

f

e

g

(ppm

Fig. 3. A representative 1H NMR spectrum of P(OT-c
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f
¼ c

f
¼ eþ g

f
¼ 2ðX þ YÞ

Y
; X þ Y ¼ 1 (1)

where a–f, and g denote the area corresponding to the peak
assigned in Fig. 3, and X and Y indicate the mole fractions of
OT and ON unit in copolymers. When the copolymer compo-
sition evaluated by Eq. (1) was compared with the feed
composition, it was revealed that the copolymer composition is
quite similar with the feed composition, as summarized in
Table 1. On the other hand, it should be noted that the
structural distribution (degree of randomness) of OT and ON
components in the copolymer backbones could not be evalu-
ated from 1H or 13C NMR spectra. This is because, due to the
existence of relatively long octamethylene units between
aromatic rings, the hydrogen atoms in phenyl or naphthalene
ring could not be clearly separated into three peaks corre-
sponding to OT/OT, OT/ON (or ON/OT) and ON/ON dyads.
Nonetheless, it is believed that the distribution of OT and ON
units in P(OT-co-ON)s is statistically random because of the
virtually equal reactivity of DMT and DMN with 1,8-octanediol
as well as the inter- and intra-chain transesterification during
the melt-polycondensation reactions.

The intrinsic viscosities of all the samples synthesized in this
study were measured to be in the range of 0.79–1.08 dL/g, as listed
in Table 1. This result demonstrates that all the polyesters synthe-
sized in this study have relatively high molecular weight.
3.2. Melting, crystallization, and crystal structures

Fig. 4 represents the heating and cooling thermograms of the
melt-quenched samples of POT, PON, and P(OT-co-ON)s. It was
found that all the P(OT-co-ON)s exhibit a single melting and crystalli-
zation peak. This supports that P(OT-co-ON)s exhibit cocrystallization
behavior over the entire copolymer composition owing to the
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Table 1
Composition and intrinsic viscosity of POT, PON, and P(OT-co-ON)s.

Sample
code

Feed composition
(mol% ON)

Composition by
1H NMR (mol% ON)

Intrinsic viscosity
(dL/g)

POT 0.0 0.0 0.99
P(OT-co-11 ON) 10.0 11.1 0.85
P(OT-co-23 ON) 25.0 23.3 0.95
P(OT-co-33 ON) 35.0 32.6 0.79
P(OT-co-48 ON) 50.0 47.6 0.92
P(OT-co-62 ON) 65.0 61.8 0.89
P(OT-co-74 ON) 75.0 74.1 0.83
P(OT-co-87 ON) 90.0 87.4 0.89
PON 100.0 100.0 1.08
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Fig. 4. Heating (A) and cooling (B) thermograms of the melt-quenched films: (a) POT;
(b) P(OT-co-11 ON); (c) P(OT-co-23 ON); (d) P(OT-co-33 ON); (e) P(OT-co-48 ON); (f)
P(OT-co-62 ON); (g) P(OT-co-74 ON); (h) P(OT-co-87 ON); (i) PON.
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compatibility of OT and ON units in the crystal lattices of copoly-
mers. When the melting and crystallization temperatures
of samples are compared as a function of the copolymer composi-
tion, a minimum melting and crystallization temperature corre-
sponding to the eutectic point is observed for P(OT-co-ON) with
around 23 mol% ON. This indicates that the crystal transformation
between POT-type and PON-type happens at around 23 mol%
ON. Cocrystallization is classified largely into two types, isomorphic
or isodimorphic cocrystallization, depending on the existence of an
eutectic point at which the crystalline structures change from
one-type to the other-type [14,15,17–19,21]. Therefore, the exis-
tence of a minimum eutectic point for P(OT-co-ON)s in the plot of
melting temperature as a function of the copolymer composition
conveys the information that P(OT-co-ON)s exhibit an isodimorphic
cocrystallization.

To investigate the influences of copolymer composition on
crystalline structures of the copolyesters, we have obtained WAXD
patterns for POT, PON, and P(OT-co-ON)s melt-crystallized isother-
mally at the same degree of undercooling ðDT ¼ To

m � Tcw30 �CÞ, as
can be seen in Fig. 5. WAXD patterns show sharp diffraction peaks
originated from the crystalline regions of P(OT-co-ON)s over the
entire copolymer composition. This result also supports cocrystal-
lization of P(OT-co-ON)s, which is consistent with the DSC results. It
has been reported that POT has a triclinic crystal structure [7], while
PON has two different crystal structures of a- and b-forms [8],
depending on the melt- and cold-crystallization process, as noted in
Section 1. Close examination of WAXD patterns in Fig. 5 reveals that
the crystal structures of the polyesters are divided into three major
categories, i.e., POT-type crystals for POT and P(OT-co-11 ON), PON
a-type crystals for P(OT-co-ON)s with 23–48 mol% ON, and PON
b-type crystals for PON and P(OT-co-ON)s with 62–87 mol% ON. In
other words, the first crystal transformation between POT and PON
a-type structures occurs at the copolymer composition between
11 and 23 mol% ON, which is quite consistent with the eutectic
composition observed from the DSC heating and cooling ther-
mograms. Interestingly, the second crystal transformation from
PON a- to b-type takes place at the copolymer composition
between 48 and 62 mol% ON. On the other hand, it should be
noted for WAXD pattern of P(OT-co-62 ON) in Fig. 5(f) that the
diffraction peak appearing at w19.6� is due to the existence of
PON a-type crystals and other diffraction peaks are from the PON
b-type crystals. It reveals that two different crystal types coexist in
a copolymer, supporting the isodimorphic cocrystallization of
P(OT-co-ON)s.

It was reported that, for PON homopolyester, PON b-type
structures are dominantly developed at the melt-crystallization
process, whereas the PON a-type crystals are developed at the cold-
crystallization process [8]. For P(OT-co-ON)s with 23–48 mol% ON
which exhibit diffraction patterns of PON a-type structures in Fig. 5,
film samples melt-crystallized at various temperatures were
prepared to find out the possibility of the crystal transformation
between PON a-type and b-type. Fig. 6 displays typical WAXD
patterns for P(OT-co-33 ON) melt-crystallized isothermally at 70–
105 �C. However, P(OT-co-33 ON) samples exhibit only diffraction
patterns of PON a-type crystals, without the crystal transformation
depending on the crystallization temperatures. Hence, it is
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supposed that the PON a-type crystals developed dominantly for
P(OT-co-ON)s with 23–48 mol% ON are induced by the existence of
the comonomer OT units in the copolymer backbones, not by the
temperature-induced crystal transformation.
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Fig. 6. WAXD patterns of P(OT-co-33 ON) samples melt-crystallized isothermally at
various crystallization temperatures: (a) 105 �C; (b) 100 �C; (c) 90 �C; (d) 80 �C; (e)
70 �C.
The isothermal crystallization experiments were carried out for
all the samples at various crystallization temperatures. Fig. 7 shows
typical isothermal crystallization exotherms for POT and PON at
various temperatures as a function of time. The crystallization
exotherms demonstrate that the crystallization rates become
slower with increasing the crystallization temperatures, as expec-
ted. To compare the relative crystallization rates of POT, PON, and
P(OT-co-ON)s, the inverse ðt�1

1=2Þ of crystallization half time required
to attain 50% of final crystallinity was evaluated as a measure of
overall crystallization rate and presented as a function of degree of
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Fig. 7. Time-dependent exothermic profiles of the isothermal crystallization at various
temperatures for (A) POT and (B) PON.
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undercooling ðDT ¼ To
m � TcÞ, as shown in Fig. 8. The higher value

of t�1
1=2 at the same degree of undercooling indicates the faster

overall crystallization rate. For PON and P(OT-co-ON)s with 62–
87 mol% ON which are developing into PON b-type crystals, the
overall crystallization rates at the same degree of undercooling (for
example, DT w 40 �C) are decreasing as the comonomer OT content
of copolymers decreases. Similarly, in cases of POT and P(OT-co-11
ON) which are developing into POT-type crystals, the overall crys-
tallization rates of POT are faster than those of P(OT-co-11 ON)
because the comonomer ON units restrict the overall crystallization
of the dominant crystallizable OT units. In both cases, the overall
crystallization rates of POT- or PON-based copolymers decrease
with the increment of the minor comonomer content because the
corresponding comonomer units retard the formation of POT-type
or PON b-type cocrystals, leading to the slower crystallization rates
of copolymers. On the other hand, the overall crystallization rates of
P(OT-co-ON)s with 23 and 33 mol% ON, which are developing into
PON a-type crystals, are quite comparable with POT and even faster
than PON. This result is very unusual from the general concept
mentioned above. From the WAXD patterns and isothermal crys-
tallization kinetics results, it is supposed that, for P(OT-co-ON)s
with 23 and 33 mol% ON, overall crystallization rates for developing
into PON a-type crystals are much faster than those for PON b-type
crystals.
T
c
 (°C)

Fig. 9. Linear Hoffman–Weeks plots for evaluating equilibrium melting temperatures
of POT, PON, and P(OT-co-ON)s.
3.3. Thermodynamic analysis of cocrystallization

To understand the cocrystallization behavior of P(OT-co-ON)s
based on the thermodynamics, we have determined equilibrium
melting temperatures ðTo

mÞ of POT, PON, and P(OT-co-ON)s by using
the linear extrapolation of Tm versus Tc plots suggested by Hoffman
and Weeks, as shown in Fig. 9. The experimental To

ms were plotted
as a function of the comonomer ON content, as shown in Fig. 10. The
To

ms of copolymers are depressed with increasing the correspond-
ing ON and OT commoner content of POT- and PON-based
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copolymers, respectively, which indicates the isodimorphic coc-
rystallization with an eutectic composition at around 23 mol% ON.
Several theories for melting temperature depression of copolymers
have been proposed and they are classified into the comonomer
exclusion model [22–24] and the comonomer inclusion model [25–
27]. In the present study, the melting temperature depression
model proposed by Wendling and Suter [27], which unites the
Sanchez–Eby model as a comonomer inclusion model with the
Baur model as a comonomer exclusion model, was adopted to
predict melting temperature depression of P(OT-co-ON)s as
a function of comonomer content. The Wendling–Suter equilibrium
inclusion model is as follows [27]:

1
To

m
� 1

TmðXBÞ
¼ R

DHo
m

�
ln
�

1� XB þ XBe�3=RT
�
�
D

~x
E�1

�
(2)

D
~x
E�1

¼ 2
�

XB � XB e�3=RT
� �

1� XB þ XB e�3=RT
�

where To
m and DHo

m indicate the equilibrium melting temperature
and the heat of fusion of homopolymer, respectively, R the gas
constant, XB the bulk composition of comonomer B units in the
copolymer, XCB the concentration of comonomer B units included in
the cocrystal, 3 the average defect Gibbs free energy, and C

~xD the
average length of the crystallizable copolymer sequences. The
melting temperatures predicted by the equilibrium inclusion
model of Eq. (2) were compared with the experimental To

ms of POT,
PON, and P(OT-co-ON)s by using the 3 value as an adjustable
parameter, as shown in Fig. 10. In such fitting works, the DHo

m value
of 49 kJ/mol was used for both POT and PON [28]. As a result, it was
found that, when the comonomer OT units are incorporated into
PON b-type crystals of P(OT-co-ON)s with 62–87 mol% ON, the 3

values are increasing from 3.06 to 6.20 kJ/mol with the increment
of the comonomer OT contents from 13 to 38 mol%. It indicates that
the inclusion of the comonomer OT units into PON b-type crystals
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Baur model (dashed curves) for the comonomer exclusion and the Wendling–Suter
(solid lines) model for the comonomer inclusion.
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becomes difficult with increasing the comonomer OT contents. In
the case of P(OT-co-11 ON), the 3 value for the inclusion of como-
nomer ON units into POT-type crystals is evaluated to be 10.18 kJ/
mol. On the other hand, for P(OT-co-ON)s with 23–48 mol% ON, it is
not reasonable to discuss the 3 value for the inclusion of como-
nomer OT units in PON a-type crystals. Compared at the similar
comonomer contents (for example, 11–13 mol% ON or OT), the 3

value (3.06 kJ/mol) of P(OT-co-87 ON) in the case of the inclusion of
the comonomer OT units into PON b-form crystals is much lower
than the other case (10.18 kJ/mol) of P(OT-co-11 ON). It implies that
the smaller comonomer OT units can be incorporated more easily
into PON b-type crystals, compared to the opposite case. This seems
to be caused by the fact that the unit cell volume (0.374 nm3) and
the crystallographic repeat length (1.870 nm) of POT is much
smaller than those (0.436 nm3 and 2.068 nm) of PON b-form,
although the crystal density (1.226 g/cm3) of POT is slightly lower
than that (1.243 g/cm3) of PON b-form.

4. Conclusions

A series of P(OT-co-ON)s with various comonomer contents
were successfully synthesized by melt-polycondensation reaction,
and characterized by solution viscometry and 1H NMR spectros-
copy. The inherent viscosities of all the samples were high enough
to process into films. The copolymer compositions determined
from 1H NMR spectra were almost identical to the feed composi-
tions. In addition, crystalline structure, melting and cocrystalliza-
tion behavior of P(OT-co-ON)s were investigated by using wide
angle X-ray diffraction (WAXD) and differential scanning calori-
metry (DSC). It was observed that P(OT-co-ON)s exhibit clear
melting and crystallization peaks in DSC thermograms and sharp
diffraction peaks in WAXD patterns for all the copolymer compo-
sition as the result of the cocrystallization of OT and ON units of
copolymers. When the melting and crystallization temperatures of
P(OT-co-ON)s are compared as a function of the copolymer
composition, there exists an eutectic point around 23 mol% ON,
where the transformation from POT-type crystal to PON-type
crystal take places. It was confirmed from WAXD patterns that the
crystal transformation from POT to PON a-type to PON b-type
occurs with the increment of the ON content: POT-type crystals for
POT and P(OT-co-11 ON), PON a-type crystals for P(OT-co-ON)s with
23–48 mol% ON, and PON b-type crystals for PON and P(OT-co-ON)s
with 62–87 mol% ON. Both DSC and WAXD results support that
P(OT-co-ON)s show an isodimorphic cocrystallization. By
comparing the defect free energies evaluated from the melting
temperature depression model proposed by Wendling and Suter, it
was found that the smaller comonomer OT units are more easily
incorporated into PON b-type crystals, compared with the case of
inclusion of comonomer ON units into POT-type crystals. This result
is supposed to stem from the fact that the unit cell volume and the
crystallographic repeat length of POT crystal are much smaller than
the corresponding values of PON b-form crystal.
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