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Abstract

A series of poly(hexamethylene terephthalate-co-hexamethylene 2,6-naphthalate) (P(HT-co-HN)) random copolymers were synthesized
by melt polycondensation and characterized using "H NMR spectroscopy and viscometry. Their cocrystallization behavior was investigated
using differential scanning calorimetry (DSC) and wide-angle X-ray diffraction (WAXD) method. Even though the P(HT-co-HN)
copolymers synthesized are statistically random copolymers, they show a clear melting and a crystallization peak in DSC thermograms over
the entire range of copolymer composition and have a minimum melting temperature in the plot of melting temperature versus copolymer
composition. WAXD patterns of all the copolymer samples show sharp diffraction peaks and are largely divided into two groups, i.e. PHT
type and PHN type crystals. In addition, WAXD patterns of the PHN type crystals are subdivided into two types of PHN « and PHN (3
according to the copolymer composition. These facts indicate that the P(HT-co-HN) copolymers show isodimorphic cocrystallization. The
composition at which the crystal transition between PHT type and PHN type occurs is equivalent to the eutectic composition (22 mol% HN
content) for the melting temperature. When the defect free energies were calculated by using the equilibrium inclusion model proposed by
Wendling and Suter, the defect free energies in the case of incorporation of HT units in the PHN o and {3 crystals were higher than the case of

incorporation of HN units in the PHT crystal lattice. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Numerous studies on copolymerization and reactive
blending of polyesters have been performed in the both
scientific and technical viewpoints, since the methods
afford a convenient possibility of adjusting properties
through the composition and constitution of the copoly-
esters [1—7]. In most of the copolyesters where both A/B
components are crystallizable, the degree of crystallinity
decreases as the minor component content increases,
leading often to fully amorphous materials even at low
comonomer composition. This is due to the incompat-
ibility in crystal lattices of two components. Only a few
systems including poly(3-hydroxybutyrate-co-3-hydroxy-
valerate) (P(3HB-co-3HV)) copolyesters [8—16] have
been reported to show the compatibility in crystal lattice,
i.e. cocrystallization which is manifested by the presence
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of a clear melting temperature and some crystallinity
over entire copolymer composition.

Cocrystallization behavior in A/B random copolymers is
largely divided into two types, i.e. isomorphism and
isodimorphism. When two components of A and B have
the similar chemical structure and thus occupy approxi-
mately the same volume, the excess free energy of
cocrystallization would be very small, and therefore the
chain conformation of both corresponding homopolymers
becomes compatible with either crystal lattice. As a result,
only one crystalline phase containing both comonomer units
is detected over all compositions, which is called isomorph-
ism [17]. On the other hand, copolymers may show
isodimorphism where two crystalline phases, each of
which contains comonomer units as a minor component,
are observed. In this isodimorphism, the increase of minor
comonomer content in each crystalline phase is
accompanied by lowering of the melting temperature and
the crystallinity. Hence, an eutectic melting temperature is
observed in the plot of melting temperature versus
copolymer composition. Recently, we have reported that
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Fig. 1. Chemical structures of (a) PHT and (b) PHN.

poly(butylene terephthalate-co-butylene 2,6-naphthalate)
(P(BT-co-BN)) random copolymers show the isodimorphic
cocrystallization behavior, which is confirmed by the
presence of an eutectic melting temperature and the
classification into two types (PBT type and PBN type) of
the WAXD patterns [18].

The crystal structures and properties of poly(hexamethy-
lene terephthalate) (PHT) have been studied by many
researchers [19-24]. It has been discovered that PHT has
three crystal structures: «, B, and vy forms [22—-24]. The o
form is favored when crystallization occurs under stress and
is found in fibrillar materials. The 3 form is favored by high-
temperature annealing and is found in spherulitic materials.
The vy form has only been found in material crystallized
from solution at room temperature and is converted to the
other structures by annealing or orientation. For all three
structures, the hexamethylene sequences in the crystal
lattices exist in all-trans. Therefore, it is considered that the
existence of three structures is due to the difference in the
intermolecular chain packing. On the other hand, we have
investigated the crystal structures and thermal properties of

Table 1
Crystallographic data for PHT and PHN

poly(hexamethylene 2,6-naphthalate) (PHN) [25,26]. As
can be seen in Fig. 1, the chemical structure of PHN is
equivalent to that of PHT except that only the benzene ring
is replaced by the naphthalene ring. It was identified that
PHN also has two crystal structures: o and 3 forms. The o
form is developed at below 160 °C and the B form above
160 °C [26]. Similar to the case of PHT crystal, the
hexamethylene sequences in two PHN crystal lattices are
all-trans. The crystallographic data of PHT and PHN
crystals are represented in Table 1. Though the cell
parameters for PHN crystals are rather different from
those for the PHT crystals, the chemical structures between
PHT and PHN are similar and the chain conformations in
the crystal lattices are equivalent. These facts lead us to
expect that cocrystallization between PHT and PHN units
may occur in the crystalline phase of poly(hexamethylene
terephthalate-co-hexamethylene 2,6-naphthalalate) (P(HT-
co-HN)) copolymers.

In this study, PHT, PHN, and a series of P(HT-co-HN)
copolymers were synthesized by melt polycondensation and
characterized using '"H NMR spectroscopy and viscometry.
Their cocrystallization behavior was investigated using
differential scanning calorimetry (DSC) and wide angle X-
ray diffraction (WAXD). The cocrystallization behavior
was also analyzed thermodynamically using the equilibrium
inclusion model proposed by Wendling and Suter [27], from
which the average defect free energies were estimated.

2. Experimental

2.1. Materials

PHT, PHN, and a series of P(HT-co-HN) copolymers
were synthesized from dimethyl terephthalate (DMT),
dimethyl 2,6-naphthalate (DMN), and 1,6-hexanediol (HD)
using titanium isopropoxide as a catalyst. The two-step
reactions were performed on laboratory-scale polymerization

PHT [22-24] PHN [25,26]
o form B form vy form o form B form
Crystal system Monoclinic Triclinic Triclinic Triclinic Triclinic
Unit cell parameters
a (nm) 0.91 0.48 0.53 0.599 0.670
b (nm) 1.72 0.57 1.39 0.589 0.566
¢ (nm) 1.55 1.57 1.55 1.857 1.840
a(®) 127.3 104.4 123.6 73.0 79.0
B© 90.0 116.0 129.6 139.0 145.0
v (©) 90.0 107.8 88.0 91.1 90.0
Conformation of the hexamethylene sequence All-trans All-trans All-trans All-trans All-trans
Repeating units/unit cell 6 1 2 1 1
Unit cell density (g cm ™) 1.284 1.262 1.308 1.273 1.313
Unit cell volume (nm?) 1.930 0.326 0.629 0.389 0.377
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reactor. The first-step reaction was the transesterification of
DMT and DMN with HD. The reaction was carried out at
185 °C under the nitrogen atmosphere and the degree of
transesterification was controlled by the amount of distilled
methanol as a by-product. The second-step was the
polycondensation reaction carried out at 255°C under
high vacuum condition. At the end of the reaction, the
product in the melt state was poured into cold water and then
dried in a vacuum oven for several days. The overall
stoichiometry is chosen so that the resulting materials have
0, 10, 15, 24, 30, 50, 70, 90, and 100 wt% of HN unit,
respectively. The samples synthesized in this study were
analysed without any purification.

2.2. Characterization

The inherent viscosities (n;,,) of all the samples were
measured in a mixed solvent of phenol/1,1,2,2-tetrachloro-
ethane (6/4, v/v) using an Ubbelohde viscometer at 35 °C.
The concentration of solution was controlled to be
0.45 wt%.

"H NMR spectroscopy was used for determining both the
copolymer composition and the dyad sequence distribution
in the copolymers. The 'H NMR spectra of CDCl/CF;COOD
solutions were recorded on a Bruker AMX500 FT NMR
spectrometer operating at 500 MHz. On the determination
of the dyad sequence distribution, the relative peak
intensities for HT/HT, HT/HN, and HN/HN dyads were
deconvoluted, and their peak areas were considered to be
corresponding dyad quantities.

2.3. Thermal analysis

The thermal properties of the samples were measured
with a Perkin—Elmer DSC Pyris-1 equipped with an
intercooler system. Temperature and heat flow were
calibrated using high-purity indium standard for melting
temperature (156.6 °C) and heat of fusion (28.45 J/g). The
samples were melted for 5 min at a temperature 30 °C
higher than the melting temperature on the DSC, and then
quenched into liquid nitrogen. DSC measurements were
performed in the temperature range from — 50 to 250 °C,
using a heating rate of 20 °C/min and a cooling rate of
10 °C/min with a sample size of 7-8 mg in a nitrogen
atmosphere. The peak temperature for melting was taken as
the apparent melting temperature. The equilibrium melting
temperatures (70s) for all samples were determined, using
the DSC, as follows. The samples were first melted at the
temperature 30 °C higher than their respective apparent
melting temperatures for 5 min, and rapidly cooled to the
crystallization temperature (7.), and isothermally main-
tained at 7; until no exothermic heat observed. The melting
temperatures of the isothermally crystallized samples were
determined from the subsequent heating thermograms.
Then, the equilibrium melting temperatures were obtained
from the Hoffman—Weeks plots [28].

2.4. WAXD analysis

The X-ray diffractograms were obtained on a MAC
Science MI18XHF diffractometer with Ni-filtered Cu Ko
radiation (A = 0.154 nm, 50 kV, 100 mA) at scanning rate
of 2°/min. The diffractometer was equipped with a 6/26
goniometer, a divergence slit (1.0°), a scattering slit (1.0°),
and a receiving slit (0.30 mm). The angular calibration was
performed with Si powder as a standard. The samples for
obtaining the X-ray diffractograms were prepared in film
forms. All samples were compression-molded into thin
films in a hot press at the temperature 30 °C higher than their
apparent melting temperatures, rapidly transferred to the
other hot press at the temperature 20 °C lower than their
apparent melting temperatures, and then isothermally
annealed for 1 h.

3. Results and discussion
3.1. Synthesis and characterization

A typical "H NMR spectrum of P(HT-co-HN) copolymer
is shown in Fig. 2, where the assignment of each peak is
based on the 'H NMR results of PHT homopolymer [29] and
P(BT-co-BN) copolymer [18]. The peaks corresponding to
the protons in naphthalene ring of HN unit can be easily
separated into two groups by magnetically different
environment. The equation for determining the copolymer
composition from respective peak area is given by
a b ¢ d+f 2X+Y)
e

(D

e e e Y

where a, b, c, d, e, and frepresent the areas of corresponding
peaks in Fig. 2, and X and Y indicate the mole fractions of
HT and HN units, respectively. When the copolymer
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Fig. 2. A typical "H NMR spectrum of a P(HT-co-HN) copolymer and its
peak assignment.
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Table 2

Composition and inherent viscosity of the synthesized random copolymers

Sample code Feed Copolymer Inherent
composition composition® viscosity
(mol%) (mol%) (dl/g)
HT HN HT HN

PHN 0.0  100.0 0.0 100.0 0.80

P(HT-co0-90 mol% HN) 10.0 90.0 10.0 90.0 0.90
P(HT-co-68 mol% HN) 30.0 70.0 32.0 68.0 0.70
P(HT-co-48 mol% HN) 50.0 50.0 52.0 48.0 0.78
P(HT-co-28 mol% HN) 70.0 30.0 72.0 28.0 0.81
P(HT-co-24 mol% HN) 76.0 24.0 75.9 241 075
P(HT-co-15 mol% HN) 85.0 15.0 85.4 146  0.69
P(HT-co-10 mol% HN) 90.0 10.0 90.0 10.0  0.63
PHT 100.0 0.0 100.0 0.0 0.80

2 Measured by 'H NMR.

composition calculated by Eq. (1) is compared with the feed
composition, it is revealed that the copolymer composition
is nearly same to the feed composition, as can be seen in
Table 2. The inherent viscosities of the samples are in the
range of 0.69-0.90 dl/g, indicating that the synthesized
polymers have relatively high molecular weight enough to
be formed in film.

An enlarged 'H NMR spectrum in the range of 1.4—
1.9 ppm is also shown in Fig. 2, where three peaks are
assigned to HT/HT (1.62 ppm), HT/HN (1.65 ppm), and
HN/HN (1.68 ppm) dyads, respectively. The relative
concentrations of the three dyads are determined from
deconvoluted areas of the three peaks. In Fig. 3, the dyad
sequence distributions determined by '"H NMR spectra are
plotted against the mole fraction of HN units. If the
sequence distribution of a copolymer is statistically random,
the dyad sequence distribution is described by the following

1.0
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Fig. 3. Dyad sequence distributions as a function of copolymer
composition. The solid lines represent the calculated distribution based
on the Bernoullian statistics.

Bernoullian statistics

Pyr/ur = Phr, Pyrjuny = Panyar = ParPan;

2

PHN/HN = PlerN

where P;; and P; denote the mole fractions of i/j dyad
sequence and i component in the copolymer chains,
respectively. Since the fractions of dyad sequence deter-
mined experimentally are in good agreement with the dyad
sequence distributions calculated by the Bernoullian
statistics, as can be seen in Fig. 3, it is concluded that the
P(HT-co-HN) samples synthesized in this study are
statistically random copolymers.

3.2. Thermal properties

Fig. 4 shows the heating and cooling thermograms of the
melt-quenched samples (those quenched into liquid nitrogen
from the melt). For all P(HT-co-HN) copolymers, a
considerable melting and a crystallization peak are
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Fig. 4. DSC heating (A) and cooling (B) thermograms for the melt-
quenched samples: (a) PHN; (b) P(HT-co-90 mol% HN); (c) P(HT-co-
68 mol% HN); (d) P(HT-co-48 mol% HN); (e) P(HT-co-28 mol% HN); (f)
P(HT-co-24 mol% HN); (g) P(HT-co-15 mol% HN); (h) P(HT-co-10 mol%
HN); (i) PHT.
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Fig. 5. Hoffman—Weeks plots for obtaining the equilibrium melting
temperatures of PHT, PHN, and P(HT-co-HN) copolymers.

observed, which may be a strong evidence for cocrystalliza-
tion. Furthermore, the change of the melting and crystal-
lization temperatures with the HN composition exhibits a
typical eutectic behavior, indicating that the P(HT-co-HN)
copolymers show an isodimorphic cocrystallization
behavior. The minimum melting temperature is observed
at the copolymer composition of 24 mol% HN. As can
be seen in the cooling thermograms of Fig. 4(B), the
crystallization temperature becomes lower and broader
as the comonomer content increases. It means that the
crystallization rates of the copolymers decrease with
increasing the corresponding comonomer content, due to
an additional restriction of comonomer on the formation of
each crystal lattice.

The melting temperatures (7},,s) of the isothermally melt-
crystallized samples are shown in Fig. 5 as a function of the
crystallization temperature (7,). The melting temperatures
of PHT, PHN, and P(HT-co-HN) copolymers are well fitted
by straight regression lines, respectively. The intersections
of these straight lines with the line T, =T, give the
equilibrium melting temperatures (79s) of the samples. The
Ts of PHT and PHN homopolymers are determined to be
439 and 510 K, respectively.

3.3. WAXD analysis

It has been well known that the comonomer concen-
tration in cocrystal lattice is strongly dependent on the
copolymer composition and the crystallization condition
[13,15]. The extent of cocrystallization can qualitatively be
measured by the change of the lattice d spacings in the
WAXD patterns [9,15]. Fig. 6 shows the WAXD patterns
for the samples melt-crystallized at the same degree of
undercooling. All the samples have sharp diffraction peaks
through the entire range of copolymer composition. In
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Fig. 6. X-ray diffraction patterns of the annealed samples: (a) PHN; (b)
P(HT-c0-90 mol% HN); (c) P(HT-co-68 mol% HN); (d) P(HT-co-48 mol%
HN); (e) P(HT-co-28 mol% HN); (f) P(HT-co-24 mol% HN); (g) P(HT-co-
15 mol% HN); (h) P(HT-co-10 mol% HN); (i) PHT.

Fig. 6, the WAXD patterns of PHT and PHN homopolymers
correspond to those of PHT (3 form and PHN ( form
crystals, respectively. The WAXD patterns are divided into
two groups according to the HN content in the copolymer.
PHT {8 type crystal mainly develops below 24 mol% HN
content, i.e. the PHT crystal lattice accommodates the HN
units, whereas the PHN type crystal is formed above
24 mol% HN. The WAXD patterns for PHN type crystal are
also subdivided into two cases according to the comonomer
content: PHN « type and PHN {8 type. PHN and P(HT-co-
90 mol% HN) are crystallized into PHN B type crystal,
while the P(HT-co-HN) copolymers with copolymer
composition from 24 to 68 mol% HN are crystallized into
PHN « type. In the case of PHN homopolymer, the less
closely packed PHN a form is favored below 160 °C,
whereas the more closely packed PHN (B form is favored
above 160 °C. Similarly, when the PHN-based copolymers
are crystallized at the same degree of undercooling, the
less closely packed PHN « type is more favored than
PHN B type as the comonomer content increases. On
the other hand, the WAXD pattern of P(HT-co-24 mol%
HN) copolymer clearly shows the mixed diffraction
peaks of both PHT (3 and PHN o crystals, which
indicate that PHT B and PHN « crystals coexist in the
copolymers with the composition around 24 mol% HN.
According to an accurate observation, the copolymers
with 15, 28, and 48 mol% HN also have the mixed
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Fig. 7. Changes of d spacings for the annealed samples as a function of
copolymer composition.

diffraction peaks of two crystals. Therefore, it is valid
that the crystal transition between PHT type and PHN type
crystals occurs at the composition near 24 mol% HN, which
is equivalent to the eutectic composition for the melting
temperature.

As a consequence of comonomer incorporation in
crystal, it is observed that d spacings of the crystal lattices
change with the comonomer content. As shown in Fig. 7, in
the PHT B type crystal, the d(011) spacing gradually
increases with increasing HN content, whereas the d(001)
spacing rapidly decreases. In the case of both PHN « type
and {3 type crystals, the d(011) and d(001) spacings slightly
increase with increasing the HT content. On the other hand,
d(100) and d(010) spacings for both PHT 3 type and PHN «
type crystals are constants irrespective of comonomer
content. The changes of d(001) and d(011) spacings of
PHT B type crystal is much steeper than the those of d(001)
and d(011) of both PHN « type and P type crystals as the
comonomer content increases, which is due to the lattice
distortion of the PHT-based cocrystal resulting from the
incorporation of longer HN units in the direction of c-axis of
the PHT f3 type crystal.

3.4. Thermodynamics of copolymer crystallization

Several theories for copolymer crystallization have been
developed and are largely classified into two types: the
comonomer exclusion model [30—-32] and the comonomer
inclusion model [12,33,34]. Recently, Wendling and Suter
[27] proposed a new model of copolymer crystallization that
combines the Sanchez—Eby model [34] (a comonomer
inclusion model) with the Baur model [32] (a comonomer

exclusion model). The Wendling—Suter model is given by

1 1

Tw(Xp)  TH
R | &Xcp 1 — Xcp Xep | a1
= 1 —Xcp)l Xcp In——=
AH&I: RT +( cp) In T-X, + Xcs UXB +4&)

3)

where T2 and AHY denote the equilibrium melting
temperature and the heat of fusion of homopolymer,
respectively, R gas constant, Xp the bulk composition of B
units in the copolymer, Xcp the concentration of comono-
mer B units in the cocrystal, € the average defect free
energy, and (&) the average length of the crystallizable
component sequence.

In the equilibrium comonomer inclusion, the concen-
tration of B units in the cocrystal is given by [33,34]

XB e—s/RT
1-— XB +XB e_S/RT

eq _
CB —

“4)

When Xcp in Eq. (3) is substituted by Eq. (4), Eq. (3) is
simplified to the following equilibrium inclusion model:

1 1

e~ iy~ sl ) @]

)
@' =2x = Xpe )1 =X+ X)) (©

When Xz = X and Xcp = 0 (e — ), Eq. (3) leads to the
uniform inclusion model and the exclusion model (the Baur
model), respectively.

In this study, the Wendling—Suter equilibrium inclusion
model was employed to determine the average defect free
energy by comparing theoretical melting temperatures with
equilibrium melting temperatures of P(HT-co-HN) random
copolymers. When the theoretical melting curves of the
Wendling—Suter equilibrium inclusion model are matched
with experimental data, the &/RT value is used as an
adjustable parameter. Fig. 8 shows the comparison of
experimental equilibrium melting temperatures of the
copolymers with the Wendling—Suter equilibrium inclusion
model. The heat of fusion of both PHT and PHN is 41 kJ/
mol [35]. T2s of PHT B form and PHN (B form are 439 and
510 K, respectively, determined by Hoffman—Weeks plot.
In the fitting work for the data of PHN « type, since the T,
of PHN a form crystal is experimentally difficult to obtain,
both T2 and &/RT are used as adjustable parameters with
99.8% accuracy. As a result, 7o of PHN « form crystal is
estimated to be 508 K. The model gives the constant &/RT
values regardless of the comonomer composition for three
type crystals. The exact eutectic composition is estimated to
be 22 mol% HN from the intersection of the melting
temperature curves. The average defect free energies,
calculated from the values of &/RTY, are represented in
Table 3. The defect free energies in the cases of
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Fig. 8. Comparison of the theoretical melting curves of P(HT-co-HN) with
the equilibrium melting temperatures experimentally determined. Dashed
lines and solid lines represent the Baur model and the Wendling—Suter
model, respectively.

incorporation of HT units in PHN « and B form crystals are
much higher than the case of incorporation of HN units in
PHT B form crystal. In other words, the HT units are much
less incorporated in PHN crystal lattices than the opposite
case. By using Eq. (4) with the defect free energies
determined from the above analysis, equilibrium concen-
trations (Xcp) of comonomer units in the crystals can be
estimated. When Xcp is plotted against Xg as shown in
Fig. 9, it is revealed that the comonomer concentration in
each crystal lattice increases with increasing the comono-
mer content in bulk. However, for all cases, the comonomer
concentration in each crystal lattice is lower than the

0.5

®  Xcpyy Vs Xy for PHT/
v Xgur V8. X,ip for PHN o
B X vs. X, for /F>HN B

0.4

0.3

0.2

Xeum Xenn (mMole fraction)

0.1

X Xyn (Mole fraction)

Fig. 9. Equilibrium concentrations of HN and HT units incorporated in the
respective PHT and PHN crystals as a function of copolymer composition.
The dashed line is based on the uniform inclusion model and the solid lines
are based on the linear regression.

Table 3
The average defect free energy calculated for the incorporation of the
comonomer unit in each PHT B form, PHN B form, and PHN «a form
crystals

Incorportated unit &/RT & (kJ mol ")
HN unit in PHT B form crystal 0.62 2.26
HT unit in PHN B form crystal 1.34 5.68
HT unit in PHN o form crystal 3.94 16.66

copolymer concentration in uniform inclusion model
(Xcp = Xp)-

4. Conclusions

A series of P(HT-co-HN) copolymers synthesized in this
study were found to be statistically random from '"H NMR
analysis. Nevertheless, for all copolymer compositions,
there exist a clear melting and a crystallization peak, which
is a strong evidence for cocrystallization. The existence of a
minimum in the plot of melting temperature against
copolymer composition indicates that the P(HT-co-HN)
copolymers show isodimorphic cocrystallization behavior.
This isodimorphic cocrystallization behavior can also be
shown in the WAXD patterns representing the changes of d
spacings with the comonomer composition. These WAXD
patterns are largely divided into two groups according to
comonomer composition, the PHT type and the PHN type.
In addition, PHN type crystal is subdivided into two types of
PHN o and PHN (. The defect free energies are calculated
by comparing the experimental equilibrium melting tem-
peratures to the Wendling—Suter equilibrium inclusion
model. The average defect free energies in the case of
incorporation of HT units into both PHN crystal lattices are
much higher than the opposite case. The eutectic compo-
sition is estimated to be 22 mol% HN, which is consistent
with the WAXD result.
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