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ABSTRACT: A series of poly(butylene terephthalate-co-butylene 2,6-naphthalate) (P(BT-co-BN)) random
copolymers were synthesized, and their cocrystallization behavior was investigated by differential scanning
calorimetry (DSC) and wide-angle X-ray diffraction (WAXD). The P(BT-co-BN) copolymers, which are
found to be statistical random copolymers, show a single melting and a single crystallization peak over
the entire range of copolymer composition and have a eutectic melting point in the plot of melting point
versus composition. WAXD patterns of copolymers are divided into two groups, i.e., the PBT type crystal
and the PBN type crystal. These facts indicate that the P(BT-co-BN) copolymers show isodimorphic
cocrystallization. The eutectic composition at which the crystal transition between PBT and PBN type
crystal occurs was estimated ca. 35 mol % BN content. When the defect free energy was calculated by
using the equilibrium inclusion model, the defect free energy (6.10 kJ/mol) in the case of incorporation
of BN units in the PBT type crystal was higher than the opposite case (3.63 kJ/mol). It means that the
incorporation of bulkier BN units in the PBT type crystal is more sterically hindered than the opposite
case. The changes of heat of fusion and d spacings with composition also support isodimorphic
crystallization.

Introduction

Poly(butylene terephthalate) (PBT) has been widely
used for an engineering thermoplastic or for a compo-
nent in blends1-5 and copolymers.5,6 It has many ap-
plications such as molding and fiber spinning because
of its fast crystallization rate and high elasticity com-
pared to those of poly(ethylene terephthalate) while
exhibiting desirable physical and mechanical properties.
Early research has discovered that PBT exists in two
crystalline structures, R and â forms, and that the
transition between two forms takes place reversibly by
mechanical deformation, i.e., the transition from R form
to â form takes place by elongation and vice versa by
relaxation.7-9

Poly(butylene 2,6-naphthalate) (PBN) has recently
attracted much interest from industry, since it has many
useful properties such as gas barrier property and
thermostability. As can be seen in Figure 1, the chemical
structure of PBN is equivalent to that of PBT except
that only the benzene ring is replaced by the naphtha-
lene ring. It has recently been found that PBN also has
two crystal forms, A and B forms, and that four
methylene groups in the B form is more extended than
that of the A form as in the case of PBT.10,11 Under the
absence of mechanical deformation, both the crystal
structures of PBT and PBN favor the R form and A form,
respectively. As can be seen in Table 1, the unit cell
parameters, a and b, of PBT R form and PBN A form
are almost the same while the unit cell parameter, c, of
PBT R form is somewhat different from that of PBN A
form. This leads us to expect that cocrystallization

between PBT and PBN units may occur in the crystal-
line phase of PBT/PBN copolymers.

Cocrystallization behavior in copolymers whose com-
ponent homopolymers are both crystalline is a rare
phenomenon. Only a few systems including poly(3-hy-
droxybutyrate-co-3-hydroxyvalerate) (P(3HB-co-3HV))
copolymers12-19 have been reported to show cocrystal-
lization which is manifested by the presence of a clear
melting temperature over the entire range of composi-
tion.

Cocrystallization is divided into two groups, i.e.,
isomorphism and isodimorphism. When two components
have the similar chemical structure and thus occupy
approximately the same volume, the excess free energy
of cocrystallizaion would be very small, and therefore
the chain conformation of both corresponding homopoly-
mers becomes compatible with either crystal lattice, so-
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Figure 1. Chemical structures of PBT (a) and PBN (b).
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called isomorphism.20 As a result, only one crystalline
phase containing both comonomer units is detected at
all compositions. On the other hand, copolymers may
show isodimorphism where two crystalline phases, each
of which contains comonomer units as a minor compo-
nent, are observed. In this case, an increase in the
content of the minor component in each crystalline
phase is accompanied by a lowering of the melting and
crystallization temperatures. In this case, a melting
point minimum is observed in the plot of melting point
versus copolymer composition.

In this study, PBT, PBN, and poly(butylene tereph-
thalate-co-butylene 2,6-naphthalate) (P(BT-co-BN)) ran-
dom copolymers were synthesized and characterized by
1H NMR spectroscopy and viscometry, and the cocrys-
tallization behavior of P(BT-co-BN) was investigated by
using differential scanning calorimetry (DSC) and wide-
angle X-ray diffraction (WAXD). The cocrystallization
behavior was also analyzed thermodynamically by the
equilibrium inclusion model proposed by Wendling and
Suter,21 from which the average defect free energy was
estimated.

Experimental Section

Materials. PBT, PBN, and P(BT-co-BN) copolymers used
in this study were prepared from dimethyl terephthalate
(DMT), dimethyl-2,6-naphthalate (DMN), and 1,4-butanediol
(BD) using titanium tetrabutoxide as a catalyst. The two-step
polymerization was performed on a laboratory-scale polymer-
ization reactor in the molten state. The first step was the
transesterification reaction of DMT and DMN with BD, and
the second was the polycondensation reaction. The monomers
and catalyst were mixed in a glass-made reaction vessel, and
the mixture was gradually heated under constant stirring. The
transesterification reaction was carried out at 190 °C under
nitrogen atmosphere, and the reaction was controlled by the
amount of the distilled methanol. The polycondensation was
carried out at 260 °C under high-vacuum conditions. At the
end of the reaction, the products in the melt were quenched
into water bath and followed by drying in a vacuum oven. The
monomer composition in the feed was varied from 0, 10, 30,
50, 70, 90, to 100 wt % of BN. The polymers synthesized were
purified by the solution/precipitation method. The polymers
were first dissolved in a mixed solvent of phenol/1,1,2,2-
tetrachloroethane (6/4, v/v), and subsequently the polymer
solutions were poured into a large excess acetone. The
precipitates were filtered, washed with excess acetone several
times in order to extract residual solvent, and then dried in a
vacuum oven at 40 °C for several days.

Characterization. The intrinsic viscosities of all samples
in the mixture of phenol/1,1,2,2-tetrachloroethane (6/4, v/v)
were measured on Ubbelohde viscometer at 35 °C. 1H NMR
spectroscopy was used for determining both the copolymer
composition and the dyad sequence distribution in the copoly-

mers. The 1H NMR spectra of CDCl3/CF3COOD solutions were
recorded on a Bruker AMX500 operating at 500 MHz. On
determination of the dyad sequence distribution, the relative
peak intensities for BT/BT, BT/BN, and BN/BN dyads are
deconvoluted, and their peak areas are considered to be
corresponding dyad quantities.

Thermal Analysis and Crystallization Kinetics. The
thermal and crystallization properties of the samples were
measured with a Perkin-Elmer DSC-7 differential scanning
calorimeter equipped with an intercooler system. The DSC was
calibrated with high-purity indium standard (156.6 °C and
28.45 J/g) for melting temperature and heat of fusion. PBT,
PBN, and P(BT-co-BN) samples were compression-molded into
thin films in a hot plate at 280 °C for 5 min and quenched in
liquid nitrogen. Relatively small sample sizes (5 ( 0.3 mg)
were used to minimize the effect of thermal conductivity of
polymers. Unless otherwise specified, the heating rate and the
cooling rate were 20 and 10 °C/min, respectively. All scans
were carried out under a nitrogen atmosphere to minimize the
oxidative degradation. The peak temperatures of melting of
quenched samples are taken as the apparent melting temper-
atures.

The isothermal crystallization study was examined by
monitoring the heat flow of crystallization on DSC as a
function of time. The copolymer samples were heated to the
temperature 20 °C higher than their respective melting
temperatures, held for 5 min in order to completely melt the
crystal, and then rapidly cooled to the predetermined crystal-
lization temperature (Tc). The inverse (t1/2

-1) of the time
required to attain 50% overall crystallization was used as a
measure of the overall crystallization rate. The equilibrium
melting temperatures (Tm

o) of the samples are obtained from
the Hoffman-Weeks plots.22 The dynamic crystallization
experiments were performed by varying the cooling rate with
10, 20, 40, 80, and 160 °C/min, to examine the effect of cooling
rate on crystallization behavior of the samples from the melt.

WAXD Analysis. The diffraction pattern was obtained on
a MAC Science M18XHF X-ray diffractometer using Ni-filtered
Cu-KR radiation (λ ) 0.1542 nm, 50 V, 100 mA) at a scanning
rate of 5°/min. The diffractometer was equipped with a θ-2θ
goniometer, a divergence slit (1.0°), a scattering slit (1.0°), and
a receiving slit (0.30 mm). Si powder as a standard was run
for the angular calibration under the same condition. The
samples for WAXD were prepared in film forms. All samples
were compression-molded into the films using a hot press at
the temperature 20 °C higher than their melting temperatures,
cooled to the temperature 20 °C lower than their apparent
melting temperatures, and then annealed for 2 h. The X-ray
crystallinity was evaluated from the diffracted intensity data
in the range of 2θ ) 5-40° according to the Ruland-Vonk’s
method23,24 after the Lorentz and polarization factor correction.
Amorphous contribution to the X-ray scattering was estimated
from the WAXD patterns for quenched amorphous samples.

Results and Discussion

Synthesis and Characterization. A typical 1H
NMR spectrum of P(BT-co-BN) copolymer and the
assignment of each peak are shown in Figure 2. The
peaks corresponding to the protons in naphthalene ring
of BN 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

where a, b, c, d, and e represent the areas of corre-
sponding peaks in Figure 2, and X and Y denote the
mole fractions of BT and BN units, respectively. When
the copolymer compositions as calculated by eq 1 are
compared with the feed composition, it is revealed that

Table 1. Crystallographic Data for PBT and PBN

PBT9 PBN10,11

R-form â-form A-form B-form

crystal system triclinic triclinic triclinic triclinic
space group P1h P1h P1h P1h
cell parameters
a (nm) 0.483 0.495 0.487 0.455
b (nm) 0.594 0.567 0.622 0.643
c (nm) 1.159 1.295 1.436 1.531
R (deg) 99.7 101.7 100.8 110.1
â (deg) 115.2 121.8 126.9 121.1
γ (deg) 110.8 99.9 97.9 100.6
conformation of the

4 methylene groups
Gh Gh TGG TSTShT ShGh TGS TSTShT

repeating units/unit cell 1 1 1 1
density (g/cm3) 1.40 1.28 1.36 1.39

c + d
e

) a
e

) b
e

)
2(X + Y)

Y
(1)
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the copolymer compositions are nearly equal to the feed
compositions, as can be seen from Table 2. The intrinsic
viscosities of the samples are in the range of 0.69-0.87
dL/g, as shown in Table 2, indicating that the synthe-
sized polymers have relatively high molecular weight
enough to be formed in film.

The 1H NMR spectra in the range of 2.1-2.5 ppm are
shown in Figure 3, where three peaks are assigned to
BT/BT (2.27 ppm), BT/BN (2.32 ppm), and BN/BN (2.37
ppm) dyads. The relative concentrations of the three
dyads are determined from deconvoluted areas of the

three signals. In Figure 4, the dyad sequence distribu-
tions determined by 1H NMR spectra are plotted against
the mole fraction of BN composition. If the sequence
distribution of a copolymer is statistically random, the
dyad sequence distribution obeys the Bernoullian sta-
tistics:

where Pi/j and Pi denote the mole fractions of the i/j dyad
sequence and i component in the copolymer chains,
respectively. Since the fractions of dyad sequence de-
termined experimentally are in good agreement with the
dyad sequence distributions calculated by the Bernoul-
lian statistics, as can be seen in Figure 4, it is concluded
that the P(BT-co-BN) samples synthesized in this study
are statistically random copolymers.

Thermal Property and Crystallization Kinetics.
The heating and cooling thermograms of the quenched
samples are shown in Figure 5. For all copolymer
samples, a single melting and a single crystallization
temperature are observed, which may be a strong
evidence for cocrystallization. Furthermore, the change
of the melting and crystallization temperatures with the
BN composition exhibits a typical eutectic behavior,
indicating that the copolymers show an isodimorphic
cocrystallization. A closer examination of Figure 5B
shows the broadening of the crystallization exotherms
of the copolymers with 43 and 25 mol % BN represented
by DSC thermograms (d) and (e). This broadening may
arise from concurrent crystallization of two different
crystals at the nearly same crystallization temperature.
To resolve the broad peak into two peaks, the copolymer
with 43 mol % BN was dynamically crystallized by
varying the cooling rate. As can be seen in Figure 6,
the exothermic peak position shifts to lower tempera-
tures, concurrently with more distinct separation into
two peaks, as the cooling rate is increased. This also
supports the isodimorphic cocrystallization from two
different crystals. The composition showing the lowest
melting temperature corresponds to the transition point
where the crystal transition between PBT and PBN
crystal lattices occurs. This isodimorphic behavior is also

Figure 2. A typical 1H NMR spectrum of P(BT-co-BN)
copolymer and its peak assignment.

Table 2. Characteristics of the Synthesized Random
Copolymers

feed
composition

(mol %)

copolymer
compositiona

(mol %)
sample code BT BN BT BN

intrinsic
viscosity

(dL/g)

PBN 0.0 100.0 0.0 100.0 0.69
P(BT-co-88 mol % BN) 12.3 87.7 11.9 88.1 0.75
P(BT-co-64 mol % BN) 35.0 65.0 35.7 64.3 0.77
P(BT-co-43 mol % BN) 55.7 44.3 56.8 43.2 0.84
P(BT-co-25 mol % BN) 74.5 25.5 76.5 24.5 0.87
P(BT-co-7 mol % BN) 91.9 8.1 92.7 7.3 0.77
PBT 100.0 0.0 100.0 0.0 0.79

a Measured by 1H NMR.

Figure 3. 1H NMR spectra in the range of 2.1-2.5 ppm: (a)
PBN; (b) P(BT-co-88 mol % BN); (c) P(BT-co-64 mol % BN);
(d) P(BT-co-43 mol % BN); (e) P(BT-co-25 mol % BN); (f) P(BT-
co-7 mol % BN); (g) PBT.

Figure 4. Dyad sequence distributions as a function of
copolymer composition. The solid lines represent the calculated
distribution based on the Bernoullian statistics.

PBT/BT ) PBT
2

PBT/BN ) PBN/BT ) PBTPBN

PBN/BN ) PBN
2 (2)
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observed in the relationship between the heat of fusion
and the copolymer composition, as shown in Figure 7.
In the cooling thermograms (Figure 5B), the crystal-
lization temperature becomes lower as the comonomer
composition is increased, indicating that the crystal-
lization rate decreases with increasing the comonomer
content due to an additional restriction of comonomer
on the crystal lattice formation. This fact is confirmed
by examining the plot of the inverse (t1/2

-1) of crystal-
lization half-time versus the degree of undercooling (∆T
) Tm

o - Tc), as shown in Figure 8. At the same degree

of undercooling, for example ∆T ) 37 °C, the overall
crystallization rates of homopolymers are faster than
those of copolymers. Figure 8 also shows that the overall
crystallization rate of PBN is comparable with that of
PBT homopolymer and that the copolymers show a
pseudoeutectic behavior in the overall crystallizatiion
rates. Scandola et al.17 have reported that the P(3HB-
co-3HV) copolymers also show pseudoeutectic behavior
in the radial growth rate of spherulites.

The melting temperatures of the melt-crystallized
samples are reported in Figure 9 as a function of the
crystallization temperature. The data are well fitted by
straight line; the intersections of these straight lines
with the line Tm ) Tc give the equilibrium melting
temperature (Tm

o) of the samples. The Tm
o of PBT and

PBN homopolymers are approximately 506 and 520 K,
respectively. The Tm

o of PBT is the same as the value
reported by Pompe et al.23

WAXD Analysis. It has been known that the comono-
mer concentration in crystal lattice is strongly depend-
ent on the copolymer composition in bulk and crystal-
lization condition.16,18 The extent of cocrystallization can
qualitatively be measured by the change of the lattice
d spacings in the WAXD patterns.12b,18 In Figure 10,
the reflections observed for PBT and PBN correspond
to those of the PBT R form and PBN A form crystal,

Figure 5. DSC heating (A) and cooling (B) thermograms for
the quenched samples: (a) PBN; (b) P(BT-co-88 mol % BN);
(c) P(BT-co-64 mol % BN); (d) P(BT-co-43 mol % BN); (e) P(BT-
co-25 mol % BN); (f) P(BT-co-7 mol % BN); (g) PBT.

Figure 6. Dynamic crystallization for P(BT-co-43 mol % BN)
at the various cooling rates: (a) 160, (b) 80, (c) 40, (d) 20, and
(e) 10 °C/min.

Figure 7. Heat of fusion as a function of copolymer composi-
tion.

Figure 8. Inverse (t1/2
-1) of crystallization half-time as a

function of degree of undercooling.
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respectively. The WAXD patterns in Figure 10 can be
divided into two groups according to the BN content in
the copolymer. The PBT type crystal structure develops
up to 25 mol % BN content; i.e., the PBT lattice
accommodates the BN units, whereas above 43 mol %
BN the PBN type crystal structure develops. These
WAXD patterns also support the isodimorphic cocrys-
tallization of P(BT-co-BN) copolymers. Another point to
be noted from Figure 10 is that X-ray diffractions of the
(001) plane in respective PBT R type and PBN A type
crystals are not discernibly observed for the samples
with the composition of 25-43 mol %. This is because
the amount of comonomer incorporated in the crystal
lattice becomes larger with increasing the comonomer
composition, and thereby the regularity in the direction
along c axis becomes less than the lateral direction due
to the considerable difference in the fiber period between
PBT R type and PBN A type crystal. In agreement with

the results of thermal analysis, the WAXD results also
show that there exists the eutectic composition in the
composition between 25 and 43 mol % BN units, where
the crystalline phase changes from PBT R type to PBN
A type crystal, as also can be seen in Figure 11.

As a consequence of comonomer inclusion, the d
spacings of both crystal structures change with the
comonomer content. As shown in Figure 11, in the PBT
type crystal, the d(010) spacing gradually increases with
increasing BN content, whereas the d(100) spacing
slightly decreases. In the case of PBN type crystal, the
d(010) spacing slightly decreases with increasing the BT
content, while the d(100) spacing is almost constant
irrespective of the BT content. The absence of any
change of the d(100) spacing in PBN type crystal with
composition can tentatively be explained by the fact
that, in the PBN unit cell, the plane of naphthalene ring
is aligned essentially along the (010) plane, and there-
fore the replacement of BN units with BT units does
not perturb the crystal structure in the direction of
[100]. When the increase of the d(100) spacing in PBT
type crystal with composition is compared with the
decrease of the d(100) spacing in PBN type crystal with
composition, it is found that the expansion of PBT lattice
by incorporation of BN units is larger than the contrac-
tion of PBN lattice by incorporation of BT units. This
result suggests that the crystal lattice is more strongly
perturbed when a larger comonomer is incorporated
than does a smaller one.

Thermodynamics of Copolymer Crystallization.
Several theories for copolymer crystallization have been
developed, and the theories are largely classified into
two types: the comonomer exclusion model24,25 and the
comonomer inclusion model.15,26,27 Recently, Wendling
and Suter21 proposed a new model that combines the
Sanchez-Eby model27 (a comonomer inclusion model)
with the Baur model25 (a comonomer exclusion model).
The model is given by

Figure 9. Hoffman-Weeks plots for obtaining the equilibri-
um melting temperatures of the melt-crystallized samples.

Figure 10. X-ray diffraction patterns of annealed samples:
(a) PBN; (b) P(BT-co-88 mol % BN); (c) P(BT-co-64 mol % BN);
(d) P(BT-co-43 mol % BN); (e) P(BT-co-25 mol % BN); (f) P(BT-
co-7 mol % BN); (g) PBT.

Figure 11. X-ray diffraction d spacings of the (010) and (100)
planes for annealed samples as a function of copolymer
composition.

1
Tm(XB)

- 1
Tm

o
) R

∆Hm
o[εXCB

RT
+

(1 - XCB) ln
1 - XCB

1 - XB
+ XCB ln

XCB

XB
+ 〈ễ〉-1] (3)
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where Tm
o and ∆Hm

o denote the homopolymer equilib-
rium melting temperature and the heat of fusion,
respectively, R the gas constant, XB the bulk composi-
tion of B units in the copolymer, XCB the concentration
of B units in the cocrystal, ε the average defect free
energy, and 〈ễ〉 the average length sequence of ho-
mopolymer.

In the equilibrium comonomer inclusion, the concen-
tration of B units in the cocrystal is given by26,27

When Xeq in eq 3 is substituted by eq 4, eq 3 is simplified
to the following equilibrium inclusion model:

When XCB ) XB and XCB ) 0, eq 3 reduces to the uniform
inclusion model and the exclusion model, respectively.

In this study, the equilibrium inclusion model modi-
fied by Wendling and Suter was employed to determine
the average defect free energy by comparing theoretical
melting temperatures with equilibrium melting tem-
peratures of P(BT-co-BN) random copolymers. The heat
of fusion of PBT and PBN is 3111,23 and 33 kJ/mol,28

respectively. Figure 12 shows the comparison of the
Wendling-Suter equilibrium inclusion model with ex-
perimental data of P(BT-co-BN) random copolymers,
from which the ε/RT value is determined as an adjust-
able parameter. The model gives the constant ε/RT
value regardless of the comonomer composition in both
cases of PBT and PBN type crystal. When the average
defect free energies were calculated from the values of
ε/RTm

o for PBT (XBN ) 0) and PBN (XBT ) 0), respec-
tively, it is revealed that the average defect free energy
(6.10 kJ/mol) in the case of incorporation of BN unit into
the PBT type crystal is higher than the case of incor-
poration BT unit into the PBN crystal (3.63 kJ/mol).

This indicates that a bulkier BN unit is more difficult
to be included in PBT type crystal than the opposite
case. The eutectic composition is estimated to be ca. 35
mol % BN from the intersection of the two melting
temperature curves.

By use of eq 4 with the aid of the defect free energies
determined from the above, equilibrium concentrations
(XCB) of comonomer units in the crystals are estimated.
When XCB is plotted against XB, as shown in Figure 13,
it is revealed that, in respective PBT and PBN crystal
structure, the comonomer concentration in cocrystals
increases with increasing the comonomer composition
in bulk. However, in both cases, the comonomer con-
centration in each crystal is lower than the copolymer
concentration in uniform inclusion model (XCB ) XB).
The equilibrium concentration of BT units in the PBN
type crystal is different from that of BN units in the
PBT type crystal at a given comonomer concentration
in bulk because of the different defect free energies. It
is noteworthy that, in the case of PBN type crystal, the
plot of comonomer concentration (XCBT) in cocrystal
versus comonomer composition (XBT) in bulk is not
linear. This is because it is easier to create the excess
volume necessary for a comonomer unit in an already
imperfect crystal lattice than to create it in a defect-
free crystal lattice, as noted by VanderHart et al.18

Conclusions
A series of P(BT-co-BN) copolymers synthesized in

this study were found to be statistically random from
1H NMR analysis. Nevertheless, for all copolymer
compositions, there exist a clear melting and crystal-
lization peak, which is a strong evidence for cocrystal-
lization. The existence of a minimum in the plot of
melting temperature against copolymer composition
indicates that the copolymers exhibit isodimorphic
cocrystallization. This isodimorphic cocrystallization
behavior can also be shown in the WAXD patterns
representing the variation of d spacings with the
comonomer composition. These WAXD patterns are
clearly divided into two groups according to comonomer
composition, the PBT type crystal and the PBN type
crystal. It is also found that the crystal transition
between PBT and PBN type crystals occurs in the

Figure 12. Comparison of the theoretical melting tempera-
tures of P(BT-co-BN) with the equilibrium melting points
experimentally determined. Dashed lines and solid lines
represent the Baur model and the Wendling-Suter model,
respectively.

XCB
eq )

XBe-ε/RT

1 - XB + XBe-ε/RT
(4)

1
Tm

o
- 1

Tm(XB)
) R

∆Hm
o
[ln(1 - XB + XBe-ε/RT) - 〈ễ〉-1]

(5)

〈ễ〉-1 ) 2(XB - XBe-ε/RT)(1 - XB + XBe-ε/RT) (6)

Figure 13. Equilibrium concentrations of BN and BT units
incorporated in the respective PBT and PBN type crystal 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.
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eutectic composition between 25 and 43 mol % BN. The
defect free energies are calculated by comparing the
experimental melting temperatures to the Wendling-
Suter equilibrium inclusion model of the melting tem-
perature. The average defect free energy in the case of
incorporation of BN units into PBT crystal lattice is
higher than the opposite case, indicating bulkier BN
units are difficult to be included in PBT crystal lattice
than the opposite case.
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