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Abstract

The effect of flexible chain length on the thermal and mechanical properties such as melting temperature, glass transition temperature,
dynamic mechanical relaxation behavior, and uniaxial tensile deformation for melt-quenched poly(m-methylene 2,6-naphthalate) (PmN)
films was investigated using differential scanning calorimeter (DSC), dynamic mechanical thermal analyzer, and universal tensile machine. It
was found from DSC thermograms that PmNs with even number of methylene group have higher melting temperatures and faster
crystallization rates than PmNs with odd number of methylene group, showing an odd—even fluctuation. The plots of tan & versus
temperature show that all PmN samples have three relaxation processes (8, B*, and «) regardless of the number of methylene group in their
backbone. It was found that both 8*- and a-relaxations are cooperative processes and that the activation energies of both relaxations as well
as the glass transition temperature associated with the a-relaxation show odd—even fluctuations as a function of the number of methylene
group. The initial tensile modulus at the low drawing rate of 0.15 cm/min also shows an odd—even fluctuation. In summary, the macroscopic
thermal and mechanical properties of PmN such as melting temperature, glass transition temperature, crystallization rate, activation energies
of a- and B*-relaxations, and initial modulus measured under a slow drawing rate exhibit odd—even fluctuations as the number of methylene
group in PmN increases.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction superior properties such as chemical resistance, flame
resistance, gas barrier property, and high mechanical
strength. Its glass transition temperature, melting tempera-
ture, and mechanical properties such as tensile modulus and
creep resistance are higher than those of poly(ethylene
terephthalate) (PET), since the naphthalene ring imparts
greater rigidity to the polymer backbone than the benzene
ring does in PET. Therefore, numerous studies have been
undertaken to investigate the crystalline structure [2—4],
morphology [5-8], crystallization and melting behavior
[9-15], and mechanical properties [16—22] of PEN.
Poly(butylene 2,6-naphthalate) (PBN, m = 4) has also
several interesting and useful properties as an engineering

The members belonging to poly(m-methylene 2,6-
naphthalate) (PmN, where m denotes the number of
methylene group) are semicrystalline polymers whose
preparation was first reported in 1969 [1]. The chemical
structure of PmN is equivalent to that of poly(m-methylene
terephthalate) (PmT) except that a naphthalene ring replaces
a benzene ring in PmT, as shown in Fig. 1. Since 2,6-
naphthalenedicarboxylic acid, a monomer of PmN, has been
recently produced in large scale, the PmN family has been
recognized to have high potential as commercial engineer-

ing thermoplastics. R - ) -
Poly(ethylene 2,6-naphthalate) (PEN, m = 2) is the most plastic, viz. thermostability, hydrolytic stability, and gas
barrier property. However, there are only a few studies on

its crystal structure [23,24], crystallization and melting
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well known polymer among the PmN family, since it has
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Fig. 1. Chemical structure of poly(m-methylene 2,6-naphthalate) (PmN).

2,6-naphthalate) (PTN, m = 3) have recently been studied
[29-33], the crystal structure, crystallization kinetics,
melting behavior, and mechanical properties of PTN have
not been studied thoroughly. For poly(pentamethylene
2,6-naphthalate) (PPN, m = 5), poly(hexamethylene 2,6-
naphthalate) (PHN, m = 6), and other PmNs (m > 6), their
crystal structures and thermal properties have not been
studied until we have recently synthesized PmNs with the
alkylene length of m = 2—-6 and investigated their crystal
structures and thermal properties [34—37]. We have found
that PTN and PPN backbone takes gauche—gauche
conformation in the middle part of each trimethylene and
pentamethylene group in their unit cell unlike the crystal
structures of PEN, PBN and PHN [35,36]. This indicates
that the successive naphthaloyl groups of PTN and PPN are
inclined to the crystal c-axis by opposite direction, resulting
in a Z-shaped arrangement in their respective unit cell.
Therefore, it is realized that chain conformation and packing
in their unit cell of PmNs with odd number of methylene
group differs from that of PmNs with even number of
methylene group. Consequently, it is expected that there are
some systematic relations between their microscopic chain
structure and macroscopic properties such as melting
temperature, crystallization rate, and mechanical properties.

In this study, the effect of flexible chain length (m) in
PmN on their thermal and mechanical properties such as
melting temperature, glass transition temperature, dynamic
mechanical relaxation behavior, and uniaxial tensile
property is systematically investigated using differential
scanning calorimeter (DSC), dynamic mechanical thermal
analyzer (DMTA), and universal tensile machine.

2. Experimental

All PmN samples (m = 2—6) used in this study were
synthesized by melt—condensation polymerization using
tetraisopropyl orthotitanate as a catalyst. In synthesis of
PmN samples, ethylene glycol (m = 2), 1,3-propanediol
(m = 3), 1,4-butanediol (m = 4), 1,5-pentanediol (m = 5),
and 1,6-hexanediol (m = 6) were used as diols, and 2,6-
dimethyl naphthalate was used as a dimethyl acetate. The
two-stage reaction was performed on a laboratory-scale
polymerization reactor. The first-step reaction was the
transesterification of 2,6-dimethyl naphthalate with diols
under nitrogen atmosphere, and the degree of transester-
ification was monitored by the amount of methanol distilled
as a by-product. The second-step was the polycondensation
reaction under high vacuum condition. At the end of

reaction, the product in the melt state was quenched into
cooling water and then dried in a vacuum oven for several
days. The PmN samples synthesized in this study were used
without any purification. The intrinsic viscosities of all the
samples were measured in a mixed solvent of phe-
nol/1,1,2,2-tetrachloroethane (6/4, v/v) using an Ubbelohde
viscometer at 35 °C. The intrinsic viscosities of PEN, PTN,
PBN, PPN, and PHN were 0.74, 0.74, 0.69, 0.63, and
0.71 dl/g, respectively. This indicates that all the samples
synthesized in this study have high molecular weight
enough to be formed in film and that the difference of
intrinsic viscosities between PmN samples is small. There-
fore, it is valid to assume that the effect of viscosity
difference on thermal and mechanical properties of PmN
samples is negligibly small.

In order to investigate thermal and mechanical properties
of PmN, melt-quenched films with 0.2 mm in thickness were
prepared by heating the films to the temperature 30 °C
higher than their respective melting temperature, holding
for 3 min to melt crystals completely, and rapidly
transferring into cooling water. Then, the films were dried
in a vacuum oven for a day.

Thermal properties of melt-quenched samples were
measured with a Perkin—Elmer DSC-7 DSC equipped
with an intercooler at the heating rate of 20 °C/min. All DSC
runs were carried out under nitrogen atmosphere to
minimize oxidative degradation. Before DSC experiment,
the baseline was calibrated using an empty crimped
aluminum pan, and the melting temperature and the heat
of fusion was calibrated using a high-purity indium
standard.

The dynamic mechanical experiments of melt-quenched
films were performed using a DMTA Mk III instrument in
the tensile mode. The dimension of the sample for DMTA
was 10.0 X 5.0 X 0.2 mm®. A peak-to-peak strain of 0.16%
was applied at various frequencies of 0.3, 1.0, 3.0, 10.0, and
30.0 Hz. The specimens were run at the heating rate of
0.5 °C/min from —100°C to above glass transition
temperature of the respective sample.

The uniaxial tensile test of melt-quenched samples was
carried out using a universal tensile machine (LR 10K,
Lloyd Inc.) at three different drawing rates of 0.15, 1.50, and
15.0 cm/min at 25 = 1 °C. The dimension of sample for
uniaxial tensile testing was 50.0 mm long, 5.0 mm wide,
and 0.2 mm thick. Nominal stress was calculated from the
measured load and the original cross-sectional area of
sample. An apparent strain was calculated by dividing the
instantaneous displacement (AL) in the gauge section by the
original gauge length (L,). Stress—strain curve was obtained
by plotting the nominal stress against apparent strain.

To correlate the dynamic mechanical relaxation behavior
of PmN samples with their uniaxial tensile behavior, it is
necessary to find a relationship between the frequency of
dynamic mechanical measurement and the drawing rate of
tensile test. Although the overall magnitude of strain and the
mode of stress used in each test are very different, it is
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reasonable to compare the two strain rates at the beginning
of the two types of test where the strains are in the linear
viscoelastic range. Hence, it is assumed that the frequencies
of 0.1, 1.0, and 10.0 Hz in dynamic mechanical experiments
are equivalent to the drawing rates of 0.15, 1.50, and
15.0 cm/min in uniaxial tensile tests, respectively [38].

3. Results and discussion
3.1. Thermal property

DSC heating thermograms of melt-quenched PmN
samples are shown in Fig. 2, where PEN shows glass
transition, cold-crystallization, and melting, while PTN and
PPN do not show melting on heating thermogram,
indicating that the melt-quenched PEN, PTN, and PPN
films are in entirely amorphous state. Particularly, PTN and
PPN do not show clear crystallization and melting peaks
even at a slow heating rate of 2 °C/min, since the
crystallization kinetics of these two polymers are very
slow [37]. After melt-crystallized for several hours, PTN
and PPN show a clear melting transition, as shown in Fig. 2
(dotted lines). On the other hand, PBN has a weak glass
transition temperature and a clear melting temperature
without cold-crystallization, indicating that the melt-
quenched PBN film is in semicrystalline state. It was
reported that PBN exhibits fast nucleation and fast crystal
growth from the melt, since its chain mobility is large due to
flexibility of butylene group as well as favorable interchain
interaction between naphthalene rings. Therefore, PBN
cannot be obtained in an amorphous state by simply
quenching from the melt [39]. PHN also exhibits weak
glass transition and clear melting transition on DSC heating
thermogram, indicating that it has also fast crystallization
rate. However, closer examination of heating thermogram
of PHN reveals cold crystallization just above the glass
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Fig. 2. DSC heating thermograms for PmN films: (a) PEN; (b) PTN; (c)
PBN; (d) PPN; (e) PHN. The solid lines are for the melt-quenched PmN
films and the dotted lines for the melt-crystallized PTN and PPN ones.

transition. From the above results, it is summarized that the
relative crystallization rates of PmNs with even number of
methylene group (PEN, PBN, and PHN) are much faster
than those of PmNs with odd number of methylene group
(PTN and PPN). This is consistent with the result of melt-
crystallization experiment that the overall crystallization
rate of PmN is in the order of PBN > PHN > PEN >
PTN > PPN [37]. When the glass transition and melting
temperatures of PmN obtained from DSC thermograms are
plotted against the number of methylene group, as shown in
Fig. 3, the melting temperature of PmN exhibits an odd—
even effect, while the glass transition temperature decreases
with increasing the number of methylene group in PmN.
The X-ray crystallinity (x) for melt-quenched PmN films
was determined from X-ray diffraction data (Fig. 4) in the
range of 20 = 5-40° using the relation, x = A /(A +
A.m), Where A, and A,, denote the total crystalline and
amorphous scattering, respectively, after correction of the
Lorentz and polarization factors. The X-ray crystallinity of
melt-quenched PBN and PHN films was 5.4 and 3.7%,
respectively. The existence of residual crystallinity in the
melt-quenched PBN and PHN films may affect their
mechanical properties, as will be discussed in Section 3.2.

3.2. Dynamic mechanical thermal analysis

When tan 6 measured at various frequencies from 0.3 to
30 Hz is plotted against temperature for melt-quenched
PmN films, as shown in Fig. 5, it is observed that all the
melt-quenched PmN films exhibit three relaxation processes
(B, B”, and «). Previous investigations on the dynamical
properties of PEN have also shown the existence of three
relaxation processes [40—47]. Arranged in the order of
increasing temperature, these three relaxations are assigned
to the local motions of the ester groups (), the out-of-plane
motions of the naphthalene rings or their aggregates (),
and the long range molecular motions associated with the
glass transition (o), respectively. Therefore, it is reasonable
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Fig. 3. Melting and glass transition temperatures of PmN as a function of the
number of methylene group.
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Fig. 4. X-ray diffraction patterns for the melt-quenched PmN films: (a)
PEN; (b) PTN; (c) PBN; (d) PPN; (e) PHN. The shaded regions in the X-ray
patterns of PBN and PHN indicate the scattering from crystalline phase
(Aer).

to conclude that all of PmN family have similar molecular
motions of [3-, B*-, and o-relaxation, regardless of the
number of methylene group in their backbone. It is also
observed from Fig. 5 that a-relaxations for all PmN samples
is much more intense than B- and B *-relaxations and that the
maximum peaks of three relaxation processes (3, B”, and o)
shift toward higher temperatures as the frequency increases
from 0.3 to 30 Hz. The intensities of 3*-relaxations decrease
with increasing the frequency, indicating that the molecular
motion associated with the B*-relaxation is suppressed as
the frequency increases. Another point to be noted from Fig.
5 is that, at a given frequency, the peaks of a-relaxations for
PBN and PHN are broader and weaker as compared to those
of PEN, PTN, and PPN. This is because the residual crystal
in melt-quenched PBN and PHN films reduces the amount
of amorphous fraction that contributes to the a-relaxation
process. On the other hand, there is an experimental
evidence that another portion of the amorphous phase
with restricted mobility exists above the glass transition.
This phase refers to as the rigid amorphous phase and
endows the heterogeneity of the dynamic characteristics of
the amorphous fraction in semicrystalline polymers [46].
Therefore, it is realized that the weaker and broader o-
relaxation processes of both PBN and PHN films originate
from the existence of both residual crystallinity and rigid
amorphous phase in melt-quenched samples due to fast
crystallization.

When the peak temperature of a-relaxation correspond-
ing to the glass transition temperature is plotted as a
function of the number of methylene group, as shown in Fig.
3, two characteristic features are observed. First, the glass
transition temperatures obtained from DMTA are higher
than the ones obtained from DSC. Second, the glass
transition temperatures from DMTA show an odd-—even
fluctuation depending upon the number of methylene group,

whereas the ones from DSC decrease monotonously with
increasing the number of methylene group. It is generally
accepted that the glass transition temperature from DMTA
is 10—15 K higher than the one from DSC. However, unlike
PEN, PTN, and PPN, the glass transition temperatures of
PBN and PHN obtained from DMTA are about 30 K higher
than the ones from DSC. This indicates that the glass
transition temperatures obtained from DMTA are more
sensitive to the residual crystallinity and rigid amorphous
phase than the ones from DSC. Consequently, the glass
transition temperatures from DMTA for melt-quenched
PmN films show an odd—even fluctuation depending on the
number of methylene group, as shown in Fig. 3.

Generally, both - and B"-relaxation processes obey an
Arrhenius form, since they are assumed to be thermally
activated processes, whereas the a-relaxation process is
assumed to follow an empirical Vogel—Fulcher—Tammann
(VFT) equation [41,44,46,47]. However, since the plot of
the logarithm of frequency versus 1/7 shows a good
linearity in the limited frequency range used in this study,
the a-relaxation process can also be described by the
Arrhenius equation as follows [42]:

J = Jo exp[—E,/RT] (D

where f; is a pre-exponential factor, E, is the activation
energy, and R is the gas constant. When the logarithm of
frequency is plotted against the reciprocal of peak
temperature of tan 6, as shown in Fig. 6, the plots show
straight lines and therefore the activation energies of - and
a-relaxation processes are determined from their slopes.
When the activation energy is plotted against the number of
methylene group in PmN, both B*- and a-relaxation
processes exhibit odd—even fluctuations as the number of
methylene group increases, as shown in Fig. 7, i.e. PmNs
with even number of methylene group has higher activation
energy compared to PmNs with odd number of methylene
group.

An alternative equation expressing a relationship
between frequency and temperature is derived from the
Eyring’s theory of absolute reaction rate:

f= k—Texp[AS/R]exp[—AH/RT] 2
27h

where AS, AH, k, and h are the activation entropy, the
activation enthalpy, the Boltzmann constant, and the Plank
constant, respectively. The activation energy in Eq. (1) is
related to the enthalpy in Eq. (2) as follows:

E, = AH +RT — PAV 3)

where P is the pressure and AV is the activation volume.
Neglecting the PAV term due to its small volume change,
Eq. (3) combined with Eq. (2) can be expressed as

E, = RT[1 + In(kT/2whf)] + TAS 4)

For a given temperature and frequency, relaxations are
assumed to have a zero activation entropy. This zero
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Fig. 5. tan 6 versus temperature plots of the melt-quenched PmN films at various frequencies: (a) PEN; (b) PTN; (c) PBN; (d) PPN; (e) PHN.

activation entropy corresponds to the lower limit of the
activation energy of viscoelastic relaxations. In this case,
Eq. (4) with AS = 0 reduces to

E, = RT[22.92 + In(T/f)] 5)

As noted by Starkweather [48—50], this lower limit of the
activation energy indicates the relaxation process charac-
terized by local and noncooperative motions (simple
relaxations). In such a relaxation process, the interaction
between the relaxing molecule and the neighboring one is of
short range. On the other hand, the activation energy well

above the zero activation entropy condition is ascribed to
the relaxation process with cooperative motions (complex
relaxations). Therefore, the zero activation entropy criterion
can be used as a comparative method that allows to estimate
the extent of cooperativity for different relaxation.

A cooperativity plot of the activation energy against
relaxation temperature (1 Hz) for DMTA is shown in Fig. §,
where the lower limit of activation energy, i.e. zero
activation entropy (AS = 0) at 1 Hz, is represented by the
solid line. Even though quantitative information such as the
extent of cooperativity for molecular motions may not be
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PTN (inverted triangle); PBN (square); PPN (rhombus); PHN (triangle).
The solid line indicates the zero activation entropy criterion at the
frequency of 1 Hz.

directly extracted from Fig. 8, it is valid to conclude that
both B*- and a-relaxation processes for all PmN samples
have some cooperativity and that the extent of cooperativity
of molecular motions associated with a-relaxation is
qualitatively higher than that of B*-relaxation. This result
is consistent with the previous studies [46,47] that both B*-
and a-relaxation processes of PEN are due to the
cooperative molecular motions. It was also reported that
the activation energy of B-relaxation for PEN is around
13 kcal/mol [46,47], indicating that the B-relaxation due to
local motion of ester groups is noncooperative.

3.3. Uniaxial tensile deformation behavior

The uniaxial tensile tests for melt-quenched PmN films
were carried out at various drawing rates, and the results
were shown in Fig. 9. For all melt-quenched PmN samples,
the stress—strain curves at the high drawing rate of 15.0 cm/
min show immediate rupture without stable necking
formation, whereas the curves at the slow drawing rate of
0.15 cm/min exhibit necking and neck propagation. Gener-
ally, the tensile deformation behavior of glassy polymers is
considered as competition between shear yielding and
crazing [38,51,52]. According to the competition, the
specimen exhibits either ductile or brittle deformation that
is also highly sensitive to the nature of specimen (molecular
weight, orientation, crystallinity, defect, etc.), drawing rate,
and temperature. At a given condition, the ductile
deformation is mainly associated with shear yielding,
which is usually followed by necking and neck propagation,
whereas the brittle deformation is closely related with
crazing which eventually transforms into cracks followed
by immediate rupture without forming a stable neck.
Therefore, it can be concluded that, for all PmN films, the
uniaxial tensile behavior at the high drawing rate of
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Fig. 9. Stress—strain curves of (a) PEN, (b) PTN, (c) PBN, (d) PPN, and (e)
PHN at various drawing rates. The solid, dashed, and dot-dashed lines
indicate the drawing rates of 15.0, 1.5, and 0.15 cm/min, respectively.

15.0 cm/min follows brittle deformation, whereas the
behavior at the low drawing rate of 0.15 cm/min is ductile
deformation. At an intermediate drawing rate of 1.5 cm/
min, PTN, PBN, and PHN show ductile deformation,
whereas PEN and PPN exhibit brittle deformation.

It has been suggested that the macroscopic mechanical
properties are strongly correlated with the secondary
relaxation (sub-Tg relaxation) behavior [38,53,54]. It has
also been known that the large-scaled main-chain coopera-
tive motion of the secondary relaxation is beneficial for
shear yielding. As noted in Section 2, the uniaxial tensile
test in this study was carried out around 25 °C which is in
the temperature range corresponding to the secondary B*-
relaxation for all the melt-quenched PmN samples, as can be
seen in Fig. 6. Considering the correlation between dynamic
frequency and drawing rate and reminding the fact that the
intensity of P*-relaxation around room temperature
decreases with increasing the frequency from 0.3 to
30 Hz, it is realized that the dependence of tensile
deformation on the drawing rate is closely related with the
cooperative PB*-relaxation process. In short, the brittle
tensile deformation behavior at the high drawing rate of
15.0 cm/min is due to suppressed B*-relaxation at room

temperature, whereas the ductile deformation behavior at
the low drawing rate of 0.15 cm/min is due to enhanced B*-
relaxation.

When the initial modulus of PmN measured from the
stress—strain curve is plotted against the number of
methylene group in PmN at various drawing rates, as
shown in Fig. 10, it reveals that the initial modulus
decreases with increasing the number of methylene group
and then slightly increases at m = 6 at higher drawing rates
of 15.0 and 1.5 cm/min. This slight increase of initial
modulus at PHN may arise from the fact that the melt-
quenched sample of PHN (m = 6) shows some degree of
crystallinity (3.7%) while the PPN (m = 5) sample is in
entirely amorphous state. Under the low drawing rate of
0.15 cm/min, however, the initial modulus of PmN shows an
odd—even fluctuation, which suggests that molecular
relaxation of PmNs with odd number of methylene group
becomes faster than that of PmNs with even number of
methylene group. This is consistent with the dynamic
mechanical relaxation behavior showing that the activation
energy of PmNs with odd number of methylene group for
the cooperative B*-relaxation is lower than that of PmNs
with even number of methylene group.

4. Conclusions

The melting temperature and the crystallization rate of
PmN show an odd-even fluctuation when the property is
plotted against the number of methylene group, that is,
PmNs with even number of methylene group have higher
melting temperatures and faster crystallization rates than
PmNs with odd number of methylene group. Plots of tan 6
versus temperature measured from dynamic mechanical
experiments show that all PmN samples have three
relaxation processes (B, B*, and «) irrespective of the

14
Drawing rate
13 (cm/min)
121 ® 150
A 15
11k m 0.15

Initial modulus (MPa)
)

Fig. 10. Initial moduli of the melt-quenched PmN films as a function of the
number of methylene group when the sample is stretched at various
drawing rates.
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number of methylene group in their backbone. Arranged in
the order of increasing temperature, the three relaxations
correspond to the local molecular motions of ester groups
(B), the out-of-plane motions of the naphthalene rings or
their aggregates (), and the long range molecular motion
associated with the glass transition (o), respectively. It was
found from dynamic mechanical analysis that the activation
energies of both B*- and a-relaxations as well as the peak
temperature of a-relaxation show an odd—even fluctuation
as the number of methylene group in PmN increases. It was
observed from the uniaxial tensile test that the tensile
behavior of melt-quenched PmN films at the high drawing
rate of 15.0 cm/min shows brittle deformation, whereas the
tensile behavior at the low drawing rate of 0.15 cm/min
exhibits ductile deformation. The ductile or brittle tensile
deformation behavior depending on the drawing rate is
found to be correlated with the cooperative B*-relaxation
process at room temperature. Therefore, it is concluded that
the brittle behavior at the high drawing rate of 15.0 cm/min
is due to suppression of B*-relaxation process, whereas the
ductile behavior at the low drawing rate of 0.15 cm/min is
due to enhanced B*-relaxation. The initial modulus at the
low drawing rate of 0.15 cm/min shows an odd—even
fluctuation as a function of number of methylene group. In
summary, the macroscopic properties such as melting
temperature, glass transition temperature, crystallization
rate, activation energy of a- and B*-relaxations, and initial
modulus of PmN show odd—even fluctuations as the number
of methylene group in PmN increases.
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