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Abstract

The effects of the transreactions on the rheological properties have been found in the poly(ethylene 2, 6-
naphthalate) (PEN) and poly (ethylene terephthalate) (PET) blends. The rheological properties were very
much dependent on the blend compositions, which, in turn, were related to extent of the reactions. In par-
ticular, a blend with 50/50 wt% composition exhibits an unusual and remarkable decrease in complex vis-
cosity and it may be related to the randomness of the copolymer structure through transreactions. It has
been identified by investigating the extent of transreactions and block length of the copolymer from the
(ethylene 2, 6-naphthalate) (EN) and (ethylene terephthalate) (ET) units from 'H n.m.r. spectra.
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1. Introduction

Poly (ethylene 2,6-naphthalate) (PEN) has increasingly
become a “polyester” of industrial and scientific impor-
tance because of its excellent thermal and mechanical
properties. However, there remain still some problems to
be resolved. Among them, high melt viscosity and high
cost of PEN should be overcome for any realistic appli-
cation. The former causes many difficulties in polymer
processing and the latter does not allow a faster entry into
the new markets as expected. In order to overcome such
limitations, it would be interesting to blend the PEN with
poly (ethylene terephthalate) (PET). The transreactions
such as alcoholysis, acidolysis, and transesterification
may occur between the ethylene moiety units of both the
components of this blend. In this blend, the ability to tailor
product properties for a particular performance and cost
balance can be obtained by controlling the degree of
transreaction, which is also associated with miscibility be-
tween the two polymers. Recently, some results about mis-
cibility and transreactions in PEN/PET blends have been
reported(Stewart, et al., 1993). In the case of melt extrusion
of the two polymers, the blending time and temperature
mainly influenced the extent of reaction but blend com-
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position and residual catalysts in the polyester did not.

It is well known that rheological measurements are use-
ful to elucidate an occurrence of chemical reactions or
phase changes during processing. However, such experi-
ments are usually performed at high temperatures so that
additional transreactions during the rheological measure-
ment will affect the measured properties. We will examine
the effects of transreactions on the rheological properties in
the PEN/PET blends.

2. Experimental

PEN used in this work was prepared by the melt poly-
condensation of dimethyl naphthalate and ethylene glycol.
Details about the preparation of PEN have been reported
elsewhere(Yoon, et al., 1994) and PET was kindly supplied
by Kolon, Inc. The weight-averaged molecular weights of
PEN and PET were 2.03x10" and 3.93x10" g/mol, respec-
tively. Melt blending of the PET and the PEN was carried
out using a Brabender single-screw extruder at 280°C with
an L/D ratio of 25/1 and the average residence time of the
polymers was about 2 min. Samples were blended in seven
compositions ranging from 0 to 100 wt% of PEN in PET.
The blends will be referred to as PEN10 and so forth,
where the number denotes the weight percentage of PEN.
The thermomechanical history of all the samples was kept
identical.
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For the effects of transreaction on the rheological prop-
erty, a cone-and-plate rheometer (PHYSICA, Rheo Lab.
MC 120) was used to investigate storage (G') and loss (G")
modulus and complex viscosity (nN*) as a function of
angular frequency (®) in the oscillatory shear mode. The
cone angle and the diameter of the plate were 0.1 rad and
50 mm, respectively. To avoid the effects of oxidative deg-
radation on the rheological properties, nitrogen was purged
continuously to the environmental chamber. The strain am-
plitude was maintained in the limited region so that all
samples were linear viscoelastic and all data given below
have been obtained at 280°C, at which both the compo-
nents were in the molten state.

Differential scanning calorimetry (DSC) was used to
characterize the thermal behavior of the blends. DSC
measurements were carried out in a Dupont DSC cell equi-
pped with a Dupont 2010 thermal analyst system. Samples
were heated to 290°C at a heating rate 10°C/min under a
nitrogen atmosphere.

To investigate the extent of transreaction between PEN
and PET, '"H n.m.r. spectra of the blends, which were
taken from the sample just after finishing the rheological
measurement were obtained by using a Bruker AMX-500
FT-NMR spectrometer (500 MHz).

3. Results and Discussion

Fig. 1 shows the results of the frequency sweep exper-
iment at 280°C for both the components and their blends.
Whole pools of samples have Newtonian behavior at the
low frequency region and then exhibit a shear thinning
behavior at the high frequency region. Over the entire
range of frequency, PEN has a higher complex viscosity
than PET. The viscosities of blends have an intermediate
value those of between PEN and PET except PEN50. The
viscosities of the blends increase with an increase in the
percentage of PEN except PENS0. It is worthwhile to note
that PEN50 has the lowest complex viscosity. In order to
facilitate the comparison, the complex viscosities at a cons-
tant frequency =10 rad/s are presented as a function of
the weight fraction of PEN in Fig. 2. It is apparently
observed that the complex viscosity of PENS0 is put down
unusually and remarkably low. These data indicate that
there may be a significant effect of blend composition on
the complex viscosity near the 50 wt% composition. In
general, it is well known that extrusion of the blends of
PEN and PET results in transreaction between the two
polymers, which leads to production of random PEN-PET
copolymers. Basically, PEN and PET are immiscible but
phase transition gradually occurs from heterogeneous to
homogeneous phase depending on the transreaction time
as the reactions proceed during melt processing. According
to the results reported by previous workers(Lee, et al.,
1997), the solution blends of PEN and PET show double
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Fig. 1. Frequency sweep for PEN, PET and their blends at 280°C.
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Fig. 2. Variation of the complex viscosity with weight fraction of
PEN at constant angular frequency =10 rad/s.

glass transition temperatures, which indicate that they are
immiscible without any reaction. However, thermal treat-
ment at 280°C for 20 min or more gives a single glass tran-
sition temperature, which means that this blend becomes
miscible.

In many cases, the rtheological behavior of polymer blend
serves as not only a key property in processing but also as
an indicator in determining its miscibility. To investigate
the effects of miscibility on the rheological property, we
shall consider logarithmic plots of G'(®w) and G"(w) as
suggested by Chuang and Han(1984). They proposed that
such plots would be sensitive to the morphological state or
the degree of miscibility in the polymer blend system. Fur-

Korea-Australia Rheology Journal



Rheological anomalies of blends depending on the compositions

thermore, it has been demonstrated that the change of tem-
perature does not affect these plots. If the polymer blends
have the same miscibility, a superposition of the rheol-
ogical data measured will be obtained on the log G'(w)-log
G"(w) plots. Using the information in Fig. 1, log G versus
log G" plots are presented in Fig. 3. It is clearly observed
from Fig. 3 that there is a good superposition having a
master curve of slope 2, which implies an apparent limiting
behavior of G'(®) ~ G"(w)%, for all blend compositions.
Therefore, it may be said that all the blends are in sim-
ilar miscible states after melt blending due to some
degree of transreaction. It is consistent with the previous
report(Lee, er al., 1997).

The primary factor to be investigated now is the extent of
the transreaction induced during melt blending and the cor-
responding influence on rheological properties. It should
be noted that the transreactions of the blends could prog-
ress even during the rheological measurement. It usually
takes 20 min to obtain the first data and then 20 min more
is needed to finish the measurement. Therefore, the effects
of the transreaction time must be considered during this
period of time but a major part of the reaction takes place
within the first 20 min as reported elsewhere(Lee, et al.,
1997). It is also based on the fact that the rheological data
measured do not show any more change after 20 min.

Fig. 4 shows the DSC thermograms of PET, PEN, and
their blends of various compositions reacted during melt
extrusion and rheological measurements. The pure PET
shows a Tg at 80.3°C and a Tm at 254.5°C, preceded by
a cold crystallization temperature peak at 132°C. The pure
PEN shows a Tg at 123.7°C and a Tm at 270.0°C, pre-
ceded by a cold crystallization temperature peak at 189.5°C.
The melting points decrease and the crystallization tem-
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Fig. 3. Log G'-log G" plots of PEN, PET and their blends by
using the data in Fig. 1.
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Fig, 4. DSC thermograms of PET, PEN and their blends of several
compositions reacted during the melt extrusion and rheol-
ogical measurements,

perature increases for PEN10 and PEN90. The melting
peaks completely disappeared for PEN30, PEN50, and
PENT70 because of significant transreactions. The DSC
thermograms of PEN/PET blends formed during the
extrusion and rheological measurements show a single T,
for all blend compositions. It means that all the blends are
in a miscible state after melt blending and rheological mea-
surements due to transreactions. This is coincident with
the results of the rheological experiment.

Fig. 5 shows the 'H n.m.r. spectra of the blends in the
range from 4.8 to 5.1 ppm which is corresponding to the
region of the ethylene moiety. The peaks for PEN, PEN/
PET copolymer, and PET units are assigned at 4.98, 4.93,
and 4.88, respectively. The relative peak areas of the three
signals indicate the concentrations of (ethylene 2,6-naph-
thalate)-(ethylene 2,6-naphthalate) (EN-EN), (ethylene 2,6-
naphthalate)-(ethylene terephthalate) (EN-ET), and (eth-
ylene terephthalate)-(ethylene terephthalate) (ET-ET) dyad
sequences in the reacted blends. The extent of reaction is
defined as

new peak
2

m;&ak + bigger peak

This gives the reacted ratio of the major component in
each blend composition.

Tablel illustrates the variations of the reaction between
PEN and PET depending on the blend compositions.
The extent of the transreaction is higher in PET 50, the
composition of which is near the molar ratio of 1 to 1,
than any other blend composition because the possi-
bility of transreaction is higher when the number of the
PET ester group and the PEN ester group is similar to
each other. To investigate the polymer sequence, which
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influences the properties of the polymer, some param-
eters can be defined(Park, et al., 1996).

Pyr = %—@: Probability that the EN unit reacts with the

N

ET unit in the PEN chain.

Table 1. The extent of transreaction and composition of ethylene

moieties.
Before After transreaction(%)
transraion(%)
Code Extent of
xtent O
F
PEN PET NN Frr Fren reaction
PEN10 8.1 91.9 35 873 9.2 5

PEN30 254 746 15 642 208 14
PEN50 452 558 286 402 312 23
PEN70 649 351 539 241 22 17
PEN90 87.7 123 807 53 14 8

Fun; Mole fraction EN-EN dyad.
Frr; Mole fraction ET-ET dyad.
Fren; Mole fraction EN-ET dyad.

new peak
2

C = ; Extent of reaction
new peak | . .
— s + bigger peak
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Fig. 5. H n.m.r. spectra for PEN10, PEN30, PEN50, PEN70 and
PEN90 reacted during the melt extrusion and the rheol-
ogical measurements.
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Pyr = Py : Probability that the ET unit reacts with the

Fy EN unit in the PET chain.

Where, Frgny = Far + Frn ¢ The overall amount of EN-ET
units,
FN - FTEN

= + Fyn: The total amount of EN units,

F .
F; = %’ + Fr: The total amount of ET units.

B = Pyr + Py Degree of randomness.

Lar = <, Loy = PL- Block length of PEN, PET.

PNT ’ TN ’

The results using these parameters are summarized in
Table2. Pxr=0.57 for PEN10 means that one of the two EN
units, on an average, in the PEN-chain reacts with an ET
unit in the PET chain. In other words, the most PEN trans-
react with ET units in PET chains. The result was that all
the PEN molecules became EN/ET copolymers. The ran-
domness factor, B, for PEN10 and PEN90 indicates the
degree of randomness in the produced copolymers through
the transreactions, but it should be remembered that there
are still a lot of homopolymers left in the sample. The
degree of randomness is surely proportional to the extent of
the transreaction for other compositions too.Therefore, in
order to understand the rheological properties of the

Table 2. Probability, block length and degree of randomness of
the copolymer by transreaction.

Fy Fr Pxr Py B Lnt Lin
PEN10 8.1 919 057 005 0.62 1.75 20
PEN30 254 746 041 014 055 244 714
PEN50 452 558 035 028 0.63 286 357
PEN70 649 351 017 031 048 588 323
PEN9O  87.7 123 0.08 057 0.65 12.5 1.75

F
Pyr = FN-T : Probability that the EN unit reacts with the ET unit
N in PEN chain.

F
P = = Probability that the ET unit reacts with the EN unit
T in PET chain.

Where, Frpy = Fyr+Frn @ The overall amount of EN-ET units,

Fy = FTzEN + Fun @ The total amount of EN units,

F;: = FT—%\I + Frr: The total amount of ET units,

B=Pnt+ Py : Degree of randomness.

Lyt = L , Loy = L : Block length of PEN, PET.
Pyt Py
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blends, it is better to characterize the polymer sequence
structure using the block length instead. For example, the
sequence of the block copolymer, as result of the trans-
reaction of the PEN10 blend system, is as follows: The
1.75 EN units are continuously connected and then 20 ET
units are continuously connected. Therefore, PEN10 and
PEN30 maintain a relatively strong PET character after the
transreactions while PEN70 and PEN90 have a strong PEN
character. Meanwhile, the sequence of the copolymer, as
result of the transreaction of the PENS5O0 blend system, is as
follows: The 2.86 EN units are continuously connected and
the 3.57 ET units are also continuously connected. This
copolymer is a random copolymer rather than a block co-
polymer.

It was found that PEN5O exhibited the EN-ET random
copolymer characteristics while PEN30 and PEN70 had the
block copolymer chracteristics after the extrusion and rheol-
ogical measurements in the 'H n.m.r. analysis. Therefore,
the PENS50 has the lowest complex viscosity. Because this
random copolymer has a different property with block co-
polymer, which has a strong main block character. Con-
sequently, the level of transreactions in the molten state has
a great effect on the copolymer sequence and the copolymer
sequence has a great influence on the complex viscosity.

In summary, the effects of the transreactions on the ther-
mal and rheological properties of the PEN/PET blends
have been studied. The reactions proceed during the melt
processing and rheological measurements, and their extent
are dependent on the blend compositions. Rheological
measurements show that the PEN50 shows a remarkable
decrease in the complex viscosity. The magnitude of the
decrease may be associated with the progress of the tran-
sreactions between the EN and ET units of the two poly-
mers and the produced copolymer sequence. 'H n.m.r.
spectra of the reacted blends support a such conclusion.
However, it is observed that there is no difference in the

Korea-Australia Rheology Journal

miscibility for all the blend compositions, even with
different levels of the transreactions, in the rheological
window. The DSC thermograms of the reacted blends are
concurrent with this result.

Therefore, when one would like to develop a reactive
blend, the extent of reaction during blending should be care-
fully controlled in order to accommodate the extra reaction
during processing.
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