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ABSTRACT: Effects of chemical reactions on the properties of the polycarbonate (PC)/
liquid crystalline polymer (LCP) blends are considered here. Not only thermal and
rheological behaviors, but also morphology and molecular weight change are investi-
gated. Reactive blends were prepared in a cylindrical flask at 300°C with varying
processing time in the presence of a catalyst by the melt-phase reactions. For compar-
ison, physical blends, in which chemical reactions were minimized, were also prepared
at 300°C in a twin-screw extruder. It seems that transesterification and repolymeriza-
tion did not occur, but depolymerization reaction took place slightly in PC/LCP physical
blends. In reactive blends, however, transesterification and repolymerization as well as
depolymerization reaction took place simultaneously. The depolymerization reaction
occurred mainly at an early stage of processing; whereas, repolymerization reaction
becomes especially dominant after some time (more than 30 min) in the presence of the
catalyst, which had a great impact on its molecular weight. Also, chemical reactions
changed the glass transition temperature and morphology as well as rheological be-
havior, which resulted in the enhanced miscibility in reactive blends. © 1999 John Wiley
& Sons, Inc. J Appl Polym Sci 73: 2123-2133, 1999
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INTRODUCTION

From the economic viewpoint,' polymer blending
is an outstanding tool to obtain new materials
with desirable properties rather than synthesiz-
ing a novel polymer. Since the liquid crystalline
polymers (LCPs) displaying good thermal and me-
chanical properties were introduced some 25
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years ago, the new classes of high-performance
polymers have received significant attention.?
Blending LCP with thermoplastic polymers can
offer improved melt processibility and enhanced
mechanical properties, resulting from the rod-like
conformation of LCP that exhibits an ordered
structure in melt.?

A previous study” indicated that the morphol-
ogy and the properties of blends were affected by
the interaction between the LCP and the matrix
as well as by the properties of the individual
polymeric components. Because the components
in most polymer blends containing LCP are gen-
erally immiscible, interfacial interaction of the
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two separated phases should be introduced to
make a successful polymer blend. It can be
achieved by introducing a third component in the
system to improve the adhesion between the sep-
arated phases,” ® or by enhancing the macromo-
lecular interaction between them.

Co[poly(ethylene terephthalate-p-hydroxyben-
zoic acid)] (PET-PHB copolyester) was first devel-
oped by Tennessee Eastman Co.>!° This copoly-
ester, which contains 35 ~ 90% of PHB is known
as a thermotropic LCP. It is well known that
transesterification can take place between ester
groups in thermoplastic polyester/LCP (PHB/
PET) blends.''"!2 As transesterification proceeds,
the blends are first converted to block copolymers,
and finally to random copolymers.'* Reactive
blending is useful for preparation of new poly-
meric materials to introduce chemical reactions
between two materials during the blending pro-
cess. Hwang et al.»!2 have studied the reactive
blend of PET and LCP (PHB60/PET40), in which
transesterification reaction was monitored di-
rectly by the increase of nuclear magnetic reso-
nance (NMR) peak area for PHB-PET dyad rela-
tive to PHB-PHB dyad. The high reactivity of
acetate end groups in LCP was responsible for
reducing molecular weight of products.

In this study, we used polycarbonate (PC) and
LCP (PHB80/PET20) as blending materials. PC is
partially miscible with the high PET phase of
LCP; whereas, PC is immiscible with PHB phase
of the LCP.'®16 Therefore, the miscibility be-
tween PC and LCP (PHB80/PET20) is predicted
to be not as good without chemical reaction. The
objectives of this study are to identify the chemi-
cal reactions during melt blending and to inves-
tigate the effect of such reactions on the proper-
ties of polycarbonate/LCP (PHB80/PET20). In the
case of reactive blending, such chemical reactions
as transesterification, depolymerization, and re-
polymerization reaction could take place during
processing. The properties of the blend were in-
vestigated not only through thermal and rheologi-
cal behaviors, but also because morphology and
molecular weight change of the PC/LCP blends,
depending on chemical reactions.

EXPERIMENTAL

Materials

Polycarbonate used in this work was Lexan 121R
manufactured by General Electric Plastics, which

was end-capped with cumyl phenol as a terminal
group for thermal stability. A thermotropic liquid
crystalline polymer (TLCP), Novaccurate E322
was chosen, which was composed of 20-mole %
PET and 80-mole % PHB, manufactured by Mi-
tsubishi Kasei. Their structures are as follows.
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PC and LCP were dried under vacuum for 12 h
at 100°C to avoid possible degradation by hydra-
tion.

Blend Preparation

Physical blends of PC and LCP were prepared by
using a twin-screw extruder (Werner & Pflei-
derer, L/D = 42, 25¢) at 300°C. LCP contents
were 3, 5, 7, and 10 wt % each (LLC03, LC05, LC07,
and LC10). The extrusion was done for less than
1 min to minimize any chemical reaction. The
extruded products were cooled in water, pellet-
ized, and dried in a vacuum oven for 12 h at
100°C. Reactive blends were prepared at 300°C by
melt-mixing in a cylindrical flask with a vacuum
distillation head, a stainless steel agitator, and a
condensate trap. To diminish depolymerization,
the pressure was kept at 0.05 torr during the
preparation. A catalyst, di-n-butyltin-dilaurate in
the amounts of 0.5 wt % was added to the reactive
blends to accelerate the chemical reactions. The
preparation conditions are listed in Table 1.

Measurements
Scanning Electron Microscopy (SEM)

The morphological state of the blends was exam-
ined by scanning electron microscopy (SEM).
SEM experiment was carried out using a Phillips
535 M microscope. Samples were prepared at
290°C by compression molding and fractured at
cryogenic temperature after immersion in liquid
nitrogen for 5 min. The fractured surfaces were
coated with gold palladium for the SEM observa-
tion.
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Table I Summary of Preparation Method for the PC/LCP Blends

Preparation Preparation
LCP Content Blend Preparation Pressure Temperature
(wt %) Code Time (min) (torr) ((®)
Physical Blends® 3 LCo03 1 760 300
5 LC05 1 760 300
7 LCO07 1 760 300
10 LC10 1 760 300
Reactive Blends 10 LC10-15 15 0.05 300
LC10-30 30 0.05 300
LC10-60 60 0.05 300

2 Physical blends were prepared in a twin-screw extruder.

b Reactive blends were prepared in a cylindrical flask by the melt-phase reactions adding the catalyst.

Gel Permeation Chromatography (GPC)

Gel permeation chromatography (GPC) analysis
was performed using a Waters 600 to investigate
the change in molecular weights of the PC/LCP
blends. Tetrahydrofuran (THF) was used as an
eluent at 30°C. Samples were dissolved into 0.1
wt % THF solutions. After the insoluble sub-
stances were filtered with a teflon filter (mesh
size = 0.5 um), GPC experiment was performed.
The system was calibrated using polystyrene
standards.

"H-Nuclear Magnetic Resonance (NMR)
Spectrometer

To study the extent of the transesterification re-
action between the PC and LCP, proton nuclear
magnetic resonance (‘H-NMR) experiment was
carried out. A solvent is deuteriated chloroform
(CDCly), which does not dissolve LCP but does
dissolve PC. The 5 wt % solutions of the blends
were used as NMR solutions after the insoluble
portions were filtered with a teflon filter (mesh
size = 0.5 um). The spectra were calibrated by
tetramethylsilane (TMS) as an internal standard.
A Bruker AMX FT-NMR spectrometer (600 MHz)
was used for this study.

Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry (DSC) was used
to characterize the thermal behaviors of the
blends. DSC measurements were carried out in a
Dupont DSC cell equipped with a Dupont 2010
thermal analyst system. Samples were heated to
300°C at a heating rate of 20°C/min under a ni-
trogen atmosphere and then quenched in liquid

nitrogen. The quenched samples were heated
again to 300°C at the heating rate of 10°C/min.
All curves and data were obtained from the sec-
ond scanning.

Rheological Measurements

Rheological experiments were carried out on the
neat polymers and blends using rotational rheo-
meter (PHYSICA Rheo-Lab MC120) equipped
with a cone-and-plate fixture having a cone angle
of 1° and a diameter of 50 mm. The minimum gap
was kept approximately 50 um in all cases. Before
any measurement, all samples were allowed to
relax at measuring temperature for 2 min and
then sheared at a low shear rate (0.01 s~ %) for 3
min under a nitrogen atmosphere. Dynamic stor-
age modulus (G') and dynamic loss modulus (G")
were measured in the oscillatory shear mode as a
function of angular frequency (w) under isother-
mal conditions. The frequency sweeps were per-
formed from 1 ~ 500 rad/s.

Thermogravimetric Analyzer (TGA)

A 951 thermogravimetric analyzer of Dupont In-
strument was used to investigate the thermal
stability of the blends. Experiments were carried
out on about 10 ~ 15-mg samples under the ni-
trogen atmosphere. The weight loss of samples
was measured, while they were heated at a rate of
10°C/min up to 600°C from room temperature.

RESULTS AND DISCUSSION

Figure 1 shows SEMs of the fractured surface of
the PC/LCP physical blends. The graphs show the
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Figure 1 SEMs for PC/LCP physical blends: (a) LC03; (b) LCO05; (¢) LCO07; and (d)

LC10 (X5000).

LCP phase as a form of the spherical droplet
dispersed in PC matrix,'® and the interfaces be-
tween PC matrix and LCP droplet are observed
clearly. The size of LCP droplets increases with
increasing LCP content. The graphs of fractured
surfaces of PC90/LCP10 blends (10 wt % LCP
blends) with processing time are shown in Figure
2. Because transesterification reaction proceeds
with processing time, resulting in the enhanced
miscibility of the blends, the size of the LCP drop-
lets in the reactive blends decreased and finally
showed a cocontinuous morphology.

To confirm the changes of the molecular weight
in reactive blends, the molecular weight for PC/
LCP blends from GPC analysis was measured.
The results are shown in Figure 3 and Table II.
Samples were dissolved into 0.1 wt % THF solu-
tions, and then insoluble LCP portions were fil-
tered out with a teflon filter (mesh size = 0.5 um).
In this way, the molecular weight of the dissolved
portions by THF could be measured. The molecu-
lar weight in LC05 and LC10 (physical blend) is
smaller than that of PC (as received) as a result of

the depolymerization reaction of PC phase during
the preparation of physical blend at high temper-
ature 300°C.

In principle, transesterification reaction will
not change the number average molecular weight
but will make some influence on the weight aver-
age molecular weight in the case of homogeneous
polyesters. Hence, the decrease of the weight av-
erage molecular weight in reactive blends may
result not only from depolymerization but also
from transesterification reaction. As it appears in
Figure 3, LC10-30 has a lot of small molecules,
because depolymerization reaction occurs domi-
nantly, as compared to repolymerization, in
LC10-30. However, the molecular weight of
LC10-60 is higher than that of LC10-30, be-
cause the small molecules generated by the depo-
lymerization reaction may be polymerized again
in the presence of the catalyst. In other words,
small molecular portions of LC10-60 have been
tremendously reduced because of the repolymer-
ization. Accordingly, depolymerization reaction is
dominant up to 30 min (LC10-15, LC10-30);
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Figure 2 SEM for PC90/LCP10 blends: (a) LC10 (physical blend); (b) LC10-15; (c)

LC10-30; and (d) LC10-60 (X5000).

whereas, repolymerization is dominant after 30
min (LC10-60).

The scheme of transesterification reactions be-
tween PC and LCP is shown in Figure 4. Two
possible transesterification reactions were consid-
ered in this study: reactions between (1) PC and
PET segment in LCP; and (2) PC and PHB seg-
ment in LCP. To examine the extent of transes-
terification reaction, NMR experiment was car-
ried out. 'H-NMR spectra of PC and LC10 (PC90/
LCP10 physical blend) by using CDCl; as an
NMR solvent. NMR spectra were observed after
the insoluble portions had been filtered. Because
LCP would not dissolve in CDCl, the peaks of
LCP segments unreacted with PC were not ob-
served in NMR spectrum. A solvent peak overlaps
with b peak of PC and LLC10 at around 7.26 ppm.
The spectrum of LC10 is similar to that of PC,
which shows that transesterification in LC10
would hardly occur. The NMR spectra of PC90/
LCP10 blends are shown in Figure 6. The a” peak
at 6.68 ppm may be attributable to the depoly-
merization reaction of PC. As transesterification

LC10-30

Intensity

108 10° 104 103

Molecular weight

Figure 3 The molecular weight distributions for
PC90/LCP10 blends from GPC experiment (LLC10 indi-
cates physical blend and the others reactive blends).
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Table II Molecular Weight of PC/LCP Blends
Dissolved by THF

LCP Content Blend _ _
(wt %) Code M, M,

0 PC 17,600 39,200

5 LCO05 15,500 38,400

10 LC10 15,100 36,3800
LC10-15 12,700 27,200

LC10-30 12,200 25,500

LC10-60 14,600 29,300

reaction proceeds, LCP segments reacted with PC
are dissolved in CDCl;. Accordingly, five new
peaks appear at 3.66, 4.79, 7.42, 8.25, and 8.31
ppm in NMR spectra, which are assigned to /', f,
g + satellite peak of PC, e, and d in Figure 4,
respectively.!:17

It is difficult to quantify the extent of transes-
terification, because the LCP would not dissolve
in CDCl;. Because segments linked with transes-
terified portions as well as transesterified por-
tions in LCP are seen in NMR spectrum, the first
reaction in Figure 4 is not distinct with the second
reaction in NMR spectrum. Therefore, it is diffi-
cult to know which portions in LCP, PET or PHB
segments, participate in transesterification reac-
tion with PC more easily. Instead, it is possible
that the extent of transesterification is estimated
roughly by introducing the concept of “degree of
incorporation.”
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Figure 4 Scheme of transesterification reaction be-
tween PC and LCP.
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Figure 5 (a) 'H-NMR spectra of PC dissolved por-
tions by CDCl; and (b) *"H-NMR spectra of LC10 (PC90/
LCP10 physical blend) dissolved portions by CDCl,.

Degree of Incorporation (DI) = LCP portions
soluble in CDCl, incorporating with PC as a re-
sult of transesterification/Total LCP added in the
blend

As for the degree of incorporation, the area
ratio of (f + ) peak to ¢ peak can be considered.
If all PET segments in LCP may incorporate with
PC as a result of transesterification and dissolve
in CDCl;, the ratio of (f + f ) peak to ¢ peak
comes to be 0.028 based on mole ratio of blending
material. Therefore, the degree of incorporation
(DI) can be obtained from dividing the value of (f
+ [ peak/c peak) by 0.028. The degree of incor-
poration (DI) for PC/LCP blends is listed in Table
III. It seems that the degree of incorporation in-
creases with processing time until 30 min, but
decreases thereafter. The degree of incorporation
of LC10-60 is smaller than that of LC10-30,
which may be attributable to the solubility differ-
ence as a result of the change in molecular
weight.

Figure 7 shows the glass transition tempera-
ture (T,) of PC phase by DSC in physical blend
with LCP contents. The transition peaks of the
LCP phase in the PC/LCP blends are too weak to
observe. The T, of PC phase in physical blends is
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Figure 6 'H-NMR spectra of PC90/LCP10 blends dis-
solved portions by CDCl; according to reaction time: (a)
LC10; (b) LC10-15; (¢) LC10-30; and (d) LC10-60.

not remarkably changed with the LCP contents.
This confirms that physical blends are immisci-
ble. To study effects of chemical reactions on mis-
cibility, the T,’s of PC90/LCP10 blends with re-
action time were investigated. DSC heating
curves for PC90/LCP10 blends are shown in Fig-
ure 8, where the 7', of the PC phase in the reac-
tive blends decreases up to 30 min (LC10-15,
LC10-30). Especially, the T, of LC10-30 is lower
than that of LC10 (physical blend) by 25°, result-
ing from depolymerization of PC and transesteri-
fication between PC and LCP. These chemical

Table III The Degree of Incorporation in PC/
LCP Blends

Relative
Relative Intensity of Degree of
Intensity of f+r Incorporation

Code ¢ Peak Peak (DD
PC 30 0 0
LC10 30 0.06 0.07
LC10-15 30 0.22 0.26
LC10-30 30 0.35 0.42
LC10-60 30 0.27 0.32
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Figure 7 DSC-determined glass transition tempera-
tures of PC phase with LCP contents in PC/LCP phys-
ical blends.

reactions result in the decrease of molecular
weight and improved miscibility in PC/LCP
blends, respectively. This agrees with the results
of Friedrich et al.,'® who reported that a single T,
in PC/LCP (PHB35/PET65) = 50/50 blends (wt %)
was observed in DSC heating curve after anneal-
ing at 300°C for 10 min. On the other hand, the T,
of LC10-60 was higher than that of LC10-30. It
is consistent with the fact that LC10-60 has
higher molecular weight than LC10-30. This
may imply that the small molecules formed by
depolymerization are repolymerized in the pres-
ence of the catalyst. Yoon et al.'® reported that
the increase of molecular weight attributable to
the end-to-end reaction as well as transesterifica-
tion should be considered in reaction blend of
polyesters.

In many cases, the rheological behavior of poly-
mer blend can serve as not only a key property in
processing but also as a piece of evidence in in-
vestigating the miscibility. The log G’ versus log
G" plots suggested by Han et al.?%2! to investigate
the miscibility of PC/LCP physical blends are
shown in Figure 9. Furthermore, it has been dem-
onstrated that the change of temperature does
not affect the plots. If the polymer blends have the
same miscibility, a superposition of the rheologi-
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Figure 8 DSC heating curves for PC and PC90/
LCP10 blends at a heating rate of 10°C/min (LC10
indicates physical blend and the others reactive
blends).

cal data will be obtained in the log G'-log G”
plots. As seen in the Figure 9, the slope of PC is
about 2, which is consistent with that of linear
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Figure 9 LogG' versuslog G" plots for PC/LCP phys-
ical blends at 290°C.

300

250

200

150

Complex viscosity (Pa-s)

100

T

PSR Y T R S GRS TS T T ST S SR NN ST G T S A S WO S

sob— 1 . o o1
4 6 8 10 100

LCP content (wt.%)

o
N

Figure 10 Complex viscosities for PC/LCP physical
blends with LCP contents at 290°C (v = 10 rad/s).

homopolymer in the terminal region. However,
the slope of LCP is not 2, because LCP forms
nematic orientation at 290°C. Storage modulus
relative to loss modulus increases especially at
low frequency with increasing LCP content in
PC/LCP physical blends. This is because of the
increase of the interfaces between PC and LCP
with adding the LCP, which confirms that physi-
cal blends are truly immiscible. Figure 10 shows
the complex viscosity of PC, LCP, and physical
blends at ® = 10 rad/s in a frequency sweep
experiment. PC has the highest complex viscosity,
and physical blends have lower one than PC;
whereas, LCP acts as a processing agent. In par-
ticular, the LC05 has a minimum complex viscos-
ity. The minimum viscosity in the incompatible
blend systems suggests the presence of micro-
structure of the LCP, which is consistent with
results of other researchers.??-24

To investigate the effects of chemical reactions
on the rheological properties, the storage modulus
(G") and loss modulus (G") of PC90/LCP10 blends
were measured at 250°C and shown in Figure 11.
The moduli of reactive blends at 290°C are too low
to measure. Because the LCP droplets in reactive
blends were destroyed by transesterification reac-
tion as confirmed by SEM analysis, reactive
blends can be considered as miscible blends.
Hence, the rheological behavior of reactive blends
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Figure 11 Storage modulus and loss modulus for
PC90/LCP10 blends at 250°C (LC10 indicates physical
blend and the others reactive blends).

at 250°C would resemble the rheological behavior
at 290°C, because there is no reason to expect any
phase change within this temperature range. All
reactive blends show almost G’ ~ w® and G" ~ o'
trends, as expected. Moreover, all reactive blends
have lower storage modulus and loss modulus
than LC10 because of the decrease of molecular
weight and the enhanced miscibility. These re-
sults from depolymerization and transesterifica-
tion, respectively. The complex viscosity (v = 10
rad/s at 250°C) obtained from storage modulus

and loss modulus, and weight average molecular
weight with processing time in the PC90/LCP10
blends are plotted in Figure 12. The complex vis-
cosity of the reactive blends decreases with pro-
cessing time until 30 min, but increases thereaf-
ter. The depolymerization of PC and transesteri-
fication reaction occur dominantly in LC10-15
and LC10-30, which results in the decrease of the
molecular weight and enhanced miscibility, re-
spectively. These are responsible for the decrease
of complex viscosity in LC10-15 and LC10-30.
However, repolymerization besides transesterifi-
cation occurs in LC10-60, which results in the
increase of the molecular weight. This results in
the increase of complex viscosity in LC10-60.
This kind of trend in the complex viscosity is
almost similar to that of the weight average mo-
lecular weight, as shown in Figure 12. LC10-60
has higher complex viscosity than LC10-30 ow-
ing to the increase of weight average molecular
weight resulting from repolymerization. More-
over, the complex viscosity of LC10-60 is slightly
lower than that of LC10-15, which is attributable
to the effect of more compatibilizer formed by
transesterification.

It is important to study the thermal stability of
the blends for industrial applications. Thermo-
gravimetric curves of PC/LCP physical blends are
shown in Figure 13. As it appears, PC has the
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Figure 12 Complex viscosity at 250°C (w = 10 rad/s)
and weight average molecular weight for PC90/LCP10
blends with processing time.
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best thermal stability in PC/LCP blends in early
stage. Although LCP undergoes a more rapid
thermal decomposition than does PC in the early
stages, afterward, it has more residual weight
above 495°C. This is because the PET segment in
LCP that has poor thermal stability degrades
preferentially, and the PHB segment in LCP that
has good thermal stability does so thereafter. PC/
LCP physical blends show a higher weight loss
than PC. Moreover, LC05 shows better thermal
resistance than other physical blends. Figure 14
shows the effects of chemical reactions on thermal
stability. Thermal stability of PC90/LCP10 reac-
tive blends is inferior to that of physical blend
LC10. This may be attributed not only to the
decrease in molecular weight resulting from de-
polymerization but also the destruction of PC and
LCP segment by transesterification in the pres-
ence of the catalyst. LC10-60 has better thermal
resistance than LC10-30, which results from the
increase of the molecular weight attributable to
repolymerization. Therefore, although depoly-
merization reaction should be restricted at a min-
imum, transesterification and repolymerization
should be controlled properly for the purpose of
good thermal stability.
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Figure 13 Thermogravimetric curves of PC/LCP
physical blends at a heating rate of 10°C/min under
nitrogen flow.
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Figure 14 Thermogravimetric curves of PC90/LCP10
blends at a heating rate of 10°C/min under nitrogen
flow.

CONCLUSIONS

In PC/LCP reactive blends, such chemical reac-
tions as repolymerization and transesterification
in addition to depolymerization reaction were suc-
cessfully identified in the presence of the catalyst,
which resulted in a change of molecular weight
and miscibility. However, the mechanical proper-
ties may deteriorate because of excessive chemi-
cal reactions. Therefore, we can conclude that
chemical reactions should be carefully controlled
for optimal properties, considering such factors as
blending temperature, time, and amount of cata-
lyst, which are currently under investigation.
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Foundation.
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