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SYNOPSIS 

Poly(ethy1ene terephthalate) (PET) was blended with a co[poly(ethylene terephthalate- 
p-oxybenzoate)] (POB-PET) copolyester which is a liquid crystalline polymer consisting 
ofp-oxybenzoate and ethylene terephthalate units in a 40/60 mol ratio (P46). The level of 
P46 liquid crystalline polymer varies from 10 to 50 wt %. All the blends were prepared by 
melt-mixing in a Brabender Plasticorder at 275'C for different times. The thermal and 
crystallization behaviors of blends depend on the blending time and the composition of 
blends, viz., the content of the p-oxybenzoate (POB) moiety incorporated into the blends. 
The interchange reactions detected by proton NMR analysis occur during the processing 
at  a greater level if the blending time increases. These interchange reactions hinder the 
crystallization processes of PET and result in a decrease of the melting point, the heat of 
fusion, crystallization temperature, and the heat of crystallization of the original PET. The 
effects of the interchange reaction on thermal and crystallization behaviors of the blends 
may be attributed to the insertion of the rigid POB units into the soft PET chain. 0 1996 
John Wiley & Sons, Inc 

INTRODUCTION 

Poly(ethy1ene terephthalate) (PET) is one of the 
engineering plastics that has been studied as a com- 
ponent of many polymer blends. PET crystallization 
can be increased by the addition of polymeric nu- 
cleating agents such as linear low-density poly- 
ethylene (LLDPE),' poly(methy1 methacrylate) 
(PMMA),2 poly(pheny1ene sulfide) (PPS),3 high- 
density polyethylene (HDPE),3 and liquid crystalline 
polymer (LCP).4-9 The alloying of PET with PMMA 
was reported to accelerate the crystallization sig- 
nificantly and was most pronounced in a 85/15 PET/ 
PMMA blend.2 Other PET/LCP blends of PET/ 
VLC (trade name Vectra A900) and PET/KLC 
(PHB/PET = 80/20 mol ratio) were studied by 
Misra et a1.I According to these investigations, VLC 
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and KLC act like nucleating agents for PET crys- 
tallization and this effect probably reaches a max- 
imum at an LCP level between 0 to 5 wt %. In the 
range from 10 to 15 wt %, VLC and KLC possibly 
destroy the symmetry of PET, thus resulting in de- 
creases in AH,, AH,, and T,. From these earlier re- 
sults, it is seen that the crystallization behavior of 
PET blends is influenced by the composition and 
amount of the second component, chemical com- 
patibility, and the degree of dispersion achieved in 
the mixing process. 

The transesterification or ester exchange reaction 
in the polyester blends can play an important role 
in their miscibility and consequent properties. This 
reaction has been found to take place in many PET 
blends such as PET/PBT," PET/PC,",12 and PET/ 
polyacrylate (PAr),I3-l7 as well as in the blends with 
p-oxybenzoate (P0B)-PET copolyester such as 
PBT/POB-PET18 and PC/POB-PET.'g~20 It is well 
known that the transreaction in the polymer blends 
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depends strongly on their initial compatibility and 
blending condition. This includes temperature, du- 
ration of mixing, preparation method, viscosity 
match, and presence of catalystsz1 as well as inhib- 
i t o r ~ . ~ ~ - ~ ~  In the previous investigations of the PET 
blends with the POB-PET c~polyester,~-' several 
conclusions concerning the miscibility in these 
blends exists, and no specific interchange reaction 
between the components has been shown. 

The objective of this present investigation was to 
examine PET with POB-PET copolyester for the 
existence of possible interchange reaction between 
the components, the relation of the level of inter- 
change reaction as  a function of blending time, and 
the effect of the level of interchange reaction on the 
thermal and crystallization behaviors of PET in a 
blend by differential scanning calorimetry (DSC) 
and proton nuclear magnetic resonance (NMR) 
analyses. 

The chemical structure of the co[poly(ethylene 
terephthalate-p-oxybenzoate)] (POB-PET) co- 
polyester consists of the following two moieties: 

DSC Measurement 

DSC was used to characterize the thermal and crys- 
tallization behaviors of the blended samples. The 
size of samples was reduced to  about 0.5 mm in di- 
ameter by a cutting mill. The weight of all samples 
was kept between 10 and 11 mg for DSC evaluation. 
DSC measurements were carried out in a DuPont 
DSC cell equipped with a DuPont 2000 thermal an- 
alyst system. Samples were heated to 305°C a t  a 
heating rate of 10"C/min under a nitrogen atmo- 
sphere, held for 5 min to destroy anisotropy, and 
then cooled at  10"C/min to  30°C. Both thermal and 
crystallization parameters were obtained from the 
heating and cooling scans. 

NMR Spectra 

For the NMR spectra, a 5-10 wt % solution of the 
blend in deuteriated trifluoroacetic acid (TFA) was 
prepared. The spectra were then taken within sev- 
eral hours of the sample dissolution and with tetra- 
methylsilane (TMS) as the internal standard. The 
spectra were obtained by a Varian Model Unity-300 
NMR spectrometer operating a t  300 MHz for ob- 
serving protons. 

(1) POB (2 )  PET 

RESULTS AND DISCUSSION 

EXPERIMENTAL 

Materials 

Co[poly(ethylene terephthalate-p-oxybenzoate)] 
copolyester of P46 was synthesized according to the 
procedure reported in our previous article.2s The 
PET resin was kindly supplied by Far East Texile 
Co (Taiwan) having an  intrinsic viscosity (IV) of 
0.62 (dL/g) in 60/40 (w/w) phenol/tetrachloroe- 
thane a t  30°C. 

Blending Method 

P E T  and P64 copolyesters were dried in U ~ C U O  a t  
105°C for 48 h before blending to avoid a degradation 
reaction caused by moisture. The weight ratios of 
PET to copolyester in the system tested were 90/ 
10, 85/15, 70/30, and 50/50. The blends were pre- 
pared by melt-mixing in a Brabender Plasticorder 
a t  275°C and a t  a mixing blade speed of 30 rpm. 
Samples were taken a t  various times from the mixing 
bowl and immediately quenched in liquid nitrogen. 

Identification of Interchange Reaction 
by NMR Analysis 

The occurrence of increasing levels of interchange 
reaction in the PET/P46 blends after blending 
times of 3,8,20,40, and 80 min in PET/P46 weight 
ratios of 85/15, 70/30, and 50/50 was tested. The  
extent of the interchange reaction depends also 
on the time-temperature history of the blend. 
Figure 1 illustrates the 300 MHz proton NMR 
spectrum for P46 in trifluoracetic acid solution and 
shows the assignments for the resonances. The  
sharp signals at 8.2 and 4.9 ppm correspond to  the 
proton of the terephthalate and the methylene 
proton, respectively. According to  Lenz26 and 
Nicely et  al.,27 the peak a t  higher magnetic field 
(7.5 ppm) corresponds to  the POB-POB dyad 
while the other (7.4 ppm) is due to  the POB-PET 
dyad. Spectra of these types have been measured 
to  determine the fraction of the POB repeat units 
that  are bonded to  a PET unit or to  another POB 
unit. Figure 2 shows the POB-PET and POB- 
POB dyads region of the NMR spectra of the PET/ 
P46 (70/30) blend after different blending times. 
I t  can be seen that  the ratio of POB-PET to POB- 
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Figure 1 Proton NMR spectrum at 300 MHz with the assignments of the absorptions 
for P46 dissolved in trifluoroacetic acid. 

POB dyads increases progressively with blending 
time. This result proves that a greater level of in- 
terchange reaction can be obtained a t  a longer 
blending time. Figure 3 shows the mol % of POB 
bonded to  P E T  unit as a function of blending time 
for PET/P46 (85/15), PET/P46 (70/30) ,  and 
PET/P46 (50/50) compositions. It is seen clearly 
that the mol 72 of POB bonded to the P E T  unit 
increases with blending time for these blends. 
These results reveal that  the interchange reaction 
already occurs within 3 min blending and the level 
of the interchange reaction increases with the 
blending time in these blends. The different slopes 
of the line a t  the periods between 0 and 3 min and 
between 3 and 80 min representing the rates of 
interchange reaction depend on the PET/P46 ra- 
tio. These results seem to indicate that the level 
of the interchange reaction depends strongly on 
both the composition of the blend and duration of 
mixing. 

Thermal and Crystallization Behavior in 
PET/P46 Blends 

The results of DSC heating and cooling scans for 
PET and PET/P46 blends after 8 min blending a t  
275°C are shown in Figure 4(a) and (b), respectively. 
It is evident that there is a distinct glass transition 
temperature ( Tg), an exothermic recrystallization 
peak, and an endothermic melting peak in all of the 
heating scans, with the exception of the 50/50 PET/ 
P46 blend for which the recrystallization peak dis- 
appears. The recrystallization exotherm is due to 
the rapid cooling of the melt in liquid nitrogen, 
making the full crystallization of PET difficult. The 
disappearance of the recrystallization peak in the 
50/50 blend indicates a fully hindered recrystalli- 
zation of PET and the total crystallinity (AH,) of 
the blend is due to the primary crystallization a t  the 
rapid cooling process conditions. On the other hand, 
there is a distinct exothermic crystallization peak 
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Figure 2 'H-NMR spectra of PET/P46 (70/30) blends after different blending times. 

in all the cooling scans. The various thermal and 
crystallization parameters determined from heating 
and cooling scans of the blends are given in Table 
I. It is obvious that all the onset temperatures of 
recrystallization and recrystallization temperatures 
( Trc) measured at  the peak of recrystallization exo- 
therm for the blends, are lower than those of pure 
PET. The onset temperatures of recrystallization of 

a, 
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Figure 3 Mol % of POB connected to PET (i.e., POB- 
PET Dyad) after different blending times in the 85/15, 
70/30, and 50/50 PET/P46 blends. 

the blends decrease with increasing P46 content. 
The T,, goes through a minimum at ca. 30% P46 as 
a function of P46 concentration. These results would 
appear to reveal that the recrystallization mecha- 
nism of PET in blends might be different from that 
of pure PET. 

The onset temperature of melting and melting 
peak width (AT,,,) are related to lesser stability and 
the distribution of the crystallites, respectively. A 
clear decrease of the onset temperature of melting 
and T,,, is found in the blends with respect to those 
of pure PET. Moreover, the higher the content of 
P46 in the blends, the greater is this decrease. The 
AT,,, increases from that of pure PET with increas- 
ing P46 content. The value of AT,,, for 90/10 PET/ 
P46 blend is 2°C higher than that of pure PET (Le., 
47OC). As the P46 content increases over the range 
from 10 to 50%, the value of AT,,, increases a further 
13°C. These results indicate that the crystals gen- 
erated in such blends are less perfect than those 
found in pure PET and that they continue losing 
perfection as the P46 content increases. 

The composition dependence of the crystalliza- 
tion parameters during cooling of the PET/P46 
blends are given in Table I. The crystallization peak 
temperature (T,) and crystallization widths (AT,)  
for the 90/10 PET/P46 blend are higher and nar- 
rower than those of pure PET, respectively. On the 
other hand, the heat of crystallization (AHc) for the 
90/10 PET/P46 blend is higher than that of pure 
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Figure 4 (a) DSC thermograms of PET/P46 blends with different wt % of P46 after 8 
min blending (heating scans). (b) DSC thermograms of PET/P46 blends with different wt 
% of P46 after 8 min blending (cooling scans). 

PET (39.9 J/g). If the crystallization rate were de- 
fined as the heat of crystallization in a unit of time 
( AHJtime), the crystallization rate of the 90/10 
PET/P46 blend is higher than that of pure PET 
(0.180 J/g s). Thus, the crystallization of PET in 
the 90/10 blend exhibits a significant acceleration. 
On the contrary, when the P46 content is higher 
than 15%, the onset temperature of crystallization, 
T,, AH,, and crystallization rate all decrease with 

increasing P46 content. These results seem to reveal 
that the blends with lower P46 content (<lo%) ac- 
celerate the crystallization of pure PET, but the 
blends with higher content (>15%) inversely hinder 
the crystallization of pure PET. The crystallization 
results of PET/P46 blends are in agreement with 
an earlier crystallization study7 which showed that 
PET crystallization from the melt was accelerated 
by blending with only a small quantity of a liquid 
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Table I DSC Data of PET/P46 Blends After 8 Min Blending 

From Heating Scans 

Recrystallization Melting Difference 

(PET/P46) Tg Onset T, AT,, AH, Onset T,,, AT, AHf AHf - AH, 
Composition ("C) ("C) ("C) ("C) (J/G) ("C) ("C) ("C) (J/g) (J/g) 

100/0 73 116 133 34 26.9 220 253 47 39.7 12.8 
90/10 74 110 127 33 16.8 219 253 49 43.3 26.5 
85/15 73 108 127 34 20.1 211 249 50 47.3 27.2 
70/30 72 99 115 43 19.0 203 246 53 46.0 27.0 
50/50 83 - - - - 192 241 62 40.1 40.1 

From Cooling Scans 

Crystallization 

100/0 
90/10 
85/15 
70/30 
50/50 

216 
216 
210 
199 
184 

200 
202 
193 
177 
161 

37 
32 
36 
46 
54 

39.9 
42.0 
42.2 
40.3 
33.1 

0.180 
0.219 
0.195 
0.146 
0.102 

crystalline polymer (LCP) (within 20%) which might 
act as a nucleating agent. 

Interchange Reaction Effect 

In general, where units of the same chemical struc- 
ture in two distinct polymers cocrystallize, adjacent 
and dissimilar units of polymer components in the 
polyblends can act as impurities and deform the 
crystal structure.26 Thus, depressions of the values 
of T, and AH, with blend composition are often ob- 
served. For instance, the retardation of PET crys- 
tallization and lowering of its degree of crystallinity 
and crystallization rate in miscible blends of PET/ 
PAr have been reported.13-17 The decrease in the 
crystallinity of these blends was attributed to  the 
inclusion of the rigid PAr unit in PET chains which 
causes a decrease in their crystallizable segment 
length. 

To  investigate the effect of the interchange re- 
action formed in the PET/P46 melt on thermal and 
crystallization behaviors, mixtures of the compo- 
nents in a 50/50 weight ratio were blended for 8,20, 
40, 60, and 80 min at  275°C. Figure 5(a) and (b) 
show the DSC heating and cooling scans for the 50/ 
50 PET/P46 blends after different blending times, 
respectively. The thermogram obtained for pure 

PET a t  8 min blending time is also shown. Different 
thermal behavior is observed for the pure PET and 
the blends. P E T  shows a distinct glass transition 
with a Tg value of 73°C and, after that, an exo- 
thermic recrystallization peak (133OC) and an  en- 
dothermic melting peak (253°C). The values of Tg 
for the blends are always higher than that of pure 
PET. The reasons for the jump in the glass transi- 
tion temperature may be explained on the basis of 
the incorporation of rigid POB segment into the 
PET chains due to  the interchange reaction during 
blending. 

For all the blends, no recrystallization peak ap- 
pears, indicating that PET is already unable to  
crystallize during the heating scan even after only 
8 min blending. The total crystallinity (AH$ of the 
blend is contributed by the primary crystallization 
during the rapid cooling process. With respect to 
the melting behavior, changes with blending time 
in the values of T, and AH, are shown in Figure 6. 
The points a t  0 min blending time correspond to  
pure PET. The values of T, for blends exhibited a 
progressive decrease with blending time, indicating 
that the PET crystallites are less perfect in the 
blends and that they continue losing perfection as 
the blending time increases. The values of AH, in- 
crease slightly to 8 min but decrease with increasing 
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Figure 5 (a) DSC thermograms of PET/P46 (50/50) blends after different blending 
times (heating scans). (b) DSC thermograms of PET/P46 (50/50) blends after different 
blending times (cooling scans). 

blending time after 8 min. The depression of AH, 
indicates that progressively hindered crystallization 
of PET is evident with increasing blending time. 

The crystallization parameters of crystallization 
onset temperature and T, obtained from the cooling 
scans are shown in Figure 7. The crystallization on- 
set temperatures of the blends are in the vicinity of 
183°C and much lower than that of pure PET 
(216°C). A shift in the crystallization onset tem- 

perature represents modification of the nucleation 
process. The crystallization peak temperature (T,) 
represents the temperature at the maximum crys- 
tallization rate. The T, of the 50/50 PET/P46 blend 
after 8 min blending is at 161°C which is 39°C lower 
than the that of pure PET (200°C). As the blending 
time increases from 8 to 80 min, the T, decreases 
further in the order of 5°C. Changes in the crystal- 
lization peak width (AT,) and the heat of crystalli- 
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Figure 6 Melting temperatures and heat of fusion of 
PET/P46 (50/50) blends after different blending times. 
The points at  0 min blending time correspond to pure 
PET. 

zation (AHc) are related to the overall crystallization 
rate and the extent of crystallization, respectively. 
The values of AT, and AH, of the blends obtained 
from the cooling scans are shown in Figure 8. As 
can be seen in Figure 8, all the crystallization peak 
widths for the blends are broader, compared to pure 
PET, and increase with increasing blending time. 
Furthermore, the values of AH, for the blends are 
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Figure 7 Onset temperature of crystallization and 
crystallization temperatures in PET/P46 (50/50) blends 
after different blending times. The points a t  0 rnin blend- 
ing time correspond to pure PET. 
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Figure 8 Crystallization peak width and heat of crys- 
tallization in PET/P46 (50/50) blends after different 
blending times. The points at  0 rnin blending time cor- 
respond to pure PET. 

smaller than that of PET and decrease with in- 
creasing blending time. The broader crystallization 
exotherm in the blend is attributed to hindered 
crystallization of PET. This effect is also supported 
by the fact that both T, and the values of AH, of the 
blends are always lower than those of pure PET. 
The crystallization rate decreases with increasing 
blending time as shown in Figure 9. These results 
may be attributed to a hindered crystallization, due 

0.25 I 

0 10 20 30 40 50 60 70 80 90 100 

Blending Times(min) 

Figure 9 Crystallization rate in PET/P46 (50/50) 
blends after different blending times. The points at  0 min 
blending time correspond to pure PET. 
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to the interchange reactions, and to the concomitant 
decrease in the crystallized segment length of PET. 
Thus, different levels of interchange reactions have 
been produced directly during melt-mixing. The 
change of nature of the material produced by the 
reactions leads to a progressive hindrance of P E T  
crystallization. 

CONCLUSIONS 

From NMR analysis, interchange reactions take 
place in the PET/P46 blends. The level of inter- 
change reaction increases with increasing blending 
time. The interchange reaction would give rise to a 
hindrance of P E T  crystallization as detected by the 
DSC study. The greater the level of the interchange 
reaction, the more hindered is crystallization of the 
PET / P46 blends. The hindered crystallization of 
P E T  might be attributed to the insertion of the rigid 
POB units in PET chain and to the concomitant 
decrease in the crystallized segment length of PET. 
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