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Synopsis 

WAXS, DSC, and IR methods have been employed to follow the crystallization of 
poly(ethy1ene terephthalate) as a function of molecular weight. The degree of order, which is 
a measure of the extent of crystallization, decreased with increasing molecular weight. The 
degree of reduction in the molecular order with increasing molecular weight differed depending 
on the technique employed to measure it. Crystallinity indices obtained by x-ray diffraction 
methods show an almost linear relationship with molecular weight. The Trans-Gauche ratio 
inferred from the IR spectrum tends to decrease at a very rapid rate with increasing molecular 
weight. The heat of fusion, computed from the melting endotherm in DSC thermograms, shows 
a smaller but a defmite decreasing trend with increasing molecular weight. Besides, the 
thermograms themselves showed distinct changes related to the molecular weight differences. 
The results have been discussed in terms of two different possible influencing factors known 
to affect the crystallization procesa in almost all polymers. Up to certain molecular weights, 
random coiling of molecules appears to be the more dominant factor, but in a much higher 
range of molecular weights, entanglement in the molecular network may become predominant. 

INTRODUCTION 
The influence of molecular weight on the physical and chemical properties 

of polymers is well known and well documented. 1-6 Tensile strength, fatigue 
life, and impact strength are positively influenced and stiffness, tear 
strength, and elongation at break are negatively influenced by increasing 
molecular weight. For poly(ethy1ene terephthalate) fibers it has been 
shown that high molecular weight of the polymer leads to higher spin line 
stress, which accelerates oriented crystallization during melt spinning, and 
the optimum stretching temperature is determined by its molecular 
weight. Fiber strength, initial modulus, and pliability of polyester (PET) 
are shown to increase with increasing molecular weight. There have been 
a number of attempts in the past to study the influence of molecular weight 
on crystallinity and crystallization kinetics. 7-19 Veda and Nakushima l7 

found that the density of poly(ethy1ene terephthalate) is limited by its mo- 
lecular weight in its extent of increase because of thermal treatments. The 
higher the molecular weight, the lower is the limiting density after max- 
imum possible crystallization by thermal treatments. The crystallite nuclei 
induction time is also longer with increasing molecular weight. It is inferred 
from these results that molecular chain aggregation proceeds less easily as 
the chain length is increased. 

Structure and properties of PET have been well investigated by employing 
different analytic tools, such as x-ray diffraction, 20-33 thermal a n a l y s i ~ , ~ ~ - ~ ~  
and infrared spectroscopy. 40-49 The structure sensitivity of each of these 
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techniques is known to be different because structural elements respond 
differently to the different methods of analysis. It is therefore often sug- 
gested that these methods are supplementary techniques to be used together 
so that a more logical approach can be followed to obtain a better under- 
standing of the structure of polymeric materials. The same idea prompted 
us to investigate the effect of molecular weight on the crystallinity of PET 
using these three different techniques for the characterization of molecular 
order, and the results obtained are presented here. 

EXPERIMENTAL 

Polyester (PET) dried chips of four known molecular weights were kindly 
supplied by Dr. Siesler (Bayer & Co., West Germany). These chips were 
prepared under wellcontrolled and identical conditions by rapidly quench- 
ing the polymer from the molten state. Annealing of these chips was carried 
out at 200°C and in an atmosphere of inert gas. The chips were then con- 
ditioned at standard conditions of temperature and humidity. 

X-ray powder diffractograms were obtained by using the chips directly 
in the form of pellets employing a Philips powder diffractometer, Model 
(PW 1050) with nickel-filtered CuKa radiation. 

Thin films of these four different samples were cast from a solvent mix- 
ture of phenol-tetrachloroethane. These films were thoroughly washed with 
warm water until the last traces of the solvent were removed and then air 
dried and conditioned before spectral analysis. A Perkin-Elmer double-beam 
Infrared spectrophotometer, Model 180, was employed to record the spectra 
of these films. 

Differential scanning calorimetry (DSC) thermograms were obtained em- 
ploying a Perkin-Elmer DSC, Model-2C, equipped with a data station for 
analysis of spectra. A heating rate of 4O"C/min was used. 

RESULTS AND DISCUSSION 

Since DSC thermograms are known to be sensitive to sample mass, scan- 
ning rate, and other factors, care has been taken so that the differences 
observed are not due to the variations in experimental conditions. It has 
been observed that, although increasing or decreasing the sample mass and 
scanning rate influenced the thermograms considerably, when the differ- 
ences are examined in relation to sample molecular weight, the general 
trends observed have not been altered. However, in order that the different 
thermal transitions could be distinctly observed, and also conveniently in- 
terpreted, the sample mass and the scanning rate were carefully chosen 
after a number of trials to obtain the best thermograms. These conditions 
were then fixed for all the samples investigated. Figures 1 and 3 show the 
observed thermograms in two different temperature ranges for polyester 
chips of different molecular weights. 

Poor molecular order in high-molecular-weight polymers is evident from 
the less distinct glass transition, from the appearance of exothermic crys- 
tallization transition, and from the broad melting range, all of which are 
known to be characteristic of an initially amorphous polyester. The heat 
of fusion, which is calculated from the area under the melting (T,) en- 
dotherm (Fig. 1) after suitable calibrations, showed a linear decrease with 
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Fig. 1. DSC thermograms covering melting region. 

increasing molecular weight (Fig. 2). An important observation from these 
thermograms is that both the onset and peak temperature of melting shifted 
slightly to lower values with increasing M,. 
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Fig. 2. Heat of fusion versus molecular weight. 
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When different scanning rates were used, these trends persisted, indicating 
that they are not fortuitous. The glass transition temperature T,, as shown 
in Figure 3, on the other hand, seems to be much less affected by the M, 
or M,. Lower melting temperatures and lower enthalpy of fusion are both 
suggestive of a more disordered state in the higher molecular weight poly- 
mers. 

Wide-angle x-ray diffractograms (WAXS) obtained both before and after 
thermal treatment of these different molecular weight poly(ethy1ene ter- 
epthalate) samples are shown in Figure 4. The unannealed high-molecular- 
weight polymer gave a broad unresolved diffraction curve (broken line) 
known to be typical of amorphous poly(ethy1ene terepthalate). The unan- 
nealed lower molecular weight polymers (broken lines), on the other hand, 
showed better and gradually improving resolution of individual peaks with 
decreasing molecular weight. Annealing at 200°C improved the order in all 
the samples investigated, but the extent of this improvement appears to be 
dependent on the molecular weight, as can be deduced from the gradual 
reduction in resolution of the crystalline peaks (full lines) with increasing 
molecular weight. 

A parameter of order, namely, crystallinity index, calculated using the 
correlation x-ray crystallinity method, also decreased linearly with increas- 
ing molecular weight (Fig. 51, as was the case with heat of fusion. After 
annealing, the decrease in crystallinity index became nonlinear with in- 
creasing molecular weight (Fig. s), but the trends remained the same. Hence, 
high molecular weight does not seem to inhibit crystallization altogether, 
although it appears to set a limit to the extent of crystallization that can 
take place after thermal treatment a t  a particular temperature. 

Infrared spectroscopy (IR) has been employed for assessing the order- 
disorder situation in PET several times in the The difficulty often 
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Fig. 3. DSC thermograms in glass transition region alone. 
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Fig. 4. X-ray diffractograms. 

faced in these studies is that there is no known absorption band in the IR 
spectrum of PET that can be confidently assigned to the crystalline phase 
alone. One method normally employed is to estimate the gauche contri- 
bution and use this as a measure of the amorphous content because the 
gauche form is the most likely configuration of molecular chains in the 
noncrystalline regions. The trans sensitive absorption bands are normally 
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Fig. 5. Crystallinity versus number-average molecular weight. 
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designated only as regularity bands, because trans is a likely configuration 
of molecular chains in the crystalline as well as noncrystalline regions in 
PET. 

The trans configuration is considered representative of extended chain 
segments, and the gauche configuration is representative of the random 
coiled or folded, chain segments of molecular chains in the polymer. The 
trans content or trans-gauche ratio will then give the ratio of extended 
chain segments to the random coiled segments in a polymer. 

1050 lo00 950 900 850 800 - WAVENUMBER ( C d )  
Fig. 7. Infrared spectra in the region 800-1050 cm-I. 
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Figures 7, 8, and 9 show the effect of molecular weight on the trans 
absorption bands in an  IR spectrum of PET in three different regions: 800- 
1000, 1000-1200, and 1300-1600 cm-', respectively. The two very good 
order sensitive trans absorption bands at 975 and 848 cm-' are seen only 
as weak shoulder bands (broken curve) for the highest molecular weight 
control sample before annealing (Fig. 7). The trans-gauche absorption pairs 
at 1120/1100 (Fig. 8), and at 1340/1370 cm-l (Fig. 9) show that the trans- 
gauche ratio is very low in the highest molecular weight polymer before 
annealing (broken curve) compared with that in the lowest molecular weight 
polymer. This trend persisted even after thermal treatment at 200°C (full 
curves). 

The relative trans contents were computed as the ratio of absorbance of 
corresponding trans-sensitive bands to the absorbance of a structure-insen- 
sitive thickness reference standard at 795 cm - l .  The relative trans contents 
in all cases showed initially a very rapid decrease with increasing molecular 
weight (Figs. 10 and ll), but thereafter a proportional reduction in relative 
trans content is observed at higher molecular weights. This initial rapid 
reduction in trans content with even a small increase in molecular weight 
indicated an increasing tendency for molecular chains to become more 
randomly coiled due to even a small increase in chain length initially. 

It appears from these results that the molecular chains tend to coil more 
with increasing molecular weight, and this makes it difficult to provide an 
extended parallel chain segment for incorporation into growing crystal nu- 
clei, which is a prerequirement for unhindered growth of crystallites. How- 
ever, orientation, or uncoiling of molecular chains, can easily occur during 
such processes as filament extrusion and drawing, and the crystallinity, as 
well as crystallite size, can be more in a high-molecular-weight polymer 
than in a low-molecular-weight polymer under such circumstances. But 
when the polymer in its unoriented and unstressed form is annealed, the 
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Fig. 8. Infrared spectra in the region 1000-1200 crn-'. 
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Fig. 10. Relative trans absorbance versus number-average molecular weight. 



MOLECULAR WEIGHT AND THE ORDERED STATE 1247 

0.2+ \ 

0.03L2\\-3 
0 

30000 LOO00 50000 60000 

MOLECULAR WEIGHT (M,) - 
Relative trans absorbance versus weight average molecular weight. Fig. 11. 

low-molecular-weight polymers possess higher crystallinity and higher crys- 
tallite perfection than high-molecular-weight polymers. This is probably 
more due to extensive random coiling of molecular chains than to chain 
entanglements. 

From rheological studies on polymer melts, it was observed that, above 
a certain degree of polymerization, most polymers begin to undergo inter- 
molecular entanglements in the melt. It was therefore reasoned that, with 
increasing molecular weight, these entanglements increase the hindrances 
to molecular organization. If this is the case, one expects an increase in 
glass transition because of a reduction in chain mobility likely with in- 
creasing entanglement. However, no spectacular change in glass transition 
temperature occurred within the range of molecular weight distribution 
investigated here. Second, increasing entanglements should always cause 
a large reduction in breaking elongation, but for most polymers the reverse 
of this is true; that is, an increase in breaking elongation with increasing 
molecular weight has usually been observed. 

It was only at very high molecular weight that a reduction in breaking 
elongation occurred for many polymers, but this has always been for ori- 
ented polymers, not for undrawn or unoriented material. Hence, random 
coiling or irregular folding of molecular chains appears to give a better 
alternative explanation for reducing the capacity for molecular organization 
with increasing polymer molecular weight. A gradual reduction in heat of 
fusion and crystallinity, a gradual reduction in melting onset and peak 
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temperature with very little change in glass transition temperature, and 
a rapid reduction in trans content with increasing molecular weight, all 
lend support to this argument. It may be that entanglements may become 
dominant only at very high molecular weights, maybe at levels much higher 
than the range investigated here. 
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