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A new method of solid state condensation of poly(ethylene terephthalate) is described. A low 
molecular weight pre-polymer with reactive end-groups is annealed at temperatures between 219 ° 
and 255°C. Samples with molecular weights from 3000 up to 16 000 are obtained. The materials 
as polymerized show very sharp melting peaks and high melting temperatures. The equilibrium 
melting point of PET was determined as 282 ° -+ 2°C, the heat of melting as 26.1 -+ 1.0 kJ/mol by 
suitable extrapolation of the data obtained from samples prepared by varying polymerization time 
and temperatures. 

INTRODUCTION Solid state condensation 

0.2-2.0 g of the powdery precondensate were annealed 
Solid state condensation processes are often used to syn- in a test tube at a pressure below 1 mbar. The annealing 
thesize PET in order to reach high molecular weights and temperature was controlled to within +0.5°C. At the be- 
melting points 1,2 as well as units of  low diethyleneglycol ginning of the annealing process a vigorous evolution of 
content3. HCt occurred, and a small amount of low molecular weight 

Some years ago Miyagi and Wunderlich 4 produced oligo material was distilled out of the test tube. The total mass 
(ethylene terephthalates) by etching folded chain PET loss was about 10 to 15%. After annealing the polymer 
crystals. The molecular weight of the resulting oligomers was quenched to room temperature. 
was found to be 2000 to 3000. By subsequent annealing 
of the oligomers below the melting point the molecular Molecular weight determination 
weight increased up to 20 000-30  000 due to transesterifi- 

Intrinsic viscosities were determined in a 60/40 by wt 
cation reactions with simultaneous condensation at the 

mixture of phenol and TCE at 30°C in an Ostwald visco- crystal surfaces. We used a similar method but started 
meter. The viscosity-average molecular weight was calcu- from oligomers of very low degree of polymerization and 
lated according to Cha 6. 

with reactive end-groups. In this case, chain growth and 
crystal growth is due to end-group reaction as well as to 
transesterification. Density measurements 

Densities were determined in a density gradient column 
EXPERIMENTAL made up from mixtures of CC14 and n-hexane at 25°C. 

First, powder particles (diameter about 1 mm) were kept 
Purification o f  chemicals for 5 min in a mixture of both solvents (density 1.42 g/cm 3) 

Terephthaloyl chloride was refluxed for 12 h in dry n- with ultrasonic cavitation in order to fill all voids in the 
heptane in the presence of thionyl chloride, recrystallized sample by the solvents. Thereafter, the samples reached a 
from n-heptane and dried in vacuo, stable position in the gradient column within a few hours. 

Untreated samples reached the same position only after Bis(2-hydroxyethyl) terephthalate was synthesized and 
purified according to the method of Zahn s (m.p. 107 ° -  two days. 
108°C). Pyridine was refluxed over KOH and then distilled 
in vacuo. Tetrachloroethane (TCE) was refluxed for 25 h D.s.c. measurements 
over Call2 and then distilled. CC14 and n-hexane (Merck) All d.s.c, measurements were made with a Perkin-Elmer 
were used without further purification. DSC-2 in unsealed aluminium pans in a dry nitrogen at- 

mosphere with an empty aluminium pan as reference. 
Precondensation Heating rates from 1.25°-40°C/min were selected. For 

0.1 mol of bis(2-hydroxyethyl) terephthalate was dis- melting temperature determination, sample weights from 
solved in 200 ml TCE and 0.25 mol of pyridine. A solution 0 .3 -  t mg were used. For the detection of the heat of 
of 0.1 mol of terephthaloyl chloride in 85 ml TCE was melting, sample weights of 3 - 4  mg were chosen. Standards 
added dropwise. The reaction mixture was vigorously used for enthalpy and temperature calibration were indium 
stirred for 48 h under a dry nitrogen atmosphere at room (28.5 J/g, 156.6°C), tin (60.5 J/g, 231.9°C) and lead 
temperature. The precondensate precipitated during the (23.0 J/g, 327.5°C). The experimental error was found to 
reaction. It was washed several times with dry acetone and be -+0.5°C in temperature determination and about -+3% in 
dried in vacuo, at 50°C. The yield was about 70%. the case of the heat of melting. 
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~ /  chlorine content drops below 2% and the degree of oligo- 
merization increases up to a value between 5 and 20 de- 
pending on t T. A certain amount of low molecular weight 

16000 material, which is of the order of 10 to 15% distils out of 
the test tube. 

It is important that the sample does not melt in the 
course of heating to the desired annealing temperature. 
The heating rate has to be selected such that the precon- 
densate undergoes a sintering so that the melting point of 

12000 the precondensate rises faster than the actual temperature 
of the sample. 

(c) During the actual annealing period, the molecular 
weight increases by condensation of the still unreacted end- 

~- groups and transesterification takes place. Finally, porous 
2~ / powder of highly crystalline PET is obtained. 

8 0 0 0  
/ Increase o f  molecular weight 

The viscosity-average molecular weight M n was calcu- 
/ lated from [~/] by Cha's equation 6. Cha used an end-group 

method to establish his relationship. This method does 
L not take into account that PET always contains cyclic oli- 

4 0 0 0  gomers 7. Better methods of molecular weight determina- 
tion are presently not available due to the poor solubility 
characteristics of PET. The only osmometric measurements 
thus far reported are on oligomeric copolyesters s. 

The molecular weight of low molecular samples was 
cross-checked by end-group analysis. No significant differ- 
ences between these values and those calculated according 

O IO 20 30 40  to Cha were noticed. 
(t)l/2(mint/2) Figure 1 shows the increase of M~ with annealing time 

Figure 1 Viscosity-average molecular weight vs. the square root t T. I fM  n is plotted versus (tT)l[ 2 straight lines are ob-. 
of the annealing time for solid state condensation of PET for tained. The different lines represent different annealing 
different annealing temperatures: &, 254.2°C; ~, 252.0 ° C; O, 
246.0°C; O, 232.6°C; I ,  219.0°C temperatures. The slopes increase as do the intercepts of 

the lines with higher annealing temperature. 
The linear dependence between Mn and (tT) 1/2 does 

not hold for annealing periods longer than shown in the 
RESULTS AND DISCUSSION graph. This deviation is probably caused by the increasing 

influence of degradation reactions at very long annealing 
Polycondensation process times• 

The polycondensation process is described in equations 
(1). Melting behaviour 

F~gure 2 shows a set of d.s.c, traces of samples annealed 
CI--CO--~--CO--Cl + HO--CH~'-( H~--O-CO--~--CO--O--CH~-CH~-OH at 254°C for different times. The melting endotherms are 

25oc, pyridin¢, C2H2CI 4 --HCl 

C I - - C O - - ~ - C O  ~(O--C H~-CH~-( , -CO- -~ - -~  CO--)O--C H x-C H~--O H 
n = 2  ~ z 

p<l mborj t T < 5 r a i n  210-255oc, --HCl 

C ' - - C O - - ~ ' - C O - - ( O -  CH~-C H~-( )-CO - - ~ c o - )  0 - CH~-C H ~- O.  
n=5to20 

p <1 mbar, 210- 255 °C --HCIj transesterificotion 

Poly (¢thylen¢ tcrcphtholat¢) (Pn = IO to 80) (1) '~ 

(a) In the precondensation step terephthaloyl chloride ~ A 
is reacted in a tetrachloroethane solution in the presence ._ 
of pyridine with an equimolar amount of bis(2-hydroxy- 
ethyl) terephthalate. The resulting low molecular weight ~ D C 

"U 
precondensate is insoluble in the reaction mixture and pre- 
cipitates. The content of chlorine is still about 5% by wt, ,o 
from which an average degree of oligomerization of the 
order of 2 i~ calculated. 

(b) At the beginning of the annealing process the pre- 220' ' 240 . . . . . .  260 280 300  
condensate powder is quickly heated up under vacuum to T(oc ) 
the annealing temperature t T. Appropriate temperatures 

• o o . F i g u r e  2 D.s.c. diagrams of  solid state condensed PET for  diffe- 
of anneahng are of the order of 210 to 25 5 C. During rent times of annealing. Temperature of annealing 254 ° C, heating 
the heating period, which should last about 3 to 5 min, a rate 10°C/min, sample weight 1 mg. A, 886 min; B, 260 min; C, 
vigorous evolution of hydrogen chloride is observed. The 188 rain; D, 46 min; E, 32 min; F, 10 rain 
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maximum and onset point at zero degree heating rate is 
~ only 1° to 2°C. The temperature of the peak maximum 

. j ~  ~ was defined as the melting point. 
In Figure 4 the melting temperatures at zero heating 

rate are plotted for 4 different sample sets, each annealed 
at a certain temperature. For all t T similar curves are 

550 found, but a remarkable shift to higher values is obtained 
for samples annealed at higher temperatures. 

~ , ~ i ~  . /  Similarly the heats of melting of the 4 sample sets 
were determined from the peak areas of the main melting 
peak and plotted vs. annealing time. The result is shown 
in Figure 5. The smallest values were found for those 
samples annealed at the highest temperatures. The samples 

540 annealed at 232°C exhibit only a slight linear dependence 
on the annealing time. The other samples clearly undergo 
a partial melting in the very beginning of the annealing 
process which results in a lower heat of melting of these 
samples than the precondensate (70 J/g). In F~gure 5 the 
increase of the heat of melting following the initial partial 

53~ melting is clearly expressed. 

Properties o f  the pure crystalline phase o f  PET 

For the pure crystalline phase of PET only few data are 
available. Extrapolation of the properties of semicrystal- 

, , , line samples to 100% crystalline material is difficult. PET 
0 I 2 3 4 

VII2(K 112 / rain } 

Figure 3 Shift ot the melting peak position vs. square root of the 
heating rate for solid state condensed PET. <), A, O, 12, V: extra- 
polated peak onsets. 0, &, O, n, T: peak maxima. Molecular 
weights: 16800 (0,0); 10400 (A, A); 7450 (o, e); 5100 (•, e), 270 
4470 (V, &) 

260 

very sharp. The half-widths of these peaks are approxi- °~ 
mately 2°to  3°C at a heating rate of 10°C/min. k ~ 

In the case of short annealing times, small premelting 250 
peaks are visible below the annealing temperature due to 
recrystallization effects. The recrystallization most likely 
arises during the quenching to room temperature, since 240 
during the heating in the d.s.c, experiment no crystalliza- 0 ' 400  ' 8()0 ' 12()0 
tion peak was detected. Samples annealed for long times 
exhibit no premelting peaks, t r {rain) 

Multiple peak behaviour with recrystallization effects Figure 4 Melting temperature extrapolated to zero heating rate 
was found for samples annealed at low temperature (e.g. vs. the time of annealing for solid state condensed PET. Tem- 

peratures of annealing: O, 232.6°C; e, 246.0°C; V, 252.0°C;A, 
219°C). 254.2°C 

I t  is known that overheating should be taken into ac- 
count when discussing polymer melting and d.s.c, dia- 
grams 9'1°. Furthermore the slow response of the d.s.c. I00 
apparatus due to the slow heat transfer into the sample 
should be considered. 

Because of the second effect, the position of the peak 75 • 
maximum as well as the extrapolated onset point of the .~ ~ • ~-- - - ~  
peak depends linearly on the square root of the heating 

F "  rate as shown in Figure 3. The peak maxima of oligomeric ~. 50 
samples with molecular weights of about 4000 are shifted 
by 4°C at a heating rate of 20°C/min. The same shift is "~ 
obtained in the case of metal standards used. With in- 25 
creasing molecular weight the peak maxima undergo shifts 
up to 9 ° or IO°C at the highest heating rate employed. 
This effect is clearly not only caused by the retardation of O ' 4C)O ' 8 O O  ' 12OO ' 
the d.s.c, apparatus but is also due to an overheating of the t r { rain ) 
sample. Reports on very high melting temperatures (e.g. Figure 5 Heat of melting of solid state condensed PET vs. the 
290°C 2) of PET can thus be understood as artefacts, time of annealing (without premelting peaks). For symbols see 

In Figure 3 it is shown that the difference between peak Figure 4 
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120 2 8 0  

u 270  ~ ' ~  

c,, .  o o:,o ' 0. 0 ' 0. 0 
0.68 icm /g '72 0.74 P.'-- ,° IP.-,I 

Figure 6 Heat of  melting o f  solid state condensed PET vs. the Figure 7 Melting point of  solid state condensed PET vs. 1/Pn " In 
specific volume: vsp c = 0 .660n ;  Vsp a = 0 .748n,  14 [Pn(Pn - 1 ) ] .  For symbols see Figure 4 

As shown in Figure 7 the desired linearity of the melting 
shows some influence of the thermal and mechanical his- point with l IP  n • In [Pn(Pn - 1)] is found even with diffe- 
tory on the morphology of the amorphous phase. Miiller** rent sets of samples, all annealed above 240°C. For this 
discussed the dependence of the density of the amorphous extrapolation Pn was approximately calculated from M, 7. 
phase, Pa, on the degree of crystallization, but Fakirov n From the intercept, T ° is 282 ° -+ 2°C in good agreement 
has since determined a new Pc which is 1.515 g/cm 3, 4% with the literature. The heat of melting per mole of ethy- 
higher than Bunn's value 13 used by Miiller. Therefore these lene terephthalate unit, AH O, was calculated from the 
calculations should be revised, slope as 27.7 kJ/mol. This is only 5% higher than the value 

Lindner ~4 explained his X-ray results on drawn PET extrapolated in Figure 6. 
fibres with a third, intermediate phase having a density of It should be mentioned that Hay's assumptions are not 
about 1.357 g/cm 3. As Stein has reported ~s, the super- fulfiUed by the properties of the oligomers. Neither mono- 
structure of drawn amorphous material is influenced by the dispersity nor very high crystallinity expected for extended 
mechanical history. All these investigations were con- chain oligomer crystals are found. Nevertheless, it is reason- 
cerned with drawn samples, whereas our samples remain able to assume that the oligomers form extended chains at 
unstressed during annealing. Furthermore Illers ~6 found a high annealing temperatures considering the mechanism of 
linear dependence of the heat of melting on the specific chain growths and transesterification during sintering. 
volume for PET which had a high degree of crystallinity. X-ray small-angle scattering did not reveal any long spacings, 
At low degrees of crystallinity however the curve did bend probably because of the very strong void scattering due to 
and extrapolate to a value smaller than the normal specific the high porosity of the material. Morphological investiga- 
volume of the amorphous phase ~p = 0.748 cm3/g n'*4. tions are still in progress. 

As our samples have crystallinities between 35 and 60% 
by wt they fall onto the linear part of the curve described 
by Illers. Therefore v~p = 0.748 was used to extrapolate ACKNOWLEDGEMENTS 
the heat of melting of the pure crystalline phase of PET. 
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