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GEL PERMEATION CHROMATOGRAPHY OF POLYETHYLENE TEREPHALATE 

Saleh A .  Jaba r in  and Dennis C .  Balduff 

Owens-Illinois, Inc  . 
One SeaGate 

Toledo, Ohio 43666 

ABSTRACT 

This  paper desc r ibes  t h e  development of t h e  g e l  permeation 
chromatography (GPC) technique f o r  t h e  measurements of c y c l i c  
trimer conten t ,  molecular weights ,  and molecular  weight d i s t r i -  
bu t ion  of polyethylene t e r e p h t h a l a t e  (PET), u t i l i z i n g  a so lven t  
system of o-chlorophenol-chloroform. Mark-Houwink cons t an t s  f o r  
t h i s  so lven t  system a r e  a l s o  descr ibed .  

The GPC technique w a s  app l i ed  t o  t h e  s tudy  of t h e  c y c l i c  
tr imer conten t ,  molecular  weights  and molecular  weight d i s t r i -  
bu t ion  of a v a r i e t y  of  commercial PET r e s i n s .  The r e s u l t s  i nd i -  
c a t e  t h a t  t h e  c y c l i c  trimer content  i n  PET is dependent on molec- 
u l a r  weight ,  polycondensation process  and c a t a l y s t  system. 
s t a t e  polymerized PET con ta ins  less c y c l i c  trimer than  PET made 
by t h e  melt-phase process  of t h e  same molecular weight. 
c y c l i c  trimer conten t  i n  so l id - s t a t ed  PET appears  t o  be dependent 
on t h e  cond i t ions  of s o l i d - s t a t e  polymerizat ion.  

The po lyd i spe r s i ty  index determine f o r  a v a r i e t y  of PET 
samples i s  h igher  than t h e  t h e o r e t i c a l l y  pred ic ted  va lue  of 2.0; 
however, t h e r e  is no sys temat ic  dependence on molecular  weight 
o r  polycondensat ion process .  

Sol id-  

The 

INTRODUCTION 

Among t h e  important c h a r a c t e r i s t i c s  of  polyethylene tere- 

p h t h a l a t e  (PET), which determine t h e  phys ica l  p r o p e r t i e s  and uses  

1825 

Copyright 0 1982 by Marcel Dekker, Inc. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
5
6
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



1826 JABARIN AND BALDUFF 

of t h i s  polymer a r e  t h e  molecular weight and t h e  molecular  weight 

d i s t r i b u t i o n .  The most f r equen t ly  used technique i n  indus t ry  t o  

eva lua te  t h e  molecular weight of PET i s  s o l u t i o n  v i s c o s i t y .  The 

use  of so lu t ion  v i s c o s i t y  i n  t h e  de te rmina t ion  of molecular  

weight f o r  PET and o t h e r  l i n e a r  polymers is based on an empir ica l  

r e l a t i o n s h i p  between v i s c o s i t y  and molecular  weight. 

The so lu t ion  v i s c o s i t i e s  may be expressed by s e v e r a l  

q u a n t i t i e s .  

where (1,2) ;  however, t h e  v i s c o s i t y  parameter of most importance 

t o  t h e  imp i r i ca l  r e l a t i o n  of v i s c o s i t y  t o  molecular weight i s  t h e  

i n t r i n s i c  v i s c o s i t y  ( 1 . V . )  o r  l i m i t i n g  v i s c o s i t y  number, which i s  

given by : 

Thei r  nomenclature and d e f i n i t i o n s  are given else- 

where c = concent ra t ion  (g . /d l ) .  

The i n t r i n s i c  v i s c o s i t y  or t h e  l i m i t i n g  v i s c o s i t y  number, 

[ n ] ,  i s  r e l a t e d  t o  molecular weight ,  M ,  by t h e  Mark-Houwink 

equat ion.  

where K and "a" are empi r i ca l  cons t an t s ,  which vary wi th  t h e  

n a t u r e  of t h e  so lven t .  

The r e l a t i o n s h i p  between i n t r i n s i c  v i s c o s i t y  and molecular  

weight f o r  PET has  been developed i n  a v a r i e t y  of so lven t s  ( 3 ) .  

Other c o r r e l a t i o n s  between t h e  inherent  v i s c o s i t y  and molecular 

weight a r e  a l s o  known (4). 
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POLYETHYLENE TEREPHALATE 1827 

While the  s o l u t i o n  v i s c o s i t y  i s  a va luable  t o o l  f o r  t h e  

molecular cha rac t e r i za t ion  of polymers, t h e  procedure is labor ious  

and time-consuming. I n  add i t ion  i t  is l i m i t e d  i n  providing 

d i r e c t  and d e t a i l e d  information about t h e  va r ious  molecular 

weight averages and t h e  molecular weight d i s t r i b u t i o n .  

Gel permeation chromatography (4-lo), GPC, i s  a w e l l  estab- 

l i s h e d  technique f o r  determining t h e  molecular weight d i s t r i b u -  

t i o n  (MWD), and i n  p r inc ip l e ,  can y i e l d  accu ra t e  measurements of 

molecular weight averages.  

The app l i ca t ion  of GPC as a t o o l  f o r  determining molecular 

weight parameters of PET has been l imi t ed  due t o  t h e  a v a i l a b i l i t y  

of appropr i a t e  so lvents .  Previous work (11,12) involved t h e  use 

of meta-cresol a t  110-135°C a s  a so lvent  of polyethylene tere- 

ph tha la t e  f o r  GPC; however, s t u d i e s  (13) have shown t h a t  meta- 

c r e s o l  can cause degradation of PET through a c i d  ca ta lyzed  

hydro lys is .  Paschke, Bidlingmeyer and Bergmann (13) repor ted  t h e  

development of a nitrobenzene-tetrachloroethane so lvent  system 

which can be used as a so lvent  f o r  PET a t  room temperature.  

I n  t h i s  paper,  w e  descr ibe  t h e  use  of an o-chlorophenol- 

chloroform so lvent  system f o r  t h e  measurement of t h e  molecular 

weight parameters of PET by GPC. 

a so lvent  f o r  po lys tyrene  a t  room temperature;  t he re fo re ,  a 

c a l i b r a t i o n  procedure, based upon polys tyrene  s tandards ,  can be 

developed t o  allow accura te  and reproducible determination of 

molecular weight averages and molecular weight d i s t r i b u t i o n  of 

PET, 

This so lven t  system is a l s o  
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1828 JABARIN AND BALDUFF 

EXPERIMENTAL 

Materials 

Polymer Standards 

Polystyrene standards of narrow molecular weight distribu- 

tion were obtained from various sources. These standards, used 

in both viscometry and GPC experiments, cover the molecular weight 

range of 2,100 % to 7,100,000 k. 
PET samples with a wide range of molecular weights were used 

in the viscometry experiments and in preliminary GPC trials (see 

Table 1). 

TABLE 1 

Sample B 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

PET Samples 

I . V .  (1) 

0.206 

0.492 

0.625 

0.64 

0.67 

0.70 

0.72 

0.83 

0 .95  

1.00 

1.08 

Source 

Owens-I llino is 

Owens-Illinois 

Owens-Illinois 

Goodyear 

Celanese 

Eastman 

Goody ear 

Goodyear 

Goody ea r 

Goody ear 

Goodyear 

(1) I . V .  (inherent viscosity) measurements made in 60140 - 
phenol/tetrachloroethane @ 25OC @ 0.25 g./dl. 
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POLYETHYLENE TEREPHALATE 1829 

Solvents 

Ortho-chlorophenol, p u r i f i e d  grade, and spectrophotometry 

grade chloroform, were obtained from F i she r .  With t h e  exception 

of f i l t r a t i o n ,  no add i t iona l  treatment of e i t h e r  so lvent  was per- 

formed . 

Viscomet ry 

A l l  o f  t h e  v i s c o s i t y  measurements were conducted i n  a Cannon- 

Ubbelohde suspended l e v e l  c a p i l l a r y  d i l u t i o n  viscometer.  

viscometer was suspended i n  a cons tan t  temperature water ba th  w i t h  

an accuracy of ? O.0loC. Eff lux  times f o r  t he  PET and polys tyrene  

s o l u t i o n s  were measured manually with an e l e c t r i c  clock t i m e r ,  

a ccu ra t e  t o  0.05 seconds. 

The 

The so lu t ion  prepara t ion  f o r  both PET and polys tyrene  

s tandards  was i d e n t i c a l .  The concent ra t ions  used i n  each viscos- 

i t y  measurement var ied  with t h e  molecular weight of t h e  sample 

being measured. I n  genera l ,  t h e  concent ra t ion  of t h e  polymer 

s o l u t i o n s  were made t o  y i e l d  an e f f l u x  time of 200 seconds o r  

more f o r  t h e  h ighes t  so lu t ion  concent ra t ion .  

was added t o  a known weight of polymer and heated a t  l l O ° C ,  wi th  

a g i t a t i o n ,  u n t i l  t h e  polymer d isso lved  ("10 t o  30 minutes).  Af t e r  

t h e  polymer was d isso lved ,  t h i s  so lu t ion  was allowed t o  reach room 

temperature,  a t  which time chloroform w a s  added t o  make t h e  f i n a l  

so lu t ion .  

Orthochlorophenol 

A given volume of t h e  polymer-orthochlorophenol/chloroform 

s o l u t i o n  was f i l t e r e d  i n t o  t h e  viscometer through a Swinny- 

adapted sy t inge ,  w i th  a 0.45 urn f i l t e r .  Ef f lux  t i m e s  of the 
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1830 JABARIN AND BALDUFF 

so lu t ions  were determined i n  t r i p l i c a t e ,  a f t e r  a l lowing thermal  

e q u i l i b r a t i o n  of 10 minutes. 

e q u i l i b r a t e d  and remeasured f o r  an a d d i t i o n a l  t h r e e  s o l u t i o n  con- 

cen t r a t ions .  

The s o l u t i o n s  were then  d i l u t e d ,  

GPC - 
GPC experimentat ion w a s  performed wi th  a Waters Assoc ia tes  

model ALCIGPC-201 g e l  permeation chromatograph equipped wi th  a 

model U6K sample i n j e c t o r  and a model R-401 d i f f e r e n t i a l  r e f r ac -  

tometer .  A c i r c u l a t i n g  water  ba th ,  w i th  an accuracy of  f O.O5"C, 

w a s  a t tached  t o  t h e  d i f f e r e n t i a l  re f rac tometer  and t o  temperature  

c o n t r o l  blocks surrounding t h e  column bank. 

The so lven t s  were vacuum f i l t e r e d  through a Mi l l i po re  0.45 pm 

A l l  sample s o l u t i o n s  were also f i l t e r e d  through a Swinny- f i l t e r .  

adapted syr inge ,  f i t t e d  wi th  a 0.45 pm M i l l i p o r e  f i l t e r .  

The column bank f o r  this system cons i s t ed  of fou r  u-Styragel 
0 

columns (Waters Assoc ia t e s ) ,  wi th  p o r o s i t i e s  of 106-103 A. The 

quoted column e f f i c i e n c y  w a s  9000 p la t e s lme te r  f o r  each column. 

PET so lu t ion  concent ra t ions  were maintained a t  0.25% (wlv) 

while  t h e  polys tyrene  s tandard  s o l u t i o n s  were made t o  be  0.10% 

(w/v) . The normal opera t ing  cond i t ions  f o r  t h i s  chromatographic 

system were: 

Temperature = 25°C 
Flow rate  = 1 .0  ml./min. 
Eluent = orthochlorophenol/chloroform (25175) 
System pressure  = 700-720 ps ig .  @ 1 ml./min. 

Attenuat ion = 8X 
I n j e c t  ion  = 0.4 m l .  

= 1300-1500 p s i g .  @ 2 m l . / m i n .  
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POLYETHYLENE TEREPHALATE 183 1 

RESULTS AND DISCUSSION 

Universa l  Ca l ib ra t ion  Curve 

The hydrodynamic volume of a polymer cha in ,  Vh, is usua l ly  

measured as ([q]M), where [ q ]  i s  t h e  i n t r i n s i c  v i s c o s i t y  and M i s  

t h e  molecular  weight .  The parameter ,  [ q ] M ,  is t h e  b a s i s  of t h e  

un ive r sa l  c a l i b r a t i o n  curve. 

The conversion from one polymer system t o  another  involves  

t h e  use  of t h e  Mark-Houwink equat ion  

[ n l  = ma (1) 

The hydrodynamic volumes of polymers 1 and 2 can be w r i t t e n  as 

[q]M = KIMlal+' (2) 

[q]M = K2M2a2+1 (3)  

I f  the column combination, so lven t ,  e l u t i o n  r a t e  and temperature  

a r e  cons tan t  when conducting t h e  GPC experiment of t h e  two 

polymers, then  a t  a given e l u t i o n  volume, t h e  r e l a t i o n  

glMlal+l = K2M2a2+1 ( 4 )  

w i l l  ho ld .  The molecular  weight of polymer 2 may be obta ined  

from polymer 1 by so lv ing  equat ion  4 

(5) 
(K2) 

ai+l 
a p + l  a2+1 

l o g  Mp = - l og  M1 + 1 l o g  5 

The use  of the un ive r sa l  c a l i b r a t i o n  curve  r e q u i r e s  a knowl- 

edge of t h e  Mark-Houwink cons t an t s  which can be  exper imenta l ly  

determined as descr ibed  i n  t h e  next  s ec t ion .  

Solu t ion  P rope r t i e s  

I n t r i n s i c  v i s c o s i t i e s  w e r e  determined according t o  t h e  

Huggins and Kraemer equat ions 
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1832 JABARIN AND BALDUFF 

9 = [ n ]  + K ’  [qI2 C (6) 

(7 1 
2 

In (F) = [ql - K” [ n l  c 

A typical p lot  according t o  these equations is  given i n  

Figure 1, for low and high molecular weight PET. Similar treat- 

0.9 

0.8 

0.7 

r f  3p - 
C 

0.6 

0.5 

0.4 

- --- - La---@- - - -  

0.1 0.3 0.5 

C, g./dl. 

0.9 

0.8 

0.7 

In 7 re1 

C 
0.6 

0.5 

0.4 

Figure 1 “p/C and lnnral/C versus concentration for  a low 
and high molecular weight PET sample. 
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POLYETHYLENE TEREPHALATE 1833 

ment of v i s c o s i t y  d a t a  f o r  t h e  polys tyrene  s tandards  is a l s o  

r equ i r ed .  

The i n t r i n s i c  v i s c o s i t i e s  of PET a r e  p l o t t e d  as a func t ion  

of M, i n  Figure 2. 

t h e  temperature  e f f e c t  on t h e  [q] -M r e l a t i o n s h i p  is n e g l i g i b l e  

over t h e  temperature  range 20-30°C. The Mark-Houwink equat ions  

f o r  PET and polys tyrene  were obta ined  by a leas t - squares  f i t .  

The r e s u l t s  are 

Examination of t h e  d a t a  i n  F igure  2 shows t h a t  

10 

[n] = 1.49 x Mw0*56  (PET) 

EI20"  c 
@ 2 S 0  C 
A 30' C 

(7)) 

10 -' 

10 10 10 10 
Mw 

Figure  2 I n t r i n s i c  v i s c o s i t y  a s  a func t ion  of weight average 
molecular  weight f o r  PET i n  (.25/75%) ortho-chlorophenol- 
chloroform. 
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1834 JABARIN AND BALDUFF 

[ r l l  = 2.20 x M w 0 * 6 7  (Polystyrene)  (9) 

The K (1.49 x and "a" (0.56) va lues  f o r  PET i n  

orthochlorophenol-chloroform so lven t  system a t  25OC determined i n  

t h i s  s tudy  d i f f e r  somewhat from those  obtained f o r  o the r  so lvent  

systems (3,4,14) .  The K va lue  obtained h e r e  is i n  t h e  s a m e  

gene ra l  range of K va lues  obtained f o r  o t h e r  so lven t  systems. 

The va lue  of t h e  exponent "a" is low compared t o  o t h e r  so lven t  

systems; however, s i n c e  t h e  va lue  of "a" is h igher  than 0.50, t h e  

so lven t  system can be  considered a s  a good so lven t  f o r  PET. 

A s  i nd ica t ed  above, t h e  e f f e c t  of temperature  on t h e  v iscos-  

i t y  - molecular weight r e l a t i o n s h i p  i s  n e g l i g i b l e  over  t h e  t e m -  

pe ra tu re  range 20-30°C. This  i n d i c a t e s  t h a t  t h e r e  i s  no assoc i -  

a t i o n  of t h e  polymer i n  t h i s  so lven t  system. 

The s t a b i l i t y  of PET i n  orthochlorophenol-chloroform so lven t  

system was evaluated by s o l u t i o n  v i s c o s i t y .  The r e s u l t s  are 

shown i n  Table 2 f o r  two PET samples having d i f f e r e n t  molecular  

weights .  It is  seen  t h a t  t h e  e f f l u x  t i m e  is cons tan t  over  

TABLE 2 

Ef f lux  Time (seconds) A f t e r  Disso lv ing  Samples i n  
Orthochlorophenol-Chloroform Solvent  System a t  25°C 

Period High Mw Sample Per iod  Low Mw Sample 
Min . C = 0.502 gmldl Min. C = 0.613 gmldl 

31 223.40 25 211.67 

160 223.37 13 9 211.73 

1.731 223.38 1,420 221.68 

2,881 223.30 3,039 221.34 
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POLYETHYLENE TEREPHALATE 1835 

extended per iods ,  i n d i c a t i n g  that there is no breakdown i n  molec- 

u l a r  weight. 

Molecular Weight and Molecular Weight D i s t r i b u t i o n  

Cons t ruc t ion  of Ca l ib ra t ion  Curves 

Molecular weights  f o r  PET which have t h e  s a m e  hydrodynamic 

volume ([q]M) and e l u t e  a t  t h e  same e l u t i o n  volume as t h e  poly- 

s t y r e n e  s t anda rds  can be  c a l c u l a t e d  from equat ion  5, u s ing  t h e  

Mark-Houwink cons t an t s  given i n  equat ions  8 and 9 .  The r e s u l t s  

of t h e s e  c a l c u l a t i o n s  a r e  given i n  Table  3. The d a t a  are p l o t t e d  

TABLE 3 

Weight Average Molecular Weight, 
&,, f o r  PET Calcula ted  from Hydrodynamic Volume 

Elu t ion  Volume 
V e .  m l  

15.9 6,330,120 

16.0 3,516,620 

16.4 

17.5 

17.8 

19.6 

20.8 

23.3 

25.7 

27.2 

29.1 

29.9 

2 , 168,470 

505,770 

368,150 

138,640 

73 , 820 

32 , 100 

12,290 

5,790 

2 , 100 

1 , 060 
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1836 JABARIN AND BALDUFF 

i n  F igure  3,  where Mv is  p l o t t e d  digainst e l u t i o n  volume. 

r e s u l t s  i n  Figure 3 c o n a t i t u t e  a c a l i b r a t i o n  f o r  PET i n  t h i s  

so lven t  a t  25°C. 

The 

Typica l  GPC Data 

GPC Chromatograms 

A t y p i c a l  GPC Chromatogram of PET i n  (25175%) or thochloro-  

phenol-chloroform a t  25'C is given i n  F igure  4 .  

t i o n  of t h e  chromatogram f o r  t h i s  PET sample peaks a t  about  22 m l  

e l u t i o n  volume, wi th  a minor peak a t  31 m l .  

and f u r t h e r  c h a r a c t e r i z a t i o n  of t h i s  minor peak w i l l  be d iscussed  

i n  a l a t e r  s ec t ion .  

The major por- 

The i d e n t i f i c a t i o n  

Ca lcu la t ions  

From t h e  chromatogram a number of molecular  weight parameters 

can be obtained.  These include:  

.Weight Average Molecular Weight (Mw) 
*Number Average Molecular Weight (Mn) 
OPolydispersity Index (Dn) 

These molecular weight averages are c a l c u l a t e d  according to t h e  

gene ra l  equat ion 

Q 

Ma - Q 

C N i M i a  
- i=1 

C NiMia - '  
i=l 

(10) 

where a = 1 ,2 ,3  or 4 .  

averages a r e  obtained when a = 2,3 o r  4 .  These are: 

a = 3 (M,) and a = 4 (M, + 1 ) .  The po lyd i spe r s i ty  index is  

expressed as t h e  r a t i o  of &/Mn and given t h e  des igna t ion  of Dn. 

When a = I, M, is obta ined .  Higher weight- 

a = 2 (Mw) , 
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Figure 3 Wgight average molecular weight of PET a s  a function 
o€ e lvt ion volume i n  ( 2 5 1 7 5 % )  ortho-chlorophenol- 
chlfreform. 
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1838 JABARIN AND BALDUFF 

17 10 19 20 21 22 23 24 25 26 27 20 29 30 31 32 

Vo,ml 

Figure 4 Typical GPC chromatogram of PET i n  (25175%) ortho- 
chlorophenol-chloroform a t  25'C. 

Molecular Weights and Po lyd i spe r s i ty  Index 

The molecular weight parameters f o r  a v a r i e t y  of PET samples 

prepared by s o l i d - s t a t e  and melt-phase polymerization processes  

a r e  given i n  Table 4.  

samples s tud ied  is somewhat higher than t h e  t h e o r e t i c a l l y  pre- 

d i c t ed  va lue  of approximately 2 .0  (15) f o r  polycondensation 

polymers; however, t h e  po lyd i spe r s i ty  index va lues  obtained he re  

a r e  i n  c lose  agreement wi th  o t h e r  experimentally determined va lues  

(13). The r e s u l t s  i n  Table 4 i n d i c a t e  t h a t  po lyd i spe r s i ty  ind ices  

f o r  t h e  melt-phase samples a r e ,  i n  genera l ,  lower than those  of 

t h e  s o l i d - s t a t e  samples. 

The po lyd i spe r s i ty  index Mw/Mn f o r  a l l  t h e  
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POLYETHYLENE TEREPHALATE 1839 

TABLE 4 

Molecular Weight Parameters Obtained by GPC of Various PET Samples 

. .  
PET 

Goodyear 5041 

Goodyear 5737 

Goodyear (0-1 11)  

Celanese PT l O l C  

Eastman 44C 

Owens-I l l inois  

Owens-I1 1 ino  is 

Owens-Illinois 

I .v .* 
- 
1.00 

0.72 

0.64 

0.67 

0.70 

0.86 

0.63 

0.49 

Polymerizat ion 
Process  

So l id - s t a t e  

So l id - s t a t e  

So l id - s t a t e  

Sol id  -S t a  t e  

Melt -Phase 

Me 1 t -Phas e 

Melt-Phase 

Melt-Phase 

M, % 
-- 
66,630 25,960 

52,870 18,640 

42,080 15,180 

47,860 18,160 

49,740 20,890 

59,180 25,450 

35,720 14,330 

29,540 12,990 

Mw / i n  

2.57 

2.84 

2.77 

2.64 

2.38 

2.33 

2.49 

2.27 

* I . V .  = inherent  v i s c o s i t y  i n  (60140) phenol-tetrachloroethane 
a t  25'C and 0.25 gm./100 m l .  

Cor re l a t ions  wi th  Vi scos i ty  Data 

From t h e  GPC weight average molecular weights  one can cal- 

c u l a t e  t h e  corresponding inhe ren t  v i s c o s i t y ,  I.V., us ing  t h e  

fol lowing r e l a t i o n s h i p  (42: 

I . V .  = 4.68 x ( i w ) o * 6 8  

(60140) phenol-tetrachloroethane a t  25'C and 0.25 gm.1100 m l .  

Table 5 g i v e s  the ca lcu la t ed  I . V .  a long wi th  t h e  experimen- 

t a l l y  determined I . V .  

range of I . V .  

A f a i r  agreement i s  obtained over  a wide 

Low Molecular Weight Components 

As was ind ica t ed  above, a l l  of t h e  GPC chromatograms of PET 

e x h i b i t  a small peak a t  31 m l  e l u t i o n  volume. The corresponding 
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TABLE 5 

JABARIN AND BALDUFF 

Comparison Between Measured and Calcula ted  I . V .  of PET Samples 

M, GPC Measured I . V .  ?r .01 Calcula ted  I . V .  

66,630 0.90 0.90 

59,180 0.79 0.82 

52,870 0.73 0.76 

49,740 0.69 0.73 

47,860 0.67 0.71 

35,720 0.65 0.58 

29 , 540 0.51 0.51 

Measured I . V .  was obtained i n  (60/40) phenol-teretrachloroethane 
@ 25'C agd 0.25 gm/lOO m l .  
t h e  GPC Mw i n  t h e  r e l a t i o n s h i p  I.V. ( ca l c . )  = 4.68 x 10-4(Mw)8.68. 

Calcu la ted  I . V .  was obta ined  u s i n  

molecular weight i s  550 t o  610 according t o  t h e  c a l i b r a t i o n  curve 

i n  F igure  3 .  The f a c t  t h a t  t h i s  peak encompasses t h e  molecular  

weight of c y c l i c  trimer and t h a t  c y c l i c  trimers are o f t e n  found 

i n  PET (16) l eads  one t o  conclude t h a t  t h e  peak a t  31 m l  e l u t i o n  

volume r e s u l t s  from t h e  presence of  c y c l i c  trimer. This  conclu- 

s ion  w a s  f u r t h e r  confirmed by d i s so lv ing  a sample of c y c l i c  trimer 

and i n j e c t i n g  i n t o  t h e  GPC. 

volume of 31 m l .  

The sample e l u t e d  wi th  peak e l u t i o n  

The c y c l i c  trimer used i n  this s tudy  was obta ined  from 

Goodyear Company. It is  a whi te ,  c r y s t a l l i n e  powder wi th  a 

repor ted  mel t ing  poin t  of 319OC. 

I n  order  t o  e s t a b l i s h  a c a l i b r a t i o n  f o r  a semi-quant i ta t ive  

a n a l y s i s  of t h i s  oligomer, a "spiking" experiment w a s  performed. 
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POLYETHYLENE TEREPHALATE 1841 

Six  sample s o l u t i o n s  wi th  vary ing  amounts of c y c l i c  trimer were 

added t o  a PET sample and chromatographed. 

The weight percentage  of t h e  oligomer i n  t h e  s o l u t i o n  w a s  

c a l c u l a t e d  from: 

weight % = weight of c y c l i c  trimer 100 
weight of  PET 

T h e  weight percentage  of t h e  oligomer ranged from 0.206% t o  3.55%. 

A s o l u t i o n  conta in ing  only PET and no c y c l i c  trimer was run as a 

c o n t r o l .  

The peak he igh t  a t  31  m l  e l u t i o n  volume was measured f o r  each 

s o l u t i o n  conta in ing  t h e  "spiked" samples. The peak he igh t  f o r  t h e  

s o l u t i o n  conta in ing  only PET w a s  a l s o  measured and sub t r ac t ed  from 

t h e  va lues  obta ined  f o r  t h e  "spiked" samples. 

The r e s u l t s  of t h e  "spiking" experiment a r e  given i n  F igure  

5. This is a c a l i b r a t i o n  l i n e  which can be  used t o  determine t h e  

amount of c y c l i c  trimer i n  PET samples. 

Table 6 g ives  t h e  c y c l i c  tr imer conten t  as determined by t h e  

above procedure f o r  a v a r i e t y  of  experimental  and commercial PET 

r e s i n s .  The q u a n t i t a t i v e  conten t  of t h e  c y c l i c  trimer i n  PET 

determined he re  is i n  good agreement wi th  previous s t u d i e s  (16,17). 

The q u a n t i t a t i o n  of c y c l i c  trimer i n  PET by t h i s  method 

demonstrates t h a t  t h e  concent ra t ion  i s  g r e a t e r  i n  melt-phase 

polymerized PET than i n  s o l i d - s t a t e  r e s i n s  and t h a t  f o r  melt-phase 

polymerized PET, t h e  concent ra t ion  of c y c l i c  trimer decreases  wi th  

inc reas ing  molecular  weight. 

u l a r  weight and c y c l i c  trimer content  may be found wi th in  s o l i d -  

An a d d i t i o n a l  c o r r e l a t i o n  of molec- 
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JABARIN AND BALDUFT 

WEIGHT %, (wt. of C.T./wt. of PET) x 1 0 0  

Figure  5 Peak h e i g h t  v e r s u s  weight p e r c e n t  of c y c l i c  tr imer.  

s ta te  polymerized PET u t i l i z i n g  t h e  same c a t a l y s t  system ( i . e . ,  

Goodyear), wi th  c y c l i c  trimer c o n t e n t  decreas ing  w i t h  i n c r e a s i n g  

molecular  weight .  Furthermore, c y c l i c  trimer content  i n  PET 

prepared by s o l i d - s t a t e  po lymer iza t ion ,  w i t h  PET samples of about  

t h e  same molecular  weight ,  appears  t o  be dependent on t h e  cat- 

a l y s t  system used.  

dependent on t h e  c a t a l y s t  system, a more l i k e l y  cause  is t h e  

s o l i d - s t a t e  polymerizat ion condi t ions .  

Although t h e s e  d i f f e r e n c e s  appear  t o  be 

CONCLUSIONS 

*The g e l  permeation chromatography (GPC) technique  has  been 

developed f o r  t h e  measurements of c y c l i c  trimer c o n t e n t ,  molec- 

c u l a r  weights  and molecular  weight d i s t r i b u t i o n  of PET, u t i l i z i n g  

a s o l v e n t  system of o-chlorophenol-chloroform. 
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POLYETHYLENE TEREPHALATE 1843 

Resin 

TABLE 6 

Cycl ic  T r i m e r  Content i n  PET as Measured by t h e  

Eastman 
(experimental) 

Z immer 
(experimental) 

Eas  tman 
(experimental) 

Eas  tman 
(experimental) 

Goodyear 
(ex pe r  iment a l )  

Goodyear 5877 

Celanese 2113 
(Lot Q202) 

Eastman 7352 

Goodyear 5041 

Goodyear 5041 

I .V. Ca ta lys t  
System - 

Polymerization 
Process 

Peak Height Ca l ib ra t ion  i n  Figure 5 

0.51 Sb-Ti-Co-Mn 

0.62 Sb 

0.63 Sb-Ti-Co-Mn 

0.70 Sb-Ti-Co-Mn 

0.64 Sb 

0.72 Sb 

0.76 Sb 

0.70 Sb-Ti-Co-Mn 

0.90 Sb 

1.0 Sb 

Melt-phase 

Melt-phase 

Melt-phase 

Melt-phase 

So l id - s t a t e  

So l id - s t a t e  

So l id - s t a t e  

So l id - s t a t e  

So l id - s t a t e  

So l id - s t a t e  

Weight % 
Cycl ic  T r i m e r  

1.25 

1.13 

0.98 

0.80 

0.60 

0.35 

0.63 

0.62 

0.24 

less than 0.2 

'The molecular weights determined by inherent  v i s c o s i t y  (I.V.) 

measurement and those  determined by GPC are i n  good agreement. 

'The po lyd i spe r s i ty  index determined f o r  a v a r i e t y  of PET samples 

i s  h igher  than t h e  t h e o r e t i c a l l y  pred ic ted  va lue  of 2.0;  however, 

t h e r e  is no sys temat ic  dependence on molecular weight o r  poly- 

condensation process .  

-The amount of c y c l i c  trimer i s  g r e a t e r  i n  a melt-phase polymerized 

PET than  t h a t  i n  a s o l i d - s t a t e  r e s i n .  
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1844 JAEARIN AND BALDUFF 

*For a melt-phase polymerized PET, t h e  amount of c y c l i c  trimer 

decreases  wi th  inc reas ing  molecular  weight (or I . V . ) .  

.For a s o l i d - s t a t e  polymerized PET having t h e  same c a t a l y s t  system, 

t h e  c y c l i c  trimer conten t  decreases  wi th  inc reas ing  molecular  

weight .  

*The c y c l i c  trimer content  i n  PET prepared by t h e  s o l i d - s t a t e  

polymerizat ion process  and having about  t h e  same molecular  weight 

appear  t o  be dependent on t h e  c a t a l y s t  system used and t h e  so l id -  

s t a t e  polycondensation cond i t ions .  
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