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GEL PERMEATION CHROMATOGRAPHY OF POLYETHYLENE TEREPHALATE

Saleh A, Jabarin and Dennis C. Balduff

Owens-Illinois, Inc.
One SeaGate
Toledo, Ohio 43666

ABSTRACT

This paper describes the development of the gel permeation
chromatography (GPC) technique for the measurements of cyclic
trimer content, molecular weights, and molecular weight distri-
bution of polyethylene terephthalate (PET), utilizing a solvent
system of o-chlorophenol-chloroform. Mark-Houwink constants for
this solvent system are also described.

The GPC technique was applied to the study of the ecyclic
trimer content, molecular weights and molecular weight distri-
bution of a variety of commercial PET resins. The results indi-
cate that the cyclic trimer content in PET is dependent on molec-
ular weight, polycondensation process and catalyst system. Solid-
state polymerized PET contains less cyclic trimer than PET made
by the melt-phase process of the same molecular weight. The
cyclic trimer content in solid-stated PET appears to be dependent
on the conditions of solid-state polymerization.

The polydispersity index determine for a variety of PET
samples is higher than the theoretically predicted value of 2.0;

however, there is no systematic dependence on molecular weight
or polycondensation process.

INTRODUGTION
Among the important characteristics of polyethylene tere-
phthalate (PET), which determine the physical properties and uses
1825

Copyright ® 1982 by Marcel Dekker, Inc.



17:56 24 January 2011

Downl oaded At:

1826 JABARIN AND BALDUFF

of this polymer are the molecular weight and the molecular weight
distribution. The most frequently used technique in industry to
evaluate the molecular weight of PET is solution viscosity. The
use of solution viscosity in the determination of molecular
weight for PET and other linear polymers is based on an empirical
relationship between viscosity and molecular weight.

The solution viscosities may be expressed by several
quantities. Their nomenclature and definitions are given else-
where (1,2); however, the viscosity parameter of most importance
to the impirical relation of viscosity to molecular weight is the
intrinsic viscosity (I.V.) or limiting viscosity number, which is

given by:

[n] = (D%R) c=0 = (EEQEEL) c=o0

where ¢ = concentration (g./dl).
The intrinsic viscosity or the limiting viscosity number,
[n}, is related to molecular weight, M, by the Mark-Houwink

equation.
[n] = i

where K and "a" are empirical constants, which vary with the
nature of the solvent.

The relationship between intrinsic viscosity and molecular
weight for PET has been developed in a variety of solvents (3).
Other correlations between the inherent viscosity and molecular

weight are also known (4).
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While the solution viscosity is a valuable tool for the
molecular characterization of polymers, the procedure is laborious
and time-consuming. In addition it is limited in providing
direct and detailed information about the various molecular
weight averages and the molecular weight distribution.

Gel permeation chromatography (4-10), GPC, is a well estab-
lished technique for determining the molecular weight distribu-
tion (MWD), and in principle, can yield accurate measurements of
molecular weight averages.

The application of GPC as a tool for determining molecular
weight parameters of PET has been limited due to the availability
of appropriate solvents. Previous work (11,12) involved the use
of meta-cresol at 110-135°C as a solvent of polyethylene tere-
phthalate for GPC; however, studies (13) have shown that meta-
cresol can cause degradation of PET through acid catalyzed
hydrolysis. Paschke, Bidlingmeyer and Bergmann (13) reported the
development of a nitrobenzene-tetrachloroethane solvent system
which can be used as a solvent for PET at room temperature.

In this paper, we describe the use of an o-chlorophenol-
chloroform solvent system for the measurement of the molecular
weight parameters of PET by GPC. This solvent system is also
a solvent for polystyrene at room temperature; therefore, a
calibration procedure, based upon polystyrene standards, can be
developed to allow accurate and reproducible determination of
molecular weight averages and molecular weight distribution of

PET.
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Materials

EXPERIMENTAL

Polymer Standards

JABARIN AND BALDUFF

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 M, to 7,100,000 M.

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
PET Samples
Sample # I.v. (1)
1 0.206
2 0.492
3 0.625
4 0.64
5 0.67
6 0.70
7 0.72
8 0.83
9 0.95
10 1.00
11 1.08
5]

Source
Owens-Illinois
Owens-Illinois
Owens-I1llinois
Goodyear
Celanese
Eastman
Goodyear
Goodyear
Goodyear
Goodyear

Goodyear

I.V. (inherent viscosity) measurements made in 60/40 -
phenol/tetrachloroethane @ 25°C @ 0.25 g./dl.
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Solvents

Ortho-chlorophenol, purified grade, and spectrophotometry
grade chloroform, were obtained from Fisher. With the exception
of filtration, no additional treatment of either solvent was per-

formed.

Viscometry

All of the viscosity measurements were conducted in a Cannon-
Ubbelohde suspended level capillary dilution viscometer. The
viscometer was suspended in a constant temperature water bath with
an accuracy of # 0,01°C., Efflux times for the PET and polystyrene
solutions were measured manually with an electric clock timer,
accurate to 0.05 seconds.

The solution preparation for both PET and polystyrene
standards was identical. The concentrations used in each viscos-
ity measurement varied with the molecular weight of the sample
being measured. In general, the concentration of the polymer
solutions were made to yleld an efflux time of 200 seconds or
more for the highest solution concentration. Orthochlorophenol
was added to a known weight of polymer and heated at 110°C, with
agitation, until the polymer dissolved (~10 to 30 minutes). After
the polymer was dissolved, this solution was allowed to reach room
temperature, at which time chloroform was added to make the final
solution.

A given volume of the polymer-orthochlorophenol/chloroform
solution was filtered into the viscometer through a Swinny-

adapted sytinge, with a 0.45 um filter, Efflux times of the
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solutions were determined in triplicate, after allowing thermal
equilibration of 10 minutes. The solutions were then diluted,
equilibrated and remeasured for an additional three solution con-

centrations.

GPC

GPC experimentation was performed with a Waters Associates
model ALC/GPC-201 gel permeation chromatograph equipped with a
model U6K sample injector and a model R-401 differential refrac-
tometer. A circulating water bath, with an accuracy of * 0.05°C,
was attached to the differential refractometer and to temperature
control blocks surrounding the column bank.

The solvents were vacuum filtered through a Millipore 0.45 um
filter. All sample solutions were also filtered through a Swinny-
adapted syringe, fitted with a 0.45 um Millipore filter.

The column bank for this system consisted of four u-Styragel
columns (Waters Associates), with porosities of 108-103 ;. The
quoted column efficiency was 9000 plates/meter for each column.

PET solution concentrations were maintained at 0.25% (w/v)
while the polystyrene standard solutions were made to be 0.10%
(w/v). The normal operating conditions for this chromatographic

system were:

Temperature = 25°C
Flow rate = 1,0 ml./min.
Eluent orthochlorophenol/chloroform (25/75)

System pressure = 700-720 psig. @ 1 ml./min.
1300-1500 psig. @ 2 ml./min.
8X

0.4 ml.

Attenuation
Injection

nu
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RESULTS AND DISCUSSION

Universal Calibration Curve

The hydrodynamic volume of a polymer chain, Vh, is usually
measured as ([n]M), where [n] is the intrinsic viscosity and M is
the molecular weight. The parameter, [n]M, is the basis of the
universal calibration curve.

The conversion from one polymer system to another involves
the use of the Mark-Houwink equation

[n] = rM? (€))
The hydrodynamic volumes of polymers 1 and 2 can be written as

[nIM = kM, 21%L ()

[nlM = KM,32%1 (3)
If the column combination, solvent, elution rate and temperature
are constant when conducting the GPC experiment of the two
polymers, then at a given elution volume, the relation

K1M1al+1 - K2M2a2+l %)
will hold. The molecular weight of polymer 2 may be obtained
from polymer 1 by solving equation 4

log M, = flf}_log M; +_1 _ log (g;) (5)
ar+l ap+l K2

The use of the universal calibration curve requires a knowl-

edge of the Mark~Houwink constants which can be experimentally

determined as described in the next section.

Solution Properties

Intrinsic viscosities were determined according to the

Huggins and Kraemer equations
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i RS TR (6
In <?5§%> = Inl - " [n] ¢ @

A typical plot according to these equations is given in

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

0.9 09
osF -7 Hos
<;i:i§
IR ©
O—¢
N\,
07 — 0.7
M sp In 7 rel

04 1 I | 0.4
0. 0.3 05

C, 9./dl

Figure 1 Tsp/C and Innge1/c versus concentration for a low
and high molecular weight PET sample.
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ment of viscosity data for the polystyrene standards is also
required.

The intrinsic viscosities of PET are plotted as a function
of My in Figure 2, Examination of the data in Figure 2 shows that
the temperature effect on the [n] -M relationship is negligible
over the temperature range 20-30°C. The Mark-Houwink equations
for PET and polystyrene were obtained by a least-squares fit.

The results are

[n] = 1.49 x 1074 My0.56 (PET) (8)

102 1 \
103 10 105 0t
Mw

Figure 2 Intrinsic viscesity as a function of weight averages
molecular weight for PET in (25/75%) ortho-chlorophenol-
chloroform,
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[n] = 2.20 x 107* M,9+87 (Polystyrene) 9)
The K (1.49 x 107%) and "a" (0.56) values for PET in
orthochlorophenol-chloroform solvent system at 25°C determined in
this study differ somewhat from those obtained for other solvent
systems (3,4,14). The K value obtained here is in the same
general range of K values obtained for other solvent systems.

The value of the exponent "a" is low compared to other solvent

systems; however, since the value of "a" is higher than 0.50, the
solvent system can be considered as a good solvent for PET.

As indicated above, the effect of temperature on the viscos-
ity - molecular weight relationship is negligible over the tem-
perature range 20-30°C. This indicates that there is no associ-
ation of the polymer in this solvent system.

The stability of PET in orthochlorophenol-chloroform solvent
system was evaluated by solution viscosity. The results are

shown in Table 2 for two PET samples having different molecular

weights., It is seen that the efflux time is constant over

TABLE 2

Efflux Time (seconds) After Dissolving Samples in
Orthochlorophenol-Chloroform Solvent System at 25°C

Period High M Sample Period Low My Sample
Min. C = 0,502 gm/dl Min. C = 0.613 gm/dl
31 223.40 25 211.67
160 223.37 139 211.73
1,731 223.38 1,420 221.68

2,881 223.30 3,039 221.34
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extended periods, indicating that there is no breakdown in molec-

ular weight.

Molecular Weight and Molecular Weight Distribution

Construction of Calibration Curves

Molecular weights for PET which have the same hydrodynamic
volume ([n]M) and elute at the same elution volume as the poly-
styrene standards can be calculated from equation 5, using the
Mark-Houwink constants given in equations 8 and 9. The results

of these calculations are given in Table 3. The data are plotted

TABLE 3

- Weight Average Molecular Weight,
M,; for PET Calculated from Hydrodynamic Volume

Elution Volume My
Ve, ml
15.9 6,330,120
16.0 3,516,620
16.4 2,168,470
17.5 505,770
17.8 368,150
19.6 138,640
20.8 73,820
23.3 32,100
25.7 12,290
27.2 5,790
29.1 2,100

29.9 1,060
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in Figure 3, where My is plotted dgainst elution volume. The
results in Figure 3 constitute a calibration for PET in this

solvent at 25°C.

Typical GPC Data

GPC Chromatograms

A typical GPC Chromatogram of PET in (25/75%) orthochloro-
phenol-chloroform at 25°C is given in Figure 4., The major por-
tion of the chromatogram for this PET sample peaks at about 22 ml
elution volume, with a minor peak at 31 ml. The identification
and further characterization of this minor peak will be discussed

in a later section.

Calculations
From the chromatogram a number of molecular weight parameters

can be obtained. These include:

*Weight Average Molecular Weight (My)

*Number Average Molecular Weight (Mp)

‘Polydispersity Index (Dp)
These molecular weight averages are calculated according to the
general equation

Q
T NgMy?

M, ==L (10)

Q
L NgMy@t

i=1
where a = 1,2,3 or 4. When a = 1, M; is obtained. Higher weight-
averages are obtained when a = 2,3 or 4. These are: a = 2 (My),
a =3 (Mz) and a = 4 (Mz + 1). The polydigpersity index is

expressed as the ratio of My/Mp and given the designation of Dp.
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108

3

p-

104

10°?

102 | W O N SR R S B |

15 17 19 21 23 25 27 29 31 33 35
Ve, ml.

Figure 3 Weight average molecular weight of PET as a function
of glytion volume in (25/75%) ortho-chlorophenol-
chlorgform.
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RELATIVE RESPONSE

T J 1 T 1 1 1 1 T T LI 1 T T 1 T

7 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32

Ve,ml

Figure 4 Typical GPC chromatogram of PET in (25/75%) ortho-
chlorophenol-chloroform at 25°C,

Molecular Weights and Polydispersity Index

The molecular weight parameters for a variety of PET samples
prepared by solid-state and melt-phase polymerization processes
are given in Table 4. The polydispersity index My/Mn for all the
samples studied is somewhat higher than the theoretically pre-
dicted value of approximately 2,0 (15) for polycondensation
polymers; however, the polydispersity index values obtained here
are in close agreement with other experimentally determined values
(13). The results in Table 4 indicate that polydispersity indices
for the melt-phase samples are, in general, lower than those of

the solid-state samples.
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TABLE &

Molecular Weight Parameters Obtained by GPC of Various PET Samples

PET I.V.* Polymerization M, M,  My/Mn
Process

Goodyear 5041 1.00 Solid-State 66,630 25,960 2.57
Goodyear 5737 0.72 Solid-State 52,870 18,640 2.84
Goodyear (0-I 11) 0.64 Solid-State 42,080 15,180 2.77
Celanese PT 101C 0.67 Solid-State 47,860 18,160 2.64
Eastman 44C 0.70 Melt-Phase 49,740 20,890 2.38
Owens-Illinois 0.86 Melt-Phase 59,180 25,450 2.33
Owens-Illinois 0.63 Melt~Phase 35,720 14,330 2.49

Owens-Illinois 0.49 Melt-Phase 29,540 12,990 2.27

*I.V. = inherent viscosity in (60/40) phenol-tetrachloroethane
at 25°C and 0.25 gm./100 ml.

Correlations with Viscosity Data

From the GPC weight average molecular weights one can cal-
culate the corresponding inherent viscosity, I.V., using the
following relationship (4):

I.V. = 4.68 x 107" () 0+%8
(60/40) phenol-tetrachloroethane at 25°C and 0.25 gm./100 ml.
Table 5 gives the calculated I.V. along with the experimen-

tally determined I.V. A fair agreement is obtained over a wide

range of I.V.

Low Molecular Weight Components

As was indicated above, all of the GPC chromatograms of PET

exhibit a small peak at 31 ml elution volume. The corresponding
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TABLE 5

Comparison Between Measured and Calculated I.V, of PET Samples

ﬁu_QEE Measured I.V, * .01 Calculated 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 1,V. was obtained in (60/40) phenol-teretrachloroethane
@ 25°C and 0.25 gm/100 ml. Calculated 1.V. was obtained ugin%
the GPC My in the relationship I.V. (cale.) = 4.68 x 1074 (M) 0+ 68,

molecular weight is 550 to 610 according to the calibration curve
in Figure 3. The fact that this peak encompasses the molecular
weight of cyclic trimer and that cyclic trimers are often found

in PET (16) leads one to conclude that the peak at 31 ml elution
volume results from the presence of cyeclic trimer. This conclu-~
sion was further confirmed by dissolving a sample of cyclic trimer
and injecting into the GPC. The sample eluted with peak elution
volume of 31 ml.

The cyclic trimer used in this study was obtained from
Goodyear Company. It is a white, crystalline powder with a
reported melting point of 319°C.

In order to establish a calibration for a semi-quantitative

analysis of this oligomer, a "spiking'" experiment was performed.
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Six sample solutions with varying amounts of cyclic trimer were
added to a PET sample and chromatographed.
The weight percentage of the oligomer in the solution was

calculated from:

weight % = Weight of cyclic trimer x 100
weight of PET

The weight percentage of the oligomer ranged from 0.206% to 3.55%.
A solution containing only PET and no cyclic trimer was run as a
control.

The peak height at 31 ml elution volume was measured for each
solution containing the "spiked" samples. The peak height for the
solution containing only PET was also measured and subtracted from
the values obtained for the 'spiked" samples.

The results of the "spiking" experiment are given in Figure
5. This is a calibration line which can be used to determine the
amount of cyclic trimer in PET samples.

Table 6 gives the cyclic trimer content as determined by the
above procedure for a variety of experimental and commercial PET
resins. The quantitative content of the cyclic trimer in PET
determined here is in good agreement with previous studies (16,17).

The quantitation of cyclic trimer in PET by this method
demonstrates that the concentration is greater in melt-phase
polymerized PET than in solid-state resins and that for melt-phase
polymerized PET, the concentration of cyclic trimer decreases with
increasing molecular weight. An additional correlation of molec-

ular weight and cyclic trimer content may be found within solid-
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25—

20+

5
0 L I 1 J
0% 10% 2.0% 3.0% 4.0%

WEIGHT %, (wt. of C.1./wt. of PET) x 100

Figure 5 Peak height versus weight percent of cyclic trimer.

state polymerized PET utilizing the same catalyst system (i.e.,
Goodyear), with cyclic trimer content decreasing with increasing
molecular weight. Furthermore, cyclic trimer content in PET
prepared by solid-state polymerization, with PET samples of about
the same molecular weight, appears to be dependent on the cat-
alyst system used. Although these differences appear to be
dependent on the catalyst system, a more likely cause is the

solid-state polymerization conditions.

CONCLUSIONS
*The gel permeation chromatography (GPC) technique has been
developed for the measurements of cyclic trimer content, molec-
cular weights and molecular weight distribution of PET, utilizing

a solvent system of o-chlorophenol-chloroform.
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1843

Cyclic Trimer Content in PET as Measured by the

Peak Height Calibration in Figure 5

Resin I.V. Catalyst  Polymerization Weight %

System Process Cyclic Trimer

Eastman 0.51 Sb-Ti-Co-Mn Melt-phase 1.25

(experimental)

Zimmer 0.62 Sb Melt-phase 1.13

(experimental)

Eastman 0.63 Sb-Ti-Co-Mn Melt-phase 0.98

(experimental)

Eastman 0.70 Sb-Ti-Co-Mn Melt-phase 0.80

(experimental)

Goodyear 0.64 Sb Solid-state 0.60

(experimental)

Goodyear 5877 0.72 Sb Solid-state 0.35

Celanese 2113 0.76 Sb Solid-state 0.63

(Lot #202)

Eastman 7352 0.70 Sb-Ti-Co-Mn Solid-state 0.62

Goodyear 5041 0.90 Sb Solid-state 0.24

Goodyear 5041 1.0 Sb Solid-state less than 0.2

*The molecular weights determined by inherent viscosity (I.V.)

measurement and those determined by GPC are in good agreement.

*The polydispersity index determined for a variety of PET samples

is higher than the theoretically predicted value of 2.0; however,

there is no systematic dependence on molecular weight or poly-

condensation process.

*The amount of cyclic trimer is greater in a melt-phase polymerized

PET than that in a solid-state resin.
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*For a melt-phase polymerized PET, the amount of cyclic trimer

decreases with increasing molecular weight (or I.V.).

«For a solid-state polymerized PET having the same catalyst systenm,
the cyclic trimer content decreases with increasing molecular

weight.

«The cyclic trimer content in PET prepared by the solid-state
polymerization process and having about the same molecular weight
appear to be dependent on the catalyst system used and the solid-

state polycondensation conditions.

REFERENCES

1. Van Krevelen, D. W., Properties of Polymers, Correlanous
with Chemical Structure, Elsevier Publishing Company,
Amsterdam-London-New York, 1972

2. Billmeyer, F. W., Jr., Textbook of Polymer Science, 2nd Ed.,
Wiley~Interscience, New York, 1971, 62-95.

3. Moore, W. R. and Sanderson, D., Viscosities of Dilute
Solutions of Polyethylene Terephthalate, Polymer, 9, 153,
1968.

4, Moore, L. D., Jr., Cleveland ACS, Meeting 4, Vol. 1, 1960.

5., Cantow, M. J. R., Polymer Fractionation, Academic Press,
New York, 1967.

6. Pebbles, L. H., Jr., Molecular Weight Distribution in
Polymers, Interscience, New York, 1971, 190-232.

7. Moore, J. C., Chem. Eng. News, 40, No. 51, 43, 1962.

8. Moore, J. C., Gel Permeation Chromatography. I. A New Method
for Molecular Weight Distribution of High Polymers, J. Poly.
Sci., 2, 835, 1964.

9, Moore, J. C. Hendrickson, J. G., Gel Permeation Chromatog-
raphy. II. The Nature of the Separation, J. Poly. Sci., 8,
233, 1965.



17:56 24 January 2011

Downl oaded At:

POLYETHYLENE TEREPHALATE 1845

10.

11,

12,

13.

14,

15.

16.

17.

Johnson, J. F., Porter, R, S., Analytical Gel Permeation
Chromatography, Cantow, M. J. R., ed., New York, 1967.

Shaw, G., Proceedinges of the Seventh International GPC
Seminar, Monte Carlo, Waters Associates, 1969, 309.

Overton, J. R., Rash, J., Moore, L. D., Jr., The Molecular
Composition of Polyethylene Terephthalate as Determined by
Gel Permeation Chromatography, Proceedings of Sixth Inter-
national GPC Seminar, Miami Beach, Florida, Waters Associates,
1968, 422.

Paschke, E. E., Bidlingmeyer, B. A., Bergmann, J. G., A New
Solvent System for Gel Permeation Chromatography of Poly-
ethylene Terephthalate, J. Poly. Seci., 15, 983, 1977,

Brandup, I., Immergut, E, H., Polymer Handbook, Wiley
Interscience, New York, 1965, VI-20.

Flory, P. J., Principles of Polymer Chemistry, Cornell
University Press, Ithaca, New York, 1953.

Cooper, D. R., Semlyen, J. A., Equilibrium Ring Concentrations
and the Statistical Conformations of Polymer Chains: Part II.
Cyclics in Polyethylene Terephthalate, Polymer, 14, 185, 1973,

Pebbles, L. H., Jr., Huffman, M. W., Ableh, C. T., Isolation
and Identification of the Linear and Cyclic Oligomers of
Polyethylene Terephthalate and the Mechanism of Cyclic
Oligomer Formation, J. Poly. Sci., 7, 479, 1969.



