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Synopsis

Poly(ethylene terephthalate) modified with 1,1,1-trishydroxymethyl propane (THP) and pen-
taerythritol was analyzed with respect to branching by combined GPC/viscometry measure-
ments. The average effective functionality of the branching molecules was calculated and
compared with the theoretically attainable functionality, thus permitting one to distinguish
between different branching theories. Maximum effectiveness was achieved only at low concentra-
tions of the modifiers added. Pentaerythritol and THP were found equivalent in the ratio 1:3,
estimated from their influence on the polydispersities of the branched polyester. It was shown
that apparent molecular weights obtained from GPC calibration with linear standards can be
converted by correction factors. The resulting molecular weight averages of the branched PET
samples were in a good agreement with those from the GPC/viscometry iteration procedure.

INTRODUCTION

Poly(ethylene terephthalate) (PET) is well known for its various applica-
tions in the fiber, film, and plastics industry. A simple way often used to
modify the structure and the properties of PET is the incorporation of small
amounts of tri- or tetrafunctional compounds. This readily leads to the
formation of long chain branches.

In the papers published so far on the characterization of branched PET,>?
standard techniques in molecular weight determination are used, i.e.,
light scattering, osmometry, and viscometry. With the new solvent mixture
chloroform /hexafluoroisopropanol introduced recently,? it is now possible to
determine the long chain branching of PET by the combination of GPC
measurements with viscometric data. This approach is an easy and effective
method to get average molecular weights and molecular weight distribution of
the branched sample as well as characteristic branching parameters.

THEORETICAL BACKGROUND

The Use of GPC and Viscometry in Determining Branching

The basic concept for the determination of branching by GPC is the
universal calibration introduced by Benoit et al.#? They demonstrated that
the hydrodynamic volume is proportional to the product of intrinsic viscosity
[7] and molecular weight M. Applying this concept to linear and branched
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molecules having the same elution volume leads to
MU [n]™ = M- [q]" (1)

Considering a branched and a linear molecule of the same molecular weight,
the intrinsic viscosity of the branched sample is smaller than that of the linear
one:

[4]"=G-[2]" (G<1) (2)
where
G=g° (3)

& is the ratio of the mean squared radii of gyration referring to linear and
branched molecules having the same molecular weight:

g = (RG)u/(RG)m (4)

Unfortunately, the value of the exponent b in eq. (3) is still in debate.
Thurmond and Zimm® in their early work on crosslinked polystyrene gave

b=05 (5)
while later Zimm and Killy calculated
b=15 (6)

Both theories are valid only for theta solvents so that modifications are
necessary for good solvents in which GPC measurements usually are carried
out. Therefore, Kurata et al.%? took

b=06 )
while Zimm and Stockmayer!® proposed
b=2-a (8)

where a is the exponent of the Mark—Houwink relation.
There are various experimental studies'! in which values of 0.5 < b < 1.5
have been found including variations of b depending on the type of sample.'?
In their pioneering paper,'® Zimm and Stockmayer derived expressions for
the parameter g. For randomly branched molecules with trifunctional branch
points,

e[ 2]
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and similarly for tetrafunctional branch points,

84— {(1 + —nﬁ)m + ﬂ]_oj (10)

m is the average number of branch points per molecule and is a function of
the molecular weight M.

Drott and Mendelson'® in their treatment of GPC and viscosity data
assumed that

m=A-M (11)

Substituting the Mark—Houwink relation for linear molecules into eq. (2) with
eq. (3) results in

[9]" = k- M- g(M)° (12)

and for a polydisperse sample, respectively,

(o = g Z S EO (19

The following scheme can be used to determine branching from GPC and
viscometric measurements® 13-15:

1. The intrinsic viscosity of the branched sample, [7]", is measured.

2. The Mark-Houwink parameters 2 and a are known or have to be deter-
mined. With these parameters an apparent viscosity [#]*PP is calculated
from GPC using eq. (13) with g(M) = 1 and A = 0, respectively.

3. A computer program iterates A in eq. (13) using eq. (9) or (10) and eq. (11)
until [ 7]12°P equals [1]*".

4. Once A and therefore g is determined, the average molecular weights M
and M as well as the corrected molecular weight distribution of the
branched sample are calculated using the universal calibration.

Figure 1 gives an example on how intrinsic viscosity [ 1], number average M,
and weight average M,, vary with the parameter A.

It should be pointed out that only the influence of long chain branching
(LCB) can be detected by this proceeding because only LCB shows a remark-
able effect in decreasing the viscosity [71].

The Functionality of the Branching Molecule

If the amount of an added branching molecule is known and can be
correlated to the parameter A, it is possible to detect the branching effective-
ness. As it will be shown below, this correlation allows also the examination of
the theoretical models especially with respect to the value of exponent b in
eq. (3).
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Fig. 1. Variation of the calculated M, M, and [#] during the iteration procedure (sample
291).

The average number of branch points per macromolecule m, can be calcu-
lated from the number of branching molecules, n,, and the number of
branched polymer molecules, n, by

M (14)

¢, is the ratio of the mass of the branching molecule to the mass of the
branched polymer (in g/g polymer), M, and M are the molecular weights of
the branching molecule and the polymer.

In the derivation of eq. (14) is implied that all added functional groups of
the branching molecule result in a physically detectable branch. This assump-
tion is not valid a priori. Therefore, eq. (14) is corrected by an efficiency factor

¢ (0<¢<l):

m=-2-M-¢ (15)

¢ can be interpreted as the number of effective (i.e., detectable) branches
without consideration of the linear backbone of the chain.

From ¢ one can calculate the average effective functionality f-LCB, which is
caused by long chain branching. fi.p is the average number of chains
starting from a branch point and including the backbone. For trifunctional
branching molecules,

fiecs=9¢ +2 (16)



ANALYSIS OF BRANCHED PET 2145

l
|
!
|
|
|
|
|

|
I
I
I
|
]
I
I

Fig. 2. Macromolecule with trifunctional branching, two branches effective: ¢ = (effective
branches)/(possible branches) = 2/3; fiog = (effective chains starting from the branch
points) /(branch points) = 8/3.

and for tetrafunctional molecules,

fuop=2-¢+2 (17)

The factor 2 in eq. (17) takes into account that two branches are starting from
one branch point. Figure 2 illustrates eq. (16).

Correlating egs. (15), (16), or (17) and eq. (11) leads for trifunctional
branching molecules to

) M,
fLCB=>"C + 2 (18)
b

and for tetrafunctional branching molecules to

Mb
fLCB=2->\-—C—+2 (19)
b

For the limiting case A = 0, i.e,, m = 0 (no branching), the expected result
f = 2 is given, meaning linear chains.

The derivation above leads to egs. (18) and (19) also for polydisperse
samples just by substituting M by the number average molecular weight M.

EXPERIMENTAL

Polymer Preparation

PET was prepared from dimethyl terephthalate and glycol using manganese
and antimony as catalysts. All branching modifiers were added to the transes-
terification. The use of a pilot line containing an exactly calibrated torque
meter allowed the preparation of samples having different modifier contents
but the same melt viscosity.
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Analyses

The GPC measurements in chloroform /hexafluoroisopropanol (98: 2 vol %)
were carried out as described earlier.? In the same solvent system, the intrinsic
viscosities [ 7] were determined using the Huggins extrapolation. Because of
their importance in the calculation of parameter A, only measurements with
r > 0.99 were accepted. Repeated measurements proved that no degradation
took place within eight hours.

To determine the content of pentaerythritol (Penta) and 1,1,1-
trishydroxymethyl propane (THP), the polyesters were totally degraded by
methanolysis. After derivatization with acetic anhydride, THP and Penta
were quantitatively analyzed by gas chromatography.

RESULTS AND DISCUSSION

Influence of the Exponent b

Most of the studies on the GPC analysis of branched polymers published so
far are dealing with polyethylene (PE). For polymerizates like PE, it is
difficult to get additional information about the degree of branching. It is the
advantage of analyzing a polycondensate that branching is not a side reaction
but a main reaction involved in the normal polycondensation mechanism.
Furthermore, the amount of branching molecules is known or can be deter-
mined which finally allows to compare results from different theories.

Thus, different values of b in eq. (4) were taken and the GPC/viscosity
data were treated as described. The results for one trifunctional and one
tetrafunctional branched sample are given in Table 1.

It was found that the influence of the value of & on molecular weight
averages and polydispersity is negligible within the experimental error of
GPC. Although the deviation from the Schulz-Flory distribution with an
expected M, /M, = 2 is significant, the polydispersities are rather small in
comparison to what is detected on PE.

TABLE 1
Influence of the Value of b on Molecular Weight Averages and Branching Parameters
Mg Mpx Mp A x 10°
b (gmol™)  (gmol™)  MZF/MZF  (gmol™h)  (molg™  fiep  fom
Sample 291 modified with 0.20 wt % THP
0.5 48,957 19,263 2.54 88,954 3.34 4.2 3
0.6 48,966 19,255 2.54 89,148 2.65 3.8 3
2 - a® 49,022 19,237 2.55 89,868 1.11 2.7 3
1.5 49,025 19,234 2.55 89,957 0.92 2.6 3
Sample 575 modified with 0.06 wt% Penta
0.5 55,135 21,230 2.60 111,023 1.04 6.7 4
0.6 55,149 21,224 2.60 111,319 0.83 5.7 4
2 — a® 55,200 21,205 2.60 112,309 0.35 3.6 4
1.5 55,205 21,202 2.60 112,419 0.29 3.3 4

%a = 0.731.
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Since the calculated molecular weights are so close, it is impossible to
differentiate between theoretical values of b by light scattering or osmometry,
even for samples with a higher content of branching molecules. On the other
hand, calculating the average functionalities, ficg and comparing them with
the maximum functionalities possible leads to the conclusion that values of
b = 0.5 or 0.6 are not appropriate. Taking into account that all measurements
were carried out in a good solvent, b = 2 — a was taken for further calcula-
tions.

Trifunctional Branching by Trishydroxymethylpropane (THP)

THP served as a model compound to check on the influence of the polycon-
densation time and the concentration of a trifunctional branching molecule.
Thus, a prepolymer containing 0.52 wt % THP was prepared. Portions of it
were then polycondensated to different viscosities and analyzed with respect
to branching (Table II). The polydispersity of the branched polymer increases
strongly with longer reaction time, i.e., with increasing viscosity of the sample.
In contrast, the average functionality f-LCB remains constant. It can also be
seen from repeated measurements that f-LCB is rather insensitive to changes in
the parameter A.

From these results it seems likely that all potential branches are formed
early in the polycondensation if not already during the transesterification.
Growing of the branches then leads to the observed increase in polydispersity.
The influence of the amount of THP added was also investigated. Therefore,
samples of equal melt viscosity were prepared and analyzed (Table III). As
expected, the polydispersity increased reaching unusually large values at high
concentrations of THP. The calculated effective functionalities f;p, however,
show a decrease with increasing THP content. Apparently, all three possible
branches of THP are effective only at very low concentrations.

At higher concentrations it becomes more possible that the macromolecules
contain more than one branch point. This is the case especially for sample 295
where the number of THP molecules exceeds the average number of macro-
molecules. Regarding its coil-like structure, it seems plausible that a macro-
molecule with more than one branch point cannot grow that easily. In tum,
this might lead to the observed decrease in the effective functionality. There

TABLE I1
Influence of the Polycondensation Time ¢, (0.52 wt % THP)
toe (71" M Mrr A x 108
Sample (min) (em®g™ Y (g mol™ 1) (gmol™ 1) M P (mol g™ fien
307 165 24.9 22,000 9900 2.22 1.20 2.3
22,400 10,100 2.22 1.43 2.4
309 174 32.0 34,300 13,500 2.54 1.54 2.4
33,950 13,750 2.47 1.50 2.4
506 180 38.0 45,800 16,300 2.81 1.42 24
45,600 16,400 2.74 1.41 2.4
313 193 42.1 57,750 16,850 3.43 1.41 2.4

56,900 16,850 3.38 1.38 2.4
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TABLE ITI
Influence of the Amount of THP on Molecular Weight Averages and Effective Functionality ficp

Content [q]P" MPr MPr A x 105
Sample  (wt%)  (em’g™') (gmol™)) (gmol™h)  MZF/MY  (molg ') frcs

289 0 46.1 46,350 22,700 2.04 — —
290 0.08 44.3 47,350 20,750 2.28 0.51 2.9

46,800 20,551 2.28 0.45 2.8
291 0.20 41.9 49,000 19,250 2.65 1.11 2.7

49,250 19,550 2.52 1.16 2.8
292 0.26 41.7 51,550 18,700 2.76 1.32 2.7

50,050 18,300 273 1.19 2.6
293 0.30 41.6 51,800 17,950 2.88 1.27 2.6
294 0.31 42.6 50,700 16,900 3.01 0.86 2.4
313 0.52 42.1 57,750 16,850 3.43 1.41 24
295 0.90 43.2 68,900 15,250 4.52 1.49 2.2

is, of course, the possibility of short chain branching which is not covered by
the GPC /viscosity method applied here.

Although there is some evidence for sterical hindrance to explain the
decrease of ficp, the limitations of the theoretical background should be kept
in mind. In the original Drott equation [eq. (11)], A is assumed independent of
the molecular weight M. This assumption is doubted by some authors,'67
leading to a modification of eq. (11) by introducing an exponent for M. But,
without a further method of determine A, such an approach cannot be
validated.

Tetrafunctional Branching by Pentaerythritol

As an example for tetrafunctional branching, Penta was used. Table IV
gives the results calculated with g, [eq. (10)]. Again one observes an increase
in polydispersity with increasing amount of Penta, but the theoretically

TABLE IV
Influence of the Amount of Penta on Molecular Weight Averages
and Effective Functionality f;cg

Content [nIbr MEr MPbr A X 108
Sample  (wt%)  (em’g™!)  (gmol™!) (gmol™h)  ME/M*  (molg™!) fies

8830 0 48.0 48,600 24,000 2.02 — —
8831 0.025 46.9 50,600 22,900 2.21 0.18 4.0
50,400 22,500 2.24 0.17 39

575 0.06 45.8 55,200 21,200 2.60 0.35 3.6
54,800 21,150 2.59 0.35 3.6

9954 0.08 44.7 54,050 20,300 2.66 0.39 3.3
54,800 20,500 2.68 0.40 3.4

528 0.11 43.8 58,800 20,250 2.90 0.56 3.4
58,800 20,300 2.90 0.55 33

509 0.15 41.4 60,900 17,700 3.37 0.75 34

60,500 17,500 3.38 0.75 34
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possible functionality is reached only at very low concentrations. Repeated
GPC measurements illustrate the good reproduceability.

Comparison of the Influence of THP and Penta on MWD

From the results presented above it was possible to detect what amount of
Penta is equivalent to a given amount of THP. Recently, Langla and Strazielle?
reported an equivalence of 0.1 mol % Penta to 0.4 mol % THP by using the
ratio G = 11" /[n]"™ for their calculation. Because of the small differences in
G and the experimental errors in its determination, this method can be
considered only a rough estimation.

A Dbetter estimation can be made from the influence of the branching
molecule on the polydispersity of the polymer. Such an approach is less
susceptible to errors and takes into account that the samples have a molecular
weight distribution rather than relying on only one average, e.g., intrinsic
viscosity.

In Figure 3 the polydispersities from Tables III and IV are plotted against
the content of THP and Penta in the polymer. An equivalence of 1:3 (0.1 wt
% Penta ~ 0.3 wt % THP) is found. Because the molar masses of Penta and of
THP are very close, the same equivalence results by using mol % instead of
wt %.

It should be noted that all samples taken are of nearly the same melt
viscosity (n9950c approximately 270 Pa s) due to the method of their prepara-
tion. Possible differences in the melt viscosity of about +10% lead to polydis-
persity changes of approximately +0.1, which is within the limits of the
estimation above.

Prediction of GPC Behavior of Randomly Branched Polymers

An interesting approach to calculate molecular weight averages of branched
samples is given by Shultz.!® Using the GPC calibration derived from un-
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Fig. 3. Comparison of THP and Penta effecting the polydispersity of the branched sample.
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branched samples, apparent molecular weight averages are received and con-
verted by correction factors. These correction factors were generated by a
mathematical treatment on polymers formed by random condensation with
tri- or tetrafunctional branching. The method is based on the MWD functions
of Stockmayer!® and on the expressions for g [egs. (9) and (10)].}° No viscosity
measurements and no iterative procedure are necessary.

Our data of tri- and tetrafunctional branched polyesters seemed to be
favorable to test the approach of Shultz. From the apparent polydispersity
derived from GPC, the branching index y was calculated. Tables 1 and 2 in
Ref. 18 had been extended for the Mark—Houwink exponent a = 0.731 (as
determined for the GPC solvent?®) and were used for interpolation.

The polydispersity of the branched samples, M /M, as well as M /M "
was calculated from v:

br
Tl (20)
M, 1-—v
MPr 3—-v

MZ" T 21 -v) @)

for trifunctional branching and

Mpr 2 ‘ (1 y) (22)

My 1-vy
M 3
My 2(1-v)

(23)

for tetrafunctional branching.

TABLE V
Polydispersities Calculated Using the Shultz Method and the Iteration Procedure (in Parentheses)
Sample MPP /M PP ¥ M /My M /M
290" 2.24 0.17 2.27 (2.28) 1.66 (1.70)
291 2.43 0.28 2.52 (2.55) 1.89 (1.83)
292 2.60 0.35 2,72 (2.76) 2.04 (2.03)
293 2,71 0.39 2.85 (2.88) 2.14 (2.16)
294 2.87 0.44 3.08 (3.01) 2.29 (2.35)
313 3.14 0.51 3.39 (3.43) 2.54 (2.66)
295 3.98 0.65 4.48 (4.52) 3.69 (3.36)
8831° 2.19 0.13 2.22 (2.21) 1.72 (1.68)
575 2,49 0.29 2.61 (2.60) 2.11 (2.03)
9954 2.54 0.31 2.67 (2.66) 2.17 (2.11)
528 2.69 0.37 2.88 (2.90) 2.38 (2.53)
509 3.02 0.47 3.33 (3.37) 2.83 (2.73)

“THP containing samples from Table II1.
> Penta containing samples from Table IV.
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The results of Table V are in excellent agreement with the results from the
iteration method using combined viscosity and GPC data. It points to the
validity of the Drott-Mendelson approach, especially with respect to eq. (11).
Shultz used a value of b = 0.5 for his calculations. This seems to be in
contrast to b = 2 — a used for the iteration procedure, but as it was shown in
Table 1 the influence of b on molecular weight averages is small.

Therefore, if the parameter A and the true molecular weight distribution
are not of interest, the method of Shultz easily leads to reliable molecular
weight averages of branched polycondensates.

CONCLUSION

The analysis of combined data from GPC and viscometry is the most
applicable way to treat long chain branching in polymers. Unfortunately, the
theoretical background is not yet understood completely. The main discrepan-
cies focus on the equation ‘

G=gb

Not only is the value of & disputed, including its variation in between the
theoretical limits of 0.5 and 1.5 (refer to the discussion above). Also, different
expressions for g are used, sometimes in combination with varying the value
of 5.20-24 In spite of this, eqs. (9) and (10) seem to comprise the most
convincing approach. They are generalized functions without a restriction of
the number of branching units.!® In addition, they have been proved superior
to other relations by theoretical calculations.?®

In the study presented here, a randomly branched polycondensate with tri-
and tetrafunctional branches has been analyzed. From calculation of the
average functionalities of the branching molecules, a correct description of the
experimental results was received by using eq. (9) and (10) with b = 2 — a and
1.5, respectively. Interestingly, the latter solution describes the results in the
original paper of Drott and Mendelson?® just as well.

By the alternative model fo Shultz!® the molecular weight averages of the
branched samples can be calculated from GPC data solely.

The technical assistance of Mr. H. Hermann is gratefully acknowledged.
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