JOURNAL OF APPLIED POLYMER SCIENCE VOL. 21, 3331-3343 (1977)

Gel Permeation Chromatography of Polyethylene.
II. Rapid Evaluation of Long-Chain Branching and
Molecular Weight Distribution
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Synopsis

A comparison is made of two methods by which one may derive molecular weight distribution and
degree of long-chain branching using only the measured solution viscosity of a branched polyethylene
whole polymer and its GPC trace. These are (a) Drott and Mendelson method and (b) Ram and
Miltz procedure. In each case, the purpose of the method is to devise a means by which one may
establish a relationship between solution viscosity and molecular weight for use in conjunction with
the GPC universal calibration relationship of Benoit et al. The effectiveness of these theoretical
approaches is evaluated by comparison with the true D and degree of long-chain branching data
obtained using our complete iterative analysis method. Such a detailed comparison using low,
moderate, and highly branched resins leads to a conclusion that both the techniques provide very
good MWD and branching data and, further, that they may be considered interchangeable for most
resins. For highly branched resins, the Ram and Miltz method, which is slightly more sensitive to
the presence of a high degree of long-chain branching, is preferred. In practice, the Drott and
Mendelson method has the advantage of using less computer time and providing a direct measure
of degree of long-chain branching, and thus is likely to be used most frequently.

INTRODUCTION

Over the past few years, gel permeation chromatography (GPC) has established
itself as the most powerful analytical tool available to the polymer chemist. This
technique provides the cornerstone of our polyethylene structure studies and
has been used extensively, with considerable attention being paid to both the
practical operation of the instrument and the details of data analysis. Some
aspects of this work have been reported previously,l particularly concerning
the importance of effective GPC calibration. ‘

Through GPC, one obtains a molecular separation based on size (hydrody-
namic volume), and the resultant separation is displayed on a chart as a weight
distribution, which may be converted to a molecular weight distribution by a
suitable calibration method. In the analysis of low-density polyethylenes, the
nature of the separation (by size) presents both a distinct problem and an op-
portunity. This is because almost all low-density polyethylenes exhibit long-
chain branches which exert a strong influence on molecular size. Thus, the
weight distribution provided by GPC is influenced by both long-chain branching
and molecular weight, making molecular weight calibration very difficult. The
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dual dependence of GPC separation on molecular weight and LCB does, however,
provide the opportunity for obtaining information as to the. degree of LCB
present in a particular resin as well as its molecular weight and molecular weight
distribution (MWD).

The means by which one might resolve the problem of separating out the two
effects due to molecular weight and LCB was provided by Benoit et al.4 He
demonstrated that the GPC elution volume can be related to a hydrodynamic
volume parameter M[q], i.e., GPC calibration in terms of [#]M applies to all
polymer systems and provides a universal calibration for a particular instrument.
When applied to a branched polymer like polyethylene, if one knows the solution
viscosity of the molecular species eluting at any particular point, one may simply
determine its molecular weight, allowing one to construct a MWD curve. Fur-
ther, a knowledge of the actual solution viscosity in relation to the solution vis-
cosity which would be exhibited by a linear species of the same molecular weight
provides a measure of the degree of LCB.5

The great potential of the GPC technique for the analysis of branched poly-
ethylenes can thus be appreciated, for it is only through a knowledge of both
MWD and degree of LCB that one can hope to understand the complex behavior
of these materials. Because of this, considerable effort has been expended in
these and other laboratories to establish practical methods of applying the uni-
versal calibration concept of Benoit to the GPC analysis of polyethylenes.

The calibration of the GPC in terms of [3]M, i.e., establishing a universal
calibration, is readily achieved using linear polymer standards because the re-
lationship between solution viscosity and molecular weight is normally well
defined and known in terms of the Mark-Houwink equation [] = KM<. The
problem in the analysis of branched polymers finally becomes the problem of
determining the value of the solution viscosity at each molecular weight level
for the material being analyzed.

Several approaches are possible and have been tried for establishing the so-
lution viscosity-molecular weight relationship for a particular branched resin.
They break down into two categories, one involving the measurement of the
viscosity values at differing molecular weight levels,16:7 and the second approach
attempting to establish a theoretical relationship between solution viscosity and
molecular weight which may be quantified by reference to the measured solution
viscosity of the unknown whole polymer.8%10 The former approach presents
considerable practical difficulty, while the problems associated with the latter
type of method are those concerning the effectiveness of the theoretical definition
of the solution viscosity—molecular weight relationship for real branched
resins.

The uncertainties possible when using any of the theoretioal approaches dic-
tated that our initial application of the universal calibration concept be through
a method using direct solution viscosity measurement of the various molecular
weight species from a parent resin. The technique involves an initial preparative
fractionation, followed by GPC and solution viscosity determinations on the
resulting fractions, from which one may derive the molecular weight of each of
the fractions and allow the direct construction of a molecular weight calibration
curve for the parent resin. The calculations have been computerized with the
inclusion of an iterative section in the program to correct for the polydispersity
of the fractions. The details have been reported earlier,! and this has become
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known as our standard iterative analysis method for the derivation of molecular
weights, molecular weight distribution, and degree of LCB. The results are
unambiguous but the method is time consuming and needs considerable ex-
perimental equipment.

In the studies described below, an attempt is made to evaluate the effectiveness
of the more rapid methods of Ram and Miltz (R & M) and Drott and Mendelson
(D & M) in providing realistic MWD and degree of LCB data.

THEORETICAL RELATIONSHIPS BETWEEN SOLUTION
VISCOSITY AND MOLECULAR WEIGHT FOR BRANCHED
POLYMERS

As indicated in the Introduction, in the absence of a means of directly deter-
mining the solution viscosity of the various molecular weight branched species
in a resin, one must find a means of defining the relationship between solution
viscosity and molecular weight for any particular resin in order to use the uni-
versal calibration. Such a definition has been attempted using two different
approaches. One involves the use of a theoretical relationship between degree
of LCB and solution viscosity from which one may derive the solution viscos-
ity—-molecular weight relationship. This method has been described by Drott
and Mendelson® and by Shida and Cote.? The second method!® makes no as-
sumption as to the relationship between degree of LCB and solution viscosity
and molecular weight value. Both choose the numerical values of their ex-
pressions by an iteration procedure using the conditions that the final computed
solution viscosity of the whole polymer equals the experimentally measured
value.

The two approaches are outlined in the following paragraphs.

Ram and Miltz Procedure

For linear polyethylenes, the solution viscosity~molecular weight relationship
is expressed by the Mark-Houwink equation [7];, = KM=, where K and « are
constants for a given solvent at a particular temperature. No such simple rela-
tionship is possible for the long chain-branched polyethylenes.

An approach to a derivation of the solution viscosity—molecular weight rela-
tionship for branched polyethylenes has been suggested by Ram and Miltz. In
their method, the formulation of a Mark-Houwink-type relationship for a
branched polymer is assumed to be described by a polynomial expression as
in

Inpl=mK+alnM+bIn2M+cln3 M

where « and K have the same significance and values that qualify for a linear
polymer. The parameters b and ¢ for each branched polyethylene under con-
sideration are varied in such a way that the computed solution viscosity of the
whole polymer equals the measured value. With the aid of this expression the
GPC data for the branched LDPE is interpreted to determine its molecular
weight distribution.

The method takes advantage of the experience and information gathered in
the past on the branched polyethylenes of varying degrees of long-chain
branching. It has been observed that the different long chain-branched poly-
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ethylenes all behave as linear polyethylenes below the molecular weight level
of 5 X 103 and up to this threshold value (say, M) can be represented by the
simple Mark—Houwink relationship:

In[nlrc®®=InK+aln M for M < My=5X103

where K = 3.95 X 10~%¢ and a = 0.726. Above this molecular weight level, the
solution viscosity-molecular weight relationship is expressed by the polynomial
referred to earlier, viz.,

In[gl=InK+alnM+bIn2M+cln3 M for M = Mg =5 X103

The GPC data of the whole polymer are handled with the aid of this polynomial
expression for solution viscosity based on the fact that this viscosity is made up
of the contributions from each species, and thus

[n)totar = ZWi[n];
In applying this to the GPC curve, we have the weight fraction of species 7,

W; = h;/Zh;

where h; is the height of the GPC curve at the corresponding count number
(elution volume).
The specific Mark-Houwink relationship is

["7]1' = KMl (a+bIn M;+c In? M;) for Mi > MO
I.e.,
[ﬂ]iMi = KMi(l+a+b In M;+c In2 M;) for M; = M,

The left-hand side of this expression is the molecular size of the species ac-
cording to which it is separated in gel permeation and directly corresponds to
the count number C; at which it appears. Applying the universal calibration,
it is now possible to use the crude chromatogram and the measured value of the
solution viscosity of the whole polymer (both at the same temperature and in
the same solvent) to obtain the best values of b and ¢ by trial and error. Inturn,
the above viscosity-molecular weight relations yield the complete molecular
weight data.

Drott and Mendelson Procedure

This method, developed for characterizing long-chain branching and molecular
weight distribution of branched whole polymers from GPC and intrinsic viscosity
measurements, is an iterative computer program where the branching index A,
defined as the ratio

number of branch points in the molecule

molecular weight

is varied until the solution viscosity calculated using GPC data matches with the
experimentally measured viscosity of the whole polymer. Using this value of
A, the raw GPC curve is interpreted to calculate the MWD for the whole poly-
mer.

The basic equations and assumptions used in the L.LCB calculations are

(a) Inthe GPC, the universal calibration assumption, viz., that the separation



POLYETHYLENE GPC. IL 3335

of molecules is controlled by their hydrodynamic volume, holds good for both
linear and branched polyethylenes. That is,
[ﬂ]l[anin = [U]brMbr

(b) The viscosity ratio is

[nler/ [n}iin = g1/2

where g is a function related to the number of branch points in a molecule. The
specific function derived by Zimm and Stockmayer!! for a trifunctional branch
point with reference to a polydisperse polymer is

6 2+>\M)1/21n <(2+>\M)1/2+()\M)1/2) : ]

(g3) = 7 [1/2 ( M (2 + AM)V2 — (\M)1/2

(c) The intrinsic viscosity of a branched whole polymer can be calculated
from

[7lor = ZWinlpr, = KEW; M - [g(AM;)]1/2

where K and « are Mark—-Houwink constants and A is the branching index de-
fined earlier.

(d) The branching index X is assumed to be independent of molecular weight
for a given polymer. That is, A is a constant for the whole spectrum of molecular
weights that go to make up the whole polymer.

In the computer program, A is varied until calculated and measured viscosities
are in good agreement. To calculate the intrinsic viscosity, the branched cali-
bration curve corresponding to the assumed value of A must be obtained first.
This is achieved through the use of the two functions

[n]sr; = fF(AM;)
and

[n)erM; = F(C)

which is the universal calibration where C is the elution volume.
Essentially, this leads to the branched calibration curve

C=fM)
with which the GPC curve is interpreted to yield the molecular weight distri-
bution of the whole polymer.
EXPERIMENTAL

The only experimental data needed for the evaluation of MWD and degree
of LCB by either of the above procedures are the measured solution viscosity,
GPC trace, and calibration equation for the GPC columns in use.

Solution Viscosity

Theoretically, intrinsic viscosity, [n], should be used in the above calculations,
but in practice, inherent viscosity,

_ In 1res
fnf =———
conen.



3336 WILD, RANGANATH, AND BARLOW

is used and considered equivalent to [] for the relatively low-viscosity branched
whole polymers. Determination of {5} is carried out in a 0.15% solution in TCB
at 140°C, and the same solution is injected into the GPC. The accuracy of the
solution viscosity value is important and so samples are usually run in duplicate
and an automatic timer is now used for improved timing accuracy.

GPC Calibration

The GPC column systems are not permanent and may vary in their operational
characteristics over a period of time, finally needing replacement. It is therefore
essential to devise a reliable and effective calibration procedure if one is to derive
a long-range reproducibility comparable with that obtainable in successive runs.
Initial calibration of the GPC is established using National Bureau of Standards
SRM 1475 linear polyethylene whole polymer standard and high molecular
weight linear polyethylene fractions from preparative fractionation of broad-
MWD resins. The details of the technique are given in the previous paper.3
Routine calibration is achjeved directly using a secondary standard, a broad-
MWD, homogenized linear polyethylene, with known MWD as derived as part
of the initial calibration experiment.?3 The universal calibration is derived
mathematically by combining the Mark-Houwink relationship for PE in TCB
at 140°C,

[n] = 3.95 X 10~4 M ,0-726

with the linear polyethylene calibration equation. This is also outlined in the
previous paper.3

RESULTS AND DISCUSSION

Both the Ram and Miltz (R & M) and the Drott and Mendelson (D & M)
methods of evaluating the raw GPC data were readily translated into appropriate
computer programs. Each program incorporates a systematic search procedure
in which changing values of b and ¢ in the case of the R& Mand Ainthe D & M
method were entered into the program loop. The set of values produces an initial
calibration curve (count vs. molecular weight) in conjunction with the universal
calibration from which an MWD is computed. This, in turn, is transposed into
a viscosity distribution using the viscosity—-molecular weight relationship from
which the calibration curve was first obtained and an average value for [n] is
calculated. A binary search procedure is used, which is terminated when [4]-
computed = [N measured Within less than 1%. The MWD data from this final loop
are typed out, the MWD curve plotted out, and the various molecular weight

TABLE I
Description of Resins
MI Density Resin type
SRM 14786 1.2 0.931 tubular reactor, low conversion
resin: low degree of LCB
LDPE A 2.8 0.924 autoclave reactor, high conver-

sion resin: high degree of LCB
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TABLE II
Comparison of MWD Data for SRM 1476 Computed by Differing Methods
M, X M, X
Technique 10+ 10 R [MImeas [Mlcomp g
Complete iterative analysis 2.19 8.47 3.87 0.85 1.33 0.64
Ram and Miltz 2.10 8.32 3.97 0.85 1.30 0.65
Drott and Mendelson 2.09 8.39 3.99 0.85 1.31 0.65

averages are calculated, together with a computed value for the solution viscosity
that a linear polyethylene of the same MWD would exhibit ([4];;,). The ratio
of measured viscosity to the linear viscosity is called g’ (i.e., 8" = [n]or/[1]1in), and
this is taken as a measure of the degree of LCB. As the degree of branching in-
creases, the measured [4],, deviates further from the linear polyethylene value
[#]un and g’ becomes smaller.

As indicated in the Introduction, the objective of the present studies is to de-
termine whether either the R & M or D & M methods provide MWD data which
are more realistic than those derived using a linear polyethylene calibration with
correction for branching. Further, we would like to establish to what extent the
rapid methods produce data equivalent to that derived completely experimen-
tally using our complete iterative analysis. To provide a direct test of the rapid
method, it was decided to compare the actual data produced for two test resins
(Table I). The first, SRM 1476, was chosen as a simple resin with a relatively
low level of branching and a narrow, symmetric MWD. The second, LDPE A,
has been included as an example of a resin with a high degree of branching and
a broad irregularly shaped MWD. This LDPE A sample is one in which the
molecular weight dependence of branching is expected to be difficult to define
by any simple relationship. This material should, therefore, provide a good test
of the effectiveness of the two rapid analytic methods.

The complete iterative analysis technique was undertaken on both LDPE A
and SRM 1476 to provide comparison data. More than usual care was taken
to assure that the experimental data were accurate, and all fractions derived from
the gradient elution fractionation were included in the analysis. The resulting
data represent the best we can do with our complete iterative analysis method,
and the molecular weight and MWD data should approximate very closely the
true values. These data are listed in Tables II and III, where they are compared
with those derived using the R & M and D & M methods. Inaddition, data were
obtained for LDPE using a calibration derived using SRM 1476, with MWD
determined by the iterative analysis method, as the GPC standard.

TABLE III
Comparison of MWD Data for LDPE A Computed by Differing Methods

M, X M, X

Technique 107 10°¢ R [MYmeas [Mlcomp g’
Complete iterative analysis 1.85 34.7 18.8 0.88 3.12 0.31
SRM 1476 Standard 1.69 19.1 11.3 0.88 2.16 0.45
Ram and Miltz 1.85 37.5 20.2 0.88 3.20 0.28

Drott and Mendelson 1.95 33.1 17.0 0.88 3.04 0.29
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Complete Iterative Method Versus SRM 1476 Standard

The SRM 1476 branched polyethylene standard MWD data were determined
experimentally using the complete iterative method, and so the same data apply
to both methods of analysis. Good agreement would be expected when applying
the two methods of evaluation to any resin with a relatively low level of LCB. In
the case of application to a highly branched resin like LDPE A, however, the use
of the SRM 1476 standard calibration should considerably underestimate the
level of LCB and hence the breadth of MWD. The data in Table Il indicate that
this is indeed the case and confirm that the use of the SRM 1476 calibration
standard is not a good method for evaluating GPC data for highly branched
resins.

Ram and Miltz Versus Drott and Mendelson Method

The R & M method was proposed as a possible improvement over the D & M
method inasmuch as it is not confined by the assumption of constant degree of
LCB, A, as a function of molecular weight. It is of interest to see if the former
method is significantly better in practice. When applied to the low degree of
LCB resin, SRM 1476, it is clear from the data in Table II that both methods lead
to essentially the same answer. Surprisingly, the same is true in the case of the
highly branched resin, LDPE A, with the only significant difference being noted
in the value of the weight-average molecular weight M,,. It is observed that the
R & M method results in a slightly higher M,, value than does the D & M method
(see Table III).

The tendency for R & M to give higher M, values has been confirmed with
other types of resin, but essentially it only occurs at high levels of LCB. In
general, however, it is clear that both methods provide essentially the same MWD
data. It is obvious also that either method is an improvement over the use of
the SRM 1476, as both are sensitive to the differing levels of LCB present in the
differing resins.

R & M and D & M Methods Versus Complete Iterative Analysis Method

The final test of any rapid method is a check on how close the computed MWD
and degree of LCB data are to actual data. In the present instance, we assume
that our complete iterative analysis successfully approximates the true molecular
weight values, and so a comparison has been made of the data from the complete
analysis with those derived by the R & M and D & M methods. The data are
compared in Tables II and III for SRM 1476 and LDPE A and in Table IV for
a short series of differing resin types.

The results for LDPE A prove extremely encouraging, as can be seen in Table
III. Both R & M and D & M methods give average molecular weight data which
are in excellent agreement with those derived by the complete iterative method.
The ability of both R & M and D & M methods to provide data which are very
close to those produced by the complete iterative method is further illustrated
by the data in Table IV. Here, the degree of LCB as indicated by g’ is in good
agreement among the three sets of data. Also, the A values computed by the D
& M method and shown in the last column of T'able IV are, as one would expect,
consistent with the variation of g’. Increasing A corresponds to decreasing g’.
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Fig. 1. Comparison of [5]-M relationship for SRM 1476: (- - -) R & M; (®) D & M; (O) itera-
tive.

The results so far presented suggest that either the R & M or D & M technique
may be used to provide realistic MWD and degree of L.CB data for most branched
polyethylenes. However, the D & M method, in particular, has been criticized®
from the point of view that its basic assumption (that the degree of LCB, A, is
constant as a function of molecular weight) is not always true in practice. To
provide a more detailed comparison of the methods which may throw some light
on this question, data have been expressed in terms of the solution viscosity—

10.0p— r , . : ,

LINEAR PE

MOLECULAR WEIGHT
o.1 s i i | i ]
10* 0% 108
Fig. 2. Comparison of [9]-M relationship for LDPE A: (---) R & M; (®) D & M; (O) itera-
tive.
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Fig. 3. Comparison of MWD curves for SRM 1476: (- - -) R & M; (@) D & M; (O) iterative.

molecular weight relationships (Figs. 1 and 2) and complete MWD curves (Figs.
3 and 4).

From the solution viscosity-molecular weight relationships, particularly those
given in Figure 2, one is led to conclude the following:

(i) The data computed by both the R & M and D & M methods are practically
identical. This is surprising in light of the quite different assumptions associated
with the two methods.

(ii) The solution viscosity—molecular weight relationships obtained from the
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" 1

s i 1

i L] 1
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Fig. 4. Comparison of MWD curves for LDPE A: (- - -) R & M; (@) D & M; (O) iterative.
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Fig. 5. Distribution of branching frequency within SRM 1476 (O} and LDPE A (a).

iterative analysis method do not agree very well with those from the R & M and
D & M methods. This is in spite of good overall agreement of computed mo-
lecular weight averages. Differences are most apparent in the case of the highly
branched resin LDPE A, in the higher molecular weight regions.

This latter observation is consistent with the view that in the case of LDPE
A, the relative degree of LCB (g’ or A) increases with increase in molecular weight.
This, in turn, suggests that, although reasonable values for average molecular
weight and degree of LCB are forthcoming from the rapid evaluation methods,
they give no direct indication of the specific nature (i.e., degree of LCB) of the
individual polymer species present in the whole polymer. This should not be
surprising in light of the small amount of informational input to the computer
when making the molecular weight calculations.

The inability of the D & M method to describe the individual polymer species
can be further illustrated by the following interesting analysis conducted on the
series of gradient elution fractions obtained from SRM 1476 and LDPE A. The
GPC data, together with measured solution viscosity values, for each fraction
were subjected to the D & M computer analysis. This provides individual values
for the degree of LCB, A, and those data have been plotted as a function of the
cumulative weight per cent (I, ), which represents a branching distribution for
each of the resins (Fig. 5). The results clearly indicate that whereas SRM 1476
conforms quite well to the D & M assumption of constancy of A, in the case of
LDPE A X is observed to vary considerably. For LDPE A, X is much larger in
the higher molecular weight region (at high I,) than at lower molecular
weights.

CONCLUSIONS

From the above detailed comparison of MWD and branching data obtained
by the R & M and D & M approaches with those determined by the more com-
plete method of Wild, Ranganath, and Ryle, it is concluded that the rapid
methods provide an acceptable overall measure of MWD and degree of I.CB for
polyethylenes. Further, it is noted that both rapid methods give essentially the
same computed data, and thus one would prefer the Drott and Mendelson
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method over that of Ram and Miltz on the basis of the reduced computer time
needed for the former method. A value of A is also obtained directly as an average
degree of LCB by the D & M method, which is an additional convenience. For
routine analysis of branched polyethylene resins, the D & M method is preferable
to the complete iterative analysis method, not only on the basis of the reduced
time and effort needed, but also because the experimental simplicity of the D
& M approach leads to extremely reliable and reproducible data. This, of course,
assumes that the GPC calibration is properly derived and monitored. However,
wherever it is the intent to pursue detailed branching structure studies for po-
lyethylenes, the more detailed methods of analysis are essential as it is clear that
the D & M assumption of constancy of A within any particular resin is not true
for many polyethylene types.
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