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Abstract

This paper systematically describes a LCB determination method that can quantify both LCB content and LCB distribution across the
molecular weight distribution in polyethylene homopolymers as well as copolymers. Coupling size-exclusion chromatography with multi-
angle light scattering (SEC-MALS), this method quantifies molecular weights (MW) and radii of gyration (R,) simultaneously. The number
of LCB per molecule and LCB frequency as a function of MW can be calculated by comparing R, of a branched polymer with that of a linear
control at the same MW using the Zimm—Stockmayer approach. Because the presence of short-chain branching in copolymers results in
changes in R, of the copolymers, their LCB contents cannot be obtained before the short-chain branching (SCB) effect is corrected. Using
well-characterized linear PE copolymers as standards, an empirical method is successfully established in this paper to correct the SCB effect.
Consequently, this method can be applied to determine LCB in PE copolymers as well. Some practical aspects, such as the selection of
formalism for data processing, the LCB detection sensitivity and precision, and long-term reproducibility of this method are also discussed.
Finally, examples are given to demonstrate how this method is applied to determine LCB and LCB distribution in practical PE

homopolymers and copolymers.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Long-chain branching (LCB) is a well-known structural
phenomenon in polyethylene (PE) [1-5]. Unlike short-chain
branching (SCB), LCB in PE can significantly influence the
processability and properties of polyethylene resins, even at
very low concentrations. Although great progress has been
made in understanding the chemical nature and the
formation mechanism of LCB, quantitatively characterizing
LCB in PE has been a challenging task.

Traditionally, there are three methods for LCB determi-
nation, namely, rheology [6—-10], nuclear magnetic reson-
ance spectroscopy (NMR) [11], and triple detection SEC
(SEC equipped with triple detectors, i.e. a DRI, a viscometer
and a low-angle laser light scattering detector) [12]. Of the
three methods, rheology and NMR measure the overall
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average LCB for the full polymer. Triple detection SEC, on
the other hand, gives information of LCB distribution across
the molecular weight distribution. The theoretical back-
grounds on which these three LCB determination methods
are based, however, are completely different.

LCB determined via NMR is through a quantitative
measurement of peak intensities of side chain methine
groups [11]. Inherently, there are two drawbacks associated
with the NMR method when used for LCB characterization.
First, all branches of six carbons or longer (Cf,+ ) are
quantified by NMR as long branches because NMR cannot
resolve methine resonance peaks of the side chains of six
carbons or longer. Therefore, LCB content can be over-
estimated by the method because not all of the Cg side
chains are rheologically significant. Furthermore, coupled
with low natural abundance of C-13 (1.1%) and inherently
low sensitivity, LCB levels in many PE resins are below the
NMR detection limit.

Because low levels of LCB in PE can cause dramatic
zero-shear viscosity (7o) increases, rheology has been
widely used for diagnosing LCB in PE. There are many
rheological methods that have been proposed for LCB
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quantitation [13-19], the Janzen—Colby [19] model being
one of the more successful ones. Janzen and Colby [19]
proposed a semi-empirical phenomenological model to
quantitatively estimate LCB content in branched polymers
based on just their weight-average molecular weights (M)
and their measured 7y. While having been successfully
applied to many PE resins, this method is not without
drawbacks: First of all, it is not always easy or even possible
to determine accurate 7, values. 7o values obtained by
extrapolating the complex viscosity |n"|-oscillation rate (w)
curve to the zero-shear region is prone to having large errors
if the experimental data are not well fit by a mathematical
model, such as the Carreau—Yasuda equation [20]. In
practice, the In*l—w curves of some resins in the measurable
range show irregular shapes, such as the so-called ‘S-shape’,
while others may be too straight to reliably predict the
Newtonian viscosities at the low frequencies. Secondly, the
melts of some higher molecular weight polymers, when
containing LCB, are extremely stiff such that they cannot be
compressed to the required thickness for rheological
measurements, making this type of resins unsuitable for
LCB characterization with this method. And thirdly, LCB
content derived from the Janzen—Colby model is an overall
average number for the full polymer. How LCB is
distributed across the molecular weight distribution in the
polymer is not given by this model.

The Triple detection SEC method, on the other hand,
measures the intrinsic viscosity ([n]) as a function of
molecular weight [12,21-23]. By referencing the intrinsic
viscosity of a branched polymer ([7;]) to that of a linear one
([m]) at the same molecular weight, a relationship between
the viscosity branching index factor g’ and molecular weight
is established. The viscosity branching index factor is
defined as:

g = [nplm] (1)

LCB content is then calculated by use of Zimm-—
Stockmayer equations [24,25]. However, in the Zimm-—
Stockmayer equations, it is the branching index g (vide
infra), not the viscosity branching index g’, that has a
relationship with the LCB content in branched polymers.
The intrinsic viscosity [n] of a polymer solution generally
does not have a simple relationship with the mean square
radius of the polymer in the solution because the ‘shielding’
effect is almost always present in all polymer solutions
[24,26].

To relate the viscosity branching index g’ with g, an
assumption has to be made, i.e. g’ and g have a relationship
as shown in Eq. (2).

§=s (2)

where ¢ is the so-called drainage factor, which depends on
the type of LCB and the solvent quality, etc. [27,28].
Unfortunately, the value of ¢ is often found not to be a
constant across the molecular weight distribution. Although

theoretical value of ¢ is in the range of 0.5-1.5 [24,25],
numbers beyond this range have also been reported [29].
Therefore, in practice, dramatically different LCB contents
for a same resin can result simply because of the choices of ¢
values. The molecular weight dependence of ¢ makes the
matter even more complicated.

SEC-MALS is a technique that combines of size-
exclusion chromatography (SEC) with multi-angle light
scattering (MALS). Because this method can determine the
absolute molecular weight and root-mean-square (RMS)
radius (also known as radius of gyration, R,) simul-
taneously, branched polymers can be characterized with
this technique by direct application of the Zimm-Stock-
mayer approach [24,25]. Many researchers have used SEC-
MALS at the ambient temperature for the characterization
of branched polymers, such as polystyrene and poly(methyl
methacrylate) type of branched polymers [30-35]. Although
the application of high temperature SEC-MALS to charac-
terize polyethylenes has also gained momentum in recent
years [36—43], it is largely limited to PE homopolymers—
reports on determination of LCB in PE copolymers via the
SEC-MALS method are very scarce. Furthermore, to the
best of our knowledge, there is no systematical study can be
found in the literature that deals with the practical aspects in
the high temperature SEC-MALS method for the determi-
nation of LCB in PE resins. In this paper, we describe an
empirical method for the correction of the short-chain
branching effect on the LCB determination in PE copoly-
mers. A systematical study on the practical aspects, such as
mathematical formalism selection for data processing, the
detection sensitivity and the detection precision, and long-
term stability and reproducibility, etc. is also thoroughly
described. At the end of this paper, examples are given to
demonstrate how this technique is applied to determine LCB
level and LCB distribution across the MWD (LCBD) in
practical PE hopolymers and copolymers.

2. Experimental

Fig. 1 is a schematic plot of a SEC-MALS system, where
SEC-MALS is a combined method of size exclusion

1. Solvent Reservoir 2. Degasser
4. In-line Filter 5. Injector
7. MALS 8. Refractometer

3. Pump
6. Column Bank

Fig. 1. A schematic plot of SEC-MALS set-up.
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chromatography (SEC), also known as gel-permeation
chromatography (GPC), with multi-angle light scattering
(MALS). In the SEC-MALS system, a DAWN EOS
photometer (Wyatt Technology, Santa Barbara, CA) is
attached to a Waters 150-CV plus GPC system (Milford,
MA) or a PL-210 GPC system (Polymer Labs, UK) through
a hot-transfer line controlled at 145 °C. As shown in Fig. 1,
degassed mobile phase, 1,2,4-trichlorobenzene (TCB),
containing 0.5 wt% of BHT is pumped through an inline
filter before passing through the SEC column bank. Polymer
solutions injected to the system are brought downstream to
the columns by the mobile phase for fractionation. The
fractionated polymers first elute through the MALS
photometer where light scattering signals are recorded
before passing through the differential refractive index
detector (DRI) where their concentrations are quantified.

The DAWN EOS system was calibrated with neat
toluene at room temperature to convert the measured
voltage to intensity of scattered light. During the calibration,
toluene was filtered with a 0.02 pm filter (Whatman) and
directly passed through the flowcell of the EOS system. At
room temperature, the Rayleigh ratio at the given conditions
is given by 1.406X 10> cm ™! [44]. A narrow polystyrene
(PS) standard (American Polymer Standards) with MW of
30,000 g/mol and a concentration of 5-10 mg/ml in
TCB was employed to normalize the system at 145 °C. At
the given chromatographic conditions, the radius of
gyration (R,) of the polystyrene (PS) was estimated to be
5.6 nm using the Fox-—Flory equation coupled with its
Mark-Houwink exponent in the chromatographic
conditions [45,46].

The differential refractive index detector (DRI) of the
Waters GPC instrument was calibrated with a known
quantity of a PE standard injected to the column. By
averaging the total chromatographic areas of recorded
chromatograms for at least five injections, the DRI constant
(ary) was obtained since the sensitivity of the DRI detector
is directly proportional to the product of polymer concen-
tration and the refractive index increment (dn/dc) of PE in
TCB at the measuring temperature as described in Eq. (3).

(&)

IRI

Ry = (3)
where I is the output intensity of the DRI detector.

At a flow rate set at 0.7 ml/min (actual flow rate: 0.60—
0.65 ml/min), the mobile phase was eluted through three (3)
7.5 mm X 300 mm 20 pm mixed A columns (Polymer Labs,
UK). PE solutions with nominal concentrations of 1.0-
1.2 mg/ml were prepared at 150°C for 3-4h before
transferred to SEC injection vials sitting in the carousel
heated at 145 °C. In addition to a concentration chromato-
gram, seventeen light scattering chromatograms at different
angles were also acquired for each injection. At each
chromatographic slice, both the absolute molecular weight
(M) and the root mean square radius, also known as radius of

gyration, R,, were obtained from Debye plots [30]. The
linear PE control employed in this study was HiD9640, a
high density PE with broad MWD (Chevron Phillips
Chemical). The manufacturer-suggested refractive index
increment dn/dc value for PE dissolved in TCB at 135 °C is
0.097 ml/g. Using this dn/dc number, we found that the
measured M,, of SRM1475 agreed very well with the
certified number by NIST [47]. We thus adopted
the manufacturer-suggested dn/dc value in this work [48].

3. Theoretical background

3.1. Relationships between scattered light and molecular
weight and size

From the fundamental light scattering theory [49-51],
the intensity of scattered light from a dilute polymer
solution can be described by Eq. (4):

% = MP(0)(1 —2A,cMP(0) + ...) 4
where R, is the excess Rayleigh ratio, the ratio of the
scattered and incident light intensity; M is the molecular
weight of the polymer. If the polymer is non-uniform, it
should be the weight-average molecular weight, M; c is the
concentration of the polymer; A, is the second virial
coefficient, a thermodynamic term; P(f) is an angular
dependent scattering function; and K is a constant.

For vertically polarized incident laser light, K is given by

Eq. (5):
_ 4c*nd dn 2
N2

i )
where ng is the refractive index of the solvent; N, is
Avogadro’s number; A is the wavelength of the laser beam
in vacuum; and dn/dc is differential refractive index
increment of the polymer in the specific solvent at the run
temperature.

P(0) describes the angular dependence on the intensity of
scattered light. The definition of the particle scattering
function is:

P(0) = = (6)

where Ry and R, are the excess Rayleigh ratios at the
observation angle 6 and zero, respectively. For small
molecules whose sizes are smaller than ca. A/20, the
intensity of scattered light is independent of the scattering
angle, so that P(f)=1 for all angles. For larger particles,
however, P(0) is a function of scattering angles and can be
described by Eq. (7):

1672
322

P@O) =1— sin? (g) (R?) + higher order (7)
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As the scattering angle approaches to zero, i.e. 0 — 0, the
higher order in Eq. (7) can be neglected. The following
equation (Eq. (8)) holds:

I 6
PO =1+ 36; sin2(§>(R§ ®)

where A is the wavelength of the incident light in a given
solvent (A= Ay/ng); Ry is the root mean square (RMS) radius,
or radius of gyration (R,), of the scattering particle. It should
be noted that R, describes the size of a macromolecule in the
solution regardless of its shape; it is not identical with the
geometrical radius. For flexible polymer chains in solution,
each conformation has an R,. However only the average of
R, over all conformations has the practical meaning.

3.2. Debye formalism vs. Zimm formalism

Eq. (4) is the very basic equation in light scattering, from
which molecular weight (again, in case of the non-uniform
polymer, the weight-average molecular weight, M) and R,
can be obtained through a Debye plot, that is, a plot of R, /Kc
vs. sin®(/2). By fitting a polynomial in sin*(6/2) to the data,
both the intercept (Ry/K c¢) and the slope (o) at the zero
angle ogo=d(Ry /Ke)/d(sin®(0/2))y— ) can be obtained.
Please note that, as f approaches zero, the particle scattering
function P(#) approaches to unity. Therefore Eq. (4)
becomes:

Rso _ Ry

=2 =M —24,cM?
Kc Kc 2¢ ©)
If A,=0, then
Ry
M=— 10
Xe (10

Otherwise, solving Eq. (9) yields M.

To find R,, the first two terms in Eq. (7) are substituted
into Eq. (4). The higher order terms in Eq. (4) may be
neglected when concentration is very low, which is the case
for the chromatographic conditions. The following equation
is obtained:

_ 2 0.5
30'01 ) (11)

R =
& (167t2M(1 —4A,Mc)

Fig. 2 shows the Debye plots of the linear control at the
given molecular weight (or elution volume) with Fig. 2(A)
being the lowest MW (largest elution volume) and Fig. 2(D)
the highest (smallest elution volume). It is evident in Fig. 2
that the Debye plots with the Debye formalism (Eq. (4))
resulted in non-linear curves, especially for the higher
molecular weights. Therefore, a higher order of polynomial
was needed for data fitting in order to obtain the intercept
and slope at the zero-angle. However, a higher order
polynomial resulted in a very unreliable slope at the zero-
angle because light scattering data fluctuation at the lower
angle is always relatively larger than that at the higher

scattering angle. Consequently, normal scattering data
fluctuation was found to cause dramatic variations in R,
deduced from Eq. (11), especially for the lower MW.

Eq. (4) may also be put into a reciprocal form, or called
the Zimm formalism:

Kc 1

— = 2A 12

R, mp@) T (12)
Inserting Eq. (8) into Eq. (12) results in Eq. (13).

Ke 1 16 . ,(0\, »

R—€ = M (1 + 312 S (E><Rg) + 2A2C + ... (13)

A plot of K ¢/Ry vs. sin® (6/2), or Debye plot with Zimm
formalism, yields a straight line, from which both M and R,
are obtained, again, from the reciprocal of intercept and the
slope (ooEd(Kc/Rg)/d(sinz(H/Z))g_,o) at the zero angle.

In the Debye plot with Zimm formalism case,

Kc -1

M= (25 —24,c (14)
Ry

and
3o 2M\

R, = ( e ) (15)

Debye plots with Zimm formalism were found to be
largely linear over practically the entire molecular weight
range. Fig. 3 shows the same slices as those shown in Fig. 2
except the Zimm formalism was used. Clearly, linear
relationships were found for all of these slices. In fact, the
linear relationship was found for practically the entire
molecular weight range. Therefore, all data presented in this
report were obtained from Debye plots with Zimm
formalism using the first order polynomial (or straight
line) in sin2(0/2) for data fitting.

4. Results and discussion
4.1. Selection of chromatographic region for R,—MW plot

Fig. 4 shows an overlay of R, and MW as a function of
elution volume. The raw concentration (DRI) and 90° light
scattering chromatograms are also superimposed on it. As
expected, at the low elution volume end (or the high MW
end), because of the poor signal/noise ratios (S/N) for the
concentration chromatogram, large data fluctuations were
found for both R, and MW. As the elution volume
increased, R; and MW were found to follow well-defined
lines. For further increases of the elution volume, however,
the R, and then the MW data became scattered again. This
is because as the elution volume increases (or the molecular
weight decreases) to a point that the sizes of the polymer
molecules in the solution are small enough such that the
particle scattering function P(#) becomes unity, the
scattered light is no longer angular-dependent. At this
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Fig. 4. An overlay of molecular weight and radius of gyration R, as a function of elution volume. The two vertical lines define the region used to take the values

of R, and MW for long-chain branching calculation.

point, even though both the DRI and LS signals were strong
for a given chromatographic slice, no meaningful slope of
the Debye plot could be obtained, resulting in meaningless
R, values. Keep in mind that the minimum measurable size
of a polymer is determined by the wavelength of the laser
employed. For the laser employed in this study (690 nm),
the minimum measurable size is, according to the
manufacturer of the instrument, ca. 10 nm.

The intensity of scattered light is proportional to the
product of polymer concentration, ¢, and polymer molecular
weight, M. Given that the molecular weight decreases
exponentially as the elution volume increases and that the
concentrations of polymer solutions were kept low under the
chromatographic conditions in order to avoid column
overloading and flow problems, the product of Mc becomes
diminishingly small for further increases of elution
volumes, resulting in meaningless M values, in keeping
with the observation in Fig. 4.

To have both reliable R, and MW for long-chain
branching (LCB) calculation, only high confidence R, and
MW data points were selected for LCB calculations in this
study. As an example, R,—MW data plotted in Fig. 5 were
selected from the region defined by the two vertical bars in
Fig. 4, within which the uncertainties in both R, and MW
data points were minimum.

4.2. Calculation of long-chain branching

The Zimm—Stockmayer approach [24] was employed to
determine the amount of LCB in polyethylene resins in this
report. As discussed above, in SEC-MALS both M and R,
are measured simultaneously at each slice of a chromato-
gram. At the same molecular weight, R, of a branched

polymer is smaller than that of a linear one. To convert the
R,—M relationship into LCB-MW for the branched
polymer, the branching index (g) factor, which is defined
as the ratio of the mean square radius of gyration of
branched polymer to that of linear one at the same molecular
weight (Eq. (16)), needs to be determined first.

_ (R
= (@), o

where the subscripts b and 1 represent the branched and
linear polymer, respectively.

Zimm and Stockmayer demonstrated that for any
randomly branched polymers whose branches are tri-
functional (or Y-shaped) and randomly distributed in length,
the branching index of this type of branched polymer (g3y)
and the weight-average number of LCB per molecule (Bs,,)
have a relationship as shown in Eq. (17a).

6 (1 [/2+Bs, “Zln 2 + B3)"? + (By)"? .
B3w B3W (2 + B3w)1/2 - (B3w)1/2

83w = 2

(17a)

For polymer having tetra-functional branches with
random length distribution, its branch index (g4,) and the
weight-average number of branches per molecule (B4y)
have the following relationship (Eq. (17b)):

8w = =—In(l + Byy) (17b)
B4W

Eqgs. (17a) and (17b) in principle also apply to

polydispersed polymers. But in such cases, the z-average

molecular weights (M,) have to be known [24]. This,

however, rarely is the case for SEC slices. Fortunately,
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Fig. 5. The relationship of radius of gyration (R,) and molecular weight for the linear control using the data selected from the region defined by the two vertical

lines in Fig. 4.

under the chromatographic conditions, the polydispersity of
each SEC slice under the proper conditions is so small that
the ratio of each slice is close to unity. Therefore, M, and
M, may be treated as the same.

LCB frequency (4,;,), or number of LCB per 1000
carbons, of the ith slice in a chromatogram can be calculated
straightforwardly with Eq. (18) using the value of B
(number of LCB per molecule, Bsy, or By, for tri- or tetra-
functional, respectively) obtained from Eq. (17).

Ay, = 1000M,B/M; (18)

where M, is the unit molecular weight, for polyethylene,
My=14; and M; is the MW of the ith slice. The LCB
distribution across the MWD (LCBD) for a polymer can
thus be established using Eqgs. (17) and (18). Please note
that, since the functionality of LCB in PE as revealed by
NMR [9,11] is tri-functional, we will limit the discussion in
the following to the tri-functional case.

Figs. 6 and 7 present the simulated results using Egs.
(17a) and (18). Since all the relationships among MW, g3,
and LCB frequencies are described by Egs. (17a) and (18),
Figs. 6 and 7 provide pictorial views to show how these
three parameters are inter-related. In Fig. 6, R, is plotted
against MW at various fixed LCB levels. The data points
presented in the figure were experimentally determined for
the linear control [52]. As the LCB levels in the simulated
branched polymer chains increase, the negative deviation of
R, compared to the linear control becomes more pro-
nounced. The higher the LCB content in a branched
polymer, the larger the negative deviation of R,.

Fig. 7 shows how g3, decreases as the LCB content
increases in branched polymers at fixed molecular weights.
After examining Fig. 7 carefully, the following may be said:

with the same branching index g3, the LCB frequency in a
high MW is lower than that in a low MW; on the other hand,
at the same LCB content, the branching index g3, of a high
MW polymer is smaller than that of a low MW polymers.

Both Figs. 6 and 7 suggest that, for the same LCB
frequency, while LCB may be detected at a high MW, the
same is not necessarily true at a low MW. For example, at a
LCB level of 0.01 LCB/1000 carbons, while SEC-MALS
can unmistakably detect the presence of LCB for molecular
weights equal to or greater than 1,000,000 g/mol, the same
cannot be said for molecular weights 200,000 g/mol or
smaller.

4.3. LCB detection limit and LCB detection background

Fig. 6 can also be used to estimate the LCB detection
limit by the SEC-MALS method described above. In
practice, strictly linear polyethylene (PE) samples rarely
exist. Polyethylene prepared through anionic polymeriz-
ation of butadiene followed by hydrogenation, although it
may not contain LCB, still contains some ethyl side chains
[53-56]. Furthermore, LCB polymer standards with known
levels of LCB and clear architectures are hardly available.
Given the lack of LCB standard samples, it is impossible to
experimentally determine the LCB detection limit. How-
ever, using Fig. 6, the LCB detection limit can be estimated
graphically.

The LCB detection limit was found to be MW dependent.
As can be seen in Fig. 6, as the LCB level in branched
polymers decreases, the R,—MW relationship of the
branched polymers become closer to that of the linear control.
For MW being equal to or greater than 1,000,000 g/mol, for
example, for the LCB levels lower than SE-6, R,—MW of the
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Fig. 6. Simulated relationships of radius of gyration (R,) and molecular weight for branched polymers with various long-chain branching levels.

gm

branched polymer starts to overlap with that of the linear not without data fluctuation. In addition to the conventional
control. This means that SEC-MALS cannot confidently chromatographic conditions, such as the stability of
quantify LCB at that level for that molecular weight. In temperature and/or flowrate, etc. that could affect the data
other words, the LCB detection level is near 0.005 LCB/ quality, the cleanness of the solvent (free from particulates)
1000 carbons (or SE-6) for PE of MW equal to or greater can also result in deterioration of light scattering data
than 1,000,000 g/mol. As the MW decreases, the LCB quality. As such, referencing the linear control against itself
detection level becomes increasingly poorer. in replicate runs resulted in a residual LCB distribution
Like any other physical measurements, the measured across the MWD. This residual LCB is called the LCB
g3w—M relationship that was used for LCB calculation was detection background (the background) in this paper.
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Fig. 7. Simulated relationships between branching index (g3,,) and long-chain branching frequency for branched polymers at various molecular weights.
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A typical plot of the LCB detection background as a
function of molecular weight is shown in Fig. 8. The
background was found to be generally low, mostly below
0.005 LCB/1000 carbons (SE-6) for higher MW but to
increase rapidly as the molecular weight become smaller
than 200,000 g/mol. This is consistent with the fact that the
uncertainty in R, for MW smaller than 200,000 g/mol also
increases rapidly for both of the linear control and branched
polymers. It may be worth mentioning that the measured
LCB level at or below the background is not meaningful.

4.4. R, reproducibility and long-term stability

Reproducibility here is defined as the variability of the
measured R,—MW relationships for replicates within the
same experimental batch, generally within 24 h. As can be
seen in Fig. 9, it is evident that the reproducibility of these
runs is excellent. Plotted in Fig. 9 are the R,-MW
relationships for the linear control sample for multiple
runs in the same batch within 24 h. All the R, data points in
the figure seem to follow very well with the same line across
the molecular weight distribution except at the two ends, at
which there seems to be slightly more scatter in the data.
This increased data scatter at the two ends may be explained
by the following: at the low MW side (say, MW <
100,000 g/mol), the R, of the particles is so small that
their angular dependence is intrinsically weak. Any normal
data fluctuation can result in significant changes in the
slopes of the Debye plots, resulting in additional fluctuation
in R,. At the high MW end, however, although the size of
the polymer can be measured very accurately, there are

larger uncertainties in the measured molecular weights due
to poor S/N in the concentration signals at the high MW end.

Long-term stability, on the other hand, is defined as the
variability of the measured R,—~MW relationships for the
same sample run over a much longer period of time,
covering months or even years. The R,—MW plots for the
same linear control measured over a period of 18 months are
shown in Fig. 10. Approximately three months separated
each measurement. During this period, the SEC-MALS
system experienced almost all kinds of chromatographic
conditions changes, including column changes, DRI detec-
tor replacement, light-scattering detector flowcell cleaning
and replacement, and pump replacement, to name a few. Of
course all these impacted the measured R,—MW relation-
ships. Although the overall line-width of R,—-MW in Fig. 10
is perhaps broader than that in Fig. 9, the general shapes of
the R,—MW plots in Figs. 9 and 10 remain unchanged. The
long-term stability of the SEC-MALS method seems to be
very good over an eighteen-month period of time.

Higher relative errors, however, were observed at the
lower MW end, where R, curved upward (Fig. 10). Since
solution concentration, column loading, and flowrate were
kept practically unchanged over the period of time, it is
believed that this R,—MW upward curvature at the low MW
end was mainly caused by column aging or a dirty flowcell
resulting from coating on the surface of the cell (on
windows or bore) over time. On aged columns, co-elution of
large and small polymers could occur due to a deteriorated
fractionation efficiency of the aged columns. Consequently,
the apparent R, thus measured would be larger than that
measured with newer columns at the same molecular
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Fig. 8. A typical plot of the LCB detection background as a function of molecular weight.
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Fig. 9. The relationships of radius of gyration (R,) and molecular weight for the linear control of replicate runs in the same batch within 24 h.

weight, resulting in R,—MW upward curvature at the low
MW end because the detected radii of gyration are
z-average numbers that are biased towards the larger
polymers [30,35]. On the other hand, the gradual
deposition of a coating onto the flowcell can result in
‘stray light’ which could cause the cell background signal
to increase. Although this may not result in significant
relative errors in R, for high MW, it could for low MW.
Therefore, in addition to timely changing out the SEC
columns and cleaning the dirty flowcell, it is necessary to
run the linear control for each batch of samples in order to
correct for minor variations in chromatographic conditions
from batch-to-batch.

1000

4.5. Short-chain branching effect correction

In a polyethylene copolymer short-chain branches, such
as ethyl, butyl, or hexyl branches, have little effect on the
resin’s melt rheology, but they do influence its R—MW
relationship. Intuitively, a copolymer should have a smaller
R, than a homopolymer of the same MW because the overall
backbone length of the copolymer is shorter than that of the
homopolymer. However, the dimension of a polymer
molecule is also influenced by other factors, such as the
‘goodness’ of the solvent, the interaction between polymer
chains and the solvent, and the so-called over-crowding
effect [57-59], etc. Because of this complexity, few reliable
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Fig. 10. The relationships of radius of gyration (R,) and molecular weight for the linear control run over a period of 18 months.
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theoretical relationships between R, and SCB content (xscg)
can be found in the literature. The best way to correct for the
SCB effect on R, is probably still through empirical
methods.

Conceptually, to correct the SCB effect on the branching
index across the MWD, two relationships are needed. One is
the relationship between the branching-index correction
factor (Agsy) and the SCB content (xscg), and the other is
the relationship between SCB content and molecular
weight, both of which can be determined experimentally
(vide infra). Mathematically, the product of these two
relationships gives the branching index correction factor
(Agsy) as a function of MW, as shown in Eq. (19),
d(Agy) _ dlxscp) d(Agw)

= 19
d(M) d(M)  d(xscp) (19)

where M represents molecular weight.

To establish the relationship between Agsy, and xscg,
however, one must have PE standards that meet the
following criteria: first of all, the standards must not contain
any LCB; secondly, they must have known amounts of SCB
previously determined via other means, such as NMR or FT-
IR; and lastly, SCB in these SCB standards must not be a
function of the MWD, meaning they must have flat SCB
distributions across their molecular weight distributions.

Polymer standards that meet these criteria are listed in
Table 1. Note that all of the SCB standards listed in Table 1
were made with CPChem’s proprietary metallocene catalyst
technology unless otherwise indicated. They have been
evaluated by rheology and found, within the experiment
error, to be linear. LCB, if any, was at or below rheology’s
detection limit. SCB contents as determined via NMR or
FT-IR are listed in Table 1. In addition, the SCB
distributions across the MWD of these standards were
found to be practically flat (Data not shown.).

Fig. 11 is a plot of R, as a function of molecular weight
for these SCB correction standards. Fig. 11 also includes the
R,~MW curve for the linear control for comparison. For
clarity, not all of the SCB standards were plotted in the
figure. It can be seen that the R,—MW curves of these SCB
correction standards are all parallel to that of the linear

Table 1

control. Linear relationships between log R, and log M were
obtained for all of these SCB correction standards. Within
the experimental error, the slopes of these plots in Fig. 11
were found to be virtually the same and equal to 0.595 +
0.003.

Using Eq. (17a), the relationships of branching index g3
as a function of molecular weight were established. A
typical gsw—M plot for a typical SCB correction standard is
shown in Fig. 12 for all the SCB correction standards. The
value of g3, for the standard was taken from the average of
g3w across the MWD. Please note that in order to minimize
uncertainties resulted from the normal fluctuation of
chromatographic conditions during the experiment, data
plotted in Fig. 12 were taken from a combination of g3,—M
data sets obtained by referencing multiple runs of the SCB
standard to that of the linear control. In this particular case,
there were five replicate runs for both the SCB standard and
the linear control. Therefore, data plotted in Fig. 12 were a
combination of 25 g3,—M data sets for the SCB standard.
Note also that manual de-spiking had been performed before
the averaging process.

The relationship between the branching index correction
factor Ags,, and SCB content (xscg) for ethylene-1-hexene
copolymers is shown in Fig. 13. The SCB correction factor
Ags,, is defined as the difference between branching index
(g3w) of the linear control (equals to unity) and that of the
SCB correction standard. This means that, by adding Ags,,
to branching indices gz, of SCB copolymers, g3y, of the
SCB standards should go back to unity, the linear case, since
these SCB correction standards do not contain LCB. After
curve fitting with a polynomial, the relationship between
branching index correction factor Ags,, and SCB content
(xscg) may be represented by Eq. (20) for ethylene-1-
hexene copolymers at the given chromatographic con-
ditions:

Mgy = (6.242E — 03)xscp — (8.936E — 05)x3cp (20)

It should be emphasized that Eq. (20) is applicable only
to ethylene-1-hexene copolymers run under the same
chromatographic conditions as stated in the Experimental
section. Different types of SCB have been found to have

Basic characteristics of short-chain branching polyethylene standards used for SBC correction

Sample ID M,/1000* (g/mol) M, /1000* (g/mol) M M2 MI® (/10 min) Density® (g/cm®) SCB Content
(# SCB/1000C)

SSEH-A 542 121.0 223 1.0 0.944 1.14

SSEH-B 55.7 117.1 2.10 0.8 0.935 3.4¢

SSEH-C 61.0 123.4 2.02 1.0 0.918 10.9¢

SSEH-D 53.0 92.6 1.75 35 0.895 31.0°

SSEH-E' 51.2 100.1 1.95 2.6 0.896 31.7¢

% Measured via SEC-MALS.

® ASTM D1238, condition 190 °C/2.16 kg.
¢ ASTM D1505

4 Measured via NMR.

¢ Measured via FTIR.

! ExxonMobil exact 4150.
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Fig. 11. The relationships of radius of gyration (R,) as a function of molecular weight for selected SCB correction standards (ethylene/1-hexene copolymers)

and the linear control. The slope of these lines is 0.59540.003.

different branching index correction factors Ags,,. More-
over, chromatographic conditions, such as the flowrates and
run temperatures, etc. have also been found to influence the
correction factors significantly. Therefore, it is necessary to
re-determine the correction factors after any changes to the
chromatographic conditions.

4.6. Applications

Examples given in this section are meant to demonstrate
how SEC-MALS method was applied to detect LCB in the
polyethylene resins listed in Table 2. Samples listed in
Table 2 include a high pressure low-density PE (LAS-F), a

polyethylene homopolymer (LAS-G) and an ethylene/1-
hexene copolymer (LAS-H).

Fig. 14 shows plots of the relationships between R, and
MW for these three samples. R,—MW for the linear control
is also plotted in Fig. 14 for comparison. It can be seen that
R, of all three samples in Fig. 14 show significantly negative
deviation from the linear control. Of these three samples,
LAS-F showed the highest deviation, LAS-G the least, with
LAS-H somewhere in between.

Eq. (16) was employed to convert R,—MW data plotted in
Fig. 14 into branching index g3,,—M relationships, which are
shown in Fig. 15. In order to convert the branching index
g3w—M relationships into LCB frequency as a function of
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0.8 4

0.6 4

0.4 4

Branching Index (gy)

0.2

(L]

0.0 T T T
5 5.1 5.2 5.3

5.4 5.5 5.6 5.7

Log MW

Fig. 12. The relationship between branching index (g3,,) and molecular weight for a typical SCB correction standard (SSEH-C) used for SCB effect correction.
The polymer contains 10.9 SCB/1000 carbons as determined via NMR. Solid line in the figure represents g3, average for the sample.
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Fig. 13. SCB correction factor Ags,, as a function of SCB content for ethylene-1-hexene copolymers.

molecular weight distribution using Egs. (17a) and (18), the
SCB effect on branching index had to be corrected first for
the copolymer LAS-H.

The SCB distribution across the molecular weight
distribution (SCBD) profile for LAS-H as determined via
the SEC-FTIR technique is shown in Fig. 16. Fitting the
experimental data of the SCB content (xscg) as a function
molecular weight, the following relationship was obtained:

xscp = 17.383M 00433 1)

where M represents the molecular weights. Substituting
xscp in Eq. (20) with Eq. (21) resulted in a relationship
between the branching index correction factor Ags,, and the
molecular weight for this polymer, which then was used to
calculate branching index as a function of molecular weight
for the copolymer. The SCB-effect-corrected gs.,—M
relationship thus obtained is also plotted in Fig. 15. As
expected, after the correction of the SCB effect, the g3,—M
curve of LAS-H moved up compared to the uncorrected
curve.

Profiles of long-chain branching distributions across the
molecular weight distributions as calculated by using Eq.
(17a) combined with Eq. (18) are shown in Fig. 17. To
obtain the relationship between Bs,, and g3, in-house LCB
calculation software was employed to deduce LCB content
per molecule (B3,) from the branching index g3, using Eq.
(17a). During the calculation, an iteration is carried out by
the software to find the best solution for Bs,, at each given
g3w and molecular weight. For unreasonable data points (i.e.
g3w> 1) resulting from data fluctuation, their Bs,, values
were automatically set to zero. Finally, LCB frequency was
calculated for each molecular weight by substituting Bz,
thus obtained into Eq. (18).

Of the three samples listed in Table 2, LAS-F, an LDPE
sample, showed much higher LCB levels than LAS-G and
LAS-H, just as expected. After the SCB correction, LCB
frequency in LAS-H was lowered to some extent, but was
still generally higher than that in LAS-G. LCB determined
via the SEC-MALS method was found to be generally in
good agreement with that reported in the literature and/or

Table 2

Basic characteristics of long-chain branched (LCB) polyethylene resins

Sample ID Type of polymer ~ M,/1000" M, /1000° MM mIP HLMI® Density®
(g/mol) (g/mol) (g/10 min) (g/10 min) (g/cm3)

LAS-F HP LDPE 11.4 444.6 39.0 7 n.a.® 0.917

LAS-G Homopolymer 135.7 483.1 3.6 0 0 0.937

LAS-H Copolymer 83.0 289.4 35 0 0.6 0.914

% Measured via SEC-MALS.

® ASTM D1238, condition 190 °C/2.16 kg.
¢ ASTM D1238, condition 190 °C/21.6 kg.
4 ASTM D1505.

¢ Not available.
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Fig. 14. The relationships between radius of gyration (R,) and molecular weight for the long-chain branched polymers listed in Table 2.

determined via other LCB methods. Detailed comparison of
LCB determined via SEC-MALS method and other methods
will be reported elsewhere.

Unlike rheology and NMR methods that measure the
average amount of LCB in whole polymers, the SEC-MALS
method not only measures the LCB frequency, but also
gives information on how LCB is distributed across the
molecular weight distribution. As shown in Fig. 17, LCB in
LAS-G and LAS-H were not flatly distributed across the
molecular weight distribution; they were actually concen-
trated at the high molecular weight ends and peaked at MW

660,000 and 440,000 g/mol, respectively. LCB in the LDPE
was not flatly distributed across the MWD either and was
peaked at ca. MW 500,000 g/mol. The LCBD information
can be of great importance in understanding the LCB
formation mechanism in polyethylene research and
development.

The other advantage of the SEC-MALS LCB detection
method is that there is virtually no limitation for its
application to the high molecular weights. For example,
because of its extremely high viscosity, long-chain branched
and high molecular weight polymer LAS-G could not be
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Fig. 15. The relationships between branching index (g3,) and molecular weight for the long-chain branched polymers listed in Table 2, including that for
LAS-H before and after SCB correction.
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Fig. 16. Short-chain branching distribution across the molecular weight distribution for sample LAS-H.

studied via rheology because its melt was too stiff to be
pressed down to the required thickness for rheological
measurements. This problem, however, does not exist for
SEC-MALS since it measures the solution properties of the
polymer. As long as a polymer is soluble, it can be studied
via SEC-MALS. In fact, SEC-MALS is more sensitive to
detect low levels of LCB in the high molecular weights than
it is in the low molecular weights, as can be realized from
Figs. 6 and 7.

The SEC-MALS method is, however, not without
limitations for LCB determination. First, the SEC-MALS
method cannot quantify LCB for low molecular weight

polymers. This is because, as already mentioned above, the
uncertainty of measured R, values increases rapidly as the
size of the polymer approaches the cut-off molecular
weights at which the angular dependence of the scattered
light disappears. For the laser of wavelength 690 nm as
employed in this report, the smallest R, detectable is
believed to be ca. 10 nm, which translates into MW of ca.
50,000 g/mol for polyethylene provided the concentrations
of the low MW components in the polymer in question are
high enough to give decent S/N. In practice, however, the
concentrations of low MW components in a whole polymer
can never meet the S/N requirement. If the concentrations
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Fig. 17. Long-chain branching distribution across the molecular weight distribution for the long-chain branched polymers listed in Table 2, including that for

LAS-H before and after SCB correction.
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were that high, the viscosities of the polymer solution would
be too high to obtain good quality chromatograms, which
would result in poorer detection limit or higher error bars for
R, at the low MW. Secondly, although the SEC-MALS
method described in this paper can quantify both LCB
contents and LCBD, no information can be given on LCB
architectures by this method. Although it has been
demonstrated that the architecture, as well as the number,
of long chain branches dictates a resin’s rheology [60-62],
quantitatively determining a polymer’s LCB architecture
involves a lot of further fundamental research, which is
beyond the scope of this study.

5. Conclusions

By combining SEC with the multi-angle light scattering
technique (SEC-MALS), a chromatographic method has
been established for the determination of long-chain
branching and long-chain branching distribution across the
molecular weight distribution in polyethylene resins. The
following major conclusions are made from this study:

(1) Both long-chain branching content and long-chain
branching distribution across the molecular weight
distribution can be determined via the SEC-MALS
method using the Zimm-Stockmayer approach. The
SEC-MALS method can also quantify LCB in polymers
that cannot be characterized by other method due to
their extremely high melt viscosities caused by very
high MW and/or high LCB content.

(2) The SCB effect on the radii of gyration of copolymers
can be corrected using an empirical method. Using
linear copolymers with known contents of SCB that are
flatly distributed across the molecular weight distri-
bution, an empirical relationship between the SCB
correction factor as a function of SCB content is
established. After the SCB effect correction, LCB in
ethylene copolymers can also be determined via the
SEC-MALS method.

(3) SEC-MALS is a very sensitive method for LCB
determination. It has a higher sensitive for measuring
long-chain branching in high molecular weights than in
low molecular weights. The determination limit of the
SEC-MALS method is molecular weight dependent.
For molecular weights equal to or greater than
1,000,000 g/mol, the detection limit is 0.005
LCB/1000 carbons (or 5E-6). As the molecular weight
decreases, the sensitivity decreases and LCB must be
present at higher levels before it can be detected.

(4) Short-term reproducibility is excellent and long-term
stability is very good for this LCB determination
method. Both a dirty light scattering flowcell and aged
SEC columns can influence the long-term stability.

(5) The background noise in LCB detection is generally
low, i.e. lower than 0.01 LCB/1000 carbons (<1E-5)

for MW equal to or greater than 200,000 g/mol. For
molecular weights lower than 200,000 g/mol, the
background noise increases rapidly.
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