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ABSTRACT: A new technique for characterization of linear low-density polyethylene
(LLDPE) is presented in this report. The molecular structure of two commercial LL-
DPEs, produced by copolymerization of ethylene with 1-butene over a Ziegler-Natta and
a metallocene catalyst, was investigated. The LLDPE resins were fractionated by
temperature rising elution fractionation (TREF), and the TREF fractions were further
analyzed by size exclusion chromatography and differential scanning calorimetry
(DSC) coupled with successive nucleation/annealing (SNA). The cross-fractionation
techniques provided detailed information about the molecular structure of different
types of LLDPEs; of particular interest is the TREF-SNA-DSC cross-fractionation
which allowed a direct observation of methylene sequence distribution and thus short
chain branch (SCB) distribution. TREF-size exclusion chromatography cross-fraction-
ation showed that the molar mass of the Ziegler-Natta LLDPE increased monotonically
with decreasing SCB, whereas the plot of Mw vs SCB for the metallocene LLDPE
showed a maximum. TREF-SNA-DSC cross-fractionation clearly showed that the met-
allocene LLDPE only had intramolecular heterogeneity in SCB distribution, whereas
the Ziegler-Natta LLDPEs exhibited both intermolecular and intramolecular heteroge-
neity. © 2000 John Wiley & Sons, Inc. J Appl Polym Sci 75: 960–967, 2000
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INTRODUCTION

Linear low-density polyethylene (LLDPE), pro-
duced by the copolymerization of ethylene with
a-olefins over either Ziegler-Natta or metallocene
catalysts, is a copolymer which possesses short
chain branches (SCB) due to the incorporation of
a-olefins into the polymer backbone. It has been
shown that such LLDPEs exhibit high heteroge-
neity in both molar mass and SCB distribution.1–3

The final thermal and mechanical properties are
closely related to these heterogeneities.3,4 Hence,
the characterization of LLDPE with respect to
molar mass and SCB by new and improved ana-
lytical techniques is of great interest.

Fractionation of LLDPE in terms of molar
mass and SCB seems to be the best way to char-
acterize the molecular structure of LLDPE. Size
exclusion chromatography (SEC) has long been
used to measure molar masses and molar mass
distributions of polymer. Temperature rising elu-
tion fractionation (TREF), a technique that frac-
tionates semicrystalline polymer according to
crystallizability, has been widely used for the
characterization of LLDPE with respect to
SCB.1,2 The extended use of TREF is the combi-
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nation of TREF with another fractionation tech-
nique to further separate the molecular species
according to their different structures. The cross-
fractionation can, in essence, provide more de-
tailed information about the molecular structure
of LLDPE. TREF combined with SEC, or TREF-
SEC cross-fractionation, has been used exten-
sively to correlate SCB and molar mass of differ-
ent LLDPEs.3,5–9 The method has also become
useful recently for obtaining kinetic characteris-
tics of polymerization of ethylene on the hetero-
geneous catalyst system.10,11

Detailed information about SCB distribution,
in particular, the intermolecular and intramolecu-
lar distribution of SCB, is of paramount important
in determining thermodynamic and crystalliza-
tion behaviors of LLDPEs.12,13 Such information
can be obtained by compositional cross-fraction-
ation. However, because of the lack of another
compositional fractionation technique, relatively
little has been reported on the intra- and inter-
molecular SCB distribution of TREF fractions
and their generation mechanism. In recent years,
thermally fractionated DSC has been developed
into a compositional fractionation technique for
LLDPE.14–19 It should therefore be possible to
combine TREF with DSC to obtain additional in-
formation on the molecular structure of different
types of LLDPEs.

The objective of this report is to present results
of the molecular structure of commercial LLDPEs
produced by the Ziegler-Natta and metallocene
catalysts. TREF-SEC cross-fractionation is used
to characterize the relationship between SCB and
molar mass. The TREF fractions are also segre-
gated based on methylene sequence length by
using DSC coupled with the successive nucle-
ation/annealing (SNA) to reveal the heterogeneity
of SCB distribution.

EXPERIMENTAL

Materials

The two commercial linear low-density polyethyl-
enes used in this study are described in Table I.

Both LLDPEs were ethylene-butene copolymers
having approximately the same weight-average
molar masses but different polydispersities.
PF0118F, from NOVA Chemicals Corp., Calgary,
Canada, was produced on a Ziegler-Natta catalyst
with the density of 0.918, whereas Exact4033,
from Exxon Chemical Company, Houston, TX
(density 0.880) was produced with a metallocene
catalyst.

TREF

The fractionation of LLDPE resins by TREF con-
sists of crystallization and elution steps. The crys-
tallization step involved dissolving the sample at
125°C in o-xylene at a concentration of 0.005
–0.04 g PE/mL, followed by slowly cooling the
polymer solution to approximately 28°C at a cool-
ing rate of 1.5°C/h to allow the polymer to crys-
tallize out of solution onto glass beads (80–100
mesh). The crystallized sample was filtered into a
TREF column which was then connected to the
TREF system. The elution step was operated in
two different modes—analytical TREF (ATREF)
and preparative TREF (PTREF). In ATREF, the
column (9.5 mm in diameter and 63.5 mm in
length) temperature was increased at a rate of
1°C/min while the solvent (o-dichlorobenzene)
was pumped through the column continuously at
a rate of 1.0 mL/min. The species eluting from the
column were detected with an on-line infrared
detector tuned at 2860 cm21. In the case of
PTREF, a bigger column with a diameter of 11.5
mm and length of 63.5 mm was used. The elution
temperature range was divided into several tem-
perature intervals based on the ATREF profile.
The temperature of the column was raised in 10
min from lower to higher temperature of each
interval and soaked at the high temperature for
10 min without solvent flowing; then the solvent
was started to allow the dissolved polymer to
elute from the column. The eluted polymer was
monitored by the on-line infrared detector and
was collected for SEC and DSC analysis.

Table I Commercial LLDPEs Studied

LLDPE Manufacturer
Comonomer

Type Density Mw z 1024 Pd

Exact4033 Exxon 1-butene 0.880 11.0 2.14
PF0118F NOVA 1-butene 0.918 10.6 3.28

Mw, weight average molar mass; Pd, polydispersity (Mw/Mn).
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SNA and DSC

The LLDPE in the fractions collected from
PTREF mentioned above was precipitated by add-
ing 15 mL of acetone to the PTREF solution. The
slurry was then filtered using 0.5-m Teflon film.
The obtained polymer was washed thoroughly
with acetone and dried at ambient temperature.
The resulting sample was encapsulated in two
aluminum DSC pans and was subjected to SNA
treatment. To erase the previous thermal history,
the sample was heated at a rate of 5°C/min up to
155°C for the Ziegler-Natta sample and 135°C for
the metallocene sample and was maintained at
that temperature for 10 min. The sample was
subsequently cooled to 25°C at a cooling rate of
5°C/min to create the initial “standard” state.

The SNA procedure, which was similar to the
so-called self-nucleation procedure,18,20 included
a series of heating-annealing-cooling cycles. The
polymer samples or TREF fractions were heated
at 5°C/min to a selected temperature and were
maintained at that temperature for 10 min. This
step results in the formation of partial melting
and annealed crystal fragment. The crystalliza-
tion was achieved by subsequently cooling the
sample to 25°C at a cooling rate of 5°C/min. The
heating-annealing-cooling cycle was repeated at a
temperature interval of 5°C from 135 to 25°C for
the Ziegler-Natta sample and 105 to 25°C for the
metallocene sample. Detailed temperature his-
tory of the SNA for the Ziegler-Natta LLDPE is
shown in Figure 1.

The DSC endotherms of the samples were mea-
sured using a TA Instrument Model DSC2910.
The instrument was calibrated with an indium

standard. The LLDPE samples or PTREF frac-
tions treated by SNA were heated from 0°C at a
heating rate of 10°C/min to 160°C and subse-
quently cooled to 0°C at the same rate. The tran-
sition temperature and the degree of crystallinity
were analyzed by the TA2200 software package.

SEC

The molar mass distribution of the whole LL-
DPEs and TREF fractions was determined on a
Waters 150C GPC equipped with a differential
refractometer. The columns used for the separa-
tion were four Shodex columns UT 806M main-
tained at 140°C, and the solvent was 1,2,4-trichlo-
robenzene at a flow rate of 1.0 mL/min. Data were
treated according to a universal calibration gen-
erated with narrow polystyrene and polyethylene
standards.

RESULTS

TREF and SNA-DSC

Figure 2 shows ATREF profiles of the two LL-
DPEs. The metallocene LLDPE showed a narrow
peak at elution temperatures ranging from 28 to
58°C, indicating a narrow SCB distribution. In
comparison, the Ziegler-Natta ethylene-butene
copolymer demonstrated a rather broad bimodal
distribution, which is normally attributed to mul-
tiple active sites present on the Ziegler-Natta cat-
alyst.2,3,7

A calibration curve relating TREF elution tem-
perature to SCB content was established based on

Figure 1 Schematic representation of successive nu-
cleation/annealing (SNA) for thermal fractionation of
Ziegler-Natta LLDPE.

Figure 2 ATREF profiles of Ziegler-Natta and met-
allocene LLDPEs.
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the TREF-SEC cross-fractionation of a highly dis-
persed homopolyethylene.10 Similar expressions
to molar mass distribution based on moments
were used to calculate number-average and
weight-average SCB contents, Cn and Cw:

Cn 5
O AiCiO Ai

; Cw 5
O AiCi

2

O AiCi

where Ai is the slice area of the TREF profile and
Ci is the corresponding SCB evaluated from the
calibration curve. The value of Cw/Cn can serve as
an indicator of the broadness of SCB distribution.
Table II gives the results of the Ziegler-Natta and
metallocene LLDPEs. Note that the metallocene
sample had higher SCB content, whereas the
Ziegler-Natta sample showed a broader distribu-
tion, as evidenced by the ratio of Cw to Cn.

Figure 3 shows DSC endotherms of the two
LLDPEs treated by SNA. The SNA-DSC is a tem-
perature-dependent process that segregates mac-
romolecules based on recrystallization and reor-
ganization of methylene sequences from the melt.
It is, in principle, similar to other thermally-frac-
tionated DSC,14–19 but is much more efficient and
offers higher resolution.18 The neighboring se-
quence on the polymer chain can crystallize inde-
pendently and subsequently melt at a tempera-
ture corresponding to its crystallite size. As a
result, each peak of SNA-DSC endotherms repre-
sents a group of methylene sequences of equal or
similar length. It can be seen from Figure 3 that
the SNA-DSC is capable of differentiating be-
tween methylene sequence distribution in the two
samples. The Ziegler-Natta LLDPE showed a
broader methylene sequence distribution than
the metallocene LLDPE, and the methylene se-
quence distribution resembled the TREF profiles.

TREF-SEC Cross-Fractionation

The ATREF data in Figure 2 shows that for the
Ziegler-Natta sample, the polymer concentration
eluted is very low at low elution temperatures
and very high at high elution temperatures. This

posed a problem for collecting representative
TREF fractions in a single PTREF run which can
be used subsequently for SEC and DSC analysis.
A large sample size is necessary to collect an
adequate amount of sample at low temperatures
for subsequent DSC analysis, but it causes prob-
lems such as solvent flow blockage and incom-
plete dissolving of polymer because of the limited
volume of the column. To overcome these prob-
lems, two PTREF runs with varied sample sizes
were performed to ensure that the PTREF frac-
tions collected were representative. At first, a
sample size of 300 mg was used which allowed
TREF fractions to be collected in a temperature
range typical of the branched polymer (0–85°C)
as indicated in Figure 2. On the second PTREF
run, a smaller sample size (60 mg) was used to
collect fractions at high temperatures (85–100°C).
Figure 4 shows the molar mass distribution of the
collected PTREF fractions. The number and
weight average molar mass as well as polydisper-
sity index are given in Table III. It is evident in
Figure 4 that all eight fractions showed similar
shape of molar mass distribution. The distribu-
tion curve shifted toward higher molar masses
with increasing TREF elution temperatures, as
shown in Table III. The polydispersity index
Mw/Mn seemed to slightly decrease as the elution
temperature increased.

Unlike the Ziegler-Natta sample, the whole
metallocene sample can be separated easily into
six fractions by PTREF. Figure 5 shows the molar
mass distribution of the PTREF fractions and
Table IV gives the molar masses and polydisper-
sity of each fraction. The molar mass distribution
curves for the fractions eluted at temperatures

Figure 3 DSC endotherms of Ziegler-Natta and met-
allocene LLDPEs treated by SNA.

Table II Average Short Chain Branch Content
Calculated from TREF Profiles

LLDPE
Cn (CH3/
1000C)

Cw (CH3/
1000C) Cw/Cn

PF0118F 17.7 26.5 1.50
Exact4033 32.4 33.3 1.02
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above 30°C were very similar in shape. The curve
for elution temperature of 20–30°C appeared at
lower molar mass. Notice from Table IV that the
fraction eluted between 40 and 45°C had the
highest molar mass. The polydispersity for all the
fractions was very similar in magnitude. The
TREF fractions of the metallocene sample had
narrower molar mass distributions than those of
the Ziegler-Natta sample, as indicated by polydis-
persity values.

The relationship between molar mass and
short chain branching distribution for the two
different LLDPEs can be elucidated by plotting
the weight average molar mass of PTREF frac-
tions against the degree of SCB (Fig. 6). It can be
seen that the Mw of the Ziegler-Natta sample
increased monotonically with the decrease in the
degree of short chain branching. This result is in
agreement with results generally found on com-
mercial Ziegler-Natta samples.5,6,9 However, for
the metallocene sample, there appeared to be a
maximum in the plot of Mw vs SCB. Cross-frac-
tionation of three other commercial metallocene
LLDPEs resulted in the same trend (see Fig. 6),
suggesting that the observed relationship of a

Figure 4 Molar mass distribution of PTREF fractions
of Ziegler-Natta LLDPE (PF0118F) obtained at various
temperature intervals: F1, 30–50; F2, 50–60; F3, 60–
70; F4, 70–75; F5, 75–80; F6, 80–85; F7, 85–90; and
F8, 90–100°C.

Table III Molar Masses and Polydispersity of
the PTREF Fractions of the Ziegler-Natta
LLDPE

Fraction Te (°C) Mn z 1024 Mw z 1024 Pd

F1 30–50 1.63 5.86 3.59
F2 50–60 1.86 6.70 3.60
F3 60–70 2.03 7.31 3.60
F4 70–75 2.42 8.46 3.50
F5 75–80 2.80 9.52 3.40
F6 80–85 3.07 9.87 3.21
F7 85–90 3.43 10.39 3.03
F8 90–100 3.82 10.94 2.86

Te, elution temperature range of PTREF.

Figure 5 Molar mass distribution of PTREF fractions
of metallocene LLDPE (Exact4033) obtained at various
temperature intervals: F1, 20–30; F2, 30–40; F3, 40–
45; F4, 45–50; F5, 50–55; and F6, 55–60°C.

Table IV Molar Masses and Polydispersity of
the PTREF Fractions of the Metallocene LLDPE

Fraction Te (°C) Mn z 1024 Mw z 1024 Pd

F1 20–30 4.10 7.34 1.81
F2 30–40 5.81 10.07 1.73
F3 40–45 7.69 12.41 1.61
F4 45–50 7.04 10.50 1.50
F5 50–55 7.02 10.74 1.53
F6 55–60 6.75 10.81 1.60
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maximum in the Mw vs the SCB plot is charac-
teristic of metallocene LLDPE.

TREF-SNA-DSC Cross-Fractionation

The heterogeneity of the comonomer or SCB dis-
tribution is an important characteristic in de-
scribing the molecular structure of LLDPE. There
are two types of heterogeneities existing on the
chain of LLDPE: intra- and intermolecular heter-
ogeneity. Intramolecular heterogeneity means
that the SCB distribution of individual macromol-
ecule in the system is not uniform along the chain
backbone. Intermolecular heterogeneity means
that the SCB distribution differs from one mole-
cule to another. As indicated above, the SNA-DSC
segregates LLDPE molecules according to meth-
ylene sequence length. Therefore, unlike TREF,
which can only evaluate intermolecular heteroge-
neity, the SNA-DSC is able to assess both intra-
and intermolecular heterogeneity.

Figure 7 shows the SNA-DSC endotherms of
PTREF fractions of the Ziegler-Natta LLDPE.
The TREF elution temperature range and the
SNA-DSC results are summarized in Table V.
Note that the crystallinity of TREF fractions in-
creased with elution temperature, as expected.
Given the fact that the TREF fractions were col-
lected at relatively narrow temperature intervals,
it is reasonable to assume that the macromole-
cules represented by each TREF fraction have
similar SCB distributions, and thus similar aver-
age SCB contents. Thus, the DSC endotherm of
each fraction will represent the methylene se-

quence distribution of all the molecules in the
fraction regardless of molar mass. It is clear from
Figure 7 that the molecules eluted at each tem-
perature interval showed a distinctive methylene
sequence distribution, indicating that the Ziegler-
Natta LLDPE was intramolecularly heteroge-
neous. Also shown in Figure 7, the methylene
sequence distribution varied considerably among
fractions. The SNA-DSC endotherm of the frac-
tion eluted between 30 and 50°C showed multiple
peaks and a nearly symmetrical distribution of
methylene sequence. With the increase in the elu-
tion temperature, the peaks of higher melting
temperature became dominant in intensity.
Moreover, the spectrum of the endotherms shifted
toward high temperature. Clearly, the Ziegler-
Natta LLDPE is intermolecularly heterogeneous
in terms of methylene sequence distribution as
well. The results suggest that the Ziegler-Natta
LLDPE is a mixture of macromolecules of very
different SCB distribution, and a single distribu-
tion function as reported in the literature21–23

may not be sufficient to describe the heterogene-
ity.

The results also provide another possible inter-
pretation of the TREF separation mechanism
which has not yet been fully understood in the
open literature.24–26 Although it is generally

Figure 6 Mw as a function of SCB for Ziegler-Natta
and metallocene LLDPEs.

Figure 7 DSC endotherms of PTREF fractions of
Ziegler-Natta LLDPE obtained at various temperature
intervals: F1, 30–50; F2, 50–60; F3, 60–70; F4, 70–75;
F5, 75–80; F6, 80–85; F7, 85–90; and F8, 90–100°C.
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agreed that TREF fractionates semicrystalline
polymer based on crystallizability, and so most of
the TREF calibrations have been based on the
average SCB generated from PTREF,1,2 there has
been suggestions that TREF separates macromol-
ecules based on the length of the crystallizable
sequence.25,26 This can be easily understood by
considering a crystallized molecule in the TREF
column; only when the longest sequence in the
molecule dissolves does the whole molecule elute
from the column. As shown in Figure 7, the shift-
ing of the methylene sequences toward high elu-
tion temperatures or long sequences implies that
the longest methylene sequence length may dic-
tate the separation by TREF.

The SNA-DSC endotherms of PTREF fractions
of the metallocene LLDPE are shown in Figure 8,
and the TREF elution temperature and the SNA-
DSC results are listed in Table VI. There was a
narrow methylene sequence distribution within
the molecules of each fraction. Also, it is very
intriguing to see all TREF fractions appeared to
show the same distribution. These results clearly
suggest, in a rather direct manner, that the met-
allocene LLDPE has only intramolecular hetero-
geneity in chemical composition. In other words,
the metallocene LLDPE is composed of macromol-
ecules possessing the same SCB distribution, and
therefore one can use one distribution function to
describe the compositional heterogeneity. A sim-
ilar conclusion has been deduced recently from
TREF-13C nuclear magnetic resonance of metal-
locene LLDPE.7

The distinctive difference in methylene se-
quence distribution between the Ziegler-Natta
and metallocene LLDPEs can be better under-
stood by considering the very different nature of
the two catalyst systems. As mentioned above,
there are multiple active sites present on the

Ziegler-Natta catalyst,2,7,17 whereas the metallo-
cene catalyst is generally believed to have a single
type of catalytic site. According to the instanta-
neous bivariate distribution theory for the compo-
sition of linear copolymer proposed by Stock-
mayer and used by others,21–23 a single catalytic
site produces copolymer with a narrow distribu-
tion in both molar mass and composition. Thus, it
is understandable that the LLDPE produced by
the single-sited metallocene catalyst shows only
narrow molar mass distribution and intramolec-
ular heterogeneity. For the Ziegler-Natta catalyst

Table V TREF and SNA-DSC Results of the Ziegler-Natta Ethylene-Butene Copolymer

Fraction Te (°C) Tonset (°C) Tpeak (°C) DHu (J/g) Xc (%)

F1 30–50 86.6 88.3 58.0 20.2
F2 50–60 96.3 98.0 84.2 29.3
F3 60–70 104.2 105.7 106.5 37.1
F4 70–75 106.6 108.6 113.1 39.4
F5 75–80 110.6 112.8 119.7 41.7
F6 80–85 115.1 117.5 124.1 43.2
F7 85–90 119.5 121.6 138.4 48.2
F8 90–100 127.9 129.6 156.1 54.4

Tonset, onset temperature of the primary peak on DSC endotherm; Tpeak, peak temperature of the primary peak on DSC
endotherm; DHu, heat of fusion; Xc, crystallinity.

Figure 8 DSC endotherms of PTREF fractions of
metallocene LLDPE obtained at various temperature
intervals: F1, 30–40; F2, 40–45; F3, 45–50; F4, 50–55;
and F5, 55–65°C.
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having multiple sites, each site presumably pro-
duces molecules of intramolecular heterogeneity,
whereas it is likely that different sites produce
polymer with different SCB distributions. This
seems to be evidenced by the very different meth-
ylene sequence distribution of the PTREF frac-
tions of the Ziegler-Natta LLDPE as shown in
Figure 7.

CONCLUSIONS

TREF-SNA-DSC cross-fractionation is an effec-
tive way of fractionating semicrystalline polymer
based on both crystallizability and chain se-
quence length. It can provide, in a rather direct
manner, detailed information about the SCB dis-
tribution heterogeneity of different types of LL-
DPEs.

TREF-SNA-DSC cross-fractionation demon-
strates that the metallocene LLDPE possessed
only intramolecular heterogeneity, whereas the
Ziegler-Natta LLDPE showed both intra- and in-
termolecular heterogeneity. TREF-SEC cross-
fractionation showed that the molar mass of the
Ziegler-Natta LLDPE decreases with increasing
degree of branching, whereas the plot of molar
mass vs SCB for metallocene LLDPE appears to
show a characteristic maximum. The pronounced
difference in molar mass and SCB distribution
between the two LLDPEs well reflects the differ-
ence in catalytic properties of Ziegler-Natta and
metallocene catalysts.

The authors thank Mrs. N. Bu for measuring the molar
masses by SEC. The support of this work by the Nat-
ural Sciences and Engineering Research Council of
Canada and NOVA Chemicals Corporation is grate-
fully acknowledged.
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