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ABSTRACT: The molecular chain heterogeneity of com-
mercial linear low-density polyethylene (LLDPE) was inves-
tigated by cross-fractionation of temperature rising elution
fractionation (TREF) and successive self-nucleation/anneal-
ing (SSA) thermal fractionation by use of DSC. The results
indicate that the linear relationships between crystallinity or
melting temperature and the elution temperature are con-
firmed by TREF fractions. Intermolecular heterogeneity ex-
ists in the original LLDPE, whereas there is less intermolec-
ular heterogeneity in the TREF fractions. After SSA thermal
fractionation, the multiple endothermic peaks for both LL-
DPE and their TREF fractions are mainly attributed to the
heterogeneities of ethylene sequence length (ESL) and lamel-

lar thickness. The statistical terms, including weighted mean
L� w, arithmetic mean L� n, and broad index L� w/L� n, were intro-
duced to evaluate the heterogeneities of ESL and lamellar
thickness of polyethylene. The difference of broadness index
indicates that TREF fractions of LLDPE have less inter- and
intramolecular heterogeneities of both ESL and lamellar
thickness than those of the original LLDPE. © 2004 Wiley
Periodicals, Inc. J Appl Polym Sci 94: 1710–1718, 2004
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INTRODUCTION

Linear low-density polyethylene (LLDPE), produced
by the copolymerization of ethylene and an �-olefin
such as 1-butene, 1-hexene, and 1-octene over either
Ziegler–Natta or metallocene catalysts, is character-
ized by heterogeneity in both molecular mass and
short-chain branching (SCB) content and distribution.
It consists of two kinds of heterogeneity: intra- and
intermolecular. The former concept implies that
within one molecular chain, SCB distribution is not
uniform along the chain backbone, whereas all the
molecules possess the same SCB distribution. The lat-
ter concept implies that among the molecules, the SCB
distribution is not uniform, that is, the SCB content is
higher in some molecules than in others. All these
heterogeneities have effects on crystallizability, ther-
mal and mechanical properties, and processing behav-
ior of LLDPE. In particular, the amount and distribu-
tion of SCB are dominant factors for determining the

physical properties of these ethylene–�-olefin copoly-
mers.1,2

The characterization of SCB with respect to intra-
and intermolecular heterogeneity has been of great
interest for the last decade. Temperature rising elution
fractionation (TREF) and thermal fractionation have
proved to be effective ways of characterizing SCB
content and distribution.3–6 TREF produces fractions
by the elution of polymer on insert supports in column
at successively or stepwise rising temperature. The
polymer has been crystallized from dilute solution on
insert supports at a very low cooling rate. Such slow
crystallization favors macromolecular segregation by
SCB content and distribution, with a limited influence
of the molecular mass.3,4 Thermal fractionation is a
temperature-dependent segregation process based on
recrystallization and reorganization of the ethylene
sequence mainly by use of differential scanning calo-
rimetry (DSC).7 After the particular heat treatment,
such as stepwise isothermal segregation technique
(SIST),8 stepwise crystallization (SC),9 or successive
self-nucleation and annealing (SSA),10 the neighboring
ethylene sequences can crystallize independently and
subsequently melt at a temperature corresponding to
their crystal size or lamellar thickness. Then the final
DSC heating run reveals multiple melting points in-
duced by the melting and recrystallization as the re-
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sult of the heterogeneity of the chain structure of the
polymer. There is no actual physical separation of the
macromolecules, so intra- and intermolecular hetero-
geneity are equally assessed. In such thermal fraction-
ations, SSA involves more complex thermal treat-
ments and can be accomplished within a shorter time
than that for other thermal fractionations, so it was
widely used to characterize the structural heterogene-
ity of polyolefins or functional polyolefins and misci-
bility of polyolefin blends.11–14

Therefore, it should be possible to combine prepar-
ative TREF with SSA to obtain detailed information of
the fine structure of LLDPE. In the study reported
herein, the 1-butene LLDPE was fractionated by pre-
parative TREF, and subsequently the single-step self-
nucleation experiment and SSA thermal fractionation
were performed to define the self-nucleation domain
and characterize molecular chain heterogeneity of LL-
DPE and its fractions, respectively. Finally, the statis-
tical terms, including arithmetic mean L� n, weighted
mean L� w, and broad index L� w/L� n, were introduced to
evaluate ethylene sequence length (ESL) and lamellar
thickness distribution and molecular chain heteroge-
neity of LLDPE and its fractions.

EXPERIMENTAL

Materials

LLDPE was a commercially available product pro-
vided by Qilu Petroleum and Chemical Corp. (Zibo
City, Shandong Province, China). The physical param-
eters of LLDPE used in this study are given in Table I.

Preparative TREF

Fractionation of the 1-butene LLDPE was accom-
plished by preparative TREF. The fractionation proce-
dure of TREF involved crystallization of a polymeric
dilute solution and a subsequent elution process with
solvent in the column. At the crystallization step, the
polymer sample was dissolved in xylene at a concen-
tration of 0.006 g/mL in a glass oven, equipped with a
temperature controller and stirrer. Glass beads (40–60
mesh), at a concentration of 1.8 g/mL, and 2,2�-meth-
ylene-bis(6-tert-butyl-4-methyl phenol) (antioxidant
2246), at a concentration of 0.03mg/mL, were added to
the oven, followed by a period of slow cooling from
130 to 25°C, at a rate of 2°C/h, to allow the polymer to
crystallize onto the glass beads. Then the glass beads
coated with the crystallized sample were filtered and
charged to the preparative TREF column (diameter 30
mm, length 300 mm), which was connected to the
TREF system. A series of elution temperatures were
predetermined at 47, 57, 67, 77, 93, and 105°C. At each
temperature, the sample was soaked for 60 min with
xylene. Then the elution was performed at a flow rate

of 5 mL/min until the precipitation did not appear
when the elution solution was added to cold acetone.
Each fraction was collected and subsequently precip-
itated by adding excess cold acetone as a nonsolvent.
They were finally filtered on a glass filter and dried in
vacuum oven for 72 h at 60°C.

DSC analysis

A modulated differential scanning calorimeter
(MDSC2910, TA Instruments, New Castle, DE),
equipped with a refrigerated cooling system, was
used in this study. The temperature was calibrated
with indium (156.6°C) and the heat flow was cali-
brated with the specific heat of fusion of indium (28.71
J/g) at a scanning rate of 10°C/min. The furnace was
purged with dry nitrogen at a flow rate of 50 mL/min.
A sample of about 5.0 mg was sealed in an aluminum
pan, and the scanning procedure was conducted from
�20 to 170°C at a rate of 10°C/min. The sample’s
crystallinity was calculated by eq. (1), using software
supported by TA Instruments,15 as follows:

Xc �
�Hu

�H100
� 100% (1)

where �Hu is the integrated melting enthalpy between
0 and 140°C from the DSC endothermic curve and
�H100 is the melting enthalpy of polyethylene crystal
with 100% crystallinity, which was set as 287.3 J/g in
this study.16,17

Single-step self-nucleation

A schematic representation of the single-step self-nu-
cleation (SN) experiment is shown in Figure 1. The
process is described as follows:

Figure 1 Schematic representation of single-step self-nu-
cleation and SSA thermal fractionation of LLDPE.
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1. The sample was heated to 170°C and main-
tained at that temperature for 5 min to eliminate
the thermal history.

2. The sample was cooled to 0°C to create the
so-called initial “standard” state.

3. The sample was heated to a selected thermal
treatment temperature (Ts) located in the final
melting temperature range of initial “standard”
state and held at that temperature for 5 min.

4. The sample was cooled to 0°C again, where the
effects of thermal treatment would be reflected
by the crystallization behavior of the sample.

5. Finally, the sample was heated to 170°C, where
the effects of thermal treatment would also be
reflected by melting of the sample.

For steps (1)–(5), the DSC scanning rate was 10°C/
min.

Successive self-nucleation and annealing

A schematic representation of SSA thermal fraction-
ation is also shown in Figure 1. Step (1)–(4) of the
single-step self-nucleation experiment were repeated
as the first cycle of SSA, and then the following steps
were performed as the successive cycles.

5. The sample was heated to a successive prede-
termined thermal treatment temperature that
was 5°C lower than the previous Ts and held at
that temperature for 5 min. Then the sample
was cooled to 0°C at the rate of 10°C/min.

6. The sample was heated to 170°C at the rate of
10°C/min, after which the effects of SSA cycles
would be reflected.

Determination of SCB content

FTIR analysis was performed with a model WQF-310
FTIR spectrometer (Beijing, China). A minimum of 100
scans was used with a resolution of 2 cm�1. The de-
gree of short-chain branching of polyethylene was
determined by using the methyl group absorption
band at 1378 cm�1. Detailed calculation procedures
were used according to the literature.18,19

RESULTS AND DISCUSSION

Temperature rising elution fractionation

Polyethylene fractions were prepared corresponding
to the predetermined elution temperature. The DSC
exothermic curves and endothermic curves for frac-
tions and the original LLDPE are presented in Figure
2 and Figure 3, respectively. The crystallinity, content
of SCB, and melting temperature of fractions plotted
against the corresponding elution temperature are
shown in Figure 4 and Figure 5, respectively.

Figure 2 Crystallization exothermic curves of TREF frac-
tions obtained at different elution temperatures and original
LLDPE.

Figure 3 Melting endothermic curves of p-TREF fractions
obtained at different elution temperatures and original LL-
DPE.
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Evidently, the increasing crystallinity, melting tem-
perature, and decreasing content of SCB are obtained
with the increase in elution temperature. In particular,
the linear relationship can be verified from the plots of
crystallinity and melting temperature against elution
temperature. These results are in accordance with
those of Hosoda and Mirebella.20,21 In this article,
LLDPE is a copolymer of ethylene and 1-butene, and
the content and distribution of SCB are the key factors
to its melting temperature and crystallizability. Thus
the content of SCB plays an important role in the
crystallization behaviors from dilute solution and sub-
sequent elution of polymer according to the elution
thermodynamic mode of TREF.22 This further proves
that TREF separates LLDPE according to the crystal-
lizability or the content of SCB. As can be seen from
Figure 3, the endothermic curve for the original LL-
DPE involves a higher-temperature melting peak and
a broad lower-temperature melting peak, whereas the
endothermic curves for all the fractions exhibit only a
single melting peak with a long tail toward low tem-
perature. This suggests that fractions have less heter-
ogeneity than that of the original LLDPE. In addition,
it should be pointed out that the endothermic curve
for the first fraction (F1) presents two low-temperature
melting peaks that are the same as those of the original
LLDPE, which may be attributed to its broad low
elution temperature range.

Single-step self-nucleation

As described above, the DSC endothermic curves for
fractions have a single melting peak with a long tail
toward low temperature, although fractions have less
heterogeneity than that of the original LLDPE. A more

specialized heat treatment such as SSA thermal frac-
tionation, which is able to assess both intra- and in-
termolecular heterogeneity, must be accomplished to
quantitatively characterize the heterogeneities of frac-
tions. During this process, described in the experimen-
tal section, the first self-nucleation temperature (Ts) is
more important than the intervals of Ts, isothermal
self-nucleation, or annealing time and scanning rate.23

The first Ts should be high enough to melt most of the
polymer, but low enough to leave some crystal frag-
ments that can act as nuclei.24 Thus, in this section, the
first Ts of LLDPE is to be determined in a single-step
self-nucleation analysis.

Figures 6 and 7 show, respectively, DSC exothermic
and endothermic curves for LLDPE after thermal
treatments at different Ts values. The detailed param-
eters of DSC measurements are listed in Table II.

It is obvious that all the exothermic peaks and en-
dothermic peaks shift to higher temperature with de-
creasing Ts values. Because all Ts values are higher
than the melting temperature of the standard state
(Tm1 � 121.3°C, as described in Table II), polyethylene
is in the melting or partial melting region, where there
exists some unmelted crystal fragments that could act
as nucleus during the cooling process. With the effects
of self-nucleation, polyethylene can crystallize with
narrower supercooling and melt on higher tempera-
ture. The effects of Ts on crystallization temperature
Tm and crystallinity of LLDPE are presented in Figures
8 and 9, respectively.

As is shown in Figure 8, if the value of Ts is higher
than 126°C, the onset crystallization temperature and
peak crystallization temperature show no marked dif-
ference with the increase in Ts. The reason is that the
nucleus density remained constant and minimal in the

Figure 5 Dependency of melting temperature of fractions
on elution temperature.

Figure 4 Dependency of crystallinity and SCB of fractions
on elution temperature.
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melting region. If Ts is in the region of 123 and 126°C,
the onset crystallization temperature and peak crys-
tallization temperature increase dramatically with de-
creasing Ts. The reason is that Ts was high enough to
melt most of the polymer, but low enough to allow the
survival of some crystal fragments. Thus the small
reduction of Ts resulted in the increases in nucleation
density, crystallization temperature, and melting tem-
perature. If the value of Ts is lower than 123°C, two
endothermic peaks can be seen in Figure 7, which
means annealing has occurred. It should be noticed
that no onset crystallization temperature is observed
at 123°C (Fig. 6). It is suspected that crystallization
starts almost immediately upon cooling, leaving no
obvious trace of a perfectly flat baseline before the
onset of crystallization attributed to the high concen-
tration of nucleus.

On the other hand, as can be seen from Figure 9, the
melting temperature and crystallinity increase with
the decrease in Ts after self-nucleation or annealing.
When the value of Ts is higher than 126°C, Tm and
crystallinity both remain constant. However, when the
Ts value is lower than 126°C, self-nucleation or anneal-
ing (Ts � 123°C) occurs. Because of the effects of
self-nucleation or annealing, polyethylene is thus
formed from perfect and thicker lamellae and has
higher crystallinity and Tm. The so-called domain of
self-nucleation of an isotactic polypropylene (i-PP)
was extensively investigated by Fillon.25,26 In this ar-
ticle, similar domains of LLDPE by single-step self-
nucleation analysis are shown in Figure 10. (1) In
domain I, Ts is higher than 126°C. Both crystallization
and melting behaviors of polyethylene are similar to
those of the standard state. (2) In domain II, Ts is in the

Figure 6 Crystallization exothermic curves of LLDPE
treated at different Ts and standard state.

Figure 7 Melting endothermic curves of LLDPE treated at
different Ts and standard state.

TABLE I
Physical Parameters of Commercial LLDPE

Designation Comonomer
Densitya

(g/cm3)
MIa

(g/10 min)
M� w

b

(g/mol)
M� w/
M� n

b Xc
c

DFDA 7042 1-Butene 0.90 2.0 91,339 3.28
38%

a The data were taken from chemical data sheets published by the manufacturer.
b The molecular weight and molecular weight distribution were measured by using a PL220 high-temperature size-

exclusion chromatography (PL220, Shropshire, UK). 1,2,4-Trichlorobenzene was used as the elution solvent with a flow rate
of 1.0 mL/min. The operating temperature was 160°C. Polystyrene standards were used for making the calibration curve.

c Crystallinity was determined by use of a wide-angle X-ray diffractometer (Philips, The Netherlands) at ambient temper-
ature. The instrument was equipped with a graphite homochromatic instrument, Cu anticathode, 40 kV, 40 mA, scanning rate
2.5°/min, 2� � 5–50°. Crystallinity of LLDPE was calculated by a computer peak-dividing program.
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region of 123 and 126°C and high enough to melt most
of the polyethylene, but low enough to allow the
survival of some crystal fragments as nuclei for crys-
tallization. (3) In domain III, Ts is lower than 123°C
and the extra peak appears and annealing occurs.

Successive self-nucleation and annealing

The self-nucleation domain of LLDPE has been de-
scribed in the single-step self-nucleation experiment.
In the current SSA process, the first Ts is to be prede-
termined in domain II of the original LLDPE. The
processes of predetermination of the first Ts value of
TREF fractions of LLDPE are similar to that of the
original LLDPE, described earlier in the section on
single-step self-nucleation. Thus, after SSA heat cycles,
the plots of final heating endothermic curves of TREF
fractions and the original LLDPE are all shown in
Figure 11.

Obviously, the final heating runs of fractions and
the original LLDPE present multiple endothermic
peaks corresponding to the number of SSA cycles.
Each endothermic peak can represent the melting of
crystals formed from molecules having very similar
ESL, so it is suspected that the multiple endothermic
peaks can be mainly attributed to the lamellar thick-
ness or ESL heterogeneity.27 The plots in Figure 11
clearly indicate the heterogeneity existing inside either
original LLDPE or fractions. Because each endother-
mic peak is proportional to the amount of crystals
with the same stability, the differential normalized
area under such fusion is proportional to the amount
of lamellae that melt in the temperature interval. The
lamellar thickness and ESL are related to the melting
temperature, so the lamellar thickness of polyethylene
can be determined by using the Thomson–Gibbs equa-
tion [eq. (2)]28:

Lc � 2�eTm
0 /�Hu�Tm

0 � Tm� (2)

TABLE II
Detailed Information of Single-Step Self-Nucleation Experimenta

Ts
(°C)

Tc (°C)
�Hc
(J/g)

Tm (°C) Xc
(%)Tonset Tpeak Tm1 Tm2

St 111.3 105.8 115.1 121.3 — 35.8
123 — 114.1 — 127.8 122.3 36.1
124 119.2 111.6 119.3 123.3 — 37.1
125 115.0 109.3 110.6 122.6 — 36.9
126 111.4 106.0 109.3 121.3 — 35.6
127 111.5 105.9 110.0 121.4 — 35.8

a Ts, self-nucleation or annealing temperature; Tonset, onset temperature of the primary peak on DSC exotherm; Tpeak, peak
temperature of the primary peak on DSC exotherm; �Hc, enthalpy of crystallization; Tm1, peak temperature of the primary
peak on DSC endotherm; Tm2, peak temperature of low temperature peak on DSC endotherm; Xc, the melting enthalpy was
integrated between 10 and 140°C.

Figure 8 Dependency of onset and peak temperature of
crystallization of LLDPE on Ts.

Figure 9 Dependency of melting temperature and crystal-
linity of LLDPE on Ts.
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where Lc is lamellar thickness, Tm is the observed
melting point, T°m is the equilibrium melting point of
an infinitely thick polyethylene crystal (414.5 K), �e is
the surface energy of polyethylene crystal (70 � 10�3

J/m2), and �Hu is the enthalpy of fusion per unit
volume (288 � 106 J/m3).29 The average ethylene se-
quence length (ASL) can be calculated by the follow-
ing equation30:

ASL � 0.2534X/�1 � X� (3)

where X represents the CH2 mole fraction of polyeth-
ylene, which is well correlated to the melting temper-
ature, using the Keating method,31 by the following
equation:

�ln(CH2 mole fraction) � �0.331 � 135.5/Tm (K)

(4)

It should be pointed out the crystallization of a short-
chain branching polyethylene may differ from that of
linear paraffin used as a model in the Keating method.
However, the use of linear paraffin as a reference32

appears to provide results in some cases, in the ab-
sence of better standard samples. By use of eqs. (2)–(4),
the proportion being melted as a function with the
lamellar thickness and ESL of TREF fractions can be
determined. As the representation, the derived lamel-
lar thickness distribution for three different fractions,
including F1, F2, and F3, are presented in Figures 12
and 13, respectively.

As can be seen from Figures 12 and 13, the distri-
butions of lamellar thickness and ethylene sequence
length are similar to the results of SSA thermal frac-
tionation curve described in Figure 11, which indicates

that the higher elution temperature fraction (F5) had a
broader lamellar thickness of 2–16 nm, and ESL dis-
tribution of 3–49 nm, respectively. This suggests that
F5 has a more heterogeneous molecular structure than
that of the lower elution temperature fractions (F1 and
F3). To investigate the heterogeneity of ethylene-1-
olefin copolymers quantitatively, Keating introduced
statistical terms to describe the polydispersity of eth-
ylene sequence length.33 Both the ethylene sequence
length and lamellar thickness distributions of narrow
molecular distribution metallocene-catalyzed ethyl-
ene-�-olefin copolymers, after SIST thermal fraction-
ation, were previously discussed by Zhang.29 Herein,
the statistical terms, arithmetic mean L� n, weighted
mean L� w, and the broadness index I, are also intro-
duced and shown as follows:

L� n �
S1L1 � S2L2 � · · · � SiLi

S1 � S2 � · · · � Si
� �fiLi (5)

L� w �
S1L1

2 � S2L2
2 � · · · � SiLi

2

S1L1 � S2L2 � · · · � SiLi
�

�fiLi
2

�fiLi
(6)

I � L� w/L� n (7)

where Si is the normalized peak area and Li is the ESL
or lamellar thickness. After deriving the melting tem-

Figure 11 SSA thermal fractionation curve of LLDPE and
fractions obtained at different elution temperatures.

Figure 10 Melting endotherm of LLDPE in the “standard”
state, Domains I, II, and III refer to complete melting, self-
nucleation, and annealing region, respectively.
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perature and normalized peak area of multiple endo-
thermic peaks (as described in Fig. 11), with the Thom-
son–Gibbs equation and the Keating method, three
terms of ethylene sequence length and lamellar thick-
ness for all the fractions and original LLDPE are given
in Table III. It can be seen from Table III that the
broadness index of fraction is less than that of the
origin LLDPE, which suggests that TREF fractions
have less heterogeneity of either ESL or lamellar thick-
ness than that of the origin LLDPE. Because the intra-
and intermolecular heterogeneities of polyethylene
are equally assessed in SSA thermal fractionation, the
fractions have less intra- and intermolecular heteroge-
neities than that of the original LLDPE.

CONCLUSION

In conclusion, the cross-fractionation of preparative
TREF and SSA is an effective method of characterizing
the fine structure of LLDPE. The TREF analysis indi-
cates that polyethylene fractions have less intermolec-
ular heterogeneity than that of the original LLDPE. In
the single-step self-nucleation analysis, Domain II of
LLDPE was determined in the region of 123–126°C. In
this region, the self-nucleation temperature of SSA is
high enough to melt most of the polyethylene, but low
enough to allow the survival of some crystal frag-
ments to act as nuclei in crystallization. By SSA ther-
mal fractionation, the multiple melting peaks of either
original LLDPE or fractions are presented correspond-
ing to the number of SSA cycles. The broadness index
of either ESL or lamellar thickness of TREF fractions is
smaller than that of the original LLDPE, which further
indicates that TREF fractions have less inter- and in-
traheterogeneity of both ESL and lamellar thickness
than that of the original LLDPE.

This study was financially supported by a Meterage Foun-
dation Project (contract grant number: 61005217), from the
National Defense Ministry of China.
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