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Abstract

It is proverbial that the rheological properties of low-density polyethylene (LDPE) and linear
low-density polyethylene (LLDPE) are disparate because of their different molecular
microstructures due to the unlike methods of polymerization. In this work, multiple
characterizations including Size-Exclusion Chromatography (SEC) coupled with low-angle
light scattering and viscosmeter, *C Nuclear Magnetic Resonance, Crystallization Elution
Fractionation (CEF) and Differential Scanning Calorimetry (DSC) were conducted to get
detailed information of branching on different LDPEs and LLDPEs. It was found that, in our
case, LDPEs possessed higher molecular weight and greater amounts of long-chain branching
(LCB) in comparison with LLDPEs. The Chemical Composition Distribution (CCD) of each
LLDPE sample depends strongly on the catalyst used. LLDPE produced by Z-N catalyst
exhibited broad short-chain branching (SCB) distribution (less uniform composition
distribution), whereas LLDPE obtained by metallocene catalyst showed more uniform
microstructure. Unlikely, the two LDPEs displayed wider but unimodal distribution
corresponding to the free-radical polymerization mechanism. Both linear and nonlinear
rheological results were strongly influenced by the presence of LCB. LDPEs in this work
exhibited higher zero shear-viscosity, higher values of storage modulus, longer relaxation times,
and higher activation energy comparing to LLDPEs. The presence of LCB leads to more
pronounced strain hardening behavior in the elongational flow which is neglected in LLDPE.
The molecular structures of linear and branched PEs were consistent with the rheological
properties.
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1. Introduction

Polyethylene (PE), although with the simplest chemical composition of the
polymer chains, is now one of the most important polymers in the world. The
referred traditional application area including packaging?, consumer goods?, pipes
and fittings®, electrical insulation* etc. Recently it is also proved to be suitable for
some advanced functional materials especially the thermal managing products®®
and membranes or fibers with high mechanical properties”®. Due to the
uncomplicated chemical composition, the products fabricated by PE are often
chemically stable which is one of the advantages as well as one of the
disadvantages that is hard to realize chemical modification. Correspondingly, the
processing and foaming, usually influenced by molecular weight, chain structure
and crystallization, of PE become very crucial for the final properties of the
products.

It is well known that according to the chain structure, the PE can be classified
into three main categories: high-density polyethylene (HDPE), linear low-density
polyethylene (LLDPE), and low-density polyethylene (LDPE), as illustrated in
Figure 1. HDPE has a linear structure with few or no branches, which results in a
high degree of crystallinity and a low-strain hardening in the melt state'®. When
the molecular weight of HDPE reaching a certain amount(1x10°), it can be
defined as the Ultra-high molecular weight polyethylene (UHMWPE) which is
with much better mechanical properties but significantly difficult to be
processed™. Linear low-density polyethylenes (LLDPE) are polymerized using
ethylene and an a-olefin, which is commonly 1-butene, 1-hexene, or 1-octene!?13,
The incorporation of a small number of long-chain branching (LCB) structures

into linear polyethylene (PE) would enhance processing characteristics and their



molecular structure, physical properties, and the applications are thus broadened.
LDPE, on the other hand, is often made by a free-radical process at high
temperatures and pressure4. This process results in a polymer with a very wide
molecular weight distribution and a complex structure containing a wide range of
branching structures. LDPE contains both short-chain branches (SCBs) and long-
chain branches (LCBs) that can be as long as the main chain.

It is the chain structure that leads to the quite disparate properties among the
three sorts of PEs. Meanwhile, the molecular weight distribution, degree of
branching, branch length as well as nature of branching existing in polymers all
affect their processing behavior and rheological properties dramatically in both
shear and elongational regimes®®. Therefore, to better and deeper understand the
relationship between chain structure of polyethylene and melt rheological
properties is always necessary for better processing, since rheological
performances are sensitive to molecular structures. In most cases, short-chain
branches decrease crystallinity, which resulted in the low density in the solid
phase and the high flexibility'*. While, long-chain branches lead the viscosity to
drop significantly at higher shear rates, which facilitates the processing of this
material in the molten state. An increase of LCB leads to a higher zero-shear rate
viscosity, sometimes even difficult to obtain a precise data of this viscosity via
rheological methods®. Moreover, LCB is known to show strain hardening during
elongational flow and to alter crystallization, resulting in changed mechanical
properties when compared to linear structures'®>*’,

Various characterization techniques have been used to investigate the
branching degree and branch length of LDPE and LLDPE chemically such as **C
NMR spectroscopy, SEC!18-21, C, Gabriel et al*? compared the different methods
for investigation of the short chain branching in LLDPE where their highlight is
that the temperature rising elution fractionation (TREF) method is more effective
but not suitable for samples with highly branched structures in contrast with DSC

method. More precise information of branching can be gotten from NMR test. For
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instance, Zhe Zhou et al® used a novel solvent to conduct the 3C NMR test to
avoid the overlap of the ethylene—hexene—ethylene branch (EHE Br) peak with
the LCB methine peak in conventional solvents used for dissolving ethylene—
hexene LLDPE and obtained a more precise information of LCB inside LLDPE.

In terms of rheology, Shear-thinning and melt strength can also be applied to
reflected the contribution of branching, but they are unable to precisely determine
the amount of branching. Seyed Hassan Jafari et al?* proved the thermorheological
analysis can be an effective way to qualitatively assess the LCB content in LLDPE
and LDPE, which includes methods like time—temperature superposition (TTS),
Cole—Cole plot, van Gurp—Palmen curve, phase angle (3) versus reduced
frequency curve, and activation energy as a function of the 3. Olivier Boyron et
al® also tried to quantitively determined the branching content in LLDPE. The
content of co-monomer in LLDPEs could be determined using a calibration
formulated which can only reflect the content of SCBs. Although the methods for
branching are various, the collaboration between chemical characterization and
rheology is remained unclear especially in nonlinear regime.

The present work firstly is devoted to giving a very detailed characterization of
the molecular structure of two LLDPE and two LDPE by NMR, SEC and CEF
methods. Next, the goal is dedicated to investigating the linear and nonlinear
rheology of those PEs at the molten state. These findings will contribute to better
understanding the relationships between the molecular structure of linear and
branched PEs and their rheological properties (both linear and non-linear

viscoelastic properties).
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Figure 1 HDPE, LDPE, and LLDPE molecular structures.
2. Experiments
2.1 Materials

Two sets of samples were selected in view of our goals: a set of two low-density
polyethylenes (LDPE) (ExxonMobil 165 and LyondellBasell 3020D) and two
linear low-density polyethylenes (LLDPE) (INEOS 6910 and MarlexD139) with
different molecular weights and branching architectures. The LLDPEs studied
were ethylene-1-hexene copolymer produced by a Z-N catalyst (LL1) and a
metallocene catalyst (LL2).

Table 1 Summary of physical characteristics of polyethylenes

Comonomer  Density MF|

Polymer Manufacturer type (glcm?) (19(09"/(1:(/)2n.] 1ig)kg)
LDPE (L1) ExxonMobil 165 - 0,922 0.3
LDPE (L2) LyonDellBasell 3020D  ------ 0,928 0.3
LLDPE (LL1) Ineos 6910 1-Hexene 0,936 1.0
LLDPE (LL2) MarlexD139 1-Hexene 0,918 1.0




2.2 Characterizations

2.2.1 Shear rheology

Rheological measurements were done according to our pervious research? of
the neat polymers were performed by a stress-controlled DHR-2 (Discovery
Hybrid Rheometer, TA Instruments), using 25 mm parallel-plate geometry with a
gap of 1 mm. The experiments were conducted at temperatures ranging from 150
to 240°C under nitrogen atmosphere. The specimens for rheological
measurements were compression-molded into disks with diameter of 25mm and
thickness of 1.5mm. The compression time was 5 min to reduce any residual stress
with a pressure of 200 bars between two Teflon films to obtain a smooth surface.
The first test was a dynamic strain sweep with a maximum angular frequency 2’.
Thus, the strain value is fixed to 5% to ensure the linear viscoelastic domain.

Moreover, the following rheological tests were performed:

1) A dynamic time sweep test was performed to verify the thermal stability
of the neat polymers at 190°C with a set angular frequency of 1 rad/s.
2) A dynamic frequency sweep tests with frequencies ranging from 628 to
0.01 rad/s at fixed strain amplitude of 5% from 150 to 250°C.
2.2.2 Start -up uniaxial extensional rheology
In our study, uniaxial extensional rheology measurements were carried out by
a Sentamanat Extensional Rheometer fixture (SER-2, Xpansion Instruments, LLC)
mounted on a DHR-2 TA instrument. The neat polymers were split into strips with
dimensions of 20 mm x 10 mm x 0.8 mm (length x width x thickness). Then, the
extremities of the sample were mounted on the dual rotating windup drums, to
ensure a uniform extensional deformation. Therein, the extensional flow data
were collected at different Hencky strain rates at constant temperatures (150°C,
190°C and 230°C) under a nitrogen atmosphere. Strain validation and continuous

visual access were performed during the measurements by a built-in camera to
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monitor the evolution of a specimen’s width dimension at the constant Hencky
strain rate. Figure shows an example of the real evolution of sample width
dimension of neat polymer LL2 undergoing stretching at a constant Hencky strain
rate of 0.1 s, while Figure shows an example of theoretical width dimension.
The actual sample width evolution was compared then with theoretical ones by

using the eq (1):

W(t) = Wolexp(—&,)]"/? (1)

, Where W, is the initial width dimension before stretching.

The Hencky strain rate can be expressed as:

. 2QR
én =——(2)

where R corresponds to the windup drums radius, Lo is the fixed length of the
specimen sample, and 2 represents the rotation speed of cylinders.
For a constant Hencky strain rate, the cross-sectional area of the stretched

molten specimen can be expressed as:

A() = Ag () exp(—éxt) (3)
M
where p, is the melt density of the polymer, p. is the solid-state density and

Ao is the cross-sectional area at the solid-state. Then the tensile stress growth

coefficient, ;. (t) of the stretched sample can be defined as

i) = —L(a)

egA(t)
2.2.3 Size-exclusion chromatography coupled with LALS and
viscometer
Size exclusion chromatography is a method in which molecules are separated
according to their hydrodynamic volume. The combination of Size-Exclusion
Chromatography (SEC) coupled with low-angle light scattering (LALS) and



viscosmeter provides a versatile and reliable way to characterize the polymer
chain microstructure (Figure S3, Supplementary Note 2).

The SEC experiments were carried out using a Viscotek system (from
Malvern Instruments) equipped with three columns (PLgel Olexis 300 mm x 7
mm [.D. from Agilent Technologies). 200 pL of sample solutions with
concentration of 5 mg/mL were eluted in 1,2,4-trichlorobenzene using a flow rate
of 1 mL/min at 150°C. On-line detection was achieved by combining a differential
refractive index detector, a low angle light scattering detector (LALS), and a
viscometer. This coupling provides both absolute molecular weight measurement
and structural information. OmniSEC software was used for the calculations.

The weight average molecular weight (M, ) and the number average
molecular weight (M,,) were determined following the equations below:

7 _ LM
Mo =5 )

Where w; is the weight average molecular weight and n; is the fraction of
molecules having a molecular weight of M;. Nuclear Magnetic Resonance *C-
NMR

Nuclear Magnetic Resonance is a spectrometric technique used to probe details
of molecular features. The position of a peak in the 13C-NMR spectrum is defined
by the local electronic environment of the carbon atom in the molecule?®. The 1*C
spectra were recorded with a Bruker Avance Il spectrometer operating at 100.6
MHz for 13C observation, equipped with a selective *H/*3C 10mm probe with z-
gradient coil. Samples for NMR analysis were prepared as 5 w% solutions in a
mixture of tetrachloroethylene (TCE) and deuterated benzene (TCE/C6D6 7:3
vol). Spectra were recorded at 90°C. Chemical shifts values (3), were referenced

to the signal of CH, methylene carbons set at =30.06 ppm. Spectra were taken



with power gated proton decoupling sequence, a 70° rf pulse and a recycle delay
time of 4.4 s3,
2.24 Analytical Crystallization Elution Fractionation

Crystallization Elution Fractionation (Supplementary Note 3, figure S4) (CEF)
was created by combining the separation power achieved in the crystallization
cycle (in CRYSTAF), with that obtained in the elution cycle (in TREF). The
dynamic mode used during the crystallization step enable a rapid separation and
better resolution than TREF and CRYSTAF?,

A mass of 4 mg of each PEs was dissolved in 8 ml of 1,2,4-trichlorobenzene
(TCB) at 160°C for 1 hour. After the dissolution period, the samples were loaded
to the injection loop (200 pL) and injected into the CEF column using an isocratic
pump. Samples were separated based on their crystallization capacity using two
temperature cycles. During the crystallization step, the column temperature was
lowered to 35°C, at a rate of 2°C mint, under a continuous flow of TCB (0.05 mL
min?). In the elution step, the separated fractions were progressively solubilized
as the temperature was increased to 130°C, at a rate of 4°C/min, under a
continuous flow of TCB (1 mL/min).

An infrared detector was used to measure the concentration of eluted fractions
to obtain the CEF profile and to calculate the amount of CH3/1000C. Thus, the
elution temperature was directly related to the number of short-chain
branches/1000 carbon atoms by a linear relationship.

2.2.5 Differential Scanning Calorimetry

DSC experiments were carried out using TA instruments Q20 instrument to
study the influence of the different molecular architecture of PEs on crystallinity.
A polymer mass of 5-6 mg was weighted and prepared in a low-mass pan. Then, a
temperature program was set in which the samples were first heated from -80 to
200°C, then cooled to -80 °C followed by a second heating scan to 200 °C at a
heating/cooling rate of 10 °C/min under a nitrogen atmosphere. The melting

temperature (Tn) was noted, as the maximum of the melting peak was determined
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from both the second heating scan. The crystallization temperature (T;) was taken
from the maximum of the exothermal peak in the cooling scan. Polymer
crystallinity was calculated according to the following equation. The 4H,,,” used
for PEs was 289 KJ/Kg .

AHp,

AH,,*

XC=

x 100 (7)

Where X is a percentage of crystallinity of the samples.
3. Results and Discussions

3.1 Polyethylene Microstructural Characterization
3.1.1 Estimation of branching content using SEC

The average molecular weight (M), dispersity, and the amount of LCB per
molecule of each PEs chosen in this project were measured by SEC coupled with
LALS and viscometer. The results are shown in Figure and the corresponding
Muw, M, dispersity index, and the number of LCB/1000 are listed in Table 2. The
LLDPEs selected for this study are ethylenel-hexene copolymers, where the
LLDPE (LL2) was prepared by the use of a metallocene catalyst while the LLDPE
(LL1) was synthesized with a Zeigler-Natta catalyst. In addition, both LDPESs
were obtained by high-pressure free radical polymerization and are expected to
contain both long and short-chain branching.

According to the literature, the LLDPEs prepared by the use of metallocene
(single-site catalyst) should lead to a narrower dispersity ranging from 2 to 2.5.
This is in good agreement with our results for LL2 which P is close to 2, as shown
in Figure . In contrast, a broad dispersity (b =5) was obtained for LLDE (LL1)
prepared by Ziegler-Natta (Z-N) catalysis involving a multiplicity of active-sites.

The branched LDPEs present broader distributions with a higher poly dispersity
index ranging from 7 to 9. The reason for this high dispersity is related to the

complex LDPE molecular structure, which is formed via a free-radical
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polymerization and at high pressure®!. Therefore, the most remarkable feature of
the distributions is the distinct high molecular weight tail of L1 in comparison

with the others.
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Figure 2 SEC molecular weight distributions of the 4 investigated PEs

Table 2 SEC molecular weight characteristics of the 4 investigated polymers

Mw Mn
sample b LC(I?/ 1000

(g mol?) (g mol?)
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LDPE (L1) 238 600 26 600 9 2

LDPE (L2) 95 700 13 660 7 1.5
LLDPE (LL1) 107 600 22 900 3) 0.7
LLDPE (LL2) 93 750 37 300 2.5 0.9

The amounts of LCB/1000C for each of the four types of PEs were also
determined by SEC-LALS, and they are listed in Table 2. As expected, both
LDPEs contain a higher amount of LCB/1000C compared to LLDPEs with values
higher than 1.5 for LDPEs and less than 1 in the case of LLDPEs, respectively®?.
3.1.2 Estimation of branching content by "C-NMR

Qualitative analyses of chain branching in LDPEs and LLDPEs were carried
out by C NMR spectroscopy using Randal methods (Supplementary Note 4). It
was therefore confirmed that the LLDPESs used in this study were obtained by
ethylene-1-hexene copolymerization while the structures of the LDPE polymers
were a quite complex combination of short-chain branching (SCB) and long-chain
branching (LCB). The identities of the short-chain branches of both LDPEs and
LLDPEs are listed in Table 3. It can be seen that LL1 contains a significantly
higher amount of short-chain butyl branches compared to LL2, with a value of
18/1000C against 12/1000C for LL2. These differences are directly related to the
polymerization process, which means that the LL1 obtained using the Zeigler-
Natta catalyst exhibits broader dispersity and, in consequence, a higher amount of
short-chain butyl branching content. Otherwise, the LL2 obtained using the
metallocene catalyst presents narrow dispersity and, as a result, a lower amount
of short-chain butyl.

In the case of L2, both methyl and propyl branches are absent, which is

common in low-density polyethylene. Moreover, for L1, the presence of methyl
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branches can be explained by the insertion of a propylene monomer as a chain
transfer agent to regulate both crystallinity and molecular weight.

The amounts of long-chain branches per 1000 carbon atoms determined by 13C
NMR are also presented in Table 3. It is around to 0.5 for both LLDPEs and 2 for
both LDPEs. It is important to note that the long-chain branch content in our NMR
investigation can be overestimated, as the 3Bn signal used for calculations for
branches with 6 carbons or more overlap with the 3S resonance of main chain

ends.

Table 3 Chain branches evidenced in the 4 investigated PEs and their content estimation by

13C NMR spectroscopy

L1 L2 LL1 LL2
B1/1000C 2 0 0 0
B2/1000C 1 1 0 0
B4/1000C 6 6 18 12
B5/1000C 2 2 0 0
Bn>6/1000C 2 2 0.6 0.5
SCB/1000C 11 9 18 12
LCB /1000C 2 2 0.6 0.5
Total amount of
chain branching /per 13 11 18.4 12.5

1000C

3.1.3 Estimation of branching content and distribution with CEF
Crystallization Elution Fractionation (CEF) was used as a complementary tool
to *C-NMR and SEC to investigate the chemical composition distribution (CCD)
of both LDPEs and LLDPEs. These samples were eluted and fractionated
according to their crystallization temperature. First, the chains with less

14



crystallinity (more SCB) were eluted, followed by the chains with higher
crystallinity (less SCB). Figure 3 and 4 shows CCD of ethylene-1-hexene
copolymers as measured by CEF, and the results are summarized in Error!
Reference source not found.. The CEF profiles of the studied polymers revealed
distinct peaks, with the first peak (F1) is corresponding to the amorphous phase
with extremely branched chains. The second and third peaks (F2 and F3)
correspond to the crystalline phase of the polymer with relatively few branched
chains. The sum of these peak areas gives the average total branching content
expressed per thousand carbon atoms (/1000C) and is also listed in the Table 4.
Notably, the branching in LDPE is referred to as long-chain branching (LCB),
whereas the branching in LLDPE is referred to as short-chain branching (SCB) 2.

As shown in Figure 3, both LDPEs display unimodal branching distribution
showing one peak in the crystalline phase (F2) and a narrow CEF profile with a
total branching content of 19 for L1 and 14 for L2, consistent with a free-radical
polymerization mechanism. While, as shown in Figure 4, both LLDPEs exhibit a
bimodal branching distribution, showing two peaks in the crystalline phase (F2
and F3). The LL1 has a very broad branching distribution and a less uniform
composition distribution (distance between F2 and F3 in Figure) with a total
branching content of 22. This behavior is expected from the Ziegler-Natta catalyst,
since there are more active sites used to generate PE chains with varying
comonomer compositions and chain lengths. Contrarily, the LL2 has a more
uniform microstructure with narrow CCDs and a total branching content of 13,
which may be ascribed to the presence of only one active site in metallocene
catalysts. The single-site catalyst (metallocene catalysts) technology is used to
tailor the molecular architecture of polyolefin demands by adjusting catalyst
structures and process parameters. The well-controlled microstructures could be
employed to help design polymerization models. These results are in agreement

with other authors.

15



To summarize, the CEF analysis was used to obtain information about the
branching distribution of the studied PEs that the 13C NMR method alone cannot
provide. As evidenced in table 3, 4 and 5, the CEF findings were in the same order
of magnitude as those obtained using the *C-NMR analysis, indicating the
reliability of both methods. Interestingly, the CEF method does not efficiently
fractionate LCB existing in the PEs, since the LCB behave like the main chains
and thus have some impacts on chain crystallinity. On this basis, only findings
determined by **C-NMR can be used to predict the LCB content.

Table 4 Characteristic of the PEs CEF fractions

Peak elution temperature (°C)

Sample CHs/1000C
F1 F2 F3
LDPE (L1) 10 75 - 19
LDPE (L2) 11 81 - 14
LLDPE (LL1) 10 66 94 22
LLDPE (LL2) 11 78 82 13
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Figure 3 CEF profiles of LDPEs produced by free radical polymerization.
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Figure 4 Effect of catalyst type of ethylene/1-hexene copolymers determined by CEF: LL1

obtained using Z-N catalyst (a) and LL2 obtained metallocene catalyst (b).

Table 5 summarize the calculated LCB/1000C with the two methods. The obtained results

with SEC, C NMR and CEF highlighting the accuracy of our procedures. Comparison

between different methods to measure
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SEC 13C NMR CEF
LCB/1000C Cn
Sample
p (N>=6)/1000C CHs/1000C
LDPE (L1) 2 2 19
LDPE (L2) 1.5 2 14



LLDPE 0.7 0.6

(LL1) 22
LLDPE 0.9 0.5 i
(LL2)

3.14 Differential scanning calorimetry (DSC)

The thermal fractionation of the studied PEs was measured using DSC as
shown in Figure and the detailed results are listed in Table 6 Various
crystallization parameters of both sets of polyethylenes measured by DSC. It is
quite clear, from the melting process, that LLDPE2 with lower branch content is
rather different from all studied PEs, since having two different melting peaks of
the heat flow, a larger one at 107°C and a narrower one at 118°C. This could

indicate the presence of two crystalline populations.

Comparing these results with those obtained from CEF, it seems that the first
melting peak that appears at lower temperature represents the short-branched
fractions F2, while the second narrower peak refers to the more linear components
with lower short-chain branching content F3. The formation of a double peak for
LLDPE having lower branch content has also been observed by Cabrera in their
previous work. In this last reference of our group, we hypothesized that the low
branching content of LLDPE may result in a segmented intra-chain comonomer
distribution that could initiate the segregated crystalline state. Furthermore, only
one melting peak can be viewed for the others PE in their melting cycle. This
single broader peak may be related to the single crystalline population.
Crystallization temperatures (T.), melting point (T.), and the degree of
crystallinity (X; %) of the four types of polyethylene were calculated from the
second heating ramp. The values obtained from the DSC curve are reported in
Table 6. It can be seen that the degree of crystallinity of LL1 is much higher than
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that of LL2, with values of 46% for LL1 and 35% for LL2, respectively. This
trend is expected as the LL1 has a higher melting temperature. Moreover,

comparing the crystallinity and the melting temperature of L1 and L2, it can be
seen that they do not change significantly.

— ]
m— L2

— —~
m— L2

\/
—/

40 60 80 100 120 140 160
Temperature °C

Exo
Heat Flow

Figure 5 DSC thermograms for the different PEs

Table 6 Various crystallization parameters of both sets of polyethylenes measured by DSC

Samples Tc (°C) Tm (°C) Xc (%)

LDPE (L1) 93 112 42
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LDPE (L2) 98 115 38

LLDPE (LL1) 110 126 46

LLDPE (LL2) 99 107 - 118 35

3.2 The influence of molecular architectures of PEs on rheological
properties
3.2.1 Dynamic time sweep

In this section, we examine the linear viscoelastic properties of both linear and
branched PEs at different temperatures ranging from 160°C to 240°C. For the sake
of clarity, only the rheological results at 190°C are presented here. Prior to testing,
It was necessary to first check that the polymer melt does not degrade during the
dynamic shear measurements (Small Amplitue Oscillatory Shear, SAOS). An
example of the normalized viscosity and storage modulus as a function of time is
shown in Figure at a reference temperature of 190°C. First, it can be seen that the
viscoelastic responses for both LLDPES, don’ts o change over the testing time.
This suggests that the molecular structure of the LLDPEs remained relatively
unchanged®*. Likewise, at a shorter time, the thermal stable behavior of the LDPE
plots is highlighted, whereas at a longer time (t>15 min), the behavior of the
LDPEs is different compared with the linear one. A vertical shift was required at
a longer time, which could be due to some crosslinking among the LDPE chains

or degradation mechanisms occurring over a long period time.
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Figure 6 Evolution comparison of G’/G’(t = 0) and n*/n*(t=0) as a function of healing

time at 190°C with an angular frequency of 0.1 rad/s for neat PEs.

3.2.2 Dynamic frequency sweep

The viscoelastic properties of polymeric materials are very sensitive to the
molecular structure of polyethylene including short/long chain branching and
dispersity. Figure Depicts the dynamic complex viscosity (n*) against angular
frequency () for all the neat polymers at a reference temperature of 190°C.

Firstly, it can be observed that the rheological behavior of both linear and
branched PEs are different with some shear-thinning behaviors, which are more
pronounced beyond 10 rad/s. Their zero-shear viscosity can be simply deduced as

the lim n =n_ inthe Newtonian regime, except for LDPES the zero-shear viscosity

values were not reached experimentally. As found in the literature, the presence
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of long-chain branching causes a significant increase in shear-frequency/thinning
behavior *.

Moreover, it can be clearly seen that LDPESs are more viscous comparing to the
linear ones at lower frequency regions. This behavior was expected since the
LDPE contains a high amount of LCB/1000C compared to LLDPE with values of
2 for LDPEs and close 0,5 for LLDPEs, respectively. The presence of long-chain
branching created more entanglements thus resulting in higher molecular weights
as well as rising viscosities at lower frequencies and significant shear thinning at
higher frequencies®. Herein, the zero-shear viscosity (no) was calculated by
fitting the experimental data with the Carreau-Yasuda model [1] and then

compared with the calculated viscosity.
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Figure 7 Master curve of complex viscosity versus angular frequency (shear rate) at a

reference temperature of 190°C for all PEs.

Master curves of storage modulus (G’) and loss modulus (G”) reduced at a
reference temperature of 190°C for all neat PEs are given in Figure . The rheology
at the terminal zone was found to follow the standard relations G'~ «?, G”~ &'
for the neat polymers. The crossover of G’ and G’ allow us to calculate the

relaxation time (t¢=no/GY) The main characteristics of the selected PEs are
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summarized in Table 7. The plateau modulus (G2) was estimated with van Gurp-

Palmen plots by extrapolation at the lower limit of 4.
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Figure 8 Master curves of storage modulus (G’) and loss modulus (G”) reduced at a

reference temperature of 190°C for all PEs.

The number of entanglements per chain (Z) can be evaluated as Z=M,,/M.. The
weighted average terminal relaxation time determined from the cole-cole plots
(1" ~n') was taken as the order of reptation time (zep). Furthermore, the critical
molecular weight M. s to be twice M. The latter is calculated according to

Gn=pRT/M. with the melt mass density (p) and gas constant (R).
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Additionally, the Rouse relaxation time might be calculated using the following

equation: Additionally, the Rouse relaxation time might be calculated using the
following equation (8):

L (&)“ (8)

© ®pRT \M,,

Table 7 Material characteristics based on linear viscoelastic measurements at

190 °C
Sample code L1 L2 LL1 LL2
Mw(g/mol) 238600 95700 107600 93750
b 9 7 5 2,5
LCB/1000C (**C NMR) 2 2 0,6 0,5
SCB/1000C (**C NMR) 11 9 18 12
Mo (carreau) (Pa.s) 35169 13785 7619 9232
Measured n* (0,01rad/s) (Pa.s) 38459 16426 8280 9845
Ea (KJ/mol) 53 51 26 31
Gy (x105Pa) 1,1 1 2,6 6
Me (kg/mol) 32,5 36.5 14 6
Mc (kg/mol) 65 73 28 12
Z 7 3 8 16
Tm (S) 6.3 3.14 0.06 0.06
TR () 0.1 0.1 0.005 0.001

The activation energy of the viscous flow (Ea) of the selected PEs was obtained
from the logno plotted versus 1/T within a temperature range of 160°C<T<240°C.
Obviously, it can be seen from Table that the activation energy of each LDPEs is
higher compared to that of LLDPESs. The corresponding values for the two LDPEs
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are around 50KJ/mol, typical for LDPEs®**%®. This is due to the long-chain
branches that are obtained using a free-radical mechanism. On contrary, the flow
activation energy values of LLDPEs are 26 KJ/mol for LL1 and 31KJ/mol for
LL2, respectively, values again typical for LLDPEs *°. This is related to the
negligible long chain branching in LLDPE.

3000
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& 1500
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Figure 9 Cole-cole plots for neat PEs at 190°C

Figure presents the plots of " versus 1’, which are typical Cole-Cole plots.
The LDPEs display an interesting window to check the effect of their long

relaxation process in comparison respectively to linear LLDPEs. A semicircular
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shape was obtained for LL1 with a relaxation time of 0.25s. For LLDPE?2 we note
the presence of two prominent relaxations peaks. The first, at shorter times (0,04s),
was related to the relaxation of the short-chain while the second one, situated at
(16s), could be attributed to the reptation of the backbone. The intensity of the
weighted relaxation peak of LL2 is a little weaker which means the elasticity is
reduced due to the lower molecular weight. The wide relaxation peak of LL1
indicates a non-uniform chain structure. However, for LDPES, no arc shape was
seen even at low frequencies indicating a very long relaxation time for this kind
of polymer. These differences can be explained by the different PEs structures
and molecular weight distribution. The presence of LCB has a more pronounced

effect on viscoelastic properties.
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Figure illustrates the weighted relaxation spectra normalized by the zero-
shear viscosity as a function of the relaxation time of neat polymers at 190°C.
They are normalized to eliminate the effect of viscosity mismatches between
polymers. This reflects the continuous time distribution of chain relaxations. The
relaxation spectrum was determined using the dynamic modulus. As depicted in
the same Figure 9, the PEs show different characteristic relaxation times because
of their different structures and molecular weight distributions.

For LLDPEs, two prominent relaxation spectrum peaks could be clearly
observed at about 0.03s and 18s for LL2. In addition, the relaxation times of LL1
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are located at 0.2s and 11s. The first peak corresponding to the relaxation of short
chains is due to the reptation of the linear chains (backbone). The second one is
related to the existence of a second phase with a longer relaxation time.

While for LDPEs the relaxation spectrum could not be detected in the present
experimentally available range of frequency, LCB suppresses reptation time and
cause a much slower chain relaxation. These results are in agreement with Cole-
cole plot Figure .

The relaxation time of LLDPE is dominated by the reptation of long chains,
hence this explains why the rheological properties of a polymer are strongly

influenced by the longest chains in the system.
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Figure 11 Van Gurp-Palmen (vGP) plots of phase angle (8) versus complex modulus (G*)
for all linear and branched PEs at 190°C.

Figure depicts the Van Gurp-Palmen plots of these PEs at 190°C. The plots
show the evolution of the phase angle in terms of |G*| for all linear and branched
PEs. Gy was estimated by an extrapolation of these curves at the lower limit of
d. T he phase angles are strongly dependent on molecular weight and are very
sensitive to polydispersity and the presence of long-chain branching. As the

number of LCBs increases, the entire curve shifts to the left of the complex
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modulus axis. We note that the effect of LCB is similar to that of polydispersity.

To sum, the LDPEs display high elastic behaviors than LLDPE polymers.
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Figure 11 Representative vGP curves of linear and short-chain branched PE over the

temperature range from 160 °C to 240°C.

Figure shows the thermal-rheological behavior found for LLDPEs and LDPEs
in terms of a 8-|G*| plot. The LLDPE metallocene ethylene-hexene copolymers

with very low levels of long-chain branching are thermal-rheologically simple,
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I.e., the superposition appears to be good. We conclude that these linear
copolymers exhibit only mild complexity. While long-chain branching results do
not exhibit time-temperature superstability, they are thermal-rheologically
complex.
3.23 Extensional rheology of all PEs at 190°C

Uniaxial extensional rheology was used to investigate the melt flow properties
of the four different types of polyethylene and to determine their processability
under flow conditions simulating the coextrusion system. Figure shows the
evolution of extensional viscosity as a function of time at 190°C with extension
rates varying from 0.1 to 10 s. The transient extensional viscosities of neat
polymers agree well with the LVE envelope. The latter was determined
independently from linear viscoelastic shear rheology measurements and plotted
as a dashed black line. L1 seems to show the strongest strain-hardening among
the tested polyethylene’s. This observed behavior is expected since this polymer
contains broader dispersity, molecular weight distribution and also a high amount
of long-chain branching. The numbers of LCB per 1000 monomers were found to
be 2 for LDPE, which favored the entanglement between chains. S.L. As
explained by S. Lindeblad °, the origin of the strain hardening behavior was
attributed to the number of branches that increase the monomeric friction between
a small molecule and its surrounding ones, allowing the backbone to be extended
more than its linear polymer. Consequently, as the arms with the remainder of the
molecule are sufficiently aligned by the elongational flow, the friction reduces,
and the polymer backbone contracts with a less stretched configuration, obtaining
the steady-state stress. Similar behavior was seen in L2 and it could be correlated
again to the amount of short and long-chain branching as we have demonstrated
previously.

Therefore, in terms of LL2, a positive deviation in extensional viscosity from
the LVE envelope at larger strains was observed, indicating an enhanced strain

hardening. This result was not expected since this polymer has narrower dispersity,
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lower molecular weight, and negligible long chain branching LCB (0.5
LCB/1000C). It can be said that extensional rheology is extremely sensitive to
even trace amounts of LCB. Whereas this hypothesis doesn’t seem to be valid for
the other LL. These results are in correlation with the literature indicating that
even a small amount of LCB may result in significant differences in the
rheological behavior 441, A HMMSF model was used to predict the extensional
rheology behavior and compared with the experimental data which can be found

in supplementary information ()
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Figure 13 Extensional viscosity at the temperature of 190°C with the extensional rate
varying from 0.1 to 10 s for the different PEs. The black lines represent the LVE envelope

(i.e., 3no*(t)) determined from shear measurement.

4. Conclusion

The physicochemical, thermal, and rheological properties for the four kinds of
polyethylenes composed by LDPEs and LLDPEs were studied. It was found by
SEC and ®*CNMR that LDPEs contain high molecular weight and a great amount
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of LCB in comparison with linear ones, which is in good agreement with the
dispersity of each sample. The reason for this difference is related to the complex
LDPE molecular structure, which is formed via a free-radical polymerization.
CEF test were conducted as a complementary tool for *C NMR and SEC to
investigate the chemical composition distribution (CCD) of the studied PEs. The
findings indicated that the CCD of each sample depends strongly on the catalyst
used. The LL1 produced by Z-N catalyst exhibit broad branching distribution and
less uniform composition distribution, whereas the LLDPE2 obtained by
metallocene catalyst show more uniform microstructure with narrow chemical
composition distributions. Unlikely, the two LDPEs display wide and unimodal
distribution, as expected from the free-radical polymerization mechanism used to
fabricated it. Moreover, the CEF findings were in the same order of magnitude as
those obtained using the *CNMR analysis, indicating the reliability of both
methods. Additionally, the thermal behavior of branched and linear PEs was
correlated to its microstructural parameters. All samples display unimodal
crystallization profiles except the LLDPE produced by Metallocene catalyst with
two complex endotherm peaks revealing heterogeneous intra-chain and inter-
molecular SCB distributions. Furthermore, the rheological results were strongly
influenced by the presence of LCB. It was found that LDPEs with a higher amount
of LCB (2 LCB/1000C), and broad MWD exhibited higher zero shear-viscosity,
higher values of storage modulus, longer relaxation times, and higher activation
energy when compared to linear LLDPEs**#2, Indeed, the presence of long-chain
branching leads to more pronounced strain hardening behavior in the elongational
flow which is neglected in linear species. The molecular structure of linear and
branched PEs is consistent with the rheological properties. Finally, these findings
lead to a better understanding of the relationships between the molecular structure

of linear and branched PEs with rheological properties.
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1.Supplementary Note 1 Extensional rheology

Extensional rheology was performed to probe the effect of long-chain branching (LCB)
and short-chain branching (SCB) of the selected PEs and to understand the effect of molecular
structures on their rheological properties. More recently, it has been proved that the elongational
experiments are more sensitive to the long-chain branching than the classical characterization
methods (SEC-malls...)[1].

Figure S1 Sequential images recorded by the built-in camera to show the evolution of

actual width dimension of neat polymer LL2 undergoing stretching at a constant Henckky

strain rate of 0,1 st
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Figure S2 Width ratio for all PEs against the Hencky strain for two applied strain

rates 0,1 s and 10 s

2. Supplementary Note 2 SEC-LALS

The separation principle of SEC-Malls is described in Figure . The stationary phase is a
porous gel in which small molecules will remain within the pores and flow more slowly,
whereas large dissolved molecules will stay in the mobile phase and flow faster because they
are too large to penetrate the pores, thus efficiently sorting the molecules by size. Then, each
small fraction of polymer eluted out of the SEC column is analyzed instantly by the low-angle
laser scattering LALS. The LALS term refers to the amount of scattered light by the samples at
low angle detection and used to study the long-chain branching of PEs. This method is more
sensitive to the presence of long-chain branching in high molecular weight polymers than the

lower ones [2].
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Figure S3 The separation principle of SEC

The absolute molecular weight and radius of gyration Rg of all PEs used in this study were
measured directly by the SEC-LALS technique. Therefore, the long-chain branching
distribution and content in the PEs were also determined by direct application of the Zimm-—

Stock approach [3].
3. Supplementary Note 3 Crystallization Elution Fractionation (CEF)

The advantage of CEF is to increase the physical separation obtained in the crystallization
step and to reduce the fractionation time in the elution cycle, leading to a new extended
separation as displayed in Figure . In CEF, the first step is the sample loading, followed by
pumping a small flow of the solvent through the column over the cooling process[4]. The
crystallization occurs at different places in the column and is maintained until the sample
reaches its crystallization. Then, a new solvent flow Fe was inserted again as in TREF at an
appropriate rate while the temperature is still increased. By raising the temperature of the
column, the eluant dissolves the polymer components. A detailed description of this method is
reported in the literature[5]. This method was used to support the information of the different

PEs molecular architecture and branching structures determined by SEC and *C NMR.
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the initial and final temperature of each step: 1) TREF separation process; 2) Dynamic
crystallization process, 3) Crystallization Elution Fractionation process (B. Monrabal et al.,
2007).

4. Supplementary Note 4 **C-NMR and Randall model

According to the literature, the ethylene copolymerization with 1-hexene leads to establish
butyl branches along the polyethylene backbone and has provided a useful NMR objective as a
reference for characterizing the butyl branch being the most abundant branch seen in LDPE[6].

13C-NMR chemical shifts assignments for all polyethylene used in this study were done
according to Randall’s previous work and were referenced here by setting the major
methylene’s backbone carbon resonances to 30.06 ppm)[6]. The nomenclature used to identify
the various backbone and branching carbons was shown in S5. It was based on Randall, Usami,

and Takayama’s previous work[7].
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Figure S5 Nomenclature used for labelling the polymer backbone and side-chain carbons
[10]

The backbone carbons are designated by a pair of Greek letters that indicate the position
of the closest methylene carbons in each direction. The methine branch point is denoted by the
carbon marked ‘br’ that can be easily isolated. The Greek symbol “a” denotes that methine
carbon is bonded to a methylene carbon of concern. While two Greek symbols, “aa”, signify
that the given methylene carbon is sandwiched between two methine carbons. Therefore, the
“B” means that a methine carbon is two carbons removed from the carbon of concern, and so
on with the Greek letters y (3 carbons away) and &. The linear alkyl end group is

correspondingly labeled 1s, 2s, 3s, and 4s.

Additionally, the position of each carbon inside the different types of branches is identified
by xBn, where “n” denotes the branch's length and “X” designates the location of carbon inside

the branch beginning with the methyl group as 1.

The presence of short-chain branching (SCB) can be identified from the “BOBi<n>4”
resonances located at 27.3 ppm and was observed for both LDPEs and LLDPEs. In the case of
LLDPEs, the BBHen carbons resonance identified at 24.1ppm was also to be taken into account

for quantification. Even weaker resonances indicate the presence of a small amount of short-
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chain branching. The equation below was thus used to measure the total number of short-chain

branches "Ng.5" per 1000 carbons from signals integration of 3 CNMR spectra.

I
B
() 1)
N =— %1000
SCB N, *

, Where “Ig” and “Ipp” represent the integral value of each corresponding carbon signal,

and “N.” is the integral value of all the carbon signals of the spectra.

In addition, at the resonance at 32.2 ppm corresponding to “3Bn>¢” carbons evidences
long-chain branching. . Even weaker resonances indicate the presence of a small amount of
long-chain branching. For both LDPEs and LLDPEs, the equation below was used to determine

the total number of long-chain branches (N.cg) per 1000C.

(Ignz6 * 1000)
Nc¢

Nicg =

where “Ig,,5¢” denotes the measured integral value at 32.2 ppm and “N.” corresponds to the

integral value of all the carbon signals of the spectra.

Table S1 3C Chemical Shifts, peak assignments, and spectral integration for both
LDPEs and LLDPEs

Integral measurement

Chemical
Assignement LDPE LLDPE
Shift (ppm)
L1 L2 LL1 LL2
10.9 1B2 4.46 3.21 - 0.32
14 1S+1B4+1B6+1 0.98 8.91 17.8 10.95
B5 1
19.9 1B1 2.72 0.00
22.9 25+2B5+2B¢ 3.74 3.51 0.60 0.37
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21.2

23.4 2B4 8690  7.96 11.50
24.1 Ti— 0 0 213 052
26.8 2B2+4B5 750 766 000 032
27.3 BB, + BB, 2786 , 227 401 573
27,48 BB, 2 0 0 0
295 384
29.6 45
30 [CH2]n 1000 1000 100 10389
30 YBn>at+YB;
31.1 VYHEEH
32.2 3S+3B* 249 227 068 044
32.7 385 212 194 000 0.0
33.2 CHB1 259 000 000 0.0
34 4B4+aB2
34.4 0Byos g9 %2 1 gsp
34.8 AHHH
35.6 brHHE 181 098 264 000
37 CH(1,3-)diB2 144 121
0.00

375 2 575  0.00
38 CHB*4 1161 958 . 2°0 1590
38.8 oo 104 103 037

2,08
39.4 XX 075 000 0.00
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1137. 1108 118 1156.7

Total number of carbons (Nc) 83 01 253 9

4. Supplementary Note 5 * Comparison between the predictions of the HMMSF model and

Extensional rheology data

Modeling the shear and extensional rheological behaviors of polymers have been studied
extensively to get detailed information on polymer molecular structure and processing behavior.
On one hand, the KBKZ integral constitutive equation [8], one of the older models, has shown
promising results in predicting polymer system shear and extensional rheological behaviors [9].
Samurkas et al. [10], on the other hand, demonstrated that the KBKZ model seems to be unable
of simultaneously predicting the strain softening in shear and strain hardening in planar flows.
Another research [11] used the Doi-Edwards theory [12] as well as the molecular stress function
model [13] [14]to predict the extensional rheological behavior of linear and LCB polyethylene

melts.

In a recent research, Wagner et al. [15-17] used the MSF model with two nonlinear
material parameters to simulate the extensional viscosity growths. Masubuchi et al. [18] studied
the molecular mobility in elongational flow by simulating primitive chain networks. They found
good agreement between models and experimental data of monodisperse linear and pom-pom
branched polystyrene. Narimissa et al. [19-21]developed a hierarchical multimode stress
function (HMMSF) model to predict the rheological behaviors of linear and LCB polymers for
different types of flow including uniaxial extensional, multiaxial extensional, and shear
deformations. This HMMSF model is based on hierarchical relaxation, dynamic dilution,
interchain tube pressure, and convective constraint release[22]. The model’s findings match
well with those obtained from elongational viscosity data for a variety of LCB polymer melts
and present an opportunity for estimating the morphology as well as the crystallization rate of
HDPE[23].

The aim of this part is to compare the HMMSF model to the obtained extensional
rheological data of both sets of LDPEs and LLDPEs. So far, we've only worked with two types
of LDPE at 150°C, and therefore the remainder LLDPEs will be modeled soon. More details

50



about the HMMSF modelling approach can be found in the [22]. Figure 20 compares the
measured extensional viscosity of LDPE-L1 and LDPE-L2 at 150°C to the HMMSF model'’s
predictions. As we can observe the HMMSF model and the extensional viscosity data of both

LDPEs show good agreement. The slight deviation observed for LDPE-L2 for 0,005 s? is

possibly attributed to a measurement error.
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Figure S6 Comparison between the predictions of the HMMSF model (continuous lines)

o1

and measurements of Extensional rheology (symbols) at 150°C.
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