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Linking molecular structure to plant conditions:
advanced analysis of a systematic set of mini-plant
scale low density polyethylenes+
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Two sample sets of low density polyethylene (LDPE) were investigated and differentiated via comprehensive
analysis of their microstructures with specific emphasis on branching. The sample sets were produced
under well-defined conditions in a high-pressure mini-plant autoclave reactor and vary with respect to
molecular weight and conversion. Focus was laid on analyzing the materials with respect to short- and
long-chain branching by NMR, light scattering, viscosimetry and crystallization-based methods. Additionally,
selected samples were fractionated preparatively. Temperature rising elution fractionation and solvent gradi-
ent fractionation were chosen to fractionate the materials according to crystallizability and molecular
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weight, respectively. Triple detector SEC provided molecular weight distributions, short chain branching
densities, Mark—Houwink and conformation plots of the individual preparative fractions. It was proven that
the fractionations were successful with regard to the desired properties and a deeper insight into the
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Introduction

Polyethylene (PE) exhibits a long-lasting industrial success both
for commodity materials as well as niche applications." >
Recently, PE has drawn attention in the context of recycling and
circular economy.” Although PE exhibits a very simple molecular
structure (just carbon and hydrogen), its properties can be
tuned over a very wide range by adjusting its microstructure and
molecular topology. The polymeric microstructure of PE is not
only governed by molecular weight (M) but also by the length
and branched density in the material.” Branches of different
lengths and topologies are formed during the polymerization
process. While catalytically produced HDPE (high density PE) is
mainly linear, LLDPE (linear low density PE) contains short-
chain branches (SCB) and LDPE (low density PE) shows a signifi-
cant SCBs as well as LCBs (long-chain branches) densities. In
the case of LDPE, SCBs and LCBs are introduced into the macro-
molecular structure during the free radical polymerization
process via intra- and intermolecular transfer reactions, respect-
ively.® These branches are formed randomly during the polymer-
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heterogeneous, complex microstructure of LDPE and its connection to process conditions was obtained.

ization, so that the resulting material is indeed a mixture of
macromolecules with remarkably differing microstructures with
respect to molecular weight as well as branching length and
density. Consequently, it is of crucial importance to analyze
these materials comprehensively in order to establish structure—
property relationships, which will eventually be able to link
polymer microstructure and branching with product properties
such as density, viscosity or crystallinity. While LDPE typically
exhibits 10-30 SCBs per 1000 carbon atoms, the LCB density is
only 1-3 per 1000 carbon atoms. SCBs affect mainly the density
and crystallizability of the material, LCBs lead to a reduced coil
radius and influence the flow properties of the material.*”

The heterogeneity of LDPE-type materials is particularly
challenging from an analytical point of view. Attempts have
been made to comprehensively analyze LDPE and quite a few
complementary techniques have been developed and used.>*”°
Average molecular weights and molecular weight dispersities
can be determined by high-temperature size exclusion chrom-
atography (SEC) coupled to a concentration sensitive detector,
typically working at 140-150 °C and using 1,2,4-trichloroben-
zene as a solvent and mobile phase.'® This experimental setup
provides information regarding molecular weight but not
branching. Average branching sequences can be measured via
quantitative "*C-NMR under high-temperature conditions and
different branch types can be identified and grouped into
SCBs and LCBs."" ™" For defined ethylene a-olefin copolymers,
branches of up to 10 and 16 carbon atoms could be

This journal is © The Royal Society of Chemistry 2021
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differentiated.">'>'® In LDPEs the differentiation is more
complex due to the simultaneous existence of branches of
different chain length. Often branches with carbon number of
six or higher is accounted for as LCB, as the chemical shift
differences of longer branches are not high enough to be differ-
entiated by NMR.’ However, Zhou et al. recently showed that
branches of up to seven carbon atoms could be identified."”

A powerful technique that can correlate branching and
molecular weight is triple detector SEC. In addition to a con-
centration detector, a viscosimetric detector (Visco) and a
static light scattering detector (multiangle laser light scatter-
ing, MALLS) can be connected to the SEC instrument.'®'® The
Visco detector provides the intrinsic viscosity of the sample,
which can be plotted as a function of molecular weight to give
the so-called Mark-Houwink plot. Intrinsic viscosity increases
linearly with molecular weight. Branching leads to a reduced
coil radius in solution, which gets more pronounced with
increased branching, and leads to reduced viscosities and con-
sequently to a deviation from the linear case. Static light scat-
tering gives the conformation plot (radius of gyration as a
function of molecular weight), which can be used to detect
LCB due to a reduced coil radius for branched samples.'®>*

While these methods are particularly sensitive to LCB, SCB
is typically investigated by performing crystallization-based
fractionation techniques, such as crystallization analysis frac-
tionation (CRYSTAF)**** and thermal fractionation by succes-
sive self-nucleation and annealing (SSA).>>>° These techniques
are based on the assumption that molecules with a similar
degree of branching will co-crystallize, mostly independent of
polymer chain length. The resulting polymer crystallinity dis-
tribution can then be linked to the branching distribution via
correlating the crystallization temperature and the branching
content.””>° However, one has to keep in mind that these
methods only apply to the crystalline part of a given material.

Recently, it was shown that a deeper insight into branched
PE can be gained by applying a multiple preparative fraction-
ation approach, which consists of preparative fractionation
according to crystallinity (preparative temperature rising
elution fractionation, pTREF) and preparative fractionation
according to molecular weight by either preparative molar
mass (pMMF)>?%3! or preparative solvent gradient fraction-
ation (pSGF).° The resulting fractions were still heterogeneous
with respect to either branching or molecular weight, respect-
ively, and cross-fractionation by combining pTREF/pSGF with
triple detector SEC, CRYSTAF and SSA proved to enable a
deeper insight into the molecular microstructure.***>

Unfortunately, most of the studies dealing with the detailed
characterization of PE have been conducted on industrial
samples. This has the advantage that samples are easily avail-
able in large quantities and that they possess industrially rele-
vant microstructures and properties. At the same time, the cor-
relation of microstructure with corresponding reaction and
process conditions is not possible, because details of indus-
trial process conditions are usually not disclosed. Moreover, if
certain microstructural characteristics (such as branching) are
to be investigated systematically or if sensitivities of analytical
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methods are of interest, suitable samples with a known prepa-
ration history are not available.

For this reason, the aim of this publication is the advanced
analytical characterization of a systematic set of LDPE
samples, which were produced in a mini-plant scale autoclave
reactor under well-known and deliberately chosen continuous
operation conditions. Polymerization conditions were close to
industrial ones with pressures of 2000 bar and a temperature
of 250 °C. The produced samples vary with respect to chain
length, as they were produced with varying feeds of chain
transfer agent, as well as with respect to conversion. These two
parameters are interesting because different chain lengths
lead to different molecular radii, while different conversions
directly translate into different polymer concentrations for the
bulk polymerization of LDPE, which are expected to result in
diverging transfer reactions and thus different branching.” The
samples were analyzed via comprehensive analytical character-
ization and the results gave insights into the detection limits
and sensitivities of the different techniques. Finally, the find-
ings were directly connected to the polymerization conditions.

Experimental

1,2,4-Trichlorobenzene (TCB), white quartz sand (50-70 MESH),
2-ethoxyethanol, propionic aldehyde and 1,1,2,2-tetrachloro-
ethane-d, used in the study were obtained from Sigma Aldrich.
TCB was distilled before use. Chromium(m) acetylacetonate was
obtained from Alfa Aesar and xylene from Kimix. Ethene (3.0)
was obtained from Airliquide and tert-butyl peroxyactete (50%
in aliphates) from Degussa. Irganox 1010 was obtained from
Ciba Speciality Chemicals, Switzerland.

The investigated PE samples were produced in a high-pressure
mini-plant at the TU Darmstadt, Germany. Polymerization experi-
ments were performed in a continuously operated 100 mL stirred
autoclave reactor under steady-state conditions. For all experi-
ments the ethylene mass flow was kept constant at 0.556 g s,
the residence time in the reactor was 90 s and the pressure was
held at 2000 bar. More details about the set-up and experimental
details can be found in literature.” Summarized reaction con-
ditions for the experiments performed in the mini-plant can be
found in Table 1 and the molecular properties of the samples are
given in Table 2. The linear PE reference, PE 105K was purchased
from the American Polymer Standard Corporation (M, = 10400 g
mol ™", M,, = 105 000 g mol ", dispersity 10.1).

Triple detector SEC

Size exclusion chromatography (SEC) was performed using a
high temperature PolymerChar GPC-IR system (Polymer Char
Laboratories Ltd, Valencia, Spain) equipped with an IR5 detec-
tor in hyphenation with a Wyatt Dawn Heleos II LS detector
(Wyatt Technology Corporation, Santa Barbara, USA) and an
online Visco H502 viscometer detector (Polymer Char
Laboratories Ltd, Valencia, Spain), an Agilent 1200 autosam-
pler (Agilent Technologies, Santa Clara, USA), three Shodex UT
806M columns, one Shodex UT 807 column and a Shodex
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Table 1 Summarized reaction conditions for the experiments per-
formed in the mini-plant: ethylene mass flow was always kept at 0.556 g
s7%, 90 s residence time and 2000 bar pressure. Experiments of samples
shown here were conducted on four different experimental days, which
is indicated by the first number of the labelling. The second number
indicates the sample number of the respective experimental day

Mcra Minitiator Conversion
Experiment T (°C) (gh™) (10 gh™V (%)
03-1 245 3.64 15.01 13.9
03-3 245 2.45 15.01 13.2
03-4 240 1.22 15.01 12.5
04-2 250 2.92 9.01 7.9
05-1 248 2.92 0.00 0.7
06-3 245 2.92 7.10 6.2

UT-G guard column (Showa Denko K.K., Kanagawa, Japan).
The reproducibility of the system was checked®® and a broadly
distributed reference sample (PE5, Dow, M,, = 115 kg mol ™)
was measured to ensure reproducibility after any system
changes (calibration, columns, etc.). The columns and detec-
tors were operated at 150 °C. The eluent TCB was distilled
prior to its use and stabilized with 2,6-p-tert-butyl-4-methyl
phenol (butylhydroxy-toluene, BHT, 0.0125%). A flow rate of
1 mL min~" was applied. All samples (2 mg) were dissolved in
TCB (2 mL) for 1-2 hours at 160 °C and 0.19 mL of the solu-
tions were injected. To ensure dissolution, the solutions were
checked to be clear and homogeneous with respect to flow be-
havior and the prefilter was checked not to be blocked. Linear
polystyrene standards (PSS Polymer Standards Service GmbH,
Mainz, Germany) with narrow molecular weight distribution
(MWD) were used for the IR calibration. Ten standards with a
peak maximum ranging from 474 ¢ mol™" to 4 410 000 g mol ™"
were used. Universal calibration was used to evaluate the Visco
detector data. The Mark-Houwink coefficients for linear PE
were taken from literature (K = 53 x 107> mL g~' and
a = 0.703).** A mixture of linear PE samples was used as a
linear reference for Mark-Houwink plots in the GPC One soft-
ware (Polymer Char, Valencia, Spain). The mixture consists of
five PE samples: 1.02 mg PE1 (PSS, M, = 181 kg mol %),
1.05 mg PE2 (University of Konstanz, M,, = 169 kg mol ™),
1.03 mg PE3 (University of Konstanz, M,, = 593 kg mol™"),
0.96 mg PE4 (University of Konstanz, M,, = 1.196 kg mol ™)
and 4.48 mg PE5 (Dow, M,, = 115 kg mol™") were dissolved in
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8 mL TCB. The molecular weight dependent radii of gyration
of linear PE, which are used as the reference when calculating
branching ratios from MALLS data, were taken from Wang
et al.*® The molecular weight distributions, as well as the IR
and Visco data, were evaluated using Polymer Char’s GPC One
software. The multiangle laser light scattering (MALLS) data
were processed with the Astra software (Wyatt Technology,
Santa Barbara, USA, version 6.1.7.17) and a dn/dc value of
—0.1040 mL g~ " was used for all samples.*”

3C-Nuclear magnetic resonance (NMR)

Prior to the ">*C-NMR measurements, the samples (120-150 mg)
were dissolved in deuterated 1,1,2,2-tetrachloro-ethane-d2 (TCE-
d2) (4.0 g). Based on the study of Zhou et al.*® the solvent con-
tained 0.025 M chromium(imn) acetylacetonate as a relaxation
agent. Dissolution was carried out at 100 °C for 60 min. To
ensure good sample dissolution, the samples was pre-dissolved
with uniform flow was observed during sample preparation.
The mixture was allow to cool to a clear homogeneous solution.
3C-NMR measurements were carried out in 400 MHz Bruker
BioSpin NMR spectrometer (Bruker, Billerica, USA) at a reso-
nance frequency of 100 MHz and a temperature of 100 °C. The
recycle delay (D1) was chosen to be 10 s in accordance with
prior investigations.***® A 30° pulse was applied and an inverse-
gated decoupling pulse sequence was chosen. The data were
evaluated using the software MestreNova by performing a
manual phase correction, a baseline correction via a Bernstein
polynomial fit of the third order, using an apodization of 1 Hz
and integrating the individual peaks manually via the sum
method (summing up the area under the curve). The short
chain branched density that includes methyl, ethyl, butyl and
amyl branches was calculated according to eqn (1). Here, I, is
the signal intensity of the branch with chain length x and ) I ;
is the sum of peak areas of all carbon atoms. i

SCB
1000C

Ip,(10.9 ppm) + I, (22.9 ppm) + Ip, (32.7 ppm)

ZIC«,i
l

X 1000
(1)

The long chain branched density was calculated using
eqn (2), where Iy is the signal intensity of all branches with

Table 2 Molecular weight and branching properties of LDPE samples investigated in this study. They were produced under well-defined process
conditions in a continuously operated, stirred mini-plant autoclave reactor at 2000 bar and 250 °C

Sample M, * (kg mol™) M,,“ (kg mol™) p° LCB/1000C” SCB/1000C” LCB + SCB/1000C”
03-1 17.9 142.9 7.97 2.9+0.2 9.1+0.7 12+1

03-3 22.1 215.7 9.76 1.8+ 0.3 9.8+1.3 12+2

03-4 27.2 318.2 11.69 1.9+0.2 9.3 +1.0 11+2

04-2 18.5 113.5 6.12 1.2+0.2 8.8+ 0.8 10 1

05-1 18.9 53.8 2.84 0.08 = 0.02 8.3 +0.9 8+2

06-3 18.9 129.9 6.86 0.58 + 0.07 9.9+ 0.8 10 1

PE105K 9.8 124.2 12.7 — — —

“ As determined by SEC-IR. ” As determined by '*C-NMR.
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chain length 6 and more and DP is the degree of polymeriz-
ation as obtained from the number-average molecular weight
determined by SEC-visco.

LCB
1000C

Is,. (31.6 ppm 2
b, (31.6ppm) _ x 1000 (2)
S Icy DP x 2
i

Relative standard derivations (RSD) were calculated accord-
ing to literature.’” The detailed peak assighment and spectra
are given in the ESIL.{

Crystallization analysis fractionation (CRYSTAF)

Crystallization from solution analysis was conducted using a
200 Polymer Char (Valencia, Spain) CRYSTAF instrument. Five
analytes (17 mg) were simultaneously dissolved in 35 mL TCB
in five stainless steel reactors at 160 °C while stirring.
Complete dissolution was checked by ensuring 100% sample
concentration and regular distribution of the cumulative distri-
bution curves. After complete dissolution of the samples
(150 min), the temperature was lowered to 100 °C and stabil-
ized for 60 min. Then, the crystallization step was conducted
by slowly reducing the temperature to 30 °C at a steady cooling
rate of 0.1 °C min~" in order to minimize co-crystallization.
During the crystallization step, an infrared detector was used
to measure the polymer solution concentration as a function
of temperature. Differential as well as cumulative chemical
composition distributions were recorded.

Differential scanning calorimetry (DSC)

The thermal properties of the samples were studied using a TA
Instruments Q100 DSC system (TA instruments, New Castle,
USA). It was calibrated using an indium metal standard accord-
ing to standard procedures. Melting as well as crystallization
temperatures were determined under the same experimental
conditions of a scanning rate of 10 °C min~" and a temperature
range from 10 to 200 °C. All measurements were conducted in a
nitrogen atmosphere with a purge flow rate of 50 mL min™".
Polymer samples (5.4 mg) were subjected to a total of three
temperature cycles, while the first heating cycle only serves to
erase the thermal history of the material. The second cycle
(cooling) was used to determine the crystallization temperature
and the third cycle (heating) served to investigate the melting
temperature. After each cycle, an isothermal step of 2 min was
maintained to obtain thermodynamic equilibrium.

Successive self-nucleation and annealing (SSA)

The thermal fractionation experiments using successive self-
nucleation and annealing (SSA) were conducted in the same
instrument and under the same standard conditions as the
standard DSC measurements. The following steps were per-
formed to achieve the multiple melting endotherms: In the first
step, the thermal history was erased by heating and cooling the
sample at a scanning rate of 10 °C min™" between 0 and 200 °C.
Before the cooling cycle started, the temperature was held con-
stant for 5 min. Then, the actual fractionation started: the

This journal is © The Royal Society of Chemistry 2021
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sample was subjected to a second heating cycle to a selected
first self-seeding temperature (Ts;) based on the region pub-
lished by Cavallo and others.>**®*® Then, the temperature was
held constant at that temperature for 5 min, before cooling to
1 °C at a rate of 10 °C min™". Ts,» was chosen to be 120 °C for
all investigated samples. In the third cycle, the sample was
heated to a self-seeding temperature (T ,), which is lower than
Ts, by 5 °C and kept isothermally for 5 min before cooling at
the same rate. These described heating and cooling cycles are
repeated with a stepwise (T = 5 °C) decreasing temperature Ty
till 30 °C. After the final step, the sample was heated at a rate of
10 °C min~"' from 0-200 °C to obtain the multiple melting
endotherm, which can then be used to determine the methyl-
ene sequence length distribution according to Zhang et al.*’

Polymer fractionation

Some polymer samples were further investigated with respect
to their microstructure using fractionation techniques.
Preparative temperature rising elution fractionation (pTREF)
was used in order to fractionate the samples predominately
according to crystallinity and thus branching structure. On the
other hand, samples can be fractionated mainly based on
molecular weight if a preparative solvent gradient fractionation
(PSGF) is applied.

Preparative temperature rising elution fractionation (pTREF)

Preparative TREF was carried out using an instrument built in
house. A dilute polymer solution (~1 wt%) was prepared by
dissolving 3.0 g LDPE in 300 mL of xylene in a glass reactor at
130 °C under reflux conditions. Irganox 1010 (2 wt%) was
added as a stabilizer to prevent thermo-oxidative degradation
of the LDPE during the fractionation process. After complete
dissolution, the solution was stirred at 130 °C for 2 h to allow
the polymer chains to be in an equilibrium state. Then, the
reactor was quickly filled with a preheated crystallization
support (quartz sand) in order to prevent uncontrolled recrys-
tallization of the polymer. The oil bath was then cooled to
ambient temperature (~25 °C) at a rate of 1 °C h™, to ensure
slow and controlled crystallization of the LDPE under TREF
conditions. Subsequently, the polymer-coated sand was trans-
ferred into a stainless steel column that was placed in a modi-
fied GC oven for temperature-controlled elution. A continuous
flow of preheated xylene was used to elute the polymer frac-
tions (~500 mL per fraction) as the oven temperature was
raised at predetermined intervals. A total of four fractions were
collected: at 70 °C, 75 °C, 80 °C and 85 °C. The polymer was
recovered from the eluted solutions using a rotary evaporator
at a vacuum pressure of 30-40 mbar and a bath temperature of
80 °C. Then, the fractions were precipitated and washed with
acetone and dried under vacuum to constant weight. The frac-
tionation process was conducted thirteen times to ensure
enough material was fractionated.

Preparative solvent gradient fractionation (pSGF)

Preparative solvent gradient fractionation was conducted using
xylene as the good solvent and 2-ethoxyethanol as the non-
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solvent. Approximately 9.0 g of the sample stabilized with
2.0 wt% Irganox 1010 were dissolved in 400 mL of xylene at
130 °C and then stirred for 1 h under identical conditions.
Then the solution was titrated with an excess of 2-ethoxyetha-
nol (400 mL; yields solvent-non-solvent ratio of the first frac-
tion). The non-solvent was added slowly with the help of a
dropping funnel to avoid uncontrolled precipitation. After a
complete dosage of the non-solvent, the resulting dispersion
was stirred under identical conditions for 1 h. The polymer
solution was then introduced into a column packed with glass
wool and sea sand, which was tempered at 130 °C. The
column was allowed to equilibrate at 130 °C for another hour
before being emptied to collect the first fraction.
Subsequently, a series of preheated solvent/non-solvent mix-
tures with increasing xylene contents were added to the
column, allowed to equilibrate and then emptied and collected
one at a time. A total of 5 fractions were collected with solvent :
non-solvent, xylene : 2-ethoxyethanol ratios of 50, 54, 58, 60
and 100 vol%. A total time of 90 min was spent with each step
in order to minimize the kinetic effects of the dissolution
process on the fractionation. Eluted fractions (800 mL) were
dried using a rotary evaporator, precipitated in acetone and
dried under vacuum to constant weight. The total time
required to complete one experiment was approximately
14 hours.

Results and discussion
Bulk samples

Previous studies on the molecular heterogeneity of LDPE often
worked with industrial samples.'* This is reasonable because
such products are of interest for the market and they are avail-
able in large quantities. However, in the present case for a
better correlation between the sample preparation and the
resulting molecular structure, a set of LDPE samples is investi-
gated, which was produced in a high-pressure mini-plant auto-
clave reactor. The autoclave reactor was operated in continuous
mode and samples were collected under stationary reaction
conditions.”

The major advantage of this approach is that polymeriz-
ation conditions can be chosen freely within physically reason-
able ranges and are recorded during the experiment.
Consequently, differences in the resulting polymeric micro-
structures and polymer properties can be directly linked to
varying polymerization conditions. For this study, a set of six
samples was chosen, which was produced under conditions
close to industrial relevance. The idea was to produce samples
with systematically varying molecular weights. This can be
achieved experimentally by adjusting the chain-transfer agent
(propionic aldehyde) feed. Samples 03-1, 3-3 and 3-4 represent
polymers, which were produced under very similar reaction
conditions with respect to temperature, initiator feed and con-
version, but decreasing CTA amounts (compare Table 1).
Additionally, experiments were performed, which should give
polymers with similar average molecular weights (similar CTA
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feed rates) but in varying conversion ranges. Experimentally
this is more challenging, as the initiator feed stream, external
heating via the mantle, polymerization rate, reactor tempera-
ture and resulting conversion are strongly interconnected.
Nonetheless, Table 1 shows that the experiments were con-
ducted successfully and samples with conversions from 0.7%
(05-1), 6.2% (06-3), 7.9% (04-2) to 13.9% (03-1) were obtained.
From a microstructural point of view, they are interesting
because they are expected to show different degrees of long-
chain branching. As the high-pressure ethylene polymerization
is a bulk polymerization, the conversion is equal to polymer
concentration. With increasing polymer concentration, chain
transfer to polymer is enhanced and more LCBs should be
formed.

The molecular structure and chain heterogeneity of these
mini-plant samples were investigated by means of triple detec-
tion SEC, "*C NMR, CRYSTAF and SSA. While **C NMR provides
average branches densities, triple detection SEC produces mole-
cular weights and polymer dispersities (P) (see Table 2) and
subsequently long-chain branching (LCB) distribution charac-
teristics as a function of molecular weight. The MWD curves
given in Fig. 1a compare molecular weight characteristics of a
set of selected samples produced at 1.2, 2.5 and 3.6 g h™* CTA
mass flow rates and 0.015 g h™" initiator feed stream (hereafter
referred to as CTA samples). As is seen, the peak maxima mole-
cular weight is shifting towards lower molecular weights as the
CTA feed stream is increased. This is expected because an
increase in CTA concentration ([CTA]) is the typical way of con-
trolling molecular weight in radical ethylene polymerization.
The CTA has the ability to donate hydrogen atoms to growing
macroradicals, leading to chain termination, while regenerating
new radical sites for continuous propagation. Increasing [CTA]
increases the rate of chain transfer to the low molecular weight
species CTA and subsequently decreases chain length. Added to
this, the MWD curves show shoulders in the higher molecular
weight region, which become increasingly pronounced with
decreasing CTA feed or increasing sample molecular weight
(see the marked area in Fig. 1a). This is a characteristic obser-
vation for autoclave LDPEs and can be attributed to increased
side reactions (transfer to polymer reactions, as well as growth
of terminal double bonds) resulting in the formation of high
molecular weight highly branched macromolecules.®® As is
seen, the concentration of the high molecular weight molecules
decreases with an increase in CTA mass flow rate and sub-
sequently the weight-average molecular weights and molecular
weight dispersities decrease. On the other hand, Fig. 1b pre-
sents MWD curves of a set of selected samples produced at a
constant CTA feed stream (2.92 ¢ h™") and selected four initiator
mass flow rates ranging from 0 to 0.015 g h™" (further referred
here as initiator samples). In this case, a very similar peak
maximum molecular weight was recorded for all the samples.
The number-average molecular weight varies from 17.9 to
18.9 kg mol ™" (see Table 2). However, an increase in the initiator
feed stream resulted in an increase in conversion. Such changes
are attributed to increased radical concentrations and thus
higher polymerization rates.

This journal is © The Royal Society of Chemistry 2021
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to SEC. (a) Samples with increasing average molecular weights and (b) samples with conversions from 1% to 13% are compared. Detector delays are

corrected.

According to the NMR results in Table 2, both sets of
samples display comparable average SCB densities, indicating
that CTA and initiator concentrations have no major effect on
backbiting. This is in line with the kinetic mechanism of back-
biting as a unimolecular reaction and the fact that all polymer-
izations were conducted at the same temperature (250 °C). In
addition to influencing molecular weight and conversion
through decreasing CTA and increasing initiator feed streams,
respectively, both methods show a marked influence on the
molecular weight dispersity as indicated by the broadening of
the MWD curves.

To further investigate the influence of [CTA] and [initiator]
on the molecular structure, the SEC fractions were analyzed
for branching using multiangle laser light scattering (MALLS)
and viscometer (Visco) detectors. While MALLS has the ability
to measure absolute molecular weights and mean square radii
of gyration (R,), the Visco detector measures molecular
weights based on universal calibration and intrinsic viscosities
([n]) of polymers. These quantities (R, and [r]) always comp-
lement each other since their magnitudes are defined by mole-
cular size in solution. It is important to note that the size/
radius of macromolecules is influenced by both molecular
weight and LCB. As for linear macromolecules, the coil radius
is directly correlated to molecular weight. Based on the confor-
mation and Mark-Houwink (M-H) relationships for an ideal
linear sample given in eqn (3)>® and eqn (4),** respectively, a
linear correlation between R, or [7] and molecular weight is
confirmed for the linear reference sample PE 105K as shown
in Fig. 2. Here, a M-H and conformation intercept (k) of 0.056
and 0.067, respectively, were recorded, while a M-H slope (a)
of 0.702 and a conformation slope (a) of 0.503 were obtained.

(3)
(4)

These values are comparable to those of an ideal linear
sample reported in literature.>® In the case of branched macro-

Ry = kM? (for an ideal linear PE, k = 0.029,a = 0.57)

[7] = kM“ (for an ideal linear PE, k = 0.053,a = 0.703)

This journal is © The Royal Society of Chemistry 2021

molecules, chain contraction is enhanced by the presence of
LCBs. In such instances, the linear conformation and M-H
relationships are not obeyed, especially at the higher mole-
cular weight region, where chain contraction is enhanced due
to increasing LCB. These differences have been exploited for
many years to (1) distinguish branched macromolecules from
their linear counterparts and (2) compare branched polymers
of different degrees of LCB. The latter is considered here and
the [5#] and R, versus molecular weight plots given in Fig. 2a
and c¢ are comparing LCB of the CTA samples. Except for the
low molecular weight region where subtle differences are seen,
all three samples display superimposing M-H plots, which is
more noticeable at the high molecular weight region, indicat-
ing similarity in their LCB structure. Hypothetically, the subtle
difference seen in the circled area in Fig. 2a is often character-
ised by the co-elution or anchoring effect in SEC, and is
assumed to occur when long side branches of highly branched
high molecular weight molecules penetrate the pores of the
stationary phase. This cause a delay and force the molecules to
elute late at higher elution volumes, which correspond to the
low molecular weight region.*® Another or additional source of
errors might arise from data treatment.*>*® Due to the high
molecular weight sensitivity of the MALS detector, this
phenomenon is more pronounced with the conformation plots
as indicated in the circled area in Fig. 2.

Interestingly, the co-elution effect is enhanced by molecular
weight since anchoring is seen to increase with an increase in
the sample molecular weight. This trend is expected because
the rate of chain transfer to polymer reactions to generate LCB
is significantly increased with an increase in molecular weight.
The quantification of LCB by the SEC triple detection concur
well with those of "*C NMR shown in Table 2, where, relatively
similar average LCBs are reported for the CTA samples.

Also presented in Fig. 2b are M-H plots of the initiator
samples. Sample 05-1 is a branched sample that was produced
at zero initiator feed stream. Although a slight deviation from
the linear plot is seen at the higher molecular weight area, the
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Fig. 2 Comparison of Mark—Houwink plots in (a) and (b), measured by SEC-Visco and radii of gyration (c) and (d) measured by SEC-MALLS as a
function of molecular weight. Data also compare samples with an increasing average molecular weight in (b) and (d) and increasing conversions

from 1% to 13% in (a) and (c).

bulk of the sample displays linear M-H characteristics at a
lower intercept to PE 105k, indicating little or no LCB. The shift
of the M-H plot to a lower k is indicating the presence of SCB,
which is in accordance with ">C NMR results shown in Table 2.

The MH plots of the other initiator samples (03-1, 04-2 and
06-3) deviate more from the linear plots. The deviation
becomes increasingly pronounced with an increase in the
sample molecular weight and polymer dispersity (see the area
in the rectangular box). This observation is contrary to the MH
principles of linear polymers and may be associated with the
interplay between the effect of molecular weight and branch-
ing, and is ascribed to the co-elution effect.

A more complex trend is seen with the plots in Fig. 2d. In
this case, the conformation plots are divided into three mole-
cular weight regimes, which are indicated as 1, 2 and 3, corres-
ponding to the low, mid and high molecular weight regions.
The strong deviation at the low molecular weight region (1) is
due to the co-elution effect. Clear differences in the LCB are
seen at the mid molecular weight region (2), where a lower
degree of LCB is seen for sample 06-3, which concur well with
those of NMR. In the high molecular weight region (3), no con-
clusion is drawn due to a low signal-to-noise ratio. For infor-
mation regarding branching distribution heterogeneity, the
samples were further investigated by means of CRYSTAF and

3032 | Polym. Chem., 2021, 12, 3026-3041

SSA in solution and in melt, respectively. Typically, CRYSTAF
fractionates semicrystalline polymers in TCB based on crystal-
lizability at temperatures between 100 and 30 °C.

For more details on the principle of this technique and its
applications to the analysis of LDPE, consult the work of
Eselem Bungu et al.>?%*!

According to the CRYSTAF findings shown in Fig. 3a, the
CTA samples demonstrate broad crystallization profiles with
peak temperatures around 64 °C, which are characteristic of
branched polymers.” In detailed inspection, sample 03-1 dis-
plays a shoulder at lower temperatures. A decrease in intensity
of the shoulder is seen with 03-3, which completely disappears
for 03-4, indicating an increase in the branching homogeneity.
This happens as sample molecular weight and molecular
weight dispersity increase due to decreasing CTA feed stream.
Considering that, the total average branching is almost identi-
cal for the CTA samples; the appearance of a shoulder may be
associated with the formation of an increasing amount of low
molecular weight molecules of a higher degree of SCB. The
remark made here is that, with increasing molecular weight,
materials with higher uniformity regarding the number of
chain ends are produced, while the lower molecular weight
species contain fractions with more chain ends and, therefore,
a higher heterogeneity. Also presented in Fig. 3b are CRYSTAF

This journal is © The Royal Society of Chemistry 2021
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plots of the initiator samples. As is seen, sample 06-3, which
exhibits the lowest conversion/LCB, is displaying a unimodal
CRYSTAF profile. As the initiator mass flow rate is increased,
corresponding to an increase in conversion/LCB, simultaneous
growth in a shoulder at a lower crystallization temperature and
a slight shift in the peak maximum towards a lower crystalliza-
tion temperature is seen. Considering this, all three samples
display comparable SCB densities, a higher conversion trans-
lates to a higher level of LCB and subsequently an increase in
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the total branching density, and therefore, an increase in the
branching heterogeneity. In addition to the CRYSTAF findings,
thermal fractionation by SSA was used to investigate and
compare chain heterogeneities of the respective sets of
samples. This was achieved by observing the crystal size distri-
bution, which is synonymous to branching distribution as a
function of melting temperature as was previously shown.>
Presented in Fig. 4 are the SSA melt endotherms and methyl-
ene sequence length distribution (MSL) plots of the CTA and
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Fig. 4 SSA measurements (a) and (b) and methylene sequence length distributions (MSLD) plots (c) and (d) of samples with conversions from 1% to
13% (a) and (c) and increasing average with molecular weights (b) and (d). MSLD plots were obtained from SSA measurements (lines drawn to guide

the eye).
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initiator samples. As is seen, each endotherm displays 10 dis-
tinguishable melting peaks between 70 and 115 °C in agree-
ment with previous studies.>*>' Each peak representing a
group of polymer chains with similar thermodynamic stabi-
lities having comparable crystallizable MSL. This can be attrib-
uted to similarities in the average branching or chain crystalli-
nity. However, a variation in the number of peaks and/or peak
intensities for peaks with similar crystal size characteristics is
observed and used to draw a qualitative and quantitative struc-
tural comparison between different sample sets. The individ-
ual SSA plots shown in Fig. 4a can be used to compare the CTA
samples. The three samples display similar numbers of peaks,
while peaks with similar MSL characteristics vary in intensity.

These differences are ascribed to differences in the crystal
size composition. For more clarity, the MSL and percentage
peak content of each peak were measured from the respective
peak temperatures and areas, respectively, using the approach
previously introduced in literature and references therein.*®'
Plots of MSL versus seed content of the CTA samples are com-
pared in Fig. 4c. They were calculated from the melt
endotherms according to literature.”’”° Even though each
sample shows a comparable distribution in MSL, the seed
content for seeds with similar MSL varies significantly amongst
the samples as shown in the area indicated in the rectangular
box. As is seen, the seed content for seeds with MSL of approxi-
mately 72 carbon atoms (C,,) increases from sample 03-1 to
03-4 and concur well with increasing sample molecular weight.
Although very similar SCB densities are reported, a decreasing
total branching density is seen with increasing seed content.
On the other hand, an increase in the seed content is seen with
an increase in total branched points and subsequently a
decrease in sample molecular weight for the Cq, seeds.

This is counter-intuitive because a higher amount of longer
MSL molecules should correlate to higher crystallinity and not
higher branching. However, taking into account that a higher
[CTA] was applied for this sample, the higher Cy, content could
be ascribed to a higher amount of low molecular weight chains
with relatively linear backbone or longer MSL. It is clear that 03-
1, which displays the lowest molecular weight, constitutes the
highest amount of Cy, chains and the lowest of C;, chains, indi-
cating a higher degree of the crystallinity. The decreasing trend
for the Cq, seeds from sample 03-1 to 03-4 correlates well with
the decreasing CTA feed stream, correspondingly, and concurs
with the decreasing shouldering in CRYSTAF. Taken into
account that all three CTA samples report similar branching,
the visible inhomogeneity at the low-temperature low crystalline
region in CRYSTAF for samples 03-1 and 03-3 may be attributed
to solubility effects induced by the increasing amount of low
molecular weight components, that are formed at increasing
CTA feed streams. From previous studies, these low molecular
weight fractions have shown to exhibit longer MSL and higher
melting temperatures even though they display lower CRYSTAF
crystallization temperatures.*®*' In a similar way, the MSLD
plots of the initiator samples are compared in Fig. 4d.
Considering that these samples possess comparable molecular
weights but differ significantly in their LCB and subsequently

3034 | Polym. Chem., 2021,12, 3026-3041
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total branching, any variation in the crystal size amount could
be affiliated to differences in the degree of branching. As indi-
cated in the rectangular box, the content of the C,, seeds
decreases with decreasing branching density and increases with
an increase in sample molecular weight. This is an indication
that at higher molecular weight, molecules exhibit a higher
degree of branching. In the case of the Cqo, seed, a reverse trend
is seen. i.e., an increase in the branching density leads to an
increase in the Coy seed content. The Cyq seeds contain predo-
minantly the low molecular weight molecules of higher crystalli-
nity and are not necessary influenced by branching. The higher
Coo content recorded for sample 03-1 could be influenced by
the higher [CTA] flow stream (3.64 g h™") used, implying a
higher amount of the low molecular weight species were
formed, in comparison to the case of 06-3 and 04-2 where a low
CTA flow stream is applied (2.96 g h™"). For these sample sets,
there is a strong interplay between the effects of molecular
weight and branching on the crystal size distribution, which
makes it challenging to correlate the effect of increasing conver-
sion to the MSL of the polymers. For a clearer interpretation of
the polymer microstructure, comprehensive characterization via
preparative fractionation techniques will be performed on a
selected sample from each sample set. Offline analysis of the
different fractions will provide in-depth knowledge on the
polymer microstructure.

Preparative fractionation and analysis of mini-plant LDPE

In order to gain deeper insight into the microstructural pro-
perties of these mini-plant samples, preparative fractionation
was performed on representative samples of each of the
different sample sets. Analysis by preparative fractionation is a
comprehensive approach of providing in-depth knowledge on
polymer microstructure. This approach is used to narrow down
the molecular complexity of synthetic polymers by providing
fraction library sets of samples with relatively narrow branching
and/or molecular weight distributions and of varying crystalli-
nities (branching) and/or molecular weight, respectively. In this
case, sample 04-2 of the initiator sample set was selected for
PTREF fractionation. This sample displays a molecular weight
dispersity of 6.12 and by TREF principle, a range of fractions
with varying total branched density and narrow branching dis-
tributions are obtained based on crystallizability. 04-2 was pre-
ferred for pTREF because of (1) its narrow molecular weight dis-
persity. In order to minimize the effect of broad MWD on melt
rheology, it was imperative to select a sample with relatively
narrow molecular weight dispersity.

This helps to reduce the possibility of obtaining fractions of
very broad molecular weight dispersities and, therefore, mini-
mizes the effect of MWD, while enhancing the impact of
branching on the rheological properties. (2) A suitable amount
of sample was available for fractionation. For a successful non-
linear rheology analysis to be achieved, it requires a substan-
tial amount of material (~3 g). Based on this, it was para-
mount to select a sample that could provide suitable amounts
of each fraction to enable further rheology measurements.
However, measurements regarding the rheology of these frac-

This journal is © The Royal Society of Chemistry 2021
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tions is the subject of another study. During the TREF process,
four fractions were collected at 70, 75, 80 and 85 °C and were
further analyzed by means of triple detection SEC, CRYSTAF,
DSC and SSA. While the 70 °C fraction contains macro-
molecules eluting between 30 and 70 °C, the 85 °C fraction
comprises of macromolecules eluting between 80 °C and

Table 3 Summary of physical and thermal properties of fractions from
sample 04-2 as obtained by temperature rising elution fractionation col-
lected at temperatures of 70 °C, 75 °C, 80 °C and 85 °C

Fraction 70 75 80 85 04-2
Yield (%) 24.5 33.3 32.7 8.0 100
Yield (g) 5.95 8.06 7.93 1.93 —

M, (kgmol™) 7.2 33.6 32.1 29.9 18.5

M,, (kgmol™) 50.7 147.1 124.7 125.5 113.5

b 7.1 4.4 3.9 4.2 6.1

Tm (DSC) (°C) 107 110 113 114 110

Te (CRYSTAF) 60 63 66 66 64

(°C)

SCB/1000C* 19.7+1.2 16.6+£0.7 14.4+1.9 14.8+0.7 194 +1.3

“As determined by SEC-IR.
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140 °C. The percentage composition by mass and the thermo-
physical properties of the fractions are summarized in Table 3.
In addition, the MWD curves, as well as plots of SCB distri-
bution as a function of molecular weight are compared in
Fig. 5a. The SCB distribution shown here was determined by
IR coupled to SEC. Although '*C-NMR is the more precise
method with respect to absolute numbers, SEC-IR is capable
of providing branching information as a function of molecular
weight as shown here. It gives semi-quantitative branching
information and provides branching density trends over the
molecular weight distribution and compare branching
between different samples. As is seen, the fractions display
unimodal MWD curves with an irregular trend in peak mole-
cular weight as the fractionation temperature increases, indi-
cating the low molecular weight selectivity in the TREF
process. With the exception of the 70 °C fraction that displays
a molecular weight dispersity of ~7, the other fractions display
relatively narrow molecular weight dispersities when compared
to the bulk sample. In addition, the variation in the degree of
branching is in accordance with TREF principles i.e. a decrease
in the degree of branching with an increase in the fraction-
ation temperature, except for the 85 °C fraction, which shows a
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(a) Molecular weight distributions and short-chain branching (SCB/1000C) expressed as a function of molecular weight and determined by

SEC-IR. Also illustrated in (b)—(d) are the Mark—Houwink plots, radii of gyration and branching ratios, respectively, demonstrating LCB distribution of
the TREF fractions of sample 04-2 as a function of molecular weight. Correspondingly, these data were measured by SEC-Visco and SEC-MALLS.
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higher degree of SCB at the lower molecular weight region. To
highlight differences in the LCB characteristics, the MH plots
of the fractions are compared in Fig. 5b. On one hand, the
plots are overlaid at the low molecular weight region, indicat-
ing similarities in the branching structure. At the high mole-
cular weight end, a small shift towards the linear plot is seen
for the 85 °C fraction, which is attributed to a decrease in LCB.
The mid temperature TREF fractions (75 and 80 °C) overlay on
each other but deviate further away from the linear and from
the 85 °C fractions, indicating a higher degree of branching.
Further information on the LCB characteristics was extracted
from the conformation plots presented in Fig. 5c. In this case,
plots of the 80 and 85 °C fractions overlay across all molecular
weights, indicating fractions with comparable LCB confor-
mation. However, plots of the 75 and 70 °C fractions are seen
to deviate further away from the linear plot and towards lower
radii of gyration indicating an increase in the degrees of LCB
at the low molecular weight region with decreasing fraction-
ation temperatures. Nonetheless, the plots overlay at the high
molecular weight region, indicating similarity in the branching
characteristics. These results also confirm previous obser-
vations that the light scattering technique shows greater sensi-
tivity towards detecting smaller differences in LCB when com-
pared to the viscometer technique. The data from the confor-
mation plots were used to calculate the branching index g

View Article Online

Polymer Chemistry

using the relationship in eqn (5),>* which states that the ratio
of (Rg)2 of a branched and a linear molecule of the same mole-
cular weight is less that 1 (<1) and decreases with an increase
in the LCB (1 > g > 0). Based on this relationship, plots of
branching ratio g as a function of molecular weight are com-
pared in Fig. 5d. A general trend of decreasing g with an
increase in molecular weight is demonstrated.

g= |:<Rg>12;r:|

(Rg )i Lo

As shown in the low molecular weight region, a decrease in
LCB is observed with an increase in the fractionation tempera-
tures from 70 to 80 °C. However, plots of the 80 and 85 °C frac-
tions look identical over the molecular weight range, which is
attributed to similarity in the branching structures. Offline
analysis of the TREF fractions in solution and melt was con-
ducted by means of CRYSTAF and DSC, respectively. In this
section, CRYSTAF crystallization behaviour of the TREF frac-
tions was monitored in TCB and the individual plots are com-
pared in Fig. 6a. As is seen, the 70 °C fraction displays a
bimodal crystallization profile as shown by the shoulder at
lower temperatures. This is expected since the fraction was col-
lected over a temperature range of 40 °C. Similar bimodal
characteristics are seen for the 85 °C fraction, as indicated by
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(@) Chemical composition distribution as determined by CRYSTAF, (b) melting endotherms as measured via DSC, (c) SSA melting endotherms

and corresponding MSLD (d) of TREF fractions of sample 04-2 (lines drawn to guide the eye). With increasing fractionation temperatures, MSL

increases indicating a higher crystallinity of the material.
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the shoulder at higher crystallization temperatures. As was
mentioned earlier, this fraction was collected over a broad
temperature range of 50 °C. In comparison, the 75 and 80 °C
fractions, which were each collected at temperature intervals of
5 °C display unimodal and narrow crystallization profiles. The
soluble component, which consists of the highly branched
and/or low molecular weight species, is higher in the 70 °C
fractions as indicated by the rectangular shape at 30 °C. A
general trend of increasing peak crystallization temperatures is
seen as the TREF elution temperature increases indicating a
decrease in branching. These results concur well with the
SEC-IR5 results shown in Fig. 5a, where an increase in the
degree section, CRYSTAF crystallization behavior of the TREF
fractions was monitored in TCB and the individual plots are
compared in Fig. 6a. As is seen, the 70 °C fraction displays a
bimodal crystallization profile as shown by the shoulder at
lower temperatures. This is expected since the fraction was col-
lected over a temperature range of 40 °C. Similar bimodal
characteristics are seen for the 85 °C fraction, as indicated by
the shoulder at higher crystallization temperatures. As was
mentioned earlier, this fraction was collected over a broad
temperature range of 50 °C. In comparison, the 75 and 80 °C
fractions, which were each collected at temperature intervals of
5 °C display unimodal and narrow crystallization profiles. The
soluble component, which consists of the highly branched
and/or low molecular weight species, is higher in the 70 °C
fractions as indicated by the rectangular shape at 30 °C. A
general trend of increasing peak crystallization temperatures is
seen as the TREF elution temperature increases indicating a
decrease in branching. These results concur well with the
SEC-IR5 results shown in Fig. 5a, where an increase in the
degree of SCB is found as a function of deceasing TREF temp-
eratures. The melting characteristics of the fractions were also
investigated and the melting endotherms are presented in
Fig. 6b. While all the fractions display unimodal melting pro-
files, the peak melting temperature varies with an increase in
the fractionation temperature, indicating an increase in the
crystal sizes, which is synonymous to decreasing branched
density. For more details regarding the intermolecular crystal
size distribution, the fractions were subjected to thermal frac-
tionation by means of SSA. This technique is best known for
segregating polymer chains with similar crystallizable methyl-
ene sequences. SSA plots of the fractions are compared in
Fig. 6¢. As is seen, the peak melting temperature for the peaks
representing the highest population in each fraction increases
with an increase in the fractionation temperature. In a situ-
ation where such peaks exhibit similar melting temperatures
as in the case of the 80 and 85 °C, a new peak with a lower
peak intensity emerges for the higher TREF fraction at a
higher melting temperature. This subsequently led to an
increase in the total number of peaks indicating an increase in
crystal size heterogeneity. For more detailed comparison, plots
of MSL versus percentage seed content (peak content) are com-
pared in Fig. 6d. It was found that the MSL for peaks with the
highest population increases with an increase in the fraction-
ation temperature corresponding to a decrease in branching.
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This result correlated well with the TREF principle, which is
known to fractionate macromolecules according to their crys-
tallizabilities or degrees of branching. In the case of the CTA
sample set, the very broad molecular weight sample 03-4 with
a molecular weight dispersity of 11.7 was selected and was
fractionated by means of preparative solvent gradient fraction-
ation (pSGF). Presented in Fig. 7a are the MWD curves of the
SGF fractions displaying a linear increase in the peak maxima
molecular weight as the SGF fraction number increases from
1-5. With the exception of fraction 5 that exhibits molecular
weight bimodality with a molecular weight dispersity of
approximately 4, the other fractions display narrow unimodal
MWD curves with molecular weight dispersities ranging
between 1.7 to 2.5 based on the absolute molecular weight.
Interestingly, the SCB distribution plots demonstrate compar-
able branching characteristics as functions of molecular
weight below Cg, decreasing with increasing TREF temperature
indicating a poor selectivity towards branching.

The result of this fractionation clearly satisfies the prin-
ciples of SGF. The molecular weight characteristics along with
the thermo-physical properties are summarized in Table 4. To
observe LCB behaviours, the MH plots are compared as shown
in Fig. 7b. As is seen in the low molecular weight region, frac-
tions 1 to 3 lie adjacent to the linear plot but at a lower inter-
cept. This behaviour is typical of SCB since the transfer to
polymer reaction, which generates LCB, is minimal at the low
molecular weight region. Enhanced shifting of the plots away
from the linear reference is seen with fractions 4 and 5 and is
strictly due to LCB. An increase in the sample molecular
weight is indicated by an increase in the deviation from the
linear reference. However, subtle differences are found
between fractions 4 and 5. To approach these differences with
more clarity, the conformation plots were also compared as
shown in Fig. 7c. Here, the low molecular weight fractions
clearly show linear behaviour while fraction 4 is seen at a lower
radius of gyration at the mid molecular weight region. It is
important to note that a higher co-elution effect is seen for
fraction 5 in this molecular weight region. In the higher mole-
cular weight region, the plots are seen to merge indicating
similarity in the LCB. Added to this, plots showing the
relationship between molecular weight and branching ratio are
compared in Fig. 7d. In this case, the linear polymer has a
branching ratio macromolecules at the same molecular
weight, fraction 4 exhibits a lower branching ratio as seen at
the higher molecular weight region, indicating a higher
branching density. The observed differences in the mid mole-
cular weight region are strongly influenced by the co-elution
effect and could not be considered for comparison.

In addition, the crystallization and melting distributions of
the macromolecules in solution and solid states were investi-
gated by means of CRYSTAF and DSC, respectively. In the solu-
tion state, the individual CRYSTAF plots are compared as
shown in Fig. 8a. With the exception of sample 1, a drift
towards a lower peak crystallization temperatures is seen with
an increase in the sample number from 2 to 5, which indicates
a small decrease in the degree of branching with increasing
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a function of molecular weight for the SGF fractions of sample 03-4 as

determined by SEC-IR5. Also depicted are the Mark—Houwink (b), the radius of gyration (c) and branching ratio (d) plots illustrating LCB character-
istics as a function of molecular weight as determined by SEC-Visco and SEC-MALLS, respectively.

Table 4 Summary of physical and thermal properties of fractions from sample 03-4 as obtained by solvent gradient fractionation

Fraction 1 2 3 4 5 03-4
Yield (%) 12.9 8.5 8.7 24.8 37.9 100
Yield (g) 3.50 2.33 2.36 6.76 10.31 —

M, (kg mol™) 5.2 9.6 29.0 61.3 153.9 27.2

M,, (kg mol™) 12.8 22.2 49.1 143.8 649.0 318.2

D 2.5 2.3 1.7 2.4 4.2 11.7

T (DSC) (°C) 112 112 112 109 108 110

T, (CRYSTAF) (°C) 65 67 66 65 64 65
SCB/1000C* 15.8 £ 0.5 14.6 + 0.6 14.3+0.4 14.8 + 0.7 16.8 + 1.8 18.4 +2.2

“As determined by SEC-IR.

sample molecular weight. On the contrary, sample 1, which
exhibits a molecular weight of 12.8 kg mol™", displays a lower
peak crystallization temperature and is exempted for the trend.
The shift towards a lower crystallization temperature may be
ascribed to solubility effects. Analogous to branching, chain
ends lead to an increase in solubility. Added to that, the
CRYSTAF plots become increasingly broad with a decrease in
the sample molecular weight, indicating an increase in the
branching/crystal size heterogeneity.

In the solid state, the melt endotherms of the fractions are
compared as shown in Fig. 8b. Just as in the case of CRYSTAF,

3038 | Polym. Chem., 2021, 12, 3026-3041

a decrease in peak melting temperatures is observed with an
increase in the sample molecular weight. As is seen, the
melting peaks of the low molecular weight fractions 1 and 2
display two peak melting temperatures indicating two distinct
polymeric species with higher compositional heterogeneity.
These observations concur well with literature. For detailed
analysis of the crystal size distributions, the fractions were sub-
jected to thermal fractionation by means of SSA. The DSC-SSA
plots are given in Fig. 8c. The number of peaks increases with
decreasing fraction molecular weight, indicating increasing
crystal size heterogeneity. In the case, in which the same

This journal is © The Royal Society of Chemistry 2021
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and corresponding MSLD (d) of TREF fractions of sample 03-4. MSL increase slightly with fraction number/molecular weight, which can be attribu-
ted to increasing branching in the high molecular weight region (lines drawn to guide the eye).

number of peaks is recorded as for fractions 3 and 4, the peak
intensity for the seeds at higher temperature increases with a
decrease in the fraction molecular weight, indicating an
increase in crystallinity. For a more detailed look, plots of MSL
versus seed content are compared as shown in Fig. 8d. For
seeds with MSL below Cg,, the seed content is found to
increase with an increase in the fraction molecular weight,
corresponding to an increase in the degree of branching.
Generally, the MSL for seeds with the highest seed content
shows a general decrease with increasing sample number, in
addition to the decreasing number of seeds, indicating a
higher branching structure with increasing branching hom-
ogeneity as the sample molecular weight increases. This result
correlates well with the CRYSTAF results and also shows that a
higher amount of linear components exhibits lower molecular

weight as was previously reported.>®*°

Conclusions

Within this study, a set of LDPE samples was investigated,
which was systematically polymerized under well-defined con-
ditions in a high-pressure mini-plant setup. Samples close to
industrial relevance were produced at varying CTA feed (CTA

This journal is © The Royal Society of Chemistry 2021

samples) and at varying initiator feed (initiator samples) which
resulted in systematically varying molecular weights and con-
versions, respectively. This gave the possibility to characterize
LDPE samples with known polymerization history and link the
molecular structure to the production conditions. Differences
in molecular weights and dispersities were recorded readily via
high-temperature triple detector SEC and results followed the
expected trends. Branching was investigated via >C-NMR
measurements, the Mark-Houwink and conformation plots,
which were gained from Visco and MALLS detectors coupled
to SEC. The low conversion sample (less than 1% conversion)
was found to exhibit little or no LCBs by the ">C-NMR, Visco
and MALLS measurements. This can be explained by the enor-
mously reduced transfer to polymer reaction at very low
polymer concentration during polymerization. All other
samples showed LCB densities between 0.5 and 3 LCB/1000
carbon atoms. Determination of absolute branching densities
with ">C NMR measurements was successful but reliable LCB
differences between the samples were difficult to observe with
Visco or MALLS analysis. While Visco and MALLS are highly
sensitive to the presence of long-chain branching, it seems
they are less sensitive to differentiate smaller differences in
branched density as observed here. However, the Visco detec-
tor is powerful in detecting SCBs characteristics for all the
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investigated samples. Sample heterogeneity and crystallizabil-
ity very investigated by means of CRYSTAF, DSC and SSA and
significant differences could be observed. As a general trend, a
lower average molecular weight and a higher conversion lead
to samples with a higher microstructural heterogeneity with
respect to branching distribution. At the same time, it proved
to be very challenging to correlate the influence of conversion
to the microstructure of the bulk samples, as they are differing
strongly both on MWD as well as branching degrees.

To tackle this task, selected samples were fractionates pre-
paratively and the fractions were analyzed in accordance to the
bulk samples. The TREF fraction collected at 70 °C showed a
higher SCB and a higher microstructural heterogeneity, which
was confirmed by triple detector SEC, CRYSTAF, DSC as well as
SSA. The fractions collected at higher temperatures were found
to be similar with respect to LCB, as was seen by Visco and
MALLS measurements, but proved to be more homogeneous
with respect to the crystallizabilty (CRYSTAF, DSC, SSA). In con-
trast, the fractions obtained by SGF where similar with respect
to their SCB, but exhibited strongly increasing molecular
weights as well as increased LCB with increasing fraction
number. The interesting observation drawn from comparing
the SSAs and MSLDs of the SGF fractions was a decrease in
sample heterogeneity with respect to crystallinity with increas-
ing fraction number, which is synonymous with an increase of
molecular weight. For the investigated samples an increase of
molecular weight was found to correspond to an increase of
LCB, which can be explained by increased transfer to polymer
reactions with increasing chain length. This means that low
molecular weight materials have a higher crystal size heterogen-
eity and probably higher crystallinity. This behavior may be
attributed to the lower degree of LCBs and consequently longer
MS backbones. This finding helps to interpret and understand
the results obtained for the bulk samples produced at different
conversions: for high conversions but low molecular weights,
the effect of molecular weight can exceed the branching effect.

Overall, the possibilities and limitations of various tech-
niques available for the comprehensive analytical characteriz-
ation of semi-crystalline LDPE were successfully applied and
evaluated on a systematic set of mini-plant samples. Another
powerful method to investigate long-chain branching in poly-
mers is rheological characterization. The rheological character-
ization and modelling of the mini-plant samples and
especially the preparative fractions will be the focus of a forth-
coming publication.
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