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A 
Low density polyethylene (LDPE) is a branched synthetic thermoplastic with a complex microstructure. 

In addition to the broad molar mass distribution (MMD), LDPE exhibits long chain branching (LCB) and 

short chain branching (SCB). Both LCB and SCB are statistically distributed across different polymer 

chains of varying molar masses, thus providing broad distributions in molar mass and branching. This 

interrelated MMD and branching distribution (BD) influences the end-use properties and, therefore, 

the applications. To be able to design new materials, comprehensive structure-property relationships 

must be established. To this aim, the microstructural parameters (MMD and BD) must be measured 

quantitatively and related to the thermophysical properties.  

In the current study, the microstructure of different branched polyethylenes was investigated.  The 

quantification and determination of MMD was achieved by multidetector size exclusion 

chromatography (SEC). The branch types and branching contents were quantitatively measured using 

carbon-13 nuclear magnetic resonance spectroscopy (13C NMR).  As an alternative and complementary 

method, SEC was coupled to an infrared detector to measure total branching and BD as a function of 

molar mass. LCB distributions were measured as a function of molar mass by SEC coupled to multiangle 

laser light scattering (MALLS).   

Branching information as a function of crystallizability was obtained by crystallization analysis 

fractionation (CRYSTAF), solution crystallization analysis by laser light scattering (SCALLS) and 

differential scanning calorimetry (DSC).  Chain branching was also measured by high-temperature 

solvent gradient interactive chromatography (HT-SGIC). The effects of BD and MMD on the 

thermophysical behaviour were investigated by observing the crystallization and melting behaviour 

using DSC. Thermal properties to a large extent determine the processing properties of a given 

material.     

In the first part of this work, a multiple preparative fractionation concept was developed and used for 

the comprehensive characterization of LDPE. Narrowly dispersed molar mass and branching fractions 

were obtained using preparative molar mass fractionation (pMMF) and preparative temperature rising 

elution fractionation (pTREF) techniques, respectively. The molar mass and branching information 

were obtained by analysing the separated fractions using advanced analytical techniques. Cross-

correlation of molar mass and branching was obtained by combining pTREF and pMMF results with 

SEC and CRYSTAF to construct 2D images of molar mass vs. branching.   
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In the second part of the work, the multiple fractionation concept was used to investigate the 

microstructural differences between different LDPE samples.  With the help of pTREF and pMMF, 

fractions with narrow molar mass and branching were generated. The fractions were analysed for 

branching and molar mass and cross-fractionation plots highlighted the microstructural differences 

between the samples. From the preparative fractions having broad molar mass and branching ranges, 

libraries were obtained with samples (1) having similar molar masses but different degrees of 

branching and, alternatively, (2) having different molar masses but similar degrees of branching. These 

library samples were analysed by CRYSTAF, SGIC, and multidetector SEC to investigate the effects of 

branching and molar masses on thermal properties.  

In the third part of this study, the multiple preparative fractionation concept was used to generate 

samples with similar molar mass/varying branching (pTREF) and similar branching/varying molar mass 

(pMMF). The library samples and bulk resins were analysed by DSC and thermal fractionation by 

successive self-nucleation and annealing (SSA) to provide information regarding crystal sizes and 

crystal size distributions. From the SSA results, methylene sequence length distribution (MSLD) plots 

were constructed providing information that was directly related to the branching and branching 

heterogeneity of these samples.  

In the last part of this study, the molecular structure of novel grafted polymers HDPE-g-LDPE and their 

linear and branched PE references was investigated. Fractionations were conducted by pTREF to 

generate fractions with varying degrees of branching and/or grafting. The cross-correlation techniques 

(TREF-SEC and TREF-CRYSTAF) were used to compare the grafting products. In addition, 2D- LC 

experiments were conducted to correlate branching/grafting to molar mass. 
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O 
Lae digtheid poliëtileen (LDPE) is 'n vertakte sintetiese termoplastiek met 'n komplekse 

mikrostruktuur. Benewens die breë molêre massa verspreiding (MMD), vertoon LDPE lang ketting 

vertakking (LCB) en kort ketting vertakking (SCB). Beide LCB en SCB word statisties versprei oor 

verskillende polimeerkettings van wisselende molêre massas, wat sodoende breë verspreidings in 

molêre massa en vertakking bied. Hierdie interafhanklike MMD en vertakkingsverspreiding (BD) 

beïnvloed die finale eienskappe en dus die toepassings. Om nuwe materiale te kan ontwerp, moet 

omvattende struktuur-eienskap verhoudings gevestig word. Vir hierdie doel moet die mikrostruktuur 

parameters (MMD en BD) kwantitatief gemeet word en verband hou met die termofisiese eienskappe. 

In die huidige studie was die mikrostruktuur van verskillende vertakte poliëtileen ondersoek. Die 

kwantifisering en bepaling van MMD is gedoen deur multidetektor grootte-uitsluitings chromatografie 

(SEC). Die vertakkingstipe en vertakkingsinhoud is kwantitatief gemeet met behulp van koolstof-13 

kern magnetiese resonans spektroskopie (13C NMR). As 'n alternatiewe en komplementêre metode 

was SEC gekoppel aan 'n infrarooi detektor om totale vertakking en BD as 'n funksie van molêre massa 

te meet. LCB verspreidings was gemeet as 'n funksie van molêre massa deur SEC te koppel aan 

multihoek laser lig verstrooiing (MALLS). 

Vertakkingsinligting as 'n funksie van kristallisasie was verkry deur kristallisasie analise fraksionering 

(CRYSTAF), oplossing kristallisasie-analise deur laserligverstrooiing (SCALLS) en differensiële 

skanderingskalorimetrie (DSC). Kettingvertakking was ook gemeet deur hoë-temperatuur 

oplosmiddel-gradiënt interaktiewe chromatografie (HT-SGIC). Die effek van BD en MMD op die 

termofisiese gedrag was ondersoek deur die kristallisasie- en smeltgedrag met DSC waar te neem. 

Termiese eienskappe bepaal tot ‘n groot mate die verwerkingseienskappe van 'n gegewe materiaal. 

In die eerste deel van hierdie werk was 'n veelvoudige preparatiewe fraksionerings konsep ontwikkel 

en gebruik vir die omvattende karakterisering van LDPE. Smal verspreide molêre massa en 

vertakkingsfraksies was verkry deur onderskeidelik preparatiewe molêre massa fraksionering (pMMF) 

en preparatiewe temperatuurstyging elueringsfraksionering (pTREF) tegnieke. Die molêre massa en 

vertakkingsinligting was verkry deur die geskeide fraksies te analiseer met gebruik van gevorderde 

analitiese tegnieke. Kruiskorrelasie van molêre massa en vertakking was verkry deur pTREF en pMMF 

resultate te kombineer met SEC en CRYSTAF om 2D-beelde van molêre massa teen vertakking te 

konstrueer. 
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In die tweede deel van die werk was die veelvoudige fraksioneringskonsep gebruik om die 

mikrostruktuurverskille tussen verskillende LDPE monsters te ondersoek. Met behulp van pTREF en 

pMMF was fraksies met nou molêre massa en vertakking verkry. Die fraksies was geanaliseer vir 

vertakking en molêre massa en kruis-fraksioneringskurwes het die mikrostruktuurverskille tussen die 

monsters uitgewys. Uit die preparatiewe fraksies met breë molêre massa en vertakkingsreekse was 

biblioteke verkry van monsters (1) met soortgelyke molêre massas, maar verskillende grade van 

vertakking en alternatiewelik (2) met verskillende molêre massas, maar soortgelyke grade van 

vertakking. Hierdie biblioteekmonsters was met behulp van CRYSTAF, SGIC en multidetektor SEC 

ontleed om die effek van vertakking en molêre massas op termiese eienskappe te ondersoek. 

In die derde deel van hierdie studie was die veelvoudige preparatiewe fraksioneringskonsep gebruik 

om monsters met soortgelyke molêre massa/wisselende vertakking (pTREF) en soortgelyke 

vertakking/wisselende molêre massa (pMMF) te verkry. Die biblioteekmonsters en 

grootskaalmonsters was geanaliseer deur DSC en termiese fraksionering deur opeenvolgende 

selfkernvorming en “annealing” (SSA) om inligting oor kristalgroottes en kristalgrootte verspreiding te 

verskaf. Metileen-reekslengte distribusiekurwes (MSLD) was opgestel vanuit die SSA resultate wat 

inligting verskaf het wat direk verband hou met die vertakking en vertakking heterogeniteit van hierdie 

monsters. 

In die laaste gedeelte van hierdie studie was die molekulêre struktuur van nuwe “ent” polimere HDPE-

g-LDPE en hul lineêre en vertakte PE verwysings ondersoek. Fraksionering was met pTREF uitgevoer 

om fraksies met verskillende grade van vertakking en/of “enting” te genereer. Die kruis-

korrelasietegnieke (TREF-SEC en TREF-CRYSTAF) was gebruik om die “entings” produkte te vergelyk. 

Daarbenewens was 2D-LC eksperimente uitgevoer om die vertakking/“enting” met molêre massa te 

korreleer. 
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HT-2D-LC 
HT-HPLC 
HT-SGIC 
HT-SEC 

Mark-Houwink exponent 
Dispersity index 
Intrinsic viscosity 
Specific refractive index increment 
Carbon-13 nuclear magnetic resonance  
Branching distribution 
2,6-d-tert-butyl-4-methylphenol 
Methyl branch 
Ethyl branch 
Butyl branch 
Amyl branched  
Hexyl branch 
Chemical composition distribution 
Crystallization elution fractionation 
Arithmetic mean methylene sequence length 
Crystallization analysis fractionation 
Crystal size distribution 
Continuously stirred tank reactor 
Chain transfer agent 
Weighted mean methylene sequence length 
Methylene sequence broadness index 
Differential refractive index  
Diethylene glycol monomethyl ether 
Differential scanning calorimetry  
Evaporation light scattering detector 
Fourier transform infrared  
Free radical polymerization 
Branching index 
Mark-Houwink parameter 
Imperial Chemical Industries 
Infrared 
Long chain branching  
Long chain branching distribution 
Long chain branching frequency 
Low density polyethylene 
Linear low density polyethylene  
Arithmetic mean lamellar thickness 
Light scattering 
Weighted mean lamellar thickness 
Lamellar thickness broadness index 
High density polyethylene 
High density polyethylene grafted low density polyethylene 
High performance liquid chromatography 
High temperature two-dimensional liquid chromatography 
High temperature high performance liquid chromatography 
High temperature solvent gradient interactive chromatography 
High temperature size exclusion chromatography 
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MALLS 
MFI 
MMD 
MMF 
Mn 
MSL 
MSLD 
Mw 
PE 
PP 
TREF 
pTREF 
pMMF 
Rℎ 
Rg 

SCALLS 
SCB 
SCBD 
SEC 
SC 
SGF 
SHF 
SR 
SSA 
T 
TFA 
TCB 
TCE-d2 
Tc 
𝑇𝑑 
T𝑚 
UHF 
Ve 
Visco, Vis 
Wt % 
Xc 
 
 

 

 

 

Multiangle laser light scattering 
Melt flow index 
Molar mass distribution 
Molar mass fractionation  
Number-average molar mass 
Methylene sequence length  
Methylene sequence length distribution   
Weight-average molar mass  
Polyethylene  
Polypropylene 
Temperature rising elution fractionation 
Preparative temperature rising elution fractionation 
Preparative molar mass fractionation 
Hydrodynamic radius 
Radius of gyration 
Solution crystallization analysis by laser light scattering 
Short chain branching 
Short chain branching distribution 
Size exclusion chromatography 
Step crystallization 
Solvent gradient fractionation 
Super high frequency 
Solvent ratio 
Successive self-nucleation and annealing  
Temperature 
Turbidity fractionation analysis 
1,2,4-trichlorobenzene 
Deuterated 1,1,2,2-tetrachloroethane  
Crystallization temperature 
Dissolution temperature 
Melting temperature 
Ultra-high frequency 
Elution volume 
Viscometer 
Weight percent 
Crystallinity 

Stellenbosch University  https://scholar.sun.ac.za



Introduction and Aim of Study  
 
 

 

1 | P a g e  Paul Bungu  

PhD Dissertation 

1 
L 1.1 Introduction  

The purpose of this research is to develop advanced analytical methods for the comprehensive 

characterization of branched polyethylene (PE) also known as low density polyethylene (LDPE). 

Despite being a homopolymer, branched PE exhibits a complex microstructure and is best known for 

its unique combination of long chain branching (LCB) and short chain branching (SCB) in addition to 

the broad molar mass distribution (MMD).1-7 These molecular characteristics are responsible for the 

excellent processing and film forming properties. The molecular complexity of LDPE stems from the 

fact that branched macromolecules are produced by radical polymerization processes and different 

polymer resins are designed through different polymerization conditions such as different reactor 

types (autoclave or tubular), reactor shapes (square or narrow shape autoclave), by varying reactor 

temperature and pressure, as well as using different initiators.5-8  

For polyolefins with broad chemical composition distributions (CCD), specific fractionation techniques 

have been developed that provide quantitative information on CCD. Temperature rising elution 

fractionation (TREF)9-16, crystallization analysis fractionation (CRYSTAF)9,14,17,18 , crystallization elution 

fractionation (CEF)17,19-21,  solution crystallization by laser light scattering (SCALLS)9,22-24  and 

differential scanning calorimetry (DSC)25,26 are different techniques designed to fractionate polyolefins 

according to crystallizability. Thermal fractionation protocols such as successive self-nucleation and 

annealing (SSA) and stepwise crystallization (SC) have been developed using DSC instruments to 

segregate polymer chains according to crystal size and tacticity.27-31 Most recently, high temperature 

solvent gradient interactive chromatography (HT-SGIC), or in more general terms, high performance 

liquid chromatography (HT-HPLC), was introduced and is used to fractionate polyolefins according to 

linear ethylene sequences.17,32-36 

Carbon-13 nuclear magnetic resonance (13C NMR)  spectroscopy is a technique with potential to 

specifically identify types of branches which are categorized into SCB (methyl, C1, to amyl, C5) and 

LCB (hexyl, C6, and longer).37-41 This technique has been widely used to determine and quantify 

branching in polyethylene but is limited to providing average information on the number of branches 

in a bulk sample and not the branching distribution. As an alternative technique, Fourier transform 

infrared spectroscopy (FTIR) has been used for decades to study branching in polyethene-1-olefin 

copolymers and branched PE.42-45     
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For the analysis of MMD of polyolefins, high temperature size exclusion chromatography (SEC) has 

been used to separate molecular species on the basis of their hydrodynamic volumes.46-49 When using 

an infrared (IR) or a differential refractive index (DRI) detector for concentration detection,  with the 

help of a calibration function relative molar masses are obtained.  Alternatively, molar mass sensitive 

detectors such as multiangle laser light scattering (MALLS) and online viscometer detectors are 

adapted after the SEC column for absolute molar mass measurements.46,49-51      

Even though these analytical techniques provide detailed microstructural information on complex 

polyolefins, they also face the following challenges: (1) smaller components may remain undetected 

due to low concentration and (2) individual techniques are unable to address the correlation effect 

between molar mass and branching. The first approach in addressing such challenges is to conduct 

fractionations in preparative scale, which provide fractions in mg to gram amounts that can be 

analyzed using other conventional and advanced analytical techniques.52,53  For this purpose,  

preparative TREF has been intensively used to fractionate polyolefin resins to obtain fractions with 

varying crystallizabilities, which are directly related to varying branching contents.11,29,54,55 Preparative 

solvent gradient fractionation (SGF)52 and preparative molar mass fractionation (MMF)53 are  

preparative fractionation methods that provide fractions that vary in molar mass. Preparative TREF 

has been combined with SEC offline as in cross-fractionation to provide 2D images correlating 

branching and molar mass.56  The second approach is through hyphenation, whereby a molar mass 

sensitive technique is inline with a detector that is sensitive towards branching or is combined online 

with another technique.17,57  SEC has been combined with FTIR or flash DSC through the LC transform 

interface to provide branching or crystallization distribution as a function of molar mass.11,58  

Hyphenated techniques have been developed through combining SEC with three different detectors 

including IR559,60 to provide methyl contents and MALLS/viscometer to provide LCB information, 

respectively, as a function of molar mass.  Other hyphenated techniques include the combination of 

TREF/HPLC with SEC, which helps in addressing the interrelation between molar mass and 

branching.35,61,62    

1.2 Research question and aim of study 

Polyolefin characterisation has been an intriguing research area for many years. This research area 

has led to the development of several analytical techniques capable of addressing the structure-

property relationships of complex polyolefins. Currently, no suitable fractionation method is able to 

address branching distribution in LDPE without the interference of molar mass distribution, even 

though there is a strong need to understand the differences in the branching structure in branched PE 
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resins.  The present research aims at developing such methods that are capable of addressing 

branching in LDPE irrespective of the molar mass effect, which is key to the understanding of the 

mechanical and processing properties of these complex molecules.  In particular, a multiple 

preparative fractionation approach shall be developed that will be able to address the multiple 

molecular distributions in branched PE. Such fractionation protocol would initiate further broadly 

based research on the molecular structure of complex polyolefins. 

1.3 Research Objectives and thesis outline 

To conduct comprehensive analyses of branched polyethylenes, the molecular structure of a set of 

branched polyethylene resins provided by SASOL, South Africa, shall be investigated following the 

objectives as stated below: 

i. Use a representative LDPE resin and develop a multiple preparative fractionation concept. 

This concept is based on fractionating the resin into narrow dispersed molar mass and 

branching fractions that can be further analysed using advanced analytical methods.  

ii. Use the multiple preparative fractionation concept to address the microstructural differences 

between branched PE exhibiting similar bulk properties but differ in their melt flow index 

(MFI). The multiple preparative fractionation concept shall be used to obtain fraction/sample 

libraries with different molar masses and branching contents. These libraries will help to 

selectively address the effect of molar mass and branching on the behaviour of the branched 

polyethylene resins.  

iii. Use the multiple preparative fractionation concept in combination with thermal and 

chromatographic fractionation techniques to address branching in LDPE.   

iv. Evaluate the multiple preparative fractionation concept to obtain microstructural information 

and degree of grafting for novel grafted polyethylenes which are produced by grafting LDPE 

onto a high density polyethylene (HDPE) backbone to form HDPE-g-LDPE.  

In Chapter 1, introductory information on the molecular structure of branched polyethylene is 

presented along with suitable techniques used for polyolefin characterization, in addition to the 

problem statement, the aim and the objectives of this research.  

In Chapter 2, some historical background on polyethylene along with a brief summary introducing the 

different types of polyethylene is presented. Detailed literature on branched polyethylene in terms of 

its molecular complexity is covered here. This chapter provides in-depth knowledge of the various 

characterization techniques available for the analysis of polyolefins.  
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In Chapter 3, the multiple preparative fractionation concept for the analysis of branched polyethylene 

is developed.   

In Chapter 4, three LDPE resins having different melt flow indexes are analysed for branching using 

the multiple preparative fractionation protocol established in Chapter 3. Fraction libraries constituting 

fractions with narrow molar mass and branching distributions are obtained and are used to evaluate 

the effect of branching and molar mass on the materials behaviour.   

In Chapter 5, the multiple preparative fractionation technique is used in combination with thermal 

and chromatographic fractionation to address branching in a commercial branched polyethylene. 

In Chapter 6, preparative TREF is combined with other analytical and hyphenated methods to analyse 

the degree of branching/grafting in novel grafted polyethylenes. The molecular structures of the 

grafted polymers are compared to reference materials that were produced under similar conditions 

as starting materials of the grafted product.   

It should be noted that the work reported in Chapters 3 to 6 is published   

In Chapter 7, the outcome of the research and concluding remarks are summarized.  
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L 2.1 Early discovery of polyethylene 

Ethylene, the principal feedstock for the production of polyethylene, was discovered over two 

hundred years ago and is made up of carbon and hydrogen only. Even though ethylene possesses 

many positive attributes, it was mainly used in the production of mustard gas (dichlorodiethyl 

sulphide), a poisonous weapon used during World War I. The high ethylene demand for warfare led 

to the construction of the first production plant. Towards the end of the war, it was not surprising that 

ethylene was available for a wide range of interesting applications including its use as an anaesthetic 

in the medical industry and in the production of ethylene dichloride, a valuable solvent for the 

production of oils and waxes.1 Another emerging application was its use in the production of 

polyethylene (PE).  

Polyethylene was accidentally discovered by four Dutch chemists as a white waxy material. A high 

pressure oxygen-initiated process was established by Imperial Chemical Industries (ICI).2,3 This 

discovery led to the genesis of the industrial production of low density polyethylene (LDPE). At that 

time, LDPE was used mainly as insulator material for ultra-high frequency (UHF) and super high 

frequency (SHF) coaxial cables for radar sets.4 Years later, another milestone discovery in the 

polyethylene industry emerged. Ethylene could be polymerized at a lower reactor pressure and 

temperature with the help of a catalyst to produce high density polyethylene (HDPE).2,5  Thereafter, 

copolymerization of ethylene with higher α-olefins using the catalytic procedure was introduced. This 

technique is used to produce the commonly known linear low density polyethylene (LLDPE). Today, 

polyethylene is the largest volume synthetic thermoplastic material available, with over 80 million 

metric tonnes global production reported in 2008 and a projected growth rate of over 5% per annum 

for the near future.2,6 In the following section, the characteristic differences between the HDPE, LLDPE 

and LDPE and their applications will be discussed. 

2.2 Classes of polyethylene 

Polyethylene (PE) consists of a large number of ethylene monomer units, having a general molecular 

formula of (𝐶𝐻2𝐶𝐻2)𝑛. PE exists in three widely used forms, which include high density polyethylene 

(HDPE), linear low density polyethylene (LLDPE) and low density polyethylene (LDPE).7 The molecular  

Stellenbosch University  https://scholar.sun.ac.za



 

8 | P a g e  Paul Bungu’s  

PhD Dissertation 

LITERATURE REVIEW 

structure of each polyethylene type is schematically presented in Fig. 1. HDPE is produced by catalytic 

polyaddition of ethylene at milder experimental temperatures (85 – 140 °C) and pressure (85 – 

300 bars).2,8 This procedure leads to polymer chains with a linear polyethylene backbone as indicated 

in Fig. 1a. The absence or low concentration of branches along the PE backbone results in the close 

packing between adjacent molecules and, therefore, strong van der Waals interactions. This close 

packing results in materials with high tensile strength, toughness, high crystallinity and high density. 

Generally, HDPE resins exhibit densities ranging between 0.94 and 0.97 g/cm3. 2,9 

 

LLDPEs is produced by catalytic copolymerization of ethylene with higher α-olefins as comonomers. 

The outcome of this combination generates polymer chains with branches that are similar to the one 

schematically presented in Fig. 1b. Branches in LLDPE exhibit defined lengths/sizes and are referred 

to as short chain branching (SCB). This technique is extremely beneficial to the industry in designing 

tailor-made PE resins with different properties by varying the comonomer contents and types. The 

branches on the polymer backbone cause the molecules to mix. Broad SCB distribution provides a 

wider melting/crystallization temperature range, which aids in enhancing sealability and stretching 

ability. In addition, the rigidness of the branches influences molecular packing, thereby affecting 

physical properties such as melting, crystallization, density etc. Depending on the comonomer content 

(SCB content), LLDPE resins may exhibit densities that vary from 0.91 to 0.93 g/cm3.9,10   

Commonly used catalysts include Ziegler-Natta and metallocene type catalysts. The Ziegler-Natta 

catalyst provides multiple reaction sites, which aid in generating PE chains with varying sizes and 

disordered branching distributions. This causes the final resins to exhibit broad molar mass and 

comonomer distributions. Alternatively, single-site metallocene catalysts are used to produce PE 

chains with homogeneous size distributions as well as evenly distributed short chain branches.2,7  

Figure 1: Schematic representation of HDPE (a), LLDPE (b) and LDPE (c). 

a b

c
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Lastly, LDPE is produced by free radical polymerization (FRP) processes at elevated temperatures (140 

– 350 ° C) and pressures (1000 – 3500 bars) that require an active initiator or catalyst to kick-start the 

reaction.11,12 Common initiators used include azo compounds, peroxides and oxygen. A schematic 

representation of a typical product with a complex architecture is shown in Fig. 1c. As is seen, LDPE 

molecules exhibit both long and short chain branches that are distributed in size and location. While 

a high level of LCB helps to increase impact strength and environmental resistance, a low LCB level 

improves optical properties, drawdown and tear strength. On the other hand, SCB controls the melting 

and crystallization behaviour of the resins. In addition, SCB also decreases the polymer density by 

altering the way the molecules pack. A typical density range of 0.91 to 0.94 g/cm3 is reported in the 

literature.2 Summarized in Table 1 are typical characteristic properties of the different PE resins.2,13 In 

the next section, detailed literature focusing on the reaction mechanism and the molecular complexity 

of LDPE or branched PE is discussed.  

Table 1: Summary of microstructural characteristics and applications of the different types of polyethylene resins. 
PE Comonomer Production 

Process 
Temperature 
and Pressure 

Catalyst Branch 
type 

Properties Application 

HDPE none Homo-
polymerization 

85-140 °C 
 
85-300 bars 
 

-Ziegler-Natta  
-Metallocene  

linear -High density  
(0.94-0.97g/cm3)  
-High strength 
-Toughness 
-Low stretching  
-Poor flow property 

-Pipes 
-Thick films  
 
 

LLDPE α- olefins  
(n-butene  
and higher) 

 Co-
polymerization 

85-140 °C 
 
85-300 bars 
 

-Ziegler-Natta 
-Metallocene 

SCB -Low density  
(0.91-0.93 g/cm3) 
-Good stretching  
-Toughness 
-Poor flow properties 

-Stretch wraps 
-Thin films 

LDPE none Homo-
polymerization 

140-350 °C 
 
1000-3500 bars 

-Peroxide 
-Oxygen 
-Azo 
compounds 

LCB  
SCB 

-Low density  
(0.91-0.94 g/cm3) 
-Good processability 
-Poor toughness 
-Good clarity 
-Good ductility 

Thin clarity films 
for: 
-Laminates 
-General 
packaging 

 

2.3 Free radical polymerization of ethylene  

As indicated earlier, LDPE is produced industrially by free radical polymerization (FRP) of ethylene 

either in an autoclave or in a tubular reactor under harsh reactor conditions (see Table 1 and Fig. 3). 

Typically, FRP occurs at reactor pressures between 1000 and 3500 bars. At such high pressures, 

ethylene exists as a liquid and the polymerization occurs in an excess of ethylene solution.2 Kinetically, 

the reaction advances through the elementary steps indicated as 1 to 4 in Fig. 2 14 and  Scheme 1.15 In 

the initiation step, the initiator absorbs heat from the environment and undergoes homolytic cleavage 

to generate radicals that readily initiate the polymerization as indicated in (1).4,15-17 The radicals then 

attack the ethylene to generate initiator radicals (2), which is followed by repeated ethylene addition  
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to form macroradicals as indicated in (4). According to the findings of Tatsukami et al.18, no induction 

period exists with the oxygen-based polymerization process above 190 °C. At such high temperatures, 

the oxygen starts inhibiting the polymerization process, forming deactivated product and/or 

hydroperoxides as indicated in (3). 
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Figure 2: Elementary reactions in the free radical homopolymerization of ethylene to low density 
polyethylene (modified from reference 14). 

Scheme 1: Representative reactions illustrating the initiation (1 and 2), retardation (3), propagation (4) and 
termination (5 and 6) steps of a radical polymerization process (modified from ref. 15).   
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Polymer molecules are formed by coupling two macroradicals into a larger size molecule (5), or by 

disproportionation reaction into two smaller size molecules (6). Chain transfer reactions proceed 

through multiple pathways (see Fig. 2) and are responsible for the formation of branches and other 

terminal groups. In the case where terminal functional groups are formed, the macroradicals abstract 

hydrogen from either a monomer or a modifier (e.g. solvent or chain transfer agent). 

Branches are formed by radical transfer from a terminal carbon of a macroradical to an inner 

methylene carbon of the same or a different polymer molecule through hydrogen abstraction, 

followed by chain growth at the new radical site. The phenomenon by which radicals are transferred 

within the same macroradicals is called backbiting and leads to the formation of short chain branches. 

Alternatively, radical transfer to another molecule yields long chain branches.2,10,14,15,  

2.4 The microstructure of branched polyethylene  

Polymer microstructure is defined by molecular parameters such as molar mass, branching, functional 

groups and comonomer content. These microstructural characteristics are capable of affecting 

polymer properties and applications. In the FRP reactor, the different reactions described in Fig. 2 

occur simultaneously, thereby producing LDPE molecules with complex architectures as shown in 

Fig. 3. Branching and molar mass distributions are the principal molecular parameters influencing the 

melting and solution behaviours of LDPE resins.  

While molar mass increases through chain growth reactions, i.e. continuous addition of ethylene onto 

the radical site, branches are formed by radical transfer reactions. Branching in LDPE is classified into 

long chain branching (LCB) and short chain branching (SCB). The later is formed by backbiting 

reactions, follow by chain growth reaction at the newly formed radical site as illustrated in 7 and 8 

Figure 3: Morphology of a highly and sparsely branched LDPE molecule produced using (a) 
an autoclave reactor or higher temperature and (b) a tubular reactor or higher 
pressure.  

a b

Highly branched Sparsely branched 
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Scheme 2: Schematic representation for the formation of short chain branch (LCB) by backward backbiting (7) and forward 
backbiting (8) to form butyl and ethyl branches, respectively. 

 

in Scheme 2.2 The commonly known backward backbiting predominantly forms n-butyl 

branches.2,15,19,20 Depending on the applied conditions, secondary forward backbiting reactions may 

occur on the newly formed branched molecules to produce ethyl branches as indicated in (8). For a 

commercial high pressure process, n-butyl (C4) branches are the principal short chain branches 

formed, which co-exist with smaller proportions of methyl (C1), ethyl (C2), amyl (C5), and hexyl (C6) 

branches, in a trifunctional branching system.   

On the other hand, LCBs are formed via intermolecular chain transfer to macromolecules. This 

reaction occurs when a macroradical abstracts hydrogen from the backbone of a neighbouring 

polymer chain, followed by chain growth on the new radical site as indicated in (9). Even though the 

exact length of an LCB remains ill-defined, it constitutes tens or hundreds of repeated methylene units. 

From the rheological standpoint, LCB is defined as any branch capable of enhancing chain 

entanglement and induce side chain crystallization. From the point of view of 13C NMR, LCB branches 

are any chains longer than C5 branches, since this technique is unable to distinguish side chains longer 

than C6 branches. 

 
Scheme 3: Schematic representation for the formation of long chain branch (LCB) by chain transfer to polymer.  

Just like other synthetic polymers, LDPE is a statistically distributed material that exhibits a complex 

microstructure. The microstructural complexity stems from the fact that the polymer consists of 

molecules with different sizes and topologies as illustrated in Fig. 4. Microstructural heterogeneity is 

defined by the distributions in molecular size (molar mass distribution, MMD) and molecular topology  
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(branching distribution, BD) of the polymer chains. In the field of polymer science, MMD is expressed 

in terms of the broadness index or dispersity (Ð), which is described by the ratio of the weight-average 

molar mass (Mw) and the number-average molar mass (Mn).  

Earlier investigations have indicated that resins having similar average molar masses but different size 

or branching distributions may exhibit different rheological properties and, therefore, different 

mechanical properties and applications.21 One major challenge in the FRP process is to synthesize 

molecules with a well-defined molecular structure and narrow molar mass distribution. However, this 

challenge to a certain extent might be beneficial since broad MMDs provide LDPE resins with better 

elastic recovery and the ability of the melt to deviate from Newtonian behaviour, providing better 

processing ability. Polymer dispersity can be enhanced or reduced experimentally by altering the 

polymerization conditions (temperature and pressure). Depending on the desired product, increasing 

pressure or decreasing polymerization temperature foster chain growth reactions leading to a higher 

degree of polymerization and broad MMD. Other conditions that lead to broad MMDs include the use 

of active initiators such as oxygen and di-tertbutylperoxide and a square-shaped autoclave reactor. 

Reactors with shapes that ensure maximum mixing and alters residence time of each molecule will 

influence dispersity.21 Other investigations have demonstrated that polymers with broad MMDs can 

be obtained by using symmetrical difunctional peroxide initiators that readily dissociate.22  

On the other hand, resins with narrow MMDs are obtained by applying conditions that do not favour 

chain growth reactions but maintain uniform residence times for all molecules. This is achieved by 

increasing the polymerization temperature, using active initiators like dicyclohexyl 

peroxidecarbonate, and a narrow autoclave or a tubular reactor to produce polymer chains with a 

Figure 4: Schematic topological representation of the molecular structure and 
microstructural distribution of branched PE (LDPE). 
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higher degree of branching as indicated in Fig. 3a. In a situation whereby high pressure is applied, a 

small amount of chain transfer agent (CTA) may be used to control molar mass (chain growth). In LDPE 

resins, LCB often dictates the desired property since a higher level of LCB results in broad molar mass 

distributions. Experimentally, increasing polymerization temperatures result in an increased level of 

LCB and SCB. In this case, the length of the LCB is shorter since chain growth is hindered, leading to 

polymer chains with narrow MMDs. Alternatively, longer LCBs are formed at higher pressure and, 

therefore, broad MMDs are achieved. 15,21,23 However, the degree of LCB can also be influenced by 

altering the feed gas temperature which is applied in situations whereby only an increase in LCB is 

desired without increasing the level of SCB. A high level of LCB or broad MMD improves impact 

strength, neck-in and environmental crack resistance. Although broad MMD resins improve impact 

strength, resins with narrow MMD but a higher degree of LCB provide better impact strength.24  

In industry, for example, a higher level of SCB controls the melting temperature, which improves the 

ability for polymer to seal at low temperature. When high sealability in combination with high polymer 

strength is desired, resins with low level of LCB but having broad SCBD is required. This is because LCB 

reduces the ability for molecules to mix. Low level of LCB also improves drawdown in coating grade 

resins.  Therefore, LDPE properties vary significantly depending on the desired application. 

 In order to understand the characteristic behaviours of these resins and to assign them to specific 

applications, the development of structure-property relationships is essential and requires in-depth 

characterization of these complex resins. In the next section, the different characterization techniques 

and their uses will be highlighted. 

 

2.5 Advanced characterization of polyolefins  

In order to correlate polyolefin microstructure to the physical and mechanical properties, the 

microstructural parameters MMD and CCD, branching distribution (BD) and tacticity must be analyzed 

quantitatively. In a study by Ndiripo et al. the “LEGO” approach shown in Fig. 5 was proposed for the 

comprehensive microstructural analysis of complex polyolefin resins.25 This approach incorporates the 

use of advanced chromatographic techniques such as; high temperature size exclusion  (HT-SEC), high 

temperature solvent gradient interactive chromatography (HT-SGIC) and high temperature two-

dimensional liquid chromatography (HT-2D-LC) in combination with crystallization-based techniques 

such as; temperature rising elution fractionation (TREF), crystallization analysis fractionation 

(CRYSTAF), crystallization elution fractionation (CEF), solution crystallization analysis by laser light 

scattering (SCALLS) and thermal analytical techniques such as; differential scanning calorimetry (DSC) 
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and successive self-nucleation and annealing (SSA) for the analysis of complex semicrystalline 

materials. In addition to this cluster of techniques, 13C NMR and FTIR spectroscopy are also used to 

quantitatively measure the comonomer/branching contents as well as to determine the branch types, 

comonomer sequences and tacticities of these complex polymers.19,26-29  

Typically, SEC is used to fractionate polymer chains on the basis of hydrodynamic size and the size 

distribution is directly related to MMD. Conventionally, SEC is coupled either to concentration 

detectors such as the differential refractive index detector (DRI) or the infrared (IR) detector.30 The 

concentration profile as a function of elution volume is converted to a MMD using a column calibration 

procedure. The calibration method assumes that (1) the molar mass is regularly defined over the 

calibration curve and (2) any molecule eluting late after the column must be smaller in size and thus 

in molar mass.31,32  

However, this is not true for complex polymers like LDPE since the molecular size of the eluting 

fractions does not depend on molar mass alone, but also on the molecular architecture and topology. 

This implies that high molar mass molecules with a higher level of branching will co-elute with low 

molar mass linear molecules due to a higher polymer coil density induced by the branches. In such 

complex systems, molar mass sensitive detectors such as light scattering or online viscometer are 

preferred. These detectors have the ability to measure the exact molecular size and branching by 

measuring the radius of gyration (Rg) or hydrodynamic radius (Rh) of the SEC fractions regardless of 

the elution volume. 33,34 Accurate molar mass measurement by the LS detector also requires a 

concentration detector preferably an online RI to measure polymer concentration as well as the 

specific refractive index increment 𝑑𝑛/𝑑𝑐 in accordance with Eq. (1). where 𝐼  is the intensity of the 

scattered light, 𝑀 the molar mass and 𝐶, the polymer concentration.  

Figure 5: Schematic presentation of the “LEGO” approach in the analysis of complex polyolefins (reproduced from ref 25) 
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 𝐼𝑠𝑐𝑎𝑡𝑡𝑒𝑟𝑒𝑑 ∝ 𝑀 × 𝐶 ×  (dn
dc⁄ )

2
        (1)  

In recent years, triple detection SEC that integrates an online concentration detector (RI/IR) with 

multiangle laser light scattering and viscometer detectors (SEC-RI-MALLS-Vis) have been developed 

for the comprehensive microstructural characterisation of complex polymers. It is well known that 

polymer chains with similar hydrodynamic size will co-elute irrespective of their topology. On adapting 

special infrared detectors such as IR5 with SEC, chain branching can be measured as a function of 

MMD.30,35,36  

Chain crystallinity is an important physical characteristic, which varies with changes in the molecular 

structure and topology. These variations provide the fundamental link between compositional 

heterogeneity and physical properties of semi-crystalline polyolefins. To evaluate polyolefin 

microstructure based on chain structure, topology or architectural distributions, advanced techniques 

such as TREF37-39 and CRYSTAF35,40-40 were developed to fractionate polymer chains according to their 

crystallizability from dilute solution. Experimentally, CRYSTAF uses an infrared detector to measure 

changes in polymer concentration in dilute solution as crystallization occurs. On the other hand, 

fractionation by TREF proceeds through two experimental steps. Initially, the polymer undergoes 

static crystallization on a solid support (either sea sand or glass beads) by slowly cooling a mixture of 

polymer and support in a crystallization column (analytical TREF) or a glass reactor (preparative TREF). 

The polymer crystallizes on the support based on its crystallizability, while forming onion-like ring 

structures as indicated in Fig. 6a. Subsequently, a coherent solvent flow and successively rising column 

temperature elute the polymer fractions of the previously crystallized materials as indicated in Fig. 6b. 

In the case of analytical TREF, the polymer concentration is monitored using an infrared detector as 

the polymer elutes from the column.  

Although good separation is achieved in TREF, the technique is time-consuming and requires excessive 

use of solvents. In recent times, Monrabal et al. have introduced crystallization elution fractionation  

Figure 6: Schematic representation of the TREF process, showing in (a) the crystallization step and (b) the elution step. 
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(CEF)40,41- 43, which is a technique developed to minimize analysis time while ensuring improved 

separation. Different from TREF, CEF uses dynamic crystallization since a small solvent flow is allowed 

through the column as crystallization occurs. This process permits molecules with different molecular 

structure or crystallizability to crystallize at different locations in the column. This technique was 

reported previously to provide good separation for complex polyolefins and polymer blends at a 

reduced analysis time. 

Most recently, Shan et al. introduced a new fractionation technique known as turbidity fractionation 

analysis (TFA), which is used to fractionate polyolefin resins based on solubility. This technique was 

used to evaluate comonomer composition distributions in linear low density polyethylene and 

compositional distributions in polyethylene blends.44 The method was later modified by van Reenen 

and co-workers to a technique known as solution crystallization analysis by laser light scattering 

(SCALLS) and was used to study the crystallization kinetics of different types of polyolefins and polymer 

blends. 44- 47 

While CRYSTAF profiles describe polymer behaviour as crystallization occurs, TREF and CEF provide 

the dissolution profiles as the polymer elutes from the column. SCALLS, on the other hand, combines 

both techniques by providing the crystallization and dissolution profiles in a single experimental run 

at the shortest possible time. Also, the procedure does not require sophisticated instrumentation as 

well as excessive use of solvent. 

Unlike solution-based crystallization techniques, DSC48-51 is a thermal analytical technique that 

characterizes polymer molecules in their solid state. This technique monitors the crystallization and 

melting behaviour as polymers are subjected to a controlled temperature program. The technique is 

commonly used by industry and academics as a quick analytical tool to qualitatively measure the chain 

composition of complex polymers while correlating the microstructural properties to the 

thermophysical behaviour.  

In addition to conventional DSC experiments, DSC based fractionation techniques such as SSA and step 

crystallization (SC) have been developed.52-56 These techniques fractionate polyolefin resins thermally 

while providing in-depth structural information regarding SCB (PE), tacticity (PP) and chain 

heterogeneity. Fractionation by SSA occurs by segregation, whereby polymer chains with similar 

crystallizable methylene sequences (CMS) are segregated through continuous heating and cooling 

cycles while successively decreasing the self-seeding temperature (maximum heating temperature). 

This technique provides information regarding crystal size distribution (CSD), which is directly related 

to the chemical composition distribution in the chain structure.  
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It is often assumed that polymer chains exhibiting similar distributions in the crystallizable ethylene 

sequences (similar degree of branching) will co-crystallize irrespective of their molecular size.55,57 

Therefore, by correlating the branching content to the crystallization temperature and crystal size, the 

polymer crystal size distribution is directly linked to the branching distribution.49 All these different 

techniques are temperature-dependent and, therefore, suffer from the co-elution/co-crystallization 

effect. In addition, crystallization based techniques are limited to the crystallizable components of the 

polyolefin resin as amorphous fractions cannot be separated. 

To overcome the challenges of crystallization-based techniques, high-temperature high performance 

liquid chromatography (HT-HPLC or HT-SGIC) was recently developed by Pasch and Macko as an 

alternative method for the analysis of complex polyolefin resins.37,40,58-63 This technique fractionates 

polyolefin chains according to van der Waals interactions with the stationary phase and not according 

to crystallizability.   

The separation is governed by the adsorption/desorption capability of the Hypercarb (porous graphite 

particles) stationary phase on the polymer molecules. Unlike CRYSTAF and other temperature-

depended techniques, this method is capable of analysing both the amorphous and the crystalline 

polyethylene components since the fractionation is based on the interaction between the stationary 

phase and the linear ethylene backbone. Following the development of solvent gradient HPLC a 2D-

LC technique capable of mapping branching/comonomer content distribution of complex polymers as 

a function of hydrodynamic volume (molar mass) was developed.40,64-46 65 This technique incorporates 

HPLC and SEC in one instrument such that fractions eluting from the HPLC column are subsequently 

being analysed by SEC providing bivariate distribution plots that correlate branching to molar mass or 

hydrodynamic volume similar to the one presented in Fig. 7. A similar technique whereby TREF is 

Figure 7: 3D plot obtained by combining TREF and SEC to obtain a 
bivariate distribution of polyolefin resins. 
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coupled to SEC was also reported by Yau.49,67-69 These sophisticated but highly beneficial techniques 

have been used for the comprehensive microstructural characterization of complex polyolefins such 

as impact polypropylene, ethylene co- and terpolymers.  

Typically, 13C NMR spectroscopy is used to elucidate the molecular structure of complex polymers. 

This technique is suitable for quantitative measurements of branching (LDPE), comonomer content 

(LLDPE), tacticity and comonomer sequence units of complex polyolefin resins.70 Although, 13C NMR is 

a more precise analytical technique used to characterize branching, it is limited to providing average 

information and not the distribution. Branching distribution information, on the other hand, has been 

obtained by coupling FTIR with fractionation techniques. For example, chemical composition 

distribution of complex polymer resins has been obtained offline by coupling SEC or HPLC to FTIR. In 

this case, the eluting SEC65 or HPLC67 fractions are collected on a germanium disc via the LC-transform 

interface and analysed offline using FTIR.  

Despite the wide variety of techniques reported for the characterization of complex polymers, a more 

comprehensive approach in establishing suitable structure-property relationships for highly 

heterogeneous systems is to perform fractionation on a preparative scale. Commonly used 

preparative techniques include preparative TREF (pTREF),71,72 having been used to obtain molecular 

species with varying branching but narrow branching distributions.  On the other hand, preparative 

molar mass fractionation (pMMF) provides fractions with given molar masses and narrow molar mass 

dispersities. The fractionation process is governed by phase separation induced by a continuous 

decrease of the dissolution power of a solvent system either by adding a non-solvent to the polymer  

solution or by preferential evaporation of the solvent in a solvent/non-solvent mixture.73,74 

Alternatively, molar mass fractions can be obtained by solvent gradient fractionation (SGF). With this 

method, fractions are obtained by dissolving/eluting the samples with varying ratios of solvents and 

Figure 8: Diagram showing the variation in molar mass and branching of the (a) MMF and (b) TREF fractions. 
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non-solvents in binary mixtures.74,75 These fractionation methods provide fractions in milligrams to 

gram amounts that can be analysed further using other advanced techniques like SEC, NMR, DSC, etc.  

While pTREF fractionation provides fraction libraries with varying branching or crystallizabilities, 

pMMF and SGF are more selective towards molar mass and, thereby, produce fractions with varying 

molar masses irrespective of composition/branching as presented in Fig. 8. As clearly illustrated in Fig. 

8a, the MMF fractions demonstrate high selectively towards molar mass, while showing no major 

changes in branching content. On the other hand, analysis of the TREF fractions in Fig 8b, display 

varying branching content, while molar mass remains almost unchanged. These techniques have been 

extensively used to study the chain composition in complex polymer systems. As an alternative 

method to the conventional 2D liquid chromatography using HPLC/TREF-SEC, cross-fractionation 

techniques have also been established for the analysis of polyolefins. These techniques combine data 

from the preparative fractionation methods such as pTREF and analytical data from SEC to establish 

2D plots similar to the one presented in Fig. 7.   
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In the first part of this study, the multiple preparative fractionation concept for the characterization 

of branched polyethylene was established. The concept entails the use of preparative temperature 

rising elution fractionation (pTREF) and preparative molar mass fractionation (pMMF) to fractionate 

branched polyethylene into narrow fractions with varying degrees of branching and different molar 

mass distributions, respectively. These fractions were further analysed by SEC, CRYSTAF and 13C NMR 

to obtain molar mass and branching information.  

Cross-correlation methods were established by combining pTREF/pMMF data with SEC and CRYSTAF 

data, which enabled the construction of two-dimensional contour diagrams, relating branching to 

molar mass.  In addition, the selectivity of the different fractionation methods was evaluated. It was 

observed that pMMF provides narrowly dispersed molar mass fractions that exhibit broad branching 

distributions. Alternatively, pTREF provided fractions with narrow branching distributions but broad 

molar mass distributions.   

A detailed discussion of this work has been published (P. S. Eselem Bungu and H. Pasch, Polym. 

Chem., 2017, 8, 4565–4575.) and is presented in this chapter.  

  

 

Figure 9: The multiple preparative fractionation: the concept versus the experiment.   
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In the second part of this study, the multiple preparative fractionation concept was used to evaluate 

branching in low density polyethylenes (LDPE) having comparable average molar masses and 

branching, but exhibiting differences in crystallinity and melt flow indexes (MFI). 

Bulk analysis of the samples using different advanced analytical methods was not able to explain the 

differences in crystallinity and MFI. Therefore, the resins were fractionated by pTREF and pMMF to 

obtain fractions with narrow branching and molar mass distributions, respectively. The fractions were 

then analysed using a set of analytical techniques, including SEC, CRYSTAF and 13C NMR to obtain molar 

mass and branching information. Two-dimensional correlation diagrams constructed by combining 

pTREF/pMMF data with SEC and CRYSTAF revealed distinct microstructural differences between the 

different LDPEs.  

As a result of the multiple fractionation approach, libraries were obtained with (A) samples having 

similar branching but different molar masses and (B) samples having similar molar masses but 

different branching. Correlation between molar mass and branching was obtained by plotting the 

molar mass data obtained by SEC against branching data obtained by 13CNMR. Using CRYSTAF, DSC, 

HPLC and SEC-MALLS, library samples were compared that were similar in one property (e.g. molar 

mass) but distributed in another property (e.g. branching). This enabled to observe the effect of one 

property on polymer behaviour without the influence of the other property. This approach 

significantly enhanced the selectivity of the analytical investigations. 

The details of this work have been published (P. S. Eselem Bungu and H. Pasch, Polymer Chemistry, 
2018, 9, 1116–1131) and are presented in this chapter. 
 

 

Figure 10: The multiple preparative fractionation concept provides sample libraries with different degrees of branching 
and different molar masses that are analysed regarding the LDPE microstructure 
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Using the multiple preparative fractionation concept presented in Chapters 3 and 4, fractions of a 

representative sample of low density polyethylene (LDPE) were analysed by DSC and subsequently 

successive self-nucleation and annealing (SSA) to evaluate the effect of molar mass and branching on 

the thermo-physical behaviour, being the most relevant molecular property that influences the 

processing behaviour of the material.  

Microstructural information for the LDPE fractions was obtained by combining pTREF/pMMF data with 

the SSA data to obtain two-dimensional plots relating branching and molar mass to crystal size 

distribution. From the TREF-SSA 2D contour plot, it was observed that two species with distinctively 

different crystal size/peak crystallization co-elute in TREF. Complementarily, the MMF-SSA 2D contour 

plot revealed that the branched species have predominantly high molar masses, while the more linear 

components exhibit lower molar masses. The fractions were analysed by HPLC, followed by 

comprehensive 2D-LC analysis. For some fractions, the 2D plots revealed co-elution of branched and 

linear components. In a similar way, the 2D plots confirmed higher degrees of branching for the higher 

molar mass fractions. These results were in agreement with the results reported for SSA.  

 

More detailed information of this work has been published (P. S. Eselem Bungu, K. Pflug and H. Pasch, 

Polymer. Chemistry, 2018, 9, 3142–3157.) and can be found in this chapter.  

  

 

 Figure 11: Multiple preparative fractionation of LDPE provides molar mass and branching 
fractions that were analysed regarding their thermal properties 
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In this chapter, the analysis of novel polymers, produced by grafting low density polyethylene (LDPE) 

onto a high density polyethylene (HDPE) backbone (HDPE-g-LDPE) were analysed and compared to 

the reference linear (HDPE) and branched (LDPE) homopolymers. The molecular structures of the bulk 

resins were investigated using SEC, CRYSTAF, HPLC, DSC, SEC-MALLS and 13C NMR. The results  

revealed that the molecular structure of the grafted samples is heterogeneous, constituting a mixture 

of non- grafted LDPE, non-grafted HDPE and the grafted materials. The SEC results indicated a complex 

mixture of different molar mass species, while  CRYSTAF, HPLC and DSC showed a complex mixture of 

branched, linear and grafted components in the bulk materials. 

13C NMR results revealed that the grafted samples constitute predominantly n-butyl groups as short 

chain branches and a small amount of long chain branching (LCB).  The presence of LCB was confirmed 

by SEC-MALLS, and the results revealed that different grafting products had different levels of LCB.  

For a comprehensive evaluation, the grafted samples and the reference LDPE were fractionated by 

pTREF. The results confirmed the different compositions of the samples with one sample containing a 

higher amount of non-grafted HDPE,  indicating a lower degree of grafting and, therefore, lower 

conversion.  

The fractions were also analysed by 2D-LC (HPLC×SEC), which provided comprehensive 2D plots 

showing the interrelationship between the branched/grafted/linear components and molar mass.  

The detailed results of this work has been published (P. S. Eselem Bungu, K. Pflug, M. Busch and H. 

Pasch, Polym. Chem., 2018, 9, 5051–5065) and can be found in this chapter. 

 

LDPE

HDPE

HDPE-g-LDPE

2D-LC (HPLC× SEC)

Figure 12: Chain heterogeneity in novel grafted polyethylene   
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Low density polyethylene (LDPE) is a branched polyolefin with a complex molecular structure that 

exhibits distributions in molar mass, short chain branching (SCB) and long chain branching (LCB). 

Several analytical techniques are in place for the characterization of polyolefins and related materials 

with regard to branching and molar mass.  Until this day, however, no suitable technique exists, that 

is capable of addressing branching in LDPE, without the interference of molar mass effects.  In the 

present study, selective fractionation and analysis techniques have been developed that address the 

distributions in molar mass and branching independent from each other and that enable the 

comprehensive microstructural analysis of LDPE.  

In the first part of the study, a new approach to the comprehensive analysis of one of the most widely 

used material over the last 50 years-LDPE- is presented. Despite being a homopolymer, LDPE exhibits 

a complex molecular structure, combining molar mass distribution with short chain and long chain 

branching distributions. Bulk analysis on LDPE was conducted using established methods such as SEC-

RI, CRYSTAF, DSC, HPLC and 13C-NMR to provide molar mass and branching information. However, the 

correlation between these parameters could not be obtained using a single (one-dimensional) 

analytical approach. The only possible way of correlating molar mass with SCB and LCB information is 

through a multiple preparative fractionation protocol, which was described conceptually in this part 

of the study. It was demonstrated that selective preparative fractionations provide fractions with 

different molar masses and branching architectures. More specifically, preparative molar mass 

fractionation (pMMF) has shown to be rather insensitive to branching and can provide fractions with 

different molar masses but similar branching. Complementary, preparative temperature rising elution 

fractionation (pTREF) produces fractions with similar molar masses but different branching. These 

fractions were then analysed consecutively by a set of advanced analytical methods. By combining 

data obtained from the preparative fractionations with those of the analytical methods such as in 

pTREF/pMMF-SEC or pTREF/pMMF-CRYSTAF, two-dimensional diagrams that correlate branching and 

molar mass were constructed.  By using this approach, the complex microstructure of branched 

polyethylene can be mapped and evaluated.  

In the second part of the study, the applicability of the multiple preparative fractionation concept was 

investigated using three representative LDPE resins. Although being homopolymers, it was observed 

that the molecular structure of all resins was quite complex and they were displaying distinctively 

different molar mass and branching distributions. It was shown that the multiple fractionation concept 

is a powerful approach to generate sample libraries via pTREF and pMMF that constitute samples of 
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comparable molar masses but different branching structures or alternatively have comparable 

branching but different molar masses. Cross-investigation of these library samples with advanced 

analytical techniques provided in-depth information on the molecular heterogeneity of preparative 

fractions (library samples) as compared to bulk sample analysis.  

The sample library approach was exploited to investigate the effects of molar mass and branching on 

the microstructural properties independently. This was achieved by comparing the behaviour of 

selected fractions with similar branching but distinctively different molar masses using CRYSTAF, HPLC, 

DSC and SEC-Vis. In CRYSTAF, broad crystallization profiles and high amounts of soluble components 

were found for low molar mass fractions, while higher molar mass fractions displayed narrow 

crystallization profiles. These results proved a greater compositional heterogeneity for the lower 

molar mass components. In a similar way, results for fractions with varying branching contents but 

similar molar mass were obtained and it was found that all fractions displayed broad crystallization 

profiles.  

In the third part of the study, multiple preparative fractionations were used in combination with 

thermal (DSC and SSA) and chromatographic (HPLC and 2D-LC) analysis techniques to address 

branching in LDPE.  The dissolution/melting and crystallization behaviour in solution and in melt using 

SCALLS, DSC and SSA  were compared to a reference linear PE.  In order to relate this information to 

branching, a quantitative branching as a function of molar mass study was conducted using SEC-IR5 

(methyl content distribution) and SEC-MALLS (for LCB distribution). Individual fractions generated by 

pTREF and pMMF were thermally fractionated using SSA and the crystal size distribution was 

correlated with the branching distribution. In addition, two-dimensional plots correlating the TREF 

fractionation temperature and the crystallization temperature (TREF-SSA), as well as molar mass and 

the crystallization temperature (MMF-SSA), were constructed for the first time. The TREF-SSA plot 

revealed co-elution of branched and higher molar mass components in the higher TREF temperature 

fractions. It was found that the results from thermal fractionation correlate well with those of the 

chromatographic analyses.   

In the last part of the study, the multiple fractionation concept was used to investigate the molecular 

heterogeneity of novel grafted polymers that were produced by grafting LDPE onto a HDPE backbone. 

Bulk analysis of these materials displays a compositional heterogeneity in branching and molar mass. 

Following TREF fractionation, the amounts of non-grafted linear PE and grafted molecules were 

determined. 13C NMR analysis of the fractions indicated that branching decreases with an increase in 

the TREF fractionation temperature. The cross-analysis of the TREF fractions with advanced analytical 
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techniques for molecular structure and thermal properties linked molar mass, branching, 

crystallization and melting. 

To conclude, in this research, it was demonstrated that the multiple fractionation concept is a 

powerful approach to generate sample libraries that may constitute materials of comparable molar 

masses and different branching structure or alternatively, comparable branching but different molar 

masses. Cross-analysis of the library samples with advanced analytical techniques provides in-depth 

information on the molecular heterogeneity of branched polyethylene. The present multidimensional 

approach can be adopted for other similarly complex polyolefin materials.  
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