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1. Abbreviations

2D-LC
HT 2D-LC
a-PP
CCD
CEF
CRYSTAF
ELSD
FTIR
G-10min
GC
HDPE
HPLC
HT-HPLC
HT-LAC
HT-LCCC
HT-SEC
HT-SGIC
HT-TGIC
IR

i-PP

LCB
LDPE
LLDPE
MMD

N

NMR
ODCB
PE

PGC

PP
PRg-MA
PMMA
Prep.

Two Dimensional Liquid Chromatography

Two Dimensional High Teperature Liquid Chromatography
Atactic Polypropylene

Chemical Composition Distribution

Crystallization Elution Fractionation

Crystallization Analysis Fractionation

Evaporative Light Scattering Detector

Fourier Transform Infrared

Linear Gradient of 10 min

GasChromatography

High Density Polyethylene

High Performance Liquid Chromatography

High Temperature High Performance Liquid Chromatography
High Temperature Liquid Adsorption Chromatography

High Temperature Liquid Chromatogtay at Critical Conditions
High Temperature Size Exclusion Chromatography

High Temperature Solvent Gradient Interactive Chromatography
High Temperature Thermal Gradient Interactive Chromatography
Infrared Spectroscopy

Isotectic Polypropylene

Long Chain Branch

Low Density Polyethylene

Linear Low Density Polyethylene

Molar Mass Distribution

Number of Theoretical Plates

Nuclear Magnetic Resonance

1,2-Dichlorobenzene

Polyethylene

Porous Graphitized Carbon

Polypropylene

Polypropylene Grafted Maleic Anhydride

Poly Methyl Methacrylate

Preparative



PS Polystyrene

R Resolution

RI Refractive Index

SCB Short Chain Branch

SEC Size Exclusion Chromatography

TCB 1,2,4Trichlorobenzene

TG-NMR Thermal Gradient Nuclear Magnetic Resonance
TREF Temperature Rising Elution Fractionation
Symbols

aG Gibbs free energy difference

oH Change in interaction enthalpy

(03] Change in conformational entropy

b Dispersity

Kd Distribution coefficient

Mhn Number average molar mass

Mw Weight average molar mass

R Universal gas constant

T Absolute temperature

Tec Crystallization temperature

Tmp Peak melting temperature

V1 Molar volume of the diluent

v, Volume fraction of theliluent

mol % Mole percent

wt. % Weight percent

c, Flory Huggins thermodynamic interaction parameter
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2. Summary in German

Die Entwicklungen im Bereich defibergangsmetallkatalysierte®lefinpolymerisation
wahrend der letzten 50 Jahre habenea®moglicht Polyolefine bei deutlich verbesserter
Kontrolle der Regiound Stereoselektivitat, der Verzweigungen (ihre Anzahl und Lange) und
der Abfolge in der Monomere in die Polymerkette inkorpidriverden, zu synthetisierddamit
einhergehendvurde wuchs der Bedarf nachmfassende analytische Methoden fir ¢
molekulare Charakterisierung. Die molekularen Heterogenitaten in Polyolefinen kénnen zu
einem Grol3teil auf Basis der Molmassenverteil@iiglar Mass Distribution MMD), der
Verteilung der chemischen Zusammensetz@igeical Composition Distributiogi€CD) und

der Verteilung der Stereoregularitat&tdreeRegularity Distribution SRD) definiert werden.

In jingster Zeit hat die Hochtemperar-Wechselwirkungschromatographie mit
LosungsmittelgradienterH{gh Temperature Solvent Gradient Interaction Chromatography
HT-SGIC) grol3e Bedeutug zuBestimmung der CCD von Polyolefinegewonnen Die
Wechselbeziehung zwischen den Verteilungen in Hikldief die Zusammensetzung und die
Molmasse kann durch die Kopplung von HiPLC und HT-SECin der multidimensionalen
Chromatographie (HT 2@DC) untersucht werden. Das Ziel der in dieser Dissertation
prasentierten Arbeiten war es verbesserte quantitttiveD-LC Methoden zur Trennung
komplexer Polglefing die m Hinblick auf ihre Zusammensetzung wie auch die Molmasse
breit verteilt sind, zu entwickeln. Die Forschungsergebnisse sind in vier Teile unterteilt
Zunéchst wird eine pragnante Zusammenfassung @esiSder Technik und der Ergebnisse
geliefert, dann werden die gezogenen Schlussfolgerungen fir jeden der Teile einzeln
zusammengefasst.

Im ersten Teil wurde eine Methode entwickeltm bimodales Polyethylen hoher Dichte
(BiIHDPE) (unpolare Polyolefinapittels HT-SGICin seine Bestandteile, HDPE und LLDPE,

zu trennen. Eine schrittweise Optimierung der chromatographischen ParameterHieL &1
einschlie3lich der Gradientensteigung und der Temperatur, wurde unter Verwendung von
ModellsubstanzetHomo- undCopolymera von Ethylen durchgefihrt. Dabei warsdas Ziel

den Einfluss der Molmasse auf die Trennung nach ZusammensefEIRBIPLC) zu
minimieren. Die mit der entwickelten HAIPLC Methode erreickt Trennungwurde durch
Kopplung mit der HTSECweiter ogimiert: Der Einfluss der Saulentemperatur, des Volumens
der HT-HPLC-Fraktionen die in die HBEC injiziert wurden und der Trenneffizienz der-HT
SEC wurden dabei untersuclrstmalswurde fir BIHDPE Bimodalitat sowohl in der HT
HPLC- wie auch in der HISEC-Dimension der HT 2EL.C beobachtet. Dies wurde durch die
Verwendung eines geringen Transfervolumens von 100 pL, eineBECS&ule mit hoher

Zahl theoretischer Boden {Nog und dadurch, dass fur jede ¥PSEGAnNalyse genug Zeit
gelassen wurde, erreicht.

Um quantitative Informationeiber die aus der Chromatographie eluierenden Fraktiomen
gewinnenwurde der Verdampfungslichtstreudetektigvgporative Light Scattering Detector
ELSD) durch einen Infraro(IR)-Detektor ersetztund BIHDPE so mittels HT 2@C
analysiert. Hierzu war eine sorgfaltige Optimierung dehromatographiscime Parameter
erforderlich:Mit jedem Fraktionstransfer aus der HHPLC in die HFSEGDimension wird

bei der HT 2BLC eine kleine Menge-Decanol (Losungsmittelpfropf) mitinjiziertvobei die
Menge va der jeweiligen Positioom Gradienten abh&ngt. Da der hier verwendetBéiektor

auf die Detektion der Streckschwingungen von Methpd Methylengruppen eingestellt ist,
verursacht dDecanol einen intensivamd breiten Peak im Chroatogramm, der deutlich mit
dem Polymerpeak Uberlappen kann, wenn eine Saule mit geringer Zahl theoretischer Bdoden
(N4s09) verwendet wirdUm eine Trennung des Polymerpeaks vom Lésungsmittelpeak Giber den
gesamten Molmassenbereich zu erreichenmgde eine SEE&ule mit hoher Zahl theoretischer
Bdden(N11009 bendtigt. Ebenfalls wurden ein optimales Transfervolumen zwischen der HT
HPLC- und der HFSEGDimension und ein optimales Volumen fir eine einzelneSEG
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Analyse identifiziert. Unter Verwetung dieser Bedingungen wurden der Losungsmittelpeak
und der Polymerpeak in allen FHEGChromatogrammewom BiHDPE Basisliniergetrennt.

Im Ergebnis zeigte der Kontourplot der HT-2BY IR zwei Areale welchedie Trennung des
BiIHDPE in die HDPE und LLDPEKomponente widerspiegel Es wurde eine umfassende
Kalibration des HT 2ELC-Systems in Hinblick auf Molmasse, Zusammensetzung und
Konzentration durchgefiihrDies zeigtedie Anwesenheit von Oligomeren (bis zu 500 g/mol)
welche aus HDPE stammten und die Asemheit von Polymerfraktionen mit einem 1
Butengehalin einem Bereich von 0 bis 6,5 mol %

Um umfassende Kenntnisse Uber die molekularen Heterogenitaten in Polyolefinen zu
gewinnen, kann eine chromatographische Trenn{iti-HPLC/HT-SEC) offline mit der
13C-NMR (off-flow HT-HPLCHT-SECY 3C NMR) gekoppelt werden. Im Falle von BIHDPE

ist der Comonomergehalt sehr gering. Dies kann auf Grund ed@rderlichen
Losungsmittelunterdriickungine HT-LCY 3C NMR Kopplung im online Modussehr
komplizieren Daher wurde der Weg der offlinéT-LCY 13C NMR gewahlt. Zu diesem Zweck
wurde ein tragbarer automatischer FraktionssamrRlertéble Automatic Fraction Collector
PAFC) entwickelt, der in einem weiten Temperaturbereich @20 °C) und mit ein@a weiten
Spe&ktrum vonHT-LC-Geratergekoppelt werden kanMit Hilfe des PAFC wurden Fraktionen

von HT-SEG Trennungen von BiHDPE gesammelt und offline mitteldNMR analysiert. Die
Fraktionen, die mittels des PAFC aus der-8HC erhalten wurdenvieseenge Dispersitén

mit Werten vonl,087 1,5auf. Die 'H-NMR-Untersuchungen der Fraktionen zeigten, dass der
Comonomergehalt in der mittleren und hohen Molmassenregion héher ist. Der PAFC kann in
Hinblick auf Temperatur und Zahl der Fraktionen an eine Vielzahl von Bsh&slingungen
angepasst werdeRerspektivischvare es mdglich den entwickelten PAFC (Arbeitstemperatur
207 220 °C) fur eine offline Kopplung von LCechniken (SGIC, TGIC, 2IbC) mit der'3C-

NMR zu verwendenum auf diese Weise eine eingehende quantiative Untersuchung der
strukturellen Heterogenitaten von Polyolefinen durchzufihren.

Polyolefine sind bei zahlreichen Anwendungen beschrankt durch ihre geringe
Oberflachenenergie und ihre geringe Kompatibilitat/Reaktivitat mit anderen polaren
Polymeren. Analog bedarf inre Adh&asion an Materialien wie Holz, Metallen oder verstarkenden
Fasern besonderer Beachtung. Die meisten dieser Schwierigkeiten konnen durch die
Einfuhrung polarer Funktionalitdten oder durch das Pfropfen passender polarer Monomere auf
Polyolefine iberwundenwerden. Mit diesem Ziel ist & chemischeModifizierung von
Polyprpylen durch reaktive Extrusion von groRem Interessed das Pfropfen von
Maleinsaureanhydrid (MA) auf Polypropylen (PP) ist von hoher kommerzieller Relevanz. Die
Anwendungseigenschaften solcher Produkte sind, bei gegeG&samtzusammensetzung,
abhangig von der Molmassenverteilung (MMD) und der Verteilung der chemischen
Zusammensetzung (CCD).

Unabhangig von der Tatsache, dass verschiedene analytische Techniken in der Vergangenheit
zur Charakterisierung funktionalisierter Polyolefine eingesetzt wurdenibt bldie
Herausforderungdie bivariate Zusammensetzung solcher Reaktionsprodukte zu bestimmen
ungel6st. Damit besteht Bedarf fir eine analytische Technik, die funktionalisierte Polyolefine
nach ihrem Funktionalisierungsgrad trennen kann. Zwei mit Maemesnhydrid gepfropfte
Polypropylenproben PRg-MA* undPRg-MA L7 mit einem mittleren MAGehalt von 1 bzw.

1,7 mol % wurden fur die Untersuchungen ausgewahlt. Unter Verwendung von
HT-SECY FTIR mittels der LCTransformTechnik konnte gezeigt werden, dass bei beiden
Proben die Pfropfung des Maleinsdureanhydrids (MA) bevorzugt im niedrigen
Molmassenbereich des PolypropyeiPP) stattfand Mittels CRYSTAF konnte zwar eine
Trennung nach Zusammensetzung erreicht werden, jedsicldie Selektivitat dieser
Kristallisationsbasierten Methode nicht ausreichemihe quantitative AnalyseUnter

10
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Verwendung der HHPLC mit Silicagel als stationdrer Phase und einem
Lésungsmittelgradienten DecafirCyclohexanofi'° ™" pei 140 °C konnten jedbdbeide PP
g-MA-Proben in einen funktionalisierten und einen nicht funktionalisierten Anteil getrennt
werden. Analysen der Fraktionen mittels FI3Rektroskopie bestéatigten die Trennung.
Aufbauend auf diesen Ergebnissen ermdglichteH€s2D-LCY IR erstmalsdie bivariate
Verteilung von PR3-MA zu untersuchen. Der erhaltene Kontourplot zerytei Basislinien
getrennteRegionen, welchedie Trennung in eine gepfropfte und eine nigapfropfte
Komponente widerspiegel Anhand des KontouPlots konnte gezeigt ween, dass die zwei
PRg-MA-Proben in Bezug auf die in ihnen enthaltene Menge an gepfropftem Material
vergleichbarsind. Allerdings geht ein hoherer Pfropfgrad mit einer geringeren Molmasse des
gepfropften Anteils einher. Im Gegensatz dazu war die MMD Ridgpropylenanteils der
beiden Proben sehr &hnlich, wurde also kaum von der Pfropfreaktion beeinflusst. Die
analytische Methode, die entwickelt wurde, ist potentiell sehr nutzlich fir die Entwicklung
effizienterer Funktionalisierungsprozesse und liefert formationen um
Struktuz EigenschaftdBeziehungen flr funktionalisierte Polyolefine zarbeiten

Alle der obigen Untersuchungen zu #$GIC und HT 2BLC waren auf die Kontrolle der
Trennung der Makromolekile unter Verwendung porésen graphitischen Kaoffiiensis
stationarer Phase und eines Losungsmittelgradienten bei konstanter Temperatur ausgerichtet.
Um die Selektivitat der Trennung und den Trennmechanismus zu versteldlenm dieses
Wissen zur Verbesserung der Auflosung der Trennung bei der HPLC olgmd?en zu
verwenden, ist egssentielEinblick in die Natur der Wechselwirkung zwischen Polymer und
Sorbens zu gewinnen. Ram8pektroskopie, die empfindlich fur die Morphologwen
Kohlenstoffmateriaén ist, wurde hier zum ersten Maihgesetztum einen direkten Beg fur

die Wechselwirkung zwischen einem Kohlenwasserstoff und der Oberflache porésen Graphits
(HypercarbE) bei Raumtemperatur und hoher Te
Banden von Graphit (G D- und 2DBande) wurden gridlich in Hinblick auf ihre
Empfindlichkeit gegenuber der Wechselwirkung zwischen Kohlenwasserstoff und der
Oberflache von HypercarbE untersucht. Di e w
Analyten/Losungsmittels  waren  geringe  Fluchtigkeit und  Abwesiénh von
Losungsmittelbanden im Bereich der-Bande. Alkane (¥Decan, nrDodecan und
2-Methylundecan) wurden als Modellanalyten ausgewabhlt, da sie Oligomere von PE und zudem
l6slich bei Raumtemperatur sind. Es wurde beobachtet, dass ein Anstieg der Kgtenlan
einer erhdhten Verschiebung derBande fihrte, also zu starkeren Wechselwirkungen
(HypercarbM/n-Decan vs. #Dodecan). Analog reduzierte die Einfilhrung von kurzen
Alkylverzweigungen die Wechselwirkung (Hyperc&fm-Decan vs. aMethylundecan).
DerAnsatz wurde um da sDecryPEtba 155 i€yweiterr Beid358C / n
zeigt das RamaBpektrum von Hypercab/n-Decan/PE in Ldsung eine Verschiebung der G

wie auch der 2BBandenPosition um 13 cnhbzw. 19 cm'. Diese Verschiebung bestétigtsda
Vorhandensein von vamlerWaalsWechselwirkungen zwischen dem Analyten (PE) und
Hypercard™. Das Prinzip scheint dazu geeignet in Zukunft die Wechselwirkungen in
verschiedenen Sorbens/Lésungsmigstemen zu verstehen und einzustufen. Auf lange Sicht
kénnte die Ramapektroskopiezum Screening vongeeigneta mobilen Phasea fur
wechselwirkungsbasierte chromatographische Trennungen unter Verwendung von porésem
Graphitals stationare Phaseiszuwahlen.

Durch die zuvor geschilderten Arbeiten wird das \erdhis von HIHPLC-Trennungen von
Makromolekilen nach Zusammensetzung unterstitet es werden neue Mdglichkeiten fur

die Trennung nach Zusammensetzung von komplexen Makromolekilen er6ffnet. Die
Entwicklung einer Trennung von bimodalem HDPE unter Verwagdvon HT 2BLCY IR
unterstitzt die Bestimmung der molekularen Heterogenitaten von BiHDPE. Die Entwicklung
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eines PAFC (Arbeitstemperaturbereich:i2@20 °C) erweitert den Anwendungsbereich der
Chromatographie zur Aufklarung der Struktur komplexer Polyraggrmalien. Die neu
entwickelten HTSGICGTrennungen flir funktionalisiertes PP konnten auf andere
funktionalisierte Polyolefine weiter ausgedehnt werden, um auch fir diese Trennungen in einen
gepfropften und einen nicht gepfropften Anteil zu erreichen. RaenarUntersuchungen
verbesserten das Verstandnis der Wechselwirkungen im System PE/Graphit/Lésungsmittel in
Losung bei hoher Temperatur (155 °C). Dieses Wissen konnte verwendet werden um
Trennungen mittels Wechselwirkungsbasierter Chromatographie badsantrollieren.
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Introduction and Preface

3. Introduction and Preface

Polyolefins are, by volume, the mastportantpolymerswith a global demand in 2010 of more
than 130 million metric tons[1] and witha forecastedo reachmore thar200 million metric

tons by the year 202@olyolefins continue to find acceptance in many novel and diverse
applicationglue to their versatile properties combined with an excellent cdsiipance ratio

This versatility arises from the ability to conttbke molecularheterogeneitiesnicrostructure,

and architecturef the macromolecules througialvances in catalyst and process technology.
At the same timethis infers the need to devel@ppropriate analytical methodologies for
molecular characterization. The molecular heterogeneities in polyolefins are primarily defined
by their distribution with regard toolar masschemical compositiomnd stereaegularity,

which are interrelated

Currently, crystallization based techniques like Crystallizatidnalysis Fractionation
(CRYSTAF) and Temperature Rising Elution Fractionation (TRE#&)d, more recently,
Crystallization Elution Fractionation (CERYye used to deformulate seroiystalline defin
copolymers according to their chemical compositibhese techniques uslee fact that the
crystallization temperature is directly relatem the content of comonomer. Howeyeil
crystallization based techniquese limited to samples that exhiba sufficient degree of
crystallinity. Moreover, they alssuffer from cecrystallizationi.e., components having similar
crystallization temperature aoystallize at thesametemperature. As consequenceiligh
Temperature Hh Performance Liquid BromatographyHT-HPLC) was developedwhich
separatesnacromoleculegrespective of crystallinity of polymer.High temperature liquid
adsorptiorchromatography, HLAC, which isa category undedT-HPLC, has emerged as a
new technique for the compositional separation of polyolefins in 2009 and is currently
experiencingimmenseattentionin academia and industry as an alternative to traditional
methods used for i purpose.The aim of the work presented this thesis was to develop
method which are capable to unravel the chemical heterogeneities ofpodar olefin
copolymers as wkhs polar modified ones using High Temperature TwadhsionalLiquid
Chromatography (HT 2B.C) with quantitativelnfrared(IR) detection(HT 2D-LCY IR).

This thesigs dividedinto threeparts. The firspartcomprising chapteB-5 provides a general
overview on synthesis, processing and properties of diffpagblefins as material and the
state of the art in characterizatimehniques, whichre applied to study the different molecular
heterogeneities present in polyolefins. The second pgotesentedy chapter Gcoversthe

resuls and discussianwhich is subdivided intofour sections 1) Separation of noepolar
polyolefins (BiIHDPE) usingHT 2D-LCY IR; 2) Fractonation of BiHDPE using HBEC
couplal with NMR off-line; 3) Separation of polar polyolefins (RPMA) using HT 2D-

LCY IR; 4) Studying the interaction between graphite and polyolefin using Raman
spectroscopyFinally, chapter 7 summarizes the conclusions from the research conducted as
part of this thesis.



Theoretical Considerations

4. Theoretical Considerations

4.1.Introduction to Polyolefins

Polyolefins are thelasticsof choice for a wide range of applicatioasd polypropylene and
polyethyleneare almost synonym for thermoplastics. For many decades polyolefins occupy
thefirst position amongll thermoplastics, where they account, by volume, for more th&h 60

of the market. The accumulated annual production stood at 147 million tons in 2011, with a
forecasted growth to 170 million tons by 2(2}. Polyolefins compete in many applications
very successfulith traditional materials like metals or ceramics, where their light weight or
durability is often superior. Even moleeating forecasts from thé& guarter of the last century,

they achieve success in theompeition with engineering polymrs, like polyamides or
polyesters, due to their cost advantagee underlying reasons for these trends are their
excellent and widely adaptable properties, which can be adapted to a wide range of applications,
and secondly their favorable cost/performaratio. The last advantage arises from the fact that
the feedstock for polyolefins is readily available from cracking of naphtha or natural gas and,
more recently, also from biomass.

4.2. Typesof Polyolefins

The most commonly usedpresentativeare polyethylene (PE) and polypropylene (PP), which
again can beubdivided into several grades for different applications.

4.2.1.Polyethylene(PE)

Polyethylenes are serarystallinetherm@lasticsand can bdurther classified based otheir
density andranchingThe density oPEdepends othe typeand amounotf branchind 3], and
usingdensity as criterion the American Society for Testing and Materials (ASTM) has defined
various types oPE[4].

High density polyethylene (HDPE):0:941 gém?®

Linearmedium density polyethylene (LMDPE): 0.926.940 gém®
Mediumdensity polyethylene (MDPE): 0.9260.940 gém®

Linear low denisy polyethylene (LLDPE): 0.919 0.925 gém®
Low density polyethylene (LDPE(.910i 0.925 g/cm

Too Joo Joo oo o o

These tassificationshavebeen further subdivided to cosy additional information, sucas
molar mas®r comonomer employedé).

Low Density Polyethyleneg(LDPE) Chronologically,LDPE wasthefirst of the PE family to

be discovered andevelopedIn 1933 Gibson and Fawcett at Imperial Chemical Industries
accidentally produced LDPE upon applying very high pressures (200 MPa) and temperatures
(> 200 °C) to a mixture of ethylene and benzaldehyde, and only 6 years later ICI commenced
commercial produan [6]. LDPEis produced byolymerization of ethyleneia afree radical
mechanism at high temperatu(e200 °C)and pressure001 300 MP3. Processvise tis

can be realized in batebr continuous mode, usingitaclaveor tubular reactorsespectively

The free radicalprocess leads tsignificantamounts of long chain branchingsulting from

chain transfer reactionj3,8]. LDPE also containkbow amouns of shortchain brancheé> Cs)

which result from backbiting reactiofi8-10]. LDPE is a preferred material for blown film,
shrink film, and extrusion coatingdue to the enhancedstrength and elasticity of thaelt
imparted by thecontentof LCB. Due to itsclarity LDPE finds application fofilms where
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transparency is a selecttike food and display packaginghe maindisadvantages of LDPE
are its lowmechanicattrength, stiffness, and susceptibility to environmental stress cracking.

Linear Low Density Polyethylene(LLDPE) LLDPE is produced by copolymeiizg ethylene

with U-olefins using ZiegleNatta (Z-N) [11] or singlesite catalystsSlurry and gasphase
processat low temperature@0i 110 °C)and pressures-2 MPa)arecommonly usedor the
production of LLDPE The mostwidely usedU-olefins are ibutene 1-hexeneand toctene.

Their incorporation into the polymer chain decreases the density and crystallinity of the
polymer.This is also a strategy to modify many macroscopic propeitiesxamplanechanics
(toughness, tensile strengtepvironmental stress cranlg resistance (ESCRand gloss, thus
adapting the material to countless applicatiphg]. The primary advantages of LLDPE
compared to LDPEarising from its backbone linearity and the presence of SCB, are high
tensile and impadtrength andilm glossat low film thickness

High Density Polyethylene(HDPE) HDPE is producd by polymerization of ethylengsing
Z-N or supported chromm ("Phillips”) catalysts[13] in dlurry and gas phaseat low
temperature (807 110 °C)andpressure$2 i 4 MPa) Low amounts (<L mol %) of U-olefin
comonomers arencorporatedin many of the commodity grade$he introdudion of low
concentrations of short chabranching(SCB) enhance theprocessabily, toughnessand
ESCR.High molar mass HDPEs used in the manufacture beavy dutybags, druns, and
pipes, whereas the medium molar mass varietiesdjmglications in packaging. major market
of HDPE isthe production of pipesused fortransportation o¥arious liquid media, including
potablewater, and gas because of its superior toughness and ESCR.

Ultra High Molecular Weight PolyethyleneUHMWPE & producedising heterogeneous
N catalyss in a slurry processUHMWPE containdong chainswith higher molar masghan
HDPE andexhibitshighimpact strengthUHMWPEfibers (Dyneem&and Specti®) are light
weight high strength fibers commonlsed inballistic protection yachting, and skis and
snowboardsUHMWPE is also widely used awaterial for endoprothetiaa hip, knee and for
spine impantsand to produce abutments for bridges

4.2.2. Polypropylene (PP)

PP is widely produced using A catalyss, with metallocene catalyststeadily gaining
importance Slurry and gas phasprocesss aremost often useét low temperatuse(60 i

80°C) andpressurs (~21 4 MPa) Taking composition as a criterion, PRaterialscan be
classified irto [14].

AHomopolymer (HR e.g., isotactic polypropylene-PP),
ATherandom copolymerRCPi e.g., ¢hylenepropylene copolymerH/P)) and the
A mpactcopolymer PRHI also caleéd heterophasic copolymer

HP accounts foroughly78 % of the industrigPPmarketfollowed by PR-HI andRCPwith 16

% and6 %, respectively14]. Generally,the homopolymer is characterized by high rigidity,
while the incorporation of the comonomer leads to increased flexibility and higher transparency
for RCP.PRHI is the material with the highest flexibility and impact strength in the PP family
[15,16]. HP and RCRanbe produced irasingle reactoprocesswhile PR-HI is produced in

a cascadeprocess where theHP or RCP are produced in the first step, andetiglene
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propylene(EP) copolymer, which imparts the imgtaresistance to the final producéh the
second reactor.

4.3. Polyolefin Synthesis:Catalyst Driven Process

The success story of polyolefins is to a large extent the result of a trail of serendipitous
discoveries andystematically following up on thedeolyolefins were first discovered in 1898

by the German Chemist von Pechmann whaodgosed diazomethane to produce
polymethyleneDecadesdter, in 1930 Marvel and Friedrich synthesized a low anahass
polyethylene using lithium alkyland an arsonium compounblut did not follow up on this
finding. Gibson, a physical chemist who hadrked with Michels in Amsterdam, and Fawcett,

an organic chemist who became interested in polymerizations through his friendship with
Carothers, were the key scientists in the discovery of LDPE. Michepport was also crucial

for setting up the infrasicture for high pressure experimentation at ICI in WAgtan [1].
Then,in 1933 Gibson and Fawcettiscovereda white waxy solidvhich was produced in a
reaction involving ethylene gas and benzaldehyd(ft MPa temperatures > 200 .°C
Subsequent work wh ethylene alone at high pressures led to explosions bringing the
experimentation to a halt. M. Perrin resumed the experiments and noted that oxygen functioned
as a catalyst, and that the dose of oxygen plays a critical role in the course of the dkéetion
optimizing the conditions, LDPE production was piloted in 1937 and the first 100 tons were
sold in 19396,17].

Serendipity also played a crucial role in the next stages of olefin polymerization. This time it
was the transition metal catalyzed polymerization, which started with the discoveries of Hogan
and Bankgrom Phillips Petroleunand Ziegler at the Max Plandkstitutein the early 1950s

[13]. Hogan andBanks discovery was in fact serendipitoloist it was not accidental. In 1925,
Oberfell convinceccompanyfounderFrankPhillips to investigate additional uses for natural
gas | iquids. T h at 6 werevedne nto pictugeaand waaredatteinptingkto
convert propylene inteomponents for gasoline amfiscovered polypropylensm 1951 By

usinga nickel catalystin combinatiorwith a small amount of chromium oxitt®v molar mass
hydrocarbonswere expected. Howeverchromium oxide catalystproduced a crystalline
material,polypropylene Applying thesame chromium catalysi ethylengproducedHDPE at
muchmilder conditiong80 °C 27 3 MPa) tharthe ICI processin 1953, Zieglerduring his
research on thaufbau (growth) readion discoveredthe dimerization of ethylene to lente,

which wascaused by aickel impurity in an autoclave. In systematic experiments followimg
onthis observation Zieglatiscovered catalytic system Isad ortitanium halides andriethyl
aluminumthat wascapable of polymerizing ethylene raild conditions(60 °C and A7 0.5

MPa). In the research sparked by this discovery it was also discovered that this system was
capable otopolymeriing ethyleneandhigherU-olefins.

In 1957 Breslow et al[18] investigated thdvomogeneougolymerization of ethylene using
bis(cyclopentadienyttitanium or zirconium dialkylsn combinationwith methyl aluminum
chloride (CP:.TiCl/MeAICI). Later, in 1976 Kaminsky and Sinrexperimented with
bis(cyclopentadienytzirconium dichloride (CpZrCly) and trimethyl aluminum(AlMe) for
ethylene polymerizatigrandaccidentally discoverethat addition of small amounts of water
increased the polymerization activity of the systgma factor of 10019,20].

Later in 19% Brookhart et al[21] reportedhickel diiminecomplexes which are comparable to
the metallocene catalysts in terms of catalytic agteitdmolar mass of the producedlymer.
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Then in 1998rookhart{22] andGibson[23] reported that iron or cobalt complexamtaining
diimine-pyridine ligands exhibited very higactivities for ethylene polymerizationThese
catalysts are nowadays referredagopost metallocene catalysts.

Thechronology of the four familiesf transition metal basealefin polymerization catalyss
summarized as ifable 1

Table 1 Catalyst type$24]
Type of catalyst Physical state Examples*
Phillips Heterogeneous CrGs/SiO,
Heterogeneous TiClgz, TiCls#/MgCl2
Z-N
Homogeneous| VCls, VOCls
Homogeneous CpZrClz
Metallocene
Heterogeneous CpZrCl2/SiOz
Late transition metal | Homogeneous| Ni, Pd, Co, Fe with diimine and other ligan

*This is not a comprehensive lidihese are simply representative examples.

Phillips catalysts: (Figurel). The precatalyst is prepared by impregnating silica withe Qo
chromium precursors) and then calcinat high temperatures (200 900 °C). During
calcination the Cr species links the silica (200 300 °C) via reactions with surface silanol
groups and eliminating neighboring silanol group$00°C). The thermal treatment impacts

the polymerization activity as well as the MMD and LCB content of the polyRtaHlips
catalystsdisplaysignificantly lower reactivity towardgtolefin incorporation and are thus not
used for the production of LLDPFKet, theyproduce HDPE with ultroroad MMD containing

low levels of SCB and LCIR5]. These features contribute to some unifgagures (improved
processability and high impact strength) of the produced resins for applications like pipes and
films.

O% //O

Cr
/N
0] (@]
|
|

Si

|
/\/‘\
|

0 0 o___

@) O

Figure 1 Chromium catalyst for olefin polymerization
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Ziegler-Natta (Z-N) catalysts Heterogeneous-Rl catalysts have been the workhorse of the
polyolefin industry since their discovery. Typically, these include a titanium halides)TiCl
(Figure 2), a cocatalyst, usually a trialkyl aluminium compound (AJRand magesium
dichloride as &upport.

~Cluw, | wCl Clu, | aClu, | uCl
l.._I_. al [T I'.'T".'I
~c1”” ‘I\C| cl’r ‘I\C|/|I\C|/|
Clu, | Clu, | wCl Cly, | uCl
- Ti " T
ci”” | Nci”” | Nal cir” |'\0|
~Clw, | wClI Cly, | iCly, | qgiCl |
NG T i
~Cl | Cl cl | \c|/| N
i | - _Cl Cl~ |

Figure 2 Structure of TiCJ[24]

Since the firsmentioningof Z-N catalysts by Zieglerarious generations ofK catalyss have
been developetdb produce polyolefinathigh activity. The first generation AN catalyst (early
1960) wasgeneratedy reduing TiCls with metallic aluminumyielding AICI3 dispersed in
titanium trichloride matrix (TIGY3A1C1L) [14]. The activity of this catalyst was poor (200 g
polyme/ 0 catalys) Which led to the discovery oh second generatioof catalyss. The latter used
complexing agents (etheigr the preparation of catalyatly activecomplexes based on TtCl
which increased thactivity to 5000 Gpolyme/J catalyst [26]. In the following supported 2N
catalyss (usinganhydrous MgGlas suppojtin combinationwith titanium tetrachlorideand
triethyl aluminum (co-catalyst) are regardeds the thirdZ-N catalystgeneration(activity
10,000 gpolyme/ g catalys) [27]. Further improvementfor thesesupported catalysi$ourth and
fifth generation 2N catalys} resulted in ativities 0f50,0001 100,000 Golyme/d catalyst[ 14,28].

The pathway of}olefin insertionunderlying the polymerizatiom all Z-N catalysts has been
formulated by Cossee and Arimgzf)] (Figure3).

y X
s e
X—Ti — | +  CH,=CH, X—T 2
| /)
X < / X Cre
- CH,CH,R
e %
|/ | — x—— CH,CHR — X—Ti —
X Tj = CH, | |
x X
/ | X X

Figure 3 CosseeAriman mechanism: X are ligands and R is the growing polymer ¢@4n

18



The active site is formed by an octahedrallyocdinated transition metal ion with a vacant co
ordinationpositionand one alkyl group in its eordination sphere. The role of the-catalyst

is to alkylate the active site and act as a scavenger. -Bomd of the olefin monomer €o
ordinates to the vacant position, weakening the transition incatdlon s-bond. The
polymerization occurs on the traten metal (titanium). In the next step the olefin is inserted
into thes-bond via a migratory insertion (emigration) according to Cossee and Arinjag]
(Figure3). The polymer chain then grows through successive monomer insertion until transfer
to hydrogen and-hydride elimination takes place, during which a hydride is transferred to the
titanium or the cenrdinated olefin. In either case, the catalyst center is not deactivated, since
insertion of ethane into the-H or Ti-C bond allows a new chaio start.

Z-N catalysts are characterized by the presence of several different active sites, each with its
own rate of polymerization and chain termination, stesgectivity, comonomer incorporation,

and chain transfer reaction. As a result, the polgrnpeoduced show broad distributions with
regard to molar mass and short chain branch content, which makes them interesting for
applications that require stiff, tough and yet processable mdtédjalHowever, a substantial
amount of empirical optimizatias necessary before polymers of desired molecular parameters
can be obtained. The majority of commercial HDPE and LLDPE resins are produced with
heterogeneousi& catalysts.

Metallocenes: In metallocene catalysts a transition metal atodm &8s andwi cheddd bet
cyclopentadienyl(derivative) rings as depicted Figure 4, which may be connected via a

bridge @nsametallocene§31]). Thismakes the structure more rigid thus allowing better stereo

control in the polymerizatiorBy alteringthe electronic and steric environment around the

active site its accessibility and reactivity can be modified to produce polyolefins with a wide
range of microstructures, which are not accessible by ushhigatalystsMetallocene catalysts

in combinatio with the conventional aluminum alkyl-@atalysts (AlMe, AlEtz) as used in Z

N systems are capable of polymerizing ethylene, but only at a very low ag3i#jity

With the discovery of methyl aluminoxane (MAO) it became possible to boost the activity by
a factor of 10,000[3334]. Interestingly, despite its significant influence on catalytic
performance, the role of the aluminoxane component is still not fully stoaek: It has been
generally accepted that MAO acts as alkylating agent that facilitates the formation of an electron
deficient ceordinatively unsaturated cationic alkyl species. In addition it also serves as a
scavenger for impuritieslts structureis gill controversially discussed and experimental
evidence exists for an oligomeric nature with a degree of oligomerization varying
approximately from 6 to 2[B5]. Figure4 showsrepresentativenetallocene catalysts used for
olefin polymerization anéigure5 shows the polymerization of PP using metallocene catalyst.

1, M =Zr, Hf 2, M =Zr, Hf 3, M =Zr, Hf
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Figure 4 Metallocene catalysts for olefin polymerization

Figure 5 Mechanisnof propylene polymerization byetalloceneatalystd 36,37]

Figure5 shows that the electrons in the zirconiomethyl carbon bond shift to form a bond
with one of the propylene carbondtéy the insertion of propylene, the zirconium ends up as it
started, lacking a ligand. The polymer chain then grows through successioengr insertion
and results in polypropylen&n important characteristic of metallocene catalysts isttiet
stereaselectivityof the polypropylenés determined by their ligand structure.

Figure 6illustrates how different ligandrsicturesenable ¢ produce PP with variousteree
microstructuresBeyond the threéclassicab types of polypropylene stergegularity,i-PP,s-

PP, anda-PP, novel chain architectures are also accessible from other metallocene types, as
illustrated in the Fischer projectionskigure?.

Cs, : Atactic PP C; (meso) : Atactic PP Cs (racemic): Isotactic PP
— I =
X *)T—x X —Jlr—x X —zllr—x
L 4 RN | b
Cp,ZrCly Et(Ind),ZrCl, Et(Ind),ZrCl,
C. : Syndiotactic PP C; : No unequivocal prediction
X —?—x by —!Ir—x
[— | |
iPr(Flu)(Cp)HfCI, (Flu){CH,Cp)ZrCl,

Figure 6 Different structures of ligand
Notice: G, cyclopentadienyl; Ind, indenyl; Flu, fluorenyl; NMeomenthyl
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Atactic W e e Cp,ZICly

Isotactic LLRLL LT Ll Et(Ind),ZrCl,

Syndiotactic 1 III I | III | I II ; I II ; III ; I iPr(Flu){Cp)HfCls

Isotactic

Stereoblock “”HII|||||||||||”|| (NMCp)oZrCl,

Isotactic—

Atactic -
I I | (NN Et{(CH3)4Cp){Ind)TiCl

Stereoblock T T 17 (CHa)Cr)Ind)TIC

Hemi—isotactic LLLL I 1L I LLLLLLLLLLL iPr(Cp)(Ind)ZrCl,

Figure 7 Types of PP chain configurations produced with metallof@ha8]

After more than three decades of reseamsglesite catalysts are now available that can control

the polymerization with regard to chain growth and steasavell as regiechemistry of the
monomer insertion in a way which is often impossible usiAy Zatalysts. Metallocene
catalysts have opened new perspectives due to the possibility to copolymerize ethylene or
propylene withU-olefins, with olefin macro monorars or cyclic olefins, or with sterically
hindered or functional monome[89-41]. Copolymers of ethylene with a wide variety of
monomers, among themdttene, ihexene (LLDPE), norbornene and styrene, olefin based
elastomers and long chain branched PEhwdilored rheological properties are already
produced on an industrial scd#2,43]. PP made with metallocene catalysts exhibits distinct
advantages over conventionally produced PP, higher stiffness and greater tensile[giZength

Late transition metal catalyss: Compared to the early transition metals, the lower
oxophilicity and, therefore, greater tolerance towards functional groups make late transitional
metals based catalysts potential candidates for the industrial production of functionalized
polyolefins. A major breakthrough in this direction was achieved by Brookhart[édaivho
reported a set of catalysts based on Ni(ll) and Ptktliimine complexesKigure § [45-47].

These were remarkably active for the copolymerization ofpwar olefins with polar vinyl
monomers such as acrylates, methyl vinyl ketones, &yldvsiyl ethers[47,48]. Brookhart,
Gibson, and Bennef22,23,49 reported cationic iron and cobalt catalyst systems for the
polymerization of ethylene to highly lineBE

AVARY
77N

!
R2 N

M M= Ni, Pd;
Ri -\ Ri1 R, Ry, Ry = alkyl;
X X X = Br, alkyl.

Figure 8 Structure of Ni(I)/Pd(Il)U-diimine catalyst$50]

Concurrent Tandem Catalysts (CTC)Y Concurrent tandem catalygiSTC) is an approach
in which multiplecatalystsare applied on a set of monomers in a single protessgeld
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microstructuresotherwiseimpossible to obtain witha single catalysts system. One of the
outcomesof tandem catalysts is the development of oléfiock copolymers via the chain
shuttling polymerization[51,52]. The latteis a dual catalystmethod for producing
block copolymerswith alternating or variablblocks which combinethe properties of both
polymers.The evolution foithe synthesis of PEnd PP is shown as a timelifeédure9 and

Figure 10.
Hogan & Banks - -
Cr catalyst Kaminsky, Sinn & coworkers
7 Metallocene catalyst
A
Marvel & Friedrich
Li alkyls catalyst Unipol® gas phase process Brookhart & coworkers
Union Carbide Late transition metals
1930 1951 1968 197680 199598 .
193335 1953 199193 2006

Fawcett, Gibson & Perrin
Condensation at high T and p

Exxon & Dow
Commercializes metallocene SSC

A 4

Dow

Ziegler's group
Ti and Al alkyls catalyst

Chain shuttling polymerization

Figure 9 Timeline forthe synthesisf PE
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Montell (now LyondellBasell)
commercializes PP
5th generation 2N catalysts

Montecatini, Shell & other companies
3 generation catalysts supported on MgCl

A A

Kaminsky, Sinn & coworkers
Metallocene catalyst

Hogan & Banks
Cr catalyst Brookhart & coworkers

Late transition metals

1951 197578 197680 199598 1997
1953 1954 1986

¢ 1

v

%:eagrﬁr'zl ?arlokul?s Unipol® gas phase process
y MgClz supported catalyst
y A 4
Natta A ExxonMobil & others
Ziegleros commercialize PP

SSC

Figure 10 Timeline forthe synthesis of PP
Notice: T- temperature, pPresure, SSEsingle site catalyst

4.4.Development of PolyolefindDriven by Application Demand

Without doubt the rise of polyolefins to the most important class of thermoplastics would not
have been possible without the discoveries on the catalytic side, which made access to these
materials on a constantly increasing scale possible. But at thetisaeni has to b&ept in

mind that this would not have happened without the demand from mawkats$h gave thrust

to the development of new types of PE resiifius, therequest forinsulation of
telecommunication cables in World Waspurred the devepment of polyethylene. Although

notfit for this purpose at that time, the demand for insulation of cables for the newly developed
radarthen was a very suitable application for the brand LOPE.e g tissavdrysfell in the

post war period with a strordgmand for new materials from many growing industrial sectors

in the recovering and then growing economies. Nowadays, the applications of PE are highly
diverse, and can be ladly divided into such of durable amdn-durablenature The last ones

can be remplified by film applications for various markets. Durable applications with varying
lifetime expectation are found in the sectors of mobility or construction and civil engineering.
One of particular relevance, which is responsible for a very signifisaate of the PE
consumptionjs the production of pipes, which serve for transportation of various liquid or
gaseous media. In the following the development of HDPE resins for pipe applications shall be
inspected more closely.

4.4.1. HDPE for Pipe Applications

In pipes the resistance towards environmental stress cracking (E@@&RRapid Crack
Propagatiorare crucial propertig24,53]. ESCRdescribes the resistance of a materialaals
failure in the presence slrface active agents, and is a well investigated type of slow crack
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growth[54-56]. RCPrefers tothe rapid propagation of a crack when the product is subjected
to an intense impacDue to the significance of these propertigsious tests have been
devdopedfor theirmeasurmentThe bent strip tesRolyethylene Notch Tensile test (PENT)
Single Point Notched Constant Tensile LGB TL) and theFull Notch Creep TeqiFNCT)

rank PE resins with regard to their ESCH]. Reproducibility and time requireants are
important criteria for such tests, and recent research efforts have led to the development of the
strain hardening te§b8], which is simpleto conductand less time consuming. The Full Scale
(FS) test andhe Small Scale Steady Stat&4) testsare used to determine RJB9].
Hydrostatic pressure teg®0] are commonly used to determine the lifetime of polyolefin pipes
and &cording to the long term behavior PE resins @m@mmonlyclassified a$E X, where X
stands for the minimum hoop streke material has to withstand at 20 °C for 50 years without
failure [61]. The evolution of pipe gradBE resinsfrom that point of viewis presented in
Table2.

Table 2 Time line forpipe graddPEresins[62]

MRS at 50
Designationof yearsand | Commercializ Applications
material 20°C ed PP
MPa (*bar)
PE 32 (LDPE) 3.2 (*32) 195060 low pressure piping
PE 40 (LDPE) 4 (40) 19506 low pressure piping
PE 63 (HDPE) 6.3 (63) 19605 medium pressure piping, irrigation
systems, and drinking water systen
gas pipes, drinking water pipes,
PE 80(HDPE) 8 (80) 1980 6| sewers,outfall pipes, and industria
pipes
PE 100 (HDPE) 10 (100) 19906 high demand piping

4.4.1.1. Unimodal HDPE

Generally, unimodal PE resins can be produced with a wide range of molar mass characteristics,
depending on the catalyst system and process technology used. UnitD&alesing 63,64]

for pipeapplicationsare produced using one catalfether ZN or chromiumbasedlin a single

reactor. The result is a polymer with a brostMD and low amouns of comonomer
incorporated in a gradient over the MMD, preferentially in the low molar mass sedrent
shortchain branche§SCB)disrupt the crystalline structeiof the polymemlandas a resuliower

the densityAs the short chain branches are concentrated in the low molar mass part, the high
molar mass fractions are excluded from the amorphous tie moleBdeslopments of PE

resins for pipe applications in the 70s focused on broadening the MMD and increasing the
branch lengthThese resins were developed to substantialfyrawve the performance in pipes

and were classified as PE 8Blowever, at certain apphtions (e.g.pipes in oil and gas
production, mining, industrial chemicals, et¢his mat er i al doesndét with
pressure rating.
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4.4.1.2. Bimodal HDPE (BiHDPE)

Consequently, the molecular characteristics whicd twa be addressed to improve the
performance of PE resins in pipe applicatis@snot the shape of the molar mass distribution
(MMD) but the location of the short chain branches along the MMD. Specifically, an inversion
of the comonomer incorporation alotigg MMD would be required, which cannot be achieved
in a single polymerization process, as it contradicts the copolymerization behavior of ail know
catalysts. Thus, this goahn only be accomplished by blending resins with different molar
mass and shorthain branching characteristics. Technologically, this a@omplished by
combining two polymerization processes in a cas¢idgire11).

reactor 1 reactor 2
work up
stations
oJo - U1 . re)(truder
-o o e + |e © product
. ol © o -c e o - /\/\/\/—>
catalyst ) QO .o o ° OO .O 5
cocatalyst © o o* cocatalyst | © | homogenization
= . .
s ot /= 90 o
O I’% * @] l/% *

monomer
comonomer
hydrogen

hydrogen diluent

diluent

Figure 11 Scheme of aascadeslurry procesdor production oBiIHDPE [24]

Thefirst reactoris fed with ethyleneand hydrogetno produce an unbranched PE of low molar
mass The hydrogen is then removed, and the resulting product tresgstera second reactor,
wherea U-olefinic comonome(1-butene or dhexene) is addeid the ethyleneas comonomer

to prodice a high molar mass shahain branched copolymg24,53]. Typically, this second
reactor product is characterized by a comonomer distribution ovevikiig such that the
highest comonomer contents are found in the lower molar masses. As a result, BkHiFs

a comonomer distribution such that the comonomer content decreases towards the low and high
molar massregion The crystalline regions are mainly formed by the low molar mass
homopolymer PEas well as the ethylene sequences in the copolymer dinactas the
comonomer is rejected from the growing crystaligh molar massopolymers form the
amorphous region and act as tie molecules that connect crystal lafiehaolecules improve
the resistance of PE agaimstvironmental stress crackingsistanceESCR and rapid crack
propagation (RCHR4].

The ESCRandthe resistance towardRCP of bimodalresinsare higher thanthat of many
unimodal gradef24,58,63]. Due tothis substantial leap in mechanical and physical properties
BiIHDPE surpasssthe performance ofinimodalresirsin pipe/film/blow moldingapplications
[64]. The MMD andthe comonomer distribution along the MMD with functioassigned to
various molar mass fractions are compdoedh BIHDPE and a unimodal resmFigurel2.
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Figure 12 Comparison of unimodandbimodal resin with macroscopic propertessigned to
individual molar masgegionsand the distribution of comonomer across the MMD

4.4.2.Functionalized Polyolefins

Polyolefins are limited in certain applications due ttheir low surface energy and poor
compatibilty with other (polar) polymerdn the same sense, their adhesion to materials like
wood, metals,or reinforcing fibers requires special attent{@3]. Most of these difficulties
should be resolved e incorporation of polar monomers. Generaligre are three possible
approaches téunctionalizepolyolefins, narely (a) copolymerizationof a U-olefin (ethylene,
propylene 1-butene and toctene)with afunctional monomer(b) chemica modification ofa
preformedpolymerand (c) a reactive copolymer approaatherea reactive comonmer is
incorporated into thehainthat canthenbe selectively an@ffectively converted talesired
functional groups.

a) Copolymerization of an U-olefin with a functional monomer

Z-N and metallocene catalydtased orearly transition metals argidely usedin polyolefin
synthesisHowever when monomers containing polar groups are added to the monomer feed
the Lewis acid components (Ti, Zr, Hf,&ahd Al) of the catalyst tends to complex with the
functional groups -OH, -COOH, -NH2>- and halides) thus blocking the active sites and
inhibiting the polymerizatio66,67]. This canto some extenbe prevented by protecting the
polar functional groupand a following transformation. A more efficient alternative isube

of less xophilic latetransitionmetal catalyst based ofre, Ni, Cq and Pd68].

b) Chemical modification of a preformed polymer

Chemically modifyingpolyolefins is diffi cult due tothe low reactivity of C-H bonds A
practicalway [69,70] to overcome this is tbreakC-H bondsby abstracting hydrogen radicals
andthusform free radicals along the polymer chaline energy required for this step can be
inferred forexample by energyah radiation or radical startef88]. Since the stability o€-H
bondsdecreases in the ordertiary > secondary > primary the susceptibiidyardshydrogen
abstraction follows the same trend. Accordingly, PRast susceptible among the polyolefins
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towards attack by free radical§71]. The polymeric(C*) radical formed after hydrogen
abstractioncanreact with @ unsaturatednonomerin a graft reactionThe freeradicalsmay
also undergo other reactions as shasrshown ifFigurel13[68].

R-O* —* R

y—Radiation—» wanasy CHy — CH vy

2>
g
g T
g.
R
|
\/vvvvaHsz\/vvvv\,
e
r b-scission - N
| Ml *. C Crosslinking
VWVV“C:CHZ \\
¥ R R )
x ci, :
>1€C‘:H\/vv\/\/\l 2 | CHQ—C‘/VVVV\’
. M |
M/ k- £ \/\/\/\/\/\IC_CHZ\/\/\/\/\/\/
v |
l‘( nM R
nM | kpz lﬁ
* \/vvvvvCHsz\/vvvv\,
K
\ (M)

Figure 13 Possible reaction mechanisms for the grafting of makmdydride onto
polypropylene in the melt staf66,72]

M: functional monomer: MAA o

Figure13 shows thattie polymeric (C*) radicalormed after abstractioran further react with
other polymer chains resultingenosslinking. Alternatively,asthe susceptibility for hydrogen
abstraction is highr for PP chainwhich contains higher tertiary carbon atdgscissionmay
occur, which leads to a decrease in chain lengths can easily take place prior to the
functionalization reactiorChain scission reduces the polymer molar sreasd transfers the C*
radical to one of the ndygenerateahain ends. The terminal polymeric radical then engages
in the grafting reaction by initiating and propagating with functional monomers to produce a
graft copolymer.The overall outcome is strolygdependent on the reaction conditiomgis
postreactormodification of polyolefinsis widely used in industry as the optimization of the
processing parameters resultslgsired molecular characteristics which meetsigredset

of properties.

c) Reactive polyolefins

To overcome the limitationsf the abovementionedmethodsChung [68] developed a
approachto synthesize functional polyolefins with weléfined composition and molecular
strudure. The reaction involves twaieps Firstly an Uolefin is copolymerized with a
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comonomer containing a reactive group that can be effectively incorporatespiolyolefin.

The comonomercan then in a second step toensforned irto various functional groups, for
examplevia reactive extrusiorf-unctional monomers containitigrane[ 73], p-methylstyrene

[74] anddivinylbenzend75], which are highly versatile in subsequent transformation reactions,
are commonly useds comonomer The reaction schenfer the synthesiof PRg-MA using
9-BBN is described irfrigure14.

O
0] — —CH) —
CH,=CH Metallocene or —(CH,—CH)— —(CHE_(le)_ ﬁ( (CH, C“H)
T Ziegler—Natta catalyst | 2] CH. (CHy)
(CHy) —— > CH)  ——— CH) O .
& : : A
@ P o< ‘o
' @)
B

- 59)

B
Functional nonomer: Sborabicyclononane(BBN) A ( {

Figure 14 Synthesis of MA functionalizeBP via reactiv@rocessing of PBontainingd-BBN
as precursoi68]

4.5. Polyolefin Processing

The sixby volumemostrelevantprocessingnethods for polyolefins are irggon molding,
extrusionrotaional molding, blow moldingghermoformingand structural foam moldingg3].

Injection molding Injection molding is a cyclic processhd@granulesareplaced in a hopper
thatcortinuously feeds the heated barrel of atr@der, wherethe polymer is [asticatel. The
moltenmaterial is injected under high pressure into a cold mold wheddidifies replicating

the shape of the mold cavityow melt viscosityis requiredto ensure that the mold cavity is
filled in a minimum possible cycle tim&ottle caps, automotive dashboards, plastic chairs,
brushes arg@ust a fewexampledor productsmanufactured by injection molding.

Extrusion Extrusion molding is a continuous proce$he polyolefin granules or pellets are
placed into a hopper that continuously feeds the heated barrel of an ewtnedethe polymer

is plasticatedThe molten materiak then pressethrough a die of roughlyhe same shape as
the final productHigh melt strength is required to avoid sagging of the extrudatengout

of the die.The extruded product is drawn by tadi equipment, sizeé, and cooled until
solidified. Sheets, pipes, films, and coatings for @grand cables are the commonly produced
products by extrusion molding.

Rotational molding Rotational molding is a cyclic procesBinely ground thermoplastic
powdersor liquid resin or pelletareheated inside a rotating mold where the polymer melts and
uniformly coats the inner surface of the mdldw melt viscosity is required to ensure that the
mold is uniformly coatedThe mold is cooled in a special chamber prior to part remowe.
proces is used for the production of large complex polyolefin parts such as containeige stor
tanks, water tanks, and pable sanitary facilities.
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Blow_molding Blow molding is a cyclic procesd.he blow molding process begins with
melting down the plastica forming it into a parison. The parison is a tlike piece of plastic

with a hole in one end through which compressed air can pass. The parison is then clamped into
a mold and air is blown into it. The air pressure then pushes the plastic out tdhmeatobid.

High melt strength is required to avoid parison €agce the plastic has cooled and hardened

the mold opens and the part is ejectacgeneral, there are three main types of blow molding:
extrusion blow molding, injection blow molding, and ictien stretch blow moldingBlow

molding process is mainly used to produualow plastic partsSmaller containers (% liter)

are produced by injection blow molding, whereas extrusion blow molding is suitable for larger
containers and for containers with handles.

Thermoforming Thermoformingis a cyclic processwhich involves the softening of
polyolefin sheets by heat, followed by tlagplication of vacuum or pressuiflerming). The
sheemmay be stretched over a cqp®sitive forming) or into a cavitgnegative forming)When

the polymer melt solidifies, its shape conforms to that of the mald: melt viscosity is
required to ensure that the mold cavity is filled in a minimum possible cycle time.
Thermoforming competes with blomolding and injectionmolding because of itselatively

low costmachineryand molds the ease of forming large aseandthin section partsThis
process isnainlyused to produce plastic cups, plates, tiffin boxes and several automobile parts.

Structural foam molding Structural foam molding a cyclic processn this processjection

of nitrogeninto the polymer melbr the use otthemical blowing ageastcauses the molding
compound to expand after injection into the mold cavitye foamingprocess starts whehe
polymea melt enters the mold cavity. Finally,tlin plastic skin forms in the mold and then
solidifies in the mold wallLow melt viscosity is required to ensure that the mold cavity is filled
in a minimum possible cycle tim&he uniqueness of this technique is ttieg final product
exhibits excellat strength to weight ratiolhis type of plastic molding is applicable to any
thermoplastic that can be injection moldids usually usedor parts that require thicker walls
than standard injection molding. This technique is also capable of prodagyegstructural
parts at low process pressures.
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5. Characterization of Polyolefins

Polyolefins, though constituted from simple hydrocarbons, show a large varigheir
molecular heterogeneitigshich lead to complexity in terms of characterizati®dalymers can
display various types of molecular heterogeneities which are interdepefdentmost
important distributions in polyolefins are those with regard tanmaass (MMD) and chemical
composition (CCD); other molecular heterogeneities arise from unsaturation and
microstructural features like inverse monomer insertion and comonomer sequence distribution.
The different molecular heterogeneities in polyolefind the common analytical techniques
applied to determine these are illustrate&igure15.

HT - SEC
2010,A. Ginzburg,PolymerCHAR
MMD
HT — AFFFF
Molecular 2005, T. Macko, L. C. Heinz, H. Pasch
heterogenieties

Interaction TGIC

based techniques
CCcD

TREF

Crystallization
based techniques CRYSTAE

CEF

Figure 15 Molecular heterogeneities in polyolefins and analytical techniques to characterize
them

(NMR Nuclea Magnetic ResonanceSpectroscopyHT-SEC High Temperature Liquid
Adsorption ChromatographyiHT-AF4: High Temperature Asymmetric Flow Field Flow
Fractionation, DSC Differential Scanning CalorimetryFTIR: Fourier Transform Infrared
SpectroscopyTREFE TemperatureRising Elution FractionationCRYSTAFE Crystallization
Analysis Fractionation, CEF. Crystallization Elution Fractionation, HT-LAC. High
Temperature Liquid Adsorption ChromatographiyT-SGIC High Temperature Solvent
Gradient Interaction ChromatographyHT-TGIC. High Temperature Thermalradient
Interactive Chromatography)

Measuring these heterogeneities is the key to develop strugwoperty relationships,
understand reaction mechanisms and kinetics of polyateny, and last but not least to
develop processifgproperty relationshipsio sum up, the endse properties of polyolefins
depend largely on these molecular heterogeneities. Over the years, increased interest in
synthesis of polyolefins with defined structure and tailored properties has led to the demand for
accurate, reliableand convenient methods of measuring microstructure.



5.1.Fractionation Techniques Based on Qystallinity

The chemical heterogeneity present in sergstalline olefin copolymers can be studied using
various techniques. For polyolefins, other than MMD, tl@&Dds the most important factor
impacting the endise properties, and since the 1990s crystallization based techniques have
been routinely used for its determinatidhe CCD of semcrystalline polyolefins is commonly
analyzed by Temperature Rising Elutibractionation (TREF)76], Crystallization Analysis
Fractionation (CRYSTAF) or Crystallization Elution Fractionation (CEFJ-79]. These
techniques use the fact that the crystallization from dilute solution is related to the comonomer
content.

The Flory Huggins equation for the free energy of mixing can be used to describe the
thermodynamic equilibrium of a polymer solution assuming a uniform distribution of solvent
and polymer segmenf80]. The depression in the equilibrium dissolution temijpeeaof the
homopolymer due to the presence of solvent and the number of chain segments is given by Eq.
1:

1 1 _&R @&V, & Inrn 1 0
—- —=&—@a0- —==+(1- —)n,- ey 1
T, T ﬁl% « ( X)l MH (1)

Where,T? = Melting temperature of the homopolymer,
T.,= Equilibrium dissolution temperature of the homopolymer in solution,
DH, = Heat of fusion per repeating unit,

V, andV, are the molar volumes of the homopolymer repeating unit and diluent,
respectively,

n, andn, are the volume fractions of the diluent and homopolymer, respectively,

x = the number of segments, and

¢, = the Flory Huggins thermodynamic interaction parameter.

However, in all crystallization based techniques the crystallization step occursersdilution,

and as increasing the dilution does not significantly impact the melting tempd Bdfiuls). 1

is applicable over the entire range of concentration. Thus, for a homopolymer in a dilute
solution the impact of chain length on the dissolutionpterature can be quantified by
rearranging Eq. 1 into Eq. 2:

1 1 R V, R en@,) ne
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Where,r = number of repeating units per polymer

In Eq. 2 the second term on the right hand side which accounts for the impact of chain length
shows that the equilibrium dissolution temperature drops with decreasing moldi8hags

However, this molar mass influence is significant only for loweneshile at higher molar

mass the dissolution temperature becomes independent of the chain length and hence Eqg. 2 gets
simplified to Eq. 3:
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From Eq. 3 it can be concluded that homopolymer of relatively high molar matalzg st

the same temperature provided their composition and other experimental parameters remains
same. This is in good agreement with experimental results obtained by CRYSTAF and TREF
[83,84].

Copolymers in dilute solution present additionamplications as the dissolution temperature
also depends on the interactions between the different monomeric units apart from those with
the solvent molecules. Taking into account the different interactions between the comonomers
and the solvent moleculethe net FloryHuggins thermodynamic interaction parameter can be
defined as in Eq. 4:

C, =U,C \ tUCz - U5 C 5y (FOr copolymer with two comonomers) 4)

Where, ¢, = interaction parameter of a binary copolymer with pure solvent,

c,, and ¢, are the intera@n parameters of the corresponding homopolymer with the
solvent,
C s = interaction parameter between comonomers A and B in the copolymer chain,

u, andng are volume fractions of comonomers A and B in the copolymer molecule,
respectively.

For copolymersrni dilute solution, the comonomer unit fraction is the most important factor that
affects the crystallizability of the macromolecules. The comonomer units act as defect in the
chain and interrupt its regularity, thereby lowering the crystallizability ofrtaeromolecule.

The crystallization behavior of copolymers in dilute solution was theoretically explained by
Anantawaraskul et al85].

5.1.1. Temperature Rising Elution Fractionation (TREF)

TREF was first reported by Desreux and Spiegels in 8§&nd has been applied as a routine
method to determine the CCD of polyolefins since the late I8DsTREF is based on a two
stepseparation process: In the first cycle the sample is dissolved in a thermodynamically good
solvent at elevated temperature and the solution is then loaded into a column containing a
support (e.g. sea sand or glass beads). Then a cooling cycle at adlog rate with no flow

is started, during which the polymer is fractionated by segregation of crystals with successively
decreasing crystallinity. This is followed by a second cycle, during which fresh solvent is
pumped through the column while the tengtere is raised. The solvent dissolves polymer
fractions of increasing crystallinity (i.e., decreasing content of SCB), as the temperature is
raised. TREF can be performed either on an analytical or preparatypeTREF)scale. In a

TREF the concentratn of the polymer in solution during the heating cycle is monitored using

an infrared detector. In the prersion fractions of the polymer are collected which can later

be analyzed by e.gdT-SEC NMR or infrared spectroscopy. Crystallization is the imos
important step in TREF, and the cooling rate has been observed to have a strong influence on
the quality of the separation with lower cooling rates resulting in a higher resdBifjorThe

type of support has little to no influence on the fractionaporcess, and glass beads and
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stainless steel shots are commonly used for this purpose. The solvent of choice for TREF of
polyolefins are xylene, ODCB and TCB.

TREF has been reviewed by W[i88], Glockner[89], Fonseca and Harris¢80], Soares and
Hamielec [91], Anantawarasku[92] and Monrabal[93,94]. Soares et al. explained the
broadening of the peaks in TREF observed with increasing comonomer content on the basis of
St ockmayer s bi[95h Moneabatet al[ir7 experinentdlly estalshed a

linear correlation between the temperature of elution and the SCB content in TREF separations
of LLDPE. However, TREF based separations suffer from limitations with respect to
throughput and long duration of experiments, which has led to the devehd of other
techniques as given in the next sdrtions.

5.1.2.Crystallization Analysis Fractionation (CRYSTAF)

CRYSTAF was developed by Monral§86,97] in the early 1990s with an intention to develop

a faster alternative to TREF by fractionating the polyolefin sample in a single crystallization
step without the elution step common to TREF. Moreover, 5 samples can be simultaneously
analyzed per run, whictypically takes between 8 and 24 h. In CRYSTAF the polymer is
dissolved in a thermodynamically good solvent (e.g., ODCB, TCB) at elevated temperatures
inside a cylindrical reactor. The analysis is carried out stirred crystallization vessels with no
suppot. Aliquots of the polymer solution are filtered out and analyzed with a concentration
sensitive detector e.g., IR. The baseline is set from experimental data points taken above the
crystallization temperatures. As the temperature is reduced at a firathegtolymer sample
crystallizes out of the solution according to differences in their crystallizability or
SCB/comonomer content. The portion of the sample that remains soluble even at room
temperatures (30 °C) i.e., the soluble fraction (SF) repret@ntsoncrystalline (amorphous)
fraction of the sample. From CRYSTA% profile of concentration (w[%]) versus temperature

is obtained. The ffst derivative of this curve, d\T, contains information about the CCD
(Figurel6).

Brull et al. showed the seqaions by CRYSTAF to be independent of the length of comonomer
unit for different propengrolefin [98] and ethylendbolefin [99] statistical copolymers,
varying in the type otlolefins (toctene, idecene, detradecene, anddctadecene). Sarzotti

et al. [99] reported that MM influences on the crystallization temperature in CRYSTAF
disappeared above thesMalue of 10,000 g/mol with the help of ethylenédéixene statistical
copolymers. Analogous to TREF, the peaks in CRYSTAF also exhibit broadening with

i ncreasing comonomer content as explained
distribution. CRYSTAF has been applied to separate blends of HDPE/LDPE and] PEIPP
CRYSTAF separations show a linear correlation between the crystallization temperature and
the comonomer content of LLDP&tmilar to TREF. However, although both TREF and
CRYSTAF are based on the principle of crystallization TREF has been established to show
better resolution as compared to CRYSTRF]. Thus, a necessity existed for a method which
shows similar resolution as TREF and at the same time overcomes the bottleneck of long
analysis time. This led to the development of crystallization elution fratioon@EF) which

is described next.
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Figure 16 Concentration profile (wt. %) and its first derivati@w/dT) of a CRYSTAF
analysis

5.1.3.Crystallization Elution Fractionation (CEF)

Recently, Crystallization Elution Fractionation (CEF) has been introduced by Monrabal
[101,102 to reduce cerystallization and improve resolution. CEF involvie® stepsof
crystallization and elution. This technique is based on a new separation priefgrred to as
Dynamic Crystallization. It separates fractions inside a column by crystallizability while a slow
flow of solvent is passing through the column. CEF combines the separation power of Dynamic
Crystallization in the crystallization step withe separation during dissolution of the TREF,
consequently the resolution is improv&EF achieves resolution comparable to TREF and
enables faster analysis by applying the conceplyabmic crystallizationThe separation in
TREF and CEF is shown Figurel7 as reported by Monrabal et fr9]

Sample loading Crystallization Elution
Ti
a Ti
( ) \Tf Te /
= — pe——
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No solvent flow Sm‘,
(b) Nt Tf Ti
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—

Dynamic crystallization (slow solvent flow) Solvent flow

Figure 17 Separation diagram by crystallizability for a) TREF and b) CEF. Nesnd T are
initial and final temperatures in the colufitg]
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In dynamic crystallization the different components of a sample are separated from each other
in the crystallization step, during which a very slow flow of solvent is maintdir@qFigure

17). This necessitates the usage of longer columns in CEF ani alptimize the flow rate for
achieving the best separation. The application of dynamic crystallization enables the use of
higher cooling rates which is the principle reason for faster analysis by CEF compared to TREF
and CRYSTAF. Monrabal et a[79,103] compared the CCD based characterization of
polyolefins by CEF with that by adsorption based techniquesHiga Temperature Liquid
Adsorption Chromatograph§HT-LAC).

In summa, crystallization based techniques are being used routinely to determine the CCD of
polyolefins. However, there are two major limitations of the technique that necessitate the
finding of fundamental alternatives. The first limitation arises frortrgstallization which

makes quantitative separations of blends diffil@#. Secondly, as these techniques are based

on the principle of crystallization, they cannot be applied to polymers with a lower degree of
crystallinity. This was shown by Wild76]jand Kelusky[86] who analyzed the CCD of
ethylene/vinyl acetate (EVA) statistical copolymers containingd2 wt. % VA by TREF and

found that copolymers with higher VA content are fully amorphous and thus could not be
separated by TREF or CRYSTAF. Faatsdtical copolymers of ethylene angbdtene the range

of separation via CRYSTAF has been found to bdniet r ange 0 17 9@d%)wt . %
of 1-octene conterit79,104. This range may be increased by applying cryogenic techniques,
but the freezing @int of the solvent acts as a limiter. These limitations provided the driving
force for the development bigh temperaturéigh performance liquid chromatographyT(-

HPLC) as an alternative method for CCD determination of polyolefins.

5.2.High Performance Liquid Chromatography (HPLC)

HPLC has been applied as a fast and selective separation technique to determine the MMD and
CCD of polymers soluble at room temperature for many decades. In HPLC the macromolecules
are separated based on different retention times as they pass through aogreqriatsystem
comprising of a specific stationary and mobile phase. Different retention times of the individual
components are caused by differences in the partitioning equilibrium between the stationary
phase and the mobile phagE)5. The equilibriumcan be expressed by the partitioning
coefficient,Kq, given by Eq. 5:

Cup (5)

Where,Csr and Cys are the concentrations of the analyte in the stationary phase and mobile
phase, respectively.

ThermodynamicallyKq is related to the difference in Gibbs free energy of the analyte in both
the mobile and the stationary ph4$66. The difference betweethe enthalpic and entropic
contributions results in a change of the Gibbs free eneg@y 4s shown in Eq. 6:

DG =DH - TDS=- RTInK, (6)

EqQ. 6 rearranges into Eq. 7:
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(7)
Ky =exp0S/R- DH/RT)

Where,R = universal gas constant,
T = the absolute temperature,
gH andgs are the changes in enthalpic and entropic contributions, respectively.

gH is the overall change in enthalpy from different attractive or repulsive interactions of the
macromolecules with both the stationary and riiwbile phaseqs is the overall change in
entropy of the macromolecules arising from differences related to the hydrodynamic volume as
they are excluded or enter the pof£87] of the stationary phase. The enthalpic and entropic
contributions in a chromatographic separation can be controlled by the choice of the stationary
and mobile phase and the temperature. Based on the enthalpic and entropic contributions, HPLC
separations an be classified into size exclusion chromatography (SEC), liquid adsorption
chromatography (LAC) and liquid chromatography at critical conditions (LC€}ently,

LCCC for high temperature soluble polymers i.e.[PE and PH109 was established.

In summa, depending on the mechanism three modes of chromatographic separation can be

distinguished in the case of polymengyich differ with regard to their relationship between the
molar mass and the elution voluniegure18).

SEC LCCC LA

Log M

Elution volume

n
»

Figure 18 Three modes of chromatographic separation

5.2.1.Size Exclusion Chromatography (SEC)

SEC separates macromolecules based on differences in their hydrodynamicinaumnebile
phase. The parameter, which determitiess separation i.e., the hydrodynamic volume is a
function of the molar mass, the molecular architecture, and the chemical composition. Semi
crystalline polyolefins require elevated temperature$00 °C) for dissolving, and this led to

the development diigh temperature SEC (HSEC)[110. A HT-SEC column set comprises
multiple columns connected in series that fulfill the necessary pore size distribution according
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to the sample being analyzed. The stationary phase of choice islickeskpoly styrene
divinylbenzene, whereas the routinely used mobile phas€i The elution volume ik T-

SEC can be converted to molar mass by using narrow disperse standards of known MM. This
calibration can then be applied to extract information about MM, MMD and digpé®3 of
unknown polymers samples. Since different polymers are extended to different sizes in different
solvents, a calibration curve has to be created for every polymer/solvent dysteaver, in

case the calibration standards are not chemicallyigirib the sample, the obtained MM,
MMD, and P of the sample can be expressed only as a relative value. This problem can be
solved by attaching a MM sensitive detector e.g., rauigle laser light scattering (MALLS)

[111] which enables to determine thesalute MM.

Various detectors have been used wWiM-SEC for the characterization of polymers. A
refractive index (RI) detector has been preferred for measuring the concentration of polymer
eluting from the columndHT-SEC/RI). More recently, infraredR) spectroscopy has geid
acceptance as concentratgemsitive detector fdiT-SEC HT-SECIR). The main advantage

IR shows over the RI detectors are a comparatively more stable baseline and lower sensitivity
to temperature fluctuations which is particularly important for high temperature applications.
CouplingHT-SECwith spectroscopic technigs, such as FTIRL12113 or NMR [114115
enables to determine average chemical compositadoeg the molar mass axi$iT-

SECY FTIR of polyolefinscan beperformed in two ways: either the eluent from HE-SEC
column is sprayed onto a rotating germamidisk and subsequently analyzedlafe by FTIR

[116 or the columns arecoupled to a heated flow cell placed in an FTIR spectrometer
[117,118. Hereby, profiles are obtained showing the MMD and, additionally, the content of
SCB as a function of molar res. Nowadays, besides IR spectrometers recording full spectra,
IR detectors with fixed wavelengths using at least two different band filters are also available
for compositional analysid19. TCB (or ODCB or tetrachloroethylene) can be used as mobile
phase for flow through FTIR detection as it is sufficiently transparent between ca23500

cm®, which corresponds to the &-H stretching region i.e., the region of interest for
polyolefins. Typically, at least two bands associated to metlyi{) andmethylene {CH>-)

groups are measured and their ratio is calibrated against polymer stafid&#i(. This
method is not applicable fovery low degrees of branchirfg 2-CHs/1000C) due to signal to
noise limitations.

HT-SEC has also been applied t@buze the distribution of LCB in polyolefins such as LDPE

by coupling it to specific detectors. The presence of LCB makes the macromolecule more
compact compared to a linear one i.e., the hydrodynamic volume is smaller for the LCB
containing macromoleculeompared to the linear equivalent. This effect may be observed by
applying a viscometer (VISC) and/or light scattering (LS) detector. A viscometer detects the
presence of LCB by comparing the resultant differences in their intrinsic viscosity, and a LS
detector determines the LCB content by comparing the radius of gyratiprofR branched

and a linear macromolecule with similar MM. Both detectors can be coupiidecio HT-

SEC e.g., HISEC/RIVISC, HT-SEC/LS, or HT-SEQRI-VISC-LS, to analyze the LCB
distribution along the MMD of polyolefins. The triple detector systemraSHEIC/RFVISC-LS is
becoming increasingly common for unraveling the molecular heterogeneities of polyolefins
[110. HT-SEC has also been applied to determine the distribution of SCBstalMMD in
olefinic copolymers by coupling it with Fourier transform infrared (FTIR)iof methods via

a LCG-Transform[121] or ortline with a heated flow cellLl22].
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5.2.2.Liquid Adsorption C hromatography (LAC)

LAC has been widely used to separate polymers which are soluble at ambient temperatures
according to their composition. The separation is driven by enthalpic interactions between the
macromolecules and the stationary phase in the presence of an approphag¢ephase and
temperature. The thermodynamics behind an ideal LAC separation can be represented by Eq.
8:

-DH
Kd = KLAC =eRT (8)
SinceqH is negative the values of the distribution coefficiéntc are> 1. In order to achieve
enthalpic interactions between the dissolved macromolecules and the stationary phase, a
thermodynamically poor i.e., adsorption promoting solvent is used as mobile phase. By adding
a thermodynamically good (desorption promotingyent the enthalpic interactions between

the macromolecules and the stationary phase can be re@idekiher[123 noticed that there

is a fundamental difference between the behavior of low molar mass compounds and
macromolecules, which is called a molaass effectWith increasing molar mass the number

of interacting units and consequently the adsorption of the molecules on the stationary phase
increase The molar mass dependence in LAC is opposite to that in $BE strength of
interaction between the analyte molecules and the stationary phase can be either controlled by
the eluent composition (e.g. solvent gradient) and/or the tempefhdfe

The majority of published HPLC separations of synthetic polyrhes been realized at
temperatures below 60 °23125. Dissolution and chromatographic separation of semi
crystalline polyolefins, however, require temperatures of up toi 1380 °C[126-12§. This

led to the development of high temperature LAC {HAC) to investigate sentrystalline
polyolefins Macko et al[129 were the first group tehow the irreversible retention of linear

PE and isotactic PP from dilute solutions in decalin on specific zeolites in 2003. Since the
process is irreversible the appch was not a practical solution to the challenge. The first
chromatographic systems for the separation of polyolefins according to their chemical
composition (HFHPLC) were published only recenfl$30-132. They were based either on

the selective precifation/dissolution (PP is soluble in ethylene glycol monobutyl ether and PE
nonsoluble) or on the selective adsorption/desorption of PE ¢LB3135.

Heinz et al.[136 separated a blend of HDPE arBP by using silicayel as stationary phase
and a gradient of TCB, ethylene glycol monobutyl ether (EGMBE) by a mechanism of
precipitation/dissolution. (EGMBE is a solvent feBPP and nossolvent for PE) in 2005.
However, the separation was significantly influenced by the MM of the polymer, which even
overrides the effect of composition on the separation nagithodwasnot robust and reliable.
Mockel et al[137] found that ralkanes are retained on a cardmased column (Hypercékb)

from methanol stronger than on a reversed phase silica gel. Adsagatbarm studies by
Kalies et al[138 revealed that+4alkanes are preferentially adsorbed from alcohols on a carbon
sorbent. Findenegg and Liphard observed th&Os: alkanes show affinity towards a graphite
surface via adsorption isotherm measuresidri&d. Yin et al.[14( also found that there were
interactions between graphite ang- @4 alkanes. Additionally, the strength of interaction
increases with the chain length. This methodology was first extended and appliedpianon
polyolefins byMacko and Pasch in 20Q241]. This breakthrough came with the discovery of
porous graphitic carbon (PGC) as stationary phkét147.
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The development of PGC for liquid chromatograpiich is commerdailly available as

Hy p e r ¢imoretitEd to Knox et al147. PGC constitutes of porous spherical particles with

a surface that is crystalline and devoid of mipores. At the molecular level PGC is made up

of graphitic sheets of hexagonally arranged carbon atoms linked by codjddgateder bonds,

which are stacked together on top of each other. The graphitic carbon atoms have fully satisfied
valancies and hence in principle there are no functional groups on the surface of PGC. PGC is
produced by first choosing a highly poroudcsilas template into which the carbon based
material is impregnated with a pherfofrmaldehyde mixture. This mixture is then heated to 80

T 160 °C to initiate polymerization. The size and porosity of the carbon particles produced
depend upon the choice tife silica template. This is then pyrolyzed under inert atmosphere
(nitrogen) at 1000 °C to produce a highly porous amorphous carbon. The silica template is then
dissolved by passing a hot aqueous solution of sodium hydroxide. The porous amorphous
carbon § next graphitized by thermal treatment at 2340 °C under inert atmosphere (argon)
results in the removal of surface functional groups, rearrangements in the graphite structure and
closing of micrepores.

LAC can be conducted in two ways based on the tfpgradient that drives the separation.
When the separation is controlled by varying the mobile phase composition while keeping the
temperature constant, the LAC method is termed as solvent gradient interactive
chromatography (SGIC). On the contrary, lifetseparation is controlled by varying the
temperature of the stationary phase at isocratic mobile phase composition the method is referred
to asThermal Gradient Interactive Chromatograifh¢IC). For the purpose of the thesis only

the high temperature gglient techniques will be described as the focus of the thesis is on
polyolefins.

5.2.2.1. High Temperature Solvent Gradient Interaction Chromatography (HT-SGIC)

In HT-SGIC the macromolecules are separated by applying a gradient of mobile phase
composition at isthermal conditions. Typical adsorption promoting solvents for polyolefins

are decanol and4tecane, while ODCB and TQR43-145 are desorption promoting. In HT

SGIC the sample is first dissolved and injected in an adsorption promoting solvent to adsorb
the macromolecules onto a column packed with graphitic sorbents. The adsorbed sample is then
selectively desorbed by applying a gradient from adsorption to desorption promoting solvent.
The adsorbed macromolecules elute depending on the strength of iadseittt the sorbent,

which in turn is a function of their composition and, to a subordinate extent, their MM.

Various carbon sorbents like PGC, carmbed zirconia, activated carbon and exfoliated
graphite were tested by Chitta et[dk4q with regardto their selectivity as stationary phase for
HT-SGIC of PE and PP of varying tacticity. FEGIC has been applied to separate blends of
linear PE and PP of varying tactic[ty41]. Statistical copolymers of ethylefidlefins & well
aspropylenel}olefinswere also separated based ornrtbelefins content by HISGIC[14]3.

The separation in HBGIC was shown to be independent of MM above ~20 kg/mol by
Ginzburg et al[145 for HDPE in a 10 minute linear gradient ofdécanol TCB. The
separation of polyolefins by HEGIC has been reviewed by Macko ef ail7].

The significant advantage of HIGIC over crystallization based techniques like TREF,
CRYSTAF and CEF is the fact that it offers the capability to separate olefpatyooers over

the full range of comonomer contgi4314§. Yet, HT-SGIC is limited with regard to the
choice of detectors with the evaporative light scattering detector (ELSD) being the only option.
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The ELSD suffers from nelinear dependence of the delier signal on sample concentration
as well as solvent compositidi49. Even with careful calibration of its response, it is
extremely difficult to obtain quantitative results with the ELSD, and this was the driving force
for the development of HT 2IDC as an analytical tool for polyolefin separations.

5.2.2.2. High Temperature Two dimensional Liquid chromatography (HT 2D-LC)

In chromatography, the separation efficiency of any single separation method is limited by the
efficiency and selectivity of the separatiotode, that is, the number of plates of the column

and the phase of the selected system. As discussed, polyolefins are distributed in more than
one parameter of molecular heterogeneity. It is obviousrnilependenparameters require n
dimensional analical methods for accurate (independent) characterization of the different
structural parameters.

Comprehensive twadimensional liquid chromatography implemented by coupling two
separations exists in three schemeslimgr stopandflow; and oftline. Each approach has
distinct features and drawbacks; particular approaches allow making use of one of them more
advantageous than that of the other ones for some specific applications, as it was demonstrated
by Fairchild et al[15(. The resulting data ismatrix, usually represented as a contour plot,

with each chromatographic separation along an axis. In the very first examplesL&f 2D
separations of synthetic polymers, SEC was performed[1i&si followed by HPLC in the

second dimension. In these expents, the heatut (off-line) approach was very frequently

used; meaning, that only selected fractions were transferred into the second dimension. In recent
years, the sequence of HPLC in the first dimension and SEC in the second dimension is favored.
Owing the fact the fact that state of the art SEC experiments employing new small columns
with improved separation efficiencies can be performed in a very short period of time (down to
several minuteq)151-153, a complete transfer of all fractions from the first dimension into the
SEC column became possibkdure 19.
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Figure 19 Schematic configuration ?dT-HPLC xHT-SECsetup(HT 2D-LC) [145
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The advantages and disadvantages of using either HPLC x SEC or SEC x HPLC sequences
were discussed in detail by van der Horst and Schoenn{dk&$55. From the practical point

of view, a preferred 2lL.C setup is fractionation of a sample by HPLC antseguent analysis

of the fractions eluting from the HPLC column by SEC. Namely, HPLC was found to be less
sensitive towards molar mass effects and yielded uniform fractions with respect to chemical
composition.SEC s in the majority of publications usedrfthe second dimension, which
allows usingdifferent detector$151]. In the case of usin§ECin the first dimension, each
fraction is dissolved in a thermodynamically good solvent when injected into HPLC and
breakthrough peaks can ocdus€. If SECis used in the second dimension, the injected
solvent from the HPLC will simply be separated from the polymer fraction. In the present
treatment, we will focus exclusively on the comprehensive mode, where the entire first
dimension effluent is subjected irtee second dimension separation.

An eightport valve with matching sample loops is typically used for the couplifgj. The

valve is controlled electronically and allows a complete transfer of all eluting polymer fractions
from the first to the second dimension by choosing the proper flow rates in both dimensions
and by adjusting the sampling time. The configuration chsatransfer valve is depicted in
Figure20.

Position A Position B

SAMPLE CAMPLE

' VENT/
WASTE

SAMPLE
LDOP

2

)

CARRIER/
MOBILE PHASE

CARRIER/

MOBILE PHASE
COLUMMN COLUMM

Figure 20 Configuration of an automatic fraction transfer valve (from vici.com)

However, sich separations were realized at high temperature only recently for functionalized
semicrystalline polyolefing157], ethylene/ioctene copolymergl58, and polyolefin blends
[159160Q. Polymer samples undergo two fractionation steps in 2D LC, finally resulting in
highly diluted analytes. Highly sensitive detectors are thus required for quantification.

5.2.3.CrossFractionation Techniques

The multitude of molecular heterogeneities in polyolefins has already been disdlsssal.
heterogeneitiesvith regard tovarious moleculaparameters aras a ruleinter-related and
influence each otherand cossfractionation techniges were developed to study these
relationships. Coupling two orthogonal separations can also significantly enhance the
separation efficiency as shown theoretically by Rittig efl&1]. Various crosdractionation
techniques have been developed but dmbge applicable for polyolefins will be discussed as
part of this thesis.

In polyolefins the two most important molecular heterogeneities are the CCD and the MMD,
and, therefore, the majority of creBactionation techniques aim to couple differentlginzal
techniques to determine the bivariate CCD x MMD. Technically, the coupling may be realized
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via stopflow (off-line) or in a continuous mode (dime). The advantages of both approaches
were reviewed by Fairchild et §lL50. HT-SEC is routinely gplied to determine the MMD of
polyolefins [110. However, for determining the CCD different crystallization and, more
recently, LC based techniques are used. Wi first combined TREF and HBEC in an off

line manner (TREF x HBEC). Since 2007, Ortiet al. [162 have commercialized an
automated TREF x HBEC instrument which has led to more consistent results compared to
earlier constructed setups. Although TREF x-8SHC offers the required comprehensive
characterization a limitation is the fact theREF can only be applied to well crystallizable
sampleqg163. This spurred the application of HIAC for the determination of CCD and the
development of two dimensional liquid chromatography (2D LC) techniques. Several
successful 2D LC separations haverbeeported for polymer at ambient temperat(it€st

166. However, for polyolefins the developmentkT 2D-LC separations has been possible
only recently[167,168, with the combination of HBEC and HTLAC in an online mode.

The results of a crodsactionation experiment are usually represented in a color coded contour
plot. Similarly, in 2D HFLC, the two different chromatographic modes of separation are
denoted by the two axes of the contour plot, and the intensity of the peaks is shown by a color
sale.

BiIHDPE and functionalized POare commercially relevant materials. Their application
properties are defined by their molecular heterogeneities, which are defined by the distributions
with regard to molar mass, composition, and microstructsteree and regieregularity).

These distributions are interrelated, and their analysis requiresdiménsional separations,

with a maximum degree of orthogonality. These bivariate distributed samples can be
characterized by HT 2DC. However, in orderto get the microstructural information
hyphenatiorwith'3C hyphenation is required. Nevertheless, NMR needs sufficient amount of
material for microstructural characterization. Thus portable fraction collector (explained
elaborately in section 6.3) was ployed to collect sufficient fraction from HSEC orHT-

HPLC (first dimension) and then subsequently analyze#fiNMR and**C NMR.

The complete timeline fdhecharacterization of POs usitiquid chromatography is shown in
Figure2l.
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5.3.Raman Sectroscopy

Raman spectroscopy is sensitive to structural changes of carbon m1€®l3 3. Several
researchers utilized Raman spectroscopy to characterize different carbon materials and focused
on the origin of the D and G band [39]. The Raman spectrum of giaite exhibits three
prominent bands, namely theldand (graphite band), the-ltand (disordeband),and the 2D

band (overtone of the-band)[169172174. The Gband is the primary Raman active mode

in graphite, and it provides a good representatidghesp-bonded carbon that is present in the
planar sheet configurations of graphite. Thedhd originates from the tangential vibrations of

the carbon atoms and thesepiane vibrations are Raman actid&g2174-176. The Dband,

also known as the disder or defect mode, originates from edge configurations in graphite
where the planar sheet configuration is disrupiet?, 174-176. The 2Dband is an overtone

of the D-band, but its intensity does not necessarily track with that of thand. Yet, the 2D

band is generally more sensitive to the changes in the environment of planar sheet configuration
than the DBband [169172. The Gband which appears for the graphitic structures is
characteristic of the <€ vibrations[174,177). In case of interactions tveeen an analyte and
graphite in a solution this-Band can shiftl69172174176178179. Hodkiewicz et al[177]

reported a @and shift to higher wavenumber when comparing the spectrum of graphene with
that of graphite. The interaction between theabptanes of graphite is largely dominated by

long range van der Waals forces, which originate from the correlated motions of electrons in
different plane$172. Thus,Raman spectroscoman beutilized to gain more insight into the
interaction between graphite (HypercarbE) an
decane) at temperatures above tltystatlization temperature of PE.

5.4.Nuclear Magnetic Resonance (NMR) gectroscopy

NMR spectroscopysia powerful technique for chemical analysis having extensive applications

in inorganic and organic chemistry, biochemistry, as well as medical sciences. NMR is based
on the interaction of the magnetic properties of nuclei with an external magnetidrfigig.
absence of an external magnetic field the nuclei are aligned in a way that the magnetic dipoles
are randomly oriented. However, when an external magnetic field is applied, the dipoles orient
in different energy states based on an energy differegg;eyoverned by E:

2hg
DE =%~ 08 9
T2 ©
Where, o = gyromagnetic ratip

h = Planck's constant

B = the strength of the external magnetic field.

The energy states with and without an external magnetic fieftHfare shown inRigure22)
asan example.
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Figure 22 Representation of spins 8l atoms under (a) no magnetic field and (b) an external
magnetic fieldB
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Apart from the nucleus, the applied magnetic field also interacts with the electrons spinning
around the nucleus. The spinning electrons induce a secondary magnetic field which also
influences the total magnetic field experienced by the nuclei. As thecgietoud is distributed
unevenly in a molecule, the magnetic field experienced by a specific nucleus depends on its
environment, and this delivers vital information about the molecular structure of the sample.
Different nuclei are chosen for NMR spectrtopy based on requirement. Examples of nuclei
applied for NMR aréH, 3C, 1*N, 1°F, 31P etc. Among thestH and*C are most commonly
applied in NMR spectroscopy of polyolefins and will be focused on in greater detalil.

5.4.1.NMR of Polyolefins

For polyolefinsNMR spectroscopy serves as an excellent technique for structure elucidation.
A variety of structural information may be derived from a NMR spectrum with the help of
chemical shif{ppm) which represents tigge relative to the reference proton (et ,in Figure

22). A reference is commonly chosen, e.g., tetramethylsilane (TMS), whose chemical shift is
assigned 0.00 ppm, and the different resonances are arranged according to the IUPAC
recommended chemical shift scalgl80. The shielding effect from th&urrounding electrons

also influences the values of chemical shift. Even the same nucleus may exhibit different shifts
based on differences in the electron cloud surrounding it, and this assists in deriving vital
information about the microstructure of polefins. The factor that determines the position of

the signal in an NMR experiment is the magnetic field created by the other nuclei and the
electrons in the molecule.

NMR spectroscopy of polyolefins requires elevated temperatures and solvents wiadb ha

be chemically stable and that donot evapor e
guantitative analysis of polyolefins the experimental parameters of NMR like probe tuning and
relaxation delay need to be optimiZ&81]. NMR spectroscopy hdmecome a routine technique

for the characterization of polyolefins, and a few common applications are covered in the next
section.

'H and®C are the commonly applied nuclei for NMR spectroscopy of polyolefihdMR
has significantly higher sensitivities compared¥6 NMR and is commonly applied for
determining the chemical composition e.g., functional grol4&?, endgroups [183,
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unsaturatiof181-184 etc., that are present in too small quantities to be detecté@ bMR.

'H NMR finds application as a great tool for
calibration[181]. The area under the curve of eddiNMR signal is proportional to tirimber

of equivalent protons creating the signal. Henceinbsgrating thearea under each curve the

relative number of protons that constitute each curve can be quantified.

13C NMR is the preferred technique for investigating the microstructure gbleéihs. The
larger spectral width (~ 20 times) B NMR compared téH NMR enables quantification of
the microstructure of polyolefins®>C NMR has been successfully applied to determine
microstructural information such as tactic[ti85, inverse insgion [185 and comonomer
sequence distributiof.86. **C NMR has also been applied to quantify S@2B7-189 and
LCB [187-19Q content in PE. The peak assignments for ethyleoetdne copolymers (E/O)
were reported by Qiu et di197].
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