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German Summary

Polyolefine sind, gemessen am Volumen, mit ein@baglen Produktion von mehr als 100
Millionen Tonnen die bedeutendsten synthetischdgniere. Ihre Produktion hat in den letzten
Jahren kontinuierlich zugenommen und es ist zu mewadass sich dieser Trend in Zukunft
weiter fortsetzen wird. Treibende Kraft dabei simgéue Verarbeitungstechnologien und
Syntheseverfahren, welche entwickelt werden, um dénforderungen des Marktes
nachzukommen.

Wie alle Polymere kénnen Polyolefine unterschidaiésrten molekularer Heterogenitat zeigen,
deren Bestimmung der Schlissel ist, um Stréktdigenschafts-Beziehungen zu erarbeiten und
Anwendungseigenschaften mafizuschneidern. Die Meknasrteilung und die Verteilung der
chemischen Zusammensetzung sind die beiden griemtleg molekularen Parameter, die im
Fall von Polyolefinen von entscheidendem Interesad, da sie den grof3ten Einfluss auf die
Eigenschaften des Endprodukts haben. Zur Bestimrmdanylolmassenverteilung und der daraus
resultierenden durchschnittlichen Molmassen wird e di Hochtemperatur-
Grolenausschlusschromatographie (HT-SEC) eingesBREF (Temperature Rising Elution
Fractionation) und CRYSTAF (Crystallization Analysi Fractionation) werden zur
Fraktionierung von Polyolefinen nach der chemisclisammensetzung verwendet. Zur
Analyse der bivariaten Verteilung nach Zusammensefzaind Molmasse wird TREF mit der
Grolenausschlusschromatographie (SEC) gekoppelfKXRSEC).

Grundséatzlich kann die Zusammensetzungsverteilunger e Polymerprobe  mittels
Hochleistungsflissigschromatographie (HPLC) bestimrarden und die bivariate Verteilung
durch Kopplung der HPLC mit der SEC (HPRCSEC). Methodisch war dies jedoch bisher
lediglich bei Raumtemperatur bekannt.

Ziel dieses Forschungsvorhabens war es, die HPLEdbeen Temperaturen (HT-HPLC) mit der
HT-SEC zur zweidimensionalen FlissigchromatogragHie 2D-LC) zu koppeln. Dazu wurde
in Zusammenarbeit mit der FirmRolymerChar (Valencia, Spanien) ein Chromatograph
entwickelt, in dem beide chromatographischen Treanadsionen Uber ein Schaltventil
miteinander verbunden sind. HT 2D-LC Untersuchungminden sowohl an Copolymeren aus
Olefinen und polaren Comonomeren als auch an urggoRolyolefinen und Olefincopolymeren

durchgefihrt.
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Zur HT 2D-LC von Ethylen-Vinylacetat (EVA) Copolymen wurde in der ersten
Trenndimension Kieselgel als stationdre Phase umd Igsungsmittelgradient 1,2,4-
Trichlorbenzol (TCB$ Cyclohexanon eingesetzt. Beide Achsen wurden mitggeigneter
Standards hinsichtlich des VA-Gehaltes (HPLC) uad Molmasse (SEC) kalibriert. Zu diesem
Zweck wurde eine Methodik zur Bestimmung des sogidVund Dwell-Volumens erarbeitet.
Ein Vergleich der Ergebnisse aus HT 2D-LC mit derears TREFx SEC zeigte die
Uberlegenheit der HT 2D-LC aufgrund ihrer Moglicitkamorphe Proben zu trennen. Der
Einfluss experimenteller Parameter auf die HT 2Dalgb Polyolefinen wurde untersucht: Eine
Erh6éhung der Flussrate in der SEC-Dimension flulate h6heren Elutionsvolumina und
Peakverbreiterung. Auch eine Erhdohung des Injektiolumens fiihrt zu Peakverbreiterung.
Durch Wahl geeigneter experimenteller Parameteangeles, die Zeit fir eine HT 2D-LC
Analyse ohne signifikanten Verlust an Auflésung &0 auf ca. 100 min zu reduzieren. Dieses
Versuchsprotokoll wurde eingesetzt, um industrigiélevante EVA-Copolymere zu
charakterisieren. Diese Methode ermdéglicht es jedacht, mit Methylmethacrylat gepfropftes
Ethylen/1-Buten-Copolymer bzw. Polyropylen aufzotren. Dies gelang, indem Graphit
(Hypercarlf) als stationare Phase und ein Lésungsmittelgradiefthyl-1-hexan® TCB als
mobile Phase eingesetzt wurde. Zur chromatograpéis&etention tragen bei dieser Trennung
sowohl die unpolare Hauptkette (Ethylen/1-Buten-@pmer bzw. Polypropylen) als auch das
gepfropfte polare Comonomer bei

Die HT 2D-LC von unpolaren Polyolefinen und Olefapolymeren wurde ebenfalls mit
Hypercarly in der ersten Dimension durchgefilhrt. Bei diesemfiung beeinflusst die mobile
Phase der ersten Dimension die Molmassentrennungdein zweiten Dimension. Eine
Kalibrierung der zweiten Dimension gelang mittel&-$tandards. Dieses experimentelle
Protokoll wurde zur Trennung einer grof3en Banderein Polyolefinblends eingesetzt. Erstmals
wurde der Effekt der Temperatur auf die Trennumgdier PE-Standards auf HyperCadis
stationarer Phase und einem Ldsungsmittelgradiedt&ecandd TCB als mobiler Phase
untersucht. Das Elutionsvolumen am Peakmaximunygtstér hochmolekulare PE-Standards
abrupt, wenn di€s Temperatur erreicht wird, wahrend es fur nieddekuare Standards linear
ansteigt. Gleichzeitig wird fur die hochmolekulai®tandards eine Peakverbreiterung beobachtet.
Ein bimodales PE wurde mittels HT 2D-LC aufgetrerBeide Trenndimensionen wurden mit

hinsichtlich ihrer Zusammensetzung eng verteiltényEEn/1-Buten-Copolymeren und linearen
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PE-Standards kalibriert. Eine Vorfraktionierung deérmobe mittels TREF und nachfolgende
Analyse der Fraktionen mittels HT 2D-LC erhoht bitormationstiefe der chromatographischen

Analyse signifikant.
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1. Introduction

With a global production reaching over 100 millimms per annum, polyolefins are of enormous
importance in the materials market. During the @istyears, they have become the highest
volume commercial class of synthetic polymers duéheir versatility with respect to physical
and mechanical properties, non-toxicity, and thmimpetitive monomer costs. To tailor the
application properties and thus produce high qualibducts the characterization of the chemical
heterogeneity of polyolefins has always been vitdboth research and production control. The
remarkable versatility of polyolefins arises frohetfact that ethylene, propylene and 1-olefins
can be copolymerized to yield polymer chains witicrostructures that lead to very different
macroscopic properties. The latter are ultimatafinetd by the way the monomers are linked to
form linear and branched chains with different @egof regularity. It mainly includes the
distribution of comonomer-units and microstructuphrameters (Chemical Composition
Distribution-CCD) along or across the molar masstriiution (MMD). To establish
structure property relationships requires separations acogrdio both, molar mass and
chemical composition. At the time being, the chemazation of these interlinked chemical
heterogeneities is not straightforward and neeasudidisciplinary laborious approach. Even
then, interpretation of results is not an easy tagkoften speculative.

The aim of the work presented in this thesis wadeteelop and elaborate experimental protocols
capable to unravel the chemical heterogeneitiesoafpolar olefin copolymers as well as polar
modified ones using high-temperature two-dimendibgaid chromatography (HT 2D-LC).

The thesis consists of two main parts. The firg (@hapter 2) provides a general introduction to
polyolefins, including their properties, synthearsd modern analytical techniques used for their
characterization. The objectives and motivatiorsexplained. The second part compiles results,

discussions and conclusions (Chapter 3 - Chapter 5)
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2. Theoretical Considerations

2.1. Polyolefin types: microstructural classification
2.1.1. Polyethylene types

Polyethylene (PE) is normally classified into threain types: low-density polyethylene (LDPE),
linear low-density polyethylene (LLDPE) and highadéey polyethylene (HDPE). The traditional
classification distinguishes PE according to itesiy range: approximately 915-0.935 gidior
LDPE, 0.915-0.94 g/cinfor LLDPE and 0.945-0.97 g/énfor HDPE and the method of
synthesis. LDPE is produced through high press208 ¢ 300 bar) and high temperature (150 -
260 °C) polymerization, initiated by radical stasteHDPE and LLDPE are made via transition
metal catalyzed coordination polymerization. Owing the free radical mechanism of
polymerization, LDPE is a statistically branchedypter having both short chain branches
(SCB) generated by chain backbiting and long cHaianches (LCB) resulting from chain
transfer to polymer. These render LDPE the digtreatombination of clarity, flexibility, impact
resistance, and processability. LDPE is mainly usefilm applications, including for example

heavy-duty sacks, refuse bags or carrier bags.

LDPE LLDFE HDPE

Fig. 1 Classification of polyethylenes according to brangrstructure.

LLDPE represents a large segment of the PE blowh cast film market. The resins are
synthesized by copolymerizing ethylene with a Ifinelsuch as 1-butene, 1-hexene or 1l-octene.
The incorporation of the comonomer results in ethiylityl- or hexyl- branches, respectively,
along the polymer backbone. LLDPE is replacing LDREertain film applications due to its

higher impact and tensile strength. However, LLD#$6 exhibits some undesirable properties,
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such as lower gloss, greater haze, and a narrow dssding range. HDPE is an ethylene
homopolymer which is linear in nature with no orrwdow levels of SCB. It has been
commercially available since the mid 1950's. Coragdo LDPE and LLDPE, HDPE is far more
crystalline and consequently has a higher denkigfso has increased tensile strength, stiffness,
chemical resistance and upper heat sealing tempereange. However, HDPE has a reduced

temperature impact strength, elongation, permégband resistance to stress cracking.

2.1.2. Polypropylene types

Polypropylene (PP) was first synthesized by Nafitdlpowing the discovery of Ziegler, by
transition metal catalyzed polymerization of prgmé in 1954 [1, 2]The main molecular
parameters that influence the properties of thedpmtymer are stereoregularity of the monomer
linkage (tacticity), the molar mass distribution NM®) and the corresponding average molar
mass. There are three extreme steric arrangemetite anethyl groups linked to every second
carbon atom in the chain: In the isotactic forng thethyl groups are placed on the same side of
the backbone while in syndiotactic polypropyleneyttalternate sides; the structure where the
pendant groups are located in a random mannereopdlymer backbone is the atactic form. Fig.
2 depicts the stereochemical configurations of PP.

The main influence of the tacticity is on the degoé crystallinity. Atactic polypropylene (aPP)
was the only form available before the developnuéistereospecific Ziegler-Natta catalysts. The
amorphous and waxy material is used as an addtivecan be blended with other polymers.
Isotactic polypropylene (iPP) is a relatively lowst material, especially on a volume basis, and
due to its inherent low density attractive for maagplications in packaging, transport,
appliances, furniture, and textile. It has the Iswveensity of all commercially available
thermoplastics (0.905 g/ml), a high melting tempa® 165 °C), and good ensile strength, but
at the same time the impact strength is low. Syadi@ polypropylene (sPP) was developed
more recently [2]. It is the development of metedine catalysts which enabled a commercially
viable route for sPP, and it is still at a relalyvearly stage of its commercial development.
Compared to iPP, sPP exhibits a lower melting pdit80 °C), lower stiffness, slower
crystallization, and improved clarity and impacoperties. Higher stiffness at a lower density

(0,89 g/ml) and good resistance to higher tempegatwhen not subjected to mechanical stress
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(particularly in comparison to HDPE and LDPE) ale tkey advantages over many other
polymers for potential future applications. In adh to this SPP offers good resistance towards
fatigue and environmental stress cracking and laively inert towards aggressive chemicals.
These advantageous application properties are dpanéh ease of machining and good

processability by for example injection mouldingeatrusion.
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Fig. 2 Stereochemical configurations of PP: a) isotatjgyndiotactic, c) atactic.

As mentioned above iPP has a poor impact resistaspecially at low temperatures. One way to
overcome this is to copolymerize propylene withmeal amount (0,5 — 5 %) of ethylene, yielding
random copolymers (PP-R). An alternative appro&adiich has received particular attention in
the past decade is high impact PP (hiPP). HiPRadyzed using at least two reactors in series
with heterogeneous Ziegler—Natta (Z-N) or suppomeetallocene catalysts [2, 3]. The first
reactor is used to make iPP (semicrystalline phasbile in the second reactor a fraction of
amorphous copolymer (rubber phase) is produced dujng ethylene. The rubber phase is
usually an ethylene/propylene (EP)- rubber althowghylene-propylene-diene terpolymers
(EPDM) are also often used [4]. The result is aasteimeric rubber phase dispersed in a

semicrystalline matrix of iPP. Du to the conseaaiynthesis the amorphous copolymer is finely
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dispersed in the homopolymer phase, even thoughtwloe phases are thermodynamically

immiscible. The copolymer phase dissipates mechireoergy during impact and thereby

greatly increases the impact resistance of the gstalline matrix. Various parameters

influence the performance of hiPP, including, amotiters, the amount of elastomer, the size of
the rubber particles and the chemical affinity loé telastomer for the PP, which in turn is a
function of the CCD and the MMD, in particular bktelastomer [4].

Incorporating functional moieties in PE or PP izell established route to obtain functionalized

olefins, which have, in contrast to the non polard? PP alone, good adhesion and compatibility
with other materials. The polar functionality allewhese products to function as compatibilizer
in blends of dissimilar materials or as adhesivechScopolymers may be prepared either by
grafting a polar group like maleic acid anhydrideagarylic acid onto PE as a side chain or by

copolymerizing the polar monomer with ethylene mpylene. [15, 16].

2.2. Polyolefin polymerization chemistry: A brief oveew

Olefin polymerization emerged in the 1950s as aqgual area of organometallic research when
Ziegler and Natta discovered that titanium tetragte in the presence of alkyl aluminum

compounds is an efficient catalyst to polymeriZeyletne and propylene [5, 6]. Today there are
four major families of catalysts for olefin polynmation: Ziegler-Natta, Phillips, metallocene

and late-transition metal catalysts.

Heterogeneous Ziegler-Natta (Z-N) catalysts havenbine workhorse of polyolefin industry

since their discovery. Typically, these includétanium halide (for example - Tig)l(see Fig. 3),

a cocatalyst, usually a trialkyl aluminium compoufdR3) and magnesium dichloride as a

support. Additional suitable components of the Zdtalyst composition may include an internal
electron donor, dispersants, surfactants, diluemést supports such as silica or alumina, binding

agents and antistatic compounds.
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Fig. 3 Sructure of TiCl.

AlIR3 acts as an alkylating and reducing agent, extrgctivo halogen atoms (X) from, and
transferring one alkyl group to, the catalyst. @esand Arlman elaborated [7] the commonly

accepted model for the reaction pathway of 1-olefgertion in Z-N catalysts (Fig. 4).

Fig. 4 Cossee-Arlman mechanism: X are ligands and R igriming polymer chain.

In this, an octahedrally coordinated transition ahén with one vacant coordination position
and one alkyl group in its coordination sphere ftime active site. The role of the cocatalyst is
solely to alkylate the active site and act as avestger. The -bond of the olefin monomer
coordinates to the vacant position, weakening itiesttion metal—-carbon bond, and the olefin is

inserted between the transition metal and carbdie. iisertion proceeds via a four-membered
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transition state involving the Ti-C bond and thebcas of the olefin double bond. The polymer
chain then grows through successive monomer ingerntil a transfer reaction - transfer to
hydrogen and -hydride elimination — takes place. In case thatidHpresent the molecule will
react with the living chain, one hydrogen atom bigdo the active site forming a metal hydride
and the other one being transferred to the endhefliving chain, thereby creating a saturated
chain end. Thus hydrogen can be used to regula® adrowth and the molar mass of the
polyolefin. The metal hydride can also result frgainydride elimination, during which the
hydrogen atom is abstracted from {rearbon of the living polymer chain thereby genemg
terminal vinyl group.

Although Z-N catalysts have very important advaetagver the more recently developed
homogeneous olefin polymerization catalysts (metalhe, late-transition metal) on an industrial
scale, they also possess a number of drawbacksinBance, heterogeneous catalysts are
typically characterized by the presence of sewdiffdrent active sites, each with its own rate of
polymerization and chain termination, stereoselégti comonomer incorporation, and chain
transfer reaction. As a result, these multisitealgats yield polymers having relatively broad
distributions with regard to molar mass and contpwsiwhich makes them interesting for
applications that require stiff, tough and yet gssable material [8]. However a substantial
amount of empirical optimization is necessary befoolymers of desired molecular parameters
can be produced. Most commercial HDPE and LLDPihsesre made with heterogeneous Z—N
catalysts. Z—N catalysts used for propylene polyra&on produce mostly iPP with a very small
fraction of aPP which is generated by aspecifiessit

Phillips catalysts are based on Cr (IV) supportadStO, (Fig. 5). In contrast to Z-N catalysts,
these do not require a cocatalyst and need toelagett at high temperatures in order to become
active. The MMD is controlled by the characteristmf the support. Moreover, hydrogen, the
usual chain transfer agent for Z-N, metallocené, late transition metal catalysts, is not effective
for Phillips catalysts. Phillips catalysts also @éasignificantly lower reactivity towards 1-olefin
incorporation and thus are not used for the prodnatf LLDPE. However the Phillips catalyst
shows quite competitive ability with Z—N catalystsying to its production of HDPE with an
ultrabroad MMD containing a low level of SCB and BCThese features contribute to some

unique characteristics of the produced materialsdonmercial applications like pipes.
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Metallocenes (Fig. 6), in combination with the centronal aluminum alkyl cocatalysts used in

Z-N systems, are indeed capable to polymerize etleylbut only at a very low activity.
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Fig. 5 Chromium (Philips) catalyst for olefin polymeriizat.

1, M =Zr, Hf 2, M=/Zr, Hf

Fig. 6 Metallocene catalysts for olefin polymerization.

Only with the discovery and application of methijirainoxane (MAO) it became possible to
enhance the activity, surprisingly, by a factorl6f000 [9, 10]. Despite its significant influence
on catalytic performance, the exact role of therewxane component is still poorly understood.
It is generally thought to act as alkylating agematt facilitates the formation of electron-defidien
coordinatively unsaturated cationic alkyl speciesaddition it also serves as a scavenger for
impurities. Its exact structure is still controvatsand it is supposed that MAO is an oligomeric
compound with a degree of oligomerization varyirgpraximately from 6 to 20. The linear

structure of MAO is shown in Fig. 7.
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Fig. 7 Linear structure of MAO.

By tailoring the coordination environment (liganet)sof the metal center (Fig. 6), single-site
catalysts are now available that can control the DJMomonomer incorporation, and the
stereochemistry of a polymer linkage in a way whigloften impossible using Z-N catalysts.
Using metallocene catalysts, it became for thet firme possible to produce PE, PP and
copolymers of ethylene or propylene with 1-olefireving a narrow MMD [2, 10-13], sPP [2,
12-14], and syndiotactic polystyrene [12, 13]. PRdm with metallocene catalysts exhibits
distinct advantages over conventionally produceds®fh as narrow MMD, higher stiffness and
greater tensile strength [13]. Metallocene catalysive opened new perspectives due to the
possibility to copolymerize ethylene or propylenghwi-olefins, olefin macromonomers, cyclic
olefins, or with sterically hindered or even fuloci@l monomers. Copolymers of ethylene with
various monomers, among them 1-octene (LLDPE), orodne and styrene, olefin based
elastomers and long chain branched PE with taildnedlogical properties are already produced

on an industrial scale [12, 13].
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Fig. 8 Mechanism for the isospecific polymerization of pytene by ansa metallocenes [2].
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Early transitional metal (Ti, Zr, V, and Cr) baséeN and metallocene catalysts exhibit high
oxophilicity, which causes them to be poisoned bysifunctionalized olefins. Due to this
deficit, copolymers of functional olefins with etagie are in many cases commercially still
produced by free-radical polymerization. Compared early transition metals, the lower
oxophilicity and greater tolerance towards fundliiomroups makes late transitional based
catalysts potential candidates for the industriapatymerization of ethylene with polar
monomers. A major breakthrough was achieved by IBrad who reported a set of olefin
polymerization and copolymerization catalysts basedNi(ll) and Pd(ll)) -diimine complexes
(Fig. 9) [16-18].

)
1 /\C— C\ Ri
N/ \N

R2
M / M = Ni, Pd;
Ri PN Ri R, Ry, Ry = alkyl;
X X X = Br, alkyl.

Fig. 9 Structure of Ni(ll)/Pd(ll)) -diimine catalysts.

These catalysts were remarkably active for the lgoperization of nonpolar olefins with polar
vinyl monomers such as acrylates, methyl vinyl ke and silyl vinyl ethers. Methods to
copolymerize ethylene with polarinyl monomers such as methyl acrylate (MA), methyl
methacrylate (MMA) and vinyl acetate (VA) to produethyl methyl acrylate (EMA), ethyl
methyl methacrylate (EMMA) and ethyl vinyl acetdiv/A) respectively are readily available
and found entrance in industrial production [15, 16

A discussion of catalyst technology and polymertratprocesses is necessary in order to
understand why the polymers produced by heterogsnetatalysts have their unique
characteristics. The very nature of the catalysthis reason for the CCD of the polymers
produced and consequently, the necessity to cleaiaetthe molecular heterogeneities of the
polymer (MMD and CCD) is directly due to the polymzation process itself. Therefore, an in
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depth understanding of the polymerization proceskrational catalyst design require adequate

analytical tools which enable to characterize tldecular heterogeneities.

2.3. Techniques to characterize molecular heterogesafipolyolefins

2.3.1. CCD analysis by Temperature Rising Elution Fractioration (TREF) and
Crystallization Analysis Fractionation (CRYSTAF)

The two main techniques that are used to fracteos&mi-crystalline polymers according to
crystallinity are Temperature Rising Elution Fraogtion (TREF) and Crystallization Analysis
Fractionation (CRYSTAF). The fractionation mechamisf both techniques relies on differences
in the crystallinity of the polymer chains fromutié solution: those with high crystallinity will
precipitate at higher temperatures, while thosér waiv crystallinity are precipitated at lower
temperatures. In this section, we review the b#sgory of polymer crystallization in dilute
solutions to explain how solvent type, volume fi@actof polymer, molar mass, and comonomer
content affect chain crystallinity and equilibriunelting temperatures.

The Flory—-Huggins equation for the free energy aking can be used to describe the
thermodynamic equilibrium of a polymer solutionw@sing a uniform distribution of solvent and
polymer segments [19-23]. The decrease in the ibguin melting temperature of the polymer

due to the presence of solvent and the numberashdegments is given by

1 1 R V In(,) 1 2
— - —= —— 4 . _274(1-)n,- cn 1
T, T° DH, V, X ( x)l B @

where T? is the melting temperature of the pure polym&, is the equilibrium melting
temperature of the polymer-diluent mixtur&H , is the heat of fusion per repeating unjt,and
V, are the molar volumes of the polymer repeating and diluent, respectively;, andn, are
the volume fractions of the diluent and polymerspextively,x is the number of segments,
andc, is the Flory—Huggins thermodynamic interactionapaeter.

However, the crystallization step in CRYSTAF andERRoccurs in dilute solution, which makes

the model more complicated as polymer segmentsnaneuniformly distributed through the
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solution. In order to account for the non-unifoynia general theory for dilute solutions using a
chemical potential of the solvent expressed iral/iorm needs to be considered. Nevertheless, it
has been found that increasing dilution does mgtiitantly impact the melting temperature [24]
and, therefore, eq.1 is applicable over the futhpositional range.

The effect of chain length on the melting tempetf a polymer in a dilute solution can be

accounted for by rearranging eq. 1 as follows

1 1 R V ) R In(n,) n,
- =——Y(n.-cn)- — —=L+* 2
T, TO DHuVl(l £1:) DH, r r @)

where the number of repeating units per polymeinchig) is used instead of. Obviously, the
second term in the right-hand side describes theaamnof chain length, indicating that the
equilibrium melting temperature drops with decregsnolar mass [24, 25]. However, the impact
of that term becomes only significant for chaingmiow molar mass, i.e. for high molar masses

the melting temperature is relatively independentloain length and eq. 2 can be simplified to

1 1 RV, 2 ()
— —=—=—-4(n,- C
T T DHuvl(l )

Eqg. 3 implies that all polymers having relativeligih molar mass will crystallize at the same
temperature providing other factors being constéahis is in good agreement with experimental
results obtained by CRYSTAF and TREF [26, 27].

In the case of copolymer solutions, the meltinggerature depends also on interactions between
the different monomeric units and the solvent malles. When the crystalline phase is pure, i.e.
the lattice contains only monomeric units and dugscontain solvent molecules, the decrease in
the melting temperature can be calculated in theesaay as for the homopolymer solution. In
order to take into account the interactions betwleeth comonomers and the solvent, the net

Flory—Huggins thermodynamic interaction parameteutd be calculated as follows:

CL=U\CpTUGCg - UNIC g (4)
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where*; is the interaction parameter of a binary copolymih pure solvent,c,, and ¢, are
the interaction parameters of the corresponding dpmtymers with the solventc,, is the
interaction parameter between comonomers A andtBercopolymer chain, and, andsn, are
the volume fractions of comonomers A and B in tbpatymer molecule, respectively.

The fraction of comonomer units in the copolymeaiok is the most important factor affecting
the chain’s crystallinity, as comonomers act asrchafects interrupting the chain regularity and
thereby lowering its crystallinity. Alamo and Markirn reviewed the crystallization behaviour
of random copolymers of ethylene with 1-olefinsngsDifferential Scanning Calorimetry [28].
Although the analytical conditions were far fronetinodynamic equilibrium both the melting
and crystallization temperature versus the comomooco:tent were described by a linear
relationship up to 4 mol.-% of comonomer. Furthemend turned out that the melting and
crystallization temperature did not depend on tipe tof comonomer. The Flory theory was also
utilized to explain the crystallization behaviodirtleese copolymers from solution [29].

TREF is based on a two step separation proced$elfirst cycle the sample is dissolved in a
thermodynamically good solvent at elevated tempeeaand the solution is then loaded into a
column containing a support (e.g. sea sand or gkaads). Then a cooling cycle at a slow cooling
rate with no flow is started, during which the puobyr is fractionated by segregation of crystals
with successively decreasing crystallinity. ThisaBowed by a second cycle, during which fresh
solvent is pumped through the column while the terature is raised. The solvent dissolves
polymer fractions of increasing crystallinity (i@ecreasing content of SCB), as the temperature
is raised. These can be collected (preparativaorgréor further off-line follow up analysis or
their concentration be monitored by an infrareceditr (analytical version) to generate the CCD.
Analysis of the CCD by TREF is widespread praciicéhe polyolefin industry. TREF has been
reviewed by Wild [30], Glockner [31], Fonseca andrikon [32], Soares and Hamielec [33],
Anantawaraskul [29] and Monrabal [34, 35].

The sample throughput in TREF is low, which medmst the technique does not meet the
requirements of high throughput environments. Aralegous technique, CRYSTAF, was
developed by Monrabal in the early 1990s [35], énghto analyze 5 samples simultaneously
and in a shorter period of time. In CRYSTAF thelgsia is carried out in stirred crystallization

vessels with no support. After dissolution at etedatemperature the concentration of the
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polymer in solution is monitored by an infraredetbr while the temperature is decreased and
the polymer crystallizes. The first data pointsetalabove any crystallization define a baseline
level equal to the initial polymer concentrationg(FLO). As the temperature is lowered the most
crystalline fractions composed of linear macromoles or macromolecules with very few SCB
will crystallize first. The process will result axsteep decrease in concentration of the polymer in
solution on the cumulative plot. This is followeg buccessive crystallization of fractions of
lower crystallinity (increasing content of SCB)tage temperature continues to decrease. The last
data point represents the non-crystallized (amarphéraction remaining in solution. The first
derivative (dW/dT) of the cumulative plot (W) is rmmonly referred to as CCD. A linear
correlation between the crystallization temperaatrpeak maximum of dW/dT and the average
comonomer content of compositionally narrow dispetd DPE fractions was observed for
CRYSTAF [34, 35]. Therefore, the crystallizatiomgerature of single site produced ethylene/1-
olefin copolymers can be used to calibrate TREF ther compositional analysis of broadly
distributed LLDPE samples in industry [26].

Monrabal et al. [36] showed that TREF, which sefmasamples in a crystallization and
dissolution cycle, provides best resolution for bamations of iPP and PE. In contrast,
CRYSTAF, which fractionates solely in a cooling leyas the preferred technique for separating
blends of PE and EP copolymers (Fig. 10), where H Ris.
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Fig. 10CRYSTAF analysis of a blend of an EP copolymer B&d from [36].
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The effect of comonomer type on the crystallizatlwehaviour in CRYSTAF was studied by
Brll et al. [37] for the case of single site pradd propylene/1-olefin copolymers with 1-olefins
ranging from 1l-octene to 1l-octadecene. They regatat, for their set of samples, the peak
crystallization temperatures did not depend on nthaure of comonomer but strongly on its
content. Namely a linear correlation as it was ¢hse for ethylene/1-octene was found. More
recent work [38] investigated the effect of comorortype using a series of single site produced
ethylene/1-olefin (1-decene, 1-tetradecene, andtddecene) copolymers, where authors showed
independency of comonomer type.

Sarzotti et al. [39] investigated the effect of tmenonomer content on CRYSTAF profiles with a
series of ethylene/1-hexene copolymers having rdiffecomonomer fractions but approximately
the same molar mass and thus minimizing the molassmeffect. Expectedly, the peak
crystallization temperatures were significantlyeated by the average comonomer content.
Moreover, the crystallization profiles became beyagdith increasing comonomer content and it
was shown that these results could be explaineallmasis of Stockmayer’s distribution. Pasch et
al. [40] showed that CRYSTAF can be used to deféateublends of HDPE, LDPE and PP and
to retrieve quantitative information.

Cocrystallization is one of the main drawbacks IREF and CRYSTAF. However, it is
considered that TREF fits more for analyzing copwys with complex CCD, especially if one
needs more quantitative results, as the separaiems to be less affected by cocrystallization
for the same cooling rate than in CRYSTAF. Obvigu3IREF and CRYSTAF fail to analyze
amorphous polymers or polymers with a low degreergétallinity as was demonstrated for
EVA copolymers [41-43].

A further limitation is the fact that the separatin TREF and CRYSTAF is based on
crystallization, which in turn is an overall furmti of composition (SCB), stereoregularity,
architecture and molar mass of the polymer.

Cross-fractionation with regard to chemical composiand molar mass delivers the relationship
between the most relevant heterogeneities. Thideaachieved by coupling TREF with a molar
mass fractionation by size exclusion chromatogrg®@BC) yielding the bivariate MMD x CCD.
TREF x SEC can be realized either on-line or off-line-f&]. It was first introduced by Wild
[42], who combined off-line a preparative fractiioa by TREF with SEC analysis of the
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obtained fractions. The first attempt to automatess-fractionation of polyolefins was reported
by Nakano and Goto [45] and in 2006 Ortin et ateheommercialized an automated instrument
for cross-fractionation [44]. However, as the safian according to composition is achieved by

TREF, it is of course only applicable to well-ciaiizable samples [46-49].

2.3.2. Analysis of molar mass distribution and chemical caposition distribution by liquid

chromatography

2.3.2.1. General theory of liquid chromatography of polymers

The basic assumption in any chromatographic thesryhat the retention is controlled by
thermodynamic factors [50, 51]. In this way, mobded stationary phases are considered as
thermodynamic phases with volumés,, and Vs, respectively, and the retention voluivie at
isocratic conditions depends on the distributiocarfigon) equilibrium coefficienk of the solute
between these two phases:

VR = Vmob + kvstat (5)

k is related to the standard Gibbs free energy ghdGo) and the latter can be further divided
into the enthalpic and entropic contributions @& gartitioning process:

DG® =DH® - TDS= - RTInk (6)

k =expDS°/R - DH®/RT) )

Enthalpic interactionsH°) and entropic transformation®$°) of the solute molecules occur
during the chromatographic retention inside theopsrstationary phase (see Fig. 11). Different
from low molar mass compounds, the size of a maclecnle in solution may significantly
exceed the width of the monomolecular adsorptimelland can be comparable or even larger
than the internal pore diameter [50, 52]. When riecromolecule enters the pore it becomes

confined and, therefore, cannot assume all possibigormations, which leads to a loss in
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conformational entropy. At the same time, when ¢aih the surface, the macromolecule may
interact with it resulting in a change inGy,. When the retention is controlled by entropic
transformations, the size exclusion mode is predanti while when the retention is ruled by

enthalpic interactions, the adsorption mode icaba.

Fig. 11 Schematic representation of the behaviour of arpetymolecule in a pore [52].

2.3.2.2. Size Exclusion Chromatography (SEC)

As has been pointed out, SEC is entropy contradied based on differences in the size of the
macromolecules in solution (hydrodynamic volumegl &ime extent to which they are excluded
from the pores of a porous column packing. Thermpatar, which determines the separation, i.e.,
the hydrodynamic volume is a function of the mataass, the molecular architecture and the

chemical composition. In ideal SEC, the separai®rexclusively ruled by conformational

changes of the macromolecules, while the enthatpécactions are suppresseoH°= 0), thus

k =Kkeee =€Xxp0S°/R) (8)

SEC is a well-established method to determine thdDMbf polyolefins [53] and requires in the
case of semicrystalline polyolefins temperatured aigove 100 °C. It uses a series of columns
generally packed with crosslinked poly (styreneidilbenzene) (PS-DVB) gels with varying
pore size distribution and thermodynamically gootvents suppressing enthalpic interactions,
normally 1,2,4-trichlorobenzene (TCB) or ortho-darlobenzene (ODCB) [53].
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To characterize the MMD the number average molassmi}, and the weight average molar
mass, M, are widely used [51]. The first corresponds to ¢héinary arithmetic average molar
mass of the chains contained in the sample, wheheasecond is the average molar mass of a
chain in which a monomer has the highest probgbtlit be found. The MMD is usually
characterized by the dispersity, D, calculated iwdihg My, by M,. Since per definition M is
equal or higher than MD is always > 1 and the higher D is the broaberNIMD. Equations to
calculate both average molar masses and D are:

N,M,
M, :iT )
Ni'\/li2
w ='T (20)
D:%?’ 1 (11)

A refractive index (RI) detector is commonly usednmeasure the concentration of polymers
eluting from the columns (SEC/RI). More recenthfrared (IR) detectors have also been used as
concentration sensitive detectors for SEC (SEC/IR)eir main advantages over the more
traditionally used RI detectors are a very stabdsebne and lower sensitivity towards
temperature fluctuations in the IR detector cetldAionally IR detectors can deliver information
about the chemical composition of the eluting fiadd. If the polymer chains are linear, there is
a direct relationship between molar mass, volumesatution and elution time for a given
polymer type. This is used to create a calibratiornve relating elution time to molar mass. In
addition, the universal calibration curve can bedut® extend this relation to linear polymers of
all types, provided that the relation between isli¢ viscosity and molar mass of the polymer is
known (using, for instance, the Mark—Houwink egom}i or measured using an on-line
viscometer (SEC/RI-VISC).

Analysis by SEC becomes more complicated for pefyas containing LCB, such as LDPE,
because for these polymers the volume in solusaa function not only of molar mass but also

of branching. The amount of LCB of polyolefins daam determined by comparing the behaviour
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of a branched macromolecule to that of a linear @nihe same chemistry [54]. Compared to a
linear macromolecule, the branched one will be nomr@pact at any given molar mass. The use
of SEC/RI-VISC allows to compare the differenceintrinsic viscosity. By adding an on-line
laser light-scattering (LS) detector the, Mf the chains eluting from the SEC (SEC/RI-VISC)LS
can be determined. In addition, if SEC is connedted LS detector, the measurement of the
molar mass is absolute and a calibration curvereqtired. However, the calculation of the
molar mass requires to know the refractive indegrament (dn/dc), which has to be
experimentally determined. Due to the versatilifytiple-detector systems such as SEC/RI-
VISC-LS and the microstructural complexity of madeuolyolefin resins, the use of triple-
detector systems is becoming increasingly more lpopb3].

SEC-FTIR of polyolefins is typically performed iwa ways: either the eluent from the SEC
column is sprayed onto a rotating germanium disk subsequently analyzed offline by FTIR
[55] or the SEC is coupled to a heated flow cedicpd in an FTIR spectrometer [56, 57]. Hereby,
profiles are obtained showing the MMD and, adddiby the content of SCB as a function of
molar mass. Nowadays, besides IR spectrometersdiagofull spectra, IR detectors with fixed
wavelengths using at least two different bandpdssd are also available for compositional
analysis [58]. TCB (or ODCB or tetrachloroethylere@n be used as mobile phase for flow
through FTIR detection as it is sufficiently tramsgnt between ca. 3500-2700 gmwhich
corresponds to the >C-H stretching region, i.e.rédggon of interest for polyolefins. Typically, at
least two bands associated to methyl {C&hd methylene (ChHl groups are measured and their
ratio is calibrated against polymer standardsdratethod) [58, 59]. The ratio method is simple
to apply and usually appropriate for samples hawngedium to a high degree of SCB. This
method is not applicable for very low degrees aniohing (<2 CH1000C) due to signal-to-
noise limitations.

In sum, SEC separates macromolecules accordidgeiosize in solution. Macromolecules of the
same size (hydrodynamic volume), however, may diifietheir chemical composition. FTIR
enables to evaluate the average chemical compositiofractions eluting from SEC but a

distinction of macromolecules according to theiemical composition is not possible with FTIR.
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2.3.2.3. High-Performance Liquid Chromatography (HPLC?)

In HPLC, the distribution coefficient is a functiasf the entropic and enthalpic terms and

therefore, the retention volumegMs described by Equation 1 [51]:

VR = Vmob + Vpore K HPLC K sec T Vstat,int eractiveK HPLC (]_2)

whereV___ is the pore volume and

pore aunteracive tNE VOlumMe of the “interacting part” of the total
stationary phase.

Glockner [61] noticed that there is a fundamenttiedence between the behavior of low molar
mass compounds and macromolecules, which is calletblar mass effect. While for the low
molar mass compounds usually one molecule intenatts one active site of the stationary
phase, a multiple attachment mechanism is in gayfacromolecules. The reason for this is that
macromolecules typically contain a large numbentdracting groups (functional groups, repeat
units). The polymer chain is retained as long as woreracting group is still bound to the
stationary phase can be described by the probabilityor each interacting group (repeat unit)

to be adsorbed:

k=p/Ql- p) (13)

k=(k,.+D)"-1~V, (14)

monomer

where kmonomer IS the distribution coefficient of the interactinmit andn is the number of
interactive units. Consequently, a linear incréaasmolar mass (number of interacting units) will

lead to an exponential increase in retention volume

! HPLC is the generic term comprising the subteahesqof liquid adsorption chromatography (LAC), lidju
chromatography at critical conditions (LCCC) andCSElevertheless, here it is used in the contextA€ due to
widely used "branding” of high temperature HPLCT(HPLC).
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HPLC has been widely used to separate polymers megpect to their chemical composition.
The majority of published HPLC separations of sgtith polymers has been realized at
temperatures below 60 °C [51, 61]. Dissolution aodromatographic separation of

semicrystalline polyolefins, however, require tenaperes of up to 130 — 160 °C [62-64].

2.3.2.4. High Temperature HPLC (HT HPLC) of Polyolefins

The industrial production of polyolefins startedEngland in 1939. The first high temperature
(HT-SEC) chromatograph became commercially avaslabst in 1964. HT-HPLC methods to
separate polyolefin materials according to theiersltal composition, however, were not

available for a long time for two reasons:

Stationary phases which adsorb polyolefins wereknotn
A dedicated HT-HPLC instrument was not on the miarke

Strong retention of linear PE and iPP from diluddusons in decalin on specific zeolites was
found by Macko et al. in 2003 [46, 62-64]. Unforately, the adsorption was irreversible, and
thus, the polymer could not be recovered. The aafiin of chlorinated mobile phases (1,2,3-
trichloropropane and 1,1,2,2-tetrachloroethanepleaiastrong retention and also desorption of
PE and PP samples. Under these conditions, how&krand PP may be chlorinated and,
moreover, these solvents cause corrosion of thteumentation and thus this approach is not
practicable in a chromatographic manner. The éinsbmatographic systems for the separation of
polyolefins according to their chemical compositi@#l-HPLC) were published only recently
[65-67]. They were based either on the selectivecipitation/dissolution (PP is soluble in
ethylene glycol monobutyl ether and PE non-solubte)n the selective adsorption/desorption of
PE or PP [68-70]. Additionally to the systems thaparates non functionalized polyolefins, the
first chromatographic systems which can separatectiionalized polyolefins according to
chemical composition at high temperature were dagpea. It was shown that EVA [75-77],
EMMA [77, 78], as well as EBA copolymers [77, 78rcbe separated with regard to their
chemicalcomposition. The separations were based on adsbmtion of macromolecules from
specific solvents (e.g. decalin or TCB) on barécailas stationary phase at 140 °C and a

subsequent desorption controlled by adding cyclahere to the mobile phase. Crystallization is
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irrelevant to the separation and, thus, cocrygttilbn is no longer expected to be a concern in
HT-HPLC.

The first sorbent-solvent system for HT-HPLC of foiar polyolefins was published byacko
and Pasch in 2009. They described the chromatoigrapparation of PE from PP as well as the
separation of PP according to tacticity [70]. Inaidt was shown that aPP, sPP and PE could be
adsorbed on the surface of PGC from 1-decanol dslenphase, while iPP eluted without any
retention. The retained polymers were desorbed fplysng a linear solvent gradient 1-
decandb TCB. It is important to note that a similar sepamabf the respective polymers by e.g.
TREF or CRYSTAF would require much larger amounfssamples, solvents, and time.
Moreover, it is not possible to selectively separamorphous polyolefins by TREF or
CRYSTAF. The chromatographic method can be esdbntised to determine the degree of
stereoregularity of a polymer sample. It was dertrated that HT-HPLC enables to separate
PE/PP blends [36, 39, 40, 43] or EP copolymers {28, The applications of HT-LC for the
separation of polyolefins have been thoroughlyeeed by Macko et al. [71].

PGC, now marketed under the trade name Hypetcavhas developed by Knox et al. [72]. It
consists of fully porous spherical particles havandpighly flat surface. On a molecular level,
PGC is made up of sheets of hexagonally arrangdmbeaatoms linked by the same conjugated
1.5-order bonds which are present in any large malear aromatic hydrocarbon [73]. In
principle there are no functional groups on thdase since the aromatic carbon atoms have fully
saturated valencies within the graphitic sheetspiitaluce PGC, silica is employed as template
which is impregnated with a mixture of phenol arekdmine and then heated to 80-160 °C to
initiate polycondensation. The choice of the tenglaaterial determines the size and porosity of
the carbon particles that will be obtained, andydfore, is a crucial point. The polymer is then
pyrolyzed under inert atmosphere (nitrogen) at 19D0In this way a highly porous amorphous
carbon is produced which corresponds to carborkblBlee structure of carbon is immobilized
and the silica template is then dissolved usingot dgueous potash solution and removed
followed by graphitization at 2340 °C under inettnasphere (argon). At this stage any
remaining surface functions are removed, struct@airangements are made and micropores are
closed. By cooling down to 1000 °C, the replacenoérirgon by hydrogen can induce a reaction
between hydrogen and free radicals still presenhatcarbon surface, thereby deactivating the

surface to render it more uniform. The obtainedemal, PGC, has been extensively used as a
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stationary phase in HPLC applications in biomediaall clinical research, pharmaceutical

industry as well as in environmental and food clstyi There are numerous publications

reporting separations of oligosaccharides, pessidoollutants and other environmentally

relevant species. Polychlorinated biphenyls andidghave numerous isomers, which can be
well resolved by the planar surface of graphiteCHtas been an interesting stationary phase for
the analysis of pharmaceutical compounds and ittgiurities.

In a comprehensive review of the structure, peroroe and HPLC retention mechanism of PGC

[74], its chromatographic behaviour was summarggdhowing:

increased retention of non-polar compounds basedispersive interactions compared with
conventional silica based reversed stationary ghasereasing the hydrophobicity of an
analyte by adding -CH or other non-polar groups increases retention.

a polar retention effect whereby solutes of indreapolarity showed a high affinity towards
the graphite surface.

increased selectivity towards structurally relatmmpounds due to the flat and highly
adsorptive surface of the graphite.

unique and complex retention mechanism; the strenftinteraction depends on both the
molecular area of an analyte in contact with thepgite surface and upon the nature and type
of functional groups at the point of interactiortiwihe flat graphite surface.

stability at extreme pH and temperature.

The polar retention effect makes Hyper€admlumns particularly useful for the separation of
highly polar compounds and compounds containingersgvhydroxyl, carboxyl and amino

groups, which are difficult to retain on convenabmlkyl-silica phases. The effect of increased
retention of non-polar compounds (based on dispeisteractions) compared with conventional
alkyl-bonded silica and planarity of the surfacefiparticular concern when it comes to identify
appropriate sorbent-solvent systems which can aspaon-polar polyolefins in an interactive

way.
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2.3.2.5. Two-Dimensional Liquid Chromatography (2D-LC)

As discussed, polyolefins are distributed in mér@ntone parameter of molecular heterogeneity.
It is obvious that n independent parameters requuolanensional analytical methods for accurate
(independent) characterization of the differentictiral parameters. In practice, however, this is
hardly ever possible. SEC for instance is alwajecééd by differences of the macromolecules in
their chemical composition since the hydrodynamatume is also a function of chemical

composition, and vice versa HPLC suffers from motzass effects. Nevertheless, two- and
multi-dimensional separation systems become indsgigle for the separation of very complex
mixtures. In chromatography, the separation efficieof any single separation method is limited
by the efficiency and selectivity of the separatimnde, that is, the number of plates of the
column and the phase of the selected system. Téle gapacity in an isocratic separation was

described by Grushka [81], as given in Equation):(15

IN

n=1+——In

pore

v, (15)

wheren is the peak capacitiy is number of plates and, is the interparticle volume.

The corresponding peak capacity of an n-dimensisephration is higher due to the fact that
each dimension contributes to the total peak c@pasia factor, and not as an additive term for

one-dimensional methods, as described in Equation 1

Nigtar = 6 n; sin®? Ji (16)

where n,,,, represents the total peak capacitythe peak capacity in dimensionandJ, is the

angle between the two dimensions. The angle betdieeensions is determined by the degree of
independency of the used methods. For instancen wine methods are completely independent
of each other and will separate two propertiesigad@ a single parameter without affecting

themselves,J;, will be 90°.
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In case of a two-dimensional separation system @yn two mutually independent separation

modes, the peak capacity is given by Equation P [82

In

N,V JN, vV
41 L 1+32In—"% sing (17)

n,, = nn,sind = 1+
01 0,2

Comprehensive two-dimensional liquid chromatograpimgplemented by coupling two
separations exists in three schemes: on-line; atopflow; and off-line. Each approach has
distinct features and drawbacks; particular apgreaallow making use of one of them more
advantageous than that of the other ones for spewfie applications, as it was demonstrated by
Fairchild et al. [83]. The resulting data is a matusually represented as a contour plot, with
each chromatographic separation along an axiqdrvery first examples of 2D-LC separations
of synthetic polymers, SEC was performed first [Rowed by HPLC in the second dimension.
In these experiments, the heart-cut (off-line) apph was very frequently used; meaning, that
only selected fractions were transferred into theoad dimension. In recent years, the sequence
of HPLC in the first dimension and SEC in the setdmension is favoured. Owing the fact the
fact that state of the art SEC experiments emptpymew small columns with improved
separation efficiencies can be performed in a gt period of time (down to several minutes)
[82, 84, 85], a complete transfer of all fractidnem the first dimension into the SEC column

became possible (see Fig. 12).
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The advantages and disadvantages of using eithe€ MFSEC or SECGx HPLC sequences were
discussed in detail by van der Horst and Schoenrag86, 87]. From the practical point of view,
a preferred 2D-LC set-up is fractionation of a sknigy HPLC and subsequent analysis of the
fractions eluting from the HPLC column by SEC. Ngmé&lPLC was found to be less sensitive
towards molar mass effects and yielded uniformtilvas with respect to chemical composition.
SEC is in the majority of publications used for tbecond dimension, which allows to use
different detectors [82]. In the case of using S&@e first dimension, each fraction is dissolved
in a thermodynamically good solvent when injectatb iIHPLC and breakthrough peaks can
occur [88]. If SEC is used in the second dimenstbs, injected solvent from the HPLC will
simply be separated from the polymer fraction. he tpresent treatment, we will focus
exclusively on the comprehensive mode, where thieeefirst dimension effluent is subjected
into the second dimension separation.

An eight-port valve with matching sample loopsysitally used for the coupling [82]. The valve
is controlled electronically and allows a completnsfer of all eluting polymer fractions from
the first to the second dimension by choosing ttopgr flow rates in both dimensions and by

adjusting the sampling time. The configuration wéls a transfer valve is depicted in Fig. 13.
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Fig. 13Configuration of an automatic fraction transferwea(from vici.com).

Murphy et al. [89] studied the effect of experinanariables on the separation efficiency of 2D-
LC. The results showed that the shortest sampiling into the second dimension gives the best
resolution and longer sampling times decrease ugenl along the first dimension axis. The
resolution in the second dimension was not affebiedndersampling of the first dimension, but
the overall result was a loss in two-dimensionadohation. To obtain the highest two-
dimensional resolution, each separated peak irfitstedimension should be sampled at least
three times into the second dimension when the kagn in-phase, whereas if the sampling
phase is not considered, there should be at leassmples per peak.

Dilution factors are important characteristics frdhe point of view of analyte detectability.
During the chromatographic process peaks are iabigrdiluted [86].The dilution factor DF) is
given by Equation 13:

= Vo 2P
\/inj \/N

DF @a+k) (18)

At the time being, the published 2D-LC methods awgilable instrumentation are still limited to

separation at ambient temperatures.
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3. Results and Discussion
3.1. Chacterization of functionalized polyolefins by hidp-temperature two-

dimensional liquid chromatography (HT 2D-LC)
3.1.1. HT 2D-LC of ethylene-vinylacetate (EVA) copolymers

In order to investigate the chemical heterogendyy a conventional crystallization based
technique, a model mixture containing PE, EVA cgpwrs with varying VA-content (Table 1)
and PVAc was cross-fractionated by TREF x SEC. Thep®t and colour coded contour plot

are presented in Fig. 14.
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Fig. 14a) Relief plot and b) colour coded contour plotanted by TREF x SEC of a blend of PE
(1.18 kg/mol), EVA 1 (6.5 mol. % of VA), EVA 2 (2@0l. % of VA), EVA 3 (57 mol. % of VA)
and PVAc (37 kg/mol) using conditions describethia text.

The figure shows the set of SEC elugrams measurdifferent TREF temperatures. Taking into
account the principles of TREF x SEC, the less alysé (amorphous) portion of the blend
elutes at 30 °C for which the SEC profile showseay\broad bimodal MMD. Considering the
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average molar masses and the average chemical stiop® of the components, it can be
supposed that the soluble TREF fraction containfAd®\87 kg-mot', EVA with 20 and
57 mol. % of VA and to some extent EVA with 6.5 m& of VA. However, no information
about the chemical composition of this fraction tenobtained. The next TREF fractions with
increasing elution temperature exhibit MMD in thea of lower molar masses which can be
assigned to both PE (1.18 kg-mpland EVA copolymers. The fractions with elution
temperatures of 60 °C and 70 °C show additionakp@athe area of higher molar mass, which
apparently can be assigned to EVA with 6.5 mol. f9%¥A. We conclude that the major part of
the mixture elutes as soluble fraction and the ekges (cocrystallizes) in a broad zone, i.e. the
cross-fractionation by TREF x SEC does not resuld iselective separation of all components

according to their chemical composition.

Table 1 Weight average molar mass yMdispersity (D) and VA content of the polymer gd@s

Sample code Sample M [kg-mol™] D VA [mol.%]
1 EVA 197.5 3.08 6.5
2 EVA 377.9 8.06 20.0
3 EVA 224.6 4.10 57.0

Having appropriate chromatographic systems for ¢benpositional separation is the main
requisite to realize a 2D-LC separation. As hashbgainted out, EVA copolymers could be
separated according to their VA-content on bare&asiusing TCB and cyclohexanone as
components of the mobile phase. The separatiomssdon the full adsorption of EVA from
TCB and a subsequent controlled desorption by wesblgradient TCB cyclohexanone [76].
The contour plot in Fig.15 shows the 2D-LC separatf the same polymer mixture as for the
TREF x SEC experiment described above. The gradepdaration is represented along the Y-

axis whereas the elution along the X-axis corredpda the molar mass separation.
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Fig. 15 Contour plot obtained by high-temperature 2D-LGh&f same blend as described in Fig.
13; Columns and flow rates: HPLC: Perfectsil 30Q,L/min; SEC: PL Rapide H, 2.5 mL/min.

As can be seen, the individual samples elute irotder of their polarity. The first eluting spot
can be assigned to the PE and the last one is RWah are the least and most polar component
respectively. Between these three EVA copolymanteelOnly two of them (6.5 and 20 mol. %
of VA) are not baseline separated, but the preseh¢&o components with different chemical
composition as well as with different average motasses can be concluded. TREF x SEC by
contrast did not separate the components of théureias clearly as 2D-LC. The small narrow
part in the contour plot eluting between 5.6 ar@lréL, i.e., before the main spot (it looks like a
narrow peak with very small intensity), is the désaf the mathematical data treatment in the
WinGPC software (Polymer Standards Service, MaBemany). The cause for this effect will
be eliminated from the software in the future.
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3.1.2. Calibration of HPLC and SEC

In the majority of publications describing 2D-LQpsgations at room temperature, only the molar
mass axis (SEC) is calibrated. Calibration of tingt dimension (compositional axis) has never
been reported. As HT 2D-LC has not been studiedstafpom realizing this hyphenation
particular stimulus lies in the calibration of batlkes. Therefore, a relationship between the
molar mass and the elution volume in SEC as welh aglationship between the chemical
composition and the elution volume in HPLC hasécaebtablished. The SEC calibration curve is
valid as long as the chromatographic system and pitoeedure are not changed. In a
comprehensive 2D-LC set-up, two chromatographic eso@HPLC and SEC) are on-line
hyphenated. This means that, instead of an ordimgggtion of a polymer sample into the SEC
eluent, a polymer solution in a mixed solvent jedted via an automated switching valve, which
may cause a change of the hydrodynamic volume andftrerthe elution volume of the sample.
In order to obtain reliable results, the calibratg&tandards for SEC should undergo the HPLC
separation and then enter the SEC system via atedmajection. Thus, 11 PS and 7 PE
standards were injected into the 2D system analtened calibration curves are shown in Fig.
16 and Fig. 17.

6,5
6,0
5,54

5,0

log M

4,51
4,0

3,54

3,04

28 30 32 34 36 38 40 42
Elution Volume [mL]

Fig. 16 Calibration curve for PL Rapide H column based ¢ $tandards (140 °C, TCB,
2.5 mL/min) obtained in 2D-LC system’{#limension: Perfectsil 300, TCB, 0.1 mL/min).

As can be observed in Fig. 16, the data pointsdcbelfitted with a polynomial curve quite well,
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while the data points on Fig. 17 are rather scadtelt is known that the accuracy of the results
strongly depends on the number of standards, tHarmmass range covered by them, and the
appropriate fit. One of the most important sourcé®rror in establishing a calibration is the

number of data points. Narrow disperse PS standamelgeadily available on the market. PE
standards with a well-defined MMD are also avaggabiowever, their dispersity is generally

broader (see experimental part). Therefore, thedhBration yields a much more accurate and
reliable calibration curve compared to the PE based

2,54

2,04

0,54

0,04

. T r T . T T T i T
3,0 32 34 36 38 4,0

Elution Volume [mL]

Fig. 17 PE calibration curve for PL Rapide H column (14Q TCB, 2.5 mL/min) obtained in
2D-LC system (T dimension: Perfectsil 300, TCB, 0.1 mL/min).

A calibration of the HPLC requires knowledge of thelay volume of the system, i.e. when a
given gradient reaches the detector. The delaynwelis the sum of a void volume and a dwell
volume of the corresponding system. Taking intooaat controversial opinions regarding the
meaning of these parameters as well as the methodseir determination [49,50] we note that
in the present treatment we consider the void velas the volume of the component that is not
retained by the stationary phase while the dwdliwe is the volume of liquid contained in the
system between the point where the gradient isddrand the injector. The dwell and the void
volume of the 2D-LC system were determined modgyanprocedure proposed by Bashir et al.
for HPLC [90]. The void volume was measured bydtjeg a low molar mass PS standard, (i
0.687 kg/mol) into the 2D-LC system, as it is netiained by the HPLC column and elutes with

the initial mobile phase composition (i.e., in TCHhe elution volume of the PS standard
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corresponds then to the void volume of the chrograjahic system which was determined to be
3.00 mL (Fig. 18).
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Fig. 18 2D-LC contour plot of a PS 0.687 kg/mol used tcedaine the void volume: Columns
and flow rates: % dimension: Perfectsil 300, TCB, 0.1 mL/mid“2limension: PL Rapide H,
TCB, 2.5 mL/min.

In [90] the dwell volume was determined by subirarthe void volume from the delay volume
which was measured from the onset of the UV-sigwdlen a linear solvent gradient
methandd methanol/acetone containing 0.3 % acetone was eappAnalogously, the dwell
volume was determined by subtracting the void v@unmm the elution volume at the onset of
the ELSD signal when a linear gradient from pureBTi@ a solution of PS (0.687 kg/mol) in
TCB (1 mg/mL) was started. This approach gave, ewean overestimated value for the dwell
volume (3.54 mL). It was considered as overestithdtecause if it was used to locate the exact
position of the gradient on the y-axis, some EV/Aagmers would elute before the gradient,
which is impossible. It is supposed that at the mwimvhen the gradient reaches the detector the
concentration of PS is not sufficient to be detddy the ELSD because the ELSD is less
sensitive than a UV-detector in that case. Moreane2D-LC the sample concentration after the

2" dimension is significantly lower than after tfédimension solely, which means that a higher
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sample concentration has to be used compared tontrelimensional separation. Consequently,
the procedure to determine the dwell volume wasifieod In the first step pure TCB was
pumped into the 2D system. Thereafter, the conagotr of PS (0.687 kg/mol) in TCB
(2 mg/mL) was abruptly changed to 100 vol. % areldhta acquisition started. The contour plot
resulting from the sudden change of the composdidhe mobile phase is illustrated in Fig. 19.

100

~N

90

[0)]

80

Ul

70

60

N

50

w

40

30

N

20

HPLC elution volume [mL]

[y

o

2.5 3.0 3.5 4.0 4.5 5.0 5.5
SEC elution volume [mL]

Fig. 19 2D-LC contour plot of a solution of PS 0.687 kglnmo TCB (1 mg/mL) used for the
determination of a dwell volume; Columns and flates like in Fig.18.

The dwell volume obtained by using this proceduss #.44 mL and the system delay volume

could be explicitly estimated using the followinguation:

\Y system, 20— Vawell + Vvoid, 2D (19)

As a consequencthe gradient reaches the detector with a delay4f inL. The knowledge of
these chromatographic parameters allows to lobatexact position of the gradient on the y-axis
of the contour plot. We previously found that tlegendence between the elution volume and the

average chemical composition of EVA copolymers radgent HPLC is linear. The obtained
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relationship is depicted in Fig. 20.
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Fig. 20 Relationship between concentration of cyclohexanonéhe mobile phase and the
average chemical composition of EVA copolymers.

As we have determined the delay volume of the systbe content of cyclohexanone in the
mobile phase can now be related to the elutionmeland the dependence between the VA-
content and the elution volume applied to the 2Btaor plot. Consequently, the-Xnd Y-axis

of the contour plot were converted and thus a newtaur plot is obtained (Fig. 21). Each axis in
Fig. 21 represents one parameter of the analyzganpo sample — either molar mass or the
chemical composition of the analyzed polymer and essult information which can be extracted

from the contour plot is greatly enhanced.
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Fig. 21 Contour plot of a blend obtained from the origidata (Fig. 15) with the calibrated axes.
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3.1.3. Conclusions

Based on the experimental results the followingcbsions can be drawn:

1) HT 2D-LC of EVA copolymers has been realized fag first time by coupling HPLC with
SEC at 140 °C. This was successfully demonstrayeghblyzing a blend of PE, PVAc and EVA
copolymers with varying VA content. In the firstept the components were separated with
regard to the content of the polar comonomer, winil¢he second step the obtained fractions
were distinguished according to their molar massribution. Both distributions were obtained
simultaneously in a relatively short period of tim®& hours for a complete HT 2D-LC analysis -
including sample preparation.

2) For the first time a calibration of both dimensiph¥’LC and SEC, was achieved. Therefore
a method to correctly determine the void and dwelilime in a 2D-LC system was developed.

3) TREF x SEC on the contrary was not able to sepdhst same mixture into the individual
components. Although HT 2D-LC is experimentally he¢s demanding than TREF x SEC, a
great advantage is that it can be applied to samplespective of their crystallinity. Thus effects
of cocrystallization can be avoided which mightypdarole in TREF.

4) The number of applicable detectors is quite limiteddT HPLC, as a constantly changing
mobile phase composition prevents one from usipg& concentration detectors. The preferred
detector in that case is the ELSD. Response of El#Ronstant instrumental parameters (gas
flow rate, nebulization and evaporation temperattioav rate of effluent) is a function of the
concentration of the polymer in the mobile phadas Tesponse, however, may depend also on
the nature of analyte, its molar mass and the csitipp of the mobile phase [76, 79, 80]. It
means that the composition of the gradient and tea#iy also the chemical composition of the
samples may influence the ELSD response to sonemexthe precise quantitative evaluation of
the CCD requires to calibrate the response of tf8CE, which has never been thoroughly done.
On the other hand, in HT 2D-LC the analyte is deikdsocratically. This means that the
influence of mixed mobile phase on ELSD responseliminated and the model that may
describe this response becomes less complex. Meareiovthat case conventional SEC detectors
may be employed. However, in HT 2D-LC the samplenriably diluted twice resulting in a

decrease of the detector signal. In this work tRetldetector (PolymerChar, Valencia, Spain)
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was tested. It was found that this detector issnfficiently sensitive to detect low concentrations
of the analyte, which leads to significant lossrdbrmation. An alternative would be to use the
IR 5 detector (PolymerChar, Valencia, Spain), whgltknown to be more sensitive than IR 4.

Nevertheless, ELSD still remains the preferredasetedue to its high sensitivity.
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3.2. Development of HT 2D-LC of functionalized polyolefins

3.2.1. Test of experimental parameters

In 4.1 the first HT 2D-LC separation of EVA copolgms was presented, which currently is the
most comprehensive mode to characterize the malebeglterogeneities present in copolymers.
However, the runtime of a single HT 2D-LC experitearas about 3 hours. With the aim to
increase sample throughput and thus meet the sgents of high throughput experimentation it
is of great interest to decrease the time neededale the experiment. This in turn requires to
probe the influence of flow rate on the resultgha chromatographic analysis. In particular the
2" dimension (SEC) is of interest, as this is the fahiting step in the entire experimental
protocol. The chromatograms of a blend of PE withegght average molar mass of 1.01 kg/mol
and 66 kg/mol are shown for different flow ratesd anjection volumes in Fig. 22 and 23

respectively.
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Fig. 22 Influence of the flow rate on the elution volumfe BE 1.01 kg/mol and PE 66 kg/mol.
Column: PL Rapide H; Temperature: 140 °C. Mobilag# TCB; Injection volume: 200 pL.
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Fig. 23 Influence of the injection volume on the elutionuwme of PE 1.01 kg/mol and PE 66
kg/mol. Column: PL Rapide H; Temperature: 140 obile phase: TCB; Flow rate:
2.5 mL/min.

A shift towards larger elution volumes (i.e. appdiyelower molar masses) can be observed with
increasing flow rate. It is known that the changete flow rate results in a shift on the van
Deemter curve [91]. According to the Einstein-Stokelationship [92], the hydrodynamic
volume of a macromolecule is inversely proporticimedhe diffusion coefficient which increases
when the flow rate is raised. Therefore, the hygnaanic volume of a macromolecule becomes
smaller at higher flow rates and in SEC the mactemdes appear as smaller ones. Moreover,
the peaks broaden, which is the result of the as®d diffusion (Fig. 22). As expected the peak
area increases with the larger injection volumesodsresolution is obtained using an injection
volume of 50 pL, while larger injection volumesuksn a significant band broadening (Fig. 23),
which is a common effect in chromatography [93]alcomprehensive HT 2D-LC the flow rate
of the first dimension is set by the injection volk into the second dimension (SEC) and by the
analysis time of the second dimension. The timtheffirst-dimension separation determines the
duration of the entire analysis. Using low volunmgection loops for the second dimension

implies to use slow flow rates in the first dimensi

An important question is how the composition of thebile phase in the first dimension affects
the results obtained from the second dimensionalmomprehensive 2D-LC set-up, two
chromatographic modes (HPLC and SEC) are on-liqghéyated. This means that, instead of
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injecting a solution of the polymer sample in thehme phase of the SEC into the eluent, the
polymer sample is introduced into the SEC columnairmixed solvent via an automated

switching valve. In our case, the composition af thixed solvent changes from pure decalin
over the entire range of decalin/cyclohexanone ure gcyclohexanone. As the hydrodynamic
volume of a macromolecule depends on the solveist,cbuld affect the SEC separation as was
found in [94] for the system 1-decanol/TCB for Ritrtopolymers. In order to probe if there is an
effect of solvent composition, two PE standards ewdrssolved in solvents used for the

interactive HPLC separation and injected into teB€S®olumn (Fig. 24).

0.20
— decalin
cyclohexanone PE 1.01 kg/mol
— TCB
0.15
2.
L]
g o0.10- PE 66 kg/mol
2
("]
o
o 0.05-
w
- |
1]
0.00

T T T T T T T T T T T T T T T T T T T
26 28 30 32 34 36 38 4.0 42 44

SEC elution volume [mL]

Fig. 24 Influence of the sample solvent (decalin, cyclomaxee and TCB) on the SEC elution
volume of PE 1.01 kg/mol and PE 66 kg/mol. ColurRh: Rapide H; Temperature: 140 °C.
Mobile phase: TCB; Flow rate: 2.5 mL/min; injectiealume: 50 pL.

As can be observed, the choice of solvent doesaffextt the molar mass separation significantly.
This implicates that the change of the solventIsteey. decali# TCB) occurs easily. The
influence of the injection volume on the retentafrihe EBA copolymer (28 wt.-% of BA) on the
silica gel column is demonstrated in Fig. 25. legtingly, the retention depends on the injection
volume. This is understandable because in the H3e#D-LC setup the gradient passes through
the injection loop which forms a significant pafttbe system dwell volume: If a large injection
loop is used, the gradient will reach the columthve corresponding delay and as a result, the

polymer will elute later.
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Fig. 25Influence of injection volume on HPLC elution of EE28 wt.-% BA); Stationary phase:
Perfectsil 300; Mobile phase: linear gradient de&al,+-./0123.3045 6078092:;90<5 =>?5 @A
Sample solvent: Decalin; Flow rate: 0.5 ml/min.

For the isocratic SEC, the solute does not neddlly elute from the column prior to the next
sampling span. This means that more than one saraplde resident in the SEC column at a
given time. This opens the opportunity to speedhgcomplete 2D-LC analysis substantially.
We have achieved this using a sampling time of duiei, i.e., before the SEC elution of one
HPLC fraction was completely finished, the secorfdLB fraction was injected into the SEC
column. In order to realize it in a comprehensivaywthe flow rate in HPLC was adjusted
accordingly, i.e. increased from 0.1 mL/min as ifi & 0.2 mL/min, while the volume of the
SEC loops (200 pL) was kept constant. In this waytime required for one complete 2D-LC
analysis was shortened from about 200 minutes @ondi@utes (Fig. 26). Due to the high dilution
factor (~10) in 2D-LC experiments the ELSD respowses very low when 50 or 100 puL loops
were used and therefore 200 pL sample loops wezé tsinject the effluent from the HPLC

column into the SEC column.

Unlike the continuous mechanism utilized in one-lsional separations, in a comprehensive
HT 2D-LC finite volumes of the®idimension (HPLC) are injected into th¥ Bimension (SEC).
The resolution of the entire analysis may be a#@diy the phase of sampling, which is defined

as the start of the sampling relative to an elupegk. The sampling phase was experimentally
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varied by delaying the sampling for th& 2limension. Fig. 26 illustrates the effect of sanmpl
phase on the contour plot of EVA 4 (Table 2) atstant sampling time.
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Fig. 26 Effect of sampling phase on HT 2D-LC of EVA 4: Sdimg phase: a) 0 min; b) 1 min; c¢)
2 min; Sampling time: 1min; Columns: HPLC: Perfdc390; SEC: PL Rapide H; Flow rates:
HPLC: 0.2 mL/min; SEC: 2.5 mL/min; HPLC injectiorolume: 100 pL; SEC injection loops:
200 pL.
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The overall pattern of the contour plot, i.e. onailmcomponent with a peak maximum at
10.75 min elution volume on the HPLC-axis, followbkg a diffuse zone is not affected by
varying the sampling phase under these conditidosiever, when the sampling was delayed by
2 min, 5 fractions can be singled out in the défusone (Fig. 26c¢). In contrast, when the
sampling was not delayed only 4 fractions of corapby intensity can be distinguished in this

zone (Fig. 26a). The molar mass separation is fiettad to a significant extent by varying the

sampling phase (Fig. 27).

Table 2 Average VA content in EVA waxes and MMA content grafted copolymers

determined by NMR.

VA or MMA-content VA or MMA-content
Sample code Sample
[mol.-%] [wt.-%]
4 EVA 14 33
5 EVA 13 32
6 EVA 13 32
7 EVA 10 25
8 PP-g-MMA 13 16
9 LLDPE-g-MMA 3 10
— 0 min
0.20 — 1 min
— 2 min
S 0.15-
2
§_ 0.10 -
°
5 0.05-
i
0.00 -
30 32 34 36 38 a2 a4

LogM

Fig. 27 Overlay of reconstructed SEC profiles from Fig. 24.
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The run time of a single HT 2D-LC experiment usihg conditions from Fig. 26 was only 100
minutes, while the good resolution was maintaireaich shortening of the analysis time is of
paramount practical importance, in particular whessponding to the demands of high
throughput screening. The separation of polymeroraing to composition and molar mass
distinguishes two of these distributions, and HT-LAD offers the analyst to determine the

relationship between them.

3.2.2. HT 2D-LC of EVA waxes

To demonstrate the superior information obtainedmfrHT 2D-LC over bulk analytical
techniques, EVA 5-7 were analyzed by HT 2D-LC ugimg optimized conditions with regard to
throughput as previously established. The corredipgncontour plots are shown in Fig. 28 - Fig.
30.
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Fig. 28HT 2D-LC contour plot corresponding to EVA 5. Exipeental conditions as in Fig. 26a.
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Fig. 29HT 2D-LC contour plot corresponding to EVA 6. Exipeental conditions as in Fig. 26a.
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Fig. 30HT 2D-LC contour plot corresponding to EVA 7. Exipeental conditions as in Fig. 26a.
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Although the average VA content of these sampleewvanly in the range of 10-13 mol.- %
(Table 2), the shape of their contour plots diffeabstantially. EVA 7 has a narrow CCD with
the main component eluting at a peak maximug) ¢¥ 11.25 mL on the HPLC axis and a small
fraction of more polar copolymer with comparablelananass eluting later. EVA 5 and 6 are
chemically broad distributed: Both contain a narmatributed component Q& 11.75 mL for
EVA 5 and \t= 11.0 mL for EVA 6) and a diffuse zone of composenith a higher polarity,
l.e. containing a higher concentration of VA comomo. Although having the same average
chemical composition, the CCD of EVA 5 spans c&85InL on the y-axis (Fig. 28), while that
of EVA 6 spans about 2.25 mL (Fig. 29). Importantlye elution of the chemically narrow
distributed components does not ideally correlaté tihe average chemical composition of the
respective EVAs determined by NMR: the chemicallyraw distributed component in the least
polar EVA 7 elutes later than the narrow chemicédlitributed component in more polar EVA 6.
The complete understanding of this will requirgt@ntify the diffuse zones.

Fig. 31 shows MMD reconstructed from the contolat.pimportantly, the ELSD response is
related to the concentration of the analyte inrtiabile phase, however, it may depend on the
composition of the mobile phase and that of théreduractions [95]. In the present treatment the
guantitative aspects of the method are not studied.

As it was shown in 3.1, the compositional axisha HPLC separation of high molar mass EVA
copolymers in HT 2D-LC can be calibrated. The mamrequisite for this is that well
characterized chemically narrow distributed stadsl@re available. In the case of HT 2D-LC of
the EVA 5 - 7 the relationship between the averemaent of VA in the copolymer with the
elution volume is not applicable, as the elutiorthaf polymers with a low molar masss found

to depend on the latter [95]. Unfortunately, thguieed low molar mass standards are not readily
available A possible way to overcome this problerould be to employ a preparative
fractionation based on the above mentioned chragnapdic system and then characterize the
obtained fractions by NMR or to couple HT 2D-LC WRETIR.
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Fig. 31Overlay of reconstructed MMD of EVA 5 - 7 from Fi28-30.

3.2.3. HT 2D-LC of LLDPE-g-MMA and PP-g-MMA

Albrecht et al. [96] separated random EMA copolysneontaining 9-28 wt.-% MA with regard
to their MA content using silica gel as stationphase and decafincyclohexanone as mobile
phase. The effect of chain architecture on theaiutas not yet been studied. We have found
that the graft copolymers PP-g-MMA (sample 8 in [€ab) and LLDPE-g-MMA (sample 9 in
Table 2) do not adsorb on silica gel using the saahgent system, i.e., the samples eluted with
the initial mobile phase composition without antergion. It is therefore an interesting question
if the majority monomer, i.e. the olefinic one, cd&e used as interacting unit for a
chromatographic separation. It has been found tlyclen Macko et al. [70,97,98] that non polar
olefin copolymers can be adsorbed selectively flong chain alcohols (e.g. 1-decanol, 2-ethyl-
1-hexanol) on Hypercafband then be desorbed by applying a gradient 1rdédar 2-ethyl-1-
hexanol$ TCB [70, 97, 98]. Therefore, this system was testedhe separation of polyolefins
grafted with functional comonomers with regardhe tontent of the non polar comonomer. Fig.
32 illustrates the separation of samples 8 andoé fiPrP 200 kg/mol and from PMMA with

various average molar mass.
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Fig. 32a) Overlay of elugrams of PMMA 2 kg/mol, PMMA 60/kepl, PMMA 145 kg/mol, PP-
g-MMA, iPP 200 kg/mol, LLDPE-g-MMA and PE 260 kg/inGtationary phase: Hypercétb
Mobile phase: 2-ethyl-1-hexanol and linear gradi@rethyl-1-hexan@6AB45 6078092:;90<5
160 °C, Sample solvent: 2-ethyl-1-hexanol and bpiement of the elugram between 10 and
12 mL.
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All samples, except PMMA 2 kg/mol (1.3 mL), are adxed on the stationary phase and elute
from the column with the solvent gradient. PMMA kwibw molar mass (2 kg/mol) elutes before
the gradient, while PMMA of high molar mass elubedy after starting the gradient elution. This
Is interesting, because it shows that the polaylaer moiety leads to retention, i.e. it interacts
with the stationary phase. As can be seen, samflg 8 11.2 mL) is separated from all PMMA
homopolymers and elutes close but distinctivelyedgnt from the iPP (Y= 11.1 mL). In the
same way, sample 9 elutes before linear PE(\14.6 mL) with a lag of 0.3 mL. In this case
both comonomers (MMA and the 1-butene) do contebiat the retention. Singling out the
contributions of the individual components could dzhieved by establishing a compositional
calibration with regard to the olefinic comonomsmg well-defined ethylene/1-butene standards
of identical microstructure as the LLDPE backbameample 9. Indeed, as the elution of PMMA
is molar mass dependent, two cases can be expéctdte first one both, MMA and LLDPE
units, contribute to the retention. Second, the MBlIAcks are not sufficiently long to interact
with the surface and the retention is ruled by ititeraction of the LLDPE-backbone with the
stationary phase. However as the well-defined madistributed ethylene/1-butene standards are
not available at the moment it cannot be decidadden these two possibilities. Fig. 33 shows
the 2D contour plot corresponding to the two-dinemal separation of a blend of sample 8 and

IPP 60 kg/mol and Fig. 34 illustrates the two-digienal separation of sample 9.
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Fig. 33 Contour plot corresponding to a of a blend of B8&Pkg/mol and PP-g-MMA (unfilled
lines - iPP 60 kg/mol injected individually as &mence); columns, mobile phase and flow rates:
HPLC: Hypercarfl (250 mm x 4.6 mm i.d), 4 mL 2-ethyl-1-hexanol dfdmL linear gradient 2-
ethyl-1-hexand TCB up to 100 vot% of TCB, 0.2 mL/min; SEC: PL Rapide H, TCB, 2.5
mL/min. Sampling time: 1 min. Sampling phase: 0.nMiemperature 160 °C.
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Fig. 34 Contour plot corresponding to LLDPE-g-MMA. Othemclitions as in Fig. 31.
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Although the components are not baseline resoli#egl 83), the effect of the grafted monomer
on the elution can be identified by comparing vethndards analyzed separately.

In order to compare HT 2D-LC with a conventionalstallization based analytical technique, a
blend of PP-g-MMA and PMMA was separated by TREFEC. The results are depicted in Fig.
35. As can be seen, fractions of the blend crysgabetween 60 °C and 100 °C. This crystalline
part can be assigned to PP-g-MMA. Additionally, twatour plot indicates it contains a small
amount of amorphous fraction of low molar mass astioulder in the area of higher molar mass
showing up at 30 °C (Fig. 36). As the MMD of theaphous PMMA 60 kg/mol is monomodal
(Fig. 37), the main peak can be likely assignedPk®MA 60 kg/mol, while the shoulder is a
mixture of PP-g-MMA having a low degree of crystatly (e.g. containing atactic propylene
units) and unfunctionalized atactic PP which doest orystallize at all. However, an
unambiguous identification would require a chemestale detection, e.g. by IR-spectroscopy.
Thus it can be resumed that TREF x SEC does noideavselective separation of amorphous
components as the crystallizability is the functwinmultiple parameters, among them being

comonomer content, microstructure (tacticity) armlanmass.

a) HT 2D-LC b) TREFXSEC
11.0 3 I I I I I 128
DE“ ; 118 D
0405 ° = L Pp-g-Mma 108 &
E W93 PP-g-MMA 0 9% 2
° S 88 W
> |
510.0 | g -
£ = 68 E
- 3 % 58 =
© 95 N L
Q : PMMA il | SR PP-g-MMA | o %
z N\ s ¥
O 28
10 100 10000 0.1 1 10 100 1000 10000

Molar mass equivalent to linear PE [kg/mol] Molar mass equivalent to PS [kg/mol]

Fig. 35 Comparison of contour plots corresponding to a dlef PP-g-MMA and PMMA
60 kg/mol obtained by: (a) HT 2D-LC; (b) TREF x SEC.
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Fig. 36 Reconstructed MMD of the fraction eluting at 30iACTREF x SEC.

In contrast, the 2D-LC separation does not splié sample into zones with different
crystallizability, but separates macromoleculesoediag to their extent of adsorption which in
the present case enables a complete deformulationthie individual components. Thus this
newly developed chromatographic system opens agcitiew perspectives to characterize

functionalized polyolefins.
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Fig. 37Reconstructed MMD of PMMA 60 kg/mol in HT 2D-LC.
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3.2.4. Conclusions

Based on the experimental results the followingchusions can be drawn:

1) The effect of experimental parameters affectingliie2D-LC separation of functionalized
polyolefins has been tested. It was found thairibeease of flow rate in SEC shifts the retention
to higher elution volumes and leads to a signifidzand broadening. The broadening of peaks in
SEC was also observed when the injection volumeinm@gased. On the other hand, changing
the sample solvent did not affect the SEC separabat influenced the ELSD response. The
results of HT 2D-LC were not much affected by vagythe sampling phase.

2) By choosing suitable experimental parameters (ftate and sampling time), the run time
needed for HT 2D-LC analysis of a polymer samples whortened from about 200 min to
100 min without any significant loss of resolutiofhe optimized method was applied to the
characterization of industrially relevant low momaass EVA copolymers.

3) The method failed to adsorb ethylene/l1-butene gopels and PP grafted with 10 and
16 wt.-% of MMA respectively. Using porous graphate stationary phase and a solvent gradient
2-ethyl-1-hexan@ TCB as mobile phase it became possible to septratgrafted PP from the
non grafted starting material. This effect is nemd acan be effectively used to separate
copolymers of polar and non polar monomers baseth®mon polar units. These new HT 2D-
LC systems and procedures may find application h@ tharacterization of functionalized

polyolefins.
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3.3. Characterization of polyolefins by HT 2D-LC
3.3.1. Analysis of model blends

In 3.2 it has been shown that polyolefins grafteithviunctional groups can be adsorbed on
Hypercarff from 1-decanol and 2-ethyl-1-hexanol, where bh#hrton polar polyolefin backbone
and a functional group contribute to the chromappgic retention. The separation performance
of the HT 2D-LC system with regard to the charae#tion of non polar polyolefins was tested
by injecting a quaternary mixture of iPP, sPP, aR& PE. The contour plot is shown in Fig. 38
where the compositional separation is represeritedjdhe Y-axis while the elution along the X-

axis corresponds to the molar mass separation.
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Fig. 38 Contour plot obtained by HT 2D-LC of a blend 1;l@ons and flow rates: HPLC:
Hypercarl§, 0.1 mL/min; SEC: PL Rapide H, 2.5 mL/min. Tempere: 160 °C.
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The contour plot shows that iPP with,M™ 45 kg/molelutes in 1-decanol while sPP, aPP and PE

are fully retained on the column packing and ebrtly when the gradient 1-deca@ol CB was

applied. All components are baseline separatedtwikiin agreement with [70].

Table 3 Composition of blends used for HT 2D-LC and TRESEC measurements.

blend

Composition of blends

HT 2D-LC

TREF x SEC

iPP 45 kg/mol, 8.38 mg; aPP 211 kg/m
8.02 mg; sPP 196 kg/mol, 8.68mg;
PE 22 kg/mol, 7.89 mg.

oPP 45 kg/mol, 9.5 mg; aPP 211 kg/m
10.00 mg; sPP 196 kg/mol, 10.85 mg;
PE 22 kg/mol, 10.59 mg.

ol,

iIPP 1.1 kg/mol, 8.12 mg; iPP 60 kg/m
7.6 mg; aPP 211 kg/mol, 7.20 mg; sPP

kg/mol, 7.96 mg;

PE 1.18 kg/mol, 10.21 mg; PE 22 kg/m
7.22 mg.

oIPP 1.1 kg/mol, 11.67 mg; iPP ¢

186/mol, 10.70 mg; aPP 211 kg/mol, 9.
mg; sPP 196 kg/mol, 13.37 mg;

ORPE 2 kg/mol, 10.02 mg; PE 22 kg/m
10.74 mg.

50
37

Ethylene/1-hexene copolymer, 18.6 mol.
of 1-hexene, 8.06 mg;

Poly-1-hexene RB 60 kg/mol, 7.52 mg;
PE 1.18 kg/mb 8.34 mg; PE 126 kg/mo
7.27 mg.

%

iPP 1.1 kg/mol, 8.85mg;

EP(D)M (6.3 wt.% of ENB, 60 wt. % @
ethylene), 14.00mg;

PE 1.18 kg/mol, 7.90 mg.

—

iIPP 1.1 kg/mol, 11.78mg;

EP rubber (content of C2 10.4 wt. %,,M
165 kg/mol), 13.29 mg; PE 1.18 kg/m
11.04 mg.

iPP 1.1 kg/mol, 12.80 mg;

EP rubber (content of C2 10.4 wt. %,,N\
bk 165 kg/mol), 12.64 mg; PE 2 kg/mg

10.80 mg.

=

D

iIPP 1.1 kg/mol, 7.85 mg; iPP 60 kg/m
10.07 mg; aPP 211 kg/mol, 8.50 mg; s

196 kg/mol, 15.85 mg; EP copolymer (81.

wt. % of ethylene, M = 164 kg/mol, 10.63
mg; PE 2 kg/mol, 10.20 mg; PE 11
kg/mol, 4.00 mg.

Dl
PP
3

06

In order to study the influence of the molar magshe components on the elution volume in
HPLC, blend 2 (Table 3) was analyzed by 2D-LC. Taeesponding contour plot is presented in
Fig. 39. Isotactic PP 60 kg/mol is separated froentdlend of aPP, sPP and PE, however, it elutes
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in two peaks. The lower molar mass one elutes dgedanol while a fraction with higher molar
mass is retained and elutes only after adding T&C®¢ mobile phase, i.e., after the starting the
gradient elution. This effect is new because it weggsorted in[61] that iPP eluted solely in 1-

decanol, independently of its molar mass. Thiscefiell be described in more detail later.
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Fig. 39 Contour plot obtained by HT 2D-LC of blend 2; Expnditions as in Fig. 38.

Fig. 40 illustrates the separation of blend\8.can be seen, baseline separation was achieved fo
all components and even the bimodal MMD of the gblyexene is clearly reflected. It has been
shown recently that the elution volume of ethyléreéxene copolymers from 1-decanol in this
chromatographic system decreases with increasingeomer content [57]. It is assumed that
the backbone ethylene units adsorb on the graphititace and the sterically hindering alkyl
branches act against the adsorption and conseyuthietl elution volume decreases with the
increasing content of 1-hexene. This behavioutss eeflected in Fig. 40. While the ethylene/1-
hexene copolymer is retained and elutes only ingtadient, poly-1-hexene is not retained at all,
l.e., elutes in 1-decanol. It has to be mentiomed it is of practical importance that a copolymer

can be separated from both homopolymers (Fig. #8ying such an analytical method at hand
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the synthesis of the corresponding copolymer caadséeer monitored and optimized and it may

be helpful for the fundamental understanding ofgtnecture property relationships.
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Fig. 40Contour plot obtained by HT 2D-LC of blend 3; Expnditions as in Fig. 38.

The separation of blend 4 is shown in Fig. 41. As be observed, all components are baseline
resolved. EP(D)M can be perfectly distinguishednfrthe homopolymers. It is particularly
noteworthy that EP(D)M is amorphous and, thus, sudeparation could not be performed by

means of a conventional crystallization technique.
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Fig. 41 Contour plot obtained by HT 2D-LC of blend 4; Expnditions as in Fig. 38.

The separation of another amorphous material, etleypropylene (EP) rubber, from a blend
with PE and iPP is illustrated in Fig. 42. The rabbklutes before the low molar mass PE along
the HPLC axis and exhibits a bimodal CCD. The fpatt contains more propylene units and,
therefore, is less retained, while the strongeaaimetd component is more PE-like. Additionally,

the first part is more narrowly distributed withgeed to molar mass while the more retained
fraction clearly has a broader MMD.

Fig. 43 shows the HT 2D-LC separation of blend Gtaming seven components. As can be
seen, the EP copolymer elutes in two spots. Itvideat, that this kind of chromatographic

system enables to distinguish the copolymer ofréstefrom by-products like PP of different

tacticity as well as the homopolymers and, theesfdris extremely practical for the needs of

polymer chemists.
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Fig. 42Contour plot obtained by HT 2D-LC of blend 5; Expnditions as in Fig. 38.

14

3 — PE 126 kg/mol
—~ 12 1 E/P COPOIYMEL -

1 (813 Wt % Of  — PE 1.18 kg/mol
E 4 ethylene) e =
g 103 2
e e PP 196 kg/mol -
=] = =
§ 87: PP 2i1/'l'< I %

Ja a/mo
S 6 T =
'.g i iPP 60 kg/mol =)
T 4 / ol
(SR Kk
i 3 -
T 2_ iPP 1.1 kg/mol

E
TrT l TTTT | TTTT I TTTT | LELELEL I TTTT | TTTT I TTTT | TrTT I TTTT | TTrTT l TTTT | T ||i TTrTT II TTT | TT T

250 275 3.00 325 350 375 400 425 450
SEC elution volume [mL]

Fig. 43Contour plot obtained by HT 2D-LC of blend 6; Expnditions as in Fig. 38.
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3.3.2. Calibration of SEC separation in HT 2D-LC

In a comprehensive 2D-LC set-up, two chromatog@phodes (HPLC and SEC) are on-line
hyphenated. This means that, instead of an ordimgggtion of a polymer sample into the SEC
eluent, the polymer sample is introduced into tE&CScolumn in a mixed solvent via an
automated switching valve. In our case, the contjposof the mixed solvent changes from pure
1-decanol over 1-decanol/TCB to pure TCB. Indeeldemwthe fractions of iPP are collected in
the loop to be injected into the SEC column, thditeghase in the first dimension contains only
1-decanol. On the other hand, when the loop isddadith the fractions of PE, E/P, E/H, etc., the
mobile phase in the first dimension contains ba@iBTand 1-decanol. Because the hydrodynamic
volume of a macromolecule depends on the solvieistpay affect the calibration of the SEC. In
order to study the influence of the injection saolven the behaviour of macromolecules in SEC
PE and iPP standards were individually analyze&B¢ as stand alone. The sample solvent for
PE and iPP was either 1-decanol or TCB. Fig. 444fnghow an overlay of two SEC calibration
curves constructed for iPP and PE standards adwsidverage molar mass.

5,5 :
© % decanol
e TCB

5,01

T T T T T T T T T T v I
2,8 3,0 3,2 3,4 3,6 3,8 4,0
Elution Volume [mL]

Fig. 44 Overlay of the iPP calibration curves correspondimgwo different injection solvents.
Stationary phase: PL Rapide H, Mobile phase: TCBn2./min, temperature: 160 °C.
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Fig. 45 Overlay of the PE calibration curves correspondmgwo different injection solvents.
Exp. conditions as in Fig. 43.

As can be seen, the calibration curves obtainel Wi® standards corresponding to the different
injection solvents are different (Fig. 44). On thither hand, the two curves obtained with PE
standards overlap over almost the whole elutiogeaxcept in the low molar mass region (Fig.
44). The shift between the calibration curves ig. B4 indicates that iPP standards have a larger
hydrodynamic volume in 1-decanol than in TCB. Oa tther hand, the elution volumes of the
PE standards (Fig. 45) do not differ substantiellyt-decanol and TCB. This may be due to the
fact that either their hydrodynamic volumes in thaslvents are very similar or that PE can
exchange its solvation shell more rapidly (i.e.,/R&romolecules are solvated with 1-decanol in
the interactive column flushed with 1-decanol, heereafter the injection into the SEC column
the macromolecules are solvated with TCB). Suclolaest independent elution enables to
effectively apply a PE calibration curve over tméire gradient region.

The molar mass calibration in Fig. 45 correspormdthe SEC column alone. In order to apply
this to the HT 2D-LC, the PEalibration standard should also undergo the HP&asation and
then enter the SEC system via an automated injeclioerefore nine PE standards were injected
into the HT 2D-LC system at the same experimentalditions, so that each standard passes
through the HPLC column before being analyzed by SEhe obtained calibration curve is
shown in Fig. 46.
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Fig. 46Calibration curve obtained by injecting PE standdid, = 1.18 kg/mol, 22 kg/mol, 33.5
kg/mol, 55 kg/mol, 77.5 kg/mol, 126 kg/mol, 260 kagl, 325 kg/mol and 1152 kg/mol) into the
entire HT 2D-LC system (elution volumes at the peelimum); Exp. conditions as in Fig. 43.

In contrast to data shown in Fig. 44 and Fig. #®, points in Fig. 46 are rather scattered. We
notice that the scattering of points for PE staddlarsing the identical SEC column and 2D-LC
instrument was observed also in 4.1. On the othedha good correlation was obtained with this
SEC column for PS standards in TCB with 2D-LC. Rtestandards available on the market are
quite broad compared to the PS ones. Moreover,SIBE column operates at a pressure
recommended by the producer, but not at the recordetkflow rate (2.5 ml/min in 2D-LC vs.
recommended 1.5 ml/min). Increasing the flow rategeneral, decreases the chromatographic
efficiency of the SEC column, i.e., the peaks bewadThe latter is a function of various
parameters, including the type of polymer. Thisldaventually influence the determination of
elution volumes for PE.

It is known that PS standards are most frequerggduo calibrate SEC [51]. We found that PS
standards with a molar mass < 30 kg/mol are addasheHypercarB from 1-decanol and can be
eluted in 1-decan@ TCB. PS standards of higher molar mass are insslnbl-decanol even at
160 °C. This means that PS standards are not muif@bthe SEC calibration of the described

chromatographic system.
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3.3.3. Separation of isotactic polypropylene in HT 2D-LC

As mentioned in 4.3.1, it was previously observéwttiPP eluted in Hypercdth-
decana® TCB exclusively in 1-decanol [70] while the contquiot in Fig. 38 and 43 indicates
that iPP elutes in two peaks, namely one in 1-ddcand the second one after the starting the
gradient elution. In order to study the influencketbe molar mass of iPP on the elution
behaviour, a series of iPP, varying in their averawlar mass, was separated by 2D-LC. Fig. 47

shows the results of these experiments.
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Fig. 47 Contour plots of the HT 2D-LC of iPP with differeavverage molar masses. Exp.
conditions as in Fig. 38.

All iPP standards except the one with the lowedammass elute in two zones meaning that they
are partially retained on Hyperc&rirom 1-decanol and can be desorbed by a gradient 1
decana® TCB. The contour plots prove that the portion d?ivhich elutes in the gradient, is in

all cases of larger molar mass than the part, whlictes in 1-decanol. As the analytes in HT 2D-

LC are detected under isocratic conditions ands,tthie ELSD response is not affected by the
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mixed mobile phase, a comparison of the contouspdooves that, the higher the molar mass of
the injected iPP standard, the larger the portibichvelutes in the gradient. The standard with
My = 350 kg/mol is almost completely retained andeduhostly in the gradient. We speculate
that the 1-decanol used in this study leads tgérgal adsorption of iPP, while no adsorption of
the same IPP standards occurred in [70]. The sbhaich used was a different one than in the
present treatment. It is hypothesized that theityugdurity) of the 1-decanol may vary from
batch to batch. However, further investigationagquired. Separation of polymers according to
their tacticity has only been scarcely describedhia literature (e.g. [70]). It is known that
differences in the interaction of stereoisomeritrfe of a polymer with a stationary phase may be
very delicate. For example, Berek et al. [99] fouhat PMMA could be separated according to
tacticity, if the syndiotactic (s) and isotactif form were injected individually when THF as well
as mixed solvents were used as mobile phase. Howié¥leey were mixed prior to injection, a
complexation of PMMA with different tacticity ocawd and no separation was achieved because
s- and i-PMMA form a stable complex in THF. The teys Hypercarf/1-decand® TCB
separates PP according to its tacticity, howewP, with higher molar mass is stronger. We
suppose that a small amount of polar admixturelsdecanol (for example, 1-nonanol or decan-
diol) could increase the extent of adsorption d?,iRs it was observed. Fig. 48 illustrates the
elution using 1-decanol from different producers. &an be observed 1-decanol from different

producers may lead to different chromatographic@letur.
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Fig. 48 Elution behaviour of a blend of iPP 60 kg/mol, sF® kg/mol, aPP 211 kg/mol and PE
260 kg/mol on Hypercafhin 1-decanol from Sigma Aldrich and Merck.
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It may, therefore, be assumed that the observedgehia elution behaviour is due to admixtures
in the 1-decanol which are present in varying anmunhherefore, the 1-decanol used here was
analyzed by GC-MS revealing the presence of honug@digear short chain alcohols (C6 - C8) as
well as branched alcohols. To mimic the effectwdfisalcohols on the elution behavior of PP, 1-

octanol was used instead of 1-decanol. The elugeaenshown in Fig. 49.
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Fig. 49 Overlay of chromatograms. Column: HyperfarMobile phase: 1-octanol and a linear
gradient starting from 1-octanol and ending withBIQ emperature: 160 °C. Flow rate: 0.8
mL/min. Sample solvent: 1-decanol (PE 260 kg/maiassoluble in 1-octanol).

Using 1-octanol instead of 1-decanol as componéie mobile phase leads to the elution of
IPP exclusively in the gradient (Fig. 49). Thessutts illustrate that relatively small changes in
the polarity of the mobile phase (1-octanol cortrdecanol) enable to substantially change the

adsorption behavior of iPP.

3.3.4. HT 2D-LC vs. TREF x SEC

In order to compare the chromatographic resulte witonventional technique, blends 1, 2, and 5
(Table 3) were cross-fractionated by TREF x SE@. 50 shows the contour plot of the TREF
SEC analysis of blend 1. The X-axis representss#paration in SEC mode, while the Y-axis

shows the elution temperature in TREF.
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Fig. 50Contour plot obtained by TREF x SEC of blend 1.

As can be observed, the least crystalline pareslat 30 °C and can be assigned to aPP. The
more crystalline component which elutes at abolfZ@ apparently sPP. The material eluting at
about 100 °C has the highest degree of crystallinithe mixture and can therefore be attributed
to iPP and PE. However, these components are seliba resolved and, therefore, no further
information can be obtained.
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Fig. 51 Contour plot obtained by TREF x SEC of blend 2.
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Fig. 52Contour plot obtained by TREF x SEC of blend 5.

The result of the cross-fractionation of blend 2iesented in Fig. 51. Considering the average
molar masses and the chemical composition of thmepooents, it can be supposed that the
soluble fraction contains low molar mass iPP anB.aFhe component eluting at 70 °C is sPP,
while the material eluting at 80 °C is likely lowolar mass PE. iPP 60 kg/mol and PE 22 kg/mol
are observed to coelute in temperature range fi@mn°C to 140 °C. Fig. 52 shows the TREF x
SEC separation of blend 5 containing iPP 1.1 kg/f&l 1.18 kg/mol and EP rubber. Low molar
mass iIPP and the EP rubber do not crystallize taedefore, elute at 35 °C. Low molar mass PE
crystallizes at 80 °C. Considering the broadnesghefelution spot assigned to PE, it can be
hypothesized that it contains also a portion of B rubber which exhibits some degree of
crystallinity. However, CRYSTAF of the rubber alosigowed that it did not crystallize.
Comparing the contour plots, which were obtainedMREF SEC, with those in Fig. 39 and 42
demonstrates that the same blends were perfeqtigrated into the single components by
HT 2D-LC irrespective of their crystallinity.
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3.3.5. Conclusions

Based on the experimental results the followingcbusions can be drawn:

1) HT 2D-LC of polyolefins as well as olefin copolymsehas been realized by coupling HT-
HPLC with SEC at 160 °C. A Hyperc&tlzolumn packed with porous graphite particles was
used as the stationary phase in the HPLC separstage. Polystyrene divinyl-benzene based

column (PL Rapide H) was used for SEC separations.

2) It could be demonstrated that the sample solvdhtences the SEC separation. Namely PE
standards are suitable to calibrate the SEC bedhasehydrodynamic volume is not affected by
the injection solvent from the first dimension. Byecting PE standards into the HT 2D-LC

system a comprehensive SEC calibration could baeth.

3) Blends, containing PE, isotactic, atactic and/ordégtactic PP, EP- and EP(D)M terpolymers
and ethylene/1-hexene copolymers, were separatédifi®D-LC and automated TREF x SEC.
Comparing the newly developed method with TREF x SEealed that the separation by
HT 2D-LC does not depend on the crystallinity of gholyolefin samples. As a result, HT 2D-LC
complements TREF x SEC and gives for the first tthee possibility to analyze the chemical
heterogeneity of amorphous samples. Additionally 2DFLC saves time compared to TREF

SEC. Further investigation regarding the influeméethe molar mass of polyolefins on the

elution behaviour in HPLC as well as regardingdalkbration of ELSD is needed.
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3.4. Characterization of the chemical heterogeneity of i&gler-Natta based
pipe grade HDPE by HT 2D-LC

3.4.1. Influence of temperature and molar mass on the chmmatographic behaviour of PE

on Hypercarb®

The key for the first successful liquid chromatgapia separation of various polyolefins
according to composition is the use of PGC andheesbgradient 1-decar®lTCB, which was
reported in [70]. This sorbent-solvent system afide separate linear PE from iPP as well as to
distinguish PP according to its tacticity and tpasate ethylene/1-alkene copolymers according
to their chemical composition. The separationsbased on selective adsorption and desorption
of the macromolecules, among which linear PE isntlost retained species. This in turn means
that ethylene sequences show the highest intenautith the PGC surface. In that sense it is
particular interesting to know the loading capaafyPGC for PE. To study this, a controlled
amount of PE 260 kg/mol was sequentially loaded in1.0 cm Hypercafbcolumn filled with 1-
decanol to evaluate the quantity of PE which wadlrbtained by PGC. A constant flow was kept
through the column. It turned out that it was polgesto retain 12.5 mg of the polymer, while the
pressure went up drastically (to more than 250.ddeosvever, the loading capacity was not yet
reached, as no PE eluted from the column. Furtbedihg of PE was not possible due to a
pressure limit of the chromatographic pump. Acaogdio the data specified by the producer, the
column is stuffed with 1 g of PGC having a surfacea of 120 Rig. Therefore, more than
0.1 mg of PE 260 kg/mol can be retained per sguater of PGC.

An important question from the chromatographic poirview is the influence of temperature on
the separation, because this might provide an lasglle to tune the selectivity with regard to
particular molecular features. In order to studg #ffect of temperature, solutions of PE-
standards in 1-decanol (160 °C) with varying mateass were injected into the Hypercarb
column which was thermostated at different tempeest The adsorbed PE standards were then
desorbed by a gradient of TCB. Representatively\amlay of elugrams of linear PE 22 kg/mol
is shown in Fig. 53a. The correlation between theia volume at peak maximum and the

temperature is shown in Fig. 53b.
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Fig. 53 Overlay of elugrams of linear PE 22 kg/mol at T4Q) 145 °C, 150 °C, 160 °C and
170 °C on Hypercafb For experimental conditions see text. b) Relatietween the elution

volume at peak maximum and the temperature foralineE standards. For experimental
conditions see text.

As can be observed, the retention of the sampletfadvidths of the peaks increase when the

temperature is decreased (Fig. 53 a). The reldtiprizetween the temperature and the elution
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volume at peak maximum is linear over the wholegeanf temperatures for PE with a molar
mass of 0.74 kg/mol, 1.01 kg/mol and 2.06 kg/mohisTmeans that bothDH, and

DS, associated with the process of adsorption are @lmeariant with temperature [100]. For

PE 22 kg/mol, 66 kg/mol and 260 kg/mol the plotimear between 150 °C and 170 °C, but
below 150 °C the slope of the curve becomes sanfly steeper, i.e. the interaction of those
standards with the stationary phase increases. tDuthe extreme stability of the carbon
stationary phase and the fact that the low molassmsamples are not affected it is highly
improbable that this is the result of structuradmes in the stationary phase, as this was the case
for some silica gel column packings [101]. Accoglio Helmstedt et al [102] PE is in 1-decanol
at 140 °C atC-conditions which means that the macromoleculesuaperturbed ideal statistic

coils. Using the reported data about the moledlilaensions of PE at these conditions a relation
between the unperturbed root-mean-square end-tadestdnce of linear PEﬂ(ﬁg) and the

elution volume at peak maximum can be construdtegl 64).
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Fig. 54Relation between/h? and the elution volume at peak maximunCatonditions.

Comparingﬁ with the average diameter of the pores as spddifiethe producer it can be

recognized that the PE with molar masses of 0.7fdélg- 2.06 kg/mol is small enough to
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penetrate into the pores, while those samplesgsfenimolar mass in their maximally expanded
conformation can only partially (PE 22 kg/mol) eea not (PE 66 kg/mol and 260 kg/mol) enter
the pores. Such behaviour is supposed in SEC medeyhen adsorption is minimized. On the
other hand, the surface of the graphite is extrgragttactive for PE in 1-decanol, i.e., the large
macromolecules could uncoil and penetrate intopihrees. Uncoiling and partial penetration of
PE into pores, which commensurate with dimensiohsmacromolecules in their linear
conformation, was supposed also for adsorption Bf iR zeolites [103]. Increasing the
temperature favors solvation of the PE macromokdug. the coil expands further, while with
decreasing temperature the shrinkage is prefeMéel. suppose that the over proportionate
increase of the retention volume of the higher motass standards, when approachig
conditions, is due to an enlarged extent of adsmrptMacromolecules are unperturbed ideal
statistic coils at and close %conditions [104], thus, they may access a larggase area of the
sorbent and are, thus, stronger retained [104].

As PE 66 kg/mol was only partially recovered frdme tolumn at 135 and 130 °C and not at all
desorbed by a gradient of TCB at 120 °C, the cpmeding data at these temperatures could not
be collected. The solubility of PE in 1-decanol rd@ses with decreasing temperature, i.e.,

precipitation of PE may play an additional rolet@0-120 °C.

3.4.2. Characterization of a bimodal ethylene/1-butene cogymer by SEC, TREF x SEC
and HT 2D-LC

The MMD of a bimodal (pipe grade) polyethylene, HDP, as determined by SEC is shown in
Fig. 55. As can be observed, the sample has a WBAD ranging from about 0.8 kg/mol to
about 104 kg/mol. In order to investigate the cloainiheterogeneity of HDPE 1 by a
conventional technique, TREF x SEC was employed.r&belts are presented in Fig. 56. As can
be seen, the sample elutes in a broad zone rafrgimgabout 48 °C to 100 °C indicating a broad
distribution of crystallinity. The sample may liketontain PE with broad MMD and a high
molar mass copolymer eluting between 70 and 90M@eover, it contains a small amount of
amorphous fraction with low molar mass showing up°C, which may be PE wax. In general,

TREF x SEC does not provide a selective separafiamorphous components.
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While the separation by interactive liquid chrongaphy delivers information about the CCD,
no information about the MMD of the eluting compotseecan be obtained. This requires to
hyphenate the separation according to chemical ositipn with one according to molar mass
(HT 2D-LC). The technical procedure and applicatddrHT 2D-LC were described previously.
Fig. 57 shows the contour plot obtained from HT I2Dfor HDPE 1 (Table 1). The separation
according to the chemical composition is represkateng the Y-axis while the elution along the
X-axis corresponds to the SEC separation. As casbberved, the HT 2D-LC separation results
in a "banana"-shaped spot, which reflects a bra@® @nd MMD originating from the two stage

synthetic route.
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Fig. 57 Contour plot including projections of the elugramHPLC and the MMD obtained from

HT 2D-LC of HDPE 1. Conditions: HPLC: Column Hyper® 250x4.6 mm i.d.; mobile phase:
1-decandb6AB45 D-.E5 92:05 ?F=5 7GH71345 :078092:;905 =J?><&AFFBEMG5 N28I005 P45
mobile phase TCB, flow rate 2.5 mL/min, temperatl6é °C.

Following a procedure, described in 4.3, the folghension was calibrated with respect to
composition using ethylene/l-butene (EBu) copolymeavith known average chemical
composition (Table 4). The"®dimension was calibrated with respect to molaramasng PE-
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standards. The compositional calibration is represe by a linear relationship between the

elution volume at peak maximum and the averagescomtf 1-butene (

Fig. 58).
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Fig. 58 Compositional calibration obtained by injectingdtions of EBu copolymers (Table 4)
into the entire HT 2D-LC system at 140 °C and 160 Experimental conditions as in Fig. 57.
Notice: Elution volume of PE 22 kg/mol is indicatasl a reference.

Table 4. Analytical data of the EBu copolymers used tolralie the compositional axis in HPLC

Sample code My [kg-mol™] D CH4/1000C
EBu 1l 168 3.89 5.4
Ebu 2 172 3.84 6.9
EBu 3 137 3.64 8.5
EBu 4 127 3.74 12.8
EBub5 111 3.67 14.9
EBuU 6 97 3.93 16.1
EBu 7 101 3.75 17.3

Notices: * values of average molar masses equivéberdPE were obtained by SEC.
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Similar linear relationships were found for varioethylene/1-alkene copolymers recently [97].
The decrease of temperature leads to larger elw@nme of the copolymers and the
extrapolation of the fitted line to 0 &Hs/1000C will intercept the y-axis at the elution volume
corresponding to linear PE having a molar massbofia22 kg-mot, which roughly equals to
786 -[CH-CH,]-units. The molar mass calibration of the entii 2/stem using PE standards is
displayed in Fig. 59.

6.0- .

5.0 L Y=2.78X+14.07, R%=0.99
»*
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"
30- .
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2.8 3.0 3.2 34 36 3.8 40
SEC elution volume [ml]

Fig. 59 Molar mass calibration obtained by injecting PEndtds (M, = 1.01, 55, 66, 260 and
985 kg/mol) into the entire HT 2D-LC system. Exp@ental conditions as in Fig. 57.

The relationships shown in

Fig. 58 and Fig. 59 enable to calibrate both axes of tmaur plot (Fig. 60). As can be noticed,
the elution volume of the CCD spans ~1.5 mL, wtlile MMD ranges from ~1 kg/mol to 3000
kg/mol. The obtained data confirm that the HDPEbdtains a high molar mass copolymer and a
homopolymer with broad MMD. It has to be noticedattthe elution volume of PE with j¢

22 kg-mol* falls into the area from 0 to 20 CH3/1000C of tmenpositional calibration. It may
therefore be concluded that the interaction stfergft PE with M, < 22 kg/mol with the
stationary phase is similar to that of branchedobopers and as a result co-elution of short

linear macromolecules and branched ones may occur.

As has been shown, HT 2D-LC can be performed iruahnshorter period of time by overlaid

injections without significant loos of resolution BEC. Therefore, the same approach can be
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applied for the characterization of HDPE 1. Moraopvtehas been recently found that adsorption
of polyolefins on Hypercafbincreases from specific branched alcohols likettBdehexanol
[105]. The stronger retention of polyolefins on ldygarty from suchalcohols is likely due to the
lower affinity of those alcohol molecules to theamdr PGC surface (via their ethylene
sequences), which in turn, facilitates anchoringalfyolefins on the surface. Fig. 61 shows the

result of such an HT 2D-LC experiment.
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Fig. 60 Contour plot of HDPE 1 obtained from HT 2D-LC. Expeental conditions as in Fig.
57.

In order to obtain more insight into the microstue, the HDPE sample was fractionated by
prep TREF. Since TREF fractionates according tcstaflnity, the first fraction collected at
80 °C is expected to contain semicrystalline as agless crystalline components, while the next
fractions are expected to be increasingly crystal(iTable 5). By studying the weight portion of
the individual TREF fractions, it can be noticedttthe crystalline part constitutes the most of
the sample. The obtained fractions were then aadlpy HT 2D-LC. The corresponding contour

plots from HT 2D-LC are shown in Fig. 62 and theules are summarized in Table 6.
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Fig. 61 Contour plot of HDPE 1 obtained from HT 2D-LC; woins, mobile phase and flow
rates: HPLC: Hypercafb(250 mm x 4.6 mm i.d), 4 mL 2-ethyl-1-hexanol at@l mL linear
gradient 2-ethyl-1-hexan®ITCB up to 100 vot% of TCB, 0.2 mL/min; SEC: PL Rapide H,
TCB, 2.5 mL/min. Sampling time: 1 min. Sampling pea0 min. Temperature 160 °C.

Table 5. Molecular characterization data of HDPE 1 and REF fractions.

Sample/Fraction TtErEpFeﬁgiﬂ?Q CHy/1000C | [wt.-%] [kg'\//'r:]vol] D
HDPE 1 - 7 100 255 39.7
1 up to 80 14 11.6 278 69.5
1, 80-85 10.2 8.7 233 47.1
15 85-90 6.2 16.6 243 33.3
14 90-92 4.7 9.7 278 22.3
1s 92-95 2.7 23.0 199 13.4
1s 95-100 2.9 30.4 306 17.4

Notices: *number of methyl groups per 1000 carbdetermined by FTIR, **values of average

molar masses equivalent for PE were obtained by. SEC
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Fig. 62 a) — f) Contour plot of fractionsi1l- 15 respectively obtained from HT 2D-LC,
Experimental conditions as in Fig. 57.
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Table 6 summarizes the data obtained from the grojes of the contour plot on the molar mass
and compositional axis for the individual fractioasd compares them to those from the

molecular characterizaticas reported in Table 5.

Table 6. Peak maximum molar mass,Mind CH/1000C at peak maximum obtained from the
projection of the contour plot on the molar massl aompositional axis in HT 2D-LC
respectively and the corresponding values from FTIR

My Span width Peak
Sample/| M, (PE) [kg/mol] | (copolymer) CH/1000C maximum of | CH3/1000C
fraction (HT 2D-LC) [kg/mol] (HT 2D-LC) CH3/1000C (FTIR)
(HT 2D-LC) (HT 2D-LC)

HDPE 1 not identified not identified Oto 15 5 7
1; 3.5 100 510 20 11 14
1 5 300 0to 20 7 10.2
13 15 500 0to 20 15 6.2
14 30 N/D Oto 12 4 4.7
15 45 - Oto5 - 2.7
16 50 - O0to 10 - 2.9

The first fraction (Fig. 62a) contains low molarss&E and a portion of copolymer. The second
(Fig. 62b) and third fraction (Fig. 62c) contain REd compositionally broad distributed
copolymer. In the fourth fraction (Fig. 62d) co&bunt of unbranched PE and a copolymer can be
observed. The fifth and sixth fraction (Fig. 62edntain PE of increasing molar mass. No values
for M, can be determined for fraction, lue to overlapping of the peaks. Expectedly, the
compositional data obtained from HT 2D-LC deviatenf those obtained by off line infrared

spectroscopy of the TREF fractions, as the ladprasent averages from the copolymers and wax
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(Table 6). The PE standards within the molar masge 1 - 5 kg/mol elute in HPLC (Fig. 62a —
c) at smaller elution volumes than PE with, M 20 kg/mol. It means that PE-wax may co-elute
with a part of ethylene-butene copolymers in HPLC.

Comparing the elution temperatures of TREF fractiatith the 2D-LC contour plots reveals that
the degree of crystallinity (i.e., higher eluti@mtperature in TREF) increases with the decreasing
number of branches. Secondly, the degree of chystaldepends on the molar mass, i.e. the
higher the molar mass the higher crystallinity. .Fég displays a cumulative overlay of the

contour plots from HT 2D-LC of all TREF fractions.
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Fig. 63 Overlay of contour plots of TREF fractiong -11 obtained from HT 2D-LC (respective
weight portions of the TREF fractions are not actted for).

The cumulation of the equally weighed contour pfatsn 2D-LC of the TREF fractions leads to
a broader distribution with regard to both compositand molar mass than the 2D-LC analysis
of the mother sample and the overlay in Fig. 6&rtyevisualizes the presence of material in
compositional and molar mass regions, where ndidras are detectable in case of the analysis
of HDPE 1. Namely, overlaying the contour plotsSI&EF fractions shows an MMD from about
2 kg-mol* to 3000 kg-mot, while the MMD obtained in the analysis of thelbshmple ranges
from 7 kg-mol* to 1000 kg-mot. This is due to the fact that all TREF fractionsrevinjected
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into the 2D-LC at identical concentration, while tine mother sample these are present in
different concentrations (Table 5). As a consegegetiee overlay of the contour plots in Fig. 62
can not coincide with the contour plot of the moteample in Fig. 57. Thus a TREF analysis
prior to HT 2D-LC enhances the information obtailedibom the chromatographic separation.

As it has been shown, that lowering the temperdaweurs the interaction of PE with the porous
graphitic carbon and that the retention increasa®rfor large molecules (Fig. 53). This could be
utilized to improve the separation in HT 2D-LC. Tdantour plot of the mother sample at 140 °C
is shown in Fig. 54. Moreover, a calibration of tteenpositional axis was carried out at 140 °C
(Fig. 63). The relationship between the elutionunaé and the degree of branching is steeper at
140 °C than at 160 °C, which means that the intera©f the macromolecules is strongefat
conditions. However, at the same time the dispersiathe eluting peak increases which results
in a more pronounced co-elution of short linear mawlecules and longer branched copolymers

in the first dimension.

Fig. 64 Contour plot including projections of CCD and MMDbtained with HT 2D-LC of HDPE
1. Temperature in HPLC: 140 °C. Temperature in SEU: °C. Further experimental conditions
as in Fig. 56.
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Lowering the temperature to 140 °C leads to a eonpint with a bimodal cumulative CCD and
a cumulative MMD, which are shown on the x- andxgsin Fig. 64. Fig. 65 overlays the
elugrams as reconstructed for the SEC (Fig. 65d)H#PLC (Fig. 65b) dimension from the 2D-
LC contour plots at 140 and 160 ° C.

Fig. 650verlay of reconstructed curves of HDPE 1 from Bigand Fig. 63: a) HPLC; b) SEC.

It can be seen that the lowering the temperatul$HhC leads to a clearly recognizable bimodal
MMD (Fig. 64b). This can be explained by the fdwttlowering the temperature in HPLC leads
to a better selectivity and means that the frastimaded into the SEC column are chemically
more homogeneous. As a result, the hydrodynamigmelbecomes less affected by CCD and

the resolution in SEC is increased. These resthitsvsthat temperature in 2D-LC has to be
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carefully chosen to achieve optimum separatioa.déries of samples of the same type should be
compared, the experimental parameters in 2D-LCldHmeikept constant.

3.4.3. HT 2D-LC of polymer samples with different stress tacking resistance

Environmental stress cracking resistance (ESCR)ans important criterion for practical
applications of polyolefins because it is a priatifailure mechanism for products made of
polyolefins like for example, PE pipes. ESCR igjfrently estimated using the full notch creep
test (FNCT). Such tests are cost intensive andeeadly time-consuming. Therefore, an
interesting approach would be to estimate ESCR frastecular characterization data, which can
be obtained in much faster way. The Ziegler-Na#sell pipe grade HDPE 1 has superior ESCR
properties, i.e., 300 hours according to FNCT. Gtwetour plot of HDPE 1 was presented in Fig.
56. For comparison, a chromium based pipe gradé&EHD, was analyzed by HT 2D-LC and the
corresponding contour plot is shown in Fig. 66.comtrast to HDPE 1, HDPE 2 has average

ESCR properties. i.e. only 30 hours as determimed=pICT.

Fig. 66 Contour plot of HDPE 2 obtained from HT 2D-LC. Exipsental conditions as in
Fig. 56.
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As has been pointed out, the one-dimensional separ@chnique is not capable to completely
unravel the chemical heterogeneity. Indeed, althotigg average chemical composition and
molar mass of the respective samples are simitegiy tchemical heterogeneities are much
different (see Fig. 56 contra Fig. 65). As has bieemd, HDPE 1 contains a low molar mass PE
(homopolymer) and a high molar mass copolymer,a.eaultimodal CCD and MMD. This is
called often inverse comonomer incorporation. Thegemal has superior ESCR. In contrast to
HDPE 1, HDPE 2 has only average ESCR and contaimghamolar mass copolymer (Fig. 65).
This example illustrates that the developed methag potentially provide a key to understand
structure property relationships of a polyolefin material, iaxan qualitatively differentiate

between two PE materials having different ESCR wethard to their chemical heterogeneity.
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3.4.4. Conclusions
Based on the experimental results the followingcbusions can be drawn:

1) The effect of temperature on the separation ofainBE-standards using a Hyper&arb
column as stationary phase and a gradient 1-dekai®©B as mobile phase was studied. The
elution volume at peak maximum abruptly increaségmwapproachings temperature for
high molar mass PE-standards while that of low matess ones increases linearly.
Simultaneously the broadness of the peaks of higlammass PE-standards increases.

2) A bimodal pipe grade HDPE was separated using HTFLE@Dfor the first time. The
separations according to comonomer content andr@iogoto molar mass were calibrated
using compositionally narrow distributed ethylenbltene samples and linear PE standards
respectively. A prefractionation of the bulk samp&ng TREF prior to 2D-LC analysis and
subsequent analysis of the individual TREF fractiday HT 2D-LC further increases the

information obtained from the two dimensional asay

102



PhD thesis
Anton Ginzburg

4. Experimental part

4.1. Instrumentation
4.1.1. High-temperature HPLC and HT 2D-LC

All experiments were realized using a prototypeoonmatographic system for high-temperature
two-dimensional liquid chromatography constructeg BolymerChar (Valencia, Spain),
comprising an autosampler, two separate ovensesawd two pumps equipped with vacuum
degassers (Agilent, Waldbronn, Germany) (Fig. ®)e oven was used for thermostating the
SEC column, while the second one, where the injeanbd a switching valve were housed, was
used to thermostat the HPLC column. A scheme oHM@D-LC setup is shown in Fig. 67. The
hyphenation of HT-HPLC and HT-SEC was achieved mekectronically controlled eight-port
valve EC8W (VICI Valco instruments, Houston, Texd§A) equipped with two 20QL loops.
From the moment of injection into the HPLC colurdf (L injection loop), the 8-port valve was
switched every 2 min in order to inject 2QD of effluent from the HPLC into the SEC column.

Table 7. Specification of the used chromatographic columns.

Column .
Column , . Particle .
Column . dimensions , Supplier
packing [mm] size
_ . MZ Analysentechnik, Mainz,
Nucleosil 500| Silicagel 250" 4.6 5
Germany
_ . MZ Analysentechnik, Mainz,
Perfecsil 300| Silicage| 250" 4.6 5
Germany
Thermo Scientific, Dreieich,
Hypercarfy PGC 250" 4.6 5
Germany
Thermo Scientific, Dreieich,
Hypercarly PGC 100° 4.6 5
Germany
_ Polymer Laboratories, Church
PL Rapide H| PS-DVB 150 x 7.5 6
Stretton, England
) Polymer Laboratories, Church
PL Olexis gel| PS-DVB 300x7.5 13
Stretton, England
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First dimension HPLC separations were carried agutcsilica gel Nucleosil 500, a silica gel
Perfecsil 300 and Hypercdtzolumns (Table 7). A column PL Rapide H packechvidS-DVB
was used in the second dimension (SEC) (Table 7lnéar gradient 1-decar®ITCB was
applied in the first dimension at a flow rate of @l/min. Starting with 100 % of 1-decanol for
40 min, the volume fraction of TCB was linearly ieased to 100 % within 100 min and then
held constant for 40 min. Finally, the initial chmatographic conditions were re-established.
Because of the void and dwell volume of the systéra,gradient reaches the detector with a
delay of 4.84 mL. TCB was used as the mobile plvaske second dimension (SEC) at a flow
rate of 2.5 mL/min.

For the one-dimensional HPLC separations a linesdlignt 1-decan8l TCB was used at a flow
rate of 0.5 mL/min. Starting with 100 % of 1-dechfar 10 min, the volume fraction of TCB
was linearly increased to 100 % within 20 min ahent held constant for 10 min. Finally, the
initial chromatographic conditions were re-estdi#s. Because of the void and dwell volume of
the system, the gradient reaches the detectorand#iay of 4.94 mL.

In the HT-HPLC and HT 2D-LC an evaporative lighadering detector (ELSD, model PL-ELS
1000, Polymer Laboratories, Church Stretton, Erd)lamas used for detection. The following
parameters were set on the ELSD: Air flow rate W&in, nebulizer temperature 160 °C,
evaporation temperature 260 °C. Ovens, the autdsamapd all transfer lines were thermostated
at 160 °C. The 2D-LC system was handled with sa#waovided by Polymer Char (Valencia,
Spain). WinGPC-Software v.7.0 (Polymer Standards/i&® Mainz, Germany) was used for

data acquisition and evaluation.

104



PhD thesis
Anton Ginzburg

Fig. 67 Setup for HT 2D-LC.

4.1.2. HT SEC

A high-temperature chromatograph PL GPC 220 (Potybaboratories, Varian Inc, Church
Stretton, England) was used for determining averagenolar masses. The temperature of the
injection sample block and of the column compartmeas set to 140 °C. The column was PL
gel Olexis (Table 7). The mobile phase flow rates \iinL/min. The samples were dissolved for 2
h in TCB at a concentration of 1 mg/mL and a terapee of 150 °C. 200 pL of the polymer
solution were injected. Narrowly distributed polygene standards (Polymer Standard Service

GmbH, Mainz, Germany) were used for calibratiothef system.

4.1.3. TREF” SEC

A TREF-300 (Polymer Char, Valencia, Spain) was uBmdcross-fractionation experiments
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(TREF x SEC). The instrument incorporates an owsaddor sample preparation, high precision
TREF column oven equipped with a set of 5 stainegl vessels with internal filters and
magnetic stir bars, syringe pump, HPLC pump andgh temperature isothermal oven, where
the injection valve, multiposition switching valemd the set of GPC column are placed. A dual
band IR4 infrared detector (Polymer Char, Valen@aain) was used as the concentration
detector. A sample was first dissolved in 1,2-cbcbbenzene (ODCB) in the stainless steel
vessel at concentration of 2 mg/mL. Once the sangptéssolved, 300 puL are taken from the
vessel through its filter and loaded into the TRiBlumn heated up to 150 °C where the sample
is then crystallized at 0.2 °C/min. Then a discuntius elution process is followed by increasing
the temperature in 2 °C-steps. TREF fractions wdlume 100Q are then alternatively injected
one after other into the SEC column flushed with@BDat flow rate 2.5 mL/min. The SEC
column was calibrated with PS standards.

4.1.4. H and **C NMR Spectroscopy

The'H- and™C -NMR measurements were carried out using a Vd@ao Palo, US) Mercury-
VX 400 spectrometer (9.4 T) equipped with a 5-mnuciprobe. TheH NMR spectra were
acquired at a Larmor frequency of 400.11 MHz usan@j0° excitation pulse, 32 k data points
(corresponding with an acquisition time of 2.3 a apectral width of 6.4 kHz), a relaxation delay
of 2 s, and a total of 256 scans. Fourier transibion was done after zero filling the data to 32 k
time domain points and exponential filtering of 613.

The'*C NMR spectra were recorded at a Larmor frequerid6.6 MHz using a 90° excitation
pulse with 1H decoupling during the acquisitiondifinverse-gated decoupling for quantitative
evaluation). The acquisition of the spectra wasbge64 k data points (corresponding with an
acquisition time of 1.3 s at a spectral width ofk®fz), a relaxation delay of 15 s, and a total of
1000-3000 scans. Fourier transformation was dotee 2éro filling the data to 64 k time domain
points and exponential filtering of 1.0 Hz.

All H - and spectr&®C -NMR spectra were calibrated to the resonanes lof benzeneR[(1H)

= 7.16 ppm] and of the Gkunits of PE RS(13C) = 29.98 ppm], respectively.
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4.2.Solvents

Decalin, 1-decanol, 2-ethyl-1-hexanol, 1,2,4-tricbbenzene (TCB) and cyclohexanone (Merck,
Darmstadt, Germany) were used as the componentsngrmobile phases. TCB was freshly

distilled, the other solvents were used as deltere

4.3.Polymer Samples

The EVA copolymers were obtained from Exxon-Mobihetnical (Meerhout, Belgium) and
Bayer (Leverkusen, Germany). The compositional dman by the producers and the molar

mass data of the copolymers are summarized in Table

EVA waxes were obtained from BASF (Ludwigshafenrr@any). Samples of PP and ethylene-
butene copolymers (LLDPE) grafted with MMA, i.e.P¥§-MMA and LLDPE-g-MMA (1.6
mol.-% of 1-butene (or 6.1 wt.-%)) were donated BYK Kometra GmbH (Schkopau,
Germany). The contents of MMA and the ethyl brasane_LLDPE-g-MMA were determined by
NMR spectroscopy. EBA copolymer with 28 wt.-% of BAd M, = 114 kg/mol (D = 5.4) was

obtained from Arkema (Paris, France).

PE standards with Min the range of 1.18 — 126 kg/mol (D = 1.12-1.99%YAc with My, = 45.5
kg/mol (PD = 2.43), PS with Min the range of 1.62 — 2570 kg/mol (PD = 1.02 —7)L.énd
PMMA with M, in the range of 2-145 kg/mol were obtained frontyRPer Standard Service
(Mainz, Germany). Linear PE with V= 260 kg/mol was obtained from PSD Polymers (Linz,
Austria). A sample of sPP with W= 196 kg/mol was purchased from Sigma-Aldrich (Mimi
Germany). A sample of aPP with M= 211 kg/mol was provided by Dr. I. Mingozzi
(LyondellBasell, Ferrara, Italy). iPP standardshwid, in the range of 60 — 350 kg/mol were
purchased from American Polymer Standards Corp.n{tde OH, USA). iPP with M =

45 kg/mol was synthesized at the University of I8tddosch.

Ethylene/1-butene mother sample (HDPE 1) with ssitierof 0.948 g/cm3 and melt flow index
(MFI, 190/21.6) of 9.5 dg/min and its fractions;-(t) obtained by preparative TREF. The
sample HDPE1 was synthesised using a Ziegler-Nattayst at LyondellBasell (Frankfurt am

Main, Germany). The ESCR of the material was 300rdi@ccording to a full notch creep test
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(FNCT, 1SO 16770, 80°C, 4 MPa). Table 5 summarihesdata of TREF fractions of ethylene/1-

butene copolymers, which were used to calibratéifPeC separation.

Ethylene/1-hexene (HDPE 2) with a density of 0.§45n3 and MFI (190/21.6) of 6 dg/min was
synthesized with a chromium based catalyst at LgtBdsell. The ESCR of the material
(FNCT, I1SO 16770, 80°C, 4 MPa) was 30 hours.

108



PhD thesis
Anton Ginzburg

5. Summary and Conclusions

Developments in polyolefin catalysis during thet 189 years made it possible to synthesize
polymer structures with an improved control of cegand stereoselectivity, branching (their
number and length) and the order in which monoraegsncorporated into a polymer chain. To
take full advantage of this control, it is essdntieat the structure property relationships are
properly established. Constructing these relatipsstas well as understanding catalyst and
process performance requires adequate analytiols wehich enable a complete characterization
of the molecular heterogeneity (MMD, CCD, tacticiBCB, LCB) of polymers.

In the past 30 years many analytical techniquese Haeen developed to characterize the
molecular heterogeneity of polyolefins: SEC hasnbesed to determine the MMD and the
crystallization based techniques TREF and CRYST&ABetermine the CCD. Most importantly,
hyphenated TREK SEC has been used to determine the bivariate CRIMD. However, three
key deficits associated with any crystallizatiorsé techniques are the notoriously long run
time, the narrow working range with regard to commer content and cocrystallization.

As an alternative liquid chromatography at high genatures (HT-HPLC) could be used for the
compositional separation and - hyphenated to SEgetd HT 2D-LC — overcome these issues
and analyze the CCR MMD. The aim of this work was therefore to develbi 2D-LC
protocols for the characterization of functionatizpolyolefins as well as non-functionalized

polyolefins. The results of the present thesislmsummarized as follows:

I. A dedicated instrument was constructed in atdié collaboration with PolymerChar
(Valencia, Spain) and corresponding software toraipethe instrument was developed and
elaborated. The proof of concept was made by th B-LC of a blend of PE, PVAc and EVA
copolymers with varying VA content: In this protdtbe components were in thé& dimension
separated with regard to their VA-content usingebailica gel as stationary phase and
TCB$ cyclohexanone as mobile phase. In thts?ep the obtained fractions were distinguished
according to their molar mass (SEC). For the firae a calibration of both dimensions, namely
HPLC and SEC, was achieved. Therefore a methodn®ctly determine the void and dwell

volume of the HT 2D-LC system was developed. TRESEC on the contrary was not able to
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separate the same mixture into the individual campts due to cocrystallization and the

limitations with regard to crystallinity of the dgite.

Il. The effect of experimental parameters affecting HT 2D-LC separation has been tested. It
was found that increasing the flow rate in SECtshtie retention to higher elution volumes and
leads to a significant band broadening. A broadgpinpeaks in SEC was also observed with the
increasing injection volume. On the other handngesof the sample solvent did not affect SEC
separation, but influenced the ELSD response. Th BFLC separation was not much affected
by varying the sampling phase. By choosing suit@xperimental parameters (flow rates and
sampling time), the run time needed for a comp€Ie2D-LC analysis was brought down from

about 200 min to 100 min without any significanédoof resolution. The optimized method was
applied to industrially relevant low molar mass EX¢8polymers. The method failed to adsorb
ethylene/1-butene copolymers and PP grafted witAritD16 wt.-% of MMA respectively. Using

Hypercarl§ as stationary phase and a solvent gradient 2-géthgxand TCB as mobile phase

it became possible to separate the grafted PP tlhemon grafted starting material. This effect is
new and can be effectively used to separate comlywf polar and non polar monomers based
on the non polar units. These new HT 2D-LC protecatay find application in the

characterization of functionalized polyolefins, wsilica based stationary phases fail.

[ll. HT 2D-LC of non polar polyolefins as well adefin copolymers has been realized by
coupling HT HPLC with SEC at 160 °C using Hyper&aas the stationary phase for the HT
HPLC stage. It could be demonstrated that the sammpivent from the HT HPLC dimension

influences the SEC separation. Namely PE standagelsuitable to calibrate the SEC dimension
because their hydrodynamic volume is not affectgdthe injection solvent from the first

dimension. Thus a molar mass calibration of the pretmensive HT 2D-LC could be achieved.
Polyolefin blends, containing PE, isotactic, a@&nd/or syndiotactic PP, ethylene/propylene,
ethylene/1-hexene copolymers or ethylene/propytkeeé rubber, were separated by HT 2D-LC

and the results compared to those from TREF x SEC.

IV. The effect of temperature on the compositioraparation of linear PE-standards using
Hypercarly as stationary phase and 1-dec&n®CB as mobile phase was studied. The elution
volume at peak maximum abruptly increases whenogghing %temperature for high molar

mass PE-standards while that of low molar mass amzeases linearly. Simultaneously the
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broadness of the peaks of high molar mass PE-s@sdareases. A bimodal pipe grade HDPE
was separated using HT 2D-LC for the first time.eTé$eparation according to comonomer
content and according to molar mass were calibrag#lg compositionally narrow distributed

ethylene/l-butene samples and linear PE standasisectively. Pre-fractionating the bulk

sample using TREF prior to HT 2D-LC analysis andsaguent analysis of the individual TREF
fractions by HT 2D-LC further increases the infotima obtained from the two dimensional

analysis.
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7. List of Abbreviations

CCD
MMD
HT 2D-LC
PE

PP

iPP

sPP
aPP
HDPE
LDPE
LLDPE
LCB
SCB
Z-N
MAO
MA
MMA
VA

EMA
EMMA
EVA
PVAc
PMMA
PS-DVB
HPLC
SEC
TREF
CRYSTAF
TCB

Chemical Composition Distribution
Molar Mass Distribution

High-Temperature Two-Dimensional Liquid i©@matography

Polyethylene

Polypropylene

Isotactic Polypropylene
Syndiotactic Polypropylene
Atactic Polypropylene

High Density Polyethylene
Low Density Polyethylene
Linear Low Density Polyethylene
Long Chain Branching

Short Chain Branching
Ziegler-Natta
Methylalumoxane

Methyl Acrylate
Methyl Methacrylate
Vinyl Acetate

Ethylene Methacrylate
Ethylene Methyl Methacrylate
Ethylene Vinyl Acetate
Polyvinyl Acetate

Polymethyl Methacrylate

Polystyrene-divinylbenzene

High Performance liquid Chromatography

Size Exclusion Chromatography

Temperature Rising Elution Fractionation

Crystallization Analysis Fractionation

1,2,4-trichlorobenzene
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oDCB
RI

IR
Visc
dn/dc
LS
FTIR
ELSD

1A

1B

AB
Upy,Ng
Vmob
Vstat
VR

Go

o-dichlorobenzene
Refractive Index Detector
Infrared Detector
Viscometer Detector
Refractive index increment
Light-scattering
Fourier Transfornirared Spectroscopy
Evaporative light scattering detector
Peak capacity
Plate number
Dilution factor
Melting temperature of the pure poéym
Equilibrium melting temperature of the polymemn solution

Heat of fusion per rafieg unit
Molar volumes of the polymer repeating unit
Molar volumes of the diluent

Volume fractions of the diluent

Volume fractions oétholymer
The number of segments

Flory—Huggins thermodyn@amteraction parameter
The number of repeating units  per  polymer  chain
Interaction parameters of the homopolymer A withe tlsolvent
Interaction parameters of the homopolymer B whihsolvent
Interaction parameter between comonomers A ana Ehé copolymer

Volume fractions of comonomers A and B in the algmer molecule

Mobile phase

Stationary phase

Retention volume

Distribution (partition) equilibrium coefficient

Standard Gibbs free energy change
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HC Standard enthalpy change

g Standard entropy change
Keee SEC distribution coefficient
My Number average molar mass
Mw Weight average molar mass
D Polydispersity index
Viore Pore volume
Viatinteractive Volume of the “interactive part” of the totakdionary phase
Kmonomer Monomer retentionn coefficient
n The number of interactive units
PGC Porous graphitic carbon
V, Interparticle volume
Nt Total peak capacity

| The number of dimensions

Angle between dimensions
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