Particle formation and multiphase morphologies in catalytic
aqueous ethylene polymerization

Dissertation zur Erlangung des
Akademischen Grades eines Doktors der Naturwissenschaften
(Dr. rer. nat.)

vorgelegt von

Godin, geb. Tchernook, Alexandra

an der
Universität Konstanz
Mathematisch-Naturwissenschaftliche Sektion
Fachbereich Chemie

Konstanz, 2017

Konstanzer Online-Publikations-System (KOPS)
URL: http://nbn-resolving.de/urn:nbn:de:bsz:352-0-419659

II

Tag der mündlichen Prüfung: 20.07.2017
1. Referent: Prof. Dr. Stefan Mecking
2. Referent: Prof. Dr. Helmut Cölfen

III

IV

Die vorliegende Dissertation entstand in der Zeit von Oktober 2010 bis Mai 2014 unter der
Leitung von Herrn Prof. Dr. Stefan Mecking im Fachbereich Chemie der Universität
Konstanz.

V

VI

„Cherchez la femme“

VII

VIII

Danksagung
Diese Arbeit wäre nicht möglich ohne die zahlreichen Menschen, die mich dabei unterstützt
und gefördert haben. Zuerst möchte ich mich bei Prof. Dr. Stefan Mecking für die Aufnahme
in die (sehr begehrte) Arbeitsgruppe sowie für ein wirklich spannendes, vielseitiges und
innovatives Thema bedanken. Ich danke für das stetige Interesse am Vorankommen des
Projekts sowie Denkanstöße und die fachliche Unterstützung. Prof. Dr. Helmut Cölfen danke
ich für die Übernahme des Koreferats und die zahlreichen Diskussionen beim Busfahren.
Ich möchte weiterhin der gesamten AG Mecking für die gemeinsame Forschungszeit und
zahlreiche Anregungen danken. Lars Bolk danke ich für die DSC-Analysen sowie die
wirklich mühsamen GPC-Analysen. Lieber Lars, die Mühe hat sich jedoch gelohnt!
Außerdem danke ich Lars für die vielen aufmunternden Worte, wenn es mal nicht so gut lief!
Anke Held, Ulrich Haunz und Dr. Inigo Göttker-Schnettman danke ich für die

13

C-

Hochtemperatur-NMR-Messungen sowie für die Unterstützung bei der Interpretation der
Ergebnisse. Marina Krumova danke ich für die cryo-TEM Aufnahmen und WAXSMessungen. Thomas Rünzi und Florian Stempfle danke ich für die TGA-Messungen. Robin
Kirsten danke ich für die Hilfestellung bei der Inbetriebnahme sowie der Instandhaltung der
Polymerisationsanlage. Dr. Bernd-Uwe Runge, und den Wissenschaftlichen Werkstätten der
Universität Konstanz, insbesondere Herrn Michael Weiland, danke ich für die Unterstützung
bei der Projektierung sowie dem Aufbau der Hochdruck-Probenkammer.
Bei Prof. Dr. Rolf Mülhaupt und Folke Tölle möchte ich mich für die Herstellung von
Graphen für die Synthese von Graphen-Kompositen und die Forschungskooperation
bedanken.
Merlin Etzold und Etienne Grau danke ich ebenfalls für die zahlreichen Fachgespräche
insbesondere zu den theoretischen Aspekten über die Strukturierung von Nanomaterialien.

IX

Außerdem möchte ich mich bei der Carl-Zeiss-Stiftung für das wirklich wenig bürokratische
Promotionsstipendium bedanken.
Festo Bildungsfonds, insbesondere Katharina Walcker und Dr. Uwe Machwirth danke ich für
die stetige Förderung und Unterstützung bei allen Vorhaben.
Katharina Tietz, sowie die gesamte Familie Tietz, KONSTANZE, DALAN, die lieben FBFIngenieure, Peter, Imad, Guillaume, Laurent, Thomas, Miguel und Alice danke ich vom
ganzen Herzen, denn ohne euch wäre ich ganz sicher nicht die Person, die ich bin und auch
ganz sicher nicht da, wo ich bin!
Zu Schluss, aber nicht zuletzt, möchte ich mich bei meiner Familie bedanken! Ihr seid meine
kleine große Welt und stets eine unersetzliche Stütze! Ich bin mir sicher, dass ihr während der
Entstehung dieser Arbeit einiges schultern musstet und dafür bin ich sehr sehr dankbar!
Meinem Mann Benoît danke ich für die unglaubliche Unterstützung am Ende der Arbeit. Du
bist für diesen zweiten Atem verantwortlich, der mich schließlich zum Ziel gebracht hat!

X

XI

XII

Publications
Parts of this work have been published:
A. Tchernook, M. Krumova, F. J. Tölle, R. Mülhaupt, S. Mecking, Composites from Aqueous
Polyethylene Nanocrystal/Graphene Dispersions, Macromolecules 2014, 47, 3017–3021.
A. Godin, S. Mecking, Aqueous Dispersions of Multiphase Polyolefin Particles,
Macromolecules 2016, 49, 8296−8305.
A. Godin, I. Göttker-Schnetmann, S. Mecking, Nanocrystal Formation in Aqueous Insertion
Polymerization, Macromolecules 2016, 49, 8825–8837.

Poster Presentations
A. Tchernook and S. Mecking “Formation mechanisms of polyethylene nanocrystals and
graphene composites in aqueous catalytic polymerization”, 10th Zsigmondy-Colloquium of
the Kolloid-Gesellschaft e.V., Konstanz, Germany, April, 7–8, 2014
A. Tchernook and S. Mecking “Particle formation and multiphase morphologies in catalytic
emulsion polymerization”, 46 Jahrestreffen Deutscher Katalytiker, Weimar, Germany,
March, 13–15, 2013
A. Osichow, J. Trzaskowski, P. Ortmann, A. Tchernook and S. Mecking “Catalytic Emulsion
Polymerization to Nanocrystals of Precise Microstructure”, Heidelberg Forum of Molecular
Catalysis 2011, Heidelberg, Germany, July, 22, 2011.

XIII

XIV

Table of Contents
1.

General Introduction ........................................................................................................ 1
1.1.

Polyethylene production and applications .................................................................. 1

1.2.

Insertion polymerization of ethylene in apolar and polar media ................................ 4

1.3.

Micellar systems ........................................................................................................ 14

1.4.

Reactions in multiphase systems................................................................................ 18

1.5.

Crystallization of polyethylene .................................................................................. 23

1.6.

Particle formation...................................................................................................... 29

1.7.

Supported polymer films ............................................................................................ 31

1.8.

Multiphase nanoscale materials ................................................................................ 34

1.9.

Graphene and graphene composites ......................................................................... 36

1.10. References .................................................................................................................. 40
2.

Scope and Objectives of the Thesis................................................................................ 51

3.

Nanocrystal Formation in Aqueous Insertion Polymerization ................................... 53
3.1.

Introduction ............................................................................................................... 53

3.2.

Results and discussion ............................................................................................... 55

3.2.1.

Catalyst activation. ............................................................................................. 57

3.2.2.

Catalyst deactivation. ......................................................................................... 62

3.2.3.

Suppressed catalyst deactivation by additives ................................................... 66

3.2.4.

Polymerization rates ........................................................................................... 67

3.2.5.

Formation and growth of polyethylene nanocrystals ......................................... 69

3.2.6.

Correlation of particle size and molecular weight.............................................. 75
XV

3.3.

Conclusion ................................................................................................................. 80

3.4.

Experimental section ................................................................................................. 84

3.4.1.

General methods and materials .......................................................................... 84

3.4.2.

Polymerization procedure................................................................................... 86

3.5.

Appendix .................................................................................................................... 88

3.5.1.

Influence of the TPPTS ligand on aqueous ethylene polymerization ................ 88

3.5.2.

Catalyst pre-exposure experiments in aqueous solution .................................... 90

3.5.3.

Influence of the surfactant concentration and surfactant nature ........................ 91

3.5.4.

Studies using 13C-labeled 1-TPPTS ................................................................... 96

3.5.5.

Influence of the pressure and temperature on catalytic aqueous ethylene

polymerization ................................................................................................................ 106
3.5.6.

Polyethylene analysis ....................................................................................... 110

3.5.7.

Polymerization in deuterium oxide .................................................................. 111

3.5.8.

Influence of pH in catalytic aqueous polymerization ....................................... 112

3.5.9.

Catalyst stabilizing additives ............................................................................ 115

3.5.10. Sampling system .............................................................................................. 124
3.5.11. Volume of a particle ......................................................................................... 139
3.5.12. Particle thickness measurements ...................................................................... 141
3.6.
4.

References ................................................................................................................ 143

Aqueous Dispersions of Multiphase Polyolefin Particles .......................................... 147
4.1.

Introduction ............................................................................................................. 147

4.2.

Results and discussion ............................................................................................. 148

XVI

4.2.1.

Generation of dispersed polyethylene with variable crystallinity .................... 148

4.2.2.

Synthesis of nanocomposite dispersions. ......................................................... 152

4.2.3.

Film formation.................................................................................................. 164

4.3.

Conclusion ............................................................................................................... 165

4.4.

Experimental section ............................................................................................... 167

4.4.1.

General methods and materials ........................................................................ 167

4.4.2.

Polymerization procedure................................................................................. 168

4.4.3.

Extraction experiments ..................................................................................... 170

4.4.4.

Film formation.................................................................................................. 170

4.5.

4.5.1.

Aqueous single-step polymerizations............................................................... 172

4.5.2.

Dispersion blends accessed by post-polymerization ........................................ 174

4.5.3.

Two step (‘in situ’) polymerizations ................................................................ 175

4.5.4.

Film formation.................................................................................................. 191

4.6.
5.

Appendix .................................................................................................................. 172

References ................................................................................................................ 194

Composites from Aqueous Polyethylene Nanocrystal / Graphene Dispersions ...... 197
5.1.

Introduction ............................................................................................................. 197

5.2.

Results and discussion ............................................................................................. 198

5.2.1.

Graphene/polyethylene composite dispersions ................................................ 199

5.2.2.

Graphene/polyethylene composite materials.................................................... 209

5.3.

Conclusion ............................................................................................................... 213

5.4.

Experimental section ............................................................................................... 214

5.4.1.

General methods and materials ........................................................................ 214

5.4.2.

Synthesis of the composite dispersions ............................................................ 215

5.4.3.

Compression molding ...................................................................................... 216

5.4.4.

Conductivity measurements ............................................................................. 217

5.5.

References ................................................................................................................ 218
XVII

6.

Conclusive Summary/ Zusammenfassung .................................................................. 221

7.

Gesamtquellenverzeichnis ............................................................................................ 235

XVIII

Abbreviations
Analytic methods
AFM

atomic force microscopy

AUZ

analytical ultracentrifuge

CM

conductivity measurements

DLS

dynamic light scattering

DSC

differential scanning calorimetry

EELS

electron energy loss spectroscopy

GPC

gel permeation chromatography

HR-TEM

high resolution transmission electron microscopy

NMR

nuclear magnetic resonance

SAED

selected area electron diffraction

TEM

transmission electron microscopy

TGA

thermal gravimetric analysis

Compounds, molecular frangments
acac

acetyl acetonato

aq

water

brPE

branched polyethylene

COC

cycloolefin copolymer

CRGO

chemically reduced graphene oxide

CsDS

cesium dodecyl sulfat
XIX

CTAB

cetyl trimethyl ammonium bromide

DABCO

1,4-diazabicyclo[2.2.2]octane

DBU

1,8-diazabicycloundec-7-ene

DMA

N,N-dimethylacetamide

DMF

dimethylformamide

DMSO

dimethylsulfoxide

Et

ethyl

G1, G2

graphene

HDPE

high density polyethylene

iPr

isopropyl

KDS

potassium dodecyl sulfate

L

ligand

LDPE

low density polyethylene

LLDPE

linear low density polyethylene

M

metal atom

MAO

methyl aluminoxane

Me

methyl

PE

polyethylene

Ph

phenyl

py

pyridine

XX

SDS

sodium dodecyl sulfate

TCE-d2

1,1,2,2-tetrachlorethane-d2

THF

tetrahydrofuran

TMEDA

N,N,N´,N´-tetramethylethylendiamin

TPPMS

sodium mono(p-sulfonatophenyl)phenylphosphine

TPPTS

sodium tris(m-sulfonatophenyl)phenyl phosphine

TRGO

thermally reduced graphene oxide

N^O

κ2N,O-coordinated salicylaldiminato ligand

P^O

κ2P,O-coordinated posphinoenolato ligand

VOC

volatile organic compound

Miscellaneous
ADMET

acyclic diene metathesis

cat.

catalyst

D

aqueous polymerization using water-soluble catalyst precursor

δ

chemical shift in ppm

E

miniemulsion polymerization

ΔHm

melting enthalpy

MFT

minimum film formation temperature

Mn

number average molecular weight distribution

Mw

weight average molecular weight distribution

Mw/Mn

polydispersity index
XXI

n.a.

not available

n.e.

not estimated

ppm

parts per million

PPM

post polymerization mixing

PSD

particle size distribution

ROP

ring opening polymerization

ROMP

ring opening metathesis polymerization

SHOP

Shell Higher Olefin Process

T

temperature

Tc

crystallization temperature

Tg

glass transition temperature

TK

Krafft point

Tm

melting temperature

TMB

total mass balance

TOF

turnover frequency, mol (monomer converted) · mol (catalyst)-1 · time
unit-1

TON

turnover number, mol (monomer converted) · mol (catalyst)-1

UV

ultra violett

XXII

XXIII

XXIV

1. General Introduction
1.1.

Polyethylene production and applications

Ethylene, being a product of the petrochemical industry, is the largest organic chemical by
volume. The annual production of ethylene was expected to reach 160 millions of tonnes by
2015.[1] Polyethylene is derived from this cheap and easily accessible monomer and 33% of
the world polymer demand applies to polyethylene (Figure 1-1).[2] In 2012 about 80 millions
of tonnes of polyethylene were produced worldwide and 2017 the production is expected to
reach 100 millions of tonnes.[3]
Engineering and
others; 9.5%
PUR; 5.5%
PET; 7.0%

PP; 22.5%

PS/EPS; 7.0%
LD/LLDPE;
17.5%

PVC; 15.5%

HDPE; 15.5%

Figure 1-1. Global plastics consumption 2011, by type (total 233 Mt) from Plastics
Information Europe 2012.[2]
Depending on the synthetic procedure, ethylene polymerization can result in a wide range of
materials with very different properties. The oldest process is radical polymerization which is
performed at high temperatures and very high pressures. Until now it is the only industrial
way of incorporating polar units like vinyl acetate, acrylates or methacrylates into the
polyethylene chain. Radically produced polyethylene, low density polyethylene (LDPE),
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possesses good processing properties due to the relatively high amount of the long chain
branches. It can be used for the production of consumer goods like plastic bags, paper
coatings in food packaging and cable insulations.[4]
The largest amount of polyethylene is, however, produced by the catalytic pathway because
this process is run under much milder conditions than the radical polymerization, and allows
for the control of the polymer microstructures. Depending on the catalytic system polymers
with a wide range of molecular weights and branching patterns can be obtained. Amongst
them, high density polyethylene (HDPE), linear low density polyethylene (LLDPE) and ultra
high molecular weight polyethylene (UHMWPE) are distinguished. HDPE can be synthesized
using Ziegler-, Phillips, or single-site catalysts which are based on early transition metals like
titanium, zirconium, chromium, vanadium or hafnium. The reaction can be performed in the
gas phase or in liquid hydrocarbons, like hexanes, as a reaction medium.[5] HDPE is used for
the production of storage containers for aggressive liquids like acids, bleaches and detergents,
but it can also be used for film production or structural applications like pipes.[4]
Copolymerization of ethylene with other α-olefins results in linear LLDPE, which is a
randomly branched polymer with uniform chain lengths. It possesses improved lifecycle
properties compared to LDPE and is a fast growing competing product for LDPE. LLDPE has
a lower tensile viscosity compared to LDPE, and it can be drawn to much thinner films than
LDPE while retaining equivalent mechanical properties.[4] Polyethylene with very high
molecular weight, UHMWPE, is the “high performer” in the polyethylene family. Due to its
outstanding properties like extreme toughness, abrasion resistance, low friction and chemical
inertness it can be applied in moving parts of industrial machines, gears, bearings, bulletproof
wests or even particular parts of artificial joint implants. However, the high viscosity and the
entanglement density of the very long polymer chains makes the processing of such material
difficult and it requires specially elaborated processes and equipment.[4],[6] Development of
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processes which lead to finely dispersed non-entangled UHMWPE is a particularly interesting
topic.[7]
The traditional ethylene insertion polymerization catalysts are heterogeneous multisite-catalysts which are applied as microscopic catalyst grains. The polymer chains are generated at
the catalytically active centers which are situated on the surface of such grains leading to the
growth of the polymer particle itself. During the polymerization the catalyst grains are fragmented into smaller entities (sized ~ 4 nm for TiCl3; ~ 100 nm for oxide supported catalysts[4]) which are held together by the polymer formed. As a result of such a growth mode the
overall grain shape is replicated to the final polymer particle (Figure 1-2). The particle size
distribution of the polymer particles is imposed by the initial particle size distribution of the
catalyst grains (Phillips Particle Form Process, Unipol Process by Union Carbide Corporation
or Spheripol Process by Montedison Group).[4] The active centers on the surface of the solid
catalysts polymerize ethylene in a slightly different manner due to the different atomic
environment of each catalytic center. Thus, the obtained products consist of polymer fractions
with various microstructures and chain lengths.[8]

Figure 1-2. Particle growth by the fragmentation-replication mechanism. Black dots = catalyst, orange shell = polymer.[4]
Heterogeneous multi-site catalyst systems are versatile and robust, nevertheless polymerization using single-site catalysts in solution or as supported catalysts gained an increasing attention in the last decades. Such catalysts ideally have only one kind of active center and allow
3

for more microstructure control which is particularly required for the synthesis of syndiotactic
polypropylene or copolymers with uniform comonomer incorporation.[8] Systems based on
titanium, zirconium or others can even compete with the heterogeneous multi-site systems on
the industrial scale.[4]
As mentioned before, one of the prominent polyethylene applications besides packaging is its
use as a chemically resistant coating polymer, e.g. for cardboard, paper, and aluminum for
milk containers.[4] Here, the coating issues from a polymer melt or organic solution. Regarding the environmental aspects, but also the processing issues, production of aqueous
dispersion-based coatings and paints is one of the most growing polymer markets. Ethylene
copolymer-based dispersions are a technical product, but unfortunately they can only be
accessed as secondary dispersions. Wax dispersions can be prepared by emulsification of the
wax melt.[9],[10] The secondary dispersion process of high molecular weight polyethylene
involves the dissolution of the polymer, which was previously synthesized by classical
methods in organic solvents, followed by its emulsification in water applying high shear and
the subsequent removal of the organic solvent (e.g. HYPODTM dispersions by Dow Chemicals
[11]

). This process is cost intensive, environmentally disadvantageous and limited to soluble,

mostly amorphous polymers. Direct polyethylene synthesis in water would therefore be
particularly interesting. Even though examples of the direct synthesis of PE dispersions by the
radical path were reported [12], the most versatile technique, the classical catalytic polymerization using early-transition metal catalysts is not compatible with such aqueous systems. The
reasons can be found in the nature of the catalysts themselves as well as in the polymerization
mechanism.

1.2.

Insertion polymerization of ethylene in apolar and polar media

Single-site catalysts possess only one type of active centers allowing for an effective reaction
control. The most common type of the single-site catalysts, metallocenes, require an activa4

tion by methyl aluminoxane (MAO) (Figure 1-3) or other Lewis acids like
tris(pentafluorophenyl)-borane or tetrakis(pentafluorophenyl)borate. Appropriately chosen
transition metal counter ions enable the control of the microstructure of the polymer, the
control over molecular weight and incorporation of monomers which were not accessible with
Ziegler catalysts (like styrene or butadiene).[4],[ 13 ] The control of the polymer tacticity is
possible via specially designed chiral metallocenes.[8],[14]

Figure 1-3. Typical metallocene catalyst and its activation with MAO.[4]
Early transition metal based catalysts are extremely powerful when used in hydrocarbons or in
gas phase, however, due to their high oxophilicity they cannot be applied in water.
Late transition metal based catalysts are much less oxophilic and therefore less amenable to
reactions with water. Several well-known industrial processes including the Shell-HigherOlefin Process (SHOP) or the Ruhrchemie/Rhône-Poulenc-Process are run in very polar
media (using a [(P^O)NiPh(L)] catalyst like 1 (Figure 1-6) in 1,4-butandiol or
[RhH(CO)(TPPTS)3] in water, respectively).[ 15 ] Indeed, in terms of stability towards
hydrolysis, this class of catalysts would be the perfect candidate for ethylene emulsion
polymerization.[8]
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Figure 1-4. ß-hydride elimination mechanism can result in chain transfer to the monomer
(and low molecular weight products) and in ‘chain walking’ (highly branched products).
However, typical late transition metal catalysts bearing strong σ-donor ligands like PPh3 undergo facile ß-H elimination followed by chain transfer to the monomer resulting in oligomeric products (Figure 1-4). Addition of phosphine scavengers or application of weaker σdonors like pyridine or phosphine oxides enables the formation of linear to moderately
branched higher molecular weight polyethylenes.[8]
Another class of Ni-based catalysts active in ethylene polymerization was developed by
Brookhart et al.[ 16 ] The catalytically active species is a cationic complex which can be
obtained by the activation of the initial catalyst precursor with a Lewis acid. High molecular
weight polyethylenes were accessed using α-diimine nickel or palladium(II) catalyst
precursors (Figure 1-5, a)). Here, chain transfer to the monomer is retarded by the bulky
ortho-aryl substituents which effectively shield the axial positions of the catalytic center.
After ß-H elimination the olefinic end group can be reinserted and via such a ‘chain walking’
mechanism branched polymers are obtained (Figure 1-4).[8] The α-diimine catalysts are also
active for ethylene copolymerization with polar monomers like acrylates, olefinic
carboxylates or acrylic acid. However, the comonomers are mostly incorporated at the ends of
the branches and the polymerization reaction is strongly retarded due to the chelation of the
6

metal center by the polar monomer.[16d] Another type of late transition metal based catalysts,
[(P^O)PdMeL], was developed by Drent et al. (Figure 1-5, c). These single-site palladium
phosphine sulfonato catalysts enable the synthesis of statistical in-chain ethylene – polar
monomer copolymers.[17] Since then, different monomers[8] like acrylic acid, methyl acrylate,
vinyl acetate,[18] acrylonitrile,[19] vinyl sulfones[20] could be copolymerized with ethylene.
Such copolymers can be used for the synthesis of self-stabilizing polyethylene particles.[21]
Drent-type catalysts were also tested in aqueous systems, however, only low activities were
observed.[22]

Figure 1-5. Examples of a) α-diimine catalyst precursors, b) neutral Ni(II) salicylaldiminato
catalyst precursors and c) neutral Pd(II) phosphinosulfonate catalyst precursor.
A class of neutral κ2-(N^O) Ni(II) salicylaldiminato complexes active in ethylene polymerization was developed by Johnson and Grubbs (Figure 1-5, b)).[23] Benefitting from the simplicity of the system, theses catalysts have proven to be sensitive to the modifications of the ligand
substitution pattern resulting in a wide range of accessible polymer microstructures.[24]-[27]
Water-insoluble neutral Keim or Grubbs system-based (N^O) and (P^O) nickel complexes
(e.g. complex 1 or 2a, Figure 1-6) were successfully used for ethylene polymerization in
aqueous miniemulsion.[24c],[28]-[33] The resulting dispersions with up to 17 wt % polyethylene
consist of multilamellar particles sized 30–250 nm.[24c] Using catalyst precursors like 2b-py
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high molecular weight polyethylene with Mn = 3 × 104 g mol-1 and Mw/Mn = 1.5 are obtained
in miniemulsion polymerization.

Figure 1-6. Examples of water-insoluble and water-soluble Ni-based catalyst precursors
active in aqueous ethylene (miniemulsion)polymerization. L = py, TPPTS; Py = pyridine,
TPPTS = sodium 3,3',3''-phosphinetriyltribenzenesulfonate, TPPMS = sodium 3-(diphenylphosphino)benzenesulfonate.
Alternatively, a water-soluble ligand like sodium tris(m-sulfonatophenyl)phenyl phosphine
(TPPTS) can be used as labile ligand L leading to fully water-soluble neutral nickel catalyst
precursors (Figure 1-6, 2b[25a], 2c[26], 3[34]). Such catalysts readily polymerize ethylene in
water to polyethylene dispersions of very small single lamella particles.[35] Typical polyethylene particle dimensions obtained by aqueous polymerization at 15 °C and 40 bar using
catalyst precursor 2b-TPPTS are 8 × 20 nm. These particle are composed of linear polyethylene with Mn = 3 × 105 g mol-1 and Mw/Mn = 1.5 and ~ 6 methyl branches per
1000 carbon atoms. The microstructure of the polymer obtained with catalysts of type 2-L can
also be varied by the modification of the electronic properties of the salicylaldiminato ligand.
Using these catalyst precursors a range of polymers with molecular weights of Mn = 1 × 103–
7 × 105 g mol-1 and 1–100 branches per 1000 carbon atoms can be obtained. Note, in this
system polymers with lower molecular weight usually have a higher degree of
branching.[36],[23a]
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The polymerization mechanism of ethylene using catalysts of type 2-L is not completely
understood yet. The general mechanism was described by Berkefeld et al.[37] (Figure 1-7)
exemplarily using 2b-DMSO catalyst precursor in DMSO as a solvent. The formation of the
Ni-polymeryls was studied by Sochnikov et al. using catalyst precursors 2b-py and 2c-py in
toluene at 60 °C.[38] The catalyst precursor is initiated by the dissociation of the ligand L,
which is the polymerization limiting step under NMR tube conditions (Figure 1-7).[37]

Figure 1-7. Polymerization mechanism proposed by Berkefeld et al. for ethylene polymerization using 2b-DMSO in DMSO-d6. kprop,est is only a rough estimation from reaction times and
polymer yields according to [37].
Hence, weakly coordinating labile ligands L are advantageous for efficient ethylene
polymerization. By subsequent ethylene coordination to the free coordination site (formation
of the activated species) and its migratory insertion into the Ni-C bond the polymerization is
initiated. The restored free coordination site can be occupied again by the ligand L (formation
of the dormant species) or by a new ethylene unit (chain growth) (Figure 1-7). Also ß-hydride
elimination followed by reinsertion (‘chain walking’) and chain transfer to the monomer are
possible (cf. Figure 1-4).
9

Non-hydrolytic catalyst deactivation. Besides the non-destructive reversible reactions within
the catalytic cycle also irreversible deactivation reactions of the catalytic species have to be
considered. The presence of very reactive hydrides, resulting from the ß-hydride elimination
path (cf. Figure 1-4 and Figure 1-7), opens several deactivation pathways. Reductive
elimination by bimolecular reaction of the Ni-polymeryls with each other or with Ni-hydride
species or non-initiated catalyst precursor was observed in the NMR experiment in DMSO at
room temperature using 2b-DMSO.[37] The reaction leads to the formation of fully saturated
aliphatic chains (Figure 1-8) and formation of inactive paramagnetic nickel species of type
[(N^O)2Ni(L)], which further decomposes into the diamagnetic square planar [(N^O)2Ni], as
shown by NMR studies in toluene at 60 °C using catalyst precursor 2b-py.[38] The reductive
elimination by bimolecular reaction found in the water free system was also observed in a
DMSO/D2O mixtures as a solvent in NMR experiments at room temperature using 2b-DMSO
as a catalyst precursor.
Another mechanism leading to the reductive elimination of saturated chains was described by
Jenkins et al. in a pressure reactor experiment using [κ2-(N,O)Ni(II)Ph(PPh3)] in ethylene
polymerization at 15 bar and 80 °C in benzene using ~ 10-5 mol L-1 catalyst precursor, and in
a NMR experiment at 75 °C in benzene.[39] Younkin et al. in an NMR experiment observed
similar deactivation pathways using [κ2-(N,O)Ni(II)Ph(PPh3)] in MMA polymerization at
80 °C in toluene.[40] Here, a Ni-hydride species decomposed by reductive elimination into
inactive Ni0 species and the protonated (N^O)-ligand. The obtained protonated ligand reacted
with another active species to catalytically inactive [(N^O)2Ni] and a saturated chain
according to pathway 2, Figure 1-8.
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Figure 1-8. Bimolecular catalyst deactivation pathway 1 observed between 55–80 °C. Mecomplex = 2b-DMSO, hydride-complex analogous to 2b-PMe3.[37] The formation of
[(N^O)2Ni] occurs in a multistep reaction via a paramagnetic species. This reaction was
studied at 60 °C using 2b-py in toluene.[38] The reaction of the protonated ligand with the
active species followed by elimination of a saturated chain (pathway 2) was also reported in
ethylene polymerization using [κ2-(N,O)Ni(II)Ph(PPh3)] at 15 bar and 80 °C in benzene.[39]
Hydrolytic catalyst deactivation. The aqueous environment provides very high concentrations
of water, which is a strong σ-donor and highly reactive towards numerous organometallic
compounds. However, the first row late transition metals with a charge of +2 do not favor
water in their coordination sphere due to the destabilizing effect of electrons in eg orbitals.
The nickel-water complex shows a much lower stability compared to its palladium analogs
(the complex dissociation rate constants are: k[Ni(OH2)6]2+ = 3.2 × 104 s-1 and k[Pd(OH2)4]2+ = 5.6 ×
102 s-1[[41]).[42] Therefore, the Ni(II) salicylaldiminato Grubbs-type systems are not expected to
be particularly susceptible to water coordination and this catalytic system is expected to be
efficient in ethylene polymerization.
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Certainly, besides the coordination to the metal center, water can also act as an acid or a base,
due to its amphiphilic nature. High-valent early transition metals do not form aqua complexes,
but hydrolyze to oxoanions or hydrated oxides.[42] Ligands like ethylene and CO are amenable
to nucleophilic attack, i.e. upon coordination to Pd2+, which is a typical activation reaction
prior to the C-C bond formation. The Wacker-Hoechst acetaldehyde process is an example of
partial and selective oxidation of ethylene to acetaldehyde using a PdCl 2 catalyst. The metalethylene complex is activated for the nucleophilic attack of water (Figure 1-9) leading to the
formation of the acetaldehyde, Pd and hydrochloric acid. The oxygen, provided in the process,
is only used to regenerate PdCl2 from Pd and HCl.[42]

Figure 1-9. General reactions of organometallic compounds with water.
Noteworthy, the degradation of the organometallic complex can also result from the reaction
of the organic part of the complex with water, e.g. organic phosphanes tend to form phosphane oxides in aqueous environment (Figure 1-10).
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Figure 1-10. Degradation of the rhodium (I) hydroformylation catalyst via a phosphinidene
intermediate, followed by reaction with water to hydroxyphosphine resulting in cleavage of
the phosphine ligand. Tautomerization of the hydroxyphosphine results in phosphinous
acid.[42]
Reactions of the Grubbs-type (N^O)Ni catalyst precursor, Ni-polymeryls and Ni-hydride with
D2O were studied by NMR. Some slow formation of methane-d1 was found at elevated
temperatures using 2b-DMSO (70 °C, τ ≈ 140 min) but at the same time no formation of
longer saturated deuterated chains was observed. Hence, the reaction with deuterium oxide
does not affect the catalyst stability significantly.[37] Interestingly, previous theoretical studies
suggested a much stronger interaction between the catalytic center and water.[43] A weakly
coordinated water complex was described to be a possible intermediate for protolysis of the
metal carbon bond (Figure 1-11).

Figure 1-11. Possible deactivation mechanism of the catalyst precursor or the catalytically
active species respectively by water according to theoretical calculations.[43]
Which of these possible deactivation reactions are important under true pressure reactor
conditions in ethylene polymerization using 2b-TPPTS as catalyst precursor cannot be predicted per se. The dilution of the catalyst itself can disfavor the bimolecular elimination path.
Addition of the surfactant will result in the formation of additional phases such as micelles
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and therefore strongly affect the solvation environment of the polymeric phase and the
catalyst, thus the reactivity towards water might be very different compared to the
homogeneous catalyst solution studied under NMR experiment conditions.

1.3.

Micellar systems

Micelle formation. Aqueous micelles are thermodynamically stable but kinetically fluxional
assemblies of amphiphilic molecules. Such molecules, referred to as surfactants, consist of a
hydrophobic aliphatic or aromatic chain and a hydrophilic cationic, anionic, zwitterionic or
highly polar group. In water the hydrophilic head groups form the outer shell of the micelle;
the long hydrophobic chains are situated in the inner part of the micelle. Due to the rapid
exchange of position between the surfactant molecules small concentrations of water are also
present in the core of a micelle.

Figure 1-12. Surfactant phase diagram. The Krafft point is indicated as TK. Below TK the
solubility of the surfactant is low. Due to the formation of micelles the solubility of the
surfactant strongly increases above TK.[44]
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Table 1-1. Examples of surfactants with their Krafft / cloud points and CMCs.
surfactant

Krafft/cloud point [°C] CMC [mmol/L]

sodium dodecyl sulfate (SDS)

15[45]

8.2 (25°C)[46]

SDS 5 wt %

18[47]

n.a.

SDS 10 wt %

20[47]

n.a.

[47]

SDS 25 wt %

23.5

SDS + 0.1 M NaCl

18[45]

n.a.

SDS in D2O

n.a.

7.6 (25°C)[48]

potassium dodecyl sulfate (KDS) 35[49]

n.a.

7.8 (40°C)[46]

cesium dodecyl sulfate (CsDS)

33[47]

n.a.

DOWFAX 2A1

n.a.

0.12[50]

CTAB

20–25[51]

0.9 (25°C)[52]

Brij-35 (1-6% aq solution)

100

0.06 (25°C)[53]

Triton-100

64[54]

0.2 (25°C)[53]

Above a certain temperature the solubility of the surfactant greatly increases due to the
reorganization of the single surfactant molecules to stable micelles (Krafft’s point, Figure
1-12). When a micellar solution is cooled below the TK the surfactant will form a separate
phase, consisting of hydrated crystals. However, with sufficiently fast cooling, micelles will
also be present below TK.[55] Additionally, intermediate phases like liquid crystals can appear
upon transition from the micellar phase to the solid crystal phase (e.g. in the case of CsDS[47]).
TK of the surfactant strongly depends on the counter ion concentration, solvent properties,
additive concentration and pressure. Variation of the counter ion also results in different T K
(cf. TK of SDS, KDS and CsDS,
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Table 1-1). Above TK micelles form at a certain surfactant concentration the critical micelle
concentration (CMC). Below this concentration the surface tension of the water depends on
the surfactant concentration and, above the CMC the surface tension remains almost constant

surface tension [mN m-1]

(Figure 1-13).
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Figure 1-13. Surface tension of an aqueous SDS solution depending on the SDS concentration at 25 °C and determination of CMC (surface tension was determined according to the
procedure from 3.4.1).
Reactions in micellar systems are strongly affected by the presence of micelles. Inside the
micelle the dielectric constant is usually lower than in water. The reaction transition state can
be stabilized through interactions with the polar head groups. The surfaces of ionic micelles
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are more acidic or basic (depending on the head group) compared to the surrounding aqueous
phase.
Micellar systems for polymerization. Polymerization in a dispersed phase is of great interest,
because it allows for a good control of the heat of reaction and the polymerization to very
high monomer conversions without significantly increasing the viscosity of the reaction
mixture. Depending on the stabilization method of the oil phase and the dispersed phase produced, one differentiates between suspension, emulsion or miniemulsion polymerization.
Typically, the monomer, being an oil phase, is dispersed in the continuous aqueous phase,
which contains a water-soluble (radical) initiator. When the monomer is polymerized without
addition of surfactants, a polymer suspension is formed. Agitation of surfactant-containing
water/oil-mixtures will result in the formation of emulsions. The emulsion comprises larger
oil droplets and some monomer will migrate from the oil phase into the aqueous phase. There,
polymerization of the monomer is initiated by radical initiator. The growing chains migrate
into the micelles formed by surfactant and the polymerization proceeds further inside those
micelles (micellar nucleation). Alternatively, a growing chain may collapse upon itself before
entering a micelle and form a new particle that stabilizes itself by adsorption of surfactant
(homogeneous nucleation). Another type of dispersed polymerization system, a miniemulsion,
can be prepared from an oil phase and cosurfactant which are dispersed in aqueous surfactant
solution by application of high shear. The cosurfactant (usually a long chain alkane), being
less water-soluble than the oil phase, prevents the Oswald ripening of the droplets formed.
The final polymer particle size, obtained in miniemulsion polymerization, is determined by
the droplet size because unlike in an emulsion polymerization, here, the polymerization
occurs inside the droplets. The droplet size can be varied by the choice of the cosurfactant, the
intensity and duration of the high shear.[56] Both, emulsions and miniemulsions, are however
thermodynamically unstable and will separate after a period of time. Microemulsions are
thermodynamically stable dispersed systems which form spontaneously without application of
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high shear at a given composition range. They consist of oil, surfactant, water and usually a
cosurfactant like a long-chain alcohol and exist only in a certain composition range.[ 57 ]
Polymerizations performed in microemulsion usually result in very small particles.

1.4.

Reactions in multiphase systems

Hydroformylation of alkenes in aqueous solutions. One prominent and instructive example of
an industrially applied multiphase system is the hydroformylation of propylene. The olefin is
converted in water to butanal using syngas as the source of the carbonyl functional groups and
a homogeneous water-soluble rhodium catalyst [RhH(CO)(TPPTS)3] (Ruhrchemie/RhônePoulenc-Process). The starting materials are introduced at the bottom of the reactor and are
intimately mixed with the aqueous phase which contains the catalyst. A key feature of the
system is the insolubility of the obtained product in water. The product is easily separated
from the catalyst-containing aqueous phase during the reaction which facilitates the product
processing. Catalyst leaching from the aqueous phase is prevented by addition of an excess of
the water-soluble ligand. Although the chemical reaction on the molecular scale is very
efficient, the process kinetics of such multiphase reactions are very complex and hardly
accessible.
Table 1-2. Solubility of olefins in water at 1.013 bar and 298 K
alkene

solubility [mmol L-1]

ethylene

10 (0°C)[58]

propene

19 (0°C)[58]
9.5 (20°C)[58]
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1-butene

3.5 (20°C)[58]

1-pentene

8.2[59]

1-hexene

2.8[59]

2-heptene

0.83[59]

1-octene

0.15[59]

2-octene

0.13[59]

1-decene

0.03[59]

They depend on the actual chemical reaction rate and the mass transfer processes, and the
latter may even play the major role. The solubility of the reagents and reactants, the interphase
mass transfer between the gas – liquid and aqueous liquid – organic liquid phase and intrinsic
kinetics (e.g. concentration, partial and total pressure, temperature) are factors which determine the overall reaction rate and selectivity.
While hydroformylation of short olefins like propene or even butene occurs efficiently,
hydroformylation of higher α-olefins using typical [RhH(CO)(TPPTS)3] is ineffective. The
main reason is the poor solubility of the α-olefin in water (cf. Table 1-2). In the case of
1-hexene this obstacle is overcome by addition of cosolvent like ethanol, n-propylamine or
ethylene glycol. The leaching of the catalyst into the organic phase is still limited because the
aqueous phase is the main reaction locus. In contrast, the catalytic biphasic hydroformylation
of 1-dodecene in the presence of the cationic surfactant cetyl trimethyl ammonium bromide
(CTAB) takes place on the interphase between the organic droplet which contains the starting
material and the aqueous phase which contains the catalyst. The negatively charged catalyst
[RhCl(CO)[P(m-C6H4SO32-)]2] is attracted by the cationic surfactant which can potentially
result in catalyst leaching into the organic phase. This can be partially prevented by
application of an excess of the free ligand. Too high ligand concentration, however, results in
low yields due to the blocking of the catalytic center, thus, an optimum free ligand
concentration exists, where the highest yield can be obtained. Also, the crucial phase
separation step in the process is impeded by the adsorption of surfactant.
An improvement of the system’s productivity was pursued by very different approaches. One
interesting attempt was the incorporation of the “surfactant functionality” within the catalyst
itself. Turn over frequencies (TOF) of up to 340 h-1 were obtained with a modified catalyst
(cf. Figure 1-14) in the reaction of 1-tetradecene to pentadecanal, while the Rh/TPPTS
catalyst gave only traces of the products.[42] A simplified model of the reactive micelles is
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shown in Figure 1-14. The droplet consists of an α-olefin and the catalyst with the long
aliphatic chain, the SO3--group is situated in the Stern layer and, the counter ions in the GouyChapmann double layer. The reaction takes place in the interphase between the hydrophobic
core and the Stern layer. The reaction efficiency strongly depends on the length of the
aliphatic chain of the ligand. Short chains do not solubilize the α-olefin; excessively long
surfactant alkyl chains displace the catalytic center from the polymerization locus. In addition,
catalysts with a ligand chain length > 10 C cannot be separated readily from the hydrophobic
product.

Figure 1-14. A simplified model of a reactive micelle with an amphiphilically modified
catalyst. The surfactant functionality is incorporated within the chain in order to enable the
efficient hydroformylation of long olefins in water. The catalyst and the long aliphatic chain
of the ligand are situated within the micelle. The tetradecene is solubilized in this core. The
SO3- group is situated in the Stern layer (orange). The micelle is surrounded by the GouyChapmann double layer (blue). The micelle is surrounded by the bulk water. Counter ions
(Na+, OH- etc.) are depicted as white dots.[42]
Mass transport in aqueous ethylene polymerization. As exemplified by the hydroformylation
of propene, the reaction kinetics of catalyzed multiphase reactions not only depend on the
molecular conversion rate, but also on the reagent solubilites, the efficient transport of the
reactants to the reaction locus and the transport of the products away from the reaction locus.
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An efficient polymerization of ethylene in water using a water-soluble catalyst precursor will
therefore require a consideration of the ethylene and catalyst (precursor) solubilities in water
and the newly formed polyethylene phase. The locus of the polymerization will be determined
by the nature of the formed catalytically active species. Addition of surfactant will result in
the formation of additional phases and therefore can modify the polymerization environment.
Swelling and solubility of polyethylene. Polyethylene is completely insoluble in polar solvents
like water or methanol. Low molecular weight and high degrees of branching result in more
soluble polyethylenes. Solvents like hexane, toluene or even THF are often suitable solvents
for hydrocarbon oligomers. Linear high molecular weight polyethylene is poorly soluble even
in hot aromatic or chlorinated solvents like xylene or tetrachloroethane.[60] Such compounds
can also be swollen by organic solvents. The solubility and the swelling properties depend on
the amount of amorphous regions in the polymer. Amorphous polymer regions are more
easily swollen by organic solvents.

solubility [mmol L-1]

300

200
at 35 °C
at 55 °C
at 75 °C

100

0

0

200

400

600

pressure [atm]

Figure 1-15. Solubility of ethylene in water as a function of pressure at 35 °C, 55 °C and
75°C.[61]
Solubility of ethylene in water. The solubility of α-olefins in water is very low, however it
increases with rising pressure and decreases with rising temperature (Table 1-2 and Figure
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1-15). A limitation of the ethylene mass transport can be overcome when aqueous phase and
the gaseous phase are intimately mixed using appropriate stirring systems.
Solubility of ethylene in polyethylene. Considering the rather low solubility of ethylene in
water the solubility of ethylene in the product, namely in polyethylene, may play an important
role during the ethylene polymerization process in water. Studies of the solubility of ethylene
in polyethylene are mostly available for higher temperatures and pressures. McKenna studied

ethylene [wt.-%]

ethylene and butene solubility at 21 bar and 74–94 °C in LDPE and HDPE.
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Figure 1-16. Solubility of ethylene in polyethylene (55% cryst. PE film) at 298.15 K.[62]
The main conclusion of the study was that ethylene is only soluble in amorphous regions of
the polymer. Bogdanovic et al. studied ethylene solubility in polyethylene in the temperature
range between 110 °C and 310 °C and pressures from 200 to 1000 bar observing a solubility
inversion at ~ 500 bar ethylene. Li et al. studied ethylene solubility in polyethylene films via
the quartz spring method at room temperature and pressures 15–100 bar (Figure 1-16). All
these studies show that amorphous polyethylene regions are responsible for the ethylene
solubility in polyethylene and the crystallinity of the employed polyethylene strongly affects
the amount of ethylene that can be dissolved in it.
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Solubility of water in polyethylene. Water is known to be incompatible with saturated
hydrocarbons, which means, that the solubility of water in polyethylene is also expected to be
very low. Extrapolation of water solubility data for low molecular weight hydrocarbons to
polyethylene leads to a solubility of ~ 20 ppm in a theoretically fully amorphous PE.
Experimental studies with semicrystalline branched PE revealed solubility of ~ 18 ppm,
however, with a strong dependence on the degree of oxidation of the polymer.[63] Higher
amounts of water are incorporated in the partially oxidized polyethylenes.

1.5.

Crystallization of polyethylene

Linear polyethylene crystallizes in the Pnam space group (cell parameters a = 7.42 Å;
b = 4.95 Å; c = 2.55 Å)
parameters

vary

with

[ 64 ]

the

and an orthorhombic unit cell (Figure 1-17). The cell unit
crystallization

temperature,

annealing

temperature

or

deformation.[65] Also pseudo-hexagonal (ah = 5.0 Å, c = 2.54 Å)[66], monoclinic and triclinic
forms are known.[67] Polyethylenes usually form semicrystalline structures in bulk. When the
semicrystalline polyethylene or ethylene copolymer is quickly cooled down from the melt, so
called fringed micelles are formed. The polymer chains are entangled in the molten state and
cannot rearrange into proper crystals at high cooling rates. Small crystalline regions,
“micelles” or “bundles” are nucleated and they are connected with each other via a less
ordered matrix (Figure 1-18).
When grown from diluted solution or slowly cooled from a melt, polyethylene crystallizes as
thin lozenge-shaped lamellae which consist of folded polyethylene chains (Figure 1-19 and
Figure 1-17, right). Substrate-supported lamellae are flat; free standing lamellae grown
without a solid substrate have a hollow pyramid shape.[69],[70] Deposition of such lamellae on a
substrate usually results in the deformation of the initial shape (Figure 1-19).[70a]
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Figure 1-17. (left) Perspective view of the orthorhombic crystal structure in polyethylene. [67]
C-C and C-H bond distance are 1.53 Å and 1.05 Å respectively; the C-C-C interchain bond
angle is 113° and H1-C-H2 bond angle 109°.[64] (right) Possible folding model of a polymer.
Besides sharp folds also additional long loops between nonadjacent polymer chains are
observed. The chain ends are probably excluded from the crystal. This assumption is
supported by their particularly high susceptibility to ozone or bromine attack.[67]

Figure 1-18. (left) Fringed-micelle model[5], (right) Growth of the spherulite, model[68]
When the melt is cooled at a moderate rate, fewer of crystallization sites are formed. The
crystals grow outwards of the initial nucleation site forming a spherulite (Figure 1-18).[4]
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Figure 1-19. (top) Multilayer PE lozenges grown from diluted solution (left) on a substrate[65]
or (right) without a substrate[69] (bottom) Cross section through (a) an uncollapsed pyramidal
crystal, (b) corrugate crystal, (c) crystal showing slip on plains containing the chain axis, (d)
crystal collapsed by fracture and (e) elastically bent crystal.[70]
The lamella thickness of a polyethylene lamella is determined by the fold length of the
polymer chains. Consequently, the crystal growth proceeds perpendicular to the longest
dimension of the lamella. During the crystallization process, a chain can also unfold and start
a new crystallization front, resulting in the formation of a so called tie molecule. However, the
thermodynamically most stable form of a polyethylene crystal would be a fully extended
chain fold-free crystal. The formation of such a crystal is kinetically strongly hindered and
there are various speculations in literature whether such crystals can be synthesized at
all.[ 71 ],[ 72 ] The theoretical melting point of extended chain crystals obtained from a
polyethylene with an infinite molecular weight would be 144.4 °C.[73] The typically accessible
isothermal crystallization temperature range varies from 120 to 129°C for linear high density
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polyethylene.[73] The thickness of the experimentally obtained lamella depends on the
crystallization procedure (particularly the undercooling temperature, as evident from the
Gibbs Thomson Equationa)). The slower the crystallization occurs, the lower the number of
the chain entanglements of the crystallizing chain and the larger the crystalline thicknesses
that arise. Typically, crystalline thicknesses in the range of 8 – 20 nm are observed.[4],[74] The
extent of the entanglement present in the crystallizing polymer melt depends on the molecular
weight of the polymer. High molecular weight polyethylene crystallizes more readily than low
molecular weight polyethylene at identical crystallization conditions because of the higher
dissolution temperature of the high molecular weight polyethylene.[67] However, when a very
high degree of entanglement is present in the melt (e.g. in the case of UHMWPE) the
crystallization process will be disturbed.
The lamellar thickness of polyethylene crystals can usually be increased without destruction
of the original chain orientation by careful annealing of the lamella just below its melting
temperature. The chain segments slide parallel to each other and reorder, increasing the
portion of the crystalline phase. This mechanism is hindered when defects, like branches,
were incorporated in the crystal. Such defects are excluded from the crystal after annealing,
leading to the formation of thicker amorphous layers in the case of non-linear
polyethylene.[67],[75]
The influence of the branching on the polyethylene crystallization was investigated in bulk.
Interestingly, also the kind of branching affects crystallization processes. In polymers
obtained by random ethylene/propylene or ethylene/butylene copolymerization methyl and
ethyl groups can be incorporated into polyethylene crystals, resulting in increased unit cell

a)

with the lamellar thickness 𝑙𝑐 =

2𝜎𝑇∞
𝑒
∆ℎ(𝑇∞
𝑐 −𝑇𝑐 )

is determined by the fold surface free energy σ and the free energy

difference between the subcooled liquid and the crystal characterized by its enthalpy change Δh, with Tc , Tc∞and
Tm∞ being the crystallization temperature, the equilibrium crystallization temperature and the melting
temperature, respectively.). The melting temperature of a crystallite 𝑇𝑚 = 𝑇∞
𝑚 (1 −
lamellar thickness lc.
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2𝜎
∆ℎ∙𝑙𝑐

) is dependent on the

dimensions (Table 1-3).[ 76 ] The higher the branch content, the more pronounced is the
influence on the cell unit and crystallinity of the polymer. At some point however, the branch
content becomes too high and polymers with very low crystallinity and the small unit cell
dimensions are obtained. Branches > C4 are always excluded from the crystal due to their high
steric demand.[76],[77] Very long linear branches act as separate chains and „cocrystallize“ with
the main chain only introducing a crystal defect at the branching point.
Table 1-3. Crystallinity and unit cell dimensions for randomly branched polyethylenes[76]-[78]
polymer

branching / 1000 C

crystallinity

unit cell

[%]

a [Å]

b [Å]

ethylene homopolymer

~ 0.1

90

7.421

4.950

ethylene/propylene copolymer

5.1

81

7.457

4.954

6.8

77

7.472

4.955

9.6

72

7.498

4.962

4.0

83

7.445

4.951

9.1

70

7.494

4.964

14.0

62

7.536

4.977

25.3

33

7.477

4.960

2.5

78

7.420

4.950

4.7

70

7.428

4.948

regularly methyl branched PE 0

78

7.40

4.93

synthesized

ADMET 1.5

71

7.1

62

13.6

56

25.0

48

43.3

30

55.6

29

8.46*

4.88*

ethylene/butene copolymer

ethylene/hexene copolymer

by

polymerization

* referred as hexagonal structure
A number of precisely branched polyethylenes were synthesized by acylic diene metathesis
(ADMET) polymerization and subsequent hydrogenation (Table 1-3, Table 1-4).[79] Here, the
branches are placed at constant distances on the polymer backbone. Also in these precisely
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branched polymers the methyl and ethyl branches are incorporated within the crystal while
longer and more bulky branches are excluded from the lattice.[80] The transition from a typical
orthorhombic to a hexagonal structure was observed for high degrees of methyl branching. It
was suggested that a branch spacing of at least 20 carbon atoms is necessary to form an
orthogonal lattice. The crystallinities of these precisely branched polyethylenes also depend
on the type of the branching. Linear polyethylene is highly crystalline; the precisely methyl-,
ethyl- and propyl-branched polyethylenes show a decreasing crystallinity with increasing
branch length. Further increase of the branch length or the branch bulkiness does not affect
the crystallinity of the polymer (Table 1-4).
Table 1-4. Melting temperature and crystallinity of precisely branched polyethylene[77],[79]
branch type

branching / 1000 C

Tm [°C]

crystallinity [%]

no branching

0

133

78

methyl

47.7

63

35

ethyl

47.7

24

22

propyl

47.7

12

20

butyl

25.6

75

34

butyl

47.7

12

19

pentyl

47.7

14

20

hexyl

47.7

12

17

isopropyl

47.7

11

13

sec-butyl

47.7

9

15

tert-butyl

47.7

13

17

cyclohexyl

9

13

adamantyl

-8; 17

~4

The exclusion effect of functional side groups from the crystal can be used for the generation
of nanoparticles whose lamellar thicknesses are determined by the spacer lengths between the
branches, that is, they are controlled directly via polymer microstructure rather than the
crystallization process.[81] Very polar groups like carboxylic acids can enable self-stabilization
of the (nano)particles in water. These groups are excluded from the crystal and can be found
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at the amorphous fold surface where they electrostatically stabilize the particle in aqueous
media.[21],[81]

1.6.

Particle formation

Particle formation in general can be divided into the particle nucleation and the particle
growth processes, even though both can take place at the same time. The former requires
spontaneous or induced formation of a new phase, where the latter describes the dimensional
evolution of this phase.
Homogeneous nucleation. In a homogeneous nucleation process the particles are formed in a
uniform environment. Due to thermodynamic fluctuations, regions with slightly higher solute
concentration exist and small nuclei or instable clusters can form. Depending on the chemical
potentials of the new and the old phase those nuclei become stable or dissolve again. Usually,
supersaturation is necessary for nucleation to occur preferentially if appropriate nucleation
sites are present.
The structural constrains imposed by the nature of the nucleating species reduce the degree of
freedom during the crystallization and affect the entropy change. Consequently, the nucleation
kinetics can strongly depend on the connectivity of the units of the nucleating species. For
polymeric materials the chain length affects the nucleating temperature of the polymer.
Additionally, the effect of ‘incomplete’ nucleation can occur, as it has been exemplarily
shown in the case of the long chain alkanes. The observed nucleation undercoolings are
almost constant for short chain alkanes (Figure 1-20). At chain lengths n ≥ 25 the observed
undercoolings start to increase, which is attributed to the partial molecule nucleation, so called
‘bundle nuclei’ formation. Such a nucleation occurs without regard to the position of the chain
ends, and the low-energy CH3− surfaces which are thermodynamically favored at the “end
surface” cannot be created. The ‘liquid’ chains connected to the nucleus will result in entropic
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nucleation constrains, which become particularly pronounced in the case of alkanes at chain
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Figure 1-20. Nucleation temperature and undercooling of n-alkanes as a function of the chain
length. The measurement was performed using wax dispersions at cooling rate of
0.2 K min-1.[82]
Heterogeneous nucleation. Foreign species like impurities, dispersed particles or container
walls can act as additional nucleation sites. In this case the nucleation barrier and the surface
energy are diminished. Therefore the heterogeneous nucleation occurs at lower
supersaturation than the homogeneous nucleation. The number of heterogeneous nucleation
sites in this case is limited and the nucleation rate depends on it.[ 83 ] Because the
heterogeneous nucleation is energetically more favorable than the homogeneous nucleation, it
will occur preferentially if appropriate nucleation sites are present.
In catalytic aqueous polymerization the nucleating species is generated via ethylene
polymerization. Here, the chain growth proceeds rapidly (cf. Chapter 1.2), thus already after
30 s chains with more than 300 CH2-units are produced. Usually, nucleation of such chains
takes place already at much higher temperatures than the reaction temperature of 15 °C (cf.
Figure 1-20). Thus, very rapid nucleation of the polymer chains is expected.
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Particle growth is usually studied in systems, where multiple growing species are present or
generated upon reaction on the particle surface (solutions of the growing species (precursor)
or melts). Here, homogeneous particle growth can be a diffusion limited process where the
particle growth takes place according to
𝑑𝑟
𝑑𝑡

=

𝐷(𝐶−𝐶𝑠 )𝑉𝑚
𝑟

,

(1-A)

were KD = D(C-Cs)Vm is a constant, D the diffusion coefficient, C the concentration of the
species in the bulk, Cs the concentration of the species on the surface of the particle, r the
radius of the particle and Vm molar volume of the nuclei.
On the other hand, the particle growth can be controlled by the surface reaction. For example
the crystallization rate of a thin platelet like particle, which is formed by polymerization of the
sufficiently available monomer on the particle surface in a non-solvent at constant rate will be
a constant:
dA/dt = Km × u

(1-B)

with A being the particle surface, Km being a crystal specific constant and u the
polymerization rate.

1.7.

Supported polymer films

Film formation. The simplest method for the preparation of polymer films is from diluted
polymer solution.[4] The film thickness obtained from such systems can be controlled by the
dilution and the application technique. The morphology of the solid polymer film will depend
on the drying process and can result in film shrinkage and dewetting of the surface. A
different control of the film formation can be obtained using polymer dispersions where the
desired polymer morphologies are already implemented within the particle.
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Figure 1-21. Film formation from a latex precursor.
However, starting with a stable latex, where the particles are protected from coagulation by
polar or ionic groups, the formation of continuous films is not evident.[84] Applied on a
substrate, the particles still move freely in the solvent (Figure 1-21).[85] Upon evaporation of
the continuous phase (e.g. water) the particles become less mobile and arrange to give a dense
particle layer, but water is still present in the interparticular cavities. In the next step the
particles start to deform, fill up the cavities and form a transparent film. Here, also the particle
stabilizing surfactant can be transported to the film surface. This process is driven by the
capillary force and strongly depends on the amount of the remaining water and the particle
size. Skin formation, development of an “orange peel”-like surface, shrinkage of the film,
cracking and insufficient cohesion are typical problems which can appear, if any of the steps
described above are perturbed.[86],[87] In the last step the particle boundaries disappear and a
continuous film is formed. The level of the interpenetration of polymer chains between the
particle boundaries is responsible for the strength and stability of the film. When the film is
formed below the Tg the particle boundaries will only disappear after heating the film above
the Tg. After cooling, however, the film surface is predispositioned to form cracks. The
interparticular chain diffusion is also dependent on the molecular weight, the crystallinity and
the entanglement of the polymer. In the case of crystalline particles film formation is
problematic even above Tg because the crystallite boarders do not easily rearrange to give a
homogeneous layer when the film formation occurs below Tm. The coalescence of films
issued from dispersions of ‘hard’ polymer particles can be improved by several strategies. The
simplest strategy is the addition of volatile organic solvents (VOC) which act as plasticizers
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and promote polymer diffusion between the particles. Upon VOC evaporation the Tg of the
polymer is restored and a hard homogeneous film is obtained. Another approach to overcome
the lack of sufficient chain interpenetration is the crosslinking of the particle surface upon
drying. However, strong films can only be obtained when the particle deformation takes place
prior to the crosslinking process. Otherwise microgel-like films with very poor mechanical
properties are obtained.[84] Alternatively ‘hard’ and ‘soft’ particles can be combined within
one polymer dispersion, as already established in the form of dispersion blends of the
deformable low-Tg polymers with the impact resistant high-Tg copolymers. Commercially
used examples of these systems are known for polyurethane-acrylic or alkyd-acrylic
blends.[88],[89] In such blends the film formation is governed by the properties of the soft
particles. At the same time the modulus of such films is high, due to the presence of the hard
particles.[84],[90] A more controlled approach for the generation of the film-forming nano-blend
dispersions would be the incorporation of different polymers within the particle itself.[91]
Polyethylene films. Due to its microstructural versatility (branching pattern, molecular weight
and molecular weight distribution) polyethylene would be a potentially suitable polymer for
the fabrication of a range of cheap, chemically resistant and mechanically advantageous
waterborne coatings. Secondary polyethylene copolymer dispersions, like HYPODTM, are
already applied as resource-saving oil, grease and moisture resistant paper coatings for
packaging (cf. Chapter 1.1). Here, the dispersion synthesis is limited by the solubility of
polyethylene to polymers with low crystallinity. Crystalline films are accessible using
aqueous polyethylene dispersions synthesized directly by aqueous catalytic emulsion
polymerization. The formation of such thin and ultrathin semicrystalline high molecular
weight polyethylene films with a thickness of 15–220 nm is also interesting from a
fundamental point of view.[92a]. As expected, upon drying of the crystalline polyethylene
particles on a substrate the particle boundaries are preserved and the reduction of the particle
crystallinity enhances the chain interpenetration during the drying process.[92b] In order to
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break up the particle boarders the films were annealed or recrystallized. Interestingly
crystalline polyethylene particles reorganized into spherulites when 220 nm thick films were
annealed while retaining their continuous structure. In the case of 40 nm films, randomly
grown edge-on lamellae were obtained and ultrathin 15 nm films reorganized to randomly
flat-on lamella films upon annealing. While spherulites are a well-known structure in bulk,
crystalline polymers or micrometer thick films, the structure formation of thinner films seems
to be influenced by the interaction with the substrate and the confinement in one
dimension.[92]

1.8.

Multiphase nanoscale materials

Numerous macro-scale composite materials can be found in our everyday life. Filler materials
like clay,[93] silica or carbon black are incorporated into polymeric materials to reduce the
material cost. Moreover, such fillers can also introduce desirable properties like higher
modulus, impact resistance, or electric conductivity, thus, the combination of different
materials can also be used to improve the physical and chemical properties.[86] Multiphasic
nanostructured materials have proven to be even more promising. Commercial products like
NanoblendTM (PolyOne), Coisite® filled PP (Basell), ForteTM (Nobel Polymers),
Scancomp® (Polykemi AG), Durethan® (Bayer) are just some examples of nanoclay or
nanosilicate reinforced products with fire retardant, low weight or scratch resistance
properties.[94]
The combination of different material properties on the nanoscale can lead to materials with
completely new and striking characteristics. Properties like magnetism, electric or thermal
conductivity or electromagnetic properties,[95] which are common amongst inorganic materials, can be combined with high chemical resistivity, low density or high solubility of organic
polymers. Stimuli responsive materials are one of the many examples of the products which
can be obtained by combining materials on the small scale.[96],[97]
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a)

b)

c)

d)

5 – 500 nm
Figure 1-22. Examples of nanoscale multiphase morphologies: a) core-shell; b) Janus; c)
dumbbell; d) raspberry particles.
Nanocomposites can also be used to improve the compatibility of incompatible materials.
Polymers which usually phase separate in the blend can be applied as a macroscopically
homogeneous material phase-separated only on the nanoscale. A number of possible
multiphase nanomorphologies is available and their synthesis protocol depends on the nature
of the materials which are combined.[98],[99] Miniemulsion techniques are very versatile and
were often applied for the synthesis of polymeric multiphase particles.[98],[100] A solution of
two preformed polymers which usually phase separate can be miniemulsified in a non-solvent
and after solvent evaporation nanostructured particles will form. The polymer with the
strongest affinity to the non-solvent will preferentially be located at the periphery of the
particle, resulting in a core-shell morphology (Figure 1-22, a). When both polymers behave
similar regarding the non-solvent, Janus particles or ‘dumbbell’-like particles will form
(Figure 1-22, b) and c)).[100]-[103a] Another interesting technique is pickering emulsion which
enable the formation of ‘raspberry’-like particles (Figure 1-22, d)).[ 103 ] Also multistep
approaches including emulsification of both components and compatibilizing agents or
combination of miniemulsion technique with nano-precipitation, sol-gel approach and
deposition-precipitation were often applied for the synthesis of structured particles.[100]
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1.9.

Graphene and graphene composites

Graphene research has experienced a tremendous growth in the past few years.[104],[ 105] Being
a single layer of carbon, graphene has unusual properties which are interesting for fundamental research and practical applications.[104a-e],[106],[ 107]
Graphene is a single graphite sheet with a unit cell constant of a = 2.46 Å and a carbon bond
length of 1.42 Å (Figure 1-23). A graphene sheet which is free from inter-sheet interactions
has a quasi-2D electronic and material’s structure.[ 108 ] Single layer graphene is nearly
transparent, however with an increasing number of layers the light absorption strongly
increases. Graphene can be obtained by several chemical, physical or mechanical methods.
The simplest method is the micromechanical cleavage, however, very low material quantities
are available, and the method’s reproducibility is limited.[104b,c] Also thermal decomposition
of SiC and chemical vapor deposition enable the formation of high quality single layer
graphene. Unfortunately, these methods are unsuitable for large scale synthesis.
The most common large scale methods are based on graphite exfoliation.[104d,e],[106],[107],[109][111]

Direct intercalation of potassium by reaction with water or by sonication was reported.

However, the two step synthesis via oxidation to graphite oxide (GO) followed by reduction
leads to graphenes with better quality. First, graphite is oxidized with KMnO4 and sulfuric
acid (Hummer’s method) or by the treatment of graphite with potassium chlorate and nitric
acid (Brodie method) to graphite oxide (GO), which is an “unzipped” single layer of oxidized
carbon. The major oxygen containing groups are epoxide groups which are arranged in arrays
leading to a currogated flake structure.[108]
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Figure 1-23. The structures of a) graphene and b) graphite.[108]
The GO can then be reduced chemically with hydrazine or vitamin C (so called chemically
reduced graphite oxide (CRGO)) or thermally (TRGO) to graphene. The reduction conditions
strongly influence the final graphene structure and can lead to layer restacking, reduction of
the sheet dimensions or formation of sp3-defects in the carbon layer. Functional groups at the
flake edges usually remain unreduced.[108]
Graphene composites. A high aspect ratio, low weight, high strength and high thermal and
electrical conductivity are the most prominent properties which make this material
particularly interesting as a component in polymer composites. Graphene composites with a
range of polymers, like polystyrene, polymethacrylates, polyolefins, polyurethanes, epoxy
resins, and polyesters have been prepared by different physical and chemical dispersion
techniques.[104d,e],[106a],[112]-[115] TRGO and CRGO are well dispersible in functional polymers
like PMMA or styrene and very low percolation thresholds can be reached.[113] However, in
the case of polyolefins, no functional groups are present, which makes the incorporation of
graphene particularly difficult.[112c] Usually (surface modified) graphene is compounded with
polyethylene or polyethylene copolymers by extrusion or melt pressing to obtain a
composite.[112d-e],[ 116 ] The high conductivity is attributed to graphene segregation on the
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surface of the µm-sized polyethylene particles, added as a polyethylene source, which is not
advantageous for the mechanical properties of the composite. Alternatively, graphene
composites can be synthesized by solution blending in high boiling solvents. [112,c],[ 117] Here,
graphene is highly dispersed in the matrix, however, the electrical percolation thresholds are
much higher and the method is limited to branched polyethylenes (like LLDPE) due to the
poor solubility of linear, semicrystalline polyethylene (HDPE). Additionally, graphene
synthesized by chemical routes contains up to 20 wt % of heteroelements like nitrogen, sulfur
or oxygen.[114c,d] Thus, in order to synthesize highly conductive graphene composites without
compromising mechanical properties by in situ polymerization in organic solvents graphene is
‘functionalized‘ with excess of aluminum alkyl (MAO) prior to polymerization using Ti- or
Zr-based catalysts.[114a],[118],[119] Here, only small graphene loadings can be used, otherwise
high catalyst loadings would be required. Due to the precipitation of the polymer in the
solvent during the polymerization, ‘gradient’ composites are obtained. The polymer formed at
the beginning has high graphene loading, polymer which is formed in later stages of the
polymerization has a much lower graphene loading. Thus, post-polymerization compounding
must homogenize the material.
A possible approach to overcome all these issues could be to introduce the polymer in a
highly disperse, colloidal form. Emulsion polymerization yields submicrometer polymer
particles, and filler present in the initial polymerization mixture can be incorporated into the
particles. The synthesis of organic/inorganic composites by emulsion polymerization has been
demonstrated for different fillers like silica, carbon black or magnetite.[120] In miniemulsion
techniques, the filler can be dispersed in the monomer phase of the droplets, which are
subsequently polymerized to form particles. First studies towards the synthesis of graphene
composites with styrene[ 121 ]-[ 123 ] and methyl methacrylate[ 124 ] using radical emulsion
polymerization have been reported. Polypropylene/graphene blends were synthesized by melt
blending of polypropylene with graphene coated with a low molecular weight polypropylene
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wax. The latter was produced by mixing of a wax dispersion prepared by postpolymerization
approach with graphene dispersion in water. Here, the fairly large amount of wax required for
preparing these emulsions impairs the mechanical properties at high graphene contents.[112a,b]
Concerning direct emulsion approaches to polyethylene/graphene composites, utilization of
neutral late transition metal complexes, which enable ethylene polymerization in aqueous
emulsion might be suitable. As another point of consideration, the semicrystalline nature of
polyolefins can impede an intimate mixing on a length scale below the particle sizes due to
exclusion of the filler to the periphery of the particle.125] Typical polymer particle sizes from
emulsion polymerizations are of 100 nm to several hundred nm, which is undesirable
particularly for a material like graphene with a sub-nanometer extension in one direction.
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2. Scope and Objectives of the Thesis
Polyethylene is the largest synthetically produced material. It is established for numerous
applications. Not-withstanding, a novel form of polyethylene with aqueous dispersions of
nanoscale single crystals was discovered more recently. This bears the potential, amongst
others, as non-entangled polyethylene and, due to their highly dispersed nature, for the
generation of nanocomposites. Limitations to date are productivities of the polymerization
and accessible molecular weights and distributions. Addressing the fundamental points
requires an understanding of catalyst activation and deactivation and of particle formation
under true pressure reactor conditions.
This challenging aim is pursued in this thesis. Methodically, this involves the monitoring of
the fate of isotope labels from the catalyst precursors and the establishment of a technical
setup for sampling rapidly from particle dispersion at high pressure. Based on insights from
these studies the generation of polymer/polymer and polymer/inorganic composites is also
investigated.
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3. Nanocrystal Formation in Aqueous Insertion Polymerization
3.1.

Introduction

Aqueous polymer dispersions are widely applied as paints or adhesives being an
environmentally friendly alternative to products which contain organic solvents. Such
dispersions are generally produced by free radical emulsion polymerization which restricts the
number of accessible polymers. The formation of the particles and the polymerization
mechanism are well understood and a range of techniques exists to control the particle
morphology.[ 1 ]-[ 6 ] In contrast, catalytic polymerizations – which account for more than
100 millions of tonnes of polyolefin products annually[7],[8] – are not compatible with aqueous
systems, and aqueous polyolefin dispersions based on nearly exclusively catalytically
obtained HDPE and LLDPE have so far been generated by secondary dispersion
techniques.[9],[10] Alternatively, aqueous dispersions of linear hydrocarbon waxes may also be
obtained by C1 polymerization of methyl ylides.[11]

Figure 3-1. Water-soluble Ni(II)complexe active in ethylene polymerization. L = TPPTS =
sodium 3,3',3''-phosphinetriyltribenzenesulfonate.
A completely new approach for generation of the polyolefin nanoparticle dispersions was
reported by using water-soluble catalysts of type 1-L (Figure 3-1).[12]-[15] Unlike medium and
high pressure free radical emulsion polymerization of ethylene which yields LDPE,[16] the

53

catalytic ethylene polymerization allows for the control of the polymer microstructure;
consequently, polymers inaccessible by the free radical methods can be prepared. For
example, using catalyst precursor 1-TPPTS in aqueous dispersion at 15 °C and 40 bar
ethylene (Figure 3-2) high molecular weight linear polyethylene (Mn = 2  105 g mol-1 and
~ 6 branches / 1000 carbon atoms) was generated in the unusual form of single lamella
nanocrystals with diameters of 25.4 ± 4.3 nm and a thickness of 6.3 ± 0.8 nm.[17] In these
experiments polymerization starts immediately, and deactivation results in polymer formation
ceasing within 30 min. The reasons for catalyst deactivation and the process by which the
polymer nanoparticles are formed are barely understood to date. An understanding of this
unique process is, however, of fundamental interest and also is required to control particle
morphologies.
In this work insights on nano-scale processes like particle formation and particle growth, as
well as related molecular mechanisms of catalyst activation and deactivation are reported.

Figure 3-2. TEM micrograph of a polyethylene nanodispersion and a sketch of a typical
polyethylene particle with diameter d = 2r and particle thickness h obtained by catalytic
aqueous ethylene polymerization.
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3.2.

Results and discussion

In order to address particle formation, an essential prerequisite is the knowledge of the fate
of the catalysts precursor. To date, is it entirely unclear to what extent active species are
formed in the synthesis of nanocrystals. Previously, the activation of 1-DMSO in DMSO as a
solvent was studied in a NMR experiment at 55 °C and it was reported that the activation of
the catalyst precursor takes place via the displacement of the labile ligand by the monomer at
rates of ~ 10-4 s-1.[18]
Differently to polymerization in the organic solvent, using 1-TPPTS in water, the
dissociation of the water-soluble TPPTS ligand of the catalyst precursor is also strongly
connected to the transformation of the water-soluble catalyst precursor into a water-insoluble
species. In D2O/SDS solution or in DMSO even without ethylene addition the TPPTS ligand
easily dissociates, while remaining coordinated under otherwise identical conditions in
solvents like methanol.[12] The exact nature of the obtained (lipophilic) nickel species was not
elucidated.
A polymerization performed under standard conditions (15 °C and 40 bar ethylene)[19] for
30 min but with an excess of the free TPPTS ligand, which would potentially increase the
concentration of undissociated 1-TPPTS, showed that excess TPPTS had only a minor
influence on the catalyst productivity (for details cf. Appendix, Chapter 3.5.1, Table S3-1). In
order to study the stability of this Ni-species in the aqueous solution, which is typically
applied in pressure reactor experiments under the corresponding conditions, the catalyst
precursor 1-TPPTS was pre-exposed to aqueous surfactant solution for 0.5–2 h prior to
polymerization (for details cf. Figure 3-3 and Appendix, Chapter 3.5.2).

55

150

1,0

100

0,5

50

0,0

0

1
2
pre-polymerization exposure time
of the catalyst precursor [h]

particle size [nm]

polymer content [%]

1,5

0

Figure 3-3. Catalyst stability in water. 10 µmol L-1 of catalyst precursor solution was stirred
together (■) or without (●) SDS inside the reactor at 15 °C. Prior to polymerization, SDS was
added to the solutions which were stirred without surfactant. The polymerization was carried
out for 30 min at 40 bar ethylene and 15 °C.
When 1-TPPTS was exposed to the surfactant solution for 30 minutes prior to
polymerization, almost no deactivation of the catalyst precursor was observed. The particles
obtained were similar in size and appearance compared to the particles which are obtained
without pre-exposure of the catalyst precursor (cf. Figure 3-3 and Figure S3-4, d). On the
other hand, exposure of 1-TPPTS to the surfactant solution for 2 h prior to polymerization
resulted in the complete deactivation of the catalyst precursor, as concluded from a lack of
polymer formation.
A second set of experiments was performed by pre-exposing the catalyst precursor to water
and adding the surfactant just before the polymerization. Here, after 2 h the catalyst precursor
was also completely deactivated. Apparently, the presence of the surfactant micelles does not
significantly affect the stability of the catalyst precursor. On longer reaction times it is the
aqueous environment, that obviously promotes the decomposition of the catalyst precursor or
the species derived thereof after the TPPTS dissociation.
Interestingly, when 1-TPPTS was pre-exposed to water for 30 min and the surfactant was
added just before charging with ethylene, the dispersion obtained after polymerization for
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30 min, i.e. with low polymer content, consisted of a mixture of small hexagonal and (very)
large (~ 200 nm) lozenge-shaped particles (Figure S3-4, a-c). It is suggested that without
being stabilized by micelles some kind of aggregated nickel species forms, which, once
formed, does not easily separate upon surfactant addition. These Ni species, which are active
in polymerization, are situated in close proximity to each other and the polyethylene chains
generated from such “aggregates” will likely crystallize as one particle; thus, very large
particles can be generated (possible mechanisms of the particle formation are discussed
below). The large particle surface can be stabilized by the surfactant present during the
polymerization and distinct thin lamellae are obtained. For comparison, in polymerizations
without any surfactant large, multilamellar particles were obtained and the polymer yield was
low (Appendix, Figure S3-5). It is suggested that without stabilization by surfactant the
generated polyethylene chains ultimately form more spherical, multilamellar particles in order
to reduce the surface energy of the highly hydrophobic crystals.
3.2.1. Catalyst activation.
A knowledge of the degree of activation of the catalyst precursor is of particular importance
for estimation of its performance. However, until now, the degree of activation of 1-TPPTS is
unknown. In this work the degree of activation of the catalyst precursor was determined for
the first time under true pressure reactor conditions using

13

C-labeled 1-TPPTS (1-13C-

TPPTS) (Scheme 3-1, for details like NMR-spectra or catalytic activity cf. Chapter 3.5.4).
According to the insertion polymerization mechanism, the 13C-label is incorporated at the end
of the polymer chain and can be identified as part of the S1 signal via 13C NMR.[20],[21] Under
true pressure reactor conditions the catalyst derived from 1-TPPTS is a highly active
polymerization catalyst; that is, the catalytically active sites produce high molecular weight
polymer chains in a short time. However, in order to obtain a sufficient

13

C-end group label

concentration for the NMR analysis, degrees of polymerization must not be too high. A
certain range exists, where a sufficient amount of polymer is formed, and at the same time its
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molecular weight is low enough for the identification of the end-groups by 13C NMR. Such a
polymer was obtained by aqueous ethylene polymerization at standard conditions using 113

C-TPPTS followed by venting the reactor after ~ 30 s and immediate precipitation in

methanol, which ensures instantaneous quenching of the active species (Table 3-1).

Scheme 3-1. Polymerization of ethylene with

13

C-labeled complex 1-13C-TPPTS. C-atoms

assigned as S1 and S2 in the 13C NMR spectra are marked.
The samples were analyzed by high temperature 1H- and
instance, the degree of activation was calculated from

13

C NMR spectroscopy and at first

13

C NMR spectra assuming that each

chain possesses only one saturated chain end. Under this assumption, and according to (nPE
chains[mol]

 portion of saturated labeled chain ends [%]) / ncatalyst precursor[mol] (for calculation

details cf. chapter 3.5.4 Equations (S3-A)–(S3-G)) ca. 4% of the 13C-labels were incorporated
into the polymer as chain end groups after 30 s polymerization time (Table 3-1, column 8).
However, the calculated fractions of polymer initiating precatalyst (Table 3-1, column 8) are
likely higher based on further observations:
(a) The ratio of aliphatic end groups:olefinic groups is far from expected 1:1 (for terminal
olefins) or 2:1 (for internal olefins) and reaches, e.g. 50:1 for entry 1-9 (Appendix,
Chapter 3.5.4, Figure S3-22, also cf. Figure 3-4). This observation indicates that chain
transfer after -hydride elimination is negligible under these polymerization conditions.
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(6)
nPE
[mol]

(7)
[ C-labeled-S1] e
[%]

(8)
initiated
13
1- C-TPPTSf [%]

(9)
initiated
1-13C-TPPTSg [%]
(corrected)

(10)
branches /1000C

n.e.
2.1
n.e.
n.e.
4.7
5.6
9.2
n.e.
3.9

20
n.e.
n.e.
15
15
9
n.e.
25

n.e.
> 4 (4.2)
n.e.
n.e.
> 4 (3.5)
> 4 (4.2)
> 5 (4.1)
n.e.
> 4 (4.9)

n.e.
21
n.e.
n.e.
23.4
27.8
45.9

n.e.
8
n.e.
2
9
11
5
n.e.
4

13

85
14
13
1720
52
44
192
trace
39

Mn

(4)
PE [mg]

0.5
0.5
1
30
0.5
0.5
2
0.5
2

(5)
[103g mol-1]

(3)
rctn time [min]

10
10
10
10
20
20
20
20
20

GPC

(2)
1- C-TPPTS [µmol]

1-1b
1-2
1-3c
1-4c
1-5
1-6
1-7
1-8d
1-9d

13

entrya

Table 3-1. Short time experiments with 13C-labeled complex 1-13C-TPPTS.

n.e
6.7
n.e.
n.e.
11.1
7.9
20.9
n.e.
10.0

19.5

a

26 mmol L-1 SDS, 200 mL water, 15 °C, 40 bar. bUnlabeled catalyst precursor 1-TPPTS,
Slow depressurizing,d130mmol L-1 DMF,eEstimated mol fraction according to eqn. (S3-D),
chapter 3.5.4. For the accurate calculation of the signal ratios 13C NMR spectra were used.
Because of the strong tailing of the backbone signal the integrals of the saturated end group
and branch signals in 1H NMR spectra are not quantitative. They provide qualitatively reliable
information and were used for the estimation of concentration magnitude of the saturated and
unsaturated end groups. f(nPE[mol]  labeled chain ends [%]) / ncatalyst precursor[mol]; nPE = mol
of PE formed, gCorrected for absence of chain transfer: mPE[g]/Mn[g mol-1] nPE[mol] / ncatalyst
precursor[mol].
c

The absence of olefinic groups in the polymer thus indicates that either the polymer chain is
still attached to the nickel catalyst or that irreversible catalyst deactivation prior to -hydride
elimination has occurred. While the presence of a polymer chain still attached to nickel
centers can be excluded in the high-temperature NMR experiments, two irreversible catalyst
deactivation reactions may account for the lack of olefinic groups in the polymer in absence
of chain transfer: (1) protonolysis reaction of a nickel polymeryl species with water[22] or,
during work-up with methanol, to generate fully saturated polymer chains and (2) bimolecular
reductive coupling of two nickel alkyl species to generate fully saturated polymer chains
(Scheme 3-2).
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Scheme 3-2. Irreversible catalyst deactivation reactions prior to chain transfer resulting in
saturated to unsaturated end group ratios >> 1:1.
Strong indication will further be provided that protonolysis of nickel polymeryl species by
water is indeed an important deactivation pathway for polymerizations in aqueous media
(vide infra). Such protonolysis reaction (in absence of chain transfer) would result in a 50:50
ratio of

13

C-labeled and unlabeled methyl end groups in the polymer, while the bimolecular

coupling results in 100% 13C-labeled methyl end groups.
(b) Experimentally it was determined that 9–25% of

13

C-labeled methyl end groups (Table

3-1, column 7, 13C NMR based) are present despite the absence of chain transfer and not even
matching the expected lower limit of 50% in case of protonolysis. The most convincing
reason for such deviation of the found

13

C-label in the methyl end groups is that extensive

chain walking transports part of the 13C-label into the polymer backbone (Scheme 3-3), which
by the algorithms (cf. Table 3-1, footnotes f, g) used here only apparently lowers the fraction
of initiating catalyst precursors. Such chain walking is well-known in late transition metal
polymerization catalysts, and it is clearly operative in the polymerizations studied here as
evidenced by the occurrence of methyl- (and ethyl-) branches in the formed polymers (Table
3-1, column 10 and Appendix, Chapter 3.5.4, Figures S3-17 – S3-22, S3-25).
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Scheme 3-3. In-chain incorporation of 13C-label by chain walking resulting in less 13C-labeled
end groups than expected.
The prevailing absence of chain transfer indicates that nearly every polymer chain is
initiated by a

13

C-labeled catalyst precursor. In consequence, the number of polymer chains

nPE = (polymer yield/(28 g mol-1  DPn = polymer yield/MnGPC) essentially equals the number
of chain initiating catalyst precursors (Table 3-1, column 9), while deviations of the fraction
of

13

C-labeled vs unlabeled saturated methyl end groups are based on catalyst deactivation

and chain walking. With this in mind, the fraction of precatalyst which initiates ethylene
polymerization (= nPE[mol] / ncatalyst

precursor[mol])

reaches 21–28% after 0.5 min

polymerization time (Table 3-1, column 9 entries 1-2, 1-5 and 1-6) and ca. 45% after 2 min
polymerization time (Table 3-1, column 9, entry 1-7).
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Figure 3-4. Olefinic region and CH3 region of the 1H NMR spectrum (403 K in C2D2Cl2) of
polyethylene obtained with 1-13C-TPPTS in a reactor polymerization after 30 s at standard
conditions (from entry 1-2, Table 3-1, the ratio of olefinic:saturated end group is ca. 1:20).
3.2.2. Catalyst deactivation.
While in the absence of chain transfer reaction as e.g. in short time polymerization of Table
3-1 an indication for catalyst deactivation by hydrolysis (Scheme 3-2 and Scheme 3-4, line 1)
instead of bimolecular alkyl-alkyl coupling was found (Scheme 3-2 and Scheme 3-4, line 2,
vide supra), an additional deactivation reaction may operate under chain transfer conditions.
Berkefeld et al. have shown in NMR experiments[18] that nickel hydride species formed after
ethylene insertion into 1-DMSO and -hydride elimination rapidly undergo bimolecular
reductive coupling with nickel alkyl complexes to form saturated hydrocarbons in
DMSO/D2O mixtures (Scheme 3-4, line 3) while the respective deuterolysis of nickel alkyls
with D2O is comparably slow (Scheme 3-4, line 1).
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Scheme 3-4. Full set of possible catalyst deactivation reactions under standard polymerization
conditions in presence of proton sources and of chain transfer.
In addition, Brookhart et al. and Grubbs et al. have outlined that for similar anilidotropone
nickel and salicylaldiminato nickel complexes protonated ligand forms by reductive
elimination from the nickel hydride complex which then protonates the nickel alkyl bond to
form saturated hydrocarbons (Scheme 3-4, line 4).[23],[24] Note, that all these deactivation
reactions produce one fully saturated hydrocarbon per deactivated nickel center.
In contrast to short time polymerizations (0.5–2 min, cf. Table 3-1), in which nearly complete
absence of chain transfer was evident, the number of chain transfers increases in 60 min
polymerizations at 15 °C, 10–40 bar ethylene, SDS/H2O and reaches ca. 2 chain transfers per
nickel based on polymer yield and GPC polymer molecular weight in combination with 1H
NMR spectra (Appendix, Table S3-3). These moderate numbers of chain transfer before
catalyst deactivation have triggered further polymerization experiments in which H2O was
replaced by D2O in order to distinguish a deuterolysis according to Scheme 3-4, line 1 from a
bimolecular reductive coupling according to Scheme 3-4, line 2 or 3.
In these polymerizations deuterium-labeled DH2C-end groups could not be detected in the
formed polymer (30 min, 40 bar ethylene) by NMR spectroscopy (Appendix, Table S3-4,
63

entry S4-8, also cf. Table S3-5). In addition, polymerization in D2O proceeds slower than in
H2O. More importantly, however, catalyst activity in D2O was retained for more than 24 h
(Table S3-5, entry S5-10 and Figure S3-26) while complete deactivation was evident under
identical reaction conditions within ca. 60 min in H2O (Figure 3-5).
The molecular weight distributions of the products obtained in D2O are very narrow for such
a reaction, with Mw/Mn = 1.3 and Mn = 5 × 105 g mol-1 after 24 h. Thus, it is reasonable to
assume, that the absence of the deuterated chain ends as observed by NMR (vide supra) is due
to the simple fact that, after 24 hours, very little chain deactivation occurred and the vast majority of active centers were still attached to polymer chains prior to precipitating the polymer
in methanol during work-up. It is suggested, that the large increase in catalyst stability is
primarily not related to deuterium oxide solvent effects. The dielectric constants of water[25]
and deuterium oxide[26] are similar and, though the dissolution of ionic compounds is less
favored in deuterium oxide than in water, the micelles formed by SDS were described to be
similar in size, intermicellar interactions and head group repulsion.[27] Rather, a pronounced
deuterium isotope effect resulting in stronger O-D than O-H bonds which also has a direct
impact on the autodissociation of D2O and H2O seems to be responsible for an increased
catalyst lifetime in D2O when compared to H2O. More specifically, the autodissociation of
D2O (pKD2O = -log ([DO-][D3O+]) = 14.955 and H2O (pKH2O = -log([HO-][H3O+]) = 14.000 at
25 °C) [28],[29] suggests that either the anion (DO- vs HO-) or the cation (D3O+ vs H3O+) may be
responsible for promoting catalyst deactivation.
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Figure 3-5. Ethylene consumption during polymerization in water or deuterium oxide using
catalyst precursor 1-TPPTS.
In order to investigate which species from 2 H2O  H3O+ + OH- plays the major role in
catalyst deactivation the pH of the reaction mixture was varied using strong alkali hydroxides
or sulfuric acid (for details cf. Appendix, Table S3-6). The productivity of the catalyst
strongly depends on the pH of the reaction mixture (Figure 3-6, Figure S3-27, Table S3-6 ).
Under acidic conditions, the catalyst is rapidly deactivated, and only traces of polymer could
be obtained even at pH 6.7. On the other hand, under basic conditions the catalyst
productivity increases with pH and at pH 12.5 polyethylene with a very narrow molecular
weight distribution of Mw/Mn = 1.2 at Mn = 7 × 105 g mol-1 could be obtained after 60 min of
polymerization (cf. Appendix, Table S3-6). It is suggested that catalyst deactivation in
catalytic aqueous polymerization of ethylene occurs via protonolysis reaction (Scheme 3-4,
line 1), as indicated by strong deactivation of the catalyst by acids. This is in accordance with
the significantly longer activity of the catalyst in deuterium oxide which has a lower [D3O+] at
neutral point due to the lower equilibrium constant of autodissociation of deuterium oxide.
Additionally, deuterium forms stronger σ-bonds compared to hydrogen; thus, reactions which
require a breaking of such bonds (like protonolysis reactions) are disfavored. Note that in
deuterium oxide no difference in catalyst activity between the polymerization at neutral point
and at pD 10 was observed.
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Concerning their microstructure, the polymers obtained at pH 12.5 are highly linear with
< 1 branch / 1000 carbon atoms. The crystallinity of the precipitated polymer is > 90%
according to DSC. The narrow molecular weight distribution (Mw/Mn = 1.2 at Mn = 7 × 105 g
mol-1, vide supra) in combination with the low branching density indicates polymer chain
growth conditions nearly undisturbed by competing (irreversible) chain termination, chain
transfer reactions, or chain walking. Consequently, polymer particle growth is also mostly
unaffected by transfer and termination reactions as well as by chain walking under these
polymerization conditions.

Figure 3-6. Ethylene consumption during polymerization in the presence of CsOH using
50 µmol L-1 of 1-TPPTS and SDS as a surfactant (a). Ethylene consumption d(ethylene)/dt
estimated from polyethylene yield in sampling experiments (b).
3.2.3. Suppressed catalyst deactivation by additives
Weakly coordinating compounds which can improve the stability of the catalyst were also
identified. These ligands are usually (weakly) basic amides or tertiary amines (cf. Chapter
3.5.9, Tables S3-7 – S3-10, Figure S3-32 and Figure S3-34). For example, using 1.3 mol L-1
DMF, the catalyst remains stable for more than 10 h. Here, a clear correlation of DMF
concentration and catalyst stability could be shown (cf. Chapter 3.5.9, Table S3-7). The more
weakly coordinating compound is added, the more stable over time the catalyst becomes,
which, however, occurs at the expense of the polymerization rate. These findings are strong
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indications that DMF coordinates weakly and reversibly to the active center. The competitive
coordination of DMF and ethylene slows down the polymerization, and this effect is more
pronounced at higher DMF concentrations. A range of other potentially coordinating
compounds (cf. Appendix, Chapter 3.5.9, Table S3-8) were studied with the outcome that
similar effects to those observed in case of DMF can be obtained using weakly coordinating,
(weakly) basic, tertiary amines, while addition of (weakly) coordinating, (weakly) acidic
compounds always results in catalyst deactivation (cf. Appendix, chapter 3.5.9, Table S3-8 –
S3-10).
Because of the particularly strong dependence of catalyst productivity on the pH and its
remarkable stability in D2O, it is suggested, that the main catalyst decomposition mechanism
under pressure reactor conditions is hydrolysis (or rather protonolysis) of the active species
resulting in elimination of the saturated polyethylene chain (Scheme 3-2 and Scheme 3-4,
line 1).
3.2.4. Polymerization rates
Considering the polymerization rate in aqueous ethylene polymerization using 1-TPPTS, it is
reasonable to distinguish two cases. The average polymerization rate describes how much
polymer was produced on average per time unit from activation until the total deactivation of
the catalyst. The initial polymerization rate of an active center is of interest, when the
molecular reaction rates are considered and the maximum catalyst productivity has to be
estimated. The latter is particularly difficult to access when polymerization reactions are
strongly influenced by deactivation reactions. Even so, for the most catalytic polymerization
reactions with rapid activation the initial polymerization rate should be approximately equal
to the polymerization rate during the first minutes of polymerization.
A previously reported polymerization rate of ~ 10 ethylene units s-1 × Ni-1 for a water-soluble
TPPTS-substituted catalyst precursor with similar structure to 1-TPPTS was an average
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polymerization rate which was calculated from the overall polymerization yield.[30] In the case
of the ethylene polymerization using 1-TPPTS at pH 7 average polymerization rates of
5 units s-1 are observed after a reaction time of 30 min.[12] In the case of ethylene
polymerization using 1-TPPTS at pH 12.5 the average polymerization rate is higher, being
14 units s-1. However, knowing, that the catalyst deactivation is strongly affected by the pH of
the aqueous solution, it is useful to determine polymerization rates at the initial stage of the
polymerization (Figure 3-6, b). In neutral or basic environments, initial polymerization rates
(estimated from polymer yields after the first 2 min of polymerization) are very similar, being
~ 25 units s-1. That is, the actual productivity of the catalytically active center is independent
of the pH of the reaction. The main difference between the polymerization at pH 7 and pH
12.5 is that in the latter case the active centers remain active for a longer period of time, and
therefore on a longer time scale these active centers can produce more polymer than it is the
case at pH 7.
As outlined above, in systems in which the catalyst is stabilized by weakly coordinating
ligand like DMF the polymerization rate depends on the concentration of the ligand. For
example at 0.65 mol L-1 DMF initial polymerization rates of ~ 1 unit s-1 are observed vs 8
units s-1 at 0.13 mol L-1 DMF (for details cf. Chapter 3.5.9, Table S3-7). It is suggested that
this is the result of competitive coordination between DMF and ethylene, that is, at higher
DMF concentrations more ‘dormant’ DMF-coordinated nickel species and less active
ethylene-coordinated species are present.
In the case of D2O initial polymerization rate of ~ 5 units ethylene s-1 are observed. The
average polymerization rates which were calculated from ethylene consumption according to
𝑢 [𝑢𝑛𝑖𝑡𝑠 𝑠

−1 ]

=

𝑔
𝑠

𝑒𝑡ℎ𝑦𝑙𝑒𝑛𝑒 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 [ ]
28 [

𝑔
]∙𝑛𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 𝑝𝑟𝑒𝑐𝑢𝑟𝑠𝑜𝑟 [𝑚𝑜𝑙]
𝑚𝑜𝑙

(3-A) using mass flow data e.g. from Figure 3-5

are similar, being 2 - 5 units ethylene s-1. The catalyst deactivation is suppressed in D2O and
the polymer is produced at almost constant rate over an extended period of time which can
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also be seen from the similar initial and average polymerization rate. The reason for the
reduced polymerization rate in D2O compared to H2O remains unclear.
3.2.5. Formation and growth of polyethylene nanocrystals
Using 1-TPPTS under standard polymerization conditions and pH 7, stable dispersions
containing 6-nm single-lamella hexagons (particle size according to DLS) of semicrystalline
polyethylene (> 65% cristallinity according to DSC analysis of the sample after work-up)
with a molecular weight of ~ 1 × 104 g mol-1 can be obtained after 30 s of polymerization (30
s polymerization after the constant pressure of 40 bar was reached inside the reactor). In
contrast, polyethylene which was obtained after 10 min of polymerization under otherwise
identical conditions has a molecular weight of ~ 1 × 105 g mol-1.
These results suggest that the catalyst formed from 1-TPPTS polymerizes ethylene
efficiently, as indicated by the rapid increase of the molecular weight of the polymer chains.
These steadily growing chains are highly hydrophobic and rapidly arrange into small crystals;
thus, highly crystalline polyethylene particles are already generated in the very first seconds
of the polymerization. However, the evolution of the particle size and shape during the course
of the polymerization remains unclear so far. Therefore, a time-dependent sampling during
the polymerization enabling a concise analysis of particle size and shape during one
progressing polymerization was sought. To enable such studies, which require drawing
samples from an aqueous emulsion/dispersion at 40 bar, a customized pressurizable
automated sampling chamber was connected to the bottom of the autoclave reactor enabling
drawing of up to 6 samples from the same reaction mixture at intervals as low as 30 s
(detailed description of the sampling experiments, the sampling chamber and the sampling
procedure can be found in the Appendix, Chapter 3.5.10). Two sets of polymerization
conditions, the standard aqueous ethylene polymerization at pH 7, i.e without addition of
Brønstedt base or acid, and aqueous polymerization in presence of 0.13 mol L-1 DMF were
studied. SDS was used as surfactant to stabilize the emulsion/dispersion at an initial [SDS] of
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13–260 mmol L-1 (0.4-7 wt %) and polymerizations were conducted for the desired time at
15 °C and 40 bar ethylene pressure.
Concerning the role of the surfactant during the particle formation in both sets of
polymerization conditions, an increase of the polymer content goes along with an observable
increase of the surface tension of the dispersion which indicates adsorption of the surfactant
onto the particle surface. A uniform particle growth is strongly correlated to the surface
tension of the reaction mixture as bimodal particle size distributions containing very large
(> 100 nm) and small particles are observed whenever the surface tension  > 65 mN m-1
during the polymerization (for details cf. Appendix, Figure S3-56).
Under low surface tension conditions ( < 65 mN m-1) the evolution of the particle diameters
in dispersions obtained from sampling experiments was analyzed via TEM imaging: 500 –
1000 particles of a micrograph were counted, and regardless of their orientation on the TEM
grid the maximum diameter of the (anisotropic platelet-like) particles were taken as a measure
of their size (for details cf. Appendix, Figure S3-42, S3-44, S3-48, S3-49 and Tables S3-13 –
S3-15). This analysis (Figure 3-7, a) reveals that the particles form as monolamellar
structures and, that the average maximum particle diameter d (with d = 2r from Figure 3-2)
increases with time in aqueous ethylene polymerization using 1-TPPTS at standard reaction
conditions. The increase of the particle size goes along with the broadening of the particle size
distribution (PSD). Such observations are in accordance with scenarios in which either some
particles cease to grow (e.g., due to catalyst deactivation or chain transfer) or new particles
are formed (e.g., after chain transfer or due to ongoing initiation).
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Figure 3-7. Maximum particle size distribution estimated by TEM. Samples were obtained a)
without DMF b) and c) with 0.13 mol L-1 DMF. Reaction time does not include the time
required for pressurization of the reaction mixture to 40 bar.
In order to suppress catalyst deactivation and follow the particle growth over longer periods
of time, polymerizations in presence of DMF were therefore studied. In this case the catalyst
is active for almost 2 h, and only a minor decay of the ethylene consumption is observed
during the first hour of polymerization (cf. Figure S3-32, Appendix). In the first 3 minutes
small particles are observed (Figure 3-7, b)) and after about 4 minutes the PSD starts to
broaden and gets shifted to larger particle sizes (Figure 3-7, c)). After 63 minutes, the
majority of the particles are much larger (average diameter ca. 30 nm), than the particles
observed after 3 minutes of polymerization (average diameter ca. 14 nm). It will be discussed
later that, essentially, under all polymerization conditions (not just at pH = 7 and in presence
or absence of DMF; vide infra) the number of chains per particle is close to 1 and that
increasing molecular weight results in increasing particle sizes. These data indicate that
individual particles irrespective of a potential chain transfer are grown by one catalytically
active nickel center. Considering the short time polymerization experiments in absence of
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DMF, this also implies that particle growth stops once the catalytically active nickel center is
deactivated. Another important implication of the evolution of particle sizes over time is that
by virtue of the decreasing number of very small particles over time the formation of (new)
particles is essentially restricted to the initiation phase of the polymerization; i.e., the number
of particles roughly corresponds to the number of active nickel centers, and there is
essentially no chain transfer by which new particles form.
The analyzed particles are typically single-lamella hexagons and, with increasing size,
truncated lozenges as long as they are < ca. 100 nm in diamerter; for particle diameters > ca.
100 nm usually they are mostly lozenge-shaped (Figure 3-8).

Figure 3-8. Development of particle shapes with increasing particle size from predominantly
hexagonal platelets (left) through truncated lozenges (middle) to predominantly lozenges
(right).
Generally, in polyethylene samples having a molecular weight of Mn = (5–7) × 105 g mol-1 the
majority of the particles were shaped as lozenges or truncated lozenges (Appendix, Figure
S3-53). For larger lozenges a ‘folded’ structure is observed across the center of such 8 nm
thin lamellae (cf. Appendix, Figure S3-55). It is suggested that large lamellae were formed as
three-dimensional hollow pyramids, rather than flat lozenges and the deformation in the
center of the lamella upon drying of a hollow pyramid-like particle on a flat substrate results
in a collapse of the hollow top. Hollow pyramids have been described as typical structures of
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unsupported micrometer-sized polyethylene crystals grown from dilute solution at high
temperature.[ 31 ],[ 32 ] It should be noted that independently from particle size, all particles
studied here, also the large ones, are single crystals and show clear diffraction patterns with
all reflexes corresponding to the orthorhombic PE crystal lattice (Figure 3-9).

Figure 3-9. 8 nm thin lozenge-shaped particle and its diffraction pattern. ED pattern
corresponds to a polyethylene single crystal.
Another interesting observation is, that particles which were obtained after 30 s in aqueous
ethylene polymerization at pH = 7 have thicknesses of 4.1 ± 0.6 nm. After 1.5 min the particle
thickness apparently increases to 4.5 ± 0.7 nm and after 10 min polymerization particles with
a thickness of 7.1 ± 0.8 nm are observed. No further evolution of the particle thickness was
observed in samples obtained after longer polymerization time for all reaction conditions
studied (in presence of coordinating ligands, at higher pH or in D2O, e.g., Figure S3-52 and
Figure S3-54). The particle thicknesses of the polyethylene nanocrystals were obtained by
AFM or by TEM from the measurement of the smallest dimension of ~ 20 particles which are
oriented perpendicularly to the grid (indicated by high electron density) (for details cf.
Figures S3-45 and S3-54). The particle thickness of larger particles was also estimated from
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electron energy loss via TEM assuming that the particle consists of pure carbon (Figure
S3-52).
The thickening of the polyethylene nanocrystals with polymerization/particle growth time
deserves some special comments:
a) The formation of micrometer-sized polyethylene or long-alkane crystals from melt or from
diluted solution has been studied extensively. It is known that up to a certain chain length
linear alkanes crystallize as extended chains, and the lamellar thickness Lc of the crystals is
determined by the length of the chain.[33]-[35] Longer alkanes show a tendency to crystallize as
once folded or twice folded chains, depending on the undercooling present during
crystallization.[35],[36] Analogously to the long-chain alkanes, linear polyethylenes crystallize
as n-times folded chains.[33],[37] Here also, the actual lamella thickness, and therefore the
number of foldings, mostly depends on the crystal formation temperature, and at stronger
undercooling lower lamella thicknesses are obtained according to the Gibbs-ThomsonEquation Tc = Tc∞ (1-/Lc), with  = 2/H, where H = heat of fusion,  = surface free
energy of the lamellae, and T∞ = the temperature limit referring to fully crystalline
samples.[17],[33],[34],[38],[39]
b) Previously it was reported that the lamellar thickness expected for the nascent polyethylene
crystals obtained at 15 °C with 1-TPPTS according to T=T∞(1-αLc) is lower than the
experimentally observed lamellar thickness of 6.3 ± 0.8 nm obtained after 30 min
polymerization. The deviation of experimentally found and theoretically expected lamellar
thickness was explained by postcrystallization reorganization or lamellar thickening.[17]
Thus, the increase in lamellar thickness from 4.1 nm (30 s), 4.5 nm (1.5 min) to 7.1 nm
(10 min) observed in this study with increasing polymerization time provides evidence that a
mechanism of postcrystallization reorganization or lamellar thickening is indeed operative
and occurs immediately during the ongoing polymerization.
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3.2.6. Correlation of particle size and molecular weight
In order to elucidate the influence of polymer chain growth on the growth of polymer
particles, molecular weight of the polyethylenes obtained at different conditions is plotted
against the hydrodynamic DLS radius Dh of the polymer particles (Figure 3-10). The
theoretical size of a polymer particle consisting of X polyethylene chains with molecular
weight Mn and particle thickness h, crystallized in an orthorhombic polyethylene cell with cell
parameters a = 7.42 Å, b = 4.95 Å, c = 2.55 Å[40], number of ethylene units per cell Nunit = 2,
𝑎∙𝑏∙𝑐∙𝑋∙

and tightly folded chains was calculated according to 𝑑 = √

𝑀𝑛
28𝑔/𝑚𝑜𝑙 ∙𝑁𝑢𝑛𝑖𝑡

ℎ∙𝜋

(3-B). Figure

3-10 displays the calculated d for a particle with X = 1 chain or X = 5 chains. Note, here, the
calculated particle diameter corresponds to the physical diameter d of a thin round platelet and
differs from the hydrodynamic diameter Dh of such a platelet. Dh of a thin platelet can be
calculated according to Equation (S3-L) from Chapter 3.5.11 using an approximation of an
oblate ellipsoid. In Figure 3-10 the diameter d of a platelet with a thickness h = 7 nm is
shown using the right y-axis and the prediction of the equivalent Dh of the same particle can
be seen on the left y-axis.
According to Figure 3-10, for the majority of the samples studied the particle size correlates
with the molecular weight and typically, larger particles have higher molecular weights.
Comparing the experimental particle sizes and the particle sizes expected according to our
calculation, the number of polymer chains per particle is close to unity (under all
experimental conditions studied, with the exception of polymerization without surfactant or
involving surface tensions exceeding  > 65 mN m-1 during the polymerization, which results
in the formation of abnormally large (> 200 nm) lozenge shaped particles).
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Figure 3-10. (a) Particle diameter vs the molecular weight of the polyethylene. Dispersions
obtained at different reaction conditions: pH 7 (H2O), pH 9–12.5 (CsOH); in aqueous solution
in the presence of DMF (DMF); in deuterium oxide (D2O). The molecular weights obtained
by GPC, the hydrodynamic radius Dh obtained by DLS measurement assuming spherical
particles (number weighted particle size distribution). Theoretical particle diameters d were
calculated according to Equation (3-B) assuming a constant particle thickness of 7 nm and
single-chain particles (black curve) or particles consisting of 5 chains (grey curve). The
hydrodynamic radius Dh of the platelet does not correspond to its physical radius d. Dh of a
platelet with a diameter d and a thickness h = 7 can be calculated using an approximation for
an oblate ellipsoid, Equation (S3-L) from Chapter 3.5.11. In Figure 3-10 the dplatelet with h=7 nm
– axis and Dh – axis relate to each other according to this equation. (b) Hydrodynamic particle
diameter Dh obtained by DLS and theoretically expected diameter Dh of a single-chainparticle assuming particle growth rate u of 25 units s-1 (black), 2 units s-1 (red) and 1 units s-1
(green). Particle diameters Dh calculated according to Equations (3-B), (3-C) and (S3-L).
Symbols with different filling grade correspond to experiments where different concentrations
of the additive were used. Data from Appendix, Table S3-3 and Tables S3-5 – S3-7.
Assuming that the majority of the particles are singe-chain-particles, the expected
polymerization rates can be estimated using the approximations from Equation (3-B) and
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Equation (S3-L) and assuming that 𝑀𝑛 =

28 𝑔/𝑚𝑜𝑙⁄
−1
1 𝑢𝑛𝑖𝑡 ∙ 𝑢 [𝑢𝑛𝑖𝑡𝑠 𝑠 ] ∙ 𝑡[𝑠] (3-C). Note

that in this equation the deactivation of the catalyst is completely neglected; thus, this
approximation is only applicable to systems with little catalyst deactivation (e.g., at high pH
or in presence of weakly coordinating ligands). For the polymerization at high pH, high
polymerization rates of ~ 25 units s-1 best fit experimental and calculated crystal sizes (cf.
experimental points ‘CsOH’ vs black curve, Figure 3-10 b). In the presence of DMF the
particles grow slower, and the polymerization rates vary, depending on the concentration of
DMF (cf. experimental points ‘DMF’). In the case of polymerization in deuterated water,
according to the particle size analysis, polymerization rates of ~ 2 units s -1 are expected (cf.
experimental points ‘D2O’ and the red curve, Figure 3-10 b). In general, the initial
polymerization rates which were calculated using the polymer yield (as discussed in the
Chapter 3.2.4) correspond to the polymerization rates which are necessary for the formation
of particles with a DLS hydrodynamic diameter Dh. Thus, the observed particle diameters and
the estimation of the single chain particle diameters which would be obtained when polymer
chains grow with a constant growing rate u do not contradict the assumption of a single chain
particle. According to Equations (3-B) and (3-C) it can be expected, that the physical
diameter d of a thin round single chain platelet with a constant thickness h grows according to
d ~ √t, when the ethylene polymerization rate u is constant and the activation of the catalyst
occurs immediately.
Particle numbers Npart and the number of nickel precursor molecules which were added at the
beginning of the reaction Ncat, assuming that Npart = Vtotal/Vpart,mean were compared.[41] When
the reaction was run until total deactivation, it was observed that Ncat  Npart, meaning that per
Ni-center about one particle was generated (cf. Figure 3-11). Alternatively, looking at shorttime experiments, where the reaction was quenched after few minutes of polymerization, Ncat
 10 Npart, which implies that ~ 10% of the catalyst precursor is initiated directly after
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ethylene addition (cf. yellow-highlighted region of Figure 3-11, reaction conditions for the
generation of the analyzed samples are displayed in Table S3-4, Chapter 3.5.6). This agrees
well with the portion of the activated catalyst precursor calculated from the number of the
13

C-labeled chain ends which were generated under true pressure reactor conditions using

catalyst precursor 1-13C-TPPTS, i.e., ca 20% initiated precursor after 30 s and ca 45% after 2
min (vide supra).
The particle numbers Npart were compared with the chain numbers Nchain generated in this
system. The number of chains was calculated according to Nchain = mtotal,polymer/Mn. It was
observed, in most cases Nchain  Npart, independent of polymerization time or reaction
conditions (cf. Figure 3-11). Thus, based on the above observations, it is suggested that Nchain
 Npart  Ncat meaning that the majority of particles consists of one chain which was generated
by one nickel center.
This conclusion has far-reaching implications: it suggests that the molecular weight and the
size of a particle are only governed by the catalyst lifetime and that the aqueous ethylene
polymerization is a potentially living reaction. With sufficiently stable catalysts, polyethylene
particles, each consisting of one polymer chain of high molecular weight, can be generated
quantitatively using the water-soluble catalyst precursor 1-TPPTS. Examples of such
polymerization systems (polymerization in presence of DMF or at high pH, or deuterium
oxide as reaction medium etc.) were presented as a part of this study
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S4-14
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Figure 3-11. Comparison of the particle numbers Npart, the chain numbers and the amount of
the catalyst precursor Ncat applied in aqueous catalytic polymerization in short- or long-time
experiments (from Table S3-4). Short time experiments (30 s–2 min) are highlighted in
yellow.
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3.3.

Conclusion

Scheme 3-5. Particle formation mechanism in aqueous catalytic ethylene polymerization.
Aqueous polyethylene nanocrystal dispersions are a unique and versatile system with a high
potential for the development of new materials. They contain linear high molecular weight
polyethylene in the unusual form of non-aggregated and very small single crystals. This
compartmented nature results in a low degree of entanglement. An orderly deposition of the
chain during polymerization, can result in ideal crystals with a high degree of order.[30] In a
more general sense, the unusually high degree of dispersion represented by such nanoparticles
can be used for the generation of intimately mixed composites with other materials.
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The mechanisms of the particle formation in a multiphase system, as present in our case, are
unusual and instructive as the polymeric phase is generated directly from a homogeneous
aqueous catalyst solution. The findings reported give first and fundamental insights into the
formation of nanocrystal dispersions.
The formation of the aqueous polymer dispersion by the catalytic path can be described as the
interplay of (a) the polymerization mechanism on the molecular scale, including the catalyst
activation and catalyst deactivation mechanisms, (b) the particle nucleation and growth
interrelated with the formation of a new solid phase, and (c) the consideration of the chemical
and physical equilibria present between those phases (Scheme 3-5).
When added to the aqueous surfactant solution and charged with ethylene the applied catalyst
precursor

[κ2-N,O-{2,6-(3',5'-(F3C)2C6H3)2C6H3-N=C(H)-(3,5-I2-2-O-C6H2)}NiCH3{P(3-

C6H4SO3Na)3}] (1-TPPTS) is rapidly transformed into (lipophilic) active species by
dissociation of the TPPTS ligand and by coordination of ethylene to the free coordination site.
The activation of the catalyst precursor using labeled 1-13C-TPPTS catalyst precursor was
observed under true pressure reactor conditions. These studies show that already in the early
stages of the polymerization a substantial part of the catalyst precursor (after 30 s: 20-28%,
after 2 min: ca 45%) has been activated. These results are also confirmed in short-time
experiments by comparison of chain numbers, accessed from polymer yields using the
polymer’s molecular weight, and particle numbers, generated per nickel center, accessed from
polymer yields and the average particle size. Here, each particle consists of ~ 1 polymer
chain, but only 1 particle is generated per 10 catalyst precursor molecules applied
(corresponding to ~ 10% initiation). Calculations of the particle and chain numbers of
samples obtained after longer polymerization time (> 10 min) show that approximately one
single chain particle is formed per nickel center, meaning that in the first minutes of the
reaction almost all catalyst precursor is activated.
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When performed in aqueous surfactant solution at 15 °C, 40 bar, and pH 7, the ethylene
polymerization ceases completely within a short period of time (~ 30 min). As concluded
from the rapid uptake of the ethylene consumption, the deactivation reactions start directly
after addition of ethylene. On the molecular scale, the deactivation reactions result in
formation of fully saturated polymer chains. By exposing the catalyst precursor to water or
surfactant solution prior to polymerization it was demonstrated that the catalyst precursor
deactivates in aqueous environment within 2 h. Under true pressure reactor conditions it was
shown that deactivation of the active nickel species is related to water or more likely its
dissociation products. Substitution of H2O by D2O as solvent resulted in almost living catalyst
behavior (TOF ~ 4000 ethylene (catalyst precursor)-1 h-1 for more than 24 h and increasing
molecular weight). The strong difference in polymerization behavior in these two very similar
solvents can be related to the lower dissociation degree of D2O compared to water and
comparably stronger O-D bonds which would potentially influence the reactivity and
coordination strength of D2O and its dissociation products. Inspired by these observations, the
influence of the pH on the catalyst stability was studied. The catalyst is rapidly deactivated by
acids and already at pH 6.7 only traces of polymer are obtained. On the other hand, at pH
12.5, 7 wt % dispersions of high molecular weight polyethylene (Mn = 7.2  105 g·mol-1) are
generated within 60 min vs 1 wt % polyethylene dispersions (Mn = 1.0  105 g·mol-1) which
are obtained at pH 7 under in other respects identical conditions. Consequently, one can
assume that protonolysis/deuterolysis of nickel-polymeryl species is the predominant catalyst
deactivation reaction under aqueous polymerization conditions.
Additionally, it was observed that (slightly) basic, weakly coordinating ligands like DMF
significantly increase the catalyst lifetime at strongly reduced polymerization rates. In neutral
or basic environments, initial polymerization rates (estimated from the first 2 min of
polymerization) are ~ 25 units s-1. In presence of the weakly coordinating ligand, e.g. DMF,
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polymerization rates depend on the ligand concentration, and at 0.65 mol L-1 DMF
polymerization rates of ~ 1 unit s-1 are observed (vs 8 units s-1 at 0.13 mol L-1 DMF). It is
suggested that in presence of DMF the polymerization rate is reduced due to the competitive
coordination of ethylene and DMF and the reduced deactivation of the active center is due to
the reversible coordination of latter.
The locus of polymerization is a further fundamental aspect of this multiphase system.
Related to this, the question also arises, whether the catalyst can pass through the phase
boundaries or remains on the surface of the same particle at any time. In sampling
experiments it was demonstrated that the surfactant is adsorbed on the particle surface, and
the addition of the surfactant is a prerequisite for the formation of single-lamella particles. It
was estimated from particle volumes that approximately one particle is formed per nickel
center and, by comparing the particle diameters and the molecular weights of the polymer, it
was calculated that most particles consist of one polymer chain. Thus, in most cases a catalyst
precursor species initiates one polymer chain, which nucleates and grows forming a single
chain particle. Minor amount of multi chain particles (much larger particles compared to the
mean particle size of a sample) are generated in some cases, likely as a result of poorly
dispersed catalyst precursor or fully adsorbed surfactant.
Catalyst deactivation influences the size and the shape of the formed nanocrystals; however,
in the presence of stabilizing additives, at high pH or in D2O, chain growth and therefore
particle growth can be substantially extended. Small hexagonal polyethylene platelets were
obtained at initial stages of the polymerization or under conditions of substantial catalyst
deactivation. The absence of substantial catalyst deactivation and also of chain transfer in
presence of stabilizing agents or in D2O is evidenced by narrow molecular weight
distributions, e.g., in aqueous systems in presence of 1.3 mol L-1 DMF Mw/Mn = 1.5 and
Mn = 3.4  105 g·mol-1 are obtained vs Mw/Mn = 2.1 and Mn = 0.9  105g·mol-1 in aqueous
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polymerization without DMF. The most significant catalyst stabilization can be achieved in
deuterium oxide as the reaction medium without any additives. Here, after 24 h
polymerization polymers with Mw/Mn = 1.3 and Mn = 5.1  105 g·mol-1 are obtained, and the
polymerization has a ‘living’ character. In such systems with reduced catalyst deactivation
and chain transfer the transformation of the platelet-like, hexagon-shaped native polyethylene
crystals into truncated lozenges and finally into much larger single crystal lozenges, or more
likely hollow pyramids was also monitored. These data confirm that nascent polyethylene
nanocrystals form as hexagonal platelets and evolve into truncated lozenges and finally
lozenges – the shape which is also observed for polyethylene nanoparticles formed by
crystallization from dilute solution at low undercoolings.
Beyond providing insights into the unique mechanism of catalytic formation and growth of
polymer nanocrystals, these findings also give directions for advancing productivities and
control of particle size and shape.

3.4.

Experimental section

3.4.1. General methods and materials
All steps involving the Ni(II) catalyst precursor were carried out under inert atmosphere.
Demineralized water was distilled under nitrogen atmosphere. Deuterium oxide (Eurisotop)
was destilled under nitrogen atmosphere. N,N-dimethyl formamide (DMF) was distilled from
calciumhydride under an argon atmosphere. Tetrahydrofuran (THF), dimethylsulfoxide
(DMSO), dimethyl acetamide (DMA), N-formylpyrrolidon, N-formylpiperidine, N-methyl
formamide were destilled under argon atmosphere prior to use. Methylformanilide, 2-chloro
dimethylacetamide,

methylformate,

1,4-diazabicyclo[2.2.2]octane

(DABCO),

1,8-

diazabicyclo[5.4.0]undec-7-ene (DBU) (Aldrich) were thoroughly degassed by several freezepump-thaw cycles. Diglyme was used as received (Aldrich). Sodium dodecyl sulfate (SDS)
(Fluka) was degassed prior to use. Ethylene of 4.5 grade was supplied by AirLiquide. Oxide
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free TPPTS was purchased at abcr. TPPTS (6% oxide) and TPPTS oxide was synthesized
according to literature methods[42]. NMR spectra of all TPPTS samples are displayed in the
Appendix (Figure S3-1 – S3-3). [κ2-N,O-{2,6-(3',5'-(F3C)2C6H3)2C6H3-N=C(H)-(3,5-I2-2-OC6H2)}NiCH3{P(3-C6H4SO3Na)3}] 1-TPPTS was prepared according to ref. [12a]. The
13

C-labeled analogue 1-13C-TPPTS was synthesized in analogy to ref. [12a] starting from

13

C-labeled [(TMEDA)Ni(13CH3)2].
Differential scanning calorimetry (DSC) was performed on a Netzsch DSC 204 F1 with a

heating/cooling rate of 10 K min-1. Dynamic light scattering (DLS) was performed on a
Malvern Nano-ZS ZEN 3600 particle sizer (173° back scattering). The autocorrelation
function was analyzed using the Malvern dispersion technology software 3.30 algorithm to
obtain number weighted particle size distributions. The conductivity measurement was
performed on a Malvern Nano-ZS ZEN 3600 particle sizer. The surface tension was
determined via dynamic surface tension measurement with a curved platinum plate on
KRÜSS Processor Tensiometer K100. Transmission electron microscopy (TEM) was carried
out on a Zeiss Libra 120 EF-TEM instrument. For the TEM analysis samples were dialyzed
with demineralized water in a Spectrum Laboratories Spectra/Por Dialysis Membrane 1,
MWCO 6-8,000. The thickness information of a TEM specimen is derived from measurement
of the probability of inelastic scattering of the incident electron beam by specimen thickness
d = × ln (Itot/Izeroloss), where  = total mean free pathway for inelastic scattering,
Itot = total area beneath the complete spectrum, and Izeroloss = total area under the zeroloss
peak. The specimen thickness map was obtained from two acquired images, the elastic and
the global bright-field image (without energy filtering). For calculating the specimen
thickness in nm, the mean free path length in carbon was used. AFM measurements were
carried out on JPK NanoWizard III instrument. NMR spectra were recorded on Bruker
Avance 400, Bruker Avance DRX 600, or a Bruker Avance III 600. High-temperature NMR
measurements of polymers were performed in 1,1,2,2-tetrachloroethane-d2 at 130 °C.
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Molecular weights (Mn) were determined from the integrals of the repeat units vs unsaturated
end groups in 1H- and

13

C NMRspectra. Gel permeation chromatography (GPC) was carried

out in 1,2,4-trichlorobenzene at 160 °C at a flow rate of 1 mL min-1 on a Polymer
Laboratories 220 instrument equipped with Olexis columns with differential refractive index,
viscosity and light scattering (15° and 90°) detectors. Data reported were determined via
linear PE standard calibration (Mw < 3 × 104 g mol-1), universal calibration
(3 × 104 < Mw< 105 g mol-1) and triple detection (Mw > 105 g mol-1) employing the PL GPC220 software algorithm. As the instrument records light scattering at only two angles, data
analysis involves an iteration for the calculation of molecular weights and form factors for
each measured interval. The instrument was calibrated with narrow polystyrene and
polyethylene standards. AUZ measurements were performed using a XLI (SN: COA95D03)
device (Beckman Coulter) with interference optics at 60000 rpm, 25 °C, using a solvent
mixture of 1:1 sample: deuterium oxide. SEDFIT with the "ls-g*(s)" evaluation method was
used for the calculation of the particle size distribution.
3.4.2. Polymerization procedure
Polymerizations were carried out in a 500 mL mechanically stirred, semiautomated,
stainless-steel pressure reactor equipped with a heating/cooling jacket supplied by a
thermostat controlled by a thermocouple dipping into the reaction mixture. When required, a
stainless-steel sampling chamber (cf. Appendix) equipped with sampling vessels was
connected to the bottom of the reactor and was operated via a solenoid valve.
The reaction mixture consisting of 200 mL of degassed water or deuterium oxide, SDS, the
catalyst precursor 1-TPPTS and optionally an additive was brought to 13 °C. The reactor was
immediately pressurized with ethylene while stirring the solution at 500 rpm and heating it up
to 15 °C (for details cf. Figure S3-38). The direct pressurizing procedure took ~ 30 s. Then,
the mass flow control system was activated and after ~ 2 min constant pressure was reached.
After the reaction was finished, the stirrer was switched off, the reaction mixture was brought
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to 20 °C, and the pressure was released over ~ 30 min using a pulsed solenoid valve. Standard
conditions refer to polymerization at 15 °C, 40 bar.
When sampling was performed, the temperature and pressure were less constant (for details
cf. Figure S3-37 and S-38). The depressurizing of the reactor and the sampling chamber takes
about 1.5 h to guarantee, that no destabilization of the samples occurs.
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3.5.

Appendix

3.5.1. Influence of the TPPTS ligand on aqueous ethylene polymerization
Table S3-1. Influence of TPPTS and TPPTS-oxide on ethylene polymerization in water
catalyzed by 1-TPPTS.

entry

time
[h]

S1-1

0.5

a

additives

polymer
[%]b

c

TOF

particle size
[nm]d

Tm [°C]
(crystallinity
[%])e
nd

1.26
16964
14
10 µmol 1-TPPTS
S1-2
1
2.91
10054
40 (25%), 14
132 (71)
after 30 min
S1-3
1
1.37
9747
8
137 (75)
S1-4 0.5 20 µmol 1-TPPTS
2.33
16479
7
132 (62)
S1-5
1
10 eq TPPTS
2.27
15736
40 (49%), 10
134 (67)
10 eq TPPTSS1-6 0.5
oxide
+ 10 eq TPPTS
S1-7
1
(6% TPPTS1.70
12175
14
nd
oxide)
a
Reaction conditions: 50 µmol L-1 1-TPPTS, 200 mL water 26 mmol L-1 SDS, 15 °C, 40 bar
b
Determined by precipitation, c[mol ethylene  mol cat.-1 h-1], dDetermined by DLS,
e
Determined by DSC.

Figure S3-1. a) 1H and b) 31P NMR of oxide free TPPTS purchased from abcr. The spectrum
is recorded on 400 MHz Bruker Avance 400 device in DMSO-d6.
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Figure S3-2. a) 1H- and b) 31P NMR of TPPTS with 6% TPPTS-oxide. The spectrum is
recorded on 400 MHz Bruker Avance 400 device in D2O.

Figure S3-3. a) 1H- and b) 31P NMR of TPPTS-oxide. The spectrum is recorded on 400 MHz
Bruker Avance 400 device in D2O.
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Addition of an excess of the free labile ligand L can potentially increase the concentration
of the dormant species and decrease the catalyst deactivation. Addition of 10 eq of the free
TPPTS ligand leads to increased overall productivity of the catalyst at 40 bar and 15 °C
(Table S3-1, entry S1-5). However, only oxide free TPPTS is applicable (Figure S3-1).
Addition of 10 eq of TPPTS oxide (Figure S3-3) deactivates the catalyst completely (entry
S1-6). When using TPPTS with 6% oxide (typical commercial purity grade, Figure S3-2), the
catalyst productivity is only slightly higher than without additional TPPTS (compare Table
S3-1, entry S1-1, S1-5 and S1-7) which is due to the TPPTS-oxide impurities.
3.5.2. Catalyst pre-exposure experiments in aqueous solution
The reaction mixture consisting of water, catalyst precursor 1-TPPTS and optionally the
surfactant were stirred together at 15 °C for a given time at ambient pressure prior to the
polymerization for 30 min at 40 bar and 15 °C. When required, surfactant was added just
before the polymerization.

Figure S3-4. TEM micrographs and SAED of the dispersions obtained by aqueous ethylene
polymerization at 40 bar ethylene and 15 °C using solutions of 10 µmol L-1 1-TPPTS catalyst
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precursor which were stirred for a given time at ambient pressure prior to the polymerization.
(a) and (b) pre-exposure for 30 min without SDS, 26 mmol L-1 SDS were added just before
the polymerization, (c) pre-exposure for 60 min without SDS, 26 mmol L-1 SDS were added
just before the polymerization and (d) pre-exposure for 30 min in presence of 26 mmol L-1
SDS.
3.5.3. Influence of the surfactant concentration and surfactant nature
The nature of the surfactant plays an important role in terms of the catalyst dissolution as well
as for the fact that the surfactant can interact with the additives like cesium hydroxide.
Ethylene can be polymerized in water without addition of any surfactant (Table S3-2). In this
case, large multilamellar particles are obtained at low yields (entry S2-2, Table S3-2 and
Figure S3-5).

Figure S3-5. Multilamellar nanoparticles which are obtained in aqueous ethylene
polymerization at 15 °C and 40 bar using 50 µmol L-1 catalyst precursor 1-TPPTS without
addition of SDS.
The molecular weight distribution is bimodal indicating a non-uniform polymerization
mechanism. To obtain smaller and more uniform particles a surfactant like SDS must be
added. Krafft temperature of SDS TKrSDS = 15 °C, meaning that the reaction is performed at
the borderline of stability of the surfactant micelles. The SDS concentration that has been
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applied in all previous studies reported in the literature is higher than the critical micelle
concentration (cmcSDS = 8  10-3 mol L-1 or 0.23 wt % SDS[43]).[12],[17] The surfactant is
rapidly adsorbed on the surface of the particles formed and any micelles disappear at the very
early stages of the reaction. The surfactant stabilizes those newly formed small particles.
Dispersions formed at 40 bar at 15 °C (26 mmol L-1 SDS) have a surface tension > 50 mN m-1
which is far above the surface tension at the cmc (37 mN m-1). When much higher surfactant
concentrations (> 104 mmol L-1 SDS) are applied, increased ethylene consumption is
observed resulting in dispersions with up to 4.5 wt % polymer content. In this case the
surfactant concentration at the end of the reaction is above cmc (indicated by the surface
tension of 37 mN m-1), meaning that during the polymerization free surfactant molecules were
present at all time. The obtained particles do not significantly differ in microstructure of the
polymer from particles obtained at 26 mmol L-1 SDS at 15 °C and 40 bar. Further increase of
the surfactant concentration to 173 mmol L-1 SDS has no significant influence on the catalyst
activity (Figure S3-6) and the polymer yield.

Figure S3-6. Influence of the SDS concentration on the ethylene consumption. (---) no SDS,
(—) 26 mmol L-1 SDS, (∙∙∙) 104 mmol L-1 SDS, (− −) 173 mmol L-1 SDS, (− · −) 26 mmol L-1
DOWFAX 2A1.
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Figure S3-7. Surfactants applied in aqueous ethylene polymerization.
Other surfactants, namely, the nonionic Triton X-100 as well as the anionic DOWFAX 2A1
were used for ethylene polymerization in aqueous dispersion using 1-TPPTS (Figure S3-7).
No sufficient particle stabilization was observed using the non-ionic Triton X-100. Only
precipitates could be obtained at 15 °C and 40 bar ethylene. Obviously, surface stabilization
by ionic groups is necessary. DOWFAX 2A1, an anionic surfactant with high charge density
due to the two sulfonate groups located at the head of the molecule, was used for the ethylene

ethylene consumption [g/h]

polymerization in water.

25
pH 7
pH 11.5

0

0

1

2

3

4

5

reaction time [h]
Figure S3-8. Ethylene consumption in polymerization at 15 °C, 40 bar ethylene using 50
µmol L-1 1-TPPTS and (―) SDS or (- - -) DOWFAX 2A1 as surfactants in presence of
CsOH.
The advantage of this surfactant compared to SDS besides the higher charge density is the
better solubility in water (complete solubility also below 5 °C) and its resistivity to
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hydrolysis. In ethylene polymerization at 15 °C and 40 bar significantly higher catalyst
stability was observed. Also in presence of CsOH and DOWFAX 2A1 the catalyst is more
stable compared to experiments which were performed in presence of CsOH and SDS
(Figure S3-8). However, the ethylene consumption per time unit is lower.

Figure S3-9. Polyethylene particles obtained in presence of DOWFAX 2A1 (left) without or
(right) with CsOH at 15 °C and 40 bar ethylene. Samples from Table S3-2, entry S2-7 and
S2-8, respectively.
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Table S3-2. Infuence of surfactant concentration and surfactant nature on aqueous ethylene polymerization using 1-TPPTS as catalyst precursor.
entrya

t [h]

T [°C]

S2-1
S2-2
S2-3
S2-4
S2-5

1
1
1
1
2

15
15
15
15
15

surfactant
[mmol L-1]
26 (SDS)
0 (SDS)
52 (SDS)
104 (SDS)
173 (SDS)

S2-6

1

15

13 (Triton-X)

p [bar]
40
40
40
40
40
40

polymer
[%]b
1.37
0.55 + coagulates
1.86
4.47
4.74
2.64 g
(coagulates)

9747
3913
14222
33201
37565

dPart
[nm]d
8
65
16
11
17

Tm [°C] (crystallinity
[%])e
137 (75)
128 (70)
n.m.
135 (68)
135 (79)

Mn [105 g mol-1]
(Mw/Mn)GPC
0.9 (2.1)
0.1 (3.5); 11 (1.9)
n.m.
2.7 (1.6)
2.4 (1.5)

n.e.

n.e.

n.m.

n.m.

TOFc

25 (DOWFAX
40
2.64
14526
29
139 (80)
n.m.
2A1)
41 (DOWFAX
S2-8f
4
15
40
7.80
13387
21
137 (79)
n.m.
2A1)
a
Reaction conditions: 50 µmol L-1 1-TPPTS, 200 mL water, bDetermined by precipitation, c[mol ethylene mol cat.-1 h-1], dParticle diameter
determined by DLS, eDetermined by DSC, fIn presence of 1.7 × 10-2 mol L-1 CsOH.
S2-7

1

15
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3.5.4. Studies using 13C-labeled 1-TPPTS
13

C-labeled catalyst precursor

Figure S3-10. 1H NMR spectrum of the 13C-labeled 1-TPPTS. Inlet: a) 31P and b) 19F NMR
spectra of the 13C-labeled catalyst; c) enlargement of the aromatic area of 1H NMR, impurities
are marked with a circle.
Short-term experiments using 13C-labeled catalyst precursor 1-13C-TPPTS.
Reaction conditions: The reactor was charged with 188 mL dest. water. A freshly prepared
aqueous solution of 1.5 g SDS in 10 mL water was added under stirring. The catalyst
precursor 1-13C-TPPTS (NMR spectrum cf. Figure S3-10) was dissolved in 2 mL water. The
solution was stirred for 2 min and added into the reactor. The reactor was sealed and
immediately pressurized (Pressure curves cf. Figure S3-11). The polymerization was carried
out at 15 °C and 40 bar. To enable the unloading of the reactor the stirrer was turned off 10
seconds before the end of the reaction. The reactor was unloaded immediately vs ambient
pressure via the bottom valve of the reactor vessel. The sample was collected into a beaker
and precipitated in methanol. The pressure inside the empty reactor remained at ~ 30 bar. The
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obtained dispersions were precipitated in methanol, washed, dried and analyzed by hightemperature NMR-spectroscopy. The polyethylenes obtained 1-13C-TPPTS and 1-TPPTS are
comparable (Figures S3-12, S3-13, S3-15 and S3-16). The polymerization was performed
using 50 µmol L-1 and 100 µmol L-1 1-13C-TPPTS. In both cases after the polymerization for
30 s solid polymer with the molecular weight of 4 × 103–6 × 103 g mol-1 was obtained. No
dependence of the catalyst activation on the initial concentration of the 1-13C-TPPTS was
observed. The polymer obtained after 2 min polymerization time has a molecular weight of 9
× 103 g mol-1. The 13C-labeled methyl group is incorporated at the end of the ethylene chain
(Figure S3-14). The label can be identified as a part of the 1S signal in 13C NMR spectra and
the amount of the activated catalyst can be determined (Figures S3-16, S3-18 and S3-20).
Polymer yields, molecular weights, amount of the initiated catalyst, proportion of the labeled
chain ends and branch content were calculated using Equations (S3-A) - (S3-G) (Table 3-1).
According to the NMR, ca 20–30% of the chain ends are labeled after 30 s and after 2 min the
amount of transferred

13

C-label is similar. Label transfer analysis of the polymer at longer

polymerization times was not possible due to very high dilution of the labeled end groups.

Figure S3-11. Pressure evolution during the ethylene polymerization for 30 s and 2 min (from
Table 3-1). Before depressurizing the reactor the stirrer was turned off. The reactor content
was unloaded at 40 bar using a bottom valve. The pressure inside the empty reactor remained
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at ~ 30 bar. a) 30 s experiment: stable reaction conditions for ~ 10 s, b) 2 min experiment:
stable reaction conditions for ~ 110 s.

Figure S3-12. Polymer yields obtained after ethylene polymerization using (□) 1-13C-TPPTS
and (■) 1-TPPTS as catalyst precursor at 40 bar and 15 °C.

Figure S3-13. DSC thermogramms of a polyethylene obtained using a) 13C-1-TPPTS and
b) 1-TPPTS as catalyst precursor at 40 bar and 15 °C.
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NMR Spectra of polyethylene
In addition to chain walking reactions, the following chain propagation, chain transfer, and
chain termination reactions have been considered to potentially account for characteristic
NMR signals of the obtained polyethylenes using 1-13C-TPPTS.

Scheme S3-1. Possible propagation, transfer and termination reactions based on

13

C-labeled

catalyst precursor 1-13C-TPPTS in aqueous ethylene polymerization.
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Figure S3-14. Assignment of 13C peaks for the different Me-branch positions.
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Figure S3-15.

13

C NMR spectrum (inverse gated decoupling, 403 K in C2D2Cl2) of the

polyethylene sample obtained after 30 s polymerization time (entry 1-1, Table 3-1). Signals
highlighted with a circle are the result of the prolonged heating of the sample in
tetrachloroethane.[44] Not assigned peak is marked with the grey square.
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Figure S3-16.

13

C NMR spectrum (inverse gated decoupling, 403 K in C2D2Cl2) of the

polyethylene sample obtained after 30 s polymerization time (entry 1-2, Table 3-1).

Figure S3-17. 1H NMR spectrum (403 K in C2D2Cl2) of the polyethylene sample obtained
after 30 s polymerization time (entry 1-2, Table 3-1). The assignment of the methyl end
groups and methyl branches is highlighted in the inlet.
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Figure S3-18.

13

C NMR spectrum (inverse gated decoupling, 403 K in C2D2Cl2)of the

polyethylene sample obtained after 30 s polymerization time (entry 1-6, Table 3-1).
Ambiguous assignment is shown in grey. Not assigned peak is highlighted with a grey circle.

Figure S3-19. 1H NMR spectrum (403 K in C2D2Cl2) of the polyethylene sample obtained
after 30 s polymerization time (entry 1-6, Table 3-1). The splitting of the methyl signal into a
doublet of triplet is shown in the inlet.
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Figure S3-20.

13

C NMR spectrum (inverse gated decoupling, 403 K in C2D2Cl2) of the

polyethylene sample obtained after 2 min polymerization time (entry 1-7, Table 3-1).

Figure S3-21.

13

C NMR spectrum (inverse gated decoupling, 403 K in C2D2Cl2) of the

polyethylene sample obtained after 2 min polymerization time (entry 1-9, Table 3-1). The
region of the 2S signal is shown in the inlet. Signals highlighted with a grey circle result from
prolonged heating of the sample in tetrachloroethane.[44]
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Figure S3-22. 1H NMR spectrum (403 K in C2D2Cl2) of the polyethylene sample obtained
after 2 min polymerization time (entry 1-9, Table 3-1). The splitting of the methyl signal into
a doublet of triplet is shown in the inlet. 13CH3-satelite of the methyl branch signal (doublet of
doublet) has the 2 fold intensity as expected for the naturally abundant 13CH3.
Branching. The branch content of the samples obtained after 30 s is higher than the branch
content of a typical sample obtained after 30 min polymerization time. Besides individual
methyl branches the samples also contain some minor amount of ethyl branches, 1,4- and 1,5methyl branches which is due to the unstable pressure conditions at the first seconds of the
polymerization (Figure S3-11). The formation of the 1,4-branches can be explained by the
chain walking mechanism, the formation of 1,5-branches is unclear. One possible mechanism
could be the insertion of a higher olefinic species than ethylene. Samples obtained after 2 min
polymerization are similar to typical samples obtained after 30 min polymerization in branch
content and branch pattern. The methyl branch pattern of the labeled

13

CH3-groups also

requires special attention and can be observed in the 1H NMR ((Figure S3-17 and Figure
S3-19). The main doublet at δ 0.93 (d, J = 6.6 Hz, 100 H) ppm represents methyl branches. Its
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13

CH3 analogs, a doublet of a doublet at δ 0.93 (dd, J = 124.2, 6.4 Hz, 2 H) ppm has an area

which is double as large as expected for the

13

CH3-satelite of the main peak (natural

abundance of 13C is 1.1%). Some error is certainly due the peak broadening of the main peak
and the resulting baseline error, however, also in the

13

C NMR spectra (Figure S3-16 and

Figure S3-21) B* signals have a slightly smaller area than the 1B1-signals, which might be
due to the incorporation of the 13C-label in the methyl branch, as a result of the chain walking
mechanism. In this case the question arises, whether the 13C-label is also incorporated within
the main chain. Unfortunately the labeled

13

CH2-groups within the chain cannot be

distinguished from the unlabeled ones via NMR spectroscopy.
3.5.5. Influence of the pressure and temperature on catalytic aqueous ethylene
polymerization
Table S3-3. Infuence of temperature and pressure on aqueous ethylene polymerization using

chains
per Ni/
chain
transfer
per Ni

GPC

Mn [105
g mol-1]
(Mw/Mn)

Tm [°C]
(crystalli
nity
[%])e

dPart
[nm]d

TONc

polymer
[%]b

p [bar]

T [°C]

entrya

1-TPPTS as catalyst precursor.

S3-1 15
40
1.37
9747
8
137 (75)
0.9 (2.1)
3/2
S3-2 10
40
0.89
6547
11
138 (79)
2.3 (1.6)
0.78/n.a.
S3-3 20
40
0.85
7068
7
136 (74)
2.0 (1.6)
0.85/n.a.
S3-4 30
40
0.30
2207
8
131 (80)
0.8 (1.7)
0.75/n.a.
S3-5 15
30
1.15
8460
7
134 (72)
1.1 (2.1)
2.1/1.1
S3-6 15
20
1.22
8623
10
135 (75)
1.6 (1.6)
1.5/0.5
S3-7 15
10
0.82
5717
10
131 (73)
1.8 (1.5)
0.9/n.a.
a
Reaction conditions: 50 µmol L-1 1-TPPTS, 26 mmol L-1, 200 mL water, 60 min
b
Determined by precipitation, c[mol ethylene mol cat.-1], dParticle diameter determined by
DLS, eDetermined by DSC.
Temperature. Among all the polymerization conditions presented in Table S3-3 the longest
catalyst life time of ~ 60 min was observed at 10 °C and 40 bar. However, at this temperature
the reaction can be easily perturbed by the formation of ethylene hydrate as indicated by
spontaneous high ethylene consumption (Figure S3-23, red dotted curve). Ethylene hydrate
formation is probably promoted either by formation of PE nanocrystals or by formation of
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hydrated SDS crystals as the solubility of SDS strongly decreases below the Krafft point
(TKrSDS = 15 °C)[45] (Figure S3-30).

Figure S3-23. Influence of the reaction temperature on the polymerization rate (---) 10 °C,
(—) 15 °C, (∙∙∙) 20 °C, (− −) 30 °C at 40 bar ethylene.
Polymerization at higher temperature would be more favorable in terms of the solubility of
the surfactant, however, polymerization at 30 °C results in very short catalyst life time. The
catalyst is deactivated completely within 20 minutes. Strong catalyst deactivation in water at
50 °C was already reported by Göttker-Schnetmann et al.[12a]
Pressure. The polymerization rate and yields decrease at low pressure (Figure S3-24 and
Table S3-3) due to the pronounced ß-H elimination, indicated by the high amount of
unsaturated end groups (cf. Figure S3-25, top)
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Figure S3-24. Influence of the ethylene pressure on the polymerization rate (—) 40 bar, (---)
30 bar, (∙∙∙) 20 bar, (− −) 10 bar at 15 °C.
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Figure S3-25. 1H NMR spectrum (403 K in C2D2Cl2) of the polyethylene sample obtained
after 60 min polymerization time using 1-TPPTS at 10 bar (top) or 40 bar (bottom) (entry S37 and S3-1, respectively, Table S3-3).
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3.5.6. Polyethylene analysis
Table S3-4. Microstructure analysis of selected polyethylene samples
13
catalyst
C/
Vparticleg
yield
MnGPC(1H NMR/13C
chainsi olef /
olef /
df
particleh
12
-25
entry
reaction conditions
precursor
C
[10
NMR)
[g]
103 [g mol-1] [µmol] aliphc
Med
[nm]
[µmol]
[µmol L-1]
aliphe
m3]
S4-1
60
50
2.740
95
28.94
n.e.
0.04
8
2,7
17.87
S4-2
1
50
0.628
7.3 (n.e / 7.1)
n.e.
0.15
0.05
10
5.2
2.10
S4-3
0.5
50
0.085
n.e (19 / 16)
5.25
0.33
0.07
(5)
5.2
4.44
13
S4-4
0.5
50
0.014
6.7 (20 / 7.6)
2.09
0.10
0.02
0.19
(4)
5.2
0.73
1- C-TPPTS
S4-5
0.5
100
0.052
11 (18 / 12)
4.68
0.08
0.02
0.18
(4)
5.2
2.71
1-13C-TPPTS
13
S4-6
2
100
0.192
21 (19 /19)
9.19
0.11
0.02
0.10
(5)
5.2
2.96
1- C-TPPTS
S4-7
1-13C-TPPTS, DMFa
2
100
0.039
10 (44 / 7.2)
5.42
0.04
0.01
0.34
(5)
5.2
10.02
S4-8
in D2O
0.5
100
0.032
5.7
5.52
n.e.
0.02
(4)
1.1d
1.64
S4-9
10 bar
60
50
1.640
180 (50 / n.e)
9.11
0.75
0.13
10
5.2
5.48
S4-10
30 °C
60
50
0.600
80 (72 / n.e)
7.50
0.45
0.04
8
2.7
3.91
S4-11
no SDS
60
50
1.050
10
105.00
n.e.
0.08
n.e.
n.e.
n.e.
a
S4-12
DMF
180
n.e.
8.640
160
54.00
0.41
0.72
10
5.2
28.86
S4-13
DMFb
300
n.e.
8.380
300
27.93
n.e.
0.51
17
2.6
5.70
S4-14
100 µmol TPPTS
60
50
4.540
n.e.
n.e.
n.e.
0.18
10
5.2
15.16
Reaction conditions: 40 bar, 15 °C, 200 mL water, 26 mmol L-1 SDS. a 0.13 mol L-1. b 0.32 mol L-1. c Number of olefinic endgroups was determined from the
integral of the peak 5.56 ppm (Iolef). Number of saturated endgroups was calculated from the triplett at 1.06 ppm in 1H NMR spectra (Ialiph). It was assumed, that
all the double bonds were isomerized to internal double bonds, which is reasonable, because almost no peaks corresponding to terminal double bonds were
observed around 5.1 ppm. d Olef/aliph corresponds therefore to (6  Iolef)/(2  Ialiph), number of methyl groups was calculated from the doublet at 0.85 ppm in 1H
NMR (IMe). Olef/Me corresponds to (3  Iolef)/(2  Ialiph). e 13C / 12C aliph was calculated from the 13C spectra using 1S and 2S integral according to
1Slabeled/1Sunlabeled. f Measured by DLS, values in brackets are estimated from TEM, Vparticles . g V = 4/3πrpart3 with rpart = 0.5 d. h Assuming spherical particles with
diameter d, Npart = V/Vpart. i Calculated according Nchain = Mn/28 g/mol.

reaction time
[min]
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3.5.7. Polymerization in deuterium oxide
Table S3-5. Ethylene polymerization in deuterium oxide.
reaction time
yield polymer
Mnf [105g mol-1]
Tm [°C] / cryst.
particle size
-1
-1
entry
catalyst [µmol L ] SDS [mmol L ]
[min]
[g]
(Mw/Mn)
[%]
[nm]e
S5-1a
0.5
50
26
0.003
n.m.
n.e.
n.e.
S5-2a
0.5
100
26
0.032
0.05 (2.4)
n.e.
n.e.
a
S5-3
5
50
26
0.082
0.42 (1.3)
n.e.
7, 49 (50%)
S5-4
30
50
26
4.6
2.6 (1.6)
135 (83)
45
S5-5
300
50
78
21.3
2.0 (2.5)
137 (85)
11
b
S5-6
300
50
78
20.5
3.3 (1.8)
138 (78)
16
S5-7
600
100
208
27.6
6.2 (1.4)
137 (77)
15
c
S5-8
120
50
52
6.8
1.6 (1.2)
132 (81)
13
S5-9
24 h
100
208
52.0 d
1.9 (4.6)
136 (71)
20
S5-10
24 h
25
208
8.7
5.1 (1.3)
139 (77)
27
a
b
-1
c
-3
-1
Reaction conditions: 1-TPPTS, SDS, 200 mL water, 15 °C, 40 bar. Immediate depressurizing, 0.13 mol L DMF, 1.46  10 mol L CsOH, pH
10, d+ 3 g coagulates, eAccording to DLS, fMeasured by GPC vs linear PE standards.
mass flow [g/h]

3
2
1
0

0

3

6

9

12
15
reaction time [h]

18

21

24

Figure S3-26. Ethylene consumption during polymerization in deuterium oxide at 15 °C and 40 bar ethylene using catalyst precursor 1-TPPTS
(from entry S5-10, Table S3-5).
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3.5.8. Influence of pH in catalytic aqueous polymerization
Table S3-6. Ethylene polymerization at different pH.

entry
S6-1
S6-2
S6-3
S6-4
S6-5
S6-6
S6-7b
S6-8c,f
S6-9d

S6-10
S6-11
S6-12
S6-12
S6-13f

CsOH*H2O
[mol L-1]
1.1  10-4
1.5  10-3
3.2  10-3
1.4  10-2
3.4  10-2
1.7  10-1
1.5  10-3
1.5  10-3
1.7  10-1
H2SO4conc.
[mL]
4.9  10-3
4.9· 10-8
9· 10-11
NaOH [g]
3.5  10-2
1.8  10-2
KOH [g]

pH

polymer
[%]

9
11
11.5
12.1
12.5
13.2
11
10
13.2

1.61
4.08
5.44
5.60
6.97
1.29
0.67
0.34
0.25e

2.3
6.0
6.7

4.5  10-5
2  10-4

12.5
13.2

4.97
4.12

MnGPC
[105 g mol1
] (Mw/Mn)
5.8 (1.5)
5.3 (1.6)
4.6 (1.4)
6.1 (1.3)
7.2 (1.2)
2.8 (1.2)
2.2 (1.5)
1.6 (1.2)
n.e.

n.e.
n.e.
n.e.
4.3 (1.5)
3.9 (1.5)

Tm [°C] /
cryst. [%]

particle sizea
[nm]

139
138
139
137
139
136 (77)
139
132 (81)
133 (64)

24
18
15
14
15
18
18
13
181

n.e.
n.e.
n.e.

n.e.
n.e.
n.e.

137 (83)
140 (85)

19
21

4.96 + ~1g
3.2 (1.6)
137 (84)
70
coagg.
-1
-1
Reaction conditions: 50 µmol L 1-TPPTS , 52 mmol L SDS, 200 mL water, 15 °C, 40 bar,
reaction time 1 h.
a
According to DLS 26 mmol L-1 SDS. b0.13 mol L-1 DMF. cIn D2O. dNo SDS added. eCoagulates
as product, fReaction time 2 h.
S6-14

3.4  10-2

12.5

Ethylene polymerization was performed at different pH using inorganic alkali hydroxides
for the pH adjustment (Table S6). At pH of 12.5 dispersions with 7 wt % polyethylene can be
accessed at 15 °C and 40 bar using 50 µmol L-1 1-TPPTS. The overall activity is increased at
high pH (Figure S3-27). Accounting for the molecular weight, at pH 12.5 polyethylene with
narrow Mw/Mn = 1.3 and molecular weight of up to 7.2 × 105 g mol-1 were obtained. At
pH 13.2 the catalyst productivity drops due to the increasing viscosity of the reaction mixture
(honey-like liquid) which is caused by the formation of the cesium dodecyl sulfate (CsDS).
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ethylene consumption [g/h]

30
pH 7
pH 10
pH 11
pH 11.5
pH 12
pH 12.5
pH 11, 2 mL DMF
pH 10 in D2O

20

10

0

0

1

2

reaction time [h]

Figure S3-27. Ethylene consumption in aqueous ethylene polymerization in presence of
CsOH at 15 °C, 40 bar ethylene using 50 µmol L-1 1-TPPTS and SDS as surfactant.
Sampling experiments (for details cf. chapter 3.5.10) were performed in presence of CsOH
at pH 12.5 and 13.2 (Figure S3-28). In both cases the polymerization ceases after ~ 60 min.
Higher yields and molecular weight were obtained at pH 12.5 than at pH 13.2 due to the
higher viscosity of the reaction mixture in the second case. The melting point and the
crystallinity of the obtained PE are also higher when the polymerization is performed at pH
12.5. The mono lamellar structure of the particles does not change in presence of CsOH
(Figure S3-29, left). The polymerization at pH 13.2 was also performed without SDS. The
catalyst productivity is similar to the reaction in neutral conditions, however in alkaline
conditions the polymer is completely precipitated (compare entry S2-2 from Table S3-2 and
entry S6-9 from Table S3-6). The polymerization at high pH was also studied in presence of
DMF. No significant change comparing to the polymerization at pH 7 was observed. In this
case the DMF-coordination is more dominant than the pH effect.
Also potassium hydroxide and sodium hydroxide were used for the pH control (Table S3-6,
entries S6-12 – S6-14). Addition of the potassium hydroxide to the reaction mixture results in
the immediate precipitation of potassium dodecyl sulfate (KDS) (Figure S3-30, a). Krafft
point of potassium dodecyl sulfate is TKr,KDS = 33 °C which is far above the reaction
temperature of T = 15 °C. Addition of pH neutral potassium salts like potassium bromide
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results as well in the immediate precipitation of KDS (Figure S3-30, b). In this case, finely
dispersed KDS crystals act as nucleation sites and lead to formation of large, multilamellar
polyethylene particles (Figure S3-29, center).

polymer content [%]

8
6
pH13.2
pH 13.2
pH 12.5

4
2
0

90

140

80

135

75
pH 13.2
pH 12.5

130

cryst [%]

Tm [°C]

85

70
65

·

pH 12.5
pH 13.2

2,1

4

1,8

2

1,5

Mw/Mn

Mn [105 g . mol-1]

6

1,2
0

0

30

60

Time [min]

Figure S3-28. Ethylene polymerization at different pH at 40 bar and 15 °C using CsOH and
50 µmol L-1 1-TPPTS. (top) yield (center) melting temperature and crystallinity (bottom)
molecular weight and Mw/Mn of the obtained polymers dependent on the reaction time.
Polymerization in presence of sodium hydroxide results in stable dispersions with small
monolamellar polyethylene particles (Figure S3-29, right). However, the catalyst productivity
is low compared to reactions in presence of cesium hydroxide, meaning, that also the counter
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ion, namely, cesium plays an important role. Some influence may have the formation of CsDS
where the cesium ion is stronger bounded to the dodecyl sulfate moiety than its sodium
analog.[46] Increase of the pH to 13.2 using sodium hydroxide does not lead to a strong
productivity change like it was observed in the case of the cesium hydroxide, confirming that
the productivity drop in the latter case is due to the viscosity change.

Figure S3-29. TEM micrographs of dialyzed polyethylene dispersions obtained in presence of
(left) CsOH, (center) KOH (right) NaOH at pH 12.5 from Table S3-6 entries S6-5, S6-14 and
S6-12.

Figure S3-30. (a) Mixture of 5.2 mmol L-1 SDS and 2.9  10-2 mol L-1 KOH in water, (b)
mixture of 5.2 mmol L-1 SDS and 3.3  10-2 mol L-1 KBr in water. (c-e) Solubility of
5.2 mmol L-1 SDS in water at (left) room temperature, (center) 13 °C, (right) 5 °C.
Aqueous ethylene polymerization ceases immediately in acidic conditions (Table S3-6). At
pH 2 no polymer could be obtained and at pH 6.7 only polymer traces were isolated.
3.5.9. Catalyst stabilizing additives
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A number of potentially coordinating water-soluble additives were tested regarding their
stabilizing ability of catalyst in aqueous ethylene polymerization. Amides like N,NDimethylformamide (DMF) or N-formylpiperidine as well as O-donor compounds like THF
were studied. The catalyst ([1-TPPTS] = 50 µmol L-1) can be stabilized for 1 h using 65
mmol L-1 DMF at 15 °C and 40 bar ethylene (Table S3-7). Higher DMF concentration leads
to a longer catalyst life time (Figure S3-31, left, (●) and (■)) at the expense of catalyst
activity (Figure S3-31, left (○) and (□) and Figure S3-32, top)). At 0.32 mol L-1 DMF the
catalyst activity is almost constant for at least 5 hours (Figure S3-32, top, black dashed line).

Mn
Mw/Mn

2

1
0,0

2,0

Mw/Mn

Mn *105 [g/mol]

3

1,5
0,5
DMF/Ni *10

1,0
4

Figure S3-31. (left) Polymerization activity 1-TPPTS in presence of DMF. (□) 50 µmol L-1
and (○) 100 µmol L-1 1-TPPTS, 0.5 h; (■) 50 µmol L- and (●) 100 µmol L-1 1-TPPTS, 10 h.
(right) Molecular weight and Mw/Mn of PE depends on DMF concentration used. Reaction
was performed at 15 °C and 40 bar ethylene.
At 1.3 mol L-1 DMF no more polymer is formed but even after 5 hours no catalyst
decomposition occurs, indicated by the orange-red color of the final mixture in contrast to the
typically pale yellow color of the decomposed catalyst in aqueous solution. The equilibrium
between the active and the DMF coordinated dormant species is shifted to the side of the
dormant species which is inactive in ethylene polymerization.
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Table S3-7. Influence of DMF on the ethylene polymerization in water.
MnGPC [105 g mol-1]
(Mw/Mn)

entrya

time
[h]

DMF [mol L-1]

polymerb [%]

TOFc

TONd

particle size
[nm]e

Tm [°C] (crystallinity
[%])f

S7-1

1

0.07g,j

4.07

28581

28581

9

135 (80)

S7-2

0.5

0.13g,i

2.06

28379

14189

35 (0.4%), 10

134 (73)

S7-3

2

0.13g,j

4.32

14784

29568

10

137 (86)

S7-4

4

0.19g,j

4.48

8057

32227

52 (0.2%),13

136 (70)

1.6 (1.6)

S7-5

5

0.32g,j

4.19

5847

29233

17

136 (69)

3.0 (1.5)

S7-6

2

1.3g,k

-

-

-

-

-

S7-7

5

0.32h,j

6.55

4786

23930

8

135 (77)

1.1 (2.0)

S7-8

5

0.32h,k

6.98

4747

23737

9

135 (77)

1.1 (2.3)

S7-9

7

0.65h,k

8.04

4211

29474

10

138 (77)

2.4 (1.6)

S710l

20

1.30h,k

9.63

1771

35422

10

137 (75)

3.4 (1.5)

1.4 (1.9)

a

Reaction conditions: 200 mL water, 15 °C, 40 bar bDetermined by precipitation, c[mol ethylene mol cat.-1 h-1], d[mol ethylene mol cat.-1],
Determined by DLS, fDetermined by DSC, g50 µmol L-1 1-TPPTS, h100 µmol L-1 1-TPPTS, i26 mmol · L-1 SDS, j52 mmol L-1 g SDS, k78 mmol
L-1 SDS, lafter 10 h no constant pressure because of the closed PE bottle, pressure drop to 38 bar after further 10 h.
e
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Higher catalyst concentration (100 µmol L-1) requires higher DMF concentration for the
catalyst stabilization. Nearly constant catalyst activities over prolonged period of time were
achieved at 1.30 mol L-1 DMF resulting in catalyst life time > 10 hours at 40 bar ethylene and
15 °C. Stable polyethylene dispersions with particle size of ~ 10 nm and polymer content of
up to 9.6 wt % polyethylene were obtained.
Polymerization experiments using the 1-13C-TPPTS were also performed in presence of
0.13 mol L-1 DMF (Table 3-1, entries 1-8 and 1-9). After 0.5 min polymerization minor
polymer traces and after 2 min 39 mg of the polymer could be isolated. The branch content of
the obtained polyethylene is significantly lower than in samples obtained without DMF (about
3 branches per chain). The microstructure of the polymer isolated from the 20 h experiments
using unlabeled 1-TPPTS is linear, with 2 branches per 1000 carbon atoms (Figure S3-33).
According to GPC molecular weights of > 3 × 105 g mol-1 were obtained, which is 3 fold as
high as the typical molecular weight of the polymers obtained without DMF at 15 °C with M n
of ~ 0.9 × 105 g mol-1 (Figure S3-31, right). The polymerization rate in presence of DMF is
significantly lower than without an additive, as expected, when DMF coordination is present.
The coordination of DMF probably takes place via the carbonyl oxygen and not via the
nitrogen, similar to the previously reported nickel(II) DMF complexes.[47]
Other coordinating additives were studied (Table S3-8). The catalyst precursor concentration
of 50 µmol L-1 was chosen. For comparison reasons additive concentration of 130 mmol·L-1
was chosen as standard condition.
N-methylformamide does not stabilize the reaction; the catalyst is quickly deactivated
(Figure S3-34, dashed orange line) and its productivity is even lower in comparison to the
reaction without an additive. N-methylformamide contains an amide proton which may
promote the catalyst deactivation. Addition of N,N-dimethylacetamide (DMA), a compound
having similar coordination strength like DMF, leads only to a moderate increase of the

118

catalyst life time and productivity compared to the reaction without an additive. In contrast to
DMF, higher DMA concentration leads to a lower yield without increasing the catalyst life
time. This can be potentially attributed to a slightly higher acidity of DMA compared to DMF.

Figure S3-32. Mass flow traces for ethylene polymerization in presence of DMF; (top) 50
µmol L-1 1-TPPTS, 52 mmol L-1 SDS, (—) 0 mol L-1 DMF, (---) 0.065 mol L-1 DMF, (- ∙ -)
0.13 mol L-1 DMF, (− ∙ −) 0.19 mol L-1 DMF, (− −) 0.32 mol L-1 DMF, (∙∙∙) 1.3 mol L-1 DMF,
(bottom) 100 µmol L-1 1-TPPTS, (---) 0.32 mol L-1 DMF, 52 mmol L-1 SDS, (∙∙∙) 0.32 mol L1

DMF, 78 mol L-1 SDS, (---) 0.65 mol L-1 DMF, 78 mmol L-1 SDS, (—) 1.3 mol L-1 DMF, 78

mmol L-1 SDS.
Using stronger coordinating ligands like N-formylpiperidine or N-formylpyrrolidine only low
catalyst activity is observed even at 50 °C and very low polymer yields are obtained (Figure
S3-34 and Table S3-8). Other stronger coordinating ligands like DMSO decrease the catalyst
productivity compared to the reaction without an additive. Aromatic compounds like N119

methylformanilide

or

halogenated

compounds

like

2-chloro-N,N-dimethylacetamide

decompose the catalyst completely (Figure S3-35, left). Final dispersions had a pH of 4 and
2, respectively. No polymer was obtained in both cases (Table S3-8).

Figure S3-33. (top)

13

C NMR of polymer synthesized in presence of DMF, recorded at 600

MHz Bruker Avance DRX 600 NMR device with relaxation time of 6 s and 10240 scans at
388 K in 1,1,2,2-tetrachloroethane-d2. Sample obtained in presence of DMF from entry S7-5,
Table S3-7. (bottom) sample obtained at pH 12.5 using CsOH, from entry S6-5, Table S3-6.
Addition of methyl formate leads to a strongly decreased catalytic activity compared to the
polymerization without an additive. Being a quite unstable compound it can produce trace
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amounts of formic acid which deactivate the catalyst. Addition of THF, which is a much
weaker coordinating ligand than DMF, increases the catalyst life time to up to 1 h. Multisite
coordinating ethers like diglyme decrease the catalyst activity compared to the reaction
without an additive.

Figure S3-34. Mass flow traces for ethylene polymerization in presence of coordinating
additives, (− ∙ −) DMF, (−∙∙−) THF, (—) DMA, (− −) N-methylformamide, (∙∙∙) Nformylpiperidine, (---) no additives. 130 mmol of the additive at 15 °C and 40 bar using 50
µmol L-1 1-TPPTS.

Figure S3-35. Polymerization mixture after 1 month from Table S3-8. Influence of
coordinating substances on the ethylene polymerization in water. (left) 2-chloro-N,N-dimethyl
acetamide as additive, pH 2 entry S8-13, (right) DMA, pH 7 entry S8-5. The black color
indicates the formation of Ni black as the result of the catalyst decomposition.
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Table S3-8. Influence of coordinating substances on the ethylene polymerization in water.
polymerb
[%]

TOFc

particle
size
[nm]d

Tm [°C]
(crystallinity
[%])e

0.76

2617

10

n.m.

0.71

4860

9

131 (67)

0.78

2721

13

n.m.

2.29

15977

11

134 (80)

1.18

8451

10

136 (76)

i

0.04

143

10

126 (62)

1

i

0.04

296

12

126 (63)

S8-8

1

i

0.02

134

8

114 (51)

S8-9g

1

i

0.08

551

20

131 (61)

S8-10

2

-

-

-

-

S8-11

1

-

-

-

-

S8-12

1

0.15

1081

11

131 (68)

S8-13

2

-

-

-

-

S8-14

1

DMSOi

0.70

5047

13

132 (67)

S8-15

1

THFi

2.04

14142

11

134 (74)

entrya

time
[h]

S8-1

2

S8-2

1

S8-3

2

S8-4

1

S8-5

1

S8-6

2

S8-7f

additives

h

i

j

i

j

i

h

i

i

S8-16
1
diglymei
0.41
2956
12
137 (68)
a
b
Reaction conditions: 200 mL water, 15 °C, 40 bar, 10 µmol 1-TPPTS Determined by
precipitation, c[mol ethylene mol cat.-1 h-1], dDetermined by DLS, eDetermined by DSC, f20
°C, g50 °C, h130 mmol L-1, i260 mmol L-1, j520 mmol L-1.
Addition of weakly coordinating tertiary amines like 1,8-diazabicyclo[5.4.0]undec-7-ene
(DBU) leads to the catalyst stabilization similarly to DMF, however much lower DBU
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concentrations are necessary (~ 0.7 mmol L-1, Table S3-9). Having a pKa,H2O ~ 12 DBU is not
a simple coordinating agent, but also influences the pH of the reaction mixture making it
basic. An even weaker coordinating tertiary amine, 1,4-diazabicyclo[2.2.2]octane (DABCO),
pKa,H2O = 2.97, 8.82 respectively, increase the catalyst productiviety when used in higher
concentrations. Polymer contents of ~ 6 wt % are accessible with 50 µmol L-1 complex after
polymerization for 1 h at 15 °C and 40 bar ethylene (Table S3-10). DABCO is probably
acting similarly to a “buffer” and not as coordinating agent.

Table S3-9. Ethylene polymerization in presence of DBU (

entry

reaction
time [h]

DBU
[mmol L1
]

polymer
[%]

pH

MnGPC [105 g
mol-1]
(Mw/Mn)

).

Tm [°C] /
cryst. [%]

particle
size [nm]b

13. 50
(0.2%)
S9-2a
5
0.67
7.5
2.25
3.5 (1.5)
137 (86)
14
S9-3
1
1.67
9.2
1.99
3.3 (1.5)
138 (79)
12
S9-4
1
3.34
10
1.38
2.6 (1.4)
140 (85)
12
-1
-1
Reaction conditions: 50 µmol L 1-TPPTS, 52 mmol L SDS, 200 mL water, 15 °C, 40 bar
a
26 mmol L-1 SDS. bParticle size by DLS.
S9-1

1

0.17

7.1

4.8

5.5 (1.3)

Table S3-10. Ethylene polymerization in presence of DABCO (

reaction
time [h]

DABCO
[µmol L-1)

S10-1

1

1.56

8

4.62

S10-2

1

4.27

8

S10-3

1

44.3

8

entry

pH

polymer
[%]

MnGPC [105 g
mol-1]
(Mw/Mn)

135 (83)

).

Tm [°C] /
cryst. [%]

particle
size [nm]a

3.6 (1.6)

137 (81)

59

4.37

4.6 (1.5)

136 (83)

17

5.65

5.3 (1.4)

137 (83)

12

Reaction conditions: 50 µmol L-1 1-TPPTS, 52 mmol L-1 SDS, 200 mL water, 15 °C, 40 bar
a
Particle size by DLS.
To sum up, stronger ligands than DMF (i.e. DMSO, N-formylpiperidin, Nformylpyrrolidine) lead to a lower catalyst activity, compared to the polymerization without
an

additive,

by blocking

the

coordination

site

(DMSO,

N-formylpiperidin,
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formylpyrrolidine). The same accounts for more sterically hindered ligands. Weaker
coordinating compounds like THF increase the catalyst productivity. However, they cannot
increase the catalyst life time significantly. Polar or activated compounds destroy the catalyst
(methyl formate, N-methylformanilide, chloro-N,N-dimethylacetamide). Bases like DBU or
DABCO stabilize the system similarly to the base + DMF combinations.
3.5.10. Sampling system
In order to monitor a reaction two general routes can be pursued. The classical sample
drawing is a widely spread technique which allows to follow the progress of the reaction. The
sample can be immediately quenched and further characterized by all available analysis
methods. Prior purification steps can be easily performed. However, sample drawing can lead
to modification of the analyzed sample. Another approach, called on-line monitoring, implies
the analysis of the reaction mixture directly in the reaction vessel. On-line monitoring of
emulsion or dispersion polymerization reactions has been reported by various groups.[48] The
most important disadvantages of these on-line techniques are their sensitivity to the increase
of the solid content, turbidity change and formation of precipitates. Reactions at high pressure
are usually not available for the analysis techniques like microscopy or X-ray scattering.
Sample drawing followed by off-line analysis was chosen to monitor the ethylene
polymerization in water. The drawn samples were characterized by transmission electron
microscopy (TEM), atomic force microscopy (AFM), dynamic light scattering (DLS),
analytical ultracentrifugation (AUZ), differential scanning calorimetry (DSC), gel permeation
chromatography (GPC), surface tension measurement (STM) and conductivity measurement
(CM).
3.5.10.1. Sampling chamber
Sampling of strongly foaming liquids like the polyethylene dispersions under pressure is
very challenging. A pressure drop results in the formation of the dense foam and possibly in
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creaming of the dispersion and clogging of the valves. To avoid these inconveniences a
special sampling chamber was constructed which enables sampling at pressures such as 40 bar
(Figure S3-36).

Figure S3-36. (a) Sampling chamber with the pressure control mechanism, (b) sampling unit
with sampling vessels (model), (c) sampling chamber and rotating sampling unit (sketch) and
(d) sketch of the reactor system and the sampling chamber.
The sampling chamber is a pressurizable stainless steel vessel which is connected to the
reactor and the gas feed via solenoid valves (Figure S3-36). It contains an exchangeable
polypropylene sampling unit that can be precisely rotated via an electromagnetic clutch. The
whole process is fully automated and can be operated using the LabVision Automation
Software (HitechZang). The number of samples which can be drawn during the reaction
depends only on the geometry of the polypropylene sampling unit, for example, in our case
6 × 10 mL sampling vessels were used.
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3.5.10.2. Sampling procedure
During the polymerization reaction the sampling chamber is set under exactly the same
pressure as the reactor. To draw a sample a small additional volume is connected to the
sampling chamber (Figure S3-36). The pressure inside the sampling chamber drops slightly,
thus the pressure difference between the reactor and the sampling chamber is high enough to
transfer a small amount of the reaction mixture from the reactor into the sampling vessel. The
valve between the reactor and the sampling chamber is closed and the sampling chamber is set
again at the exactly the same pressure as the reactor. Using sampling intervals of ≥ 30 s at 40
bar, the temperature and the pressure inside the reactor can be kept almost constant (Figure
S3-37). Higher sampling frequencies result in inconstant temperature and overall pressure
drop inside the reactor. When all samples are drawn the sampling chamber is slowly
depressurized via a pulsed solenoid valve. The depressurizing takes 1.5–2 h, to ensure that all
samples remain stable and no foaming occurs inside the sampling vessel (Figure S3-38).

Figure S3-37. Pressure and temperature during polymerization with sampling. Reaction with
high ethylene conversion; spikes of the pressure curve are attributed to the pressure decrease
during sampling. (—) pressure; (- - -) temperature outflow thermostat; (—) temperature inside
the reactor.
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Figure S3-38. Pressure and temperature evolution during the setting of the reactor and
polymerization; (—) pressure; (- - -) temperature outflow thermostat; (—) temperature inside
the reactor (left) without sampling (right) with sampling.
3.5.10.3. Validation of the system
In order to validate the sampling procedure, first, the stability of the dispersion after the
sample drawing was proven. Fully characterized polyethylene dispersion was filled into the
reactor, pressurized with 40 bar ethylene under stirring. Samples were drawn and
characterized by DLS, tensiometry and conductivity. The polymer content of the drawn
sample was estimated by precipitation of the dispersion in methanol. No deviation between
the characteristics of the initial dispersion and the drawn sample could be observed (Table
S3-11).
Table S3-11. Analysis of the preformed ethylene dispersion before and after sample drawing.
before

after
sample drawing

Polymer content [%]
Particle size [nm]
Conductivity [mS cm-1]
Surface tension [mN m-1]

1.92
11
0.369
58.5

1.99
10
0.373
58.3

Additionally, it had to be proven that after sample drawing no further polymerization occurs
inside the pressurized sampling chamber. The sample inside the sampling chamber is not
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cooled and not stirred. The ethylene solubility in water is low (~ 0.14 mol L-1 at 35 °C and 40
bar[49]), thus the efficiency of the polymerization also depends on the sufficient ethylene
transport. When the reactor was charged with 200 mL water, 26 mmol L-1 SDS, and 75 µmol
L-1 catalyst precursor 1-TPPTS and pressurized with 40 bar ethylene at 15 °C for 30 min
without stirring no ethylene consumption was detected and no polymer could be isolated from
the reaction mixture. Thus, the ethylene transport by diffusion is too slow to enable significant
ethylene polymerization without stirring. Additionally, the catalyst used rapidly deactivates at
higher temperature.[12a] Further, to prevent the polymerization after sample drawing a
quencher can be added to the sampling vessel.

Figure S3-39. Validation of the sampling chamber. Samples were drawn in a parallel way
from the same reaction mixture. (●) no quencher added (■) 2 drops H2O2 added in the
sampling vial. Reaction conditions: 40 bar, 15 °C, 200 mL water 100 µmol L-1 1-TPPTS,
26 mmol L-1 SDS.
The catalyst precursor applied can be easily decomposed by acids or oxidizing agents (vide
supra). Two drops of a 30%-hydrogen peroxide solution were added into the sampling vessel
before the polymerization procedure. No difference in particle size, surface tension and
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polymer content could be observed between the quenched samples and the samples without
H2O2 (Figure S3-39). Based on these results it can be assumed that no further polymerization
occurs inside the sampling chamber. All further reactions were performed without addition of
hydrogen peroxide as quencher.
3.5.10.4. Surface stabilization of the polyethylene particles
Aqueous ethylene polymerization was studied at different reaction times by drawing samples
at 40 bar and 15 °C. PE particles are hydrophobic and adsorb the surfactant on their surface.
This can be monitored via tensiometry and conductivity measurements (Figure S3-40, a), b)).
The surface tension of the reaction mixture increases and the conductivity of the reaction
mixture decreases already in the very first minutes of the polymerization. After ~ 10 min a
surface tension of  ~ 60 mN m-1 and conductivity σ < 0.4 mS cm-1 are reached at polymer
contents of ~ 2 wt% PE.
At surfactant concentrations above CMC the maximum surface concentration of the
surfactant is reached and additional surfactant molecules are organized in micelles. When the
surface tension of a surfactant solution becomes higher than the surface tension at CMC,
surfactant micelles are no longer present in the surfactant solution. The initial SDS
concentration used in the polymerization experiment was [SDS]init = 26.0 mmol L-1, the
CMCSDS = 8.3 mmol·L-1, thus at least 17.7 mmol (~ 5 g) of SDS are adsorbed by 1 L of a
newly formed polyethylene dispersion when the surfactant concentration drops below CMC.
Note, the polymer content of the polyethylene dispersion obtained after 1 min using 50 µmol
L-1 of the catalyst precursor was only ~ 0.3 wt% and the surface tension  > CMC. According
to the tensiometry measurements at polymer contents of 2 wt% virtually all the surfactant is
adsorbed on the surface of the particles.
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Figure S3-40. a) Surface tension b) conductivity c) particle size vs reaction time. Reaction
conditions: 40 bar, 15 °C, 200 mL water (■) 100 µmol L-1 1-TPPTS, 26 mmol L-1 SDS; (●)
75 µmol L-1 1-TPPTS, 26 mmol L-1 SDS; (▲) 50 µmol L-1 1-TPPTS, 26 mmol L-1 SDS; (▼)
50 µmol L-1 1-TPPTS, 13 mmol L-1 SDS.
However, having a look at the initial intensity curves a shift to the larger particle diameters
is present. The CONTIN algorithm which is used for the evaluation of the autocorrelation
function uses the spherical particle approximation. In our samples the particle are plate-like
(according to TEM). The polydispersity of the sample also implies uncertainties during the
analysis.
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Table S3-12. Aqueous ethylene polymerization using water-soluble catalyst precursor 1TPPTS without DMF.

a

entry

1-TPPTS
[µmol]

S12-1
S12-2
S12-3
S12-4b
S12-5c
S12-6c
a
40 bar ethylene,
mol L-1 DMF.

reaction
time [min]

polymer
content [wt%]

20
30
15
30
10
30
10
10
10
30
10
120
30 min, 15 °C, 26 mmol L-1

surface tension
[mN/m]

particle
diameter
[nm]DLS

1.87
58.5
9
0.67
45.0
11
0.45
40.4
11
0.62
55.7
11
1.72
56.5
12
3.43
50.2
14
b
-1
SDS, 200 mL water, 13 mmol L SDS, c0.13

Sampling experiment using 100 µmol L-1 1-TPPTS was repeated at shorter sampling
period. According to DLS also this time no significant particle growth is observed (Figure
S3-40, red reversed triangles, for PSD Figure S3-41).

Figure S3-41. Particle size distribution by a) numberDLS, b) intensityDLS. Reaction time: (—)
1.5 min (—) 2.5 min (—) 10 min. The samples were obtained during the polymerization
without DMF at 15 °C and 40 bar using 1-TPPTS.
3.5.10.5. Analyses of particles obtained with the sampling system by TEM
TEM micrographs of the samples were recorded and analyzed. After 0.5 min the number of
observable particles is very low and increases significantly after 10 min. The close-up to the
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sample drawn after 1.5 min polymerization time reveals small, well dispersed, plate-like
particles with an average diameter of ~ 10 nm (Figure S3-42, (a)) and only few larger
particles in accordance with the results reported earlier. Sample drawn after 10 min contains
significantly larger particles with an average diameter of ~ 20 nm (Figure S3-42, (c)). In
order to quantify these observations particles of a micrograph were counted and characterized
by their average, maximum and minimum diameter (Figure S3-42, (b), (d) the particle are
sorted according to their size, each size class is highlighted by different color The number of
the analyzed particles and the average particle size with the standard deviation (analySIS
software by Soft Imaging System GmbH) is shown in Table S3-13).

Figure S3-42. (a) sample drawn after 1.5 min polymerization time; original TEM micrograph;
(b) particles sorted according to their maximum diameter; (c) residual reaction mixture after
10 min polymerization time; original TEM micrograph (d) particles sorted according to their
maximum diameter.
However it has also to be taken into account that the orientation of a particle on the TEM
grid strongly depends on its size. Small plate-like particles have a similar height h and
diameter d (Figure S3-43). Contrarily, h is much smaller than d for large plate-like particles.
It must be noted, that TEM samples were prepared by simple evaporation of the solvent on the
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copper grid. The large particles will therefore orient horizontally and the small ones will
orient rather statistically. This implements an ambiguity into the particle analysis. In the case
of small particles the height and the diameter can be analyzed as minimum particle size. In the
case of the large particles only the diameter corresponds to the minimum particle size.
Maximum particle size always corresponds to the diameter of the particle independent of its
orientation and size.
Table S3-13. Particle statistics estimated from the TEM micrographs, the polymerization
reaction was carried out without DMF at 15 °C and 40 bar using 1-TPPTS.

entry
S13-1
S13-2
S13-3

reaction time
[min]
1.5
2.5
10

nb. of particles
analysed
284
570
519

average size
[nm]
10.11
19.15
19.13

standard deviation
[nm]
3.48
8.65
9.30

Figure S3-43. Particle dimensions strongly influence the orientation of the particle on the
TEM grid. Small particles orient statistically, large particles orient horizontally.
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Figure S3-44. Particle size distributions according to the minimum (left) and average (right)
particle diameter. The polymerization procedure was carried out without DMF at 15 °C and
40 bar using 1-TPPTS.

Figure S3-45. AFM micrograph of the polyethylene dispersion (height image) and cross
section of several particles (left) from entry S13-1, Table S3-13 and (right) entry S13-3,
Table S3-13.
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3.5.10.6. Sampling in presence of DMF
DMF increases the catalyst life time and minimizes the side reactions, thus the sampling
procedure was repeated in presence of DMF (Table S3-14). 0.13 mol L-1 DMF were added to
obtain high solids dispersions and to facilitate the sample analytics. The increased catalyst
lifetime leads automatically to very high polymer yields on a long term scale, thus higher
surfactant concentrations were used in the long term experiment (Table S3-15) by which the
final surface tension was kept below  < 65 mN m-1 (Figure S3-46), which is prerequisite for
a uniform particle growth.
Table S3-14. Short-time sampling with DMF.
reaction time average particle size
standard
number of particles used
[min]
[nm]TEM
deviation [nm]
for TEM analysis
S14-1
0.5
19
9
670
S14-2
1
17
9
870
S14-3
1.5
20
9
848
S14-4
2.5
21
10
480
S14-5
3
17
7
875
S14-6
30
34
17
460
Reaction conditions: 200 mL water, 26 mmol L-1 SDS, 0.13 mol L-1 DMF, 50 µmol L-1
1-TPPTS, 40 bar ethylene, 15 °C.
entry

Table S3-15. Long-time sampling with DMF.
reaction time average particle size
standard
number of particles used
[min]
[nm] TEM
deviation [nm]
for TEM analysis
S15-1
3
14
5
672
S15-2
3.5
22
8
1084
S15-3
4
25
12
1934
S15-4
9
28
10
1144
S15-5
30
27
12
437
S15-6
60
30
16
558
Reaction conditions: 200 mL water, 52 mmol L-1 SDS, 0.13 mol L-1 DMF, 50 µmol L-1
1-TPPTS, 40 bar ethylene, 15 °C.
entry

The particle size distributions were additionally evaluated via TEM by the methods
presented in the previous section (Table S3-14 and Table S3-15 and Figure S3-48 and
Figure S3-49).
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Figure S3-46. Surface tension and particle size of samples obtained at 40 bar ethylene at
15 °C with 50 µmol L-1 1-TPPTS in a a) short-term experiment (Table S3-14), 130 mmol L-1
SDS; b) long-term experiment (Table S3-15), 260 mmol L-1 SDS; (■) surface tension (●)
diameter.

Figure S3-47. DLS traces of the polymer dispersions obtained in presence of DMF after
sampling according to Table S3-15. Particle size distribution by number (top) and by
intensity (bottom).
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Figure S3-48. Short term experiment (Table S3-14). Particle size distributions according to
(left) minimum and (right) average particle diameter. The reaction was performed in presence
of 130 mmol L-1 DMF at 15 °C and 40 bar using 1-TPPTS.

Figure S3-49. Long term experiment (Table S3-15). Particle size distributions according to
(left) minimum and (right) average particle diameter. The reaction was performed in presence
of 130 mmol L-1 DMF at 15 °C and 40 bar using 1-TPPTS.
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3.5.10.7. AUZ measurements
AUZ measurements were performed (Figure S3-50). No sufficient signal quality could be
obtained in the case of the short term experiment (samples were drawn after 0.5 and 1.5 min)
due to low polymer concentration. In the case of the long term experiment (samples were
drawn after 3.5 and 4 min) a shift to larger particle sizes was observed, confirming the
observations by TEM. The qauntitative comparison of the particle size observed by TEM and
AUZ cannot be performed, as the particles diameters observed by AUZ correspond to the
hydrodynamic radius of the apparent sphere, while the analysis by TEM leads to the apparent
diameter of the anisotropic plate.

particle size distribution

1,0
0,8

0.5 min
1.5 min

0,6
0,4
0,2
0,0

0

20

40

60

80

100

dH apparent [nm]

Particle size distribution

1,0
0,8

3.5 min
4 min

0,6
0,4
0,2
0,0

0

10

20

30

40

50

dH apparent [nm]

Figure S3-50. AUZ measurements of the particle size distribution (left) from short term
experiment (Table S3-14), due to very low polymer concentration the distribution is badly
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resolved (right) particle size distribution from the long term experiment (Table S3-15), a shift
to larger particle diameters can be observed.
3.5.11. Volume of a particle
Usually the particle size is estimated from DLS measurement. However, this estimation,
particularly using one-angle DLS measurement, is only reliable for monodisperse spherical
particles. Here, the influence of particle shape on its volume is demonstrated.
For selected samples the mean particle volumes using the particle surfaces areas estimated by
TEM, and assuming that the particle thickness is constant at all particle sizes h = 8 nm were
calculated according to Equations (S3-J) and (S3-K). The particle volumes Vmean,sphere were
calculated using the hydrodynamic radii RH of oblate ellipsoids with dimensions a = √(surface
areaTEM/π) and b = 8 nm according to Equations (S3-L) and (S3-M). The volumes obtained
from DLS and by approximation as oblate ellipsoid are comparable. However, when the
particle volume is calculated using the true particle geometry obtained by TEM much higher
particle volumes are obtained, particularly in the case of large particles, meaning, that the
mistake made assuming the RH to be directly related to the real particle volume is in the order
of magnitude of 101.
Vi = Ai · hi
𝑉𝑚𝑒𝑎𝑛 =

𝑅𝐻 =

(S3-J)

∑ 𝑉𝑖 𝑥𝑖
∑ 𝑥𝑖

√𝑎2 −𝑏 2
2
2
𝑎𝑟𝑐𝑡𝑎𝑛(√𝑎 −𝑏 ⁄𝑏)

Vi,sphere = 4/3πRH3

(S3-K)

(S3-L)
(S3-M)

Table S3-16. Particle volumes calculated from DLS and TEM data. Samples were obtained at
15 °C and 40 bar.
entry

particle

particle volumeoblate

particle volumeTEM

reaction

yield
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S16-1
S16-2
S16-3
S16-4
S16-5
S16-6

volumeDLS [1025
m3]
2.2
1.8
1.0
7.0
42.2
17.7

approximation

[10-25 m3] according to (i) [10-25
m3]
3.1
9.0
3.0
9.3
3.6
21.2
4.1
30.2
22.1
92.2
16.6
254

time [min]

[g]

1.5
5
10
30
240
600

0.082
4.38
4.580
15.60
27.60

Figure S3-51. (left) (red grid) Equivalent diameter Deq of an oblate ellipsoid with dimensions
a, a, b; a > b. (black line) sphere with dimensions a = b, (right) PE particles can be
approximately described as oblate ellipsoids with a1 = a2 > b.
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3.5.12. Particle thickness measurements

Figure S3-52. Particle thickness of a lozenge shaped particle obtained after 4 h
polymerization using 1-TPPTS by electron energy loss.

Figure S3-53. TEM micrographs of a sample obtained after 24 h polymerization in D2O at 15
°C and 40 bar from entry S5-10, Table S3-5.
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Figure S3-54. TEM micrographs of dispersions obtained after 0.5, 1.5 and 10 min
polymerization time using 1-TPPTS at 15 °C and 40 bar. The mean particle thicknesses for
these samples are 4.1 ± 0.6 nm, 4.5 ± 0.7 nm and 7.1 ± 0.8 nm respectively. Note, the
dispersion obtained after 30 s contains very small polymer concentration.

Figure S3-55. (left) flat lozenge (right) hollow pyramid. (top) Sketch, (bottom) TEM
migrographs from entry S2-8, Table S3-2.

Figure S3-56. Lozenge shaped polyethylene crystals obtained in presence of DMF from entry
S7-5, Table S3-7.
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4. Aqueous Dispersions of Multiphase Polyolefin Particles
4.1.

Introduction

The crystallinity of polyolefins can be varied over a wide range via the branch pattern and for
practical application, it is often desired to combine the properties of polyolefins with different
microstructures within one blend.[1]-[4] However, polyethylenes with different crystallinity or
molecular weight are well known to phase separate[5],[6] which makes efficient blending of
LDPE/HDPE, LLDPE/HDPE or COC/HDPE challenging.[1],[3],[4],[7]-[9]
The incorporation of different types of polyethylene within a multiphase particle[10] would
potentially overcome the issue of phase separated domains and enable the formation of
polyolefin materials with enhanced mechanical properties. One attempt of combining
polypropylenes with different morphologies was presented by Klapper et al. by applying a
supported catalyst with a sophisticated core-shell morphology in gas phase polymerization.[11]
Here, core-shell particles consisting of atactic and isotactic polypropylene sized 70–140 µm
were obtained.
Also in practical terms of preparation of organic multiphase particles, the direct synthesis in
heterophase polymerization bears advantages over postpolymerization mixing of polymers.[12]
Being readily-available and environmentally friendly, water is often applied as continuous
phase. Thus, direct approaches for the generation of polymeric composite materials were
limited to polymers, which can be synthesized by aqueous polymerizations. This for a long
time has excluded polyolefins.
More recent advances in functional group tolerant catalytic ethylene polymerization have
overcome this limitation, and polyolefins with various mictrostructures are accessible in the
form of aqueous dispersions.[13],[14],[15] As the most versatile class of catalysts for polymerization in aqueous systems, N^O- coordinated Ni(II) complexes have evolved.[ 16 ]-[ 25 ] The
generation of multiphase particles consisting of rigid and highly crystalline polyethylene
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seeds and a second phase of soft and deformable polyethylene or amorphous ethylenenorbornene copolymer using a direct dispersion-based aqueous approach is reported here.

4.2.

Results and discussion

The general idea for the synthesis of multiphase particles comprises the aqueous synthesis of
the crystalline polyethylene seed followed by the generation of the second polyethylene phase
with variable microstructure in presence of this seed (Figure 4-1).

Figure 4-1. Approach for the synthesis of multiphase particles. First, crystalline seed is
generated either by aqueous ethylene polymerization using a water-soluble catalyst precursor
(D-approach) or by miniemulsion polymerization (E-approach). In the second step a
polyethylene phase with a different microstructure (e.g., branched low molecular weight
polyethylene ‘brPE’ or ethylene/norbornene copolymer ‘P-(E-co-NB)’) is generated via
aqueous ethylene polymerization using a water-soluble catalyst precursor (E-D approach) or
by miniemulsion polymerization (D-E and E-E approach) or microemulsion polymerization
(E-M approach).

4.2.1. Generation of dispersed polyethylene with variable crystallinity
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Table 4-1. Water-soluble and water-insoluble Ni(II)-complexes active in ethylene
(co)polymerization and polyethylenes obtained using these catalyst precursors with their
typical

properties

(py

=

pyridine,

TPPTS

=

sodium

3,3',3''-

phosphinetriyltribenzenesulfonate).[26]

Polyethylenes with variable microstructures were accessed as dispersions using catalyst
precursors of type [(N^O)Ni(II)MeL] (Table 4-1). The substitution pattern of the bidentate
ligand in these catalysts allows for a wide variation of polymer branching and molecular
weight, particularly through the N-terphenyl’s remote substituents.[24],[25] Crystalline high
molecular weight polyethylene seed (HDPE) was generated using either the water-insoluble
complex 1a-py via miniemulsion polymerization or the water-soluble complex 1a-TPPTS via
aqueous catalytic polymerization. The water-soluble catalyst precursor 1a-TPPTS enables the
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formation of very small single lamella particles with a thickness of ~ 8 nm and a diameter of
10–20 nm (D-approach, Figure 4-2, a). These particles have a crystallinity of 60–80% and a
melting point of Tm ~ 135 °C. The polymer has a molecular weight of Mn ≈ 105 g mol-1 and ~
6 methyl branches / 1000 carbon atoms.
Larger, multilamellar particles with a crystallinity of ~ 55% and a melting point of
Tm ~ 125 °C were synthesized using the water-insoluble catalyst precursor 1a-py in a
miniemulsion polymerization approach (E-approach, Figure 4-2, b). Here, a solution of the
lipophilic catalyst precursor in a small amount of toluene is emulsified in water by sonication,
and the resulting miniemulsion is subjected to ethylene in a stirred pressure reactor. An
increase of the emulsification time during the miniemulsion preparation (compared to
previously reported protocols)[27], results in smaller stable droplets and therefore smaller and
more uniformly sized particles after the polymerization (Figure S4-1, Appendix). The
molecular weight of the polymers ranges from Mn = 2 × 104–9 × 104 g mol-1, with
~ 10 methyl branches / 1000 carbon atoms. Because of the high crystallinity and the
formation process, the multilamellar particles are not uniform in shape. They were
recrystallized at 140 °C for 15 min to afford more spherical multilamellar seed particles
(Figure 4-2 c)). Catalyst precursor 2 was also used in miniemulsion polymerization for the
synthesis of the PE seed particles with lower crystallinity (mPE) which do not require
additional recrystallization.
The second, softer polyethylene phase comprising branched polyethylene (brPE) was
synthesized using water-soluble catalyst precursor 1b-TPPTS in aqueous polymerization or
catalyst precursor 1b-py in miniemulsion or microemulsion polymerization protocols. The
obtained liquid or waxy polymers are highly branched polyethylenes with up to 80 branches /
1000 carbon atoms and molecular weight of Mn ≈ 103 g mol-1 (D-, E- and M-approach,
respectively).
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Figure 4-2. TEM micrographs of polyethylene particles applied as seed. Particles obtained
using catalyst precursor a) 1a-TPPTS, b) 1a-py as obtained and c) after recrystallization, and
d) particles obtained using catalyst precursor 2.
The second, softer polyethylene phase can be alternatively obtained by incorporation of cyclic
olefins or long-chain α-olefins into the linear polyethylene chain.[17]-[19] Ethylene
copolymerization with norbornene using catalyst precursor 1a-py resulted in copolymers
(P(E-co-NB)) with a molecular weight of Mn = 3 × 104 g mol-1 and crystallinity of 30–40%
(Figure S4-2 and S4-3, Table S4-1).
An overview of the catalyst precursors applied for the synthesis of the different polyethylenes
and the properties of the products obtained with these catalyst precursors is displayed in
Table 4-1.
Synthesis of dispersion blends. Blends of separately synthesized polymer dispersions
consisting of HDPE, mPE, brPE and P(E-co-NB) particles were prepared by a
postpolymerization mixing approach (PPM) (Table S4-2 and Table S4-3). As expected, the
overall crystallinities of the pricipitated HDPE – brPE polymer blends are smaller, when
higher amounts of softer polymer were applied (cf. Figure 4-3). Blends of HDPE and brPE
show one melting peak which is broadened at lower temperatures by a shoulder. Blends of
HDPE with mPE or P(E-co-NB) show two melting peaks in the first heat and one melting
peak with a pronounced large shoulder at lower temperatures in the second heat. When the
blended polymer is molten for the first time, the two polymers are separated by the particle
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domains which results in separate melting of each polymer. Differently, when the blend
polymer is molten for the second time, the initial particle domains were already canceled out
and the polymer crystallites are differently structured than the initial polymer particles issued
from heterophase synthesis, which results in a modified melting process compared to the first
heat melting.
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Figure 4-3. Observed peak melting points Tm and crystallinities of the polymer blends
obtained by coprecipitation of HDPE particle dispersions with the brPE dispersion from
Table S4-2. Here, first heat melting behavior is displayed. The brPE dispersion was obtained
using catalyst precursor 1b-py by the E approach. The HDPE particles were synthesized
using (■) catalyst precursor 1a-py by the E approach or (●) catalyst precursor 1a-TPPTS by
the D approach.
4.2.2. Synthesis of nanocomposite dispersions.
Following the procedure displayed in Figure 4-1, first the crystalline seed was produced via
either a dispersion or miniemulsion polymerization protocol. The second polymeric
nanophase was subsequently synthesized in the presence of this seed either using a watersoluble catalyst precursor or by microemulsion polymerization, or by miniemulsion
(co)polymerization (Table 4-2).
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Table 4-2. Approaches applied for the synthesis of the multiphase polyethylene particles.
synthesis
approach

1st step
seed formation

catalyst
precursors

D-E

dispersion

1a-TPPTS

2nd step
formation of the 2nd
phase
miniemulsion

E-E

miniemulsion

1a-py, 2

miniemulsion

E-D
E-M

miniemulsion
miniemulsion

1a-py, 2
1a-py

dispersion
microemulsion

catalyst precursors
(+ comonomer)
1a-py + NB, 1b-py,
2
1a-py + NB, 1b-py,
2
1b-TPPTS
1b-py

D-E approach. The ethylene seed (HDPE) was prepared using the water-soluble catalyst
precursor precursor 1a-TPPTS. In the second step, miniemulsions containing these seeds
were generated and polymerized at 40 bar and 50 °C using catalyst precursor 1b-py, resulting
in formation of a second phase, the brPE phase (D-E approach, Figure 4-1, Table S4-4). All
dispersions were stable for at least one week; most dispersions were stable for extended
periods of more than one month.
These in situ dispersions were compared with their PPM analogues. Samples obtained by the
in situ approach, particularly at higher brPE content, show higher melting points and
crystallinities than the analogous PPM samples (Figure 4-4). In order to separate the different
polymer components for quantification and microstructure analysis, the composite dispersions
were precipitated and extracted with hot THF. Note, that neat brPE is completely soluble in
THF at room temperature in comparative solubility studies.
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Figure 4-4. Melting temperature and crystallinity of composites obtained by (■) in situ D-E
approach and (●) PPM approach. The crystalline polymer was obtained using catalyst
precursor 1a-TPPTS; the soft polymer was obtained using catalyst precursor 1b-py.
Table 4-3. Extraction experiments using composite dispersionsa obtained by the D-E
approach and the molecular weights of the separated fractions estimated by GPC.
portion of the
brPE extracted
[%]
3-1
1.13
35
65
60 (31365)
40 (1390)
~60
3-2
0.88
39
61
71 (37955)
29 (1638)
~50
3-3
1.58
30
70
34 (42709)
66 (1693)
~95
3-4
1.13
33
67
33 (45301)
67 (1402)
~100
a
Sample preparation acc. to entries S3-1 – S3-4, Table S4-3. The dispersions were
precipitated in methanol, washed and dried prior to extraction. bEstimated from total mass
balance, that is, solids content of the seed dispersion and the final dispersion cExtraction of ~
100 mg of the polymer with THF for 6 h. The extraction was performed twice, the average
yields are given in the table, dBimodal distribution.
entry

surfactant
[wt %]

seed
[%]b

brPE
[%]b

insoluble [%]c
(Mn [g mol-1])d

soluble [%]c
(Mn [g mol-1])

According to the total mass balance, only a part of the soft polymer was extracted from the
samples obtained at low surfactant concentration (Table 4-3, entries 3-1 and 3-2). In samples
obtained at higher surfactant concentration or after higher emulsification time in the second
step of the polymerization (Table 4-3, entries 3-3 – 3-4) brPE, synthesized in the second step,
was almost completely extracted. However, the molecular weights of the insoluble fractions
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of all samples are significantly lower than the molecular weight of the initial HDPE seed
sample, and all the insoluble fractions show a bimodal molecular weight distribution
(compare Mn,seed = 8 × 104 g mol-1, Mw/Mn = 2.5 and Table 4-3, Mn of the insoluble fraction,
entries 3-1 – 3-4 and Figure S4-5 – S4-9). The molecular weights of the soluble fractions are,
as expected Mn ~ 1.5 × 103 g mol-1, corresponding to the molecular weight of the brPE
synthesized in the second step. Further, the branch pattern of the starting seed, the soft
polymer (synthesized separately under equivalent conditions), the final multiphase particles of
the product from entry 3-1 and the two fractions obtained after the extraction with THF were
analyzed by

13

C NMR spectroscopy (Figure S4-4 and Table S4-5). The seed polymer

consists of linear polyethylene with low branch content. The branch pattern of the insoluble
fraction of the multiphase particles is similar to the neat seed polyethylene (within
experimental error). The soluble fraction of the multiphase particles has a similar molecular
weight and branch pattern compared to the separately synthesized brPE. According to the
NMR analysis, brPE contains a significant amount of branches, which usually prevent the
crystallization of the polyethylene chains. In our case there are ~ 60 Me-branches/1000
carbon atoms, ~ 5 Et-branches/1000 carbon atoms and ~ 12 longer-chain branches/1000
carbon atoms. The molecular weight of single polyethylene chains is low (Mn ~ 1700 g mol-1),
corresponding to ~ 120 carbon atoms per chain on average. That is, a chain possesses
~ 7 methyl, 0.6 ethyl and 1.4 long chain branches. Because of the statistical distribution of the
small number of branches per chain, the chains possess a heterogeneity concerning their
branch nature, and thus their amenability for crystallization. Furthermore, most branches are
small methyl branches, which can be potentially incorporated into a crystal and various
examples of partial cocrystallization of HDPE with short chain-branched LLDPE have been
reported.[1],[7],[8] Thus, upon polymerization in presence of the crystalline seed, some short
lower-branched chains may “cocrystallize” with the seed (i.e., these chains are thought to be
deposited and incorporated on the existing nanoscale crystal). These short chains reduce the
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overall average molecular weight of the THF-insoluble fraction and increase the overall
average crystallinity of the in situ samples. The influence of the surfactant on the
cocrystallization will be discussed later.
In order to further elucidate the particle structure, the samples were studied in intermittent
mode by AFM. A core-shell-like morphology was observed in the phase trace. The cores
consist of particles with a diameter of 10–20 nm. They are surrounded by a soft shell, which
is easily deformed by the cantilever (Figure 4-5). Because of the very low electron density
contrast difference between the crystalline polyethylene seed and the brPE no unambiguous
conclusions about the particle morphology can be drawn using TEM imaging (Figure S4-10).

Figure 4-5. AFM micrograph of D-E composite dispersion from entry (S4-1, Table S4-4)
(top) height trace image and (bottom) phase trace image. Micrograph recorded at 0.61 V as set
point in tapping mode; dilution 1:300.
The influence of the SDS concentration and emulsification time on the particle morphology
was studied (Table S4-4, entry S4-2 – S4-5). Composite particles obtained at low SDS
concentration are combined in clusters and do not show the typical core-shell morphology
(Figure S4-11, left). Dispersions obtained at high SDS concentration consist of completely
separated particles (Figure S4-11, right). The minemulsification of the catalyst precursor156

containing solution in the presence of the seed results in formation of toluene droplets, which
can include the seed (Figure 4-1). During the ethylene polymerization brPE is generated
inside these droplets in a close proximity to the seed, forming core-shell particles. brPE
formed by catalyst precursor 1a-py is very soft and an insufficient amount of the surface
stabilizing surfactant results in aggregation of the particles. Contrarily, high surfactant
concentrations stabilize the toluene droplet and disfavor the inclusion of the seed inside the
droplet. Longer miniemulsification prior to the polymerization step results in the formation of
more uniformly sized and more stable droplets which will not absorb a seed. Thus, the brPE
chains, which are synthesized in close proximity to the seed, can (partially) „cocrystallize“
with the seed. At the same time, short polyethylene chains, synthesized in a seed-free droplet,
do not crystallize, resulting in lower crystallinities of the composites obtained at higher
surfactant concentration or longer emulsification times.
Attempts to synthesize core-shell particles with a high molecular weight polyethylene shell
(mPE and P(E-co-NB)) were also undertaken (cf. Appendix). Composite dispersions
consisting of the nanocrystal seed and mPE or P(E-co-NB) were prepared. However, the
morphology of the obtained nanoparticles could not be analyzed reliably due to the low
electron density contrast difference between the very thin seed platelets and the second
polymeric phase.
To summarize, even though, the exact particle dimensions and morphology are difficult to
access due to the small size and low EM contrast of the seed, the approach reported appears to
be suitable for the generation of multiphase particles. The seed nanocrystal dispersions
obtained by aqueous polymerization using the catalyst precursor 1a-TPPTS remain stable
after miniemulsification with the catalyst precursor 1b-py solution and also after the second
polymerization step stable dispersions are obtained.
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E-D approach. In order to facilitate the analytics, larger HDPE particles were applied as a
seed. The seed was prepared by polymerization starting from a 1a-py containing aqueous
miniemulsion (E approach). The dispersion obtained was heated to 140 °C and recrystallized
to give near-spherical particles. In order to generate the second phase (brPE), the watersoluble catalyst precursor 1b-TPPTS was added to the diluted seed dispersion (1.07 wt % PE,
0.75 wt % SDS), and after ethylene polymerization at 40 bar and 15 °C a composite
dispersion was obtained (1.63 wt % polyethylene content comprising 65% seed). After the
polymerization ~ 20 nm large newly formed brPE droplets are observed and no change in the
structure of the seed particles was detected by TEM (Figure 4-6). The surfactant enhances the
formation of separated small particles instead of the aticipated composite. Unfortunately, the
reduction of the surfactant content destabilized the dispersion; thus, this approach was not
further pursued.

Figure 4-6. TEM micrographs of (left) the HDPE particles used as seed for the composite
synthesis and (right) HDPE and brPE particles obtained after the seeded polymerization using
catalyst precursor 1b-TPPTS by the E-D approach.
E-E approach. Analogously to the previous section, the HDPE seed was prepared by
miniemulsion polymerization using the lipophilic catalyst precursor 1a-py. In the second step
two different routes for the preparation of the reaction mixture were investigated. First, the
diluted seed dispersion can be coemulsified with the catalyst precursor solution, analogous to
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the D-E approach. Unfortunately, miniemulsification of large particles resulted in (partial)
coagulation of these particles and after the polymerization clustered particles, and after the
polymerization clustered particles and a considerable amount of precipitate were formed. A
second route pursued was the separate preparation of the catalyst precursor-containing
miniemulsion, followed by mixing of this miniemulsion with the diluted seed dispersion and
subsequent exposure to ethylene in the pressure reactor. Here, catalyst precursor 1b-py was
used for the synthesis of the brPE phase (Table S4-8).
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Figure 4-7. Melting point and crystallinity of the (●) PPM and (■) in situ polymers. The
crystalline polymer was obtained with the catalyst precursor 1a-py, the soft polymer was
obtained using the catalyst precursor 1b-py.
The crystallinities of the in situ samples are significantly higher compared to the PPM
samples (Figure 4-7). TEM of the in situ dispersions show a large number of small spherical
particles, but also a significant amount of specific ‘sea urchin’-like structures is formed
reproducibly (Figure 4-8). The observed ‘needles’ in the structure consist of few paralleloriented 8 nm thick lamellae which are connected perpendicularly to the particle. A composite
particle dispersion was annealed for 15 min at different temperatures and analyzed by TEM
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(Figure S4-18). Already at 60 °C the needles start to deform. They collapse with the main
core and after heating to 80 °C only spherical particles are observed.
Such ‘sea urchin’-like structures could have been formed by “cocrystallization” of the brPE
with the seed during the composite synthesis. According to Figure 4-1, the HDPE seed
particles are included into toluene droplets of the miniemulsion. During polymerization, the
amorphous layers of the seed particles are swollen with the catalyst precursor-containing
solvent. The brPE is well soluble in toluene and is formed in a close proximity to the seed. As
a result of the aforementioned ability of the brPE for „cocrystallization” with the HDPE
nanocrystals (cf. D-E approach) the ‘needles’ observed in this case form at the crystalline
layers of the large HDPE seed.

Figure 4-8. a) and b) TEM micrograph of the ‘sea urchin’-like particles obtained by the E-E
approach (from entry S8-1, Table S4-8). Catalyst precursor 1b-py was used in the second
step. c) The enlarged ‘needles’ consist of 8 nm thick polyethylene lamellae.
In a control experiment, where the reaction mixture was prepared as described above but
without addition of catalyst precursor 1b-py in the second step, no change of the particle
morphology compared to the starting dispersion was observed (for details cf. Appendix,
Figure S4-19).
The mPE seed particles synthesized by the miniemulsion polymerization using catalyst
precursor 2 are composed of PE with intermediate crystallinity (43%) and do not feature
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distinct lamellae (cf. Figure 4-2 d). This seed was used for the synthesis of composite
particles by the E-E approach (Table S4-8, entries S8-5 and S8-6). After the miniemulsion
polymerization using catalyst precursor 1b-py in the presence of the mPE seed, the second
polymeric phase, the brPE phase, was introduced. The as-prepared dispersion was analyzed
by TEM, and seed-containing solvent swollen particles were observed (Figure S4-20, a) After
dialysis of the sample an arrangement of small low contrast brPE droplets (typical for brPE)
around the main mPE particle was observed by TEM (Figure S4-20, b). In this case, where
no distinct polyethylene lamellae are evident, which can act as cocrystallization sites for the
brPE, the amorphous brPE is formed around the toluene swollen seed particle.
An alternative strategy for the generation of multiphase particles is provided by employing
P(E-co-NB) as the second soft phase. Incorporated norbornene repeat units perturb the
crystallization of linear long-chain polyethylene resulting in a polymer with low crystallinity.
To this end, the HDPE seed was synthesized according to the E-approach using catalyst
precursor 1a-py. The second phase was generated using a miniemulsion containing 1a-py and
norbornene, which was mixed with the diluted HDPE seed dispersion and polymerized in the
presence of ethylene. The melting point and the crystallinity of the resulting composite
particles compare with the polymer blends obtained by the PPM approach (Figure S4-21).
The in situ composite dispersions were analyzed by TEM and dumbbell-like particles,
consisting of one crystalline seed particle and one to two new copolymer particles (‘lamellafree’ particles) are observed (Figure 4-9). In this case, the supposed “cocrystallization” of the
second phase with the seed is hindered by norbornene units, and the copolymer forms
amorphous particles. Bulk of HDPE and cycloolefin copolymer (COC) have been reported to
be immiscible,[3] and even though our composites consist of small particles and the
norbornene content of the second phase is significantly lower than in the case of the reported
COC (3 mol % vs 30 mol % respectively) phase separation seems to occur here also.
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In order to decrease the surface stabilization of the copolymer particles and to promote the
formation of core-shell particle morphologies, polymerizations at lower surfactant content
were performed. In this case the copolymer particle formation is hindered, and the formation
of the second polymer phase occurs in an uncontrolled manner resulting in various
morphologies (Figure S4-22).

Figure 4-9. TEM micrographs of the composite dispersions obtained by the in situ E-E
approach from entry S8-7, Table S4-8. The HDPE seed was synthesized using the catalyst
precursor 1a-py. In the second step catalyst precursor 1a-py was used for the
ethylene/norbornene copolymerization.
Potentially, ethylene copolymers with more polar groups could increase the affinity of the
second polymer phase to water and favor the formation of core-shell structures.
Unfortunately, very polar monomers bearing acid or amine groups are not compatible with the
Ni(II) catalysts used here for aqueous polymerization.[28]-[30] Less polar monomers which can
be polymerized by Ni(II) catalyst (4-phenyl-1-butene, styrene or 5-methanol-2-norbornene)
were tested in ethylene copolymerization in miniemulsion (Table S4-1). Addition of an αolefin or norbornene derivative resulted in a reduced reaction rate, because of the slow
comonomer insertion (or a slow next monomer insertion subsequent to a comonomer
insertion). Using these comonomers no softer phase could be obtained, because the
incorporation of all the comonomers tested was not high enough to enable significant
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reduction of the crystallinity of the copolymer (Table S4-1 and Figure S4-3) and these
polymers could not be used for the synthesis of the core-shell particles.
To summarize, the E-E approach is suitable for the formation of polyethylene multiphase
particles. The HDPE seed was successfully combined with the catalyst precursor containing
miniemulsion and was swollen with the catalyst precursor (and comonomer) containing
solvent. After the second polymerization step stable composite dispersions were obtained.
Dependent on the microstructure of the second polymeric phase, composite particles with
various morphologies are available. Low molecular weight brPE likely „cocrystallizes“with
the HDPE seed, accounting for the observed ‘sea urchin’-like morphology. High molecular
weight P(E-co-NB) does not „cocrystallize“ with the HDPE and precipitates in form of
‘dumbbell’-like particles. Note that in all composite dispersion obtained by the E-E approach
also some ‘unreacted’ seed particles were always present.
E-M approach. In order to enable a homogeneous deposition of the formed brPE on the entire
surface of the large seed a E-M approach was pursued. The HDPE seed was prepared by
miniemulsion polymerization using catalyst precursor 1a-py analogously to the E-E
approach. In the second step, the seed dispersion was added as a part of the aqueous phase to
a mixture of pentanol, toluene, catalyst precursor 1b-py, and surfactant (E-M approach).
Typically, using equivalent fractions of water, pentanol and toluene a transparent
microemulsion forms under seed-free conditions after ~ 60 min (Figure S4-23). The HDPE
seed and catalyst precursor containing E-M dispersion was polymerized at 50 °C and 40 bar
ethylene to give a polyethylene composite dispersion with a melting point of T m = 117 °C and
a crystallinity of 26%. (Table S4-9). After the dialysis, ‘sea urchin’-like particles were
observed by TEM, similar to the particles obtained by the E-E approach (Figure 4-10). The
microemulsion is possibly destabilized by the seed added, and the seed particles are
completely surrounded by a layer of catalyst precursor-containing solvent. Upon ethylene
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polymerization the brPE forms in a close proximity to the seed and “cocrystallizes” with the
crystalline HDPE lamellae.

Figure 4-10. PE particles obtained by the E-M approach (top) after dialysis for 24 h and
(bottom) after water exchange and a further dialysis for 30 h.
4.2.3. Film formation.
The particle composite dispersions obtained by the in situ D-E, E-E and E-M approaches
were tested preliminary regarding their film-forming properties. Additionally, films resulting
from the analogous PPM dispersions and neat HDPE seed were prepared by a drop cast
approach on a glass slide. Films prepared from both, nanocrystals and large HDPE seed, show
clear separation between the crystalline particles (Figure S4-25).
D-E dispersions. The observed morphology of the films consisting of HDPE nanocrystals and
brPE particles mostly depends on the brPE content. Soft - easily deformable by AFM tip completely continuous films are obtained using both the PPM and in situ dispersions at high
brPE contents. The HDPE particles are completely embedded in the brPE matrix. At a brPE
content lower than 25 wt % (referred to the polymer phase) some particle ‘grains’ are
observed (Figure S4-26 and Figure S4-27). brPE consists of short, non-entangled, mobile
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chains which can easily interpenetrate the particle domains upon drying of the matrix. The
8 nm thin nanocrystals are easily embedded into such matrix and do not hinder the
interpenetration of the short polyethylene chains. However, higher amounts of brPE will
adversely affect the mechanical stability of the film.
E-E dispersions. As expected, also in this case brPE-containing PPM dispersions form
continuous films at a high brPE-content (Figure S4-28 and Figure S4-29). At a low brPEcontent large HDPE particles can be clearly distinguished. The in situ dispersions behave
differently. An increase of the brPE-content results in the formation of “granules” which are
much larger than the actual HDPE seed size (Figure S4-29, b). Contrarily to their PPM
analogs the films cannot be easily deformed by AFM tip. (Figure S4-31). It is suggested that
the in situ E-E-films are hard due to a higher overall crystallinity of the in situ composite
compared to PPM dispersions. At the same time short chains situated at the periphery of the
crystalline seed can easily interdiffuse to give homogeneous films between the spherical
particles.
E-M dispersions. The in situ dispersions synthesized by the E-M approach form continuous
films even at the seed content of 60 wt % (referred to the polymer) (Figure S4-30). However,
this can also be attributed to the fact that residual co-solvents used in the microemulsion at
high concentrations might act as plasticizers and enable the chain interdiffusion during the
film formation process prior to complete evaporation of these solvents.

4.3.

Conclusion

Nanocomposite particles of polyethylenes with various microstructures were synthesized
using different [κ2-(N,O)Ni(II)MeL] catalyst precursors via aqueous

dispersion and

miniemulsion polymerization in a two-step polymerization approach. In the first step either
thin, linear high molecular weight polyethylene (HDPE) 20 nm large nanocrystals or near
spherical 100 nm-large HDPE seed particles were synthesized. In the second step
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polyethylenes with different microstructures, such as low crystalline highly branched low
molecular weight polyethylene (brPE) and poly(ethylene-co-norbornene) (P(E-co-NB)), were
synthesized in presence of the seed resulting in in situ composite dispersions. Small
polyethylene nanocrystals were embedded in the second phase by the D-E approach and
HDPE/brPE core-shell composite particles were obtained according to AFM. In this case a
partial „cocrystallization” of brPE with HDPE nanocrystals is suggested by combined DSC,
GPC, NMR analyses and extraction experiments. Much stronger „cocrystallization” of brPE
with HDPE was observed by DSC, NMR and TEM when brPE was synthesized in presence
of large multilamellar spherical HDPE seed, resulting in ‘sea-urchin’-like particles (E-E and
E-M approach). Here, the branched polyethylene is generated in a close proximity to the seed
lamellae, and short brPE chains can be deposited along these lamellae. When
noncrystallizable P(E-co-NB) was synthesized in presence of the large multilamellar seed,
entirely separated phases of both polymers were observed resulting in ‘dumbbell’-like particle
morphology.
For comparison, dispersion blends were synthesized by postpolymerization mixing of
separately prepared particles with different microstructures (PPM composite dispersions). The
above in situ composite dispersions were used for the preparation of thin polyethylene films
and compared with films obtained from analogous PPM composite dispersions. A soft brPE
phase strongly facilitates the formation of continuous films generated from PPM as well as in
situ dispersions. However, films generated by the in situ approach have a higher crystallinity
(presumably due to a „cocrystallization” of the brPE with the seed) and are less deformable
upon AFM tip contact. Composites synthesized by the in situ method and consisting of
HDPE/brPE at an appropriately chosen ratio of the hard and soft phase can potentially be used
for the preparation of very thin, strong, moisture, oil and grease resistant continuous
polyolefin coatings.
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4.4.

Experimental section

4.4.1. General methods and materials
All steps involving the Ni(II) catalyst precursor were carried out under an inert atmosphere.
Demineralized water was distilled under a nitrogen atmosphere. Tetrahydrofurane (THF)
(Aldrich) was used as received. Ethylene of 4.5 grade was supplied by AirLiquide. TPPTS
was purchased at abcr. Cesium hydroxide (abcr), norbornene, 5-methanol norbornene,
4-phenyl-1-butene, sodium dodecyl sulfate (SDS) (Fluka) styrene and 1-hexene were
degassed prior to use. The [κ2-(N,O)Ni(Me)(L)] complexes 1a-py, 1a-TPPTS, 1b-py,
1b-TPPTS and 2 were prepared according to reported procedures.[20],[22],[24]
Differential scanning calorimetry (DSC) was performed on a Netzsch DSC 204 F1 with a
heating/cooling rate of 10 K min-1. Dynamic light scattering (DLS) was performed on a
Malvern Nano-ZS ZEN 3600 particle sizer (173° back scattering). The autocorrelation
function was analyzed using the Malvern dispersion technology software 3.30 algorithm to
obtain number weighted particle size distributions. Transmission electron microscopy (TEM)
was carried out on a Zeiss Libra 120 EF-TEM instrument (120 kV) and JEOL JEM2200FS
instrument (200 kV), respectively. For the TEM analysis samples were dialyzed with
demineralized water in a Spectrum Laboratories Spectra/Por Dialysis Membrane 1, MWCO
6000-8000. AFM measurements were carried out on JPK NanoWizard III instrument. Gel
permeation chromatography (GPC) was carried out in 1,2,4-trichlorobenzene at 160 °C at a
flow rate of 1 mL min-1 on a Polymer Laboratories 220 instrument equipped with Olexis
columns with differential refractive index, viscosity and light scattering (15° and 90°)
detectors. Data reported were determined via linear PE standard calibration (Mw < 3 × 104),
universal calibration (3 × 104 < Mw < 105) and triple detection (Mw > 105) employing the PL
GPC-220 software algorithm. As the instrument records light scattering at only two angles,
data analysis involves iteration for the calculation of molecular weights and form factors for
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each measured interval. The instrument was calibrated with narrow polystyrene and
polyethylene standards.
4.4.2. Polymerization procedure
Polymerizations were carried out in a 500 mL mechanically stirred, semi-automated,
stainless-steel pressure reactor (modified Büchi Ecoclave by Büchi Glas Uster) equipped with
a heating/cooling jacket supplied by a thermostat with a thermocouple dipping into the
reaction mixture and an integrated ultrasonotrode (120 W).
Polymerization in aqueous dispersion. Polymer dispersions were synthesized using a watersoluble Ni-salicyaldiminato complex 1a-TPPTS or 1b-TPPTS. 188 mL of water were
pumped into the reactor and brought to 13 °C. SDS was dissolved in 10 mL water and added
into the reactor via a syringe. The catalyst precursor was dissolved in 2 mL water. The
solution was stirred for 1 min and added into the reactor via a syringe while stirring the
solution at 500 rpm. Immediately afterwards, the reactor was pressurized with ethylene while
stirring the solution at 500 rpm and heating it up to 15 °C. After desired reaction time, the
stirrer was stopped and the reaction mixture was brought to 20 °C. The pressure was released
over the course of one hour.
Polymerization in aqueous miniemulsion. 118 mL of water were pumped into the reactor
and brought to 50 °C in the reactor. 1.5 g of SDS were dissolved in 10 mL water and added
into the reactor via a syringe. The catalyst precursor 1a-py or 1b-py was dissolved in 2 mL
toluene and 0.1 mL hexadecane. In experiments with the comonomer, the amount of toluene
was increased to 5 mL. The solution was stirred for 1 min and added into the reactor via a
syringe while stirring the mixture at 500 rpm. The mixture was miniemulsified inside the
reactor by ultrasonication for 6 min at 150 W and diluted with 70 mL of water. The reactor
was pressurized with 40 bar ethylene while stirring the solution at 500 rpm and 50 °C. After
desired reaction time, the stirrer was stopped and the reaction mixture was brought to 20 °C.
The pressure was released over the course of one hour.
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Polymerization in microemulsion. 93 mL of water, 6 g of SDS and 6.2 g pentanol were added
to the reactor. 45 µmol of catalyst precursor 1a-py or 1b-py were dissolved in 7 mL of
toluene and added to the reaction mixture. The solution was stirred for 60 min to enable the
formation of the transparent microemulsion. The polymerization was carried out at 50 °C and
40 bar.
Synthesis of the PPM dispersions. The required dispersions A and B were prepared according
to the approaches described above. The required amount of each of the dispersions was
transferred into a PE flask via a syringe. The mixture was shaken to guarantee an efficient
mixing. 10 mL of the obtained PPM dispersion were precipitated in methanol, washed and
dried in vacuo. The obtained solids were analyzed by DSC.
Synthesis of multiphase particles
E-D approach. The required volume of the polymer seed dispersion was transferred
into the reactor. SDS and 50 µmol L-1 (with respect to the final total volume of the reaction
mixture) of the catalyst precursor 1b-TPPTS were dissolved in water and added to the
reaction mixture. The total water volume was 200 mL. The polymerization was carried out at
40 bar ethylene and 15 °C.
D-E approach. The required volume of the polymer seed dispersion was diluted to
give 130 mL of the aqueous phase. 1.5 g of SDS, the aqueous phase, catalyst precursor 1b-py
or 2, 2 mL toluene and 0.1 mL hexadecane were transferred into the reactor. In experiments
with the comonomer, the amount of toluene was increased to 5 mL, and the catalyst precursor
1a-py was applied. The mixture was stirred at 500 rpm at 50 °C and miniemulsified inside the
reactor for by ultrasonication for 6 min at 150 W. The miniemulsion was diluted, so that the
total water volume was 200 mL. The polymerization was carried out at 40 bar ethylene and
50 °C.
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E-E approach. 1.5 g of SDS, 130 mL of water, catalyst precursor 1b-py or 2, 2 mL of
toluene and 0.1 mL hexadecane were transferred into the reactor. In experiments with the
comonomer, the amount of toluene was increased to 5 mL, and the catalyst precursor 1a-py
was applied. The mixture was stirred at 500 rpm at 50 °C and miniemulsified inside the
reactor for 6 min at 150 W. The seed was diluted with water to give 70 mL of aqueous phase,
and added to the miniemulsion so that the total volume of the aqueous phase was 200 mL.
The polymerization was carried out at 40 bar ethylene and 50 °C.
E-M approach. The required volume of the polymer seed dispersion was transferred
into the reactor. Water was added so that the total amount of the aqueous solution was 93 mL.
6 g of SDS and 6.2 g of pentanol were added to the reaction mixture. 45 µmol of catalyst
precursor 1b-py were dissolved in 7 mL toluene and added to the reaction mixture. The
solution was stirred for 60 min to enable the formation of the microemulsion. The
polymerization was carried out at 50 °C and 40 bar.
4.4.3. Extraction experiments
Approximately 100 mg of the precipitated multiphase polyethylene sample were extracted
using an Soxhlet extractor with hot THF for 6 h. The low molecular weight brPE obtained in
separate experiments with catalyst precursor 1b-py can be dissolved completely in THF at
room temperature. The polymer obtained with catalyst precursor 1a-TPPTS is completely
insoluble in hot THF. The extracted phases were precipitated, washed, dried and analyzed by
NMR and GPC.
4.4.4. Film formation
The dispersions were used as prepared without previous dialysis or dilution. 2 µL of the
polymer dispersion were put on a glass slide (which was previously cleaned for 24 h in 3:1
concentrated sulfuric acid to 30% hydrogen peroxide solution), left to dry for 24 h in a closed
Petri dish and immediately analyzed after the drying process.
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4.5.

Appendix

4.5.1. Aqueous single-step polymerizations

Figure S4-1. Influence of the emulsification time on the particle size. (□) miniemulsion
droplets before polymerization (■) particles after polymerization. Reaction conditions: 200
mL water, 26 mmol L-1 SDS, 0.1 mL hexadecane, 2 mL toluene, 100 µmol L-1 catalyst
precursor 1a-py (emulsification: at 150 W), polymerization at 50 °C, 30 min, 40 bar.

Figure S4-2. 13C{1H}-NMR spectrum of the norbornene copolymer from entry S1-4, Table
S4-1, 3 mol % norbornene incorporated.
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d)

Figure S4-3. TEM micrographs of polyethylene particles obtained by ethylene miniemulsion
polymerization in the presence of a) 5-methanol-2-norbornene, b) 4-phenyl-butene,
c) 1-hexene and d) norbornene using catalyst precursor 1a-py.
Table S4-1. Ethylene copolymerization in miniemulsion using catalyst precursor 1a-py.
entry
S1-1a,c
S1-2a,c
S1-3a,c
S1-4

comonomer [mL]/[mmol]

toluene
[mL]

comonomer
inc. [mol %]

yield
[g]

size
[nm]

Tm [°C] /
cryst.
[%]
108 / 35
123 / 56
104 / 36

norbornene
0.51 g / 5.4
2
n.a.
0.24
115
norbornene
0.40 g / 4.2
2
1.5
1.76
117
norbornene
0.2 g / 2.1
2
n.a.
2.44
118
norbornene
0.4 g / 4.2
6
3.0
0.92
102
5-methanol-2b
S1-5
0.43 / 3.56
5
n.a.
0.40
86
117 / 49
norbornene
5-methanol-2S1-6b
0.54 / 4.45
5
n.a.
0.35
68
115 / 48
norbornene
b
S1-7
1-hexene
5/40.3
1.4
1.68
105
105 / 45
S1-8
1-hexene
4/32.2
1
n.a.
3.34
130
107 / 52
S1-9
1-hexene
9/72.5
1
n.a.
2.60
95
105 / 52
4-phenyl-1b
S1-10
5/33.3
n.a.
traces
butene
4-phenyl-1S1-11a
1/6.58
4
n.a.
0.067
113
115 / 48
butene
4-phenyl-1S1-12b
0.53/3.53
5
0.5
1.14
126
118 / 54
butene
b,d
S1-13
Styrene
5/43.5
n.a.
2.85
43
(133)
S1-14d
Styrene
2/17.4
3
n.a.
0.58
33
-1
Reaction conditions: 200 mL water, 0.5 g CsOH and 26 mmol L SDS, comonomer, toluene and
0.1 mL hexadecane, 100 µmol L-1 catalyst precursor 1a-py, 50 °C, 40 bar, 1 h.
a
200 µmol L-1 catalyst precursor 1a-py, b2 h, cMostly soluble in THF, dNo CsOH was added.
The TEM analysis shows, that in the case of poly[ethylene-co-(5-methanol-2-norbornene)]
the polymer particles do not differ from the neat polyethylene particles (Figure S4-3, a)
Particles obtained by copolymerization of ethylene and 4-phenyl-1-butene are mostly
anisotropic and shaped as hollow half spheres, which might indicate the exclusion of the
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bulky branches from the crystal during the crystallization (Figure S4-3, b). The
poly[ethylene-co-(1-hexene)] particles have a softened surface, however, lamellae can be
clearly distinguished within the particle (Figure S4-3, c), which is in agreement with a
slightly decreased Tm and crystallinity compared to the ethylene homopolymer.
Polymerization in the presence of styrene resulted in the formation of neat polystyrene
homopolymer which was probably formed by a radical pathway, even though a small fraction
of the product was insoluble in hot THF and had a melting point of ~ 130 °C, showing that
some traces of polyethylene were formed.
4.5.2. Dispersion blends accessed by post-polymerization
Table S4-2. Polymer composite dispersions prepared by post polymerization mixing.

entry

dispersion mixture

S2-1
(1a-TPPTS)D-(1b-py)E
S2-2
(1a-TPPTS)D-(1b-py)E
S2-3
(1a-TPPTS)D-(1b-py)E
S2-4
(1a-TPPTS)D-(1b-py)E
S2-5
(1a-TPPTS)D-(2)E
S2-6
(1a-TPPTS)D-(2)E
S2-7
(1a-TPPTS)D-(2)E
S2-8
(1a-TPPTS)D-(1a-py+NB)E
S2-9
(2)E-(1b-py)E
S2-10
(1a-py)E-(1b-py)E
S2-11
(1a-py)E-(1b-py)E
S2-12
(1a-py)E-(1b-py)E
S2-13
(1a-py)E-(2)E
S2-14
(1a-py)E-(1a-py+NB)E
* bimodal melting trace
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ratio polymer A [wt
%] : polymer B [wt
%]
30 : 70
50 : 50
70 : 30
90 : 10
50 : 50
30 : 70
20 : 80
50 : 50
50 : 50
50 : 50
70 : 30
90 : 10
50 : 50
50 : 50

Tm [°C] (crystallinity
[%])
118 (2)
126 (31)
129 (44)
133 (60)
132 (64)*
128 (56)*
125 (54)*
129 (62)*
108 (19)
116 (23)
118 (24)
119 (45)
121 (58)*
118 (50)*

Table S4-3. Polymer dispersions applied for the synthesis of the dispersion blends.
catalyst
precursor
S3-1
1a-py
S3-2 1a-TPPTS
S3-3
1b-py
S3-4
2
S3-5
1a-py
a
bimodal
entry

synthesis
approach
E
D
E
E
E + norbornene

polymer content
[%]
2.33
5.72
0.33
1.25
0.46

Tm [°C] (crystallinity
[%])
120 (62)
135 (77)
121 (4)
114 (49)
104 (35)a

particle size
[nm]
141
9
116
142
144

4.5.3. Two step (‘in situ’) polymerizations
4.5.3.1.

D-E dispersions

D-1b-py composites

Figure S4-4. a) 13C{1H}- and b) 1H NMR spectrum of the in situ composite sample from
entry S4-1, Table S4-4.
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Figure S4-5. Molecular weight distribution of the seed polymer (HDPE nanocrystals) from
Table S4-5.

Figure S4-6. Molecular weight distribution of the THF insoluble fraction, entry 3-1, Table
4-3.
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Table S4-4. Dispersions synthesized by the D-E approach using water-soluble catalyst precursor 1a-TPPTS for the synthesis of the HDPE seed
and catalyst precursor 1b-py in the second step in seeded miniemulsion polymerization.
seed dispersion
seed particle size
2. catalyst
yield [%]
Tm [°C] /
composite particle
entry
[mL] (polymer
[nm] (Tm [°C] /
precursor [µmol SDS [wt %]
(seed [%])
crystallinity [%]
size [nm]
content [%])
crystallinity [%])
L-1]
S4-1
100 (2.1)
12 (132 / 71)
200
1.13
2.8 (35)
129 (23)
114
S4-2
100 (1.8)
10 (133 / 71)
200
0.88
2.3 (39)
127 (32)
110
S4-3
100 (1.8)
10 (133 / 71)
200
1.58
3.0 (30)
128 (16)
77
S4-4a
100 (2.3)
8 (133 / 69)
200
1.13
3.3 (33)
126 (17)
108
S4-5b
30 (3.0)
15 (137 / 86)
100
0.86
1.9 (31)
125 (18)
88
S4-6b
30 (3.0)
15 (137 / 86)
85
0.86
1.1 (55)
127 (25)
121
S4-7b
30 (3.0)
15 (137 / 86)
60
0.86
0.9 (67)
130 (38)
126
Reaction conditions for the 2nd step: total volume of the aqueous phase was 200 mL, catalyst precursor 1b-py, 0.1 mL hexadecane, 2 mL toluene,
emulsification for 6 min, 50 °C, 40 bar, 1 h
a
Emulsification for 12 min, bSeed prepared in presence of 0.5 g CsOH.

Table S4-5. Molecular weight and branching of the insoluble and soluble fraction after extraction of the multiphase polymer from entry 3-1, Table
4-3 with hot THF for 6 h obtained by 13C NMR analysis.
sample

Mn (1H NMR)

branching/ 1000C (1H NMR)

Me-branches /1000C

Et-Branches /1000C

Alk-Branches /1000C

seed polymer
1.9 × 104
5
5
3
soft polymer
1.7 × 10
81
59
7
12
3
multiphase polymer
2.7 × 10
69
48
insoluble phasea
2.0 × 103
10
4
3
soluble phase
1.9 × 10
77
61
5
12
a
4
-1
According to GPC the molecular weight distribution is bimodal consisting of the polymer with molecular weights of 3.2 × 10 g mol and
1.7 × 103 g mol-1 respectively.
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Figure S4-7. Molecular weight distribution of the THF insoluble fraction, entry 3-2, Table
4-3.

Figure S4-8. Molecular weight distribution of the THF insoluble fraction, entry 3-3, Table
4-3.
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Figure S4-9. Molecular weight distribution of the THF insoluble fraction, entry 3-4, Table
4-3.

Figure S4-10. TEM micrographs of the (1a-TPPTS)D-(1b-py)E dispersion a)-c) from entry
S4-1, d)-e) from entry S4-6, Table S4-4.
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Figure S4-11. AFM micrograph (phase trace) of (1a-TPPTS)D-(1b-py)E dispersion from
(left) entry S4-2, (right) entry S4-3, Table S4-4. Micrograph recorded at 0.61 V as setpoint in
tapping mode; dilution 1:300.
D-(2)E composites.
In order to synthesize the second polymeric phase consisting of moderately branched high
molecular weight polyethylene (mPE), the D-E approach was applied. HDPE nanocrystal
seed was miniemulsified together with the catalyst precursor 2 in a small amount of toluene
and pressurized with ethylene, resulting in stable composite dispersions (Table S4-6).
According to DLS the in situ composite dispersions have bimodal particle size distributions
and spherical particles with a diameter of ~ 100 nm as well as unreacted HDPE nanocrystal
seed can be observed by TEM (Figure S4-12). The visualization of the possible core-shell
structure of the newly formed particles via TEM is challenging, because the difference of
electron density in a flat 8 nm lamella (core) and a spherical mPE particle is very low.
The precipitated in situ dispersions and the PPM composite dispersions were analyzed by
DSC. In both cases two distinguishable melting points Tm1 ~ 114 °C and Tm2 ~ 124 °C are
observed (Figure S4-14).
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Figure S4-12. a) TEM micrograph of multiphase sample from entry S6-2, Table S4-6, the
enlarged view of single particles, b) seed nanocrystals surrounding spherical particles issued
from the miniemulsion polymerization step.
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Figure S4-13. First heat melting point and crystallinity of the dispersions obtained by (●)
PPM and (■) the in situ D-E approach. The HDPE nanocrystals were obtained using catalyst
precursor 1a-TPPTS, the mPE was obtained using catalyst precursor 2. At a higher content of
mPE two distinct melting points are observed.
Tm1 corresponds to the melting point of the mPE (compare entry S3-4) and Tm2 is ~ 10 K
lower than the typical melting point of the neat HDPE nanocrystal seed particles. The melting
points and the crystallinity of the PPM and in situ samples are similar.
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Figure S4-14. DSC trace of the multiphase sample from entry S6-2, Table S4-6. Recorded at
heating/cooling rate of 1 K min-1 (left) and 10 K min-1 (right).
The decrease of the melting point of the HDPE nanocrystal seed in the presence of another
matrix polymer, brPE, was already observed in the case of the composite D-E dispersions
synthesized with the catalyst precursor 1b-py. The decrease of the observed melting point of
HDPE can be potentially due to the sequential melting of the soft polymer and the HDPE.
Molten mPE chains form a continuous matrix which could improve the mobility of the HDPE
polymer chains and facilitate the melting of the HDPE nanocrystals. Studies of the melting
behavior of nanoparticles have shown that the melting temperatures of isolated, supported or
embedded nanoparticles can be very different, dependent on the interactions between the
particle and the substrate.[31],[32]
The crystallinity of the in situ HDPE-mPE composite does not significantly differ from the
crystallinity of the HDPE-mPE composite prepared by the PPM method (cf. Figure S4-13).
Neat mPE is a semicrystalline polymer with a crystallinity of ~ 40% and ~ 30 branches / 1000
carbon atoms. The molecular weight of mPE is 2.3 × 104 g mol-1 and each chain possesses
about 50 methyl branches resulting in an average distance between the branches of 17
ethylene units (or ~ 4.7 nm) . The monolamellar crystalline HDPE seeds present during the in
situ generation of mPE seem to be too small and do not influence the formation of the
semicrystalline mPE significantly. Contrarily, in the case of the brPE, the neat brPE is
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completely amorpous, thus even a partial arrangement of the short chains along the
crystallization front of the HDPE particle significantly increases the overall crystallinity of the
sample.
D-(1a-py+NB)E composites.
In order to synthesize high molecular weight shells with a low crystallinity P(E-co-NB) was
used as the second polymeric phase. The HDPE nanocrystal seed was generated using watersoluble catalyst precursor 1a-TPPTS according to the D-approach. The diluted seed
dispersion was coemulsified with the catalyst precursor 1a-py and norbornene, which were
dissolved in a small amount of toluene, and subsequently copolymerized with ethylene
(according to the procedure from entry S1-4, Table S4-1, using a diluted dispersion of the
seed instead of neat water). Ethylene copolymerization with norbornene is considerably
slower than ethylene homopolymerization. Reactions which were run for 60 min resulted in
low yields in the second step (Table S4-7). All dispersions were stable and no significant
influence of the surfactant concentration on the particle shape or stability was observed. Rigid
and non-deformable P(E-co-NB) particles (contrarily to the brPE particles obtained with the
catalyst precursor 1b-py) were observed (Figure S4-15). Here, the obtained copolymer
particles are too thick to enable the detection of the (possibly) incorporated HDPE nanocrystal
seed by AFM or TEM.
The 1st heating trace of the DSC thermograms of the in situ and PPM composite samples are
bimodal or have a strong shoulder at the lower temperature, similar to the samples obtained
by the D-(2)E approach (Figure S4-16). However, in this case, low reduction of the melting
point of the HDPE seed was observed and the obtained DSC thermograms are comparable to
the DSC thermograms of the analogous PPM blends.
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Table S4-6. Dispersions synthesized by the D-E approach. The HDPE seed was obtained using water-soluble catalyst precursor 1a-TPPTS. The
second polymeric phase was synthesized using catalyst precursor 2 in a miniemulsion polymerization.
seed dispersion
[mL]
seed particle
yield [%]
particle size
entry
reaction time [h]
Tm [°C] / crystallinity [%]
(polymer
size [nm]
(seed [%])
[nm]DLS
content [%])
a
S6-1
70 (3.03)
16
1
1.53 (68)
131, 114 (78)
122; 30
S6-2
100 (1.30)
8
3
2.8 (24)
126, 114 (47)
127; 16
S6-3
100 (1.53)
7
2.5
2.74 (28)
113, 129 (52)
142; 38
S6-4
50 (1.74)
8
2
3.21 (27)
114, 127 (50)
112
S6-5
20 (1.74)
8
2
1.51 (15)
114,125 (45)
140
nd
-1
-1
Reaction conditions for the 2 step: total volume of the aqueous phase was 200 mL, 100 µmol L catalyst precursor 2, 26 mmol L SDS, 0.1 mL
hexadecane, 2 mL toluene, emulsification for 6 min, 50 °C, 40 bar, 1 h. aSeed prepared in presence of 0.5 g CsOH
Table S4-7. Dispersions synthesized by the D-E approach. The HDPE seed was obtained using water-soluble catalyst precursor 1a-TPPTS. The
second polymeric phase was synthesized by copolymerization of ethylene and norbornene using catalyst precursor 1a-py in miniemulsion.
seed dispersion [mL] (polymer content
seed particle size
yield [%]
reaction time [h]
T [°C] / crystallinity [%] particle size [nm]DLS
[%])
[nm]
(seed [%]) m
S7-1
100 (1.30)
8
3
1.25 (52)
130 (54)c
71
S7-2
100 (2.12)
12
1
0.01
131 (59)
92
c
S7-3
100 (1.04)
8
3
1.15 (45)
131 (55)
100
a
S7-4
100 (2.32)
n.m.
1
1.23 (96)
131 (64)
91
b
c
S7-5
100 (2.27)
10
1
1.44 (77)
128 (49)
103
Reaction conditions for the 2nd step: total volume of the aqueous phase was 200 mL, 200 µmol L-1 catalyst precursor 1a-py, 26 mmol L-1 SDS, 0.1
mL hexadecane, 2 mL toluene, 0.4 g norbornene, emulsification for 6 min, 50 °C, 40 bar, 1 h
a
23 mmol L-1 SDS, b13 mmol L-1 SDS, cbimodal
entry
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Figure S4-15. AFM micrograph of the composite particles from entry S7-5, Table S4-7, a)
height image, c) cross section and b) phase image.

Figure S4-16. DSC thermograms of a) the in situ composite dispersion from entry S7-1,
Table S4-7 and b) the PPM composite dispersion from entry S2-8, Table S4-2. In both cases
P(E-co-NB) content was ~ 50 wt % of the composite.
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4.5.3.2.

E-E dispersions

Table S4-8. Dispersions synthesized by the E-E approach.
seed particle size [nm]
seed dispersion [mL]
catalyst precursor 2nd
yield [%]
Tm [°C] / crystallinity
particle size
(Tm [°C] / crystallinity
-1
(polymer content [%])
step [µmol L ]
(seed [%])
[%]
[nm]DLS
[%])
S8-1
70 (2.6)
132 (121 / 52)
100
1.69 (53)
118 / 35
114
S8-2
70 (2.1)
115 (122 / 58)
100
1.76 (56)
117 / 35
121
a
S8-3
70 (2.1)
115 (122 / 58)
100
1.80 (55)
117 / 34
106
S8-4a
70 (2.1)
135 (121 / 62)
50
1.04 (76)
118 / 51
128
b
S8-5
70 (0.97)
160 (113 / 52)
100
0.80 (44)
109 / 24
129
b
S8-6
70 (0.97)
160 (113 / 52)
50
1.53 (85)
113 / 55
120
S8-7c
13 (2.1)
103 (120 / 64)
100
0.32 (41)
116 / 51
80
c
S8-8
50 (2.1)
103 (120 / 64)
100
2.42 (42)
120 / 54
107
nd
-1
Reaction conditions for the 2 step: total volume of the aqueous phase was 200 mL, 130 mL water, catalyst precursor 1b-py, 26 mmol L SDS and
0.1 mL hexadecane and 2 mL toluene were miniemulsified for 6 min. Diluted recrystallized HDPE seed dispersion was added. Polymerization at 50
°C, 40 bar, 1h.
a
30 min polymerization, bCatalyst precursor 2 was used for the synthesis of mPE core, the seed dispersion was not recrystallized, cCatalyst precursor
1a-py was added to 0.4 g norbornene, dissolved in 5 mL toluene and 0.1 mL hexadecane and emulsified with 26 mmol L-1 SDS, 0.5 g CsOH and 130
mL water.
entry
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Figure S4-17. a)

13

C{1H}- and b) 1H NMR spectrum of the in situ composite sample from

entry S8-1, Table S4-8.

Figure S4-18. TEM micrographs of dialyzed and annealed composite particles synthesized by
the E-E approach (from entry S8-1, Table S4-8). The catalyst precursor 1b-py was used in
the second step. (a) unannealed, (b) annealed at 60 °C, (c) 70 °C and (d) 80 °C.
Control experiments regarding the possibility the formation of the urchin-like particles by
remaining catalyst precursor from the first step were performed. A freshly prepared core
dispersion was added to a miniemulsion consisting of surfactant, hexadecane, toluene and
water. The reactor was pressurized with ethylene and the mixture was stirred for 1 h. After
depressurization the polymer content and particle size of the dispersion were determined. No
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increase of polymer content or particle size was observed. TEM micrographs also show no
alteration of the particle morphology (Figure S4-19).

Figure S4-19. TEM micrograph of the large HDPE particle obtained before and after the
pressurization with ethylene for 1 h.

Figure S4-20. TEM micrograph of the composite dispersion obtained according to the (2)E(1b-py)E approach a) before and b) after dialysis.
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Figure S4-21. DSC thermogramms of the composite samples obtained by a) in-situ or b)
PPM (1a-py)E-(1a-py+NB)E approach from entry S8-7, Table S4-8 or entry S2-14, Table
S4-2 respectively.

Figure S4-22. TEM micrographs of composite dispersions obtained by the in situ E-E
approach. from entry S8-8, Table S4-8. The HDPE seed was synthesized using catalyst
precursor 1a-py. In the second step catalyst precursor 1a-py was used for the generation of
the P(E-co-NB) phase.
4.5.3.3.

E-M dispersions

Table S4-9. Dispersions synthesized by the (1a-py)E-(1b-py)M approach.

seed dispersion [mL] seed particle yield [%]
entry
(polymer content [%])
size [nm]
(seed [%])

Tm [°C] /
crystallinity [%]

composite
particle size
[nm]DLS

S9-1
0.17
130 (42)
S9-2
10 (2.57)
130
0.16 (60)
117 (26)
115
Reaction conditions for the 2nd step: total volume of the aqueous solution (water + seed) was
93 mL. 6 g of SDS, 6.2 g of pentanol, 225 µmol L-1 of catalyst precursor 1b-py, 7 mL of toluene
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stirred for 60 min, polymerization at 50 °C, 40 bar.

Figure S4-23. Particle size distribution of dispersion obtained by microemulsion
polymerization (from entry S9-1, Table S4-9).

Figure S4-24. Particle size distribution of the composite dispersion obtained by the E-M
approach (from entry S9-2, Table S4-9).
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4.5.4. Film formation

Figure S4-25. AFM micrograph (height) of films obtained from neat HDPE seed dispersions
a) large crystalline particles obtained by the E approach using catalyst precursor 1a-py, b)
nanocrystals obtained by the D approach using water-soluble catalyst precursor 1a-TPPTS.

Figure S4-26. AFM micrographs (height image) of films synthesized by drop casting using
dispersions obtained by the PPM approach with a) 50%, b) 30%, c) 10% brPE content (from
entry S2-2 – S2-4, Table S4-2). HDPE nanocrystal dispersion was obtained with catalyst
precursor 1a-TPPTS, brPE was obtained using catalyst precursor 1b-py.
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Figure S4-27. AFM micrographs (height image) of films synthesized by drop cast approach
using in situ dispersions with a) 69%, b) 45% and c) 23% brPE obtained by the D-E approach
(from Table S4-4). The HDPE seed was obtained using water-soluble catalyst precursor 1aTPPTS, the brPE was obtained using the catalyst precursor 1b-py.

Figure S4-28. AFM micrographs (height image) of films synthesized by drop cast approach
using PPM dispersions with a) 50%, b) 30%, c) 10% brPE (from Table S4-2). The HDPE
dispersion was obtained with catalyst precursor 1a-py and the brPE dispersion was obtained
using catalyst precursor 1b-py.
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Figure S4-29. AFM micrographs (height image) of films obtained by drop casting using a a)
large HDPE seed dispersion and b) in situ E-E dispersion with 24% and c) 47% brPE (from
Table S4-8). The large HDPE particles were obtained using catalyst precursor 1a-py, the
brPE was obtained using catalyst precursor 1b-py.

Figure S4-30. AFM micrograph (height image) of films obtained by drop casting using
dispersions synthesized by in situ E-M approach, entry S9-2, Table S4-9. The HDPE seed
was obtained with catalyst precursor 1a-py, the brPE was obtained using catalyst precursor
1b-py.

Figure S4-31. The polymer films were cut with a blade a) in situ and b) PPM composite
dispersion consisting of 30% large HDPE particles and 70% brPE.
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5. Composites from Aqueous Polyethylene Nanocrystal / Graphene
Dispersions
5.1.

Introduction

As a two-dimensional material – ideally a single layer of carbon – graphene has unusual
properties both from a fundamental and an applied perspective.[1]-[4,a-b] A high aspect ratio,
low weight, high strength and high thermal and electrical conductivity are the most prominent
properties which make this material particularly interesting as a component of polymer
composites. A prerequisite for the production of such composite materials was recently
fulfilled by the establishment of large-scale routes for the synthesis of graphene.[4],[ 5 ]
Graphene composites with a range of polymers, like polystyrene, polymethacrylates,
polyolefins, polyurethanes, epoxy resins, and polyesters have been prepared by different
physical and chemical dispersion techniques.[2],[6]-[9] Solution mixing, melt blending and in
situ polymerization in the presence of graphene have been employed most frequently. These
studies showed that an incorporation of higher amounts of graphene without formation of
stacked filler domains is difficult.[2],[7] Additionally, graphene synthesized by chemical routes
contains up to 20 wt % of heteroelements like nitrogen, sulfur or oxygen.[5],[10],[11] These can
be problematic for an in situ polymerization approach as they act as poisons towards many
catalyst systems. Graphene functionalization with the catalyst precursor, a scavenging agent
(like excess of aluminum cocatalysts), a monomer mimic or short oligomeric chains were
often used to prevent catalyst deactivation, to improve the cohesion between the graphene and
the polymer matrix and to prevent the coagulation of the graphene flakes.[1],[2],[6],[7]
These issues touch upon the generic problem of efficiently dispersing inorganic filler
components in polymer composites, that is, obtaining a very high degree of dispersion in the
final composite. A possible approach is to introduce the polymer in a highly disperse,
colloidal form, too. Emulsion polymerization yields submicrometer polymer particles, and
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filler present in the initial polymerization mixture can be incorporated into the particles. The
synthesis of organic/inorganic composites by emulsion polymerization has been demonstrated
for different fillers, like silica, carbon black or magnetite.[12] In miniemulsion techniques, the
filler can be dispersed in the monomer phase of the droplets, which are subsequently
polymerized to form particles. First studies towards the synthesis of graphene composites with
styrene[ 13 ] and methyl methacrylate[ 14 ] using radical emulsion polymerization have been
reported. Polypropylene / graphene blends were synthesized by melt blending of
polypropylene with graphene coated with a low molecular weight polypropylene wax. The
latter was produced by mixing of a wax dispersion prepared by post polymerization approach
with graphene dispersion in water. Here, the fairly large amount of wax required for preparing
these emulsions impairs the mechanical properties at high graphene contents.[9]
Concerning direct emulsion approaches to polyethylene/graphene composites, traditional
catalysts for olefin polymerization are incompatible with water. They are based on highly
oxophilic early transition metals like titanium or chromium, and are deactivated even by trace
amounts of water. This can be overcome by utilization of neutral late transition metal
complexes, which enable ethylene polymerization in aqueous emulsion.[15]-[18] As another
point of consideration, the semicrystalline nature of polyolefins can impede an intimate
mixing on a length scale below the particle sizes due to exclusion of the filler to the periphery
of the particle.[19] At typical polymer particle sizes from emulsion polymerizations of 100 nm
to several hundred nm, this is undesirable particularly for a material like graphene with a subnanometer extension in one direction.
This chapter reports on the preparation of aqueous dispersions composed of graphene and
polyethylene nanocrystals and their utilization for conductive graphene/polyethylene
composites.

5.2.
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Results and discussion

5.2.1. Graphene/polyethylene composite dispersions
Graphenes produced by chemical or thermal methods differ from the idealized graphene
structure, i.e. a monolayer of sp2 hybridized carbons. Chemically or thermally generated
graphenes have 2–3 layers,[8],[20] and commercial graphenes from large scale synthesis can
consist of numerous carbon layers. Additionally, heteroelements like sulfur or oxygen are
present leading to structural defects at sp3 hybridized carbons. A graphene prepared by a
modified Hummers method followed by thermal reduction at 1000 °C ('G2'), and for
comparison also a commercially available material (XG Sciences, 'G1') were employed. Both
types of graphene have a carbon content of ~ 90 wt % (Table 5-1, Figure 5-2).The main
impurities of the commercial graphene G1 are ether, alcohol and aldehyde functionalities.[21]
Thermally reduced graphene G2 features tertiary hydroxy groups and sulfates.[20]
The graphenes were dispersed by ultrasonication in N,N-dimethyl formamide (DMF),
leading to stable dispersions (Figure 5-1). The aspect ratio of G1 and G2 is quite different,
G1 consists of very thin corrugated flakes with a diameter of 50–200 nm, and G2 sheets are ~
1 nm thin and measure up to 2 µm.

Figure 5-1. TEM micrographs of graphene dispersions in DMF. Commercial G1 (left), and
thermally reduced graphene oxide G2 (right).
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Table 5-1. Elemental analysis and specific surface area of graphenes used in this work. G1 is
a commercial product. G2 was synthesized by modified Hummer’s method followed by
thermal reduction at 1000 °C.[20]
G1

G2

C

91.58

93.76

H

1.02

0.83

N

1.41

0.35

S

-

3.19

others

5.99

1.87

specific surface area [m2/g] 750[21]

600[20,b]

according to the supplier

Figure 5-2. IR spectra of graphenes G1 and G2.
For the generation of G/PE composites, a direct aqueous in situ synthesis of polyethylene
nanocrystals in the presence of graphene as well as an alternative post-polymerization mixing
approach were pursued (Figure 5-3 and Table 5-2). The nanocrystal dispersions required for
the latter were generated by polymerization with an aqueous solution of a water-soluble Ni(II)
salicylaldiminato complex (2b-TPPTS, cf. Figure 1-6).[22] This yields surfactant-stabilized
single lamella crystals of high molecular weight polyethylene (PE) with a lamella thickness of
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ca. 6 nm and a lateral extension of ca. 25 nm.[23] For post-polymerization mixing a graphene
dispersion in DMF was added dropwise to a vigorously stirred PE dispersion (PPM-G/PE).

Figure 5-3. Approaches to aqueous polyethylene/graphene composite dispersions by in situ
polymerization and by post-polymerization mixing, and preparation of solid composite
material.
For an in situ synthesis approach, a graphene dispersion in DMF was added dropwise to a
vigorously stirred aqueous surfactant solution, the water-soluble catalyst precursor
(2b-TPPTS) was added, and the mixture was stirred with ethylene in a pressure reactor to
yield G/PE composite dispersions (in situ-G/PE). Remarkably, the catalyst derived from
(2b-TPPTS) is polymerization-active in the presence of graphene, in the absence of any
scavengers and in an aqueous system. The observed polymer yields suggest some partial
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catalyst deactivation to occur only at higher graphene loadings (compare polymer yields,
entries 2-6 – 2-8 and 2-13 – 2-16, Table 5-2). Note that the higher polymer yields with G2
comparing these two series of polymerizations can be related to the higher amount of organic
solvent introduced with G2, which was found to stabilize the catalyst and results in higher
productivities. The molecular weight of the linear PE formed amounts to ca.
Mn = 2 × 105 g mol-1 (Mw/Mn = 1.5).
Table 5-2. Preparation of graphene/polyethylene composite dispersions. In all preparative

added
dispersio
n [mL]
(PE [wt
%])

SDS
[wt %]

DMF [wt
%]

reaction
time [h]

graphene
[wt %]b

polymer
yield [g]

G1

120

PPM

100(1.92)

1

1

-

6

n.a.

2-2

G1

238

PPM

22.4(4.67)

1

7

-

19

n.a.

2-3

G1

675

PPM

29(4.67)

1

4

-

33

n.a.

2-4

G1

605

PPM

28(1.75)

1

7

-

55

n.a.

2-5

G1 1050

PPM

9.6(4.67)

2

11

-

70

n.a.

2-6

G1

50

in situc

-

1

1

1

2.6

1.4

2-7

G1

189

in situc

-

1

4

2

27

0.7

d

-

3

6

2

34

0.4

graphene
added
[mg]

2-1

entry

methoda

experiments the surfactant content was adapted to the amount of graphene added.

2-8

G1

200

in situ

2-9

G2

6

PPM

100(1.23)

1

1

-

0.5

n.a.

2-10 G2

20

PPM

90(2.20)

1

10

-

1

n.a.

2-11 G2

25

PPM

20 (5.16)

2

7

-

2.4

n.a.

2-12 G2

100

PPM

50(3.30)

2

13

-

5.7

n.a.

2-13 G2

68

in situd

-

3

6

1

1.2

5.7

d

-

3

9

2

4.6

3.2

2-14 G2

144

in situ

2-15 G2

200

in situd

-

3

8

1

8

2.5

2-16 G2

208

in situc

-

3

8

0.5

13

1.6

Reaction conditions for in situ polymerizations: 40 bar ethylene, 15 °C. aPost-polymerization
mixing approach (PPM) or in situ polymerization. bGraphene contentin the precipitated
polymer composite. c10 µmol or d15 µmol of catalyst precursor (2b-TPPTS).
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Independent of the synthetic method, colloidally stable composite dispersions were
obtained with both types of graphene, G1 and G2.
Polyethylene particles are well dispersed in the aqueous phase in a non-aggregated fashion in
all synthesized composite dispersions (Figure 5-4, Figure 5-5 and Figure 5-6). As expected,
in the case of dispersions from post-polymerization mixing (PPM) based on G1 and G2
distinct unmodified polyethylene and graphene particles are observed (Figure 5-4). In in situ
dispersions generated from G1, graphene flakes form corrugated structures, which are
partially covered by polyethylene (lamellar structures surrounding the flakes, Figure 5-5,
right). A part of the flakes are stacked together. Differently, in in situ dispersions based on G2
graphene flakes are homogeneously distributed throughout the dispersion. Due to their
micrometer size graphene particles can be observed by light microscopy (Figure 5-7). The
graphene flakes are well separated within the dispersions. Even upon drying of the dispersion
on the glass slide no significant coagulation of the graphene flakes occurs.

Figure 5-4. TEM micrographs of PPM composite dispersions generated with G2 (left) and
G1 (right). Both dispersions have a polyethylene/graphene ratio of 1:9.
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Figure 5-5. Comparative TEM micrograph of a G1 dispersion in an aqueous SDS solution
showing typical corrugated flake structure, a single graphene flake is shown in the inset (left).
In situ-G1/PE dispersion (graphene content 41 wt %), an enlarged view of a composite flake
is shown in the inset (right).

Figure 5-6. TEM micrograph of an in situ-G2/PE dispersion (graphene content 13 wt %,
entry 2-16, Table 5-2).
After several days of storage a portion of the particles sedimented in some cases, especially in
the case of in situ-G2/PE dispersions. However, a simple shaking of the bottle usually leads to
homogeneous redispersion of the particles in water.

204

Figure 5-7. Micrograph of an in situ-G2/PE dispersion (left; graphene content 13 wt % entry
2-16 in Table 5-2), and film formed after drying (right).
Fractionation by centrifugation. Composite dispersions were fractionated by centrifugation
(Figure 5-8). G2 graphene-containing particles can be separated from the composite
dispersion by centrifugation for 20 min at 5000 rpm. 10 mL of an in situ-G2/PE dispersion
(4.6 wt % graphene in the composite) was centrifuged. The black residue was washed and
dried in vacuo (precipitate P1). The colorless supernatant was precipitated in methanol and
dried in vacuo (precipitate P2). The solid contents were determined. The mass of P1
constitutes 7 wt % of the isolated solids. Comparison of this value with the graphene content
of this sample, being 4.6 wt.%, leads to the conclusion that P1 consists of ~ 67% graphene.
Note that dispersed polyethylene nanocrystals can only be separated by ultracentrifugation at
> 40 000 rpm for 5 h.
In the in situ-prepared samples the polyethylene particles partially adhere to the graphene
surface due to interactions between the graphene flakes and the newly formed polyethylene
chains and particles. In the case of the PPM samples both, graphene flakes and PE particles
are covered by a layer of SDS prior to being brought into proximity which effectively hinders
adherence to each other.
Fractions P1 and P2 were analyzed by infrared spectroscopy (IR) (Figure 5-9) and differential
scanning calorimetry (DSC) (Figure 5-10). As expected, P2 consists of PE exclusively,
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(green curve in Figure 5-9). The IR spectrum of P1 (magenta) also contains weak peaks at
2948 cm-1 and 2910 cm-1, which correspond to CH2-groups of the polyethylene.

Figure 5-8. Scheme for analysis of the dispersion by centrifugation.

Figure 5-9. a) IR spectra of SDS (purple), graphene G2 (red), polyethylene (black) and
precipitate P1 (magenta) and P2 (green) from centrifugation of an in situ-G2/PE composite
dispersion (entry 2-13, Table 5-2). For comparison the IR spectrum of the analogously
isolated precipitate P3 from a PPM-G2/PE composite dispersion is also displayed (blue). b)
Enlargement of the peaks at 2948 cm-1 and 2910 cm-1, which correspond to CH2 groups.
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Note, that the prominent sulfate band at 1211 cm-1 (an indication of SDS) is small, compared
with the CH2 peaks, differently to the spectrum of pure SDS (purple). The spectrum of the
analogously isolated precipitate (P3) from the PPM-G2/PE dispersion (blue) contains no
characteristic peaks or bands, indicating, that P3 consists of pure graphene.

Figure 5-10. DSC thermogramm of a) precipitate P1 obtained by centrifugation of the in situG2/PE composite dispersion. First heat: Tm = 126 °C, ΔHm = 30 J·g-1; second heat: 120 °C,
ΔHm = 17 J·g-1; cooling: Tcryst = 105 °C, ΔHcryst = -15 J·g-1. The graphene content of the
dispersion was 4.6 wt % (entry 2-14, Table 5-2), b) precipitate P3 obtained by centrifugation
of the PPM-G2/PE composite dispersion. No distinct melting or crystallization peak is
observed. The graphene content was 5 wt %.
The DSC curve of P3 shows no melting or crystallization transitions (Figure 5-10, b). DSC
analysis of P1 clearly shows the presence of polyethylene (Figure 5-10, a). P1 has a melting
temperature of 126 °C in the first heat and 119 °C in the second heat and a melting enthalpy
of 27 J·g-1in the first and 17 J·g-1 in the second heat. The typical melting temperature of neat
polyethylene nanocrystals produced by aqueous ethylene polymerization is 135 °C[22,a] in the
first heat and 130 °C in the second heat, indicating the presence of nanocrystals which are
transformed into bulk polymer after the first melting. The typical melting enthalpy of linear
polyethylene (obtained from nanocrystals prepared with 1) is ~ 230 J·g-1 in the first heat and
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~ 170 J·g-1 in the second heat.[22a] Comparison with the melting enthalpy of P1 allows for the
conclusion, that at least 10% of the sample consists of PE.
To summarize, concerning the nature of the G2 sheets contained in the dispersion,
centrifugation of the dispersions generated by post-polymerization mixing results in a
complete separation into graphene and polyethylene. That is, the dispersions consist of free
polyethylene nanocrystals and graphene particles, as expected. Centrifugation of the
dispersions from in situ polymerization yields neat polyethylene, and a fraction composed of
graphene and polyethylene.
Particle thickness measurement by TEM on an in situ-G2/PE dispersion particle shows, that
PE platelets are distributed on the graphene flake (Figure 5-13). The thickness of the
graphene flake is determined to ~ 1 nm. Regions covered by PE measure 6–8 nm, indicating
the presence of single PE nanocrystals on the graphene surface.

Figure 5-11. (left) TEM micrograph showing a graphene flake with a folding in the middle.
Some polyethylene particles are distributed on the graphene flake. (right) Specimen thickness
raw (yellow) and smoothed data (red). Specimen thickness was measured based on carbon.
The thickness of the carbon film on the TEM grid was 10 nm and was subtracted from the raw
data. The analyzed sample was prepared by in situ polymerization with G2 (13 wt %, entry 216, Table 5-2).
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Analysis by TEM (cf. Figure 5-4, Figure 5-6 and Figure 5-7) and fractionation by
centrifugation show that the well-defined, non-aggregated nature of the G2 graphene starting
material is preserved. No evident interaction with the PE nanocrystals occurs in the
dispersions from post-polymerization mixing. By comparison, the PE nanocrystals obtained in
situ appear to be partially associated with the graphene flakes. Analysis of the G1 based
dispersions is complicated by the more heterogeneous nature of the starting material but
essentially these appear to follow similar lines.
5.2.2. Graphene/polyethylene composite materials
In order to generate composite material, the G/PE dispersions were precipitated in
methanol, washed, dried and compression molded to yield homogeneous black solids (7-step
pressure program, 30–200 °C; cf. Table 5-3). The graphene content in the compression
molded PPM-G/PE and in situ-G/PE samples was determined by thermal gravimetric analysis
(TGA). The data agrees well with compositions calculated from the total mass balance (TMB)
of graphene and polymer introduced or formed in situ, respectively, in the dispersion
preparation procedure (e.g.: graphene content = 8.6 wt %TGA vs 8.8 wt %TMB, Figure 5-12).

Figure 5-12. Thermogravimetric analysis (TGA) of in situ-G1/PE composite.
Low conductivity percolation thresholds are required when electrical conductivity of an
otherwise insulating polymer is desirable (e.g. for antistatic reasons) without adversely
affecting its mechanical properties (e.g. toughness and stiffness). With regard to the
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conductivity of the G/PE composites (Figure 5-13), composites based on G2 possess
electrical percolation thresholds at ~ 2% graphene content (conductivity ~ 2.6 × 10-5 S·cm-1).
This compares with PE composites prepared by polymerization with aluminum-alkyl
activated metallocene catalysts in organic solvents.[20] PPM-G2/PE composites have a slightly
lower percolation threshold than in situ-G2/PE composites, and as expected higher
conductivities can be achieved at high graphene loadings. PPM-G2/PE samples show a
conductivity of 0.21 S·cm-1 at 6% G2, vs a conductivity of 0.03 S·cm-1 at 8% G2 for in situG2/PE. Possibly, the partial coverage of graphene with the polymer during the polymerization
(cf. Fractionation by centrifugation and Figure 5-11) hinders total percolation in the
composite materials from in situ-G/PE samples.

Figure 5-13. Conductivity of G/PE composites (left). Comparison with the conductivity of
samples prepared in toluene using a catalyst/cocatalyst metallocene system for ethylene
polymerization in presence of the graphene (right).
Contrarily, G1-based composites display a percolation threshold at ~ 20 wt % graphene
independent from the dispersion preparation method, similar to typical carbon black fillers.[3]
In order to rationalize the observed conductivity and percolation behavior, the composite
morphology was studied by TEM on microtome cuts of the compression-molded samples. In
materials from PPM-G1/PE and in situ-G1/PE, graphene flakes are embedded in graphene
rich structures, which are distributed in the polyethylene matrix (Figure 5-14 and Figure
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5-15). Some graphene sheets are restacked together. Restacking of the graphene flakes after
precipitation and strong separation of the graphene rich structures as well as the low aspect
ratio account for the high percolation threshold of the composites based on G1.

Figure 5-14. Micrographs of G1/PE composite prepared by PPM with 61% graphene content.

Figure 5-15. Micrographs of G1/PE composite prepared by in situ polymerization with 27%
graphene content (entry 2-7 from Table 5-2).
In composites from PPM-G2/PE, graphene flakes are oriented nearly parallel to each other
(Figure 5-16). Void cavities are observed in the regions where graphene is present,
particularly in the samples with higher graphene content, however the flakes themselves are
incorporated into the matrix. Graphene-free regions do not contain any holes, which may be
an indication of the higher rigidity of the graphene-containing regions. Interestingly, the
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presence of the void cavities in the PPM-G2/PE samples does not adversely affect the
conductivity of the solid samples, probably due to the parallel orientation of the graphene
flakes. However, disadvantageous effects on the mechanical properties of these samples are
expected.
In the compression-molded composite from in situ-G2/PE sample, the graphene flakes are
dispersed homogeneously throughout the polymer matrix (Figure 5-17). Different from the
PPM-G2/PE-based composite (Figure 5-16) no polymer-free void cavities and no
pronounced parallel orientation of the graphene flakes are observed even at a high graphene
content. The high degree of dispersion of the graphene in the composites based on aqueous
dispersions of G2 sample agrees well with the high conductivities found.

Figure 5-16. TEM micrographs of a compression molded composite from PPM-G2/PE with
5.7% graphene (top, from entry 2-12, Table 5-2) and 2.4% graphene (bottom, from entry 211, Table 5-2.
The stability during the preparative procedures and correspondingly the unaltered identity
of carbon as graphene in the polyethylene matrix was further analyzed by selected area
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diffraction (SAED) (Figure 5-17, inset). All diffraction reflexes observed could be attributed
to graphene. However, the presence of a diffraction ring at 3.41 Å indicates that some
stacking between the individual layers is present. The typical stacking distance between the
plains in graphite is 3.35 Å. However, in the composites this phase is not ordered, indicating
that no ordered graphite phase is present. Graphene flakes are ordered in layers which are
intercalated with thin layers of the polymer. The ring at 2.10 Å originates from the PE matrix.

Figure 5-17. TEM micrograph of a compression molded composite from in situ-G2/PE (left,
13% graphene, from entry 2-16, Table 5-2). Enlargement of a TEM micrograph showing
several graphene sheets surrounded by the PE matrix (right). Selected area diffraction (inset;
all diffraction reflexes, 4.29, 2.44, 2.11, 1.41 and 1.23 Å can be attributed to graphene[6]).

5.3.

Conclusion

In summary, it has been demonstrated that aqueous polyethylene nanocrystal/graphene
dispersions allow for an access to conductive graphene-polyethylene nanocomposites. High
conductivities and low percolation thresholds found can be related to the morphology of the
composites. The small size of the polyethylene nanocrystals enables a homogeneous
distribution of graphene throughout the polymer matrix, even at high graphene contents
without leading to graphene enrichment on the interface of the PE domains. This applies to
composites from dispersions generated by aqueous in situ polymerization of ethylene with a
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water-soluble catalyst as well as to post-polymerization dispersions. Remarkably, the Ni(II)
salicylaldiminato catalyst employed is polymerization active in the presence of the functional
groups of graphene and in the absence of any scavengers in the aqueous system. Unsurprising
but nonetheless instructive, good quality polyethylene nanocomposites require well-defined
single sheet graphene.
This novel aqueous polyolefin nanocrystal-based approach provides an environmentally
friendly and safe alternative to graphene/polyethylene-composite synthesis in organic
solvents. It also bears potential for coatings and offers the possibility of integration of other
water-dispersed components.

5.4.

Experimental section

5.4.1. General methods and materials
All steps involving the Ni(II) catalyst precursor were carried out under an inert atmosphere.
Demineralized water was distilled under a nitrogen atmosphere. N,N-dimethyl formamide
(DMF) was distilled from calciumanhydride under an argon atmosphere. Sodium dodecyl
sulfate (SDS) (Fluka) was degassed prior to use. Ethylene of 4.5 grade was supplied by
AirLiquide. xGnP® Graphene Nanoplatelets Grade C 750 were purchased from XG Sciences
(Graphene G1). Graphene G2 was synthesized according to reported methods.[20] Thermal
reduction was performed at 1000 °C. [κ2-N,O-{2,6-(3',5'-(F3C)2C6H3)2C6H3-N=C(H)-(3,5-I22-O-C6H2)}NiCH3{P(3-C6H4SO3Na)3}] 2b-TPPTS was prepared according to[22].
A Heraeus Instruments Biofuge Primo centrifuge was used for the centrifugation.
Differential scanning calorimetry (DSC) was performed on a Netzsch DSC 204 F1 with a
heating/cooling rate of 10 K min-1. Light microscopy was carried out on a LEICA DM 4000
M microscope. Transmission electron microscopy (TEM) was carried out on a Zeiss Libra
120 EF-TEM instrument (120 kV) and a JEOL JEM2200FS instrument (200 kV),
respectively. For the TEM analyses samples were dialyzed with demineralized water in
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aSpectrum Laboratories Spectra/Por Dialysis Membrane 1, MWCO 6-8,000. Thin sections of
melt pressed samples were cut at -130° using a Leica Ultramicrotome UC6. Elemental
Analysis was performed on an Elementar Vario El. The samples were heated to 950 °C. TGA
measurements were acquired on a Netzsch (STA 429) instrument under a nitrogen
atmosphere. The samples were heated up to 1000 °C. Gel permeation chromatography (GPC)
was carried out in 1,2,4-trichlorobenzene at 160 °C at a flow rate of 1 mL min-1 on a Polymer
Laboratories 220 instrument equipped with Olexis columns with differential refractive index,
viscosity and light scattering (15° and 90°) detectors. Data reported were determined via
linear PE standard calibration (Mw < 3 × 104), universal calibration (3 × 104 < Mw< 105) and
triple detection (Mw > 105) employing the PL GPC-220 software algorithm. As the instrument
records light scattering at only two angles, data analysis involves an iteration for the
calculation of molecular weights and form factors for each measured interval. The instrument
was calibrated with narrow polystyrene and polyethylene standards.
5.4.2. Synthesis of the composite dispersions
Dispersions of PE nanocrystals were prepared according to [22]. In brief, an aqueous
surfactant (SDS) solution of 2b-TPPTS was exposed to 40 atm ethylene pressure under
stirring at 15 °C. The final PE content of the aqueous dispersion was 1 to 5 wt %. Graphene
was dispersed in DMF by ultrasonication with an ultrasonotrode operated at 120 W for
60 min.
Post-polymerization mixing approach.1.5 g of SDS was added to 10-20 mL of the preformed
polyethylene dispersion to prevent the coagulation during the addition of the graphene
dispersion. The mixture was diluted with 100 mL of water. A preformed graphene dispersion
in DMF was added dropwise under vigorous stirring with a magnetic stir bar. The mixture
was stirred for 10 min and precipitated in methanol. The solid was filtrated, washed with
methanol and dried in vacuo for 24 hours at 40 °C.
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In-situ synthesis of PE/graphene composites. 2 – 20 mL of preformed graphene dispersion
were added dropwise to an aqueous SDS solution (e.g. 6 g SDS in 20 mL water) under
vigorous stirring. The mixture was transferred into a 500 mL stainless steel mechanically
stirred (500 rpm) pressure reactor equipped with a heating/cooling jacket supplied by a
thermostat controlled by a thermocouple dipping into the polymerization mixture, which was
prefilled with 178–188 mL water. The catalyst precursor 2b-TPPTS was dissolved in 2 mL of
water and added into the reactor under stirring. The total amount of water was always
200 mL. The reactor was brought to 13 °C and pressurized with 40 bar ethylene. The
temperature was increased to 15 °C, and kept constant. A valve controlled by a pressure
transducer allowed for applying and keeping up a constant ethylene pressure. After one hour
the ethylene was vented. An aliquot of the dispersion was set aside for TEM analysis, and the
dispersion was precipitated in methanol. The solid was filtrated, washed with methanol and
dried in vacuo for 24 hours at 40 °C.
5.4.3. Compression molding
Compression molded samples were prepared with a Collin 200P vacuum melt press, using the
pressure program given in Table 5-3. ~ 1 g of the composite was used for the compression
molding. A circular compression mold with d = 2.5 cm was used.
Table 5-3. Compression molding program.
phase

1

2

3

4

5

6

7

T [°C]

200

120

120

120

120

135

30

t [min]

10

20

5

5

8

2

25

pressure [t]

-

-

0

5

10

15

20
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5.4.4. Conductivity measurements
A compression molded sample was cut into strips with dimensions ~ 0.5 × 0.5 × 1.5 cm. Two
opposite sides of the strip were covered with a thin silver film (Flash dry silver paint by SPI
supplies). The transversal conductivity was measured on 3 separately prepared strips using a
Weidmueller Temphaser Red Line instrument. The mean value was recorded.

217

5.5.

References

[1]
a) Dreyer, D. R.; Ruoff, R. S.; Bielawski, C. W. From Conception to Realization: An
Historial Account of Graphene and Some Perspectives for Its Future. Angew. Chem., Int. Ed.
2010, 49, 9336–9344.; b) Novoselov, K. S. Graphene: Materials in the Flatland (Nobel
Lecture). Angew. Chem., Int. Ed. 2011, 50, 6986–7002.; c) Geim, A. K. Random Walk to
Graphene (Nobel Lecture). Angew. Chem., Int. Ed. 2011, 50, 6966–6985.
[2]
a) Huang, X.; Yin, Z.; Wu, S.; Qi, X.; He, Q.; Zhang, Q.; Yan, Q.; Boey, F.; Zhang,
H. Graphene-Based Materials: Synthesis, Characterization, Properties, and Applications.
Small 2011, 7, 1876–1902.; b) Compton, O. C.; Nguyen, S. T. Graphene Oxide, Highly
Reduced Graphene Oxide, and Graphene: Versatile Building Blocks for Carbon-Based
Materials. Small 2010, 6, 711–723.; c) Yoo, B. M.; Shin, H. J.; Yoon, H. W.; Park, H. B.
Graphene and graphene oxide and their uses in barrier polymers. J. Appl. Polym. Sci. 2014,
131, 39628.
[3]
Ezquerra, T. A.; Bayer, R. K.; Baltá Calleja, F. J. Conductive PE-carbon black
composites by elongational flow injection moulding. J. Mater. Sci. 1998, 23, 4121–4126.
[4]
a) Frazier, R. M.; Daly, D. T.; Swatloski, R. P.; Hathcock, K. W.; South, C. R. Recent
Progress in Graphene-Related Nanotechnologies. Recent Pat. Nanotechnol. 2009, 3, 164–
176.; b) Segal, M. Selling graphene by the ton. Nat. Nanotechnol. 2009, 4, 612–614.; c) Zhu,
Y.; Murali, Sh.; Cai, W.; Li, X.; Won Suk, J.; Potts, J. R.; Ruoff, R. S. Graphene and
Graphene Oxide: Synthesis, Properties, and Applications. Adv. Mater. 2010, 22, 3906–3924.;
d) Tölle, F. J.; Fabritius, M.; Mülhaupt, R. Emulsifier-Free Graphene Dispersions with High
Graphene Content for Printed Electronics and Freestanding Graphene Films. Adv. Funct.
Mater. 2012, 22, 1136–1144.
[5]
Park, S.; Ruoff, R. S. Chemical methods for the production of graphenes. Nat.
Nanotechnol. 2009, 4, 217–224.
[6]
Stankovich, S.; Dikin, D. A.; Dommett, G. H. B.; Kohlhaas, K. M.; Zimney, E. J.;
Stach, E. A.; Piner, R. D.; Nguyen, S. T.; Ruoff, R. S. Graphene-based composite materials.
Nature 2006, 442, 282–286.
[7]
a) Stürzel, M.; Kempe, F.; Thomann, Y.; Mark, S.; Enders, M.; Mühlhaupt, R. Novel
Graphene UHMWPE Nanocomposites Prepared by Polymerization Filling Using Single-Site
Catalysts Supported on Functionalized Graphene Nanosheet Dispersions. Macromolecules
2012, 45, 6878–6887.; b) Castelain, M.; Martinez, G.; Ellis, G.; Salavagione, H. J. A versatile
chemical tool for the preparation of conductive graphene-based polymer nanocomposites.
Chem. Commun. 2013, 49, 8967–8969.
[8]
Steurer, P.; Wissert, R.; Thomann, R.; Mülhaupt, R. Macromol. Functionalized
Graphenes and Thermoplastic Nanocomposites Based upon Expanded Graphite Oxide.
Macromol. Rapid Commun. 2009, 30, 316–327.
[9]
a) Song, P.; Yu, Y.; Zhang, T.; Fu, S.; Fang, Z.; Wu, Q. Permeability, Viscoelasticity,
and Flammability Performances and Their Relationship to Polymer Nanocomposites. Ind.
218

Eng. Chem. Res. 2012, 51, 7255–7263.; b) Song, P.; Cao, Z.; Cai, Y.; Zhao, L.; Fang, Z.; Fu,
S. Fabrication of exfoliated graphene-based polypropylene nanocomposites with enhanced
mechanical and thermal properties. Polymer 2011, 52, 4001–4010.
[10]
Wissert, R.; Steurer, P.; Schopp, S.; Thomann, R.; Mülhaupt, R. Graphene Nanocomposites Prepared From Blends of Polymer Latex with Chemically Reduced Graphite
Oxide Dispersions. Macromol. Mater. Eng. 2010, 295, 1107–1115.
[11]
Scheuermann, G. M.; Rumi, L.; Steurer, P.; Bannwarth, W.; Mülhaupt, R. Palladium
Nanoparticles on Graphite Oxide and Its Functionalized Graphene Derivatives as Highly
Active Catalysts for the Suzuki−Miyaura Coupling Reaction. J. Am. Chem. Soc. 2009, 131,
8262–8270.
[12]
a) Zhou, H.; Wu, Sh.; Shen, J. Polymer/Silica Nanocomposites: Preparation,
Characterization, Properties, and Applications Chem. Rev. 2008, 108, 3893–3957.; b)
Landfester, K. Macromol. Polyreactions in Miniemulsions. Macromol. Rapid Commun. 2001,
22, 896–936.
[13]
a) Hu, H.; Wang, X.; Wang, J.; Wan, L.; Liu, F.; Zheng, H.; Chen, R.; Xu, Ch.
Preparation and properties of graphene nanosheets–polystyrene nanocomposites via in situ
emulsion polymerization. Chem. Phys. Lett. 2010, 484, 247–253.; b) Tralya, E.; Ghislandi,
M.; Alekseev, A.; Koning, C.; Loos, J. Latex-based concept for the preparation of graphenebased polymer nanocomposites. J. Mater. Chem. 2010, 20, 3035–3039.; c) Hassan, M.;
Raghava Reddy, K.; Haque, E.; Minett, A. I.; Gomes, V. G. High-yield aqueous phase
exfoliation of graphene for facile nanocomposite synthesis via emulsion polymerization. J.
Colloid Interface Sci. 2013, 410, 43–51.
[14]
Kuila, T.; Bose, S.; Khanra, P.; Kim, N. H.; Rhee, K. Y.; Lee, J. H. Characterization
and properties of in situ emulsion polymerized poly(methyl methacrylate)/graphene
nanocomposites. Composites Part A: Appl. Sci. Manuf. 2011, 42, 1856–1861.
[15]
a) Tomov, A.; Broyer, J. P.; Spitz, R. Emulsion polymerization of ethylene in water
medium catalysed by organotransition metal complexes. Macromol. Symp. 2000, 150, 53–58.;
b) Bauers, F. M.; Mecking, S. Aqueous Homo- and Copolymerization of Ethylene by Neutral
Nickel(II) Complexes. Macromolecules 2001, 34, 1165–1171.; c) Held, A.; Bauers, F. M.;
Mecking, S. Coordination polymerization of ethylene in water by Pd(II) and Ni(II) catalysts.
Chem. Commun. 2000, 301–302.
[16]
Soula, R.; Saillard, B.; Spitz, R.; Claverie, J.; Llaurro, M. F.; Monnet, C. Catalytic
Copolymerization of Ethylene and Polar and Nonpolar α-Olefins in Emulsion.
Macromolecules 2002, 35, 1513–1523.
[17]
Bauers, F. M.; Thomann, R.; Mecking, S. Submicron Polyethylene Particles from
Catalytic Emulsion Polymerization. J. Am. Chem. Soc. 2003, 125, 8838–8840.
[18]
Zuideveld, M. A.; Wehrmann, P.; Röhr, C.; Mecking, S. Remote Substituents
Controlling Catalytic Polymerization by Very Active and Robust Neutral Nickel(II)
Complexes. Angew. Chem., Int. Ed. 2004, 43, 869–873.
219

[19]
Monteil, V.; Stumbaum, J.; Thomann, R.; Mecking, S. Silica/Polyethylene
Nanocomposite Particles from Catalytic Emulsion Polymerization. Macromolecules 2006, 39,
2056–2062.
[20]
a) Steurer, P. Ph.D. thesis. Funktionalisierte Graphene aus Graphitoxid für Katalyse,
Beschichtungen und thermoplastische Nanocomposits Albert-Ludwigs-Universität: Freiburg
im Breisgau, Germany, 2010.; b) Toelle, F. Ph.D. thesis. Bindemittelfreie GraphenDispersionen aus Graphit und Graphitoxid für Katalyse und Polymer-Nanokomposite AlbertLudwigs-Universität: Freiburg im Breisgau, Germany, 2013.
[21]
Supplier Information by XG Sciences Inc., XG Sciences, Inc. 3101 Grand Oak Drive,
Lansing, MI 48911.
[22]
a) Göttker-Schnetmann, I.; Korthals, B.; Mecking, S. Water-Soluble
Salicylaldiminato Ni(II)−Methyl Complexes: Enhanced Dissociative Activation for Ethylene
Polymerization with Unprecedented Nanoparticle Formation. J. Am. Chem. Soc. 2006, 128,
7708–7709.; b) Korthals, B.; Göttker-Schnetmann, I.; Mecking, S. Nickel(II)−Methyl
Complexes with Water-Soluble Ligands L [(salicylaldiminato-κ2N,O)NiMe(L)] and Their
Catalytic Properties in Disperse Aqueous Systems. Organometallics 2007, 26, 1311–1316.
[23]
Weber, C. H. M.; Chiche, A.; Krausch, G.; Rosenfeldt, S.; Ballauff, M.; Harnau, L.;
Göttker-Schnetmann, I.; Tong, Q.; Mecking, S.; Single Lamella Nanoparticles of
Polyethylene. Nano Lett. 2007, 7, 2024–2029.

220

6. Conclusive Summary
Aqueous polymer dispersions are vastly applied as eco-friendly adhesives, coatings and
paints. Such dispersions are preferentially accessed by aqueous radical emulsion
polymerization. Polymers, which are traditionally produced by insertion polymerization using
oxophilic early transition metal-based catalysts, such as polyolefins with controlled
microstructure (e.g. linear polyethylene), are not directly available as aqueous dispersions.
Such dispersions can be accessed as secondary dispersions by means of emulsification of
polymer melt or solution in water followed by evaporation of the organic solvent in the
second case. However, the solubility of polyolefins is poor even in hot organic solvents and
the synthesis of polyolefin dispersions by secondary dispersion procedure is limited to more
soluble branched polyolefins or low-melting polyolefin waxes. In order to access high
molecular weight polyolefin dispersions a direct synthesis approach is desirable. Additionally,
a direct synthesis of polyolefin dispersions in the presence of dispersed filler can potentially
enable formation of nanocomposite materials.
It was previously shown, that the catalytic polymerization of ethylene to high molecular
weight products is also possible using less oxophilic late transition metal catalysts. For example nickel or palladium based catalysts are active in ethylene polymerization in aqueous
environments.[1] Polyethylene dispersions consisting of high molecular weight linear polyethylene can be accessed directly using neutral complexes such as [κ2-(N,O)Ni(Me)(TPPTS)]
as water-soluble catalyst precursors.[1b] However, this class of Ni(II)-based catalysts also
suffers from deactivation in the aqueous environment. This affects the productivity and
control of molecular weight. To resolve this issue, a deeper understanding of deactivation
mechanisms under true pressure polymerization conditions and also of particle formation was
necessary.
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In Chapter 3 the activation, deactivation and stabilization mechanisms of the water-soluble
catalyst

precursor

[κ2-N,O-{2,6-(3',5'-(F3C)2C6H3)2C6H3-N=C(H)-(3,5-I2-2-O-

C6H2)}NiCH3{P(3-C6H4SO3Na)3}] (1) and the derived catalytically active species were
studied in aqueous environment. Upon dissolution of the water-soluble catalyst precursor in
water the catalyst precursor is transformed into a water-insoluble catalyst precursor by
abstraction of the water-soluble labile ligand (TPPTS). By exposing the catalyst precursor to
the aqueous environment prior to the polymerization it was shown that the dissolution of the
catalyst precursor (or rather the resulting hydrophobic Ni-species) in the aqueous mixture can
be improved by addition of an ionic surfactant. However, independent of the presence of the
surfactant the catalyst precursor (or its dissociation product) is deactivated in the aqeous
environment within 2h.
Using a

13

C-labeled catalyst precursor at true pressure conditions it was shown, that in the

presence of ethylene the catalyst precursor is rapidly activated by ethylene coordination (after
30 s: 20–28%, after 2 min: ca 45%). By comparison of chain numbers, accessed from polymer
yields using the polymer’s molecular weight, and particle numbers generated per nickel
center, accessed from polymer yields and the average particle size it could be shown that at
early stages of the polymerization each particle consists of ~ 1 polymer chain and 1 polymer
chain was initiated per ~ 10 catalyst precursor molecules. On the other hand, after longer
polymerization times almost all particles consist of a single polymer chain which was initiated
by 1 catalyst precursor, meaning that in the first minutes of the reaction almost all catalyst
precursor is activated.
The polymerization proceeds by an ethylene insertion-coordination mechanism and under
conditions studied (at 15 °C, 40 bar and pH = 7) linear high molecular weight polyethylene is
formed. However, in neutral aqueous conditions irreversible catalyst deactivation is observed
directly after the addition of ethylene (as concluded from a rapid decrease of ethylene
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consumption). In contrast to the polymerization in organic solvents using lipophilic analogs of
(1), on a molecular scale, instead of single-unsaturated chains typically issued from ß-hydrid
elimination and chain transfer, fully saturated polymer chains are produced in aqueous
polymerizations. The predominant deactivation pathway is a hydrolysis (or rather protolysis)
reaction of the growing Ni-polymeryl species (and the catalyst precursor) and at pH < 7 only
traces of polymer can be isolated. This deactivation reaction can be partially suppressed by
reduction of the proton concentration in the reaction mixture for example by addition of
strong bases, like alkali hydroxides, but due to the amphiphilic nature of water, hydrolysis
cannot be totally prevented. Nevertheless, polymers with Mn = 7.2  105 g·mol-1 and
Mw/Mn = 1.2 are obtained at pH 12.5 vs Mn = 1.0  105 g·mol-1 Mw/Mn = 2.1 at pH 7 after 1 h
using 50 µmmol L-1 catalyst precursor at 40 bar and 15 °C. Alternatively, it was shown, that
using a less dissociated water analog, D2O, as a solvent the reaction has an almost living
character (TOF ~ 4000 ethylene (catalyst precursor)-1 h-1 for more than 24 h and increasing
molecular weight) resulting in stable particle dispersions with up to 26 wt % PE. The catalyst
lifetime can be also extended by addition of (slightly) basic, weakly coordinating ligands, like
DMF or DBU. Here, the reaction is predominantly affected by the coordination effect, that is,
the polymerization rates depend on the concentration of the additive (e.g. at 0.65 mol L-1
DMF polymerization rates of ~ 1 unit s-1 are observed vs 8 units s-1 at 0.13 mol L-1 DMF).
As outlined above, the activation of the catalyst precursor results in formation of polymer
chains which are dispersed in the form of nanoparticles in the aqueous phase. In sampling
experiments it was demonstrated that the formation of the polyethylene particles goes along
with rapid adsorption of the surfactant on the particle surface and the presence of the
surfactant is a prerequisite for the formation of single lamella particles. At the first minutes of
polymerization hexagonal lamellae are observed which gradually transform into much larger
single crystal lozenges or more likely hollow pyramids. These observations show that the
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polyethylene particles produced by aqueous dispersion polymerization can evolve into
crystals which are similar to those formed by crystallization from highly dilute polyethylene
solutions at low undercoolings. Another aspect of the formation of the PE nanoplatelets in
aqueous environment is the mode of crystallization at strong undercoolings. The particle
thickness of ~ 7 nm which was observed in previous studies was higher, than theoretically
predicted for such an extreme undercooling as present at 15 °C.[2] In sampling experiments
followed by AFM and TEM analysis it could be shown that the nascent platelets are ~ 4 nm
thin and their thickness increases to ~ 7 nm within first minutes of polymerization probably as
a result of postcrystallization or lamellar thickening.
To summarize, the above results provide an important insight into mechanisms which govern
the effective polymerization of ethylene in aqueous environment, also showing the potential
of the reaction for an effective large scale synthesis of polyolefin dispersions. Additionally,
from the fundamental point of view, aqueous dispersion polymerization of ethylene has
shown its potential as an adequate and elegant method for studying the formation and growth
of polymer crystals at conditions not accessible by other methods.
Polyethylene dispersions can also be used for the synthesis of nanocomposites. Based on the
above insights on particle formation, in Chapter 4 multiphase polyethylene/polyethylene particles consisting of polyethylenes with different microstructures, like linear, highly crystalline
high molecular weight PE and amorphous, highly branched, low molecular weight PE or high
molecular weight ethylene/norbornene copolymer were synthesized in a two-step method
using appropriate Ni(II)-based catalysts. In the first step crystalline, 20 nm-large, singlelamella seed particles can be generated using a water-soluble catalyst precursor 1-TPPTS
(from Chapter 3). Alternatively, seed particles can be obtained by miniemulsion polymerization using lipophilic catalyst precursor analogs, giving in this case multilamellar almost
spherical particles of 100–200 nm size. Here, the particle size can be partially controlled by
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the size of the miniemulsion droplets. In a second polymerization step the amorphous polyethylene phase was synthesized using a second catalyst in the presence of the crystalline seed.
When highly branched low molecular weight polyethylene was generated in presence of the
crystalline

nanoplatelets,

core-shell

particles

were

obtained.

Besides,

also

some

„cocrystallization” of the low-molecular weight polyethylene with the crystalline core was
observed. When larger, multilamellar crystalline particles were used as a core instead, low
molecular weight polyethylene introduced in the second step “cocrystallized” with the core,
forming needle structures on the surface of the core particles. Application of a high molecular
weight, not-crystallizable ethylene-norbornene-copolymer in the second step led to the formation of dumbbell-like structures consisting of one multilamellar crystalline particle and one
amorphous copolymer particle. The obtained composites combine the high impact resistance
of the crystalline part with the low minimum film formation temperature of the amorphous
polymer and could be potentially applied as thin polyethylene coatings.
Organic/inorganic polyethylene-based composites are also of interest, however, due to the
high melting temperature and low solubility of polyethylene, production of such composites is
often challenging. In Chapter 5 polyethylene nanocrystals were exemplarily used for the
synthesis of polyethylene/graphene nanocomposites. Being a demanding 2-D material
graphene does not easily disperse in viscous apolar media, like polyethylene melts.
Application of highly dispersed polyethylene as matrix precursor enables the synthesis of
homogeneous highly conductive polyethylene/graphene composites with low percolation
thresholds. Starting from aqueous graphene dispersion, the polyethylene phase was introduced
as a pre-synthesized dispersion or generated in situ in the presence of the dispersed graphene.
After precipitation of the composite dispersion, followed by compression molding of the
precipitated solid, composite samples were obtained. For such kinds of composites the quality
of graphene (lateral extension, number of layers) strongly influences the properties of the
composite (conductivity, homogeneity, percolation threshold). Using thermally reduced
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graphene with C-content ~ 94% polyethylene nanocrystal/graphene composites with
conductivity σ = 2.6 × 10-5 S·cm-1 at ~ 2 wt % filler content were obtained, showing at the
same time almost perfect filler distribution in the matrix. The synthesis protocol developed in
this work can potentially be applied to any filler which can be dispersed in water and offers a
direct approach to functional polyethylene composites and composite films derived thereof.
Various aspects of the formation and application of the aqueous polyethylene dispersions
which are presented in this work show, that aqueous polyethylene dispersions with a
controlled microstructure are materials with a high potential which can be accessed at
industrially relevant solid contents using readily accessible Ni(II)-based insertion
polymerization catalyst precursors in appropriate conditions. The obtained dispersions are
also suitable for the direct synthesis of multiphase polyethylene particles or even for the
synthesis of highly conductive polyethylene/graphene nanocomposites. Thus, these findings
reveal the possibility of direct syntheses of other functionalized polyethylene based
nanomaterials in future. Introduction of comonomers could allow for even higher versatility
of the polyethylene nanoparticles in composite applications.

226

Zusammenfassung
Wässrige

Polymerdispersionen

werden

vielfach

als

umweltfreundliche

Klebstoffe,

Beschichtungen und Farben verwendet. Die Herstellung solcher Dispersionen erfolgt
hauptsächlich über die radikalische Emulsionspolymerisation. Daher sind Dispersionen der
Polymere, die mit Hilfe von auf frühen oxophilen Übergangsmetallen basierten Katalysatoren
hergestellt werden (wie z.B. linearere Polyethylene mit hohen Molekulargewichten), nicht
direkt zugänglich. Diese Katalysatoren werden bereits durch kleinste Spuren von Wasser oder
Sauerstoff vollständig deaktiviert und können daher nicht in wässriger Umgebung angewandt
werden. Die Herstellung wässriger Polyolefindispersionen kann daher hier nur als sekundäre
Dispersionen erfolgen. Hierfür wird ein zuvor auf klassischem Wege synthetisiertes Polymer
gelöst oder geschmolzen und unter Anwendung hoher Scherkräfte in Wasser emulgiert.
Anschließend wird das evtl. vorhandene organische Lösungsmittel entfernt. Die
Anwendbarkeit dieser Methode ist durch die geringe Löslichkeit von Polyolefinen begrenzt,
sodass wässrigen Dispersionen sich hauptsächlich auf hochverzweigte oder niedermolekulare
Polyolefine beschränken. Zur Herstellung von Dispersionen aus hochmolekularen
teilkristallinen Polyolefinen wären direkte Synthesemethoden von Vorteil. Des Weiteren
könnten solche Dispersionen zur Herstellung von Nanokompositen verwendet werden.
Wie bereits in früheren Arbeiten gezeigt,[1] können hochmolekulare Polyethylene auch mit
Hilfe der weniger oxophilen, auf späten Übergangsmetallen basierten Katalysatoren
hergestellt werden. Nickel oder Palladium-basierte Katalysatorvorstufen wurden bereits
erfolgreich in Wasser eingesetzt. Mit Hilfe von Katalysatorvorstufen wie neutralen
[κ2-(N,O)Ni(Me)(TPPTS)]

wasserlöslichen

Komplexen

teilkristalline

Polyethylen-Nanopartikel

lassen

erzeugen.[1b]

sich
Die

hochmolekulare,
Ni(II)-basierten

Salicylaldiminatokatalysatoren werden jedoch nach kurzer Polymerisationszeit in Wasser
deaktiviert. Dies beeinflusst die Katalysatorproduktivität und schränkt die Kontrolle über die
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erreichten Molekulargewichtsverteilungen ein. Daher sollte ein tieferes Verständnis der
Deaktivierungsreaktion

bei

den

realen

Polymerizationsbedingungen

sowie

der

Partikelbildungsmechanismen gewonnen werden.
Ein solches System wurde in Kapitel 3 hinsichtlich der Aktivierung, Deaktivierung und
Stabilisierung der Katalysatorvorstufe [κ2-N,O-{2,6-(3',5'-(F3C)2C6H3)2C6H3-N=C(H)-(3,5-I22-O-C6H2)}NiCH3{P(3-C6H4SO3Na)3}] (1) und der daraus abgeleiteten aktiven Spezies in
wässriger Ethylenpolymerisation untersucht. Direkt nach dem Lösen der Katalysatorvorstufe
in Wasser wird diese durch die Abstraktion des labilen TPPTS-Liganden in eine lipophile
Spezies umgewandelt, die durch das Tensid stabilisiert wird. Wird die Katalysatorvorstufe
(oder eher die entstandene lipophile Spezies) über eine Zeit von mehr als 2 h der wässrigen
Umgebung in An- oder Abwesenheit des Tensids ausgesetzt, so kann in einer darauffolgenden
Ethylenpolymerisation kein Polymer mehr erhalten werden, was für eine vollständige
Deaktivierung der Katalysatorvorstufe durch die wässrige Umgebung spricht.
Wird direkt nach dem Lösen der Katalysatorvorstufe in der wässrigen Phase Ethylen
zugegeben, so wird die Katalysatorvorstufe rasch aktiviert und eine disperse Polyethylenphase
entsteht. Unter Anwendung einer

13

C-markierten Katalysatorvorstufe konnte gezeigt werden,

dass nach 30 Sekunden 20–28% und nach 2 Minuten ca. 45% der Katalysatorvorstufe
aktiviert wurden. Durch den Vergleich der Anzahl der Polymerketten (zugänglich über die
Polymerausbeute und das Molekulargewicht der erhaltenen Polymere) und der Anzahl der
Polymerpartikel (zugänglich über die Polymerausbeute und die Partikelgröße) konnte
weiterhin gezeigt werden, dass jeder Partikel aus nur einer Polymerkette aufgebaut ist, wobei
in den ersten Sekunden pro Molekül der Katalysatorvorstufe nur 0,1 Ketten initiiert wurden.
Nach längerer Polymerisationszeit werden Initiierungszahlen von ca. 1 Polymerkette pro
Molekül der Katalysatorvorstufe beobachtet, sodass man bereits nach kurzer Zeit von
vollständiger Initiierung ausgehen kann.
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Die Polymerisation erfolgt entsprechend dem Koordinations-Insertions-Mechanismus und
unter den angewandten Reaktionsbedingung von 15 °C, 40 bar und pH = 7 entsteht bereits
nach kurzer Zeit lineares, hochmolekulares Polyethylen. Unter neutralen Bedingungen
beobachtet man jedoch anhand der schnellen Abnahme des Ethylenverbrauchs eine rasche
Deaktivierung des Katalysators. Betrachtet man die Struktur des entstandenen Polymers auf
molekularer Ebene, so besteht dieses aus vollständig gesättigten Polyethylenketten. In
organischen Lösungsmitteln sind die mit Hilfe von lipophilen Analoga von (1) hergestellten
Polymere mit einer Doppelbindung terminiert, was typischerweise auf einen ß-HydridEliminierungs- / Kettentransfermechanismus zurückgeführt wird. Es konnte jedoch gezeigt
werden, dass in wässriger Umgebung die Deaktivierung des Katalysators hauptsächlich auf
die Hydrolyse (oder eher Protolyse) der wachsenden Ni-Polymeryl-Spezies zurückzuführen
ist. So können bei einem pH Wert von 6,7 nur Spuren von Polymer isoliert werden. Durch die
Erhöhung des pH Werts, z.B. durch Zugabe von starken Alkalihydroxiden, kann die
Protonenkonzentration in wässriger Umgebung herabgesetzt werden, sodass bei pH 12,5
Polyethylen mit Mn = 7,2  105 g·mol-1 und Mw/Mn = 1,2 erhalten werden kann. Zum
Vergleich, bei gleichen Reaktionsbedingungen (50 µmmol L-1 Katalysatorvorstufe, 40 bar, 15
°C) aber bei pH = 7 wird ein Polymer mit einem Molekulargewicht von Mn = 1,0  105 g·mol1

und Mn/Mw = 2,1 erhalten. Alternativ zum Wasser kann ein sehr ähnliches jedoch weniger

dissoziiertes Lösungsmittel, das Deuteriumoxid, als Polymerisationsmedium verwendet
werden. In diesem Fall verhält sich die Polymerisation nahezu lebend (TOF von ~ 4000
Ethylen (Katalysatorvorstufe)-1 h-1 für mehr als 24 h und steigendes Molekulargewicht). Unter
solchen Bedingungen lassen sich stabile Nanopartikel-Dispersionen mit bis zu 26 Gew.-%
Polyethylen erhalten. Des Weiteren kann die Katalysatorlebensdauer durch den Zusatz
(schwach) basischer, schwach koordinierender Liganden wie DMF oder DBU auch in
wässriger Umgebung verlängert werden. Hier wird davon ausgegangen, dass die
Polymerisation hauptsächlich durch einen Koordinationseffekt beeinflusst wird. Die
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Polymerisationsgeschwindigkeit hängt in diesem Fall von der Konzentration des Liganden ab
(z.B.

bei

einer

Konzentration

von

0,65

mol

L-1

DMF

werden

Polymerisationsgeschwindigkeiten von ~ 1 Ethylen s-1 und bei einer Konzentration von
0,13 mol L-1 DMF ~ 8 Ethylen s-1 beobachtet).
Wie bereits beschrieben, erfolgt nach der Aktivierung der Katalysatorvorstufe eine schnelle
Bildung der Polymerketten, die sich ihrerseits in Form von dispergierten Polyethylenpartikeln
anordnen. Zur Ausbildung monolamellarer Partikel ist hierbei die Anwesenheit von Tensid
erforderlich. Wie durch Probenahmeexperimente gezeigt, adsorbieren die wachsenden
Partikel große Mengen an Tensid auf ihrer Oberfläche. Die zuerst gebildeten hexagonalen
Plättchen gehen mit wachsendem Molekulargewicht in rautenförmige Partikel über, die bei
näherer Betrachtung eher als hohle Pyramiden beschrieben werden können. Die letztere
Kristallform ist typisch für Polyethylenkristalle, die bei geringer Unterkühlung aus
verdünnten organischen Lösungen erhalten wird und somit konnte der Formübergang von den
Kristallen, die über wässrige Ethylenpolymerisation gebildet werden zu den zuvor bekannten
Kristallformen von Polyethylen beobachtet werden. Des Weiteren wurde in vorherigen
Arbeiten[2] postuliert, dass die Dicke der über die wässrige Polymerisation gebildeten
Partikeln von ca. 7 nm höher ist, als theoretisch für so starke Unterkühlung, wie bei den
Reaktionsbedingungen von 15 °C, erwartet. In Probenahmeexperimenten gefolgt von AFM
und TEM Analyse konnte gezeigt werden, dass die ursprünglichen Partikel eine Dicke von ca.
4 nm aufweisen, und erst im Verlaufe der Polymerisation eine Erhöhung der Partikeldicke als
Resultat der Postkristallisation oder lamellarer Nachdickung stattfindet.
Zusammenfassend gesagt, konnten durch die beschriebenen Untersuchungen bedeutende
Einblicke in die Mechanismen, die eine effektive Polymerisation von Ethylen in wässriger
Umgebung ermöglichen, gewonnen werden. Hierbei wird deutlich, dass die beschriebene
Polymerisationsreaktion

230

potentiell

in

größerem

Maßstab

zur

Herstellung

von

Polyolefindispersionen durchgeführt werden kann. Andererseits bietet das untersuchte System
ein einzigartiges Modell für die Grundlagenforschung im Bereich der Polymerkristallisation.
Die

beschriebenen

Nanokompositen

Polyethylendispersionen
angewandt

werden.

können
Die

ebenfalls

Herstellung

zur
von

Synthese

von

mehrphasigen

Polyethylen/Polyethylen Nanocompositen, bestehend aus Polyethylenen mit verschiedenen
Mikrostrukturen, wird in Kapitel 4 beschrieben. In einer 2-stufigen wässrigen Synthese
mittels

Ni(II)-basierten

Katalysatoren

wurden

kristalline,

hochmolekulare,

lineare

Polyethylene mit amorphen kurzkettigen Polyethylenen oder amorphen Ethylen-NorbornenCopolymeren kombiniert. Hierfür wurden im ersten Schritt die kristallinen ca. 20 nm großen
PE-Lamellen (aus Kapitel 3) oder durch Miniemulsionspolymerisation hergestellten
kristallinen

multilamellaren

100–200

nm

großen

Partikel

erzeugt.

Im

zweiten

Polymerisationsschritt wurde in Anwesenheit dieser kristallinen Saat eine amorphe Phase
erzeugt. In Anwesenheit kleiner Nanoplättchen kommt es zur Bildung von Kern-SchalePartikeln mit einem kristallinen Kern und einer amorphen Schale, wobei auch ein geringer
Anteil der kurzen Ketten, die im zweiten Schritt erzeugt wurden, mit dem Kern
cokristallisieren. Im Falle der großen multilamellaren Kerne kommt es zur stärkeren
Cokristallisation der kurzen verzweigten Ketten mit dem Kern, sodass igelartige Partikel
erhalten werden. Wird hingegen im zweiten Schritt das nicht-kristallisierbare EthylenNorbornen-Copolymer erzeugt, beobachtet man die Bildung von hantelförmigen Partikeln
bestehend aus einem kristallinen und einem amorphen Partikel. Die erhaltenen Komposite
vereinen die Schlagfestigkeit des kristallinen Kerns mit der geringen MFT des amorphen
Polymers, sodass sie zum Beispiel zur Herstellung dünner, selbstverfilmender Polyethylen
Beschichtungen angewandt werden könnten.
Eine weitere Eigenschaft, die Polyethylen attraktiv macht, ist sein geringer Preis, geringe
Glasübergangstemperatur

und

die

besonders

hohe

chemische

Beständigkeit.
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Polyethylenbasierte organisch/anorganische Komposite sind daher von Interesse. Die
Herstellung solcher Komposite ist jedoch häufig aufgrund der Abwesenheit funktioneller
Gruppen im PE sowie wegen der geringen Polymerlöslichkeit herausfordernd. In Kapitel 5
wird am Beispiel von Polyethylen/Graphen Nanokompositen die Synthese eines solchen
Materials im Wasser vorgestellt. Graphen ist ein 2-D Material mit einem sehr hohen
Aspektverhältnis und lässt sich daher in viskosen, unpolaren Matrizes, wie z.B.
Polyethylenschmelzen nur schlecht dispergieren. Durch die Anwendung hochdisperser
Polyethylenmatrix-Vorstufen

konnten

homogenene

leitfähige

Polyethylen/Graphen

Komposite mit geringen Perkolationsschwellen in Wasser hergestellt werden. Ausgehend von
einer wässrigen Graphendispersion wurde die Polyethylenmatrix in situ erzeugt und nach dem
Ausfällen, Waschen, Trocknen und Schmelzpressen der Feststoffe Komposite mit einer
Leitfähigkeit von bis zu σ = 2,6 × 10-5 S·cm-1 bei ~ 2 Gew.-% TRGO Graphen (~ 94% CAnteil) erhalten werden. Beachtenswert ist auch, dass die Qualität des eingesetzten Graphens
(Anzahl der Schichten, Schichtdicke etc.) die Eigenschaften des erhaltenen Komposits
(Leitfähigkeit, Perkolationsschwelle etc.) entscheidend beeinflusst. Das in dieser Arbeit
vorgestellte Syntheseprotokoll kann potentiell zur wässrigen Herstellung anderer funktioneller
Polyethylenkomposite und Kompositfilme mit hochdispergierten Füllstoffen eingesetzt
werden.
Zusammenfassend,

konnte

in

dieser

Arbeit

gezeigt

werden,

dass

wässrige

Polyethylendispersionen ein einzigartiges Material sind und mit industriell relevanten
Feststoffkonzentrationen in kontrollierter wässriger Polymerisation erzeugt werden können.
Die erhaltenen Dispersionen können weiterhin als Ausgangsstoff für die Synthese von
mehrphasigen Polyethylen-Polyethylen-Nanopartikeln oder sogar zur Synthese von
leitfähigen Polyethylene-Graphen-Kompositen eingesetzt werden. In Zukunft bietet die
vorgeschlagene
funktionalisierter
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Syntheseroute

eine

Polyethylen-basierter

vielversprechende
Nanomaterialien.

Methode
Durch

zur

den

Erzeugung
Einsatz

von

funktionellen Ethylen-Copolymeren könnte die Vielseitigkeit solcher Komposite noch weiter
gesteigert werden.
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