Design and Synthesis of Application-Oriented Polyethers
via Introduction of Nitrogen, Fluorine or Boron

Dissertation
Zur Erlangung des Grades
“Doktor der Naturwissenschaften®

im Promotionsfach Chemie

Am Fachbereich Chemie, Pharmazie und Geowissenschaften
der Johannes Gutenberg-Universitat

in Mainz

Larissa Limmer

Geb. in Mainz

Mainz, 2023



Dekanin: Prof. Dr. Eva Rentschler

1. Berichterstatter: Prof. Dr. Holger Frey

2. Berichterstatter: Prof. Dr. ||  |GcG_

Tag der mindlichen Prifung: 24.05.2023



Die als Dissertation vorgelegte Arbeit wurde in der Zeit von Juli 2019 bis April 2023
am Institut fur Organische Chemie bzw. Department Chemie der Johannes
Gutenberg-Universitat im Arbeitskreis von Herrn Univ.-Prof. Dr. Holger Frey

angefertigt.

Hiermit versichere ich gemal3 8§ 10 Abs. 3d der Promotionsordnung vom 24.07.2007:
a) Ich habe die jetzt als Dissertation vorgelegte Arbeit selbst angefertigt und alle
benutzten Hilfsmittel (Literatur, Apparaturen, Material) in der Arbeit angegeben.

b) Ich habe oder hatte die jetzt als Dissertation vorgelegte Arbeit nicht als
Prufungsarbeit fur eine staatliche oder andere wissenschatftliche Prifung eingereicht.
c) Ich hatte weder die jetzt als Dissertation eingereichte Arbeit noch Teile davon bei

einer anderen Fakultat bzw. einem anderen Fachbereich als Dissertation eingereicht.

Larissa Limmer






FiUr meine Familie

We all make choices, but in the end our choices make us.

Andrew Ryan, BioShock



Vi



Table of Contents

Table of Contents

DANKSAGUNG ..ttt sttt b e bt sb e bbb et et ne bbb e nen iX
(7011 F=1 o To] = 11 [0 1= PR PRSRRN Xi
ADDIEVIALIONS. ..ottt ettt st et ettt b et e st s b et et et et e st e st eneebesaenbeee xiii
Motivation and ODJECHIVES ......c.ocieiiiieiee ettt sttt s re e s e be e e e besreensesreesnens 15
Y 01 1 = Vo PP SRPN 25
ZUSAMIMENTASSUNG ....cvertiteieieieiiei ettt sttt ettt sttt bt e e et e s e bt b sb e b et e s e e e e eseeseebesaennen 31
GraphiCal ADSITACT.......c.icieiececece ettt e e st e st e s beesa e beereestesbeessesbeeraensesaeenns 37
R 11 o 18 ox 1T o IO OSSPSR 43
R =0 11V =Y 1 =T USROS 45
1.2 Anionic ring-opening POIYMETISALION. .........ccetrirririerieieieinieee et nes 46
1.3 Monomer-activated anionic ring-opening polymerisation...........c.cccceeeveeenencncnnene. 48
1.3.1  Organo DOMANES .......coiiieieecteeece ettt st a e a et bt s te e ra b saeenes 51

1.4  Copolymerisation models and architectures of linear copolymers............ccccueue...e. 54
RS =0 1= (= Tox {0 (= S STP 59
15.1 Kinetic gas hydrate inhibitors.........c.ocvvveciriceeeesee e 63

1.6 Fluorinated POIYMEIS........oiiiieeeieeeeeee ettt ettt s e s beeraebesaeesaesbeennas 65

1.6.1 Ecological considerations and restrictions for fluorine containing compounds.... 66

1.6.2  SUIMACTANTS ..ottt st sttt sbesbe e 71
G T @ T- 1 1] o TSR 72
2 — Nitrogen bearing POIYEINEIS ...t e 95

2.1 Copolymers of glycidyl amines and ethylene oxide as transfection agents with

controllable charge deNSILY ........oco et e 97
2.2 Amine N-oxide Kinetic Hydrate Inhibitor Polymers for High-Salinity Applications.... 121

2.3 N-oxide polyethers as Kinetic Hydrate Inhibitors: Side Chain Ring Size Makes the

DIFTEIENCE. ...ttt sttt b e s bbb e b et e st eae s bt s b sbentens 143
3 — Fluorine bearing POIYELNEIS ..ot 169
3.1 Surface Active Polyethers with Degradable Fluorinated Side Chains........................ 171

vii



Table of Contents

4 — Boron bearing POIYEINEIS. ... 253

4.1 Versatile borane polyethers as recyclable catalysts for the synthesis of polyethers

and CO; based POIYCArDONALES...........cccveiuieieieceeece ettt es 255
F Y o] 01T 1o [ TSRS 307
Al — Verfahren zur Herstellung von fluorierten Polymeren..........cccccocvvevenenencncicnennne 309
CUITICUIUM VITAE ...ttt sttt ettt et e st e e se s st e st e sneeneensesneensessesneensens 361
LISt Of PUBICALIONS.....ceeiiieeee ettt sttt sneeaeseesneenne s 363

viii



Danksagung

Danksagung

Viele Menschen haben mich auf meinem Weg begleitet oder ihn gekreuzt. Eine
besondere Auswahl méchte ich hier festhalten und mich herzlichst bei ihnen

bedanken.

An dieser Stelle allen vorangestellt méchte ich mich meinem Doktorvater Prof. Dr.
B i+ das Ermoglichen dieser Arbeit in seinem hervorragenden
Arbeitskreis bedanken. Vielen Dank fur das Eroffnen dieser spannenden Thematik,
den Freiraum sich selbst und die eigenen Ideen zu entwickeln, das
Zusammenbringen von Kooperationen und hierbei auch vor allem die Unterstiitzung

meines Forschungsaufenthaltes an der Indiana University in Bloomington, USA.

Vielen Dank und Wertschatzung an Prof. || NS fir die herzliche
Aufnahme in seinem Arbeitskreis in Bloomington und die vorangegangene
Zusammenarbeit in Mainz. Das gemeinsame Erarbeiten des Projektes und der
Blickwechsel in die organisch-katalytische Chemie hat mir viel Spald gemacht. Ich
mochte mich auch bei dem gesamten Arbeitskreis Brown fur die grof3artige Zeit und

wertvollen Erlebnisse und Erinnerungen in und auf3erhalb des Labors bedanken.

Insbesondere méchte ich hier | NEEEEEEEE, I .o IR

hervorheben.

Bei Dr. | bcdanke ich mich fir die Eréffnung des Gebietes der
Fluorchemie und die erfolgreiche Zusammenarbeit an diesem Thema. Auch mdchte
ich der Merck KGaA fiir die Bereitstellung der Mittel und Dr. || | |G 0 das

gemeinsame Verfassen des Patentes danken.

Prof. | . BB anke ich fir langanhaltende und

fruchtbare Zusammenarbeit im Bereich der KHI-Entwicklung.

Bedanken mochte ich mich auch bei Dr. ||}l fir die interessante
Kooperation hinsichtlich des biomedizinischen Potentials der Polymere.

Auch intern kamen viele Kooperationen zustande und mein Dank gilt meinen

Freunden und Kollegen. Vielen Dank an Dr. | G ¢ -

I ohne deren Zutun die Kinetikmessungen nicht zustande gekommen waren.

Vielen Dank an Dr. [ EEREEE BN ¢ o

I i die gemeinsame Arbeit und produktives brain-stormen. Danke an

iX



Danksagung

I .« B 0 das Korrekturlesen Teilen dieser Arbeit.
Auch mdchte ich mich an dieser Stelle fur die groRartige Zusammenarbeit mit meinen
Bachelor- und Masterstudenten || GTNRGGE B
I H<danken.

Besonders herzlich mdchte ich mich bei den Festangestellten des Arbeitskreises

bedanken, ohne die der Arbeitskreis auseinanderfallen wiirde. Vielen Dank an ||l

B ohne die alles stillstehen wiirde. Danke an || . auf
deren Organisation Verlass ist. Danke an || | | |Gz uo or. G-
I - Unsere Expertinnen fir analytische Messungen. Danke an || GTGEGEG

fur ihre tatkraftige Unterstitzung im Labor.

Ich méchte mich beim gesamten Arbeitskreis und den Alumni fur die wundervolle
Atmosphéare auf der Arbeit aber auch bei Veranstaltungen und Ausfliigen bedanken.
Ich hatte eine grol3artige Zeit, an die ich immer gerne zurtickdenken werde.

Ein ganz besonderer Dank ist meiner Familie gewidmet. Vielen Dank an meine
Mutter [ ]l und meinen vater |l fur all die Jahre Unterstiitzung — praktisch
und moralisch. Auch danke ich meinem Bruder il der mein Interesse an der

Chemie geweckt hat.

Zu guter Letzt danke ich meinen Freunden, die mich zum Teil seit dem Kindergarten
begleiten. Unsere Freundschatt ist mir wirklich viel wert und ich blicke voller Freude
auf die nachsten Jahrzehnte. Vor allem mochte ich hier || I und

I i die Unterstiitzung danken.



Collaborations

Collaborations

Some of the chapters of this work were supplemented by contributions of other

researchers.
Prof. Dr. H. Frey was involved in the design and editing of chapters 2.1 to 4.

Dr. Matthias Bros performed the biomedical assays of chapter 2.1 and was involved
in conceptualisation and writing of the chapter. Larissa Limmer conceptualised the
studies, performed the synthesis and characterisation of the monomers and polymers

and wrote the chapter.

Dr. Jan Blankenburg was involved in the polymer synthesis of chapter 2.2. Prof.
Malcolm A. Kelland was involved in the conceptualisation of chapters 2.2 and 2.3.
Qian Zhang performed cloud point and KHI activity measurements. Qian Zhang and
Larissa Limmer wrote the chapters and were involved in the conceptualisation.
Larissa Limmer furthermore performed the synthesis and characterisation of the

monomers and polymers.

Tom Reimers was involved in the monomer and polymer synthesis of chapter 3 as
part of his master thesis. Gregor Linden, Dr. Johannes Liermann, Tom Reimers and
Larissa Limmer performed in situ *H NMR measurements. Gregor Linden furthermore
interpreted the in situ *H NMR measurements. Dr. Reiner Friedrich was involved in
the polymer design and performed surface tension measurements as well as
degradation studies. Dr. Elena  Berger-Nicoletti performed MALDI-TOF
measurements. Larissa Limmer conceptualised the studies, performed the synthesis
and characterisation of the monomers and polymers, performed the
hydrophobicity/oleophobicity studies and wrote the chapter.

Sandra Schiuttner and Philipp Holzmdller were involved in the polymer synthesis of
chapter 4. Philipp Holzmdiller was additionally involved in writing of the chapter. Prof.
M. Kevin Brown was involved in the design of the polymer functionalisation. Dr. Elena
Berger-Nicoletti performed MALDI-TOF measurements. Larissa Limmer
conceptualised the studies, performed the synthesis and characterisation and wrote

the chapter.

I\ ote the patent text presented in chapter Al with support by
Larissa Limmer and Prof. Dr. Holger Frey. Dr. Reiner Friedrich performed the surface

xi



Collaborations

tension measurements. Larissa Limmer conceptualised the studies and performed
the synthesis, characterisation, and hydrophobicity studies. Tom Reimers was

involved in synthesis and characterisation.

xii



Abbreviations

Abbreviations

9-BBN
AA
AATCC
AROP
AzGA
BCy2
BMEGA
BMGA
BNCT
Bora
BPin
cmc
DAGA
DBAG
DBuUtGA
DEGA
DHexGA
DOctGA
ECHA
EO

EPA
GA

GE

GLY
GM
HPEI-R-AO
ISO

KHI
LCST
LDHI
MAROP
Mn

Mw

PEG
PEI
PFAS
PFCA
PFECA
PFESA
PFOA
PFOS
PFPrA

9-borabicyclo[3.3.1]Jnonane

anti-agglomerant

American Association of Textile Chemists & Colorists
anionic ring-opening polymerisation

azepane glycidyl amine

dicyclohexylborane

N,N-bis(2-methoxyethyl) glycidyl amine
N-benzyl-N-methyl glycidyl amine

boron neutron capture therapy

borinane
4,4,5,5-tetramethyl-1,2,2-dioxoboryl / pinacol borane
critical micelle concentration

N,N-diallyl glycidyl amine

N,N-dibenzyl amino glycidol

N,N-di(n-butyl) glycidyl amine

N,N-diethyl glycidyl amine

N,N-di(n-hexyl) glycidyl amine

N,N-di(n-octyl) glycidyl amine

European Chemicals Agency

ethylene oxide

Environmental Protection Agency (US)
glycidyl amine

glycidyl ether

glycidyl

N-glycidyl morpholine

hyperbranched polyethyleneimine-alkyl-amine N-oxides
International Organisation for Standardization
kinetic hydrate inhibitor

lower critical solution temperature
low-dosage hydrate inhibitors
monomer-activated anionic ring-opening polymerisation
number average molar mass

weight average molar mass

poly(ethylene glycol) / poly(ethylene oxide)
polyethylenimine

per- and polyfluoroalkyl substances
perfluoroalkyl carboxylic acid

polyfluorinated ether carbonic acid
polyfluorinated ether sulfonate
perfluorooctanoic acid
perfluorooctanesulfonic acid
perfluorpropionic acid

xiii



Abbreviations

PGA
PGAO
PiGA
PMVE
Pn

PolyNPyMA

POM
POP
PPO
PPVE
PTFE
PVCap
PVP
PyGA
PyrGA

REACH

SEC
Ta
TBAO
Tal
TEB
Teq

Tg

Tm

To
TOP assay
Tsub

Xiv

poly(glycidyl amine)

poly(glycidyl amine-N-oxide)

piperidine glycidyl amine

perfluoromethyl vinyl ether

degree of polymerisation
poly(N-acryloyl-2-pyrrolidone)
polyoxymethylene

persistent organic pollutants
polypropylene glycol / polypropylene oxide
perfluoropropyl vinyl ether
polytetrafluoroethylene
poly(N-vinylcaprolactam)
polyvinylpyrrolidone
isopropyl-hexahydro-pyrimidine glycidyl amine
pyrrolidinyl glycidyl amine

Registration, Evaluation, Authorisation and Restriction
of Chemicals

size-exclusion chromatography

rapid hydrate formation temperature
tributylamine N-oxide

cloud point

triethylborane

hydrate equilibrium temperature

glass transition temperature

melting point

onset temperature

total oxidisable pressures assay
subcooling



Motivation and Objectives

Motivation and Objectives

15



Motivation and Objectives

16



Motivation and Objectives

Polyethers are used all over the world in a multitude of applications. However, to
target all those areas various specific properties are required. These polymer
properties are highly dependent on the side chains, which are incorporated through
substituted epoxide monomers. Poly(ethylene glycol) (PEG) is one of the most
prominent polyethers and simultaneously the structurally simplest polyether, bearing
no side chains at all. Due to its excellent solubility in water PEG is used, for example,
as hydrophilic parts in surfactants, while in consequence of its biocompatible
properties it is used in biomedical applications such as PEGylation.? Nonetheless,
PEG exhibits a low functionality with only up to two possible functional groups. A
strategy to overcome this problematic is the use of substituted epoxides.
Consequently, this thesis studies substituted polyethers and the different sections of
this work present their synthesis via anionic ring-opening polymerisation techniques

to achieve application-oriented materials.

Section 2 is dealing with polyethers bearing nitrogen atoms in their side chains.
Amino-functionalities enable pH-responsive behaviour and may incorporate the
ability to bind nucleic acids through electrostatic interactions as shown by
polyethyleneimine (PEI). PEI is the gold standard for transfection via non-viral
vectors,®* but also bears cytotoxicity.®> In consequence, research is conducted to
balance the transfection activity and the cytotoxicity of polyamines.®” Chapter 2.1
explores amino-functionalities in copolymers with ethylene oxide (EO) in search of a
combination of the transfection ability of amines and the biocompatibility of PEG. Due
to the toxicity of polyamines depending on the charge density,® a reduced toxicity by
diluting the amine density with EO units was expected. Furthermore, the
immunogenicity of PEG is shown to be introduced by a epitope of at least 4 to 5
repeating units of EO.° Interrupting these potential epitopes with the comonomer was
expected to prevent immunogenicity. Copolymer series of glycidyl amines and EO
with different comonomer ratios as well as different amino-functional monomers were
synthesised and investigated for their toxicity as well as their interactions with nucleic
acids and cells. Chapters 2.2 and 2.3 focusses on amine-N-oxide functionalities and
their application as kinetic gas hydrate inhibitors (KHI). Oil production and flow lines
in offshore or cold climate regions have to deal with clogging of the equipment by gas
clathrate hydrates. Additives are used to assure the fluids flow and prevent damages
of the system. For this purpose, most efficient and cost-effective are KHIs, which

delay the hydrate formation even in small concentrations.° Typically used are water
17



Motivation and Objectives

soluble polymers bearing pendant amide functionalities such as poly(N-
vinylcaprolactam) (PVCap).!* Though amine-N-oxides were also found to inhibit
hydrate nucleation, it is only a little explored class of KHIs.*?>12 The monomers and
polymers introduced in chapter 2.1 bear the ability for post-polymerisation oxidation
yielding amine-N-oxides. The substitution of the hydrocarbon backbone of
established KHIs with a polyether backbone grants a typical biocompatible
backbone!* with better degradation properties.'>® Furthermore, the established
polymers often show low solubility compatibility with the injection conditions of the
applications.”18 |t was expected that the N-oxide functionality and the polyether
backbone will lead to better solubility properties and therefore an increased
compatibility. Chapter 2.2 introduces the concept of poly(glycidyl amine-N-oxides)s
as KHls. Chapter 2.3 further explores the effect of different pendant groups located

at the nitrogen atom.

Section 3 deals with polyethers bearing polyfluorinated side chains. Organo fluor
compounds exhibit special properties originating from the highly stable and poorly
polarizable fluor-carbon bond.1®2° These render poly- and perfluorinated substances
(PFAS) to be excellent surface-active substances in aqueous as well as in organic
media.?! In consequence, PFAS in combination with a polar headgroup are efficient
surfactants,?* while PFAS side groups in polymers enable anti-stick coatings for
textiles,?? optical elements?® and more.?>2> Nevertheless, the major drawbacks of
persistence,?® bioaccumulation?’ and toxicity?® of PFAS or their degradation products
led to concerns and subsequent governmental restrictions.??-3! These drawbacks are
increasing with the fluorinated chain-length.3?33 Because PFAS cannot easily be
substituted by non-fluorinated compounds, fluorinated alternatives are required?'34
and currently in development.®>-37 Chapter 3 presents polymers derived from
epoxides with degradable polyfluorinated side chains® for application as surfactants
and surface coatings. The use of multiple polyfluorinated chains in the polymer was
expected to allow a short polyfluorinated chain-length while maintaining the surface
activity of small-molecule long-chain PFAS. A surfactant series of copolymers
consisting of the degradable, short-chain monomer in combination with hydrophilic
comonomers was synthesised and studied for their ability to reduce the surface
energy of water. Furthermore, these fluorinated monomers were combined with
hydrophobic comonomers to yield omniphobic polymers. Subsequently, the polymers

were used to coat cellulose and glass surfaces and the resulting water- and oil-
18



Motivation and Objectives

repellencies were explored. In contrast to the other chapters, all polymers of this
chapter were synthesised via monomer-activated anionic ring-opening
polymerisation (MAROP), due to the monomers being unreactive or unstable under
the conditions of the anionic ring-opening polymerisation (AROP).

Section 4 investigates polyethers with pendant borane groups. Organo boranes are
a versatile functional group and are available for post-polymerisation modifications
like the prominent oxidation to anti-Markovnikov alcohols®®. The use of
pinacolboranes enables boronic acid synthesis,*® which are known for biomedical
applications,** or for formation of hydrogels*? and thermosets*® by boronic ester or
boroxine formation, respectively. Additionally, organo boranes themselves are
utilised as catalyst in the polymerisation of epoxides (MAROP), carbon dioxide and
cyclic anhydrides.*44> These polymerisations typically use excess of small molecule
aluminium or borane compounds, which can be hard to remove“¢4’ as seen in section
3. Ifthe catalyst is covalently linked to a polymer, an easy purification via precipitation
of either the catalyst or the polymerisation product was expected. This would allow
furthermore the recycling of the catalyst, which is a valuable ability due to the use ion
excess. This chapter describes the synthesis of polymeric organo boranes via
poly(allyl glycidyl ether), the derivatisation to polymeric boronic acids, and the
utilisation of organo boranes as a recyclable catalyst in the polymerisation of

epoxides as well as copolymerisation of epoxides and carbon dioxide.
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Abstract

This work deals with the design, synthesis, and characterisation of application-
oriented multifunctional polyethers. To this end, state of the art concepts in the areas
of transfection agents, hydrate inhibitors, surface active polyfluoro-compounds, and
organoborane compounds as polymerisation catalysts were developed further and

applied in form of polyethers.
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Scheme 1: Overview of the topics.

Beginning with the theoretical background of this work, section 1 first gives a brief
introduction to polyethers and their, for this work relevant, synthesis strategies. The
use of organoboranes in catalytic polymerisations and their chemical versatility is
discussed. In the following, further targeted applications of in this work developed
polymers are introduced. This part deals on the one hand with polyelectrolytes as
cationic transfection agents as well as kinetic hydrate inhibitors (KHI) in fluid
applications. On the other hand, organofluorine compounds are presented in the
context of their properties, ecological risks, current development, and their

application as surfactants as well as surface coatings.

Section 2 deals with amino-functional polyethers and is divided in their application as

transfection agent and as KHI.
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Chapter 2.1 investigates poly(glycidyl amine)s in a biomedical context. Series of
copolymers with increasing ratio of amino-functionalities were synthesised via
copolymerisation of ethylene oxide (EO) and a variety of glycidyl amines. This
procedure enables adjustment of the amino group density and as a direct
consequence the adjustment of the charge density, which is an important factor for
transfection agents. Subsequently, the polymers toxicity as well as their abilities to
complex desoxyribonucleic acid (DNA), transfer it into cells and allow protein
synthesis were studied. The efficiency of complexation and transportation into cells
increased with decreasing size of the amine substituents. Nonetheless, the ultimate
aim of protein biosynthesis using the transfected DNA was not achieved with this

system.

Chapter 2.2 introduces poly(glycidyl amine-N-oxide)s (PGAQO) as kinetic hydrate
inhibitors and chapter 2.3 develops this concept further by studying the structure-
activity relationship of a variety of substituents. Both chapters begin with the
synthesis of PGAO via anionic ring-opening polymerisation (AROP) and subsequent
oxidation. Chapter 2.3 additionally introduces azepane glycidyl amine as a monomer
for AROP. The PGAOs ability to delay gas hydrate formation and to decrease their
growth rate was studied utilising a high-pressure rocking rig and a structure Il
hydrate-forming gas mixture. Chapter 2.2 focusses on diethylamino- and the 6-
membered piperidine substituents and compares KHI-activities of homo- and
blockcopolymer with polypropylene oxide as a synergistic block. Chapter 2.3 studies
the influence of the substituent’s ring size (5- to 7-membered) as well as of the
initiator (aromatic or aliphatic) and the necessity of the amine-oxidation itself.

Section 3 presents a collaboration with the German company Merck KGaA regarding
surface active polyethers, which bear degradable polyfluorinated side chains.
Utilising the monomer activated anionic ring-opening polymerisation (MAROP),
series of copolymers derived from epoxides bearing the polyfluorinated side chain
and either hydrophilic or hydrophobic epoxides were synthesised. This yielded on the
one hand amphiphilic surfactant structures, which were studied for their ability to
reduce the surface tension of water. On the other hand, omniphobic copolymers were
gained, which were used to coat surfaces and were studied for their repellency of

liquids. Furthermore, their thermal properties were studied. Systematic variation of
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the comonomer ratio allowed tuning of the surface activity properties. In situ *H NMR

kinetic studies revealed a weak gradient in the polymer microstructure.

In regard to the MAROP used in the previous section, section 4 studies organoborane
bearing polyethers as alternative polymerisation catalysts. Initially, double bond
bearing polyethers were synthesised via AROP. These double bonds were used in
hydroboration reactions to yield either boronic esters or dialkylboranes. Acidic
cleavage of the boronic esters yielded boronic acids, a versatile functional group. The
dialkylborane bearing polyethers were studied as a polymeric alternative of small
molecule aluminium or borane catalysts in polymerisations. The scope of the
polymeric catalysts was examined by synthesising amorphous poly(propylene oxide)
and crystalline poly (epoxytetradecane) as representatives of polyethers as well as
poly(cyclohexane carbonate). Furthermore, the recyclability of the catalyst was

demonstrated.
Appendix

Chapter A1 presents results based on section 3 in an industrial context. The invention
of surface active polyethers bearing degradable polyfluorinated side chains has been

filed for an European patent.
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Zusammenfassung

Diese Arbeit behandelt das Design, die Synthese und die Charakterisierung von
anwendungsbezogenen multifunktionellen Polyethern. Zu diesem Zweck wurden
aktuelle Konzepte in den Bereichen der Transfektionsreagenzien, Hydratinhibitoren,
oberflachenaktiven Polyfluorverbindungen, sowie bororganische Verbindungen als
Polymerisationskatalysatoren weiterentwickelt und anhand von Polyethern praktisch

umgesetzt.
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Schema 1: Ubersicht der Themenabschnitte dieser Arbeit.

Abschnitt 1 erlautert die theoretischen Hintergriinde dieser Arbeit. Zunachst wird eine
kurze Einfuhrung zu Polyethern und deren, in dieser Arbeit angewendeten,
Synthesestrategien gegeben. In diesem Kontext wird zudem die Verwendung von
Organoboranen in katalytischen Polymerisationen und ihre chemische Vielseitigkeit
behandelt. Im Nachfolgenden wird auf weitere angezielte Anwendungen der in dieser
Arbeit entwickelten Polyether eingegangen. Hierbei werden Polyelektrolyte anhand
als kationischer Transfektionsreagenzien sowie als kinetische Hydratinhibitoren
(KHI) in Flussigkeitsanwendungen diskutiert. Nachfolgend wird auf organische
Fluorverbindungen hinsichtlich ihrer Eigenschaften, Risiken, Weiterentwicklung und

Anwendungen als Tenside und Oberflachenbeschichtungen eingegangen.
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Abschnitt 2 behandelt aminofunktionelle Polyether und ist in die Anwendungen als

Transfektionsreagenzien und als KHI aufgeteilt.

Kapitel 2.1 untersucht Poly(glycidylamin)e (PGA) im biomedizinischen Kontext.
Durch Copolymerisation von verschiedener Glycidylaminen mit Ethylenoxid (EO)
wurden Serien von Copolymeren mit steigendem Anteil an Amino-Funktionen im
Polymer hergestellt. Dies erméglichte eine direkte Beeinflussung der Aminogruppen-
und damit der Ladungsdichte, was einen wichtigen Faktor fur Transferreagenzien
darstellt. Nachfolgend wurden diese Polymere hinsichtlich ihrer Toxizitat als auch
ihrer Fahigkeiten Desoxyribonucleinsaure (DNA) zu komplexieren, diese in Zellen zu
transportieren und Proteinbiosynthese zu ermdglichen untersucht. Die Effizienz der
DNA-Komplexierung als auch des Transports in Zellen stieg mit Abnahme der GroR3e
der Aminsubstituenten. Nichtsdestotrotz wurde mit diesem System keine

Proteinbiosynthese erreicht.

Kapitel 2.2 fuhrt Poly(glycidylamin-N-oxid)e (PGAO) als kinetische Hydratinhibitoren
ein. Nachfolgend entwickelt Kapitel 2.3 das Konzept anhand verschiedener
Substitutionen weiter und untersucht Struktur-Wirkungsbeziehungen. Beide Kapitel
behandeln zunadchst die Synthese der PGAO mittels anionischer Ringoffnungs-
Polymerisation (AROP) und nachfolgender Oxidation, wobei in Kapitel 2.3
Azepanglycidylamin als Monomer vorgestellt wird. Die PGAOs wurden mittels einer
Hochdruckapparatur und einer Struktur Il Hydrat-formenden Gasmischung
hinsichtlich ihrer Fahigkeit zur Verzégerung der Ausbildung von Gashydraten und
Verringerung deren Wachstumsgeschwindigkeit untersucht. Kapitel 2.2 fokussiert
sich hierbei auf Diethylamin- und den 6-gliedrigen Piperidin-Substituenten und
vergleicht  KHI-Aktivitaten in Homo- und Blockcopolymerstrukturen — mit
Polypropylenoxid als synergistischen Block. Kapitel 2.3 untersucht die Einflisse der
Ringgrél3e des Substituenten (5- bis 7-gliedrig), des Initiators (aromatisch oder

aliphatisch) sowie die Notwendigkeit der Oxidation des Amins.

Abschnitt 3 behandelt in Zusammenarbeit mit der deutschen Firma Merck KGaA
hergestellte und untersuchte oberflachenaktive Polyether, die abbaubare
polyfluorierte Seitenketten tragen. Mittels Monomer-aktivierter anionischer
Ring6ffnungs-Polymerisation (MAROP) wurden Copolymere aus Epoxiden mit
fluorierten Seitenketten und aus hydrophilen oder hydrophoben Epoxiden
synthetisiert. Die hierdurch einerseits entstandenen amphiphilen Tensidstrukturen
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wurden hinsichtlich ihrer Fahigkeit die Oberflachenspannung von Wasser zu
verringern untersucht. Die andererseits hergestellten omniphoben Copolymere
wurden auf Oberflachen aufgetragen und hinsichtlich ihrer Eigenschaft der
Flussigkeitsabweisung getestet. Die oberflachenaktiven Eigenschaften konnten in
beiden Anwendungsgebieten direkt durch die systematische Variation der
Comonomeranteile eingestellt werden. Weiterhin wurde ein schwach ausgepragter
Gradient der Copolymer-Mikrostruktur mittels in situ 1H-NMR Kinetik Studien
festgestellt.

Im Hinblick auf die in Abschnitt 3 verwendete MAROP wurden in Abschnitt 4
bororganische Polyether als alternative Katalysatoren untersucht. Zunachst wurden
mittels AROP Doppelbindungs-funktionalisierte Polymere hergestellt. Anschliel3end
wurden die Doppelbindungen durch Hydroborierung polymeranalog zu
Borsaureestern oder Dialkylboranen umgesetzt. Die Borsdureester wurden
anschlieBend zu Borsauren hydrolysiert, eine vielseitig einsetzbare funktionelle
Gruppe. Die Dialkylborane hingegen wurden als polymere Alternative zu
niedermolekularen Aluminium- und Bor-Katalysatoren in Polymerisationen getestet.
Um die Bandbreite des herstellten Katalysators zu zeigen, wurden das amorphe
Polypropylenoxid und das kristalline Polyepoxytetradecan als Vertreter der Polyether
sowie das Polycarbonat Poly(cyclohexancarbonat) hergestellt. Weiterhin wurde die
gezeigt, dass die polymeren Katalysatoren fir weitere Polymerisationen recycelt

werden kénnen.
Anhang

In Kapitel A1 werden auf Abschnittes 3 beruhende Ergebnisse zu oberflachenaktiven
Polyethern mit abbaubaren polyfluorierten Seitenketten in einem industriellen

Kontext als europaische Patentmeldung zusammengefasst.
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1 — Introduction

This chapter gives an overview of the context and theoretical background of this
thesis. First, a general introduction to polyethers and their polymerisation techniques
as well as polymerisation behaviour is presented. Subsequently, the state of the art
for the classes of polyethers specifically studied in this work are discussed regarding

their synthesis, current applications, drawbacks, and opportunities.

1.1 Polyethers

Aliphatic polyethers are a wide class of polymers bearing an ether linkage in each
repeating unit of the polymer backbone. These ether bonds grant the backbone high
flexibility caused by the low rotation energy barrier of the carbon-oxygen bond (e.g.
11.3 kJ/mol for dimethyl ether in comparison to 13.8 kJ/mol for the carbon-carbon
bond of propane) and a low excluded volume.! Common representatives are
poly(ethylene glycol) (PEG), also well known as poly(ethylene oxide) (PEO), and
poly(tetrahydrofuran). Substituted repeating units expend the spectra of polyethers
of which poly(propylene oxide) (PPO), also known as poly(propylene glycol) (PPG)

(Scheme 1) is of immense industrial relevance.

Ho+/\o,lH HO‘L)\O,IH HO‘I/\/\/O‘]H

PPO PTHF
Scheme 1: Excerpt of industrial relevant polyethers.

The properties of the poly(epoxide)s are determined by their backbone substitution
pattern. Characteristic for low molecular weight PEG is its excellent solubility in water
caused by the oxygen distances in the backbone corresponding to those in liquid
water.? Already the methylene groups of PPO impede the formation of hydrogen
bonds with water, which leads to strongly reduced solubility. The polymer is not
soluble above the so-called lower critical solution temperature (LCST).23 Likewise,
the thermal behaviour in bulk changes dramatically, when comparing PEO and PPO.
For atactic PPO crystallisation is fully disabled, rendering it a viscous liquid with a
glass transition temperature (Tg) of -73 °C.% Depending on the molecular weight, PEG
itself possesses a Tgy of -67 °C® and a melting temperature (Tm) of around 60 °C for
high molecular weights®®.

PEG has a multitude of applications e.g., in pharmacy and cosmetics for the

formulation of creams®® and as a triblock copolymer with central PPO block, known

45



1 — Introduction

as poloxamer (tradename Pluronics®), it functions as a key polymer for non-ionic
surfactants.” Furthermore, it is a gold standard in biomedical applications, e.g. for
pegylation of active substances or proteins for the delivery in the human body. For a
long time it was believed that PEG is highly biocompatible and either does not have
any or exceptionally low toxicity or immunogenicity.® Nevertheless, in the last
decades studies cast doubts on the immunogenicity, and anti-PEG antibodies were

found with increasing abundance in human blood samples.?11

1.2  Anionic ring-opening polymerisation

As early as in the 1860s it was known, that ethylene oxide (EO) can form consisting
of multiple units.’>14 Later it was found that either an alkaline, an acidic or a
coordination catalyst could polymerise EO to yield PEG.! Especially the anionic ring-
opening polymerisation (AROP) of EO is favourable. As early as 1940 Flory
demonstrated a Poisson distribution for the molecular weight distribution of this
reaction, which is an inherent characteristic of a “living” polymerisation.*®> A living
polymerisation is characterised by the absence of termination or transfer reactions
and an initiation reaction that is faster than the propagation. In consequence, all
polymer chains grow simultaneously leading to a narrow dispersity given by Mw/Mn,
where My is the weight average and M, is the number average molar mass.
Furthermore, the degree of polymerisation (Pn) is controlled solely by the initiator to
monomer ratio.'® The driving force of the polymerisation is the high ring strain of the
epoxide monomers!’: e.g. EO with 114.3 kJmol? (for comparison: oxetane
106.7 kJ mol?, tetrahydrofuran 23.6 kJ mol?).18.1°

The polymerisation of epoxides is typically carried out with a merely partially
deprotonated initiator, leading to a major fraction of the initiator or respectively the
propagating chain-ends being dormant. Nonetheless, because the proton transfer
between the dormant and active sites | significantly faster than the propagation, chain
growth of all polymers remains statistically identical.?’® In consequence these
polymerisations are not strictly “living” but rather “controlled” polymerisations in
analogy to controlled radical polymerisations.1?1 Scheme 2 shows the general
mechanism of the oxyanionic epoxide polymerisation: First, an alkoxide is formed,
which opens an epoxide ring via nucleophilic attack, in consequence generating the
propagating alkoxide species and ultimately leading to chain growth. The reaction
can be terminated by addition of a protonating agent.
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Scheme 2: General mechanism of the AROP of epoxides.

The reaction rate of the AROP is influenced by the binding strength of the counterion
to the chain-end and increases with decreased binding strength. The Pearson?? hard
oxyanion forms a weaker bond to softer alkali metals like potassium or caesium,
increasing the reaction rate. This effect is further enhanced through dissociation of
the ions by the utilisation of a polar solvent or crown ether (Scheme 3). PEG itself
also functions similar to crown ethers by complexing the counter ion with its
backbone.?

covalent bond contact ion pair solvent separated dissociated ions
ion pair
—_— e T — - - +
R’ONM —~— R'o M —~— R,O // M+ —~—— R/o + M

solvent polarity

Scheme 3: lon equilibrium of metal alkoxides in solvents.

A drawback of PEG is the absence of functional groups within the chain. The use of
substituted epoxides allows for the synthesis of multifunctional polyethers with a high

scope of side groups like ethers, tertiary amines (see chapter 1.5 Polyelectrolytes)
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and more.?*?> A prerequisite for the introduction of functional moieties is stability of
the monomers under the harsh, basic AROP conditions. Less stable monomers like
esters or monomers with fluorinated side chains can often be polymerised by the
monomer-activated anionic ring-opening polymerisation (MAROP, see chapter 1.3
Monomer-activated anionic ring-opening polymerisation)?%27, first reported by

Deffieux and Carlotti, which proceeds under milder conditions.?®

For substituted monomers the nucleophile typically attacks the sterically least
hindered carbon of the epoxide ring, leading to a head-to-tail configuration of the
polymer.?%2% Besides this propagation a molecular weight limiting side reaction can
occur for alkylene oxides and glycidyl ethers (Scheme 4): By abstraction of a proton
from the a-carbon atom of the side chains, an allyl alkoxide serving as an initiator by
itself is generated.'?®> As a result, the molecular weight distribution broadens and the
achievable maximum molecular weight of PPO synthesised by AROP is limited to
approximately 6000 g/mol.! By reducing the reaction temperature as well as by
activating the polymerisation without activating the undesired elimination reaction via
a crown ether, the side reaction can be partially supressed.3® However, higher
molecular weights are achievable by MAROP?8 or by double metal cyanide (DMC)
catalysis, which is commonly used in industry for the synthesis of PPO.20:3

0
R’ — 3 RW .- O
\|-|ﬂu -ROH NN

R-0=A

o '
-l L L
RO > R ALO o~ — > RO o~
Scheme 4: General mechanism of the chain transfer.

1.3 Monomer-activated anionic ring-opening polymerisation

As mentioned before the monomer-activated anionic ring-opening polymerisation
(MAROP) enables polymerisation of substituted monomers without chain transfer,
permitting the synthesis of certain polyethers with high molecular weight that were
previously unattainable by classical AROP. It also enables the polymerisation of
monomers, which are unreactive or unstable under AROP conditions like epoxide

esters2® or monomers with fluorinated side chains.?7-32
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Deffieux and Carlotti implemented a polymerisation technique using an initiator-
catalyst combination, which is now referred to as “activated monomer technique”.?®
In early MAROP studies trialkyl aluminium was used as a catalyst and an activator in
combination with a metal alkoxide like sodium isopropoxide?”-?8, which is nowadays
typically exchanged for an onium salt like tetraoctylammonium3® or

methyltriphenylphosphonium bromide3 to enable higher molar masses.?®

Nevertheless, the use of organoaluminium species was known in this field before.
For example, Vandenberg used aluminium-alkyl-water catalysts to polymerise
epoxides and proposed the cyclic coordination shown in Scheme 5. As the ring
opening of the (next) epoxide monomer proceeds, the growing chain end releases
the bound aluminium and forms a new bond to the adjacent aluminium. The metal-
oxygen bond of this aluminium shifts simultaneously to the aluminium of the original

chain end.®®

Scheme 5: Epoxide-aluminium coordination proposed by Vandenberg.3®

In contrast to Vandenberg's approach, the MAROP initiator and trialkyl aluminium
generate an “ate” complex as active initiator with low nucleophilicity (Scheme 6). This
also is one key difference to the classic oxyanionic ring-opening polymerisation,
which uses stronger nucleophiles leading to the elimination side reaction shown in
Scheme 4. Furthermore, the electrophilic aluminium species strongly activates the
epoxide monomer by reducing the electron density in the ring, enabling ring-opening
and smooth chain growth at mild conditions such as room temperature or even below
0 °C. The propagation by further activated epoxides occurs by head-tail linkage and
is followed by active termination via a protic source like methanol. The combination
of mild conditions and the reduced basicity of the alkoxide in the formed aluminate
complex enables polymerisation without or at least with reduced chain transfer

reactions in a “living-like” manner.2836
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.ate“ complex formation
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Scheme 6: General mechanism of the MAROP of epoxides.

A higher degree of control over the polymerisation is achievable by adjusting the
polymerisation conditions, leading to narrow dispersity.?® With increasing reaction
temperatures or equivalents of the organoaluminium compound the probability for
initiation side reactions through either a hydride or an alkyl group of the aluminium
compound increases (Scheme 7). The molecular weight distribution is broadened by
these side reactions.?’3” Nevertheless, to enable the polymerisation a ratio of initiator
to catalyst exceeding 1:1 is required.?83 The first equivalent is necessary to generate
the “ate” complex with the initiator or growing chain, while only the excess is available
to activate the monomers. The use of ammonium or phosphonium halide initiators
reduces the side reactions in comparison to alkali metal alkoxides through a further
decrease of basicity of the active complex.?®> The second disadvantage of the system
isthat residual initiator and activator typically remain in the synthesised polymer, often
requiring dialysis steps for complete purification and disabling biomedical

applications.33
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Scheme 7: Initiation side reaction of MAROP.

1.3.1 Organo boranes

Recently, organo boranes are intensely explored in (co)polymerisation of epoxides
as an alternative to aluminium catalysts due to their metal-free character. The
absence of metallic residues in the synthesised polymers can presumably open
additional fields of application?® for the polymers synthesised for example via MAROP
(see chapter 1.3 Monomer-activated anionic ring-opening polymerisation). First
studies were conducted using the relatively mild Lewis acid triethyl borane (TEB).*®
Zhang et al. gave an excellent review on development and state of the art of alkyl
borane-mediated (co)polymerisations of oxygenated monomers.3° While TEB is the
most common reagent,3840-42 the catalytic activity can be tuned by changing the
organic groups. In epoxide polymerisations activity increases with the Lewis acidity
of the chosen borane, with for example tris(pentafluorophenoxy) borane (BCF)
showing very high catalytic activity.*>43 Recently boranes bearing different cyclic
groups were explored and tertiary boranes with either a borinane (bora) or 9-
borabicyclo[3.3.1]Jnonane (9-BBN) group showed activity in the polymerisation of
epoxides. Weaker Lewis acids like dicyclohexylborane (BCy2) or 4,4,5,5-tetramethyl-
1,2,2-dioxoboryl (BPin) adducts conversely failed to polymerise epoxides
(Scheme 9).#44% |n catalytic copolymerisations of epoxides and carbon dioxide, on
the other hand, contrary relationship between Lewis acidity and catalytic activity were
found and in BCF catalysed reactions either cyclic carbonates or polyethers were
obtained instead of polycarbonates.*®

F, F 1
V" TEN ( ;:é o)
F F '3 M
TEB BCF bora 9-BBN BCy, Bpin

Scheme 8: Examples of organo boranes. TEB, BCF, bora as well as 9-BBN bearing molecules showed catalytic

activity in polymerisations. BCy2 and Bpin showed no significant catalytic activity.
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In these copolymerisation reactions of epoxides and carbon dioxide Lewis acidic
organo boranes are used in combination with a Lewis base to generate
polycarbonates (Scheme 8). The borane centre activates the epoxide in the same
manner as in the MAROP of epoxides, and the first ring-opening occurs via
nucleophilic attack. In contrast to the polyether synthesis, carbon dioxide inserts into
the oxygen-Lewis acid bond. A carbonate unit is formed, at which point either the
polymerisation proceeds through chain growth by epoxide insertion or a cyclic
carbonate is formed due to backbiting. A second side reaction is the formation of
ether linkages due to subsequent insertion of epoxides. The selectivity between
these reactions is adjusted by the catalyst system as well as the chosen reaction

conditions.47:48
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Scheme 9: Mechanism of polycarbonate synthesis and its side reactions leading to ether defects or cyclic

carbonate formation.

One step to achieve sustainability is the recovery and reuse of catalysts. The borane
alternatives bear similar problems as the aluminium catalysts regarding purification
and recovery of the initiator-catalyst system. Recent publications are exploring this
topic. In 2020 Patil et al. introduced a multistep system to recover TEB from
synthesised polycarbonate. Following the addition of n-butylamine, TEB is trapped in
a stable adduct. Simultaneous addition of succinic acid neutralises the “ate” complex
and prevents backbiting reactions by the naked chain end. The synthesised
polycarbonate is isolated via precipitation, while the trapped TEB remains in the
mother liquor. Subsequent deblocking with tosyl-isocyanate and distillation yields the
recovered TEB. The same work introduced a polymeric initiator salt for easy initiator
isolation after polymerisation via filtration.*® Nonetheless, the system suffered from
large work effort and required multiple compounds.#+4° Wu and Yang et al. introduced

a bifunctional initiator-catalyst system combining an ammonium salt and borane
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groups in one molecule. The synthesis was achieved by hydroboration of the pendant
allyl groups of the ammonium salt.*4°%51 Hydroboration with dialkoxyboranes
requires catalysts like the ruthenium complex [Ru(p-cymene)Clz]2, while
dialkylboranes can react without a catalyst.>? This system allowed for an increase in
turn-over-frequency as well as purification via filtration.#* Utilising a similar
bifunctional system, Chen et al. were ultimately able to isolate and reuse their
catalyst.>® The bifunctional initiator-catalyst system was further developed to
multinuclear catalysts, where one ammonium group was linked to up to four boron
centres.>*> These multiple centres caused a synergistic effect indicated by high
turnover frequencies.>® Mechanisms were proposed (Scheme 10), where one boron
centre (B1) bears the active chain-end, and the others coordinate an epoxide each.
For polyether synthesis propagation occurs via nucleophilic attack at the next
epoxide. Consequently, the active chain-end shifts to this boron centre (B2).%° In
copolymerisations with carbon dioxide this attack occurs subsequent to carbon

dioxide insertion.>*
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Scheme 10: Mechanisms of the cooperation between boron centres in polyether (top) and polycarbonate

synthesis (bottom) as proposed by Yang and Wu et al 5455

As a versatile group organo boranes offer more applications than the discussed high
catalytic activity. While one of the main purposes of organo boranes is their usage as
an intermediate and reagent for organic reactions like Suzuki coupling,®’%® or
hydroboration-oxidation®%6° for C-C, C-X or C-O bond formation, they are also used
in boron neutron capture therapy (BNCT) for cancer treatment.5%.62 Dialkoxyboranes

are a precursor for the synthesis of small molecules or polymers bearing boronic
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acid,®® which have a multitude of application possibilities in biomedicine.®4%% In this
regard, they are, for example, used as enzyme inhibitors (e.g. lipase in obesity
treatment)®® and hydrogels (e.g. sensors for saccharides in diabetes treatment,®” for
HIV inhibition®® or controlled drug-delivery®®). Hydrogel networks can be obtained by
capitalising on reversible boronic ester formation with polyalcohols.”® Thermosets are

also achievable via reversible boroxine formation.”?

1.4 Copolymerisation models and architectures of linear

copolymers

By combining different monomers, copolymers are obtained which inherit or combine
the properties of the corresponding homopolymers. Depending on the order and
timing of the comonomer addition, as well as their reactivity ratios, different polymer
architectures are possible. Block copolymers are synthesised by either using a
macroinitiator or via sequential monomer addition. Statistical copolymerisation on the
other hand can lead to alternating, random or gradient structures depending on the

reactivity ratios of the monomers in question.

Different methods to determine the polymer microstructure are known. For living
copolymerisations, in situ *H NMR kinetics can be used to monitor monomer
consumption in the ongoing polymerisation. This allows for calculation of the
reactivity ratios.”? The reactivity ratios, r1 and rz2, for a comonomer pair are generally
defined by the rate constants of the addition of the respective monomers to the
polymer chain end, where homo-propagation is described by kx and cross-

propagation by kxy (1)(2).

k

= ®
k12

ry = K22 @
k21

Figure 1 gives an overview of prominent polymer architectures, which result from the
relation of the reactivity ratios. If a reactivity ratio equals zero, the respective
monomer does not add to an active chain end of the same monomer, and thus
homopolymerisation is impossible. In consequence, if both reactivity ratios equal zero
(rx = ry = 0) the polymer structure is strictly alternating. If both ratios are less than unity
(rx< 1, ry< 1), the monomers also favour cross-propagation, resulting in a random

copolymer. Furthermore, the polymerisation is random if one reactivity ratio is lower
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than unity, while the other is larger (rx< 1, ry> 1). If in this case the values are strongly
disparate, and a gradient structure is formed. The polymerisation is called ideal if the
product of the reactivity ratios equals unity (rx<1, ry> 1, rxty = 1). While the chain
ends are indiscriminate to the comonomers, one monomer can still have a higher
reactivity than the other leading to a gradient. If both reactivity ratios equal unity
(rx=ry=1), the copolymer composes of the identical composition as the original
comonomer mixture, and the polymerisation is called an ideal random
copolymerisation. Polymers composed of blocks are the result of both reactivity ratios
being larger than unity (rx> 1, ry> 1). The crossover from one monomer to the other
can be impossible, leading to a blend of homopolymers. In this case both reactivity

ratios are much larger than unity.”®

Homopolymer

Strictly alternating copolymer
cooo°°°°°°oo°°°°°° oTe

Random copolymer

%o 0a®00 wo’ﬂ‘o’c
Gradient copolymer
oooo°°°°°°00°°°°°°°°°°

Blockcopolymer

000e?2000p20003° 2992

Figure 1: Polymer architectures.

To determine the polymer composition, different models can be used. One of the first
models was the non-terminal model by Wall.” It did not take the chemical nature of
the chain end into account, assuming that the selectivity towards comonomers M is
independent of the chain end P* ((3) and (4)).

k 3
P* + M, 3 p* )

k 4
P* + M, > P* “)

In consequence, the rate of monomer consumption is defined by equation (5).
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[My] (5)

Division of the rates of the respective comonomers gives equation (6).

dM,] _ ka[Mi] _ " [M;] (6)
d[M,]  ky[M;] [M,]

Assuming the rate a is constant leads to equation (7) with initial concentration Mx,o

[M,] _ [M,] r (7)

[M1]0 [MZ]O
Finally, Jaacks used the integrated equation (8) to describe the copolymerisation up

to high conversion.”>:76

M M
log [[[1\411]]0] -n log [[[IWZZ]]Ol ?
Beckingham, Sanoja and Lynd developed the so-called BSL model”® for ionic
polymerisations, which tend to follow an ideal behaviour with chain end
independency of the propagation.”®77.78 In consequence, alternating and block
copolymerisations cannot be described by this model, as they rely on the chain end

reactivity. This integrated, non-terminal model allows determinations for high
conversions like the Jaacks model.

The BSL model uses equation (5), where [P*] equals the initial initiator concentration
Xo, and the assumption of livingness to receive the exponential equations for
monomer and initiator X consumptions with time t (9) and (10).

[M,1(t) = [My]oe~*x*ot 9)

() = Kool e ilo= M0 4o~ 410 (10)
— 40

The total monomer conversion pi2 is now looked at as a function of time or

conversion (11).

[M1]o + [Mz]o — [M1](t) — [M](2) 11)
[M1]o + [M-]o

Substituting these time-dependent monomer concentrations with (9) leads to (12),

P12 =

which can be simplified by using the initial mole fractions of the monomers n to
equations (13) and (14).
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[Mi]o + [MZ]O - [Ml]oe_leot — [MZ]Oe—kZXOt
[Ml]o + [MZ]O

—leot —

P12 =

_ —kyXot
P12 =Nq + Ny —nqe 270

(M)(©) _ [Ma](0)
[Ml]O 2 [MZ]O
Using equation (7) and the definitions (15) and (16)

n,e

pPi2=1—-my

Tl2=1—n1

[M;](t)

p1=1-
! [M,],

(12)

(13)

(14)

(15)

(16)

the BSL equations (17) and (18) for the conversions of the respective comonomers

are gained.

P12(P1) =1 —ng[1 —ng] = [1 —n4][1—p,]™

P12(p2) =1 —ny[1—p,]" — [1 —n4][1 — p,]

17)

(18)

Three years after Wall’s non-terminal model, terminal models taking the influence of

the last monomer in the growing chain into account were published independently by

Alfrey and Goldfinger’®, by Mayo and Lewis®°, as well as by Wall®! himself. The basis

of the model are the equations (19) to (22), where PM" is the growing chain and M is

the monomer.

x k1g «
PM,* + M, = PMyM,
* k12 *
PM;" + M, — PMM,
« k22 X
PM,* + M, =3 PM,M,
* k21 *
PM," + M; — PM, M,

In this model, the rate of monomer consumption is defined by (23).

[M,]
dt
Consideration of both monomers leads to (24) and the simplified (25).

= kyx [PMx*][Mx] + kyx[PMy*] [Mx]

d
d

[My]  kya[PMy7][My] + Koy [PM57][M4]
[M2]  ki2[PM;"][M] + kop [PM,7][M,]
d[M;] [My] ky;[PM;"] + kpt[PM,]]
d[My] ~ [My] kyo[PM; T+ kpo[PM,']

]=
]

[
[

(19)

(20)

(21)

(22)

(23)

(24)

(25)
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Assuming a steady state for the active chain ends gives (26) and after rearrangement
(27) and (28).

AP ] o PMLIOM] + s [P M = 0 o
ki2[PM,"][M,] = kpq [PM,"][M,] @7)
[PM;"] = k“ZZ;ZEMJ (28)
Substitution of [PM1*] in equation (25) gives (29).
kll

d[M;] [M] _k_lz[Ml] T [M] (29)

d[M,]  [M,] LEPRTYR I

k21 2 1

By using the definitions (1) and (2) the copolymerisation model (30) called the “Mayo-

Lewis equation” is obtained.

d[Mi]  [My] r[M;]+[M,] (30)

d[M;]  [M;] 12[M,] + [My]
The Mayo-Lewis equation describes the copolymer composition in relation to the
comonomer ratio. Due to the comonomer ratio changing throughout the
copolymerisation, the copolymer composition is also changing. This effect is called
“compositional drift”.””82 In consequence, this equation is only applicable at

calculations for low conversions or in systems where the drift does not take place.
For a description of systems with high conversion the integrated (31) is needed.

[M]

log Mel 1o log (Malo[Ma] ___ 1 - 7omy log S A N (31)
Wolo 1 =n UM L= rellt=nl g, ) %1%0 -+ 1
210

This equation is often used in the more convenient form describing the respective
monomer as well as the total conversion. For this purpose, mole fractions are used
to describe the concentrations of the monomers in the feed f (32) and in the polymer
F (33).

M )
f= 1 = T ]
Fi=1-F,= diM,] (33)

58



1 — Introduction

The definitions of (32) and (33) combined with (30) leads to equation (34), where f2
can be described by 1-fi.

nfi’ + fife _ rfi’ + fill — fi
rfi’ +2fif, +12fa” mfit +2fi[1 - fil + [l - fi]? (34)
_ [ri —11fi° + fu
[ +1—21i% +2[1 —nlfy + 15

Skeist®® used (34) and the total monomer concentration (35) to develop the

1:

conversion-composition (36).

d[M] __df; -
[M] - h
d[M] _ h dfl (36)
", ~ jf Gy

Skeist’s equation requires graphical or numerical methods to solve the problem.
Meyer and Lowry®* further developed it to obtain an analytical solution for binary
systems. Substituting (34) in (36), rearrangement and integration gives (37).

1-1m1y

[1-r][1-1>]
[M] lf1 ll f1ll 71 | fro —rl—rz]‘ @37)

[Mo] fi,0 1-fio fi— 1-—n

_H_ﬁ
The Meyer-Lowry equation describes the copolymerisation behaviour in dependency

of the conversion.

Ultimately, applying Ockham’s razor principle leads to the conclusion that the
simplest model with the lowest number of assumptions should be used, provided that
it fits the data.®>8® In case of ionic epoxide polymerisation this principle would often
lead to the non-terminal model with the Jaacks or the BSL equations, as stated by

Beckingham, Sanoja and Lynd.”3

1.5 Polyelectrolytes

Polyelectrolytes are a class of polymers bearing multiple charged atoms. The charge
can be either positive, in case of a polycation, or negative, in case of a polyanion.
Polyelectrolytes are pH-responsive polymers, classified as strong or weak depending

on the dissociation constant (Scheme 10).
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Scheme 11: Structure of branched polyethyleneimine. The degree of protonation is influenced by pH value.

Polycations are utilised in biomedical applications. Especially polyethyleneimine
(PEI), which amine groups get protonated at low pH values, and its copolymers or
derivatives are the gold standard in non-viral transfection for treatment or prophylaxis
of diseases.®”:88 Transfection is the transfer of nucleic acids in a cell to achieve gene
expression of the added genetic information. To transport the negatively charged
nucleic acids through the negatively charged cell membranes, the nucleic acid is
shielded in a complex with the positively charged PEI. The nucleic acid-polymer-
complex binds to the cell surface via electrostatic interactions and undergoes
endocytosis. Ultimately, DNA is released from the endosome or lysosome by the
rupture of the compartment, due to the so-called proton sponge effect of the
protonable nitrogen atoms of the polymer.878990 However, in consequence of its
ability to disrupt and destroy membranes, PEI also bears an inherent toxicity.®* Due
to the correlation between toxicity and charge density as well as molecular weight,

studies are conducted to balance these parameters.®>-%°

HO O‘lH
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<

Scheme 12: Structure of a poly glycidyl amine: Poly diethyl glycidyl ether.

Another class of pH-responsive amino-functional polymers are poly(glycidyl amine)s.
They combine the PEG backbone with side chain amino-functionalisation (Scheme
12). For the synthesis of amino-functional polyethers via AROP the use of a protected
amino-functional monomer or post-polymerisation reactions e.g. thiol-ene click

reaction of polymer allyl-groups is required.%6:97

The established amino-functional monomers are distinguished in monomers for the

incorporation of primary or secondary amines, which require subsequent
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deprotection, and monomers for tertiary amines. These amino-functional monomers,
called glycidyl amines, are accessible via nucleophilic substitution of epichlorohydrin
and the corresponding secondary amine. Limitations are hereby imposed with regard
to sterically demanding groups, which prevent the attack at the epoxide ring.
Nevertheless, diethyl glycidyl amine (DEGA) is already achievable via this

synthesis.20.24.%8

First homopolymerisation attempts of DEGA or N,N-dibenzyl amino glycidol (DBAG)
only led to oligomers,®®1% presumably due to the complexation of the counterion by
the oxygen and the nitrogen of the terminal repeating unit or due to transfer reactions.
The following research showed that the use of crown ether suppresses the
complexation and therefore enables the polymerisation in a controlled manner with
low dispersities (D < 1.1).°° Even so, Elter and Schacher et al. showed successful
polymerisation of piperidine glycidyl amine (PiGA) without requiring crown ethers
(1.16 < Bb<1.23).1
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Scheme 13: Comparison of the homopolymerisation of glycidyl amines without (top) and with the addition of
crown ether (bottom) as proposed by Blankenburg et al. Complexation of the counterion by the chain-end

decreases the reactivity.%

In copolymerisation with comonomers without amino-functionalities, the glycidyl
amine is preferably incorporated near the terminus, indicating lower reactivity of the
amino-functionalised epoxide.'%? In contrast, glycidyl ethers are more likely to be
incorporated at the initiation site due to an increased Lewis-basicity, which is caused

by the counterion-coordination by the oxygen-atoms.?478.102

The spectrum of monomers (Scheme 13) for tertiary amines was broadened by the
higher homologues bearing n-butyl (DBuUtGA), n-hexyl (DHexGA) and n-octyl groups
(DOCtGA)??2 as well as by the cyclic amines pyridine (PyrGA)°® and PiGA.1%
Chapter 2 describes a novel polymer synthesised by azepane glycidyl amine (AzGA).

Furthermore, compounds with a second heteroatom in the side chain were
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introduced, namely N-glycidyl morpholine (GM), N,N-bis(2-methoxyethyl) glycidyl
amine (BMEGA) and isopropyl-hexahydro-pyrimidine glycidyl amine (PyGA).%°:105

Monomer for primary amines

BMGA

Monomers for secondary amines
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Scheme 14: Overview of monomers for the synthesis of polyethers bearing primary amines (top),% secondary

amines (middle),0%1% and tertiary amines (bottom),24102-105Chapter 2

As mentioned before, the incorporation of a primary or a secondary amine requires
the suppression of the nucleophilic attack of the amine at the epoxide-ring. This is
avoided in the polymerisation of glycidyl amines bearing a tertiary amine. Different
strategies for the protection of primary or secondary amines were established. DBAG
was introduced as a precursor of an amino-analogue of polyglycerol.1%° To decrease
the reaction times and increase to the polymer yield, N,N-diallyl glycidyl amine
(DAGA) was developed subsequently.'% The introduction of secondary amines can
be achieved in an analogous manner if the amine bears only one cleavable group in
combination with a permanent group, e.g. N-benzyl-N-methyl glycidyl amine
(BMGA).105
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1.5.1 Kinetic gas hydrate inhibitors

Different small molecules as well as polymers bearing nitrogen containing groups
have found application in oil production as low-dosage hydrate inhibitors (LDHI),
either as anti-agglomerant (AA) or as kinetic hydrate inhibitor (KHI). They are used
to ensure, for example, the pipeline flow in cold climate regions and offshore, where
gas hydrates tend to solidify and clog the transportation system. Gas hydrates are
clathrates of water encapsulating small hydrocarbons that solidified at low
temperatures and high pressures.'971® AAs prevent formed hydrates from
agglomerating, while KHIs are anti-nucleators and delay the nucleation as well as

often the crystal growth.

Before the development of LDHIs the flow was ensured by costly and elaborate
methods like heating, insulation'®® or the use of 20 — 40wt% of an anti-freeze agent
like methanol. In comparison LDHIs are used in 0.1 — 1.0wt%.1%° The system and the
activity of the LDHIs are described by different temperatures. Below the hydrate
equilibrium temperature Teq the hydrates are stable, and their formation is
thermodynamically favoured.'® At the onset temperature To the hydrates start to
form. The difference between Teq and To is defined as the inhibitors ability to delay
the gas hydrate formation and is described by the subcooling Tsu» (Figure 2).11° An
abrupt decrease of the dissolved gas volume marks the rapid hydrate formation
temperature Ta. Finally, the difference between To and Ta shows the KHI's ability to

delay rapid formation.
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Figure 2: Pressure-temperature diagram for hydration formation. Adapted from Kelland.%®
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The main class of KHIs are (co)polymers containing amide functions. Typically used
are poly(vinyl lactam)s like polyvinylcaprolactam (PVCap) or polyvinyl pyrrolidone
(PVP). This group is extended by polyalkylacrylamides like polyacryloyl pyrrolidone
(PolyNPyMA). The amides or lactams interact with the hydrate surface by entering
the hydrate cavities with the alkyl group and bonding via the carbonyl group to the
hydrogen bond network.%® Sloan Jr. found additives consisting of PEG or PPO
homo- and copolymers to have a synergistic effect on the KHI activity.''? In a similar
manner polypropoxylation increased the effectiveness of AAs, presumably by
orientating at the aqueous and non-polar interface.1%® Furthermore, non-amide KHIs
were identified. Representatives are ring-closed polyoxazolines and small molecule
as well as polymeric amine-N-oxides (TBAO, HPEI-R-AO) (Scheme 14).109.110.112

(Polymeric) Amide KHI
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Scheme 15: Examples of KHIs. Typical polymeric amide-type KHIs (top),1°%110 non-amide KHIs

(bottom) _109,110,112,113

Given the application nature of KHIs it is necessary that they remain dissolved in the
temperature and salinity range, which is defined by the cloud point Tc. At the T,
phase separation of water and polymer occurs in consequence of increased polymer-
polymer-interaction and decreased polymer-water-interactions. Typically, the
deposition temperature lies 5 — 15 °C above the Tq, representing the critical limit for

KHIs.1% Finally, with regard to the topic of ocean pollution, new offshore chemicals
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are nowadays required to possess biodegradability, albeit the required level differs

from legislation to legislation.1%°

The KHI activity can be measured using a high-pressure rocker rig. Cells containing
the KHI, gas containing fluid and a steel or glass ball are placed in a cooling bath.
Through rocking of the cells, turbulence is created by the moving balls leading to the
fluids being mixed. Temperature as well as pressure are monitored over time, to
determine To, Ta, Tsub and the delta of To and Ta.*14 Optimised KHlIs are characterised
by low To and Taand high Tsub and To -Ta.

1.6 Fluorinated polymers

Another remarkable class of polymers are fluorinated polymers. The most famous
material is polytetrafluoroethylene (PTFE), commercialised as Teflon®since 1946.115
PTFE is known for its high thermal and mechanical durability originating from highly
stable carbon-fluorine-bonds. The bond dissociation energies with typically over
400 kJ/mol increase with the number of fluorine atoms and are even higher than
those of carbon-hydrogen-bonds (fluoromethane 485 kJ/mol, methane
439 kJ/mol'16).117 The carbon-backbone itself is also strengthened by electron
withdrawal.11811° [ ow polarizability leads to low surface energies and exceptionally
weak interactions. The consequence is its extraordinarily hydro- and oleophobicity
making it highly interesting for antistick-coatings.*® In combination with a hydrophilic
headgroup, fluorinated compounds can become excellent surfactants.?%121 Other
fluorinated polymers often share these properties, highlighting them as high-
performance polymers. Further characteristics are typically low dielectric constants
as well as low refractive index, which qualifies the polymers for electronic insulation

and optical applications.??

Fluorine-containing polyethers are often viscous liquids'?® resulting from the more
flexible backbone in comparison to polymers with strict carbon backbones.?
Consequently, they are be of interest for applications in elastomeric formulations'?*
or for lubricants. Fluorine-containing polyethers are mainly known from perfluorinated
epoxides (hexafluoropropylene oxide)!?® or epoxides bearing fluorinated alkyl chains
(trifluoro epoxypropane).?’:123.126 Alternatively, glycidyl ethers with fluorinated side
chains can be used.?”:123 Perfluoropolyethers like polyhexafluoropropylene oxide are
used as lubricants known as Krytox.?’ Initially, fluorine-containing monomers were

polymerised using iron chloride or aluminium chloride as catalyst, leading to low
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polymerisation rates or degrees, respectively.?4 Later organozinc'?61?® and finally
organoaluminium species?’ were used as initiator-catalyst systems. Monomer-
activated ring-opening polymerisation (MAROP) (see chapter 1.3 Monomer-activated
anionic ring-opening polymerisation) and cationic ring-opening polymerisation using
a Lewis-acid, especially boron trifluoride etherate'?®, were established for the
polymerisation. A limiting factor for the polymerisation is the solvent, due to the
compound’s low affinity for both organic and aqueous solvents. In consequence,

fluorinated solvents are often required.?”123

1.6.1 Ecological considerations and restrictions for fluorine

containing compounds

While the high stability is advantageous in many applications, it also bears negative
ecological consequences. Fluorinated and especially poly- and perfluorinated
organic compounds are almost unknown in nature.}'”124130 |n consequence,
biodegradation mechanisms are limited, and the substances or their fluorinated
degradation products accumulate in nature. Evich, Davis, and McCord et al. gave an
extensive review on the fate of per- and polyfluoroalkyl substances (PFAS) in the
environment.*3! PFAS were found ubiquitous, in the world for example in rainwater!3?
and in human blood sera.33 Ecological and health effects are still unknown for a high
percentage of PFAS. Nevertheless, one of the major classes perfluoroalkyl carboxylic
acids (PFCA) have known health impacts and are often the terminal transformation
products of other PFAS.134.135

Nowadays, governments in North America, Europe and Asia have enacted guidelines
to regulate the production and use of PFAS. In 2006, a voluntarily phase-out program
encouraged by the United States Environmental Protection Agency (EPA) was
introduced, in which major industrial producers are participating.1*¢ The Stockholm
convention is a United Nations treaty concerning the elimination or restriction of
persistent organic pollutants (POP). It listed perfluorooctanoic acid (PFOA),
perfluorooctanesulfonic acid (PFOS) and related compounds in Annexes A and B for
POPs to be banned or restricted in production and use. Nevertheless, there are
defined exceptions from those restrictions.*3” The European Union took a similar
approach to classify and restrict an excerpt of perfluorinated compounds in the
Registration, Evaluation, Authorization, and Restriction of Chemicals (REACH)

regulation.138-1490 PFAS are still a highly discussed topic, and the European
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Chemicals Agency (ECHA) recently published a new proposal for further

restrictions.141.142

In regard to the high global production volumes of fluoropolymers,31:143 the
environmental problems and the governmental restrictions, industry started to
develop alternatives (Scheme 15). The two main strategies were to use shorter chain
PFAS (=6 perfluoroalkyl carbons in PFACs or <5 in perfluoroalkane sulfonic acids) or
to use ether linkages in the perfluorinated chain (PFECA).** Short-chain PFAS were
partially successful in reducing the bioaccumulation!4>146  but still remain
persistent.'4’ The ether linkage was used as a programmed breaking point for the
biodegradation of PFAS, for example in GenX. Although the breakdown is possible
to some degree for -CF2-O-CF2- motives by highly energy-consuming chemical
approaches (combination of persulfate and ultrasonic irridation,**® oxygen in
subcritical water at 350 °C,'*° hydrated electrons®®), these PFECAs were stable for
example under total oxidisable pressures (TOP) assay conditions and are expected
to be terminal and persistent products in the environment.'#4%51 |In comparison to
the -O-CF2- motive the reactivity of the adjacent hydrogen atom is increased in
the -O-CHF- motive, rendering it a more suitable breaking point.152153 This group
bearing chemical ADONA was oxidised in the TOP assay to perfluoro-3-

methoxypropanoic acid as a new terminal product.5?
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Scheme 16: Examples of PFAS. Legacy long-chain PFAS (top row). Established short-chain (second row), and
ether-linked alternatives (third row). Recently developed PFAS from PPVE (bottom rows).

The surfactant diFESOS is derived from perfluoropropyl vinyl ether (PPVE)
(Scheme 16). It bears two C3-perfluorinated chains and is bound to a hydrophilic
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headgroup via -O-CHF-CF2- ether linkages. The first degradation step of diIFESOS
is ester hydrolysis, yielding the alcohol FESOH.15415 The polyfluorinated FESOH is
a semivolatile compound due to the low polarizability of the fluorine atoms (low
interactions with molecules), and its atmospheric decomposition is a possible
degradation pathway.%153 Joudan et al. discovered it to undergo a complex radical
degradation pathway, which leads to carbonyl fluoride COF2 and the perfluorated
C3F7OC(O)F.1%3 Carbonyl fluoride is unstable and hydrolyses to carbon dioxide and
hydrogen fluoride upon contact with water.'>¢ Also in water, C3F7OC(O)F undergoes
a defluorination sequence, liberating hydrogen fluoride and perfluoropropionic acid
(PFPrA) as a terminal product. PFPrA remains persistent in the environment,'4’ but
does not accumulate in animals.>4157 Ultimately, the oxidation of FESOH mineralises
50% of its fluorine atoms. Furthermore, in consequence of low gas-phase lifetimes of
FESOH (2.8 £ 1.3 days) and even lower lifetimes of its decompaosition intermediates

a decreased transport to remote regions is expected.%3

In a follow-up paper Joudan et al. also studied the degradation of diFESOS in
activated sludge as a model for wastewater treatment plants. After hydrolysis to
FESOH and oxidation to the carboxylic acid FESCA the degradation starts from the
functional group, and ultimately PFPrA is formed by defluorination.*>> Folkerson et
al. studied the fate of diFESOS in rats and found it to be excreted via renal elimination
after being metabolised via FESCA to a polyfluorinated ether sulfonate (2H 3:2
PFESA) and PFPrA.1%4
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Scheme 17: Main degradation pathways of diFESOS as found by Joudan et al.'53155 and Folkerson et al.?>*
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1.6.2 Surfactants

Fluorosurfactants are employed in consumer products like shampoo?® as well as in
specialised applications like firefighting foam'?! or as additives in catalytical
processes to enable micellar systems.'%8 In consequence of the specific properties
of fluorine and fluorine-carbon-bonds (see chapter 1.6 Fluorinated polymers),
fluorosurfactants in general have especially high surface activities and lead to low
surface tensions in aqueous media.?! Their critical micelle concentration (cmc) is
also lower than the cmc of comparable hydrocarbon surfactants due to a higher
surface area. Classic surfactants consist of a hydrophilic head group (anionic,
cationic, amphiphilic, or non-ionic polar) and a hydrophobic tail. In fluorosurfactants
the tail is also oleophobic, leading to surface activity in aqueous as well as in
hydrocarbon solvents.’?® L’'Oréal developed oligomeric random and block
copolymers with a multitude of ionic and non-ionic headgroups synthesised via
cationic ring-opening polymerisation of epoxides bearing per- and polyfluorinated
side chains. These surfactants were especially designed as shampoo additives for

greasy hair to render the hair oil-repellent and to reduce re-greasing.'?°

The activity of surfactants can be evaluated via their cmc or via their surface tension.
For the latter it may be distinguished between the static surface tension of a system
at equilibrium and the dynamic surface tension of a changing system. The static
surface tension ystat can be determined experimentally using the Wilhelmy plate
method (DIN EN 14370) by inserting a metal plate into the surfactant solution and
measuring the tension force F.1291%° |t is calculated by equation (38) using the wetted
plate length L and the contact angle 6. If the plate is completely wetted, 8 becomes

zero and cos 6 becomes one.1%°

F F 38)

Vstat =1 cos6 ~ L
The dynamic surface tension ydyn can be determined by the bubble pressure method.

Air bubbles are released from a capillary inside the surfactant solution and pressure
changes are measured in combination with the bubble lifetime (39) with the capillary
radius r, the maximal pressure pmax, the liquids density p, the gravity g and the
immersion depth h.1%°

_ r[pmax - pgh] (39)
den - 2
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Commercially available fluorosurfactants typically consist of C6 (e.g. S-103A-6 by
chemguard) or C8 (e.g. perfluorooctane sulfonate) per- or polyfluorocarbon tails and
show surface tensions between 15 and 33 mN m1.121160.161 The ecological
considerations of per- and polyfluorinated compounds and their governmental
regulations are discussed in chapter 1.6.1 Ecological considerations and restrictions

of fluorine containing compounds.

More recently, eco-friendly fluorosurfactants have attracted high interest. The
relevance of degradability and considerations regarding the perfluoropropyl vinyl
ether (PPVE) derived diFESOS are also discussed in chapter 1.6.1. The TIVIDA®
fluorosurfactants series by Merck KGaA uses ultrashort fluorinated alkyl groups (C2
and C3) that do not bioaccumulate and are non-toxic. Their surfactant profile is highly
comparable to established compounds, as they reach static surface tensions of 17 to
23 mN m and dynamic surface tensions of 17 to 20 mN m* after 60 s (0.1wt% of
active ingredient).t62-164 Furthermore, Merck KGaA is currently investing in
degradable fluorosurfactants derived from PPVE and similar structures, either as
small molecules or coupled to polyethylene glycol or polypropylene glycol. Static
surface tensions were reported to be between 18 and 28 mN m* and cmc values of
6 to 600 mg L' were achieved.160165-167 Besides Merck more companies are
investing in this field, for example, Omnova Solutions Inc. with their fluorosurfactants
series PolyFox achieving surface tensions down to 24 mN m (0.1wt% of active

ingredient).168.169

1.6.3 Coatings

A multitude of applications requires antistick, dirt-repellency and antifouling surfaces.
Areas of interest are for example medical implantst’®171 outdoor-clothing'’?, the
automobile-industry!”® and optical elements’4. These properties are typically
achieved by cost- and resource-effective surface coatings in comparison to whole
applications made of the repellent material. Silicon or long-chain alkylated polymers
are used for water-repellent coatings’>176 but are not suitable for oil-repellency for
which fluorocarbon polymers are used'’”:1’® (Scheme 17). Application of the coating
on the textile is done either via emulsion, chemical reaction, film formation on the
fibre (typically procedure for silicone or fluorocarbon products) or utilising special
fabric constructions like stretched PTFE films (Gore-Tex). To optimise the repellency
properties the chains are oriented by heat curing.t”’
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Scheme 18: Textile coatings. Water-repellent zirconium fatty acid (left) and polydimethylsiloxane (middle).
Water- and oil-repellent fluorocarbon polyacrylate (right). R = H or CHs; X and Y are comonomers. Adapted
from Schindler.””

Repellent coating functions by decreasing the free energy at the surface. The internal
interactions of the liquid drop must be higher than those of the drop (index: I) to the
surface (index: s) for the drop to keep its shape. The critical surface energy ysa (index
a: air; cellulose 100-120 mN m, raw cotton 44 mN mt) (or tension for liquids yia)
must be lower than the liquids yiquid. The wettability of a surface can be described by

the spreading coefficient S with the interfacial tension ys (40).17°

S=Ya— Wia+Vs1) (40)
Vla
p 5 Ve L
© =50° © =90° © =150°
hydrophilic hydrophobic superhydrophobic
Wenzel Cassie & Baxter

Figure 3: Wettability of surfaces. Top: Young’s model showing from left to right hydrophilic, hydrophobic and

superhydrophobic surfaces. Bottom: Wenzel and Cassie’s (left) and Baxter’s model (right) for rough surfaces.

Figure 3 shows the surface wettability models of Young, Wenzel and Cassie, and
Baxter. Surfaces with contact angles over 90 ° are defined as hydrophobic (in the
case of water) and will not wet. Surfaces with contact angles above 150° are called
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superhydrophobic.'® The relation between the energies and the contact angle

between liquid and surface 6 is described in the Young equation (41).181.182

Ysa T Vsl (41)
Via
Low ysa also enables dirt-repellency. yia of oils is with 20 — 35 mN m™* multiple times

cosO =

lower than yia of water (72 mN m™1).17® While silicones (ysa = 24 — 30 mN m™) repel
water, they will often not repel oil. Fluorocarbons, on the other hand, have a lower ysa
(10 — 20 mN m't) and will repel oil. Ideal are close-packed arrays of CFs-groups
(6 mN m?, for comparison CHz: 22 mN m™) as end groups of perfluorinated side

chains.179.183

Porous materials like textiles composed of individual fibres are interspersed by
capillaries. Whether the liquid is able to penetrate those, is furthermore dependent
on the capillary pressure AP and the pore radius R (42).179184 A porous textile with a
contact angle above 90° reaches a negative capillary pressure and capillary

penetration is impossible.1”®

2ys cos O 42)
R

Wenzel advanced Young's equation for rough (porous) surfaces, where the liquid

AP =

penetrates the pores. In his theory the apparent 6w and the real contact angle 6r are

connected with the roughness factor r (43).18

Vsa — Vsl (43)
Via

Cassie and Baxter developed the apparent 6ca equation for non-penetrated rough

cosBy =rcosbp =71

surfaces with the surface area ®s connected to the liquid (44).186:187

c0s Oy = —1 + s [1 + %} (44)
a

Experimentally the contact angle is used to determine the hydrophobicity and the
surface energy. In addition to the static contact angle, the dynamic contact angle of
a moving drop can be measured. In this case the drop is, for example, either
constantly increased and decreased in volume or moving down an inclined plane.
Advancing (expanding, front) and receding (decreasing, back) angles are observed.

The advancing contact angle is the maximum and the receding the minimum contact
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angle of a surface. Their difference is called hysteresis.® The Wilhelmy plate method

can be used to determine the dynamic contact angle.*?°

Standardised tests for the wettability determination of a surface were mostly
developed by the American Association of Textile Chemists and Colorists (AATCC)
and the International Organization for Standardization (1ISO). Water resistance tests
typically consist of spraying the textile with a fixed water pressure, followed by
monitoring the wetting pattern and the absorbed as well as the permeated amount of
water.177189.190 A typical oil resistance test is the method AATCC 118, in which a
series of hydrocarbons with decreasing surface tension is placed on the fabric, and
the wetting is monitored. The textile is graded with the number of the last non-wetting
hydrocarbon (Table 1).1%?

Table 1: Grades and compounds of the oil resistance test AATCC 118,191:192

GRADE HYDROCARBON SURFACE TENSION
0 None -
1 Kaydol (mineral oil) 31.5
. 65:35 Kaydol: n-hexadecane (by

volume)
3 n-hexadecane 27.3
4 n-tetradecane 26.4
5 n-dodecane 24.7
6 n-decane 23.5
7 n-octane 214
8 n-heptane 19.8

Alkylsiloxanes are typically used to achieve bonding to glass surfaces and
methacrylates for bonding to textiles. Different methacrylate monomers with
fluorinated side chains were developed by Merck KGaA in collaboration with
academics using the knowledge described in chapter 1.6.1. In these cases,
perfluoropropyl vinyl ether and derivatives were applied to achieve degradable textile
coatings. An increase of the contact angles against water of glass from 44° to 94°, of
polyurethane from 83° to 98° and of epoxyresin from 83° to 102° were reported.174192-
194 Kredel and Gallei coated textiles with polymethacrylates derived from PPVE and

stearyl, and achieved contact angles against water of 139-149° and oil repellency of
75



1 — Introduction

4-6, depending on the coated material. They found the repellencies to increase with

the molar mass, influenced by the comonomer ratio.1®®
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Abstract

Amino-functional polycations are highly interesting for biomedical research and
therapy utilising their transfection abilities. Here we describe the syntheses and
transfection properties of copolymers obtained from glycidyl amines and ethylene
oxide. Albeit no major breakthrough was achieved, several compounds showed
potential for this purpose. Three series of polymers containing glycidyl amines (GA)
were synthesised in a controlled manner (£ < 1.14) and studied for their ability to
interact with DNA and cells. With increasing ring size of the amino substituents the
copolymers of pyrrolidine-, piperidine- and azepane- glycidyl amines showed a
decreasing ability to bind DNA. The best performing polymer series had pyrrolidine
glycidyl amine incorporated and showed a high efficiency in pDNA transportation,
where the relative mean fluorescence intensity (MFI) increased with the GA share of
34 to 69 mol% from 1.04 to 2.68 (normalised to DOTAP). Nonetheless, none of the

used polymer/nucleic acid complexes led to biosynthesis of proteins.
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Introduction

Transfection is a viable method for in vitro and in vivo studies and utilised in genetic
engineering as well as in gene therapy.? To achieve successful transfection a series
of events is required: Complexation of nucleic acid by a transport vector, binding to
the cellular surface, uptake via endocytosis, shielding against degradation, escape
from endosome (or lysosome) and, in case of DNA transfection, transport into the
nucleus.?? Various techniques were developed, of which cationic vectors were found
to be favourable, due to simple preparation, low immunogenicity and lack of need of
receptors. Electrostatic interactions of the cationic vectors with a negatively charged
nucleic acid and cellular surface enables the binding and transport into the
endosome.'?2 Early work studied and established polylysine and 2-
(diethylamino)ether (DEAE)-dextran. However, these linear polycations showed
relatively high cytotoxicity and low efficiency. To achieve a higher degree of
efficiency, the polycations can be linked to a targeting ligand, e.g. transferrin,
resulting in a higher cellular uptake via receptor-mediated endocytosis. On the other
hand, this method leads to a hindered endosomal escape. Endosome disrupting
agents bound to the vector are able to counter this effect.14>

Polyamidoamide (PAMAM) cascade polymers* and lipopolyamines,® both bearing
residual amino groups, were developed as well-tolerated and efficient transfection
agents. In comparison to lipids bearing quaternary ammonium groups the elevated
efficiency was attributed to the high charge density in the polymers,* the buffering
capability in the endosome as well as the lysomothrophic effect.*#” The buffering
enables protection against degradation. Furthermore, the proton sponge effect of the
protonable nitrogen-atoms leads to osmotic swelling and rupture of the endosome,
ultimately releasing the vector into the cell.® Consequently, Boussif et al. studied
polyethyleneimine (PEI), which bears an especially high charge density potential, and
showed high transfection efficiency.” The ratio of amino groups to nucleotide
phosphates influences efficiency as well as cytotoxicity through organelle damage
and necrosis.?”° Despite the mechanism of the polycations’ toxicity has not been
fully explained as of yet, evidence for the opening of pores leading to disruption of
the cellular membranes was found. These pores are presumably formed via
hydrolysis of phospholipids either through the cationic polymer itself or through

released endo/lysosomal enzymes after rupture thereof.”%1 Furthermore, efficiency
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and toxicity are increasing with charge density as well as with the polymers molecular
weight.®1112 Recently, research has been conducted to balance between efficiency
and toxicity via modified PEI. N-glycosylation'® or -acylation, quaternisation via
alkylation'# as well as the use of block- and graft copolymers with poly(ethylene

glycol) (PEG)*>16 or poly(oxazoline)!’ led to an improved balance.

Intrigued by the high transfection efficiency of PEI, while being cytotoxic, we
wondered if multiamino-functional PEG could be a suitable alternative.
Copolymerisation of ethylene oxide and glycidyl amines leads to a controllable and
defined positive charge density along the polymer. In consequence, the balance

between transfection and toxicity could be adjustable via monomer ratio.

Experimental Section

Materials

Epichlorohydrine and pyrrolidine were obtained in 99% purity from Acros Organics;
piperidine was obtained in 99% purity from Sigma-Aldrich; azepane was obtained in
98% purity from Alfa Aesar. Benzyloxyethanol was purchased from TCl in 98%. THF
was dried via sodium/benzophenone and distillation. HEK293 cells used in this study
were obtained from ATCC (no. CRL-1573). DMEM, L-glutamine, penicillin, and
streptomycin were purchased from Sigma-Aldrich. 3-mercaptoethanol and DOTAP
were purchased from Roth. Fetal bovine serum was obtained from PAN-Biotech, Cy5
from Mirus and FVD-eFL450 from ThermoFisher. All other chemicals were
purchased from Acros Organics, Fisher Scientific, Roth, Sigma-Aldrich, TCI, VWR or
Deutero GmbH.

Instrumentation

'H NMR (300 MHz) and *3C NMR (75 MHz) spectra were recorded on a Bruker
Avance 1ll HD 300 (5 mm BBFO-Probe with z-Gradient and ATM). Size exclusion
chromatography (SEC) was performed at 50 °C in N,N-dimethylformamide (DMF),
containing 1 g/mL lithium bromide (flow rate of 1 mL/min) on an Agilent 1100 Series,
HEMA columns with 300/100/40 A porosity and an Agilent G1362A RID detector.
Calibration was done with poly(ethylene oxide) (PEG) standards by Polymer

Standards Service (PSS, Mainz, Germany) and toluene as an internal standard.

100



2 — Nitrogen bearing polyethers

Samples were assayed by flow cytometry for Cy5 intensity and viability using an
Attune Nxt flow cytometer equipped with Attune Attune NXT Software (both from
Thermo Fisher, Waltham, MA).

Monomer synthesis
Monomer synthesis and characterisation data are literature known.'820 A typical

synthesis of pyrrolidine glycidyl amine (PyrGA) is described exemplarily.

Pyrrolidine (1 eq, 0.49 mol, 40.0 mL) and a 40 wt% solution of NaOH (1.5 eq) were
mixed and kept at O °C, while epichlorohydrin (1.5 eq, 0.73 mol, 57.3 mL) was added
dropwise under vigorous stirring. After complete addition, cooling was removed and
stirred for an additional 30 min. The product was separated in the organic phase via
extraction with petroleum ether and water, dried over MgSOa4 and isolated via

distillation under reduced pressure in typical yields of 60-70%.

For the synthesis of piperidine glycidyl amine (PiGA) the NaOH solution was added
3 h after epichlorohydrin addition and the mixture was stirred overnight, for azepane
glycidyl amine (AzGA) the NaOH solution was added 1.5 h after epichlorohydrin
addition, and the mixture was stirred overnight. PIGA and AzGA were purified via

extraction with diethyl ether instead of petroleum ether.
Polymer synthesis

Homo- and copolymerisation were initiated by partially deprotonated 2-
benzyloxyethanol (BnO). BnO (1 eq) and KO'Bu (0.5eq) were combined and
dissolved in 12:1 benzene:methanol mixture. After stirring at 60 °C for 30 min in a
dried Schlenk flask, the initiator was dried under reduced pressure. For
homopolymerisations, the monomer was added, and the polymerisation was
performed in bulk at 40 °C for 48-71 h. For copolymerisations, a 6:2 THF: DMSO
mixture and the glycidyl amine monomer were added via syringe. Ethylene oxide was
transferred into the at -80 °C cooled flask via condensation from a graduate ampule.
The mixture was slowly heated to 55 °C under stirring and the polymerisation was
performed for 48-72 h. Polymers were purified via extraction with DCM and water
and subsequent dialysis using 1 kDa tubing and an initial 9:1 methanol:DCM mixture,
which was changed to pure methanol. The purified polymers were dried under

reduced pressure.
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P(EG-co-PyrGA): *H NMR (300 MHz, CDCIls): & [ppm] = 7.34-7.28 (m, Bn), 4,56 (s,
Bn-CHz), 3.66-3.53 (m, backbone), 2.64-2.53 (m, CH2-N-CH2), 1.74 (dt, N-CH2-
CHz). 13C NMR (75 MHz, CDCls): & [ppm] = 128.37-127.60 (Bn), 72.70 (Bn-CH>),
70.71 (backbone), 69.41 (CH2-OH), 57.60 (CH2-N), 54.81 (N-CH2-CH2), 23.58 (N-
CH2-CHy>).

P(EG-co-PiGA): *H NMR (300 MHz, CDClz): & [ppm] = 7.31-7.24 (m, Bn), 4.53 (s,
Bn-CHz2), 3.76-3.39 (m, backbone), 2.37 (dq, CH2-N-CH2), 1.52 (h, N-CH2-CH2), 1.37
(9, N-(CH2)2-CHz). 3C NMR (75 MHz, CDClIz): d [ppm] = 128.42-127.62 (Bn), 72.95
(Bn-CH2), 70.79 (backbone), 69.40 (CH2-OH), 60.61 (CH2-N), 55.35 (N-CH2-CHy>),
26.19 (N-CH2-CHz2), 24.40 (N-(CH2)2-CHy).

P(EG-co-AzGA): *H NMR (300 MHz, CDCl3): d [ppm] = 7.32-7.26 (m, Bn), 4.54 (s,
Bn-CH2), 3.85-3.33 (m, backbone), 2.70-2.44 (m, CH2-N-CH2), 1.61-1.55 (m, N-
CHa2-(CH2)2). 13C NMR (75 MHz, CDCls): & [ppm] = 128.04—127.56 (Bn), 72.75 (Bn-
CHz2), 70.72 (backbone), 69.42 (CH2-OH), 59.04 (CH2-N), 56.15 (N-CH2-CH2), 28.32
(N-CH2-CH2), 27.07 (N-(CH2)2-CH2)

DNA retardation assay

A dilution series of polymer in aqua bidest (aq. bid.) was prepared to yield agent
solutions with 100, 20, 10, 2, 1, 0.2 and 0.1 pg pL?. 1 pL of agent solution, 1 pL of
pDNA (1 pug pLt, pGL3-Control from Promega, Fitchburg, Wi, USA) and 13 L of aq.
bid. were mixed and incubated for 30 min. 4 pL of TRIS-Acetat-EDTA-loading buffer
was added, and the solution was loaded into a agarose gel (prepared with GelRed
from Biotium, Fremont, CA, USA. Dilution: 1:10000). Subsequently, electrophoresis

was performed.
pDNA transport

The capability of various pDNA complexing copolymers for intracellular pDNA
transport was assessed using human embryonic kidney (HEK)293 cells. HEK293
cells were kept in DMEM-based culture medium containing 2 mM L-glutamine, 100
U mL penicillin, 100 pg mL™* streptomycin, and 50 uM 3-mercaptoethanol containing
5% fetal bovine serum at 5% CO: and 37°C. pDNA was labeled with Cy5 as
recommended by the manufacturer and was mixed with unlabeled pDNA (1:9).
Copolymer/pDNA complexes were set up at the indicated ratios. Complexes

composed of DOTAP and pDNA served as an internal control. For cellular studies,
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HEK293 cells (10° cells 1mlIt) were seeded in 12-well cell cluster replicate plates.
After 2h, one replicate plate was put in a fridge (4 °C) to allow for subsequent
differentiation between temperature-independent cell binding and temperature-
dependent cellular uptake of differentially complexed pDNA. After 30 min, pDNA and
differentially complexed pDNA (each 1 ug) was applied in parallel to seeded HEK293
cells kept in a fridge and at 37 °C, respectively. On the next day, samples were
harvested, washed with PBS buffer and incubated with membrane-impermeable
FVD-eFL450 to delineate living and dead cells. Subsequently, samples were

assayed by flow cytometry for Cy5 intensity and viability.

Results and Discussion

We synthesised copolymers consisting of EO and an amino-functional comonomer:
pyrrolidine glycidyl amine (PyrGA), piperidine glycidyl amine (PiGA) or azepane
glycidyl amine (AzGA), for which the side chain ring size increases from 5- to
7-membered. As a consequence of the increasing ring size the amine density and

ultimately the charge density decreases.

To demonstrate the controllability and adjustability of the comonomer system
copolymer series with glycidyl amine (GA) share increasing in 10 mol% steps were
synthesised (full data is given in Table S1 and Figure S1). Due to decreasing water
solubility with increasing GA share as well as with increasing ring size only an excerpt
of these copolymers were studied for their cytotoxicity and transfection ability
(Table 1).

Table 1: Characterisation data of the synthesised and tested copolymers.

Polymer %(GA)?2 Mn2 (g mol?) Mn° (g mol?) Db
P(EG29-Co-PyrGAus) 34 3340 1340 1.10
P(EG20-cO-PyrGAus) 48 3450 1210 1.10
P(EG11-co-PyrGA2a) 69 3690 950 1.08

P(EGs1-co-PiGA12) 28 3210 1740 1,08
P(EGs3-c0-AzGAs) 7 3110 2330 1.05
P(EG25-c0-AzGA11) 31 2960 1810 1.06

aDetermined by 'H NMR spectroscopy (300 MHz, CDCls). PDetermined by SEC (DMF, RI detector, PEG
standards).
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SEC shows monomodal and narrow dispersities (Figure 1). Underestimation of
molecular weight by SEC is a known phenomenon and caused by reduced
hydrodynamic radii of the substituted polymer in comparison to the PEG calibration.?!
Molecular weights and monomer ratios determined via 'H NMR spectroscopy were
typically in good agreement with the targeted values (exemplarily *H and '°C spectra

are given in Sl).

P(EGm-co-PyrGAm)
P(EG, -co-PyrGA, )
P(EG,,-co-PyrGA,,)
P(EG,,-co-PiGA )
P(EG,,-c0-AZGA,)
P[Est-co-AzGA“)

21 22 23 24 25 26 27
elution volume [mL]

Figure 1: SEC traces of the tested polymers (DMF, PEG calibration, RI signal).

DNA retardation: First, the ability to bind DNA was studied for an excerpt of the
polymers. Electrophoresis was performed subsequent to incubation of DNA with the

polymer (Figure 2).

P(EG,9-CO-PyrGA;;) P(EG,;-co-PiGA,,) P(EG,s-c0-AZGA,,)

pg pL? 0 100 20 10 2 1 02 01 100 20 10 2 1 02 01 100 20 10 2 1 02 01
— e EE—— =
i ; -

Figure 2: DNA retardation assays of copolymers with 34, 28 and 31% of GA content, respectively. From left to

rigth: PyrGA, PiGA, AzGA. Additional assays are given in Figure S8.

PyrGA copolymers with at least 34% of GA were able to bind the DNA completely in
the tested concentration region of 100 to 0.1 pg pLt. While 0.2 pg pL? of 28%
containing PiGA was able to fully bind the DNA, the DNA was released at a
concentration of 0.1 pg puLt. Using the copolymer with 31% of AzGA complete DNA
binding required a 10 pg pL* polymer solution. The aforementioned effect of an
increasing ring size of the amine leading to a reduced DNA binding ability was
presumably caused by the decreased amine density of the substituents with bigger
rings. On the other hand, the degree of polymerisation of GA in the copolymers was

adjusted to the increasing molecular weight of the GAs to keep the molecular weight
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constant. The resulting decreased number of amines could also affect the DNA

binding. Finally, the different steric environments could influence the DNA binding.

Transfection: Evaluation of pDNA transport activity of a representative excerpt of the
synthesised polymers were studied via flow cytometric analysis subsequent to
incubation of HEK-293 cells with differentially complexed Cy5-labeled pDNA. To
allow differentiation between pDNA transportation across the cell membrane into
cells or simple attachment to the outside of the membrane, the experiments were
repeated at different temperatures (Table 2, Figures 3, S9-S10). In a first set-up,
incubation was performed at 0 °C, at which no significant transportation should occur.
In a second set-up, incubation was performed at 37 °C to allow optimal transfection

conditions.

Table 2: Flow cytometry analysis data of HEK293 cells after incubation at 4 and 37 °C, respectively: Percentage of Cy5

positive cells and mean fluorescence intensity (MFI).

Incubated at 4 °C Incubated at 37 °C

Treatmenta Cy5+ cells MEI Relative Cy5+ cells MEI Relative
% of singlets MFIP % of singlets MFIb
Negative control 3.42 520 0.10 0.47 283 0.03
Cy5 pDNA 16.80 1827 0.34 81.72 4961 0.59

DOTAP 79.60 5373 1 84.41 8410 1

P(EG29-co-PyrGAss) 22.03 3210 0.60 68.35 8799 1.05
P(EG20-co-PyrGAuo) 35.68 6138 1.14 84.49 22566 2.68
P(EG11-co-PyrGAza) 44.70 9866 1.84 79.0 21896 2.60
P(EGs1-co-PiGA12) 18.37 2232 0.42 52.91 2712 0.32
P(EGs3-c0-AzGA4) 17.38 2002 0.37 89.08 6566 0.78
P(EG2s-co-AzGA11) 18.84 2156 0.40 52.06 2665 0.32

aThe originally used dilution for the polymers were determined using the respective lowest concentration, which
showed efficient DNA binding in the DNA retardation assays: PyrGA copolymers: 1:500; PiGA copolymer: 1:100,
P(EGs3-c0-AzGA): 1:5; P(EGa2s-co-AzGA11): 1:25. P Normalised to DOTAP control.

The control sample, which was incubated with Cy5 and pDNA but without polymer,
showed unexpectedly an increase in Cy5 positive cells and MFI. Nonetheless, the
MFI was relatively low in comparison to cells treated with DOTAP, indicating a low

transport presumably via pinocytosis.
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Figure 3: Flow cytometric analysis results of the studies at 4 (dashed) and 37 °C (filled). A: Cy5 positive cell
percentage of singlets. B: Relative MFI hormalised to DOTAP.

A comparison of the results obtained by cells incubated at 4 and 37 °C discloses
generally higher values for cells incubated at higher temperature, verifying the
successful transport of pDNA into the cells. The DOTAP control displayed high
membrane attachment at 4 °C. Copolymers of the PyrGA series showed high Cy5
positive percentages as well as high MFIs. Especially the copolymers with PyrGA
shares of 34 and 69 mol% (P(EG2o-co-PyrGA19) and P(EG11-co-PyrGAz4)) exhibited
high MFIs, indicating an efficiency increase with higher shares of GA. Furthermore,
comparing Cy5 positive percentage and MFI for these samples indicates high pDNA
concentrations inside the single cells and consequently a high transport efficiency.
The tested PiGA copolymer showed the lowest Cy5 positive percentage and MFI of
the tested substances. The piperidine substituent presumably hindered
complex/membrane interactions, while simultaneously showing a lower amine
density than PyrGA copolymers. The tested AzGA copolymers similarly showed low
MFIs, albeit P(EGs3-co-AzGA4) exhibited a high Cy5 positive percentage of
89.08 mol% (37 °C). This polymer promoted the pDNA transport into the cells but led
to lower concentrations inside the cells in comparison to P(EG2o0-co-PyrGAig) and
P(EG11-co-PyrGA24), presumably due to the sterically hindered amine group and

reduced amine density.

Finally, the expression of enhanced green fluorescent protein (EGFP) was studied
using via flow cytometric analysis. After treatment of HEK-293 cells with either
polymer/pDNA (Figure S11) or polymer/mRNA complexes (Figure S12), no
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significant expression was observed in contrast to the DOTAP control. Consequently,
none of the herein synthesised and tested polymers were able to successfully lead
to protein biosynthesis. As mentioned in the introduction a certain series of events is
required for successful transfection and biosynthesis of the targeted proteins. The
negative results obtained by treatment with mRNA indicated the transportation inside
the cell to the nucleus not to be the critical step, which is not needed for mRNA.
Consequently, the absence of biosynthesis was presumably caused by entrapment
of the nucleic acids in cell compartments, which prevented their further processing.
On the other hand, a lack of dissociation of the complexes as well as destruction of

either the nucleic acids or the cells could prevent biosynthesis.

Cytotoxicity: Potential cytotoxicity was evaluated using a similar approach to the
transportation experiments via flow cytometric analysis utilising a live-dead cell dye
(FVD eFluor450) (Figure 4).

Negative Control P(EG,g-Cc0O-PYyrGA;s) P(EG,5-co-PyrGA,y)  P(EG;-co-PyrGA,,)
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Figure 4: FACS scan of with polymer/DNA complex and dye incubated HEK-293 cells. Marked limits were
determined in additional scans and are indicating living (left) and dead (right) cells as well as the presence (top)
or absence (bottom) of DNA at the cell. Control experiments were performed using HEK cells without
transfection agent (negative control) and DOTAP as the transfection agent (positive control). The marked
dilutions of the polymer samples were determined using the respective lowest concentration, which showed
DNA binding in the DNA retardation assays.

107



2 — Nitrogen bearing polyethers

Figure 4 shows the results of the viability assay, where dead cells are located on the
right side of the cross mark. The cell viability was not significantly affected by the
incubation with the polymer/DNA complexes (Figure 5). The results represented in
Figure 4 furthermore support the results of the flow cytometric temperature studies:
All tested polymers transported pDNA, with the PiGA-copolymer being the least

efficient.
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Figure 5: Plot of the cell viability after treatment with polymer/pDNA complexes and dye.

Conclusion

Copolymers of EO and glycidyl amines with varying ring sizes (5- to 7-membered:
PyrGA, PiGA and AzGA) were synthesised with narrow dispersities (b < 1.14) and
studied for their transfection ability and biocompatibility, whereas none of the
polymers exhibited cytotoxicity. While all of the tested polymers were able to bind
DNA, the efficiency decreased with increasing ring size of the amine substituent
presumably due to steric hindrance and a decreased amine density. PyrGA
copolymers further exhibited the highest pDNA transport efficiency into HEK293
cells, which increased for higher PyrGA shares in the polymer (up to 84.49% of Cy5
positive cells and relative MFI up to 2.68 normalised to DOTAP). Ultimately, no
protein biosynthesis was achieved using this system, presumably due to entrapment

inside cell compartments. Further research will focus on evaluation of the entrapment
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hypothesis and prevention of thereof utilising the proton sponge effect of amino

groups.
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Supporting Information

Table S1: Characterisation data of the synthesised copolymers.

Polymer mol%(GA)2 Mn? (g mol?) Mn? (g mol1) PP

P(EGas-Co-PyrGAs) 11 3070 2030 1.09
P(EG37-co-PyrGAuo) 21 3050 1620 1.08
P(EG29-Co-PyrGAus) 34 3340 1340 1.10
P(EG19-CO-PyrGAus) 44 2900 1050 1.10
P(EG20-Co-PyrGAuo) 48 3450 1210 1.10
P(EG14-Co-PyrGAzo) 59 3310 1080 1.08
P(EG11-CO-PyrGAza) 69 3690 950 1.08
P(EGe6-Co-PyrGA23) 79 3340 950 1.08
PPyrGAso 100 3970 1000 1.10
P(EGs1-co-PiGAs) 9 3100 1690 1.09
P(EGa4-c0-PiGAs) 19 2780 1640 1.07
P(EGs1-co-PiGA12) 28 3210 1740 1,08
P(EG24-co-PiGAa1s) 38 3330 1730 1.11
P(EG14-CO-PiGAus) 53 3030 1400 1.14
P(EG12-Co-PiGA17) 59 3080 1390 1.11
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Table S1: Characterisation data of the synthesised copolymers (continued).

Polymer mol%(GA)2 Mn2 (g mol?) MnP (g mol?) bb

P(EGu1o-co-PiGA19) 66 3270 1440 1.09
P(EGe-CO-PiGA1) 76 3100 1350 1.05
PPiGA20 100 2970 1330 1.03
P(EGs3-c0-AzGA4) 7 3110 2330 1.05
P(EGas7-co-AzGAy) 20 3180 1960 1.06
P(EGa2s-co-AzGA11) 31 2960 1810 1.06
P(EG19-c0-AzGA12) 39 2850 1690 1.08
P(EG16-c0-AZGA14) 47 3030 1500 1.10
P(EGu1o-c0-AzGA1s) 60 2920 1380 1.09
P(EGs-co-AzGAu1s) 67 2990 1290 1.08
P(EGs-c0-AzGAu16) 76 2850 1320 1.05
PAzGA17 100 2790 1020 1.06

We targeted copolymer series of 3000 g mol* with glycidyl amine (GA) share increasing in 10 mol% steps.
Exception were not synthesised polymers bearing 90% GA, due to used apparatus not allowing the low EO
content. 23Determined by 'H NMR spectroscopy (300 MHz, CDCls). PDetermined by SEC (DMF, RI detector, PEG

standards).

P(EG,,-co-PyrGA )
P(EG,,-co-PyrGA, )
P(EG,,,-co-PyrGA )
P(EG,,-co-PyrGA, )
P(EG,,,-co-PyrGA )
P(EG,,-co-PyrGA )
P(EG,,-co-PyrGA,_,)
P(EG,co-PyrGA, )
PPyIGA

P(EG,,<0-PIGA,)
P(EG,,-co-PiGA,)

P(EG,,-co-AzGA,)
P(EG,,-co-AzGA,)
P(EG,,-co-AZGA, ]

P(EG,-co-AZGA )
P(EG, -co-AZGA ]
P(EG, -co-AzGA, )
P(EG,<o-AZGA, )
P(EG,<o-AZGA )
PAZGA

P(EG,,-co-PiGA )
P(EG,,<o-PIGA )
P(EG,,<o-PIGA )

P(EG,,co-PIGA )
P(EG,co-PIGA )
PPIGA,,

S

21 22 23 24 25 26 27 20 21 22 23 24 25 26 27 21 22 23 24 25 26 27
elution volume [mL] elution volume [mL] elution volume [mL]

Figure S1: SEC traces of the PyrGA (left), PiGA (middle) and AzGA series (right) (DMF, PEG calibration, RI

signal).
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Figure S3: 13C NMR spectrum (CDCls, 75 MHz) of P(EG20-co-PyrGAus).
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Figure S5: 13C NMR spectrum (CDCls, 75 MHz) of P(EG14-co-PiGAus).

114

g
a h f
——
9 N g
e
@\/ f y
(o} oJy H
\/\0*{'\/ ,i p O‘]
b 4
c
ef
c,d
h
b
a
|
0 75 7.0 6.5 6.0 5.5 5.0 45 40 35 3.0 25 20 15 10
chemical shift [ppm]
Figure S4: *H NMR spectrum (CDClz, 300 MHz) of P(EG14-co-PiGAus).
G
A H E
——
G N E
@\/ j g
(o) OoJ} H
\/\0'{'\/ ,‘] S o«]
B
L r ) G
H
C
C
E
A
D
B \Mwmww
150 140 130 120 110 100 % 80 70 60 50 40 30 20 10 i



2 — Nitrogen bearing polyethers

7.26 CDCI3

hoO
a f
f N
@\/ g e
o oll” H
\/\o'{'\/ ’] d o’]
b d
[ ) g,h
T e,f
(o}
c,d
b
a
i i
J‘AO 7‘.5 7‘.0 é.S Ev‘.O 5‘A5 5‘.0 4‘A5 4‘.0 3‘.5 3‘.0 2‘.5 Z‘AO 1‘.5
chemical shift [ppm]
Figure S6: 'H NMR spectrum (CDClz, 300 MHz) of P(EG16-c0-AzGA14).
H G
A H E
F_N E
@\/ . y
(o} oJV H
\/\o*{'\//% S 0‘] H
B
c
F
c
G
D
Wwwmwww | E
60 150 140 130 120 110 100 % 80 70 60 50 40 30 20 10 i

chemical shift [ppm]

Figure S7: 13C NMR spectrum (CDCls, 75 MHz) of P(EG16-c0-AzGAu14).
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Figure S8: Additional DNA retardation assays. From left to right: copolymers with 69 and 48% of PyrGA and 7%
of AzGA. The tested PyrGA copolymers show full retardation of DNA. While some DNA binding is observable for
P(EGss-co-AzGAa), even high concentrations of up to 100 pg pL did not achieve full retardation.
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Figure S9: FACS scan of the control HEK-293 cells. Marked limits were determined in additional scans and are

indicating the presence (right) or absence (left) of DNA at the cell.
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Figure S10: FACS scan of with polymer/DNA complex and dye incubated HEK-293 cells. Marked limits were

determined in additional scans and are indicating the presence (right) or absence (left) of DNA at the cell. The

marked dilutions of the polymer samples were determined using the respective lowest concentration, which

showed efficient DNA binding in the DNA retardation assays.
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Figure S10: FACS scan of with polymer/DNA complex and dye incubated HEK-293 cells (continued). Marked

limits were determined in additional scans and are indicating the presence (right) or absence (left) of DNA at the

cell. The marked dilutions of the polymer samples were determined using the respective lowest concentration,

which showed efficient DNA binding in the DNA retardation assays.
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Figure S12: MFI of HEK-293 cells after incubation with agent and EGFP-mRNA in different dilutions.
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2 — Nitrogen bearing polyethers

Abstract

A series of glycidyl amine N-oxide polyethers with cyclic and acyclic amine N-oxide
side groups and their block copolymers with poly(propylene) oxide (Mn in the range
of 1.8 to 6.4 kg/mol) have been synthesised and investigated as kinetic hydrate
inhibitors using a structure 1l hydrate-forming gas mixture. Polymers based on cyclic
amine N-oxides, containing poly(piperidine glycidyl amine N-oxide) units gave a
remarkable KHI performance. The best polymers gave similar KHI performance to
commercial poly(N-vinylcaprolactam) (PVCap) at the same concentration of 2500
ppm. In addition, upon heating to 95 °C, the best polymers had no cloud point at 2500
ppm (0.25 wt%), even in 15 wt% sodium chloride solution. Thus, these polymers
possess excellent potential for injection into high-salinity-,

high-temperature-produced fluids.
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Introduction

Gas clathrate hydrates (or gas hydrates) are crystalline compounds comprising light
hydrocarbon gases trapped by water molecule lattices, which easily form in gas and
oil production flow lines under the situation of subsea and/or cold climate. The
formation of gas hydrates in pipelines can cause great potential risk to the flow
assurance.>? The deployment of kinetic hydrate inhibitor (KHI) is one of the most
efficient and money-saving methods to avoid the formation of gas hydrate in flow
lines. Because a very low dosage (1000-30000 ppm or 0.1-3.0 wt%) of a KHI can
give considerable gas hydrate inhibition performance, KHIs are classified as low-
dosage hydrate inhibitors (LDHIs).34

Hundreds of KHIs have been studied and reported since the early 1990s.° KHIs are
based on one or more water-soluble polymers as the main active ingredient. From
past studies, it has been shown that there are two key structural elements for a
polymer to be a good KHI: (i) the presence of hydrophilic groups to render the
polymer water-soluble, and (ii) the presence of appropriately-sized hydrophobic
groups, for example alkyl groups, preferably attached to the hydrophilic group.®’” The
amide moiety is a useful hydrophilic group, much used in commercial KHI polymers.
This group offers three covalent bonds (two from the nitrogen atom and one from the
carbon atom) that can in principle be used to connect hydrophobic groups. Immense
structural variation is possible in the case of amide-based KHIs. This may be the
reason why most reported KHIs at present are water-soluble amide-containing
polymers. The amine oxide group (N=0O, also written as N*-O") is highly hydrophilic
as a result of its strong polarity and it also possesses three covalent bonds for
connecting with hydrophobic groups. Recently, studies showed that amine oxide
compounds can perform well as KHIs, which was demonstrated for linear or
hyperbranched alkylated ethylene-amine oxides.®'° In addition, the amine oxide
group has been proven to be rather biocompatible, which meets the criteria of
designing environmentally friendly KHI.2%12 Thus, further investigation of amine
oxide-containing polymers as KHIs is of particular interest, which motivated the

studies presented here.

N-vinyl lactam and N-alkyl(meth)acrylamide are the most common monomer units
employed in KHI polymers. Several of their polymers and copolymers have already

been commercialised in this field, such as poly(N-vinylcaprolactam) (PVCap) and
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poly(N-isopropylmethacrylamide) (PNIPMAM) (Figure 1). PVCap is a member of the
poly(N-vinyl lactam) series with 7-membered pendant rings. PVCap was reported to
be an efficient KHI back in the early 1990s and is still regarded today as an industry
standard for comparison to newly developed KHiIs in laboratory studies. Commercial
PVCaps are available either as a 41.1 wt% in monoethylene glycol solution named
Luviap® EG or as 50 wt. % in 2-butoxyethanol solution named Inhibex™ 101. The
hydrate onset temperature (To) of 2500 ppm (0.25 wt%) Luvicap® EG is
approximately 8 °C on structure Il gas hydrate obtained from constant cooling tests
and that for Inhibex 101 is approximately 5 °C.%2 For the poly(N-vinyl lactam) series,
an increase in the KHI performance can be seen with the ring size enlarging from 5-
membered to 8-membered. At 2500 ppm, poly(N-vinyl pyrrolidone) (PVP), poly(N-
vinyl piperidone) (PVPip), PVCap, and poly(N-vinyl azacyclooctanone) (PVACO) with
similar molecular weight (Mw) of approximately 4000 g/mol gave an average To value
of 11.3, 10.5, 10.1, and 9.7 respectively.'* In another series of ring-based KHI
polymers, poly(3-methylene-2-piperidone) (3M2Pip) with six-membered rings gave
better inhibition performance than the poly(3-methylene-2-pyrrolidone) (3M2P) with

N
O“ 'NH

Figure 1: KHI polymers: poly(N-vinyl caprolactam) (PVCap) and poly(N-isopropylmethacrylamide) (PNIPMAM).

five-membered rings.*®

ExxonMobil showed that poly(N,N-diethylacrylamide) (PDEAM) gave worse KHI
performance than poly(acryloylpyrrolidine) (PAPYD), suggesting that the cyclic
pyrrolidino group is more efficient than the ring-opened diethylamino group.'617 In
more recent studies with hydrazide polymethacrylamides, poly(N-(pyrrolidin-1-
yl)methacrylamide) (PolyNPyMA) with a heterocyclic end group exhibited better
performance than poly(N,N-dimethylhydrazido methacrylamide) (PDMHMAM)
(Figure 2).1819
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Figure 2: From left to right: poly(N,N-diethylacrylamide) (PDEAM), poly(acryloylpyrrolidine) (PAPYD), and
poly(N-(pyrrolidin-1-yl)methacrylamide) (PolyNPyMA).

Amine N-oxide polyethers based on cyclic imines have not previously been
investigated. Therefore, we were interested to explore this class of polymers as KHIs
and compare them to amine oxides with diethylamine groups (i.e. “open” imine rings).
Here we report the synthesis of a series of ring imine and diethylamine N-oxide
polyethers. They include poly(piperidine glycidyl amine N-oxide) homopolymers,
block copolymers containing poly(propylene oxide) and poly(N,N-diethyl glycidyl
amine N-oxide), and block copolymers containing poly(propylene oxide) and
poly(piperidine glycidyl amine N-oxide). The molecular weight of these polymers
ranged from 2.1 to 6.4 kg/mol. Normally, the optimum molecular weight for a KHI
polymer is approximately from 1.0 to 3.0 kg/mol.31%14 The synthesised polymers
were investigated for their KHI performance in high-pressure rocking cells using a

synthetic natural gas mixture.

While the amine N-oxide group is the active component of these novel KHIs, we
aimed at an evaluation of the possible synergistic effects of a hydrophobic
comonomer. Propylene oxide stands out as an attractive comonomer because it is
widely available and established industrially. The resulting polyether, poly(propylene
oxide) (PPO), is characterised by its high chain flexibility and apolar character.
Despite the LCST (lower critical solution temperature) behaviour of short PPO chains
below 18 °C,?° an adjustable water solubility can be introduced into this hydrophobic
polymer by copolymerisation with glycidyl amines,?! rendering it a promising material
for use as a KHI.
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Experimental Section

Terminology

In this work the monomers N,N-diethyl glycidyl amine (DEGA) and piperidine glycidyl
amine (PiGA) were used to synthesise poly(glycidyl amines) (PGA). The oxidised
form is termed as poly(glycidyl amine N-oxide) (PGAO).

Synthesis of PPO-b-PDEGAO and PPO-b-PPIGAO block copolymers and PPiIGAO

homopolymers.

Details of the synthesis procedure have been reported previously.?? A summary is
given here. The synthesising procedure of the amine N-oxides polymers includes two
main steps: (i) Synthesis of PPO-b-PDEGA and PPO-b-PPiGA block copolymers and
PPiGA homopolymers: In a dried Schlenk flask the initiator poly(propylene oxide)
monobutyl ether was combined with a solution of KO'Bu and 18-crown-6 in a
benzene/methanol mixture. The solvent was removed; DEGA was added; and the
polymerisation was carried out for 48 h at 70 °C. The product was purified by liquid-
liquid extraction and dried to yield the polymer in typical yields of 70 - 90%. (ii)
Oxidation of the amines to amine-N-oxides: The polymer was oxidised by H202 and

dried to yield the poly(glycidyl amine N-oxide).

Using two different PPO macroinitiators (molecular weight of 1300 or 2800) as well
as the low-molecular-weight initiator 2-(benzyloxy)ethanol a series of block
copolymers and homopolymers were synthesised (Table 1, Figure 3). The degrees
of polymerisation of the glycidyl amines were targeted to be 5, 10 and 20 units for the
copolymers, and 20 and 25 for the homopolymers.

Table 1: Characterisation data of PPO-b-PDEGA, PPO-b-PPIiGA and PPiGA and the corresponding amine oxide

polymers (PGAO) [size exclusion chromatography (SEC) and nuclear magnetic resonance (NMR)].

GA Mn?@ MpP Mn(PGAO)?
Sample Bb
(mol %) (kg/mol) (kg/mol) (kg/mol)
PPO21-b-PDEGAs 22 2.1 1.4 1.08 2.2
PPO21-b-PDEGA12 36 2.9 1.5 1.10 3.0
PPO47-b-PDEGA11 23 4.3 2.6 1.17 4.4
PPO47-b-PDEGA20 30 54 2.7 1.19 57
PPO21-b-PPiGA3 13 1.8 1.4 1.05 1.8
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Table 1: Characterisation data of PPO-b-PDEGA, PPO-b-PPiGA and PPiGA and the corresponding amine oxide

polymers (PGAO) [size exclusion chromatography (SEC) and nuclear magnetic resonance (NMR)] (continued).

GA Mp2 MpP Mn(PGAO)?
Sample Db
(mol %) (kg/mol) (kg/mol) (kg/mol)

PPO21-b-PPiGA13 38 3.1 1.7 1.05 3.3
PPO21-b-PPiGA20 49 4.2 1.7 1.08 4.4
PPO47-b-PPiGA14 23 4.7 2.5 1.18 5.0
PPO47-b-PPiGA25 35 6.4 2.3 1.25 6.7

PPiIGA20 100 3.0 11 1.03 3.3

PPiGA24 100 3.5 14 1.03 3.9

aComposition and molecular weights determined by *H NMR (400 MHz, CDCls). PDetermined by SEC (DMF,

PEO calibration).
o\ N('FV O~ N O~ @
of\roﬂ.):o]“" 1’\r ﬂ): 0/\/0\‘)10}“

Figure 3: From left to right, structures of PPO-b-PDEGAOQO, PPO-b-PPIGAO, and PPIiGAO.

Kinetic Hydrate Inhibitor Performance Tests in High Pressure Rocker Rig.

The KHI performance tests were carried out in a rocker rig with five steel high-
pressure rocking cells (Figure 4), as reported in our previous studies.?32* The rocker
rig was supplied by PSL Systemtechnik, Germany. A synthetic natural gas mixture
(Table 2) was used to provide the high-pressure atmosphere for gas hydrate

formation, which theoretically forms structure Il hydrate as the most stable phase.
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Figure 4: High-pressure rocking cells for testing KHI performance.

Table 2: Composition of synthetic nature gas mixture.

Component mol %
methane 80.67
ethane 10.20
propane 4.90
CO2 1.84
isobutane 1.53
n-butane 0.76
N2 0.10

The slow constant cooling (SCC) test method was deployed to measure the KHI
performance of the amine oxide-containing polymers. This is a suitable and reliable
method to screen KHIs at laboratory scales, that has been used in many published

studies.?®2’ The procedure of the SCC method was as follows:

1. The five cells with 20 ml KHI aqueous solution and a steel ball in each were set
sequentially in the cooling bath.

2. The air in the cells was removed by vacuuming, purging with the synthetic natural

gas mixture, and vacuuming once more.
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3. Approximately 76 bar of synthetic natural gas mixture was loaded into each of the
cells at 20.5 °C.

4. The system was continuously cooled from 20.5 °C to 2 °C over 18.5 hours. The
cells were rocked at a rate of 20 full swings/min with the maximum rocking angle of

40° during the cooling period.

5. The data of pressure and temperature for each cell, and the temperature data of

the cooling bath were recorded by a local computer through sensors.

Figure 5 shows typical pressure and temperature graphs from a SCC program. The
individual temperature traces are all very close so they look like a single line. From
Figure 5, we can see that in the beginning of the test, there was approximately 1 bar
of pressure drop as a result of the gas dissolved in the KHI solution during initial
rocking. Then the pressure decreased linearly as the temperature decreased at a
constant rate in the closed cells. When the temperature cooled to 11.4 °C, which can
be seen more clearly from Figure 6, there was a second pressure drop, indicating the
formation of gas hydrate at this temperature. The value of 11.4 °C was treated as the
hydrate onset temperature (To) of the 2500 ppm of PPiGAO24 solution. The To value
is an important temperature parameter for field application, because it refers to the
first macroscopically detectable gas hydrate formation, although the gas hydrate
nucleation process might have started in the system before reaching To.28 With
temperature cooling down continuously, when the temperature reached 10.3 °C, at
which the corresponding pressure graph had the maximum slope, indicating rapid
gas hydrate formation. This temperature was taken as the Ta value of the 2500 ppm
PPIGAO24 solution. The difference between To and Ta refers to the ability of a KHI to
delay gas hydrate rapid formation. Normally 8 - 10 tests were repeated and averaged
to obtain better statistical information for comparison of the performance ranking of
the KHI polymers. A t-test was carried out to evaluate statistics, and it is considered
as a statistical significant difference in KHI performance of two polymers when p

value of their To values is less than 0.05.2°
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Figure 5: Temperature and pressure graphs from a constant cooling test for five cells. 2500 ppm of PPIGAO24

solution was used in each cell.

80

A
o
L

N
o

r 30

Pressure (bar)

w
o
L

r 20

Temperature (°C)

T,=11.4°C
.
. f10

N
o
L

[EEN
o
L

o

‘ ‘ - - - - - ‘ - 0
100 200 300 400 500 600 700 800 900 1000
Time (minutes)

o

Figure 6: Determination of the onset temperature (To) and rapid hydrate formation temperature (Ta) for cell 1.

2500 ppm of PPIGAO24 solution was used in cell 1.

Results and Discussion

Table 3 summarised the KHI performance results of each polymer at the
concentration of 2500 ppm in water from SCC tests. The results of pure deionised

water (DIW) and 2500 ppm of PVCap solution are also included in this table for
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comparison. PVCap solid with a molecular weight of 2000 - 4000 g/mol was made
from Luvicap® EG using multiple precipitations and high vacuum evaporation. Each
average To [To (av.)] value and average Ta [Ta (av.)] value was calculated from 8 - 10
SCC tests. The subcooling degree (AT) at To was the difference between the
predicted gas hydrate equilibrium temperature (Teq) and the corresponding To value.
We are aware that, with sufficient subcooling, structure | will also form, even from a
natural gas mixture like ours, as you also pass the structure | phase boundary.3
Because the To value refers to the first macroscopic detectable gas hydrate formation
in a solution, we have compared the KHI performance of polymers mainly based on
their To values. The KHI performance improves with a decreasing To value (or
increasing subcooling). From Table 2, all the solutions with polymer additives gave
lower To values than the deionised water. This means that all of the polymers have
inhibition effect on gas hydrate. At a concentration of 2500 ppm, none of the new
amine N-oxide polymers had a cloud point in deionised water, when heated up to
95 °C.

Table 3: Summary of the KHI performance results of each polymer at the concentration of 2500 ppm in water
from SCC tests.

Name T@)eo) Lo g T
To (°C) (av.) (°C)

DIW 16.6 3.8 16.5 0.1
PVCap 10.4 9.8 9.9 0.5
PPO21-b-PDEGAOs 15.2 5.2 15.1 0.1
PPO21-b-PDEGAO1.  15.7 4.7 15.6 0.1
PPOs-b-PDEGAO1.  14.9 5.5 14.8 0.1
PPOs-b-PDEGAOx  14.8 5.6 14.7 0.1
PPO21-b-PPIGAO3 125 7.8 11.1 1.4
PPO21-b-PPIGAO1s 10.6 9.6 10.0 0.6
PPO21-b-PPIGAO20 11.3 8.9 10.8 0.5
PPO47-b-PPIGAO14 9.8 10.4 9.7 0.1
PPO47-b-PPIGAO2s 10.8 9.4 10.6 0.2
PPIGAO20 9.9 10.3 8.7 1.2
PPIGAO24 11.4 8.8 10.3 1.1
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The four block copolymers combining poly(propylene oxide) and poly(N,N-diethyl
glycidyl amine N-oxide) blocks showed little inhibition performance regarding gas
hydrate formation, as they gave To values just a little lower than pure water.
Copolymer PPO21-b-PDEGAOs and copolymer PPO21-b-PDEGAO12 have the same
number of poly(propylene oxide) units, but different number of poly(N,N-diethyl
glycidyl amine N-oxide) repeating units. Although copolymer PPO21-b-PDEGAOs and
copolymer PPO2i1-b-PDEGAO12 gave To (av.) values of 15.2 °C and 15.7 °C,
respectively, they showed the same KHI performance as a result of the p value more
than 0.05 from t-test analysis. p>0.05 means that there is no statistically significant
difference between the results of the two samples.?® This same KHI performance of
PPO21-b-PDEGAOs and PPO21-b-PDEGAO:2 indicates that the poly(N,N-diethyl
glycidyl amine N-oxide) block in copolymers had a negligible effect on KHI
performance, because an increased number of these moieties in the copolymers did
not increase the KHI performance. Copolymer PPO47-b-PDEGAO11 and copolymer
PPO47-b-PDEGAO20 also gave similar To (av.) values, which further confirmed the
weaker ability of the poly(N,N-diethyl glycidyl amine N-oxide) block polymers in
inhibiting gas hydrate formation. Nevertheless, the number of the poly(propylene
oxide) units affected the KHI performance of the block copolymer, because from the
t-test, copolymer PPO47-b-PDEGAO11 showed a statistically significant better KHI
performance than the copolymer PPO2:-b-PDEGAOi12 with less number of
poly(propylene oxide) units but similar number of poly(N,N-diethyl glycidyl amine N-
oxide) units. However, the KHI effect of poly(propylene oxide) block in copolymer is
very limited, because this group is not sufficiently hydrophobic.®® Previous studies
showed that the size and shape of the hydrophobic groups in a polymer are critical
for optimal KHI performance.®>3132 Therefore we investigated block copolymers
containing poly(propylene oxide) units and the more hydrophobic poly(piperidine

glycidyl amine N-oxide) units.

132



2 — Nitrogen bearing polyethers

14
A ATo Ta
13 A
o :
; 12 % ’
= X
>
g 4 : ’ :
3 4 A $
o t I Iy . E ‘
%10 3 %
— * i Y
9 a2
8
i o @ ® S & ® o
JRCANC A R S Y s
K & L& L& L& & &

Figure 7: Summary of the KHI performance results of polymers with poly(piperidine glycidyl amine N-oxide)
units at 2500 ppm.

The polymers with poly(piperidine glycidyl amine N-oxide) units showed significantly
better KHI performance (Table 3 and Figure 7) than those with diethylamine N-oxide
groups. Although the difference in performance between the 7 polymers containing
poly(piperidine glycidyl amine N-oxide) is not large, only varying from 9.8 to 12.5 °C
for the To average values, statistical significance can be obtained from t-tests to rank
the KHI performance of these polymers. The copolymer PPO21-b-PPiGAO3, which
contains 21 poly(propylene oxide) units and 3 poly(piperidine glycidyl amine N-oxide)
units, gave an average To value of 12.5 °C. The copolymer PPO21-b-PPiGAO13 gave
an average To value of 10.6 °C, which is a KHI performance on a par with the
commercialised PVCap. The number of poly(propylene oxide) units in copolymer
PPO21-b-PPiGAO13 is the same as that in copolymer PPO21-b-PPIGAOQOs, but the
number of poly(piperidine glycidyl amine N-oxide) units in the former is higher than
that in the latter. This means that the better KHI performance of the copolymer
PPO21-b-PPiGAOas is attributed to a greater number of poly(piperidine glycidyl amine
N-oxide) units. However, the copolymer PPO21-b-PPiGAO20 with 20 poly(piperidine
glycidyl amine N-oxide) units gave larger To values (p<0.05 from the t-test) than the
copolymer PPO2:1-b-PPiGAO13 with 13 poly(piperidine glycidyl amine N-oxide) units

indicating that too many poly(piperidine glycidyl amine N-oxide) units in a copolymer
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can lead to worse KHI performance. The same is true for copolymer
PPOa47-b-PPiGAO14 and copolymer PPOa47-b-PPiGAO2s. Both of them contain 47
poly(propylene oxide) wunits, but copolymer PPOa47-b-PPiGAO14 has 14
poly(piperidine glycidyl amine N-oxide) units and it gave a To (av.) value of 9.8 °C
while copolymer PPOa47-b-PPiGAO2s5 has 25 poly(piperidine glycidyl amine N-oxide)
units and it gave a To (av.) value of 10.8 °C. Therefore, it appears that there is an
optimal number of the poly(piperidine glycidyl amine N-oxide) units between 3 and
20 to lead to the best copolymer performance. This may also explain why the
homopolymer PPiGAO24 with 24 poly(piperidine glycidyl amine N-oxide) units gave
worse KHI performance than the homopolymer PPiGAO20 with 20 poly(piperidine
glycidyl amine N-oxide) units, because 24 is not within the optimal number of the
poly(piperidine glycidyl amine N-oxide) units.

In comparison of the results of copolymer PPO21-b-PPiGAO13 (To (av.) = 10.6 °C) and
copolymer PPOa47-b-PPiGAO14 (To (av.) = 9.8 °C) with a similar number of
poly(piperidine glycidyl amine N-oxide) units but greater number of poly(propylene
oxide) units in the latter, we further confirm that a greater number of poly(propylene
oxide) units in the polymer gives advantage to the KHI performance. Copolymer
PPO47-b-PPiGAO2s and homopolymer PPIGAO2s4 contain similar number of
poly(piperidine glycidyl amine N-oxide) units, and the copolymer with 47
poly(propylene oxide) units performed better (p <0.05 from t-test), which means that
the copolymerisation is beneficial to the KHI performance. To our surprise, the
copolymer PPO21-b-PPiGAO20 with 21 poly(propylene oxide) units and 20
poly(piperidine glycidyl amine N-oxide) units gave worse KHI performance (p <0.05

from t-test) than the homopolymer PPiGAO20 with only 20 poly(piperidine glycidyl
amine N-oxide) units. This is tentatively ascribed to the mole ratio of the two
compositions in copolymer PPO21-b-PPiGAO20, which does not represent the optimal
value. This relates to previous studies that showed that the KHI performance could
be affected by the mole fraction of the monomers in copolymers.33-3% The reason why
the polymers with piperidine glycidyl amine N-oxide units gave better KHI
performance than those with diethylamine N-oxide groups may be as follows: We
believe that the large cone angle produced by two ethyl groups compared to
piperidine is crucial. Thus, two ethyl groups are not as effective as the six-membered

ring for disrupting (or entering, depending on how you view the KHI mechanism)
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hydrate cavities in hydrate nuclei. Two ethyl groups will also lose more rotational
entropy when entering cavities because this rotation is not available to a cyclic group.
Yagasaki et al. reported that the entropic stabilisation caused by the cavities at the
hydrate surface is preferential for absorption from cyclic rather than acyclic groups
as long as they have a suitable size.®® Thus, the six-membered ring can be
accommodated in open cavities on the gas hydrate surface. Therefore, probably the
most active hydrophobic group in our series of amine N-oxide polymers is the cyclic

piperidine ring.

We knew already that the homopolymer PPiGAO20 gave no cloud point in deionised
water; therefore, we wanted to see if it was compatible with brines. We found that
this homopolymer gave no cloud point in 15 wt% sodium chloride solution up to 95
°C. This polymer is therefore suitable for injection at high well temperatures and high
salinity brines, which is not possible for many established, commercial KHI polymers.
The poor compatibility of high-performance commercial KHI polymers, such as
PVCap, was reported in the literature.3’-3°

The problem relates to the salting out effect of electrolytes according to the
Hofmeister series. Most salts show a salting out effect, including sodium chloride.*%-
43 The excellent compatible behaviour of PPIGAO20 with a high concentration of
sodium chloride solution may be due to the amine N-oxide group. The amine N-oxide
groups with greater polarity than the amide groups that exist in commercial KHI
polymers allow for high solubility of the PPIGAO20 polymer in brine solutions at a high
temperature, despite the hydrophobic effect from the rest of the six-membered ring

piperidine group.*

We also aimed at exploring the change in performance of the respective
homopolymer at varying concentrations. It is generally accepted that the performance
of a KHI polymer improves with an increasing concentration in the typical deployment
window of 1000-10000 ppm (0.1-1.0 wt%). However, the rate of improvement varies
considerable between polymer classes.*>~*" Table 4 and Figure 8 summarised the
KHI performance of homopolymer PPiGAO24 at varying concentrations ranging from
1250 ppm to 7500 ppm. We chose homopolymer PPIGAO24 to evaluate the KHI
performance with varying concentrations, because this was the only sample that was
available for making higher concentration solutions. At a concentration of 1250 ppm,
the homopolymer PPiGAQO24 gave an average To value of 13 °C and Ta value of 12.2
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°C. When the concentration increased to 2500 ppm, the corresponding To (av.) ad Ta
(av.) values decreased to 11.4 °C and 10.3 °C, respectively, indicating that a higher
concentration leads to better KHI performance. The same trend is true for solutions
at 5000 ppm and 7500 ppm. Although some individual results of the PPIGAO24
solutions at the highest two concentrations overlapped in Figure 8, the To and Ta

values of 5000 ppm solution are statistically significant higher (p<0.05) than those

of the 7500 ppm solution based on t-tests (10 tests at each concentration).

Table 4: Summary of the KHI Performance Results of PPiGAO24 at Varying Concentrations in Water from SCC

tests.

Conc. To(av.) AT (av.) Ta(av.)

To (av.) — Ta(av.)

Name . ) ) )
(ppm) (°C) atTo(°C)  (°C) (°C)
1250 13.0 7.3 12.2 0.8
) 2500 11.4 8.8 10.3 1.0
PPIGAO24
5000 8.9 11.3 8.0 0.9
7500 8.0 12.2 6.9 1.1
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Figure 8: KHI performance results for PPIGAO24 at varying concentrations.

Conclusion

In this study we introduce a series of poly(piperidine glycidyl amine N-oxide)

homopolymers, block copolymers with poly(propylene oxide) and poly(N,N-diethyl
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glycidyl amine N-oxide), and block copolymers containing poly(propylene oxide) and
poly(piperidine glycidyl amine N-oxide) and investigate them as kinetic hydrate
inhibitors in the high-pressure rocking cells using synthetic nature gas mixture. The
copolymer with best KHI performance is the one containing 47 poly(propylene oxide)
units and 14 poly(piperidine glycidyl amine N-oxide) units, gave an average To value
of 9.8 °C. The best homopolymer with 20 poly(piperidine glycidyl amine N-oxide) units
also gave an average To value of 9.9 °C.

We have also chosen one of the most efficient polymers in this study to evaluate the
KHI performance at varying concentrations. The average To value of the
homopolymer containing 24 piperidine glycidyl amine N-oxide units decreased from
13.0 °C to 8.0 °C when the concentration of this polymer increased from 1250 ppm
to 7500 ppm.

This study has shown that polymers with piperidine glycidyl amine N-oxide groups
are KHIs with both good inhibition performance and excellent compatibility with high
salinity brines. Because these polymers have such good compatibility with high
salinity brines, there is room to explore polymers with more hydrophobic groups, as
this may improve the performance. We will be reporting on this in our next study,
particularly polymers with varying size cyclic amine groups.*® In addition, there is a
benzyl end-cap on the best amine N-oxide homopolymer, and we know that aromatic
rings as end-caps are detrimental to the KHI performance.?* Future polymers will also

explore other end-capping groups.
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Supporting Information

Reagents

All chemicals were purchased from Acros Organics, Fisher Scientific, Roth, Sigma-
Aldrich, TCI, VWR, Fluka or Deutero GmbH. Glycidyl amines were synthesised in
accordance with literature.>? PPO (2800 g/mol) was synthesised in accordance to

literature.?
Instrumentation

'H NMR (300 MHz) spectra were recorded on a Bruker Avance Ill HD 300 (5 mm
BBFO-Probe with z-Gradient and ATM). Size exclusion chromatography (SEC) was
performed in N,N-dimethylformamide (DMF), containing 1 g/mL lithium bromide, at
50 °C with a flow rate of 1 mL/min. The system consisted of an Agilent 1100 Series,
HEMA columns with 300/100/40 A porosity and Agilent G1362A RID as refractive
index detector (Agilent Technologies, Santa Clara, CA, USA). The system was
calibrated with poly(ethylene oxide) (PEG) standards by Polymer Standards Service

(PSS, Mainz, Germany). Toluene was used as an internal reference.
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Abstract

The formation of gas hydrates in flow lines is one of the most severe problems for
flow assurance in gas and oil industry. Developing effective kinetic hydrate inhibitors
(KHI) to avoid the problem of gas hydrate formation has attracted widespread
attention. In this study, a series of poly(glycidyl amine N-oxide)s (PGAO) with 5-7-
membered rings as side chains, poly(pyrrolidine glycidyl amine N-oxide)s
(PPyrGAO), poly(piperidine glycidyl amine N-oxide)s (PPiGAO) and poly(azepane
glycidyl amine N-oxide)s (PAzGAO), with varying molecular weights have been
synthesised. The KHI performance of these glycidyl amine N-oxide polyethers has
been evaluated in high-pressure rocking cells with synthetic natural gas (SNG)
mixture. The PGAOs with lower molecular weights gave better KHI performance, and
at 2500 ppm the best one gave an average T, value of 9.8 °C (AT = 10.4 °C), which
is on a par with polyvinylcaprolactam (PVCap). Even in high concentration of brine
solution, none of the PGAOs showed a cloud point up to 95 °C. Employing molecular
weights of around 4 kg/mol, the KHI performance of the PGAOs follows the following
trend, correlating with the ring size: PPyrGAO < PPIGAO < PAzGAO. However, at
higher molecular weight, the ring size of the pendant group did not affect the KHI
performance of the PGAOs. PPIGAO with the smaller piperidine ring groups gave
better inhibition effect than PAzGAO when the molecular weights were at
approximately 8 kg/mol. In addition, the KHI performance of one of the best
PAzGAOs was tested in the concentration range from 1000 to 5000 ppm, and an
increase of the KHI performance with increasing concentration of polymer was
observed. The amine N-oxide functional group is critical for the KHI performance of
these polymers, as poly(pyrrolidine glycidyl amine)s (PPyrGA) and poly(azepane
glycidyl amine)s (PAzGA) with amine groups instead of the N-oxide gave a negligible
inhibitory effect.
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Introduction

Gas hydrates are clathrate crystalline solids consisting of water crystal structures as
well as physically trapped gas molecules, such as nitrogen, carbon dioxide and light
hydrocarbons like methane, ethane, and propane.*3 Structure | (sl) hydrate, structure
Il (sll) hydrate, and structure H (sH) hydrate can be formed at conditions of low
temperature and high pressure. The temperature-pressure phase boundaries and

type of gas hydrates formed will depend on the gas composition.*

The formation of gas hydrates is one of the biggest problems of gas and oil flow
assurance, especially in offshore development.>’ If the temperature is low, such as
in the subsea and cold climate operation area, gas hydrates are easy to form. Once
gas hydrates form in the flow line or any other place in the production and
transportation system, they tend to be difficult to remove. Thus, to avoid the problem
of gas hydrate formation in gas and oil industry, the best strategy is to prevent gas

hydrates from forming.

Many methods, including hydraulic methods, water removal, thermal methods, and
chemical methods, have been proposed to prevent the formation of gas hydrates.
Among these mentioned gas hydrate prevention methods, chemical methods,
especially the method of injecting low dosage-hydrate inhibitors (LDHI), are relatively
more efficient and cost-saving.8-1° Kinetic hydrate inhibitors (KHI) belong to LDHI, as
the effective dosage of KHI can be less than 5 wt. %. Since the early 1990s, when
the very first efficient KHI polyvinylpyrrolidone (PVP) was reported, hundreds of KHIs
have been discovered. A few kinds of KHIs have been commercialised, such as
N-vinylcaprolactam (VCap)-based homo- and copolymers,
N-iso-propylmethacrylamide (NiPMAM) homo- and copolymers, hyperbranched
polyesteramides and polyester pyroglutamates are also available commercially.
(Figure 1). Most reported KHIs and nearly all the current commercial KHIs are amide

group-containing polymers.t 12
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Figure 1: Structures of various commercial KHIs. Poly(N-vinylcaprolactam), PVCap (top left); poly(N-iso-
propylmethacrylamide), PNiPMAM (top right); hyperbranched polyesteramide (bottom left); polyester
pyroglutamate (bottom right).

Recently, several series of non-amide polymers, such as
poly(isopropenyloxazoline),*® poly(vinylphosphonate) diesters,* poly(alkyl ethylene
phosphonate)s,*® poly(amine N-oxide)s,6-18 poly(vinylsulfonamide)s,*®
poly(vinylaminal)s,?® poly(sulfobetaine methacrylate)s?* and polysaccharides like
starch, chitosan and pectin,!! have been reported to be excellent KHIs (Figure 2).
Poly(amine N-oxide) non-amide KHIs have attracted increasing attention, due to the
immense structural variability, their superior hydrophilicity, and, most importantly, the
remarkable inhibition performance of amine N-oxide polymers. Reports showed that
hyperbranched polyethyleneimine-alkyl-amine N-oxides (HPEI-R-AQO), especially
those with large alkyl groups, can inhibit the formation of both sl and sll hydrates
effectively.”- 22 Lately, Zhang et al. reported that poly(piperidine glycidyl amine N-
oxide) (PIGAO) showed considerable KHI performance on sll hydrate. The best
results were on a par with the highly established commercial PVCap.?® In addition,
even in high-salinity solution, the PIGAOs gave no cloud point when heated up to 95
°C, while the cloud point of PVCap in aqueous solution is around 35 °C.10 24 25 For
many KHI series, the polymer with lower cloud point gave better inhibition
performance.?® Ring expansion to a 7-membered azepane ring for the pendant group

is a key strategy to decrease the cloud point of the KHI polymer.?”: 22 Thus, enlarging
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the six-membered ring of the PIGAOs may improve the inhibition performance of this
poly(amine N-oxide) KHI series, which motivated this study. We also included
polymers with the 5-membered pyrrolidine ring for comparison to the pyrrolidone ring
found in several commercial N-vinyl pyrrolidone-based KHI polymers.
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Figure 2: Structures of non-amide KHIs. From left to right: polyisopropenyloxazoline, poly (dialkyl
vinylphosphonate)s, poly(vinylsulfonamide)s, and hyperbranched polyethyleneimine-alkyl-amine N-oxides
(HPEI-R-AO). R = alkyl group.

In addition, previous studies showed that a larger size of the pendant cyclic groups
of a KHI polymer can lead to better inhibition performance. For example, with the
molecular weights (Mn) at around 4 kg/mol, poly(N-vinyl lactam)s gave an improved
inhibition performance, when the size of the pendant ring groups increased from five
to eight members.?8 Also, poly(3-methylene-2-piperidone) (3M2Pip) containing larger
cyclic pendant groups was reported to be a better KHI inhibitor than poly(3-
methylene-2-pyrrolidone) (3M2P).2” At a molecular weight of approximately 20
kg/mol the polyvinylaminal with cyclohexyl groups gave better inhibition performance

than its analogue with cyclopentyl groups.?°

In this study we have synthesised a series of poly(glycidyl amine N-oxide)s (PGAO)
with varied cyclic imines, namely poly(pyrrolidine glycidyl amine N-oxide)s
(PPyrGAO), poly(piperidine glycidyl amine N-oxide)s (PPiGAO) and poly(azepane
glycidyl amine N-oxide)s (PAzGAO), respectively (Figure 3). The molecular weights
(Mn value) of these PGAOSs range from 1.4 to 8.5 kg/mol. The inhibition performance
on sll hydrates of these synthesised PGAOs was evaluated by using synthetic natural
gas (SNG) mixture in high-pressure rocking cells.
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g g oF

Figure 3: Structures of PPyrGAO (left), PPIGAO (middle) and PAzGAO (right).

Experimental Section

Materials

All chemicals for the syntheses and characterisation of monomers and polymers
were purchased from Acros Organics, Fisher Scientific, Roth, Sigma-Aldrich, TCI,
VWR or Deutero GmbH. Epichlorohydrine and pyrrolidine were obtained in 99%
purity from Acros Organics; piperidine was obtained in 99% purity from Sigma-
Aldrich; azepane was obtained in 98% purity from Alfa Aesar. Benzyloxyethanol and
ethylene glycol monobutyl ether with purities of 98% or 99%, respectively, were

purchased from TCI.
Instrumentation

'H NMR (300 MHz) and **C NMR (75 MHz) spectra were recorded on a Bruker
Avance IlIl HD 300 (5 mm BBFO-Probe with z-Gradient and ATM). Size exclusion
chromatography (SEC) was typically carried out in N,N-dimethylformamide (DMF) at
50 °C, containing 1 g/mL lithium bromide with a flow rate of 1 mL/min on an Agilent
1100 Series, HEMA columns with 300/100/40 A porosity and Agilent G1362A RID as
refractive index detector. Calibration was performed with poly(ethylene oxide) (PEG)
standards by Polymer Standards Service (PSS, Mainz, Germany). SEC of in DMF-
insoluble polymers was done at 40 °C in hexafluoroisopropanol containing 3 g/L
potassium trifluoroacetate with a flow rate of 0.8 mL/min, using columns packed with
modified silica (PFG columns) 100/1000 A porosity and calibrated with Poly(methyl
methacrylate) (PMMA) standards by PSS.
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Synthesis of Monomers

The syntheses of the glycidyl amine monomers were adapted from the literature
synthesis of piperidine glycidyl amine.?® In the following, the synthesis of azepane
glycidyl amine (AzGA) is described exemplarily.

Azepane (15.0 mL, 1 eq, 0.13 mol) was kept at 0 °C by a water/ice bath, while
10.2 mL epichlorohydrin (1 eq, 0.13 mol) was added dropwise under vigorous
stirring. After addition, the mixture was stirred for 90 minutes at 0 °C. While the
mixture was slowly allowed to reach room temperature, a cooled solution of 5.2 g
NaOH (1 eq, 0.13 mol) in 12 mL of water was added. After stirring overnight, the
mixture was diluted with 50 mL of water and extracted three times with 50 mL of
diethyl ether each time. The combined organic phases were dried over MgSO4, and
the solvent was removed under reduced pressure; subsequently, the product was
isolated in high purity by distillation under reduced pressure in typical yields of 60-
70%. AzGA was identified as a colourless liquid. *H NMR (300 MHz, CDCIls3) & 3.01
(dtd, J=6.5, 3.8, 2.7 Hz, 1H, CH), 2.78 — 2.54 (m, 1H, CH2-CH; 1 H, CH-CH2-N; 4H,
N(-CH2-CH2)2), 2.48 — 2.38 (m, 1H, CH2-CH and 1H, CH-CH2-N), 1.69 — 1.43 (m, 8H,
(CH2)4). 3C NMR (75 MHz, CDCI3) 8 60.66 (CH-CH2-N), 56.06 (N-(CH2-CH3)2), 50.99
(CH), 45.13 (CH2-CH), 27.97 (N-(CH2-CH2)2), 26.94 (N-(CH2-CH2-CHz2)2).

Pyrrolidine glycidyl amine (PyrGA) and piperidine glycidyl amine (PiGA) were
synthesised in a similar manner. However, for PyrGA 1.5 equivalents of
epichlorohydrin and NaOH were used in the reaction, and stirring was reduced from
overnight to 30 minutes; petroleum ether was used for the extraction procedure. In
the synthesis of PiGA the mixture was stirred for 2 hours at 0 °C, and the NaOH
solution was added after the mixture reached room temperature. The
characterisation data for PiGA was reported previously.?® PyrGA was identified as a
colourless liquid. *H NMR (300 MHz, CDClz) & 3.05 (dtd, J = 6.7, 4.0, 2.7 Hz, 1H,
CH), 2.77 — 2.68 (m, 1H, CH2-CH and 1 H, CH-CH2-N), 2.53 (tdd, J = 6.5, 4.7, 3.3
Hz, 4H, N(-CH2-CHz2)2), 2.46 (dd, J = 5.0, 2.7 Hz, 1H, CH2-CH), 2.37 (dd, J = 12.8,
6.5 Hz, 1H, CH-CH2-N), 1.79 — 1.71 (m, 4H, N-(CH2-CH.)2). 3C NMR (75 MHz,
CDCls) & 58.50 (CH-CH2-N), 54.50 (N-(CH2-CH2)2), 50.86 (CH), 45.36 (CH2-CH),
23.36 (N-(CH2-CH2)2).
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Polyether Synthesis

The synthesis of the novel polyethers consisted of two steps, adapted from a
literature protocol for poly(piperidine glycidyl amine-N-oxide).?° (1) The initiator
ethylene glycol monobutyl ether (EGBE) (1 eq), or benzyloxyethanol (BnO) (1 eq),
respectively, was combined with a solution of KO'Bu (0.5 eq) and 18-crown-6 (1 eq)
in a benzene/methanol 5:1 mixture in a dried Schlenk flask. After removal of the
solvents, monomer was added, and the polymerisation was carried out at 40 °C for
48-72 hours. After purification by liquid-liquid extraction and removal of the solvents
the polymer poly(glycidyl amine) (PGA) was isolated. (2) The oxidation of PGA (1 eq)
was performed by addition of aqueous H20:2 solution (1.2 eq) and stirring overnight
at room temperature. After drying, fully oxidised poly(glycidyl amine N-oxide) (PGAQO)
was obtained in typical yields of 70-90%.

Kinetic Hydrate Inhibitor Performance Tests

The kinetic hydrate inhibitor performance tests of the synthesised glycidyl amine
N-oxide polyethers were carried out in a high-pressure rocker rig, provided by PSL
Systemtechnik, Germany. This high-pressure equipment contains five separate cells,
so five parallel experimental results can be obtained from one testing process.30:31 A
synthetic natural gas (SNG) mixture (Table 1), which theoretically forms sll hydrate

as the most stable phase, was used to supply the high pressure in the cells.

Table 1: Composition of SNG mixture.

Component mol %
nitrogen 0.11
n-butane 0.72

isobutane 1.65
propane 5
CO2 1.82
ethane 10.3
methane 80.4

The hydrate onset temperature (To) and the rapid hydrate formation temperature (Ta)
obtained from the slow constant cooling (SCC) tests were used to evaluate the kinetic

hydrate inhibitor performance of the polymers in this study. The brief procedure of
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the SCC test is as follows: 20 ml of KHI solution was loaded into the five test cells,
each of which has a maximum inner volume of 40 ml. Usually, KHI solutions were
made at least 24 hrs before the SCC tests to ensure complete dissolution of the
polymers. The five cells were placed sequentially in the water bath of the rocker rig.
A procedure of vacuum - purge with SNG mixture - vacuum was applied to remove
air from the cells. Approximately 76 bars of SNG mixture was added to each cell
when the temperature for each cell had stabilised at 20.5 °C. The inlet/outlet value of
each cell was then switched off. Subsequently, the temperature of the cooling bath
was slowly decreased with the cooling rate set at 1 °C/h. During the constant cooling
period, the cells were rocked (20 full swings/min, maximum 40°) for agitation. The
temperature and pressure data for each cell were recorded and saved in a local
computer. Figure 4 shows an example of the temperature-time and pressure-time

curves for all the five cells from one SCC test process.
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Figure 4: Example of the temperature-time and pressure-time curves for all the five cells from one SCC test
process. Each cell contained 20 ml of EGBE-PAzGAOss solution at 2500 ppm. RC Temp. means the
temperature of the cooling bath of RC5.

Figure 5 shows an example of how to analyse the hydrate onset temperature (To)
and the rapid hydrate formation temperature (Ta) from the pressure and temperature
curves. As the temperature constantly decreased, the pressure in the cell also
decreased linearly. When the gas molecules in the cell were consumed to form gas

hydrates, the pressure curve deviated from the original linear track. The temperature
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at the point of the first pressure deviation (Po) was identified as To. The temperature

at the point of the fastest pressure deviation (Pa) was called Ta.
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Figure 5: Example of analysing the hydrate onset temperature (To) and the rapid hydrate formation temperature
(Ta) for one cell. The cell contained 20 ml of EGBE-PAzGAOzs solution at 2500 ppm.

Results and Discussion

Utilising the anionic ring opening polymerisation (AROP) of the epoxide monomers
pyrrolidine glycidyl amine (PyrGA), piperidine glycidyl amine (PiGA) and azepane
glycidyl amine (AzGA) as well as the two different initiators benzyloxyethanol (BnO)
and ethylene glycol monobutyl ether (EGBE) a series of poly(glycidyl amine)s were
prepared and oxidised to obtain poly(glycidyl amine N-oxide)s (PGAO). The
preparation of the monomers was performed in analogy to known literature
procedures by the reaction of epichlorohydrin with the corresponding amine.?® To the
best of our knowledge, PyrGA and AzGA were used as intermediates in organic
reactions but have never been polymerised to date.®? Both 'H NMR and 3C NMR
spectra of PyrGA and AzGA are given in Figures S1-S3. Via the crown ether-assisted
AROP of the monomers, the corresponding polyethers were synthesised in yields of
70-90% with narrow dispersity, typically below 1.23 (Table 2). The molecular weights
determined by 'H NMR spectroscopy (spectra before and after oxidation in Figures

S5 and S6) show discrepancies to the molecular weights calculated by size exclusion
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chromatography (SEC), caused by the different elution behaviour of the
functionalised polyethers in comparison to the PEG standards used for calibration.
(We note that Mn was measured by NMR using two different solvents because of the
solubility change due to the oxidation step). This effect was reported previously by
different authors.333* While the SEC curves of polymers insoluble in N,N-
dimethylformamide show a monomodal distribution, the molecular weights and
dispersities are not comparable due to the PMMA standard used for these

measurements.
Table 2: Characterisation data of PGA and PGAO.

Name Mn2 kg/mol  Mn? kg/mol Db Mn(PGAO)¢ kg/mol
EGBE-PPyrGAg 1.3 0.6 1.17 -
EGBE-PPyrGAis 2.4 1.0 1.09 2.7

BnO-PPyrGA20 2.7 1.3 1.04 3.0
EGBE-PPiGA10 15 0.8 1.10 1.7
EGBE-PPiIGA24 3.5 1.2 1,07 3.9
EGBE-PPiIGA49 7.0 - 1.199 7.8
EGBE-PAzGA14 2.3 0.9 1.06 2.5
EGBE-PAzGA23 3.7 0.8 1.23 4.1
EGBE-PAzGAss 6.0 - 1.87¢ 6.6
EGBE-PAzGAu49 7.7 - 1.21d 8.5

aMolecular weights determined by *H NMR (300 MHz, CDCls). "Determined by SEC (DMF, PEG-calibration).
*Determined by 'H NMR (300 MHz, D20) “Determined by SEC (HFIP, PMMA-calibration). Not comparable data
due to different calibrations and solvents.

Table 3 summarises the results of the KHI performance for the synthesised PGAOs
at the concentration of 2500 ppm. The results of deionised water (DIW) and
polyvinylcaprolactam (PVCap) were also listed in this table for comparison. The
PVCap (2~4 kg/mol) solid used in this study was obtained from the commercial
Luvicap EG by removing the monoethylene glycol solvent. The average To (To (av.))
and average Ta (Ta (av.)) values for each polymer were calculated from at least five
repeated tests. Subcooling (AT) was calculated by using the equilibrium temperature
at the pressure of P, (see Figure 5) minus the value of To. The difference between T,
(av.) and Ta (av.) indicates the degree of how a KHI polymer stops the rapid hydrate
formation once the detectable gas hydrates occurs. As T, value refers to the first
detectable gas hydrate formation, which is the most important parameter for
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evaluating the KHI performance of a polymer, we will focus on discussing T, values.
In addition, as seen in Table 3, when comparing the performance of the KHI
polymers, their Ta values almost follow the same trend as the T, values. Generally,
lower T, values translate to better KHI performance.

Table 3: Summarised results of the KHI performance obtained from the SCC tests.2

N kgj::o To(av.) AT (av.)at Ta(av.) To (av.) = Ta
| (°C) To (°C) (°C) (av.) (°C)

DIW - 16.3 4.1 16.2 0.1
PVCap 2-4 10.4 9.8 9.9 0.5
EGBE-PPyrGAO1s 2.7 13.5 6.8 11.2 2.3
BnO-PPyrGAO2o 3.0 13.2 7.1 12.0 11
EGBE-PPIGAO10 1.7 9.8 10.4 8.7 1.0
EGBE-PPIGAO24 3.9 11.7 8.5 10.6 11
EGBE-PPIGAO49 7.8 13.3 7.0 12.2 1.1
EGBE-PAzGAO14 2.5 9.8 10.4 9.1 0.6
EGBE-PAzGAO:23 4.1 10.0 10.2 9.2 0.8
EGBE-PAzGAOss 6.6 11.7 8.5 10.1 1.6
EGBE-PAzGAOu49 8.5 13.6 6.7 12.2 14
EGBE-PPyrGAq 1.3 17.0 3.4 16.5 0.5
EGBE-PAzGA14 2.3 17.1 3.3 16.7 0.4
EGBE-PAzGA23 3.7 16.8 3.6 16.4 0.4

aConcentration at 2500 ppm. PDetermined by *H NMR (300 MHz, D20).

All PGAOs gave better KHI performance than DIW. EGBE-PPyrGAO,g and BnO-
PPyrGAO2o are poly(pyrrolidine glycidyl amine N-oxide)s with a similar number of
monomer units, and they gave similar KHI performance despite the varying initiators
with an aliphatic or aromatic group, respectively. BnO-PPyrGAO20, EGBE-PPIGAO24
and EGBE-PAzGAOQO:23 gave a T, (av.) value of 13.2, 11.7 and 10.0 °C, respectively,
indicating that the poly(pyrrolidine glycidyl amine N-oxide), poly(piperidine glycidyl
amine N-oxide) and poly(azepane glycidyl amine N-oxide) with similar number of
monomer units at around 20 gave different KHI performances. EGBE-PAzGAO23
gave better KHI performance than EGBE-PPiIGAO24, while EGBE-PPIGAO24 was
superior to BnO-PPyrGAO2zo. This means when M, (which is around equal to M, for
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the three polymers mentioned here) is around 4 kg/mol, the PGAOs with larger size
of the pendant ring groups gave better KHI performance. Interestingly, in 2012, Chua
and Kelland already reported that an increasing ring size leads to improved KHI
performance for the poly(N-vinyl lactam)s at Mw = 4 kg/mol, and they presumed that
the reason for this tendency may involve polymer tacticity.28 3 36 They hypothesised
that the increasing steric bulk of the N-vinyl lactam probably leads to a more
syndiotactic structure of the polymer when polymerised, and syndiotactic structures
can maximise the polymer surface/volume ratio. It is the pendant amphiphilic groups
of the polymer that interfere with the hydrate nucleation and crystal growth processes.
Therefore, at a given concentration, maximising the surface area to volume ratio will
make the best use of the polymer. However, this is not the case for polyethers, as
there is no evidence for a change of tacticity. However, a large surface/volume ratio
may enhance the KHI performance of a polymer. Thus, the polymer with the largest
pendant ring groups performed the best. In addition, according to the adsorption
mechanism reported by Yagasaki et al.,®” the azepane ring could have the suitable
size for the KHI polymer to stabilise at the hydrate surface, thus providing stronger

adsorption affinity for preventing gas hydrates from further growth.

To see how the molecular weight affects the KHI performance of the PGAOSs, the
performance of a series of EGBE-PPIGAOs and EGBE-PAzGAOs with different
degrees of polymerisation ranging from 10 to 49 was tested. The results of the
PPIGAOs with varying monomer units, showed a trend that the larger the molecular
weight, the worse KHI performance of the polymer. The same was observed for the
PAzGAO series (Table 3 and Figure 6). This trend can be found in many of previously
reported KHI series.!8 38 3% The PGAOs with the lowest molecular weight were on a

par with PVCap regarding inhibition of sll gas hydrate formation.

However, when comparing the PGAOs with similar degree of polymerisation, the KHI
performance of the EGBE-PAzGAOSs with larger ring size were not always better than
the EGBE-PPIGAOSs. For example, EGBE-PPIGAO10 and EGBE-PAzGAO14 gave the
same T, (av.) value of 9.8 °C. To our surprise, EGBE-PPIGAO,y and EGBE-
PAzGAO49 with higher molecular weights gave T, (av.) values of 13.3 and 13.6 °C,
respectively. The P value between the average T, values of PPiGAO4s and
PAzGAOa49 is 0.001 calculated from a t-test, which means that the confidence of a

significant difference between them is as high as 99.9%, i.e. the KHI performance of
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PPiGAQ,, is statistically significantly better than that of PAzGAQOu49.**> A possible
reason why, at high molecular weights, EGBE-PAzGAQO49 gave worse KHI
performance than EGBE-PPIGAO49 might be that there is more overlapping area for
the larger azepane groups to curve the hydrate surface region, so the coverage area
per monomer unit is reduced. Reduced coverage area renders weak adsorption

effect, thus causing poor inhibition performance.*°
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Figure 6: To values of EGBE-PPIGAO and EGBE-PAzGA with varying degrees of polymerisation.

At the concentration of 2500 ppm, none of the PGAOs showed a cloud point when
heated up to 95 °C. To determine a possible cloud point, each polymer solution was
slowly heated to 95 °C, and visual observations were made. No turbidity was
observed at any stage of the heating process indicating no cloud point up to this
temperature. The test was repeated for assurance of the result. In addition, no cloud
point occurred for the two best PGAOs EGBE-PPiGAO10 and EGBE-PAzZGAO14 in
15 wt% (150000 ppm) sodium chloride solution upon heating to 95 °C. Usually, the
polymer with lower cloud point is expected to give better KHI performance,?® and the
amine polyethers without being oxidised are more hydrophobic than the
corresponding PGAOs. Therefore, the KHI performance of three amine polyethers
EGBE-PPyrGAy, EGBE-PAzGA14 and EGBE-PAzGA23 were measured. All of them
are very poor KHIs, which means that the amine is not a suitable functional group to

inhibit gas hydrate formation.
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The KHI performance of one of the best PGAOs EGBE-PAzGAO23 was determined
at varying concentrations. The results are summarised in Table 4 and Figure 7.
Similar to many other KHI polymers with hydrogen-bonding functional groups,?’: 41 42
the KHI performance of poly(azepane glycidyl amine N-oxide) increased dramatically
with the concentration increasing.

Table 4: Summary of the KHI performance results of EGBE-PAzGAO:23 at different concentrations.

Conc. To(av.) AT (av.)at Ta(av.) To (av.) - Ta

Name . . 3 )
(ppm)  (°C) To (°C) (°C) (av.) (°C)
1000 12.3 8.0 11.7 0.6
EGBE-PAzGAO23 2500 10.0 10.2 9.2 0.8
5000 7.9 12.3 6.6 1.3
14
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Figure 7: To and Ta values of EGBE-PAzGAO:23 at varying concentrations.

Conclusion

In this study we have synthesised and tested the KHI performance of a series of
novel polyethers with cyclic amine side chains and oxidised these compounds to the
corresponding amine N-oxides. Poly(pyrrolidine glycidyl amine N-oxide)s
(PPyrGAO), poly(piperidine glycidyl amine N-oxide)s (PPiGAO) and poly(azepane
glycidyl amine N-oxide)s (PAzGAO) with different molecular weights and degrees of

polymerisation have been introduced. At a molecular weight (M, value) of
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approximately 2 kg/mol, translating to degrees of polymerisation (Pn) of 10 and 14,
respectively, PPIGAO gave the same KHI performance as PAzGAO. When Mn
increased to around 4 kg/mol (Pn of 20 to 24), the trend of the KHI performance of
the glycidyl amine N-oxide polyethers can be summarised in this order: PPyrGAO <
PPIGAO < PAzGAO. However, at a higher molecular weight M, = 8 kg/mol (Pn of 49),
PAzGAO with larger azepane ring groups resulted in slightly worse KHI performance

in comparison to that of PPIGAO.

Within each poly(glycidyl amine N-oxide) series with the same monomer units, there
is a clear trend, showing that the polymer with higher molecular weight gave worse
KHI performance. With the concentration range from 1000 to 5000 ppm, the KHI
performance was better, when the concentration of the polyether was increased.

Poly(pyrrolidine glycidyl amine)s (PPyrGA) and poly(azepane glycidyl amine)s
(PAzGA) gave very poor KHI performance on sl gas hydrate, while their
corresponding glycidyl amine N-oxide polyethers showed considerable performance
as well as excellent compatibility with 15 wt.% NaCl brine solution. Thus, not only the
ring size affects the inhibition effect, but also the proper functional groups are critical

for KHI performance.
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Figure S1:*H NMR spectrum (300 MHz, CDCI3) of AzGA monomer.
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Abstract

Per- and polyfluorinated substances are highly established compounds as antistick
coatings, for textile modification or as surfactants, but have evoked ecological and
health concerns and are increasingly restricted by governments. In the search for
alternatives, perfluoropropyl vinyl ether is a promising building block with improved
ecological profile regarding degradation and accumulation. Synthesis and surface
properties of polyethers bearing comonomers with side chains derived from
perfluoropropyl vinyl ether or perfluoromethyl vinyl ether are described. Amphiphilic
copolymers with 2-(2-methoxyethoxy)ethylglycidylether, 2-[2-(2-methoxyethoxy)-
ethoxy]ethylglycidylether or ethylene oxide (3—56 mol% of fluorinated monomer) as
well as copolymers with 1,2-epoxytretradecane or 1,2-epoxyhexadecane and allyl
glycidyl ether as a functional comonomer (17—65 mol% of fluorinated monomer) were
synthesised. In situ 'H NMR kinetic studies indicated random polymer
microstructures with slight gradients. Surfactant properties of the best performing
amphiphilic copolymers (ystat 2 20.35 mN m™) were on par or even outperformed
perfluorooctanesulfonic acid and recently developed degradable fluorosurfactants.
The copolymers bearing hydrophobic comonomers did not lead to high water and oil-
repellency simultaneously. Depending on molecular weight and comonomer ratios
either hydrophobicity (contact angle on cellulose <115° on glass <96°) or

oleophobicity (grade 0.5; homopolymer: < 3.5) was achieved.
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Introduction

Organofluorines are used all around us in a multitude of applications as antistick
coatings e.g. in the automobile industry?, water- and dirt-repellent coatings for
outdoor clothing? or as surfactants® and stabilizers in paints* and firefighting foams.®
Fluorosurfactants used as stabilizers and emulsifiers in organic reactions can make
it possible to omit organic solvents® and enable emulsion polymerisations.’ All these
uses have their origin in the low polarizability of fluorine, which leads to low
interactions with aqueous as well as organic surroundings.® Fluorosurfactants are
typically more efficient than their hydrocarbon homologues. They show lower surface
tensions (210 mN m*, commercially available typically 215 mN m vs. hydrocarbons
>24 mN m?1)>® and critical micelle concentrations (cmc) due to their increased
stiffness, surface area and decreased interactions.3® As a consequence of the strong
carbon-fluorine bond the compounds furthermore exhibit excellent thermal and
chemical stability.>1° While this may be desirable and targeted for some applications,
their persistency has become an ecological problem. Highly persistent per- and
polyfluorinated substances (PFAS) have been found all over the world!*'? and
accumulate in the food chain,® with a percentage of PFAS showing toxicity.*41> A
majority of the used PFAS were based on the nowadays restricted perfluorooctanoic
acid (PFOA) or perfluorooctanesulfonic acid (PFOS)6-18 which motivates an intense
search for less persistent alternatives.>1° Because of their exceptional properties, it
is challenging to identify non-fluorinated alternatives with similar profile, and in
consequence degradable and non-toxic PFAS are in the focus of current studies.>*°
Two strategies have been introduced for fluorinated alternatives: small-chain PFAS
and long-chain PFAS with an incorporated ether linkage as a breaking point. Small-
chain PFAS show reduced bioaccumulation,?®?! but are still persistent in the
environment.?? Long-chain ether-bearing PFAS are degradable to small-chain PFAS,
albeit using highly energy-consuming processes like ultrasonication with strong
oxidants?3 or treatment with oxygen in subcritical water at 350 °C.?* The combination
of an ether linkage with a neighbouring carbon-hydrogen bond increased the
reactivity further,®® enabling degradation under environmental conditions for
perfluoropropyl vinyl ether (PPVE) derivatives. Joudan et al. found this compound to
undergo degradation in the atmosphere as well as in activated sludge to
perfluoropropionic acid (PFPrA).2627 Folkerson et al. observed renal excretion of

PFPrA as the terminal product of rat metabolism.?®¢ PPVE and perfluoromethyl vinyl
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ether (PMVE) derived epoxides 2-((1,1,2-trifluoro-2-(perfluoropropoxy)-
ethoxy)methyl)oxirane (PPVEGLY) and 2-((1,1,2-trifluoro-2-(trifluoromethoxy)-
ethoxy)methyl)oxirane (PMVEGLY) (Figure 1) have recently been developed as a
degradable and ecological friendlier alternative for classic building blocks,?° due to

the -O-CHF-CF2- motive as an initial point for degradation.?6-28

Long-chain PFAS, particularly Cs-based structures, generally show superior
performance in both surfactant and surface treatment applications compared to their
short-chain homologues.® Incorporating short-chain fluorinated units in a polymer
provides efficient means to increase the overall fluorine content per molecule while
leaving the degradability of each individual unit essentially unaltered. Consequently,
Kredel and Gallei investigated polyacrylate copolymers bearing a PPVE derived

comonomer in textile coatings.3!

In this work we aim at exploring, whether short-chain PFAS, bearing the -O-CHF-
degradation bond, are able to compete with long-chain PFAS, when incorporated in

a polymer multiple times, potentially leading to a synergistic effect.

Series of copolymers composed of PPVEGLY or PMVEGLY and either hydrophilic
or hydrophobic comonomers were synthesised. To study the surface properties in
agueous media hydrophilic oligoethylene glycol monomethyl ether bearing epoxide
comonomers were chosen. We expected the long hydrophilic side chains to be highly
immiscible with the fluorinated side chains, leading to a hydrophilicity gradient.
Furthermore, we synthesised copolymers by combining the fluorinated epoxide
monomers with ethylene oxide as the hydrophilic component as a more established
approach for surfactants. Aiming at application as surface coating, comonomers with
hydrophobic alkylene side chains were incorporated in the polyethers. High alkane
homologues are suitable for water-repellent applications, but are oleophilic.® In
consequence, alkylene oxides were used to boost water-repellency and a copolymer
series with different monomer ratios was prepared. Functional comonomers bearing
allyl or methacrylate groups were used in terpolymerisations to incorporate an anchor
group, e.g. for future textile modification. The synthesised polymers were used to
coat cellulose as well as glass slides and investigated for their water- and oil-
repellency. In situ 'H NMR kinetic studies were performed to determine the polymers

microstructure, which has a key impact on the surface properties.
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F
PPVEGLY PMVEGLY

Figure 1: Structures of the studied polyfluorinated monomers PPVEGLY and PMVEGLY.

Experimental Section

Monomer synthesis

The synthesis of fluorinated monomers was conducted in a modified literature
procedure.?® An exemplary synthesis of PMVEGLY is given here. A 300 mL dried
pressure-reactor was evacuated and flushed with argon three times. Potassium
carbonate (0.3 eq, 2.77), dioxane (5 eq, 28,7 mL), and glycidol (1 eq, 4.97 g), which
was previously distilled over calcium hydride, were added. The reactor was closed
and evacuated. Gaseous PMVE was added until a pressure of 4.8 bar was
established. The reaction mixture was stirred for 16 h at 110 °C and cooled to room
temperature. The reactor was opened to release the excess PMVE into a slurry of
calcium chloride (0.75 M) and potassium hydroxide (0.5 M). The in the reactor
remaining mixture was inertisied with nitrogen. 30 mL of water and of methyl tert-
butyl ether each was added, and the phases separated. The organic phase was
washed twice with water and once with brine and subsequently dried over sodium
sulfate. The solvent was removed under reduced pressure and the product isolated
via fractional distillation as a colourless liquid and typical yields of 60-70% (7 mbar,
Thead = 25 °C).

PMVEGLY:

1H NMR (300 MHz, CDCl3) & [ppm] = 5.78 (m, 1H, CHF), 4.20 (dd, J = 11.6, 3.4 Hz,
1H, CH2-0), 3.92 (ddd, J = 11.6, 6.0, 0.8 Hz, 1H, CH2-0), 3.24 (dg, J = 6.4, 3.3 Hz,
1H, O-CH), 2.88 (dd, J = 6.4, 3.3 Hz, 1H, O-CH-CH?2), 2.67 (dd, J = 4.8, 2.6 Hz, 1H,
O-CH-CHb).

13C NMR, (75 MHz, CDCls): 125.98-113.64 (CFs and CF2), 100.99-96.63 (CHF),
65.53 (CH2-0), 49.01 (O-CH-CHy), 44.34 (O-CH-CHb>).
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19F-NMR (282 MHz, CDCI3): -59.76 (dd, CF3), -88.61— -90.31 (m, CF2), -144.95 (dltt,
CF).

PPVEGLY:

1H NMR (300 MHz, CDCls) & [ppm] = 6.00-5.81 (m, CHF), 4.18 (dd, J = 11.6, 3.4 Hz,
1H, CH2-0), 3.92 (ddd, J = 11.6, 6.0, 2.0 Hz, 1H, CH2-0), 3.21 (dtd, J = 6.1, 4.0, 2.5
Hz, 1H, O-CH), 2.87 (dd, J = 4.8, 4.1 Hz, 1H, O-CH-CHy), 2.65 (ddd, J = 4.8, 2.6, 1.0
Hz, 1H, O-CH-CHy>).

13C NMR, (75 MHz, CDCla): 121.16-115.18 (CFs and CF2), 99.90-95.6 (CHF), 65.45
(CH2-0), 48.99 (O-CH-CHy2), 44.32 (O-CH-CHb>).

9F.NMR (282 MHz, CDCI3): -81.70 (t, CFs), -84.84—-87.57 (m,
O-CF2-CF2), -89.92 — -90.08 (m, O-CF»-CFH), -130.08 (q, CF2-CFa), -144.52— -
144.84 (m, CHF).

The synthesis of MEsGE and ME2GE was adapted from literature3? and is described

in the supplementary information.
Polymer synthesis

All polymers were synthesised using the monomer-activated ring-opening
polymerisation. An exemplary statistical copolymerisation of PPVEGLY and MesGE
is given in the following. Tetrabutylammonium bromide (TBAB, 1 eq, 0.15 g) in 6 mL
benzene was added to a dried Schlenk flask and dried under reduced pressure for
16 h. All additions were done via syringe. TBAB was suspended in 4 mL
2-methyltetrahydrofurane (2MeTHF) and the flask was filled with argon. The
monomers PPVEGLY (4 eq, 0.63 g) and MesGE (12 eq, 1.23 g) were added and the
flask was cooled to -30 °C using an ethanol-nitrogen bath. Triisobutylaluminum
(3.1 M in toluene, 2eq, 0.85mL) was added. After 2-16 h of stirring the
polymerisation was terminated by addition of 1 mL of methanol. The polymer was
isolated in the organic phase by liquid-liquid extraction using DCM and water and
subsequent drying (quantitative yields). Copolymerisations with glycidyl methacrylate
were performed in toluene at 0 °C and under exclusion of light to prevent crosslinking

reactions.

Block copolymers were synthesised using a deprotonated mPEG-macroinitiator.
mPEG 5000 (1eq, 0.28 mmol,1.5 g) and KO'Bu (0.9 eq, 0.25 mmol, 28 mg) or
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tetrabutylammonium chloride (0.9 eq, 2.5 mmol, 69 mg) were dissolved in 1 mL
methanol and 12 mL benzene and stirred for 3 h at 60 °C. The solvents were
removed, and the polymerisation was carried out in analog to the statistical
copolymerisations for at least 2 d.

1H-NMR (400 MHz, CDCla):

P(MEsGE-co-PMVEGLY) & [ppm] = 5.85-5.70 (m, CHF), 4.25-3.86 (m, CH2-O-CF>),
3.86-3.42 (m, backbone and oligoethylene), 3.38 (s, CH3).

P(ME2GE-co-PMVEGLY) & [ppm] = 5.82-5.68 (m, CHF), 4.19-3.90 (m, CH2-O-CF>),
3.83-3.55 (m, backbone and oligoethylene), 3.36 (s, CH3).

1H-NMR (300 MHz, CDCla):

P(MEsGE-co-PPVEGLY) & [ppm] = 6.04-5.86 (m, CHF), 4.23-3.98 (m, CH2-O-CF>),
3.87-3.47 (m, backbone and oligoethylene), 3.37 (s, CH3).

P(EO-co-PPVEGLY) 8 [ppm] = 5.99-5.77 (m, CHF), 4.13-4.00 (m, CH2-O-CF>),
3.83-3.35 (m, backbone).

P(ETD-co-PPVEGLY) & [ppm] = 5.95-5.77 (m, CHF), 4.12-3.97 (m, CH2-O-CF2),
3.63-3.34 (m, backbone), 1.47-1.25 (m, CH2), 0.87 (t, CH3).

P(EHD-co-PMVEGLY) & [ppm] = 5.81-5.63 (m, CHF), 4.13-3.99 (m, CH2-O-CF2),
3.61-3.34 (m, backbone), 1.57-1.17 (m, CH2), 0.87 (t, CH3).

P(EHD-co-PPVEGLY) & [ppm] = 5.95-5.77 (m, CHF), 4.12-3.99 (m, CH2-O-CF2),
3.59-3.34 (m, backbone), 1.57—1.25 (m, CHz), 0.88 (t, CHa).

P(EHD-co-PMVEGLY-co-AGE) & [ppm] = 5.81-5.63 (m, CHF, CH=CHy), 5.28-5.13
(m, CH=CHy), 4.12-3.98 (m, CH2-O-CF>), 3.63-3.34 (m, backbone), 1.57—1.25 (m,
CH2), 0.87 (t, CHa).

P(EHD-co-PPVEGLY-co-AGE) & [ppm] = 5.93-5.80 (m, CHF, CH=CH>), 5.30-5.13
(m, CH=CHp), 4.13-3.98 (m, CH2-O-CF2), 3.75-3.34 (m, backbone), 1.57—1.18 (m,
CH2), 0.88 (t, CH3).

1H NMR kinetic studies

An exemplarily setup is described in the following. TBAB (10 eq, 0.11 mmol, 34 mg)

in 3 mL benzene was added to a Schlenk flask and dried under reduced pressure.
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All following steps were carried out under argon atmosphere or vacuum using the
Schlenk technique. Subsequently, TBAB was dissolved in 1 mL dry benzene, of
which 0.1 mL (1 eq) were added to a dried Norell S-5-400 NMR tube equipped with
a flame-sealed acetone-Ds capillary. Benzene was removed under reduced pressure
and TBAB dissolved in a dry solvent (2-methyltetrahydrofurane (2-MeTHF) or THF)
and TIBAL (1.1 M in toluene, for polymerisation in 2-MeTHF: 2 eq, 0.02 mL; in THF:
19 eq, 0.18 mL). The tube was shaken to homogenise the solution, cooled to -80 °C
to prevent initiation and the monomers ME3GE (24 eq, 0.25 mmol, 55.8 mg) and
PPVEGLY (12 eq, 0.13 mmol, 43 mg) were added. The NMR tube was sealed by a
Teflon stop-cock and the mixture was only allowed to thaw immediately before the
measurement was conducted. The tube was shaken beforehand to ensure
homogeneity. The measurement was performed at 10 °C for 6 h. Sample spinning
was turned off. If the system was not able to lock on acetone-Ds, lock was turned off
and shimming was performed using the solvents signal. Spectra were recorded every
30s.

Static surface tension

The static surface tensions were measured using the Wilhelmy plate method (DIN
EN 14370) on a model DCAT 11 tensiometer from dataphysics, Filderstadt Germany.
0.1 wt% aqueous solutions were measured at 20 + 0.2 °C using a 19.9 mm platin
plate. Full wetting was ensured to eliminate the contact angle from the equation used
for calculations: yg4 = Fcos8 L™ =F L' (y = tension, F = tension force, © =

contact angle, L = wetted plate length).
Dynamic surface tension

The bubble pressure method was used to determine the dynamic surface tension.
0.05 wt% (PPVEGLY copolymers) or 0.1 wt% (PMVEGLY copolymers) aqueous
solutions were measured at 21 + 0.9 °C using a model t60 tensiometer from SITA,
Dresden, Germany. The dynamic surface tension was calculated using the equation
Yayn = " (Pmax — pgh) 271 (y = tension, r = capillary radius, pmax = pressure maximum,

p = liquid density, g = gravity, h = immersion depth)
Static contact angle

For the determination of water-repellency, contact angle measurements were

conducted using the sessile drop technique on a OCA20 from dataphysics,
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Filderstadt Germany. 4 uL of Milli-Q water were placed on top of a coated surface
and the contact angles were determined using the SCA20 software (dataphysics).
Measurements were repeated at least 5 times and the results were averaged.
Coating of cellulose was performed by immersion with 100 mg mL* polymer
solutions in DCM or THF. The coated cellulose was dried for 4 h at 65 °C. Glass
slides were coated by either covering with 3—10 mg mL? polymer solutions or by
covering with the pure viscous polymer using a scraper. The glass slides were

subsequently dried under reduced pressure for at least 16 h.
Oil-repellency

Blotting paper was immersed with 100 mg mL* solutions of polymer in DCM or THF
and dried for 4 h at 65 °C under reduced pressure. Qil-repellency was evaluated
using the AATCC method 118.23 50 pL drops of a series of hydrocarbons (see table
S1 for more information) are discarded on the coated surface and the wetting

behaviour is observed after 30 s.

Results and Discussion

Part A: Synthesis and characterisation of the copolymers

Utilising the monomer-activated ring-opening polymerisation (MAROP, first
described by Deffieux and Carlotti)®** of fluorine containing epoxides and non-

fluorinated comonomers series of copolymers were synthesised.
Amphiphilic copolymers

Amphiphilic copolymers with surfactant properties were synthesised by statistical
copolymerisation of PMVEGLY or PPVEGLY with hydrophilic epoxides.

On the one hand, 2-(2-methoxyethoxy)ethylglycidylether (ME2GE) and
2-[2-(2-methoxyethoxy)ethoxy]ethylglycidylether (MEsGE) were used, due to their
oligoethylene glycol monomethyl ether side chain. The orientation of the side chain
was expected to lead to a hydrophilicity gradient orthogonal to the backbone. ME2GE
was used in copolymers with PMVEGLY in particular, to match the shorter
polyfluorinated chain of PMVEGLY with respect to PPVEGLY. On the other hand,
ethylene oxide (EO) was studied as a comonomer either in a statistical
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copolymerisation or via utilising mPEG macroinitiators, which results in block
copolymers. These copolymers were synthesised as comparable compounds to
classic surfactants, which often consist of PEG as hydrophilic segment.
Characterisation data of the copolymers is listed in Table 1.

Table 1: Characterisation data of the polymers synthesised for application as surfactant.

Mpth MpP (g mol

No. Polymer? Ratio / unitst™ el i) P

s1 Co'fé,'\g'\z/f&‘;fs;o) 80:20 / 8:2 2520 2340 111
s2 COF_)E,'\Q'\E/?;S(EL‘;;‘;G) 50:50 / 4:4 2320 2720 1.16
s3 COng\é','\EfEC';GEL‘V;Y) 67:33/8:4 3200 2640  1.07
s4 CCE’_(F,MP'E\;*S(EE'Zs) 75:25/12:4 4080 3020 110
S5 COF_’F(,'\F",\E/E%'EL"\?S_'H) 86:14 / 24:4 6730 4350  1.09
S6 COF-)IS’I\S\E/SI‘E%ELO.YQ:_-OQ) 90:10 / 36:4 9370 4520  1.14
S7 CO?F(,'R"A'\E/EGGELO;ZZQ) 67:33/ 4:2 1440 1880  1.09
S8 CO?F(,'R"A'\E/EGGELO?;TZO) 80:20 / 8:2 2320 2210 116
S9 CO?F(,'R"A'\E/EGGELO%%) 86:14 / 12:2 3200 3240 111
S10 CO?F(,'R"A'\E/EGGELO;:SS) 50:50 / 4:4 1920 1960 1.09
s11 co?FgRAAE/SEGc;ELOﬁZ._%) 67:33/8:4 2800 2010  1.09
S12 CO?F(,'R"AE;’EGGELO;;S) 75:25 / 12:4 3680 3300  1.14
s13 C:F(,'R"A'\E/EGGESZ'M) 86:14 / 24:4 6330 5060  1.13
s14 c:éml\z/fcffi;-og) 90:10 / 36:4 8970 6130  1.14
s15 C:F(,'R/'AE/EGGES;S) 50:50 / 6:6 2840 2410 1.10
516 Cof’émgfgfg_'%) 67:33/12:6 4160 3620  1.14
S17 C:F(,'R/'AE/ZEGGELO;E_'ZZ) 80:20 / 8:2 1970 2000  1.08
s18 CO?F(,'R"A'\E/ZEGGES&) 50:50 / 4:4 1750 1560  1.13
sig ~PME2GEoes - 67:33/8:4 2450 2760  1.08
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Table 1: Characterisation data of the polymers synthesised for application as surfactant (continued).

. : Myh M,P

No. Polymer2 Ratio™ / units" © mnol'l) @ m:)I'l) HP

S20 Co'_DF(,'\I\"A'\E/fGEf;z;?) 75:25/ 12:4 3160 2640 118
s21 coI?F(J\I\//III\E/ZIEGGEIi)iZ-m) 86:14 / 24:4 5270 3620 115
522 CO?F(,“&'\E/ZEGGEL”;‘:%) 50:50 / 6:6 2580 2400 118
523 CO?F(,'\I\"A'\E/fGEL"ﬁ;S) 67:33/12:6 3640 3330  1.09
S24 PF;,(\ES(";L“Y‘;‘(’)G) 80:20 / 20:5 2660 2570 115
S25 PFI)D(\EI(—ZB(%?_7\-(2?)-3) 85:15 / 45:8 4780 2240  1.07
S26 Fﬂg@i%"fjfl'g 76:24/13:4 1940 1810  1.10
s27 Prgf/'ég‘;_'g;‘;zc 93:7 / 50:4 3580 2200°  1.41°
528 Prgf/'égﬁ;ﬁ;c 97:3/123:4 6770 4310°  1.10°
529 FETDT/IEE%OE$-0P2-4 68:32 / 13:6 2620 1920  1.09
30 Prgf/'égﬁ;ﬁ;c 88:12 / 50:7 4600 2540°  2.25°
ST 50:50 / 13:13 5000 2310 1.12

aCompositions in mole% calculated by 'H NMR spectroscopy (300 MHz, CDCls). PDetermined by SEC (RI
detector, PEG standards). PPVEGLY-copolymers in THF, PMVEGLY-copolymers in DMF °Incomplete initiation
led to the formation of a blend composed of unmodified mPEG and the block copolymer.

The experimental composition was calculated using *H NMR spectroscopy by
normalisation to the (O-CHF-CF2) ether proton and comparison of the monomer
signals. SEC showed narrow to moderate dispersities (P = 1.07-1.18) and
monomodal molecular weight distributions with tailing to lower molecular weight
(Figure 2), which is typical for MAROP due to initiation side reactions (exemplarily
shown in MALDI-ToF spectrum S18). Exceptions were S24 showing a low molecular
weight shoulder and block copolymers with 2 kg molt and 5 kg mol* mPEG, which
were bimodal due to incomplete initiation by the mPEG macroinitiator
(P = 1.10-2.25). Thus, blends of unmodified mMPEG and the corresponding
copolymer were obtained. In consequence, the resulting copolymers have a higher
molecular weight than expected. Discrepancies between theoretical and
experimental molecular weight can be attributed to the PEG calibration, which shows
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different hydrodynamic radii in comparison to substituted polyethers. Sakakibara et.
al. reported an underestimation of the molecular weight for polyethers with fluorinated
side chains and attributed it to the high molecular weight-volume ratio of fluorine

atoms.3®

s1 y
s2 ) \ —s18
s3 AV \

s4 ! SN —s20
s5
s6

23 24 25 26 27 28 29
elution valume [mL]

529
- = —mPEG

s30
s

50

N " L ; . |
2% W¥5 M4 M5 2B /5 28 MBS N5 B 2 3 2 % % 27 3 2 2 B 2 % 3 a7 23 2
elution volume [mL] elution volume [mL] elution volume [mL]

Figure 2: SEC traces (RI signal) of the copolymer series. Top row from left to right: P(ME3GE-co-PPVEGLY),
P(MEsGE-co-PMVEGLY), P(ME2GE-co-PMVEGLY). Bottom row from left to right: P(EO-co-PPVEGLY), PEG-b-
PPPVEGLY4, PEG-b-PPPVEGLY6.13.

Microstructure determination for the statistical copolymerisation of glycidyl ethers:
Typical surfactants consist of a hydrophilic head and a hydrophobic tail. In our
system, these elements are distributed all over the backbone via the side chains.
Nevertheless, gradient and blocklike structures are expected to support the surface
activity, due to an eased orientation at the phase boundary. Hence, *H NMR kinetic
studies were conducted to investigate the polymers microstructure. The studied
polymers were synthesised in 2Me-THF, due to the shielding of the oxygen atom
preventing catalyst complexation. Consequently, kinetic studies for the comonomer
pairs MEsGE-PPVEGLY, MEsGE-PMVEGLY and ME2GE-PMVEGLY were
performed in 2-MeTHF. Copolymerisation of ME3sGE and PPVEGLY was furthermore
studied in THF as a cheaper and more industrially relevant solvent. For the
polymerisation in THF more equivalents of TIBAL were required, probably to

overcome the complexation of the catalyst. The polymerisations were performed in
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sealed Norell S-5-400 NMR tubes at 10 °C. The decreasing monomer conversions

were monitored and used to determine the reactivity ratios.

Because both comonomers were glycidyl ethers, we expected the individual reactivity
ratios to be only influenced by the strength of electron withdrawal through the
substituents as well as the complexation of TIBAL by the multiple oxygen atoms of
the MEsGE side chain. Figure 3 shows the decrease of the monomer signal with time,
which was used for the calculations, and the simulated microstructure of the polymer

(see Sl regarding kinetic models and plots).
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ME,GE

08

-
>
[}
&
2o
o

[T

0 os os
total conversion

305 30 | 295 | 290 285 280
Chemical shift [ppm]

Figure 3: Left: zoom in of the 'H NMR spectra for synthesis of P(ME3zGEo.67-co-PPVEGLYo.33) in 2-MeTHF at
10 °C employing the monomer-activated ring-opening method. The epoxide signals were assigned to the
corresponding monomers. Signals marked with A and B were used for the calculations. Bottom right:
Microstructure simulation od P(ME3GE-co-PPVEGLY) using the reactivity ratios determined via the Jaacks

method.

Indeed, *H NMR kinetic evaluation showed a slight incorporation preference of the
fluorinated monomer in the first chain segment close to the initiator, which could
promote the desired surfactant properties. Reactivity ratios in 2-MeTHF of
repvecLy = 1.38 £ 0.01 and rwvece =0.72 £0.01 were calculated using the non-
terminal Jaacks model. Values calculated via the Jaacks method were in good
agreement with the values fitted via BSL and Meyer-Lowry ideal. The product of the
reactivity ratios equalling 1 shows an ideal copolymerisation behaviour, which was
not influenced by the chain end. Nevertheless, the orientation of the side chains is
presumably the predominant cause of the polymer’s hydrophilicity gradient. The
kinetic studies in THF also revealed an ideal copolymerisation behaviour with
reactivity ratios of repvecLy =1.54 £0.01 and rwvesce = 0.65 +0.01. The slightly
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increased difference between the values shows that the more reactive PPVEGLY is
stronger influenced by the reaction conditions than ME3GE.

The comonomer pair with the less electron withdrawing PMVEGLY shows a similar
ideal behaviour, with a slightly less pronounced gradient: remvecLy = 1.22 + 0.04 and
rvesce = 0.82 £ 0.03. In combination with ME2GE the gradient was found to be
stronger: remvecLy = 1.60 = 0.02 and rve.ce = 0.63 + 0.01. We assume, that ME3sGE
is more reactive than ME2GE, due to the higher number of oxygen atoms leading to
a stronger complexation of the Lewis acid. On the other hand, Herzberger et. al.
found an opposite behaviour for the comonomer pair of ethylene oxide and ethoxy
ethyl glycidyl ether (EEGE) in MAROP, albeit the reaction conditions are not
comparable, and differences could be caused by the non-complexing solvent

toluene.
Hydrophobic and oleophobic copolymers

Comonomers bearing long alkyl side chains, 1,2-epoxytetradecane (ETD) and
1,2-epoxyhexadecane (EHD), were used to enhance the hydrophobicity in
hydrophobic and oleophobic coatings. Although their corresponding homopolymers
are suitable for hydrophobic coatings, they are not suitable for oleophobic coatings
due to their oleophilicity. In consequence, they were used to balance hydro- and
oleophobicity in series of copolymers with the fluorinated monomers. Allyl glycidyl
ether (AGE) was used in terpolymerisations to incorporate a functional group as an
anchor for textile modification. Table 2 summarises the characterisation data for the
polymers synthesised for the intended application as surface coatings. These
monomers as well as 1,2-epoxydodecane (EDD) and (3-glycidoxypropyl)-
bis(trimethyl-siloxy)methylsilane were used in homopolymerisations (Table S2).
Because the two latter polymers showed water-repellency that was lower than
targeted, no copolymers were synthesised using these monomers. Furthermore,
glycidyl methacrylate (GMA) was used exemplarily in a copolymerisation with

PPVEGLY as an alternative functional group to AGE (see SI).

184



3 — Fluorine bearing polyethers

Table 2: Characterisation data of the copolymers synthesised for coatings applications.

Ratiot" / Mnth MpP

a b

MO SRS unitsth (g molY) (g mol?t) 2

Cl P(ETDo.s3-co-PPVEGLYo017) 80:20/20:5 6030 8460 1.28

C2 P(ETDo.s7-co-PPVEGLY0.43) 50:50/ 8:8 4500 3650°¢ 1.49¢

C3 P(ETDo.70-co-PPVEGLYo0.30) 67:33/16:8 6200 7690 1.27

C4 P(ETDo.si-co-PPVEGLYo0.19) 79:21/30:8 9170 14140 1.15

C5  P(ETDo.70-co-PPVEGLYo.20) 62743132/ 9260 12050  1.23

C6 P(ETDo.3s5-co-PPVEGLYo0.6s5) 33:67/8:16 7220 4820 1.37

C7 P(EHDo.76-co-PPVEGLYo0.24) 75:25/15:5 5390 7000 1.33

C8 P(EHDo.79-co-PPVEGLYo0.21) 80:20/20:5 6590 9720 1.34

C9 P(EHDo.79-co-PPVEGLYo0.21) 79:21/30:8 10010 11030 1.30

C10 P(EHDo.67-co-PPVEGLY0.33) 6274,352/ 9930 11040 1.30

C11 P(EHDo.7s-co-PMVEGLYo0.22) 80:20/20:5 6090 7910 1.29

Cl12 P(EHDo.77-co-PMVEGLYo0.23) 79:21/30:8 9210 11030 1.32

C13 P(EHDoes-co-PMVEGL Yo 34) 6274?’132/ 8730 9270  1.34
P(EHDo.72-co-PPVEGLYo0.15- 69:17:14 /

Cl14 C0-AGEo.12) 5054 7050 7790 1.36
P(EHDo.69-co-PPVEGLY0.21- 68:23:9/

Ci15 c0-AGEo.10) 30'10:4 11150 11690 1.36
P(EHDo.74-co-PPVEGLYo0.18- 74:19:7 /

C1l6 C0-AGEos) 40-10:4 13550 13660 1.45
P(EHDo.66-c0-PPVEGLYo0.28- 68:27:5/

C17 c0-AGE0.06) 50:20:4 19369 17120 1.47
P(EHDo.49-co-PPVEGLY0.45- 47:47:6/ c c

C18 c0-AGEo.06) 30'30:4 17950 11810 1.49
P(EHDo.75-co-PPVEGLYo0.20- 73:24:3/

C19 C0-AGEo.05) 90:30:4 32380 20280 1.55
P(EHDo.69-c0-PMVEGLY0.23- 68:23:9/

C20 co-AGEos) 30104 10060 10490 1.47
P(EHDo.74-co-PMVEGLY0.19- 74:19:7 /

Cc21 c0-AGEo.7) 40-10:4 12560 11370 1.49

aCompositions in mole% calculated by *H NMR spectroscopy (300 MHz, CDCls). PDetermined by SEC (THF, RI
detector, PEG standards). cCopolymers of a composition near 50:50 showed unexpected behaviour in SEC

measurements, where the area switched from a higher RI signal than the eluents to a lower signal. Signals lower

than the eluents signal are characteristic for fluorinated polymers. MALDI-ToF and *H DOSY spectra showed the

presence of copolymers (Figure S20 and S21).

The experimental composition of terpolymers was calculated using the signal of the

terminal alkene protons of AGE for normalisation, due to an overlap of the fluorinated

monomer’s proton signal (-O-CHF-) and AGE. No isomerisation of the AGE double

bonds was observed under the reaction conditions chosen. SEC (Figure 4) typically

showed monomodal distributions with tailing to lower molecular weights. Exceptions
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were C2 and C18 with ratios of fluorinated and alkylated side chains close to 50:50.
For these polymers a switch of the curve area was found, where the RI signal
changed from higher than the eluents RI signal to lower (Figure 4 shows both signals
plotted to be positive). Lower RI signals are characteristic for fluorinated polymers
due to the low refractive index of fluorine. An explanation for this bimodal behaviour
is that the monomer ratio is around the point where the low RI of the fluorinated side
chains becomes dominant and changes the polymer RI signal to lower values than
for the eluents. MALDI-ToF and 'H DOSY NMR spectroscopy verified the presence
of copolymers (Figure S20 and S21 exemplarily).
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Figure 4: SEC traces (THF, RI signal) of the copolymer series. Top row from left to right: P(ETD-co-PPVEGLY),
P(EHD-co-PPVEGLY), P(EHD-co-PMVEGLY). Bottom row from left to right: P(EHD-co-PPVEGLY-co-AGE),
P(EHD-co-PMVEGLY-co-AGE).

Microstructure determination for the statistical copolymerisation of fluorinated glycidyl
ethers with alkylene oxides: *H NMR kinetic studies were conducted to investigate
the comonomer distribution along the backbone. Gradient and block(like) structure
are expected to boost both the water- and oil-repellency, due to separation of the
monomers yielding highly hydrophobic and highly oleophobic chain segments. The
synthesis of P(ETDo.s7-cO-PPVEGLY0.33) was performed in 2-MeTHF in a sealed
Norell S-5-400 NMR tube at 10 °C. The decreasing monomer conversions were used
to determine the reactivity ratios. The combination of a glycidyl ether and an alkylene

oxide was expected to yield (slight) gradients, as Carlotti, Deffieux and co-workers
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reported for the combination of ethoxyethyl glycidyl ether (EEGE) and propylene

oxide (PO) reactivity ratios of reece = 0.18 and rro = 1.58 (Kelen-Tdos method).36
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Figure 5: Microstructure simulation of P(ETD-co-PPVEGLY).

Indeed, *H NMR kinetic evaluation showed a slight incorporation preference of the
non-fluorinated monomer in the initiation region in comparison to the respective
monomer content (Figure 5): Using the non-terminal Jaacks model we calculated
reactivity ratios of repvecLy = 0.83 + 0.01 and retp = 1.20 + 0.01 (SI for more details),

which were in good agreement with the BSL and Meyer-Lowry ideal models.

Part B: Properties of the copolymers

Thermal properties: The thermal properties of the hydrophobic and oleophobic
copolymers were investigated via DSC measurements. The results are listed in
Table 3. The results of the homopolymers can be found in the Supporting Information
(Table S2). Copolymerisation of the alkylene oxides with the fluorinated monomers
lowered the melting temperatures Tm below room temperature leading the
copolymers to be viscous liquids. Increasing content of the fluorinated monomer
further reduced the melting temperature as well as the enthalpy. The glass transition
temperature (Tg) of the fluorinated monomer was typically not observable for the
copolymers, although different cooling and heating rates were used for the
investigation (10, 20 and 40 °C min!). Exceptions were C7 and C12, which sowed

higher Tgys than the respective homopolymers due to the long-chain comonomers.
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Table 3: Thermal characterisation of the copolymers synthesised for coating applications.

No. Polymer? Mi? (@ molt)  Tm (°C)¢  AHm (J g1)°

C1l P(ETDo.s3-co-PPVEGLY0.17) 8460 4 47

C2 P(ETDo.57-co-PPVEGLY0.43) 3650 -3 33

C3 P(ETDo.70-co-PPVEGLY0.30) 7690 0 38

C4 P(ETDo.s1-c0-PPVEGLY0.19) 14140 4 61

C5 P(ETDo.70-co-PPVEGLY0.30) 12050 0 40

C6 P(ETDo.35-c0-PPVEGLY0.65) 4820 -6 29

C7  P(EHDo76-co-PPVEGLYo.24) 7000 . 135d 53

g-

C8 P(EHDo.79-co-PPVEGLY0.21) 9720 21 61

C9 P(EHDo.79-c0-PPVEGLY0.21) 11030 21 74

C10 P(EHDo.67-c0-PPVEGLY0.33) 11040 18 47

Cl1 P(EHDo.78-c0-PMVEGLY0.22) 7910 24 78

C12  P(EHDo77-co-PMVEGLY023) 11030 T 227(, 73

g -
C13 P(EHDo.66-C0-PMVEGL Y0.34) 9270 16 61
P(EHDo.72-co-PPVEGLYo0.15-

Ci14 C0-AGEo.12) 7790 18 47

C15 P(EHDo.69-co-PPVEGLY0.21- 11690 17 46
c0-AGEo.10)

C16 P(EHDo.74-co-PPVEGLY0.18- 13660 19 53
c0o-AGEo.s)

C17 P(EHDo.66-co-PPVEGLY0.28- 17120 18 51
c0-AGEo.06)

C18 P(EHDo.49-co-PPVEGLY0.45- 11810 14 35
c0-AGEo.06)

C19 P(EHDo.75-co-PPVEGLYo0.20- 20280 20 56
c0-AGEo.05)

C20 P(EHDo.69-co-PMVEGLY0.23- 10060 17 67
co-AGEo.9)

co1 P(EHDo.74-co-PMVEGLYo0.19- 11370 18 76
co-AGEo.7)

aCompositions calculated by *H NMR spectroscopy (300 MHz, CDCls). °Determined by SEC (THF, RI detector,

PEG standards). Determined by DSC: second heat curve, 10 °C min', 5 min isothermal between steps. “Heating

and cooling rate 20 °C min™L.

Degradation: The successful degradation of the polymer side chain was verified in a

simple experimental set-up via heat-treatment of a PMVEGLY homopolymer either

with diethylenetriamine (approx. 1.9 M) or with KOH and subsequent analysis via °F
NMR spectroscopy (Figures S22 and S23). Degradation of PPVEGLY as well as

PMVEGLY occurs via a combination of oxidation and hydrolysis. While degradation

of PPVE, which bears a CFs3-CF2-CF2- group, yields PFPrA as a terminal product

(see Introduction),?%?” the degradation of PMVE ultimately leads to the formation of

fluoride anions due to the absence of this perfluorinated group.
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Surfactant properties of amphiphilic copolymers: The synthesised copolymers
combine hydrophilic comonomers with hydrophobic and oleophobic comonomers
and were evaluated for their activity as surfactants by measurement of static and

dynamic surface tension.

Static surface tension: The static surface tension ystat 0f a 0.1 wt% aqueous polymer
solution in equilibrium was measured by the Wilhelmy method. The results are shown
in Table 4 and Figure 6.

Table 4: Static surface tensions of the polymers synthesised for application as surfactant.

No. Polymer?2 R:f:]tiig:]h/ MnP (g mol?)  ystat® (MN M)
s1 Cofé“g'ffgﬁg;o) 80:20/8:2 2340 21.67 £ 0.03
S2 COng\é','\E/ﬁf&‘;‘_;e) 50:50/4:4 2720 20.35 +0.03
s3 Cofé“g'ffgﬁj;?) 67:33/8:4 2640 21.94 +0.03
I L
o SR W g smeon
o g SR e s
S7 CO?F(,'R"A'\E/EGGELOJ;'ZQ) 67:33/42 1880 25.61 +0.03
S8 CO?F(,'R"A'\E/EGGEL‘@;TZO) 80:20/82 2210 27.23 +0.03
o HEEEL M n e
S10 CO?F(,'R"A'\E/EGGEL‘);:SS) 50:50/4:4 1960 27.84 +0.03
s11 CO?F(,'R"AE/EGGEL‘?;@ 67:33/8:4 2910 25.23 £ 0.03
Ge LSRR ER g s
G LREGERT e s
N T
s15 C:F(,'I\\/'AE/EGGELO%;S) 50:50/6:6 2410 26.46 £ 0.03
vo GRS 0% s
s17 P(ME2GEo7e- 80:20/8:2 2000 26.92 +0.03

c0-PMVEGLYo.22)
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Table 4: Static surface tensions of the polymers synthesised for application as surfactant (continued).

No. Polymer2 F‘;E:]t:tost :]h/ M (g mol?)  ystat® (MN m?)
S18 CO?F(,'\,\"A'\E/EGGELO@M) 50:50/4:4 1560 27.68 +0.03
S19 oSSR . 67:38/84 2760 26.54 +0.03
o UEET R e saso
o MRS B o maso
S22 CO?F(,'\,\"/I'\E/EGGELO%'%) 50:50/6:6 2400 27.27 +0.03
o PSR e ay  sesons
S24 PF;,(\ESCO;’L“Y?ZG) 8(2):02:2 d 2570 23.87 +0.03¢
S25 PF;(\ESCO;TY?)S) 82;51:2 / 2240 25.03 + 0.03°
$26 I;';,F\’/EE%‘)&';’I'Q roza 1810 21.51 +0.03
s27 Prgf’/ég‘tg;‘gd 93:7/50:4  2290¢ 31.68 + 0.03
s28 Prgf’/gg‘t%g;d e 4310¢ 42.62 +0.03
29 meESere b o832 1920 21.83+0.03
S30 Prgf’/gg‘t%g;d o2/ 25401 28.53 + 0.03
31 meESearh %50 2310 25.08 + 0.03

aCompositions in mole% calculated by *H NMR spectroscopy (300 MHz, CDCls). ®Determined by SEC (RI
detector, PEG standards). PPVEGLY-copolymers in THF, PMVEGLY-copolymers in DMF ¢Surface tensions of
0.1 wt% aqueous solution measured with the Wilhelmy method. 9Incomplete initiation led to the formation of a

blend composed of unmodified mMPEG and the blockcopolymer. ¢Slow equilibration.

Comparing the P(ME3GE-co-PPVEGLY) copolymers S1 to S6 (marked green in
Figure 6) a ystat increase, translating to worse surfactant activity, is observable with
decreasing percentage of PPVEGLY. The polyfluorinated chain of PPVEGLY
reduces the polymers polarizability leading to reduced interactions with water and
thus increases hydrophobicity. Molar ratios of fluorinated monomer were not raised
above 56% on the one hand to compromise between surfactant performance and
ecological profile and on the other hand to guarantee water solubility, which

decreases with increasing ratio.
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P(MEsGE-co-PMVEGLY) copolymers (blue, S7-S9: circle, S11-S14: triangle, S15-
S16: square) showed a similar trend as PPVEGLY copolymers: increased surfactant
activity with increasing percentage of PMVEGLY. However, S10 with a ratio of 47:53
showed higher ystar then the next copolymers in the series. For S10 the effective
surfactant concentration in solution was decreased, due to reduced solubility in
water, indicated by a noticeable turbidity of prepared aqueous solution. The reduced
concentration led to a higher ystat value. Copolymers with the same comonomer ratios
but different molecular weights, showed similar yswat (€.9. S7, S11 and S16). In
consequence, the surface activity of these polymeric surfactants seems to be
affected predominantly by the appropriate balance between fluorinated (hydrophobic)

and hydrophilic portions of the molecule.
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Figure 6: Static surface tension against the mole percentage of the fluorinated monomer of the copolymer
series. Same colours are indicating series of the same comonomers. Shapes indicate series with constant

targeted repeating units of the fluorinated monomer.

A general trend between PPVEGLY and PMVEGLY is evident, showing lower ystat
for PPVEGLY bearing copolymers. This is observable for polymers with the same
ratios as well as for polymers with similar molecular weight. For example, in the pair
S2 and S10, where both polymers were targeted to bear 4 units of the comonomers
each (50:50), S2 is superior to S10. S2 is also superior to S15, with S15 consisting
of 6 units each (50:50) yielding a higher molecular weight. The same is true for the
pairs S3 and S11 with 4 fluorinated and 8 oligoether units (67:33) as well as for S3
in comparison with polymers of the same ratios but different molecular weights: S16,

bearing 6 and 12 units, and S7, bearing 2 and 4 units. Furthermore, S4 is superior to
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S12 with 4 and 12 units (75:25); S1 to S8 with 2 and 8 units (80:20); S5 to S13 with
4 and 24 units (86:14); and finally, S6 to S14 with 4 and 36 units (90:10). The longer
polyfluorinated chain of PPVGLY has a stronger impact on the hydrophobicity. This
enables more pronounced surface tension reduction even at lower degrees of
polymerisation (e.g. S1 with 4 units each vs. S15 with 6 units each) or fluorinated
monomer percentage (e.g. S4 ratio: 77:23 and S11 ratio: 67:33), respectively. From
another point of view, units of PMVEGLY consist only of 6 fluorine atoms, while
PPVEGLY has 10 fluorine atoms. A comparison of the best PMVEGLY copolymer
S11 bearing 24 fluorine atoms (6 units) did not perform better than S4 with 20 fluorine

atoms (2 units).

The substitution of MEsGE with ME2GE (brown, S17: circle, S18-21: triangle, S22-
23: square) in copolymers with PMVEGLY did not lead to improved surface activity.
The P(MEsGE-co-PMVEGLY) copolymer with the highest surface activity achieved a
ystat Of 25.23 £ 0.03 mN m, comparable to 26.36 + 0.03 mN m* in the ME2GE
copolymer series (polymers S11 and S23, respectively). Interestingly, both polymers
had a comonomer ratio of 67:33, which seems to be the nearly ideal composition for
PMVEGLY copolymers. Although a similar composition also led to good surfactant
activity for the PPVEGLY copolymer (S3 21.94 + 0.03 mN mY), the best result was
obtained with a ratio of 44:56 (S2 20.35 + 0.03 mN m). S22 like S10 (both 47:53)
showed reduced solubility (indicated by turbidity) and increased ystat, indicating the

usable comonomer ratio range.

P(EG-co-PPVEGLY) (S24 and S25, pink) showed moderate activity
(= 23.87 mN m™1), presumably due to no significant separation between hydrophilic
and hydrophobic segments. Accordingly, higher activities were achieved with block
copolymers (S26-S31, red; 2 21.51 mN m?). EO and PPVEGLY copolymer series
generally showed the same behaviour of increased ystat With decreasing percentage
of the fluorinated PPVEGLY in the same manner as copolymers with oligoethylene
side chains. Comparing block copolymers where the mPEG block was kept constant
at 13 discloses an unexpected decrease of the activity with increasing PPVEGLY
ratio. These polymers showed at higher ratios decreased aqueous solubility,
indicated by turbidity of the prepared solution. In consequence, the amount of active
surfactant was decreased. Nonetheless, especially solutions of these lower

molecular weight copolymers reached low surface tensions.

192



3 — Fluorine bearing polyethers

Dynamic surface tension: The dynamic surface tension of a non-equilibrium system
was measured using the bubble pressure method. Figure 7 shows the surface

tension against the bubble pressure lifetime.
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Figure 7: Surface tensions against bubble lifetime. P(ME3GE-co-PPVEGLY) (top left), P(ME3GE-co-PMVEGLY)
(top right), P(ME2GE-co-PMVEGLY) (bottom left) and EO-PPVEGLY copolymers (bottom right).

The dynamic surface tensions yayn Of solutions derived from the ME3sGE and ME2GE
series constantly decreased and typically approached a plateau. For the ME3GE
series, the yayn values did not reach the ysiat Values in the measured time frame of
one minute. The P(ME2GE-co-PMVEGLY) series typically surpassed the measured
values for ystat except for the 50:50 copolymer S15. For the 50:50 copolymers S2 and
S15 yayn first stayed constant at a plateau, before starting to decrease after roughly
2 and 1 s, respectively. This ratio seems to impede the mutual orientation of the side
chains at the phase boundary. Generally, P(ME2GE-co-PMVEGLY) led to a faster
decrease of ydayn than P(MEsGE-co-PMVEGLY), probably in consequence of the
shorter chain length. The same trend is evident when comparing P(MEsGE-co-
PMVEGLY) with P(MEsGE-co-PPVEGLY), with the latter series showing the slowest
decrease of ydan. The trend is more apparent, when comparing the polymeric
fluorosurfactants to the small molecule fluorosurfactants series TIVIDA® FL (0.1 %
solutions, see data sheets).3-3% The polymers required more time to orientate at the
surface boundary approaching the systems equilibrium. Statistical EO copolymers
(S24 and S25) showed fluctuations at their plateau, which was higher than their ystat
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values. Orientation seems impeded due to missing side chain support. Noticeably,
MPEG block copolymers S26-S31 also differed from the behaviour and decreased
ydyn in @an almost linear manner even slower than the other copolymer series. The
copolymer near a 50:50 ratio, S31, showed a plateau like the 50:50 ME3GE as well
as ME2GE copolymers. This supports the assumption of hindered orientation

resulting from this specific comonomer ratio.

Surface properties of hydrophobic and oleophobic copolymers: Different surfaces
were treated with the copolymers, which were synthesised for the application as

coatings, to further investigate surface properties of the polymers.

Water-repellency: Cellulose blotting paper as well as glass surfaces were coated with
the synthesised polymers (Table 5). With a few exceptions, the polymer coatings
incorporated suitable water-repellency on cellulose surfaces as shown by contact
angle measurements. To ensure persistent non-wetting properties the drops were
monitored over at least 30 min. With the marked exceptions all coatings were stable.

The results are listed in Table 5 and Figure 8.

Table 5: Contact angle (©) against water of coated cellulose and glass surfaces with standard deviation.

No. Polymer? g ';Anrgl'l) O(cellulose) (°)  O(glass) (°)
Cc1 CO-FF:I(DIE/-II-E%)E\S(-oﬂ) 8460 97 + 4 71+3
C2 CO_FF:F(E/TE%&'MS) 3650 66 = 3 643
C3 CO_Eé,'f/TE%’E$O_3O) 7690 67 + 3¢ 72+3
ca CO-EISE/-II-E%)S\l(-o.lg) 14140 104 + 3 62+4
cs CO_FF,’F(,'%/TE%)E%BO) 12050 104 + 5 58 + 6¢
cé CO-EISE/-II-E%)EE)Y-O.%) 4820 57+ 7° 66 £ 2¢
c7 co-gé%/%%ﬁ(_o,m) 7000 108 + 5 66 + 2
cs CO_E&%@%’&.ZQ 9720 115 + 3 96 + 2
co CO_FF:&Z%"L@O_H) 11030 109 + 3 92+ 4
C10 CO_S&%@%’&&’) 11040 88 + 4° 77 £ 3¢
C11 P(EHDo7s- 7910 105 + 3 95+ 3

co-PMVEGLYo.22)
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Table 5: Contact angle (®) against water of coated cellulose and glass surfaces with standard deviation

No.

C12

(continued).

Polymer2

P(EHDo.77-
co-PMVEGLYo.23)

M;P

(g mold)

11030

O(cellulose) (°)

112 +£5

O(glass) (°)

94 +5

C13

P(EHDo.66-
c0-PMVEGLY0.34)

9270

97 £ 6°

74+ 24

Cl4

P(EHDo.72-
co-PPVEGLYo.15-co-
AGEo.12)

7790

108 + 2

77%5

C15

Cl6

P(EHDo.69-
co-PPVEGLYo.21-co-
AGEqo.10)
P(EHDo.74-
co-PPVEGLYo.18-co-
AGEo.s)

11690

13660

106 + 3

112 +3

784

82+4

C17

P(EHDo.66-
co-PPVEGLYo.28-co-
AGEo.06)

17120

109 + 3

78+5

C18

C19

P(EHDo.49-
co-PPVEGLYo.45-co-
AGEo.06)
P(EHDo.75-
co-PPVEGLYo.20-co-
AGEqo.05)

11810

20280

97 + 3d

114 +3

81+2

87 %2

C20

C21

P(EHDo.69-
co-PMVEGLYo.23-co-
AGEo.9)
P(EHDo.72-
co-PMVEGLYo.19-cO-
AGEo.7)

10060

11370

99 +4

99 +2

73+5

92+2

aCompositions calculated by *H NMR spectroscopy (300 MHz, CDCIs). °Determined by SEC (THF, RI detector,

PEG standards). “Water drops lost their form in less than 5 min. 9Half of the water drops lost their form in less

than 15 min.
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Figure 8: Contact angles of water on coated cellulose (top) and coated glass (bottom) against the percentage of
fluorinated monomer in the copolymers. P(ETD-co-PPVEGLY) (green), P(EHD-co-PPVEGLY) (blue), P(EHD-
co-PMVEGLY) (brown), P(EHD-co-PPVEGLY-co-AGE) (red), and P(EHD-co-PMVEGLY-co-AGE) (black).
Shapes represent series where the degree of polymerisation of the fluorinated monomer were kept constant at

5 (circle), 8 (triangle), 12 (square), 16 (rhombus), 10 (hollow triangle), 20 (hollow square), and 30 (hollow

rhombus). Asterisks mark unstable coatings leading to wetting within 5 min. Hashtag marks a coating, where

half the drops were unstable.

Copolymers consisting of different monomers are represented with different colours,

in which the same shapes represent series with constant fluorinated monomer

percentage. Terpolymers are represented by hollow shapes. Contact angels were

decreasing with increasing fluorinated monomer percentage (e.g. C2 to C4, green

triangles). This trend reproduces the results of the corresponding homopolymers:

Unsuitable hydrophobisation of cellulose by the fluorinated homopolymers leading to
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wetting, and hydrophobisation by alkyl side chains. Interestingly, Kredel and Gallei
found the contact angle to increase with increasing percentage of fluorinated
monomer in polyacrylate copolymers bearing side chains of stearyl and PPVE
derivatives. Furthermore, they found the contact angle to increase with the molecular
weight.3! A similar behaviour of increasing contact angle with increasing molecular
weight was found in this study (e.g. C3 and C5, green triangle and rhombus). The
polyether copolymers of this work showed lower contact angles than the
polyacrylates of Kredel and Gallei®! except for their lowest molecular weight polymer
with 183 kg mol. In consequence, an explanation for the reduced repellency of the

polyethers is the lower molecular weights in comparison to the polyacrylates.

A third trend was the contact angle increase with either of the monomers side chain-
lengths, which translates to an increased hydrophobic percentage in comparison to
the hydrophilic backbone (e.g. C1 and C8 and C11, circles). The incorporation of
AGE as a third monomer led to a slight decrease of the contact angle (e.g. C15 with
C8 and C9, filled and hollow). To summarise, high molecular weights, long side
chains, and a high percentage of the alkylated monomer are favourable for the
hydrophobisation of cellulose. Antistick properties of the fluoropolymers are caused
by the low polarizability of fluorine leading to only weak interaction with water and
organic compounds. Presumably in consequence of their hydrophilic polyether
backbone, the polymers did not reach the repellency of Teflon (measured
© =128 £ 6).

The observed contact angles on coated glass surfaces indicated successful
hydrophobisation and similar trends as the coated cellulose. Nonetheless, they were
generally lower than the contact angles of coated cellulose (Table 5, Figure 9). An
explanation for this is the low interaction of polymer and glass, which caused an
insufficient coating and unfavourable orientation. Especially for polymer coatings with
high percentage of fluorinated monomer, the film formation was difficult and led to

uneven coatings.

-m 6 O

Figure 9: Water drops on uncoated and coated surfaces. From left to right: uncoated glass (42°), C8 coated
glass (96°), C8 coated cellulose (115°), uncoated Teflon (128°).
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Oil-repellency: QOil-repellency tests were conducted using the AATCC test method
11833 for the fluorinated homopolymers of PMVEGLY and PPVEGLY as well as the
most promising copolymers. Grades are assigned as the corresponding number of
the last successfully repelled liquid (see Table S1). In consequence the repellency is
increasing with increasing number. A borderline pass in consequence of a rounding
drop with partial darkening is represented by subtracting 0.5 from the liquids

number.33

Homopolymers of the fluorinated monomers showed an increased oil-repellency with
increased molecular weight. PPPVEGLY achieved grades of 1.5 for 10 to 30 targeted
repeating units, 2 for 50 units, 2.5 for 70 to 90 units, and 3.5 for 120 units (Figure 10).
PPMVEGLY with 10 targeted repeating units, did not show oil-repellency, while the

polymer with 30 targeted repeating units achieved grade 1.

oil-repellency grade
o = N w
9] = (0] N (0] w (9]
([ J
{ ]
[
[ J
[ J
[ J

o

0 30 60 90 120

targeted degree of polymerisation

Figure 10: Oil-repellency grade plotted against the targeted degree of polymerisation of PPVEGLY
homopolymers.

PPVEGLY copolymers C3, C10, C15 and C18 yielded grade 0.5, only achieving a
borderline pass with the mineral oil Kaydol. Expectedly, incorporation of non-
fluorinated comonomers is decreasing the oil-repellency of the copolymer.
PMVEGLY copolymers C13 and C20 failed the oil-repellency test. The smaller
fluorinated side chain of PMVEGLY is at least in this molecular weight of <12 kg mol*
not suitable for oil-repellency.
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Polymethacrylates bearing PPVE side chains are literature known. Homopolymers
on cotton achieved with grade 5 a higher repellency than the synthesised
homopolyethers (up to grade 3.5) of this study. This difference can either be caused
by the different chemical nature of the backbones or by different molecular weights.
As discussed earlier, higher molecular weights led to better water-repellency as well
as better oil-repellency. Kredel and Gallei achieved with PPVE and stearyl derived
copolymers on cotton grade 4 and on cellulose grade 3 to 6 with an increasing
molecular weight from 183 kg mol? to 760 kg mol? (coating conditions also
influenced the grade).®! The polymers of this study also showed an increased
repellency with increased molecular weight, but did not reach either molecular weight

or grade as the polymethacrylates bearing PPVE derived groups.

Conclusion

Series of copolymers consisting of PMVEGLY or PPVEGLY as degradable and
ecological friendlier alternatives for classic fluorinated monomers and either a
hydrophilic or hydrophobic comonomer were synthesised and studied with respect to
their surface properties. The copolymers of the structures PEG-b-PPVEGLY as well
as MEsGE-co-PPVEGLY, ME3GE-co-PMVEGLY and ME2GE-co-PMVEGLY were
found to be suitable surfactants. The improved solubility and easy preparation of the
statistical copolymers in comparison to the block copolymers renders them especially
suitable. The best synthesised polymers (ystat= 20.35 mN m) were on par or
outperformed the legacy compound perfluorooctanesulfonic acid (21.9 mN m)° as
well as the recently developed commercially available ionic fluorosurfactants
TIVIDA® FL 2300 (ystat <22.9 mN m?, 0.1% active ingredient)®” and PolyFox from
Omnova Solutions Inc. (e.g. PolyFox PF 151N: ystat = 24 mN m, 0.1% active
ingredient).**#2 On the other hand, the polymers did not achieve the activity of
TIVIDA® FL 2500 (ystat <18.9 mNm?)3% and FL 2700 (ysta <16.8 mN m?)3,
Investigation of the dynamic surface tensions indicated rather slow equilibration.
Copolymers with hydrophobic comonomers showed hydrophobicity (contact angles
on coated cellulose < 115°, on coated glass < 96°), but only low oleophobicity
(AATCC 118 grade 0.5). PPVEGLY homopolymers yielded higher oil-repellency
(grade 3.5), but no sufficient hydrophobicity. As higher molecular weight polymers

yielded higher repellencies, a further increase in the polyethers molecular weight
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could be promising. PPVEGLY copolymers outperformed PMVEGLY copolymers in
both applications, as a result of its higher fluorine content. Nonetheless, PMVEGLY

showed a better degradation profile, rendering it ecological friendlier.

In situ *H NMR kinetic studies revealed a slight gradient structure for copolymers with
oligoethylene bearing comonomers as well as with alkylene oxide comonomers. In
consequence, the hydrophilicity gradient of the surfactants is predominantly formed
due to orientation of the side chains and not the microstructure of the polymer. A
clear separation of the comonomers within the copolymer structure could lead to
increased surface activity for both applications and is the focus of our further research

as well as the introduction of ionic groups to further boost the surfactant efficiency.
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Materials

PPVEGLY was provided by Merck KGaA. PMVE was obtained in >99% purity from
Chemours; diethyleneglycol monomethyl ether was obtained in 99% purity from TCI,
trithyleneglycol monomethyl ether was obtained in >97% purity from Sigma-Aldrich.
Alkylene oxides were purchased from TCI (EDD and ETD in >95%, EHD in >80%
purity). (3-Glycidoxypropyl)bis(trimethylsiloxy)methylsilane was obtained in 97%
purity from Gelest. TBAB was obtained in >98% purity from Alfa Aesar. TIBAL was
obtained as a 1.1 M solution in toluene from Acros Organics. The AATCC test kit and
blotting paper were purchased from SDL Atlas. All remaining chemicals were
purchased from Acros Organics, Fisher Scientific, Roth, Sigma-Aldrich, TCI, VWR,

or Deutero GmbH. All compounds were used as received.

Instrumentation

'H NMR (300 or 400 MHz), 3C NMR (75 MHz) and '°F NMR (282 MHz) spectra were
recorded on a Bruker Avance IlIl HD 300 (5 mm BBFO-Probe with z-Gradient and
ATM). *H NMR and '3C NMR spectra were referenced internally with the proton signal
of the deuterated solvent. 1°F NMR spectra were not referenced. Size exclusion
chromatography (SEC) was carried out either in tetrahydrofurane (THF) at 35 °C with
a flow rate of 1 mL/min on an Agilent 1100 series (Agilent Technologies, Santa Clara,
CA, USA), SDV columns of 100/1000/10000 A porosity (Polymer Standards Service
(PSS), Mainz, Germany) or in N,N-dimethylformamide (DMF) containing 1 g/mL
lithium bromide at 50 °C with a flow rate of 1 mL/min with HEMA columns with
300/100/40 A porosity. Detection was done with an Agilent G1362A RID as refractive
index detector. Toluene was used as an internal standard and PEG standards from
PSS were used for calibration. MALDI-ToF measurements were performed on a
Bruker Autoflex maX. Samples were prepared with Dithranol (DIT) and either sodium
or silver trifluoroacetate. DSC measurements were performed using a DSC250 from
TA instruments (New Castle, DE, USA) and the TRIOS software.

Synthesis of oligoethylene chain monomers

The synthesis of ME3sGE and ME2GE was adapted from literature. Epichlorohydrine
(1 eq, 0.32mol, 29.59g) and sodium hydroxide (1.5eq, 0.48 mol, 19.1 g) were
combined in a round bottom flask and cooled with a water bath. Triethylene glycol
monomethyl ether (1 eq, 0.32 mol, 52.3 g) or diethylene glycol monomethyl ether

(1 eq, 0.32 mol, 28.5 g) was added dropwise and stirred for 2 h. The reaction mixture
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was cooled to precipitate salts, filtrated under reduced pressure and dried with
magnesium sulfate. The product was isolated via distillation in typical yields of
80-90% (MEsGE 0.02 mbar, Thead= 102 °C; ME2GE 0.03 mbar, Thead = 80 °C).
Characterization data is given in literature.!

AATCC 118 test method

Table S1: Test substances of the AATCC 118 test method.23

Grade Hydrocarbon Surface tension
0 None -
1 Kaydol (mineral oil) 31.5
2 65:35 Kaydol: n-hexadecane (by

volume)
3 n-hexadecane 27.3
4 n-tetradecane 26.4
5 n-dodecane 24.7
6 n-decane 23.5
7 n-octane 21.4
8 n-heptane 19.8

Supplementary characterisation data

Table S2: Characterisation data of polymers.

©)
Tm® ©]
Mpth Mn? AHm®  (cellu-
Polymert b2 T (glass)
(g mol'Y) (g mol?) ) Jg?h lose) i
o) . )
)
/
PPMVEGLYs 2000 2090 1.09 = / - -
PPMVEGLY10 2530 2470 1.12 - - - -
PPMVEGLY30 7280 5320 1.12 - - - -
/
PPPVEGLYs 2800 2700 1.14 54 / wetting 631

PPPVEGLY10 3480 2640 1.09 - - - -
PPPVEGLY3 10280 7740 1.14 - - - -
PPPVEGLYs0 17080 9730 1.24 - - - -
PPPVEGLY70 23880 11740 1.26 - - - -
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Table S2: Characterisation data of polymers (continued).

PPPVEGLY9 30680 11510 1.50 - - - -

-48
PPPVEGLY120 40880 nab naPb , / wetting 63 *6
22
PEDD1o 1920 3640 1.15 ; 68 wetting 816
27 _
PEDDzo 5610 5960 1.22 ) 70 wetting 87 +2
44
PETD1o 2200 3490 1.16 ; 96 88+3 1031
44
PETD3o 6450 6420 1.23 ) 86 1005 1041
40
PEHD1o0 2490 3030 1.17 / 96 105+£7 1122
54
PEHDz0 7290 7010 1.24 / 112 122+2 103zx1
P[(3-glycidoxy-
ropyl)bis(tri-
propylbis( 3350 3370 1.08 - - wetting -

methylsiloxy)-

methylsilane]io

P(PPVEGLY16-
co-GMA)®

aDetermined by SEC (THF, PEG calibration, RI detector) PInsufficient solubility for SEC measurement.

6090 5150 1.20 - - - -

°Determined by DSC: second heating curve, 10 °C min't, 5 min isothermal between steps. YTheoretical
composition: PPVEGLYo.80-co-GMAo.20; experimental composition determined via *H NMR spectroscopy (CDCls,
300 MHz): PPVEGLYo.77-co-GMAo.23.
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Representative characterisation of monomers
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Figure S1: *H NMR spectrum (CDClz, 300 MHz) of PMVEGLY.
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Figure S2: 13C NMR spectrum (CDCls, 75 MHz) of PMVEGLY.
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Figure S3: 1%F NMR spectrum (CDCls, 282 MHz) of PMVEGLY.
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Figure S4: *H, *H COSY NMR spectrum (CDCIz, 300 MHz) of PMVEGLY.
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Figure S7: *H NMR spectrum (CDClz, 300 MHz) of PPVEGLY.
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Figure S8: 13C NMR spectrum (CDCls, 75 MHz) of PPVEGLY.
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Figure S9: 1°F NMR spectrum (CDCls, 282 MHz) of PPVEGLY.
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Representative characterisation of polymers
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Figure S10: *H NMR spectrum (CDCls, 300 MHz) of PEDD1o (& [ppm] = 3.59-3.35 (m, a), 1.57-1.26 (m, b),
0.88 (t, ¢)).
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Figure S11: *H NMR spectrum (CDCls, 300 MHz) of P[(3-glycidoxypropyl)bis(trimethyl-siloxy)methylsilanelio ( 6
[ppm] = 3.61-3.33 (m, a), 1.57 (td, b), 0.43 (dt, c), 0.08 (s, €), 0.00 (s, d)).
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Figure S12: 'H NMR spectrum (CDCl3, 300 MHz) of S15.
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Figure S13: 33C NMR spectrum (CDClz, 75 MHz) of S15.
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Figure S14: °F NMR spectrum (CDCls, 282 MHz) of S15.
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Figure S15: 'H NMR spectrum (CDCls, 300 MHz) of S25.
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Figure S16: 'H NMR spectrum (CDCls, 300 MHz) of C14.
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Figure S17: *H NMR spectrum (CDCls, 300 MHz) of P(GMA4-co-PPVEGLY16).
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Figure S18: MALDI-ToF spectrum of PPMVEGLYs.
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219



3 — Fluorine bearing polyethers

C1x10*
F, b L1x10°
F5;C C
3 \gz \o (I:FZ h
2 o bk
’
Br O,’HJ\OJ'
(CHy)
A2 F1x10®
F1x107
Lix10®

T T T T T T T T T T T T T T T T T T T T
9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 -0.5
chemical shift [ppm]

Figure S21: *H DOSY NMR (CDCls, 400 MHz) of C2.
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'H NMR spectra of degradation studies
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Figure S22: °F NMR spectra (DMSO-ds, 41 MHz) of PMVEGLYsg degradation study with diethylenetriamine.

Reaction set-up: 0.12 g polymer, 0.8 mL de-DMSO, 0.2 mL diethylenetriamine (DETA), 120 °C. CFs, CF2 and

CHF signals are decreasing with advancing time, while signals of the generated fluoride anions are evolving.

The observation of two species is presumably the result of the different interactions with the primary and the
secondary amines of DETA.
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Figure S23: °F NMR spectra (DMSO-ds, 41 MHz) of PMVEGLY3s degradation study with potassium hydroxide.
The signals of the fluoride anions are comparably weak due to precipitation of the KF salt.

Dynamic Surface tension measurements

The listed data were obtained using the bubble pressure method.
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Table S3: Dynamic surface tensions of copolymers S1 to S31.
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S1 S2 S3 S4

t Ydyn t Ydyn t Ydyn t Ydyn
0.029 67.4 0.029 72.5 0.030 70.4 0.029 70.2
0.038 65.9 0.038 72.7 0.038 69.4 0.038 69.0
0.049 64.1 0.049 72.4 0.049 67.9 0.049 66.9
0.064 62.4 0.063 72.3 0.064 66.4 0.064 65.7
0.084 60.6 0.084 72.5 0.085 64.8 0.086 64.0
0.112 58.8 0.112 72.1 0.112 62.8 0.112 62.5
0.144 57.4 0.145 72.3 0.146 61.4 0.147 60.7
0.189 55.5 0.188 72.2 0.189 59.9 0.188 59.4
0.244 53.8 0.246 72.1 0.245 58.1 0.243 58.1
0.303 52.5 0.313 72.2 0.303 56.6 0.303 56.9
0.394 50.8 0.394 72.1 0.400 54.8 0.400 55.5
0.518 49.0 0.516 71.7 0.517 52.9 0.514 54.2
0.669 47.2 0.679 71.5 0.660 51.1 0.675 52.8
0.855 45.4 0.861 71.4 0.876 48.7 0.880 51.0
1.064 43.8 1.066 70.9 1.077 47.1 1.010 50.1
1.380 42.2 1.400 70.8 1.376 45.2 1.315 48.5
1.827 40.3 1.821 70.5 1.804 43.0 1.719 47.0
2.408 38.9 2.198 70.3 2.198 41.6 2.433 44.8
3.079 37.3 3.270 69.4 3.019 39.6 3.140 43.1
4.214 35.6 4.057 68.5 3.947 37.5 4.147 41.2
5.378 34.4 5.512 67.3 5.363 35.7 5.292 39.9
6.824 33.3 7.013 65.5 6.928 34.3 6.859 38.3
9.427 32.0 9.038 64.1 8.819 33.2 9.203 36.8
11.956 30.9 11.484 62.5 12.521 31.4 11.592 36.1
14.981 30.2 16.108 60.5 15.821 30.7 15.753 34.7
22.561 28.7 19.562 59.5 20.085 29.6 19.728 33.8
23.899 28.8 27.306 56.7 26.324 28.9 26.921 32.6
32.912 27.3 32.659 55.4 35.713 27.7 35.190 31.6
50.214 25.8 45.618 53.6 42.167 27.3 45.527 30.9
62.552 25.9 57.026 52.0 60.808 26.5 54.936 30.6
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3 — Fluorine bearing polyethers

Table S3 continued: Dynamic surface tensions of copolymers S1 to S31.

S5 S6 S7 S8
t Ydyn t Ydyn t Ydyn t Ydyn

0.029 66.3 0.029 67.7 0.032 76.6 0.031 69.8
0.038 64.7 0.038 66.3 0.038 71.7 0.038 64.8
0.049 62.6 0.049 64.4 0.049 66.4 0.049 60.6
0.064 60.8 0.063 62.5 0.064 61.8 0.064 57.0
0.084 59.5 0.084 60.8 0.086 57.5 0.085 53.9
0.112 57.9 0.112 59.3 0.112 53.7 0.113 50.9
0.146 57.0 0.146 58.0 0.144 51.0 0.143 49.3
0.190 55.8 0.189 57.1 0.190 48.6 0.188 47.5
0.244 54.6 0.245 56.1 0.244 46.1 0.245 45.9
0.305 53.4 0.306 55.5 0.303 44.4 0.306 44.6
0.393 52.4 0.394 54.6 0.400 42.6 0.403 43.1
0.516 51.0 0.521 53.5 0.510 40.8 0.518 42.0
0.680 49.9 0.668 52.6 0.666 39.5 0.668 40.8
0.878 48.6 0.871 51.7 0.874 37.2 0.89 39.7
1.077 47.6 1.008 51.1 1.037 36.6 1.043 39.1
1.360 46.8 1.322 50.1 1.416 35.0 1.447 38.0
1.821 45.1 1.819 48.9 1.753 34.3 1.742 37.4
2.250 44.2 2.824 47.3 2.484 32.8 2.196 36.7
3.148 42.6 3.172 46.9 3.185 32.2 3.277 35.5
4.174 41.7 4.039 46.1 4.041 31.6 4.081 34.8
5.278 40.6 5.311 44.7 5.316 30.6 5.326 34.5
7.087 39.3 7.220 43.6 6.984 30.1 7.178 33.9
9.089 38.4 8.960 42.7 9.111 29.6 9.141 33.4
11.842 37.2 12.498 41.7 11.569 29.3 11.895 33.0
15.316 36.4 14.661 41.0 16.645 28.8 15.785 32.3
18.948 36.0 18.740 40.1 19.661 28.8 20.461 32.3
24.654 35.5 28.118 38.9 31.229 28.5 24.857 31.8
34.852 34.6 31.684 38.7 37.289 28.3 36.132 31.6
45.062 33.9 42.158 37.5 44.884 28.1 51.817 31.3
55.449 33.7 61.824 37.5 57.888 28.0 54.853 30.9
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3 — Fluorine bearing polyethers

Table S3 continued: Dynamic surface tensions of copolymers S1 to S31.

S9 S10 S11 S12

t Ydyn t Ydyn t Ydyn t Ydyn
0.032 74.6 0.029 88.0 0.031 82.9 0.030 74.4
0.038 70.4 0.038 88.8 0.038 77.7 0.038 68.2
0.049 66.4 0.049 86.2 0.049 72.7 0.050 63.0
0.065 63.2 0.064 83.2 0.064 67.7 0.064 59.0
0.085 60.1 0.085 81.8 0.084 63.5 0.085 55.4
0.112 57.7 0.111 79.9 0.110 59.4 0.111 52.1
0.145 55.9 0.146 78.5 0.143 56.0 0.143 49.4
0.191 54.7 0.190 77.5 0.189 52.8 0.189 46.9
0.243 53.0 0.247 76.4 0.246 49.4 0.243 44.8
0.310 51.9 0.317 75.0 0.312 46.2 0.308 43.3
0.403 50.7 0.408 73.5 0.391 43.9 0.402 41.5
0.525 49.6 0.531 72.0 0.523 41.1 0.517 39.8
0.678 48.6 0.691 70.3 0.658 39.0 0.664 38.1
0.871 47.7 0.892 68.3 0.897 37.1 0.891 35.9
1.056 46.9 1.082 66.7 1.031 36.4 1.049 35.2
1.312 46.1 1.347 65.3 1.380 35.0 1.414 33.7
1.891 44.9 1.844 62.5 1.878 33.9 1.783 329
2.302 44.5 2.318 60.6 2.303 33.4 2.236 31.7
3.230 43.5 3.077 57.7 3.165 32.1 3.172 31.1
4.137 43.0 4.048 55.4 3.927 31.4 4.184 30.9
5.316 42.2 5.381 52.7 5.446 30.7 5.344 30.2
6.975 41.7 6.740 51.0 6.665 30.2 6.848 29.6
9.189 41.1 9.167 47.8 9.821 29.3 9.320 29.6
12.080 40.4 11.125 45.7 11.822 28.9 11.675 28.5
14.568 40.5 15.161 43.8 15.700 28.5 14.483 28.3
21.589 39.5 20.499 40.7 19.760 28.1 21.980 27.8
28.642 39.5 24.958 40.1 24.572 27.8 25.174 27.4
33.371 38.1 31.767 37.6 39.602 27.5 37.564 27.0
47.377 38.1 41.544 36.2 40.352 27.5 44.138 26.7
59.676 36.7 58.218 36.5 55.118 27.4 65.267 26.6
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Table S3 continued: Dynamic surface tensions of copolymers S1 to S31.

S13 S14 S15 S16

t Ydyn t Ydyn t Ydyn t Ydyn
0.032 76.9 0.032 73.2 0.032 95.9 0.031 84.0
0.038 73.0 0.039 69.4 0.038 92.5 0.039 78.6
0.049 69.3 0.049 65.9 0.050 88.6 0.050 73.5
0.064 66.3 0.064 63.1 0.064 86.8 0.065 69.5
0.084 63.5 0.086 60.8 0.086 84.1 0.084 65.2
0.111 60.9 0.112 59.1 0.111 82.3 0.110 61.8
0.145 59.4 0.144 57.5 0.145 81.1 0.144 58.8
0.187 58.0 0.188 56.3 0.188 80.3 0.187 56.1
0.245 56.3 0.245 55.1 0.243 78.8 0.243 53.1
0.303 55.3 0.310 54.2 0.313 77.8 0.300 50.9
0.403 54.2 0.400 53.5 0.403 76.5 0.392 48.3
0.529 52.9 0.536 52.3 0.525 74.7 0.530 45.4
0.678 52.0 0.674 51.6 0.678 73.0 0.670 43.2
0.870 51.0 0.885 50.7 0.873 71.2 0.890 40.9
1.032 50.1 1.050 50.2 1.041 69.7 1.005 39.9
1.434 49.1 1.324 49.7 1.382 67.0 1.352 38.0
1.776 48.6 1.905 48.7 1.693 64.8 1.860 36.2
2.300 47.5 2.346 48.0 2.421 61.0 2.297 35.3
3.188 46.8 3.144 47.4 3.037 57.9 3.049 34.1
4.168 46.0 4.148 46.8 4.028 54.8 4.186 33.2
5.205 45.4 5.515 46.2 5.380 524 5.326 32.7
7.266 44.5 7.035 45.5 6.892 49.4 6.898 31.7
9.374 44.0 8.960 45.0 8.986 46.3 9.382 31.1
11.327 43.4 11.923 44.7 11.372 43.5 11.963 30.5
15.667 42.9 14.943 44.1 14.639 40.9 14.660 30.1
20.622 42.4 21.098 43.5 19.830 38.0 22.438 29.3
27.097 41.9 27.552 43.1 23.876 36.5 24.646 29.1
31.083 42.0 35.048 42.5 35.340 33.9 36.273 28.4
44.584 41.3 44.436 42.0 41.965 33.5 41.348 28.4
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Table S3 continued: Dynamic surface tensions of copolymers S1 to S31.

3 — Fluorine bearing polyethers

S17 S18 S19 S20

t Ydyn t Ydyn t Ydyn t Ydyn
0.031 52.7 0.032 69.6 0.032 67.5 0.032 59.7
0.040 49.8 0.038 71.4 0.040 66.1 0.038 58.8
0.049 47.7 0.051 72.4 0.049 65.6 0.049 56.6
0.065 45.9 0.065 72.8 0.064 63.9 0.063 54.2
0.084 43.4 0.084 71.5 0.084 61.7 0.086 51.3
0.111 41.7 0.112 70.1 0.110 59.5 0.112 48.8
0.146 39.8 0.145 67.4 0.147 57.0 0.147 46.0
0.191 38.4 0.189 65.9 0.189 54.9 0.188 43.3
0.244 36.7 0.245 64.5 0.245 52.5 0.246 40.9
0.302 35.6 0.315 63.0 0.306 50.3 0.301 39.0
0.400 34.2 0.414 61.1 0.398 47.7 0.394 36.8
0.514 33.1 0.521 59.7 0.515 45.2 0.514 34.7
0.660 32.1 0.688 57.4 0.678 42.2 0.685 32.7
0.868 31.2 0.888 55.1 0.866 39.7 0.883 31.2
1.034 30.5 1.073 53.5 1.015 38.5 1.016 30.5
1.457 29.5 1.424 50.8 1.327 35.9 1.413 29.5
1.744 29.2 1.699 48.9 1.837 33.6 1.998 28.2
2.286 28.6 2.397 45.9 2.246 32.2 2.301 28.0
3.158 27.9 3.191 43.6 2.970 31.0 3.231 27.3
4.139 27.7 4.008 41.7 4.110 29.5 3.997 26.8
5.383 27.0 5.337 39.4 5.399 28.8 5.484 26.1
6.764 27.0 6.983 37.3 6.593 27.7 6.718 25.6
9.644 26.4 8.642 35.4 8.808 27.3 9.512 25.2
12.311 26.1 11.613 33.8 11.751 26.5 12.443 24.9
15.424 25.9 15.457 32.2 14.533 26.1 15.483 24.6
21.387 25.5 19.375 31.9 19.905 25.6 20.542 24.6
26.975 25.3 25.816 30.8 27.470 25.4 26.739 24.4
31.702 25.1 33.238 29.3 35.215 24.9 33.642 24.2
49.590 24.9 46.492 28.6 45.423 24.7 46.325 23.9
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3 — Fluorine bearing polyethers

Table S3 continued: Dynamic surface tensions of copolymers S1 to S31.

S21 S22 S23 S24

t Ydyn t Ydyn t Ydyn t Ydyn
0.031 52.8 0.029 70.8 0.032 67.8 0.031 69.3
0.039 50.7 0.038 70.9 0.038 66.6 0.038 67.9
0.049 48.9 0.049 70.4 0.049 65.4 0.050 66.4
0.064 47.4 0.064 70.7 0.064 64.4 0.064 64.4
0.083 45.7 0.084 70.0 0.085 62.3 0.084 62.2
0.111 44.1 0.112 70.2 0.111 60.3 0.112 60.1
0.145 42.8 0.146 69.7 0.146 58.4 0.145 58.0
0.190 41.6 0.189 69.5 0.191 56.3 0.188 55.8
0.245 40.4 0.245 68.8 0.245 53.9 0.242 53.3
0.313 39.3 0.315 68.2 0.311 51.9 0.305 51.0
0.398 38.4 0.408 67.3 0.396 49.6 0.407 48.1
0.530 37.2 0.527 66.2 0.513 47.1 0.521 45.9
0.674 35.9 0.684 65.1 0.661 44.6 0.694 44.1
0.862 35.1 0.883 64.0 0.861 42.0 0.893 42.4
1.045 34.5 1.057 63.2 1.010 40.6 1.102 41.2
1.470 33.4 1.309 61.7 1.393 37.2 1.390 40.0
1.747 33.2 1.796 59.8 1.747 35.0 1.816 38.6
2.277 324 2.598 57.2 2.671 32.1 2.608 37.9
3.138 31.9 3.040 56.2 2.874 32.1 2.953 38.1
4.195 31.3 4.052 54.1 3.740 30.2 4.118 37.8
5.219 30.6 5.425 52.3 5.501 28.6 5.537 38.5
7.234 30.1 6.775 50.6 6.422 27.6 7.280 38.7
9.353 29.8 9.093 48.5 8.809 26.8 8.991 37.7
11.533 29.5 11.732 47.3 12.684 26.1 11.868 37.2
16.153 29.1 16.052 45.4 16.354 25.3 14.741 36.3
20.315 28.8 19.816 44.5 20.370 25.0 21.308 36.8
26.045 28.7 26.299 42.9 25.298 24.9 27.439 37.6
33.626 28.4 32.679 41.8 34.160 24.4 36.311 39.2
41.019 28.3 48.524 40.2 42.939 24.2 48.511 40.2
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Table S3 continued: Dynamic surface tensions of copolymers S1 to S31.

3 — Fluorine bearing polyethers

S25 S26 S27 S28

t Ydyn t Ydyn t Ydyn t Ydyn
0.032 61.4 0.031 68.2 0.029 68.7 0.029 67.6
0.038 63.8 0.038 67.5 0.038 68.4 0.038 66.9
0.050 63.6 0.049 65.9 0.049 67.1 0.049 65.7
0.064 61.6 0.065 64.2 0.064 66.8 0.063 65.3
0.084 60.0 0.085 62.5 0.084 66.1 0.084 64.9
0.112 58.1 0.111 60.8 0.113 65.4 0.112 64.5
0.145 56.3 0.146 59.7 0.147 64.5 0.147 64.0
0.188 54.1 0.189 58.2 0.189 64.1 0.189 63.9
0.244 52.1 0.243 56.9 0.243 63.5 0.244 63.5
0.312 49.9 0.313 55.3 0.307 63.2 0.308 63.3
0.412 47.5 0.397 54.3 0.395 62.8 0.393 63.1
0.532 45.6 0.529 52.7 0.517 62.3 0.516 62.7
0.687 43.7 0.679 51.6 0.681 62.1 0.678 62.5
0.919 41.7 0.887 50.4 0.865 61.7 0.865 62.2
1.109 40.4 1.057 49.5 1.071 61.2 1.066 61.9
1.391 39.2 1.339 48.3 1.385 60.6 1.390 61.5
1.890 38.2 1.691 47.4 1.822 60.3 1.815 61.3
2.625 37.6 2.499 45.8 2.203 60.0 2.496 60.9
3.033 37.7 3.029 44.9 3.165 59.4 3.211 60.5
4.201 37.7 4.216 43.5 4121 58.7 4.143 60.0
5.515 37.9 5.328 42.5 5.247 58.3 5.433 59.7
6.844 37.2 7.192 41.3 7.316 57.6 6.853 59.0
9.064 35.7 9.200 40.0 9.269 57.1 9.465 58.6
11.653 35.0 11.490 38.9 11.806 56.5 12.337 58.0
15.418 34.8 15.636 37.3 15.150 55.8 15.682 57.5
20.046 35.7 19.630 36.7 21.291 54.9 20.586 56.6
27.190 36.7 26.428 34.6 26.946 54.0 25.572 56.2
35.055 36.3 33.424 33.7 33.949 53.0 36.117 55.2
45.630 37.3 42.082 31.5 42.510 52.4 45.280 54.7
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Table S3 continued: Dynamic surface tensions of copolymers S1 to S31.

S29 S30 S31

t Ydyn t Ydyn t Ydyn
0.032 71.4 0.029 71.0 0.032 73.2
0.038 71.2 0.038 70.5 0.038 72.5
0.049 70.4 0.049 69.4 0.052 72.5
0.064 69.7 0.064 69.3 0.064 71.4
0.084 68.5 0.084 68.7 0.085 71.8
0.112 67.6 0.112 67.9 0.111 70.6
0.144 66.7 0.146 67.3 0.144 70.6
0.189 65.2 0.188 66.8 0.189 70.9
0.243 63.8 0.244 65.8 0.243 70.4
0.311 62.2 0.306 65.1 0.316 70.2
0.405 60.4 0.394 64.4 0.413 70.9
0.530 59.0 0.516 63.6 0.533 70.8
0.686 57.8 0.688 62.8 0.706 70.4
0.902 56.2 0.883 62.3 0.888 70.1
1.069 55.2 1.091 62.2 1.118 69.4
1.321 54.5 1.402 62.2 1.393 69.0
1.947 52.6 1.794 62.0 1.740 68.3
2.399 51.8 2.221 62.2 2.266 67.6
3.155 50.5 3.106 61.3 3.062 65.7
4.208 49.5 4.362 60.5 4.230 63.6
5.395 48.6 5.507 60.2 5.371 62.3
6.910 47.7 7.032 59.8 6.853 61.4
9.313 46.7 9.273 59.2 9.628 60.0
11.696 45.8 12.125 58.8 11.494 59.7
15.717 45.1 15.280 58.3 16.218 58.6
18.947 44.5 20.021 S57.7 20.866 57.5
27.551 43.1 25.830 57.4 26.497 56.8
34.520 42.2 33.132 56.8 33.387 55.7
43.757 41.6 45.505 55.7 44.181 55.4
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Thermal analysis

3 — Fluorine bearing polyethers
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Figure S24: DSC measurement of polyfluorinated homopolymers (2" heating curve, heating and cooling rate

10 °C min).
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Figure S25: DSC measurement of homo alkylene oxides (2" heating curve, heating and cooling rate 10 °C min-
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3 — Fluorine bearing polyethers
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Figure S26: DSC measurement of P(ETD-co-PPVEGLY) series (2" heating curve, heating and cooling rate
10 °C min').
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Figure S27: DSC measurement of P(EHD-co-PPVEGLY) series (2" heating curve, heating and cooling rate
10 °C mint).
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Figure S28: DSC measurement of P(EHD-co-PMVEGLY) series (2" heating curve, heating and cooling rate

10 °C min).
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Figure S29: DSC measurement of P(EHD-co-PPVEGLY-co-AGE) series (2" heating curve, heating and cooling
rate 10 °C min?).
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Figure S30: DSC measurement of P(EHD-co-PMVEGLY-co-AGE) series (2" heating curve, heating and
cooling rate 10 °C min‘%).
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In situ 'H NMR kinetic studies
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Figure S31: P(MEsGE-co-PPVEGLY): Comonomer concentration plotted versus the total conversion.
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Figure S32: P(ME3GE-co-PPVEGLY): Comonomer concentration plotted versus the time.
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Figure S33: P(ME3GE-co-PPVEGLY): Jaacks fit for the determination of reactivity ratios.
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Figure S34: P(MEsGE-co-PPVEGLY): BSL fit for the determination of reactivity ratios.
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Figure S35: P(ME3sGE-co-PPVEGLY): Meyer-Lowry ideal fit for the determination of reactivity ratios with f1 =
PPVEGLY.
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Figure S36: Simulation of the microstructure of P(MEsGE-co-PPVEGLY synthesised in 2-MeTHF).
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Figure S37: P(ME3sGE-co-PPVEGLY) in THF: Comonomer concentration plotted versus the total conversion.
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Figure S38: P(ME3sGE-co-PPVEGLY) in THF: Comonomer concentration plotted versus time.
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Figure S39: P(MEsGE-co-PPVEGLY) in THF: Jaacks fit for the determination of reactivity ratios.
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Figure S 40: P(MEsGE-co-PPVEGLY) in THF: BSL fit for the determination of reactivity ratios.
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Figure S41: P(ME3GE-co-PPVEGLY) in THF: Meyer-Lowry ideal fit for the determination of reactivity ratios with
fi = PPVEGLY.
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Figure S42: Simulation of the microstructure of P(MEsGE-co-PPVEGLY) synthesised in THF.
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Figure S43: P(MEsGE-co-PMVEGLY): Comonomer concentration plotted versus the total conversion. Data

points were acquired every 120 s.
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Figure S44: P(MEsGE-co-PMVEGLY): Comonomer concentration plotted versus the time. Data points were

acquired every 120 s.
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Figure S45: P(MEsGE-co-PMVEGLY): Jaacks fit for the determination of reactivity ratios. Data points were

acquired every 120 s.
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Figure S46: P(MEsGE-co-PMVEGLY): BSL fit for the determination of reactivity ratios. Data points were

acquired every 120 s.
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Figure S47: P(ME3sGE-co-PMVEGLY): Meyer-Lowry ideal fit for the determination of reactivity ratios with f1 =
PMVEGLY. Data points were acquired every 120 s.
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Figure S48: Simulation of the microstructure of P(MEsGE-co-PMVEGLY). Data points were acquired every
120 s.
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Figure S49: P(ME2GE-co-PMVEGLY): Comonomer concentration plotted versus the total conversion.

244



09

0.8

0.7

0.6

Mlo

=05

[M]

04

0.3

0.2

0.1

3 — Fluorine bearing polyethers

—— PMVEGLY
—— ME,GE

0.2

-0.2

0.4

log ((My] / [Mylo)

-0.6

-0.8

-1

-1.2

-0.7

25
time [min]
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Figure S51: P(ME2GE-co-PMVEGLY): Jaacks fit for the determination of reactivity ratios.
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Figure S52: P(ME2GE-co-PMVEGLY): BSL fit for the determination of reactivity ratios.
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Figure S53: P(ME2GE-co-PMVEGLY): Meyer-Lowry ideal fit for the determination of reactivity ratios with f1 =
PMVEGLY.
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Figure S55: P(ETD-co-PPVEGLY): Comonomer concentration plotted versus the total conversion.
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Figure S57: P(ETD-co-PPVEGLY): Jaacks fit for the determination of reactivity ratios.
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Figure S58: P(ETD-co-PPVEGLY): BSL fit for the determination of reactivity ratios.
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Figure S59: P(ETD-co-PPVEGLY): Meyer-Lowry ideal fit for the determination of reactivity ratios with f1 =

PPVEGLY.
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Figure S60: SEC traces (PEG calibration, RI signal). Left: PPVEGLY copolymers measured in THF as eluent;
Right: PMVEGLY copolymers measured in DMF as eluent.
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Table S4: Calculated reactivity ratios of the comonomer pairs in 2-MeTHF at 10 °C. Data was fitted by using

NIREVAL Software from Tobias Johann, Marvin Steube and Holger Frey.*

Polymer

P(ME3sGE-

co-PPVEGLY)

P(ME3sGE-

co-PPVEGLY)

in THF

P(MEsGE-

co-PMVEGLY)

P(ME2GE-

co-PMVEGLY)

P(ETD-

co-PPVEGLY)

References

parameter

'MEsGE
PPVEGLY
R2/ NormRes
(NR)
'MEsGE
PPVEGLY
R2/ NormRes
(NR)
'MEsGE
'PMVEGLY
R2/ NormRes
(NR)
'ME.GE
PMVEGLY
R2/ NormRes
(NR)

IETD

IPPVEGLY
R2/ NormRes
(NR)

Jaacks

0.72+0.01
1.38+0.01

R?=0.996

0.65+0.01
1.54+0.01

R?2=0.999

0.82 +£0.03
1.22 +0.04

R2=0.982

0.63+0.01
1.60 + 0.02

R2=0.988

1.20+0.01
0.83+0.01

R?2=0.991

BSL

0.72+0.01
1.40+0.01

NR = 0.006

0.66 +0.01
1.52 +0.01

NR = 0.009

0.81 £0.03
1.24 +0.05

NR = 0.003

0.63+0.01
1.58 +0.02

NR =0.010

1.20+0.01
0.83+0.01

NR=0.012

Meyer-Lowry

ideal
0.75+0.01
1.34+0.01

NR=0.078

0.65+0.01
1.55+0.01

NR=0.103

Insufficient

fitting
0.62+0.01
1.62 + 0.03
NR =0.163

1.22 + 0.02
0.82 +0.02

NR=1.341

(1) Motogami, K.; Kono, M.; Mori, S.; Watanabe, M.; Ogata, N. A new polymer

electrolyte based on polyglycidylether. Electrochimica Acta 1992, 37 (9), 1725—
1727. DOI: 10.1016/0013-4686(92)80147-E.
(2) AATCC. Oil Repellency: Hydrocarbon Resistance Test Method 118, 1997.

(3) Fang, H.; Friedrich, R. Fluorine containing polymers. 16/310,709.

(4) Steube, M.; Johann, T.; Plank, M.; Tjaberings, S.; Groschel, A. H.; Gallei, M.;
Frey, H.; Muller, A. H. E. Kinetics of Anionic Living Copolymerization of Isoprene
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and Styrene Using in Situ NIR Spectroscopy: Temperature Effects on Monomer
Sequence and Morphology. Macromolecules 2019, 52 (23), 9299-9310. DOI:
10.1021/acs.macromol.9b01790.
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Abstract

Organo boranes are used in a multitude of applications due to their specific
properties. Boronic acids are applied in medicine, while trialkyl boranes have gained
high interest as catalysts in polymerisations of oxygenated monomers. For this study,
borane bearing polymers were prepared by oxyanionic polymerisation starting from
allyl glycidyl ether or isoprenol glycidyl ether and ethylene oxide followed by
hydroboration, yielding an adaptable polymer class. On the one hand, versatile
polymeric boronic acids were achieved after cleavage of boronic esters. On the other
hand, 9-BBN bearing polymers were synthesised and studied for their catalytic
activity in homo- and copolymerisations as well as their removability via precipitation.
Catalysed homopolymerisation of propylene oxide permitted synthesis and
purification of poly propylene oxide (D = 1.10-1.16). Long-chain alkylene oxides were
successfully synthesised (D =1.22 — 1.58; or bimodal £ = 3.14), but purification was
not achieved completely. The catalyst was shown to be recyclable by separation via
precipitation and subsequent introduction to the next polymerisation batch.
Additionally, the 9-BBN based polymer was able to copolymerise carbon dioxide with
cyclohexene oxide to provide poly carbonates with >99% carbonate linkages and
polymer selectivity and up to 100% monomer conversion. Separation of the polymer
catalyst from the targeted polycarbonate was almost fully possible due to solubility

tailoring.
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Introduction

Side chain functionalisation enables a broad scope of properties and applications for
polyethers. These functionalities can either be incorporated by direct polymerisation
of substituted epoxides or by post-polymerisation modifications. The latter is utilised
if the functionality is unstable under polymerisation conditions. Double bonds
represent a versatile platform for modifications, being readily available for thiol-ene-
click!? or hydroboration reactions. Hydroboration of double bonds enables the
synthesis of polymers with organo borane side chains.3* One the one hand, alkyl
boranes find applications in medicine for example in boron neutron capturing therapy
(BNCT)>® or in catalytic polymerisations.”® On the other hand, they are a precursor
for other organic reactions like C-C, C-O or C-X bond formation.®-13 Dialkoxyboranes
can be converted to boronic acids,* which also found application in medicine.
Cambre et al. published a review of biomedical applications of boronic acid containing
polymers, which include for example sensors for saccharides, controlled drug release
and inhibitors for enzymes.'® These polymers either act by interaction with a target
molecule or by reversible formation of thermosets via boroxine formation or hydrogels

via esterification with hydroxy bearing polymers.t>-17

Lewis acidic organo boranes are known as a more sustainable alternative for metal
catalysts in the (co)polymerisation of oxygenated monomers such as epoxides and
carbon dioxide. Extensive reviews were given recently by Naumann!® as well as by
Zhang, Gnanou and Feng et al.'® In these polymerisations the catalyst forms on the
one hand an “ate” complex with the initiator or growing chain and on the other hand
activates the monomer, which permits mild polymerisation conditions. Due to the mild
conditions and the low basicity of the “ate” complex the polymerisation runs with
reduced side reactions.?®-?2 As a consequence of this duality, high catalyst amounts
in respect to initiator are needed.?32* To counter this, multinuclear systems consisting
of the initiating onium salt and multiple organo boron groups in one molecule were
developed.?>26 Recent focus came to the removal and recycling of the catalyst. Feng,
Gnanou and co-workers first reported a complex multistep recycling system for
triethyl borane?’ and later a simple recycling system for a bifunctional catalyst

combining the borane and the initiator in one molecule.??

Hydroboration of alkenes is often realised by catalysis with Rh, Ir, Fe or Co ligand

complexes leading to anti-Markovnikov products, with typically a minor vyield of
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Markovnikov by-products.?®-3? Ru catalysed hydroboration was studied, but
hydrogenation, isomerisation and dehydrogenative borylation occurred as side
reactions.3®3°> Kisan et al. developed an anti-Markovnikov Ru catalysed
hydroboration, which does not suffer from these side reactions and reported a broad
scope of alkenes including allyl glycidyl ether (AGE).*? Hinkes et al. reported a
monophasic and mild strategy for transesterification of boronic esters to yield boronic
acids. They used methyl boronic acid and acidic or basic conditions, in respect to the
educt stability and easy purification via evaporation of reagents and byproducts.'#

Motivated by the versatility of organo boranes it was intriguing to investigate
polymeric organo boranes, allowing multiple borane groups per molecule. In this work
the synthesis of multifunctional polyethers bearing organo boranes or boronic esters
yielding boronic acids after hydrolysis is demonstrated. The organo boranes were
furthermore used as catalysts in activated homopolymerisation of epoxides as well
as copolymerisation of epoxides and carbon dioxide to obtain polycarbonates. To the
best of our knowledge, this is the first time a polymeric catalyst based on organo

boranes was used for these applications. In addition, recyclability was demonstrated.

Experimental Section
Materials

Isoprenol (297 % purity), epichlorohydrin (99% purity) and pinacolborane (97 % purity)
were obtained from Thermo Fisher Scientific. Ethylene glycol monobutyl ether (99%
purity), allyl glycidyl ether (>99% purity), epoxytetradecane (>95% purity),
epoxyhexadecane (>80% purity), mPEG2000 and tetraoctylammonium bromide
(>98% purity) were purchased from TCI. Ethylene oxide was obtained in 99.8% purity
from Air Liquide. 9-Borabicyclo[3.3.1Jnonane (0.5M in THF) and dichloro(p-
cymene)ruthenium(ll) dimer (97% purity) were obtained from Sigma-Aldrich. Carbon
dioxide 5.0 was purchased from Westfalen AG (Munster, Germany) and dried over
molecular sieve for three days prior to use. Bis(triphenylphosphine)iminium chloride
([PPN]CI) was received from abcr GmbH in 97% purity. Cyclohexene oxide (CHO)
was purchased from Alfa Aesar in 98+% purity. All remaining chemicals were
purchased from Acros Organics, Fisher Scientific, Roth, Sigma-Aldrich, TCI, VWR,
or Deutero GmbH.
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Instrumentation

NMR spectra were measured on a Bruker Avance Il HD 300 (5 mm BBFOProbe with
z-Gradient and ATM) and referenced internally with the deuterated solvent. Size
exclusion chromatography (SEC) of polyethers was carried out in N,N-
dimethylformamide (DMF) containing 1 g/mL lithium bromide at 50 °C with a flow rate
of 1 mL/min on an Agilent1100 series (Agilent Technologies, Santa Clara, CA, USA),
with HEMA columns with 300/100/40 A porosity (Polymer Standards Service (PSS),
Mainz, Germany) and Agilent G1362A RID as refractive index detector.
Polycarbonates were measured in tetrahydrofurane (THF) at 35 °C on an Agilent
1100 series using SDV columns of 100/1000/10000 A porosity (PSS). Calibration
was done via the internal standard toluene and PEG or PS standards from PSS.
MALDI ToF measurements were performed on a Bruker Autoflex maX. Samples
were prepared with Dithranol (DIT) if not otherwise noted.

Monomer synthesis

IsoPreGE was performed analogous to literature.3®

Polymer synthesis

Homo- and block- copolymerisation: Ethylene glycol monobutyl ether (1 eq) or mPEG
macroinitiator (1 eq) and KO'Bu (0.8-0.9 eq) were dissolved in a benzene:methanol
6:1 mixture in a dried Schlenk flask and stirring while heating at 50-70 °C for
30-60 min. Subsequently, they were dried under reduced pressure at room
temperature or 70 °C, respectively. Homopolymerisations were performed in bulk,
while block copolymerisations were performed in DMSO or at 66 °C in melt. The
monomer was dried over CaHz, distilled, and added to the reaction via syringe. The
polymerisation was performed over night at 45 °C. The homopolymer was extracted
via liquid-liquid extraction with DCM and water and dried under reduced pressure.
Typical yields: 90%. Block copolymers were purified via precipitation in cold diethyl

ether. Typical yields: 80%.
'H NMR (300 MHz, CDCls):

EGBE-PAGE & [ppm] = 5.88 (ddt, CH=CHz2), 5.30-5.12 (m, CH=CH>), 4.06-3.96 (m,
CH2-CH=CH), 3.77-3.41 (m, backbone and CH2-0), 1.60-1.51 (m, CHz-CH2-CH2),
1.39-1.32 (m, CHa-CH2-CHz), 0.91 (t, CH3-CH2-CH2).
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MPEG-b-PAGE & [ppm] = 5.88-5.75 (m, CH=CH2), 5.22-5.05 (m, CH=CH2), 3.90
(dd, CH2-CH=CH), 3.78-3.38 (m, backbone and CH2-0O), 3.30 (s, CHs-0).

Statistical copolymerisation: The polymerisation was done analogous to the block
copolymerisation. Ethylene oxide was cryo-transferred to the to -80 °C cooled flask
containing the reaction mixture and the polymerisation was allowed to take place over
3 d at 40 °C. Typical yields: 80%.

'H NMR (300 MHz, CDCla):
MPEG-b-P(EG-co-AGE) analogous to mPEG-b-PAGE

MPEG-b-P(EG-co-IsoPreGE) & [ppm] = 4.70 (d, =CH2), 3.97-3.38 (m, backbone and
CH2-0), 3.35 (s, CHs-0), 2.34 (s, OH), 2.25 (t, CH2-Cq), 1.71 (s, CHz3).

Methylation of hydroxy group: The synthesised double bond bearing polymer (1 eq)
was dissolved in benzene and dried under reduced pressure in a dried Schlenk flask.
The polymer was dissolved in dry THF and sodium hydride (3 eq) was added. After
4 h of stirring methyl iodide (3 eq) was added and the mixture was stirred for 1 d.
Ammonia solution (25%aq, 9 €q) was added and stirred for 4 h more to ensure
complete neutralisation of excess methyl iodide. The mixture was filtrated, extracted
with DCM and water and dried. Typical yields: 60%. *H NMR: analogous to mPEG-
copolymers without the OH singlet.

Synthesis of polymers bearing boronic acids

The synthesis consisted of two synthesis steps. 1) Pinacolborane synthesis was
adapted from Kisan et al.:3? The synthesised polymer was combined with dichloro(p-
cymene)ruthenium(ll) dimer (0.002 eq per double bond), dissolved in benzene and
dried under reduced pressure in a dried Schlenk flask. The mixture was dissolved in
dry THF and pinacolborane (1.2 eq per double bond) was added. After stirring for 1 d
the mixture was filtrated over silica, washed with THF and dried. The polymer was
obtained in quantitative yields after drying. In reactions of PAGE hydrogenation side
reactions led to formation of propoxymethyl side chains (PGE) in typical yields of
<21% of the double bonds. In reactions with PIsoPreGE hydrogenation was with 57%

the main reaction (HydPreGE), while 14% of the double bonds remained.

260



4 — Boron bearing polyethers

1H NMR (300 MHz, CDCls):

EGBE-P(PGE-co-BpinAGE) & [ppm] = 3.59-3.34 (m, backbone and CH2-O), 1.73—
1.53 (m, CH2-CH2-B and CH3-CH2-CH2 and CH3-CHz2), 1.40-1.32 (m, hydrogenated
CH2), 1.25-1.21 (m, CHes,), 0.99 (t, hydrogenated CHzs), 0.90 (t, CHs-CH2), 0.75 (t,
CH2-B).

MPEGa123-b-P(EG3s2-co-IsoPreGE2-co-HydPreGEs-co-BpinlsoPreGE4)Me & [ppm] =
4.66 (d, =CH2), 3.92-3.34 (m, backbone and CH2-O), 3.31 (s, CHz-O), 2.21 (t,
CH2-Cq), 1.79-1.67 (m, CH-(CHz3)2), 1.70-1.64 (m, CH-CHsz and Cq4-CH3), 1.59 (s,
CH-CH3s), 1.55-1.43 (m, CH2-CH-CH3), 1.44-1.32 (m, CH2-CH-(CH3)2), 1.17-1.15
(m, CHs(pinacol)), 0.87-0.75 (m, CH-(CH2)2), 0.63-0.55 (m, CH2-B).

13C NMR (75 MHz, CDClz3):

EGBE-P(PGE-co-BpinAGE) & [ppm] = 82.93 (s, Cq), 78.84 (s, CH), 73.39—-70.03 (m,
backbone and CH2-0), 24.89 (s, CHs), 24.81 (s, CH3-CH2-CHz2), 24.63 (s, CH2-CH2-
B), 24.14 (s, CH3-CH2), 12.62 (s, hydrogenated CHs), 10.73 (s, CH3-CH2), 7.38 (s,
CH2-B).

MPEGa123-b-P(EG3s2-co-IsoPreGE2-co-HydPreGEs-co-BpinlsoPreGE4)Me & [ppm] =
111.42 (s, =CHy), 82.71 (d, Cq), 71.42-69.91 (m, backbone and CH2-O), 59.99 (s,
CHs-0), 38.93 (s, CH2-CH-CHBg), 38.42 (s, CH2-CH-(CHa)2), 37.69 (s, CH2-Cq), 26.58
(CH-(CHa)2), 25.79 (s, CH-CHa), 24.81 (d, CHa(pinacol)), 24.58 (CH2-B), 22.64 (s,
Cq-CHa), 22.30 (s, CH-(CH2)2), 18.03 (s, CH-CHj).

2) Boronic acid synthesis was adapted from Hinkes et al.1*: The polymeric pinacol
borane was combined with methylboronic acid (MBA, 5 eq per ester) and stirred in
5% trifluoro acetic acid solution in DCM for 1 d. Volatile compounds and solvents
were removed under reduced pressure. The polymer was dissolved or suspended in
1 N HCI, to prevent mixed anhydride formation. BpinAGE containing polymers

showed full conversions; BpinlsoPreGE conversions of 94%.
'H NMR (300 MHz, D20):

EGBE-P(PGE-co-HOBAGE) & [ppm] = 3.71-3.37 (m, backbone and CH2-O), 1.89—
1.55 (m, CH3-CH2-CH2), 1.71-1.61 (m, CH2-CH2-B), 1.62—-1.53 (m, CHs-CH2), 1.37—
1.31 (m, hydrogenated CH2), 0.92-0.88 (m, CHs and hydrogenated CHs), 0.78 (t,
CH2-B).
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MPEGa123-b-P(EG32-co-IsoPreGE2-co-HydPreGEs-co-(HOBIsoPreGEo.g4-co-
BpinlsoPreGEo.06)2)Me & [ppm] = 3.94-3.40 (m, backbone and CH2-O), 3.36 (s,
CHs-0), 1.82-1.39 (m, CH2-CH-CHs; CH-CHs; CH2-Cq; Cq-CH3; CH2-CH-(CHa)2; CH-
(CHs3)2; linker to Bpin), 1.20 (s, CHs(pinacol), 0.93-0.83 (m, CH-CHs, CH-(CH2)2),
0.68-0.60 (m, CH2-B), not visible =CHa.

13C NMR (75 MHz, D20):

EGBE-P(PGE-co-HOBAGE & [ppm] (not referenced) = 78.87 (d, CH), 73.16-58.62
(m, backbone and CH2-O), 31.28 (s, CH3-CH2-CH2), 23.58 (s, CH2-CH2-B), 22.03
(s, CHs3-CHz), 18.7 (s, hydrogenated CHz), 13.1 (s, hydrogenated CHs), 10.68 (s,
CHz), 9.85 (s, CH2-B).

MPEG123-b-P(EG32-co-IsoPreGE2-co-HydPreGEs-co-(HOBIsoPreGEo.g4-CcO-
BpinlsoPreGEo.os)4)Me: no full analysis was possible due to signal intensities. & [ppm]
(not referenced) = 70.06-69.54 (backbone and CH2-O), 58.01 (CHs-O), 37.90
(CH2-CH-CHs), 25.94 (CH-CHs), 21.82 (CH-(CHs)2), 15.63 (CH-CHz3).

Synthesis of the polymeric catalyst for polymerisations

Hydroboration was adapted from Kisan et al.:3 The polymer was combined with
dichloro(p-cymene)ruthenium(ll) dimer (0.002 eq per double bond), dissolved in
benzene and dried under reduced pressure in a dried Schlenk flask.
9-Borabicyclo[3.3.1]nonane (0.5 M in THF, 0.6-1 eq per double bond) was added via
syringe and the solution was stirred for 1 d. The polymer was dried and used directly
or stored in the glovebox. No further characterisation was done due to the instability
of the organo borane.

Catalytic polymerisation of epoxides

Tetraoctylammonium bromide (1 eq) was dissolved in benzene and dried under
reduced pressure in a dried Schlenk flask. The in dry THF dissolved polymeric
catalyst (8 eq of 9-BBN) and the previously with calcium hydride dried monomer were
added via syringe. Polymerisation took place over 24—72 h. Separation of the product
from polymeric catalyst was achieved, by exploiting solubility differences of catalyst
and synthesised polymer. Isolation was done via precipitation either in ice cold diethyl
ether or methanol or via extraction. For recycling studies, precipitation in diethylether
was conducted inside the glove box. The recovered catalyst was dried under Schlenk
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conditions, redissolved in THF, and introduced into a new polymerisation.

Characterisation data are literature known.
Catalytic polymerisation of epoxides with carbon dioxide

The general polymerisation procedure for polycarbonates is described in the
following. Prior to polymerisation, [PPN]CI was suspended in benzene and dried
under reduced pressure and CHO was dried over calcium hydride. CHO (1.0 mL, 59
mmol) polymeric catalyst (15 mg, 0.040 mmol 9-BBN units), [PPN]CI (4.4 mg, 0.0075
mmol) and toluene (0.3 mL) were placed in an autoclave, equipped with a stirring
bar, in an inert argon atmosphere. The reaction mixture was stirred at a carbon
dioxide pressure of 50 bar at 60 °C for 48 hours. The crude product was dissolved in
dichloromethane, and the catalyst was deactivated with a 5% volume HCI solution in
methanol. The product was precipitated using ice-cold methanol as a non-solvent.
The obtained colourless solid was dried under reduced pressure. The polymer yields
ranged between 30 and 76%.

1H NMR (300 MHz, CDCla):

PCHC & [ppm] = 4.80 (m, 2H, CH-CH polymer backbone), 2.10 (m, 2H, CH-CH2-
CHz), 1.70 (m, 2H, CH-CH2-CH2), 1.61-1.23 (m, 4H, CH2-CHz).

Results and Discussion

First, functional homo- and copolymers bearing double bonds were synthesised via
anionic ring-opening polymerisation (AROP) and were utilised in post-polymerisation
modifications to obtain borane group side-functionalisation. Allyl glycidyl ether was
chosen as a precursor, as a cheap and industrial relevant compound. Furthermore,
isoprenol glycidyl ether was studied as a potentially biobased alternative. mPEG
macroinitiators were used to improve solubility in various solvents and to exploit its
crystallinity as a possibility for purification via precipitation. Additionally, ethylene
oxide (EO) was used for copolymerisations to adjust the density of functionalisation.
Polymeric pinacolboranes (PBpin) were synthesised and cleaved to yield boronic
acids, a promising functional group for biomedical applications. Alternatively,
polymers bearing 9-borabicyclo[3.3.1]Jnonane (9-BBN) were synthesised and
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ultimately used as polymeric catalysts in subsequent catalytic polymerisations of

oxygenated monomers. An overview over the reaction pathway is given in Scheme 1.
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Scheme 1: Overview of exemplary synthesis pathways for organo boranes as well as boronic esters and acids.

Monomer-activated anionic ring-opening polymerisation (MAROP) of epoxides as
well as copolymerisation of cyclohexene oxide with carbon dioxide were performed,

to test the scope of the catalytic polymers in representative systems (Scheme 2).
o] TOAB 0.
A > Br’{'\r ‘IH
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~ 0. 0.
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Scheme 2: Catalytic polymerisations utilising the synthesised polymers as catalyst.

Polymeric precursors: Poly (allyl glycidyl ether) (PAGE) and Poly (isoprenol glycidyl
ether) (PIsoPreGE) as well as their block and statistical copolymers with ethylene
oxide (EO) were synthesised via anionic ring-opening polymerisation (AROP) in bulk
or in DMSO. Polymerisations in THF or toluene were significantly slower or needed
higher reaction temperatures. Polymers designed for the use as a catalyst were
methylated to prevent the hydroxy term from serving as an initiator in subsequent
catalytic polymerisations (Figure S2). The characterisation data of polymers further
used for modification are listed in Table 1. To investigate achievable comonomer
ratios, extended series of polymers were synthesised (see Sl Table S1 for more

information).
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Table 1: Characterisation data for the synthesised precursor polymers.

Polymer Pn"(GE) Mn2(g molY) MyP (g molt) HP
EGBE-PAGE3s2 37 3770 2110 1.09
EGBE-PAGE3:Me 37 3790 2070 1.12
MPEGsi1-b-PAGE1sMe 15 3780 2840 1.04
MPEGsi1-b-PAGE2sMe 29 5580 3250 1.11
MPEGa123-b-P(EG2s-co-AGE24)Me 32 9360 7440 1.04
MPEG123-b-P(EG32-co-
ISOPreGE1gMe 23 8770 7530 1.05

aDetermined by H NMR spectroscopy (CDCls, 300 MHz). °Determined by SEC (DMF, RI detector, PEG
standards).

The synthesis of block copolymers yielded typically two polymeric species. After
isolating the block copolymer via precipitation, the second species remained in the
mother liqguor and was identified via 'H NMR spectroscopy as the homopolymer of
the substituted monomer (exemplary spectra of both fractions is given in Figure S1),
presumably formed due to monomer initiation. In consequence, the degree of
polymerisation and the molecular weight of the block copolymer is lower than
targeted. SEC of the isolated polymers showed monomodal and narrow distributions
(Figure 1). Underestimation of the molecular weight by SEC is caused by different
hydrodynamic radii for the substituted polyethers in comparison to the PEG
standards and the underestimation consequently increased with increasing

percentage of substituted comonomer.
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EGBE-P.AGE32
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Figure 1: SEC traces (DMF, RI signal) of the synthesised precursor polymers.

Polymeric boronic acids: Subsequently, the polymers were used in catalytic
hydroboration reactions to yield polymeric organo boranes. Hydroboration without
the dichloro(p-cymene)ruthenium(ll) dimer catalyst remained unsuccessful, albeit
reported in the literature for different systems.*3” The boronic esters were cleaved to
yield boronic acids. Characterisation data of the stable Bpin as well as boronic acid

bearing polymers is given in Table 2 (NMR spectra are given in Sl).

Table 2: Characterisation data for esterified and hydrolysed polymers.

Boronic ester Boronic acid
Mpn2 MpP PP Conversion M2
Polymer?
(g molt) (g mol?) (%) (g molt)
EGBE-P(PGE7-co-
_ 6980 3220 1.10 100 4930
BpinAGE:2s)
EGBE-P(PGEs-co-
_ 7130 3100 1.10 100 5000
BpinAGE2sMe
MPEGs1-b-BpinPAGE13Me 5430 3370 1.24 100 4360
MPEG123-b-P(EG32-co-
IsoPreGE2-co-HydPreGEs- 9300 7470 1.14 94 8970

co-BpinlsoPreGE4)Me
aDetermined by 'H NMR spectroscopy (CDCls, 300 MHz). Determined by SEC (DMF, RI detector, PEG

standards).
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The conversions was monitored via *H NMR spectroscopy. The double bonds of AGE
(co)polymers were fully consumed, albeit up to 21% were hydrogenated instead of
hydroborated. Analogous signals are observable in previous work by Kisan et al.32
Expectedly, SEC measurements showed an increase of the molecular weight after
hydroboration (Figure 2). Subsequently, the boronic esters were cleaved via acidic
hydrolysis to yield the versatile polymeric boronic acids. Full conversion was verified
via NMR spectroscopy (Figure S3). IsoPreGE copolymers showed reduced reactivity
in the hydroboration reaction with pinacolborane (HBpin). However, mPEGs:-b-
IsoPreGEs did not react in hydroboration and was recovered. The polymer mPEG123-
b-P(EGs2-co-IsoPreGE14)Me has a reduced density of functional groups. For this
polymer 29% of the double bonds were successfully hydroborated, while 14%
remained unaltered and 57% underwent hydrogenation (HydPreGE). Broadening of
the molecular weight distribution was observed in SEC, as a result of the product
mixture. The additional substitution of IsoPreGE in comparison to AGE presumably
hinders the HBPin-catalyst-alkene intermediate formation. Kisan et al. reported the
catalyst to sterically discriminate monosubstituted alkenes, while being able to
accommodate sterically hindered alkenes. Furthermore, Kisan et al. reported slightly

lower conversions for alkenes bearing electron-donating substituents.3?

Iy - — —EGBE-PAGE,,

\ EGBE-PBpinAGE,,
- _rnPEG123-b-P(EG32-co-lsoPreGE14)Me
mPEG123-b-P(EG32-co-lsoneGE]-co-BpinIsoPreGE11)Me

18 19 20 21 22 23 24 25
elution volume [mL]

Figure 2: SEC traces (DMF, RI signal) of exemplarily hydroboration reaction with HBpin.

Polymeric catalysis: EGBE-PBBNAGEs2Me, mPEGsi1-b-PAGE2sMe, mPEG123-b-
P(EG25-co-PAGE24)Me and mPEGai23-b-P(EGs2-co-IsoPreGE14)Me were used in

hydroboration reactions with 9-BBN. Dialkylboranes show in hydroboration reactions
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generally a higher reactivities than dialkoxyboranes. Consequently, hydroboration
with 9-BBN yielded full conversions for AGE as well as IsoPreGE copolymers. For
the synthesis of catalyst mMPEGuiz23-b-P(EG2s-co-BBNAGEs-co-BBNAGE18)Me an
excess of double bonds was used to ensure the absence of residual 9-BBN. In this
case, successful hydroboration was verified by decreased intensity of the double
bond signals. The polymers were not characterised further in respect to their

instability in air.

Polyethers: The 9-BBN functional polymers were used as the Lewis acid catalyst in
catalytic polymerisations of epoxides. To demonstrate the scope of this polymeric
catalyst, amorphous poly (propylene oxide) (PPO) as well as crystalline poly
(epoxytetradecane) (PETD) or poly (epoxyhexadecane) (PEHD) were synthesised
via MAROP. In control experiments, MAROP was performed using no Lewis acid
catalyst, pure 9-BBN or the Bpin modified polymer mPEGsi-b-PBpinAGE13Me
instead of the 9-BBN modified polymer. All control experiments did not lead to
monomer conversion, verifying the necessity of the trialkylborane group. In
agreement to our results, the less Lewis acidic Bpin was found beforehand by Qi et
al. to not facilitate polymerisation reactions significantly.®® Results are listed in
Table 3.

Table 3: Characterisation data for polyethers synthesised by polymeric catalysts.

Mnth Mp2
Polymer Catalyst Pnth D2
(g molt) (g mol?)
PPO-1 EGBE-PBBNAGE32Me 30 1820 1080 1.10
MPEGs1-b-P(AGEe-co-
PPO-2 30 1820 1190 1.16
BBNAGE22)Me
MPEG123-b-P(EG2s-co-
PPO-3 30 1820 620 1.11
AGE:1-co-BBNAGE23)Me
PETD-1 EGBE-PBBNAGE3:2Me 34 7300 5660 1.22
MPEGs1-b-P(AGEs-co-
PEHD 30 7300 4540 1.58
BBNAGE24)Me
bimodal:  3.14:

MPEG123-b-P(EG2s-co-
PETD-2 34 7300 2310; 1.10;
AGEs-co-BBNAGE1s)Me
21110 1.15

aDetermined by SEC (RI detector, PEG standards): PPO in DMF, PETD and PHD in THF.
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Homo-, block- and copolymer architectures of the polymeric 9BBN catalyst were all
successfully used to synthesise PPO and PETD or PEHD, respectively. Purification
of PPO was performed through precipitation of the polymeric 9BBN-catalyst in diethyl
ether. The synthesised PPOs show low to moderate dispersities (Figure 3).
Discrepancies between theoretical and experimental molecular weight can partially
be attributed to the PEG calibration, due to different hydrodynamic radii of substituted
polyethers. Nonetheless, PPO-3 showed a lower molecular weight, than PPO-1 and
PPO-2. 'H NMR spectroscopy verified the absence of residual monomer in all
reaction mixtures immediately prior to termination. Consequently, no discrepancies
should be observable within the series. The lower molecular weight of PPO-3 is
presumably caused by evaporation of PO through the septum, of which more suitable
were not obtainable at the time. Proofing the presence or absence of excess catalyst
was not possible via SEC due to the generally reduced solubility of the air-exposed
catalysts and their consequential lack of signal. *H NMR spectroscopy of the PPOs
after three precipitations was used to check for residual polymeric 9BBN-catalyst
(Figure S23). PPO-1 was synthesised using the 9BBN bearing homopolymer EGBE-
PBBNAGE32Me. No residual catalyst was found in the NMR spectrum. Nonetheless,
due to a lack of a strong characteristic signal of the catalyst, its presence cannot be
ruled out. PPO-2 showed a PEG backbone signal, corresponding residual polymeric
9BBN-catalyst. While H DOSY NMR spectroscopy disclosed a different diffusion
coefficient for the PEG backbone, with a further zoom the PEG signal also arose
parallel to PPO (Figure S24). This is either an artefact or a minor fraction of the
catalyst was incorporated into the synthesised PPO presumably due to incomplete
methylation of the polymeric precursor. Nonetheless, the PEG2000 block of
MPEGs:1-b-PBBNAGE2sMe is not sufficient for complete recovery of the copolymer
via precipitation in diethyl ether. mPEGai23-b-P(EG2s-co-AGE1-co-BBNAGE23)Me
consisted of a higher molecular weight PEG 5000 block and was used for the
synthesis of PPO-3. No PEG signal and consequently no catalyst was found in PPO-
3, indicating its suitability for the synthesis of diethyl ether soluble polyethers. MALDI
ToF analysis verified the presence of bromide-initiated homo-PPO as well as a small
fraction of hydroxy-initiated PPO. A third species of PPO with unknown end groups
was found in a higher molecular weight region (Figure S25). Consequently, the

targeted molecular weights were not achieved.
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The long-chain poly (alkylene oxide)s PETD and PEHD were purified via precipitation
in methanol. SEC showed high molecular weight shoulders for PETD-1 and PEHD,
while PETD-2 was bimodal. MALDI ToF analysis of PETD and PEHD showed
bromide-initiated homo-PETD or homo-PEHD, respectively, as well as hydroxy-
initiated species (exemplarily shown for PETD-1: Figure S27). The high molecular
weight species in PETD-2 is assumingly formed via the initiation by the polymeric
9BBN-catalyst, which is possible if methylation of hydroxy terminus was not achieved
quantitatively. Nonetheless, this high molecular weight species was neither
observable in TH NMR DOSY spectroscopy nor MALDI ToF spectrometry (Figures
S28 and S29). 'H NMR spectroscopy was used to check for the presence of residual
polymeric 9BBN-catylst in the polymerisation products (Figure S26). PETD-1, which
was synthesised with the homopolymeric 9BBN-catalyst, did not show a catalyst
signal in the 'H NMR spectrum. Nonetheless, similarly to the synthesised PPO-1
catalyst presence cannot be ruled out. The long-chain poly (alkylene oxide)s
synthesised with copolymeric catalysts both show the backbone signal of residual
catalyst in the *H NMR spectra. This signal is stronger in PETD-2, due to the higher
amount of PEG in the catalyst structure and possibly due to initiation by the catalyst
itself. While all used polymeric 9BBN-catalysts successfully catalysed the MAROP of
alkylene oxides, removal of at least the copolymeric catalysts was not completely
possible via three precipitation steps in methanol.

PPO-1
PPO-2
PPO-3

L I 1 L L L L 2
21 22 23 24 25 26 27 28 22 23 24 25 26 27 28
elution volume [mL] elution volume [mL]

Figure 3: SEC traces of the final products (RI signal): PPO (left, DMF); PETD and PEHD (right, THF).

Recycling: Recyclability studies were conducted on PPO polymerisation, due to the
polymer isolation via an aprotic solvent/antisolvent, which is compatible with the 9-

BBN group of the catalyst. After the full conversion of the first PO polymerisation was
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verified via 'H NMR spectroscopy, the batch was dried under Schlenk conditions,
moved inside the glovebox, and precipitated to yield the catalyst as precipitate and
the synthesised PPO in the mother liquor. Subsequently, the recovered catalyst was
introduced in a second polymerisation of PO. Characterisation data of the runs is
given in Table 4.

Table 4: Characterisation data of PPO synthesised using fresh (run 1) and recycled (run 2) mPEG123-b-P(EGa2s-
co-AGEes-co-BBNAGE18)Me catalyst.

Run Pnth Mnt" (g mol?) Mn? (g mol?) D2
1 40 2400 470 1.15
2 130 7630 1240 1.12

aDetermined by SEC (DMF, RI detector, PEG standards).

'H NMR spectroscopy (Figure S30) and SEC (Figure 4) verified the successful
polymerisation of PO with fresh as well as with recycled catalyst. Determination of
the molecular weight via SEC disclosed for both polymers lower molecular weights
than targeted, albeit the polymerisations were conducted until *H NMR spectroscopy
verified the absence of residual monomer. SEC furthermore showed a shoulder in
the lower molecular weight area for both polymers. This indicates a second initiation
species, ultimately leading to a reduced molecular weight of the polymer and
decreasing Mn. Evaporation of PO through the septa presumably decreased the

achievable molecular weight further, as noted previously for PPO-3.

= = =PPOrun1
PPO run 2

22 23 24 25 26 27 28 29 30
elution volume [mL]

Figure 4: SEC traces (RI gingal, DMF) of PPO synthesised with fresh catalyst (dashed) and recycled catalyst
(bold).

271



4 — Boron bearing polyethers

Polycarbonates: In addition to polyethers, the polymeric 9-BBN catalyst mPEGs1-b-
P(AGEs-co-BBNAGE22)Me was examined for the copolymerisation of cyclohexene
oxide (CHO) and CO2to poly (cyclohexene carbonate) (PCHC). An overview of the
different experiments conducted are presented in Table 5.

Table 5: Characterisation data for polycarbonates synthesised by using the mMPEGs:-b-P(AGEs-co-
BBNAGE22)Me catalyst.?

o Carbonate Catalyst
: Con.t  Selectivity : Mpé o

Polymer [Cat]:[In]:[Epoxide]® linkages be  efficiency

(%)  (polymer %)° (g mol?)

(%) (mg gt)f
PC-1 16:1:1000 97 100 >99 17.1 1.27 59
PC-2 8:1:1000 100 100 >99 24.1 1.27 24
PC-3 4:1:1000 87 100 >99 22.2 1.22 -
PC-4 8:0.5:1000 87 100 >99 23.9 1.27 25
PC-5 4:0.75:1000 92 100 >99 35.4 1.26 14
PC-6 2.7:0.75:1000 62 100 >99 24.1 1.29 21
PC-7 2:0.75:1000 55 100 >99 24.3 1.28 13

PC-8¢ 8:0.5:1000 0 -- -- - - -

aAll of the polymerisations were carried out in autoclaves under 45 bar of CO2 at 60 °C for 48 hours unless
otherwise mentioned. "Equivalents of borane centres per polymeric 9-BBN catalyst compared to epoxide and
initiator. °Conversion (con.) determined by *H NMR spectroscopy (CDClsz, 300 MHz) of the crude polymerisation
mixture after opening the reactor. “Determined by *H NMR spectroscopy (CDCls, 300 MHz) of the final polymer.
eDetermined by SEC (THF, RI detector, PS standard). ‘Catalyst required (mg) to produce 1 g of polymer.
9Conducted at room temperature.

The effect on CO2 pressure and reaction time were not further investigated, due to
the literature known improvement of polymerisation of CHO and COz2 by higher CO2
pressure and longer reaction times in borane catalyst-based systems.3%4% The co-
catalyst PPNCI was chosen as standard initiator based on well-known borane
catalyst systems in literature.*>*? The main focus was to find the optimised ratio
between catalyst, monomer and initiator to achieve high molecular weights of the
resulting PCHC with as less catalyst as possible. Lower catalyst loading led to
increased molecular weight (PC-1, PC-2, PC-3) presumably due to fewer impurities
in the system. These impurities can originate either from water in the CO2 hydrolysing
the borane group or from incomplete conversion in the methylation step of the
catalyst synthesis. Both cases generate a second initiating group, leading to lower
molecular weights of the polymer overall. A high zoom in in the H DOSY NMR

spectrum indeed indicated the presence of a polyether backbone in the polymer, but
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at this zoom in artefacts started to appear, making the origin of this peak uncertain
(Figure S32). SEC showed bimodal distributions due to the water traces present in
the reaction system typical for this kind of reaction as well as presumably due to the
discussed impurities (Figure 5).8:3943

1 L

20 21 22 23 24 25
elution volume [mL]

Figure 5: Exemplarily SEC traces of PCHC (THF, RI signal).

100% conversion was achieved with a catalyst loading of 1000/8 after 48 hours which
is unusual for the CHO/CO:2 copolymerisation with borane catalysts. From our
knowledge, 100% conversion is quite unusual for the CHO/CO:2 copolymerisation
with borane catalysts indicating a good efficiency of the catalyst.22544 The conversion
was determined by the crude reaction mixture in which the typical PPC peak at
4.66 ppm and the CHO peak at 3.12 ppm were analysed (figure S31 in Supporting
Information). The cyclic carbonate as typical side product for the copolymerisation of
epoxides and CO2 was not identified in the crude product for all reactions supporting
the good selectivity of the borane catalyst. When the catalyst loading got too small,
too few active borane centres were present to catalyse the copolymerisation and the
conversion dropped (PC-3). To increase the molecular weight, the amount of PPNCI
was reduced leading to a decreased number of CI initiators in the reaction mixture.
PC-5 with a catalyst:initiatormonomer ratio of 4:0.75:1000 led to the highest
molecular weight polymer with 35.4 kg mol* at conditions of 60 °C and 48 hours. By
decreasing the catalyst and initiator ratios even lower (PC-6, PC-7), no higher
molecular weights of the resulting polymer were achieved, in consequence to the

significantly dropped conversion due to few borane centres present in the catalysis.
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The copolymerisation showed no reaction at ambient temperature indicating that a
certain initiation energy is required for the catalyst (PC-8). The catalytic system
showed high carbonate linkage selectivity as shown by *H NMR spectroscopy (figure
S31 in Supporting Information) comparable to other borane based catalysts.?>4° The
major advantage of the borane polymer catalyst is the possibility to separate the
catalyst from the resulting polycarbonate and to use the catalyst again (which was
already shown for polyethers earlier). As shown in figure S31 in the Supporting
Information, most of the catalyst can be removed from the final PC compared to the
crude product, but some traces remain. The separation of the polyether-based
catalyst and the PCHC can be achieved due to their different solubility in methanol.
Regardless of some catalyst residues, the properties of the resulting PCHC were not
affected as shown by the glass transition temperature (Tg) of 118 °C (Figure S33),
which is in line with literature known values.*® The PDIs were in the range of
1.22 — 1.29 for all polymers (Table 5). As for the polymerisation optimisation only the
borane centres were considered, but the PEG block has high mass influence and is
required for solubility reasons, the total catalyst efficiency by mass was determined
in Table 5. The trend shows similar results as for the borane centre loading: The
polymer yields increased with lower catalyst loading and high conversion, resulting

in improved mass efficiency (see Table 5).

Conclusion

Series of organo borane bearing polyethers were synthesised via anionic ring-
opening polymerisation and subsequent hydroboration. Hydroboration of AGE
containing polymers with HBpin showed hydrogenation side reaction for up to 21%
of the double bonds. For IsoPreGE bearing copolymers the hydrogenation was the
main reaction and no full conversion of the double bonds was achieved, presumably
due to the double bonds being sterically hindered. This hydroboration yielded
polymeric boronic esters, which were cleaved to yield polymeric boronic acids.
Boronic acids are a versatile and widely used group of high potential. The introduction
of 9-BBN as side chain functionality yielded a polymer with the ability to polymerise
epoxides under mild conditions as well as copolymerise epoxides and carbon
dioxide. Firstly, using this new catalyst we demonstrated the successful synthesis of

amorphous PPO (P = 1.10 - 1.16) and crystalline PETD and PEHD (P =1.22 - 1.58;
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or bimodal D = 3.14) followed by purification via precipitation. The products purity
was influenced by the polymer architecture of the catalyst. Copolymers bearing a
PEG block generally increased the solubility of the catalyst but hindered full
purification of synthesised long-chain poly (alkylene oxide)s. Secondly, successful
recycling of the catalyst was shown for the polymerisation of PO. And finally, the
catalyst was used to copolymerise cyclohexene oxide and carbon dioxide yielding
polycarbonates with conversions up to 100%, carbonate linkages >99%, good PDIs
(1.22 - 1.29) and high molecular weights (17.1 — 35.4 kg mol?). Additionally, the

polymer catalyst was almost fully removed from the resulting polycarbonate.

Outlook

The final goal of our research is the exploration of a bifunctional polymer catalyst with
the initiator- (ammonium or phosphonium centres) and catalyst- functions in one
molecule to get one fully recyclable system for the polymerisation of oxygenated
monomers. In the next steps, the understanding of the multi centred borane catalyst
is in the focus to derive additional optimisation opportunities. Therefore,
comprehensive studies on turn over frequency (TOF) as well as turn over number
(TON) will be conducted to get a better understanding of the mechanistics behind the
polymeric catalyst. This will be the starting point for further investigations on the
number of catalytic centres per polymer and different borane centre structures. By

adjusting the solubility of the catalyst, full recyclability and removal can be achieved.
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Characterisation Table of supporting polymers

Table S1: Scope of polymerisation: Conditions and characterisation data.

4 — Boron bearing polyethers

.. M b MnC
a th n n C
Polymer Conditions Pn"(PGE) (@mol?) | (g mol) b
No conversion THF, 3d 37 - - -
Toluene,
miig?'b' CsOHxH20,14 d at 37 7510 5940 |1.05
18 45 °C, 3d at 65 °C
MPEG123-b- 12:3 THF:DMSO, 6
PAGE2 d 50°C, 3d 60 °C 37 7970 6310 |1.04
MPEG123-b-
PAGEw 1d 22 7050 5810 1.05
MPEGa123-b- o o
PAGEs 6 d 50°C, 3d 60 °C 37 8310 6390 1.06
MPEG123-b- o
PAGEos Bulk, 3d, 66 °C 37 8310 6780 1.06
MPEG123-b- o
PAGEas 35°C,1d 60 9450 7380 1.05
MPEGs1-b-
PAGE7 1d 9 3170 2400 1.05
MPEGs:1-b-
PAGE 1d 15 3620 | 2820 |1.07
MPEGs:1-b-
PAGE D 1d 62 8300 | 3940 |1.12
MPEGs1-b- 9
P(EGs7-co- 40 °C, 3d - 4680 3020 1.06
mMPEGs1-b- 13,
P(EG1o-coO- 40 °C, 3d Pn(EO): 4000 2960 1.05
PAGE?) 13
MPEG123-b- 23
P(EGa2-co- 40 °C, 3d . 8680 7210 1.06
MPEGs:1-b-
PISOPIOGEs RT,3d 13 3650 | 2630 |1.09
MPEGs:1-b-
PISOPIOGES RT,3d 7 3220 | 2340 |1.07
MPEG123-b-
PlSOPIeGE L RT, 3d 37 5020 | 6030 |1.08
MPEG123-b-
PISOPIOGE L RT,3d 21 5190 5750 | 1.05
MPEG132-b- 32
P(EGuie-co- RT, 3d p (on_ 32 6130 6980 1.08
PlsoPreGEjis) " '

alf not specifically noted KOBu, DMSO and 45 °C were used. "Determined by 'H NMR spectroscopy (CDCls,

300 MHz). Determined by SEC (DMF, RI detector, PEG standards).
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Representative *H NMR spectra of polymeric precursors
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Figure S1: 'H NMR spectrum (CDCls, 300 MHz) of MPEG123-b-P(EG25-co-PAGE-24) precipitate (top) and mother
liquor (bottom).
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Figure S2: *H NMR spectrum (CDCls, 300 MHz) of mMPEG123-b-P(EG32-co-PlsoPreGE14) (top) and the
methylated MPEGa23-b-P(EGa2-co-PlsoPreGEi4)Me (bottom).

Representative NMR spectra of hydroborated and hydrolysed polymers
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Figure S3: *H NMR spectrum of EGBE-P(PGE7-co-BpinAGE2s) (top, CDCls, 300 MHz) and the hydrolysed
EGBE-P(PGE7-co-HOBpIinAGE-2s) (bottom, D20, 300 MHz).
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Figure S4:13C NMR spectrum (CDCls, 75 MHz) of EGBE-P(PGE7-co-BpinAGE?2s).
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Figure S6: H, 13C HSQC NMR spectrum (CDCIs) of EGBE-P(PGE7-co-BpinAGE2s).
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Figure S7: 'H, 3C HMBC NMR spectrum (CDCls) of EGBE-P(PGE7-co-BpinAGE?2s).
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Figure S8:13C NMR spectrum (D20, 75 MHz) of EGBE-P(PGE7-co-BpinAGE2s).
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Figure S9: 'H, 'H COSY NMR spectrum (D20, 300 MHz) of EGBE-P(PGE7-co-BpinAGE:2s).
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Figure S12:*H NMR spectrum (CDCIz, 300 MHz) of mPEG123-b-P(EGs2-co-IsoPreGE2-co-HydPreGEs-co-
BpinlsoPreGE4)Me.
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Figure S13:13C NMR spectrum (CDCls, 75 MHz) of mPEG123-b-P(EGs2-co-IsoPreGE2-co-HydPreGEs-co-
BpinlsoPreGEs)Me.
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Figure S14'H, 'H COSY NMR spectrum (CDCls, 300 MHz) of mMPEG123-b-P(EG32-co-IsoPreGE2-co-HydPreGEs-
co-BpinlsoPreGE4)Me.
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Figure S15: 'H, 13C HSQC NMR spectrum (CDCls) of mMPEGz123-b-P(EGa2-co-IsoPreGE2-co-HydPreGEs-co-

BpinlsoPreGE4)Me.
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Figure S16: 'H, 13C HMBC NMR spectrum (CDCls) of MPEG123-b-P(EG32-co-IsoPreGE:-co-HydPreGEs-co-

BpinlsoPreGEs)Me.
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Figure S17:'H NMR spectrum (D20, 300 MHz) of mMPEG123-b-P(EG32-co-IsoPreGE2-co-HydPreGEs-co-
(HOBIsoPreGEo.04-co-BpinlsoPreGEo.os)4)Me.
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Figure S18:'H 1H COSY NMR spectrum (D20, 300 MHz) of MPEG123-b-P(EG32-co-IsoPreGE2-co-HydPreGEs-
co-(HOBIsoPreGEqo.94-co-BpinlsoPreGEo.os)2)Me.
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Figure S19: 1H 13C HSQC NMR spectrum (D20) of MPEG123-b-P(EG32-co-IsoPreGE2-co-HydPreGEs-co-
(HOBIsoPreGEo.94-co-BpinlsoPreGEo.os)4)Me.
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Figure S20: *H 3C HMBC NMR spectrum (D20) of mPEG123-b-P(EGs2-co-IsoPreGE2-co-HydPreGEs-co-
(HOBIsoPreGEo.94-co-BpinlsoPreGEo.os)4)Me.
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Figure S21:'H NMR spectrum (CDCI3z, 300 MHz) of mPEGs1-b-PAGE2sMe (top) and mMPEGs:-b-PBBNAGE2sMe

(bottom).
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Figure S22:'H NMR spectrum (CDClz, 300 MHz) of MPEG123-b-P(EG25-c0-AGE24)Me (top) and mPEG123-b-
P(EG2s-co-BBNAGEs-co-BBNAGE1s)Me (bottom).
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Representative characterisation of synthesised PPOs
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Figure S23: 'H NMR spectrum (CDCls, 300 MHz) of PPO. Top: PPO-1 (EGBE-PBBNAGE3:Me catalyst);
middle: PPO-2 (mPEGs1-b-P(AGE4-co-BBNAGE24)Me catalyst); bottom: PPO-3(mMPEG123-b-P(EG2s-co-AGE:-
co-BBNAGE23)Me catalyst).
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Figure S24: *H DOSY NMR spectrum (CDCls, 400 MHz) of PPO-2 synthesised using the mPEGsi1-b-P(AGE4-
co-BBNAGE2z4)Me catalyst.
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Figure S25: MALDI ToF spectrum and zoom in of PPO-3 synthesised via MPEG123-b-P(EG2s-co-AGEs-co-

BBNAGE1g)Me catalyst.
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Representative characterisation of synthesised long-chain poly alkylene oxides

T T T T
3.9 38 37 36 35 34 33 32 31
chemical shift [ppm]

PETD-1
Cc

b
N,
(CH3)44

i o
a

b

_

PEHD
c b
N,
(CH2)13
Br. H residual
a O polymeric —
a catalyst
PETD-2
c\ b
residual
(CHa)y4 polymeric
catalyst

A

y

L
L
L

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
58 66 64 6.2 60 58 56 54 52 50 48 46 44 42 40 38 36 34 32 3.0 28 26 24 22 20 18 16 14 12 1.0 0.8 0.6 04 0.2

chemical shift [ppm]

Figure S26: *H NMR spectrum (CDCls, 300 MHz) of poly (alkylene oxide)s. Top: PETD-1 (EGBE-
PBBNAGE32Me catalyst), middle: PEHD (mPEGs:1-b-P(AGE4-co-BBNAGE24)Me catalyst); bottom: PETD-2
(MPEGai23-b-P(EG25-co-AGEs-co-BBNAGE1s)Me catalyst).
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Figure S27: MALDI ToF spectrum and zoom in of PETD-1 synthesised via EGBE-PBBNAGE3:Me catalyst.
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Figure S28: 'H DOSY NMR spectrum (CDCls, 400 MHz) of PETD-2 synthesised using the mPEG123-b-P(EG2s-
c0-AGEs-c0-BBNAGE18)Me catalyst.
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Figure S29: MALDI ToF spectrum and zoom in of PETD-2 synthesised via mMPEG123-b-P(EG25-co-AGEs-co-
BBNAGE1s)Me catalyst. Sample preparation with DCTB and Nal.
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'H NMR spectra of the recyclability study
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Figure S30: *H NMR spectrum (CDCls, 300 MHz) of synthesised PPO under mPEG123-b-P(EG25-co-BBNAGEe-
co-BBNAGE1s)Me) catalysis: run 1 (top) and 2 (bottom).
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Representative characterisation of poly (cyclohexene carbonate)
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Figure S31: *H NMR spectrum (CDCls, 300 MHz) of synthesised poly (cyclohexene carbonate). Synthesis using
the catalysts mPEGs1-b-P(AGEs-co-BBNAGE22)Me).
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Figure S32: 'H DOSY NMR spectrum (CDCls, 400 MHz) of poly (cyclohexene carbonate) synthesised using the
MPEGs1-b-P(AGEs-co-BBNAGE22)Me) catalyst.
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Figure S33: DSC measurement of poly (cyclohexene carbonate) (2" heating curve, heating and cooling rate
20 °C min't).
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