
Long-chain aliphatic polymers as
degradable and functional polyethylene

mimics

Dissertation

zur Erlangung des akademischen Grades eines

„Doctor rerum naturalium (Dr. rer. nat.)“

des Fachbereiches Chemie, Pharmazie und Geowissenschaften (FB09)

der Johannes Gutenberg-Universität Mainz

vorgelegt von

Tobias Haider, M.Sc.

geboren in Altötting

Mainz, Januar 2020





Die vorliegende Arbeit wurde im Zeitraum von Juli 2016 bis Januar 2020 am Max-Planck-Institut

für Polymerforschung im Arbeitskreis von Prof. Dr. Katharina Landfester unter der Betreuung von

Priv.-Doz. Dr. habil. Frederik R. Wurm angefertigt.

1. Gutachter: Priv.-Doz. Dr. habil. Frederik R. Wurm

2. Gutachter: Prof. Dr. Holger Frey

Erklärung

Hiermit versichere ich, die vorliegende Arbeit selbstständig und ohne Benutzung anderer als der

angegebenen Hilfsmittel angefertigt zu haben. Alle Stellen, die wörtliche oder sinngemäß aus

Veröffentlichungen oder anderen Quellen entnommen sind, wurden als solche eindeutig kenntlich

gemacht. Diese Arbeit ist in gleicher oder ähnlicher Form noch nicht veröffentlicht und auch keiner

anderen Prüfungsbehörde vorgelegt worden.

Tobias Haider

Mainz, Januar 2020





Für meine Familie.

„Die Wissenschaft gibt mir eine teilweise Erklärung für das Leben. Soweit es geht, basiert es auf

Fakten, Erfahrungen und Experimenten.“

Rosalind Franklin





Danksagung

1

Danksagung

Mein besonderer Dank geht an meinen Doktorvater PD Dr. Frederik Wurm für die hervorragende

Betreuung während der Doktorarbeit, für seine zahlreichen Ideen und Ratschläge zu den laufenden
Projekten, durch die diese letztendlich mit großem Erfolg abgeschlossen werden konnten. Vielen

Dank für ein jederzeit offenes Ohr.

Prof. Dr. Katharina Landfester möchte ich danken für wissenschaftliche Diskussionen sowie für die
Möglichkeit, die Doktorarbeit in ihrer Arbeitsgruppe durchführen zu können.

Dr. Carolin Völker, Dr. Johanna Kramm, Lisa Zimmermann, Heide Kerber und Lukas Sattlegger
vom PlastX Team möchte ich danken für die spannende und erfolgreiche interdisziplinäre

Zusammenarbeit, bei der ich viel lernen und meinen Horizont erweitern konnte. Außerdem möchte

ich mich für die gute Zeit bedanken, die wir auf den PlastX Retreats miteinander verbracht haben.

Dem Bundesministerium für Forschung und Bildung (BMBF) danke ich für die Finanzierung meines

Projektes.

Prof. Dr. Max von Delius und Oleksandr Shyshov danke ich für die erfolgreiche Kooperation beim

Orthoester-Projekt. Insbesondere bei Oleksandr Shyshov möchte ich mich bedanken für die

Synthese und Bereitstellung der Monomere.

Bei Dr. Miriam O’Duill möchte ich mich für die aufwändige Synthese der langkettigen Phosphat-

Monomere für die ADMET Polymerisation bedanken. Hisaschi Tee danke ich nicht nur für die

Bereitstellung des C20-Polyphosphats, sondern vor allem für seine großartige Hilfe zu Beginn

meiner Promotion. In zahlreichen wissenschaftliche Diskussionen hat er sein erlangtes Wissen und

seine Erfahrungen an mich weitergeben können. Bei Oksana Suraeva möchte ich mich ganz

besonders bedanken: Sie war bei allen meinen Projekten mit beteiligt und hat hierfür

Kristallisationsexperimenten und TEM-Messungen durchgeführt. Dabei war sie stets eine
kompetente Kooperationspartnerin, auf die man sich immer verlassen konnte. Bei Dr. Ingo

Lieberwirth bedanke ich mich für eine erfolgreiche Zusammenarbeit und für seine Expertise im

Bereich der Polymerkristallisation. Dr. Marcus Mezger und Julian Mars danke ich für SAXS

Messungen und wissenschaftlichen Diskussionen.

Angelika Manhart und Sabrina Brand danke ich für ihre Unterstützung bei der Synthese im Labor.

Dr. Manfred Wagner und Stefan Spang danke ich für zahlreiche NMR-Messungen. Bei Michael

Steiert möchte ich mich für die WAXS-Messungen bedanken. Dem gesamten Polymeranalytik-

Team danke ich für ihre große Unterstützung und unzähligen SEC-Messungen. Bei Katharina

Maisenbacher und Stefan Schuhmacher möchte ich mich für die graphische Gestaltung von TOC-

Graphiken und Cover-Bildern bedanken.

Weiterhin bedanke ich mich bei Jens Markwart, Sebastian Beckers, Timo Rheinberger, Dr. Kristin

Bauer, Dr. Greta Becker, Dr. Thomas Wolf und Dr. Lucas Caire de Silva für wissenschaftliche

Diskussionen zu Monomer-Synthese und Polymerisationen.



Danksagung

2

Ein großer Dank geht an die gesamte AG Wurm für die tolle Atmosphäre und die großartige

gegenseitige Unterstützung während der gesamten vergangen Jahre am MPIP.

Auch möchte ich mich bei allen Mitgliedern des Landfester-Arbeitskreises bedanken für die gute

Arbeitsatmosphäre und viele unterhaltsame Stunden. Zahlreiche neue Freundschaften sind

während unserer gemeinsamen Zeit am MPIP entstanden. Dabei möchte ich speziell Niklas Huber,

Marc Müller, Fabian Üebel und Tassilo Gleede danken.

Zuletzt möchte ich mich von ganzem Herzen bei meiner Familie und bei allen meinen Freunden

bedanken. Meine Familie hat mich während Studium und Promotion stets unterstützt und war ein

großer Rückhalt für mich. Meinen Freunden danke ich für die schönen und spaßigen Erlebnisse
und Erinnerungen außerhalt der Arbeit.



Table of Contents

3

Table of Contents

Danksagung ................................................................................................................................ 1

Table of Contents ........................................................................................................................ 3

Motivation and Objectives............................................................................................................ 4

Abstract....................................................................................................................................... 6

Zusammenfassung ...................................................................................................................... 9

Graphical Abstract ..................................................................................................................... 10

1. Introduction: Plastics of the Future? The Impact of Biodegradable Polymers on the

Environment and on Society ...................................................................................................... 13

2. Long-Chain Polyorthoesters as Degradable Polyethylene Mimics .......................................... 32

3. RNA-inspired long-chain polyphosphate as degradable polyethylene mimics ......................... 75

4. Controlling the crystal structure of precisely spaced polyethylene-like polyphosphoesters .... 103

5. Terpyridine-Induced Folding of Anisotropic Polyphosphoester Platelets ............................... 143

References.............................................................................................................................. 155

Appendix ................................................................................................................................. 170



Motivation and Objectives

4

Motivation and Objectives

Since the development of new polymerization catalysts by Karl Ziegler and Giulio Natta in the

1950s, global plastic production has been constantly rising and is expected to further increase in

the future. A life without plastics would be unthinkable nowadays, as plastic items are convenient

and useful at the same time. Yet, the high persistence of commodity plastics – the most common

polymer types, mainly polyolefins – in natural environments became a problem, as waste
management and recycling of plastics are not sufficient in most parts of the world. As a result,

plastic pollution has become a major issue in our modern society. This thesis was conducted as a

part of the interdisciplinary project PlastX, with the goal to target major challenges in plastics and

environmental issues – ranging from waste management in developing countries to microplastics

in aqueous environments to alternative materials and plastic consumption practices. This thesis

focused on alternatives to commodity plastics, in particular, polyethylene (PE), which is today the

most produced synthetic polymer. Due to its excellent mechanical and thermal properties, PE is
widely applied e.g. as packaging or construction material. Yet, PE is poorly degradable in natural
environments. Thus, this thesis aims at synthesizing degradable PE-mimics by the
incorporation of functional groups into the aliphatic polymer backbone.

As many plastic products end up in natural environments by littering or landfilling, (bio)degradable

polymers are often regarded as a suitable alternative to commodity plastics to overcome the

problem of plastic pollution. If placed in a natural environment like an ocean or in the field,

biodegradable polymers shall degrade within a reasonable time frame into smaller fragments which
are further mineralized by microorganisms. In Chapter 1, we critically reviewed the transferability

of simulated polymer degradation tests to natural conditions and show how the respective natural

environment influences the biodegradation rate of a certain polymer. Further, we investigated the
impact of degradation products on biota as well as the impact of biodegradable polymers on waste

management and recycling.

Still, (bio)degradable polymers only represent a niche on the global plastics market (with market
shares of below 1%). At the same time, the annual production of PE reached 12 million tones alone

in Europe in 2017. To enhance the degradability of PE by chemical modification, orthoester groups
were incorporated in the polymer chain, which hydrolyze under acidic conditions (Chapter 2). Ring-

opening metathesis copolymerization (ROMP) of a cyclic orthoester monomer with cyclooctadiene

allowed control over the number of orthoester groups in the polymer backbone. By the choice of

the substituent at the orthoester group, the hydrolysis rate could be adjusted. The degradation

profile and thermal properties of different PE-like polyorthoesters have been studied.

In contrast to most synthetic polymers, the stability and degradation profile of natural polymers are

perfectly adjusted to their fulfilled tasks in their respective ecosystems. The genetic materials DNA

and RNA are both polyphosphodiesters of pentoses, but differ in their degradation rate due to
several reasons. One reason is the additional hydroxyl group at the C2 position of ribose in RNA,
which enables backbone degradation via intramolecular transesterification, resulting in a 100-fold
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larger rate of hydrolysis than DNA. The objective of Chapter 3 is to synthesize an RNA-inspired,

PE-like polyphosphate with a pendant ethoxy hydroxyl group, which accelerates the hydrolysis

rates by intramolecular transesterification. The hydrolysis of the polymer films in aqueous

environment was investigated and compared to other polyphosphates without the RNA-inspired
pendant chains to elucidate the degradation mechanism by SEC and NMR.

The crystallinity of PE relies on van-der-Waals forces between parallel ordered aliphatic polymer

chains, forming lamellae and spherulites of higher order. Functional groups in polyethylene chains
affect the crystallization behavior as they act as “defects” during crystallization. However, these

crystallization defects can be used as chemical functionality in polymer crystallites. By ADMET

polymerization, functional PE mimics with a precise distance between two functional groups can be

synthesized. In contrast to crystallization in bulk from the melt, anisotropic polymer platelets can be

prepared from crystallization of  polymers from dilute solution. By solution crystallization of PE and

derivatives, thin anisotropic polymeric platelets with a thickness of several nanometers can be

prepared, which were further studied in this thesis with respect to structure and functionality. The
objective of Chapter 4 is to study how the spacer length, i.e. a “synthetic primary structure”, of

different long-chain polyphosphates influences the crystal structure, morphology and lamellar

thickness in both solution-grown and bulk polymer crystals, which represent a “synthetic secondary

structure”.

Biomacromolecules such as enzymes effectively function because of their precise and dynamic

three-dimensional (3D) architecture. Proteins can undergo guided folding in solution to form

complex structures induced by covalent and non-covalent interactions. To mimic the complex

folding of proteins, also functional synthetic polymers can be used as models. Intramolecularly

cross-linked (or “folded”) single-chain nanoparticles (SCNPs) were prepared in recent years as a

“synthetic secondary structure” and studied in the past as simplified systems to help to understand

complex biomacromolecules. However, the complex structure of natural polymers is not limited to
single folded polymer chains but also include molecules with secondary structures as their structural

motifs,  e.g. helix and superhelix formation in collagen. Based on Chapter 4, solution-grown

anisotropic polymer platelets of a polyphosphate are obtained, as synthetic secondary structure. In

order to induce a further folding of the secondary into a tertiary structure, the pendant OH-groups

of polymers prepared in Chapter 3, were modified with pendant terpyridines as handles for further
supramolecular interactions on the surface of the platelets. The aim of Chapter 5 is to transfer the

concept of SCNPs formed by intramolecular crosslinking of multivalent polymers in solution to the
folding of surface-functionalized platelets into more complex synthetic tertiary structures.
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Abstract

Polyolefins are commodity polymers produced on a million tone scale every year. Low in cost and

weight, with good mechanical properties and high durability, they are the perfect materials for a

variety of applications. However, modern challenges require new polymer materials: Plastic

pollution, for instance, increased the demand for alternative, degradable polymers. Additionally,

polymers with superior properties compared to commodity plastics enable new fields of application
like in e.g. electronics.This thesis focused on the preparation of polyethylene mimics with controlled

degradation profiles and additional chemical functionality. Polyphosphates and polyorthoesters with

long methylene spacers between two functional groups were prepared by olefin metathesis

polymerization. Polyphosphates are ubiquitous in nature, with the genetic materials DNA and RNA

as the most prominent examples. Moreover, synthetic polyphosphates are highly versatile

polymers: through variation of the polymer backbone and the phosphate side chain, the polymers’

properties can be adjusted. Being enzymatically degradable, phosphates are suitable “breaking
points” to enhance the degradability of PE, if incorporated into the polymer backbone. Similarly,

orthoesters are highly prone to hydrolysis. In fact, the hydrolysis rate of orthoesters exceeds that of

phosphates, which should lead to quickly hydrolysable but still stable polymers, when incorporated

into very hydrophobic polyethylene derivatives. Control over the hydrolysis rate and the molecular

structure of the degradation products can be achieved by variation of the orthoester substituents.

To obtain PE-like polymers, metathesis polymerization including acyclic diene metathesis (ADMET)

polymerization and ring-opening metathesis polymerization (ROMP) were used. They enabled a

straightforward way to incorporate the functional groups into the polymer backbone with a precise
spacing between the functional groups.

Chapter 1 focuses on the evaluation of the biodegradability of “biodegradable” polymers, typically

polyesters like poly(lactic acid), which are considered as degradable alternative to commodity

plastics including polyethylene. It is demonstrated that degradation rate of biodegradable polymers
crucially depends on the environments they end up in, such as soil or marine water, or when used

in biomedical devices. In this chapter, we show that biodegradation tests carried out in artificial

environments lack transferability to real conditions and, therefore, highlight the necessity of

environmentally realistic and relevant field-testing conditions. In addition, the ecotoxicological

implications of biodegradable polymers were reported. Also, the social aspects and ask how

biodegradable polymers influence consumer behavior and municipal waste management were

considered. Taken together, this chapter is intended as a contribution towards evaluating the

potential of biodegradable polymers as alternative materials to commodity plastic.

Chapter 2 focuses on the synthesis and characterization of degradable polyethylene mimics

containing orthoester groups obtained by olefin metathesis polymerization. Ring-opening
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metathesis copolymerization (ROMP) of 1,5-cyclooctadiene with four different cyclic orthoester

monomers gave linear copolymers with molecular weights up to 38,000 g mol–1. Hydrogenation of

these copolymers produced semicrystalline polyethylene-like materials, which were only soluble in

hot organic solvents. The crystallinity and melting points of the materials were controlled by the
orthoester content of the copolymers. The polymers crystallized similar to polyethylene, but the

relatively bulky orthoester groups were expelled from the crystal lattice. The lamellar thickness of

the crystals depended on the number of the orthoester groups in the polymer backbone. In addition,

the orthoester substituents influenced the hydrolysis rate of the polymers. Additionally, we were

able to prove that non-hydrogenated copolymers with a high orthoester content were biodegraded

by microorganisms from activated sludge from a local sewage plant. In general, all copolymers

hydrolyzed under ambient conditions over a period of several months. This study represents the

first report of hydrolysis-labile and potentially biodegradable PE mimics based on orthoester
linkages. These materials may find use in applications that require the relatively rapid release of

cargo, e.g., in biomedicine or nanomaterials.

Chapter 3 presents PE-derivatives with an RNA-inspired degradation mechanism by an

intramolecular transesterification of phosphate-functionalized PE-derivatives carrying pendant
ethoxy hydroxyl groups, similar to the hydrolysis of RNA. .An α,ω-diene monomer with a benzyl

ether protected hydroxyl group in the phosphate side was synthesized within two steps by

subsequent esterification of POCl3. Polymers with molecular weights up to 38,400 g mol-1 were

prepared by acyclic diene metathesis (ADMET) polymerization. Post-polymerization hydrogenation

released the pendant hydroxyl groups and gave a fully saturated polymer with a precise spacing of

20 CH2 groups between each phosphate group. Melting points above 80°C were determined by

differential scanning calorimetry (DSC). Wide-angle X-ray diffraction (WAXD) revealed a pseudo-

hexagonal crystal structure of the polymer. Polymer films immersed in aqueous solutions were
degraded under basic conditions with a surface-active phosphodiester as the main degradation

product. The RNA-inspired degradation mechanism was proven by the formation of a cyclic

phosphoester intermediate with a distinct chemical resonance in the 31P NMR spectra. Additionally,

the degradation was investigated by analyzing the degradation products and hydrolysis with

blended PPEs without the RNA-inspired degradation modules.

Chapter 4 presents the first solution-crystallized anisotropic polymer platelets based on PPEs with

a variable thickness. PE-like polyphosphates with varying length of methylene spacers were

prepared and the crystal structure and lamellar thickness of solution-grown polymer platelets were
analyzed. Three different α,ω-diene monomers were synthesized by esterification of ethyl

dichlorophosphate with tailor-made unsaturated alcohols of different chain length. Linear

polyphosphates with a precise spacing of 20, 30, and 40 CH2 groups between each phosphate
group and molecular weights up 23,100 g mol-1 were prepared by acyclic diene metathesis
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(ADMET) polymerization. Post-polymerization hydrogenation yielded solid, PE-like materials.

Crystallization of these polymers into anisotropic polymer platelets was achieved by crystallization

from dilute solution. The morphology of the polymer crystals was investigated using differential

scanning calorimetry (DSC), small-angle X-ray diffraction (SAXS), wide-angle X-ray diffraction
(WAXD), transmission electron microscopy (TEM) and atomic force microscopy (AFM). Melting

points increasing with the length of the aliphatic spacer from 56 to 62 and 91 °C. Likewise, the

lamellar thickness increased from C20 to C40. Values for the bulk long period obtained by SAXS

and TEM agree with ca. 3.1 nm for C20, 4.8 nm for C30 and 7.2 nm for C40. The thickness of the

crystalline part increased from ca. 1.0 nm (C20) to 2.0 nm (C30) to 2.9 nm (C40), with values

obtained by AFM and TEM. A change in crystal structure from pseudo-hexagonal to orthorhombic

was observed from the C20 to C40 polymer.

Chapter 5 utilizes functionalized and anisotropic polymer platelets from solution crystallization to

further fold these synthetic secondary structures by supramolecular interactions. Nature is able to

fold complex biomolecules into defined objects by various intra- and intermolecular interactions. In

synthetic polymers, single chain nanoparticles have been used as simple mimics of folding

macromolecular chains, however folding of polymer platelets had not been achieved so far. A PE-
like polyphosphate was functionalized with pendant terpyridine groups and crystallized from

solution to functional polymer platelet dispersions, i.e. the synthetic secondary structure. By the

addition of nickel salts to the dispersion, the strong metal- terpyridine complexation lead to a folding

of the polymer platelets into a “synthetic tertiary structure”, which was investigated by TEM. Hereby,

the size of the obtained assemblies could be altered by varying the concentration of metal ions

present. Such assemblies might be used in catalysis or further hierarchical assemblies.
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Zusammenfassung

Polyolefine stellen die am meist hergestellten synthetischen Polymere weltweit dar und werden

jedes Jahr in einem Millionen-Tonnen-Maßstab produziert. Ihr niedriger Preis, ihr niedriges Gewicht

als auch ihre guten mechanischen Eigenschaften und hohe Haltbarkeit machen Polyolefine zu den

perfekten Materialien für eine Vielzahl von Anwendungen. Gleichzeitig werden jedoch durch das

globale Plastikmüllproblem abbaubare Polymere als nachhaltigere Alternativen zu den Polyolefinen
immer wichtiger.

Im Zuge dieser Doktorarbeit wurden zunächst bioabbaubare Polymere auf ihr Potential hin
untersucht, Polyolefine zu ersetzen. Dabei wurde der Fokus auf die tatsächliche Bioabbaubarkeit

unter realen Umweltbedingungen gelegt und in inwieweit simulierte Abbautests im Labor auf den

Abbau in natürlichen Umgebungen übertragbar sind. Des Weiteren wurden die potentiellen

ökotoxikologische Auswirkungen von Abbauprodukten untersucht als auch der Einfluss von

abbaubaren Kunststoffen auf Müllentsorgung und Recyclingkreisläufe.

Gleichzeitig konnten mehrere funktionale, Polyethylen-ähnliche Polymere hergestellt werden.

Dabei handelte es sich um Polymere, die lange aliphatische Ketten zwischen zwei funktionellen

Gruppen aufweisen. Durch Wahl der passenden funktionellen Gruppe und die Länge des

Polyethylen-Segments konnten die Abbaubarkeit, Kristallstruktur und die thermischen

Eigenschaften der Polymere gezielt eingestellt werden. Orthoester- und Phosphatgruppen führten
zu einem hydrolytischem Abbau unter sauren bzw. basischen Bedingungen. Bei den

Polyorthoestern konnte gezeigt werden, wie die Abbaurate durch die Wahl der Substituenten an

der Orthoester-Gruppe gesteuert werden kann. Für ein PE-ähnliches Polyphosphat mit einer

Ethoxyhydroxyl-Gruppe in der Seitenkette wurde mittels GPC und NMR bewiesen, dass der

hydrolytische Abbau über eine intramolekulare Umesterung abläuft, vergleichbar mit dem

Abbaumechanismus von RNA. Langkettige Polyphosphate waren von besonderem Interesse, als

dass deren Funktionalität über die Seitenkette weiter beeinflusst werden konnte. In dieser Weise

konnte ein Polyphosphat mit einer Terpyridin-Einheit als Chelat-Liganden in der Seitenkette
hergestellt werden. Anisotrope Polymer-Kristalle, die durch die Kristallisation dieses Polymer aus

Lösung erhalten wurden, bildeten nach Zugabe eines Nickel-Salzes komplexe, tertiäre

Überstrukturen aus. Darüber hinaus konnten die Kristallstruktur und Morphologie von PE-ähnlichen

Polyphosphaten über die unterschiedliche Länge von präzisen aliphatischen Segmenten

beeinflusst werden.
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1.1. Abstract

In recent years the littering of plastics and the problems related to their persistence in the

environment have become a major focus in both research and the news. Biodegradable polymers

like poly(lactic acid) are seen as a suitable alternative to commodity plastics. However, poly(lactic

acid) is basically non-degradable in seawater. Similarly, the degradation rate of other biodegradable

polymers also crucially depends on the environments they end up in, such as soil or marine water,

or when used in biomedical devices. In this Minireview, we show that biodegradation tests carried

out in artificial environments lack transferability to real conditions and, therefore, highlight the

necessity of environmentally authentic and relevant field-testing conditions. In addition, we focus

on ecotoxicological implications of biodegradable polymers. We also consider the social aspects

and ask how biodegradable polymers influence consumer behavior and municipal waste

management. Taken together, this study is intended as a contribution towards evaluating the

potential of biodegradable polymers as alternative materials to commodity plastic.

1.2. Introduction

In January 2018, the European Union (EU) released its vision for a more sustainable plastics

industry to be achieved by the year 2030. Besides promoting plastic recycling, the strategy
discusses opportunities and risks of (bio)degradable plastics.1 Development of (bio)degradable

polymers has already been on the upswing for several years as they promise solutions to existing

problems: they are used in tissue engineering and in medicine.2 Here, they are applied as carriers

that deliver drugs more specifically to the target organ and release the drug after a specific stimulus.

This makes lower drug doses possible and results in fewer side effects. As materials, biodegradable

polymers are also promising alternatives to mostly non-degradable commodity polymers, to combat

the global plastic waste problem. Over 250 million tons of commodity plastics annually (mainly
polyolefins) are produced worldwide.3 These polymers are long lasting and show high persistence

in the environment, which is seen as an advantage in many applications (such as pipes, aircraft,

etc.). However, when they are disposed of in an uncontrolled fashion, they will accumulate in nature

for decades (e.g. a poly(ethylene terephthalate) (PET) bottle has an estimated life expectancy of

274 to 935 years at 100% relative humidity). The  increase of packaging (“convenience packaging”)

and other “short-term” uses and the resulting impact of plastic waste on the environment have

become heated public issues in recent years.6 Due to their persistence, plastics accumulate in the

environment, are fragmented into smaller pieces (often called “microplastics”) and migrate via rivers
to the oceans where they form accumulation zones, so-called “garbage patches”.7 Seen more

positively, polymers and plastics can also be used as a resource not only when entering the

recycling stream, but also as an energy source when incinerated. As we know, plastic waste can

enter the environment via several routes. In addition to general littering, which could easily be

prevented, other unintentional entry modes include leakages from landfills, pellet losses at

production sites, and microplastics released by clothes and tire wear.8 In Southeast Asian countries
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like Indonesia or Thailand who cause most of the ocean plastic, proper waste management

infrastructure is just starting to be installed.9

Meanwhile, public response has already led to a large number of measures and initiatives such as

the ban of plastic bags in some countries, the ban of microbeads in cosmetic products in the U.S.

and UK, beach clean-ups, awareness campaigns and all-embracing strategies like the EU’s plastics

strategy. In addition to sustainable consumption and use of plastics as well as improved recycling

and waste management, the search for biodegradable alternatives is a promising option to improve

and eventually overcome the global plastic waste problem. Banning several plastic products or

exchanging the commodity polymer against paper or biodegradable polymers might be way to go,
but economy and ecology of such measures remains questionable.

In contrast to the majority of industrial polymers, biodegradable polymers are supposed to

mineralize into water, carbon dioxide, and biomass once they end up in the environment. With the
increasing awareness of plastic pollution, the need for degradable plastics, especially the

compostable poly(lactic acid) (PLA), has increased and these plastics are  produced on a ton scale

today. At the same time, prices have dropped from ~1,000 US$ per kg to a few US$ per kg during

the last 20 years and are now at a price level similar to that of polystyrene.10 Besides PLA, which

accounts for 24% of the global production capacity for biodegradable polymers, mainly starch

blends (44%), other biodegradable polyesters including poly(butylene succinate) (PBS) and

poly(butylene adipate terephthalate) (PBAT, Ecoflex®) (23%) and polyhydroxyalkonates (PHAs)

(6%) are produced an industrial scale (Figure 1.1).11

Figure 1.1: Global production capacities of biodegradable plastics in 2017 (data derived from

European Bioplastics).11

It is not surprising that the search for biodegradable polymers has also become highly popular in

scientific research: a search for the term “biodegradable polymer” in the Web of Science yields



1. Introduction: Plastics of the Future? The Impact of Biodegradable Polymers on the
Environment and on Society

16

more than 25,000 publications (on May 7 2018)a including a large number of reviews. Some of

these reviews simply list biodegradable polymers12, 13; others explain degradation mechanisms14 or

degradation testing methods15, 16 or focus in detail on a specific class of biodegradable polymers

like polyesters.17-20

Looking into primary literature, it turns out that in most cases, the term “(bio)degradable” is used

only in the title, without any proof or degradation tests being presented in the actual  paper. Even

when the degradation process is studied, the conditions applied are often harsh (high temperatures,

low/high pH values), or otherwise not environmentally realistic (isolated microorganism/enzymes).

In order to provide a sustainable alternative to commodity plastics, it is first essential to understand
the degradation mechanisms and products of biodegradable plastics in “real” environmental

conditions. The effect of additives also needs to be considered in a life cycle assessment of

biodegradable alternatives.

In this review, we have summarized data on the biodegradation of promising degradable polymers

under realistic and natural conditions. These include marine waters, soil, and compost. We have

highlighted the fact that degradation kinetics differ drastically for certain polymers depending on the

environment.b In addition, we have reviewed the general definition of “biodegradability of polymers”.

 The degradability of a polymer is not the only parameter to consider while attempting replacing

commodity plastics with biodegradable polymers: potential adverse effects of degradation products

on biota also need to be evaluated. We focus on this special aspect in the second part of this review

and consider possible social effects that biodegradable plastics may have on consumer behavior

or waste management implementation. With this is review we provide a compact comparison of

degradation scenarios and ecotoxicolgical and social aspects, which has not been reviewed before
in this interdisciplinary combination. We refer to other reviews on the biodegradation of polymers in

natural environments,21-23 and to socio-politcal24 as well as microbiological25 publications. Our goal

is to contribute to the evaluation of biodegradable polymers and whether or not they can be

regarded as the commodity plastics of the future.

1.3. Degradation Mechanisms and Laboratory Simulations

According to the International Union of Pure and Applied Chemistry (IUPAC), biodegradable
polymers are defined as “polymers, susceptible to degradation by biological activity, with the

degradation accompanied by a lowering of its mass”.26 Other definitions require a biodegradable

material to be mineralized into carbon dioxide, water, and biomass during biodegradation (standard

a To deal with the vast number of publications on biodegradable polymers, we restricted our search on the Web of

Science to reviews only. For the biodegradation in natural environments and the impact on biota and society, we

additionally researched primary literature to provide a detailed comparison on this topic.

b Articles on biomedical applications or biodegradation in vivo are not included in this review.
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CEN/TR 15351:2006).27 So, first we need to know how we should actually define “biodegradability”.

To solve the waste problem of accumulating plastics in the environment, do    we only need to

transform polymers into water-soluble compounds, or do we request full mineralization? In addition,

the time frame for the biodegradation is important.  According to the recently published plastics

strategy, the European Union is about to propose standardized  rules for defining and labeling

compostable and biodegradable plastics to allow for accurate  sorting and avoid false environmental

claims.1

In general, the process of polymer biodegradation can be divided into four steps: i) biodeterioration,

ii) depolymerization, iii) bioassimilation, and iv) mineralization.14 In the first step, the formation of a
microbial biofilm leads to superficial degradation, in which the polymeric material is fragmented into

smaller particles. The microorganisms of the biofilm secrete extracellular enzymes, which in turn

catalyze the depolymerization of the polymer chain into oligomers, dimers or monomers.  The

uptake of the small molecules produced in this way into the microbial cell and the following

production of primary and secondary metabolites is a process called assimilation. In the last step,

these metabolites are mineralized and end products like CO2, CH4, H2O, and N2 are formed and

released into the environment (Figure 1.2).

Figure 1.2: Schematic representation of the different steps involved in biodegradation.

Polymer degradation, in general, is influenced by both abiotic and biotic factors, whereby the term

“abiotic” describes parameters like mechanical stress, light or temperature, and “biotic” the

involvement of naturally occurring microorganisms like bacteria, fungi, and algae.23 In this review,

we focus on the biotic factors, but have not excluded essential abiotic influences.

A polymer can undergo transformations (mechanical, light, thermal, and chemical) when exposed

to weathering conditions and these  can influence the mechanical properties of the polymer, e.g.
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the polymer can become brittle by UV irradiation.14 Another major pathway of chemical degradation

for polymers containing heteroatoms like esters, anhydrides, amides, or urethanes is hydrolysis.14

The hydrolysis of material proceeds either via a bulk or surface erosion mechanism (Figure 1.3).

Here, bulk erosion describes degradation that occurs uniformly through the thickness of a polymeric
item, and surface erosion describes a decrease in the surface thickness. Laycock et al. explained

both mechanisms and highlighted the factors influencing the hydrolysis.22 Briefly, surface erosion

takes place when the rate of hydrolysis exceeds the rate of diffusion of water into the bulk, or when
a catalyst (e.g. enzymes) cannot penetrate the bulk polymer. Surface erosion is the predominating

mechanism for hydrophobic and semi-crystalline polymers and for polymers showing a very rapid

hydrolysis rate. In contrast, bulk erosion occurs when the rate of diffusion of water exceeds the rate

of the hydrolysis reaction. A material can change its hydrolysis mechanism from surface to bulk

erosion when the sample thickness falls below a critical value, the so-called critical sample
thickness Lcrit.28 In general, the shape of a material plays an important role as a larger surface area

will promote degradation.29 For example, the rate of degradation of polymer foils increases with
decreasing thickness of the foil.

Figure 1.3: Surface vs. bulk erosion during polymer degradation.

The hydrolysis rate is influenced by several external factors: an increase in the temperature

promotes the hydrolysis rate, and so will a change in the pH value. For  example, the hydrolysis of
poly(lactic-co-glycolic acid) (PLGA) is accelerated under both acidic and basic conditions.30

However, the polymer erosion mechanism changes at those two pH conditions from bulk erosion
at low pH to surface erosion at high pH values. On a molecular level, the degradation mechanism

can also  change given  differing degradation conditions: PLA degrades by a dezipping mechanism

under basic conditions to the intermediate dilactide, while under acidic conditions lactic acid is
directly generated (Scheme 1.1). In terms of degradation rate, Pierre and Chiellini. underline the

effect of acid-base catalysis on the degradation: a change in pH value by one unit can actually

increase the hydrolysis rate by a factor of ten.31 As a consequence, the hydrolysis rate at a neutral

pH value may be complex to determine. Nevertheless, extreme pH values are often used to prove
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a general (bio)degradability of certain polymers despite the seldom natural existence of highly acidic

or basic conditions.

Scheme 1.1: Schematic representation of PLA hydrolysis under acidic and basic conditions.

In natural environments, enzymes play an important role in catalyzing hydrolysis. They mainly work

at moderate temperatures and a neutral pH level and they can increase reaction rates by 108 to

1020 times.32 Due to their relatively high molecular weights of several kDa, enzymes are unable to

penetrate the polymer matrix, thus enzymatic hydrolysis occurs typically via surface erosion.22 It is

known that certain enzymes can degrade specific bonds: protease degrades α-ester bonds,

poly(hydroxybutyrate)(PHB)-depolymerase β-ester bonds, and lipase γ~ω bonds.13 For  example,

the degradation of PLA is promoted by both lipase33 and protease.34 Several reviewers list those
enzymes and their origin which are capable of degrading PLA19 or other biodegradable polymers.19,

22, 35 Table 1.1 summarizes enzymatic degradation conditions for the most abundant biodegradable

polymers (also compare Figure 1.1), including the type of enzyme and its origin and the extent of

degradation. Additionally, we added polyvinyl alcohol (PVA) to this list to give an example of an

important degradable water-soluble polymer with a yearly production of  1,124 kilo tons (in 2016).36

Nylon-66 was also added as a commodity plastic, which can only be attacked by special

microorganisms. The microorganisms were isolated from either bacteria or fungi and their enzyme
activities ranged from the previously mentioned protease37, lipase38 and PHB depolymerase39 to

PVA oxidase40 and lignin-degrading enzymes.41
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Table 1.1 Biodegradation of different polymers by microorganisms.

Polymer Shape Microorganism Activity Conditions Degradation Ref. Rev.

PLA Film (in
emulsion)

Actinomadura
sp. T16-1
(Actinomycete
bacteria), from
soil

Protease Mineral
medium,
pH 6.9, 50 °C,
96 h

Formation of
water soluble
degradation
products.
Detection based
on decrease of
turbidity

42 35

not
mentioned

Bacillus smithii
strain PL21
(bacteria), from
compost

Esterase/Protease pH 5.5, 60 °C,
4 d

Change in
molecular weight
(by size exclusion
chromatography
(SEC))

34 35

Film
(2x2 cm)

Alcaligenes sp.
(bacteria), from
soil

Lipase pH 8.5, 55 °C Disappearance of
the film after 20 d.
Lactic acid
detected by
HPLC. Reduced
MW in SEC

33 35

Blown film
(46 um
thickness)

Tritirachium
album ATCC
22563 (fungus),
from soil

Protease 30 °C, 5 d Film-weight loss
(76% loss), lactic
acid production
(analyzed with
enzymatic
bioanalysis kit)

37 35

PHB Film
(10x10
mm, 0.04-
0.07 mm
thick)

A. faecalis
(bacteria), from
seawater

PHB
depolymerase

pH 7.5, 37 °C,
20 h

Weight loss (68%
loss)

43 22

granules Ralstonia
pickettii T1,
cultivated

PHB
depolymerase

pH 7.5, 37 °C Change in crystal
structure
(detected by
atomic force
microscopy
(AFM))

39 22

PCL Film (0.1
mm thick)

Penicillium
oxalicum
(fungus), from
soil

PCL
depolymerase

Culture
medium,
pH 6.8, 28 °C

Weight loss,
(completed after
10 d)

44 45

PBS pellets Burkholderia
cepacia PBSA-
1 and
Pseudomonas
aeruginosa
PBSA-2
(bacteria), from
activated
sludge soil and
cultivating soil

Lipase Modified Sturm
test: 37 °C, 40
d,

CO2 detection
78%
mineralization
after 40 d

38 45

Starch-
blend

Plastic
bag
(15x15
cm)

Aspergillus sp.
(fungus), from
soil

Amylase Artificial soil, 25
°C, in the dark

Weight loss (37%
after 90 d)

46 21

Nylon-
66

membrane White rot
fungus IZU-
154, from
activated
sludge/waste
water

Lignin degrading  Agar medium,
basal medium,
30 °C, 20 d

Decrease in MW
(by SEC),
morphological
disintegration

41 47
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PVA Dissolved Sphingomonas
sp OT 3
(bacteria), from
waste water

PVA oxidase,
alcohol
dehydrogenase

Mineral media,
pH 7.5, 25 °C
pyrroloquinoline
quinone
(cofactor)

DOC (dissolved
organic carbon)
determination,
85% degradation
after 30 d

40 48

The degradation was observed by using different methods, which depict different stages in

biodegradation: A change in the crystal structure of the polymer monitored by atomic force

microscopy (AFM)39 correlated in the direction of biodeterioration. On the other hand,

depolymerization is proven by a decrease of the molecular weight (observed by size exclusion

chromatography (SEC))41 or a detection of generated lactic acid during the degradation of PLA (by

using a enzymatic bioanalysis kit)37. A weight loss of a polymer specimen can indicate both
complete mineralization, and the formation of water-soluble degradation products. In contrast, the

detection of CO238 is a clear indication of the amount of mineralization that has taken place. All

these different methods point out the need for a uniform definition of “biodegradation” as stated

above.  We suggest following the definition given by CEN/TR 15351:2006. According to this

guideline, a biodegradable material needs  to be mineralized into carbon dioxide, water, and

biomass during biodegradation.27 This ensures a complete fade of the material, which is not

provided by a simple decrease in molecular weight. Given the conditions of the listed degradation

tests, pH values and temperatures were around physiological values indicating that most tests were
conducted in order to assess possible in vivo applications of the polymers.  It is crucial to mention

that enzyme activity is temperature dependent. Hoshino and Isono showed that the Lipase PL
derived from the bacteria Alcaligenes sp. has an optimum reaction temperature at 50 °C.33 At 30

°C, enzyme activity is lowered to 60%. This triggers the question as to how the degradation rate

will alter in a natural environment with temperatures below physiological values. In addition, in a

natural environment, typically complex mixtures of enzymes and microrganisms are present which

are not necessarily conducive to the degradation of the specific tested polymer. From this we can

see just how challenging it is to transfer laboratory biodegradation tests with isolated
microorganisms into real environmental conditions.

1.4. Environmental Degradation Testing – How Transferable Are Laboratory
Tests?

To be able to transfer test results from enzymatic biodegradation in the lab to biodegradation in

natural environments, the microorganisms used in a laboratory test have to be present in the

environment where a plastic item could possibly end up. Thus, the origin of a microorganism is a

key factor in whether an enzymatic degradation test can contribute to the assessment of the
biodegradability of a certain polymer in real environments. As an example, Sakai et al. extracted

the bacteria Bacillus smithii strain PL21 from compost and studied the degradation of PLA.34 In the

standardized test for aerobic biodegradability of biodegradable plastics (ASTM D5247-92)  the
specific soil-dwelling microorganisms Streptomyces setonii ATCC39115 and Streptomyces
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viridosporus ATCC39115 were used in the culture medium.15 These microorganisms are capable

of degrading polymers, but the tests applied in the laboratory were limited to these specific

microorganisms and the tested polymer was the sole carbon source for the microorganism. In a

natural environment, the polymer may not be the preferred substrate in the presence of alternate

nutrients.29 Moreover, the microorganisms might not be predominant in the complex biota mix in

the environment in question, and their ability to compete, survive and thrive in this specific

environment is essential. As a result, most standardized biodegradation tests by the American
Normative Reference (ASTM) or the Organization for Economic Co-operation and Development

(OECD) prescribe the use of simulated or real environments to provide a more realistic evaluation.15

For instance, the OECD test No. 306 uses marine water plus a mineral nutrient solution as a test

medium.49 The seawater sample should be stored at moderate temperatures and should be used

preferably within one or two days after collection. The pollutional and nutrient status of the water

sample has to be described and a heterotrophic microbial colony count has to be conducted. To

evaluate the ongoing biodegradation, the amount of dissolved organic carbon (DOC) needs to be
exactly determined.

Overall, this test method allows for testing under defined conditions in a complex environment with

valid analysis.50 But the weak point lies in sampling and storage of the seawater. First,  difficulties
in taking a representative sample generally arise due to the heterogeneity of microbial content found

in seawater (this is also the case for soil and compost).29 Secondly, the microbial composition can

be influenced by contamination or isolation through bottling. Some more robust microorganisms

might be enriched during sampling, which could lead to an unrepresentative composition of the

sample. An exponential increase in the colony forming units with bigger bacterial cells in marine
water samples can be observed.29 In numbers, Ferguson et al. reported that the number of

culturable cells in seawater increased from 0.08% immediately after collection to 13% after 16 h

and 41% after 32 h of confinement.51 Large sample volumes (>103 liters) minimize the bottling effect
by reducing the surface-to-volume ratio, but are hardly practicable. The microbial composition can

also be altered during measurement: a set-up, in which seawater is continuously renewed by

pumping increases the time for the microorganisms to colonize surfaces.52 Agitation of the culture
fluid was reported to have little influences on the rate of polymer degradation. Briese et al. tested

the biodegradation of PHBV by aerobic sewage sludge at different shaking speeds and observed

only a minimally increased degradation rate in continuously shaken cultures in comparison to non-

agiated or daily shaken cultures.53 This is contrary to the degradation of (small) hydrocarbons like
hexadecane in soil slurries, where an increased shaking speed promotes the desorption of the

contaminant from soil and thus increases the degradation rate but might be related to a bulk erosion

degradation.54 Abiotic factors like UV irradiation, grinding processes or the influence of macro-

organisms are all lacking in laboratory tests. These factors generally promote the biodeterioration

step and thus the overall biodegradation process.

Given these considerations, the necessity of field tests is obvious. Immersing the polymer in soil or

compost, or incubation in a lake, a river, or the ocean, provides a realistic environment where plastic
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litter could end up. However, field tests are hampered by environmental conditions like pH value,

temperature or humidity, all of which cannot be well controlled and demand careful documentation.

In addition, analytical opportunities to monitor  biodegradation processes are limited.50 An analysis

of molecular weight changes of the recovered polymer specimen might be possible, but often only

a visible control or a determination of weight loss are feasible – a molecular understanding of the

degradation process and the products is difficult (Figure 1.4). Determination of weight loss is

problematic since all small fragments have to be collected and recovered once the material
disintegrates. As already mentioned, simple physical disintegration/fragmentation of a polymer

material is not regarded as biodegradation and could produce long-lasting microplastics. However,

it is almost impossible to detect primary degradation products in such complex matrices like soil or

compost. Also, full mineralization cannot be monitored since the ongoing metabolism of different

organisms in the environment could influence the analysis.

Figure 1.4: Comparison of different biodegradation tests for plastics. Adapted from Reference 50.

1.5. Different Environment – Different Biodegradation Rate

The most important aspect concerning biodegradation rates is probably the direct environment of
the polymer: The biodegradation of a polyester in vivo in the presence of many enzymes and

constantly changing surroundings (e.g. the blood stream) is obviously going to be very different

when compared to the same polymer sample in seawater. The rate of biodegradation is dependent

on the concentration of enzymes, microorganisms, temperature, pH value, humidity, oxygen supply
and light.22 All these factors vary in different environments. For instance, the temperature can range

from up to 65 °C in industrial compost sites to around  freezing point in the Arctic Sea.55 Regarding

pH values, soils can exhibit neutral pH values (e.g. loamy soil) as well as acidic (e.g. hardwood soil)
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and basic values (loamy soils with a high content of calcium carbonate).56 Mergaert et al. examined

the degradation of poly(3-hydroxybutyrate-co-3-hydroxy valerate) (PHBV) in soils with pH values

ranging from 3.5 to 7.1. They were able to prove that PHBV degraded faster at a lower pH level.

Since PHBV-degrading microorganisms are predominantly present in  neutral soil and not in acidic

soil, Mergaert reasoned that the degradation occurred primarily through hydrolysis, which was

induced by  acidic media and not by microorganisms.56

Values differ significantly given the total concentration of microorganisms in different environments.

For instance, 107-108 colony-forming units per gram of material are reported for compost and only

106 in the soil.29 For seawater, an estimate based on  direct  bacteria counts  numbers  about 106

cells/mL.57 Yet, it is not only the total number of microorganisms that is important, but also their
ability to degrade each polymer substrate. For example, Kasuya et al. screened the biodegradation

of PCL in set-ups using freshwater (lake and river) and seawater (bay and ocean), all at 25 °C. As

the amount of PCL-degrading microorganisms differed,  the rate of degradation was influenced

accordingly: seawater (bay) > freshwater (river) > freshwater (lake) > seawater (ocean).58 In a

similar study, Doi and Abe studied the degradation of polyesters in water from the  Arakawa River

(Saitama, Japan).59 The bio-based PHB revealed ready biodegradation (with 100% weight loss and

75% biochemical oxygen demand (BOD) after 28 days at 25 °C).

It is essential to compare the biodegradation rate of the same polymer in different environments in

order to assess sustainable use and to guarantee a reasonable degradation profile for the intended

application, or for use in waste management. This is exemplified in the case of PLA. Figure 1.5
summarizes the biodegradability of PLA in compost, soil, and water. PLA is a hydrophobic, semi-
crystalline polymer with a glass transition temperature (Tg) of c. 60 °C.60 Above the Tg, the chains

in the amorphous regions of the polymer become flexible, enhancing the degradation process,

which guarantees industrial composting (sites exhibit temperatures up to 65 °C). Moreover, the

humidity in compost is relatively high, also furthering PLA degradation. As an example, complete

disintegration of a 33.0 x 12.5 x 3.0 mm3 PLA bar was accomplished after 60 days at 55 °C while

the molecular weight decreased from 130,000 to 5,500 g/mol.61 In contrast, under domestic
composting conditions, temperatures are generally lower than those found at industrial composting

sites. In a field test in Greece, using PLA films with a thickness up to 440 µm, a maximum

temperature of 42 °C was reached. However,  during this 7-week long testing period, temperatures

mostly remained below 25 °C, resulting in lower degradation rates.62 After 7 weeks, the polymer

material became embrittled whereas full disintegration was observed after 11 months. This result

is similar to the biodegradation rates of PLA in the soil, where temperatures usually do not exceed

30 °C. Full disintegration usually takes  about 1 year.62  In contrast,  after burying PLA ropes in

banana fields in Costa Rica rapid deterioration of mechanical properties  was reported after only a
few weeks .63 At an average soil temperature of 27 °C and a moisture content of 80%, the tensile

and compressive strengths of the polymer material vanished after 9 or 12 weeks, depending on the

thickness of the PLA specimen. During this time, the polymer lost c. 5,700 g/mol per week of its

molecular weight.
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Figure 1.5: Influence of humidity, temperature and concentration of (suitable) microorganisms on

the biodegradation of PLA in different environments.

Although there are several studies concerning the degradation of PLA in the soil, only a few papers

study PLA degradation in aquatic environments. Martin et al. observed no weight loss after 45 days

in seawater.64 In addition, during a simultaneous degradation test of a PLA and PHBV bottle by the

California Department of Resources Recycling and Recovery, the PLA bottle showed no
disintegration in marine water after 1year at 25 °C while the PHBV bottle partially disintegrated.65

Bagheri et al. compared the biodegradation of a PLA film in artificial seawater and freshwater with

films made of PLGA, PCL, PHB, PET, and poly(butylene adipate terephthalate) (PBAT, Ecoflex®).66

PLGA fully degraded after 280 days, whereas the PHB foil lost about 10% of its initial weight after

380 days. All other polymers (including PLA) showed no or only minimal weight loss during this time

frame.

In summary, the label ”compostable“ on PLA, which was recognized and honored by European and

American officials, needs to be re-considered as to time and degradation conditions. However, PLA
is often coined as the example of a biodegradable polymer, which can confuse both scientists and

the public, as degradation after land littering or in seawater is, in fact, very low. As responsible
scientists, we appeal to the relevant authorities   that the term “biodegradable” must include detailed

information about the tested environment and associated data. Bearing this in mind, we realize  that

in biomedical applications, e.g. as bone screws or degradable sutures, PLA and PLGA copolymers

are currently a powerful material due to their  toughness and controllable enzymatic hydrolysis.67

1.6. Impact of Degradation Products on Biota

To assess the environmental impact of biodegradable polymers, ecotoxicity tests are conducted

under controlled laboratory conditions using model organisms. The main objective of these tests is
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to ensure that no harmful degradation products are released into the environment.68 The choice of

the test species depends on the specific ecosystem to be investigated: For terrestrial environments,

soil organisms like certain microbes69 or terrestrial plant species70 are tested for their response to

degradation products. For aquatic ecosystems, algae, crustaceans, and fish are investigated.70 The

test systems differ regarding their duration (acute or chronic toxicity tests) and the assessed effects.

These include lethal or sublethal effects such as growth or reproduction as well as specific

responses like carcinogenicity, mutagenicity, immunotoxicity, or neurotoxicity.71

In contrast to many other chemical substances, the environmental impact assessment of polymers

is not generally covered by laws such as the European legislation on chemicals (REACH).
Therefore, ecotoxicological data for biodegradable polymers is scarce. More studies have been

carried out in the field of human toxicology, as biodegradable polymers are often used in medical

applications. However, for compostable plastics, certain standards and norms have been set, which

also include ecotoxicity requirements. The European standard EN 13432, for example, requires

data on the germination and growth of plants.72 In this context, most of the published studies focus

on effects that may arise during the application of certain biodegradable products, such as plastic

mulch films used in agriculture.69, 73 Such products are tested for their effects on soil or compost,

mostly in combination with a biodegradation test. These coupled tests and the timing of the
assessment of ecotoxicological effects are important, as a safe material may turn toxic during

degradation due to certain metabolites or the release of harmful compounds that serve as additives

in biodegradable plastics.71, 74 In general, polymer additives need to be considered separately, when

discussing toxicity of degradable plastics. Additives contribute to an improvement of the mechanical

properties of a polymer. For instance, substances like tributyl citrate or poly(ethylene glycol) (PEG)

are added to PLA for plasticization.75, 76 Furthermore, for better impact resistance isocyanates can

be added as chain extension agents by forming a polyurethane bond with the terminal hydroxyl

group of PLA.75-77

Table 1.2 gives an overview of ecotoxicity studies on biodegradable polymers including starch

blends, PLA, PBS, and PBAT (Ecoflex®). The most commonly used test organisms for terrestrial
ecosystems are plant species and microorganisms. During the degradation process, a generally

increased microbial activity (accompanied by a drop in pH value and abnormal high oxygen

demand) can  have a temporary negative impact on soil organisms.78 Yet, in most studies, no

harmful effects of degradation products of the polymers were detected. However, for PLA, Souza
et al. found cytotoxic and genotoxic effects of degradation products on the common onion (Allium

cepa).79 Likewise, Adhikari et al. detected an inhibition of microbial activity caused by PLA mulch

films after 84 days of incubation in the soil.73 These studies show some limitations: although they

measured effects of degradation products at a specific time, they did not provide information on the
components, which are responsible for the toxicity.  The missing information is needed to help us

further understand the toxic mechanisms and produce safe biodegradable plastics. In all studies

presented in Table 1.2, the ecotoxicity was assessed in combination with biodegradation

experiments. Although most of the studies did not find adverse effects on the selected organisms,
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only a limited statement on the environmental compatibility of the biodegradable polymers can be

made. In the experiments, the degradation times allocated vary considerably and, therefore, the

tested degradation products. According to EN13432 (2000), ecotoxicological studies should be
preceded by a three-month composting phase. However, Fritz et al. suggest that only repeated

ecotoxicological investigation during long-term degradation experiments can provide sufficient data

to properly assess the environmental impact of metabolites and residues.78

Table 1.2. Ecotoxicological studies on biodegradable polymers.

Polymer Test material preparation Test
medium

Test system Effect Ref.

Mater-Bi
DF04P
(starch
blend)

Powdered mulch film in soil
(10 g/800 g), incubation for
528 d

Aerobic
agricultur
al soil

Nitrification test based on
ISO14238 (2012)

No inhibition of the
nitrification potential;
biodegradable carbon
source in soil
potentially elicited
microbial growth

69

Mater-Bi
DF04A,
EF04P,
AF05S0
(starch
blend)

Powdered films in soil (10
g/800 g), incubation for 6
mo

Soil
aqueous
extracts

Set of acute and chronic
bioassays with bacteria,
protozoa, algae,
plants, crustaceans, and
earthworms

No adverse effects 80

PLA PLA, nanocomposites of
PLA and organoclays
Cloisite 20A and Cloisite
30B in compost (50 g/300
g), incubation for 76 d

Compost
aqueous
extracts

Allium cepa
(cytotoxicity, genotoxicity,
mutagenicity)

Cytotoxic and
genotoxic effects of
PLA degradation
products (not for the
organoclays)

79

Plastic films (0.3 mm
thickness, 1 cm²) in soil,
incubation for 8 mo

Soil
aqueous
extracts

Allium cepa
(phytotoxicity, cytotoxicity,
genotoxicity, mutagenicity)

No adverse effects 81

Plastic films (3 cm × 3 cm)
in agricultural soil,
incubation for 84 d

Agricultur
al soil

Microbial activity (nitrogen
circulation activity)

Negative effect on  the
activities of both
ammonium and nitrite-
oxidizing bacteria

73

PBAT
(Ecoflex
®)

Plastic films (0.3 mm
thickness, 1 cm²) in soil,
incubation for 8 mo

Soil
aqueous
extracts

Allium cepa
(phytotoxicity, cytotoxicity,
genotoxicity, mutagenicity)

No adverse effects 81

Polymer granules (100-250
µm) in aqueous medium
(350 mg/80 mL) with the
actinomycete
Termomonospora fusca,
incubation for 21 d

Aqueous
medium

Luminescent bacteria (light
emission), crustacean
Daphnia magna (mobility)

No adverse effects 82

Plastic granules (2 mm x
20 mm) in sandy soil (1000
mg/kg), incubation for 4,
10, 16, and 22 mo

Sandy
soil

Plant growth tests No adverse effects
83

PBS Plastic films (3 cm × 3 cm)
in agricultural soil,
incubation for 84 d

Agricultur
al soil

Microbial activity (nitrogen
circulation activity)

No adverse effects 73

PBS-
starch

Plastic films (3 cm × 3 cm)
in agricultural soil,
incubation for 84 d

Agricultur
al soil

Microbial activity (nitrogen
circulation activity)

No adverse effects 73

Modified
starch-
cellulose
fibre
composit
es

Biocomposites (sieved
trough 0.25 mm and 0.75
mm) in aqueous medium
(100 mg/L), incubation for
48 d

Aqueous
medium

Luminescent bacteria (light
emission)

No adverse effects 68

Positive findings require further investigation to prove whether it is the polymer itself or the additives

that cause adverse effects. In all studies presented in Table 1.2, the ecotoxicity was assessed in
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combination with biodegradation experiments. Although most of the studies did not find adverse

effects on the selected organisms, only a limited statement on the environmental compatibility of

the biodegradable polymers can be made. In the experiments, the degradation times allocated vary

considerably and, therefore, the tested degradation products. According to EN13432 (2000),

ecotoxicological studies should be preceded by a three-month composting phase. However, Fritz
et al. suggest that only repeated ecotoxicological investigation during long-term degradation

experiments can provide sufficient data to properly assess the environmental impact of metabolites
and residues.78 Positive findings require further investigation to prove whether it is the polymer itself

or the additives that cause adverse effects.

1.7. Implications for Waste Management, Recycling, and Social Behavior

Plastic waste accounts for a large share  in municipal solid waste (13% in Germany, 12.4% in the

USA).84, 85 If commodity plastics are to be replaced by biodegradable polymers, assessing their

end-of-life options is crucial. The waste management of  biodegradable polymers is primarily

handled  through  industrial composting (Figure 1.6), while commodity plastics are usually

incinerated, recycled, or deposited in a landfill (this  has been banned in several Western countries).
Rossi et al. compared the environmental impacts of a representative set of end-of-life options for

used dry packaging, assuming that collection, sorting and reprocessing capacities are available

and that materials are not contaminated when entering the treatment.86 These authors were not

able to verify the hypothesis that composting is more environmentally friendly than energy or
material recovery. In 2012, Detzel et al. came to a similar conclusion in a report for the German

Environmental Protection Agency on biodegradable plastic packaging. They determined that the

composting of packaging made of biodegradable plastics offers neither benefits for soil nutrition nor

for soil structure.87 Biodegradable polymers do not contain suitable nutrition for plants; furthermore,
they degrade too fast to act as a soil-structuralizing component.

Figure 1.6: Major end of life options for poly(lactic acid) products.
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Recently, the European Union declared in their new plastics strategy that 100% of plastics should

either be reusable or recyclable by 2030.1 Thus, evaluating the recyclability of biodegradable

polymers is of vital importance. Most research focusses on the recycling of PLA, which can be done

either mechanically (recovery of PLA) or chemically (depolymerization to lactic acid/dilactide).

Similar to the recycling of commodity plastics like PET, the so-called “downcycling” is an issue
during the mechanical recycling of PLA. Höfs et al. reported a change in melt viscosity, a decrease

of film properties and yellowing of mechanically recycled PLA. However, blends with virgin PLA with
a content of recycled PLA up to 30% inhibit sufficient mechanical and optical properties and are a

potential substitute for fully virgin PLA.88 In general, it is currently safe to say that mechanical

recycling of PLA should be preferred to chemical recycling as it has a lower environmental impact..89

On the other hand, from an energy point of view, the production of lactic acid from the chemical

recycling of PLA is preferable to the production of the same lactic acid by glucose fermentation. 90

Regarding the impact of biodegradable polymers like PLA on the existing recycling stream of

commodity plastics, a sorting of biodegradable polymers is necessary to prevent contamination.
For instance, a PLA content above 3 wt%  has the effect of deteriorating  the mechanical properties

of post-consumer recycled polypropylene (PP).91 Yet, modern recycling sites achieve accurate

sorting by using near-infrared (NIR) scanners. Still, the stake of PLA in the overall recycling stream

is very small as of today, so that separated PLA is mostly incinerated and not recycled.87 With

increasing amounts of PLA produced, this might change as recycling becomes economically viable.

Still, we should not forget that even the best form of municipal waste management is dependent on

responsible consumer behavior. Despite the development of regulated systems of waste

management, littering is still one of the basic causes of environmental pollution and urgently needs

to be tackled. In terms of plastic products, it is feared that if biodegradable plastics are introduced,

consumers might overestimate degradation rates and continue to litter. In this context, labeling a

product as “biodegradable” may be seen as a technical fix that removes responsibility from the
individual. As a result, a reluctance to take action comes with this perceived lower responsibility on

the part of the consumer.92 A study on littering behavior of young people in Los Angeles strengthens

this assumption, stating that biodegradable products were a reason for improper disposal of litter.93

Biodegradable plastics are often coined “bioplastics” together with bio-based plastics, which are not

necessarily degradable (e.g. bio-PE produced from sugar cane). This leads to further confusion on

the part of the consumer. Biodegradability is one of the key associations consumers have when

thinking of bioplastics, together with non-toxicity, sustainability and environmental friendliness.94

However, a study showed that when consumers were confronted with the fact that biodegradability

is either limited to industrial composting systems, or that it is negligible in the case of some bio-
based plastics, they were “shocked and disappointed”.95 Lynch et al. pointed out that despite there

is a generally positive attitude towards bioplastics, concerns do exist about the unclear disposal of

the product and the use of the prefix “bio” as a marketing strategy by producers.96 However, the

general public’s knowledge about “bioplastics” is very limited. . According to a representative online

survey of 2017 in Germany, more than half (56.7%) of the surveyed population did not know
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anything about bioplastics. Only a few (7%) stated they knew  exactly what bioplastics are.95 This

emphasizes the need for clear education and information, which should be provided in a transparent

way and preferentially by a neutral party without any commercial interests.

As responsible scientists, we actively support the aim of the European Union to standardize rules

for defining and labeling compostable and biodegradable plastics to avoid false environmental

claims and thus mislead the public. Additionally, we believe that it is our duty as scientists to take

part in the general discussion and to inform the public in a responsible and  honest way about the

possibilities and limitations of biodegradable plastics.

1.8. Conclusion and Outlook

Biodegradable polymers are often not as “biodegradable” as they claim to be – it is always a matter

of the surrounding environment. Humidity, temperature or concentrations of microorganisms vary
in different environments, resulting in different biodegradation rates. For instance, polylactide is the

most prominent representative of biodegradable plastics, but it is non-degradable in waters. To

design new polymers with enhanced biodegradation in natural environments, polymer scientists

need to cooperate with scientists from other fields. A deeper knowledge about microorganisms

present in different environments and their mode of operation in biodegradation will help tailoring

new macromolecules accessible for microorganismal biodegradation. At the same time, the key

factors for biodegradation need to be considered when biodegradable polymers are selected for
certain uses. The polymer must biodegrade in the environment, in which it is most likely to end up

(based on risk assessments).

A “one-fits-all” solution in terms of a single polymer, which (bio)degrades rapidly in every kind of
ecosystems is unlikely, since the requirements for certain applications (e.g. beverage container)

stand in contrast to a fast biodegradation in some environments (e.g. seawater). This makes the

development of new biodegradable polymers based on life cycle or risk assessments inevitable.

The label “biodegradable” must always have a clear sign of the environment, in which the test was

performed. Alternatively, we suggest allotting the term “biodegradable” exclusively to those

polymers, which exhibit full mineralization into CO2, H2O, biomass, and inorganic salts and in all

kinds of natural environments within a reasonable time frame (and without producing toxic

degradation products). Only these materials could then guarantee a minimal impact of plastics on

the environment.

Looking ahead, biodegradable polymers could become the commodity plastics of the future, but

possibly only for applications where the degradability is a part of the function. Good examples are

biodegradable mulch films in agriculture or drug delivery agents in biomedicine. Yet, if we strive to

replace all commodity plastics with biodegradable alternatives in order to achieve a more
sustainable future, we need to change the way we deal with plastics in general. Or quite simply put
in the words of New York Times’ author Susan Freinkel: “We can’t hope to achieve plastic’s promise
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for the 21st century if we stick with wasteful 20th-century habits of plastic production and

consumption.”97
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2.1. Abstract

The persistence of commodity polymers makes the research for degradable alternatives with similar

properties necessary. Degradable polyethylene mimics containing orthoester groups were

synthesized by olefin metathesis polymerization for the first time. Ring-opening metathesis

copolymerization (ROMP) of 1,5-cyclooctadiene with four different cyclic orthoester monomers

gave linear copolymers with molecular weights up to 38000 g mol–1. Hydrogenation of such
copolymers produced semicrystalline polyethylene-like materials, which were only soluble in hot

organic solvents. The crystallinity and melting points of the materials were controlled by the

orthoester content of the copolymers. The polymers crystallized similar to polyethylene, but the

relatively bulky orthoester groups were expelled from the crystal lattice. The lamellar thickness of

the crystals was dependent on the amount of the orthoester groups. In addition, the orthoester

substituents influenced the hydrolysis rate of the polymers in solution. Additionally, we were able to

prove that non-hydrogenated copolymers with a high orthoester content were biodegraded by
microorganisms from activated sludge from a local sewage plant. In general, all copolymers

hydrolyzed under ambient conditions over a period of several months. This study represents the

first report of hydrolysis-labile and potentially biodegradable PE mimics based on orthoester

linkages. These materials may find use in applications that require the relatively rapid release of

cargo, e.g., in biomedicine or nanomaterials.

2.2. Introduction

Today polyethylene (PE) is the most used commodity polymer in the world.11 Due to its excellent

mechanical properties, PE is used for a variety of applications.98 However, there are environmental

issues related to the low degradability of PE in the environment. Increasing plastic pollution in
natural environments amplifies the need for degradable alternatives.99 In order to mimic the

properties of polyethylene while potentially enabling degradation at the same time, one approach

lies in the incorporation of functional groups in long aliphatic polymer chains.100 Among others, long-

chain polyesters,101 polyamides,102 polyketones,103 or polyphosphoesters104 have been reported.

There, the functional groups act as “defects” in the polymer chains of the semi-crystalline materials.

Depending on their size, the defects are either part the lamellar PE-crystals (small defect size) or

forced into the amorphous phase (bulky defects).105 An increasing number of methylene units

between the functional groups enhances Van der Waals interactions between the polymer chains,
leading to a higher degree of crystallinity.100 As a result, hydrophobicity, melting temperature, and

stiffness of the material increase.100 Yet, concerning degradability, long-chain polyesters, for

example, did not show relevant enzymatic or hydrolytic degradation as water is hindered from

penetrating into the materials due to the high crystallinity and hydrophobicity.100 Also, long chain

polyacetals revealed only minor degradation in acidic media.106 Thus, the use of functional groups,

which are more prone to hydrolysis, is advisable. Similar to acetals in molecular structure, but with

a higher hydrolysis rate107 and steric bulk, orthoesters can be a suitable alternative to synthesize

acid-sensitive polymers. Acid-degradable polymers are also attractive for drug delivery;108



2. Long-Chain Polyorthoesters as Degradable Polyethylene Mimics

34

polyorthoesters were developed in the 1970s by the group of Jorge Heller for biomedical

applications.109-112 The hydrolysis of polyorthoesters in acidic media yields alcohols and esters
(Scheme 2.1), while the degradation of the bulk material was shown to proceed via surface

erosion.111

Scheme 2.1: Hydrolysis of polyorthoesters to alcohols and esters.

While polyacetals were synthesized by acyclic diene metathesis (ADMET) polymerization,113, 114

ring-opening metathesis copolymerization (ROMP),115 or polycondensation116, polyorthoesters are

mainly prepared either through transesterification of orthoesters with diols or through polyaddition

between a diol and a diketene acetal (Scheme 2.2).117

Scheme 2.2: Synthesis methods for polyorthoesters.

Dove et al. reported the synthesis of different polyorthoesters by polyaddition using bifunctional,

air- and moisture-stable vinyl acetal precursors.118 In general, the mechanical and thermal
properties of polyorthoesters can be adjusted by varying the structure of the monomers (mainly the
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diols). By changing the hydrophobicity of the polymer, the degradability of the material can be tuned.

However, this requires the use of new, different monomers if the polymerization is conducted by

transesterification or polyaddition. Recently, von Delius and coworkers explored the use of

orthoesters for the self-assembly of novel supramolecular hosts119-121 and in this context
demonstrated that the degradation rate of orthoesters strongly depends on the orthoester

substituent (R-group in Scheme 2.1): electron-rich orthoesters (R = -CH3) hydrolyze even at neutral

pH, while more electron-deficient orthoesters (R = -CCl3) are remarkably stable.122 For drug delivery

applications, von Delius recommend the use of orthoformates (R = -H) and chloromethyl-

substituted orthoesters (R = -CH2Cl) based on observed hydrolysis half lives of 20 and 120 min at

pH 5, respectively.

In this work, we present a straightforward approach to long-chain polyorthoesters by performing for

the first time a ring-opening metathesis copolymerization of cyclic orthoesters with 1,5-

cyclooctadiene followed by exhaustive hydrogenation. By the variation of the comonomer ratio, the

number of methylene groups between two orthoester units can be controlled. Monomers featuring
three different orthoester substituents were studied based on the hypothesis that the corresponding

polymers would differ in hydrolysis rate. The thermal and mechanical properties of the polyethylene-

like polymers were studied as well as the degradation in an organic solvent and in aqueous media.

2.3. Results and Discussion

Monomer Synthesis. Starting from the corresponding orthoesters trimethyl orthoacetate, trimethyl

orthoformate, triisopropyl orthoformate and 2-chloro-1,1,1-trimethoxyethane, we synthesized four
different cyclic orthoester monomers (1-4) by reacting the respective starting compounds with cis-

2-butene-1,4-diol under acidic catalysis (Scheme 2.3A). Moisture had to be strictly excluded during

these procedures, as it would lead to hydrolysis of the orthoester. The monomers were purified by
(repeated) distillation to yield colorless oils.

Ring-Opening Metathesis Polymerization. The cyclic orthoester monomers are 7-membered and

substituted 4,7-dihydro-1,3 dioxepins (Scheme 2.3) with a substitution at the C2. In previous works,
Kilbinger and coworkers synthesized polyacetals as sacrificial blocks to prepare telechelic
polynorbornenes using dioxepins.123 Grubbs et al. reported the ROMP of 4,7-dihydro-1,3 dioxepine

and phenyl-substituted 4,7-dihydro-2-phenyl-1,3 dioxepin to polyacetals.115 However, they were

able to prove that only the unsubstituted dioxepin underwent successful homopolymerization. In

contrast, we were able in previous work to produce homopolymers of phosphorus-containing 7-

membered rings, namely 2-phenoxy-4,7-dihydro-1,3,2-dioxaphosphepine 2-oxide124 and 2-methyl-

4,7-dihydro-1,3,2-dioxaphosphepine 2-oxide.104

To date, no polyorthoesters have been reported by metathesis polymerization. In accordance with

previous studies, the attempted homopolymerization of the orthoester monomers 1 and 2 did not

yield any polymers, even if catalyst-type and conditions were varied (cf. Table S2.1).
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Scheme 2.3: A) Synthesis of cyclic orthoester monomers for ROMP (1-4), B) ROMP homo-

polymerization and C) copolymerization of cyclic orthoesters with 1,5-cyclooctadiene and
subsequent hydrogenation to orthoester-containing PE-mimics.

During ROMP, the release of ring-strain of the cyclic olefin is the driving force of the

polymerization.125 The unsubstituted dioxepin, however, already exhibits relatively low ring strain.
Further substituents hinder the ROMP due to the Thorpe-Ingold effect: substituents on a ring

stabilize the ring-closed form relative to the linear counterpart. With ROMP being an equilibrium

process, the Thorpe-Ingold effect results in a higher critical monomer concentration. This leads to

a lower yield of the linear polymer – or to no polymer at all.126-128 However, monomers with low ring

strain can be activated by a more active comonomer: the copolymerization of 1,5-cyclooctadiene

(COD) with an unsubstituted or a methyl-substituted 4,7-dihydro-1,3,dioxepins gave statistical

COD/dioxepin copolymers.115 Thus, we followed this approach to copolymerize our four cyclic
orthoester monomers with COD using a 1st generation Hoveyda-Grubbs catalyst as the initiator (0.4

mol% relative to the total amount of comonomers). The polymerizations were conducted in bulk at

room temperature overnight yielding polymers with apparent molecular weights up to 38,000 g mol-
1 (by SEC vs. polystyrene standard). Monomers 1-4 were transformed successfully into copolymers

with different amounts of orthoesters incorporated into the polymer chain, which controls the chain

length of the degradation products (Table 2.1).
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Table 2.1: Copolymerization of orthoester monomers 1-4 with cyclooctadiene using 1st generation

Grubbs-Hoveyda catalyst.

Monomer Ortho : COD
feed

Ortho : COD
NMRa

Mnb

[g mol-1]

Mwb

[g mol-1]

Mn/Mw b Yield [%]

1* 1:1 1:2 900 1,200 1.43 n.d.

1* 1:2 1:3.5 1,300 2,000 1.61 n.d.

1* 1:4 1:6.5 1,700 3,100 1.79 n.d.

2 1:1 1:2 10,500 22,500 2.14 60

2 1:2 1:4 11,000 32,200 2.95 83

2 1:4 1:6 15,000 31,000 2.60 n.d.

2** 1:4 1:9 11,600 30,800 2,66 n.d.

3 1:1 1:2 5,600 15,000 2.75 47

3 1:2 1:3 8,400 16,600 1.99 65

3 1:4 1:5 11,000 24,000 2.20 77

3** 1:4 1:9 10,700 27,300 2,54 75

4 1:1 1:2.5 6,300 15,300 2.42 n.d.

4 1:2 1:3.5 8,900 24,700 2.79 75

4 1:4 1:7 12,700 38,100 3.01 82

All polymerizations were carried out overnight at room temperature with 1st generation Grubbs-

Hoveyda catalyst (0.4 mol%) in bulk. *48 h polymerization time. **Large scale polymerization (>10
g). aDetermined by 1H NMR. bDetermined by SEC.

In comparison to the monomers, the corresponding 1H NMR spectra show a shift of both the
orthoester double bond and the -O–CH2-group of the orthoester monomers to lower field (Figure

2.1). Overlapping poly-COD signals with slightly different chemical shifts elucidate the copolymer
sequence as for poly(1)-co-COD, where the signal at 2.12 ppm corresponds to the –CH2-group of

a COD unit next to another COD unit, while the signal at 2.06 ppm indicates a neighboring

orthoester unit. Additional information about the copolymer sequence is given by the signals

corresponding to the polyorthoester double bonds: the signal at 5.72 ppm corresponds to an

orthoester-COD dyad. The small signal at 5.90 ppm, however, is giving a hint on an orthoester-
orthoester dyad, even though the homopolymerization of 1 previously was not achieved. By

integration of the resonances of COD at 2.09 ppm and comparison to the orthoester resonances at

3.23 ppm, the relative ratio of orthoester to COD in the polymer was determined (indicated in the
text by indices as in poly(1)1-co-COD2). The experimentally determined ratio is lower than the feed

ratio since COD is the more reactive monomer during ROMP. The incorporation of orthoester units

into the polymer chain was dependent on several factors: First, a lower amount of initiator to
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monomers resulted in lower incorporation of the orthoester monomer (Table S2.1). Performing the

polymerization in diluted conditions using THF as a solvent decreased the orthoester content in the

copolymer in comparison to the polymerization in bulk. In terms of the initiator, the 1st generation

Grubbs-Hoveyda catalyst revealed the highest conversion of the orthoester monomers. The more
active 2nd generation Grubbs-Hoveyda catalyst and 3rd generation Grubbs catalyst led to rapid
consumption of COD and no incorporation of 1-4 was detected. Increasing the amount of 1-4 in the

monomer feed resulted in increased incorporations, however, always lower than the monomer feed
ratio (20-65% lower than feed). When the copolymerizations of 2 and 3 with COD were performed

at a larger scale (ca. 10 g), lower incorporations were obtained compared to the small scale

reactions (200-400 mg).

Figure 2.1: 1H NMR (300 MHz at 298 K, in C6D6) of monomer 1 (top), cyclooctadiene (COD,

middle), and the corresponding copolymer poly(1)1-co-COD2 (bottom).

Polymerizations were terminated by the addition of ethyl vinyl ether and isolated by precipitation

into basic methanol (ca. 1 wt% of triethylamine were added to prevent hydrolysis). The polymers

were recovered as brown viscous oils indicating that the initiator could not be removed completely

by simple precipitation. As the ROMP of COD produces linear poly(1,4-butadiene) with a mixture
of cis- and trans-configurated double bonds, crystallization of the polymer chains is hindered129 and
all copolymers exhibited melting temperatures below room temperature (Tm max. -9 °C).

To produce PE-like materials, we performed hydrogenation of the polymers with Pd on CaCO3 in

toluene at temperatures above 70 °C. Due to the high sensitivity of orthoesters towards hydrolysis
in solution, the hydrogenation proved to be challenging. Despite using of anhydrous conditions and

the addition of DIPEA (a soluble and relatively high-boiling amine base) certain hydrolysis of the
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orthoester functionality could not be prevented. Presumably, the remaining Grubbs’ type catalyst

could have caused the hydrolysis since HCl can be abstracted during the decomposition of the
catalyst.130 Especially the most sensitive poly(1)-co-COD (R = methyl) hydrolyzed rapidly.

Furthermore, the solubility of the copolymers reduced drastically with ongoing hydrogenation
resulting in the copolymers being insoluble in toluene at room temperature. Thus, for purification

the copolymers were dissolved in boiling toluene, the catalyst was filtered off while the solution was

still hot and the copolymers were immediately precipitated into methanol containing DIPEA. The
obtained off-white, solid materials were hard and partly brittle. The 1H NMR spectrum of poly(3)-
co-COD in toluene-d8 (at 90 °C) proves the successful hydrogenation, as the resonances of the

double bonds had disappeared completely, while an intense alkyl signal at 1.4 ppm indicates the

presence of only methylene groups in the saturated polymer (Figure 2.2).

Figure 2.2: 1H NMR (500 MHz at 353 K, in toluene-d8) of hydrogenated copolymer poly(3)1-co-
COD2.

Solid State Characterization. The non-hydrogenated poly(orthoester)-co-COD copolymers are

honey-like, viscous oils, while the hydrogenated polymers are hard, solid materials. Yet, the

hydrogenated copolymers were brittle, so we were unable to make a specimen for tensile strength

tests. Possibly the molecular weights of the synthesized polymers were too low, as Gross and

coworkers reported a brittle-to-ductile transformation for long-chain polyesters for an Mw between

53 x 103 to 78 x 103 g mol-1.131 The thermal stabilities of the copolymers were examined with thermal
gravimetric analysis (TGA). The 1st derivative shows two main points of degradation (Figure S2.38),

indicating that the orthoester and COD units degrade at different temperatures. For instance,
hydrogenated poly(3)1-co-COD3 has one main point of degradation at 343 °C and one at 475 °C

(compared to 483 °C of HDPE).  Furthermore, the weight loss after the first degradation process is
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dependent on the orthoester content in the copolymer (Figure 2.3A). For instance, the thermogram
of hydrogenated poly(3)1-co-COD2 reveals a weight loss of about 40% after the first degradation

process, which matches the mol% of the orthoester monomers in the polymer. In general, the

hydrogenated polymers are remarkably stable at elevated temperatures with an onset temperature
(Ton) after 5% degradation for e.g. poly(3)1-co-COD5 at 338 °C, which is about 100 °C below the

measured Ton of HDPE. The non-hydrogenated copolymers decompose at lower temperatures in

comparison to the related hydrogenated polymers (Figure 2.3B). As an example, Ton after 5%

degradation for non-hydrogenated poly(3)1-co-COD5 is 265 °C.

Figure 2.3: (A) TGA thermogram of hydrogenated poly(3)1-co-COD2, poly(3)1-co-COD3,

poly(3)1-co-COD5, and HDPE. (B) TGA thermogram of hydrogenated (black) and non-

hydrogenated (red) poly(3)1-co-COD3. (C) DSC thermogram of poly(3)1-co-COD9 (exo up,

heating and cooling rate 10 K min–1 (second run)). (D) Correlation of melting point Tm (from DSC)
and the number of CH2 groups between orthoester (by 1H NMR) for poly(3)-co-COD.

By differential scanning calorimetry (DSC) the melting points (Tm) and the crystallinity were

determined. In most cases, a glass transition point was either not detectable or outside the
measured range (minimum -100 °C). While the non-hydrogenated polymers are either amorphous
or show a Tm below room temperature, the hydrogenated polymers have Tm up to 117 °C for

poly(2)1-co-COD9., which is similar to completely linear PE with 134 °C102  (cf. Figure 2.3C shows

the DSC thermogram of poly(3)1-co-COD9 with Tm = 109 °C). The melting enthalpies ΔHm were

between -84 to -162 J g-1 and was compared to ΔH of 100% crystalline polyethylene

(ΔHm =  293 J g-1)132 to calculate the crystallinity of the hydrogenated polymers. Both crystallinity

and melting temperatures increased with increasing number of methylene groups between the
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orthoester groups, as the material becomes more similar to PE (cf. Table 2.2 and Figure 2.3D). The
melting temperatures of our PE-mimics start at ca. 86°C for poly(3)1-co-COD2, which on average

has 20 CH2 groups between the orthoester groups (determined by 1H NMR), and increase to 109°C
for poly(3)1-co-COD9  with on average 76 CH2 groups as spacer (Figure 2.3D). Thus, with

increasing COD amount in the copolymer, the melting point of the hydrogenated polymers

converges towards the value for PE.

Table 2.2: Thermal properties of hydrogenated copolymers.

Polymer Ortho : CODa Tmb / °C ΔHb / J g-1 crystallinityc / %

Poly(1)-co-COD 1:2 102 -156 53

Poly(1)-co-COD 1:3.5 109 -167 57

Poly(2)-co-COD 1:4.5 92 -116 39

Poly(2)-co-COD 1:9 117 -163 55

Poly(3)-co-COD 1:2 86 -84 29

Poly(3)-co-COD 1:3 89 -93 32

Poly(3)-co-COD 1:5 98 -95 33

Poly(3)-co-COD 1:9 109 -148 51

Poly(4)-co-COD 1:3.5 93 -86 29

Poly(4)-co-COD 1:7 104 -116 40

aDetermined by 1H NMR. bDetermined by DSC. cRelative to 100% crystalline PE (ΔHm = -293 J g-1).

The crystal structures of the three hydrogenated copolymers poly(2)1-co-COD9, poly(3)1-co-COD9

and poly(4)1-co-COD9 were compared to HDPE by XRD (Figure 2.4). The similar peak pattern in

the X-ray diffractogram indicates an orthorhombic structure like HDPE in all three copolymer

samples. The intensity of the peaks correlates with the degree of crystallinity. The crystallization

behavior of the orthoester–PE mimics was studied by drop-cast TEM measurements of solution
grown crystals. Figure 5 shows a TEM micrograph of solution-grown crystals of hydrogenated
poly(2)1-co-COD9, prepared from cooling a 0.05% solution of the polymer in n-octane to room

temperature. The solution was heated to 70 °C in a temperature-controlled oil bath for 1 h and

slowly cooled to room temperature. One drop of this dispersion was applied to a carbon-coated

TEM grid, excess liquid was blotted off with a filter paper, and the specimen was allowed to dry

under ambient conditions. This preparation led to the formation of anisotropic polymer platelets with

a thickness of only a few nanometers and much higher lateral dimensions (Figure 2.5).
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Figure 2.4: XRD diffractograms of hydrogenated poly(2)1-co-COD9, poly(3)1-co-COD4, and

poly(4)1-co-COD9 and HDPE.

Figure 2.5: TEM bright-field micrograph and corresponding diffraction pattern (inset) of

hydrogenated poly(2)1-co-COD9.

Electron diffraction correlated to XRD data and reveals the single crystal pattern of flat-on

orthorhombic PE crystals. All these polymers have similar crystal structure as common PE, and the

introduction of orthoester defects into the PE main chain does not alter the crystal structure.

Moreover, the influence of defect frequency on lamellar thickness was studied using energy-filtered

transmission electron microscopy (EFTEM) thickness mapping. Measurement of the crystals of
hydrogenated poly(3)1-co-COD2 and poly(3)1-co-COD5 with an average number of CH2 groups

between ortho esters of 20 and 44, respectively, was carried out. This experiment revealed that the
mean total lamellar thickness is approximately 3.7 nm for poly(3)1-co-COD2 and 9.8 nm for

poly(3)1-co-COD5, demonstrating that randomly distributed orthoester groups along the polymer
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chain control the averaged thickness of PE-platelets, i.e. a decreased amount of orthoester groups

resulted in an increased thickness of the polymer platelets. Furthermore, the mean total lamellar
thickness for poly(3)1-co-COD2 was higher compared to the value for polyethylene with precise

butyl branches at every 21st carbon (2.9 nm).105

Polymer Degradation. The degradation of polyorthoesters in acidic media occurs by hydrolysis to

the corresponding alcohols and esters (Scheme 2.1). We varied the R’-group to change the
molecular structure of the degradation products. While the hydrolysis of poly(1)-co-COD, poly(2)-
co-COD and poly(4)-co-COD yields methanol, poly(3)-co-COD produces less toxic isopropanol.

Furthermore, the substituent at the orthoester group has an influence on the hydrolysis rate: von

Delius and coworkers proved that relative to the electron density induced by the R-group hydrolysis

the rate increases from CH2Cl < H < Me.122 Thus, our PE-mimics were expected to exhibit an

adjustable hydrolysis rate. In general, the unsaturated polymers exhibited shelf lives of below 6

months of storage (at r.t. under air), indicating hydrolysis of the honey-like materials from
atmospheric moisture; the Mn of poly(3)-co-COD decreased from 8,400 to 900 g mol-1 after storing

the sample for 6 months without any precautions (Figure 2.6A).  Comparing the 1H NMR spectrum
of poly(1)-co-COD directly after the synthesis with the spectrum after 6 months of storage, all

corresponding orthoester signals had vanished completely (Figure 2.6C). Instead, peaks

corresponding to the hydrolysis products (methyl ester and alcohol) were detected. We proceeded

to examine the influence of the orthoester substituent on the hydrolytic degradation in a solution of
the non-hydrogenated copolymers poly(1)-co-COD (R= -Me), poly(2)-co-COD (R = -H) and

poly(4)-co-COD (R = -CH2Cl). We performed these hydrolysis tests in d-THF and added 10 vol%

of a solution of trifluoroacetic acid (TFA) in D2O (i.e. 0.4 mol% TFA in relation to the orthoester).
The reactions were monitored by 1H NMR spectroscopy to determine the kinetic rate k and the half-
life t1/2 of hydrolysis. Our results were in agreement with the earlier findings of von Delius et al.122.

More electron-deficient orthoesters (R = -CH2Cl, t1/2 = 111 h) were found to be more stable than

orthoformates (R = H, t1/2 = 10 h), which in turn were found to be more stable than electron-rich

orthoacetates (R = Me, t1/2 = 3 min) (Table 2.3).

Table 2.3: K and t1/2 values for hydrolysis in d-THF with TFA in D2O observed by 1H NMR at 298 K.

Polymer Substituent k / s-1 t1/2 / min

poly(1)1-co-COD2 -Me 3.8 x 10-3 3

poly(2)1-co-COD2 -H 1.9 x 10-5 583

poly(4)1-co-COD2.5 -CH2Cl 1.7 x 10-6 6,651

Polymer biodegradation studies in aerobic aqueous medium were performed according to the

OECD 301F guideline for ready biodegradability using activated sludge from the local sewage

treatment plant in Mainz, Germany, as the inoculum.133 During this manometric respirometry test,



2. Long-Chain Polyorthoesters as Degradable Polyethylene Mimics

44

the microorganism of the activated sludge converted the polymer to CO2 under aerobic conditions.

The CO2 is trapped by KOH leading to a pressure decrease in the system. This pressure decrease

can be measured and allows the calculation of the amount of biodegradation. For this test, we used

an Oxitop® setup and starch as the positive control. We tested three different copolymers, non-
hydrogenated poly(3)1-co-COD2 and poly(3)1-co-COD9, the hydrogenated copolymers poly(3)1-
co-COD2, poly(3)1-co-COD3 and poly(3)1-co-COD9. We followed literature procedures for

biodegradation tests of hydrophobic compounds and doubled the amount of inoculum in

comparison to the OECD guideline.134 The surface of the polymers was increased prior to the test

by emulsification (by ultrasound) of the oily non-hydrogenated polymers and by grinding of the solid

hydrogenated polymer. The test was performed at a constant temperature of 20 °C.

Figure 2.6: (A) SEC elugram (in THF) of poly(3)-co-COD before (black) and after degradation by

hydrolysis (red). (B) Manometric respirometry biodegradation test of hydrogenated (h.) and non-
hydrogenated (n.h.) poly(2)-co-COD using activated sludge from a local sewage plant. (C) 1H

NMR (300 MHz at 298 K, in C6D6) of poly(1)-co-COD (top) and after hydrolysis (bottom) with

peak assignments.

For the non-hydrogenated polymers, almost 25% of poly(3)1-co-COD2 was degraded after 10 days

while no significant degradation of poly(3)1-co-COD9 was observed. Due to the aqueous media,

we assume that first hydrolysis of the copolymers occurs followed by the mineralization of the

hydrolysis products (alcohols and esters) to CO2 and H2O by the microorganism. For fatty acid
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esters, the biodegradation rates decrease with increasing chain length.135, 136 Since the hydrolysis
products of poly(3)-co-COD are similar to them, this can explain the different biodegradability of

poly(3)1-co-COD2 in comparison to poly(3)1-co-COD9. None of the hydrogenated polymers

showed any biodegradability after 20 days. This can be explained by the increased hydrophobicity
of the saturated polymers in comparison to the unsaturated polymers. However, the OECD 301F

test aims to survey ready biodegradation (90% biodegradation within 30 days) and is optimized for

water-soluble compounds. Thus, different long-term biodegradation tests for the long-run have to

be carried out in the future to test the biodegradability of the synthesized orthoester copolymers.
The fact that the 1H NMR spectrum for the hydrogenated copolymers (e.g. poly(3)1-co-COD2,
Figure S2.32) reveals hydrolysis after 6-month storage (at r.t. under air), suggests that further

biodegradation is possible after this time.

2.4. Experimental Section

Materials. All commercially available reagents were purchased from Sigma-Aldrich, Alfa Aesar,
Acros Organics, or TCI and were used without further purification unless otherwise stated. cis-2-

Butene-1,4-diol was stored over dried 3 Å molecular sieves. Deuterated solvents were purchased

from Sigma-Aldrich. All solvents were dried over molecular sieves for at least 24 h; chloroform-
d was stored over anhydrous sodium carbonate, to quench residual acid, and activated 3 Å

molecular sieves. Benzene-d6 and toluene-d8 were stored over activated 3 Å molecular sieves.

Instrumentation and Characterization Techniques. Size exclusion chromatography (SEC)

measurements were performed in THF on an Agilent Technologies 1260 instrument consisting of

an autosampler, pump and column oven. The column set consists of  3 columns: SDV 106 Å, SDV

104 Å and SDV 500Å (PSS Standards Service GmbH, Mainz, Germany), all of  300 x 8 mm and

10µm average particle size were used at a flow rate of 1.0 mL/min and a column temperature of
30 °C. The injection volume was 100 μL. Detection was accomplished with an RI detector (Agilent

Technologies). The data acquisition and evaluation were performed using PSS WINGPC UniChrom

(PSS Polymer Standards Service GmbH, Mainz, Germany). Calibration was carried out by using

polystyrene provided by PSS Polymer Standards Service GmbH (Mainz, Germany). For nuclear

magnetic resonance (NMR) analysis 1H and 13C NMR spectra of the monomers were recorded on

a Bruker AVANCE III 300, 400, 500 or 700 MHz spectrometer. All spectra were measured in either
CDCl3, C6D6, toluene-d8 or THF-d8at 298 K or in toluene-d8 at 353 K. The spectra were calibrated

against the solvent signal and analyzed using MestReNova 12 from Mestrelab Research S.L. The
thermal properties of the synthesized polymers have been measured by differential scanning

calorimetry (DSC) on a Mettler Toledo DSC 823 calorimeter. Three scanning cycles of

heating/cooling were performed in a nitrogen atmosphere (30 mL/min) with a heating and cooling

rate of 10 °C/min. TGA was measured on a Mettler Toledo ThermoSTAR TGA/SDTA 851-

Thermowaage in a nitrogen atmosphere. The heating rate was 10 °C/min in a range of temperature

between 35 and 600−900 °C. Dynamic mechanical analysis (DMA) was performed using an
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Advanced Rheometric Expansion System (ARES) equipped with a force-rebalanced transducer.

Plate/plate geometry was used with plate diameters of 6 mm. The gap between plates was around

1 mm. Experiments were performed under dry nitrogen atmosphere. The isochronal temperature

dependencies of G′and G″were determined for ω = 10 rad/s. For wide-angle X-ray scattering

(WAXS) experiments were performed using a Philips PW1820 powder diffractometer with Cu

radiation (wavelength 1.5418 Å). The crystal morphology, thickness, and crystal structure were
determined using an FEI Tecnai F20 transmission electron microscope operated at an acceleration

voltage of 200 kV. Bright field (BF) and energy-filtered transmission electron microscopy (EFTEM)

techniques were used for measurements. As solution grown crystals lie flat-on on the supporting

carbon film, their thickness was measured by EFTEM. The thickness estimation obtained from

EFTEM was determined by

𝐼0
𝐼𝑡

= 𝑒𝑥𝑝 ൬−
𝑡
𝜆
൰

Where 𝐼𝑡 is the total intensity of the inelastic spectrum energy, 𝐼0 is zerthe o-loss intensity of elastic

spectrum energy, 𝜆 is the mean free path, and 𝑡 is the thickness of the specimen. The relative

thickness of the specimen 𝑡 𝜆⁄  can be directly determined by thickness mapping from EFTEM. The

value of the mean free path λ depends on the composition of the specimen and on the convergence
and collection semi angles of the TEM. Actually, the mean free path of the carbon support, poly(3)1-
co-COD2 and poly(3)1-co-COD5 were determined to 𝜆𝐶 = 241 nm, 𝜆𝑇𝑃𝐻102 = 291 nm and 𝜆𝑇𝑃𝐻104 =

294 nm, respectively. The information contained in a thickness map image is the relative thickness

𝑡 𝜆⁄  and contains the superposition of the crystal lamellae and the supporting carbon film

underneath. Accordingly, it is necessary to deconvolve these two in terms of thickness. It is easy to

measure the thickness 𝑡𝐶 of the carbon support alone. From the measured relative thickness 𝑡 𝜆⁄

of support and crystal it is then straightforward to calculate the crystal thickness 𝑡𝑐𝑟𝑦𝑠𝑡𝑎𝑙. For

hydrolysis tests, 11-13 mg of each copolymer were dissolved in 550 µL d-THF and 50 µL of a 8.7

x 10-3 M TFA in D2O solution was added directly before the start of the measurements. The

hydrolysis reaction was monitored by 1H NMR spectroscopy using a Bruker AVANCE III 500

spectrometer over a period of 2 hours to 5 days. Biodegradation tests were performed using a WTW

OxiTop® IS 6 device. All bottles were equipped with a stirring bar, a rubber tubular charged with

two pellets of KOH (to bind CO2) and a measuring head. Activated sludge from the local sewage
treatment plant in Mainz, Germany, was used as the inoculum. The activated sludge was aerated

for two days prior to the biodegradation tests to minimize the residual organic content inside. All

mineral media were prepared according to OECD guideline 301.133 The inoculum was added

without filtration to give an overall solid content of the inoculum of ca. 60 mg mL-1. Between 27 and

34 mg of the test substances were added to each bottle to achieve a theoretical oxygen demand of

about 80 mg L-1. The oily, non-hydrogenated polymers were dispersed in the mineral medium and

further ultrasonificated for 5 min prior to the addition to the bottles. Solid, hydrogenated polymers
were grinded to minimize the particle size. Biodegradation tests were performed, in duplicate, over
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30 days at a constant temperature of 20 °C. Starch was used as a positive control and two bottles

contained solely the inoculum and the mineral media to determine the blank value.

Synthetic Procedures. Synthesis of 2-Chloro-1,1,1-trimethoxyethane: 2-Chloro-1,1,1-

trimethoxyethane was prepared according to the procedure reported by Moos et al.41

General Experimental procedure for the synthesis of cyclic orthoester monomers.137: An oven-dried

round-bottom flask equipped with a stirring bar was charged with orthoester (1.2 equiv) and cis-2-

butene-1,4-diol (1 equiv). One drop of concentrated sulfuric acid was added to the reaction mixture

under vigorous stirring. The reaction mixture was stirred at room temperature until all starting

material was consumed (1H NMR control) which took approximately 30–40 min. Anhydrous sodium
carbonate (300 mg) was added to quench the acid. We noticed that too long reaction times can

lead to the decomposition of the target compound. The reaction mixture was decanted and

immediately distilled under reduced pressure (10–2 bar) with a short Vigreux column to yield the

desired monomers as colorless liquids. If necessary to obtain high purities, distillation was repeated

several times.

2-Methoxy-2-methyl-4,7-dihydro-1,3-dioxepine (1): Yield: 22%. 1H NMR (400 MHz, CDCl3): δ 5.65

(t, J = 1.7 Hz, 2H), 4.38–4.45 (m, 2H), 4.16–4.10 (m, 2H), 3.34 (s, 1H), 1.51 (s, 3H). 13C NMR (101

MHz, CDCl3): δ 128.79, 116.32, 61.39, 50.89, 18.26.

2-Methoxy-4,7-dihydro-1,3-dioxepine (2): Yield: 39%. 1H NMR (400 MHz, CDCl3): δ 5.71 (t, J = 1.7

Hz, 2H), 5.39 (s, 1H), 4.51–4.43 (m, 2H), 4.17–4.09 (m, 2H), 3.40 (s, 3 H). 13C NMR (101 MHz,

CDCl3): δ 129.15, 113.71, 61.51, 53.52.

2-Isopropoxy-4,7-dihydro-1,3-dioxepine (3): Yield: 66%. 1H NMR (400 MHz, CDCl3): δ 5.68 (t, J =

1.8 Hz, 1H), 5.55 (s, 1H), 4.50–4.43 (m, 2H), 4.13–4.07 (m, 2H), 3.96 (hept, J = 8.3, 6.2 Hz, 1H),

1.21 (d, J = 6.3 Hz, 6H). 13C NMR (101 MHz, CDCl3): δ 129.20, 111.67, 68.45, 61.39, 22.57.

2-(Chloromethyl)-2-methoxy-4,7-dihydro-1,3-dioxepine (4): Yield: 75%. 1H NMR (400 MHz, CDCl3):

δ 5.61 (t, J = 1.8 Hz, 2H), 4.46–4.39 (m, 2H), 4.19–4.12 (m, 2H), 3.66 (s, 2H), 3.34 (s, 3H). 13C

NMR (101 MHz, CDCl3): δ 128.30, 114.21, 61.94, 50.93, 39.98.

Representative Procedure for the Ring-Opening Metathesis Polymerization: The first-generation

Grubbs–Hoveyda catalyst (5 mg) was charged in a 2 mL screw-top vial equipped with a stirring bar

and flushed with argon before the vial was closed with a lid containing a septum. The respective
orthoester monomer 2 (144 mg, 1.1 mmol) and 1,5-cyclooctadiene (239 mg, 2.2 mmol) were

degassed by bubbling argon through the solution prior to the addition to the initiator via a syringe.

The initiator quickly dissolved in the monomer mixture. The polymerization was conducted at room

temperature and vigorous stirring. An increase in viscosity indicated the ongoing polymerization

process. After 17 h, 1 mL of dichloromethane was added to dissolve the polymer, then 100 μL of

ethyl vinyl ether to quench the polymerization, and 100 μL of trimethylamine to prevent hydrolysis.

The mixture was further diluted with dichloromethane before precipitating from methanol containing

a few droplets of trimethylamine. After centrifugation, the product was isolated and dried under
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reduced pressure to yield a brown, honey-like polymer. The ROMP polymers were obtained in 40–

83% yield.

Poly-(1)-co-COD: 1H NMR (300 MHz, benzene-d6) δ 5.72 (m, -O-CH2-CH=), 5.48 (m, -CH2-CH=

(COD)), 4.13 (m, -O-CH2-CH=), 3.23 (s, -O-CH3), 2.09 (m, -CH2-CH= (COD)), 1.44 (s, -C-CH3). 13C
NMR (75 MHz, benzene-d6) δ 132.11, 129.73, 63.21, 49.71, 34.69 – 31.16 (m), 27.49, 20.19.

Poly-(2)-co-COD: 1H NMR (300 MHz, benzene-d6) δ 5.65 (m, -O-CH2-CH=), 5.57 – 5.35 (m, -CH2-

CH= (COD)), 5.27 – 5.17 (s, -CH), 4.20 – 4.00 (m, -O-CH2-CH=), 3.23 (s, -O-CH3), 2.09 (m, -CH2-
CH= (COD)). 13C NMR (75 MHz, benzene-d6) δ 133.09, 130.04, 64.89, 50.74, 33.77 – 31.37 (m),

27.45.

Poly-(3)-co-COD: 1H NMR (300 MHz, benzene-d6) δ 5.76 – 5.59 (m, -O-CH2-CH=), 5.58 – 5.40 (m,

-CH2-CH= (COD)), 5.40-5.30 (s, -CH), 4.17 (m, -O-CH2-CH=), 4.00 (m, -O-CH-(CH3)2), 2.10 (m, -
CH2-CH= (COD)), 1.16 (m, -O-CH-(CH3)2). 13C NMR (75 MHz, benzene-d6) δ 130.36, 127.26, 67.18,

58.36, 38.40, 25.30, 23.76.

Poly-(4)-co-COD: 1H NMR (300 MHz, benzene-d6) δ 5.65 (m, -O-CH2-CH=), 5.58 – 5.34 (m, -CH2-

CH= (COD)), 4.20 – 3.96 (m, -O-CH2-CH=), 3.50 (s, -CH2-Cl), 3.18 (s, -O-CH3), 2.09 (m, -CH2-CH=
(COD)). 13C NMR (75 MHz, benzene-d6) δ 133.11, 130.45, 63.89, 50.24, 43.51, 33.25, 27.32.

Representative Procedure for Hydrogenation. The polymer (300 mg) was dissolved in 10 mL dry

toluene in a glass vessel and the solution was degassed by bubbling Argon through the solution for

15 min. 50 mg of 10 wt% Pd/CaCO3 was added and the glass vessel was charged into a 250 mL

ROTH autoclave. Hydrogenation was performed at 70 °C and 70 bar H2. After completion of the

reaction, hot toluene was added and the hot reaction mixture was filtered and directly precipitated

from cold methanol (containing NEt3 to prevent hydrolysis). After centrifugation, the product was

isolated and dried at reduced pressure to yield the polymer as an off-white powder. Yields were

between 60% to quantitative yield.

Poly-(1)-co-COD, hydrogenated: 1H NMR (500 MHz, toluene-d8) δ 3.55 (m, -O-CH2-CH2-), 3.20

(s, -O-CH3), 1.61 (m, -O-CH2-CH2-), 1.33 (b, alkyl backbone).

Poly-(2)-co-COD, hydrogenated: 1H NMR (700 MHz, toluene-d8) δ 5.05 (s, -CH), 3.36 (m, -O-

CH2-CH2-), 3.21 (s, -O-CH3), 1.59 (m, -O-CH2-CH2-), 1.52 – 1.09 (b, alkyl backbone).

Poly-(3)-co-COD, hydrogenated: 1H NMR (500 MHz, toluene-d8) δ 5.21 (s, -CH), 3.97 (m, -O-CH-

(CH3)2), 3.75 – 3.46 (m, -O-CH2-CH2-), 1.76 – 1.52 (m, -O-CH2-CH2-), 1.34 (b, alkyl backbone), 1.18

(d, -O-CH-(CH3)2).

Poly-(4)-co-COD, hydrogenated: 1H NMR (500 MHz, toluene-d8) δ 3.73 – 3.55 (m, -O-CH2-CH2-

), 3.53 (s, -CH2-Cl), 3.24 (s, -O-CH3), 1.68-1.52 (m, -O-CH2-CH2-),  1.36 (b, alkyl backbone).
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2.5. Summary

In this work, we report the synthesis of polyorthoesters by ring-opening metathesis polymerization

(ROMP). Four different orthoester monomers were copolymerized with 1,5-cyclooctadiene (COD)

in different ratios to yield unsaturated polymers with molecular weights up to 38,000 g mol–1.

Postpolymerization hydrogenation gave hard, solid materials with thermal properties similar to

polyethylene. The number of orthoester units in the polymer chain influenced thermal properties
such as melting point or onset temperature of decomposition. Because of the brittle nature of the

material, future work will focus on increasing the molecular weight of the long-chain polyorthoesters

to better mimic the mechanical properties of polyethylene. Nevertheless, the biodegradability of the

unsaturated orthoester copolymers represents a potential advantage when compared to

polyethylene. All copolymers, hydrogenated and non-hydrogenated, hydrolyze slowly when

exposed to atmospheric moisture. The hydrolysis rate in solution was found to be dependent on

the orthoester substituent. In conclusion, long-chain polyorthoester copolymers are promising
materials with the potential of replacing polyethylene for applications where a degradation over time

is advantageous.
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2.7. Supporting Information

Tables

Table S2.1: Synthetic results for ring-opening metathesis (co)polymerizations of monomers 1 and

2 using different initiators, monomer to initiator ratios and solvent or in bulk conditions.

Monomer Initiator solvent Feed ratio
([COD]:[ortho
ester]:[Ru])

Incorporation
(COD:ortho

ester)a

Mnb

/ g mol-1
Mwb

/ g mol-1
Mn/Mwb yield /

%

1 Grubbs 1 THF 0:500:1 - - - no

reaction

1 Grubbs 3 in bulk 0:200:1 - - - no

reaction

1 Grubbs 1 THF 800:200:1 35:1 3,200 8,700 2.35 20

1 Grubbs 3 THF 800:200:1 150:1 21,900 39,000 1.78 48

2 Grubbs 3 THF 1000:1 - - - no

reaction

2 Grubbs 3 THF 800:200:1 30:1 15,800 33,000 2.10 66

2 Grubbs 1 in bulk 800:200:1 15:1 17,200 39,500 2.30 93

2 Grubbs 2 in bulk 800:200:1 18:1 25,400 47,400 1.87 75

2 Hoveyda

1

in bulk 800:200:1 13:1 18,800 37,300 1.99 86

2 Hoveyda

2

in bulk 800:200:1 30:1 27,600 55,100 1.99 85

2 Hoveyda

1

in bulk 80:20:1 8:1 6,700 16,800 2.49 87

2 Hoveyda

1

in bulk 200:200:1 2.5:1 6,800 23,700 3.47 n.d.

aDetermined by 1H NMR. bDetermined by SEC with PS standard.
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1H, 13C NMR spectra

Monomer NMR spectra

2-Methoxy-2-methyl-4,7-dihydro-1,3-dioxepine (1)

Figure S2.1: 1H NMR spectra of monomer 1 in CDCl3 at 400 MHz at 298 K.

Figure S2.2: 13C NMR spectra of monomer 1 in CDCl3 at 101 MHz at 298 K.
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2-Methoxy-4,7-dihydro-1,3-dioxepine (2)

Figure S2.3: 1H NMR spectra of monomer 2 in CDCl3 at 400 MHz at 298 K.

Figure S2.4: 13C NMR spectra of monomer 2 in CDCl3 at 101 MHz at 298 K.

O O

HO
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2-Isopropoxy-4,7-dihydro-1,3-dioxepine (3)

Figure 2.5: 1H NMR spectra of monomer 3 in CDCl3 at 400 MHz at 298 K.

Figure S2.6: 13C NMR spectra of monomer 3 in CDCl3 at 101 MHz at 298 K.
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2-(Chloromethyl)-2-methoxy-4,7-dihydro-1,3-dioxepine (4)

Figure S2.7: 1H NMR spectra of monomer 4 in CDCl3 at 400 MHz at 298 K.

Figure S2.8: 13C NMR spectra of monomer 4 in CDCl3 at 101 MHz at 298 K.
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OCl
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Polymer NMR spectra – non-hydrogenated polymers

Poly(1)-co-COD

Scheme S2.1: Determination of orthoester/COD ratio for poly(1)-co-COD by 1H NMR.

Figure S2.9: 1H NMR spectra of poly(1)1-co-COD2 in C6D6 at 300 MHz at 298 K.

3.2 ppm, 3H 2.1 ppm, 8H
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Figure S2.10: 13C NMR spectra of poly(1)1-co-COD2 in C6D6 at 75 MHz at 298 K.

Figure S2.11: 1H NMR spectra of poly(1)1-co-COD3.5 in C6D6 at 300 MHz at 298 K.
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Figure S2.12: 1H NMR spectra of poly(1)1-co-COD6.5. in C6D6 at 300 MHz at 298 K.

Poly(2)-co-COD

Scheme S2.2: Determination of orthoester/COD ratio for poly(2)-co-COD by 1H NMR.

3.2 ppm, 3H 2.1 ppm, 8H
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Figure S2.13: 1H NMR spectra of poly(2)1-co-COD2 in C6D6 at 300 MHz at 298 K.

Figure S2.14: 13C NMR spectra of poly(2)1-co-COD2 in C6D6 at 75 MHz at 298 K.
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Figure S2.15: 1H NMR spectra of poly(2)1-co-COD4 in C6D6 at 300 MHz at 298 K.

Figure S2.16: 1H NMR spectra of poly(2)1-co-COD6 in C6D6 at 300 MHz at 298 K.
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Figure S2.17: 1H NMR spectra of poly(2)1-co-COD9 in C6D6 at 300 MHz at 298 K.

Poly(3)-co-COD

Scheme S2.3: Determination of orthoester/COD ratio for poly(3)-co-COD by 1H NMR.

1.2 ppm, 6H 2.1 ppm, 8H
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Figure S2.18: 1H NMR spectra of poly(3)1-co-COD2 in C6D6 at 300 MHz at 298 K.

Figure S2.19: 13C NMR spectra of poly(3)1-co-COD2 in C6D6 at 75 MHz at 298 K.
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Figure S2.20: 1H NMR spectra of poly(3)1-co-COD3 in C6D6 at 300 MHz at 298 K.

Figure S2.21: 13C NMR spectra of poly(3)1-co-COD3 in C6D6 at 75 MHz at 298 K.
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Figure S2.22: 1H NMR spectra of poly(3)1-co-COD5 in C6D6 at 300 MHz at 298 K.

Figure S2.23: 1H NMR spectra of poly(3)1-co-COD9 in C6D6 at 300 MHz at 298 K.
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Poly(4)-co-COD

Scheme S2.4: Determination of orthoester/COD ratio for poly(4)-co-COD by 1H NMR.

Figure S2.24: 1H NMR spectra of poly(4)1-co-COD2.5 in C6D6 at 300 MHz at 298 K.

3.5 ppm, 2H 2.1 ppm, 8H
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Figure S2.25: 13C NMR spectra of poly(4)1-co-COD2.5 in C6D6 at 75 MHz at 298 K.

Figure S2.26: 1H NMR spectra of poly(4)1-co-COD3.5 in C6D6 at 300 MHz at 298 K.
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Figure S2.27: 13C NMR spectra of poly(4)1-co-COD3.5 in C6D6 at 75 MHz at 298 K.

Figure S2.28: 1H NMR spectra of poly(4)1-co-COD7 in C6D6 at 300 MHz at 298 K.
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Figure S2.29: 13C NMR spectra of poly(4)1-co-COD7 in C6D6 at 75 MHz at 298 K.

Polymer NMR spectra –hydrogenated polymers

Poly(1)-co-COD

Figure S2.30: 1H NMR spectra of poly(1)1-co-COD2 in toluene-d8 at 500 MHz at 353 K.
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Poly(2)-co-COD

Figure S2.31: 1H NMR spectra of poly(2)1-co-COD9 in toluene-d8 at 500 MHz at 353 K.

Poly(3)-co-COD

Figure S2.32: 1H NMR spectra of poly(3)1-co-COD2 in toluene-d8 at 500 MHz at 353 K before

(top) and after storage upon air at room temperature for 6 months (bottom).
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Poly(4)-co-COD

Figure S2.33: 1H NMR spectra of poly(4)1-co-COD3.5 in toluene-d8 at 500 MHz at 353 K.

Size exclusion chromatography (SEC)

Figure S2.34: SEC elugrams of poly(1)-co-COD prepared by ROMP.
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Figure S2.35: SEC elugrams of poly(2)-co-COD prepared by ROMP.

Figure S2.36: SEC elugrams of poly(3)-co-COD prepared by ROMP.

Figure S2.37: SEC elugrams of poly(4)-co-COD prepared by ROMP.
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Thermal gravimetric analysis (TGA), Differential Scanning Calorimetry (DSC)

Figure S2.38: First derivative of TGA thermogram of hydrogenated poly(3)1-co-COD3.

Figure S2.39: DSC thermogram of hydrogenated poly(2)1-co-COD9.
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Figure S2.40: DSC thermogram of hydrogenated poly(3)1-co-COD2.

Figure S2.41: DSC thermogram of hydrogenated poly(3)1-co-COD3.

Figure S2.42: DSC thermogram of hydrogenated poly(3)1-co-COD5.
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Transition Electron Microscopy (TEM), Electron Diffraction

Figure S2.43: TEM bright-field micrograph and corresponding diffraction pattern of

hydrogenated poly(3)1-co-COD2.

Figure S2.44: TEM bright-field micrograph and corresponding diffraction pattern of hydrogenated

poly(3)1-co-COD5.
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Biodegradation Test

The sample preparation is described in the experimental part.

For the manometric respirometry biodegradation test, we used a WTW OxiTop® IS 6 device, which

gives automatically the biological oxygen demand (BOD) of the measured samples. To get the

value for BOD for each polymer sample, the blank value was subtracted. All values were determined

in duplicate. To calculate the amount of biodegradation, at first the molecular weight (MW) of one

theoretical repeating unit for each copolymer was determined. With this value, the theoretical

oxygen demand (ThOD) for a compound CcHhClclNnNanaOoPpSs was calculated according to

following equation:

𝑇ℎ𝑂𝐷 =
16 ቂ2𝑐 + 1

2 (ℎ − 𝑐𝑙 − 3𝑛) + 3𝑠 + 5
2𝑝 + 1

2𝑛𝑎 − 𝑜ቃ𝑚𝑔/𝑚𝑔
𝑀𝑊

The amount of biodegradation was given by:

% 𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 =
𝐵𝑂𝐷

𝑇ℎ𝑂𝐷 × 𝑚𝑔 𝑡𝑒𝑠𝑡 𝑠𝑢𝑏𝑠𝑡𝑎𝑛𝑐𝑒 𝑎𝑑𝑑𝑒𝑑  ×  100
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3. RNA-inspired long-chain polyphosphate as degradable polyethylene
mimics

Tobias Haider, Oksana Suraeva, Ingo Lieberwirth, Frederik R. Wurm

This chapter is based on unpublished results.

I designed, synthesized and analyzed the monomer and all polymers. Additionally, I performed the

degradation tests and I wrote the manuscript. Preparation of polymer crystal platelets and TEM

measurements were performed by Oksana Suraeva. Ingo Lieberwirth and Frederik Wurm both

supervised the project. Frederik Wurm corrected and edited the manuscript.
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3.1. Abstract

To synthesize new (bio)degradable alternatives to commodity polymers, copying natural motives

can be a promising approach. We present the synthesis and characterization of a degradable
polyethylene-like polyphosphate, which degraded via intra-molecular transesterification similar to

RNA. An α,ω-diene monomer was synthesized within three steps starting from commercially

available compounds. By acyclic diene metathesis (ADMET) polymerization, polymers with
molecular weights up to 38,400 g mol-1 were received. Post-polymerization functionalization gave

a fully saturated polymer with a precise spacing of 20 CH2 groups between each phosphate group

and an ethoxy hydroxyl side chain. Thermal properties were characterized by differential scanning

calorimetry (DSC) and the crystal structure was investigated by wide-angle X-ray scattering

(WAXS). Polymer films immersed in aqueous solutions were degraded at pH 11 and pH 13 with a

surface-active phosphodiester as the main degradation product. The degradation mechanism

following intra-molecular transesterification was proven by an online degradation test in organic
solution monitored by NMR as well as by degrading a polymer blend of the respective polymer with

a second OH-protected long-chain polyphosphate.

3.2. Introduction

Polyethylene (PE) is the most produced commodity plastic, with an annual demand in Europe of

more than 15 million tones (in 2017).138 Its excellent mechanical properties and high chemical

resistance make PE a suitable material for a variety of applications. Yet, a high chemical resistance

is accompanied with a low degradability in natural environments. With rising global plastic pollution,

degradable alternatives to polyethylene become inevetiable.10 To enhance the degradability of PE,

one approach compromises the incorporation of functional groups into the aliphatic polymer
backbone, which are supposed to act as breaking points.100 Van der Waals interactions between

the hydrocarbon segments in such materials result in semi-crystalline polymers with thermal

properties comparable to conventional polyolefins. Yet, a high degree of crystallinity and

hydrophobicity minimizes the degradation rate, as it was shown for the hydrolytic degradation of

so-called “long-chain” polyesters.139 Thus, incorporating functional groups, which are more prone

to hydrolytic degradation, is advisable. In this way, our group recently reported acid-labile long-

chain polyorthoesters, which resulted in adjustable hydrolysis rates depending to the orthoester

structure.140 However, fast hydrolysis of monomers make the handling difficult and further
functionalization of the orthoester groups is a synthetic challenge. Herein, we present an RNA-

inspired degradation unit that was installed into an aliphatic polymer backbone that controls

backbone scission by an intramolecular transesterification and allows further functionalization of

the polymers. The stability and degradation profile of natural polymers are perfectly adjusted to their

fulfilled tasks in their respective eco systems, which is certainly the case for biopolymers abundant

in complex living systems like the human body. Deoxyribonucleic acid (DNA) and ribonucleic acid

(RNA) are polyphosphodiesters which are negatively charged at physiological pH.141 This is

important on one hand as the resulting polyanions will not pass through a membrane.142 On the
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other hand, those negatively charged polypohosphodiesters are less susceptible to hydrolysis than

polyesters, which is essential for the storage of the genetic code by DNA. In contrast, RNA is

constantly reproduced and a lower stability in sufficient to be accessible for ongoing gene

expression but is also based on a polyphosphodiester. In fact, the rate of spontaneous hydrolysis
of RNA is 100 times greater than that of DNA at room temperature, mainly due to the hydroxyl group

at the C2 position of ribose, which is missing in DNA.143 Due to the proximity of this hydroxyl group
to the polymer backbone, an intramolecular transesterification via a 5-membered cyclic

intermediate leads to chain scission (Scheme 3.1A).142 This RNA-inspired module was installed into

PE-like polyphosphoesters (PPE), which led to an accelerated hydrolysis rate compared to analog

PE-like PPEs without the pendant ethoxy hydroxyl group.
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Scheme 3.1: Intramolecular transesterification and chain scission. Top: the hydrolytic degradation

mechanism of RNA. Bottom: Synthetic polyphosphoesters with a terminal hydroxyl group in close
proximity, i.e. poly(ethyl ethylene phosphate) (reported by Bauer et al. recently)144, which led to a
backbiting degradation, and poly-1H presented in this work, carrying the same RNA-analog motif

along a hydrophobic long chain PPE, which is supposed to lead to chain scission by

intramolecular transesterification.

Recently, we were able to prove that poly(ethyl ethylene phosphate) with the terminal RNA-inspired
ethoxy hydroxyl group degraded mainly via a backbiting mechanism via a 5-membered cyclic

intermediate, which was detected by NMR spectroscopy (Scheme 3.1B).144 When the end-group

was blocked, dramatically reduced hydrolysis rates were determined. Herein, we propose this RNA-

inspired transesterification as a general chemical module to increase polymer degradation by

intramolecular transesterification. We prepared RNA-inspired polyethylene mimics carrying

phosphate groups with pendant ethoxy hydroxyl groups that should be able to accelerate hydrolytic
degradation of these hydrophobic polymers (Scheme 3.1C). Due to its proximity, the pendant

hydroxyl group should be capable to undergo transesterification with the phosphoester in the

polymer backbone. Acyclic diene metathesis (ADMET) polymerization and subsequent
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hydrogenation were used to obtain a linear polyphosphate, which was characterized in detail.

Further, the hydrolytic degradation of polymer films in water (at different pH values) was studied.

We were able to prove that such polymers degraded faster that the analogs without the pendant

ethoxy hydroxyl groups. In addition, we proved that the degradation followed the anticipated
intramolecular degradation pathway by degrading polymer in solution as well as degrading polymer

blends without the pendant OH groups, underlining the selective degradation of the RNA-inspired

polymers. We believe that this general motif of ethoxy hydroxyl phosphate can be used to

accelerate the degradation of other polymers as well and that it can be an important strategy for

fighting the plastic pollution. Moreover, the herein presented OH-functional PPEs further enlarge

the family of functional PPEs as the OH-groups could also be used for post-polymerization

functionalization. Exemplary, we prepared the first PPE grafted with PLA chains by the grafting-

from polymerization of lactide. This approach might further be used to alter the degradability of such
complex macromolecular architectures.

3.3. Results and Discussion

Monomer Synthesis. Monomer 1a was synthesized in a two-step reaction starting from POCl3
(Figure 3.1A). In the first step, 2-(benzyloxy)ethanol was reacted with an excess of POCl3 in the
presence of triethylamine as an HCl scavenger to 1a. The excess of POCl3, which prevented the

formation of di- or tri-functionalized phosphoesters, was removed at reduced pressure after the
esterification and 1a was used directly in the following step. Compound 1a was reacted with 10-

undecen-1-ol to give monomer 1 as a viscous oil in high purity in 57% yield (cf. NMR spectra in the

Supporting Information).

The benzyl ether protection group was chosen for two reasons: First, it does not interfere with the

ADMET polymerization process. Second, hydrogenation of the unsaturated ADMET polymer and
debenzylation was conducted in a single catalytic hydrogenation step.

ADMET polymerization and hydrogenation. ADMET polymerization is a step-growth

polymerization that produces linear polymers by a polycondensation reaction of a diene under the
elimination of ethylene.145 High vacuum is usually applied during the polymerization to remove the
evolving ethylene and to achieve high molecular weights. ADMET polymerization of 1 was carried

out in bulk at 60 °C at high vacuum using 1st generation Grubbs catalyst. Polymers with reproducible

molecular weights up to 38,400 g mol-1 were obtained (Table 3.1). Comparing the 1H NMR spectrum

of the polymer with the monomer spectrum, the resonances for the terminal double bonds at 5.81

and 4.95 ppm vanished, while a new signal at 5.36 ppm appeared corresponding to the formed

internal double bonds (Figures S4 and 1B). Signals at 7.35 and 4.57 ppm indicated that the benzyl

ether protection group remained intact during the polymerization process. Moreover, there was no
shift in the 31P NMR spectrum detectable (Figure S6 and 1C). ADMET polymerization produces

unsaturated polymers with mixed cis/trans double bonds which hinder the crystallization of the
polymer,129 resulting in polymers with low melting points. Poly-1 was obtained as a viscous,
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amorphous oil at room temperature. In order to increase the thermal and mechanical properties of
the material, Pd-catalyzed hydrogenation was performed to prepare the saturated poly-1-H in

quantitative yields. At the same time, the benzyl ether protection group was removed to release the

pendant hydroxyl groups (Figure 3.1A).

Figure 3.1: A) Synthesis of monomer 1, ADMET polymerization and post-polymerization

functionalization. B) 1H NMR (300 MHz at 298 K, in CDCl3) of poly-1 (top) and poly-1H (bottom).

C) 31P NMR (121 MHz at 298 K, in CDCl3) of poly-1 (top) and poly-1H (bottom).

The benzyl ether group was reluctant to deprotection, as standard reaction conditions for

debenzylation using Pd/C as a catalyst led to no or only little removal of the benzyl ether group.

Only high loadings of Pd(OH)2/C resulted in complete deprotection. After hydrogenation, the

resonances for the benzyl ether groups at ca. 7.35 ppm disappeared in the 1H NMR spectrum as
well as the signals at 5.36 and 1.96 ppm, indicating quantitative hydrogenation (Figure 3.1B).

Signals attributed to the CH2 groups in the phosphate side chain were slightly shifted and a new,

broad resonance at 3.13 ppm was detected, which corresponded to the hydroxyl groups. In the 31P

NMR spectrum, a clear and complete shift from -0.70 pp to to 0.36 ppm after hydrogenation was

detected (Figure 3.1C). SEC data further indicates a decrease in molar mass after hydrogenation
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due to the change in the hydrodynamic radii of the polymers. The pendant hydroxyl groups were

further studied to graft polylactide to the PPE and how they influence the thermal properties and
hydrolytic stability (see below). For studies on the degradation mechanism, poly-1Bn was

synthesized by selective hydrogenation of the olefins in the polymer backbone but without cleavage
of the benzyl ether group. For this approach, a Fischer carbene prepared by the reaction of Grubbs

catalyst 1st generation with ethyl vinyl ether was used as a hydrogenation catalyst.103

Table 3.1: Characterization data of polyphosphoesters prepared in this study.

Entry Scale
/ g

Mna

/ g mol-1

Mwa

/ g mol-1

Mw/Mn a Mnb

/ g mol-1

Mwb

/ g mol-1

Mw/Mn b Tmc

/ °C

ΔmHc

/ J g-1

Crystal-
inityd

/ %

1 0.8 16,700 34,900 2.08 15,500 37,200 2.40 n.d. n.d. n.d.

2 1.2 20,300 38,400 1.89 7,400 21,000 2.84 86 -102 35

3 1.3 16,000 31,300 1.96 11,700 21,000 1.79 84 -95 32

aDetermined by SEC. Values for unsaturated polymers. bDetermined by SEC. Values for

hydrogenated polymers. CDetermined by DSC. Values for hydrogenated polymers. dRelative to
100% crystalline PE (ΔHm = -293 J g-1).

Solid-state properties. Poly-1H was obtained as a colorless solid material at room temperature.

A 3 mm thick and 4x4 cm large film of the semi-crystalline polymer was prepared by pressing the
polymer melt between two metal plates (Figure 3.2A). The film was flexible to some extent, but

relatively brittle, presumably, due to the relative low molecular weight of the polymer (for
comparable long-chain polyesters, a brittle-to-ductile transformation for an Mw between 53 x 103

and 78 x 103 g mol-1 was reported131). Its thermal stability was examined by thermal gravimetric
analysis (TGA) with an onset degradation temperature (Ton) after 5% degradation at ca. 275 °C,

which was similar to other previously prepared long-chain PPEs146 and ca. 150 °C lower compared
to Ton of HDPE (Figure S16). The char yield of ca. 19 wt%, however, is higher than for HDPE, as

phosphate-containing char was produced  during the decomposition (theoretical phosphate
amount: 22 wt%).147 The melting (Tm) and the crystallinity of the polymer were determined by

differential scanning calorimetry (DSC). Poly-1H exhibited a melting event at ca. 86 °C and a glass

transition temperature of ca. -17°C (Figure 3.2B). In contrast to other PPEs with similar structure,
poly-1H exhibited a relatively high Tm that is attributed to hydrogen bonds of the pendant hydroxyl

groups leading to intramolecular hydrogen bonds. A structural analog PPE with an ethyl side chain
but the same spacer length of 20 CH2 groups exhibited a ca. 35°C lower melting temperature (Tm

of 51 °C).146 The strong effect of hydrogen bonding was shown by Wagener et al. for hydroxyl-

functionalized polyethylenes: rather than length of the polyethylene segment between each
hydroxyl-bearing carbon, hydrogen bonding dominated the polymers’ thermal behavior.148 In

accordance, a long-chain phosphoric acid diester with a spacer length of 20 CH2 groups
synthesized by Tee et al. exhibited a melting point of 93 °C due to strong hydrogen bonding between

phoshphoric acids.149 The crystallinity of poly-1H was calculated by comparing its melting enthalpy
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ΔHm of -102.0 J g-1 (entry 2) to ΔH of 100% crystalline polyethylene (ΔHm = 293 J g-1)132 to give a

value of ca. 35%. This value is significantly higher in comparison to an ADMET pyrophosphate with

the same aliphatic spacer of 20 CH2 groups (23%),150 but lower than for comparable long-chain

polyesters like e.g. poly(pentadecalactone) with a crystallinity of 64%.151 The carboxylic acid esters
have a lower impact on the crystallization of the polyethylene segments in long-chain polyesters

and the polymers generally crystallize in an orthorhombic crystal structure like polyethylene.100 In

contrast, long-chain PPEs with a PE segment of 20 CH2 groups had been proven to crystallize

differently to PE, with bulky phosphate groups being expelled from the lamellar crystal.105 The
crystal structure of poly-1H was determined by wide angle X-ray scattering (WAXS) and compared

to HDPE (Figure 3.2C). While the orthorombic HDPE has two distinct reflections at 21.4 and 23.8,
poly-1H exhibited a single, broader peak 21.1. The peak pattern of poly-1H suggests a pseudo-

hexagonal crystal structure as reported for other PPEs previously.105, 146 The broadening of the peak
indicates a smaller crystallinity in comparison to HDPE.

Figure 3.2: A) Photograph of poly-1H film. B) DSC thermogramm of poly-1H. C) XRD

diffractogramm of poly-1H (black) and HDPE (red). D) TEM bright-field micrograph and

corresponding diffraction pattern (inset) of solution-grown crystals of poly-1H (by cooling a 0.05

mg/mL solution in ethyl acetate).

Besides bulk properties, we prepared solution grown polymer crystal platelets of poly-1H. A 0.05

mg/mL solution of poly-1H in ethyl acetate was heated to 70°C and slowly cooled to room

temperature to induce crystallization. The resulting dispersion of anisotropic polymer platelets was

drop-cast onto a transmission electron microscopy (TEM) grid and visualized (Figure 3.2D). The
average lateral sizes of the anisotropic polymer crystal-platelets were ca. 400 nm. Compared to
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crystallization in bulk from the melt, solution-crystallized polymers have a substantially higher

crystallinity and thin anisotropic crystals of  with a thickness of <10 nm can be prepared.152 The

electron diffraction (Figure 3.2D inlet) correlated with WAXS data and reveals the single crystal

pattern of pseudo-hexagonal polymer crystals.

Hydrolytic Degradation. PPEs can be degraded by enzymes or hydrolysis.153 Penczek et al.

investigated the hydrolytic degradation of the water-soluble poly(methyl ethylene phosphate).154

While the (slow) acidic degradation occurred by a nucleophilic attack of water at the α-carbon atom
in the side chain, the degradation under basic conditions proceeded via nucleophilic attack of a

hydroxyl ion at the phosphorus center.154 They reported a trigonal bipyramidal transition state, from

which the side-chain or main-chain could be cleaved at the same rate. A similar degradation pattern
had been reported by Becker et al. for PPEs prepared by ADMET polymerization.155 Recently,

Bauer et al. proved that the ethoxy hydroxy end group in linear and water-soluble poly(ethyl

ethylene phosphate) resulted in a predominant degradation via a backbiting mechanism (under

basic conditions). The hydroxyl end group attacked the last repeat unit and a 5-membered transition
state was formed, which led to the release of a single repeat unit.144 Leong et al. synthesized two

different water-soluble polyphosphates with a propylene backbone and an ethylamine and ethyl

alcohol side chain, respectively.156, 157 They found an increased degradation rate of both water-

soluble polymers compared to other PPEs even at physiological pH. These indicative findings led

us to the assumption that the RNA-inspired intramolecular transesterification could be general

pathway to increase polymer hydrolysis rates by installing ethoxy hydyroxyl groups also in

hydrophobic and PE-like polymers, which are typically relative recalcitrant to hydrolysis. In contrast

to water-soluble polymers, polyethylene-like PPEs are in general remarkably robust to hydrolytic
degradation due to increased crystallinity and hydrophobicity. A polyphosphate with an ethoxy side

chain and an aliphatic spacer of 20 CH2 groups did not show any degradation in  phosphate-

buffered saline (PBS) solution (pH 7.1) at 37 °C for 2 months.150 Only at pH >12 the polymer was

degradable within this timeframe. Other PE-mimics like long-chain polyesters showed similar

degradation profiles: poly(pentadecalactone) was stable at pH 7.2 for 2 years and showed no

decrease in molecular weight.139

A conventional long-chain PPE, i.e. without the RNA-inspired motif, degrades by statistical

hydrolysis (under basic conditions) of main chain and pendant chain leading to a

(poly)phosphodiester. The phosphodiester is relatively stable against further attack of hydroxyls,

due to its negative charge.153 For the RNA-inspired long-chain PPEs, different scenarios are
possible (as shown in Scheme 3.2). The degradation by the envisioned intra-molecular nucleophilic
attack of the pendant hydroxyl group (pathway A) via the cyclic intermediate state would lead

eventually to a single amphiphilic degradation product with surface-active properties. In contrast, if

water or hydroxyls would attack the polymer backbone, phosphodiester anions would be generated,

too (pathways B and C). However, also the release of ethylene glycol would be detectable. Inter-

molecular transesterification (pathways D and E) would also be possible and would lead to the

formation of branched or cross-linked species and the release of ethylene glycol (pathway E).
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Scheme 3.2: Potential hydrolysis pathways for poly-1H either by intra or inter-molecular

transesterification.

To elucidate the degradation mechanism, hydrolytic degradation tests of films prepared from poly-
1H were performed at 37 °C at different pH values. Therefore, films of poly-1H with a diameter of

ca 2 cm and a weight of ca 25 mg each, were coated on glass cover slides and were immersed in
NaHCO3/NaOH buffer (pH 11.1) or 2 N NaOH solution (pH 13.1), respectively. Samples were taken

after one, two, and three weeks. All polymer films were detached from the glass cover slides and

disintegrated into small pieces after one week (Figure 3.3A). The surface tensions of all solutions

decreased in comparison to the initial solutions, indicating the presence of surface-active

phosphodiester degradation products (Table S3.1). In addition, the pH values of the NaHCO3/NaOH

buffer dropped to 10.6, indicating the formation of phosphoric acid derivatives (cf. Table S3.2). The

residual solids were washed with water and dried at reduced pressure. Samples at pH 13.1 were

insoluble in any solvent after degradation, while samples at pH 11.1 were still soluble in CHCl3 and
THF but the solubility decreased over time. Thus, only samples at pH 11.1 could be analyzed by

SEC and NMR spectroscopy. SEC measurements revealed for pH 11 no residual polymer after one

week and later. In 1H NMR, new peaks at 3.63 and 1.55 ppm appear, corresponding to the

deprotonated phosphodiester as the main degradation product (Figure 3.3B). The intensity of these

signals increased over time.



3. RNA-inspired long-chain polyphosphate as degradable polyethylene mimics

84

Figure 3.3: A) Films of poly-1H before and after 15 days immersing in different buffer solutions at

37 °C. Diameter of films is ca 2 cm. B) 1H NMR (300 MHz, CDCl3) overlay of poly-1H after

degradation at pH 11.1.

31P NMR shows beside the initial peak at 0.36 ppm additional peaks at 1.91 (phosphodiester), 0.18
and 0.09 ppm. For the degradation of PEEP, Bauer et al. detected the signal corresponding to the

cyclic species at ca. 18 ppm in the 31P NMR while monitoring the degradation in solution.144 As the
degradation of poly-1H was conducted in a film and degradation products were studied after

dissolving the remaining material, the cyclic intermediate could not be detected. In contrast, when
poly-1H was dissolved in CDCl3 together with a five-fold excess of diazabicycloundecene (DBU)

as a strong base, a new resonance in the 31P NMR spectra at ca. 17.5 ppm indicated the presence

of the cyclic intermediate state (Figure 3.4), which was presumably in an equilibrium with the

deprotonated phosphotriester and the phosphodiester degradation product.

Moreover, no ethylene glycol was detected by 1H NMR when poly-1H was kept as a powder in

open air which resulted in partial hydrolysis of the material (Figure S11). These findings suggest
that the hydrolysis of poly-1H occurred by an intra-molecular nucleophilic attack according to

pathway A in Scheme 3.2.
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Figure 3.4: 31P NMR (300 MHz, CDCl3) of poly-1H after addition of DBU.

To prove the degradation mechanism and to exclude degradation via an inter-molecular

nucleophilic attack, the basic hydrolysis of a blended film of poly-1H and poly-1Bn was studied by

NMR and GPC over a period of two months. As reference, separate films of both polymers were
monitored over the same time frame (Figure 3.5). Due to the pendant benzyl groups along poly-
1Bn, the polymer could be selectively detected by GPC as it is UV-active, while poly-1H did not

exhibit a UV signal at 254 nm absorbance. Since the free hydroxyl group in the pendant side chain
is blocked, hydrolytic degradation of poly-1Bn via an intra-molecular nucleophilic attack is

excluded. Separate films of poly-1H and poly-1Bn and a blended film of poly-1H/poly-1Bn (50/50

wt%) were casted on glass cover slides and immersed into an aqueous NaOH/NaHCO3 buffer at
pH 11.1. After 2 months at 37 °C, the film of poly-1H disintegrated and lost all its mechanical

strength (Figure S3.19), while the film prepared from poly-1Bn remained intact. The blended film

showed partial disintegration. After washing and drying, the film of poly-1Bn remained fully soluble

in organic solvents and did not show signs of degradation by NMR and GPC. The poly-1H/poly-
1Bn blend did not entirely dissolve in CHCl3 and THF, the residual poly-1H polymer was completely

insoluble. In the 31P NMR spectrum of the polymer blend after degradation, the signal corresponding
to poly-1H vanished completely while the signal corresponding to poly-1Bn remained unchanged

(Figure 3.5B). No additional peaks were visible in the 31P NMR spectrum. So, any inter-molecular
transesterification between poly-1H and poly-1Bn can be excluded.

Moreover, SEC measurements after degradation revealed a selective hydrolytic degradation of
poly-1H (Figure 3.5C). In contrast to the SEC elugram of the polymer blend before degradation,

the RI and UV trace after degradation overlap with each other. Since only poly-1Bn is UV-active,

triester

diestercyclic intermediate
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this indicates the single presence of the poly-1Bn, while poly-1H is fully degraded. The differences

in degradation rate at pH 11 theoretically could be explained by a difference in hydrophobicity (with
poly-1Bn being more hydrophobic than poly-1H). Yet, all findings combined suggest the the

enhanced degradation rate of poly-1H is best explained by its hydrolytic degradation via an intra-

molecular nucleophilic attack by the deprotonated OH-group in the side chain at the central

phosphorus atom similar to the degradation of RNA.

Figure 3.5: Simultaneous hydrolytic degradation test of poly-1H/poly-1Bn blend at pH 11. A)

Overlay of 31P NMR spectra (121 MHz, CDCl3) of poly-1H/poly-1Bn blend and homopolymers

before and after degradation studies. B) Overlay of SEC traces (UV: red, RI: black) in THF of
poly-1H/poly-1Bn blend before (top) and after (bottom) degradation.

Use as macro- initiator for grafting of lactide. Besides increased hydrolysis, the free hydroxyl

groups in the phosphate side chain of poly-1H enable further functionalization. To prove the

accessibility of the OH-groups, we prepared a PPE, grafted with another biodegradable polymer,
namely polylactide. Via a grafting-from approach, poly-1H was used as a macroinitiator for the

organocatalyzed anionic ring-opening polymerization (AROP) of lactide (Figure 3.6A). Prior,
Iwasaki et al. reported the synthesis of a PPE-graft-poly(2-methacryloyloxyethyl phosphorylcholine)

by a grafting-from approach via atom transfer radical polymerization (ATRP).158 Furthermore, PPE-
graft-poly(ethylene oxide) copolymers were obtained by grafting-through159 and grafting-onto

approaches.160

Diazabicycloundecene (DBU) was used as a catalyst and the polymerization was conducted in dry
CH2Cl2 for 40 minutes at room temperature before termination with formic acid. Poly-1H-graft-PLA
was purified by precipitation into methanol. Poly-1H-graft-PLA was obtained as a solid, colorless

powder. Successful grafting was proven by SEC by a shift to lower elution volumes compared to

18 20 22 24 26 28 30
elution volume / mL

UV
 RI

before

after
2 months

B

18 20 22 24 26 28 30

UV
 RI

elution volume / mL

A
poly-1H poly-1Bn

before

before

before

after 2 months blend

poly-1H

poly-1Bn

blend



3. RNA-inspired long-chain polyphosphate as degradable polyethylene mimics

87

the initial poly-1H, indicating an increase in molar mass (Figure 3.6C). Mn increased from 7,400 to

32,800 g mol-1 and Mw increased from 21,000 to 57,400 g mol-1 (vs. PS calibration,Table 3.2).

Figure 3.6: A) Anionic ring opening polymerization (AROP) of lactide with poly-1H as a
macroinitiator. B) 1H NMR (300 MHz at 298, in CDCl3) of poly-1H (top) and poly-1H-graft-PLA

(bottom). C) SEC elugrams of poly-1H (red) and poly-1H-graft-PLA (black) in THF.

In the 1H NMR spectrum in CDCl3 (Figure 3.6B), the broad at 3.13 ppm peak corresponding to the
free hydroxyl group disappeared completely while the signals of the CH2 groups in the phosphate

side-chain both shifted to lower field, indicating successful esterification. New resonances for PLA

were detected at 5.17 ppm for the CH group and 1.55 ppm for the methyl group of PLA. The degree

of polymerization of the grafted PLA determined by the integration of the lactide –CH peak at 5.17

ppm relative to the –P-O-CH2- peak in the polymer backbone to give a value of 12.

Table 3.2: Molecular characteristics of poly-1H-graft-PLA

[lactide]/[po
ly-1H]a

Mnb

/ g mol-1

Mwb

/ g mol-1
Mw/Mn b

Tmc

/ °C

Tgc

/ °C

ΔmHc

/ J g-1

12:1 32,800 57,400 1.75 51 22 -24.0

aDetermined by 1H NMR.bDetermined by SEC. cDetermined by DSC.

In the 2D Diffusion Ordered Spectroscopy (DOSY) NMR spectrum, all peaks correlating to the PLA

side chain and phosphoester backbone have the same diffusion coefficient, proofing that PLA side
chain is actually covalently bond to the macroinitiator polymer (Figure S3.13).  By DSC, a decrease
of Tm by 35 °C to 56 °C was determined (Figure S3.17) which can be explained by the absence of

hydrogen bonding after esterification of the hydroxyl groups. A glass transition point (Tg) at 22 °C

correlates to the PLA chains. Compared to high molecular weight PLA with a Tg of about 55 to 60

°C, the Tg of oligomeric PLA is significantly lower.161 Since racemic lactide was used for the
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copolymerization, the PLA chains do not crystallize but stay in amorphous state. This combination
of two degradable polymers in one brush-like copolymer visualizes the potential of poly-1H as a

platform for further interesting polymer structures with tunable degradation profiles and mechanical

and chemical properties.

3.4. Experimental Section

Materials. All commercially available reagents and solvents were purchased from Sigma Aldrich,

Alfa Aesar and Fisher Chemical and were used without further purification. Deuterated chloroform

was purchased from Sigma Aldrich. A 2 M NaOH solution was prepared by dissolving 7.97 g of

NaOH was dissolved in 100 mL H2O. To prepare 40 mL of pH 11 buffer, 3.7 mL 2 M NaOH was

mixed with 20 mL 0.4 M NaHCO3 solution (3.41 g in 100 mL H2O) and 16.3 mL H2O. The pH of the

NaOH solution and the NaOH/NaHCO3 buffer were determined by a pH electrode.

Methods. Nuclear magnetic resonance (NMR) spectra were recorded on Bruker Avance 300, 500

and 700 spectrometers at 293 K and referenced to the residual solvent peak (1H: CDCl3: 7.26  ppm;
13C: CDCl3: 77.0 ppm) with chemical shifts (δ) given in ppm. The spectra were analyzed using

MestreNova 14.1. For mass spectrometry, an Advion expression CMS-L mass spectrometer was

used with atmospheric pressure chemical ionization (APCI). Size exclusion chromatography (SEC)
measurements were performed with THF as the eluent on an Agilent Technologies 1260 instrument

consisting of an autosampler, pump and column oven. The column set consists of 3 columns: SDV

106 Å , SDV 104 Å and SDV 500Å (PSS Standards Service GmbH, Mainz, Germany), all of  300 x

8 mm and 10µm average particle size. A flow rate of 1.0 mL/min and a column temperature of 30 °C

was set and the injection volume was 100 μL. Detection was accomplished with a RI detector

(Agilent Technologies). The data acquisition and evaluation was performed using PSS WINGPC

UniChrom (PSS Polymer Standards Service GmbH, Mainz, Germany). Calibration was carried out
by using polystyrene provided by PSS Polymer Standards Service GmbH (Mainz, Germany). To

examine the thermal properties of the synthesized polymers by differential scanning calorimetry

(DSC), a Mettler Toledo DSC 823 calorimeter was used. Three scanning cycles of heating/cooling

were performed in a nitrogen atmosphere (30 mL/min) with a heating and cooling rate of 10 °C/min.

Thermogravimetric analysis (TGA) was measured on a Mettler Toledo ThermoSTAR TGA/SDTA

851-Thermowaage in a nitrogen atmosphere. The heating rate was 10 °C/min in a range of

temperature between 35 and 600−900 °C. For wide-angle X-ray scattering (WAXS) experiments

were performed using a Philips PW1820 powder diffractometer with Cu radiation (wavelength

1.5418 Å). The crystal morphology was determined using a FEI Tecnai F20 transmission electron

microscope operated at an acceleration voltage of 200 kV. Bright field (BF) and energy-filtered
transmission electron microscopy (EFTEM) techniques were used for measurements. Solution-
grown crystals of poly-1H were prepared from a 0.05% solution in ethyl acetate. The solution was

heated to 70 °C in a temperature-controlled oil bath for 1 hour and slowly cooled down to room

temperature. One drop of the resulting dispersion was drop-cast onto a carbon coated TEM grid,
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the excess liquid was blotted off with a filter paper, and the specimen was allowed to dry under

ambient conditions.

Synthetic Procedures. All reactions were performed under an Argon atmosphere otherwise

stated.

Synthesis of 2-(benzyloxy)ethyl phosphorodichloridate (1a): POCl3 (37.0 g, 0.24 mol) was dissolved

in 100 mL dry toluene and cooled to 0 °C. A solution of 2-(benzyloxy)ethanol (5.15 g, 33.8 mmol)

and NEt3 (3.79 g, 37.5 mmol) in 25 mL dry toluene was added dropwise within one hour. A white

precipitate (NEt3·HCl) formed during the reaction. The reaction mixture was left stirring overnight at

room temperature. Filtration under an Argon atmosphere was performed and the residual POCl3
and solvent were removed under reduced pressure. The obtained orange oil was used without

further purification for the next step (82% yield). 1H NMR (300 MHz, CDCl3) δ = 7.46 – 7.26 (m, 5H,

aryl), 4.60 (s, 2H, Ph-CH2-O-), 4.47 (m, 2H, POCl2-O-CH2-), 3.77 (m, 2H, POCl2-O-CH2-CH2-). 13C

NMR (75 MHz, CDCl3) δ = 128.51, 127.98, 127.75, 73.39, 70.72, 67.68. 31P NMR (121 MHz, CDCl3)

δ = 7.82.

Synthesis of 2-(benzyloxy)ethyl di(undec-10-en-1-yl) phosphate (1): 10-Undecen-1-ol (9.12 g, 53.6

mmol) and NEt3 (5.67 g, 56.0 mmol) were dissolved in 55 mL dry toluene and cooled to 0 °C. A
solution of 1a (7.6 g, 28.3 mmol) dissolved in 40 mL dry toluene was added dropwise within one

hour. A white precipitate indicated the formation of NEt3·HCl. After the addition was completed, the

reaction mixture was further stirred at room temperature for 7 days. The ongoing reaction was

monitored by 31P NMR. The reaction mixture was filtered and washed with 0.1 M NaOH solution to
remove any pyrophosphate side products. The aqueous phase was extracted with petroleum ether

several times before the organic phases were combined and washed with a slightly acidic HCl/NaCl

solution. The organic phase then was dried over MgSO4, filtered and the solvent was removed

under reduced pressure. Column chromatography was performed with a Büchi Reverlis PREP
system using petroleum ether and ethyl acetate as the eluent in alternating ratios (Rf = 0.64 in

petroleum ether:ethyl acetate 2:1). The product was obtained as a yellowish, viscous oil (8.2 g, 57%

yield). 1H NMR (300 MHz, CDCl3) δ = 7.40 – 7.25 (m, 5H, aryl), 5.81 (m, 2H, -CH=CH2), 5.05 – 4.84
(m, 4H, -CH=CH2), 4.57 (s, 2H, Ph-CH2-O-), 4.25 – 4.14 (m, 2H, -O-PO3-CH2-CH2-OBn), 4.02 (q, J

= 6.8 Hz, 4H, -O-PO3-CH2-), 3.69 (t, J = 4.8 Hz, 4H, -CH2-CH2-OBn), 2.03 (q, J = 7.0 Hz, 4H, -CH2-

CH=), 1.64 (q, J = 6.8 Hz, 4H, -OPO3-CH2-CH2), 1.50 – 1.24 (m, 20H, alkyl). 13C NMR (75 MHz,

CDCl3) δ = 139.18, 137.89, 128.40, 127.71 (d, J = 3.6 Hz), 114.14, 73.21, 68.98 (d, J = 7.0 Hz),

67.85 (d, J = 5.9 Hz), 66.50 (d, J = 5.9 Hz), 33.80, 30.26 (d, J = 6.9 Hz), 29.91 – 28.48 (m), 25.43.
31P NMR (121 MHz, CDCl3) δ = -0.69. APCI MS: m/z = 537.6 [M+H]+.

ADMET polymerization of 1: Monomer 1 (1.14 g, 2.1 mmol) was charged in a 25 mL Schlenk tube

and degassed by three consecutive Argon/vacuum cycles. 17 mg of Grubbs catalyst 1st generation

(0.1 mol%) were added under an Argon counter stream and the mixture was kept stirring for 5 min

to give a purple dispersion. The system was connected to an oil pump (4 x 10-1 mbar) and intensive
bubbling indicated the start of the polymerization as ethylene gas evolved. After 5 min, the Schlenk
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tube was placed in an oil bath at 60 °C and was kept there overnight. The highly viscous mixture

was allowed to cool down before a second portion of Grubbs catalyst 1st generation was added as

well as 0.8 mL CH2Cl2 to dissolve the polymer. The polymerization was continued at 60 °C and 4 x

10-1 mbar for another 24 h. After cooling down, 5 mL CH2Cl2 and 150 µL ethyl vinyl ether were
added to quench the catalyst. The color of the solution changed from purple to orange indicating

the formation of the Fischer carbene complex of the Grubbs catalyst with ethyl vinyl ether. To

remove this complex, the polymer was precipitated from methanol. After centrifugation, the product

was isolated as a highly viscous, honey-like, dark brown oil in quantitative yield. 1H NMR (300 MHz,

CDCl3) δ = 7.38 – 7.27 (m, 5H, aryl), 5.36 (m, 2H, -CH=CH-), 4.57 (s, 2H, Ph-CH2-O-), 4.25 – 4.10
(m, 2H, -O-PO3-CH2-CH2-OBn), 4.01 (p, J = 6.8 Hz, 4H, q, J = 6.8 Hz, 4H, -O-PO3-CH2-), 3.68 (t, J

= 8.2, 6.6 Hz, 2H, -CH2-CH2-OBn), 1.96 (m, 4H, -CH2-CH=), 1.64 (m, 4H, -OPO3-CH2-CH2), 1.28

(m, 20H, alkyl). 13C NMR (75 MHz, CDCl3) δ = 137.89, 130.32, 129.86, 128.40, 127.70, 118.16,
73.20, 68.98 (d, J = 7.0 Hz), 67.85 (d, J = 6.2 Hz), 66.49 (d, J = 5.8 Hz), 32.63, 30.28 (d, J = 6.9

Hz), 29.77 – 28.83 (m), 27.24, 25.44. 31P NMR (121 MHz, CDCl3) δ = -0.70.

Hydrogenation of poly-1 to poly-1H: In a glass vessel equipped with a stirring bar, poly-1 (1.97 g,

3.7 mmol) was dissolved in 90 mL THF. Residual oxygen was removed by bubbling Argon through

the solution for 10 min. 1.45 g of 20 wt% Pd(OH)2/C were added and the glass vessel was placed

in a ultra-sonication bath to achieve a better dispersion of the catalyst in the solution. Afterwards

the glass vessel was charged in a 250 mL ROTH autoclave and the hydrogenation was performed

at 80 bar H2 at room temperature for 16 h. After filtration, the polymer was precipitated from

methanol and isolated to obtain a solid, white polymer in quantitative yield. 1H NMR (300 MHz,
CDCl3) δ = 4.15 (dt, J = 9.3, 4.1 Hz, 2H, -O-PO3-CH2-CH2-OH), 4.06 (q, J = 6.8 Hz, 4H, -O-PO3-
CH2-), 3.82 (t, J = 4.3 Hz, 2H, -O-PO3-CH2-CH2-OH), 3.13 (b, -OH) 1.68 (m, 4H, -OPO3-CH2-CH2),

1.25 (s, 32H, alkyl). 13C NMR (75 MHz, CDCl3) δ = 69.66, 68.21 (d, J = 6.1 Hz), 62.16, 30.27 (d, J

= 7.0 Hz), 29.69 (d, J = 3.0 Hz), 29.56 (d, J = 4.7 Hz), 29.16, 25.44. 31P NMR (121 MHz, CDCl3) δ

= 0.36.

Selective hydrogenation of poly-1 to poly-1Bn: The hydrogenation catalyst used for this reaction

was obtained by the reaction of Grubbs catalyst 1st generation with ethyl vinyl ether according a
literature procedure.103 In a 250 mL glass vessel, 99 mg of poly-1 was dissolved in 7.5 mL dry

toluene. The solution was degassed by bubbling Argon through the solution for 5 minutes. 10 mg

of the hydrogenation catalyst was added and the solution became orange. The glass vessel was

charged into a ROTH autoclave and the system was flushed with H2 twice before the hydrogenation
was performed for 26 h at 40 °C at a pressure of 50 bar H2. After cooling down, the now dark brown

solution was concentrated at reduced pressure before precipitation from methanol. The product
was isolated by centrifugation and dried under vacuum to give 80 mg of poly-1Bn (88% yield). 1H

NMR (300 MHz, CDCl3) δ = 7.34 (m, 5H, aryl), 4.57 (s, 2H, Ph-CH2-O-), 4.19 (m, 2H, -O-PO3-CH2-

CH2-OBn), 4.02 (q, 4H, -O-PO3-CH2-), 3.69 (t, 2H, -CH2-CH2-OBn), 1.65 (m, 4H, -OPO3-CH2-CH2),

1.25 (s, 32H, alkyl). 31P NMR (121 MHz, CDCl3) δ = -0.70.
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Grafting-from polymerization of lactide with poly-1H macroinitiator: The macroinitiator Poly-1H (31

mg, 68.8 µmol) was weighed in a 25 mL Schlenk tube, dissolved in dry toluene and dried by

lyophilization. Afterwards, the polymer was dissolved in 200 µL dichloromethane. Lactide was

freshly recrystallized in ethyl acetate (3.3 g lactide in 2.2 mL solvent) and further dried by
lyophilization from dry toluene. A solution of lactide in dry dichloromethane with a concentration of

1.5 mol L-1 was prepared and 550 µL of this solution (equals 117 mg / 0.81 mmol of lactide) were

added to the macroinitiator. The polymerization was initiated by the quick addition of 600 µL of a

0.2 M DBU solution in dry dichloromethane (equals 18.3 mg / 0.12 mmol of DBU). After stirring at

room temperature for 40 minutes, the polymerization was quenched by the addition of 2 mL of a

formic acid solution in dichloromethane (20 mg mL-1). The solution was kept stirring for 2 minutes,

then the polymer was precipitated from ice-cold methanol. After centrifugation the product was
isolated and dried under vacuum to give 78 mg of white, crystalline poly-1H-graft-PLA. 1H NMR

(300 MHz, CDCl3) δ = 5.17 (q, polylactide CH), 4.35 (m, -O-PO3-CH2-CH2-OOC-), 4.20 (m, -O-PO3-
CH2-CH2-OOC-), 4.02 (q, J = 7.0 Hz, -O-PO3-CH2-), 1.74 – 1.62 (m, -OPO3-CH2-CH2), 1.63 – 1.50

(m, polylactide CH3), 1.25 (s, alkyl). 13C NMR (176 MHz, CDCl3) δ = 169.43, 69.05, 68.07, 66.72,

64.64, 63.98, 30.28, 29.64, 29.20, 25.44, 20.46, 16.74, 16.64. 31P NMR (121 MHz, CDCl3) δ = -0.86,

-0.96.

Film degradation test. Hydrolytic Degradation of poly-1H at pH 11 and pH 13: Polymer films were

prepared by drop-casting 200 µL of a poly-1H solution in CHCl3 (120 mg mL-1) onto square

Microscope coverslips with a size of 22 x 22 mm. The samples were first dried at room temperature

for 3 h and then under vacuum at 40 °C overnight. The weights of the films were about 21-23 mg.

The polymer films with the coverslips were placed into well plates and 4 mL of either NaHCO3/NaOH
buffer (pH 11.1) or 2 N NaOH solution (pH 13.1) were added to each polymer sample. The

degradation experiment was performed in double determination at 37 °C for time intervals of one,

two and three weeks, respectively. The samples were not agitated during the experiment. After 13

days, 3 mL H2O were added to each solution as large parts of water evaporated during the

experiment. Another 3 mL H2O each were added after 17 days. All polymers film were detached

from the coverslips after all time intervals and the films were disintegrated into small fragments. The

solutions were collected with plastic pipettes for latter surface tension measurements, while the

remaining polymer film particles were washed twice with 4 mL H2O each and then dried under
vacuum at 35 °C overnight. Due to solubility restrictions, NMR and SEC measurements could only

be performed with the samples immersed in NaHCO3/NaOH buffer. Polymer samples immersed in

2 N NaOH solution remained insoluble in organic solvents after the degradation experiment.

Degradation of poly-1H in solution: 15 mg of poly-1H were dissolved in 0.6 mL CDCl3 in an NMR

tube. 25 µL DBU were added and the degradation was monitored by NMR for 4 days.

Hydrolytic Degradation of poly-1H/poly-1Bn blend at pH 11: A 50/50 wt% polymer blend of poly-1H
and poly-1Bn was prepared by mixing the two polymers and dissolving them in CHCl3. Polymer

films were prepared on glass coverslips analog to the prior degradation test. In a well plate, films of
poly-1H, poly-1Bn and poly-1H/poly-1Bn polymer blend were immersed each in 4 mL
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NaHCO3/NaOH buffer (pH 11.1). The well plate was placed in a oven with a constant temperature

of 37 °C. The polymer samples were not agitated during the degradation experiment. H2O was

added twice a week to compensate evaporated water. After 2 months, the degradation test was

stopped and the sample isolation was performed analogue to the previous degradation test.

3.5. Conclusion

We report on an RNA-inspired long-chain polyphosphoester with increased hydrolysis kinetics
compared to previously reported PPEs. The increased hydrolysis rate was caused by an

intramolecular transesterification of an ethoxy hydroxyl pendant ester in a PPE, similar to the

intramolecular attack of the 2-OH-group in RNA which leads to a faster hydrolysis of RNA compared

to DNA. We used ADMET polymerization and post-polymerization hydrogenation to prepare a fully

saturated polyphosphate with pendant ethoxy hydroxyl groups. Melting points were above 80°C

due to intermolecular hydrogen bonds. WAXD experiments revealed a pseudo-hexagonal crystal

structure of the polymer. Polymer films immersed in aqueous buffers were degraded at pH 11 and
pH 13, while a surface-active phosphodiester anion was detected to be the main degradation

product by NMR and surface tension measurments. A cyclic intermediate was detected by 31P NMR

during base-catalyzed degradation in organic solution, indicating intramolecular transesterification.
In addition, the basic hydrolysis of a blended film of poly-1H and OH-protected poly-1Bn
strengthened the conclusion that the enhanced degradability of poly-1H is caused by hydrolytic

degradation via an intra-molecular nucleophilic attack similar to the degradation mechanism of

RNA. The successful synthesis of a graft copolymer with PLA brushes following a macroinitator
approach shows the potential of poly-1H as a platform polymer for more sophisticated polymer
architectures. Future works lies on testing the hydrolytic degradability of poly-1H at physiological

conditions and on increasing the molecular weight of in order to improve the mechanical properties

of the polymer. Overall, the herein presented strategy is a promising example how to incorporate

binding motifs inspired from biopolymers into synthetic polymers in order to synthesize novel

degradable polymers. Intramolecular transesterification hereby can largely increase degradation

rates.
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3.7. Supporting Information

1H, 13C, 31P NMR spectra

Monomer NMR spectra

2-(benzyloxy)ethyl phosphorodichloridate (1a)

Figure S3.1: 1H NMR (CDCl3, 300 MHz, 298 K) of 1.

Figure S3.2: 13C Distortionless Enhancement by Polarization Transfer (DEPT) NMR in CDCl3 at

75 MHz at 298 K of 1 (CH and CH3 down, CH2 up, C not visible).
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Figure S3.3: 31P NMR in CDCl3 at 121 MHz at 298 K of 1.

2-(benzyloxy)ethyl di(undec-10-en-1-yl) phosphate (1)

Figure S3.4: 1H NMR in CDCl3 at 300 MHz at 298 K of 1.
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Figure S3.5: 13C NMR in CDCl3 at 75 MHz at 298 K of 1.

Figure S3.6: 31P NMR  in CDCl3 at 121 MHz at 298 K of 1.
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Polymer NMR spectra

Figure S3.7: 13C NMR in CDCl3 at 75 MHz at 298 K of poly-1.

Figure S3.8: 13C NMR in CDCl3 at 75 MHz at 298 K of poly-1H.
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Figure S3.9: 1H NMR in CDCl3 at 300 MHz at 298 K of poly-1Bn.

Figure S3.10: 31P NMR  in CDCl3 at 121 MHz at 298 K of poly-1Bn.
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Figure S3.11: Overlay of 1H NMR (in CDCl3 at 121 MHz at 298 K) of poly-1H before (top) and

after (bottom) storage at room temperature upon air for 2 months. Signals at 6.96, 2.26 and 1.40

ppm correspond to butylated hydroxytoluene (BHT).

Figure S3.12: Overlay of 31P NMR spectra of poly-1H (top) and poly-1H-graft-PLA in CDCl3 at

121 MHz at 298 K.
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Figure S3.13: 2D-1H-DOSY NMR spectrum of poly-1H-graft-PLA in CDCl3.

Size exclusion chromatography (SEC)

20 22 24 26 28 30
Elution volume [mL]

 non-hydrogenated
 hydrogenated

Figure S3.14: SEC elugrams of poly-1 (black) and poly-1H (red) (entry 1).
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20 22 24 26 28 30
Elution volume [mL]

 non-hydrogenated
 hydrogenated

Figure S3.15: SEC elugrams of poly-1 (black) and poly-1H (red) (entry 2).

Thermal gravimetric analysis (TGA), Differential Scanning Calorimetry (DSC)
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Figure S3.16: TGA thermogram of poly-1H (black) and HDPE (red).

-25 0 25 50 75 100 125

-5

0

5
Tc = 36.9 °C

Tm = 56.7 °C

H
ea

t F
lo

w
 / 

m
W

T / °C

Figure S3.17: DSC thermogram of poly-1H-graft-PLA.
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Mass spectrometry (MS)

Figure S3.18: Mass spectrogram of 1 (atmospheric pressure ionization).

Film Degradation Test

Hydrolytic Degradation of poly-1H at pH 11 and pH 13

Table S3.1: Surface tension of different aqueous solutions before and after film degradation test of

poly-1H. All values in mN m-1.

Time NaOH/NaHCO3 buffer 2 M NaOH

Initial 59.7 75.6

1 week 57.6 56.6 40.3 39.0

2 weeks 43.5 45.2 40.6 39.0

3 weeks 61.7 59.3 43.9 44.3

Table S3.2: pH values before and after film degradation test of poly-1H in different aqueous

solutions.

Time NaOH/NaHCO3 buffer 2 M NaOH

Initial 11.1 12.7

1 week 10.6 10.5 12.7 12.7

2 weeks 10.7 10.7 12.8 12.8

3 weeks 10.5 10.6 12.9 12.7
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Hydrolytic Degradation of poly-1H/poly-1Bn blend at pH 11

Figure S3.19: Films of poly-1H, poly-1Bn and a poly-1H/poly-1Bn polymer blend before and

after 2 months immersing in aqueous NaHCO3/NaOH buffer at pH 11.1 and 37 °C. Diameter of

films is ca 2 cm.
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4. Controlling the crystal structure of precisely spaced polyethylene-like
polyphosphoesters

Tobias Haider, Oksana Suraeva, Miriam L. O’Duill, Hisaschi Tee, Julian Mars, Markus Mezger, Ingo

Lieberwirth, Frederik R. Wurm

This chapter is based on unpublished results.

I synthesized and analyzed the “C30” and “C40” polymers and wrote the manuscript. Hisaschi Tee

synthesized the “C20” polymer. The synthesis of monomers 2 and 3 was performed by Miriam
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4.1. Abstract

Understanding polymer crystallization is important for polyethylene-like materials. The installation

of functional groups can act as crystallization “defects”, which can be used to control crystallization

behavior in bulk and to generate functional anisotropic polymer crystals if crystallized from a dilute

solution. Phosphate groups cannot be incorporated in polyethylene lamellae and thus control chain

folding. Herein, the synthesis and crystallization behavior for three different long-chain
polyphosphates with a precise spacing of 20, 30, and 40 CH2 groups between each phosphate

group are reported. Monomers were prepared by esterification of ethyl dichlorophosphate with

respective tailor-made unsaturated alcohols. Acyclic diene metathesis (ADMET) polymerization

and subsequent hydrogenation was used to receive polyethylene-like polyphosphoesters with

molecular weights up 23,100 g mol-1. The polymer crystallization in the bulk and from dilute solution

was studied as well as the crystal morphology by differential scanning calorimetry (DSC), small-

angle X-ray scattering (SAXS), wide-angle X-ray scattering (WAXS), transmission electron
microscopy (TEM), and atomic force microscopy (AFM). A change in crystal structure from pseudo-

hexagonal to orthorhombic was observed from the “C20” to the “C40” polymer. Melting points and

the lamellar thickness increased with the length of the aliphatic spacer from 51 (“C20”) to 62 (“C30”)

and 91 °C (“C40”), respectively. Values for the bulk long period obtained by SAXS and TEM agree

with ca. 3.1 nm for C20, 4.8 nm for C30 and 7.2 nm for C40. The thickness of the crystalline part

increased from ca. 1.0 nm (C20) to 2.0 nm (C30) to 2.9 nm (C40), which were obtained by AFM

and TEM. Our systematic library of long-chain polyphosphates will allow to design anisotropic

polymer crystallites by crystallization from solution as highly functional and versatile colloid platform.

4.2. Introduction

Semi-crystalline polymers make up more than 50% of all commodity polymers consumed, with

polyethylene (PE) being the most produced synthetic polymer todate.138 Tailoring the crystallinity

as well as size and shape of crystallites in polyethylene enables new possible applications. With so

called “defect engineering”, the crystallization of PE can be controlled by synthesis of PE-

derivatives with crystallization defects, i.e. side chains or bulky functional groups. Such “defects”

however, can also be used for further chemical functionalization. Polymerization techniques that

facilitate a precise distribution of the crystallization defects in the polymer backbone allow control

over the crystal morphology including e.g. the lamellar thickness of the PE crystallites. Following
this “defect engineering” approach, we present PE-like polyphosphates with distinctive spacing

between the phosphate groups and elucidate the effect of the spacer length on the crystal structure

and morphology of solution-grown polymer platelets and bulk-crystallized polymer crystals.

The crystallization of PE results from thevan-der-Waals forces between parallel ordered aliphatic

polymer chains and yields lamellar crystals. Finally, these lamellae arrange to larger structures and

form  spherulites.162 Overall, PE crystallizes in an orthorhombic crystal structure.163 Side chains or

additional functional groups along the polymer backbone can affect the crystallization: Any bulky
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alkyl side groups (e.g. branching in low density polyethylene (LDPE) and linear low density

polyethylene (LLDPE)) might be expelled from the crystalline to the amorphous phase, reducing

the overall crystallinity.164 At the same time, a high branch content reduces the thickness of the

lamellae, resulting in lower melting points compared to defect-free, linear PE.165 In LDPE
(synthesized by free radical polymerization of ethylene) and LLDPE (synthesized by insertion
copolymerization of ethylene and α-olefins), the side groups are randomly distributed along the

polymer chain. In contrast to random branching, Wagener’s lab and others investigated the

synthesis of PE-derivatives with precisely spaced branches.166-170 Such polymers are accessible by
the acyclic diene metathesis (ADMET) polymerization of various α,ω-dienes. ADMET

polymerization is a polycondensation under the elimination of ethylene that produces linear

polymers and allows the installation of precise branches or other functionalities in PE-like

materials.129 The influence of the branch length as well as the distribution of the branch over the
polymer chain on the overall crystal structure had been studied previously.167, 171 To investigate the

influence of the branch length, several polyethylenes with different alkyl branches ranging from
methyl to n-hexyl groups on every 21st carbon atom in the polymer backbone were compared to

each other.167 Only the methyl group was incorporated in the orthorhombic crystal structure, while

all other alkyl groups were expelled from the lamellar crystal. In general, the hindered crystallization

resulted in drastically reduced melting points, indicating smaller lamellar thicknesses. For branched

polyethylene with the same alkyl chain length, the distribution of the branch along the polymer

backbone plays an important role. A precisely branched polyethylene with a butyl branch on every
39th backbone carbon atom was compared to an ethylene/1-hexene copolymer with the same

degree of branching but irregular distribution of the branches:171 while the precise polymer had a

sharp melting at 75 °C in the DSC thermogram, the non-regular polymer had a very broad melting

endotherm with a maximum at 99 °C. In contrast to the precise polymer, the lamellar thickness of

the crystals in the non-regular polymers was not evenly distributed. For the precise polymer, the

defect-free polyethylene segments crystallized in an all-trans conformation translating the precise

distances between the butyl branches into the crystalline thickness. The butyl branches itself
induced chain flips and are found to be enriched in the amorphous phase.

With the choice of suitable monomers, ADMET polymerization enables the incorporation of

numerous functional groups like esters or orthoesters into the polyethylene chain.101, 140 The
functional groups act as crystallization defects, which can be used to install chemical functionality

or control thickness of lamellae. Whether they are incorporated in the lamellar crystal segment or
not, depends on the size and the flexibility of the functional group. Fan et al. reported for ADMET

polyethylene with aryl ether defects in the main chain (with a precise spacing of 20 CH2 groups

between each defect), that the crystal structure was determined by the substitution pattern at the
aromatic ring.172 For ortho-substituted polymers, the aromatic crystallization defect were urged into

the amorphous phase, while the defect in the para-substituted polymer was incorporated into the

crystal with a remaining orthorhombic crystal structure like polyethylene. Similarly, poly(1,3-

adamantylene alkylene)s synthesized by ADMET polymerization crystalized also in an

orthorhombic crystal structure.173 Due to the rigid adamantane defect, the backfolding of the
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polymer chain at adjacent reentry sites of the crystal lamellae is sterically impossible. In contrast,

our group previously investigated the crystallization behavior of two different polyphosphates

bearing a methyl and a phenyl side chain.105 All bonds in the phosphate group are flexible, thus

only the size of the defect had an impact on crystallization. The phosphate group with the methyl
side chain was incorporated into the polymer crystal, which was not the case for the polyphosphate

with the bulky phenyl side chain.

Polyphosphates are potentially enzymatically degradable and enable further functionalization
trough variation of the side chain.174 Long-chain polyphosphates were synthesized by ADMET, ring-

opening metathesis (ROMP) polymerization, or polytransesterification, while ADMET

polymerization is the only technique that provides a 100% precise spacing between each phosphate

group.153

We present the synthesis of three PE-like polyphosphates with ethoxy side chains and precise alkyl

spacing of 20, 30, and 40 CH2-units between each phosphate group. The phosphate groups are

intended to act as crystallization defects, as they are expected to be expelled of the crystal lamellae.

Thus, differences in e.g. lamellar thickness will only rely on the length of the aliphatic spacer. We

examined their influence on the thermal properties of the synthesized polymers by differential

scanning calorimetry (DSC). Crystal structures and morphologies of the bulk polymers and solution-
grown polymer platelets were determined by WAXS, SAXS, TEM, and AFM. The synthesized

precise PE-like polyphosphates could, for example, find application in micro-electronics for the use

as capacitors or represent a modular platform for anisotropic colloids with functional surfaces.

4.3. Results and Discussion

Monomer Synthesis. To vary the distance between the phosphate groups in PE-like materials,

three α,ω-diene monomers were synthesized by esterification of ethyl dichlorophosphate with linear

unsaturated alcohols containing a terminal double bond and different number of methylene groups

(Scheme 4.1). The chain length of the alcohol determines the spacer length between two phosphate

groups in the polymer. As ADMET polymerization is a polycondensation that eliminates ethylene,
the distance between the phosphate groups in the polymer is shorter by two methylene groups
compared to the respective monomer. For example, the polymerization of monomer 1 with 22

carbons gives the “C20 polymer”. In this way, polymers with a precise spacing of 20, 30, and 40
CH2-groups between each phosphate group were prepared. The synthesis of monomer 1 with the

shortest alkyl chain was previously reported by our group,146 using the commercially available 10-

undecen-1-ol. The unsaturated alcohols with 16 or 21 methylene groups were synthesized

according to Scheme 4.1. Starting with 5-benzyloxypentanol, the free hydroxyl group was converted

into a tosylate. By a subsequent Grignard reaction with 11-bromo-1-undecene catalyzed by
Li2CuCl4, the aliphatic chain was elongated by nine carbon atoms including a terminal double bond.
Selective removal of the benzyl ether with BCl3 gave unsaturated alcohol 2c bearing 16 carbon

atoms. For the synthesis of 3c with 21 carbon atoms, a nucleophilic substitution of 1-
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bromooctadecane (stearyl bromide) with 3-tetrahydropyranyloxy-1-propyne was performed
followed by acidic hydrolysis to give the internal alkyne 3a. In the next step, NaH and ethylene

diamine catalyzed a triple bond isomerization to the chain end. A selective hydrogenation from the
alkyne to the alkene with Lindlar’s catalyst yielded the unsaturated alcohol 3c with the fully saturated

alcohol as a side product (ca. 30%), which could not be removed by column chromatography or

recrystallization; in the following, the mixture was used for further syntheses. The esterification

reactions of ethyl dichlorophosphate with the respective unsaturated alcohols were performed in
the presence of triethylamine as an HCl scavenger to give monomers 1-3. While monomer 1 was

an oil with low viscosity, 2 appeared honey-like and 3 as a solid wax. All monomers were analyzed

by NMR spectroscopy (the 1H, 13C, and 31P NMR spectra including the assignment of all peaks can

be found in the Supporting Information, Figures S13-S21).

Scheme 4.1: Synthesis of PE-like polyphosphoesters with different length of the aliphatic spacers

between the phosphate groups. A) Synthesis of long-chain alcohols for C30 and C40 polymers;

B) Synthesis of phosphate diene monomers and their ADMET polymerization and hydrogenation.

ADMET Polymerization and Hydrogenation. ADMET polymerizations were carried out with 1st

generation Grubbs catalyst. In order to obtain high precision polymers with defined spacing

between to defect groups, the 1st generation Grubbs catalyst is beneficial to the more reactive 2nd

generation Grubbs catalyst and the Hoveyda-Grubbs catalysts, as it disfavors olefin

isomerization.175 Still, olefin isomerization can occur at elevated temperatures while using 1st

generation Grubbs catalyst176, so we never exceeded 85 °C during the polymerizations. Monomer
1 was polymerized in the bulk at 65 to 85 °C for 48 h at high vacuum to remove evolving ethylene.

To remove the residual Ruthenium catalyst, the crude mixture was dissolved in CH2Cl2 and tris-

(hydroxymethyl) phosphine was added to form a water-soluble Ruthenium complex.177 Poly(2) was

isolated after washing with water and extraction with ethyl acetate. The ADMET polymerizations of
monomers 2 and 3 were carried out in solution with 1-chloronapthaline as a high-boiling solvent to
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enable agitation during the polymerization. The amount of solvent was kept low (concentration of

polymer ca. 750 mg/mL) to prevent the cyclization due to dilution.145 As the solvent evaporated

slowly under the high vacuum applied, solvent loss was counterbalanced by adding additional

solvent during the course of the reaction. The solution polymerizations were run for two days before
the polymerizations were terminated by dissolving the mixture in CH2Cl2 and adding an excess of

ethyl vinyl ether to generate the non-reactive Fischer carbene. The polymers were purified by
precipitation into methanol. The obtained honey-like C20 polymer, poly(1), revealed an apparent

molecular weight with a Mw of ca. 23,100 g mol-1 (by SEC, Mw/Mn = 2.5). Both polymers poly(2) and

poly(3) had a waxy appearance and apparent Mw’s of ca. 15,400 or 12,100 g mol-1, respectively

(Table 4.1). In the 1H NMR spectra, the resonances of the terminal olefins at 5.8 and 4.9 ppm

vanished (cf. Figures S22, S23, S26) and new signals at 5.4 ppm were detected, which were

assigned to the internal double bonds of the polymer. The resonances in the 31P NMR spectra
remained unchanged at 0.7 ppm (Figures S25, S28).

Table 4.1: Long-chain polyphosphates by ADMET polymerization.

Polymer
No. of CH2

groups

Mna

/ g mol-1

Mwa

/ g mol-
1

Mw/Mn a
Tgb

/ °C

Tmb

/ °C

ΔHb

/ J g-1

crystallinityc

/ %

poly(1) 20 9,300 23,100 2.5 -61 14 -35 n.d.

poly(2) 30 6,000 15,400 2.6 n.d. n.d. n.d. n.d.

poly(3) 40 4,500 12,100 2.7 n.d. n.d. n.d. n.d.

poly(1)-H 20 9,900 23,100 2.3 -47 51 -71 24

poly(2)-H 30 5,900 15,200 2.6 -39 62 -105 36

poly(3)-H 40 n.d. n.d. n.d. -38 91 -119 41

aDetermined by SEC. bDetermined by DSC. cRelative to 100% crystalline PE (ΔHm = -293 J g-1).

In general, ADMET polymerization produces unsaturated polymers with a mix of cis/trans double

bonds, which hinders crystallization.129 In order to obtain PE-like materials, we performed

hydrogenation of the polymers with either Pd/C or the Fischer carbene derivative of Grubbs catalyst
1st generation.103 The disappearance of the double bond signal at 5.4 ppm in the 1H NMR spectra

after the reaction confirmed the exhaustive hydrogenation of the polymers (Figures S29, S32, S35).
For poly(3)-H, a signal at 0.9 ppm in the range of –CH3 groups is detectable, most likely indicating

the presence of ethyl dihenicosyl phosphate, a side product during monomer synthesis. Molecular
weights of poly(1)-H and poly(2)-H determined by SEC in THF vs. polystyrene standards and were

in accordance with the values of the respective unsaturated polymers (cf. Figures S37, S38). SEC
measurements of poly(3)-H in THF were not possible due to the insolubility of the hydrogenated

polymer in the solvent for SEC.
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Solid State Characterization. In contrast to the oily or waxy unsaturated polymers, all

hydrogenated polymers were solid at room temperature. With increasing length of the aliphatic

spacer, the polymeric materials became harder, but all polymers showed a brittle deformation

behavior. By differential scanning calorimetry (DSC), the melting points and the crystallinity of
polymers poly(1)-H to poly(3)-H were determined. Theoretically, the lamellae thickness of the PE-

like crystallite is supposed to increase with an increase in the length of the aliphatic chain (equals

a decrease in the number of crystallization defects), resulting in higher melting points. As expected,
the melting points increased from 51 °C for poly(1)-H to 62 °C for poly(2)-H up to 91 °C (poly(3)-
H) (Figure 4.1). At the same time, the melting enthalpies ΔHm increased from -71 to -105 and -119

J g-1 (Table 4.1). By comparing ΔHm to ΔH of theoretical 100% crystalline polyethylene (ΔHm = 293

J g-1), the crystallinity of the synthesized polymers was estimated.132 Values for the semi-crystalline
polyphosphates ranged from 24% to 41% (Table 1). Glass transition temperatures (Tg) were below
room temperature, ranging from -47 °C to -38 °C. In the DSC thermogram of poly(3)-H, an

additional melting process at 80.5 °C was visible, which overlapped with the main melting peak at

91 °C. The pre-melting peak might be explained either by the presence of polymorphism or by co-

crystallization of long-chain impurities that could not be entirely removed during monomer synthesis

and polymer work-up. Additionally, melting and recrystallization cannot be excluded as a reason for

the additional melting peak. In general, the melting endotherms broadened from the C20 to the C40
polymer, indicating a larger distribution in crystallite sizes for poly(3)-H and poly(2)-H compared to

poly(1)-H.

Figure 4.1: DSC thermograms of poly(1)-H (left), poly(2)-H (middle) and poly(3)-H (right) (exo

up, heating and cooling rate 10 K min-1 (second run)).

The crystal morphologies of the polyphosphates were investigated combining wide and small-angle

X-ray scattering, atomic force microscopy and transmission electron microscopy. Figure 4.2

summarizes the information which is provided by each method. As all hydrogenated

polyphosphates were party crystalline, the bulk material consists of a crystalline and amorphous
region. Both solution-grown and melt-grown crystals were studied. By SAXS and TEM the thickness

of the long period, including both regions, can be determined from the melt-crystallized polymers.

The thickness of the lamellar crystal can be obtained by AFM (solution-grown crystals) and TEM

(melt-grown crystals), while the crystal structure within the lamellae is measured by WAXS (melt-

grown crystals), which gives the lattice constants.
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Figure 4.2: Schematic representation of polymer crystallization and information about the

morphologies of polyphosphates in the bulk or of solution-grown crystals obtained by SAXS,

WAXS, AFM, and TEM.

To investigate the crystal structure of the different polymers, x-ray diffraction (XRD) measurements

were performed. WAXS patterns indicated a change in crystal structure, as the length of the
aliphatic spacer was increased (Figure 4.3A). The XRD diffractogram of poly(1)-H revealed a single

peak at 21.5°, confirming a pseudo-hexagonal crystal structure.178 In contrast, the crystal structure
of poly(3)-H was found to be orthorhombic with two distinct reflections at 21.6° and 23.8°, similar

to linear polyethylene.179 For poly(2)-H, two overlapping reflections at 21.2° and 23.1° indicate a

transition from the pseudo-hexagonal and the orthorhombic crystal structure. Comparing the

different polymers, the intensity of the amorphous halo increases with the number of defects in the
polyethylene chain from poly(3)-H to poly(1)-H, which is in agreement with literature.165

SAXS measurements shows peaks at scattering vectors of 2.05, 1.27 and 0.87 nm-1 for the

polymers with 20, 30, and 40 CH2 , respectively (Figure 3B). Values for the long period were
obtained according to Bragg’s law using the scattering vector q. For the polymers poly(1)-H with

20 CH2 groups and poly(3)-H with 40 CH2-groups the long period was 3.1 nm and 7.2 nm,

respectively. In combination with the crystallinity extracted from the WAXS data, the crystal

thickness can be simply determined from the long period measurements obtained from SAXS

(Table S.4.1). Additionally, the topography of solution-grown crystals was measured by AFM. From

these measurements, the lamellar thickness was extracted, yielding thicknesses of 3.6 nm for
poly(1)-H (20 CH2), 4.9 nm for poly(2)-H, and 7.0 nm for poly(3)-H. Remarkably, these thicknesses

of solution-growth polymers correlate well with the long period obtained by SAXS for the bulk

polymers (Figure 4.4). In order to visualize the lamellar structure of the different polymers, additional

TEM examinations have been performed (Figure 3D). Here, the bulk crystallized polymer was

sectioned in order to achieve a cross section perpendicular to the crystals. Due to the RuO4 staining

the amorphous regions show a darker contrast compared to the crystal region. The micrographs

allow to determine the crystal thickness as well as the long period. All values obtained by WAXS,

SAXS, AFM, and TEM measurements (Figure 4.3) are listed in Table S4.1.
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Figure 4.3: Solid-state characterization of polyethylene-like PPEs. A) Wide and B) small X-ray

diffractograms; C), atomic force microscopy images; D) and corresponding lamellar morphologies
using TEM of poly(7)-H (left), poly(8)-H (middle) and poly(9)-H (right) The micrographs display a

cross section perpendicular to the lamellae, so the crystal- and amorphous thickness of the

crystals is visualized.  (WAXS, SAXS and TEM data were obtained from bulk polymer samples ,

AFM measurement fromsolution-growth crystals).

Theoretically, a fully crystalline polyethylene segment of 20 CH2 groups in an all-trans conformation

would have a length of 2.5 nm. Accordingly, 30 CH2 groups stretch to 3.8 nm and 40 CH2 groups

to 5.1 nm. The theoretical crystal thickness is displayed in Figure 4.4 (dashed line). TEM

measurements of stained sections of annealed polymer samples provided the crystal thickness for

the bulk crystallization with 1.1, 2.2, and 3.1 nm for polymers with 20, 30, and 40 CH2-groups,
respectively. As these values are lower than the theoretical numbers, it is likely that despite some

incorporated defects, also a considerable part of the CH2-groups was necessary for the formation
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of the adjacent reentry. This correlates well as the crystallinity of the PPEs was calculated to be
between 26 and 41% (assuming ΔHm for PE) and increase with increasing spacer length.
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Figure 4.4: Graphical representation of crystal parameters for PE-like PPEs determined by

different methods (data listed in Table S4.1).

The combination of several methods, including WAXS, SAXS, AFM, and TEM helps to understand

crystallization of all three polymers and to elucidate the differences between their crystal structures

and morphologies. Theoretically, an addition of every 20 CH2 groups in aliphatic segment in ideal

case would lead to an increase of the lamallae thickness by 2.5 nm. However, the obtained

difference was determined as 4.1 nm instead of 2.5 nm and cannot be explained by the difference

in the length of polymer chain segments alone. The combination of the density of crystal packing
and the amorphous/loop region might be a reason for the higher values. Also, the data indicates,

that there is not necessarily a perfect arrangement with an adjacent reentry model, but instead a

part of polymer chain segments might be expelled to the amorphous phase during the bulk

crystallization. By extrapolation of data for the thickness of the crystalline part, we can evaluate

theoretically minimal amount of CH2-units, which is necessary for the existence of a crystalline part

in the polymer, which is equal to 9 CH2-units (Figure S4.46). For polymers with a lower number of

CH2 units between the defects, the length of aliphatic part would not be enough for both formation

of loop and crystallization.

There are different models of polymer chain arrangement depending of polymer structure and

crystallization conditions. In bulk, polymer chains are rather folding according to a random reentry
or the so-called “switchboard” model.180, 181 This model was first proposed by Flory and consists of

chains randomly folding back into the same lamella or participating in adjoining lamellae. However,

for solution-grown single monolayer polymer crystals the most preferable chain-folding model is the

adjacent reentry. This model is characterized by sharp phase boundary between the crystal and
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the amorphous phase.182 The position of reentry of the chains is the adjacent neighbor with only a

few exceptions due to multiple nucleation and chain-end defects. However, for the polymers studied

herein, even for solution-grown crystals, a considerable part of polymer chain will probably not

follow the perfect reentry model, but these segments are expelled from crystal phase. This explains,
why even solution crystallization gives a lamellar thickness larger than expected for the respective

defect distance. In general, the obtained values for lamellar thickness from AFM and SAXS

techniques show only minor differences, although the crystals were prepared following different

procedures in bulk and in solution. Thus, we can claim that the phosphate defects confine the

lamellae thickness, regardless the way of crystallization. Thus, for similar systems of PE-like

polymers, data for crystal and lamellae thickness could be obtained in simplified manner in the

future by using a single analysis method.

4.4. Experimental Section

Materials. All available reagents were purchased from Sigma Aldrich, Alfa Aesar, Acros Organics

or TCI and were used without further purification unless otherwise stated. Deuterated solvents were

purchased from Sigma Aldrich.

Instrumentation and Characterization Techniques. Thin layer chromatography (TLC) was

performed using Merck aluminium-foil baked plates precoated with Kieselgel 60 F245. The products

were visualized using UV fluorescence (254 nm) or potassium permanganate stain. Flash column

chromatography was performed over Merck silica gel C60 (40-60 μm) using eluent systems as

described for each experiment. Size exclusion chromatography (SEC) measurements were

performed in THF on an Agilent Technologies 1260 instrument consisting of an autosampler, pump

and column oven. The column set consists of  3 columns: SDV 106 Å, SDV 104 Å, and SDV 500Å

(PSS Standards Service GmbH, Mainz, Germany), all of  300 x 8 mm and 10µm average particle
size were used at a flow rate of 1.0 mL/min and a column temperature of 30 °C. The injection

volume was 100 μL. Detection was accomplished with an RI detector (Agilent Technologies). The

data acquisition and evaluation were performed using PSS WINGPC UniChrom (PSS Polymer

Standards Service GmbH, Mainz, Germany). Calibration was carried out by using polystyrene

provided by PSS Polymer Standards Service GmbH (Mainz, Germany). For nuclear magnetic

resonance (NMR) analysis 1H, 13C and 31P NMR spectra of the monomers were recorded on a

Bruker AVANCE III 300, 400, 500 or 700 MHz spectrometer. All spectra were measured in CDCl3
at 298 K. The spectra were calibrated against the solvent signal and analyzed using MestReNova
14.1.0. (Mestrelab Research S.L). The thermal properties of the synthesized polymers have been

measured by differential scanning calorimetry (DSC) on a Mettler Toledo DSC 823 calorimeter.

Three scanning cycles of heating/cooling were performed in a nitrogen atmosphere (30 mL/min)

with a heating and cooling rate of 10 °C/min. The heating rate was 10 °C/min in a range of

temperature between -100 and 180 °C. For wide-angle X-ray scattering (WAXS) experiments were

performed using a Philips PW1820 powder diffractometer with Cu radiation (wavelength 1.5418 Å)
for poly(1)-H and a Rigaku SmartLab powder diffractometer with Cu radiation for poly(2)-H and
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poly(3)-H. Small-angle X-ray scattering (SAXS) experiments were performed on a home-built

device.183 The crystal morphology, thickness, and crystal structure were determined using an FEI

Tecnai F20 transmission electron microscope operated at an acceleration voltage of 200 kV. Bright

field (BF) and energy-filtered transmission electron microscopy (EFTEM) techniques were used for
measurements. AFM measurements were performed using a Dimension Icon FS with tapping

mode. For the measurements, one droplet of the dispersion containing the solution-grown crystals

was dropped onto a freshly cleaved mica substrate, and excess liquid was blotted off with the edge

of a filter paper.

Sample Preparation. Both solution- and melt-crystallization methods were used for sample

preparation. To prepare solution-grown crystals, the polymer was dissolved in hot n-octane at a

concentration of 0.05 wt%. The solution was kept in a temperature-controlled oil bath, whereby the

change of the temperature was controlled by the change of the oil bath. After full dissolution, the

solution was slowly cooled down to room temperature for crystallization. Afterwards, one droplet of

the dispersion was dropped onto a carbon-coated grid for further TEM measurement.

For the melt-grown crystals, the samples were annealed in the oven at the temperature 5 degrees

below the melting point for 2 days and slowly cooled down to room temperature. For TEM

examination the melt crystallized bulk samples were prepared using ultramicrotomy. The samples
were  embedded in epoxy resinand subsequently sectioned  at room temperature using a Leica

ultracut UCT. To decrease the compression of the sample, a 35° DiATOME ultrasonic oscillating

diamond knife was used for sectioning. The thin sections were collected on the copper grids and

subsequently RuO4 stained for 24 h.

Synthetic Procedures. All reactions were performed under an Argon atmosphere otherwise

stated.

Synthesis of bis-(undec-10-en-1-yl) ethylphosphate (1): Ethyl dichlorophosphate (120 g, 0.74 mol)

was charged in a 1000 mL Schlenk flask, equipped with a stirring bar and dropping funnel. Under

an Argon atmosphere, dry CH2Cl2 (150 mL) was added as a solvent before cooling the solution to

0 °C with an ice bath. 10-Undecen-1-ol (266 mL, 1.33 mol) and NEt3 (184 mL, 1.33 mol, 1.8 eq.)
were dissolved in 50 mL dry CH2Cl2 and were added dropwise over a period of 1 h via the dropping

funnel. After completion of the addition, 0.01 equivalents of 4-N,N- dimethylaminopyridine (0.9 g,

7.37 mmol) was added and the reaction was stirred overnight at room temperature. The crude
reaction mixture was concentrated at reduced pressure, dissolved in diethyl ether and filtered. The

organic phase was washed twice with 10 % aqueous hydrochloric acid (HCl) solution and twice with

brine. The organic layer was dried over sodium sulfate, filtered and then concentrated at reduced

pressure. Purification by chromatography over neutral alumina using dichloromethane as eluent
gave a clear yellowish liquid (yield: 53 %, Rf(AlOx): 0.5 (PE/EtOAc = 8/2)). 1H NMR (250 MHz,

CDCl3, 298 K): δ = 5.79  (ddt,  J1= 16.9 Hz, J2 = 10.2 Hz, J3 = 6.7 Hz, 2H, CH2=CH-), 5.06-4.87

(m, 4H, CH2=CH-), 4.18-3.94 (m, 6H, -OPO3-CH2-), 2,06-1.98 (m, 4H, =CH-CH2-), 1.70-1.63 (m,
4H, -OPO3-CH2-CH2-), 1.38-1.27 ppm (m, 27H). 13C NMR (176 MHz, CDCl3, 298 K): δ = 139.27,
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114.25, 67.78, 63.76, 33.91, 30.41, 29.54, 29.23, 29.03, 25.56, 16.30 ppm. 31P NMR (283 MHz,

CDCl3, 298 K): δ = -0.71 ppm.

Synthesis of 5-(Benzyloxy)pentyl-4-methylbenzenesulfonate (2a): 2a was synthesised following a

literature procedure:184 5-benzyloxypentanol (3.85 mL, 20 mmol) was dissolved in 40 mL anhydrous

CH2Cl2 (0.5 M) at room temperature and triethylamine (4.18 mL, 30 mmol), tosyl chloride (4.19 g,

22 mmol) and 4-dimethylaminopyridine (122 mg, 1 mmol) were added successively. The reaction

was stirred at room temperature for 16 h, after which it was diluted with CH2Cl2 (100 mL), washed
with NaHCO3(aq), water and brine. The organic layer was dried over MgSO4, filtered and
concentrated in vacuo. Purification by silica flash column chromatography (eluent: 20% ethyl

acetate in petroleum ether 40/60) afforded 5.82 g (84% yield) of the title compound as a pale-yellow
solid. NMR data matched that recorded in the literature:185 1H NMR (300 MHz, CDCl3) δ 7.78 (d, J

= 8.0 Hz, 2H), 7.37 – 7.27 (m, 7H), 4.50 – 4.45 (m, 2H), 4.01 (t, J = 6.5 Hz, 2H), 3.42 (t, J = 6.5 Hz,

2H), 2.41 (s, 3H), 1.72 – 1.49 (m, 5H), 1.46 – 1.35 (m, 2H); 13C NMR (75 MHz, CDCl3) δ 144.6,

138.4, 133.0, 129.7, 128.2, 127.7, 127.5, 127.4, 72.7, 70.4, 69.8, 28.9, 28.5, 22.0, 21.5.

Synthesis of hexadec-15-enyloxymethyl-benzene (2b): 2b was synthesised following a literature

procedure:184 The Grignard reagent 1-undecene-11-methylmagnesium bromide was synthesised

by refluxing 11-bromo-1-undecene (4.7 mL, 21 mmol) and one bead of iodine over Mg turnings
(613 mg, 25.2 mmol) in anhydrous THF (32 mL) for 2 h, after which the reaction was allowed to

cool to room temperature. The Grignard solution was then cooled to –78° C and 5-
(benzyloxy)pentyl-4-methylbenzenesulfonate 1 (2.3 g, 6.6 mmol) in anhydrous THF (6 mL) was

added dropwise, followed by Li2CuCl4 (0.1 M in THF, 1.9 mL, 0.19 mmol). The reaction was warmed

to room temperature and stirred overnight, after which it was quenched with NH4Cl(aq) and extracted

with ethyl acetate. The combined organic fractions were washed with water, NaHCO3(aq) and brine,
dried over MgSO4, filtered and concentrated in vacuo. Purification by silica flash column

chromatography (eluent: petroleum ether 40/60 to 20% ethyl acetate in petroleum ether 40/60)
afforded 2.2 g (95% yield) of the title compound as a yellow oil. When the reaction was scaled up

to 20 mmol, 5.61 g (85% yield) of the title compound were isolated, in addition to 0.79 g (15% yield)
of compound 2c. 1H NMR (300 MHz, CDCl3) δ 7. 41 – 7.31 (m, 5H), 5.89 (ddt, J = 17.0, 10.0, 6.5

Hz, 1H), 5.16 – 4.93 (m, 2H), 4.57 (s, 2H), 3.54 (t, J = 6.5 Hz, 2H), 2.15 – 2.09 (m, 2H), 1.74 – 1.65

(m, 2H), 1.37 (m, 22H); 13C NMR (75 MHz, CDCl3) δ 139.2, 138.8, 128.4, 127.6, 127.5, 114.2, 72.9,

70.6, 33.9, 29.9, 29.8, 29.7, 29.6, 29.6, 29.3, 29.1, 26.3. APCI MS: m/z = 643.3 [2M+Na]+.

Synthesis of hexadec-15-en-1-ol (2c): 2c was synthesised following a modified literature

procedure:184 Hexadec-15-enyloxymethyl-benzene 2b (3.0 g, 9.1 mmol) was dissolved in CH2Cl2
(45 mL) and cooled to –78° C. BCl3 (1 M in DCM, 20 mL, 20 mmol) was added dropwise, the

reaction was brought to room temperature and stirred for 30 min. (Caution: The addition of BCl3
was straightforward on a small scale, however in this larger scale reaction large amounts of HCl

gas were released.) The mixture was then cooled to 0° C and quenched very carefully with H2O.

The crude reaction mixture was extracted with CH2Cl2, and the combined organics were washed
with H2O and brine, dried over MgSO4, filtered and concentrated in vacuo. Purification by silica flash
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column chromatography (eluent: 10% acetone in petroleum ether 30/40) afforded 2.1 g (97% yield)

of the title compound as a yellow solid. NMR data matched that recorded in the literature:186 1H
NMR (250 MHz, CDCl3) δ 5.81 (ddt, J = 17.0, 10.0, 6.5 Hz, 1H), 5.14 – 4.85 (m, 2H), 3.64 (t, J =

6.5 Hz, 2H), 2.08 – 2.00 (m, 2H), 1.63 – 1.49 (m, 2H), 1.41 – 0.89 (m, 22H); 13C NMR (75 MHz,
CDCl3) δ 139.3, 114.2, 62.9, 33.9, 32.8, 29.7, 29.7, 29.6, 29.5, 29.2, 29.0, 25.8.

Synthesis of ethyl di(hexadec-15-en-1-yl) phosphate (2): 2 was synthesised following a literature

procedure:187 Ethyl dichlorophosphate (0.22 mL, 1.8 mmol) was dissolved in CH2Cl2 (12 mL) and
cooled to 0° C. 2c  (961 mg, 4 mmol) and pyridine (0.32 mL, 4 mmol) were added successively and

the reaction was stirred overnight at room temperature. The crude mixture was diluted with Et2O

and washed with 10% HCl. The organic fraction was dried over MgSO4, filtered and concentrated
in vacuo. The crude product was filtered over neutral alumina (eluting with large amounts of CH2Cl2)

to afford 550 mg (53% yield) of the title compound as a yellow oil. 1H NMR (300 MHz, CDCl3) δ
5.81 (ddt, J = 17.0, 10.0, 6.5 Hz, 2H), 4.95 (dd, J = 19.0, 13.5 Hz, 4H), 4.16 – 3.99 (m, 6H), 2.07 –

2.00 (m, 4H), 1.77 – 1.62 (m, 4H), 1.40 – 1.21 (m, 47H); 13C NMR (75 MHz, CDCl3) δ 139.0, 114.1,
67.6 (d, J = 6.0 Hz), 63.5 (d, J = 6.0 Hz), 33.7, 30.2 (d, J = 7.0 Hz), 29.6, 29.6, 29.5, 29.5, 29.4,

29.3, 29.1, 29.1, 29.0, 28.9, 25.4, 16.1 (d, J = 6.5 Hz); 31P NMR (121 MHz, CDCl3) δ –0.83. APCI

MS: m/z = 571.1 [M+H]+.

Synthesis of 2-octadecyn-1-ol (3a): 3a was synthesised following a modified literature procedure:188

To a solution of 3-tetrahydropyranyloxy-1-propyne (2.81 mL, 20 mmol) in anhydrous THF (20 mL,
1.0 M) at 0° C was added nBuLi (1.6 M in Hexanes, 14.4 mL, 24 mmol) dropwise. A solution of 1-

bromooactadecane (7.67 g, 23 mmol) in anhydrous DMPU/Hexanes (40 mL / 5 mL) was added at

0° C. The reaction was allowed to warm to room temperature and stirred for 1.5 h, after which it

was quenched with NH4Cl(aq) and extracted with petroleum ether 30/40. The combined organic
fractions were washed with H2O, dried over MgSO4, filtered and concentrated in vacuo. The crude

reaction mixture was re-dissolved in methanol (50 mL), conc. HCl (1.0 mL) was added and the
reaction was stirred at room temperature overnight. The reaction was poured into ice-cold water
and extracted with diethyl ether. The organics were dried over MgSO4, filtered and concentrated in

vacuo. Recrystallization from hot CH2Cl2 afforded 5.92 g (83% yield) of the title compound as a

white solid. NMR data matched that recorded in the literature:188 1H NMR (250 MHz, CDCl3) δ 4.24
(t, J = 2.5 Hz, 2H), 2.29 – 2.13 (m, 2H), 1.54 – 1.45 (m, 3H), 1.40 – 1.22 (m, 29H), 0.88 (t, J = 6.5

Hz, 3H); 13C NMR (75 MHz, CDCl3) δ 86.9, 78.4, 51.6, 32.1, 29.7 – 29.9 (m), 29.7, 29.5, 29.3, 29.0,

28.8, 22.8, 18.9, 14.3.

Synthesis of 20-henicosyn-1-ol (3b): 3b was synthesised following a slightly modified literature

procedure:189 To freshly distilled ethylene diamine (24 mL) at 0° C was added NaH (60% in mineral

oil, 2.4 g, 60 mmol) and the mixture was stirred at room temperature for 1 h. The reaction was
slowly warmed to 60° C and stirred for 2 h. The deep blue mixture was cooled to 45° C and 2-
octadecyn-1-ol 3a (3.7 g, 12 mmol) was slowly added. After addition, the reaction was heated to

70° C and stirred overnight. The mixture was then cooled to 0° C, diluted with water and neutralised

with conc. HCl. The crude product was extracted into CH2Cl2 and the combined organic layers were
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washed with 1M HCl and brine, dried over MgSO4, filtered and concentrated in vacuo. Purification

by silica flash column chromatography (gradient: petroleum ether 40/60 to 20% acetone in

petroleum ether 40/60) followed by recrystallization afforded 3.15 g (85% yield) of the title
compound as a white, fluffy solid. 1H NMR (300 MHz, CDCl3) δ 3.64 (t, J = 6.5 Hz, 2H), 2.17 (td, J

= 7.0, 2.5 Hz, 2H), 2.12 (br, 1H, OH), 1.93 (t, J = 2.5 Hz, 1H), 1.59 – 1.47 (m, 4H), 1.34 – 1.23 (m,

30H); 13C NMR (75 MHz, CDCl3) δ 85.0, 68.2, 63.2, 32.8, 29.8 (m), 29.8, 29.7, 29.6, 29.3, 28.9,

28.6, 25.9, 18.5.

Synthesis of 20-henicosen-1-ol (3c): To a solution of 3b (1.03 g, 3.3 mmol) in ethanol (80 mL) at 0°

C was added Lindlar’s catalyst (6 mg, 1 mol%). The reaction was stirred under an atmosphere of

H2 (balloon) for 3 h, after which the flask was purged with N2 and the reaction was filtered over
Celite. The solvent was removed in vacuo and the crude product was recrystallized from hot CH2Cl2
to afford 1.02 g (98% yield) of the title compound as a white solid. 1H NMR (300 MHz, CDCl3) δ
5.81 (ddt, J = 17.0, 10.0, 6.5 Hz, 1H), 5.07 – 4.85 (m, 2H), 3.64 (t, J = 6.5 Hz, 2H), 2.07 – 2.00 (m,

2H), 1.85 (br, 1H, OH), 1.59 – 1.52 (m, 2H), 1.40 – 1.25 (m, 30H), 0.90 – 0.82 (m, 2H); 13C NMR

(75 MHz, CDCl3) δ 139.4, 114.2, 63.2, 34.0, 32.9, 29.8 (m), 29.8, 29.7, 29.6, 29.3, 29.1, 25.9. APCI

MS: m/z = 313.1 [M-H2O+H]+.

Synthesis of ethyl di(henicos-20-en-1-yl) phosphate (3): 3 was synthesised following a literature

procedure:187 Ethyl dichlorophosphate (0.11 mL, 0.94 mmol) was dissolved in CH2Cl2 (10 mL) and
cooled to 0° C. 3c  (610 mg, 1.96 mmol) and pyridine (0.16 mL, 2.96 mmol) were added

successively and the reaction was stirred overnight at room temperature. The crude mixture was

diluted with diethyl ether and washed with 10% HCl. The organic fraction was dried over MgSO4,
filtered and concentrated in vacuo. The crude product was filtered over neutral alumina (eluting with

large amounts of CH2Cl2) to afford 260 mg (39% yield) of the title compound as a white solid. 1H
NMR (300 MHz, CDCl3) δ 5.77 (tt, J = 16.5, 7.0 Hz, 2H), 4.97 – 4.86 (m, 4H), 4.09 – 3.96 (m, 6H),

2.01 – 1.96 (m, 4H), 1.66 – 1.61 (m, 4H), 1.42 – 1.07 (m, 60H), 0.86 – 0.82 (m, 4H); 13C NMR (75
MHz, CDCl3) δ 139.2, 114.1, 67.7 (d, J = 6.0 Hz), 63.6 (d, J = 6.0 Hz), 33.9, 30.4 (d, J = 7.0 Hz),

29.8 – 29. 7 (m), 29.6, 29. 2, 29.0, 25.5, 16.2 (d, J = 6.5 Hz); 31P NMR (121 MHz, CDCl3) δ = –0.74.

APCI MS: m/z = 711.3 [M+H]+.

Procedure for ADMET polymerization in bulk (poly(1)): Monomer 1 (30 g, 0.16 mol) and the Grubbs

catalyst 1st generation (0.3 mol%) were mixed in a vacuum reactor with a mechanical stirrer under

an argon atmosphere. The polymerization was carried out at reduced pressure, first with a

membrane pump at 50 mbar for 5 h, then with an oil pump (0.07 mbar) at 65 °C for 1 h and 85 °C

for 48 h. The crude mixture was allowed to cool down to room temperature, then dissolved in CH2Cl2
and treated with tris-(hydroxymethyl) phosphine (10 eq with respect to the catalyst) and 2 mL of

Et3N. After stirring for 1 h water was added in the same volume to the organic phase and the solution
was stirred overnight. The organic layer was washed twice with a mixture of 100 mL 5 % aqueous

HCl and 100 mL brine and then washed twice with brine. The aqueous layer was extracted with

ethyl acetate several times. The organic phase was dried over sodium sulfate (Na2SO4), filtered

and dried at reduced pressure. (yield: 93 %). 1H NMR (250 MHz, CDCl3) δ = 5.53-5.27 (m, 2H),
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4.21-3.90 (m, 6H), 2.13-1.85 (m, 2H), 1.75-1.53 (m, 2H), 1.48-1.16 ppm (m, 27H). 13C NMR

(125 MHz, CDCl3): δ = 130.32, 130.30, 130.26, 129.87, 129.83, 129.79, 67.65, 63.58, 32,61, 30.30,

29.65, 29.62, 29.49, 29.43, 29.38, 29.16, 25.46, 16.17 ppm. 31P NMR (202 MHz, CDCl3): δ = -0.71

ppm.

Procedure for ADMET solution polymerization (poly(2)/poly(3)): A 25 mL Schlenk tube was

charged with the monomer (230 mg) and 1-chloronapthalin as a solvent (300 µL, ca. 150 wt%). The

solution was degassed by three consecutive Argon/vacuum cycles. Grubbs catalyst 1st generation
(6.5 mg, 0.02 eq) was added under an Argon stream and the Schlenk tube was placed in an oil

bath at 60 °C. High vacuum (2 x 10-2 mbar) was applied to remove the evolving ethylene and the

solution was kept stirring overnight. After 17 h, the brown reaction mixture solidified and was

dissolved in 300 µL 1-chloronapthalin before the addition of a second portion of the Grubbs catalyst.

After another 24 h at 60 °C and 2 x 10-2 mbar, the reaction mixture was cooled to room temperature

and 100 µL ethyl vinyl ether were added to cleave the catalyst of the polymer chain and 1 mL CH2Cl2
to dissolve the polymer. Precipitation into methanol gave a solid but soft polymer of light brown
color.

Poly(2): Yield: 142 mg, 65%. 1H NMR (300 MHz, CDCl3) δ = 5.37 (m, J = 6.7, 5.3 Hz, 2H), 4.06 (m,

6H), 1.98 (m, 4H), 1.67 (m, 4H), 1.53-1.03 (m, 47H). 13C NMR (75 MHz, CDCl3) δ = 130.33, 118.16,
67.68, 63.60, 32.62, 30.31, 29.96, 28.84, 25.46, 16.17. 31P NMR (121 MHz, CDCl3): δ = -0.70 ppm.

Poly(3): Yield: 109 mg, 76%. 1H NMR (300 MHz, CDCl3) δ 5.37 (m, 2H), 4.07 (m, 6H), 2.14 – 1.85

(m, 4H), 1.67 (m, 4H), 1.52 – 1.01 (m, 59H), 0.85 (m, 8H). 31P NMR (121 MHz, CDCl3): δ = -0.70
ppm.

Hydrogenation of poly(1)-H: A Schlenk flask was charged with poly(1) and dissolved in toluene

(ca. 12 wt%). The air was removed by reduced pressure and flushed with argon. 10 wt% of 5%

Pd/C catalyst was added followed by removing the argon by reduced pressure and flushing with

hydrogen by a balloon. Then via septum and syringe hydrogen was bubbled into the solution.

Hydrogenation was then performed with a hydrogen balloon under vigorous stirring at room

temperature until NMR showed no signals of double bonds. The solution was filtered over celite

and the polymer was obtained as a solid after solvent evaporation with a yield of 89 %. 1H NMR
(300 MHz, CDCl3, 298 K): δ = 4.23-3.91 (m, 6H, -OPO3-CH2-), 1.82-1.58 (m, 4H -OPO3-CH2-CH2-

), 1.31-1.22 ppm (m, 37H). 13C NMR (176 MHz, CDCl3, 24 °C): δ = 67.73, 63.65, 30.37, 29.78,
29.73, 29.68, 29.23 25.53, 16.23 ppm. 31P NMR (283 MHz, CDCl3, 298 K): δ = -0.74 ppm.

Hydrogenation of poly(2)-H: Poly(2) (120 mg) was dissolved in 10 mL toluene in a glass vessel.

Argon was bubbled through the solution for 5 min to degas the solution before the addition of 10wt%

Pd/C (30 mg). Then the glass vessel was charged into a 250 mL ROTH autoclave and the system

was flushed twice with hydrogen. The hydrogenation was performed at 50 °C and 60 bar H2 for 40

h. After filtration with a Merck Teflon filter the solvent was removed under reduced pressure to yield

the off-white polymer with a yield of 88%. 1H NMR (300 MHz, CDCl3) δ = 4.06 (m, 6H), 1.67 (m,
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4H), 1.52-1.07 (m, 55H). 13C NMR (75 MHz, CDCl3) δ = 118.17, 67.69, 63.60, 30.31, 30.07, 29.37,

29.17, 25.46, 16.16. 31P NMR (121 MHz, CDCl3): δ = -0.72 ppm.

Hydrogenation of poly(3)-H: The hydrogenation was performed under homogenous conditions

using a Grubbs catalyst 1st generation modified with ethyl vinyl ether as the catalyst.103 In a glass
vessel, poly(9) (76 mg) was dissolved in 10 mL toluene and Argon was bubbled through the solution

for 5 min. Upon addition of the catalyst (15 mg), the solution changed its color to orange. The

hydrogenation was performed in a 250 mL ROTH autoclave. The system was flushed twice with
hydrogen, afterwards the hydrogenation was performed at 60 °C and 80 bar H2 overnight. After

14 h, the completion of the reaction was confirmed by 1H NMR. The now dark brown solution was
concentrated in vacuo before precipitating into cold methanol to yield an off-white solid material

(80% yield). 1H NMR (300 MHz,CDCl3) δ = 4.07 (m, 6H), 1.84 – 1.48 (m, 4H), 1.45-1.08 (m, 63H),

0.97 – 0.68 (m, 12H). 31P NMR (121 MHz, CDCl3) δ = -0.71.

4.5. Conclusion

We report on a “defect engineering” approach using PE-like polyphosphates with varying amount

of phosphate defects in the aliphatic polymer backbone to control the crystal structure and lamellar
thickness of polymer crystals. Three different α,ω-diene monomers with identical phosphate groups

but different aliphatic spacer length were synthesized for acyclic diene metathesis polymerization.

Linear polyphosphates with 20, 30, or 40 CH2-groups between each phosphate group and

molecular weights up to 23,100 g mol-1 were obtained after polymerization. Post-polymerization

hydrogenation yielded solid, polyethylene-like materials. The polymers were crystallized both in

bulk and from solution. With the phosphate side chain being identical for all three polymers,

differences in crystal structure and morphology as well as thermal properties relied only on length

of the aliphatic spacers. Melting temperatures increased with increasing length of the aliphatic
spacer segment up to 91 °C for the polymer with 40 methylene groups. A change from a pseudo-

hexagonal to an orthorhombic crystal structure was observed by WAXS with a decrease of

phosphate defects in the polymer chains, i.e. increasing similarity to polyethylene. A combination

of WAXS, SAXS, AFM, and TEM revealed an increase in lamellar and crystal thickness with

increasing length of the aliphatic spacer. Following our synthesis approach, different functionalities

could be added to the polymers by varying the side chain of the phosphate group in the future. The

synthesized PE-like polyphosphates with precisely engineered lamellar crystals thicknesses show

potential for applications where distinct spacing on a nanometer scale is advantageous, e.g. for
electronics, or as highly functional and anisotropic polymer colloids.
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4.7. Supporting Information

Tables

Table S4.1: Thickness of polymer lamellae of solution-grown polymer platelets and bulk

polyphosphates with varying distance between the phosphate groups determined by wide and small
X-ray diffractograms, AFM, and TEM (values in nm).

Method C20 C30 C40

Theoretical crystal thickness, all trans

conformation
2.5 3.8 5.1

SAXS, bulk long period 3.1 4.8 7.2

TEM, bulk long period 3.1 4.7 7.3

AFM, single crystal thickness 3.6 4.9 7.0

DSC and AFM, thickness of crystalline part 1.0 1.8 2.8

TEM, thickness of crystalline part 1.1 2.2 3.1

1H, 13C, 31P NMR spectra

Monomer NMR spectra

5-(Benzyloxy)pentyl-4-methylbenzenesulfonate (2a)

Figure S4.1: 1H NMR spectrum of 2a in CDCl3 at 300 MHz at 298 K.
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0102030405060708090100110120130140150
chemica l shift / ppm

Figure S4.2: 13C NMR spectrum of 2a in CDCl3 at 75 MHz at 298 K.

Hexadec-15-enyloxymethyl-benzene (2b)

Figure S4.3: 1H NMR spectrum of 2b in CDCl3 at 300 MHz at 298 K.
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102030405060708090100110120130140150
chemical shift / ppm

Figure S4.4: 13C NMR spectrum of 2b in CDCl3 at 75 MHz at 298 K.

Hexadec-15-en-1-ol (2c)

 Figure S4.5: 1H NMR spectrum of 2c in CDCl3 at 300 MHz at 298 K.
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102030405060708090100110120130140150160
chemical shift / ppm

Figure S4.6: 13C NMR spectrum of 2c in CDCl3 at 75 MHz at 298 K.

2-Octadecyn-1-ol (3a)

Figure S4.7: 1H NMR spectrum of 3a in CDCl3 at 300 MHz at 298 K.
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102030405060708090100110120130140150160170
chemical shift / ppm

Figure S4.8: 13C NMR spectrum of 3a in CDCl3 at 75 MHz at 298 K.

20-Henicosyn-1-ol (3b)

Figure S4.9: 1H NMR spectrum of 3b in CDCl3 at 300 MHz at 298 K.
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Figure S4.10: 13C NMR spectrum of 3b in CDCl3 at 75 MHz at 298 K.

20-Henicosen-1-ol (3c)

Figure S4.11: 1H NMR spectrum of 3c in CDCl3 at 300 MHz at 298 K.
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0102030405060708090100110120130140150160170
chemical shift / ppm

Figure S4.12: 13C NMR spectrum of 3c in CDCl3 at 75 MHz at 298 K.

Bis-(undec-10-en-1-yl) ethylphosphate (1)

Figure S4.13: 1H NMR spectrum of 1 in CDCl3 at 300 MHz at 298 K.
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Figure S4.14: 13C NMR spectrum of 1 in CDCl3 at 75 MHz at 298 K.

Figure S4.15: 31P NMR spectrum of 1 in CDCl3 at 121 MHz at 298 K.
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Ethyl di(hexadec-15-en-1-yl) phosphate (2)

Figure S4.16: 1H NMR spectrum of 2 in CDCl3 at 300 MHz at 298 K.

0102030405060708090100110120130140150160
chemical shift / ppm

Figure S4.17: 13C NMR spectrum of 2 in CDCl3 at 75 MHz at 298 K.
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-10-9-8-7-6-5-4-3-2-1012345678910
chemical shift / ppm

Figure S4.18: 31P NMR spectrum of 2 in CDCl3 at 121 MHz at 298 K.

Ethyl di(henicos-20-en-1-yl) phosphate (3)

Figure S4.19: 1H NMR spectrum of 3 in CDCl3 at 300 MHz at 298 K.
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Figure S4.20: 13C NMR spectrum of 3 in CDCl3 at 75 MHz at 298 K.

Figure S4.21: 31P NMR spectrum of 3 in CDCl3 at 121 MHz at 298 K.
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Polymer NMR spectra

Figure S4.22: 1H NMR spectrum of poly(1) in CDCl3 at 300 MHz at 298 K.

Figure S4.23: 1H NMR spectrum of poly(2) in CDCl3 at 300 MHz at 298 K.
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Figure S4.24: 13C NMR spectrum of poly(2) in CDCl3 at 75 MHz at 298 K.

Figure S4.25: 31P NMR spectrum of poly(2) in CDCl3 at 121 MHz at 298 K.
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Figure S4.26: 1H NMR spectrum of poly(3) in CDCl3 at 300 MHz at 298 K.

-101030507090110130150170190210
chemical shift / ppm

Figure S4.27: 13C NMR spectrum of poly(3) in CDCl3 at 75 MHz at 298 K.
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-11-9-7-5-3-11357911
chemical shift / ppm

Figure S4.28: 31P NMR spectrum of poly(3) in CDCl3 at 121 MHz at 298 K.

Figure S4.29: 1H NMR spectrum of poly(1)-H in CDCl3 at 300 MHz at 298 K.
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Figure S4.30: 13C NMR spectrum of poly(1)-H in CDCl3 at 75 MHz at 298 K.

Figure S4.31: 31P NMR spectrum of poly(1)-H in CDCl3 at 121 MHz at 298 K.
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Figure S4.32: 1H NMR spectrum of poly(2)-H in CDCl3 at 300 MHz at 298 K.

102030405060708090100110120130140150160170
chemical shift / ppm

Figure S4.33: 13C NMR spectrum of poly(2)-H in CDCl3 at 75 MHz at 298 K.
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-10-9-8-7-6-5-4-3-2-101234567891011
chemical shift / ppm

Figure S4.34: 31P NMR spectrum of poly(2)-H in CDCl3 at 121 MHz at 298 K.

Figure S4.35: 1H NMR spectrum of poly(3)-H in CDCl3 at 300 MHz at 298 K.
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-11-9-7-5-3-11357911
chemical shift / ppm

Figure S4.36: 31P NMR spectrum of poly(3)-H in CDCl3 at 121 MHz at 298 K.

Mass spectrometry

Figure S4.37: Mass spectrogram of 2b (atmospheric-pressure chemical ionization).

Figure S4.38: Mass spectrogram of 2 (atmospheric-pressure chemical ionization).
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Figure S4.39: Mass spectrogram of 3c (atmospheric-pressure chemical ionization).

Figure S4.40: Mass spectrogram of 3 (atmospheric-pressure chemical ionization). Top: range

from 500 to 850 m/z. Bottom: Zoom-in of molpeak.
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Size exclusion chromatography (SEC)

20 22 24 26 28 30 32
Elution volume [mL]

Figure S4.41: SEC elugram of poly(2) in THF.

22 24 26 28 30
Elution volume [mL]

Figure S4.42: SEC elugrams of poly(3) in THF.
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Transmission electron microscopy (TEM) of bulk samples

Figure S4.43: TEM micrograph of poly(1)-H.

Figure S4.44: TEM micrograph of poly(2)-H.
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Figure S4.45: TEM micrograph of poly(3)-H.
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5. Terpyridine-Induced Folding of Anisotropic Polyphosphoester Platelets

Tobias Haider, Oksana Suraeva, Ingo Lieberwirth, Frederik R. Wurm

This chapter is based on unpublished results.

I designed, synthesized and analyzed the polymer, evaluated and determined the size distribution

of the obtained folded crystal platelets and wrote the manuscript. Oksana Suravea prepared

monolayer polymer crystals, performed complexation experiments, TEM measurements and partly
wrote the part about platelet crystal preparation and platelet folding. Ingo Lieberwirth and Frederik

Wurm both supervised the project. Frederik Wurm corrected and edited the manuscript.

Keywords: crystal engineering, crystal assembly, polyethylene, polyphosphoester
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5.1. Abstract

We report on the preparation of complex synthetic tertiary structures, consisting of folded

anisotropic polymer crystal platelets. These simplified systems are intended to help to understand

the folding process in more complex biomolecules. A PE-like polyphosphate was functionalized

with pendant terpyridine groups by esterification, with a maximum degree of functionalization of

85%. The polymer was characterized in detail by NMR, GPC and DSC. Highly anisotropic polymer
crystal platelets with terpyridine groups on the crystal surface were obtained by crystallization from

ethyl acetate. Metal-ligand complexation between terpyridine and Ni2+ ions lead to a folding of the

crystal platelets, which was investigated by TEM. Hereby, the size as well as the size distribution

of the obtained assemblies could be altered by varying the concentration of metal ions present.

5.2. Introduction

Biomacromolecules such as enzymes effectively function because of their precise and dynamic

three-dimensional (3D) architecture.190 Induced by covalent and non-covalent interactions, proteins

can undergo guided folding in solution to form complex architectures.191  Van der Waals

interactions, hydrogen bonding, and hydrophobic or electrostatic interactions lead to the protein’s
secondary structure, including helices, pleated sheets and turns.141, 190 In recent years, single chain

polymer nanoparticles (SCPNs) were presented as synthetic but much simpler protein mimics.192

SCNPs are formed by collapsed single polymer chains, which can be synthesized from highly

diluted solutions by intramolecular covalent (irreversible) or non-covalent (reversible) interactions

within the polymer chain.190, 192 Examining the morphology and the folding process of these

simplified synthetic systems is intended to help to understand more complex biomacromolecules.191

However, higher order assemblies of natural polymers are not limited to single polymer chains.
Fibrous proteins like α-keratin or collagen are molecules whose secondary structures are their

dominant structural motifs.141 Collagen i.e. has a triple helical structure that is further organized into

fibrils. To mimic such behavior with synthetic polymers, the assembly or “folding” of colloidal

systems can be used. For example, anisotropic assemblies of colloids was achieved by magnetic

nanoparticles193 or MOFs194. However, to the best of our knowledge, the folding of anisotropic

polymer crystallites had not been reported. Such “2D” polymer crystallites represent anisotropic

colloids with a thickness of ca- 5-10 nm and lateral dimensions of several micrometers. They can

be obtained from cystallizable polymers including both homo- and copolymers by crystallization
from a dilute solution.195-197 Several studies were able to create polymer platelets by crystallization-
induced self-assembly of block copolymers and polymer blends.198-200 Inam et al. showed the

application of anisotropic polymer platelets made from polylactide-block-poly(2-dimethylaminoethyl

methacrylate) block copolymers as water-in-water emulsifiers.201 Moreover, anisotropic platelets

were applied in supported catalysis202 and as nanomotors.203 Non-covalent interactions between
polymer crystal platelets can induce assemblies of higher order: π-π interactions between poly(p-

phenylenevinylene)-block-poly(2-vinyl pyridine) (PPV-b-P2VP) platelets lead to the formation of

2D-square micelles.204 Non-covalent metal-ligand interactions are also commonly used to create
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supramolecular structures.205 In particular chelating ligands are suitable for this purpose, with the

tridentate ligand 2,2';6',2"-terpyridine as a prominent example.206 Terpyridine forms very stable

octahedral complexes with a wide range of different metal ions including iron, ruthenium or nickel.

The ligand is used both for the synthesis of metallopolymers or 2D polymer networks.207-209

Here, we present the synthesis of a polyethylene-like polyphosphate with precisely 20 CH2-groups

between each phosphate group and pendant terpyridine groups. Anisotropic polymer platelet

dispersions were obtained after crystallization from an ethyl acetate solution. Terpyridine ligands
on the platelet-surface enabled the complexation with nickel cations, which led to the folding of the

polymer platelets. With this work, we contribute to a further understanding how second order

assemblies can be obtained by using anisotropic polymer crystal platelets (Figure 5.1).

Figure 5.1: Schematic representation of experimental procedure to obtain folded polymer

platelets induced by supramolecular interactions.

5.3. Results and Discussion

Polymer synthesis and functionalization. To obtain anisotropic polymer crystal platelets capable

of intra- and intermolecular interactions, we synthesized a polyethylene-like polyphosphate with

pendant terpyridine groups. In general, polyphosphoesters, and in particular polyphosphates, are

a class of highly versatile polymers: the material properties, solubility and degradation profile of the

polymers thereby strongly depend on the nature of the polymer backbone and the pendant

chains.174 Furthermore, functional groups can be introduced to the polymer by a variation of the

pendant chains. Hydrophobic, PE-like polyphosphates with long methylene spacers between the

phosphate groups can be synthesized by acyclic diene metathesis (ADMET) polymerization, ring-
opening metathesis polymerization, and transesterification.153 ADMET polymerization is a
polycondensation reaction of a α,ω-diene under the release of ethylene gas catalyzed by a



5. Terpyridine-Induced Folding of Anisotropic Polyphosphoester Platelets

146

transition metal catalyst (e.g. Ru-based Grubbs-catalysts).129 Symmetric monomers, which include

branches or functional groups, result in polymers with a precise spacing between each branch or
functional group, respectively. Lieberwirth et al. investigated solution-grown polymer crystal

platelets of polyethylene-like ADMET polyphosphoesters in detail.105 The polyethylene segments
crystallized in lamellae shape with the phosphoester groups acting as crystallization defects. The
length of the polyethylene segment determined the thickness of the lamellar and thus the z-

dimension of the polymer platelets. Lieberwirth et al. determined the thickness of the solution-grown

lamellae crystals by atomic force microscopy (AFM) and energy-filtered transmission electron

microscopy (EFTEM). For the investigated polyphosphate with pendant phenyl groups and with an

aliphatic spacer length of 20 CH2 groups, a value of ca. 3.2 nm was obtained by AFM. Furthermore,

they proved that for this polyphosphate, the bulky phenoxy defects were not in the lamellar crystal

but urged into the amorphous phase. Thus, we assume that larger terpyridine groups in the pendant
chains will also be expelled from the polymer crystal. As a result, the terpyridine functional groups

are supposed to be accessible on the polymer crystal surface.

As a starting material, we used the long-chain polyphosphate poly-1 with 20 CH2-groups between

each phosphate group and a ethoxy hydroxylside chain. Functionalization was accessible through

the primary alcohol in the pendant chain, while the precise spacing between the phosphate groups

ensured an even distribution of the functional groups along the surface of the later crystal platelets.

The monomer synthesis, polymerization and post-polymerization hydrogenation is described in

detail in chapter 3. Briefly, the monomer was obtained in a two-step reaction of POCl3 with 2-

(benzyloxy)ethanol and 10-undecen-1-ol. After ADMET polymerization in bulk using 1st generation
Grubbs’ catalyst, Pd-catalyzed hydrogenation was performed to give fully saturated poly-1 with free

hydroxyl groups in the pendant chains.

The terpyridine ligand was covalently attached to the polyphosphate side chain via an ester linkage.

In a one-pot reaction, first an active ester of 2,2':6',2''-terpyridine-4'-carboxylic acid was formed by
the reaction with carbonyldiimidazole (CDI). This active ester readily reacted with poly-1 upon

addition to give poly-1-terpy under the cleavage of imidazole (Figure 5.2A). The reaction was

conducted at 60 °C to overcome solubility restrictions. Poly-1-terpy was purified by repeated

precipitation into cold methanol to give a solid colorless polymer with 48% yield. Poly-1-terpy was

analyzed by NMR spectroscopy. Figure 5.2B shows an overlay of the 31P NMR spectra of poly-1
and poly-1-terpy. The initial signal at 0.47 ppm, corresponding to poly-1, disappeared almost

entirely, while an intensive new signal at -0.93 ppm indicated a successful functionalization of the
polymer. Covalent attachment of the terpyridine group to the polymer was proven by 1H NMR

spectroscopy with signals in the range of 7.30 to 9.01 ppm being assigned to the terpyridine group

(Figure 5.2C). The integration of all signals in 1H and 31P NMR spectra verified that a degree of

functionalization of ca. 85% was achieved, despite the high steric bulk of the terypridine group.

When the esterification reaction was repeated, a degree of functionalization of 60% was achieved
for a second entry (Figure S3). The molecular weight of poly-1-terpy was determined by size

exclusion chromatography in THF relative to a PS standard (Figure S5.1). Values of Mn = 4,100 g
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mol-1 and Mw = 17,000 g mol-1 were obtained. Compared to the starting material, both values

dropped after functionalization (poly-1: Mn = 7,400 g mol-1, Mw = 21,000 g mol-1). Furthermore, an

intensive tailing of the SEC trace of poly-1-terpy indicated a possible interaction between the

polymer and the column material. In contrast to poly-1, the elugram of poly-1-terpy shows an

intensive UV trace, which further proved the covalent linkage of the UV-active terpyridine group to
the polymer backbone. The thermal properties of poly-1-terpy were examined by differential

scanning calorimetry (Figure S5.2). A glass transition temperature (Tg) at 19 °C and a melting point

(Tm) at 66 °C with a melting enthalpy ΔHm of -36.2 J g-1 were observed. Tm decreased by 20 °C in

comparison to poly-1 (Tm = 86 °C) due to the absence of hydrogen bonding. By comparing ΔHm of

poly-1-terpy to 100% crystalline polyethylene (ΔHm = 293 J g-1)132, the crystallinity of the polymer

was calculated. The obtained value of 12% crystallinity was lower compared to poly-1 (35%) and

to a long-chain polyphosphate with the same aliphatic spacer length but an ethoxy pendant chain
(26%). This indicates a strong effect of the bulky terpyridine groups on the crystallization behavior

of the polymer.

Figure 5.2: A) Synthesis of poly-1-terpy via carboxylic acid activation by carbonyldiimidazole

(CDI). B) 31P NMR (121 MHz at 298 K, in CDCl3) of poly-1 (top) and poly-1-terpy (bottom). C) 1H

NMR (300 MHz at 298 K, in CDCl3) of poly-1-terpy.

Solution-grown polymer platelets from poly-1 and poly-1-terpy. Anisotropic polymer crystal

platelets can be prepared by crystallization of PE-like polymers from dilute solutions.105 For the
crystallization of poly-1-terpy, entry 2 was used with a degree of terpyridine functionalization of

60%. Solutions of poly-1-terpy in ethyl acetate with concentrations of 1 mg mL-1 and 0.1 mg mL-1,

respectively, were slowly cooled down from 70 °C to room temperature (ca. 23 °C) overnight to give

anisotropic platelet dispersions. Transition electron microscopy (TEM) was used to analyze the
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platelets (Figure 5.3). The size of the platelets was visually determined using ImageJ software. We
calculated the number average platelet diameter Dn and diameter average platelet diameter Dw as

well as the dispersity (Table 5.1).197 Overall, the size of the platelets depended on the concentration
of the initial solutions. For an initial polymer concentration of 1 mg mL-1, Dn was 590 nm and Dw was
1.16 µm, indicating a relatively broad size distribution of ca Dw/Dn=2 (Figure 5.4). Platelets obtained

from solutions with a concentration of 0.1 mg mL-1 were significantly smaller (Dn  = 360 nm and Dw

= 450 nm) with a narrower size distribution (Dw/Dn=1.25). The thickness of the platelets was

determined by the chemical structure of the polymer: with an aliphatic spacer length of 20 CH2-

groups between each defect, the thickness is in the range of several nanometers (cf. Chapter 4 and
Lieberwirth et al.105). Comparing the platelets of poly-1-terpy to solution-grown crystal platelets of

the initial poly-1 (Chapter 3, Figure S5.4), monolayer crystals with similar shape and size were

observed despite the high steric bulk of the terpyridine group and the reduced crystallinity of poly-
1-terpy. Due to their large size, the terypridine groups are expected to be expelled from the crystal,

being accessible for metal-ligand supramolecular interactions.

To induce a supramolecular interaction between the terpyridine groups on the surface of the

polymer platelets, Nickel(II) bis(acetylacetonate) (Ni(acac)2, dissolved in ethyl acetate) were added
to the dispersion of poly-1-terpy crystal platelets in ethyl acetate. Ni2+-ions form octahedral

complexes with two terpyridine ligands (Figure 1).206 The ratio of Ni(acac)2 : terpyridine units was

varied from 2 to 100 mol% respective to terpyridine units in the polymer. At both concentrations,

the complexation of Ni2+ by terpyridine-functionalized platelets resulted in a folding of the platelets

(Figure 5.3), which further led to a decrease in the size of the platelets for all samples expect the

sample with 2 mol% Ni(acac)2 and 0.1 mg mL-1 initial polymer concentration.

Figure 5.3: TEM bright-field images of poly-1-terpy crystals upon addition of different

concentrations of Ni(acac)2. Images on the left represent the initial polymer crystals.
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Dn decreased with increasing concentration of Ni2+ ions, down to 70 nm for the sample with 100

mol% Ni(acac)2 and 0.1 mg mL-1 initial polymer concentration. From this data it can be assumed

that the addition of Ni2+-ions resulted in complexation of two terpyridine units of the same polymer

platelet and that by increasing the amount of metal ions, a higher number of ligand-metal complexes
were formed resulting in higher degree of folding of the platelets. For samples with 2 and 20 mol%

Ni(acac)2 added, the amount of Ni2+ present was not enough to form completely spherical folded

assemblies. Thus, the lateral sizes of the obtained conformations were larger in comparison to

samples with 100 mol% Ni(acac)2 added. Also, there is a probability of the formation of ligand-metal

complexes between two different crystals (inter-crystal interactions), so the obtained assemblies

may contain several different platelets. Platelets from the initial crystal dispersion with a size below

200 nm presumably took part in inter-crystal assemblies with larger platelets explaining why no very
small folded crystal formation could be observed. This may also explain increased Dn and Dw for

the sample with 2 mol% Ni(acac)2 and 0.1 mg mL-1 polymer concentration compared to the initial

polymer platelets, as no small assemblies below 300 nm could be detected.  Compared to the initial

platelets, the dispersities of the platelet size distribution decreased significantly for each experiment

after addition of Ni(acac)2. The narrowing of the size distributions indicated that for each

concentration the size diameter/surface area of the resulting tertiary structures converged to an

optimum value for the given conditions.

Table 5.1: Size distributions of obtained polymer platelets.

polymer concentration 1.0 mg mL-1 polymer concentration 0.1 mg mL-1

c (Ni(acac)2)
0

mol%
2

mol%
20

mol%
100

mol%
0

mol%
2

mol%
20

mol%
100

mol %

Dn / nm 590 390 170 80 360 580 150 70

Dw / nm 1,160 420 190 90 450 600 170 80

Dw/Dn 1.97 1.08 1.10 1.08 1.25 1.03 1.08 1.11

In general, the folding process induced by the supramolecular interactions proved a certain flexibility

of the crystal platelets. Furthermore, the formation of the higher order assemblies proved a

successful surface functionalization of the crystal platelets and the accessibility of these groups for

metal-ligand interactions. The diffraction pattern of the crystal platelets confirmed that the samples

were still crystalline after addition of the metal salt solutions. However, the diffraction pattern was
less prominent compared to the initial diffraction pattern of poly-1-terpy platelets in ethyl acetate
(Figure 5.4).  While for the initial poly-1-terpy polymer the structure of monolayer crystals can be

determined from the position of the diffraction spots, the multilayered nature of the obtained folded

structures and chaotic arrangement of the theses layers lead to the less prominent and broad

diffraction pattern.
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Figure 5.4: Platelet size distributions for dispersions prepared from 1.0 mg mL-1 (left) and 0.1 mg

mL-1 (right) polymer solutions in ethyl acetate.

Figure 5.5: TEM diffraction pattern of poly-1-terpy crystals before (left) and after (right) formation

of tertiary order assemblies upon addition of Ni(acac)2.
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5.4. Experimental Section

3. Experimental section

Materials. All commercially available reagents were purchased from Sigma Aldrich, Carl Roth and

Alfa Aesar and were used without further purification. CDCl3 was purchased from Sigma Aldrich.

Instrumentation and Characterization Techniques. For nuclear magnetic resonance (NMR)

analysis 1H, 13C and 31P NMR spectra of the monomers were recorded on a Bruker AVANCE III

300, 400, 500 or 700 MHz spectrometer. All spectra were measured in CDCl3 at 298 K. The spectra

were calibrated against the solvent signal and analyzed using MestReNova 12 from Mestrelab

Research S.L. Size exclusion chromatography (SEC) measurements were performed in THF on an

Agilent Technologies 1260 instrument consisting of an autosampler, pump and column oven. The

column set consists of  3 columns: SDV 106 Å, SDV 104 Å and SDV 500Å (PSS Standards Service
GmbH, Mainz, Germany), all of  300 x 8 mm and 10µm average particle size were used at a flow

rate of 1.0 mL/min and a column temperature of 30 °C. The injection volume was 100 μL. Detection

was accomplished with an RI detector (Agilent Technologies) and UV detector. The data acquisition

and evaluation were performed using PSS WINGPC UniChrom (PSS Polymer Standards Service

GmbH, Mainz, Germany). Calibration was carried out by using polystyrene provided by PSS

Polymer Standards Service GmbH (Mainz, Germany). The thermal properties of the synthesized

polymers have been measured by differential scanning calorimetry (DSC) on a Mettler Toledo DSC
823 calorimeter. Three scanning cycles of heating/cooling were performed in a nitrogen atmosphere

(30 mL/min) with a heating and cooling rate of 10 °C/min. The crystal morphology was determined

using FEI Tecnai F20 transmission electron microscope operated at an acceleration voltage of 200

kV. Bright field (BF) technique was used for measurements. The size of the crystal platelets was

visually determined using ImageJ software. Histograms of the diameter distribution were
constructed using Origin Pro 9. From these data, values of Dn and Dw were calculated as shown

below (D, diameter of platelet; N, number).

𝐷𝑛 =
∑ 𝑁𝑖𝐷𝑖
𝑛
𝑖=1
∑ 𝑁𝑖𝑛
𝑖=1

𝐷𝑤 =
∑ 𝑁𝑖𝐷𝑖2
𝑛
𝑖=1
∑ 𝑁𝑖𝐷𝑖𝑛
𝑖=1

Synthetic Procedures. To prevent any contamination with Fe irons during the reaction, no syringes

with metal needles were used during the reaction. Instead, all reagents were added in solution via

plastic or glass pipettes.

Synthesis of poly1-terpy: Carbonyldiimidazole (61 mg, 0.22 mmol) was placed in a 25 mL Schlenk

tube and dissolved in 0.5 mL DMF. A solution of 2,2':6',2''-terpyridine-4'-carboxylic acid (35 mg,
0.22 mmol) in 1.0 mL DMF was added dropwise to the CDI solution under vigorous stirring. Evolving

gas bubbles indicated the start of the reaction. The solution was kept stirring at room temperature

for 30 minutes before heating up to 60 °C. Then, a solution of poly(2-hydroxyethyl eicosyl

phosphate) (89 mg, 0.21 mmol) in 1.0 mL DMF was added and the Schlenk tube was closed with

a Teflon stop-cock. The color of the solution turned slightly purple over time. After stirring at 60 °C
for 72 h, the hot solution was dropped into ice cold methanol (-18 °C). Poly1-terpy precipitated as
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a white solid. The precipitation step in methanol was repeated one more time. After centrifugation,

the polymer was isolated and dried under reduced pressure.  Yield: 48%. 1H NMR (300 MHz, CDCl3)
δ = 9.01 (s, 2H), 8.72 (d, J = 4.8 Hz, 2H), 8.61 (d, J = 8.0 Hz, 2H), 7.86 (t, J = 7.8 Hz, 2H), 7.40 –

7.30 (m, 2H), 4.64 (t, J = 4.7 Hz, 2H), 4.41 (q, J = 5.2, 4.2 Hz, 2H), 4.05 (q, J = 6.8 Hz, 4H), 1.64
(h, J = 6.9, 6.4 Hz, 4H), 1.31 – 1.15 (m, 32H). 13C NMR (75 MHz, CDCl3) δ = 165.12, 156.64,

155.34, 149.32, 139.30, 136.89, 124.19, 121.25, 120.39, 68.12 (d, J = 6.2 Hz), 64.95, 64.19, 30.25

(d, J = 6.7 Hz), 29.63 (dd, J = 11.9, 5.4 Hz), 29.15, 25.41. 31P NMR (121 MHz, CDCl3) δ = 0.47, -

0.93.

Polymer crystal assembly. Solution grown crystals of poly-1-terpy: A 1 mg mL-1 and a 0.1 mg

mL-1 solution of poly-1-terpy in ethyl acetate was prepared. The solution was heated to 70 °C in a

temperature-controlled oil bath for 1 hour and slowly cooled down to room temperature within 24 h.

One drop of the resulting dispersion was drop-cast onto a carbon coated TEM grid, the excess

liquid was blotted off with a filter paper and the specimen was allowed to dry under ambient

conditions before TEM measurements were performed.

Supramolecular folding of polymer platelets: Solution of Ni(acac)2 in ethyl acetate were prepared

with a relative ratio of 2, 20 and 100 mol% relative to terpyridine units in poly-1-terpy. The solutions

were added dropwise to initial polymer crystal suspension. The final mixture was stirred for several
seconds before sample preparation for TEM measurements were performed analog to the initial
poly-1-terpy crystals.

5.5. Conclusion and Outlook

In this work, we have demonstrated that synthetic tertiary structures can be obtained by inter- and

intra-molecular metal-ligand interactions of anisotropic polymer crystal platelets, which represent

secondary structures themselves. Therefore, a PE-like polyphosphate with precise 20 CH2 groups

between the phosphate units was functionalized with pendant terpyridine groups by esterfication.

A maximum degree of functionalization of 85% was achieved. Solution-grown anisotropic platelets

with mean average diameters of 380 and 590 nm were obtained from two polymer solutions with
different initial polymer concentration. The platelet size was dependent on polymer concentration.

No significant difference between crystal platelets of polyphosphate with and without pendant

terpyridine groups was observed. In contrast, the terpyridine groups were accessible on the crystal

surface for supramolecular interactions, enabling the formation of higher-order assemblies upon

addition of Ni(acac)2. Complex formation induced folding of the platelets resulting in assemblies

with significantly smaller diameters and narrower size distribution compared to the initial platelets.

Variation of the metal ion concentration allowed control over the size of the obtained structures.

The crystallinity of the platelet assemblies was confirmed by diffraction pattern from TEM.

Future work lies on the preparation of single chain nanoparticles (SCNPs) of the synthesized

polymer to investigate the probability to form secondary structures similar to protein conformations
in nature. These experiments will try to demonstrate that a formation of secondary and tertiary order
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assemblies from the same initial polymer is possible and solely depends on the experimental

conditions.
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Figure S5.3: 31P NMR of poly-1-terpy (entry 2) in CDCl3 at 121 MHz at 298 K.

Transition electron microscopy (TEM)

Figure S5.4: TEM bright-field images of poly-1 crystals (Dn  = 430 nm, Dw = 500 nm, Dw/Dn=1.14).
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A1. Cooperation project

This thesis was conducted as a part of the interdisciplinary project PlastX, combining expertise from

chemistry, biology, geography and sociology to tackle current problems related to plastic. One of

the main tasks of the project was to inform a broader public about a sustainable use of plastics.

The following article about the PET water bottle arose from this collaboration. The article was written

in German language and published in the journal “Chemie in unserer Zeit” with high school teachers
and students as the main target group.

„Die PET-Mineralwasserflasche – Wasser in Plastik, Plastik in Wasser.“ Sattlegger, L.;  Haider, T.;
Völker, C.;  Kerber, H.;  Kramm, J.;  Zimmermann, L.; Wurm, F. R.. Chemie in unserer Zeit 2019,

53, 2-8.

Open access provided. Copyright 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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A2. List of Publications

Journal articles:

Long-Chain Polyorthoesters as Degradable Polyethylene Mimics. Haider, T.;  Shyshov, O.;

Suraeva, O.;  Lieberwirth, I.;  von Delius, M.; Wurm, F. R., Macromolecules 2019, 52 (6), 2411-

2420.

The Impact of Biodegradable Polymers on the Environment and on Society. Haider, T. P.;  Völker,
C.;  Kramm, J.;  Landfester, K.; Wurm, F. R., Angewandte Chemie International Edition 2019, 58

(1), 50-62.

Die PET-Mineralwasserflasche – Wasser in Plastik, Plastik in Wasser. Sattlegger, L.; Haider, T.;
Völker, C.;  Kerber, H.;  Kramm, J.;  Zimmermann, L.; Wurm, F. R.. Chemie in unserer Zeit 2019,

53, 2-8.

Conference contribution:

Acid-sensitive long-chain poly(orthoester)s by metathesis polymerization. Haider, T.;  Shyshov, O.;

von Delius, M.; Wurm, F. R., Bordeaux Polymer Conference 2018 (Poster)
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