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Abstract

This thesis is comprised of my original contributiontihe development of the bioased
material poly(limonene carbonate) (PLimCThere is a huge need for supblymeric
materials basednonatural resourceas thesupply of fossil feedstocks is limited and it is
going to cease within this centuflowever, the replacement of those ‘old petroleum-
based’” with ‘new bio-based’ plastics can only succeed if the performance of the green
materialcan competavith or even excehat ofthe establishegholymers The latter is true

for PLimC and thus | have dedicated my entire thesis to this material.

Within the family of suchbio-based plastics, PLImC takes a special role as it is the
copolymer of (@idized) limonendgLO) - a byproduct of the orange industryand CQ.

To incorporate thisabundantgreenhouse gas into a polymeric backbone is a dield
researchitselfbut in the case &?LimC this is only a side nofehe real excitement to work
with this material arises from its properties andhstdiversity of its modificationsThe
discussios of the development, applications and modification®bimC are outlinedin
dedicated chaptewithin this thesigChaptes 35).

The discussion startgith the development of the material from a lavolecularweight
polymer into a highmolecularweight engineering thermoplastic in Chapter 3. The chapter
- entitled ‘Synthesis and properties of PLimC’ - deals with the synthetistrategie®owards

a controlled anceconomicalproduction of PLimC and the material’s general profile of
properties. The controbf the molecular weight of PLIimC was foutal be crucidy
dependent on the composition of the monomer LO, which is inhgrentitaminatedvith
hydroxy-carryingmoleculesThese impuritiesact as chaitransferagentsin the zZn(ll)-
catalyzed copolymerizatioand thus keep the molecular weight of PLIimC IGe
treatment of LO with a O-methylating agent was found to quantitafiy mask those
alcoholsas an enabler to yield high molecular weights of PLimC (k@ These long
chains give the material the mechanical integrity to be processed into fibreey Bmegts
that can withstand external stre§he economical aspect is covered by a steard
regioselective synthesis of thansisomer of LOas the catalyst rejects to incorporate the
c/sisomer into the backbone of PLimC. The epoxidation of limonene would usually yield a

1:1 mixture ofcis and transLO but the detour via the bromohydriand the subsequent
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Abstract

ring-closure in basic environmegivestransLO (>95%)as the major product his trans
enriched monomeis successfullgoupled with CQ@in high conversions to give PLimC
with little residwal epoxideThe resulting amorphous thermoplastic exhibits high heat
of 130°C) and scratchiesistance with an extraordinary transpare(®@4%) which render

it a potential coatingr glazingmaterial.

This application of PLimC asglazing materiais expanded in Chapter 4 ‘Applications of

PLimC’ where innovative concepts in terms of breathability and membranere
introduced.The concemarebased on the very high permeability of PLimC for gases like
O, and CQ (12 and @8 barrer, respectively)rogether with the exceptional optical and
mechanical properties, PLImC constitutk® first polymeric glass with the ability to
breatheSuch a breathing glass is still a very good thermal insulator and thus can be utilized
as window parein welkinsulaed constructions €.g. in passive houseor closed
greenhouss) to supply the interior with fresh aif.he advantage of this passive exchange

of air is the avoidance of an active ventilation system that hasaimcessorilgquipped

with a heat exchangeniti to reduce heat losses due to the introduction of cold fresh air. In
case of PLimC as the breathing glass, the transport of freshrealiredthrough the
polymer matrix while the transport of heat is hindered due to the low thermal conductivity
of material(0.15W K-t m?). According to our calculations, such a breathing glass made of
PLimC cannot replace the entire ventilation system yeit loah already compensate for a

part of the ventilation and thus save enefgyther improvements of the matal and its
processing are envisioned to replace the active ventilation systems eventually. Another
application of PLimC arises from the fact, that the material shows not only a high
permeability of CQbut also a distinct selectivity for the gas overTie development of
polymeric membranes for gas separation psees is a rapidly growing fiedd carbon
capture (removal of Crom process gases) is one of the technologies that is anticipated
to abatethe anthropogenic greenhouse efféteére, PLimCis a potential candidate to be
applied in gas separation units due to its good separation characteristic but moreover due
to its abovementioned mechanical toughness and thermal resistance that should give it the
long-term stabilityand processabilitynoststateof-the-art polymeric membrane materials

lack.
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To tune theperformance of PLim@n respect of the mentioned applicatiomst also to
change the nature of the material completedyiousmanipulations on the double bond of

the unsaturated polycarbonate were carried out. These manipulations are discussed in
Chapter 5- entitled ‘Modifications of PLimC’. With a variety of polymer analogous
reactionsit could be shown that PLImC is a real-biased platformThe spectrum of
induced changes and added functionalities spans from rubbery over hydrophilic and smart
to antibacterial materialsusing simple and cosffective chemistryThe astonishing
transformation of the high7y thermoplastic PLir@ into a rubberwas accomplished by
guantitative thiolene addition of a shoethained mercaptster to the double bondhis
attachment was accompanied by a dro@fnd YOUNG’s modulus by 120 K and three
orders of magnitude (MPa), respectively. THeydrophilization, on the other hand, was
chosen as a strategy towardsrareased rate of biodegradatias we have found PLIimC
being highly resistant to hydrolysis and microorganism in industrial compost or
concentrated enzyme suspensions. Such a hyiizgiton was achieved via two synthetic
routes oneinvolvesthe thiolene chemistry with mercaptoethanol, the other being an acid
catalyzed electrophilic addition of an oligomeric poly(ethylene glycol) withfreee
hydroxy function. The latter can begarded as greener route, since it avoids the
employment of toxic thioldt is limited to low conversiorhough asthe residencdime

of the polycarbonate has to be kept short in suthcidic environmentThe contact angle

to water and the/g weredepresseaduccessfullyn both casesyhereas a biodegradability

was still not observedVe would ascribe this high bgtability to the rigid and bulky
backbone of PLimC that readily shields the attack of cleaving agents. The smart behaviour
of PLImC is elated to its pHesponsivenesshen mercaptoacetic acid is attached to the
double bond. With this carboxylic acid functionality PLimC becomes soluble in basic
medig that is, it readily dissolves in sew@ater, whereupon the rate of degradation is
accelerted by several orders of magnitude compared to a condense&fith a material

can significantly reduce waste accumulation in the oceans while keeping structural integrity
during the intended use (as long as contact with bases is avoided). The ladé etamp
valorising the platform polymer is the addition of antibacterial activity to PLimC in the
form of pendint quaternized amine groups in a tgtep synthesiddere, only a partial
conversion was performed deliberately to keep the polymer insolubleten aval thus

making it a viable choice for application as a coating material with permanent activity



Abstract

against bacteridlhese examples state just a ss&l#ctiorof manypossiblenodifications

of PLimC and weanticipateto see many derivatives to be ituzed within a short time.



Zusammenfassung

Diese Dissertatiobeinhaltet meinen originéren Beitrag zur Entwicklung des biobasierten
MaterialsPolylimonencarbonatPLimC). DasAngebot fossiler Rohstoffst begrenzt und

wird noch innerhalb dieses Jahrhundertsriéschen Daher gibt es eine grolie
Notwendigkeit zur Entwicklung solche polymere Materialien, die aufnatirlichen
Ressourcen basieremer Ersatz dieser ,alten olbasierten® durch ,neue biobasiete
Kunststoffekann jedoch nur gelingen, wenn die Leistung des griinen Materialdemit
etablieter Polymeramithalten oder diese sogar Ubertreffen kann. Letzteres trifft auf PLimC

zu, weshalb ich meine gesambiaktorarbeit diesem Material gewidmet habe.

Innerhalb der Familie der biobasierten Kunststoffe nimmt PLimC eine besondere Rolle ein,
da es da Copolymer des (oxidierten) Limonens (LOQ) ein Nebenprodukt der
Orangenindustrie- und CQ; ist. Dabei stellt der Einbau dieses reichlich vorhandenen
Treibhausgaseein eigenes Forschungsfeld dar, spielt aber im Falle von PLIimC nur eine
Nebenrolle.Der wahre Reizbei der Arbeit mit diesem Material rihrt von seinen
Eigenschaften und der riesigen Vielfalt seiner Modifikationen her. Den Diskussionen Uber
die Entwicklung, Anwendungen und Modifikationen von PLIimC ist in dieser Arbeit je ein

Kapitel gewidmet (Kapitel Bis5).

Sie beginnt mit der Entwicklung des Materials von einem niedermolekularen Polymer hin
zu einem hochmolekulareechnischen Thermoplast in Kagi 3. Dieses Kapitel mit dem
Titel ,Synthese und Eigenschaften von PLimC‘ behandelt die Synthesestrategien hin zu

einer kontrollierten und 6konomischen Darstellung von PLIimC und das allgemeine
Eigenschaftsprofil des Material&s wurde schnell ersichtlicidass die Kontrolle des
Molekulargewichts von PLIimC sehr eng mit der Zusammensetzung des Monomers LO
verknupft ist, das von Natur aus mit Molekilen verunreinigt ist, die Hydroxygruppen
tragen. Diese Verunreinigungen wirken als Kettentbertrggmittel beider Zn(ll)-
katalysierten Copolymerisation und begrenzen folglich das Molekulargewicht. Die
Behandlung von LO mit einenO-methylierenden Reagens konnte erfolgreich zur
Maskierung dieser Alkohole genutzt werden, sodass tatsachlich hohe Molekulargewichte
fur PLimC (>10kDa) erreicht werden konnten. Genau diese langen Ketten geben dem
Material die mechanische Stabilitat, um in Fasern, Filoger Platten verarbeitet zu

werden, die aulReren Belastungen widerstehen komresmikonomische Aspekt wird von
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Zusammenfassung

einer sereo und regioselektiven Synthese demislisomers von LO abgedeckt, da der
Katalysator den Einbau des/slsomers ins Ruckgrat von PLImMC verweigdbie
Epoxidierung von Limonen resultiert normalerweise in einer 1:1 Mischungcisoand
transLO, wohhgegen der hier gewahlte Umweg Uber das Bromhydrin mit
anschlielBendem Ringschluss in basischer UmgebangLO (>95%) als Hauptprodukt
liefert DiesestransangereichertdMonomer kann dann erfolgreich mit Gei hohen
Umsatzen und geringem Restgehaltmv@&poxid in PLIimC Uberfuhrt werden. Der
erhaltene amorphe Thermoplast zeigt eine hohe Hitzebestandigkdiei( 130°C), gute
Kratzfestigkeit und zusatzlich aul3ergewohrdi€hansparenz (94%), wodurch er sich zum

Beschichtungsoder Verglasungsmaterial qualifiziert.

Die Anwendung von PLimC als Verglasungsmaterial wird in Kapifahwendungen von
PLimC diskutiert Darin werden innovative Konzeptensichtlich Atmungsaktivitat und
Membraren vorgestellt.Die Konzepte basieren auf der sehr hohen Permeabilitdt von
PLimC fur Gase wie Qnd CQ, (12 bzw 68 barrer). Zusammen mit den hervorragenden
optischen und mechanischen Eigenschaften stellt PLimC das erste polymere Gé&s mit d
Fahigkeit zu atmen dafrotz der Fahigkeit zu atmen ist dieses @Gtawver noch ein sehr

guter thermischer Isolator und kann deshalb als Scheibe in gut isolierten Geb&auden (z.B. in
Passivhausern oder geschlossenen Treibhausern) eingesetzt werden, lamederum

mit Frischluft zu versorgenDer Vorteil dieses passiven Luftaustauschs liegt in der
Vermeidung einer aktiven Bellftungsanlage, die zusatzlich noch mit einem
Warmetauscher ausgestattet werden muss, um Warmeverluste, aufgrund von
eingebrachter Keer Frischluft, zu reduzieren. Im Falle von PLimC als atmendem Glas wird
der Transport von Frischluft durch die Polymermatrix realisiert, wohingegen der
Transport von Warme, aufgrund der geringen Warmeleitfahigkeit des Material3NK15

I'm), stark beintrachtigt ist.Laut unserer Berechnungen kann ein atmendes Glas aus
PLimC die Beluftungsanlage noch nicht komplett ersetzen, aber es kann bereits einen Tell
der Bellftung tbernehmen und folglich Energie einspaéeitere Verbesserungen des
Materials uml seiner Verarbeitung werden jedoch letztendlich dazu in der Lage sein das
Bellftungssystem komplett Uberfliissig zu machen. Eine andere, ahnliche Anwendung von
PLimC ruhrtdaher, dass das Material nicht nur eine hohe Permeabilitat furaGfweist,
sondern auch eine ausgepragte Selektivitdt fur das Gas gegenubleesht. Die
Entwicklung von polymeren Membranen zur Gastrennung ist ein schnell wachsendes Feld,

da die Kohlenstoffabscheidung (Entfernung von.G0s Prozessgasen) als eine der
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Zusammenfassung

Technologierangesehen wird, die den anthropogenen Klimawandel abschwachemrkann.
diesem Sinne ist PLImC ein potentieller Kandidat, um in Gastrennungsanlagen aufgrund
seiner guten Trenneigsohaften, aber eben auch wegen seiner schon genannten
mechanischen und therigthen Robustheigingesetzt zu werde®iese Merkmale geben
demPolymerdie Langzegtabilitat und Verarbeitbarkeit, die den meisten hochmodernen

Membrarmaterialien fehlt.

Um die Leistung von PLIimC mit Blick auf die genannten Anwendungen zu verbessern,
aber auch um die Natur des Materials komplett zu verandern, wurden verschiedene
Manipulationen an der Doppelbindung des ungesattigten Polycarbonats durchgbBiéhrt.
Manipulationen werden in Kapitel BJodifikationen von PLimC diskutiert. Mit einer
Reihevon polymeranalogen Reaktionen konnte gezeigt werden, dass PLimC eine echte
biobasierte Plattformdarstellt Das Spektruman herbeigefiihrten Anderungen und
hinzugefugten Funktionalitaten reicht von gummiartigen, tber hydrophile und smarte bis
hin zu antikakteriellen Materialien die mit einfacher und kostenglnstiger Chemie
hergestellt wurden. Die erstaunliche Verwandlung des-+gdrhermoplasten PLImC in
einen Gummi konnte durch die quantitative Addition eines kurzkettigen Mercaptoesters
mittels Thiokene Chemie- an die Doppelbindung erreicht werden. Diese Anlagerung
wurde von einem Absturz d&gum 120K und des&=Moduls um drei GroRenordnungen

(1 MPa) begleitetDie Hydrophilisierung hingegen wurde als Strategie gewahlt, um die
Geschwindigkeit deriBabbauparkeit zu erhéhen, da wir bei PLimC eine hohe Resistenz
gegentber Hydrolyse und Mikroorganismen in Industriekompost bzw. konzentrierten
Enzymsuspensionen fessfellt haben.Diese Hydrophilisierung wurde Uber zwei
synthetischeRouten erreicht die eine greift wieder auf die Thiehe Chemie zur
Anlagerung von Mercaptoethanol zurlick, wahrenchdie andere eingurekatalysierte
elektrophile Addition von oligomerem Polyethylenglykahit einer freien Hydroxy
funktion zunutze macht. Letztere kanits egriinere Route angesehen werden, da die
Verwendung von giftigem Thiol vermieden wird. Sie ist jedoch begrenzt auf geringe
Umséatze, da die Verweilzeit des Polycarbonats in dieser sauren Umgebung kurz gehalten
werden muss. Sowohl der Kontaktwinkel zu Wiaalseauch de¥gwurden in beiden Féllen
erfolgreichgesenkt wobei eine Bioabbaubarkeit noch immer nicht beobachtet werden
konnte. Wir wirden die hohe Biostabilitdt dem starren und voluminésen Rickgrat von
PLIimC zuschreiben, das effektiv jegliche Angrifhit dem Ziel der Kettenspaltung

abschirmt. Das smarte Verhalten von PLIimC bezieht sich auf sentgmpfindlichkeit,
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Zusammenfassung

wenn Mercaptoessigsaure an die Doppelbindung addiert wuidé. dieser
Carbonséurefuktion wird PLIimC 16slich in basischen Medien, d.6.l@&st sich schnell in
Meerwasser auf, woraufhin auch die Zersetzungsgesclgkemdim mehrere Grof3enord
nungen gegeniber einem kompakten Film zunimiin solchesMaterial kann die
Ansammlung von Mill in den Ozeanearheblichsenken, wohingegen es wahtetes
beabsichtigten Gebrauchs seine strukturelle Integritat beibehélt (solange der Kontakt mit
Basen vermieden wirdAls ein letztes Beispiel zur Wertsteigerung des Plattformpolymers
PLIimC sei die Addition von antibakterieller Aktivitdt in Form von quaisierten
Amingruppen in einer zweistufigen Synthese erwahnt. In diesem Fall wurden die
Doppelbindungen absichtlich nur teilweigenktionalisiert damit das erhaltene Polymer
wasserunloslich bleibt und so als Beschichtungsmaterial mit permanenterdlgegen
Bakterien zur Anwendung kommen karidie hier genannten Beispiele zeigen nur einen
kleinen Ausschnitvon vielen moéglichen Modifikationen von PLim@d wir erwarten in

naher Zukunft noch viele weitere zu entdecken.
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Introduction



1 - Introduction

1.1 The versatile molecule CO

1.1.1 Thegreenhousegas

The natural transformation of annually 2@ of CQ and water into higkenergy
substances, known as photosynthesis, is one of the essential processes to make life on earth
possibleé. To date, there exists no equivalent hurta@ated imitation of that process, to
exploit sunlight for synthesis, i.e. as a supplier of energy, as efficiently as nature. On the
contrary, the anthropogenic emission of 06 an ever growing global menace,imha

caused by incineration of carbon matter, leading to an annual emission of more than
32Gt23CO; is a greenhouse gas, which leads to warming of the atmosphere of the earth,
eventually increasing the chances of catastrophic weather phenomena and a rising sea level.
The contributors to climate change are illustrated in Fify.The radiative balate between
incoming solar shortwave radiation (SWR) and outgoing longwave radiation (OLR) is
influenced by global climate contributo&larcycles, leading to fluctuations in the energy
output, can cause changes in the energy balance. Human activityeshtéie emissions of

gases and aerosols, which are involved in atmospheric chemical reactions, resulting in
modified ozoneand aerosol amount®©zoneand aerosol particles absorb, scatter and
reflect SWR, changing the energy balance. Some aerosolslagtl a®rdensation nuclei
modifying the properties of cloud droplets apdssibly affecting precipitation. Because
interaction of clouds with SWR and LWR is stroamall changes in the properties of
clouds have important implications for the radiative betdgAnthropogenic changes in
greenhouse gases (£QH., N;O, ozone chlorofluorocarbon and large aerosols (>21m

in size) modify the amount of outgoing LWR by absorbing outgoing LWR aerthitting

less energy atlower temperature. Surface albedalteredby changes the vegetation or

land surface properties, snow or ice cover and ocean color. These changes are driven by
natural seasonal and diurnal changes (snow cover), as well as human activities (changes in
crop type, vegetation in gengraFrom those contributors, CQOs identified as the one

increasing the most significantly due to anthropogenic emissions.
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Figure :1| Main contributors to climate changeThe input of SWR and output of LWR is influenced by
the combination of aerosols, clouds, concentration of ozone and greenhouse gases in the atmosphere.
Furthermore, the surface albedo plags important role, i.e. ocean color, coverage with ice and snow and
major changes in the vegetatiofreproduced from Forsteet af).

This @n also be expressed in numbers, by looking at the concentration of the gas in the
atmosphere. In the prmdustrial age the concentration would not exceed 86 and

even in 1950, i.e. 200 years later, the concentration was belppn32Big.1-2). In the last

six decades the accumulation of ®the atmosphere accelerated dramatically leading to
values above 3&(pm in 2010. The predictions (FAR, SAR, TAR and AR4 taken from IPCC
reports in 1990, 1996, 2001 and 2007, respectively) draw an even amase 8¢ what to
expect in the near future. Hence, measures have been taken by people all over the world, to
turn this trend around or at least to slow it down. Of course, the reduction of emission is a
major strategy to limit global warming. Though, siribe need for energy remains high or

is more likely even growing, there are technologies evolving which deal with the capture of
CO; out of the atmosphere, to store or transform it into something useful, just as

photosynthesi$?®
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Figure £2 | CQ in the atmosphere.Projections of the observed increagéark blue line with dotspf

the concentration of CQ@in the atmospherefrom 1950 to 2030. The projections were made in different
years (FAR from IPCC report in 1990, SAR from IPCC report in 1996, TAR from IPGC2@pbeand AR4
from IPCC report in 2007), but all are showing the same trend and confirming the development of
concentration(reproduced from Kaspaget aff).

1.1.2 The G building block

It seems to be so easy for green plants, to transfornin@tbiomass but considering the
molecular properties of the gas, it becomes obvious that much energy is needed to change
its chemical structure. The carbon is in the highggtaiion state (+1V) and the Gibbs free
energy is393kJmolt. The needed energy for a transformation can be supplied externally
or by the use of higbnergy compounds, supported by a suitable catalyst. Established
procedures are the production of ureareacting CQwith ammonia (annual capacity of
150Mt) or the production of inorganic carbonates like N8; via the SOLVAY-process
(annual capacity of 49t)."® Furthermore, carbon dioxide is transformed into methanol
(annual capacity Bit), organic carbonates (annual capacity of Ri)@r salicylic acid via

the KOLBESCHMITT-process (annual capacity Ki).%-* The hydrogenation of CQo yied

formic acid is still discussed on an academic level but it is gaining significant attention
nowadays#*® Apart from the tansformation, considerable attention is drawn towards
polymeric materials derived from GOHomopolymerization of the gas is currently only a
theoretical experiment, as ceiling temperatures are anticipated far below realistic

conditions!’ Actual experiments have been carried out with @@l dienes and with vinyl
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etherd® or the combination witha,w-dibromo compounds and potassium salt of diols
catalyzed by crown ethefg’Another example involves formaldehyde as comonomer with
bases and Lewis acids aslysts to give nealternating adduct$-?2More controlled and

of growing interest is the reaction of €®@ith epoxides, which is catalyzed by various
organometallie?*2¢ or organocatalysts® to give cyclic carbonates and polycarbonates.

This topic is discussed in more detail in secficgh?2

1.1.3 Thesupercriticalsolvent

Carbon dioxide exhibits a phase transition at 3C.2nd 76.®ar, where it is entering the
supercritical region (see Fiy3).* Here, the molecule can act as solvent for many other
compounds, which is of advantage compared to other organic solvents, as #asinpn
non-flammable and inexpensive. Although quite some energy is needed to maintain these
conditions, it might be faxrable to use supercritical GGBcCQ), as it is volatile under
atmospheric pressure and as such easy to remove from the reaction ftxye.
adjustment of the pressure it is possible to tune the solubility of reactants iresatBus

it is possible to improve turn over frequencies and selectivities of the re&etion.
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Figure1-3 | Phase diagram of CQIn the diagram the triple point at 5.Bar and-56.7°C and thecritical
point at 76.3bar and 31.2Care indicated(reproduced from Markewitzet al* with permission from the
Royal Society of Chemistry).
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A combination of CQ as solvent and reactant is also jeab of many scientific
publications®?®e.q. it was successfully employed for direct synthesis of dimethyl carbonate
by BallivetTkatchenkoet a/which is used as fuel addititfeddarensbourgand coworkers

used it in copolymerization with epoxides, which eventually could lead to completely green
products where not only the monomers are-based but also the use of toxic organic
solvents is avoidefl.The supercriticalfluid is also extensively employed as solvent and
foaming agent in polymer extrusion, showing the great versatility of this molecule in terms

of synthesis and processitt§’

1.1.4 Carbon capture and storage technologies

Significance of the technology

The volatility of CQhas to be taken into consideration whesutilization as reactant or
solvent is desired. It is not technically feasible to separate the gas from the atmosphere, as
the concentration is still far too low (<4pPm) compared to the other constituents like
nitrogen and oxygerDue to this issuéwo terms have evolved over the past years, one
called carbon capture and storage (CCS) and the other carbon capture and utilization
(CCU)43839The first ismainly focused on storing the greenhouse gas in huge reservoirs
that are isolated from atmosphere, whereas the latter addresses the transformation and
fixation of CQ by turning it into platform and specialty chemicals as discussédLi@

The projected emission of carbon dioxide in 2050 is reported in the Blue Map Scenario of

the International Energy Agency (IEA) to reach nearlz68* as shownn Fig.1-4.4°
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Figure 1-4 | Anthropogenic emission of COThe emissions of C{in Gt)today anda projection for

2050 withreduction measures suggested by the IEA Blue Map Scenario published in 2010. According to
the IEA the annual emission of G@ill rise from today’s 33 Gta? to 58 Gta?, if no counter measures are
taken. As such, they identified an improved ensse/electricity and power generation efficiency, a
switching of enduser fuels, the expansion of nuclear and renewables power generation and CCS
(reproduced from Iglesiagt al*).

According to this scenario, togla anthropogenic emission of CO. of 32Gt a* will nearly

double until 2050. On the other hand, a reduction of 60% would be necessary to fulfill the
set climate goals, i.e. to limit the global temperature rise to al§QutThis discrepancy is
addressedh the report, suggesting various measures to reduce the actual emission of the
greenhouse gas by combustion of fossil energy carriers. Besides the improvement of end
use/electricity and power generation efficiency, the authors propose a switchingustend

fuel, the expansion of nuclear and renewables power generation and last but not least the
employment of CCS. The latter could contribute to aboutG8&", showing the huge

significance of those technologies.

Storage of CQ

CCS and CCU comprise a widange of technologies that essentially deal with the capture,
transport, storage and use of €@ various ways. As illustrated in Fig5, these
technologies are in very different stages of development, some having already entered the
markets (e.g. ueeproduction or transport in pipelines) while others are tested in pilot
plants (e.g. production of aliphatic polycarbonates or postcombustion technologies) or are

still investigated in the laboratory (e.g. membranes or photocatalytic and electrocatalytic
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activation of CQ) and a few only exist as ideas and concepts (e.g. artificial photosyrithesis).
The utilization of CQhas already been discussed in detail in the previous chapters and its
transport is a simple and established technology as it only involves gas pipelines installed
either onshore or offshore. More challenging is the storage of the volatile gas as &saking h

to be prevented and large volumes are required. In this sense, geological storage formations
are being investigated intensively, whereas the introduction of the gas into the ocean is
prohibited due to negative impacts on the flora and fauna living .thepeerequisite for

such geological storage options is atggs barrier, trapping the gas inside the reservoir.
Usually these barriers consist of a clay stone or salt layer, which is often found above deep
lying porous rock layers, which are fillediwidrine. When CQis introduced in those so

called saline aquifers, it will be partly absorbed by the ambient rock formation water and in
the long term transformed by mineralizatiéft?Another marmade reservoir is found in
depleted petroleumral gas wells, that in some cases canifo@ot yet completely depleted

- further extracted by injection of GOThis advantageous method is called Enhanced Oill
Recovery (EOR) or Enhanced Gas Recovery (EGR) and usage of the gas as an extraction

agent give the industry another incentive to inject carbon dioxide in those reservoirs.
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Figure 1-5 | Technologies in carbon capture and utilizatiorstages of realizatiorirom concept to
market entry for various technologiesof capturing (blue), transporting (orange) storing (green) and
utilizing (turquoise) CQ (reproduced from Markewitzet al* with permission from the Royal Society of
Chemistry).
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A similar approach is also taken in Rerploitable coal seams that can be flushed with CO

to recover the coal seam gas for utilization and to use those seams for storagmbalhe
available storage capacities of these reservoirs can only be estimated but, according to the
IEA, saline aquifers might hold 1000 toQODGt, petroleum/gas fields add up to 600
1200Gt and coal seams contribute witt280Gt.**Until now, about 0.7%t CQO, are stored

in such reservoirs onshore and offshore all over the vié¥ld.

Capture of CQ

The step so far neglected in the discussion is the actual capture of carbon. Though, this is
the step of major importance as it is the least developed of all four (sk®&,Fgmpare

with stages of transport, storagedautilization, which all have at least one technology
commercialized). Obviously, only if efficient separation of €& be accomplished, the

three other steps can apply. The most important technological concepts for carbon capture

involve

1 chemical or physical absorption,
i adsorptionphenomenand

1 organic or inorganienembranebased

separation techniqué$?* Among them, chemical absorptionis the dominating
technology, wharas alkanol amine solutions, e.g. of monoetta@nile (MEA) or
diethanohmine (DEA), are the most established ‘wet scrubbing’ agents.*® The mechanism
relies on the formation of carbamates, which exisequilibrium with the hydrolytic
products hydrogen carbonate and the corresponding ammonium ion. Technically, the
reaction is conducted at 4@, passing the G@nriched gas through the aqueous amine
solution in an absorption tower. The gas is subsetfjuesleased in a stripping tower at
elevated temperatures (1dG0°C), whereas the regeneration of the solvent is connected
to a considerable energy penalty, due to the high heat of formation of the cardfdimates.
this context, new sterically hindered and/or tertiary amines (mechanism for tertiary
amines, does not involve formation of carbamate but only hydrogen carbonate and
ammonium ion) have been developed, e.gan®no-2-methytl-propanol or A-
methyldiethanolamine, respectively, exhibiting enhanced absorption rates, higher loading
capacities, lower binding affinities to €@nd increased regeneration rates compared to

MEA and DEA®4°As an alternative, solutions afarganics have been investigated, e.g.
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agueous solutions of potassium and sodium carbonate or ammonia, respectively. The latter
is implemented in the technical process as theadled chilledammonia process, whereas

the underlying chemical reaction beeveCQ and aqueous ammonia is the formation of
ammonium bicarbonate at temperatures below@g The regeneration of the sohtes
performed at 80C, thus showing an energetic advantage over the MEA and DEA solution

process, which are operated at higher ter@jpeein the regeneration stage.

The other absorptiofibased concept in the scope of carbon capture is the one relying on
physical absorptiomt high partialpressue and low temperatie. Commercial physical
absorbentinclude mixtures of dialkylethers/poly(ethylene glycol) (Sefesni40°C cold
methanol (Rectis§, which have already been established industrially for natural gas
sweetening. Another class of £€&lective physical absorbents constitutes ionic liquids
that are promising candidates in the CCS process, as they not valgp kary low vapor
pressure and dissolve a large quantity of the gas but are alamamable, thermally
stable and environmentally beni§f?? These physical solvents are advantageous over
chemical absorbents in the regard of energy consumption during regeneration of the liquid,
i.e. removal of the dissolveé®D,, by heat or pressure reductiohThough, tley require high
pressure streams to absorb a significant amount of gas and thus are only economical if not

too much energy has to be expended on compression of the gases involved.

The third class of carbon capture materials relieadsorption phenomenand is usually
employed in condensed phase, i.e. packed adsorbent beds in columns. Apart from the
engineering challenges involved in the implementation of the process (heat exchange
efficiency), adsorbent materials exhibit a superior energy efficiencyacediw absorbent
liquids, such as MEA, DEA solutions or Sel&xainong those materials various classes
have proven their efficiency in capturing £Ce.g. metal oxides, hydrotalelike
compounds and porous compounds® As structural motif, the latter shows either micro

or mesoporous properties, hence, fulfilling the necessity to expose a high surface area for
adsorption of C@molecules. Examples are carbonaceals®rbents like activated carbon

or carbon molecular sieves, respectively, zeolites and organic ciongetaic frameworks
(MOFs). For all adsorbents, the capacity and selectivity are dependent on operational
temperature and pressure, though regardingcieiity there are additional complex
parameters to consider, i.e. molecular sieving effects, thermodynamic equilibrium effects

and kinetic effect®.

10
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The last class discussed here membranes which are still in a very early stage of
development in the field of carbon capture technologies (se&-%igThough, they are
gaining more and more attention due to their low energy requirements and a high flexibility
in terms of configurations and applications in the pro€és$se class can be subdivided

into inorganic and organic membranes, the first comprising ceramics, metal oxides,
molecular sieves and MOFs, the latter consisting of polymers like cellulose acetate (CAc),
polysulfones (PSU)polyamides (PA), polyimides (PI), polycarbonates (PCy®&td.he
performance of membranes is generally evaluated in terms of permeability (transport
properties) and selectiviigeparation properties). A more comprehensive overview over
polymeric membrane materials in gas separation in general is given in deBtiohile
continuing hee with a brief look into inorganic membranes and subsequently into
technically relevant applications of the presented separation techniques and materials in
the context of CCS. Inorganic membranes can be composed of either porousporoos
materials, wich are usually thermally more stable than their organic counterparts. As such,
they can be employed for example in hydrogen/carbon dioxide separation at temperatures
above 800C (conditions in precombustion technology, segt sectioh They are based

on microporous materials, e.g. inorganic perovskite oxides, zeolites or palladium alloy
tubes!**SMicroporosity was already structural motif for adsorption phenomena discussed
previously, and it is not surprising that similar materials can also act as membrane
materials. Hence, apart from aluminophosphates, silica and the very expensive palladium
alloy tubes, again MOFs, immobilized on a carrier material, play a cruci@l®tdleey all

rely to a high extent on molecular sieving effects, i.e. malesizke and shape selectivity,

and consequently, they are limited in view of overall performance. Another challenge to the
membrane technology is the scalability of the separation modules, as the volume streams

involved in the process are very large.

Largescale applications of carbon capture technologies

Industrially most pertinent to the concepts of capturing carbon are gas streams in chemical
and power plants, due to the large volumes associated with the production of synthesis gas,
hydrogen and ammoniar the combustion of fuels, respectivellfurthermore, the
sweetening of natural gas, which is typically contaminated with over 40% ah@®, is

a major field in this regard.

11
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Within the scope of power plants, three major routes have evolved (illustrated 1n Fig.
6):6364

1 the postcombustiontechnology is implemented within the flue gas stream to
capture CQbefore exhaustion into the atmosphere

1 precombustiordefines the method of G&eparation from synthesis gas (syngas)
derived from fuel, prior to energyonversion;

1 theoxyfuelprocess involves the recirculation of a concentrated stream gh@O
a combustion chamber, where it is injected together with pure oxygen, prepared

from an air separation step, and a suitable fuel, e.g. coal, natural gas sr synga

It has to be stated that all mentioned technologies require additional energy to separate,
capture, condition and compress/liquefy the gas. Hence, this extra energy rapging
between 10 to 14% pointfias to be taken into consideration when thal carbn capture

value is calculated.

Postcombustion

| Air l

v
Fuel H2 4
Precombustion ——> conversion separation_ o— Power

y
CO2 Flue gas

Oxyfuel —¥ goparation

Figure 1-6 | Concepts of carbon captureAn overview of the capturing of COn the postcombustion,
precombustion and oxyfuel processgseproduced from Feron and Hendrik%.
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Furthermore, the post precombustion and oxyfuel processes implicate different
conditions in terms of temperature, pressure, steam content, gas composition and

contamination?

The postcombustionprocess is the most developed among those technologies, since
retrofitting of existing power plants is most easily realtz&hs the name is suggesting,

the process is implemented within the flue gas stream to capture as mpiak @d3sible

at relatively low temperatures and nearly atmospheric pressure. Before the decarbonized
gas is exhausted into the atmosphere a final purification step for the removal of dust, sulfur
and nitrogen compounds is installedlhe wet scrubbing method with a MEA#onN is

already implemented in pilegcale in power plants, leading to a£3®paration efficiency

of 80:95%. Countries like the USA, Denmark and Germany are testing this technology with
separation capacities of up to 8@ CG; per day*:*®A major challenge is the degradation

of the solvent due to oxygen and contaminants in the flue gas, such. aadSNG
compounds. The concentration of these contaminants has to be kept bgbpm 106 be
negligible, whereas the concentration that isliggdlowed for flue gas released into the
atmosphere is set to pPpm8° Consequently, the use of less sensitive washesa a
measure to increase the lifetime of the solutions used fgs€paration. Another challenge

is the already addressed additional energy demand for solvent regeneration. This is
exemplified by the values for energy and steam demand per tonne o&Qred, being

4 GJ and about 50% of the low pressure steam in the plant, respectively. Hence, an energy
penalty of about 14% for this technology causes an additional output.@&n@d@osts of

about 3C¢ per tonne ofCO..* The postcombustion technology’s high costs of carbon

capture compete with its ease of retrofitting it to existing plants.

Thus, dternative routes with improved efficiency are investigated intensively, one of them
being the sacalledprecombustiomprocess. Here, the carbon is separated frorfugdeas

stream beforéhe combustion The underlying principle involves the partial cadidhn of

fossil fuels in an @deficient atmosphere (Ed:1 for gasification of coal, Ett2 for
reforming of methane) and the presence of water to produce syngas, i.e. hydrogen and
carbon monoxide. The latter is converted to. G2 the wateigas shift reaction in the
presence of water, giving another equivalent of hydrogen (see3EgAt this point,
decarbonization is achieved by separating. @Om H. in the highpressure, high

temperature gas stream. The hydrogaemiched @s is eventually introduced into gas

13
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turbine combustors to produce energy with high efficiency (seel-bigor schematic

description of the process).

gasify

Coal -2 CO + H, (1-1)
CH, + H, 0 — CO + 3H, (1-2)
CO + H,0 — CO, + H, (1-3)

For power plants using the gasification of coal, the term Integrated Gasification Combined
Cycle has evolved with GGeparation being an option but not a necessity. The partial
oxidation of coal (gasification) or haal gas is carried out in the presence of oxygen and
water, whereas nitrogen is separated from air before it is fed into the reactor. This prior air
separation step is advantageous, as it leads to higher conversion of the coal/natural gas,
facilitates gearation of CQ from H, and leads to an overall decreased volume stféam.
Integrated Gasification Combined Cycle pilot plants have been built since the 1980s and
recently efforts have been made to @@Es before the combustiorf the fuel ga$The

major advantage of this technology compared to the postcombustion process it the reduced
energy capture penalty due to higher concentrations ofd®d@ higher partial grssures.
Furthermore, the produced Hich fuel can also be utilized as a feedstock in chemical
industry, in fuel cells for direct power generation or as an intermediate for other fuels like
methanol’* On the other hand, the accompying higher investment costs and more
complex setup, which prohibit retrofitting of existing power plants, have to be assessed

against their life cycle environmental impaéts.

A different approach is taken for tiexyfueltechnology, whereas pure oxygen is used for
the combustion of fossil fuels. Bmrich the stream of CQthe gas is recirculated and
released only when a sufficient concentration of carbon dioxide for sequestration is
reached. For complete exclusion of nitrogen during combustion the introduced air is
separated in a preliminary stepdaonly G is introduced into the combustion chamber.

The recirculation of the flue gas stream allows enrichment witht@&bout 90%, whereas
usually the concentration of flue gas from power plants lies below 15%. Due to the high
concentration, the gadream is directly condensed and subsequently demoisturized,
cleaned from SGand NQO, compounds and compressed for transport and storage. For the
separation of @from N, stateof-the-art are cryogenic air separation units that are

operated at low tempetates (<182°C) to condense oxygen and to purify it by Righ

14
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pressure distillation. This separation process is of course energy intensive and purities of
99.5v0l% are necessary to maintain high efficiency of the process and alternatives for
separation, e.goxygen transport membranes are investig&t€d> The overall energy
penalty for the implementen of the oxyfuel process was calculated to range between 8 to
10% points, with 6% points contribution from the air separation, i.e. the efficiency loss is
lower compared to postind precombustion processeSombined with the low level of

CO, emission from such power plants the technology is promising, though major
challenges are the high investment costs as standard equipment has to be modified and

retrofitting existing plants is difficult.

All of the above described technologies, i.e. pagbastion, precombustion and oxyfuel
involve at least one gas separation step, be it carbon dioxide from nitrogen in the flue gas,
oxygen from nitrogen in an air separation unit or both, respectively. And each of those
separation steps requires a significamount of energy to realize separatistembranes

can provide an alternative in this context, as they avoid extensive energy input for
regeneration of absorbents/adsorbents or for cooling ait&2°C>” Among membranes,
polymeric materials constitute a major class for separation of gases and thes thesis
introduced - poly(limonene carbonate) might be a viabl®ice in one or more of the
above described processes, due to its excellent transport and separation properties for CO

and other gases
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1.2 Polymeric membranes forgasseparation

1.2.1 Significance of membranes in industry

In 1980, the first large scale application of membrane gas separation was launched by
Permea (now Air Products). They installed polysulfone (PSU) hollow fiber membrane
modules for the separation and recovefyhydrogen from the purge gas stream of
ammonia plants with their soalled Prism membranésWithin the next decades, the
development of new materials and processes has led to further industrial applications,
which is illustrated by the milestones in Rig.. Apart from PSU, polymers used in
commercialized membranes include mainly celluloseate¢Separex 1982, Cynara 1983,
UOP 1995), polyimide (Ube 1989 and Medal 1982lyphenylene ether (PPE, Delair 1991,

also called polyphenylene oxide) and polyethylene oxide (GKSS/MTR2008).

First Plant with
polysulfone hollow fiber
membranes for Hy/Ny
Permea - 1980

Polyimide hollow
fibers membranes

First Plant with cellulose MeCciC;ZI/f31H949 . _
actate spiral wound Teflon composite
membranes for CO» membranes,

separation in EOR for CO, removal
Cynara-1983 ABB/MTR - 2008
Polysulfone hollow fiber Field test of
membranes for O,/N; membrane
Dow Chemicals - 1984 contactors for
CO,/Ny,
ComDOSIte hollow fiber Kvaerner -1998
membranes for Oo/N»
IMS -1987
WV
1980 1990

N

Cellulose triacetate
membranes for COy/H»
Separex - 1982

i

Polyphenylene oxide

Pilot plant with polyethylene
oxide membranes

for CO, separation

membeanes
Polyaramide membranes for air separation GKSS/MTR —2008-2010
for Hy separation Delair - 1991

Du Pont - 1986

Polyimide membranes
for H, separation
Ube - 1989

Largest Plant with cellulose acetate
membranes for CO, /natural gas
separation, Pakistan
UOoP
1995 (265 MMscfd) -2008 (500 MMfcfd)

Figure1-7 | The evolution of membranes for gas separatidviilestones in theevolution of membrane
gas separtion technology within the first largescale application in 1980 by Permea until the launch of a
pilot plant with PEO membranes in 201@eprinted from Ismailet af® with permission from Springer
International Publishing).
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Polymeric membranes for gas separation

The gas streams in industrial processes are usually large and a high flux of the separated gas
(permeate) has to be realized. Hence, a bigface area to module volume ratio of the
membrane material is required £900m2 m=3) that is either produced by flat sheet spiral
wound or hollow fiber module.The growing significance of membrane technology can

be explained by the advantages of membranes for gas separation:

Simplicity in concept and operation
Low energy requirements forroplete separation (no regeneration of sorbents etc.)
Modularity and ease of scale

High efficiency in use of raw materials

= =2 =4 4

Avoidance of moving parts

These advantages have led to theewauation of technical processes, wherever gas
separation plays aurial role. Except for CGseparation in CCS technology in power
plants and purification of natural gas, industry is confronted with separation problems
among other things in refineries fMHydrocarbons), ammonia plants ¢, and
polyolefin production (ght gases/volatile organic compounds, VOCs). Each of those
problems implies a gas mixture of two or more gases. In most cases, the problem can be
reduced to the separation of one gas pair, e.g. the separation of hydrogen from nitrogen in

the ammonia purgegas.

Table1-1| Main industrial applications for gas separation with membrane materi&l& ™

gaspair industrial process
H/CO, hydrogen generation in precombustion technology
Ha/N, ammonia purge gas
H./hydrocarbons hydrogen recovery in refineries
O./N; air separation to yield oxygen (oxyfuel, steildustry) and nitrogen
CQJ/CH, natural gas sweetening, land fill gas upgrading
CQ/N; flue gas treatment (postcombustion)
H.O/CH, drying of natural gas
H.S/hydrocarbons sour gas treatment
hydrocarbons/air hydrocarbon recovery or pollution control
He/N, helium recovery
light gases/VOC% polyolefin purge gas purification

aAVOCs like ethylene or propylene

17
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An overview over such fundamental gas pairs and their occurrence in industrial processes
is presented iTablel-1. For the choice of the best membrane material, its selectivity for
one molecule of the gas pair is essei@vever, membranes for gas separation also imply
some practical problems leaditmya decreased performance over time. One major effect is
fouling of the membrane due to blockage of the surface and/or pores. The fouling can arise
from strong physical interaction, i.e. adsorption of sulfur compounds suchSasr-6Q

or accumulation of small particles. The latter can be removed by reverse purging with a
non-adsorbing gas (or filtered off before contact with the membrane), whereas the first
might lead to an irreversible deterioration of the membrane. Another disadyaotahis

type of gas separation is the risk of leaks in the membrane that are inherently produced as
thin as possible to maintain a high flux of the gas stream. Additionally, polymeric materials
are prone to chemical attack by reactive compounds lills,dmses, radicals etc. and might
lose mechanical stability or undergo physical or chemical transformations leading to

changed separation propertiés.

1.2.2 Fundamentalsof membrane transport phenomena

The membrandrased separation of gases is primarily dependent on the transport of the
individual molecules through the materi&he driving force is, as postulatedHIK’s first

law, the diffusive fluxJalong a concentration gradient towards the lower concentration
region under the assumption of steady state. The magnitude of this flux is proportional to
the concentration difience. The proportionality constant between the flux and the
gradient in the concentration for a given system is called diffusivity or diffusion coefficient

Das expressed in Et1.4.808

o o (1-4)
T w
Another important principle in this context l$ENRYs law formulated in 1803, stating that
the amount of gas dissolved in the contacting liquid (or here amorpbolysner) is

proportional to its partial pressure in the gas plfase.

A schematic of the most frequently observed transport mechanisms in membrane
separation processes is illustrated in Ei§. They can be subdivided into porous and-non
porous transport phenomena, whereas KmuUDSEN diffusion and molecular sieving

belong to the first group and the solutidiffusion mechanism belongs to the latter. For a
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given gas pair, the decisive parameter foKileDseNdiffusion is the molecular weight of

the molecules, as it correlates irsgdy proportional with the mean free path in a
confinement, i.e. a pore. The pores are larger than the gas molecui® () but smaller

than the mean free path resulting in more collisions with the pore wall than with other gas
molecule$?® Molecular sieving takes advantage of the size difference of molecules, i.e. the
kinetic diameter aswwn inTablel-2, and is possible for membranes with very small pores
(<20A).3For a monodisperse pore diameter distribution a complete separation of gases is

theoretically possible if one of the gasleules is larger than the pd&te.

Retentate

[ ] [ ]
.. . .. .. . .
°
L]
Ap o
4 « .. o. ° L .

Permeate

KNUDSEN Diffusion Molecular Sieving Solution-Diffusion

Figurel-8 | Mechanism of gas transport through membraneSchematidllustration of the three major
mechanisms of transport of gas molecules through porow&(DseNdiffusion, molecular sieving) or non
porous (solutiondiffusion) membranes. For materials showinigNubseNdiffusion, the separation is
achieved by the difference in molecular weight of the molecules, whereas molecular sieving is based on
size exclusion wh smaller pores. Solutiomliffusion takes place in dense polymeric membranes, which
leads to separation if solubility and/or diffusivity of the gas pair differ significarflgapted from Ismaikt

ar®).

For nonporous amorphous polymers solutiatiffusion is the dominant transport
mechanism. It involves three steps, starting with the adsorgi gas molecules on the
surface of the membrane on the feed &ifffter diffusion of the molecules through the
polymer matrix, the third step is completed with desorption, i.e. evaporation of the
diffusing species. This process was first described in literature by THeraham
150years ago and it is controlled by two major parameters of the penetrating gas: the
diffusion coefficientD and the solubility coefficieng® The rate determining step is the
creation of holes with sufficient size in the polymer matrix to allow the penetrant molecules

to move along the concentration gradient.
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Table1-2 | Selection of gases relevanb industrial separation processes.

molecule molecular weight kinetic diameter
(g mol) A
He 2 2.89
CH 16 3.80
H0 18 2.65
Ne 28 3.64
©: 32 3.46
CQ 44 3.30

This thermallystimulated segmental motion of polymer chains is very slow compared to
molecular kinetics and can be described with the sorditfnsion theory?® Solubility and
diffusivity of the gas may be affected by the chain packing density, orientation of the chains,
crystallinty, polarity, nature of functional group, plasticizers, fillers and humidihe
performance of a neporous polymeric membrane with respect to a single gas is expressed
by the permeability® which is defined as the product of diffusivity and solub{kie
Eq.1-5).

0 O Y (1-5)
Alternatively, thgpermeabilitycanalso be expressed fgnd the partial pressure difference

Apnormalized by the thicknegef the membrane as shown in Hep:

5 0
]
Typically for membrane materials. high flux materials, the unit for permeability is given

(1-6)

in barrer, with:

YIRS wd "Y'Y® b
Wwl 1 M ==
P Wl wa 0Q
The membrane thicknessormalized permeability is sometimes replaced by the thickness
dependent permeand@to give a more practical value for the performance of a membrane
(see Eql-7) that is only a few micrometers (or even af1) thick:
. 0
U ==
i
The unit often used in the context of permeance of polymeric membranes is gas permeation
unit (GPU) andis by definition:

(1-7)
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00PN
P P Wi wa 0Q
The other decisive parameter for gas separation membranes is the sele(tiXg) for
gas A in a mixture of the two gases A and B, i.e. the ratio of permeabilities for a given gas
pair A/B. Wken the permeabilitiesobtained from single gas measuremendse used for
the calculation, the ideal separation factor, theated permselectivity is defined by Eq.
8.

| 0X0 = (1-8)

Selectivities in noiporous membranes are usuallyhnigvhile the effective transport of gas
molecules through the materials is rather slow compared to porous membranes. The size
of the permeating species in rporous membranes is of minor importance and rather the
solubility in the medium governs the pemitance of the material in regard of gas
separation. From a technical point of view, both the permeability and the selectivity of a
membrane material should be as high as possible, thus leading to a fast separation of high
purity gases. However, there isiaherent tradeoff, i.e. reciprocal relationship between

both parameters that is empirically described bylEq.

0 Q| o716 (1-9)
with &, and m, being empirically determined parameters for a given gas pair. This
relationship can be visualized in an upper bound when selectivity is plotted against
permeability. Lloyd M. Robeson established this upper bound in systematic studies and
published this hie in the abovwenentioned special type of plot for the first time in 1991.
In Fig. 1-9 such aRoBESsONplot for the gas pair C£LH.is shown for a vast variety of glassy
and rubbery polymers. The dashed line represents the empirically found upper bound that
was not yet surpassed 25 years ago. However, 17 years later, Robeson updateddand revis
his database of glassy and polymeric membrane materials and shifted the upper bound to
higher values, which was recently again outperformed by new materials and shall be

discussed further in the ‘state-of-the-art’ section 1.2.379°1
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Figure 1-9 | Original RoBESONplot from 1991.The plotfor the separation factor obicozcraversus the
permeability of CQfor glassy and rubbery polymeric membranes. The dashed line indicates the upper
bound as an empirical border, representing the traaéf between selectivity and permeability (reprinted
from Robeso® with permission from Elsevier).

Another important property related to membrane materials and their performance is the
distribution of free volume elements in the polymer matrix, as transport is facilitated in an
interconnected micropaus environment. The free volunt&is the space not occupied by
molecular chains in the glassy polymer, due to limited packing density of amorphous
domains.V;can be expressed mathematically as the difference of the specific Wglume
and the specifieAN DERWAALSVolume Vi smultiplied by 1.3 (see E#:10). ThevAN DER
WaaLsvolume is calculated using the group contribution methoBayDI and the factor
is introduced to compensate for the steric demand of any molecule that is, evén at O
higher than itsl/,s°*°
W W PIW | (2-10)

A quantity often reported in literature is the fractional free volume (FFV) that is obtained
by division of the free volume by the specific volume of the polymer:

"O'0w 3 (1-11)

W

Typically, values of the FFV ranfyem 0.11 for barrier material® 0.29for membrane

materials?®%6
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The theoretical approach usingN DERWAALS radii of molecules to deduce free volume
can be supported by experimental values, obtained posiron annihilation lifetime
spectroscopy (PALSRather than the fraction of free volume, here, the mean pore size
(even on the subanometer scale) is measured that is usually proportional t6AHE"°

To interpret the data recorded in a PALS experimenT#ee ELDRUPmModel is applied®

192The nondestructive technigue involves the generation of positrons from a radioactive
source, which are injected into the condensed matter under investigation. The positrons
interact prmarily with the electrons in the matrix to produce a metastable
positron/electron state called positronium (Ps). The latter usually annihilates rapidly
accompanied by the emission of a photdiy interaction with other (free) electrons in the
matrix. However, if voids, e.g. cavities in a polymer membrane, are present the electron
densityfree space has a prolonging influence on the lifetinfea positronium. From this
difference in lifetime of positroniums the cavity radmisan be deduced. To expiahe
theoretical background of the spectroscopic technique it has to be mentioned that
positroniums exist in two spin states. For opposite spin of the electron and the positron the
term parapositronium (-Ps) is used with a selhnihilation lifetime invacuum of 12ps.

The lifetime of arortho-positronium (o-Ps, parallel spin of electron and positron), on the
other hand, is three orders of magnitude higher ({ig)2in vacuum, while piekff of an
electron of opposite spin leads to a reduction of lifetim <4 ns. This reduction is
dependent on the size of the void thds is trapped in and thus the rate of padk
annihilation Ay is inversely proportional ta: of the hole. In the ser@mpirical TAO-
ELDRUPmMOodel the potential well of finite height associated with the hole is replaced by an
infinitely high potential with the radiug + ér (the penetration deptldr of a Ps wave
function into the cavity walls was empirically found to be A)66The mathematial
expression for the relation of picKf rate, the lifetime of the-Pst; and the cavity radius

is shown in Eql-12%

P o i p, .Gl
- o CEL P Qle—(]‘l (1-12)

The spectroscopically obtained lifetime distribution can be transformed by numerical
Laplace inversion into & probability function and subsequently into a hole volume

distribution that is a major interest in terms of membrane sci&fé¥.
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1.2.3 State-of-the-art polymers for gas separation

Many classes of polymers have been evaluated in terms of applicability in membrane
technology, e.g. pyamides'®™ polyimides!®’ polycarbonate&?1%° polyarylates:®
poly(phenyleneetherg!'! poly(ethylene oxide)s? polyanilinesi*®*!4 polysulfoneg!®116
polyacetylene&' 18acetylated cellulo¥@ etc. For the purpose of GQeparation, those
polymers with a high permeability @0barrer) and selectivity (30) for the gas are
limited in number. Polymerghat are commercially available in membrane modules are
illustrated in Fig1-10 with a selection of membranelated properties shown Fablel-3.
Except for the acetylated celluloagommon motifare aromatic units like bisphenol A
(BPA) that give Be to rather rigid backbones, which is reflected in the high glass transition
temperatures ¢ 150°C) and fair CQ permeabilities ranging from 2t@&rrer for the
poly(ether imide)(PEl) to 48barrer for PPE2°'?1 The selectivities of these established
materials ee mediocre with regard to the upper bound ifR@BESONplot. The highly
permeable polymd?PPEexhibits the lowest selectivity of only 17, while Pl shows the highest
a (CO,/CH,) with 41 and a faiP(CO,) of 12122
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Figure 1-10 | Commercial polymers for the gas separatiofxamples of commercial polymers
employed in membrane modules are bisphendl polycarbonate (BPAC), polysulfoas (PSU), poly(ether
imide) (PEIl), poly(phenylenether) (PPE)polyimide (PI) and cellulose acetate (CAc, with triplicate
substitution of hydroxy groups).
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Efforts have been made to improve the performance of these established membrane
materials.Successful techniques involve the halogenation or introduction of sterically
demanding groups to increase free voluM&3'> The addition of functional groups for
facilitated transport (solute faracts chemically with matrix material, thus greatly
improving solubility of the permeate) is another promising route to increase the
performance of a membraA®.However, stat®f-the-art materials have been developed
from new monomers to give permeabilities for small molecules likb&©nd 10Marrer,

as shown in Fidl-11 andTablel-3.

Table1-3 | Properties of commercially available and statef-the-art membrane materials.

polymer (075:) FFV ( kAF'>0a) (’; ;(522) a(CQJ/CH) ref.
State-of-the-art
PTMSP >300 0.29 100 47000 1.6 172
PIM1 - 0.26 400 5100 9.6 128
TRPI - 0.27 100 1620 46 129
TOXPIM-1 - - 400 1100 60 128
DATRIPP 430 0.23 100 189 31 122
commercial
PPE 215 70 48 17 123
PP 300 0.17 100 12 41 %
CAc 188 0.21 100 6.9 37 78,119,130
BPAPC 150 0.16 100 6.8 25 131
PSU 186 0.15 100 5.6 22 96,116
PEI 216 0.14 300 2.6 39 120

apermeability tested at 35C,”permeability tested at 30C

For the design of new membrane materials there are some catisidgrto be made.
Properties that promise high performance as membrane materials include a high fraction
of free volume and selective solubility for one gas. For glassy polymers, important structural
motifs are very rigid and twisted backbones or a higlincmobility, as they are found in
polymers with intrinsic microporosity (PIMs) like PH#l or poly(Ztrimethylsilyl1-
propyne) (PTMSP), respectivély132134
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Figure 1-11 | Stateof-the-art polymeric membrane materialsStructures of polymers with very high
permeabilities and selectivities forstate-of-the-art membrane applications: poly(rimethylsilyl-1-
propyne) (PTMSP), polymer with intrinsic microporosity 1 (RlVpoly(4,4-hexafluoroisopropylidene
2,6triptycene imide) (RDATRI), thermally rearranged polyimide (PR.

The first is based on a spirobisindane ladder structure and yields permeation rates for CO
of over 500®arrer combined with- for this permeation- excellent selectivity of nearly 10.
Even one order of magnde higher isP(CO;) (47000barrer) of the latter, which is based

on a substituted acetylene species (the repeating units are shownliiBigHowever,

the intrinsic tradeoff demands a low selectivity of 1.6 over.CHhe other two polymers
shownin Fig.1-11 contain imide linkages possessing enhanced rigidity in the backbone
compared to traditional Pls. The copolymerization of the sterically very demanding
triptycenebased monomer 2@iaminotriptycene (DATRI) with the fluorinated

diphthalic anhydide derivative yield a polymer (DATHII) with an extremely higiT, of
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430°C and aP(CO,) of nearly 20Warrer accompanied by a very high £LTH, selectivity

of over 30?2The permeation @rformance is further improved for the thermally rearranged

Pl (TR-PI) yielding either polybenzimidazole, polybenzoxazole or polylieiazole
membranes (depending on the initial Pl carrying amine, alcohol or thiol functian#io-

linkage position, regmectively)?*** For the here presented polybenzimidazole an
exceptional combination of very high g@ermeability £(CO,) = 1620barrer)and strong
selectivity over methar(e (CO./CH.) = 46)was achievedrhis high free volume polymer

is an example for a material actually surpassing the upper bound proposed by Robeson in
2008 as illustrated iRig.1-12.9

[ [ [ [
ROBESON upper bound 2008
10°4 3
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TR-PIm
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Figure 1-12 | RoBESoNlot with state-of-the-art polymers.Theplot for the gas pair C&CH. with the
commercial and stateof-the-art polymeric membrane materials shows that some of the latter can actually
surpass theRoBesoNnipper bound from 2008.

Thermal rearrangement seetosbe the method of choice to produce materials surpassing
the upper bound of 2008, as it is also the case for1Pthat was annealed at high
temperatures (300°C) in the presence of oxygen to yield theraratiatively crosslinked
PIM-1 (TOX-PIM-1) with a permeability of 110farrer and a selectivity of about 60 versus
methane?® The new generation of membrane polymers suffers mainly from aging and
fouling effects that lead to deterioration of the performance in a relatively short time. The

aging can be ascribed mainly to the relaxation of pb&mer backbone into a
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thermodynamically favorable st&fé!”!*¢Also, the usednonomers are rather expensive
thus leading to high investment costs when applied on larger scale. Consequently, there is
a need for materials that can combine high performance as a gas separating membrane with

long-term stability and affordability.
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1.3 Polycarbonates

First discoveries in the field of PCs date back to 1898, when Einhorn reported the successful
transformation of hydroquinone and resorcinclderivatives into polymerst®” He
copolymerized the aromatic diols with phosgene in pyridine solution to produce linear
polycabonates. The reaction with hydroquinone yielded an insoluble crystalline solid,
melting above 288TC. The resorcinol derivative, on the other hand, gave an amorphous
material, that would decompose already at ZDOFour years later, an alternative route
towards the same PCs was reported by Bischoff and Hedenstroem, who employed a
transesterification with diphenyl carbonate as a substitute for pho&tjéirteok another

three decades until attention was drawn towards this class of materials again, which is likely
explained by the poor solubility and processability of those resins. Two pioneers in the field
of macromolecular chemistry, Carothers and van Natta, demonstrategdthways for

the production of aliphatic, low molecular weight, low melting polycarbonates by either
transesterification of diols with diethyl carbonate or ring opening polymerization (ROP) of
cyclic carbonate$° The latter route was taken up by a coworker o@bhBontcompany,

who filed a patent on the transesterification oflig@andiol and dibutyl carbonate to yield

a high molecular weight polymer with low melting pditThese materials with low
softening temperatures were not really commercially successful, because applications i
everyday life were very limited. In 1954, Schnell and coworkers from Bayer AG took up the
initial concept of aromatic PC, to produce high melting, high molecular weight polythers.

At the time, 4,4’-dihydroxydiphenyl alkanesvere investigated in the context of PC, which

is the family of compounds bisphenol A also belongs to.

1.3.1 Aromatic polycarbonates

This can be seers @he breakthrough in the field of thermoplastic PCs, as the materials
especially those derived from BPAvere not only stable at elevated temperature but also
soluble in organic solvents, transparent (i.e. amorphous) and mechanically superior to
othercommercially available plastits!**Because of this excellent property profile, many
companies initiated research and development of bisphenol A polycarbonateP@BPA
After some legal disputes involving General Electric and Mobay Cheth&Blyer AG
received the rights fdhe - atthetime commercially most relevantproduction of BPA

PC via an interfacial reaction of BPA and phosgene 1Higa)!*+'*¢To date this method
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stil dominates the market with only minor alterations of the process. The
transesterification of BPA (also covered in théeptof Schnellet a) with diphenyl
carbonate is not as popular, but it has gained more attention in the 1980s, when several

plants in China, Japan and Spain have been built in this regard-(3g)4-*°
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Figure 13| The production of BPAC.Industrially employed processes for the production of BIPE
via @) interfacial copolymerization of BPA and phosgene ob) melt polycondensation of BPA with
diphenyl carbonate.

Technically, the interfacial process involves in the first step the diesohft BPA in
dichloromethane (DCM) together with phenol as ezapper to maintain control over the
molecular weight. The next step consists of the addition of phosgene and aqueous sodium
hydroxide to the reactor, which will result in a tpbase liquidliquid system, with the

base NaOH intercepting hydrogen chloride and leading to hydrolysis of BPA phosgene
condensates and deprotonation of BPA. After completion, the organic phase is separated
from the aqueous phase and washed several times with aciddigdir@ water to remove
residual salts and base. In the last step, the PC is isolated either by solvent exchange and
subsequent evaporation of the solvent, steam precipitation or addition ofsohamnt and
subsequent filtration and drying. The low reanttemperature (40C) leads to a kinetically
driven distribution of molecular weights and makes a quantitativecap@ing necessary.
Otherwise the material is going to redistribute into its thermodynamic product, which is

accompanied by a decrease ofenalar weight.

The transesterification process, on the other hand, comprises thecdiabaed
condensation of the phosgesgnthon diphenyl carbonate and BPA. The reaction
temperature has to be kept high in order to keep both starting materials anacisrod
molten. The applied temperatures span from 150 to°@5Gstarting with pressures of

200mbar and a stepwise reduction to 1 or evemibar for an efficient removal of phenol.
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The quality of the resulting product is directly related to the startiagnals (no solvents,

no workup and no phosgene are needed) and thus if the latter are contafngeasd is

the product. The catalyst loading level lies in the parts per billion (ppb) region and is
negligible with regard to the final produ€tAnother advantage of the transesterification
processs thermodynamically controlled molecular weight distribution of the final product.
Hence, a processifigduced redistribution of the polymer chains is avoided, which
improves the processability of the material. Since the use of phosgene is also &®ided, t
route is environmentally and processirgjated favorable over the interfacial rotite.
However from an economic and product quality viewpoint, the latter is still more feasible

from an industrial point of view.

The production of the thermoplastic resin BIPAL is an ever growing market, which is
reflected in the annual growth rates of approximatét*8A total consumption of 3.t

was reported for 2012, with Asia having a share of 60% followed by Europe, treeBastd|

and Africa with 23%, North America with 15% and lastly South America witP*ZYfical
applications of PC are electronic, household, optical, automotive, construction and medical
devices. The key properties of the thermoplastic to give it such a broad range of applications
are its outstanding impact strgth, transparency, toughness, high elongation, good heat
resistance, light weight and dimensional stability. Especially the use of PC in data storage
technology, i.e. compact discs (CD), digital versatile discs (DVDBinare recently- Blu-

ray discs areamous examples, where the key properties impact strength and clarity of the
material are mandatory. Another example is the use as medical devices, which need to be
biocompatible and sterilizable. PC is both, biocompatible and exposable to all important
gerilizing techniques, e.g. ethylene oxide (EO), gamma rays, electron beams or steam and

hence a suitable choice to produce connectors, valves, controls, cathétérs etc.

1.3.2 Aliphatic polycarbonates

Historic evolution

As mentioned briefly in paragraph.3 the first aliphatic polycarbores (APC) were
reported by Carothers and van Natta in 1930, when DuPont evaluated market potential of
this new kind of polymers?® The low 7; materials were prone to hydrolysis and as such
considered inferior to other engineering thermoplastWith the discovery of BRRC in

the 1950s an ongoing success story of aromatic PC distracted attention from APCs even
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further. A landmark in the field was establishwdinoueer a/, who published pioneering

work in 1969 on thesynthesis of aliphatic lycarbonates byzinc-catalyzed
copolymerization ofCO, and epoxide&**>>But APCswere hardly recognized until the

1990s, when academic and commercial interest rose due to emerging markets in the field
of biomedicalnd biodegradable applicatiofig?!%6%8 Current industrial applications are
limited to low molecular weight polyols used for the production of polyurethanes and
segments in copolymers, respectively, as the poor thermal and mechanical properties have
hindered expansion into the area of thermagia resing>%°However, in regard of
biomedical applications, the low glass traos temperatures, superior biocompatibility

and degradability of APCs are advantageous properties that are recently exploited in the

field t12

Synthetic routes towards aliphatic PCs

Syntheic strategies towards aliphatic PCs are versatile, as the polycondensation
(transesterification) and ROP have already been presented by Carothers and van Natta in
1930 and 1932, respectively, anddibygolymerizatiorof CO, with epoxides was shown by
Inoue et al.in 1969 (see Fid-14)1%14Based on these fundamental routes various
modifications of the synthet%!®® and introduction of new functional monoméfs:’®

have revived academic research in the field.
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Figure 1-14 | The production of APCsSynthetic routes towards aliphatic polycarbonates either (8)
polycondensation/transesterification of diols (or polyols) with dimethyl carbonatd) (ROP of cyclic
carbonatesor (c) copolymerization of epoxides and CO

n
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In the early daygpolycondensatiorof APCs was accomplished by the employment of
phosgene and its derivatives to yield polymers with broad molecular weight distrifstition.
The control over the outcome of polymerization was improved when knowledge from the
BPA-PC production was transferréd the synthesis of APCs. The use of dialkyl carbonates
enabled higher degrees of polymerization by running astep procesS**8In the first

step, oligocondensates of aliphatic diols and alkyl carbonates are produced in the melt.
Qubsequently, transesterification of the egyrdups using a suitable transesterification
catalyst would lead to higmolecularweight (HMW) polycarbonates. A TUBiO,-based
catalyst was reported to produce polycarbonates of diols of butane, pentane amel hex
respectively, having weight average molecular weidWt$ ¢f >166kgmol* and low
dispersity £<1.9)!%5 Others have morted the successful preparation of APCs by
polycondensation using enzymes as catalyst, which enables milder reaction conditions and
a higher tolerance with respect to functional groups on the monoffiddawever,
drawbacks of the enzymatic polycondensation are high catalyst loadings, long reaction

times, low molecular weights and a high

The obvious advantage of polycondensation for the preparation of APCs compared to ROP
and CQJ/epoxide coupling is the flexibility of carbon number between two carbonate
groups. Consequently, linkages with ten and more carbon atoms have been realized in the

PC backbone, which is a unique way of tuning the properties of thé®APC.

ROP of sixmembered cyclic carbonates (finembered rings aréhermodynamically
stableand do not undergo ROR)on the other hand, is more effective for the production

of high molecular weight APCs with low dispersity. The technique was applied to
trimethylene carbonatd (Fig.1-15) by Carothergt a/just two years after their discovery

of polycarbonates, though the products suffered from low purity and low molecular
weight!®*Due to similarities of cyclic carbonates to lactones, most catalysts used in ROP of
lactones have also been tested for their carbonate counterparts. Athsudaction can

be conducted in melt or in solution, while the mechanism range from anionic, cationic over
coordinationrinsertion and monomer activation to enzymatically promoted
polymerization®® Apart from metalbased catalysts, recently, organocatalytic ROP has
received much attention to lower the level of toxic residues in the polymer. Basic
catalyst¥7.186187jke tertiary amines, guanidines, amidines etc. and acidic catalysts like

diphenyl phosphaté® and triflic acid®**°* have been used successfully for the conversion
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of cyclic carbonates into polymers. Furthermamezymes have shown activity in ROP of
these compounds, though they lack in efficiency and control of molecular weight compared
to metal and organebased catalyst&:1¢81%2% The great variety of catalysts for ROP is
matched by the variety of monomers available Fa tingopening reaction. Besides
trimethylene carbonate, the most widely used structures shown ifr Bsgcarbonates of
2,2bis(hydroxymethyl)propionic acié?® pentaerythritot®® and trimethyolalkan¥’ giving

2, 3a/band 4, respectively. The resulting structures are ideal candidates for biomedical
application as they show tunable degradation rates by adjustment of hydrophilicify. and
Furthermore, the ROP of carbonates tolerates a broad rangectibhalities to produce
APCs under mild conditions. Hence, much effort has been spent on engineering of tissue
scaffolds by electrospinning of fiber ni&t&° or the synthesis of biodegradable

elastomerg?®2hydrogel&"+?®®and drugdelivery carrierg?-21

o) ) ) 0 )
oo oo oo oo oo
RO SR SacH
O~ "OH OR; OR, 0O o
=0,1,2
R R, n =01
1 2 3a 3b 4

Figure1-15] Cyclic carbonates farhe production of APCsMost widely used cyclic carbonates for the
ROP to prduce APCs: trimethylene carbonafeand carbonates of 2;bis(hydroxymethyl)propionic acid
2, carbonate of pentaerythritoBa/b and carbonate ¢ trimethyolalkane4.

The third major route towards APCs is tbeupling of highly reactiveepoxideswith the

nearly inert molecul€0O, (energetic considerations were discusset1rd. In respect of

CCU, it turned out to be a very economic and sustainable pathway to produce
thermoplastics, binders, coating resins or foams using this copolymerization techfitque.

2191t is one of the most recent examples of utilization of @Qa large scale and thus a vast
number of epoxides and catalysts have been screened to expand the spectrum of this
chemical routé®22022)Recently, it was repat that some catalysts are resistant to co
contaminants (water, NCO, thiols and amines) present in the @&hausted from power
stations and show high activity in the coupling of the gas with epoxides. This is an

important step in the field of carbonptare and utilizatiorr?

Mechanistically, the metalatalyzed copolymerization follows a coordinatineertion
process with the initial insertion of a rkgpened epoxide into the metakygen bond and

subsequent insertion of G@ give the carbonate group as shown in Fg6 (xample
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with propylene oxide (PO)). For a strictly alternating insertion of epoxide and G€fect

free polycarbonate is obtained. However, this ideal case is often flawed by the consecutive
addition of epoxides or backbiting reactions leading to undé®ther linkages in the
backbone. The latter also produces cyclic carbonates that will compromise yield of the APC

and might act as a plasticizer in the final proddét.
initiation

L S e YO

chain growth
IMf

Co,

il Lo P—wmrf& o

baCk-bitingl ether format|on

Mhop , K
0] + O° 0 ) .
ether formation \__{ cyclic carbonate formation

chain transfer

lmi/ojﬁp R'OH | [M‘]/OR' HO\r\P

R'=H or alkyl chain

Figure 1-16 | Catalytic cycle of the production of PPQhe atalytic cycle of metatatalyzed
polymerization of propylene oxide with COThe reaction is initiated by the insertion of the epoxide into
the metaloxygen bond and subsequent insertion of GAn the ide&l case, this sequence is repeated as a
strictly alternating insertion of epoxide and GQo vyield a defectfree polycarbonate. However, the
consecutive addition of epoxide and backbiting leads to undesired ether formation, whereas the latter
produces cydk carbonate as a sidproduct.
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The presence of hydrogontaining compounds in the reaction mixture might lead to
chain transfer reactions that result in low molecular weight poly/efs. The
regioselectivity of the copolymerization depends on the epoxide and the catalytic system in
use. Statef-the-art catalysts are able to produce poly(propylene carbonate) (PPC) with a
very high ratio of heatb-tail linkages, i.e. a regioregular copogymas can be verified by

an analysis of the carbonyl region38 NMR spectra (150ppm) 28 The stereoselectivity

is another important parameter determining the microstructure of the produced APC. For
PO syndieenriched PPC and focyclohexene oxide (CHO) completely syndiotactic
poly(cyclohexene carbonate) (PCHC) were obtained by careful design of the catalytic

systent29:230

Epoxides and catalysts used for the coupling with €0

Beside€CHO and PO (shown in Fid-17 asf and12, respectively), many othepoxides
have been successfully transformed into polycarbonatespoyymerizationwith CO, as
shown in Figl1-172%-23% Among them, the polymers of ethylene ox@end hexene oxide
8cpoly(ethylene carbonatélPEQ and poly(hexene carbonate) (PHC) were tested together
with PPC, PCHC and BRRC in regard of their thermal and mechanical properties with
the data collected in Table4. The glass transition temperature is rather low for open chain
APCs as it is10°C for PHC and only rises to 4C for PPC.

A GA A LA

6 7 8a-e 9 10
ddd g d
Z (MeO)sSi X
11 12 13 14 15

Figure1-17| Epoxides for the production of APCA.=lection of epoxides successfully copolymerized
with CQ to produce APCsising a variety of organomiallic catalysts.

For alicyclic polycarbonates like PCHC a glass transition °@JL&loser to BPAC
(149°C) was reported, though the mechanical properties of the latter are not reached by

any of the aliphatic counterparts. PCHC might have a similaile@estsengthos and elastic
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modulus though elongation is limited to about 1% until it breaks, which already hints at
the brittleness of the polymer in contrast to the very tough-BEA¥” The open chain

APCs cannot compare to the aromatic counterpart as their softening temperature is at least
one order of magnitude lower and they do not aim for applications aseenmg
thermoplastics but rather soft blocks in copolymers or synthetic elastomers. Of all the other
epoxides shown in Fid-17, the alicyclic bivased(R)-limonene oxide (LOWS shall be
highlighted as it is the “backbone” of this thesis. The discovery of its copolymerization with

CO, and microstructural composition of the resulting APC are introduoegwhile the

results and discussion of this thesis are dedicated to the valorization, processing and

applications of poly(limonene carbonate) (PLimC).

Tablel1-4 | Thermal and mechanical data of AP@sd BPAPC.

polymer  epoxide 5 T os  YOoUNGsmodulus  strain atbreak  ref.
§°) 9 (MPg (MP3 (%)
PEC 6 10 230 3-8 >600 238
PPC 7 40 252 730 700-1400 600-1200 239,20
PHC 8c -10 290 238
PCHC 12 118 308 4044 3500 1.12.3 237,201
BPAPC - 149 500 47 2400 3050 227,202

dmeasured at 1K minin differential scanning calorimetry experimentmeasured at 1K min* heating rate under
Nz in thermogravimetric analysis experiment.

However, most research has been directed towards the synthesis of PPC, which7is a low
amorphous thermoplastic that is produced on an industrial $€&féThe epoxide PO is a
readily available commodity chemical and the production capacity @0i0a* has been
surpassed by established companies (Covestro aAG Empower Materials) and
newcomers (Novomer Inc?f® The ‘clean’ decomposition above 200 °C have made it
applicable as temporary binder iehits biodegradability have made it eligible for blending

with natural polymers like starcff

Both, PCHC andPPC have been subjected to countless organombetécogeneous and
homogeneous catalystespectively?1#220245.24\Most common metals are Zn(ll), Co(lll)
and Cr(lIl) coordinated by more or less sterically demanding, symmetric or asymmetric

ligands.

Prominent heterogeneousatalysts are zinc glutaralé (or other carboxylates) and
double metal cyanidd®MCs) 17 (see Figl-18a). Typical features atewisacidity and
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low redox reactivity of the metals and ligands like alkoxides, carboxylates, halides and other
anionic groupg3124825t|n contrast to theihomogeneous counterparts, these solid catalysts
require much more forcing conditionshat is, high pressures of GQ>5MPa) and
elevated temperature (&B0°C) to produce APCs characterized by numerous defects, i.e.
an etherenriched backbone of the lyoarbonate. The productivityr turn-over number

(7ON, grams of polymer produced per gram of catalyst) of the most widely used
heterogeneous catalyst zinc glutarate for the production of PPC is typically in the range of
70g PPC/gzn. Furthermore,the activity, that is, turn-over frequency {OF moles of
polymer produced per mole of catalyst per hour) is limited 10 k1.%2253Despite of the

low performance of zinc glutarate, it is industrially relevant because of the inexpensive
reagents and its simple synthesis, both mandatory for-kargle apjtations?®* DMCs, on

the other hand, show high catalytic performance in the conversion of epoxides and CO
into polymers. For the G&n speciedl?7, turnover numbers of up to 1000 have been
reported®+2*while a CeNi DMC has an7OF of 1860h.2°® However, DMCs are also
active in the homopolymerization of epoxides and timgspgercentage of ether linkages in

the polymer is very high.

Characterization of the catalysts’ active sites is an inherent challenge that is - together with

the production of high ether contentsnot compensated by the very high activity of the
speciesHence, academic focus has been shifted towards the development of efficient
homogeneous catalysi. selection ohomogeneous bicomponent catalyststems is

given in Figl1-18b. They consist of metal(lll) centers in combination withcatalysts,

such as bis(triphenylphpkine)iminium chloride ([PPN]CI) orLewis bases like 4
dimethylaminopyridine. As ligand porphyrin§872¢° N,N>-bis(salicylidenajthylene
diamine (salen)19?122324126]gnd salans (reduced salefi}?%22%3are most commonly
attached to the metal. Newer generations of bicomponent salens have damlgst
covalently attached to the ligar®D, which results in even highefOFsthan for the
detached systeni¥.Generally, porphyrirbased catalysts exhibit rather low activity with
TOFsof 321h*and produce low molecular weight copolymers of PO/CHO ang?€@&°
SalerCo complexe&9with the cocatalyst [PPN]CI andertbutyl (R= #-Bu) moieties give

rise to a7OF of 1400h?, i.e. two orders of magnitude higher than that of porphyrin
complexes. Higher selectivities and activities at low temperature are realizable when the co
catalyst is covalently attached to the salen ligand, as it is the case R0twleis tethered

to a piperidinium moietyAt room temperature and 1MPa pressure of Ca 7OF of
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250ht and a seleatity towards the carbonate 099% was accomplish&dFor a similar
Co-salen complex that is tethered with four quaternary ammonium moieties, an unrivaled
TOFof 26000h* was reported by Sujiter a/for the copolymerization of PO and Géxt
2MPa and 80C, which is more than 2@DO times higher than the first experiments
carriedout by Inoue in 19697OF= 0.12h'1),1%5:266

a
NC_ CN
~-Nc—Co—cN X
\ N
Zn
NC CN
N=3% X =H,0, Cl, Br, ROH
16 17
R Rv OAc
Sl
_N — —
=Nl N=
AcO
N H=N®
M = Al, Co, Cr, Mn Q O
M = Al, Co, Cr, Mn X = Cl, N3, NO3
X = Cl, F, OAc R'= Ar, alicyl, CHa, H, Ph
18 19 20
c R, Ry

/NN 07 0 /N =N _N(TMs) )z
\ Zn‘\ Zn\ \ /Zn /Zn\ /
ey 007 N N (TMS),N N

t R j
Rj3 ’ a Fs€ o

R4 R4
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Figure 1-18 | Catalysts employed for the coupling of epoxides and £@ selection of §)
heterogeneous catalysts such as zinc glutarai® or double metal cyanidel7 complexes and lf)
homogeneous bicomponent catalyst systems such as porphyrikt salen19 and bifunctional salen
complexes tethered to piperidinium moietieR0 and () dinuclea, i.e. bimetallic catalysts such @
diiminate 21 and tethered bdi22 complexes used in theopolymerizationof epoxides and Céto give
APCs.
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Examples of homogeneouinuclear catalystare shown in Fidl-18c. Metals with
oxidation state +2 and +3 are employed in combination with either mononucleating or
dinucleating ligands, e.g. Zn(ibasedp-diiminates (bdi)2126"2"* or tethered Zinc bdi
complexe2227223gand Mg(Il)/Zn(I1)/Co(ll/1ll) -based salansespectively’ Coates and
coworkers were #hfirst to develop highly active based catalysts. The secret of their

high activity was identified to be the existence of dimeric species that are only loosely
associated. This observation was confirmed by kinetic studies, which revealed reaction
orders of zinc between 1.0 and 1.8, i.e. implicating dirnedged by either small ligands
like acetate (OAc) or the growing polymer cha&isThe activity of the2l is very
susceptible to the choice of thearyl moieties on the bdi ligands,@&hd R of 21), which

is reflected by the unproductive complex for the copolymerizati®@Hid and CQ with

RJ/R; being methyl moieties. However, exchange of the methyl moieties by etlagl or
propyl (/-Pr) groups raise8OFsto 431htand 36(h?, respectively®while the asymmetric
catalyst (R=ethyl, R = /-Pr) would even increas€OFto 729nh*. To furtherimprove
activity, the electronic of the complex can be tuned by replacing tbeo®n by an
electronrwithdrawing cyano substituent, as the resulting asymmetric catalyst yields PCHC
with a 7TOFof 2290h1.2”* Based on these findings, much effort has been directeddew

the tethering of two metal centers to bring them into vicinity. Most successful in regard of
activity was the group of Rieger in Munich, who connected two asymmetric fluorinated bdi
ligands with aryl bridges to give the dinuclear cat®gstits perbrmance towards the
CHO/CO; copolymerization was found to be the highest at®@and 3VIPa, showing an
unprecedentedOFof 155000h1.273

1.3.3 The versatile molecule limonene

The epoxidg/R}LO is derived fronyR)}Himonene(23g, which is an doubly unsaturated
alicyclic terpene. It is found in the peel of citrus fruits (orange, lemon, lime, mandarin,
grapefruit), while its stereoisomgs}limonene(23b) is found in the essential oils of oaks
and pines(see Figl-19)27¢ The latter has a turpentine smell, whereas#gisomer is
responsible for the typical orange oddumany cosmetics and food?)-limonenehas a
share of roughly 959 orange oif’” which corresponds t8.8wt% of the entire peéf®
Considering an annual production of oranges of abounhiiin tonnes, thigesulsin a
capacity of more thar0B kt a* (estimated from 701t a*oranges produced) of which kKD

are extractedy centrifugation o steam distillationeach yeat’®?®°Hence, the terpene
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shows an abundance that makes it a viable choice as feedstock for industrial processes.
Furthermore, as it islerived from the waste, that is, the peel of the oranges, there is no
competing interest with the production of food. This is a clear advantageooiireover
starchbased materials, such as poly(lactic acid), since the latter are derived from corn,

which, in turn, is an integral part of the nutrition in many regions of the wétld.

23a 23b

Figure 19| The stereoisomers of limonenéimonene is a biebased alicyclic terpene that is found in
several plants and fruits. Thé®Jisomer23ais the major component in citrus fruits, such as oranges and
lemons, whereagSjlimonene 3h) is emitted by oaks and pines.

Limonene has a growing number of applications, due to its availability antbriaity.

One of the earliest uses as a cleangeniis based on the good solvent properties of
limonene (it can hold up to 2.5 times of its own wei@fiffhe environmentally benign
biosolvent can replace toxic solvents, such as toluenexane and halogenated organic
solvents. For instance, it was used in a formulation withfactant in large quantities for
degreasing of equipment after the Deepwater Horizon oil spill in 201He employment

as solvent of limonene can also be expanded chemical processes, where it is readily used in
chromatography and extrion of natural product$®?84Besides the application as a
solvent, the unmodified terpene is also added to natural pesticides in order to repel insects
without harming mammals, birds or fig#.Furthermore,(R}limonene exhibits activity in

the treatment of cancerous cells and the prevention of asthifia.

However, the true potdial of the doubly unsaturated terpene lies in the chemical
modifications on the reactive double bonds. A comprehensive review on the possible
manipulations was presented by Thomas and Bessiére in?198%art from the
attachment of small molecules, the terpene was sialtgdromopolymerized cationically

by FRIEDEL-CRAFTSOr radically byZIEGLERNATTA catalyst$®%2%°The use of those lew
molecularweight polymers and the control of the resulting structures was limited, though,
and it was only in the last two decades that a number of new polymeric materials have
emerged based on limonene. One approach involves therdgeyation of limonene to

give the aromatigp-cymene that is subsequently oxidized to terephthalic acid for the
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production of polyesters such as PEF**Another chemical route exploits thaouble

bonds of limonene for the thigine ‘click’ reaction. The addition of various thiols has led

to materials that are suitable as sealants and adh&sii€get another approachutilized

within this thesis- is based on the partial (LO) or complete epoxidation of the double bonds
of limonene. These highly active epoxy groups can be coupled catalytically with the nearly
inert CQ; to give polycarbonates or dib@nates for the isocyanateee production of
polyurethanes, respectivél)2*Besideshe copolynerization with CQ, LO was employed
asmonomer fordirect cationic polymerizaticfandas comonomefor the production of

polyesterg®”

1.3.4 Poly(limonene carbonate)

Catalyst21 was successfully employed in the copolymerization of thdédsed and
sterically very demanding epoxi@@)-limonene oxidel5with CO,to yield PLimC*Only
few other biebased oxiranes have been subjectethéocopolymerization with CO
amongst them epoxidized fatty ac¢iand 1,4cyclchexdiene?®2°Upon partial oxidation,

a mixture ofcisLO (159 and transLO (15b) is obtained, differing in the orientation of
the methyl and thése propylene moieties his rather subtle difference in stereochemistry
has a dramatic effect on the reactivity of the epoxides, asikemer is nearly completely

omitted in the copolymerization artbbis enriched in the backbone of PLImC.

T<40°C
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Figure1-20| The production of PLimClhe ®polymerization of (RJlimonene oxide and C@catalyzed
by the zinc complex21, giving regioregular PLimC below 4%C and regioirregular PLimC above 20,
respectively, while thecisisomer does not take part in the reaction.

42



Polycarbonates

The schematic of the reaction is shown in EgO0 also illustrating the importance of
reaction temperature. Byrnet al/reported that samples produced below’@0resulted
exclusively in heatb-tail connecéd (regioregular) PLIimC, while above °4D the
regiocontrol was compromised and regioirregular PLIimC was obtained. The catalytic
activity of various derivatives 2L was also evaluated, whereas one of the best bdi catalysts
was that with ethyl moieties {RR; = ethyl, R, R = H) giving a moderatgd OFof 32h* at

25°C, 0.™MPa pressure of CQand a catalyst loading of Gnbl% ® > 1.13). The
molecular weights of the amorphous copolymers were limited tokf@o®I* and
25.0kg mol* for (R)-LO and(S}LO, respectively. Even with those low molecular weights,

a promising glass transition temperature of 1C{close to th&yof high molecular weight
PCHC with 118Cy**was achieved, indicating a high rigidity of the backbone. On the one
hand, this rigidity was expected to result ifyaimilar to that of BPAPC for higher degrees

of polymerization. On the other hand, the rigidity shouldoaresult in a low packing
density of the polymer chains and thus a high free volume, which is a prerequisite for high
performance in respect to transport phenomena. The latter can be related to optics or
membrane technology and the facilitated movemeinfplaotons or small molecules,
respectively, eventually giving highly transparent and permeable materials. Based on these
assumptions, the research was material scientifidalen: firstly, improving general
polymeric properties by increasing moleculaeight of PLimC, secondly creating a
portfolio of properties for the bibased APC and, last but not least, identifying applications

of the new material.

Recently, reports have been published on stereocomplexed PLIimC (regioregular
enantiopure(S} and (R)-PLimC blended after polymerizatiod),evaluation of am,w-diol
of PLIimC as coating materifland the activity of an Abased amindris(phenolate)
catalyst towards the incorporation of bothd transLO, respectivel§? However, in all
cases only low molecular weight PLimC was obtained, thus not interfering with this thesis’

claim.
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2 - Overview of the thesis

2.1 Outline

The central element of this thesis istieebasedamorphougnaterial PLimC. The polymer

was already introduced in 2004 by Coates and coworkers, but only after our findings
regarding the synthesis of high molecular weight PLIimC, the polymed waukitian into

a thermoplastic materighat is comparable to established engineering thermoplastics like
BPAPC (Chapter 3)The original PLImC possesses a unique profile of properties that
implies not only good mechanics and optics but also a higingadility of gases. This
unique combination of properties suggests applications as a breathable glazing material in
welkinsulated constructions or as a membrane for gas separation in CCU processes
(Chapter 4).

Chapter 3: Synthesis & properties of PLimC
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Figure2-1 | The evolution of PLimCThis thesis is dedicated to the development ahigh-performance
thermoplastic material with a vast number of possible modifications amghovative applications. The
syntheses involved in the ecomuical production of highMW PLimGnd its macroscopic propertieare
discussedin Chapter 3. These syntheses include the stereoselective production tdnsLO, the
subsequent masking of hydroxy impurities by methylation and eventually the zoatalyzed
copolymerization of LO with C@®to give highMW PLIimC in high yields on the lggale.Potential
applications of PLimCare discussedin Chapter4. The concepts include the application of PLin&S a
breathing glass for a passive gas exchange in viedlulated buildings andas gas separation membrane
Chemical modifications of PLImC by addition of various compounds to the double bond are discussed in
Chapter5. The new materials are characterizbgl dramatic changes in mechanical (rubbery), functional
(antibacterial, hydrophilic or pHesponsive) and processability (saturated) properties.
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Outline

We have identified the great versatility of rRCi being a platform polymer due to the
unsaturated backbone. The double bonds were exploited for simple addition reactions to
induce dramatic changes in terms of mechanical (transition from a higiermoplastic

to rubber), functional (addition of antiloterial activity, hydrophilicity and pH
responsiveness, respectively) or proaeiisy (melt stability) properties (Chaptéj. The
complete evolution of PLImC from a leM\W polymer to a versatile higberformance
thermoplastic is illustrated in Figure12and assuch summarizes the contents of this

dissertation.

2.2 Synthesis& properties of PLimC
(published in:Green Chemistr2016, 18, 760

The Zn(ll) catalyst (used throughout this thesis) shown in FigizésZapable of coupling
LO and CQto give PLImC. However, the catalystarrying a bulkys-diiminate (bdi)
ligand and an acetate moiety as initiatoncorporates only théransisomer of LO due to

steric effects.

SeTEE
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b c
CO,

\&\OHB o
" base \_ [2n]
_»

25°C,24h

A

A
trans-LO PLimC

Figure2-2 | Catalytic coupling of LO and GGschematic of th€a) sterec and regioselective conversion
of (A-limonene into the bromohydrin and (b) the subsequent ringclosure in the presence of a base to
give the transisomer of LO.q@) The schematic shows the zirgatalyzed copolymerization ofransLO and
CQ to give PLIMC. The catalyst employed throughout this thesis @diiminate Zn(ll) comple with an
acetate moiety[(bdi)Zn(u-OAc)]as initiator for the copolymerizationln the background of the schemes
the 10L reactors of polymer and monomer syntheses are shown that were employed for thbatgh-
production.
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2 - Overview of the thesis

Thus, starting from the orangeeetbased”}limonene, a stere@nd regioselective route
was employed to produegeansLO as major product he selective conversion of limonene
first into its bromohydrin usingV-bromosuccinimide (NBS)ynd subsequently into the
reactive monomer in theresence of a base,an important step towards a sustainable
synthesis of PLimC, as the polymer yield is close to 100% asaduablebio-based LO (a
commercial mixture consists of 50%L0) is wasted. The high conversion of LO was also
mandatory for the kdpatches produced of PLIimC (LOreactor of both monomer and
polymer production shown as background of Figud Zince a high amount of unreacted

¢/sLO would be very solvemitensive and tediouand thereforein-economical.

Another key towardghe economical production of PLimC is an efficient and fast catalysis
of the process. In cooperation with a graafthe TU Munich we have investigated the
kinetic parameters of the copolymeation of CQand LO catalyzed by [(bdi)Zp{OAC)].
To our surprise, the coupling of both monomers is dependent of the square of the
concentration of LQas shown in EQ-1 (k is the apparent rate constant).

Q0 0 Qda 6,

Q0o

It is widely recognized that the incorporation of the epoxide the polymer chairis the

60 00 @b (21)

rate-determining step. However, usually the rate of polymerization is only singly dependent
on the concentration of the epoxide and thus we have proposed a diffezehanism for

the production of PLimC.
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Figure 2-3 | Steric effects during chain propagation of PLim@ kinetic investigations of the
polymerization of PLImC, th&n-basedcatalyst was found to be active only if two consecutive insertions
of LO occur. Since the insertion of LO is the rd&termining step, the rate of polymerization is dependent
on the square of theconcentration of LO.
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Synthesis & properties of PLimC

The key step, as shown ig&re 23 - is the consecutive insertion of two LO monomers
into the dimeric species of the catalytic centvbereas the pathway of chain propagation,
with only one LO attached, is blocked, due to sterical hindrance of the bulky epoxide. Thus,
the develoment of new catalysts, which are less dependent on the
concentration/stereochemistry (catalyst for incorporatiorfrahis and c/sLO presented

in 2015) of LO and show higher TOFs, is highly desirable.

The crucial step in the development of PLIimC as a rateith substantial mechanical
strength was the production of higiWs of the polymerSnce the first trials of the
copolymerization o£O and CQyielded only oligomersven with hightransLO/catalyst
ratios (catalyst incorporates ondsansisomer in polymer backbone)e had a closer look
at the catalytic syste(eeered circles irFigure 24c). The zinebasedatalysivas identified
asthe crucial componentf the copolymerizationas it is very sensitive to chain transfer
agents,that is, compounds carrying hydroxy functions. In gas chromatograplags
spectrometry (GEMS) experiments a number of such impurities were found in quite

substantial amounts as illustrated in Figbéa.
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AN A A
Y Z o
AL ~J
= masked cis/trans LO ¢ 120 . . . .
f —=— theoretical A
& A A L L. Aan_A 1001 —e— untreated /
L]
2R ! j —A— masked/A
c ~ 801
3 S
o < %01 2
= 40, /
untreated cis/trans LO e
00 AT . ;
0 T T T T T
L—-’LM—A—N—— 100 200 300 400 500

Reter;tion time [trans-LOJ/[cat]

Figure2-4 | The production of highMW PLimC(a) The gas chromatogramsf a commercial mixture of

c/s and transLO before and after a treatment witlthe masking agentsNaH and Mel Among the
molecular structures- identified by GGMS - in the LO mixture, a number of compounds was found
carrying hydroxy groups, which act &8TAsn the zinccatalyzed copolymerizatia of LO and CO b) A
scheme of the masking reaction with NaH and Mel indicates the quantitative masking of hydroxy
impurities in the LO monomer. The use of the strong base NaH and the small methylating agent Mel are
necessary to account for the weak adigl of the protons and the sterical demandf the tertiary alcohols,
respectively. €) The copolymerization of LO and CQs crucially dependent on the masking of any
potential CTAs that would limit the number of repeating unitsf PLImGC resulting in MWswell below
20kDa. Only with the masking reaction there is a linear dependency of MW ontdvesL O/ catalyst ratio

that was otherwise not observed.
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2 - Overview of the thesis

These tertiary alcohols are typical spteducts of the bidased LO and due to very similar
boiling points their thermal separation is virtually impossiB#ernatively, a chemical
deactivation of the protic compounds was sought of that could sumrgshain transfer
reactions without compromising the stability of the reactive epoxide LO. Such a
deactivation was accomplished with a treatment of the monomer with sodium hydride
(NaH) and iodomethane (Mel) (see Figuretld). The strong base NaH and thmall
methylating agent Mel are required compensate for the tertiary alcohols’ low acidity and

the sterical demand, respectively. Such a treatment leads to quantitative masking of the
impurities and the copolymerization proceeds without chain transf@gents that would

limit the MW of the polymer. Hence, the theoretically expected linear dependemtybdf
PLimC on thefransLO/catalyst ratio was eventually found (see blue triangles in Figure 2
4c). Only after the de®very of this masking reactipthe production of PLimC with MWs

well above 10kDa (B of 1.12) was readily accessible and with it the desired mechanical

robustness.

The major drawback of PLimCas of all aliphatic PGsis the thermal lability of the melt.

Due to its high7g of 130°C atemperature above 20Q is required t@educethe viscosity

of the melto a valughat iscompatible t@xtrusion or injection moldingrocesse#\ crude
sample of PLimC decomposes well be2@@°C, exhibitinga5% mass lost 205°C ( 7s%)

(see Figur@-5a). This thermal instability is primarily influenced by residual catalyst, that

is, Zn(Il) species and hydroxy groups on the polymer chain dit#sremoval of metal
traces was achieved by the addition of the chelating agent ethylenediaminetetaaatetic
(EDTA) immobilized on silica particles (EDT8i, see Figure-2b) to a concentrated
solution of crude PLimC. TheeterogeneousDTA-Si particles are simply filtered &fdm

the polymer solution after the successful complexation of Zn(ll) (completevid of

EDTA is compulsory, since carboixyhcid groups also destabilthe melt of PLIimC)The

chain ends, on the other hand, are readily capped with anhydrides, such as acetic anhydride
(see Figure -Bc), which esterify the hydroxy groups in moistfiree environment
(anhydridemost convenieny addedas a quenching ageotthe solution of polymerization

with the metal catalyst still attached to the chain end). Both, the residual catalyst and the
terminal hydroxy groups in the polymer enable hydralytleavage of the backbone at
elevated temperature. The concerted treatment with ESTAnd an anhydride after
polymerization yield a pure PLIimC with 7, of 240°C. The by 38C improved thermal

stability of the melt contributes significantly to a fisgaibd processing of the thermoplastic.
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Synthesis & properties of PLimC

To date, no drther stabilizationwasachiewd, sincemany pathways exist that involve
abstraction of more or less acidic protons from the backbone of POinCabstraction is

accompanied by the eventual releasé@fas a major driving force.
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Figure 2-5 | Thermal stabilization of PLimQa) Thermogravimetric analysis of PLim@easured at
10Kmin?tin N, atmosphere.Crude PLIimC decomposes quickly at temperatures well below 20@ue to
residual catalyst (Zn(ll)) traces ahgldroxy groups at the chain ends of the polymerhereas Zn removal
and endcapping can significantly impove stability of the melt of PLimQb) The scheme illustrates the
synthesis of EDT8i that is employed as heterogeneous Zn(ll) removal agerthe purification of PLimC.
EDTASI is added to a concentrated solution of PLimC and removed by simple fittnaafter chelating of
any residual metal catalyst. This route allows a significant reduction of organic solvents involved in the
purification of PLImC, since no repetitive precipitation from diluted polymer solutions is necessary
(extremely important on &rge-scale production of polymer)c] The second detrimental effect concerning
thermal stability arises from terminal hydroxy gups at the chain ends of PLimC that increase hydrolytic
activity of the melt at elevated temperatures. The scheme shows thersglary endcapping of PLIimC
chains with acetic anhydride that is readily accomplished in a moisture free environment.

An initial aim of the synthesis of PLImC was to provide abaised alternative to the
bisphenol A and phosgene derived BP&. To substiite these toxic monomers with the
main component of orange peel, that is, apbyduct of the orange industry, and the
greenhouse gas G@ an engrossing motivation its own right. But to provide a viable
alternative to the engineering thermoplastic BPB was the real challenge. In terms of
mechanical, thermal and optical properties, PLimC is a surprisingly strong competitor, as
it has a lower density (light weight cansttion), similar tensile performance and a glass
transition (130°C) only 18C below that of its aromatic counterpart (see &abl).
Additionally, the optical characteristiecs PLimC are superior tothose of BPAPC,
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2 - Overview of the thesis

exhibiting higher overall transmiss of visible lighta similar haze and higher clarity. This
profile of properties suggests thilization of PLimC in opticalapplications where

mechanical robustness is necessary.

Table2-1| Comparison obulk properties of PLimC and BPRC.

property PLimC BPAPC
general
density (g/cn® 1.08 1.22
carbonate content (%) 99+ 100
contact angle to water (°) 93 82
M, (kDa) 53.4 28.5
1) 1.10 1.77
mechanical
YOUNGs modulus (GP&) 0.95 2.35
tensile strength (MP&) 55 65
elongation at break (96) 15 50
pencil hardnes$ B 8B
thermal°
% (°C) 130 148
Tn (°C) - -
5% (°C) 240 490
optical
transmission (%) 94 89
haze (%) 0.75 0.8
clarity (%) 99.8 99.5

ameasured at 5nm min strain rate °test conducted according to 1ISO 15184 with BYK Pencil Hardnes®iTasd
Derwent Graphic pencil§ measured at 1Kmin*in N; atmosphere 9 thickness of sample 0.2dm.

2.3 Applications of PLimC
(to be submitted)

It was very excitingghen we found that PLIimC is not only permeable to light but also very
permeable to gases like £@8 barrer)and QG (12barrer). As a matter of fact, it is one
order of magnitude mme permeable those small molecules than BP&. As PLimC also
exhibits a distinct selectivity for GOver N the material is applicable to the separation of
CO: in carbon capture processes. Furthermorigh ws uniqgue combinatiormechanical,

optical and permeatioproperties PLImC actually constitutes a new class of polynthats
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Applications of PLIimC

we have termectbreathing glass’. Both applications of PLimC as breathing glass and as

membrane are discussed in this chapséarting here with the former

The high transport of C&xhrough the dense matrix of PLimC is accompanied bigla
selectivity for the gas over; Kselectivity of 22). This selectivity gives the polymer the
characteristics to function as a membrane for the separation of fuel and flue gases (the
relevant gas paisiCQ/N.). Such a membrane is illustrated in Figw&a2where the feed

side is a mixture of both gases, while the permeate side-isrtiChed. The temperatwre
dependent permeabilities of PLimC for the gasg<y, N, and CH, are shown in Figure

2-6b and the fast transport of the gases is ascribed to the large interconnected cavities in
PLimC (see blue ‘CONNOLLY’ surface in the simulation of an amorphous cell of PLimC in

Figure 26c). We used PALS measurement to determine the cavity size experinardally
found a mean cavityadius of 3.3 (Figure 26d). These pores are significantly larger than
those of BPAPC or PMMA with 2. and2.4A, respectively, and thus explain the higher
diffusion through the matrix of PLImC.
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Figure 2-6 | PLimC as membrane for gas separatida) lllustration of PLimC as membrane for the
separation of C@N. (b) Molecular dynamicssimulation ofthe amorphous unit cell of PLimC and the
ConNoLLysurface (blue) to illustrate the loose packing of polymer chains, resultinganities that are
responsible for the high permeability for small molecule) Temperaturedependent permeabilities of
PLIimC for i{ CQ, ©, CH and N.. (d) The cavity size distribution of an a=ast filmof PLimC determined
by PALS measurements.
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2 - Overview of the thesis

We compared the commercialized polymers for gas separation applications, such as BPA
PC, CAc, PI, PEI, PSU and PPE with PLimC iRosesoNplot for the gas pair CIN.

(Figure 27) and found the aliphatic polycarbonate to be superior in terms of permeability
and selectivity. Although statd-the-art polymeric membrane materials like RIMand

PTMSP (for chemical structures see Figui'Pare even more permeable than PLimC by

two or even three order of magnitude, respectively, they lack in mechanical robustness,
long-term stability and processability. Furthermore, the building blocks ah@Lthat is
limonene and CQ are far less expensive than those of most-stdte-art materials,

which give PLIimC a competitive edge over them. Another key to success might be the great
susceptibility of the aliphatic PC to chemical modifications orlthale bond.

ot [ S [

CN

N
| CN Si(CHa)s
PMMA BPA-PC PLImC PIM-1 PTMSP
Gas and vapor permeability
b 102.""I v L | v L L | v L | v L |
~
1 »PMMA < Ifobeson upper bound 2008
~
E A Y
~
~
~
. CAc o P! Y
z orEl ® _ w
o' e®BPAPC PLIMC o Yy
g PSU ° v PIM-1
P PPE v v .
= : v N
6 ~
n 10 4 S A
state-of-the-art ' 3
PTMSP|
v v .
R | v L | v L | v L | v L | v TR
10° 10" 10° 10° 10* 10°

Permeability(CO,) (barrer)

Figure2-7 | Membrane properties of PLim@a) The molecular structures of PMMA, BP&, PLimC, PiM

1 and PTMSP in order @icreasing permeability. i) RoBesonplot for the gas pair C&N, with PLimC
compared tocommercialand stateof-the-art polymeric membrane materialsThe commercial polymers
include cellulose acetate (CAc), polyimide (Pl), polyetherimide (PEIl), polysulfone (PSU) and
poly(phenylene ether) (PPE).
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In contrast to the application as a membraae illustration of the use of PLImC as
breathing glasm closel greenhouses and passive hoisgiwen in Figure B. The sheets
made of PLimC readily transmgunlight andthe small molecules 2CG;, and HO,
whereas the transport of heat is very limited due to the imsglaharacteristicef the
polymer (PLimC ghibits a low thermatonductivity, whichs seven times lower than that

of sodalime glask

breathing glass

made of PLimC
closed greenhouse passive house
sunlight ~_» o
v
o v
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Figure2-8 | PLimCas breathable glazing materiallhe glasdike PLimC can be processed intindow
panes with high permeability of gases like £and CQ. The breathing window panesare installed in
passive housesand greenhousesto supply the interior with fresh air without the need of active
ventilation. Due to the thermal insulation properties of the glazing gngas but no heat is exchanged
between in- and exterior and thus no energy is lost the ventilation process.

The concepts of both, the passive house and the greenhouse, are based on extensive
insulation to minimize heat losses through the claddiggthe constructions are more or

less gasight, the interior hasontinuouslyto be supplied with fresh air (in most cases
colder than the exchanged stale air) from ventilations systems that additionally have to be
equipped with heaéexchange units to reducket heat losses due to ventilation. Here, the
breathing glass can act as a passive ventilation system while being a good thermal insulator
and thus reducing energy consumption due to heat losses and the installation and operation
of sophisticated ventilatiosystemsFor the assessment of feasibility of such a breathing
glass, we focused on the exchange oftl@@veen the inand exterior of the buildings as it

is the limiting factor in both constructions the case of the passive house the exhaled air
from the resident leads to an accumulation of, @Ca toxic concentration that is reached
sooner than the depletion o£,@ going to affect the webeing of the resident. On the other

hand, the plants in the greenhouse need a lot of f6Cthe photosynthsis and as the

concentration of C®in the atmosphere is only 4ppm (or 0.04%) the driving force to

69



2 - Overview of the thesis

transport the gas through the breathing glass is very limited (the transport, that is, the
permeance of a gas through a membrane is dependent on therdiéfef partial pressure

on both sides and the partial pressure is directly dependent on the concentration of a gas;
for CO, the partial pressure in the atmosphere is only RE&and thus the difference of

pressure can only be smaller thhis value wiken the gas is consumed

An estimation of the counterbalancing of the I&vel in both cases is presented in Table

2. Taking the area and thickness of the glazing and the pressure difference into
consideration, the values of respiration rate (resident or plants, respectively) and the
permeance of the glazing are to be matche far as possible to compensate the levels of
CQO.. For the greenhouse gas the calculated counterbalancing is only achieved to 0.1% of
the necessary value (partial pressure is too low), but for the passive house a compensation
of 2.5% is achieved with IRAC as breathing glass. Of course, this value has to be improved

in order to replace the conventional ventilation system but the concept of breathing glasses
has proven successful by this value, as a partial compensation of stale air can already save
substntial amounts of energy. Further improvements of the material’s breathability and
engineering are expected to drive the value of counterbalancing.d&@s to 100% or

even beyond.

Table2-2 | Estimation d CQ counterbalancingin PLimC glazed greenhousend passive houses.

passive house closed greenhouse

area of glazingm?) 20 500
thickness of glazingrim) 1.0 0.1
partial pressure difference GakPg 5.0 0.02

respiration type exhalation ofresident uptake by plants(200m?)
respiration rat& (gjcozh™) 41 400
permeance of PLim@las$ (gicozh™) 1.0 0.4
ratio of counterbalancing C@levels (%) 2.5 0.1

athe partial pressure of S«Pa corresponds to 5% @id the atmosphere, which is already a value where a headache can
occur when exposed to for a longer titvalues taken from referent® “calculated from P(C€) of PLimC of68 barrer.

Their breathability is the new and exciting aspect of glazing materials, but to qualify,as such
also the conventional requirements of this ctéfsmaterialshave to benetin order to be
regarded as a true competitor. In Figui@the performance in typical mechanical, optical,
thermal and the innovative breathing properties of the predominant organic-E8BPand
PMMA) and inorganic (soddéime glass, the standard material for window panes, bottles,

etc.) glazing materials are cpared with PLimC. The dar chart illustrates very wehat
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the profile of PLImC is very balanced dhdtit cankeep up or in some instancescan

even outperform the other materialBesides the unmatch@eérmeability(BPA-PC is one,

PMMA is two ordes of magnitude less permeable and sada glass aeal barrier to

gases) of PLimC, the polymer can also convince with outstanding mechanical strength, as
it is almost as impact resistant-athe number one among tltommerciaplastics- BPA-

PC and nedy as scratchiesistant as the hard PMMAmMong the four, PLIimC exhibits the
bestinsulating efficiency (thermal conductivitgnd it is the lightest materidspecific
gravity), which is of importance wherever weight is a relevant critefioch a releance is
givenfor the constructiorof windows, which are in turn relying on a high optical clarity

that is equally high for PMMA and PLimC. In conclusion, PLIimC is a viable choice as
glazing material in the construction sector but in combination with its high gas
permeability it is the fits breathing glasswith a huge potential to reduce energy
consumption in wetinsulated buildingsA further chemical modification could eventually

yield a breathing glass that can replace ventilation systems completely and thus save a

substantial amount afnergy.
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Figure 2-9 | Performance of typical glazing material§he relative performance of PLimC compared
with the popular glazing materials BRRC, PMMA and sodane glass in vaous properties that are
relevant for the application as glazing material.

The right choice oattachmentcan enable an even higher permeatiorough PLIimC,
giving it the decisive advantage over other materials with respbottidhe membrane
and the beathing glasapplicatiors. Althoughthe moleculeso improvethe permeation
propertiesare yet to be foundve have successfully exploited the versatility of PLImC in

many other instances and discuss the possibilities in the following chapter.
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2 - Overview of the thesis

2.4 Modifications of PLimC
(published in:Nature Communication2016, DOI10.1038/ncomms1186p

As exciting as the pure PLImC is, dueittbinherent unsaturation, the aliphatic PC is
susceptible to chemical additioeactions that can induce dramatic changes to the
propertiesof the original PLIimC. We attached a number of molecules to the backbone, by
exploiting various chemical routes. The versatility of PLim&péstform for new materials

is illustrated in Figur@-10. The alteration of mechanical and thermal properties of PLimC
by chemical modifications is illustrated Figure 211. Themechanics of the higlig
(130°C) thermoplastic PLIimG being similar to common engineering thermoplastics like
BPA-PC and PET can be changed on the order of magnitudes by quantitative attachment
of the bicbased thicffunctionalized ester but8-mercaptopropionate (B3MP) to the
double bond of PLim@Figure 211a) The produced material PLimB3MP is actually soft

at room tempeature, as a result tieby 120°C depressed,. The very different behavior

of polymeric chains abovg lead to mechanical behavior of PLirB3MP that is typical

for rubbers.

Heat Processing Grade PMenC

* Fully hydrogenated PLimC
* No thermally induced cross linking possible
* Facilitated extrusion and injection molding

Rubber PLIimC-B3MP

« Addition of alkyl ester

* Decrease of E Modulus by
three orders of magnitude

* Partial cross linking leads
to rubbery material

Sea water soluble PLImC-MAc

Antibacterial PLimC-NQ « Addition of carboxylic group
* pH-dependent solubility in water
* Homogeneous biodegradation

anticipated

* Quaternization of PLimC-N
with benzyl moiety

* Coating material with anti-
bacterial activity vs. E. Coli

Hydrophilic PLimC-PEG & -ME

 Addition of hydrophilic function

* Decrease of contact angle to water

* Faster heterogeneous bio-
degradation anticipated

PLIimC-N

* Addition of
tertiary amine

Figure 2-10 | Madifications of PLIimC.The high 7; thermoplastic PLimCis readily transformed into
rubbery (PLim&B3MP), antibacterial (PLimQ), hydrophilic (PLim®l, PLIimeME, PLim&EG), pH
responsive/sea watesoluble (PLim@VAc) or heatprocessable (PMenC) materials by simpleeofical
manipulations on the double bond. The chemical routes imply thimhe clickchemistry, acidcatalyzed
electrophilic addition (both polymeranalogous) or metatatalyzed hydrogenation of the precursor
limonene, respectively.
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Hence, we have investigdtthe tensile properties of PLimC rubber (&seBy plot with

tensile strength v&0OUNG’s moduli for various engineering thermoplastic and rubbers in
Figure2-11b).We found aYOUNG’s modulus similar to natural rubber or, in numbers, a
modulus of IMPa and thus a decrease by three orders of magnitude compared to the
original PLImC. The softness compromised tensile strength only by a factor /2410

for PLImGB3MP), while the ductility was increased from 15% for unmodified PLimC to
420% of its rubbeSuch a tremendous change in mechanics suggests applications of the
rubber PLIimGB3MP in completely new areas where PLImC would not be vidbtea
mechanical but rather a processability (thermal) upgrade was achieved by complete
saturation of PLIimC (Figer 211c).
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Figure2-11| Modification of mechanical ad thermal properties of PLimGa) Attachment of a short
chain mercapto-ester (B3MP) via polymenalogous thiotene reaction. If) The added ester induces a
dramatic change in mechanical properties, turning the higly PLimC into a rubber (PLimB3MP) with a
decrease of7y of 120K. €) The saturation of PLimC is aekied by regioselective hydrogenation of the
precursor @-limonene with molecular hydrogen in the presence of Pt. The partially hydrogenated- pre
monomer menth-1-ene is stereoselectively epoxidized to give thiensisomer (same route as in Figure
2-2 involving the bromohydrin as transition state) that is subsequently copolymerized with,@Dgive
PMenC.
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The hydrogenation of the double bond of every repeating unit renders the resulting
poly(menthene carbonatélPMenC)unreactivethat is, not crosinkable,when it is heat
processed in extrusiarr injection molding processds. contrast to thgroduction of the
PLIimC rubber the manipulation is performed on the puesor (R}limonene by
regioselectivlaydrogenationof the exoiso-propylene moiety with Hin the presence the
heterogeneous catalyst Pt on charcbhé singly unsaturated menthiene is epoxidized
with NBS (compare wittransLO productionshown in Figure 2) to givethe transisomer

of menthene oxide as major pratuThe detour via the bromohydrin is necessary as the
catalyst [(bdi)Zn(-OAc)] is again selective for the coupling of thisisomer of the
saturated monomer with COThe properties athe amorphou$MenC are very similar to
PLimC, bothexhibiting a ¢ass transition at 13W.But in contrast to PLimC, the saturated
PMenC cannot crosslink or react with radicals likeaOelevated temperatureBhus for

the lattera bettemprocessabilityi.e. extrusion and injection molding, and a prolonged UV

stabilty areachieved

A variety of functional groups was attached to the platform PLIimC to give the material a
completely new set of active and passive properties (Figiite ©@ne common aim of the
functionalizations of the unsaturated PC with mercaptoaceticid (MAC),
mercaptoethanol (ME) and poly(ethylene glycol) (PEEigure 212ac) is the
hydrophilization and a decrease Gfwith an increasing degree of functionalization (DF).

For carrying oxygen and not just carbon in the backbone, PLImC was exjgedegtade

in biological environments, that is, in the presence of enzymes like lipase or esterase or in
highly active industrial compost. The rather hydrophobic (contact angle to water of 93°)
and rigid polymer was not attacked by ahyhe species itas exposed tinough. In order

to facilitate enzymatic attack and cleavage of the backbone into smaller chains and
eventually small molecules, the interaction between the polymer and the aqueous phase has
to be increased by adding polar groups and eagetesgal motion. This aim was achieved

with the acid (MAc), alcohol (ME) and ether (PEG) functions and the dependences of the
contact angle to water and thg on the degree of functionalization (DF) are shown in
Figure 212d. For the addition of PEG to tdeuble bond of PLimC a different chemical
route, involving the acitatalyzed electrophilic addition of the free hydroxyl group of the
PEGderivative, was utilized. The advantage of this synthetic route is the evasafteaf

toxic - thiol groups on tle functional moleculddowever, the necessary acid in the reaction

mixture degrades the PRRackbone rather quickly and thus only low DFs were
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accomplished with PEG @0%) within the limited time of reaction. The acid MAc, on the
other hand, can be attachguantitatively to PLIimC using the radical pathway and this
function renders the resulting material not only hydrophilic but alserggponsive. This
solubility in basic media (pkt 7) adds a very interesting characteristic to PLimC, as it is in
this cassea watesoluble and thus much more prone to degradation of the backbone once

it reaches the ocean.
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Figure2-12| Functionalizationof PLimC(a) The addition of mercaptoacetic acid (MAc) to PLimC yields

a pHresponsive PLIim@AAc that is soluble in basic media such as sea wadigrlihe thiolene reaction

with mercaptoethanol (ME) ord)) the acidcatalyzed electrophilic addition of poly(ethylene gtpl) (PEG)

give hydrophilic PLim@E and PLIM@EG, respectively, both exhibiting decreasefis. @) The
dependency of the contact angle to water and th& of PLImGMAC/ME/PEG on the DFe)(The click
reaction with a thiolcarrying tertiary amine and thesubsequent quaternization with an aryl moiety add
antibacterial activity to PLImeNQ. f) Thetime-dependent bacterial inhibition performances of PLimC
NQ20 (20% quaternized amine) and highly active PHMG as positive reference material relative to pure
PLimC inashaking flask test.
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This property could help to reduce the waste accumulation but still guarantee reasonable
stability during use wherever basic media are avoflech aractive function is also added

by the introduction of a quaternized amine inke backbone of PLimC (Figurel2e). In

this case the function is an antibacterial activity that has been successfully proven against
the gramnegative bacteri&scherichiacoli (E. coli). The twastep synthetic route starts

again with a clickeactionto attach a tertiary amine to the double bond (PLiMthat is
subsequently quaternized with an aryl moiety (PLiNQ). The DF was held below 50%

to keep the material insoluble in water, since an application as antibacterial transparent
coating is targetefor PLImMGNQ. The activity for a sample with 20% quaternized amine

in the backbone was tested in a shaking flask test where the film is contacted to a bacteria
suspension. PLIim@IQ20 shows inhibition of growth of bacteria afterhl@hile the
positive réerence poly(hexamethylene guanidine) (PHMG) is already active &ftan®

PLIimC shows no inhibition at all (Figurel2f). It is not surprising that the condensed
PLImC-NQ (film does not disintegrate in contact with bacteria suspension) is less active
than the dissolved PHMG but is actually a great property that PINQZ0 exhibits
antibacterial activitylespiteof the condensed state. Further improvement by the variation

of DF, type of amine and type of quaternization moiety is still anticipated.

The sk new materials derived from the platform PLimC are only a small excerpt of the
possibilities of modifications and still illustrate the versatility of theblaiged polymer. |

would expect the PLImC family growrapidly in the forthcoming years.
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2.5 Individual contribution to joint publications

The resultsand manuscript®f this thesisare the collaborative outcome of the efforts of

several scientists. In this section the individual contributions of all authors are specified

Chapter 3- Synthesis &roperties of PLimC

The manuscript of this chapter was publishedieen Chemistrg016 18, 76Qunder the
title:

Bio-based polycarbonate from limonene oxide and G@ith high molecular
weight, excellent thermal resistance, hardness and transparency

by Oliver Hauenstein Marina Reiter, Seema Agarwal, Bernhard Rieger and Andreas

Greiner

| designed and conducted the experimewtsaracterized the materials and wrote the

manuscript except for the part of the kinetic investigations of the copolymerization.

Marina Reiterplanned and carried out the kinetic investigations of the copolymerization

of LO and CQ@and wrote that part of the manuscript.
Seema Agarwab-supervised the project and corrected the manuscript.

Bernhard Riegersupervised the kinetic investigations of the copolymerization and

corrected the manuscript.

Andreas Greinesupervigd the project and corrected the manuscript.
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Chapter 4- Applications of PLimC

The manuscript of this chapter is intended to be submitted under the title:

Membranes & beathing glass from biebased polycarbonate

by Oliver HauensteinMushfequr RahmayMohamed ElsayedReinhard Krausd€rehberg,

Volker Abetzand Andreas Greiner

| designed andoordinatedthe experiments, characterized the materials and wrote the

manuscript.

Mushfequr Rahmaplanned and carried out the measurements of the permeabilities of

materials and discussed the results

Mohamed Elsayed carried out the PALS experimamisdiscussed the results
Reinhard Kraus&kehbergupervised the PALS experimeatsl discussed the results
Volker Abetzsupervised thpermeation measuremendsiddiscussed the results

Andreas Greiner supervised the project and corrected the manuscript.

Chapter 5- Modifications of PLimC

The manuscript of this chapter was published as full papevarure Communications
2016(DOI: 10.1038icommsgl1862) undethe title

Bio-based polycarbonate as synthetic toolbox

by Oliver HauensteinSeema Agarwal and Andreas Greiner

| designed and conducted the experiments, characterized the materials and wrote the

manuscript except for the part of the kinetic investigagiohthe copolymerization.
Seema Agarwab-supervised the project and corrected the manuscript.

Andreas Greiner supervised the project and corrected the manuscript.
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Abstract

Completely biobased, high molecular weight (200kDa) poly(limonene carbonate)
(PLimC) with attractive thermal (glass transition temperatuig,= 130°C) and optical
properties (transmission 94%, haze 0.75%) was prepared by couplingbaged
limonene oxide (LO) and carbon dioxide (©QOusing ap-diiminate zinc catalyst
[(bdi)Zn(OACc)]. The molar mass of the polymer could be controlled by changing the ratio
of catalyst and monomer, keeping molar mass dispersities low. The synthesis of the LO
with very high content (>85%) ofransisomer and absence ampurities with hydroxyl
functionality was also established, which was necessary to obtain a high molar mass of
polymer and almost quantitative conversion of epoxide during polymerisation. The
upscaled syntheses of both the monomer and the polymerikg/batch) were readily
realised, suggesting an easy transfer to pilot plant scale. The polymerisation kinetics
were studied suggesting a second order dependence on LO concentration, wherefrom
a mechanism is proposed with an alternating insertion of LO and,Cthe effect of
chain-ends on the thermal stability of PLimC was studied with a thermal desorption unit
coupled with gas chromatographymass spectrometry (G®1S) experiments. PLimC
with thermal stability as high as 24T could be achieved using appropt& end
capping agents. PLIimC is characterized by excellent transparency and hardness.
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3 - Synthesis & properties of PLImC

3.1 Introduction

The conventional polycarbonate (PC) made by the condensation of bisgh@aBlA) and
phosgene is an amorphous polymer with high impact strength, toughressresistance

and transparency, which finds applications as medical, automotive, optical and electronic
devices.The drawback of BRPARC is found in the choice of monomers, with phosgene
being a highly toxic volatile compound and BPA raising concegexding negative health
effects due to leaching out of the polymer when in contact with?édditionally, both
monomers are petrdased compounds and, recently, efforts have been made to replace
them, at least partially, with bioased diols, e.g. isosorbide derived from carbohyéltate,
L-tyrosyin€ or terpene derivativésAn alternativeroute to the synthesis of PCs is the
reaction of epoxides with GO This route avoids the use of poisonous phosgene by
replacement with C@ which is the most abundant greenhouse gas, far less hazardous and
inherently biebased.Inoue et al.published pioneaeng workin 1969 on the synthesis of
aliphatic polycarbonates by coupling €&hd epoxides with a zinc cataly¥tSince then,

a lot of research has been directed towards the copolymerization ah@Me commaodity
chemical propylene oxide (PO) to yiepoly(propylene carbonate), which is a Idw
(~40°C) amorphous thermoplastic that is produced on an industrial ¥céldhe
softening temperature of this material obviously limits the range of applications, thus, the
use of bulkier epoxides resultimghigher dimensional stability at elevated temperature is
desirable. Cyclohexene oxide is such an example for the coupling withaE@ives a PC

with a 74 at around 120C, but, similar to PO, it is a petlmsed monomer and its brittle
nature resultsn poor mechanical propertiééThe PC produced in this way is always
partially biobased and can become fullyiased depending upon the source of epoxide.

In order to produce 100% sustainable PC, the choice of epoxide is crucial and, to the best
of our knowledge, only epoxidized fatty actel$,4cyclchexadien&’and limonene have

been investigate.Limonene is an abundant alicycterpene, found in the peel of many
citrus fruits and is the main component of orange oil, resulting in a capdcerngre than
520000tons/a (estimated from 7dt/a oranges produced) of which KDare extracted

each yeal?°This available renewabf®n-food resource is a great choice for sustainable
chemistry and the oxidation product LO is used as a monomeudifect cationic
polymerisatior?! as a dioxide for isocyanatiee synthesis of polyurethafesr for

copolymerisation with C@'*®#24Coateset a/discovered an efficient singéte 6-diiminate
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(bdi) zinc catalyst for copolymerisation of G@nd LO to produce poly(limonene
carbonate) with promising/y (110°C)!® The molar mass reported for the polymer was
limited to 25kDa and less material characterisation was reported. The polymerisation is
stereoselective, incorporating or#gansLO in the polymer. Therefore, the commercial
mixture of LO with an approximate content of at least 45% otitbstereocisomer is rather
uneconomicafor this reaction because there is a huge amount of unreacted high boiling
epoxide in the reaction mixture thaté to be extracted, not to mention the waste of
valuable bio resourcesater, the use of an Al(lll) catalyst has proven to incorporate both
isomers (with preference fatansLO) into the polymer chain, but molar masses were still
less than 1kDa and mommer conversion was limited to <753%lhe present work
provides high molar mass (>100 kDa) PLimC in almost quantitative monomer conversion
(>90%)for the first time, using a bdiinc catalyst with very attractive material properties
that might challengehe predominance of BRRC by offering a bibvased, noffood, high

T, alternative. The use of LO with a very high content (>95%jaaisomer and the
absence of impurities with hydroxyl functionality in the monomer were critical points for
obtaining highmolar mass and almost quantitative conversion of monomer during
polymerisation. Both the monomer and polymer synthesis were readily -sgaltxl
~1.2kg per batch. An ikdepth study on the kinetics of polymerisation was performed to

elucidate the mechamsof the alternating insertion of LO and €O

3.2 Results and discussion

Synthesis ofimonene oxide

Coateser at®found in 2004 that the copolymerisation of LO and:@@h [(bdi)Zn(OAc)]

is highly stereoselective with only thiensisomer being incorporated intihe polymer. It
would bedesirable to start with LO containing high amounts#@insisomer for the
reaction with CQ to create an efficient reaction in terms of yieMoreover, the
commercial monomer contains large amound$ impurities including hydroxyl
functionalised molecules with high boiling points (:7B00°C), as identified by G@4S
(Fig.3-1a). The hydroxyl acts aglain transfer agenQ(TA),>>even in very small amounts
in the metal catalysed polymsiion d CO, and LQ and provides only low molar mass
polymers of around 2kg/mol.*8 In order o overcome these two major problems during

copolymerisation, the monomer with a majority fransisomer was synthesised and
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3 - Synthesis & properties of PLImC

hydroxyl groups of impurities are masked the present work. A slightly modified
procedure developed by Gurudett a/was used for the synthesis of LO to give about 83%
of the transisomer (Schem&-1) 2 The monomer contained only 7#isisomer and 10%
other impurities coming from starting material and side reactions during the formation of
bromohydrin (exedouble bond was alsor exclusively brominatedrespectively) as
proved by GCKig.3-10.

W\

JJ 3
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. A ~ ~7
masked trans LO
~ \ A M. A
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' A A _AM {—_M.A__A ——
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Figure 31:Gas chromatograms of a commercial mixture ofs and fransLO @), the same mixture after
masking of the hydroxy impuritiesh() and the masked product from stereoselective synthesigrainsLO
(c) with structures of identified hydroxyl impurities (by GI@S).

The synthetic route involves tledoecyclicbromohydrin (regio and stereoselective for
limonene) in aqueous acetomath A-bromosuccinimide (NBS) as the bromine source.
This bromohydrin is readily converted to the correspondeqmpxide in the presencd
aqueous sodium hydroxide. Theonomer synthesis was successfully scaled up kg b3
LO per batch by transferring the reaction into d ldbublewalledglass reactor with stirrer
and thermostat to control theeaction temperature betweer@°C (heme3-1). All
organicsolvents employed in the process were recovered by valtstilfation containing

almost no limonene byproducts (highboiling liquids). Thus, the solvents can be easily
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recycled inthe process without prior purification which givibss synthesis sustainable
character. Both the commercial mixtuned the stereoselective synthesized LO in this work
containimpurities with hydroxyl groups. Although the latter produt®ser of these CTAs,
they are still observable in tigaschromabgrams(Fig.3-1a and c). The impurities were
not removable by simpldistillation and chromatographic methods in an efficient way.
Therefore, all hydroxyls were masked @&ymethylation. Here théVILLIAMSON ether
synthesis hagroven to be the mogfficient reaction by using sodium hydride (NaH)as
deprotonating agent and methyl iodide (Mel)aasC methylatingmoiety Schemes-2). A

gas chromatograraf the commercial LO mixture after such a treatment is showAgi&

1b, where the signals assigned to the hydroxyl impurities have disappeared completely after
the masking reaction (or partially depeind on reaction time and sterdemand of the
molecule) Other masking reactigrsuch assilylation with trimethylsilyl chlode and
catalytic amounts of Mgave some side reactions with the oxirartele the use of benzyl
bromide instead of Mel slowed down the ether synttegisficantly i.e.seems to be too

hinderedto react with thebulky moleculesarrying hydroxygroups showimn Fig.3-1.

Acetone/H,O
0-25°C, 1h

Scheme 31: Stereoselective synthesis afansLO via the correspondingiransbromohydrin that is
subsequently ringclosed by the additionof a base at elevated temperature (left) and LOreactor
employed for monomer synthesis (right).
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Another great advantage of this epoxn-destructive reaction is the@multaneous use of
NaH as a drying agent for the monomer. The methylated mixturetheadractionally
distilled to giveanLO monomer with approximately 85%ansisomerand mainlycisLO

asa side product.This treatment might also be applicable to other epoxides (or other

aprotic monomers) where hydroxyl impurities are disturbing thigmperization.
Synthesis of poly(limonene carbonate)

An inherent problem during the copolymerisation b© and @O, (see Schent&3,
SupplementaryFigs3-1 and 32 for NMR spectrajo producePLimC was the limited
molecular weight obtained even witlery low catalyst concentrationgjried epoxide
(Table3-1, entries 1 3) andhigh conversions (> 90%)Ve expected longer chains at lower
catalyst concentrations for this supposedly living catalytic sy$tarhonly slight changes

in the molecular weight could be observed when the ratio monomer/catalyst wasadcrea
(se€Fig.3-2, red squares).he highest Mreceived with a dried sample (over GakiNaH)

of transLO was 17.kDa (entry 1) while ® was kep between 1.12 1.16 Fig.3-2, red
circles). The low molecular weight obtained was supposedly due to the presence of
impurities with hydroxyl groups in the monomekfter the treatment of the dried epoxide
with iodomethane (masking agetcheme -2), the final copolymer had the expected high
molecular weight corresponding to the amountdfiedcatalyst(Table 31, entries 4- 8
andFig.3-2, blue squares). In this waye were able to produce PLimC with molar masses
up to 10%kDa, which isto the besbf our knowledgethe highest reported Mor PLIimC
while keepind® low (1.10- 1.19 Fig.3-2, blue circles).

o] o)
NaH
+ R-OH + I|-CH; ———————» + R-OMe
. 1.1h,0°C Y
= 2.24 h, 20 °C =
P P

Scheme 32: OMethylation of OHimpurities with sodium hydride and methyl iodide bfjrst stirring it for
1h at 0°C followed by 24 at 20°C.

The linear increase of the molecular weight with a growing LO/catalyst ratio is now in very
good agreement with trdatacalculatedFig. 3-2, black squares). it selfexplanatory that

the moleular weight for almost any applicatishould be as high as possitdenaintain

a certain mechanical strengtBy masking the hydroxyl impurities in the monomer
mixture, we are now able to adjust the molecular weight to the value déginegd opening

the door to a new world of applications for this completelyldaised material (for full
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structural characterisation b{H and ®*C NMR, seeSupplementaryFigs3-1 and 3-2,
respectively which match well with literatupe® After gaining full control overhe
copolymerisation, i.e. the molecular weight of the polymer and stereoselective synthesis of

the monomer, the nexthallengevas to upscale the polymsiion reaction.

120 o T o T o T o T o T 16
m calculated -
= NaH/Mel -
] ] - 1.4
80 -
) " 2
Q g0.- 11>
= 60 o o u o— o 1.2 g
s | o0 o
A
40 - -
411.0
]
20 1 . . -
u
0 L] v L] v L] v L] v L] 0-8
100 200 300 400 500

[trans-LOJ/[cat]

Figure 3-2: Dependency of the molecular weight (determinedy CHG+GPC) on the amount of catalyst
loading after NaH (red squares) and after NaH/M@lue squares) treatment, in comparison with the
theoretical values Iflack squares) for an expected immortal catalytic system. The dispersity of the
experimental vdues are represented by the circles, whereas red corresponds to NaH treatment and blue
to the NaH/Mel treatment.

Table 31: Copolymerisation of ransLO and C@ after different treatments of the epoxide with
corresponding gel permeation chromatography (Gp@ata

entry treatment [transLO]/[cat] conversior? M caic Mhcpd p*
(%0) (kDa) (kDa)
1 NaH 450 98 88.2 17.1 1.13
2 NaH 250 98 49.0 16.5 1.12
3 NaH 120 95 235 11.9 1.16
4 NaH/Mel 470 85 92.2 108.6 1.13
5 NaH/Mel 360 98 70.6 88.6 1.19
6 NaH/Mel 190 93 37.2 56.2 1.13
7 NaH/Mel 120 93 235 32.6 1.15
8 NaH/Mel 80 98 15.7 25.4 1.17

aConversion relative tafransLO in mixture.> molecular weights and dispersities were determined by CHGPC
calibrated with polystyrene standards
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For this a monomer/catalyst solution was transferred into an evacuateephégisure 1Q
stainless steel reactddgheme3-3) via cannula, where it is diluted to38vol% solution
with toluene via steel tubing connected to a tolueneAti#lr pressuizing thereactor with
CO,, the mixture is stirred for 78 to produce up to 1.Rg PLIimG which can be used for

further processing.

J\ [(bdi)Zn(OACc)]

+ CO
ﬁj 2 25°C, 24 h

\N/

/\

Scheme 33: Copolymerisation ofcis/fransLO and C®in the presence of &-diiminate zinc complex and
the corresponding 10L high-pressure reactor used for the production of PLimC on the kilogram scale.

Catalyst removal with immobilised EDTA
The scale up of PLIimC raises the question how the amount ofiorg@lments can be
avoided or at least minimisedhe workup of crude PLIimC isisually conducted by

repeated precipitation of the polymer (dissolved in chloroform or toluene) in methanol to

remove residual catalyst. On the kilogram schle technique pves very cumbersome
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and all but ecdriendly. Thereforean efficiert method of inactivating the 4i) metal

towards PLIimC was developédine of the most common chelating ligands was dised
the improvement of the thermal stability of the product: é¢émgdiamingetraacetic acid
(EDTA). Thedecomposition temperatumas increasedramaticallysmply by adding the

fully protonated (HEDTA) form of the ligand to a crude polymer solution

o

o}

0 ~

— o HOJ\ Oy OH

O N — N
OH ) o r— o) o ~N

(MeO);Si ~_NH, AN o AN H{OH

OH ——— > 0—Si._~_NH, 0—Si_~_NH""0
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reflux 16 h acid/ethanol

reflux 16 h

Scheame 3-4: Synthesis of EDTA silica by primary amine functionalisation of silica waimopropyl-
trimethoxysilane and subsequent condensation with EDTA anhydride.

The only drawback of this method comes from the bad solubility of EDTA in {&HCI
toluene hence, giving a suspension that dfficult to separate by filtrationtlfe EDTA
particlesaretoo small). In order to not only inactivate the mehalt also to separate the
inactivated complex (and excess EDTA) from the mixtilme use of immobilised EDTA
was a probable solution that also supports the upscaling predes® a packed bed for
catalyst removal is mandatory. A method to immobilise EDTA on silica was chosen because
of its simplicity and because no swelling is necessary to enter thééparsty, the silica

is functionalised with 10% primary amine and a propyl spacer then this amirereaadty
with EDTA anhydride to give an amigmupled EDTA on silica to give EDTA silica
(Scheme 31). The reaction was followed by infrared spectroscophtlagrmogravimetric
analysis TGA) (seeSupplementary Figs-8 and 35). A very efficient procedure was
developed to thermally stals#i PLimC without even precigiting the polymer oncé.o

do this,a freshly prepared reaction mixture in toluene washtmrtiluted with toluene and
anend-cappirg agent acetic anhydride (% with respect to polymer). Then the solution
was subdivided o three vessels for treaént with either no, 1 or 1@t% EDTAsiIlica
respectivelyThe mixtures were stirred fort2 filtered to remove silica particles and
eventually cast into petri dishes to yiéilchs of approximately 20Qm thickness These
films were driedn vacuoat 145°C for 30min to remove high boiling volatiles above the
polymers 7, and then analysed bYGA (Fig.3-3). The effect of EDTA silica is well
illustrated in these thermogramsince obviously without any catalyst removhaé 5%
decomposition temperature liesily at 205°C (endcapping conditions were the same for

all three samples).
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Figure 3-3: TGA of cast films of a crude PLimC solution (in toluene) treated witlw®@ acetic
anhydride and no (black), 1% (red) or 10% (blue) EDTA silica.

Thereis a slight increase d%. with 1% EDTA silicabut still well below 210C, whereas
with 10% of the immob#ed chelating ligandhe thermal stability has risen to 236 (close
to the alitime maximum for PLImC of 243C). Hence with 10% of that siligano
precipitation of the polymer is nded at all. The reason whyi1% isnot enough arises
simply from the fact that only 10% (or rather less, because imsatibiti is hardly
guantitative) of the 1% EDTA silica be&DTA groups, i.e. there is less thanfd%
EDTA in the mixturewhich translates to twice asamymoles oZn(Il) compared to EDTA

in that sample (having used 0:1361% of catalyst).

Kinetic studies and mechanistic investigations of the copolymerisation of LO and
CO

Upscaling the polymer production eventually leads teeveduation of the catalytic system
involved. A homogeneous catalyst might be most convenient for gram synthesis, but
catalyst removal in upcaled processes becomes tedious (see section above) and solvent
intensive. Therefore, a hetgeneous catalyst is desirable that can remain in thenpoly

and that, most ideally, works in an agueous environment to create a completely sustainable
synthesis of polycarbonate. For the design of the latter, a deeper understanding of the
mechanism of insertion of LO and G@to the ZnO bond is essential arte kinetic
studiegresentedhere can help to elucidate the details of transition states and active species.

In order to establish the rate law for the copolysation offransLO and CQ, the reaction

90



Main article

order in monomer, C@and catalyst were determined. Uiilig /77 s/ifu attenuated total
reflectance infrared ATR IR) spectrometry the reaction progress was observed by
monitoring the increase of the carbonyl vibration stretchimgde ofPLimCat 174%m™.

All experiments wex performed at 20C!8 The kinetic equation can be described-by
d[LOJ/d ¢= k- [CO;)2- [LOP - [Zn]s, wherekis the apparent rate constant and [LO], [O
and [Zn] are the concentrations b©O, CO; and the catalystespectively. Finally, a, b and
c are the orders of [LO], [GCPand [Zn], respectivelyTo ascertain the catalyst orgdédre
concentration of (bdi)Zn(OAc)] was varied from 12.3 32.9mM at otherwise constant
reaction conditions at room temperature andbHd CQ pressure. The reaction rat&ss
weredetermined from the initial slopes. It has to be mentioned that arctiatuperiod of
about 10- 20min was observedor all copolymemsation experimentsThe double
logarithmic plot of4.ps agains{Zn] showed that the copolymeation reaction of LO was
nearly first order in catalygiSupplementary Fi@-6). The reactionorder in CQ was
determined to be zerby vaying the CQ pressure from 5 20bar with an otherwise
constant composition of the reaction mixtui®@upplementary Fig-7). In order © assign
the reaction order ihO, the concentration dfO isnormallyvared utilizing an additional
solvent such agoluene?*3! An experiment of 2.5L toluene and 2.B1L LO at a catalyst
loading of 0.4mol% at 1Mar CQ pressure showed an induction period of nearty By
changing the volume of toluene to &Q, the indiction period was increaseddbout 2h.
Thereforerate calculatiomloes nostart before the carbonyl band of the polymer begins to
rise Supplementaryig. 3-8) Experiments with limonene concentrations of 2.4410M
were conducted, whereby plotting of Ans against InLO] resulted in an order of two in
LO. As the induction process might still have some influence on the linear section of the
reaction curve, an additional method for determination of the reactiorrofor the
epoxide was established. Accordingly, an experiment with a catalyst loadingnof%,4
11bar CQ and 2.5mL toluene (total volume 5ML) was performedSupplementary
Fig.3-11a) The concentration of the catalyst and the .G@essureduring the entire
copolymersgation reaction remaied practically unchanged, whereas the concentrations of
LO and PLimCwere varied.The reaction ratékescan now be calculated for different
epoxide concentrations out of the derivation of the cameasured at ffierent conversions
(Supplementary Fig-10, Supplementariq 3-2). The intensity of the carbonyl band of
the polymer was correlated to the concentration of the polymer in the miktuien

independent multipoint calibratiomand, as a consequende the concentraion of LO, as
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shown in Supplementary Tal8el. Deriving the polynomial copolymestion curve, the

slope of the tangents, directly related to the reaction rate, at 20, 30, 40, 60 and 80%
conversion can be calculated. After double logarithnottiph of the LO concentration
against the corresponding reaction rates, the order in epoxide was again determined to be
two (Supplementary Fig-11b) Hence, the second method to establish the order in
monomer confirms the first result, wherefore theralleate equation can be written -as
d[LOJ/dt= k [COJ°: [LOJ - [Zn]~. The group of Coatest alinvestigated the reaction

order for the copolymesation of cyclohexene oxide and €Qvith the same
[(bdi)Zn(OAC)] catalysin 2003%° They found an overall rate equation-of CHO]/d ¢ = &

[CO,°: [CHOF - [Zn]:, whereby the reaction order of one in cyclohexene oxide deviates
from the reaction order of two in LO. Comparing cyclohexene oxideL&ndhe steric
demand of the latter attess attentionThe following pathway is proposédaring allthe
reaction ordersneasured in mindFig. 3-4). In a first stepthe dimeric catalyst coordinates
oneLO.H NMR measurements showed that the catalyst exists preferentially in its dimeric
state?”?° even in strong coordinating and polar solverstsch astetrahydrofurane
(Supplementary Fig8-12 and 313). Due to the steric demand of the monomer, the acetate

group of the other zinc centre probably cannot attack the epoxide.

Initiation

Propagation ///
¥ ° 9
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/O/&O\ I /O/go\ r " O o
Zn_ N | e——  Zn{ ;n —_— ko) \F I — chain propagation
OYO 0, 4 D 3
fo) .
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i 170,
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_\\ \

Figure 3-4: Postulated mechanism for copolymerisation of @&nd LO with catalysk(bdi)Zn(OAQ)].
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After a second LO is coordinated to the second zinc centre the monomeric catalyst can
rearrange to enable the nucleophititack of the initiating group. Carbon dioxide is
inserted and a dimeric state is formed again, as the equilibrium lies on the dimeric side. In
order to enable chain propagation, again tvmolecules have to be coordinated to the

catalyst in order to sepate the two zinc centres
End-capping of PLimC with anhydrides and silicates

High molecular weight PLIimC has a glass transition temperature GC1@& DSC trace

see Supplementary Fig-3). This isto the best obur knowledgethe highest7, reported

for an aliphaticPC and comes relatively close to commercial BFAthat has & of
145°C. On the other handhe thermal stability of aliphatic polycarbonates is possibly the
greatest obstacle when it comes to commercialisation of this patfamsifor a broad range
of application$?** Poly(propylene carbonatehas a 7, at around 40C and a
decomposition temperature of 200 seems acceptaBiteddowever,this leaves a very
narrow processing window for PLImC with its glass transition afC30 0 overcome this
limitation of a 5% decomposition temperaturg.) for a catalysfree polymer at 22%C
(Table3-2 entry 1, Fig.3-5), an attempt was made to ewmdp the polymer thats
presumably terminated by Olgroups when precipitated in methandlour different
anhydrides: acetic anhydride, maleic anhydride, trifluoroacetic anhydride, heptafluoro

butyric anhydride and tetraethyl orthosilicate were ch@seend capping agest

100 L1 | — — 77I — T T T L=

end-capping agents
80

60

Mass (%)

404 —— OH end groups
— acetic anhydride
—— maleic anhydride
204 —— trifluoroacetic acid
— heptafluorobutyric anhydride
tetraethyl orthosilicate

O - T T T T T T
180 200 220 240 260 280 300

Temperature (°C)

Figure 3-5: TGA of PLimC treated with various ewdpping agents compared to an untreated sample
(black curve).
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With acetic, maleic and trifluoroacetic anhydrida increase of 1% in 7sand of 16-

20°C for the maximum dsomposition temperature (highest decomposition rafig,)
could be observed @ble3-2, entries 2- 4). Capping the polymer with fluorinated butyric
anhydride and silicate only slightly increased the onset of decomposition of PLimC

(Table3-2, entries mand6), while the first at least increas@&g.x significantly.

Table3-2: Thermal degradation properties of pure and erchpped PLImC.

entry end-capper Ts% (°C) Tmax °OQ
1 - 225 244
2 acetic anhydride 241 260
3 maleic anhydride 240 265
4 trifluoroacetic anhydride 242 260
5 heptafluorobutyric anhydride 231 261
6 tetraethyl orthosilicate 231 252

This isa hint of only partial endcapping that can result from bad solubility of the end
capping agent (fluorinated butyric anhydride) or leeactivity under the conditions
chosen (orthosilicate)end-capping can only slightly improve the thermal stability of
PLimC, thereforethe thermal degradation was studied in more detail to find a possible

alternative technique of stalzilhg the polymeat elevated temperatures.

o Z 0
MA end groups
éw

Counts (a.u.)

OH end groups

5 6 7 8 9 10 11 12 13 14 15
Retention time (min)

Figure 3-6: Gas chromatogram of the products evolved by heating samples of pure (bottom) and-end
capped (top) PLIimC for 2@in at 230°C. The assignment of signals in the top spectrum results from mass
spectroscopy analysis.
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To understand the mechanisms involved in the degradation dP@eGGMS coupled

with a thermal desorption unit was employelére thesample is heated to the temperature
desiredwhile its decomposition products are condensechiotlzer chamber for a defined

time, where theyare eventually injected onto the columithe spectra and therewith
potentially identified products from a decomposition of PLimC fof@@nin at 230C are
presented irfrig. 3-6. The spectra of PLimC with amdthout endcapping look very similar

and suggest decomposition via abstraction of, @@bablyby nucleophilic attack at an
acidic hydrogen andsubsequent chain reaction. Though interestinghyy the spectrum

of maleic anhydrideend-capped PLimC shasva signal at 13tin, which is tentatively
assigned to limonene carbonate which seems to be produced in significant amounts when
the polymer is capped with maleic acid. The great variety of decomposition products is also
illustrated inScheme %, wherethe ‘most labile’, i.e. acidic protonsare indicated by dashed

lines. Those protons might be prone to nucleophilic attack (any nucleophile that is basic
enough) and subsequent unzipping reactions then produce the prodeciified via
abstraction of C@ The diol might evolve by a different mechanism where ng Q@

rather CO abstraction is involved. The limonene carbonmegrtioned above was possibly

the backbiting product of maleic anhydride that activates a new pathway of decompaosition
to form the gclic carbonate. This seems unreasonable for arcapped product that
should increase¢he thermal stability of the polymebut at least the labile proton of a

hydroxyl end group is protected against abstraction and TGA has proven the concept to be

O
)t OH o~
/ O\L A OH O OH OH OH (0]
L —
~H  -CO

Scheme3-5: Thermal decomposition products of PLImC propaséy GC MS studies. The dashed lines on
PLimC indicate ‘labile’ protons and right-hand side on the product side are decomposition products
where no simple C@abstraction mechanism has taken place.

successful.
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Table3-3: Collection of general, mechanical, thermal dmoptical properties of PLimC.

property value unit method
general density 1.08 g/cm® balance (Archimedes)
carbonate content 99+ % IH-NMR
contact angle to water 93 ° drop shape analyser
M 53.4 kDa GPC (CHg)l
b 1.10 - GPC (CHg)l
mechanical Emodulus 0.95 GPa tensile ester
tensile strength 55 MPa tensile ester
elongation at break 15 % tensile ester
pencil hardness B pencil hardnesstester
thermal® T 130 °C DsSC
T - °C DSC
Tsos 240 °C TGA
Tnax 265 °C TGA
optical® transmission 94 % hazemeter
haze 0.75 % hazemeter
clarity 99.8 % hazemeter

ameasured at 1Kmin, ° thickness of sample 0.2#m, ¢test conducted according to 1ISO 15184 with BYK Pencil
Hardness Tester and Derwent Graphic pencils.

The material PLImC possessesadiety of very interesting properties that make it so
worthwhile to work with. They aresummarised inTable3-3 with the method of
determination in the right hand columithe carbonate content in the backbone is greater
than 99%or a polymer with 52.kDa and alispersityof 1.10. Such an alicycRRC has a

density as low as 1.6&m3 whichresembles that &?Por PE.

95 - L

Transmission (%)
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Wavelength (nm)

Figure 37: UV/Vis spectrum of a 240m thick film of PLimC produced by solvent casting.
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The tensile properties were tested oa dogbone shaped specimen produced by- hot
pressing and suggest a mechanical behaviour ranging between PS andP@PA
(Supplementary Fig-14). Though it should be noted that injection moulded samples
might improve upon tensile testinghe hardness and scratch resistance was evaluated with
respect to pencil hardness, whereby a pencil of hardness B left no scratch behind on the
surface of a PLImC film. This is already a significant improvement compared t®B8PA
(Makrolon 2800® Bayer;ttesth same setip) that could only resist 8B or softer. Acrylics
(ZK50 Plexiglas® Evonik), on the other hand, are resistant to pencils as hard as 5H, but
suffer from a very high brittlenesBhermally, this polymeris also surprigig with (to the

best ofour knowledge) the highest reportdgfor an aliphatidC of 130°C. This thermal
resistance makes it an interesting choice wherever contact with boiling water is likely. The
amorphous polymer with its alicyclic structure suggests very attractive qpbparties

and, indeed a film produced by solvent casting tested ohaaemeter gave values for
transmission, haze and clarity of 94%, 0.75% and®8e8pectivelyTheseresults were
independent of film thickness (tested films56f400um thickness) at we would ascribe

the missing 6% dfansmission to 3% reflection on each of the interfaces (air/polymer
polymer/air). Upon reversion, this observation highlighis very low small and wide angle
scattering, i.e. thieigh optical purity of PLimCAn ultraviolet visible (UV/Vis) spectrum

of such a film (with a thickness of 24®) is also shown in Fig-7. There is almost no
absorbance of light in the visible region, thus, making it a perfect choice for applications

where high transparency is necessagy, gackaging material or optical lenses.

3.3 Conclusions

In conclusion we would like to presera100% biebased high molecular weigRtimC
(>100kDa)where we can tune timeolecular weight over a wide ranyery important was

the successfutonversion ofLO to PC ly stereoselectivligh-yield epoxidation of
limonene whichis nearly quantitativelrhe production of LO and PLImC was scaled up to
kilograms per batch, while reducing the amount of organic soleempéoyed by a factor

of 10 compared to standapdecipitation methods. Kinetic studies suggested a second order
dependence on LO concentration and indicates an alternating insertion .cér@Q.0O.
PLimC hasa range of very attractive propertieg). a’gas high as 13, which is close to

technicalBPA-based PCThe excellent transparency of PLimC in combination with good
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hardness, both better than BAXC, makes it a highly promising green coating material,

which will be the topic of upcoming work.

3.4 Experimental

Materials

(R)-Limonene (97%), acetyletone (99%), 2;diethylaniline (99%)N-bromosuccinimide

(97%), sodium hydride (60% dispersion in mineral oil), iodomethane (99% ,ssthiiih

silver), ethylenediaminetetraacetic acid (EDTA, 98.5%), acetic acid (99%) and acetic
anhydride (99%) were ed as received@R)}LO (97%) was dried over NaH and distilled.
Carbon dioxide (5.0, Linde Gase) was dhgdoassing through a column packed wath
molecular sievef 3 A. The catalyst [(bdi)ZnEéOAc)]**and EDTAsilica®were synthesed

accading to literature procedures.

Methods

NMR spectra were recorded on a Bruker AIB00 operating at 30d@Hz. Chemical shifts

dare indicated in parts per million (ppm) with respect to residual solvent signals. Thermo
gravimetric analysis (TGA) was performed on a NetZ$gt209 F1 Libra and differential
scanning calorimetry (DSC) on a Mettler Toledo DSC BBath at a heating rate of

10K min-tunder N atmosphereln sitvIR measurements were carried out under an argon
atmosphere using an ATRR Mettler Toledo systemlR spectraof solidswere obtained

with a Digilab Excalibur FFS000 equipped with an ATR unit.a& chromatography
spectra were recorded on a Shimadzu-3pBO with N as the carrier gas.GC-MS
chromatogramswere recorded on an Agilent 5977A MSD with Hetlascarrier gas.
Relative molecular weights and dispersities were determined by GPC on an Agilent 1200
system with chloroform athe eluent and polystyrene dke calibration standardA
Hazemeter BykGardner Hazgard Plus and a UV/Vis spectrometer670 JASCO)wvere
employedor thetesting of optical properties of solvent cast PLimC films having a thickness
between 100 and 4@@n. A Zwick/Roell Z0.5 with testXpert Il software anch® min

test speed were used for tensile testing of heat pressed PLIimC specimen having a thickness
of 300um. A BYK Pencil Hardness Tester and Derwent Graphic pencils were used to

determine pencil hardness
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Synthetic procedures

Synthesis offransLO.A modifiedprocedure from Gurudutet a#® was used. A volume
of 1.2L (8.8mol) limonene, 1. water and 4.5 acetone were filled into a L@emperature
controlled reactor. The mixture was cooled down t€@nd 9.2nol AV-bromosuccinimide
was added within 3Min. The solvent was evaporated af6G0and the resulting organic
phase was diluted withl3diethyl ether. After removing the aqueous phase, the organic
phase was washed with water once before the ether was removetCailThé crude
bromohydrin was convéed directly to the epoxide withl2of a B NaOH solution at
60°C for 1.5h. The alkaline solution was removed and the crude product diluted with 3
diethyl ether before it was washed with l1.&f a saturated sodium bicarbonate solution
and, subsequely, 1.5L of water. After evaporating the solvent,l1@f the crude product
was obtained as a yellow viscous liquid. Gas chromatography analysis reveaied@
content of 60%, which was isolated by fractional distillation &€&hd dynamic vacum.
The final product consisted of 5% limone8&y cisLO and 85%ransLO and 1% by
products (determined by GC analysis).

Masking of hydroxyl impurities in limonene oxidéll manipulations were carried out
under inert atmosphere. The crude oxirane wasitée@ with 0.1@&q. of NaH (60%
dispersion in mineral oil) at OC. After stirring for 6@nin, 0.08eq. of iodomethane as
added and the mixture was kept &@for another hour. The process of the reaction was
monitored via GC and after 24 no more hydoxyl impurities could be detected and the
mixture was fractionally distilled at 8C in a dynamic vacuum. The main fraction was

collected at Bnbar (~66%, containing 85%anslimonene oxide).

Synthesis of poly(limonene carbonatepn /n vacuopre-dried 120mL autoclaveat
90°C was charged in a glove box withn8@ol of epoxide, &L toluene and 0./mol
catalyst. The closed reactor was stirred fomitbto dissolve the catalyst before it was
evacuated angubsequentlypressursed with 1(bar CQ.. The reactor was opened after an
adequate time and the viscous mixture diluted with toluene befor92@relative to LO)

of acetic anhydride asadded. After h, the solution was precipitated in methanol and the
product dried/n vacuo The produtwas charactesed by'H and*C NMR spectroscopy

(Supplementary FigsBand 32).
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Purification of PLIimC with on silica immobilised EDTA (EESHAANn amount of
20wt% acetic anhydride and ¥8% EDTA Siwere addedo a 0.2y/mL solution of crude
PLIimC n toluene and stirred for B atroom temperature The suspension was filtered
through a G3 glass frit to remove silica particles. The viscous polymer solution was cast on

a glass plate after concentration and drredacucat 50- 120°C for 12h.
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NMR Analysis of PLimC from copolymerisationtadnsLO and C@with
[(bdi)Zn(OAC)].
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SupplementaryFigure 3-1: *H NMR spectrum of PLimC (entryTaple 3-1) recorded at 300MHz in CDG

Peakassignment:

H NMR (300MHz, CDCL): d5.04 (1H, s, C(5)H), 4.71 (2H, m, C(8)F2.422.20 (2H, m,
C(1)H,), 1.85 (2H, m, C(4)R), 1.71 (1H, m, C(3)H), 1.69 (3H, s, C(1)H..50 (3H, s,
C(9)Hs), 1.33 (2H, m, C(2)k) ppm
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SupplementaryFigure 3-2: 13C NMR spectrum of PLimC (entrylable 3-1) recorded at 300/Hz in CDG!

Peak assignment:

13C NMR (300MHz, CDCE): ¢152.0 (C11), 148.7 (C8), 109.4 (C7), 82.0 (C6), 75.4 (C5),
37.6 (C3), 31.0 (C1), 22.3 (C4), 21.6 (C2), 21.0 (C10), 20 7p{€9)
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Thermal analysis of PLimC

Heat flow (W g™)
exo

40 60 80 100 120 140
Temperature (°C)

SupplementaryFigure 3-3: DSC thermogram of PLi@ (entry 5, dble 3-1) with second heating curve
measured at 1K min™,
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Characterisation of EDTA immobilised on silica
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SupplementaryFigure 3-4: ATRFTIR spectraf amino-functionalised silicaand EDTA functionatied

silica

The resonances of functionalisation on silica particles are rather low (Supplementary
Figure 34), i.e. amine vibrations are not observable at allEADTA carbonyl vibrations

are weak. Hence thermogravimetric analysis was employed to quantify the degree of
functionalisation (Supplementafjigure 3-5).

100 - —— Silica i
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S
=
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SupplementaryFigure 3-5: Thermogravimetric analysis of Silica, amifumctionalised silica and ED%¥
functionalized silica.
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Kinetic investigation of copolymerisation of LO and €O
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SupplementaryFigure 3-6: (a): Determination ofthe order of the catalyst inthe copolymerization of CQ
and LO.(b) Determination of the copolymerisation rate ksas a change ofbsorbance at 174@m*with

time at different loadings of(bdi)Zn(OAc) (reaction conditions: 5nLLO, 11bar CQ, room temperature,
catalyst concentration: 12.332.9mM, without solvent).

108



Supplementary information

T T T [ T T T [ T T T [ T T T [T T T [ T T T [T T T[T T
a . _ ]
- —— Linear fit: y=-0.14 =% - §.18, r2=0.58 -
a8 —
a —

i L _

-

T L '\i\l\- ]
_1|:| - —
.11 L —

AN TN N N T YT T O N A T YT T A T O Y T O A
1,6 1,8 2 2,2 24 2,68 2,8 3 3,2

In [peoz]

b 0,08 T T T 1 T T T T 1 L R T
0,07 &  Shar -
C & -
- L ] —
0,06 — . .

— C _

3 C .

[ - —

— L —

— — —

o004 | -

o C 7

L= - —_

= L —

= 0,03 — —

- — —_

2 C ]

s - 3

2002 -

L] — —
0,01 | J

0 F =
0,01 I T T Y S N (R B I [N T N N S
V] 200 400 00 200 1.00
Time [ [s]

SupplementaryFigure 3-7: (a) Determination ofthe order of CQ in the copolymerization of CQ and LO.

(b) Determination of the copolymerisation rate kas a change of absorbance at 1748 with time at

different CQ pressures(reaction conditions: SGmL LO, catalyst loading 0.%, room temperature, CO
pressure 520 bar).
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SupplementaryFigure 3-8: (@) Determination ofthe order of LOin the copolymerization of CQ and LO.
(b) Determination of the copolymerisation rate kas a change ofbsorbance at 1748m*with time at
different LO concentrationgreaction conditions: 5mL LO, catalyst loading 0.%, room temperature,
11 bar CQ, concentration LO: 2.46.1mol/L).
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SupplementaryFigure 3-9: Intensity of the carbonyl stretching bonadf PLimC against time with an
induction period of about one houfreactionconditions: concentrationLO: 3.66mol/L, 11bar CQ, room
temperature, catalyst concentration: 0.4%, volume (toluene): l0).

Supplementary Table d.: Determination of thecalibration curve by varying concentrations of PLimC
and LO.

mofPLImC Vof toluene Vof LO [LO] conversion Intensity of \(C=0)

(6)) (mL) (mb) (mol LY (a.u) (a.u)
0.00 2.50 2.50 3.05 0 0

0.10 2.50 2.40 2.93 0.04 0.072
0.20 2.50 2.30 2.81 0.08 0.121
0.30 2.50 2.20 2.68 0.12 0.209
0.40 2.50 2.10 2.56 0.16 0.271
0.50 2.50 2.00 2.44 0.20 0.316
0.75 2.50 1.75 2.13 0.30 0.431
1.00 2.50 1.50 1.83 0.40 0.598
1.50 2.50 1.00 1.22 0.60 0.800
2.00 2.50 0.50 0.61 0.80 1.000

Determination of thecalibration curveA defined amount oPLimC, toluene and.O
were transferred into the tRutoclave. After pressurizing the autoclave with 11 baraCO
room temperature the system needs about two hours to completely solve the polymer to get

a stable valulr the intensity 6the carbonyl stretching bond.
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Supplementary Figure 3-10: (@) Intensity of the carbonyl stretching bond of PLImC against the
concentration of LO measured in the in situ ATR(b) Intensity of the carbonyl stretchingond of PLimC
against conversion.
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SupplementaryFigure 3-11: (a) Intensity of the carbonyl stretching bond of PLimC against timeagtion
conditions 2.5 mL LO, 2.5 mL toluene, 11 bar,Cfom temperature, catalyst loading 0.4%(p)
Determination of the order inLO by double logarithmic plot of the slope of the tangent against the
concentration of LO.
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Derivation of the polynomial fit:

f(x) =-0.18 + 4.73e05 x-1.03 €09 ¥+ 1.29e14 ¥ -6.68e20 ¥ (3-1)

f(x) = 4.73605- 2.06609x + 3.87el4 x2- 2,67619 X3 (32)

Supplementary Table : Overview of the correlation of the conversion and the corresponding
concentration of LO with the intensity of the carbonyl stretching bed and the slope of the tangent
(reaction conditions:2.5mL toluene, 2.5nL limonene oxide, catalyst loading 0.4%, 11 bar Cf@om
temperature).

conversion intensity YC=0] slope of tangents (f'(x)) In f'(x) [LO] In[LO]
(a.u.) (a.u.) (mol L)
0.2 0.316 3.01e05 -10.41 2.44 0.97
0.3 0.431 2.56e05 -10.57 2.13 0.89
0.4 0.598 2.10e05 -10.77 1.83 0.81
0.6 0.8 1.27e05 -11.27 1.22 0.57
0.8 1.000 6.47€06 -11.95 0.61 0.18
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SupplementaryFigure 3-12: *H NMR spectrum of the catalygbdi)Zn(OAQ] recorded in GDs.
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SupplementaryFigure 3-13: 'H NMR spectrum of cataly§fbdi)Zn(OAc) recorded in THFs.
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Stressstrain curves of PLimC
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SupplementaryFigure 3-14: Stressstrain curves of PLimC with M 54kDa, measured at a strain rate of
5mm min=
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Abstract

The separation of CO2 from fuel or flue gases, often described as carbon capture,
is industrially most relevant, as the technique can provide a significant reduction of
greenhouse gas emissions. The captured gas can be utilized in industrial
processes such as the production of plastics by copolymerization with epoxides.
These processes of separation and conversion of COz are unified in the term
6carbon capture and ut il i z easedopohdlimanend
carbonate) (PLIimC) i the copolymer of the orange peel-based limonene oxide (LO)
and CO21 is a material that unifies both processes in one material. Due to its high
CO2-permeability of 68 barrer combined with a significant selectivity for the gas
over N2, the application of PLImC as a membrane material for carbon capture
processes is discussed. However, the bio-based thermoplastic PLimC exhibits not
only an exceptionally high permeability but also excellent optical, mechanical and
thermal performance. This unique combination of properties renders PLImC the
ideal choice for applications as breathing glass. Here, we discuss potential
applications of such a breathable glass in well-insulated constructions (passive
houses, closed greenhouses) where this material could save substantial amounts
of energy by avoidance of any active ventilation.
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4.1 Introduction

The anthropogenic emission of G&cumulates to 33t each year, which is mainly caused

by incineration of carbon matter. G@& a greenhouse gas that contributes significantly to

the warming of the earth’s atmospheré-2 Global warming increases chances of catastrophic
weather phenomena and a rising sea level and thus impacts our everyday life dramatically.
In the last decades, measures have been taken to reduce the emission and to contain the rise
of CG levels inthe atmosphere. Part of these measures can be described with the concepts
of carbon capture and storage/utilization (CCS/CEUXCU deals with the separation

and transformation of C&rom process gases (combustion gases in power plants, natural
gas etg to prevent emission of the greenhouse gas into the atmosphere. The separation
step is achieved either by the use of chemical/physical absorbents or by organic/inorganic
membrane materiald The class of absorbents is nowadays dominated by alkana amin
solutions, e.g. monoethanolamine and diethanolamine, that require high temperatures for
regeneration of the solvéit Hence, these ‘wet-scrubbing’ processes are connected to a
considerable energy penalty that adds to the total emission @P*Ohe more
sophisticated though less developedechnology relies on the use of membrane materials
that separate CArom other process gases by szelusion (mostly hybrid metalrganic
frameworks)*'* or solubility/diffusivity mechanisms (polymeric menaes),
respectiveli? 8 The latter comprise a group of polymeric materials that exhibit
permeabilitiesP(rate of transport through the matrix) and selectivit€preference of one

gas over the other, in this article the ‘ideal selectivity’ is calculated as the ratio of two
permeabilities) extending over several orders of magrituHewever, those materials
frequently suffer from low lorgerm stability, known as aging, which prevented industrial
application so fa&f. The large volumes of G€apturel in the industrial processes are either
stored in gas tight (often natural) basins (C€%y transformed into highvalue chemicals

via various chemical routes (CCU). Some of those routes are based on transformations into
bulk chemicals (urea, inorgandarbonates vi&LVAY process, methanol et&}while

others make use of the catalytic coupling ot @@l epoxides to produce cyclic carbonates

and polycarbonates (PCs3®. Coateset al.were the first to employ this route for the
production of PLimC, the completely based copolymer of the terpene derivative
limonene oxide (LO) and C&2° In recent publications we could demonstrate the

excellent thermal, optical and mechanical praps of poly(limonene carbonate) (PLimC)
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and show the tremendous modification potential of the unsaturated PC by simple
manipulations on the doublbond®?: Still unmodified PLImC possesses a set of very
interesting properties that were identified chgithe assessment of the polymer as a barrier
material. The analysis revealed a very high permeability for small moleculedli&ed

CO.. Hence, thanaterial was assessed in terms of membrane applications as it exhibits not
only a high permeability but @ery good selectivity for GOtoo. In fact, it is the first
material that unifies both carbon capture (separate @{th PLimC membrane) and
utilization (copolymerize C@and LO to give PLimC) in one materi&ince PLimC is also
very permeable to liglgnd a barrier to heat (insulator) the unique profile of properties
rendersit anovel type of material that we define as ‘breathing glassHence, we elaborate

on completely new applications of such a breathing window in the construction sector in

order © reduce energy consumption.

4.2 Results

Permeation properties of PLimC

In afirst step, we wanted t@ssess the materfLimC (structure depicteBig. 4-1a) with
regard to its permeation propertidsere, ve focus on thpermeation, thermal and optical
propeties of PLimC compared witltommon amorphous thermoplastiesd prominent
polymeric membrane materials. The first are representgablyymide (PI), polystyrene
(PS), poly(phenylene ether) (PPE), cellulose acetate (@alg)methyl methacrylate)
(PMMA) and bisphenolA polycarbonate (BPAC), whereas the latter compriiee
polymer with intrinsic microporosity 1 (PIM)*? or poly(l-trimethylsilyl1-propyne)
(PTMSPY¥ (structures of PMMA, BPAC, PIM1 and PTMSP also shown in Hgla)
Semicrystalline plymershave not beenonsideredsincetheyusuallylack in transparency
and gas permeability due to crystallites in the m#t¥xBy plotting the @ against the
CO--permeability of those polymergif.4-1b), the special role of PLImC is illustrated.
Compared with engineering thermoplastics like BHXC and PMMA, PLIimC
(P(CQO,) =68barrer,1barrer=10'°cm3cmcm?s!cmHg?) is more permeable by one or
two orders of magnitude, respectivdbytup to three orders of magnitude less tistate
of-the-art membrane polymers like PHY or PTMSPThus, this aliphatic PC is locatad
the interface of common thermoplastics and highly gas permeably polymiees

dependence of the G@ermeability on the7yis stown in Fig.4-1c. The plot was clsen
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to illustrate the rathedow softening temperature of PLim@ombined with its high
permeability, which is atypical with regp¢o the other shown amorphous polymerke

lower 74 of the material enables the thermal processing of PLImC at much lower
temperatures than it is possible for example for PPE or-Gie latter beinghe onlyother
bio-based polymer that could be relevant.
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Figure4-1 | Gas permeability okelected polymers with respect to thermal and optical properties
(@ The molecular structures of PMMA, BP&, PLImC, PH/ and PTMSP in order of increasing
permeability. (b) G vs. CQpermeation of common amorphous thermoplastics (BHZC, CAc, Pl, PMMA,
PPE, P®)in comparison to PLimC. The gfermeabilities of the same polymers are plotted)(vs. their7
and ) vs. their light transmission (specimen ofv@m thickness).
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At lower processing temperatures, the decomposition of the rather |adijeneric
materiak can be reduced significantly. The highly permeable polymerd Rihd PTMSP

are not mekprocessable at all, as they decompose befor&; ikeeachedAnother key
feature oamorphous polymeris a high transmission of visible light.Fig.4-1d, the link
between light andholecular (gas) transmissiamdrawn where the optical performance is
plotted against the C&permeability of the amorphous polymePLimC exhibits a very

high transparency that is comparable to optical grad&vitA and PS and superior to

the aromatic polymers BRRC, PPEand the polyacetylene PTMSH, PSUand PIM-1

are coloured and thus cannot compete in optical applicatiidmns.unique combination of
permeation, thermal and opticploperties,rendersPLimC a highly interesting material

for membrane processes but also in applications where breathability and optical clarity are
required. Both cases are discussed here, starting with the evaluation of the aliphatic

polycarbonate in CCU processes.

PLimC- a membrane in CCU processes

Polymeric membrane materials are mainly utilized for the separation of small molecules
due to the preferential solubility and/or diffusivity of one or the other in the polymer
matrix*®, PLimC was analysed in regard of the permeaslinf H, Ny, O,, CH, and CQ,

which are gases relevant to the chemical and energy industry, e.g. the isolation of oxygen
from air (OJNy), the separation of hydrogen from ammonia purge gagN@ the
sweetening of natural gas (&0OH.) or the carboncapture from fuel and flue gases
(CO./N)82% The measurement of the temperatalependent transport of such molecules
through a film of PLIimC (Figl-2d and Supplementary Figt1) revealed afor aliphatic

PCs unprecedentedhigh permeability especiglfor CO, (P(CO,) = 68 barrer at 30C).

The preferred permeation of G the PLimC membrane results in a very good selectivity

for carbon capture in fuel or flue gas applications, that is, for the gas paw.Qg.4-2e

and Supplementary Fig-2). In order to elucidate the underlying mechanism of such
preferential transport, we employed the thhag method (see Methods section) to separate

the shares of solubility and diffusivity in the term permeability (permeability can be
expressed as the pratof both). The diffusivity is mainly governed by the kinetics of the
gas and the free volume elements in the polymer matrix, whereas the solubility is based on
the physicechemical gasnatrix interaction®®. Considering the kinetic radii of the

investigaed gases (see Hgzf), it is remarkable to see that the very smafkkhetic radius
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of 1.44R) - with a 49 times higher diffusivity permeates slower through the dense
polymer matrix than the 15% larger €@.65A). This phenomenon cannot excludive
explained by the higher condensability of D0t rather by the very high affinity of the gas

to the PLimC matrix, resulting in an even 52 times higher solubility compared with H
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Figure4-2 | Membrane properties of PLim@a) Illustration of PLIimC as orange pdshsed membrane

for a CQ/N; separation process.h) Asimulation of an amorphous unit cell of PLImC with eight chains
each of ten repeating units and the Connolly surface (blue) to illustrate the loose packing of polymer
chains, resulting in big voids in the bulkc)(The cavity sizer§ distributions of anas-cast film and an
annealed film of PLimC determined by PALS measuremeids Temperaturedependent permeabilities

of PLImC for B CQ, G, CH and N.. For C@the curve of the agast film is also shown, since it deviates
significantly from the anneald sample. €) Temperaturedependent selectivities of PLimC for the gas
pairs H/N,, CQ/N,, CQ/CH,, and H/N,. ) The solubility and diffusivity of the tested gases in PLimC at
30°C plotted versus the gases’ kinetic radii. (§) RoBEsoNplot for the gas air CQ/N, with PLimC compared

to commercial and stateof-the-art polymeric membrane materials. Commercial polymers include:

cellulose acetate (CAc), polyimide (PI), polyetherimide (PEI), polysulfone (PSU) and poly(phenylene ether)
(PPE) with data from rdf8, stateof-the-art polymers with data from re19.
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