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1 SUMMARY

Gaining a profound understanding of underlying processes of heterogeneous catalyzed ho-
mopolymerization of epoxides and their copolymerization with CO, is useful for improving
catalysts performance and tailoring the material properties of the final products. Scope of this
thesis, thus, was the analysis of the reaction of epoxides, in particular PO, and CO, under the
action of several types of catalysts as well as the characterization of the resulting polymeric

products.

The copolymerization of CO, with PO catalyzed by a nanoscopic ZnGA catalyst was analyzed
comprehensively using a design of experiments approach. The influence of various reaction
parameters on the catalyst’s activity, the polymer composition and the molecular weight could
be described by empirical prediction models (Chapter 5.1). The results indicate that the cata-
lyst’s performance is governed by the coverage of its surface, with PO and CO,. The highest
productivity and CO,-selectivity is observed at molar fractions in the feed of x(CO,) = 0.3. Co-
polymerization in bulk displays a pseudo-living behavior until reaching a threshold of
M, = 80 kg/mol. High PDI values > 10 at early reaction stages indicate that the initiation reac-
tion is rate-determining. The feature that the selectivity of CO,-incorporation can be tailored
by varying the reaction conditions was utilized to prepare PPC with enhanced thermal stabil-
ity (Chapter 5.2). (Growing) polymer chain ends could be capped with ether-rich segments by
introducing a second reaction stage in a batch polymerization process with reduced CO,-con-
centrations. This effectively prevents thermal depolymerization by backbiting, and thus inhib-

its the formation of volatile organic compounds.

In a further part of the thesis, the preparation of PPC-polyols by means of a catalytic chain
transfer copolymerization of PO and CO, under the action of nanoscopic ZnGA catalysts is
described (Chapter 5.3). The molecular weights of the products can be tuned to values below
2000 g/mol by adjusting the PO/CTA ratio or by controlling the total monomer conversion.
The addition of small quantities of CTA leads to an increase in the catalysts TOF of approxi-
mately 20 %. Online-monitoring of the polymerization revealed that the CTA controlled copol-
ymerization has an induction time, that results from a reversible catalyst deactivation by the
CTA. Catalyst deactivation of the CTAs is released after the first monomer additions to them.
The induction period scales with the CTA concentration and is dependent on the nucleophilic-
ity of the CTA relative to those of the formed chain ends after PO addition. The chain transfer
rate is a function of the carbonate content of the oligomeric products f,,, most likely on ac-
count of differences in mobility (diffusion). As a consequence, products with lower f,,, show
a more uniform chain growth resulting in narrow molecular weight distributions with mini-
mum PDI = 2. By precisely controlling the reaction conditions, material properties can be tai-
lored in a certain range, giving access to a new class of poly(ether carbonate) polyols.
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Thermoplastic processing of PPC is significantly affected by the polymers molecular weight
and composition. The thermo-rheological behavior of PPC melts was mapped as a function of
their molecular weights (M,, =29 —296 kg/mol) and polymer compositions (f.,;, =51 — 92 mol%)
(Chapter 5.4). Experiments were performed under SAOS and LAOS conditions. The experi-
mental findings lead to the insight that incorporation of carbonate entities into the polymer
backbone increases chain stiffness, resulting in higher glass transition temperatures T, and
flow activation energies E,. Conversely, the entanglement molecular weight M, decreases at
higher f,,, from 6.4 to 4.2 kg/mol. The zero-shear viscosity 1, correlates to M,, along a power
law with exponents of a = 5, strongly suggesting the presence of intermolecular associations
between polymer chain segments. These interactions have a large impact of the resulting ma-
terial properties. LAOS experiments show a strain-induced softening of the melts. FOURIER
transformation of the distorted sinusoidal stress response reveals higher intrinsic non-linearity
for PPC with f,;, = 80 mol% compared to melts with higher carbonate contents. The non-line-
arity ratio I, increases with y,, w and M,,. Orthogonal stress decomposition of the material
response reveals a complex non-linear behavior showing intracycle shear-thinning that is pre-

ceded by a shear-thickening at intermediate strains.

The reaction of epoxides with CO, is not only affected by the reaction conditions but also by
the utilized catalyst. In Chapter 5.5 and Chapter 5.6, two different types of catalysts were pre-
pared and tested for their activity in the coupling reaction of epoxides with CO,. Homogene-
ous indium-based complexes are firstly reported upon (Chapter 5.5). All utilized indium cat-
alysts exhibit a high selectivity towards CO, incorporation, however, only yielding the cyclic
products. Catalyst screening reveals, that the presence of both a LEWIS-acid catalyst and a co-
catalyst is required for decent activities. The second type of catalyst that is described are amine-
modified Zn/Co-double metal cyanide (DMC) catalysts, prepared by thermal activation of
DMC-alkyl amine adducts (Chapter 5.6). These catalytic precursors are obtained by co-precip-
itation of Zn and Co-cyanide salts in the presence of n-alkyl amines. The chain length of the
amine has an impact on the final complex crystallinity and as a result on the catalysts perfor-
mance after activation. Elemental analysis and FTIR spectra indicate the formation of DMC-
alkyl amine adducts with the general structural formula Zn,;[Co(CN)], - 8 H,N(CH,),CH; - b
Zn(NO:;), - ¢ H,O. Thermal treatment of adducts results in the partial removal of the amine and
gives an active propoxylation catalyst, one of the first initial active DMC complexes, i.e. a DMC
compound that does not show an induction period. Residual amine moieties remaining in the
activated catalyst are affecting the catalytic properties. The catalysts exhibit a high selectivity
towards CO, incorporation giving access to PPC with an unusual high carbonate content

(fearr = 88 mol%) among the highest reported for DMC catalysts yet.



2 ZUSAMMENFASSUNG

Tiefgreifendes Verstindnis der Mechanismen der heterogen-katalysierten Homopolymerisa-
tion von Epoxiden sowie der Copolymerisation mit CO, ist essentiell fiir die Verbesserung der
Katalysatorleistung und die Steuerung der Materialeigenschaften der finalen Produkte. Ziel
dieser Arbeit war daher die Untersuchung der Reaktion von Epoxiden, insbesondere PO, und
CO, unter Einsatz verschiedener Katalysatortypen sowie die Charakterisierung der resultie-
renden polymeren Produkte.

Die Copolymerisation von CO, mit PO unter Verwendung eines nanoskopischen ZnGA Kata-
lysators wurde systematisch mittels statistischer Versuchsplanung analysiert. Der Einfluss
verschiedener Reaktionsparameter auf die Katalysatoraktivitdt, die Polymerzusammenset-
zung sowie das Molekulargewicht der Produkte kann mittels empirischer Vorhersagemodelle
beschrieben werden (Kapitel 5.1). Die Ergebnisse zeigen, dass die Katalysatorleistung maf3-
geblich durch die Belegung der Katalysatoroberflache bestimmt wird. Die hochste Produkti-
vitat und CO,-Selektivitat wird bei einem Anteil von x(CO,) = 0.3 im Reaktionsgemisch beo-
bachtet. Die Copolymerisation in Masse zeigt anfanglich ein pseudo-lebendes Verhalten, bis
zum Uberschreiten eines Grenzwertes von M, = 80 kg/mol. Hohe PDIs von > 10 in friihen Re-
aktionsstadien deuten darauf hin, dass die Initiierungsreaktion geschwindigkeitsbestimmend
ist. Die Eigenschaft von Zinkglutaratkatalysatoren die Selektivitat des CO,-Einbaus bei Varia-
tion der Reaktionsbedingungen zu verdndern, wurde fiir die Synthese von PPC mit erhohter
thermischer Stabilitat genutzt (Kapitel 5.2). (Aktive) Carbonat-reiche Ketten(enden) werden
mit Ether-haltigen Segmenten gecapped durch Einfiihren einer zweiten Reaktionsphase wah-
rend der Batchpolymerisation, gekennzeichnet durch verringerte CO,-Konzentrationen. Dies
verhindert effektiv die thermische Depolymerisation durch Backbiting und damit einherge-

hend die Bildung fliichtiger organischer Komponenten.

In einem weiteren Teil der Arbeit wird die Herstellung von PPC-Polyolen mittels katalytischer
Kettentransfer-Copolymerisation von PO und CO, unter Verwendung von nanoskopischen
ZnGA-Katalysatoren beschrieben (Kapitel 5.3). Durch Anpassung des Verhéltnisses von
PO/CTA sowie Steuerung des Umsatzes kann das Molekulargewicht der Produkte auf Werte
unterhalb von 2000 g/mol eingestellt werden. Die Zugabe von kleinen Mengen CTA fiihrt zu
einer Erhéhung der Katalysatorumsatzrate von ca. 20 %. Online-Reaktionsverfolgung zeigt,
dass die CTA-regulierte Copolymerisation durch eine Induktionsphase gekennzeichnet ist, die
aus einer reversiblen Katalysatordesaktivierung durch das CTA resultiert. Die Deaktivierung
wird durch die ersten Monomeranlagerungen an das CTA aufgehoben. Die Induktionszeit
skaliert mit der CTA-Konzentration und ist abhdngig von der Nukleophilie des CTA relativ
zu gebildeten Kettenenden nach PO-Addition. Die Geschwindigkeit der Kettentransferreak-
tion ist eine Funktion des Carbonatgehaltes f,,, aufgrund von Mobilitatsunterschieden der Po-
lymere (Diffusion). Daraus ergibt sich, dass Produkte mit geringerem f.,, einheitlicheres
Kettenwachstum zeigen, bedingt durch ihre hohere Kettenbeweglichkeit. Durch Kontrolle der

3



Zusammenfassung

Reaktionsbedingungen kénnen die resultierenden Materialeigenschaften in einem bestimm-
ten Bereich mafigeschneidert werden. Die Steuerung der Produkteigenschaften erlaubt Zu-

gang zu einer neuen Klasse von Poly(ethercarbonat)-Polyolen.

Die thermoplastische Prozessierung von PPC wird mafigeblich vom Molekulargewicht der
Produkte sowie der Polymerzusammensetzung beeinflusst. Das thermo-rheologische Verhal-
ten von PPC-Schmelzen mit Molekulargewichten zwischen M, = 29 — 296 kg/mol und Poly-
merzusammensetzungen von f.,,, = 51 — 92 mol% wurde untersucht (Kapitel 5.4). Experimente
wurden unter SAOS und LAOS Bedingungen durchgefiihrt. Die experimentellen Ergebnisse
zeigen, dass der Einbau von Carbonat-Einheiten in das Polymerriickgrad die Kettensteifigkeit
erhoht. Daraus resultieren unter anderem hohere Werte fiir die Glasiibergangstemperatur T,
sowie die Flieffaktivierungsenergie E,. Entgegen der erhohten Steifigkeit nimmt das Ver-
schlaufungsmolekulargewicht M, mit hoheren f_,, von 6.4 auf 4.2 kg/mol ab. Die Nullscher-
viskositat 1, korreliert mit M,, und folgt einem exponentiellen Zusammenhang mit Exponen-
ten von a =5, die stark auf die Anwesenheit von intermolekularen Wechselwirkungen zwi-
schen Polymersegmenten hindeuten. Derartige Wechselwirkungen beeinflussen die resultie-
renden Materialeigenschaften. Experimente unter LAOS Bedingungen zeigen ein scher-indu-
ziertes Erweichen der Schmelzen. FOURIER-Transformationen der verzerrten sinusfGrmigen
Spannungsantworten zeigen hohere intrinsische Nichtlinearitaten fiir PPC mit f.,,, = 80 mol%,
verglichen mit Proben mit hoherem Carbonatgehalt. Das Nichtlinearitatsverhaltnis I;; erhoht
sich mit y,, @ und M,,. Orthogonale Spannungszerlegung der Materialantwort zeigt ein kom-
plexes nicht-lineares Verhalten mit intrazyklischer Scherverdiinnung, der eine Scherverdi-

ckung vorausgeht.

Die Reaktion von Epoxiden mit CO, wird nicht nur durch die gewahlten Reaktionsbedingun-
gen beeinflusst, sondern auch durch die Art des verwendeten Katalysators. In den Kapiteln
5.5 und 5.6 wurden zwei verschiedene Katalysatortypen hergestellt und auf ihre Aktivitat fiir
die Reaktion von Epoxiden mit CO, untersucht. Homogene Indium-basierte Komplexe wur-
den erstmalig als Katalysatoren fiir diese Reaktion berichtet (Kapitel 5.5). Alle verwendeten
Indium-Katalysatoren zeichnen sich durch eine hohe CO,-Selektivitat aus, liefern jedoch aus-
schliefslich zyklische Produkte. Ein Katalysatorscreening zeigte, dass die Anwesenheit eines
LEWIS-sauren Katalysators und eines Co-Katalysators fiir hohe Umsatzraten erforderlich ist.
Neben den homogenen Systemen wurden Amin-modifizierte Zn/Co-Doppelmetallcyanid
(DMC) Katalysatoren, hergestellt durch die thermische Zersetzung von DMC-Alkylamin-
Addukten beschrieben (Kapitel 5.6). Die Katalysatorvorstufen wurden durch die Co-Fallung
von Zink- und Cobalt(cyanido)salzen in Gegenwart von n-Alkylaminen erhalten. Die Ketten-
lange der verwendeten Amine beeinflusst die Kristallinitdat der resultierenden Komplexe so-
wie die Katalysatorleistung nach ihrer Aktivierung. Elementaranalyse und FTIR-Spektren
deuten auf die Bildung von DMC-Alkylamin-Addukten mit der allgemeinen Strukturformel
Zns[Co(CN),], - 8 H,N(CH,),CH; - b Zn(NQO;), - ¢ H,O hin. Thermische Behandlung der
Addukte resultiert in der partiellen Entfernung des Amins und liefert aktive Propoxylierungs-

katalysatoren. Restliche im Katalysator verbleibende Aminfunktionalititen beeinflussen die



Zusammenfassung

katalytischen Eigenschaften. Die so erhaltenen Komplexe zdhlen zu den ersten Beispielen fiir
initial-aktive DMC Katalysatoren, d.h. DMCs die keine Induktionsphase zeigen. Die Amin-
modifizierten DMCs liefern die hochsten bisher bekannten Carbonatgehalte (f,,, = 88 mol%)
fiir die DMC-katalysierte Copolymerisation von PO und CO,.






3 INTRODUCTION AND THEORETICAL BACKGROUND

The 20t century marks the onset of the age of plastics. Since the discovery of polymers, plastics
became an indispensable part of today’s daily life. The production of plastics has experienced
a substantial growth over the last couple of decades, recently exceeding values of 300 Mt/a. In
Europe, a major fraction of the annual plastic demand is resulting from packaging applications
(Figure 3.1).1
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Figure 3.1 Left: Global and European annual plastic production over the last 60 years. Right: Annual demand of
plastics in Europe in different application fields.!

The main feedstock for most plastics is petroleum. The annual plastic production accounts for
approximately 4 % of the global consumption of non-renewable fossil resources. The limited
availability of fossil resources and perhaps more of importance the growing public awareness
of the backlash of using these resources has driven the search for alternative and more sus-
tainable raw materials. Examples for such are cellulose and lignin, but also carbon dioxide
(CO,). The use of CO, as a C, building block in chemical industry is of particular interest as it
is a potentially abundant, non-toxic and renewable feedstock.? Table 3.1 lists the main sources
of anthropogenic CO,-emission.

Table 3.1 Point emission sources of CO, and the corresponding purity of the gas.>*

Emission source CO, emission  CO, purity
[Mt/a] [%]
Coal 14 200 12-15
Natural gas 6320 3-5
Cement production 2000 14 - 33
Iron and steel production 1000 15
Refineries 850 3-13
Ethylene production 260 12
Ammonia production 150 100
Natural gas production 50 5-70
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CO, is already utilized as a feedstock in a number of industrial processes (Figure 3.2).5¢ For
instance, approximately 130 Mt CO, are consumed annually for chemical transformations,
with urea as a main product (112 Mt/a CO, consumed).2 However, considering the high energy
input that is required to synthesize ammonia (Table 3.1), the production of urea is actually an
emission source in net CO,-balance. In addition, the urea is predominantly used as a fertilizer,
i.e. slowly hydrolyzes into back ammonia and CO,. When aiming at binding CO, and thus
avoiding further emissions, it therefore is important to consider the required energy for the
reaction and the production of the reactants as well as the lifecycle of the product.

COOH

Q e @w

OH NH2
ROH

o
RNH
u POCI3 )J\ o R

R—-N=C=0

ONH
-/

Figure 3.2 Examples of products derived from CO,.

The environmental impact of littered plastics is one of the major problems of the world. The
increasing global use of plastic materials combined with ineffective waste collection, unsolved
disposal and control over trade with waste streams in combination with the lacking awareness
of the consequences of their persistency against microbial degradation is becoming a serious
threat to the global ecology. Approximately 8 Mt of plastic waste end up as marine debris
every year, mostly in the Pacific Ocean.” Most common plastics such as polyolefins and aro-
matic polyesters, e.g. PET, show a high resilience against bacterial degradation. The plastic
waste may be broken down into smaller particles as the result of physical and chemical pro-
cesses.® The result is so-called microplastic, which is known to may contain some level of toxic
pollutants such as halogenated and polyaromatic hydrocarbons and/or pesticides.’ These pol-
lutants can be washed out over time and enter the food chain if microplastics are ingested by
marine wildlife. The increasing accumulation of plastic waste in marine ecosystems results in

a growing interest in biodegradable plastics derived from renewable resources.

Aliphatic polycarbonates (PACs) are a class of polymers that can meet the requirements of
being biodegradable and being bio-based. Their non-aromatic backbone composed of car-
bonate-linkages enables the hydrolytic and enzymatic degradation by microorganism. Fur-
thermore, PACs can be synthesized by the alternating copolymerization of CO, with epoxides.
A useful epoxide in that regard seems propylene oxide (PO), a commodity chemical that is
industrially produced by oxidation of propylene. However, research has shown alternative
pathways for the preparation PO from renewable feedstocks such as glycerol, a side product

of biodiesel manufacturing.!!
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Food packaging

Figure 3.3 Chemical fixation of CO, and application of the transparent poly(propylene carbonate) (PPC) for short-
term packaging applications. Images were taken from 1213,

PACs have, on account of their biocompatibility and biodegradability, potential for sustaina-
ble short-term applications such as food packaging.!*'¢ Poly(propylene carbonate) (PPC) is
considered as one of the most promising PACs as it features excellent gas barrier properties as
well as high resilience at high molecular weights.'” Furthermore, it can be combusted without
leaving char residues which renders its industrial application as sacrificial binding material.'®
Other possible fields of application are as polyol compound in polyurethane manufacturing!-

2t and for biomedical implants?-24,

3.1 Synthesis of polycarbonates

Polycarbonates can be prepared by various synthetic pathways utilizing different carbonyl
sources (Figure 3.4). Aromatic polycarbonates are prepared on an industrial scale by polycon-
densation of phosgene or organic carbonates with diols.> A different procedure to synthesize
polycarbonates is the ring-opening polymerization (ROP) of cyclic carbonates. Several studies
report the polymerization of trimethylene carbonate and its derivates with focus on functional
materials, e.g. for medical applications.?? However, a major drawback of these routes is the use

of highly toxic phosgene or its derivates as raw material.

In contrast, the use of CO, as carbonyl source for the formation of PACs is of particular interest
as it represents a more sustainable feedstock. One approach is the direct copolymerization
with diols. However, only low molecular weight products are achieved limiting the overall
applicability of the resulting polymers.?”?® Similarly, the ring-opening copolymerization with
oxetanes yields low molecular weight products.?>® The alternating copolymerization of CO,
with epoxides, however, allows the synthesis of high-molecular weight polycarbonates in ex-
cellent yields.!
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Figure 3.4 Synthesis of polycarbonates by polycondensation of phosgene with diols (a), organic carbonates with
diols (b), ring-opening polymerization of cyclic carbonates (c), polycondensation of CO, with diols (d) and ring-
opening copolymerization of CO2 with oxetanes (e) or epoxides (f).

Mechanistically, the copolymerization of epoxides and CO, may proceed by a two-step mech-
anism. In a first step a pre-coordinated epoxide is ring-opened to form a metal-alkoxide. The
ring-opening is then followed by the insertion of CO, (Figure 3.5).! The consecutive insertion
of PO units results in the formation of ether linkages. These are a typical feature of most het-
erogeneous catalysts for the CO,/epoxide-copolymerization.

Initiation

M-O X

o] M-O  OR M-0 >J
s o
. . o
ether formation W

Figure 3.5 Proposed mechanism of the alternating copolymerization of CO, and PO.%

A DFT-calculated energy profile for the alternating copolymerization of CO, and PO is dis-
played in Figure 3.6. The nucleophilic ring-opening of PO usually occurs at the sterically least
hindered site. However, depending on the transition state the cleavage can also occur in f-
position resulting in regio-irregular polymers.’! The consecutive insertion of two or more
epoxide units results in ether linkages. The formation of “dicarbonate anhydride” units, in
contrast, is thermodynamically disfavored and has not been reported upon.> The selectivity
of CO, vs epoxide incorporation is affected by the utilized catalytic system as well as the ap-
plied reaction conditions. A common side product of the CO,/epoxide copolymerization is the
tive-membered cyclic carbonate that is formed by backbiting of alkoxide or carbonate chain

ends.??
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Figure 3.6 Qualitative free energy profile of the alternating copolymerization of PO and CO,.3!

3.2  Catalysts for the CO,/epoxide copolymerization

The catalytic conversion of CO, to form polycarbonates was first reported by INOUE.* Since

this early discovery, the development of new catalytic systems has been subject of numerous

studies. Some common catalysts for the CO,/epoxide copolymerization are given in Table 3.2.

Table 3.2 Catalysts for the copolymerization of epoxides with CO,.1>

Type Catalyst Features
Homogeneous  Metal-porphyrin Discrete catalyst structure
Metal-phenoxide Catalyst removal difficult
Metal-f-diiminate High synthetic effort towards catalysts with
Metal-salen or salan high activity and selectivity
Mainly used for bicyclic epoxides
Products with tunable molecular weights
Heterogeneous Diethyl zinc Low activity

Zinc dicarboxylate

Facile preparation from non-toxic precursors

Moderate activity

Double metal cyanide
(DMC)

Facile preparation
High activity

Low level of CO, incorporation

Ternary rare-earth

Facile preparation

Moderate activity

The first catalytic system that was utilized for the copolymerization of CO, and PO were mix-

tures of ZnEt, and protic compounds that showed only low activities.?* The lack of in-depth

11
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understanding of the polymerization pathway was frustrating the efforts for more active sys-
tems and finally led to the development of various homogeneous catalysts. The well-defined
structure of those single-site catalysts allowed identifying structure/reactivity relationships.
LUINSTRA and RIEGER®* showed — following insights reached by JACOBSEN®?% on the kinetic
resolution of epoxides and earlier work by INOUE®* on immortal polymerizations with porphy-
rine systems — that an effective pathway exists in chromium salen systems when two centers
cooperate, one holding the anionic chain end, one activating the epoxide. Studies by COATES
lead to the hypothesis that the copolymerization possibly involves two metal centers in di-
meric zinc diketimines.® It was thus suggested that the mechanism comprises a cooperative,
bimetallic pathway with the pre-coordination of epoxide by one metal center and the subse-
quent ring-opening by a nucleophile coordinated to a second metal. As a consequence, syn-
thetic efforts were directed towards the preparation of bimetallic catalysts with -diiminate*’-
2, anilido-aldimine*** and ROBSON-type ligands.*>4¢ The catalysts showed superior activities
while displaying good to excellent selectivities. The most active catalyst for the CO,/cyclohex-
ene oxide copolymerization up to this date comprises a flexibility-tethered dinucleating back-
bone (Figure 3.7).4748

R1 R1

N N R1=PhOrCH3
—S_ _N(TMS
R4\ 2o NIMS):2 5 70N R, Rp=CN, ClorH
NT A (TMS)NT =

Figure 3.7 Flexibility-tethered Zn catalyst for the copolymerization of cyclohexane oxide (CHO) and CO, showing
the highest initial activities reported (TOF = 155 000 h-1).4748

A characteristic feature of many homogeneous catalysts for the CO,/epoxide copolymerization
is that the presence of a co-catalyst is generally required. Usually, nucleophiles like halides of
quaternary ammonium salts, phosphines or N-heterocyclic amines are employed as co-cata-
lysts.3? A successful approach by LEE and later followed by LU is to combine both, the catalyst
and the co-catalyst in single complex.*>5° This was first reported by LEE, introducing cationic
side chains with chloride and nitrate anions into a salen-framework resulting in the most active
catalyst for the copolymerization of PO and CO, reported up to that date (Figure 3.8). In addi-
tion, the catalyst shows a remarkable selectivity towards CO, incorporation forming perfectly
alternating PPC exclusively, without the formation of cyclic by-products.>2

+ N
NBug : BusN X

=N N=

O\ /O
[CoX,*
'_:IBU:; BU3NF

X = 2,4-dinitrophenolat

Figure 3.8 Co(salen) catalyst bearing cationic side chains. The cationic side chains are believed to electrostatically
attract free polymer chains, thereby preventing the backbiting reaction to form cPC.
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While homogeneous single-site catalysts show in part excellent catalytic activities and selec-
tivities, their synthesis usually involves multiple synthetic and chromatographic purification
steps. In addition, homogeneous catalysts are generally difficult to remove from the final prod-
ucts which as a consequence often display undesired coloration.’® In contrast, heterogeneous
catalysts can easily be separated or even remain in the polymer. Latter case is referred to as
leave-in catalyst and is of great interest as additional purification steps are accompanied by
higher production costs of the final product. The industrially most viable catalysts are double
metal cyanides (DMC) and zinc dicarboxylates, e.g. zinc glutarate (ZnGA), both featuring zinc
as active site. They can be prepared by facile and scalable reactions.!> DMC catalysts were
originally developed for the synthesis of poly(ether)-polyols but can also be adopted to copol-
ymerize CO, with epoxides.?® Generally, low CO, incorporations are achieved resulting in
poly(ether carbonates) with larger contents of ether linkages in the polymer backbone.>” In
addition, the most active DMCs contain cobalt as a central metal which is prohibitive for cer-

tain applications.®®

Zinc dicarboxylates show a high activity towards CO, incorporation and the catalyst can be
prepared from exclusively non-toxic starting materials.® This enables the application of the
obtained polycarbonates for instance for food-packaging. The activity of the catalyst depends
on the utilized zinc precursors®®®, the solvent and the temperature®?¢* as well as the intermix-
ing during the catalyst preparation.* The goal is in general to decrease the particle size and
thereby to increase the specific surface area. Various studies show that the morphology and
surface area of zinc dicarboxylates can be influenced by the addition of surfactants.®® The most
active ZnGA catalyst reported in the literature was prepared by utilizing non-ionic surfactants
such as alkyl amines. ZnGA-amine adducts are formed that can be thermally decomposed to
yield nanoscopic ZnGA (Figure 3.9).92% The crystal structure of the nanoscopic ZnGA is iden-
tical with the previously published structure.®”

Zn(N03)2 6 H20
zinc nitrate hexahydrate

+
2 17 i.), ii.) iii.)
) Zn )J\/\/U\ * 20DA Zn JJ\/\/U\
octadecylamine (ODA) O (o) O (¢}
+
(0] O
HOJ\/\/U\OH
glutaric acid

Figure 3.9 Synthesis of nanoscopic ZnGA using alkyl amines as surfactants. In the first step a ZnGA-ODA adduct
is formed which is then thermally decomposed to yield the active ZnGA catalyst. i.) ethanol, rt, 24 h, ii.) centrifu-
gation, iii.) activation, T=130 °C, p = 10 mbar.

Zinc dicarboxylates with C; to C,-dicarboxylic acids show the highest catalytic activity for the
CO,/epoxide copolymerization. All homologues crystalize in the P2/c space group and exhibit
the same structural motif in the hkl-plane [100] with four Zn atoms showing Zn-Zn distances
of 4.6 - 4.8 A The view at the ac-plane of single crystalline ZnGA is displayed in Figure 3.10.

13
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All Zn? centers are coordinated by four carbonyl-oxygens in a tetrahedral geometry. Depend-
ing on the conformation of the glutarate ligands, two metallacycles are observed (Figure 3.10,
A and B) that form a porous three-dimensional network. The pores, however, are inaccessible
for monomer diffusion as they are almost entirely filled by the VAN-DER-WAALS volume of the

glutarate ligands.®

Figure 3.10 View at the ac-plane of single crystalline ZnGA. The atoms are distinguished as following: C, grey; O,
red; Zn, blue.®8

3.3  Material properties of poly(alkylene carbonates)

PACs have been handled as promising alternatives to common petro-based materials on ac-
count of their biodegradability. The physical properties of the polycarbonates can be tuned in
a certain range, e.g. in dependence on the nature of the corresponding epoxide.® Epoxides
bearing linear alkyl-substituents result in polymers with relatively low glass transition tem-
peratures (T,) down to —-38 °C for the copolymer of CO, and 1-dodecane oxide.” In contrast,
epoxides with bulky alkyl and phenyl-substituents yield polymers with T, up to 84 °C (Fig-
ure 3.11).7° Even higher T, are observed for alicyclic polycarbonates. As a consequence, the
physical properties of poly(cyclohexene carbonate) are similar to polystyrene. The highest
glass transition for CO,based polycarbonates is reported for a carbonate-functionalized
poly(limonene carbonate) with T, = 180 °C, obtained by epoxidation and subsequent carbon-

atization of poly(limonene carbonate).”!

ethylene oxide derivates
Tg= °C -18 °C -27 °C -38 °C @ Q @ %
LH< L\O i} Tg= 125°C 130 °C 85°C 138 °C

Tg= 35°C 53 °C 84 °C 158 °C

meso-epoxides

Figure 3.11 Mono- and di-substituted (left) and meso-epoxides (right) utilized for the copolymerization with CO,
and T, of the corresponding polycarbonates.”-7
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Besides the nature of the epoxide monomer, the material properties are affected by the poly-
mer composition with respect to carbonate vs ether linkages. Latter are formed by the consec-
utive insertion of one or more epoxide units and typically are observed for polycarbonates
synthesized by DMC or zinc dicarboxylates as polymerization catalysts.!> The formation of
ether linkages leads to a decrease in T, and the elastic modulus of the polymers. However, it
enhances the thermal stability of the polycarbonates as the backbiting reaction to form the five-
membered cyclic carbonates necessarily ends at ether-linkages.'””” One of the most attractive
representatives of the PACs is PPC, as it can be easily obtained from commodity starting ma-
terials, PO and CO,. PPC is a transparent, completely biodegradable and biocompatible ther-
moplastic material. Furthermore, it shows excellent adhesive and gas barrier properties.’* Al-
ternating PPC contains about 43 wt.% CO,. Table 3.3 summarizes the thermal and mechanical
properties as well as the gas permeation behavior for PPC with different compositions.

Table 3.3 Material properties of PPC of various compositions (M, = 72 - 92 kg/mol).” T y, = temperature at 5%
weight loss, o, = tensile strength, ¢, = elongation at break.

fearb T, T, o, Epreak O, [ecm3/m?/ CO, [cm3/m?/ N, [ecm3/m?/
[mol%] [°C] [°C] [MPal [%] 24h/0.1 MPa] 24 h/0.1 MPa] 24 h/0.1 MPa]
99.4 452 218.6 55.4 8.5 14+1 220+ 3 11+1
95.5 43.3 2309 49.3 12.6 17 +1 253 +5 15+1
88.7 43.7  240.1 27.5 21.2 22+1 288+7 19+1
55.8 205 2404 45 1306 88+3 579 + 11 79+3

The thermal instability is one major drawback of PPC as it undergoes a rapid depolymeriza-
tion at elevated temperatures. At temperatures below 200 °C the decomposition proceeds
mainly by the backbiting reaction to form cyclic propylene carbonate (cPC). At even higher
temperatures, random chain scission becomes the predominant depolymerization mechanism
(Figure 3.12).7778 The degradation behavior is further affected by the presence of nucleophiles™

and catalyst residues.?5%
o) o o _ o
JL J\ 0 O\) JJ\ o) O\)\ H
Hog\}d O/\(O\EO\@H HO!/U\Q/\( l\ro( ro :O/\( Lfg OJ’n

-Co,

AIkoxide-backbitinA o /:arbonate-backbiting l
OJJ\ P i § \) \)\ H
HoPLo“(OHO 2 ol ot

o] o] "

cPC
Figure 3.12 Predominant thermal decomposition mechanism for PPC at T <200 °C (left) and T > 200 °C (right).

In order to overcome the thermal degradation via backbiting, a post-polymerization work-up
of the crude polymer may help. There are several reports that focus on either removing catalyst
residues” or preventing the unzipping by the means of end-capping. Possible capping agents
include phosphoric esters®, silicates” and cyclic anhydrides®-#. However, post-polymeriza-
tion end-capping is an additional processing step and requires the addition of capping agents.

Such treatment thus leads to higher production costs. Same holds true for other processing
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steps, like the removal of catalyst residues®. Another possibility to enhance the stability to-
wards backbiting is the incorporation of additional monomers like epoxides®-, lactide®>** and
cyclic anhydrides®°. Modification of the polymer backbone can increase the thermal stability

and prevent the unzipping reaction to some extent.

3.4 Rheology

Rheology is the science of flow of matter. Knowledge of the rheological behavior under specific
deformations is crucial for polymer processing and applications. Different types of defor-
mation may be distinguished: shear (linear or oscillatory) and extension.!® Oscillatory shear
experiments are widely applied for non-destructive probing of the flow behavior of polymer
melts and solutions. The experiments are in that case performed under so-called small ampli-
tude oscillatory shear (SAOS) conditions. Upon applying a sinusoidal deformation
At) = % - sin wt, a time-dependent stress-response o(t) is measured (Figure 3.13).

| |
"N %

: : ideal viscous
-\ (8 =90°)
N >
: t t
viscoelastic
(0°<8<90°)

Figure 3.13 [llustration of an oscillatory shear experiment. Depending on the phase angle d, ideal elastic, ideal vis-

cous and viscoelastic materials are differentiated.

The material response may show a certain phase angle 6 =0-90 °, depending on the nature of
the sample. If the material behaves like an ideal elastic solid, it obeys HOOKE's law:

o=G-y (3.1)
with the elastic modulus G and is perfectly in phase with the applied strain (6 =0 °). In contrast,

the stress response of an ideal viscous fluid is a function of the strain rate and, thus, shows a
phase angle of 6 =90 °. Ideal fluids follow NEWTON’s law:

o=y (32)

with the viscosity 1 and the strain-rate y. Polymer solutions and melts, however, may show
both elastic and viscous behavior, i.e. they have intermediate phase angles. A complex modu-
lus G* may be defined as the complex combination of an elastic and a viscous contribution:

G*=G'+i-G" (3.3)
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with the storage modulus G” and the loss modulus G”. The total stress response hence is ex-
pressed by Equation 3.4

a(t)=y,(G"sinwt +G" coswt) (3.4)

The storage modulus G’ and loss modulus G” represent the elastic and viscous contribution,

respectively. G" and G” are related by the loss factor tan o:

"

G
tand =— 3.5
ano=. (3.5)

The value of tan 6 describes, whether the sample shows predominantly fluid-like (tan 6 > 1) or
elastic behavior (tan 6 <1). The frequency and strain dependence of a viscoelastic fluid can be

displayed in the two-dimensional PIPKIN diagram.!!

Non-linear viscoelasticity

Yo ?

Newtonian fluid

&

Hookian solid

Linear viscoelasticity

De=A-w

Figure 3.14 PIPKIN diagram representing different flow regions in dependence on the excitation frequency w (here:
DEBORAH number De = A - w with the relaxation time A) and the deformation amplitude y,.

The material response may be classified into four areas, depending on the flow conditions. At
low frequencies or short relaxation times (De — 0) the material behaves like a NEWTONian
fluid, whereas at high frequencies or long reaction times (De — <) elastic behavior is observed.
In the intermediate region, the material shows viscoelastic behavior, i.e. G’ and G” are strain
independent. With increasing deformation, however, G’ and G” are becoming functions of the
strain amplitude. As a result, a distorted non-sinusoidal stress response is observed. Concom-
itantly, the viscoelastic response differs from the linear regime under SAOS conditions. The
non-linear stress response may be described using different approaches.'® HYUN found four
general types of stress responses at large amplitude oscillatory shear (LAOS) conditions by
plotting the linear moduli G" and G” as a function of the deformation: strain-thinning (type I,
G" and G” decreasing), strain-hardening (type II, G" and G” increasing), weak strain overshoot
(type II, G’ decreasing, G increasing and subsequently decreasing) and strong strain over-
shoot (type IV, G’ and G” increasing and subsequently decreasing).'® Equations 3.1 — 3.5 are
only valid in the linear-viscoelastic regime, i.e. G’ and G”” don’t have a physical meaning under

LAOQOS conditions anymore.
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To quantify the non-linear flow behavior, two complementary frameworks are being used.
The FT-rheology comprises a time-domain representation whereas the orthogonal stress de-
composition gives a deformation-domain insight. Latter was initially developed to overcome
the lack of physical meaning of the linear moduli.!™ The total stress response may be separated

into an elastic and a viscous contribution
a(t,,7,) =0 (y(t)+a"(j(t)) (3.6)
EWOLDT expressed the viscoelastic response in form of CHEBYSHEV polynoms T,

U'(x)+0”(y) = ‘)/O Z en(w’)/O).Tn(x)+‘)./0 Z Vn(a)"yo)'Tn(y) (37)

n,odd n,odd
with the elastic and viscous CHEBYSHEV coefficients ¢, and v, and ¥ :V/ Vo and y=7/ 70 to pro-
vide the orthogonality. ), herein is defined as the imposed shear rate. Furthermore, new non-

linear moduli G’y; and G’y and viscosities 'y; and ', were introduced and are defined as'®

_do
-5

G' ~e —3e, +5e,—7e, +... (3.8)

M

and

~e +e, +e. +.. (3.9)

The respective dynamic viscosities are obtained by

. do

& ~v, =3V, +5v, =7V, +... (3.10)

y=0
and

RV AV, Vo (3.11)

7=ty

The non-linear stress response can also be depicted geometrically, e.g. by plotting the total
stress response as function of the strain or of the strain rate, respectively. These so-called LIs-
SAJOUS-BOWDITCH plots allow visualizing the non-linear moduli (Figure 3.15).

18



Introduction and theoretical background

40000 | = 1 40000 | 1
) ' .
7 m
20000 | , 1 20000 | , ’ 1
G, v
3 =11 ¥
= o f =T z = 0
b G, b
-20000 | 1 -20000 | 1
-40000 | 1 -40000 | 1
6 4 =2 0 2 4 6 60 40 20 0 20 40 60
re-l
[ 7[s7]

Figure 3.15 Geometric interpretation of the non-linear elastic moduli (left) G'; and G’\; and the dynamic viscosities
(right) ', and 1’y for a PPC melt at 140 °C (f_,,, = 92 mol%, M,, = 110 kg/mol). G’; and 7', are defined as the first
elastic modulus and the first dynamic viscosity.

The slope of the tangent at minimum strain (y = 0) is defined as the minimum strain modulus
G’y and the minimum strain viscosity 'y, respectively. Analogously, the large strain modulus
G’, and the large strain viscosity 17", can be obtained by the secant at maximum strain (y =7y,).1%

At small deformations the non-linear moduli converge to their linear counterparts.

An alternative analysis of the non-linear stress response relies on a FOURIER transformation of
the response signal (FT rheology). By performing a FT, the non-sinusoidal stress response is
transferred into a frequency dependent FT-spectrum showing intensities of the excitation an-
gular frequency and higher order harmonics I, (Figure 3.16). The stress response is thus ex-

pressed as a FOURIER series with the FOURIER coefficients G’ and G” ...

o(t)=y, Y, G',(sinn-wt)+G" (v, -cos(n-wt)) (3.12)
n,odd
10° 40
. 4
lin = 20 2
10°F a o
=, ~
° L0 -2
10t} | - 4
_E' s 40 0.2 0.4 0.6
t[s]
102k Is;y Vi FT-transformation
I7/1
RN

Figure 3.16 FT of the distorted wave function into a FOURIER spectrum showing the relative intensity I, of normal-
ized harmonics w/w;. Excitation angular frequency w, = 6.31 rad/s, strain vy, =398 %.
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The intensities of the corresponding harmonics can be obtained from the FOURIER coefficients

using Equation 3.13

I =G ?+G"? (3.13)

As a measure for the non-linearity, the intensity normalized third harmonic I, was intro-

duced.'® Alternatively, a zero-shear non-linearity can be defined as

n-1
0

n . n . n In/l
Q, = )1/11;1‘(1) Q with"Q = (3.14)

The intrinsic non-linearity *Q, shows a characteristic frequency dependence which allows to

identify branching.'?”

Understanding of the non-linear rheological phenomena observed under LAOS conditions is
crucial, as most thermoplastic processing operations, such as extrusion, injection molding, film
blowing, etc. are performed under large strain amplitudes and/or high frequencies (Fig-
ure 3.17).

Spraying

Injection molding

Brushing

Pumping/mixing

Extrusion

10° 10! 10? 10° 10*
Shear rate [s™]

Figure 3.17 Typical shear rates of relevant processing operations.!%
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4 SCOPE OF THESIS

The aim of this thesis was to extend the understanding of the heterogeneous-catalyzed copol-
ymerization of PO and CO,. Additionally, a process should be proposed that allows tailoring
the final product properties. The first part of the reported results in this thesis concerns the
polymerization process; it is characterized by identification of relevant process parameters in
terms of catalyst and product performance (Chapter 5.1). Based on this knowledge, a polymer-
ization procedure is developed that enhances the thermal stability of PPC (Chapter 5.2) and
one that allows to tailor its thermal properties (Chapter 5.3). The rheological behavior of these
products was studied under processing-relevant conditions, an account is given in Chap-
ter 5.4.
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Figure 4.1 Schematic representation of the scope of this thesis.

The synthesis of two types of catalysts and their activity for the PO homopolymerization and
copolymerization with CO, is reported in Chapter 5.5 and 5.6. The reactions are monitored

online to derive kinetic parameter of the transformations.
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5 RESULTS AND DISCUSSION

51 Reaction control and process optimization of PO/CO, copolymeriza-

tions

Parts of the results of the following chapter were published as original manuscript in RSC Catalysis
Science and Technology (2017), 7, pp. 2897 — 2905. The online version can be found under
https://pubs.rsc.org/en/content/articlelanding/2017/cy/c7cy00383h (last accessed 18.02.2019)

The thermal and mechanical properties of PPC depend significantly on its molecular weight
as well as the composition of the polymer backbone with regard to carbonate vs ether linkages.
The glass transition temperature may range from about 45 °C for the perfectly alternating co-
polymer to almost —70 °C for poly(propylene glycol).!”” The mechanical properties change ac-
cordingly.’” Therefore, a precise control of the polymerization process is necessary to obtain
polymers with defined material properties. The nature of the utilized catalyst and the polymer-
ization conditions, i.e. the reaction temperature, the pressure and the reaction time influence
the resulting product distribution and the polymer composition as well as the catalyst’s per-
formance itself. Several research groups have investigated this influence regarding the poly-
mer yield and the fraction of carbonate linkages in the polymer backbone. SOGA and TAN for
instance studied the temperature dependence and the effect of the monomer composition for
diethylzinc-based catalyst systems.!10111 Other groups reported on the temperature, pressure
and time dependence as well as the impact of the catalyst concentration and solvents on the
copolymerization catalyzed by zinc dicarboxylates.'®112-11¢ These reports follow the “one factor
at a time” approach and, thus, find their limitations in the prediction of the polymer yield, its
composition or the molecular weight distribution under arbitrary reaction conditions. In con-
trast, the design of experiments (DOE) approach allows obtaining highest informative gain
with least possible experimental effort (Figure 5.1).

4 N\ 4 1\
One factor at a time Design of experiments

- o EDN | = [N
t‘lx\Jbl\\ A\
7 -

Figure 5.1 One factor at a time approach (left) versus design of experiments (DOE, right). DOE gives high informa-
tive output, while minimizing the number of experimental runs.

The following chapter represents a comprehensive study on the catalytic performance of na-
noscopic ZnGA with regard to the catalyst’s productivity (turnover number, TON), the poly-
mer composition as well as the products molecular weight distribution as function of typical

reaction parameters (T, p and t). With emphasis on a potential industrial-scale application of
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zinc dicarboxylate catalysts, the copolymerization in solvents was not considered. Performing
the PO/CO,-copolymerization in bulk has the benefit that no organic solvents are utilized that
need to be removed subsequently.

The catalyst’s performance and the polymer composition were studied in a preset parameter
space. The space comprises a low and high temperature (30 — 90 °C) and a low and high pres-
sure (0.6 — 4.1 MPa) in a normal range, where the copolymerization is known to proceed and
can be handled in standard pressure equipment. Virtually no polymer formation is observed
at temperatures below 30 °C. At temperatures above 90 °C, the depolymerization to yield cPC
is substantial. The data evaluation thus would lead to larger uncertainties. The axial points in
the applied design were chosen as face centered meaning that “low” equals —a and “high” +a.
The resulting design matrix with the catalyst’s productivity, the fraction of carbonate linkages
(f.an) and the number average and weight average molecular weight (M,, M,,) is displayed in
Table 5.1.

Table 5.1 Design matrix of experimental results utilized for model analysis. The repeated center points are high-
lighted.

Entry T p t TOF» TON  f..° M, 4 M,
[°Cl [MPal [hl [h' °[] [mol%l] [kg/moll [kg/moll
1 30 06 2 25 51 57.7 11 61
2 9 06 2 70 140 244 17 117
3 3 41 2 0 0 46.6 n.d. n.d.
4 90 41 2 277 555 820 70 195
5 60 235 2 217 435 884 72 367
6 60 06 7 56 391 753 51 229
7 30 235 7 19 133 844 24 221
8 60 235 7 99 693 898 9 370
9 60 235 7 101 710 893 89 372
10 60 235 7 101 709 902 92 364
11 60 235 7 9% 674 902 100 362
12 9 23 7 9% 671 758 58 109
13 60 41 7 105 734 916 95 401
14 3 06 12 23 282 907 44 171
15 9 06 12 20 240  27.0 27 108
16 30 41 12 71 872 799 7.2 235
17 9 41 12 7 82 83.2 55 153
18 60 235 12 71 847 904 99 357

Experiments were performed using the standard protocol for PO/CO, copolymerizations. Reaction conditions:
V(PO) =50 mL, m(ZnGA) = 137.5 mg. 2 in [gppc/(8z, - h)], © in [gppc/gza], “ Determined by 'H-NMR spectroscopy, ¢
determined by SEC in THF against PS-standards, ¢ not determined.

The design of experiments, the calculation of empirical response surfaces as well as their eval-
uation were performed using Design Expert 9 (Stat-Easy, Inc.). By multiple regression analysis,
correlations between input and output variables were empirically evaluated. The outcome en-
ables the prediction of certain properties under set reaction conditions. An analysis of vari-

ances (ANOVA) was conducted to determine the statistical significance of the model
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parameters. Parameters with p-values below 0.05 are considered as statistically significant.
Initially, a 2-level-factorial design with 12 runs (4 center points) was chosen. However, evalu-
ation of the results indicated a cross dependence of the individual parameters. It was therefore
necessary to introduce higher terms in the model equation. To account for quadratic interac-
tions, a central-composite design was applied (Table 5.1). This design was obtained by intro-
ducing axial points resulting in a total of 18 experimental runs including 4 center points. In
addition, a series of experiments was conducted (Table 5.2) to evaluate the prediction accuracy
of the calculated prediction models (Chapter 5.1.1 and 5.1.2).

Table 5.2 Experimental runs for model evaluation.

En- T p TOF: TON?® fearb©
try [°Cl [MPa]l [h] [-] [mol%]

1 60 2.35 135 540 90.1
2 90 4.1 179 715 82.7
3 90 0.6 42 169 14.6
4 60 0.6 82 328 74.5
5 60 4.1 149 595 92.6
6 90 2.35 145 578 77.5

Experiments were performed using the standard protocol for PO/CO, copolymerizations. Reaction conditions:
V(PO)=50 mL, m(ZnGA) = 137.5 mg, t =4 h. * in [gpgyme/ (82, - D)], ® in [grpc/gzn), Determined by "H-NMR spectros-
copy.

For all model analyses a BOX-COX power transformation was performed (Equation 5.1) to min-

imize the residual sum of squares.

, A ,A=0
y'=17 (5.1)
In(ly) ,A=0

This data transformation is utilized to account for the results heteroscedasticity, i.e. the stand-

ard deviation is not constant but has the tendency to increase as the response values increase.

5.1.1 Catalyst productivity

The catalyst productivity (TON) is expressed as the amount of polymer obtained per gram of
zinc ions. Evaluation of the data using the BOX-COX power transformation (Figure 5.2) yields
0.59 as the best value for A. Therefore, a square root transformation was applied for model
analysis. Further evaluation of the obtained results gives a quadratic response surface model,
i.e. a model containing single and quadratic terms based on the reaction time and a cross de-
pendence of temperature and pressure (Equation 5.2).
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Figure 5.2 BOx-Cox plot for the empirical model for the catalyst’s productivity. An ideal value for A of 0.59 is de-
termined.

NTON =a,+a,-T+a,-p+a,-t+a,-T-p+a,-T +a,-p’ (5.2)

Terms ay, in the resulting empirical prediction model for the productivity show probability
values (p-values) of 0.05 or less (Table 5.3) and are thus considered to be of statistical signifi-
cance. The model coefficients are displayed for normalized values (from [-1] to [+1]; coded),
and for the corresponding physical values. The coded form allows comparing the relative im-
pact (negative and positive) of factors on the response surface, e.g. the TON. The largest impact
on the catalyst’s TON is resulting from the reaction temperature T. The quadratic interactions
and the cross term of T and p may be correlated to the molar ratio of CO, in the feed x(CO,)
being a function of both.""” The model accuracy can be displayed by plotting the actual vs pre-
dicted values (Figure 5.3).

Table 5.3 Probability values (p-values) for the statistically significant terms and model coefficients in the coded
[-1/+1] and actual form for the description of the catalyst’s productivity.

Parameter p-value Coefficient Coded Physical
Model <0.0001 a, 26.1 -19.5
T <0.0001 a,[°C] 6.13 1.08

P 0.0036  a,[MPa™] 1.87 0.73

t <0.0001 a;[h"] 3.61 0.72
T-p <0.0001 a,[°C'-MPa?]  5.02 0.10
T2 <0.0001 as[°C?] -8.24 0.01
p? 0.0027 a4 [MPa?] -3.52 -1.15
R2=0.98
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Figure 5.3 Actual vs predicted catalyst TON. The red and the grey band correspond to the 95 % confidence (CI) and
prediction interval (PI).

The catalyst productivity can be displayed as a hyperbolic response surface as function of p
and T at various reaction times ¢ (Figure 5.4). The contour plots show that maximum TON are
observed at temperatures between 70 — 80 °C and pressures between 3.5 and 4.1 MPa, in agree-

ment with previous studies.>!4 This observation is valid regardless of the reaction time.
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4.0 ' 1000
35 y
800
O
3.0 O
‘T
Q25 600 '
=3 3
o 20 400 &
15 5
200
1.0

30 40 5o 60 70 80 9030 40 50 60 70 80 90 30 40 50 60 70 80 90
T[°C] T[°C] T[C]

Figure 5.4 Contour plots for the productivity of the ZnGA catalyzed CO,/PO-copolymerization in dependence on
the reaction temperature, the pressure after 2 h, 7 h and 12 h (from left to right).

PO and CO, are competing for binding at the surface, thus indicating that simultaneous ad-
sorption of both monomers on the catalysts surface is of relevance for chain growth. Higher
CO,-contents in the feed, e.g. at lower reaction temperatures and/or higher pressures, impede
the adsorption of PO and consequently result in lower polymer yields. For the same reason,

the polymer yield also drops rapidly at high temperatures and low pressures.

It may also be concluded from Figure 5.4 that the catalyst’s activity, i.e. the turnover frequency
(TOF), decreases with the time of reaction. The yield increases less than linear with the reaction
time. This also correlates to the PO conversion. The decrease in polymerization rate over time
can be taken from the rate of CO, consumption (Figure 5.5). For instance, a significant drop in
the CO,-uptake rate is found after approximately 3 hours of reaction time (T = 60 °C,
p =2.35 MPa), corresponding to a PO conversion of ~35 %. From there on, the rate of CO,
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conversion proceeds again linearly with a reduced slope, i.e. a declined polymerization rate.
Latter rate remains unchanged leading to PO conversions of about 60 % after 12 h. The de-
crease in TOF is interpreted in terms of the monomers experiencing a relevant diffusion barrier
to reach the surface. The initial CO, uptake (= 1200 mL) corresponds to the saturation of the
PO liquid phase and the reactor gas phase. It is noteworthy that the measured values for the
CO, uptake do not directly represent the rate of polymerization. The consumption of PO leads
to a decrease of the liquid phase and as a result liberation of CO, from the liquid phase."®
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Figure 5.5 Total CO,-uptake and conversion of PO in dependence of the reaction time (Table 5.1 entries 5, 10, 18).
Reactions conditions: T =60 °C, p =2.35 MPa.

Partial differentiation of the TON (Equation 5.2) with respect to the reaction pressure p at con-
stant reaction temperatures T and times ¢ leads to an expression that is time-independent
(Equation 5.3).

ONTON
[7] =a,+a,-T+2a.-p (5.3)
Tt
The maximum polymerization rate, i.e. where the derivative is zero, is a linear function of T
and p. The pressure at the maximum TON correlates linearly with the reaction temperature.
To gain further insights, the molar composition of the liquid phase x(CO,) was calculated from
the solubility data of CO, in PO using the PENG-ROBINSON equation of state (Equation 5.4),

RT a(T)
V. —b V_ (V. -b)+b(V,_ -b)

p= (5.4)

with V, representing the molar volume of the mixture, and, a(T) and b being constants derived

from the critical properties of the reactants (Figure 5.6).1"
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Figure 5.6 CO,-solubility data in PO at temperatures between 30 and 80 °C.""” The red dots display the vapor pres-
sure of neat PO, i.e. the pressure at x(CO,) = 0. The mole fraction of CO, under the specific reaction conditions
was obtained solving the PENG-ROBINSON equation of state (PR-EOS). The dotted red line displays the extrapolated
x(CO,) at 90 °C.

When plotting x(CO,) at maximum productivity, the highest TON are observed at
x(CO,) =0.27 (= 0.01) regardless of T (Figure 5.7). This indicates that at a ratio of CO, to PO of
about 1 to 3 in the feed, the catalyst’s surface contains the optimum concentrations of both
reactants for copolymer formation by an almost alternating insertion. Neither the insertion of
PO, nor of CO, into a growing chain end appear to be dominantly rate-limiting under these
conditions.?” It can be concluded that the ring-opening of PO has a higher activation energy

than the insertion of CO,.t
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Figure 5.7 Total pressure and mole fraction of CO, of maximum productivity calculated using Equation 5.3. The
molar fraction of CO, in the liquid phase x(CO,) is determined using Equation 5.4.

5.1.2 Polymer composition

The polymer composition was analyzed in analogy to the catalyst’s productivity using the
same type of multiple linear regression. The copolymer composition is expressed in terms of
the content of carbonate linkages f,.,. The composition is limited from f., = 0 for the PO
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homopolymer to f..., = 100 for perfectly alternating PPC. These constraints enable the applica-

tion of a logit-transformation for model calculation (Equation 5.5).

foun T lowerj
cari

upper—fo ) 4 9

Logit(f_.) =ln[

The terms “lower” and “upper” correspond to the lowest (0) and highest possible carbonate
content (100), respectively. A quadratic regression model was applied to account for quadratic
interaction terms. The ANOVA gives access to the significant factors that were utilized for the
final model generation. Table 5.4 displays the results of the variance analysis, i.e. p-values of
the specific factors as well as the corresponding model coefficients a,.,. The results show, that
the composition strongly depends on the pressure p and, thus, on the CO,-concentration in
solution.!®113114116 The carbonate content f.,,, of PPC synthesized using nanoscopic ZnGA as a

catalyst can be expressed by Equation 5.6

o 100-eﬁ (5 6)
fcarb - 1+eﬁ
with
B=a,+a,-T+a,-p+a,-t+a, - T-p+a,-T-t+a T +a,-p’ (5.7)

and the coefficients 4, listed in Table 5.4.

Table 5.4 Probability values for the statistically significant terms and model coefficients in the coded [-1/+1] and
actual form for the description of the carbonate content.

Parameter p-value Coefficient Coded Physical
Model <0.0001 a, 222 -2.23
T 0.0005  a,[°C] -0.34 0.10

p <0.0001 a, [MPa] 0.52 0.30

t 0.0002  a;[h] 0.39 0.24
T-p <0.0001 a,[°C*-MPa?] 0.82 0.02
T-t 0.0003 a5 [°C*-h7] -0.41 -0.003
T? <0.0001 a4[°C2] -0.96 -0.001
p? 0.0004  a,[MPa?] -0.65 -0.20
R2=0.98

The time and temperature dependence of f,,, at various reaction pressures is displayed in Fig-
ure 5.8. The amount of CO, incorporated depends linearly on T and p and in terms of their
cross and quadratic interaction contributions for the same reasons as stated in Chapter 5.1.1.1"7
The contour plots indicate that the catalyst’s selectivity can be tailored to yield PPC with a
preset composition (along Equation 5.7).
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Figure 5.8 Contour plots for the carbonate content £, of PPC synthesized by the ZnGA mediated CO,/PO-copoly-
merization in dependence on the reaction temperature and time as well as the pressure. The carbonate content is
expressed in mol% of the linkages between PO entities.

Setting of the reaction conditions enables to tune the polymer composition between 25 and
93 mol% carbonate linkages. Changing the polymer composition has an impact on the result-
ing material properties, e.g. the glass transition temperature T,. Table 5.5 displays the T, of
PPC with various carbonate contents, synthesized in this study.

Table 5.5 Thermal properties of PPC with various carbonate contents (f_,).

fears [m01%] 2 T, [°C] b

244 -63.6
75.3 20.8
91.6 35.1

2 Determined by 'H-NMR, ? determined by DSC.

The presence of ether-blocks in the ZnGA mediated copolymerization leads to a substantial
decrease in T,. This enables to tailor the resulting material properties.”? The highest observed
carbonate content in the investigated parameter space (f.,., = 93 mol%) is obtained at moderate
temperatures of approximately 60 °C and pressures between 3.0 and 4.0 MPa. Carbonate frac-
tions down to 25 mol% are observed at low concentrations of CO, in PO solution, i.e. at high
temperatures and/or low pressures. The low carbonate content may result from the competi-
tive PO insertion into intermediate zinc alkoxide chain ends. However, the reaction mecha-

nism of the ZnGA catalyzed copolymerization remains unknown.

The highest carbonate content at a given temperature is obtained at x(CO,) = 0.30 (+ 0.02), sim-
ilar to the catalyst’s productivity. Partial differentiation of § (Equation 5.7) at constant reaction
temperatures and times allows to determine the pressures at which maximum content of car-

bonate linkages is achieved (Figure 5.9).

(%jmzaz+u{7’+2a7-p (5.8)
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Figure 5.9 Total p and x(CO,) for maximum carbonate contents at a specific reaction temperature. Maxima were
determined using the first deviation of Equation 5.7.

Increasing or decreasing the PO/CQO, ratio results in reduced polymerization rates and car-
bonate contents. This again is consistent with a heterogeneous catalytic system, wherein the
rates are proportional to the surface coverage.'” Lower CO,-concentrations lead to lower con-
centrations of the most reactive, i.e. the carbonate chain end. Higher concentrations of CO, in
contrast lead to lower concentrations of PO on the surface and consequently lower overall

rates. This implies a change in a pre-equilibrium on the catalyst’s surface.

To evaluate the accuracy of the obtained empirical model, the theoretical values for f.,, were
compared with the experimentally determined values (Figure 5.10). The plot shows an excel-

lent prediction accuracy over the entire composition range.

100 - -
— linear fit y
95% ClI
g0 L[C195% PI
— = design points
=) o verification
© 60
E
5
£ 40
o
T
H—o o
20
0 " 1 " 1 " 1 " 1 "
0 20 40 60 80 100
fearb.exp [MO1.%]

Figure 5.10 Experimentally determined vs predicted f,,,,,. The red and the grey band correspond to the 95 % confi-
dence (CI) and prediction interval (PI).

Knowledge based on empirical prediction models allows the determination of a process win-
dow wherein certain requirements are likely to be fulfilled. Figure 5.11 displays an example of

such a process window where the polymerization process is stable in the sense that the
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minimum target TOF of 180 gppc/gz, - h and the minimum f,,,,, of 90 mol% are achieved even
upon smaller deviation in the process conditions (yellow area).
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Figure 5.11 Exemplary process window for the ZnGA-mediated PO/CO,-copolymerization. Within the yellow area,
carbonate contents higher than 90 mol% and catalytic activities above 180 g,,,./g;, - h are achieved.

5.1.3 Molecular weight

The copolymerization of PO and CO, mediated by ZnGA initially proceeds in a pseudo-living
way, in the sense that the molecular weight increases steadily with PO conversion. Latter is
revealed by plotting the number average molecular weight M, of the product against the PO-
conversion (Figure 5.12). This feature is well-known for the PO/CO,-copolymerization using
metallo-porphyrins®122 or salen®12312¢ complexes, however remained unnoticed for ZnGA cat-
alysts, yet.” The polydispersity index (PDI) has values above 6 at low conversions and ap-
proaches a value of approximately 2 towards complete monomer consumption. The higher
PDI at early reaction stages indicates a slow initiation reaction relative to the chain growth.
This feature displays the complex mechanism of heterogeneous catalysts for the CO,/PO-co-

polymerization possibly involving multiple active sites.
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Figure 5.12 Polydispersity indices (PDI) and number average molecular weight M, in dependence on the PO-con-
version at 60 °C and 3.1 MPa. Linear correlation between M, and the monomer conversion and the threshold in the
molecular weight at higher conversions > 25 % are indicated by dashed lines. The experiments were performed in
collaboration with RAHLF and NORNBERG.%¢”

The molecular mass increases linearly with the PO conversion to about 20 — 25 % to a value of
M, = 80 kg/mol. Concomitantly, the PDI decreases to a value of about 2. The molecular mass
does not increase after reaching that state of conversion. Latter can be rationalized by assum-
ing that the dynamic of active chain ends becomes restrained. PO and CO,-conversion from
here on seems to proceed with an additional barrier leading to a decrease in polymerization
rate as was observed. The molecular mass of the products that are formed at this stage again
reach the level of about 80 kg/mol before growth subsides. These products seem to result from
an additional chain starter that is either formed from an inactive chain end (by reactions with
impurities in the system or from an elimination reaction) or from the catalyst surface after
fractionation of the catalyst particles leading to accessible sites. The catalyst does not seem to

deactivate over time in that regard.
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5.2 Enhancement of thermal stability of PPC

Despite some benefits of PPC, its application has been limited to niche markets.’>?° One of the
main reasons for this is its poor thermal performance, i.e. the rapid degradation at elevated
temperatures accompanied with the formation of volatile decomposition products such as
cPC. The cyclic carbonate may be considered as volatile, despite its high boiling point of
240 °C, because it can migrate to the polymers surface and thereby may get into contact with
end users. The extent of decomposition depends on the temperature and duration of the treat-
ment as well as on net shear forces.'? In addition, the presence of impurities and catalyst resi-
dues affects the stability.” Moreover, the constitution of the sample itself, i.e. the carbonate
content and the molecular weight have an impact on the decomposition. For instance, it was
shown, that the thermal stability can be enhanced by incorporation of ether-linkages into the

polymer backbone.”

In this chapter an advanced processing strategy is presented that allows transferring unstable
chain ends of PPC to ether-rich blocks that inhibit the backbiting reaction to cPC. This com-
prises a process intensification as there is no need for a post-polymerization modification, also
excluding the addition of capping agents. A prerequisite for the formation of ether-rich blocks
is the possibility to tune the catalysts selectivity regarding CO, incorporation. State of the art
Co(salen) catalysts are ineligible for this task as they yield almost perfectly alternating PPC
even at low CO, pressures.'? In contrast, ZnGA and DMC catalysts allow to change the selec-
tivity for PO over CO, as function of the reaction conditions (Chapter 5.1 and 5.6).'?” The use
of zinc dicarboxylate catalysts is preferred in this context as they combine high activities with

a simple preparation from inexpensive and non-toxic components.!31566.128

To enhance the thermal stability of PPC, an in-situ ether-capping was performed. The ether-
capping is achieved by introduction of a second reaction stage at higher temperatures and/or
lower partial pressures of CO,. In a first polymerization step PPC is produced using a standard
reaction protocol (T=60 °C, p=30bar, t =4 h). By reducing the CO,-concentration in the second
polymerization stage, the surface coverage of ZnGA with monomers changes, which results
in a change in catalyst selectivity with respect to PO incorporation (Figure 5.13). The living
nature of the ZnGA-mediated copolymerization implies that all chains continue growing.'?
As a result, the newly formed chain end segments have a different composition than the main
chain with respect to carbonate vs ether linkages. Depending on the initiating species, BAB

and/or AB block-polymers are obtained (B: ether-rich; A: carbonate-rich).
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Figure 5.13 Schematic pathway of the in-situ capping of unstable carbonate-rich chain ends with ether-rich blocks
by introduction of a second polymerization stage.

The change of the chain composition is difficult to monitor directly as the chain end itself only
makes up a small part. A small NMR signature is detectable in comparison with a reference
sample: the "TH-NMR of “PO-capped” PPC shows increased signals for carb-ether, ether-carb
and ether-ether spin systems (Figure 5.14). This increase is attributed to the enhanced incor-
poration of PO leading to the formation of more ether-linkages in the second polymerization

step.
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Figure 5.14 '"H-NMR spectra of untreated PPC and ether-capped samples. Reaction conditions: T, =60 °C, p, =5 bar.
The signal at 1.33 ppm corresponds to the carbonate linkage (carb, C). Signals at 1.28, 1.18 and 1.12 ppm are assigned
to carb-ether (CE), ether-carb (EC) and ether (E) repetition units, respectively.

The on-going product formation in the second polymerization stage is displayed by increased
yields compared to the reference copolymerization without the additional capping step (Ta-
ble 5.6, entry 1). Assuming that no termination reactions occur, this means that the active chain
ends are capped with newly formed (ether-enriched) segments. However, the detailed mech-
anism of the ZnGA mediated PO/CO, copolymerization remains unknown, i.e. the product
yield would also increase in case of new chain initiation. In latter case, the thermal stability of

the already formed chains would remain unaffected.

Lower CO,-concentration results in an increased formation of cPC during the second polymer-
ization stage. This observation is in agreement with previous literature.!'® For Cr(salen) com-
plexes it was proposed that lower CO, pressures extend the lifetime of alkoxide intermediates

that can either directly undergo a backbiting reaction or may be protonated and subsequently
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form the cyclic carbonate.'?130 This hypothesis requires further elucidation in case of the het-

erogeneously catalyzed copolymerization.

Table 5.6 in-situ ether capping of PPC by introducing a second polymerization stage.

Thermal stress test
180 °C, 60 min

En- P2 TZ t2 yield fcarb. total 4 Wpc. crude . Mn/ Mw b PDI chPC 4 AMn/ AMwb
try [bar] [°C] [h] [g] [mol%] [wt.%] [kg/moll  [-] [wt.%] [%]

1 - - - 254 90.8 6.2 25/98 3.9 5.5 20/40
25 60 4 279 86.1 10.4 23/87 3.9 2.7 n.d.
3 25 60 19 305 82.6 13.5 22/64 2.8 8.0 8.3/19
4 5 60 4 306 88.2 8.4 22/92 4.1 0.9 6.2/33
5 5 60 19 36.8 86.6 12.0 25/79 3.1 24 7.7/21
6 10 60 4 343 89.2 7.8 24/105 4.4 1.3 13/31
7 10 60 19 39.6 89.1 10.0 28/97 3.5 1.8 20/30
8 5 80 4 283 82.7 15.2 21/54 2.6 1.4 18/20
9 5 80 19 314 65.3 43.6 18/27 1.5 1.7 9.4/9.4
10 10 80 4 286 84.8 14.8 22/59 2.6 2.3 19/21
11 10 80 19 365 75.5 40.0 20/33 1.6 1.6 11/9.1
12 10 100 2 279 78.1 27.8 17/33 2.0 4.0 7.2/10

Experiments were performed using the two-stage reaction protocol for PO/CO, copolymerizations. Reaction con-
ditions: T, = 60 °C, p, = 30 bar, t, = 4 h, V(PO) = 50 mL, m(ZnGA) = 100 mg. = determined from 'H-NMR spectra, ®
determined by SEC in THF against PS-standards.

The backbiting also leads to a higher ether content in the B-block to some extent as it proceeds
until an ether linkage is reached. Chain ends bearing ether linkages are considered stable as
they do not readily undergo backbiting reactions. The formation of cPC during the polymeri-

zation is more pronounced at higher T, and prolonged reaction times f, (Table 5.6).

To determine the thermal stability, CPC-free samples (obtained by precipitation from metha-
nol) were subjected a thermal stress test at 180 °C for 5 — 60 min. The test was performed under
argon atmosphere to prevent oxidative degradation. While attempts to continuously monitor
the degradation by means of in-situ FTIR failed, the thermally aged samples can be analyzed
by 'H-NMR and SEC. The backbiting is observed as the formation of cPC over time, whereas
random chain scission results in drastic changes in the molecular weight distribution which
can be observed by SEC. As a measure of the thermal stability the difference of the cPC-content
prior and after the 60 minutes stress test Awc is determined (Table 5.6).
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Figure 5.15 Change in we and M, (left) and M,, (right) after the thermal stress test at 180 °C for 60 min for crude
PPC (red) and the products obtained by the two-stage polymerization (blue).

The reference shows an increase in cPC-content of 5.5 wt.% after 60 min at 180 °C: The increase
in cPC content in the reference proceeds — most likely — until stable ether chain ends are
reached. This process of course also takes place during the second polymerization phase with
alower CO, pressure. The extent has not been determined. It is worth noting, that even though
the introduction of the second reaction stage results in an increased cPC formation during the
reaction, the enhanced thermal stability of the final product (Fig 5.15) is highly desired to pre-
vent potential emission issues caused by cPC. Indeed, a rather similar process is already ap-
plied on an industrial scale.!™ Here a low molecular weight poly(ether carbonate) polyol is

thermally aged to force cPC formation until all chain ends reach an ether-linkage.

Taking into account the amount of cPC that is formed during the copolymerization, pressures
of p,=5—10 bar and a temperature of T, = 60 °C (Table 5.6, entries 4 and 6) are considered as
optimum reaction conditions for the ether-capping. The so obtained in-situ capped PPC pos-
sess ether-enriched segments at the chain ends that effectively slow down the thermal depol-
ymerization by backbiting significantly. This allows a thermal processing at elevated temper-

atures up to 180 °C without the formation of significant amounts of undesired side products.
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5.3 Catalytic chain transfer copolymerization of PO and CO,

The results of the following chapter were published as original manuscript in ChemistryOpen (2019),
8, pp. 1 — 13. The online version can be found under https://onlinelibrary.wiley.com/doi/
abs/10.1002/0pen.201900135 (last accessed 28.06.2019)

The ZnGA-mediated CO,-epoxide copolymerization gives access to high-molecular weight
poly(alkylene carbonates) in excellent yields. However, control over molecular weight may be
desirable for certain applications, such as water-based dispersions!*>!® or as polyol compound
in polyurethane manufacturing.!*-2/1% Regulation of the molecular weight can be reached by
the treatment of high-molecular weight products with acids'® or alcohols!®!% resulting in a
controlled polymer degradation. However, such procedures may not be considered industri-
ally viable on account of the need of additional processing steps. The requirement of extensive
purification from low-molecular weight products and catalyst residues results in additional
manufacturing costs. Alternatively, low-molecular weight polymers can be obtained directly
by utilization of chain transfer agents (CTA) during the polymerization reaction. This so-called
immortal polymerization is a living-type polymerization that involves a reversible proton-ex-
change with CTAs to form dormant chains.’”” Consequently, the overall number of chains in-
creases by the number of CTA-molecules (Figure 5.16). The chain transfer reaction ideally oc-
curs faster than the chain propagation step. The total number of chains formed thus exceeds
the amount of initiator as dormant chain ends R-OH may be reactivated by the proton ex-
change. Adjusting the monomer/CTA ratio allows to tailor the molecular weight of the final
products.’¥-13 On account of the rapid chain transfer, narrow molecular weight distributions

are typically achieved.

Living polymerization (& A» W

| EZI@Q Q Monomer
Immortal polymerization + [ —— mgm O initiator
o

[Zm [1  chain transfer agent

Figure 5.16 Schematic depiction of a living and an immortal polymerization. For living polymerizations, the total
number of chains equals the number of initiating species. For immortal polymerizations, the number of chains
basically equals the number of CTAs.

The immortal polymerization has been reported upon for the alternating copolymerization of
propylene oxide (PO) and CO, catalyzed by homogeneous salen-complexes'4*-142 and for the
preparation of poly(ether carbonate) diols under the action of DMC catalysts.>143-14 In con-
trast, reports on the molecular weight control using zinc dicarboxylates as polymerization cat-
alysts are limited to an older patent.’® Zinc dicarboxylates have an attractiveness of mediating
the PO/CO, copolymerization as they are easy to synthesize and handle, are environmentally

benign and can have a high productivity.®® Additionally and perhaps of more importance, the
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composition of the copolymer in terms of PO respectively of the CO,-content can be tuned by
the reaction temperature and pressure as displayed in Chapter 5.1.'” The products are thus
ranging from poly(ether carbonates) to almost alternating polycarbonates. This sets the prod-
ucts of the herein described catalytic chain transfer copolymerization (CTCC) apart from prod-
ucts obtained under the action of homogeneous complexes. The polymer composition does
not only affect the chain rigidity and thermal stability””, but also properties such as gas perme-
ability!”1%!, and is hence a key factor in the synthesis of tailored materials (Figure 5.17).

» Glass transition
» Viscosity
* Polarity

Figure 5.17 Control over reaction conditions of the ZnGA-mediated chain transfer copolymerization of PO and CO,
allows the manipulation of the material properties by changing the CO,-content and the molecular weight of the
final products.

This chapter displays a comprehensive report of the synthesis of CO,-based polyols using het-
erogeneous zinc dicarboxylate catalysts. The CCTC using a nanoscopic ZnGA in the presence
of various chain transfer agents has been studied in detail with respect to control over molec-
ular weight and product composition. The copolymerization process was monitored and in-
sight into reaction kinetics and catalyst activity in dependence of CTA structure and concen-
tration was gained. CO,-based polyether carbonate diols are obtained with tunable material
properties, i.e. within a certain range of glass temperatures and viscosities. The material prop-
erties of the resulting polymers are presented as a function of their molecular weight and com-

position.

5.3.1 Monofunctional chain transfer agents

Immortal polymerization is a versatile method that allows the direct synthesis of end-func-
tionalized polymers with tunable chain lengths and has the option of increasing catalyst
productivity (TON). The nanoscopic ZnGA catalyst system can be used to synthesize low-
molecular weight oligo(propylene carbonate) in a CCTC with all the characteristics of an im-
mortal copolymerization.®®'% Initially, 2-phenoxyethanol was employed as a model CTA to

study the reaction mechanism (Table 5.7).

40



Results and discussion

Table 5.7 CCTC using 2-phenoxyethanol as CTA.

En- PO/CTA TON: i fooc® Moavr® Miugsecd/Mysec? PDI

try [mol/mol]l [-] [mol%l] [mol%] [kg/mol] [kg/mol] [-]
1 oo 988 91.7+0.6 32+05 - 66/296 4.5
2 930 1155 915 3.9 39 36/129 3.6
3 470 1073 91.5 4.5 25 26/87 34
4 140 1040 90.6 7.4 6.3 8.3/53 6.4
5 100 970 90.8 8.5 6.1 6.1/28 4.7
6 50 274 85.1 18.8 0.9 1.0/8.0 8.0

Experiments were performed using the standard protocol for PO/CO, copolymerizations. Reaction conditions:
T=60 °C, p=30bar, t =4h, V(PO) =50 mL, m(ZnGA) = 100 mg. * in [gppc/g,.], ? determined from "H-NMR spectra,
< absolute molecular weights were calculated by the equation M, \yr = Mgy (A139-1.03/3) * (A735.725/2)7 with the aver-
age molecular weight of a repetition unit Mru, ¢ determined by SEC in THF against PS standards using RI detector
mode.

The presence of an aromatic entity in the otherwise aliphatic polymer backbone as the result
of a successful chain transfer is readily detected in '"H-NMR spectra. Analysis of the latter
shows a low field shift of the signal of the CH,-group adjacent to the phenoxy-end group as

well as comparable changes in the signals of the aromatic system (Figure 5.18).
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Figure 5.18 NMR spectra of low molecular weight PPC (M, = 0.9 kg/mol; black) and 2-phenoxyethanol (red). The
protons of the second methylene group (e) cannot be assigned clearly in the polymer spectrum.

Incorporation of the CTA into the polymer is further indicated in the ESI-MS spectrum (Fig-
ure 5.19). 2-Phenoxyethoxy-terminated chains of M, = 0.9 kg/mol contain between zero and
two ether linkages per chain. Interestingly, chains carrying two OH-end groups were also de-
tected, indicating that the copolymerization may also have been initiated by traces of water or
OH moieties originally bound on the ZnGA-surface. The existence of such functional groups
on the catalytic surface of ZnGA has been proposed previously, however the detection of such
entities has remained difficult.>15215 Mass spectrometry on higher molecular mass PPC is not
readily achieved and has rarely been reported upon.'>
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Figure 5.19 ESI mass spectrum of oligo(propylene carbonate) of M, = 0.9 kg/mol (Table 5.7, entry 6).

The molecular weight of the oligo(propylene carbonate) products can be adjusted according
to the ratio between PO and 2-phenoxyethanol as CTA (Table 5.7; Figure 5.20). The molecular
weight is relative to polystyrene standards: as the hydrodynamic volume of the poly(propyl-
ene carbonate ether)s is a function of the composition, a transformation using a universal ap-
proach seemed not more accurate.!® The experimental results show that the molecular weights
of the obtained polymers correlate linearly with the PO/CTA ratio, i.e. the chain length can
easily be tuned by varying the amount of CTA relative to PO. Thus, poly(ether carbonates)
with number average molecular masses between 0.9 and 66 kg/mol were prepared. The fact
that the PDI does not significantly change upon addition of a CTA indicates that the chain
exchange reaction occurs rapidly relative to the propagation reaction. Only at high CTA-con-

centrations a somewhat higher PDI is observed.
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Figure 5.20 SEC-based relative M,, of the crude PPC vs. initial PO/CTA. 2-Phenoxyethanol is used as CTA (Table 5.7,
entries 2 - 6).

The PDI values of the products are higher than one, contrasting to those of alternating PPC
synthesized using discrete metal complexes.' This is taken as a consequence of the heteroge-
neous composition of the product chains with respect to ether and carbonate linkages, and the
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backbiting reactions of intermediately formed chain ends. A broader monomodal distribution
with a PDI of 3-5 may thus be explained. The heterogeneous nature of ZnGA catalyst alone
cannot have a major impact on the PDI as the chains would grow on several centers in the
CCTC."1 Rather the presence of various end groups in form of 1- and 2-alkoxy and correspond-
ing carboxylate entities leads to a distribution of propagation rates, broadening the POISSON
distribution of a perfect living and regioselective alternating polymerization. PDIs larger than
6 are resulting from bimodal distributions, typically containing small amounts of high molec-
ular products (Chapter 5.3.2).

The polymer composition is virtually independent on the employed CTA concentration (Fig-
ure 5.21). The carbonate content is marginally lower at higher initial CTA concentrations. This
may be related to the lower yields of copolymer under those conditions, which is accompanied
by a higher fraction of cPC in the crude product. The backbiting reaction proceeds under such
conditions with higher relative rates as a direct consequence of the increased concentration of
chain ends.!>® Backbiting occurs until an ether linkage within the chain is reached (ether link-
ages are formed by two consecutive PO insertions and constitute stable chain ends).'” Conse-

quently, the backbiting lowers the carbonate content in the remaining product.31%
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Figure 5.21 Content of carbonate linkages f.,,;, in the polymer and amount of cyclic by-product . as a function of
the molecular weight, i.e. the concentration of end groups (Table 5.7).

The diols, i.e. chains formed from water or OH-entities in the catalyst, consequently, tend to
have a higher content of ether linkages than comparable monols (Figure 5.22). The 2-phenox-
yethoxy-initiated chains have only one chain end that can undergo a backbiting reaction to
form cPC, whereas in case of water (or Zn-OH)-initiated chains, the backbiting may proceed
from both sides. The ether content of the diol-terminated chains accordingly is higher
(fearr = 63.4 vs 88.5 mol%).
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Figure 5.22 Cumulative distribution of the composition of mono- and bifunctional oligomers with M, = 0.9 kg/mol
(Table 5.7, entry 6). The distribution is obtained from the ESI mass spectrum (Figure 5.19).

The regio-selectivity of the CCTC products remains unchanged to the copolymerization with-
out a CTA (Figure 5.23) yielding oligo(ether carbonates) with approximately 66 % head-to-tail-
linkages (Table 5.8, entry 10).

HT
T

HH

PPC w/o CTA ML
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Figure 5.23 Carbonyl region of "C-IGATED-NMR spectra of high molecular weight PPC prepared without the use
of CTA (top, black) and oligo(propylene carbonate) (Table 5.8, entry 10; bottom, red) obtained by CCTC using
ZnGA. TT, HT and HH signals of carbonate linkages are assigned.

The presence of 2-phenoxyethanol as CTA leads to a marginal higher yield of polymer at low
CTA concentrations (Table 5.7). The catalysts average turnover frequency (TOF) increases by
about 20 % (~290 h™') compared to experiments without the use of a CTA (~250 h™). This may
be related to a higher concentration of nucleophiles (at a minor loss of the amount of coordi-
nated PO), and/or a better accessibility of the catalyst surface for smaller chains.?” Higher con-
centrations of 2-phenoxyethanol, i.e. at PO/CTA ratios < 100, decrease the activity significantly.
Latter is tentatively caused by an increasing CTA absorption on the ZnGA surface, which ham-
pers PO monomer coordination. Similar observations were made before, e.g. for the higher
concentration of CO, at higher pressures; the surface coverage with PO is determining the

ZnGA performance.'”” The coordination of a CTA will reduce the concentration of activated
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PO-monomer, thus reducing the catalysts activity. These observations are reminiscent of the
behavior of Zn-Co-DMC catalysts, which are also showing an induction time.!#%1% The in-
duction period in these catalysts may be related to coordination of some entity on the surface;

indeed CTAs of low molecular weight, like glycerol, may fully deactivate DMCs.!®

The elementary reaction steps of the ZnGA-mediated PO/CO,-copolymerization are not
known with certainty, but usually formulated with an anionic chain end binding to the catalyst
surface. In that context it is generally accepted that PO is activated for ring-opening by coor-
dination to the catalyst surface. The reaction rate of copolymerization is most likely propor-
tional to the amount of activated PO entities.'?” The coordination of PO stands in competition
to that of CO, and also of CTAs in case of CCTC. The ring-opening leading to chain growth is
affected by a nucleophilic chain end in most reports by the alkoxide/carboxylate coordinated
to the surface (Figure 5.24). The propagating anionic chain ends in this mechanistic description
can undergo an internal or additional protonation by the CTA, followed by a decoordination
of R’OH/R’OC(O)OH. When this effective chain transfer is rapid relative to the insertion reac-
tions, the result is a uniform propagation reaction. Alternatively, as formulated for DMC ca-
talysis, an hydroxyl entity of an external reagent ROH may directly attack the surface activated
PO.1%0 Observations described in this chapter seem more compatible with an external nucleo-
philic attack of an OH entity, as proposed for the “catch-up” kinetics of DMC catalyzed
propoxylations. Carbonate entities arise when insertion of CO, into an intermediate metal
alkoxide bond is competitive to decoordination. Ether linkages result from the consecutive
addition of two or more PO units to the propagating chain end. The formation of cPC may be

observed as the result of a backbiting reaction of a corresponding alcohol chain end.
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Figure 5.24 Reaction pathways for the CCTC of CO, and PO with alcohols under the action of ZnGA.'!
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5.3.2 Multifunctional chain transfer agents

The CCTC was extended to bi- and trifunctional bisphenol-derived CTAs in order to synthe-
size tunable poly(propylene ether carbonate) PPEC-polyols (Figure 5.25). The maiden CTAs
contain both phenolic and aliphatic hydroxyl moieties. Other aliphatic CTAs were previously
found effective.®? The use of CTAs with more than two OH-groups gives access to star-shaped
polyols. Incorporation of these compounds into the polymeric product is also readily detected
via NMR and SEC (UV/Vis detection mode). PPEC-polyols could be obtained for all deriva-
tives except for higher concentrations of bisphenol S (BPS; Table 5.8, entry 3). A severe retar-

dation of the catalyst underlies the observation (vide infra).
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Figure 5.25 Utilized CTAs.

The catalysts selectivity (regarding carbonate vs ether linkages) remains unchanged, inde-
pendent on the utilized CTA. Higher concentrations however decrease the catalysts produc-
tivity (Table 5.7). At the same time, the formation of cPC is more pronounced as a consequence
of the reduced molecular weights. For the low molecular weight products (M, < 50 kg/mol)
GPC-measured M, is in reasonable agreement with the absolute values determined by 'H-
NMR (Table 5.8).
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Table 5.8 CCTC of PO/CO, with various CTAs.

En- CTA PO/CTA  TOF? fearb ferc M, vz M,sgc/M,, sec® PDI
try [mol/mol]  [h] [mol%l] [mol%] [kg/mol] [kg/mol] [-]
1 BPAF 250 124 92.3 3.3 11 11/60 53
2 BPS 1000 33 86.2 2.8 4.7 2.6/27 10.4
3 BPS 250 2 - - - n.d.c -
4  MBDMP 250 182 88.9 52 6.5 5.0/39 7.8
5f HPBPA 250 108 92.8 3.0 12 9.5/33 34
6s THIPM 250 52 92.9 6.1 28 24/84 3.5
7 BPA 1000 274 92.0 3.3 56 37/144 3.9
BPA 500 241 91.5 2.8 23 23/107 4.6
9 BPA 250 167 91.6 24 9.4 8.9/55 6.1
10n BPA 50 87 88.2 14.4 3.6! 3.9/17 44
11h BPA 25 38 78.6 12.9 0.8 0.9/7.3! 7.7
12 HEBPA 1000 279 91.5 4.3 46 36/131 3.6
13 HEBPA 500 252 91.5 4.5 19 19/77 4.2
14  HEBPA 250 150 92.2 5.4 9.5 9.4/53 5.6

Experiments were performed using the standard protocol for PO/CO, copolymerizations. Reaction conditions:
T=60°C, p=30bar, t =4 h, V(PO) = 50 mL, m(ZnGA) = 100 mg, PO/CTA = 250. ® in [gppc/(8z, - h)], * determined
from 'H-NMR spectra, < absolute molecular weights were calculated by the equation M, \yr = Mgy (A;30.105/3) *
(A7 35.705/4)" with the average molecular weight of a repetition unit Mru, ¢ determined by SEC in THF against PS
standards using RI detector mode, ¢ not determined, f primary/secondary OH = 1/6 as determined by "H-NMR,
8 m(ZnGA) =200 mg, t =24 h, " m(ZnGA) =400 mg, t =7 h, | determined from the crude reaction mixture.

Further insights into the CCTC were obtained by monitoring the copolymerization. The con-
centration of PO was measured online using an IR-sensor (Figure 5.26), and the uptake of CO,
was registered by means of a mass flow controller (Figure 5.27). Note that the concentration of
PO during the copolymerization is dependent on its consumption and the associated dilution
by the soluble copolymer. The corresponding uptake of CO, is modified by the release of CO,
from the solution. PO is a much better solvent for CO, than the copolymer, and with conver-
sion some CQ, is also liberated from the solution.!6! The evaluation of the data thus would be
elaborate, rate constants were not extracted although this is fundamentally possible.!'s
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Figure 5.26 Left: in-situ FT-IR spectra of the PO/CO, copolymerization using BPA as CTA (Reaction conditions:
T=60 °C, p =30 bar, m(ZnGA) = 1200 mg, V(PO) =500 mL, PO/BPA =100). Right: Absorbance of the C=O-stretching
vibration of PPC (1747 cm™) and the ring vibration of PO (828 cm™) in time for different ratios of PO/CTA (Reaction
conditions: T =60 °C, p = 30 bar, m(ZnGA) = 1200 mg, V(PO) =500 mL).

Data from both methods of reaction-monitoring indicate an initial period of little or no mono-
mer conversion upon addition of a CTA. The propagation rate increases substantially after this
phase of inactivity. Larger concentrations of CTA prolong the initial period of retardation (Fig-
ure 5.26 and 5.27). The retardation period is observed for all utilized CTAs. In contrast, no

retardation period is observed for the PO/CO, copolymerization in the absence of a CTA.
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Figure 5.27 CO, uptake in dependence of the BPA concentration. V(CO,)g.quion T€fers to the uncorrected amount of
CO, consumed.

The induction time increases about exponentially with the concentration of CTA (Figure 5.28),
illustrating the expected more than linear dependence of the rate of propoxylation on the con-

centration of CTA, blocking the surface and inhibiting its own conversion
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Figure 5.28 Length of the retardation period tg. i qaion fOT Various BPA/catalyst ratios. The retardation period is de-
termined empirically from the intersection of the slope in early reaction stages after saturation with CO, and the
constant slope after initial increase of the CO, consumption rate (inset). V(CO,)reacion refers to the uncorrected
amount of CO, consumed.

The activity of the catalytic system after various amounts of CTA are consumed is the same
within experimental error. A skew competition between reaction of the maiden CTAs and the
products of the first PO/CO, additions of catalyst coordinated monomer leads to conversion
of most of the CTAs and consequently to an increase in catalyst activity. The nature of the CTA
and the primary products with respect to their nucleophilicity is a major factor in that.!> The
first PO/CQO, addition(s) to the CTAs tend to majorly transform the primary alcohol or phenols
into secondary hydroxyl entities, which are less readily reacting with activated PO (Fig-
ure 5.29).193164 Same holds for BPAF and MDMBP that also give a similar rate of monomer
conversion (Figure 5.30) after the induction period has passed in which the catalyst surface is
blocked for PO coordination.
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Figure 5.29 Propoxylation of maiden CTA predominantly results in the formation of secondary alkoxylates/alco-
hols.

BPA or HEBPA (ethoxylated BPA) as CTA show no significant differences in impact on the
catalyst performance. The timespan necessary for activation of the catalyst is comparable at
similar concentrations of BPA or HEBPA. The resulting rate of copolymerization after the ini-
tial phase is the same within experimental variance (Table 5.8). The formal ethoxylation of BPA
to HEBPA, which is associated with the change from an aryloxy- to an alkoxy-type CTA, does
not seem to fundamentally affect the chain regulation nor the catalysts performance (Fig-

ure 5.30). This is taken as evidence that the CTAs are preferentially consumed and that after
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consumption the catalyst inhibition by the CTA is released. The coordination of these CTAs to
the ZnGA catalytic surface is apparently reversible. The combination of alkoxylation and car-
boxylation of the original CTAs yields compounds with a higher molecular mass. The coordi-
nation strength of the CTA decreases effectively in the process. The first propoxylation/car-
boxylation steps of the phenolic CTAs thus appear rate-limiting for the catalyst activity. BPA
and HEBPA are preferentially consumed in the inhibition phase, i.e. are more reactive towards
activated PO than the first alkoxylation products. In contrast, application of HPBPA - propox-
ylated BPA - as CTA results in overall reduced conversion rates. The reached maximum co-
polymerization rate is much lower in the case of the propoxylated derivate after the same time
of experiment with BPA or HEBPA. It obviously keeps on increasing over a much longer pe-
riod and is thus slower to tentatively reach a similar maximum (Figure 5.30). Concomitantly,
less of the CTA is incorporated into the copolymer, and the blocking of the catalyst surface
partly sustains. This impact of HPBPA is as expected and consistent with the lower nucleo-
philicity of its predominantly secondary OH-groups relative to those of most of the primary
alcohols and phenols in Figure 5.25. The same appears to be the case for pBP and apparently
in a more extreme form for BPS. A low initial concentration of BPS could only be tolerated for
achieving an active catalyst system within a reasonable time. A lower rate of the starting reac-
tion resulting from either a higher concentration of the CTA or less nucleophilic CTA also
tends to broaden the distribution of the molecular weight (Table 5.8). The observations with
regard to induction time/polymerization rate as function of time - in reversion - thus also allow

ranking the CTAs in coordination strength with respect to ZnGA.
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Figure 5.30 CO, consumption during the copolymerization with different CTAs (Table 5.8). V(CO,)geaction Tefers to
the uncorrected amount of CO, consumed.

The initial high activity of the ZnGA catalyst typically decreases with conversion in several
almost linear steps.'?” Similar behavior is observed for the activity of the system under CCTC
conditions after the induction time has passed. The monomer depletion does not appear to
significantly influence the TOF at conversions lower than a critical value, similar to what was
found in previous studies of nanoscopic ZnGA catalysts."® Deactivation of the catalyst was

not of importance in that regard, and as it now turns out, inherent changes in the medium
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influence the rate of copolymerization. It is found that the TOF in the first phase generally
remains longer at the higher initial level, corresponding to a higher PO conversion upon ad-
dition of BPA. The first phase of the copolymerization is prolonged to a PO conversion in the
range of =40 %, which exceeds that of the unmodified copolymerization at = 30 % (Figure 5.31).
The initial rates are comparable (Table 5.9).
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Figure 5.31 PO-conversion over time for the CCTC using BPA (red) and the copolymerization without the use of a
CTA (black). f, is the reduced reaction time, i.e. time of experiment without induction period.

When exceeding conversions of Xpo = 30 — 40 %, the TOF decreases significantly, entering the
second phase of almost linear rates.'” The system of PO/CO,/copolymer at X5 > 40 % (molec-
ular weight dependent) may be considered to become organo-gel-like, with a partly separated
PO phase. The rate of propagation now also depends on the diffusion in the system and not
so much on the catalyst itself. The polymer inhibits its own formation after exceeding this
“critical conversion”. The mobility of the chains and associated with that the mobility of chain
ends decreases with the increasing polymer concentration and molecular weight. This is more
compatible with a copolymerization scheme with an external nucleophilic attack of an OH-
moiety (Figure 5.24). These mechanistic aspects will, however, need further attention in future
studies. Attempts to restore conditions of the initial phase by dilution with PO-monomer after
7 hours (= 40 % PO conversion) do not allow to regain the catalysts performance in that regard
(Table 5.9, entry 9). The dilution or time to dissolve the gel apparently is not sufficient to re-

store the initial conditions.

51



Results and discussion

Table 5.9 CCTC rate using BPA and HEBPA as CTA.

En- CTA PO/CTA t TOF: TON* Xpo  fund  Moe® M, /My ee PDI
try [mol/mol] [h] [h] [ [% [mol%] [kg/moll f[kg/moll  []
1 - - 2 37 752 24 90.4 - 67/314 47
2 - - 4 247 98 34 91.7 - 66/296 45
3 - - 7 188 1315 42 90.0 - 91/327 3.6
4 - - 24 84 2012 69 92.3 - 97/219 2.2
5  BPA 250 2 106 211 8 86.9 6.3 7.5/48 6.4
6  BPA 250 4 167 667 22 91.6 9.4 8.9/55 6.1
7  BPA 250 7 176 1232 40 91.3 15 15/85 5.7
8  BPA 250 24 81 1945 64 91.2 18 16/52 33
9  BPA 250 24 82 1967 66 90.9 15 15/88 5.9
10  BPA 100 4 31 126 7 70.7 0.7 h -
11  BPA 100 8 9% 769 29 87.9 35 h -
12 BPA 100 12 80 939 34 87.3 4.1 - -
13  BPA 100 24 59 1407 49 87.9 5.8 h -
14  BPA 100 48 37 1782 62 89.9 7.6 6.9/34 5.0
15 HEBPA 250 2 110 221 9 91.2 3.9 6.7/26 3.8
16 HEBPA 250 4 150 600 21 92.2 95 9.4/53 5.6
17 HEBPA 250 7 152 1062 35 91.3 11 10/48 4.7
18 HEBPA 250 24 69 1647 54 91.0 14 13/42 33

Experiments were performed using the standard protocol for PO/CO, copolymerizations. Reaction conditions
T=60 °C, p =30 bar, V(PO) = 50 mL, m(ZnGA) = 100 mg. ? in [gppc/(8z, - )], P in [gppc/gzn), © determined from the
yield in/of the crude product, ¢ determined from 1H-NMR spectra, ¢ absolute molecular weights were calculated
using the equation M, yyr = Mgy (A130.1.05/3) - (As35725/4)" with the average molecular weight of a repetition unit
Mgy, f determined by SEC in THF and referenced against PS standards using RI detector, 8 Addition of 25 mL PO
after 7 h, " could not be analyzed due to superimposing retention times for the product and cPC.

As mentioned above, smaller amounts of high molecular weight polymers may form during
the CCTC reactions, leading to bimodal distributions. The high molecular weight tails show
up in the RI signal but are not readily detected by the UV-detector, illustrating the low con-
centration of the CTA chromophore in the high-molecular weight fraction (Figure 5.32). This
was particularly observed in cases of higher CO, pressures (p = 30 bar) leading to products
with a carbonate content f,,,, of + 90 mol% and is most likely to occur in the early phases. The
occurrence is chaotic as the (initial) products of lower molecular weight obtained at 30 bars
randomly show PDIs between about 3 and 10 (Figure 5.33). This type of observations has also

been made in DMC catalyzed alkoxylations.!®
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Figure 5.32 Molecular weight distributions of PPC-polyols with BPA as CTA at various conversions (Table 5.9,
entries 4, 5 and 8) using RI (red) and UV/Vis (blue) detector mode.

The high molecular weight tails are tentatively formed as a consequence of the initial irregular
conditions in the reactor. This is a typical result of insufficient mixing, where chain growth
resulting from monomer diffusion is faster than chain transfer, i.e. chain diffusion. The erratic
formation possibly is the result of challenges of suspending the small amount of catalyst in
PO. The high molecular product seems to be generated in a CTA independent reaction channel
that becomes of importance at higher CO, pressures. It is alike the product generated in the
ZnGA-mediated copolymerization of PO and CO, without the aid of a CTA. These products
reach a maximum molecular weight of M,, = 200 kg/mol, before catalytic activity is subsiding
(Chapter 5.1). The direct copolymerization of PO and CO, has the highest rate at pressures of
about 30 bar (and T = 60 °C). This may be the reason why such products are formed under
these conditions, whereas the CCTC is more competitive at lower pressures. The initial higher
PDIs of the products obtained at 30 bars of CO, pressure decrease with conversion (Fig-

ure 5.33). This is as explained above to be expected for a substantially living (/an immortal)

copolymerization.
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Figure 5.33 PDI of poly(propylene ether carbonate)-polyols of different compositions.
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Figure 5.34 Left: molecular weight distributions for PPC-polyols with fearb = 60 mol% (determined by SEC using RI
detector mode). Right: Time dependent molecular weight distributions for a PO/BPA CCTO at 30 bars of CO, pres-

sure (f.,, = 90 mol%; RI detector).

Consistently, products with a lower carbonate content do not show such a large variation in
PDI and the high molecular weight tails are not formed (Figure 5.34, left). The PDIs of initial
formed products are generally lower at lower pressures and are not so much dependent on
conversion. Indeed, it is observed when performing the CCTC at 10 bar pressure of CO, (and
T =80 °C), leading to products with f,,, of 60 mol%, that the PDI is at a constant level of about
1.8. Similar holds for experiments leading to products with a f.,;, of 80 mol%, but with larger
PDIs. Note that the CCTC at 30 bars of CO, pressure still is the major process, and its domi-
nance increases once the high molecular polymer reaches the “ceiling” molecular weight (Fig-
ure 5.34, right). Thus, the maximum of the initial product distribution is shifted towards higher
masses, whereas the high molecular tail remains more or less unchanged and is more and more
overlapped by the CTA based product mass. This feature is more readily detected using higher
concentrations of CTA, where the main product remains lower in mass, and the formation of
a bimodal distribution is indicated (Figure 5.35, right). The concentration of the high molecular

weight tail does not increase substantially, its mass increases to the value of about 200 kg/mol.

The molecular weights M, of the obtained polymers correlate directly with the PO-conversion
(Xpo), confirming the pseudo-living nature of the ZnGA catalyzed PO/CO, CCTC (Chap-
ter 5.1). Catalysis at 30 bars of CO, pressure gives essentially uniform oligo(ether carbonates)
independent of conversion with f_,,, of + 90 mol% (Figure 5.35). This holds true even up to PO

conversions above 50 %.
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Figure 5.35 M, (of the crude products) vs PO-conversion (Xp,) using BPA or HEBPA as CTA (Table 5.9, entries 5 —
18) in comparison with copolymerization without the use of a CTA (T = 60 °C, p =30 bar; f_,;, = 90 mol%).

The formation of a second distribution seems to be the consequence of a lower exchange rate
of larger growing chains (once formed) near the catalyst with chains in the bulk, i.e. relative to
the propagation rate. These larger chains of lower mobility consequently grow at a higher rate
as long the ceiling molecular weight is not reached, contrary to the catch-up kinetics observed
for alkoxylation/carboxylation of lower molecular weight. The balance between chain (seg-
ment) mobility and rate of copolymerization may be determining the product distribution.
Both are dependent on the reaction conditions, which thus determine the constitution of the
product being formed. The rate of diffusion of the polymers, resp. their viscosity, is a function
of the composition.'®> Chain mobility obviously is an important issue in the generation of
poly(ether carbonate) diols, both with respect to conversion and chain regulation. It was thus
decided to determine the melt viscosities of a series of products as function of molecular
weight and composition. Melt viscosities can be taken as measure for the chain mobility: a melt
resembles a theta solution of the polymer, which would be an acceptable model for the situa-
tion in the reaction medium of PO/CQO, and in the organogel formed at higher conversions.

Poly(propylene ether carbonates) with various compositions are accessible by adjusting the
reaction parameter p and T (Table 5.10) (Chapter 5.1) It was found possible to prepare OH-
terminated polycarbonates with controllable molecular weight and compositions between
fean = 60 and 90 mol%. These products are closing the gap between poly(ether carbonates) ob-
tainable by DMC catalysis catalysis® and the perfectly alternating poly(carbonates) obtained

by e.g. Co-salen catalysis'?¢'%, i.e. when using a single catalyst.
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Table 5.10 Results for copolymerization experiments under varying reaction conditions (T and p).

En- CTA PO/CTA T P TON = fcarb b Mn.SEC/Mw.SECc PDI
try [mol/mol] [°C] [barl] [-1 [mol%l] [kg/mol] [-1
1 BPA 250 60 30 667 91.6 8.9/55 6.1
2 BPA 250 60 15 675 84.9 14/42 2.9
3 BPA 250 60 5 406 73.7 3.5/13 3.6
4 BPA 250 80 5 183 60.2 8.5/64 7.6
5d 2-phenoxy- 250 80 10 897 58.1 7.5/14 1.8
ethanol
64 2-phenoxy- 200 80 10 842 58.0 6.2/11 1.8
ethanol
7d 2-phenoxy- 150 80 10 765 57.0 45/8.3 1.8
ethanol
8d 2-phenoxy- 100 80 10 1011 52.3 2.9/5.5 1.9
ethanol

Experiments were performed using the standard protocol for PO/CO, copolymerizations. Reaction conditions t = 4
h, V(PO) = 50 mL, m(ZnGA) = 100 mg, PO/BPA = 250. @ in [gppc/g ], ® determined from "H-NMR spectra, © deter-
mined by SEC in THF, referenced against PS standards, ¢ t =48 h.

Poly(propylene ether carbonates) with lower carbonate contents have substantial lower melt
viscosities (Figure 5.36; Table 5.11). The complex zero-shear viscosity |7,*| of the polymer
melts at 50 °C is approximately one order of magnitude lower for polymers with f.,, of
80 mol% than for those with f,,;, of 90 mol%. The larger scattering of samples with £, of 90
mol% in the expected linear double logarithmic presentation of zero-shear viscosity versus
weight average molecular mass is resulting from the individual distributions of the samples.
These vary much more than those of f.,,;, of 60 or 80 mol% (Figure 5.34). The higher probability
for random formation of a second distribution at higher CO, pressure is thus coincident with
the relative lower mobility of the corresponding products. Consistently, the polymers with
lower f,., show more uniform and narrow molecular weight distributions even at high CTA-
concentrations. It is therefore concluded that decreasing mobility of the chain segments can
explain the occurrence of the second phase in the copolymerization and the formation of high

molecular fraction at insufficient intermixing.
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Table 5.11 Zero-shear viscosities at 50 °C for poly(propylene ether carbonates) with different M,, and f.,,,.

fears M, 1, @ 50 °C fears M, n, @ 50 °C fears M, 1, @ 50 °C
[mol%] [kg/mol] [MPa-s] [mol%] [kg/moll [MPa-s] [mol%] [kg/mol]l [MPa-s]
92.7 211 1370 80.2 104 5.0 60.2 130 3.3
92.3 149 1450 79.8 90 3.9 60.2 64 0.21
85.4 141 150 75.1 78 2.0 65.7 63 0.15
87.3 124 56 79.1 76 1.0 58.0 51 0.11
89.6 110 160 78.0 69 0.70 62.7 46 0.11
91.5 95 23 79.3 58 0.40 62.9 38 0.06
91.2 49 4.7 77.0 58 0.89 63.0 29 0.02
90.8 29 4.5 75.2 46 047
75.7 35 0.27
76.0 33 0.22
79.3 23 0.05

Table 5.12 Slope a of the double-logarithmic plot of M,, vs n, @ 50 °C for poly(propylene ether carbonates) with
different compositions and coefficient of determination of the corresponding fits according to Eq. 5.17.

fear, [mo1%] a R?
90 31+0.6 0.80
80 2.8+0.3 0.91
60 3.3+0.3 0.97

Controlling the viscosities of the products anyway is crucial regarding the processability of
the material, e.g. during polyurethane manufacturing when mixing/demixing of chain ex-
tender, soft and hard phase components is proceeding. The molecular weight dependence of
no* displays the importance of preventing the formation of high-molecular weight tails to
maintain low product viscosities. The formation of such high-molecular weight side products

is also commonly observed during polyether-polyol synthesis using DMC catalysts.!¢”
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Figure 5.36 Zero-shear-viscosity 7,* at 50 °C for poly(propylene ether carbonates) of different carbonate contents
and molecular weights. 2-Phenoxyethanol and BPA were used as CTA (Table 5.10)
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The polymer composition is determining the final material properties in extension to the mo-
lecular weight, which was found adjustable over the amount and type of CTA. This is of par-
ticular relevance to the glass transition temperature”, an important parameter when consider-
ing the poly(ether carbonate) polyols as polyurethane soft phase components. The glass tran-
sition temperature T, as a function of molecular weight and composition follows the FOX-
FLORY equation in good approximation.!®® T, becomes more or less independent of the molec-
ular weight M|, in between 15 and 25 kg/mol (Figure 5.37). Latter is an acceptable range for the
broader distributed products, the entanglement molecular weight is expected in that range
too.”” Below the critical molecular weight of M. = 10 kg/mol, T, drops rapidly.
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Figure 5.37 Left: DSC traces of PPC with different molecular weights (SEC-based). Right: T, of PPC with composi-
tions of f_,;, = 60 — 90 mol% as a function of their molecular weight. The dashed lines represent a fit along the FOx-
FLORY equation T, = T,..— K/ M,. The values for M, are absolute determined by 'H-NMR.

58



Results and discussion

5.4 Thermo-rheological properties of poly(propylene carbonate) melts

Poly(propylene carbonate) (PPC) is considered one of the most promising PACs for packaging
applications substituting non-biodegradable plastics, as it features excellent gas barrier prop-
erties and a high resilience.”” The thermal and mechanical properties of PPC are well
known.#1® With regard to processing operations, the thermo-rheological behavior of PPC
melts is also of importance. Several studies have focused on the rheological characterization
of neat PPC7155170171 end-capped PPC®, PPC blends!”2'”* as well as poly(ether carbonate) pol-
yols.!®> Small amplitude oscillatory shear (SAOS) experiments are routinely carried out to
probe the viscoelastic properties of polymer melts. However, the thermoplastic processing of
such materials usually is performed under large and more rapid deformation. The viscoelastic
behavior under SAOS, thus, is an insufficient description as non-linear effects may be deter-
mining the behavior during typical processing.!” It is therefore of importance to understand
and predict the flow behavior in the non-NEWTONian regime to identify appropriate pro-

cessing conditions.

In Chapter 5.1, it was shown that nanoscopic ZnGA catalysts enable the synthesis of PPC with
tunable chain compositions.'” In this chapter, the thermo-rheological behavior of PPC melts
with varying carbonate contents between f,, = 51 — 92 mol% is investigated, with an emphasis

on the response to large amplitude oscillatory shear (LAQOS).

5.4.1 Small amplitude oscillatory shear conditions

PPC samples with different molecular weights and compositions ranging from
fearr =51 = 92 mol% were prepared by using a nanoscopic ZnGA catalyst and 2-phenoxyethanol
as CTA. Precise control over the reaction conditions allows to tailor the molecular weight and
the polymer composition, according to the previous chapters. The viscoelastic behavior of
these PPC melts was first determined under SAOS conditions (Table 5.13).
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Table 5.13 Data on PPC samples.

[y M,* PDI p,@110°C T,*
[mol%] [kg/moll  [-] [kPa - s] [°C]

92.9 296 4.1 11600 32.4
93.5 247 3.9 4500 33.4
93.2 211 3.3 560 n.d.
91.4 192 3.0 1100 n.d.
93.2 149 24 700 33.3
91.0 110 2.6 80 n.d.
91.5 95 3.1 37 33.8
76.8 198 2.8 380 20.5
76.6 163 2.7 240 24.1
79.5 136 29 160 25.6
80.6 129 29 100 21.7
81.5 110 2.7 74 23.5
78.7 79 1.9 15 18.7
77.0 58 3.5 2.6 16.1
75.2 46 24 0.9 14.2
60.2 130 51 26 -1.3
65.8 63 1.9 1.4 6.3

59.1 51 1.8 0.6 1.0

62.3 46 1.7 0.4 2.2

63.0 38 1.6 0.2 1.3

63.1 29 1.6 0.1 1.5

51.2 42 1.6 0.2 -8.2
50.9 36 1.9 0.01 -11.1

a Determined by 'H-NMR, ® determined by SEC in THF, reported against PS standards, ¢ determined using DSC.

The frequency-dependence of the viscosity was determined in a temperature range between
30 and 150 °C (Figure 5.39), except for the highest molecular weight sample with
feas = 92 mol%, which was analyzed up to 190 °C. The thermal stability of the melts under the
applied conditions was confirmed by time sweeps at T = 150 °C (Figure 5.38). Samples with
fearr =51 and 62 mol% could not be measured at temperatures above 110 °C respectively above
130 °C on account of their too low viscosity. These samples are considered stable at the applied

measurement temperatures and were not analyzed by time sweeps.
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Figure 5.39 Frequency dependence of the storage modulus G’ (left) and the loss modulus G” (right) at T=50 - 190 °C
for high-molecular weight PPC (M,, = 296 kg/mol, f_,,, = 92 mol%).

The time-temperature-superposition (TTS) method, allows to align frequency sweeps at dif-
ferent temperatures to build a master curve with a larger frequency domain (Figure 5.40). A
horizontal shift-factor a; is defined as the ratio of the relaxation times A at a certain temperature
T and a reference temperature T,; which here was set at 110 °C (Equation 5.9)

A(T)

a; = —/\(Tref) (5.9)

For thermoplastic polymers in the temperature region T, < T < T, + 100 K the WILLIAMS-LAN-
DEL-FERRY (WLF) equation (Equation 5.10) is used'””

~6 (T 1)
— 5.10
c, +T-T (5.10)

ref

loga, =

with material specific constants ¢, and c,.
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Figure 5.40 Master curve of the storage G’, loss modulus G” and loss factor tan 6 of high-molecular weight PPC
(M,, =296 kg/mol, .., = 92 mol%) under small deformations (y, =10 %) at T,;= 110 °C.

High-molecular weight PPC melts show an ideal viscoelastic behavior at low deformations
over the entire frequency range. The melts show predominantly viscous behavior at low fre-
quencies (or high temperatures) with G" and G” having slopes close to 2 and 1, respectively.
At higher frequencies, G’ tends towards a rubber-elastic plateau. The rubbery plateau is indi-
cated as a shoulder; the length of this shoulder increases with the molecular weight. Such a
behavior is typical for polydisperse samples. Figure 5.41 exemplifies this feature for PPC melts
with f..,, = 92 mol%. Similar observations were made for samples with different carbonate con-

tents.
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Figure 5.41 Storage modulus G’ for PPC with different M, (f., = 92 mol%) at T, = 110 °C. The sample with

Mw =114 kg/mol deviates on account of its broader MWD. Therefore, the slope of G" does not reach 2 even under
terminal flow conditions.

The temperature dependence of relaxation processes can be expressed by means of the appar-

ent activation energy of flow E,. The apparent activation energy of flow E, equals

2
E, :2.3RLT2
(c, +T-T)

T

(5.11)
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with R as the ideal gas constant. The values of E, for PPC melts with carbonate contents of
fear = 51 = 92 mol% are displayed in Table 5.14. The activation energy of flow is a function of
the polymer composition (Figure 5.42). E, decreases significantly with decreasing f...,, i.e. with
a lower chain rigidity. The activation energy at 50 °C from 221 to 99 k]J/mol for PPC melts with
92 mol% and 51 mol% carbonate linkages. The effects become smaller at higher temperatures
where the free volume is higher. No significant impact of the molecular weight on E, was ob-
served between M,, =45 and 296 kg/mol, regardless of the polymer composition.
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Figure 5.42 Experimental flow activation energy E, in dependence on the temperature for PPC melts with various
compositions. The dashed lines correspond to Equation 5.11.

Table 5.14 Activation energy of flow E, for PPC melts with various compositions.

Trc E, [kJ/mol]
92 mol% 80mol% 62mol% 51 mol%
30 - - 147 £ 21 122 +5
50 221+7 149 +17 114+ 9 99 +4
70 154 +£5 120 + 10 94 +6 84 +3
90 117+7 100+ 7 80+7 73+3
110 94 +8 87 +6 70£7 65+2
130 79+9 77 +5 63+8 -
150 69 +8 69+5 - -

The master curves further allow to estimate the average molecular weight between two tem-
porary network points. This so-called entanglement molecular weight M, may be calculated

according to Equation 5.12

sk (5.12)
e G?\] .

with the polymer density p and the plateau modulus Gi, . The densities p of the polymer melts
were measured volumetrically (Chapter 6.7). The broad molecular weight distributions

(PDI=1.5-5.1) makes the determination of the plateau modulus rather inaccurate. The
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plateau modulus instead is taken from the storage modulus at the global minimum of tan 6,

i.e. the point of highest elasticity.!”®

G’ =G'(w) (5.13)

tano, ;.

M, can further be used to determine a characteristic packing length p’ (Equation 5.14)

pVZBZL (5.14)
n, "N, -p

with the temperature-insensitive coefficient n, = 21.3 and the AVOGADRO number N,."”” Based
on p’ a critical molecular weight M, is calculated that correlates to the onset of the entangled

state

C 1

* 0.65
M =M, .(P_] (5.15)
p

in which p* = 9.2 A. At M > M. the chains effectively form temporary networks resulting in a
change of the slope of the viscosity (M) (Figure 5.44). The values for M,, p and M, are dis-
played in Table 5.15.

Table 5.15 Plateau modulus G, , entanglement and critical molecular weight M, resp. M. and packing length p’ for
PPC melts with various compositions at 25 °C.

s Gy p M. M. P
[mol%]  [kPa] [kg/m*] [kg/mol] [kg/mol] [A]
92 750 + 30 1260 42+01 102+£03 23z%0.1
80 560 + 60 1240 55+06 12.8x1.0 22+0.1
62 530 =30 1190 56+£03 129x0.6 25+0.1
51 440 =20 1150 64+03 144+05 2.7+0.1

Incorporation of carbonate entities into poly(propylene glycols) increases the chain rigidity as
can be concluded from the T, and E, (Table 5.13 and 5.14). The entanglement density increases
with the f.,,. This trend possibly can be attributed to intermolecular interactions of the poly-
mer chains. Indeed, these observations are in agreement with earlier investigations that pro-
posed discrete intermolecular interactions between carbonate and methylene groups of neigh-
boring polymer chains.'®> As a consequence, the chains form a temporary network structure in
melt state. The presence of such associative interactions is further verified in the molecular
weight dependence of the zero-shear viscosities 1,. The values for 1, were extracted using the
CARREAU-YASUDA model (Figure 5.43)

@) =1, +(n,~n)[1+ @A) | (5.16)

with the infinite shear viscosity 1).., the longest relaxation time A, and the slope in the power

law region n. The parameter b accounts for the transition between zero-shear conditions and
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the power law region. The fit parameters are displayed in Figure 5.44. The results obtained

from the CARREAU-YASUDA model show an exponential dependence of the relaxation time A,

on M, with values between 3.4 and 4.0. These values are in agreement (within experimental

precision) with the reported behavior on entangle polymer melts.!
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Figure 5.43 Dynamic viscosities 1" for PPC with different £, and M,,. The dashed lines represent the fit of the
viscosity according to CARREAU-YASUDA (Equation 5.16). T, =110 °C.
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Figure 5.44 Left: Relaxation times A, as a function of M,,. Right: Slope of the viscosity in the power-law region n as
a function of the molecular weight. With increasing molecular weights n converges the theoretical value (for nar-
row-distributed polystyrene) of n = — 0.82.18! the slope n is a measure for the disentangling of polymer chains and
thus is depending on the polymer structure.

Figure 5.45 shows that the zero-shear viscosity increases with higher carbonate contents. The

molecular weight dependence of 17; can be described by Equation 5.17.

n=K-M,’ (5.17)
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Figure 5.45 Molecular weight dependence of the zero-shear viscosity r;; of PPC with different compositions at
T =110°C.
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Table 5.16 Slope a of the double-logarithmic plot of M, vs 1, @ 110 °C for PPC with different compositions and
coefficient of determination for the fits according to Eq. 5.17.

fears [mo1%] a R?
92 4.7+0.6 0.92
80 43+0.2 0.98
62 3.6+0.2 0.99
51 5.0 -

Melts of linear polymers usually show a value for the exponent a of about 3.4.82 This has also
been explained in terms of reptation theory.'®>%5 The more accurate determination in this se-
ries shows in extension to the rather crude evaluation in Figure 5.35, that exponents of a > 3.4
are observed for all of the analyzed polymer melts (Figure 5.45; Table 5.16). It is, thus, hypoth-
esized, that associative interactions exist between the chains at small strain amplitudes with a
time domain larger than A,. No significant change in a is observed with changing the compo-

sition from f,,, = 51 = 92 mol%.

5.4.2 Large amplitude oscillatory shear conditions

Most thermoplastic processing operations, e.g. film blowing or injection molding, are typically
performed under large strain amplitudes and high frequencies that can exceed 10° s™.1% Un-
derstanding the viscoelastic behavior of polymer melts under these process-relevant condi-
tions is therefore crucial. The rheological behavior under large deformations requires especial
attention as the elastic storage modulus G’ and the viscous loss modulus G” are becoming
functions of the strain amplitude y,. Concomitantly, the viscoelastic response of complex sys-
tems differs from the linear regime under SAOS conditions, giving rise to a non-sinusoidal
stress response. The mathematical models applied in the SAOS region are, thus, no longer
sufficient to describe complex fluids under medium and large strain amplitudes. However,
the non-linear viscoelastic response under these conditions can be evaluated in other mathe-

matical frameworks.102

Plotting the linear moduli G’ and G” as a function of the strain amplitude according to HYUN
allows to generalize four general types of LAOS behavior for complex fluids: strain-thinning
(type I, G’ and G” decreasing), strain hardening (type II, G’ and G” increasing), weak strain
overshoot (type III, G’ decreasing, G’ increasing and subsequently decreasing) and strong
strain overshoot (type IV, G’ and G” increasing and subsequently decreasing).'®® The investi-
gated PPC melts show strain-softening behavior under large deformations (Figure 5.46), which
intensifies at higher frequencies (vide infra). The decrease of G’; and G”; represents type I non-
linear behavior according to HYUN!® and originates from the orientation of the chains in flow
direction, with analogy to shear-thinning. The onset of the strain-induced softening shifts
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towards lower strains with increasing frequencies. Type I non-linear behavior is generally ob-
served for thermo-rheological simple polymer systems.
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Figure 5.46 First-harmonic storage (left) G’; and loss moduli (right) G”’; as function of the strain y, and the excitation
frequency w. Upon increasing of the amplitude, G’; and G”’; become strain-dependent. PPC with £, = 92 mol% and
M,, =110 kg/mol was measured.

To quantify the non-linear stress response the data can be displayed either in a time- or a de-
formation-domain. The former approach comprises the transformation of the stress function
o(t)into a FOURIER series based on the higher harmonics of the excitation frequency w. The
second method uses orthogonal stress decomposition of the total stress into an elastic o'(y(t))
and a viscous ¢"(y(t)) contribution.

FOURIER transformation rheology

The raw data was processed using the MITlaos software developed by EWOLDT, WINTER, and
MCKINLEY.'®” The FT-rheology expresses the total stress response 0(f,@,Y;) as a FOURIER se-
ries with defined elastic and viscous FOURIER coefficients G’, and G”,, according to Equation
5.18188

o(t,w,y,) =7, Z {G'n(sinn -wt)+G" (w, -cos(n -a)t))} (5.18)

n,odd

The FT spectrum shows the intensity I, of the excitation frequency as well as intensities of
higher harmonics I,, as expressed by Equation 5.19.

I, =G *+G"? (5.19)

Figure 5.47 shows the normalized FT spectra of a PPC melt (M,, = 110 kg/mol, f.,,, = 92 mol%)
at ,=398 % and w = 6.31 rad/s. The FT spectrum shows three significant higher harmonics
(Is, Is; and 1)) displaying the deviation from ideal linear viscoelastic behavior. The FT spectra
of the LAOS measurements were used to reconstruct a noise-reduced signal for the subsequent
stress decomposition method. The distorted sinusoidal stress response displays forward tilted
stress shape which is typical for linear polymer melts.
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Figure 5.47 FOURIER transformation of the distorted non-sinusoidal stress response into a FOURIER spectrum show-
ing the relative intensity I, of normalized harmonics w/w;. Excitation angular frequency w, = 6.31 rad/s, strain
V0=398 %. PPC with f_,;, = 92 mol% and M,, = 110 kg/mol was measured.

The degree of non-linearity can be expressed by the ratio of the third to the first harmonic ;.
Figure 5.48, left displays the non-linearity as a function of the strain amplitude at 1 rad/s. Un-
der small strain amplitudes, no higher harmonics are observable in the FT spectra as the in-
tensity ratio reaches the resolution limit. At intermediate strain amplitudes, a transition region
between linear viscoelastic (small amplitude oscillatory shear, SAOS) and extensive non-linear
behavior (large amplitude oscillatory shear, LAOS) is observed. This intermediate region un-
der medium amplitude oscillatory shear (MAOS) conditions is characterized by the onset of
non-linear effects. The intensity ratio I;, typically scales with a factor of 2 with the deformation

amplitude in the MAQOS region.!®-1"t When further increasing the strain amplitude, the slope

-

decreases slightly.”!
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Figure 5.48 Left: Non-linear intensity ratio I, at @ =1 rad/s as a function of the strain amplitude. Right: Intensity
ratio I, as a measure of the non-linearity in dependence on the strain amplitude y, and the excitation angular
frequency w at T =140 °C. PPC with f_,;, = 92 mol% and M,, = 110 kg/mol was measured.

The non-linearity increases gradually with increasing deformations and frequencies (Fig-

ure 5.48, right). The increase in I, appears to correlate with the strain-softening at higher
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strains and frequencies (Figure 5.47). The degree of non-linearity can also be expressed using

the strain-independent zero-shear non-linearity 3Q, according to Equation 5.20

I
’Q, =lim °Q =lim - (5.20)

Vo—0 Vo —0 2
Yo Yo )/0

with the intrinsic non-linearity 3Q. Figure 5.49 displays the impact of the molecular weight on

the zero-shear non-linearity for PPC melts with f,,,, = 80 and 92 mol%.
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Figure 5.49 Zero-shear non-linearity 3Q, for PPC melts at w = 1 rad/s as a function of M,, for different carbonate
contents (T =140 °C).

PPC with f.;, = 80 mol% shows higher degrees of non-linearity at comparable molecular
weights. The intrinsic non-linearity may arise from the associative interactions between the
polymer chains as discussed above. When decreasing f..., from 92 to 80 mol% the chain rigidity
decreases due to the incorporation of more flexible ether linkages. It may be hypothesized,

that this higher mobility in the melt state facilitates the alignment of the polymer chains under

shearing conditions giving rise to higher values for Q.

Orthogonal stress decomposition

To overcome the lack of a physical interpretation of G’ and G” in LAOS flow, a geometrical
framework was constructed to allow a stress decomposition into ¢'(y(t))and a viscous contri-
butions ¢"(y(t)) (Equation 5.21)1%4

o(t,@,y,) =0 (y(E) +a"(y(t) (5.21)

Following this approach, EWOLDT used CHEBYSHEV polynoms T}, as fundamental functions to

decompose the viscoelastic response (Equation 5.22)

0'(X)+0" ()=, D, e (@,7,) T.(xX)+7, 2. vo(@,7,) T.() (5.22)

n,odd n,odd
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with the elastic and viscous CHEBYSHEV coefficients ¢, and v, and x=)/y,and y=7/7,to pro-
vide the orthogonality. The corresponding CHEBYSHEV coefficients enable a quantification of
the non-linearity.'® Non-linear moduli G’y; and G’; were introduced that are derived from the

CHEBYSHEV coefficients as

~e —3e, +5e,—7e, +... (5.23)

~e +e,+e,+.. (5.24)

The moduli describe the elastic response at minimum (y = 0) and maximum strain (y = y,). In
a similar manner, dynamic viscosities 1"y; and 1’y can be obtained using the viscous CHEBYSHEV
coefficients v,. The graphical visualization of the total stress response as a function of the strain
or the strain-rate are referred to as elastic and viscous LISSAJOUS-BOWDITCH figures, respec-
tively (Figure 5.50). The minimum strain modulus and viscosity are obtained by the slope of
the tangent at zero strain and strain-rate, respectively. In contrast, the large strain modulus

and viscosity are defined by the slope of the secant at maximum strain and strain-rate, respec-

tively.
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Figure 5.50 Elastic (left) and viscous Lissajous-BOowDITCH plot (right) and geometrical definition of the non-linear
moduli G'y; and G'; and 'y, and ', (T =140 °C, w =10 rad/s, y, =500 %). G’; and 7', are defined as the first elastic
modulus and the first dynamic viscosity. PPC with f.,, = 92 mol% and M,, = 110 kg/mol was measured.

Figure 5.51 displays the normalized elastic and viscous LISSAJOUS-BOWDITCH plots at different
frequencies and strains. In agreement to the results of the FT-rheology, a significant deviation
from the linear behavior is observed at increasing deformations as the curves of the total stress
vs strain become increasingly rectangular. The rheological behavior is predominantly viscous
in origin as the viscous stress contribution is close to the total stress response especially at low
frequencies (Figure 5.51, right).
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Figure 5.51 Normalized elastic (left) and viscous (right) Lissajous-BowDITCH figures for PPC melts
(M,, =110 kg/mol, f_.,, = 92 mol%) in the {w-y,}-PIPKIN space. T = 140 °C. The red lines correspond to the normalized
elastic stress o’(t)/0,,,, and normalized viscous stress ¢”’(t)/0,,,,, respectively.

The non-linear moduli converge to their linear counterparts G’; and 1, from the SAOS regime
at smaller strains. In contrast, intracycle strain-stiffening is observed at y >200 % as an upturn
of the elastic stress in the LISSAJOUS-BOWDITCH plot (Figure 5.52).
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Figure 5.52 Left: LissAJous-BOwDITCH curves for PPC melt (M,, = 110 kg/mol, f.,, = 92 mol%) with total (¢) and
elastic stress (0”) as a function of the strain at various strain amplitudes from y, = 127 — 500 %. Right: Total and
viscous stress (¢”’) as a function of the strain-rate at various strain amplitudes from y, = 127 — 500 %. T = 140 °C,
w =10rad/s.

The strain-stiffening becomes more pronounced at increasing molecular weights as the melts

exhibit a stronger elastic response (Figure 5.53).
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Figure 5.53 LissAjous-BowDITCH curves for PPC melts (f.;, = 92 mol%) with total (¢) and elastic stress (¢”) as a
function of M,, at a strain amplitude of y, =316 %.

The intracycle strain-stiffening results from a deviation of the slope of the secant at minimum
strain and the tangent at maximum strain, i.e. the non-linear moduli G’y; and G’;, with increas-
ing strain amplitude (Equation 5.25). To quantify this behavior a strain-stiffening ratio S was

introduced that is defined as!®?

S=—-—*M (5.25)

The strain-stiffening ratio S describes the relative increase of the elastic modulus between zero
and maximum strain. The ratio S is higher at higher deformations and shows little to no de-

pendence on the excitation frequency (Figure 5.54, left).

In analogy to the elastic moduli, the relative intracycle change of the dynamic viscosities may
be quantified using the shear-thickening ratio T (Equation 5.26)

r-Tlu (5.26)
M

The dynamic viscosities show shear-thinning at large deformations (j, > 500 %) that is pre-
ceded by an intra-cycle shear-thickening at intermediate strains (Figure 5.54, right). The ap-
pearance of an intracycle shear-thickening prior to the strain-induced thinning is observed for
all frequencies in the range of w =0.32 - 10 rad/s. At frequencies of 0.1 rad/s no shear-thinning

is observed. The measured values for T are higher at higher frequencies.
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Figure 5.54 Contour plots of the strain-stiffening ratio S (left) and the shear-thickening ratio T (right) displayed in
the {w,y}-PIPKIN space for PPC melt (M,, = 110 kg/mol, f.,,, = 92 mol%) at 140 °C.

Polymer melts of similar M,, with a lower carbonate content (f,,;, = 80 mol%) show a compara-
ble strain dependence of S. The shear-thickening ratio T of melts with f,,,, = 80 mol% shows an
earlier onset of the intracycle shear-thickening with higher maximum values (Figure 5.55).
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Figure 5.55 Strain-stiffening ratio S (left) and shear-thickening ratio T (right) for PPC melts (M,, = 149 and
147 kg/mol) with compositions of f,,, = 92 and 80 mol% as a function of the strain amplitude y,

Differences in the non-linear viscoelastic response of PPC melts in dependence on the polymer
composition are not fully understood and require further investigations. The results indicate
more/stronger associative interactions in case of PPC melts with f,,,, = 80 mol%, compared with

PPC with higher carbonate contents.
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55 CO,/epoxide cycloaddition using indium catalysts

The research for the following chapter was conducted within a DAAD funded short-term internship at
the University of British Columbia in the group of Professor Parisa Mehrkhodavandi.

The utilization of CO, as a C;-feedstock in chemical industry has gained increasing interest in
the last decades as it is potentially abundant, non-toxic and renewable raw material.> One pos-
sible use is the spontaneous reaction with epoxides. Depending on the catalytic system (and
the reaction conditions), five-membered cyclic carbonates and/or aliphatic poly(carbonates)
are formed. Transition metal complexes as catalysts have been studied in detail, in particular
with chromium, cobalt and zinc ions. Reports on catalysts based on main group element com-
plexes mostly concern aluminum compounds.'**1% Ga(salen)X (X = Cl or N;) compounds are
reported to be inactive for the reaction of cyclohexene oxide (CHO) with CO,."” Studies on
indium-based catalysts for the coupling of epoxides with CO, are scarce.!*2! Indium catalysts
are known to be insensitive to air and moisture?”? and show a remarkable functional group
tolerance, thus, allowing catalytic transformations even in aqueous media.?”® Previous studies
on a series of dinuclear indium complexes with half-salen?*2* and salen-type ligands?!* (Fig-
ure 5.56) revealed an unprecedented combination of high activity and stereoselectivity for the
ring-opening polymerization of lactide and other cyclic esters. These results lead to the inves-
tigation of a series of indium complexes as potential catalysts for the coupling of epoxides with
CO.,.

Figure 5.56 Dinuclear In(salen) catalysts for ROP of cyclic esters, e.g. lactide.

An initial catalyst screening was performed using PO as a model substrate. The investigated
catalysts were synthesized according to literature procedures?#27210211 and range from indium
halides (InX;, X = Cl, Br or I) to a number of monomeric and dimeric indium complexes using
various ligands (Figure 5.57). Bis(triphenylphosphine)iminium chloride (PPN-Cl) was utilized
as co-catalyst. The results of the catalyst screening are displayed in Table 5.14. Indium halides
are reported to be inactive for the cycloaddition of epoxides and CO,, however, in combination
with one equivalent of PPN-Cl conversions of 26 — 28 % were obtained (Table 5.14, en-
tries 1 — 3). The type of indium halide does not seem to have a significant impact on the cata-
lytic activity. The combination of both a LEWIS acid and PPN-CI as co-catalyst, however, ap-
pears to be of importance, as the cycloaddition in the absence of either only results in low
monomer conversion rates (Table 5.17, entry 16 and Table 5.18, entry 1).
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Figure 5.57 Catalyst screening for CO,/epoxide coupling reaction.

Table 5.17 Catalytic cycloaddition of CO, and PO.

Entry Catalyst Yield® | Entry Catalyst Yield®

[%] [%]

1 InCl, 26 9 6 59

2 InBr, 29 10 7 72

3 Inl; 28 11¢ 8 98

4 1 30 12¢ 9 97

5 2 82 13 10 79

6 3 61 144 8 60

7 4 56 15¢ 9 40

8 5 24 16 - 4

Experiments were performed using the protocol for cycloaddition of epoxides and CO,. Reaction conditions:
[PO] = 4 mol/L in toluene, [cat] = 0.1 mol%, [co-cat] = 0.1 mol%, T =80 °C, p = 30 bar, t =24 h.2 For all catalysts the
selectivity towards the cyclic carbonate was > 99 %, ® isolated yield after purification, <¢=7h, 4 [PO] = 1.0 mol/L in

toluene, t =7 h.

The mononuclear In(salphen)Cl (2) shows higher conversion rates than complex 1, bearing a

salen-backbone. This finding is in agreement with previous studies?? and may be attributed
to the increased LEWIS acidity of the indium in 2. The alkoxy-bridged dimers 5 and 6 show the

same activity, possibly because of its dissociation in solution. Of all investigated catalytic sys-

tems, complexes 8 and 9 showed the highest activity, allowing complete conversion of PO
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within 7 h to form the cyclic carbonate cPC selectively. Interestingly, further experiments re-
vealed that contrasting to earlier observations, the nature of the halide affects the catalytic
properties of the utilized indium catalyst. The activity increases in the order CI" <I" <Br". The
impact of different types of co-catalyst on the cycloaddition reaction was investigated showing
the highest conversion rates with PPN-Cl as co-catalyst (Table 5.18). The impact of a co-catalyst

in such binary catalyst-systems has been subject of previous investigations.!24213

Table 5.18 Catalytic activity of 8 with various co-catalysts in the cycloaddition of CO, and PO.

Entry Co-catalyst [catl/[co-cat]  Yield 2 [%]

1 - - 0.5
2 PPN-Cl 1 60
3 TBAB 1 44
4 TBAI 1 43
5 TBAOACc 1 38

Experiments were performed using the protocol for cycloaddition of epoxides and CO,. Reaction conditions:
[PO] = 1.0 mol/L in toluene, [cat] = 0.1 mol%, T =80 °C, p =30 bar, =7 h. 2 Isolated yield.

The functional group tolerance of the used indium catalysts was screened for various epoxide
substrates (Table 5.19). The cycloaddition of most mono-substituted epoxides with CO, can be
performed with high yields of the expected products. The catalyst shows an excellent tolerance
for functional groups such as olefins, halides and alcohols. The coupling reaction of 1,2-epoxy-
7-octene and styrene oxide with CO,, however, only gave relatively low conversions, possibly
due to the negative inductive effect of the phenyl substituent, contrary to the positive polari-
zation induced by the other substituents. In addition to the mono-substituted epoxides, CHO
was investigated as substrate. The coupling reaction showed a similar behavior as for other
epoxides with sterically demanding substituents as only very low yields of the meso-cyclohex-
ene carbonate as a main product were obtained. Similar behavior is observed in the literature

for various types of metal-salen complexes.?'2
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Table 5.19 Yield for the cycloaddition of several epoxides with CO, using catalyst 8.

Epoxide Product Yield ? [%]
X
o)
0" o
VAN Ve - 91
Me

O
AH/\ Q o 70
) W
4
O

%o\/\ O\_Q /_// 93

O
/ \ o O 21

o O 88

0

™

0 O

A Lo ;
O

o

Experiments were performed using the protocol for cycloaddition of epoxides and CO,. Reaction conditions:
[PO] = 0.5 mol/L in toluene, [cat] = 0.2 mol%, T =80 °C, p = 30 bar, t = 24 h. 2 Determined by "H-NMR, ® isolated
yield.

All indium catalyst used in this study exhibit high selectivity for the formation of the cyclic
carbonates as no side product formation, i.e. poly(ether) or poly(carbonate), is observed. This
may be explained under the assumption of a rapid dissociation from the metal center followed

by ring formation. This has been proposed for similar aluminum based salen-complexes.?
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5.6 Initially active double metal cyanide catalysts

Zinc dicarboxylates are considered as industrially viable catalysts for the copolymerization of
CO, and epoxides. State-of the art are nanoscopic ZnGA catalysts prepared by the thermal
decomposition of ZnGA-alkyl amine adducts.®>¢1% Nanoscopic amine-modified ZnGA exhib-
its remarkable activities compared with older zinc dicarboxylates.” In this chapter, the syn-
thetic approach for the preparation of amine modified ZnGA catalysts is applied to another
class of industrially relevant complexes for alkoxylation, double metal cyanides (DMC). Pre-
vious studies already had shown a proof of concept.?42!> Here, the synthetic procedures were

further optimized and the obtained catalysts structurally characterized.

DMCs are a group of complexes that find application in catalytic conversions, e.g. as polymer-
ization catalysts for polycondensation of diols and diacids?'¢, the ring-opening polymerization
of epoxides as well as their co- and terpolymerization with other epoxides?'?, with CO, 21,57.147.218-
20 and with cyclic anhydrides?!-22. While showing in part excellent catalytic properties, one
major drawback of DMC catalysts is that they generally feature an induction period of un-
known length, ranging from several minutes up to hours, during which no substantial propa-
gation is observed (Figure 5.58).1%1¢ The spontaneous initiation of an exothermic polyreaction
with PO is accompanied with the development of considerable heat of reaction and therefore
comprises a serious safety issue. In addition, the overall space-time-yield is reduced. The
length of the induction period is affected by factors such as the procedure of catalyst prepara-
tion itself and the presence of water or other low molecular weight compounds like glyc-
erol.?#2%5 Up to this date, no reliable model exists that allows to predict the length of this acti-
vation step. After the induction period, the catalyst is considered active and consequently the

propagation rate accelerates.

c:é DMC catalyst )
c 2
S -7
=T -7 KOH
o
s

£ U
> .
) s
S |Induction [ -7
© | period
O r
o 7/

t [a.u.]

Figure 5.58 Exemplary comparison of conversion rates for DMC and KOH-catalyzed homopolymerization of PO.
DMC catalysts typically show an induction period of several minutes up to hours during which only low monomer
conversion is observed.

Another drawback of common DMC catalysts is that they typically exhibit low selectivities
towards CO, incorporation upon copolymerization with epoxides, hence predominantly

yielding poly(ether carbonates) with a large part of ether linkages.!6622¢
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In the following chapter an alternative synthetic pathway is offered that gives access to DMC
catalysts that feature remarkable catalytic properties for epoxide homo- and copolymerization
with CO,. The synthesis and characterization of these DMC catalysts and their use as polymer-
ization catalysts is presented. The impact of the synthetic procedure on the catalytic properties

is investigated.

5.6.1 Synthesis of amine-modified double metal cyanide catalysts

The catalytic properties of DMCs are drastically affected by the preparation method as well as
the type of starting materials.??”-2** DMC based on Zn and Co catalysts are generally prepared
by co-precipitation of an excess ZnCl, with K;[Co(CN),] in the presence of complexing agents
such as tert-BuOH.?>2 While Zn/Co-DMC catalysts are superior in their catalytic perfor-

mance, a number of other metal cyanides can be utilized as well.5$219220252,238239

Here, the new preparative approach comprises a template-controlled synthesis using long-
chain n-alkyl amines as surfactant/structure-directing agent and Zn(NO), as a source for Zn*".
In a first step, the catalytic precursor is formed that yields the active catalytic species upon

thermal treatment and partial removal of the amine (Figure 5.59).

+ DMC-amine adduct
EtOH/H,0, rt
RNH, EtOH/H0. it Zn;[Co(CN)gl,* 8 RNH, *y Zn(NO3), * z H,0
+
K3[Co(CN)gl ac

V
Activation lA T

Zn3[CO(CN)6]2 X RNH2' Yy Zn(NO3)2 4 H20
initial active DMC catalyst

Figure 5.59 Scheme for the preparation of Co/Zn-DMC-alkyl amine catalysts.

The synthesis of catalytic precursors was performed by co-precipitation procedure using n-
alkyl amines (C12 — C18). The synthesis of the catalyst precursors was carried out in different
ethanol/water mixtures to overcome the poor miscibility of the amines with water. Precursors
prepared from 14/86 (EtOH/H,O, v/v) mixtures show superior activities after thermal treat-
ment (Chapter 5.6.3 and 5.6.4). Moreover, thorough work-up of the catalytic precursor proved
to be crucial, as traces of side products (mainly potassium nitrate) drastically decrease the cat-
alytic activity (vide infra).** The catalytic precursors were structurally characterized by means
of elemental analysis (EA; Table 5.20), FTIR, XRD and SEM. According to EA, the catalytic
precursors contain an excess of Zn over Co, i.e. 2.0 > Zn/Co > 1.5. Hence, the following struc-
tural formula is proposed for the DMC-amine adducts: Zn;[Co(CN)], - 2 NH,(CH,),CH; - b
Zn(NO;), - ¢ H,O. All samples contain traces of KNO; as a main impurity.

80



Results and discussion

Table 5.20 Elemental composition of Zn/Co-DMC-amine adducts. Values in parentheses are theoretical values cal-
culated for Zn,;[Co(CN)], - a NH,(CH,),CH, - b Zn(NO,), - ¢ H,O withn =12 - 18.

Amine C H N (@) Zn Co K Zn/Co a b c

[wt.%] Amine Zn(NO;), H,O

C12 58.4 9.9 134 26 103 53 0.08 1.76 8 0.49 0.5
(58.5) (9.9) (13.3) (2.6) (10.4) (5.3) (0.07)

C14 60.3 10.1 12.2 3.1 9.3 4.8 0.14 1.74 8 0.46 1.7
(60.5) (10.3) (12.0) (3.1) (9.2) (4.8) (0.14)

Cl6 62.8 10.6 10.9 2.7 8.4 4.4 0.19 1.70 8 0.38 1.9
(62.8) (10.7) (10.9) (2.7) (8.3) (4.4) (0.19)

C18 643 109 101 3.0 7.9 39 0.04 1.83 8 0.63 1.7

(63.8) (10.8) (10.2) (3.0) (8.1) (4.0) (0.04)

The amines are believed is to be chemically integrated into the Zn/Co-complex as they are not
removed during workup (washing) with ethanol. This is further verified by a shift of the N-H
stretching vibrations in the FTIR spectra as result of the coordination of the amine-entities
(Figure 5.60). The spectra show characteristic absorptions at 2916 and 2849 cm™ and 1467 cm™
that can be attributed to CH-stretching and CH-deformation vibrations, respectively. The CN-
absorption at 2145 cm™ is blue-shifted relative to the absorptions of K;[Co(CN),] as result of
the complexation to Zn®. After the thermal treatment the CN-stretching vibration is further
blue-shifted to 2189 cm™.
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Figure 5.60 FTIR spectra of K;[Co(CN)] (blue), octadecylamine (ODA) (grey), the DMC-ODA adduct (black) and
of the activated catalyst (red).

The catalytic precursors and activated catalysts were further analyzed by means of powder
XRD (Figure 5.61). The crystallinity was not quantified on account of missing data for the heat
of fusion of Zn/Co-DMC complexes; the analysis thus is only qualitative. The DMC catalysts
are semicrystalline/amorphous with neither the DMC-amine adduct, nor the activated DMC
catalyst showing typical sharp reflexes for crystalline Zn;[Co(CN),], at20 =17.5 °,24.8 ©, 35.3 ©
and 39.5 °.2 The amine-adducts, however, show broad reflexes around 21.2 ° that appear to
broaden with increasing amine chain length. The catalysts precursors show reflexes character-

istic for layered structures, i.e. reflections of successive d-planes (Figure 5.61, left). The
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corresponding d-spacings increase linearly with increasing chain lengths of the amine. These
observations are reminiscent of comparable Zn-alkyl amine adducts, reported in the litera-

ture.67.241
DMC-amine adduct DMC catalyst

c12

_ c12

5 5

5, C14 S,

> > C14

s =

(72}

c 2

= C16 g

= e S| cie
c18 c1s

5 10 15 20 25 5 10 15 20 25
20 [°] 20 [°]

Figure 5.61 Left: X-ray powder diffractogram of the DMC-amine adducts with different chain lengths, prior to
thermal treatment. Right: Diffractogram of the activated DMC catalysts modified with amine with chain lengths

from C12 to C18.

After thermal treatment, the degree of crystallinity increases with the parent-amines chain
length (Figure 5.61, right and 5.62). While the C12 and C14-amine containing samples show
only broad melting peaks, the C16 and C18-amine based catalysts have multiple discrete melt-
ing peaks. This is opposed to the properties of the DMC-amine adducts before thermal treat-

ment. It appears that less crystalline adducts are more easily transferred into (more crystalline)

catalytic species in the transformation.

—

eXo0

parent-amine
C12
—C14
——Cl16
—C18
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Figure 5.62 DSC trace of the thermally treated DMC catalysts with different amine chain lengths (N,, heating
rate = 10 K/min).

The thermal treatment of the DMC-amine adducts can be understood as a conversion of the
precursors followed by a distillative removal of parts of the amine. The amine is not removed
entirely during this step even upon increasing the temperature. Instead, EA (Table 5.21) and
FTIR (Figure 5.60) indicate residues of n-alkyl amines in the formed catalyst.
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Table 5.21 Elemental composition of the thermally treated Zn/Co-DMCs. Values in parentheses are theoretical val-
ues calculated for Zn,[Co(CN),], - a NH,(CH,),,CH; - b Zn(NO,), - ¢ H,O.

Amine C H N (@) Zn Co K Zn/Co a b c
[wt.%] Amine Zn(NO;), H,O
C12 43.0 6.2 18.1 4.0 19.0 9.8 0.09 1.76 2.58 0.49 0
(429) (58) (182) (40) (19.1) (92) (0.10)
C14 43.8 6.3 17.6 49 17.8 9.5 0.15 1.69 2.40 0.35 1.5
(44.3) (6.3) (17.1) (4.8 (17.8) (9.5 (0.13)
Cl6 43.8 6.0 17.7 3.7 18.7 9.8 0.34 1.71 1.95 0.4 0
(43.8) (58) (17.6) (3.6) (189) (10.0) (0.33)
C18 50.9 7.4 14.9 2.6 16.2 7.8 0.09 1.87 3.00 0.73 0

(50.2) (75) (14.6) (45) (15.6) (7.5  (0.07)

The catalysts form plate-shaped particles, which are found to build larger aggregates. The in-
dividual plates have varying sizes of several hundred nm. The resulting particle sizes are not
significantly affected neither by the solvent composition during synthesis, nor by the thermal

treatment (Figure 5.63).
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Figure 5.63 SEM image of DMC-ODA adduct prior to thermal treatment (left) and DMC catalyst after catalyst acti-
vation (right).

The synthetic pathway of preparing a catalyst-amine adduct in a first step and subsequently
activating this precursor is a versatile procedure that can be expanded to other types of cata-
lysts. Instead of K;[Co(CN),] other cyanide-containing precursors such as K;[Fe(CN),] and
K,[Fe(CN)]** and even dicarboxylic acids®!® can be utilized as ligands giving access to Co-
free catalysts.

5.6.2 Online-reaction monitoring and kinetic studies of DMC catalysts

The propoxylation experiments were online-monitored by means of in-situ FTIR-spectroscopy
and offline analyzed by SEC. Purpose of the online-monitoring is to track the PO-concentration
throughout the polymerization process. Accumulation of PO is highly undesired and needs to
be prevented for safety reasons. Furthermore, the tracking of the instantaneous PO-conversion
allows kinetic studies of the used catalyst. FTIR-monitoring requires the determination of a
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suitable regression model. A correlation was obtained by dilution of the final product with
PO, i.e. the autoclave was charged with the final product and PO was fed stepwise to simulate
higher concentration of monomer that would be corresponding to decreasing conversions. The
spectral changes of the entire spectral area upon PO-addition are displayed in Figure 5.64. At
higher PO-concentrations, the absorption of the ring vibration of PO at 828 cm™ increases
whereas the C-O-stretching vibration of the PPG at 1100 cm™ decreases.
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Figure 5.64 FTIR spectra of the reaction mixture at various conversions (T = 125 °C).

A multivariate data analysis was performed using The Unscrambler® X to generate a PLS re-
gression model from the spectra. The impact of different data pretreatment methods was stud-
ied by their root-mean squared errors (RMSE). The results reveal that a standard normal vari-

ate transformation (SNV) leads to the highest prediction accuracies (Table 5.22).

Table 5.22 RMSE for regression models using different data pretreatment options.

Data pretreatment RMSE

- 0.69
Baseline 0.66
SNV 0.13

SNV + baseline 1.12

The model comprises two factors of which the first one (factor 1) covers 99 % of the spectral
changes as a function of the conversion (Figure 5.65). A second factor was taken into the model

to further improve the accuracy.
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Figure 5.65 Scores-plot for two factors.

The regression model was validated by plotting the predicted against the actual conversion
(Figure 5.66). The plot shows the excellent accuracy of the obtained PLS model (R? > 0.999),
thus, allowing to track the instantaneous monomer conversion throughout the polymerization
process.
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Figure 5.66 Predicted Xro using the generated PLS model and actual Xpg, (R?>0.999).

The obtained calibration model was then used to monitor the propoxylation reactions. The
FTIR-spectra for an exemplary polymerization are displayed in Figure 5.69 (Chapter 5.6.3). At
initial stages, an increase in the absorption at 828 cm™ is observed, followed by a rapid de-
crease. This corresponds to the addition of initial amount of PO and its subsequent consump-
tion as the catalyst is activated. Following the catalysts activation, no further changes are ob-
served in the FTIR-spectra. Using the PLS model, the monomer conversion was calculated. For
all propoxylation reactions, conducted in a semi-batch mode, instantaneous conversions of
Xpo > 98 (£2)% were observed throughout the entire reaction, i.e. the monomer does not accu-

mulate but is consumed instantaneously.

The chain growth of the propoxylation reaction can be described by the following equation
P +PO—2 P (5.27)
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with the active growing chain P, and the rate constant of propagation k... The propagation rate
1, thus can be expressed by the following rate law

r, = —@ =k“[PO]  with k'=k, -[P'] (5.28)
with k" being the observed rate constant, defined as the product of the rate constant of propa-
gation and the concentration of growing chain ends [P"] (= [OH]). The total number of chains
is assumed to be constant. Integration of the rate law (Equation 5.28) yields an exponential
dependence of the propoxylation reaction with time that may be linearized in form of Equa-
tion 5.29.

In[PO] =k ¢ + In[POY, (5.29)

Once the induction period is finished, i.e. the DMC catalyst is activated and the initial amount
of PO is consumed, PO is fed stepwise into the reactor in pulses (feeding rate = 25 mL/min).
The pulses need to be small compared to the overall volume to ensure about isothermal con-
ditions. This method can also be used investigate the reaction kinetics as a function of the tem-
perature using the ARRHENIUS approach, giving access to activation energies. The monomer

depletion over time can be used to determine the rate constants according to Equation 5.29

(Figure 5.67).
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Figure 5.67 Determination of net rate constants from the PO conversion in time.

According to the model (Equation 5.28), the rate constants are a function of the concentration
of the OH-groups [OH]. Latter need to be recalculated everytime a pulse of PO has been added.
This method allows to rank the action of different DMC catalyst samples by their normalized

net rate constants k,,.
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5.6.3 Homopolymerization of epoxides

The thermally activated DMCs were investigated regarding their catalytic properties for epox-
ide homopolymerizations. All catalysts proved to be active for propoxylation reactions (Ta-
ble 5.23). The catalytic performance of the prepared catalysts was initially screened by batch
polymerizations at low temperatures (T =70 °C). As displayed in Table 5.20, DMC18 (14/86),
prepared from ODA in 14/86 ethanol/water mixture (v/v), shows the highest activity. Thor-
ough purification of the DMC-ODA adducts proved to be crucial in order to remove traces of
K*, which affect the catalytic properties of the final DMC complexes (Table 5.23 and 5.24).14423
The polymerization experiments were monitored in-situ FTIR-spectroscopy and offline by

means of SEC.

Thermal activation of the DMC-amine adducts yields DMC-type catalysts with unique prop-
erties. All amine-modified catalysts are initial active upon contact with PO (Figure 5.68) with
one exception showing an induction time <1 min. In contrast to what is typically observed for
DMC catalysts, this new type of complexes does not show an induction period after addition
of PO. Instead, the polymerization initiates spontaneously, even at temperatures as low as
70 °C. This unique feature represents a major improvement in terms of safety as the exothermic
temperature peak caused by the initiation of the polyreaction can be controlled. The absence
of an induction period furthermore improves the overall space-time-yields as the downtime
of the reactor during the induction period is reduced. Several hypotheses may be built for the
absence of an activation period. The induction period is commonly associated with reactions
at the surface that lead to the coordination and thus with the activation of PO. In case of the
amine-functionalized, chloride free DMC of this study, nucleophilic ring-opening of PO pro-
ceeds with a small activation energy. The underlying grounds may be related to the absence
of coordination entities, like the commonly used t-Bu-OH or chloride, or the hydrophobicity
of the alkyl amines or else. This needs detailed investigations that are not a topic in this work.
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Figure 5.68 Free monomer concentration [PO] during a propoxylation reaction at T =120 °C using DMC18 (14/86).
The catalyst is suspended in PPG2000, subsequently a pulse of PO is added.
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Table 5.23 Catalyst screening for the PO batch homopolymerization.

Entry Catalyst » EtOH/H,O TOF ¢t 4uction ¢
(v/v) work-up®  [h7] [min]
1 DMC18 (100/0) 0/100 995 0
2 DMC18 (50/50) 0/100 1065 0
3 DMC18 (14/86) 0/100 1599 0
4 DMC18 (14/86) 14/86 1503 0
5 DMC18 (14/86) 33/67 1239 0
6 DMC18 (14/86) 50/50 1151 <1
7 DMC18 (0/100) 0/100 799 0

Experiments were performed using protocol for PO batch homopolymerizations. No CTA was utilized. Reaction
conditions: T=70 °C, t =4 h, V(PO) = 50 mL, m(DMC) = 25 mg. @ values in parentheses indicate ethanol/water ratio
used for the preparation of the catalytic precursor,  ethanol/water ratio used for the work-up of the catalytic pre-
cursor, © in [gppc/(8z, - )], ¢ determined from the temperature increase at the spontaneous onset of the exothermic
polymerization.

The homopolymerization of PO was carried out in the presence of PPG (M, = 2 kg/mol) as
CTA. The DMC catalyst was charged to the autoclave and dried in vacuo at 100 °C. Subse-
quently, PO was added at a constant rate of 0.94 mL/min over a period of 18 h. The propoxy-
lation was conducted in a starvation reaction mode, i.e. the instantaneous PO conversion

Xpo was regularly at 98 + 2% (Figure 5.69).
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Figure 5.69 Left: Online-reaction monitoring of PO semi-batch homopolymerization using in-situ FTIR spectros-
copy. Right: Instantaneous PO conversion Xp, and reaction temperature during the propoxylation reaction under
continuous addition of PO. The initial drop in PO conversion is due to the build-up of the catalytic activity at early
reaction stages. The instantaneous onset of the polymerization results in the increase in reaction temperature. The
grey highlighted area marks the post-reaction where the monomer addition is finished, and residual PO is con-
sumed.

SEC analysis of aliquots taken throughout the reaction allows to monitor the molecular weight
development (Figure 5.70). The results show, that narrowly distributed polymers with
PDI < 1.2 are obtained until a molecular weight of M, = 10 kg/mol is reached. The molecular
weight distributions show a shoulder at low molecular weights. The fact, that the shoulder is
present from the early reaction stages and that its weight fraction is not changing regardless

of the monomer conversion, indicate that it does not result from PO-isomerization and the

88



Results and discussion

formation of unsaturated chain ends as typically observed for KOH catalysis'®. Instead, the
appearance of the shoulder in the SEC may be attributed to further moieties that act as co-
initiators. Such co-initiated poly(ether) polyols might be useful for certain applications, e.g. for

foaming with non-chlorofluoro-carbons.?#
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Figure 5.70 Left: Molecular weight distributions at different reaction stages. The values for X, displayed correlate
to the total amount of PO that is fed during the entire reaction. Right: M, M,, and PDI as a function of the reaction
time. PO was fed over 18 h at a constant rate (0.94 mL/min). The dashed line marks the onset of the broadening of
the molecular weight distribution due to the formation of a high-molecular weight tail.

When continuing the addition of monomer at molecular weights of M, > 10 kg/mol, a high
molecular weight tail is formed (Figure 5.70). At early reaction stages, the ring-opening of PO
appears to be rate-limiting, i.e. the chain transfer reaction is faster than the propoxylation re-
action. Consequently, a narrow molecular weight distribution is observed. This observation is
in agreement with kinetic experiments conducted by STAHL giving an apparent activation en-
=79 kJ/mol.?8 E, ,,, was determined for the most active catalyst, DMC18 (14/86).

The activation energy is in the range of a molecular reaction indicating that the ring-opening

ergy of E, ..,
is indeed rate determining. At higher molecular weights however, the viscosity of the reaction
medium increases as chains are starting to entangle. The diffusion of the growing chains be-
comes limited and thereby slower than the propoxylation reaction. In addition, the intermix-
ing of the reaction medium, i.e. the dissolution of the fed PO, might be hampered leading to
an increased formation of high-molecular weight species. The formation of the high-molecular

weight tail thus appears to promote its own formation.

5.6.4 Copolymerization of PO and CO,

The reaction of epoxides with CO, attracts increasing attention since the 1970s with regard to

the on-going environmental pollution caused by humans. Indeed, recent products under the
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trade name cardyon™ are commercially available after the pioneering work of PAC polymers
(now empower materials with product name QPACs). Former products are copolymers of PO
and CO, obtained under the action of DMC catalysts.? The selectivity of DMC catalysts to-
wards CO,-incorporation is usually limited giving access to poly(ether carbonates), rather than

alternating poly(carbonates).

The amine-modified DMC catalysts were probed for the copolymerization of PO with CO,.
Interestingly, it was found, that the thermally activated amine-modified DMC catalysts show
high CO, incorporation in comparison to the action of many reported DMCs. The CO, content
of the obtained products with f,,, of about 88 mol% is a similar range as found for zinc dicar-
boxylates and represents one of the highest values reported for DMC-catalyzed PPC (Fig-
ure 5.71). The solvent composition during the preparation as well as the work-up of the cata-
lytic precursor is significantly affecting the activity of the corresponding DMC catalyst (Ta-
ble 5.24). It appears, that a certain amount of ethanol is required to sufficiently dissolve the
alkyl amines during the catalytic precursor synthesis. In agreement with above mentioned re-
sults, thorough purification of the DMC-amine adducts is crucial to further improve the DMCs
catalytic performance as traces of K* are known to deactivate the catalyst.

Table 5.24 PO/CO, copolymerizations using DMC catalysts prepared from different EEOH/H,O mixtures and pu-
rified using different solvent mixtures.

Entry Catalyst P EtOH/H,O (v/v) TOF ¢ feamn© ferc® M,/M,f PDI
work-up ¢ [h]  [mol%] [mol%] [kg/moll [-]
1 DMC18 (100/0) 0/100 279 75.0 6.1 n.d. n.d.
2 DMC18 (50/50) 0/100 262 72.2 6.5 23/139 6.0
3 DMC18 (14/86) 0/100 772 83.9 8.0 40/97 24
4 DMC18 (14/86) 14/86 679 81.9 8.1 33/79 24
5 DMC18 (14/86) 33/67 486 80.4 6.8 27/68 25
7 DMC18 (0/100) 0/100 570 88.2 6.1 35/71 2.0
8 DMC18 (14/86) 0/100 100 51.2 5.7 3.6/29 8.18
adduct?

Experiments were performed using the standard protocol for PO/CO, copolymerizations. Reaction conditions:
T=60 °C, p=30bar, t=4h, V(PO) = 50 mL, m(DMC) = 50 mg. @ DMC-amine adduct prior to thermal activation,
b values in parentheses indicate ethanol/water ratio used for the preparation of the catalytic precursor, ¢ ethanol/wa-
ter ratio used for the work-up of the catalytic precursor, ¢in [gppc/(82, - h)], © determined by 'H-NMR from the crude
product, f determined by SEC in THF against PS standards, 8 bimodal distribution.

The CO,-selectivity increases with the length of the utilized parent amine with the ODA-mod-
ified DMC giving PPC with the highest f.,.,. The parent-amine chain length effects the catalytic
activity of the complexes (Table 5.25). The catalytic activity appears to correlate with the cata-
lysts crystallinity and increases in the order DMC-C12 < DMC-C14 < DMC-C16 ~ DMC-C18.
While all catalysts are semicrystalline, it was observed higher crystallinities result in catalysts
with higher activities. Consequently, increasing the amine chain length even further may be
expected to yield more active catalysts. However, using C20 and longer amines is challenging
as they become increasingly difficult to remove via distillation without decomposition and the

formation of undesired side products. The impact of the crystallinity of the DMC complexes
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on the catalytic activity was also observed for the action of DMCs in propoxylation reac-

tion.231,233

Table 5.25 PO/CO, copolymerization using DMC catalysts with different parent amines

Entry 2 Parent- TOF ¢ fearn @ fercd M,/M,¢ PDI
amine® [h']  [mol%] [mol%] [kg/mol] [-]

DMC12 (14/86)  C12 261 66.3 8.4 n.d. n.d.
DMC14 (14/86)  Cl4 470 69.5 12.0 n.d. n.d.
DMC16 (14/86)  C16 738 82.9 8.1 n.d. n.d.
DMC18 (14/86)  C18 772 83.9 8.0 40/97 2.4

Experiments were performed using the standard protocol for PO/CO, copolymerizations. All catalyst precursors
were purified using demineralized water only. Reaction conditions: T = 60 °C, p = 30 bar, t =4 h, V(PO) = 50 mL,
m(Cat) = 50 mg. @ Values in parentheses indicate ethanol/water ratio used for the preparation of the catalytic pre-
cursor, ® parent amine used for the synthesis of the catalytic precursor, ©in [gppc/(g2, - h)], ¢ determined by "H-NMR
from the crude product, ¢ determined by SEC in THF against PS standards.

The PO/CO,-copolymerization was also performed at varying CO,-partial pressures (Ta-
ble 5.22). The catalyst activity and the resulting product composition regarding carbonate vs
ether linkages can be tailored by adjusting the reaction conditions. A similar behavior is ob-
served for ZnGA (Chapter 5.1) and displays the importance of the feed.'” This feature gives
access to poly(carbonates) with tunable polymer composition and thus allows to tailor the re-

sulting material properties as a function of £,
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Figure 5.72 Copolymer composition f,, for DMC18 (14/86) and other DMC catalysts reported in the literature-
58,143-147,166,218,220,226,234,244-246_ The composition of the feed x(CO,) was calculated from the solubility data of PO in CO,
reported in literature."”

At early reaction stages, i.e. for low productivities, relatively broad molecular weight distribu-
tions are observed (PDI > 6.0; Table 5.24). However, the polydispersities of the final products

are decreasing with higher conversions, approaching values of PDI = 2.
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Table 5.26 PO/CO, copolymerization using DMC18 (14/86).

Entry p TOF:  f.b fec®  M,/M,< PDI
[bar] [h1]  [mol%] [mol%l [kg/moll [-]

1 5 584 51.2 17.9 38/115 3.0

2 10 678 67.1 193 38/105 2.8

3 15 767 74.9 12.1 36/97 2.7

4 30 768 83.9 8.0 40/97 24

5 40 905 86.7 7.1 50/112 2.2

Experiments were performed using the standard protocol for PO/CO, copolymerizations. Reaction conditions:
T=60 °C, t =4 h, V(PO) = 50 mL, m(Cat) = 50 mg. 2 in [gppc/(gz, - h)], P determined by 'H-NMR spectroscopy,
¢ determined by SEC in THF against PS standards.

The synthetic pathway of forming a DMC-amine adduct in a first step and subsequently acti-
vating the adduct by a reactive distillation procedure is a versatile tool for the preparation of
heterogeneous catalysts for alkoxylation with PO. The preparation of amine-modified hetero-
geneous catalysts is considered a promising toolbox for the preparation of new classes of cat-

alysts.
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6 EXPERIMENTAL DETAILS

6.1 Materials

All moisture and air-sensitive materials were handled under inert atmosphere. The materials
were used as received. 1,2-Epoxy-7-octene (97% purity, Sigma Aldrich), allyl glycidyl ether
(>99% purity, Sigma Aldrich), epichlorohydrin (>99% purity, Sigma Aldrich), glycidol (96%
purity, Sigma Aldrich), cyclohexene oxide (98% purity, Sigma Aldrich) and styrene oxide (97%
purity, Sigma Aldrich) were distilled over CaH, prior to usage. Propylene oxide (99.9%, GHC
Gerling, Holz & Co) and CO, (99.995%, Linde Gas) were used for the polymerizations as re-
ceived. 2,2-bis(4-hydroxyphenyl) propane (BPA, 97%, Sigma Aldrich), 4,4’-sulfonyl diphenol
(BPS, 99%, Abcr Chemicals), 2,2-bis(4-hydroxyphenyl) hexafluoro propane (BPAF, 99%, Abcr
Chemicals), 4,4'-methylene bis(2,6-dimethylphenol) (MBDMP, 98%, Abcr Chemicals) were
dried in vacuo prior to usage. 2-Phenoxyethanol (99%, Sigma Aldrich) was distilled and stored
over molecular sieves (4 A). ZnGA was synthesized as previously reported.’?” Alkoxylated
BPA-derivates (HEBPA and HPBPA) and 4,4’,4”-Trihydroxyltriphenylmethane (THTPM)

were synthesized according to the literature.?#7-2#

6.2 Synthesis of amine-modified DMC catalysts

The synthesis of alkyl amine-modified Zn/Co-DMC catalysts was performed following an
adapted literature procedure.?’> The synthesis of the DMC-amine-adducts was conducted in
different ethanol/water-mixtures (Table 6.1).

Table 6.1 Reaction conditions for the synthesis of amine-modified DMC catalysts.

Catalyst Parent amine EtOH/H,O (v/v) EtOH/H,O (v/v)
synthesis work-up
DMCI12 (14/86)  Dodecylamine (C12) 14/86 0/100
DMC14 (14/86) Tetradecylamine (C14) 14/86 0/100
DMC16 (14/86) Hexadecylamine (C16) 14/86 0/100
DMC18 (100/0)  Octadecylamine (C18) 100/0 0/100
DMC18 (50/50)  Octadecylamine (C18) 50/50 0/100
DMC18 (14/86)  Octadecylamine (C18) 14/86 14/86
Octadecylamine (C18) 14/86 33/67
Octadecylamine (C18) 14/86 50/50
Octadecylamine (C18) 14/86 0/100
DMC18 (0/100)  Octadecylamine (C18) 0/100 0/100

In a 1-L-glass reactor equipped with a paravisc impeller, the corresponding alkyl amine
(125 mmol) was slowly suspended in ethanol under vigorous stirring. After 30 min, distilled
water was added dropwise over a period of 2 h. Subsequently, Zn(NO;), - 6 H,O (16.8 g,

57 mmol) was added and the viscous suspension was stirred for 30 min. After the addition of
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K;5[Co(CN)g] (11.9 g, 36 mmol), the reaction mixture was stirred for 20 h. The addition of the
zinc and the cobalt salts are accompanied with a drastic increase in viscosity. Thorough stirring
of the reaction mixture is crucial to obtain homogeneous products. The resulting suspension
was centrifuged for 10 min at 10 °C (4000 rpm). The supernatant was discarded, and the resi-
due washed with 1.5 L water and centrifuged three times. The residue was dried in vacuo to a
constant weight to yield DMC-amine adduct (ca. 96 % yield) as a white powder. The amine
adduct was milled and the ODA was removed under reduced pressure (102 mbar) at 135 °C
for 72 h to yield the active catalyst as an off-white to pale pink solid.

6.3  Synthesis of indium complexes

The ligands for complexes 1 — 4 and 7 (Chapter 5.5, Figure 5.57) as well as the corresponding

indium halide complexes were prepared as previously reported.202204205210211,250-252

Catalyst 2 was prepared according to the following procedure. A solution of N,N’-bis(3,5-di-
tert-butylsalicylidene)-1,2-phenylene diamine (200 mg, 0.37 mmol) in toluene was added to a
suspension of benzyl potassium (101 mg, 0.78 mmol) in toluene. The red suspension was
stirred at room temperature overnight. The solvent was removed in vacuo. The residue was
dissolved in THF and added to a suspension of InCl; (81.8 mg, 0.37 mmol) and stirred over-
night. The reaction mixture was filtrated to remove solids and washed with cold hexane. The
residue was dissolved in a minimal amount of toluene, filtered and dried in vacuo to yield

complex 2 (Chapter 5.5, Figure 5.57) (149 mg, 59 %) as an orange solid.

1H-NMR (CDCl,, 25 °C, 400 MHz): 6 [ppm] = 8.82 (s, 2H, HC=N), 7.76 — 7.69 (m, 2H, C,....-H),
7.61 (d, Juus = 2.5 Hz, 2H, C,,i-H), 7.48 = 7.42 (m, 2H, C,ron-H), 7.12 (d, 2H, Yy = 2.5 Hz, C,o-
H), 1.55 (s, 18 H, C(CH,),), 1.35 (s, 18 H, C(CH,),)

6.4 Homopolymerization of PO

Batch polymerization

Polymerization experiments were carried out in 300 mL stainless steel autoclaves (Parr Instru-
ments Company, Series 4560 Mini Reactors) equipped with 4-bladed propeller stirrers. The
reactor was typically loaded with a 25 mg of DMC catalyst, sealed and evacuated to remove
all volatiles. After pressurizing with 10 bars of argon, PO was added (50 mL, 0.71 mol) with
an HPLC pump (Bischoff Chromatography, HPD Multitherm 200). Subsequently, the reactor
was heated to 70 °C. Polymerization was terminated by cooling the reactor to room tempera-

ture, releasing the pressure and degassing to remove residual PO.

Semi-batch polymerization

A 2-L-stainless steel autoclave (Parr Instruments Company, Series 4520) was charged with the
chain transfer agent and the DMC catalyst. The reactor was sealed, evacuated and heated up
to 115 °C for 1 h. Subsequently, the autoclave was pressurized with 6 bar argon and 25 mL PO
were added using a HPLC pump (0.83 mL/min). After several minutes, a rapid increase in

temperature indicates the activation of the catalyst. After complete consumption of the initial
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amount of monomer, the polymerization temperature was increased to 125 °C and the residual
PO was added with the desired feeding rate. The monomer consumption was monitored using
ReactIR™ 45 FTIR equipped with a flexible probe, having a diamond window. Spectra were
recorded every 60 seconds in the range of v = 650 — 2000 cm™ with a resolution of 4 cm™. After
certain intervals aliquots were taken by means of a rising pipe. When the monomer addition
was completed, the reaction mixture was stirred for 3 h at 125 °C to ensure the conversion of
residual PO. The reactor was cooled to ambient temperature and depressurized. The crude
PPG was dried in vacuo at 50 °C for 2 days.

Calibration of the ReactIR
The FTIR-probe was calibrated by dilution of the final product with monomer. A 2-L-stainless

steel autoclave was charged with 250 g of PPG2000 and heated to 120 °C under vacuum for
1 h. Subsequently, the reactor was pressurized with 6 bar argon and five IR spectra were rec-
orded. A defined amount of PO was added using a HPLC pump to simulate a decreased con-
version. After 5 min of equilibration, again five IR spectra were recorded. The addition of PO
and the sampling of the IR spectra were recorded until a theoretical conversion of 60 % was
achieved (Table 6.2)

Table 6.2 Stepwise addition of PO to simulate decreasing conversions Xpo. m(PPG2000) =250 g.

V(PO)[mL] Xpo [%]

0 100

6.2 98
12.6 96
19.3 94
26.3 92
33.6 90
53.3 85
75.5 80
100.7 75
129.4 70
162.6 60

6.5 Copolymerization of PO and CO,

Standard protocol
Copolymerization experiments were carried out in 300 mL stainless steel autoclaves (Parr In-

struments Company, Series 4560 Mini Reactors) equipped with 4-bladed propeller stirrers. The
reactor was typically loaded with a defined amount of ZnGA or DMC catalyst (and a CTA),
sealed and evacuated to remove all volatiles. After pressurizing with 10 bars of CO,, PO was
added (50 mL, 0.71 mol) with an HPLC pump (Bischoff Chromatography, HPD Multitherm
200). Subsequently, the reactor was heated to the desired temperature, and the pressure was
adjusted to the target pressure. The pressure was kept constant with a feed of CO, gas, the
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uptake was monitored by means of a mass flow controller. The copolymerization was termi-
nated by cooling the reactor to room temperature, releasing the pressure and degassing to
remove residual PO. The resulting crude product was dissolved in acetone and precipitated
in water or methanol repeatedly, to remove cPC. Polymer samples were dried in vacuo at 50 °C

to a constant weight.

Two stage copolymerization

Copolymerizations with two reaction stages were performed in a similar manner. After the
first 4 h of reaction (T =60 °C, p = 30 bar), the pressure was partially released and adjusted to
the desired target pressure (2.5 to 10 bar). The reaction temperature was adjusted to 60 - 100 °C,
respectively and kept at that level for 2 — 19 h. The copolymerization was terminated by cooling
to room temperature, releasing the pressure and degassing to remove surplus PO. The result-
ing crude product was dissolved in acetone and precipitated repeatedly in methanol to remove
the cyclic carbonate. The purified samples were dried in a dynamic vacuum to constant

weight.

Online-monitoring

Experiments with in-situ FTIR-monitoring were performed in a 2 L stainless steel autoclave
(Parr Instruments Company, Series 4520) equipped with an anchor agitator. The reactor was
loaded with catalyst and the specific amount of CTA, evacuated and heated to the desired
temperature. Subsequently, the reactor was pressurized with 30 bars of CO, and PO was
added by means of an HPLC pump (Bischoff Chromatography, HPD Multitherm 200). The
reaction progress was monitored using a ReactIR™ 45 FTIR equipped with a flexible probe
having a diamond window. Spectra were recorded every 60 seconds in the range of v = 650 -

2000 cm™! with a resolution of 4 cm.

6.6 Cycloaddition of epoxides and CO,

The reactions were carried out in 25 mL and 75 mL stainless steel autoclaves (Parr Instrument
Company) equipped with 4-bladed propeller stirrers. In a typical experiment, the reactor ves-
sel was loaded with the catalyst, co-catalyst and the epoxide as well as toluene as solvent inside
of a glove box. The reaction mixture was purged with CO, for 30 seconds and then pressurized
with 15 bar of CO,. The mixture was swiftly heated to the desired temperature, after which the
pressure was adjusted to the target pressure. The experiments were terminated by cooling to
room temperature, releasing the pressure and removing any volatiles. The crude product was
analyzed by means of "H-NMR and FTIR spectroscopy. The products were dissolved in meth-
anol and syringe-filtered. The final products were obtained by removing all volatiles in a dy-

namic vacuum.
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6.7 Material characterization

"H-NMR
Product distribution and polymer composition were determined from '"H NMR spectra. The
spectra were recorded on a Bruker Avance Ultrashield-400 spectrometer in CDCl; at room

temperature using tetramethylsilane as a reference.

BC-NMR
The regioregularity of the polymers was determined from “C-IGATED-NMR spectra
(2 000 scans).

FTIR spectroscopy

FTIR spectra were collected on a Thermo Scientific Nicolet iS10 FT-IR spectrometer in a range

from 400-4000 cm™ and a resolution of 0.5 cm™.

DSC

DSC measurements were conducted on a Mettler-Toledo DSC 1. Polymer samples were sub-
jected to a temperature cycles from -80°C to 120 °C under N, atmosphere (heating
rate = 10 K/min). The glass transition temperature was determined from the second heating

cycle. Catalyst samples were analyzed from -80 °C to 180 °C

SEM

Powder samples where coated with carbon and inspected with a LEO Gemini 1525 Scanning

Electron Microscope operated at 5.0 kV.

XRD

Powder XRD measurements were conducted on a STOE Stadi P Diffractometer in a range of
2 -90 ° using Cu K, irradiation (A = 1.54 A).

Elemental Analysis

Carbon, Hydrogen, and Nitrogen contents were measured on a Euro EA elemental analyzer.
Oxygen content was measured on a HEKATech HT Oxygen Analyzer. The Combustions Gases
where quantified by GC with a thermal conductivity detector

Thermal stability

For the investigation of the thermal depolymerization, the purified polymer was heated at
180 °C for 1 h under Ar atmosphere. The backbiting reaction was monitored using '"H NMR

spectroscopy.

SEC

Molecular weight distributions were obtained using SEC (Flom Intelligent pump AIl12,
Schambek SFD RI2012 detector and HP 1050 series UV/Vis detector (A = 256 nm), using a MZ-
gel SDplus linear column (5 pm, 300 x 8 mm) with tetrahydrofuran as eluent. The values given

are relative to monodisperse PS standards (Agilent).
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Rheometry

Rheological experiments were performed on a DHR-2 combined motor-transducer rheometer
(TA Instruments, New Castle, USA) using a plate-plate geometry (diameter = 8 mm, measur-
ing gap = 1000 um). Frequency sweeps were performed at T=30 - 150 °C and angular frequen-
cies of w =0.1 - 100 rad/s. Experiments were performed within the linear viscoelastic regime,
which was established in an amplitude sweep experiment. The dynamic viscosity as deter-
mined in shear experiments of the copolymers with molecular masses well-over entanglement
molecular masses shows shear induced thinning. The frequency dependence of the viscosity
was described using the CARREAU-YASUDA equation

(@) =1, +(0, =)L+ T" (6.1)

with the infinite shear viscosity 1, the longest relaxation time Ao and the slope in the power
law region 1.2 The fit parameter b accounts for the transition between NEWTONian viscosity
and the power law region. Prior to the experiments the thermal stability of the samples was
verified by time sweeps at T = 150 °C and w =1 rad/s for 30 min. Specimen for rheometry
measurements were prepared by solution casting from acetone solutions of the polymers. The
resulting films were conditioned at 50 °C in vacuo prior to the measurements and were essen-
tially free from cPC and solvents.

LAOS measurements were conducted at temperatures of T =140 °C and angular frequencies
in the range of w = 0.1 — 10 rad/s. The experiments were performed using a plate-plate geome-
try (diameter = 25 mm, measuring gap = 1000 um). The active deformation control (continuous
oscillation mode) of the DHR-2 was used. The motor mode was set to stiff. The raw data was
processed using the MITlaos software developed by EWOLDT, WINTER, and MCKINLEY.'®” For
the determination of CHEBYSHEV and FOURIER coefficients, between two and three strain cycles
were used with two previously applied conditioning cycles. The highest significant harmonic
of the raw data was determined by discrete FT analysis and used to reconstruct a noise-re-
duced stress signal, which was used in the consecutive analysis.

Pycnometry

The density of polymer samples was measured using a pycnometer with a metered volume
and water as filling medium. The density, i.e. more precisely the volume, of the samples was
calculated from the liquid displacement upon addition of the samples. Demineralized water
was used as a liquid medium (T =20 °C, p = 0.998 g/cm?).
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APPENDIX

A1l Hazardous materials

All hazardous waste was disposed in compliance with legal requirements. Table A.1 displays

all utilized chemicals and the corresponding hazard and precautionary statements.

Table A.1 Utilized chemicals and corresponding hazard and precautionary statements.

Substance Hazard pictograms  Hazard state- Precautionary
ments Statements
Acetic acid @ 226-314 210-260-280-303+
361+353-305+351+
338-370+378
Acetone @ @ 225-319-336 210-305+351+338-
370+378-403+235
Acetonitrile @ @ 225-302+312+332- 210-280-305+351+
319 338
Bisphenol A ‘ @ ‘ @ 317-318-335-361f- 280-305+351+338+
@ @ 411 310
Bisphenol AF @ 315-319-335 261-305+351+338
Bisphenol S - - -

Bis(triphenylphosphine)imin-
ium chloride

Calcium hydride

Carbon dioxide

Cyclohexene oxide
Dichloromethane

Diethyl ether

Di-tert-butyl dicarbonate

2,4-Di-tert-butyl-phenol

Dodecylamine

Ethanol

&

&

&
ORAC
O
&b
ORSAC

&®
NAVA A,

&b

Al

315-319-332-335

260

280

226-302-311+331-
314

315-319-335-336-
351-371

224-302-336

226-315-317-318-
330-335

315-318-410

304-314-335-373-
410

225-319

261-305+351+338

223-231+232-370+
378

403

261-280-305+351+
338-310

260-280-305+351+
338

210-261

210-260-280-304+
340+310-305+351+
338+310-370+378

280-305+351+338+
310

261-273-280-301+
310-305+351+338-
310

210-305+351+338-
370 +378-403+235
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Ethylene carbonate

Formaldehyde (aq.)

Glutaric acid

Hexane

Hexadecylamine

Hydrochloric acid (aq.)

2-Hydroxybenzaldehyde

4-Hydroxybenzaldehyde

Indium(III) bromide

Indium(III) chloride

Indium(III) iodide

Magnesium chloride
Magnesium sulfate

Methanol

Octadecylamine

Paraformaldehyde

Phenol

2-Phenoxyethanol

Potassium tert-butoxide

O@®

OO®

SLSP

&®
Sb

OO

"
O®

SO®
O
SOO®
OOP®

R

A2

302-319-373

301+311+331-314-
317-335-341

319

225-304-315-336-
361£-373-411

314-400

290-314-335

302-315-319-341-
411

315-319-335

302-314

317-361

225-301+311+331-
370

304-315-318-373-
410

228-302+332-315-
317-318-335-351

301+311+331-314-
341-373-411

302-319

228-260-314

260-301+312+330-
305+ 351+338

201-280-303+361+
353-304+340+310-
305+351+338-308+
311

305+351+338

201-210-273-301+
310-308+313-331

273-280-305+351+
338-310

260-280-303+361+
353-304+340+310-
305+351+338+310

201-273-305+351+
338-308+313-391-
501

261-305+351+338

280-305+351+338-
310

280

210-280-302+352+
312-304+340+312-
370+ 378-403+235

273-280-301+310-
305+351+338-310-
331-501

210-261-280-301+

312+330-305+351+
338-310-370+378

201-261-280-301+
310+330-303+361+
353-305+351+338

301+312+330-305+
351+338

210-231+232-280-
305+351+338-370+
378-402+404
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Propylene carbonate

Propylene oxide

Sodium carbonate

Sodium cyanoborohydride

Sodium ethoxide

&

&

SO

Sodium hydroxide (aq.)
Tetradecylamine @ @
Tetrahydrofurane

Toluene

4-Toluenesulfonic acid

Triethylamine

Zinc nitrate hexahydrate

O

ORAC

&b

SO®

SOO®

SO®
SO®

319

319-331-335-340-
350

319

314-410

228-251-314

290-314

315-319-335-400

225-302-319-335-

225-304-315-336-
361d-373

290-314-335

314-335

272-302-315-319-
335

224-302+312-315-

228-300+310+330-

225-302-311+331-

305+351+338

201-210-280-308+
313-370+378-403+
235

305+351+338

210-280-303+361+
353-304+340+310-
305+351+338

210-235+410-280-
303+361+353-304+
340+310-305+351+
338

280-301+330+331-
305+351+338-308+
310

261-273-305+351+
338

210-280-301+312+
330-305+351+338-
370+378-403+235

210-260-280-301+
310-370+378-403+
235

260-280-303+361+
353-304+340+310-
305+351+338

210-261-280-303+
361+353-305+351+
338-370+378

220-261-305+351+
338

A2 Utilized CMR chemicals
Table A.2 displays all utilized CMR chemicals and the number of experiments.

Table A.2 Utilized CMR chemicals and number of experiments.

CAS-Nr Compound name and Cat. Procedure and uti- Nr of experi-
lized amount ments
75-56-9 1,2-Epoxypropane (1B) Polymerization, 40 L 375
106-89-8  1-Chloro-2,3-epoxypropane (1B)  Polymerization, 0.5 L 10
106-91-2 2,3-Epoxymethacrylate (1B) Polymerization, 0.5 L 10
50-00-0 Formaldehyde (1B) Synthesis, 0.05 L 3
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